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Interaction between
Immuno-stem dual lineages in jaw
bone formation and injury repair
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Research Center for Oral Diseases and Department of Cariology and Endodontics, West China Hospital
of Stomatology, Sichuan University, Chengdu, China

The jawbone, a unique structure in the human body, undergoes faster
remodeling than other bones due to the presence of stem cells and its
distinct immune microenvironment. Long-term exposure of jawbones to an
oral environment rich in microbes results in a complex immune balance, as
shown by the higher proportion of activated macrophage in the jaw. Stem cells
derived from the jawbone have a higher propensity to differentiate into
osteoblasts than those derived from other bones. The unique immune
microenvironment of the jaw also promotes osteogenic differentiation of jaw
stem cells. Here, we summarize the various types of stem cells and immune cells
involved in jawbone reconstruction. We describe the mechanism relationship
between immune cells and stem cells, including through the production of
inflammatory bodies, secretion of cytokines, activation of signaling pathways,
etc. In addition, we also comb out cellular interaction of immune cells and stem
cells within the jaw under jaw development, homeostasis maintenance and
pathological conditions. This review aims to eclucidate the uniqueness of
jawbone in the context of stem cell within immune microenvironment,
hopefully advancing clinical regeneration of the jawbone.
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1 Introduction

The jaw is located in the human craniofacial jaw and is divided into maxilla and
mandible. The mandible is the only movable bone on the human cranial face, which is
inseparable from the temporomandibular joint and the special structure of the mandibular
condyle (BI et al.,, 2023). Alveolar bone is the bone surrounding the teeth in the jaw. The
Alveolar bone is also an important periodontal tissue component. Jawbone and periodontal
tissues are interrelated. Periodontal tissue inflammation leads to resorption of alveolar bone,
which further leads to loss of jaw bone. The health of periodontal tissue is conducive to
maintaining jaw homeostasis and the microenvironment of the jaw can promote the
regeneration of periodontal tissue (GUIGLIA et al,, 2013; ZHU et al., 2023).

The jawbone is a unique bone tissue. Compared to other bones in the body, the jawbone
has a faster remodeling rate (JEYARAMAN et al., 2023), which is closely related to the stem
cells of the jawbone and its unique immune microenvironment (LUO et al., 2022). Jaw stem
cells possess a remarkable proliferative capacity and osteogenic differentiation potential
(PAJARINEN et al., 2019). These stem cells play crucial roles in jawbone development,
maintenance and regeneration (LOPES et al., 2018). Clinically, jaw inflammation, trauma,
and tumors can lead to jaw defects. Ideal jawbone defect restoration is clinically expected
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during bone inflammation and remodeling. Based on their
osteogenic differentiation and proliferative abilities of jaw stem
cells, they hold promise as essential tools for treating jaw defects,
offering innovative ideas and directions for future treatments.

The jawbone is consistently exposed to a microbe-rich oral
environment, resulting in the immune microenvironment of the
jaw is different from other bone tissues (LIN and YUAN, 2022). For
example, a higher proportion of macrophages are expressed in the
jaw (LIN et al., 2021). Immune cells play a critical role in shaping the
immune microenvironment of the jawbone and promoting
reconstruction or resorption (TAKAYANAGI, 2007). Cytokines
secreted by the immune cells can lead to bone reconstruction or
loss (YANG and LIU, 2021). The reconstruction and loss of the
jawbone are intricately linked to jaw stem cell function (LOPES et al.,
2018). Hence, we propose that the involvement of immune cells in
bone remodeling or absorption is linked to their capacity to regulate
jaw stem cells.

Interactions between immune cells and jaw stem cells occur via
diverse mechanisms (TAKAYANAGI, 2007). Several studies that
immune cells can affect jaw stem cells either directly or indirectly via
cytokine secretion, activation of signaling pathways, and other
mechanisms, promoting jaw injury repair. Recent studies have
revealed a novel mechanism by which immune cells regulate jaw
stem cell function via exosomes (SILVA et al,, 2017; LI Z. et al,
2021). MSCs can also exert their immunomodulatory functions
through these mechanisms.

Jaw stem cells and immune cells interact during embryonic
development and accompany the body throughout its life
(TSUKASAKI and TAKAYANAGI, 2019). During development,
abnormalities on either side can result in jaw deformity
(OKAMOTO et al, 2017). After jaw development completion,
jaw stem cells and immune cells jointly maintain jaw
homeostasis and adapt to normal physiological and abnormal
pathological processes of the body (MUIRE et al, 2020;
SALHOTRA et al., 2020; XIONG et al., 2022). We describe the
related diseases to illustrate the crucial role of the immune system in
jaw development, homeostasis maintenance, and repair in
pathological states. In short, the interaction between immune
cells and jaw stem cells can help constract a normal jaw.

2 Introduction of stem cells in the jaw

There are many kinds of stem cells in the jaw. Studies have
reported that the types of stem cells in the oral and maxillofacial
regions include periodontal ligament stem cells (PDLSCs)
originating from the periodontal ligament, dental pulp
mesenchymal stem cells (DPSCs) obtained from dental pulp
tissue, and jaw mesenchymal stem cells (JBMSCs) in the jawbone
(TATULLO et al,, 2015; TOMOKIYO et al.,, 2019; LI P. et al., 2023).
Compared with stem cells derived from long bones, jaw stem cells
exhibit a higher rate of proliferation and greater osteogenic potential
(JEYARAMAN et al., 2023). Based on the advantages of stem cells in
jaw, stem cell therapy has emerged as an effective approach to
maintaining jaw bone development, reconstruction, and
regeneration (TATULLO et al,, 2015; TOMOKIYO et al, 2019
LI P. et al,, 2023). Currently, there are many genetic mouse models
that can carry out the research of stem cells in vivo through lineage
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tracing (Table 1). Moreover, the regeneration of jawbone is also
dependent on the regulation of nerve tissue (CARR et al., 2019).
Among them, Schwann cells play an key role in jaw repair
(KAUKUA et al, 2014; LOPEZ-LEAL and COURT, 2016).
During inflammation, the jaw balance is disrupted, and the
inflammatory tissue recruits important cells. These cells actively
participate in maintaining jaw balance (Figure 1).

2.1 Periodontal ligament stem cells (PDLSCs)

PDLSCs are key components in the periodontal tissue
engineering of seed cells. Compared to other stem cells in the
jaw, PDLSCs appear to be the most effective stem cell-based
therapy for repairing the alveolar bone and PDL (LI Q. et al,
2020). In particular, PDLSCs activity is regulated by mechanical
stimulation (MEN et al., 2020).

The osteoblastic potential of PDLSCs has always been a hot topic.
Various types of periodontal ligament stem cells have been identified,
including Glil™* cells, Prx1" cells, Axin2*, and LepR" cells. Glil* cells
contribute to alveolar bone regeneration, and the activity of Glil*
PDLSCs is regulated by physiological occlusal force (MEN et al., 2020).
Glil is also a transcription factor required for Hedgehog (Hh)
signaling, which helps regulate bone formation (SHALEHIN et al,
2022). Axin2" cells help maintain periodontal tissue homeostasis and
facilitate bone healing (LI Q. et al., 2020). Bone morphogenetic protein
(BMP) signaling regulates the role of Axin2* cells in periodontal tissue
development. The conditional knockout of BMP1A damages Axin2*
cells, leading to periodontal defects and alveolar bone loss (XIE et al.,
2022). Prx1* cells are also important PDLSC isotypes associated with
osteogenesis. An experimental study showed that Prx1* cells are
indispensable during PDL reconstruction of transplanted teeth
(GONG et al., 2022). Finally, LepR" cells are activated after tooth
extraction and contribute to newly formed bone in the extraction
socket (ZHANG D. et al,, 2020). And LepR" cells can contribute to
periodontal homeostasis via Piezol-mediated mechanosensing
(ZHANG D. et al, 2023).

Moreover, MSCs derived from gingiva (GMSCs) have
characteristics similar to those of PDLSCs in periodontal tissues,
both of which exhibit high potential for osteogenic differentiation
(SHEN et al., 2023). When GMSCs were implanted into an animal
model of mandibular defects, they repaired the mandible and
promoted new bone formation (WANG et al, 2011). GMSCs-
derived exosomes can reduce the inflammatory response of
PDLSCs (SUN et al., 2022).

2.2 Dental pulp mesenchymal stem
cells (DPSCs)

DPSCs exhibit superior proliferative capabilities and display
enhanced senescence resistance (MA et al, 2019). In addition,
opportunely differentiated DPSCs
phenotype with the expression of the osteogenic marker genes
ALP, RUNX2, and OCN during this process (LEE et al., 2019).

Following pulp trauma, DPSCs increase osteogenic potential

showed an osteoblastic

through NF-kB pathway or Wnt/p-catenin signaling pathway
activation (WANG et al, 2013; ZHANG et al, 2019).
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TABLE 1 Preclinical/lab models for bone tissue engineering and molecular mechanistic studies.

Name

Glil-CreERT2; Rosa26tdTomato mice

Application

A mouse model of lineage tracing Glil* cells

References

SHALEHIN et al.
(2022)

Axin2-CreERT2; R26RtdTomato mice

A mouse model of Axin2" cell were labeled

XIE et al. (2022)

Axin2-CreERT2; R26RDTA; R26RtdTomato

mice

A mouse model of Axin2" cell were ablated

XIE et al. (2022)

Prx1-cre; R26RtdTomato mice

Lepr-CreER; tdTomato mice

A mouse model of Prx1* cell were labeled

A mouse model of Lepr® cell were labeled

GONG et al. (2022)

ZHANG et al. (2023a)

PLP-CreERT2; Rosa26tdTomato mice

A mouse models of Schwann cell were labeled

JONES et al. (2019)

LysM-Cre mice

A mouse model of Myeloid cell lineages (monocytes, mature macrophages, granulocytes) were
labeled

SOLIS et al. (2019)

FoxP3-DTR mice

CD11¢-DTR mice

A mouse model of Treg cell depletion

A mouse model of DC cells deficiency

WANG et al. (2021)

ZHAO et al. (2023)

CD19-Cre mice

A mouse model of B cells deficiency

ZENG et al. (2021)

ZDC-DTR mice

A mouse model of DC cell were ablated

ELSAYED et al. (2020)

DPSC-EVs

Jawbone Loss

FIGURE 1
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Stem cells that help regenerate the jawbone. (A). Stem cells in the jaw include DPSCs from the dental pulp, GMSCs from the gingiva, PDLSCs from the
periodontal tissue, and JBMSCs from the jawbone. (B). Schwann cells can help the reconstruction of jawbone. (C). Stem cells in jaw can help repair jaw

defects by expressing osteogenic markers.

Extracellular vesicles (EVs) are secreted by cells. When DPSC-EVs
were injected into a mandible defect model, bone formation was
observed, which was comparable to the effect of BMP-2 on inducing
bone formation (IMANISHI et al., 2021; LEE et al., 2023). Therefore,
DPSC-EVs can provide a safe and effective cell-free treatment for
jawbone regeneration.
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2.3 Jawbone mesenchymal stem
cells (JBMSCs)

JBMSCs originating from the jawbone demonstrate superior
proliferative ability compared to marrow mesenchymal stem cells
(BMSCs) (HUANG et al., 2020). Two types of cells were implanted
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into the periodontal tissue defect models. BMSCs only show
JBMSCs
periodontal ligament-like tissue, and alveolar bone regeneration
(NAKAJIMA et al., 2014). Consequently, JBMSCs are particularly
well-suited for repairing jaw defects when compared to BMSCs.

osteogenic  potential, whereas show cementoid,

Implantation of autologous JBMSCs into bone defects can effectively
treat jaw defects caused by maxillary cysts (REDONDO et al., 2018).
JBMSCs also promote implant osseointegration by inducing
osteogenic differentiation (YAN et al.,, 2023).

A recent study identified a distinct osteogenic progenitor
derived from JBMSCs that highly expressed protocadhern Fat4
(Fat4 cells) (JIN et al., 2023). They have significant osteogenic
abilities and promote osteogenic differentiation of JBMSCs.
Above, we mentioned the DPSC-EVs. Under the action of
DPSC-EVs, the
JBMSCs is enhanced, thereby aiding jaw regeneration (LEE
et al., 2023).

osteogenic differentiation potential of

2.4 Schwann cells

The interaction between the nerve and bone tissue has been
demonstrated during bone repair (CARR et al., 2019). Schwann
cells derived from neural crest cells or mesenchymal cells are glial
cells of the peripheral nervous system that have important
potential for repair and regeneration (LOPEZ-LEAL and
COURT, 2016).

Schwann cells play an crucial role in regulating the bone
microenvironment and that the repair of jaw defects is
dependent on the repair potential of Schwann cells (SALHOTRA
et al, 2020; WANG et al., 2023). The lack of Schwann cells directly
leads to impaired mandibular healing (JONES et al., 2019). Schwann
cells accumulate in damaged alveolar bone and promote bone
healing, which is related to jaw stem cell proliferation
acceleration (ITOYAMA et al., 2020; ZHANG X. et al., 2023). In
addition, Schwann cell-derived extracellular vesicles can enhance
the osteogenic potential of DPSCs (WANG et al., 2022). Therefore,
the application of Schwann cells in jaw defects is expected to provide
a new method for promoting bone regeneration by regulating the
nervous system.

2.5 Other stem cell in jaw

Stem cells derived from human exfoliated deciduous teeth
(SHED), suture-derived mesenchymal stem cells (SuSC), and
mesenchymal stem cells (SMSC) from
temporomandibular joint also exist in jaw. SHED has the

synovial

potential of osteogenic differentiation and has superior
proliferative (KUNIMATSU et al, 2018). SuSC can quickly
migrate to the injured site and promote bone repair when the
craniofacial bone is injured (MARUYAMA, 2019). SMSC has the
potential of multidirectional differentiation and can differentiate
into osteoblasts, chondrocytes, neurons, which is conducive to the
repair of mandibular tissue (KOYAMA et al., 2011).

Undoubtedly, there are many more stem cells in the jaw than
those mentioned above. Stem cells from different sources in the jaw
play their own roles in maintaining the balance of jaw.
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3 Unique immune microenvironment of
the jaw

The jaw is prolonged exposured to a microbiota-rich oral
environment (LIN and YUAN, 2022). Therefore, the immune
microenvironment of jaw bone is also unique. Compared to long
bones, the immune microenvironment of the jawbone is more
active, featuring a greater proportion of mature immune cells
(LIN et al,, 2021). The immune cells in the jaw perform various
functions to maintain bone homeostasis. Here, we describe the
major immune cells present in the jaw (Figure 2).

3.1 Macrophages: key immune cells that
regulate jaw regeneration

Macrophages can recruit and regulate MSC differentiation,
which plays a key role in bone regeneration (PAJARINEN et al.,
2019). Compared to long bones, the jaw exhibits a higher proportion
of activated macrophage subpopulations, with these macrophages
displaying an enhanced capacity to induce MSC proliferation and
migration (LIN et al, 2021). The macrophage in the jaw is an
important reason for its unique immune microenvironment.

Macrophages are the most important group of immune cells that
interact with MSCs (PAJARINEN et al., 2019). The different effects
of macrophages on the jawbone depend on the cytokines they
secrete and their polarization. Macrophages express BMP-2,
oncostatin M (OSM) and Wntl0b, which mediate osteogenic
differentiation of MSCs through paracrine signaling (ZHANG
et al.,, 2022).

There are two main types of macrophages. MI-type
macrophages cause bone tissue damage by releasing TNF-a, IL-
12, and IL-23, while M2-type macrophages promote sustained bone
regeneration by secrete IL-10 and TGF-p (SHAPOURI-
MOGHADDAM et al.,, 2018). Stem cells in the jaw can influence
the polarization of macrophages. DPSCs and GMSCs can induce the
polarization of M2-type macrophages (ZHANG et al., 2010; YANG
et al,, 2023). PDLSCs can downregulate the TNF-a expression and
upregulate IL-10 and CD163 to promote the polarization of M2-type
macrophages (LIU et al.,, 2019).

3.2 T cell: different T cell subsets perform
different functions

T cell-mediated adaptive immune responses can recruit MSCs
and thus promote tissue regeneration (ZHAO et al, 2020).
Regulatory T cells (Treg cells) and T cell-derived cytokines have
also been demonstrated to play a positive role in bone regeneration
(LI et al., 2018; YU et al., 2022).

The jawbone exhibits a higher proportion of Treg cells than the
long bones (KWACK et al,, 2021). Many studies have shown that
PDLSCs, GMSCs, and DPSCs promote the polarization of Tregs and
inhibit the polarization of Th17 cells (YANG et al., 2018; ZHENG
et al., 2019; MATSUMURA-KAWASHIMA et al., 2021). And
enhancement of the Treg/Thl7 ratio can effectively improve
bone loss (YANG et al, 2021). In a study on palatal expansion
(LIJ. etal, 2020), Treg cells were observed to maintain high levels in
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Immune cells in the jaw. There are many kinds of immune cells in the jaw, which can have different effects on the jaw. Some secretions produced by
macrophages and T cells promote the jawbone regeneration. B cells that secrete IL-10 also help regenerate the jawbone. Neutrophils in jaw play an
important role in the recruitment of MSCs, and can also increase the expression of M2 macrophages and Treg cells to promote bone remodeing. RegDC
Exos produced by immature DC cells promote osteogenesis. And Th17 cells and T1 cells are more likely to result jawbone defect. Switched memory

B cells can also cause jawbone loss by producing more RANKL.

the later stages, downregulating osteoclast numbers by inhibiting
Th1 and Th17 cells and participating in forming a new maxilla. In
addition, T Cell-Derived IL-22 and IL-17A can promote bone
regeneration by accelerating BMSC osteogenesis (ONO et al,
2016; YU et al., 2022).

3.3 B cells: the effect on jaw is double-sided

B cells participate in the bone repair process and play important
regulatory roles in the later bone repair stages (KoNNECKE et al.,
2014). Studies have shown that jawbone marrow-derived cells have a
higher B cell proportion than long bone (KWACK et al,, 2021).

In periodontal inflammation states, B cells produce higher TGF-
B1 levels, inhibiting osteoblast activity (CHEN et al., 2023). Switched
memory B cells produce more RANKL (HAN et al., 2018), leading
eventually to alveolar bone loss. Conversely, B cells help regenerate
the bone. Zeng et al. discovered that a lack of B cells exacerbats
alveolar bone loss (ZENG et al., 2021). Moreover, IL-10-secreting
B cells reduce the expression of IL-17 and RANKL genes and inhibit
Th17 cell proliferation, thereby reducing alveolar bone uptake (SHI
et al., 2020). Consequently, the role of B cells in promoting or
inhibiting bone loss remains unclear and warrants further research
to elucidate their divergent effects on jaw stem cells.

Frontiers in Cell and Developmental Biology

3.4 Neutrophils: play the important function
of recruiting MSCs

Many neutrophils are present in the jaw. GMSCs increase the
proportion of neutrophils in the immune environment (GAO et al.,
2023). Neutrophils are widely believed to have anti-inflammatory,
antibacterial, and tissue-repair properties (LIEW and KUBES, 2019;
LIN et al., 2021). However, limited research has been conducted on
bone tissue repair.

Neutrophils indirectly influence bone regeneration by
recruiting important immune cells (ABARICIA et al., 2021). A
recent study has shed light on the direct role of neutrophils in bone
regeneration, which is required during the initial stages of bone
regeneration (CAI et al, 2021). At specific IL-8 thresholds,
neutrophils are recruited and undergo to acquire the anti-
inflammatory N2 phenotype. N2- programmed neutrophils
secrete SDF-1a to induce chemotaxis of BMSCs (WANG et al.,
2021). The recruited BMSCs then trigger a regenerative cascade. In
addition, BMSCs effectively inhibit neutrophil apoptosis by
producing IL-6, IFN-B and granulocyte macrophage colony-
stimulating factor (GM-CSF) (CASSATELLA et al, 2011).
Neutrophils can also promote the expression of M2-type
macrophages and Tregs, thereby indirectly contributing to
regeneration (WANG et al.,, 2021).
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3.5 Dendritic cells: maintain and restore
jaw integrity

The jawbone’s prolonged exposure to an oral microbiota-rich
environment renders dendritic cells (DCs) more susceptible to
microbial invasion (EL-AWADY et al, 2022). These cells are
essential in maintaining the integrity of both the oral mucosa
and the mandible (HOVAYV, 2014).

DCs are indispensable for immune responses in the jawbone.
PDLSCs cause DCs to skew towards a more immature phenotype,
which is more conducive to he osteogenic differentiation of MSCs
and jaw regeneration (YANG et al., 2019; ASHOUR et al., 2020).
Moreover, Immune-regulatory exosome derived from tolerant
dendritic cells (regDC Exo), which is abundant in TGF-p/IL-10,
exhibits the ability to suppress alveolar bone loss and jaw
inflammation (ELASHIRY et al, 2020). DCs also promoted
BMSCs recruitment (ZHAO et al.,, 2023). Ranya et al. discovered
that DCs deficiency leads to bone necrosis in the jaw after tooth
extraction (ELSAYED et al., 2020).

4 Molecular interactions between
immune cells and stem cells within
the jaw

Multiple mechanisms exist for the interaction between jaw stem
cells and immune cells, regulating either jaw regeneration or
absorption and helping to maintain jaw homeostasis. Jaw stem
cells can regulate immunity, which is conducive to maintaining
the jaw immune environment stability. In this section, we focus on
the mechanism of the interaction between jaw stem cells and
These
signaling pathways.

immune cells. mechanisms include paracrine and

4.1 Interactions between cells occur
through the secretions

4.1.1 Role of TNF-a: not only cause bone resorption

Primarily secreted by T cells and macrophages, TNF-a is a
critical cytokine in bone immunology, with roles in bone
metabolism and remodeling. TNF-a is generally considered that
stimulates osteoclast proliferation and leads to bone resorption
(YAO et al, 2021). However, the ability of TNF-a to lead bone
resorption is variable.

TNF-a exerts
Preconditioning

unique effects to promote osteogenesis.
of MSCs with TNF-a enhanced the
immunomodulatory properties of MSCs while increasing the
osteogenic differentiation of MSCs (LIN et al., 2017). TNF-a
exhibits unique stimulation to GMSCs in jaw. Studies indicate
that early exposure to TNF-a enhances GMSC proliferation, and
this positive impact wanes with prolonged inflammation (ZHANG
F. et al,, 2017). And TNF-a stimulates the secretion of exosomes
from GMSCs and induces M2 macrophage polarization
(WATANABE et al., 2022). GMSC-Exos significantly reduce the
number of osteoclasts while promoting preosteogenic cell migration
and osteogenic differentiation to help repair jaw defects (JTANG and
XU, 2020; WATANABE et al., 2022). In addition, TNF-a can help
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recruit MSCs. T cells, stimulated by TNF-q, release a large amount of
C-Cmotif chemokine ligand 5 to recruit MSCs (ZHAO et al., 2020).

4.1.2 Dual action of interleukins on bone

Interleukins constitute a diverse group of cytokines secreted by
the immune cells, each playing a specific role. Interleukins derived
from immune cells not only lead to bone loss, but also have a positive
effect on bone reconstruction.

Interleukins can affect the osteogenic differentiation of MSCs to
mitigate bone loss and aid in bone regeneration. B10 cells, as IL-10
competent B cells, reduce osteoclast generation and inhibit jaw loss
by up-regulating IL-10 (CAO et al, 2021). IL-10 can induce the
polarization of M2 macrophages, enhance the expression of
osteogenic genes BMP2 and ALP in MSCs, and trigger
osteogenesis of MSCs thereby promoting bone regeneration
(MAHON et al, 2020; LI et al, 2022). IL-35 inhibits bone
resorption induced by TNF-a (PENG et al., 2018). IL-35 also can
reduce jaw loss by modulating the Th17/Treg balance and reducing
the RANKL/OPG ratio (CAFFERATA et al.,, 2020; LI S. et al., 2023).
In addition, a certain IL-6 dose can increase APL activity and the
mRNA expression of osteogenic markers and promote osteogenic
differentiation of PDLSCs (PURWANINGRUM et al., 2023). IL-6
activates the STAT3 signaling pathway, a critical signaling pathway
for bone reconstruction, to promote the osteogenic differentiation of
MSCs (XIE et al., 2018). Several studies have shown that IL-17
inhibits osteoblastogenesis. Liao et al. reported that IL-17 and bone
cells play synergistic roles in the osteogenic differentiation of MSCs
(LIAO et al, 2020).
immunomodulatory ability of MSCs. Preconditioning of MSCs
with IL-1, significantly their immune-regulatory
function, and induces a reduction in the secretion of
inflammatory mediators (REDONDO-CASTRO et al, 2017;
WONG et al., 2023).

In conclusion, interleukins play a key role in the immune

Interleukins  also  impact the

enhances

environment of the jawbone and provide an important direction
for treating bone diseases.

4.1.3 Significant osteogenic properties of IFN-y

Interferons are important cytokines produced by immune cells. The
cytokine IFN-y is widely recognized for its osteogenic properties, whereas
INF-a and INF-B are acknowledged as anti-osteogenic cytokines
(AMARASEKARA et al, 2021). Here we focus on IFN-y, which is
beneficial to MSC osteogenic differentiation and bone formation.

Various immune cells, including B cells, M1 macrophages, and
DCs, produce IFN-y to inhibit osteoclast production (TANG et al.,
2018). IFN-y plays a positive role in maintaining bone homeostasis.
IFN-y-producing T cells can induce osteoblast differentiation by
inducing the expression of Runx2, Osterix, Alp, and Bglap
(MARUHASHI et al,, 2015). In addition, many studies have shown
that IFN-y has a unique effect on DPSCs, dependent on its
concentration (SONODA et al., 2016; HE et al, 2017). Moreover,
DPSCs treated by IFN-y release factors that contribute to the homing
of BMSCs (STROJNY et al., 2015). However, IFN-y does not absolutely
promote osteogenesis, and it can lead to bone resorption (TAN et al,
2021). It may be due to differences in the concentration of IFN-y, and
the exposure time and the osteoclast differentiation stage (TANG et al,,
2018). Clinically, the full use of IFN-y in different periods and different
stages of the function can help to treat jaw defects.
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Immune cells interacted with jaw stem cells by secreta. OB:
osteoblast, OC osteoclasts, CCL5: C-Cmotif chemokine ligand 5. B10:
B cells secreting IL-10. The secretions produced by immune cells in
the jawbone exhibit a dual effect on the jawbone. As shown in the
picture, M2-type macrophages secrete OSM and BMP-2. TNF-a
stimulates the production of GMSCs-Evs by GMSCs. Interleukins such
as IL-10, IL-6, and IL-35 are secreted by various immune cells along
with IFN-y. All of these can promote the osteoblastogenesis of jaw
stem cells, thereby facilitating the bone formation. CCL5 secreted by
T cells can recruit MSCs. On the contrary, inflammasomes generated
by macrophages, IFN-a and IFN-$ can enhance osteoclastogenesis of
jaw bone stem cells and exacerbate defects in the jaw bone.

4.1.4 Inflammasomes: affect bone loss or
remodeling

Inflammasomes are supramolecular protein complexes that
facilitate the secretion and maturation of pro-inflammatory
cytokines and the
Inflammasome activation regulates the activities of various cells

activation of inflammatory responses.

within the jawbone, thereby affecting bone loss and
reconstruction (Figure 3).
In an inflammatory state, the activation of

NLRP3 inflammasomes in macrophages upregulate cytokines
IL-1p and IL-18 levels, promoting MIl-type macrophage
polarization (LI Y. et al., 2021). NLRP3 inflammasomes can
disrupt the Treg/Th17
Foxp3 expression, resulting in increased expression of the

ratio by directly inhibiting
inflammatory factors such as IL-17, IL-10, and IL-4, thereby
(LENG et al, 2023). The

NLRP3 inflammasomes recruit polymorphonuclear neutrophils

promoting jawbone loss
(PMN) to periodontal lesions. Subsequently, neutrophils can
participate in the induction of inflammatory jawbone loss

(HAJISHENGALLIS et al., 2016; CHEAT et al., 2022). These
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studies indicate that inflammasomes promote bone loss, but
appropriate inflammasome stimulation is conducive to bone
regeneration. The osteoblast differentiation process stimulated
by BMP7 requires appropriate inflammasome activity
(SARTORETTO et al, 2019). In the inflammatory state,
inflammasome suppression can lead to the rapid spread of
bacteria, resulting in increased bone damage (VON MOLTKE
et al., 2013). Consequently, reasonable use of the properties of
inflammasomes is expected for treating jawbone loss.

4.2 Generate cellular interactions through
signaling pathways

4.2.1 Piezol: Stimulates jaw regeneration through
mechanical signals

Mechanical signals, similar to biological and chemical stimuli,
affect cellular functions (SOLIS et al., 2019). The Piezol signaling
pathway is a mechanosensitive ion channel that plays a vital role in
bone formation and mechanoload-dependent remodeling (SUN
et al, 2019). Piezol is observed in various cell types, including
osteoblast lineage cells and innate immune cells (LI et al., 2019;
ORSINI et al., 2021).

One study found that activation of Piezol signaling can promote
the osteogenic differentiation of MSCs by up-regulating the
expression of osteogenic factor BMP2 (SUGIMOTO et al., 2017).
Piezol signaling disruption leads to reduced bone mass and
heightened bone resorption (WANG L. et al., 2020). During jaw
reconstruction, the proliferation of macrophages is linked to the
activation of the Piezol signaling pathway (XU et al, 2022).
Mechanical stimulation activates the Piezol signaling pathway,
causing macrophages to polarize toward the M2 phenotype, thus
promoting bone formation by BMSCs (CAI et al., 2023). In addition,
DCs can sense mechanical stimulation of the bone tissue through
Piezol and perform appropriate functions to aid in tissue repair
(CHAKRABORTY et al., 2021).

4.2.2 TGF-p signaling aids in jaw development and
bone regeneration

TGEF-p signaling is pivotal for bone maintenance and essential
for jaw development. Research indicates that the proliferation and
maturation of immature osteoblasts are tightly linked to TGEF-B
signaling (PETERS et al., 2017).

TGE-p plays a regulatory role in the capacity of immune cells
to promote osteogenesis in jaw stem cells. M2 macrophages
secrete TGF-P1 to boost osteogenesis in BMSCs (CAI et al,
2023). And active TGF-B produced by immune cells can
recruit MSC (MAO et al,, 2020). The osteogenic differentiation
of BMSCs can be enhanced by IL-4-loaded hydrogel scaffold
through TGF-P1/Smad pathway activation (ZHANG J. et al,
2020). In  addition, TGF-p-mediated expression of
Msx1 induces jaw stem cell proliferation (OKA et al, 2007).
Loss of TGF-f signal results in failure to cure and incomplete
mandible development. BMP are members of the TGEF-B
superfamily (THIELEN et al., 2019). BMP-2 accelerates the
differentiation of MSCs into osteoblasts (HALLORAN et al.,
2020). The M2 macrophages can stimulate bone formation by
releasing BMP-2 (ZHOU and GRAVES, 2022).
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4.2.3 Wnt plays a critical role in stimulating
osteogenic differentiation

The Wnt signaling pathway influences bone health and is critical
for the osteogenic differentiation of MSCs. The classical Wnt
signaling pathway mediated by p-catenin is the most well-
characterized.

Activation of the Wnt signaling pathway promotes the
osteogenic differentiation of MSCs. Triggering the Wnt/p-catenin
signaling pathway induces osteogenic differentiation of PDLSCs
(CAO et al, 2017). SHED-Exos derived from human exfoliated
deciduous teeth carry Wnt3a and activate the classical Wnt signaling
pathway, thereby enhancing the osteogenic differentiation of
PDLSCs (WANG M. et al.,, 2020). In the context of Axin2+ cells,
which were discussed earlier, the action of Wnt3a substantially
improves bone healing (YUAN et al,, 2018).

Immune cells affect jaw stem cells via the Wnt signaling
pathway. Macrophages are an important source of Wnt ligands
during inflammation and healing, and T cells produce Wnt10b
(WEITZMANN, 2017). IL-6 derived from immune cells mediates
the osteogenic differentiation of hPDLSCs via the Wnt signaling
pathway (PURWANINGRUM et al, 2023). In the presence of
lithium chloride (a Wnt activator), macrophages are recruited to
periodontal defect sites. Macrophages stimulate the osteogenic
differentiation of PDLSCs and significantly upregulate the mRNA
expression of osteogenic markers (Runx2 and OCN) (ZHENG et al.,
2022), which promote jaw defects healing.

4.2.4 Hedgehog (Hh) maintains jaw tissue
homeostasis

Hh signaling pathway is closely related to embryonic
development, tissue homeostasis, and stem cell maintenance.
Proteins involved in bone formation include sonic hedgehog
(Shh) and Indian hedgehog (Ihh) (ZHOU and GRAVES, 2022).

The Hh pathway promotes the osteogenic differentiation of jaw
stem cell. This is essential for the growth of the temporomandibular
joint (TM]) (SHIBUKAWA et al., 2007). The ciliary protein (Ift88)
participates in chondrogenesis and bone formation during
mandibular ~ development by modulating Shh signaling
(KITAMURA et al, 2020). Guan et al. reported that bone
formation by BMSCs is inhibited under high glucose conditions;
however, the addition of recombinant Shh alleviates this inhibition
(GUAN et al., 2009).

Immune cells can affect the action of MSCs through the Hh
signaling pathway. D S et al. reported that TNF-a, continuously
secreted by macrophages, was crucial for activating Shh signaling
(GHORPADE et al,, 2013). Shh signaling can stimulate PDLSC
proliferation. Glils is an important transcription factor in the Hh
signaling pathway. Previously, we mentioned that Glil* cells are a
type of PDLSCs that contribute to alveolar bone regeneration
(HOSOYA et al, 2020; SHALEHIN et al, 2022). CD168+
macrophages can also directly express ligands activated by the
Hh signaling pathway (VALVERDE LDE et al, 2016). The
impact of Hh signaling on PDLSCs may be attributed to the
activation of Glil™ cells, thus fostering bone proliferation. TL1A
is expressed in various immune cells, such as monocytes,
macrophages, dendritic cells, and T cells. The TL1A/TNFR2 axis
enhances the immunomodulatory effects of stem cells by
upregulating the Thh signaling pathway (AL-AZAB et al., 2021).
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The classical Hh signaling pathway relies on primary cilia for
transduction, which is indispensable for bone development and
repair. Moreover, primary ciliary signals are observed in immune
cells (TAO et al, 2023) (Figure 4).

4.2.5 Interplay of signaling pathways in jaw
defect repair

The signaling pathways in the jaw are not isolated and are
interrelated and jointly govern jaw regeneration and reconstruction.

Piezol upregulates Wntl expression, a key stimulatory signal for
activating of Wnt signaling pathway (LI et al., 2019). Recently, Hu
et al. reported that Piezol activation promotes osteogenic
differentiation of Glil* MSCs by activating the Wnt/p-catenin
signaling pathway (HU et al, 2023). Moreover, TGF-3/BMP
signal and Hh signal have been confirmed to have a synergistic
effect on the osteogenic differentiation of MSCs, activation of both
increases osteogenic potential of MSCs (VAN DER HORST et al.,
2003; REICHERT et al., 2013). The relationship between the Hh and
Whnt signaling pathways is particularly complex. Activation of the
Whnt signaling pathway inhibiting Hh signaling, by promoting the
expression of Gli3, an Hh signaling antagonist (ALVAREZ-
MEDINA et al, 2008). However, Hu et al. reported that Hh-
induced osteogenesis requires activated Wnt signaling (HU et al,,
2005). In conclusion, the Piezol, Wnt, TGF-B, and Hh signaling
pathways interact with each other to maintain jaw homeostasis.

4.3 EVs from immune cells affect jaw stem
cells function

Cells produce and release various populations of EVs that
contain bioactive molecules. Serving as key messengers in
intercellular communication, EVs can deliver bioactive substances
to recipient cells and induce their corresponding effects.

EVs from immune cells affect jaw stem cell function.
Macrophage-derived EVs increase the expression of osteoblast
differentiation markers and promote MSC osteogenesis via the
BMP2/Smad5 pathway (LIU et al., 2020). EVs can recruit MSCs.
One study showed that DC-derived EVs facilitate MSC recruitment
by enriching molecules, such as osteopontin and MMP-9, which are
involved in cell recruitment (SILVA et al, 2017). Exosomes are
nanovesicular structures in extracellular vesicles released by cells.
Studies have demonstrated that Immune cell-derived exosomes
regulate the proliferation, differentiation, and migration of jaw
stem cells. MO-type, M1-type, and M2-type macrophage-derived
exosomes exert different effects on bone repair (KANG et al., 2020).
Exosomes derived from M2 macrophages (M2D-Exos) promote
osteogenic differentiation and reduce lipogenic differentiation of
BMSCs by upregulating miR-690, IRS-1, and TAZ (LI Z. et al,
2021). M2D-Exos contains high IL-10 mRNA levels, which
ultimately upregulate IL-10 expression in BMSCs (CHEN et al,
2022). As mentioned previously, IL-10 aids in the osteogenic
differentiation of BMSCs. Treatment with DC-derived exosomes
increases Runx2 expression and APL activity (WANG et al., 2014).
Therefore, DC-derived exosomes can induce the osteogenic
differentiation of BMSCs.

EVs are important mediators of these interactions. BMSC-
derived small extracellular components secrete exosomes that
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Immune cells interacted with jaw stem cells by signaling pathways. (A) TGF-p signaling pathway: The immune cell-derived IL-4 can activate ligands

of TGF- signaling pathway, and macrophages can directly produce ligands to activate this pathway. (B) Hedgehog signaling pathway: Immune cells can
upregulate Ihh and Shh via the TL1IA/TNFR2 axis and secreting TNF-a, while CD168+ macrophages can directly express ligands of the Hh signaling
pathway. (C) Wnt/p-catenin signaling pathway: Both T cells and macrophages can produce ligands for this pathway. (D) Piezol signaling pathway:
Under mechanical load, the pathway is activated and can promote the expression of ligands of the wnt signaling pathway. Immune cells triggers the
activation of these four signaling pathways, which subsequently enhance the expression of osteogenic factors and facilitate the osteogenic differentiation

of MSCs through intracellular signal transduction.

possess anti-inflammatory and regulatory functions (HA et al,
2020). MSC-EVs can impede DC maturation, and immature DC
can promote the osteogenic differentiation of MSCs (REIS et al.,
2018; YANG et al, 2019). Liu et al. reported that BMSC-EVs
modulate TGF-B1 expression and macrophage polarization to
regulate inflammatory immune responses (LIU et al, 2021).
These studies have demonstrated that MSC-EVs ultimately lead
to bone regeneration by regulating immune cells. Zheng et al.
reported that PDLSC-EVs participate in the regulation of the
Th17/Treg balance by targeting SIRT1 (ZHENG et al, 2019).
Jana et al. reported that GMSC-EVs can reduce the secretion of
pro-inflammatory factors by mononuclear macrophages and T cells,
and inhibit T cell activation while inducing Treg formation
(ZARUBOVA et al, 2022). DPSC-EVs promote M2-type
macrophage polarization by inhibiting TLR and NFkB signaling
(ZHENG et al., 2020). Additionally, exosomes derived from JBMSCs
promoted M2-type macrophage polarization by
pknox1 with miR-233 (HE et al., 2019).

Overall, EVs can promote jaw tissue regeneration and repair,
regulate the immune response, and may lead to jaw resorption.

targeting

Consequently, EVs have various potential applications in treating
jaw defects and are expected to become important therapeutic tools.
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5 Cellular interaction of immune cells
and stem cells in jaw development,
homeostasis, and repair

The interactions between immune cells and jaw stem cells play a
crucial role in jaw development, homeostasis, and repair (ISUKASAKI
and TAKAYANAGI, 2019). Bone stem cell differentiation is influenced
by changes in the immune environment, leading to osteogenic or
osteoclast differentiation (Figure 5).

5.1 Interactions of immune cells and stem
cells in jaw development

Jaw development is inseparable from the immune and stem cells,
and damage to either side leads to abnormal jaw development. During
jaw development, immune and bone cells share a microenvironment
(OKAMOTO et al,, 2017). Jaw development is closely associated with
the immune system. Immune cells play a role in tissue remodeling and
repair of damaged tissues during development (MEZU-NDUBUISI
and MAHESHWARI, 2021). BMSCs support the differentiation of
immune cells (CALVI et al., 2003). For example, BMSCs can maintain
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Cellular interaction of immune cells and stem cells in the jaw. Immune cells and MSCs in the jaw have multiple modes of action, paracrine, signaling

pathways, ligand and receptor binding, etc. Immune cells produce IL-35,

IL-33, OSM, etc., which act on MSCs through paracrine. MSCs can produce

CCL2 to polarize macrophages towards M2 type, and can also produce EVs to regulate Treg/Th17 balance. Neutrophils can recruit MSCs by producing

SDF-a.

T cell generation by producing Notch ligands (YU et al, 2015).
Previously, we also mentioned that MSCs can affect the
polarization of macrophages (ZHANG et al,, 2010; YANG et al,
2023). The interaction between jaw immune and stem cells is the
cornerstone of normal jaw development.

Autosomal recessive osteopetrosis is a disease of abnormal bone
development involving the mandible (GARCIA etal., 2013; SAGLAM
et al,, 2017). Osteoclast dysfunction in patients with this disease
(PENNA et al, 2021). Osteoclasts are derive from monocyte/
macrophage-lineage cells, which is conducive to the catabolism of
jawbone (MCDONALD et al,, 2021). Jacome-Galarza et al. found that
timely infusion of monocytes into neonatal mice can save bone
dysplasia caused by early autosomal bone hyperplasia (JACOME-
GALARZA et al., 2019). It may also be possible to treat the disease by
modifying the existing immune environment. One study has found
that T cell subsets like Thl and Thl7 help promote osteoclast
production (LI J. et al,, 2020). TNF-q, IL-1B and IL-6 produced by
immune cells also increase osteoclast production (RANA et al., 2018).

Gaucher disease (GD) is an autosomal recessive disease associated
with jaw bone involvement (MOHAMED et al., 2020). Patients with
GD, mainly macrophages, have impaired immune cell functions,
resulting in unbalanced bone formation and breakdown
(STIRNEMANN et al, 2017). The damaged macrophages produced
numerous pro-inflammatory factors, including IL-1p, TNF-q, and IL-6,
which act on MSCs through paracrine, resulting in the inhibition of
osteogenic differentiation of MSCs (MUCCI and ROZENFELD, 2015;
YAO et al, 2021). The severity of the disease in GD have a positive
correlation with the levels of pro-inflammatory cytokines such as IL-1f3,
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TNF-a, and M-CSF (CHEN et al., 2018). Therefore, a new treatment
scheme for bone dysplasia caused by GD can be provided by down-
regulating the level of proinflammatory factors.

5.2 Interactions of immune cells and stem
cells during jaw homeostasis

Normal bone homeostasis is necessary to maintain jaw health.
Bone homeostasis is maintained through a balance between
osteoblasts and osteoclasts, and the immune system has an
important influence on bone homeostasis (SALHOTRA et al,
2020). The uniqueness of jaw immune environment is also an
important factor to help maintain jaw homeostasis, such as
(LIN 2021).
Dysregulated jaw homeostasis generally leads to bone disease.

higher proportion of macrophages et al,

Periodontitis is a disease in which jaw homeostasis is disrupted,
often resulting in bone loss. Modulation of M1/M2 macrophage
phenotypes can slow inflammation and reduce bone loss in
periodontitis (HUANG et al, 2022). Macrophage macrophages
promote osteogenic differentiation of MSCs by secreting OSM and
BMP-2 (ZHANG Y. et al,, 2017). OSM also can increasing the number
of M2-type macrophages to help relieve bone loss from periodontitis
(YUAN et al,, 2023). Tregs inhibit the absorption of alveolar bone by
secreting TGF-{ and IL-10 (CAFFERATA et al., 2020). The interaction
between Tregs and CD8+T cells increases Wnt10b secretion, thereby
regulating bone anabolism (TYAGI et al,, 2018). Maintenance of jaw

homeostasis in periodontitis is also related to other immune cells, such
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as B cells, neutrophils, and mast cells. Rational use of immune response
is a common method in clinical treatment of periodontitis.
Heterotopic ossification (HO) refers to the formation of
extraskeletal bone in none-osseous tissues. Macrophages are key
cells involved in HO (AGARWAL et al., 2016). Macrophages express
high levels of osteogenic factors, including OSM and BMP, resulting
in excessive osteogenic differentiation of BMSCs (HUANG et al.,
2021). TGF-B produced by immune cells in HO exacerbates the
disease, by inducing MSC migration and osteogenic differentiation
(MAO et al., 2020). Recent studies have shown that neutrophils are
involved in HO injury and that toll-like receptor signaling is highly
expressed in cells at the site of injury (NUNEZ et al., 2023). Toll-like
receptor signaling regulates BMSC function (NEMETH et al., 2010).
Inhibiting the effection of immune cells on MSC osteogenic
differentiation can be an effective means to inhibit HO.

5.3 Stem cells in appropriate immune
microenvironment promote injury repair
of jaw

During the healing process of jaw injury, different immune cell
compositions and activation energies in the immune cell
environment have favorable effects on jaw injury repair (MUIRE
et al,, 2020). The repair function of MSCs in inflammatory diseases
depends on their immune microenvironment (XIONG et al., 2022).
Here, we list several clinical jaw injury diseases and review the
correlation between the immune microenvironment and jaw stem
cells, from a pathological perspective, to promote jaw defect repair.

Jaw fractures are common traumatic jaw diseases. Fracture
healing begins with an inflammatory response and the immune
system is involved in the healing process (CLAES et al., 2012). Early
in a fracture, neutrophils are recruited to the injury site (BASTIAN
et al,, 2011). Under inflammatory conditions, neutrophils produce
chemokines that recruit BMSCs (CAI et al., 2021). The recruited
MSCs can induce the production of Tregs, which can promote
fracture healing by reducing the levels of IFN-y and TNF-a (LIU
et al, 2011). Macrophages also play a key role in wound healing. In
the early stage of fracture, M1 macrophages can stimulate
inflammation, and in the later stage, M2 macrophages help
fracture healing by producing OSM, PGE2 and BMP-2
(PAJARINEN et al, 2019). Moreover, Macrophages directly
promotes the MSC osteogenic differentiation to aid fracture
healing (ZHANG et al., 2022).

Alveolar bone regeneration is a key step in restoring healthy jaw
function after tooth extraction. Immediately after tooth extraction,
neutrophils are recruited to activate other immune cells (COSKUN
BENLIDAYI and GUZEL, 2013). Subsequently, macrophages are
recruited and mature. When the aggregation of macrophages is
inhibited, the healing of alveolar bone slows down (AOYAGI et al,
2018). Reducing the number of lymphocytes and eosinophils in tooth
extraction patients is significantly associated with delayed wound healing
(HAYASHI et al,, 2018). Therefore, a suitable immune environment is
necessary for alveolar bone healing after tooth extraction.

In conclusion, the interaction between jaw stem cells and
immune cells is very complex and runs through the process of
jaw development, maintenance and injury repair. However, the
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current research is limited, additional studies are warranted to
elucidate the potential mechanisms of interaction.

6 Conclusion and outlook

In recent years, an increasing number of studies have
investigated the correlation between stem cells and immune cells.
The jawbone has attracted considerable attention owing to its
unique immune environment.

Bone loss is associated with osteoblast balance disruption,
decreased osteoblast numbers, and increased osteoclast proliferation.
A significant accumulation of immune cells and MSCs occurs at the
bone resorption site, leading to a cascade of reactions. Immune cells
located in the jaw can enhance the osteogenic differentiation of jaw stem
cells and facilitate the repair of jaw defects through the simultaneous
secretion of various substances and activation of many signaling
pathways. Stem cells in the jawbone can exert immunomodulatory
effects and affect the immune microenvironment, thereby helping
regenerate the jawbone. We hope that this review will provide
valuable insights into jaw loss treatment.
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