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SUMMARY

Preterm birth, the leading cause of perinatal morbidity, often follows premature labor, a syndromewhose
prevention remains a challenge. To better understand the relationship between premature labor and host-
microbiome interactions, we conducted amechanistic investigation using three preterm birth models. We
report that intra-amniotic delivery of LPS triggers inflammatory responses in the amniotic cavity and cer-
vico-vaginal microenvironment, causing vaginal microbiome changes and signs of active labor. Intra-amni-
otic IL-1a delivery causes a moderate inflammatory response in the amniotic cavity but increasing inflam-
mation in the cervico-vaginal space, leading to vaginal microbiome disruption and signs of active labor.
Conversely, progesterone action blockade by RU-486 triggers local immune responses accompanying
signs of active labor without altering the vaginal microbiome. Preterm labor facilitates ascension of cer-
vico-vaginal bacteria into the amniotic cavity, regardless of stimulus. This study provides compelling
mechanistic insights into the dynamic host-microbiome interactions within the cervico-vaginal microenvi-
ronment that accompany premature labor and birth.

INTRODUCTION

Preterm birth, the leading cause of morbidity and mortality under five years of age,1,2 is defined as birth occurring before 37 weeks of gesta-

tion.2,3 The rate of preterm birth in the United States has increased over the last decade,4 resulting in a high societal burden.5–7 Such a sus-

tained increasemay be partially due to the continued lack of understanding of the complex mechanisms leading to preterm birth. Two-thirds

of preterm births are preceded by premature labor,8 a syndrome of multiple etiologies that includes intra-amniotic infection and intra-am-

niotic inflammation, decline in progesterone action, cervical disease, and stress, among others.9 Among the known and proposed etiologies,

intra-amniotic inflammation and a blockade of progesterone action have been causally linked to premature labor and subsequent preterm

birth.10–26 Intra-amniotic inflammation can be induced by microbes ascending from the lower genital tract into the amniotic cavity (i.e., mi-

crobial intra-amniotic inflammation or intra-amniotic infection)27–31 or by alarmins (i.e., endogenous danger signals).32,33 The latter is a

recently discovered pathology termed sterile intra-amniotic inflammation.34–39 Importantly, sterile intra-amniotic inflammation is more

frequent than microbial intra-amniotic inflammation in women with premature labor and intact membranes36 as well as in women with a

mid-trimester sonographic short cervix.37 Notably, the blockade of progesterone action using the progesterone receptor antagonist RU-

486 induces preterm birth in mice in the absence of a massive inflammatory response in the amniotic cavity.40 These findings suggest that

the mechanisms of disease underlying intra-amniotic inflammation (either microbial or sterile) differ in nature from those involving the

blockade of progesterone action; however, no direct comparison among these three different models of premature labor has been

undertaken.

The cervico-vaginal microenvironment has been an area of focus for investigations aimed at identifying biomarkers to predict preterm

birth.41–46 Yet, the performance of predictive models using the cervico-vaginal microbiome and/or immune response has been modest47

and only allows for the prediction of a subset of preterm birth cases.48,49 One potential explanation for this conundrum is the unknown causal
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Figure 1. A non-invasive approach to detect signs of early premature labor and active premature labor

(A) Representative high-resolution ultrasound images showing multiple views from a 3D reconstruction of the murine cervix (turquoise).

(B) Experimental design showing themeasurement of cervical length in vivo using high-resolution ultrasound (n = 8 dams) and (C) the collection of the cervix after

the ultrasound scan to measure cervical length ex vivo.
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relationship between different subsets of premature birth and changes in the cervico-vaginalmicrobiome as well as the accompanying inflam-

matory response.

In the current study, we used establishedmodels of preterm birth, namely, LPS-induced intra-amniotic inflammation, sterile intra-amniotic

inflammation, and progesterone action blockade, to develop and validate an ultrasound-based non-invasive approach to detect signs of early

and active premature labor. Next, we investigated the nature and temporal dynamics of the intra-amniotic inflammatory response during each

type of premature labor. We also evaluated whether each type of premature labor induces changes in the vaginal microbiome that accom-

pany signs of early and active premature labor and whether such changes are accompanied by leukocyte infiltration and structural or inflam-

matory responses in the cervix. Last, we evaluated whether premature labor can facilitate the ascension of bacteria from the vagina into the

amniotic cavity. This study providesmechanistic evidence of the dynamic cervico-vaginal host-microbiome interactions during different path-

ological processes leading to premature labor, knowledge that might be utilized to improve the investigation of non-invasive biomarkers for

preterm birth.

RESULTS

A non-invasive approach to detect signs of early and active premature labor

The common pathway of labor includes the processes of myometrial contraction, cervical remodeling, and membrane/decidual activation,

whose orchestrated initiation culminates in the delivery of a pretermor a termneonate.9,50–53 The diagnosis of labor relies on the clinicalmani-

festation of uterine contractions and cervical dilatation in humans54; however, the identification of such processes in mice requires excision of

the cervico-uterine tissues for ex vivo experimentation or the use of invasive methods.55–57 Therefore, we first established a non-invasive

approach to determine cervical shortening as a readout of premature labor in mice. Pregnant mice underwent a trans-abdominal ultrasound

to monitor cervical changes as evidenced in the representative images taken from a 3D reconstruction video (Figure 1A, Video S1, and STAR

Methods). High-resolution ultrasoundwas utilized tomeasure cervical length in vivo (Figure 1B). Immediately following ultrasound evaluation,

the cervix was carefully collected to repeat this measurement ex vivo (Figure 1C). No differences were found between the cervical length

measured by ultrasound in vivo and the ex vivo determination (Figure 1D), which was reflected by a strong positive correlation between

themeasurements obtained using thesemethods (Figure 1E). The first stage of the physiologic labor process involves an early or latent phase

followed by an active phase, leading to the second stage of labor that results in delivery of the fetus.58,59 Therefore, having established an

accurate in vivo approach to evaluate cervical length in mice, we next identified signs of early premature labor (SEL) and signs of active pre-

mature labor (SAL) in a reliable model of intra-amniotic inflammation-induced preterm birth, in which premature parturition is induced by the

ultrasound-guided intra-amniotic injection of the microbial product LPS.16,17,24 Given that the interval between injection to delivery was

similar between the LPS model and the other two models of preterm birth (intra-amniotic injection of the alarmin IL-1a represents a model

of preterm birth induced by sterile intra-amniotic inflammation,20 and subcutaneous administration of RU-486 represents a model of preterm

birth caused by the blockade of progesterone action40; Table S1), we reasoned that the cervical length determinations would be applicable

among models. The SEL corresponded to the earliest time point when cervical shortening could be accurately determined using the ultra-

sound method (6 h post-injection), whereas SAL corresponded to the time point close to the earliest observed preterm delivery (12 h post-

injection) (Figure 1F). Using these parameters, we identified SEL and SAL in all three models: LPS-induced intra-amniotic inflammation

(Figures 1G, 1H, and S1A), sterile intra-amniotic inflammation (Figures 1G, 1I, and S1B), and progesterone action blockade (Figures 1G, 1J

and S1C). As expected, the cervix was shorter in active than in early premature labor across all three models (Figure 1G). It is worth noting

that uterine contraction-like movements were detected accompanying SAL (Video S2), supporting the diagnosis of labor. Taken together,

these results show that the non-invasive determination of cervical shortening is attainable in mice and that this approach allows for identifying

signs of early and active premature labor preceding preterm birth.

LPS, IL-1a, and RU-486 trigger distinct intra-amniotic inflammatory responses accompanying signs of early premature labor

and active premature labor

Having established signs of early and active premature labor in the three different models of preterm birth, we next explored the nature of the

inflammatory response in the amniotic cavity during these two time points of parturition. Samples of amniotic fluid were collected with SEL or

SAL to evaluate the concentrations of 36 immune mediators (Figure 2A, STAR Methods). The intra-amniotic injection of LPS induced a massive

inflammatory response in the amniotic cavity with both SEL and SAL; however, such responses were distinct (Figures 2B, 2C, S2, S3A, and

S3B). With SEL, the amniotic fluid concentrations of M-CSF, GM-CSF, CCL7, and CCL11 were greater upon LPS administration compared to

Figure 1. Continued

(D) Paired dot plot comparing cervical length as measured in vivo and ex vivo.

(E) Correlation of in vivo and ex vivo cervical length measurements.

(F) Initial cervical length was measured by using high-resolution ultrasound followed by the intra-amniotic injection of PBS, LPS, or IL-1a, or the subcutaneous

injection of DMSO or RU-486 (n = 6–9 dams per group). Cervical length was measured again with signs of early premature labor (SEL; 6 h) or signs of active

premature labor (SAL; 12 h).

(G) Plot showing the trend of cervical shortening from the initial measurement (no labor) to signs of early (6 h) and active (12 h) premature labor. Symbols represent

themean andwhiskers represent the SEM. Bar plots showing cervical shortening represented as a percentage of the initial measurement in (H) LPS-induced intra-

amniotic inflammation, (I) sterile intra-amniotic inflammation (IL-1a), and (J) progesterone action blockade (RU-486). Bars represent means, and whiskers

represent standard deviation. p values were determined by Mann-Whitney U tests. *p < 0.05; **p < 0.01. See also Figure S1 and Video S1.
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PBS-injected controls (Figure 2C); yet, such immune mediators were not increased with SAL (Figure S3A). On the other hand, the amniotic fluid

concentrationsof IL-2, IL-13, IL-28, andCXCL5were increasedwithSAL inducedby LPS (Figure S3B)but notwith SEL (Figure 2B). Furthermore, the

LPS-induced increase in the concentrations of several cytokines (e.g., TNF, IL-1b, IL-27, IL-4, IL-5, IL-10, and IL-31) was greater with SAL than with

SEL (Figures 2B, S2, andS3A). The intra-amniotic inflammatory response inducedby IL-1awasmilder than that inducedbyLPS (Figures2B, 2C, S2,

S3A, and S3B vs. Figures 2D, 2E, S3C, and S3D), consistent with amniotic fluid cytokine determinations in pregnant women with either sterile or

microbial intra-amniotic inflammation.60,61 Moreover, SEL and SAL triggered by IL-1a were characterized by increased amniotic fluid concentra-

tionsof specific cytokines (Figures 2Dand2Evs. FiguresS3CandS3D). For example, the intra-amniotic injectionof IL-1a inducedan increase in the

amniotic fluid concentrations of IL-1a, CCL3, andCCL7with SEL (Figure 2E), but this was not observedwith SAL (Figure S3C). IL-1a also induced a

rise in the amniotic fluid concentrations of CXCL5 andM-CSF solely with SAL (Figure S3D). Notably, RU-486 injection did not trigger an intra-am-

niotic inflammatory responsewith SEL andonly inducedan increase in two inflammatorymediators, IL-6 andCCL2, with SAL (Figures 2F andS3E),

suggesting that such a mild intra-amniotic inflammatory response could be a consequence of the process of parturition. Together, these data

show that microbial products, alarmins, and progesterone action blockade each trigger inflammatory responses in the amniotic cavity that differ

in both intensity and nature and that intra-amniotic inflammation can be both a cause and a consequence of the onset of premature labor.

The vaginal microbiome changes with signs of active premature labor solely in the presence of intra-amniotic inflammation

The traditional view is that changes in the vaginal microenvironment precede the onset of premature labor; therefore, the assessment of the

local microbiome or immune response will serve to generate biomarkers to identify women who ultimately delivered a preterm neonate.47

Recently, we generated evidence showing that such an approach serves only to identify a subset of women who will experience spontaneous

preterm birth, namely, those with preterm prelabor rupture of membranes (PPROM).48,49 Interestingly, the intra-amniotic inflammatory

response of women with PPROM is strong,62–64 and this subset of patients is more likely to experience infection of the amniotic cavity caused

by ascension of vaginal bacteria.38,65,66 However, it is unknown whether said alterations in the vaginal microbiome are a cause or a conse-

quence of the intra-amniotic inflammatory response. Therefore, we investigated whether changes in the vaginal microbiome occur before

or together with SAL, where the intra-amniotic inflammatory response is more accentuated in the LPS-induced intra-amniotic inflammation

model of preterm birth (Figure S3A). We also explored the relationship between the vaginal microbiome and intra-amniotic inflammation in

the sterile intra-amniotic inflammation and progesterone action blockade models of preterm birth. To address these research questions, a

vaginal swab was taken from dams without labor prior to administration of the stimulus to induce preterm birth, and a second vaginal swab

was taken with SEL (Figure 3A, STAR Methods) or SAL (Figure 4A, STAR Methods) to study the vaginal microbiome, using 16S rRNA gene

sequencing.

With SEL, neither intra-amniotic LPS nor intra-amniotic IL-1a altered bacterial diversity in the vagina as measured by richness (Figures 3B

and 3E) or by bacterial composition and structure (Figures 3C and 3F; Table S2). The taxonomic identities of the two most prominent (R2%

average relative abundance) amplicon sequence variants (ASVs) for both the LPS and IL-1a groups were Rodentibacter (early phase or

epASV1) (61.0% and 58.3%, respectively) and Muribacter (epASV2) (14.0% and 9.0%, respectively) (Figure S4A). One additional taxon was

prominent with LPS-induced intra-amniotic inflammation, Staphylococcus (epASV6) (3.5%), while two were prominent with sterile intra-amni-

otic inflammation, Lactobacillus (epASV4) (4.2%) and Enterococcus (epASV3) (3.8%) (Figure S4A). No effect on bacterial diversity was observed

with progesterone action blockade (Figures 3H and 3I; Table S2). The prominent taxa observed in this group were Rodentibacter,Muribacter,

and Staphylococcus (43.2%, 30.0%, and 4.3% for epASV1, epASV2, and epASV6, respectively) (Figure S4A). Notably, comparisons of the total

number of ASVs observed in each group prior to labor and with SEL revealed a greater number of shared ASVs than of distinct ASVs regard-

less of stimulus, indicating that the vaginal microbiome in early stages of parturition is relatively unperturbed (Figures 3D, 3G, and 3J). No

differences were found in bacterial diversity in the control groups (PBS or DMSO) with SEL (Figures S4A and S4C; Table S2).

With SAL, intra-amniotic LPS caused a reduction in bacterial richness (Figure 4B) as well as of variation in bacterial profile composition

(Figure 4C; Table S3) and structure (Table S3). A similar but lesser effect was observed for intra-amniotic IL-1a (Figures 4E and 4F;

Table S3), as indicated by the degree of variability in bacterial composition explained by each group (i.e., 18.6% of the variation in bacterial

composition can be explained by LPS-induced intra-amniotic inflammation versus 11.4% due to sterile intra-amniotic inflammation). The taxo-

nomic identities of the two most prominent (R2% average relative abundance) ASVs for both LPS-induced and sterile intra-amniotic inflam-

mation were Rodentibacter (active phase or apASV1) (54.1% and 52.1%, respectively) and Muribacter (apASV2) (19.9% and 26.5%, respec-

tively) (Figure S4B). One additional prominent taxon, Gemella, was also shared (apASV5) (4.3% and 2.4%, respectively) (Figure S4B). The

Figure 2. LPS, IL-1a, and RU-486 trigger distinct intra-amniotic inflammatory responses with signs of early premature labor or active premature labor

(A) Dams were intra-amniotically injected under ultrasound guidance with PBS, LPS, or IL-1a, or subcutaneously with DMSO or RU-486. Amniotic fluid was

collected with signs of early premature labor (SEL; 6 h; n = 6 dams per group) or signs of active premature labor (SAL; 12 h; n = 9–10 dams per group), and

multiple cytokines/chemokines were measured using a multiplex immunoassay.

(B) Heatmap representation and individual plots showing the amniotic fluid concentrations of cytokines/chemokines with SEL in dams injected with PBS or LPS.

(C) Individual plots of immune mediators that were exclusively increased with SEL induced by LPS.

(D) Heatmap representation and individual plots showing the amniotic fluid concentrations of cytokines/chemokines with SEL in dams injected with PBS or IL-1a.

(E) Individual plots of immune mediators that were exclusively increased with SEL induced by IL-1a.

(F) Heatmap representation showing the amniotic fluid concentrations of cytokines/chemokines with SEL in dams injected with DMSO or RU-486.

Data are shown as heatmaps representing the mean of the Z-score of each cytokine/chemokine and violin plots where dashed midlines indicate medians and

dotted lines indicate interquartile ranges. p values were determined by Mann-Whitney U tests. *p < 0.05; **p < 0.01. See also Figures S2 and S3.
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vaginal microbiome in LPS-induced intra-amniotic inflammation included two prominent Streptococcus (apASV3 and apASV4) (8.5% and

5.8%), while that of sterile intra-amniotic inflammation had a prominent presence of Staphylococcus (apASV10) (3.8%) (Figure S4B). No effect

on bacterial diversity was observed after progesterone action blockade (Figures 4H and 4I; Table S3). Prominent taxa in this group included

Figure 3. The vaginal microbiome does not change with signs of early premature labor

(A) An initial vaginal swab was collected without labor, prior to the administration of the stimulus to induce preterm labor (T0). Dams were then intra-amniotically

injected with PBS, LPS, or IL-1a, or subcutaneously with DMSO or RU-486 (n = 6–9 dams per group), and a second vaginal swab was collected with signs of early

premature labor (SEL; 6 h). The diversity of the vaginal microbiomewas evaluated utilizing 16S rRNAgene sequencing data. Paired dot plots illustrate the richness

of the vaginal microbiome accompanying SEL induced by (B) LPS, (E) IL-1a, or (H) RU-486. p values were determined by paired t-tests or Mann-Whitney U tests.

Principal coordinate analysis plots (PCoA) of pairedmicrobiome samples illustrate the composition accompanyingSEL indamswith (C) LPS-induced intra-amniotic

inflammation, (F) sterile intra-amniotic inflammation, or (I) progesterone action blockade. Ellipses indicate 80% confidence intervals. p values were determined by

non-parametricmultivariate analysis of variance (NPMANOVA) tests. Venndiagrams comparingbacterial taxa unique toor sharedby the no labor andSEL states in

dams with (D) LPS-induced intra-amniotic inflammation, (G) sterile intra-amniotic inflammation, or (J) progesterone action blockade. Each group is color-coded

with open symbols representing no labor and filled symbols representing SEL. NS, non-significant. See also Figures S4 and S5 and Table S2.
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Rodentibacter (apASV1),Muribacter (apASV2),Gemella (apASV5), and Streptococcus (apASV3 and apASV4) (at 68.2%, 13.8%, 4.6%, 3.4%, and

2.8%, respectively) (Figure S4B), which were also observed in LPS- and IL-1a-injected dams. Additionally, when assessing the total observed

ASVs in each group, we observed a dramatic reduction in ASVs between the initial time point and SAL induced by intra-amniotic LPS and IL-1a

Figure 4. The vaginal microbiome changes with signs of active premature labor solely in the presence of intra-amniotic inflammation

(A) An initial vaginal swab was collected without labor, prior to the administration of the stimulus to induce preterm labor (T0). Dams were then intra-amniotically

injected with PBS, LPS, or IL-1a, or subcutaneously with DMSO or RU-486 (n = 6–9 dams per group), and a second vaginal swab was collected with signs of active

premature labor (SAL; 12 h). The diversity of the vaginal microbiome was evaluated utilizing 16S rRNA gene sequencing data. Paired dot plots illustrate the

richness of the vaginal microbiome with SAL induced by (B) LPS, (E) IL-1a, or (H) RU-486. p values were determined by paired t tests or Mann-Whitney U

tests. Principal coordinate analysis plots (PCoA) of paired microbiome samples illustrate the shift in composition accompanying SAL in dams with (C) LPS-

induced intra-amniotic inflammation, (F) sterile intra-amniotic inflammation, or (I) progesterone action blockade. Ellipses indicate 80% confidence intervals. p

values were determined by non-parametric multivariate analysis of variance (NPMANOVA) tests. Venn diagrams comparing bacterial taxa unique to or

shared by the no labor and SAL states in dams with (D) LPS-induced intra-amniotic inflammation, (G) sterile intra-amniotic inflammation, or (J) progesterone

action blockade. Each group is color-coded with open symbols representing no labor and filled symbols representing SAL. *p < 0.05; **p < 0.01. NS, non-

significant. See also Figures S4 and S5 and Table S3.
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(Figures 4D and 4G) but not upon RU-486 injection (Figure 4J). No differences in bacterial diversity were found in the control groups (PBS or

DMSO) with SAL (Figures S4B and S4D; Table S3). As evidence that the microbiome changes were driven by the process of active labor, we

confirmed that there were no differences in alpha or beta diversity of the vaginal microbiome at pre-labor sampling among the study groups

(Figures S4E and S4F).

Altogether, these data suggest that LPS-induced intra-amniotic inflammation and sterile intra-amniotic inflammation can lead to alter-

ations in the vaginal microbiome that manifest together with signs of active premature labor but are not apparent with signs of early prema-

ture labor. These variations did not result in a significant change in the prominent bacterial taxa in the vaginalmicrobiome, suggesting that the

selective pressures from the intra-amniotic inflammatory response are likely influencing or more effectively eliminating the rare or lower abun-

dance in members of the microbiome. Therefore, linear discriminant analysis effect size (LEfSe) was used to further evaluate the differences in

relative abundances of bacterial taxa at broader taxonomic scales (i.e., Family and Genus-level, as opposed to ASV-level changes) within the

vaginal microbiome between SEL and SAL for each respective study group. The differences in taxonomic features between no labor and SEL

were limited to only a few taxa for each group (Figures S5A‒S5C). Notably, despite the previously observed variation in bacterial diversity for

both intra-amniotic LPS and intra-amniotic IL-1a with SAL (Figures 4B, 4C, 4E, and 4F), a robust group of taxonomic features was identified as

more relatively abundant before labor than with SAL exclusively in LPS-induced intra-amniotic inflammation (Figure S5D). This observation is

in stark contrast with the greatly limited number of features identified in sterile intra-amniotic inflammation and progesterone action blockade

(Figures S5E and S5F). These data support the concept that LPS-induced intra-amniotic inflammation drives a more substantive response to-

ward the vaginalmicrobiome than sterile intra-amniotic inflammation, affecting awide range of bacterial taxa yet leaving the prominentmem-

bers relatively unaltered. The fact that RU-486 injection did not result in alterations in the vaginal microbiome with signs of early and active

premature labor indicates that not all preterm birth subsets are consistently preceded by changes in the vaginal microenvironment.

Local immune responses in the cervix and vagina occur with signs of early premature labor and active premature labor

Up to this point, we have shown that LPS, IL-1a, and RU-486 induce stereotypic intra-amniotic inflammatory responses with SEL and SAL and

that the vaginal microbiome changes after the onset of preterm parturition in the presence of intra-amniotic inflammation. Changes in the

vaginal microbiome are intertwined with local immune responses41–43,46,67–69; therefore, we next investigated the inflammatory responses

in the cervicovaginal space with SEL or SAL. To address this research question, the cervix was collected in early premature labor, and histo-

logic techniques (Movat pentachrome, immunohistochemistry, and immunofluorescence) were performed to evaluate tissue structure as well

as leukocyte infiltration and identity (Figure 5A, STARMethods). The intra-amniotic administration of LPS or IL-1a resulted in increasedmucin

(green/blue stain) production by cervical epithelial cells compared to controls with SEL (Figure 5B). Such changes in the cervical epithelium

were not evident after RU-486 injection (Figure 5B). Furthermore, leukocyte infiltration was enhanced in the cervixes of dams injected with LPS

and IL-1awith SEL (Figures 5C–5E). Such an increase did not reach statistical significance after injectionwith RU-486 (Figures 5C and 5F). Multi-

plex immunofluorescence revealed that the predominant immune cells infiltrating the cervix with SEL were neutrophils and macrophages,

regardless of the stimuli (Figures 5G–5I). Next, we evaluated the same parameters with SAL. Although no structural changes were evident

between LPS-, IL-1a-, or RU-486-injected and their respective controls (data not shown), a greater infiltration of immune cells, mainly neutro-

phils andmacrophages, was observed with SAL in all threemodels (Figure S6A‒S6G). These data show that cellular immune responses occur

in the cervix with signs of early and active premature labor in the context of LPS-induced and sterile intra-amniotic inflammation, yet such an

immune response can be a consequence of the onset of labor triggered by progesterone action blockade.

Next, we evaluatedwhether leukocyte infiltration in the cervix was accompanied by changes in expression of transcripts related to immune

response,70–72 contractility,73 collagen degradation,72,74–76 and structural functions.77–80 Cervical changes are likely to be synchronized with

those occurring in the vagina,81,82 the niche for the microbial communities that could potentially invade the cervix and ultimately reach the

amniotic cavity31,83; therefore, we also determined gene expression in the vagina. The cervix and vagina were collected with SEL or SAL to

perform targeted RT-qPCR (Figures 6A and S7A STARMethods). Intra-amniotic injection of LPS induced inflammatory responses in the cervix

accompanying SEL or SAL; yet, such responses were distinct (Figures 6B and S7B).With SEL, the expression ofNfkb1,Nfkb2, Tnf,Cxcl1,Cxcl5,

and Tlr4was greater upon LPS injection compared to PBS-injected controls (Figure S7B), but these transcripts were not increased in the active

phase (Figure 6B). Moreover, the expression ofAdamts1,Camp,Ccl2,Has1, Lox,Mmp8, Slpi, Thbs2, and Tncwas increased with SAL induced

by LPS (Figure 6B), but such genes were not altered with SEL (Figure S7B). The intra-amniotic injection of IL-1a induced amilder inflammatory

response in the cervix than LPS; however, it was also distinct between SEL and SAL (Figures 6C and S7C). While the cervical expression of

Cxcl1, Nfkb2, and Casp11 was increased only with SEL, an overexpression of Adamts1, Camp, Mmp8, Mmp9, andOxtr was solely observed

with SAL in the IL-1amodel (Figures 6C and S7C). The administration of RU-486 induced a mild inflammatory response in the cervix with SEL

showing decreased expression of Cxcl10 and Tlr4, which were not altered with SAL (Figures 6D and S7D). Notably, a massive transcriptomic

response was observed in the cervix with SAL in the RU-486 model, with an increased expression of Ccl2, Cldn4, Il6, Krt8, Lox,Mmp8, Nlrp3,

Oxtr, Ptgs2, Thbs1, and Tnc, as well as a reduced expression of Casp1, Casp11, Col3a1, Dcn, Defb1, Has2, Il18, Lum, andMmp9, which were

not altered with SEL (Figures 6D and S7D). It is worthmentioning that the expression ofOxtr andGja1 (i.e., key molecules for cervical contrac-

tility73) in the cervix was increased with SAL in all three study groups compared to controls (Figures 6B–6D), providing molecular evidence of

the ongoing parturition cascade.

Gene expression profiles in the vagina were also altered with SEL and SAL. Specifically, with SEL, the vaginal expression of Has2 was

increased but that of Il1b, Thbs1, and Cxcr2 was reduced upon LPS administration compared to controls (Figure S7E). None of these tran-

scripts were altered with SAL (Figure 6E). Moreover, the vaginal expression of Camp, Casp11, Ccl2, Cxcl1, Gja1, Il6, Lox, Mmp8, Nfkb2,
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Figure 5. Local immune responses in the cervix with signs of early premature labor or active premature labor

(A) Dams were intra-amniotically injected under ultrasound guidance with PBS, LPS, or IL-1a, or subcutaneously with DMSOor RU-486 (n = 3 dams per group). The

cervix was collected with signs of early premature labor (SEL; 6 h) and histology was utilized to evaluate structure by Movat pentachrome staining, leukocyte

infiltration by immunohistochemistry, and leukocyte subsets by multiplex immunofluorescence.

(B) RepresentativeMovat pentachrome staining images of the cervix from control (PBS andDMSO) and preterm labor (LPS, IL-1a, and RU-486)mice with SEL. Blue

staining indicates mucin, yellow indicates collagen, and red/bright red indicates muscle/fibrin. Nuclei appear as dark blue/black.

(C) Representative images showing 3,30diaminobenzidine (DAB) immunohistochemistry to detect the pan-leukocyte marker CD45 in the cervix of control (PBS

and DMSO) and premature labor (LPS, IL-1a, and RU-486) mice (n = 3 per group) with SEL.

(D‒F) Semi-quantification of the percentage of CD45+ cells among all cells for each study group comparison. Data are shown as dot plots wheremidlines indicate

medians and whiskers indicate minimum and maximum values. p values for the comparisons between groups were determined by unpaired t tests. *p < 0.05.

(G‒I) Representative merged images showing the co-localized immunofluorescence detection of neutrophils (Ly6G+ cells, pink), monocytes/macrophages (F4/

80+ cells, green), T cells (CD3+ cells, red), B cells (CD19+ cells, light pink), and NK cells (NCR1+ cells, yellow) in the cervices of treatedmice (LPS, IL-1a, and RU-486)

(n = 3 per group) with SEL. Nuclear staining is shown in blue (40,6-diamidino-2-phenylindole; DAPI). Images were taken at 20Xmagnification. Scale bars represent

50mm. See also Figure S6.
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Slpi, and Tnf was increased with SAL induced by LPS (Figure 6E), but such genes were not altered with SEL (Figure S7E). The intra-amniotic

injection of IL-1a induced a minimal response in the vagina accompanying SEL, with Cxcl10 being exclusively increased with SEL but not with

SAL (Figures 6F and S7F). Yet, intra-amniotic IL-1a resulted in the upregulated expression of Adamts1, Camp, Casp11, Cxcl1, Cxcl5, Cxcr2,

Gja1,Has1, Il1b,Mmp8,Mmp9,Nfkb2,Oxtr, Slpi, Thbs1, and Thbs2 in the vagina with SAL (Figure 6F). RU-486 induced amild response in the

vagina with SEL, showing a decreased expression of Cldn1 that was not altered with SAL (Figures 6G and S7G). The vaginal gene expression

profile was greater with SAL than with SEL, showing an overexpression of Ccl2, Cldn4, Gja1, Il6, and Tnc and downregulation of Casp1 (Fig-

ure 6G). Last, the vaginal expression of Oxtr, Gja1, and Adamts1 was increased with SAL among all three preterm birth models

(Figures 6E–6G).

Collectively, these results indicate that changes in cervical and vaginal transcriptomic activity are evident, but modest, with signs of early

premature labor, regardless of the nature of the labor-inducing stimulus; however, such gene expression is enhanced with signs of active pre-

mature labor after the establishment of parturition.

LPS, IL-1a, and RU-486 facilitate bacterial ascension into the amniotic cavity, resulting in preterm birth

The aforementioned findings showed that cervico-vaginal processes, including inflammation, are evident with SEL regardless of the stimuli.

Previous research has shown a heightened occurrence of intra-amniotic infection and histologic chorioamnionitis in women undergoing active

labor compared to those not in labor at term.84,85 Therefore, we reasoned that the onset of labor, which occurs before observing signs of early

labor,53,86–88 could facilitate the ascension of microbes from the lower genital tract into the amniotic cavity (Figure 7A). To test this hypothesis,

pregnantmice received the stimuli to induce pretermbirth or the respective vehicle control, and immediately afterward (i.e., in the absence of

cervical shortening) underwent the ultrasound-guided vaginal inoculation of GFP-expressing E. coli (E. coli GFP) (Figure 7B, STAR Methods).

Bacterial ascension, as evidenced by the detection of the GFP signal in the uterine tissues and amniotic fluid, was assessed at 2–3 h and 6–8 h

post-inoculation (Figure 7B), given that mice receiving LPS, IL-1a, or RU-486 followed by bacterial inoculation delivered preterm neonates

within 10–12 h (data not shown). Bacterial ascension was evident at 6–8 h post-inoculation in dams injected with LPS, IL-1a, or RU-486 (Fig-

ure 7C) together with signs of labor (data not shown). Yet, the GFP signal was not observed in control dams injected with PBS or DMSO (Fig-

ure 7C) or in background controls that received intra-vaginal PBS (data not shown). The magnitude and localization of the fluorescent signal

are shown by 3D representations in dams undergoing bacterial ascension and in controls (Figure 7D). We confirmed that the fluorescence

signal detected transabdominally was indeed emitted by the intra-uterine compartment, as evidenced by the representative images shown

in Figure 7E. Importantly, the GFP signal was also observed in the amniotic fluid (Figure 7F). Indeed, the amniotic fluid GFP signal was de-

tected in 100% of dams with LPS-induced intra-amniotic inflammation (Figure 7G), in 80% of dams with sterile intra-amniotic inflammation

(Figure 7H), and in 60% of the dams with progesterone action blockade (Figure 7I). Hence, preterm labor induced bymicrobial products, alar-

mins, or progesterone action blockade facilitates the ascension of bacteria from the lower genital tract into the amniotic cavity.

DISCUSSION

Investigations of the vaginal microbiome during gestation revealed a delicate interplay between the host and commensal microbes that is

essential for a healthy pregnancy.81,89–92 Disruptions of this balance have been linked to preterm birth41–44,46,93; however, detecting changes

in the vaginal microbiome as a reliable, clinically relevant biomarker for preterm birth remains challenging.47 Herein, we demonstrated that

the vaginal microbiome is altered only with signs of active premature labor induced by intra-amniotic LPS or IL-1a, but not by progesterone

action blockade, indicating that not all preterm births are preceded by changes in the vaginal microbiome. These results may provide an

explanation as to why the sole consideration of the vaginal microbiome, but not other factors implicated in the host response, is generally

insufficient to be used as a biomarker for preterm birth. Indeed, our group is part of a multidisciplinary team that has recently undertaken

a longitudinal investigation to study the vaginal microbiome48 and the vaginal immunoproteome49 in spontaneous preterm birth cases (pre-

term labor with intact membranes or PPROM). We found that the predictability of premature birth using either the vaginal microbiome or the

immunoproteome varies according to the preterm birth subset, with the vaginal immunoproteome being the best predictor of early PPROM

(i.e., delivery <34 weeks),49 a subset of preterm births with a high rate of adverse perinatal outcomes.94,95 Similarly, the vaginal microbiome

was a better predictor of early PPROM than other preterm birth subsets48; yet, such predictive power was not superior to that of the vaginal

immunoproteome.49 Hence, we are currently investigating whether a comprehensive approach that combines the study of the vaginal micro-

biome through metagenomics and the vaginal immunoproteome can provide better insights into the host-microbiome interactions in the

cervico-vaginal niche in the context of spontaneous preterm birth. We hypothesize that this combined approach will enhance the power

to predict spontaneous preterm births, as compared to studying each component separately.

We also showed herein that the alteration of the vaginal microbiome induced by intra-amniotic LPS or IL-1a together with signs of active

premature labor included a reduction in bacterial richness and variation in the bacterial profile composition, which did not significantly affect

Figure 6. Local immune responses in the cervix and vagina with signs of early premature labor or active premature labor

(A) Dams were intra-amniotically injected under ultrasound guidance with PBS, LPS, or IL-1a, or subcutaneously with DMSO or RU-486 (n = 9–10 dams per group).

The cervix and vagina were collected with signs of early premature labor (SEL; 6h) or signs of active premature labor (SAL; 12 h), and targeted RT-qPCR was

utilized to assess gene expression. Heatmap representations showing differential gene expression (-DCT) in the cervices of dams injected with (B) PBS or LPS,

(C) PBS or IL-1a, and (D) DMSO or RU-486 with SAL. Heatmap representations showing differential gene expression (-DCT) in the vagina of dams injected

with (E) PBS or LPS, (F) PBS or IL-1a, and (G) DMSO or RU-486 with SAL. Heatmaps represent the mean of the Z-score of –DCT. p values were determined by

Mann-Whitney U tests. *p < 0.05; ***p < 0.001. See also Figure S7.
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the most prominent bacterial taxa in the vaginal microbiome. These results indicate that the intra-amniotic inflammatory response is influ-

encing those members of the vaginal microbiome with lower relative abundance. Notably, the vaginal microbiome in the vehicle control

groups sampled at 0 and 6h, or at 0 and 12 h, was not altered following the repeated swabbing, suggesting that temporally separated swabs

do not affect the diversity of the vaginal microbiome. A previous human study showed that women with spontaneous premature labor and

intra-amniotic inflammation displayed higher diversity in their vaginal microbiome but without differences in richness.96 Moreover, amniotic

fluid concentrations of IL-6 were inversely correlated with the bacterial load of Lactobacillus spp. in the vaginal fluid of women with sponta-

neous premature labor and intra-amniotic inflammation.96 These results are in line with our findings of an altered vaginal microbiome only in

the context of preterm labor with intra-amniotic inflammation. Yet, the specific mechanisms whereby only some specific cervico-vaginal bac-

terial taxa are affected by intra-amniotic inflammation require further investigation. Furthermore, prior studies have documented that alter-

ations in othermurine niches, such as the gutmicrobiome, can be detected as early as 4–6 h.97,98 Therefore, this evidence supports our current

data by showing that mice are indeed susceptible to rapid detectable changes in their microbiome.

The current study utilized three different murine models of preterm birth to demonstrate that each stimulus drives different underlying

mechanisms of disease. While the intra-amniotic injection of LPS induced a massive inflammatory response in the amniotic cavity, the

response induced by IL-1awasmilder. Moreover, these intra-amniotic inflammatory responses were distinct between signs of early and active

premature labor. Such differences could be attributed not only to the stage of labor but also to the intrinsic kinetics triggered by the different

inflammatory stimuli; yet, the latter concept requires further experimentation with a time course for each specific model of preterm labor and

birth. Previous investigations by our group have shown that the amniotic fluid concentrations of immunemediators are different and greater in

women with microbial intra-amniotic inflammation than in those with sterile intra-amniotic inflammation,60,61 although both entities result in

similar clinical outcomes.36 Furthermore, using RNA-sequencing, we previously showed that the chorioamniotic membranes of women with

microbial intra-amniotic inflammation display distinct transcriptomic profiles from those with sterile intra-amniotic inflammation.99 Indeed,

the immune response in the chorioamniotic membranes of women with sterile intra-amniotic inflammation was milder than that induced

by microbes and involved the upregulation of alarmins.99 Nonetheless, the results of our current investigation, together with animal studies

wherein the administration of microbes10,12,19,23,25,100 or alarmins13,18,20–22,101–103 in the amniotic cavity induced premature labor and birth,

indicate that the microbial product- or alarmin-induced intra-amniotic inflammatory response can be a cause of labor.

Herein, we also report that RU-486 induced only a mild intra-amniotic inflammatory response accompanying signs of active premature

labor. This finding is consistent with a study using the progesterone action blockade model of preterm birth that showed no increase in in-

flammatory mediators in the amniotic fluid or in the fetal brain during early phases of premature labor (i.e., 6 h after administration of RU-

486).104 Moreover, we previously showed that RU-486 induces preterm labor accompanied only by increased amniotic fluid concentrations

of IL-23 and a tendency for increased IL-6 in more advanced premature labor (i.e., 12–16 h after administration of RU-486).40 These results

are in line with our current findings and demonstrate that, in the clinical scenario wherein preterm birth is caused by progesterone deficiency,

intra-amniotic inflammation is a consequence of the process of labor rather than a cause.

In the current study, we investigated the local inflammatory response induced by different stimuli in the cervico-vaginal microenvironment

and demonstrated an inflammatory milieu that increased from signs of early premature labor to signs of active premature labor. Our data are

in line with previous transcriptomic studies of the cervix at term, which together provided the following evidence for a continuumof increasing

inflammation prior to and during labor: (1) modulation of biological processes related to structural changes, but not inflammation, was re-

ported during ripening prior to labor105; (2) upregulation of immunological processes takes place during shortening prior to labor106; and

(3) inflammatory processes occur in tandem with dilatation in women with labor at term.107 The immune cellular infiltration in the cervical tis-

sues during the process of labor has been previously demonstrated to be predominantly driven by innate immune cells,108–117 which is consis-

tent with the findings presented herein.Moreover, we recently used single-cell RNA sequencing to reveal that premature labor inducedby the

intra-amniotic inoculation of E. coli also induces the cervical infiltration of neutrophils together with transcriptomic alterations in innate im-

mune cells and epithelial cells.25 Here, we showed for the first time that sterile intra-amniotic inflammation induces immune and structural

changes in the cervico-vaginal space. Furthermore, while local inflammation is observed with signs of early and active premature labor, alter-

ation of the cervico-vaginal microbiome is found only at the latter time point, suggesting that the cervical immune response precedes and

shapes changes to the microbiome prior to premature birth. This finding may have clinical implications and can potentially explain why the

evaluation of the vaginal microbiome alone has not been successful for the prediction of premature labor and preterm birth. It is worth

Figure 7. LPS, IL-1a, and RU-486 facilitate bacterial ascension into the amniotic cavity resulting in preterm birth

(A) We hypothesized that preterm labor would facilitate the ascension of bacteria from the vagina into the intra-amniotic space, a phenomenon that would be

limited in the absence of preterm labor.

(B) Dams were intra-amniotically injected under ultrasound guidance with PBS, LPS, or IL-1a, or subcutaneously with DMSO or RU-486 (n = 5 dams per group).

Immediately after the injection of the stimuli, GFP-expressing Escherichia coli (E. coliGFP) were inoculated in the cervico-vaginal space next to the external limit

of the cervix under ultrasound guidance (T0). Six-to-eight h later, IVIS imaging of the abdomen, peritoneal cavity, and amniotic fluid was performed to detect

bacterial ascension.

(C) Representative images showing the detection of the bacteria in the abdomen of dams from each study group.

(D) Representative 3D plots showing the distribution and magnitude of the fluorescent signal detected in dams among the study groups.

(E) Representative images of the intra-peritoneal organs and the uterus showing the localization of the fluorescence signals within the abdominal cavity.

(F) Amniotic fluid collected from dams showing the fluorescent signal detected by IVIS imaging in each study group. Bar plots showing the rate of positive

fluorescence signal detection in the amniotic fluid of dams injected with (G) PBS or LPS, (H) PBS or IL-1a, and (I) DMSO or RU-486. All fluorescence images

were adjusted to the same scale shown at the bottom of the figure.

ll
OPEN ACCESS

iScience 26, 108341, December 15, 2023 13

iScience
Article



mentioning that an inflammatory response during premature labor was also observed in the vaginal tissues, the role of which during labor has

been largely under-investigated.

Multiple routes for microbial invasion of the amniotic cavity have been proposed, such as the ascension of microbes from the lower genital

tract through the cervix, hematogenous dissemination, retrograde invasion from the peritoneal cavity through the fallopian tubes, and acci-

dental introduction of microbes during an invasive procedure (e.g., amniocentesis).8,9,31,118,119 We recently demonstrated that ascending in-

vasion is the primary route by which microbes access the amniotic cavity in humans, as evidenced by the high degree of similarity between

bacterial profiles from the vaginal fluid and amniotic fluid of the same pregnant women.31 In line with this concept, animal models have shown

that the intra-cervical or intra-vaginal inoculation of bacteria can induce preterm birth via an ascending mechanism.71,120–124 Chemical

agents122 or microbes67,69,76,125–127 in the cervico-vaginal space may cause epithelial damage, which could then promote the ascension of

bacteria leading to preterm birth. Moreover, mice lacking a key gene for epithelial integrity, Has2, experience high rates of preterm birth

upon intra-vaginal inoculation of E. coli,71 suggesting that disruption of local defense mechanisms can encourage bacterial ascension. Alter-

natively, in the current study, we show that the inflammatory milieu in the amniotic cavity induced by LPS or IL-1a can perturb the gene expres-

sion of keymolecules related to structure and contractility in the cervix, whichmay also facilitate bacterial ascension. Our results are in line with

previous investigations demonstrating structural and transcriptomic changes in the cervix after the intra-uterine injection of LPS.70,72,128–130

Indeed, using our model of intra-amniotic E. coli-induced premature labor and birth, we showed that the biological processes enriched in

epithelial cells and infiltrating innate immune cells in the cervix were associated with anti-bacterial immune responses.25 Moreover, cell-

cell signaling pathways related to extracellular matrix were strongly represented in the murine cervix from dams undergoing premature labor

induced by intra-amniotic inoculation of E. coli.25 Thus, microbial intra-amniotic inflammation can alter cellular functionality in the cervix,

whichmay ultimately promote bacterial ascension. Finally, herein we demonstrated for the first time that the premature process of labor itself,

regardless of the specific stimuli, facilitated the ascension of bacteria from the vagina into the amniotic cavity. Although the exactmechanisms

that allow such ascension were not elucidated in the current study, our results support human data demonstrating that uterine contractions

can exert a ‘‘suction-like effect’’,131 which could introduce microbes from the vagina into the amniotic cavity and trigger a local acute inflam-

matory response in the active phase of labor, as supported by the higher rates of microbial invasion of the amniotic cavity and histologic cho-

rioamnionitis in womenwith active labor compared to those in the latent phase of labor or thosewithout labor at term.84,85 Yet, such processes

had not been investigated during premature labor.

Collectively, this study reveals the interplay between the host and microbiome in the cervico-vaginal microenvironment across three

distinct subsets of preterm labor and birth: LPS-induced intra-amniotic inflammation, sterile intra-amniotic inflammation, and progesterone

action blockade. First, we demonstrated that intra-amniotic LPS triggers inflammatory responses in the amniotic cavity and cervico-vaginal

space that differ between signs of early and active premature labor, leading to alteration of the vaginal microbiome and impending delivery.

Intra-amniotic delivery of IL-1a induced a moderate inflammatory response in the amniotic cavity and cervico-vaginal tissues that differs be-

tween signs of early and active labor, causing a disruption of the vaginal microbiome accompanying signs of active premature labor prior to

preterm birth. Conversely, progesterone action blockade by RU-486 only induced intra-amniotic inflammation and triggered increasing in-

flammatory responses in the cervico-vaginal microenvironment with signs of active premature labor but did not alter the vaginal microbiome.

Notably, preterm labor induced by any of the three stimuli facilitated the ascension of bacteria into the amniotic cavity. Taken together, our

findings have uncovered compelling mechanistic insights into the dynamic host-microbiome interactions within the cervico-vaginal microen-

vironment, which are implicated in the onset of premature labor. This newfound understanding has the potential to significantly advance the

development of non-invasive biomarkers for pretermbirth, ultimately improving clinical outcomes for expectant mothers and their newborns.

LIMITATIONS OF THE STUDY

Our study is not exempt from some limitations. First, the diagnosis of labor in humans is based on clinical signs of uterine contractions and

cervical modifications evaluated by digital examination. However, given that digital examination is not feasible in mice, the sonographic find-

ings of cervical shortening and uterine contraction-like movements in tandem with the molecular signatures of labor (e.g., upregulation of

contractility-associated genes) strongly support our diagnosis of labor in mice. Moreover, while the latent (i.e., early) and active phases of

labor have been characterized in human parturition at term, they have not been described in premature labor.132–135 Therefore, due to

the lack of nomenclature and description of these phases in premature labor in humans or mice, we referred to them as ‘‘signs of early pre-

mature labor’’ and ‘‘signs of active premature labor.’’ Lastly, the ascension of bacteria was determined based on fluorescent signals, and bac-

teria quantification or viability was not assessed. Yet, the dramatic differences observed between the preterm labor and vehicle control

groups were sufficient to demonstrate that premature labor facilitates the ascension of bacteria. Therefore, whether the premature labor-facil-

itated ascending bacteria are viable and capable of causing harm in utero requires further investigation.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Nardhy Gomez-

Lopez (nardhy@wustl.edu).

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal rabbit anti-mouse CD45 antibody; clone D3F8Q Cell Signaling Technology Cat# 70257S, RRID:AB_2799780

Polyclonal rabbit anti-mouse NCR1 antibody Abcam Cat# Ab214468, RRID:AB_2814876

Monoclonal rabbit anti-mouse F4/80 antibody; clone D2S9R Cell Signaling Technology Cat# 70076S, RRID:AB_2799771

Monoclonal rabbit anti-mouse CD3e antibody; clone E4T1B Cell Signaling Technology Cat# 78588S, RRID:AB_2889902

Monoclonal rabbit anti-mouse CD19 antibody; clone D4V4B Cell Signaling Technology Cat# 90176S, RRID:AB_2800152

Monoclonal rabbit anti-mouse Ly6G antibody; clone E6Z1T Cell Signaling Technology Cat# 87048S, RRID:AB_2909808

Bacterial and virus strains

Escherichia coli GFP American Type Culture

Collection (ATCC)

ATCC #25922GFP

Chemicals, peptides, and recombinant proteins

Lipopolysaccharide from Escherichia coli 0111:B4 Sigma Aldrich Cat. L4391

Recombinant Human Interleukin 1-alpha R&D Systems Cat. 200-LA/CF

RU-486 Sigma Aldrich Cat. M8046

Critical commercial assays

ProcartaPlex Mouse Cytokine &

Chemokine Panel 1A 36-plex

Invitrogen by Thermo

Fisher Scientific

EPX360-26092-901

Deposited data

16S rRNA gene sequencing files and metadata NCBI Sequence Read Archive PRJNA974164

Experimental models: Organisms/strains

C57BL/6 mice The Jackson Laboratory Stock# 000664

Oligonucleotides

TaqMan assays for RT-qPCR, see Table S4

Software and algorithms

GraphPad Prism v9.5.0 GraphPad https://www.graphpad.com/features

ImageJ software NIH https://imagej.net/ij/

R Project R Project https://www.r-project.org/

Other

QIAshredders Qiagen Cat# 79656

RNAlater stabilization solution Invitrogen Cat# AM7021

RNase-free DNase Qiagen Cat# 79254

RNeasy Mini Kit Qiagen Cat# 74104

SuperScript IV VILO master mix Invitrogen Cat# 11756050

DNeasy PowerLyzer Powersoil kit Qiagen Cat# 47014

MOVAT’s Pentachrome Staining Kit ScyTek Laboratories Cat# MPS-1
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Materials availability

This study did not generate new unique reagents.

Data and code availability

� 16S rRNA gene sequencing files and associatedmetadata have been uploaded to theNational Center for Biotechnology Information’s

Sequence Read Archive (NCBI Sequence Read Archive: PRJNA974164).
� No unique code was generated during the study. Code supporting the study are available from the corresponding author.
� Any additional information required to reanalyze the data reported in this work is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

C57BL/6mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA) and bred in the animal care facility at the C.S. Mott Center

for Human Growth and Development at Wayne State University (Detroit, MI, USA). All mice were kept under a circadian cycle (light:dark =

12:12 h). Females, 8–12 weeks old, were bred with males and were checked daily between 8:00 a.m. and 9:00 a.m. for the appearance of a

vaginal plug, which indicated 0.5 days post coitum (dpc). Females were then housed separately from the males and their weights were moni-

tored daily. A weight gain ofR2 g by 12.5 dpc confirmed pregnancy. All procedures were approved by the Institutional Animal Care and Use

Committee (IACUC) atWayne StateUniversity (ProtocolNo. 18-03-0584 and 21-04-3506). Different groups ofmicewere utilized in this study: 1)

to establish the feasibility of evaluating the cervical length by ultrasound, 2) to evaluate the cervical shortening utilizing LPS-induced intra-

amniotic inflammation, sterile intra-amniotic inflammation, or a progesterone blockade model of preterm birth, 3) to collect vaginal swab

samples and harvest tissues for cytokine/chemokine evaluation, targeted gene expression, and histological analyses, and 4) to test whether

preterm labor facilitates bacterial ascension from the cervico-vaginal space into the amniotic cavity.

METHOD DETAILS

Ultrasound evaluation of cervical length

Damswere anesthetized on 16.5 dpc by inhalation of 2% isoflurane [Fluriso� (Isoflurane, USP) Vetone Boise, ID, USA] and 2 L/min of oxygen in

an induction chamber, and a mixture of 1.5–2% isoflurane and 1.5–2 L/min of oxygen was used to maintain anesthesia. Mice were positioned

on a heating pad, stabilized with adhesive tape, and fur was removed from the abdomen using Nair cream (Church & Dwight Co., Inc., Ewing,

NJ, USA) as previously described.13,15,16,18–22,101,136–139 Sterile forceps were utilized to expose the vulva, and 150 mL of Sterile Aquasonic� 100

ultrasound transmission gel (Parker laboratories, Fairfield, NJ, USA), was administered into the vagina, creating contrast to clearly detect the

external limit of the uterine cervix (i.e., external os). First, a 3D reconstruction of the cervix was performed utilizing the 3D motor stage of the

Vevo� 2100 Imaging System (VisualSonics Inc., Toronto, Ontario, Canada). For cervical length measurement, the ultrasound probe was posi-

tioned sagittal in relation to the long axis of the abdomen andmobilized with amechanical holder. The cervix was positioned in a longitudinal

view. Cervical length was measured from the internal to the external limit of the cervix, at least three times per mouse, and its average was

utilized as the final value for cervical length. Cervical shortening was calculated as the percentage of reduction of the cervical length between

an initial evaluation before the intra-amniotic or subcutaneous injection and 6 h [signs of early labor (SEL), corresponding to the earliest time-

point when cervical shortening can be accurately determined] or 12 h [signs of active labor (SAL), corresponding to the timepoint closest to the

earliest preterm delivery] later.

Ex vivo measurement of cervical length

Mice were euthanized on 16.5 dpc immediately after the ultrasound measurement of the cervical length and placed in a dissection pad. The

midline of the abdomen and peritoneum were opened, the bladder was pulled down, and the adipose tissue surrounding the cervix and va-

gina, as well as the rectumwere removed. The pubic symphysis was cut and the anterior wall of the vagina was opened longitudinally until the

visualization of the external os of the cervix. The vaginal tissue surrounding the cervix was carefully dissected, and the internal os was identified

and sectioned. The extracted cervix was photographed next to a ruler that was utilized as a reference to calculate the cervical length using

ImageJ (NIH, Bethesda, MD, USA). The calculation of the cervical length in the tissues was done by two independent investigators, and their

average was utilized for the comparison with the cervical length obtained by the ultrasonographic approach.

Ultrasound-guided intra-amniotic injections

On 16.5 dpc,micewere anesthetized as described above. The ultrasound-guided intra-amniotic injection of lipopolysaccharide of Escherichia

coliO111: B4 (LPS, Sigma-Aldrich, St. Louis, MO, USA) at a concentration of 100 ng dissolved in 25 mL of sterile 1X phosphate-buffered saline

(PBS; Life Technologies, Grand Island, NY, USA), IL-1a (Cat. 200-LA/CF, R&D Systems, Inc., Minneapolis, MN, USA) 100 ng per 25 mL of sterile

PBS was performed in each amniotic sac using a 30-G needle (BD PrecisionGlide Needle; Becton Dickinson, Franklin Lakes, NJ, USA). Control

dams were injected with 25 mL of sterile PBS. Successful intra-amniotic injection was verified by using color Doppler ultrasound to identify the

‘‘injection jet sign’’.21,24,102 After ultrasound completion, mice were placed under a heating lamp for recovery, which was defined as when the

mouse resumed normal activities, such as walking and responding, and typically occurred within 5 min after removal from anesthesia. A first

group ofmice was utilized to evaluate the time from injection to delivery to establish the timepoints for SEL and SAL. To reduce the number of
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mice, observational data from dams injected with PBS or IL-1a was taken from a separate study that was conducted from our group at the

same time and in the same institution as the observational experiments included herein.20

Subcutaneous injections of RU-486

Dams were injected subcutaneously (s.c.) on 16.5 dpc with 150 mg/100 mL of RU-486 (Sigma Aldrich) dissolved in DMSO (Sigma-Aldrich) and

diluted 1:13 in PBS, or 100 mL of DMSO diluted 1:13 in PBS as a control.

Video monitoring

Pregnancy outcomes were recorded via video camera (Sony Corporation, Tokyo, Japan) to determine gestational length and rate of preterm

birth. Preterm birth was defined as delivery occurring before 18.5 dpc and its rate was represented by the percentage of females delivering

preterm among the total number of mice injected.

Sampling of maternal-fetal tissues for molecular and histologic experiments

Pregnant mice received an intra-amniotic injection of LPS, IL-1a, or PBS or subcutaneous injection of RU-486 or DMSOon 16.5 dpc. Mice were

euthanized with SEL (6 h after administration of stimuli) or SAL (12 h after administration of the stimuli) for tissue collection. The amniotic fluid

was collected from each amniotic sac and centrifuged at 1,300 3 g for 5 min at 4�C. The resulting supernatants were stored at �20�C until

analysis. After dissection of the uterine horns, the vaginal tissue was carefully removed, and the upper limit of the cervix was incised to isolate

the cervical tissue. The cervix and vagina were preserved in RNAlater Stabilization Solution (Cat# AM7021; Invitrogen by Thermo Fisher Sci-

entific, Carlsbad, CA, USA), according to the manufacturer’s instructions, and stored at�80�C until RNA extractions for reverse transcription-

quantitative polymerase chain reaction (RT-qPCR). Tissues for histological analyses were fixed in 10% Neutral Buffered Formalin (Surgipath,

Leica Biosystems, Wetzlar, Germany) and embedded in paraffin. Five-mm-thick sections were cut and mounted on Superfrost� Plus micro-

scope slides (Cat. No. 48311-703, VWR International, LLC. Radnor, PA, USA).

Determination of cytokine concentrations in amniotic fluid

The concentrations of cytokines/chemokines in themurine amniotic fluid were determined using the ProcartaPlexMouse Cytokine & Chemo-

kine Panel 1A 36-plex (Invitrogen by Thermo Fisher Scientific), according to the manufacturer’s instruction, to determine: IFN-a, IFN-g, IL-

12p70, IL-1b, IL-2, TNF, GM-CSF, IL-18, IL-17A, IL-22, IL-23, IL-27, IL-9, IL-15/IL-15R, IL-13, IL-4, IL-5, IL-6, IL-10, Eotaxin (CCL11), IL-28, IL-3,

LIF, IL-1a, IL-31, GRO-a (CXCL1), MIP-1a (CCL3), IP-10 (CXCL10), MCP-1 (CCL2), MCP-3 (CCL7), MIP- 1b (CCL4), MIP-2 (CXCL2), RANTES

(CCL5), G-CSF, M-CSF, and ENA-78 (CXCL5). An FLEXMAP 3D (Luminex Corporation, Austin, TX, USA) was used to read the plates and

the concentrations of analytes were calculated using the Xponent version 4.2 (Luminex). The sensitivities of the assays were 3.03 pg/mL

(IFN-a), 0.09 pg/mL (IFN-g), 0.21 pg/mL (IL-12p70), 0.14 pg/mL (IL-1b), 0.10 pg/mL (IL-2), 0.39 pg/mL (TNF), 0.19 pg/mL (GM-CSF), 9.95

pg/mL (IL-18), 0.08 pg/mL (IL-17A), 0.24 pg/mL (IL-22), 2.21 pg/mL (IL-23), 0.34 pg/mL (IL-27), 0.28 pg/mL (IL-9), 0.42 pg/mL (IL-15/IL-15R),

0.16 pg/mL (IL-13), 0.03 pg/mL (IL-4), 0.32 pg/mL (IL-5), 0.21 pg/mL (IL-6), 0.69 pg/mL (IL-10), 0.01 pg/mL (Eotaxin/CCL11), 20.31 pg/mL

(IL-28), 0.11 pg/mL (IL-3), 0.28 pg/mL (LIF), 0.32 pg/mL (IL-1a), 0.45 pg/mL (IL-31), 0.05 pg/mL (GRO-a/CXCL1), 0.13 pg/mL (MIP-1a/CCL3),

0.26 pg/mL (IP-10/CXCL10), 3.43 pg/mL (MCP-1/CCL2), 0.15 pg/mL (MCP-3/CCL7), 1.16 pg/mL (MIP-1b/CCL4), 0.37 pg/mL (MIP-2/

CXCL2), 0.35 pg/mL (RANTES/CCL5), 0.19 pg/mL (G-CSF), 0.02 pg/mL (M-CSF), and 5.67 pg/mL (ENA-78/CXCL5).

DNA extraction from vaginal swab samples

Vaginal samples were taken utilizing FLOQSwabs� (COPAN diagnostics, Murrieta, CA, USA). An initial vaginal swab was collected in the

absence of labor, prior to the administration of the stimulus to induce preterm labor (T0). Dams were then intra-amniotically injected with

PBS, LPS, or IL-1a, or subcutaneously with DMSO or RU-486, and a second vaginal swab was collected with signs of early premature labor

(SEL; 6 h). The same procedure was performed in a second group of mice, except that the second vaginal swab was taken with signs of active

labor (SAL; 12 h). Therefore, both the SEL and SAL groups of mice were only sampled twice. All swab samples collected for 16S rRNA gene

sequencing were stored at �80�C until DNA extractions were performed. All extractions were performed within a biological safety cabinet

with personnel donning a sterile gown, sterile sleeves, sterile gloves, and a facial mask.

Genomic DNA was extracted from vaginal swab samples (and blank extraction kit controls) using the DNeasy PowerLyzer Powersoil kit

(Qiagen, Germantown, MD, USA), with minor modifications to the manufacturer’s protocols as previously described.140–142 Specifically,

400 mL of Powerbead solution, 200 mL of phenol:chloroform:isoamyl alcohol (pH 7–8), and 60 mL of preheated solution C1 were added to

the provided bead tubes following UV treatment. Next, vaginal swabs were added to the tubes. Tubes were briefly vortexed, and cells me-

chanically lysed in a bead beater for two rounds of 30 sec each. Supernatants were transferred to new tubes, following 1 minute of centrifu-

gation, and 1 mL of PureLinkTM Rnase A (Invitrogen), 100 mL of solution C2, and 100 mL of solution C3 were added. Tubes were then incubated

at 4�C for 5 min. Lysates were transferred to new tubes containing 650 mL of C4 solution and 650 mL of 100% ethanol after a 1 min centrifu-

gation. Lysates were then loaded onto filter columns 635 mL at a time, centrifuged for 1 min, and the flowthrough discarded. To ensure all

lysate passed through the filter columns, this wash process was repeated three times. After the wash steps, 500 mL of solution C5 were loaded

into the filter columns and centrifuged for 1 min. The flowthrough was discarded, and then to dry the filter columns, the tubes were centri-

fuged for 2 min. After transferring the spin columns to clean 2.0 mL collection tubes, 60 mL of pre-heated solution C6 were added directly to
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the center of the columns. Following a 5 min room temperature incubation, the tubes were centrifuged for 1 min to elute the purified DNA.

Purified DNA was then transferred to new 2.0 mL collection tubes and stored at �20�C.

16S rRNA gene sequencing of swab samples

The V4 region of the 16S rRNA gene was amplified and sequenced via the dual indexing barcode method conceived by Kozich et al.143 For-

ward and reverse primers were 515F: 50-GTGCCAGCMGCCGCGGTAA-30 and 806R: 50-GGACTACHVGGGTWTCTAAT-30, respectively.
Twenty microliter PCR reactions were performed containing 0.75 mM of each primer, 3.0 mL DNA template, 10.0 mL of DreamTaq High Sensi-

tivity Master Mix (Thermo Scientific, Waltham, MA, USA), and 5 mL of DNase-free water. Reaction conditions were as follows: 95� for 3 min,

followedby 30 cycles of 95�C for 45 sec for vaginal swabs, 50�C for 60 sec, and 72�C for 90 sec, with an additional elongation at 72�C for 10min.

AQubit 3.0 fluorometer andQubit dsDNAassay kit (Life Technologies, Carlsbad, CA, USA) were then used to quantify the DNA, following the

manufacturer’s protocol. Samples were pooled in equimolar concentrations and purified using the Cytiva Sera-Mag Select DNA Size Selec-

tion and PCR Clean-Up Kit (Global Life Sciences, Little Chalfont, Buckinghamshire, UK), according to the manufacturer’s instructions. Illumina

MiSeq sequencing was performed at the Michigan State University Research Technology Support Facility Genomics Core. Specifically,

sequencing was achieved in a 2 3 250bp paired end format using a 500 cycle v2 reagent cartridge. Due to sample sizes, samples from

SEL mice and SAL mice, and their respective controls, were sequenced on separate runs, and therefore all downstream processing was per-

formed with sequence data grouped by SEL or SAL. Raw sequence reads were processed, classified, and converted to amplicon sequence

variants (ASV), defined by 100% sequence similarity using DADA2 (v 1.12)144 and the online MiSeq protocol with minor modifications, as pre-

viously described.145 The R package decontam146 was used to identify ASVs as background DNA contaminants by comparing biological sam-

ples to technical controls with the isContaminant function. After assessing the distribution of decontam scores, a threshold cutoff of 0.75 was

used for the SEL dataset and 0.70 for the SAL dataset, which resulted in the classification of 296/1004 and 210/1184 ASVs as background DNA

contaminants, respectively.

Samples were only included in microbiome analyses if their profiles had at least 826 or 915 quality-filtered 16S rRNA gene sequences for

the SEL and SAL datasets, respectively. For alpha diversity analyses, samples were randomly subsampled to theminimum read depth for each

respective dataset and alpha diversity indices (Chao1, Shannon, Inverse Simpson) were calculated with the phyloseq package (v 1.34.0) in R.

Alpha diversity comparisons were made using t-tests, Mann-Whitney tests, or their paired equivalents, as was appropriate, with the rstatix

package (v 0.7.0) in R. Beta diversity comparisons were made using Jaccard (i.e., composition) or Bray-Curtis (i.e., structure) similarity indices

and the adonis function in the vegan package (v. 2.5.7) in R. Linear Discriminant Analysis Effect Size (LefSe)147 analyses were used to identify

differentially abundant bacterial taxa between sampled timepoints for treatment and control groups. For LefSe, default settings were used

and analyses were performed through the Huttenhower lab Galaxy server (https://huttenhower.sph.harvard.edu/galaxy/) after removing sin-

gletons. Alpha diversity plots were generatedwith the ggplot2 package (v 3.3.5) in R. Beta diversity plots were generated using base R (v 4.0.3)

and additional ordination was added using vegan. Heatmaps were generated using the gplots package (v 3.1.1) in R.

Characterization of cervical tissue using movat pentachrome staining

The Movat Pentachrome Staining Kit (ScyTek Laboratories, Inc., Logan, UT, USA) was used to characterize the presence of elastin, collagen,

muscle, and mucin on cervical tissue collected from mice injected with either PBS, LPS, IL-1a, DMSO, or RU-486. The tissue slides were de-

paraffinized and rinsed in tap and distilled water. Then, the slides were incubated in Elastin Stain Solution for 20 min, 2% ferric chloride for 10

sec, 5% sodium thiosulfate solution for 1 min, Alcian Blue Solution for 25 min, Biebrich Scarlet-Acid Fuchsin Solution for 2 min, phosphotungs-

tic acid solution 7min (twice), and 1% acetic acid solution for 3min. Slides were rinsed in distilled water between each incubation listed above.

Next, excess acetic acid solution was removed, and the slides were stained with Yellow Stain Solution for 15 min. Images were taken with the

Vectra Polaris Multi Spectral Imaging (MSI) System (PerkinElmer, Hopkinton, MA, USA) using brightfield setting.

Leukocyte detection using DAB immunohistochemistry

Tissue slides were deparaffinized by xylene, which was removed by 100% alcohol, rehydrated through a series of alcohol dilutions. CD45

(monoclonal rabbit anti-mouse CD45 antibody; clone D3F8Q; Cat. 70257S, Cell Signaling Technology, Danvers, MA, USA) immunohisto-

chemistry staining was performed using a Leica Bond Max Automatic Staining System and leukocytes were detected through the oxidation

of 3,3’-diaminobenzidine (DAB) from the Bond Polymer Refine Detection Kit (both from Leica Microsystems, Wetlzar, Germany). Images were

scanned using the Vectra Polaris MSI System with brightfield setting.

OPAL multiplex immunofluorescence

OPAL multiplex immunofluorescence staining of cervical tissue was performed using the OPAL multiplex 7-color IHC kit (Cat. NEL811001KT;

Akoya Biosciences,Marlborough,MA, USA). Tissue slides were deparaffinized by xylene, which was removed by 100% alcohol and rehydrated

with a series of alcohol dilutions. After deparaffinization, the slides were briefly rinsed in deionized water, submerged in an appropriate an-

tigen retrieval (AR) buffer, and boiled in a microwave oven. Non-specific Ab binding was blocked by incubating the tissue in OPAL antibody

diluent/blocking (Cat. ARD1001EA, Akoya Biosciences) solution for 10 min prior to the addition of the antibody. Following optimization, the

detection panel was generated in the following order (antibody followed by OPAL fluorophore): NCR1 (polyclonal rabbit anti-mouse anti-

body; cat. Ab214468, Abcam, Cambridge, England) with OPAL 520, F4/80 (monoclonal rabbit anti-mouse antibody; clone D2S9R; cat.
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70076S, Cell Signaling Technology, MA, USA) with OPAL 540, CD3e (monoclonal rabbit anti-mouse antibody; clone E4T1B; cat. 78588S, Cell

Signaling Technology) with OPAL 570, CD19 (monoclonal rabbit anti-mouse antibody; clone: D4V4B; cat. 90176S, Cell Signaling Technology)

withOPAL 620, and Ly6G (monoclonal rabbit anti-mouse antibody; clone E6Z1T; cat. 87048S, Cell Signaling Technology) withOPAL 690. After

incubation with Ab for 1 h in room temperature, the slides were rinsed in tris-buffered saline and Tween 20 (TBST) and incubated with horse-

radish peroxidase conjugated secondary antibody (Cat. ARR1001HT; Akoya Biosciences) for signal amplification. The slides were rinsed in

TBST again and incubated with OPAL fluorophore. Cycles of antigen retrieval, antibody incubation, and signal amplification were repeated

in the order described above. After Ly6G andOPAL 690 staining, the slides were boiled before incubation with DAPI for nuclear staining and

mounted with AquaSlip Aqueous Mounting Medium (Cat. MMC0619, American MasterTech). Images were acquired using the Vectra Polaris

MSI System at 203 magnification and analyzed using Inform software version 2.6.0 (PerkinElmer).

RNA isolation, cDNA synthesis, and reverse transcription-quantitative PCR analysis

Total RNAwas isolated from the cervical and vaginal tissues usingQIAshredders (Qiagen, Hilden,Germany), RNase-freeDNase (Qiagen), and

RNeasy Mini kits (Qiagen) according to the manufacturer’s instructions. The concentration of the RNA was measured with a NanoDrop 8000

spectrophotometer (Thermo Scientific, Wilmington, DE, USA), and the RNA integrity was assessed using a Bioanalyzer 2100 (Agilent Tech-

nologies, Wilmington, DE, USA) for each sample. Complementary (c)DNA was synthesized by using SuperScript� IV VILO� Master Mix (In-

vitrogen by Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania) following to the manufacturer’s instructions. Gene expression was deter-

mined on the BioMark System for high-throughput RT-qPCR (Fluidigm, San Francisco, CA, USA) using the TaqMan gene expression assays

listed in Table S4.

Escherichia coli GFP growth

Escherichia coli GFP (ATCC #25922GFP; American Type Culture Collection (ATCC), Manassas, VA, USA) was cultivated in Luria-Bertani (LB)

broth (Teknova Inc., Hollister, CA, USA) at 37�C in rotatory motion. An overnight culture was diluted into freshmedium and grown to themid-

logarithmic phase (OD600 was between 0.9 and 1.0). Next, bacteria were adjusted to 1 3 108 cells/40 mL and harvested by centrifugation at

3,700 3 g for 10 minutes and re-suspended in PBS (Life Technologies, Paisley, UK) to be administered intra-vaginally.

Ultrasound-guided intra-vaginal administration of Escherichia coli GFP

A new group of mice was randomized to receive ultrasound-guided intra-amniotic injection of LPS, IL-1a, or PBS, or subcutaneous injections

of RU-486 or DMSO, as described above. Immediately after the intra-amniotic or subcutaneous injection of the stimuli, with the dams still

under anesthesia, 1 3 108 cells/40 mL of E. coli GFP or 40 mL of PBS as a negative control were administered next to the external os of the

cervix under ultrasound visualization using a 18G blunt needle (BD Blunt Fill needle, Becton Dickinson). This strategy was utilized to assure

that the E. coliGFP was present in the vagina in the absence of cervical shortening. Thus, when the process of preterm labor began, the bac-

teria would already be in the vagina.

IVIS imaging

Anesthetized dams were imaged using the IVIS Spectrum in vivo imaging system (Perkin Elmer, Waltham, MA, USA). An excitation filter of

491 nm and an emission filter of 509 nm were used to determine GFP expression. It is well documented that mouse chow can interfere

with fluorescence imaging, given that the alfalfa component contains chlorophyll and thus the gastrointestinal tract could emit autofluores-

cence.148–150 To reduce the autofluorescence background, a group of mice was injected with either PBS, LPS, IL-1a, DMSO, or RU-486, fol-

lowed immediately by intra-vaginal administration of PBS. This group was utilized as a negative control to set the color scale for fluorescence

imaging experiments. After abdominal imaging, dams were euthanized and a second set of images of the intra-peritoneal cavity was taken

after removing the skin and peritoneum.Next, the amniotic fluid was collected into sterile tubes, which were also imaged together with a tube

containing only PBS as control.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cervical shortening, cytokine concentrations, gene expression, and histology data were analyzed with GraphPad Prism version 9.5.0 for Win-

dows (GraphPad Software, San Diego, California, USA, www.graphpad.com). The Mann-Whitney U-test was used for comparing cervical

shortening and amniotic fluid cytokine/chemokine concentration. Mann-Whitney U-tests or unpaired t-tests were used for comparing

gene expression between study groups. Unpaired t-tests were utilized for comparing the infiltration of leukocyte in the cervix. For qPCR anal-

ysis, negative delta threshold cycle (–DCT) values were determined using multiple reference genes (Gusb, Hsp90ab1,Gapdh, and Actb) aver-

aged within each sample to determine gene expression levels. The –DCT values were normalized by calculating the Z score of each gene, and

then heatmaps were created in GraphPad Prism, which represent the mean of the Z score of –DCT. A p value % 0.05 was considered statis-

tically significant. General microbiome data analysis was performed using R (v.4.2.2; https://www.r-project.org/), as described above. The sta-

tistical details for each experiment are described in the corresponding figure legends, including statistical tests used, definitions of n values,

definition of center, and dispersion/precision measures.
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