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Epithelial cells are covered in carbohydrates (glycans). This glycan coat or “glycocalyx” interfaces
directly with microbes, providing a protective barrier against potential pathogens. Bacterial
vaginosis (BV) is a condition associated with adverse health outcomes in which bacteria reside in
direct proximity to the vaginal epithelium. Some of these bacteria, including Gardnerella, produce
glycosyl hydrolase enzymes. However, glycans of the human vaginal epithelial surface have not
been studied in detail. Here we elucidate key characteristics of the normal’ vaginal epithelial
glycan landscape and analyze the impact of resident microbes on the surface glycocalyx. In

BV, the staining of the glycocalyx was visibly diminished in electron micrographs compared to
controls. Biochemical and mass spectrometric analysis showed that, compared to normal’ vaginal
epithelial cells, BV cells were depleted of sialylated A~ and O-glycans, with underlying galactose
residues exposed on the surface. Treatment of primary epithelial cells from BV-negative women
with recombinant Gardnerella sialidases generated BV-like glycan phenotypes. As well, exposure
of cultured vaginal epithelial cells to recombinant Gardnerella sialidase led to desialylation

of glycans and induction of pathways regulating cell death, differentiation, and inflammatory
responses. These data provide evidence that the vaginal epithelial cells exhibit an altered glycan
landscape in BV and suggest that BV-associated glycosidic enzymes may lead to changes

in epithelial gene transcription that promote cell turnover and regulate responses towards the
resident microbiome. Given the widespread roles of sialoglycans in biology and disease, these
findings may point to a shared epithelial pathophysiology underlying the many adverse outcomes
associated with BV.

One Sentence Summary:

Resident bacteria damage carbohydrates on vaginal epithelial cell surfaces.

Introduction

Resident vaginal bacteria play key roles in women’s sexual and reproductive health (1, 2).
Abundant Lactobacillus in the vagina is associated with lower risks of gynecologic and
obstetric health complications (3—6). In bacterial vaginosis (BV) there are fewer lactobacilli,
and the vagina is instead colonized by diverse anerobic bacteria such as Gardnerella (7-11).
BV is associated with pregnancy loss (12, 13), preterm birth (14-16), postsurgical infections
(17), pelvic inflammatory disease (18-20), and sexually transmitted infections including
chlamydia, gonorrhea, and HIV (21-23). Despite the broad impact of BV on gynecologic,
sexual, and reproductive health, current treatments are inadequate and recurrences are
frequent (24).

In BV, vaginal bacteria live in close proximity to the epithelium (10, 25-27). Epithelial cells
covered in bacteria, known as “clue cells’, are a major criterion for clinical diagnosis of

BV (28, 29). Fluorescence /n situ hybridization studies have identified some of the attached
bacteria, which include Garadnerella, Atopobium, Mobiluncus, and BVAB1-3 (10, 25, 30,
31). BV is associated with increased shedding of vaginal epithelial cells (VECs) from

the superficial layers into the lumen (32, 33). The bacteria-studded, ruffled, and damaged
appearance of these exfoliated cells in BV (33) supports the hypothesis that bacterial attack
on the epithelium might contribute to the wide-ranging health risks posed by BV.

Sci Transl Med. Author manuscript; available in PMC 2024 November 29.
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Mammalian epithelial cells are densely coated with carbohydrate chains (glycans) (34—-36)
that are often the first point of contact for microbes at mucosal sites (37). The cellular glycan
coat or glycocalyx can provide physical protection from pathogens (38, 39), mediate host-
microbe interactions (40), and regulate immunity (41-44). Host glycans can be modified

in many human diseases (45, 46), including infectious diseases caused by viruses and
bacteria (47). Prior studies have investigated glycans in human cervicovaginal fluid (48—
54). However, epithelial glycans in the vagina are poorly defined and their functions (and
dysfunctions) remain elusive.

Several lines of evidence suggest that the biology of carbohydrates may be important in the
underlying physiology of BV. Amounts of carbohydrate-degrading enzymes (glycosidases)
in vaginal fluid are higher in women with BV compared to those without BV (52, 55-57).
Moreover, vaginal fluids with high concentrations of mucin-degrading enzymes were more
likely to exhibit low viscosity (58). One of the most prominent glycoside hydrolases in BV
is sialidase, which is not only diagnostic for BV (55, 59) but also associated with adverse
pregnancy outcomes including pregnancy loss, preterm birth, and placental infection (56, 60,
61). Sialidases liberate sialic acids from their outermost position on mammalian glycans.
Bacteria expressing sialidase activity have been isolated from women with BV (55, 62),
suggesting vaginal sialidases are likely of bacterial origin. Prior studies have further shown
that sialidases from the common BV bacterium Gardnerella can remove sialic acids from
mammalian glycoproteins such as immunoglobulins and mucins (62, 63). Consistent with
this observation, mucus secretions of women with BV have higher amounts of liberated
sialic acid (61,63) and an overall depletion of sialic acids attached to glycans (62). Together
the evidence suggests that vaginal bacteria in BV are capable of degrading host glycans.

Here we pursued the hypothesis that the vaginal epithelial glycocalyx is an unappreciated
target for bacterial hydrolytic enzymes in BV. We use several complementary methods

to elucidate the landscape of glycans on the surfaces of epithelial cells derived from
human vaginal specimens. These data provide a blue-print for vaginal epithelial A~ and
O-glycosylation. Evidence is presented in support of three interpretations: that epithelial
glycans sustain hydrolytic damage in BV, that BV-like glycan phenotypes can be emulated
by treatment of "normal’ VECs with recombinant Gardnerella sialidases, and that changes
in cultured VEC gene expression in response to sialidase may shed light on epithelial cell
behaviors in BV.

Sialic acids are depleted from the vaginal glycocalyx in BV

Sialic acids are terminal sugars decorating mammalian glycans. The most abundant sialic
acid in humans is A~acetylneuraminic acid (Neu5Ac) (42). To evaluate the effect of BV

on VEC sialoglycans we performed analysis of sialic acid on the cell surface by lectin
confocal microscopy. Primary epithelial cells were isolated from vaginal swab eluates from
women with BV (Nugent score 7-10) or without BV (Nugent score 0-3, referred to as
‘normal’ or ‘No BV’ hereafter). These samples were previously collected as part of the
contraceptive CHOICE project, which enrolled adult women in the St. Louis area who
were sexually active and in search of (free) contraception (see the Materials and Methods).

Sci Transl Med. Author manuscript; available in PMC 2024 November 29.
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By design, our study did not perform any matching of samples in the Nugent-defined

BV or No BV groups, nor did we undertake efforts to exclude samples from individuals
with sexually transmitted infection. Consistent with prior reports, individuals with BV were
more likely to be Black, and had other factors previously linked with BV (see table S1

and paragraph two of the Discussion). BV-status was determined using Nugent’s scoring
method for analysis of Gram-stained slides of vaginal specimens (64). Sialidase activity
was measured in each vaginal specimen by incubating the swab eluate with fluorogenic
substrate NeuSAc-4-methyl umbelliferone (4MUSia). Initial investigation of the epithelial
surface sialylation performed in specimens without BV revealed prominent binding of the
Maackia amurensis lectin-11 (MAL-I1) (Fig. 1A), which recognizes terminal a2-3-linked
sialic acid residues (NeuSAca2-3Gallp1-3GalNAc) (65). In contrast, eight of nine BV
specimens with high sialidase activity (rate of 4MUSia hydrolysis > 0.1 uM/min) showed
negligible MAL-II staining, suggesting extensive depletion of epithelial a2—3-linked sialic
acids in BV. In some BV specimens with low sialidase activity, evident MAL-II binding
suggested that sialic acid depletion was related to the presence of sialidases in vaginal fluids
(Fig. 1A). Specificity was confirmed by pretreating No BV VECs with exogenous sialidase
from Arthrobacter ureafaciens (A.u. sialidase), which eliminated MAL-II binding (fig. S1A).
Similarly, MAL-II binding was lower in blots of protein extracts from BV VECs (fig. S1B),
compared to No BV VECs, which was further reduced or eliminated upon treatment with
A.u. sialidase. In agreement with previous studies (55, 57), we found sialidase activity was
significantly higher (P < 0.0001) in samples from women with BV compared to without BV
(Fig. 1B).

The repertoire of glycans on mammalian cell surfaces varies from tissue to tissue and

its characterization can be complicated by branching and extensive heterogeneity (66).

Two abundant glycan types modify proteins on mammalian surfaces. O-linked glycans are
found on serine or threonine residues, whereas A-linked glycans are attached to asparagine
residues. To investigate the impact of BV on terminal sialic acids decorating N-glycans,

we blotted protein extracts of VECs using Sambucus nigra agglutinin (SNA) that binds to
sialic acid residues a.2—6-linked to galactose (NeuSAca 2-6Gal) (fig. S2A). Fewer bands and
less overall SNA binding was observed in BV compared to ‘normal’ specimens (fig. S2C).
In parallel, we also blotted protein extracts of VECs using Erythrina cristagalli agglutinin
(ECA), which binds to galactose (Galp1-4GIcNAc) underlying sialic acids (fig. S2A). ECA
binding was only detected in the protein extracts of No BV specimens when treated with
exogenous A.u. sialidase (AUS) (fig. S2D), indicating that the galactose residues were
capped by sialic acids in ‘normal’ VECs. In contrast, ECA binding was observed in BV
specimens (fig. S2D) regardless of sialidase treatment. In control samples treated with
PNGase F (fig. S2B), both ECA and SNA binding were either reduced or not detected (fig.
S2C, S2D), confirming these lectins recognize epitopes in VEC A-glycans. Together these
data point towards depletion of a2—6 linked sialic acids from VEC glycans.

To quantitatively assess the degree of sialylation on A- and O-glycans, epithelial cells
were pooled from multiple specimens to yield sufficient material for analysis. Glycans
were released from equal amounts of extracted protein for each condition. A-glycans were
released with PNGase F under denaturing conditions, whereas O-glycans were released
using reductive beta-elimination. Subsequently, sialic acids were released from glycans by

Sci Transl Med. Author manuscript; available in PMC 2024 November 29.
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mild acid hydrolysis, fluorescent derivatized using 1,2-diamino-4,5-methylenedioxybenzene
(DMB), and quantified by reverse-phase chromatography by comparison to synthetic
standards. Biochemical measurements of sialic acids (Neu5Ac) in these preparations
revealed that the extent of sialylation in BV specimens was ~4.5-fold lower on A-glycans,
and ~9-fold lower on O-glycans, compared to No BV specimens (Figs. 1C, D). As a control,
pooled VECs from women without BV were pretreated with exogenous A.u. sialidase and
washed to remove liberated sialic acid prior to lysate preparation, revealing BV-like A~ and
O-glycans with low amounts of sialic acid. These results, together with the lectin analysis,
strongly suggest that a.2-3- and a.2—6-linked sialic acids are depleted from the epithelial
glycans in individuals with BV.

Depletion of negatively charged N-linked glycans on epithelial cells in BV

To further characterize epithelial A~glycans, we employed anion exchange chromatography
to separate neutral and negatively charged glycans. This analysis distinguishes between
different types of Aglycans [such as high mannose (neutral) or mono-, bi-, tri- and tetra-
antennary sialylated glycans]. A-glycans were isolated from VEC protein extracts using
PNGase F, labelled with 2-amino benzamide (2-AB), and analyzed by high-performance
anion exchange chromatography (HPAEC) with fluorimetric detection (Fig. 2A). A-glycan
standards isolated from the glycoproteins RNase B and bovine fetuin were analyzed

in parallel, illustrating a clear separation between neutral and charged glycans. Neutral
N-glycan structures were abundant in all samples. However, peaks corresponding to
negatively charged N-glycans were smaller and fewer among glycans derived from BV
compared to No BV specimens (Fig. 2B). When glycans derived from No BV specimens
were experimentally treated with sialidase, most of the negatively charged (sialylated)
peaks disappeared, and the A-glycans adopted a BV-like profile (Fig. 2C). These results
demonstrate that sialylated epithelial A~glycans are found at substantially lower amounts in
BV.

To further resolve potential changes in A-glycan structures we examined the composition of
N-glycans, derived from the VECs of an individual specimen of No BV and BV, using high
resolution LC-MS/MS (67). Epithelial A-glycans obtained from a specimen without BV
had a prominent signal arising from a di-sialylated biantennary A-glycan (Fig. 2D and fig.
S3). Masses corresponding to sialylated bi-antennary A-glycans were seen at much lower
intensities in the BV sample, which instead had prominent peaks for the corresponding de-
sialylated N-glycans with terminally exposed galactose (Fig. 2D and fig. S3). Additionally,
we observed that fucosylated A-glycans terminating in galactose were highly abundant in
the BV specimen (Fig. 2D and fig. S3), plausibly due to the loss of sialic acid residues
from the parent sialofucosylated structures observed on ‘normal’ epithelial cells in women
without BV (fig. S3). In contrast, in the BV specimen, we did not observe glycan masses
corresponding to these complex structures in which both antennae have a terminal GIcNAc
that is not capped by Gal. This result, together with ECA lectin analysis (fig. S2D),

argues against extensive, processive exo-deglycosylation and provide further resolution of
the sialylated glycans that are depleted from epithelial cells in BV.

Sci Transl Med. Author manuscript; available in PMC 2024 November 29.
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O-glycans of human VECs

In women without BV, our measurements of sialic acid amounts suggested that the vaginal
glycocalyx contains abundant sialylated O-glycans. To identify the relevant O-glycan
structures of VECs, mass spectrometric (MS) analysis was performed on permethylated
epithelial O-glycans derived from pooled VECs of women without BV. The most commonly
found O-glycans in mammals are the mucin type O-glycans (68). Biosynthesis of mucin
type O-glycosylation is initiated by addition of an alpha-linked N-acetylgalactosamine
(a-GalNAC) residue to a serine or threonine residue in the peptide backbone (68, 69).
Subsequently, the core GalNAc can be extended with other sugars to form several different
core structures. For example, the core-2 structures are generated by the addition of a f1-6
linked A-acetylglucosamine (GIcNAC) to the GalNAc in core 1. Analysis of ‘normal’ VEC
O-glycans using matrix-assisted laser desorption/ionization-time of flight mass spectrometry
(MALDI-TOF) revealed that the vaginal glycocalyx contains multiple sialylated O-glycan
structures. Among these, we observed a small fraction of di-sialylated core 1 structures
(Galp1-3GalNAc-Ser/Thr) with m/z 1256, and relatively high abundance of differentially
sialylated and fucosylated core 2 structures (Fig. 3A). Specifically, in ‘normal’ VEC O-
glycans, the highest intensity peak was consistent with a di-sialylated and fucosylated core
2 ion with m/z 1879, containing a potential sialyl Lewis X (sLeX, also known as CD15s)

on one antenna. To further verify the presence of a Lewis X (CD15) structure (fig. S4A) we
used an anti-Lewis X antibody to probe VECs isolated from No BV vaginal specimens, with
or without prior treatment with exogenous sialidase (A.v. sialidase). Confocal imaging (fig.
S4B) and flow cytometry (fig. S4C) analysis confirmed the presence of Lewis X containing
glycans on VECs of women without BV. A substantial increase in anti-Lewis X binding was
observed when VECs were treated with A.u. sialidase (fig. S4C), suggesting that most of the
Lewis X antigens present on ‘normal’ VECs were sialylated.

O-glycan structures of VECs derived from No BV and BV specimens were assigned by
tandem MS (MS/MS) analysis (70) of selected precursor ions using a linear ion trap mass
spectrometer (LTQ-MS). The MS/MS fragmentation spectra of permethylated O-glycans
derived from No BV VECs contained molecular ions characteristic of core 1 and fucosylated
core 2 O-glycans (fig. S5). Fragmentation of the sialylated O-glycan precursor ion with m/z
1256 yielded a Y-ion corresponding to sialylated T-antigen (NeuSAc-Galp1-3GalNAc-Ser/
Thr, m/z 881) and a Z-ion corresponding to sialyl-Tn antigen (Neu5Ac2-6GalNAc-Ser/Thr,
m/z 659) with much lower intensity (fig. S5A), confirming a core 1 structure. Similarly,
fragmentation of the most abundant di-sialylated core 2 ion (m/z 1879) yielded daughter
ions with m/z 1504, 1673, 1282 and 1129 confirming a branched glycan (fig. S5A).

Analysis of O-glycans isolated from pooled VECs, derived from BV-positive vaginal
specimens, using MALDI-TOF MS revealed that the relative intensity of sialyl Lewis X
containing core 2 ion (m/z 1879) was less than < 30% (Fig. 3B), which was much lower
compared to its relative intensity (>80%) in No BV O-glycans. It is plausible that depletion
of sialic acids from epithelial cell O-glycans results in the lower relative abundance of core 2
ion (m/z 1879) we observed in BV. Corroborating these data, we also observed a concurrent
higher intensity of a core 2 ion lacking sialic acids (m/z 983) in BV O-glycans (Fig. 3B). In
support of this assignment, MS/MS analysis (by LTQ-MS) of the most abundant O-glycan

Sci Transl Med. Author manuscript; available in PMC 2024 November 29.
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ion (m/z 983) yielded daughter ions with m/z 747 (Z-ion), 520 (Y-ion, T-antigen), and

486 (B-ion, LacNAc), confirming the presence of a core 2 structure with LacNAc on one
antenna and T-antigen on the other (fig. S5A). Further MS/MS analysis of the precursor

ion with m/z 1157 yielded several fucose-containing daughter ions with m/z 921 (most
abundant, Fucose{Gal-GIcNAc}), 694 (Fucose-Gal-GalNAc with reducing end) and 660
(Fucose{Gal-GIcNAc}), suggesting the presence of multiple fucosylated glycoforms lacking
terminal sialic acid residues (fig. S5B).

To determine if these changes in the molecular ion intensity were due to de-sialylation of
glycans, we analyzed O-glycans isolated from pooled VECs that were derived from women
without BV and pretreated with A.. sialidase (Fig. 3C). We found that the MALDI-TOF O-
glycoprofile of sialidase-pretreated No BV VECs was similar to that obtained from women
with BV. The highest peak in the O-glycans of sialidase pretreated samples corresponded

to the de-sialylated core 2 ion (m/z 983), whereas the relative intensity of molecular ion
m/z 1879 (sialic acid containing core 2 ion) was less than 30% (Fig. 3C). To further
characterize O-glycan structures, we performed linkage analysis of charged O-glycans from
No BV VECs confirming the presence of 3-GalNAc-itol, 3,6-GalNAc-itol, and 4-GIcNAc
(fig. S6 and table S2), which was consistent with core 1 and core 2 O-glycan structures
detected in MS/MS analysis (fig. S5). Detection of both 3-linked Gal and 6-linked Gal

was consistent with a2-3 as well as a.2—6 sialic acid decoration, as shown in earlier lectin
blots and confocal imaging experiments. Additionally, the presence of terminal fucose and
3,4-GIcNAC supports the presence of Lewis antigen(s) on No BV VECs.

We also resolved O-glycan composition from VECs obtained from individual specimens
(one No BV and one BV) using high resolution LC-MS/MS (67). In the absence of BV,
approximately 80% of the O-glycans were sialylated (20% sialylated; 62% sialofucosylated)
(fig. S7). In BV, ~50% of O-glycans were sialylated (16% sialylated, 35% sialofucosylated),
with correspondingly higher intensities of galactose terminating glycans (~48% neutral +
fucosylated). Taken together, these data provide the first comprehensive blueprint of the
vaginal epithelial O-glycan landscape in reproductive age women.

Exposure of carbohydrates underlying sialic acids on VECs in BV

Sialic acids are most often present at the terminal position of glycans and can protect

the underlying sugars from degradation by glycoside hydrolases (71, 72). In both A-and
O-linked glycans, sialic acids often cap galactose (Gal) residues attached to GICNACc or
GalNAc. To determine if terminal Gal residues are accessible on the vaginal cell surface,
we used peanut agglutinin (PNA), a lectin that recognizes T antigen (Galp1-3GalNAc)
when the Gal is not capped by sialic acids (Fig. 4A) (73). To distinguish if the PNA
epitopes on vaginal epithelial surfaces were masked by sialic acids or simply not present
at all, PNA binding was compared between cells from the same sample that were either
untreated or pretreated with exogenous sialidase (A.v. sialidase). We observed minimal
PNA binding (red) to untreated VECs in No BV samples (Fig. 4B). However, a substantial
increase in PNA binding was observed when the VECs from the same sample were treated
with sialidase. This suggested that the PNA epitope is present on No BV VECs but is
typically masked by sialic acids. In contrast, cells from BV-positive specimens showed

Sci Transl Med. Author manuscript; available in PMC 2024 November 29.
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considerable PNA binding even in the absence of sialidase treatment (Fig. 4B). Furthermore,
PNA binding to VECs from women with BV did not increase upon sialidase treatment,
suggesting that the PNA epitopes were largely not masked by sialic acids in BV. These

data corroborate our analytical observation of hypo-sialylated epithelial glycans in BV, and
strongly support the conclusion that uncapped Gal residues (as part of the T antigen) are
present on the VEC surface in BV. Control experiments confirmed PNA selectivity and ruled
out non-specific binding (fig. S8). As expected, PNA binding to sialidase-treated epithelial
cells from BV-positive samples could be out-competed with excess lactose (Galp1-4-Glc),
but not with sucralose. Notably, counter-staining with DAPI (blue) revealed that the cells
from BV-positive individuals had large numbers of bacteria covering their surfaces (fig.

S9), and appeared to be pink/purple in color (Fig. 4C), similar to ‘clue cells’ observed in
BV-positive samples by wet mount microscopy (28). In contrast, the A.u. sialidase treated
cells from BV-negative samples had few adherent bacteria and hence appeared to be red
upon PNA binding.

To further quantify the amount of cell surface galactose exposure on epithelial cells from
individuals with and without BV, we used flow cytometry to measure PNA binding to VECs.
Analysis of the same gated population of cells (fig. SI0A) from BV and No BV samples
showed that PNA binding to cells from BV-positive samples was higher compared to the

No BV controls in the absence of any exogenous sialidase treatment (Fig. 4D). In contrast,
epithelial cells from all samples were labeled with PNA after sialidase treatment. The extent
of exposure of Gal residues in each group was calculated as the percentage ratio of PNA
binding to cells in absence versus presence of treatment with A.w. sialidase. Using this
metric, VECs from BV-positive samples had a significantly higher (P < 0.0001) portion of
uncapped Galp1-3GalNAc (PNA recognized) epitopes compared to No BV cells (Fig. 4E).

As noted previously (55), samples from individual BV-positive samples also had higher
sialidase activity (fig. S10B). Correlation analysis using data from individual un-pooled
samples revealed a direct relationship between the amount of detectable sialidase activity
and the percentage of exposed galactose on the epithelial cell surface in individuals with BV
(fig. S10C), analogous to the results presented in Fig 1A. Furthermore, in most BV samples
with high sialidase activity (relative sialidase activity >0.5) more than 90% of galactose
was exposed on the VEC glycans. Notably, in a small proportion of BV samples, high
galactose exposure (>60%) was also observed on cells from vaginal swabs with very low or
no detectable sialidase activity. This suggested that the phenotype of higher PNA binding
to VECs may be a more sensitive indicator of BV compared to sialidase, persisting even
when sialidase activity is not detectable. Based on the distribution of data from samples in
both patient groups, we considered 60% galactose exposure as a threshold and compared
the data to the Nugent’s method (64). Using this small sample set, we found that epithelial
cell-PNA-binding analysis had a specificity of 100% and sensitivity of 80% (Fig. 4E),
suggesting this may be a useful area for diagnostic development.

Sci Transl Med. Author manuscript; available in PMC 2024 November 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Agarwal et al.

Page 9

Gardnerella sialidases hydrolyze sialic acids from VECs and generate BV-like glycan

phenotypes

So far, we have used a commercially available recombinant sialidase from A. ureafaciens as
a control, to demonstrate the potential impact of exogenous sialidase on glycan phenotypes.
Next, we tested if the more relevant sialidases from Gardnerella, often one of the most
abundant microbes in BV (11), could generate BV-like glycan phenotypes.

Specifically, we investigated if Gardnerellasialidases degrade glycan components on

the epithelial surface, hydrolyzing sialic acids and yielding underlying Galp1-3GalNAc
epitopes recognized by PNA. Briefly, pooled VECs from individuals without BV were
treated with commercial A.v. sialidase or recombinant enzymes from Garadnerella (NanH2 or
NanH3) (63). In parallel, a proportion of VECs from the same pool were mock-treated using
material derived from identically prepared £. coli containing an empty vector. Sialic acids
hydrolyzed from epithelial cells were measured by fluorescent derivatization and HPLC,

as described earlier for analysis of sialic acid associated with A~ and O-glycans. Cells

were also subjected to PNA staining. The data show that Gardnerella sialidases NanH2

and NanH3 were adept at removing sialic acids from epithelial cells (Fig. 5A), revealing
PNA-reactive underlying Galp1-3GalNAc epitopes as measured by flow cytometry (Fig.
5B). Consistent with findings in Fig. 4, BV samples analyzed in parallel had high galactose
exposure (PNA binding) that could not be further increased with treatment by any of

the sialidases (Fig. 5C). Confocal imaging of PNA-stained cells further underscored the
generation of a BV-like phenotype when No BV samples were treated with Gardnerella
sialidase (Fig. 5D). As observed earlier, cells from BV-positive samples appeared pink/
purple in coloration due to adherent bacteria that were stained blue with DAPI, whereas
sialidase treated cells from BV-negative samples appeared red. Overall, these data suggest
that sialidases produced by BV-associated bacteria such as Gardnerellaresult in degradation
of vaginal epithelial sialoglycans.

Reduced glycocalyx staining in BV specimens is phenocopied using recombinant
Gardnerella sialidase

Last, we used classical methods to assess the impact of BV on the appearance of the VEC
glycocalyx. VECs were prepared for transmission electron microscopy (TEM) by staining
with ruthenium red and osmium tetroxide to visualize the glycocalyx (74, 75). To determine
if glycocalyx staining was affected by BV-status or experimental treatments, we evaluated
the extent of the glycocalyx that was apparent to observers on VECs by blinded scoring

of TEM images. Micrographs were collected by a single blinded microscopist and scored
by three blinded observers using the scoring method described in fig. S11A, from zero
(“none visible) to four (“highly abundant”). Specimens without BV had a fuzzy layer

of glycocalyx protruding from the ‘normal’ VEC membrane (Fig. 6A, and figs. S11B,
S12A), as previously observed in other mammals (76). In comparison, the appearance
(staining) of the glycocalyx was diminished in BV specimens (Figs. 6B, and figs. S11B,
S12B). In parallel, we analyzed of images of ‘normal’ VECs from women without BV

that were treated with recombinant purified Garadnerellasialidase (NanH2) (63). Here, we
observed that the appearance of glycocalyx of ‘normal’ VECs was significantly diminished
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in appearance upon treatment with Gardnerella sialidase (Fig. 6C and fig. S11B), similar to
the glycocalyx of BV-VECs.

Among the epithelial cell images from ‘normal’ specimens (No BV), that were not treated
with sialidase, 95% were scored as having a visible glycocalyx (38/40 score >1) (Fig. 6D).
In contrast, blinded scoring indicated that epithelial cells of BV specimens had no visible
glycocalyx in micrographs ~63% of the time (19/30 had a 0 score from all three observers)
(Fig. 6D). Notably, sialidase treatment led to significantly diminished (P < 0.0001) staining
of the glycocalyx (Fig. 6E), similar to what was observed with BV-positive VECs. For
example, whereas the untreated group had a score of 2 or greater in 32/40 (~80%) images,
cells treated with Gardnerella sialidase had a glycocalyx score less than two in 29/30 (~97%)
images (Fig. 6E). Ruthenium red is a polycationic dye that stains acidic polysaccharides
and therefore can facilitate visualization of anionic structures (containing sialic acids or
other negatively charged glycans) on cell surfaces in conjunction with osmium tetroxide,
which attaches to vicinal dihydroxylated molecules. The sensitivity of this staining method
to Gardnerella sialidase suggests that sialic acids are the major contributors to the negative
charge of the VEC surface. Hence, depletion of sialic acids from the cell surface results

in a failure to detect the glycocalyx in BV-VECs, even though the underlying glycans are
evidently present as confirmed by lectin staining and mass spectrometric analysis of earlier
specimens in this study.

TEM images of VECs (Fig. 6 and figs. S11, S12) had heterogenous intracellular
compartments, with some micrographs displaying a threaded or striated appearance and
others a more globular appearance. To decipher the relationship of this phenotype, if any,
with BV-status, blinded observers scored TEM images as 1 if greater than 50% of the
intracellular compartment had a threaded appearance and scored the images as 0 otherwise.
The analysis revealed that the threaded appearance of the intracellular compartment

is specific to BV specimens and ‘normal’ (No BV) VECs treated with recombinant
Garanerella sialidase (fig. S11C).

Gardnerella sialidase alters regulation of cell migration, death, and inflammatory pathways

in VECs

To investigate the biological impact of modified host glycans in BV, we characterized the
initial transcriptional responses by treating the VK2 cells with recombinant sialidase from
Garadnerella (NanH2). We purified recombinant NanH2 (rNanH2) using Clear coli cells (£.
coliwith detoxified LPS) (Fig. 7A). A parallel preparation was made from Clear coli cells
containing empty vector. Treatment of VK2 cells with rNanH2 resulted in the release of
sialic acids (Fig. 7B). RNA-seq analysis of VK2 cells treated with rNanH2 revealed that
23 genes were significantly up-regulated and 3 genes were significantly down-regulated
(adjusted P value < 0.05) after 1 h of exposure to Gardnerellasialidase (Fig. 7C, 7D and
table S3). Some of these were transcription factors, such as KLF4and EGRI, that are
known to regulate interactions of bacterial pathogens with host-epithelial cells (77, 78).
Differentially expressed genes were also analyzed for functional enrichment to determine
the affected gene ontology biological processes (GOBP). Pathways enriched after one
hour treatment with rNanH2 (adj. p value < 9.0e-04, after multiple testing correction)

Sci Transl Med. Author manuscript; available in PMC 2024 November 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Agarwal et al.

Page 11

were primarily related to cell migration, including adhesion, locomotion, movement,
morphogenesis, proliferation, and tissue development (Table 1). Thus, even a relatively short
exposure of VECs to Gardnerella sialidase activity triggers an alteration of the transcription
profile when compared to cells treated with vector control.

In VK2 cells subjected to longer treatment (2 h) with rNanH2, genes that were significantly
up-regulated (adjusted P value < 0.05) included TNF Alpha induced protein 3 (TAVFA/IPS3,
~5 fold-change) and Nuclear factor-kappa B (NF-xB) Inhibitor Alpha (MFKBIA, ~3 fold-
change) (Fig. 7C, 7E and table S3). The protein encoded by 7AVFA/P3, known as A20, acts
in concert with NF-xB signaling to regulate cell survival and define balance between pro-
apoptotic or anti-apoptotic pathways in a cell type dependent manner (79, 80). Consistent
with this, pathways enriched at this timepoint included programmed cell death, regulation of
cell death, immune response, TLR signaling pathway, and response to molecules of bacterial
origin (Table 1). This suggests that sialoglycan degradation on the vaginal epithelium may
be an important determinant of the apoptosis, cell exfoliation, and inflammatory responses
observed in BV (32, 33, 81).

Discussion

Epithelial surface glycans help maintain homeostasis within mucosal biomes (82-86).
Thus, a full understanding of the physiology of the vaginal epithelium requires detailed
knowledge of the structure and functions of glycans at the epithelial cell surface. Here we
elucidate the vaginal epithelial glycan landscape using cells isolated directly from human
vaginal specimens. Analytic approaches revealed prominent sialoglycans on the epithelial
cell surface and protein extracts of VECs from ‘normal’ specimens without BV (Nugent
score 0-3), containing both a2-3 linked and a.2—6 linked sialic acids, as is often seen on
other mammalian mucosal surfaces (87, 88). In contrast, cells from women with BV (Nugent
score 7-10) displayed fewer sialylated epithelial A- and O-glycans, with loss of sialic acids
in both linkages. Earlier studies have reported the presence of other glycosidic enzymes in
BV, such as beta-galactosidases, assayed using synthetic small molecule substrates (52).
However, the genetic basis of this activity or the natural substrates for such enzymes

were unknown. Here, we show using multiple lectins and mass spectrometric analysis that
galactose terminating A- and O-glycans are more prominent in the epithelial glycocalyx

of BV-positive women. Collectively, the data presented here suggest widespread removal
of sialic acids from cellular A~ and O-glycans that does not appear to be accompanied by

a similar digestion of underlying residues. Together, the data illustrate that VEC glycans
undergo conspicuous changes in the setting of BV.

In these experiments, samples were selected based on BV-status (Nugent 0-3 for negative
and 7-10 for positive) from a larger cohort without introducing any strategies to balance

the groups for potential confounders. Although not examined here, other studies have found
correlates between BV and psychosocial stress (89, 90). One limitation is that we cannot
formally rule out contributions by potentially confounding factors to the glycan landscape.
For example, other biochemical studies have suggested fine regulation of glycans during the
menstrual cycle in the endocervical mucus (50, 91). However, studies that have looked at
both the microbiome and the secreted reproductive tract glycans together, suggested that the
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microbiome has a decisive effect (53). Similarly, the concordance we observed between
microbes, BV-status, enzyme activities, and the corresponding degradation of glycan
structures strongly argues for a causal relationship between these phenotypes associated
with VECs. The finding that Gardnerella sialidase acts on epithelial cells to emulate BV-like
glycan phenotypes lends further credence to a causal relationship.

Several lines of evidence strongly suggest that damage to vaginal epithelial glycans is
mediated by extrinsic effects of microbiota-derived enzymes in BV. First, sialidase activity
in BV specimens corresponds with the presence of sialidase-producing bacterial species,
including Gardnerella (55, 62). Second, the depletion of a2-3- and a.2—6-linked sialic

acids from epithelial glycans (shown here) is consistent with the breadth of substrates
cleaved by BV sialidases, whether assayed in BV specimens using exogenous substrates like
immunoglobulins (57), live Gardnerella cultures (62, 63), or using recombinant Garadnerella
enzymes (NanH2 or NanH3) (63). Third, BV specimens contain substantially higher
amounts of liberated (free) sialic acid even though there are lower amounts of (bound)
sialoglycans (62, 92). This is consistent with /n vitro observations that strains of Gardnerella
that express sialidase activity liberate (free) sialic acid into the extracellular space, followed
by overall depletion of both free and bound sialic acids (62). Last, our data show that
recombinant Garadnerellasialidases liberate sialic acids from ‘normal’ epithelial cells,
resulting in a BV-like epithelial surface (as evidenced by the appearance of terminal Gal

and visibly diminished glycocalyces).

Changes to the glycocalyx may have diverse physiological consequences that could help
reveal the pathological mechanisms of BV. From a physical standpoint, the acidic functional
groups of sialylated glycans confer a negative charge to the cell surface. Alterations in

the organization and net charge contributed by sialic acids are understood to contribute

to pathophysiologies of the blood and renal systems (93-97) and could likewise impair
functions of the vaginal epithelium. In addition to physical effects, the liberation of sialic
acids from host cell glycans can provide opportunities for bacterial nutrient acquisition

and colonization, including some opportunistic pathogens lacking sialidase activity (62,
98-100). De-sialylation may also modify glycan-receptor interactions influencing microbial
adhesion, inflammatory responses, or other aspects of host-microbe biology. Viral, bacterial,
or eukaryotic pathogens linked with BV may use lectins to exploit the newly accessible
glycan epitopes (for example exposed Gal residues). For example, Fusobacterium nucleatum
encodes multiple galactose-recognizing adhesins (101, 102) and colonizes women with BV
more often than women without (9, 14). The relative absence of sialic acids and exposure

of galactose on the BV epithelium could therefore lead to improved colonization by £~
nucleatum or other potential pathogens linked with BV. Changes in the glycan landscape of
the cervicovaginal epithelium may also impact recognition by endogenous lectin receptors
of the host. For example, the sialic acid-binding Siglecs and the galactose-binding Galectins
are expressed in the female reproductive tract (103-105) and are known to modulate cellular
responses such as inflammatory activation and cell death in other physiological settings (42,
106-110).

Our RNAseq results are consistent with earlier findings that epithelial cells in BV undergo
apoptosis (33) and might help explain why there are higher numbers of exfoliated
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epithelial cells in BV and in mice vaginally infected with Gardnerella (32, 33, 81).

In particular, sialidase action on the vaginal epithelium led to the induction of EGR1,
NFKBIA and TNFAIP3. These factors regulate signaling for cell growth and death directed
by glycosylated receptors on the cell surface (111, 112), and earlier studies report that
sialylation impacts signaling through EGFR1 (113, 114) and TNFR1 (115). Together, the
evidence suggests that BV-bacteria may modify host sialoglycans to regulate cell growth and
death pathways to generate a more suitable niche.

This study has several limitations. First, analysis of human vaginal glycans does not allow
for direct interpretation of the causes of structural changes and there were several potential
demographic confounders among the studied groups of individuals. Despite providing
multiple lines of evidence for extrinsic bacterial effects on the glycocalyx, the current
experiments do not formally rule out the possibility that intrinsic host glycosyltransferases
or glycosidases could also be dysregulated in BV. On the other hand, a reductionist approach
using cultured epithelial cells and recombinant Gardnerella sialidase could be misleading
because it cannot replicate the complex physiology of the vagina. Likewise, studies of the
role(s) of sialidase in epithelial apoptosis and the generation of inflammatory processes etc.
is limited by a lack of genetic systems in Gardnerella and few experimental models of BV
capable of revealing BV-like characteristics.

Overall, these findings provide new insights into the biology of BV, which is poorly
understood despite its widespread impact on sexual, reproductive, and perinatal health.
Even though available antibiotics reduce the symptoms of BV in the short term, recurrences
occur in most women within 12 months of treatment (116). Future work should investigate
if long-term efficacy after treatment is contingent upon rehabilitating damaged glycans. If
s0, the restoration of normal glycosylation might be a valuable test of treatment success

or a target for drug development. Additional studies should leverage relevant experimental
models and clinical cohorts to understand how specific changes to the glycocalyx may
contribute to cellular signaling and function, and how these relate to the biological and
clinical facets of BV.

Materials and Methods

Study design

This study was designed to investigate the impact of vaginal microbiota (optimal and
non-optimal) on the host epithelial cell glycans in women with and without BV. Previously
collected vaginal swabs leftover from the inaugural Contraceptive CHOICE Project
(CHOICE), a prospective cohort study that enrolled women in the St. Louis (Missouri,
USA) region (117), were used in this study. CHOICE received informed consent in writing
from all participants at enrollment, as well as permission to use vaginal samples for future
studies. CHOICE inclusion criteria included reported sexual activity in the past six months
or anticipated sexual activity with a male partner; willingness to try a new contraceptive
method; and the desire to prevent pregnancy for at least 12 months. Exclusion criteria were
ages outside the 14-45-year age range and a history of tubal ligation or hysterectomy, as
previously described (117). A total of 258 specimens from individual women were used

in the experiments reported here. Inclusion criteria for this sub-study were an available
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specimen Nugent score of 0-3 (No BV) or 7-10 (BV). The sub-study with CHOICE
specimens was originally reviewed and approved by the Institutional Review Board at
Washington University School of Medicine (IRB ID # 201108155).

Samples represent a cross-section of women from the same approximate (2-year) collection
time window of CHOICE enrollment. Demographic characteristics of the participants in this
sub study are presented in table S1. We did not exclude specimens from women who were
pregnant, menstruating, or those with sexually transmitted infections. Samples were either
tested as individual specimens or pooled to reach the minimum material required for the
experiment (see detailed rationale for pooling in supplementary materials). Sample sizes
were estimated based on previous experiments quantifying sialic acid in vaginal specimens.

Two specimens from the Urogenital Community (UC) Bank project (one from one
individual without BV and one with BV), were used for the experiments reported here
(LC-MS analysis of A~ and O-glycans) according to Washington University in Saint Louis
IRB-approved protocol (#20170412; Pl, Amanda Lewis). Written informed consent was
obtained, participants were enrolled, and swabs were collected as described earlier (100).
For additional information related to selection and processing of these two specimens see the
supplementary materials.

VECs isolated from the vaginal swabs were used for characterizing the epithelial glycan
landscape in women with and without BV. Cells from individual specimens, or pooled VECs
from multiple specimens in the same group, were used for analysis by lectin staining, liquid
chromatography, and mass-spectrometry to gather a blueprint of glycan structures present in
VECs of women with and without BV. Independent observers were blinded to the BV-status
of the sample during evaluation. Further, the cells derived from these specimens were also
used to evaluate the hydrolytic effects of BV-bacteria associated glycosidic enzymes (such as
sialidases), on the vaginal epithelial glycans.

Vaginal specimen collection, handling, and Nugent scoring for the CHOICE project

Upon enrollment, women were given a double-headed rayon swab inside a collection tube
(Starplex Scientific Inc.) and were instructed on a self-collection protocol. Immediately
after collection, a single technician rolled one swab onto a glass slide. Remaining swab
material was stored at —80 °C. Slides were heat-fixed, Gram stained, and subjected to
Nugent scoring. In general, this scoring system uses weighted quantitation of bacterial
morphotype to reflect the overall character of vaginal bacteria present (64). Nugent scores
are reflected on a scale of 0 to 10 combined from three components for each sample:

a score of 0—4 reflecting the presence of rod-shaped Gram-positive lactobacilli where 0
indicates highest numbers; a score of 0-4 reflecting the presence of Gram-negative and
Gram-variable morphotypes where 4 indicates the highest numbers; and a score of 0-2
reflecting the presence of curved rods. A sample with score of 0-3 was considered not to
have BV (without BV/No BV, 'normal’), and a sample with score of 7-10 was considered
BV-positive.
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Processing of specimens from the CHOICE project

For all analyses of VECs, vaginal swabs were selected based on Nugent score from
reproductive age women with BV (Nugent score 7-10) or without BV (Nugent score 0—

3). No attempts were made to exclude swabs from women who had clinical indications

of sexually transmitted infection. Vaginal swabs were stored at —80 °C until processed
further. Swabs were cut to approximately ~3.5-4.0 cm and enclosed in a cryotube. Swabs
were removed from the freezer onto wet ice and eluted by immersing in 1 mL of 100

mM sodium acetate (pH 5.5, swab elution buffer (SEB) incubated in an ice bucket for 1 h
followed by shaking at 500 rpm, using a IKA MS 3 digital, for 10 min at room temperature.
The individual swab eluates were transferred to microcentrifuge tubes and kept on ice. To
check for sialidase activity, 50 pL of eluate was resuspended and transferred to 96 well
round bottom black polypropylene plates. Sialidase assay was performed as described in the
supplementary materials. In parallel, a second elution was performed by again immersing
the same swabs in 1 mL of SEB in individual cryo tubes, followed immediately by shaking
at 500 rpm for 10 min at room temperature. Cells were isolated from the swab eluates

by centrifugation at 1000 x g for 5 min at room temperature after each elution step.
Microscopic examination of the isolated cells confirmed the morphology as polygonal
squamous epithelial cells with a diameter of 50-70 um and no other morphologies were
observed.

Statistical analysis

GraphPad Prism 9.0 software was used for all statistical analyses presented. The statistical
tests used to analyze each set of data, number of specimens, and the number of replicates or
independent experiments is indicated in the figure legends. For non-parametric analyses, we
used the two-tailed unpaired Mann-Whitney U test or Dunn’s test for multiple comparisons.
For treatments done on batches of the same original sample (paired datasets), results were
analyzed using Wilcoxon matched-pairs sign rank test. For categorical variables, we used a
two-sided Fisher’s exact test. P < 0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. Depletion of sialic acids from vaginal glycansin women with BV.
(A) Left Panel: The schematic shows a summary of cell isolation and lectin staining.

Representative mucin-type O-glycan structure of sialyl T-antigen, containing alphal-3
linked sialic acid, is displayed on the cell surface. Right Panel: Representative confocal
images of VECs stained with MAL-II lectin (green) recognizing a.2-3-linked sialic acids
from individual women without BV (n=3) and with BV (n=12). Specimens were compared
across varying amounts of endogenous sialidase activity. Nuclei and bacterial cells (blue) are
stained with DAPI. Scale bars = 50 pm. (B) Quantification of endogenous sialidase activity
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in the vaginal swab eluates using the fluorogenic substrate NeuSAc-4-methyl umbelliferone
(4MU-sialic acid). Data shown is the rate of 4MU hydrolysis and the points represent values
for individual women (n=16 without BV and n=20 with BV). Data in A and B is combined
from 3 independent experiments. Images shown in A are from a subset of specimens used

in B. (C and D) Fluorimetric quantification of 1,2-diamino-4,5-methylenedioxybenzene
(DMB)-labelled sialic acid (Neu5Ac) in isolated VEC N- and O-glycans, using reversed-
phase chromatography after mild acid hydrolysis. Graph shows sialic acid quantification

on glycans derived from protein extracts of pools of VECs from women with BV (Nugent
scores 7-10, N=7 pools from a total n=45 specimens, with 5 or 10 specimens in each pool)
and without BV (Nugent scores 0-3, No BV, N=8 pools from a total of n=55 specimens,
with 5 or 10 specimens in each pool). Glycans derived from No BV VEC pools pretreated
with sialidase from Arthrobacter ureafaciens were included as a control (N=2 pools with
n=10 specimens in each pool). Data in C and D are from same pools of VECs and were
combined from 2 independent experiments. Error bars show standard deviation for each
group, Mann-Whitney U test was used. ***P < 0.001, ****P<0.0001. A total of n=151
specimens were used to generate these data. A subset of VEC pools from C and D were also
used for studies reported in Fig. 2, Fig. 3 and table S2. See methods for pooling rationale.
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FIG. 2. Sialylated vaginal epithelial N-linked glycans are depleted in BV.
(A) Schematic for 2-amino benzamide (2AB) profiling of A/-linked glycans by high

performance anion exchange chromatography (HPAEC). Glycans were released using
PNGase-F from protein extracts derived from VECs pools and fluorescently labelled with
2-AB prior to analysis by HPAEC. (B) HPAEC profiles of 2-AB labeled N-glycans derived
from protein standards, with well-known glycan structures, RNase B and Bovine Fetuin; 2
pools of No BV VECs (n=10 specimens/pool); and 2 pools of BV VECs (n=10 specimens/
pool). (C) HPAEC profiles of A-glycans derived from RNase B and Bovine Fetuin and
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pools of No BV VECs (same VEC pools as used in B, n=10 specimens/pool) pretreated
with commercially available sialidase (+A.u. sialidase, dotted line) or with buffer alone
(—A.u. sialidase, solid line). A.u. sialidase = sialidase from Arthrobacter ureafaciens. A total
of n=40 specimens (from the CHOICE study) were used to generate data in Fig. 2B and
Fig. 2C. VEC pools generated from these specimens were also used for studies reported

in Fig. 1C, 1D and Fig. 3. See methods for pooling rationale. (D) Chromatograms show
probable structures (based on monosaccharide composition) of VEC A-glycans derived
from one individual woman without BV (upper panel) and with BV (lower panel). Relative
abundances of A-glycan groups are shown in the bar graph next to the chromatograms.

A complete list of A-glycan structures and composition, with their relative abundance, for
these specimens is provided in data file S2. Structures of different types of A-glycans are
depicted following the NCBI Symbol Nomenclature for Glycans (yellow circle, galactose;
green circle, mannose; blue square, N-acetylglucosamine; purple diamond, sialic acid; red
triangle, fucose).
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FIG. 3. MALDI-TOF spectra of permethylated O-glycans present in vaginal epithelial glycocalyx
of individuals with and without BV.

(A) Mass spectra shows presence of sialylated core-1 and core-2 glycans in ‘normal’ (No
BV) VECs. (B) Asialoglycans dominate (ion m/z = 983) among O-glycans derived from
BV specimens. (C) Pools of VECs from individuals without BV (No BV) pretreated

with exogenous sialidase (AUS) show a profile similar to BV specimens. Two different
pools were analyzed for each condition (n=10 specimens/pool). Structures of different
types of O-glycans are depicted following the NCBI Symbol Nomenclature for Glycans
(red triangle, fucose; yellow circle, galactose; blue square, MV-acetylglucosamine; yellow
square, N-acetylgalactosamine; purple diamond, sialic acid). Arrowheads point to assigned
O-glycan peaks with highest intensity in the spectra. Data is representative of 3 independent
experiments. A total of n=60 specimens were used to generate these data. VEC pools
generated from these specimens were also used for studies reported in Fig. 1C, 1D, Fig. 2
and table S2. See methods for pooling rationale.
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FIG. 4. Exposed galactose on the VEC surfacein BV.
(A) Schematic: PNA-Rhodamine (PNA-Rh) binds to galactose residues, not masked by

sialic acids, on VECs untreated or treated with sialidase. A.u. sialidase = sialidase from
Arthrobacter ureafaciens. (B) Representative confocal images of PNA (red) stained VECs
are shown from n=6 individual specimens. Images in the top and bottom are from the same
specimen pretreated with exogenous sialidase (+A.u. sialidase) or with buffer alone (-A.w.
sialidase, untreated control). Nuclei and bacterial cells (blue) are stained with DAPI. Images
shown are representative of multiple fields of view for each specimen. Scale bars = 30 um.
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(C) Representative image of a BV epithelial cell with surface bacteria observed as blue
puncta close to the cell membrane, indicative of clue cells. Scale bars = 10 pm. (D-E)

Flow cytometry quantification of PNA binding to BV and No BV VECs pretreated with
exogenous sialidase (+A.w. sialidase) or buffer alone (untreated control). (D) Representative
histogram overlays are shown from n=6 individual specimens. (E) Estimation of percentage
cell surface exposed galactose residues, calculated as percentage ratio of mean fluorescence
intensity (MFI) of PNA binding to untreated VECs versus VECs pretreated with A.u.
sialidase (n=15 samples per group). When possible, data points on the graph represent
epithelial cells from individual women (n=22, black/blue circles). However, some data
points represent pooled samples from 2-5 women (when recovery yielded insufficient

cell quantity for flow cytometry) (N=8 pools, circles filled with red). Data in B-E is
combined from 3 independent experiments. Error bars on the graph show standard deviation
for each group. Statistical analysis by Mann-Whitney U, ****P<0.0001. Sensitivity and
specificity values were determined using two-sided Fisher’s exact test, with a galactose
exposure threshold of 60% compared to the Nugent method. A total of n=46 specimens from
individual women were used to generate the data in B-E. See methods for pooling rationale.
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FIG. 5. Epithelial cellsemulate BV phenotypeswhen treated with Gardnerella sialidases.
(A-D) Cells from the same pool of VECs, from women with or without BV, were

treated with emply vector (Control), commercial Arthrobacter ureafaciens sialidase (A.u.),
recombinant Gardnerella NanH2 sialidase (NanH2), or recombinant Gardnerella NanH3
sialidase (NanH3) as indicated. (A) Fluorimetric quantification of sialic acid (Neu5Ac)
released from No BV VECs treated with either vector control or sialidase enzymes. (B, C)
Flow cytometry analysis of PNA binding to VECs. Galactose exposure was assessed by
comparing PNA binding to A.u. sialidase treated cells from the same pool. (B) Galactose
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exposure on No BV VECs. (C) Galactose exposure on BV VECs (N=3 pools, with n=2-3
specimens in each pool). (D) Representative confocal images of VECs from women with
and without BV, stained with PNA (red) lectin under control/sialidase treated condition.
Nuclei and bacterial cells (blue) are stained with DAPI. Each row shows analysis of

one pooled specimen. Scale bars are 50 um. Data in A-D combined from 2 independent
experiments. For No BV groups treated with vector control, A.u. sialidase, or G.v. NanH2
sialidase - N=10 pools, with n=2 — 5 specimens in each pool; for the No BV group treated
with G.v. NanH3 sialidase- N=8 pools, with n=2 — 5 specimens in each pool. **p<0.01
(Wilcoxon signed rank test). A total of n=38 specimens from individual women were used
to generate the data in A-D. Data in 6A, 6B, and 6D are from the same No BV VEC pools.
Data in 6C and 6D are from the same BV VEC pools. See methods for pooling rationale.
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FIG. 6. The epithelial glycocalyx appearsdegraded in BV and Gardnerella sialidase is sufficient
to establish this phenotype.

(A to C) Representative transmission electron microscopy (TEM) images of VECs from (A)
No BV specimens - glycocalyx appears as a fuzzy layer close to epithelial cell membrane
(indicated with arrowheads), (B) BV specimens, and (C) No BV specimens treated with
recombinant Gardnerellasialidase (NanH2). (D, E) Pooled VECs from three of the No

BV specimens were divided in half; one half was untreated (D) and the other half treated
with recombinant GardnerellaNanH2 (E). Abundance of the glycocalyx was scored on a
0-4 scale, where four is “abundantly present” and zero is “none visible”. A total of ten
TEM images were scored from each specimen (scoring rubric in fig. S11). Data points

in the graph represent the average of three scores for each image. For No BV, N=40

images from n=4 specimens (same data in shown in D and E); BV, N=30 images from n=3
specimens; and No BV treated with NanH2, N=30 images from n=3 specimens. Images
were acquired in a blinded fashion and scored by three observers blinded to the BV-status
of the sample. All images were acquired at 25,000 X. Scale bars are 500 nm. ****p<0.0001
(Kruskal-Wallis with Dunn’s multiple comparisons test). A total of n=7 specimens were
used to generate these data.
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FIG. 7. Treatment with Gardnerella sialidase NanH2 alter s transcriptomic profile of the vaginal

epithelial (VK2) cells.

(A) SDS-PAGE analysis of recombinant NanH2 expression in ClearColi BL21(DE3). M:
Molecular weight marker; rNanH2 (100 kDa). Schematic above the gel depict plasmids
without or with truncated nanH2 gene (red) used for transformation of ClearColi cells.
(B) Fluorimetric quantification of DMB-labelled sialic acid (Neu5Ac) from VK2 cells
treated with vector or rNanH2. (C) Fold-change for all the genes that were significantly
altered (adj. p value < 0.05), at both 1 h and 2h, is shown in the bar graph. (D-E). Genes
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that had altered expression in VK2 cells treated with rNanH2, as compared to the vector
control, are indicated in the scatterplots with expression (log cells per million [CPM])
shown on the x-axis and log-fold-change shown on the y-axis. Here, red dots denote genes
that were significantly up-regulated and blue dots denote genes that were significantly
down-regulated, with adj. p value < 0.05. Schematics were created with BioRender.com.
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Gene set enrichment analysis identifies pathways enriched in VK2 cells treated with Gardnerella sialidase

rNanH2

Pathways enriched in VK2 cells after 1-h rNanH2 treatment

Gene ontoloav bioloaical process term &S* | P value | Adj. P value
BIOLOGICAL_ADHESION 2.30 | 8.32-0e | le-28
CELL_MIGRATION 2.23 | 3.4e-31 | 1.0e-27
LOCOMOTION 2.15 | 4.0e-31 | 1.0e-27
TISSUE_DEVELOPMENT 2.07 | 4.1e-29 | 7.8e-26
RESPONSE_TO_OXYGEN_CONTAINING_COMPOUND 2.11 | 4.9e-27 | 7.4e-24
REGULA TION_OF _CELLULAR COMPONENT_MO VEMENT | 2.23 | 4.9e-24 | 6.2e-21
STRUCTURE FORMATION INVOLVED IN MORPHOGENES IS 2.19 | 1.0e-23 | 1.1e-20
REGULA TION_OF_CELL_ POPULA TION_PROLIFERA TION 1.99 | 1l.1e-21 | 1.1e-18
RESPONSE_TO_OXYGEN_CONTAINING_COMPOUND 2.12 | 1.4e-21 | 1.2e-18
VASCULA TURE_DE VELOPMENT 2.26 | 4.5e-20 | 3.4e-17
GOBP _PROTEIN_FOLDING -1.75 | 3.5e-05 | 8.4e-04
Pathways enriched in VK2 cells after 2-h rNanH2 treatment

Gene ontology biological process term &S* | P value | Adj. P value
PROGRAMMED _CELL_DEA TH 1.68 | 1.5e-14 | 1.1e-10
INTERSPECIES_INTERACTION_BETWEEN_ORGANISMS 1.76 | 1.2e-13 | 4.4e-10
REGULA TION_OF CELL_DEA TH 1.69 | 6.2e-13 | 1.6e-09
REGULATION_OF_IMMUNE_SYSTEM_PROCESS 1.74 | 4.7e-11 | 9.0e-08
RESPONSE_TO _MOLECULE_OF BACTERIAL_ ORIGIN 2.35 | 1.0e-10 | 1.6e-07
CELLULAR _RESPONSE_TO _BIOTIC STIMULUS 2.23 | 4.0e-10 | 5.1e-07
TOLL_LIKE _RECEPTOR_SIGNALING_PATHWAY 2.37 | 9.3e-10 | 1.0e-06
IMMUNE_RESPONSE 1.63 | 1.2e-09 | 1.1e-06
RESPONSE_TO _MOLECULE_OF BACTERIAL_ ORIGIN 2.08 | 2.3e-09 | 2.0e-06
POSITIVE REGULATION OF PROTEIN METABOLIC PROC ESS | 1.55 | 5.5e-09 | 3.9e-06

*
NES : Normalized Enrichment Score based on fGSEA analysis
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