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Abstract: Changes in the female genital tract microbiome are consistently correlated to gynecological
and obstetrical pathologies, and tract dysbiosis can impact reproductive outcomes during fertil-
ity treatment. Nonetheless, a consensus regarding the physiological microbiome core inside the
uterine cavity has not been reached due to a myriad of study limitations, such as sample size and
experimental design variations, and the influence of endometrial bacterial communities on human
reproduction remains debated. Understanding the healthy endometrial microbiota and how changes
in its composition affect fertility would potentially allow personalized treatment through microbiome
management during assisted reproductive therapies, ultimately leading to improvement of clinical
outcomes. Here, we review current knowledge regarding the uterine microbiota and how it relates to
human conception.

Keywords: endometrial microbiota; microbiome; reproductive tract microbiota; uterus; reproductive
outcomes; infertility; assisted reproductive technologies; human reproduction

1. Introduction
1.1. The Human Uterus: A Non-Sterile Body Site

The human microbiome was first described as “the ecological community of commen-
sal, symbiotic, and pathogenic microorganisms that literally share our body space” [1]. The
Human Microbiome Project (HMP) [2] initiated the gathering of deep knowledge about the
microbiota in different body sites, but how to define a healthy bacterial composition of the
uterus remains under debate. The uterine cavity was believed to be sterile until the second
half of the 20th century, when traditional microscopy and culture-based techniques were
used to assess the microbiome [3,4]. With the advent of next-generation sequencing (NGS),
techniques such as 16S rRNA gene sequencing enabled many studies to describe different
microbial communities inside the uterine cavity, yet it is unclear where these originate. For
instance, uterine colonization is hypothesized to occur from gut, oral cavity, bloodstream,
and vaginal ascension [3,5], but uterine seeding could potentially occur through assisted
reproductive technology (ART) procedures and placement of contraceptive devices [6,7]
as well as attachment of microorganisms to human spermatozoa [8]. Regardless of its
origin, research consistently demonstrates that the uterine microbiome is highly diverse
and scarcely populated compared with the lower genital tract [9–11], but its composition
remains to be fully unraveled.
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1.2. The Composition of the Endometrial Microbiota

A number of studies describe the healthy state of the uterine microbiota in women of
reproductive age, with most reporting dominance of Lactobacillus species. In an assessment
of the upper genital tract (UGT) using endometrial swabs from 58 women undergoing
hysterectomy for non-cancer indications, 95% of patients had UGT colonization with great
abundance of L. iners, Prevotella spp., and L. crispatus [12]. Later, endometrial fluid (EF)
samples from 13 fertile patients revealed an abundance of Lactobacillus [13]. These findings
prompted a suggestion of two possible types of bacterial endometrial composition: Lac-
tobacillus-dominant (LD; with Lactobacillus spp. abundance higher than 90%) or non-LD
(NLD; Lactobacillus spp. abundance lower than 90%). Other genera commonly detected in
endometrial fluid samples were Bifidobacterium, Gardnerella, Prevotella, and Streptococcus [13].
Endometrial tissue from 19 women of European descent with diverse medical histories
exhibited 183 bacterial phylotypes, of which 15 were present in all samples. Furthermore,
bacteria belonging to the Proteobacteria and Bacteroidetes phyla were the most commonly
found among samples, and Lactobacillus spp. were predominant in six women [14]. Later,
evaluation of endometrial samples from the tips of transfer catheters of 70 patients detected
Lactobacillus in all samples. Of note, nearly half of subjects had over 90% Lactobacillus abun-
dance, and 50/70 patients had over 70% Lactobacillus [15]. Assessment of EF microbiota
in seven asymptomatic healthy volunteers later revealed that six had high abundance of
Lactobacillus, which accounted for more than 90% of microbial composition [16]. Accord-
ingly, 90 bacterial genera were detected in endometrial samples of 15 patients undergoing
ART, with greater proportion of Lactobacillus and the presence of genera such as Gardnerella,
Prevotella, and Propionibacterium in lower quantities [17]. Lastly, a recent study revealed
Lactobacillus to be the most abundant genus in both endometrial tissue and endometrial
fluid, while multiple other bacteria—namely Anaeroccocus, Atopobium, Bifidobacterium, and
Gardnerella, among others—were also found in lower proportions. Further analysis enabled
the establishment of bacterial networks, and Lactobacillus was negatively correlated with
Gardnerella, Bifidobacterium, and Atopobium and positively associated with the commensals
Clostridium and Streptomyces [18]. This group behavior was also reported in vaginal samples
during the menstrual cycle and demonstrates a certain degree of dependence between
some species inside the female genital tract (FGT) [19].

By contrast, some studies did not observe Lactobacillus predominance inside the uter-
ine cavity. Endometrial samples in 80 Chinese women undergoing surgery for conditions
other than infection were dominated by Acinetobacter, Pseudomonas, Sphingobium, and
Vagococcus [9]. Accordingly, another study including 137 Chinese women undergoing
gynecological surgery indicated that NLD endometrial microbiota—such as Moraxellaceae,
Propionibacteriaceae, Pseudomonadaceae, and Streptococcaceae—accounted for a large
fraction of the uterine microbiota [20]. In uterine samples from 25 Italian patients who
underwent hysterectomy for fibroids, the endometrial microbiota was dominated by Acine-
tobacter, Cloacibacterium, Comamonadaceae, and Pseudomonas, while Lactobacillus species were
rare inside the uterus [21]. In 2019, a similar study was conducted in 19 women of European
descent with normal pregnancy at full-term. Analysis of endometrial biopsies revealed a
common bacterial composition among subjects, suggesting that genera such as Acinetobac-
ter, Corynebacterium, Cutibacterium, Escherichia, Staphylococcus, and Streptococcus could be
part of an endometrial microbiota core. Results also revealed that Lactobacillus is present
in about 20% of patients and with abundance variability below 16% [22]. More recently,
an analysis of uterine microbiota from seven healthy women revealed that endometrial
biopsies harbored communities of bacteria (85%), fungi (10%), viruses (5%), and archaea
(0.3%); Clostridium botulinum, Hydrogenophaga sp., Klebsiella pneumoniae, and Pasteurella
multocida were the most abundant microorganisms [23].

In another study, there was great dissimilarity among endometrial samples from
10 patients undergoing hysterectomy, with Acinetobacter, Corynebacterium, Lactobacillus,
and Staphylococcus detected in variable abundances [24]. Of note, the study included pre-
menopausal, perimenopausal, and postmenopausal patients, a design that could greatly
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impact results and study comparison because of the natural changes occurring in micro-
biota across the lifespan [25]. Interestingly, endometrial microbiota from 34 women of
European descent undergoing ART treatment showed six possible biomarker species for the
endometrium—namely Kocuria dechangensis, Sphingomonas paucimobilis, Stenotrophomonas
maltophilia, Agrobacterium tumefaciens, Delftia tsuruhatensis, and Cutibacterium acnes—together
with an almost total absence of Lactobacillus [26]. Of note, some of these species are found
mainly in soil or in water, indicating a source of contamination during the analysis. These
results demonstrate the importance of experimental controls and adequate handling of
samples and reagents since environmental contamination can greatly impact study quality.

2. Variations in Endometrial Microbiota

There are significant fluctuations in bacterial communities in the FGT. These shifts
correlate with parameters such as age, hormonal changes, ethnicity, and intrauterine de-
vices [9,17,19,25,27]. Although most data come from vaginal samples given the site’s easy
accessibility and lower risk of sample contamination, there is increasing knowledge about
changes in the endometrial microbiome. For instance, sexual activities appear to influence
the microbiota taxa; in one study, a greater diversity of bacterial taxa occurred among virgo
intacta subjects whose samples were dominated by obligate anaerobes Fusobacterium and
Jonquetella, while Lactobacillus spp. numbers were decreased [28]. Furthermore, there is a
significant impact of age in bacterial communities inside the uterus. Microbial diversity
within samples (alpha diversity) decreases with advancing age, while interindividual simi-
larity (beta diversity) is higher among women ages 20 years and younger, suggesting that
dissimilarities among patients accumulate with age [25]. Older age, number of abortions,
and vaginal delivery may reduce the differences between endometrial and vaginal micro-
biomes via perturbation of the closed uterine environment through cervical incompetence,
which ultimately suggests that alterations in the vaginal microbiome could directly affect
bacterial communities in the endometrium in certain circumstances [25]. This theory is
corroborated by findings that the majority of patients with an NLD endometrial microbiota
also had an NLD vaginal microbiota, and all patients with dysbiotic vaginal communities
had an NLD endometrial status [16]. Notably, oral contraceptives and intrauterine devices—
such as copper and levonorgestrel-releasing systems—might also lead to changes in the
vaginal microbiota [27,29] and could potentially impact the endometrial microbiome.

The endometrial microbiome is significantly impacted by hormonal changes. For
example, exogenous progestin significantly alters the endometrial microbiota, including
by decreasing diversity in Lactobacillus spp. phylotypes [28]. Later findings demonstrated
that controlled ovarian stimulation and exogenous progesterone lead to significant changes
and a greater diversity index in both the vaginal and endometrial microbiota. Additionally,
abundance of bacteria such as Atopobium and Prevotella increased after treatment, while the
proportion of Lactobacillus slightly decreased [17]. Of note, naturally occurring hormonal
swings during the menstrual cycle correlate to the instability of microbial communities, and
regular replacement of bacterial species throughout the cycle occurs in vaginal samples [19].
Significant changes also occur in the endometrial microbiome, and increased numbers
of Prevotella spp. and Sneathia spp. may be hallmarks of the proliferative and secretory
phases, respectively [28]. Propionibacterium, Pseudomonas, and Sphingobium species vary
in abundance at different times across the menstrual cycle, with upregulated bacterial
proliferation during the proliferative phase and a higher abundance of peptidoglycan
synthesis and aminoacyl-tRNA synthesis [9]. Moreover, the proportion of Lactobacillus was
reportedly low after menstruation but gradually increased during follicular development
and reached its peak during the luteal phase [30]. Interestingly, the abundance of not
only bacteria, but also viruses and archaea, differ significantly between mid-secretory and
proliferative phases [23]. In addition, the uterine microbiome appears relatively stable
during acquisition of endometrial receptivity, as sequencing did not reveal significant
differences in bacterial communities comparing endometrial samples collected 2 and 7 days
after the luteinizing hormone (LH) peak [13].
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Natural swings could be considered before different treatment approaches (e.g., ad-
ministration of antibiotics or probiotics) are chosen, as a suboptimal microbial taxonomic
composition could potentially transition to a healthy and eubiotic state in a short period
of time. It is also important to consider that increasing maternal age is one of the main
reasons why patients pursue in vitro fertilization (IVF) treatment. Thus, although some
microbiome changes may be cyclic, postponing embryo transfers because of dysbiotic
endometrial states without any practical approaches for microbiome management may not
be ideal in some cases.

3. Virulence Mechanisms of a Dysbiotic Endometrial Microbiome

Several different mechanisms are proposed to explain how changes of bacterial com-
munities inside the uterine cavity could lead to infertility and other obstetric conditions.
Lactobacilli play an important role in maintenance of vaginal bacterial communities through
production of bacteriocins, hydrogen peroxide, and lactic acid, which decreases the vaginal
pH and impairs growth of pathogenic bacteria. Furthermore, competitive adhesion to
the vaginal epithelium and immune response modulation may also maintain a healthy
genital tract by creating a hostile environment for pathogenic bacteria [31,32]. Nonetheless,
distinct bacterial communities are able to thrive through virulence mechanisms such as
mucin degradation, biofilm formation, and antimicrobial resistance, leading to dysbiotic
states [33]. Although there is no consensus on the endometrial microbiota, commensal
bacteria inside the uterine cavity could also help maintain an eubiotic state.

Some hypotheses speculate that a decrease in the number of Lactobacilli would lead
to a significant increase in the FGT pH, which could impact embryo attachment ability
and allow proliferation of bacterial communities that would not have proper growth
conditions in a normal pH range [34]. In fact, gynecological conditions such as bacterial
vaginosis are related to both elevated vaginal pH and decreased Lactobacillus colonies [35,36].
However, assessment of pH value as a potential predictor of endometrial microbiota in
14 endometrial fluid samples revealed a wide range of pH values regardless of the bacterial
composition [13], suggesting that the abundance of Lactobacilli alone is not enough to change
the uterine pH. Of note, similar results were observed in the vaginal microbiome, as no
association between vaginal pH and Lactobacillus abundance was found [37]. These results
indicate that other changes in the endometrium besides pH are related to gynecological
and obstetrical pathologies and should be deeply investigated.

Studies of the FGT metabolome and proteome revealed significant differences between
healthy and infertile patients. Protein expression patterns in EF samples from 110 patients
undergoing fertility treatment revealed enrichment of processes related to immune re-
sponse, inflammation, and cell–cell adhesion in non-pregnant women [38]. Assessment of
11 endometrial fluid (EF) samples detected naturally occurring peptides with antimicrobial
activity [39], which are known for their protection against a myriad of pathogens, including
bacteria, viruses, and fungi and are present in several parts of the FGT [40,41]. Considering
that microbiota changes are related to several gynecological and obstetrical disorders, these
peptides could directly impact bacterial community balance and may be major players
in establishing a healthy environment for embryo implantation and development [40].
Furthermore, patients with repeated implantation failure (RIF) had significantly different
metabolites in vaginal samples, and some of these compounds were either positively or
negatively correlated to Lactobacillus abundance [42]. Variations in microbial taxa impact the
vaginal metabolome, although certain fluctuations in microbiota composition do not lead
to metabolite differences because of functional redundancy among bacterial species [19].
Thus, bacterial taxon imbalances could also impact metabolic composition of the uterine
cavity, enabling growth of pathogenic bacteria in this dysregulated environment. Interest-
ingly, metabolome analysis of vaginal samples was demonstrated to successfully predict
microbiota composition through abundance of metabolites such as thiomalic and lignoceric
acids [43], and similar techniques could potentially be a substitute for endometrial biop-
sies. Although metabolome analysis might not allow taxonomic resolution at the species
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level, this kind of assessment would be less invasive and deserves thorough consideration.
Nonetheless, it is important to state that such variations in metabolomes could result in or
from fluctuations in bacterial community composition, and further studies are needed to
elucidate the mechanisms involved in these processes.

Inflammatory responses to bacterial modifications might also be related to infertility,
as proinflammatory microenvironments occur in different gynecological and obstetrical
diseases. For instance, there is increased expression of immunoglobulins IgM, IgA, and
IgG in patients with chronic endometritis (CE) and RIF [44], and significantly higher levels
of the proinflammatory cytokines interleukin 6 (IL-6), proIL-1β, and IL-1β occur among
patients with endometriosis [45,46]. A separate study reported corroborating results and
demonstrated higher risks for inflammatory bowel disease in patients with endometrio-
sis [47]. Additionally, strict modulation of the immune response through regulatory T
(Treg) cells and cytokines plays important roles in immune tolerance and maintenance
of pregnancy [48–51]. Cytokines and other immune modulators are also related to em-
bryo implantation, as disturbance of IL-11, leukemia inhibitory factor, and transforming
growth factor led to implantation failure and abnormal placental formation [52]. Of note,
expression of cytokines is greatly modulated by Toll-like receptors (TLRs), which are highly
expressed in the reproductive tract and recognize pathogen-associated molecular patterns,
such as lipopolysaccharide and peptidoglycan [53]. The impact of TLRs in pregnancy
outcomes is reviewed elsewhere [54], and it is feasible to speculate that fluctuations in
bacterial communities induce an immune response from the host inside the genital tract, in-
creasing production of proinflammatory cytokines that could impair embryo implantation
and worsen clinical outcomes during ART cycles.

Given that little is known about the interaction between the endometrial microbiome
and the host’s immune response, further assessment is needed to clarify how specific
bacterial species can modulate inflammation. Nonetheless, the anti-inflammatory role of
Lactobacillus spp. in the vaginal microenvironment has been reviewed elsewhere [32], and
we can speculate that Lactobacilli could also contribute to uterine homeostasis by inducing
secretion of anti-inflammatory cytokines such as IL-1RA and producing antimicrobial
peptides. Nevertheless, it is important to consider that immuno-dysregulated states might
not be a consequence of microbiome changes but rather the dysbiotic environment in
which distinct bacteria can be found. Of note, successful treatment with antibiotics alone
did not lead to better outcomes in patients with RIF [55], which supports the idea that
increased inflammatory signaling impairs reproductive outcomes, and treatments focused
on microbiota modulation might not be highly effective if implemented alone.

In general, these results demonstrate that changes in microbiota alone might not fully
account for decreased reproductive outcomes, but host responses to dysbiotic bacterial
states might also play central roles in driving infertility. Thus, in-depth understanding
of microbiota–host interaction mechanisms may provide valuable information on how
fluctuations in endometrial microbiota are related to ART treatment success, and future
studies should assess this topic further.

4. Microbiota Alterations in Infertility

Increasing evidence demonstrates the impact of variations in the FGT microbiota on
overall female health [56]. For instance, several microorganisms related to bacterial vagi-
nosis (BV)—such as Gardnerella vaginalis, Atopobium vaginae, and Prevotella bivia—are associ-
ated with the occurrence of chronic endometritis and pelvic inflammatory disease [57–59].
Thus, considering the impact of such conditions on fertility, further understanding of how
swings in endometrial microbiota are associated with these pathologies may also provide
important insights into new treatments through microbiota management.

4.1. Endometriosis

Analysis of endometrial samples from 73 women with endometriosis and 55 controls
revealed significantly greater colony-forming units (CFU) of Enterococcus, Gardnerella, and
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Streptococcus than in the control group [60]. Further investigation in 64 women demon-
strated that patients with endometriosis have lower numbers of Lactobacillacae in the
uterine cavity and increased abundance of Moraxellaceae and Streptococcaceae [61]. An
assessment of 21 endometrial samples revealed lower diversity in the control group and
enrichment of several bacteria—such as the Actinobacteria phylum, Oxalobacteraceae,
and Streptococcaceae families—in samples from patients with endometriosis [62]. Yet, a
separate study found no significant changes in microbial composition in patients with
endometriosis whose samples were comparable to the control group and were composed
mainly of the genera Gardnerella, Lactobacillus, Prevotella, and Streptococcus. Further assess-
ment revealed that deep endometriotic lesions presented distinct microbiota, with higher
numbers of Alishewanella, Enterococcus, and Pseudomonas [63], and a significant shift in
microbiota composition in a patient with stage III endometriosis has also been reported [64].
Among 26 patients with endometriosis and 11 controls, although Lactobacillus presence was
homogeneous through the lower genital tract in the control group, endometriosis patients
had a decrease of Lactobacillus abundance in the endometrium compared with cervical
mucus. Moreover, endometriosis patients had a distinct uterine bacterial composition,
with enrichment of samples dominated by a mixture of Acinetobacter, Pseudomonas, and
Vagococcus in this group [65]. In fact, a recent systematic review suggested that increased
abundance of bacteria such as Enterobacteriaceae, Escherichia coli, Proteobacteria, and Strep-
tococcus in different sites appears to be associated with endometriosis [66]. Further studies
regarding microbiota in patients with endometriosis could provide valuable insights into
new diagnostic and prognostic tools.

4.2. Chronic Endometritis

Findings in 2008 revealed significantly higher positive endometrial cultures in women
with CE than in the control group, with Ureaplasma urealyticum detected in 10% of cases [67].
Subsequently, endometrial biopsies and fluid from 130 infertile patients exhibited lower
abundance of Lactobacillus in endometrial samples from the CE group than in samples from
the non-CE group, along with higher numbers of Anaerococcus, Bifidobacterium, Dialister,
Gardnerella, and Prevotella [68]. Similarly, a study including 60 patients undergoing IVF
treatment revealed a decrease in Lactobacillus spp. abundance among patients diagnosed
with endometritis through CD138 immunohistochemistry, while Ralstonia spp. and Gard-
nerella spp. were associated with CE [69]; and higher numbers of Phyllobacterium and
Sphingomonas are also reported in CE patients [70]. Comparison of the intrauterine mi-
crobiome of 20 patients with polyps and CE and 10 healthy individuals identified higher
proportions of bacteria such as Bifidobacterium, Gardnerella, Lactobacillus, and Streptococcus
in the patient group and higher numbers of Pseudomonas in the healthy control group [71].

With increasing knowledge about bacterial communities related to CE, molecular
microbiology represents a feasible tool for CE diagnosis. In fact, a new molecular diagnos-
tic approach was described [72], and evaluation of pathogens by real-time PCR or NGS
provides reliable results that are in accordance with classic diagnostic methods. Moreover,
improvements in CE diagnostics and treatment may yield important changes in reproduc-
tive outcomes, as infertility conditions such as RIF are consistently related to CE [55,73,74].
Interestingly, some studies showed higher pregnancy rates and live birth rates (LBRs)
in women with CE after successful treatment with antibiotics, which demonstrates the
importance of microbiota management in endometritis [75,76]. Of note, besides changes in
bacterial communities, variation in inflammatory signaling may also disrupt endometrial
function in CE, decreasing endometrial receptivity and clinical outcomes during ART cy-
cles [77]. Thus, further assessment of immune disruption may be needed to ensure effective
treatment of uterine pathologies.

4.3. Repeated Implantation Failure

Shifts in endometrial microbiota are also associated with RIF occurrence. For instance,
among 46 patients enrolled in ART cycles who had a history of RIF or who were attempting
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IVF treatment for the first time, those with RIF exhibited a significantly lower microbial
diversity in endometrial fluid. Results also demonstrated higher rates of LD microbiota
(>90%) and higher numbers of Gardnerella in RIF patients than in the control group, although
not statistically significant. Additionally, Burkholderia was completely absent from the
controls, while it was detected in 25% of RIF subjects [78]. However, one group attempted
to restore LD endometrial microbiota in patients with a history of RIF, and decreased
responsiveness to treatment was reported on those for whom Gardnerella-was the dominant
bacteria [30]. Later work on the endometrial microbiota in 145 patients with RIF and
21 controls revealed similar alpha and beta diversities between groups. Nonetheless, there
were different bacterial compositions, and the RIF group exhibited significant enrichment
of 14 genera—including Atopobium, Burkholderia, Delftia, Gardnerella, and Prevotella—but
similar abundance of endometrial Lactobacillus spp. [11]. Lastly, greater levels of L. helveticus,
Sneathia amnii, and the genus Prevotella were reported among patients with RIF, and higher
numbers of L. iners, L. jensenii, and the genus Ralstonia were found in subjects without
RIF [79].

5. Tools for Endometrial Dysbiosis Management

Despite limited knowledge on the UGT microbiome, there is sufficient evidence of a
shift in microbial communities in association with several gynecological and obstetrical
diseases. These observations prompt testing of microbiota transplantation and antibi-
otic/probiotic administration to treat disorders such as BV and vulvovaginal candidiasis to
restore the FGT microbiota to a potential eubiotic state [76,80–82].

Among methods to modify the FGT microbiota, antibiotics have the greatest number
of available reports. For instance, antibiotics such as secnidazole and amoxicillin have a
great impact on gynecological pathologies, as treatment led to reduced risk of bacterial
vaginosis, CE resolution, and higher pregnancy and live birth rates [75,76,83,84]. Even
though treatment of these conditions could improve ART outcomes, administration of
antibiotics alone as a first choice to alter the microbiota remains controversial, since a
wide range of action could impact not only pathogenic bacterial populations but also the
proliferation of protective microbiota such as Lactobacillus. A meta-analysis evaluated the
effects of antibiotics on clinical outcomes among patients with CE and did not observe any
significant improvement in patients without confirmation of a CE cure, suggesting that CE
resolution should always be confirmed before proceeding with ART. However, the same
study showed that patients with cured CE had improved live birth, ongoing pregnancy,
clinical pregnancy, and implantation rates compared with patients with persistent CE.
Additionally, IVF results were comparable between women with cured CE and no-CE
controls [74].

Administration of probiotics to induce recolonization of the genital tract has been
discussed as a complementary treatment approach. For instance, probiotic supplementa-
tion with Lactobacillus led to better clinical outcomes than treatment with metronidazole
alone in patients with BV [85], and the administration of oral and vaginal probiotics suc-
cessfully improved the Lactobacillus content in patients with RIF [30]. Of note, the low pH
of the gastrointestinal system and later need of transfer of probiotics to the appropriate
colonization site through the hematogenous route or vaginal ascension are the main chal-
lenges of uterine recolonization through oral administration of probiotics [86]. Accordingly,
treatment with vaginal probiotic suppository in combination with antibiotics led to more
significant results if compared to the oral administration route, and this approach could
significantly improve clinical outcomes in patients with repeated implantation failure [30].
Nonetheless, recent systematic reviews reported controversial results and revealed that
there is no strong evidence that probiotics could improve results in women undergoing
fertility treatment [87,88], although increased abundance of Lactobacillus species can be
achieved [86].

The use of antibiotics, however, may not always be effective. For example, a patient
with repeated reproductive failure after several embryo transfer cycles underwent endome-



Int. J. Mol. Sci. 2022, 23, 485 8 of 17

trial microbiota assessment, and results revealed very low levels of Lactobacillus and a high
abundance of Gardnerella. To restore Lactobacillus abundance, a combination treatment of
antibiotics and probiotic vaginal tampons was conducted, but results demonstrated a per-
sistent Gardnerella infection, and pregnancy was not achieved [89]. Hence, other strategies
such as microbiota transplantation may represent promising management approaches, and
its role in the treatment of BV and other gynecological conditions is reviewed elsewhere [90].
Although little is known about FGT microbiota transplantation, promising results with
fecal microbiota transplantation acquired recently [91] suggest that it could be an effective
treatment for gynecological and obstetrical pathologies in patients who are unresponsive
to standard antibiotic/probiotic protocols. Thus, further studies should be conducted with
endometrial microbiota transplantation to determine key parameters—such as dosage,
method of application, and best microbiota composition—to properly select healthy donors.
Although no reports have been published on endometrial microbiota transplantation, this
technique could be considered as a treatment to restore microbial eubiosis in the future.

6. Endometrial Microbiota Composition and Reproductive Outcomes

Traditionally, the presence of bacteria in the uterine cavity was considered pathogenic,
as positive cultures from endometrial samples were associated with failure to conceive and
lower implantation rates [92,93]. However, the hypothesis of the non-sterile uterus and
increasing evidence indicating an important role of the uterine microbiota in female health
suggest that bacterial communities are crucial for pregnancy maintenance, and changes
in these bacterial communities might reduce IVF success, possibly by triggering immune
responses and metabolome fluctuations. Moreover, although most studies suggest that high
abundance of Lactobacillus spp. represent the ideal environment for embryo implantation
and pregnancy maintenance, there is no consensus on how the endometrial microbiota
relates to reproductive outcomes (Table 1).

Table 1. Studies associating the uterine microbiome with reproductive outcomes a.

Authors Population Sample
Size

Average Age
(Years) Ethnicity Sampling Microbiome

Analysis
Microbiota
Findings Reference

Diaz-Martinez
et al., 2021

Women
undergoing

IVF with
frozen-thawed

euploid ET

Total: 48
CP: 21
NP: 27

39.4
Not reported,
conducted in

Spain

Tao Brush
IUMC

Endometrial
Sampler

Illumina®

MiSeq ™
system

platform for
NGS of 16S

rRNA gene—
hypervariable
region V3-V4

Pregnant and
non-pregnant women

with comparable
alpha and beta

diversity of
endometrial
microbiota.

[79]

Franasiak
et al., 2016

Women
undergoing

single euploid
ET

Total: 33
OGP: 18
NP: 15

35.9

79% Caucasian
15% Asian
3% African
American

3% Hispanic

Distal portion
of ET catheter

tip

Ion Torrent
NGS of 16S

rRNA gene —
hypervariable
regions V2-4-8
and V3-6, 7-9

No differences
between OGP and no

OGP.
[94]

Hashimoto
et al., 2019

Women
undergoing
thawed ET

Total: 99
CP: 53

OGP: 40
CM: 5
NP: 46

35.2 Japanese

EF samples
aspirated with
a Kitazato IUI

catheter

Illumina®

MiSeq ™
system

platform for
NGS of 16S

rRNA gene —
hypervariable

region V4

Pregnancy,
implantation, and
miscarriage rates
were comparable
between LD and

NLD groups.
Pregnancy in patients

with complete
absence of

Lactobacillus was
reported.

[95]
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Table 1. Cont.

Authors Population Sample
Size

Average Age
(Years) Ethnicity Sampling Microbiome

Analysis
Microbiota
Findings Reference

Kyono et al.,
2018

Women
undergoing
thawed ET

Total: 92
CP: 50
CM: 11
NP: 42

36.9

Asian:
90 Japanese

1 Korean
1 Chinese

EF samples
collected using

Kitazato IUI
catheter

Illumina®

MiSeq ™
system

platform for
NGS of 16S

rRNA gene —
hypervariable

region V4

Pregnancy rates
slightly higher in

LDM group, although
the difference was not

statistically
significant.

[96]

Moore et al.,
2000

Women
undergoing

IVF treatment

Total: 91
LB: 27

No LB: 64
35.3

Not reported,
conducted in

the USA

Distal portion
of ET catheter

tip

Culture plates
and

biochemical
tests

Increased LB rates
associated with

recovery of
H2O2-producing

Lactobacillus.
Decreased LB rate

when samples were
positive for

Streptococcus viridans.

[97]

Moreno et al.,
2016

Infertile
women

undergoing
ART treatment

Total: 32
LB: 12
CM: 5
NP: 15

39.3
Not reported,
conducted in

Spain

EF was
aspirated

using Wallace
catheter

454 pyrose-
quencing of
16S rRNA

gene—
hypervariable
region V3-V5

NLD endometrial
microbiota associated
with poorer clinical

outcomes (decreased
implantation,

pregnancy, OGP, and
LB rates).

[13]

Moreno et al.,
2020

Patient with
primary

infertility and
previous

unsuccessful
IVF cycles

One woman
(case report) 28

Not reported,
conducted in

Spain

EF was
aspirated with

a double
lumen embryo

transfer
catheter

Ion S5 XL
system for
NGS of 16S

rRNA gene—
hypervariable
regions V2-4-8
and V3-6, 7-9

Higher bacterial
community diversity

and lower
Lactobacillus

abundance before
spontaneous abortion.
Increased numbers of

Lactobacillus before
the healthy

pregnancy, as
Lactobacillus iners was

the most prevalent
bacteria.

[98]

Moreno et al.,
2021

Infertile
women

undergoing
ART treatment

Total: 342
LB: 141
BP: 27
CM: 28
EP: 2

NP: 144

36.0

57.3%
Caucasian
14.0% East

Asian
11.4%

Hispanic
17.3% others

EF aspirated
through
catheter

attached to a
syringe.

EB performed
with Pipelle

catheter

Ion S5 XL
system for
NGS of 16S

rRNA gene—
hypervariable
regions V2-4-8
and V3-6, 7-9

Increased abundance
of Lactobacillus

consistently
associated with
higher LB rates.

Dysbiotic microbial
state in the uterus

composed of
Atopobium,

Bifidobacteirum,
Gardnerella, Klesbiella,

Streptococcus, and
others was associated
with poorer clinical

outcomes.

[18]

a ART, assisted reproductive technologies; CM, clinical miscarriage; CP, clinical pregnancy; EB, endometrial biopsy;
EF, endometrial fluid; EP, ectopic pregnancy; ET, embryo transfer; IUI, intrauterine insemination; IVF, in vitro
fertilization; LB, live birth; LD, Lactobacillus dominated; NGS, next-generation sequencing; NLD, non-Lactobacillus
dominated; NP, no pregnancy; OGP, ongoing pregnancy.

Considering LBRs, a prospective study including 91 women undergoing IVF treatment
analyzed endometrial microbiota recovered from embryo transfer catheter tips. Positive
cultures of H2O2-producing Lactobacillus were associated with increased LBRs, even com-
pared with samples in which no bacteria were isolated. In contrast, recovery of Streptococcus
viridans was associated with lower LBRs. Interestingly, no live births were reported in
patients that tested positive for both S. viridans and H2O2-producing Lactobacillus in the
transfer catheter [97].

Regarding pregnancy and ongoing pregnancy rates, one study reported endometrial
microbiome assessments from 33 patients who underwent IVF treatment and transferred
a single euploid embryo. NGS of samples collected from the distal part of the catheter
demonstrated that Lactobacillus and Flavobacterium were the predominant bacterial com-
munities in all subjects, regardless of their ongoing pregnancy outcomes [94]. Assessment
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of endometrial samples from 48 infertile women revealed no significant differences in
endometrial diversity between patients that achieved pregnancy and those who did not get
pregnant, although greater abundance of Lactobacillus spp., Anaerobacillus spp., Burkholderia
spp., and Gardnerella spp. was detected in women that achieved a clinical pregnancy. In
contrast, other bacteria—such as Delftia spp., Prevotella spp., Ralstonia spp., and Streptococcus
spp.—were observed in higher quantities among non-pregnant women [79]. Analysis of
endometrial fluid samples from 92 women undergoing IVF treatment demonstrated statis-
tically equivalent pregnancy rates in women with an LD microbiota (=80% Lactobacillus)
after antibiotic/probiotic management compared with women with an NDL microbiota
(<80% Lactobacillus), although the chances were slightly higher in the former group [96]. In
a study assessing multiple reproductive outcomes with endometrial fluid samples from
35 infertile patients with RIF, NLD endometrial microbiota strongly impacted clinical
outcomes during ART cycles: dysbiotic microbiota was associated with decreased implanta-
tion, pregnancy, ongoing pregnancy, and live birth rates. Additionally, all enrolled patients
received a personalized embryo transfer, suggesting that results were not impacted by en-
dometrial receptivity [13]. A similar analysis produced contrasting results. For 99 patients
of Asian descent, EF samples were split into groups having eubiotic (≥80% Lactobacillus and
Bifidobacterium spp.) and dysbiotic (<80% Lactobacillus and Bifidobacterium spp. with ≥20%
of other bacteria) endometrial microbiota. Implantation, miscarriage, and pregnancy rates
were similar between groups, suggesting that a dysbiotic uterine environment does not
impact fertility [95]. Of note, the median percentage of endometrial Lactobacillus was signif-
icantly decreased in patients undergoing IVF treatment compared with healthy volunteers
(63.90 ± 41.43% versus 99.50 ± 15.85%), and higher abundances of Gardnerella and Bifi-
dobacterium were present in NLD samples. However, seven pregnancies were achieved
in NLD cases without any microbiome management intervention, and five of these were
ongoing pregnancies by the time of the report [16]. Similarly, other studies reported cases
of normal pregnancies with very low Lactobacillus abundance, including patients in which
these bacteria were completely absent [22,26,95].

Interestingly, a significant change in endometrial microbiota was reported in early
pregnancy compared with samples collected before a clinical miscarriage in the same
woman. Endometrial fluid samples collected previous to spontaneous miscarriage revealed
an NLD profile, in which Lactobacilli accounted for 15% of the uterine bacterial composition,
and a significant diversity of bacterial genera—such as Streptococcus, Pseudomonas, and
Propionibacterium—was present. However, a sample collected at the fourth week of a
successful gestation in the same patient showed a significant decrease in bacterial diversity,
with Lactobacillus dominance accounting for 91% of the sample’s microbiota [98].

Corroborating these findings, a prospective observational multicenter study includ-
ing 342 infertile patients demonstrated that higher abundance of Lactobacillus strongly
correlated to LBR, suggesting that Lactobacillus could be a biomarker for treatment suc-
cess [18]. However, the presence of Atopobium, Bifidobacterium, Chryseobacterium, Gardnerella,
Haemophilus, Klebsiella, Neisseria, Staphylococcus, and Streptococcus was associated with worse
prognosis after ART treatment (e.g., no pregnancy, biochemical pregnancy, or clinical mis-
carriage). For instance, Gardnerella, Klebsiella, and Streptococcus were significantly increased
in non-pregnant patients, Klebsisella and Staphylococcus were related to clinical miscarriage,
and Enterococcus was enriched in subjects that had a biochemical pregnancy [18].

While most studies have focused on describing the effects of individualized bacterial
genera or species, some studies have reported tight regulation in the FGT microbiota that
suggests complex interplay between bacterial communities [18,19]. Thus, it is feasible to
speculate that clinical outcomes in ART treatment are instead affected by the combination
of all bacterial communities present in the uterine cavity and how they interact with
host tissue, which ultimately suggests that similar bacterial communities may lead to
different outcomes in distinct patients. Accordingly, a healthy endometrial microbiota
could be considered a composition of distinct communities that are permissive for embryo
implantation and pregnancy maintenance despite a minor presence of pathogenic bacteria.
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7. Challenges of Studying the Endometrial Microbiota

The reported lack of consensus on the endometrial microbiota taxonomic core could
be due to several limitations in microbiome studies. Unstandardized methodological
practices and important differences in study populations make available studies difficult to
compare, and invasive sampling methods are major limitations to increasing sample cohort
sizes. Taking into consideration the current lack of large cohort studies on the endometrial
microbiome, comparability between studies is needed, and the establishment of general
protocols would allow this kind of analysis.

7.1. Population and Study Design

The sample cohort is one of the biggest limitations on endometrial microbiome studies.
Patient characteristics—such as ethnicity, age, and sexual habits—should be carefully con-
sidered during the process of cohort selection, as several studies have suggested that these
characteristics may be responsible for community fluctuations in the FGT, including the
uterus [19,25,28]. For instance, important taxa dissimilarities were observed between pa-
tients of different genetic backgrounds, suggesting that black women harbor a distinct FGT
microbiome [19,99,100]. These differences among populations may represent a significant
bias in population selection and should, therefore, be carefully conducted.

Strict inclusion and exclusion criteria considering hormonal treatment, antibiotic/
probiotic administration, and intrauterine devices should also be used because these
interventions may influence results through changes in endometrial microbiome composi-
tion [17,27,29,30]. Thus, study designs should consider different demographic and health
parameters to mitigate inter- and intraindividual dissimilarity and allow results to be
extrapolated to wider populations of infertile patients.

Aside from interindividual dissimilarity, intrapersonal variability may also account
for differences among studies. Because there are reports of microbiota changes within
the menstrual cycle [9,19,30], collection of samples on specific days after menses could
also make different studies more easily comparable. For instance, studies assessing the
impact of UGT microbiota in ART treatment should acquire samples under conditions
equivalent to those found at the period of embryo implantation, avoiding bias mainly
related to hormonal swings.

Acquiring uterine samples, sometimes through surgical procedures such as hysterec-
tomy or laparoscopy, is highly invasive and is performed mainly when there are underlying
uterine pathologies—such as cancer, endometriosis, and fibroids. Consequently, most avail-
able studies include small cohorts of individuals, usually around 30–60 patients, which
directly impacts the statistical power of the analysis [101]. Furthermore, enrollment of
healthy controls remains a challenge. Although some patients undergoing IVF treatment
may not bear these conditions, they cannot be considered as healthy controls due to their
infertility status. Thus, inclusion criteria restricted to male factor infertility or fertile women
undergoing tubal sterilization could lead to a more controlled study population and a
selected control group.

7.2. Sample Handling and Experimental Design

In most studies, endometrial samples are usually collected through the vaginal–
cervical route during gynecological assessment or embryo transfers. Thus, there is a
risk of contamination with vaginal microbiota during sampling that could impact micro-
biome analyses, especially considering the low-biomass microbiome found in the uterus
and the different bacterial communities found throughout the FGT [9,16,28,79]. For in-
stance, in one study only 2 of 26 pairs of samples of endometrial fluid and vaginal aspirates
had the same bacterial operational taxonomic units (OTUs), while six paired samples had
completely different microbial communities [13]. These results suggest that the uterus has
its own microbial communities, and any kind of contamination from the lower genital
tract could result in significant misrepresentation of the endometrial microbiota. Although
invasive procedures such as laparoscopy and hysterectomy avoid vaginal contamination,
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they can only be performed on individuals that bear underlying conditions, which directly
impairs patient recruitment. Of note, different sampling tools, such as double-sheathed
embryo transfer catheters and curettes connected to a syringe, were developed to decrease
contamination and allowed for the collection of a significant amount of material [72,94,102].

Importantly, different microbiome compositions within uterine samples has been
observed, and studies suggest that endometrial fluid and endometrial biopsy (EB) samples
might not contain the same bacterial diversity. For instance, among the 10 most abun-
dant species in both types of samples, taxa such as Enterobacteriaceae, Staphylococcus,
and Stenotrophomonas were differentially present. Furthermore, several taxa could only
be found in either endometrial biopsy or endometrial fluid, including Achromobacter, Bre-
vundimonas, and Verrucomicrobiaceae [103]. Similar results were reported by other groups,
as Streptomyces and Clostridium were detected only in EF, while Klebsiella and Micrococcus
were exclusively detected in EB samples. Still, despite different microbiota compositions,
dysbiotic states both in EB and EF led to equivalent clinical outcomes [18]. These variations
in endometrial samples ultimately represent the need for another layer of standardization
on experimental design to facilitate comparisons among uterine microbiome studies.

Furthermore, the presence of bacterial DNA in laboratory reagents, plastic consum-
ables, and protective equipment could also significantly impact analyses of bacteria com-
munities in the endometrium [104]. Although it is difficult to control all sources of con-
tamination, negative and blank controls should be carefully processed to detect basal
contaminants, and the use of three different negative controls and two positive controls
may be important to optimize the detection of contaminants [101].

Technical diversity in experimental design can also be considered a source of in-
consistency among studies. After collection, samples should be properly stored at low
temperatures or specific stabilizing solutions to prevent DNA degradation, and inefficiency
in this step can lead to shifts in the composition of the microbiota. Different DNA extraction
kits, pair of primers used, and sequencing platforms may also render greater differences
between studies, and standardized approaches should be considered to facilitate study com-
parison. For instance, analysis of the V1 region better differentiates Staphylococcus species,
while V2 and V3 would be more suitable for studying Mycobacterium and Haemophilus
species, respectively [105]. Importantly, species that impact female health, such as Gard-
nerella vaginalis and Chlamydia trachomatis, may not be properly assessed in sequencing
based on V1/V2 regions [106]. Altogether, these data demonstrate the significant variability
in results caused by the choice of different hypervariable regions. As under- or overestima-
tion of taxa impacts analyses of endometrial microbiota diversity, careful considerations
should be taken on this matter.

8. Concluding Remarks

Despite growing evidence of the impact of microbiota on gynecological and obstetrical
conditions, there is still no consensus on the endometrial bacterial core. Furthermore,
standardized protocols and larger patient cohorts are required for studies to be comparable
and to help understand the physiological uterine microbiota, as well as how dysbiosis could
impact clinical outcomes. Importantly, responses from the host also modulate many aspects
of human conception, and future studies unraveling the mechanisms of microbiota–host
interactions may highlight important topics on how bacterial communities drive infertility.
We propose that a physiological and healthy endometrial microbiota should be considered
a group of microorganisms that is permissive for embryo implantation and live birth,
regardless of the minimum presence of pathogenic bacteria.
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