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Objective: This study aimed to identify immune states associated with a high risk
of preterm birth by immunophenotyping in pregnant populations, and to
elucidate the characteristics of immune subtypes and their relationships with
preterm birth. Additionally, it sought to uncover the microbial composition and
functional characteristics of immune states linked to preterm birth, and to
evaluate the impact of bacterial interactions on the initiation of preterm birth.

Methods: Utilizing 16S rRNA sequencing data and local immune factor
expression data from a publicly available longitudinal pregnancy cohort, we
conducted immunophenotyping through unsupervised clustering of the
immune factors. We compared the differences in vaginal microbiota richness,
diversity, and composition between identified immune subtypes using o and 3
diversity analysis. Signature microbiotas were identified using LEfSe analysis, and
functional pathway enrichment variations were analyzed using PICRUSt2.
Bidirectional mediation analysis was employed to construct a network of
mediating roles, and preliminary in vitro validation of the Microbial-Cytokine-
Preterm Birth pathway was performed to explore the effects of microbial and
immune characteristics on vaginal epithelial cell function.

Results: Pregnant women were categorized into three immune subtypes based
on local immune status. Microbial functional analysis identified 31 distinct
functional pathways, six of which were downregulated in the preterm birth and
excessive inflammatory response group. Significant differences in vaginal
microbial diversity and composition were observed among pregnant women
with different immune subtypes. Bidirectional mediation analysis revealed
multiple intermediary roles in preterm birth, highlighting C3b/iC3b and IL-8 in
mid-pregnancy and IgE and IgM in late pregnancy.
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Conclusion: This study classified pregnant women into three immune subtypes,
with the excessive inflammatory response subtype showing a higher
predisposition to preterm birth. Mid-pregnancy immune status emerged as a
key indicator of preterm birth risk, associated with the vaginal microbiome
composition. Microorganisms affected the occurrence of preterm birth by
modulating immune factor levels, with time-specific mediation roles observed.
Lactobacillus crispatus demonstrated potential in protecting against preterm
birth by modulating vaginal immune status.

preterm birth, vaginal microbiome, immunity, Gardnerella vaginalis,
Lactobacillus crispatus

1 Introduction

Preterm birth (PTB), defined as birth before 37 completed
weeks of gestation, is the leading cause of death among neonates
and children under the age of 5, posing a significant threat to the
health and quality of life for both mothers and infants (1). The
global preterm birth rate was estimated at over 10% (2). Despite
several decades of research, there have been few significant
breakthroughs in the prediction, prevention, and treatment of
spontaneous preterm birth (sPTB) (3). This is mainly because
sPTB is a multifactorial syndrome with potential underlying
causes ranging from single to multiple factors. The inability to
predict and understand the causes of sPTB limited effective
interventions and treatments.

There has been a surge in studies implicating a role of vaginal
microbiota in sPTB (4-8), but most are associative without
mechanistic insight (3, 7-10). For example, the environment
dominated by Lactobacillus crispatus during pregnancy is often
reported as a driver of a healthy pregnancy (6, 11), while the more
diverse environments are associated with sPTB (12). Many studies
have also shown significant differences in the vaginal microbiome
profiles of women of different ancestries. The distinct taxa have
been associated with sPTB in women of specific ancestry (13, 14),
while other women have not found significant associations (10, 15).
Thus, the association between vaginal microbiota and sPTB remains
unclear. It is imperative to investigate the mechanisms through
which vaginal microbes stimulate the process of preterm birth.

Additionally, the concept of ascending bacterial infection and
inflammation traveling from the vagina through the cervix into the
uterine cavity is widely accepted and supported by both animal and
human studies (3). To date, there have been a few studies have
shown that bacteria ascending from the vaginal and uterine cavities
can cause infection or inflammation, which are associated with
sPTB (16, 17). A number of studies have revealed the association
between dysbiosis of vaginal microbiota and local inflammation at
the cervicovaginal interface, and these association can modulate the
risk of SPTB (4, 18, 19). Recent literature also indicates that immune
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activation and dysregulation of immune responses occur in
microbial-driven sPTB (3). However, the relationship between
different subtypes of immune status and the vaginal microbiome,
and their influence on the occurrence of sPTB remains unknown.
In this study, our objective was to identify diverse immune
phenotypes and their characteristics in pregnant women to further
clarify the immunological profiles associated with sPTB. We tested
associations of cervicovaginal microbial communities and local
immunological features with sPTB to discover valuable
biomarkers for predicting pregnancy outcomes and identifying
high-risk populations. Therefore, we utilized bidirectional
intermediary analysis based on longitudinal data on vaginal
microbiota and cervical-vaginal fluid (CVF) immunophenotyping,
collected from 133 high-risk women with sPTB (3). We
demonstrated the impact of the maternal host immune response
to vaginal microbiota, and identified the mechanisms by which
microorganisms influence sPTB through immunity.

2 Materials and methods
2.1 Study design and population

The data for this study was from a longitudinal pregnancy
cohort in a study published by Chan et al. (3). Metadata was
obtained from tables regarding sample information in the
Supplementary Material of the article. The summarized metadata
indicated whether or not the pregnant woman were premature (<37
weeks of gestation) as well as other information about the sampled
subjects, mainly including age, race, time of sampling, community
state type (CST), delivery time, cervical cerclage, and hormone
usage. A total of 133 women, recruited from preterm birth
prevention clinics in five UK Hospitals, provided a total of 385
vaginal swab samples, 126 at timepoint A (127°-16"° weeks), 133 at
timepoint B (207°-24"° weeks) and 126 at timepoint C (30*°-34"°
weeks). The inclusion and exclusion criteria outlined as follows:
Inclusion criteria were history of previous sPTB, previous mid-
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trimester loss, recurrent miscarriage, incidental finding of cervical
shortening and/or cervical excisional treatment. Exclusion criteria
were women under the age of 18, HIV or hepatitis C positive status,
and vaginal intercourse or bleeding within 72 h of sample collection.
At species level, Five CSTs were identified, four of which were
dominated by a single species of Lactobacillus, and one which was
not; CST I- L.crispatus, CST II - L.gasseri, CST III - L.iners, CST V -
L.jensenii, CST IV-A reflective of high relative abundance of BVABI
and moderate relative abundance of G.vaginalis, CST IV-B
reflective of a high relative abundance of G.vaginalis and low
relative abundance of BVABI, and CST IV-C reflective of low
relative abundances of G.vaginalis and BVABI (3).

The publicly available data used in this study are stored in ENA
(European Nucleotide Archive), and the Accession List of the
dataset was obtained according to Study Accession (PRJEB41427).
The fastq sequencing files were downloaded for subsequent analysis
using the “wget” command. According to the ENA Run Accession,
the clinical information, 16S sequencing data in different trimesters,
and immune factor expression data of each study participant were
matched. Finally, the missing data were deleted.

2.2 Unsupervised hierarchical clustering

To identify and characterize the vaginal immune subtypes in
pregnant women, we employed expression data of 22 immune
factors from a large pregnancy cohort (3) for analysis. Patient’s
clinical and serum data were loaded into R (v.4.0.4). Standardized
scores (z-scores) for cohort were calculated based on the logl0
transformed cytokine and antibody levels measured in serum.
Unsupervised hierarchical clustering was performed using Ward’s
Hierarchical Agglomerative Clustering Method (ward.d2) on the
Euclidean distances of the z-scores. The optimal number of clusters
for cohorts was assigned with the NbClust (v1.0.12) package in R.
To compare the characteristics of the clusters, boxplots and
Kruskal-Wallis tests were utilized. Subsequently, heatmaps were
plotted using the R package pheatmap (v1.0.12).

2.3 16S rRNA gene sequences processing
and statistical analyses

We downloaded publicly available raw 16S sequencing files of
vaginal swab samples from the reported literature (3) and conducted
species alignment. The raw sequencing data underwent processing and
analysis utilizing the Quantitative Insights into Microbial Ecology 2
(QIIME2, version2020.2). The q2-dada2 plugin in QIIME2 was used
for quality control, detection and removal of chimeras, as well as the
generation of amplicon sequence variants (ASVs) along with their
representative sequences. We used the SILVA database (version 138)
classifier to annotate ASVs with a 99% similarity threshold. Samples
with fewer than 10 ASV features or 10,000 reads, and representative
sequences with frequencies below 10, were excluded from further
analysis. We calculated alpha diversity using the “get_alphaindex”
function from the MicrobiotaProcess R package (version 1.2.0). The
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Bray-Curtis distance was computed with the “vegdist” function in the
vegan R package (version 2.5-7) after normalizing data through
Hellinger transformation. We used the Wilcoxon rank sum test to
compare alpha diversity between groups and applied permutational
multivariate analysis of variance (PERMANOVA) for beta diversity
comparison. Additionally, we performed Linear Discriminant Analysis
Effect Size (LEfSe) using the “diff_analysis” function in the
MicrobiotaProcess R package to identify differential microbiota
between groups (LDA > 2). Spearman correlation analysis was
conducted to examine correlations between key microbes and
immune factors.

In this study, we performed the functional abundance
prediction of bacterial communities based on KEGG database
(http://www.genome.jp/kegg/) using PICRUSt2. While PICRUSt2
predicted the bacterial communities based on the information of the
measured bacterial 16S rRNA genes and the OTU information of
the proximate species after comparing with the Greengene database,
and mapped the bacterial communities with the function to
establish the mapping. Based on the results of PICRUSt2, STAMP
software was applied to identify functional pathways with
significant differences in different immune subtypes of vaginal
microbiome by t-test.

2.4 Bi-directional mediation analysis

We employed the levels of immune factors and microbial
features (abundance of differentially microbes between different
immune types or pregnancy outcome groups) as candidate X or M
(Mediation package) to determine the potential causal role of
microbiota in preterm birth among pregnant women. Bi-
directional mediation analysis: 1) Explore the relationship
between X on M and X and M on Y respectively. 2) Perform
mediation analysis to evaluate whether M is possible mechanisms
underlying X on Y (Supplementary Figure 1). The effects of age and
sex were corrected in each model. Finally, mediation interaction
networks were constructed using Cytoscape 3.8.0.

2.5 In vitro cell co-culture experiment

Vaginal human epithelial cell lines (VK2/E6E7, ATCC CRL-2616)
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) high
glucose (HG) supplemented with 10% Fetal Bovine Serum, 1%
Penicillin-Streptomycin-Gentamicin Solution at 37 °C in a 5% CO2
humidified incubator. Human monocytic leukemia THP-1 cells were
maintained in RPMI-1640, supplemented with 10% fetal bovine serum,
100 U/mL penicillin, and 100 pug/mL streptomycin.

2.5.1 Bacterial cultures and preparation of
bacteria-free supernatants

G.vaginalis (ATCC 14018) was obtained from Guangdong
Microbial Culture Collection Center (GDMCC, China), while
L.crispatus was isolated and identified from vaginal swabs taken
from healthy premenopausal women without symptoms of vaginal
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or urinary tract infections during normal gynecological
examinations. Both bacteria were inoculated onto agar plates and
allowed to grow overnight. Single colonies were picked into broth
medium and grown overnight again. G.vaginalis and L.crispatus
were cultured in New York City (NYC) III broth in a 5% CO,
humidified incubator, and De Man, Rogosa, and Sharpe (MRS)
broth in a bacterial incubator at 37 °C, respectively. The bacterial
density of the working culture was estimated using a turbidimetric
approach on the day of the experiment, and the appropriate volume
was then centrifuged at 4000r, 4°C, for 5 min. The bacterial pellets
were resuspended in RPMI-1640 basic cell culture media without
antibiotics, and then gradient diluted to a concentration of 10%/mL.

To obtain L.crispatus supernatant, the working cultures were
centrifuged at 4000r for 5 min, and the supernatant was filtered
through a 0.22-um filter (Fisher Scientific) to remove any remaining
live bacteria. After overnight cultivation to confirm sterility,
supernatants were diluted to 10% v/v in RPMI-1640 basic cell
culture media without antibiotics.

2.5.2 Cell/bacteria in transwell co-culture model
An in vitro non-contact co-culture model was constructed using
THP-1 and VK2/E6E7 cell lines. The model involved seeding the apical
side of Transwell inserts (Falcon, Corning, USA) with VK2/E6E7 cells,
while THP-1 cells occupied the lower chamber. The inserts featured a
pore size of 0.4 um and were fitted to a 12-well plate. On the first day,
THP-1 cells were seeded at a density of 2.5x10* cells/well. THP-1 cells
were induced into M, macrophages by adding 10ng/mL of PMA and
preincubating them in a cell culture incubator for 24 hours.
Subsequently, the transwell inserts containing VK2/E6E7 cells at a
density of 5x10* cells per insert, were placed into Falcon 12-well plates
lined with THP-1 cells. Both co-cultured cell lines were provided with

10.3389/fimmu.2024.1481611

their respective media and allowed to establish for 24 hours before
commencing bacteria exposure studies.

We established four experimental groups, including the control
group (RPMI-1640 basal medium), the G.vaginalis-treated group
(RPMI-1640 basal medium containing G.vaginalis), the L.crispatus-
treated group (RPMI-1640 basal medium containing 10%
L.crispatus supernatant), and the G.vaginalis + L.crispatus
treatment group (RPMI-1640 basal medium containing
G.vaginalis + 10% L.crispatus supernatant). After establishing the
co-culture model, bacterial suspensions resuspended in 1640 basal
medium were added to the lower chamber as per the experimental
design. The co-culture plate was subsequently placed in a CO,
incubator and incubated for 24 hours. Following the incubation
period, the supernatant from the upper chamber was collected, and
the expression levels of IL-8 and prostaglandin E2 were measured
using enzyme linked immunosorbent assay (ELISA) kits.

3 Results

3.1 Identification of different immune
subtypes by unsupervised
hierarchical clustering

By applying unsupervised hierarchical clustering to cytokines,
complement and antibodies in vaginal fluid, three distinct immune
types were identified (Figure 1). We found the expression of each
immune factor was significantly different between the three immune
types (p < 0.05) (Supplementary Figure 2). Based on the expression
characteristics of immune factors in the three immune types, they were
respectively named as follows: High Antibody Type (HAT), Excessive
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By unsupervised hierarchical clustering to immune factors identified three distinct immunotypes in pregnant woman. The three immunotypes were

depicted in the heatmap of the pregnancy cohort (n = 385).
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Inflammatory Type (EIT), and Low Antibody Type (LAT).
Immunotype HAT was characterized by low levels of anti-
inflammatory cytokines and high levels of pro-inflammatory
cytokines, complement, and antibodies. EIT manifested as
heightened expression levels of nearly all cytokines, complement
factors, and antibodies. In contrast to the previous two types, LAT
exhibited markedly low levels of pro-inflammatory cytokines,
complement, and antibodies.

3.2 Immunotype of pregnant women in
mid-pregnancy is related to the
occurrence of preterm birth outcomes

The chi-square test results for mid-pregnancy indicated that
there were significant differences in the incidence of preterm birth
among different immunotypes (Supplementary Figure 3A). The
incidence of preterm birth was lowest in the LAT and highest in the
EIT (Table 1). These findings suggested that EIT was associated
with a higher risk of preterm birth in pregnant women, and the
immune status during mid-pregnancy might serve as an indicator
for preterm birth outcomes.

3.3 Differences in microbiota composition
among pregnant women with different
immunotype, and the impact of crucial
microbial abundance on maternal
immune status

The beta diversity analysis based on the Bray-Curtis distance
revealed significant differences in vaginal microbiota composition
among pregnant women with different immunotype (P<0.05)
(Figures 2A-C). Specifically, there are notable differences between
the LAT group and the HAT group at all three time points.
Differences between the LAT group and the EIT group were
observed only during the mid-pregnancy period. In early pregnancy,
no significant differences were found between the EIT group and the
HAT group (P=0.92), although trends indicating differences were
noted in mid-pregnancy and late pregnancy (0.05 < P < 0.1)
(Supplementary Figure 5). Regarding odiversity, only the observed
and Chaol indices in mid-pregnancy samples show significant
differences between LAT and both HAT and EIT groups, while EIT
group and the HAT group are not significantly different from each
other (Figures 2D-F). Among them, the species richness and diversity

TABLE 1 The incidence of preterm birth among different immune
phenotypes during different stages of pregnancy.

Immunotype
LAT HAT
Early pregnancy 31.60% 40% 47.80% 0.6964
Mid-pregnancy 18.20% 38.90% 87.50% 0.0091**
Late pregnancy 12.80% 41.70% 36.40% 0.0889

**p < 0.01.
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of EIT were highest and the LAT were lowest. LEfSe analysis identified
15 biomarkers that exhibited significant differences among the three
immunotypes (P<0.05) (Figure 3A). The f Lactobacillaceae,
g Lactobacillus, and s_Lactobacillus crispatus were significantly
enriched in the LAT, while s Enterococcus faecalis, g Enterococcus,
s_Streptococcus salivarius, and s_Fusobacterium nucleatum were
significantly more abundant in the EIT. Interestingly, by comparing
the results of differential bacteria analysis with those of pregnancy
outcome groups, g Lactobacillus and f_Lactobacillaceae were found to
be significantly more abundant in both the LAT and the term birth
group, whereas s_Fusobacterium nucleatum was significantly enriched
in the EIT and the preterm group. In addition, correlation heatmap
demonstrated a significant correlation between differential bacteria and
immune factors (Figure 3B).

Furthermore, the analysis revealed significant differences in the
proportion of different immunotypes among pregnant women with
different CST types across all three stages of pregnancy.
(Supplementary Table 1). Previous studies have shown that five
CSTs were identified in the vaginal microbiome (20). CST I,
dominated by L.crispatus, was more prone to exhibit a LAT
immunotype, which associated with a lower incidence of preterm
birth. In contrast, CST IV, which was diverse and low Lactobacilli,
was more likely to exhibit a EIT immunotype with the highest
incidence of preterm birth (Supplementary Figure 3B).

3.4 Differential functional pathways in the
vaginal microbiota of pregnant women
with different immunotypes

After exploring the differences in vaginal microbiome composition
among women with different immunotypes, we made functional
predictions. Subsequently, a differential analysis was conducted
between the EIT group, which had the highest risk of preterm birth,
and LAT group, which had the lowest risk. A total of 31 differential
functional pathways were identified, of which 14 differential functional
pathways were significantly enriched in EIT pregnant women, and 17
differential functional pathways were significantly enriched in LAT
pregnant women (Figure 4A). Meanwhile, by comparing differential
functional pathway analysis results with pregnancy outcome groups
(Figure 4B), we identified six metabolic pathways, including D-Alanine
metabolism, Homologous recombination and Mismatch repair, were
significantly up-regulated both in the LAT and the term birth group,
while nitrogen metabolism was significantly enriched both in the EIT
and the preterm group (Supplementary Table 2).

3.5 Bi-directional mediation between the
vaginal microbiota and immune factor in
pregnant women affects preterm birth

The findings above suggested a two-by-two correlation involving
immunity, microbes, and preterm birth. We further investigated
whether immune factors mediate these relationships. Intriguingly,
bidirectional mediation analysis revealed multiple pathways linking
microbe-immunity interactions to the outcome of preterm birth. The
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Differences in microbiota composition among pregnant women with different immunotype. (A-C) PCoA and boxplot are shown along the first two
principal coordinates of Bray-Curtis distances for pregnant women of three immunotypes during different periods of gestation. The results of the
analysis of variance are indicated by letter marks in the box plots. (A) early pregnancy samples, (B) mid-pregnancy samples, (C) late pregnancy
samples. Ellipses represent the 95% confidence interval around the group centroid. The P value was calculated by PERMANOVA. (D-F) Four alpha
diversity indicators of vaginal microbiot in pregnant women of three immunotypes during different periods of gestation. (D) early pregnancy samples,

(E) mid-pregnancy samples, (F) late pregnancy samples. Kruskal-Wallis test

was used to compare the differences between groups. The lowercase

letters provided indicate significance levels of differences. Specifically, groups sharing the same letter are not significantly different, while those with
different letters are significantly different. This notation helps to quickly identify which groups are statistically distinct from each other.

notable microbe and immune factor mediation interaction networks
were shown in Figure 5A. For instance, the results indicated that
L.crispatus might avoid the occurrence of preterm birth outcomes by
affecting the levels of C3b/iC3b and IL-8, whereas G.vaginalis might
contribute to preterm delivery in pregnant women by affecting the
production of IL-8. Meanwhile, we found a possible bidirectional
mediating role between L. crispatus and the expression of immune
factor C3b/iC3b, affecting the occurrence of preterm birth outcomes
(Table 2). In summary, key vaginal bacteria are more likely to influence
preterm birth outcomes by modulating vaginal immune levels.

3.6 In vitro co-culture experiments
provided supportive evidence that
microorganisms could affect the
occurrence of preterm birth through
modulation of immune responses

To validate the results of bidirectional mediation analysis, we
conducted transwell co-culture experiments in vitro. We selected
THP-1 cell line as the mediator cells responsible for secreting
immune factors to detect the differential expression of mediator
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factors. VK2/E6E7 cells were chosen as the indicator cells for
preterm birth outcomes, and the differential expression of
prostaglandin E2 by VK2/E6E7 cells indirectly reflected the status of
vaginal epithelial cells, indicating the occurrence of preterm birth. As
G.vaginalis is a commonly found pathogenic bacterium in the female
reproductive tract and is associated with an unhealthy vaginal
microbiota composition, along with numerous reports indicating its
significant enrichment in women with preterm birth (21, 22), we
intended to validate the G.vaginalis - IL-8 - preterm delivery pathway
suggested by the results of the mediation analysis. Furthermore, we also
validated the inhibitory effect of L.crispatus on preterm birth outcomes.

Our experimental results revealed significant differences between
the G.vaginalis-treated group and the G.vaginalis + L.crispatus
treatment group compared to the control group after 24 hours of co-
culture. The expression levels of IL-8 and prostaglandin E2 were
significantly higher in the G.vaginalis-treated group than in the
control group (Figures 5B, C), suggesting that G.vaginalis was able to
induce the secretion of IL-8 by immune cells. Although the difference
between the G.vaginalis + L.crispatus treatment group and G.vaginalis-
treated group was not statistically significant, the expression levels of
IL-8 and prostaglandin E2 were lower than those of the G.vaginalis-
treated group, suggesting that L.crispatus supernatant may reduce the
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FIGURE 3

Differential microbiota and correlation of vaginal microbiota with immune factors. (A) Significantly different abundant taxa with LDA score
(log10) > 2.0 and P < 0.05, between three immunotype groups. (B) Heatmap of Spearman correlation analysis between the differential vaginal
microbiota and immune factors. Red and blue indicate positive and negative correlations, respectively. *p < 0.05, **p < 0.01.

stimulatory effect of G.vaginalis on the secretion of IL-8 by immune
cells. In addition, the results showed that IL-8 was positively correlated
with the expression of prostaglandin E2 (r = 0.6503) (Supplementary
Figure 4), an effector molecule associated with preterm birth,
suggesting that high expression of IL-8 may lead to vaginal epithelial
remodeling and accelerate the process of labor.

4 Discussion

In this study, we aimed to investigate the relationship between
vaginal immune status and microbiome composition the risk of
preterm birth. Our findings highlight several novel insights that
contribute to the understanding of PTB pathogenesis and
potentially inform clinical strategies for its prevention. Recent
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research suggests that changes in the vaginal microbiome help
predict the risk of spontaneous preterm birth (4, 18, 23).
However, the mechanisms by which genital microbiota influence
the birthing process remain poorly understood. Experimental
studies aiming to manipulate the composition of vaginal flora
through probiotic interventions have yielded varied and
inconsistent results (24-27). Therefore, we propose that there
might be key factors connecting microbes to preterm birth
outcomes, which play a critical role in the overall process. Our
findings build upon and extend previous research in this field,
which has primarily focused on individual microbial species or
immune factors in isolation. By integrating both immune status and
microbiome composition, we provide a more comprehensive view
of the vaginal environment and its role in PTB. Our results suggest
that alterations in both the immune system and microbiome
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FIGURE 4

Differential functional pathways in the vaginal microbiota. (A) The barplot with 95% confidence intervals denote the significantly different microbial
pathways between Excessive inflammatory response and Low antibody type groups. Blue, EIT; yellow, LAT. (B) The barplot with 95% confidence
intervals denote the significantly different microbial pathways between preterm and term groups. Blue, preterm; yellow, term.

contribute synergistically to PTB risk, a perspective that is novel and
adds depth to the current scientific literature.

As shown in previous study (28), we distinctly categorized three
immune types associated with changes in immune levels and
pregnancy outcomes by employing unsupervised clustering of
data on 22 immune factors. Notably, there were notable
differences in preterm birth rates among the three immune types
during mid-pregnancy, with the EIT type showing active immune
responses and a higher incidence of preterm birth. This also
suggested that the vaginal local immune status of pregnant
women in mid-pregnancy could serve as an indicator of preterm

Frontiers in Immunology

birth outcomes, and that elevated immune levels may contribute to
preterm birth. Recent studies revealed that high vaginal bacterial
load during the middle of pregnancy was associated with sPTB in
high-risk pregnant women (12, 29). These findings consistent with
our results, suggest that the mid-pregnancy may be a crucial period
for predicting subsequent preterm labor events.

Our study has indicated different in the diversity and composition of
the vaginal microbiota among all three groups during mid-pregnancy.
Specifically, pregnant women categorized as EIT displayed the highest
species abundance and diversity, while those classified as LAT exhibited
the lowest. In asymptomatic, otherwise healthy women, the majority
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The microbe-immunity-pregnancy mediation interaction networks and experimental verification. (A) The microbe-immunity-pregnancy potential
mediation interaction networks. Different color blocks indicate different genera of microorganisms, the green blocks indicate immunity factors, and
the arrow connecting the lines indicates that the starting microorganisms may act as mediators of preterm birth outcomes through the endpoint
immunity factors. The colors of the connecting lines indicate different periods, with purple representing early pregnancy, blue representing mid-
pregnancy, and orange representing late pregnancy. (B, C) Transwell co-culture in vitro experiment. Histograms of IL-8 (B) and prostaglandin E2 (C)
expression in in vitro cell co-culture experiments. Kruskal-Wallis test was used to compare the differences between groups. *p < 0.05, **p < 0.01,

***p < 0.001.

often dominated by species of Lactobacillus. Changes in the vaginal
microbiota diversities including reduced Lactobacillus abundance and
increased facultative and anaerobic organism populations could
predisposes the host to several conditions like increased risk of
contracting bacterial infections (30). This pro-inflammatory climate
created by dysbiosis of the microbiota could induce secondary
inflammatory mediators via Toll-like receptors (31). This may be the
reason why the excessive group and high group both showed similar
higher alpha diversities and pro-inflammatory cytokines. Prior research
has also demonstrated that antigen-presenting cells in the genital tract
can mount specific responses to Gram-negative bacterial products via
Toll-like receptor signaling. This activation triggers the NF-«B signaling
pathway, initiating the recruitment of lymphocytes by chemokine
production, ultimately leading to inflammation in the genital tract

Frontiers in Immunology

(32). Thus, the above results indicate a potential correlation between
vaginal flora composition and local immune status. It can be speculated
that certain bacteria in the genital tract may induce robust local
immune responses.

The correlation analysis revealed that communities with high
diversity showed a strong correlation with pro-inflammatory
cytokine concentrations in the genital tract. The results of the
bidirectional mediation analysis provided stronger evidence
supporting the hypothesis that microbiota influences preterm birth
through immunity. Forward mediation analysis suggested that specific
microorganisms, such as Atopobium vaginae, Aerococcus christensenii,
and Gardnerella vaginalis, could influence the occurrence of preterm
birth outcomes by modulating the levels of immune factors. In
contrast, the reverse mediation analysis only identified a few
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TABLE 2 Results of Bidirectional Mediation Analysis Related to Preterm Birth Outcomes.

Intermediate Gestation period
effect coefficient
g:Atopobium IL-8 0.011 mid-pregnancy
g:Atopobium IgE 0.011 late pregnancy
g:Atopobium IgM 0.015 late pregnancy
g:Atopobium C3b/iC3b 0.021 mid-pregnancy
g:Dialister IL-8 0.012 mid-pregnancy
g:Dialister IgE 0.017 late pregnancy
g:Dialister C3b/iC3b 0.017 mid-pregnancy
gDialister IgM 0.021 late pregnancy
g:Finegoldia IgE 0.012 late pregnancy
g:Finegoldia C3b/iC3b 0.014 mid-pregnancy
gGardnerella IgE 0.005 late pregnancy
g:Gardnerella IgM 0.007 late pregnancy
gGardnerella IL-8 0.009 mid-pregnancy
g:Gardnerella C3b/iC3b 0.013 mid-pregnancy
gLactobacillus IgM -0.026 late pregnancy
g:Lactobacillus C3b/iC3b -0.014 mid-pregnancy
g:Peptoniphilus IL-8 0.015 mid-pregnancy
g:Peptoniphilus IgM 0.017 late pregnancy
g:Peptoniphilus IgE 0.017 late pregnancy
g:Peptoniphilus C3b/iC3b 0.026 mid-pregnancy
g Prevotella IgE 0.007 late pregnancy
g:Prevotella IgM 0.011 late pregnancy
g:Prevotella C3b/iC3b 0.015 mid-pregnancy
g:Streptococcus IgE 0.01 late pregnancy
g:Streptococcus IL-8 0.016 mid-pregnancy
g:Streptococcus IgM 0.017 late pregnancy
s:Aerococcus_christensenii C3b/iC3b 0.031 mid-pregnancy
s:Atopobium_vaginae IgE 0.011 late pregnancy
s:Atopobium_vaginae IgM 0.013 late pregnancy
s:Atopobium_vaginae C3b/iC3b 0.021 mid-pregnancy
s:Dialister_micraerophilus IL-8 0.016 mid-pregnancy
s:Dialister_micraerophilus IgE 0.023 late pregnancy
s:Dialister_micraerophilus IgM 0.027 late pregnancy
s:Dialister_micraerophilus C3b/iC3b 0.043 late pregnancy
s:Finegoldia_magna IgE 0.012 late pregnancy
s:Finegoldia_magna C3b/iC3b 0.014 mid-pregnancy
s:Gardnerella_vaginalis IgE 0.006 late pregnancy
s:Gardnerella_vaginalis IgM 0.007 late pregnancy

(Continued)
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TABLE 2 Continued

Intermediate

10.3389/fimmu.2024.1481611

Gestation period

effect coefficient

s:Gardnerella_vaginalis IL-8 0.008 mid-pregnancy
s:Gardnerella_vaginalis C3b/iC3b 0.012 mid-pregnancy
s:Lactobacillus_crispatus C3b/iC3b -0.014 mid-pregnancy
s:Lactobacillus_crispatus IgE -0.008 late pregnancy
s:Lactobacillus_crispatus C3b/iC3b -0.008 late pregnancy
s:Lactobacillus_crispatus IL-8 -0.007 mid-pregnancy
s:Lactobacillus_gasseri IgE 0.009 late pregnancy
s:Prevotella_bivia C3b/iC3b 0.016 mid-pregnancy
s:Prevotella_bivia IgM 0.017 late pregnancy
s:Prevotella_colorans C3b/iC3b 0.023 mid-pregnancy
s:Prevotella_timonensis C3b/iC3b 0.018 mid-pregnancy
s:Streptococcus_anginosus IL-8 0.016 mid-pregnancy
C3b/iC3b s:Lactobacillus_crispatus -0.02 mid-pregnancy
IL-5 s:Lactobacillus_crispatus 0.026 early pregnancy
C5 s:Lactobacillus_jensenii -0.04 late pregnancy
C3b/iC3b s:Lactobacillus_jensenii 0.014 early pregnancy
IL-10 s:Prevotella_colorans 0.014 late pregnancy
IgG3 s:Streptococcus_anginosus -0.107 early pregnancy
IgG4 s:Streptococcus_anginosus -0.066 early pregnancy

mediating pathways, indicating that immune factors primarily play a
mediating role. Some of the key microorganisms we identified have
been linked to preterm birth. For instance, Odogwu et al. (29) found
that the relative abundance of Atopobium vaginae was higher in mid-
pregnancy and strongly predictive of preterm birth onset. Additionally,
Doyle et al. (33) discovered that Aerococcus christensenii and
Gardnerella vaginalis were more prevalent in preterm placental
membranes. We believe that these key microorganisms are related to
the immune factors activation, which may prematurely activate the
delivery procedure and induce preterm birth (34). Moreover, we
observed that the mediating immune factors that played a key role in
microbial-induced preterm birth in mid-gestation were C3b/iC3b and
IL-8, whereas in late gestation they were IgE and IgM. We hypothesized
that this temporal specificity may be related to the differences in the
speed of innate and specific immune responses. Differences in maternal
host immune recognition and response to vaginal microbial
communities may explain why only a subset of women with high-
risk vaginal microbial features undergo preterm birth. In addition, the
experimental results showed that the expression of IL-8 as well as
prostaglandin E2 in the G.vaginalis-treated group was significantly
higher than that in the control group, whereas the G.vaginalis
+L.crispatus treatment group was lower than that of the G.vaginalis-
treated group, but the difference was not statistically significant.
Therefore, we concluded that G.vaginalis could induce the secretion
of IL-8 by immune cells and promote vaginal epithelial remodeling.
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The study findings indicated that the presence of live
Gardnerella vaginalis and Lactobacillus crispatus supernatant may
trigger a specific epithelial immune response, breaching the cervical
vaginal epithelial barrier. Although a single-cell model enables
detailed exploration of the fundamental mechanisms through
which epithelial immune responses are modulated in the presence
of specific microbial species, it is unable to fully replicate the
authentic conditions of the pregnant female reproductive tract.
We acknowledge that the lack of statistical significance could
potentially stem from limitations in our cellular experiment
design, such as bacterial concentration, co-culture duration, and
cell numbers. To address these concerns and provide stronger
evidence for our hypothesis, we believe a more refined
experimental design is necessary for further validation.

To translate our findings into clinical practice, further validation
studies in larger, more diverse populations are needed. Once validated,
the identified immune markers and microbial signatures could be
incorporated into routine prenatal screening protocols. This would
enable clinicians to identify women at risk of PTB early on, allowing for
timely interventions such as intensified monitoring, prophylactic
antibiotics, or immunomodulatory therapies, where appropriate.

Furthermore, our findings underscore the importance of
maintaining a healthy vaginal microbiome during pregnancy.
This highlights the potential for probiotics, prebiotics, or other
microbial-based therapies to be explored as preventive measures
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against PTB. Clinical trials evaluating the efficacy of such
interventions in reducing PTB risk are warranted.

Therefore, the establishment of an association between vaginal
microbial profiles and PTB risk opens up new avenues for
preventive strategies and early detection methods. Meanwhile, our
work contributes to the growing body of literature that emphasizes
the intricate interplay between the vaginal microbiome, host
immunity, and pregnancy outcomes. Our findings suggest that
the vaginal microbiome and immune status could potentially
serve as biomarkers for identifying women at heightened risk of
PTB. However, translating this concept into clinical practice
necessitates further investigation into the feasibility, accuracy, and
cost-effectiveness of implementing such screening programs.

5 Conclusions

The study holds significant implications for the clinical
management of pregnant women by identifying specific signatures
combining immune and microbial factors associated with sPTB. Our
research revealed an association between local vaginal immune status
and the vaginal microbiome. Furthermore, microorganisms were
found to influence preterm birth by modulating immune factors
levels, with time-specific mediation effects observed. Based on our
bidirectional mediation analysis, we selected a pathway for validation
through in vitro cell experiments. This helped elucidate the
microbiome-immunity-sPTB axis and confirming the reliability of
our findings. Finally, L.crispatus demonstrated potential in protecting
against sPTB by modulating vaginal immune status.
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SUPPLEMENTARY FIGURE 1
Steps in bi-directional mediation analysis.

SUPPLEMENTARY FIGURE 2

Expression characteristics of 22 immune factors in the three immunotypes.
The boxplots and*Kruskat—Wii\s test vve;e*gsed to compare the differences
between groups. p < 0.05,  p<0.01, p < 0.001.

SUPPLEMENTARY FIGURE 3

Incidence of premature birth and the characteristics of vaginal microbiota in
mid pregnancy. (A) The incidence of preterm birth among different
immunotypes during mid-pregnancy. (B) The proportion of different
immuﬁrj&t{ype within each CST during mid-pregnancy. *p < 0.05, *p <
0.01, p < 0.001.

SUPPLEMENTARY FIGURE 4
Spearman correlation between expression of IL-8 and prostaglandin E2 in
transwell co-culture in vitro experiment.

SUPPLEMENTARY FIGURE 5

The PCoA and boxplot display the first two principal coordinates of Bray-
Curtis distances, facilitating pairwise comparisons of the three immunotypes
in pregnant women across different gestational periods. (A-C) early
pregnancy samples, (D-F) mid-pregnancy samples, (G-1) late pregnancy
samples. Ellipses represent the 95% confidence interval around the group
centroid. The P value was calculated by PERMANOVA

frontiersin.org


https://www.biosino.org/node/index
https://www.biosino.org/node/index
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1481611/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1481611/full#supplementary-material
https://doi.org/10.3389/fimmu.2024.1481611
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liang et al.

References

1. Tiensuu H, Haapalainen AM, Karjalainen MK, Pasanen A, Huusko JM, Marttila
R, et al. Risk of spontaneous preterm birth and fetal growth associates with fetal SLIT2.
PLoS Genet. (2019) 15(6):e1008107. doi: 10.1371/journal.pgen.1008107

2. Chawanpaiboon S, Vogel JP, Moller AB, Lumbiganon P, Petzold M, Hogan D,
et al. Global, regional, and national estimates of levels of preterm birth in 2014: a
systematic review and modelling analysis. Lancet Glob Health. (2019) 7:E37-46.
doi: 10.1016/S2214-109X(18)30451-0

3. Chan D, Bennett PR, Lee YS, Kundu S, Teoh TG, Adan M, et al. Microbial-driven
preterm labour involves crosstalk between the innate and adaptive immune response.
Nat Commun. (2022) 13(1):975. doi: 10.1038/s41467-022-28620-1

4. Fettweis JM, Serrano MG, Brooks JP, Edwards DJ, Girerd PH, Parikh HI, et al.
The vaginal microbiome and preterm birth. Nat Med. (2019) 25:1012—+. doi: 10.1038/
s41591-019-0450-2

5. Tabatabaei N, Eren AM, Barreiro LB, Yotova V, Dumaine A, Allard C, et al.
Vaginal microbiome in early pregnancy and subsequent risk of spontaneous preterm
birth: a case-control study. Bjog-Int ] Obstet Gy. (2019) 126:349-58. doi: 10.1111/
bjo.2019.126.issue-3

6. Flaviani F, Hezelgrave NL, Kanno T, Prosdocimi EM, Chin-Smith E, Ridout AE,
et al. Cervicovaginal microbiota and metabolome predict preterm birth risk in an
ethnically diverse cohort. JCI Insight. (2021) 6(16):¢149257. doi: 10.1172/jci.insight.149257

7. Kosti I, Lyalina S, Pollard KS, Butte AJ, Sirota M. Meta-analysis of vaginal
microbiome data provides new insights into preterm birth. Front Microbiol. (2020) 11.
doi: 10.3389/fmicb.2020.00476

8. Feehily C, Crosby D, Walsh CJ, Lawton EM, Higgins S, McAuliffe FM, et al.
Shotgun sequencing of the vaginal microbiome reveals both a species and functional
potential signature of preterm birth. NPJ Biofilms Microbi. (2020) 6(1):50. doi: 10.1038/
541522-020-00162-8

9. Freitas AC, Bocking A, Hill JE, Money DM, Grp VR. Increased richness and
diversity of the vaginal microbiota and spontaneous preterm birth. Microbiome. (2018)
6(1):117. doi: 10.1186/540168-018-0502-8

10. Stout MJ, Zhou YJ, Wylie KM, Tarr PI, Macones GA, Tuuli MG. Early
pregnancy vaginal microbiome trends and preterm birth. Am ] Obstet Gynecol.
(2017) 217(3):356.€1-356.18. doi: 10.1016/j.aj0g.2017.05.030

11. Baud A, Hillion KH, Plainvert C, Tessier V, Tazi A, Mandelbrot L, et al.
Microbial diversity in the vaginal microbiota and its link to pregnancy outcomes. Sci
Rep-Uk. (2023) 13(1):12449. doi: 10.1038/s41598-023-36126-z

12. Goodfellow L, Verwijs MC, Care A, Sharp A, Ivandic ], Poljak B, et al. Vaginal bacterial
load in the second trimester is associated with early preterm birth recurrence: a nested case-
control study. Bjog-Int ] Obstet Gy. (2021) 128:2061-72. doi: 10.1111/1471-0528.16816

13. Callahan BJ, DiGiulio DB, Goltsman DSA, Sun CL, Costello EK, Jeganathan P,
et al. Replication and refinement of a vaginal microbial signature of preterm birth in
two racially distinct cohorts of US women. P Natl Acad Sci U S A. (2017) 114:9966-71.
doi: 10.1073/pnas.1705899114

14. Nelson DB, Hanlon A, Nachamkin I, Haggerty C, Mastrogiannis DS, Liu CZ,
et al. Early pregnancy changes in bacterial vaginosis-associated bacteria and preterm
delivery. Paediatr Perinat Ep. (2014) 28:88-96. doi: 10.1111/ppe.2014.28.issue-2

15. Romero R, Hassan SS, Gajer P, Tarca AL, Fadrosh DW, Bieda J, et al. The vaginal
microbiota of pregnant women who subsequently have spontaneous preterm labor and
delivery and those with a normal delivery at term. Microbiome. (2014) 2:18.
doi: 10.1186/2049-2618-2-18

16. Romero R, Espinoza J, Kusanovic JP, Gotsch F, Hassan S, Erez O, et al. The
preterm parturition syndrome. Bjog-Int ] Obstet Gy. (2006) 113:17-42. doi: 10.1111/
j.1471-0528.2006.01120.x

17. Elovitz MA, Mrinalini C. Animal models of preterm birth. Trends Endocrin Met.
(2004) 15:479-87. doi: 10.1016/j.tem.2004.10.009

18. Elovitz MA, Gajer P, Riis V, Brown AG, Humphrys MS, Holm JB, et al.
Cervicovaginal microbiota and local immune response modulate the risk of
spontaneous preterm delivery. Nat Commun. (2019) 10(1):1305. doi: 10.1038/
541467-019-09285-9

Frontiers in Immunology

13

10.3389/fimmu.2024.1481611

19. Florova V, Romero R, Tarca AL, Galaz ], Motomura K, Ahmad MM, et al.
Vaginal host immune-microbiome interactions in a cohort of primarily African-
American women who ultimately underwent spontaneous preterm birth or delivered
at term. Cytokine. (2021) 137:155316. doi: 10.1016/j.cyt0.2020.155316

20. Ravel ], Gajer P, Abdo Z, Schneider GM, Koenig SSK, McCulle SL, et al. Vaginal
microbiome of reproductive-age women. P Natl Acad Sci U S A. (2011) 108:4680-7.
doi: 10.1073/pnas.1002611107

21. Anton L, Ferguson B, Friedman ES, Gerson KD, Brown AG, Elovitz MA.
Gardnerella vaginalis alters cervicovaginal epithelial cell function through microbe-
specific immune responses. Microbiome. (2022) 10(1):119. doi: 10.1186/s40168-022-
01317-9

22. Chen X, Lu Y, Chen T, Li R. The female vaginal microbiome in health and
bacterial vaginosis. Front Cell Infection Microbiol. (2021) 11. doi: 10.3389/
fcimb.2021.631972

23. Hyman RW, Fukushima M, Jiang H, Fung E, Rand L, Johnson B, et al. Diversity
of the vaginal microbiome correlates with preterm birth. Reprod Sci. (2014) 21:32-40.
doi: 10.1177/1933719113488838

24. Bayar E, Maclntyre DA, Sykes L, Mountain K, Parks TP, Lee PP, et al. 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.
doi: 10.3920/BM2022.0084

25. Vasundhara D, Raju VN, Hemalatha R, Nagpal R, Kumar M. Vaginal & gut
microbiota diversity in pregnant women with bacterial vaginosis & effect of oral
probiotics: An exploratory study. Indian ] Med Res. (2021) 153:492-502. doi: 10.4103/
ijmr.JJMR_350_19

26. Yang SW, Reid G, Challis JRG, Gloor GB, Asztalos E, Money D, et al. Effect of
Oral Probiotic lactobacillus rhamnosus GR-1 and lactobacillus reuteri RC-14 on the
Vaginal Microbiota, Cytokines and Chemokines in Pregnant Women. Nutrients.
(2020) 12(2):368. doi: 10.3390/nul12020368

27. Husain S, Allotey ], Drymoussi Z, Wilks M, Fernandez-Felix BM, Whiley A, et al.
Effects of oral probiotic supplements on vaginal microbiota during pregnancy: a
randomised, double-blind, placebo-controlled trial with microbiome analysis. Bjog-
Int J Obstet Gy. (2020) 127:275-84. doi: 10.1111/1471-0528.15675

28. Mueller YM, Schrama TJ, Ruijten R, Schreurs MW]J, Grashof DGB, van de
Werken HJG, et al. Stratification of hospitalized COVID-19 patients into clinical
severity progression groups by immuno-phenotyping and machine learning. Nat
Commun. (2022) 13(1):915. doi: 10.1038/s41467-022-28621-0

29. Odogwu NM, Chen ], Onebunne CA, Jeraldo P, Yang L, Johnson S, et al.
Predominance of Atopobium vaginae at Midtrimester: a Potential Indicator of Preterm
Birth Risk in a Nigerian Cohort. Msphere. (2021) 6(1):e01261-20. doi: 10.1128/
mSphere.01261-20

30. Saraf VS, Sheikh SA, Ahmad A, Gillevet PM, Bokhari H, Javed S. Vaginal
microbiome: normalcy vs dysbiosis. Arch Microbiol. (2021) 203:3793-802.
doi: 10.1007/s00203-021-02414-3

31. Kaluanga Bwanga P, Tremblay-Lemoine PL, Timmermans M, Ravet S, Munaut
C, Nisolle M, et al. The endometrial microbiota: challenges and prospects. Medicina
(Kaunas). (2023) 59(9):1540. doi: 10.3390/medicina59091540

32. Anahtar MN, Byme EH, Doherty KE, Bowman BA, Yamamoto HS, Soumillon
M, et al. Cervicovaginal bacteria are a major modulator of host inflammatory responses
in the female genital tract. Immunity. (2015) 42:965-76. doi: 10.1016/
jimmuni.2015.04.019

33. Doyle RM, Alber DG, Jones HE, Harris K, Fitzgerald F, Peebles D, et al. Term
and preterm labour are associated with distinct microbial community structures in
placental membranes which are independent of mode of delivery. Placenta. (2014)
35:1099-101. doi: 10.1016/j.placenta.2014.10.007

34. Onyango S, Mi JD, Koech A, Okiro P, Temmerman M, von Dadelszen P, et al.
Microbiota dynamics, metabolic and immune interactions in the cervicovaginal
environment and their role in spontaneous preterm birth. Front Immunol. (2023) 14.
doi: 10.3389/fimmu.2023.1306473

frontiersin.org


https://doi.org/10.1371/journal.pgen.1008107
https://doi.org/10.1016/S2214-109X(18)30451-0
https://doi.org/10.1038/s41467-022-28620-1
https://doi.org/10.1038/s41591-019-0450-2
https://doi.org/10.1038/s41591-019-0450-2
https://doi.org/10.1111/bjo.2019.126.issue-3
https://doi.org/10.1111/bjo.2019.126.issue-3
https://doi.org/10.1172/jci.insight.149257
https://doi.org/10.3389/fmicb.2020.00476
https://doi.org/10.1038/s41522-020-00162-8
https://doi.org/10.1038/s41522-020-00162-8
https://doi.org/10.1186/s40168-018-0502-8
https://doi.org/10.1016/j.ajog.2017.05.030
https://doi.org/10.1038/s41598-023-36126-z
https://doi.org/10.1111/1471-0528.16816
https://doi.org/10.1073/pnas.1705899114
https://doi.org/10.1111/ppe.2014.28.issue-2
https://doi.org/10.1186/2049-2618-2-18
https://doi.org/10.1111/j.1471-0528.2006.01120.x
https://doi.org/10.1111/j.1471-0528.2006.01120.x
https://doi.org/10.1016/j.tem.2004.10.009
https://doi.org/10.1038/s41467-019-09285-9
https://doi.org/10.1038/s41467-019-09285-9
https://doi.org/10.1016/j.cyto.2020.155316
https://doi.org/10.1073/pnas.1002611107
https://doi.org/10.1186/s40168-022-01317-9
https://doi.org/10.1186/s40168-022-01317-9
https://doi.org/10.3389/fcimb.2021.631972
https://doi.org/10.3389/fcimb.2021.631972
https://doi.org/10.1177/1933719113488838
https://doi.org/10.3920/BM2022.0084
https://doi.org/10.4103/ijmr.IJMR_350_19
https://doi.org/10.4103/ijmr.IJMR_350_19
https://doi.org/10.3390/nu12020368
https://doi.org/10.1111/1471-0528.15675
https://doi.org/10.1038/s41467-022-28621-0
https://doi.org/10.1128/mSphere.01261-20
https://doi.org/10.1128/mSphere.01261-20
https://doi.org/10.1007/s00203-021-02414-3
https://doi.org/10.3390/medicina59091540
https://doi.org/10.1016/j.immuni.2015.04.019
https://doi.org/10.1016/j.immuni.2015.04.019
https://doi.org/10.1016/j.placenta.2014.10.007
https://doi.org/10.3389/fimmu.2023.1306473
https://doi.org/10.3389/fimmu.2024.1481611
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Modulation of local immunity by the vaginal microbiome is associated with triggering spontaneous preterm birth
	1 Introduction
	2 Materials and methods
	2.1 Study design and population
	2.2 Unsupervised hierarchical clustering
	2.3 16S rRNA gene sequences processing and statistical analyses
	2.4 Bi-directional mediation analysis
	2.5 In vitro cell co-culture experiment
	2.5.1 Bacterial cultures and preparation of bacteria-free supernatants
	2.5.2 Cell/bacteria in transwell co-culture model


	3 Results
	3.1 Identification of different immune subtypes by unsupervised hierarchical clustering
	3.2 Immunotype of pregnant women in mid-pregnancy is related to the occurrence of preterm birth outcomes
	3.3 Differences in microbiota composition among pregnant women with different immunotype, and the impact of crucial microbial abundance on maternal immune status
	3.4 Differential functional pathways in the vaginal microbiota of pregnant women with different immunotypes
	3.5 Bi-directional mediation between the vaginal microbiota and immune factor in pregnant women affects preterm birth
	3.6 In vitro co-culture experiments provided supportive evidence that microorganisms could affect the occurrence of preterm birth through modulation of immune responses

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


