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A B S T R A C T

Teeth are exposed to various stimuli, including bacterial, thermal, and physical stimuli. Therefore, immune cells
present in the normal dental pulp and the immune response to these stimuli have been studied. However, the
relationship between systemic inflammation, such as that induced by viral infection, and changes occurring in
dental pulp is not well known. This study aimed to investigate the immunological and hematological responses to
systemic inflammation in dental pulp. Poly(I:C), a toll-like receptor 3 agonist, was injected into mice every two
days to simulate a systemic inflammatory state in which type I interferon (IFN–I) was produced. The untreated
normal state was defined as a steady state, and the states of acute and chronic inflammation were defined ac-
cording to the period of administration. Changes in the abundance and dynamics of hematopoietic and immune
cells in dental pulp, bone marrow and peripheral blood were quantitatively investigated in the steady state and
under conditions of inflammation induced by IFN-l. We found that dental pulp in the steady state contained only a
few hematopoietic cells, but a greater variety of immune cells than previously reported. B cells were also found in
the steady state. An increase in multipotent progenitor cell levels was observed in the dental pulp during both
acute and chronic inflammation. The increased multipotent progenitor cells in the dental pulp during acute
inflammation tended to differentiate into the myeloid lineage. On the other hand, there was an influx of B cells
into the dental pulp during chronic inflammation. These results revealed that a unique immune response is
induced in the dental pulp by systemic inflammation, which would lead to a significant change in the perspective
of dentists on the utility of dental pulp in the management of systemic diseases.
1. Introduction

Dental pulp has recently attracted attention as a source of stem cells
due to the discovery of mesenchymal stem cells (MSCs) in dental pulp,
and its clinical applications have been investigated [1, 2]. Many studies
have been conducted using human dental pulp because it is relatively
easy to obtain compared to that of animals. However, it is difficult to
examine dental pulp under various conditions in humans. The major cell
types that make up dental pulp include fibroblasts, odontoblasts, endo-
thelial cells, Schwann cells, MSCs, and immune cells. An important role
of dental pulp is to protect the teeth by inducing an appropriate immune
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response to various stimuli and antigens. Macrophages, dendritic cells,
and T cells are known to be present in the dental pulp at a steady state.
The presence of natural killer (NK) cells, NK T cells, and small amounts of
B cells has also been suggested [3]; however, it is considered that mac-
rophages, dendritic cells, and T cells are mainly responsible for immune
surveillance in the steady state and during early inflammation. Once
pathogen invasion occurs, the innate immune response is initiated, and
leukocytes are mobilized from the circulatory system to the site of
infection. As inflammation progresses, the number of B cells increases in
dental pulp [4, 5, 6, 7, 8]. Previous studies using human teeth have
shown that dental pulp contains few hematopoietic stem and progenitor
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cells (HSPCs) that supply immune cells [9]. However, it has also been
reported that cells derived from hematopoietic stem cells (HSCs) are
present in the dental pulp, periodontal ligament, and alveolar bone, and
that hematopoietic cells differentiate into dental tissue cells [10]. This
raises a new possibility for the existence of HSPCs in dental pulp. In
addition, some cell populations in dental pulp are important components
of the hematopoietic niche in the bone marrow [11, 12, 13]. Therefore,
we hypothesized that mouse dental pulp has the same unique proportion
and distribution of hematopoietic and immune cells as bone marrow.

The bone marrow niche maintains HSCs, which are important sources
of blood cells [14]. Hence, the changes that occur in the bone marrow
during inflammation have been well investigated by administering
lipopolysaccharide, polyinosinic:polycytidylic acid [poly(I:C)], and
interleukin-1β, or by knocking out the receptors for inflammatory
Figure 1. Various immune cells and hematopoietic cells exist in dental pulp. (A) Sc
extraction was performed after carefully irrigating the surface of the tooth with PBS
number of live bone marrow cells (BM), molar cells (DP), and peripheral blood cells (
analysis of variance. **denotes P < 0.01, ***denotes P < 0.001, and n.s. denotes not
The percentage of each immune cell present in bone marrow, dental pulp, and periph
to t-SNE analysis. The figure on the left shows the total number of live cells among the
(green). The figure on the right shows the distribution of immune cells in bone mar
marrow (BM), dental pulp (DP), and peripheral blood (PB) in the steady state. Bars re
cells, hematopoietic progenitor and stem cells (HSPCs), and hematopoietic stem cell
flow cytometric analysis. The figure on the left shows the total number of live cells
ripheral blood (green). In the figure on the right, the blue area indicates Lin-cells and
in BM, DP, and PB in the steady state. Bars represent the mean � SEM. Significance
0.001, **** denotes P < 0.0001, and n.s. denotes not significant. (3–10 mice/group
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cytokines. As a result, it was found that in response to peripheral
inflammation and infection, the proliferation of HSPCs in bone marrow
increased, and cells with a biased differentiation tendency were pro-
duced to supply the cells necessary for the immune response [15]. In oral
cavity, when systemic immunity is weakened due to infection or systemic
disease, oral mucosal symptoms such as aphthous stomatitis, oral
candidiasis, and xerostomia are likely to occur [16, 17]. However, the
changes in dental pulp in the presence of systemic infection are unknown.

This study aimed to investigate the changes that occur in the dental
pulp during systemic inflammation induced by type I interferon (IFN–I).
This research will lead to a better understanding of the pathophysiology
of inflammation in dental pulp and provide new insights for the
advancement of pulp immunology as a platform for basic research on
immunity and hematopoiesis in dental pulp.
hematic diagram of the experiment and the method of tooth extraction. Tooth
so as not to contaminate it with blood and other tissues. The graph shows the
PB). Bars represent the mean � SEM. Significance was calculated using one-way
significant. (3–10 mice/group) This figure was created using BioRender.com. (B)
eral blood was examined via flow cytometric analysis. These data were subjected
three cell types: bone marrow (blue), dental pulp (orange), and peripheral blood
row, dental pulp, and peripheral blood. (C) Percentage of immune cells in bone
present the mean � SEM. (4–6 mice/group, n ¼ 10). (D) The percentages of Lin-
s (HSCs) in bone marrow, dental pulp, and peripheral blood were examined via
among the three cell types: bone marrow (blue), dental pulp (orange), and pe-
the arrow indicates HSPCs and HSCs in BM, DP, and PB. (E) Percentage of HSPCs
was calculated using one-way analysis of variance. *P < 0.05, *** denotes P <

, n ¼ 13).
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2. Materials and methods

2.1. Mice

All experiments were conducted using female C57BL/6-CD45.2
mice strains, aged 7–9 weeks, which were purchased from Japan
SLC, Inc. (Shizuoka, Japan). All mice were kept under specific-
pathogen-free conditions with free access to food and water. Two to
six mice were housed per cage in a temperature- and humidity-
controlled room (temperature, 22.0 � 2.0 �C; humidity, 55.0 � 15%;
12-hour light/dark cycle). All animal protocols were approved by the
Animal Care and Use Committee of the Institute of Medical Science,
University of Tokyo (approval no. PA19-03), and this study complied
with the Animal Research: Reporting of In Vivo Experiments Guideline
version 2.0. The upper and lower molars, pelvis, femur, tibia, and
blood were collected from the mice and used in the experiment. Tooth
extractions were performed using sharp dental explorers. The teeth
were then irrigated with phosphate-buffered saline (PBS) to remove all
Figure 2. MPPs induced by chronic IFN- I exposure do not show active proliferatio
acute and chronic poly(I:C) treatment. (B) Percentages of CD34-KSLs, multipotent pro
in BM, DP, and PB of poly(I:C)-treated mice and non-treated mice at 24 h after c
calculated using two-way analysis of variance. * denotes P < 0.05, ** denotes P < 0.0
¼ 16). (C) CFU assay using dental pulp cells of chronic poly(I:C)-treated and non-tre
The right two graphs show the number and percentage of burst-forming unit-eryth
forming unit-granulocyte (CFU-G); colony-forming unit-macrophage (CFU-M); co
GEMM); and colony-forming unit-granulocyte, macrophage, megakaryocyte (CFU-G
unpaired t-test and two-way analysis of variance. *P < 0.05, *** denotes P < 0.001
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traces of blood, and the periodontal ligament was excised to the
greatest extent possible. Peripheral blood was collected from the
infraorbital vessels. The mice were randomly allocated to the
poly(I:C)-treated and non-treated (control) groups. Age- and sex-
matched mice underwent intraperitoneal injection with 10 μg/g
body mass of poly(I:C) (Tocris Bioscience, Canada) in PBS at 2-day
intervals for up to 3 or 7 days.
2.2. Flow cytometry

Mouse bone marrow cells were flushed and isolated from the tibia,
femur, and pelvis. Dental pulp cells were collected by crushing the upper
and lower molars, carefully irrigating the pulp cavity, and crushing the
pieces with PBS. Blood cells were collected by lysing blood, as described
above. Hematopoietic cells, bone marrow cells, dental pulp cells, and
peripheral blood cells were stained with a lineage antibody cocktail
(biotinylated CD4, CD8, CD11b, CD45R, TER119, LY-6G, and CD127)
before being stained with fluorescein isothiocyanate (FITC)-conjugated
n or differentiation in dental pulp. (A) Experimental design and time-course for
genitor cells (MPPs), and lymphoid-primed multipotent progenitor cells (LMPPs)
hronic poly(I:C) treatment. Bars represent the mean � SEM. Significance was
1, **** denotes P < 0.0001, and n.s. denotes not significant. (6–8 mice/group, n
ated mice. The left two graphs show the number and size of colonies on day 12.
roid (BFU-E); colony-forming unit-granulocyte, macrophage (CFU-GM); colony-
lony-forming unit-granulocyte, erythroid, macrophage, megakaryocyte (CFU-
MM). Bars represent the mean � SEM. Significance was calculated using the
, **** denotes P < 0.0001, and n.s. denotes not significant. (n ¼ 18).



Figure 3. Acute IFN-I exposure induces myeloid progenitor cells in dental pulp. (A) Percentages of CD34-KSL, MPPs, and LMPPs in BM, DP, and PB of poly(I:C)-treated
mice and non-treated mice at 24 h after acute poly(I:C) treatment. Bars represent the mean � SEM. Significance was calculated using two-way analysis of variance. *
denotes P < 0.05, *** denotes P < 0.001, **** denotes P < 0.0001, and n.s. denotes not significant (6–12 mice/group, n ¼ 20). (B) CFU assay using dental pulp cells of
acute poly(I:C)-treated and non-treated mice. The left two graphs show the number and size of colonies on day 12. The right two graphs show the number and
percentage of each type of colony. Bars represent the mean � SEM. Significance was calculated using the unpaired t-test and two-way analysis of variance. * denotes P
< 0.05, ** denotes P < 0.01, **** denotes P < 0.0001, and n.s. denotes not significant (n ¼ 12). (C) Representative image of a colony (left) (�4), (middle, right) (�20)
and representative image of chromatic figures of CFU-M (�20) and CFU-GM (�20). The cells were round and their sizes varied according to the cell type and the
degree of maturation.
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anti-CD34, APC-conjugated anti-c-Kit, PE-conjugated anti-Sca-1 anti-
bodies, and streptavidin–APC/eFluor 780 for 60 min. Where indicated,
the cells were also stained with PE/Cyanine7-conjugated anti-CD150,
PE/Cyanine7-conjugated anti-CD16/32, and Brilliant Violet 421-conju-
gated anti-CD135 antibodies. Immune cells were analyzed by staining
bone marrow cells, dental pulp cells, and peripheral blood cells with
Figure 4. Inflow of B cells in pulp during chronic systemic inflammation. (A) Pe
progenitor cells (GMPs), and megakaryocyte-erythroid progenitor cells (MEPs) in
chronic poly(I:C) treatment. Bars represent the mean � SEM. Significance was calcul
group). (B) Percentages of CMPs, GMPs, and MEPs in BM, DP, and PB of poly(I:C)-t
represent the mean � SEM. Significance was calculated using two-way analysis of va
(6–12 mice/group). (C) Percentage of immune cells in BM, DP, and PB of poly(I:C)-tr
represent the mean � SEM. Significance was calculated using two-way analysis of va
12). (D) Percentage of immune cells in BM, DP, and PB of poly(I:C)-treated mice and n
� SEM. Significance was calculated using two-way analysis of variance. * denotes P
¼ 12).
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APC-eFluor780-conjugated anti-CD3e, PE/Cyanine7-conjugated anti-
CD4, APC-conjugated anti-CD8, Brilliant Violet 510-conjugated anti-
CD11b, PE-conjugated anti-CD11c, eFluor450-conjugated anti-CD45R,
and FITC-conjugated anti-CD49b antibodies. T-distributed stochastic
neighbor embedding (t-SNE) analysis was performed using FlowJo
version 10.7.1 (BD Biosciences, NJ, USA).
rcentages of common myeloid progenitor cells (CMPs), granulocyte-monocyte
BM, DP, and PB of poly(I:C)-treated mice and non-treated mice 24 h after
ated using two-way analysis of variance. n.s. denotes not significant (6–8 mice/
reated mice and non-treated mice at 24 h after acute poly(I:C) treatment. Bars
riance. * denotes P < 0.05, ** denotes P < 0.01 and n.s. denotes not significant
eated mice and non-treated mice at 24 h after chronic poly(I:C) treatment. Bars
riance. ** denotes P < 0.01, and n.s. denotes not significant (6 mice/group, n ¼
on-treated mice at 24 h after acute poly(I:C) treatment. Bars represent the mean
< 0.05, ** denotes P < 0.01, and n.s. denotes not significant (6 mice/group, n
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2.3. Colony-forming unit assay

Dental pulp cells were obtained from the molars of untreated mice
and mice treated acutely or chronically with poly(I:C). A total of 2.8�104

pulp cells suspended in 300 μL of Iscove's modified Dulbecco's medium
supplemented with 2% fetal bovine serumwas vigorously mixed with 4.1
ml of MethoCult (StemCell Technologies, Inc.; cat #03434) medium
containing penicillin-streptomycin (final concentration 100 units/mL,
100 μg/mL). Cells in MethoCult medium were plated in triplicate with
7�103 in sterile 35 mm Petri dishes. The dishes were incubated at 37 �C
in an atmosphere containing 5% carbon dioxide. Colonies made up of at
least 30 cells were scored using an inverted microscope on day 12.
2.4. Statistical analysis

Three or more biological replicates were used in each experiment,
including the statistical analyses. The statistical analyses were performed
as indicated in the figures using GraphPad Prism version 9.1.2 (GraphPad
Software Inc., CA, USA). Analysis items with P < 0.05 were considered
statistically significant.

3. Results

3.1. A unique proportion of hematopoietic and immune cells is present in
dental pulp in the steady state

To accurately analyze the proportion of hematopoietic and immune
cells in the dental pulp in the steady state, the cell population obtained
by crushing the extracted teeth of mice and irrigating the pulp cavity
was used as dental pulp cells. For comparison with dental pulp cells,
bone marrow cells obtained from the pelvis, femur, and tibia, and pe-
ripheral blood cells were used to ensure that dental pulp cells could be
successfully harvested without contaminating these cells. In this way,
the ratio of immune cells and hematopoietic cells in dental pulp was
analyzed, although the number of pulp cells in mice was much smaller
than that obtained from the bone marrow and peripheral blood
(Figure 1A). In this study, we focused on T cells (CD3þCD4þ/
Figure 5. Dynamics of the percentage of hematopoietic stem and progenitor cells in
KSLs, multipotent progenitor cells (MPPs), and lymphoid-primed multipotent progen
time point). The values at 0 h indicate the non-inflammatory state. The values from
Dynamics of common myeloid progenitor cells (CMPs), granulocyte-monocyte proge
BM, DP, and PB after acute IFN exposure (6–12 mice/time point). The values at 0 h
progress after the completion of administration.
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CD3þCD8þ), NK cells (CD3-CD49bþþ), NK T cells (CD3þCD49bþ),
dendritic cells (CD45R/B220-CD11b þ CD11cþþ), and B cells (CD3-
CD45R/B220þ). The presence of these cells was examined by flow
cytometry after which t-SNE analysis was performed. As a result of
clustering immune cells in the bone marrow, dental pulp, and peripheral
blood, most cells in the dental pulp were non-hematological cells;
however, T cells, NK cells, NK T cells, and B cells were present in the
dental pulp in the steady state (Figure 1B). Quantitative analysis of
immune cells in each tissue showed a high ratio of B cells among the
immune cells present in dental pulp, bone marrow, and peripheral blood
(Figure 1C). To examine the hematopoietic cells present in the pulp,
flow cytometric analysis followed by t-SNE analysis was performed in
the steady state. However, clustering HSPCs in the bone marrow, dental
pulp, and peripheral blood revealed that dental pulp contained very few
HSPCs (Figure 1D). Quantitative comparisons showed that the presence
of these hematopoietic cells in the dental pulp was not comparable to
that in the bone marrow (Figure 1E). These results indicate that there is
a greater variety of immune cells in the dental pulp in the steady state
than previously reported. We also found that only a small number of
hematopoietic cells was present in the dental pulp.
3.2. Multipotent progenitor cells with low proliferative capacity flow into
dental pulp during chronic systemic inflammation

Poly(I:C) was injected into mice every 2 days to induce systemic
inflammation, based on the report published by Pietras et al. [18]. The
untreated normal group was defined as existing in a steady state. The
group assessed on day 3 was considered as the acute IFN-I exposure
group and defined as existing in a state of systemic acute inflammation.
Similarly, the group assessed on day 7 was considered as the chronic
IFN-I exposure group and defined as existing in a state of chronic
inflammation. Changes in the proportion of hematopoietic cells in the
dental pulp under these conditions were examined via flow cytometric
analysis (Figure 2A). The results of the present study also showed sig-
nificant increases in the levels of CD34-c-Kit þ Sca-1þLin-cells
(CD34-KSLs), multipotent progenitor cells (MPPs), and lymphoid-primed
MPPs (LMPPs) in the bone marrow in the presence of chronic
the dental pulp under conditions of acute inflammation. (A) Dynamics of CD34-
itor cells (LMPPs) in the BM, DP, and PB after acute IFN exposure (6–12 mice/
12 h to 48 h indicate the progress after the completion of administration. (B)

nitor cells (GMPs), and megakaryocyte-erythroid progenitor cells (MEPs) in the
indicate the non-inflammatory state. The values from 12 h to 48 h indicate the



Figure 6. Representative flow cytometric data of hematopoietic stem and progenitor cell populations in the BM, DP, and PB of mice treated with poly(I:C) for 3 days
(acute inflammation). Flow cytometric analysis was performed using BM, DP, and PB cells of poly(I:C)-treated mice (acute inflammation) and non-treated mice
(control) to evaluate CD34-KSL and phenotypically defined MPPs, LMPPs, and myeloid progenitors (CMPs, GMPs, and MEPs).

J. Osaki et al. Heliyon 8 (2022) e08904

7



J. Osaki et al. Heliyon 8 (2022) e08904
inflammation. In peripheral blood, only CD34-KSL levels were signifi-
cantly increased. In contrast, in the dental pulp, there was a significant
increase in MPP levels (P < 0.05) (Figure 2B). A colony-forming unit
(CFU) assay of dental pulp cells in the presence of chronic inflammation
revealed that most colonies were composed of macrophages or a mixture
of neutrophils andmacrophages. However, the number of colonies was as
low as that observed in the steady state, indicating that there were few
MPPs in the activated state (Figure 2C).

3.3. The level of MPPs with a tendency toward myeloid differentiation
increases in dental pulp in the presence of acute systemic inflammation

In acutely inflamed bone marrow, there were significant increases (P
< 0.05) in the levels of CD34-KSLs, MPPs, and LMPPs, confirming that
the response associated with inflammation occurred in the bone marrow,
as previously reported [18]. In contrast, only CD34-KSL and MPP levels
were significantly increased in peripheral blood, and only MPP levels
were significantly increased in dental pulp (P < 0.05) (Figure 3A). Thus,
the CFU assay of acutely inflamed dental pulp cells revealed a significant
increase in the number of colonies (P< 0.05), unlike the results obtained
among cells in the presence of chronic inflammation (Figure 3B). In
addition, there was a significant increase in colonies consisting only of
macrophages and mixed colonies consisting primarily of neutrophils and
macrophages (P < 0.05) (Figure 3B and C). The results of the present
study also showed that both acute and chronic inflammation caused
HSPC outflow from the bone marrow to the peripheral blood and
increased MPP levels in dental pulp. Hematopoietic progenitor cells
observed in dental pulp during acute inflammation were found to be
actively proliferating and capable of differentiating into myeloid cells.

3.4. B cell influx into the dental pulp during chronic systemic inflammation

Since MPP levels increase in dental pulp during systemic inflamma-
tion, we predicted that the levels of common myeloid progenitor cells
(CMPs), granulocyte-monocyte progenitor cells (GMPs), and
megakaryocyte-erythroid progenitor cells (MEPs) differentiated from
MPPs would also increase. Changes in the levels of these cells before and
after inflammation were quantitatively examined via flow cytometric
analysis. No significant increases in the proportions of CMPs, GMPs, and
MEPs were found in the bone marrow, peripheral blood, or dental pulp
Figure 7. Dynamics of the percentage of hematopoietic stem and progenitor cells in t
KSLs, MPPs, and LMPPs in BM, DP, and PB after chronic IFN exposure. The values at 0
to 48 h indicate the progress after the completion of administration. (B) Dynamics of C
time point). The values at 0 h indicate the non-inflammatory state. The values from
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during chronic inflammation (Figure 4A). In contrast, when cells ob-
tained from each tissue were examined in the sameway in the presence of
acute inflammation, only GMP levels were significantly increased in the
bone marrow. In dental pulp, there were no significant increases in CMPs
or GMPs, contrary to the results of the CFU assay (Figure 4B). Further-
more, the changes in the proportion of immune cells associated with
inflammation were examined via flow cytometry. In this study, there was
also a significant downward trend in B cell levels in the bone marrow in
the presence of chronic inflammation. The proportion of B cells in the
peripheral blood also showed a significant decreasing trend. On the other
hand, in dental pulp, there was a significantly higher influx of B cells (P<

0.05) (Figure 4C). Similarly, decreased B cell levels were observed in the
bone marrow during acute inflammation. However, in dental pulp, there
was only a slight increase in the level of each immune cell (Figure 4D).

4. Discussion

In the present study, we confirmed that systemic inflammation in-
duces a unique immune response in dental pulp. The choice of teeth af-
fects the results obtained when using mouse dental pulp for research
because the characteristics of mouse incisors and molars differ. Mouse
incisors are characterized by lifelong growth, which is made possible by
MSCs located at the root tips. Thus, the foramen of the incisor root is
enlarged, and the boundary between the alveolar bone and dental pulp is
unclear, which makes it difficult to avoid contamination of bone marrow
cells during pulp cell collection [12, 19]. Therefore, in the present study,
mouse molars, whose structure is close to that of human teeth, were used
to reflect the environment of human dental pulp. Teeth are surrounded
by gingiva and alveolar bone, which can easily lead to contamination of
the bone marrow and periodontal tissue during specimen collection.
Mucosal and bone fragments attached to the extracted tooth were care-
fully removed, and the blood was washed off to minimize contamination.

We expected that dental pulp would have a microenvironment similar
to that of bone marrow; however, this was not proven in the present
study. Although periodontal tissues such as gingiva and jawbone are rich
in HSPCs [20, 21], only very small amounts of HSPCs were found in the
dental pulp. Previous reports have suggested that hematopoietic cells
differentiate into fibroblasts, adipocytes, osteochondrogenic cells, and
stromal cells [22, 23, 24, 25]. Normally, these cells differentiate from
MSCs; however, a fraction of cells are known to derive from
he dental pulp under conditions of chronic inflammation. (A) Dynamics of CD34-
h indicate a non-inflammatory state (6–8 mice/time point). The values from 12 h
MPs, GMPs, and MEPs in BM, DP, and PB after chronic IFN exposure (6–8 mice/
12 h to 48 h indicate the progress after the completion of administration.



Figure 8. Representative flow cytometric data of hematopoietic stem and progenitor cell populations in the BM, DP, and PB of mice treated with poly(I:C) for 7 days
(chronic inflammation). Flow cytometric analysis was performed using BM, DP, and PB cells of poly(I:C)-treated mice (chronic inflammation) and non-treated mice
(control) to evaluate CD34-KSL and phenotypically defined MPPs, LMPPs, and myeloid progenitors (CMPs, GMPs, and MEPs).

J. Osaki et al. Heliyon 8 (2022) e08904

9



J. Osaki et al. Heliyon 8 (2022) e08904
hematopoietic cells. Some studies have suggested that mono-
cyte/macrophage progenitors differentiate into adipocytes [23]; how-
ever, most studies did not identify the type of hematopoietic cells that can
differentiate directly into cells of other lineages. Mehrotra et al. also
reported that HSCs can differentiate into cells in pulp and 6–24%
hematopoietic-derived cells were detected when cultured pulp cells were
analyzed [10]. However, this indicates that a smaller number of
hematopoietic-derived cells was present before culture and that the
number of hematopoietic cells could also have been smaller. Therefore,
our results could be consistent with their results and previous studies.

The oral cavity is invaded by many pathogens such as bacteria and
viruses, and various external stimuli such as heat and biting forces are
generated therein. Therefore, multiple receptors are expressed in dental
pulp such that they can respond appropriately to all external pathogens.
Toll-like receptor 2 (TLR2) and TLR4 respond to bacteria, and TLR3,
TLR7, TLR8, and TLR9 respond to viruses [5, 26, 27]. Hepatitis and
human immunodeficiency viruses can be detected in the dental pulp of
affected patients. However, no studies have examined in detail the actual
changes in the dental pulp [28, 29, 30]. It is well known that extra-
medullary hematopoiesis occurs outside the bone marrow under condi-
tions of stress, inflammation, infection, and injury, as HSPCs gather in
local tissues to replenish immune cells. Extramedullary hematopoiesis
has been shown to occur in various tissues such as the skin, joints,
bladder, peritoneum, pleura, testis, adrenal gland, and gastrointestinal
tract [31]. The results of the present study indicate that extramedullary
hematopoietic-like immunoreactivity can occur in the dental pulp in
response to viral exposure, even without direct local infection.

Although we expected that the levels of progenitors such as CMPs and
GMPs would also be increased, we detected no increase in the levels of
these cells in the dental pulp. This finding resembles the response to IFN-
I-induced inflammation in the bone marrow. HSCs in the bone marrow of
mice treated with poly(I:C) are known to rapidly enter the cell cycle via
direct IFN-I receptor (IFNAR) signaling and activation of signal trans-
ducer and activator of transcription 1 and AKT [32]. Consequently,
during acute IFN-I exposure, the mechanism that keeps cells in quies-
cence is temporarily suppressed, and transient HSC proliferation occurs
in vivo. IFN-I exposure also induces the reactivation of Sca-1 expression
in myeloid progenitor cells, CMPs, GMPs, and MEPs [33]. In fact, the
results of the present study also showed a tendency toward a decrease in
the CMP fraction and a significant increase in the KSL fraction in bone
marrow during acute inflammation (Figures 5 and 6). In dental pulp,
there was an increasing trend in the expression of Sca-1, as well as in
bone marrow, which could explain why CMP, GMP, and MEP levels were
low, and MPP levels were significantly increased in the dental pulp
(Figure 6). Despite these results, the CFU assay of pulp cells in the
presence of acute inflammation showed an increase in the number of
colonies of macrophages and neutrophils, which are descendants of
CMPs and GMPs. This showed the possibility that a more differentiated
population than GMPs, or a myeloid-biased cell population other than
CMPs and GMPs, specifically entered or showed increased levels in
dental pulp. In the classical model currently proposed, HSCs gradually
lose their stem cell characteristics and differentiate into MPPs, which
then differentiate into mature blood cells in each lineage. Although this is
widely accepted, the heterogeneity of the HSPC population suggests that
there are other differentiation pathways that do not fit the classical
model [34, 35, 36]. One such pathway is the myeloid bypass pathway, in
which myeloid-restricted repopulating progenitor cells contained in
HSCs differentiate directly into myeloid blood cells, rather than undergo
a stepwise differentiation process, as in the classical model. The MPP
fraction also contains progenitor cells restricted to the myeloid lineage
[37]. Additional studies are required to verify the presence of these cell
populations in the dental pulp and validate the various possibilities.

In addition, there was a significant increase in B cell levels in the
dental pulp during chronic inflammation, whereas the level of T cells,
which are typically observed in acquired immunity, did not increase.
Moreover, there was no significant increase in LMPP levels in dental
10
pulp, and the changes in each cellular component over time in bone
marrow and peripheral blood under conditions of chronic inflammation
did not match the cellular trends in dental pulp (Figures 7 and 8). The
levels of granulocytes and B cells decrease in the bone marrow as a result
of widespread and sustained IFNAR-dependent apoptosis. The IFNAR-
dependent increase in serum levels of proinflammatory cytokines leads
to a rapid decrease in lymphoid cell levels in the peripheral blood [18].
These IFNAR-dependent responses may be responsible for the differences
in the cell types, proportions, and dynamics observed in the bone
marrow, dental pulp, and peripheral blood. These results indicate the
existence of a system that specifically induces B cells in the dental pulp
during chronic systemic inflammation.

5. Conclusion

The present study offers a new perspective to previous reports by
focusing on hematopoietic cells in dental pulp, which have been missed
due to their low numbers. Dental pulp may have a specific immune
response to systemic inflammation, suggesting the existence of a specific
environment and immune system in the dental pulp. Clinically, this is a
significant result that is expected to change the perspective of dentists
because it revealed the relationship between dental pulp and systemic
inflammation, which had not been previously studied. This study will
help further our understanding of pulp immunology and provide new
insights into dental pulp regenerative medicine.
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