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Abstract

The existence of Lactobacillus-led colonized bacteria in the endometrium of a healthy human has been reported in recent
studies. Unlike the composition of the microbiome in the lower genital tract, that in the endometrium is different and closely
associated with the physiological and pathological processes of gynecological diseases. For example, changing the immune
microenvironment affects the receptivity of the endometrium, thereby leading to abnormal reproductive outcomes, such as
embryo implantation failure and recurrent spontaneous abortion. However, the concrete functions and mechanisms of the
endometrial microbiome have not been studied thoroughly. This review elaborates the research progress on the mechanisms
by which the endometrial microbiome affects endometrial receptivity from the perspective of endometrial immune micro-
environment regulation. Considering the lack of a unified evaluation method for the endometrial microbiome, as well as the
lack of an optimal treatment protocol against recurrent spontaneous abortion, we also discussed the application of combining
antibiotics with probiotics/prebiotics as precautionary measures.
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ERA Endometrial receptivity array
EVT Extra-villous trophoblasts
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IFN-y  Interferon gamma
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IVF In vitro fertilization

NK Natural killer

PAMP Pathogen-associated molecular patterns
PRR Pattern recognition receptor

RIF Recurrent implantation failure
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RSA Recurrent spontaneous abortion
TGF-B Transforming growth factor-f
Th T helper

TNF-a Tumor necrosis factor alpha
Tregs  Regulatory T cells

uNK Uterine natural killer

WOI Window of implantation

Introduction

The human endometrium was considered sterile until
some studies using next-generation sequencing of the
16S rRNA gene revealed the existence of an endometrial
microbiome represented by Lactobacillus and other bacte-
ria (Baker et al. 2018; Moreno et al. 2020; Li et al. 2018).
Despite the low biomass, the endometrial microbiome
seems active (Bardos et al. 2019; Tomaiuolo et al. 2020).
Recent studies have also reported the effect of the endo-
metrial microbiome on implantation outcomes (Hashimoto
and Kyono 2019; Franasiak et al. 2016; Garcia-Grau et al.
2019; Liu et al. 2018; Kitaya et al. 2019; Kyono et al.
2018, 2019; Verstraelen et al. 2016; Moreno et al. 2016;
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Saxtorph et al. 2020). Furthermore, non-Lactobacillus-
dominated endometrial microbiome has been reported to
negatively influence pregnancy outcomes (Younes et al.
2018). Nonetheless, the mechanism by which the human
endometrial microbiome affects embryo implantation
remains unclear (Hashimoto and Kyono 2019; Franasiak
et al. 2016). The synchronization of the development of
high-quality embryos and an acceptable endometrium is
crucial for the success of embryo implantation (Tohma
and Esin 2017). About one-third of implantation failures
are caused by embryo quality, whereas the rest are due to
poor endometrial receptivity (Idelevich and Vilella 2020).
Pregnancy failure is also associated with repeated in vitro
fertilization (IVF) cycles in many infertile women under-
going assisted reproductive technology (ART), even if the
selected and transferred embryos are high-quality (Benner
et al. 2018). Recent studies on the endometrial microbiome
have indicated the importance of evaluating the microbial
environment to better comprehend endometrial prolif-
eration, embryo apposition/attachment/invasion, and the
development of early pregnancy (Tao et al. 2017).

To date, few studies have examined whether the endome-
trial microbiome can influence maternal intrauterine envi-
ronment and thus control endometrial receptivity (Younes
et al. 2018). Considering previous findings regarding chronic
endometritis, vaginal or gut microbiome, and the positive
influence of probiotics or prebiotics on IVF outcomes
(Hashimoto and Kyono 2019; Al-Nasiry et al. 2020; Ben-
ner et al. 2018; Molina et al. 2020; Kayama et al. 2020;
Zhou et al. 2018; Khalesi et al. 2019; Trush et al. 2020; Fu
et al. 2020; Laniewski et al. 2017; Pekmezovic et al. 2019;
D'Ippolito et al. 2018; Xu et al. 2020), we speculate that the
endometrial microbiome may play an important role in the
regulation of endometrial receptivity.

The human endometrium is maintained by the equilib-
rium of several components, including the microbiome, cel-
lular immune response, and cytokines that affect endometrial
receptivity (Hashimoto and Kyono 2019; Al-Nasiry et al.
2020; Benner et al. 2018; Molina et al. 2020; Kayama et al.
2020; Zhou et al. 2018; Khalesi et al. 2019; Trush et al.
2020; Fu et al. 2020; Laniewski et al. 2017; Pekmezovic
et al. 2019). The balance of inflammatory factors is impor-
tant for the regulation of blastocyst adhesion in the epithelial
endometrial wall (Bardos et al. 2019; Tohma and Esin 2017).
A non-Lactobacillus-dominated endometrium status may
break the balance and trigger an inflammatory response in
the endometrium, which would affect endometrial receptiv-
ity (Hashimoto and Kyono 2019; Moreno and Simon 2018;
Haabhr et al. 2020). Nevertheless, the role and contribution of
the microbiome in endometrial receptivity by regulating the
immune microenvironment remain unclear (Mor et al. 2017).
In this review, we summarize current research achieve-
ments regarding the mechanism by which the endometrial
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microbiome affects endometrial receptivity from the per-
spective of immune microenvironment regulation.

The composition and source of the endometrial
microbiome in healthy women

Many studies have investigated the composition and source
of the "good" endometrial microbiome (Benner et al. 2018;
Al-Nasiry et al. 2020; Franasiak and Scott 2017). However,
so far, the composition and function of the endometrial
microbiome remain controversial (Riganelli et al. 2020).
It is generally recognized that a "healthy" female endome-
trium, like the vagina, is mainly colonized by Lactobacil-
lus (Benner et al. 2018; Al-Nasiry et al. 2020; Franasiak
and Scott 2017). However, some studies have expressed a
different opinion. Verstraelen et al. (Winters et al. 2019)
reported that three Bacteroides and one Pelomonas species
were most abundant in 90% of all studied endometrial bacte-
rial profiles. Winters et al. (2019) recently used 16S rRNA
gene sequencing to investigate the presence of microbiota
in the reproductive tract of 25 women who underwent total
hysterectomy for fibroids or endometrial hyperplasia and
found that endometrial bacterial profiles were dominated
by Acinetobacter, Pseudomonas, Comamonadaceae, and
Cloacibacterium. Chen et al. (2019) also reported that the
endometrial microbiome was not dominated by Lactobacil-
lus, but by Pseudomonas, Acinetobacter, Vagococcus, and
Sphingobium.

The estradiol and progesterone serum levels possibly
cause changes in the endometrial microbiome, so the com-
position of the endometrial microbiome and its function may
differ in different phases of the menstrual cycle (Carosso
et al. 2020). Chen et al. analyzed the microbiome in the
reproductive tract of 110 women of reproductive age, show-
ing that the endometrial microbiome varies according to the
phase of the menstrual cycle. Specifically, the endometrial
microbiome varied between the proliferative and secretory
phase (Chen et al. 2017).

Most of the current research considers the endometrial
microbiome as the transfer and colonization of the vaginal
microbiome due to the continuity and similarity of the two
tissues (Baker et al. 2018; Verstraelen et al. 2016) However,
the characteristics of the microbiome in the endometrium
and vagina are not exactly the same. In approximately 20%
of cases, microbial populations between vaginal and endo-
metrial samples were noted to have differences in terms of
the identified bacterial taxa and the relative abundance of
common bacteria (Moreno and Simon 2018). In addition,
microbiome may be transferred from other parts of the body
(gut or oral cavity) to the uterine cavity through blood cir-
culation, because of the detection of a close resemblance
between microbial communities, and some animal studies
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have confirmed that microbiome can be passed through the
blood circulating into the uterine cavity (Chen et al. 2019).
Other colonization routes may also be related to invasive
intrauterine operations (such as the placement or removal
of a contraceptive ring, artificial abortion, and ART) (Baker
et al. 2018; Verstraelen et al. 2016).

The relationship between endometrial
microbiome and endometrial receptivity
in healthy women

Endometrial receptivity is a process with intricate steps,
during which the embryo can adhere, intrude, and grow
into a fetus (Lessey and Young 2019). Implantation of the
embryo into the endometrium occurs within a short period
(3—4 days), known as the window of implantation (WOI).
Under physiological conditions, this occurs on days 6—8
after ovulation (Lessey and Young 2019). Under some spe-
cific inflammatory or anatomic situations, this period may
be shortened or shifted, thus inhibiting normal implanta-
tion and leading to pregnancy loss or infertility (Lessey and
Young 2019). The prevention of normal implantation is due
to the poor quality of both the embryo and endometrium,
with one-third of cases caused by poor embryo quality and
two-thirds caused by poor endometrial receptivity, indicating
the influence of the latter in infertility and pregnancy loss
(Idelevich and Vilella 2020).

Only a few factors that interfere with endometrial recep-
tivity, including endocrine causes, inflammatory events, thin
endometrium, granuloma, polyps, septum, and immune-
mediated disorders, have been identified (Lessey and
Young 2019). To monitor the WOI, several methods have
been developed and applied, including endometrial histol-
ogy, ultrasonography, endometrial receptivity array (ERA),
measurement of the levels of blood hormones, integrin fam-
ily members, leukemia inhibitory factor, and microRNAs
(Lessey and Young 2019; Tan et al. 2018). The ERA, a prac-
tical molecular dating method, has been used to precisely
and repeatedly identify the endometrial receptivity status
by analyzing the gene expression profiles (Hashimoto and
Kyono 2019; Tan et al. 2018). On the basis of ERA, studies
have reported that endometrial factors are responsible for
implantation failure in 25%-30% of cases, although the data
are limited (Tan et al. 2018). Women implanted with frozen
embryos after determining transfer timing by ERA were
found to have a higher pregnancy rate per transfer (85.7%
vs. 60.8%), suggesting that ERA can be used to guide deci-
sions for improving pregnancy outcomes (Lessey and Young
2019). Unfortunately, each of the aforementioned techniques
has limitations, such as high invasiveness, dependency on
expertise, sample collection difficulties, and culturing limi-
tations (D'Ippolito et al. 2018). Recent studies have also

revealed that the endometrial microbiome affects the out-
comes of implantation (Hashimoto and Kyono 2019; Fra-
nasiak et al. 2016; Garcia-Grau et al. 2019; Liu et al. 2018;
Kitaya et al. 2019; Kyono et al. 2018, 2019; Verstraelen
et al. 2016; Moreno et al. 2016; Saxtorph et al. 2020). In
most studies, Lactobacillus, as the dominant microbiome
species, has been suggested to benefit and support endo-
metrial receptivity (Hashimoto and Kyono 2019; Franasiak
et al. 2016; Garcia-Grau et al. 2019; Liu et al. 2018; Kitaya
et al. 2019; Kyono et al. 2018, 2019; Verstraelen et al. 2016;
Moreno et al. 2016; Saxtorph et al. 2020). However, most
studies do not indicate which Lactobacillus species may be
more supportive of pregnancy. Riganelli et al. reported that
L. iners provided significant advantage in the emergence of
good pregnancy outcome (Riganelli et al, 2020). In contrast,
the pathological endometrial microbiome is associated with
implantation failure (Punzén-Jiménez and Labarta 2021).
This may be due to the dysregulated microbiome that can
induce powerful immune stimulation, resulting in local
destructive results, leading to transplantation failure (Makri-
giannakis et al. 2021; Sola-Leyva et al. 2021). The precise
regulatory mechanisms have not yet been elucidated.

Local immune response regulation
of the endometrium

Increasing evidence has shown that the microbiome can
affect the phenotypes and functions of immune cells (Ben-
ner et al. 2018; Agostinis et al. 2019). However, the interac-
tion between the microbiome and the local immune system
remains a complex issue. We hypothesized that healthy
women have a normal endometrial microbiome (“eubio-
sis”’) under normal circumstances. The microbiome may be
quite common and not pathological in many cases and are
always checked by well-balanced immune regulation. A bal-
anced inflammatory milieu may depend on the symbiotic
relationship between the endometrial microbiome and the
congenital and adaptive immune system (Al-Nasiry et al.
2020; Agostinis et al. 2019). Most key immune fighters are
involved in uterine immunomodulatory events, including
epithelial defenses and a conspicuous number of immune
cells, such as natural killer (NK) cells and antigen present-
ing cells (APCs), such as macrophages and dendritic cells
(DCs), T cells, neutrophils, and mast cells (Benner et al.
2018; Agostinis et al. 2019).

Similar to other mucosal tissues, the first line of defense
of the female reproductive tract against pathogens is a physi-
cal barrier that consists of a mucous layer, IgA antibodies,
and the commensal microbiome that limit the colonization
of pathogens (Al-Nasiry et al. 2020). Epithelial cells located
in the female genital tract prevent pathogens from invad-
ing and provide protection by secreting molecules, such
as antimicrobial peptides (AMP) (Yarbrough et al. 2015).
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Moreover, they are important for directly killing the micro-
biome, defending proteolytic enzymes from various patho-
gens, and regulating innate and adaptive immune responses
(Al-Nasiry et al. 2020; Yarbrough et al. 2015). In humans,
AMPs are associated with key regulatory processes during
embryo implantation and the pathogenesis of various preg-
nancy complications (Al-Nasiry et al. 2020; Yarbrough et al.
2015).

Uterine NK (uNK) cells, as a critical counterpart of the
innate immune system, are responsible for 70% of the endo-
metrial leukocytes produced during early pregnancy and
the menstrual cycle (Al-Nasiry et al. 2020; D'Ippolito et al.
2018). It remains unknown whether uNK cells are related to
embryo implantation, although there is a possibility of suc-
cessful implantation in NK cell-deficient mice (Le Bouteiller
and Piccinni 2008). Notably, an indirect function of human
CD56 and CD16 uNK cells during implantation was
reported, considering the abundance of cells and the secreted
cytokines, including tumor necrosis factor alpha (TNF-a),
interferon gamma (IFN-y), granulocyte—macrophage colony-
stimulating factor, and interleukin 10 (IL-10) (Benner et al.
2018).

Macrophages and DCs represent the second most abun-
dant immune cell subset in the endometrium and account
for 10%-20% of the decidual leukocyte population (Al-
Nasiry et al. 2020). They are also responsible for the sur-
veillance of microbiomes on mucosal surfaces and act as
APCs (Al-Nasiry et al. 2020). APCs are equipped with pat-
tern recognition receptors (PRRs), such as Toll-like recep-
tors 1-10 and NOD-like receptors, allowing them to rec-
ognize microbial signals during infection, which is known
as pathogen-associated molecular patterns (PAMPs), and
elicit a protective immune response. PAMPs differ among
species and possess molecules from cell membranes (e.g.,
lipopolysaccharides) and microbial cell walls (peptidogly-
cans). Immune cells can sense PAMPs through PRRs and
establish host—microbe interactions. Receptor expression in
endometrial cells decreases during the proliferative phase
and increases during the secretory phase (Bardos et al. 2019;
Al-Nasiry et al. 2020; Benner et al. 2018). Ligands for PRRs
are not exclusive to pathogens and are abundantly produced
by the commensal microbiome during healthy colonization
(Zheng et al. 2020). Microbial stimulation of PRRs initi-
ates cytokine/chemokine signaling cascades that lead to the
secretion of IL-1p, IL-6, IL-8, and TNF-a, and then recruits
or activates specialized immune cells (Benner et al. 2018;
Villa et al. 2020).

Adaptive immune cells (B and T cells) are responsible for
extra-specific and long-period cellular and humoral immu-
nity against pathogens. While B cells are rare in the uterus,
the number and phenotype of T cells highly varies between
different stages of the menstrual cycle and pregnancy (Al-
Nasiry et al. 2020). The number of T cells vary throughout
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the menstrual cycle, increasing to 50% of the leukocytes in
the proliferative phase and decreasing to less than 10% in the
secretory phase. Endometrial T cells consist of CD8 cells
(66%) and CD4™ cells (33%), with the latter playing a major
role in early pregnancy. CD4* T cells, including T helper
(Th) 1 cells, Th17 cells, regulatory T cells (Tregs), and Th2
cells, secrete specific cytokines that have many functions.
However, experimental evidence regarding the role of T
cells in the WOI is insufficient. Studies have reported that
a shift in the Th1-to-Th2 ratio in the endometrium is neces-
sary for the preparation of implantation (Benner et al. 2018;
D'Ippolito et al. 2018). The implantation period is marked
by an increase in pro-inflammatory Thl cytokines, such as
TNF-a and IL-12. Therefore, Thl cells are recognized as a
possible benefactor in pathological pregnancy. An increase
in Th2 cells during the secretory phase toward early preg-
nancy is also observed. Th2 cells are stimulated by IL-4,
IL-6, IL-10, and IL-11, and are responsible for producing
anti-inflammatory cytokines, such as IL-4. Th1 and Th2 cells
exert mutual inhibitory effects. In addition, the presence of
Th17 cells depends on other factors, such as transforming
growth factor-p (TGF-), IL-6, and IL-21. Th17 cells are
the source of pro-inflammatory cytokines, whereas Tregs
are involved in inducing tolerance and in negative regulation
of immune-mediated inflammation. The local microbiome
on the uterine immune system can play a role regardless of
whether the Th17 or Treg cell populations are enlarged by
TGEF-f (Bardos et al. 2019; D'Ippolito et al. 2018).

Immune regulation of sex hormones

The regulation of sex hormones on endometrial immune sta-
tus may be one reason for the differences in the endometrial
microbiome in different periods of menstruation. Sex hor-
mones during the reproductive age dominate the secretion of
pro-inflammatory cytokines, chemokines, and AMPs, and con-
tribute to the selection of vaginal microbial species (Al-Nasiry
et al. 2020). In particular, estradiol has been related to the
shift of the vaginal microbiome from a Lactobacillus-deficient
state to a proliferative Lactobacillus state by inducing glycogen
synthesis in epithelial cells and the production of glycogen
metabolites (maltose, maltotriose, and a-dextrines), which pro-
vides substrates for conversion to lactic acid by Lactobacilli
(Al-Nasiry et al. 2020; Critchley et al. 2020).

Endometrial microbiome and endometrial
receptivity in healthy women

The connection between a receptive endometrium and com-
petent blastocyst involves a series of phases that constitute
a successful implantation, including apposition, adhesion,
and invasion (Bardos et al. 2019; Idelevich and Vilella
2020). The immune system plays different roles in each step
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(Bardos et al. 2019). However, the contribution of the endo-
metrial microbiome to endometrial receptivity by regulating
the immune microenvironment remains unclear (Mor et al.
2017). Based on previous findings and currently available
knowledge regarding chronic endometritis, the vaginal/gut
microbiome (Hashimoto and Kyono 2019; Al-Nasiry et al.
2020; Benner et al. 2018; Molina et al. 2020; Kayama et al.
2020; Zhou et al. 2018; Khalesi et al. 2019; Trush et al.
2020; Fu et al. 2020; Laniewski et al. 2017; Pekmezovic
et al. 2019; D'Ippolito et al. 2018; Xu et al. 2020), the fol-
lowing three possible mechanisms at the feto-maternal inter-
face are proposed (Al-Nasiry et al. 2020) (Fig. 1a):

(1) The commensal microbiome maintains the integrity of
the epithelial barrier by activating the production of vari-
ous AMPs secreted by endometrial cells, preservation of
epithelial tight junctions, and stable production of mucus.

(2) Once encountered by immune cells such as APCs in
the endometrium, the commensal microbiome triggers
signal transduction via PRRs through the respective
PAMPs.

(3) The commensal microbiome produces metabolites,
including short-chain fatty acids and polysaccharides,
which potentially influence the immune responses
in endometrial epithelial cells and T cells or change
the endometrial fluid pH to form a competitive niche
microenvironment to resist the pathogenic microbiome.

These mechanisms may be the reason for the activation
of uNK cells and the formation of specific T cells, which
are shaped by high Tregs, low Th17, and a shift in Th1-Th2
cytokine secretion. These adaptive changes guarantee an
immunotolerant milieu for a semi-allogenic fetus and func-
tion as key procedures in normal placentation. The interac-
tion of activated uNK cells via specific receptors (killer-cell
immunoglobulin-like receptors) with human leukocyte anti-
gen (HLA)-C and HLA-G from extra-villous trophoblasts
(EVT) from the implanting embryo enhances EVT invasion,
stromal matrix degradation, angiogenesis, and the reforma-
tion of maternal spiral arteries, so as to play an active role
in early pregnancy.

The relationship between endometrial
microbiome and endometrial receptivity
in early pregnancy disorders

The implantation phase resembles the process of tissue injury
and subsequent repair. This mild microbial stimulation caused
by the commensal microbiome can induce a potentially favora-
ble microenvironment for embryo implantation (Al-Nasiry et al.

2020; Agostinis et al. 2019; Mor et al. 2017; Leshem et al. 2020).
However, abnormal composition and/or dysbiosis of the repro-
ductive tract in the endometrial microbiome have been impli-
cated in early pregnancy disorders, such as infertility, recurrent
implantation failure (RIF), and recurrent spontaneous abortion
(RSA).

Endometrial microbiome and infertility

Recently, a growing number of studies have highlighted the
correlation between infertility and the endometrial micro-
biome (Hashimoto and Kyono 2019; Kyono et al. 2019;
Riganelli et al. 2020). The percentage of Lactobacilli in the
endometrium of women undergoing IVF was shown to be
dramatically lower than that in healthy individuals (Kyono
et al. 2018). In addition, studies have shown that various
microbiome pollutants present at the tip of the catheter, such
as Enterobacter, Streptococcus, and Staphylococcus, may
have a negative impact on IVF outcomes during embryo
transfer (Al-Nasiry et al. 2020; Mlodzik et al. 2020; Moreno
and Simon 2018). Many studies have attempted to corre-
late the endometrial microbiome with the IVF outcomes of
women with infertility, but only one study found a statis-
tically significant difference (Molina et al. 2020). Moreno
et al. used 16S rRNA sequencing technology to analyze the
endometrial microbiome of 13 women of child-bearing age
and of 35 infertile women. The results showed significant
increases in implantation rate (61% vs 23%), pregnancy rate
(71% vs. 33%), persistent pregnancy rate (59% vs. 13%),
and live rate (59% vs. 7%) of women wherein Lactobacillus
dominated the microbiome (>90% Lactobacillus) (Moreno
et al. 2016). Kyono et al. used similar research methods and
concluded that the content of Lactobacillus in the endome-
trium of infertile patients was more than 80%, which was
sufficient to show a good IVF outcome (Kyono et al. 2019).
However, most studies have not found a valid correlation
between the endometrial microbiome and IVF outcomes.
Despite the above, most studies agree that Lactobacillus
is the main component of the endometrium, and that the
balanced state of the less diverse endometrial microbiome
increases the success rate of IVF in infertile patients.

Endometrial microbiome and RIF and RSA

Early repeated pregnancy failure is a special case of infer-
tility, mainly including RSA and RIF. RSA represents the
loss of two or more clinically or biochemically established
pregnancies. RIF is defined as the loss of two or more preg-
nancies after the transfer of high-quality embryos; the two
may also occur at the same time. At present, few studies have
focused on the endometrial microbiome in women with early
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«Fig. 1 Interaction between the endometrial microbiome and local
immune mediators in normal conditions (a) and in RIF/RSA (b). a
In normal conditions, (1) the commensal microbiome maintains the
integrity of the epithelial barrier via the activation of AMP produc-
tion secreted by endometrial cells and the preservation of epithelial
tight junctions and stable mucus production; (2) once encountered
by immune cells in the endometrium, e.g., APCs, the commensal
microbiome triggers signal transduction via PRR through the respec-
tive PAMPs; (3) the commensal microbiome produces metabolites,
including SCFAs and polysaccharides, thus potentially influencing the
immune responses in endometrial epithelial cells and T cells or chang-
ing the endometrial fluid pH to form a competitive niche microenvi-
ronment to confront the pathogenic microbiome. These mechanisms
are probably the reason of the activation of uNK cells and the forma-
tion of specified T cells, which are shaped by high Tregs, low Th17,
and a shift in Th1-Th2 cytokine secretion. These adaptive changes
guarantee an immunotolerant milieu for the semi-allogenic fetus and
constitute key procedures in normal placentation. b Disturbance in
the normal endometrial microbiome can negatively impact the endo-
metrial receptivity by the following mechanisms: (1) dominance of
the non-commensal microbiome, thus weakening the epithelial bar-
rier; (2) limited host defense mechanisms and facilitated entering of
pathogens in the endometrial stroma. If APCs are encountered, signal
transduction is triggered through PRRs and PAMPs. (3) These mecha-
nisms may lead to the activation of uNK cells and changes in specific
subpopulations of T cells, either due to the direct effect caused by the
invasion of pathogens or the indirect effect caused by the absorption
of bacterial products. Such changes in T-cell subpopulations include
a decreased number of Tregs, increased number of Th17 cells, and
transformation of Th2 cells into Thl cells, predominated by TNF-a,
IFN-y, IL-2, and IL-10. AMPs, antimicrobial peptides; APCs, antigen
presenting cells; IFN-y, interferon gamma; IL, interleukin; Neus, neu-
trophils; PRR, pattern recognition receptor; RIF, recurrent implanta-
tion failure; RSA, recurrent spontaneous abortion; SCFAs, short-chain
fatty acids; Th, T helper; TNF-a, tumor necrosis factor alpha; Tregs,
regulatory T cells; uNKs, uterine natural killer cells

repeated pregnancy failure. Verstraelen et al. analyzed the
endometrium of 19 women with reproductive failures (RIF,
RSA, or both) and found that the majority of colonizing
microbiomes belong to the Bacteroidetes and Proteobacteria
phyla, which belong to the Bacteroides and Pelomonas gen-
era, respectively. Lactobacillus spp., as the dominant genus,
were only observed in four patients (Verstraelen et al. 2016).
Kitaya et al. recruited 28 infertile women with a history of
RIF and 18 infertile women who initially underwent IVF
attempt and embryo transfer (the control group) to analyze
endometrial fluid samples. The results showed significant dif-
ferences in the composition of the endometrial microbiome
between women who experienced RIF and the control group.
Burkholderia was detected in one-fourth of samples in those
who experienced RIF but not in samples from the control
group. Reports regarding this bacterium in the human female
reproductive tract have not been sufficiently published, and
environmental pollution has not been excluded as a possible
source (Kitaya et al. 2019). Due to the complex pathogenesis
of RSA and RIF and the limited sample size of clinically rel-
evant studies on the endometrial microbiome, it is difficult to
obtain meaningful research conclusions at present.

Disturbance of the normal endometrial microbiome
negatively impacts endometrial receptivity

In general, early pregnancy disorders have some similarities
in terms of their pathogenesis and various risk factors, such
as genetics, metabolism, hormones, and immunity. How-
ever, the etiology in approximately 50% of patients remains
unknown (Al-Nasiry et al. 2020). The endometrial microbi-
ome may constitute a breakthrough point. The mechanism
by which the disturbance of the endometrial microbial eco-
system negatively impacts the implantation process is not yet
fully understood. The inflammatory response triggered in the
endometrium, which adversely affects embryo implantation,
may be a possible explanation considering that inflammatory
mediators are tightly regulated during the WOI (Bracewell-
Milnes et al. 2018).

Corresponding to the reported mechanism of connection
between the microbiome and endometrial cells is a disturbed
balance, which may occur according to the following mecha-
nisms (Fig. 1b): (1) weakening of the epithelial barrier due
to the dominance of the non-commensal microbiome (Al-
Nasiry et al. 2020; Benner et al. 2018; Baker et al. 2018);
(2) limited host defense mechanisms and facilitated enter-
ing of pathogens in the endometrial stroma. If APCs are
encountered, signal transduction is triggered through PRRs
and PAMPs (Al-Nasiry et al. 2020; Benner et al. 2018;
Molina et al. 2020); (3) activation of uNK cells and changes
in specific subpopulations of T cells either due to the direct
effect caused by the invasion of pathogens or the indirect
effect resulting from the absorption of bacterial products.
Such changes in T cells may decrease the number of Tregs,
increase Th17 cells, and allow transformation of Th2 cells
into Thl cells, predominated by TNF-a, IFN-y, IL-2, and
IL-10. Abnormal uNK cell maturation, either primary or
secondary to shallow EVT invasion, may be a potential
bridge between a disturbed endometrial microbiome and
reformation of the maternal spiral, which negatively impacts
pregnancy (Al-Nasiry et al. 2020; Benner et al. 2018).

Current possible interventions based
on the microbiome

Due to its diverse etiology, complicated pathogenesis, lim-
ited treatment options, and clinical problems in treating
infertility, RSA and RIF have yet to be resolved (Kuroda
et al. 2021). Therapies based on the endometrial micro-
biome may provide new diagnosis and treatment modali-
ties. At present, treatments that involve the microbiome as
a target mainly comprise antibiotics, probiotics, prebiot-
ics, and microbiome transplantation (Molina et al. 2020).
Some companies have developed commercial tests, such
as iGenomix®'s EMMA test and Varinos Inc.'s endome-
trial microbiome test, which can be used to evaluate the
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endometrial microbiome (Molina et al. 2020). Endometrial
samples are divided into Lactobacillus-dominant and as
non-Lactobacillus-dominant. When the sample is classi-
fied as non-Lactobacillus-dominant, appropriate treatments
including antibiotics, probiotics, and prebiotics are consid-
ered (Molina et al. 2020). Hence, providing patients with
alternative treatment recommendations still requires more
in-depth research on the "core" endometrial microbiome.

Probiotics are active microorganisms that are beneficial
to the host. They are biologically active molecules that can
promote health when used rationally. They are mainly com-
posed of Lactobacilli and Bifidobacteria (Molina et al. 2020;
Trush et al. 2020) and may be an effective alternative to
antibiotics for regulating the endometrial microbiome and
preventing infection (Molina et al. 2020). Notably, probi-
otics are not drugs, which means that product information
is limited, and only a few probiotics have been fully clini-
cally tested (Haahr et al. 2020). In particular, their applica-
tion in improving reproduction outcomes remains limited
(Garcia-Grau et al. 2019; Kyono et al. 2019). Garcia-Grau
et al. (2019) have reported on a patient with RSA, involving
ectopic pregnancy and two clinical abortions, who continued
to be infected with Gardnerella and other microbes during
the 18 months of follow-up, as evaluated by analysis of the
microbiome in endometrial fluid samples six times. After
using the corresponding antibiotics and probiotic tampon,
the microbiome imbalance and pregnancy outcomes did not
improve. Combined with sequencing analysis, it was deter-
mined that Gardnerella in the uterine cavity was resistant to
metronidazole. This shows that probiotics in clinical practice
may be effective only if the endometrial microbiome reaches
a balanced state.

Prebiotics refer to organic substances that are not
digested and absorbed by the host but can selectively
promote the metabolism and reproduction of a beneficial
microbiome in the body, thus improving the preservation of
health. To improve the endometrial microbiome in infertile
women. It has been found that the proportion of Lactoba-
cilli in the uterine cavity can be increased by oral prebiot-
ics after antibiotic treatment in 67% (6/9) of patients that
are non-Lactobacillus-dominant, indicating that prebiotics
are effective in restoring the uterus dominated by Lacto-
bacilli. Nevertheless, the application of prebiotics in the
field of human reproduction is still inconclusive, and future
research is required to reveal the role of prebiotics in the
microbiome of the female reproductive tract. In addition,
no case of uterine microbiota transplantation has ever been
reported, and such a technique may constitute a future
research direction.

In general, although there are limited reports of antibiot-
ics, probiotics, prebiotics, and so on, directly acting on the
endometrium, considering that the endometrial microbiome
may originate from other parts of the body (vaginal, oral,

@ Springer

gut, etc.), from an overall point of view, the above treatment
in other parts of the body may also be helpful to adjust the
balance of the endometrial microbiome, thereby improv-
ing the outcome of pregnancy. However, further research is
needed to confirm this indication.

Conclusions for future biology

It is increasingly recognized that the endometrial microbi-
ome influences endometrial receptivity. The currently pub-
lished data have indicated that Lactobacillus dominancy in
the endometrium may benefit embryo implantation, whereas
a non-Lactobacillus-dominant endometrial microbiome may
impair endometrial receptivity and lead to implantation fail-
ure and pregnancy loss. The hypothesis that the endometrial
microbiome regulates endometrial receptivity by modulating
the endometrial immune microenvironment remains contro-
versial. At present, there are many techniques for detecting
endometrial receptivity, but each has limitations. Instead, the
microbiome may serve as a new biomarker and may play a
role in personalized medicine based on probiotics/prebiotics
and uterine microbiome transplantation to improve receptiv-
ity, thus ultimately contributing to the health of the female
reproductive system. Given the limited understanding of the
endometrium microbiome, more randomized controlled clin-
ical trials and mechanistic studies on commensal—pathogen-
immune interactions are required in the future. For instance,
except for Lactobacillus, some of the microbes detected in
the endometrium may be simple residents rather than patho-
gens. At this time, excessive therapeutic intervention for the
endometrial microbiome should be avoided.
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