
Chronic inflammatory periodontal disease
and the loss of attachment associated with
periodontal disease result from the host’s
inflammatory response to bacteria present in
dental plaque. Tannerella forsythia, Actino-
bacillus actinomycetemcomitans and Por-
phyromonas gingivalis are considered to be
key pathogens associated with periodontal
disease in humans (32).
Neutrophils migrate through the junc-

tional epithelium and into the gingival
sulcus, where they are the major leuko-
cyte. Neutrophils can minimize the
destructive effects of plaque bacteria

(5); however, it has been shown that
bacteria such as P. gingivalis are able to
evade host detection and innate immune
responses (4). In the connective tissues,
the inflammatory infiltrate consists pre-
dominantly of lymphocytes (T cells) and
macrophages (23, 24). If the adaptive
response is unable to contain the micro-
bial challenge, a B-cell response may
develop, resulting in protective antibody
and subsequent control of the infection,
or nonprotective antibodies and connect-
ive tissue destruction and bone loss (19).
Activated macrophages are essential for

innate resistance to intracellular infection.
Macrophages are important mediators of
inflammation in the connective tissue
infiltrate, where they produce cytokines
and also present antigens to T cells (5).
Complete elimination of pathogens, how-
ever, involves antigen-specific T and B
cells and the interdependence of the
innate and adaptive immune systems
(28).
Many studies have reported on various

aspects of P. gingivalis and A. actino-
mycetemcomitans infection. These studies
have mainly focused on the detection of
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Tannerella forsythia has been implicated as a defined periodontal pathogen. In the present
study a mouse model was used to determine the phenotype of leukocytes in the lesions
induced by subcutaneous injections of either live (group A) or nonviable (group B)
T. forsythia. Control mice (group C) received the vehicle only. Lesions were excised at
days 1, 2, 4, and 7. An avidin-biotin immunoperoxidase method was used to stain
infiltrating CD4+ and CD8+ T cells, CD14+ macrophages, CD19+ B cells, and
neutrophils. Hematoxylin and eosin sections demonstrated lesions with central necrotic
cores surrounded by neutrophils, macrophages and lymphocytes in both group A and
group B mice. Lesions from control mice exhibited no or only occasional solitary
leukocytes. In both groups A and B, neutrophils were the dominant leukocyte in the
lesion 1 day after injection, the numbers decreasing over the 7-day experimental period.
There was a relatively low mean percent of CD4+ and CD8+ T cells in the lesions and,
whereas the percent of CD8+ T cells remained constant, there was a significant increase in
the percent of CD4+ T cells at day 7. This increase was more evident in group A mice.
The mean percent of CD14+ macrophages and CD19+ B cells remained low over the
experimental period, although there was a significantly higher mean percent of CD19+ B
cells at day 1. In conclusion, the results showed that immunization of mice with live
T. forsythia induced a stronger immune response than nonviable organisms. The
inflammatory response presented as a nonspecific immune response with evidence of an
adaptive (T-cell) response by day 7. Unlike Porphyromonas gingivalis, there was no
inhibition of neutrophil migration.
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organisms and specific antibody levels in
healthy and periodontitis subjects
(12, 25). Studies on T. forsythia have
shown that the organism is found in sites
of periodontal breakdown in higher num-
bers than in sites of gingivitis or health
(14, 17, 20). T. forsythia has also been
detected more frequently and in higher
numbers in active periodontal lesions than
in inactive lesions (6). Other reports have
showed that subjects who harbored T. for-
sythia were at greater risk of attachment
loss than were subjects in whom T. for-
sythia was not detected (13, 18). Unlike
P. gingivalis and A. actinomycetemcomi-
tans, few studies have been reported on
the immune response to T. forsythia.
Animal models have been used widely

to obtain a clearer picture of the patho-
genic potential of periodontopathogens
such as P. gingivalis. They have provided
important information for building an
understanding of responses to periodonto-
pathic bacteria, either to individual organ-
isms or to mixed infections. The
pathogenicity of P. gingivalis has been
established in both primate and rodent
models. The mouse abscess model in
particular has been used to demonstrate
that immunization with whole organisms
or extracts of P. gingivalis results in the
development of protection with fewer
secondary lesions and no septicemia (1,
3, 11, 15).
The aim of this study was to use the

mouse abscess model to study the patho-
genicity of T. forsythia. The effects of a
subcutaneous injection with either live or
nonviable T. forsythia were determined
with reference to infiltrating CD4+ and
CD8+ T cells, CD14+ macrophages,
CD19+ B cells, and neutrophils.

Material and methods

Bacteria preparation

T. forsythia ATCC 43037TM was cultured
anaerobically and prepared for injection as
described by Bird et al. (2).

Mouse strain

This project was approved by the institu-
tional animal ethics review committee.
Female BALB/c mice (6–8 weeks old)
were obtained from the University of
Queensland Central Animal Breeding
House.

Immunization procedure

Thirty-two mice were used in this study.
Each mouse was given subcutaneous

injections into two sites on either side of
the shaved dorsal surface, approximately
1 cm either side of the midline as des-
cribed previously (2). The mice were
divided into three groups. Group A mice
(12 mice) received an injection of live
T. forsythia organisms (1 · 109 cells/site)
in phosphate buffered saline (pH 7.2) and
15 mg/l N-acetyl muramic acid (PBS-
NAM). Group B (12 mice) were immun-
ized with heat-killed T. forsythia (1 · 109

cells/site) in PBS-NAM. Control group C
(8 mice) were given PBS-NAM only.
Three mice from groups A and B, and

two mice from group C were killed on
days 1, 2, 4, and 7. The mice from each
group were lightly anesthetized with car-
bon dioxide and killed by cervical dislo-
cation as described previously (10).
Immediately after death the lesions from
all mice were carefully excised, embed-
ded in OCT, quenched and then stored in
liquid nitrogen. Serial cryostat sections of
6 lm were cut from each specimen, air
dried for 2 h, fixed in equal parts chlo-
roform/acetone for 5 min and stored at
) 20�C (21).

Immunoperoxidase technique

CD4+ and CD8+ T-cell subsets, CD14+

cells (activated monocytes/macrophages
and dendritic cells but not unstimulated
macrophages, dendritic cells, neutrophils
or blood monocytes) and CD19+ B cells
(but not terminally differentiated plasma
cells) were labeled using an avidin-biotin
immunoperoxidase method described
previously (8, 9). Briefly, after rehydra-
tion in PBS pH 7.2, the sections were
incubated with rat anti-mouse CD4
(L3T4), CD8a (Ly-2), CD14 or CD19
(Pharmingen, San Diego, CA). All anti-
bodies were used at dilutions of 1/20.
This step was followed by biotinylated
rabbit anti-rat immunoglobulins (DAKO,
Glostrup, Denmark) and finally strepavi-
din peroxidase (DAKO), both at dilu-
tions of 1/50. The peroxidase was
developed using the DAKO liquid
DAB Substrate-Chromogen system
(DAKO). Nuclei were counterstained
with Mayer’s hematoxylin.
Peroxidase-positive neutrophils were

stained using the DAB kit as described
above for the immunoperoxidase tech-
nique followed by counterstaining with
Mayer’s hematoxylin.
Mouse spleen sections were prepared in

the same way as the lesions and used as
positive controls. Negative controls inclu-
ded the use of PBS in place of the primary
antibody.

Cell analysis

Qualitative assessment of each lesion was
undertaken using hematoxylin & eosin-
stained sections. For the immunoperoxi-
dase-stained sections, high power fields
(·400) of each lesion were viewed and
three or more representative fields were
counted using a graticule. The mean
percent (± standard error of the mean) of
positive CD4+, CD8+, CD14+, CD19+

cells and peroxidase-positive neutrophils
were determined as a percentage of the
total number of cells in each infiltrate by
counting the total number of infiltrating
cells within each field and the total num-
bers with positive membrane staining.

Statistical analysis

Multivariate analysis of variance using the
general linear model was used to test for
differences between the percentages of
CD4+, CD8+, CD14+ and CD19+ cells and
neutrophils in the lesions. Comparisons
were made within each group and between
the sham-immunized control group C and
group A mice immunized with live T. for-
sythia and group B mice immunized with
nonviable T. forsythia at each time interval.
Pairs of groups were then tested for signi-
ficance using Student’s t-test. A signifi-
cance level of 0.03 was determined to
reduce the probability of significant differ-
ences occurring by chance. The Minitab
statistical package (Minitab Inc., State Col-
lege, PA) was used to perform the analyses.

Results

The hematoxylin and eosin-stained sec-
tions showed that the lesions in group A
and group B mice were granulomatous
tissue responses with large central cores
(Fig. 1A, B). Peroxidase-positive granules
were detected in the core and, although
intact peroxidase positive neutrophils were
evident, the granules were most likely due
to degranulation of neutrophils (Fig. 1A).
The presence of macrophages in the core
was indicated by CD14 staining. The
control group C did not demonstrate
lesions (Fig. 1C).
Intact neutrophils were present in the

area surrounding the core containing capil-
laries (Fig. 2A), alongside lymphocytes
(Fig. 2B–D) and macrophages (Fig. 2E)
as determined by T-cell, B-cell and macr-
ophage staining. The CD14+ cells demon-
strated the morphologic appearance of
macrophages rather than dendritic cells.
Counting of cell populations was per-
formed in this area.
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Neutrophils

The mean percent of neutrophils was
highest in the lesions at day 1 in both
groups A and B, and while the percent of
positive cells was higher in group B than
in group A, these results were not signi-
ficant at the 0.03 level. The percent of
positive neutrophils decreased in group B
at day 2 (P ¼ 0.018) and group A at day 4
(P ¼ 0.031) although this was not quite
significant at the 0.03 level. The percent of
positive cells was significantly higher in
group A than in control group C at days 1,

2, and 7 (P < 0.027) and in group B
compared with control group C at day 1
(P ¼ 0.029) (Fig. 3A).

CD4+ T cells

Very small percentages of CD4+ T cells
were noted at day 1. There was a signi-
ficant increase in group A at day 7
compared with days 1, 2, and 4
(P < 0.023) and in group B compared
with days 2 and 4 (P < 0.028). The
percent of positive cells was higher than
the control group C at day 1 (P ¼ 0.031),
being not quite significant at the 0.03
level (Fig. 3B).

CD8+ T cells

Again, very low percentages of CD8+ cells
were present in the lesions at day 1. In
group A mice, there was a decrease at
day 7 compared with day 1 (P ¼ 0.037)
although again this was not quite signifi-
cant at the 0.03 level. In group B mice
immunized with nonviable bacteria, there
was an increase at day 4 compared to
day 2 (P < 0.028). The percent of positive
cells was significantly higher at day 1 in
group A than in the control group C, and
in group B than in the control group
(P < 0.016) (Fig. 3C).

CD19+ B cells

Like the T cells, very low percentages of
CD19+ were present in the lesions of
group A and B mice at day 1, decreasing
further over the 7-day period (Fig. 3D). In
group A mice immunized with viable
bacteria, this decrease was significant at
days 4 and 7 compared with day 1
(P < 0.010) and in group B, significantly
lower on day 2 than day 1 (P ¼ 0.017).
At day 1 the percent of CD19+ cells in
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Fig. 1. A) H&E section showing the area
surrounding the core of a lesion from a
BALB/c mouse immunized with live T. forsy-
thia (original magnification · 10). Dashed cir-
cle represents area represented in (B). B) Higher
powered view of the same H&E section as in
(A) showing the region where infiltrating
leukocytes were counted (original magnifica-
tion · 40). C) No evidence of lesion formation
in this H&E section of the injection site from a
control group C mouse injected only with PBS-
NAM (original magnification · 10).
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Fig. 2. A) Peroxidase positive granules in the
area surrounding the core of a lesion from a
BALB/c mouse injected with nonviable T. for-
sythia (original magnification · 40). Neutroph-
ils – hatched circles. B) Numerous CD4+ T cells
in the area surrounding the core of lesion from a
BALB/c mouse immunized with live T. forsy-
thia (original magnification · 40). CD4+ T cells
– solid circles; neutrophils ) hatched circles. C)
Few CD8+ T cells in the area surrounding the
core of lesion from a BALB/c mouse immun-
ized with live T. forsythia (original magnifica-
tion · 40). CD8+ T cells – solid circles;
neutrophils – hatched circles. D) Few CD19+

B cells in the area surrounding the core of lesion
from a BALB/c mouse immunized with nonvi-
able T. forsythia (original magnification · 40).
CD19+ B cells – solid circles; neutrophils –
hatched circle. E) Few CD14+ macrophages in
the area surrounding the core of lesion from a
BALB/c mouse immunized with live T. forsy-
thia (original magnification · 40). CD14+ macr-
ophages – solid circles; neutrophils – hatched
circle.
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group A was significantly greater than in
control group C (P ¼ 0.008); in group B
the percent of positive cells was higher at
day 2 than in group C (P ¼ 0.011)
(Fig. 3D).

CD14+ macrophages

CD14+ cells had the morphology of macr-
ophages, CD14+ dendritic cells not being
observed. Low percentages of CD14+

positive cells were present over the 7-day
period. The percent of positive cells in
group B was significantly higher than the
control group C at days 1 and 4
(P < 0.017) (Fig. 3E).

Comparisons between cell subsets

Neutrophils were the predominant leuko-
cyte at day 1 in groups A and B. The
percent of positive neutrophils in group A
lesions was higher than the percent of
CD4+, CD8+, CD14+, CD19+ cells at days
1 (P < 0.028) and 2 (P < 0.017), CD8+ T
cells and CD19+ B cells at day 4
(P < 0.024) and CD8+, CD19+ and
CD14+ cells at day 7 (P < 0.014). The
percent of positive neutrophils in group B
lesions was higher than the other four cell
types at day 1 (P < 0.025), CD4+ T cells
and CD19+ B cells at day 4 (P < 0.023)
and CD8+, CD19+ and CD14+ cells at
day 7 (P < 0.027) (Fig. 3).
In group A lesions at day 7, the mean

percent of CD4+ cells was higher than that
of CD8+, CD14+ and CD19+ cells
(P < 0.024). In group B lesions, the
percent of CD4+ cells was higher than
CD19+ cells at day 2 (P ¼ 0.007). The
percent of CD8+ cells was higher CD19+

cells at day 4 (P < 0.016). The percent of
CD14+ cells was increased in comparison
with CD19+ cells at day 7 (P ¼ 0.032),
although again this was not quite signifi-
cant at the 0.03 level (Fig. 3).

Discussion

The results of the present study have
shown that mice injected with subcuta-
neous injections of live and nonviable
T. forsythia, developed lesions consisting
of a granulomatous tissue response with a
central large core as described previously
for P. gingivalis-induced lesions (1). The
control group, which received injections of
PBS-NAM only, showed very little evi-
dence of an immune response. The
response in T. forsythia-injected mice con-
sisted primarily of an innate immune
response, neutrophils being the dominant
leukocyte 1 day after injection. There was
a stronger neutrophil response in group B
mice injected with nonviable T. forsythia
than in group A mice immunized with live
organisms, although this result was not
significant. Bird et al. (2) showed that
BALB/c mice immunized subcutaneously
with live T. forsythia had a stronger
response in terms of lesion size from
day 1 than mice immunized with non-
viable T. forsythia. It is therefore possible
that the peak in neutrophils numbers

occurred earlier than 24 h in group A
mice. P. gingivalis has been shown to
inhibit the migration of neutrophils into
P. gingivalis induced lesions. These mice
were immunized with PBS only prior to
receiving subcutaneous injections of
P. gingivalis, the experimental protocol
being similar to that of the present study.
Mice immunized previously with P. gingi-
valis did not show neutrophil inhibition,
possibly because of the production of
specific anti-P. gingivalis antibodies which
most likely possessed opsonic properties
(8). Unlike P. gingivalis, the present study
has shown that T. forsythia caused no
inhibition of neutrophils and therefore no
evasion of the innate host defence mech-
anism.
The results of the present study also

showed a relatively low percentage of T
cells in the lesions. Although the percent
of CD8+ T cells remained constant, there
was a significant increase in the percent of
CD4+ T cells at day 7, the increase in
migration being more evident in group A
mice immunized with live bacteria. Bird
et al. (2) showed that anti-T. forsythia
antibody levels in the serum samples from
mice immunized with live T. forsythia
remained stable from days 1–4 and then
rose significantly at day 7. T. forsythia-
specific helper T cells are most likely
necessary for the production of anti-T. for-
sythia antibodies, so the increase in CD4+

T cells in the T. forsythia-induced lesions
may have been the result of migration of
T. forsythia-specific T cells. The slower
kinetic response in group B mice immun-
ized with nonviable T. forsythia probably
relates to the lower levels of anti-T. forsy-
thia-specific antibodies induced in these
mice (2).
Although there were few CD19+ B cells

in the lesions, there was a significantly
higher percentage at day 1. As stated
above, specific anti-T. forsythia antibody
levels rose significantly by day 7 after
immunization (2) so that the higher percent
of CD19+ B cells at day 1 represents a
nonspecific response. Gemmell et al. (9)
also showed that the percent of CD19+ B
cells was very low in P. gingivalis-induced
lesions. However, numerous plasma cells
were demonstrated primarily towards the
periphery of the lesions. As these mice
were immunized three times prior to being
challenged with subcutaneous injections of
P. gingivalis, the plasma cells in the
P. gingivalis-induced lesions most likely
reflect a specific secondary adaptive im-
mune response.
Macrophages were also present in low

numbers for the 7-day experimental per-
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Fig. 3. The mean percent of (± standard error of
the mean) neutrophils (A), CD4+ T cells (B),
CD8+ T cells (C), CD19+ B cells (D) and CD14+

macrophages (E) in the lesions of BALB/c mice
immunized with T. forsythia (group A), nonvi-
able T. forsythia (group B) and PBS-NAM only
(control group C) after 1, 2, 4, and 7 days.
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iod. In P. gingivalis-induced lesions (8),
acid phosphatase positive (AP+) and non-
specific esterase-positive (NSE+) macr-
ophages were not detected until day 4;
by day 7 these were found mainly on the
periphery of the lesion in mice immunized
previously with P. gingivalis and were
associated with healing lesions. In control
mice, which received subcutaneous injec-
tions of P. gingivalis only, macrophages
became the dominant cell type by day 14.
The study by Bird et al. (2) showed that by
day 9, T. forsythia-induced lesion sizes in
immunized mice had not yet reduced in
size, indicating that healing would prob-
ably not occur until at least day 14.
Although the results of the present study

have shown that T. forsythia may not have
the same pathogenic effects as P. gingiva-
lis, Socransky et al. (26) suggested the
virulence of T. forsythia may occur when
in association with other periodontopatho-
gens. These authors found that cocultiva-
tion of T. forsythia with other
periodontopathogens accelerated the
growth of T. forsythia, possibly by provi-
ding necessary peptides. Further, Takemo-
to et al. (27) found that coinfection of
P. gingivalis and T. forsythia in a rabbit
abscess model induced lesions, sometimes
resulting in death, whereas no lesions were
induced following mono-infection.
Feuille et al. (7) reported on the syner-

gistic effect of P. gingivalis and F. nucle-
atum in the murine abscess model and
found that this was partly due to the
proteolytic activity of P. gingivalis. Yone-
da et al. (31) showed that the gingipains of
P. gingivalis played an important role in
the pathological synergy between T. forsy-
thia and P. gingivalis. Further, Sabet et al.
(22) showed that the S-layer, an antigenic
layer outside the outer membrane of
T. forsythia, is involved in the infectious
process of abscess formation in mice. This
study observed through antibody inhibi-
tion assays that the adherent/invasive
activities of T. forsythia were mediated
by the S-layer. Another study by Yoneda
et al. (30) in humans found the IgG
responses against the T. forsythia S-layer
were low in healthy control subjects, but
were significantly higher in subjects with
periodontal disease. Mice immunized with
the purified S-layer and whole T. forsythia
and then challenged with live T. forsythia
did not develop abscesses. Mice that had
not been immunized developed abscesses
after challenge with T. forsythia, suggest-
ing that the immune response to the
S-layer of T. forsythia is protective.
In conclusion, the present immunohis-

tological study has shown that immuniza-

tion of mice with live T. forsythia induced
a stronger immune response than immun-
ization with nonviable organisms. The
inflammatory response presented as a
nonspecific response with evidence of an
adaptive (T-cell) response by day 7.
Unlike P. gingivalis, T. forsythia did not
inhibit neutrophil migration. T. forsythia
as well as P. gingivalis have been reported
to be the strongest bacterial markers for
periodontal disease progression and are
infrequently cultured from subjects with-
out periodontal bone loss (16, 29). Studies
are necessary to delineate further the
response to these periodontopathogens.
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