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Female fertility decline is an accumulative consequence caused by complex
factors, among them, the disruption of the immune profile in female
reproduction stands out as a crucial contributor. Presently, the effects of
immune microenvironment (IME) on the female reproductive process have
attracted increasing attentions for their dynamic but precisive roles.
Immunocytes including macrophages, dendritic cells, T cells, B cells and
neutrophils, with diverse subpopulations as well as high plasticity functioned
dynamically in the process of female reproduction through indirect intercellular
communication via specific cytokine release transduced by molecular signal
networks or direct cell-cell contact to maintain the stability of the reproductive
process have been unveiled. The immune profile of female reproduction in each
stage has also been meticulously unveiled. Especially, the application of single-
cell sequencing (scRNA-seq) technology in this process reveals the distribution
map of immune cells, which gives a novel insight for the homeostasis of IME and
provides a research direction for better exploring the role of immune cells in
female reproduction. Here, we provide an all-encompassing overview of the
latest advancements in immune modulation within the context of the female
reproductive process. Our approach involves structuring our summary in
accordance with the physiological sequence encompassing gonadogenesis,
folliculogenesis within the ovaries, ovulation through the fallopian tubes, and
the subsequent stages of embryo implantation and development within the
uterus. Our overarching objective is to construct a comprehensive portrayal of
the immune microenvironment (IME), thereby accentuating the pivotal role
played by immune cells in governing the intricate female reproductive journey.
Additionally, we emphasize the pressing need for heightened attention directed
towards strategies that focus on immune interventions within the female
reproductive process, with the ultimate aim of enhancing female fertility.
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1 Introduction

The fertility rate decline has emerged as a global public health
concern, carrying the potential to disrupt population dynamics and
exert adverse impacts on worldwide economic progress (1). Data
furnished by Organization for Economic Co-operation and
Development (OECD) have shown a dramatic decline in fertility
rates during the past few decades among more than 50 countries
around the world, including China. Chinese fertility rates calculated
by children/women remained below 2.0 for the past 10 years, which
indicates negative population growth. Fertility decline in females is
regarded as the most critical reason leading to the reduction in the
fertility rate. Despite the physical factors of postponed childbearing
age (2) and excessive obesity of women (3), abnormal
immunomodulation in the female reproductive process was
considered the central cause of female infertility (4).

The IME can be envisioned as the native habitat where immune
cells reside, underscoring the significance of intercellular
communication and comprehensive coordination. Owing to the
distinctive physiological traits of the female reproductive system, its
immune system demonstrates complexity and variability, a subject
that has captivated the attention of numerous researchers.
Furthermore, the equilibrium of IME within female reproduction
has been highlighted for its pivotal contribution to the entirety of the
female reproductive journey. Despite the presence of several reviews
encapsulating the fluctuating dynamics of the immune system during
various female physiological or pathological processes (5-8), there is
still a lack of systematic summary to give a comprehensive
description of the dynamic alteration for the whole female
reproductive process. Moreover, aided by advanced high-
throughput technologies, particularly the integration of scRNA-seq,
a multitude of immune sub-populations and their diverse functions
within the orchestration of the female reproductive process have
come to light (9). we present a comprehensive overview of the latest
advancements in understanding immune cell involvement
throughout the female reproductive journey. Our overarching
objective is to construct a holistic regulatory network that unveils
the role of IME in female reproduction, while shedding light on the
intricate web of communications established between immune cells
and the localized microenvironment. This review aspires to provide
insights that will contribute to the enhancement of research and the
development of immune modulation-based therapies, tailored to
amplify female fertility.

2 Roles of IME involved in
gonadogenesis, folliculogenesis
and ovulation

2.1 Mos’ involvement in the process
of gonadogenesis

Within the female context, oocytes trace their origins back to

oogonia, derived from primordial germ cells through a process of
differentiation (10). Gonad development is a highly regulated
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process that coordinates cell size and morphogenesis to produce
the sex-specific organ structure needed for reproduction. Sex
differentiation is obvious in the whole organ, including the
interstitial compartment containing immune cells and the
vascular system (11).

The nascent immune cells in proximity to the gonad of the
neonatal fetus comprise primitive macrophages (M@s), pivotal
entities that wield significant influence over various facets of
gonadogenesis and fertility. Their roles encompass diverse
responsibilities, such as orchestrating the establishment and
sustenance of sexual gonadal vasculature across different phases
of life (12). During fetal development and up to birth, additional
immune cell types, including monocytes and a limited population of
eosinophils, can be identified within the gonadal milieu.
Nonetheless, the precise contributions of these cells to ovarian
organogenesis and functionality remain largely enigmatic (13).

During the development of mouse embryos, the ovarian M@s at
E14.5 mainly included dominant CD11b™F4/80™ cells, while the
number of CD11b™'F4/80™" cells in E16.5 ovaries increased
significantly, indicating that the Mgs population changed
significantly (14). In addition, CD11b""F4/80™" Mos expressed
monocyte markers, such as LY6C and CCR2 (M2 marker), but
MHCII (M1 marker) was not expressed in the two Me@s
populations, which indicated that fetal ovarian M@s showed M2-
type M@s (14). In addition to immunophenotyping, scRNA-seq has
been widely used to clarify the dynamic process of tissue
development. The latest scRNA-seq study on gonad development
also illustrates the crucial regulatory signals for gonad formation
and the dynamic process of gonadal development. While the role of
immune cells is not elaborated upon in the process of female gonad
formation and development, a discovery was made during the
process of male gonad formation. It was found that macrophages
double-positive for SIGLEC15+ and TREM2+ can determine gonad
formation by regulating somatic cells (Figure 1A) (15). Previous
studies have also revealed the distribution of M@s as well as other
immune cells during the development of different species (including
mice, monkeys and humans) of fetal ovaries (Figures 1B-D) (16—
18). However, the effect of these M@s on fetal ovaries (including
angiogenesis and development) has not yet been revealed, which
may be an important research direction in the future.

2.2 The role of Mgs in the
formation of follicles

The ovary serves as the focal point of folliculogenesis,
undertaking the dual responsibilities of oocyte production and
differentiation, as well as the release of sex hormones. The
integration of scRNA-seq technology has ushered in a new era in
the study of follicular formation and development, transitioning
from an emphasis on singular cellular events to a simultaneous
exploration of the microenvironment within the entire follicle (20).
Through a scRNA-seq investigation, the transcriptional profiles of
six primary cell types within ovarian tissue were unveiled: oocytes,
granulosa cells, immune cells, endothelial cells, perivascular cells,
and stromal cells (Figure 1E) (19). Furthermore, granulosa cells, a

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1109122
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Dai et al.

10.3389/fimmu.2023.1109122

Gonad
development

SIGLEC15+ ftM
TREM2+ ftM

- % Luz Garcia-Alonso et. al, 2022 - NK

Myeloid
© Myeloid prog
® NMP
Mono DC prec
Neutro
Mono
cbC2
® cDC1

® Tissue repair
macrophage

© SIGLEC15* ftM
© TREM2* ftM
B lymphoid
Pre-pro-B
® Pro-B
® Pre-B
e Bcell
pDC prec
Mega/mast
® MEMP
Mega
® Mast
T/NK/ILC
®ILC prec
Early T

Cell capture and
process 10x
Genomics platform

Macaca
fascicularis
Ovary collection

Library
preparation
and sequecing

Misture of ovarlan
Different cell types

.’}:'—) -f.\ —)gquﬁ —
(' : \ o1

Zhenghui Zhao et. al, 2020

3
Macrophage |
}

g
H
H
3
AP

@ Cell Dissociation

Sex uoce  Enter Cysts breakdown ~ Primordial follicle
@ De(ermmatvon Melosvs Oocyte umerenuamon formation
1

Fetal Ovary
Dissection

E115E125 E145 E165E185 P1 P5

eg E165 ovary
37 degree

|ssoc:|at|on Buf::@

Wanbao Niu et. al, 2020

o3 @ Cell Capture

ez

Population . 3 s
i i Sequencin,
Identification @ q 9 30 0 30
P tSNE_1
<= 0 o1 92 03 04 @5 06
@7 @8 09 010011012013
©14 915016017 918019020
) 921922023924 925026927

@ Library Construction

QA %e o © '\

2 &(
L) ;
‘ Macrophagé
30 3

tSNE1

©28 829030
T Oualyesing s
D| LiLiet al 2017 e -a
8 0 §:
Gender oot ‘{ N po y
°? 32 E 5 i _TImmune
ad \]2( T . < cells
§ Cell Type - .
&° * 9FeC i - &
4 9Soma ;}
«JFGC l B N T T
« dSoma, p— e
Outlier (Smart-seq2) e
- g B
50 . % Aoopioss (€9
5 2l @ yroracicuin
éﬁé 4§ M ie
Macrophage gl ° comex
50

Magdalena Wagner et. al, 2020

FIGURE 1

Immune profile in Gonadogenesis. (A) UMAP of immune cell states (color) in the human scRNA-seq data. Cited from Luz Garcia-Alonso et al, 2022
(15). b-d. Distribution of Mgs in monkeys (B), mice (C) and humans fetal ovaries (D). Cited from (16-18). (E) Transcription profiles of six main cell

types in ovarian tissue. Cited from Magdalena Wagner et al, 2020 (19).

key player across various developmental stages of ovarian follicles,
were comprehensively studied through another single-cell
sequencing study (21). Regulatory entities like immune cells also
hold sway in governing the microenvironment (22). It’s notable that
any disruption in the balance of the immune microenvironment
(IME) can trigger ovarian dysfunctions (8, 23).

Mes are the dominant immunocytes in ovaries, with the
characteristics of high heterogeneity and plasticity in their
functions when responding to diverse stimulations (24). In
general, according to the exposure signals, M@s can be polarized
into the proinflammatory M1 type and anti-inflammatory M2 type.
M1 Mes mainly function in eliminating intracellular pathogens,
whereas M2 M@s participate in tissue remodeling and repair, as well
as the resolution of inflammation (7, 25). M@s are found to regulate
folliculogenesis. Researchers constructed M1-like CD11c DTR mice
(CD11c depletion mice) and M2-like CD206 DTR mice (CD206
depletion mice) to investigate the role of M1-like M@s and M2-like
Mgs in folliculogenesis. Compared with WT mice, folliculogenesis
was impaired. In CD206 DTR mice, folliculogenesis was normal,
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and the ovulation number, fertilization rate, and implantation rate
were similar to those in WT mice, indicating the necessity of M1
populations in folliculogenesis (26). Nevertheless, Luba et al.
observed no significant change in ovarian follicle numbers, follicle
atresia, or apoptosis within 5-21 days post-depletion of CX3CRI in
the Wistar rat model that allows a conditional depletion of
circulating monocytes, despite an effective depletion of ovarian
monocytes and monocyte-derived M¢s (27).

During a menstrual cycle, despite there are several follicles at
different developmental stages in the ovary, there is usually only
one; in rare cases, two follicles can develop into larger dominant
follicles and participate in the subsequent ovulation process. The
fate of a primordial follicle hinges upon a decisive choice: to be a
dominant follicle ovulated or atresia follicle phagocytosed by Ms.
Primordial follicle development unfolds in two distinct waves, each
characterized by varying rates of progression. It is likely that the
fast-growing first wave of follicles facilitates the establishment of the
hypothalamic-pituitary—ovarian axis and thereby plays a key role in
the onset of puberty and the initiation of reproductive life, while the
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second wave of relatively slow-growing adult primordial follicles
contribute to continuous ovulation throughout the middle and late
stages of reproductive life (28). Prior research indicates that the
initial stages of follicle growth appear to be independent of M¢
influences because direct interactions between M@s and primordial
follicles have not been observed. However, an increase in the
number and localization change to the theca cell layer formed at
the secondary follicle stage of ovarian M@s in healthy follicles was
observed (29), which suggests that M@s indeed participate in the
process of follicle growth and development in a paracrine manner.
Liu et al. highlighted the importance of M@s in primordial follicular
selection and discovered the potential functions of immune
response genes and the NF-xB pathway on primordial follicular
selective activation in bovine ovary (30). Interestingly, in
accordance with the results found by Yosuke Ono (26), Xiao et al.
observed the stimulatory effects of M1-like M@s and surprising
inhibitory effects of M2-like Ms, while no obvious effect of M0-like
Mes on primordial follicles was observed by coculture of both
newborn ovaries with M0, M1 and M2-like M@s and exocellular
vehicles derived from them, suggesting that MI-like M@s were
necessary and promotive for primordial folliculogenesis and
subsequent selective activation. Mechanistically, the levels of p-
AKT and p-RPS6 in MI-treated ovaries were elevated, while both
phosphorylated proteins were markedly decreased in the M2 group.
In addition, they found that two specific miRNAs, miR-107 from
M1-EVs and miR-99a-5p from M2-EVs, participated in modulating
this signaling pathway and follicular selective activation in an
opposing manner by targeting PTEN and mTOR, respectively
(Table 1) (7). Furthermore, infiltration of M@s in the ovary can
also be modulated by several endogenous or exogenous factors and
leads to disorders of ovarian function (31, 32).

TABLE 1 Types and functions of immune cells involved in
folliculogenesis.

Cell Model or .
. Functions References
type mechanism
Positive relations
D11c depleti
C, ¢ depietion with primordial (26)
fmice follicle formation
M like ollicle formatio:
Meos Up-regulation of p- Promoting
AKT, PI3K, p-RPS6, primordial follicle (7)
mTOR selective activation
Not necessary for
CD206 depleti
o0 depletion primordial follicle (26)
mice P .
M2 like ormation
Meos Down-regulation of Inhibiting primordial
p-AKT, PI3K, p- follicle selective (7)
RPS6, mTOR activation
Not f
CX3CR1 depletion ? nece-zssary -or
Monocyte . primordial follicle (27)
‘Wistar rat model i
formation
Necessary for
Total NF-«xB primordial follicle (30)
Mes . R
selective activation
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2.3 Activation of immune cell infiltration in
preovulatory follicles

The main mission for preovulation follicles is to prepare for
ovulation; thus, a series of molecular events to promote oocyte
meiotic resumption, remodel the follicle structure, and prepare to
support luteal function are needed in this stage (33, 34). As a part of
ovarian tissue remodelling and repair during ovulation follicular
rupture and oocyte release, it is a physiological inflammatory
reaction involving sex hormones in cooperation with various
proteases and cytokines (35, 36). Follicular fluid (FF) contains a
variety of cytokines and immune cells, including IL6, IL12, sHLA-
G, M@s, NK cells and dendritic cells (DCs) (37). Therefore, changes
in IME balance are closely related to changes in follicular
development, oocyte maturation, oocyte quality and ovulation.

Owing to the challenges associated with obtaining preovulatory
follicles during a natural menstrual cycle, research centered on this
specific phase remains relatively constrained. Evidence from
scRNA-seq conducted by Wu et al. has demonstrated the
congregation of various immune cell types including M¢s, DCs, T
cells, as well as neutrophils within preovulatory follicles and actively
participate in the preparation for follicular ovulation (Figure 2A).
Moreover, through immunofluorescence analysis, it was revealed
that Mes (positive for CD68) infiltrate the vicinity of granular cells
(positive for STAR), underscoring their regulatory role in the
subsequent ovulation process (Figure 2B). In addition, a total of
five clusters of M@s (Mol, M@2, M@3, M4, M@5) within
preovulatory follicles were observed and verified by
immunofluorescence (Figure 2C), which have a variety of
functions during ovulation (38). In detail, M2-like M@l has anti-
inflammatory effects, inflammation-responsive M¢@2,
undifferentiated and immature M@3, M@4 with a high secretion
of exosomes to degrade and remodel the extracellular matrix
(ECM), and M@5 associated with granulocytes and cell
chemotaxis. Collectively, the different populations of M¢@s in
preovulatory follicles exhibit obvious heterogeneity in their
expression profiles as well as functions (38). It is interesting that
the communications between M@s and granulosa cells were
uncovered. They found that there were strong interactions
between granulosa cells and Mes involved in cytokine-cytokine
receptor interactions, cell adhesion molecules, the chemokine
signaling pathway and the EGFR tyrosine kinase pathway (38).
All these interactions collectively stimulate M@s chemotaxis,
leading them to adhere to and inhabit the preovulatory follicles,
which have been categorized into nine distinct groups (G1-G9)
based on their varied roles in biological processes. Additionally,
Meos also closely communicate with DCs via the interaction of
CCL4 and its receptor CCR5, with T cells via the interaction of
CCL4L2 and PGRMC2, CCL4 and CCR5, with neutrophils via the
interaction of CXCL2 and CXCR2, CXCL8 and CXCR2/CXCRI,
CXCL3 and CXCR2, and CCL3 and CCRI, indicating a role for
Mes in DC, T-cell and neutrophil recruitment (Figure 2D)
(Table 2) (38). Inevitably, these alterations in cellular signals were
also preparations for subsequent ovulation. However, due to the
limitations of single-cell sequencing, which primarily reveals
presence, further experimental validation is required to establish
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Immune profile in preovulatory follicles. Cited from Huihua Wu et al, 2022 (38). (A) UMAP showing immune cell types in preovulatory follicles.
(B) Immunofluorescence showing the existence of GCs (STAR, green) and macrophages (CD68, red) in preovulatory follicles. DAPI (blue)-labelled
cell nucleus. (C) Five different clusters (M1-M5) identified in the macrophage population, shown in a UMAP. (D) Scheme of the main ligand and

receptors’ interaction of GCs and immune cells

causality. This point is also supported by the table summarizing the
content of the immune-related single-cell sequencing studies we
referred to (Table 3). As a result, the temporal expression of these
cytokines and the competition among immune cells with the same
receptors expressing them are worthy of investigation, and the
functions excluded by these infiltrated immune cells is with
necessity and meanings to be clarified. Studies has shown that
immune cells can participate in follicle growth, oocyte maturation,
ovulation and luteinization by secreting cytokines and chemokines
(39, 40). Moreover, they can also facilitate tissue repair after
ovulation via phagocytosis (41, 42). However, the underlying
mechanisms are also needed to be elucidated.

TABLE 2 Cytokine-receptor interactions.

Cytokines Receptors  Cell Functions

from Mo expression

CCL4 CCR5 DCs DCs recruitment

CCL4 CCR5 T cells T cells

recruitment

CCL3 CCR1

CXClL2 CXCR2 . Neutrophils
Neutrophils .

CXCL3 CXCR2 recruitment

CXCL8 CXCR1/2
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2.4 Immune activation during ovulation

Ovulation stands as a pivotal milestone for the attainment of
successful pregnancy and is underpinned by intricate cellular and
molecular networks. Research has unveiled that both resident and
migrating immune cells play a contributory role in facilitating the
achievement of successful ovulation. In more detailed
investigations, numerous studies have demonstrated that
ovulation can be induced in perfused rabbit and rat ovaries in in
vitro models, indicating that supplements of migrated immune cells
are not required for ovulation (43-45). However, ovulation
efficiency is decreased in this model. Another finding declared
that the ovulation rate can be increased by leukocyte
supplementation in in vitro perfused rat ovaries (46).
Consequently, it could be posited that immune cells residing
within the ovaries hold the capacity to initiate ovulation, yet to
attain complete ovulatory potential, the influx of additional
immune cells becomes requisite (6). During ovulation, the surge
of luteinizing hormone (LH) can first act on granulosa cells and
theca cells to produce inflammatory mediators and then activate
immune cells (6). Preovulatory DCs are an important component of
immune cells, and the maturity of DCs is positively correlated with
the ovarian response to gonadotropin. During ovulation, these
immune cells (distributed in follicular fluid) and granulosa cells
can produce a large number of inflammatory factors (IL-6, IL-23
and TNF-0) and interact with each other to regulate ovarian
function (Figure 3) (6, 47).
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TABLE 3 Summary of immune related scRNA-seq articles.

10.3389/fimmu.2023.1109122

No. Sample Species Immune cell Marker Functions Ref
1 Fetal ovary Monkey Meos TYROBP / (16)
CD68 SIGLEC15
Sex determination
2 Gonadal Human Meos CD68 TREM2 (15)
CD68 F13A1 Tissue-repairing
T cells CD2 CD3G CD8A
3 Ovarian cortex Human CD14 HLA-DRA / (20)
Antigen-presenting dells
B2M HLA-DQBI1
Mos CD68 PTPRC Degradation and remodeling of ECM/Anti-inflammation
/Inflammatory response
4 Preovulatory Follicular Human DCs CDI1C PTPRC (38)
Neutrophils CXCR2 PTPRC /
T cells CD3D CD3E PTPRC

Degradation of ECM at the follicular apex is a key event for
ovulation to be successful in enabling the release of the oocyte.
Coincidentally, neutrophils are believed to actively participate in
ECM remodeling by secreting proteases such as MMP-9, MPO and
NE (48), supported by the observation that the ovulation rate was
reduced in neutrophil-depleted rats (49, 50). Therefore, the
rearrangements of cytokines and immune cells infiltrating the
follicles are the foundation for this structural change to achieve
ovulation. Notably, the cytokines expressed by M@s function to
remodel the ECM by releasing cathepsin family members CTSD,
CTSB, and CTSL (51), which are essential for follicle rupture.
Among them, CTSD is capable of initiating a proteolytic cascade
and remodeling the ECM (52); moreover, the local accumulation of
CTSB and CTSL in Ms is associated with the degradation of tissues
during inflammatory responses (53).

Infiltrations of immune cells are necessary for ovulation and are
modulated by multiple cells resident in preovulation follicles by
releasing chemokines (47). For example, TECK is secreted by
ovarian resident cells surrounding mature follicles and localizes to
the theca layers of follicles to recruit monocytes (54), which are

L

Antral follicle

FIGURE 3
Role of immune cells during ovulation. Summarized from (22) and (47).
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responsible for removing damaged cells and tissues via phagocytosis
(41, 42). Mes are the dominant cells resident in follicles and the
immune population chemotaxis into preovulation follicles
(Figure 3) (22), which play important roles in ovulation. Mice
with lower monocyte/macrophage counts by mutation in the M-
CSF gene have reduced ovulation rates (55). Additionally, the
administration of clodronate liposomes into the ovarian bursa of
the mouse (56) or M-CSF neutralizing antibodies (57) into the
bursa of the primed rats to deplete the ovary from M@s can lead to a
decrease in ovulation rates. Furthermore, M@s possess the
capability to release MCP-1 within the perifollicular stroma in the
late ovulatory phase to M@s induce macrophage chemotaxis and
contribute to attracting mast cells and T lymphocytes or merely
activating tissue-bound Mes to facilitate ovulation (42). Among the
attracted populations, mast cells have been identified to secrete IL-8,
a cytokine that is thought to foster follicle growth and bolster
ovulation rates in vitro (58) and further to induce neutrophil
accumulation and activation in ovulation (Table 4) (59).
Moreover, granulosa cells in preovulatory follicles are also
contributors to ovulation by expressing Pgr to attenuate excessive

Graflan follicle
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TABLE 4 Types and functions of immune cells involved in ovulation.

Cell type Cytokines Functions References
IL-6
Dendritic Ovarian response to
cells IL-23 onadotropin 6. 47)
TNF-0. 8 P
MMP-
B o Enhancing ECM
Neutrophils MPO remodelin (48-50)
NE 6
CTSD
Enhancing ECM
CTSB nhancing EC (51-53)
CISL remodeling
Macrophages
MCP-1 Recruiting mast cells T (42)
cells
Enhancing follicle (58, 59)
Mast cells L8 Growth ar'ld ovulation
Neutrophils
accumulation

ovulatory inflammation by diminishing Ptgs2 expression (60),
which promotes inflammation by producing proinflammatory
prostaglandins (61). Abnormal NK cells in FF will also affect the
development of follicles (Figure 3), but its specific molecular
mechanism has not been revealed. In addition, CXCL12 secreted
by granulosa cells is another chemokine that helps T lymphocyte
chemotaxis to preovulation follicles to regulate ovulation and
conversely reduces the apoptosis of granulosa cells with the help
of T lymphocytes (62). Here, we consolidate the diverse intercellular
communications facilitated by cytokines and pathways, aiming to

10.3389/fimmu.2023.1109122

provide a comprehensive elucidation of the intricate alterations
occurring within follicles during the process of ovulation.

3 Roles of IME in endometrial
receptivity regulation

Following fertilization within the fallopian tube’s ampulla, the
ovum transforms into a zygote, subsequently undergoing
successive rounds of cell division while traversing towards the
uterus. Before embryo implantation, the endometrium needs to
supply a suitable environment for immune tolerance for embryo
implantation and development since the embryo is regarded as an
exogenous immunogen for the maternal interface due to half of
the genetic material from the father, which is also called
endometrial receptivity. A large number of immune cells
migrate into the endometrial tissue to regulate endometrial
receptivity, accounting for 30%-40% of the total number of
deciduous cells, mainly including M@s, DCs, T cells and NKs
(Figure 4A) (64). The dynamic changes of these immune cells play
an important role in maintaining the embryo development in
different stages of pregnancy, with their underlying molecular
mechanisms gradually being unveiled. Furthermore, scRNA-seq
technology was also used to reveal the map changes of different
immune cell groups at the maternal-fetal interface during
pregnancy (Figures 4B, C) (63), which will benefit researchers to
better understand the immune cell function at the maternal-
fetal interface.
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3.1 NKs in endometrial
receptivity regulation

Among them, uNKs (also called decidual NK; dNK, in decidual
endometrium) are the main component of endometrial immune
cells, accounting for approximately 70% of deciduous leukocytes
(65). Abnormal quantities of NKs and functions are related not only
to the failure of pregnancy establishment but also to placental
disorders such as PE, RIF, intrauterine growth restriction and
placental hyperplasia (66, 67). The luteal phase (also known as
the mid-secretory phase) is a crucial stage during which the uterine
endometrium prepares for pregnancy. The physical proximity of
uNK cells to decidual cells, their precise upregulation in density
during the implantation window, and their ability to release
cytokines known to stimulate decidual development all indicate
the pivotal role of uNK cells in early pregnancy events (68). During
the proliferative phase of the menstrual cycle, the density of uNK
cells remains relatively low and stable. However, in response to the
surge of luteinizing hormone, the density of uNK cells begins to
increase during the first half of the secretory phase, exhibiting a
substantial 6-10-fold increase in the latter half of the secretory phase
(69, 70). The dynamic changes in subpopulations of uNK cells,
along with their secretion of specific cytokines such as IFN-v, IL-10,
and IL-6 at distinct time points, regulate the immune
microenvironment within the endometrium (71, 72).
Additionally, these cells release immunosuppressive cytokines that
inhibit the activity of other immune cells, thereby maintaining
immune balance. uNK cells tend to secrete pro-inflammatory
cytokines resembling Thl-type cell cytokines, while
simultaneously inhibiting the anti-inflammatory Th2-type cell
cytokines necessary for maintaining a healthy pregnancy (73, 74).
Moreover, within the endometrium, uNK cells can selectively

10.3389/fimmu.2023.1109122

induce cytotoxic effects by releasing cytotoxic granules like
perforin and granzymes, which can selectively target and
eliminate decidual cells (75). These characteristics of uNK cells
play a significant role in regulating endometrial receptivity and the
functions of decidual cells. A study has shown that patients with RIF
have elevated CD57+/CD56+ uNK in endometrial and peripheral
blood, suggesting that abnormally increased CD57 expression in
uNK cells will lead to adverse pregnancy outcomes (76). Research
indicates that patients with RM tend to exhibit a higher proportion
of circulating activated T lymphocytes, elevated cytotoxic NK cell
levels, and decreased numbers of circulating IL-10 CD56+ NK cells.
Additionally, lower levels of IL-4, IL-10, and TGF-f have been
observed in these individuals (77). Given the challenges in obtaining
uterine endometrial samples, our understanding of uNK cell
research remains limited. This constraint may restrict our
comprehensive comprehension of the precise roles and functions
of uNK cells in regulating the immune microenvironment of
the endometrium.

While the precise role of dNK cells remains partially
understood, existing research findings indicate that cytokines
secreted by dNK cells may be involved in remodeling blood
vessels to create a favorable microenvironment for the fetus
(Figure 5) (65, 78). scRNA-seq sequencing and high-throughput
transcriptional sequencing were used to reveal the characteristic
distribution of dNK cells in decidual tissue in patients with RSA and
suggested that the polarization process of dNK cells in decidual
tissue was found to be seriously disturbed in RSA compared with
normal pregnant women (5). This study also demonstrated that the
reduced expression of KIRs during the differentiation of dNK cells
in decidual tissue may be the key reason for the high cytotoxic
reactivity of polarized NK cells in RSA patients (5). Recent research
discoveries have highlighted that G-CSF, GM-CSF, M-CSF, TNF-a,
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IFN-c and LIF are all secreted by dNK cells to regulate endometrial
tolerance (79, 80). In addition, dNKs are also a major source of
VEGF-C, Angl, Ang2, and TGF-B1, which are involved in
endometrial angiogenesis (81). Generally, uNKs are considered as
the key population of immune cells that regulate endometrial
immune tolerance to embryos before implantation, although
members of the major histocompatibility complex family in
human HLA-G are also involved in regulating the immune
response of endometrial immune cells, influencing the production
of cytokines and growth factors, inducing immunosuppression, and
thus affecting endometrial receptivity (82, 83). Interestingly, the
heterogeneity of NKs makes it more complex and comprehensive to
evaluate the modulation of immunity on pregnancy. Decidual
inherent NKs can be divided into five groups, dNK1, dNK2,
dNK3, dILC2 and dNKp, through flow mass spectrometry.
Among them, groups dNK1, dNK2 and dNK3 are suggested to
secrete cytokines, including CD1070, GM-CSF, XCL1, MIP1, MIP
1P and IFNY, which are responsible for interactions with other types
of cells to affect endometrial receptivity, while dNKp may serve as a
subtype of proliferation NKs (Figure 5) (84).

3.2 B cells in endometrial
receptivity regulation

In contrast to other immune cell populations, B cells are
relatively scarce within the female reproductive tract, and their
abundance does not appear to vary significantly throughout the
menstrual cycle (85). Nonetheless, they play a pivotal role by
releasing a diverse array of immune regulatory molecules that
contribute to the regulation of the IME at the maternal-fetal
interface, including cytokines and chemical mediators. A
particularly noteworthy regulatory molecule is the IgG4 subclass
of antibodies, which exerts inhibitory effects on inflammatory
reactions and the activation of immune cells. This contributes to
sustaining immune tolerance and equilibrium at the maternal-fetal
interface (86). Furthermore, B cells facilitate the presentation of
antigens through MHC class II molecules to CD4+ T cells, leading
to the suppression of T cell activity. This observation aligns with
earlier research findings and underscores the multifaceted roles that
B cells assume in orchestrating immune responses. Specifically,
while the body of research pertaining to the immunomodulatory
role of regulatory B cells (Breg cells) remains somewhat limited,
recent discoveries have started to unveil their involvement in the
regulation of endometrial receptivity. Breg cells are
immunosuppressive cells that support immunological tolerance.
Generally, Breg cells are recognized for their ability to curtail the
proliferation of cytotoxic T cells and other pro-inflammatory
lymphocytes by generating cytokines such as IL-10, IL-35, and
TGF- (87, 88). Notably, aside from their role in T cell suppression,
these cells have been identified as one subtype of antigen-presenting
cells (APCs), raising questions about their unique capacity to
tolerate trophoblast antigens during the crucial stage of embryo
implantation (89). Furthermore, a study observed higher CD19(+)
CD24(hi) CD27(+) Breg cell frequency in peripheral blood of
normal pregnancy onsets but not in spontaneous abortions by
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flow cytometry, indicating its partition in gestation maintenance
in early pregnancy (90), and a meaningful research provide
evidence that Breg cell suppression to trophoblast antigens to
establish fetal-maternal tolerance in mice was mediated by glycan
through CD22-LYN inhibitory signaling (89). In summary, B cells
contribute to maintaining the IME of maternal-fetal immune
balance through antibody production, secretion of immune
regulatory molecules, interaction with immune cells, and
regulation of surface molecules.

3.3 Other IME regulation in
endometrial receptivity

As mentioned above, the dynamic fluctuations within various
subsets of M@s play a critical role in regulating T cell differentiation
and immune responses, and this ongoing process continues
throughout pregnancy, underscoring the significant contribution
of macrophages in upholding endometrial receptivity.
Simultaneously, macrophages exert control over the immune
responsiveness of endometrial cells through the secretion of
cytokines like IL-1B, IL-6, and TNF-o. (91). Furthermore, they
engage in the synthesis and release of factors such as EGF, FGF,
progesterone, and bioactive lipids including prostaglandins and
leukotrienes. These substances possess the capacity to alter the
differentiation status of endometrial cells while also supporting the
processes of endometrial vascularization and glandular
development (92-95). In the decidualization of the endometrium,
CD3-negative lymphocytes can interact with stromal fibroblast cells
through high expression of chemotaxis, IL2RB, IL2RG and NKRs to
maintain endometrial homeostasis and prepare for embryo
acceptance (96). Mast cells are also essential for the regulation of
endometrial tolerance. It has been shown that mice lacking mast
cells develop histological changes in the endometrium that are
detrimental to embryonic implantation, and these changes will
further interfere with metaphase and trophoblast invasion (97).
Naturally, nonimmune cells can also modulate immune cells.
Researchers found that placental trophoblasts can produce the
immune regulatory factor IL-35, which can induce Tconv cells to
differentiate into immunosuppressive iTR35 cells by activating
STAT1 and STAT3 (Figure 5). It is essential for the establishment
of an immune tolerance microenvironment at the maternal-fetal
interface and the maintenance of pregnancy (98). Additionally, DCs
can also interact closely with other immune components, such as
NKs and Mes, as well as the endocrine system to maintain a
pregnancy-friendly environment, while abnormal DCs can also lead
to APOs (99).

In general, immune cells play a crucial role in regulating the
receptivity of the uterine lining through close interactions and
molecular signaling, ensuring the successful implantation and
development of the embryo. However, the specific mechanisms of
action of immune cells and their regulatory modes in different
physiological and pathological contexts require further
investigation. Gaining a deeper understanding of how immune
cells modulate the receptivity of the uterine lining will contribute
to the development of more effective intervention strategies,
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enhancing female fertility. This understanding also opens up new
avenues and approaches for addressing infertility and other
reproductive health issues.

4 Dynamic alterations of the
immune profile in embryo
implantation and development

Once the zygote undergoes development and transforms into a
blastocyst, it begins to directly interact with the maternal interface
physically, forming the maternal-fetal interface, which is also
called the process of embryo implantation. The maternal-fetal
interface is the part of the endometrium and extraembryonic
tissue formed in the complex process of blastocyst implantation
and is considered the direct communication interface between the
mother and fetus, which is mainly composed of trophoblast cells,
decidual cells and immune cells (100). In essence, the maternal-fetal
interface stands as a remarkable testament to the exceptional
synergy among trophoblast cells, decidual cells, and immune cells.
Immune cells, including NKs, M¢s, and T cells, are an
indispensable component of this intricate ecosystem. The intricate
molecular dialogues between these immune cells and decidual and
trophoblast cells delicately balance tolerance and protection, and
this precise coordination is of utmost importance for shielding the
developing embryo from rejection while simultaneously facilitating
its optimal growth and development.

4.1 NKs in embryo implantation
and development

During embryo implantation, moderate migration and invasion
of the blastocyst into the endometrium and spiral artery remodeling
are widely believed to be the critical steps for successful pregnancy
and are regulated by immunomodulation to a large extent. Any
factors causing the disorder of IME at this period may lead to APOs,
including RSA, infection, PE and premature birth, and intrauterine
growth restriction (63, 101, 102). Researchers observed the failure of
spiral arterial remodeling in uNK knockout mice, there is an
observed failure in spiral arterial remodeling, which also results in
a limitation of uNK expansion, indicating its essential role in
embryo development (103, 104). Notably, Anna Sliz et al.
creatively identified the Gab family members Gab3 as a key
determinant of NK cell expansion, while loss of Gab3 resulted in
impaired IL-2 and IL-15-induced NK cell priming and expansion
due to a selective impairment in MAPK signaling (104). For the first
week of pregnancy, uNK cells infiltrate and aggregate around the
spiral artery (Figure 4A), but their total amount does not change
significantly as the embryo develops. Until the late stage of
pregnancy, the number of uNKs was significantly reduced,
indicating that the enrichment of uNKs coincided with the
invasion period of trophoblast cells (105). This is because the
receptors CD94/NKG2A, KIR2DL4 and KIR expressed by uNK
cells specifically bind to HLA-E, HLA-G and HLA-C on
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trophoblasts, respectively, to promote their invasion of the
endometrium (Figure 5) (106). Moreover, the continuous
differentiation of uNK is responsible for endometrial regeneration
and successful pregnancy (107).

The release of uterine IL-15 promotes dNKs maturation and
mature dNK cells are an important source of growth factors and
cytokines, which can regulate the invasion of trophoblast cells and
reshape the function of spiral arteries through a variety of cytokines
(108, 109). For example, dNKs can secrete VEGFC to initiate
lymphatic mimicry in maternal endothelial cells to benefit spiral
artery remodeling in mice by stimulating VEGFE3 pathway signal
transduction (110) as well as IFNy, VEGF, and TNFa to promote
decidual remodeling and blastocyst implantation (111), the release
of IL-8 and CXCL10 by dNK can also promote extravillous
trophoblast invasion (4). Above all, it is obvious that dNKs have
multiple regulatory functions in spiral artery remodeling,
differentiation and invasion of trophoblast cells, fetal development
and maternal immune tolerance in early pregnancy. Extremely
interesting research verified the existence of memory in uNKs,
which means more significant placental growth-promoting activity
and the ability to maintain pregnancy while receiving stimulation
again (112). Importantly, the process of embryo implantation and
development is accompanied by the precise balance regulation of
immune tolerance at the maternal-fetal interface, that is, to control
the balance of pro-inflammatory and anti-inflammatory at the
local microenvironment.

Preimplantation and implantation mainly promote local
inflammatory reactions to mediate cell proliferation, induce
trophoblast invasion, promote decidualization of endometrial
stromal cells and form a large number of tiny vessels, while
during the first and second trimesters of pregnancy, chemokines
inducing the increase in anti-inflammatory factors to induce
immune tolerance and maintain pregnancy are largely needed,
and inflammatory cytokines are activated again at the mother-
fetal interface at the late stage of pregnancy, promoting the
activation of the delivery mechanism (113, 114).

4.2 Mes in embryo implantation
and development

Interestingly, researchers identified a group of fetal-derived
Mgs by single-cell RNA sequencing (named Hofbauer cells,
HBC) in the placenta at 6-12 week after fertilization (Figure 6A)
(115), which are M2-like M@s with high expression of CD163 and
CD209 (116). Based on these findings, researchers identified
another group of maternally derived Ms, named PAMMs, which
can be divided into three subgroups: FOLR2-CD9hiCCR2lo/int
(PAMM1a), FOLR2-CD9-/intCCR2+ (PAMM1b) and HLA-
DRhi/FOLR2hi (PAMM?2). In detail, placental surface-specific
resident PAMMI1a is believed to release MMP-9 and fibronectin
to participate in damaged tissue repair, monocytes such as
PAMMI1b have the ability to secrete IL-1B to induce an
inflammatory response, and PAMM2s are decidual M@s (DMs)
(115). Cytokines secreted by HBC (such as IL-8, MMP-9, OPN) can
promote the growth and development of the placenta (Figure 6B),
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(B) Scheme of HBC functions in maternal-fetal interface.

maintain homeostasis, and participate in eliminating pathogenic
microorganisms and bacteriophages in vitro; in contrast, their
abnormal function can cause chorioamnionitis, spontaneous
abortion and metabolic diseases in the fetus (115, 117).

In the early stage of embryo implantation, various chemokines
and cytokines are secreted at the maternal-fetal interface, and
peripheral blood mononuclear cells are recruited to differentiate
into DMs; then, DMs self-renew and proliferate during embryo
development (118). As shown in Figures 4A-D, DMs exhibit
different phenotypes and functions in the decidual
microenvironment at different stages of pregnancy, and this
dynamic change plays an important role in the establishment and
maintenance of normal pregnancy (119). In detail, during the
implantation period of the embryo, the uterus presents a local
inflammatory state, and GM=-CSF induces the polarization of DMs
to the M1 type, forming an inflammatory environment in the uterus
to promote the adhesion of the embryo to the endometrium.
Throughout the first to second trimesters of pregnancy, DMs
gradually convert to the M1/M2 mixed phenotype as trophoblasts
invade the endometrial stroma, and DMs secrete VEGF to
participate in angiogenesis and spiral artery remodeling in
preparation for fetal blood supply. After placental development is
completed, DMs are polarized from the M1/M2 mixed to the M2
type to maintain an anti-inflammatory environment in utero and
prevent fetal rejection by the mother, as well as engulf trophoblast
cell fragments and apoptotic cells (Figure 4D) (120). Before
delivery, the endometrium aggregates M1-type Me@s, which
secrete proinflammatory factors and participate in the processes
of uterine contractions, childbirth and uterine repair
(Figure 4D) (121).

Naturally, abnormal activation of M@s leads to changes in the
IME of the maternal-fetal interface, which interferes with normal
development processes, such as placental vascular development,
trophoblast cell invasion and spiral artery remodeling, and leads to
adverse pregnancy outcomes, including RIF (122), RSA (123), fetal
growth restriction (124), premature delivery and PE (117).
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Therefore, how to effectively regulate the polarization of M¢s at
the maternal-fetal interface and prevent and treat pregnancy
complications is a key research direction in the future.

4.3 T cells in embryo implantation
and development

CD4+ T cells are also recruited to the maternal-fetal interface
under the action of chemokines during implantation and early
pregnancy, which mediates the establishment and maintenance of
the immune tolerance balance of the maternal-fetal interface (125).
CD4+ T cells in the maternal-fetal interface are mainly divided into
Th cells and Tregs. Toward different immune threats, Th cells can
make different responses and differentiate into Th 1, Th 2, Th 17 or
Th 22 cells (126).

Similar to the polarization of M@s, the balance of Th 1/Th 2 is
the key to maintaining the homeostasis of the maternal-fetal
interface, which can be regulated by various molecules and
manifested in different states at different stages of pregnancy
(Figures 4A-D). Studies have shown that the imbalance of Th 1/
Th 2 can lead to RIF, PE, and even RSA, and the fundamental
reason for this consequence is the disorder of the
microenvironment of the maternal-fetal interface (127-131).
During the preimplantation and implantation periods, Thl cells
are the main population to function (Figure 4A) and secrete
proinflammatory factors, including IFN-y, TNF-o. and IL-2,
which promote moderate local inflammation and induce
trophoblast cells to invade the endometrium. In contrast, in the
early to middle periods of pregnancy, Th2 cells play a dominant role
by secreting IL-4, IL-6, IL-10, and IL-13 to inhibit local
inflammation and protect the fetus from maternal rejection (132).
As the embryo develops, Th1 once again dominates before delivery
and starts the delivery process (Figure 4D) (133).

In addition, the balance between Th17 and Treg cells can also
regulate the implantation and development of embryos. Maternal
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Treg cells mainly express CD4+, CD25+ and Fox3+ to protect
against Th17-mediated immune responses, thereby suppressing
their own immune response to paternal antigens and contributing
to the maintenance of pregnancy (134, 135). Th17 cells can
specifically express RORY and secrete cytokines such as IL-17, IL-
21 and IL-23, which play an important role in promoting
inflammatory reactions and participate in autoimmune diseases
(136). During normal pregnancy, the balance of Treg/Th17 tends
toward Treg cells. Once more Th cells in the endometrium
differentiate into the Thl17 type, the Treg/Thl7 imbalance and
endometrial immune microenvironment will be disordered, which
eventually leads to APOs (137-139). As a result, CD4+ T cells play
an important role in the establishment and maintenance of immune
tolerance balance at the maternal-fetal interface. Except CD4+ T
cells, CD8+ T cells involved in the regulation of process during
embryo implantation and development. As mentioned earlier, CD8
+ T cells were commonly suppressed to maintain immune tolerance
which benefiting embryo implantation during early pregnancy
stage. However, the infiltration of CD8+ T cells in decidua
function in the stages of embryo implantation and development.
Paula et al. observed that decidual CD8+ T lymphocyte
supernatants increased the capacity of extravillous trophoblast
cells to invade through Matrigel which promoting the
implantation of embryo (140). In normally progressing
pregnancies, Blois et al. found that adequate levels of
progesterone led to a predominance of pregnancy protective
cytokines, possibly via PIBF secreted by uterine CD8+ T cells,
while depletion of CD8+ T cells resulted abortions, which indicating
the essential roles of CD8+ T cells in pregnancy maintenance (141).

4.4 HLA molecules in embryo implantation
and development

Despite immune populations, trophoblasts can also express
embryo antigens, secrete cytokines, and form immune tolerance to
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escape the attack of the maternal immune system, while the
imbalance of this escape mechanism may lead to implantation
failure of the embryo. Researchers found that members of the
family of major histocompatibility (HLA) complexes in humans,
including 3 soluble isoforms (sHLA-G5, G6, G7) and 4 membrane-
bound isoforms (HLA-G1, G2, G3, G4), were highly selectively
expressed by trophoblast cells outside the maternal-fetal interface
and can dynamically regulate the process of embryo implantation and
development through changes in their expression levels (142, 143).
Studies have shown that the levels of sHLA-G in women’s blood are
positively related to the success of in vitro fertilization. In contrast,
low expression of HLA-G indicates a high risk of RSA (144-148).

Among the members of HLA-G, HLA-G3 and HLA-G4 are the
main transcripts throughout the preimplantation stage, followed by
HLA-G1, HLA-G2, and HLA-G5, while HLA-G6 does not appear
until the blastocyst stage. After implantation, HLA-G1 and -G5
expression differentiates toward the trophoblast ectoderm and
gradually disappears in the inner cell mass during development
(Figure 7A) (150). The physiological function of HLA-G has also
been revealed. HLA-G promotes the production of beta human
chorionic gonadotrophin by activating the Erk 1/2 pathway, which
has a positive impact on embryo implantation (151). Isoform HLA-
G 5 promotes the invasion of primary trophoblast cells, the
trophoblast cell line JEG-3 and JAR cells by activating
phosphorylation of the ERK pathway (144). In vitro studies have
confirmed that HLA-G can bind to specific receptors expressed by
uNKs and plays an important role in the invasion behavior of the
endometrium by trophoblasts (152).

In addition, trophoblasts also express classical HLA class I
molecules HLA-C and nonclassical HLA class I molecules such as
HLA-E and HLA-F, which are of great significance to the immune
microenvironment of the maternal-fetal interface (153). Evidence
from single-cell RNA sequencing clarified the upregulation of HLA-
C, HLA-E and HLA-G on the 12th day of migrating trophoblasts,
which is considered the process of embryo implantation
(Figure 7B) (149).
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4.5 Other immune cells in embryo
implantation and development

Although other immune cells are present in smaller numbers in
the endometrium, their regulation of the maternal-fetal interface
during pregnancy by participating in embryonic immune
protection, regulation, and development through multiple
mechanisms still plays a crucial role in embryo implantation
and development.

Uterine DCs (uDCs) recognize antigens through their surface
antigen recognition receptors and, after capturing them, process
and degrade the antigens into fragments. These antigen fragments
are then presented to T cells through major histocompatibility
complex (MHC) molecules (MHC-I molecules present endogenous
antigens to CD8+ T cells, while MHC-II molecules present
exogenous antigens to CD4+ T cells) (154, 155). Simultaneously,
uDCs express co-stimulatory molecules such as CD80 and CD86,
which interact with relevant receptors on the surface of T cells (such
as CD28), providing a second signal that promotes T cell activation
and proliferation (156). uDCs can also express immune regulatory
molecules such as PD-L1. After PD-L1 on uDCs binds to the PD-1
receptor on the surface of T cells, it transmits inhibitory signals that
suppress T cell activation and immune responses (157). It also
inhibits inflammatory reactions and Treg cell immune responses by
secreting various immune regulatory cytokines, such as IL-10 and
TGF-B (158). Additionally, B cells can interact with Treg cells,
promoting the expansion and activation of Treg cells, which in turn
suppresses the immune system’s attack on the fetus (159). And the
expression of certain surface molecules on B cells at the maternal-
fetal interface, such as CD69 and PD-L1, can be regulated to activate
or inhibit other immune cells (155). During embryo development, B
cells also can differentiate into plasma cells and produce
hematopoietic cells such as red blood cells, white blood cells, and
platelets, which supports the development and function of the
embryo hematopoietic system, especially in the early stages of
embryo development (160, 161). In addition to regulating
embryonic development through binding to HLA-C ligands on
the surface of embryonic cells, NKs also secrete IFN-y, which can
regulate the types and activity of immune cells in the placenta and
endometrium, which affects the process of embryo implantation
and development (162). NKs can promote the proliferation and
migration of endothelial cells and the formation of blood vessel
lumens by secreting cytokines such as vascular endothelial growth
factor and matrix metalloproteinases. Additionally, they selectively
eliminate abnormal spiral artery cells, thereby promoting the
remodeling of spiral arteries (163, 164). In addition, NKs possess
the ability to identify potential abnormal embryos by binding to
specific ligands in the embryo, controlling selective immune
clearance of the embryo.

5 Conclusion and perspectives
By presenting the status of the IME at each stage of reproductive

process, combined with the application of scRNA-seq technology in
these stages, we have systematically summarized the important role
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of dynamic balance of IME in promoting successful pregnancy and
the serious adverse consequences caused by immune regulation
disorder. However, the advantage of scRNA-seq lies in its capacity
to unveil intricate tissue composition details and dynamic changes,
while it falls short of revealing the functional roles and molecular
mechanisms of specific identified cell types. Moreover, the
information yielded by scRNA-seq is voluminous, and the
analytical strategies employed hold a pivotal influence over result
interpretation. Hence, it is imperative to approach scRNA-seq
outcomes with objectivity, anchored in empirical validation.
Immune cells resident in the uterus or ovary and recruited from
peripheral blood are involved in almost every stage of pregnancy,
especially after fertilization, by direct or indirect interactions with
other parenchymal cells and stromal cells to exclude signal
transduction to ensure the coordination of all components of the
complex regulatory networks so that the normal reproductive
process can be carried out. Overall, we summarize the critical
factors influencing female fertility to highlight the importance of
the IME constructed by both immune populations and nonimmune
cells through cytokines in female reproductive process. The
immune system plays an indispensable role in the female
reproductive process, encompassing ovarian follicle formation,
ovulation, embryo implantation in the uterine lining, and
embryonic development. Immune cells engage in intricate
molecular communication networks to regulate each critical stage.
Mes, NKs, B cells, T cells, and other immune components
collaborate synergistically, not only influencing the development
of reproductive cells but also ensuring the receptivity of the uterine
lining, successful embryo implantation, and the smooth progression
of pregnancy. However, despite significant progress, there remain
many unknowns regarding the precise roles of these immune cells,
their molecular mechanisms, and their interactions in diverse
physiological and pathological contexts. Future research should
delve deeper into these matters, particularly focusing on
interactions and regulatory pathways among different immune
cell subtypes. In addition, more attention should be given to
research on the treatment of various APOs or infertility through
immunotherapy to improve the immune abnormality and to
further improve female fertility, and more technologies with
higher throughput should be utilized to acquire more information
about not only the expression change of some signal molecules but
also the alterations of time and space point at one disease model or
one physiological process at the same time so that we can obtain
more comprehensive knowledge about the female reproductive
process, which will benefit the development of treatment methods
in the clinic.

Author contributions

MD and YX: conceptualization, investigation, data curation,
writing —original draft, visualization, GG: writing - review &
editing. YZ: conceptualization, writing - review & editing,
funding acquisition. All authors contributed to the article and
approved the submitted version.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1109122
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Dai et al.

Funding

Project of Chengdu Science and Technology Bureau, (YZ, Grant
No. 2021-YF05-02110-SN), China Postdoctoral Science Foundation
(YZ, Grant No. 2020M680149, 2020T130087ZX).

Acknowledgments

We thank these researchers for their selfless sharing. We also
thank all the editors and reviewers for their excellent comments,
patience and kindness. The figures in this paper were created with
BioRender.com.

References

1. American College of O, Gynecologists Committee on Gynecologic P, Practice
CFemale age-related fertility decline. Fertil Steril (2014) 101(3):633-4. doi: 10.1016/
jfertnstert.2013.12.032

2. Collaborators GBDD. Global age-sex-specific fertility, mortality, healthy life
expectancy (HALE), and population estimates in 204 countries and territories, 1950-
2019: a comprehensive demographic analysis for the Global Burden of Disease Study
2019. Lancet (2020) 396(10258):1160-203. doi: 10.1016/S0140-6736(20)30977-6

3. van der Steeg JW, Steures P, Eijkemans MJ, Habbema JD, Hompes PG, Burggraaff
JM, et al. Obesity affects spontaneous pregnancy chances in subfertile, ovulatory
women. Hum Reprod (2008) 23(2):324-8. doi: 10.1093/humrep/dem371

4. Cimino C, Perino A, Borruso AR, Vassiliadis A. Immunological infertility: its real
significance. Acta Eur Fertil (1994) 25(3):131-60.

5. Pan D, Liu Q, Du L, Yang Y, Jiang G. Polarization disorder of decidual NK cells in
unexplained recurrent spontaneous abortion revealed by single-cell transcriptome
analysis. Reprod Biol Endocrinol: RB&E. (2022) 20(1):108. doi: 10.1186/s12958-022-
00980-9

6. Duffy DM, Ko C, Jo M, Brannstrom M, Curry TE. Ovulation: parallels with
inflammatory processes. Endocrine Rev (2019) 40(2):369-416. doi: 10.1210/er.2018-
00075

7. Xiao Y, Peng X, Peng Y, Zhang C, Liu W, Yang W, et al. Macrophage-derived
extracellular vesicles regulate follicular activation and improve ovarian function in old
mice by modulating local environment. Clin Trans Med (2022) 12(10):e1071. doi:
10.1002/ctm2.1071

8. Winship AL, Alesi LR, Sant S, Stringer JM, Cantavenera A, Hegarty T, et al.
Checkpoint inhibitor immunotherapy diminishes oocyte number and quality in mice.
Nat Cancer (2022) 3(8):1-13. doi: 10.1038/s43018-022-00413-x

9. Vazquez J, Ong IM, Stanic AK. Single-cell technologies in reproductive
immunology. Am ] Reprod Immunol (2019) 82(3):e13157. doi: 10.1111/aji.13157

10. Maheshwari A, Fowler PA. Primordial follicular assembly in humans-revisited.
Zygote (2008) 16(4):285-96. doi: 10.1017/S0967199408004802

11. Svingen T, Koopman P. Building the mammalian testis: origins, differentiation,
and assembly of the component cell populations. Genes Dev (2013) 27(22):2409-26.
doi: 10.1101/gad.228080.113

12. DeFalco T, Bhattacharya I, Williams AV, Sams DM, Capel B. Yolk-sac-derived
macrophages regulate fetal testis vascularization and morphogenesis. Proc Natl Acad
Sci USA (2014) 111(23):E2384-93. doi: 10.1073/pnas.1400057111

13. GuX, Li SY, DeFalco T. Immune and vascular contributions to organogenesis of
the testis and ovary. FEBS J (2022) 289(9):2386-408. doi: 10.1111/febs.15848

14. Jokela H, Lokka E, Kiviranta M, Tyystjarvi S, Gerke H, Elima K, et al. Fetal-
derived macrophages persist and sequentially maturate in ovaries after birth in mice.
Eur ] Immunol (2020) 50(10):1500-14. doi: 10.1002/¢ji.202048531

15. Garcia-Alonso L, Lorenzi V, Mazzeo CI, Alves-Lopes JP, Roberts K, Sancho-
Serra C, et al. Single-cell roadmap of human gonadal development. Nature (2022) 607
(7919):540-7. doi: 10.1038/s41586-022-04918-4

16. Zhao ZH, Li CY, Meng TG, Wang Y, Liu WB, Li A, et al. Single-cell RNA
sequencing reveals regulation of fetal ovary development in the monkey (Macaca
fascicularis). Cell Discov (2020) 6(1):97. doi: 10.1038/s41421-020-00219-0

17. Niu W, Spradling AC. Two distinct pathways of pregranulosa cell differentiation
support follicle formation in the mouse ovary. Proc Natl Acad Sci USA (2020) 117
(33):20015-26. doi: 10.1073/pnas.2005570117

Frontiers in Immunology

14

10.3389/fimmu.2023.1109122

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

18. LiL, Dong]J, Yan L, YongJ, Liu X, Hu Y, et al. Single-cell RNA-seq analysis maps
development of human germline cells and gonadal niche interactions. Cell Stem Cell
(2017) 20(6):858-73.e4. doi: 10.1016/j.5tem.2017.03.007

19. Wagner M, Yoshihara M, Douagi I, Damdimopoulos A, Panula S, Petropoulos S,
et al. Single-cell analysis of human ovarian cortex identifies distinct cell populations but
no oogonial stem cells. Nat Commun (2020) 11(1):1147. doi: 10.1038/s41467-020-
14936-3

20. Kawada T, Osugi T, Matsubara S, Sakai T, Shiraishi A, Yamamoto T, et al. Omics
studies for the identification of ascidian peptides, cognate receptors, and their relevant
roles in ovarian follicular development. Front Endocrinol (2022) 13:858885. doi:
10.3389/fend0.2022.858885

21. Zhang Y, Yan Z, Qin Q, Nisenblat V, Chang HM, Yu Y, et al. Transcriptome
landscape of human folliculogenesis reveals oocyte and granulosa cell interactions. Mol
Cell (2018) 72(6):1021-34.e4. doi: 10.1016/j.molcel.2018.10.029

22. Oakley OR, Kim H, El-Amouri I, Lin PC, Cho J, Bani-Ahmad M, et al.
Periovulatory leukocyte infiltration in the rat ovary. Endocrinology (2010) 151
(9):4551-9. doi: 10.1210/en.2009-1444

23. Roberts SA, Dougan M. Checking ovarian reserves after checkpoint blockade.
Nat Cancer (2022) 3(8):907-8. doi: 10.1038/543018-022-00422-w

24. Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili
SA, Mardani F, et al. Macrophage plasticity, polarization, and function in health and
disease. J Cell Physiol (2018) 233(9):6425-40. doi: 10.1002/jcp.26429

25. Murray PJ. Macrophage polarization. Annu Rev Physiol (2017) 79:541-66. doi:
10.1146/annurev-physiol-022516-034339

26. Ono Y, Nagai M, Yoshino O, Koga K, Nawaz A, Hatta H, et al. CD11c+ M1-like
macrophages (MPhis) but not CD206+ M2-like MPhi are involved in folliculogenesis
in mice ovary. Sci Rep (2018) 8(1):8171. doi: 10.1038/s41598-018-25837-3

27. Sominsky L, Younesi S, De Luca SN, Loone SM, Quinn KM, Spencer SJ. Ovarian
follicles are resistant to monocyte perturbations-implications for ovarian health with
immune disruptiondagger. Biol Reprod (2021) 105(1):100-12. doi: 10.1093/biolre/
i0ab049

28. Zheng W, Zhang H, Gorre N, Risal S, Shen Y, Liu K. Two classes of ovarian
primordial follicles exhibit distinct developmental dynamics and physiological
functions. Hum Mol Genet (2014) 23(4):920-8. doi: 10.1093/hmg/ddt486

29. Wu R, van der Hoek KH, Ryan NK, Norman RJ, Robker RL. Macrophage
contributions to ovarian function. Hum Reprod Update (2004) 10(2):119-33. doi:
10.1093/humupd/dmh011

30. Liu Z, Youngquist RS, Garverick HA, Antoniou E. Molecular mechanisms
regulating bovine ovarian follicular selection. Mol Reprod Dev (2009) 76(4):351-66.
doi: 10.1002/mrd.20967

31. Thornton K, Merhi Z, Jindal S, Goldsammler M, Charron MJ, Buyuk E. Dietary

Advanced Glycation End Products (AGEs) could alter ovarian function in mice. Mol
Cell Endocrinol (2020) 510:110826. doi: 10.1016/j.mce.2020.110826

32. Saccon TD, Rovani MT, Garcia DN, Pradiee ], Mondadori RG, Cruz LAX, et al.
Growth hormone increases DNA damage in ovarian follicles and macrophage
infiltration in the ovaries. GeroScience (2022) 44(2):1071-81. doi: 10.1007/s11357-
021-00380-8

33. Russell DL, Robker RL. Molecular mechanisms of ovulation: co-ordination
through the cumulus complex. Hum Reprod Update (2007) 13(3):289-312. doi:
10.1093/humupd/dml062

frontiersin.org


https://BioRender.com
https://doi.org/10.1016/j.fertnstert.2013.12.032
https://doi.org/10.1016/j.fertnstert.2013.12.032
https://doi.org/10.1016/S0140-6736(20)30977-6
https://doi.org/10.1093/humrep/dem371
https://doi.org/10.1186/s12958-022-00980-9
https://doi.org/10.1186/s12958-022-00980-9
https://doi.org/10.1210/er.2018-00075
https://doi.org/10.1210/er.2018-00075
https://doi.org/10.1002/ctm2.1071
https://doi.org/10.1038/s43018-022-00413-x
https://doi.org/10.1111/aji.13157
https://doi.org/10.1017/S0967199408004802
https://doi.org/10.1101/gad.228080.113
https://doi.org/10.1073/pnas.1400057111
https://doi.org/10.1111/febs.15848
https://doi.org/10.1002/eji.202048531
https://doi.org/10.1038/s41586-022-04918-4
https://doi.org/10.1038/s41421-020-00219-0
https://doi.org/10.1073/pnas.2005570117
https://doi.org/10.1016/j.stem.2017.03.007
https://doi.org/10.1038/s41467-020-14936-3
https://doi.org/10.1038/s41467-020-14936-3
https://doi.org/10.3389/fendo.2022.858885
https://doi.org/10.1016/j.molcel.2018.10.029
https://doi.org/10.1210/en.2009-1444
https://doi.org/10.1038/s43018-022-00422-w
https://doi.org/10.1002/jcp.26429
https://doi.org/10.1146/annurev-physiol-022516-034339
https://doi.org/10.1038/s41598-018-25837-3
https://doi.org/10.1093/biolre/ioab049
https://doi.org/10.1093/biolre/ioab049
https://doi.org/10.1093/hmg/ddt486
https://doi.org/10.1093/humupd/dmh011
https://doi.org/10.1002/mrd.20967
https://doi.org/10.1016/j.mce.2020.110826
https://doi.org/10.1007/s11357-021-00380-8
https://doi.org/10.1007/s11357-021-00380-8
https://doi.org/10.1093/humupd/dml062
https://doi.org/10.3389/fimmu.2023.1109122
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Dai et al.

34. Mehlmann LM. Stops and starts in mammalian oocytes: recent advances in
understanding the regulation of meiotic arrest and oocyte maturation. Reproduction
(2005) 130(6):791-9. doi: 10.1530/rep.1.00793

35. Bashir ST, Gastal MO, Tazawa SP, Tarso SG, Hales DB, Cuervo-Arango J, et al.
The mare as a model for luteinized unruptured follicle syndrome: intrafollicular
endocrine milieu. Reproduction (2016) 151(3):271-83. doi: 10.1530/REP-15-0457

36. Akison LK, Robertson SA, Gonzalez MB, Richards JS, Smith CW, Russell DL,
et al. Regulation of the ovarian inflammatory response at ovulation by nuclear
progesterone receptor. Am ] Reprod Immunol (2018) 79(6):¢12835. doi: 10.1111/
2ji. 12835

37. Fainaru O, Hantisteanu S, Rotfarb N, Michaeli M, Hallak M, Ellenbogen A.
CD11c+HLADR+ dendritic cells are present in human ovarian follicular fluid, and
their maturity correlates with serum estradiol levels in response to gonadotropins. Fertil
Steril (2012) 97(3):702-6. doi: 10.1016/j.fertnstert.2011.12.030

38. Wu H, Zhu R, Zheng B, Liao G, Wang F, Ding J, et al. Single-cell sequencing
reveals an intrinsic heterogeneity of the preovulatory follicular microenvironment.
Biomolecules (2022) 12(2). doi: 10.3390/biom12020231

39. Qiao J, Feng HL. Extra- and intra-ovarian factors in polycystic ovary syndrome:
impact on oocyte maturation and embryo developmental competence. Hum Reprod
Update (2011) 17(1):17-33. doi: 10.1093/humupd/dmq032

40. Field SL, Dasgupta T, Cummings M, Orsi NM. Cytokines in ovarian
folliculogenesis, oocyte maturation and luteinisation. Mol Reprod Dev (2014) 81
(4):284-314. doi: 10.1002/mrd.22285

41. Fedorcsak P, Raki M, Storeng R. Characterization and depletion of leukocytes
from cells isolated from the pre-ovulatory ovarian follicle. Hum Reprod (2007) 22
(4):989-94. doi: 10.1093/humrep/del491

42. Dahm-Kahler P, Ghahremani M, Lind AK, Sundfeldt K, Brannstrom M.
Monocyte chemotactic protein-1 (MCP-1), its receptor, and macrophages in the
perifollicular stroma during the human ovulatory process. Fertil Steril (2009) 91
(1):231-9. doi: 10.1016/j.fertnstert.2007.07.1330

43. Viana GE, Pereira VM, Honorato-Sampaio K, Oliveira CA, Santos RA, Reis AM.
Angiotensin-(1-7) induces ovulation and steroidogenesis in perfused rabbit ovaries.
Exp Physiol (2011) 96(9):957-65. doi: 10.1113/expphysiol.2011.058453

44. Pall M, Mikuni M, Mitsube K, Brannstrom M. Time-dependent ovulation
inhibition of a selective progesterone-receptor antagonist (Org 31710) and effects on
ovulatory mediators in the in vitro perfused rat ovary. Biol Reprod (2000) 63(6):1642-7.
doi: 10.1095/biolreprod63.6.1642

45. Brannstrom M, Woessner JF]Jr., Koos RD, Sear CH, LeMaire W]J. Inhibitors of
mammalian tissue collagenase and metalloproteinases suppress ovulation in the
perfused rat ovary. Endocrinology (1988) 122(5):1715-21. doi: 10.1210/endo-122-5-
1715

46. Hellberg P, Thomsen P, Janson PO, Brannstrom M. Leukocyte supplementation
increases the luteinizing hormone-induced ovulation rate in the in vitro-perfused rat
ovary. Biol Reprod (1991) 44(5):791-7. doi: 10.1095/biolreprod44.5.791

47. Prins JR, Marissen LM, Scherjon SA, Hoek A, Cantineau AEP. Is there an
immune modulating role for follicular fluid in endometriosis? A narrative review.
Reproduction (2020) 159(1):R45-54. doi: 10.1530/REP-19-0050

48. Daseke MJ 2nd, Chalise U, Becirovic-Agic M, Salomon JD, Cook LM, Case AJ,
et al. Neutrophil signaling during myocardial infarction wound repair. Cell Signalling
(2021) 77:109816. doi: 10.1016/j.cellsig.2020.109816

49. Brannstrom M, Enskog A. Leukocyte networks and ovulation. ] Reprod Immunol
(2002) 57(1-2):47-60. doi: 10.1016/S0165-0378(02)00009-8

50. Brannstrom M, Bonello N, Norman R]J, Robertson SA. Reduction of ovulation
rate in the rat by administration of a neutrophil-depleting monoclonal antibody. J
Reprod Immunol (1995) 29(3):265-70. doi: 10.1016/0165-0378(95)00941-D

51. McGrath ME. The lysosomal cysteine proteases. Annu Rev biophysics
biomolecular Struct (1999) 28:181-204. doi: 10.1146/annurev.biophys.28.1.181

52. Briozzo P, Badet J, Capony F, Pieri I, Montcourrier P, Barritault D, et al. MCF7
mammary cancer cells respond to bFGF and internalize it following its release from
extracellular matrix: a permissive role of cathepsin D. Exp Cell Res (1991) 194(2):252-9.
doi: 10.1016/0014-4827(91)90362-X

53. Fiebiger E, Maehr R, Villadangos J, Weber E, Erickson A, Bikoft E, et al. Invariant
chain controls the activity of extracellular cathepsin L. ] Exp Med (2002) 196(9):1263-9.
doi: 10.1084/jem.20020762

54. Zhou C, Wu J, Borillo J, Torres L, McMahon J, Bao Y, et al. Transient expression
of CC chemokine TECK in the ovary during ovulation: its potential role in ovulation.
Am ] Reprod Immunol (2005) 53(5):238-48. doi: 10.1111/j.1600-0897.2005.00265.x

55. Cohen PE, Zhu L, Pollard JW. Absence of colony stimulating factor-1 in
osteopetrotic (csfmop/csfmop) mice disrupts estrous cycles and ovulation. Biol
Reprod (1997) 56(1):110-8. doi: 10.1095/biolreprod56.1.110

56. Van der Hoek KH, Maddocks S, Woodhouse CM, van Rooijen N, Robertson SA,
Norman RJ. Intrabursal injection of clodronate liposomes causes macrophage depletion
and inhibits ovulation in the mouse ovary. Biol Reprod (2000) 62(4):1059-66. doi:
10.1095/biolreprod62.4.1059

57. Nishimura K, Tanaka N, Ohshige A, Fukumatsu Y, Matsuura K, Okamura H.
Effects of macrophage colony-stimulating factor on folliculogenesis in gonadotrophin-
primed immature rats. ] Reprod Fertil (1995) 104(2):325-30. doi: 10.1530/jrf.0.1040325

Frontiers in Immunology

15

10.3389/fimmu.2023.1109122

58. Szukiewicz D, Pyzlak M, Klimkiewicz J, Szewczyk G, Maslinska D. Mast cell-
derived interleukin-8 may be involved in the ovarian mechanisms of follicle growth and
ovulation. Inflamm Res: Off ] Eur Histamine Res Soc (2007) 56 Suppl 1:535-6. doi:
10.1007/s00011-006-0517-7

59. Ujioka T, Matsukawa A, Tanaka N, Matsuura K, Yoshinaga M, Okamura H.
Interleukin-8 as an essential factor in the human chorionic gonadotropin-induced
rabbit ovulatory process: interleukin-8 induces neutrophil accumulation and activation
in ovulation. Biol Reprod (1998) 58(2):526-30. doi: 10.1095/biolreprod58.2.526

60. Park CJ, Lin PC, Zhou S, Barakat R, Bashir ST, Choi JM, et al. Progesterone
receptor serves the ovary as a trigger of ovulation and a terminator of inflammation.
Cell Rep (2020) 31(2):107496. doi: 10.1016/j.celrep.2020.03.060

61. Ricciotti E, FitzGerald GA. Prostaglandins and inflammation. Arteriosclerosis
Thrombosis Vasc Biol (2011) 31(5):986-1000. doi: 10.1161/ATVBAHA.110.207449

62. Kryczek I, Frydman N, Gaudin F, Krzysiek R, Fanchin R, Emilie D, et al. The
chemokine SDF-1/CXCL12 contributes to T lymphocyte recruitment in human pre-
ovulatory follicles and coordinates with lymphocytes to increase granulosa cell survival
and embryo quality. Am J Reprod Immunol (2005) 54(5):270-83. doi: 10.1111/.1600-
0897.2005.00307.x

63. Miller D, Garcia-Flores V, Romero R, Galaz J, Pique-Regi R, Gomez-Lopez N.
Single-cell immunobiology of the maternal-fetal interface. J Immunol (2022) 209
(8):1450-64. doi: 10.4049/jimmunol.2200433

64. Gomez-Lopez N, Guilbert L], Olson DM. Invasion of the leukocytes into the
fetal-maternal interface during pregnancy. J Leukocyte Biol (2010) 88(4):625-33. doi:
10.1189/j1b.1209796

65. Xiong S, Sharkey AM, Kennedy PR, Gardner L, Farrell LE, Chazara O, et al.
Maternal uterine NK cell-activating receptor KIR2DS1 enhances placentation. J Clin
Invest (2013) 123(10):4264-72. doi: 10.1172/JCI68991

66. Yang X, Yang Y, Yuan Y, Liu L, Meng T. The roles of uterine natural killer (NK)
cells and KIR/HLA-C combination in the development of preeclampsia: A systematic
review. BioMed Res Int (2020) 2020:4808072. doi: 10.1155/2020/4808072

67. Kanter JR, Mani S, Gordon SM, Mainigi M. Uterine natural killer cell biology
and role in early pregnancy establishment and outcomes. F&+S Rev (2021) 2(4):265-86.
doi: 10.1016/j.xfnr.2021.06.002

68. Lash GE, Bulmer JN. Do uterine natural killer (uNK) cells contribute to female
reproductive disorders? J Reprod Immunol (2011) 88(2):156-64. doi: 10.1016/
jjri.2011.01.003

69. Russell P, Sacks G, Tremellen K, Gee A. The distribution of immune cells and
macrophages in the endometrium of women with recurrent reproductive failure. III:
Further observations reference ranges. Pathology (2013) 45(4):393-401. doi: 10.1016/
j,jri.2011.12.001

70. Chen X, Mariee N, Jiang L, Liu Y, Wang CC, Li TC, et al. Measurement of uterine
natural killer cell percentage in the periimplantation endometrium from fertile women
and women with recurrent reproductive failure: establishment of a reference range. Am
J Obstet Gynecol (2017) 217(6):680.e1- e6. doi: 10.1016/j.ajog.2017.09.010

71. Nurzadeh M, Ghalandarpoor-Attar SM, Ghalandarpoor-Attar SN, Rabiei M.
The role of interferon (IFN)-gamma in extravillous trophoblast cell (EVT) invasion and
preeclampsia progression. Reprod Sci (2023) 30(5):1462-9. doi: 10.1007/543032-022-
01110-x

72. Niu Z, Zhou M, Xia L, Zhao S, Zhang A. Uterine cytokine profiles after low-
molecular-weight heparin administration are associated with pregnancy outcomes of
patients with repeated implantation failure. Front Endocrinol (Lausanne) (2022)
13:1008923. doi: 10.3389/fendo.2022.1008923

73. Sargent IL, Borzychowski AM, Redman CW. NK cells and human pregnancy-an
inflammatory view. Trends Immunol (2006) 27(9):399-404. doi: 10.1016/
j.1t.2006.06.009

74. Makrigiannakis A, Petsas G, Toth B, Relakis K, Jeschke U. Recent advances in
understanding immunology of reproductive failure. J Reprod Immunol (2011) 90
(1):96-104. doi: 10.1016/j.jri.2011.03.006

75. Brighton PJ, Maruyama Y, Fishwick K, Vrljicak P, Tewary S, Fujihara R, et al.
Clearance of senescent decidual cells by uterine natural killer cells in cycling human
endometrium. Elife (2017) 6. doi: 10.7554/eLife.31274

76. Jiang R, Yan G, Xing J, Wang Z, Liu Y, Wu H, et al. Abnormal ratio of CD57(+)
cells to CD56(+) cells in women with recurrent implantation failure. Am ] Reprod
Immunol (2017) 78(5). doi: 10.1111/aji.12708

77. Zhu L, Aly M, Kuon RJ, Toth B, Wang H, Karakizlis H, et al. Patients with
idiopathic recurrent miscarriage have abnormally high TGFss+ blood NK, NKT and T
cells in the presence of abnormally low TGFss plasma levels. BMC Immunol (2019) 20
(1):10. doi: 10.1186/s12865-019-0290-3

78. Croy BA, Esadeg S, Chantakru S, van den Heuvel M, Paffaro VA, He H, et al.
Update on pathways regulating the activation of uterine Natural Killer cells, their
interactions with decidual spiral arteries and homing of their precursors to the uterus. J
Reprod Immunol (2003) 59(2):175-91. doi: 10.1016/S0165-0378(03)00046-9

79. Saito S, Nishikawa K, Morii T, Enomoto M, Narita N, Motoyoshi K, et al.
Cytokine production by CD16-CD56bright natural killer cells in the human early
pregnancy decidua. Int Immunol (1993) 5(5):559-63. doi: 10.1093/intimm/5.5.559

80. Song L, Zhang Q, Zhu S, Shan X. Granulocyte colony-stimulating factor
combined with transcutaneous electrical acupoint stimulation in treatment of

frontiersin.org


https://doi.org/10.1530/rep.1.00793
https://doi.org/10.1530/REP-15-0457
https://doi.org/10.1111/aji.12835
https://doi.org/10.1111/aji.12835
https://doi.org/10.1016/j.fertnstert.2011.12.030
https://doi.org/10.3390/biom12020231
https://doi.org/10.1093/humupd/dmq032
https://doi.org/10.1002/mrd.22285
https://doi.org/10.1093/humrep/del491
https://doi.org/10.1016/j.fertnstert.2007.07.1330
https://doi.org/10.1113/expphysiol.2011.058453
https://doi.org/10.1095/biolreprod63.6.1642
https://doi.org/10.1210/endo-122-5-1715
https://doi.org/10.1210/endo-122-5-1715
https://doi.org/10.1095/biolreprod44.5.791
https://doi.org/10.1530/REP-19-0050
https://doi.org/10.1016/j.cellsig.2020.109816
https://doi.org/10.1016/S0165-0378(02)00009-8
https://doi.org/10.1016/0165-0378(95)00941-D
https://doi.org/10.1146/annurev.biophys.28.1.181
https://doi.org/10.1016/0014-4827(91)90362-X
https://doi.org/10.1084/jem.20020762
https://doi.org/10.1111/j.1600-0897.2005.00265.x
https://doi.org/10.1095/biolreprod56.1.110
https://doi.org/10.1095/biolreprod62.4.1059
https://doi.org/10.1530/jrf.0.1040325
https://doi.org/10.1007/s00011-006-0517-7
https://doi.org/10.1095/biolreprod58.2.526
https://doi.org/10.1016/j.celrep.2020.03.060
https://doi.org/10.1161/ATVBAHA.110.207449
https://doi.org/10.1111/j.1600-0897.2005.00307.x
https://doi.org/10.1111/j.1600-0897.2005.00307.x
https://doi.org/10.4049/jimmunol.2200433
https://doi.org/10.1189/jlb.1209796
https://doi.org/10.1172/JCI68991
https://doi.org/10.1155/2020/4808072
https://doi.org/10.1016/j.xfnr.2021.06.002
https://doi.org/10.1016/j.jri.2011.01.003
https://doi.org/10.1016/j.jri.2011.01.003
https://doi.org/10.1016/j.jri.2011.12.001
https://doi.org/10.1016/j.jri.2011.12.001
https://doi.org/10.1016/j.ajog.2017.09.010
https://doi.org/10.1007/s43032-022-01110-x
https://doi.org/10.1007/s43032-022-01110-x
https://doi.org/10.3389/fendo.2022.1008923
https://doi.org/10.1016/j.it.2006.06.009
https://doi.org/10.1016/j.it.2006.06.009
https://doi.org/10.1016/j.jri.2011.03.006
https://doi.org/10.7554/eLife.31274
https://doi.org/10.1111/aji.12708
https://doi.org/10.1186/s12865-019-0290-3
https://doi.org/10.1016/S0165-0378(03)00046-9
https://doi.org/10.1093/intimm/5.5.559
https://doi.org/10.3389/fimmu.2023.1109122
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Dai et al.

unresponsive thin endometrium in frozen embryo transfer cycles. Front Reprod Health
(2021) 3:647336. doi: 10.3389/frph.2021.647336

81. Lash GE, Schiessl B, Kirkley M, Innes BA, Cooper A, Searle RF, et al. Expression
of angiogenic growth factors by uterine natural killer cells during early pregnancy. J
Leukocyte Biol (2006) 80(3):572-80. doi: 10.1189/j1b.0406250

82. Niu Z, Wang L, Pang RTK, Guo Y, Yeung WSB, Yao Y. A meta-analysis of the
impact of human leukocyte antigen-G on the outcomes of IVF/ICSI. Reprod Biomed
Online (2017) 34(6):611-8. doi: 10.1016/j.rbmo.2017.03.002

83. Carosella ED, Moreau P, Le Maoult ], Le Discorde M, Dausset ], Rouas-Freiss N.
HLA-G molecules: from maternal-fetal tolerance to tissue acceptance. Adv Immunol
(2003) 81:199-252. doi: 10.1016/S0065-2776(03)81006-4

84. Huhn O, Ivarsson MA, Gardner L, Hollinshead M, Stinchcombe JC, Chen P,
et al. Distinctive phenotypes and functions of innate lymphoid cells in human decidua
during early pregnancy. Nat Commun (2020) 11(1):381. doi: 10.1038/s41467-019-
14123-z

85. Monin L, Whettlock EM, Male V. Immune responses in the human female
reproductive tract. Immunology (2020) 160(2):106-15. doi: 10.1111/imm.13136

86. Bruno V, Corrado G, Baci D, Chiofalo B, Carosi MA, Ronchetti L, et al.
Endometrial cancer immune escape mechanisms: let us learn from the fetal-maternal
interface. Front Oncol (2020) 10:156. doi: 10.3389/fonc.2020.00156

87. Benner M, Feyaerts D, Garcia CC, Inci N, Lopez SC, Fasse E, et al. Clusters of
tolerogenic B cells feature in the dynamic immunological landscape of the pregnant
uterus. Cell Rep (2020) 32(13):108204. doi: 10.1016/j.celrep.2020.108204

88. Slawek A, Lorek D, Kedzierska AE, Chelmonska-Soyta A. Regulatory B cells with
IL-35 and IL-10 expression in a normal and abortion-prone murine pregnancy model.
Am ] Reprod Immunol (2020) 83(3):e13217. doi: 10.1111/aji.13217

89. Rizzuto G, Brooks JF, Tuomivaara ST, McIntyre TI, Ma S, Rideaux D, et al.
Establishment of fetomaternal tolerance through glycan-mediated B cell suppression.
Nature (2022) 603(7901):497-502. doi: 10.1038/s41586-022-04471-0

90. Rolle L, Memarzadeh Tehran M, Morell-Garcia A, Raeva Y, Schumacher A,
Hartig R, et al. Cutting edge: IL-10-producing regulatory B cells in early human
pregnancy. Am ] Reprod Immunol (2013) 70(6):448-53. doi: 10.1111/aji.12157

91. Brann E, Edvinsson A, Rostedt Punga A, Sundstrom-Poromaa I, Skalkidou A.
Inflammatory and anti-inflammatory markers in plasma: from late pregnancy to early
postpartum. Sci Rep (2019) 9(1):1863. doi: 10.1038/s41598-018-38304-w

92. Gargiulo AR, Fichorova RN, Politch JA, Hill JA, Anderson D]J. Detection of
implantation-related cytokines in cervicovaginal secretions and peripheral blood of
fertile women during ovulatory menstrual cycles. Fertil Steril (2004) 82 Suppl 3:1226-
34. doi: 10.1016/j.fertnstert.2004.03.039

93. Ono Y, Yoshino O, Hiraoka T, Sato E, Fukui Y, Ushijima A, et al. CD206+ M2-
like macrophages are essential for successful implantation. Front Immunol (2020)
11:557184. doi: 10.3389/fimmu.2020.557184

94. Care AS, Diener KR, Jasper MJ, Brown HM, Ingman WYV, Robertson SA.
Macrophages regulate corpus luteum development during embryo implantation in
mice. J Clin Invest (2013) 123(8):3472-87. doi: 10.1172/JCI60561

95. Carli C, Metz CN, Al-Abed Y, Naccache PH, Akoum A. Up-regulation of
cyclooxygenase-2 expression and prostaglandin E2 production in human
endometriotic cells by macrophage migration inhibitory factor: involvement of novel
kinase signaling pathways. Endocrinology (2009) 150(7):3128-37. doi: 10.1210/
en.2008-1088

96. Wang W, Vilella F, Alama P, Moreno I, Mignardi M, Isakova A, et al. Single-cell
transcriptomic atlas of the human endometrium during the menstrual cycle. Nat Med
(2020) 26(10):1644-53. doi: 10.1038/s41591-020-1040-z

97. Woidacki K, Popovic M, Metz M, Schumacher A, Linzke N, Teles A, et al. Mast
cells rescue implantation defects caused by c-kit deficiency. Cell Death Dis (2013) 4(1):
e462. doi: 10.1038/cddis.2012.214

98. LiuJ, Hao S, Chen X, Zhao H, Du L, Ren H, et al. Human placental trophoblast
cells contribute to maternal-fetal tolerance through expressing IL-35 and mediating iT
(R)35 conversion. Nat Commun (2019) 10(1):4601. doi: 10.1038/s41467-019-12484-z

99. WeiR, Lai N, Zhao L, Zhang Z, Zhu X, Guo Q, et al. Dendritic cells in pregnancy
and pregnancy-associated diseases. Biomedicine pharmacotherapy = Biomedecine
pharmacotherapie (2021) 133:110921. doi: 10.1016/j.biopha.2020.110921

100. Xu'Y, Plazyo O, Romero R, Hassan SS, Gomez-Lopez N. Isolation of leukocytes
from the human maternal-fetal interface. J Visualized Experiments: JoVE (2015) 99:
€52863. doi: 10.3791/52863-v

101. Svensson-Arvelund J, Ernerudh J. The role of macrophages in promoting and
maintaining homeostasis at the fetal-maternal interface. Am J Reprod Immunol (2015)
74(2):100-9. doi: 10.1111/aji.12357

102. Guo C, Cai P, Jin L, Sha Q, Yu Q, Zhang W, et al. Single-cell profiling of the
human decidual immune microenvironment in patients with recurrent pregnancy loss.
Cell Discov (2021) 7(1):1. doi: 10.1038/s41421-020-00236-z

103. Croy BA, Ashkar AA, Foster RA, DiSanto JP, Magram J, Carson D, et al.
Histological studies of gene-ablated mice support important functional roles for natural
killer cells in the uterus during pregnancy. ] Reprod Immunol (1997) 35(2):111-33. doi:
10.1016/50165-0378(97)00054-5

104. Sliz A, Locker KCS, Lampe K, Godarova A, Plas DR, Janssen EM, et al. Gab3 is
required for IL-2- and IL-15-induced NK cell expansion and limits trophoblast

Frontiers in Immunology

10.3389/fimmu.2023.1109122

invasion during pregnancy. Sci Immunol (2019) 4(38). doi: 10.1126/
sciimmunol.aav3866

105. Diaz-Hernandez I, Alecsandru D, Garcia-Velasco JA, Dominguez F. Uterine
natural killer cells: from foe to friend in reproduction. Hum Reprod Update (2021) 27
(4):720-46. doi: 10.1093/humupd/dmaa062

106. Moftett A, Colucci F. Co-evolution of NK receptors and HLA ligands in
humans is driven by reproduction. Immunol Rev (2015) 267(1):283-97. doi: 10.1111/
imr.12323

107. Strunz B, Bister J, Jonsson H, Filipovic I, Crona-Guterstam Y, Kvedaraite E,
et al. Continuous human uterine NK cell differentiation in response to endometrial
regeneration and pregnancy. Sci Immunol (2021) 6(56). doi: 10.1126/
sciimmunol.abb7800

108. Von Woon E, Greer O, Shah N, Nikolaou D, Johnson M, Male V. Number and
function of uterine natural killer cells in recurrent miscarriage and implantation failure:
a systematic review and meta-analysis. Hum Reprod Update (2022) 28(4):548-82. doi:
10.1093/humupd/dmac006

109. Faas MM, de Vos P. Uterine NK cells and macrophages in pregnancy. Placenta
(2017) 56:44-52. doi: 10.1016/j.placenta.2017.03.001

110. Pawlak JB, Balint L, Lim L, Ma W, Davis RB, Benyo Z, et al. Lymphatic mimicry
in maternal endothelial cells promotes placental spiral artery remodeling J Clin Invest.
(2019) 129(11):4912-21. doi: 10.1172/JCI120446

111. Ashkar AA, Croy BA. Interferon-gamma contributes to the normalcy of murine
pregnancy. Biol Reprod (1999) 61(2):493-502. doi: 10.1095/biolreprod61.2.493

112. Gamliel M, Goldman-Wohl D, Isaacson B, Gur C, Stein N, Yamin R, et al.
Trained memory of human uterine NK cells enhances their function in subsequent
pregnancies. Immunity (2018) 48(5):951-62 e5. doi: 10.1016/j.immuni.2018.03.030

113. Sharma S, Godbole G, Modi D. Decidual control of trophoblast invasion. Am ]
Reprod Immunol (2016) 75(3):341-50. doi: 10.1111/aji.12466

114. Fukui A, Funamizu A, Fukuhara R, Shibahara H. Expression of natural
cytotoxicity receptors and cytokine production on endometrial natural killer cells in
women with recurrent pregnancy loss or implantation failure, and the expression of
natural cytotoxicity receptors on peripheral blood natural killer cells in pregnant
women with a history of recurrent pregnancy loss. ] Obstet Gynecol Res (2017) 43
(11):1678-86. doi: 10.1111/jog.13448

115. Thomas JR, Appios A, Zhao X, Dutkiewicz R, Donde M, Lee CYC, et al.
Phenotypic and functional characterization of first-trimester human placental
macrophages, Hofbauer cells. ] Exp Med (2021) 218(1). doi: 10.1084/jem.20200891

116. Schliefsteiner C, Ibesich S, Wadsack C. Placental hofbauer cell polarization
resists inflammatory cues in vitro. Int ] Mol Sci (2020) 21(3). doi: 10.3390/ijms21030736

117. Yao Y, Xu XH, Jin L. Macrophage polarization in physiological and
pathological pregnancy. Front Immunol (2019) 10:792. doi: 10.3389/fimmu.2019.00792

118. Gomez-Lopez N, Galaz J, Miller D, Farias-Jofre M, Liu Z, Arenas-Hernandez
M, et al. The immunobiology of preterm labor and birth: intra-amniotic inflammation
or breakdown of maternal-fetal homeostasis. Reproduction (2022) 164(2):R11-45. doi:
10.1530/REP-22-0046

119. Zhang YH, He M, Wang Y, Liao AH. Modulators of the balance between M1
and M2 macrophages during pregnancy. Front Immunol (2017) 8:120. doi: 10.3389/
fimmu.2017.00120

120. Jaiswal MK, Mallers TM, Larsen B, Kwak-Kim ], Chaouat G, Gilman-Sachs A,
et al. V-ATPase upregulation during early pregnancy: a possible link to establishment
of an inflammatory response during preimplantation period of pregnancy.
Reproduction (2012) 143(5):713-25. doi: 10.1530/REP-12-0036

121. Hamilton S, Oomomian Y, Stephen G, Shynlova O, Tower CL, Garrod A, et al.
Macrophages infiltrate the human and rat decidua during term and preterm labor:
evidence that decidual inflammation precedes labor. Biol Reprod (2012) 86(2):39. doi:
10.1095/biolreprod.111.095505

122. Mukherjee N, Sharma R, Modi D. Immune alterations in recurrent
implantation failure. Am J Reprod Immunol (2022) 89(2):e13563. doi: 10.1111/aji.13563

123. Li D, Zheng L, Zhao D, Xu Y, Wang Y. The role of immune cells in recurrent
spontaneous abortion. Reprod Sci (2021) 28(12):3303-15. doi: 10.1007/s43032-021-00599-y

124. Dang Y, Souchet C, Moresi F, Jeljeli M, Raquillet B, Nicco C, et al. BCG-trained
innate immunity leads to fetal growth restriction by altering immune cell profile in the
mouse developing placenta. ] Leukocyte Biol (2022) 111(5):1009-20. doi: 10.1002/
JLB.4A0720-458RR

125. Logiodice F, Lombardelli L, Kullolli O, Haller H, Maggi E, Rukavina D, et al.
Decidual interleukin-22-producing CD4+ T cells (Th17/th0/IL-22+ and th17/th2/IL-22
+, th2/IL-22+, th0/IL-22+), which also produce IL-4, are involved in the success of
pregnancy. Int ] Mol Sci (2019) 20(2). doi: 10.3390/ijms20020428

126. Golubovskaya V, Wu L. Different subsets of T cells, memory, effector functions,
and CAR-T immunotherapy. Cancers (2016) 8(3). doi: 10.3390/cancers8030036

127. Wang MM, Zhong JX, Xiang YY. LncRNA-GASS5 related to the processes of
recurrent pregnancy loss by regulating Th1/Th2 balance. Kaohsiung ] Med Sci (2021)
37(6):479-86. doi: 10.1002/kjm2.12360

128. Luo J, Wang Y, Qi Q, Cheng Y, Xu W, Yang J. Sinomenine improves embryo
survival by regulating th1/th2 balance in a mouse model of recurrent spontaneous
abortion. Med Sci Monitor: Int Med ] Exp Clin Res (2021) 27:€927709. doi: 10.12659/
MSM.927709

frontiersin.org


https://doi.org/10.3389/frph.2021.647336
https://doi.org/10.1189/jlb.0406250
https://doi.org/10.1016/j.rbmo.2017.03.002
https://doi.org/10.1016/S0065-2776(03)81006-4
https://doi.org/10.1038/s41467-019-14123-z
https://doi.org/10.1038/s41467-019-14123-z
https://doi.org/10.1111/imm.13136
https://doi.org/10.3389/fonc.2020.00156
https://doi.org/10.1016/j.celrep.2020.108204
https://doi.org/10.1111/aji.13217
https://doi.org/10.1038/s41586-022-04471-0
https://doi.org/10.1111/aji.12157
https://doi.org/10.1038/s41598-018-38304-w
https://doi.org/10.1016/j.fertnstert.2004.03.039
https://doi.org/10.3389/fimmu.2020.557184
https://doi.org/10.1172/JCI60561
https://doi.org/10.1210/en.2008-1088
https://doi.org/10.1210/en.2008-1088
https://doi.org/10.1038/s41591-020-1040-z
https://doi.org/10.1038/cddis.2012.214
https://doi.org/10.1038/s41467-019-12484-z
https://doi.org/10.1016/j.biopha.2020.110921
https://doi.org/10.3791/52863-v
https://doi.org/10.1111/aji.12357
https://doi.org/10.1038/s41421-020-00236-z
https://doi.org/10.1016/S0165-0378(97)00054-5
https://doi.org/10.1126/sciimmunol.aav3866
https://doi.org/10.1126/sciimmunol.aav3866
https://doi.org/10.1093/humupd/dmaa062
https://doi.org/10.1111/imr.12323
https://doi.org/10.1111/imr.12323
https://doi.org/10.1126/sciimmunol.abb7800
https://doi.org/10.1126/sciimmunol.abb7800
https://doi.org/10.1093/humupd/dmac006
https://doi.org/10.1016/j.placenta.2017.03.001
https://doi.org/10.1172/JCI120446
https://doi.org/10.1095/biolreprod61.2.493
https://doi.org/10.1016/j.immuni.2018.03.030
https://doi.org/10.1111/aji.12466
https://doi.org/10.1111/jog.13448
https://doi.org/10.1084/jem.20200891
https://doi.org/10.3390/ijms21030736
https://doi.org/10.3389/fimmu.2019.00792
https://doi.org/10.1530/REP-22-0046
https://doi.org/10.3389/fimmu.2017.00120
https://doi.org/10.3389/fimmu.2017.00120
https://doi.org/10.1530/REP-12-0036
https://doi.org/10.1095/biolreprod.111.095505
https://doi.org/10.1111/aji.13563
https://doi.org/10.1007/s43032-021-00599-y
https://doi.org/10.1002/JLB.4A0720-458RR
https://doi.org/10.1002/JLB.4A0720-458RR
https://doi.org/10.3390/ijms20020428
https://doi.org/10.3390/cancers8030036
https://doi.org/10.1002/kjm2.12360
https://doi.org/10.12659/MSM.927709
https://doi.org/10.12659/MSM.927709
https://doi.org/10.3389/fimmu.2023.1109122
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Dai et al.

129. Lan Y, Li Y, Yang X, Lei L, Liang Y, Wang S. Progesterone-induced blocking
factor-mediated Th1/Th2 balance correlates with fetal arrest in women who underwent
in vitro fertilization and embryo transfer. Clin Immunol (2021) 232:108858. doi:
10.1016/j.clim.2021.108858

130. Bahrami-Asl Z, Farzadi L, Fattahi A, Yousefi M, Quinonero A, Hakimi P, et al.
Tacrolimus improves the implantation rate in patients with elevated th1/2 helper cell
ratio and repeated implantation failure (RIF). Geburtshilfe und Frauenheilkunde (2020)
80(8):851-62. doi: 10.1055/a-1056-3148

131. Arefieva A, Nikolaeva M, Stepanova E, Krechetova L, Golubeva E, Tetruashvili
N, et al. Association of CD200 expression in paternal lymphocytes with female Th1/
Th2 balance and pregnancy establishment at immunotherapy of recurrent spontaneous
abortion. Am ] Reprod Immunol (2021) 85(3):e13355. doi: 10.1111/aji.13355

132. Lu H, Huang Y, Xin H, Hao C, Cui Y. The expression of cytokines IFN-gamma,
IL-4, IL-17A, and TGF-betal in peripheral blood and follicular fluid of patients testing
positive for anti-thyroid autoantibodies and its influence on in vitro fertilization and
embryo transfer pregnancy outcomes. Gynecological endocrinology: Off J Int Soc
Gynecol Endocrinol (2018) 34(11):933-9. doi: 10.1080/09513590.2018.1459546

133. Cornelius DC, Cottrell J, Amaral LM, LaMarca B. Inflammatory mediators: a
causal link to hypertension during preeclampsia. Br ] Pharmacol (2019) 176(12):1914-
21. doi: 10.1111/bph.14466

134. Sieg W, Kiewisz ], Podolak A, Jakiel G, Woclawek-Potocka I, Lukaszuk J, et al.
Inflammation-Related Molecules at the Maternal-Fetal Interface during Pregnancy and
in Pathologically Altered Endometrium. Curr Issues Mol Biol (2022) 44(9):3792-808.
doi: 10.3390/cimb44090260

135. Kolanska K, Dabi Y, Dechartres A, Cohen ], Ben Kraiem Y, Selleret L, et al.
Unexplained recurrent miscarriages: predictive value of immune biomarkers and
immunomodulatory therapies for live birth. Am ] Reprod Immunol (2021) 86(2):
e13425. doi: 10.1111/aji.13425

136. Lee GR. The balance of th17 versus treg cells in autoimmunity. Int ] Mol Sci
(2018) 19(3). doi: 10.3390/ijms19030730

137. Zhang Y, Liu Z, Tian M, Hu X, Wang L, Ji ], et al. The altered PD-1/PD-L1
pathway delivers the ‘one-two punch’ effects to promote the Treg/Th17 imbalance in
pre-eclampsia. Cell Mol Immunol (2018) 15(7):710-23. doi: 10.1038/cmi.2017.70

138. Huang Q, Wu H, Li M, Yang Y, Fu X. Prednisone improves pregnancy outcome
in repeated implantation failure by enhance regulatory T cells bias. J Reprod Immunol
(2021) 143:103245. doi: 10.1016/j.jri.2020.103245

139. Fu B, Tian Z, Wei H. TH17 cells in human recurrent pregnancy loss and pre-
eclampsia. Cell Mol Immunol (2014) 11(6):564-70. doi: 10.1038/cmi.2014.54

140. Scaife PJ, Bulmer JN, Robson SC, Innes BA, Searle RF. Effector activity of
decidual CD8+ T lymphocytes in early human pregnancy. Biol Reprod (2006) 75
(4):562-7. doi: 10.1095/biolreprod.106.052654

141. Blois SM, Joachim R, Kandil J, Margni R, Tometten M, Klapp BF, et al.
Depletion of CD8+ cells abolishes the pregnancy protective effect of progesterone
substitution with dydrogesterone in mice by altering the Th1/Th2 cytokine profile. ]
Immunol (2004) 172(10):5893-9. doi: 10.4049/jimmunol.172.10.5893

142. Ellis SA, Sargent IL, Redman CW, McMichael AJ. Evidence for a novel HLA
antigen found on human extravillous trophoblast and a choriocarcinoma cell line.
Immunology (1986) 59(4):595-601.

143. Redman CW, McMichael AJ, Stirrat GM, Sunderland CA, Ting A. Class 1
major histocompatibility complex antigens on human extra-villous trophoblast.
Immunology (1984) 52(3):457-68.

144. Pfeiffer KA, Rebmann V, Passler M, van der Ven K, van der Ven H, Krebs D,
et al. Soluble HLA levels in early pregnancy after in vitro fertilization. Hum Immunol
(2000) 61(6):559-64. doi: 10.1016/S0198-8859(00)00123-3

145. Nilsson LL, Djurisic S, Andersen AM, Melbye M, Bjerre D, Ferrero-Miliani L,
et al. Distribution of HLA-G extended haplotypes and one HLA-E polymorphism in a
large-scale study of mother-child dyads with and without severe preeclampsia and
eclampsia. Hla (2016) 88(4):172-86. doi: 10.1111/tan.12871

146. Kofod L, Lindhard A, Bzorek M, Eriksen JO, Larsen LG, Hviid TVF. Endometrial
immune markers are potential predictors of normal fertility and pregnancy after in vitro
fertilization. Am J Reprod Immunol (2017) 78(3). doi: 10.1111/2ji.12684

Frontiers in Immunology

17

10.3389/fimmu.2023.1109122

147. Hviid TV, Hylenius S, Lindhard A, Christiansen OB. Association between
human leukocyte antigen-G genotype and success of in vitro fertilization and
pregnancy outcome. Tissue Antigens (2004) 64(1):66-9. doi: 10.1111/j.1399-
0039.2004.00239.x

148. Fotoohi M, Ghasemi N, Mirghanizadeh SA, Vakili M, Samadi M. Association
between HLA-E gene polymorphism and unexplained recurrent spontaneous abortion
(RSA) in Iranian women. Int J Reprod Biomed (2016) 14(7):477-82. doi: 10.29252/
ijrm.14.7.7

149. West RC, Ming H, Logsdon DM, Sun J, Rajput SK, Kile RA, et al. Dynamics of
trophoblast differentiation in peri-implantation-stage human embryos. Proc Natl Acad
Sci USA (2019) 116(45):22635-44. doi: 10.1073/pnas.1911362116

150. Yao YQ, Barlow DH, Sargent IL. Differential expression of alternatively spliced
transcripts of HLA-G in human preimplantation embryos and inner cell masses. ]
Immunol (2005) 175(12):8379-85. doi: 10.4049/jimmunol.175.12.8379

151. Wang JM, Zhao HX, Wang L, Gao ZY, Yao YQ. The human leukocyte antigen
G promotes trophoblast fusion and beta-hCG production through the Erk1/2 pathway
in human choriocarcinoma cell lines. Biochem Biophys Res Commun (2013) 434
(3):460-5. doi: 10.1016/j.bbrc.2013.04.004

152. Tilburgs T, Evans JH, Crespo AC, Strominger JL. The HLA-G cycle provides for
both NK tolerance and immunity at the maternal-fetal interface. Proc Natl Acad Sci
USA (2015) 112(43):13312-7. doi: 10.1073/pnas.1517724112

153. Hiby SE, Apps R, Sharkey AM, Farrell LE, Gardner L, Mulder A, et al. Maternal
activating KIRs protect against human reproductive failure mediated by fetal HLA-C2.
J Clin Invest (2010) 120(11):4102-10. doi: 10.1172/JCI43998

154. Eskandarian M, Salehnia M, Moazzeni SM. The effects of ovarian hyper
stimulation on mouse uterine dendritic cells at early pregnancy. Ann Obstet Gynecol
(2023) 6(1):1049.

155. Liu X, Zhu L, Huang Z, Li Z, Duan R, Li H, et al. A dynamic peripheral immune
landscape during human pregnancy. Fundam Res (2022). doi: 10.1016/
j.fmre.2022.06.011

156. Wang J, Zhao SJ, Wang LL, Lin XX, Mor G, Liao AH. Leukocyte
immunoglobulin-like receptor subfamily B: A novel immune checkpoint molecule at
the maternal-fetal interface. J Reprod Immunol (2023) 155:103764. doi: 10.1016/
jjri.2022.103764

157. Esparvarinha M, Madadi S, Aslanian-Kalkhoran L, Nickho H, Dolati S, Pia H,
et al. Dominant immune cells in pregnancy and pregnancy complications: T helper
cells (TH1/TH2, TH17/Treg cells), NK cells, MDSCs, and the immune checkpoints.
Cell Biol Int (2023) 47(3):507-19. doi: 10.1002/cbin.11955

158. Meng X, Chen C, Qian J, Cui L, Wang S. Energy metabolism and maternal-fetal
tolerance working in decidualization. Front Immunol (2023) 14:1203719. doi: 10.3389/
fimmu.2023.1203719

159. Busse M, Campe KJ, Nowak D, Schumacher A, Plenagl S, Langwisch S, et al. IL-
10 producing B cells rescue mouse fetuses from inflammation-driven fetal death and
are able to modulate T cell immune responses. Sci Rep (2019) 9(1):9335. doi: 10.1038/
541598-019-45860-2

160. Muller AM, Medvinsky A, Strouboulis J, Grosveld F, Dzierzak E. Development
of hematopoietic stem cell activity in the mouse embryo. Immunity (1994) 1(4):291-
301. doi: 10.1016/1074-7613(94)90081-7

161. Ranzoni AM, Tangherloni A, Berest I, Riva SG, Myers B, Strzelecka PM, et al.
Integrative single-cell RNA-seq and ATAC-seq analysis of human developmental
hematopoiesis. Cell Stem Cell (2021) 28(3):472-87.¢7. doi: 10.1016/j.stem.2020.11.015

162. Travis OK, Baik C, Tardo GA, Amaral L, Jackson C, Greer M, et al. Adoptive
transfer of placental ischemia-stimulated natural killer cells causes a preeclampsia-like
phenotype in pregnant rats. Am ] Reprod Immunol (2021) 85(6):¢13386. doi: 10.1111/
aji.13386

163. Jin X, Mao L, Zhao W, Liu L, Li Y, Li D, et al. Decidualization-derived cAMP
promotes decidual NK cells to be angiogenic phenotype. Am J Reprod Immunol (2022)
88(3):€13540. doi: 10.1111/aji.13540

164. Meyer N, Woidacki K, Maurer M, Zenclussen AC. Safeguarding of fetal growth
by mast cells and natural killer cells: deficiency of one is counterbalanced by the other.
Front Immunol (2017) 8:711. doi: 10.3389/fimmu.2017.00711

frontiersin.org


https://doi.org/10.1016/j.clim.2021.108858
https://doi.org/10.1055/a-1056-3148
https://doi.org/10.1111/aji.13355
https://doi.org/10.1080/09513590.2018.1459546
https://doi.org/10.1111/bph.14466
https://doi.org/10.3390/cimb44090260
https://doi.org/10.1111/aji.13425
https://doi.org/10.3390/ijms19030730
https://doi.org/10.1038/cmi.2017.70
https://doi.org/10.1016/j.jri.2020.103245
https://doi.org/10.1038/cmi.2014.54
https://doi.org/10.1095/biolreprod.106.052654
https://doi.org/10.4049/jimmunol.172.10.5893
https://doi.org/10.1016/S0198-8859(00)00123-3
https://doi.org/10.1111/tan.12871
https://doi.org/10.1111/aji.12684
https://doi.org/10.1111/j.1399-0039.2004.00239.x
https://doi.org/10.1111/j.1399-0039.2004.00239.x
https://doi.org/10.29252/ijrm.14.7.7
https://doi.org/10.29252/ijrm.14.7.7
https://doi.org/10.1073/pnas.1911362116
https://doi.org/10.4049/jimmunol.175.12.8379
https://doi.org/10.1016/j.bbrc.2013.04.004
https://doi.org/10.1073/pnas.1517724112
https://doi.org/10.1172/JCI43998
https://doi.org/10.1016/j.fmre.2022.06.011
https://doi.org/10.1016/j.fmre.2022.06.011
https://doi.org/10.1016/j.jri.2022.103764
https://doi.org/10.1016/j.jri.2022.103764
https://doi.org/10.1002/cbin.11955
https://doi.org/10.3389/fimmu.2023.1203719
https://doi.org/10.3389/fimmu.2023.1203719
https://doi.org/10.1038/s41598-019-45860-2
https://doi.org/10.1038/s41598-019-45860-2
https://doi.org/10.1016/1074-7613(94)90081-7
https://doi.org/10.1016/j.stem.2020.11.015
https://doi.org/10.1111/aji.13386
https://doi.org/10.1111/aji.13386
https://doi.org/10.1111/aji.13540
https://doi.org/10.3389/fimmu.2017.00711
https://doi.org/10.3389/fimmu.2023.1109122
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Roles of immune microenvironment in the female reproductive maintenance and regulation: novel insights into the crosstalk of immune cells
	1 Introduction
	2 Roles of IME involved in gonadogenesis, folliculogenesis and ovulation
	2.1 M&phiv;s’ involvement in the process of gonadogenesis
	2.2 The role of M&phiv;s in the formation of follicles
	2.3 Activation of immune cell infiltration in preovulatory follicles
	2.4 Immune activation during ovulation

	3 Roles of IME in endometrial receptivity regulation
	3.1 NKs in endometrial receptivity regulation
	3.2 B cells in endometrial receptivity regulation
	3.3 Other IME regulation in endometrial receptivity

	4 Dynamic alterations of the immune profile in embryo implantation and development
	4.1 NKs in embryo implantation and development
	4.2 M&phiv;s in embryo implantation and development
	4.3 T cells in embryo implantation and development
	4.4 HLA molecules in embryo implantation and development
	4.5 Other immune cells in embryo implantation and development

	5 Conclusion and perspectives
	Author contributions
	Funding
	Acknowledgments
	References


