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Objective: To investigate the immune cellular and genomic profiles of bisphosphonates-related osteonecrosis
(BRONUJ) of the jaw and excavate potential small molecule drugs. Methods and materials: The genomic profile
of a multiple myeloma (MM) patient with BRONJ was downloaded from Gene Expression Omnibus (GEO).
The 22 immune cell subsets infiltration in the patient were predicted by cell-type identification by estimating
relative subsets of RNA transcripts. In addition, the differently expressed immune-related genes (DEMGs) of
BRONJ were identified, followed by Gene Ontology and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses for functional annotation. Then, potential drugs for BRONJ treatment were predicted by
Connectivity Map (CMAP) based on DEGs. Results: High proportions of native CD4+T cells and MO macro-
phages were observed while resting mast cells, NK cells, and eosinophils were downregulated in the BRONJ
patient (P<0.05). Resting dendritic cells and gamma delta T cells were positively correlated (r=0.93). Addi-
tionally, 36 DEMGs were screened from 336 DEGs in BRONJ expression profiles. GO enrichment analysis
revealed that DEMGs were most associated with peptidyl-tyrosine modification, myeloid leukocyte migration,
leukocyte chemotaxis and regulation of chemokine production(P<0.05). KEGG analysis indicated that DEMGs
were mainly related to cytokine-cytokine receptor interaction, IL-17 signaling pathway and NF-Kappa B signaling
pathway(P<0.05). Besides, 12 small molecule drugs were screened in MM patient with ONJ. Conclusion: The
discovery of different composition of immune cell types and immune-related transcriptomes in BRONJ helps to

explain the onset and development of MRONJ, which provides a novel target for BRONJ therapy.

1. Introduction

Bisphosphonates (BPs) are bone-targeted drugs with chemically
stable pyrophosphate analogues, which were clinically applied to
treat multiple disorders of calcium metabolism, including multiple
myeloma (MM), breast cancer, Paget's disease, and osteoporosis
(OP) (Gralow et al. 2020; Rosini et al. 2015). MM is a plasma
cell malignancy which is characterized by hypercalcemia, renal
insufficiency, bone marrow failure and lytic bone lesions, causing
severe bone pain and pathological fractures (Chapman et al. 2018;
Pozzi and Raje 2011). BP are the cornerstone in the management
of patients with MM (Alaranji et al. 2020). Application of bisphos-
phonates in patients with MM distinctly reduces pathological
vertebral fractures, skeletal-related events (SREs), pain (Mhaskar
et al. 2017) and lowers mortality (Mhaskar and Djulbegovic 2018).
Not only did bisphosphonates prevent osteoclast formation and
adhesion to bone, but also promote osteoclasts apoptosis (Crisciti-
ello et al. 2015). Although BP show an excellent safety profile in
reducing bone loss and enhancing bone mineral density (BMD)
(Oryan and Sahvieh 2020), the extensive application of bisphos-
phonates increases the risk of osteonecrosis. Bisphosphonates-re-
lated osteonecrosis of the jaws (BRONJ), first reported by Marx
(2003), is a serious adverse event characterized by necrotic bone
exposure in the oral cavity. It was demonstrated that the incidence
of BRONJ in patient with MM receiving BP was approximately
1/1000 around the world (Mhaskar et al. 2017). It occurs in patients
receiving high-dose and long-term administration of bisphospho-
nates following dental treatment, including bone trauma (tooth
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extraction and implant) and dental infection (periodontal diseases).
However, the pathogenesis of BRONJ remains unclear.

With the growing knowledge of crosstalk between bone and
immune system, the concept of osteoimmunology which focuses
on the complex molecular understanding of the link of both
systems was proposed (Criscitiello et al. 2015). Both bone and
immune dysfunction is frequently observed in MM cancer (Crisci-
tiello et al. 2015). Zoledronic acid (ZOA) and pamidronate, the
nitrogen-containing BP, are acting on both bone and immune
system and exert antitumor effects (Santini et al. 2009; Takimoto
et al. 2020). Hence, we aimed to investigate the immune profiles
in an MM patient with ONJ through bioinformatic methods, which
might improve the safety of this therapy.

2. Investigations and results

2.1. Composition of infiltrated immune cell subpopula-
tions in MM with patient with BRONJ

CIBERSORT analysis reveals that PBMCs samples in the patient
with MM was mainly infiltrated with monocytes, CD8+ T cells,
resting NK cells, neutrophils and resting memory CD4+ T cell.
However, by comparison, a high proportion of native CD4+T cells
and MO macrophages were observed in PBMCs of MM patient
with BRONIJ while resting mast cells, NK cells, and eosinophils
were downregulated in the BRONIJ patient (P<0.05) (Fig.1 a and
b). The positive correlation (r=0.93) between resting dendritic cells
and gamma delta T cells is presented in Fig.1c.
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Fig. 1: Composition of infiltrated immune cell subpopulations in MM with patient with BRONIJ. (a)Fraction of 22 infiltrated immune cell types determined by CIBERSORT; (b)
Comparison of infiltrated immune cell subpopulations in MM patient with or without BRONIJ. (c¢) Correlation Analysis Between Immune Cell types. P means P value by
Wilcoxon test between control group and ONJ group.
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2.2. Identification of different expression of immune-re-
lated genes in MM patient with ONJ

Only 36 different expressions of immune-related genes (DEMGs)
were identified, including 27 downregulated DEMGs and 9 upreg-
ulated DEMGs. The first 10 down-and 9 up-regulation DEMGs
are listed in Table 1. Upregulated DEMGs included GHRL, CNTF,
FGF17, IL17RA, SEMGI, ROBOI1, IGFIR, PCSK1 and IL6R.
Downregulated were CXCL2, IGHGI1, IL1B, CXCL3, EREG,
TNF, NFKBIZ, KLRC4, CCL4 and TXK (P<0.05). Interestingly,
CXCL2 was the most relevant DEMGs for the onset of BRONJ.

Table 1: Identification of 36 different expression of immune-related
genes

biological processes, including the increasing expression of pepti-
dyl-tyrosine phosphorylation, peptidyl-tyrosine modification,
myeloid leukocyte migration, leukocyte chemotaxis and regula-
tion of chemokine production(P<0.05). In addition, the DEMGs
were mainly located at the external side of the plasma membrane
(cell component). KEGG analysis indicated that DEMGs were
mainly related to the following pathways, such as cytokine-cy-
tokine receptor interaction, MAPK signaling pathway, PI3K-Akt
signaling pathway, IL-17 signaling pathway and NF-Kappa B
signaling pathway (P<0.05)(Fig. 3).

2.4. CMAP analysis

In CMAP database, 12 small molecule drugs were screened c

Gene symbol logFC FDR based on 336 DEGs in MM patient with or without ONJ. As shown
CXCL2 -3.68919 0.007785 in Table 2, Gly-His-Lys, adiphenine, mometasone, bumetanide,
IGHG1 -3.07152 0.022074 valinomycin, anisomycin, chloropyrazine, strophanthidin, thiori-
ILIB 2.88048 0.022074 dazine, clemastine, PHA-00745360 and prestwick-692 might be
CXCL3 2.85511 0.0302 the potential drugs for the research on BRONJ drug target treat-
EREG -2.81463 0.036598 ment.
TNF -2.27828 0.028834 Table 2: CMAP and mechanism of actions analysis of samples with
NFKBIZ -2.05531 0.008388 different SRGs expression
KLRC4 -2.0264 0.043745 Cmap name Mean Enrichment p Mechanism of actions
CCL4 -1.96048 0.028289 Gly-His-Lys -0.681  -0.943  0.00028
TXK -1.9528 0.022711 Adiphenine  -0.652  -0.838  0.0003  Nicotine receptor
GHRL 1.029456 0.044221 inhibitors
CNTF 1.09701 0.024131 Mometasone  -0.592 -0.878 0.00052  Glucocorticoid
FGF17 1.1121 0.039787 Bumetanide -0.678 -0.864 0.00062  Diuretic, NKCC1
IL17RA 1.241639 0.026966 inhibitor
SEMG1 1.342865 0.023445 Valinomycin -0.585 -0.857 0.00074  Antibiotic, Potassium
ROBOI 1.429953 0.049861 _ _ carrier
IGFIR 1.592922 0.010685 Anisomycin -0.731 -0.847 0.00101 JNK ac.tlvator
PCSK1 1.624519 0.044221 Chlorf)- -0.567 -0.826 0.00173 D(;parm.m: receptor
pyrazine antagonis
IL6R 1.799382 0.012246
Strophanthidin  -0.579 -0.808 0.00263  Cardiotonic
FC: fold change; FDR: false discovery rate Thioridazine  -0.287  -0.388  0.00327 Dopamine Receptor
antagonist
2.3. Immune-related functional enrichment based on GO Clemastine ~ -0.68  -0.876  0.00385 Histamine HI antag-
and KEGG onist
) ) PHA- -0.398 -0.583 0.00405
To further explore the function and pathway enrichment of DEMGs, 00745360
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Fig. 2: GO functional enrichment analysis based on DEMGs. (a)Biological processes (BP), Cellular components (CC) and Molecular functions

(MF) enriched in the DEMGs; (b) GO Bubble;(c) GO Heat
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Fig. 3: KEGG pathways enrichment analysis based on DEMGs in BRONJ

3. Discussion

Medication-related osteonecrosis of the jaw (MRON]J) is a severe
bone damage in the jaw, which is mainly caused by BPs. However,
in patients receiving other anticancer compounds, except antire-
sorptive drugs, including antiangiogenics, tyrosine kinase inhibi-
tors, mammalian target of rapamycin (mTOP) inhibitors, immune
checkpoint inhibitors (ICI), BRAF inhibitor and cytotoxic chemo-
therapy ONJ occurred equally (Nicolatou-Galitis et al. 2019). A
recent case report described a patient with osteonecrosis of the
jaw (ONJ), who suffered from metastatic melanoma and experi-
enced treatment with anti-PD-1 immunotherapy with nivolumab
(Pundole et al. 2020). The above studies revealed an intimate link
between immune microenvironment disorder and ONJ in cancer.
Macrophage phenotype alteration plays an important role in regu-
lating rinnate immunity. M1 macrophages tend to promote inflam-
mation on account of their production of reactive oxygen species
(ROS), interleukin (IL)-12 and tumor necrosis factor (TNF)-a;
whereas M2 macrophages incline to play an anti-inflammatory
role, featured IL-10 and transforming growth factor (TGF)-f,
resulting in resolution of inflammation and tissue modeling
(Zhang et al. 2013). A recent clinical investigation found that a
stage 1 MRON]J patient manifested a high density of M2 macro-
phages in mucosal tissues bordering necrotic bone, while Stage 2
and 3 MRONJ patients manifested M1 macrophages (Paschalidi
et al. 2020). Mechanistically, zoledronate enhanced the expression
of IL-17 and accelerated STAT-1 phosphorylation to induce M1
polarization, while inhibiting M2 conversion via suppressing
STAT-6 activation (Zhang et al. 2013). Zoledronate also promotes
M1 macrophage polarization through activating the TLR-4/NF-xB
signaling pathway in BRONJ mice (Zhu et al. 2019). Convinc-
ingly, histone modifications were involved in the onset of MRONJ.
Zoledronate managed to regulate the macrophage through upregu-
lating the expression of histone demethylase (Kdm6a and Kdm6b)
(Yang et al. 2020). Taken together, the macrophage phenotype has
a pivotal implication on the development Of MRONIJ via multi-
signal pathways.

Dendritic cells, the most pivotal antigen presenting cells (APCs),
play an important role in maintaining the integrity of oral mucosa
and alveolar bone. Zoledronate treatment inhibited the differ-
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entiation and migration of dendritic cells (DCs) in vitro and in
vivo. DC-deficient mice displayed a higher risk of osteonecrosis
following tooth extraction (Elsayed et al. 2020). Zoledronate
accelerated bacteria accumulation and impaired bone regeneration
after extraction. Meanwhile, zoledronate hindered DC differentia-
tion and migration from murine bone marrow precursors, impaired
antigen presentation and inhibited DC-dependent T-cell activation.
In addition, Zoledronate treatment rendered the activation of
gamma-delta (yd) T cells (Santini et al. 2009). However, a signif-
icant depletion of VyY9OV82 T cells in patients with osteoporosis
receiving BP treatment was observed in other studies (Kalyan et al.
2015).This study might explain a positive correlation between DC
and y§ T cells in our result.

There were few studies reporting the relationship between MRONJ
and eosinophils. Only one retrospective cohort study demonstrated
that decreased eosinophil counts had been implicated in delayed
wound healing after tooth extraction in patients taking immuno-
suppressive drugs, which was consistent with our results (Hayashi
et al. 2018). A recent study uncovered a new role of eosinophils in
promoting healthy ageing by regulating adipose tissue inflamma-
tion and sustaining immunological fitness (Brigger et al. 2020).
Osteoclasts are differentiated bone marrow mononuclear cells,
which implicates a close relationship between osteoclast and
immune system. Natural killer (NK) cells are innate lymphocytes
which can rapidly eliminate infected or tumor cells by secreting
various cytokines and chemokines. Communication between
osteoclasts and NK cells has an implication for the development
of BRONIJ. A recent study demonstrated that osteoclasts inter-
vened with ZOA inhibited NK cell mediated cytotoxicity which
significantly induced the secretion of cytokines and chemokines
(Tseng et al. 2015), which is consistent with our results. Then, an
immunosuppressive microenvironment was developed in the jaw
of tooth sockets. Interestingly, unlike the present study, there was
one report demonstrating that no change was found in BRONJ rats
(de Barros Silva et al. 2016).

It is known that IL-17 and the NF-kappa B signaling pathway play
avital role in the regulation of MRONJ (Huang et al. 2019). Upreg-
ulated IL-17 was usually observed in tooth sockets of BRONJ
patients. The elevated IL-17 contributes to the pathogenesis of
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BRONI through altering the M1/M2 macrophage polarization
(Zhang et al. 2013). NF-xB signaling is important for osteoclas-
togenesis and bone remodeling. More importantly, it plays an
important role in immune system development and regulation.
BPs, an antiresorptive agents, are suppressing the expression of the
receptor activator of NF-kappa B ligand (RANK-L) in rat osteo-
blast cells to reduce the bone loss. However, targeting the RANK
pathway for bone remodeling might be relevant to MRONJ, which
needs more research to explore the related mechanism.

ZOL enabled to suppress the JNK signaling pathway, which may
serve as a potential agent for the treatment of BRONJ (Huang et al.
2019). Our CMAP result found that a JNK inhibitor (anisomycin)
was available to changeover the expression profile in BRONIJ.
Interestingly, we firstly found that agents acting at the dopamine
and nicotine receptors, and histamine H1 antagonists were selected
as potential small molecular drugs for BRONJ. However, the above
potential drug for BRONIJ and its drug targeting mechanism need
requires further examination. Recognizing the clinically signifi-
cant toxicity of BP on ONJ is critical. The discovery of different
compositions of immune cell types and immune-related transcrip-
tomes in BRONIJ helps to explain the onset and development of
MRONU, which provides a novel strategy for BRONIJ therapy.

4. Experimental

4.1. Affymetrix microarray data

Raw data of GSE7116 were downloaded from the Gene Expression Omnibus (GEO)
(http://www.ncbi.nlm.nih.gov/geo/) database based on the platform of the GPL570.
This dataset contains 21 samples of peripheral blood mononuclear cells (PBMCs)
of MM patient with or without BRONJ when receiving amino-bisphosphonate treat-
ment. All subjects were separated into two groups: control group (n=10) with MM
patient and ONJ group (n=11) with MM patient with BRONJ.

4.2. Immune cell infiltration with CIBERSORT

Cell-type identification by estimating relative subsets of RNA transcripts (CIBER-
SORT) (http://cibersort.stanford.edu/) (Newman et al. 2015) was an analytical tool to
predict the fraction of immune cell types in gene expression profiles (GEP) of PBMCs
in MM patients with or without BRONJ. CIBERSORT assesses 22 leukocyte subsets
deconvolution based on a linear support vector regression (SVR), a machine learning
approach which is highly robust to noise (Scholkopf et al. 2000). The 22 leukocyte
subsets included naive B cells, memory B cells, plasma cells, seven types of T cells,
monocytes, resting NK cells, activated NK cells, three types of macrophages, resting
dendritic cells, activated dendritic cells, resting mast cells, activated mast cells, eosin-
ophils and neutrophils. Normalized GEP of GSE7116 were input in CIBERSORT for
analysis based on a deconvolution algorithm with 100 permutations.

4.3. Immune-related gene definition

After normalization and standardization, differentially expressed genes (DEGs) in
MM patients with BRONJ was screened. The immune-related gene list was down-
loaded from the Immunology Database and Analysis Portal (Immport) (https:/www.
immport.org), a immunology database containing 1233 immune-related genes (Bhat-
tacharya et al. 2014). After taking the intersection between differentially expressed
genes in GSE7116 and immune-related genes with R, the differentially expressed
immune-related genes (DEMGs) and DEGs were filtered when | log (FC)I > 1 and
false discovery rate (FDR) < 0.05 were considered as the significant cutoff value.

4.4. Immune-related functional annotation and KEGG pathway enrich-
ment analysis

To obtain the functional annotation of DEMGs, Gene ontology (GO, http://wego.
genomics.org.cn) and The Kyoto Encyclopedia of Genes and Genomes (KEGG,
http://www.genome.jp/kegg) pathways analysis were conducted. Then, the visualize
functional profiles (GO and KEGG) of DEMGs were implemented by R package
(Clusterprofiler) (Yu et al. 2012). The enrichment of GO terms includes three inde-
pendent ontologies: biological process (BP), molecular functions (MFs) and cellular
component (CC) (Ashburner et al. 2000). The expression profile of BRONJ for both
GO and KEGG analysis are based on over-representation analysis (ORA).

4.5. CMAP database

The Connectivity Map (CMARP, https://portals.broadinstitute.org/cmap/) is a database
connecting drugs, genes and diseases through a collection of genome-wide tran-
scriptional expression data from cultured human cells treated with bioactive small
molecules (Lamb 2007; Lamb et al. 2006). It contains the more than 7000 genomic
profiles of multiple cancer cell lines treated with 1309 small bioactive molecules
DEGs were queried into CMAP and the screened small molecules drugs showing a
negative enrichment score were considered as potential target-drug for BRONJ.
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4.6. Statistical analysis

Comparisons between two groups (control ad ONJ group) were performed by
two-side Wilcoxon test. Pearson correlation coefficient was used to measure the linear
correlation among immune cells types fraction. Statistical analyses were conducted
with the R package. Results with a P < 0.05 were considered statistically significant.

Conflicts of interest: None declared
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