
INFECTION AND IMMUNITY, Nov. 2011, p. 4533–4542 Vol. 79, No. 11
0019-9567/11/$12.00 doi:10.1128/IAI.05016-11
Copyright © 2011, American Society for Microbiology. All Rights Reserved.

The Capsule of Porphyromonas gingivalis Leads to a Reduction in the
Host Inflammatory Response, Evasion of Phagocytosis, and

Increase in Virulence�†
Amrita Singh,1# Tiana Wyant,1# Cecilia Anaya-Bergman,1,4# Joseph Aduse-Opoku,5 Jorg Brunner,6‡

Marja L. Laine,6 Michael A. Curtis,5 and Janina P. Lewis1,2,3*
The Philips Institute of Oral and Craniofacial Molecular Biology,1 Department of Microbiology and Immunology,2 and Department of

Biochemistry,3 Virginia Commonwealth University, Richmond, Virginia; University of San Luis, San Luis, Argentina4;
Centre for Immunology and Infectious Disease, Blizard Institute, Barts and The London School of Medicine and

Dentistry, Queen Mary University of London, United Kingdom5; and Departments of Preventive Dentistry and
Periodontology, Academic Centre for Dentistry Amsterdam (ACTA), Universiteit van Amsterdam and

Vrije Universiteit, Amsterdam, The Netherlands6

Received 5 March 2011/Returned for modification 30 March 2011/Accepted 6 August 2011

Periodontal disease is a chronic oral inflammatory disease that is triggered by bacteria such as Porphy-
romonas gingivalis. P. gingivalis strains exhibit great heterogeneity, with some strains being encapsulated while
others are nonencapsulated. Although the encapsulated strains have been shown to be more virulent in a
mouse abscess model, so far the role of the capsule in P. gingivalis interactions with host cells is not well
understood and its role in virulence has not been defined. Here, we investigated the contribution of the capsule
to triggering a host response following microbial infection, as well as its protective role following bacterial
internalization by host phagocytic cells with subsequent killing, using the encapsulated P. gingivalis strain W50
and its isogenic nonencapsulated mutant, PgC. Our study shows significant time-dependent upregulation of
the expression of various groups of genes in macrophages challenged with both the encapsulated and nonen-
capsulated P. gingivalis strains. However, cells infected with the nonencapsulated strain showed significantly
higher upregulation of 9 and 29 genes at 1 h and 8 h postinfection, respectively, than cells infected with the
encapsulated strain. Among the genes highly upregulated by the nonencapsulated PgC strain were ones coding
for cytokines and chemokines. Maturation markers were induced at a 2-fold higher rate in dendritic cells
challenged with the nonencapsulated strain for 4 h than in dendritic cells challenged with the encapsulated
strain. The rates of phagocytosis of the nonencapsulated P. gingivalis strain by both macrophages and dendritic
cells were 4.5-fold and 7-fold higher, respectively, than the rates of phagocytosis of the encapsulated strain. On
the contrary, the survival of the nonencapsulated P. gingivalis strain was drastically reduced compared to the
survival of the encapsulated strain. Finally, the encapsulated strain exhibited greater virulence in a mouse
abscess model. Our results indicate that the P. gingivalis capsule plays an important role in aiding evasion of
host immune system activation, promoting survival of the bacterium within host cells, and increasing virulence.
As such, it is a major virulence determinant of P. gingivalis.

Microbial encapsulation has long been recognized as a way
to protect bacteria from clearance by host immune defenses.
This is thought to be due to reduction of the ability of the host
effectors to gain access to the bacteria. However, encapsulation
also has a direct effect on the microbial structures capable of
eliciting a host response. By shielding microbial surface com-
ponents, encapsulation may also have an effect on promoting
virulence of a microorganism through reduction of the host’s
response. This results in a reduction of the clearance potential

of the host, thus leading to prolonged survival of the bacterium
and resulting, ultimately, in a long-term inflammatory re-
sponse. Such a mechanism is especially important in the case of
infectious chronic inflammatory diseases in which the patho-
gen may persist for a long time and elicit long-term, low-grade
inflammation. Indeed, studies have shown that encapsulation
plays a role in immune evasion in several bacteria (41, 42).
Other examples also have shown that nonencapsulated mu-
tants are outcompeted by encapsulated parental strains in an-
imal models (10).

Periodontal diseases are chronic inflammatory conditions
that destroy tissues supporting the teeth. The etiology of peri-
odontitis is complex and involves both bacteria and the host.
The onset of periodontal disease is triggered by pathogenic
bacterial communities that exploit immunological susceptibil-
ities of the host and induce the release of proinflammatory
mediators that ultimately destroy host tissues. Although bac-
terial pathogens are required to initiate periodontal disease,
their presence alone is not sufficient to cause the severe tissue
destruction seen clinically (7, 8, 23). Indeed, it is the host
inflammatory response to a bacterial challenge that is crucial
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for determining the disease outcome. Monocytes and macro-
phages are critical effectors and regulators of both inflamma-
tion and the innate immune response, which is the immediate
response arm of the immune system (21, 22, 31). Furthermore,
dendritic cells (DCs) initiate and regulate the highly pathogen-
specific adaptive immune responses and are central to the
development of immunological memory and tolerance (11, 20).
Therefore, both cell types are important mediators of the im-
mune response.

Several bacteria have been implicated in the initiation and
progression of periodontal diseases, including Porphyromonas
gingivalis, Tannerella forsythia, Prevotella intermedia, and Trepo-
nema denticola (18). P. gingivalis, an anaerobic Gram-negative
member of the Cytophaga-Bacteroidetes family, belongs to a
“red complex” of species associated with chronic periodontal
infections (25, 43, 50). P. gingivalis is a highly heterologous
species, and both the most virulent and the least virulent
strains have been identified using clinical, animal, and in vitro
studies (3, 4, 15, 16, 24, 36, 37, 48). It is equipped with multiple
virulence factors, including fimbriae, proteases, outer mem-
brane proteins, lipopolysaccharides (LPS), and a capsule.
However, the expression of these factors in various P. gingivalis
strains, as well as their role during the various stages of infec-
tion and their contribution to the activation of host cells, still
remains controversial (39). Ultimately, the basis for the varia-
tion in strain virulence remains unknown.

The higher virulence potentials of encapsulated strains than
of nonencapsulated ones, evaluated using a mouse abscess
model (15, 29), suggest that the capsule plays a significant role
in the virulence of the bacterium. However, as most of the
evidence regarding the role of the capsule in virulence/adhe-
sion has been derived from sources that used different P. gin-
givalis strains that are inevitably pleiotropic with respect to
other pathogenic properties, the precise contribution of the
capsule to pathogenesis has yet to be established.

Since periodontal disease is an inflammatory disease, the
ability of a pathogen to withstand as well as elicit such a
response is critical. Recent work has shown that encapsulated
P. gingivalis strains trigger different host responses than non-
encapsulated mutant strains (27, 47), thus indicating that the
presence of a capsule indeed has immunomodulating proper-
ties. However, these studies were also done using P. gingivalis
strains with different genetic backgrounds. The capsular poly-
saccharide locus has been identified by Aduse-Opoku et al. (1),
which allowed for the generation of isogenic capsule-deficient
mutants. The analysis of such a mutant by Brunner et al. has
shown that encapsulation reduced the production of cytokines
interleukin-1 (IL-1), IL-6, and IL-8 by fibroblasts in response
to P. gingivalis infection (9), thus further demonstrating that
the capsule modulates the host response to bacteria.

We hypothesize that encapsulation is a hallmark of virulence
heterogeneity of P. gingivalis and that the mechanism altering
the host’s response is the presence of a capsule. Although
simple, this concept has not been extensively investigated in
the initiation and progression of periodontal disease. The
availability of defined mutants deficient in capsule production
sets the stage for further examination of its role in host-patho-
gen interactions. Here, we investigated the role of the capsule
in the response of immune cells to P. gingivalis infection. In
addition, we determined the contribution of the capsule to

phagocytosis and microbial survival with immune cells. Finally,
the contribution of the capsule to in vivo virulence was inves-
tigated using parental and capsule-deficient mutant strains.

MATERIALS AND METHODS

Bacterial strains and growth conditions. P. gingivalis strains W50 (wild type)
and PgC (capsule-deficient mutant strain) were used in this study. The PgC strain
had the sequences coding for the capsular polysaccharide (PG0117 to PG0120)
replaced by the ermF-ermAM cassette. Since the transcriptional unit coding for
the capsular polysaccharide is distinct from the downstream transcripts, no polar
effects were present. The absence of capsule in the mutant strain was confirmed
by India ink and fuchsin staining. Another set of strains, W83 and its noncap-
sulated isogenic mutant (EpsC) were also included in the mouse abscess studies.
The EPS strain had an ermF insertion in the PG0120 (epsC) sequence coding for
UDP-N-acetylglucosamine (GlcNAc) 2-epimerase. Similar to the PgC strain, the
loss of capsule was confirmed microscopically using bacterial cells stained with
the combination of India ink and fuchsine. The strains were maintained on blood
agar plates (TSA II, 5% sheep blood; BBL, Cockeysville, MD) in an anaerobic
atmosphere composed of 10% H2, 10% CO2, and 80% N2 at 37°C. Liquid
cultures were prepared using brain heart infusion broth (BHI; Difco Laborato-
ries, Detroit, MI) supplemented with hemin (5 �g/ml) (Sigma, St. Louis, MO),
yeast extract (5 mg/ml), cysteine (1 mg/ml) (Sigma, St. Louis, MO), and
vitamin K3 (1 �g/ml) (Sigma, St. Louis, MO). For all experiments, bacterial
cells were prepared from mid-log phase cultures. Thus, overnight actively
growing culture was diluted and grown until the optical density at 660 nm
(OD660) reached about 0.5.

Mice. C57BL/6 mice and BALB/c mice were purchased from Harlan Labora-
tories and were housed in an accredited and pathogen-free animal facility. All
mouse protocols were approved by the Virginia Commonwealth University In-
stitutional Animal Care and Use committee.

Eukaryotic cells. (i) Cell media. The medium (bone marrow medium [BMM])
for primary mouse macrophages was prepared as follows: 60% Dulbecco’s mod-
ified Eagle’s medium (DMEM; Invitrogen), 30% L929-conditioned medium,
10% heat-inactivated fetal bovine serum (FBS; Gemini Bio-Products), 0.2 M
L-glutamine (Invitrogen), 100 U/ml penicillin-streptomycin (HyClone-Thermo-
Scientific), and 2.5 �g/ml amphotericin B (J. R. Scientific) in 10% CO2 at 37°C.
The L929-conditioned medium was prepared by growing L929 cells (also called
the CCL-1 cell line, ATCC; these are mouse fibroblast cells which secrete
colony-stimulating factor [CSF]) until 75% confluence was reached; the medium
was then collected and sterile filtered for use as a conditioned medium contain-
ing macrophage CSF (M-CSF) to grow macrophages.

The murine dendritic cells were cultured in R10, which is composed of RPMI
1640 (Invitrogen) supplemented with 200 U/ml (20 ng/ml) recombinant murine
granulocyte-macrophage CSF (rmGM-CSF) (Peprotech/Tebu, Frankfurt, Ger-
many), 10% heat-inactivated FBS, 0.2 M L-glutamine, 50 �M beta-mercaptoeth-
anol, 100 U/ml penicillin-streptomycin, and 2.5 �g/ml amphotericin B in 10%
CO2 at 37°C.

(ii) Bone marrow-derived macrophages. The macrophages used in this study
were derived from male C57BL/6 mice using a protocol adapted from McCaffrey
et al. (34). Following euthanasia, femurs and tibias (4 bones/mouse) were iso-
lated, cut at the joint, and transferred into a sterile 0.6-ml tube with a tiny hole
in the bottom. This was placed into a sterile 1.5 ml-Eppendorf tube containing 30
�l of BMM. Bone marrow was collected by centrifugation (10,000 rpm for 10
min) and suspended in 10 ml of red blood cell (RBC) lysis buffer (155 mM
NH4Cl, 10 mM KHCO3, 0.1 mM EDTA, pH 7.4). Following incubation at room
temperature for 5 min and centrifugation at 800 rpm for 5 min at room temper-
ature, the pelleted cells were suspended in medium and counted in a hemacy-
tometer. Cells were then plated at 1.25 � 107 cells/plate on day 0 in culture
medium. On day 3, cells were fed with half of the original volume by adding 4 ml
of fresh (prewarmed to 37°C) BMM. The cells were then used on day 7 (when the
cell number reached 5 � 106 cells/plate).

(iii) Bone marrow-derived DCs. Isolation of DCs was performed similarly to
macrophage isolation (as described above) except that the RBCs were not lysed.
Cells were plated at 2 � 106 cells/10-cm dish in 10 ml of R10 medium (day 0). At
day 3, another 10 ml of R10 medium containing 200 U/ml of rmGM-CSF was
added. At day 6, half of the culture supernatant was collected and centrifuged,
and the cell pellet was suspended in 10 ml of fresh R10 containing 200 U/ml of
rmGM-CSF and put back into the original plate. Day 8 cells were considered to
be immature and phagocytosis-ready cells (this protocol is based on a paper and
advice from Nikolaus Romani [46]).
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Macrophage infection and RNA isolation. On day 7, the macrophage cell
medium was changed to antibiotic-free BMM. The cells were then infected with
bacteria (prepared as described above) at a multiplicity of infection (MOI) of
100:1 (100 bacteria to 1 eukaryotic cell). Following incubation for two time
periods (1 h and 8 h), supernatant was collected and the cells were washed in
phosphate-buffered saline (PBS) and stored at �80°C. RNA was isolated as
described previously (5). The concentration was measured using a NanoDrop
ND-1000 spectrophotometer. RNA was then frozen at �20°C for short-term and
�80°C for long-term storage. The experiment was repeated three times on
different days to verify the biological significance of the results.

qRT-PCR analysis of macrophage response to bacterial infection. The expres-
sion of 69 genes was examined using quantitative reverse transcription-PCR
(qRT-PCR) with the SYBR green-based detection system. RNA samples from at
least two separate experiments were converted to cDNA using the AffinityScript
multitemperature cDNA synthesis kit (Stratagene). qPCR was carried out using
primers synthesized by Integrated DNA Technologies (Coralville, IA). The
primer sequences were obtained from the primer database qPrimerDepot (http:
//www.rtprimerdb.org/) (30, 40) or the PrimerBank (http://pga.mgh.harvard.edu
/primerbank/index.html) (44). Our PCR arrays were generated by deposition of
primer pairs in triplicate in 96-well plates. To select the best endogenous control
gene, both �-actin and RPL13� were run in the qRT-PCR study; comparison
showed that �-actin was more stably expressed over the range of samples. Thus,
�-actin was chosen as the endogenous control for the comparative threshold
cycle (CT) study; all samples were normalized to �-actin gene expression. Fur-
thermore, the data were normalized to the results for uninfected cells in the same
experiment. All PCRs for each gene were run in triplicate in each 96-well plate
and had at least two biological replicates. Reverse transcriptase was omitted in
samples serving as negative controls.

Amplification was performed in an ABI 7500 fast real-time system. Each PCR
mixture contained 20 ng of cDNA (1 �l), 1 �l of a primer pair at a concentration
of 2 �m, 3 �l distilled water, and 5 �l SYBR green reagent (SuperArray Bio-
science Corporation, Frederick, MD) in a total volume of 10 �l. The PCR
thermal profile was as follows: one cycle of 10 min at 95°C, followed by 40 cycles
of 15 s at 95°C and 1 min at 60°C, and one cycle at 95°C for 15 min, 60°C for 1
min, and 95°C for 15 min. Melting curves, to verify the specificity of the PCR
products, were detected by sequentially annealing the PCR products from 60°C
to 95°C for 45 s. The data were analyzed using Applied Biosystems sequence
detection software, version 1.4 (7500 fast system SDS software). The comparative
2���CT method for real-time quantitative PCR was the approach used to analyze
the relative gene expression (32). Normalized time-matched values for each gene
from infected cells were compared to the values from the uninfected controls,
thus giving a ratio value for the treated cells versus the nontreated cells (RQ, or
relative quantity; RQ is equal to fold change for values �1.0; for values �1.0, RQ
may be converted to fold change by the formula �1/x, where x is the RQ).
Triplicates were averaged prior to the calculation of RQ.

For the final values shown in Table 1, the expression ratios were compared
between W50- and PgC-infected cells, thus giving the PgC/W50 ratio of induction
of gene expression in infected macrophages.

ELISA. The amounts of four cytokines present in macrophage culture super-
natants were quantified using enzyme-linked immunosorbent assay (ELISA).
The cytokines IL-6 and tumor necrosis factor alpha (TNF-�) were measured
using the ELISA Max set standard (BioLegend, San Diego CA). The cytokines
IL-10 and gamma interferon (IFN-	) were measured with the mouse ELISA
Ready-SET-Go! kit (eBioscience, San Diego, CA). Each ELISA was performed
according to the manufacturer’s instructions.

Phagocytosis. The extent of internalization by macrophages and DCs of fluo-
rescently labeled bacteria was determined by flow cytometry. Thus, 2 ml of
bacterial culture in log phase (OD660 of 0.4 to 0.7) were collected by centrifu-
gation at 7,000 rpm for 4 min. Pellets were washed twice in PBS and resuspended
in 1 ml of PBS. Following the addition of 3.5 �l of FITC (fluorescein-5-EX,
succinimidyl ester; Invitrogen), the bacteria were mixed using a tube rotator at
4°C for 1 h 40 min (the time was adjusted from the 1 h suggested by the protocol
to 1 h 40 min based on our previous work indicating that this is the optimal time
for labeling P. gingivalis cells). The bacteria were then washed with twice with
PBS and resuspended in antibiotic-free cell medium (appropriate for the eu-
karyotic cells used in the study). The labeling efficiency was determined for both
the W50 and PgC strain to ensure equal labeling of both bacterial strains using
a FluoStar Galaxy fluorescence plate reader (BMG Lab Technologies). The
parameters were set to measure the FITC emission by setting the excitation to
485 nm and the peak emission to 520 nm. Infections of eukaryotic cells were
done immediately following the labeling. Macrophages or DCs were infected
with labeled bacteria at an MOI of 100:1 (100 bacteria to 1 eukaryotic cell) and
incubated for various time points (5, 10, and 30 min).

TABLE 1. Role of capsule in response to murine bone marrow-
derived macrophage infection with P. gingivalis

Gene
product

Expression ata:

1 h 8 h

RQ PgC/W50
ratio

RQ PgC/W50
ratioPgC W50 PgC W50

MARCKS 1.196 1.027 10.257 4.492 2.28
CCL2 1.328 1.383 7.581 1.799 4.21
IL-8RB 0.75 0.791 0.358 0.284
SOCS4 0.858 1.183 0.73 1.267 1.105
STAT1 1.068 1.418 0.75 2.242 0.471 4.76
IFNG 3.562 1.313 2.71 83.791 3.999 20.95
MYD88 1.186 1.398 3.708 1.586 2.34
SOCS5 1.07 1.179 1.159 0.928
TIMP3 1.935 1.515 1.68 0.988 1.70
IL-10 8.113 5.979 25.923 9.26 2.80
NFKBIA 2.179 1.44 1.51 5.85 4.711
STAT3 1.014 1.308 1.754 0.61 2.88
CCL5 1.574 1.571 25.162 3.016 8.34
IL-12A 1.623 3.439 0.47 14.062 13.433
PIAS1 0.981 1.29 1.288 0.94
TLR2 1.741 1.899 4.165 1.812 2.30
BCL6 1.087 1.23 1.974 1.245 1.59
IL-17 1.716 0.59 2.91 15.782
RELA 1.144 1.14 2.816 2.429
TLR4 0.727 1.11 0.65 1.026 0.785
CD46 2.24 2.226 7.846 3.488 2.25
IL-18RAP 1.224 1.174 1.252 1.274
RELB 1.653 1.781 6.134 4.161
TRAF4 0.876 1.449 0.60 3.747 1.437 2.61
CHUK 1.083 1.28 1.752 1.462
IL-19 4.268 1.323 3.23 720.93 32.503 22.18
SOCS1 0.99 1.069 27.301 4.306 6.34
CD44 1.008 1.022 2.189 1.348 1.62
CRP 0.268 0.317 6.309 4.659
IL1A 1.736 1.651 90.948 44.1 2.06
SOCS3 2.436 2.247 32.075 16.991 1.89
CSF1 1.282 0.992 1.492 1.326
TNFRSF10B 1.789 2.407 0.74 1.565 0.9 1.74
AGT 0.282 0.607 0.46 0.217 0.293 0.74
CXCL10 0.806 0.813 167.98 8.38 20.05
FN1 1.348 1.237 1.08 1.072
TNFSF10 53.175
AKT1 0.703 0.871 1.405 1.641
CXCR4 0.977 0.745 0.172 0.311 0.55
ICAM1 0.735 0.936 4.977 5.531
IL-13 8.434 1.537 5.49 1.759 0.831 2.12
ATF1 0.734 0.935 1.094 1.288
IFNB1 1.406 1.141 13.223 4.038 3.27
MMP3 1.799 1.231 5.82 3.928
CXCL2 3.002 2.078 39.119 49.203
BCL10 0.796 0.875 1.646 2.323 0.71
IL-6 0.998 1.054 98.96 21.716 4.56
PAX6 1.236
BCL2L1 0.838 0.855 0.776 0.892
JUN 1.04 0.769 0.629 1.163 0.54
PPARg 5.521 0.952 5.80 1.527 1.535
CCR10 0.155
CASP1 0.937 0.96 2.278 1.23 1.85
TNF 1.868 0.821 2.28 9.016 10.186
SERPINE1 1.502 1.188 1.062 1.182
CCL3 1.084 0.958 20.72 15.084
CASP8 0.894 1.051 1.339 0.866 1.55
CSF1R 0.854 0.96 0.851 1.311 0.65
TGFa 2.929 0.348 8.42 3.551 4.74 0.75
CCL20 36.678 21.318 1.72
CCND2 1.157 0.975 0.988 0.47 2.10
CD14 1.504 1.238 2.913 2.579
CEBPB 1.13 0.941
CFB 1.156 1.311 3.737 1.948 1.92
CLCN2 0.456 0.422
CREBBP 1.267 1.089 1.248 1.016
CSF2 1.952 1.307 1.49
CSF3 1.925 2.083 160.28 130.7
CXCL16 1.431 1.29 1.687 1.352

a Bone marrow-derived macrophages were infected with P. gingivalis strains
(encapsulated W50 and nonencapsulated PgC) at an MOI of 100:1 (ratio of
macrophages to bacterial cells) and incubated for 1 h and 8 h under cell culture
conditions. The cellular response was determined by qRT-PCR analysis. RQ
data are the ratios of expression in infected cells versus expression in noninfected
controls. The PgC/W50 ratio is indicative of the difference between the nonen-
capsulated PgC and the wild-type encapsulated W50 strain. Ratios above 1.5 and
below 0.75 are considered to be significantly differentially regulated genes. Re-
sults from an experiment done in triplicate are shown.
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(i) For determination of phagocytosis by dendritic cells, after the addition of
bacteria for the specified time points, the infected cells were washed with PBS
and incubated with trypan blue (1:500 dilution; Sigma) to quench fluorescence
from extracellular bacteria. Internalized bacteria were quantified by flow cytom-
etry using a BD Canto II in the VCU Flow Cytometry Core laboratory. All flow
cytometric analyses were performed on live cells, based on incorporation of
propidium iodide and/or forward and side scatter, with the BD FACSDiva
software.

(ii) Phagocytosis by macrophages was done by exposing the eukaryotic cells to
the FITC-labeled bacteria for the specified time periods. The infected macro-
phages were then washed, removed from the plates and resuspended in PBS. The
cells were treated with propidium iodide prior to running on the flow cytometer
as described above.

Maturation of DCs. Immature DCs from day 8 were infected with bacteria at
an MOI of 100:1 (100 bacteria to 1 cell). Escherichia coli LPS (Sigma) was used
as a positive control, and no treatment served as a negative control. Plates were
incubated for various time periods (4, 24, and 48 h). Following incubation, the
cells were collected, centrifuged, and suspended in PBS. Aliquots were prepared
and labeled as follows: isotype control (eBioscience), CD11c-phycoerythrin (PE)
(BD Bioscience) plus major histocompatibility complex class II-allophycocyanin
(MHC-II–APC) (eBioscience), CD40-PE (eBioscience) plus MHC-II–APC, and
CD86-PE (eBioscience) plus MHC II-APC for each of the samples, as well as a
no-stain tube. Blocking antibody, purified anti-mouse CD16/32 (BioLegend), was
then added to each tube and incubated on ice for 15 min. Following washing with
PBS, the samples were double-stained with the specific fluorescent antibodies as
named above. Samples were then washed again, suspended in PBS, and analyzed
by flow cytometry (BD Canto II). Cells were first gated on the live cells using
forward and side scatter. The quadrant was selected so that �99.0% of the
negative cells were in the lower left-hand quadrant. All other populations were
single or double positives. The upper box for the upper right quadrant was
selected based on where the cell populations showed the greatest concentration
of double positives at 48 h with LPS treatment (positive control).

Bacterial survival with host immune cells. The ability of bacteria to survive
was determined by plating. Thus, DCs from day 8 and macrophages from day 7
were transferred into an anaerobic chamber and placed in the appropriate
antibiotic-free cell medium. The cells were then infected with P. gingivalis strains
at an MOI of 100:1. Plates (macrophages) or tubes (DCs) were incubated
anaerobically at 37°C for 30 min. The cells were then washed with PBS three
times to wash away extracellular bacteria. Anaerobic BHI–1% saponin (1 ml/
well) was added and the mixture incubated in the anaerobic chamber at 37°C for
15 min to lyse the eukaryotic cells. An additional 1 ml of BHI/well was added and
the cell mixture was removed using a cell scraper to ensure that all of the cells
were lysed and had released their bacterial load. Finally, dilutions (1:4, 1:100,
and 1:1,000) were plated (200 �l/plate) on blood agar plates and the number of
viable bacteria was determined by the number of colonies formed after 7 to 11
days of incubation under anaerobic conditions.

Virulence study using a mouse abscess model. The mouse abscess model was
done as described previously (19). Bacterial cells (W50 parental and capsule-
deficient PgC mutant strain) from 18-h cultures were harvested by centrifugation
and washed in sterile PBS. Cell suspensions at the desired concentration in
sterile PBS were then prepared. Groups of 8 week-old BALB/c mice (6 to 7 mice
per group) were inoculated by subcutaneous injection of three doses, 3 � 109,
1 � 1010, and 3 � 1010, of P. gingivalis cells on the midpoint of the dorsal side.
For 4 days, the animals were monitored twice daily for their general health status
(mortality, the presence and location of lesions, mobility, and weight loss).
Moribund animals (as described in the university’s guidelines for the moribund
condition as an endpoint) and animals with lesions that measured more than 15
mm were euthanized immediately and counted as nonsurviving.

The numbers of bacteria in the infected animals were also monitored. Al-
though the animals were inoculated on the dorsal side, the bacteria disseminated
to various parts of the infected animals. This is based on published data and our
data indicating the presence of lesions on the ventral side of the mice and the
presence of bacteria in the abscesses, as well as in the bloodstream (37). Thus, to
determine the ability of the host to clear the bacteria, the numbers of bacteria
recovered from sera, exudate from a lesion or an abscess, lungs, and spleen were
assessed. For the quantification of bacteria, serial dilutions of serum and tissue
(ground with a homogenizer and suspended in BHI, done under anaerobic
conditions) samples were plated onto blood agar plates and cultivated anaero-
bically at 37°C for at least 7 days. For relative comparison, the values were
standardized per gram of tissue (for tissues) or per ml of fluid (blood samples).

RESULTS

Encapsulation reduces host response. Our 69-gene qRT-
PCR array contained probes for cytokines, chemokines, and
signal transduction genes. Infection of macrophages with both
strains, W50 and PgC, resulted in altered gene expression
(Table 1). However, time-dependent activation of gene expres-
sion in infected macrophages was observed. At 1 h postinfec-
tion, most genes had unaltered expression, while at 8 h postin-
fection, most genes showed a change in expression compared
to their expression in the uninfected controls (Table 1).

The capsule-deficient strain downregulated the expression
of only eight genes by 1.5-fold at 1 h postinfection, including
those coding for CRP, AGT, and CLCN2 (Table 1). At the
same time postinfection, 26 genes were upregulated 1.5-fold;
the cytokines IL-13, IL-10, and IL-19 were the most upregu-
lated, with ratios of 8.4, 8.1, and 4.3, respectively. For the
macrophages, challenges with the encapsulated W50 strain
showed that six genes (those coding for CLCN2, CRP, TGF�,
CXCR4, IL-17, and AGT) had 1.5-fold-reduced expression at
1 h postinfection (Table 1). Among the 14 genes upregulated
at 1 h postinfection were those coding for cytokines IL-10 and
IL-12, with expression ratios of 5.9 and 3.4, respectively. In-
fection with both strains resulted in upregulation of chemo-
kines and cytokines at 1 h postinfection. Comparison of the
PgC-/W50-elicited gene expression ratios showed that only 16
genes showed significant differences, with 9 genes having
higher expression in macrophages challenged with PgC than in
macrophages infected with W50, while 7 genes had reduced
expression (with genes encoding IL-12 and AGT having lower
than 2-fold expression). The genes most highly upregulated by
the nonencapsulated PgC strain were those coding for IL-13,
IL-19, peroxisome proliferator-activated receptor gamma
(PPAR	), and transforming growth factor � (TGF-�), with
PgC/W50 ratios of 5.5, 3.2, 5.8, and 8.4, respectively (Table 1).

At 8 h postinfection, four genes had 1.5-fold-reduced expres-
sion in cells infected with the nonencapsulated PgC strain,
including those encoding CXCR4, IL-8RB, AGT, and JUN. At
the same time, as many as 43 genes were upregulated by
1.5-fold, with the genes coding for the cytokines and chemo-
kines IL-19, IL-6, IL-1�, IL-10, CXCL10, CXCL2, CCL20,
CCL5, and CCL3, as well as the genes coding for SOCS1,
SOCS3, IFNG, and CSF3 (fold change over 20), being the
most highly upregulated. Challenge of macrophages with the
encapsulated W50 strain also elicited a drastic change in gene
expression, with downregulation of 6 genes (coding for IL-8-
RB, AGT, CXCR4, CCND2, STAT1, and STAT3) and up-
regulation of 33 genes, 6 of which (coding for CCL20, IL-6,
IL-19, IL-1A, CXCL2, and CSF3) had greater than 20-fold-
elevated expression.

Comparison of the PgC-/W50-elicited gene expression ratios
at 8 h postinfection showed that 28 genes had at least a 1.5
ratio, demonstrating higher upregulation in cells challenged
with the PgC strain than in cells challenged with the W50
strain, while only 6 genes had a ratio of less than 0.75, meaning
they had higher expression in cells challenged with the W50
strain (Table 1). Among the genes more highly upregulated by
the PgC strain were ones coding for cytokines and chemokines.
JUN and CXCR4 were more highly upregulated by the W50
strain.
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Next, the effect of bacterial infection on protein expression
was evaluated. Four cytokines, IL-6, IL-10, TNF-�, and IFN-	,
were examined by ELISA. Supernatants from noninfected
macrophages were used as controls. As shown in Fig. 1A, the
amounts of IL-6 produced at 1 h postinfection were similar
between PgC- and W50-infected macrophages (with PgC hav-
ing only a slightly higher production of the cytokine). However,
at 8 h postinfection, IL-6 production was approximately 4-fold
higher in macrophages challenged with the PgC strain than in
cells infected with W50. IL-10 production (Fig. 1B) was elicited
by the PgC strain more strongly than by W50 at 8 h, while no
protein expression was detectable at 1 h. No TNF-� (Fig. 1C)
was detectable at 1 h, but at 8 h both PgC and W50 induced
similar amounts of protein. Lastly, the level of IFN-	 (Fig. 1D)
induced by PgC at 1 h was similar to that induced by W50,
while at 8 h, PgC induced much higher levels of IFN-	 than did
W50. All of these data are consistent with the qRT-PCR re-
sults shown in Table 1, confirming that the qRT-PCR results
are valid and the findings extend to the protein level.

Overall, the higher upregulation of genes by the nonencap-
sulated PgC strain than by the encapsulated W50 strain dem-
onstrates that encapsulation alters the host response toward
infection with P. gingivalis.

Phagocytosis of encapsulated P. gingivalis is reduced com-
pared to that of the nonencapsulated strain. The phagocytosis
rates of both macrophages and DCs were compared using
fluorescently labeled bacteria. The labeling efficiency has
shown that the encapsulated W50 strain was labeled with 80%
efficiency compared to the labeling of the nonencapsulated
PgC strain (see Table S1 in the supplemental material), thus
demonstrating that both strains can be efficiently labeled. DCs
challenged with the capsule-deficient mutant, PgC, showed the
presence of bacteria after incubation for only 5 min. It is
noteworthy that nearly 50% of the cells were bacterium posi-
tive (Table 2; also see Fig. S1A in the supplemental material).
Cells infected with the encapsulated W50 strain also internal-
ized bacteria following 5 min of incubation; however, only
approximately 10% of the cells were bacterium positive. This
trend continued through the other incubation periods (10 min
and 30 min); thus, nonencapsulated bacteria are phagocytosed
by DCs at a 4-fold higher rate than encapsulated bacteria. The
phagocytosis results were similar in three independent exper-
iments, thus demonstrating that the results are consistent and
biologically relevant. Overall, these results confirm that the
presence of a capsule significantly reduces P. gingivalis phago-
cytosis by DCs.

FIG. 1. IL-6 protein expression levels. ELISA results for IL-6 (A), IL-10 (B), TNF-� (C), and IFN-	 (D) cytokine expression in supernatants
from bone marrow-derived macrophages infected with parental (W50) and nonencapsulated mutant (PgC) P. gingivalis strains for 1 h and 8 h at
an MOI of 100:1.
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To further examine the effect of a capsule on phagocytosis,
the ability of macrophages to internalize bacteria was analyzed.
Again, at 5 min postinfection, approximately 45% of macro-
phages were bacterium positive when infected with the cap-
sule-deficient PgC strain (Table 2; also see Fig. S1B in the
supplemental material). These numbers increased and reached
62% at 30 min postinfection. On the contrary, only 0.5% of
macrophages infected with the encapsulated strain W50 were
bacterium positive at 5 min postinfection and only 2.6% of the
cells were positive for W50 at 30 min postinfection. Thus,
overall, there was an approximately 30-fold reduction in
phagocytosis of the encapsulated strain compared to the
phagocytosis of the nonencapsulated strain by macrophages.

Encapsulation enhances bacterial survival in the presence
of host cells. The capsule forms a thick layer on the bacterial
surface and may affect the host’s capability to kill microorgan-
isms. To determine if the P. gingivalis capsule plays a role, the
survival of the encapsulated W50 and nonencapsulated PgC
strains was examined in the presence of two types of immune
cells: DCs and macrophages. The survival of bacteria with
DCs, determined by plating, differed greatly for the W50 and
PgC strains (Table 3; also see Fig. S2A in the supplemental
material). Much higher survival rates were recorded for the
W50 strain than for the PgC strain. While approximately 200
colonies were found at a 1:10 dilution on plates containing the
W50 strain, no colonies were found on plates inoculated with
cell mixtures containing PgC. This observation was true even
for plates at the lowest dilution (1:4). There were approxi-
mately 20 colonies found on the W50 plates at a 1:100 dilution
and 3 to 5 colonies on W50 plates at a 1:1,000 dilution.

Similar results were obtained when bacterial strains were
incubated with macrophages (Table 3; also see Fig. S2B in the
supplemental material). Again, no colonies were observed at
any dilution on plates inoculated with the nonencapsulated
PgC strain, while at a 1:4 dilution, there were too many colo-
nies to count for the W50 strain, and at 1:10 and 1:100 dilu-
tions, there were 125 and 5 to 10 colonies, respectively, for the
W50 plates.

The bacterial survival results with DCs and macrophages
were similar in three experiments done on different days, thus
demonstrating that the data are biologically consistent. These

results show that the P. gingivalis capsule is indispensable for
survival of the bacterium with immune cells.

Capsule reduces DC maturation induced by P. gingivalis.
Immature DCs reside in peripheral tissues of the host, and the
encounter of DCs with antigens results in their maturation and
the subsequent increased expression of surface markers, such
as CD11c, CD40, and CD86, in conjunction with a higher
expression of MHC-II. Therefore, the expression of markers in
immature DCs following infection with encapsulated and non-
encapsulated P. gingivalis strains W50 and PgC was examined.
As a positive control, the strongly immunogenic LPS was used.
As shown in Fig. 2 (also see Fig. S3A and B in the supplemen-
tal material), encapsulated P. gingivalis induces expression of
the markers in a time-dependent manner. However, the ability
of the nonencapsulated PgC strain to induce maturation of
DCs is increased 2-fold for all the maturation markers tested
following a 4-h challenge. The maturation ability of W50 was
comparable to that of the control (no treatment at 4 h), while
the maturation ability of the nonencapsulated strain was sim-
ilar to that of the positive control, E. coli LPS (Fig. 2). Fol-
lowing incubation for 24 h, DCs infected with the nonencap-
sulated PgC strain expressed more CD40 than DCs matured in
the presence of the encapsulated W50 bacteria (37% versus
27%); however, the expression of other markers was similar in
DCs infected with the two bacterial strains. This trend contin-
ued, and at 48 h, the expression of the maturation markers was
similar for the two strains and comparable to the results for the
positive control, LPS (Fig. 2; also see Fig. S3A, B, and C in the
supplemental material).

Capsule enhances P. gingivalis virulence. The final, most
important aim was to determine the role of the capsule in the
in vivo virulence of P. gingivalis. Infection of mice with 3 � 1010

W50 bacteria/animal resulted in the death of all animals in that
group before 88 h postinfection (Fig. 3A). Mortality was rapid.
Two mice did not survive for 16 h postinfection, and another
two did not survive for 40 h postinfection. By 80 h postinfec-
tion, all mice were dead (Fig. 3A). Importantly, all animals
challenged with the capsule-deficient mutant, PgC, survived
(Fig. 3A). Examination of other bacterial doses (1 � 1010 and
3 � 109 W50 bacteria/animal, respectively) resulted in survival
of all challenged animals (results not shown). In addition to a

TABLE 3. Role of capsule in survival of P. gingivalis
with immune cellsa

Cell type Dilution
No. of colonies

W50 PgC

Dendritic cells 1:4 TMTC 0
1:10 200 0
1:100 20 0

Macrophages 1:4 TMTC 0
1:10 125 0
1:100 5–10 0

a The P. gingivalis parental strain (W50) and the capsule-deficient mutant
(PgC) were used to infect dendritic cells and macrophages. Following washing,
different dilutions of lysed host cells containing attached/internalized bacteria
were plated, and counts were obtained for each dilution. The table shows quan-
titative results for one representative experiment that was performed three times
on different days with similar results. Plate images are in Fig. S2A and S2B in the
supplemental material. TMTC, too many to count.

TABLE 2. Role of capsule in phagocytosis of p. gingivalis by
immune cells

Cell type Incubation
time (min)

% of cells positive for bacteria of
indicated straina

PgC W50

Avg SD Avg SD

Dendritic cells 5 46.9 1.2 9.0 0.6
10 45.6 0.2 9.6 0.6
30 49.1 4.6 11.0 3.4

Macrophages 5 7.6 1.2 3.8 0.3
10 15.1 0.9 4.2 0.8
30 31.3 4.5 14.6 1.5

a Phagocytosis was assessed by flow cytometric analysis of immune cells incu-
bated with fluorescently labeled bacteria. These results have been corrected for
bacterial cell labeling efficiency (see Table S1 in the supplemental material).
These results are from one representative experiment that was performed three
separate times, with similar results each time.
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higher mortality rate, animals challenged with 3 � 1010 W50
bacteria/animal exhibited a higher rate of secondary lesion
formation; four out of seven challenged mice had large lesions
on the abdominal site, while none of the animals challenged
with the same dose of PgC had large abdominal lesions. Based
on the above-described results, which suggested a reduced
ability of the nonencapsulated bacteria to survive in the pres-
ence of host cells, the ability of the bacteria to survive when
present in infected animals was also examined. Although the
animals were challenged through inoculation at a dorsal site,
previous work has shown that the bacteria can disseminate to
various parts of the animal’s body (19, 37). Microbiological
examination of animal organs (liver), as well as blood and
abdominal sites (abscesses), revealed that the encapsulated
W50 strain had a greater ability to survive in animals than the
nonencapsulated PgC strain (Fig. 3B; also see Tables S2 and S3
in the supplemental material). Virulence potential was also
examined using strain W83 and its isogenic, capsule-deficient

mutant EpsC (9). Within 88 h postinfection with 3 � 1010

bacteria/animal, all animals were euthanized due to their crit-
ical health status (results not shown), and examination of the
numbers of live bacteria showed that significantly more bacte-
rial cells survived in animals challenged with the parental strain
W83 than in those challenged with the capsule-deficient mu-
tant strain (see Table S4 in the supplemental material).

Thus, overall, the results demonstrate that the capsule in-
creases the virulence potential of P. gingivalis in the mouse
abscess model.

DISCUSSION

Our results demonstrate that the capsule alters the tran-
scriptional response of host immune cells to infection with P.
gingivalis. At both time points, 1 h and 8 h, a significant number
of genes had lower expression in cells challenged with the
encapsulated bacteria than in cells challenged with the nonen-

FIG. 2. Maturation of DCs. Immature DCs from day 8 were infected with bacteria at an MOI of 100:1. LPS was used as a positive control, and
no treatment (NT) served as a negative control. Plates were incubated with PgC (nonencapsulated strain) and W50 (wild-type encapsulated
bacteria) for various times (4, 24, and 48 h). Following incubation, flow cytometry analysis was done using samples incubated with isotype control
or double-stained CD11c-PE plus MHC-II–APC antibodies. The subset of cells with the highest expression of double-stained maturation markers
was considered to be the activated/mature DCs. Flow cytometry data for CD11c–MHC-II are shown here, and data for CD40 and CD86 are shown
in Fig. S3A and B in the supplemental material. The percentages shown below each cytogram indicate the average value obtained for the most
highly double-positive cells for each sample.
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capsulated one. These data are consistent with results reported
by Brunner et al. (9), who also showed reduced expression of
several cytokines in response to infection with encapsulated P.
gingivalis W83 compared to their expression in the nonencap-
sulated isogenic mutant strain, using human gingival fibro-
blasts. Interestingly, the cells challenged with the nonencapsu-
lated strain also triggered higher levels of the cytokine
signaling suppressors SOCS1 and SOCS3, indicating that al-
though higher levels of cytokines may be triggered by the
nonencapsulated strain, the signaling role of the cytokines may
be attenuated by the suppressors, thus ultimately reducing the
proinflammatory capacity of the bacteria. Also, although it is
clear that the nonencapsulated strain leads to a more robust
macrophage response, this may lead to increased inflamma-
tion, as well as elevated recruitment of phagocytic cells, as
evidenced by the drastic upregulation of chemokines, which in
turn may clear the bacteria. Additional comprehensive studies
are needed to examine the differential host response to encap-
sulated and nonencapsulated bacteria.

The microbial capsule is well known for its antiphagocytic
abilities. Indeed, both bacteria and fungi expressing capsules
have lower rates of phagocytosis (38, 51, 52). Our phagocytosis
results are in agreement with other reports in that P. gingivalis
expressing a capsule is internalized at a lower rate by macro-
phages and DCs than the nonencapsulated strain (45).

Interestingly, the nonencapsulated strain, although capable
of being internalized by both macrophages and DCs very rap-
idly and in high numbers, was also rapidly killed. The cells were
exposed to the strains for 30 min, and that was sufficient to
allow killing of the nonencapsulated bacteria. Our experiments
were done under anaerobic conditions, thus eliminating the
effect of the capsule on oxidative stress. It has been shown that
the Cryptococcus neoformans capsule contributes to resistance
to oxidative stress (51, 52), and possibly, this is also the major
mechanism accounting for the increased survival of encapsu-
lated P. gingivalis in the presence of host immune cells. This
mechanism may have further implications with regard to sur-
vival of internalized bacteria. Oxidative stress is the major
immune effector of nonimmune cells as well, including epithe-
lial, fibroblast, and endothelial cells, and thus, the presence
and expression of a capsule under such conditions is a subject
for future investigation. The P. gingivalis capsule may also
contribute to increased survival by reducing the bactericidal
effect of defensins, small antimicrobial peptides produced by a
variety of host cells. Indeed, a recent study demonstrated cap-
sule-dependent increased resistance of P. gingivalis to de-
fensins (26).

The adaptive response has been shown to be downregulated
in response to encapsulated P. gingivalis (49). The IgA re-
sponse in particular was significantly elevated in animals chal-

FIG. 3. Role of capsule in P. gingivalis virulence. Animals were infected with 3 �1010 cells of the P. gingivalis parental (W50) strain and its
capsule-deficient mutant (PgC). (A) Survival of animals during 88 h postinfection. (B) Survival of bacteria in animals infected with encapsulated
W50 and nonencapsulated PgC. Survival was determined by the number of colonies obtained following plating of tissues derived from infected
animals on blood agar plates. The axis labeled “Colonies” shows the number of colonies observed on blood plates; the “Strains” axis indicates
samples from animals infected with P. gingivalis W50 and P. gingivalis PgC; and the “Mice samples” axis indicates the mouse from which the tissue
sample was derived.
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lenged with the nonencapsulated strain 381, while no signifi-
cant response to the encapsulated ATCC 53977 was detected
(6). These results indicate that encapsulated bacteria evade
adaptive immunity and, specifically, the humoral response. To
further investigate the role of the capsule in this process, its
effect on the maturation of DCs was examined. DCs are the
most peripherally located cells of the immune system, and their
role in the oral mucosa has been demonstrated (11). DCs
residing in peripheral tissues ingest antigens which in turn
stimulate their maturation, as exemplified by the high expres-
sion of various membrane molecules (CD11c, CD40, CD80,
CD86, CD83, and HLA-DR) and the secretion of cytokines.
Importantly, the mature subsets of DCs prime T cells, polar-
izing them toward Th1 (T-helper cell), Th2, or Th17 pheno-
types (33). T-cell activity (Th2) is required for B-cell develop-
ment and antibody production, and thus, any alteration of their
function will lead to reduced humoral response and ultimately
have an effect on the outcome of periodontal disease (11, 12).

As the capsule shields the outermost antigenic structures
involved in the interaction of the bacterium with DCs, its
presence will likely have an effect on the maturation of DCs.
Indeed, our results showed that the nonencapsulated P. gingi-
valis PgC strain was able to induce the maturation of DCs more
rapidly than the encapsulated W50 strain. These results sug-
gest that the P. gingivalis capsule inhibits the host immune
response, thus allowing the bacteria to escape host immune
defenses and ultimately promoting bacterial survival and
growth. Our results are in contrast to the conclusion of Vernal
et al. (47), who were not able to discriminate between the rate
of maturation induced by the encapsulated and nonencapsu-
lated bacterial strains. We did discriminate due to the shorter
time periods used in our study. A significant difference is the
fact that different strains were used for the previous study;
while W83 served as the K1 encapsulated strain, P. gingivalis
33277 was used as the nonencapsulated bacterium. It is prob-
able that there are other differences between strains W83 and
33277 that account for the reduced activation of DCs. Indeed,
the genome of P. gingivalis 33277 has been determined and
multiple differences at the genetic level have been identified
(35). Therefore, the use of an isogenic mutant to isolate the
role of the capsule in the maturation of DCs is the best way to
show definitive results focusing only on the role of the capsule.

The results of several previous experiments have suggested
that the capsule plays a role in the virulence potential of P.
gingivalis in the mouse abscess model (15, 29). However, sig-
nificant differences in virulence were obtained among the en-
capsulated strains, thus leaving the role of the capsule in vir-
ulence inconclusive (29). Our study, done using a defined
isogenic mutant, shows that the nonencapsulated PgC strain is
less virulent than the encapsulated W50 strain, thus demon-
strating that indeed the capsule plays a role in the virulence of
P. gingivalis in the mouse abscess model. These results are
consistent not only with previous reports using the rodent
abscess model but also with a recent publication demonstrating
reduced virulence of the nonencapsulated PgC strain com-
pared to that of encapsulated W50 bacteria in the fruit fly
Drosophila melanogaster model of infection (26). A model of
infection in which the outcome is bacterium initiated but host
driven was used in the study, as is observed in the case of
periodontal disease. The signs of disease that were measured,

such as lesion formation and, ultimately, animal death, rely on
a host inflammatory response and thus are consistent with our
above-described studies involving the analysis of host response
to the bacteria.

The outcome of the virulence study was also consistent with
the results of our survival studies. A drastic reduction of the
numbers of live nonencapsulated bacteria recovered from an-
imals compared to the numbers of encapsulated ones was
observed in various organs, as well as in the blood of the
infected animals. The enhanced activation of the immune sys-
tem would suggest a greater inflammatory response, and acti-
vation of the host would also lead to recruitment of immune
cells capable of eliminating the invading bacteria. As the non-
encapsulated strain is more susceptible to killing by the cells of
the immune system, lower numbers of nonencapsulated bac-
teria would be expected in the infected animals. Therefore, our
transcriptional response study was also consistent with the
outcome of our virulence study.

Our studies were also consistent with studies that have used
other animal models, including the alveolar bone loss model in
which encapsulated bacteria were shown to have increased
virulence potential (6, 17, 49). Several other studies, however,
suggest higher virulence of nonencapsulated bacteria based on
the fact that they have higher rates of attachment to various
surfaces, as well as a higher hemagglutination capability (1, 13,
14, 28). However, to increase the chances of attachment, cap-
sule expression can be reduced to facilitate colonization, and
work focusing on the regulatory mechanism is under way in
other laboratories (2). Examination of capsule expression in in
vivo conditions, as well as verification of its role using the
alveolar bone loss model and isogenic mutants, is needed to
further define its role in virulence.

In summary, our findings indicate that the capsule plays
multiple roles in the virulence of P. gingivalis. These include
reduction of the host immune response to the bacterium, re-
duced phagocytosis, and increased bacterial survival. Our study
opens avenues for more detailed analysis of the various ways
capsules can promote virulence, as well as pointing out the
importance of work that will examine capsule expression at
various stages of infection. Having been demonstrated as an
important virulence factor, it also sets the stage for further
examination of the role of the P. gingivalis capsule using more
periodontitis-like conditions, as well as humanlike models. As
an important virulence factor, it may also serve as a target for
the development of therapeutic strategies.
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