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Abstract

Introduction—T regulatory (Treg; CD4+FOXP3+) cells constitute a unique subpopulation of CD4
+ T cells that inhibit T cell responses and prevent disease development/exacerbation in models of
autoimmunity. In the present study, we tested the hypothesis that Treg cells are induced in periapical
lesions by dental pulp infection.

Methods—In situ hybridization (ISH) was used to localize FOXP3+ cells on day 21 after pulp
exposure of the 15t molar teeth and infection with bacteria from the oral environment. FOXP3/GFP
knock-in transgenic mice were used to quantify FOXP3+Treg cells that infiltrate into periapical
lesions by flow cytometry on days 7, 14, and 21 after infection. Periodontal ligament from uninfected
teeth served as a negative control.

Results—ISH showed strong signals that demonstrated the presence of FOXP3+ cells mainly at
the periphery of periapical lesions. In contrast no positive cells were present in the periodontal
ligament of uninfected controls. Flow cytometry demonstrated an increase in the number of FOXP3
+ Treg beginning between day 7 and day 14 (0.69% of the infiltrate) after infection, and increased
to day 21 (0.94%) (p<0.05, p<0.001 respectively vs. uninfected controls). Treg were also increased
in number in draining cervical lymph nodes following pulpal infection.

Conclusions—These results demonstrate that Treg cells are induced to infiltrate into periapical
lesions by pulpal infection, and suggest that they increase in a time-dependent manner.
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Introduction

The host immune response to bacterial infection of the dental pulp and periapical tissues
involves an initial influx of phagocytic leukocytes and the production of inflammatory
cytokines as manifestations of innate immunity. As the disease progresses to the chronic stage,
an infiltration of most of the canonical cellular and humoral elements of adaptive immunity,
including various T cell subsets, is observed.

Sakaguchi et al(1, 2) showed that a minor population of CD4+ T cells, which co-express the
interleukin-2 receptor a-chain (CD25), was crucial for the control of auto-reactive T cells in
vivo and regulation of the immune response to infection (3). These cells were named ‘T
regulatory cells’ (Treg), and were later found to also express the forkhead/winged helix
transcription factor (FOXP3), which is uniquely present in this cell type and is essential for
Treg differentiation (4,5). Subsequent studies have shown that CD4+CD25+FOXP3+ T cells
are both hypo-responsive and suppressive of a variety of cell functions (6), and prevent disease
development/exacerbation in models of autoimmunity (7). Indeed, FOXP3 gene deletion in
mice results in generalized autoimmunity and death (8).

Treg (CD4+CD25+FOXP3+) cells have been identified in human systemic infections as well
as in periodontal disease tissues (9), although they have not yet been identified in periapical
lesions. The purpose of this study was to evaluate the presence of infiltrating Treg cells in
induced periapical lesions in mice at various times after dental pulp infection, using in situ
hybridization and FOXP3/GFP knock-in mice which express green fluorescent protein under
the control of the FoxP3 promoter.

Material and Methods

Animals

C57BL/6 mice, 6-8 weeks old, were obtained from Charles River Laboratories (Wilmington,
MA). FOXP3/GFP knock-in (KI) (C57BL/6 background) reporter mice were kindly provided
by Dr. M. Oukka, Harvard Medical School, Boston, MA (10). FOXP3/GFP KI mice express
green fluorescent protein (GFP) under the control of the FOXP3 promoter and also express
full length functional FOXP3. They are immunologically intact and possess normal Treg
function (11). All animals were maintained in a specific pathogen free environment at the
Forsyth Institute Animal Facility, in accordance with the guidelines of the Institutional Animal
Care and Use Committee (IACUC). All experimental protocols were approved by the Forsyth
IACUC.

Periapical lesion induction

To evaluate the presence of Treg cells by in situ hybridization, periapical lesions were induced
by pulp exposure of the mandibular 15t molar pulps of C57BL/6 mice (n=5/group). For the
quantification of Treg cells by flow cytometry, we used FOXP3/GFP knock-in mice (n=10/
group) that were subjected to both 15t and 2"4 mandibular molar pulp exposure. Mice were
anesthetized via intraperitoneal injection with ketamine HCI (80 mg/kg) and xylazine (10 mg/
kg), and were placed on a jaw retraction board. The dental pulps of the molars were exposed
using an electric dental hand piece with a no. 1/4 round bur under a surgical microscope (MC-
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M92; Seiler, St. Louis, MO) as described previously by Yu and Stashenko (12). The exposure
site was approximately 1.5 times the diameter of the bur. The pulp chambers were opened until
the entrance of the canals could be visualized and probed with a size 6 endodontic file. Exposed
dental pulps were left open to the oral environment to permit infection until day 21 for in
situ hybridization studies, or until days 7, 14 and 21 for quantification of Treg cells by flow
cytometry. Mice with non-exposed, uninfected teeth served as negative controls (day 0).

Tissue sample preparation for in situ hybridization

C57BL/6 mice were sacrificed by CO, asphyxiation and mandibles were isolated and fixed in
fresh 4% paraformaldehyde in PBS for 8 hours, then washed 3 times with PBS. Bone blocks
containing periapical tissue were decalcified using 10% formic acid and sodium citrate and
embedded in paraffin. Serial sections of 6 micron thickness were cut; every 5 sample was
mounted and stained with hematoxylin and eosin (H&E). Sections containing the region of
interest (patent root canal with localized periapical lesion) were selected, mounted and
processed for in situ hybridization.

In situ hybridization

In situ hybridization was performed as previously described (13,14) on periapical tissue
sections using digoxygenin (DI1G)-labeled riboprobes. Briefly, sections were deparaffinized in
graded alcohols and rehydrated. Digoxigenin (DI1G)-labeled FoxP3 complementary RNAs
(cRNA) riboprobes were generated by PCR amplification using the following primers:

FOXP3 fw, gctatttaggtgacactatagactgctggcaaatggagtct;
FOXP3 rev, ttgtaatacgactcactataggg aagtaggcgaacatgcgagt.

Primers included T7 and Sp6 sequences for generation of anti-sense and sense control RNA
probes respectively. Sections were treated with 1 pg/mL proteinase K for 20 min.
Hybridizations were performed in a humidified chamber for 18 h at 60°C. Signals were detected
with BM Purple (Roche, Indianapolis, IN) following the manufacturer’s instructions.
Micrographs were taken with a Stemi SV11 microscope (Carl Zeiss Microlmaging, Inc.
Thornwood, NY) and a Leica DMLS microscope (Leica Microsystems). The images were
captured using Zeiss Axiovision 3.1 software (Stemi SV11) and DC Twain VV4.0.2.0 software
(Leica DMLS).

Flow cytometry of cells from isolated periapical lesions

For flow cytometric (FACS) analyses of cells present in periapical lesions, FOXP3/GFP KI
mice were sacrificed, mandibles were isolated and dissected free of soft tissue. The periapical
tissues surrounding the roots (mesial and distal) of the lower 15t and 274 molars were carefully
extracted with the surrounding bone as block specimens under a surgical microscope. The
isolated bone blocks then were treated as previously described (15) with collagenase Type 1V,
2 mg/ml in PBS (Worthington Biochemical, NJ, USA) for 60 minutes at 37°C to liberate
leukocytes according to the manufacturer instructions. Isolated cell suspensions were washed
3 times with PBS, resuspended in PBS, and stained with anti-mouse CD4. Approximately
30,000 cells were analyzed for CD4+FOXP+GFP+ Treg using an EPICS ULTRA flow
cytometer (Beckman Coulter, Miami, FL). Single cell suspensions were also prepared from
cervical lymph nodes. The nodes were harvested, macerated to obtain single cell suspensions,
which were then washed three times with PBS containing 1% bovine serum albumin at 4°C,
resuspended in PBS, and stained with anti-mouse CD4. Treg (CD4+FOXP3/GFP+) cells were
enumerated as outlined above.
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Statistical analysis

Descriptive statistics including the mean and standard error were calculated. Differences in
cell numbers were analyzed by Student’s t test (when comparing two groups) or one way
ANOVA and Tukey’s multiple comparison tests using Prism software (GraphPad Software,
San Diego, CA, USA).

Results

Presence of FOXP3+ cells in periapical lesions

To verify the presence of Treg cells in periapical lesions we chose to target the FOXP3
transcription factor, since this molecule is a unique Treg marker (4,5). Periapical lesions were
induced by pulp exposure of the 15t molar pulp of C57BL/6 mice (n=5/group), and teeth were
left open to the oral environment to induce infection by the oral flora. Mice with no pulp
exposures were used as controls. Previous studies done in our laboratory have shown that
periapical lesions in this model peak in size at approximately 21 days after pulp exposure and
infection (12). In situ hybridization for FOXP3+ cells showed strong signals with the anti-sense
FOXP3 probe in sections of periapical lesions from mice with exposed pulps (Fig. 1C, D, E).
Controls (no pulp exposure) stained with anti-sense probes failed to show cells positive for
FOXP3 in the periodontal ligament space (Fig. 1A, B). A few FOXP3+ cells were found in
marrow spaces adjacent to teeth with unexposed pulps, likely representing a circulating Treg
population (not shown). As a negative control, animals with exposed or with non-exposed
pulps stained with the FOXP3 sense probe did not show any signal (Fig. 1 F-1).

It was noted that in tissues from animals with pulp exposures reacted with the anti-sense probe,
numerous FOXP3 positive cells were located midway between the periphery of the periapical
lesion and the apical foramen, and were also found close to the periphery of the lesion (Fig.
1C, D, E). In addition some lesions showed an interesting pattern of infiltration of FOXP3+
cells, which was distributed around the distal root of the infected first molar but extended
toward the mesial root of the second molar (with no exposed pulp).

Influx of Treg in periapical lesions

To verify the infiltration of Treg cells into periapical lesions seen by in situ hybridization, we
used FOXP3/GFP knock in mice (n=10/group) that were subjected to 15t and 2" mandibular
molar pulp exposure and infection. Unexposed/uninfected animals served as negative controls.
Cells were isolated from block sections that included the periapical lesions on day 0 (no pulp
exposure) and after 7, 14 and 21 days. As shown in Figure 2, cells isolated from periapical

lesions exhibited a time-dependent increase in FOXP3/GFP+ cells in response to pulp exposure
and infection. Numbers were increased on day 14 (0.69%, p<0.05 vs. day 0), with a higher

numbers on day 21 (0.94%, p<0.001) compared to infected animals on day 7 or uninfected day
0 controls. These results confirm findings by in situ hybridization, and further indicate that

Treg infiltration begins between day 7 and day 14 in response to pulpal infection in this model.

Effect of pulpal infection on Treg in draining lymph nodes

To further evaluate the involvement of Treg cells following dental pulp infection, we
enumerated these cells in the draining cervical lymph nodes (CLN). For these experiments
animals were sacrificed on days 7 (not shown), 14 and 21 post pulp exposure and infection
from the oral cavity. Surprisingly, we found a higher percentage of CD4+FOXP3+/GFP+ cells
on both day 14 (p<0.05) and day 21 (p<0.05) in non-infected animals when compared to
infected animals (Fig. 3).

However, the CLN in animals with pulp exposure were larger and contained more cells than
in uninfected animals. When the total number of Treg cells in CLN were calculated, we found

J Endod. Author manuscript; available in PMC 2010 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

AlShwaimi et al.

Page 5

that after 21 days Treg (CD4+FOXP3/GFP+) cell numbers were actually significantly higher
in the infected animals versus the uninfected controls (Table 1). A similar trend was seen on
day 14, although the observed increase was not significant when compared to controls (no pulp
exposure). The increase in Treg in CLN on day 21 was significant compared to day 14
(p<0.001). These data indicate that Treg are induced in CLN, which may serve as a source
from which they subsequently migrate to the periapical lesion near the site of infection.

Discussion

Treg have been shown to be important in controlling or preventing the development of
autoimmunity and other deleterious inflammatory reactions. Accordingly we investigated the
presence and time dependence of these cells in the development of periapical lesions using a
well characterized mouse model. We took advantage of the recent finding that FOXP3 is a
putative ‘master gene’ for Treg (16), and therefore serves as a unique and precise marker of
this cell type. We demonstrated that Treg were indeed present in periapical lesions as
determined by in situ hybridization, which detected the presence of cells expressing mMRNA
for FOXP3 in the lesion area (17-20). In contrast, only rare FOXP3+ cells were found around
roots of teeth with unexposed pulps, mainly in the adjacent marrow spaces.

To further characterize the presence of Treg in periapical lesions we used flow cytometric
analysis of FOXP3+ cells in newly generated FOXP3/GFP knock-in transgenic mice (10).
These animals have been genetically engineered to co-express FOXP3 and GFP under the
control of the FOXP3 promoter, and are phenotypically and immunologically normal. Using
this construct, the presence of FOXP3+ cells in pulpal infection could be precisely quantified.
When we analyzed the expression of FOXP3/GFP in periapical lesions at 7, 14 and 21 days
after pulpal infection, it was clear that FOXP3+ cells infiltrated into lesions in a time dependent
manner beginning between days 7 and 14. At 21 days post-infection the number of cells
expressing FOXP3/GFP was three-fold higher than in control animals with no pulp exposure.
Afew Treg cells were found in the control group, most likely because the bone block specimens
taken for analysis included some bone marrow around the lesion. Previous studies have shown
that bone marrow contains a recirculating pool of lymphocytes (21) including some Treg cells
(22).

In this model of periapical lesion development it takes approximately 1-3 days for innate
immune cells (neutrophils and macrophages) to migrate to the periapical region (23-25) and
another two or three days for adaptive immune cells to become involved. As noted above,
periapical lesion size reaches its peak on about day 21 in this model (12,26). Although not
directly studied in these experiments, our results using FOXP3/GFP expression suggest that
Treg infiltration is somewhat delayed (days 7 to 14) compared to the infiltration of innate and
other adaptive immune cells, likely as a mechanism to control the development of an overly
exuberant inflammatory reaction. In general, Treg numbers parallel periapical bone loss,
indicating that their presence could help to control lesion expansion, although this hypothesis
remains to be proven. In a chronic infection model caused by Leishmania, natural Treg
accumulated at sites of infection to control T effector cells (27). Nakajema et al also showed
that FOXP3 expression in periodontitis lesions isolated from human subjects was higher
compared with gingivitis lesions (9).

Cervical lymph nodes from animals with infected dental pulps showed elevated numbers of
CD4+FOXP3/GFP+ Treg cells compared to non-exposed controls, albeit their proportions
were somewhat reduced (Fig. 3 & Table 1). Cervical lymph nodes are the regional sites that
drain dentoalveolar infections. There is evidence that adaptive Treg cells can either develop
from naive T cells or differentiate from natural Treg under specific conditions of antigen
exposure (28). Altered TCR signal transduction or low-affinity antigen may trigger the
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development of adaptive Treg in the periphery. The recruitment and conversion of peripheral
naive CD4* cells and/or natural Treg cell to adaptive Treg is believed to occur in the lymph
nodes draining a tissue undergoing an infection (28). Thus, the Treg in CLN may be those that
subsequently migrate to the periapical lesions. The reduced proportions of Treg in the CLN
likely reflects that fact that other lymphocyte populations are also expanded in response to the
infection, including B cells and a variety of other effector T cells (29). Our results agree with
a previous report that Treg numbers increase in a similar time dependent manner both at the
site of infection and in draining lymph nodes of mice with genital HSV (30).

In conclusion, our results provide novel information concerning the influx and likely
involvement of Treg cells in periapical lesions induced by dental pulp infection. These findings
set the stage for further studies of the function of Treg in modulating periapical immune
responses and pathogenic bone destruction in vivo.
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Figure 1. In situ hybridization of FOXP3+ cells in periapical lesions

Representative sections of (A): FOXP3 anti-sense probe, control unexposed pulp, first
mandibular molar (x40); (B): higher magnification (x100 of box in A); (C): FOXP3 anti-sense
probe, exposed pulp (x40); (D): higher magnification (x100) from C; (E): higher magnification
(x400) from D; (F): FOXP3 sense probe, control unexposed pulp; (G): higher magnification
(x400) from F; (H): FOXP3 sense probe, exposed pulp; (1): higher magnification (x100) from
H; R: root; PA: periapical lesion; B: bone. Eosin counterstain.
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Figure 2. Quantitation of Treg in periapical lesions after pulp infection
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Cells were extracted from lesions at the indicated times, and CD4+/FOXP3/GFP+ cells were
quantified by flow cytometry. Control: unexposed, uninfected pulp; other groups are exposed
and infected. Bars represent mean + SEM.* p < 0.05; ** p < 0.001 by one way-ANOVA and

Tukey’s multiple comparison test.
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Figure 3. Treg numbers in cervical lymph nodes (CLN)
CD4+FOXP3/GFP+ cells were quantified by flow cytometry in CLN 14 and 21 days after pulp
exposure and compared to unexposed pulps. Bars represent mean £ SEM. *p < 0.05 by t test.
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Number of Treg in draining cervical lymph nodes.

Page 11

Total number of CD4+FOXP3+ cells/CLN (x10°)

Days after pulp exposure

Group Day 14 Day 21
No pulp exposure 0.37 + ().()3’r 0.58 £ 0.03
Pulp exposure 0.43 £0.04 0.92 +0.08™*
+

Mean + SEM

*
p<0.05 versus day 21 no pulp exposure (control)

¢p<0.001 versus day 14 after pulp exposure
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