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Pathogenic Bacterial Species Associated with Endodontic Infection
Evade Innate Immune Control by Disabling Neutrophils
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Endodontic infections, in which oral bacteria access the tooth pulp chamber, are common and do not resolve once established.
To investigate the effects of these infections on the innate immune response, we established a mouse subcutaneous chamber
model, where a mixture of four oral pathogens commonly associated with these infections (endodontic pathogens [EP]), i.e., Fu-
sobacterium nucleatum, Streptococcus intermedius, Parvimonas micra, and Prevotella intermedia, was inoculated into subcuta-
neously implanted titanium chambers. Cells that infiltrated the chamber after these infections were primarily neutrophils; how-
ever, these neutrophils were unable to control the infection. Infection with a nonpathogenic oral bacterial species, Streptococcus
mitis, resulted in well-controlled infection, with bacterial numbers reduced by 4 to 5 log units after 7 days. Propidium iodide (PI)
staining of the chamber neutrophils identified three distinct populations: neutrophils from EP-infected chambers were interme-
diate in PI staining, while cells in chambers from mice infected with S. mitis were PI positive (apoptotic) or negative (live). Strik-
ingly, neutrophils from EP-infected chambers were severely impaired in their ability to phagocytose and to generate reactive
oxygen species in vitro after removal from the chamber compared to cells from S. mitis-infected chambers. The mechanism of

neutrophil impairment was necrotic cell death as determined by morphological analyses. P. intermedia alone could induce a
similar neutrophil phenotype. We conclude that the endodontic pathogens, particularly P. intermedia, can efficiently disable
and kill infiltrating neutrophils, allowing these infections to become established. These results can help explain the persistence
of endodontic infections and demonstrate a new virulence mechanism associated with P. intermedia.

Endodontic infections result from oral pathogenic bacteria
reaching the dental pulp through cracks, unrepaired caries,
and failed caries restorations and infecting the pulp and surround-
ing tissues (1). These infections invoke an intense inflammatory
response causing tissue destruction and bone degradation, and
they are the most common cause of tooth pain. Once established,
these infections do not spontaneously resolve. The primary man-
agement of these infections is through root canal treatment in-
volving removal of infected pulp tissue. It is estimated that more
than 20 million of these procedures were performed in the United
States in 2005 (2), with about 30% resulting from endodontic
infection (3). These infections are polymicrobial, with more than
20 bacterial species associated with infections in the root canal or
the surrounding periapical region (4). Understanding the physi-
ology of both the infecting bacteria and the host response is essen-
tial to the development of new effective treatments for these infec-
tions.

A mouse model of endodontic infection that faithfully repli-
cates many of the features of the human infections has provided
substantial important information on the host response to these
infections (5-11). In this model, the pulp chamber of the mouse
molar is exposed and infected with a mixture of four bacterial
species frequently found associated with human endodontic in-
fections (9). While both adaptive and innate immune responses
can contribute to the development of lesions in response to these
infections, the primary mode of host defense in this model is in-
nate immunity. Deletion of Th1 cytokines has no effect on lesion
formation (10); however, late-stage infection and dissemination
are controlled by T cells (11). The infections are controlled by
interleukin-10 (IL-10), osteopontin, and IL-6, with a substantial
role for macrophages through monocyte chemoattractant protein
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1 (MCP-1) (5,7, 8, 12). Taken together, these results suggest that
at least at early stages, the host response to these infections is
primarily through innate immunity. Neutrophils constitute the
first-line innate immune defense in bacterial infections (13, 14),
where they effect bacterial killing through several mechanisms,
including phagocytosis and production of reactive oxygen species
(15). Thus, it is likely that regulation of the accumulation or func-
tion of neutrophils can affect the course of these infections.
While analysis of many aspects of the host response is possible
in the mouse model, detailed ex vivo analysis of the cellular infil-
trates is challenging due to the small volume of the infected tissue
in the mouse mandible and its location within a bony structure.
To overcome this difficulty, we established a subcutaneous cham-
ber model of infection, adapting an optimized model that has
been used for the analysis of the host response to infection with
periodontal bacteria (16-19). Substantial numbers of infiltrating
host cells accumulate in these chambers in response to inoculation
with bacterial species. We used these chambers to assess the initial
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host cellular response to infection with a combination of four
bacterial species (Fusobacterium nucleatum, Streptococcus interme-
dius, Parvimonas micra, and Prevotella intermedia) to test the hy-
pothesis that the infiltrating neutrophils function to control the
infection. Unexpectedly, we found that the neutrophils infiltrat-
ing chambers infected with the endodontic species were unable to
clear the infection, in contrast to a nonpathogenic species that was
effectively destroyed. The persistence of the endodontic species
was a result of bacterially caused severe damage to infiltrating
neutrophils, which prevented the neutrophils from performing
antibacterial functions.

MATERIALS AND METHODS

Mice. Seven- to 8-week-old male C57BL/6 mice were purchased from the
Jackson Laboratory and housed under pathogen-free conditions. All ani-
mal experiments were carried out according to the National Institutes of
Health guidelines with the approval from the Institutional Animal Care
and Use Committee at the Forsyth Institute (protocol 11-007), which is
operating under the accreditation of the Association for Assessment and
Accreditation of Laboratory Animal Care.

Bacterial preparations. The common human endodontic pathogens
(EP) Prevotella intermedia (ATCC 25611), Streptococcus intermedius
(ATCC 27335), Fusobacterium nucleatum (ATCC 25586), and Parvimonas
micra (ATCC 33270) were grown on Trypticase soy agar with 5% sheep
blood (TSA II plate; BBL) under anaerobic conditions (80% N,, 10% H,,
and 10% CO,). Streptococcus mitis (ATCC 49456) was grown in Todd-
Hewitt broth (THB) (BD) under aerobic conditions. Endodontic patho-
gens were harvested from the plate, resuspended in phosphate-buffered
saline (PBS) (Invitrogen) and quantified spectrophotometrically. S. mitis
was harvested from broth cultures by centrifugation at 3,000 X g for 10
min. For chamber infection, S. mitis was resuspended at 1 X 10° CFU/0.1
mlor 2.5 X 10® CFU of the four species (based on a previously determined
CFU/optical density [OD] ratio) were mixed together for a total inoculum
of 1 X 10° CFU/0.1 ml. The actual inoculum was determined just after
infection by serial dilution using the drop plate method.

Chamber implantation. Middorsal subcutaneous implantation of
surgical-grade titanium coil chambers (length, 1.5 cm; diameter, 0.5 cm;
prepared from tightly wound 0.37-in. titanium wire grade CP-1 [Dy-
namet, Washington PA]) was performed under isoflurane anesthesia (E-Z
Anesthesia Classic System) as previously described (20). Before use, the
free ends of the titanium wire were filed to remove sharp edges, and the
chambers were sterilized by autoclaving. Each mouse received two cham-
bers that were treated identically. Following a 10-day healing period, the
chambers were used as a biological compartment for inducing inflamma-
tion. Bacterial suspensions were injected into the chambers of each mouse
by using a 27-gauge needle.

Chamber fluid analysis. Chamber exudates were harvested from un-
infected chambers (0 h) or from chambers at 2, 12, 24, 72, and 168 h
postinfection using a 27-gauge needle by flushing with 0.7 ml PBS with 5%
fetal bovine serum (FBS). A 70-pm cell strainer (Falcon) was used to
remove major clumps in the suspension, and passage through a 27-gauge
needle was used to break further small clumps. Thirty microliters of exu-
dates was collected for bacterial enumeration, and the remaining fluid was
centrifuged for 5 min at 4°C and 240 X g. The supernatants were removed
and stored at —80°C.

The pellets were immediately resuspended in RPMI medium (with 5%
FBS), and the total host cell number was determined using acridine or-
ange (AO)-propidium iodide (PI) staining (Cellometer Auto 2000; Nex-
celom). Five hundred microliters of ACK buffer (0.15 M NH,Cl, 10 mM
KHCO,, 0.1 mM Na,EDTA [Sigma]) was added to samples to lyse red
blood cells for 5 min. The cells were then diluted in 2 ml of fluorescence-
activated cell sorting (FACS) buffer (RPMI [Corning] with 5% FBS) and
centrifuged. Cells were then resuspended in FACS buffer, and 1 X 10° cells
were used for FACS. For S. mitis and EP experiments, 5 to 10 mice were
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used per point, except for at 0 and 2 h, where 5 mice per point were used
for bacteria and cell counting, with the cells then pooled into two pools for
FACS analysis. For individual species experiments, 5 mice per point were
used. Bone marrow (BM) neutrophils were purified on Histopaque gra-
dients as previously described (21).

Light microscopy. Cells were placed onto cleaned round coverslips
coated with fibronectin (100 pg/ml) or poly-p-lysine (100 pg/ml) in a
24-well plate; 1 X 10 cells in 500 pl of FACS buffer per well were seeded
and incubated for 1 hin 5% CO, at 37°C. After fixing with methanol, cells
were stained with Wright-Giemsa staining buffer (HEMA3 Stat Pack;
Fisher). Images were captured with a BX41 (Olympus) microscope.

Counting of bacteria. For determining bacterial CFU, the drop plate
method was used (22). Briefly, the collected suspension which contained
cells and bacteria was serially diluted in prereduced anaerobically steril-
ized medium (for EP) (PRAS, Anaerobe Systems) or PBS (for S. mitis) and
plated on TSA II or THB agar plates. Plates were cultured under appro-
priate conditions for 2 to 4 days, and colonies were counted. For determi-
nation of the identity of the colonies, colonies with different morpholo-
gies were suspended in water and subjected to PCR and sequencing using
universal 16S rRNA gene primers 27F and 1492R (23).

Flow cytometric analysis. Cells (1 X 10°/sample) were incubated with
anti-Ly6G (1A8), -CD11b (M1/70), or -F4/80 monoclonal antibodies
(BioLegend). TruStain fcX (anti-mouse CD16/32) antibody (BioLegend)
was added 10 min prior to the antibody staining to prevent nonspecific
binding of Fc receptor on neutrophils. Isotype control antibodies (Bio-
Legend) were used at the same concentration as experimental antibodies.
Analysis was performed on a FACS Aria II (BD Bioscience). All data files
were analyzed using FlowJo software (TreeStar Inc.). Propidium iodide (4
pg/ml final concentration) was added just before analysis. In some cases,
cells were incubated at 4°C in the dark after staining with the LIVE/DEAD
fixable green dead cell stain kit (Invitrogen) for 30 min according to the
manufacturer’s instructions. The fluorescein isothiocyanate (FITC) an-
nexin V apoptosis detection kit I (BD Pharmingen) was used according to
the manufacturer’s instructions, with incubation for 15 min prior to
FACS.

Phagocytosis. pH-sensitive pHrodo green Escherichia coli bioparticles
conjugate (Invitrogen) was used after opsonization. Briefly, mouse serum
(Sigma) was passively adsorbed onto particles for 30 min at 37°C. The
particles were washed twice with PBS to remove excess serum, and 1 X 10°
chamber cells/500 pl of FACS buffer were incubated with 100 pl (1 mg/
ml) of bioparticles at 37°C for 2 h according to the manufacturer’s instruc-
tions. As a control for attached but not phagocytic ingested particles,
parallel reaction mixtures were incubated on ice. Cells were then stained
with Ly6G, and phagocytosis of the E. coli particles by neutrophils
(Ly6G™) was assessed by flow cytometry. Specific phagocytosis was calcu-
lated by subtracting the geometric median fluorescence intensity (MFI) of
phagocytized bioparticles in the on-ice treatment groups from that of the
same sample incubated at 37°C.

Detection of ROS. To measure generation of reactive oxygen species
(ROS), CellROX Deep Red reagent (Invitrogen) was used according to the
manufacturer’s instructions. Briefly, 1 X 10° chamber cells in FACS buffer
were untreated (ROS production) or treated with 400 wM tert-butyl hy-
droperoxide (TBHP) (maximal ROS production) for 30 min and then
incubated with 250 uM CellROX Deep Red reagent for 1 h at 37°C in
FACS buftfer. Cells were then stained with Ly6G and analyzed by FACS.
The geometric median fluorescence intensity of red staining was used to
determine ROS production.

Electron microscopy. Cells were fixed with paraformaldehyde and
glutaraldehyde, postfixed with 1% osmium tetroxide, contrasted with
uranyl acetate, dehydrated in ethanol, and embedded in LR White resin
(Electron Microscopy Sciences). Resin blocks were cut with an ultrami-
crotome (PowerTome XL; RMC Products) into 70- to 100-nm-thick ul-
trathin sections, which were immediately placed on 400-mesh carbon-
coated copper grids (Electron Microscopy Sciences). The morphology of
neutrophils was observed by transmission electron microscopy (TEM)
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FIG 1 Chamber model of infection. (A) Titanium coiled-wire chambers (scale
is mm) were implanted under the dorsal skin of C57BL/6 mice. (B) Dashed
boxes indicate the positions of the chambers. (C) Ten days after infection, the
chambers became encapsulated in a thin fibrous tissue.

(1200EX; JEOL) using the bright-field mode operated at 100 kV and cap-
tured by an AMT charge-coupled device (CCD) camera. For biofilm anal-
ysis, straight titanium wires, 0.037 in. by 1 to 1.3 cm long, were placed
inside the chambers at the time of implantation. Chambers were then
infected with EP or S. mitis as described above. Three days later, the wires
were removed from the chambers, fixed with 2% formaldehyde-3% glu-
taraldehyde in 0.1 M cacodylic acid, and then treated for 1 h with 2%
osmium tetroxide in 0.1 M S-collidine buffer. After dehydration, wire
samples were sputter coated with gold (Desk V; Denton Vacuum) and
then examined with a scanning electron microscope (SEM) (Evo LS10;
Carl Zeiss).

MPO activity. Stored supernatants were used for myeloperoxidase
(MPO) activity assay (Cayman). After thawing, samples were centrifuged
at 18,000 X g for 15 min at 4°C, and proteinase inhibitor (Roche) was
added to each sample prior to the assay. Protein concentrations in the
samples were determined with the bicinchoninic acid protein assay kit
(Pierce). Data are expressed as units MPO activity/j.g protein.

Statistical analyses. The significance of differences was calculated by
one-way analysis of variance (ANOVA) or a two-tailed ¢ test using Graph-
Pad Prism. Groups compared are indicated by brackets in the figures or in
the figure legends. Data shown are means * standard deviations (SD).

RESULTS

Chamber model of infection. In order to quantify and character-
ize in detail the cellular response to infection with the endodontic
pathogens, we adapted the subcutaneous chamber model. In this
model, titanium wire (0.037-in. diameter) is wound into a tight
coil of 1.5 cm by 0.5 cm (Fig. 1A). These coils are implanted under
the dorsal skin of mice (Fig. 1B), where they become fluid filled
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FIG 2 S. mitis but not EP bacterial numbers are controlled in the chambers:

association with biofilm formation. (A) Bacterial suspensions were inoculated
at 1 X 10”to 2 X 10° cells/chamber at 0 h, and chamber contents were collected
at different times after infection as indicated. Live bacteria were quantified as
described in Materials and Methods. **, P < 0.01 compared to 0 h by 1-way
ANOVA. (B to D) Titanium wires were collected from infected chambers at 72
h after infection and analyzed by scanning electron microscopy. (B) Wire only,
no bacteria. (C) Wire from EP-infected chamber. (D) Wire from S. mitis-
infected chamber. Bars, 100 pm (upper panels) or 2 pm (lower panels).

and then become encapsulated in a thin fibrous tissue after 10 days
(Fig. 1C). At this time, they are infected with bacterial suspensions
by direct injection into the chamber through the skin.

S. mitis infection is cleared efficiently in this model, but EP
are not. We infected these chambers with a nonpathogenic oral
species Streptococcus mitis, or with a mixture of four endodontic
pathogens (EP): Prevotella intermedia, Fusobacterium nucleatum,
Streptococcus intermedius, and Parvimonas micra. The chamber
contents were collected at different times after infection, and live
bacterial numbers were measured. While S. mitis infection in these
chambers could be controlled, with bacterial counts dropping by 4
to 5 log units over 7 days (168 h), the EP persisted in the chambers
over this time frame (Fig. 2A), with even a slight increase in CFU
at later times. Bacterial colonies grown from chamber contents at
all time points had differing morphologies, consistent with recov-
ery of all four species. Sequencing of 16S rRNA gene alleles of
several colonies confirmed that all species were recovered from the
chambers (data not shown).

To determine if biofilms formed inside the chambers, a length
of straight titanium wire (the same wire used to form the cham-
ber) was placed inside the chamber during infection, recovered at
72 h after infection, and processed for scanning electron micros-
copy. The results suggest that thick biofilms formed the on the
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FIG 3 Cellular infiltrates in EP-infected and S. mitis-infected chambers are distinct. (A) Total infiltrating cell numbers (left axis, points) and percent neutrophils
(right axis, bars) in chambers infected with S. mitis (S.m.) or EP as indicated; 0 h represents uninfected chambers. *, P < 0.05 for EP compared to S. mitis, by t
test. (B) Top panel, representative histogram of F4/80 staining of 7-day cells (black or dotted line) compared to isotype control (shaded histogram). Bottom
panels, representative CD11b Ly6G double staining of 7-day chamber cells. Monocytes (CD11b™ Ly6g~, Q1) are absent in both populations. (C) PI/Ly6G
staining of chamber cells from uninfected (0 h) S. mitis (top row)- and EP (bottom row)-infected chambers. Cells from chambers were collected at different times
as indicated and analyzed by FACS for Ly6G and PI staining as described in Materials and Methods. Dashed boxes represent the R1, R2, and R3 gates as shown
for the 0-h sample. Quantification of the percent neutrophils in the different populations (n = 5) is depicted by the pie charts below each dot plot. *, P < 0.001
by one-way ANOVA with Bonferroni’s multiple-comparison test comparing each population from EP-infected chambers with that from S. mitis-infected

chambers.

chamber material during EP infection (Fig. 2C). Wires recovered
from S. mitis-infected chambers were coated with a thinner layer
of material that was comprised largely of neutrophils (Fig. 2D).
Whether these neutrophils are adherent to areas of biofilm is dif-
ficult to discern in these analyses.

Neutrophils in EP-infected chambers are abnormal. Host
cells accumulating in uninfected chambers and in chambers at
different times after infection were collected and counted, and the
proportion of neutrophils was determined by flow cytometry us-
ing an antibody for the neutrophil marker Ly6G. Uninfected
chambers contained fewer than 10° cells, of which about 50% were
neutrophils (Fig. 3A, hatched bar). We showed previously that in
uninfected chambers, the cell number and composition remain
unchanged over 7 days (20). Infection with either S. mitis or EP
resulted in a 10-fold increase in total cell numbers by 12 h after
infection (Fig. 3A, points, left axis). At 2, 12, and 24 h, there were
significantly more cells in the S. mitis-infected chambers than in
those infected with EP. This was reversed by 7 days, when the total
cell number in EP-infected chambers was significantly higher than
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that in S. mitis-infected chambers. The proportion of neutrophils
was 70 to 80% from 12 to 72 h and was similar in both S. mitis- and
EP-infected chambers (Fig. 3A, bars, right axis). An apparent de-
crease in the proportion of neutrophils at 168 h in EP-infected
chambers is likely the result of a lower level of expression of Ly6G
on the neutrophil population at this time point rather than a
change in the cell population (Fig. 3C) (see below). At 2 h the
proportion of neutrophils was lower in both types of chambers
than at later times, suggesting that the initial cellular infiltrate
comprises primarily nonneutrophils, although the identity of
these cells was not determined. Interestingly, we were unable to
detect a clear population of macrophages (F4/80™) or monocytes
(Cd11b*/Ly6G™) (24) in these chambers (Fig. 3B). While the re-
sults are shown for 7 days after infection, similar results were ob-
tained at each time point (data not shown). It is not clear why
these cell types are absent from the chamber, but we hypothesize
that macrophages may be adherent to the perichamber tissue and
are not released during collection of the chamber exudates.
Despite the similar proportions of infiltrating cells, there were
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FIG 4 (A and B) Appearance of S. mitis (A)- and EP (B)-infected chambers at 7 days after infection, indicated by arrows, showing swelling around EP-infected
chambers. (C) Quantification of width of chamber tissue. (D) Appearance of fluid recovered from S. mitis-infected chambers (left) and EP-infected chambers

(right). **, P < 0.001 by ¢ test.

dramatic differences in the characteristics of the cells in chambers
infected with S. mitis and EP. Propidium iodide (PI) was used to
determine the proportions of live and dead neutrophils in the
chambers at different times after infection, since neutrophils are
short-lived cells and neutrophil death can regulate the host re-
sponse to infection (25). Neutrophils in uninfected chambers
were predominantly live (PI negative) and were designated the R1
population (Fig. 3C, top row). S. mitis-infected chambers con-
tained up to 36% R1 cells at early times after infection (2, 12, and
24 h), along with a population of strongly PI-positive cells (R3)
that comprised the majority of the neutrophil population (Fig. 3C,
middle row). In EP-infected chambers, on the other hand, very
few PI-negative live cells were seen at any time, with a maximum
of 14% at 2 h after infection. There was also a population of R3
cells in these chambers, but it was not distinct and decreased over
time. Rather, 47 to 84% of the population in these chambers was
stained to an intermediate level with PI (R2 population) (Fig. 3C,
bottom row). Quantification of these populations revealed signif-
icant differences between the neutrophil populations in S. mitis-
and EP-infected chambers (Fig. 3C, pie charts). The distinct
difference in these populations was also evident by analysis of
forward scatter and side scatter, where cells in the EP-infected
chambers become continually smaller and less granular (data not
shown). None of the PI-positive populations reacted with isotype
control antibodies or with other antibodies such as F4/80, and
CD11b staining was lower in the PI-positive population than in
PI-negative cells (data not shown), indicating that the Ly6G stain-
ing of these populations was specific.

Changes in the EP-infected chambers by day 7. By 7 days after
infection, there were striking differences in the appearance of
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the tissue surrounding the EP- and S. mitis-infected chambers.
While S. mitis-infected chambers retained their preinfection size,
substantial swelling and edema had occurred around the EP-in-
fected chambers (Fig. 4A and B) so that the diameter of the
EP-infected chambers was significantly larger than that of the S.
mitis-infected chambers (Fig. 4C). The fluid collected from .
mitis-infected chambers was clear, while EP-infected chamber
fluid was white and cloudy (Fig. 4D). This appearance probably
reflects the increase in dead cells and bacteria accumulated in
these chambers at this time; although the proportion of neutro-
phils remains the same as at earlier times, their characteristics have
changed, with lower Ly6G expression and lower forward scatter
(Fig. 3 and data not shown).

Neutrophils from EP-infected chambers are functionally im-
paired. In order to understand the nature of the cells in the differ-
ent chamber populations, we tested their ability to perform bac-
terial killing functions, including phagocytosis and production of
reactive oxygen species. These assays were designed to be evalu-
ated ex vivo by flow cytometry, so we could gate on the neutrophil
population. Phagocytosis was measured using pH-sensitive fluo-
rochrome-labeled E. coli (pHrhodo). The fluorescence intensity of
these bacteria increases 8- to 10-fold at the pH of the lysosome
compared to the extracellular pH, distinguishing phagocytosed
bacteria in lysosomes from nonspecifically bound cells. Specific
phagocytosis was defined as the mean fluorescence intensity
(MFI) of control samples minus the MFI of samples incubated on
ice, where phagocytosis is inhibited. Neutrophils from S. mitis-
infected chambers performed substantial phagocytosis at 12 and
24 h after infection, and lower levels of phagocytosis ability per-
sisted until 7 days after infection. Compared to these neutrophils,
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FIG 5 Neutrophil function is suppressed in EP-infected chambers. Phagocytosis and ROS production were measured by FACS in Ly6G ™ cells. (A) Phagocytosis
was determined using pHrhodo-labeled E. coli, and specific phagocytosis was calculated as described in Materials and Methods. (B) Production of reactive oxygen
species was detected using CellROX Deep Red. The geometric median fluorescence intensity (MFI) determined after 1 h of incubation at 37°C is shown. (C)
Maximal ROS production in each sample was determined by treatment with CelROX Deep Red in the presence of the ROS stimulator TBHP. (D) Myeloper-
oxidase (MPO) activity was measured in total chamber fluid. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001 (by 1-way ANOVA).

the phagocytic ability of cells from the EP-infected chambers was
severely impaired. While neutrophils from EP-infected chambers
were able to perform phagocytosis at 12 h after infection similarly
to cells from S. mitis-infected chambers, beyond this time there
was a steep drop-off in total phagocytic ability of the EP cells from
that of the S. mitis-infected chambers (Fig. 5A). From 24 h to 7
days after infection, cells from EP-infected chambers had only
about 1/3 of the phagocytic capacity as cells from S. mitis-infected
chambers. Similarly, the generation of reactive oxygen species
measured directly (Fig. 5B) or maximal potential ROS generation
measured in the presence of the ROS activator TBHP (Fig. 5C) was
significantly lower in cells from the EP-infected chambers than in
those from S. mitis-infected chambers at early time points. By 7
days after infection however, the ability of the cells from EP-in-
fected chambers to generate reactive oxygen species was substan-
tially higher than that of cells from the S. mitis-infected chambers,
suggesting that at later times, the EP induce an altered cellular
response in the chamber neutrophils. In an in vitro bacterial killing
assay, significantly lower killing ability of neutrophils from EP-
infected chambers than of those from S. mitis-infected chambers
was also observed (data not shown). On the other hand, myelo-
peroxidase activity was significantly higher in fluid collected from
the EP-infected chambers than in that from chambers those in-
fected with S. mitis at most time points (Fig. 5D), indicating in-
creased release of myeloperoxidase from cells in EP-infected
chambers.

R2 and R3 populations have different characteristics. To elu-
cidate the difference between the R2 and R3 populations, we in-
vestigated their mechanisms of cell death. We used an alternative
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cell-impermeative fluorochrome (LIVE/DEAD fixable; Invitro-
gen) that reacts with amines on the cell surface of intact cells, to
give dim staining, or with intracellular amines in cells with com-
promised membranes, resulting in strong staining. PI-positive cells
from both S. mitis- and EP-infected chambers stained strongly
with this reagent, indicating that both had compromised mem-
branes (Fig. 6A). However, while PI-positive cells from the S. mi-
tis-infected chambers stained with annexin V, suggesting that they
were late apoptotic, the R2 population was predominantly an-
nexin V negative (Fig. 6B). Annexin V-negative, PI-positive neu-
trophils have been previously characterized as primary necrotic
(26). We further tested the ability of the different cell populations
to adhere to fibronectin, a process that requires integrin binding
followed by focal adhesion formation and actin polymerization,
or to poly-D-lysine, where adherence results from passive interac-
tion of cell surface proteins with the positively charged surface.
Cells isolated from S. mitis-infected chambers at 24 h, represent-
ing predominantly live R1 cells, or at 72 h, comprising mostly
PI-positive R3 cells, adhered equally well to fibronectin and to
poly-D-lysine, suggesting that integrin-based cell adhesion func-
tion was retained in these cells, although adhesion to fibronectin
was significantly reduced at 72 h. In contrast, at 24 h, the adhesion
of EP cells to fibronectin was only about 25% of that of S. mitis
cells, and cells from EP-infected chambers (R2) adhered signifi-
cantly less well to fibronectin than to poly-D-lysine at both time
points (Fig. 6C). Together, these results demonstrate that the R3
and R2 populations represent neutrophils approaching cell death
through different pathways, likely apoptosis and necrosis, respec-
tively.

iai.asm.org 4073


http://iai.asm.org

Matsui et al.

A S.mitis EP

Live Dead Live

!

Live/Dead —>

AnnexinV-__AnnexinV* AnnexinV- Annexin\/_f

] R3
3 R2
T ] R1
o i A R —
AnnexinV —>
*
1200+ Nn.S.
~— [JFibronectin
10004 *k Il Poly-D-lysine
(] -
T 8004 m
0
% 6004
8 4004
200+
S.m. EP S.m. EP
24 h 72 h

FIG 6 Neutrophils from EP-infected chambers are not apoptotic but have
features of dead cells. (A) Top panels, neutrophils were collected from S. mitis-
or EP-infected chambers at 24 h after infection and stained with PI together
with LIVE/DEAD stain (Invitrogen). A representative image of 4 determina-
tions is shown. Bottom panels, annexin V/PI staining of neutrophils from S.
mitis- or EP-infected chambers at 24 h after infection. Regions representing
R1, R2, and R3 populations as well as annexin V-positive and -negative pop-
ulations are indicated. The circled area indicates the annexin V-negative R2
population. A representative image of 4 determinations is shown. (B) Neutro-
phils from S. mitis (S.m.)- or EP-infected chambers were collected at the indi-
cated times. Equal numbers of cells were applied to coverslips coated with
fibronectin or poly-D-lysine and allowed to adhere for 1 h. After washing, the
cells were stained and the number of cells per field determined by counting. **,
P < 0.01;%, P <0.05 (by t test). n.s., not significant.

R2 and R3 neutrophils differ morphologically. We then as-
sessed the morphology of the different cell populations by Wright
staining and transmission electron microscopy (TEM). We were
unable to isolate the R1 population by cell sorting, probably be-
cause these cells have a short life and are converted to R3 during
the sorting process. Therefore, we examined cells isolated from
chambers with a prominent population of each of the three PI
staining types. R1 cells were represented by isolated bone marrow
neutrophils (Fig. 7, row 1) or by cells from S. mitis-infected cham-
bers at 24 h, where 25 to 30% of the cells are R1 (Fig. 7, row 2). R2
cells comprise 85 to 90% of the population in cells from EP-in-
fected chambers at 72 h (Fig. 7, row 3). At 72 h after infection, 85
to 90% of cells from the S. mitis-infected chambers are R3 (Fig. 7,
row 4). The morphologies of these three populations seen by
Wright staining were very different, with neutrophils from S. mi-
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tis-infected chambers showing ring-shaped or multilobed nuclei
(similar to bone marrow neutrophils) (Fig. 7a, row 1) and numer-
ous phagocytosed bacteria at 24 h (Fig. 7a, row 2). By TEM, these
cells also had a structure similar to that of BM neutrophils (Fig. 7b,
rows 1 and 2), except that R1 cells from S. mitis-infected chambers
had phagocytosed bacteria and more convoluted nuclei. R3 cells
from these chambers had a distinct morphology by Wright stain-
ing: the nuclear structure was less distinct, and the cells were sur-
rounded by fibrous exudates consistent with extracellular DNA
representing neutrophil extracellular traps (NETs) (Fig. 7a, row
4), although we have not confirmed that these structures are
NETs. TEM showed that these cells had less-dense nuclei and an
amorphous cell structure, with membrane blebbing consistent
with apoptosis. R2 cells, on the other hand, showed a morphology
very different from those of the other cell types. By Wright stain-
ing, the cells were present in groups connected by amorphous
substance, with dense small nuclei and no visible nuclear structure
(Fig. 7a, row 3). TEM revealed a dramatic loss of cell structure
(Fig. 7b, row 3). The plasma membrane of these cells appeared
disrupted, and while granules were still present, a normal cellular
structure was absent. Strikingly, the nuclei of these cells were frag-
mented or absent. Together, these results support the idea that R3
neutrophils are late apoptotic, while R2 neutrophils from the EP-
infected chambers have features more similar to those of necrosis.

P. intermedia alone can generate R2 neutrophils. Our obser-
vations suggested that the four endodontic pathogens are able to
damage and kill infiltrating neutrophils, but it is not clear if one of
these species is responsible or if all four are necessary. Therefore,
we infected chambers with each of the four species individually at
1 X 10° CFU/chamber and evaluated the bacterial load and cellu-
lar infiltrates at 24, 72, and 168 h after infection. Analysis of the
bacterial load at different times showed that there was an initial
drop in CFU of all four species by 24 h, with a further decline at 72
h. However, the number of P. intermedia cells recovered did not
further decline at 7 days, unlike for the other species, which all had
significantly lower bacterial numbers at this time point. All four
species were killed less effectively than S. mitis, however (Fig. 8A).
The number of infiltrating host cells was variable between the
species and for most species was variable at the different time
points. Only in P. intermedia-infected chambers was there a sig-
nificant increase in infiltrating cell numbers at 168 h (Fig. 8B),
similar to the case for the EP-infected chambers. Importantly, at
24 h after infection, only P. intermedia caused the appearance of
the R2 PI-intermediate population (Fig. 8C, top panel); quantifi-
cation of the data from five different animals (Fig. 8C, bottom
panel) indicated a highly significant increase in the R2 population
and decrease in the R3 population in cells from P. intermedia-
infected chambers compared to those from the other three species.
The ability of neutrophils from chambers infected with the differ-
ent species to perform phagocytosis was tested at the different
time points, and variable results were obtained. At all time points,
however, the phagocytosis ability of neutrophils from P. interme-
dia-infected chambers was very low. This is best appreciated by
adding together the specific phagocytosis levels at all three time
points (Fig. 8D, hatched bars); this value is significantly lower for
neutrophils from P. intermedia-infected chambers than for those
from chambers infected with the other three species (Fig. 8D). The
generation of reactive oxygen species, on the other hand, was sim-
ilar in all species, with the exception of F. nucleatum, where high-
level ROS production was seen at 24 h after infection (Fig. 8E).
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FIG 7 Neutrophils from S. mitis-infected chambers either are healthy or have apoptotic features, while those from EP-infected chambers appear necrotic. Cells
were collected from S. mitis- or EP-infected chambers at time points when a large proportion of the cells are identified as R1, R2, or R3 by PI/Ly6G FACS analysis.
These cells were then applied to coverslips and stained with Wright stain or fixed and processed for TEM. (a) Wright-Giemsa staining; (b) TEM; (c) representative
PI/Lygb6 staining of analyzed populations. Rows: 1, partially purified bone marrow neutrophils represent R1 cells; 2, cells collected from S. mitis-infected
chambers at 24 h after infection are both R1 and R3; 3, cells collected from EP-infected chambers at 24 h are predominantly R2; 4, cells collected from S.
mitis-infected chambers at 72 h represent the R3 population. R1 cells in row 2 were identified as distinct from cells with morphology similar to R3 cells identified
in row 4. N, nucleus; arrows (a) and open arrowheads (b), phagocytosed bacteria; dashed arrows (a), extracellular strands consistent with NETs. Bars, 20 um (a)

and 5 pm (b).

The sum of the ROS production at all time points was highest for
F. nucleatum but was not significantly different between the other
species. Taken together, these results suggest that while all four
endodontic pathogens are killed less efficiently than S. mitis, P.
intermedia is most responsible for the damage to the neutrophil
population.

DISCUSSION

Our results demonstrate that while the innate immune response
to a nonpathogenic species functions efficiently to kill bacteria
inoculated into the subcutaneous chamber model, this response is
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completely inhibited in infections containing P. intermedia. This
inhibition results from a cytotoxic effect on infiltrating neutro-
phils resulting in cell death through an apparently necrotic path-
way and a strong suppression of antibacterial functions. The phys-
ical structure of the root canal and associated bone likely restricts
access of innate and other immune cells to the site of the infection,
contributing to the development of necrosis and the failure of
innate immunity in these infections (27). Our results for the first
time demonstrate that cytotoxic activity of bacterial species typi-
cally associated with these infections, especially P. intermedia, may
also contribute to the persistence of these infections. Previous ex-
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FIG 8 P. intermedia alone causes neutrophil damage. Each of the four endodontic species was injected individually into chambers at 1 X 107 cells/chamber. (A)
Live bacteria were enumerated as for Fig. 2. ***, P < 0.001 for P. intermedia versus all other species by 1-way ANOVA. (B) Infiltrating host cells recovered from
infected chambers at different times were quantified as for Fig. 3. ***, P < 0.001; ¥, P < 0.05 (by 1-way ANOVA). (C) Upper panels, the PI staining pattern of
chamber neutrophils (Ly6G ™) was determined in cells collected at 24 h after infection as for Fig. 3. Lower panel, quantification of different PI-stained populations
as indicated. ***, P < 0.001 for P. intermedia versus all other species by 1-way ANOVA. (D) The phagocytic abilities of cell populations isolated from chambers
at the indicated time points were determined as for Fig. 5. Total phagocytosis is the sum of the specific phagocytosis values at all three time points. ***, P < 0.001.
(E) Production of reactive oxygen species was determined as for Fig. 5. *, P < 0.05 for total F. nucleatum versus all other species by 1-way ANOVA. Pi, P.

intermedia; Fn, F. nucleatums; Si, S. intermedius; Pm, P. micra.

periments have demonstrated that endodontic pathogens can per-
sist and form transmissible abscesses in animal models (28), but
ours is the first demonstration of the mechanism of this persis-
tence.

The effect of the endodontic pathogens on neutrophils is com-
plex. An obvious marker of this effect is the generation of the R2
population, with PI staining at a level intermediate between those
for live and dead cells. Two possible mechanisms can account for
this intermediate staining: either the ability of PI to enter the cells
is limited, or the amount of DNA available to bind PI is reduced.
The first mechanism has been proposed in the case of neutrophils
treated in vitro with the cytolysin streptolysin O (SLO), where the
Pl-intermediate cells have taken up PI through pores formed by
SLO but these pores have subsequently been resealed, resulting in
a limited amount of PI uptake (29). This mechanism is probably
not applicable in our case, because the PI staining is performed
after cell isolation and FACS staining and is performed on ice, so
the neutrophils should be metabolically inactive, and ongoing
pore formation and resealing would be limited. In addition, stain-
ing with LIVE/DEAD stain (Fig. 6) confirms that the R2 cells have
permeable or disrupted membranes. The TEM results (Fig. 7) sug-
gest that the R2 neutrophils have an extremely distorted structure,
with fragmented or even absent nuclei, supporting the alternative
hypothesis that there is a reduced amount of cellular DNA in the
R2 population to bind PI. Neutrophil extracellular trap formation
(30) involves release of chromatin fibers and could result in a
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reduced amount of intracellular DNA. However, peritoneal neu-
trophils treated with phorbol myristate acetate (PMA) to induce
NET formation did not result in generation of the R2 population
(data not shown), and apparent NET formation in neutrophils
from S. mitis-infected chambers is not associated with generation
of the R2 population (Fig. 7). Thus, it is unlikely that production
of NETs generates the R2 population; rather, it appears that the EP
and P. intermedia induce the R2 population through direct dam-
age resulting in nuclear fragmentation and loss.

Clearly the death of neutrophils caused by EP/P. intermedia is
distinct from the neutrophil death that occurs in the S. mitis-
infected chambers. In the latter case, the annexin V/strong PI pos-
itivity and the membrane blebbing seen in TEM support the idea
that these cells are apoptotic, although their nuclei are not con-
densed, and we have not seen evidence of early apoptotic cells
(data not shown). On the other hand, the R2 population is an-
nexin V negative, and the disrupted appearance of these cells by
TEM resembles primary necrosis (31), which can be associated
with cell lysis. Since cells undergoing pyroptosis also appear ne-
crotic (32), we cannot rule this out as a potential mechanism of
cell death, especially as pyroptosis is caused by several bacterial
species (33). However, clearly the determination of the mecha-
nism of cell death caused by P. intermedia is an area of great inter-
est for future work.

The EP/P. intermedia could be directly killing neutrophils
through pore formation caused by a cytolysin. By TEM, the R2
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neutrophils seem to be already lysed or in the process of lysis (Fig.
7), although these cells appear intact by phase-contrast micros-
copy (data not shown) and are seen as intact cells in flow cytom-
etry. Cells with membranes perforated by pores could have these
characteristics. Furthermore, the observation that myeloperoxi-
dase levels are higher in fluid from chambers infected with EP than
in that from chambers infected with S. mitis (Fig. 4D) supports a
cell lytic mechanism. Myeloperoxidase is present in preformed
neutrophil granules, which are released upon activation (34). Per-
haps granule release during the process of pore formation/cell lysis
contributes to the observed myeloperoxidase activity.

Therefore, our results support the idea that P. intermedia pro-
duces a cytolysin in the chamber environment that damages or
kills neutrophils. While cytolysin activity has not previously been
described for P. intermedia, this species is beta-hemolytic, and
several genes encoding putative hemolysins have been identified
but are not well characterized (35, 36). Whether the described
hemolysins are also cytotoxic to neutrophils is not known, and we
have not determined if the EP/P. intermedia are cytotoxic to cell
types other than neutrophils, such as red blood cells. P. intermedia
also produces a protease, interpain A, that can inactivate comple-
ment (37), but this activity is unlikely to cause the extreme damage
to neutrophils that occurred in the chambers. Alternatively, both
P. intermedia and F. nucleatum can generate succinate during met-
abolic activity (38, 39), and succinate has the ability to suppress
neutrophil phagocytosis (40). While this activity may contribute
to the toxic activity of the EP, it is unlikely to act alone, since
succinate suppresses phagocytosis in neutrophils but does not di-
rectly kill them. In addition, its activity requires an acidic medium,
and the pH of the chamber fluid is near neutral (data not shown).
Thus, it is likely that the cytotoxic activity we described for P.
intermedia has not been previously characterized.

In this work, we compared infection with a single Gram-neg-
ative species to that with a mixture of Gram-negative and Gram-
positive species. The increased efficiency of the innate immune
response in eradicating S. mitis in the chamber may to some extent
be expected, since increased virulence of polymicrobial infections
over those with individual species has been demonstrated previ-
ously (41-43). However, the results of infection with individual
species confirm that there is a significant difference among the
responses to all the species. The comparison between F. nucleatum
and P. intermedia is informative, since these are both Gram-neg-
ative species with very different effects on the innate immune re-
sponse. None of the endodontic pathogens are cleared as effi-
ciently as S. mitis (Fig. 8), so it is likely that they all can inhibit
neutrophil function to some extent. F. nucleatum expresses a cell
surface-associated protein that induces apoptosis in human lym-
phocytes (44), and S. intermedius produces a human-specific cho-
lesterol-dependent cytolysin (intermedilysin) (45). It is likely,
therefore, that the four pathogens generate a combination of vir-
ulence factors that together contribute to the neutrophil damage
we observed. Nevertheless, the role of P. intermedia appears to be
critical.

Formation of biofilms by bacterial species contributes to resis-
tance of the bacteria to antibiotic and innate immune killing (46).
It is widely thought that biofilm formation contributes to the per-
sistence of endodontic infections, and indeed biofilms have been
directly stained in infected pulp chambers (47, 48). It is likely that
biofilms form inside the titanium chambers in our infection
model, and our SEM results are consistent with the appearance of
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biofilm in chambers infected with EP (Fig. 2B to D). Material
adhering to the chamber material during S. mitis infection at 3
days, however, appears to be comprised primarily of neutrophils,
and individual bacteria were present but not common. This strain
has been shown to form biofilm under appropriate conditions in
vitro (49), suggesting that biofilm forms in the chamber model as
well. Biofilm formation may contribute to the persistence of the
bacteria in the EP-infected chambers and may account to some
extent for the difference in clearance between EP and S. mitis. On
the other hand, the biofilms may accumulate in the EP-infected
chambers because the bacteria are not being killed by the host,
while ongoing bacterial destruction in the S. mitis-infected cham-
bers limits biofilm formation. Further work is required to distin-
guish these possibilities. Biofilms have been shown to be suscep-
tible in vitro to neutrophil killing, (50, 51), so it will be of interest
in future experiments to define the role of biofilm formation in
this model.

While endodontic infections are invariably polymicrobial, Pre-
votella species are strongly associated with both primary endodon-
tic and periapical infections (4, 52). In one study of endodontic
infections of deciduous teeth, P. intermedia was the most fre-
quently identified species out of 83 taxa assessed: overall, 96.5% of
the 40 samples tested contained P. intermedia (53). Another recent
sequencing-based study identified Prevotella species in 91 to 94%
of patients (52). In many studies, Prevotella species are the first or
second most frequently identified species (4, 52). These observa-
tions can be explained by our discovery of a cytotoxic activity
associated with P. intermedia. Since this activity suppresses neu-
trophil function, it can protect all the species in the infected teeth
in addition to P. intermedia. Our results suggest that as long as P.
intermedia is present, all species can survive and the infections can
persist. P. intermedia is also associated with the severe oral infec-
tions necrotizing gingivitis and noma (54) and with several other
polymicrobial infections, including diabetic foot ulcers (55) and
bacterial vaginosis (56), and is found in lungs of cystic fibrosis
patients (57). It is possible that the cytotoxic activity we have de-
scribed may be important in these other infections as well.

Our studies used strains of endodontic pathogens obtained
from ATCC. These strains have been used for many years in stud-
ies of the host response to endodontic infection in a mouse model
(6,7, 11) and have the advantage that they are readily available for
others to reproduce the results. It will be of great interest to assess
the association of the cytotoxic activity we identified with clinical
isolates of P. intermedia and with different Prevotella species that
are also strongly associated with endodontic infections, such as P.
denticola and P. nigrescens (4). It must be noted, however, that the
four species used in this study represent just a fraction of the
species found associated with endodontic infections, where recent
sequencing studies have identified more than 900 individual spe-
cies (58).

Several aspects of P. intermedia have been studied in the past,
so it is of interest why the cytotoxic activity has not been identified
previously. We suggest that the unique attributes of the chamber
model allow the observation of this phenotype. Importantly, the
chamber is likely to support a relatively anaerobic environment
with its small size and restricted tissue exposure. In addition, the
solid surface provides an excellent substrate for biofilm forma-
tion. Itis likely that the chamber model provides appropriate con-
ditions allowing the EP to survive and express the neutrophil-
damaging activity. However, the effectiveness of the neutrophils
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in chambers infected with S. mitis and several of the individual
species in reducing the number of live bacteria demonstrates that
the innate immune system is fully capable of clearing infections in
these chambers. In addition, the high density of bacteria in these
chambers raises the possibility that the neutrophil-damaging ac-
tivity may be upregulated at high bacterial concentrations or in the
specific environment of the subcutaneous chamber. Such a phe-
nomenon would explain why in previous experiments using dif-
ferent model systems with lower bacterial inocula, P. intermedia
was able to be cleared by the host (59). Conditions similar to those
in the chambers may prevail in the tooth root canal, including
limited volume, a solid surface conducive to biofilm formation,
the presence of neutrophils associated with biofilms (48), and lim-
ited access by infiltrating cells. The total inoculum used in our
experiments may be higher than that found in the pulp chamber,
even taking into account the larger volume of the titanium cham-
bers compared to the pulp chamber. However, locally high bacte-
rial concentrations may exist in the pulp chamber, especially in
biofilms, and our model aims to reproduce these high concentra-
tions.

In summary, we describe here for the first time a novel viru-
lence activity associated with P. intermedia that induces neutro-
phil dysfunction and death, allowing infections with this organism
to evade neutrophil control. This activity can explain in part why
endodontic infections including this species are so difficult to con-
trol, since they directly impair the innate immune defense of the
host. These observations may also explain the persistence of other
polymicrobial infections where Prevotella species have also been
identified. Future work to characterize this activity and its mech-
anism of action will be important and may lead to new therapeutic
approaches for control of endodontic and other infections.
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