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ABSTRACT

The human endometrium is a dynamic entity that plays a pivotal role in mediating the complex interplay between the mother and
developing embryo. Endometrial disruption can lead to pregnancy loss, impacting both maternal physical and psychological health.
Recent research suggests that the endometrial microbiota may play a role in this, although the exact mechanisms are still being ex-
plored, aided by recent technological advancements and our growing understanding of host immune responses. Suboptimal or dys-
biotic vaginal microbiota, characterized by increased microbial diversity and reduced Lactobacillus dominance, has been associated
with various adverse reproductive events, including miscarriage. However, the mechanisms linking the lower reproductive tract
microbiota with pregnancy loss remain unclear. Recent observational studies implicate a potential microbial continuum between
the vaginal and endometrial niche in patients with pregnancy loss; however, transcervical sampling of the low biomass endome-
trium is highly prone to cross-contamination, which is often not controlled for. In this review, we explore emerging evidence
supporting the theory that a dysbiotic endometrial microbiota may modulate key inflammatory pathways required for successful
embryo implantation and pregnancy development. We also highlight that a greater understanding of the endometrial microbiota, its
relationship with the local endometrial microenvironment, and potential interventions remain a focus for future research.
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GRAPHICAL ABSTRACT

Does endometrial dysbiosis cause early pregnancy loss?
A Review of recent findings, causality and potential mechanisms
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Introduction

The human endometrium is a dynamic tissue structure that
mediates the complex interplay between the maternal host and
semi-allogeneic conceptus. Disruption of this relationship can
lead to miscarriage (Gellersen and Brosens, 2014) or recurrent
miscarriage (RM), a condition defined by the loss of two or more
pregnancies (Bender Atik et al., 2018). This has devastating and
long-lasting consequences for both physical and psychological
health (Quenby et al., 2021). The cause of miscarriage remains
unclear, but key risk factors include advanced maternal age and
the number of previous losses (Quenby et al., 2021). While the un-
derlying causal pathways underpinning miscarriage are complex
and multifactorial, it is clear that the endometrial microenviron-
ment plays a prominent role in early embryo-endometrial inter-
action (Salamonsen et al., 2016). Recent efforts to characterize
and quantify the constituents of the endometrial microenviron-
ment have implicated the endometrial microbiota in RM, despite
the upper reproductive tract long being considered sterile (Perez-
Munoz et al.,, 2017). Although the human microbiome has been
causally linked to a wide range of disease pathophysiology, in-
cluding cardiovascular disease and diabetes mellitus (Astudillo
and Mayrovitz, 2021; Lau et al.,, 2021), the mechanism by which
the microbiome shapes reproductive potential and early develop-
ment is only beginning to be understood. This is partly due to im-
proved study designs and technology platforms that facilitate
more sensitive and accurate detection of the bacteria, viruses,

fungi, and archaea which collectively make-up the microbiota of
different niches within the reproductive tract (Marchesi and
Ravel, 2015; MacIntyre et al., 2017). Additionally, studies are be-
ginning to report on the complex host immunological and in-
flammatory responses to specific microbiota that are consistent
with emergent theories on RM.

The lower reproductive tract microbiome

The microbiota of the lower human reproductive tract is now
well described, with recent molecular characterization extending
the understanding of relationships between cervicovaginal bacte-
rial composition and states of health and disease beyond that of
the long-recognized beneficial role of Lactobacilli species (France
et al., 2022). Dysbiosis of the vaginal microbiota, generally charac-
terized by a loss of Lactobacillus species dominance and increased
richness and diversity, has been associated with disease states in
both non-pregnant (e.g. cervical cancer, sexually transmitted in-
fection acquisition, and endometriosis; reviewed in Colonetti
et al. (2023) and Ventolini et al. (2022)) and pregnant women (e.g.
preterm premature rupture of the foetal membranes and pre-
term birth; reviewed in Bayar et al. (2020) and Bennett et al.
(2020)). Several recent early pregnancy studies have also indi-
cated a relationship between increased vaginal bacterial diversity
and adverse early pregnancy outcomes such as miscarriage
(Al-Memar et al., 2020; Grewal et al,, 2022). For example, in
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comparing the vaginal microbiota of 93 women who suffered
miscarriage with 74 gestational age-matched control patients
who went on to deliver at term, Grewal et al. (2022) reported an
association between Lactobacillus species depletion and euploid
miscarriage, which was also associated with an increase in pro-
inflammatory cytokines including IL-1f and IL-6. Consistent with
this, Soyer Caliskan et al. (2022) also showed a relationship be-
tween Lactobacillus species-depleted vaginal microbiota commu-
nities in women with a history of RM. Despite these findings, the
mechanism by which alterations in the vaginal microbiota im-
pact events within the uterus leading to early pregnancy loss re-
main unclear. This has resulted in a shift in focus towards the
endometrial microbiota and its potential role in shaping risk
of RM.

Endometrial microbiota composition and
intra-patient variability

The uterus has long been considered a sterile environment; how-
ever, this dogma has been challenged over the last decade through
the application of sensitive molecular-based approaches, including
high-throughput next-generation sequencing (NGS) of bacterial 16S
TRNA genes (Toson et al., 2022). One of the first studies to investigate
the normal microbiota using these approaches involved sampling
of 58 women undergoing hysterectomy for benign conditions
(Mitchell et al., 2015). Using targeted quantitative PCR assays, a total
of 12 common vaginal bacterial species were evaluated. At least
one of these species was detected in the upper genital tract of 52/58
(90%) of the women studied with Lactobacillus iners, Lactobacillus crisp-
atus, and Prevotella spp. the most commonly observed. A similar
finding was demonstrated through NGS analysis of embryo transfer
catheter tips collected from 70 women (some sampled more than
once) undergoing IVF (Tao et al, 2017). In this study, a total of 33
women had relative Lactobacillus species abundance >90% while 50
had relative abundance >50%. Some catheter tips were also
reported to contain Corynebacterium, Bifidobacterium, Staphylococcus,
and Streptococcus species. Despite a formable outer sheath being
used to protect the catheter tip, such low-biomass samples are
prone to contamination when sampling through the high microbial
biomass cervicovaginal niche (Reschini et al., 2022).

The potential for cross-contamination during sampling proce-
dures makes it challenging to assess to what extent a microbial
continuum may exist between the cervicovaginal and endome-
trial mucosa. Analysis of matched endometrial and vaginal
microbiota profiles collected from a small number of women un-
dergoing hysterectomy (n=10) demonstrated broad similarities
in the composition of the microbiota across the female reproduc-
tive tract (Miles et al., 2017). However, other studies have indi-
cated that the endometrial microbiota in many women is
compositionally unique and distinct from the vagina. For exam-
ple, in a study of 13 fertile women who provided 26 pairs of
matched vaginal and endometrial fluid aspirates, 6 paired sam-
ples were reported to have completely different bacterial profiles
(Moreno et al., 2016). A larger-scale study by Chen et al. (2017)
assessed microbiota compositional profiles of 110 women across
six sites along the female reproductive tract. As previously
reported, Lactobacillus species were the dominant taxa within the
vaginal microbiota; yet, this dissipated as samples progressed
into the endometrium and upper reproductive tract. Differing
degrees of correlation between the lower and upper reproductive
tract microbiota across different patient populations may reflect
health and disease phenotypes. However, the heterogeneity in
findings across studies also likely highlights the challenges of
obtaining contamination-free endometrial samples. As described

in Fig. 1, an endometrial sample with no existing microbial bio-
mass is highly prone to contamination during sampling or con-
tamination from the environment (e.g. kit reagents, surgical and
lab environments), which, following amplification and sequenc-
ing, could erroneously indicate the existence of a microbiota pro-
file similar to that of vaginal taxa or environmental
contaminants. Careful study design that permits assessment and
correction for such potential sources of confounding is critical,
yet often omitted from studies purporting to show the existence
of an endometrial microbiome. Key considerations on study de-
sign have previously been reviewed (Molina et al., 2021).

In addition to interpatient variability, across-cycle microbiota
changes have been postulated. Sola-Leyva et al. (2021), sequenced
14 paired endometrial samples taken during the proliferative and
mid-secretory phases from healthy controls. Significant across-
cycle differences in the abundance of non-Lactobacilli species
were demonstrated. However, in contrast to these findings,
Kyono et al. (2018) reported a stable relative abundance of
Lactobacillus species across the menstrual cycle.

The association between the endometrial
microbiota and miscarriage

A summary of the studies assessing the relationship between the
endometrial microbiota and miscarriage is presented in Table 1.
As is evident, these studies have used a variety of methodological
and analytical approaches and have examined different types of
miscarriages.

An example of this literature is a recent study by Wang et al.
(2023), which assessed the endometrial microbiota in patients
with a missed miscarriage and reported no significant difference
in either Chaol alpha or Bray-Curtis beta diversity in comparison
to those with a normal pregnancy. However, a significant differ-
ence in the abundance of L. iners (P < 0.05) was demonstrated be-
tween the two groups. Unfortunately, appropriate negative
controls (e.g. kit reagent and environmental controls) were not
included in this study and several of the species reported in the
endometrium are common reagent contaminants (e.g. Ralstonia
(Salter et al., 2014)) or plant-associated bacteria (e.g. Ensifer and
Pseudarthrobacter) that have rarely been genuinely identified in
human samples.

Negative reagent controls were used by Peuranpaa et al. (2022)
who conducted a nested case-controlled study of the vaginal and
endometrial microbiota of 47 women with a history of two or
more early pregnancy losses and 39 healthy controls. Overall,
strong inter-individual correlation between the vaginal and endo-
metrial microbiota compositions was observed (R=0.85,
P<0.001). Compared to healthy controls, women with RM had a
significantly reduced relative mean abundance of L. crispatus
(17.2% versus 45.6%, respectively, false discovery rate corrected
P=0.04) and increased levels of Gardnerella vaginalis (12.4% versus
5.8%, respectively, false discovery rate corrected P<0.001).
However, these findings were not replicated in a study by
Vomstein et al. (2022) who assessed uterine aspirates from 20
women with a history of RM compared to 10 healthy controls and
20 women with recurrent implantation failure at IVF. No differ-
ences in Firmicutes, the phylum of which Lactobacilli are a mem-
ber, or other measures of bacterial composition were seen in RM
compared to controls, however, an increase in Proteobacteria in
the RM and recurrent implantation failure group towards the end
of the menstrual cycle was observed indicating the potential im-
portance of temporal assessment of the endometrial microbiota.

Women with coeliac disease are enriched for the HLA-DQ2/
DQ8 haplotype, which is also more prevalent in the RM
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Figure 1. Endometrial microbiota and contamination sources. Accurately sampling the endometrial microbiota can be challenging owing to the high
risk of cross-contamination. Sampling through the cervicovaginal route is the most practical but risks contamination from bacteria resident in the
vagina, many of which are likely also present in the endometrium. Bacterial DNA may exist on protective equipment present in both the clinical and
laboratory environments, as well as in laboratory reagents. Owing to the low biomass of the endometrial microbiota, the PCR amplification and
sequencing strategies may lead to significantly confounded results. Created with BioRender.com.

populations (D'Ippolito et al., 2016). Coeliac disease has been as-
sociated with alterations in the intestinal microbiota, thought in
part to be mediated by HLA genes (Akobeng et al., 2020). This led
to the hypothesis that modulation of microbiota-host interac-
tions mediated by HLA type may be driving RM. A recent study
assessing the endometrial microbiota in women with a history of
coeliac disease and RM found that women with a history of RM
have reduced levels of vaginal and endometrial Lactobacillus aci-
dophilus and increased levels of L. iners compared to controls, re-
gardless of HLA haplotype (Masucci et al.,, 2023). Although no
microbial differences associated with HLA-DQ2/DQ8 haplotype
were identified in sub-analyses of women with RM, these results
indicate a potential interaction between host genetics and micro-
biota composition that may predispose women to an unfavoura-
ble endometrial microenvironment.

While studies have identified differences in the constitution
of the endometrial microbiota in relation to miscarriage, it is
conceivable that changes to microbiota composition across the
cycle may precipitate miscarriage. Further work is required to

assess the importance of temporal dynamics of the endometrial
microbiota.

Establishing causality between the
endometrial microbiome and RM

To date, most evidence linking the endometrial microbiota with
early pregnancy loss is associative. Whether reported relation-
ships are causal or a consequence of physiological changes lead-
ing to miscarriage remains to be elucidated. However, emerging
data from studies assessing host-microbial interactions in the
context of early pregnancy are largely consistent with emergent
theories on the mechanisms underpinning miscarriage.

The commensal endometrial microbiome may have a symbi-
otic relationship with the endometrium and its local immune
mediators, facilitating implantation and modulating immune tol-
erance. The maternal immune system is imperative to early
pregnancy success. Immune-mediated trophoblast invasion and
spiral artery remodelling are key to achieve successful
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implantation (Brosens et al., 2022). In addition, immunomodula-
tion of endometrial senescence may further result in changes in
the microenvironment predisposing towards pregnancy loss
(Brighton et al., 2017; Lucas et al., 2020). It is plausible that micro-
bial interaction with these key inflammatory pathways might im-
pact endometrial homeostasis precipitating pregnancy loss.
Evidence supporting microbiota-mediated dysregulation of in-
flammatory pathways in the endometrium in RM comes from a re-
cent study comparing endometrial biopsy and endometrial lavage
microbiota profiles in women with a history of RM (n=25) and
healthy controls (n=25). Beta-diversity was found to be significantly
higher in endometrial lavage fluid samples but not tissue biopsies of
patients experiencing RM (Liu et al,, 2022). Concomitant changes in
the inflammatory profile of these patients were seen, with signifi-
cantly lower relative expression of interferon (IFN)-y and IL-6 com-
pared to controls (P=0.013 and P=0.038, respectively). The authors
hypothesized that this may reflect RM-associated changes in the
mucosal surface microbiota but not within tissue (Liu et al., 2022).
Changes in tissue inflammatory mediators, including increased lev-
els of IL-6, IL-1B, heat-inducible factor-1a, and cyclo-oxygenase-2,
have also been associated with endometrial dysbiosis in women
with repeated implantation failure (Cela et al., 2022). Although im-
plantation is an inflammatory event, excessive inflammation out-
side of the implantation window has been associated with
reproductive failure, including RM (Christiansen et al., 2006). Altered
endometrial inflammation is also a feature of chronic endometritis
(CE), a possible cause of RM (Cicinelli et al., 2014). In a study of the en-
dometrial microbiota in infertile women with and without a history
of CE a significant reduction in Lactobacilli relative abundance in
women with CE was demonstrated (1.89% versus 80.7%, respec-
tively;, P=0.034) (Liu et al.,, 2019). Separate studies have also demon-
strated CE to be associated with a significant decrease in alpha-
diversity within the endometrial microbiota (Chen et al., 2021) and in-
creased expression of pro-inflammatory genes associated with apo-
ptotic pathways, including IFN-y and tumour necrosis factor-o
(Cicinelli et al., 2021). Interestingly, the relationship between endo-
metrial microbial dysbiosis and increases in local inflammatory
cytokines was not observed in women undergoing hysterectomy for
benign gynaecological conditions (Mitchell et al., 2015). These find-
ings collectively infer that individual-level host response to altera-
tions in the endometrial microbiota may be key determinants of
specific microbiota-associated adverse outcomes in early pregnancy.
A proposed mechanism by which the endometrial microbiota could
influence key stages of early development is presented in Fig. 2. The
peri-implantation endometrium has robust antimicrobial defences
to protect the emergent conceptus. This includes an abundance of
immune cells and expression of anti-microbial factors such as che-
mokine ligand 14 (Lea and Sandra, 2007). These factors may be sup-
pressed in an aberrant endometrial environment potentially
predisposing to the abnormal microbiota rather than being driven by
it. Future work needs to further evaluate directionality of causation.
Despite uncertainty in the causal relationship between the en-
dometrial microbiota and early pregnancy loss, there is some evi-
dence that the endometrial microbiota may be predictive of RM.
In a recent cohort study, 67 women with two or more previous
miscarriages had endometrial biopsies taken outside of pregnancy
(Shi et al., 2022). Of these, 44 women subsequently became preg-
nant with 30 live births reported. Multivariate regression analysis
of microbiota profiles showed that subsequent miscarriage was
associated with increased relative dominance of Ureaplasma (odds
ratio 24.2; 95% CI 1.55-377; P=0.023). A similar predictive effect
for the endometrial microbiota has been previously described in a
study of 342 women with infertility in which a Lactobacilli enriched

endometrial microbiota was found to be associated with in-
creased probability of live birth (Z-score live birth: —0.12-1.51 ver-
sus clinical miscarriage: —2.81-0.55) (Moreno et al., 2022). In this
cohort, clinical miscarriage following IVF was associated with sig-
nificantly higher relative abundance of Haemophilus and
Staphylococcus. The study was, however, limited by a high sample
failure rate further demonstrating the technical difficulties of low
biomass microbial sampling. These studies tend to use a binary
definition of RM, which may limit the conclusions drawn. Future
work would benefit from an assessment of a gradation of risk, bet-
ter mirroring the escalation in risk of miscarriage with increasing
numbers of previous miscarriages seen clinically.

Towards clinical translation

Current evidence linking the endometrial microbiota with RM
and early pregnancy outcomes is predominantly associative.
However, there is general agreement that displacement of low
biomass Lactobacillus species from the endometrium by high di-
versity microbiota community compositions often enriched with
pathogens is accompanied by an aberrant local immune re-
sponse and inflammation. This could plausibly interfere with
highly regulated physiological events critically involved in early
development. Accordingly, strategies designed to treat sub-
optimal endometrial microbial communities or prevent their for-
mation could improve the endometrial microenvironment and
reproductive outcomes. In support of this notion, it has recently
been demonstrated in vitro that the probiotic Lactobacillus species,
Lactobacillus  delbrueckii and Lactobacillus rhamnosus, dampen
lipopolysaccharide-induced expression of HLA-DR, CD86, CD80,
CD83, and IL-12 from human dendritic cells (Esmaeili et al., 2018),
which may suggest a potential mechanism by which microbiota
modulate immune-tolerance in early pregnancy (Inversetti et al.,
2023). Administration of a live vaginal biotherapeutic, LACTIN-V,
containing L. crispatus, has also been shown to reduce the
recurrence of bacterial vaginosis and urinary tract infections in
non-pregnant women (Stapleton et al., 2011; Cohen et al., 2020)
and recently was demonstrated to be safe and well tolerated in
pregnant women (Bayar et al, 2023). A large randomized con-
trolled trial assessing the use of antibiotics in RM complicated by
CE will shortly report on the effect of antibiotics on the endome-
trial microbiota (ISRCTN Registry, 2020). Such data will be infor-
mative in supporting or refuting causality between endometrial
function and microbiota composition and guiding the potential
treatment response of dysbiosis. To this extent, a recent proof of
concept case-study reported that stable correction of vaginal dys-
biosis using an antibiotic-free vaginal microbiota transplant in a
patient with a history of RM was followed by a successful preg-
nancy and delivery (Wronding et al., 2023). It remains, however,
important to note that potentially confounding treatment with
aspirin and low-molecular-weight heparin was also given within
the successful pregnancy. Despite this, however, while larger
studies are clearly required, this potentially offers an exemplar
of how correction of the reproductive tract microbiota may even-
tually lead to improvement of reproductive health outcomes.

Limitations of presentliterature

As highlighted in this review, a major limitation of the existing
literature is its limitation to associative descriptions of the rela-
tion between miscarriage and the endometrial microbiota. It
remains unclear as to whether changes in endometrial micro-
biota linked to miscarriage represent a cause or effect of the
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Figure 2. Overview of potential mechanisms linking endometrial microbiota to early pregnancy loss. In an optimal state, low levels of commensal
bacteria promote host immune and inflammatory response supportive of endometrial function. Epithelial cells produce anti-microbial peptides
(AMPs), chemokines and cytokines, helping to maintain epithelial integrity and repel potential pathogenic bacteria (Yarbrough et al., 2015). Commensal
bacteria and their metabolites interact with antigen-presenting cells (APCs) to modulate immune tolerance including the formation of specific T cells,
such as regulatory T cells (Treg), and the transformation of Th1 to Th2 cells (Tsuda et al., 2019; Zhu et al., 2022). Th2 cells secrete IL-4, IL-6, IL-10, and
IL-13, which are important for cytokine haemostasis and pathogen resistance (D'Ippolito et al., 2018; Tsuda et al., 2019) whereas uterine natural killer
cells (uNK) interact with trophoblast HLA to modulate immune tolerance and secrete interferon (IFN)-y and vascular endothelial growth factor (VEGF),
which are involved in spiral artery remodelling for normal placentation(Brosens et al., 2022; Faas and de Vos, 2017; Paptchova et al., 2019). A shift
towards a dysbiotic endometrial microbiota and increased pathogen colonisation could reduce AMP, chemokine, and cytokine production resulting in
loss of epithelial integrity, increased permeability, and bacterial translocation (Benner et al., 2018). Abnormally activated APCs drive aberrant immune
pathway activation, including changes to T cell production leading to an increased ratio of Th17 and the transformation of Th2 to Th1 cells, leading to
increased tumour necrosis factor (TNF)-a production, which has been implicated in abnormal pregnancy development (D'Ippolito et al., 2018). Altered
stimulation of uNK may affect angiogenesis and foetal-maternal immune tolerance (Brosens et al., 2022) and plasma cells in the endometrial stroma
may reflect an immune response to pathogens and impair endometrial receptivity (Buzzaccarini et al., 2020; Teng et al., 2012). Created with
BioRender.com.

underlying endometrial changes pre-disposing to miscarriage.
An improved understanding of this interplay is required to prog-
ress the field. The impact of contamination of the low-biomass
endometrium at the time of sampling or during downstream
analyses requires more consideration. Finally, high-quality ran-
domized controlled trials are required to demonstrate the impact
of microbiome-modulating interventions in the context of risk
phenotypes associated with adverse early pregnancy outcomes.

Data availability

No new data were generated or analysed in support of
this research.

Acknowledgements

Figures for this review were created with BioRender.com.

Authors’ roles

J.0. and D.A.M. wrote the first draft. Key revisions and figure for-
mations were undertaken by N.B. All authors undertook review
of the article and contributed to the final draft.

Conclusion

In conclusion, there is a growing body of evidence demonstrating
an association between endometrial microbiota composition and
early pregnancy loss, including RM. Causality, however, remains

unproven. Further research is needed to determine factors that
may predispose women to adverse microbiota-host responses
and to enable identification and stratification of those who may
benefit from interventions designed to modulate the reproduc-
tive tract microbiota.

Funding

The authors are supported by funding from the Tommy's
National Centre for Miscarriage Research. ].O. was funded by a
grant from the NIHR Efficacy and Mechanism Evaluation (EME)
Programme—17/60/22.

20z Aeniga4 g uo Jasn yoimiepn Jo Alsieniun Aq 869€ 15/ 2zpeap/daiwny/ce0l "0 L/1op/ao1e-aoueApe/daiwny/wod dno-olwapede//:sdiy woly papeojumoq


http://www.BioRender.com

8 | Odendaaletal.

Conflict of interest

P.R.B. and D.A.M. have a patent for the use of Lactobacillus crispa-
tus CTV-05 in the prevention of preterm birth (US63/151474).

References

Akobeng AK, Singh P, Kumar M, Al Khodor S. Role of the gut micro-
biota in the pathogenesis of coeliac disease and potential thera-
peutic implications. Eur J Nutr 2020;59:3369-3390.

Al-Memar M, Bobdiwala S, Fourie H, Mannino R, Lee YS, Smith A,
MarchesiJR, Timmerman D, Bourne T, Bennett PR et al. The asso-
ciation between vaginal bacterial composition and miscarriage: a
nested case-control study. BJOG 2020;127:264-274.

Astudillo AA, Mayrovitz HN. The gut microbiome and cardiovascular
disease. Cureus 2021;13:e14519.

Bayar E, Bennett PR, Chan D, Sykes L, MacIntyre DA. The pregnancy
microbiome and preterm birth. Semin Immunopathol 2020;
42:487-499.

Bayar E, MacIntyre DA, Sykes L, Mountain K, Parks T, Lee P, Bennett
P. Safety, tolerability, and acceptability of Lactobacillus crispatus
CTV-05 (LACTIN-V) in pregnant women at high-risk of preterm
birth. Benef Microbes 2023;14:45-55.

Bender Atik R, Vermeulen N, Goddijn M, Christiansen OB, Kolte AM,
Elson J, Lewis S, Middeldorp S, Nelen W, Peramo B et al.; ESHRE
Guideline Group on RPL. ESHRE guideline: recurrent pregnancy
loss. Hum Reprod Open 2018;2018:hoy004.

Benner M, Ferwerda G, Joosten I, van der Molen RG. How uterine
microbiota might be responsible for a receptive, fertile endome-
trium. Hum Reprod Update 2018;24:393-415.

Bennett PR, Brown RG, MacIntyre DA. Vaginal microbiome in pre-
term rupture of membranes. Obstet Gynecol Clin North Am 2020;
47:503-521.

Brighton PJ, Maruyama Y, Fishwick K, Vrljicak P, Tewary S, Fujihara
R, MuterJ, Lucas ES, Yamada T, Woods L et al. Clearance of senes-
cent decidual cells by uterine natural killer cells in cycling hu-
man endometrium. eLife 2017;6:

Brosens JJ, Bennett PR, Abrahams VM, Ramhorst R, Coomarasamy A,
Quenby S, Lucas ES, McCoy RC. Maternal selection of human em-
bryos in early gestation: insights from recurrent miscarriage.
Semin Cell Dev Biol 2022;131:14-24.

Buzzaccarini G, Vitagliano A, Andrisani A, Santarsiero CM, Cicinelli
R, Nardelli C, Ambrosini G, Cicinelli E. Chronic endometritis and
altered embryo implantation: a unified pathophysiological the-
ory from a literature systematic review. ] Assist Reprod Genet 2020;
37:2897-2911.

Cela V, Daniele S, Obino MER, Ruggiero M, Zappelli E, Ceccarelli L,
Papini F, MarziI, Scarfo G, Tosi F et al. Endometrial dysbiosis is re-
lated to inflammatory factors in women with repeated implanta-
tion failure: a pilot study. ] Clin Med 2022;11:2481.

Chen C, Song X, Wei W, Zhong H, Dai ], Lan Z, Li F, Yu X, Feng Q,
Wang Z et al. The microbiota continuum along the female repro-
ductive tract and its relation to uterine-related diseases. Nat
Commun 2017,8:875.

Chen W, Wei K, He X, Wei J, Yang L, Li L, Chen T, Tan B.
Identification of uterine microbiota in infertile women receiving
in vitro fertilization with and without chronic endometritis. Front
Cell Dev Biol 2021;9:693267-693267.

Christiansen OB, Nielsen HS, Kolte AM. Inflammation and miscar-
riage. Semin Fetal Neonatal Med 2006;11:302-308.

Cicinelli E, Matteo M, Tinelli R, Pinto V, Marinaccio M, Indraccolo U,
De Ziegler D, Resta L. Chronic endometritis due to common bac-
teria is prevalent in women with recurrent miscarriage as

confirmed by improved pregnancy outcome after antibiotic
treatment. Reprod Sci 2014;21:640-647.

Cicinelli E, Vitagliano A, Loizzi V, De Ziegler D, Fanelli M, Bettocchi S,
Nardelli C, Trojano G, Cicinelli R, Minervini CF et al. Altered gene
expression encoding cytochines, grow factors and cell cycle regu-
lators in the endometrium of women with chronic endometritis.
Diagnostics 2021;11:471.

Cohen CR, Wierzbicki MR, French AL, Morris S, Newmann S, Reno H,
Green L, Miller S, Powell J, Parks T et al. Randomized trial of
lactin-V to prevent recurrence of bacterial vaginosis. N Engl] Med
2020;382:1906-1915.

Colonetti T, Saggioratto MC, Grande AJ, Colonetti L, Junior JCD,
Ceretta LB, Roever L, Silva FR, da Rosa MI. Gut and vaginal micro-
biota in the endometriosis: systematic review and meta-analysis.
BioMed Res Int 2023;2023:2675966.

D'Ippolito S, Di Nicuolo F, Pontecorvi A, Gratta M, Scambia G, Di
Simone N. Endometrial microbes and microbiome: recent
insights on the inflammatory and immune "players" of the hu-
man endometrium. AmJ Reprod Immunol 2018;80:e13065.

D'Ippolito S, Gasbarrini A, Castellani R, Rocchetti S, Sisti LG,
Scambia G, Di Simone N. Human leukocyte antigen (HLA) DQ2/
DQ8 prevalence in recurrent pregnancy loss women. Autoimmun
Rev 2016;15:638-643.

Esmaeili SA, Mahmoudi M, Rezaieyazdi Z, Sahebari M, Tabasi N,
Sahebkar A, Rastin M. Generation of tolerogenic dendritic cells
using Lactobacillus rhamnosus and Lactobacillus delbrueckii as
tolerogenic probiotics. J Cell Biochem 2018;119:7865-7872.

Faas MM, de Vos P. Uterine NK cells and macrophages in pregnancy.
Placenta 2017;56:44-52.

France M, Alizadeh M, Brown S, Ma B, Ravel J. Towards a deeper un-
derstanding of the vaginal microbiota. Nat Microbiol 2022;
7:367-378.

Gellersen B, Brosens JJ. Cyclic decidualization of the human endome-
trium in reproductive health and failure. Endocr Rev 2014;
35:851-905.

Grewal K, Lee YS, Smith A, Brosens JJ, Bourne T, Al-Memar M, Kundu
S, MacIntyre DA, Bennett PR. Chromosomally normal miscar-
riage is associated with vaginal dysbiosis and local inflammation.
BMC Med 2022;20:38.

Inversetti A, Zambella E, Guarano A, Dell'Avanzo M, Di Simone N.
Endometrial microbiota and immune tolerance in pregnancy. Int
J Mol Sci 2023;24:2995.

ISRCTN Registry (2020) The Effect of Doxycycline on Live Birth Rates in
Women with Chronic Endometritis  Suffering from Recurrent
Miscarriage. http://www isrctn.com/ISRCTN23947730 (21
September, date last accessed).

Kyono K, Hashimoto T, Nagai Y, Sakuraba Y. Analysis of endometrial
microbiota by 16S ribosomal RNA gene sequencing among infer-
tile patients: a single-center pilot study. Reprod Med Biol 2018;
17:297-306.

Lau WL, Tran T, Rhee CM, Kalantar-Zadeh K, Vaziri ND. Diabetes
and the gut microbiome. Semin Nephrol 2021;41:104-113.

Lea RG, Sandra O. Immunoendocrine aspects of endometrial func-
tion and implantation. Reproduction 2007;134:389-404.

LiuFT, Yang S, Yang Z, Zhou P, Peng T, YinJ, Ye Z, Shan H, Yu Y, LiR.
An altered microbiota in the lower and upper female reproduc-
tive tract of women with recurrent spontaneous abortion.
Microbiol Spectr 2022;10:e0046222.

LiuY, Ko EY-L, Wong KK-W, Chen X, Cheung W-C, Law TS-M, Chung
JP-W, Tsui SK-W, Li T-C, Chim SS-C. Endometrial microbiota in
infertile women with and without chronic endometritis as diag-
nosed using a quantitative and reference range-based method.
Fertil Steril 2019;112:707-717.e701.

20z Aeniga4 g uo Jasn yoimiepn Jo Alsieniun Aq 869€ 15/ 2zpeap/daiwny/ce0l "0 L/1op/ao1e-aoueApe/daiwny/wod dno-olwapede//:sdiy woly papeojumoq


http://www.isrctn.com/ISRCTN23947730

Endometrial microbiota and early pregnancyloss | 9

Lucas ES, Vrljicak P, Muter J, Diniz-da-Costa MM, Brighton PJ, Kong
CS, LipeckiJ, Fishwick KJ, Odendaal J, Ewington L] et al. Recurrent
pregnancy loss is associated with a pro-senescent decidual re-
sponse during the peri-implantation window. Commun Biol 2020;
3:37.

Maclntyre DA, Sykes L, Bennett PR. The human female urogenital
microbiome: complexity in normality. Emerg Top Life Sci 2017,
1:363-372.

Marchesi JR, Ravel J. The vocabulary of microbiome research: a pro-
posal. Microbiome 2015;3:31.

Masucci L, D'Ippolito S, De Maio F, Quaranta G, Mazzarella R, Bianco
DM, Castellani R, Inversetti A, Sanguinetti M, Gasbarrini A et al.
Celiac disease predisposition and genital tract microbiota in
women affected by recurrent pregnancy loss. Nutrients 2023;
15:221.

Miles SM, Hardy BL, Merrell DS. Investigation of the microbiota of
the reproductive tract in women undergoing a total hysterec-
tomy and bilateral salpingo-oopherectomy. Fertil Steril 2017;107:
813-820.e811.

Mitchell CM, Haick A, Nkwopara E, Garcia R, Rendi M, Agnew K,
Fredricks DN, Eschenbach D. Colonization of the upper genital
tract by vaginal bacterial species in nonpregnant women. Am J
Obstet Gynecol 2015;212:611.e611-e619.

Molina NM, Sola-Leyva A, Haahr T, Aghajanova L, Laudanski P,
Castilla JA, Altmae S. Analysing endometrial microbiome: meth-
odological considerations and recommendations for good prac-
tice. Hum Reprod 2021;36:859-879.

Moreno I, Codoner FM, Vilella F, Valbuena D, Martinez-Blanch JF,
Jimenez-Almazan J, Alonso R, Alama P, Remohi J, Pellicer A et al.
Evidence that the endometrial microbiota has an effect on im-
plantation success or failure. Am ] Obstet Gynecol 2016;
215:684-703.

Moreno 1, Garcia-Grau I, Perez-Villaroya D, Gonzalez-Monfort M,
Bahgeci M, Barrionuevo MJ, Taguchi S, Puente E, Dimattina M, Lim
MW et al. Endometrial microbiota composition is associated with
reproductive outcome in infertile patients. Microbiome 2022;10:1.

Papuchové H, Meissner TB, Li Q, Strominger JL, Tilburgs T. The dual
role of HLA-C in tolerance and immunity at the maternal-fetal
interface. Front Immunol 2019;10:2730.

Perez-Munoz ME, Arrieta M-C, Ramer-Tait AE, WalterJ. A critical as-
sessment of the “sterile womb” and “in utero colonization” hy-
potheses: implications for research on the pioneer infant
microbiome. Microbiome 2017;5:48.

Peuranpad P, Holster T, Saqgib S, Kalliala I, Tiitinen A, Salonen A,
Hautaméaki H. Female reproductive tract microbiota and recur-
rent pregnancy loss: a nested case-control study. Reprod Biomed
Online 2022;45:1021-1031.

Quenby S, Gallos ID, Dhillon-Smith RK, Podesek M, Stephenson MD,
Fisher J, Brosens JJ, Brewin J, Ramhorst R, Lucas ES et al
Miscarriage matters: the epidemiological, physical, psychologi-
cal, and economic costs of early pregnancy loss. Lancet 2021;
397:1658-1667.

Reschini M, Benaglia L, Ceriotti F, Borroni R, Ferrari S, Castiglioni M,
Guarneri D, Porcaro L, Vigano P, Somigliana E et al. Endometrial
microbiome: sampling, assessment, and possible impact on em-
bryo implantation. Sci Rep 2022;12:8467.

Salamonsen LA, Evans J, Nguyen HPT, Edgell TA. The microenviron-
ment of human implantation: determinant of reproductive suc-
cess. Am ] Reprod Immunol 2016;75:218-225.

Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, Moffatt MF,
Turner P, Parkhill J, Loman NJ, Walker AW. Reagent and labora-
tory contamination can critically impact sequence-based micro-
biome analyses. BMC Biol 2014;12:87.

ShiY, Yamada H, Sasagawa Y, Tanimura K, Deguchi M. Uterine en-
dometrium microbiota and pregnancy outcome in women with
recurrent pregnancy loss. J Reprod Immunol 2022;152:103653.

ShuJ-J, Lin S-X, Wu 'Y, ZhuJ, Gong D, Zou X, Zhu H, Gao]J. A potential
role for the uterine microbiome in missed abortions. J Biol Regul
Homeost Agents 2022;36:1055-1063.

Sola-Leyva A, Andrés-Ledn E, Molina NM, Terron-Camero LC, Plaza-
Diaz ], Sdez-Lara MJ, Gonzalvo MC, Sdnchez R, Ruiz S, Martinez L
et al. Mapping the entire functionally active endometrial micro-
biota. Hum Reprod 2021;36:1021-1031.

Soyer Caliskan C, Yurtcu N, Celik S, Sezer O, Kilic SS, Cetin A.
Derangements of vaginal and cervical canal microbiota deter-
mined with real-time PCR in women with recurrent miscarriages.
J Obstet Gynaecol 2022;42:2105-2114.

Stapleton AE, Au-Yeung M, Hooton TM, Fredricks DN, Roberts PL,
Czaja CA, Yarova-Yarovaya Y, Fiedler T, Cox M, Stamm WE.
Randomized, placebo-controlled phase 2 trial of a Lactobacillus
crispatus probiotic given intravaginally for prevention of recur-
rent urinary tract infection. Clin Infect Dis 2011;52:1212-1217.

Tao X, Franasiak JM, Zhan Y, Scott RT III, Rajchel ], Bedard J, Newby
R Jr, Scott RT, Treff NR, Chu T. Characterizing the endometrial
microbiome by analyzing the ultra-low bacteria from embryo
transfer catheter tips in IVF cycles: next generation sequencing
(NGS) analysis of the 16S ribosomal gene. Hum Microbiome J 2017;
3:15-21.

Teng YH, Aquino RS, Park PW. Molecular functions of syndecan-1 in
disease. Matrix Biol 2012;31:3-16.

Toson B, Simon C, Moreno I. The endometrial microbiome and its
impact on human conception. IntJ Mol Sci 2022;23:485.

Tsuda S, Nakashima A, Shima T, Saito S. New paradigm in the role of
regulatory T cells during pregnancy. Front Immunol 2019;10:573.

Ventolini G, Vieira-Baptista P, De Seta F, Verstraelen H, Lonnee-
Hoffmann R, Lev-Sagie A. The vaginal microbiome: IV. The role
of vaginal microbiome in reproduction and in gynecologic can-
cers. ] Low Genit Tract Dis 2022;26:93-98.

Vomstein K, Reider S, Bottcher B, Watschinger C, Kyvelidou C, Tilg
H, Moschen AR, Toth B. Uterine microbiota plasticity during the
menstrual cycle: Differences between healthy controls and
patients with recurrent miscarriage or implantation failure. J
Reprod Immunol 2022;151:103634.

Wang L, Chen J, He L, Liu H, Liu Y, Luan Z, Li H, Liu W, Luo M.
Association between the vaginal and uterine microbiota and the
risk of early embryonic arrest. Front Microbiol 2023;14:1137869.

Wronding T, Vomstein K, Bosma EF, Mortensen B, Westh H, Heintz
JE, Mollerup S, Petersen AM, Ensign LM, Delong K et al.
Antibiotic-free vaginal microbiota transplant with donor engraft-
ment, dysbiosis resolution and live birth after recurrent preg-
nancy loss: a proof of concept case study. EClinicalMedicine 2023;
61:102070.

Yarbrough VL, Winkle S, Herbst-Kralovetz MM. Antimicrobial pepti-
des in the female reproductive tract: a critical component of the
mucosal immune barrier with physiological and clinical implica-
tions. Hum Reprod Update 2015;21:353-377.

ZhuN, Yang X, Liu Q, Chen Y, Wang X, Li H, Gao H. “Iron triangle” of
regulating the uterine microecology: endometrial microbiota,
immunity and endometrium. Front Immunol 2022;13:928475.

20z Aeniga4 g uo Jasn yoimiepn Jo Alsieniun Aq 869€ 15/ 2zpeap/daiwny/ce0l "0 L/1op/ao1e-aoueApe/daiwny/wod dno-olwapede//:sdiy woly papeojumoq



QUALITY, INNOVATION,
AND SERVICE—IT’S ALL
AT THE CENTER OF
EVERYTHING WE DO.

From developing assisted reproductive technologies that maximize performance,
like the first ART media and cultures, to expertise that streamlines productivity,
FUJIFILM Irvine Scientific brings together decades of industry expertise with
a powerhouse of innovation, turning opportunities into realities. Together, we're
working to support healthy futures—from retrieval to realization.

ALLIN FOR LIFE.
irvinesci.com/ALLIN

FUJFILM

Value from Innovation

: .f;} IrvineScientific

FUJIFILM Irvine Scientific and its logo are registered trademarks of FUJIFILM Irvine Scientific, Inc. in various jurisdictions. ©2023 FUJIFILM Irvine Scientific. P/N 018187 Rev.00


https://www.irvinesci.com/allin?utm_source=human-reproduction&utm_medium=digital-full-page&utm_campaign=allin-general

	Active Content List
	Introduction
	The lower reproductive tract microbiome
	Endometrial microbiota composition and intra-patient variability
	The association between the endometrial microbiota and miscarriage
	Establishing causality between the endometrial microbiome and RM
	Towards clinical translation
	Limitations of present literature
	Conclusion
	Data availability
	Acknowledgements
	Authors&#x02019; roles
	Funding
	Conflict of interest
	References


