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Perinuclear Localization of Internalized Outer Membrane Vesicles
Carrying Active Cytolethal Distending Toxin from Aggregatibacter
actinomycetemcomitans
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Aggregatibacter actinomycetemcomitans is implicated in aggressive forms of periodontitis. Similarly to several other Gram-
negative species, this organism produces and excretes a cytolethal distending toxin (CDT), a genotoxin associated with cell dis-
tention, G, cell cycle arrest, and/or apoptosis in many mammalian cell types. In this study, we have identified A. actinomycetem-
comitans outer membrane vesicles (OMVs) as a vehicle for simultaneous delivery of multiple proteins, including CDT, into
human cells. The OMYV proteins were internalized in both HeLa cells and human gingival fibroblasts (HGF) via a mechanism of
OMYV fusion with lipid rafts in the plasma membrane. The active toxin unit, CdtB, was localized inside the nucleus of the intoxi-
cated cells, whereas OmpA and proteins detected using an antibody specific to whole A. actinomycetemcomitans serotype a cells
had a perinuclear distribution. In accordance with a tight association of CdtB with OMVs, vesicles isolated from A. actinomyce-
temcomitans strain D7SS (serotype a), in contrast to OMVs from a D7SS c¢dtABC mutant, induced a cytolethal distending effect

on HeLa and HGF cells, indicating that OMV-associated CDT was biologically active. Association of CDT with OMVs was also
observed in A. actinomycetemcomitans isolates belonging to serotypes b and ¢, indicating that OMV-mediated release of CDT
may be conserved in A. actinomycetemcomitans. Although the role of A. actinomycetemcomitans OMVs in periodontal disease
has not yet been elucidated, our present data suggest that OMVs could deliver biologically active CDT and additional virulence

factors into susceptible cells of the periodontium.

uter membrane vesicles (OMVs), naturally shed by most

Gram-negative bacteria, can deliver toxins and other viru-
lence factors to the host at relatively high concentrations without
requiring close contact between the bacterial and target human
cells, and they are believed to represent a key factor in effecting an
inflammatory response in the host toward bacterial pathogens (4,
16, 36, 37, 67). Two main routes for delivery of OMV contents to
various types of host cells have been recognized: receptor-
mediated endocytosis of intact OMVs and fusion of OMVs with
the host cell plasma membrane to liberate their cargo (3, 16).
Release of OMVs, and their subsequent entry into the surround-
ing tissues and blood circulation may represent one mechanism of
systemic stimulation that is of particular importance in chronic
localized infections, such as periodontitis (33).

The Gram-negative bacterium Aggregatibacter (Actinobacillus)
actinomycetemcomitans is implicated in aggressive forms of peri-
odontitis (60, 62). The oral cavity is its natural habitat, but live
bacteria also translocate from the oral cavity into the blood circu-
lation and thereby to other body sites, as evidenced by the occur-
rence of severe nonoral A. actinomycetemcomitans infections (66).
The mechanisms by which A. actinomycetemcomitans causes dis-
ease are not fully understood. OMVs released by this organism
contain several proteins that may play a role in modulating the
host response, although at present the contributions of individual
OMV-associated factors are only beginning to be elucidated. For
example, A. actinomycetemcomitans OMVs were demonstrated to
be enriched with biologically active leukotoxin (LtxA) (15, 32), an
RTX toxin (repeats in toxin) that lyses cells of the lymphocytic and
monomyelocytic lineages (38, 59). Moreover, OmpA and the
GroEL homologue of A. actinomycetemcomitans, which can acti-
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vate several different types of mammalian cells, have been found
in OMVs (22, 32, 55), and so has peptidoglycan-associated lipo-
protein (PAL), which exhibits a proinflammatory activity on hu-
man whole blood (31).

Analogously to a variety of Gram-negative species (e.g., Esche-
richia coli, Haemophilus ducreyi, Shigella dysenteriae, Campylobac-
ter spp., Helicobacter spp., and Salmonella enterica), A. actinomy-
cetemcomitans produces and excretes a cytolethal distending toxin
(CDT) (23, 61, 63). CDTs are genotoxins (i.e., they cause DNA
damage in mammalian cells) and are the first bacterial protein
toxins known to act in the nuclei of target cells (23, 40, 46). The
toxicity of CDT is associated with G, cell cycle arrest, progressive
cellular distension, and/or apoptosis in many cell types (23, 61).
CDT holotoxin is a tripartite complex comprised of CdtA, CdtB,
and CdtC, which are all required for cytotoxicity (41). The CdtB
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protein is the active subunit and functions as a type I DNase (18,
40). To allow internalization of CdtB, CdtA and CdtC mediate the
binding on the surface of target cells (2, 42, 43, 48). Membrane
cholesterol has been reported to serve as an essential ligand for this
binding (12). CdtB is then translocated to the nucleus via a yet-
unknown mechanism (46, 49). It has been demonstrated that
CdtB alone was sufficient to induce a cytotoxic effect both when
expressed inside (e.g., after bacterial internalization) and when
injected into target cells (17, 25).

A. actinomycetemcomitans is the only oral bacterial species
known to produce CDT (70). A number of studies collectively
support that CDT may be important in the pathogenesis of aggres-
sive periodontitis (1, 19, 64), although the actual contribution of
CDT to this disease is not yet understood. In vitro studies have
revealed that CDT stimulated receptor activator of NF-«B ligand
(RANKL) in human gingival fibroblasts (HGF) (9), which com-
prise the major cell population of the gingival connective tissue
(5). It has been suggested that RANKL activation is the primary
factor in acute alveolar bone absorption in aggressive periodonti-
tis (9). Moreover, recent reports have revealed that purified A.
actinomycetemcomitans CDT holotoxin caused structural damage
to rat and human oral epithelia ex vivo (14). It also induced cell
cycle arrest and damage in rat periodontal epithelial cells in vivo
(50), which is consistent with CDT playing a part in early patho-
genesis of periodontitis in the presence of A. actinomycetemcomi-
tans.

A study using intestinal epithelial cells revealed that Campylo-
bacter jejuni excretes biologically active CDT in association with
OMVs, supporting that OMVs may represent a route to deliver
CDT toxin to the surrounding environment, including infected
host tissues (44). Release of OMV-associated CDT was also dem-
onstrated by an extraintestinal E. coli isolate (11). These findings
prompted us to investigate whether CDT may be secreted via
OMVs also by A. actinomycetemcomitans.

MATERIALS AND METHODS

Bacterial strains and growth conditions. A. actinomycetemcomitans se-
rotype a smooth-colony strain D7SS (68), its cdtABC mutant derivative
(47), and the rough-colony strains 2146 (serotype b) and 2292 (serotype
¢), which are part of the collection of oral clinical isolates of A. actinomy-
cetemcomitans in our laboratory, were used in this study. A. actinomyce-
temcomitans strains were cultivated in air supplemented with 5% CO,, at
37°C as previously described (31), on blood agar plates (5% defibrinated
horse blood, 5 mg hemin/liter, 10 mg vitamin K/liter, Columbia agar
base), or in tryptic soy broth (TSB) supplemented with 0.6% yeast extract
and 0.8% glucose (Becton, Dickinson and Company).

Cell lines, culturing, and treatment conditions. HeLa cells (ATCC
CCL-2) and HGF (7) were cultured in Advanced minimum essential me-
dium (MEM) (Invitrogen) supplemented with 2 mM glutamine, 10%
fetal calf serum, and 50 pg/ml gentamicin. The cells were cultivated at
37°C in a 5% CO, atmosphere in air. Prior to experimental treatment,
cells were washed with PBS and treated with trypsin (250 wg/ml in
phosphate-buffered saline [PBS]) for 5 min at 37°C. Trypsin-treated cells
were collected by centrifugation and then resuspended in MEM contain-
ing gentamicin (final concentration, 50 ug/ml).

Isolation of outer membrane vesicles. OMVs were isolated by ultra-
centrifugation essentially as described earlier (31, 32). For this, A. actino-
mycetemcomitans strains were harvested from blood agar plates after 3
days of growth and suspended in phosphate-buffered saline (PBS), or,
alternatively, strains were grown in broth culture to late exponential
phase. Harvested plate-grown bacteria or broth cultures were then centri-
fuged at 8,000 X g (30 min, 4°C) in a JA-25.50 rotor (Beckman Instru-
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ments Inc.). Filtered (0.22 wm; Millipore) supernatants were centrifuged
at 85,000 X g (2 h, 4°C) in a 70 Ti rotor (Beckman Instruments Inc.) to
collect OMVs. Pellets were washed twice with PBS (85,000 X g; 2 h, 4°C)
and then suspended in PBS and used as the OMV preparation. OMV
preparations were checked for absence of bacterial contamination by cul-
tivating small aliquots on blood agar plates in air supplemented with 5%
CO, at 37°C for 3 days. Fractionation of OMV preparations was per-
formed by density gradient centrifugation essentially as described earlier
(4, 29). In brief, OMYV pellets were resuspended in 50 mM HEPES (pH
6.8) and then adjusted to 45% OptiPrep (Sigma-Aldrich) in a final volume
of 150 wl. The sample was transferred to the bottom of a 4-ml ultracen-
trifuge tube, and then different OptiPrep-HEPES layers were sequentially
added as follows: 900 ul of 35%, 900 wl of 30%, 660 wl of 25%, 660 wul of
20%, 400 ul of 15%, and 500 ul of 10%. Gradients were centrifuged at
180,000 X g (3 h,4°C) in an SW 60 Ti rotor (Beckman Instruments Inc.),
and fractions of equal volumes (200 ul) were removed sequentially from
the top.

SDS-PAGE and Western immunoblotting. The procedures used for
SDS-PAGE and Western immunoblot analysis have been described pre-
viously (56). For detection of CdtA, CdtB, and CdtC, analogous to earlier
studies on A. actinomycetemcomitans CDT (8, 10), we used rabbit poly-
clonal antisera specific for the H. ducreyi CDT holotoxin and its CdtA,
CdtB, and CdtC protein units, respectively (69) (final dilution, 1:1,000).
The CDT proteins of H. ducreyi and A. actinomycetemcomitans exhibit
approximately 95% amino acid sequence homology (58). For immuno-
blots we also used rabbit polyclonal antisera specific for A. actinomycetem-
comitans LtxA (final dilution, 1:10,000) (30), E. coli OmpA (1:10,000)
(27), and whole cells of an A. actinomycetemcomitans serotype a isolate
(1:1,000) (57) and a mouse monoclonal antibody specific for E. coli DnaK
(Assay Designs) (1:10,000). Horseradish peroxidase (HRP)-conjugated
anti-rabbit and anti-mouse secondary antibodies were used at final dilu-
tions of 1:10,000 and 1:2,500, respectively. Immunoreactive bands were
visualized using SuperSignal (Pierce) and the ChemiDoc XRS+ system
(Bio-Rad).

AFM. For atomic force microscopy (AFM), OMV preparations were
diluted with ultrapure water (Millipore) and immediately placed on a
freshly cleaved mica surface. The samples were incubated at room tem-
perature for 5 min, gently washed with ultrapure water, and dried in a
desiccator for at least 2 h. Imaging was performed using a Nanoscope V
atomic force microscope (Veeco Instruments) with tapping mode. Final
images were plane fitted in both the x and y axes and are presented in
amplitude mode.

Dissociation assay. A dissociation assay was carried out essentially as
described previously (4). In brief, OMV preparations in PBS (approxi-
mately 20 ug/ml total protein) were treated with 1 M NaCl, 0.8 M urea,
1% SDS, or 1X PBS (60 min on ice). Samples were then centrifuged at
120,000 X g (2 h, 4°C) in an SW 60 Ti rotor (Beckman Instruments Inc.).
The resulting supernatants were acetone precipitated and resolubilized in
avolume of PBS equal to that for the pellets. Both pellets and supernatants
were subsequently analyzed by Western immunoblotting.

Cytolethal distending and internalization assays. To monitor CDT-
dependent distension of HeLa cells and HGF exhibited by OMVs, cell
aliquots of 1 ml (5 X 10* cells per ml) were incubated with OMV prepa-
rations such that the final OMV protein concentration was 10 ug/ml.
Treated cells were then monitored to detect the earlier-reported CDT-
dependent distension in HeLa and HGF cell sizes appearing after 1 to 4
days of incubation (7, 51, 63). To assess whether inhibition of retrograde
transport affects internalization of A. actinomycetemcomitans OMV pro-
teins, HeLa cell aliquots of 1 ml (5 X 10* cells per ml) were incubated with
brefeldin A (final concentration, 10 uM) for 1 h prior to addition of
OMVs. HeLa cells were then treated for 6 h with OMV preparations such
that the final OMYV protein concentration was 200 ug/ml. After incuba-
tions, cell samples were fixed (2% paraformaldehyde in PBS [pH 7.3] for
10 min). To monitor the localization of OMV proteins in HeLa cells and
HGEF, actin of the treated cell samples was stained using Alexa Fluor 488-
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phalloidin (Molecular Probes) containing 1% bovine serum albumin
(BSA). Nuclei were stained with 4’,6"-diamidino-2-phenylindole (DAPI)
(Sigma-Aldrich) at 1:5,000. For antibody detection, fixed cells were incu-
bated (60 min, 37°C) with rabbit polyclonal antibodies specific for whole
cells of A. actinomycetemcomitans serotype a, E. coli OmpA, or H. ducreyi
CdtB, each at a final dilution of 1:100. After three washes with PBS, the
cells were incubated with tetramethyl rhodamine isocyanate (TRITC)-
conjugated goat anti-rabbit IgG (Sigma-Aldrich) (1:200) for 30 min at
37°C in the dark. Following three washes with PBS, the coverslips were
subjected to confocal microscopy as described below.

Membrane fusion assay. Membrane fusion assays with HeLa and
HGEF cells were performed essentially by following procedures described
earlier (13). Briefly, A. actinomycetemcomitans OMVs were labeled with
rhodamine isothiocyanate B-R18 (Molecular Probes) at a saturated con-
centration (1 mg/ml) for I h at room temperature. Fluorescence of this
probe is quenched at high concentrations in bilayer membranes and is
dequenched when the probe is diluted due to OMV fusion (13, 28). Un-
labeled probe was removed by centrifugation at 100,000 X g (30 min,
4°C). After a washing step (PBS), B-R18-labeled OMVs were resuspended
in 1 ml PBS (0.2 M NaCl). Subsequently, the host cell plasma membrane
was labeled with fluorescein isothiocyanate (FITC)-conjugated cholera
toxin B subunit (CtxB) (Sigma-Aldrich) at a concentration of 8 ug/ml for
1 h prior to the incubation with OMVs. CtxB binds to lipid raft-enriched
Gy, ganglioside in the plasma membrane and is widely exploited as a
marker to visualize lipid rafts (26). Alternatively, wheat germ agglutinin
(WGA), which labels the plasma membrane, was used as a eukaryotic cell
surface marker. For this, host cells were labeled with FITC-conjugated
WGA (Sigma-Aldrich) at a concentration of 1 ug/ml for 1 h prior to the
incubation with OMVs. B-R18-labeled OMVs were then applied to the
apical sides of HeLa or HGF cells so that the OMVs were diluted 1:4
relative to the volume of MEM in the wells. Cells were incubated with
OMVs for 30 min at 37°C. To inhibit OMV fusion with plasma membrane
lipid rafts, the cholesterol-sequestering agent Filipin III (53) was added at
a final concentration of 10 ug/ml at 30 min prior to the addition of OMVs.
After the incubation with OMVs, cell samples were analyzed by confocal
microscopy as described below.

Confocal microscopy. For analysis by confocal microscopy, cover-
slips were mounted with Mowiol (Scharlau Chemie S.A., Sentmenat,
Spain) containing antifade (p-phenylene diamine). Confocal microscopy
was carried out using a Nikon D-Eclipse C1 confocal laser with a Nikon
Eclipse 90i microscope. Images were captured with a Nikon color camera
(24 bit), using aplan Apo Nikon 60X and 100X objectives. Fluorescence
was recorded at 405 nm (blue; DAPI), 488 nm (green; FITC-CtxB, FITC-
WGA, and Alexa Fluor 488-phalloidin), and 543 nm (red; TRITC and
rhodamine isothiocyanate B-R18). Z-stack images were taken at 0.1-um
steps covering 2.8 to 5.8 wm using EZ-C1 3.80 imaging software. The
images were adjusted and assembled in Adobe Photoshop 10.0. For cal-
culation of cytoplasmic/nuclear fluorescence ratios, fluorescence levels
were quantified using Image] on projected confocal stacks obtained from
three independent experiments. For each calculation, single confocal
slices from within the central region of the cells were analyzed, consider-
ing 20 cells. Data were analyzed using GraphPad Prism 4.03 (GraphPad,
San Diego, CA). Statistical analysis was performed using the two-tailed
Student ¢ test. P values of less than 0.05 were regarded as statistically
significant. Quantification of fluorophore colocalization in confocal
stacks was done using NIS-Elements AR 3.2 software (Nikon). Colocal-
ization coefficients were calculated from quantitative data obtained from
five confocal stacks.

RESULTS

Identification of CDT protein components in association with
A. actinomycetemcomitans OMVs obtained from plate-grown
bacteria and broth cultures. To investigate if CDT protein com-
ponents are associated with A. actinomycetemcomitans OMVs,
OMVs were isolated from the serotype a strain D7SS and its
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FIG 1 Detection of CdtA and CdtB in A. actinomycetemcomitans OMV prep-
arations from plate-grown bacteria and broth cultures. (A) Immunoblot de-
tection of CdtA, CdtB, and DnaK (lysis marker) in OMV preparations and in
whole-cell preparation samples from A. actinomycetemcomitans strain D7SS
(lane 1, OMVs; lane 3, whole cells) and from the strain D7SS cdtABC triple
mutant (lane 2, OMVs; lane 4, whole cells), both cultivated on agar. (B) Silver-
stained SDS-PAGE of OMV preparations obtained from strain D7SS culti-
vated on agar (lane 1), and in broth culture (lane 2). The sizes (kDa) of the
proteins in the prestained molecular mass marker (M) are indicated along the
left side. (C) Immunoblot detection of CdtA and CdtB in OMV preparations
from strain D7SS (lane 1) and from the strain D7SS cdfABC triple mutant (lane
2), both grown in broth cultures. Polyclonal antisera specific for H. ducreyi
CdtA, H. ducreyi CdtB, and E. coli DnaK were used for immunoblot detection.
Protein samples equal to 10 ug (A and C) or 2.5 ug (B) were applied on the
gels. (D) Atomic force micrographs of OMV preparations from strain D7SS
cultivated on agar (left) and in broth culture (right). Bars = 200 nm.

cdtABC triple mutant derivative cultivated on agar (see Materials
and Methods). Western immunoblot analysis was then per-
formed, using polyclonal antisera raised against the H. ducreyi
CDT holotoxin and the CdtA, CdtB, and CdtC proteins. Two
CDT protein components, CdtA and CdtB, were detected in both
strain D7SS OMVs and whole-cell extracts, whereas they were
absent from such samples of the cdtABC mutant (Fig. 1A). More-
over, we also could detect CdtA and CdtB in OMV preparations
and whole-cell extracts from A. actinomycetemcomitans strains
2146 and 2292 (serotypes b and c, respectively) (data not shown),
indicating that the OMV association was not restricted to strain
D7SS or a characteristic of serotype a strains only. However, using
the antiserum raised either against the CDT holotoxin or against
CdtC, we could not detect CdtC protein with the present experi-
mental setup, either in OMV:s of strains D7SS, 2146, and 2291 or
in whole-cell extracts (data not shown). This could be due to alack
of specificity of the antisera used, as they did not recognize the
CdtC component of recombinant A. actinomycetemcomitans CDT
holotoxin (data not shown). To rule out contamination from the
cytoplasmic fraction of the bacterial cells in the OMV prepara-
tions, Western immunoblotting was performed using a monoclo-
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nal antibody specific for DnaK, which was used earlier as a cyto-
plasmic marker protein in studies with A. actinomycetemcomitans
(55). According to our findings, DnaK was detected in whole-cell
extracts of strain D7SS and of its corresponding cdtfABC mutant
but not in the OMV preparations (Fig. 1A).

As growth conditions are known to affect protein expression,
OMVs were also isolated from A. actinomycetemcomitans broth
cultures (see Materials and Methods). According to SDS-PAGE,
the protein patterns of strain D7SS OMVs isolated from broth
cultures and plate-grown bacteria were very similar, albeit not
identical (Fig. 1B), suggesting that environmental conditions may
affect the content of A. actinomycetemcomitans OMVs. Consistent
with this, immunoblotting revealed a relative abundance of CdtA
and CdtB in the OMVs extracted from broth cultures (Fig. 1C)
that was different from that in OMVs from plate-grown bacteria
(Fig. 1A). Asjudged by atomic force microscopy (Fig. 1D), vesicles
obtained from broth cultures and plate-grown bacteria had very
similar shapes, although the latter preparations also contained
larger vesicles (with diameters of up to 200 nm). Since our results
hitherto obtained indicated that CDT was associated with OMVs
isolated from both plate-grown bacteria and broth cultures, we
continued our analyses using mainly vesicles isolated from bacte-
ria grown on agar.

Tight association of CdtB with A. actinomycetemcomitans
OMVs. To rule out that the association of CDT protein compo-
nents with A. actinomycetemcomitans OMVs was merely a conse-
quence of coprecipitation of protein aggregates formed during
OMV preparation, density gradient fractionation of OMV prepa-
rations was performed (see Materials and Methods). Equal
volumes of the obtained gradient fractions were analyzed by SDS-
PAGE for their protein and lipopolysaccharide (LPS) composi-
tions. As indicated by the protein and LPS profiles, the vesicle
preparations appeared to contain a major population of OMVs,
peaking approximately in fractions 9 to 13 (Fig. 2A). Western
immunoblotting (Fig. 2B) indicated that CdtB, the active toxin
subunit, as well as LtxA and OmpA (the latter two used as OMV
marker proteins based on previous data [32]) were mainly distrib-
uted in these fractions. However, the peak for CdtB was found in
fractions 11 and 12, whereas both OMV marker proteins, OmpA
and LtxA, were more centered in fractions 10 and 11. We assume
that this difference may reflect different subpopulations of OMVs.
To corroborate our observation that CdtB was intimately associ-
ated with the OMVs, a dissociation assay was performed (see Ma-
terials and Methods). As indicated in Fig. 2C, treatment of strain
D7SS OMVs with a high salt concentration (1 M NaCl) did not
extract CdtB from the vesicles to a greater extent than that ob-
served with HEPES buffer alone; i.e., CdtB was recovered with
OMVs in the pellet. Treatment with 0.8 M urea also did not affect
the association of CdtB with OMVs (Fig. 2C). On the other hand,
after solubilization of the OMVs with SDS (final concentration of
1%), CdtB could not be detected in the pellet but was instead
released and remained in the supernatant after the subsequent
centrifugation (Fig. 2C). Thus, we concluded that CdtB was tightly
associated with A. actinomycetemcomitans OMVss.

A. actinomycetemcomitans OMVs exhibit CDT-dependent
cytolethal distending activity. To investigate if A. actinomycetem-
comitans OMV’s carry biologically active CDT, we incubated HeLa
cells and HGF with OMV preparations from A. actinomycetem-
comitans strain D7SS and from the D7SS cdtABC triple mutant
and then monitored the treated cells by confocal microscopy. Ac-
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FIG 2 Tight association of CdtB with A. actinomycetemcomitans OMVs. (A)
Silver-stained SDS-PAGE of proteins present in OptiPrep density gradient
fractions of OMVs from A. actinomycetemcomitans strain D7SS. Density gra-
dient fractions (15 ul applied on the gel) are numbered from left to right
according to increasing density. The sizes (kDa) of the proteins in the
prestained molecular mass marker (MW) are indicated along the left side. (B)
Immunoblot detection of LtxA, OmpA, and CdtB in density gradient fractions
of OMVs from strain D7SS. Polyclonal antisera specific for A. actinomycetem-
comitans LtxA, E. coli OmpA, and H. ducreyi CdtB were used to detect LtxA,
OmpA, and CdtB, respectively. Fifteen microliters of each of the gradient
fractions 6 to 15, numbered according to panel A, was applied on the gel. (C)
Dissociation assay using OMVs from strain D7SS. An OMV preparation in
PBS was treated for 60 min on ice in the presence of PBS (buffer), NaCl (1 M),
urea (0.8 M), or SDS (1%). The resulting pellets (P) and supernatants (S) after
centrifugation were analyzed by immunoblotting, using a polyclonal antise-
rum specific for H. ducreyi CdtB. The sizes of proteins (kDa) in the prestained
molecular mass marker (MW) are indicated.

cording to our findings, strain D7SS OMVs isolated from both
plate-grown bacteria (Fig. 3A, B, and F) and broth cultures (Fig.
3D and data not shown) induced a distinct enlargement of the
intoxicated HeLa and HGF cells after 24 to 72 h of incubation. In
contrast, this was not observed using OMVs from the c¢dtABC
triple mutant (Fig. 3C and G) or when HeLa and HGF cells were
treated with buffer (PBS) alone (Fig. 3E and H). Hence, we con-
cluded that A. actinomycetemcomitans OMVs exhibited CDT-
dependent cytolethal distending activity.

Internalization of A. actinomycetemcomitans OMV-
associated proteins into HeLa cells and human gingival fibro-
blasts. To investigate if A. actinomycetemcomitans OMVs may fa-
cilitate the delivery of proteins into cultured human cells, we
carried out confocal microscopy analyses aimed at detecting in-
ternalized bacterial proteins. For this, we used an OmpA-specific
antibody (major A. actinomycetemcomitans OMV protein [32])
and an antiserum specific for whole cells of A. actinomycetemcomi-
tans serotype a, which reacts with OMV-associated proteins such
as GroEL and PAL (54). We observed that a large majority of the
OMV protein-associated fluorescence in Hela cells and HGF
treated with strain D7SS and D7SS cdtABC OMVs appeared to be
distributed in the vicinity of, and surrounding, the nuclei of the
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FIG 3 Cytolethal distending effect exhibited by A. actinomycetemcomitans OMVs on HeLa cells (A to E) and HGF (F to H). Cells were treated with strain D7SS
OMVs isolated from plate-grown bacteria (wild type [WT]) for 24 h (A) and for 72 h (B and F), and with D7SS OMVs isolated from broth cultures (WT broth)
for 72 h (D). As controls, cells were treated for 72 h with OMVs isolated from strain D7SS cdtABC cultivated on agar (cdtABC) for 72 h (C and G) and with PBS
(buffer) (E and H). After incubation, actin filaments and nuclei were stained with phalloidin (green) and DAPI (blue), respectively. The left panels show merged
images from staining with both dyes, and the right panels show images from DAPI staining only. Magnification, X1,000. Bars = 10 um.

intoxicated cells, whereas little or no signal was detected around
the cell envelope (Fig. 4A and B). The essentially cytoplasmic dis-
tribution of OmpA was also demonstrated using fluorescence
quantification software (Fig. 4C). On the other hand, the antibod-
ies did not significantly stain the HeLa cells and HGF subjected to
control treatment (buffer) (Fig. 4A and B). Similar observations
were made using OMVs purified from strain D7SS by density
gradient centrifugation and when we used OMV:s isolated from
broth cultures (data not shown). These findings are consistent
with the suggestion that the OMV cargo (OmpA and additional A.
actinomycetemcomitans proteins) was being internalized into the
HeLa cells and HGF and that CDT per se was not required for this
internalization.

There is earlier reported evidence of internalized OMV pro-
teins being trafficked into the cytosol of host cells through the
retrograde pathway, i.e., via the Golgi apparatus and endoplasmic
reticulum (ER), and/or accumulating in the ER (6, 35). To inves-
tigate this possibility, we used brefeldin A, which causes disassem-
bly of the Golgi complex, inhibiting retrograde transport (20, 45).
As evidenced by confocal microscopy, the presence of brefeldin A
had no apparent effect on the internalization of A. actinomycetem-
comitans OMV proteins. After 6 h of incubation with OMVs from
strain D7SS, OMYV proteins were clearly detectable in the cytosol
of HeLa cells using the antiserum specific for whole cells of A.
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actinomycetemcomitans serotype a (Fig. 5), indicating that the in-
ternalization did not require an intact Golgi apparatus.

To assess if the active toxin component, CdtB, had entered into
the nuclei of the intoxicated HeLa cells, we conducted confocal
microscopy, using a CdtB-specific antiserum and a TRITC-
conjugated secondary antibody, and then monitored the red flu-
orescence with quantification software. This revealed an apparent
nuclear distribution of the fluorescence in HeLa cells treated with
strain D7SS OMVs (Fig. 6). We also assessed the distribution of
the weak background fluorescence observed when HeLa cells were
incubated with OMVs from the strain D7SS cdtABC mutant or
with PBS (buffer). According to our findings, the background
fluorescence was equally distributed in the nucleus and cytoplasm
(Fig. 6). Taken together, our observations are consistent with an
essentially nuclear localization of CdtB.

Thus, collectively our results support the idea that the release of
A. actinomycetemcomitans OMVs could constitute a mechanism
for simultaneous delivery of multiple proteins, including biolog-
ically active CDT, into susceptible human cells without requiring
passage through the retrograde transport pathway.

Internalization of A. actinomycetemcomitans OMVs via
membrane fusion is dependent on lipid raft microdomains in
the host cell plasma membrane. To investigate if A. actinomyce-
temcomitans OMVs may enter host cells via membrane fusion, we
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FIG 4 Perinuclear distribution of internalized A. actinomycetemcomitans OMV proteins in HeLa cells and HGF. A. actinomycetemcomitans strain D7SS (WT) and
D7SS cdtABC (cdtABC) OMVs and PBS (buffer) were used to treat HeLa cells (A) and HGF (B) for 72 h. After treatment, cells were fixed and incubated with an
FITC-conjugated antibody specific for E. coli OmpA or for whole cells of A. actinomycetemcomitans serotype a, as indicated. Actin filaments and nuclei were then
stained with phalloidin (green) and DAPI (blue), respectively. Bound antibodies were detected with TRITC (red). The left panels show merged images from
staining with the three dyes. The right panels show images from TRITC staining only. Confocal Z-stack projections are included in all images. The cross hairs
indicate the positions of the xz and yz planes. Magnification, X1,000. Bars = 10 um. (C) Assessment of the cytoplasmic localization of OmpA. HeLa cells were
treated with strain D7SS or D7SS cdtABC OMVs for 72 h. Shown are the means = standard deviations (SD) for the cytoplasmic/nuclear ratio of red fluorescence
from 20 cells from three experiments.

36 iai.asm.org Infection and Immunity


http://iai.asm.org

WT OMVs

Anti- A. actinomycetemcomitans

FIG 5 Internalization of A. actinomycetemcomitans OMV proteins is inde-
pendent of retrograde transport. A. actinomycetemcomitans strain D7SS
OMVs (WT) and PBS (buffer) were used to treat HeLa cells for 6 h in the
presence of brefeldin A (final concentration, 10 uM). After treatment, cells
were fixed and incubated with a polyclonal antibody specific for whole cells
of A. actinomycetemcomitans serotype a. Actin filaments and nuclei were
then stained with phalloidin (green) and DAPI (blue), respectively. Bound
antibodies were detected with TRITC (red). The left panels show merged
images from staining with the three dyes. The right panels show images
from TRITC staining only. Confocal Z-stack projections are included in all
images. The cross hairs indicate the positions of the xz and yz planes.
Magnification, X1,000. Bars = 10 wm.

labeled strain D7SS OMVs with rhodamine isothiocyanate
B-R18, which is dequenched upon fusion with the host cell
plasma membrane, resulting in red fluorescence (13, 28). Ac-
cording to confocal microscopy analysis, FITC-conjugated
CtxB subunit (a documented plasma membrane lipid raft
marker [26]) colocalized with OMVs in both HeLa cells (Fig.
7A), and HGF (Fig. 7B) within 30 min of incubation. Quanti-
tative analysis (Fig. 7A and B) revealed a high degree of colo-
calization of OMVs with CtxB. Essentially the same observa-
tions were made using FITC-conjugated WGA (a marker of
host cell plasma membrane) in membrane fusion assays instead
of CtxB (Fig. 8); i.e., confocal microscopy and quantitative
analysis revealed a high degree of colocalization of OMVs with
WGA in HelLa cells after 30 min of incubation. These findings
together are consistent with the hypothesis that there was fu-
sion of A. actinomycetemcomitans OMVs with the host cell
plasma membrane. To investigate the possible requirement of
lipid rafts for this fusion, we used the cholesterol-sequestering
agent Filipin III to disrupt lipid raft domains, analogous to the
procedure used in a similar study assessing Pseudomonas
aeruginosa OMVs (13). Confocal microscopy revealed that this
resulted in both reduced levels of fluorescence and no apparent
colocalization of OMVs with either CtxB or WGA in HeLa and
HGEF cell samples incubated with strain D7SS OMVs for 30 min
in the presence of Filipin III (Fig. 7 and 8). Moreover, Filipin III
inhibited CtxB binding to lipid rafts as indicated by reduced
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FIG 6 Nuclear distribution of internalized CdtB. (A) OMVs from A. actino-
mycetemcomitans strain D7SS (WT) or D7SS cdtABC (cdtABC) or PBS (buffer)
were used to treat HelLa cells for 72 h. After treatment, cells were fixed and
incubated with an antibody specific for H. ducreyi CdtB. Actin filaments and
nuclei were then stained with phalloidin (green) and DAPI (blue), respectively.
Bound antibodies were detected with TRITC (red). The left panels show
merged images from staining with the three dyes. The right panels show images
from TRITC staining only. Confocal Z-stack projections are included in all
images. The cross hairs indicate the positions of the xz and yz planes. Magni-
fication, X1,000. Bars = 10 wm. (B) Assessment of the nuclear localization of
CdtB. HeLa cells were treated with strain D7SS (WT) or D7SS cdtABC (cd-
tABC) OMVs for 72 h. Shown are the means = SD for the cytoplasmic/nuclear
ratio of red fluorescence from 20 cells from three experiments (P < 0.0001).

green fluorescence levels in the treated HeLa and HGF cell
samples (Fig. 7). We conclude that the OMV fusion with the
plasma membrane was blocked upon disruption of lipid rafts.
Hence, taken together our results are consistent with A. actino-
mycetemcomitans OMV-associated proteins being delivered to
the host cell cytoplasm via membrane fusion, dependent on
lipid raft microdomains in the plasma membrane.

DISCUSSION

In this study, we have identified A. actinomycetemcomitans OMVs
as a vehicle for the simultaneous delivery of multiple proteins,
including biologically active CDT, into the cytosol of human cells.
Our findings suggest that the different A. actinomycetemcomitans
cultivation conditions used (growth on agar or in broth cultures)
may affect the overall OMV protein composition, which is in ac-
cordance with earlier studies (52). Whether the observed differ-
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FIG 7 Fusion of OMVs from A. actinomycetemcomitans strain D7SS with HeLa cell and HGF lipid raft microdomains. (A and B) Colocalization of rhodamine
B-R18-labeled OMV's with FITC-conjugated lipid raft marker CtxB in HeLa cells (A) and HGF (B) after 30 min of incubation in the presence or absence of Filipin
III (final concentration, 10 pg/ml). Colocalization of OMVss (red) with CtxB (green) is indicated by small white arrows. Scattergrams of red and green pixels were
plotted on graphs to obtain the colocalization coefficient (r,) between OMVs and CtxB. Shown is a representative plot. (C and D) HeLa cells (C) and HGF (D)
subjected to control treatment (PBS [buffer] instead of OMVs). The merged images show the labeling with both dyes. Confocal Z-stack projections are included
in all images. Magnification, X1,000. Bars = 10 wm.
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FIG 8 Fusion of OMVs from A. actinomycetemcomitans strain D7SS with HeLa cell lipid raft microdomains. (A) Colocalization of rhodamine B-R18-labeled
OMVs with FITC-conjugated plasma membrane marker WGA in HelLa cells after 30 min of incubation in the presence or absence of Filipin III (final
concentration, 10 ug/ml). Colocalization of OMVs (red) with WGA (green) is indicated by small white arrows. Scattergrams of red and green pixels in confocal
stacks were plotted on graphs to obtain the colocalization coefficient (r,) between OMVs and WGA. Shown is a representative plot. (B) HeLa cells subjected to
control treatment (PBS [buffer] instead of OMVs). Confocal Z-stack projections are included in all images. The merged images show the labeling with both dyes.

Magnification, X1,000. Bars = 10 pum.

ence in the relative abundance of CdtA and CdtB in OMV prepa-
rations from plate-grown bacteria and broth cultures may reflect
the amount of CDT holotoxin in the vesicles is not known. Our
observation by AFM that preparations from plate-grown bacteria
also contained larger vesicles (with diameters of up to 200 nm) is
consistent with earlier analyses using electron microscopy (31,
32). It cannot be excluded that the larger OMVs may be the result
of vesicle fusion. However, despite these observed differences, es-
sentially the same results were obtained regarding the cytolethal
distending activity of OMVs and the perinuclear distribution of
OMV proteins in intoxicated HeLa and HGF cells. Hence, for
practical reasons we utilized mainly the OMVs isolated from bac-
teria grown on agar in further experiments.

The association of CdtA and CdtB with OMVs was confirmed
in the smooth-colony serotype a strain D7SS and in two additional
A. actinomycetemcomitans isolates, belonging to serotypes b and c,
excluding that the OMV association was a characteristic of a single
strain and/or serotype. Analogous to several previous studies on

January 2012 Volume 80 Number 1

OMV-associated proteins (4, 29, 32), we used both density gradi-
ents and a dissociation assay to separate the OMVs from loosely
associated proteins and to demonstrate the intimate association of
the active toxin unit CdtB with A. actinomycetemcomitans OMVs.
The lack of detection of CdtC in OMVs by immunoblotting ap-
peared to be due to absence of cross-reactivity to the CdtC subunit
by the antibodies used. Our preliminary liquid chromatography-
tandem mass spectrometry (LC-MS/MS) data, indicating the
presence of all three CDT subunits (CdtA, CdtB, and CdtC) in the
A. actinomycetemcomitans secretome, which also contains OMVs
(V. Zijnge, T. Kieselbach, and J. Oscarsson, unpublished data),
suggest that CdtC, analogously to CdtA and CdtB, is also OMV
associated. This is currently being further assessed by LC-MS/MS.
OMV-associated secretion of CDT in A. actinomycetemcomitans is
consistent with reports indicating the presence of CdtA, CdtB, and
CdtC in the periplasmic compartment of A. actinomycetemcomi-
tans cells and in both outer membrane and periplasmic fractions
of E. coli used as a model organism (63, 65). We used both HGF
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and HeLa cells in our experiments demonstrating that OMV-
associated CDT was biologically active. These cell models, which
are used frequently to assess the cytotoxicities of CDTs from var-
ious species, including A. actinomycetemcomitans (7, 17, 43, 58,
63), allowed a straightforward comparison of our findings with
previous studies. Most of the present experiments utilized A. ac-
tinomycetemcomitans strain D7SS, which was empirically selected
as it releases significant amounts of OMVs (31) and CDT (10) and
also is considered a minimally leukotoxic strain (34).

By confocal microscopy using two different polyclonal anti-
bodies, specific for whole A. actinomycetemcomitans serotype a
cells and OmpA, we obtained novel evidence that A. actinomyce-
temcomitans OMVs can deliver multiple proteins simultaneously
into human cells. The OMV proteins were internalized into the
cytosol, resulting in a preferentially perinuclear distribution in
intoxicated HeLa cells and HGF. Notably, we obtained evidence
that the OMV proteins were internalized in both cell types via a
mechanism of OMV fusion with lipid rafts in the plasma mem-
brane, which was detected after 30 min of incubation. Internaliza-
tion of A. actinomycetemcomitans OMV proteins by membrane
fusion was suggested in an earlier study, as the plasma membrane
of HL60 cells was uniformly labeled with OMV-associated fluo-
rescence within 2 min of treatment with OMVs (15). As very little
OMV-associated fluorescence was detected within HL60 cells in-
cubated with OMVs for up to 25 min, the authors suggested a
model in which the OMVs were specifically localized to the cyto-
plasmic membrane and had possibly been incorporated into it by
membrane fusion (15). Presumably, our present use of HeLa cells
and HGF, which, in contrast to HL60 cells, lack the leukotoxin-
receptor lymphocyte function-associated antigen 1 (LFA-1) (39),
minimized cell lysis due to leukotoxin after intoxication with
OMVs. The presence of leukotoxin would therefore not affect the
assessment of internalized vesicle components inside the target
cells after the initial association of OMVs with the plasma mem-
brane. The results of this study are consistent with observations
with Pseudomonas aeruginosa OMVs, which were demonstrated
to fuse with lipid rafts in the plasma membrane to deliver multiple
virulence factors directly to the cytosol of human airway epithelial
cells (13). Moreover, analogous to the P. aeruginosa OMVs (13),
internalization of A. actinomycetemcomitans OMV proteins was
unaffected by inhibition of retrograde transport, suggesting that
OMYV proteins may be delivered directly to the host cell cytosol.
This remains to be experimentally confirmed.

Dependence of plasma membrane lipid rafts for internaliza-
tion of OMV proteins is also consistent with endocytic uptake of
OMVs (21, 35). P. aeruginosa OMVs are so far the only OMVs
demonstrated both to be internalized and to deliver cargo proteins
via membrane fusion into different human airway epithelial cells
(6, 13). Whether internalization via multiple pathways may be a
characteristic of OMVs of additional organisms, including A. ac-
tinomycetemcomitans, is not known. OMV-associated toxins can
act as adhesins in receptor-mediated endocytosis of OMVs (35). It
was earlier excluded that OMV-associated leukotoxin was re-
quired for the interaction of A. actinomycetemcomitans OMVs
with HL60 cells (15). Our present findings that proteins from the
strain D7SS cdtABC mutant OMVs were also internalized indicate
that CDT per se was neither required for the interaction of A.
actinomycetemcomitans OMVs with the HeLa cells and HGF nor
affected the relative distribution of OMV proteins within the in-
toxicated cells.
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Our data support the notion that A. actinomycetemcomitans
OMVs could constitute a mechanism for delivery of biologically
active CDT into susceptible cells. According to our confocal mi-
croscopy analyses using a CdtB-specific polyclonal antibody, the
active toxin unit had an essentially nuclear localization in HeLa
cells treated with OMVs from A. actinomycetemcomitans strain
D7SS. These observations are in accordance with previous find-
ings using recombinant CdtB (24), suggesting that CdtB was di-
rectly translocated to the nucleus also under our experimental
conditions. How this was achieved is not known, but it appeared
not to involve OMVs per se entering into the nucleus, as judged by
our confocal microscopy data indicating the absence of OMV-
associated fluorescence other than CdtB from the nuclei of intox-
icated HeLa cells. As OMV-mediated release of CDT has now been
demonstrated in at least three bacterial species, A. actinomycetem-
comitans, C. jejuni, and E. coli (references 11 and 44 and this
work), this feature may be widespread among the organisms pro-
ducing this toxin and could be advantageous for the bacteria dur-
ing several different types of infections. Although the role of A.
actinomycetemcomitans OMVs in periodontal disease has not yet
been elucidated, our present data support that OMVs could de-
liver biologically active CDT and additional virulence factors into
susceptible cells of the periodontium. Two recent studies have
suggested that in the presence of A. actinomycetemcomitans, CDT
toxicity may play a part in the early pathogenesis of periodontitis
(14, 50). This would be consistent with OMVs promoting damage
in the sulcular/junctional epithelium, which remains to be exper-
imentally assessed.

Taken together, our results provide a molecular basis for the
OMV-mediated delivery of multiple A. actinomycetemcomitans
proteins, including biologically active CDT, into host cells. Fur-
ther studies are needed to fully comprehend how this tentative
virulence mechanism may contribute to human periodontal dis-
ease.
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