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Abstract

Objectives—The aim of this study was to investigate the relationship between M1 and M2 

macrophage polarization and clinical stage in patients with medication-related osteonecrosis of the 

jaw (MRONJ) who underwent treatment with bisphosphonates or denosumab.

Materials and methods—M1 and M2 macrophage density and expression of interleukin (IL)-6 

and IL-10 were assessed on biopsies of mucosal tissues surrounding necrotic bone in 30 MRONJ 

patients with stages 1–3 and controls. For identification of M1 and M2 macrophages, double 

CD68/iNOS and CD68/CD206 immunofluorescence staining was conducted, respectively. 

Computer-assisted immunofluorescence quantification of markers was performed.
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Results—Early stage 1 MRONJ patients showed a switch toward the M2 phenotype, as indicated 

by the higher density of M2 macrophages, the decreased M1/M2 ratio and the upregulation of 

IL-10. MRONJ patients with advanced stages 2 and 3 showed a shift toward M1-polarized 

macrophages, as suggested by the higher density of M1 macrophages, the increased M1/M2 ratio 

and the overexpression of IL-6. The macrophage density of both M1 and M2 subsets was 

significantly enhanced in patients receiving bisphosphonates compared to those receiving 

denosumab.

Conclusions—The M1–M2 macrophage polarization status in mucosal tissues bordering 

necrotic bone correlates with clinical stage of MRONJ. Patients with early stage MRONJ show a 

switch toward M2-polarized macrophages, while MRONJ patients with advanced stage 

demonstrate a shift toward the M1 phenotype.

Clinical relevance—Therapeutic molecules targeting the inflammatory microenvironment via 

the regulation of either M1 or M2 macrophage polarization may represent a novel strategy for 

treatment of MRONJ.
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Introduction

Medication-related osteonecrosis of the jaw (MRONJ) is a serious adverse effect of 

antiresorptive agents, principally including bisphosphonates and denosumab, while 

angiogenic inhibitors have also been implicated [1]. Bisphosphonates are structural 

analogues of inorganic pyrophosphate that have a high affinity to bone matrix and inhibit 

bone resorption by suppressing osteoclast activity and inducing osteoclast apoptosis [2]. 

Denosumab is a human monoclonal antibody that binds to the receptor activator of nuclear 

factor kappa-B ligand (RANKL), thereby preventing RANKL from binding to RANK and 

inhibiting osteoclast formation, function and survival [3]. MRONJ is currently defined as 

exposed bone or bone that can be probed through an intraoral or extraoral fistula in the 

maxillofacial region and that has persisted for longer than 8 weeks in patients with current or 

previous treatment with antiresorptive agents and/or angiogenic inhibitors, while having no 

history of radiation therapy and no evidence of metastatic disease to the jaws [4].

Although the first MRONJ case was reported by Marx et al. in 2003, the pathophysiologic 

mechanisms of this disease have not yet been fully elucidated and its treatment remains 

empirical [5]. Proposed hypotheses for MRONJ pathogenesis include modulation of innate 

or acquired immunity, angiogenesis suppression, drug toxicity to oral mucosal tissues, 

inhibition of bone remodeling, as well as local inflammation and infection [6–8]. In recent 

years, several studies have emphasized the role of dentoalveolar infection in the 

pathophysiology of MRONJ [9–11]. Systemic risk factors for the development of MRONJ 

comprise chemotherapy, corticosteroid treatment, uncontrolled diabetes mellitus, and 

smoking, while local risk factors include poor oral health, dentoalveolar trauma and surgery 

[12–15]. There is a growing body of evidence indicating that surgery may be effective for 
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the treatment of MRONJ at any disease stage, however, patients with early stage MRONJ 

may be successfully managed using a conservative approach [16–18].

Tissue macrophages are a heterogeneous cell population of both embryonic and 

hematopoietic origin with critical and diverse functions, such as response to inflammation 

and host defense against pathogens as well as restoration of tissue homeostasis [19]. 

Macrophages are polarized toward the M1 phenotype, when exposed to classical 

inflammatory activators such as lipopolysaccharide (LPS) and interferon. M1-polarized 

macrophages are characterized by the production of proinflammatory mediators, such as 

inducible nitric oxide synthase (iNOS) and interleukin (IL)-6 [20]. In M1 macrophages, 

iNOS uses L-arginine as a substrate to produce nitric oxide (NO), which plays an important 

role in many physiological processes including neuronal signaling, regulation of vascular 

tone, and immune response against pathogens [21]. IL-6 is a multifunctional cytokine that is 

involved in several biological functions, including regulation of the innate and adaptive 

immune system, development of the cardiovascular and neuronal systems, hematopoiesis, 

and modulation of bone metabolism, mainly acting as a positive regulator of 

osteoclastogenesis [22].

Macrophages are skewed toward the M2 phenotype when exposed to alternative activators 

such as IL-4, IL-13, IL-10 and transforming growth factor (TGF)-β [23]. Cluster of 

differentiation 206 (CD206) (or mannose receptor C type 1, MRC1) expressed 

predominantly by M2-polarized macrophages is a transmembrane glycoprotein that acts as a 

pattern recognition receptor (PRR) and serves as a specific marker for the identification of 

the M2 phenotype [24]. IL-10, produced by M2-polarized macrophages, is an anti-

inflammatory cytokine that is associated with tissue repair and regeneration, control of 

immune responses, and regulation of bone homeostasis through suppression of 

osteoclastogenesis [25]. Drug- and inflammation-induced modulation of the M1–M2 

macrophage polarization status has been suggested to play a critical role in the pathogenesis 

of MRONJ [26–28].

The objective of this study was to investigate the link between M1- and M2-polarized 

macrophages in mucosal tissues surrounding necrotic bone and the clinical stage of patients 

with MRONJ who underwent treatment with bisphosphonates or denosumab. Given that 

staging of MRONJ is determined by the progression and manifestations of clinical infection 

and inflammation in the maxillofacial region, we hypothesized a stage-dependent switch of 

macrophage polarization, predominantly toward the anti-inflammatory M2 phenotype in 

patients with early stage of MRONJ and toward the proinflammatory M1 phenotype in 

patients with advanced stage of disease.

Material and methods

Study population

Our study cohort comprised 30 patients with histologically confirmed MRONJ following 

therapy with either bisphosphonates (n =15) or denosumab (n = 15), who underwent surgical 

debridement and biopsy of mucosal tissue surrounding the osteonecrotic area in the maxilla 

or mandible at the Department of Oral and Maxillofacial Surgery of the School of Dentistry, 
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National and Kapodistrian University of Athens (NKUA), Greece between 2016 and 2019. 

Inclusion criteria were 1) MRONJ patients who received: i) oral bisphosphonates for more 

than 4 years ii) intravenous bisphosphonates (e.g. 5 mg zoledronic acid once a year), iii) 

denosumab (Prolia 60 mg) administered subcutaneously every 6 months for osteoporosis 

[29–31], iiii) denosumab (Xgeva 120 mg) administered subcutaneously every 4 weeks for 

prevention of bone complications in cancer, 2) patients with sufficient clinical and 

radiographic data to determine stage of MRONJ, with 10 patients assigned to each clinical 

stage [stage 1 (n =10, 33.3%), stage 2 (n =10, 33.3%) and stage 3 (n =10, 33.3%)], and 3) 

availability of biopsies of sufficient quality for immunofluorescence studies. Exclusion 

criteria were: 1) history of head and neck radiotherapy, 2) patients with acute or chronic 

renal or hepatic insufficiency or any hematologic disorder, 3) patients who underwent 

cardiovascular operation within a year, and 4) recent use of local or systemic corticosteroids. 

Two groups of participants without MRONJ who underwent biopsy of inflamed oral mucosa 

adjacent to extraction socket of teeth with periodontal disease were assigned as controls: 1) 

13 control group participants who received bisphosphonates (n = 8) or denosumab (n = 5) 

without presenting any clinical or radiographic findings of MRONJ, and 2) 6 control group 

participants who had never received any antiresorptive therapy.

For all eligible patients, clinical characteristics were recorded, including sex, age, primary 

disease, antiresorptive medication, administration period, site of lesion and MRONJ staging. 

Diagnosis and assignment of patients into clinical stages of MRONJ was based on clinical 

and radiographic examination and according to the proposed staging system of the American 

Association of Oral and Maxillofacial Surgeons (AAOMS) in 2014 (Supplementary Table 1) 

[4]. Radiographic evaluation took place at the Department of Oral Diagnosis and Radiology 

of the School of Dentistry, NKUA and included panoramic radiographs and cone-beam 

computed tomography (CBCT). Histopathologic examination of all biopsy specimens was 

performed for confirming the diagnosis; the type (chronic or mixed), distribution (focal or 

diffuse) and intensity (mild, moderate, or severe) of inflammation was assessed and 

recorded. Written informed consent was obtained from all the patients. The Strengthening 

the Reporting of Observational studies in Epidemiology (STROBE) guidelines were 

followed. The local Institutional Ethics Committee approved this study.

Immunofluorescence study and evaluation of staining

To study M1 and M2 macrophage density and the expression of IL-6 and IL-10, formalin-

fixed, paraffin embedded (FFPE) biopsy specimens archived at the Department of Oral 

Medicine and Pathology of the School of Dentistry, NKUA, were subjected to standard 

immunofluorescence analysis. In brief, representative specimens were sectioned (4 μm 

thickness sections). One section was stained with haematoxylin and eosin and adjacent serial 

sections were used for immunofluorescence staining. Sections were dewaxed in xylene and 

then rehydrated in graded alcohols. Sections were washed in water before antigen retrieval 

with 10 mM sodium citrate buffer (pH 6.0) at 60 °C overnight. UltraCruz Blocking Reagent 

(Santa Cruz) was used for 1 hour at room temperature. In turn, tissue sections were 

incubated with the following primary antibodies overnight: CD68 1:200 (M00602, Boster), 

iNOS 1:100 (ab15323, Abcam), CD206 1:100 (sc-58986, Santa Cruz), IL-6 1:250 

(sc-28343, Santa Cruz), IL-10 1:400 (ab34843, Abcam). Sections were incubated with the 
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following secondary antibodies for 45 min: Boster BA1089 TRITC anti-mouse 1:500, 

Boster BA1101 FITC anti-mouse 1:500, Invitrogen Alexa Fluor 568 anti-rabbit 1:500. After 

incubation with secondary antibody and three washes with PBS/T, the slides were mounted 

using Fluoroshield with DAPI staining to detect nuclei (F6057, SIGMA).

Immunofluorescence stained slides were digitally scanned utilizing the Aperio AT 

automated slide scanner and automated image analysis was performed using the Aperio 

Image Scope software (Aperio Technologies, Inc., Vista, CA, USA). Digital imaging was 

performed at the Translational Pathology Core Laboratory (TPCL) at David Geffen School 

of Medicine, University of California, Los Angeles (UCLA), USA. The magnification of the 

digital images varied continuously as it could be controlled by the computer software. 

Computer-assisted immunofluorescence quantification of markers was performed. Stained 

slides were assessed independently by two separate investigators with more than 10 years of 

experience. The investigators evaluated at least two representative image fields at 20x 

followed by 40x magnification for further verification. For each slide, every marker was 

digitally evaluated for the intension of staining separately with Aperio ImageScope software 

and after the use of specific filters (threshold) for each antibody.

For identification of M1 and M2 macrophages, double CD68/iNOS and CD68/CD206 

immunofluorescence staining was performed respectively. CD68 ab was labelled with 

secondary FITC ab, while iNOS and CD206 abs with secondary TRITC ab. Every cell 

expressing CD68, iNOS or CD206 above defined thresholds was considered positive. In 

turn, CD68 and iNOS as well as CD68 and CD206 images were fused to create the double 

staining image. All nucleated cells with double positive staining for the phenotype marker 

M1 (CD68+/iNOS+) or M2 (CD68+/CD206+) in each image were counted manually. Density 

of M1 and M2 macrophages was calculated as the number of positively stained cells per 

square millimeter (cells/mm2) in the region of interest. For IL-6 and IL-10 quantification, 

marker expression above defined thresholds in the region of interest was considered positive 

and the percentage of positive IL-6 and IL-10 staining was digitally calculated. The 

autofluorescence of erythrocytes was manually removed from all quantification. All 

investigators performing measurements were blinded to patient clinical data.

Statistical analysis

Categorical data were described with absolute and relative frequencies. Skew data were 

expressed as median and interquartile range (IQR) and group differences were tested by 

Mann–Whitney U test or Kruskal–Wallis H test as appropriate. Bonferroni correction was 

applied to protect from Type 1 error when conducting multiple comparison tests on the same 

dependent variable. Boxplots depicted the distribution of macrophage densities across 

MRONJ stages and controls. One-way ANOVA was used to assess whether there are 

differences among the means of two or more independent groups. A Tukey post hoc test was 

conducted for multiple comparisons. Inter-rater agreement was estimated using Cohen’s 

kappa statistic. Any discrepancies between investigators were resolved by consensus. Two-

sided p-values <0.05 were considered statistically significant. Statistical analysis was 

performed using the Statistical Package for the Social Sciences (SPSS®, version 26.0; IBM 

Corp., Armonk, NY).
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Results

Patient characteristics

The median age of the 30 MRONJ patients was 71, ranging from 45 to 82 years with a 

female predominance (70%, n = 21). The underlying disease was osteoporosis in 9 patients 

(30%) and malignancy in 21 patients (70%) including 9 patients with breast cancer, 3 with 

prostate cancer, 1 with lung cancer and 8 with multiple myeloma. Eleven patients (37%) 

received zoledronic acid (Zometa), 4 patients (13%) received alendronate (Fosamax) and 15 

patients received denosumab [5 patients received Prolia (17%) and 10 patients received 

Xgeva (33%)]. The median administration period of antiresorptive therapy was 36 months, 

while 11 patients (37%) received antiresorptive treatment for more than 36 months. MRONJ 

was located in the mandible in 18 patients (60%) and the maxilla in 12 patients (40%). 

Demographic and clinical characteristics of MRONJ patients and control group participants 

are listed in Table 1.

Microscopic features of the inflammatory infiltrate

Histopathologic examination of the soft tissue surrounding the osteonecrotic area was 

performed in MRONJ cases, revealing an inflammatory infiltrate of variable type, 

distribution and intensity in all cases (Supplementary Figure 1). More specifically, in the 

adjacent connective tissue, which showed different degrees of density (ranging from 

myxomatous to dense fibrous) and vascularity, inflammation was present, composed of 

chronic inflammatory cells (lymphocytes, macrophages and plasma cells) with or without a 

co-existing acute (neutrophilic) component. Comparing different stages of MRONJ, stage 1 

group included more cases (7 out of 10) with an almost exclusively chronic inflammatory 

infiltrate, as opposed to a more frequent mixed inflammatory infiltrate (6 out of 10 cases) in 

each one of stage 2 and 3 groups. The distribution of the inflammatory infiltrate varied from 

focal to diffuse: the latter pattern was most frequent in all stages and even more so in stage 3 

(accounting for 6 out of 10 cases for each one of stage 1 and 2 groups and 8 out of 10 cases 

for stage 3 group). Regarding severity (corresponding to the density of the inflammatory cell 

population), a tendency for more intense inflammation with higher stage was noticed: while 

stage 1 cases showed an almost equal distribution among mild, moderate and severe 

intensity, stage 2 cases were all classified as having moderate or severe inflammation (5 

each) and stage 3 cases were almost uniformly characterized by higher intensity of 

inflammation.

Supplementary Table 2 summarizes the features of the inflammatory infiltrate in MRONJ 

cases, as well as among control groups (receiving or not antiresorptive medication). 

Noticeably, chronic inflammation was present in all control cases: focal distribution and 

mild intensity predominated among control cases not receiving antiresorptives, while an 

either focal or diffuse pattern and a more variable intensity was seen in control cases on 

antiresorptives.

Density of M1 and M2 macrophages across MRONJ and controls

Immunofluorescence analysis was performed to quantify the density of M1 and M2 

macrophages in mucosal tissues surrounding necrotic bone in patients with MRONJ stages 
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1–3 and controls. Cohen’s kappa for inter-rater agreement was 0.90, which represents an 

almost perfect level of agreement. In the MRONJ cohort (n = 30), the median density of 

CD68+/iNOS+ M1 macrophages was 18 cells/mm2 (IQR: 11–24), while a median of 12.5 

cells/mm2 (IQR: 8–17) was counted for CD68+/CD206+ M2 macrophages. Representative 

examples of CD68+/iNOS+ and CD68+/CD206+ immunofluorescence staining are shown in 

Figure 1a–b.

The density of CD68+/iNOS+ M1 macrophages was statistically significant different across 

MRONJ stages and controls (χ2(4) = 30.575, p <0.001, Kruskal-Wallis H test; Table 2), with 

a median CD68+/iNOS+ M1 macrophage density of 10 cells/mm2 for stage 1, 25 cells/mm2 

for stage 2, 21 cells/mm2 for stage 3, 3 cells/mm2 for control group receiving antiresorptive 

therapy and 4 cells/mm2 for control group not receiving antiresorptive therapy. Pairwise 

comparison of M1 macrophage distribution across MRONJ stages and controls showed a 

statistically significant higher M1 macrophage density in: i) stage 2 compared to both 

control groups (antiresorptives: p <0.001, no antiresorptives: p = 0.006) and ii) stage 3 

compared to both control groups (antiresorptives: p <0.001, no antiresorptives: p = 0.017). 

We also observed a higher M1 macrophage density in stage 1 compared to control group 

receiving antiresorptive therapy, however, this difference was not statistically significant (p = 

0.069) (Table 3).

The results showed a statistically significant difference in CD68+/CD206+ M2 macrophage 

density across MRONJ stages and controls (χ2(4) = 10.935, p = 0.027; Table 2), with a 

median CD68+/CD206+ M2 macrophage density of 18.5 cells/mm2 for stage 1, 9.5 

cells/mm2 for stage 2, 11 cells/mm2 for stage 3, 9 cells/mm2 for control group receiving 

antiresorptive therapy and 16 cells/mm2 for control group not receiving antiresorptive 

therapy. Pairwise comparison of M2 macrophage distribution across MRONJ stages and 

controls revealed a statistically significant higher M2 macrophage density in stage 1 

compared to stage 2 (p = 0.024) (Table 3).

The analysis demonstrated a statistically significant difference in the (CD68+/iNOS+) M1) / 

(CD68+/CD206+) M2 ratio across MRONJ stages and controls (χ2(4) = 29.817, p <0.001; 

Table 2). A M1/M2 ratio >1 indicates that there are relatively more M1- than M2-polarized 

macrophages and vice versa. The results showed a median M1/M2 ratio of 0.56 for stage 1, 

2.11 for stage 2, 1.55 for stage 3, 0.2 for control group receiving antiresorptive therapy and 

0.19 for control group not receiving antiresorptive therapy. Pairwise comparison of M1/M2 

ratio across MRONJ stages and controls showed a statistically significant higher M1/M2 

ratio in: i) stage 2 compared to both control groups (antiresorptives: p <0.001, no 

antiresorptives: p = 0.002) and ii) stage 3 compared to both control groups (antiresorptives: p 

= 0.002, no antiresorptives: p = 0.016). In contrast, a statistically significant lower M1/M2 

ratio was found in stage 1 compared to stage 2 (p = 0.049) (Table 3). The boxplots in Figure 

2a-c show the densities of CD68+/iNOS+ M1 macrophages, CD68+/CD206+ M2 

macrophages and the M1/M2 ratio across patients with MRONJ stages 1–3 and controls.

Density of M1 and M2 macrophages according to clinical variables in MRONJ

The comparison of M1 and M2 macrophage density according to clinical variables in 

patients with MRONJ is shown in Table 4. The analysis showed that density of M1 and M2 
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macrophages was statistically significant higher in patients receiving bisphosphonates 

compared to those receiving denosumab (p = 0.005 and p = 0.002, respectively; Mann-

Whitney U test). In particular, with regard to specific antiresorptive agents [zoledronic acid, 

alendronate, denosumab (Prolia), denosumab (Xgeva)] there was a statistically significant 

difference in the density of M1 and M2 macrophages (p = 0.018 and p = 0.016, respectively; 

Kruskal-Wallis H test). Pairwise comparison of M1 macrophage distribution across 

antiresorptive agents showed a statistically significant higher M1 macrophage density in: i) 

patients receiving zoledronic acid (Zometa) compared to patients receiving denosumab 

(Prolia) (p = 0.008) and ii) patients receiving alendronate (Fosamax) compared to patients 

receiving denosumab (Prolia) (p = 0.007). Pairwise comparison of M2 macrophage 

distribution across antiresorptive agents revealed a statistically significant higher M2 

macrophage density in: i) patients receiving zoledronic acid (Zometa) compared to patients 

receiving denosumab (Xgeva) (p = 0.003) and ii) patients receiving alendronate (Fosamax) 

compared to patients receiving denosumab (Xgeva) (p = 0.033). M2 macrophage density 

was statistically significant higher in patients > 60 years and those receiving antiresorptive 

therapy for > 36 months (p = 0.021 and p = 0.033, respectively).

Expression of IL-6 and IL-10 across MRONJ and controls

Figure 3a–b shows representative examples of IL-6 and IL-10 immunostaining. The mean 

percentages of positive IL-6 and IL-10 staining across patients with MRONJ stages 1–3 and 

controls are presented in Figure 4. There was a statistically significant difference in the mean 

percentages of positive IL-6 staining across MRONJ stages and controls (F(4,40) = 32.244, 

p <0.001; one-way ANOVA), with a mean percentage of positive IL-6 expression of 3.25 for 

stage 1, 7.71 for stage 2, 8.50 for stage 3, 1.47 for control group receiving antiresorptive 

therapy and 1.24 for control group not receiving antiresorptive therapy (Table 5). Pairwise 

comparison of IL-6 expression across MRONJ stages and controls showed a statistically 

significant higher IL-6 expression in: i) stage 2 compared to both control groups 

(antiresorptives: p <0.001, no antiresorptives: p <0.001), ii) stage 3 compared to both control 

groups (antiresorptives: p <0.001, no antiresorptives: p <0.001), and iii) stages 2 and 3 

compared to stage 1 (both p<0.001) (Supplementary Table 3).

The analysis showed a statistically significant difference in the mean percentages of positive 

IL-10 staining among MRONJ stages and controls (F(4,40) = 37.975, p <0.027; one-way 

ANOVA), with a mean percentage of positive IL-10 expression of 5.29 for stage 1, 1.73 for 

stage 2, 1.06 for stage 3, 2.14 for control group receiving antiresorptive therapy and 1.77 for 

control group not receiving antiresorptive therapy (Table 5). Pairwise comparison of IL-10 

expression across MRONJ stages and controls demonstrated a statistically significant higher 

IL-10 expression in: i) stage 1 compared to both control groups (antiresorptives: p <0.001, 

no antiresorptives: p <0.001) and ii) stage 1 compared to stages 2 and 3 (both p <0.001) 

(Supplementary Table 3).

Discussion

In this study, we aimed to investigate the relationship between M1–M2 macrophage 

polarization status in mucosal tissues adjacent to necrotic bone and clinical stage of MRONJ 
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in patients who underwent treatment with bisphosphonates or denosumab. Our data suggest 

that early stage MRONJ patients without clinical evidence of infection show a 

predominantly M2 polarization, as indicated by the higher density of CD68+/CD206+ M2 

macrophages and the decreased M1/M2 ratio compared to patients with advanced stage, as 

well as the significant overexpression of IL-10 compared to patients with advanced stage 

and controls. In contrast, late stage MRONJ patients who developed clinical infection 

demonstrate primarily M1-polarized macrophages, as revealed by the significantly higher 

density of CD68+/iNOS+ M1 macrophages, the increased M1/M2 ratio and the upregulation 

of IL-6 expression compared to controls. Furthermore, our results show a significantly 

higher density of both M1 and M2 phenotypes in MRONJ patients undergoing therapy with 

either zoledronic acid or alendronate compared to those receiving denosumab.

It is well-established that in response to changes in the local microenvironment, monocyte 

precursors differentiate to macrophages and polarize toward classically activated M1 or 

alternatively activated M2 phenotypes [32–34]. The molecular networks orchestrating M1–

M2 macrophage reprogramming are yet not fully understood and include signaling 

pathways, such as toll-like receptors (TLR)/nuclear factor-κB (NF-κB), peroxisome 

proliferator-activated receptor-γ (PPAR-γ)/NF-κB and janus kinase (JAK)/signal 

transducers and activators of transcription (STAT), and post-transcriptional regulation by 

microRNAs (miRNAs) [35]. Staging of MRONJ is determined by the extension of exposed 

necrotic bone and the absence or presence of clinical signs of infection and inflammation in 

the maxillofacial region [4]. Given this background, we sought to investigate the relationship 

between macrophage polarization status in samples of patients with MRONJ and disease 

progression as determined by clinical stage. Our results suggest that early stage 1 MRONJ 

patients demonstrate a shift of macrophage polarization primarily toward the M2 population, 

as evidenced by the increased density of CD68+/CD206+ M2 macrophages. Although a 

higher CD68+/iNOS+ M1 macrophage density was also observed in stage 1 compared to 

controls, this difference did not reach statistical significance (p = 0.069). Nevertheless, a 

M1/M2 ratio <1 was found, suggesting relatively more M2- than M1-polarized macrophages 

in early phase of MRONJ. Considering that M2-polarized macrophages produce anti-

inflammatory cytokines that are associated with tissue repair and homeostasis regulation, we 

next investigated the expression of IL-10 in tissues of MRONJ patients with early and 

advanced stages of disease. IL-10 is an anti-inflammatory cytokine that plays a central role 

in the regulation of immune responses by suppressing the production of proinflammatory 

cytokines, such as tumor necrosis factor (TNF)-α, IL-1, and IL-6, and downregulating the 

expression of major histocompatibility complex (MHC) class II on macrophage surface, 

thereby suppressing the ability of activated macrophages to stimulate antigen-specific CD4+ 

T cells [25]. IL-10 also has an inhibitory effect on osteoclastogenesis, directly by 

suppressing osteoclast formation and indirectly by upregulating the expression of 

osteoprotegerin (OPG) and downregulating the expression of RANKL [36]. Our data 

showed a significant upregulation of IL-10 in MRONJ patients with stage 1 compared to 

patients with advanced stages and controls.

Our analysis indicates that MRONJ patients with advanced stage show a shift of macrophage 

polarization toward the M1 phenotype, as evidenced by the increased density of CD68+/

iNOS+ M1 macrophages and the M1/M2 ratio >1 indicating comparatively more M1- than 
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M2-polarized macrophages. Macrophage transition toward the M1 population in late 

MRONJ stages may be facilitated by the positive modulatory effects of antiresorptive agents 

on proinflammatory signaling pathways or induced by the progression of bacterial infection 

in oral tissues [26,28,37]. Zhang et al. reported that zoledronic acid mediates enhanced 

expression of IL-17, which in turn promotes IFN-γ–induced M1 polarization in the mucosal 

tissues bordering extraction sockets of BRONJ patients [38]. Recent evidence suggests that 

bacterial infection of the oral mucosa, periodontium or alveolar bone may play a central role 

in the development and progression of MRONJ [28,39]. Pathogen-associated molecular 

pattern molecules (PAMPs), such as LPS, interact with IFN-γ to switch macrophages toward 

the M1 phenotype. Given that M1-polarized macrophages secrete proinflammatory 

cytokines, we subsequently assessed the expression of IL-6 in samples of MRONJ patients 

with early and advanced stages of disease. IL-6 is a pleiotropic cytokine that plays a critical 

role in the regulation of immune and proinflammatory responses and is involved in organ 

development and modulation of metabolism [40]. Il-6 is also actively involved in 

osteoclastogenesis by inducing osteoblasts to increase the expression of RANKL, a mediator 

of osteoclast formation and differentiation, thus leading to excessive bone resorption [41]. 

Our results suggest that MRONJ patients with advanced stages show a significantly higher 

expression of IL-6 compared to early stage 1 patients and controls, which may further 

exacerbate oral inflammation and impair bone tissue homeostasis, thus contributing to the 

progression of MRONJ.

Accumulating evidence indicates that in response to stimuli from the local 

microenvironment, macrophages show substantial plasticity and are capable of polarization 

changes from the M1- to the M2-phenotype and vice versa [35,42]. Our analysis suggests 

that the M1–M2 macrophage polarization status is associated with clinical staging and may 

determine progression of MRONJ. Thus, inhibition of the proinflammatory M1 phenotype 

and suppression of the IL-6, IL-1β and TNF-α signaling pathways might be beneficial 

strategies for patient with advanced stages of MRONJ. Furthermore, MRONJ patients who 

received antiresorptive treatment for benign diseases might benefit from modulatory agents 

inducing macrophage reprogramming to the anti-inflammatory M2 phenotype, including 

peroxisome proliferator-activated receptor-γ (PPAR-γ) agonists, Vitamin D and statins [43–

45].

Evidence from in vitro studies and animal models suggests that bisphosphonates induce 

macrophage polarization toward the M1 phenotype [37,38]. Zhu et al. reported that 

zoledronic acid administration increases TLR-4 expression, which leads to activation of the 

NF-κB pathway, and subsequently enhanced M1 phenotype both in vitro and in vivo [46]. 

To date, no study has been conducted to assess the potential effects of denosumab on 

macrophage polarization. Nevertheless, we performed an exploratory subgroup analysis to 

investigate the relationship between M1–M2 macrophage phenotypes and progression of 

bisphosphonate-related osteonecrosis of the jaw (BRONJ) and denosumab-related 

osteonecrosis of the jaw (DRONJ). We found that patients with early stage BRONJ and 

DRONJ show a switch primarily toward M2-polarized macrophages, while advanced stage 

BRONJ and DRONJ patients demonstrate a shift toward the M1 phenotype (Supplementary 

Tables 4–7). The density, however, of both M1 and M2 populations was significantly 

enhanced in patients receiving bisphosphonates compared to those receiving denosumab.
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This case-control study is limited by its relatively small sample size, which did not allow a 

statistically meaningful control for potential confounding factors, including co-morbidities 

and systemic risk factors. However, our eligibility criteria were strict and the investigation 

was based on a formally approved study protocol that was exactly followed. Moreover, we 

tried to avoid bias resulting from cutoff point determination, therefore marker expression 

was considered as continuous variable.

To the best of our knowledge, this is the first study investigating the correlation between 

M1–M2 macrophage polarization in mucosal tissues surrounding necrotic bone and disease 

progression in patients with MRONJ who underwent treatment with bisphosphonates or 

denosumab. We demonstrate that early stage MRONJ patients without evidence of clinical 

infection show a switch toward the M2 phenotype, as indicated by the higher density of M2 

macrophages, the decreased M1/M2 ratio and the significant upregulation of IL-10. We also 

reveal that late stage MRONJ patients with established infection show a shift toward M1-

polarized macrophages, as implied by the higher density of M1 macrophages, the increased 

M1/M2 ratio and the significant overexpression of IL-6. Thus, therapeutic molecules 

targeting the inflammatory microenvironment via the regulation of either M1 or M2 

macrophage polarization may represent a novel strategy for treatment of MRONJ. Well-

designed prospective studies are warranted to validate our findings and widen our 

understanding of the M1–M2 paradigm of macrophage polarization in MRONJ.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
a Representative case of CD68/iNOS immunofluorescence staining (x40) (CD68+:FITC, 

iNOS+:TRITC). b Representative case of CD68+/CD206+ immunofluorescence staining 

(x40) (CD68+:FITC, CD206+ :TRITC)
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Fig. 2. 
Boxplots show densities for a CD68+/iNOS+ M1 macrophages b CD68+/CD206+ M2 

macrophages c M1/M2 ratio, across MRONJ patients with stages 1–3 and controls. Extreme 

and mild outliers are marked with asterisks (*) and a circles (O) on the boxplots, 

respectively
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Fig. 3. 
a Representative case of IL-6 immunofluorescence staining (x40) (IL6 :FITC). b 
Representative case of IL10 immunofluorescence staining (x40) (IL10 :AF568)
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Fig. 4. 
Clustered bar chart for mean percentages of positive IL-6 and IL-10 staining across MRONJ 

patients with stages 1–3 and controls
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Table 1

Patient demographic and clinical characteristics

MRONJ patients n = 
30

Cohort antiresorptive 
n = 43

Control no 
antiresorptive n = 

6

All patients n 
= 49

Variable Category n (%) n (%) n (%) n (%)

Sex Male 9 (30) 11 (26) 1 (17) 12 (24)

Female 21 (70) 32 (74) 5 (83) 37 (76)

Age ≤ 60 years 7 (23) 10 (23) 5 (83) 15 (31)

> 60 years 23 (77) 33 (77) 1 (17) 34 (69)

Primary disease Osteoporosis 9 (30) 19 (44)

Cancer 21 (70) 24 (56)

Antiresorptive 
class

Bisphosphonates 15 (50) 23 (54)

Denosumab 15 (50) 20 (46)

Antiresorptive 
agents

Zoledronic acid 
(Zometa)

11 (37) 12 (28)

Alendronate (Fosamax) 4 (13) 11 (25)

Denosumab (Prolia) 5 (17) 8 (19)

Denosumab (Xgeva) 10 (33) 12 (28)

Administration 
period

≤ 36 months 19 (63) 24 (56)

> 36 months 11 (37) 19 (44)

Site of MRONJ Maxilla 12 (40)

Mandible 18 (60)

Staging of 
MRONJ

Stage 1 10 (33.3)

Stage 2 10 (33.3)

Stage 3 10 (33.3)

MRONJ=Medication-Related Osteonecrosis of the Jaw.
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Table 2

Comparison of M1 and M2 macrophage density across MRONJ staging and controls

M1–M2 macrophage density

Variable M1
a
 median (IQR) M2

b
 median (IQR) M1/M2 median (IQR)

MRONJ stage 1 10 (8–14) 18.5 (14–23) 0.56 (0.44–0.68)

MRONJ stage 2 25 (16–31) 9.5 (6–12) 2.11 (1.57–3.45)

MRONJ stage 3 21 (15–23) 11 (10–14) 1.55 (1.47–2)

Control–antiresorptive 3 (1–4) 9 (8–19) 0.2 (0.15–0.33)

Control–no antiresorptive 4 (3–4) 16 (11–16) 0.19 (0.16–0.32)

p-value
c <0.001** 0.027* <0.001**

a
CD68+/iNOS+ M1 macrophage density (cells/mm2).

b
CD68+/CD206+ M2 macrophage density (cells/mm2).

c
Kruskal-Wallis H test.

*
p <0.05

**
p <0.01

MRONJ = Medication-Related Osteonecrosis of the Jaw; IQR= interquartile range.
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Table 3

Comparison of M1 and M2 macrophage density across MRONJ stages and controls pairwise

Pairwise comparison M1
a
 p-value

c
M2

b
 p-value M1/M2 p-value

Control antiresorptive vs. Control_no antiresorptive 1.000 1.000 1.000

Control antiresorptive vs. Stage 1 0.069 0.478 0.732

Control antiresorptive vs. Stage 3 <0.001** 1.000 0.002**

Control antiresorptive vs. Stage 2 <0.001** 1.000 <0.001**

Control no antiresorptive vs. Stage 1 0.473 1.000 1.000

Control no antiresorptive vs. Stage 3 0.017* 1.000 0.016*

Control no antiresorptive vs. Stage 2 0.006** 0.805 0.002**

Stage 1 vs. Stage 3 1.000 0.199 0.357

Stage 1 vs. Stage 2 0.762 0.024* 0.049*

Stage 3 vs. Stage 2 1.000 1.00 1.000

a
CD68+/iNOS+ M1 macrophage density (cells/mm2).

b
CD68+/CD206+ M2 macrophage density (cells/mm2).

c
Kruskal-Wallis Test, pairwise comparison; p-values have been adjusted by the Bonferroni correction for multiple tests.

*
p <0.05

**
p <0.01

MRONJ = Medication-Related Osteonecrosis of the Jaw.
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Table 4

Comparison of M1 and M2 macrophage density according to clinical variables in patients with MRONJ

M1–M2 macrophage density

Variable Category
M1

a
 median 

(IQR) p-value
c M2

b
 median 

(IQR) p-value
M1/M2 median 

(IQR) p-value

Sex Male 22 (16–29) 0.226 13 (11–14) 0.504 1.81 (1.26–2.21) 0.625

Female 15 (9–22) 12 (7–17) 1.5 (0.68–2)

Age ≤ 60 years 15 (11.5–20.5) 0.606 7 (5.5–8.5) 0.021* 2 (1.15–4.16) 0.291

> 60 years 20 (12–24.5) 14 (11–17.5) 1.5 (0.66–2)

Primary disease Osteoporosis 18 (8–22) 0.422 13 (11–17) 0.625 1.34 (0.8–1.5) 0.125

Cancer 18 (14–24) 12 (7–17) 1.81 (0.68–2.57)

Antiresorptive 
class

Bisphosphonates 22 (17–30) 0.005** 14 (12.5–20) 0.002** 1.53 (0.97–2.11) 0.967

Denosumab 15 (8–18) 10 (6.5–12.5) 1.5 (0.72–2.28)

Antiresorptive 
agents

Zoledronic acid 
(Zometa)

22 (13.5–30)
0.018*d 14 (13–20)

0.016*d 1.57 (0.64–2.31)
0.202

d

Alendronate 
(Fosamax)

23.5 (21–30) 15 (12–21.5) 1.5 (1.4–1.7)

Denosumab (Prolia) 8 (8–9) 12 (10–14) 0.8 (0.64–0.8)

Denosumab (Xgeva) 15.5 (14–20) 7.5 (6–11) 2 (1.5–3.7)

Administration 
period

≤ 36 months 15 (10–21) 0.111 10 (6.5–16) 0.033* 1.5 (0.6–3) 0.703

> 36 months 22 (19–27) 14 (12.5–17) 1.53 (1.4–1.8)

Site of MRONJ Maxilla 19 (10–22.5) 0.832 12 (8.5–17) 0.849 1.52 (0.66–2.2) 0.849

Mandible 17 (13–28) 12.5 (8–18) 1.53 (0.68–2.2)

a
CD68+/iNOS+ M1 macrophage density (cells/mm2).

b
CD68+/CD206+ M2 macrophage density (cells/mm2).

c
Mann-Whitney U test, unless otherwise specified

d
Kruskal-Wallis H test.

*
p <0.05

**
p <0.01

MRONJ = Medication-Related Osteonecrosis of the Jaw; IQR= interquartile range.
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Table 5

Comparison of mean percentages of positive IL-6 and IL-10 staining across MRONJ stages and controls

Variable IL-6 mean % (SD) IL-10 mean % (SD)

MRONJ stage 1 3.25 (0.62) 5.29 (1.31)

MRONJ stage 2 7.71 (3.21) 1.73 (0.78)

MRONJ stage 3 8.5 (1.76) 1.06 (0.45)

Control–antiresorptive 1.47 (0.76) 2.14 (0.71)

Control–no antiresorptive 1.24 (0.38) 1.77 (0.53)

p-value
a <0.001** 0.027*

a
One-Way ANOVA.

*
p <0.05

**
p <0.01

MRONJ=Medication-Related Osteonecrosis of the Jaw; SD=Standard Deviation.
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