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Osteonecrosis occurs when, under continuous stimulation by adverse factors
such as glucocorticoids or alcohol, the death of local bone and marrow cells
leads to abnormal osteoimmune function. This creates a chronic inflammatory
microenvironment, which interferes with bone regeneration and repair. In a
variety of bone tissue diseases, innate immune cells and adaptive immune cells
interact with bone cells, and their effects on bone metabolic homeostasis have
attracted more and more attention, thus developing into a new discipline -
osteoimmunology. Immune cells are the most important regulator of
inflammation, and osteoimmune disorder may be an important cause of
osteonecrosis. Elucidating the chronic inflammatory microenvironment
regulated by abnormal osteoimmune may help develop potential treatments
for osteonecrosis. This review summarizes the inflammatory regulation of bone
immunity in osteonecrosis, explains the pathophysiological mechanism of
osteonecrosis from the perspective of osteoimmunology, and provides new
ideas for the treatment of osteonecrosis.

KEYWORDS
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1 Introduction

Osteonecrosis is the death of bone and marrow cells as a result of chronic
inflammation. Continuous stimulation by various adverse factors induces an immune
response that, if unchecked, creates a chronically inflamed microenvironment that inhibits
bone regeneration and repair. Osteonecrosis can be triggered by drugs, alcoholism,
presence of sickle cell disease, or treatment with radiotherapy or chemotherapy (1-4).
Osteonecrosis can occur in many parts of the body, especially around the joints, causing
the collapse of mechanically encumbered subchondral bone and secondary osteoarthritis,
which in turn causes pain and dysfunction that seriously affect the patient’s quality of life
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and eventually require surgery (1, 5-9). Each year, 20,000-30,000
new cases of osteonecrosis of the femoral head (ONFH) are
diagnosed in the United States (10, 11) and about 150,000 cases of
osteonecrosis in China (10, 12). Among cancer patients who
received zoledronic acid for three years, the incidence of
bisphosphonate-related osteonecrosis of the jaw is
approximately 1.3% to 3.2% (13). As osteonecrosis can be a
slow, progressive disease, its cumulative, long-lasting
consequences place a significant burden on society, especially as
populations around the world live longer.

The original intention of inflammation is to remove harmful
stimuli or pathogens and promote tissue repair. The
inflammatory response helps recruit factors that remove
necrotic bone and intramedullary tissue. Indeed, bone injury
causes an inflammatory response in bone tissue that is necessary
for repair. Pro-inflammatory chemokines are secreted from
injured tissues to recruit macrophages, neutrophils and other
immune cells to remove harmful stimuli and regulate the
resolution of inflammation. Bone marrow mesenchymal stem
cells are also recruited to initiate bone repair (14, 15). Under
normal conditions, the inflammatory response needs to dissipate
in order to give way to regenerative processes. Otherwise,
inflammation can become prolonged and thus impair tissue
regeneration. In osteonecrosis, the persistence of harmful factors
stimulates local immune cells to continuously secrete
inflammatory factors, prolonging inflammation until it
becomes chronic and impairing bone repair (16-18).

Osteoimmunology is an academic discipline that studies the
interactions between bone cells (e.g., osteoblasts, osteoclasts,
bone marrow mesenchymal stem cells) and immune cells (e.g.,
macrophages, T cells, B cells, neutrophils, dendritic cells) in the
same microenvironment (19-22). These interactions are
mediated by cytokines and signal transduction pathways. In
the past, osteonecrosis was considered to result from the death of
osteoblasts and osteocytes as well as abnormal activation of
osteoclasts. However, studies have found a close link between
abnormal immune responses and immune cell infiltration in
osteonecrotic tissues, which show signs of uncontrolled
inflammation (23-28). How various immune cells regulate
inflammation in osteonecrosis has not been fully elucidated.
This review summarizes current knowledge about the regulation
of inflammation in osteonecrosis, and how immune cells
perpetuate or abrogate osteonecrosis. In this way, the review
elaborates the pathophysiological mechanism of osteonecrosis
from an immunological perspective.

2 Uncontrolled inflammation leads
to the failure of bone repair
in osteonecrosis

The healing process after bone injury can be divided into
three general stages: inflammation, callus formation, and
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remodeling (18). Bone injury results in death of bone cells and
bone marrow cells, release of platelet-derived factors and
complement fragments, and damage to the extracellular
matrix. The net effect is that endogenous molecules act as
damage-associated molecular patterns (DAMPs) that are
recognized by pattern recognition receptors (PRRs) on local
cells, which in turn activates inflammatory cascades (14, 18).
Stimulated cells release cytokines and chemokines that induce
immune cells to release even more pro-inflammatory factors,
such as interleukin (IL)-1, IL-6, tumor necrosis factor (TNF)-o,
C-C motif chemokine ligand 2 (CCL2) and stromal cell-derived
factor 1 (SDF1) (14). This inflammatory response is a critical
first step for eradicating harmful stimuli and removing cellular
debris in order to help initiate the reconstruction of normal bone
tissue. Inflammatory factors recruit neutrophils, macrophages,
and osteoclasts to phagocytose and remove bone fragments and
cell debris, while also activating mesenchymal stem cells to
initiate osteogenic and angiogenic activities (14, 29-31).
(Figure 1) The initial inflammatory response to bone injury
usually dissipates within one week after the stimulus is removed.
In the callus formation stage, bone marrow mesenchymal stem
cells and osteoprogenitor cells participate in bone formation,
which usually takes 1-3 months. The final remodeling stage takes
months to years, during which new bone tissue is formed and
shaped (14, 18).

Bone tissue repair depends on successful removal of harmful
stimuli and suitable regulation of inflammation. An uncontrolled
inflammatory response, either excessive or insufficient, is
deleterious to bone repair. In the case of excessive
inflammation, an overabundance of reactive oxygen species is
produced, and proteases that damage the surrounding normal
tissue are activated (32). Persistently high levels of inflammation
inhibit the normal osteogenic response (16, 33). In the early stage
of bone injury, transient signaling by TNF-o. and IL-6 recruit the
progenitors of osteoblasts required for bone regeneration, but
persistently high levels of TNF-o. and IL-6 inhibit osteogenesis
and further damage bone tissue (14, 34). Excessive inflammation
also stimulates osteoclast differentiation and activation, resulting
in inflammatory osteolysis. Conversely, when the inflammatory
response to bone injury is insufficient, local dead cell debris and
bone debris are not completely removed, allowing DAMPs to
persist in the microenvironment (14, 16). In either case, an
excessive or insufficient inflammatory reaction eventually
translates to chronic inflammation, which is the bridge between
bone injury and osteonecrosis. Chronic inflammation hinders
bone repair and regeneration following bone injury, which finally
leads to osteonecrosis (10, 14, 16, 35-40). (Figure 2)

3 Immune cells and osteonecrosis

Chronic inflammation, the most prominent feature of
osteonecrosis, occurs when inflammation prolongs resulting
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FIGURE 1

Inflammation initiates bone repair. When bone injury occurs, damage-associated molecular patterns (DAMPs) are recognized by pattern
recognition receptors (PRRs) expressed on the surface of local cells. These cells are activated to release inflammatory factors that recruit
immune cells, which can phagocytose bone fragments and cell debris or produce pro-inflammatory factors to recruit mesenchymal stem cells
and initiate osteogenesis and angiogenesis. The overall result is resolution of inflammation and new bone tissue. Abbreviations: CCL2, C-C motif
chemokine ligand 2; ECM, extracellular matrix; IL-1, interleukin 1; IL-6, interleukin 6; PMN, polymorphonuclear leukocytes; SDF1, stromal cell-

derived factor 1; TNF-o, tumor necrosis factor—alpha.

from the impaired resolution program (41-47). Persistent
production of pro-inflammatory cytokines, progressive tissue
injury and aberrant tissue remodeling are vital characteristics of
this process (46, 48). In necrotic bone tissue, inflammatory
cytokines/chemokines continuously recruit innate immune
cells (macrophages, neutrophils, dendritic cells) and adaptive
immune cells (T cells and B cells), which further release
inflammatory factors in a positive feedback loop in order to
amplify the overall inflammatory response (19, 20, 49).
Furthermore, chronic inflammation excessively activates bone
resorption and inhibits bone formation, driving osteonecrosis. In
this way, disruption of the normal coordination between pro-
inflammatory activation and anti-inflammatory silencing during
bone repair may be the pathophysiological basis of

osteonecrosis. Given that immune cells are the most important
“modulators” of inflammation, elucidating how innate and
adaptive immune cells regulate inflammation associated with
osteonecrosis could provide insights into its pathogenesis
and treatment.

3.1 Innate immune cells in osteonecrosis

3.1.1 Macrophages

Macrophages are sentinels of the immune system. They
identify and remove pathogens, kill target cells, present
antigens, and regulate immune functions (50, 51).
Macrophages differentiate mainly from monocytes and can be
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FIGURE 2

Uncontrolled inflammation promotes osteonecrosis. A controlled inflammatory response to bone injury activates immune cells to remove
damaged tissue, then returns to baseline levels conducive to bone regeneration. Excessive inflammation maintains high levels of inflammatory
factors that further destroy bone, while an insufficient inflammatory response fails to clear immune-activating factors. Either infammatory
disorder eventually leads to chronic inflammation and osteonecrosis. The green curve represents the change in the inflammatory level of
controlled inflammation over time, while the orange and blue curves represent the inflammation level of excessive inflammation and insufficient
inflammation, respectively. Abbreviations: IL-6, interleukin 6; ROS, reactive oxygen species; TNF-a, tumor necrosis factor—alpha.
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divided into classically activated macrophages (M1 phenotype)
or alternatively activated macrophages (M2 phenotype) (50, 51).
After bone injury, DAMPs released by bone and marrow cells
recruit macrophages to the injured area and polarize them to the
M1 phenotype, leading them to secrete pro-inflammatory factors
such as TNF-q, IL-1f, and IL-6, which initiate and maintain
inflammation (52-54). Four to seven days after bone tissue
injury, secretion of anti-inflammatory factors such as tumor
growth factor (TGF)-B and IL-10 into the microenvironment
polarize M1 macrophages to the M2 phenotype. This shift in
phenotype helps resolve inflammation, promotes secretion of
mineralized matrix by bone marrow mesenchymal stem cells,
and induces expression of the osteogenic factors alkaline
phosphatase and osteocalcin, which enhance the osteogenic
activity of osteoblasts. At the same time, anti-inflammatory
factors inhibit osteoclast-mediated bone resorption, further
supporting bone tissue repair (14, 55, 56). The regeneration
and repair of bone tissue after injury depend on the precise order
of macrophage polarization from M1 to M2.

In osteonecrosis, macrophages become locked in the Ml
phenotype and continue to release inflammatory factors that
exacerbate the initial tissue injury. Animal models of
osteonecrosis showed high numbers of macrophage infiltration
in areas with osteonecrosis, high ratio of M1 to M2
macrophages, and significant upregulation of pro-
inflammatory factors TGF-f, IL-1B and IL-6 (57-59).
Interestingly, a recent study of specimens from patients with
non-traumatic ONFH also found that the main macrophage
subset in the osteonecrosis area had the M1 phenotype, the local
microenvironment was enriched with IL-1B and IL-6, and the
ratio of M1 to M2 macrophages was significantly increased as
osteonecrosis progressed (35). Inhibiting M1 macrophage
polarization and reducing the M1/M2 ratio in femoral head
and jaw reduced the secretion of local pro-inflammatory factors
and the apoptosis of bone cells caused by inflammation, relieving
steroid-induced osteonecrosis of the femoral head (SONFH) and
bisphosphonate-related osteonecrosis of the jaw to some extent
(60, 61). In addition, specifically regulating macrophage
polarization from M1 to M2 to reduce the M1/M2 ratio
downregulated the expression of pro-inflammatory factors in
the osteonecrotic area, promoted the secretion of anti-
inflammatory factors such as TGF-B and IL-10, reduced
osteocyte apoptosis and promoted bone formation, allowing
the regeneration and repair of necrotic bone tissue to a certain
extent (62, 63). These findings suggest that M1 macrophage
enrichment is an important osteoimmune feature of
osteonecrosis and that targeting M1 macrophages is a
promising therapeutic approach to treating osteonecrosis.

Strategies employed so far have targeted the upstream
signaling pathways responsible for M1 polarization.
Extracellular DAMPs released from injured bone bind to
pattern recognition receptor toll-like receptor 4 (TLR4) on cell
membranes and thereby activate the TLR4/MyD88/NF-kB
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signaling pathway, which promotes macrophage recruitment
and M1 polarization (57, 64-66). Inhibition of TLR4/MyD88/
NF-«B signaling in vivo by calycosin or TLR-4 inhibitor TAK-
242 reduced the expression of various pro-inflammatory factors
and promoted bone formation, effectively alleviating
osteonecrosis in animals with SONFH and in bisphosphonate-
related osteonecrosis of the jaw (33, 61, 66). On the other hand,
some extracellular pro-inflammatory factors could activate the
JAK/STAT1 pathway, which is another important pathway to
promote M1 macrophage polarization (61, 67). Inhibition of the
JAK/STAT1 pathway by using IL-17 inhibitor or curcumin
inhibited the polarization of M1 macrophages in mice,
significantly reduced the ratio of M1 to M2 macrophages, and
prevented inflammatory-mediated apoptosis of osteocytes (60,
61). Therefore, methods to inhibit M1 polarization need to be
further explored in order to develop potential therapeutic
strategies for osteonecrosis. (Figure 3)

3.1.2 Neutrophils

Neutrophils are derived from hematopoietic stem cells and
mainly circulate in the peripheral blood. They have strong
chemotactic and phagocytic properties (68). Once recruited to
sites of bone injury, neutrophils secrete inflammatory and
chemotactic mediators, such as IL-6 and MCP-1, which
further recruit monocytes and macrophages (14).

The ability of neutrophils to promote inflammation in
necrotic bone tissue is one of the important causes of
osteonecrosis. Strong neutrophil infiltration occurs within one
week of injury in ischemic osteonecrosis, but then neutrophil
numbers taper off over time, although a low number persists in
the microenvironment. These remaining neutrophils foster the
occurrence and development of osteonecrosis through immune
regulation of acute and chronic inflammation (49). The
percentage of neutrophils in blood has been associated with
the severity of SONFH, which may be because neutrophils
promote osteoclast formation to accelerate bone resorption
(23, 68). At the same time, neutrophils activated by necrotic
tissue secrete neutrophil extracellular traps (NETs), which
directly or indirectly induce the secretion of inflammatory
factors (69-71). In ONFH patients, neutrophils are enriched in
femoral head microvessels and the corresponding NETSs
interfere with blood flow, resulting in ischemic necrosis (69).
Further studies in rats found that intravenous administration of
neutrophils capable of forming NETs promoted the
development of SONFH (69). Given the deleterious role of
neutrophils in osteonecrosis, the removal of neutrophils may
be a treatment for osteonecrosis. (Figure 3)

3.1.3 Dendritic cells

In innate immunity, the main functions of dendritic cells
(DCs) are phagocytosis and antigen presentation. DCs express a
large number of PRRs, such as TLRs, C-type lectin receptors and
NOD-like receptors, which recognize various DAMPs and
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Innate immune cells in osteonecrosis. Neutrophils cause microvascular blockage and osteolysis by secreting, respectively, NETs and pro-
inflammatory factors, resulting in osteonecrosis of the femoral head. Activation of the TLR4/MyD88/NF- kB and JAK/STAT1 pathways polarizes
macrophages to the M1 phenotype, and they secrete inflammatory factors TNF-o., IL-1B and IL-6 to promote osteoclast differentiation and
osteolysis. In osteonecrosis, macrophage polarization to the M2 phenotype is blocked, further impairing bone repair. DCs can differentiate into
osteoclasts and participate in bone remodeling under the stimulation of RANKL secreted by T cells. DCs present processed antigens and secrete
inflammatory factors that affect T cell differentiation. Abbreviations: DCs, dendritic cells; IL-1, interleukin 1 beta; IL-4, interleukin 4; IL-6,
interleukin 6; IL-10, interleukin 10; IL-12 p70, interleukin 12 p70; IL-17, interleukin 17; MO, Macrophages; M1, classically activated macrophages;
M2, alternatively activated macrophages; NETs, neutrophil extracellular traps; RANKL, receptor activator of nuclear factor kappa-B ligand; TGF-B,

tumor growth factor beta; TNF-a, tumor necrosis factor—alpha.

pathogen-associated molecular patterns and quickly amplify
local immune responses (72, 73). The contribution of DCs in
osteoimmunology is two-fold: (1) DCs can differentiate into
osteoclasts when stimulated by receptor activator of nuclear
factor kappa-B ligand (RANKL) released from T cells, and the
new osteoclasts participate in local bone remodeling; and (2)
DCs can heavily influence the type of T cell responses by
presenting processed antigen via major histocompatibility
complex (MHC) class I and class II molecules, or by secreting
pro- or anti-inflammatory cytokines such as IL-12 p70, IL-4, and
IL-17 (45, 73, 74). (Figure 3) Which T-cell subtypes become
involved and whether their net effect is to exacerbate or mitigate
osteonecrosis will be discussed later in this review.

DCs serve as an important link between innate and adaptive
immune responses by maintaining osteoimmune homeostasis. In
contrast to the other innate immune cells, DCs may actually
ameliorate osteonecrosis. In a mouse model, bisphosphonates
impaired DC differentiation, maturation, migration and antigen
presentation, ultimately inhibiting T cell activation and local
immune responses, which translated to a higher risk of
osteonecrosis of the jaw (75, 76). Two bioinformatic analyses
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showed decreased infiltration of activated DCs in ONFH (23, 27).
These observations suggest that osteonecrosis may be due in part
to DCs deficiency that impairs osteoimmune functions.

3.2 Adaptive immune cells in
osteonecrosis

3.21Tcells

T cells or T lymphocytes are an important component of cell-
mediated adaptive immunity, and antigen-specific receptors on
their surface can recognize antigens that antigen-presenting cells
display on MHC complexes (77, 78). T cells can be divided into
several subgroups based on their functions, and these subgroups
can influence bone homeostasis. Various T cell subtypes work
together to maintain the balance between osteogenic and
osteoclastic metabolism by secreting osteoprotegerin (OPG) and
RANKL or regulating the local inflammatory microenvironment,
which in turn affects bone metabolism (77-79).

Interestingly, T helper (Th) cells and cytotoxic T
lymphocytes (CTLs) contribute to the progression of
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osteonecrosis, while regulatory T cells (Tregs) alleviate it. Th17
cells are enriched and activated in local tissues of ONFH and
osteonecrosis of the jaw, and Th17 cells secrete IL-17 to maintain
a chronic inflammatory microenvironment (80). IL-9 secreted
by Th2, Th9 and Th17 cells upregulates inflammatory factors
and enzymes related to cartilage degradation, promoting ONFH
progression (42, 81). High numbers of CTLs infiltrate areas of
osteonecrosis and contribute to it (24). They promote
interactions between T cells and osteoclasts and enhance the
activity of osteoclasts by secreting cytotoxic T lymphocyte-
associated protein 4 (CTLA-4) (79). Conversely, Tregs may
play a positive role in osteonecrosis, unlike Th and CTLs. The
number of Tregs was found reduced in areas of osteonecrosis in
mice (82). Further research found that Tregs secrete anti-
inflammatory factors such as IL-4, IL-10 and TGF-P in non-
traumatic ONFH in order to promote the resolution of
inflammation while inhibiting osteoclast activity and osteolysis
(79). Therefore, regulating the differentiation of T cells may be a
strategy to treat osteonecrosis. (Figure 4)
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3.2.2Bcells

B cells or B lymphocytes secrete antibody molecules to
initiate adaptive humoral immune responses and present
antigens to activate specific T cell immunity (83, 84). B cells
help maintain a normal bone microenvironment, and abnormal
numbers of some B cell subtypes may be associated with
osteonecrosis. Compared to healthy people, ONFH patients
show significantly higher numbers of CD5+CD19+ BI1 cells,
CD86+CD19+ and CD95+CD19+ activated B cells, and CD27
+CD95+CD19+ memory B cells in the blood (79, 85).
Conversely, osteonecrotic tissue shows local decreases in the
number of memory B cells and the total number of B cells (86).
These observations emphasize the importance of B cells in
maintaining the normal bone microenvironment and the
ability of different B cell subtypes to influence the progression
of osteonecrosis.

Different subtypes of B cells regulate bone metabolism by
exerting different regulatory effects on osteogenic and osteoclast
metabolism. Regulatory B cells (Breg) are a newly discovered
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Adaptive immune cells in osteonecrosis. T cells can differentiate into the T helper cells (Th), cytotoxic T lymphocytes (CTLs) and regulatory T
cell (Tregs) subtypes, which secrete various cytokines to influence chronic inflammation and osteoclast differentiation in different ways. Pre-B-
cells and immature B cells are found only in bone marrow, while Bregs, plasma cells and activated B cells are recruited into osteonecrosis
tissue. Activated B cells affect differentiation of T cell subtypes by presenting processed antigens and secrete RANKL to promote osteoclast
differentiation. Bregs, plasma cells, Pre-B-cells and immature B cells secrete IL-10 and OPG respectively to inhibit osteoclast differentiation.
Abbreviations: Bregs, regulatory B cells; CTLA-4, cytotoxic T lymphocyte-associated protein 4; IL-4, interleukin 4; IL-9, interleukin 9; IL-10,
interleukin 10; OPG, osteoprotegerin; RANKL, receptor activator of nuclear factor kappa-B ligand; TGF-B, tumor growth factor beta.
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subpopulation of B cells, which can secrete the anti-
inflammatory factor IL-10 and inhibit osteoclast differentiation
(83, 87, 88). An in vivo study found that low levels of Bregs led to
low levels of IL-10 and activation of osteoclastic metabolism
(88). In an in vitro study, regulating Breg differentiation reduced
the levels of IL-6, IL-17 and TNF-o as well as promoted Treg
differentiation (87, 88). In addition, OPG/RANKL system is
another pathway through which B cells affect bone metabolism.
Pre-B cells, immature B cells, and antibody-secreting B cells
(plasma cells) inhibit osteoclast differentiation by producing
copious amounts of OPG to block the RANK/RANKL system.
(Indeed, this OPG production accounts for 40-60% of total OPG
in the bone marrow.) On the contrary, activated B cells secrete
RANKL under pro-inflammatory conditions to activate
osteoclast formation (89-91). Boosting beneficial B cell
subtypes over detrimental subtypes may be a treatment for
osteonecrosis, which future studies should explore. (Figure 4)

4 Conclusion

During the development of osteonecrosis, necrotic bone damages
local immune function, which leads to uncontrolled inflammation
that creates a chronic inflammatory microenvironment, hindering
bone regeneration and repair. This review summarizes the
importance of immune cells and the regulation of their
inflammatory responses in the pathogenesis of osteonecrosis on the
basis of several original theories of osteonecrosis. It explains the
pathophysiological mechanism of osteonecrosis from an
immunological perspective according to the literature.

The immune system clearly exerts complex, pleiotropic effects
on the development and severity of osteonecrosis. Abnormal
infiltration of injured bone by M1 macrophages, neutrophils,
and certain T cell subsets worsens disease by creating an
abundance of pro-inflammatory factors, while DCs, Bregs and
Tregs dampen immune responses by secreting anti-inflammatory
and osteoclast-inhibiting factors. Despite these insights, we still do
not understand the role of most immune cells in the progression
of osteonecrosis. This will require making sense of how specific
environmental cues influence the differentiation of immune cell
subtypes and sub-lineages, and how these various subpopulations
communicate with one another. The cellular heterogeneity in

References

1. Elgaz S, Bonig H, Bader P. Mesenchymal stromal cells for osteonecrosis. |
Transl Med (2020) 18(1):399. doi: 10.1186/s12967-020-02565-9

2. Zhu T, Cui Y, Zhang M, Zhao D, Liu G, Ding J. Engineered three-
dimensional scaffolds for enhanced bone regeneration in osteonecrosis. Bioact
Mater (2020) 5(3):584-601. doi: 10.1016/j.bioactmat.2020.04.008

3. Li Z, Yang B, Weng X, Tse G, Chan MTV, Wu WKK. Emerging roles of
micrornas in osteonecrosis of the femoral head. Cell prolif. (2018) 51(1):e12405.
doi: 10.1111/cpr.12405

Frontiers in Immunology

07

10.3389/fimmu.2022.1064245

bone will make this work particularly challenging. Nevertheless,
such research is quite important for the development of potential
treatments for osteonecrosis.

Author contributions

ZT conceived the manuscript. ZT and JZ drafted the
manuscript. JZ designed the figures. ZY provided valuable
comments. LX and DW revised the manuscript critically for
important intellectual content. ZT performed manuscript review
and final version approval. All authors contributed to the article
and approved the submitted version.

Funding

This work is supported by the National Natural Science
Foundation of China (82102574); GuangDong Basic and
Applied Basic Research Foundation (2022A1515012663);
Shenzhen Science and Technology Innovation Committee
Projects (JCYJ20210324110203010, JCYJ20190809152409606);
Key Medical Subject Project in Shenzhen (SZXKO023) and
Scientific Research Foundation of Peking University Shenzhen
Hospital (KYQD202100X).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

4. Wu Z, Ji G, Li H, Qiu G, Gao C, Weng X. Elevated level of membrane
microparticles in the disease of steroid-induced vascular osteonecrosis. J craniofac.
Surg (2013) 24(4):1252-6. doi: 10.1097/SCS.0b013e3182902dd3

5. Yoon BH, Mont MA, Koo KH, Chen CH, Cheng EY, Cui Q, et al. The 2019 revised
version of association research circulation osseous staging system of osteonecrosis of the
femoral head. J Arthroplasty (2020) 35(4):933-40. doi: 10.1016/j.arth.2019.11.029

6. Piuzzi NS, Chahla J, Jiandong H, Chughtai M, LaPrade RF, Mont MA, et al.
Analysis of cell therapies used in clinical trials for the treatment of osteonecrosis of

frontiersin.org


https://doi.org/10.1186/s12967-020-02565-9
https://doi.org/10.1016/j.bioactmat.2020.04.008
https://doi.org/10.1111/cpr.12405
https://doi.org/10.1097/SCS.0b013e3182902dd3
https://doi.org/10.1016/j.arth.2019.11.029
https://doi.org/10.3389/fimmu.2022.1064245
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zheng et al.

the femoral head: A systematic review of the literature. J Arthroplasty (2017) 32
(8):2612-8. doi: 10.1016/j.arth.2017.02.075

7. Xie K, Mao Y, Qu X, Dai K, Jia Q, Zhu Z, et al. High-energy extracorporeal
shock wave therapy for nontraumatic osteonecrosis of the femoral head. J Orthop
Surg Res (2018) 13(1):25. doi: 10.1186/s13018-017-0705-x

8. Cohen-Rosenblum A, Cui Q. Osteonecrosis of the femoral head. Orthop Clin
North Am (2019) 50(2):139-49. doi: 10.1016/j.0c1.2018.10.001

9. Xu Y, Jiang Y, Xia C, Wang Y, Zhao Z, Li T. Stem cell therapy for
osteonecrosis of femoral head: Opportunities and challenges. Regener Ther
(2020) 15:295-304. doi: 10.1016/j.reth.2020.11.003

10. Zhu T, Jiang M, Zhang M, Cui L, Yang X, Wang X, et al. Biofunctionalized
composite scaffold to potentiate osteoconduction, angiogenesis, and favorable
metabolic microenvironment for osteonecrosis therapy. Bioact Mater (2022)
9:446-60. doi: 10.1016/j.bioactmat.2021.08.005

11. Petrigliano FA, Lieberman JR. Osteonecrosis of the hip: Novel approaches to
evaluation and treatment. Clin Orthop Relat Res (2007) 465:53-62. doi: 10.1097/
BLO.0b013e3181591¢92

12. Zhao DW, Yu M, Hu K, Wang W, Yang L, Wang BJ, et al. Prevalence of
nontraumatic osteonecrosis of the femoral head and its associated risk factors in
the Chinese population: Results from a nationally representative survey. Chin Med
J (Engl) (2015) 128(21):2843-50. doi: 10.4103/0366-6999.168017

13. Kawahara M, Kuroshima S, Sawase T. Clinical considerations for
medication-related osteonecrosis of the jaw: A comprehensive literature review.
Int J Implant Dent (2021) 7(1):47. doi: 10.1186/s40729-021-00323-0

14. Loi F, Cordova LA, Pajarinen J, Lin TH, Yao Z, Goodman SB. Inflammation,
fracture and bone repair. Bone (2016) 86:119-30. doi: 10.1016/j.bone.2016.02.020

15. Oishi Y, Manabe I. Macrophages in inflammation, repair and regeneration.
Int Immunol (2018) 30(11):511-28. doi: 10.1093/intimm/dxy054

16. Goodman SB, Maruyama M. Inflammation, bone healing and osteonecrosis:
From bedside to bench. ] Inflammation Res (2020) 13:913-23. doi: 10.2147/
JIR.S281941

17. Goodman SB, Lin T. Modifying msc phenotype to facilitate bone healing:
Biological approaches. Front Bioeng Biotechnol (2020) 8:641. doi: 10.3389/
fbioe.2020.00641

18. Maruyama M, Rhee C, Utsunomiya T, Zhang N, Ueno M, Yao Z, et al.
Modulation of the inflammatory response and bone healing. Front Endocrinol
(Lausanne) (2020) 11:386. doi: 10.3389/fendo.2020.00386

19. Tsukasaki M, Takayanagi H. Osteoimmunology: Evolving concepts in bone-
immune interactions in health and disease. Nat Rev Immunol (2019) 19(10):626—
42. doi: 10.1038/s41577-019-0178-8

20. Walsh MC, Takegahara N, Kim H, Choi Y. Updating osteoimmunology:
Regulation of bone cells by innate and adaptive immunity. Nat Rev Rheumatol
(2018) 14(3):146-56. doi: 10.1038/nrrheum.2017.213

21. Feng X, Xu W, Li Z, Song W, Ding J, Chen X. Immunomodulatory
nanosystems. Adv Sci (Weinheim Baden-Wurttemberg Germany) (2019) 6
(17):1900101. doi: 10.1002/advs.201900101

22. Wei Q, Su Y, Xin H, Zhang L, Ding J, Chen X. Immunologically effective
biomaterials. ACS Appl mater interfaces (2021) 13(48):56719-24. doi: 10.1021/
acsami.1c14781

23. YuR, ZhangJ, Zhuo Y, Hong X, Ye ], Tang S, et al. Arg2, Map4k5 and Tsta3
as diagnostic markers of steroid-induced osteonecrosis of the femoral head and
their correlation with immune infiltration. Front Genet (2021) 12:691465.
doi: 10.3389/fgene.2021.691465

24. Wang B, Gong S, Shao W, Han L, Li Z, Zhang Z, et al. Comprehensive
analysis of pivotal biomarkers, immune cell infiltration and therapeutic drugs for
steroid-induced osteonecrosis of the femoral head. Bioengineered (2021) 12
(1):5971-84. doi: 10.1080/21655979.2021.1972081

25. Ma H, Zhang W, Shi J. Differentially expressed genes reveal the biomarkers
and molecular mechanism of osteonecrosis. J healthcare Eng (2022) 2022:8684137.
doi: 10.1155/2022/8684137

26. LiT, Zhang Y, Wang R, Xue Z, Li S, Cao Y, et al. Discovery and validation an
eight-biomarker serum gene signature for the diagnosis of steroid-induced
osteonecrosis of the femoral head. Bone (2019) 122:199-208. doi: 10.1016/
j.bone.2019.03.008

27. Zhao ], Zhang X, Guan J, Su Y, Jiang J. Identification of key biomarkers in
steroid-induced osteonecrosis of the femoral head and their correlation with
immune infiltration by bioinformatics analysis. BMC Musculoskelet Disord
(2022) 23(1):67. doi: 10.1186/s12891-022-04994-7

28. ZhangJ, Huang C, Liu Z, Ren S, Shen Z, Han K, et al. Screening of potential
biomarkers in the peripheral serum for steroid-induced osteonecrosis of the
femoral head based on wgcna and machine learning algorithms. Dis Markers
(2022) 2022:2639470. doi: 10.1155/2022/2639470

29. Marsell R, Einhorn TA. The biology of fracture healing. Injury (2011) 42
(6):551-5. doi: 10.1016/j.injury.2011.03.031

Frontiers in Immunology

08

10.3389/fimmu.2022.1064245

30. Newman H, Shih YV, Varghese S. Resolution of inflammation in bone
regeneration: From understandings to therapeutic applications. Biomaterials
(2021) 277:121114. doi: 10.1016/j.biomaterials.2021.121114

31. Zhang M, Liu J, Zhu T, Le H, Wang X, Guo J, et al. Functional
macromolecular adhesives for bone fracture healing. ACS Appl mater interfaces
(2022) 14(1):1-19. doi: 10.1021/acsami.1c17434

32. Kolaczkowska E, Kubes P. Neutrophil recruitment and function in health
and inflammation. Nat Rev Immunol (2013) 13(3):159-75. doi: 10.1038/nri3399

33. Zhu D, Yu H, Liu P, Yang Q, Chen Y, Luo P, et al. Calycosin modulates
inflammation via suppressing Tlr4/Nf-kappab pathway and promotes bone
formation to ameliorate glucocorticoid-induced osteonecrosis of the femoral
head in rat. Phytother Res (2021) 35(5):2824-35. doi: 10.1002/ptr.7028

34. Fang B, Wang D, Zheng J, Wei Q, Zhan D, Liu Y, et al. Involvement of
tumor necrosis factor alpha in steroid-associated osteonecrosis of the femoral head:
Friend or foe? Stem Cell Res Ther (2019) 10(1):5. doi: 10.1186/s13287-018-1112-x

35. Tan Z, Wang Y, Chen Y, Liu Y, Ma M, Ma Z, et al. The dynamic feature of
macrophage M1/M2 imbalance facilitates the progression of non-traumatic
osteonecrosis of the femoral head. Front Bioeng Biotechnol (2022) 10:912133.
doi: 10.3389/fbioe.2022.912133

36. Sharareh B, Schwarzkopf R. Dysbaric osteonecrosis: A literature review of
pathophysiology, clinical presentation, and management. Clin ] sport Med Off ] Can
Acad Sport Med (2015) 25(2):153-61. doi: 10.1097/jsm.0000000000000093

37. Compston J. Pathophysiology of atypical femoral fractures and
osteonecrosis of the jaw. Osteoporos Int ] established as result coop between Eur
Found Osteoporos Natl Osteoporos Found USA (2011) 22(12):2951-61.
doi: 10.1007/s00198-011-1804-x

38. Zhu T, Jiang M, Zhang M, Cui L, Yang X, Wang X, et al. Construction and
validation of steroid-induced rabbit osteonecrosis model. MethodsX (2022)
9:101713. doi: 10.1016/j.mex.2022.101713

39. Weinstein RS. Glucocorticoid-induced osteoporosis and osteonecrosis.
Endocrinol Metab Clin North Am (2012) 41(3):595-611. doi: 10.1016/
j.ecl.2012.04.004

40. Lane NE. Glucocorticoid-induced osteoporosis: New insights into the
pathophysiology and treatments. Curr Osteoporos Rep (2019) 17(1):1-7.
doi: 10.1007/s11914-019-00498-x

41. Bosco G, Vezzani G, Mrakic Sposta S, Rizzato A, Enten G, Abou-Samra A,
et al. Hyperbaric oxygen therapy ameliorates osteonecrosis in patients by
modulating inflammation and oxidative stress. ] Enzyme Inhib Med Chem (2018)
33(1):1501-5. doi: 10.1080/14756366.2018.1485149

42. Geng W, Zhang W, Ma J. II-9 exhibits elevated expression in osteonecrosis
of femoral head patients and promotes cartilage degradation through activation of
jak-stat signaling in vitro. Int Immunopharmacol (2018) 60:228-34. doi: 10.1016/
j.intimp.2018.05.005

43. Chen B, Liu Y, Cheng L. Il-21 enhances the degradation of cartilage through
the jak-stat signaling pathway during osteonecrosis of femoral head cartilage.
Inflammation (2018) 41(2):595-605. doi: 10.1007/s10753-017-0715-1

44. Lechner J, Rudi T, von Baehr V. Osteoimmunology of tumor necrosis
factor-alpha, il-6, and Rantes/Ccl5: A review of known and poorly understood
inflammatory patterns in osteonecrosis. Clin Cosmet Investig Dent (2018) 10:251—
62. doi: 10.2147/CCIDE.S184498

45. Zhang W, Gao L, Ren W, Li S, Zheng J, Li S, et al. The role of the immune
response in the development of medication-related osteonecrosis of the jaw. Front
Immunol (2021) 12:606043. doi: 10.3389/fimmu.2021.606043

46. Leuti A, Fazio D, Fava M, Piccoli A, Oddi S, Maccarrone M. Bioactive lipids,
inflammation and chronic diseases. Adv Drug Delivery Rev (2020) 159:133-69.
doi: 10.1016/j.addr.2020.06.028

47. Medzhitov R. Origin and physiological roles of inflammation. Nature (2008)
454(7203):428-35. doi: 10.1038/nature07201

48. Panigrahy D, Gilligan MM, Serhan CN, Kashfi K. Resolution of
inflammation: An organizing principle in biology and medicine. Pharmacol Ther
(2021) 227:107879. doi: 10.1016/j.pharmthera.2021.107879

49. Phipps MC, Huang Y, Yamaguchi R, Kamiya N, Adapala NS, Tang L, et al.
In vivo monitoring of activated macrophages and neutrophils in response to
ischemic osteonecrosis in a mouse model. J Orthop Res (2016) 34(2):307-13.
doi: 10.1002/jor.22952

50. Locati M, Curtale G, Mantovani A. Diversity, mechanisms, and significance
of macrophage plasticity. Annu Rev Pathol (2020) 15:123-47. doi: 10.1146/
annurev-pathmechdis-012418-012718

51. Tang PM, Nikolic-Paterson DJ, Lan HY. Macrophages: Versatile players in
renal inflammation and fibrosis. Nat Rev Nephrol (2019) 15(3):144-58.
doi: 10.1038/s41581-019-0110-2

52. Chen K, Jiao Y, Liu L, Huang M, He C, He W, et al. Communications
between bone marrow macrophages and bone cells in bone remodeling. Front Cell
Dev Biol (2020) 8:598263. doi: 10.3389/fcell.2020.598263

frontiersin.org


https://doi.org/10.1016/j.arth.2017.02.075
https://doi.org/10.1186/s13018-017-0705-x
https://doi.org/10.1016/j.ocl.2018.10.001
https://doi.org/10.1016/j.reth.2020.11.003
https://doi.org/10.1016/j.bioactmat.2021.08.005
https://doi.org/10.1097/BLO.0b013e3181591c92
https://doi.org/10.1097/BLO.0b013e3181591c92
https://doi.org/10.4103/0366-6999.168017
https://doi.org/10.1186/s40729-021-00323-0
https://doi.org/10.1016/j.bone.2016.02.020
https://doi.org/10.1093/intimm/dxy054
https://doi.org/10.2147/JIR.S281941
https://doi.org/10.2147/JIR.S281941
https://doi.org/10.3389/fbioe.2020.00641
https://doi.org/10.3389/fbioe.2020.00641
https://doi.org/10.3389/fendo.2020.00386
https://doi.org/10.1038/s41577-019-0178-8
https://doi.org/10.1038/nrrheum.2017.213
https://doi.org/10.1002/advs.201900101
https://doi.org/10.1021/acsami.1c14781
https://doi.org/10.1021/acsami.1c14781
https://doi.org/10.3389/fgene.2021.691465
https://doi.org/10.1080/21655979.2021.1972081
https://doi.org/10.1155/2022/8684137
https://doi.org/10.1016/j.bone.2019.03.008
https://doi.org/10.1016/j.bone.2019.03.008
https://doi.org/10.1186/s12891-022-04994-7
https://doi.org/10.1155/2022/2639470
https://doi.org/10.1016/j.injury.2011.03.031
https://doi.org/10.1016/j.biomaterials.2021.121114
https://doi.org/10.1021/acsami.1c17434
https://doi.org/10.1038/nri3399
https://doi.org/10.1002/ptr.7028
https://doi.org/10.1186/s13287-018-1112-x
https://doi.org/10.3389/fbioe.2022.912133
https://doi.org/10.1097/jsm.0000000000000093
https://doi.org/10.1007/s00198-011-1804-x
https://doi.org/10.1016/j.mex.2022.101713
https://doi.org/10.1016/j.ecl.2012.04.004
https://doi.org/10.1016/j.ecl.2012.04.004
https://doi.org/10.1007/s11914-019-00498-x
https://doi.org/10.1080/14756366.2018.1485149
https://doi.org/10.1016/j.intimp.2018.05.005
https://doi.org/10.1016/j.intimp.2018.05.005
https://doi.org/10.1007/s10753-017-0715-1
https://doi.org/10.2147/CCIDE.S184498
https://doi.org/10.3389/fimmu.2021.606043
https://doi.org/10.1016/j.addr.2020.06.028
https://doi.org/10.1038/nature07201
https://doi.org/10.1016/j.pharmthera.2021.107879
https://doi.org/10.1002/jor.22952
https://doi.org/10.1146/annurev-pathmechdis-012418-012718
https://doi.org/10.1146/annurev-pathmechdis-012418-012718
https://doi.org/10.1038/s41581-019-0110-2
https://doi.org/10.3389/fcell.2020.598263
https://doi.org/10.3389/fimmu.2022.1064245
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zheng et al.

53. Lee YM, Fujikado N, Manaka H, Yasuda H, Iwakura Y. II-1 plays an
important role in the bone metabolism under physiological conditions. Int
Immunol (2010) 22(10):805-16. doi: 10.1093/intimm/dxq431

54. Ohori F, Kitaura H, Ogawa S, Shen WR, Qi ], Noguchi T, et al. Il-33 inhibits
tnf-A-Induced osteoclastogenesis and bone resorption. Int ] Mol Sci (2020) 21
(3):1130. doi: 10.3390/ijms21031130

55. Goodman SB, Pajarinen J, Yao Z, Lin T. Inflammation and bone repair:
From particle disease to tissue regeneration. Front Bioeng Biotechnol (2019) 7:230.
doi: 10.3389/fbioe.2019.00230

56. Schlundt C, El Khassawna T, Serra A, Dienelt A, Wendler S, Schell H, et al.
Macrophages in bone fracture healing: Their essential role in endochondral
ossification. Bone (2018) 106:78-89. doi: 10.1016/j.bone.2015.10.019

57. Adapala NS, Yamaguchi R, Phipps M, Aruwajoye O, Kim HKW. Necrotic
bone stimulates proinflammatory responses in macrophages through the activation
of toll-like receptor 4. Am ] Pathol (2016) 186(11):2987-99. doi: 10.1016/
j.ajpath.2016.06.024

58. Wu X, Xu W, Feng X, He Y, Liu X, Gao Y, et al. Tnf-a mediated
inflammatory macrophage polarization contributes to the pathogenesis of
steroid-induced osteonecrosis in mice. Int J immunopathol Pharmacol (2015) 28
(3):351-61. doi: 10.1177/0394632015593228

59. Kaneko J, Okinaga T, Hikiji H, Ariyoshi W, Yoshiga D, Habu M, et al.
Zoledronic acid exacerbates inflammation through M1 macrophage polarization.
Inflammation Regener (2018) 38:16. doi: 10.1186/s41232-018-0074-9

60. Jin S, Meng C, He Y, Wang X, Zhang Q, Wang Z, et al. Curcumin prevents
osteocyte apoptosis by inhibiting M1-type macrophage polarization in mice model
of glucocorticoid-associated osteonecrosis of the femoral head. ] Orthop Res (2020)
38(9):2020-30. doi: 10.1002/jor.24619

61. Zhang Q, Atsuta I, Liu S, Chen C, Shi S, Shi S, et al. Il-17-Mediated M1/M2
macrophage alteration contributes to pathogenesis of bisphosphonate-related
osteonecrosis of the jaws. Clin Cancer Res (2013) 19(12):3176-88. doi: 10.1158/
1078-0432.CCR-13-0042

62. WuX, Feng X, He Y, Gao Y, Yang S, Shao Z, et al. Il-4 administration exerts
preventive effects Via suppression of underlying inflammation and tnf-A-Induced
apoptosis in steroid-induced osteonecrosis. Osteoporos Int ] established as result
coop between Eur Found Osteoporos Natl Osteoporos Found USA (2016) 27
(5):1827-37. doi: 10.1007/s00198-015-3474-6

63. Zhang J, Tong D, Song H, Ruan R, Sun Y, Lin Y, et al. Osteoimmunity-
regulating biomimetically hierarchical scaffold for augmented bone regeneration.
Adv mater (Deerfield Beach Fla) (2022) 34(36):€2202044. doi: 10.1002/
adma.202202044

64. Okazaki S, Nishitani Y, Nagoya S, Kaya M, Yamashita T, Matsumoto H.
Femoral head osteonecrosis can be caused by disruption of the systemic immune
response Via the toll-like receptor 4 signalling pathway. Rheumatol (Oxford) (2009)
48(3):227-32. doi: 10.1093/rheumatology/ken462

65. Tian L, Wen Q, Dang X, You W, Fan L, Wang K. Immune response
associated with toll-like receptor 4 signaling pathway leads to steroid-induced
femoral head osteonecrosis. BMC Musculoskelet Disord (2014) 15:18. doi: 10.1186/
1471-2474-15-18

66. Zhu W, XuR,DuJ, FuY, LiS, Zhang P, et al. Zoledronic acid promotes tlr-
4-Mediated M1 macrophage polarization in bisphosphonate-related osteonecrosis
of the jaw. FASEB ] (2019) 33(4):5208-19. doi: 10.1096/f.201801791RR

67. Wang F, Zhang X, Liu W, Zhou Y, Wei W, Liu D, et al. Activated natural
killer cell promotes nonalcoholic steatohepatitis through mediating Jak/Stat
pathway. Cell Mol Gastroenterol Hepatol (2022) 13(1):257-74. doi: 10.1016/
jjemgh.2021.08.019

68. Jiang J, Liu X, Lai B, Hu D, Lai L, Xu J, et al. Correlational analysis between
neutrophil granulocyte levels and osteonecrosis of the femoral head. BMC
Musculoskelet Disord (2019) 20(1):393. doi: 10.1186/s12891-019-2778-7

69. Nonokawa M, Shimizu T, Yoshinari M, Hashimoto Y, Nakamura Y,
Takahashi D, et al. Association of neutrophil extracellular traps with the
development of idiopathic osteonecrosis of the femoral head. Am J Pathol (2020)
190(11):2282-9. doi: 10.1016/j.ajpath.2020.07.008

70. Papayannopoulos V. Neutrophil extracellular traps in immunity and
disease. Nat Rev Immunol (2018) 18(2):134-47. doi: 10.1038/nri.2017.105

71. Mantovani A, Cassatella MA, Costantini C, Jaillon S. Neutrophils in the

activation and regulation of innate and adaptive immunity. Nat Rev Immunol
(2011) 11(8):519-31. doi: 10.1038/nri3024

Frontiers in Immunology

09

10.3389/fimmu.2022.1064245

72. Macri C, Pang ES, Patton T, O'Keeffe M. Dendritic cell subsets. Semin Cell
Dev Biol (2018) 84:11-21. doi: 10.1016/j.semcdb.2017.12.009

73. Santos PM, Butterfield LH. Dendritic cell-based cancer vaccines. ] Immunol
(2018) 200(2):443-9. doi: 10.4049/jimmunol.1701024

74. Worbs T, Hammerschmidt SI, Forster R. Dendritic cell migration in health
and disease. Nat Rev Immunol (2017) 17(1):30-48. doi: 10.1038/nri.2016.116

75. Tseng HC, Kanayama K, Kaur K, Park SH, Park S, Kozlowska A, et al.
Bisphosphonate-induced differential modulation of immune cell function in
gingiva and bone marrow in vivo: Role in osteoclast-mediated nk cell activation.
Oncotarget (2015) 6(24):20002-25. doi: 10.18632/oncotarget.4755

76. Elsayed R, Kurago Z, Cutler CW, Arce RM, Gerber J, Celis E, et al. Role of
dendritic cell-mediated immune response in oral homeostasis: A new mechanism
of osteonecrosis of the jaw. FASEB ] (2020) 34(2):2595-608. doi: 10.1096/
£.201901819RR

77. Van Herck MA, Weyler J, Kwanten WJ, Dirinck EL, De Winter BY,
Francque SM, et al. The differential roles of T cells in non-alcoholic fatty liver
disease and obesity. Front Immunol (2019) 10:82. doi: 10.3389/fimmu.2019.00082

78. Takeuchi Y, Hirota K, Sakaguchi S. Impaired T cell receptor signaling and
development of T cell-mediated autoimmune arthritis. Immunol Rev (2020) 294
(1):164-76. doi: 10.1111/imr.12841

79. Ma J, Ge J, Gao F, Wang B, Yue D, Sun W, et al. The role of
immune regulatory cells in nontraumatic osteonecrosis of the femoral head: A
retrospective clinical study. BioMed Res Int (2019) 2019:1302015. doi: 10.1155/
2019/1302015

80. Zou D, Zhang K, Yang Y, Ren Y, Zhang L, Xiao X, et al. Th17 and il-17
exhibit higher levels in osteonecrosis of the femoral head and have a positive
correlation with severity of pain. Endokrynol Polska (2018) 69(3):283-90.
doi: 10.5603/EP.a2018.0031

81. Beriou G, Bradshaw EM, Lozano E, Costantino CM, Hastings WD, Orban T,
et al. Tgf-beta induces il-9 production from human Th17 cells. J Immunol (2010)
185(1):46-54. doi: 10.4049/jimmunol.1000356

82. Kikuiri T, Kim I, Yamaza T, Akiyama K, Zhang Q, Li Y, et al. Cell-based
immunotherapy with mesenchymal stem cells cures bisphosphonate-related
osteonecrosis of the jaw-like disease in mice. J Bone mineral Res Off ] Am Soc
Bone Mineral Res (2010) 25(7):1668-79. doi: 10.1002/jbmr.37

83. Vaughan AT, Roghanian A, Cragg MS. B cells-masters of the immunoverse.
Int ] Biochem Cell Biol (2011) 43(3):280-5. doi: 10.1016/j.biocel.2010.12.005

84. Qiu X, Liu Y, Shen H, Wang Z, Gong Y, Yang J, et al. Single-cell rna
sequencing of human femoral head in vivo. Aging (2021) 13(11):15595-619.
doi: 10.18632/aging.203124

85. Zhang H, Xiao F, Liu Y, Zhao D, Shan Y, Jiang Y. A higher frequency of
peripheral blood activated b cells in patients with non-traumatic osteonecrosis of
the femoral head. Int Immunopharmacol (2014) 20(1):95-100. doi: 10.1016/
j.intimp.2014.02.016

86. Vicas RM, Bodog FD, Fugaru FO, Grosu F, Badea O, Lazar L, et al.
Histopathological and immunohistochemical aspects of bone tissue in aseptic
necrosis of the femoral head. Rom ] Morphol Embryol (2020) 61(4):1249-58.
doi: 10.47162/RJME.61.4.26

87. Sapra L, Shokeen N, Porwal K, Saini C, Bhardwaj A, Mathew M,
et al. Bifidobacterium longum ameliorates ovariectomy-induced bone loss
Via enhancing anti-osteoclastogenic and immunomodulatory potential of
regulatory b cells (Bregs). Front Immunol (2022) 13:875788. doi: 10.3389/
fimmu.2022.875788

88. Sapra L, Bhardwaj A, Mishra PK, Garg B, Verma B, Mishra GC, et al.
Regulatory b cells (Bregs) inhibit osteoclastogenesis and play a potential role in
ameliorating ovariectomy-induced bone loss. Front Immunol (2021) 12:691081.
doi: 10.3389/fimmu.2021.691081

89. Fischer V, Haffner-Luntzer M. Interaction between bone and immune cells:
Implications for postmenopausal osteoporosis. Semin Cell Dev Biol (2022) 123:14—
21. doi: 10.1016/j.semcdb.2021.05.014

90. Toni R, Di Conza G, Barbaro F, Zini N, Consolini E, Dallatana D,
et al. Microtopography of immune cells in osteoporosis and bone lesions by
endocrine disruptors. Front Immunol (2020) 11:1737. doi: 10.3389/fimmu.2020.
01737

91. Weitzmann MN. T-Cells and b-cells in osteoporosis. Curr Opin Endocrinol
Diabetes Obes (2014) 21(6):461-7. doi: 10.1097/MED.0000000000000103

frontiersin.org


https://doi.org/10.1093/intimm/dxq431
https://doi.org/10.3390/ijms21031130
https://doi.org/10.3389/fbioe.2019.00230
https://doi.org/10.1016/j.bone.2015.10.019
https://doi.org/10.1016/j.ajpath.2016.06.024
https://doi.org/10.1016/j.ajpath.2016.06.024
https://doi.org/10.1177/0394632015593228
https://doi.org/10.1186/s41232-018-0074-9
https://doi.org/10.1002/jor.24619
https://doi.org/10.1158/1078-0432.CCR-13-0042
https://doi.org/10.1158/1078-0432.CCR-13-0042
https://doi.org/10.1007/s00198-015-3474-6
https://doi.org/10.1002/adma.202202044
https://doi.org/10.1002/adma.202202044
https://doi.org/10.1093/rheumatology/ken462
https://doi.org/10.1186/1471-2474-15-18
https://doi.org/10.1186/1471-2474-15-18
https://doi.org/10.1096/fj.201801791RR
https://doi.org/10.1016/j.jcmgh.2021.08.019
https://doi.org/10.1016/j.jcmgh.2021.08.019
https://doi.org/10.1186/s12891-019-2778-7
https://doi.org/10.1016/j.ajpath.2020.07.008
https://doi.org/10.1038/nri.2017.105
https://doi.org/10.1038/nri3024
https://doi.org/10.1016/j.semcdb.2017.12.009
https://doi.org/10.4049/jimmunol.1701024
https://doi.org/10.1038/nri.2016.116
https://doi.org/10.18632/oncotarget.4755
https://doi.org/10.1096/fj.201901819RR
https://doi.org/10.1096/fj.201901819RR
https://doi.org/10.3389/fimmu.2019.00082
https://doi.org/10.1111/imr.12841
https://doi.org/10.1155/2019/1302015
https://doi.org/10.1155/2019/1302015
https://doi.org/10.5603/EP.a2018.0031
https://doi.org/10.4049/jimmunol.1000356
https://doi.org/10.1002/jbmr.37
https://doi.org/10.1016/j.biocel.2010.12.005
https://doi.org/10.18632/aging.203124
https://doi.org/10.1016/j.intimp.2014.02.016
https://doi.org/10.1016/j.intimp.2014.02.016
https://doi.org/10.47162/RJME.61.4.26
https://doi.org/10.3389/fimmu.2022.875788
https://doi.org/10.3389/fimmu.2022.875788
https://doi.org/10.3389/fimmu.2021.691081
https://doi.org/10.1016/j.semcdb.2021.05.014
https://doi.org/10.3389/fimmu.2020.01737
https://doi.org/10.3389/fimmu.2020.01737
https://doi.org/10.1097/MED.0000000000000103
https://doi.org/10.3389/fimmu.2022.1064245
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The role of immune cells in modulating chronic inflammation and osteonecrosis
	1 Introduction
	2 Uncontrolled inflammation leads to the failure of bone repair in osteonecrosis
	3 Immune cells and osteonecrosis
	3.1 Innate immune cells in osteonecrosis
	3.1.1 Macrophages
	3.1.2 Neutrophils
	3.1.3 Dendritic cells

	3.2 Adaptive immune cells in osteonecrosis
	3.2.1 T cells
	3.2.2
 B cells


	4 Conclusion
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


