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Human Pulp Fibroblast Implication
in Phagocytosis via Complement Activation

Chlo�e Le Fournis, MSc,* Christina Hadjichristou, MSc,† Charlotte Jeanneau, PhD,*
and Imad About, PhD*
Abstract

Significance

After decay or tooth fracture with pulp exposure,
clearance of pathogen is essential before setting
up the regenerative process. C3b produced by
pulp fibroblasts leads to bacteria phagocytosis.
The clinical outcome of reversible pulpitis can be
improvedbymaintaining the viability of the residual
pulp tissue.
Introduction: Previous works have shown that human
pulp fibroblasts synthetize all complement components.
Local complement activation in the dental pulp is known
to be involved in inflammation and regeneration and
also in pathogen destruction through membrane attack
complex formation. Bacterial elimination by
complement-mediated phagocytosis implies microor-
ganism opsonization with the complement C3b protein,
which is recognized by specific phagocytic cell CR1 re-
ceptors for subsequent intracellular destruction. This
work was designed to find out whether pulp fibroblasts
produce C3b and check its subsequent implication in
bacteria phagocytosis. Methods: The expression of
C3b was investigated in carious and healthy human
pulp tissues. To simulate a bacterial infection
in vitro, cultured human pulp fibroblasts were stimu-
lated with lipoteichoic acid, and C3b secretion was
quantified by an enzyme-linked immunosorbent assay.
C3b fixation on bacteria (opsonization) and the inflam-
matory THP-1 cell complement receptor 1 was studied
by immunofluorescence. A gentamycin protection assay
was used to check the implication of C3b secretion by
fibroblasts in bacteria phagocytosis. Results: Pulp cells
constitutively express C3b in vivo, and cultured pulp
fibroblasts produce C3b. We observed a fixation of
this C3b protein on the bacterial surface (opsonization)
and the THP-1 CR1 receptor. This recognition leads
to a significant increase in bacteria phagocytosis.
Conclusions: These results showed that pulp fibro-
blasts mediate the process of phagocytosis by producing
the complement C3b protein and opsonizing bacteria.
This highlights a significant role of fibroblasts in the
dental pulp local regulation of inflammation. (J Endod
2019;-:1–7)
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During the carious pro-
cess, cariogenic bac-

terial infiltration through
dentin tubules allows
them to reach the dental
pulp. Salivary bacteria
can also reach the dental
pulp after tooth fracture
with pulp exposure.
Arresting bacterial prolif-

eration and subsequent elimination is a prerequisite to resolve the pulp inflammatory
reaction in order to initiate the dentin-pulp regeneration process.

More recently, pulp fibroblasts have been shown to be on the crossroads of inflam-
mation and regeneration because of their capacity to synthesize complement proteins
(1), highlighting the central function of these cells in regulating the pulp response to
injury. Complement is an efficient immune surveillance system. After its activation,
this protein cascade, composed of more than 40 proteins, allows a rapid and amplified
response to bacterial stimulation (2). Complement proteins are known to be synthe-
sized by the liver and inflammatory cells, but a recent study has shown that after lipo-
teichoic acid (LTA) stimulation, pulp fibroblasts secrete functional complement
proteins (3). In addition to their functions during the inflammatory reaction, recent
data reported the involvement of complement activation in dentin-pulp regeneration
(4). Indeed, the complement C3 protein produced by pulp fibroblasts is cleaved to
C3a and C3b. The soluble C3a fragment has been shown to be involved in fibroblast
proliferation and recruitment as well as stem cell proliferation and mobilization (5).
Another protein, C5, can be cleaved to C5a and C5b after complement activation.
The soluble C5a has been shown to be involved in brain-derived neurotrophic factor
secretion. Coculture of pulp fibroblasts with human neurons in a microfluidic culture
system showed that when pulp fibroblasts were stimulated with LTA (simulating bacte-
rial infection), they guided nerve sprouting toward the LTA-stimulated fibroblasts (6).
This C5a fragment also has been involved in selectively guiding pulp stem cell migration
and their recruitment in a gradient-dependent manner (7). The second cleavage frag-
ment, called C5b, combines to other complement fragments to form the membrane
attack complex (MAC), a lytic pore in the bacteria membrane leading to cell lysis.
Indeed, coculture of fibroblasts with cariogenic bacteria has shown that the fibroblasts
synthesize MAC proteins, which form a functional MAC complex fixed directly on bac-
teria membranes leading to their lysis as shown by the bacteria viability test (8). How-
ever, the role of the locally produced C3b fragment by pulp fibroblasts has not been
investigated yet. This fragment is known as an opsonin (9). It opsonizes bacteria,
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and it is well established that the opsonization of pathogens leads to a
more efficient phagocytosis (10) thanks to the complement receptor 1
(CR1) expression on phagocytic cells. This receptor recognizes C3b
bound on bacterial membranes leading to their engulfment. CR1
expression has been shown to be increased by tumor necrosis factor
alpha, tumor necrosis factor beta, or interleukin 4 (11). The aim of
this study was to investigate the involvement of C3b produced by pulp
fibroblasts in bacteria phagocytosis.

We detected the C3b protein in healthy and carious tissues and
quantified C3b protein secretion by cultured human pulp fibroblasts.
Then, we tested the ability of C3b to opsonize bacteria and its recogni-
tion by the macrophage CR1 receptor. Finally, we studied the impact of
C3b production by pulp fibroblasts on bacteria engulfment by macro-
phages.

Materials and Methods
Reagents

Cell culturematerials and reagents were obtained fromDominique
Dutscher (Brumath, France). Complement C3b antibody, CR1 antibody,
and secondary antibodies were obtained from Life Technologies
(Saint-Aubin, France).

Immunohistochemistry
Pulps were obtained from human immature third molars freshly

extracted for orthodontic reasons in compliance with French legisla-
tion; informed patient consent and institutional review board approval
of the protocol were obtained. Pulps were fixed and routinely processed
as described previously (5). Pulp sections were deparaffinized and re-
hydrated, and nonspecific binding sites were blocked with 3% bovine
serum albumin in phosphate-buffered saline (PBS). Sections were
incubated for 2 hours with mouse immunoglobulin (Ig) G antihuman
C3b (10 mg/mL) or an isotype control followed by secondary antibody
Alexa Fluor 594 donkey antimouse IgG (2.5mg/mL) and counterstained
with 1 mg/mL 40,6-diamidino-2-phenylindole (DAPI) for 45 minutes.
Some sections were stained with hematoxylin-eosin (Sigma-Aldrich,
St Louis, MO) according to the manufacturer’s instructions.

Bacteria Culture
Two cariogenic bacteria strains were used: Streptococcus mu-

tans (American Type Culture Collection [ATCC] No. 31383) and Strep-
tococcus sanguinis (ATCC No. BAA-1455). Additionally, 2 strains that
can be found in the saliva (12) were used: Enterococcus faecalis
(ATCC No. 47077) and Enterococcus faecium (ATCC No. 1943). All
bacteria were obtained from ATCC (Manassas, VA) and cultured at
37�C in an aerobic condition in Lennox Broth base medium (Life Tech-
nologies).

THP-1 Cell Culture
THP-1 cells, a human monocytic cell line (Sigma-Aldrich), were

cultured in Roswell Park Memorial Institute medium as described pre-
viously. THP-1 cells were activated with 100 ng/mL phorbol
12-myristate 13-acetate for 48 hours.
Pulp Fibroblast Cell Culture
Primary pulp cells were prepared from immature third molars by

the explant outgrowth method. Pulp fibroblasts were isolated from pulp
cell cultures and characterized as previously described (8, 13). Pulp
fibroblasts were cultured in minimal essential medium supplemented
with 10% fetal bovine serum, L-glutamine 2 mmol/L, penicillin/
2 Le Fournis et al.
streptomycin 50 mg/mL, and amphotericin B 0.25 mg/mL at 37�C in
a 5% CO2 atmosphere.

Stimulation of Pulp Fibroblasts
At subconfluence, fibroblasts were incubated with serum-free me-

dium� LTA at 1 mg/mL. The fibroblast supernatants were harvested at
different incubation periods and used for the following experiments.
Serum-free medium was used as the control.

C3b Quantification
Supernatants were harvested after 5 and 24 hours to determine the

C3b concentration using an enzyme-linked immunosorbent assay. Cul-
ture plates (Nunc Maxisorp, Dutscher) were coated with human C3b
antibodies (10 mg/mL) overnight at 4�C. Nonspecific binding sites
were blocked with 3% milk in PBS for 1 hour, and then samples and
standards of complement C3b human protein (Calbiochem; Millipore,
Burlington, MA) were incubated at room temperature (RT) for 2 hours.
Biotinylated secondary antibody (C3b Biotin-Human antibody; Assay-
pro, St Charles, MO) was added at 10 mg/mL. After 1 hour, horseradish
peroxidase conjugate streptavidin (R&D Systems, Minneapolis, MN)
was added and incubated for 20 minutes at RT. Tetramethylbenzidine
substrate solution (Life Technologies) was added, and absorbance
was measured at 650 nm. All experiments were performed in triplicate
with 3 different fibroblast populations (Fig. 1).

C3b Fixation on Bacteria
Bacteria (109 bacteria/mL) were incubated for 1 hour at 37�C un-

der agitation in control medium or supernatants� LTA. Bacteria were
washed with PBS and fixed with a hair dryer on 8-well glass culture
chambers. Nonspecific sites were blocked as described earlier, and
bacteria were incubated for 2 hours with mouse IgG antihuman C3b
(5mg/mL) or the isotype control at RT followed by 45 minutes with
Alexa Fluor 594 antimouse IgG (2mg/mL) at RT for 45 minutes (Fig. 1).

Colocalization of CR1 Receptor and C3b on Macrophages
Activated THP-1 cells were grown in 8-well glass culture chambers

to 50% confluency. Cells were incubated with fibroblast supernatants�
LTA for 1 hour at 37�C in 5% CO2. Cells were fixed with 2% paraformal-
dehyde for 15 minutes at 4�C. Then, nonspecific binding sites were
blocked with 1% bovine serum albumin in PBS for 1 hour at RT. Cells
were incubated with mouse IgG antihuman CR1 (7mg/mL) or the iso-
type control overnight at 4�C followed by secondary antibody Alexa
Fluor 488 goat antimouse IgG (2 mg/mL) for 45 minutes. After washing
steps in PBS, cells were incubated for 2 hours at RT withmouse IgG anti-
human C3b (5 mg/mL) or the isotype control followed by secondary
Alexa Fluor 594 donkey antimouse IgG (2 mg/mL) and counterstained
with 1 mg/mL DAPI for 45 minutes (Fig. 1).

Gentamycin Protection Assay
Bacteria ingestion by macrophages was measured using a genta-

micin protection assay as described previously (14). Briefly, bacteria
(107 bacteria/well) were incubated in fibroblast supernatants � LTA
for 1 hour at 37�C under agitation and added to activated THP-1
(105 cells/well) for 2 hours. A negative control was performed by add-
ing Cytochalasin D (Sigma-Aldrich) at 10 mmol/mL. Extracellular bac-
teria were killed with 200 mg/mL gentamicin for 1 hour at 37�C, and
intracellular bacteria were released with 0.1% Triton X-100 (Sigma-Al-
drich, St. Louis, MO) for 5 minutes at RT. Intracellular bacteria were
diluted, and 100 mL was spread across the agar plate surface (Lennox
Broth agar; Pronadisa Conda, Madrid, Spain) in triplicate and
JOE — Volume -, Number -, - 2019
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Figure 1. A sketch of the experimental procedure. To simulate bacterial infection, pulp fibroblasts were incubated in serum-free medium � LTA. Supernatants
were harvested to measure C3b using an enzyme-linked immunosorbent assay. C3b produced by pulp fibroblasts was detected on the bacteria surface (opsoniza-
tion) and on the CR1 macrophage receptor by immunofluorescence. The involvement of C3b produced by pulp fibroblasts in bacteria phagocytosis was analyzed by
a gentamycin test.
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incubated for 24 to 72 hours at 37�C. Colonies were counted on agar
plates, and the average of the triplicates was established. Results were
expressed in colony-forming units (CFUs) per milliliter using the
following equation:

CFU per milliliter ¼ number of colony � dilution factor

volume of spread suspension ðmLÞ

Statistical Analysis
All experiments were repeated in triplicate with 3 different cell

populations to compare the different treatments and their respective
controls. The Student t test was used for statistical analysis. Statistical
significance was set at P < .05.

Results
C3b Expression in the Dental Pulp

Hematoxylin-eosin staining shows an intact pulp for both
healthy (Fig. 2Aa) and carious teeth (Fig. 2Ad). Intense labeling
was observed in healthy (Fig. 2Ab) and carious teeth pulp tissues
(Fig. 2Ae). No fluorescence was observed in the isotype controls
(Fig. 2Ac and 2Af).

C3b Is Produced by Cultured Pulp Fibroblasts
There is a quick and significant increase of C3b release after 5 and

24 hours in fibroblast supernatants (Fig. 2B). The secretion after 24
hours was significantly higher than after 5 hours. No statistically signif-
icant difference was obtained with or without LTA stimulation. C3b was
not detected in the control, showing the absence of C3b protein in the
serum-free medium.
JOE — Volume -, Number -, - 2019
C3b Produced by Pulp Fibroblasts Opsonizes Bacteria
Immunofluorescence images of Streptococcus sanguinis

(Fig. 3Aa), Streptococcus mutans (Fig. 3Ab), Enterococcus faecium
(Fig. 3Ac), and Enterococcus faecalis (Fig. 3Ad) are shown with their
respective phase-contrast pictures (Fig. 3Aa1–Ad1). When gram-
positive bacteria were incubated with fibroblast supernatants after
LTA stimulation, we observed an intense red labeling at the bacterial
surface with all strains. Similar bacteria immunofluorescence labeling
was obtained with supernatants from unstimulated fibroblasts (data
not shown). No fluorescence was detected in the isotype control
(Fig. 3Ae and Ae1).
C3b Produced by Pulp Fibroblasts Is Recognized by
Macrophage CR1 Receptor

When macrophages were incubated with supernatants from unsti-
mulated (Fig. 3Ba–Bc) or from LTA-stimulated fibroblasts (Fig. 3Be–
Bg), we observed a red fluorescence reflecting C3b fixation (Fig. 3Ba
and Be) and a green fluorescence reflecting the CR1 receptor expres-
sion (Fig. 3Bb and Bf) on the macrophage surface. C3b protein fixation
and CR1 receptor expression on the macrophage surface were colocal-
ized as observed in the merged pictures (Fig. 3Bc and Bg). No fluores-
cence was observed in the isotype control (Fig. 3Bd and Bh).
Bacteria Engulfment Is More Efficient with C3b Produced
by Pulp Fibroblasts

To determine whether C3b produced by pulp fibroblasts renders
bacteria more susceptible to phagocytosis by macrophages, a gentamy-
cin protection assay was performed (Figure 4A). Macrophages were
able to phagocyte the 4 bacterial strains: S. sanguinis and S. mutans
Human Pulp Fibroblast Implication in Phagocytosis 3
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Figure 2. C3b complement protein expression and release. (A) Immunofluorescence of C3b expression on healthy and carious teeth pulps. A representative image
of hematoxylin-eosin staining of (Aa) healthy and (Ad) carious teeth pulps. Immunostaining of C3b complement protein (red) on (Ab) healthy and (Ae) carious
teeth pulp shows the expression of C3b in both. (Ac and Af) Isotype controls, respectively. Nuclei were counterstained with DAPI (blue). Scale bars: 50 mm. (B) The
histogram shows a significant increase of C3b secretion in the fibroblast supernatant at 5 and 24 hours with and without LTA stimulation. This secretion at 5 and 24
hours is significantly different from the control. *Indicate significant differences between the 2 conditions (P < .05). Bars represent the means� standard errors of
the mean (n = 3).
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(Fig. 4Ba) and E. faecalis and E. faecium (Fig. 4Bb) in serum-free me-
dium. However, when bacteria were incubated with fibroblast superna-
tants, we observed a significant increase of intracellular bacteria,
reflecting an increase of phagocytosis. A statistically significant differ-
ence was observed between S. sanguinis/S. mutans and E. faecalis/
E. faecium as reflected by the different scales on the y-axis. No signif-
icant differences were observed between phagocytosis in the presence
of fibroblast supernatants� LTA. When Cytochalasin D, an inhibitor of
4 Le Fournis et al.
F-actin–dependent phagocytosis, was added, no CFUs were detected,
indicating that the counted bacteria were only intracellular and engulfed
by phagocytosis.
Discussion
The main outcome of this study is that pulp fibroblasts constitu-

tively express and secrete the complement C3b fragment. The released
JOE — Volume -, Number -, - 2019



Figure 3. C3b opsonization of bacteria and its recognition by macrophage CR1 receptors. (A) Bacteria opsonization is shown by C3b fixation on their
surface. This figure shows immunostaining of C3b protein (red) on the surface of (a) S. sanguinis, (b) S. mutans, (c) E. faecium, and (d) E. faecalis
after their incubation with fibroblast supernatant with LTA and their (a1–d1) respective phase-contrast pictures. (e) The isotype control on S. mutans and
(e1) its respective phase-contrast image. Scale bars: 20 mm. (B) Immunofluorescence shows (a and e) C3b protein and (b and f) CR1 receptor expression
on macrophages incubated with fibroblast supernatant without and with LTA, respectively. c and g are merge images of C3b and CR1 with fibroblast super-
natant without and with LTA, respectively. This shows that C3b is recognized by macrophage CR1 receptor. Nuclei were counterstained with DAPI (blue).
d and h are isotype controls. Scale bars: 20 mm.
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fragment is fixed on bacteria and recognized by its CR1 receptor on
the macrophages. This fixation is followed by stimulation of bacteria
engulfment.

Indeed, C3b protein detection on human healthy pulp sections re-
veals a constitutive C3b expression. This is further confirmed by the
release of this fragment from cultured pulp fibroblasts. The release
of this fragment was found to increase in function of time whether
the fibroblasts were stimulated with LTA or not. This shows a ready-
to-go local regulation potential for gram-positive bacteria opsonization
even before any bacterial invasion of the dental pulp. Although cario-
genic bacteria are mainly gram positive, it remains to be established
whether pulp fibroblasts can also be stimulated by lipopolysaccharides
of gram-negative bacteria.

Immunofluorescence revealed that the C3b produced by pulp fi-
broblasts with or without LTA stimulation opsonizes different bacteria.
This C3b fixation on bacteria was rapid because all studied bacteria
were opsonized within an hour of incubation. This result shows that
JOE — Volume -, Number -, - 2019
the C3b constitutively produced by pulp fibroblasts is bioactive and rep-
resents an immune surveillance system within the dental pulp.

Colabeling experiments of both C3b released in fibroblast super-
natants and macrophage CR1 receptor showed a colocalization of both
proteins on the macrophage membrane, indicating that C3b protein is
recognized by themacrophage by binding to its CR1 receptor. This dem-
onstrates that the C3b fragment synthesized by fibroblasts opsonizes
bacteria and binds to its CR1 receptor on the macrophage membranes.
Pulp fibroblasts stimulated or not by LTA produce the same level of C3b.
Immunofluorescence showed that the C3b protein can opsonize bacte-
ria in both conditions and can be recognized by CR1 receptor on THP-1.

Next, we checked if bacteria opsonized with C3b and recognized by
the macrophage CR1 receptor would lead to a stimulation of their inges-
tion. For this purpose, we used macrophages as phagocytic cells
because macrophages are considered as the major immunocompetent
cells in the dental pulp (15). Additionally, we used an original culture
system of macrophages directly incubated with C3b-opsonized bacteria
Human Pulp Fibroblast Implication in Phagocytosis 5
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Figure 4. Quantification of phagocytosed bacteria: gentamycin protection assay. (A) A schematic illustration of the gentamycin protection assay. (B) The viable
intracellular bacteria count with the gentamycin protection assay. Macrophages were incubated with (Ba) S. sanguinis and S. mutans and (Bb) E. faecalis and E.
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different scales on the y-axis. Bars represent mean values � standard error of the mean (n = 3) (*P < .05).
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called the gentamicin protection assay. This system not only allows us to
check bacteria phagocytosis but also to quantify the viable intracellular
(engulfed) bacteria. It should be pointed out that phagocytic cells
recognize pathogens by 2 mechanisms. The first one is mediated by
the pathogen-associated molecular patterns (PAMPs), which can be
recognized by phagocytic cell pattern recognition receptors (PRRs).
Previous studies have reported that cariogenic bacteria phagocytosis
by inflammatory cells via PAMP/PRR recognition occurs in the dental
pulp (16). Not surprisingly, engulfment of bacteria was also obtained
in our investigation when bacteria were incubated with macrophages
in serum-free medium.

The second mechanism of pathogen recognition by phagocytic
cells is mediated by opsonins such as C3b, which binds to pathogens
in a nonspecific manner. It is well-known that pathogen opsonization
leads to more efficient phagocytosis (17, 18).

The gentamycin test clearly showed that fibroblast supernatants
significantly increased the quantity of intracellular bacteria engulfed
by the macrophages, reflecting a significant increase of phagocytosis
that was inhibited when Cytochalasin D was added. This increase with
fibroblast supernatants was significant when compared with phagocy-
tosis serum-free medium. Indeed, the phagocytosis of bacteria in the
serum-free medium is mediated by PAMP/PRR recognition whereas
that in fibroblast supernatants � LTA is mediated both by PAMP/PRR
6 Le Fournis et al.
and C3b/CR1 recognition pathways. Moreover, recent studies revealed
an important synergistic interaction between the 2 mechanisms in the
overall phagocytosis outcome (19). Thus, although we cannot exclude
the effect of other soluble factors secreted by fibroblasts, our results
strongly suggest a role of C3b synthetized by fibroblasts in the
enhancement of bacteria phagocytosis. When comparing the number
of engulfed bacteria, major differences were observed among the
studied strains. The number of engulfed E. faecalis and E. faecium
was significantly higher than that of S. mutans and S. sanguinis, which
showed comparable results. Although our investigation cannot provide
a clear explanation to the differences among the rates of bacteria
engulfment, this can be partially explained by the fact that S. mutans
and S. sanguinis may have a phagocytosis resistance system. It has
been shown for example that S. mutans has a hydrophobic polysaccha-
ride dextran capsule leading to phagocytosis resistance (20).

Overall, in addition to their involvement in macrophage recruit-
ment (4), complement proteins produced by pulp fibroblasts have
been shown to be involved in direct bacteria destruction via MAC forma-
tion (8). This work adds to our understanding that C3b produced by
fibroblasts leads to cariogenic bacteria opsonization and phagocytosis
as shown with S. mutans and S. sanguinis. In addition to cariogenic
bacteria, our investigation shows that this immune surveillance is effi-
cient against other bacteria such as E. faecalis and E. faecium that
JOE — Volume -, Number -, - 2019
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may reach the pulp from saliva after tooth fracture with pulp exposure.
This antibacterial activity may be responsible in part of the pulp survival
after traumatic injury with pulp exposure (21). Dentin pulp regenera-
tion can take place only if cariogenic bacterial infection is controlled.
Although bioactive complement components produced by pulp fibro-
blasts such as C5a, C3a, and MAC were investigated, 2 molecules
were not studied yet: C3b and C5b. Indeed, C3a and C5a have been
shown to be involved in the initial steps of pulp regeneration. In addition
to MAC, we report here on C3b function in pulp inflammation control.
Exploring other complement protein functions such as that of C5b
needs to be investigated in a future work. Also, this research highlights
the significant role of pulp fibroblasts in the local regulation of pulp
inflammation, which is a prerequisite for pulp regeneration. A better
understanding of the mechanisms of cariogenic bacteria elimination
would allow developing new therapeutic agents to treat carious injuries
and target pulp inflammation.
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