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Abstract

Lactobacillus-deficient cervicovaginal microbiota, including Gardnerella vaginalis, are implicated 

in cervical remodeling and preterm birth. Mechanisms by which microbes drives outcomes are 

not fully elucidated. We hypothesize that Gardnerella vaginalis induces matrix metalloproteinases 

through TLR-2, leading to epithelial barrier dysfunction and premature cervical remodeling. 

Cervicovaginal cells were treated with live Gardnerella vaginalis or Lactobacillus crispatus or 

their bacteria-free supernatants for 24 hours. For TLR-2 experiments, cells were pretreated 

with TLR-2 blocking antibody. A Luminex panel was run on cell media. For human data, we 

conducted a case-control study from a prospective pregnancy cohort of Black individuals with 

spontaneous preterm (sPTB) (n=40) or term (n=40) births whose vaginal microbiota had already 

been characterized. Cervicovaginal fluid was obtained between 20-24 weeks’ gestation. Short 

cervix was defined as <25mm by second trimester transvaginal ultrasound. MMP-9 was quantified 

by ELISA. Standard analytical approaches were used to determine differences across in vitro 
conditions, as well as MMP-9 and associations with clinical outcomes. Gardnerella vaginalis 
induced MMP-1 in cervical cells (p=0.01) and MMP-9 in cervical and vaginal (VK2) cells 

(p≤0.001 for all). TLR-2 blockade mitigated MMP-9 induction by Gardnerella vaginalis. MMP-9 

in cervicovaginal fluid is higher among pregnant individuals with preterm birth, short cervix, and 

Lactobacillus-deficient microbiota (p<0.05 for all). MMP-9 is increased in the cervicovaginal fluid 

of pregnant individuals with subsequent sPTB. Our in vitro work ascribes a potential mechanism 

by which a cervicovaginal microbe, commonly associated with adverse pregnancy outcomes, 
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may disrupt the cervicovaginal epithelial barrier and promote premature cervical remodeling in 

spontaneous preterm birth.
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1. INTRODUCTION

Lactobacillus-deficient anaerobe-rich cervicovaginal microbial communities have been 

implicated in adverse reproductive outcomes, including bacterial vaginosis, acquisition of 

sexually transmitted infections, and spontaneous preterm birth (sPTB)(Holst et al., 1994, 

Ravel et al., 2011, Pflughoeft and Versalovic, 2012, DiGiulio et al., 2015, MacIntyre et al., 

2015, Bretelle et al., 2015, Kindinger et al., 2016, Smith and Ravel, 2017, Stout et al., 2017, 

Gosmann et al., 2017, Kroon et al., 2018, Brown et al., 2018, Elovitz et al., 2019, Brown 

et al., 2019a, Chan et al., 2022). Gardnerella vaginalis (G. vaginalis)1 is a gram variable 

microbe prevalent in these communities. Mechanisms by which microbes drive outcomes 

are not fully elucidated, although it has been established that the presence of Lactobacillus 
species in the cervicovaginal microbiota confers protection in part through production of 

lactic acid and adherence to the cervicovaginal epithelial barrier (Kroon et al., 2018).

Existing data support the concept that G. vaginalis promotes cervical remodeling through 

disruption of the cervicovaginal epithelial barrier and activation of select host immune 

responses, and that this process lies on the pathway to sPTB (Elovitz et al., 2019, Sierra 

et al., 2018, Nallasamy and Mahendroo, 2017, Nold et al., 2012, Gonzalez et al., 2011, 

Anton et al., 2018, Anton et al., 2017). Components of G. vaginalis cell wall, including 

peptidoglycan, are known ligands for toll-like receptors (TLRs), which function as pathogen 

recognition proteins mediating epithelial innate immune responses (Benjelloun et al., 2020, 

Koga and Mor, 2010, Sadhu et al., 1989, Mares et al., 2008). Vaginal lavage containing 

G. vaginalis from individuals with bacterial vaginosis has been shown to initiate TLR-2 

signal transduction, resulting in secretion of inflammatory mediators (Mares et al., 2008, 

Zariffard et al., 2005). In other biologic systems, TLRs induce matrix metalloproteinases 

(MMPs), which comprise a family of calcium-dependent zinc-containing endopeptidases 

involved in degradation of extracellular matrix proteins (Wong et al., 2011, Abdulkareem 

et al., 2018, Page-McCaw et al., 2007). In addition to proteolysis, MMPs differentially 

influence host immune response, and upregulation of specific MMPs occurs in response to 

microbial infection (Wong et al., 2011, Fingleton, 2017). Understanding this immunologic 

context, it is conceivable that MMPs are involved in regulation of host immune responses 

and cervical remodeling preceding sPTB.

1ABBREVIATIONS: Gardnerella vaginalis (G. vaginalis), spontaneous preterm birth (sPTB), matrix metalloproteinases (MMPs), 
toll-like receptors (TLRs), keratinocyte serum free media (K-SFM), Motherhood & Microbiome (M&M), non-treated control (NTC), 
Lactobacillus crispatus (L. crispatus)
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We hypothesize that G. vaginalis drives cervical remodeling through TLR-2-mediated 

induction of MMPs. To interrogate this hypothesis and further elucidate molecular 

mechanisms underlying sPTB, we examined the effect of G. vaginalis on MMP protein 

expression in the cervicovaginal epithelium, and whether altered protein expression is 

mediated by TLR-2 activation. We further investigated the extent to which in vitro 
findings translate to human pregnancy utilizing cervicovaginal fluid specimens from a well-

phenotyped prospective pregnancy cohort.

2. MATERIALS AND METHODS

2.1. Cell Culture

Ectocervical (Ect/E6E7, AATC# CRL-2614) (Ecto), endocervical (End1/E6E7, AATC# 

CRL-2615) (Endo) and vaginal (VK2/E6E7, ATCC# CRL-2616) (VK2) human epithelial 

cell lines (American Type Culture Collection, Manassas, VA) were cultured in keratinocyte 

serum-free media (K-SFM) supplemented with 0.1 ng/mL epidermal growth factor and 

50μg/mL bovine pituitary extract (ScienCell Research Laboratories, Carlsbad, CA) in a 5% 

CO2 humidified incubator as previously described (Anton et al., 2018).

2.2. Microbial Treatment

Bacteria were obtained from the American Type Culture Collection, Manassas, VA: L. 
crispatus (ATCC 33197) and G. vaginalis (ATCC 14019). Ectocervical, endocervical, and 

vaginal cells were plated in K-SFM without antibiotics then treated the following day with 

either live L. crispatus or G. vaginalis (1x106-1x104CFU/well) or 10% (v/v) bacteria-free 

supernatants (1x107-1x105 CFU/ml culture density) in K-SFM for 24 hours. Bacteria-free 

supernatants were utilized based on prior work demonstrating that microbial output is 

sufficient to induce epithelial barrier dysfunction (Anton et al., 2018). For supernatant 

preparation, bacteria were grown in NYCIII media with 10% horse serum at 37°C in an 

anaerobic jar in a 5% anaerobic CO2 incubator for 7 days. Cultures were centrifuged two 

times for 10 min each at 2,500 rpm at 4°C to remove bacteria. The resulting supernatants 

were sterile-filtered through a 0.22 μM membrane filter (EMD Millipore, Darmstadt, 

Germany) to remove any remaining bacterial components or debris. The bacteria-free 

supernatants and NYCIII media (negative control to determine the baseline measurements 

of background growth media) were then used for in vitro cell culture experiments. For 

experiments using L. crispatus supernatant, K-SFM was buffered as previously described 

(Anton et al., 2018). Briefly, K-SFM medium was supplemented with 50 mM HEPES 

and sodium bicarbonate (3000 mg/L) to produce a physiologic pH of 7.2 to permit cell 

survival, as these epithelial cells do not survive in acidic conditions. An anti-TLR-2 

antibody (anti-hTLR-2-IgA, InvivoGen, San Diego, CA) was reconstituted in 100μL of 

sterile water to make a 100μg/mL solution. For TLR-2 experiments, cells were pre-treated 

with the neutralizing IgA monoclonal antibody to human TLR-2 (10μg/ml) for one hour 

prior to bacterial exposure. TLR-2 agonist FSL-1 was used as a positive control, an IgA2 

antibody provided by the manufacturer was used as an isotype control, and anti-TLR-2 

antibody treatment concentration was determined based on IL-8 activation as reported 

previously (Anton et. al. 2022, under revision at Microbiome). After 24 hours, culture media 

was collected for Luminex. Cell viability and characteristics following experimentation 
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have been reported previously (Anton et al. 2018; Anton et al. 2022, under revision at 

Microbiome).

2.3. Luminex

A 5-plex MMP human magnetic bead Luminex panel (EMD Millipore, Billerica, MA) for 

MMP-1, MMP-2, MMP-7, MMP-9, and MMP-10 was run on cell culture media. Three 

technical replicates for each condition were run in duplicate per manufacturer protocol on 

the FLEXMAP3D Luminex platform (Luminex, Austin, TX). Samples were run on four 

plates. To account for inter-plate variation, internal controls were used across plates to 

ensure consistency of results. Fold change was calculated between treatment groups and 

non-treated control or NYC media control. Heatmaps were created using R version 4.1.10 

(2021-08-10) (Team, 2021).

2.4. Human Study Setting

We performed a nested case-control study of 80 Black participants (n=40 sPTB cases and 

n=40 term controls) of the completed Motherhood and Microbiome (M&M) prospective 

cohort study in which 2,000 pregnant individuals enrolled from December 2013 through 

February 2017. Cases and controls were frequency matched 1:1 by Lactobacillus-deficient 

and Lactobacillus-dominant cervicovaginal microbiota, such that half of all sPTB cases had 

a Lactobacillus-deficient microbiota and half of all term birth controls had a Lactobacillus-

deficient microbiota. Details of M&M have been published (Elovitz et al., 2019) and the 

study was approved by the Institutional Review Board at the University of Pennsylvania 

(IRB #818914) on October 23, 2013. Briefly, microbiota were analyzed by 16S rRNA 

gene sequencing via amplification of the V3-V4 regions of the 16S rRNA gene. Microbial 

communities were classified into community state types (CSTs) using hierarchical clustering 

with Jensen-Shannon divergence and Ward linkage. Lactobacillus-dominant microbiota 

included communities that were dominated by L. crispatus (CST I), L. gasseri (CST II), L. 
iners (CST III), or L. jensenii (CST V), while Lactobacillus-deficient communities included 

those with a paucity of Lactobacillus species and a diverse set of strict and facultative 

anaerobes (CST IV) (Elovitz et al., 2019). We focused on Black participants because of the 

disproportionately high rate of PTB and prevalence Lactobacillus-deficient cervicovaginal 

microbiota in this subset (Elovitz et al., 2019).

2.5. Human Biospecimen Collection and MMP-9 Quantification

This analysis included samples collected at 20-24 weeks’ gestation and processed as 

previously described (Elovitz et al., 2019). Briefly, cervicovaginal samples were self-

collected or collected by a research coordinator if a clinical exam was indicated using 

Dacron swabs (Starplex, Thermofisher). Swabs were stored without buffer and were 

immediately frozen at −80°C until processing. Material on the swabs was subsequently 

eluted in sterile PBS with a protease inhibitor cocktail (Complete Mini) to release soluble 

proteins. MMP-9 was measured in eluted samples by ligand-specific commercially available 

ELISA kit that uses a quantitative sandwich enzyme immunoassay technique targeting 92 

kDa pro-MMP-9 and 82 kDa active MMP-9 using regents from R&D Systems (Minneapolis, 

MN, United States). Absolute quantification in ng/mL was determined using a standard 

curve generated by a four-parameter logistic (4-PL) curve fit, with a mean MMP-9 protein 
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concentration of 15.69 ng/mL. Total protein was quantified by BCA protein assay (Pierce, 

Rockford, IL) per manufacturer protocol with a mean total protein concentration of 306 

μg/mL and standard error of the mean of 21 μg/mL across samples. MMP-9 concentrations 

were normalized to total protein content for individual samples.

2.6. Statistical Analyses

Statistical analyses were performed for all in vitro experiments with the GraphPad Prism 

Software (Version 9.0, San Diego, CA). Analysis of Luminex data, including TLR-2 

experiments, was performed using a one-way analysis of variance (ANOVA) followed by 

a Dunnett’s multiple comparison test.

For human data, because of the skewed MMP-9 distribution, median (IQR) concentrations 

of MMP-9 by birth outcome (sPTB versus term), cervical length (short [<25 mm] 

versus normal), and microbiota (Lactobacillus-deficient versus Lactobacillus-dominant) 

were displayed, and statistical significance testing was performed on log2-transformed 

values using T-tests and ANOVA as appropriate. Multivariable logistic regression was used 

to model associations of one-fold change increase in MMP-9 with each outcome as well 

as a combined outcome of both short cervix and Lactobacillus-deficient vaginal microbiota. 

Analyses were performed using SAS 9.4, Cary, NC.

3. RESULTS

3.1. G. vaginalis induces MMP protein expression in cervicovaginal epithelial cells

To determine whether microbes common to a Lactobacillus-deficient cervicovaginal 

microbiota modify MMP protein expression, cervical and vaginal epithelial cell lines 

were treated with live G. vaginalis. L. crispatus, a commensal microbe dominant in a 

healthy cervicovaginal microbiota, served as a microbial control. Concentrations of MMP-1, 

MMP-2, MMP-7, MMP-9, and MMP-10 protein were measured in cell culture media. 

G. vaginalis increased MMP-1 in endocervical cells and MMP-9 in all cell lines (Fig. 1, 

Supplemental Table 1). Treatment of all cell lines with L. crispatus did not significantly alter 

protein expression of any of the MMPs.

3.2. G. vaginalis supernatant induces MMP protein expression in cervicovaginal epithelial 
cells

We examined the effect of microbial supernatants on cervicovaginal epithelial cell lines 

to determine whether exposure to microbial output was sufficient to alter MMP protein 

expression. G. vaginalis supernatant induced MMP-1 in endocervical cells, MMP-9 in 

all cell lines, and MMP-10 in ectocervical and endocervical cells (Fig. 1, Supplemental 

Table 2). Although formal statistical analyses could not be performed for MMP-2 in 

ectocervical cells due to undetectable low levels in controls, MMP-2 was increased after G. 
vaginalis supernatant exposure (mean 293 pg/ml). G. vaginalis supernatant downregulated 

MMP-7 in ectocervical and endocervical cells. L. crispatus supernatant decreased MMP-1 in 

endocervical and VK2 cells, MMP-9 in all cell lines, and MMP-10 in endocervical and VK2 

cells (Fig. 1, Supplemental Table 2). L. crispatus supernatant increased MMP-7 in all cell 

lines.
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3.3. Induction of MMP-9 by G. vaginalis occurs in a TLR-2 dependent fashion

As TLR-2 is involved in pathogen recognition in the reproductive tract and can induce 

MMPs in other biologic settings, we sought to determine whether upregulation of MMP-9, 

which was observed in all cell lines in response to live G. vaginalis and bacteria-free 

supernatant, is dependent upon TLR-2. Treatment with the TLR-2 antibody alone did not 

induce cytotoxicity compared to nontreated cells (Supplemental Fig. 1). TLR-2 blockade 

mitigated induction of MMP-9 by G. vaginalis in all cell lines (Fig. 2). TLR-2 blockade did 

not alter MMP-9 protein expression after exposure to L. crispatus.

3.4. Cervicovaginal MMP-9 is associated with a Lactobacillus-deficient microbiota, short 
cervix, and sPTB

To determine whether in vitro MMP-9 findings translated clinically, we examined MMP-9 

in cervicovaginal fluid from a nested case-control study of Black participants (40 sPTB 

cases and 40 term controls) from a completed prospective pregnancy study for whom 

birth outcome and various clinical variables were well-phenotyped. Obstetric and clinical 

data are presented in Table 1. As per study design, 21 (52.5%) of individuals with sPTB 

and 21 (55.0%) of individuals with term births were colonized by Lactobacillus-deficient 

microbiota. There were 14 (36.8%) participants with short cervix among those with sPTB 

compared to 11 (27.5%) in the term birth group. Among the participants with sPTB, seven 

(17.5%) received progesterone compared to two (5%) among term births. Similarly, among 

those with sPTB, six (15.0%) underwent cerclage placement compared to three (7.5%) 

among those with term births.

MMP-9 concentrations were higher among participants with subsequent sPTB than term 

births (1.86-fold, p=0.0013) (Table 2). MMP-9 concentrations were also higher among 

participants with short cervix compared to normal cervical length (1.41-fold, p=0.029) and 

a Lactobacillus-deficient microbiota compared to Lactobacillus-dominant microbiota (1.87-

fold, p=0.0017). Participants with both a short cervix and Lactobacillus-deficient microbiota 

had higher MMP-9 concentrations than other participants (3.21-fold, p=0.0018, ANOVA 

comparing the four combinations of cervical length and microbiota). These associations 

were similar in adjusted analyses (Table 3). Per fold change increase in MMP-9, participants 

had higher adjusted odds of sPTB (aOR 1.35, 95% CI: 1.11-1.65) and Lactobacillus-

deficient microbiota (aOR 1.34, 95% CI: 1.10-1.63). MMP-9 and short cervix adjusted 

analyses were not statistically significant (aOR 1.27, 95% CI: 0.99-1.62). Finally, MMP-9 

was associated with the combination of a short cervix and Lactobacillus-deficient microbiota 

(aOR 1.63, 95% CI: 1.14-2.32).

4. DISCUSSION

Our data demonstrate that G. vaginalis, which is implicated in sPTB and multiple other 

adverse reproductive outcomes, induces expression of MMP proteins in the cervicovaginal 

epithelium. Upregulation of MMP-9 specifically occurs in a TLR-2-dependent manner. 

MMP-9 protein concentrations in the cervicovaginal space are higher among individuals 

who deliver preterm and among those who have known risk factors for sPTB, including a 

Lactobacillus-deficient cervicovaginal microbiota and short cervix.
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Our findings corroborate published literature examining MMPs in pregnancy. Elevated 

MMP-9 expression has been reported in both vaginal secretions and cervical mucus among 

individuals who have sPTB (Becher et al., 2010, Duran-Chavez et al., 2021). MMP-9 

was also increased in amniotic fluid among individuals with cervical dilation, spontaneous 

rupture of membranes, labor, intra-amniotic infection, and sPTB (Locksmith et al., 2001, 

Athayde et al., 1999). Though only MMP-9 and MMP-1 were induced by G. vaginalis in 

our in vitro studies, elevations in other MMPs in cervicovaginal fluid have been detected 

in association with short cervix and labor, both term and preterm, including MMP-8 (Sisti 

et al., 2020). Contrary to our findings, several groups have failed to identify an association 

between cervicovaginal MMP-9 and short cervix or sPTB (Yoo et al., 2017, Duran-Chavez 

et al., 2021). These differences may be attributable to retrospective study design and clinical 

heterogeneity among participants with respect to cervical dilation, progesterone therapy, and 

cerclage placement. Racial diversity across studies is likely another significant contributing 

factor to discrepant findings. As we have established previously that expression of certain 

immune factors in the cervicovaginal space, such as beta defensin, differ between Black and 

non-Black individuals (Elovitz et al., 2019), it is possible that expression of MMP-9 may 

similarly differ by race.

In other biologic systems, MMPs have well established roles in tissue remodeling. These 

proteases can be characterized based on their specificity for extracellular matrix (ECM) 

proteins and include collagenases, gelatinases, stromelysins, matrilysins, and membrane-

type MMPs (Cui et al., 2017). MMP-9 is a gelatinase MMP with substrates that include 

gelatin, collagens, fibronectin, elastin, laminin, and vitronectin (Bassiouni et al., 2021). In 

addition to degradation and remodeling of the ECM, this protease has been implicated in 

wound healing and inflammation. At other mucosal interfaces, MMP-9 increases barrier 

permeability through disruption of epithelial tight junctions (Al-Sadi et al., 2021). Other data 

suggest that MMP-9 triggers apoptosis in various cell types, and that this may contribute 

to leaky epithelial barriers in inflammatory bowel disease (Abdel-Hamid et al., 2017, Chen 

et al., 2019, Goretsky et al., 2012, Hering and Schulzke, 2009, Hu et al., 2015, Vu et al., 

1998). Given its established role in other systems, it is plausible that MMP-9 may function 

in similar capacities in the cervicovaginal space. Further research exploring these potential 

mechanisms is warranted.

While live G. vaginalis upregulated MMPs in the cervicovaginal epithelium, it is notable 

that bacteria-free supernatants were also sufficient to induce MMP protein expression. These 

observations raise questions as to the mechanisms by which different microbial exposures 

result in common molecular outcomes. Our data support a role for TLR-2 in MMP-9 

regulation by G. vaginalis, consistent with the knowledge that this pathogen recognition 

receptor is activated by components present in the bacterial wall of G. vaginalis (Koga and 

Mor, 2010, Sadhu et al., 1989). Though our findings suggest that TLR-2 blockade may be 

beneficial in mitigating MMP-9 induction by G. vaginalis, there is known redundancy in 

the innate immune system, and other factors in the cervicovaginal space are likely to play 

a role in modulating expression of this protease and other MMPs. It remains unclear what 

factors in G. vaginalis supernatant distinct from cell wall components are responsible for 

MMP-9 regulation. It is well established that virulence factors secreted by G. vaginalis, such 

as vaginolysin, contribute to damage of the cervicovaginal epithelium by producing lytic and 
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non-lytic pores in cell membranes leading to cell lysis (Pleckaityte, 2019). It is possible that 

process serves as a trigger for MMP-9 induction, as synthesis of this protease by epithelial 

cells in other biologic settings is stimulated by cell injury and disruption of the epithelial 

barrier (Fini et al., 1998).

In addition to variation in MMP concentrations observed between live bacteria and 

bacteria-free supernatants, we also detected epithelial cell-specific effects, with ectocervical, 

endocervical, and vaginal epithelial cells responding uniquely to bacterial exposure. These 

findings are consistent with previously published work from our laboratory examining 

epithelial barrier integrity and cytokine expression (Anton et al., 2018). Indeed, the various 

types of epithelial cells lining the cervicovaginal space derive from different embryonic 

origins and are histologically, biochemically, and functionally unique. These differences 

enhance our understanding of mechanisms underlying acquisition of sexually transmitted 

infections, including HIV (Blaskewicz et al., 2011, Cherne et al., 2020, Murall et al., 

2019). It follows that these cells may produce different responses to factors in their shared 

microenvironment.

Our findings underscore the need for future research defining bioactive components in the 

microbial output of G. vaginalis and L. crispatus, as well as other common cervicovaginal 

bacteria. Outside of the cervicovaginal space, characterization of the genetic and 

biochemical footprints of microbial ecosystems has illuminated host-microbial interactions 

(Levy et al., 2015, Shapiro et al., 2014, Blacher et al., 2017). Different functional 

phenotypes and clinical outcomes are observed across similar microbial communities. As 

this concept pertains to reproductive biology, only a proportion of individuals colonized by 

a Lactobacillus-deficient cervicovaginal microbiota deliver preterm despite risk (Elovitz et 

al., 2019). Different strains of G. vaginalis demonstrate variation in virulence, which has 

been linked to risk of bacterial vaginosis (Muzny et al., 2019). Genetic diversity among 

group B streptococcus strains has similarly been shown to play a role in the pathogenesis 

of neonatal sepsis, with invasive isolates being more strongly associated with disease 

(Fluegge et al., 2011). These differences in outcomes are likely attributable to variation 

in genetic strains of the bacteria, host interactions, and immunologic responses. Investigation 

of the cervicovaginal metabolome is a new and active area of research. Recent studies 

have unveiled metabolites and metabolic pathways in association with adverse reproductive 

outcomes, including sPTB (Ghartey et al., 2015, Ghartey et al., 2017, Oliver et al., 2020, 

Ansari et al., 2020, Flaviani et al., 2021, Marangoni et al., 2021, Pruski et al., 2021, Gerson 

et al., 2021, Gerson et al., 2022). Understanding the implications of diverse metabolomic 

profiles within the cervicovaginal space offers potential to leverage these biochemical 

footprints to gain insight into mechanisms underlying adverse reproductive outcomes.

Our work has several strengths, including the in vitro experimental approaches coupled 

with validation in a human cohort. Inclusion of bacteria-free supernatants in addition to 

live bacteria offers greater insight into the diverse pathways through which G. vaginalis 
influences host immunity. As the cervicovaginal epithelium constitutes multiple epithelial 

cell types, our use of ectocervical, endocervical, and vaginal cells for in vitro experiments 

expands our understanding of epithelial biology and specificity in response to microbial 

challenge within this space. The use of individual cell lines, however, also has limitations, 
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as they may not accurately replicate primary cells or in vivo conditions. As epithelial 

cell lines used for this study were derived from individuals without reported race or 

ethnicity, we are limited in our ability to generalize in vitro findings given the potential for 

ancestry-associated genetic diversity to influence biologic responses. We were also unable 

to examine the impact of an entire microbial community or select G. vaginalis strains on 

MMP protein expression. Such experimental approaches are more likely to recapitulate the 

complexity of in vivo conditions, and co-culture of L. crispatus and G. vaginalis is a key 

next step in refining our understanding of the cervicovaginal ecosystem. Nonetheless, our in 
vitro findings were corroborated in the human cohort suggesting biologic and translational 

relevance.

With respect to the human cohort, we recognize limitations of the cohort sample size 

and availability of biospecimens. Given the discovery approach of this study, power 

calculations were not performed a priori. As presented in Table 3, the large width of 

certain confidence intervals suggests that comparisons cannot rule out an association, e.g., 

short cervix versus normal cervical length (aOR 1.27 [CI 0.99-1.62]). Such nonsignificant 

findings do not preclude the possibility that statistical significance may have been achieved 

with a larger sample size. As Lactobacillus-dominant cervicovaginal microbiota among 

study participants included differing predominant Lactobacillus species (i.e., L. crispatus, 

L. gasseri, L. iners, or L. jensenii), findings from the human analyses may not correlate 

precisely to the in vitro work, in which only L. crispatus bacteria and bacteria-free 

supernatants were used. However, our prior work has demonstrated that L. crispatus-

dominant microbial communities are similar with respect to functional phenotypes when 

compared to communities dominated by other Lactobacillus species (Elovitz et al., 2019), 

and these data are corroborated by our in vitro studies (Anton et al., 2019). Furthermore, this 

study is cross sectional and cannot establish causation. We cannot rule out that possibility 

that clinical interventions influenced MMP measurements.

This study is also limited by the measurement of total MMP-9 concentrations in human 

cervicovaginal swabs. As such, we are unable to discern active MMP-9. Investigating 

enzymatic function of this protease in the future is warranted. Finally, biospecimens 

were immediately frozen following collection, and subsequent processing likely resulted 

in elution of proteins not only in the extracellular fluid but also released due to cell 

lysis. Thus, measurement of MMP-9 may not accurately capture absolute concentrations in 

cervicovaginal fluid. Understanding that redundancy exists within the host immune system, 

MMP-9 is likely a single player in a large network, yet to be fully elucidated, of microbial-

host crosstalk influencing biochemical profiles and functional outcomes.

Conclusions

Our data establish that G. vaginalis live bacteria and microbial output produce biologically 

distinct and significant effects on MMP protein expression, and that epithelial cell specificity 

in response to microbial exposure underlies host immunity in the cervicovaginal space. We 

provide evidence that TLR-2 plays a key role in the regulation of MMP-9 specifically. 

This research carries significant translational implications, as in vitro observations were 

corroborated in a prospective human pregnancy cohort. Our findings provide insight into 
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potential mechanisms by which G. vaginalis may promote cervical remodeling through 

production of inflammatory proteases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Gardnerella vaginalis induces matrix metalloproteinases in cervicovaginal epithelial cell 
lines.
Matrix metalloproteinase (MMP) protein released from ectocervical, endocervical, and 

vaginal cells after exposure to live Lactobacillus crispatus (L. crispatus) and Gardnerella 
vaginalis (G. vaginalis) or bacteria-free supernatants. Heat map presents fold change of 

MMP-1, MMP-2, MMP-7, MMP-9, and MMP-10 protein in response to microbial treatment 

compared to non-treated control (NT) for live bacteria or NYC media control (NYC) for 

supernatants. Fold change for each condition is depicted relative to the mean fold change 

across individual rows with red denoting increase and blue denoting decrease. Grey indicates 

either non-treated and/or treated samples fell below the standard curve (undetectable) 

preventing accurate estimation of fold change. Three technical replicates for each condition 

were run in duplicate. A one-way ANOVA followed a Dunnett’s multiple comparison test 

(*p<0.05, **p<0.01, ***p<0.001, **** p<0.0001).
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Figure 2. Blockade of TLR-2 receptor prevents induction of MMP-9 protein by Gardnerella 
vaginalis.
MMP-9 protein released from cervicovaginal epithelial cell lines (ectocervical, endocervical, 

VK2) are presented after treatment with live Lactobacillus crispatus (L. crispatus) or 

Gardnerella vaginalis (G. vaginalis), as well as in response to TLR-2 blockade prior to 

microbial treatment and a non-treated control (NT). Three technical replicates for each 

condition were run in duplicate. A one-way ANOVA was performed followed by a Dunnet’s 

test for multiple comparisons (*p<0.05).
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Table 1.

Descriptive characteristics among n=80 Black participants of the Motherhood & Microbiome Cohort stratified 

by spontaneous preterm birth and term birth.

Term birth n=40 Spontaneous preterm birth n=40 p-value

mean (SD)

Maternal age in years 27.7 (5.4) 27.6 (6.4) 0.96

Body mass index (kg/m2) 30.3 (7.6) 31.0 (8.8) 0.72

Hispanic ethnicity 0 (0) 1 (2.5) 0.31

Gestational age at delivery in weeks 39.0 (0.8) 31.4 (4.8) <0.0001

Infant weight (g) 3218 (732) 1882 (951) <0.0001

n (column %)

Obstetrical history 0.008

  Nulliparous 19 (47.5) 15 (37.5)

  Prior spontaneous preterm birth 5 (12.5) 17 (42.5)

  Multiparous term delivery 16 (40.0) 8 (20.0)

Married 7 (17.5) 10 (25.0) 0.41

Publicly insured 24 (60.0) 28 (70.0) 0.35

Smoked during pregnancy 4 (10.0) 7 (17.5) 0.33

Short cervix (<25 mm) 11 (27.5) 14 (36.8) 0.38

Cerclage placement 6 (15.0) 3 (7.5) 0.28

Vaginal progesterone use 2 (5.0) 7 (17.5) 0.08

Lactobacillus-deficient vaginal microbiota* 21 (52.5) 21 (55.3) 0.81

Continuous variables compared using two-sided t-tests; categorical variables compared using chi-square tests.

*
Frequency matching factor (2 participants were missing microbiota data).
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Table 2.

MMP-9 in n=80 participants of the Motherhood & Microbiome Cohort by spontaneous preterm birth, cervical 

length, and cervicovaginal microbiota classification.

Participant outcome Median (IQR) MMP-9/total protein (ng/μg) Fold change P value*

Birth outcome 0.0013

  Term (n=40) 0.022 (0.060) reference

  sPTB (n=40) 0.101 (0.188) 1.86

Cervical length 0.029

  Normal (n=53) 0.029 (0.094) reference

  Short <25 mm (n=25) 0.138 (0.319) 1.41

Vaginal microbiota 0.0017

  Lactobacillus-dominant (n=36) 0.017 (0.071) reference

  Lactobacillus-deficient (n=42) 0.083 (0.169) 1.87

Microbiota and cervical length combined 0.0018

  Lactobacillus-dominant & normal cervix (n=26) 0.014 (0.042) reference

  Lactobacillus-dominant & short cervix (n=9) 0.021 (0.130) 0.58

  Lactobacillus-deficient & normal cervix (n=26) 0.048 (0.093) 0.91

  Lactobacillus-deficient & short cervix (n=15) 0.197 (0.441) 3.21

MMP-9, matrix metalloproteinase-9; IQR, interquartile range; sPTB, spontaneous preterm birth.

*
P value from t-test of log2-transformed MMP-9 values or ANOVA as appropriate

J Reprod Immunol. Author manuscript; available in PMC 2023 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

GERSON et al. Page 19

Table 3.

Associations of one fold-change increase in vaginal fluid MMP-9 with spontaneous preterm birth (sPTB), 

short cervix, and Lactobacillus-deficient cervicovaginal microbiota

Unadjusted Adjusted*

Model OR (95% CI) OR (95% CI)

sPTB (n=40) vs. term (n-40) 1.35 (1.11-1.65) 1.43 (1.14-1.81)

Short cervix (n=25) vs. normal length (n=53) 1.24 (1.02-1.52) 1.27 (0.99-1.62)

Lactobacillus-deficient (n=42) vs. Lactobacillus-dominant (n=36) 1.34 (1.10-1.63) 1.29 (1.03-1.61)

Short cervix & Lactobacillus-deficient (n=15) vs. others (n=65) 1.57 (1.17-2.11) 1.63 (1.14-2.32)

*
Adjusted for age, nulliparity, body mass index at initial prenatal visit, public insurance, and smoking during pregnancy.
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