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Abstract: The homeostasis of the uterine environment is crucial for reproductive health. Recent studies have revealed the complex 
interplay between the endometrial microbiome, immune system, and the endometrium. Under normal physiological conditions, the 
microbiome, primarily composed of Lactobacillus species, promotes a healthy reproductive environment by maintaining local immune 
homeostasis, inhibiting the growth of pathogenic microorganisms, and regulating the integrity of the endometrial barrier. However, 
dysbiosis can abnormally activate local immune responses, disrupting the immune tolerance mechanisms of the endometrium and 
thereby compromising pregnancy maintenance and overall reproductive health. This study uniquely highlights the role of the 
endometrial microbiome in modulating immune responses specifically within the uterine environment, a critical factor for reproductive 
success. Our findings also suggest novel therapeutic strategies targeting microbiome modulation and immune regulation, offering 
promising avenues for improving reproductive health outcomes. This review aims to explore the regulatory mechanisms of the 
microbiome-immune axis in both physiological and pathological conditions, with a particular focus on how these interactions 
specifically influence the uterine environment, while also considering the broader implications of microbiome-immune interactions 
throughout the entire body. We will analyze its potential role in reproductive health issues and discuss new therapeutic strategies based 
on microbiome and immune modulation. 
Keywords: endometrium, microbiota, immune response, reproductive health, immune tolerance, dysbiosis, recurrent miscarriage, 
infertility, endometritis

Introduction
The uterine microbiota plays a crucial role in maintaining reproductive health and ensuring successful pregnancy. 
Traditionally, the endometrium was considered a sterile environment,1 but recent research has uncovered the presence 
of unique microbial communities within the uterus. These microbes help regulate local immune responses and maintain 
the balance of the endometrial environment.2,3 When this balance is disrupted, known as dysbiosis, it can trigger immune 
responses that alter the structure and function of the endometrium, potentially leading to reproductive disorders such as 
infertility or pregnancy loss. The interaction between the immune system and the uterine microbiota is fundamental for 
maintaining a healthy uterine environment.4 Cells like natural killer (NK) cells, macrophages, and regulatory T cells 
(Tregs) in the endometrium play key roles not only in defending against pathogens but also in facilitating embryo 
implantation and sustaining pregnancy.5 At the same time, the immune system regulates the microbiota by recognizing 
and controlling microbial populations. Disruptions in immune function can lead to dysbiosis, which may worsen 
reproductive health. While current research has revealed the importance of the uterine microbiome-immune axis in 
regulating endometrial health, the exact mechanisms remain poorly understood. This review aims to provide a new 
perspective on how these interactions influence reproductive health, emphasizing areas that have been insufficiently 
explored in past studies. By synthesizing existing knowledge and exploring under-investigated aspects of microbiome- 
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immune interactions, we aim to offer novel insights into how these mechanisms contribute to reproductive dysfunction 
and potential therapeutic approaches. (ie, Figure 1).

Uterine Microbiota Composition and Function
Composition of the Normal Uterine Microbiota
Recent advancements in 16S rRNA gene sequencing and metagenomic analysis have demonstrated that the uterine cavity 
is not sterile. Compared to the vaginal and cervical microbiota, the endometrial microbiome exhibits greater uniqueness, 
complexity, and diversity.6 This distinctive microbial composition may be attributed to the endometrium’s rich blood 
supply, cyclic hormonal regulation, direct anatomical connection with the vagina in the lower segment, and indirect 
connection with the pelvic cavity via the fallopian tubes in the upper segment.

At the phylum level, the endometrial microbiota primarily comprises Firmicutes, Bacteroidetes, Proteobacteria, and 
Actinobacteria. At the family level, notable families include Comamonadaceae (4.92%), Tissierellaceae (2.12%), and 
Erysipelotrichaceae (1.6%). At the genus level, the predominant taxa identified are Lactobacillus (30.6%), Pseudomonas 
(9.09%), Acinetobacter (9.07%), Vagococcus (7.29%), Sphingobium (5%), Arthrobacter (3.89%), Gonococcus (3.72%), 
Shewanella (3.38%), unidentified members of the Pseudomonadaceae family (2.87%), Delftia (2.41%), Sphingomonas 
(1.96%), Erysipelothrix (1.06%), Anaerobacillus, Klebsiella, Bacteroides, Clostridium, Flavobacterium, and other 
unclassified genera.7 At the species level, prevalent microbes include Escherichia coli, Bacteroides fragilis, 
Porphyromonas, Helicobacter, and Klebsiella.7–10

However, considerable debate persists regarding the exact composition of the endometrial microbiota, likely due to 
variability in factors such as volunteer age, menstrual cycle phase, and sampling methods. Nevertheless, numerous 
studies support that a stable microbiota in the healthy endometrium is crucial for maintaining uterine physiological health 
and reproductive functionality.

Sola-Leyva et al1 analyzed RNA sequencing data from 14 endometrial samples (seven from the secretory phase and 
seven from the proliferative phase) of healthy women. They confirmed significant microbial diversity beyond the genus 
Lactobacillus, identifying Streptococcus pneumoniae, Pasteurella multocida subspecies, Klebsiella pneumoniae subspe
cies, and Clostridium botulinum as notably abundant taxa. Their findings further suggest variability in uterine microbiota 
composition across different menstrual cycle phases. Additionally, their metatranscriptomic analysis revealed that the 

Figure 1 Endometrial Microbiome-Immune Axis: the microorganisms in the endometrium interact with immune cells, establishing a balanced state.
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transcriptionally active microbial communities were more abundant during the secretory phase than in the proliferative 
phase, indicating that Lactobacillus may not dominate the endometrial microbiome of healthy young women.

Furthermore, Wang et al,2 employing 16S rRNA gene sequencing on uterine samples from 145 women, observed 
a negative correlation between microbial diversity and age, as age increased, the number of endometrial microbial 
species decreased, with Firmicutes and Proteobacteria exhibiting the most pronounced variations.

Function of the Uterine Microbiota
The uterine microbiota not only maintains local environmental stability through direct metabolic activities but also 
interacts closely with the immune system to regulate the endometrial immune response.11 Its primary functions include 
maintaining local immune homeostasis, contributing to endometrial barrier function and defense mechanisms, and 
modulating the uterine environment through microbial metabolic products.4,5

In the context of metabolic regulation, Lactobacillus species ferment available carbon sources to produce substantial 
amounts of lactic acid, Decrease the pH within the uterine cavity.4 This acidification alters the phospholipid composition 
of pathogen cell membranes, resulting in increased membrane permeability, which compromises the uptake of nutrients 
and disrupts energy metabolism. Furthermore, the low-pH environment inhibits the activity of key enzymes involved in 
glycolysis and the tricarboxylic acid (TCA) cycle in pathogens, thereby impeding their energy production and ultimately 
reducing their growth rate.12,13

In the maintenance of immune homeostasis, Lactobacillus activate dendritic cells (DCs), promoting the secretion of 
interleukin-2 (IL-2), interleukin-10 (IL-10), interferon gamma (IFN-γ), and tumor necrosis factor-α (TNF-α), which in 
turn modulate the immune response.14 Additionally, Lactobacillus species can suppress the expression of interleukin-12 
(IL-12), balance the Th1/Th2 immune response, prevent abnormal endometrial inflammation, and help maintain immune 
tolerance during pregnancy.15

With respect to the endometrial barrier, Lactobacillus reuteri enhances epithelial barrier function by promoting the 
expression of tight junction proteins, thereby reducing pathogen invasion into the mucosa.16 Lactobacillus rhamnosus 
(L. rhamnosus) induces the differentiation of Tregs, boosting the anti-inflammatory capacity of the uterine cavity and 
improving endometrial receptivity.17 Lactobacillus johnsonii (L. johnsonii) regulates the expression of granulocyte- 
macrophage colony-stimulating factor (GM-CSF), enhancing the phagocytic ability of macrophages, accelerating the 
repair of endometrial inflammation, and reducing the incidence of chronic endometritis (CE).18

Other dominant bacterial species of the uterine microbiota and their metabolic products also play crucial roles in 
immune regulation and tissue repair.19 Bifidobacterium species secrete short-chain fatty acids (SCFAs) such as acetate, 
propionate, and butyrate, which not only regulate immune cell functions through G-protein coupled receptor (GPCR) 
signaling pathways but also promote angiogenesis to facilitate endometrial regeneration. Bacteroides fragilis secretes IL- 
10, inhibits nuclear factor-kappa B (NF-κB) signaling, and reduces the release of TNF-α and interleukin-6 (IL-6), thereby 
alleviating inflammation and promoting cellular repair.20 Fusobacterium nucleatum and Akkermansia muciniphila secrete 
interleukin-22 (IL-22), activate the JAK/STAT3 signaling pathway, enhance epithelial cell proliferation, and regulate 
tight junction proteins and extracellular matrix (ECM) components, thus facilitating endometrial repair. Streptococcus 
species secrete insulin-like growth factor 2 (IGF2), which regulates macrophage M1/M2 polarization through PI3K/Akt 
and mitogen-activated protein kinase (MAPK) signaling pathways, helping maintain endometrial tissue homeostasis.21

In summary, the endometrial microbiota plays a pivotal role in maintaining female reproductive health by modulating 
local immune homeostasis, enhancing endometrial barrier function, and influencing the uterine environment through 
microbial metabolites.

Dysbiosis of the Uterine Microbiota and Its Association with Infertility
Dysbiosis, or the imbalance of the uterine microbiota, is a critical factor in the development of conditions such as 
endometritis and infertility. This section delves into the mechanisms through which dysbiosis impacts the endometrial 
environment and its subsequent effects on reproductive outcomes.
Endometritis is a chronic inflammatory disease caused by infection and is closely associated with dysbiosis and 
infertility. It is characterized by persistent inflammation of the endometrium, which may lead to incomplete tissue 
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repair and damage due to the ongoing inflammatory response. The overgrowth of certain bacteria, such as Escherichia 
coli, anaerobes, and streptococci, is closely related to the development and progression of CE.22–24 These bacteria 
secrete endotoxins and pathogen-associated molecular patterns (PAMPs), which activate natural killer cells, macro
phages, and DCs in the endometrium, leading to the release of large amounts of pro-inflammatory cytokines, including 
interleukin-1β (IL-1β),TNF-α, and IL-6, thereby exacerbating the inflammatory response.25 The excessive activation 
of the immune response due to dysbiosis can inhibit the repair and regeneration of the endometrium, resulting in 
restricted growth and thinning of the endometrium. When the endometrium is less than 7 mm in thickness and its 
structure and function are insufficient to support embryo implantation, it is referred to as thin endometrium.26 Studies 
have shown that dysbiosis in thin endometrium can also impair the function of Tregs, disrupt uterine immune 
tolerance, and further impede embryo implantation and pregnancy maintenance, leading to infertility and recurrent 
pregnancy loss(RPL).11 In summary, dysbiosis activates the inflammatory response pathway, leading to impaired 
endometrial structure and function. Additionally, it disrupts immune tolerance mechanisms, hindering embryo 
implantation and pregnancy maintenance, collectively contributing to the occurrence of reproductive dysfunction.

Dysbiosis of the Uterine Microbiota and Its Association with Infertility
Uterine microbiota dysbiosis, characterized by alterations in the composition and function of the uterine microbiota, is 
a key factor in the development of conditions such as endometritis and infertility.

Endometritis is a chronic inflammatory disease induced by infection, closely associated with microbial imbalance and 
infertility. It is characterized by persistent inflammation of the endometrium, which may impair tissue repair and cause 
damage due to the ongoing inflammatory response. The overgrowth of Escherichia coli, anaerobes, and streptococci is 
strongly linked to the occurrence and progression of chronic endometritis.22–24 These bacteria secrete endotoxins and 
PAMPs, which activate NK cells, macrophages, and dendritic cells within the endometrium, leading to the release of pro- 
inflammatory cytokines, including interleukin-1β, tumor necrosis factor-α, and interleukin-6. This exacerbates the 
inflammatory response, potentially inhibiting the repair and regeneration of the endometrium.25

A thin endometrium, defined as having a thickness of less than 7 mm during the luteal phase of the menstrual cycle, is 
another key factor. On one hand, the proliferative and differentiative capabilities of endometrial cells in a thin 
endometrium may be impaired, reducing endometrial receptivity and hindering embryo implantation.26 On the other 
hand, dysbiosis in a thin endometrium may disrupt the function of regulatory Tregs, undermining the uterine immune 
tolerance mechanisms, ultimately obstructing embryo implantation and the maintenance of pregnancy, which can result in 
infertility and recurrent miscarriage.11

In summary, microbial dysbiosis activates inflammatory pathways, interferes with immune tolerance mechanisms, and 
impairs the structure and function of the endometrium, ultimately leading to reproductive dysfunction.

Immune Environment of the Endometrium
The immune environment of the endometrium plays a critical role in embryo implantation and pregnancy maintenance, 
maintaining a delicate balance between effectively defending against pathogen invasion and preventing immune rejection 
of the fetus or embryo. Dysregulation of this immune environment can lead to reproductive disorders such as infertility, 
RPL, and endometritis.27,28

The immune environment of the endometrium plays a crucial role in embryo implantation and pregnancy main
tenance. It must strike a delicate balance between effectively defending against pathogen invasion and preventing 
immune rejection of the embryo. Disruption of this balance can lead to reproductive disorders such as infertility, RPL, 
and endometritis.27,28

The immune environment of the endometrium is composed of various immune cells, primarily T cells, macrophages, 
and NK cells. These immune cells interact to maintain local immune homeostasis, which plays a critical role in embryo 
implantation and pregnancy progression.

T cells are key players in the immune response within the endometrium, including helper T cells, cytotoxic 
T lymphocytes (CTLs), and Tregs. Helper T cells regulate the activity of other immune cells by secreting cytokines 
such as IL-2, IL-4, and IL-17, while cytotoxic T cells directly recognize and eliminate infected or abnormal cells. 
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Regulatory T cells play a central role in immune tolerance, suppressing the activity of pro-inflammatory Th1 and Th17 
cells by secreting anti-inflammatory cytokines such as IL-10 and TGF-β, thereby reducing the secretion of pro- 
inflammatory cytokines like IL-6. This process promotes immune tolerance and prevents maternal immune rejection 
of the embryo.29,30

During pregnancy, the number and activity of Tregs significantly increase. Tregs ensure that the embryo is protected 
from immune rejection through multiple mechanisms. First, Tregs directly suppress the function of other immune cells, 
especially by expressing inhibitory molecules such as CTLA-4, which binds to the B7 molecules on antigen-presenting 
cells, thus inhibiting T cell activation. Additionally, Tregs further suppress the activity of pro-inflammatory Th1 and Th17 
cells by secreting anti-inflammatory cytokines like IL-10 and TGF-β, reducing the release of pro-inflammatory factors 
and maintaining immune tolerance in the local microenvironment. Tregs also enhance immune suppression by inducing 
functional changes in macrophages and dendritic cells, promoting immune tolerance. Moreover, the increase in the 
number and activity of Tregs during pregnancy further strengthens immune tolerance, helping the maternal immune 
system adapt to the presence of the embryo and preventing immune rejection.31

Macrophages also play a significant role in the immune environment of the endometrium. Macrophages can be classified 
into M1 and M2 subtypes. M1 macrophages enhance immune responses by secreting pro-inflammatory cytokines such as IL- 
1β, TNF-α, and IL-6, clearing pathogens, but their overactivation can interfere with embryo implantation, leading to 
reproductive disorders. In contrast, M2 macrophages suppress immune responses by secreting anti-inflammatory cytokines 
like IL-10 and TGF-β, supporting immune tolerance and promoting embryo implantation.32 Early in pregnancy, M2 
macrophages dominate and contribute to the formation and remodeling of placental blood vessels through the secretion of 
vascular endothelial growth factor (VEGF), providing essential nutritional support for the embryo.32–34

NK cells are another distinct type of immune cell within the endometrial immune environment. The number of NK 
cells significantly increases during early pregnancy, accounting for approximately 40%-60% of immune cells.35 NK cells 
regulate local immune responses by secreting IFN-γ, enhancing immune surveillance and pathogen clearance within the 
endometrium, and participate in placental vascular remodeling. Through interactions with KIR receptors on trophoblast 
cells, NK cells inhibit immune responses, preventing fetal rejection.36,37 However, overactive NK cells can trigger 
immune rejection, leading to miscarriage or infertility.38

The establishment of immune tolerance within the endometrium relies not only on direct interactions between 
immune cells but also on the precise regulation of cytokines, chemokines, and receptor-ligand interactions. Immune 
suppressive factors such as TGF-β and IL-10 play critical roles in this process. Immune checkpoint molecules such as 
CTLA-4 and PD-1 inhibit T cell activation and proliferation by binding to their corresponding ligands, preventing 
excessive immune responses.36 Disruption of these molecular mechanisms may lead to the breakdown of immune 
tolerance, resulting in pregnancy failure or other reproductive disorders.

In summary, the immune tolerance mechanism of the endometrium is achieved through the complex interactions of 
immune cells, cytokines, and molecular pathways. Tregs, macrophages, and NK cells, along with their cytokine secretion, 
receptor-ligand interactions, and cell-to-cell contact, work together to maintain immune tolerance, ensuring that the maternal 
immune system does not attack the embryo, thus providing the necessary immune environment for successful embryo 
implantation and pregnancy. Further investigation into these mechanisms will not only help elucidate the pathogenesis of 
reproductive disorders but also provide a theoretical foundation for developing novel therapeutic strategies.

Microbial Community, Immune Response, and Interaction Mechanisms 
with the Endometrium
Mechanisms of Microbiota-Mediated Immune Regulation
As we have seen in the previous sections, the uterine microbiota plays a crucial role in maintaining endometrial health. 
One of the key ways through which the microbiota exerts its influence is by modulating the host immune response. This 
modulation can occur either directly or indirectly through the production of SCFAs, metabolic intermediates, and 
signaling molecules.39 A study by Chen et al found that patients with CE dominated by Leptotrichia and 
Sphingomonas exhibited significantly higher levels of Th1 cell infiltration.40 This may be attributed to microbial 
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interference with carbohydrate and lipid metabolism in the endometrium, disrupting the Th1/Th2 balance and ultimately 
hindering embryo implantation. Furthermore, the endometrial microbiota in CE patients can influence the Th1/Th17 ratio 
through lipopolysaccharides (LPS) signaling. An imbalance in the Th17/Treg ratio adversely affects embryo implanta
tion. LPS has been shown to decrease Tregs while increasing Th17 and Th1 cells.41 CE patients with elevated Th17 
levels also exhibit increased LPS concentrations.40 Since LPS is a major component of the outer membrane of Gram- 
negative bacteria, this further indicates that the endometrial microbiota is closely related to the balance of the number and 
types of immune cells.42

Feedback Regulation of the Microbiota by the Immune System
The immune system regulates microbial communities through both innate and adaptive immune mechanisms. Innate 
immunity detects microbe-associated molecular patterns (MAMPs) through pattern recognition receptors (PRRs), 
initiating inflammatory and antimicrobial responses.43,44 PRRs include Toll-like receptors (TLRs), NOD-like receptors 
(NLRs), RIG-I-like receptors (RLRs), and C-type lectin receptors (CLRs), which are expressed by dendritic cells and 
macrophages and are capable of distinguishing pathogenic from non-pathogenic microbes.43,44

TLRs, as key defense mechanisms against pathogen invasion, play a crucial role in this process: TLR1, TLR2, and 
TLR6 recognize lipoteichoic acid from Gram-positive bacteria; TLR4 detects LPS from Gram-negative bacteria; and 
TLR5 recognizes flagellin. Activation of TLRs triggers downstream MAPK and NF-κB signaling pathways, which 
regulate the transcription and expression of pro-inflammatory cytokines, chemokines, adhesion molecules, and their 
receptors. This process promotes cytokine production and upregulates co-stimulatory molecules on antigen-presenting 
cells, thereby activating T cells and initiating innate immune responses.45

Concurrently, the adaptive immune system, through the activation of T cells and B cells, mounts an antigen-specific 
response that helps maintain the stability and diversity of the microbiota.46 The adaptive immune system is highly 
specific and capable of memory, enabling it to respond to specific microbial antigens. B cells neutralize pathogens by 
producing antibodies and marking them for clearance by other immune cells. T cells, particularly CD4+ helper T cells 
and CD8+ cytotoxic T cells, play a crucial role in regulating microbial communities.47 CD4+ T cells can differentiate into 
different subsets such as Th1, Th2, Th17, and Tregs, each with distinct functions.47 For instance, Th1 cells produce 
interferon-gamma (IFN-γ) to participate in cell-mediated immunity against intracellular pathogens; Th2 cells secrete 
cytokines such as IL-4, IL-5, and IL-13, essential for defending against extracellular parasites and promoting class 
switching of B cell antibodies; Th17 cells produce IL-17 and play a key role in defending against certain extracellular 
bacteria and fungi; Tregs help maintain immune tolerance and prevent excessive inflammatory responses.48–50 

Additionally, the adaptive immune system provides long-term protection through the generation of memory cells, 
which can rapidly respond to the same pathogen upon re-encounter, further helping to maintain microbial balance.11

In conclusion, innate immunity provides an immediate response to microbial invasion, while adaptive immunity 
offers more specific and sustained regulation of the microbiota. The synergistic action of B cells, T cells, and memory 
cells ensures that the immune system can effectively manage microbial communities, maintaining a balanced and healthy 
microbial environment.

Endometrial Epithelial Regulation of Microbial Communities
Uterine endometrial epithelial cells contribute to antimicrobial defense by secreting interleukin-1β (IL-1β), TNF-α, and 
the antimicrobial peptide LL-37, directly eliminating pathogens and protecting the endometrium.51 Additionally, epithe
lial transport proteins such as NCBT, NHE, CFTR, and SLC26A6 regulate bicarbonate (HCO3

−) secretion, helping to 
maintain an alkaline uterine environment.52 This pH homeostasis influences the composition and activity of the uterine 
microbiota, thereby exerting regulatory effects on microbial dynamics.

In summary, the interaction between the microbiota, immune system, and endometrial epithelial cells maintains the 
homeostasis of the endometrial microenvironment. The microbiota regulates immune cell activity and balance through 
metabolites and signaling molecules, while the immune system modulates the composition and function of the microbiota 
via both innate and adaptive immune mechanisms. Endometrial epithelial cells also participate in microbiota regulation 
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by secreting cytokines and modulating the local pH environment. This dynamic equilibrium is critical for reproductive 
health, and any disruption can lead to inflammation, immune dysregulation, and reproductive dysfunction.

Dysbiosis and Immune Dysregulation in Reproductive Health Disorders
Reproductive health disorders are a complex group of diseases whose pathogenesis involves multiple factors, with 
microbial dysbiosis and immune dysregulation playing crucial roles in conditions such as endometritis, intrauterine 
adhesions, infertility, and recurrent pregnancy loss. These diseases not only impact women’s reproductive health but may 
also lead to severe fertility problems. This section explores the relationship between these conditions and microbial 
dysbiosis and immune dysregulation in detail.

The development of endometritis is closely related to pathogenic infections and abnormal activation of immune 
responses. Common pathogenic microorganisms include Chlamydia trachomatis, Mycoplasma genitalium, and Neisseria 
gonorrhoeae.53 These pathogens not only directly cause infection but also stimulate the secretion of high mobility group 
box 1 (HMGB1) by endometrial stromal cells (HESCs). Elevated HMGB1 levels are released into the extracellular space, 
triggering macrophage apoptosis and promoting the release of interleukin-1β (IL-1β) and interleukin-18 (IL-18), thus 
advancing the progression of endometritis.54 Additionally, the infiltration of immune cells into the endometrium further 
damages embryo implantation. In patients with endometritis, T cells, NK cells, and macrophages are abnormally 
activated, leading to excessive release of IL-1β and TNF-α, exacerbating chronic inflammation and inhibiting embryo 
implantation.54 In endometritis, pathogens activate TLRs, triggering a strong inflammatory response that disrupts the 
normal structure and function of the endometrium.55

The pathways of sucrose biosynthesis III (PWY-7347) and sucrose biosynthesis I (SUCSYN-PWY) are highly active 
in endometritis. Pathogenic microbes consume intermediates of glycolysis, competing with the host for energy sources, 
thereby affecting the metabolic homeostasis of the endometrium.55 For example, Chlamydia trachomatis binds to the 
host antimicrobial peptide LL-37 via the Pgp3 protein encoded by the host’s plasmid, inhibiting the IL-6/IL-8 production 
induced by LL-37 and reducing neutrophil chemotaxis, thereby suppressing the antimicrobial ability of the 
endometrium.56 Similarly, Mycobacterium tuberculosis Rv1768 regulates the NF-κB-TNF-α signaling pathway and 
arachidonic acid metabolism via S100A9, impairing the bactericidal ability of macrophages.57

In summary, the onset and progression of endometritis involve direct pathogen infection, abnormal immune activa
tion, and disruption of host metabolic homeostasis. These factors intertwine, collectively impacting the normal function 
of the endometrium, leading to persistent inflammation and impaired embryo implantation.

In patients with intrauterine adhesions (IUA), the likelihood of concurrent endometritis is as high as 64%.58 In terms 
of the microbiome, the overgrowth of pathogenic bacteria activates TLRs, which in turn activate neutrophils, macro
phages, and T cells, leading to the release of pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-α.59 This, in turn, 
inhibits the expression of glycine N-methyltransferase (GNMT) and activates the TGF-β1/Smad3 signaling pathway, 
promoting endometrial fibrosis.59 Regarding immune regulation, a study by Lv et al demonstrated that in IUA patients, 
CD301+ macrophages secrete growth arrest-specific 6 (GAS6), which activates the AXL receptor on endometrial stromal 
cells (hESCs), inducing upregulation of pro-fibrotic genes and activating the NF-κB signaling pathway, thereby accel
erating myofibroblast differentiation. Reducing CD301+ macrophages effectively inhibits endometrial fibrosis in IUA 
mouse models, improving fertility.60 Overall, intrauterine adhesions are closely linked to pathogen infections, abnormal 
immune activation, and immune dysregulation induced by microbial dysbiosis, leading to endometrial fibrosis and 
reduced fertility.

Microbial dysbiosis and immune system abnormalities play a key role in the pathogenesis of infertility. A study 
published in Microbiome in 2022 found a significant reduction in beneficial Lactobacillus species in the uterine 
microbiota of infertile patients, while the proportion of Escherichia coli, Streptococcus, and Haemophilus parainfluenzae 
increased.61 In the endometrium of infertile patients, there was a marked increase in the number and activity of NK cells, 
along with elevated levels of interleukin-6 (IL-6), TNF-α, and IFN-γ, which are closely associated with embryo 
implantation failure.62 Additionally, immune-mediated diseases such as antiphospholipid syndrome and rheumatoid 
diseases may alter the uterine immune environment, further exacerbating infertility.62 Infertility is strongly associated 
with microbial dysbiosis and immune system abnormalities, impacting embryo implantation and reproductive function.
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In patients with RPL, the composition of the uterine microbiota undergoes significant changes, with a notable 
reduction in Lactobacillus abundance and an increase in Gardnerella and Prevotella species.63 Moreover, there are 
abnormalities in the number and subtypes of decidual natural killer (dNK) cells, which exhibit enhanced immune 
aggressiveness, disrupting maternal-fetal immune tolerance and leading to miscarriage.64 RPL patients also demonstrate 
a lack of Tregs and a significant increase in the levels of T helper 1 (Th1) cells and their secreted cytokines, including 
IFN-γ and IL-2.63 This heightened immune response enhances immune rejection of the embryo, thereby contributing to 
miscarriage. Recurrent pregnancy loss is closely associated with microbial dysbiosis and immune system abnormalities in 
the uterine microbiota, leading to the disruption of maternal-fetal immune tolerance and miscarriage.

In summary, reproductive health disorders, including endometritis, intrauterine adhesions, infertility, and recurrent 
pregnancy loss, are closely associated with microbial dysbiosis and immune dysregulation. Pathogen-induced abnormal 
immune activation and alterations in the microbiota work together to disrupt the normal function of the reproductive 
system, leading to persistent inflammation, embryo implantation failure, and pregnancy loss.

Clinical Applications and Future Research Directions
Potential of Microbiome Intervention
Currently, clinical treatment for thin endometrium and primarily focuses on anti-inflammatory strategies and restoring the 
structure of the endometrium. However, there has been relatively less attention on intrauterine immune and microbiota 
interventions. As a result, some patients with normal endometrial structure are still unable to resolve chronic endome
tritis, infertility, and recurrent miscarriages.

In recent years, microbiota modulation has garnered increasing attention for improving the uterine environment, 
particularly in the context of reproductive health disorders such as infertility and recurrent pregnancy loss. Microbiota- 
targeted strategies,FMT is another emerging intervention that has shown success in treating gut diseases and is currently 
being explored for its potential in reproductive medicine. Preliminary studies suggest that FMT may regulate the gut- 
uterus axis, indirectly affecting the uterine microbiota and improving local immune homeostasis. By restoring gut 
microbiota diversity, FMT may enhance pregnancy rates and reduce the risk of miscarriage.65

The potential role of the microbiota in assisted reproductive technologies (ART) has also become an increasingly 
prominent topic. Recent studies indicate that the success of ART may be closely related to the diversity of the 
reproductive tract microbiota.66 A 2021 study reported a significant positive correlation between endometrial microbiota 
diversity and the success rate of in vitro fertilization (IVF).66 Beyond microbial diversity, the microbiota may also 
influence reproductive outcomes by modulating immune function and metabolic status.

For instance, Hu et al demonstrated that Clostridium butyricum exerts a protective effect on the endometrium in 
a murine model by alleviating barrier damage and suppressing inflammation in endometritis.67 Similarly, studies by 
Zhang and Xiao showed that ISGylation and Catalpol alleviate LPS-induced inflammatory injury in the endometrium of 
goats, cattle, and mice by inhibiting activation of the TLR4/NF-κB pathway.68,69 Additional evidence suggests that 
C. butyricum ameliorates Escherichia coli-induced endometritis via inactivation of the NF-κB signaling cascade.70 In 
a murine model of Staphylococcus aureus-induced endometritis, C. butyricum significantly downregulated the expression 
of TLR4, p-p65/p65, and p-IκB/IκB, thereby suppressing NF-κB pathway activation and mitigating inflammation.71

These findings underscore the ability of microbiota modulation not only to reshape local immune responses but also 
to attenuate inflammatory damage by targeting key immunological pathways such as NF-κB. Collectively, microbiota- 
based strategies—including probiotics and FMT—hold substantial potential to improve reproductive health by enhancing 
the uterine environment and increasing ART success rates. Future research should focus on elucidating the underlying 
mechanisms of microbiota–host interactions and on developing precision microbiome therapies to optimize fertility and 
clinical outcomes in reproductive medicine.

Immunomodulatory Strategies
Dysregulation of immune tolerance mechanisms is closely associated with diseases such as recurrent miscarriage (RM) 
and infertility. Therefore, immunomodulatory strategies targeting the immune system hold promise as potential 
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therapeutic options for these patients. Studies have shown that restoring Treg cell function can improve pregnancy rates 
and reduce miscarriage occurrence. A 2023 study demonstrated that the infusion of autologous Treg cells significantly 
improved pregnancy outcomes in patients with RM.72 In 2021, researchers found that adjusting the proportion of Tregs in 
the immune system could significantly enhance embryo implantation rates and decrease miscarriage rates.73 Additionally, 
anti-inflammatory drugs and immunosuppressants may serve as adjunctive therapies by inhibiting excessive immune 
responses and restoring immune tolerance within the uterus.

Immunotherapeutic strategies targeting microbiome dysbiosis also hold significant clinical relevance. In 2024, 
researchers proposed that restoring microbiome balance through immunotherapy could not only alleviate inflammatory 
responses but also restore uterine immune tolerance, providing novel approaches for treating infertility and RM.74

Conclusion
This review underscores the essential role of the uterine microbiota and immune system in preserving reproductive 
health, highlighting the critical balance necessary for successful pregnancy. The uterine microbiota, dominated by 
beneficial bacteria such as Lactobacillus, is fundamental in regulating local immune responses, maintaining the 
endometrial barrier, and supporting a conducive uterine environment. Dysbiosis, or microbial imbalance, disrupts 
immune tolerance, leading to chronic inflammation and conditions like endometritis, intrauterine adhesions, infertility, 
and recurrent pregnancy loss.

We also emphasize the key involvement of immune cells, especially regulatory T cells, macrophages, and natural 
killer cells, in establishing and maintaining endometrial immune tolerance. These cells interact with the microbiota 
through complex signaling pathways to regulate immune responses that facilitate embryo implantation and sustain 
pregnancy. Disruptions in these interactions, whether through microbial imbalances or immune dysfunction, can severely 
impact reproductive health.

Emerging therapies, such as probiotics, fecal microbiota transplantation (FMT), and targeted immunotherapies, offer 
promising strategies to restore microbial balance and immune tolerance. These interventions have shown potential in 
improving the uterine environment and enhancing reproductive outcomes.

Future research should focus on exploring the precise mechanisms of microbiota-immune interactions in the uterine 
environment. Longitudinal multi-omics studies are needed to track microbial shifts during pregnancy and their effects on 
reproductive health. Additionally, understanding how specific immune cell subsets interact with the microbiota will be 
crucial for developing targeted therapeutic approaches.

In conclusion, maintaining the balance between the uterine microbiota and immune system is vital for reproductive 
health. Further interdisciplinary research is necessary to fully exploit the therapeutic potential of microbiome and 
immune-based interventions to improve fertility and pregnancy success rates.
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