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Bacterial vaginosis and health-associated bacteria modulate
the immunometabolic landscape in 3D model of human cervix

Pawet taniewski@®' and Melissa M. Herbst-Kralovetz '

Bacterial vaginosis (BV) is an enigmatic polymicrobial condition characterized by a depletion of health-associated Lactobacillus and
an overgrowth of anaerobes. Importantly, BV is linked to adverse gynecologic and obstetric outcomes: an increased risk of sexually
transmitted infections, preterm birth, and cancer. We hypothesized that members of the cervicovaginal microbiota distinctly
contribute to immunometabolic changes in the human cervix, leading to these sequelae. Our 3D epithelial cell model that
recapitulates the human cervical epithelium was infected with clinical isolates of cervicovaginal bacteria, alone or as a polymicrobial
community. We used Lactobacillus crispatus as a representative health-associated commensal and four common BV-associated
species: Gardnerella vaginalis, Prevotella bivia, Atopobium vaginae, and Sneathia amnii. The immunometabolic profiles of these
microenvironments were analyzed using multiplex immunoassays and untargeted global metabolomics. A. vaginae and S. amnii
exhibited the highest proinflammatory potential through induction of cytokines, iNOS, and oxidative stress-associated compounds.
G. vaginalis, P. bivia, and S. amnii distinctly altered physicochemical barrier-related proteins and metabolites (mucins, sialic acid,
polyamines), whereas L. crispatus produced an antimicrobial compound, phenyllactic acid. Alterations to the immunometabolic
landscape correlate with symptoms and hallmarks of BV and connected BV with adverse women's health outcomes. Overall, this
study demonstrated that 3D cervical epithelial cell colonized with cervicovaginal microbiota faithfully reproduce the
immunometabolic microenvironment previously observed in clinical studies and can successfully be used as a robust tool to

evaluate host responses to commensal and pathogenic bacteria in the female reproductive tract.
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INTRODUCTION

Bacterial vaginosis (BV) is the most common vaginal infection
among premenopausal women worldwide with an estimated
annual economic cost of $4.8 billion’. In the United States, BV
affects approximately one-third of women aged 14-49 years?. In
clinical settings, BV is diagnosed by the Amsel criteria (thin, white
vaginal discharge, presence of “clue cells” coated with bacterial
biofilm, elevated pH, and malodor)®, yet many women are
asymptomatic?. Recommended treatments for BV (metronidazole
and clindamycin regimens) are also frequently ineffective in the
long term, as >50% of women experience BV recurrence®, which
contributes to the high burden of disease.

BV is caused by a dramatic shift in the composition of
cervicovaginal microbiota®. In healthy premenopausal women,
the vagina and cervix are typically colonized by one or a few
Lactobacillus species (L. crispatus, L. gasseri, L. iners, L. jensenii)®”.
These beneficial bacteria protect the woman from invading
pathogens by creating an acidic microenvironment via lactic acid
production, secretion of antimicrobial compounds, competitive
exclusion, and other mechanisms®®. BV results from a depletion of
these protective and health-promoting Lactobacillus spp. accom-
panied by an overgrowth of anaerobes, such as Gardnerella
vaginalis, Prevotella bivia, Atopobium vaginae, and Sneathia spp.'°.
The etiology of this polymicrobial disorder is poorly understood'".

Multiple epidemiological studies have shown that BV is a risk
factor for gynecologic, reproductive, and obstetric sequelae, such
as endometritis'>'3, pelvic inflammatory disease'?, infertility'>,
cervicitis'’, and preterm birth'®'°, Intriguingly, the higher risk for
preterm labor have been associated with high levels of particular

BV-associated bacteria (BVAB), including Sneathia amnii, in vaginal
fluids2°=23, The same BVAB species, S. amnii, has been reported to
cause maternal chorioamnionitis, spontaneous abortion, and
stillbirth24-27,

Women with BV also exhibit an increased risk of acquiring
sexually transmitted infections (STls) caused by viruses (human
immunodeficiency virus (HIV)222°, herpes simplex virus-23°-32,
human papillomavirus (HPV)*33%), bacteria (Neisseria gonor-
rhoeae®=%’, Chlamydia trachomatis®**=3’, Mycoplasma genita-
lium383%) and protozoan parasites (Trichomonas vaginalis®>°47).
While epidemiological studies suggest that cervicovaginal micro-
biota are important determinants of STl susceptibility and
reproductive and obstetric sequelae, they do not provide insight
into how BVAB species increase the risk of STIs and result in
adverse health outcomes in women. Furthermore, the polymicro-
bial nature of BV, inability to cultivate some key BVAB'®, and lack
of animal or cell culture models that fully replicate the human
cervical environment and support BVAB and STl infection*? have
impeded the understanding of pathophysiological mechanisms
related to BV.

Our well-characterized human three-dimensional (3D) cervical
epithelial cell model**#*, based on the rotating wall vessel
bioreactor technology*®, demonstrates a remarkable resemblance
to human tissue in vivo, recapitulates several hallmarks of cellular
differentiation (such as microvilli, junctional complexes, mucus,
and Toll-like receptor profiles), and mount physiologically and
clinically relevant responses to microbial products*’, cervicova-
ginal microbiota*®*’, and STI pathogens*®. When coupled with
multiplexed immunoassays and metabolomics approaches and
the knowledge of human and bacterial metabolism, our infection
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models are powerful tools for the identification of key immune
mediators and metabolites in healthy and diseased microenviron-
ments. Overall, these advanced tissue engineering and “omics”
technologies pave the way for comprehensive studies aimed at
understanding pathophysiological changes that occur in the BV
microenvironment, allowing the generation of testable models on
the mechanisms and pathways that relate to BV and gynecologic
and obstetric sequelae.

We tested the hypothesis that health-associated Lactobacillus
and BVAB uniquely alter the immunometabolic cervical micro-
environment. To achieve this, we infected our 3D cervical models
with Lactobacillus crispatus, a dominant species in the healthy
cervicovaginal environment, or with BVAB species commonly
linked to adverse gynecologic and obstetric outcomes (G.
vaginalis, A. vaginae, P. bivia, and S. amnii) either singly or in a
mixed culture and compared the immunometabolic profiles in
these microenvironments.

RESULTS

Lactobacillus and BVAB effectively colonize human 3D cervical
epithelial cell models

We tested a range of bacterial species associated with BV or
cervicovaginal health; these include well-characterized type strains
(American Type Culture Collection (ATCC)) as well as strains
isolated from the female reproductive tract and analyzed in the
Human Microbiome Project (Table 1). Health-associated bacteria
include a L. crispatus type strain (VPI 3199)*° and a vaginal isolate
(JV-V01)°%; BVAB species include G. vaginalis (JCP8151B)°", P. bivia
(VPI 6822)°2, A. vaginae (CCUG 38953)°3, and S. amnii (Sn35)>4. All
strains except the L. crispatus type strain were isolated from the
female reproductive tract. All bacteria tested in this study have
been broadly utilized and characterized by other researchers in
animal or in vitro studies®>~%°, Human 3D cervical epithelial cell
models were infected with a single species or a polymicrobial
cocktail consisting of G. vaginalis, P. bivia, A. vaginae, and S. amnii.
These are culturable species frequently isolated from women with
BV'?. Their relative amounts vary over the course of BV and
depend on the woman®®. As a first step toward studying the BVAB
community, we constructed a cocktail containing equal ratios of
the four species for mixed infections. We used scanning electron
microscopy (SEM) to visualize host-microbe and microbe-microbe
interactions (Fig. 1). Both Lactobacillus and BVAB (as monomicro-
bial or polymicrobial infections) were capable of colonizing 3D
cervical models. All bacterial species adhered to the surface of
cervical epithelial cells as single cells and in clusters. Clusters of
bacteria also interacted with neighboring epithelial cells. No
significant evidence of cytotoxicity (i.e., cell membrane perforation
or blebbing) was observed following the infection. Overall, SEM

analysis demonstrated effective colonization of human 3D cervical
models with the tested bacteria.

Cervicovaginal microbiota members induce host defense
responses in a species and community-specific manner

To study host defense responses following bacterial colonization,
we infected our human 3D cervical models with individual
bacterial species or the polymicrobial community (consisting of
four BVAB). Following 24 h of infection, 3D cell culture super-
natants were collected and used for multiplex Luminex® assays.
We evaluated the levels of 28 soluble proteins, including
proinflammatory cytokines, chemokines, matrix metalloprotei-
nases (MMPs), mucins, growth factors, and proteins related to
cellular stress (Supplementary Fig. 1). The hierarchical clustering
analyses (HCAs) revealed that protein profiles related to inflam-
mation, physicochemical barrier, and 3D cervical cell proliferation
are dependent on the species and community tested (Fig. 2).

A. vaginae exerted the greatest proinflammatory potential,
significantly inducing a proinflammatory cytokine interleukin (IL)-6
(p <0.0001) and chemokines IL-8 (p < 0.0001), interferon gamma-
induced protein (IP)-10 (p < 0.001), monocyte chemotactic protein
1 (MCP)-1 (p < 0.0001), macrophage-inflammatory protein (MIP)-1(3
(p <0.0001), MIP-3a (p < 0.0001), and regulated and normal T cell
expressed and secreted (RANTES; p <0.05), when compared to
uninfected (phosphate-buffered saline (PBS)-treated) and L.
crispatus-infected cells (Fig. 2a). S. amnii significantly induced
cytokines: IL-1a (p < 0.01), IL-6 (p < 0.0001), and TNFa (p < 0.0001)
and chemokines: IL-8 (p <0.01) and MIP-3a (p <0.0001), whereas
the polymicrobial infection induced IL-1a (p < 0.01), IL-6 (p < 0.05),
IL-8 (p <0.001), MCP-1 (p < 0.01), and MIP-3a (p < 0.05) as well as
IL-1B (p < 0.05) (the latter cytokine was not observed following
infection with single species) when compared to controls. In
contrast, BVAB: G. vaginalis and P. bivia, and the two health-
associated L. crispatus strains did not induce robust inflammatory
responses. G. vaginalis significantly increased the levels of only
two cytokines, IL-6 (p <0.01) and TNFa (p <0.0001), whereas P.
bivia induced only one cytokine, IL-1a (p < 0.01).

Mucins and MMPs play critical roles in establishing, maintaining,
and altering the epithelial barrier®”. MUC1 and MUC16 are
abundantly expressed in our 3D cervical model*. G. vaginalis
significantly decreased MUCT levels (p < 0.05), when compared to
L. crispatus or uninfected controls (Fig. 2b). MUC16 was not
significantly altered by any of the tested bacterial infections. G.
vaginalis also induced MMP-9 production, whereas A. vaginae
induced MMP-10. MMP-1, and MMP-7 were not altered by any of
the tested infections. We did not test MMP-2 and -8 as these
metalloproteinases were not detected in the 3D cervical cell
culture supernatants. In addition, P. bivia significantly (p <0.01)
decreased the levels of the C-terminal fragment of cytokeratin-19

Prevotella bivia VP| 6822

Atopobium vaginae
CCUG 38953

Sneathia amnii Sn35

Sweden, 1998

Table 1. Bacterial strains used in this study.

Bacterial strain Associated with Characteristics Source

Lactobacillus crispatus Health Type strain; isolated from eye ATCC 33820

VPI 3199

Lactobacillus crispatus JV- Health Isolated from vagina of a healthy woman BEI Resources HM-103
Vo1

Gardnerella vaginalis Bacterial vaginosis Isolated from vagina of a woman tested positive for BV, St. Louis, MO, BEI Resources HM-
JCP8151B USA, 2011 1116

Bacterial vaginosis Type strain; isolated from endometrium
Bacterial vaginosis Type strain; isolated from vagina of a healthy woman, Goéteborg,

Bacterial vaginosis Isolated from vagina of a woman presenting with symptoms of preterm
labor at 26 weeks of gestation, Richmond, VA, USA, 2011

ATCC 29303
ATCC BAA-55

BEI Resources NR-
50515

npj Biofilms and Microbiomes (2021) 88

Published in partnership with Nanyang Technological University



P. taniewski and M.M. Herbst-Kralovetz

np)j

e,

c Sneathia amnii-

Fig. 1 Cervicovaginal Lactobacillus and BVAB effectively colonize the surface and crevices of human 3D cervical epithelial cell model.
Scanning electron micrographs of human 3D cervical models infected with L. crispatus JV-VO1 (a), A. vaginae CCUG 38953 (b), S. amnii Sn35 (c),
G. vaginalis JCP8151B (d), P. bivia VP 6822 (e), or a polymicrobial community (consisting of equal parts of four BVAB: G. vaginalis, P. bivia, S.
amnii, and A. vaginae) (orange) (f). Bacterial cells had expected shapes (i.e., rod-shaped bacilli for L. crispatus or small coccobacilli for BVAB
species). Bacterial cells attached to surfaces of epithelial cells and formed clusters, which interacted with multiple epithelial cells. Scale bars on
micrographs show 5 pm in distance. Bacteria were pseudocolored using the Affinity Designer software: cyan blue for L. crispatus, red for A.
vaginae, yellow for S. amnii, green for G. vaginalis, purple for P. bivia, and orange for the polymicrobial cocktail. These colors are also used in the

following figures to indicate particular bacterial infections.

(CYFRA 21-1, which is responsible for the structural integrity of
epithelial cells)®® when compared to uninfected controls.

Regarding cellular stress responses, we observed that A. vaginae
increased the levels of a death receptor, soluble Fas (p <0.001)
(Fig. 2c), while S. amnii increased the levels of a heat shock
protein, HSP70 (p < 0.05), and vascular endothelial growth factor
(VEGF) (p <0.001), when compared to L. crispatus. Finally, P. bivia
infection significantly decreased the levels of an epidermal growth
factor, transforming growth factor (TGF)-a (p < 0.0001) as well as
sFas (p <0.05) and VEGF (p < 0.05), while increasing carcinoem-
bryonic antigen (CEA) (p <0.05). Overall, the Luminex® assays
demonstrated that BVAB in monomicrobial and polymicrobial
infections distinctively altered the levels of several key proin-
flammatory mediators in the 3D cervical model, and these
changes parallel genital inflammatory responses observed in
women with BV®®7°, By contrast, these inflammatory responses
were not detected in 3D models infected with health-associated
bacteria. Finally, the data also suggest that BVAB may negatively
affect physicochemical barrier function in the human 3D
cervical model.

Polymicrobial infection elicits the highest metabolic activity in
the human 3D cervical model, which results from unique
contributions of bacterial species in the community

Next, we performed a global untargeted metabolomic analysis to
evaluate metabolic changes in the cervical microenvironment
following colonization with cervicovaginal microbiota members.
We used liquid chromatography-tandem mass spectroscopy to
analyze 3D cell culture supernatants collected 24 h post infection.
The analysis identified a total of 418 compounds of known
identity. Overall, infections with cervicovaginal bacteria signifi-
cantly (p <0.05) altered (enriched or depleted) between 40 and
105 biochemicals in a pool of detected metabolites (Fig. 3a). The
two L. crispatus strains altered the lowest number of metabolites
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(40 or 42 in total) when compared to the uninfected control. The
polymicrobial community altered the highest number of metabo-
lites (105 in total) enriching 72 and depleting 33 metabolites
(Supplementary Table 1). S. amnii altered the highest number of
metabolites (72) followed by P. bivia (67), A. vaginae (55), and G.
vaginalis (43) (Fig. 3a). We also compared the number of unique
and shared metabolites that were altered following infections with
single BVAB species and the polymicrobial cocktail (consisting of
four BVAB) (Fig. 3b). The polymicrobial infection shared the
highest number of metabolites with S. amnii and P. bivia (55 and
52, respectively). Other BVAB species shared 38 (for A. vaginae)
and 33 (for G. vaginalis) metabolites with the polymicrobial
community. Finally, only five metabolites were shared across the
four single BVAB species and the polymicrobial infection
(Supplementary Table 2). Seven metabolites were uniquely altered
following polymicrobial infections (i.e., not altered following
infections with individual BVAB; Supplementary Table 2).

To compare global metabolic profiles of the bacterial infections,
we used principal component analysis (PCA) and HCA. For the
PCA, we utilized first three principal components, which explained
45.9% of the variance in the data. The analysis revealed that
biological replicates of infections clustered together. Individual
BVAB species and the polymicrobial community clustered
separately from uninfected controls, whereas two L. crispatus
strains clustered close to these controls, indicating unique
metabolic profiles of tested species (Supplementary Fig. 2).

The HCA revealed three main clusters that were clearly defined
by infections with BVAB or the. L. crispatus strains: the first
contained only the culture medium control; the second contained
the uninfected (PBS) control and the two L. crispatus strains, P.
bivia and G. vaginalis; and the third contained A. vaginae, S. amnii,
and the polymicrobial infection (Fig. 3c). The analysis also showed
that, following the infections, the most changes occurred in amino
acid, nucleotide, and lipid superpathways (Fig. 3a). Altogether,
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Fig. 2 BVAB species distinctively modulate host defense responses in human 3D cervical models relative to Lactobacillus and PBS
controls. A. vaginae, S. amnii, and polymicrobial community exerted the greatest proinflammatory potentials, whereas G. vaginalis and P. bivia
mostly altered the epithelial barrier targets. S. amnii also induced proteins related to cellular stress and angiogenesis. Human 3D cervical
models were colonized with L. crispatus type strain (1) and L. crispatus vaginal isolate (2) or infected with single BVAB species and a
polymicrobial community (consisting of four tested BVAB) for 24 h. The heatmaps depict relative levels of cytokines/chemokines (a), protein
targets related to physicochemical barrier (b), and growth factors and cellular stress-related proteins (c) evaluated in the cell culture
supernatants. Bacterial infections were grouped using hierarchical clustering. The data were mean centered and scaled and variance was
scaled for each target. Clustering was based on Euclidean distance and average linkage. Black dots indicate significant changes (p < 0.05) in
protein levels when compared to both Lactobacillus and uninfected (PBS) controls. Gray dots indicate targets significantly different from PBS
only, whereas white dots indicate targets significantly different from Lactobacillus only. Statistical differences between the mean levels of

protein targets among the groups were determined using ANOVA with Tukey’s adjustment for multiple comparisons.

these global analyses demonstrated that the polymicrobial
community was the most metabolically active among all the
tested conditions. Infections with single bacterial species also
exerted unique metabolic profiles. A. vaginae, S. amnii, and the
polymicrobial community elicited similar profiles; these profiles
were distinct from those elicited by P. bivia, G. vaginalis, L.
crispatus, and uninfected controls.

Metabolomic data are highly predictive of monomicrobial and
polymicrobial infections in 3D cervical models

To identify metabolic signatures that may be useful in differ-
entiating the infection groups, we utilized Random Forest analysis.
Overall, the analysis using metabolomic data derived from 3D
cervical models infected with L. crispatus, single BVAB species, the
polymicrobial community (consisting of four BVAB), and unin-
fected controls resulted in excellent predictive accuracy (93.75%),
when compared to the random chance of 12.5% (Fig. 4). The most
predictive metabolites were predominantly amino acids (60% of

npj Biofilms and Microbiomes (2021) 88

the top 20 predictive metabolites) and nucleotides (25% of the top
20 predictive metabolites) (Fig. 4a). A heatmap of significant
changes in the levels of these top predictive features confirm
unique and species-specific contributions of cervicovaginal
microbiota to fluxes of these metabolites (Fig. 4B). We also
calculated the proportion of times each sample received the
correct classification and depicted it as a confusion matrix (Fig. 4c).
All samples from A. vaginae, S. amnii, and the polymicrobial
infections, as well as uninfected PBS-treated controls and one of
the two L. crispatus strains, were correctly classified. Only two
samples among 36 tested were incorrectly classified: one L.
crispatus type strain sample was misclassified as a sample from the
other L. crispatus isolate, and one P. bivia sample was misclassified
as G. vaginalis infection. Overall, Random Forest analysis revealed
the ability of metabolomic data to predict monomicrobial and
polymicrobial infections. It also identified key metabolites (e.g.,
cytosine, phenyllactate, citrulline, succinate) as potential biomar-
kers of infection with specific cervicovaginal bacterial species.
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a Total number of altered metabolites

® L. crispatus 2
® G. vaginalis -
® A. vaginae -

P. bivia

S. amnii

Polymicrobial

Tt — 1T+
0 10 20 30 40 50 60 70 80 90 100 110 120
Number of metabolites (p<0.05)

Superpathway:
B Amino acid Carbohydrate Energy Peptide
Nucleotide B Cofactors and vitamins Bl Lipid Xenobiotics

¢ Hierarchical clustering analysis

1

np)

P. taniewski and M.M. Herbst-Kralovetz

b Metabolites shared
among BVAB infections

A. vaginae (s5)

G. vaginalis 43

[

mmﬂ%m

m%mmﬁ% —

LN

T Medium control

|| P. bivia

G. vaginalis
PBS control
L. crispatus 2

L. crispatus 1

| | Polymicrobial

S. amnii

ul A. vaginae

Relative intensity Bacteria

I |
-0 0 10

euaroeg [

@ L. crispatus JV-V01 (2)

[ A. vaginae CCUG 38953

[ L. crispatus VP1 3199 (1)

[ S. amnii Sn35 [ Polymicrobial
[ G. vaginalis JCP8151B [] PBS control
[ P bivia VPI 6822 Il Medium control

Fig.3 Human 3D cervical models infected with A. vaginae, S. amnii, and a polymicrobial community exert more similar metabolic profiles
and cluster separately from G. vaginalis, P. bivia, and L. crispatus-colonized models or uninfected control. Human 3D cervical models were
colonized with L. crispatus type strain (1) and L. crispatus vaginal isolate (2) or infected with single BVAB species and a polymicrobial community
(consisting of four tested BVAB) for 24 h. Global metabolomic analysis was performed on collected cell culture supernatants. a Total number of
significantly (p < 0.05) altered metabolites following bacterial infections when compared to uninfected controls. The superpathways are
indicated by colored bars. The polymicrobial infection altered the greatest number of metabolites, which mostly belonged to amino acid and
nucleotide superpathways. b Number of unique and shared metabolites among the monomicrobial and polymicrobial BVAB infections
visualized by the Venn diagram. Only five metabolites were shared by all the tested BVAB, indicating unique metabolic profiles of BVAB
species. ¢ Hierarchical clustering of all detected metabolites based on Euclidean distance and average linkage. The analysis revealed three
separate clusters. Cell culture medium control clustered separately from all other groups. L. crispatus, G. vaginalis, and P. bivia clustered
together with uninfected controls, whereas A. vaginae and S. amnii clustered with the polymicrobial infection. Statistical differences were

determined using Welch’s two-sample t test.

L. crispatus colonization results in alterations of energy
metabolism, accumulation of phenyllactate and N-acetylated
amino acids, and histidine degradation

We next determined whether colonization of the 3D cervical
model with L. crispatus strains affected metabolites associated
with cervicovaginal health. We found that Lactobacillus coloniza-
tion altered mostly metabolites belonging to carbohydrate and
amino acid superpathways (Fig. 5a). Regarding carbohydrates,
both L. crispatus strains significantly depleted glucose from the 3D
cell culture supernatants (5.9-fold, p=0.4, g =0.34 for the type
strain and 25-fold, p =0.0007, g=0.01 for the vaginal strain,
respectively) (Fig. 5b). By contrast, only one BVAB, A. vaginae, and
the polymicrobial infections resulted in glucose depletion (14.3-

Published in partnership with Nanyang Technological University

fold, p=0.04, g=0.11). Glucose can be utilized as an energy
source by Lactobacillus in glycolysis and lactic acid fermentation;
however, we did not detect lactate accumulation following L.
crispatus colonization. On the other hand, lactate was slightly
depleted following G. vaginalis infection (p = 0.03, g =0.21) and P.
bivia infection (value change for the latter species did not reach
significance). Furthermore, gluconate was significantly enriched
following L. crispatus colonization (4.9-fold, p =0.01, g =0.16 for
the type strain or 1.9-fold, p =0.02, g = 0.17 for the vaginal strain,
respectively). This suggests that L. crispatus catabolizes glucose via
the Entner-Duodoroff pathway as an alternative to glycolysis.
Regarding amino acid pathways, colonization with the L.
crispatus type strain resulted in a dramatic accumulation of an

npj Biofilms and Microbiomes (2021) 88
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Fig. 4 Metabolites in 3D cell culture supernatants highly predict monomicrobial and polymicrobial infection with BVAB or Lactobacillus.
Metabolome data were used to predict bacterial infections using Random Forest. The analysis revealed that the most predictive metabolites
belong to amino acid and nucleotide superpathways, which were altered in species-specific manner. The analysis highlighted excellent
predictive accuracy (93.75%) of infection, compared to random 12.5%. a Twenty most predictive metabolites are depicted and ranked by
relative importance score. The superpathways are indicated by colored dots. b The heatmap shows fold changes of the most predictive
metabolites among bacterial infections compared to uninfected controls. Only the fold changes that were significant (p < 0.05; g <0.01) are
displayed. Gold- and purple-shaded squares indicate metabolite enrichment or depletion, respectively. Statistical differences were determined
using Welch's two-sample t test with FDR correction. ¢ The confusion matrix illustrates the proportion of times each sample receives the
correct classification. Among the 36 tested samples, only 2 were confused (1 from L. crispatus-colonized models and 1 from P. bivia-infected
models).

antimicrobial compound, phenyllactate”" (135.2-fold; p < 0.0001, acetylserine (3.1-fold, p=0.0005, g =0.01). Finally, we observed
<0.0001), and a depletion of phenylpyruvate, which is a substrate that L. crispatus colonization led exclusively to an accumulation of
for phenyllactate synthesis. S. amnii infection also significantly imidazole lactate (3.6-fold, p = 0.04, g = 0.3 and 2.7-fold, p = 0.02,
increased phenyllactate but did not deplete phenylpyruvate. This g=0.1 for the type and vaginal strains, respectively), which was
suggests that L. crispatus, but not S. amnii, directly contribute to not observed in PBS controls or infections with any tested BVAB.
production of phenyllactate in 3D cervical cell models. Interest- As imidazole lactate is a final product of several histidine
ingly, the Random Forest algorithm also identified phenyllactate degradation pathways, our data suggest that L. crispatus is able
as a second top predictive metabolite of bacterial infections in our to catabolize histidine in the context of the cervical epithelium.
3D models. Furthermore, L. crispatus colonization, particularly with Overall, colonization of 3D cervical models with L. crispatus
the vaginal strain, led to accumulation of particular N-acetylated resulted in the alteration of specific carbohydrate and amino acid
amino acids, such as N-acetylarginine (10.1-fold, p <0.0001, g < pathways, which likely contribute to homeostasis of the local
0.0001), N-acetylthreonine (5.9-fold, p = 0.0001, g = 0.004), and N- metabolic microenvironment.
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Polyamine production results from monomicrobial infections
with P. bivia, S. amnii, and the polymicrobial community
containing these BVAB, but not L. crispatus or other BVAB
Cervicovaginal lavages collected from women with BV frequently
contain polyamines’>”3, which contribute to a characteristic
amine odor, one of the clinical symptoms of BV3. Thus, we
analyzed accumulation of these compounds in 3D cervical models
following infection with cervicovaginal microbiota. We detected
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10 metabolites related to polyamine metabolism, including
agmatine, putrescine, spermidine, N(1)-acetylspermine (Fig. 6a),
and 5’-methylthioadenosine, a by-product of polyamine synthesis
(Fig. 6b). As expected and consistent with human data’?’3, L.
crispatus colonization did not result in accumulation of these
compounds. Among infections with single BVAB, only P. bivia and
S. amnii contributed to the production of polyamines, in a species-
specific fashion. Both P. bivia and S. amnii infections resulted in the
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Fig. 5 Cervicovaginal Lactobacillus crispatus specifically alters carbohydrate and amino acids pathways in a human 3D cervical model. L.
crispatus depletes glucose and alters energy metabolism, induce phenyllactate and N-acetylated amino acid production, and histidine
degradation when compared to uninfected control and monomicrobial and polymicrobial BVAB infections. a The heatmap shows fold
changes of the metabolites among bacterial infections compared to uninfected controls. Only the fold changes that were significant (p < 0.05)
are displayed. Gold- and purple-shaded squares indicate metabolite enrichment or depletion, respectively. b-e Key metabolites altered by L.
crispatus in human 3D cervical cell model relate to energy metabolism (b), synthesis of phenyllactate synthesis (c), N-acetylated amino acids
(d), and histidine degradation pathway (e). The relative intensities of metabolites are shown as floating bar graphs. The boxes represent the
median and interquartile range and whiskers range from minimum to maximum values. A plus sign (+) on plots indicates mean values.
Schematics of glucose catabolism (b) and phenyllactate synthesis pathways (c) are also depicted. Colored circles indicate enriched or depleted
metabolites within the pathway. Significant differences between mean intensities of metabolites among infections were determined using
Welch's two-sample t test with FDR correction. p and g values are indicated by A(p < 0.05, g > 0.01), *(p < 0.05, g < 0.01), **(p < 0.01, g <0.01),

#*%(p < 0,001, g < 0.01), ***(p < 0.0001, g < 0.01).

accumulation of spermidine (5.8-fold, p =0.02, g =0.13 and 5.7-
fold, p =0.02, g =0.12, respectively) and diacetylspermidine (1.8-
fold, p=0.02, g=0.12 and 1.8-fold p =0.005, g =0.04, respec-
tively) when compared to uninfected (PBS) controls (Fig. 6¢). In
addition, P. bivia significantly increased the level of agmatine (5.2-
fold, p =0.005, g = 0.05), whereas S. amnii significantly increased
the level of N(1)-acetylspermine (4.9-fold, p = 0.002, g = 0.01), N(1),
N(12)-diacetylspermine (6.0-fold, p =0.0006, g =0.03), and N(1)-
acetylspermidine (1.6-fold, p =0.05, g =0.22). The polymicrobial
infection containing both S. amnii and P. bivia also resulted in the
enrichment of all these polyamines. By contrast, putrescine and N-
acetylputrescine levels were not impacted by any tested bacteria
(Fig. 6¢). Succinate, another metabolite elevated in women with
BV, was also elevated following infections with P. bivia (4.5-fold,
p = 0.0003, g = 0.006) and the polymicrobial community (2.7-fold,
p=0.004, g=0.02). Succinate enrichment may be linked to
polyamine metabolism since some bacteria can synthesize it from
putrescine via y-aminobutyrate (not detected in our analysis).
Intriguingly, two other BVAB tested, G. vaginalis and A. vaginae,
did not result in changes in polyamines. This analysis demon-
strates that specific BVAB (e.g., P. bivia, S. amnii) within the
polymicrobial community contribute to polyamine metabolism
during BV.

BVAB contribute to enrichment in metabolites related to
clinical symptoms of BV in a species-specific manner

Colonization of 3D cervical models with BVAB profoundly altered
metabolic pathways associated with inflammation, oxidative
stress, and physicochemical attributes of the epithelial barrier.
First, we observed that particular BVAB infections induced a
dramatic enrichment in citrulline, a key metabolite in the urea
cycle (Fig. 7a). S. amnii and A. vaginae infections increased levels of
this biochemical by 1452-fold (p <0.0001, g =0.0001) and 476-
fold (p<0.0001, g<0.0001), respectively. The polymicrobial
infection also resulted in excessive citrulline accumulation (604-
fold; p<0.0001, g<0.0001). The levels of ornithine, another
metabolite of urea cycle, was also elevated following S. amnii
infection. Ornithine can also be utilized in putrescine synthesis
(Fig. 6b); however, we did not observe significant changes in
putrescine levels following any infection (Fig. 6¢), indicating that
the activity of ornithine decarboxylase was not a major factor in
modulating ornithine levels. Yet, arginine levels inversely corre-
lated with changes noted for citrulline following infection with S.
amnii and A. vaginae. These changes can be related to the activity
of inducible nitric oxide synthase (iNOS) in the cervical epithelia
cells (since bacteria do not express iNOS). Production of nitric
oxide in the local microenvironment might lead to activation of
inflammatory signaling, which further provides the evidence of S.
amnii and A. vaginae exhibiting robust proinflammatory poten-
tials”#. In addition, following S. amnii and polymicrobial infections,
we also observed substantial accumulation of metabolites related
to oxidative stress (Fig. 7b). Relative levels of 2-hydroxy(iso)
butyrate and 2-hydroxyglutarate in the 3D cell culture
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supernatants increased 32.6-fold (p =0.0005, g =0.008) and
22.6-fold (p <0.0001, g =0.001) after colonization with S. amnii.
The polymicrobial community resulted in 7.4-fold (p = 0.006, g =
0.03) and 15.4-fold p <0.0001, g=0.001) increase of 2-hydroxy
(iso)butyrate and 2-hydroxyglutarate, respectively.

Second, we found that P. bivia and the polymicrobial
community completely depleted asparagine from the 3D cell
culture supernatants (p < 0.0001, g <0.0001) (Fig. 7d). Asparagine
degradation, catalyzed by bacterial asparaginases, results in
release of ammonia, an alkaline biochemical, which consequently
can increase vaginal pH in women with BV. As ammonia cannot be
detected by liquid chromatography-mass spectrometry, we were
not able to confirm accumulation of this metabolite following
infection with P. bivia. Among other clinically significant metabo-
lites, we observed that S. amnii induced accumulation of
pipecolate at the highest magnitude (5.8-fold, p=0.006, g =
0.06) among all tested bacteria (Fig. 7c). In a previous clinical
study’?, this amino acid was linked to the presence of “clue” cells
(squamous epithelial cells coated by BVAB), one of the Amsel
criteria used for BV diagnosis.

Finally, we observed significant accumulation of by-products of
collagen and mucin degradation following infection with parti-
cular BVAB species. Prolylhydroxyproline, a collagen-derived
dipeptide, was specifically accumulated following infection with
P. bivia (75.0-fold, p=0.01, ¢g=0.07) and the polymicrobial
infection (45.9-fold, p =0.01, g = 0.04) (Fig. 7e). N-acetylneurami-
nate (sialic acid), an essential carbohydrate moiety of mucins, was
also highly enriched following P. bivia infection (8.5-fold, p <
0.0001, g = 0.001) and slightly but significantly enriched following
S. amnii infection (1.75-fold, p = 0.04, g = 0.2) (Fig. 7f). In contrast,
colonization with G. vaginalis and the polymicrobial community
resulted in significant depletion of sialic acid (2.4-fold, p = 0.006, q
=0.08 and 1.6-fold, p = 0.03, g = 0.09, respectively), suggesting G.
vaginalis may use this metabolite as a potential energy source.

Overall, this analysis demonstrated unique metabolic contribu-
tions of tested clinical isolates of common BVAB species. A.
vaginae and S. amnii created metabolic environments that
promote host inflammatory responses, whereas G. vaginalis and
P. bivia altered mostly the physiochemical properties of the
epithelial barrier (such as mucins, sialic acid, polyamines) (Fig. 8).
Using the polymicrobial infection, we also demonstrated additive
interactions of BVAB in the multispecies consortium (a micro-
biological characteristic of BV), which may lead to pathophysio-
logical changes in the cervical epithelium.

DISCUSSION

Despite the prevalence of BV, the etiology, host-microbe inter-
play, and changes in the local microenvironment during BV that
result in increased acquisition of STls, preterm birth, and other
adverse women's health outcomes are poorly understood. Here
we tested the hypothesis that members of the cervicovaginal
microbiota distinctly contribute to inflammation and metabolic
responses in the vagina and cervix, which contribute to disease.
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Fig.6 BVAB induce production of polyamines in a species-specific manner in a human 3D cervical model. P. bivia and S. amnii contribute to
agmatine, spermidine, and N(1)-acetylspermine production, whereas A. vaginae does not induce production of bioamines similarly to L.
crispatus. a The heatmap shows fold changes of the metabolites related to the polyamine pathway among bacterial infections compared to
uninfected controls. Only the fold changes that were significant (p < 0.05) are displayed. Gold- and purple-shaded squares indicate metabolite
enrichment or depletion, respectively. b A schematic of polyamine metabolism pathways. Colored circles indicate enriched or depleted
metabolites following monoinfection with specific BVAB or infection with the polymicrobial cocktail. ¢ Floating bar graphs shows relative
intensity of polyamines in 3D cell culture supernatants following bacterial colonization. The relative intensities of polyamines and related
metabolites are shown as floating bar graphs. The boxes represent the median and interquartile range and whiskers range from minimum to
maximum values. A plus sign (+) on plots indicates mean values. Significant differences between mean intensities of metabolites among

infections were determined using Welch’s two-sample t test with FDR correction. p and g values are indicated by

0.05, g < 0.01), **(p < 0.01, g < 0.01), **(p < 0.001, g < 0.01).

Although BV is considered a vaginal disorder, we studied
cervicovaginal microbiota-host interactions using our well-
characterized 3D cervical cell model*3 for the following reasons.
Sexually transmitted pathogens establish infections in the cervix”®
Numerous gynecologic and obstetric conditions in women with
BV also result from a compromised cervical barrier, which can
consequently lead to the ascension of bacteria to the uterine
cavity and fallopian tubes’®””. Finally, we chose to use our model
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Ap <0.05, g>0.01), *(p<

to identify epithelial-specific mechanisms in response to infections
with BVAB because epithelial cells lining the female reproductive
tract are the first barrier and responders to invading pathogens.

In this study, we tested L. crispatus, which is associated with
optimal cervicovaginal health, and four key BVAB species: G.
vaginalis, A. vaginae, P. bivia and S. amnii (Table 1). Two of the
tested BVAB species, G. vaginalis and A. vaginae, are the most
commonly isolated bacteria from women with BV’37° and
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Fig. 7 BVAB species distinctively contribute to inflammation and physicochemical attributes of epithelial barrier in a human 3D cervical
model. A. vaginae and S. amnii impact arginine and citrulline metabolism, which leads proinflammatory signaling via nitric oxide production
(@). S. amnii also induce production of oxidative stress-related metabolites (b). S. amnii induce pipecolate associated with the presence of “clue
cells” (c). P. bivia can contribute to elevated cervicovaginal pH levels via asparagine degradation and ammonia production (d). BVAB species
also can impact physicochemical attributes of epithelial barrier (mucin degradation and collagen remodeling) (e, f). a A schematic of arginine/
citrulline metabolism pathways. Colored circles indicate enriched or depleted metabolites following monoinfection with specific BVAB or
infection with the polymicrobial cocktail. a—f Floating bar graphs shows relative intensity of polyamines in 3D cell culture supernatants
following bacterial colonization. The relative intensities of metabolites are shown as floating bar graphs. The boxes represent the median and
interquartile range and whiskers range from minimum to maximum values. A plus sign (+) on plots indicates mean values. Significant
differences between mean intensities of metabolites among infections were corrected for multiple comparisons. p and g values are indicated
by A(p < 0.05, g>0.01), *(p <0.05, g <0.01), **(p < 0.01, g < 0.01), ***(p <0.001, g < 0.01), ***(p < 0.0001, g < 0.01).

frequently found in BV biofilms®3#°, A, vaginae with G. vaginalis®' identified in this study closely reflect those detected in

Prevotella®?

, and Sneathia®*®~?3 have been associated with preterm

birth. In addition, Sneathia has been linked to HPV infection and
cervical carcinogenesis®>®°, We comprehensively dissected the
contributions of these cervicovaginal bacteria (individually and in
polymicrobial infections) to the immunometabolic landscape of
cervical microenvironment. The immunometabolic alterations
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gynecologic, reproductive, and obstetric sequelae of BV.
Regarding commensal L. crispatus, we showed that colonization
of our 3D model with two L. crispatus stains did not lead to an
inflammatory response from cervical epithelial cells. This finding is
in accordance with in vitro studies using cervical or vaginal cells
cultured on permeable membrane inserts®>®%® or in rotating wall
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Functions of cervicovaginal microbiota related to poor
gynecologic and obstetric health outcomes
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Fig. 8 Summary of immunometabolic contributions of Lactobacillus and BVAB species in the cervical microenvironment. L. crispatus
reinforces protective microenvironment via antimicrobial metabolites, including PLA. G. vaginalis and P. bivia alter physiochemical barrier-
related proteins and metabolites (mucins, sialic acid, polyamines). A. vaginae and S. amnii induce robust proinflammatory and pro-oncogenic
responses through induction of cytokines, iINOS, and oxidative stress. Polymicrobial infection leads to the most robust cervical
immunometabolic activity. These mechanistic insights on immunometabolic landscape provide better understanding of BV pathogenesis

and connect BV with adverse women’s health outcomes.

vessel bioreactors®’, and with epidemiological reports demon-
strating low levels of proinflammatory cytokines (e.g., IL-1q, IL-1(3,
IL-6) and chemokines (e.g., IL-8, IP-10, MIP-3a) in cervicovaginal
fluids of women with L. crispatus-dominant microbiota®-°". Our
study also showed that L. crispatus did not alter MMPs, mucins, or
proteins involved in cellular stress, strongly suggesting that
colonization of cervical cells with L. crispatus did not alter
epithelial barrier integrity.

The metabolic signatures detected in the L. crispatus micro-
environment, in contrast to most of the tested BVAB, strongly
suggest that glucose is the primary source of energy for this
health-associated commensal and that carbohydrates are key
nutrients for Lactobacillus spp., but not BVAB. Supporting these
findings are reports that L. crispatus thrives in an environment
containing glycogen, a polysaccharide of glucose, which can be
hydrolyzed by a-amylases of human®? and bacterial origin®>°4. In
vivo high levels of free glycogen in cervicovaginal fluids
corresponded to high abundance of L. crispatus and low vaginal
pH®®. Cervicovaginal Lactobacillus spp. ferment glycogen by-
products to lactic acid, which acidifies the cervicovaginal
mucosa®®. Yet, we did not observe accumulation of lactic acid in
our model following L. crispatus colonization. It is possible that the
cervical cells absorbed lactate produced by bacteria via the lactate
shuttle®”. Our study revealed that L. crispatus can contribute to the
production of phenyllactate (phenyllactic acid (PLA)), an organic
acid found in fermented foods’". Previous reports demonstrated
that PLA is produced by a broad range of lactic acid bacteria®®.
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Intriguingly, PLA has antimicrobial activity, inhibiting the growth
of bacteria and fungi’"%8, PLA production by L. crispatus might be
an additional mechanism that protects the cervicovaginal micro-
environment from invading pathogens. Herein, we also showed
that L. crispatus strains were able to degrade histidine to imidazole
lactate and potentially utilize this pathway for nitrogen acquisition
under nitrogen starvation conditions®®. This might improve
bacterial fitness of L. crispatus in resource-limited environments.
Other metabolites associated with L. crispatus colonization
included several N-acetylated amino acids, such as N-acetylargi-
nine, N-acetylserine, and N-acetylthreonine. These additional
compounds could play a role in cervicovaginal health; however,
their mechanistic actions remain to be elucidated.

Production of ammonia and amines in vivo can contribute to
elevated vaginal pH and malodor, which are symptoms of BV',
Although we could not detect ammonia using our metabolomic
platform, complete depletion of asparagine by P. bivia and the
polymicrobial community in our 3D models strongly suggests that
ammonia is produced following these infections. Ammonia
production by P. bivia has been shown to stimulate G. vaginalis
growth; in turn, proteolytic activity of G. vaginalis was shown to
enhance P. bivia growth'. Recent in vitro studies using dual-
species biofilm models also demonstrated that P. bivia can
incorporate in a preformed G. vaginalis biofilm®3'°2, Our data also
confirm a strong mutualistic relationship between these two
BVAB, involving ammonia. This mechanism may play an important
role in the establishment of early BV biofilms. Notably, a
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longitudinal study of women revealed that P. bivia and G. vaginalis
were the first BVAB to increase in relative abundance prior to
incident BV®S, which supports an early colonizer role of these
BVAB in a hypothetical model of BV pathogenesis'®.

Cervicovaginal fluids of women with BV contain elevated levels
of polyamines; these compounds are of bacterial origin and the
cause of malodor'®*1%4, Qur study revealed unique contributions
of tested BVAB isolates to polyamine synthesis. We presented
evidence of agmatine and spermidine production by P. bivia and
the production of spermidine and spermine by-products by S.
amnii. In contrast, G. vaginalis and A. vaginae infection did not
result in accumulation of polyamines, which is in accordance with
earlier studies showing that pure G. vaginalis isolates cannot
produce amines in vitro'%1%4, Consistent with this, a previous in
silico study showed that A. vaginae genomes do not encode
polyamine-synthesizing enzymes, in contrast to P. bivia and S.
amnii genomes'®. Polyamines produced by P. bivia and S. amnii
might play a critical role in biofilm formation and in increasing the
risk of STls in women with BV. Previous reports demonstrated that
agmatine inhibits lactic acid-mediated killing of N. gonorrhoeae'°®,
while spermine increases gonococcal resistance to complement
and cationic antimicrobial peptides'®”.

Our human 3D cervical model produces mucins, particularly
MUC1, which is ubiquitous in the reproductive tract®*. The
reduced MUCT levels in G. vaginalis infections may have resulted
from the bacterial sialidase activity: G. vaginalis strains®', as well as
P. bivia'®® and S. amnii**, are known to produce sialidases, which
play a key role in degradation of mucins. Sialidase activity in
vaginal fluids is a well-established hallmark of BV'?'1° and a risk
factor for preterm birth''". Consistent with a previous study”’, we
observed a significant depletion of sialic acid in our 3D cervical
models following G. vaginalis and polymicrobial infections. In
contrast, P. bivia and S. amnii infections resulted in accumulation
of sialic acid. This strongly suggests that G. vaginalis can actively
utilize sialic acid as an energy source, while P. bivia- or S. amnii-
mediated sialidase activities provide sialic acid to other BVAB.
Remarkably, a recent study showed that G. vaginalis, a sialidase
producer, promoted foraging and growth of Fusobacterium
nucleatum, a pathogen with no endogenous sialidase, on
otherwise inaccessible sialoglycans''. This glycan cross-feeding
mechanism is likely to be utilized by other bacteria in the
cervicovaginal microenvironment. A mouse model study also
showed that G. vaginalis enhances ascending uterine infection by
P. bivia''3, further supporting the notion of cross-feeding among
BVAB in the cervicovaginal microenvironment. Our data suggest
that P. bivia may also produce collagenase(s), enzymes that have
been linked to cervical ripening''* and connecting P. bivia with
preterm birth®2. These bacterial enzymatic activities may also
relate to STI acquisition and transmission. For example, sialidase-
producing BVAB have been shown to desialylate lipooligosacchar-
ide of N. gonorrhoeae, which subsequently enhances successful
transmission of this pathogen to men''>.

MMPs, a class of proteolytic enzymes, play a critical role in
maintaining epithelial barrier. Herein G. vaginalis induced secre-
tion of MMP-9, whereas A. vaginae induced MMP-10. MMP-9 in
amniotic fluid is a well-established biomarker of amniotic fluid
infection and a risk factor of preterm birth''S, In the cervix,
increased level of MMP-9 is linked to the risk of spontaneous labor
at term'"” as well as preterm labor''®, MMP-9 and -10 have been
also associated with progression of cervical neoplasia''®'2°. Matrix
reorganization coupled with growth factor and heat shock protein
alterations (VEGF and HSP70) observed following S. amnii infection
may promote carcinogenesis. Indeed, in clinical studies we and
others linked A. vaginae and Sneathia spp. to gynecologic
Cancer583'84'121'122.

Clinical data on cytokines and chemokines in vaginal fluids of
women with BV are inconsistent®®7°, The discrepancies in immune
markers may result from microbial and host diversity. Certainly,

npj Biofilms and Microbiomes (2021) 88

the cervicovaginal microbiota can change daily'?3, and variation in

the microbiota composition likely affects host immune
responses'®. Thus, it is imperative to identify BVAB species/
strains with high inflammatory potential. Herein we found that A.
vaginae exhibited the highest proinflammatory properties and
induced multiple proinflammatory cytokines and chemokines. S.
amnii infection also resulted in secretion of several key immune
mediators (IL-6, IL-8, TNFa). On the other hand, the tested P. bivia
or G. vaginalis strains did not lead to a robust proinflammatory
activation of cervical cells. The polymicrobial infection with four
BVAB resulted in a mixed profile and additional induction of IL-1j,
a key cytokine consistently elevated among women with BV®97°,
Our data suggest that some immune responses related to BV
might arise from synergistic interactions among bacteria in the
polymicrobial community.

Previous in vitro studies showed similar cytokine/chemokine
profiles for tested BVAB in the context of human vaginal®”:124-126
or endometrial epithelial models'®®'?7. A, vaginae and S. amnii
have been also found in patients with inflammatory conditions,
such as intrapartum bacteremia'?®, endometritis'?°, urethritis'3°,
chorioamnionitis®”'3', and meningitis'3?, further supporting their
pathogenic properties. These inflammatory BVAB species may also
facilitate acquisition of HIV and other STIs via activation and
recruitment of immune cells to the cervical microenvironment'33,

Metabolically, A. vaginae, S. amnii, and polymicrobial infection
also exhibited inflammatory profiles, including potential nitric
oxide release. A previous clinical study showed that women with
BV exhibited elevated levels of nitric oxide”*. Although nitric oxide
is critical in host defense against pathogens, it can also create an
environment favorable for STI pathogens (e.g., for N. gonorrhoeae
colonization'** and survival'®®). In addition, nitric oxide is a
mediator for cervical ripening'® and links A. vaginae and S. amnii
to an increased risk of preterm birth. Other key metabolites
related to oxidative stress, 2-hydroxyglutarate and 2-hydroxybu-
tyrate, also accumulated following infection with S. amnii and the
polymicrobial infection'3’. The glutathione synthesis intermediate,
2-hydroxybutyrate, positively correlated to genital inflammation
and Lactobacillus depletion in our clinical study in women with
HPV and cervical neoplasia'32. Overall, the presence of inflamma-
tory BVAB species, such as A. vaginae and S. amnii, within
cervicovaginal microbiomes may lead to chronic local inflamma-
tion, resulting in adverse women'’s health outcomes.

BV is a polymicrobial disease involving multiple clinical stages
and numerous microorganisms, and it is logistically difficult to test
all the microorganisms that have been linked to this condition.
Therefore, there are some limitations in this study. Our study used
key culturable bacteria that are firmly linked to health or BV'°.
These findings highlight the distinct contributions of these
microorganisms to immunometabolic microenvironments related
to vaginal health or BV and gynecologic and obstetric sequelae.
However, we acknowledge that the bacterial strains used in this
study might not represent the wide genetic and functional
diversity of cervicovaginal microbiota species and additional
in vitro studies are needed to validate the host response to
different bacterial strains/isolates (e.g., G. vaginalis strains belong-
ing to different subspecies and clades'>®, isolated from women
with BV and healthy women, or grown under different conditions,
e.g., planktonic or biofilm cultures'°). We also acknowledge the
complexity of polymicrobial BV biofilms that varies in bacterial
composition over the course of disease and among individuals®®.
As a first step to mimic polymicrobial infection, we used a cocktail
with equal ratios of four common BV-associated microorganisms
(G. vaginalis, P. bivia, A. vaginae, and S. amnii) and compared to
infections with those species alone. In the future, host responses
to different permutations, ratios, and doses of bacterial species in
the mixed infections at different timepoints should be evaluated
to better understand mechanisms of pathogenesis of key BVAB
and the kinetics of pathophysiological changes related to BV.
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Future studies should also evaluate the origins of metabolites of
(i.e., host or microbiota-derived) to better understand the complex
host-microbe interaction in the cervical microenvironment. In our
previous clinical study of women with HPV infection and cervical
neoplasia, we predicted that 41.5% of metabolites detected in
cervicovaginal lavages can be produced by both host and
microbiota and 6.5% of metabolites can be derived only by
cervicovaginal bacteria'2,

Importantly, this study establishes a foundation for investigat-
ing complex host-microbe interactions in the human cervix and
paves the way for future studies using other bacterial species/
strains (alone or in synthetic polymicrobial “cocktails”) as well as
clinical specimens. In summary, we demonstrated that our robust
human 3D cervical model colonized with cervicovaginal bacteria
validates previous clinical in vivo findings and can faithfully
recapitulate the cervical immunometabolic microenvironment.
Thus, this in vitro cell culture system can be used as a preclinical
model to evaluate physiologically relevant host responses to a
variety of cervicovaginal bacteria, including commensals and
pathogens. We identified cervicovaginal bacteria with distinct
immunometabolic properties. We also revealed that polymicrobial
infection led to the highest metabolic activity in the human 3D
cervical model, resulting from unique contributions of bacteria in
the community. Coupling our robust 3D cervical models and
“omics” technologies allowed us to identify mechanisms by which
individual and communities of cervicovaginal bacteria may
contribute to reproductive and gynecologic sequelae, including
STI acquisition, carcinogenesis, and preterm birth by altering the
immunometabolic landscape.

METHODS
Generation of the human 3D cervical epithelial cell model

The human endocervical epithelial cell line A2EN, generated from human
endocervical explant tissue'*!, was cultured in Gibco keratinocyte serum-
free medium supplemented with human recombinant epidermal growth
factor (5ng/ml), bovine pituitary extract (50 ug/ml) (Thermo Fisher
Scientific, Waltham, MA, USA), sodium chloride (22 mg/ml; Sigma-Aldrich,
St. Louis, MO, USA), and primocin (100 pg/ml; InvivoGen, San Diego, CA,
USA) at 37°C in a humidified atmosphere of 5% CO,. For quantification,
cells were dissociated with 0.25% (v/v) trypsin (Mediatech, Manassas, VA,
USA) and counted using trypan blue exclusion staining and a Countess
automated cell counter (Invitrogen, Carlsbad, CA, USA). To generate 3D
models, A2EN cells were grown on collagen-coated dextran microcarrier
beads (Cytodex-3, Sigma-Aldrich) in rotating wall vessel (RWV) bioreactors
(Synthecon, Houston, TX, USA) as described previously*>#4, Briefly, A2EN
cells were initially grown as monolayers in tissue culture flasks, trypsinized,
and counted as described above. Single-cell suspensions (1 x 107 cells)
were combined with 0.3 g of Cytodex-3 microcarrier beads and seeded
into an RWV bioreactor. The bioreactors were rotated at 20 rpm and fed
daily with fresh medium. After 28 days in the RWV bioreactors, human 3D
cervical models were fully differentiated, tested for viability as described
above, and distributed into 24-well plates (4.2-6.9 x 10° cells/ml) for
experimental manipulations.

Bacterial strains and growth conditions

Bacterial strains used in this study are listed in Table 1. All bacteria were
obtained from the ATCC or the Biodefense and Emerging Infections (BEI)
Research Resources Repository Resources (NIAID, NIH as a part of the
Human Microbiome Project). L. crispatus was cultured on de Man, Rogosa,
and Sharpe agar. A. vaginae (recently renamed Fannyhessea vaginae), G.
vaginalis, and P. bivia were grown on brain heart infusion (BHI) agar
supplemented with 5% (v/v) defibrinated sheep blood (Quad Five, Ryegate,
MT, USA). S. amnii (recently renamed Sneathia vaginalis) was grown on BHI
agar supplemented with 1% (w/v) yeast extract (Thermo Fisher Scientific),
2% (w/v) gelatin, 0.1% (w/v) starch (MP Biomedicals, Santa Ana, CA, USA),
0.1% (w/v) glucose (Amresco, Dallas, TX, USA), and 5% (v/v) human serum
(Valley Biomedical, Winchester, WA, USA). All bacteria were cultured at
37 °C under anaerobic conditions, generated with an AnaeroPack® System
(Mitsubishi Gas Chemical Co., Tokyo, Japan). Bacterial culture media and
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supplements were purchased from Becton, Dickinson and Company
(Franklin Lakes, NJ, USA) unless otherwise indicated.

Bacterial infection and colonization assays

Bacteria were grown for 16-18 h on appropriate agar plates, harvested
using a sterile loop, and resuspended in sterile Dulbecco’s PBS (DPBS) and
diluted accordingly to adjust optical densities at 600 nm (ODggo) to 0.5. The
adjusted bacterial cell suspensions were serially diluted in PBS, plated on
appropriate agar media and incubated for 96 h at 37 °C under anaerobic
conditions for enumeration of colony-forming units (CFU). The bacterial
suspensions of ODgyy 0.5 corresponded to bacterial densities of
approximately 0.5-2 x 108 CFU/ml. Human 3D cervical models were
seeded in 24-well plates and infected with bacterial suspensions (ODggo
of 0.5, 20 pl per 1 x 10° cervical cells), which corresponded to multiplicities
of infection (MOI) of 10-40. Human 3D cervical models were colonized
with single bacterial strains (L. crispatus VPl 3199, L. crispatus JV-VO1, A.
vaginae CCUG 38953, P. bivia VPl 6822, G. vaginalis JCP8151B, S. amnii
Sn35) for 24 h at 37 °C under anaerobic conditions. In addition, 3D models
were infected with the polymicrobial cocktail, consisting of equal parts of
A. vaginae, S. amnii, P. bivia, and G. vaginalis, to a total ODggo of 0.5 (20 pl
per 1x10° cervical cells), for direct comparison to infection with single
bacteria. Treatment with a matching volume of sterile PBS served as a
negative control. Following infections, cell culture supernatants from each
well were collected and immediately stored at —80 °C for quantification of
soluble proteins and metabolomic analyses.

Scanning electron microscopy

For SEM analyses, human 3D cervical models were infected with bacterial
suspensions (ODggo Of 5.0, 20l per 1x10° cervical cells), which
corresponded to MOI of 100-400, for 4h at 37°C under anaerobic
conditions. Following the incubation, infected 3D models were washed
twice with DPBS to remove bacteria that did not attach to the cells, fixed
with 2.5% (v/v) glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA),
and processed as described previously*®, SEM samples were imaged using
a scanning electron microscope model JSM-6300 (JEOL, Tokyo, Japan), and
images were acquired with an IXRF Model 500 Digital Processor (IXRF
Systems, Houston, TX).

Luminex® multiplex immunoassays

Levels of 28 soluble proteins, including cytokines (IL-1q, IL-1B3, IL-6, MIF,
TNFa, TRAIL), chemokines (CCL2/MCP-1, CCL3/MIP-1qa, CCL4/MIP-1(3, CCL5/
RANTES, CCL20/MIP-3a, CXCL8/IL-8/, CXCL10/IP-10, growth factors (TGF-q,
VEGF), MMPs (MMP-1, MMP-2, MMP-7, MMP-8, MMP-9, MMP-10), mucins
(MUC1/CA15-3, MUC16/CA125), CEA, the death receptor sFas and its ligand
sFasL, the heat shock protein HSP70, and the cytokeratin fragment CYFRA
21-1, were determined in cell culture supernatants using customized
cytometric magnetic bead arrays based on Luminex® xMAP® technology:
MILLIPLEX® MAP Human Cytokine/Chemokine Panel 1, Th 17 Panel,
Circulating Cancer Biomarker Panel 1, Sepsis Panel 2, and MMP Panel 2
(Millipore, Billerica, MA, USA). The assays were performed in accordance
with the manufacturer’s protocols. Data were collected with a Bio-Plex®
200 instrument and analyzed using the Manager 5.0 software (Bio-Rad,
Hercules, CA, USA). A five-parameter logistic regression curve fit was used
to determine the concentration. All samples were assayed in duplicate.

Untargeted global metabolomic analysis

Metabolomic analysis of cell culture supernatants was performed by
Metabolon, Inc. (Durham, NC, USA). Samples were processed using the
Automated MicroLab STAR® System (Hamilton, Reno, NV, USA). Samples
were precipitated for 2 min with methanol under vigorous shaking with
GenoGrinder 2000 (Glen Mills, Clifton, NJ) followed by centrifugation to
remove the protein content. The resulted extract was aliquoted, placed on
a TurboVap® (Zymark) to remove the organic solvent and stored overnight
under nitrogen. To recover chemically diverse metabolites, four methods
of ultrahigh performance liquid chromatography-tandem mass spectro-
scopy (UPLC-MS/MS) were utilized: two separate reverse phase/UPLC-MS/
MS methods with positive ion mode electrospray ionization (ESI), reverse
phase/UPLC-MS/MS with negative ion mode ESI, and HILIC/UPLC-MS/MS
with negative ion mode ESI. The sample extract aliquots were dried,
reconstituted in solvents compatible to each of the four methods, followed
by the gradient elution from a C18 column (Waters UPLC BEH C18-2.1 x
100 mm, 1.7 um) using (1) water and methanol, 0.05% perfluoropentanoic

npj Biofilms and Microbiomes (2021) 88



np)

P. taniewski and M.M. Herbst-Kralovetz

14

acid, 0.1% formic acid; (2) methanol, acetonitrile, water, 0.05% perfluor-
opentanoic acid, 0.01% formic acid; (3) methanol and water, 6.5 mM
ammonium bicarbonate, pH 8, or the gradient elution from a HILIC column
(Waters UPLC BEH Amide 2.1 x 150 mm, 1.7 um) using (4) water and
acetonitrile, 10 mM ammonium formate, pH 10.8. A Waters ACQUITY UPLC
and a Thermo Scientific Q-Exactive high resolution/accurate mass spectro-
meter interfaced with a heated electrospray ionization (HESI-Il) source and
Orbitrap mass analyzer operated at 35,000 mass resolution were used in all
the methods. The MS analysis alternated between MS and data-dependent
MS” scans using dynamic exclusion. The scan range varied slightly
between methods but covered 70-1000 m/z. The data were extracted,
peak-identified, and processed for quality controls using the Metabolon
Laboratory Information Management System. Compounds were identified
by comparison to library entries of >3300 commercially available purified
standards and additional recurrent unknown entities. Peaks were
quantified using area under the curve, which allows to determine relative
intensity of compounds among tested samples but not the absolute
concentrations.

Unsupervised and supervised data reduction methods

HCA was performed using ClustVis'*? to show the large-scale differences
among the samples and/or groups. Clustering was based on Euclidean
distance between rows and columns and average linkage cluster
algorithm. PCA was performed using Plotly to reduce the dimension of
the data. Three principal components that account for the most of variance
in the observed variables were computed. Random Forest analysis, a
supervised classification technique based on an assemblage of decision
tree, was performed using the Metabolon Laboratory Information Manage-
ment System and used to predict the classification of samples to the
groups based on the metabolite. Mean decrease accuracy was used to
determine a variable importance of metabolites.

Statistical analyses

All experimental analyses were performed using four independent batches
of human 3D cervical epithelial cell culture models. Statistical differences
between the mean levels of protein targets among the groups were
determined using an analysis of variance with Tukey's adjustment for
multiple comparisons. Statistical differences between the mean intensities
of metabolites among the groups were determined using Welch’s two-
sample t test. p values were corrected using the false discovery rate
method and g values are reported. Overall p values < 0.05 were considered
significant. Statistical analyses were performed using Prism 9 (GraphPad,
San Diego, CA, USA), Array Studio (OmicSoft, Cary, NC, USA), R, or JMP.

Reporting summary

Further information on research design is available in the Nature Research
Reporting Summary linked to this article.
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