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Gardnerella vaginalis, the bacterial species most frequently isolated from women with bacterial vaginosis (BV), produces a cho-
lesterol-dependent cytolysin (CDC), vaginolysin (VLY). At sublytic concentrations, CDCs may initiate complex signaling cas-
cades crucial to target cell survival. Using live-cell imaging, we observed the rapid formation of large membrane blebs in human
vaginal and cervical epithelial cells (VK2 and HeLa cells) exposed to recombinant VLY toxin and to cell-free supernatants from
growing liquid cultures of G. vaginalis. Binding of VLY to its human-specific receptor (hCD59) is required for bleb formation, as
antibody inhibition of either toxin or hCD59 abrogates this response, and transfection of nonhuman cells (CHO-K1) with
hCD59 renders them susceptible to toxin-induced membrane blebbing. Disruption of the pore formation process (by exposure
to pore-deficient toxoids or pretreatment of cells with methyl-�-cyclodextrin) or osmotic protection of target cells inhibits VLY-
induced membrane blebbing. These results indicate that the formation of functional pores drives the observed ultrastructural
rearrangements. Rapid bleb formation may represent a conserved response of epithelial cells to sublytic quantities of pore-form-
ing toxins, and VLY-induced epithelial cell membrane blebbing in the vaginal mucosa may play a role in the pathogenesis of BV.

The cholesterol-dependent cytolysins (CDCs) are a group of
pore-forming toxins (PFTs) targeting eukaryotic cell mem-

branes. CDCs are elaborated by many Gram-positive and, as re-
cently recognized, some Gram-negative bacteria (1). Certain
CDCs, including listeriolysin O from Listeria monocytogenes and
pneumolysin from Streptococcus pneumoniae, are required for vir-
ulence of the producing organism (2, 3), whereas the specific roles
of other CDC family members remain less clear. There is substan-
tial diversity among the CDCs, with at least 3 (intermedilysin
[ILY], vaginolysin [VLY], and lectinolysin [LLY]) of the more
than 20 family members exhibiting species specificity dependent
on recognition of human CD59 (hCD59) on target cells (4–6). A
cocrystal structure of ILY and hCD59 was recently reported (7).

Gardnerella vaginalis produces VLY and is thought to be an
important organism in the pathogenesis of bacterial vaginosis
(BV), a mucosal dysbiosis associated with substantial adverse
health consequences (8, 9). G. vaginalis induces epithelial cell cy-
totoxicity (10), but this effect has not yet been linked definitively
to any particular virulence factor. The absence of robust genetic
systems for manipulation of the G. vaginalis genome has hindered
substantial investigations in this area.

If present at high enough concentrations, PFTs (including
CDCs) induce target cell lysis and may compromise anatomic
barriers or immune function (11). At lower (sublytic) concentra-
tions, PFT exposure induces complex defense pathways that pro-
mote cellular survival (12, 13) and may still affect barrier or
immune function. Relevant signaling pathways include p38
mitogen-activated protein kinase-dependent cascades, endocytic/
vesicle trafficking, and membrane repair and lipid biosynthesis
modules (11, 12, 14, 15). Cellular blebbing, a phenomenon gen-
erally linked to cell death pathways, was recently described as a
protective response to transient disruption of membrane integrity
(16). Some of these studies have used purified streptolysin O, a
CDC, as a model pore-forming toxin, and recent work has linked
pneumolysin (PLY), the CDC from Streptococcus pneumoniae, to
host cell actin remodeling and astrocyte bleb formation (17, 18).

However, the relevance of such findings to mucosal surfaces and
to the setting of bacterial infection or colonization remains un-
clear in many cases.

Here we show that epithelial cells, which represent the first
point of contact between mucosal pathogens and the host, initiate
rapid bleb responses to G. vaginalis supernatants (GVS) that are
dependent on the presence of VLY. Using antibody inhibition of
both toxin and receptor, stimulation with sublytic quantities of
recombinant toxin, genetic perturbation of toxin function, os-
motic protection, and pharmacologic depletion of target cell
membrane cholesterol, we demonstrate that this bleb response
requires the formation of functional pores. Other CDCs, includ-
ing PLY and ILY, which are hCD59-independent and -dependent
toxins, respectively, induce similar blebbing, suggesting that rapid
bleb formation may represent a conserved response of epithelial
cells to sublytic quantities of pore-forming toxins.

MATERIALS AND METHODS
Reagents. Unless otherwise specified, reagents were purchased from
Sigma.

Bacterial strains and epithelial cell lines. G. vaginalis strains 14018
and 49145 were purchased from ATCC. Strain ARG7 is a clinical isolate of
G. vaginalis. Strains were grown in GV medium (GVM; brain heart infu-
sion supplemented with 10% fetal bovine serum [FBS; HyClone], 5%
Fildes enrichment [Remel], and 1 �g/ml amphotericin) as described pre-
viously (19).
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Human cell lines were purchased from ATCC. Human cervical epi-
thelial cells (HeLa cells; ATCC CCL-2) were grown at 37°C and 5% CO2 in
minimal essential medium (Invitrogen) supplemented with 10% fetal bo-
vine serum and 10 �g/ml penicillin and streptomycin. Human vaginal
epithelial cells (VK2 cells; ATCC CRL-2616) were grown at 37°C and 5%
CO2 in serum-free keratinocyte growth medium (Invitrogen) with 0.1
ng/ml epidermal growth factor (EGF), 0.05 mg/ml bovine pituitary ex-
tract, and 0.4 mM calcium chloride (20). HeLa cells were weaned from
FBS prior to experiments.

Chinese hamster ovary K1 (CHO-K1) cells transfected with plasmid
pIRES2-EGFP/hCD59 or pIRES2-EGFP (vector control) were grown as
described previously (4).

Preparation of G. vaginalis supernatants. G. vaginalis strains were
grown in GVM at 37°C in the presence of 5% CO2 overnight. Superna-
tants were collected by centrifugation and sterilized using a 0.20-�m sy-
ringe filter. Sterility of supernatants was confirmed by culture of 100-�l
aliquots on human blood-bilayer Tween (HBT) agar (BD Biosciences)
and in GVM. Supernatants had 1 to 5 ng/ml VLY as measured by enzyme-
linked immunosorbent assay (ELISA) (data not shown). Control prepa-
rations included GVM without bacteria and were incubated, centrifuged,
and filtered under identical conditions.

Preparation of recombinant toxins. Purification of recombinant
VLY, VLY-P480W, ILY, and PLY was performed as described previously
(4, 21). PLY lacks a secretion signal, and VLY was purified as the native
protein (without a signal sequence) from a codon-optimized construct
(21, 22).

We constructed a new toxoid form of VLY by introducing mutations
into the codon-optimized VLY construct via overlap-extension PCR. We
first deleted the domain 1 cysteine (C44), which did not affect toxin ac-
tivity (data not shown). We then mutated the threonine-leucine pair in
domain 4 that corresponds to the CDC cholesterol-binding site (T474G
and L475G mutations) (23) and subsequently introduced cysteines at po-
sitions predicted to lock the protein in a monomeric state (T333C and
I348C mutations), based on data from LaChapelle et al. (24). All con-
structs were confirmed by sequencing. This monomer-locked toxoid
(VLY-ML) was expressed as a hexahistidine fusion from Escherichia coli
T7-ExpressIq (New England BioLabs) and purified as described for VLY
and PLY (21). Stability of the protein pre- and postdialysis was checked by
SDS-PAGE with Coomassie blue staining.

We also constructed a recombinant fusion protein consisting of a
transcriptional fusion between green fluorescent protein and VLY do-
main 4 (GFP-D4), produced in E. coli and purified using an N-terminal
hexahistidine tag as described for VLY and PLY (21).

Measurement of cell viability. Twenty-four-well plates were seeded
with VK2 or HeLa cells and grown to 90% confluence prior to treatment.
Trypan blue exclusion was assessed by visual inspection of at least 30 cells
counted in duplicate wells 4 and 24 h after exposure to GVS. For cells
treated with recombinant toxins, plates were incubated for 45 min, me-
dium was removed, and the concentration of lactate dehydrogenase
(LDH) was determined using a commercial kit (Roche) according to the
manufacturer’s instructions.

Live-cell fluorescence microscopy. Glass-bottom plates (MatTek)
were seeded with VK2 or HeLa cells in appropriate medium and grown to
�60% confluence. Cells were treated with sublytic concentrations of pu-
rified recombinant VLY (18 ng/ml), PLY (50 ng/ml), VLY-ML (18 ng/ml),
or vehicle control diluted in medium. For experiments using bacterial
supernatants, the volume of supernatant or GVM control (100 �l) did not
exceed 5% of the total volume in the well (2 ml).

To evaluate ultrastructural changes, cells were stained using an
Image-iT Live plasma membrane and nuclear labeling kit (Invitrogen)
containing Hoechst 33342 and Alexa Fluor 594-wheat germ agglutinin.
Real-time microscopy (Zeiss AxioObserver; 37°C stage) was utilized to
observe discrete high-power (63� oil-immersion objective) fields of cells
following 10 min of exposure to toxins. Composite digital images were
taken of 5 different high-power fields per glass-bottom plate. Bleb forma-

tion was scored by counting the number and percentage of cells with
membrane blebs of �10 �m in diameter for each field. For each field, the
lower limit of detection was counted as 1/N, expressed as a percentage,
where N represents the total number of cells in the field. For fields in
which no blebbing was observed, the percentage was set as the lower limit
of detection. Images were processed in AxioVision (Zeiss), with histogram
adjustment using Photoshop CS3 (Adobe). Images from the same exper-
iment were adjusted identically in all cases. Composite figures were as-
sembled in Illustrator CS3 (Adobe). Experiments were performed in trip-
licate and were repeated at least three times.

Pharmacologic inhibition of bleb formation. Where indicated, cells
were pretreated with methyl-�-cyclodextrin (M�CD) (5 mM final con-
centration) or anti-CD59 antibody (clone MEM-43) (10 �g/ml final con-
centration; Santa Cruz Biotechnology) for 1 h at 37°C and 5% CO2 prior
to toxin exposure. In the indicated experiments, VLY was preincubated
with rabbit polyclonal anti-VLY (1:50) or control rabbit serum for 30 min
prior to use (25). For osmotic protection experiments, the cells were ex-
posed to 12% dextran T500 or vehicle control immediately prior to toxin
exposure.

Statistical analysis. For microscopy experiments, the mean percent-
age of blebbed cells per high-power field was calculated for each condi-
tion. All data were expressed as means � standard errors of the means
(SEM) and compared using Student’s t test or one-way analysis of vari-
ance (ANOVA) with the Tukey posttest for comparison of individual
groups when indicated (Prism; GraphPad Software).

RESULTS
G. vaginalis supernatants induce membrane blebbing in epithe-
lial cells via vaginolysin. In order to determine the effect of G.
vaginalis products on relevant cell types, we exposed human vag-
inal (VK2) and cervical (HeLa) epithelial cells to cell-free G. vagi-
nalis supernatant from strain 14018, 49145, or ARG7. Such stim-
ulation led to the formation of membrane blebs in more than 75%
of cells within 10 min (Fig. 1A). Because VLY is hypothesized to be
an important factor in Gardnerella-host interactions, we explored
the effect of VLY inhibition on this response. Preincubation of G.
vaginalis 49145 cell-free supernatants with anti-VLY polyclonal
rabbit antiserum, but not control serum, significantly decreased
the observed blebbing (Fig. 1B). Because VLY requires the avail-
ability of cell surface hCD59 for activity (4, 25), we assessed
whether pretreatment with a blocking antibody prior to toxin ex-
posure would also inhibit these ultrastructural responses by using
a protocol to quantify bleb formation in epithelial cells exposed to
bacterial toxins. Anti-hCD59 markedly inhibited VLY-induced
membrane blebbing, while an isotype control antibody had no
protective effect (Fig. 1C). At a 10-fold lower dose (1 �g/ml), the
anti-CD59 antibody still inhibited formation of large blebs, but
membrane ruffling and formation of small blebs were noted (data
not shown). These results suggested that the VLY-hCD59 interac-
tion is required for induction of epithelial cell bleb responses to G.
vaginalis supernatants. These blebs persisted over the course of
hours but were not associated with appreciable cellular death or
detachment. When washed with phosphate-buffered saline (PBS)
and allowed to recover in fresh medium, cells were viable and
appeared to have recovered at 4 and 24 h post-VLY exposure.
Trypan blue was excluded from �90% of cells at both time points
(data not shown).

Sublytic quantities of recombinant VLY drive membrane
blebbing. Having determined that VLY activity was necessary for
induction of epithelial cell blebbing, we investigated whether it
was also sufficient to initiate such responses. We treated human
genital tract epithelial cells (HeLa and VK2) with sublytic concen-
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trations of purified VLY and noted the rapid (�5 min) induction
of membrane blebs in essentially 100% of cells observed (Fig. 2A).
Small (�10 �m) blebs tended to resolve over 15 to 30 min and on
serial images could be seen to shrink, presumably with reabsorp-
tion of contents into the cytoplasm (Fig. 2A). Larger blebs per-
sisted over the course of hours (Fig. 2A). Occasionally, these were
observed to “pinch off,” but they generally remained associated
with a single location on a target cell and were resistant to gentile
agitation of the medium. The concentrations of VLY used for
these experiments did not cause appreciable cell lysis as measured
by a sensitive lactate dehydrogenase assay (Fig. 2B and C). Similar
bleb morphology was noted in VLY-exposed VK2 cells (Fig. 2D).

hCD59 binding is required for VLY-mediated responses. Us-
ing live-cell microscopy, we noted that the number of blebs per
high-power field was greatest within 10 min of exposure to recom-
binant VLY. Thus, we chose this time point and a threshold size
(10 �m) that was easily observable with the membrane dye used
and was distinct from the small (�5 �m) blebs occasionally ob-
served in vehicle control-treated cells. Treatment of cells with sub-
lytic concentrations of VLY led to bleb formation in 100% of cells,
but preincubation of VLY with a polyclonal antiserum signifi-
cantly inhibited this response (Fig. 3A).

Consistent with our results with bacterial supernatants de-
scribed above, anti-hCD59 markedly inhibited VLY-induced
membrane blebbing, while normal mouse IgG had no protective
effect, suggesting that hCD59 is required for this response (Fig.
3B). In order confirm the requirement of the VLY-hCD59 inter-
action, we used CHO-K1 cells transfected with an expression vec-
tor encoding hCD59 cDNA and a cytoplasmic GFP marker
(pIRES-eGFP/hCD59). We observed bleb formation in GFP-pos-
itive cells that were exposed to VLY, though the blebs were gener-
ally smaller than those observed in either HeLa or VK2 cells. No-
tably, the GFP filled the blebs and appeared contiguous with the
cytoplasm, suggesting that these structures likely contained cyto-

plasmic contents (Fig. 3C). CHO-K1 cells transfected with control
vector (pIRES-eGFP) did not form blebs in response to VLY (data
not shown).

hCD59 ligation is not sufficient to induce epithelial bleb-
bing. In order to determine the specificity of this response for
VLY, we treated HeLa cells with similar concentrations of recom-
binant ILY (another hCD59-dependent CDC) and noted an es-
sentially identical cellular response (Fig. 4A), indicating that the
bleb response is not specific to VLY. Because hCD59 was required
for VLY-mediated epithelial blebbing, we questioned whether
binding of this cell surface receptor alone was sufficient to induce
such responses. Treatment of cells with anti-hCD59 did not in-
duce bleb formation (Fig. 3B). In addition, neither the monomer-
locked recombinant VLY toxoid (VLY-ML) nor the GFP-D4 fu-
sion protein, both of which bind hCD59, resulted in appreciable
membrane blebbing (Fig. 4B), indicating that hCD59 ligation it-
self was insufficient to initiate bleb formation. The previously de-
scribed VLY-P480W toxoid (4) also did not cause blebbing in
HeLa cells (data not shown).

Epithelial bleb responses to VLY require formation of func-
tional pores. We tested whether PLY, a non-species-specific
member of the CDC family, led to similar membrane changes.
Treatment of epithelial cells with sublytic quantities of recombi-
nant PLY efficiently induced bleb formation (Fig. 5A), suggesting
that pore formation might be the crucial factor in this response.
The formation of functional pores in epithelial cells induces os-
motic stress, which can be relieved in the presence of large dextran
molecules. Osmotic protection with an �28-nm-diameter dex-
tran (dextran T500) potently inhibited VLY-induced membrane
blebbing (Fig. 5A), consistent with a role for osmotic stress sensing
or ion flux as a potential mechanism linking membrane damage to
bleb formation (14, 26–28). Similar inhibition was observed fol-
lowing pretreatment of target cells with methyl-�-cyclodextrin
(M�CD) in order to remove cholesterol, which is an essential

FIG 1 G. vaginalis conditioned medium induces epithelial bleb formation without lysis in a VLY-dependent manner. (A) HeLa cells were exposed to G. vaginalis
cell-free supernatants (GVS) from the indicated strains and photographed under bright-field exposure after 10 min. Black arrowheads indicate representative
single blebs. Bars, 10 �m. (B) GVS from strain 49145 was pretreated with rabbit anti-VLY polyclonal serum (1:50 dilution, 1 h) or control serum (prebleed [PB])
prior to exposure of VK2 vaginal epithelial cells. Bleb formation was quantified with live-cell imaging. Anti-VLY inhibited bleb formation (P 	 0.001; t test). (C)
Pretreatment of VK2 cells with monoclonal antibody to the hCD59 receptor inhibited GVS-induced bleb formation (P 	 0.013), while an isotype control
antibody had no effect.
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cofactor in CDC-mediated pore formation (Fig. 5A) (29, 30).
Consistent with prior data demonstrating hCD59 independence
for PLY function (4), no inhibition of PLY-induced blebbing was
noted in the presence of an hCD59-blocking antibody (Fig. 5B).

DISCUSSION

Disruption of membrane integrity constitutes a cellular emer-
gency. Microbes produce a vast array of protein toxins that can
puncture host cell membranes, with the CDCs representing one of
the largest and best-characterized families (31–33). The interac-
tion of PFT with host cells has a number of potential outcomes
(11, 34). High PFT concentrations can lead to rapid and complete
cellular lysis due to osmotic imbalance. It has been hypothesized
that PFT-mediated lysis of host cells might provide access to nu-
trients for infecting bacteria, though available in vivo evidence is
limited (11). At lower bacterial densities and toxin concentra-
tions, such as might be encountered during colonization or early
stages of infection, host cells can detect PFT activity at the mem-
brane, activate signaling pathways that promote survival, and ini-
tiate membrane repair. Lipid metabolism, vesicle trafficking, cal-
cium or potassium signaling, and mitogen-activated protein

kinase pathways have all been implicated in such responses (14,
15, 35–38). It was recently recognized that cellular blebbing may
represent an additional early defense mechanism for eukaryotic
cells (14, 16, 37, 39). Such membrane blebs may promote survival
by physically sequestering PFT and/or receptors and may also ac-
tivate distinct cellular signaling pathways that promote healing of
membrane wounds (14, 27, 35).

G. vaginalis is an enigmatic bacterial species with a strong link
to reproductive health in humans (9, 40–42). Mechanistic studies
of specific gene products in G. vaginalis pathogenesis have been
limited by the lack of strategies for genetic manipulation of this
organism. In the absence of such tools, we employed a variety of
techniques to explore the interaction between VLY, the G. vaginalis
hCD59-dependent CDC, and host cells. Using live-cell imaging, we
discovered the rapid formation of membrane blebs following ex-
posure of genital tract epithelial cells to cell-free supernatants.
Antibody inhibition of toxin and receptor demonstrated that this
response requires VLY-hCD59 interaction. Receptor binding is
necessary but not sufficient to initiate membrane blebbing, and it
is the assembly of functional pores, as demonstrated with a
pore-deficient toxoid and with biochemical inhibition, as well

FIG 2 Recombinant VLY recapitulates the effect of G. vaginalis supernatants on epithelial cells. (A) HeLa cells were treated with VLY (18 ng/ml), and live-cell
imaging was performed. A single field of cells is depicted, with numbers indicating the amount of time (min) following addition of VLY. Widespread membrane
blebbing was noted within 5 min, with some smaller blebs (arrowheads) resolving during the 120-min exposure. (B and C) HeLa (B) and VK2 (C) cells were
treated with a range of concentrations of VLY (45-min exposure), and lactate dehydrogenate release was quantified. (D) VK2 cells were labeled with fluorescent
dyes (red, membrane; blue, nucleus) and exposed to VLY (18 ng/ml; 10 min). Bars, 10 �m.
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as sensation of osmotic imbalance or ion fluxes, as demon-
strated by osmotic protection, that drives these ultrastructural
rearrangements.

G. vaginalis is present at the vaginal mucosal surface at high
concentrations during BV (43). VLY has been hypothesized to be

a contributor to BV pathogenesis, and its detection by reproduc-
tive tract epithelial cells may represent an important initial step in
this host-pathogen interaction. Because this epithelial response
occurs in response to both hCD59-dependent and -independent

FIG 3 VLY-mediated epithelial bleb formation requires host cell hCD59. (A) VLY-specific antiserum significantly inhibited HeLa cell blebbing compared to
control antiserum treatment (P � 0.0001; ANOVA). (B) Monoclonal anti-hCD59 inhibited blebbing compared to an isotype control antibody (P � 0.0001;
ANOVA). (C) CHO-K1 cells transfected with pIRES-eGFP/hCD59 (enhanced GFP [EGFP] signal localizes to cytoplasm; membrane hCD59 not labeled) formed
blebs in response to VLY, with cytoplasmic GFP observed within the bleb structures (white arrowheads). Bar, 10 �m.

FIG 4 Intermedilysin (ILY) induces membrane blebbing, but hCD59 ligation
alone is not sufficient. (A) HeLa cells were treated with recombinant ILY (18
ng/ml) and imaged after 10 min (right). Black arrowheads indicate represen-
tative blebs. (B) HeLa cells were treated with VLY-ML toxoid (18 ng/ml) or
with GFP-D4 (18 ng/ml), and bleb formation was quantified following 10 min
of exposure.

FIG 5 Pore formation drives epithelial bleb responses to CDCs. (A) Osmotic
protection of HeLa cells with dextran or depletion of membrane cholesterol
with M�CD inhibits blebbing in response to VLY (P � 0.01; ANOVA). (B)
PLY (50 ng/ml, 10 min) induces blebbing in HeLa cells with or without hCD59
antibody pretreatment (10 �g/ml, 1 h).
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CDCs, we hypothesize that bleb formation represents a conserved
response to this group and to other PFT families and that it may be
relevant to the outcome of host-pathogen interactions at mucosal
surfaces.
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