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Osteoimmunity is an interactive schema by which organisms maintain bone homeostasis. It permeates
bone remodeling in healthy or diseased states, such as osseointegration of an oral implant material—
alveolar bone socket or inflammatory osteolysis at the plaque-oral tissue—implant material interface.
Once the self-mobilized osteoimmune system is insufficient to resist the spread of infection or
inflammation caused by progressive periodontitis, smoking, or diabetes, peri-implant bone homeostasis
will be tilted toward inflammatory osteolysis, as evidenced by an inflammatory response, osteoblast
suppression, and osteoclast hyperactivity. Therefore, in addition to etiological treatment, harnessing
osteoimmunity to enhance bone homeostasis stability and tissue anti-inflammatory capacity has also
become a therapeutic approach for peri-implantitis. Here, we extract therapeutic targets in terms of
cellular, protein, epigenetic modification, ribonucleic acid (RNA), and podosome-related osteoimmune
mechanisms in inflammatory osteolysis, summarize the existing bioactive materials, implant surface
modification, extracellular vesicles and other bioengineering techniques using osteoimmunity in the
treatment of inflammatory bone loss, and look at potential targets for harnessing osteoimmunotherapy
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1. Introduction

Osteoimmunity involves interactions between the skeletal and
immune systems to regulate the bone microenvironment. The
balance between the skeletal and immune systems is disturbed
in the face of sudden implant placement in a traumatic
manner, which inevitably imposes an osteoimmune burden.
Under normal circumstances, osteoimmunity can tolerate and
develop a bone shield-off reaction in the form of interface
bone." Once the stimulus exceeds the osteoimmunity tolerable
range, rejection reactions such as marginal bone loss will
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progress until the osteoimmunity burden subsides.* Therefore,
it has been argued that implants that remain stable in the
alveolar bone which is a lifelong remodeling part of the skeletal
system and consistently suffering occlusal stress should not be
considered inert biomaterials. Instead, they should be classi-
fied as osteoimmunomodulatory and co-participate in the
process of alveolar bone remodeling.? If bacterial plaque micro-
organisms cause hyperimmune rejection, the implant will
transition from being osteoimmunomodulatory to being tar-
geted by the immune system. This may lead to inflammation
and osteolysis around the implant. Unlike inflammatory bone
metabolic diseases caused by autoimmune disorders, period-
ontitis or peri-implantitis begins with polymicrobial synergy
and dysbiosis.* Additionally, distinct from periodontitis, osteo-
clast differentiation-related pathways are relatively more active
in peri-implant inflammation, with a higher ratio of a receptor
activator of a nuclear factor kappa-B (NF-«B) ligand (RANKL)/
osteoprotegerin (OPG).” Classical osteolysis begins with the
induction of mononuclear macrophages by RANKL and a
macrophage colony-stimulating factor (M-CSF), followed by a
gradual process of cell fusion and cytoskeletal reorganization to
achieve osteoclast maturation and subsequent acquisition of
bone resorption capacity.® During inflammation, tumor necro-
sis factor (TNF) and interleukin-6 (IL-6) can contribute to
osteoclast differentiation even without RANKL. This mecha-
nism appears to be specific to inflammatory osteolysis.” In
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addition to the direct role of the RANKL-RANK-OPG axis, bone
homeostasis is also indirectly and synergistically regulated by
immune cells, such as macrophages, dendritic cells, and
neutrophils.>® In conclusion, inflammatory factors secreted by
immune cells aggravate the progression of infectious peri-
implantitis. The process continues until inflammation subsides
and bone homeostasis is restored. After this, osteoimmunity
continues to drive bone repair and re-establish bone homeostasis.

To prevent peri-implant inflammatory osteolysis, intact and
healthy soft-tissue integration is the first barrier.'® Signals from
an impaired soft-tissue barrier can elicit an osteoimmune response.
The implant itself may also induce an autoimmune response.
Implant-derived titanium ions may enhance the Toll-like receptor
4 (TLR4)mediated inflammatory response and increase the
RANKL-OPG ratio, leading to inflammatory osteolysis."" Unlike
reactive oxygen species (ROS)-induced cellular inflammation, tita-
nium dioxide particle-induced inflammation'>"* does not depend
on reactive oxygen species but on the acetylation of histone H3
lysine 56 (H3K56), causing DNA damage (early DNA damage
marker - elevated YH2AX)."* Any biomaterial that wishes to act
on the host to cure or ameliorate a disease faces the threat of
autoimmune rejection. It is essential to modulate the host’s
immune microenvironment in response to the biomaterial and
harness it toward an ideal, favorable, and stable bone microenvir-
onment, which is also called “osteoimmunomodulation” of bone
regeneration.”® Bioactive materials such as polymers, ceramics,
metals, monolithic architected composites, microporous nano-
particles, fibrous hydrogel networks, and 3D printed scaffolds
directly recruit endogenous immune cells and stem cells for tissue
healing and regeneration.’® In addition, bioactive materials that
mediate bioelectricity also have a modulating effect on osteoimmu-
nity due to the active bioelectrical properties of the bone tissue,
such as the piezoelectric, pyroelectric, and ferroelectric charges
mediated by collagen fibrils as well as the electro-osmosis and
streaming potential present in bone tubules and laminae. The
separation of hydrogen bonds between hydroxyapatite (HA) and
collagen also plays a role."” Similarly, the use of implant surface
modification and extracellular vesicles can also help in the treat-
ment of osteoimmune-mediated osseointegration to inflammatory
immune-mediated osteolysis.

Understanding the causes of inflammatory osteolysis and
the unfavorable bone microenvironment in which it occurs is a
central aspect of understanding potential targets for treating
osseointegration failure. This review provides an overview of
advancements made in treating inflammatory osteolysis. It
describes the viable approaches and prospects of osteoimmu-
nomodulation in treating peri-implant inflammatory osteolysis
regarding implant surface modification, bioactive materials,
and extracellular vesicles.

2. Cascade of osteolysis reactions
2.1. The cytological process of osteolysis

There is always a dynamic combination of bone loss and bone
regeneration in the bone microenvironment in terms of
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catabolism and anabolism. The skeletal microenvironment is
regulated by the involvement of the skeletal and immune
systems through the interaction of bone marrow-derived
mesenchymal stem cell-derived osteoblasts and bone marrow-
derived hematopoietic stem cell-derived immune cells, which
regulate osteogenesis and osteolysis (Fig. 1).

Bone marrow-derived mesenchymal stem cells

Growth factors such as insulin-like growth factor-I (IGF-I) and
transforming growth factor (TGF) promote osteoblast prolifera-
tion. Meanwhile, the bone formation protein (BMP) and Wnt
signaling-mediated transcription factors, like Runt-related
transcription factor 2 (Runx2) and osterix (OSX), promote
osteogenic differentiation.’® As bone formation progresses,
mature osteoblasts adhere to the surface of the bone matrix
and produce protein-like type I collagen (COL1). This contri-
butes to osteoid formation, which is then calcified through the
secretion of matrix vesicles and alkaline phosphatase (ALP).'®
The integrity of the mature bone structure is maintained
through the process of osteoclastic resorption and osteoblastic
reconstruction, which involves the continuous development of
both osteoblasts and osteoclasts. M-CSF and RANKL turn on
the differentiation of monocyte-macrophages toward osteoclast
differentiation, while the nuclear factor of activated T cells 1
(NFATc1) controls the terminal differentiation of osteoclasts."’
As they mature, osteoclasts release both protons (H') and
enzymes that break down the bone matrix, including cathepsin
K (CTSK) and matrix metalloproteinases (MMPs). These pro-
cesses lead to the decalcification of bones and the degradation
of proteins. Osteogenic inhibition and osteoclast induction are
mainly triggered by two substances secreted by osteocytes:
sclerostin and RANKL, respectively.>® After being cocultured
with osteocytes, osteoclast precursor cells displayed more
powerful ability to induce osteoclasts. Specifically, their ability
to express RANKL was much higher than that of osteoclasts
cocultured with osteoblasts, up to tens of times higher.?" In the
maturation phase of bone growth, osteocytes have a greater
advantage in OPG expression than osteoblasts.”” This makes
osteocytes incredibly important in the bone microenvironment
as they regulate the balance between osteogenesis and osteo-
lysis. There is a lack of studies that target osteocytes to induce
osteogenesis during the early stages of osseointegration and
osteoclastogenesis during bone remodelling. Such temporal
and sequential targeting of osteocytes for the regulation of
bone homeostasis would be a major challenge.

Bone marrow-derived hematopoietic stem cells

Among immune cells, T lymphocytes express minimal levels of
RANKL and have little involvement in osteolysis, similar to B
lymphocytes.>*>° However, the absence of T/B lymphocytes can
negatively impact bone health. This is because B lymphocytes
produce less IL10, which reduces the bone microenvironment’s
ability to repair inflammation effectively.>® On the other hand,
patients with periodontitis had a significantly higher percen-
tage of CD4+ T helper (Th) cells, such as Th1l and Th17 cells,
accompanied by a high expression of inflammatory infiltrative

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The triad of bone marrow mesenchymal stem cells, hematopoietic stem cells, and osteocytes regulates the processes of osteolysis and
osteogenesis. (Note: the green upper triangular section represents osteogenesis, while the lower red triangular area represents osteolysis.)

factors and an increase in the number of osteoclasts.>”*®

Similarly, research has found that IL-6 can significantly pro-
mote the differentiation and maturation of dendritic cells
(DCs), which can ultimately contribute to the progression of
periodontitis.>®> Mature DCs bidirectionally regulate bone
homeostasis, eliciting osteoprotective and osteodestructive
responses by activating and inactivating FoxO1, respectively.®
DCs help in activating Th1 cells by releasing IL-12 and inter-
feron-y (IFN-y), and they promote the differentiation of Th17
cells by releasing TGF-f, IL-6, IL-23, and IL-1f. These cascades
of amplified signals continue to sustain the inflammatory
response and osteoclastic induction in response to RANKL
activation.**”*? Alternatively, DCs can induce regulatory T-cell
(Treg) responses by secreting IL-10 and TGF-§ to resist the
further development of inflammatory osteolysis.** Triggered by
Porphyromonas gingivalis (Pg) derived LPS, neutrophils over-
express IL-4, with consequent initiation of IL4/ILAR/ERK signal-
ing in CD115(+) osteoclast precursors (OCPs) to promote their
proliferation and subsequent osteolysis.****> When phagocytes

© 2024 The Author(s). Published by the Royal Society of Chemistry

remove exogenous inflammatory factors, the produced extra-
cellular traps (NETSs) are susceptible to mineralization of dental
calculus, further stimulating inflammation and osteolysis.
NETs secreted by neutrophils mediate TLR4 signaling and
NET-associated proteins, including histones and neutrophil
elastase, to induce rapid osteoclastogenesis, especially when
NETs are carbamylated.’

In conclusion, in response to stimulation by inflammatory
factors such as the LPS, antigen-presenting cells like DCs
activate the proliferation and differentiation of Th1 and Th17
cells. This is followed by clearance of inflammatory stimuli by
trending neutrophils and macrophages but also inevitable by
tissue destruction due to high expression of RANKL and MMPs.
At the same time as hyperinflammation, Th2 cells and Tregs
also increase in number, differentiate, and release anti-
inflammatory factors like IL-10. This helps to mitigate the
harm caused by Thl and Th17 cells and promotes the
healing of damaged tissues. Targeted modulation of immune
cells is not a substitute for etiological treatment that removes

Mater. Adv,, 2024, 5, 3113-3134 | 3115
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exogenous antigens, but rather a way to assist in the amplifica-
tion of intrinsic autoimmunity. Enhancing the efficiency of
antigen presentation and antigen clearance, while directing
the body towards tissue repair as soon as possible, will be the
desired efficacy of immunomodulation in peri-implantitis.

2.2. Protein regulation of osteolysis

RANKL-OPG competition is the most direct and critical aspect
of regulating osteogenesis and osteolysis. The development of
osteoclasts and subsequent bone resorption are hindered by
RANKL inhibitors.>® The lack of OPG (an inhibitor of bone
resorption that antagonizes RANKL-rank binding) will bring
about bone loss so severe that it becomes one of the criteria for
modeling spontaneous alveolar bone loss.’” Based on this
theory, denosumab is a competitive antagonist of RANKL that
can effectively inhibit osteoporosis or tumor bone metastasis.
However, in some patients, it may significantly increase the risk
of osteonecrosis of the jaw after tooth extraction.***° This may
be related to the inhibition of microvascular and immune
mobilization by bisphosphonate. After partial elimination of
inflammatory factors (inhibition of TNF-o, IL-10/f, or IL-6),
however, the progression of osteonecrosis can be significantly
inhibited.*' Thus, the role of osteoimmunity in bone protection
is not only to maintain the osteoblast-osteoclast balance but
also to activate osteoclasts to remove necrotic areas while
suppressing inflammation to promote bone tissue repair dur-
ing inflammatory infections (Fig. 2).

Role of MAPK/NF-kB/c-Jun downstream of TRAF6 in the
cytoplasm. In addition to RANK receptors, activation of Toll-
like receptors (TLRs), IL1R, TNFR, and growth factor receptors
(GFsRs) also synergizes with the induction of inflammatory
osteolysis by RANKL.** Upon activation of RANK signaling, TNF
receptor-associated factor 6 (TRAF6) autoubiquitinate to form
nondegradative K63-linked ubiquitin chains, which recruit
TGF-activated kinase 1 (TAK1)-TAK1-binding protein 1/2
(TAB1/2) complex formation.** RANKL-induced osteoclast dif-
ferentiation is dependent on the activation of TRAF6 and TAK1,
the deletion of which results in impaired activation of mitogen-
activated protein kinases (MAPKs) and NF-xB.**** In the MAPK
signaling pathway, the c-Jun N-terminal kinase (JNK) protects
osteoclast precursor cells from RANKL-induced apoptosis dur-
ing differentiation and facilitates the formation and differen-
tiation of RANKL-activated osteoclasts.*® The inhibition of p38
interfered with osteoclast formation but had a little effect on
the bone resorption effect of osteoclasts.”” The osteoclast-
inducing effect of MAPK extracellular signaling-regulated
kinase (ERK) (MEK) remains controversial.*®*® Furthermore,
when IKKy is lacking, the transcription factor NF-«xB is unable
to enter the nucleus, hindering the expression of genes related
to osteoclast formation.’® In the absence of JunB, there is a
decrease in the number of osteoclasts, and this reduction is
even more pronounced when c-Fos is also lacking.**> Reduc-
tions in both NF-xB and activator protein 1 (AP-1) (composed of
c-Fos and Jun proteins) in osteoclasts lead to osteosclerosis.
Inhibition of cytoplasmic proteins downstream of TRAF6 may
cause alterations in many cellular functions. Direct inhibition
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of TRAF6 or cell membrane proteins may have more immediate
efficacy, but the end points of the inhibitory effect need to be
clarified to avoid toxic side effects of treatment.

Regulation of proteins in the nucleus. Osteoclast formation
and survival are inextricably linked to the osteoclast-associated
receptor (OSCAR), which is dependent on the transcriptional
induction of the AP-1 complex.>® Additionally, the AP-1 complex
promotes the formation of bone resorption structures (actin rings
and ruffled membranes) through the activation of integrin p3.>*
Furthermore, the AP-1 complex contributes to the fusion of
osteoclast precursor cells through the activation of the dendritic
cell-specific transmembrane protein (DC-STAMP), osteoclast sti-
mulatory transmembrane protein (OC-STAMP), and vacuolar-
ATPase subunit d2 (V-ATPase).>>™” Osteoclastic differentiation
requires NFATc1 as an essential component. Its activation relies
on TRAF6, c-Fos, and p50/p52 NF-kB.>® Additionally, NFATc1 is
responsible for mediating activating transcription factor 4 (ATF4),
B lymphocyte-induced maturation protein 1 (Blimp1), leukemia/
lymphoma-related factor (LRF), or Jun dimerization protein (Jdp2)
to function.’*® Moreover, the binding of NFATc1 to the AP-1
complex is also involved in TRAP transcription.®* Secretory TRAP
will act as a bone matrix resorber in the acidic environment
between osteoclasts and the bone surface. However, immunother-
apy against transcription factors also faces toxic side effects
caused by a wide range of downstream regulatory sites. Addres-
sing this issue is a major challenge.

Mitochondrial oxidative stress. Induced by inflammatory
and osteolytic stimuli, nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase 4 (NOX4) in the mitochondrial
electron transport chain generates large amounts of ROS and
exacerbates the induction of inflammation and osteolytic dif-
ferentiation by the transcription factors AP-1 (c-Jun/c-Fos), NF-
kB and NFATc1.°>™® The transcription factor nuclear factor-
erythroid 2-related factor 2 (Nrf2) is a negative regulator of
NOX4, preventing further development of oxidative stress and
osteoclasts.’® Meanwhile, the transcription factor FoxO induces
catalase (CAT). This helps in regulating the excessive produc-
tion of ROS and plays a negative regulatory role in hyperactive
osteoclast differentiation.”® Therefore, the development of
mitochondrial-targeted drugs for Nrf2 and FoxO facilitates the
stabilisation of the mitochondrial respiratory transport elec-
tron chain and the control of ROS overexpression, which is
beneficial for the treatment of osteoblastic hyperactivity.

Calcium ion effect. In addition, RANKL-induced osteolysis is
inseparable from Ca®" migration. The G protein-coupled recep-
tor (GPCR) and tyrosine kinase receptor (Trk) catalyze the
hydrolysis of membrane phospholipid phosphatidylinositol*?
bisphosphate (PIP2) upon inflammatory stimulation to pro-
duce diacylglycerol (DAG) and inositol triphosphate (IP3).
DAG induces MAPK signaling to enhance c-Fos and NF-kB
expression. IP3 induces Ca*" release from the endoplasmic
reticulum, which subsequently activates the dephosphorylation
of NFAT by calcineurin (CaN). As a result, NFAT can move into
the nucleus and regulate genes on its own or in conjunction
with transcription factors like AP-1.7°7> Additionally, in
response to RANKL-RANK signaling, the calcium-activated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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chloride channel anoctamin 1 (Anol) upregulates NFATc1l
expression in response to intracellular Ca** activation and
releases chloride ions that act in concert with the proton pump
(H") for bone resorption.”® The development of drugs targeting
inhibition of the GPCR and Trk or downstream IP3 might be
one of the feasible ways to inactivate intracellular calcium
signalling and thus inhibit bone resorption.

2.3. Molecular modification of osteolysis

Upstream of the protein regulation of bone homeostasis, the
surfaces of DNA, RNA, and histones play a role in signal
transduction through modifications such as acetylation and

© 2024 The Author(s). Published by the Royal Society of Chemistry

methylation. Differences in the regulation of epigenetic mod-
ifications can be identified through comparisons between
healthy and diseased tissues. Histone deacetylases (HDACs) 1,
5, 8, and 9 and histone demethylase lysine demethylase 4B
(KDM4B) were highly expressed in the gingival tissue of
patients with periodontitis.”* Meanwhile, HDAC inhibitors
(HDACI) positively affect bone regeneration in periodontal
tissues. Inflammatory osteolysis induced by Pg bacteria
achieved bone regeneration with HDACI treatment, especially
inhibitors of class I and class II HDACs.”” In addition, the
histone methyltransferase enhancer of zeste homolog 2 (EZH2)
was able to upregulate the expression of VCAM-1, which leads

Mater. Adv, 2024, 5, 3113-3134 | 3117
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to the inhibition of miR-101 expression and subsequently
suppresses periodontal inflammatory bone resorption.”® Drugs
targeting molecular modifications may hold promise for assist-
ing bone immunomodulation.

Osteogenesis. Epigenetic modifications can tilt bone home-
ostasis toward osteogenesis. HDAC1 and HDACI2 are important
regulators of osteogenic differentiation, with upregulation of
osteogenic markers other than OCN.”” Additionally, HDAC1
targets the promoters of genes responsible for the osteoclast
function (e.g., NFATc1 and OSCAR) to impede their expression
and suppress osteoclast differentiation.”® Reducing the expres-
sion of HDACs 4, 5, 9, 10, and 11 leads to an increase in the size
and demineralization activity of multinucleated giant cells.
However, it has little impact on the total number of multi-
nucleated giant cells formed.”® HDACS is crucial in destabiliz-
ing the osteoclast skeleton, hindering osteoclast migration, and
preventing the formation of podosomes.*® HDAC7 inhibited
the transcription of NFATc1, CTSK, and DC-STAMP to prevent
osteoclast differentiation, but it also inhibited the maturation
of osteoblasts.®” RANKL helps in keeping FoxO in an inactive
state through pathways like phosphorylation. Meanwhile, sir-
tuin 1 (SIRT1) activates FoxO by deacetylating it and also
reduces the levels of H,0,. This inhibits the increase and
differentiation of osteoclasts.®” It was found that SIRT3 plays
a role in maintaining mitochondrial homeostasis by deacetylat-
ing cytochrome ¢ oxidase subunit 4 isoform 2 (COX4I2).%
Additionally, SIRT6 was found to deacetylate STATS5, which
inactivates IL-15/JAK3/STAT5.%* These actions serve as negative
regulators of the inflammatory response and RANKL-induced
osteolysis. In osteoblasts, lysine-specific demethylase (LSD1)
inhibits PBX1 translation to promote osteoblast differentiation.
It positively regulates miR-6881-3p, which targets the inhibition
of pre-B-cell leukemia homeobox 1 (PBX1) to promote osteo-
genic differentiation and the inhibition of additional sex combs
like-2 (ASXL2) to inhibit osteoclastic differentiation.®® Inhibi-
tion of the KDM4B expression causes compensatory activation
of KDM1A4, reducing the production of proinflammatory factors
and osteoclasts.”* Methyltransferase-like 3 (METTL3), the core
methyltransferase that installs an N6-methyladenosine (m6A)
modification on RNA, stabilizes the mitochondrial function by
reducing the iNOS/NO expression, thereby inhibiting osteolysis
under inflammatory conditions.®® The above studies suggest
that epigenetic modifications are feasible for the treatment of
inflammatory osteolysis.

Osteolysis. Similarly, epigenetic modifications can tilt bone
homeostasis toward osteolysis. HDAC3 promotes osteoclast
differentiation, and its reduced expression can increase the
induction of osteogenic differentiation.’”*® The p300/CREB-
binding protein-associated factor (PCAF) induces osteolysis by
acetylating H3K27 in the C-X-C motif chemokine ligand 12
(CXCL12) promoter region in osteoblasts.®® It also acetylates
NFATc1 in osteoclasts and runt-related transcription factor 2
(Runx2) in osteoblasts to simultaneously induce osteoclast
differentiation and inhibit osteogenic differentiation.”® The
PCAF also activates Wnt5a to promote osteolysis.”" Differential
recruitment of the histone H3K4 methyltransferase SET
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domain containing 1A (SETD1A) leads to differential polariza-
tion of macrophages and osteoclasts.””> Enhancement of DNA
methyltransferase will silence osterix (Osx) and prevent osteo-
genic differentiation.”® The euchromatic histone lysine methyl-
transferase 2 (EHMT2) monomethylates H3K27 to H3K27me1,
which recruits MMP9 for proteolysis of the histone H3N-
terminal tail (H3NT), thereby triggering osteoclast-specific gene
expression.”® EZH2 catalyzes the trimethylation of H3K27,
which targets the Ndrg2 promoter to inhibit osteoblast differ-
entiation. It also promotes osteoclast differentiation, further
exacerbating bone destruction.”® Disruptor of the telomeric
silencing 1-like protein (DOT1L), which catalyzes the trimethy-
lation of H3K79, increases the level of ROS in osteoclasts and
the ability of osteoclasts to fuse and osteolysis.”® RANKL-
induced osteoclast differentiation activates protein arginine
methyltransferase (PRMT1/5) expression in a JNK-dependent
manner, which methylates NF-xB and induces osteoclastic
formation and bone resorption.”””*® The H3K27 demethylase
Jumonji domain-containing 3 (Jmjd3), activated at the tran-
scriptional start site of NFATc1, responds to RANKL-stimulated
osteoclastic induction by demethylating H3K27me3.°° In osteo-
clasts, LSD1 demethylates H3K4 and H3K9 to stabilize HIF-a,
promoting osteolysis during RANKL-mediated osteoclast differ-
entiation. However, LSD1 inhibitors do not affect methylation
levels of H3K4 and H3K9 during the inhibition of
osteolysis.'°”'°" Upon stimulation of the receptor activator of
the NF-xB ligand, the KDM4B-CCAR1-MED1 complex is loca-
lized to the promoters of multiple genes related to osteoclasts.
This complex induces the formation of osteoclasts through the
process of H3K9 demethylation. It leads to NF-kB p65 recruit-
ment via a direct interaction between KDM4B and p65.'%> N6-
methyladenosine (m6A) demethylase fat mass and obesity-
associated protein (FTO) overexpression contribute to the tran-
scription factor NF-kB. This leads to an increase in the expres-
sion of osteoclast genes like NFATcl when stimulated by
RANKL.'® The RNA methyltransferases METTL16 and FTO
are osteodestructive factors, while YTHDF2, a recognition pro-
tein of m6A, is an osteoprotective factor.'®* But the lack of
specificity for the gene site is the fatal weakness of
epigenetic drugs.

2.4. RNA mechanism of osteolysis

Differences in RNA expression were found in oral fluid biomar-
kers of periodontitis and peri-implantitis. This is of potential
value for diagnosing and treating inflammatory osteolysis
around teeth or implants. For example, the upregulation of
miRNA-142-3p and miRNA-146a is representative in diagnosing
periodontitis.’®> MicroRNAs, including miR-let-7¢g and miR-
27a, show a significant increase in peri-implantitis cases,
contrasting with the dramatic decrease observed in miR-
145.'°® These findings suggest that these microRNAs could
potentially aid in the development of effective treatments for
inflammatory osteolysis in the future.

MicroRNAs. MicroRNAs are involved in osteoclast differen-
tiation in inflammatory osteolysis. The oral inflammatory
environment will lead to high expression of hsa-miR-374b-5p.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma00733b

Open Access Article. Published on 13 2024. Downloaded on 2025/11/22 08:51:25.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

This can then lead to the inhibition of U2AF homology
motif kinase 1 (UHMK1), ultimately increasing osteoclastic
differentiation.’®” The negative regulation of RUNX1 by miR-
28 favors osteoclast differentiation, while its deletion causes a
decrease in the number of osteoclasts.'®® MiR-21 inhibits
programmed cell death 4 (Pdcd4) expression, which in turn
rescues the inhibition of c-Fos by Pded4 and thus promotes
inflammatory osteolysis.'® In addition, miR-21 is also involved
in the activation of T cells and stimulates their secretion of
RANKL."'® MiR-182 targets FoxO3 and mastermind-like tran-
scriptional coactivator 1 (Maml1) to promote TNF-a-induced
inflammatory bone resorption but is inhibited by the recombi-
nation signal binding protein for the immunoglobulin kappa J
region (RBP-J)."""

MicroRNAs are also involved in autoimmune repair of
inflammatory osteolysis. MiR-29a reduces the secretion of
RANKL and CXCL12 by osteoblasts and plays an osteoprotective
role.®” MiR-142-3p has a significant inhibitory role in the
differentiation of monocytes/macrophages/dendritic cells into
osteoclasts. Depending on RANKL activation, miR-142-3p tar-
gets and promotes the high expression of protein kinase C-a
(PKC-a), which in turn induces the apoptosis of osteoclasts and
facilitates the arrest of osteolysis progression."** Similarly,
negative regulation of C-X-C motif chemokine receptor 2
(CXCR2) by miR-155-5p hinders osteoclast differentiation."*®
Overexpression of miR-335-5p and miR-218 inhibited inflam-
matory osteolysis in the alveolar bone."**'" MiR-1260b inhi-
bits Wnt5a and ATF6f expression, impairing RANKL pathway-
mediated osteoclastic activity. Human gingiva-derived MSC
(GMSC) derived exosomes containing miR-1260b are beneficial
in the treatment of bone loss in periodontitis."*®''” Unlike
siRNA and protein targeted drugs, miRNA’s mimetics and
inhibitors have poor specificity, which also leads to limited
clinical applications.

Long noncoding RNAs (IncRNAs). LncRNA acts as an antago-
nist of microRNA, inhibiting the binding of microRNA to
messenger RNA (mRNA) and exerting immunomodulatory
effects. The LncRNA differentiation antagonizing nonprotein
coding RNA (DANCR) positively regulates the expression of
Jagged1 and promotes osteoclast differentiation.’'® The
LncRNA noncoding repressor of NFAT (NRON) effectively pro-
motes the nuclear translocation of the NF-kB repressing factor
(NKRF), preventing NF-kB from activating the transcription of
NFATcl. This can ultimately lead to a reduction in bone
resorption for patients with periodontitis.’*® It was found that
miR-221-5p prevented the activation of NF-kB and the resulting
osteoclastic differentiation by CXCR3-CXCL10. However, the
osteoclast-specific IncRNA (OC-IncRNA) countered miR-221-5p
by sponging it, which led to osteolysis."””® LncRNA metastasis-
associated lung adenocarcinoma transcript 1 (MALAT1) com-
petitively binds miR-124 to inactivate the latter’s inhibitory
effect on NFATc1 expression, thus promoting the development
of bone loss in periodontitis.">" Endogenous antagonists of
mRNA or miRNA in the development of oral inflammatory bone
diseases may be the key to future inflammatory regulation and
osteolysis treatment in the oral environment.
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2.5. Progression of podosomes to osteolysis

Formation of podosomes. Podosomes, which function to
degrade the extracellular matrix (ECM), are found in cells such as
monocytes, macrophages, osteoclasts, and migratory dendritic
cells.”**'* 1t is involved in physiological processes, including
cell migration, bone remodeling, and angiogenesis."**"*® Unlike
podosomes in macrophages or dendritic cells, which are dis-
persed on the ventral adhesion side or at the tip of the migration
direction, podosomes gradually evolve from clusters and rings to
belts (on glass) or sealing zones (on bone) during osteoclast
development.'® The B1 and B3 integrins that provide the ECM
attachment,"*® RhoA-inactivating proteins like p190RHOGAP,"*"
and reduced local contractility"*> constitute the three elements of
podosome formation. RhoA knockout mice and corresponding
RhoA-deficient primary macrophages exhibit impaired bone
resorption and osteoclast induction. On the other hand, high
levels of RhoA can activate Akt-mTOR-NFATc1 signaling, leading
to the promotion of osteoclast development.'** Phosphatidylino-
sitol 3,4-bisphosphate (PtdIns (3, 4) P2) and PI3K-induced PtdIns
(3, 4, 5) P3 accumulate at the podosome formation site and recruit
WASP and TKS5 to participate in the formation of the core and
cap of the podosome, respectively.">* Myosin IIA, together with
regulators such as LSP1, induces the generation of oscillatory
protrusions that release hydrolases such as MT1-MMP."*® The
podosome has ARP2/3 complex-mediated branched F-actin as its
core with a cap-like structure consisting of cross-linked F-actin
and bundled F-actin at the head and surrounded by a ring of
adhesion proteins attached to the ECM via integrins at the tail.
The middle-exposed region is present with the transmembrane
protein membrane-type metalloproteinase-1 (MT1-MMP) and cell
surface adhesion receptor CD44, which are directly involved in the
regulation of ECM degradation by hydrolases.'*® With the help of
calpain-induced WASP cleavage, the supervillain further com-
pletes the degradation of the podosome.*® A disintegrin and
metalloproteinase (ADAM) 17 mediates the shedding of
membrane-bound cytokines and corresponding membrane pro-
teins. In vivo and in vitro experiments enhancing ADAM 17 activity
significantly increased LPS-induced shedding of TNF-o and
TNFRII in macrophages while activating TLR-mediated podosome
disassembly, synergistically disrupting cell migration and inva-
sion capacity'®” (Fig. 3). The treatment method of intervening in
podosome formation can inhibit the osteoclast function, but
further clinical trials are needed to test its safety.

Functional proteins of podosomes. Podosomes’ formation,
maturation, and transformation are inseparable from CDC42,
RAC, and Ras homolog (RHO) in RHO GTPases, respectively.
In vitro and in vivo experiments with knockdown or inhibition
of RAC1 and RAC2 have demonstrated the indispensable
importance of RAC1/2 in the formation of the sealing zone of
osteoclasts.'*®**° RHO interferes with the fusion of the podo-
some ring to the belt at an early stage of osteoclast
differentiation."**'*' Rho or its activating effector mDia2
reduces the level of microtubule acetylation in the podosome
structure by activating HDAC®6, bringing about the structural
and functional defects in the podosome and impairment
of osteoclast differentiation.'*® Targeted protein therapy to

Mater. Adv, 2024, 5, 3113-3134 | 3119


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma00733b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 13 2024. Downloaded on 2025/11/22 08:51:25.

(cc)

Review

Reduced
contractility

p190RHOGAP

PIP3 | PIP2 integrin
B3

integrin

View Article Online

Materials Advances

ARP2/3 branched
/bundled
/cross-linked
F-actin

— @@

s

core

Fig. 3 The process of how podosomes interact with the extracellular matrix on the cell membrane surface.

prevent podosome maturation and accelerate podosome
decomposition is theoretically feasible, but further animal
and clinical trials are still needed to validate it.

Podosomes during bone resorption. RANKL triggers macro-
phage podosomes to migrate inward, extending actin-rich
protrusions that facilitate fusion with neighboring cells. The
fused macrophages are filled with actin-rich zipper-like struc-
tures to complete cell-cell junctions.'*> Mature osteoclasts
adhere firmly to the ECM through the adhesion rings of the
podosome and CD44 below the nucleus, with dense podosomes
arranged closely inside the giant osteoclast membrane to form
a closed zone for bone resorption.'** Osteoclasts on the bone
surface produce a more expansive sealing zone and a higher
density of podosomes than in flat, smooth glass."** The ruffled
border of osteoclasts on the bone has a denser actin fiber
network than that in calcite."** In the collagen-rich environ-
ment, type I collagen fibers will activate a linear podosome that
is anchored to the ECM in a structure containing not integrins
but discoidin domain receptor 1 (DDR1) with IRhoGTPase-
Cdc42 and its specific guanine nucleotide-exchange factor
(GEF)-tuba structure."* In addition to regulating the degrada-
tion of the ECM by hydrolases, the podosome in macrophages
also has a role in recruiting deoxyribonuclease (DNase) to
degrade extracellular or bacterial DNA.'*® The podosome
within macrophages releases MMP2 and MMP9."*” However,
relying on hydrolytic enzymes and lacking an acidic environ-
ment, or having difficulty breaking the disulfide bonds between

3120 | Mater. Adv.,, 2024, 5, 3113-3134

fibers, makes it challenging to degrade the ECM completely.
We have not yet explored the role of the Na'-H' exchanger
NHE1, which mediates the acidic environment, and oxidore-
ductase, which reduces disulfide bonds, in the degradation of
the ECM by podosomes.

3. Bioengineered treatment of
osteolysis
3.1. Electrobiomaterials

Electrobiomaterials favor bone remodeling. Appropriate
mechanical stress and exogenous electrical stimulation can
enhance bone remodeling and osseointegration of bone grafts
with autogenous bones.™® Piezoelectricity in collagen fibers,
fluid-generated streaming potentials in bone microtubules and
the flexoelectric effect in cortical bones are important electro-
mechanical foundations for harnessing bone remodeling.*****°
Hydroxyapatite significantly induced osteogenic differentiation
after electropolarization treatment, while electropolarized
synthetic carbonate-substituted apatite scaffolds also
improved osteoclastic resorption through increased interfacial
wettability."”’ Combining the tricalcium phosphate gelatin
scaffold with electroacupuncture stimulation (ES) induced a
pH change in the culture medium. This resulted in the activa-
tion of osteoclasts and osteoblasts in coculture systems,
leading to bone formation in rats with bone defects."*” The

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma00733b

Open Access Article. Published on 13 2024. Downloaded on 2025/11/22 08:51:25.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

simultaneous activation of osteoclastic and osteoblastic activ-
ities by electrical stimulation will facilitate the in situ remodel-
ing and fusion of bone graft materials with autogenous bones
to accelerate the regenerative repair of bone defects.

Electrobiomaterials favor restoration of the bone electro-
physiological microenvironment. Physiological movements
such as standing and walking will generate a piezoelectric
negative potential of about 300 pV, which is considered to be
an electrophysiological environment favourable for osteocyte
activity and maintenance of bone homeostasis. Higher electro-
negativity and currents of 1-10 nA cm™ > occur at fracture and
wound healing sites."® The electrophysiological microenviron-
ment required for bone transformation under disease condi-
tions will be significantly altered. The electrobioactive material
aims to mimic the natural electrophysiological microenviron-
ment of healthy bone tissue. This is achieved through various
exogenous stimuli such as dielectric, piezoelectric, and pyro-
electric properties. The material also generates spontaneous
ferroelectric, electroosmotic, and flow potentials to promote
osteogenic and angiogenic effects while also having anti-
inflammatory, anti-osteolytic, and antibacterial properties for
therapeutic purposes. Immunomodulation of biomaterials in
inflammatory osteolysis lays the foundation for osteogenic
induction. Immunomodulation in electroactive scaffolds is
manifested in the chemotaxis of immune cells by electrical
stimulation to reduce inflammation and improve a bone micro-
environment conducive to tissue regeneration. Monocytes and
macrophages tend to avoid electrical stimulation, thus redu-
cing the levels of inflammatory cells and corresponding proin-
flammatory cytokines in the electrical environment.’>* In
addition, there is an electric field-dependent regulation
of phagocytosis by macrophages. With the aggregation of
phagocytic receptors, activation of phosphoinositide 3-kinase
(PI3K) and extracellular regulated protein kinases (ERK), mobili-
zation of intracellular calcium, and polarization of actin,
macrophages induce the enhanced phagocytosis of microorgan-
isms and necrotic cells, which is crucial for tissue debridement, as
well as subsequent osteogenic induction and osteoclastic
remodeling."> Self-promoting electroactive mineralised scaffolds
induce osteogenesis by activating voltage-gated channels and
relying on the electroactive surface of the material to inhibit
bacterial adhesion."*® Time-sequential modulation of electrical
stimulation using a fully biodegradable piez-triboelectric hybrid
nanogenerator lays the foundation for future treatment of abnor-
mal electrophysiological environments in disease settings.”® In
addition to conductive biomaterials (carbon-based nanomaterials,
metallic conductive materials, and conducting polymers) that can
be stimulated by exogenous power sources, nanogenerators, such
as piezoelectric materials, can also rely on mechanical force
conduction. Similarly, materials with superior optoelectronic
properties like Mxenes can be stimulated by light of different
wavelengths and penetration depths,'>® which are expected to
produce time-sequential modulations that can intervene in the
functioning of tissues and cells.

Bioelectric synergies favor inflaimmatory osteolysis treat-
ment. Bioelectrical activation can be used alone or in synergistic
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pairings to achieve microenvironmental modulation. A vaccine
technology that uses electrical stimulation to program autologous
dendritic cells may be able to enhance the dendritic cell expres-
sion of FoxO1, inducing its anti-inflammatory regulatory role
in the context of osteoimmune."” Electrical and chemical excita-
tion of membrane-covered porous titanium scaffolds have anti-
inflammatory and osteogenic differentiation-inducing efficacy."®
Photosensitive graphene materials can promote osteogenic
differentiation by altering the surface potential distribution and
activating voltage-gated calcium channels through visible light
stimulation."® The above materials combine chemical effects or
visible light to synergistically stimulate osteoimmune homeosta-
sis in inflammatory environments. Researchers could continue to
fill in the gaps between the electrical stimulation and the mod-
ulation of tissues and cellular features by various physical proper-
ties, such as magnetism, temperature, and force. In addition,
future developments should also focus on the time-sequential
treatment of inflammatory osteolysis, relying on time-sequential
changes in the magnitude of pulsed electrical energy to modulate
the immune/osteogenic process accordingly.

Diabetes, with its high glucose and oxidative stress hyper-
activity, contributes to the severity and persistence of microbial
attack and corresponding tissue damage. The use of chitosan or
nanoparticles to create a biomimetic electro-microenvironment
has been found to induce anti-inflammatory changes in M1
macrophages under high glucose conditions. This is achieved
through the inhibition of protein kinase B (AKT2) and inter-
feron regulatory factor (IRF5) expression in the PI3K-AKT
signaling pathway. Additionally, these bioelectric synergies
enhance the osteogenic differentiation of human bone marrow
mesenchymal stem cells (BMSCs) in a coculture environment,
leading to a beneficial osteoimmune microenvironment.®%*¢*
Positive charge treatment of the drug delivery system achieved
anti-inflammatory transformation and effectively promoted
wound healing in diabetic mice.'®* By combining the electrical
conductivity of graphene oxide, the osteoconductivity of polar-
ized hydroxyapatite, and the anti-inflammatory properties of
polydopamine, researchers have created active scaffolds that
can significantly enhance bioelectrical signals. These scaffolds
have shown the potential to promote bone regeneration in
periodontal bone defects in diabetic rats.'®® However, there is
still a lack of clinical evidence to support the use of electro-
biomaterials to modulate the bone microenvironment in dis-
eases. The reasons for limiting clinical studies of electro-
biomaterials may lie in the stability and safety of the electrical
output of these electro-active materials, the long-term biosafety
and the metabolic toxicity of degradable conductive polymers.

3.2. Implant surface modification

From osteogenesis to antibacterial properties. The surface of
titanium can vary in several ways, including roughness, micro-
scopic discontinuities, hydrophilicity/hydrophobicity, chemis-
try, and electrical charges. Such differences can significantly
impact proteins, cells, and bacterial adhesion, which in turn
affects the success of osseointegration and continuous bone
remodeling. The ideal implant surface should have adhesive
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properties that are antimicrobial but favorable for cell adhe-
sion, thus giving rise to the development of various antimicro-
bial coatings.

Osteogenesis. Enhancing the osseointegration of titanium
implants initially focused on the physical or chemical modifi-
cation of the surface morphology. Physical surface protrusions
are known to play an important role in the survival of bacteria
and cells and in their functional differentiation. Nanopillar
arrays of 200 nm were able to induce osteogenic differentiation
in human adipose-derived stem cells (hADSCs) and induce
ectopic osteogenesis in vivo.'®* Drawing on the structural
properties of nanopillars, hollow titanium oxide TiO, nano-
tubes synergised with releasable co-doped calcium or/and
strontium can significantly enhance osteogenic properties.'®
The prominence of the nano/micron structure to modulate
bioactivity actually stems from the high degree of biomimicry
of the material to the natural extracellular matrix of the host
bone and bone healing hematoma. These bionic micro- and
nanostructures on the implant surface will result in increased
osteogenic and angiogenic activity of BMSCs and vascular
endothelial cells and generate an anti-inflammatory predomi-
nantly osteoimmune microenvironment.'®® To further improve
biocompatibility, a team prepared a hybrid coating of titanium
phosphate and TiO,, where protein adhesion and the activity
and osteogenic function of BMSCs were significantly enhanced
and followed by stronger bone-implant contact bond
strength.'®” When TiO, is doped with weaker Zn-O bonds,
the superiority of osseointegration and the ability of Zn**
release with subsequent ROS for bacterial killing will be
balanced well, promoting the osseointegration of tibiae of rats
infected with Staphylococcus aureus.'®® Combining physical
protrusion structures that facilitate osteogenesis with surface
coatings that enhance biocompatibility and/or improve anti-
microbial properties is one of the future directions for solving
the difficulties of osseointegration of implants in a bacterial
environment.

Antibacterial. In the field of biomimetic physical antimicro-
bials, physical nanoprotrusions on insect wings are mimicked
to be able to penetrate or stretch bacterial cell walls to provide
contact-killing antimicrobial effects. Rough structures of 10-
100 pm formed by sandblasting or 1-3 pm formed by acid
etching do not have the antimicrobial properties exhibited by
nanostructures of 100-250 nm, as evidenced by bacterial pene-
tration and envelope deformation ratios.’***’° And different
levels of roughness have corresponding differences in the cell
viability and function. Similar to the micron-sized rough sur-
face obtained by sandblasting and acid etching, the nanomor-
phology after alkali-hydrothermal treatment was superior to the
smooth titanium surface in promoting osteogenic activity.
Moreover, the attachment of nanomorphology to the gingival
epithelium was superior to that of smooth titanium surfaces.'”*
This suggests that hard and soft tissue closure may not require
the clinically typical segmented implant with a smooth neck
and rough body. One-piece nanoimplants are theoretically
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sufficient for a satisfactory hard and soft tissue closure. More-
over, nanotubes with an inner diameter of less than 60 nm are
able to aggregate fibronectin and albumin, which play an
important role in cell adhesion.'”> Therefore, the physical
protrusion of the nanoscale structure facilitates antimicrobial
resistance and the improvement of all cellular functions. It is
the basis for solving the difficulties of implant osseointegration
in a bacterial environment.

Osteogenesis and antibacterial. In a further development of
the balance between antimicrobial/antifouling and promotion
of cell adhesion, implant surfaces began to be screened for
protein adhesion and cell membrane phospholipid affinity.
Amphipathic ions were able to improve antifouling properties
by reducing the adsorption of bovine serum albumin and
fibrinogen. At the same time,