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Using several in vivo designs, antigen-presenting cells, including macrophages and dendritic cells (DCs), are identified in
the pulpal tissue before tertiary dentin deposition under the afflicted area. However, the precise nature of this
phenomenon and its relationship to inherent pulp cells are not yet clarified. This literature review aims to discuss the role
of pulpal DCs and their relationship to progenitor/stem cells, odontoblasts or odontoblast-like cells, and other
immunocompetent cells during physiological and pathological dentinogenesis.
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| 1. Introduction

The dental pulp is a specialized soft connective tissue of ectomesenchymal origin harboring distinct cell populations with
specific functions involved in teeth production and maintenance B! Odontoblasts—dentin-forming cells—constitute the
most specialized and important cells of the tissue BB whereas fibroblasts—the most numerous cells of the pulp—are
responsible for the synthesis and maintenance of the pulp extracellular matrix (ECM). Other important cell types include
undifferentiated mesenchymal stem cells (MSCs)/progenitor cells, blood vessel components, nervous cells, and a wide
variety of defense cells LB, ynder physiological conditions, the pulpal tissue executes self-regulatory mechanisms
that maintain the equilibrium of these cell populations B2, Previous studies in murine and human teeth demonstrated that
the dental pulp has low proliferative activity, except for the apices of developing roots or the apical end of incisors in
rodents LM | ikewise, other studies have proven that apoptosis, or programmed cell death, occurs at low rates in
the normal dental pulp of continuously growing incisor in rats and in the pulps of human mature teeth throughout life,
regulating the turnover of odontoblasts, cells of the subodontoblastic layer, and fibroblasts [ZLUL2MLSIA4AS] Therefore,
given the stable characteristics of the dental pulp under physiological conditions, it is essential to understand the tissue to
the extent of its responsiveness after exogenous stimuli to the tooth.

Exogenous transdentinal stimuli, such as dental carious lesions, abrasion, attrition, dental traumatisms and restorative
procedures, induce harmful variations in the odontoblast layer at the afflicted site, eliciting an immunocompetent response
in the pulpal tissue GRS Odontoblasts are considered as the first line of defense against pathogen invasion,
facilitating the initiation, development, and maintenance of the immune/inflammatory response. The release of
proinflammatory cytokines by the afflicted odontoblasts triggers specific intracellular signaling pathways involving nuclear
factor-kB and mitogen-activated protein kinase p38 that promote the recruitment of leukocytes and antigen-presenting
cells (APCs), including macrophages and immature dendritic cells (DCs) MIRIEI20211122] After the activation of the pulpal
cellular network, a newly formed pathological dentin matrix is steadily deposited beneath the injury site. This calcified
matrix, also known as tertiary dentin, can be further classified as either reactionary or reparative dentin based on the
differences in the exogenous stimuli intensity to the tooth and the biological events in the pulpal tissue. Thus, the tertiary
dentin matrix secreted by surviving odontoblasts in response to a mild stimulus is defined as reactionary dentin; whereas
reparative dentin is defined as the matrix deposited beneath the afflicted area by newly differentiated odontoblast-like cells
after the death of the original odontoblasts due to severe injuries [1231241[25][26][27](28][29][301[3LI[S2][33] The |atter implies a
more complex process involving important biological mechanisms, such as apoptosis, cell proliferation, and cell
differentiation, which remain to be elucidated at cellular and gene levels B4I33IB6IS7IS8] APCs are also critical during the
initial defense reaction. Previous in vivo studies have shown various patterns for these cells at the onset of the healing
process. For instance, macrophages are located in the central portion of the pulp, whereas immature DCs can be
detected in the odontoblast layer [Z16][39[40]41][421[43][44][45][46][47][48][49)(50150]  DCs are sentinels that maintain immune
homeostasis, orchestrating the immune system’s components for a favorable effect in an organism 5253l Besides its
main role in the host-response against pathogens, the paraodontoblastic location of these cells may suggest another
important role during pulpal healing that needs to be clarified.



In the last decades, several animal models mimicking external injuries to the teeth have been established to analyze the
behavior of distinct pulpal cell populations, with special emphasis on the crosstalk of dental pulp stem cells (DPSCs) and
other inherent cells. Study designs using in vivo approaches included autogenic/allogenic tooth germ and whole-tooth
replantation and transplantation [2[361495AISSISEIS IS8T cavity preparations with or without pulp exposure LEI37(38]44]
[471[48][60](61] and root resection (€2, For instance, the injection of 5-bromo-2'-deoxyuridine in young animals at the optimal
time demonstrated the localization of slow-cycling long-term label-retaining cells (LRCs). It was observed that LRCs in
transplanted teeth maintain their proliferative and differentiation capacities despite extensive apoptosis occurring in the
pulpal tissue of the transplant and play crucial roles in the pulpal healing process after exogenous stimuli, leading to the
conclusion that dense LRCs are believed to be dental stem/progenitor cells in mature pulp tissue [E3I64I65] Therefore,
animal models simulating different kinds of tooth injuries are necessary to identify the behavior of DPSCs in relation to
other cellular lineages of the pulpal tissue, such as APCs [B8IE7I88] Hence, this literature review discusses the possible
role of dental pulp DCs and their relationship to odontoblasts, DPSCs, and other resident cells involved during
physiological and pathological dentinogenesis.

| 2. Key Functions of DCs

DCs are professional APCs critical for the initiation and orchestration of the immune response 2. DCs were described for
the first time in 1973 by Dr. Ralph Steinman (Nobel Prize of Medicine and Physiology in 2011) as a heterogenous
population of leukocytes originated from hematopoietic stem cells different from macrophages B4l79. pCs are found in
most parts of the human body, including the lymph nodes, skin, blood, spleen, lungs [, and oral tissue 24272 \where
they play a key role in maintaining immune homeostasis by both activating adaptive immunity and contributing to
tolerance 231, DCs can be classified into different subsets with specialized functions in immune responses to specific
pathogens 8. The two major DC subsets are plasmacytoid DCs (pDCs) and myeloid/conventional DCs (cDCs). These
subsets are generally identified based on the lack of expression for T cells, B cells, natural killer (NK) cells, or other
granulocyte-specific markers, high-level expression of major histocompatibility complex (MHC) class Il, and lack of
monocyte markers 74 pDCs play an important role in the innate immune system because of their capacity to produce
type | interferons upon viral infection and are also involved in tolerance or immune suppression in their immature state 3],
Differently, cDCs recognize bacterial components and produce proinflammatory cytokines to activate proinflammatory T-
cell subsets and subsequently promote the recruitment of cytotoxic T lymphocytes. cDCs can be further divided into cDC1
and cDC2. Human cDC1s and cDC2s can be found in the blood and lymphoid and nonlymphoid tissue 278l Thus, cDCs
constitute a distinct lineage of cells with the capacity to seed tissue and maintain immune homeostasis in a steady state
while rapidly responding to local insults and initiating and directing innate and adaptive immunity 28, Immature cDCs
accumulate at the inflammation site along with other phagocytic cells (e.g., macrophages) in response to the release of
chemokines in this area. Antigens and their associated molecules will be later recognized and captured by cDCs through
different mechanisms, including pinocytosis (macropinocytosis and micropinocytosis), phagocytosis, and receptor-
medicated endocytosis. Subsequently, cDCs will migrate toward lymphoid tissue during their maturation process, and the
antigenic peptides processed by cDCs will be presented on MHC class | and Il molecules for interaction with different
subsets of T cells 27478 Because pDCs are not the object of the analysis of this review, but cDCs (particularly those in
the dental pulp), cDCs will simply be addressed as DCs.

3. Relationship between DCs and Odontoblasts or Newly Differentiated
Odontoblast-like Cells after Noninfected Exogenous Injuries

Exogenous injuries to the tooth elicit the response of the local immune system of the pulpal tissue. The pulpal response
directly involves various cell types that are distinctly regulated depending on the intensity and duration of these injuries.
Thus, a sequence of biological mechanisms, such as apoptosis, cell proliferation, cell migration, and cell differentiation, is
triggered in the pulpal tissue immediately after the injury, leading to proper healing of the dental pulp. The establishment of
murine injury models without infection is advantageous to monitor the presence of DCs at the lesion site and their
behavior after the injury. By excluding the influence of external harmful agents, such as bacteria and related substances, it
is easier to analyze the influence of the local microenvironment for DC recruitment and their relationship to other pulpal
cell populations.

The first study that explored the occurrence of pulpal MHC + class Il cells under pathological conditions was published in
1991 by Bergenholtz et al. The dental pulp of rat incisors was exposed and irritated with bacteria-derived
lipopolysaccharides and then covered with a temporal restoration. A significant increase in MHC + class Il cells was
observed in inflamed pulps compared to control. Cells presenting dendritic features were more abundant than those
observed in the normal pulps of incisors Z2. Another similar study explored the response of immunocompetent cells in



relation to neural elements using innervated or denervated pulps of rat molars. Four days after the operation, la + cells (a
marker for immunocompetent cells) were densely distributed in the proximity of the injury in the innervated group,
suggesting the importance of sensory nerves on the recruitment of immunocompetent cells 9,

After the initial acute injury, exudative lesions appeared beneath the injury site and separated the few surviving
odontoblasts from the predentin. MHC + class Il cells, identified by the OX6 antibody, moved inward from the pulp-dentin
border, and were relocated beneath the exudative lesions (asterisk) ( Figure 3 a) (42448l sjx hours after the cavity
preparation, the surviving odontoblasts began to degenerate and lost HSP-25 expression (a protein used as a rat
odontoblast marker), whereas some of the OX6 + cells remained among them. Scattered OX6 + cells extended their
dendritic process into the dentinal tubules. However, the number of these cells increased 12 h after the operation,
especially under the afflicted area (arrow in Figure 3 b). Exudative lesions disappeared from 12 h to day 1 after the
operation ( Figure 3 b). Odontoblasts did not show HSP-25 immunoreactivity. Moreover, when samples were analyzed by
TEM, the cytoplasmic processes of OX6 + cells located deep into the dentinal tubules were characterized by
tubulovesicular structures, multivesicular bodies, and vacuoles, as seen in DCs observed in other human tissue [4Q1[441[81]
It is believed that pulpal macrophages and neutrophiles quickly remove the cell and dentinal debris induced by cavity
preparation, thus facilitating the migration of DCs toward the pulp-dentin border 82, Newly differentiated odontoblast-like
cells began to appear 48 h after the initial injury. Although speculative, there is a possibility that HSP-25 can be
discharged from dying odontoblasts to the extracellular milieu, where it could act as a chemotactic agent, favoring DC
recruitment in the afflicted area U481 yp to day 3 after the operation, the afflicted area of the pulp completely
recovered, and newly differentiated odontoblast-like cells expressing HSP-25 aligned under predentin. OX6 + cells were
located exclusively beneath the odontoblast layer ( Figure 1 ¢) and displayed the same ultrastructural features as those
observed in control samples 42441811 previous findings were also confirmed in aged rat molars after the same injury
model. Aged pulps still maintained a satisfactory self-defense capacity, with the same rate of recovery of younger pulps
(471831 The summary of the morphological changes and the spatiotemporal relationship between odontoblasts and OX6 +
cells in a rat model for cavity preparation are summarized in Figure 2 a.

Figure 1 Relationship between DCs and odontoblasts or newly differentiated odontoblast-like cells after noninfected
exogenous injuries in rat molars (cited from Ohshima et al. 24, with permission fromWilley and Nakakura-Ohshima et al.
451 with permission from Oxford University Press). (a—¢) Cavity preparation model. (d—f) Tooth replantation model. (a—f)
Immunohistochemistry with OX6 antibody. (e) TEM view. (a) Exudative lesions appear right after the initial injury beneath
the injury site. OX6™" cells move inward from the pulp-dentin border and are relocated beneath the exudative lesions. (b)
Twelve hours after cavity preparation, the number of OX6* cells increase under the afflicted area (arrows). The exudative
lesions disappear from 12 h to 1 day after the injury. (¢) On day 3, the afflicted area of the pulp completely recovers. OX6*
cells are located exclusively beneath the odontoblast layer. (d) Three days after the tooth replantation, DCs located at the
pulp-dentin border consistently express OX6 (arrows). (e) The ultrastructure of OX6* cells on day 3 presents
tubulovesicular structures and multivesicular bodies in their cytoplasm. An intense immunoreaction is observed in their cell
membranes (arrows in inset). (f) OX6* cells are observed in between or beneath the newly-differentiated odontoblast-like
cells. D dentin, DP dental pulp, OB odontoblasts, PD predentin, Bar = 50 um (a—d,f), 5 pm (e), 2 pm (inset). * exudative
lesions.

To analyze the behavior of DCs after severe injuries, another set of studies was carried out using the murine tooth
replantation model. Rungvechvuttivittaya et al. investigated the kinetics of pulpal macrophages and MHC + class Il cells
after the tooth replantation. From days 3 to 7 after the operation, OX6 + cells with a dendritic profile concentrated in the
pulp-dentin border areas where odontoblasts had died. Two weeks after the operation, a calcified tissue was observed
under the predentin in all replanted teeth, indicating that the pulpal repair process had been completed [23123]
Interestingly, ED1 + cells (a marker for macrophages) were seen in the same high proportion as OX6 + cells in cases
where bone-like tissue was formed in the pulp of the replanted teeth 42, Ohshima et al. confirmed the previous reports in



two conclusive studies after the same methodology in rats. The activity of odontoblasts and odontoblast-like cells was
related to the variation of OX6 + and ED1 + cell distribution in the dental pulp during its repair process. On day 1 after
replantation, numerous polymorphonuclear leukocytes (PMLs) migrated through the damaged odontoblast layer, which
lost HSP-25 immunoreactivity. OX6 + and ED1 + cells increased in number at the pulp periphery at this stage. On day 3,
odontoblasts did not show HSP-25 immunoreactivity, nor major changes were noted in the number of OX6 + and ED1 +
cells located at the pulp-dentin border (arrows) ( Figure 1 d). The ultrastructure of these cells presented the same
tubulovesicular structures and multivesicular bodies in their cytoplasm as other pulpal DCs, whereas an intense
immunoreactivity for OX6 was recognized in their cell membranes (arrows in inset) ( Figure 1 e). From days 3 to 5, OX6 +
cells increased in number at the pulp periphery of replanted teeth. Newly differentiated odontoblast-like cells were
identified on day 5 after replantation, showing intense HSP-25 immunoreactivity. Some OX6 + cells with dendritic profiles
were observed beneath or in between them ( Figure 1 f). OX6 + cell accumulation was observed specifically in few areas
where the pulpal repair process was still delayed. One week after replantation, reparative dentin was deposited by newly-
differentiated odontoblast-like cells in most samples, and the number of OX6 + and ED1 + cells returned to normal.
Scattered OX6 + cells remained at the pulp periphery and shifted their location to the subodontoblastic layer. From week 2
to up to 90 days, at least three distinct regeneration patterns were observed in the dental pulp of replanted teeth:
reparative dentin, bone-like tissue, and a mixed form of reparative dentin and bone-like tissue. Interestingly, ED1 + cell
aggregation and the appearance of abundant nerve fibers preceded the bone-like tissue healing pattern 343l The
spatiotemporal relationship between odontoblasts and OX6 + cells during the early stages of the pulpal defense response
after the tooth replantation in rat molars is summarized in Figure 2 b.

Cavity preparation Tooth replanatation

Figure 2. Schematic views of the morphological changes and spatiotemporal relationships between odontoblasts and
DCs (OX6" cells) during the early stages of the pulpal response in the cavity preparation (a) and tooth replantation (b) rat
injury models (cited from Ohshima et al. 24, with permission from Wiley and Nakakura-Ohshima et al. 451, with permission
from Oxford University Press). CL capillary lumen, D dentin, Mc macrophage, MC mesenchymal cell, PD predentin, PML
neutrophile.

4. Relationship between DCs and Stem/Progenitor Cells in the Dental Pulp
after Injuries

Stem cells of the dental pulp are called DPSCs or, in immature teeth, stem cells from human exfoliated deciduous teeth.
Other similar cells include dental pulp from the apical papilla and dental follicle progenitor cells. These cell populations
have the capacity to differentiate into odontogenic cells and other cell lineages . Bone marrow resident MSCs are
located in perivascular areas of the bone marrow microenvironment, where they can be in close contact with immune
cells, including B cells, T cells, and DCs [84185] | jkewise, MSCs in the dental pulp harbor in perivascular niches, where
they display a phenotype consistent with pericytes. It was proven that perivascular DPSCs are directly involved in the



regulation of the tissue regeneration after mild or severe injuries, as in the formation of reactionary or reparative dentin (8]
(871881 Therefore, the ability of both young and old teeth to respond to injury by the induction of pathological
dentinogenesis suggests that a small population of competent progenitor cells or pulp stem cells may exist within the
dental pulp throughout life [,

Previous in vitro experiments demonstrated that MSCs in a steady state exhibit inhibitory effects on DC differentiation,
which resemble immature/semimature/tolerogenic DCs, even upon exposure to pro-maturation stimuli. In contrast,
targeted downregulation of suppressive mechanisms by which MSCs act on DC differentiation and functions could break
the immune tolerance in immunosuppressive environments such as tumors . |n addition, it has been proven that resting
MSCs can further increase OPN production when cocultured with DCs. In contrast, in the presence of proinflammatory
cytokines, MSCs exert an opposite effect inhibiting OPN production. OPN production by DCs and DC-conditioned medium
enhances the osteogenic differentiation of MSCs, leading to the upregulation of the osteogenic markers alkaline
phosphatase (ALP) and RUNX2 and the expression of the bone-anabolic chemokine CCL5. In contrast, OPN may play an
inhibitory role in adipogenic differentiation. Thus, the interplay between DCs and MSCs may contribute to the upregulation
of OPN production with the consequent inhibition of MSC-derived adipogenesis and the induction of osteogenic
differentiation 4199

Although most evidence on the crosstalk between MSCs and DCs has been retrieved from nondental tissue, a previous
study highlighted that periapical lesion-derived MSCs (PL-MSCs) could differentially modulate DC functions and Th-cell
response in periodontal lesions. At the beginning of the disease, PL-MSCs could activate resident DCs, inducing their
maturation and Thl polarization. In contrast, in the later stages of PLs, PL-MSCs could potentiate DC tolerogenic
differentiation and the polarization of immune response toward Th2 and Treg cells, which are important for the healing
stage of periodontal lesions. Thus, this study showed that PL-MSCs could either augment the inflammatory response or
contribute to the resolution of the disease, depending on the dynamics of the two cell types [,

The relationship between DCs and DPSCs/progenitor cells during the healing process was evaluated in vivo in two
different studies using cavity preparation and tooth replantation mouse models. The most recent study in this topic
elucidated the responses of the oral microflora-exposed dental pulp to capping with a triple antibiotic paste (TAP:
metronidazole, ciprofloxacin, and minocycline) in mouse molars, compared to those to calcium hydroxide (CH) cement, in
addition to the combination of macrogol and propylene glycol (MP, control group), followed by a glass ionomer cement
filling. Quantitative real-time polymerase chain reaction (QRT-PCR) analysis was performed using specific primers for
cDNA encoding Nestin (odontoblast differentiation), Cdllc (DCs), and Nanog (stem/progenitor cells). Cdllc mRNA
sharply increased from weeks 1 to 2 in the TAP group, followed by the CH group, and correlated with a peak in the cell
proliferative activity. In contrast, the MP group markedly decreased its expression 2 weeks after treatment, with significant
differences between the TAP and MP groups regarding the mRNA expression of Cd11lc on week 1. mRNA expression of
the odontoblast differentiation marker Nestin was higher in the TAP group than in the CH and MP groups at week 1,
followed by a steady decrease of its expression in all groups on week 2. TAP group also showed the highest mRNA
expression of the stem cell marker Nanog among the three groups on week 1, whereas its expression decreased by week
2. These results demonstrated that TAP might contribute to a sterile environment that allows active pulpal cell proliferation
and the simultaneous activation of DCs. Moreover, high mRNA expression of the stem cell marker Nanog on week 1 after
treatment suggested that the use of TAP favored the activation of stem cells/progenitors residing in the injured dental pulp
( Figure 7 a) 4. Likewise, another study evaluated the effectiveness of the combination of antibacterial drugs to heal the
dental pulp. The maxillary first molars of 3-week-old mice were extracted and immersed in the 3Mix solution for 30 within
compared to phosphate buffered saline (PBS) alone. Although no significant difference was found between the 3Mix and
PBS groups, the study showed chronological changes in the gene expression of differentiation markers such as Nestin ,
Dspp , Alp, Ocn , and Opn , and the evaluation of DC ( Cd11lc ) and DPSC ( Oct3/4A and B ) activity during the pulpal
healing process. High expression levels of Cd11c mRNA were first observed in the 3Mix group on day 1 and later on days
5 and 7, whereas, in the PBS group, these levels progressively increased from days 1 to 7. Moreover, the Oct3/4A and B
transcript leves were greatly enhanced on day 1 in both groups, correlating with the increase of Cd11c mRNA in the 3Mix
group ( Figure 3 b).
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Figure 3. Relationship between DCs and stem/progenitor cells during the dental pulp healing process (cited from Quispe-
Salcedo et al. B8I7 with permission from Elsevier). Dental pulp samples from (a) cavity preparation and (b) intentionally
delayed tooth replantation models in mice. (a) qRT-PCR analysis for Nestin, Cd11c, and Nanog of dental pulp samples on
weeks 1 and 2 after the cavity preparation and capping treatment with a triple antibiotic drug combination (3Mix). (b) gRT-
PCR analysis for Nestin, Cd1lc and Oct3/4B from day O to week 2 of dental pulp samples of intentionally delayed
replanted teeth (30 min) treated with 3Mix solution. Student’s t-test * p < 0.05.
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