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Abstract: Glucocorticoid-induced osteonecrosis of the femoral head (GIONFH) is a disabling disease with high mortality in China
but the detailed molecular and cellular mechanisms remain to be investigated. Macrophages are considered the key cells in
osteoimmunology, and the cross-talk between bone macrophages and other cells in the microenvironment is involved in maintaining
bone homeostasis. M1 polarized macrophages launch a chronic inflammatory response and secrete a broad spectrum of cytokines (eg,
TNF-a, IL-6 and IL-1B) and chemokines to initiate a chronic inflammatory state in GIONFH. M2 macrophage is the alternatively
activated anti-inflammatory type distributed mainly in the perivascular area of the necrotic femoral head. In the development of
GIONFH, injured bone vascular endothelial cells and necrotic bone activate the TLR4/NF-kB signal pathway, promote dimerization of
PKM2 and subsequently enhance the production of HIF-1, inducing metabolic transformation of macrophage to the M1 phenotype.
Considering these findings, putative interventions by local chemokine regulation to correct the imbalance between M1/M2 polarized
macrophages by switching macrophages to an M2 phenotype, or inhibiting the adoption of an M1 phenotype appear to be plausible
regimens for preventing or intervening GIONFH in the early stage. However, these results were mainly obtained by in vitro tissue or
experimental animal model. Further studies to completely elucidate the alterations of the M1/M2 macrophage polarization and
functions of macrophages in glucocorticoid-induced osteonecrosis of the femoral head are imperative.
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Introduction

Osteonecrosis of the femoral head (ONFH) is a debilitating disease characterized by the disrupted blood supply to
a specific region of the femoral head which creates a hypoxic environment and leads to progressive deterioration of the
hip joint." ONFH usually violates young and middle-aged subjects, leading to a high financial burden for individuals and
health-care systems.” Currently, the prevalence of non-traumatic ONFH is expected to keep rising because of heightened
awareness and increased adjuvant therapy.'> Synthetic glucocorticoids (eg, dexamethasone, beclomethasone and pre-
dnisolone) have been widely used in the treatment of inflammatory, allergic and autoimmune diseases but also rank as the
leading reason for non-traumatic ONFH in China, accounting for 26.35% of male cases and 55.75% of female cases.’®
Glucocorticoid-induced ONFH (GIONFH) develops in 9-40% of patients receiving long-term therapy and it may also
occur with short-term exposure to high doses or after intra-articular injection.”*
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A variety of hypotheses for the pathogenesis of GIONFH have been proposed, such as dysregulation of intraosseous
hypertension, lipid metabolism disorder, intravascular coagulation, and arterial vasculitis, but the exact mechanism is yet
to be confirmed.! The primary histopathological character of ONFH is osteocyte apoptosis, which persists due to the
anatomical unavailability of phagocytosis.* Glucocorticoid excess results in bone marrow mesenchymal stem cells
(BMSCs) and osteoblasts toward a higher rate of adipogenesis, retards osteocyte replacement and decreases bone
remodeling.> Meanwhile, glucocorticoids could damage the intraosseous microvasculature and improve the formation
of osteoclasts.” The cumulative and unrepairable bone defect uniquely breaks the mechanosensory function of the
osteocyte-lacunar-canalicular system.* Another distinctive feature of GIONFH is abnormal chronic inflammation.®
Acute inflammation is the first step in bone regeneration, but if the adverse stimuli persist and disrupt bone homeostasis,
chronic inflammation occurs.” In the context of chronic inflammation, the necrotic bone continuously undergoes fibrosis
repair, which hinders the reconstruction of normal bone structure and function.®

Complex interactions existed between bone and immune cells (eg, macrophages, Th17 cells, and neutrophils).’
Immune cells and their products could influence the activities of osteoclasts, osteoblasts, bone mesenchymal stem cells
(BMSCs) and osteocytes, therefore coupling immune and skeletal systems.® The concept of “osteoimmunology” was first
coined to underline the regulation of osteoclast activation by T lymphocytes, hinting that bone regeneration is not
a straightforward process that simply involves bone formation and resorption.” To prolong the lifetime of orthopedic
implants and to accelerate fracture healing are the two clinical challenges to which immunomodulatory strategies were
applied in orthopedics.'® Moreover, cell-based immunomodulation, biomaterials and immunomodulator delivery have
been employed for osteolytic bone diseases, such as rheumatoid arthritis, osteoporosis and periodontitis.'® Among
various immune cells, the macrophage is the main effector cell and sentinel of innate immunity, and the vital modulator
of chronic inflammation."" Macrophages are responsible for removing apoptotic or necroptotic cell debris but are also
causally linked to GIONFH."'

As a cell population with plasticity and pluripotency, macrophages participate in a great deal of pathological and
physiological processes such as maintaining osteogenesis-adipogenesis balance, tissue regeneration and inflammatory
response.'? The phenotype and function of macrophages vary with the release of growth factors and cytokines in the
local tissue microenvironment.'* During these processes, macrophages undergo reprogramming, allowing them to readily
and rapidly adapt to the changing conditions within tissues. The role that macrophage plays in the progression of
GIONFH has only been reported sporadically.'” A better understanding of the molecular and cellular mechanisms
underlying bone macrophage activation could offer potential avenues to dealing with GIONFH.

Polarization of Bone Macrophages

The bone-resident macrophage family encompasses bone marrow macrophage (erythroblastic island macrophage,
hematopoietic stem cell niche macrophage), osteoclast and osteal macrophages.'* Osteal macrophages are the main
population of bone-resident macrophages which support osteoblastic function and keep bone homeostasis.'>'® During the
proliferation and differentiation of mononuclear phagocyte progenitor cells to osteal macrophages, macrophage colony-
stimulating factor (M-CSF) is required (Figure 1)."”

Macrophage polarization refers to the activation of macrophages, which are generally categorized into two directions
according to the surface leukocyte differentiation antigen (cluster of differentiation, CD) and their functions, namely pro-
inflammatory, classically activated type (M1) and anti-inflammatory, alternatively activated type (M2) (Figure 1).'®!° M1
macrophage polarization initiates when exposed to inflammatory molecules such as lipopolysaccharide (LPS), or Thl
cytokines (eg, IFN-y, GM-CSF, and TNF-a).?° On the other hand, alternatively activated macrophages mainly polarize in
response to Th2 cytokines such as IL-4, IL-10 and IL-13.2 During polarization, macrophages alter their shapes into flat-
rounded (M1 type) or spindle-stretched (M2 type).?> As CD80/CD86 and CD206 are representative markers of M1 and
M2 phenotypes, respectively, the average optical density of these molecules can reflect the number of M1 and M2
macrophages.”*~* Currently, the simplistic view of M1/M2 classification is not appropriate to describe the actual state of
bone macrophage.”> More subtypes (M2a, M2b, M2c and M2d) of M2 macrophages have been derived depending on the

inflammatory cues they encounter.”>?
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Figure | Molecular determinants of the differentiation and polarization of macrophages, and differentiation and maturation of osteoclasts. Macrophages and osteoclasts are
the result of competing differentiations of myeloid progenitor. Under the stimulation of M-CSF, myeloid progenitor differentiates into macrophages. Under the dual
stimulation of M-CSF and RANKL, myeloid progenitors differentiate into osteoclasts. Under the regulation of multiple factors such as PPARy, ERRa, PGC- I3, NDUSF4 and
maternal VLDLR, the macrophages differentiate into osteoclasts. Different stimuli activate the polarization of M| and M2 macrophages, which lead to the release of pro-and
anti-inflammatory cytokines respectively (“Created with BioRender.com”).

Pro-inflammatory M1 macrophages are the principal producers of inflammatory cytokines (eg, IL-6, IL-1 and TNF-
0) in a chronic inflammatory microenvironment and exert a pivotal role in antigen presentation and phagocytosis.”’ M2
macrophage, on the contrary, mainly involves the resolution of inflammation, tissue regeneration, and remodeling.>>*®
Maintenance of M1/M2 balance relies chiefly on metabolism due to that pro-inflammatory M1 macrophages are mainly
supported by glycolysis and anti-inflammatory M2 macrophages utilize fatty acid oxidation (FAO).*® Metabolic repro-
gramming, especially glycolytic reprogramming, is widely identified in the polarization of macrophages.*’

The sequence of events from the infiltration of pro-inflammatory macrophages followed by a phenotypic switch
toward M2 macrophages is normal in the healing of bone gaps and inflammatory osteolysis.***! At about 21 days after
fracture, M1 and M2 macrophages complete their mission and are no longer detectable in the microenvironment.*

However, if M1 macrophages fail to shift to the M2 phenotype, macrophage imbalance triggers chronic inflammation and
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induces tissue fibrosis, which is the main barrier to tissue regeneration and repair.’*>* Moreover, cross-talks between
these activated macrophages and other bone cells perform essential functions in bone tissue homeostasis between bone
resorption and formation, which may further the progression of GIONFH.

Interaction Between Bone Macrophage Polarization, Bone Homeostasis
and Bone Repair

Polarized Macrophages and Osteoclasts Share a Common Source

Macrophage polarization and osteoclasts formation are two directions of macrophage/myeloid progenitors’
differentiation.’® The related regulators include peroxisome proliferator-activated receptor y (PPARY), estrogen-related
receptor a (ERRa), PPARYy coactivator 13 (PGC-1B), recombinant human histidine NADH dehydrogenase Fe-S protein 4
(NDUFS4) and these associated with energy metabolism (Figure 1). Knockout of PPARy in myeloid precursors can
disrupt RANK-RANKL signal activation and inhibit osteoclasts’ differentiation.>> Meanwhile, PPARy is a critical
molecular inhibitor for the M1 polarization of macrophages.>® PGC-1p can induce osteoclasts differentiation and M2
macrophage polarization by advancing mitochondrial biogenesis and down-regulating pro-inflammatory cytokines.>’
NDUFS4 is a nuclear-encoded accessory subunit of mitochondrial complex I, the first multisubunit enzyme complex of
the mitochondrial respiratory chain.>® Further in-vivo experiments indicated that NDUFS4 has an autonomous role in
activating M1 macrophage and contrarily, systemic NDUFS4 knockout or down-regulation inhibits osteoclastogenesis.*”
These results prove a competitive relationship between M1 macrophage polarization and osteoclast differentiation,
indicating that osteoclasts are a branch of the macrophage family.*

There is evidence that polarized macrophages could serve as candidates for the osteoclast progenitor.*' The
polarization state of macrophages affects their ability to differentiate into osteoclasts, and produce pro-inflammatory
cytokines and mediators. Cytokines secreted by M2 macrophages, such as IL-10 and IL-4, inhibit the expression of
NFATc1, therefore suppressing the formation of osteoclasts.>* At the same time, the polarization of macrophages to the
M1 phenotype leads to the release of multiple cytokines (eg, TNF-a, IL-6, IL-1, and IL-12) and chemokines (eg, CXCL2,
CXCLS, and CXCL10), which will aid osteoclastogenesis.***

Macrophage Polarization and Osteogenesis

Increased osteocyte apoptosis and compromised osteogenesis is a crucial characteristic of GIONFH. The fibrovascular
tissue form in the repair region that does not provide mechanical support comparable to cancellous bone, leading to
mechanical fragility of the femoral head and the development of flattening and collapse. Both macrophages and BMSCs
are essential sources of cytokines and chemokines, sharing complex interactions of signaling pathways.** Traditionally,
the M1 phenotype is well known for eliciting pro-inflammatory effects, which may cause bone resorption.*> However, in
recent years, loads of studies have reported that the M0, M1 and M2 phenotypes are all beneficial for osteogenesis by
activating the OSM signaling pathway, and the MI1-type macrophages had the maximum effect on bone formation
(Figure 2).** OSM produced by macrophages could stimulate the mineralization activity and differentiation of osteoblasts
by initiating STAT3 phosphorylation with the help of prostaglandin E2 (PGE2) and COX2.*”** Xue et al*’ unveiled that
graphene oxide intervention enhanced the M1 polarization of RAW 264.7 cells, and the expression levels of OSM and
BMP2, promoting the establishment of an immune microenvironment favorable for the osteogenic differentiation of
BMSCs. In addition, M1 macrophages could secrete VEGF, TNF-0, and basic fibroblast growth factor, to initiate
angiogenesis.>’ Adding M2 anti-inflammatory macrophages to BMSCs could increase alkaline phosphatase (ALP)
activity.** M1 macrophages contribute to the early and middle osteogenesis of MSCs, while M2 macrophage co-
culture can lead to increasing the matrix mineralization.'*

Bone macrophages also interact with osteoblasts, which derive from BMSCs. In vivo, osteal macrophages occur in
multiple stages of intramembranous ossification, constitute a unique canopy structure on mature osteoblasts and
accelerate osteoblast differentiation, through the OSM-mediated tyrosine phosphorylation, and interplay between the
STAT3 and Yes-associated protein 1 (YAP1).”' TNF-a released by activated macrophages can stimulate osteoblast
chemotactic effect in vitro, and inhibit osteoblast differentiation in rheumatoid arthritis patients.52 Macrophage-derived
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Figure 2 Association between osteogenesis and macrophage polarization in the development of GIONFH. The M0, M| and M2 phenotypes are all beneficial for osteogenesis
by activating the OSM signaling pathway, and the M| -type macrophages had the greatest effect on bone formation. BMSCs secrete CCL-2 and CCL-4, the main chemoattractants
for monocytes and macrophages. Meanwhile, Bone macrophages also interact with osteoblasts, which derive from BMSCs (“Created with BioRender.com”).

BMP-2 is critical in inducing ossification through the Wnt and Wnt/LRP5 signaling cascade in osteoblasts.>® In addition
to Wnt, the macrophage derived-BMP-2 can cause the dimerization of BMP-R and the phosphorylation of Smad
proteins.>* Then, the phosphorylated molecules activate Runx2 to up-regulate osteoblast activity and differentiation.'*

Bone Macrophage Polarization Impacted by Mesenchymal Stem Cells

BMSCs secrete CCL-2 and CCL-4, the main chemoattractants for monocytes and macrophages.’® In the co-culture
model, MSCs significantly suppressed the production of LPS-induced pro-inflammatory cytokines (TNF-a, IL-1p, and
IL-6) through iNOS and COX2-dependent pathways, and increased the secretion of IL-10 in macrophages by enhancing
PGE2,°® which inhibit M1-macrophage polarization and induce M2 polarization.’” This MSC-mediated macrophage
recruitment and macrophage phenotypic regulation may affect local inflammation and progression of GIONFH. Human
umbilical cord mesenchymal stem cells (HUC-MSCs) might prevent necrosis and apoptosis of osteocytes by reducing
M1 macrophage infiltration in the GIONFH model.’® Direct application of IL-4 could also encourage an immunomo-
dulatory microenvironment that polarizes macrophages towards the M2 phenotype, and promote bone formation and

MSC osteogenesis.””**°

Bone Macrophage Polarization in Bone Repair

Most previous research about bone repair focused on optimizing the osteogenic capacity of MSCs, biomaterials and bone
graft, but neglected to research into the immune responses in local environment, which is key in maintaining skeletal
health.®'~®* Bone repair is a complex and dynamic process that involves the reciprocal effect of multiple types of cells
and signaling pathways. Despite the benefit of M1 macrophages in osteogenesis and angiogenesis, the persistence of
chronic inflammation involving M1 macrophages severely impairs bone repair.’' As pointed out, M2 macrophages co-
culture can increase matrix mineralization of MSCs."* However, it should be pointed out that M2 macrophages are able
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to perform a wide range of functions based on the subtypes, including immunomodulating, stimulating angiogenesis,
promoting tumor progression, and coordinating tissue remodeling.>>*® Which M2 macrophage subtype is responsible for
bone regeneration and remodeling is still being determined.

Immune Infiltration and Macrophage Distribution in GIONFH
Immune Infiltration Analysis in GIONFH

Inflammatory cytokines such as TNF-a, IL-6 and IL-1B were detected in synovial fluid and plasma of patients with
GIONFH.®* During the progression of GIONFH, large numbers of chronic inflammatory cells may infiltrate into the
peripheral blood and necrotic zone.®> Multiple studies®®®® evaluated immune infiltration in serum by analyzing
GSE123568 which enrolled thirty patients with GIONFH and ten healthy controls, and found decreased infiltration of
memory B cells and activated dendritic cells. It could be noticed that macrophages (M0, M1 and M2) were not
significantly enriched in the GIONFH group. However, the condition of immune infiltration in the femoral head was
not reported before.

In order to further clarify this question, Gene Expression Omnibus (GEO) repository (https:/www.ncbi.nlm.nih.gov/geo/)

was systematically searched to retrieve data expression profiles about the femoral head of GIONFH. Eventually, GSE26316,
which involves three samples of GIONFH and three samples of healthy control, was included for analysis. The relative
infiltration abundance of 22 immune cells in each sample was assessed using the CIBERSORT algorithm referring to the gene
expression signature template provided on CIBERSORT official website. The parameter was set as perm=100 and QN=F.
Pearson correlation analysis was utilized to appraise the associations among immune cells.

It was suggested that MO macrophages, B cell memory, NK cell resting and M2 macrophages accounted for the
majority of immune cell composition in bone tissue (Figure 3A). Pearson correlation analysis outlined a strong negative
association between M0 macrophages and mast cells resting (r = 0.74). M1 macrophages were significantly correlated
with mast cells activated (r = 1.00), while revealed strong negative correlations with mast cells resting (r = 0.72)
(Figure 3B). Bone tissue in normal control had a high abundance of M0 macrophages and a lower number of M2
macrophages compared with the GIONFH group, although these differences did not achieve statistical significance (p =
0.148 and 0.580, respectively) (Figure 3C). Compared with healthy controls, T cells CD4 naive in GIONFH samples
were relatively infiltrated less (p < 0.01) (Figure 3C). Given the findings of immune infiltration in serum and necrotic
bone, it could be inferred that GIONFH is a local chronic inflammatory disease initiated by aggregated macrophages in
the femoral head without an apparent impact on the polarization of peripheral macrophages.

However, the results of immune infiltration analysis should be interpreted cautiously. First, only three samples were
enrolled and analyzed in each group. Secondly, in this profile, Rattus norvegicus was utilized to establish a GIONFH
model by injecting methylprednisolone and endotoxin. In this animal model, extensive lesions, subchondral fracture and
femoral head collapse are seldom observed. Therefore, these findings could only reflect the early-stage pathologic
characteristics of GIONFH. To this end, the whole femoral head (avascular areas, perivascular area and cartilage) was
isolated for RNA extraction and hybridization on Affymetrix microarrays. Further studies about immune infiltration
during GIONFH should focus on a specific region of the femoral head.

Distribution of MI/M2 Polarized Macrophage in GIONFH

Kamal et al enrolled 39 patients diagnosed with aseptic ONFH for various risk factors (alcohol, alcohol and smoking,
trauma and glucocorticoid), and noticed that macrophage is highlighted both in the area of necrosis and in the adjacent
tissue (including cartilage).®” The highest number of macrophages was present in patients with GIONFH, and the lowest
in patients with traumatic ONFH. However, few or no macrophages existed in the regenerative region with dense fibrous
tissue.

In fact, during GIONFH, different phenotypes of macrophages do not form mutually exclusive populations but tend to
coexist.”® An imbalance of M1/M2 macrophage polarization was observed in the necrotic femoral head. Adapala et al
established an avascular ONFH piglet model by placing a suture ligature tightly around the femoral neck and transecting
the ligamentum teres.”' After the flattening deformity of the necrotic femoral occurring at eight weeks, macrophages
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Figure 3 Evaluation of immune cells infiltration in GIONFH. (A) landscape of immune cells infiltration in bone tissue of normal control or GIONFH; (B) correlation analysis among 22
immune cells in necrotic bone samples; (C) violin plot showing the differences on infiltration abundance of 22 immune cells in bone tissue of normal control (cyan) and GIONFH (red).

were mainly present around small blood vessels in the fibrovascular tissue. In the repair tissue, significantly increased M1

macrophage markers were detected, whereas the number of M2 macrophages remained stable. Meanwhile, a large

amount of M1 macrophages infiltrated into the necrotic zone of GIONFH.®> Consistent results were obtained in studies
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using clinical samples. In the repair area of patients with progressive-stage GIONFH (Ficat Stage 11I), M1 macrophages
were enriched in avascular regions (M1/M2 ratio ~12), while M2 macrophages were distributed mainly in the
perivascular area (M1/M2 ratio ~0.05), manifesting that these cells arose from monocytes that migrated from the
neovascularization.®* Blood vessels transport monocytes, oxygen and nutrients, which can lead macrophages to adopt
and stay an M2 phenotype. In animal models of GIONFH, with the time going on after injection of methylprednisolone,
significantly elevated levels of pro-inflammatory cytokines released by M1 polarized macrophages were identified in
serum.””

The transition from the M1 to M2 phenotype is crucial in improving osteocyte survival and promoting the
regeneration of injured tissue.”>"’* As the GIONFH lesion advances from the progressive stage to the end stage (Ficat
stage 1V), macrophage infiltration in the reparative area as well as macrophage M1/M2 imbalance increased (M1/M2
ratio from 3 to 10), while the number of blood vessels, inflammatory cells and macrophages declined.** Decreased level
of M1 phenotypes is associated with the reduction of TNF-a and IL-1B.”* The neovascularization and M2 macrophages
in the reparative area are insufficient to reconstruct the normal bone structure, which result in disease deterioration and
poor prognosis.”* Currently, it is difficult to detect the phenotype of macrophages using flow cytometry as the
inconvenience of extracting cells from the necrotic region and the low viability of the extracted cells. Most studies
mentioned above used in situ staining or animal studies.

Mechanism Underlying the Macrophage Polarization Imbalance in
GIONFH

Glucocorticoids Action on Bone Macrophage Polarization
Glucocorticoids act on nearly every component of the immune system but the functional aspects differ by cell type,
which was systematically confirmed in the human system.”> While glucocorticoids are mainly inhibitable to cells of the
adaptive immune system, especially T-cells, the influence of glucocorticoids on cells of the innate immune system is
more complex.”® Overall, glucocorticoids activate and strengthen the innate immune system, provoking changes in
macrophages by binding glucocorticoid receptors (GR), an intracellular receptor that acts as a transcription modulator.”®
Glucocorticoids may affect the vascular migration of pro-inflammatory M1 phenotype macrophage to inflammatory
regions.”” Dexamethasone treatment during monocyte-to-macrophage differentiation reduces the expression of adhesion
molecules such as CD11b and CDI18, leading to compromised lamellipodia formation and ineffective functional
activities.””’® These morphological changes are consistent with the repolarization of M1- into M2-like macrophages
caused by metabolic transformation.”®

Glucocorticoids have been related to an M2c- like phenotype (Figure 1), which is considered deactivated macro-
phages with the capacity to speed tissue repair and wound healing, and is central to the erythroblastic island.”**® Yang
et al reiterated that during monocyte-macrophage differentiation, dexamethasone treatment significantly upregulated the
M2-associated surface marker CD163.®' Glucocorticoids can increase a broad range of molecules associated with
apoptotic cell clearance, including Axl, ADORA3, MFG-ES8, Clq, thrombospondin-1 and MerTK, which is closely
related to the induction of M2c polarization.®* This effect was IL-10 independent, partially achieved by inhibiting the
production of the M2 isoform of Pyruvate Kinase (PKM?2) (Figure 4).”%8%#3 PKM2 is an enzyme catalyzing the last step
of glycolysis which is upregulated in inflammation and tumors, but mainly in the enzymatically inactive dimeric form.**
The dimeric PKM2 could serve as a downstream target of LPS, translocate to the nucleus, and step up the production and
stabilization of HIF-1a and IL-1B.%**5 Beclomethasone suppresses the induction of almost all pro-inflammatory M1
associated-genes, such as IL-6, TNF-a, IL-1b, IL-8 and MMP-9.5¢ In line with these data, many genes involved in
glycolysis were inhibited by beclomethasone.*® These findings hint that the increased polarization of macrophage to the
M1 phenotype in GIONFH was not realized by the direct action of glucocorticoid on the macrophage.

Necrotic Tissue and the Macrophage Polarization Imbalance in GIONFH
Multiple damage-associated molecular patterns (eg, Tenascin-C, biglycans and decorin) were present in necrotic
tissues.*”®® These components of necrotic bone can stimulate pro-inflammatory responses from macrophages by
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activating a specific pattern recognition receptor Toll-like receptor 4 (TLR4), which is also a receptor of LPS and lipid
A in Gram-negative bacteria (Figure 4). Binding to TLR4 induces dimerization of the TLR4-MD-2 complex, and
subsequently activates Myd88-extracellular regulated kinase 1/2 (ERK1/2), Ik kinase (IKK)a-transcription factors
nuclear factor-kB (NF-kB) pathway, which raises Th1 cytokines (IFN-y and TNF-a) and HIF-1.”"%"°° Meanwhile, the
increased content of the TCA cycle intermediate succinate could be transported from the mitochondria into the cytosol
and impair the activity of prolyl hydroxylases (PDH), which further facilitates the stabilization and production of HIF-
10.°' This event induced by excessive succinate has been described as “pseudo hypoxia”.”! Necrotic bone alone could
not trigger the phosphorylation of STAT1. However, the activation of the JAK1/2-STAT1 pathway by IFN-y and
subsequent phosphorylation of STAT1 have also been reported to correlate with the M1 macrophage polarization in
GIONFH.”>**

TNF-a is a potent osteoclastogenic factor that simultaneously inhibits osteoblastogenesis.”> In the early stage of
GIONFH, there was high TNF-q activity; and a large population of M1 macrophages infiltrated the necrotic zone.’® TNF-
o, IL-6 and IL-1P could be transferred from the local lesion into the circulation and used as a hematological marker of the
progressive stage ONFH patien‘[s.97 These cytokines disturb bone homeostasis and impair osteocyte survival. The
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pathologic repair process modulated by macrophages facilitates chronic inflammatory responses marked by tissue fibrosis
instead of tissue regeneration, namely new bone formation.”"

Bone Marrow Endothelial Cells (BMECs) and the Initiation of Macrophage Polarization
in GIONFH

Necrotic bone and cytokines released by M1-polarized macrophages trigger a cascade of events to maintain the chronic
inflammatory state and aggravate the apoptosis of osteocytes. However, the initiation of these events is not universally
acknowledged. Bone microvessels are monolayer structures essential for bone formation and metabolism, and direct
contact with ingredient in the blood.”® In our former study, it could be found that glucocorticoid intervention could
induce apoptosis of the BMECs and enhance eleven cytokines in the released extracellular vesicles (Figure 5).7%%
Among them, SI00A8 (Fold change = 56.23) is an atypical inflammatory cytokine that is most markedly elevated, which
could also promote the M1 polarization of macrophage and the chronic inflammatory processes by activating the TLR4/
NF-kB signal pathway according to published article.'® The glucocorticoid-induced injury of bone microvascular
endothelial vessels and subsequently enhanced level of BMECs-derived cytokines may act as a prerequisite for the

macrophage-induced chronic inflammation in GIONFH.
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Figure 5 The heatmap about differentially expressed proteins between extracellular vesicles released by bone marrow endothelial cells (BMECs) in the glucocorticoid-
induced group and the Control group.
Abbreviation: GC, glucocorticoid.
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Bioactive Compounds and Molecular Targets Involving Macrophage
Polarization in GIONFH

Multiple bioactive compounds such as Astragaloside IV (AS-IV) and curcumin have proved to intervene in macrophage
polarization in GIONFH, which can be used as potential candidates for treating this disorder.”>”* Jiang et al confirmed
that AS-IV, a drug derived from astragalus, could promote the repolarization of M1 macrophages into M2
macrophages.”* The cytotoxicity of the culture supernatant of M1-type macrophages was greatly attenuated by pretreat-
ment of the macrophages with AS-IV. Concomitantly, osteocyte apoptosis was inhibited, and the proliferation was
improved. Curcumin (C,;H,(Og) is extracted from turmeric and has long been employed in alleviating inflammatory
disorders.”” Jin et al demonstrated that curcumin could prevent the progression of GIONFH by regulating immunity and
suppressing inflammation.”” This was partially because of the reduced infiltration of MI-type macrophages into the
femoral heads by suppressing the JAK1/2-STAT1 signaling pathway. In the in vitro study, when the concentration of
curcumin was 12.5 or 25 pmol/L, M2 polarization of macrophage was boosted.

TLR4 is a potential target for treating GIONFH by restricting the recognition of DAMPs in necrotic bone. TAK242
acts as a selective inhibitor of the intracellular domain of TLR4, therefore blocking the activation of NF-kB and ligand-
independent NF-kB activation resulting from over-expressed TLR4, and rescuing the bone loss and femoral head
collapse during ONFH.'”' Immunomodulatory bioactive components such as calycosin, resveratrol, catechin, emodin
and allicin can intervene with TLR4/Myd88/NF-kB signal and prevent the M1 polarization of macrophage.'®® Mir-335-
5p, a microRNA (miRNA) well-recognized for the osteogenetic effect, was also able to down-regulate the expression of
the TLR4 gene at the post-transcriptional level.'”?

Identification of immune cells and signaling molecules underlying M1 macrophage polarization presents evidence
that PKM?2 acts as another research hotspot for treating tumors and inflammatory diseases including GIONFH. As for
PKM2, there was a dynamic equilibrium of an enzymatically inactive form (dimers and monomers) which can be further
translocated into the nucleus and an enzymatically active state (tetramers) which stays in the cytosol to participate in
glycolysis.® Activation of PKM2 by TEPP-46 or DASA-58 could stimulate the formation of active tetramers, thereby
boosting PKM2 enzymic activity and inhibiting LPS-induced production of HIF-1.%° Multiple bioactive compounds (eg,
iminostilbene, shikonin and resveratrol) from fruit, vegetable and herb extracts could regulate PKM2, suppress macro-
phage inflammation and inhibit osteoclast differentiation.'*'*> Besides, non-coding RNAs (miRNA, IncRNAs, and
circRNA) targeting the PKM2 gene are also widely investigated in inflammatory conditions. Wade et al suggested
a distinct loss of miR-125a in Psoriatic arthritis (PsA) synovial tissue, which induced metabolic reprogramming in

endothelial cells towards increased expression of PKM2.'%

Conclusion and Future Perspective

So far, most immunomodulatory regimens for bone repair and GIONFH have primarily focused on macrophages. The
role of other immune cells, especially those involving adaptive immune, needs to be further explored.'®” The evaluation
index for restoring critical-sized femoral defects, such as bone volume fraction, bone mineral density, and tissue mineral
density is demonstrated to be higher in athymic rats than in immunocompetent animals, hinting at the significance of the
adaptive immune system.'®® Neutrophils are the initial line of defense of the innate immune system. Besides generating

199" neutrophils can actively coordinate the

pro-inflammatory cytokines, eliminating pathogens and clearing debris,
resolution of inflammation and regulate immune responses by interacting with cells of the innate and adaptive immune
systems, thereby participating in bone repair and ONFH."'%''" After tissue injury, neutrophils immediately arrive at the
site of the defect, recruiting BMSCs and macrophages.''® Inhibitory T cells can bind to osteoclast precursors to inhibit
osteoclast activity, and the decreased number of inhibitory T cells is suboptimal to the prognosis of ONFH.''? For
osteolytic disease, future studies also lie in understanding the roles of different T cell subpopulations in the context of
disease progression.'® Lastly, dendritic cells have been shown to directly restrain osteoclast formation via secreting IFN
-Al in inflammatory bone diseases, but its role in bone repair and GIONFH is still unknown.'"?

Limitations existed in current studies about macrophage polarization in GIONFH. First, technologies for immune

infiltration of femoral head require the sacrifice of the animals or excision of femoral heads for end-point analysis, and
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are not suitable for real-time monitoring of the immune cell infiltration in situ. There remains a critical need to develop
non-invasive cell imaging techniques (eg, two-photon microscopy, three-photon microscopy, transgenic reporter animal
models and labeled probes) that enable efficient detection of immune cells in the bone niche. Second, only progressive
and end-stage GIONFH specimens are available for clinical studies because of the occult nature of early ONFH. It was
hard to extract cells from the necrotic femoral head. Lastly, the outcomes or pathogenesis of GIONFH in animals of
different species and humans may be variable, while the animal models were more likely to be at an early stage which
may not coincide with the results from a clinical perspective. Currently, rat models are considered desirable and suitable
for studying molecular mechanisms of metabolic diseases. However, there is still a long way to go before advanced
animal models can mimic the late-stage ONFH.

Patients with GIONFH are at high risk for subchondral fracture, and head collapse happens in approximately 90% of
cases within five years after the diagnosis.''* For the side effects and limited efficiency of current therapeutics for
GIONFH, more immunomodulatory strategies that favor bone regeneration and prevent disease progression in the early
stage should be developed in the future. Compared to pill drug delivery, nanomaterial-mediated drug delivery is a viable
plan. The problems limiting their use in clinical practice are to control the biodistribution of systemically administrated
nanoparticles and improve the targeting efficiency to the disease sites.''>''® Exploring new immunomodulators for
targets such as TLRs, PKM2 or HIF-1 signaling pathway is a necessity.

In a word, macrophage polarization and associated chronic inflammation play a critical role in the onset and
progression of GIONFH. M1 macrophages generated after exposure to necrotic tissue could secrete a series of cytokines
to facilitate the differentiation and maturation of osteoclasts. In the late stage of GIONFH, M2 macrophages resolve
inflammation and facilitate tissue repair. In the development of GIONFH, injured bone vascular endothelial cells and
necrotic bone activate the TLR4/NF-kB signal pathway, promote dimerization of PKM2 and subsequently enhance the
production of HIF-1, inducing metabolic transformation of macrophage to the M1 phenotype. Putative interventions to
correct the M1/M2 imbalance by using MSCs, chemokine and bioactive medicines (eg, AS-IV and curcumin) appear to
be a plausible choice for treating GIONFH. However, there are still many controversies about the association between
macrophage polarization, osteoclast differentiation, and osteogenesis of bone mesenchymal stem cells. The way forward
is to fully elucidate the cellular and molecular mechanism underlying alterations of the polarization and functions of
macrophages in the development of GIONFH.
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