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Complement and neutrophils are actively
involved at the cervicovaginal interface in
cases of adverse microbial composition,
cervical shortening and spontaneous
preterm birth
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Microbial-driven spontaneous preterm birth (sPTB) is linked to adverse vaginal microbiome and
dysregulated immune responses, yet this knowledge has not translated into predictive tools or therapies.
We sampled 186 high-risk pregnant women and assessed 14 complement proteins and the neutrophil
immunophenotype at the cervicovaginal interface to expand potential targets. Alterations in classical and
alternative complement pathway components were associated with bacterial community composition
and preceded cervical shortening and sPTB. At 12'°-16*¢ weeks, women with Community State Type
(CST) IV had significantly higher concentrations of C1q, C4, C4b, Factor B, D, C3b/iC3b, and Factor H, |
than those with CST I. Women who later developed a short cervix and delivered preterm showed lower L.
crispatus abundance and elevated complement activation. Neutrophils were the dominant local immune
cell and exhibited enhanced activation relative to peripheral neutrophils, with altered expression of
CD11b, CD62L, CD63 and CD66b. Cervical neutrophil CD63, CD66b, and CD88 differed between CST IV
and CST I, though not by pregnancy outcome. Neutrophil abundance correlated with cytokines,
complement proteins, and MMPs, suggesting roles in inflammation and tissue remodelling. These
findings highlight a microbiota-driven complement—neutrophil axis present before cervical remodelling
and sPTB, identifying potential complement-based predictors and therapeutic targets.

Preterm birth (PTB), defined as birth occurring prior to 37 weeks of preg-  unchanged over the last decade, with 13.8 and 13.4 million babies being born
nancy, is the leading cause of mortality and morbidity in children under the ~ premature in 2010 and 2020, respectively, accounting for almost 10% of all
age of five'”. PTB can be classed as either iatrogenic (medically indicated due  live births*’. The development of improved prediction and new effective
to maternal or foetal indications) or spontaneous (sPTB), the latter therapies requires a better understanding of the complex pathophysiology
accounting for two-thirds of cases’. Global rates of PTB have remained  underlying the multiple different aetiologies of sPTB.
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The past decade has highlighted the importance of the vaginal
microbiome in driving sPTB. A vaginal microbial composition dominated
by Lactobacillus spp., particularly L. crispatus (Community State Type I,
CST 1), has consistently been associated with optimal pregnancy outcomes
and term birth; whereas women with a sub-optimal microbiome char-
acterised by L. iners dominance (CST III) or depletion of Lactobacillus spp.
with increased diversity (CST IV) are at higher risk of cervical shortening”™*
and sPTB*". An increase in concentrations of pro-inflammatory media-
tors, particularly cytokines and chemokines, in various body fluids,
including peripheral blood, cervicovaginal and amniotic fluid, has also been
described in association with sPTB'*". Since the introduction of next-
generation sequencing, complex associations between pro-inflammatory
mediators and adverse vaginal bacterial community composition have also
been described'*'>**,

The complement system is formed by a large number of proteins that
assist with the recognition and clearance of microbes, which can be activated
via the classical pathway, the lectin pathway and/or the alternative pathway.
All three pathways converge in the activation of C3 convertases, which
release C3a, a potent anaphylatoxin that recruits neutrophils, and C3b,
which contributes to the self-amplification loop and opsonisation to facil-
itate phagocytosis. Activation of C5 convertase leads to the release of ana-
phylatoxin C5a and C5b, necessary for the creation of the membrane attack
complex (MAC)*'. While the importance of the complement system in
regulating pregnancy has been recognised”"”’, human studies reporting on
the potential role of complement proteins in PTB are mainly limited to
describing very few proteins and at sites distant to the cervicovaginal
interface, such as fragment Bb in peripheral blood”** or C3a, C4aand C5ain
amniotic fluid” . Despite this, there is compelling evidence of the role of
complement in microbial-driven preterm birth in mice. Lipopolysaccharide
(LPS) induced PTB in mice is associated with C3 deposition in the cervix
and increased serum concentrations of C3a and C5a*, and C5a receptor
knockout mice are protected from LPS-induced cervical remodelling and
PTB*. Our group has previously demonstrated increasing concentrations of
a limited array of complement proteins, MBL, C3b/iC3b and C5a, in the
cervicovaginal fluid (CVF) of women with sub-optimal vaginal micro-
biomes who deliver spontaneously preterm'’. However, there is a much
larger array of complement proteins and regulators that may be implicated
in response to adverse microbial composition, offering a broader set of
potential novel predictive and therapeutic targets.

Activation of the complement system facilitates the recruitment and
activation of phagocytes such as neutrophils®”. Pregnancy is characterised
by a peripheral blood neutrophilia®™ and neutrophil activation™*”".
Neutrophil migration to the cervicovaginal interface has been detected by
immunohistochemistry of in-labour tissue biopsy samples™”, and by flow
cytometry analysis of cytobrush samples”. Transcriptomic examination has
linked genes associated with neutrophil activation to vaginal microbiota
profiles'. Collectively, these studies suggest that cervical neutrophils
influence host-microbe interactions and cervical remodelling”*, and,
therefore, may play a role in microbial-driven cervical shortening and sPTB.
However, the immunophenotype of cervical neutrophils remains unde-
scribed in the context of microbial composition, subsequent cervical
shortening and/or sPTB.

Here, we report the comprehensive assessment of 14 complement
proteins measured in CVF and detailed characterisation of the cervical
neutrophil immunophenotype in relation to vaginal bacterial communities,
cervical shortening, and sPTB. These findings can be exploited to develop
new predictive biomarkers and therapeutic strategies for microbial and
inflammation-driven sPTB.

Results

Study cohort and design

A total of 304 samples were collected from 186 pregnant women at high risk
of preterm birth over three cross-sectional sampling points: timepoint A
(127°-16"° weeks) n =130, timepoint B (207°-24"° weeks) n =138, and
timepoint C (30%°-34% weeks) n=36 (Fig. 1A). Matching samples

(n=296) for microbiome and immune mediator analyses were collected
from 180 women, whilst 79 women also provided matched blood and
cytobrush samples (n = 122) for peripheral and cervical neutrophil analyses
(Fig. S1A). A subset of women had longitudinal samples collected for
microbiome and immune mediator studies (Fig. S1B). Cervical shortening
(cervical length <25 mm) and pregnancy outcome (sPTB <37 weeks) were
independently evaluated (Fig. S1C). A total of 58 women had sPTB, 36/58
(62%) were classified as late preterm (347°-36"°) and 22/58 (38%) early
preterm (<347%) (Table S1). Women with medically indicated PTB were
excluded from the study. Cervical shortening occurred in 66/186 women
(35.5%) (Table S2). Most women who delivered sPTB had intervention with
cerclage and/or vaginal progesterone (39/58 women, 67.4%). Of the women
who delivered at term, 44/124 (35.5%) received an intervention with cervical
cerclage and/or progesterone (term intervention, TT) and 80/124 (64.5%)
did not receive any treatment (term uncomplicated, TU) (Table S1). There
were no statistically significant differences in BMI (p = 0.4216) or ethnicity
(p=0.0514) between women who delivered spontaneously preterm or at
term with or without intervention, although women who delivered sPTB
were slightly younger (p = 0.0014) (Table S1).

Vaginal bacterial communities dominated by Lactobacillus cris-
patus associate with lower cervicovaginal cytokine concentra-
tions, normal cervical length and term birth
Metataxonomic profiling of vaginal bacteria was performed on 298
swabs, generating 8,926,865 high-quality reads with an average read
count of 29,956 per sample. The majority of the cohort was dominated by
L. crispatus, L. iners or G. vaginalis (Fig. S2A). Samples were grouped
into five bacterial community state types (Fig. S2B) using the VALEN-
CIA classifier. Four were dominated by Lactobacillus spp.. CST I-
L. crispatus (43.6%), CST 1I- L. gasseri (7.4%), CST I1I -L. iners (25.8%),
CST V -L. jensenii (7%). The CST IV (16.1%)- diverse and bacterial
vaginosis-like profile could further be sub-classified into CST IV-A (1/
48, 2.1%) with a high abundance of Candidatus Lachnocurva vaginae/
BVABI; CST IV-B (36/48, 75%) with a high relative abundance of G.
vaginalis or IV-C (11/48, 23%). Both alpha diversity (Shannon index)
and richness (number of species observed) were higher in microbiomes
assigned as CST IV compared to CST I and CST III (p < 0.0001) (Fig.
S2C). The Shannon index was also increased in women who developed
cervical shortening and in women who delivered spontaneously preterm
(Fig. S2D). A non-significant trend was observed between vaginal
microbial composition and pregnancy outcome. Women who main-
tained a normal cervical length and who delivered at term had a higher
prevalence of CST I; whereas women with a short cervix or who delivered
spontaneously preterm had higher CST IV prevalence (Fig. 1B).
Sub-optimal microbiome compositions (CST IIT and CST IV) were
associated with increased CVF cytokine concentrations. As early as
127°-16"° weeks (timepoint A), we detected increased IL-6 (CST I vs
CST IV, p=0.0386) and IL-1P (CST I vs CST III, p = 0.0284; CST I vs
CST 1V, p=0.0119) (Fig. 1C and Table S3). Higher cytokine median
concentrations were also observed in women who developed a short
cervix compared to those who maintained a normal cervical length
(Fig. 1D) (Timepoint A, IL-1p, p = 0.0029). Additionally, median con-
centrations of IL-8 and IL-1p were significantly higher in women who
went on to deliver spontaneously preterm compared to those who
delivered at term at both A and B timepoints (IL-8, p=0.0103 and
p=0.0083; IL-1P, p < 0.0001 and p = 0.0013, respectively) (Fig. 1E). We
next represented dot plots for investigating the interplay between the
relative abundance of L. crispatus, cytokine concentrations and clinical
outcomes. There was a significant negative correlation between the
abundance of L. crispatus and the concentration of IL-8 (timepoint B,
Spearman p = —0.1786, p = 0.0397) and IL-1p (timepoint A, Spearman
p=—0.335, p=0.0001; B, Spearman p = —0.417, p < 0.0001) (Table S4).
Although more women who experienced cervical shortening clustered
in the top left quadrant (lower L. crispatus centred log-ratio (clr) counts
and higher concentrations of CVF cytokines), this did not reach
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statistical significance (Fig. 1F and Table S4). A significant negative
correlation was seen between the abundance of L. crispatus and the
concentration of IL-1f (timepoint A, Spearman p=—0.2905,
p=0.0031), and women who delivered spontaneously preterm were
more likely to have lower relative abundance of L. crispatus and higher
concentrations of IL-8 (p = 0.0106) and IL-1p (p = 0.0377).
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Complement associates strongly with L. crispatus depletion,
high diversity communities, short cervix and spontaneous

preterm birth
At timepoint A, higher median concentrations of many complement pro-
teins were observed in women with CST IV compared to women with CST I
of complement proteins, including C1q (2067 vs 9478 pg/mL, p <0.0001),
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Fig. 1 | Study design, vaginal microbial composition and cervicovaginal fluid
cytokines concentrations. A. 186 women provided 130 samples at timepoint A
(12*°-16 + 6 weeks), 138 samples at timepoint B (207°-24"° weeks of gestation) and
36 samples at timepoint C (30"°-34"° weeks of gestation). Samples included vaginal
swabs, peripheral blood and cytobrush samples for 16S sequencing, Luminex
immunoassays and flow cytometry. B Stacked bars depicting proportions of CSTs
(Community State Types) in women with normal (timepoint A, n = 100; timepoint
B, n=86) and short cervix (timepoint A, n = 28; timepoint B, n = 48) and in women
who delivered at term (timepoint A, n = 94; timepoint B, n = 89) or spontaneously
preterm (timepoint A, n = 31; timepoint B, n = 43). Chi-square test was used to
compare groups. C Concentration of IL-8, IL-6 and IL-1p (all pg/mL) according to
microbial composition. Comparisons were made between CST I (L. crispatus) (A,

n=>52; B, n=61), III (L. iners) (A, n=34; B, n=37), IV (diverse) (A, n=22; B,

n = 17) using Kruskal-Wallis with post-Dunn’s test. D Concentration of cervi-
covaginal cytokines according to cervical length (normal = >25 mm (orange)

short = <25 mm (purple)) and E pregnancy outcome (term uncomplicated TU
(blue) vs spontaneous preterm birth sPTB (red)). Mann-Whitney two-tailed test
was used for comparisons. F L. crispatus relative abundance and local inflammation;
depiction of the correlation between the centred log-ratio (clr) counts of L. crispatus
and the concentration of IL-8 and IL-1p, according to pregnancy outcome. Time-
point A = 127°-16"° weeks of gestation and timepoint B = 207°-24" weeks of
gestation. CST I: L. crispatus, I1: L. gasseri, I1I: L. iners, IV: diverse, V: L. jensenii.
P value summary: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

C4 (63751 vs 4203 pg/mL, p<0.0001), C4b (1218 vs 547.9 pg/mL,
p =0.0154), Factor B (301.8 vs 24.88 pg/mL, p = 0.0004), Factor D (185.1 vs
13.5 pg/mL, p =0.0001), C3b/iC3b (101847 vs 3132 pg/mL, p < 0.0001), and
complement regulators Factor H (48297 vs 10090 pg/mL, p = 0.0077) and I
(1864 vs 90 pg/mL, p <0.0001) (Fig. 2A and Table S3). At timepoint B,
although Clgq, Factor B, Factor D, C4, C4b, C3b/iC3b, Factor H and Factor I
concentrations appeared significantly different according to microbial
composition, only C1q, C4b and Factor I differences persisted after multiple
comparisons correction (Table S3).

Complement proteins were also significantly increased in CST III
compared to CST I (at timepoint A: C4, p = 0.0032; Factor H, p =0.0228),
although some complement protein median concentrations were lower in
women with CST III compared to CST IV (Clq 147.6 vs 2067 pg/mL,
p <0.0001), Factor B (42.7 vs 301.8 pg/mL, p = 0.0016), C3b/iC3b (5594 vs
101847 pg/mL, p =0.0016), Factor I (121.5 vs 1864 pg/mL, p = 0.0006).
Lower median concentrations of C3a were detected in CST IV compared to
CST III (237 vs 395.1 pg/mL, p = 0.0041); and lower C5a between CST IV
(3.64 pg/mL) compared to CST I (22.31 pg/mL, p = 0.0039).

Principal component analysis (PCA) of complement proteins revealed
co-clustering patterns that were seemingly driven by microbiota composi-
tion (Fig. 2B). PCI and PC2 accounted for 40 and 25% of the total variance,
respectively, with separation largely driven by microbial composition,
especially alongside PC2 (Fig. 2C). This component is predominantly
associated with covariation in C5a, Factor B, Factor D, Factor I, Clq and
C3b/iC3b (Fig. 2C), suggesting a key role of complement activation in
response to Lactobacillus depleted communities. Strong positive correla-
tions were observed between all immune mediators with each other,
regardless of microbial composition (Fig. S3).

To identify associations between immune mediator concentrations
and relative abundance of specific bacterial taxa, multiple independent
linear regression analyses were performed and presented in a heatmap
(Fig. 2D). L. crispatus negatively correlated with pro-inflammatory immune
mediators, whereas CST IV-type bacteria (e.g. Gardnerella vaginalis,
Sneathia, Prevotella, Atopobium) are strongly correlated with Clq, C4, C3,
C3b/iC3b, Factor I, and B (Fig. 2D), implicating the classical and alternative
pathways. Interestingly, there was no strong association between the pre-
sence of L. iners and complement activation, and cervicovaginal supernatant
concentrations of C5a and C3a were negatively correlated with some of the
bacterial species typically clustered in CST IV.

Direct comparisons of cervicovaginal fluid complement con-
centrations were evaluated between women who had a normal length
cervix and those who developed a short cervix at timepoint A (Fig. 3A)
and at timepoint B (Fig. S4A and Table S5). Significantly increased
median concentrations were seen for Clq (140 vs 576 pg/mL,
p=0.0452), C4 (7918 vs 36683 pg/mL, p = 0.0075), Factor B (43.89 vs
177.8 pg/mL, p = 0.0452), Factor D (27.98 vs 113 pg/mL, p = 0.0452),,
C3b/C3bi (4262 vs 25734 pg/mL, p=0.0452), Factor H (15432 vs
39006 pg/mL, p = 0.0039) and Factor I (90 vs 879.7 pg/mL, p=0.0117).
Statistical significance was also seen at timepoint B for C1q, C4, Factor B,
C3a, C3b/iC3b, Factor H and Factor I (Fig. S4A and Table S5). A sta-
tistically significant association (p =0.00264) was found between the

development of cervical shortening and maintenance of a normal length
cervix and the magnitude of local immune activation, as captured in PC1
(Fig. 3B). Complement proteins that provided the greatest weighting to
these phenotypes included C5a, C4, C3b/iC3b, Factor H, Clq and C2.
The cytokines IL-1p and IL-8, and the MMPs -2, -8, -9 also demonstrated
comparable weightings (Fig. 3C). There was a significant negative cor-
relation between L. crispatus clr counts and the concentration of com-
plement proteins (Table S4), particularly C1q (Spearman p = —0.4285)
and C3b/iC3b (Spearman p =-0.4551) (both p <0.0001) (Fig. 3D, E).
The interplay between microbial composition, complement proteins,
and cervical shortening revealed that women with less relative abun-
dance of L. crispatus and higher median concentrations of complement
proteins were more likely to develop a short cervix, mostly with higher
concentrations of Clq (p=0.0374), C4 (p=0.0442) and C3b
(p=0.0262) (Table S4). We present predictive models of cervical
shortening, based on timepoint A samples as the most clinically relevant
timepoint. Vaginal microbial composition (16S data) demonstrated an
area under the curve (AUC) of 0.62; immune data (concentration of
cytokines, complement proteins and MMPs) demonstrated an AUC of
0.60. The combination of both data sets (16S data and immune data)
improved the diagnostic performance (AUC 0.65) (Fig. 3F).
Cervicovaginal fluid complement concentrations were also com-
pared between women who went on to deliver at term compared to
spontaneously preterm from samples taken at timepoint A (Fig. 4A, B,
Fig. S4B, and Table S5). Significantly increased median concentrations
were seen of Clq (132.7 vs 365.5 pg/mL, p =0.04935), C4 (7780 vs
30496 pg/mL, p=0.001974), C3b/C3bi (3922 vs 8257 pg/mlL,
p =0.02254) and Factor H (13360 vs 44045 pg/mL, p = 0.04935) as early
as timepoint A. Factor B (77 vs 188.3 pg/mL, p = 0.0064), Factor D (44.78
vs 153.6 pg/mL, p = 0.00966) and C3a (354.2 vs 677.1 pg/mL, p = 0.0263)
were increased only at timepoint B. As with cervical length, the CVF
immune signature contributes significantly to differences seen by the
pregnancy outcomes of term and sPTB (p =0.0141), as shown by the
boxplot from an unsupervised PCA (Fig. 4B). There was also a sig-
nificant negative correlation between L. crispatus clr counts and the
concentration of complement proteins according to pregnancy out-
come, including Clq (Spearman p=-0.4416, p<0.0001) and C3b
(Spearman p =-0.4245, p <0.0001) (Fig. 4C, D) among others (Table
$4). Women with lower L. crispatus relative abundance, and higher
concentrations of complement proteins were more likely to deliver
spontaneously preterm; whereas women with higher proportions of L.
crispatus and lower concentrations of Clq (p = 0.0126), C4 (p = 0.0077)
and C3b/iC3b (p = 0.0233) were more likely to deliver at term (Table S4).
The ability to predict preterm birth was tested at timepoint A, and the
combination of microbial composition dataset (16S) together with the
immune dataset exhibited the strongest predictive performance, with
and AUC of 0.68, outperforming each individual dataset (AUC 0.52 and
0.67, respectively) (Fig. 4E). A trajectory of increasing complement
concentrations across pregnancy ahead of term labour was also seen,
however these increases were seen at later gestational age timepoints
compared to women who subsequently delivered preterm (Fig. 4F).
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Fig. 2 | Cervicovaginal fluid complement protein
concentrations according to microbial composi-
tion. A Median and interquartile range concentra-
tions (all pg/mL) of Clq, C2, C4, C4b, MBL, Factor
B, Factor D, C3, C3a, C3b/iC3b, C5, C5a, Factor H
and Factor I in women with CST I (L. crispatus), I11
(L. iners) and IV (diverse) at timepoint A (TA)
(12*°-16"° weeks of gestation) (n = 108) and time-
point B (TB) (20%°-24"° weeks of gestation)

(n = 114). Differences between CSTs were assessed
with Kruskal-Wallis with post-Dunn’s test. B PCA
biplot with observations coloured by CST. C Box-
and-whiskers plot of principal component 2 scores
and their distribution between different levels of
CST. Bar plot of the loading vector values for prin-
cipal component 2. D Heatmap showing the asso-
ciation (regression model #* with the linear
regression coefficient sign) between key bacterial
taxa and complement cascade protein concentra-
tions, estimated with pairwise linear regression
analyses. Hierarchical clustering analysis and den-
drograms of bacterial taxa (rows) and complement
proteins (columns) were obtained using Euclidean
distance and complete linkage. Cells marked with

* remain significant after Benjamini-Hochberg false
discovery rate correction (g value <0.05).
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There was an increase in the median concentration between matched
timepoint A (12*°-16"° weeks) and C (307°-347°) for C4 (12238 vs
19486 pg/mL, p=0.0059), C3a (349.4 vs 693.7 pg/mL, p=0.0273),
C3b (5431 vs 21037 pg/mL, p= 0.0273), Factor H (18410 vs 4615 pg/
mL, p=0.1602) and Factor I (400.7 vs 1000 pg/mL, p=0.0391)

(Fig. 4E).

Neutrophils are the dominant immune cell at the cervical inter-
face, are more activated than peripheral blood neutrophils, and in
association with a CST IV

Given the established interplay between complement and neutrophils, and
the capacity of neutrophils to generate labour-associated proteins and pro-

inflammatory mediators, we investigated the immune cell composition at
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the cervicovaginal interface. Cervical cytobrush samples were collected to
determine the predominant immune cells at the cervicovaginal interface,
and matched peripheral blood was collected to compare local and peripheral
immune cell phenotypes. Figure 5A demonstrates the morphological
appearance of neutrophils from a cytobrush sample after Giemsa staining.
Cervical neutrophils demonstrate binding with the fluorescently labelled

anti-CD15, anti- CD63 and anti-CD16 antibody (Fig. 5B). Cells were
identified using flow cytometry (Fig. S5), with the neutrophil population
detected as CD45" and CD15"#"/CD14"" from both cytobrush and per-
ipheral blood samples (Fig. 5C and S5A, B). Neutrophils were the dominant
immune cell type of the cervical mucosal surface, especially in women of
CST IV (Fig. S5C). Macrophages were identified as CD14"¢"/ CD15™¢ and
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Fig. 4 | Cervicovaginal fluid complement protein concentrations according to
pregnancy outcome. A Median and interquartile range concentrations of Clq, C2,
C4, C4b, MBL, Factor B, Factor D, C3, C3a, C3b/iC3b, C5, C5a, Factor H and Factor I
(all pg/mL) in women with term uncomplicated (blue, # = 74)) and spontaneous
preterm birth (red, n = 31). Differences were assessed with two-tailed

Mann-Whitney test. B Boxplot with PC1 scores their distribution according to

pregnancy outcome. C, D depicts the correlation between clr-transformed counts of
L. crispatus and the concentration of C1q and C3b/iC3b, according to pregnancy

outcome (Term uncomplicated (TU), blue; spontaneous preterm birth (PT), red).
All samples collected at timepoint A (127°~16"° weeks of gestation). E Area under
the receiver-operating characteristics (ROC) curve (AUC) for the prediction of
preterm birth F Concentration of analytes in the longitudinal sub-cohort. Repre-
sentation of median and interquartile range. A = Timepoint A (12*°-16"° weeks), B
= timepoint B (20*°-24"°), C=timepoint C (30"°~34"°) P value summary: *p < 0.05;
**p <0.01; ***p < 0.001.
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detected in a smaller proportion of women (11%, 14/127), predominantly in
CST'I, and rarely detected in CST Il and IV (Fig. S5C). Cervical neutrophils
were found to be more activated than matched peripheral blood neutrophils,
as determined by loss of expression of integrin CD11b (p <0.0001) and
selectin CD62L (p < 0.0001), and by increased expression of effector func-
tion marker CD63 (p < 0.0001) (Fig. 5D and Table S6A). Cervical neutrophil
CD66b MFI was significantly higher compared to peripheral neutrophils in
CST IV, whereas a reduction in expression was seen in women of CST I
(p=0.0083). There was a positive correlation between the percentage of
cervical neutrophils and the concentration of IL-1p, IL-8, C3b/iC3b, C3a,
MMP-8 and MMP-9 (Fig. 5E). Neutrophils are a source of MMPs and may
contribute to tissue degradation and remodelling, since significantly higher
concentrations were observed in women who experienced cervical short-
ening and who delivered spontaneously preterm (Fig. S6).

Interestingly, all women had cervical neutrophils detected regardless of
their CST composition (p = 0.2244) (Fig. 6A). However, there was a higher
proportion of women with large proportions of neutrophils (=50%) in CST
III compared to CST I (p = 0.0325). Moreover, there were unique changes in
the cell surface markers of cervical neutrophils according to CST (Fig. 6B),
but a negligible effect on peripheral neutrophils (Table S6B). There was an
increase in the expression of CD63 in cervical neutrophils of women with
CST IV compared to CST I (p =0.0039). A similar trend was observed for
CD66b (p = 0.052). Furthermore, we found a reduction in the expression of
CD88 (Cb5a receptor 1) between women of CST III and IV with women of
CST I(p=0.0231) (Fig. 6B). When comparing the expression of markers of
activation with different pregnancy outcomes (Table S6C and Fig. 6C, D),
there were no MFI patterns associated with cervical shortening or sponta-
neous preterm birth.

Discussion

Many studies have reported associations between vaginal bacterial com-
position and the risk of cervical shortening and PTB*'*'**>***!, information
that has been used in machine learning approaches to predict preterm
birth*. It is widely accepted that the cervicovaginal immune milieu plays a
key role in driving microbial-induced preterm birth'*'*'***. However, most
studies have reported on a very limited array of immune mediators such as
cytokines and chemokines, which restricts the development of predictive
biomarkers and the potential to exploit inmune modulation as a targeted
therapeutic intervention for a precision medicine approach to the preven-
tion of spontaneous preterm birth.

Uniquely, this study has comprehensively assessed 14 complement
proteins in the CVF, implicating a key role of the complement cascade in
microbial-driven spontaneous preterm birth. Activation of differential
components from the classical and lectin pathways (C1q, MBL, C2, C4 and
C4b), the alternative pathway (Factor B and Factor D), C3 convertase
products (C3, C3a and C3b), C5 convertase products (C5 and C5a), and
regulators (Factor H, Factor I) was associated with adverse vaginal microbial
composition, subsequent cervical shortening and sPTB. Taken together,
these data support the potential for clinical use of CVF complement proteins
as predictive biomarkers for sPTB, and highlights the potential of repur-
posing complement-targeted therapeutics and developing of live biother-
apeutics for sSPTB prevention.

The classical pathway is activated via antigen-antibody complexes
binding to C1q, inducing conformational changes of Clr into the active Cls.
This serine protease cleaves C4 and C2. We detected increased Clq, C4 and
C4b in association with CST IV, supporting the role of the classical pathway
in responding to CST IV-type taxa. This is consistent with work by Livson
et al,, which detected cleavage of C4 by western blot in association with G.
vaginalis”. The alternative pathway is maintained by spontaneous hydro-
lysis of C3, then binding of Factor B (FB). Factor D (FD) cleaves FB, gen-
erating the attached fragment Bb to form C3 convertase. Despite relatively
low concentrations of both FB and FD in CVF, both factors were elevated in
women with CST IV, indicating that the alternative pathway could con-
tribute to in situ complement amplification. Livson et al. also detected Factor
B in association with Atopobium vaginae’’. C3 convertases cleave C3 and

release C3a and C3b. We detected increased C3 and C3b proteins in asso-
ciation with most of the taxa contributing to CST IV. Pellis et al demon-
strated deposition of C3 in clue cells and on G. vaginalis isolated from
vaginal lavages, indicating C3 activation®’. Factor H and Factor I are com-
plement regulators that inhibit the amplification loop of the alternative
pathway. Elevation of these proteins in CST IV-type taxa is suggestive of an
attempt at complement immune autoregulation. We conclude that the
immune response detected in CST IV women is potentially complement-
driven. Importantly, our finding that L. crispatus dominance (CST I) is
negatively correlated with CVF complement proteins and cytokines, par-
ticularly C3, C3b/iC3b, C4 and IL-1, aligns with optimal vaginal health,
and supports the potential role of L. crispatus live biotherapeutics for pre-
term birth prevention.

Despite demonstrating higher concentrations of the cytokines IL-8 and
IL-1B in women of CST III/ L. iners dominance, there was no strong evi-
dence for complement cascade activation. The impact of L. iners dominance
in the context of vaginal health is conflicting in the literature with some
populations having a higher risk of preterm birth, and others not***.
L. iners differs from other lactobacilli by not releasing hydrogen peroxide
and producing L-lactate rather than p-lactic acid’*’; it is also associated with
reduced community stability, often transitioning to other CSTs"*’. It seems
likely, therefore, that cervical shortening and sPTB are triggered by differing
immune mechanisms in women with vaginal CST III/ L. iners dominance or
CST IV. It is possible that the inflammatory response seen in CST III is
neutrophil-driven, where a high median proportion of cervical neutrophils
was reported. This aligns with the positive correlation of neutrophil-
mediated immunity genes positively correlated with L. iners detected by
ref. 41, and the higher abundance of paucimannose, which can only be
secreted by neutrophils, in CVF of women with CST III from a similar high-
risk pregnant cohort™. Markers of activation were increased in cervical
compared to peripheral neutrophils, consistent with a study of cervical
lymphocytes from non-pregnant women by Prakash et al., demonstrating
differential expression of CD69, CD25, HLA-DR and CCR5+ amongst
blood leucocytes™. Furthermore, the proportion of cervical neutrophils was
positively correlated with cytokine, complement proteins and matrix
metalloproteinase concentrations. This is consistent with previous findings
showing neutrophil counts from vaginal lavages correlate with neutrophil
elastase™’, IL-8 and IL-1P concentrations”, and cervical biopsies from
women in-labour undergoing caesarean section showing positive correla-
tions between neutrophil counts and IL-8, MMP-8 and MMP-9
concentrations™. Despite early work in murine models suggesting neu-
trophils were not essential for cervical remodelling preceding preterm
birth*”, others found neutrophil infiltration in inflammation-driven
preterm models®”' and was further confirmed by single-cell RNA
sequencing®®. It is possible that the mechanism of cervical remodelling
differs across aetiologies, but also across species, and murine models are not
reflective of the complexity of the human vaginal microbiome or its role in
preterm birth®. Although we did not detect significant changes in the
expression of markers of activation in cervical neutrophils in association
with CST III, we detected lower CD88 (C5a receptor) and higher expression
of CD63 and CD66b in association with CST IV. This may reflect activation
of the effector functions, such as respiratory burst, degranulation leading to
release of matrix metalloproteinases, and phagocytosis. Similar to amniotic
fluid neutrophils, which are found in higher proportions in cases of
intraamniotic infection and inflammation® and can phagocytose less
favourable bacteria such as Streptococcus agalactiae, Ureaplasma urealyti-
cum, G. vaginalis and E. coli®, we suggest that cervical neutrophils are the
main defense mechanism at the cervicovaginal interface. Despite evidence of
cervical neutrophil activation, we saw minimal changes in phenotype pre-
ceding cervical shortening and spontaneous preterm birth, limiting their
value as predictive markers.

In contrast, cervical shortening and sPTB were associated with higher
concentrations of C1q, C4, Factor B, Factor D, C3, C3b, Factor H and Factor
I, seen as early as 12-16 weeks of pregnancy. Most of our knowledge of the
role of the complement system in sSPTB is derived from observational studies
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of peripheral blood complement proteins measured at later stages of preg-
nancy. Higher plasma concentrations of Fragment Bb™, C3a
concentrations™”"* and Factor H” have been reported in women experi-
encing PTB. Several studies have also reported higher concentrations of
amniotic fluid C3a, C4a and C5a**” in women with intraamniotic
infection and/or delivering preterm. A paucity of studies exist reporting on
CVF; Hong et al demonstrated increases in C3a and C5a from CVF taken
from women in preterm labour”. We also demonstrated an increase in
iC3b/C3b concentration in women at mid-pregnancy in advance of the
development of cervical shortening and spontaneous preterm birth". It is
important to note the relatively high C5a concentration in CST I, as well as
the increased levels of complement proteins detected in healthy individuals,
but later in pregnancy. These findings indicate a plausible physiological
complement-driven basal inflammation in late pregnancy in preparation for
labour, but its dysregulation and early activation in the presence of sub-
optimal microbiota can lead to adverse pregnancy outcomes. Our work
expands on the knowledge of the contribution of the complement cascade
locally at the cervicovaginal interface, and reveals the necessity of describing
normal ranges in healthy individuals.

One limitation of this study is that our microbiome analysis relied on
16S rRNA gene sequencing, whereas metagenomics, metatranscriptomics
and metaproteomics are emerging approaches to characterise vaginal
microbiome gene content and expression, with improved strain resolution
and gene pool content””>. Deeper analyses of variations in strain- depen-
dent immune responses could be of value in future studies. No single
hypervariable region is sufficient to taxonomically assign all amplicon
sequence variants at the species level. The choice of hypervariable region will
impact taxonomic resolution and estimation of relative abundance differ-
entially for each Genus””°. The V1-V2 region provides sufficient infor-
mation to differentiate key vaginal Lactobacillus species™”’. We have also
used a mixed forward primer set™ to account for the poor sensitivity of the
universal forward (27 F) primer to detect Gardnerella, Bifidobacterium, and
other key vaginal taxa”*". We were also limited to reporting on associations
rather than direct causal mechanisms as this was an observational study
conducted on human in-pregnancy samples. Direct modulation of com-
plement function or neutrophil activation was not possible. It should also be
acknowledged that the concentrations of complement proteins are lower in
the female genital tract, compared to reported circulating plasma and serum
concentrations*>®. However, we still detected statistically and clinically
significant differences in adverse pregnancy outcomes. Most complement
proteins reported in this study do not have ‘normal’ plasma or serum
reference ranges for pregnant women, making the interpretation of ‘normal’
CVF concentrations challenging. The origin of complement proteins
requires further investigation: circulating complement proteins are mainly
produced by hepatocytes, and their transudation in the female genital tract
may explain in part their presence in CVF. However, there is also extra-
hepatic complement biosynthesis from epithelial cells and immune cells,
including neutrophils**, which are most likely to be responsible for local
production in response to vaginal microbiota. Finally, we acknowledge the
broad range of risk factors in our cohort, and were limited by numbers to
perform a sub-analyses; however, the results of this study can be applied to
real world setting of the most common known risk factors for sPTB.

We used the earliest timepoint collected (timepoint A, 12-14"° weeks
of gestation) to predict both cervical shortening and preterm birth. The
model with the immune dataset alone and in combination with 16S data,
outperformed the model of 16S data alone, highlighting the importance of
the immune response in the aetiology of sPTB. An AUC 0.68 to predict
sPTB at <37 weeks is comparable to foetal fibronectin testing (AUC 0.692)
but lower than cervical length measuring (AUC 0.72)”. However, foetal
fibronectin could only be used after 22 weeks, and its use has been with-
drawn in the United Kingdom®; moreover, cervical length measuring
requires infrastructure for surveillance and extensive training. Interpreta-
tion of these findings should be done with caution as our population is
enriched with women at high risk of preterm birth, thus results cannot be
extrapolated when managing a general population. Cervicovaginal

metabolomic signatures can rapidly predict microbial composition and
adverse outcomes”””". We have previously demonstrated that metabolomic
profiling of vaginal swabs using DESI-MS (desorption electrospray ionisa-
tion mass spectrometry) predicts the vaginal microbial composition and the
immune response, including complement proteins (MBL, C3b/iC3b, C5,
and C5a) within three minutes™. It is plausible that this, or similar tools,
could be developed to analyse this wider panel of markers to strengthen the
prediction of microbe-host immune interactions, and to perform a bedside
risk stratification for cervical shortening and preterm birth. This informa-
tion can be used to individualise preventative treatment, such as comple-
ment therapeutics and live biotherapeutics. The strengths of our current
study include the reporting of such a broad panel of complement proteins
and at early and clinically relevant timepoints, amenable to use of a pre-
dictive test in time for intervention with preventative treatments. The last
decade has seen a surge in the development of complement therapeutics
targeting multiple components of each pathway in phase 1-3 clinical trials,
and FDA approval of anti-C3, -C5, -Cls -C5a and -C5aR1 inhibitors,
including Eculizumab (anti-C5) in pregnancy’”™. In addition, there is
evidence that Pravastatin modulates complement activity and inhibits
preterm birth in LPS treated mice’”, with an ongoing placebo-controlled
trial to determine if Pravastatin (20 mg) prolongs gestation in women at
high risk of sPTB (The PIONEER Study ISRCTN - ISRCTN93398587). Live
biotherapeutics containing L. crispatus can lead to colonisation, as shown in
a study of non-pregnant women with urinary tract infections”” and bacterial
vaginosis (BV)”, with one study also reporting local pro-inflammatory
cytokine suppression”. We have previously shown that administration of
the live biotherapeutic CTV-05 (LACTIN-V), containing L. crispatus, is safe
and well accepted by pregnant women at high risk of sPTB'®. Although not
powered to assess rates of PTB, a 50% reduction was observed compared toa
historical cohort, which we hypothesise to be due to microbial and immune
modulation.

In summary, our data support the contribution of the complement
system in determining a dysregulated response to BV-like bacteria, and in
the process leading to cervical shortening and spontaneous preterm birth.
We also demonstrate that L. crispatus is associated with immune homo-
eostasis. These data support the use of complement proteins as predictive
biomarkers, and the use of complement therapeutics and live biother-
apeutics as novel prevention strategies for microbial-driven spontaneous
preterm birth.

Methods

Study design

Women at high-risk of spontaneous preterm birth were recruited from
preterm birth prevention clinics from four London hospitals (Chelsea and
Westminster Hospital, St Mary’s Hospital, Queen Charlotte’s and Chelsea
Hospital and University College London Hospital). Women were recruited
and provided written informed consent, as part of the VMET 2 study
(Vaginal Microbiome and Metabonome in Pregnancy, REC 14/LO/0328,
approved by the NHS Health Research Authority London -Stanmore
Research Ethics Committee). The study was conducted in accordance with
the Declaration of Helsinki. This was not a clinical trial; therefore the
Clinical Trial number is not applicable.

Inclusion criteria for recruitment included a past pregnancy experience
of spontaneous preterm birth and/or preterm labour rupture of membranes,
mid-trimester loss, previous fully dilated term caesarean section, cervical
cerclage, history of excisional cervical treatment (cone biopsy or large loop
excision of the transformation zone), or uterine anomaly. Women with an
incidental finding of a short cervix (cervical length <25 mm measured by
transvaginal ultrasound) at the time of their anomaly scan were also
included in the study. Exclusion criteria included: sexual intercourse within
72 h prior to sampling, vaginal bleeding, HIV-positive women, hepatitis
B-positive serology and women under 18 years of age.

Detailed metadata was collected for all women participating in the
study, including maternal age, body mass index (BMI), ethnicity, blood
group, gestational age at sample collection and if interventions to prevent
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sPTB were required (cervical cerclage and/or vaginal progesterone). BMI is
measured at the time of the first appointment (between 8 and 12 weeks of
gestation). Cervical length by transvaginal ultrasound was also recorded at
every visit. Participant demographics are reported in Tables S1 and S2.

Matched samples of cervicovaginal fluid (CVF), peripheral blood and
cytobrush were collected longitudinally when practicable across pregnancy
at timepoints A (12%°-16"° weeks of gestation), B (207°-24"° weeks of
gestation) and C (307°-34"° weeks of gestation).

Cohort description

For this study, we selected women from the VMET 2 study who had pro-
vided samples between June 2018 and June 2022. We selected all women
who delivered sPTB (with samples at A + B, A, B), had a term uncompli-
cated pregnancy (A + B) and/or gave a cytobrush (A, B, C). Iatrogenic cases
were not included. A total of 186 pregnant women were identified, pro-
viding CVF samples for metataxonomics profiling and Luminex multiplex
immunoassays. A subset of women also provided blood and cytobrush
samples for neutrophil immunophenotype analysis (Fig. 1A and
Fig. SIA, B).

Recruited women received standard care and were followed up
throughout their pregnancy. If indicated, vaginal progesterone and/or cer-
vical cerclage were the choice of intervention as per local protocol. Further
details on interventions of each cohort are available in Tables S1 and S2. Our
study evaluated cervical shortening and sPTB as two separate outcomes, as
both are independent, clinically relevant outcomes. The cervical shortening
group included women with cervical length <25mm by transvaginal
ultrasound. After delivery, outcome data were retrieved. sPTB was defined
as preterm delivery following either spontaneous onset of contractions
(n=42),PPROM (n = 13) or premature dilation of the cervix prior to onset
of contractions (n = 3). Although we acknowledge there may be differences
in the aetiology and pathogenesis of these phenotypes of PTB, it is highly
likely that inflammation is a common pathway, since microbiome and
inflammation have been widely demonstrated as key drivers of the three
presentations® ',

The term delivery group includes TU women, who, despite having a
risk factor, delivered at term without receiving any type of intervention and
TI were women who delivered at term following an intervention (cerclage
and/or progesterone).

Sample collection

CVF was sampled by trained clinicians using BBL™ CultureSwab™ MaxV
Liquid Amies (Becton, Dickinson and Company, Oxford, UK) and
Transwab (MW170 with rayon blue lid, Medical Wire & Equipment,
Corsham, UK). Swabs were stored at —80 °C until use. A speculum was
inserted into the vaginal canal, and the cervical os was exposed by a trained
clinician. Following the collection of vaginal swabs, a cervical cytobrush
(Cervical brush Q Path®, Novabrush®) was used to make ten gentle brush
strokes over the anterior lip of the cervix. The brush was placed in a 50 mL
conical tube containing 5 mL of PBS and passed through a sterile 40 um cell
strainer (Fisherbrand™). Peripheral venous blood was collected into
Lithium Heparin tubes. Peripheral venous blood was collected into Lithium
Heparin tubes. Blood and cytobrush samples were analysed fresh, imme-
diately upon collection, within 30 minutes of collection. Only cervicovaginal
samples without evidence of blood contamination were used for analysis.

DNA extraction and 16S rRNA sequencing

DNA extraction was performed as previously described'”. Briefly, CVF
collected using BBL™ CultureSwab™ MaxV Liquid Amies swab was
thawed on ice and resuspended in Amies Liquid transport medium. Pelleted
content (7000 rpm x 10 min, 4 °C) was resuspended in 300 pL lysis master
mix (Lysozyme (10 mg/mL, Sigma), Mutanolysin (25000 u/mL, Sigma),
Lysosthaphin (4000 U/mL) TEs, (10 mM TRIS/50Mm EDTA), 12% Triton,
and PBS) and incubated for an hour in a 37 °C water bath. Incubation was
followed by mechanical lysis using 0.1 mm glass beads (Sartorius Stedim)
for 1 minute at 25Hz in a Tissue Lyser LT (Qiagen). Finally, DNA was

extracted using QiAamp DNA Mini Kit (Qiagen), following the manu-
facturer’s instructions.

Whole genomic DNA extracted from each swab was sequenced for
the V1-V2 hypervariable regions of 165 rRNA on the Illumina MiSeq
platform (Illumina, Inc. Sand Diego, California) using forward and
reverse primers. The forward primer set (28f-YM) consisted of a mixture
of the following primers mixed at a 4:1:1:1 ratio; 28F-Borrellia
GAGTTTGATCCTGGCTTAG; 28F- Chlorlex GAATTT-
GATCTTGGTTCAG; 28F- Bifido GGGTTCGATTCTGGCTCAG; 28F-
YM GAGTTTGATCNTGGCTCAG’®, which enables resolution and
assignment of relevant bacteria from the female reproductive tract”™".
The reverse primer consisted of 388 R GCTGCCTCCCGTAGGAGT.
Sequencing was performed at Research and Testing Laboratories (RTL
Genomics, Texas, USA).

Luminex immunoassays
CVF collected with BBL™ CultureSwab™ MaxV Liquid Amies swabs was
resuspended in transport liquid media and employed for measurement of
cytokines (IL-1B, IL-6, IL-8, R&D Systems), complement proteins (C3a
Human ProcartaPlex Simplex Kit, Invitrogen), C2, C4b, C5, C5a, Factor D,
MBL, Factor I (Human Complement Magnetic Bead Panel 1, Milliplex
Millipore), C3, C3b/iC3b, C4, Factor H (Human Complement Magnetic
B3ead Panel 2, Milliplex Millipore) and matrix metalloproteinases (MMP-2,
MMP-8, MMP-9, R&D Systems). A Transwab was resuspended in 200 pL
of PBS with protease inhibitor (PI) (5 uL PI/1 mL PBS, Sigma-Aldrich) and
employed to measure Clq and Factor B analytes (Human Complement
Panel 2, Merck Millipore). Kits were used following the manufacturer's
instructions. All samples were analysed neat except IL-8 (single-plex mea-
surement following a tenfold dilution using Calibrator Diluent RD6-52). All
samples were analysed in duplicates. Acquisition was performed with
Magpix ® or Luminex 200 analysers, equipped with xPONENT" software.
The sensitivity of the assay is indicated for each analyte, as per man-
ufacturer reports: IL-1f (0.8 pg/mL), IL-6 (1.7 pg/mL) and for IL-8 (1.8 pg/
mL), C1q (0.165 ng/mL), C2 (0.34 ng/mL), C4 (0.146 ng/mL), C4b (0.33 ng/
mL), MBL (0.033 ng/mL), Factor B (0.022 ng/mL), Factor D (0.027 ng/mL),
C3 (0.22 ng/mL), C3a (0.6 pg/mL), C3b/iC3b (4.775 ng/mL), C5 (0.8 ng/
mL), C5a (0.0035 ng/mL), Factor H (0.092 ng/mL), Factor I (0.18 ng/mL),
MMP-2 (108 pg/mL), MMP-8 (34.2 pg/mL), MMP-9 (13.6 pg/mL).

Neutrophils’ characterisation by flow cytometry
Granulocytes isolated from peripheral blood following a double gradient
centrifugation with Histopaque™-1119 and Histopaque™ 1077 (Sigma-
Aldrich). The granulocyte layer was retrieved and washed in PBS, to be
further incubated with erythrocyte lysis buffer (155 mM NH,Cl; 10 mM
KHCO3; 0.1 mM EDTA) for 15 min and washed with PBS again.
Peripheral and cervical neutrophils were resuspended in PBS to 1 x 10
cells/mL. A 100 pL of each suspension was pre-incubated with 2 uL of Fc
Blocker (BD Biosciences) for 10 min and further stained with 7-AAD via-
bility staining solution (BioLegend), the following anti-human antibodies
(Table $7) CD 4 5PerCP/Cyanin 55 CD1 Brillant Violet 785 CD63APC’ CD66bPE/DazzleS94)
CDI 1bAlexa Fluor 700’ CDlOAPC/Cyanimﬂ) CD33Alexa Fluor 647 CD35FITC, CD14PerCP—
eF1u0r71[); CD1 6eF]uor450’ CD62LBV480) CD55Piliant VioletSl()) CD88%V*' and Brilliant
Stain Buffer (BD Biosciences) for 15 min in the dark at room temperature.
Markers were chosen to correctly identify neutrophils and evaluate their role
in migration, adhesion, cell-cell interactions, effector functions (e.g.,
degranulation, respiratory burst) and interaction with the complement
system'**'” (Table S7). After incubation, cells were washed with staining
buffer (PBS, 1% BSA (Sigma), 0.1% sodium azide (Sigma)) and resuspended
in 500 pL of 0.25% formaldehyde PBS prior to data acquisition with Cytek™
Aurora (Cytek Biosciences). Raw spectral data were acquired and unmixed
using SpectroFlo Software (Cytek Biosciences) with autofluorescence
extraction. Further spectral analysis was performed with Flowjo v10 Soft-
ware (Flowjo). A manual gating strategy was used to identify peripheral and
cervical neutrophils (Fig. S5) to assess the MFI (Median Fluorescence
Intensity) of the different activation markers.
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Sequencing processing

Microbiome analysis included the use of Cutadapt for primer sequences
trimming'* and ASV (amplicon sequence variant) counts per sample were
calculated using the QIIME2 bioinformatics pipeline (version 2022.2.1)'”".
DADA? (version 2022.2.0)'* was utilised for denoising. Finally, the SILVA
database'”” was used for taxonomic classification of ASVs. The ASV count
results is provided in Supplementary Information.

At the species level, samples were classified using the VALENCIA
centroid classification algorithm'"” into five community state types. Four of
them were dominated by a single species of Lactobacillus: CST I (L. cris-
patus), CST 11 (L. gasseri), CST III (L. iners) and CST V (L. jensenii). CST IV
(heterogeneous)was characterised by reduced lactobacilli and increased
diversity.

Luminex raw data examination

The primary source of raw data examination was XPONENT ° software.
Samples with low-bead acquisition were re-assayed. Raw data was examined
for points with poor replication or outliers, which can be assessed by
inspecting the %CV of replicates [%CV = STDev/Mean) * 100]; as well as
the % recovery [%recovery = (observed standard value/expected standard
value) * 100]. If necessary (high percentages of CV or Recovery), the stan-
dard curve could be edited by invalidating one of the standard point
replicates and re-analysing). Finally, the R* values were annotated to keep a
record of the quality of fit, given data yields of R* > 0.985. Low out-of-range
concentrations were assigned half of the sensitivity of detection of the assay.
Finally, the coefficient of variation was calculated across all plates (Microsoft
Excel v2211) for standards and the internal pool calibrator to assess the
potential plate-to-plate variation.

Statistical analysis
Statistical analyses were performed with Graphpad Prism (v10.3.1). Cate-
gorical data were compared within groups using the chi-square or Fisher’s
exact test. Comparisons of the proportion of women with different vaginal
microbial compositions was also assessed with the chi-square and Fisher’s
exact test. All data were tested for normal distribution and further analysed
accordingly. Differences between the two groups were compared using a
two-tailed Mann-Whitney U-test. Differences between three or more
groups were calculated with the Kruskal-Wallis test, and Dunn’s post hoc
multiple comparison test were used. The relative abundance of L. crispatus
was presented as centred log-ratio (clr) transformed counts, which were
computed using the propr package (v4.2.6). To evaluate associations
between the relative abundance of L. crispatus and concentration of
inflammatory mediators, Spearman’s rank correlation coefficient was cal-
culated. To compare women with high (=5)/low (<5%) L. crispatus abun-
dance, and high (>median)/low <median) concentration of analytes, Chi-
square and Fisher’s exact test were used. To assess complement con-
centrations longitudinally, women with ABC, BC and AC matched samples
were selected, and a Wilcoxon matched-pairs signed rank test was used. MFI
of cell surface markers was compared between matched peripheral and
cervical neutrophils using the Wilcoxon matched-pairs signed rank test. For
all tests, the level of statistical significance was considered as p value <0.05.
All downstream bioinformatic and statistical analysis were performed
in R (R v4.0.0 was used to generate clr-transformed counts and diversity
indices. All remaining bioinformatics and statistical analyses were generated
using R v4.3.3). The heatmap and cluster dendrograms of the top 30 taxa by
total counts and their relationship with different clinical outcomes (cervical
shortening, pregnancy outcome) were generated with the ClusterHeatmap
package (v2.18.0)'"". The Shannon diversity index and richness (number of
species observed) were calculated using phyloseq (v1.32.0)'". Linear
regression modelling, Benjamini-Hochberg FDR correction for multiple
testing, and calculation of the Spearman’s correlation matrix estimation
were performed with R base functions. PCA analysis was performed with
the pcaMethods (v1.94.0) package'". Data and analysis results were visua-
lised using the ggplot2 (v3.5.1)'"* and ComplexHeatmap packages. The
random forest prediction models were trained and cross-validated

(stratified sevenfold CV) in R (v4.5.2) using the randomForest (v4.7.1.2) and
the caret (v7.0.1) packages. Missing data were imputed during the cross-
validation process with k-nearest neighbour (k-5) imputation using the
preProcess argument in the caret model training interface. ROC curves were
plotted in ggplot2 (v3.5.2) with the plotROC package (v2.3.3).

Data availability

Raw sequence data have been deposited in the European Nucleotide Archive
under accession codes PRJEB83084, PRJEB89979 and PRJEB90668. This
study used preexisting software and did not generate new custom code or
algorithms. Any additional information reported is available from the lead
contact upon reasonable request.

Received: 11 November 2025; Accepted: 11 March 2026;
Published online: 15 April 2026

References

1. WHO. Preterm birth. https://www.who.int/news-room/fact-sheets/
detail/preterm-birth (2023).

2. Perin, J. et al. Global, regional, and national causes of under-5

mortality in 2000-19: an updated systematic analysis with
implications for the sustainable development goals. Lancet Child
Adolesc. Health 6, 106-115 (2022).

3. Goldenberg, R. L., Culhane, J. F., lams, J. D. & Romero, R.
Epidemiology and causes of preterm birth. Lancet 371, 75-84 (2008)

4. Blencowe, H. et al. Born too soon: the global epidemiology of 15
million preterm births. Reprod. Health 10, S2 (2013).

5. Ohuma, E. O. et al. National, regional, and global estimates of
preterm birth in 2020, with trends from 2010: a systematic analysis.
Lancet 402, 1261-1271 (2023).

6. Di Paola, M. et al. Identification of vaginal microbial communities
associated with extreme cervical shortening in pregnant women. J.
Clin. Med. 9, 3621 (2020).

7. Gerson, K. D. et al. Cervicovaginal microbial communities deficient
in Lactobacillus species are associated with second trimester short
cervix. Am. J. Obstet. Gynecol. 222, 491.e1-491.e8 (2020).

8. Kindinger, L. M. et al. The interaction between vaginal microbiota,
cervical length, and vaginal progesterone treatment for preterm birth
risk. Microbiome 5, 6 (2017).

9. DiGiulio, D. B. et al. Temporal and spatial variation of the human
microbiota during pregnancy. Proc. Natl. Acad. Sci. USA 112,
11060-11065 (2015).

10. Fettweis, J. M. et al. The vaginal microbiome and preterm birth. Nat.
Med. 25, 1012-1021 (2019).

11.  Freitas, A. C. et al. Increased richness and diversity of the vaginal
microbiota and spontaneous preterm birth. Microbiome 6, 117
(2018).

12.  Hyman, R. W. et al. Diversity of the vaginal microbiome correlates
with preterm birth. Reprod. Sci. 21, 32-40 (2014).

13. Petricevic, L. et al. Characterisation of the vaginal Lactobacillus
microbiota associated with preterm delivery. Sci. Rep. 4, 5136
(2014).

14. Tabatabaei, N. et al. Vaginal microbiome in early pregnancy and
subsequent risk of spontaneous preterm birth: a case-control study.
BJOG 126, 349-358 (2019).

15.  Chan, D. et al. Microbial-driven preterm labour involves crosstalk
between the innate and adaptive immune response. Nat. Commun.
13, 975 (2022).

16. Amabebe, E., Chapman, D.R., Stern, V. L., Stafford, G. & Anumba, D.
0. C. Mid-gestational changes in cervicovaginal fluid cytokine levels
in asymptomatic pregnant women are predictive markers of
inflammation-associated spontaneous preterm birth. J. Reprod.
Immunol. 126, 1-10 (2018).

17.  Ferguson, K. K., McElrath, T. F., Chen, Y. H., Mukherjee, B. &
Meeker, J. D. Longitudinal profiling of inflammatory cytokines and

npj Biofilms and Microbiomes| (2026) 12:152

13


http://www.who.int/news-room/fact-sheets/detail/preterm-birth
http://www.who.int/news-room/fact-sheets/detail/preterm-birth
http://www.who.int/news-room/fact-sheets/detail/preterm-birth
www.nature.com/npjbiofilms

https://doi.org/10.1038/s41522-026-00969-x

Article

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

C-reactive protein during uncomplicated and preterm pregnancy.
Am. J. Reprod. Immunol. 72, 326-336 (2014).

Park, H. et al. Plasma inflammatory and immune proteins as
predictors of intra-amniotic infection and spontaneous preterm
delivery in women with preterm labor: a retrospective study. BMC
Pregnancy Childbirth 18, 146 (2018).

Florova, V. 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
137, 155316 (2021).

Kindinger, L. M. et al. Relationship between vaginal microbial
dysbiosis, inflammation, and pregnancy outcomes in cervical
cerclage. Sci. Transl. Med. 8, 350ra102 (2016).

Regal, J. F., Gilbert, J. S. & Burwick, R. M. The complement system
and adverse pregnancy outcomes. Mol. Immunol. 67, 56-70
(2015).

Girardi, G., Lingo, J. J., Fleming, S. D. & Regal, J. F. Essential role of
complement in pregnancy: from implantation to parturition and
beyond. Front. Immunol. 11, 1681 (2020).

Lynch, A. M. et al. Complement activation fragment Bb in early
pregnancy and spontaneous preterm birth. Am. J. Obstet. Gynecol.
199, 354.e1-8 (2008).

Vaisbuch, E. et al. Activation of the alternative pathway of
complement is a feature of pre-term parturition but not of
spontaneous labor at term. Am. J. Reprod. Immunol. 63, 318-330
(2010).

Park, H. et al. The identification of immune-related plasma proteins
associated with spontaneous preterm delivery and intra-amniotic
infection in women with premature cervical dilation or an
asymptomatic short cervix. J. Korean Med. Sci. 35, €26 (2019).
Soto, E. et al. Evidence for complement activation in the amniotic
fluid of women with spontaneous preterm labor and intra-amniotic
infection. J. Matern. Fetal Neonatal Med. 22, 983-992 (2009).

Kim, Y. M. et al. Complement C3a, but not C5a, levels in amniotic
fluid are associated with intra-amniotic infection and/or
inflammation and preterm delivery in women with cervical
insufficiency or an asymptomatic short cervix (< 25 mm). J. Korean
Med. Sci. 33, €220 (2018).

Gonzalez, J. M., Franzke, C. W., Yang, F., Romero, R. & Girardi, G.
Complement activation triggers metalloproteinases release
inducing cervical remodeling and preterm birth in mice. Am. J.
Pathol. 179, 838-849 (2011).

Camous, L. et al. Complement alternative pathway acts as a positive
feedback amplification of neutrophil activation. Blood 117,
1340-1349 (2011).

Merle, N. S., Church, S. E., Fremeaux-Bacchi, V. & Roumenina, L. T.
Complement system part | - molecular mechanisms of activation
and regulation. Front. Immunol. 6, 262 (2015).

Aghaeepour, N. et al. An immune clock of human pregnancy. Sci.
Immunol. 2(15), eaan2946 (2017). Sep 1.

Luppi, P. et al. Monocytes are progressively activated in the
circulation of pregnant women. J. Leukoc. Biol. 72, 874-884 (2002).
Pramanik, S. S., Pramanik, T., Mondal, S. C. & Chanda, R. Number,
maturity and phagocytic activity of neutrophils in the three trimesters
of pregnancy. East Mediterr. Health 13, 862-867 (2007).

Zhang, J. et al. Immunophenotyping and activation status of
maternal peripheral blood leukocytes during pregnancy and
labour, both term and preterm. J. Cell Mol. Med. 21, 2386-2402
(2017).

DeBolt, C. A. et al. Revealing the complexity of immunobiological
shifts from non-pregnant to pregnant state. Am. J. Reprod. Immunol.
94, e70166 (2025).

Farias-Jofre, M. et al. Pregnancy tailors endotoxin-induced
monocyte and neutrophil responses in the maternal circulation.
Inflamm. Res. 71, 653-668 (2022).

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

von Dadelszen, P. et al. Maternal neutrophil apoptosis in normal
pregnancy, preeclampsia, and normotensive intrauterine growth
restriction. Am. J. Obstet. Gynecol. 181, 408-414 (1999).
Bokstrom, H., Brannstrém, M., Alexandersson, M. & Norstrom, A.
Leukocyte subpopulations in the human uterine cervical stroma at
early and term pregnancy. Hum. Reprod. 12, 586-590 (1997).
Osman, |. et al. Leukocyte density and pro-inflammatory cytokine
expression in human fetal membranes, decidua, cervix and
myometrium before and during labour at term. Mol. Hum. Reprod. 9,
41-45 (2003).

Hunter, P. J., Sheikh, S., David, A. L., Peebles, D. M. & Klein, N.
Cervical leukocytes and spontaneous preterm birth. J. Reprod.
Immunol. 113, 42-49 (2016).

Mohd Zaki, A. et al. Neutrophils dominate the cervical immune cell
population in pregnancy and their transcriptome correlates with the
microbial vaginal environment. Front. Microbiol. 13, 904451 (2022).
Gimeno-Molina, B., Muller, 1., Kropf, P. & Sykes, L. The role of
neutrophils in pregnancy, term and preterm labour. Life 12, 1512
(2022).

Stout, M. J. et al. Early pregnancy vaginal microbiome trends and
preterm birth. Am. J. Obstet. Gynecol. 217, 356.e1-356.e18 (2017).
Gudnadottir, U. et al. The vaginal microbiome and the risk of preterm
birth: a systematic review and network meta-analysis. Sci. Rep. 12,
7926 (2022).

Golob, J. L. et al. Microbiome preterm birth DREAM challenge:
crowdsourcing machine learning approaches to advance preterm
birth research. Cell Rep. Med. 5, 101350 (2024).

Jun, J. K. et al. Interleukin 6 determinations in cervical fluid have
diagnostic and prognostic value in preterm premature rupture of
membranes. Am. J. Obstet. Gynecol. 183, 868-873 (2000).

Livson, S. et al. Cervicovaginal complement activation and
microbiota during pregnancy and in parturition. Front. Immunol. 13,
925630 (2022).

Pellis, V. et al. Mannose binding lectin and C3 act as recognition
molecules for infectious agents in the vagina. Clin. Exp. Immunol.
139, 120-126 (2005).

Elovitz, M. A. et al. Cervicovaginal microbiota and local immune
response modulate the risk of spontaneous preterm delivery. Nat.
Commun. 10, 1305 (2019).

France, M., Alizadeh, M., Brown, S., Ma, B. & Ravel, J. Towards a
deeper understanding of the vaginal microbiota. Nat. Microbiol. 7,
367 (2022).

Petrova, M. |., Reid, G., Vaneechoutte, M. & Lebeer, S. Lactobacillus
iners: friend or foe?. Trends Microbiol. 25, 182-191 (2017).

Zheng, N., Guo, R., Wang, J., Zhou, W. & Ling, Z. Contribution of
Lactobacillus iners to vaginal health and diseases: a systematic
review. Front. Cell Infect. Microbiol. 11, 792787 (2021).

Gajer, P. et al. Temporal dynamics of the human vaginal microbiota.
Sci. Transl. Med. 4, 132ra52 (2012).

Wau, G. et al. Glycomics of cervicovaginal fluid from women at risk of
preterm birth reveals immuno-regulatory epitopes that are hallmarks
of cancer and viral glycosylation. Sci. Rep. 14, 20813 (2024).
Prakash, M., Kapembwa, M. S., Gotch, F. & Patterson, S. Higher
levels of activation markers and chemokine receptors on T
lymphocytes in the cervix than peripheral blood of normal healthy
women. J. Reprod. Immunol. 52, 101-111 (2001).

Yamada, T., Minakami, H., Matsubara, S., Yatsuda, T. & Sato, I.
Changes in polymorphonuclear leukocytes in the vagina of patients
with preterm labor. Gynecol. Obstet. Invest. 45, 32-34 (1998).
Cauci, S. et al. Interrelationships of interleukin-8 with interleukin-13
and neutrophils in vaginal fluid of healthy and bacterial vaginosis
positive women. Mol. Hum. Reprod. 9, 53-58 (2003).

Winkler, M. et al. Parturition at term: parallel increases in interleukin-8
and proteinase concentrations and neutrophil count in the lower
uterine segment. Hum. Reprod. 14, 1096-1100 (1999).

npj Biofilms and Microbiomes|

(2026) 12:152

14


www.nature.com/npjbiofilms

https://doi.org/10.1038/s41522-026-00969-x

Article

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Timmons, B., Akins, M. & Mahendroo, M. Cervical remodeling during
pregnancy and parturition. Trends Endocrinol. Metab. 21, 353-361
(2010).

Holt, R., Timmons, B. C., Akgul, Y., Akins, M. L. & Mahendroo, M. The
molecular mechanisms of cervical ripening differ between term and
preterm birth. Endocrinology 1562, 1036-1046 (2011).

Yellon, S. M., Ebner, C. A. & Elovitz, M. A. Medroxyprogesterone
acetate modulates remodeling, immune cell census, and nerve
fibers in the cervix of a mouse model for inflammation-induced
preterm birth. Reprod. Sci. 16, 257-264 (2009).

Garcia-Flores, V. et al. A single-cell atlas of murine reproductive
tissues during preterm labor. Cell Rep. 42, 111846 (2023).

Galaz, J. et al. Host-microbiome interactions in distinct subsets of
preterm labor and birth. iScience 26, 108341 (2023).

McCracken, J. M. et al. Animal models and alternatives in vaginal
research: a comparative review. Reprod. Sci. 28, 1759-1773 (2021).
Gomez-Lopez, N. et al. The immunophenotype of amniotic fluid
leukocytes in normal and complicated pregnancies. Am. J. Reprod.
Immunol. 79, e12827 (2018).

Gomez-Lopez, N. et al. Amniotic fluid neutrophils can phagocytize
bacteria: amechanism for microbial killing in the amniotic cavity. Am.
J. Reprod. Immunol. 78, 10.1111/aji.12723 (2017).

Hong, S. et al. Complement and other immune-related factors in
cervicovaginal fluid associated with intra-amniotic infection/
inflammation and spontaneous preterm delivery in women with
preterm labor. Arch. Gynecol. Obstet. 301, 1431-1439 (2020).
Lynch, A. M. et al. Early elevations of the complement activation
fragment C3a and adverse pregnancy outcomes. Obstet. Gynecol.
117, 75-83 (2011).

Soto, E. et al. Anaphylatoxins in preterm and term labor. J. Perinat.
Med. 33, 306-313 (2005).

Lynch, A. M. et al. The relationship of circulating proteins in early
pregnancy with preterm birth. Am. J. Obstet. Gynecol. 214,
517.e1-517.e8 (2016).

Feehily, C. et al. Shotgun sequencing of the vaginal microbiome
reveals both a species and functional potential signature of preterm
birth. NPJ Biofilms Microbiomes 6, 50 (2020).

HHolm, J.B., France, M.T. & Gajer, P. et al. Integrating compositional
and functional content to describe vaginalmicrobiomes in health and
disease. Microbiome 11, 259 (2023).

Barb, J. J. et al. Development of an analysis pipeline characterizing
multiple hypervariable regions of 16S rRNA using mock samples.
PLoS ONE 11(2), e0148047 (2016).

Graspeuntner, S., Loeper, N., Kiinzel, S., Baines, J. F. & Rupp, J.
Selection of validated hypervariable regions is crucial in 16S-based
microbiota studies of the female genital tract. Sci. Rep. 8, 9678
(2018).

Pruski, P. et al. Assessment of microbiota:host interactions at the
vaginal mucosa interface. Methods 149, 74-84 (2018).

Van Der Pol, W. J. et al. In silico and experimental evaluation of
primer sets for species-level resolution of the vaginal microbiota
using 16S ribosomal RNA gene sequencing. J. Infect. Dis. 219,
305-314 (2019).

Ravel, J. et al. Vaginal microbiome of reproductive-age women.
Proc. Natl. Acad. Sci. USA 108, 4680-4687 (2011).

Frank, J. A. et al. Critical evaluation of two primers commonly used
for amplification of bacterial 16S rRNA genes. Appl. Environ.
Microbiol. 74, 2461-2470 (2008).

Huang, C. et al. Meta-analysis reveals the vaginal microbiome is a
better predictor of earlier than later preterm birth. BMC Biol. 21, 199
(2023).

Qing, W. et al. Species-level resolution for the vaginal microbiota
with short amplicons. mSystems 9, e01039-23 (2024).
O’Callaghan, J. L., Willner, D., Buttini, M., Huygens, F. & Pelzer, E. S.
Limitations of 16S rRNA gene sequencing to characterize

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Lactobacillus species in the upper genital tract. Front. Cell Dev. Biol.
9, 641921 (2021).

Richani, K. et al. Normal pregnancy is characterized by systemic
activation of the complement system. J. Matern. Fetal Neonatal Med.
17, 239-245 (2005).

Babula, O., Lazdane, G., Kroica, J., Ledger, W. J. & Witkin, S. S.
Relation between recurrent vulvovaginal candidiasis, vaginal
concentrations of mannose-binding lectin, and a mannose-binding
lectin gene polymorphism in Latvian women. Clin. Infect. Dis. 37,
733-737 (2003).

Lubbers, R., van Essen, M. F., van Kooten, C. & Trouw, L. A.
Production of complement components by cells of the immune
system. Clin. Exp. Immunol. 188, 183-194 (2017).

Morgan, B. P. & Gasque, P. Extrahepatic complement
biosynthesis: where, when and why?. Clin. Exp. Immunol. 107, 1-7
(1997).

Bulla, R. et al. Mannose-binding lectin is produced by vaginal
epithelial cells and its level in the vaginal fluid is influenced by
progesterone. Mol. Immunol. 48, 281-286 (2010).

Carter, J. et al. Development and validation of predictive models for
QUIPP App v.2: tool for predicting preterm birth in women with
symptoms of threatened preterm labor. Ultrasound Obstet. Gynecol.
55, 357-367 (2020).

Fox, C. & Shennan, A. Predicting preterm birth: an evolving
landscape. BJOG 132(5), 672-673 (2025).

Flaviani, F. et al. Cervicovaginal microbiota and metabolome predict
preterm birth risk in an ethnically diverse cohort. JC/ Insight 6,
149257 (2021).

Pruski, P. et al. Direct on-swab metabolic profiling of vaginal
microbiome host interactions during pregnancy and preterm birth.
Nat. Commun. 12, 5967 (2021).

Amabebe, E. et al. Identifying metabolite markers for preterm birth in
cervicovaginal fluid by magnetic resonance spectroscopy.
Metabolomics 12, 67 (2016).

Zelek, W. M., Xie, L., Morgan, B. P. & Harris, C. L. Compendium of
current complement therapeutics. Mol. Immunol. 114, 341-352
(2019). Oct.

West, E. E., Woodruff, T., Fremeaux-Bacchi, V. & Kemper, C.
Complement in human disease: approved and up-and-coming
therapeutics. Lancet 403, 392-405 (2024).

Mastellos, D. C., Ricklin, D. & Lambris, J. D. Clinical promise of next-
generation complement therapeutics. Nat. Rev. Drug Discov. 18,
707-729 (2019).

Gonzalez, J. M., Pedroni, S. M. A. & Girardi, G. Statins prevent
cervical remodeling, myometrial contractions and preterm labor
through a mechanism that involves hemoxygenase-1 and
complement inhibition. Mol. Hum. Reprod. 20, 579-589

(2014).

Boyle, A. K., Rinaldi, S. F., Rossi, A. G., Saunders, P. T. K. & Norman,
J. E. Repurposing simvastatin as a therapy for preterm labor:
evidence from preclinical models. FASEB J. 33, 2743-2758 (2019).
Stapleton, A. E. et al. Randomized, placebo-controlled phase 2 trial
of a Lactobacillus crispatus probiotic given intravaginally for
prevention of recurrent urinary tract infection. Clin. Infect. Dis. 52,
1212-1217 (2011).

Cohen, C. R. et al. Randomized trial of lactin-V to prevent
recurrence of bacterial vaginosis. N. Engl. J. Med. 382, 1906-1915
(2020).

Armstrong, E. et al. Sustained effect of LACTIN-V (Lactobacillus
crispatus CTV-05) on genital immunology following standard
bacterial vaginosis treatment: results from a randomised, placebo-
controlled trial. Lancet Microbe 3, e435-e442 (2022).

Bayar, E. et al. Safety, tolerability, and acceptability of Lactobacillus
crispatus CTV-05 (LACTIN-V) in pregnant women at high-risk of
preterm birth. Benef. Microbes 14, 45-56 (2023).

npj Biofilms and Microbiomes|

(2026) 12:152

15


www.nature.com/npjbiofilms

https://doi.org/10.1038/s41522-026-00969-x

Article

101. Brown, R. G. et al. Vaginal dysbiosis increases risk of preterm fetal
membrane rupture, neonatal sepsis and is exacerbated by
erythromycin. BMC Med. 16, 9 (2018).

Brown, R. G. et al. Establishment of vaginal microbiota composition
in early pregnancy and its association with subsequent preterm
prelabor rupture of the fetal membranes. Transl. Res J. Lab Clin.
Med. 207, 30-43 (2019).

Maclintyre, D. A. et al. The vaginal microbiome during pregnancy and
the postpartum period in a European population. Sci. Rep. 5, 8988
(2015).

Elghetany, M. T. Surface antigen changes during normal neutrophilic
development: a critical review. Blood Cells Mol. Dis. 28, 260-274
(2002).

Ssemaganda, A. et al. Characterization of neutrophil subsets in
healthy human pregnancies. PLoS ONE 9, e85696 (2014).

Martin, M. Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet. J. 17, 10-12 (2011).
Bolyen, E. et al. Reproducible, interactive, scalable and extensible
microbiome data science using QIIME 2. Nat. Biotechnol. 37,
852-857 (2019).

Callahan, B. J. et al. DADA2: high-resolution sample inference from
lllumina amplicon data. Nat. Methods 13, 581-583 (2016).

Quast, C. et al. The SILVA ribosomal RNA gene database project:
improved data processing and web-based tools. Nucleic Acids Res.
41, D590-D596 (2013).

France, M. T. et al. VALENCIA: a nearest centroid classification
method for vaginal microbial communities based on composition.
Microbiome 8, 166 (2020).

Gu, Z., Eils, R. & Schlesner, M. Complex heatmaps reveal patterns
and correlations in multidimensional genomic data. Bioinformatics
32, 2847-2849 (2016).

McMurdie, P. J. & Holmes, S. phyloseq: an R package for
reproducible interactive analysis and graphics of microbiome
census data. PLoS ONE 8, e61217 (2013).

Stacklies, W., Redestig, H., Scholz, M., Walther, D. & Selbig, J.
pcaMethods —a bioconductor package providing PCA methods for
incomplete data. Bioinformatics 23, 1164-1167 (2007).

Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Springer-
Verlag, 2016).

102.

103.

104.

105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

Acknowledgements

We thank all women who have participated in this study and the staff of the
Imperial AHSC Women’s Health Research Centre who facilitated and
coordinated study recruitment and sample collection. We also acknowledge
our Parents as Partners public involvement group for contributing to the
study design. We thank the LMS/NIHR Imperial Biomedical Research Centre
Flow Cytometry Facility for support. This work was funded by the March of
Dimes European Preterm Birth Research Centre at Imperial College London,
the Parasol Foundation Centre for Women'’s Health and Cancer Research,
Imperial Health Charity and Rosetrees Trust; and supported by the National
Institute of Health Research (NIHR) Imperial Biomedical Research Centre
(BRC), NIHR University College London Hospitals BRC (ALD), NIHR Clinical
Lectureship Scheme, and the Genesis Research Trust. Infrastructure
support was also provided by the Tommy's National Preterm Birth Centre.

Author contributions

LS, BG-M, PRB and DAM conceptualised the study and developed the
experimental design. Clinical sampling and coordination of metadata were
performed by EB, RL, SZ, KM, TGT, RB, ALD, HVL, LS, VT and PRB.
Experiments were performed by BG-M and YSL. Data processing, analysis
and interpretation were performed by BG-M, GC, SN, DAM, LS, PRB, PKand
MB. BG-M, GC and LS prepared all figures and tables. BG-M and LS wrote
the first draft of the manuscript. All authors critically reviewed, read and
approved the final manuscript.

Competing interests

P.R.B. and D.A.M. hold a patent regarding Lactobacillus crispatus
composition for use in pregnant subjects. International application number:
PCT/GB2022/050453. International publication number: WO 2022/175680.
P.R.B.,H.V.L.and D.A.M. hold a patent for rapid evaporative ionisation mass
spectroscopy (REIMS) and desorption electrospray ionisation mass
spectroscopy (DESI-MS) analysis of swabs and biopsy samples.
International application number: PCT/GB2016/050621. International
publication number: WO2016142691A1. P.R.B., D.A.M. and G.d.S.C. has a
patent application on metabolic signatures for the prediction of mucosal
inflammation and microbial composition. International application number:
PCT/GB2022/051833. International publication number: W02023285832.
The remaining authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41522-026-00969-x.

Correspondence and requests for materials should be addressed to
Lynne Sykes.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026

npj Biofilms and Microbiomes| (2026) 12:152

16


https://doi.org/10.1038/s41522-026-00969-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/npjbiofilms

	Complement and neutrophils are actively involved at the cervicovaginal interface in cases of adverse microbial composition, cervical shortening and spontaneous preterm birth
	Results
	Study cohort and design
	Vaginal bacterial communities dominated by Lactobacillus crispatus associate with lower cervicovaginal cytokine concentrations, normal cervical length and term birth
	Complement associates strongly with L. crispatus depletion, high diversity communities, short cervix and spontaneous preterm birth
	Neutrophils are the dominant immune cell at the cervical interface, are more activated than peripheral blood neutrophils, and in association with a CST IV

	Discussion
	Methods
	Study design
	Cohort description
	Sample collection
	DNA extraction and 16S rRNA sequencing
	Luminex immunoassays
	Neutrophils&#x02019; characterisation by flow cytometry
	Sequencing processing
	Luminex raw data examination
	Statistical analysis

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




