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Gingipains are cysteine proteinases that are responsible for the virulence of Porphyromonas gingivalis.
Recent studies have shown that P. gingivalis is trapped within autophagic compartments of infected cells,
where it promotes survival. In this study we investigated the role of gingipains in the intracellular
trafficking and survival of this bacterium in human aortic endothelial cells and any possible involvement
of these enzymes in the autophagic pathway. Although autophagic events were enhanced by infection with
either wild-type (WT) P. gingivalis strains (ATCC 33277, 381, and W83) or an ATCC 33277 mutant lacking
gingipains (KDP136), we have found that more than 90% of intracellular WT and KDP136 colocalized with
cathepsin B, a lysosome marker, and only a few of the internalized cells colocalized with LC3, an
autophagosome marker, during the 0.5- to 4-h postinfection period. This was further substantiated by
immunogold electron microscopic analyses, thus implying that P. gingivalis evades the autophagic pathway
and instead directly traffics to the endocytic pathway to lysosomes. At the late stages after infection, WT
strains in phagolysosomes retained their double-membrane structures. KDP136 in these compartments,
however, lost its double-membrane structures, representing a characteristic feature of its vulnerability to
rupture. Together with the ultrastructural observations, we found that the number of intracellular viable
WT cells decreased more slowly than that of KDP136 cells, thus suggesting that gingipains contribute to
bacterial survival, but not to trafficking, within the infected cells.

Porphyromonas gingivalis is a gram-negative anaerobic bac-
terium that is strongly implicated in the etiology of progressive
periodontal disease. Many epidemiological studies have dem-
onstrated a strong association of periodontal disease with ath-
erosclerosis and coronary heart disease (5, 11), but the mech-
anism underlying this association remains poorly understood.
Recent evidence shows that P. gingivalis can invade and infect
epithelial (10, 22, 23, 41, 42) and endothelial (8, 9) cells, thus
suggesting its possible involvement in the development of ath-
erosclerosis. The connection between P. gingivalis infection
and atherosclerosis is also supported by the finding that the
bacterium is detectable in human carotid and coronary athe-
romas (7, 13, 21). Given the frequent access of periodontal
pathogens to the systemic circulation of individuals with peri-
odontal disease through events such as tooth brushing, scaling
and root planing, tooth extraction, and periodontal surgery
(24), the presence of P. gingivalis in both endothelial cells and
atherosclerotic plaques strongly suggests its involvement in the
development of atherosclerosis. Recently, we reported that P.
gingivalis infection promotes atherosclerotic progression in
apolipoprotein E-knockout mice through selective proteolysis

of apo-B-100 protein, a major protein component of low-den-
sity lipoprotein particles (14).

P. gingivalis is well known to produce potent cysteine pro-
teases, termed gingipains, in both secretory and cell-associated
forms (6, 38, 46, 48). Gingipains consist of Arg- and Lys-
specific cysteine proteinases, now termed Arg-gingipain (Rgp)
and Lys-gingipain (Kgp), respectively (25, 30–32, 34, 37). In
previous studies using various P. gingivalis mutants deficient in
Rgp- and/or Kgp-encoding genes and proteinase inhibitors
specific for each enzyme, we demonstrated that both enzymes
are responsible for most of the virulence of the bacterium, as
well as its survival (1, 3, 4, 17–19, 30, 35, 44). However, whether
and how gingipains are involved in the bacterial invasion pro-
cess and persistence of the bacterium in human aortic endo-
thelial cells still remain speculative.

Recently, Dorn et al. (9) reported that P. gingivalis 381 was
located within vacuoles morphologically resembling autopha-
gosomes after infection into human coronary artery endothe-
lial cells. Those authors also demonstrated that P. gingivalis-
containing autophagosome-like vacuoles were positive for the
endoplasmic reticulum marker Bip and the lysosomal mem-
brane-associated protein LGP120. However, they were not
positive for the lysosomal cysteine proteinase cathepsin L, thus
suggesting that P. gingivalis evaded the endocytic pathway to
lysosomes but instead trafficked to autophagosomes, thereby
acquiring a beneficial environment for its survival and growth.
Moreover, several pathogenic bacteria, including Brucella
abortus (39), Listeria monocytogenes (20) and Streptococcus
pyogenes (28), have also been shown to reside within autoph-
agic compartments. Given the importance of autophagy in the
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degradation of undesirable cellular components and or-
ganelles, including invading microbes, autophagic events ap-
pear to be crucial for host defense against invading microbes.
However, it still remains unclear how these bacteria within the
infected host cells manage to resist the host defense mecha-
nisms, including the autophagic mechanism.

In the present study, to define the trafficking pathways of P.
gingivalis in human aortic endothelial cells (HAECs), we ex-
plored whether and how the autophagic pathway is actually
involved in the intracellular fate of this bacterium. We also
investigated whether gingipains play a role in the intracellular
fate of P. gingivalis and in the establishment of a beneficial
environment for bacterial survival and growth in infected
HAECs. Here we found that the internalized wild-type (WT)
strains, including strains ATCC 33277, W83, and 381, and the
ATCC 33277 mutant lacking gingipains (KDP136) were con-
fined mostly to cathepsin B-positive phagolysosomes and partly
to LC3-positive autophagosomes during the period from 0.5 to
4 h postinfection. Our results thus indicate that the majority of
internalized P. gingivalis organisms evade the autophagic path-
way and instead directly traffic to the endocytic pathway to
lysosomes. We also found that gingipains are important for P.
gingivalis to acquire the resistance to lysosomal destruction
within the infected cells.

MATERIALS AND METHODS

HAEC culture. HAECs were obtained from Cell Applications Inc. (San Diego,
CA). The cells were maintained through the use of an Endothelial Cell Growth
Medium Kit (Cell Applications Inc.) or MCDB131 medium (Sigma, St. Louis,
MO) supplemented with 0.1% NaHCO3, 10% fetal bovine serum (FBS) (ICN
Biomedicals, Inc., Solon, OH), 10 ng/ml recombinant acid fibroblast growth
factor (Sigma), 10 �g/ml heparin (Sigma), 60 �g/ml kanamycin sulfate (Gibco,
Invitrogen Corp., Carlsbad, CA), 1 �g/ml hydrocortisone (Sigma), and 10 ng/ml
epidermal growth factor (Sigma) in humidified 5% CO2 at 37°C. HAECs (1 �
105 cells per well in six-well tissue culture dishes) were infected with P. gingivalis
WT strains or KDP136 for 20 min at a multiplicity of infection (MOI) of 104

(persistent assay) or 103 (confocal microscopy) in MCDB131 medium without
kanamycin and then cultured in the same medium in the presence of kanamycin.
In some experiments, HAECs were precultured for 30 min in the presence of
either 100 nM wortmannin, a phosphatidylinositol 3-kinase inhibitor, or 100 nM
bafilomycin A1, a vacuolar-type proton ATPase inhibitor, and then infected with
P. gingivalis WT strains or KDP136 for 20 min in the absence of each agent. After
washing, the cells were further incubated for the indicated times in the presence
of each agent. Under these conditions, either wortmannin or bafilomycin A1 had
little or no effect on internalization of bacterial cells into HAECs.

Bacterial strains and culture conditions. P. gingivalis ATCC 33277, W83, and
381 were used as WT strains. The ATCC 33277 mutant lacking gingipains (rgpA-,
rgpB-, and kgp-deficient triple mutant KDP136) was constructed as described
previously (44). The bacterial cells were grown in enriched brain heart infusion
broth (37 g/liter) (Difco, BD Biosciences, San Jose, CA) supplemented with yeast
extract (5 g/liter), hemin (5 mg/liter), vitamin K1 (1 mg/liter), and cysteine (1
g/liter) under anaerobic conditions (10% CO2, 10% H2, 80% N2) at 37°C.
Erythromycin (10 �g/ml) and tetracycline (1 �g/ml) were also included in the
medium when necessary. Under these conditions, KDP136 as well as the WT
strains did not exhibit a nonspecific growth defect in vitro, as described previ-
ously (44). Bacterial cells were cultured overnight, harvested by centrifugation,
washed with phosphate-buffered saline (PBS), and resuspended in kanamycin-
and FBS-free MCDB131 medium. The CFU were counted on CDC anaerobe
blood agar plates (BD BBL, Franklin Lakes, NJ) after anaerobic incubation at
37°C for 2 weeks. The multiplicity of infection (MOI) was computed with ref-
erence to an optical density curve at 540 nm for the known CFU. The fit of the
number of the infected bacterial cells to the MOI was further confirmed by
determining CFU in the individual experiments. To determine the persistence of
WT strains and KDP136 in HAECs, we used an MOI of 104 as a maximal
effective dose because it is necessary to infect with as many bacteria as possible
without damaging the cells. All the experiments were performed with saturating
MOIs.

Antibodies. Rabbit antibodies against microtubule-associated protein 1 light
chain 3 (LC3), a specific marker of autophagosomes, were prepared as described
previously (49). Rabbit antibodies against rat cathepsin B, a lysosomal marker,
were also prepared as described previously (29). These antibodies were used as
the primary antibodies. Tetramethylrhodamine isothiocyanate- or horseradish
peroxidase-conjugated goat antibodies against rabbit immunoglobulin G (from
Sigma and from Biosource International. Inc., Camarillo, CA, respectively) were
used as the secondary antibodies. For immunoblot analysis of the cell lysate of
HAECs, monoclonal antibodies to human cathepsin B (Oncogene Research
Products, San Diego, CA) or monoclonal antibodies to human cathepsin D
(Transduction Lab, Lexington, KY) were used. Polyclonal antibodies specific for
phospho-Akt (Ser473) and Akt were purchased from Cell Signaling Technology
(Beverly, MA).

Confocal laser scanning microscopy. HAECs were grown on glass coverslips at
1 � 105 cells per well in six-well tissue culture dishes. They were grown in 2 ml
of MCDB131 medium and incubated at 37°C. The HAECs were infected with
WT P. gingivalis (strains ATCC 33277, 381 and W83) or KDP136 in kanamycin-
and FBS-free MCDB131 medium at an MOI of 103 bacterial cells for 20 min.
The HAECs were then washed with PBS and incubated with kanamycin-con-
taining MCDB131 medium for 0.5 to 4 h. At each time point, the medium was
removed and the infected HAECs were washed with PBS and then fixed in 4%
paraformaldehyde–PBS for 30 min at room temperature, followed by washing
and quenching in 50 mM NH4Cl–0.3% Tween 20–PBS for 10 min. After quench-
ing, the HAECs were washed with PBS and incubated with diluted primary
antibodies (against cathepsin B or LC3) in 1% bovine serum albumin–0.2%
Tween 20–PBS overnight at 4°C. HAECs were then washed with PBS containing
0.2% Tween 20, incubated with the tetramethylrhodamine isothiocyanate-con-
jugated secondary antibodies against rabbit immunoglobulin G (1/100 dilution in
wash buffer) for 3 h at room temperature, and then washed and mounted in
Vectashield (Vector Laboratories, Inc., Burlingame, CA) onto glass microscope
slides. Images were observed using confocal laser scanning microscopy (Leica
TCS SP LCS, Germany). All immunofluorescence examinations were performed
at least three times, and the most typical images were represented. The bacterial
cells were fluorescently labeled with 5 �M 2�,7�-bis(2-carboxyethyl)-5-(ans-6)-
carboxyfluorescein (BCECF) (Molecular Probes, Inc., Eugene, OR) in Hanks’
balanced salt solution medium for 30 min prior to infection of HAECs. Immu-
nofluorescence images were viewed using laser-scanning confocal microscopy
(Leica TCS, Leica-Microsystems, Heidelberg, Germany). At each time point, 30
fields of view, each of which (62 �m2) contained on average 1.5 HAECs, were
analyzed. To determine the quantitative colocalization of each bacterial cell
(green) with cathepsin B (red) or LC3 (red), completely merged yellow spots, but
not partially merged spots, were counted manually in entire fields of view and
expressed as percentages of the total internalized bacteria.

Transmission electron microscopy. HAECs were infected with P. gingivalis for
20 min, washed with PBS, and fixed in 4% paraformaldehyde–0.2% glutaralde-
hyde–0.01% CaCl2–0.2 M HEPES-KOH (pH 7.4) for 30 min at room tempera-
ture. The cells were then washed with PBS, collected in 10% ethanol with a cell
scraper, and then sedimented by centrifugation at 1,000 � g for 3 min at 20°C.
The cells were buried in low-melting-point agarose (Invitrogen Corp.) and em-
bedded in Epon. Thin sections were cut with a diamond knife using an ultrami-
crotome (Reichert, Vienna, Austria). Sections were contrasted with 40 mM lead
citrate for 5 min and then examined with a Hitachi H7500 electron microscope
(Tokyo, Japan).

Immunoelectron microscopy. Infected HAECs were fixed in 4% paraformal-
dehyde–0.2% glutaraldehyde–0.01% CaCl2–0.2 M HEPES-KOH (pH 7.4) for 30
min, washed with PBS, dehydrated at �20°C, and embedded in LR White resin.
Thin sections were cut and mounted on nickel grids. Sections were incubated
overnight with primary antibody at 4°C, followed by incubation with protein
A-gold probe (15-nm gold). After contrasting with lead citrate and 2% uranyl
acetate, sections were examined with an electron microscope.

SDS-PAGE and immunoblotting. HAECs were washed with ice-cold PBS,
incubated with PBS containing 2% Triton X-100 and an inhibitor cocktail (20
�g/ml antipain, 20 �g/ml chymostatin, 20 �g/ml leupeptin, 20 �g/ml pepstatin,
and 20 �g/ml phenylmethylsulfonyl fluoride) for 30 min on ice, collected by
scraping, and sonicated for 10 s. The soluble fraction was collected by centrifu-
gation at 27,000 � g for 20 min at 4°C. The resulting cell extract (200 �g of
protein) was denatured in sodium dodecyl sulfate (SDS) sample buffer and
subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on 12.5%
gels. The proteins in the gels were electrophoretically transferred onto nitrocel-
lulose membranes. The membranes were incubated with anti-LC3 antibody (3
�g/ml) overnight at 4°C after using a blocking solution of 5% skim milk. The
membrane was then incubated with the horseradish peroxidase-conjugated sec-
ondary antibody for 3 h at room temperature. Bands were visualized with an
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enhanced chemiluminescence detection system using ECL Western blotting de-
tection reagents (Amersham Biosciences, Buckinghamshire, England). The data
obtained were subjected to quantitative analysis with an LAS1000 luminescent
image analyzer using Image Gauge software version 3.4 (Fuji Photo Film, Tokyo,
Japan).

Persistence assay. The numbers of intracellular bacterial cells at the various
designated times were quantified as follows. HAECs (1 � 105 cells per well in
six-well tissue culture dishes) were infected with P. gingivalis WT strains (ATCC
33277 and 381) or KDP136 for 20 min at an MOI of 104. This infection time was
determined based on the observation that HAECs were largely damaged by
infection for more than 60 min, while no detectable damage by infection was
observed within 30 min. The cells were then washed and incubated in kanamycin-
containing MCDB131 medium for 2-, 6-, and 15-h periods. Before harvesting the
cells, gentamicin (300 �g/ml) and metronidazole (400 �g/ml) were added to the
medium for 30 min in order to kill extracellular bacterial cells (50). The infected
HAECs were washed four times with PBS and then lysed in sterilized water by
aspiration with 10 strokes with a 29-gauge 1/2-in. (0.33- by 13-mm) syringe
(Terumo Corp., Tokyo, Japan). The lysate was sequentially 10-fold diluted and
plated on CDC anaerobe blood agar plates. The colonies on the plates were
counted after anaerobic incubation at 37°C for 2 weeks. The values were ob-
tained by duplicate assays in three independent experiments.

Statistical analysis. Quantitative data are presented as means � standard
deviations (SD). The statistical significance of differences between mean values
was assessed by Student’s t test. P values of �0.05 were considered statistically
significant.

RESULTS

Induction of autophagy by P. gingivalis infection. To directly
examine the connection between P. gingivalis infection and
autophagy stimulation, we first examined LC3-II formation in
HAECs infected with P. gingivalis ATCC 33277 or its mutant
lacking gingipains, KDP136. LC3 is known as a highly specific
marker of autophagosomes (16, 54) and exists in two molecular
forms, the 18-kDa cytosolic form (LC3-I) and the processed
16-kDa form (LC3-II) located on the autophagosomal mem-
brane (16, 26). Thus, LC3-II formation can be used as a de-
finitive marker of activation of the autophagic pathway. As
shown in Fig. 1A, HAECs cultured under standard conditions
showed mainly diffuse cytosolic staining for the anti-LC3 anti-
body and a partial granular staining, indicating the constitutive
activation of autophagy at basal levels, even under normal
culture conditions. Under conditions of starvation for 2 h,
however, HAECs displayed an increased punctuate staining
for the anti-LC3 antibody. This was substantiated by SDS-
PAGE and immunoblot analysis (Fig. 1B). When infected with
ATCC 33277 and KDP136, HAECs showed a marked increase
in the LC3-II band, where amounts attained a peak value at 30
min after infection and then decreased within 2 h postinfection
(Fig. 1B). Consistent with the previous finding of Dorn et al.
(9), our results indicate that the autophagic machinery is ob-
viously induced by the exposure of HAECs to WT P. gingivalis,
as well as KDP136. However, the autophagic machinery in-
duced by bacterial infection was down to basal levels at 4 h and
6 h postinfection, as evidenced by Western blotting (Fig. 1B).
Our results thus suggest that the observed autophagy in
HAECs at early stages of infection with either WT strains or
KDP136 may simply function as a backup system for host
defense mechanisms against invading pathogens.

Intracellular localization of various P. gingivalis WT strains
and KDP136 in infected HAECs. To fully understand the in-
tracellular compartment occupied by internalized WT P. gin-
givalis or KDP136 in HAECs, we explored whether these bac-
teria directly entered the autophagic pathway or the endocytic

pathway to lysosomes by using confocal microscopy. In addi-
tion to KDP136, three different WT P. gingivalis strains, ATCC
33277, 381, and W83, were used in order to test whether the
different bacterial strains (possibly related to virulence) affect
their trafficking and intracellular localization. We found that
the internalized ATCC 33277 (Fig. 2A) was confined mainly
(�90%) to cathepsin B-positive compartments and slightly
(	7%) to LC3-positive organelles in HAECs during the 0.5- to
4-h postinfection period. Similarly, the internalized 381 was
confined mostly to the cathepsin B-positive compartments;
however, in contrast to the ATCC 33277 and W83 strains,
the intracellular 381 was to a considerable extent found in the
LC3-positive compartments (Fig. 2B). On the other hand, the
internalized W83, like ATCC 33277, was exclusively confined
to the cathepsin B-positive organelles, and its colocalization
with LC3 was very low during the 0.5- to 4-h postinfection
period (Fig. 2C). Interestingly, most of the intracellular
KDP136 was also found in cathepsin B-positive compartments
(�90%), and only a few KDP136 organisms colocalized with
LC3 in infected cells during the 0.5- to 4-h postinfection period
(Fig. 2D). We further quantified the extent of colocalization
between each bacterium and LC3 or cathepsin B (Fig. 2E).
Within 30 min, more than 90% of the internalized ATCC
33277 and KDP136 colocalized with cathepsin B, while only a
few of these bacteria colocalized with LC3. Even at 4 h postin-
fection, more than 90% of the intracellular ATCC 33277 strain
and KDP136, as well as the internalized W83 strain (data not
shown), was found in cathepsin B-positive compartments, and
no significant increase in the colocalization with LC3 was ob-
served. Although the internalized 381 strain, like ATCC 33277,
W83, and KDP136, was exclusively confined to the cathepsin
B-positive organelles, its colocalization with LC3 was more
significant than those of the other bacterial strains during the
0.5- to 4-h postinfection period (Fig. 2E). Importantly, how-
ever, almost all the internalized 381 found in the LC3-positive
compartments was also colocalized with cathepsin B, suggest-
ing a rapid formation of autolysosomes in the infected cells.
These results thus indicate that both WT strains (ATCC 33277
and W83) and KDP136, but not 381, do not directly enter the
autophagic pathway in infected cells, although the autophagic
machinery is effectively induced by infection with each bacte-
rial type. However, instead of evading the autophagic pathway,
they traffic exclusively through the endocytic pathway to the
lysosomes directly. Our data also suggest that gingipains have
little or no effect on the intracellular trafficking in HAECs
infected with P. gingivalis.

To fully understand that phagocytic membrane structures
containing WT strains and KDP136 are phagolysosomes,
HAECs infected with these bacteria were analyzed by immu-
nogold electron microscopy with antibodies against cathepsin
B. Within a 30-min infection, ATCC 33277 was entrapped by
plasma membranes and internalized into the cells (Fig. 3A).
The internalized bacteria were frequently enclosed by lamellar
membrane structures. At 2 h postinfection, WT-containing
compartments were mostly fused with or surrounded by ca-
thepsin B-positive lysosomes (Fig. 3A). On the other hand, we
observed KDP136-containing structures with features charac-
teristic of phagolysosomes fused with cathepsin B-positive ly-
sosomes within a 30-min postinfection period (Fig. 3B). At 2 h,
KDP136 in cathepsin B-positive phagolysosomes exhibited
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loosely chaotic structures, suggesting their gradual degrada-
tion.

Persistence of WT P. gingivalis and KDP136 in infected
HAECs. Given that the endolysosome system is responsible for
the elimination of invading pathogens within cells, the effi-
ciency of their sequestration and delivery to lysosomes is cru-

cial for host defense. Therefore, we next examined how, and
to what extent, the internalized bacteria were killed or sur-
vived after entering the phagolysosomal system. To address
this question we directly scored bacterial viability by CFU.
As demonstrated in Fig. 4, WT strains (ATCC 33277 and
381) appeared to be more resistant within phagolysosomes

FIG. 1. Induction of autophagy in HAECs infected with P. gingivalis ATCC 33277 and KDP136. (A) Effect of starvation on LC3-staining
patterns in HAECs. While the cells showed mainly diffuse staining for LC3, cells under starvation conditions for 2 h exhibited an increased
punctuate staining for LC3, indicating activation of autophagy. (B) Immunoblot analysis of LC3-II in HAECs infected with ATCC 33277 or
KDP136. Lysates of the respective infected cells were subjected to SDS-PAGE and immunoblot analysis with the anti-LC3 antibody. The LC3-II
band significantly increased in HAECs infected with both ATCC 33277 and KDP136 at 0.5 h postinfection and then decreased at 2 h postinfection.
The data are representative of four independent experiments. (C) A densitometric analysis for the quantification of LC3-II/LC3-I in the cell lysate
of each cell type. The density was measured with an LAS1000 analyzer, and the arbitrary density unit was defined as the relative intensity of
LC3-II/LC3-I obtained with uninfected HAECs. The data are the means � SD from four independent experiments. ***, P � 0.001; *, P � 0.05
(compared with the value for the uninfected cells).
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of HAECs than KDP136, although a time-dependent de-
crease in the extent of bacterial survival was observed with
both WT strains and KDP136. We found a statistically sig-
nificant difference between the numbers of intracellular
ATCC 33277 or 381 and KDP136 at 15 h postinfection. The
difference in internalization efficiency between WT strains
and KDP136 followed by the exponential decrease appeared
to make statistical analysis difficult. However, given the

lower efficiency of KDP136 compared with WT strains in
attachment to the cell surface of HAECs, probably due to
the lack of adhesion molecules such as fimbriae on the cell
surface (44), resulting in decreased internalization within
the cells, the differences in the numbers of CFU between the
two cell types observed at 2 and 6 h postinfection seemed to
be statistically significant.

Since such differences in intracellular survival between WT

FIG. 2. Confocal microscopic images of intracellular P. gingivalis WT strains and KDP136 in infected cells. After infection with P. gingivalis (Pg)
ATCC 33277 (A), 381 (B), W83 (C), and KDP136 (D) for 20 min, HAECs were washed and further cultured for the indicated times in the absence
of extracellular bacteria and then stained with antibodies against LC3 or cathepsin B (CathB). Localization of each bacterial cell type (green) and
LC3 or cathepsin B (red), was analyzed by confocal microscopy. Both the internalized ATCC 33277 and KDP136 were exclusively confined to
cathepsin B-positive compartments, and only a few of them were colocalized with LC3 during the 0.5- to 4-h postinfection period. The WT 381
strain was also detectable mostly in cathepsin B-positive organelles and significantly in the LC3-positive compartments, most of which coincided
with cathepsin B-positive organelles. The WT W83 strain was barely detectable in LC3-positive compartments during the 0.5- to 4-h postinfection
period. Arrowheads indicate apparent colocalization. The data are representative of at least five independent experiments. (E) The percentages
of colocalization of WT strains (ATCC 33277 and 381) and KDP136 with cathepsin B or LC3 were quantified from images obtained by confocal
microscopy at each time point. Data are the means and SD from three independent experiments.
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strains and KDP136 were considered to be caused by differ-
ences in the ability to maintain their structural integrity within
phagolysosomes, we further analyzed HAECs infected with
each bacterial type by thin-section electron microscopy. At 2 h
postinfection, most of the internalized WT organisms were
enclosed by or fused with single or double membranous struc-
tures with features characteristic of phagolysosomes, and the
bacterial double-membrane structures remained intact (Fig.
5A). Even at 6 h, the majority of WT organisms within these
compartments retained intact membrane structures, although
the bacterium-containing compartments became larger than
those at 2 h postinfection. Some of the bacterium-containing

compartments demonstrated morphology similar to that of
lysosomal multivesicular bodies.

In contrast, at 2 h postinfection, a larger amount of the
internalized KDP136 was entrapped by or fused with double or
lamellar membranous structures characteristic of phagolyso-
somes (secondary lysosomes) containing some cellular compo-
nents, most of which lost the intact membrane structure (Fig.
5B). At 6 h postinfection, KDP136-containing phagolysosomes
fused with each other and thereby became larger and chaotic
structures. These observations were consistent with the results
that WT strains showed longer persistence than KDP136
within the cells. Our data strongly suggest that gingipains are

FIG. 2—Continued.
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necessary for P. gingivalis to acquire resistance against destruc-
tion within the phagolysosomes.

Effects of wortmannin and bafilomycin A1 on the survival of
WT P. gingivalis in infected HAECs. We initially observed that
the protein levels of cathepsins B and D were not significantly
different between control and infected HAECs with WT P.
gingivalis and KDP136 (Fig. 6A). Similarly, the activity levels of
V-ATPase and cathepsin L were not affected by either bacte-
rial infection (data not shown), suggesting that the microenvi-
ronment of the phagolysosomal compartments is not affected
by bacterial infection. Therefore, we next investigated how P.
gingivalis managed to resist the lysosomal degradation within
infected HAECs. To address this question, we examined the
effects of wortmannin and bafilomycin A1 on the survival of
WT P. gingivalis in infected HAECs. Since the progression of
autophagy is sensitive to the phosphatidylinositol 3-kinase in-
hibitor wortmannin, we speculated that this agent had little
effect on the survival of internalized WT bacteria, as well as the
maturation of bacterium-engulfed phagosomes. Indeed, al-
though this agent inhibited the phosphorylation of Akt in

HAECs at a concentration of 100 nM (Fig. 6B), we found no
significant difference in the survival of intracellular WT or-
ganisms between wortmannin-treated and nontreated cells
throughout the 2- to 6-h postinfection period (Fig. 6C). This
indicated that the suppression of autophagy had little effect on
the intracellular fate and the viability of intracellular P. gingi-
valis. Meanwhile, the enhanced lysosomal pH upon treatment
with bafilomycin A1 has been demonstrated to cause enhanced
secretion of soluble lysosomal hydrolases (33), thereby result-
ing in a disruption of lysosomal functions. Therefore, we
thought that the enhanced lysosomal pH caused by bafilomycin
A1 might affect the trafficking and fate of the internalized
bacterial cells in HAECs. As a control experiment, we con-
firmed that 100 nM bafilomycin A1 strongly inhibited intracel-
lular vacuolar-type proton ATPase in HAECs. When HAECs
were infected with WT strains in the presence and absence of
100 nM bafilomycin A1, it was also found that this agent had
little or no effect on the viability of intracellular bacteria. These
results suggest that P. gingivalis was killed by yet-unidentified
mechanisms after entering the phagolysosome system of in-

FIG. 3. Immunoelectron microscopy of P. gingivalis-infected HAECs. After infection with ATCC 33277 and KDP136, HAECs were
incubated in the absence of extracellular bacteria for the indicated times. The localization of cathepsin B, a lysosomal marker, was examined
by immunogold electron microscopy with anti-cathepsin B antibody. (A) Within 30 min postinfection, ATCC 33277 was entrapped by plasma
membranes, internalized, and frequently enclosed by lamellar membrane structures. At 2 h postinfection, WT-containing compartments
mostly fused with or surrounded by cathepsin B-positive lysosomes. Arrows indicate ATCC 33277. (B) At 30 min postinfection, internalized
KDP136 was found mostly in structures with features characteristic of phagolysosomes fused with cathepsin B-positive lysosomes. At 2 h,
KDP136 in cathepsin B-positive phagolysosomes exhibited loosely chaotic structures, thus suggesting their gradual degradation. Arrows
indicate KDP136.
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fected HAECs. These may include the reactive oxygen- and
nitrogen-dependent pathways, as well as hydrolysis by neutral
lysosomal hydrolases, rather than proteolysis by acidic cathe-
psins.

DISCUSSION

P. gingivalis has been reported to invade various human cell
types, including gingival epithelial cells (10, 22, 41, 42) and
endothelial cells (8, 9). Based on the previous findings that P.
gingivalis is localized in various cellular compartments such as
the cytoplasm (23, 36, 42, 43), endosomes (36, 42, 43), and
autophagosomes (9), it has been suggested that the intracellu-
lar localization of this bacterium may be host cell specific.
Dorn et al. (9) also reported that P. gingivalis 381 could evade
the endocytic pathway to lysosomes and instead was targeted
to the autophagosome shortly after invasion of human coro-
nary artery endothelial cells, thereby suggesting the impor-
tance of this compartment as a site for the multiplication of the
bacterium. In addition, several bacteria, including Brucella
abortus (39) and Legionella pneumophila (47), were also shown
to use the autophagic pathway for their replication. Therefore,
the induction of autophagy in HAECs by the P. gingivalis in-
fection may be crucial for bacterial survival in the infected
cells. Given that the variable nature of the intracellular fate
and survival of bacteria is compounded with virulence and

structural/functional conditions, it is of particular importance
for us to clarify the intracellular destination of various P. gin-
givalis strains, especially any possible involvement of autoph-
agy, and the role of gingipains in this process. To clarify this
process, we first investigated whether P. gingivalis WT strains
and the mutant KDP136 lacking gingipains were targeted to
the autophagosome in such a way as to evade the endocytic
pathway to lysosomes. Our results demonstrate that not only
WT P. gingivalis strains with various virulences (ATCC 33277,
381, and W83) but also KDP136 directly enter the endocytic
pathway to lysosomes in the infected HAECs, but also that
their trafficking to the autophagosome is minor. Therefore, the
targeting of P. gingivalis to the phagolysosome is more likely to
be independent of the bacterial strains and the presence of
gingipains. Given the lack of the adhesion molecules of P.
gingivalis, including fimbriae, in KDP136 (17, 31), the targeting
to the phagolysosome is also considered to be independent of
the bacterial cell structures, in spite of the fact that the effi-
ciency of KDP136 in internalizing the host cells was markedly
lower than that of WT strains. This is most probably due to P.
gingivalis initiating its entry into host cells through an interac-
tion between 
5�1 integrin molecules of host cells and fim-
briae (27, 53).

Nevertheless, the autophagic machinery was effectively in-
duced in HAECs by infection with each type of P. gingivalis, as
seen by the LC3-II formation that was visible during Western
blotting and confocal microscopic analysis. To date, a number
of studies have reported that several pathogenic bacteria, in-
cluding Rickettsia conorii (51), Brucella abortus (39), Legionella
pneumophila (47), and Listeria monocytogenes (40), can reside
within autophagic compartments in infected host cells, al-
though the significance of this localization remains unclear. It
has also recently been suggested that the autophagic mecha-
nism functions as an innate defense system against invading
pathogens (28). Indeed, Listeria monocytogenes (12) and group
A Streptococcus (28), which can escape from the phagosome
into the cytoplasm with the aid of hemolysin and streptolysin,
were shown to be captured and eliminated by the autophago-
some system. Therefore, the observed activation of autophagy
by P. gingivalis infection is likely to act as a backup system for
host defense mechanisms against invading pathogens. Intrigu-
ingly, almost parallel to LC3-II formation, we also found that
HAECs infected with either WT strains or KDP136 rapidly
activated the Akt signaling pathway, which is thought to be
triggered as a negative autophagy control system (2, 52).
Considering that autophagy is crucial not only for cell sur-
vival but also for cell damage (45), including cancer, mus-
cular disorders, neurodegeneration, and pathogen infection,
activation of the Akt signaling pathway may serve to main-
tain cellular homeostasis by balancing between the benefi-
cial and negative effects of autophagy. Although our results
seem to be inconsistent with those found by Dorn et al. (9),
this discrepancy may be due to the different experimental
systems used, e.g., differences in host cell lines and culture
and infection conditions.

To our knowledge, this is the first report demonstrating that
the intracellular persistence of P. gingivalis WT is markedly
greater than that of KDP136, indicating that gingipains appear
to invest the bacteria with a strategy against killing by host
cells. After entry into HAECs, either WT P. gingivalis or

FIG. 4. Viability of intracellular WT P. gingivalis (ATCC 33277 and
381) and KDP136 in HAECs. HAECs (1 � 105 cells per well) were
infected with P. gingivalis ATCC 33277 (black bars), 381 (hatched
bars), or KDP136 (white bars) for 20 min at an MOI of 104. After
infection with each bacterium, HAECs were lysed at the indicated
times, and the lysates were 10-fold serially diluted and plated onto
CDC anaerobe blood agar plates. Data are the means � SD of values
from four independent experiments (P � 0.05 compared with the
values for KDP136-infected cells).
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KDP136 resided in plasma membrane-derived vacuoles (im-
mature phagosomes), which in turn are surrounded by and
fused with lysosomes (mature phagolysosomes), thereby killing
the internalized bacteria inside these compartments. By elec-
tron microscopy, however, we observed that the maturation of
WT-containing phagosomes into phagolysosomes, thereby ac-
quiring the cytolytic environment of lysosomes, appeared to be
slower than that of KDP136-containing phagosomes. We also
found that WT organisms inside phagolysosomes maintained
the intact double-membrane structures much longer than
KDP136. These observations were consistent with the finding
that intracellular WT organisms persisted longer than KDP136.
Cumulatively, our present data indicate that P. gingivalis
gingipain deficiency enhances its susceptibility to destruction
inside the phagolysosome compartments. This suggests that
gingipains are critical for the bacterium to survive within the
cells. To fully understand the identification and function of
specific gingipain proteins (rgpA, rgpB, and kgp gene products),
it is absolutely necessary to carry out experiments with genet-
ically defined P. gingivalis mutants lacking rgpA and/or rgpB, as
well as kgp, or with inhibitors specific for Rgp and Kgp.

The next logical step was to examine the mechanism by
which P. gingivalis was killed after entering the phagolysosome
system. To address this question, we examined the effects of
wortmannin and bafilomycin A1 on viability of WT and
KDP136 in these compartments. It is known that wortmannin
blocks the P. gingivalis trafficking to autophagosomes and en-
hances phagolysosome biosynthesis (9), while bafilomycin A1

blocks the phagosome-lysosome fusion (15). Our results
showed that the numbers of viable bacteria in cells treated with
each agent did not differ from those in nontreated cells. Since
there were no significant differences in the protein levels of
cathepsins D and B and the activity levels of cathepsin L and
V-ATPase between WT- and KDP136-infected HAECs, we
speculate that gingipains have no effect on the microenviron-
ment of the phagolysosome compartments. Accordingly, the
exact mechanism by which gingipains render P. gingivalis resis-
tant to phagolysosomal killing in infected cells still remains
speculative. Once within the cell, P. gingivalis may use gingi-
pains to reduce the cellular response to the pathogen. Consid-
ering the numerous observations of generation of reactive ox-
ygen species linked with bacterial infection, gingipains may

FIG. 5. Ultrastructural observations of P. gingivalis ATCC 33277- and KDP136-infected HAECs by thin-section electron microscopy. (A) At
2 h postinfection, most of the internalized ATCC 33277 organisms were enclosed by or fused with single or double membranous structures with
features characteristic of phagolysosomes, where the bacterial double-membrane structures retained intact. Even at 6 h postinfection, the majority
of WT organisms within these compartments retained the intact membrane structures, some of which form morphology similar to that of lysosomal
multivesicular bodies (bottom left). Arrows indicate the bacteria. (B) At 2 h postinfection, most of the internalized KDP136 organisms were
entrapped by or fused with double or lamellar membranous structures with features characteristics of phagolysosomes containing some cellular
components. At 6 h, KDP136-containing phagolysosomes fused with each other and became larger, where KDP136 did not show a clear bacterial
structure. The arrows indicate the mutant.
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therefore play a role in the suppression of reactive oxygen
species generation.
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