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Porphyromonas gingivalis, a periodontal pathogen, secretes outer membrane vesicles (MVs) that contain
major virulence factors, including proteases termed gingipains (Arg-gingipain [Rgp] and Lys-gingipain
[Kgp]). We recently showed that P. gingivalis MVs swiftly enter host epithelial cells via an endocytosis pathway
and are finally sorted to lytic compartments. However, it remains unknown whether MV entry impairs cellular
function. Herein, we analyzed cellular functional impairment following entry of P. gingivalis into epithelial cells,
including HeLa and immortalized human gingival epithelial (IHGE) cells. After being taken up by endocytic
vacuoles, MVs degraded the cellular transferrin receptor (TfR) and integrin-related signaling molecules, such
as paxillin and focal adhesion kinase (FAK), which resulted in depletion of intracellular transferrin and
inhibition of cellular migration. Few Rgp-null MVs entered the cells, and these negligibly degraded TfR,
whereas paxillin and FAK degradation was significant. In contrast, Kgp-null MVs clearly entered the cells and
degraded TfR, while they scarcely degraded paxillin and FAK. In addition, both wild-type and Kgp-null MVs
significantly impaired cellular migration, whereas the effect of Rgp-null MVs was limited. Our findings suggest
that, following entry of P. gingivalis MVs into host cells, MV-associated gingipains degrade cellular functional
molecules such as TfR and paxillin/FAK, resulting in cellular impairment, indicating that P. gingivalis MVs are
potent vehicles for transmission of virulence factors into host cells and are involved in the etiology of
periodontitis.

Bacteria have evolved mechanisms for the secretion of vir-
ulence factors into host cells; these virulence factors alter host
cell biology and enable bacterial colonization (11). Bacterial
outer membrane vesicles (MVs), ubiquitously shed from gram-
negative bacteria by a mechanism involving cell wall turnover,
consist of a subset of outer membrane and soluble periplasmic
components (54). This extracellular secretion system likely
plays a part in the strategy utilized by bacterial pathogens to
modulate host defense and response and impair host cell func-
tion. For example, Pseudomonas aeruginosa (3), Helicobacter
pylori (19), and Actinobacillus actinomycetemcomitans (8), as
well as pathogenic and nonpathogenic Escherichia coli (7, 51),
secrete MVs that contain toxins, proteases, adhesins, and lipo-
polysaccharide. Therefore, it has been proposed that MVs are
bacterial “bombs” (30). However, the molecular mechanism of
MV entry into host cells is unclear, while it also remains un-
known whether MV-associated virulence factors have cytotoxic
effects within the invaded cells. A recent study showed that
enterotoxigenic E. coli MVs containing heat-labile enterotoxin
and other bacterial envelope components were taken up by a
human epithelial cell line via cellular lipid rafts, after which
intracellular MVs accumulated in nonacidified compartments
inaccessible to the extracellular milieu (28). In addition, a very
recent study found that Pseudomonas aeruginosa MVs deliver
multiple virulence factors, including �-lactamase, alkaline
phosphatase, hemolytic phospholipase C, and Cif (cystic fibro-

sis transmembrane conductance regulator inhibitory factor),
directly into the host cytoplasm via fusion of MVs with lipid
rafts in the host plasma membrane, which has an effect on host
cell biology (5). Thus, it is likely MVs function as specifically
targeted transport vehicles to mediate entry of bacterial viru-
lence factors into host cells. However, no other related results
have been reported.

Periodontitis, one of the most common infectious diseases
seen in humans (52), is characterized by gingival inflammation,
as well as loss of connective tissue and bone from around the
roots of the teeth, which leads to eventual tooth exfoliation.
Porphyromonas gingivalis is considered to be a bona fide patho-
gen that causes several forms of severe periodontal disease.
The bacterium releases MVs in an extracellular manner; these
MVs retain the full components of outer membrane constitu-
ents, including lipopolysaccharide, muramic acid, a capsule,
fimbriae, and proteases termed gingipains (13, 35). Fimbriae
reportedly mediate bacterial adherence to and entry into
periodontal cells (2), while gingipains, which consist of ar-
ginine (Arg-gingipain [Rgp])- and lysine (Lys-gingipain
[Kgp])-specific cysteine proteinases, contribute to the de-
struction of periodontal tissues (24). Gingipains degrade
collagen and fibronectin and inhibit interactions between
host cells and the extracellular matrix. In addition, they
degrade various cytokines, resulting in a disturbance of the
host cytokine network. Therefore, fimbriae and gingipains
are responsible for the adhesive and proteolytic abilities of
MVs, which, together with the small size of MVs (20 to 500
nm), are suspected of enabling MVs to penetrate an intact
mucosa and enter underlying host tissues (34).

Very recently, we showed that P. gingivalis MVs swiftly enter
HeLa and immortalized human gingival epithelial (IHGE)
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cells in a fimbria-dependent manner (10). At 15 min after
addition of MVs to cell cultures, most were observed to be
associated with the cellular plasma membrane, whereas they
were scarcely found within the cells. Nevertheless, the number
of intracellular MVs increased with incubation time, and
nearly all had entered the cells at 90 min. These intracellular
MVs were subsequently routed to early endosomal compart-
ments, and then they were sorted to lysosomal compartments
within 90 min, suggesting that intracellular MVs are ultimately
degraded by the cellular digestive machinery. However, P. gin-
givalis MVs remained for over 24 h and significantly induced
acidified-compartment formation after being taken up by the
cellular digestive machinery, which may be a type of cellular
stress that initiates lysosome-specific impairment. There was
no difference observed regarding the process of entry of MVs
between HeLa and IHGE cells. However, it still remains un-
clear whether cellular function is impaired by entry of P. gin-
givalis MVs.

In the present study, we analyzed cellular functional impair-
ment involved with entry of P. gingivalis MVs into HeLa and
IHGE cells. In addition, the role of gingipains in cellular im-
pairment was also investigated.

MATERIALS AND METHODS

Bacterial strains. P. gingivalis strain ATCC 33277, as well as the ATCC
33277-derived mutant strains KDP129 (�kgp), KDP133 (�rgpA �rgpB), KDP136
(�kgp �rgpA �rgpB) (44), and KDP150 (�fimA) (45), kindly provided by K.
Nakayama (Nagasaki University, Japan), were used in this study. The organisms
were anaerobically maintained in blood agar plates and grown in Trypticase soy
broth (Nissui, Tokyo, Japan) supplemented with hemin (5 �g/ml; Wako Pure
Chemical Industries, Osaka, Japan) and menadione (1 �g/ml; Sigma-Aldrich, St.
Louis, MO), as described previously (36). The activities of Rgp and Kgp were
determined using the synthetic substrates t-butyloxycarbonyl-L-leucylglycyl-L-ar-
ginine-4-methylcoumaryl-7-amide and t-butyloxycarbonyl-L-valyl-L-leucyl-L-ly-
sine-4-methylcoumaryl-7-amide, respectively (Peptide Institute, Osaka, Japan),
as described previously (37).

Reagents. Cytochalasin D, nocodazole, and methyl-�-cyclodextrin (M�CD)
were purchased from Sigma-Aldrich, and wortmannin was purchased from Wako
Pure Chemical Industries. These reagents were dissolved in an aliquot of dim-
ethyl sulfoxide (1.1 �g/ml) and added to the culture medium. Alexa Fluor-
conjugated phalloidin and transferrin were purchased from Invitrogen (Carlsbad,
CA). KYT-1 and KYT-36, proteinase inhibitors specific for gingipains (22), were
purchased from Peptide Institute (Osaka, Japan).

Cell culture. Human cervical epithelial HeLa cells (CCL-2) were obtained
from the American Type Culture Collection (Manassas, VA). The cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich) sup-
plemented with 10% fetal bovine serum (FBS; JRH Biosciences Inc., Lenexa,
KS), penicillin (100 U/ml), and streptomycin (50 �g/ml) at 37°C in 5% CO2.
IHGE cells (31) were kindly provided by S. Murakami (Osaka University, Japan)
and maintained in Humedia KB-2 (Kurabo, Osaka, Japan), as described previ-
ously (27).

Preparation of P. gingivalis MVs. P. gingivalis MVs were prepared as described
previously (49). MVs from the mutants KDP129, KDP133, and KDP136 were
prepared following treatment of the bacterial cells with exogenous gingipains
from strain ATCC 33277, as described previously (26). Briefly, 500 ml of ATCC
33277 cell culture was centrifuged at 10,000 � g for 20 min, and then the
supernatant was filtrated through a filter with 0.2-�m pores (Nalge Nunc, Roch-
ester, NY). Next, an MV-depleted supernatant containing soluble gingipains was
obtained by another centrifugation at 100,000 � g for 50 min. The mutants were
inoculated into fresh culture medium containing 50% MV-depleted supernatant.
The organisms were grown to the logarithmic phase until the optical density at
600 nm reached 1.0, after which the MVs were prepared.

Drug treatments. Drug treatment experiments were performed as described
previously (49), with minor modifications. Briefly, HeLa and IHGE cells were
washed twice with serum-free DMEM and incubated with the drugs listed below
in DMEM at 37°C for 30 min prior to the assay. To disorganize the cytoskeletal
architecture, cytochalasin D (1 �g/ml) and nocodazole (25 �M) were used.

M�CD (10 mM; lipid raft disrupting agent) and wortmannin (100 nM; phospho-
inositide-3-kinase inhibitor) were also used. All reagents were included in the
media throughout all of the experiments.

Entry assay and fluorescence microscopy. HeLa and IHGE cells (6 � 104 cells
per well) were seeded onto glass coverslips in 24-well plates the day before the
assay. The cells were washed twice, then incubated in serum-free DMEM for 15
min with MVs (30 �g/ml). After a wash with DMEM, the cells were further
incubated in DMEM containing 10% FBS for various periods. For immunostain-
ing, the cells were washed with phosphate-buffered saline (PBS), fixed with 3%
paraformaldehyde in PBS for 15 min, and permeabilized with 0.1% Triton X-100
in PBS for 5 min. After two washes with PBS, the cells were incubated in blocking
solution (0.1% gelatin in PBS) for 10 min and subsequently with primary anti-
bodies diluted with blocking solution at room temperature for 1 h. MVs were
probed with rabbit polyclonal antibodies against native fimbriae of P. gingivalis
ATCC 33277, which were prepared as described previously (53). The cells were
analyzed using a laser scanning confocal microscope (model LSM510; Carl Zeiss,
Thornwood, NY) and Zeiss LSM Image Browser software at a magnification
of �630. The laser power and pinhole size were set based on the optimal
trade-off between the z resolution and signal/noise ratio of the images in each
experiment by LSM Image Browser software to avoid artifacts at different depths
within the cells. To analyze the distribution of MVs that entered the cells, those
located on the inside at a distance of 1 �m from the outermost actin filament
were counted manually. At least 20 cells were analyzed in each experiment, with
three independent experiments performed.

Immunoblotting. Immunoblotting analysis was performed as described previ-
ously (37). Briefly, HeLa and IHGE cells (6.0 � 105 cells per six-well culture
dish) were incubated in serum-free DMEM with MVs (30 �g/ml) for 15 min,
then washed and incubated in DMEM for various periods. Cells incubated with
MVs were lysed with passive lysis buffer (Promega, Madison, WI) containing
N�-p-tosyl-L-lysine chloromethyl ketone (10 mM; TLCK; Wako) and 1% com-
plete protease inhibitor cocktail (Roche Diagnostics, Basel, Switzerland). Solu-
ble fractions were collected by centrifugation.

Antibodies. Mouse antipaxillin, focal adhesion kinase (FAK), and aldolase
monoclonal antibodies were purchased from BD Biosciences (San Jose, CA).
The mouse anti-�-actin monoclonal antibody was purchased from Sigma-Al-
drich, and the mouse anti-transferrin receptor monoclonal antibody was pur-
chased from Zymed Laboratories (South San Francisco, CA). Rabbit anti-Rgp
polyclonal antibodies were generous gifts from T. Kadowaki (Kyushu University,
Fukuoka, Japan). Horseradish peroxidase-conjugated secondary antibodies
(horse anti-mouse immunoglobulin G [IgG] and goat anti-rabbit IgG), used for
immunoblotting, were purchased from Cell Signaling Technology (Danvers,
MA). Alexa Fluor-conjugated secondary antibodies (goat anti-mouse IgG and
goat anti-rabbit IgG), used for fluorescence microscopy, were purchased from
Invitrogen.

In vitro wound healing assay. HeLa and IHGE cells (6.0 � 105 cells per
six-well culture dish) were cultured until confluent. The cell layers were scratched
using a plastic tip and washed three times with serum-free DMEM to remove
debris, as described previously (21). The cells were incubated with MVs (30
�g/ml) for 2 h in serum-free DMEM at 37°C in 5% CO2. External nonadherent
MVs were removed by washing the cells three times with DMEM, after which the
cells were further incubated in 10% FBS-DMEM for 12 or 24 h. The migrated
cells in the scratched areas were counted under a microscope, and the closure
rate for each scratched area was determined using Image J. At least 10 fields
were analyzed, and all assays were performed in triplicate on three separate
occasions (n � 9).

Separation of basic subcellular fractions. Separation of subcellular fractions
was performed as described previously (12), with minor modifications. Briefly,
HeLa cells (3.0 � 106 cells per 10-cm dish) were cultured in 10% FBS-DMEM
until confluent. The cells were washed and incubated in serum-free DMEM with
or without MVs (30 �g/ml) for 15 min, then washed and incubated in 10%
FBS-DMEM at 37°C for 60 min. Next, the cells were treated with homogenizing
buffer (220 mM mannitol, 80 mM sucrose, 20 mM HEPES [pH 7.4], protease
inhibitor cocktail, and TLCK), and centrifuged at 1,000 � g to obtain superna-
tant S1 and pellet P1. The S1 fraction was further centrifuged at 7,000 � g for 10
min to obtain supernatant S7 and pellet P7. The S7 fraction was centrifuged at
20,000 � g for 10 min to obtain supernatant S20 and pellet P20. The S20 fraction
was further buffered to 100 mM with KCl and centrifuged at 100,000 � g for 1 h
to obtain supernatant S100 and pellet P100. S100 and P100 samples were loaded
onto a sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel for immu-
noblotting.

Statistical analyses. All data are presented as the means � standard devia-
tions. Statistical analyses were performed using an unpaired Student t test.
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Multiple comparisons were performed by one-way analysis of variance and
Scheffé’s test using STAT View software (SAS Institute Inc., Cary, NC).

RESULTS

Degradation of TfR and paxillin by MVs. First, we evaluated
the effects of MV entry on cellular functional molecules, in-
cluding transferrin receptor (TfR) and paxillin. TfR, a carrier
protein for transferrin, is indispensable for iron metabolism.
Integrin-related signaling molecules such as paxillin and FAK
regulate focal adhesions involved in cellular anchorage and
directed migration, which control wound healing and regener-
ation (41). P. gingivalis was previously reported to degrade
paxillin and FAK (18, 27). As shown in Fig. 1A, MVs entered
the cells at 60 min after addition, at which time both TfR and
paxillin were found to be clearly degraded. It was surprising
that the MVs were able to degrade these proteins, which are
associated with the plasma membrane, despite their cellular
uptake by the endosomal machinery. The effects of inhibitors
against MV entry (M�CD, wortmannin, and cytochalasin D)
(10) on the degradation of TfR and paxillin were further eval-

uated. Preliminary results confirmed that these reagents had
no effects on the degradation of TfR or paxillin (data not
shown), whereas they significantly prevented the degradation
of TfR and paxillin by MVs, indicating that adhesion of MVs
to the plasma membrane via lipid rafts is needed for degrada-
tion of these cellular proteins (Fig. 1B). In contrast, nocoda-
zole (microtubule assembly inhibitor) had a negligible effect.

Proteolytic activity of Rgp required for MV entry. We also
evaluated the roles of bacterial fimbriae and gingipains (Kgp
and Rgp) on MV entry. Results of our previous study sug-
gested that the interaction of P. gingivalis fimbriae with cellular
�5�1 integrin promotes bacterial adhesion to epithelial cells,
independent of lipid rafts, while the subsequent process of
entry by the bacterium requires lipid raft components (50).
Rgp is an enzyme that processes precursor fimbria proteins
(45); thus, Rgp-null mutants lack mature fimbriae on their
bacterial surfaces. Indeed, MVs from an Rgp-null mutant were
found to negligibly adhere to epithelial cells (data not shown).
However, we previously developed a novel method to express
mature fimbriae on the bacterial surfaces of Rgp-null mutants

FIG. 1. Degradation of TfR and paxillin in cells incubated with MVs. (A) Fluorescence microscopy findings for cells incubated with MVs. HeLa
cells were incubated with MVs (30 �g/ml) at 37°C for 15 min in serum-free DMEM. After a wash with DMEM, the cells were incubated for 45
min in DMEM containing 10% FBS. For fluorescence microscopy, the cells were processed for staining for MVs (green) and TfR (white), as well
as paxillin (white). Bars � 20 �m. (B) Immunoblotting of TfR and paxillin in cells incubated with MVs. HeLa and IHGE cells were separately
incubated with MVs (30 �g/ml) at 37°C for 15 min in serum-free medium. After a wash, the cells were incubated in the presence of M�CD,
cytochalasin D, wortmannin, nocodazole, or dimethyl sulfoxide (control) in serum-containing medium for the indicated time periods after addition
of MVs. Immunoblotting was performed using antibodies against paxillin and TfR.
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using bacterial culture supernatants containing soluble Rgp
(26). Gingipain-null mutant strains (Kgp, Rgp, and Kgp/Rgp
null) were grown with exogenous gingipains, as described in
Materials and Methods, and MVs prepared from these treated
gingipain-null mutants were shown to possess mature fimbriae
(Fig. 2A). Exogenous gingipain treatment restored the ability
of the Rgp- and Kgp/Rgp-null MVs to bind to epithelial cells
(data not shown), which was previously reported (26). Finally,
the amounts of fimbria proteins and levels of gingipain activity
were measured to ensure consistency among the different MVs
(Fig. 2A and B).

The fimbriated Rgp-null MVs bound to the cellular plasma
membrane, though they significantly lost their ability to enter
HeLa and IHGE cells (Fig. 3A and B). Kgp/Rgp double-null
MVs also failed to enter the cells. In contrast, Kgp-null MVs
showed only a 30% reduction of entry efficiency. These results
suggest that Rgp plays a major role in mediating intracellular
entry via lipid rafts. The proteinase inhibitors specific for gin-
gipains (KYT-36 for Kgp and KYT-1 for Rgp) were further
analyzed to determine whether the proteolytic ability of Rgp
was involved in MV entry. Exogenous KYT-1 clearly inhibited
the entry of MVs into the cells at 30 min, whereas KYT-36 did
not (Fig. 3C). However, the inhibitory effect became negligible
at 120 min. These results suggest that the proteolytic activity of
Rgp is a major factor in mediating MV entry, though another
factor(s), such as the adhesive ability of Rgp, is also likely
involved.

Kgp is responsible for degradation of integrin-related mol-
ecules, while Rgp is responsible for TfR degradation. Next, we
examined if gingipains were involved in the degradation of
TfR, paxillin, and FAK using gingipain-null MVs and quanti-
tatively evaluated that degradation over time using immuno-
blotting (Fig. 4). Kgp-null MVs degraded TfR as effectively as
wild-type MVs, while paxillin and FAK were negligibly de-
graded. Unexpectedly, Rgp-null MVs, which only slightly
entered the cells, degraded paxillin and FAK, though less
effectively than the wild-type MVs. On the other hand, TfR
was not degraded by Rgp-null MVs, and double-mutant
Rgp/Kgp-null MVs failed to degrade any of the proteins. In
addition, using fimbria-null MVs that had lost their ability to
adhere to the cells, we confirmed that adhesion of MVs to
epithelial cells via fimbriae was necessary for these degra-
dations (data not shown).

Fluorescence microscopy analysis was also performed to ob-
serve the degradation of TfR and paxillin. As expected, TfR
was clearly degraded by the Kgp-null MVs, whereas paxillin
was not (Fig. 5A). Furthermore, Rgp-null MVs were localized
on the cellular plasma membrane without marked entry; how-
ever, paxillin on the cellular plasma membrane was degraded,
while TfR was not. Since TfR was apparently degraded by
wild-type MVs, its effect on the cellular uptake of transferrin
was examined. As shown in Fig. 5B, cells incubated with wild-
type and Kgp-null MVs failed to take up transferrin in an
extracellular manner, whereas such impairment was not ob-

FIG. 2. Maturation of precursor fimbria proteins of gingipain-null MVs. (A) Immunoblotting of fimbria protein (fimbrillin, a subunit protein
of fimbriae). MVs from gingipain-null mutants KDP129 (�kgp), KDP133 (�rgpA �rgpB), and KDP136 (�kgp �rgpA �rgpB) were prepared
following treatment of the bacterial cells with exogenous gingipains of strain ATCC 33277, as described in Materials and Methods. A culture
supernatant sample containing soluble gingipains without MVs was prepared from the wild strain as an exogenous gingipain fraction. Treated MVs
from the gingipain-null mutant strains with the exogenous gingipain fraction were loaded onto sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gels and probed with antifimbria antibodies. (B) Gingipain activities of MVs. The activities of Rgp and Kgp are described in
Materials and Methods.
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served in cells incubated with Rgp-null MVs. These results
indicate that Rgp is involved in the degradation of TfR, result-
ing in impaired uptake of extracellular transferrin. However, it
is unclear whether the negligible degradation of TfR by Rgp-

null MVs was due to direct involvement of Rgp or the inac-
cessibility of intracellular TfR molecules to the Rgp-null MVs.

Coexistence of intracellular gingipains with fimbriae on
MVs. In our previous study, MV fimbriae were shown to be

FIG. 3. Loss of Rgp activity prevented MV entry into cells. (A) HeLa and IHGE cells were incubated separately with MVs prepared from strains
ATCC 33277 (wild strain), KDP129 (�kgp), KDP133 (�rgpA �rgpB), and KDP136 (�kgp �rgpA �rgpB) at 37°C for 15 min in serum-free medium. After
a wash, the cells were incubated in serum-containing medium for 120 min after the addition of MVs. For fluorescence microscopy, the cells were
processed for staining for MVs (green) and actin (Alexa Fluor 568-conjugated phalloidin red). (B) Quantification of MV entry into cells. The percentages
of mutant MVs that entered in comparison to wild-type MVs are shown. At least 20 cells were analyzed in each experiment, with three independent
experiments performed. �, P � 0.01. (C) Wild-type MVs were incubated separately with KYT-1 (10 �M; inhibitor of Rgp) and KYT-36 (10 �M; inhibitor
of Kgp) in serum-free DMEM at 37°C for 30 min, after which they were incubated with HeLa cells at 37°C for 15 min. After a wash with DMEM, the
cells were incubated for the indicated time periods after addition of MVs in serum-containing medium. Bars (A and C) � 20 �m.
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associated with intracellular MVs (10). In addition, another
study found that purified gingipains in a single group were
sorted to perinuclear regions by unknown machinery, following
entry into HeLa cells (42). Thus, herein we verified the possi-
bility that gingipains become detached from MVs and escape
endocytic compartments to the cytoplasm for degradation of
cellular proteins. As shown in Fig. 6, intracellular Rgp coex-
isted with fimbriae within insoluble fractions, indicating that
gingipains were retained in the endocytic compartments with
MVs. In addition, fimbria-null MVs did not demonstrate any
degradation of TfR or paxillin, suggesting a negligible release
of gingipains from MVs in our assay system (data not shown).
Thus, the degradation of cellular proteins is likely dependent
on MV-associated gingipains.

Inhibition of cellular migration and proliferation by MVs.
Cellular migration and proliferation are critical functions for
wound healing and tissue regeneration of periodontal tissues
destroyed by periodontal pathogens (15), and P. gingivalis has
been reported to inhibit those functions (18, 27). Thus, we
examined if MVs inhibit cellular migration and proliferation
using an in vitro wound healing assay (41). After HeLa and
IHGE cell monolayers were scratched, the cells proliferated
and migrated to fill the scratched areas in a time-dependent
manner (Fig. 7). Scratch closure in HeLa cells was significantly
inhibited at 12 and 24 h after the addition of wild-type MVs,
with similar results seen with IHGE cells. These inhibitory
effects were not clearly seen with the Rgp- and Rgp/Kgp-null
MVs, whereas Kgp-null MVs inhibited scratch closure as ef-
fectively as the wild-type MVs. Furthermore, cells did not
recover from this impairment after 24 h in the serum-contain-
ing condition, suggesting that the initial cellular damage
caused by the MVs persisted over a long period. These results
also indicate that Kgp, which degrades paxillin and FAK, is not
significantly involved in inhibition of cellular migration and
proliferation, whereas depletion of intracellular iron seems to
be one of the causative factors. As for other important findings,

it is possible that MV entry into cells is necessary to impair
cellular migration and proliferation, together with Rgp activity.

DISCUSSION

Delivery of extracellular bacteria or bacterial products often
occurs initially via endocytosis into the lumen of the host en-
docytic compartment. Thereafter, the invaded components oc-
casionally move to the host cell cytoplasm through lysis of the
endocytic compartment or delivery of proteins across the en-
docytic membrane via sophisticated machinery, such as the
type III secretion system (4, 11). In previous studies, MVs
secreted from enterotoxigenic E. coli and P. aeruginosa MVs
were found to escape from the cellular digestive machinery for
successful delivery of their virulence factors (5, 28). However,
in a different study, P. gingivalis MVs failed to escape from
endocytic compartments after entry and were finally sorted to
lytic compartments (10). In the present study, we found that P.
gingivalis MVs impaired cellular functions in HeLa and IHGE
cells, as MV-associated gingipains degraded cellular proteins
such as TfR, paxillin, and FAK, which resulted in depletion of
intracellular transferrin and inhibition of cellular migration. P.
gingivalis is harbored within the microbial biofilm (dental
plaque) that develops on gingival margins (33). Based on the
pathological features of chronic periodontitis caused by P. gin-
givalis, daily and continuous attacks by MVs, sometimes re-
ferred to as bacterial bombs, from the biofilm seem to destroy
periodontal tissue. Thus, it has been suggested that P. gingivalis
MVs are a chronic offensive weapon in the longstanding battle
between the bacterial biofilm and the host.

Although MVs are not able to escape from endocytic com-
partments (10), P. gingivalis MVs degrade cellular functional
proteins, which results in cellular functional impairment. Thus,
it is important to determine how MVs are able to access TfR,
paxillin, and FAK when enwrapped within endocytic compart-
ments. We found that MVs swiftly degraded paxillin localized
on the plasma membranes of HeLa and IHGE cells (Fig. 1A
and 5A). Thus, MVs likely degrade paxillin while they are
attached to and localized on the plasma membrane immedi-
ately before being isolated by endocytic compartments. In con-
trast, TfR is constantly internalized via endocytic vesicles that
fuse with the early endosome and returns to the plasma mem-
brane through the recycling endosome (1). P. gingivalis MVs
entered via a lipid raft-dependent endocytic pathway and were
subsequently routed to the early endosome, followed by sorting
to lysosomal compartments (10). Localization of TfR on both
the plasma membrane and interior faces of the endocytic com-
partments enwrapping MVs likely enables its degradation by
the MVs. Indeed, several inhibitors of MV entry prevented the
degradation of TfR (Fig. 4B). In contrast, TfR in the recycling
pathway seems to be inaccessible to MVs. Indeed, paxillin was
nearly completely degraded at 30 min after the addition of
MVs, whereas TfR was not degraded at that time point, indi-
cating that it takes a longer period of time to degrade TfR in
motion (Fig. 4).

It is also important to consider why Rgp-null MVs, which
only slightly entered the cells, are able to degrade paxillin. As
noted above, paxillin is predominantly expressed on the cellu-
lar plasma membrane. We found that Rgp-null MVs adhered
to that membrane (Fig. 5A) and that then Kgp from the MVs

FIG. 4. Degradation of TfR and integrin-related molecules (paxil-
lin and FAK) by MVs. HeLa and IHGE cells were incubated with
wild-type and gingipain-null MVs at 37°C for 15 min in serum-free
medium. After a wash, the cells were incubated in serum-containing
medium for the indicated time periods after addition of MVs. The
degradation of TfR, paxillin, and FAK was analyzed at each time point
by an immunoblotting method.
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degraded paxillin, possibly due to direct access. These mecha-
nisms may explain the phenomenon, though additional exper-
iments are necessary.

In the present experiments, Rgp was necessary for efficient
entry of MVs, indicating the possibility that Rgp exposes cel-
lular cryptic ligands in a proteolytic manner and promotes the
entry of MVs into host cells. Indeed, it was previously reported
that treatment of matrix proteins with Rgp enhanced the bind-
ing of P. gingivalis fimbriae to those proteins, including colla-
gen and fibronectin (29). Furthermore, bacterial invasion of

gingival epithelial cells by P. gingivalis was reportedly inhibited
by protease inhibitors (32). Thus, it is possible that a cellular
cryptic ligand(s) on lipid rafts is exposed by Rgp, which is used
by the cells to interact with fimbriae and/or other adhesins of
P. gingivalis.

Our previous results showing that a Kgp-null mutant strain,
KDP129, degraded paxillin and suggesting that the degrada-
tion occurred through the activity of Rgp (37) are contrary to
the present results. Therefore, we performed the same assay
using Kgp-null MVs with and without pretreatment with exog-

FIG. 5. Fluorescence microscopy analysis of TfR and paxillin in cells incubated with MVs. (A) HeLa cells were incubated with wild-type and
gingipain-null MVs (green) at 37°C for 15 min in serum-free medium. After a wash, the cells were incubated for 45 min in serum-containing
medium. Distribution of TfR (white) and paxillin (white) was analyzed by confocal microscopy. (B) Following incubation with MVs for 15 min in
serum-free medium, the cells were washed and incubated with Alexa Fluor 594-conjugated transferrin (white) at 37°C for 45 min in serum-
containing medium. For fluorescence microscopy, cells were processed for staining with DAPI (4	,6-diamidino-2-pheylindole; blue). At least 20
cells were analyzed in each experiment, with three independent experiments performed. Bars (A and B) � 20 �m.
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enous gingipains. In both conditions, MVs entered the epithe-
lial cells with similar efficiencies. However, MVs without treat-
ment degraded paxillin, whereas those with treatment did not,
which was unexpected and indicated that pretreatment with

exogenous gingipains provides contrasting results (data not
shown). Rgp and Kgp were previously shown to process pre-
mature forms of various surface-associated proteins, including
fimbriae, RgpA, RgpB, and Kgp (23); hemagglutinins (16);
hemoglobin receptor protein (38); Tlr (47); HmuR (46); IhtA
and IhtB (6); and RagA and RagB (17). Therefore, we think
that the premature forms of RgpA and other premature pro-
teins are related to the proteolysis of paxillin by an unknown
mechanism, whereas the mature proteins are not, though fur-
ther investigation is required. Nevertheless, we believe that
treatment of Rgp- and Kgp-null mutants with exogenous gin-
gipains, which maturate surface-associated proteins of gingi-
pain mutants, is necessary to examine the definitive roles of
Rgp and Kgp.

The present results also indicate that loss of intracellular
TfR due to MVs causes serious impairment of cellular migra-
tion and proliferation. Fundamental cellular operations, in-
cluding DNA synthesis and ATP generation, require iron,
while transferrin-TfR complexes are internalized and ferric
iron is released from transferrin at endosomal pH levels (1).
This is the first known report to show that TfR degradation by

FIG. 6. Coexistence of Rgp and fimbriae in the cellular plasma
membrane fraction. HeLa cells were incubated with or without wild-
type MVs at 37°C for 15 min in serum-free medium. After a wash, the
cells were incubated at 37°C for 45 min in serum-containing medium.
Separation of basic subcellular fractions was performed, and each was
labeled separately with antibodies against fimbriae, Rgp, TfR (marker
of insoluble fraction), and aldolase (marker of soluble fraction). The
cellular homogenate was separated into supernatants (S100) and pel-
lets (P100), as described in Materials and Methods.

FIG. 7. Inhibition of migration and proliferation of epithelial cells by MVs. Confluent layers of HeLa and IHGE cells were scratched with a plastic
tip, then incubated with wild-type and gingipain-null MVs at 37°C for 2 h in serum-free medium. Next, the cells were washed twice and allowed to
proliferate at 37°C for 12 or 24 h in serum-containing medium, during which time they migrated to fill the scratched areas. The rates of wound closure
were determined from assays performed in triplicate on three separate occasions (n � 9) and are shown beneath the images. �, P � 0.05.
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P. gingivalis causes impairment of cellular functions, and it is
notable that TfR is a target molecule of the bacterium.

Cells treated with MVs significantly lost paxillin/FAK pro-
teins, which might be expected to evoke detachment of the
cells from their substrate after short periods of incubation.
However, the cells were not detached. This observation is
consistent with the phenotype of paxillin- and FAK-deficient
cells, which exhibited delayed spreading and migration in pre-
vious experiments but did not detach from the substrate (14,
20). In addition, Rgp-null MVs which degraded paxillin/FAK
did not significantly inhibit cellular migration, suggesting that
paxillin and FAK are not largely involved in inhibition of
cellular migration and proliferation, whereas depletion of in-
tracellular iron is likely one of the causative factors (Fig. 7).
We intend to conduct additional studies to elucidate the influ-
ence of paxillin/FAK degraded by invading MVs.

Collectively, our findings suggest a molecular basis for host
cell impairment by P. gingivalis MVs. Previous reports have
shown that MVs possess various virulent abilities (9, 13, 25, 39,
40, 43, 48), while our results indicate a new aspect of cellular
function impairment by P. gingivalis MVs.
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