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Department of Bioengineering

Medication-related osteonecrosis of the jaw (MRON)J) is a serious side effect of
antiresorptive drugs including bisphosphonates (BPs) and denosumab (anti-RANKL antibody)
prescribed for osteoporosis and cancer treatments. MRONJ often occurs after tooth extraction as
the presence of necrotic bone and impaired soft and hard tissue healing in oral cavity resulting in
pain and affecting patients’ quality of life. Although the risk of MRONI is low, the numbers of
patients taking these drugs are high (> 10 million worldwide) and still increasing making this a
growing clinical problem. Importantly, the mechanisms underlying MRONJ pathophysiology
have remained elusive, hence, the effective curative treatments have not been established. In this

thesis, the effects of anti-RANKL antibody on several cell types which may potentially



contribute to MRONJ pathophysiology were investigated. First, osteoclasts, a bone resorbing
cell, were studied. Utilizing tooth extraction and anti-RANKL antibody injections in nude mice,
absence of osteoclasts and necrotic bone accumulation were observed in the MRONJ mouse
model. I further showed that the replenishment of bone resorptive function by the local delivery
of iRANK cells, the engineered cells whose osteoclast differentiation can be controlled by CID
drug and is independent of RANKL, decreased necrotic bone area, but did not improve other
MRONJ features. This suggests that other mechanisms besides osteoclast inhibition may play a
role in MRONJ pathophysiology. Next, osteoblasts, a bone forming cell, were studied.
Interestingly, anti-RANKL antibody did not have any significant effect on osteogenic
differentiation of osteoblasts via RANKL autocrine/paracrine loop in vitro suggesting that it has
no direct effect on mineralization. Lastly, macrophages, an immune cell involved in
inflammation and wound healing, were studied. The effects of the presence and the absence of
RANKL on macrophage polarization were determined. I showed that RANKL has only slight
effects on macrophage polarization in vitro; it upregulated several genes similarly to M1
macrophages but in much lower level. However, the increased M1/M2 ratio was observed in the
MRONJ mouse model. All these findings support bone remodeling inhibition and inflammation
as potential mechanisms of MRONJ as well as paving the way for engineered osteoclasts cell

therapy for MRONJ treatment.



TABLE OF CONTENTS

LSt OF FIGUIES.....eeiieeiiiiie ettt et e e ettt e e e ettt e e e e s tbbeeeeenebaeeeeensbaeaeeensseeeeennnees v
LSt OF TaDIES ..ottt et ettt et et viii
List Of ADDIEVIALIONS ...ceeuiiiiiiiiiiiiiee ettt ettt et et e et e e sbaeesaaeeeeas ix
Chapter 1. INtrodUCLION........coiiiiiiiiiiiiiie et e ettt e e e et e e e e et eeeeeabaeeeeeenaeeeeennnees 15
1.1 Back@roUnd ........ccoooiiiiiiiiiiie e e e e e e e as 15
1.1.1 Medication-related osteonecrosis of the JaW...........ccceeevciiiieiiiiiie e, 15
1.1.2 Healing following tooth eXtraction...........ccccureeeriiiieeeiiiiieeeeiiiie e e e e ieee e e 18
1.1.3  Cell therapy approaches for MRONIJ treatment............ccceevueeenieeenieeeniieenieeenen. 19

L.2 SIGNITICAINCE. ... uiiiieeiiiiieeeiiie ettt e e ettt e e e ettt e e e ettt e e e e enbaeeeeensaeeeeesnaeeans 21
1.3 TNNOVALION ..ttt ettt e et e et e et e et e e s e e s e e 22
1.3.1 Engineered osteoclasts to prevent diseases caused by osteoclast deficiency............ 22
1.3.2 RANKL-polarized macrophages (RPMS)..........coccouiiiiiiiiiiiiiiiiiieeeiiiee e 23
Chapter 2. Research GOalS...........coooiiiiiiiiiiiiiie ettt e e e e ebaee e e 32
Chapter 3. Roles of Osteoclast in Medication-Related Osteonecrosis of the Jaw ..................... 36
3.1 INEEOAUCTION ...ttt et e st e s esaeees 36
3.2 Materials & MethOdS .....ccouiiiiiiiiiiiiiiie e 39
3.2.1 In vitro osteoclast differentiation and mineral resOrption...........ccceevvveeeerrvreeeennnne. 39
3.2.2  MRONJ model in NUAE MICE......cccuveiiriiiiniiieiiieeeieeeeeee et 40



3.2.3 Cell delivery and CID treatment............eeeeeuviieeeriiiieeeeiiieeeeeiieeeeeiieeeeeiraeee e 41
3.2.4 H&E and TRAP StAINING.......cccouiiieiiiiiieeeiiiiiee ettt eeieee et e e e e e eraeee e 42
3.2.5 Immunofluorescence StAINING .........ccccuveeeeriuiiieeeriiiieeeeiiieeeeereeeeeesreeeeeenereeeeeennes 42

3.2.6 Quantitation of epithelial closure, necrotic and new bone, and osteoclast number ..43

3.2.7 BloOd CheMISIIY..cuuviiiieiiiiiiee ettt ettt e e e et e e e e e e e eebaaeeeeenes 44
3.2.8  Statistical analySiS......ccceiiuuiiiiiiiiiiee ettt e e e e aae e e 44
3.3 RESUIES. ettt et et e e 45

3.3.1 1iRANK engineered osteoclast differentiation and resorptive function were resistant
to inhibition by anti-RANKL antibody ..........cccceeeriiiiiiiiiiiiiieiiee e 45
3.3.2  Absence of osteoclasts and accumulation of necrotic bone were observed following
tooth extraction in anti-RANKL antibody-treated nude mice ............cccceeeevriirieeeniieeeennne. 46
3.3.3 iRANK cells were retained and differentiated into osteoclasts in anti-RANKL
antibody and CID-treated MICE........ccoueiiriiiiniiieriieeeie e 48
3.3.4 Necrotic bone resorption, but not new bone formation or epithelial closure, was

restored by the iRANK engineered osteoclasts following tooth extraction in anti-RANKL

antibody and CID-treated MICE..........cccuriieeiiiiieeeeiiie ettt e e e e e e e eeraeeeeeenees 49

3.4 DISCUSSION cuuiiiiiieeiiiiee e ettt ee e ettt e e e ettt e e e e tbaeeeeessbteeeeassbaeeeeanssaeeeesnssaeeeeassaeeesensseeens 50
Chapter 4. Effects of Anti-RANKL Antibody on Osteoblasts ...........cccceevueiiniieiniieeniieeniieenns 69
4.1 INEOAUCEION .....eeiieeiiiiee ettt e e et e e e ettt e e e et eeeeenbbeeeeennaeeeas 69
4.2 Materials & MethOdS ......cccuuiiiiiiiiiiiieie et e e 70
421 Cell CUIUIE ...ttt e e ettt e e et e e e e eeeennbeeeeennes 70

4.2.2 RNA extraction and reverse transcription-quantitative polymerase chain reaction

(RT-GPCR) oo eeee e s e e s e e e e e s e s et eseee s e eessees e seseseeeeeeeseeeeseees 70



4.2.3  ALP aCtiVIty @SSESSIMCNL .....eeieeiiiiieeeiiiiieeeiiiieeeesiieeeeestbeeeeesnnaeeeeesnereeeennsseeessnnnens 71

4.3 RESUILS ..ttt ettt et e st e s e 71
4.3.1 MC3T3 cells expressed Rankl and Opg, but not Rank..............ccceeviviieniiienennne. 71
4.3.2 Anti-RANKL antibody treatments did not affect ALP activity of MC3T3 cells...... 72

4.4 DISCUSSION ..eteeiiieeeuitee ettt e ettt ettt e et e e sttt e ettt e sttt e sttt e eabtee ettt e ebteeensbeeenabeeenabeeenabaeenas 72

Chapter 5. Roles of RANKL in Macrophage Polarization and Medication-Related Osteonecrosis

OF the JAW..ceiiiiee ettt ettt e et e et e e s e e sbae e 79
5.1 INEEOAUCTION ...ttt et esbeees 79
5.2 Materials & MethOdS ......ccueiiiiiiiiiiiiiiieeeee e 82

5.2.1 Bone marrow derived cell isolation and macrophage differentiation....................... 82
5.2.2 Cell CUIUT® .....eeeiiiiieeee e et 82
5.2.3 RNA isolation and RT-qPCR ........ccooiiiiiiiiiiiiiieee e 83
5.2.4  RNA SEQUENCING.....uviiieiiiiiieeeiiiiieeeeiiteeeeeitteeeeesitaeeeesabaeeessnssaeeeesnssaeeeeanssseeessnsnees 83
5.2.5 Bioinformatics analysis of RNA-sequencing data ............cccoeeevvieeeriiiiieeenniiieeeeenee, 84
5.2.6  TRAP SEAININEZ ..coeeiiiiiiieeiiiiiee et e et ee e et ee e e ettt e e e e beeeeeeibbeeeeenbaeeeeensaeeasennees 85
5.2.7 ImmunofluoresCence StAINING .........ccccuvieeeriuiiieeeriiiieeeeiiieeeeeieeeeeesreeeeeeneraeeeeenanes 85
5.2.8  Macrophage qUANTITATION. ......ceiuviieeeeiiiieeeeiiieeeeeiie e e et e e e eibaeeeeeebaeeeeeebaeeeeeenees 86
5.2.9  Statistical analySiS.......cceeiuuiiiiiiiiiiie et ettt e e e e ee e e 87
5.3 RESUIES ettt et et 87

5.3.1 RANKL treatment had a small but significant effect on M1 and M2 marker
expression in M0, but did not significantly alter the effect of classical M1 and M2 inducers

0N POlAriZed GENE EXPIESSION. .....uvvvireeiiiiieeeiiiiieeeeiiieeeeetteeeeeebteeeesebaeeeesnnbaeeeeennsaeeesennnees 87

il



5.3.2 Potential RPM markers were upregulated in RPMs, however, in much lower level

COMPATEA 10 ML .ottt e e e e e e e b e e e e e nbaeeeeenbaeeeeennaes 88
5.3.3 IPA analysis of RPM RNA-sequencing data .............cceccueieieniiiieeeniiiiee e, 89
5.3.4 GO enrichment and KEGG pathway analysis of RPM RNA-sequencing data ........ 91

5.3.5 MO macrophages were able to differentiate into osteoclasts by M-CSF and RANKL
EEEALIMIEIIE ....eeeeiiitt ettt et e et e e e ettt e e et e e e et e e e et e e e 92
5.3.6 M1 markers were downregulated over time in MO macrophages treated by M-CSF
AN RANKL ..ottt et e et e e st e e s e e e es 93
5.3.7 Increased M1/M2 ratio was observed in anti-RANKL antibody-treated mice......... 93

5.3.8 Replenishment of CID-induced osteoclasts did not alter M1/M2 ratio in the MRONJ

MOUSE MOAC] ...ttt et e et e et e s e e e e 94

54 DISCUSSIONS. c..uetieeiiieeitie ettt ettt e sttt e ettt e et e e bt e et e e e bt eeabeeenbbeeesabeeesabeeesabeeesabaeesanee 94
Chapter 6. CONCIUSION .......iiiiiiiiiieiiiiiie ettt ettt e et ee e et e e e estbeeeessntbeee e e nsaeeesennsseeesennnees 131
Chapter 7. FUtUIE STUAICS. ....ccoouviiiieiiiiiee ettt e e ettt e e et e e e e tteeeeennbaeeeennees 134
BibLIOZIAPNY ... e et e e e et e e e et e e e e e tbbaeeeenbaeeaeenes 136

v



LIST OF FIGURES

Figure 1.1. Clinical manifestations of MRONJ ..........ccccoiiiiiiiiiiiiiceceecee e 25
Figure 1.2. Inflammatory and healing events in the bone healing processes following tooth
2 216110 1 L PP TP R PSPPSR 26
Figure 1.3. Proposed cell therapy of the engineered osteoclasts to prevent disease caused by
OSEEOCIASt AETICIENICY ... eiieiiiiiieeeiii ettt e e et e e e e e e e eebaeeeeeenas 27

Figure 1.4. CID-iRANK lentiviral construct and comparison of osteoclast differentiation systems

.......................................................................................................................................... 28
Figure 1.5. Response of IRANK Cells t0 CID ....ccccuuiiiiiiiiiiiiiiiiiiiiieeiecee e 29
Figure 1.6. iRANK osteoclasts resorbed 2D-mineralized surface...........cccoceeevieiniieiniieennneens 30

Figure 2.1. Specific aims focusing on different cell types and bone healing processes, and how
they contribute to MRONJ pathophySiology .........ccccuiiiieiiiiiiiiiiiiieeeiiee e 35
Figure 3.1. CID-induced osteoclastogenesis in iRANK cells was anti-RANKL antibody-
10116 15015 1T (57 1L APPSR PR 55
Figure 3.2. CID-induced osteoclasts resorbed 2D mineral substrate in the presence of anti-RANKL
71110104 | 2R PT TR PPRP 56
Figure 3.3. Nude mice had normal wound healing compared to wild type mice following tooth
o2 216110 1 O PRSPPSO PRSP 57
Figure 3.4. Absence of osteoclasts and presence of necrotic bone were observed following tooth

extraction in anti-RANKL antibody-treated mice.............ccceeeeriiiiiieiiiiiieeeiiiiee e 59



Figure 3.5. Correlation between the retained root fragments and necrotic bone area was not
ODSEIVEA. ...ttt et ettt et et 61
Figure 3.6. Serum markers of bone resorption and bone formation were decreased in anti-RANKL
aNtibody-treated MICE. ......cuviiieiiiiiiie ettt ettt e e e e e e e e e e e e eebaeeeeeenes 62
Figure 3.7. iRANK cells were retained at the tooth socket of nude mice............cccocuveeviiiinnncn. 63
Figure 3.8. iIRANK cells were retained and differentiated into osteoclasts in anti-RANKL antibody
and CID-reated MICE. .......eeiiiiiiiiiiieeiiie ettt ettt e e et eesaaeees 66
Figure 3.9. Bone resorptive function, but not new bone formation and epithelial closure, was
restored by the engineered osteoclasts in anti-RANKL antibody-treated mice.................... 67
Figure 4.1. MC3T3 cells expressed Rankl and Opg, but not Rank..............ccccceeeveuieieencieneennnnnn. 75
Figure 4.2. Qualitative assessment of ALP activity showed no significant difference among
MC3T3 cells treated with various concentrations of anti-RANKL antibody....................... 76
Figure 4.3. Quantitative assessment of ALP activity showed no significant difference among
MC3T3 cells treated with various concentrations of anti-RANKL antibody....................... 77

Figure 5.1. Rank expression was observed in M0 macrophages, however, was downregulated in

the absence of M-CSF OVET tIME.......cccouuiiiiiiiiiiiieiiieeiiieeeeee e 100
Figure 5.2. RANKL treatment significantly upregulated classical M1 markers........................ 101
Figure 5.3. RANKL treatment had no significant effects on classical M2 markers................... 102

Figure 5.4. RANKL treatment had no significant effects on the polarizing ability of classical M1

ANA M2 INAUCETS. ...ttt ettt e 103
Figure 5.5. Volcano plots of differentially expressed genes (DEGs) of RPM.............cccueeeee. 104
Figure 5.6. RT-qPCR data validated the upregulation of potential RPM markers in RPMs. ..... 105
Figure 5.7. Canonical pathway analysis of RPM-2h vs. Veh-2h .......ccoccconiiiniiiniiini, 106

vi



Figure 5.8. Canonical pathway analysis of RPM-6h vs. Veh-6h .........ccccoooiiiniiiniiiiniceen, 108
Figure 5.9. Canonical pathway analysis of RPM-6h vs. RPM-2h..........ccccooiiiniiiniiiniienen, 109
Figure 5.10. The predicted upstream regulators and activated diseases and functions were

downregulated over time in RPM. ........oooiiiiiiiiiiie e 110
Figure 5.11. IPA analysis match showed similarity between RPMs and M1 macrophages. ...... 111
Figure 5.12. GO enrichment analysis of the RPM RNA-seq dataset ...........cccceevviiieeeiiiineeenn. 114
Figure 5.13. KEGG pathway analysis of the RPM RNA-seq dataset............cccocuveeriieeniineennnen. 116
Figure 5.14. Both BMD cells and M0 macrophages were able to differentiate into osteoclasts.117

Figure 5.15. Osteoclastogenesis-related genes were upregulated in both osteoclasts and RPMs.

Figure 5.16. M1 markers were downregulated over time in RPMS..........cccceeeviiiniieinincennnen. 119
Figure 5.17. Double immunofluorescence staining of M1 and M2 macrophages in the early-
timepoint MRONJ mouse MOdel ..........cuuiiiiiiiiiiiiiiiiie e 121

Figure 5.18. M1/M2 ratio was significantly increased in Ab and Abc groups at the early timepoint.

Figure 5.19. Replenishment of CID-induced osteoclasts did not alter M1/M2 ratio in the MRONJ

INOUSE TNIOUEL ... e e et e e e e e e e e e e e e e e e e e e eeaaes 123

Figure 5.20. Proposed diagram of the effects of RANKL on macrophage polarization............. 124

vii



LIST OF TABLES

Table 1.1. MRONI staging adapted from AAOMS’S pOSItION PAPET ......ccevuveeeriveeerieeeniieeniieenns 31
Table 3.1. Staging of the MRONJ mouse models regarding the staging in humans.................... 68
Table 4.1. TagMan gene expression assays (Applied Biosystems) used for RT-qPCR................ 78

Table 5.1. M1 and M2 gene expressions in RPMs compared to M1 and M2 macrophages....... 125

Table 5.2. Potential RPM marker expressions in RPMs compared to M1 and M2 macrophages

........................................................................................................................................ 126
Table 5.3. Upstream regulator analysis of RPM-2h vs. Veh-2h .......ccccccoiiiiniiiniiie, 127
Table 5.4. Upstream regulator analysis of RPM-6h vs. Veh-6h ..........ccccooiiiiiiiniicinicnen, 128
Table 5.5. Disease and function analysis of RPM-2h vs. Veh-2h..........cccccoiiiiiiiiinnin, 129
Table 5.6. Disease and function analysis of RPM-6h vs. Veh-Oh.............cccccooviiiiiiniiinnnne, 130

viii



o-MEM

ALP

BMD

BMP

BPs

BRONJ

CAll

CCL

cDNA

CID

DEGs

DMEM

DRONJ

EDTA

EtOH

FACS

FBS

GFP

GO

H&E

LIST OF ABBREVIATIONS

minimum essential medium eagle - alpha modification
alkaline phosphatase

bone marrow derived

bone morphogenetic protein

bisphosphonates

bisphosphonate-related osteonecrosis of the jaw
carbonic anhydrase II

CC chemokine ligand

complementary deoxyribonucleic acid
chemical inducer of dimerization
differentially-expressed genes

dulbecco’s modified eagle’s medium
denosumab-related osteonecrosis of the jaw
ethylenediaminetetraacetic acid

ethanol

fluorescence-activated cell sorting

fetal bovine serum

green fluorescent protein

gene ontology

hematoxylin and eosin

X



IFN
iRANK
IL
KEGG
LPS
M-CSF
MMP
MRONJ
MSC
NaCl
NaOH
NDS
NF-xB
oC
ONJ
OoPG
OSM
P/S
PBS
RANK
RANKL
RNA

RNA-seq

interferon

inducible receptor activator of nuclear factor kappa-B
interleukin

Kyoto Encyclopedia of Genes and Genomes
lipopolysaccharide

macrophage-colony stimulating factor

matrix metalloproteinase

medication-related osteonecrosis of the jaw
mesenchymal stem cell

sodium chloride

sodium hydroxide

normal donkey serum

nuclear factor kappa-light-chain-enhancer of activated B cells
osteoclast

osteonecrosis of the jaw

osteoprotegerin

osteogenic media

penicillin/streptomycin

phosphate buffered saline

receptor activator of nuclear factor kappa-B
receptor activator of nuclear factor kappa-B ligand
ribonucleic acid

ribonucleic acid sequencing



rRNA

SREs

TBS-T

TGF

TNF

TRAP

ZA

RANKUL-polarized macrophage
ribosomal ribonucleic acid
skeletal-related events
TRIS-buffered saline with Tween
transforming growth factor
tumor necrosis factor

tartrate resistant acid phosphatase

zoledronic acid

X1



ACKNOWLEDGEMENTS

I know that pursuing PhD is a commitment, however, I did not truly know how long and
challenging this journey could be until I embarked. It takes a village to be where I am today. First
and foremost, I would like to sincerely thank Dr. Cecilia Giachelli for her encouragement and
advice on research and career development. Coming from a clinical field with very limited research
experience, | had been struggled with learning new skills and developing research questions. Her
words, “Why would you need to come here if you already know them? You come here to learn
things you do not know.”, motivated me to embrace the process of getting out of the comfort zone
and helped me become a better researcher today. I would like to also thank Elizabeth Soberg, a
former lab manager of Giachelli lab, for her assistance and patience. She had been tremendously
helpful and taught me literally everything about lab works from pipetting to designing experiments.
Additionally, T would like to thank my committee members, Dr. Marta Scatena, Dr. Hai Zhang,
Dr. Tracy Popowics, and Dr. Sue Herring for both academic advice and emotional support
throughout these five years.

Pursuing PhD is hard, but pursuing PhD overseas away from my beloved family and friends
makes it ten times harder. I am very grateful for an opportunity to work in Giachelli lab with
wonderful friends and colleagues. I would like to thank former and current members of Giachelli
and Scatena lab including Philip Walczak, Hao Zhou, Jessica Simon, Maristella Donato, Erica
[jeoma, Alex Rasch, Taleb Ahsan, Jessica Bretz, Annika Kumar, Elizabeth Leber, Meiting Wu,
Subramanian Dharmarajan, Kat Pierce, Jake Lally, Chaoyang Tang, Li Fu, Nong Sirirat, and Ice

Worakanya Buranaphatthana for both lab-related advice and mental support. Additionally, I would

Xil



like to give a shout out to Aditi Prabhala, my undergraduate student helper, for her help on RNA-
seq analysis and macrophage quantitation. Lab happy hours were probably one of the things I
looked forward to every week!

In addition to Giachelli and Scatena lab members, supports from my friends and colleagues
outside of the lab also largely contribute to my success today. I would like to thank friends and
faculties from the Oral Health Sciences Department especially Dr. Richard Presland, Dr. Robert
Cornell, Lora Brewsaugh, Kathy Hobson, and Priti Mulimani. Moreover, I would like to thank my
Fulbright friends for their emotional support and arrangement of enjoyable extracurricular
activities throughout of my first two years in Seattle. Although I am glad that most of us have
completed the master’s degree and went back to their home countries to follow their dreams, [ am
happy that Mareldi Ahumada is still here with me to finish our PhD journey together. Furthermore,
I would like to thank all my Thai friends in Seattle for Friday gathering and bringing me taste of
home which I am much needed.

I would like to acknowledge my funding for both research and living throughout these five
years including Thai government scholarship for Geriatrics study, Fulbright scholarship, and
Magnuson scholarship. Also, many thanks to the faculties and staffs at Faculty of Dentistry,
Chiang Mai University, Thailand who guided me through the application process and developing
research ideas.

Most importantly, I would like to wholeheartedly thank my beloved parents and family for
their understanding and unconditional love. Without a single word of complaint, they have
sacrificed exceedingly to ensure that I will be alright. I am proud to say that this success does not

only belong to me, but to every single one of them.

Xiii



DEDICATION

To my beloved parents, family, and the Kingdom of Thailand

X1V



Chapter 1. INTRODUCTION

1.1 BACKGROUND

1.1.1 Medication-related osteonecrosis of the jaw

1.1.1.1 Definition

Medication-related osteonecrosis of the jaw (MRONYJ), which was first described in 2003,
is a potentially serious side effect of treatment of certain medications that often occurs in the oral
cavity after traumatic dentoalveolar procedures such as tooth extraction.(/, 2) Those medications
are 1.) antiresorptive drugs including bisphosphonates (BPs) and denosumab which are prescribed
to treat osteoporosis and osteopenia, and to manage cancer-related conditions and 2.)
antiangiogenic drugs which are prescribed to treat malignancies by disrupting the angiogenesis-
signaling cascade.(/) The characteristics of MRONJ patients include 1.) current or previous
treatment of antiresorptive or antiangiogenic drugs 2.) exposed bone or bone that can be probed
through a fistula in the maxillofacial region persisting for more than 8 weeks and 3.) No history of
radiation therapy and metastatic disease to the jaws (Figure 1.1).(1)

In May 2022, the American Association of Oral and Maxillofacial Surgeons (AAOMS)
published a position paper on MRONIJ updating the one released in 2014.(3) The criteria of
MRON]J remained almost the same, with the exception that the characteristics of MRON]J patients
was broadened to include those with current or previous treatment with antiresorptive therapy
alone or in combination with immune modulators or antiangiogenic medications. Moreover,
romosozumab was introduced as another antiresorptive drug, in addition to BPs and denosumab.

Romosozumab is a new monoclonal antibody used to prevent fracture in osteoporotic patients by
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binding to and inhibiting sclerostin in the Wnt pathway, which results in increased bone formation

and decreased bone resorption.(3)

1.1.1.2 Staging and treatment strategies

In 2009, AAOMS introduced a staging system to help establish proper treatment strategies
for individuals, and to evaluate the prognosis and outcome of MRONI.(4) It was modified in
2014(1) and has remained the same in the 2022 position paper.(3) Symptoms as well as clinical
and radiographic findings of patients are used to classify the MRONJ stages as summarized in
Table 1.1. In brief, patients are considered at risk when treated with antiresorptive drugs without
any symptoms or visible necrotic bone, while stage 0 has nonspecific symptoms or findings
without apparent necrotic bone. Stage 1 to 3 patients all have exposed necrotic bone with or
without pain, infection, and extension to the nearby area according to the severity of MRONJ.(3)

Different treatment strategies are recommended, depending on the stage of MRONJ. To
prevent patients at risk from developing MRONJ, optimizing the oral health and practicing a drug
holiday prior to tooth extraction and other traumatic dentoalveolar procedures are recommended.
However, whether a cessation of antiresorptive drugs should be performed routinely remains
inconclusive as the risks of potential detrimental effects of suspending antiresorptive therapy may
surpass a benefit.(3) Additionally, a rebound increase in bone resorption following the
discontinuation of denosumab leading to higher risk of fracture has also been observed.(5—7) In
later stages of MRONJ (stage 1 to 3), non-operative treatments including local wound care to
exposed bone, antimicrobial rinse, sequestrectomy, systemic antibiotics, and pain control are
suggested. If necessary, operative procedures such as segmental or marginal resection of the jaw
should also be considered in the advanced stages of MRONJ (stage 1 to 3).(3) Despite the well-

established staging system and treatment guideline, most of the approaches are only supportive or
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palliative care, hence, effective preventive and curative treatments for MRONJ remain an unsolved

problem in the field.

1.1.1.3 Pathophysiology

Since MRONJ was first discovered, its pathophysiology has remained elusive. Throughout
the past decade, clinicians and researchers have investigated various potential mechanisms
underlying pathophysiology of MRONIJ utilizing both clinical and pre-clinical animal models.
Recent studies suggest that MRONIJ is a multifactorial disease and multiple mechanisms may
potentially contribute to the overall pathophysiology.(3)

One of the potential mechanisms is bone remodeling inhibition. Although BPs and
denosumab have different mechanisms of action, both medications inhibit osteoclast formation,
differentiation, and functions. While osteoclast inhibition increases bone mineral density and
decreases skeletal-related events, it also suppresses bone resorptive and bone remodeling activities
leading to accumulation of necrotic bone, which is one of the important clinical features of
MRONJ.(3)

Inflammation or infection along with macrophage alteration has also been hypothesized as
a potential mechanism. MRONJ mostly occurs after extraction of teeth with pre-existing
inflammatory conditions such as periodontal and periapical diseases. Animal models have shown
that both a local increase in inflammatory cytokines in the oral cavity and systemic inflammation,
such as rheumatoid arthritis, contribute to more severe MRONJ lesions. Moreover, bacteria
accumulation on the exposed necrotic bone also contributes to MRON]J severity.(3)

In addition, angiogenesis inhibition, innate or acquired immune dysfunction, and genetic
factors are also potential mechanisms underlying pathophysiology of MRONIJ. Even though more

studies need to be conducted to fully understand the overall pathophysiology, which is the key to
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effective prevention and treatment, both recent animal and human studies suggest that the
combination of antiresorptive treatment and inflammation or infection is most likely necessary and

sufficient to induce MRONJ.(3)

1.1.2 Healing following tooth extraction

As MRONIJ usually occurs after traumatic dentoalveolar procedures, especially tooth
extraction (7, 2), it is essential to first understand bone and soft tissue healing processes in order
to further investigate the pathophysiology of MRONJ. In physiological wound healing following
tooth extraction, various cell types play unique roles in different processes as shown in Figure 1.2.
The socket healing process can be divided into three sequential and overlapping phases including
inflammatory, proliferative, and bone modeling/remodeling.(§, 9) Macrophages are key
inflammatory cells playing crucial roles in healing. They are heterogeneous and capable of
polarizing into a broad spectrum of cell types including pro-inflammatory M1, which release
several cytokines such as IL-1, IL-2, IL-6, IL-12, TNF-a, and IFN-y playing roles in inflammation,
pathogen clearance, and activation of immune system in the early phase of wound healing.(70, 11)
In contrast, anti-inflammatory M2 promotes tissue repair, extracellular matrix deposition and new
bone formation by releasing in IL-10, CCL-18, CCL-12, BMP-2, TGF-f, osteopontin, and 1,25-
dihydroxy-vitamin D3 during the late phase of wound healing.(/2—-/4) In the bone
modeling/remodeling phase, osteoblasts and osteoclasts become key players. Damaged or necrotic
bone at the extraction site as a result of traumatic force is first resorbed by osteoclasts (15—18),
while woven bone is rapidly formed within the tooth socket by osteoblasts.(79) Later on, woven
bone is remodeled into lamellar bone which is more mineralized and stiffer, and both osteoclasts
and osteoblasts are essential for the bone remodeling process which happens throughout a lifetime

to maintain homeostasis of bone milieu.(9, 79)

18



In contrast, the equilibrium of populations and functions of inflammatory cells is disrupted
in pathological healing conditions. It has been shown that zoledronic acid (ZA) enhances
macrophages polarization towards M1 via several pathways and increases M1/M2 ratio,
correlating to more severe ONJ lesions in MRONJ animal models and patients.(20—22) In addition
to MRONUJ, these changes are also observed in other oral bone diseases. In periodontitis, increased
numbers of M1 and pro-inflammatory cytokines compared to healthy individuals are observed.(23,
24) Moreover, it has been shown that osteoclast deficiency concurrent with macrophage alteration
potentially contributes to accumulation of necrotic bone and impaired new bone formation in
MRONJ.(25-27) This pathological socket healing also leads to incomplete closure of the
epithelium above.(25-27) Therefore, further investigation on how alterations in the inflammatory
environment affects oral wound healing processes will be beneficial for studies on

pathophysiology and pathogenesis of MRONJ, as well as, other oral bone diseases.

1.1.3 Cell therapy approaches for MRONJ treatment

Despite a better understanding of MRONIJ pathophysiology in the past decade, effective
curative treatments have not been established and remain in urgent need. Most of the treatment
strategies of MRONJ nowadays are supportive care, for instance, pain control and antibiotics for
infection control. Removal of the mobile/well-formed exposed necrotic bone or sequestrum is also
recommended, however, surgical removal involving a large area of alveolar bone may affect the
masticatory function, and prostheses and/or rehabilitation may be needed after the surgery.(3)
Furthermore, the discontinuation of denosumab before dentoalveolar surgeries aiming to decrease
the prevalence of MRONJ may have a rebound bone resorption effect and result in an increased

risk of bone fracture.(5—7) The progression of the disease as well as the side effects of the current
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treatments of MRONIJ tremendously impact a quality of life of patients, hence, effective curative
treatments are currently much needed in the field.

Recently, researchers have utilized cell therapy as a tool to study MRONJ mechanisms and
progression as well as a potential treatment of MRONJ. As MRONJ usually occurs after tooth
extraction, a delivery of certain types of cells involved in the healing processes has been utilized
in several MRONJ animal models. It has been shown that both local and systemic delivery of
various cells, including bone marrow-derived mesenchymal stem cells (BM-MSCs), peripheral
blood mononuclear cells (PBMCs), adipose-derived stem cells (ASCs), stromal vascular fraction
(SVF), and endothelial progenitor cells (EPCs), alleviate MRONJ lesions in animal models.(28—
32) Moreover, the delivery of cell products, such as monocyte chemoattractant protein (MCP)-1,
insulin growth factor (IGF)-1, and vascular endothelial growth factor (VEGF) which are cytokines
released by MSCs, also improve MRONJ lesions in animal studies.(33) These findings suggest
that cell therapy may potentially serve as a novel treatment modality for MRONJ. Nevertheless,
current cell therapy strategies improve only several features, but do not completely cure MRONJ.
Furthermore, systemic delivery of cells is limited since it does not specifically target MRONJ
lesions, and thus may cause unintended side effects. Therefore, more studies on the effects of cell
delivery on other sites besides oral cavity need to be invented. Additionally, most studies were
conducted in BRONJ models, so their utility in DRONJ models is not known. Thus, more targeted
or local cell delivery and studies in DRONJ models are essential to develop cell therapy as an

effective treatment of MRONIJ in the future.
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1.2 SIGNIFICANCE

MRONUJ is a serious side effect of the antiresorptive treatment which tremendously affects
patients’ quality of life. Although the risk of MRONI is relatively low; 0-18% for BPs and 0-6.9%
for denosumab in cancer patients, while 0.02-0.05% for BPs and 0.3% for denosumab in
osteoporotic patients(3), the numbers of patients taking these drugs are high (> 10 million
worldwide)(3) and still increasing, making these a growing clinical problem. Most importantly,
the mechanisms underlying MRONIJ pathophysiology are not fully understood resulting in a lack
of effective curative treatments. Therefore, investigating potential MRONJ mechanisms including
bone remodeling inhibition and inflammation may shed light on MRONIJ pathophysiology and
progression leading to establishing effective treatments, which are currently much needed in the
field. Specific aim 1, 2, and 3 explore the roles of osteoclast, osteoblast, and macrophage in
MRON]J induced by anti-RANKL antibody treatment respectively. Additionally, our lab has
developed engineered RAW264.7 murine monocytic cells with an inducible RANK (iRANK)
construct to conditionally differentiate into osteoclasts under the control of a CID drug. This
differentiation is independent of RANKL and M-CSF, and also resistant to OPG, a natural analog
of denosumab.(34) In specific aim 1, I propose to use these cells to restore the inhibited bone
resorptive function and improve MRONJ lesions. These findings provide proof-of-concept data

and pave the way for osteoclast cell therapy as a potential treatment strategy for MRONU.
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1.3 INNOVATION

1.3.1 Engineered osteoclasts to prevent diseases caused by osteoclast deficiency

Osteoclasts are multinucleated cells playing a role in bone resorption by attaching to bone
surface, forming resorption lacunae, and degrading bone minerals and organic matrix.(35) They
differentiate from hematopoietic stem cells (HSCs) under the induction of M-CSF and RANKL
produced by osteoblasts and osteocytes.(36) The balance of osteoclasts and osteoblasts, bone
forming cells, is essential for maintaining physiological bone resorption and formation
processes.(37) Therefore, the disruption of this equilibrium caused by osteoclast deficiency can
lead to bone pathologies such as ectopic calcification and potentially MRONJ.

Our lab has developed a unique osteoclast differentiation system for a study tool and a
potential therapeutic approach for bone pathologies related to osteoclast deficiency (Figure 1.3).
This system consists of two main components: a fusion protein and a drug (AP20187 or chemical
inducer of dimerization; CID). F36V, the CID specific binding domain, and the specific CID-
inducible intracellular RANK (iRANK) construct were utilized for this technology as shown in
Figure 1.4.(34) Since trimerization of iRANK domains is required for CID-induced
osteoclastogenesis(38) , we utilized two F36V domains fused to the iRANK domain in order to
ensure successful oligomerization. In addition, a myristoylation signal was added to direct the
protein to the cell membrane to maximize interaction with downstream signaling molecules as
shown in Figure 1.4.(34) Moreover, the construct also contained the gene for green fluorescent
protein (GFP), which allowed cell sorting to be performed. Cells were sorted twice by
fluorescence-activated cell sorting (FACS) to obtain a purified (>98% GFP+) population for in

vitro characterization.(34) We previously published that TRAP activity and ability to form
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multinucleated osteoclasts of RAW?264.7 cells, a murine monocytic cell line, engineered with this
technology were observed in a dose dependent manner in vitro as shown in Figure 1.5.(34) These
engineered osteoclasts also resorbed mineralized surface in vitro (Figure 1.6). As one of the
potential mechanisms underlying MRONIJ pathophysiology is osteoclast inhibition, I propose to
incorporate iRANK osteoclasts into a loss-and-gain of osteoclast function study in the MRONJ
model and investigate if osteoclast replenishment alleviates the MRONJ lesions in my thesis. This
is innovative as a loss-and-gain of osteoclast function study has not been conducted before.
Furthermore, it will elucidate the puzzled mechanisms of MRONIJ and introduce osteoclast cell

therapy as a potential MRONJ treatment which is urgently required.

1.3.2 RANKL-polarized macrophages (RPMs)

In addition to osteoclast deficiency, macrophage alteration is also one of the potential
mechanisms underlying MRONJ pathophysiology(/, 39) since macrophages play important roles
in oral wound healing following traumatic dentoalveolar procedures including tooth extraction(s,
9, 19) and MRONU usually occurs after tooth extraction.(/, 2) It has been shown that BPs induce
macrophages to polarize toward M1, and increased M1/M2 ratio is observed in MRONIJ patients
and animal models and correlated with the severity of lesions.(20-22) On the other hand, Tamaki
et al. recently showed that anti-RANKL antibody alone had no effects on macrophage phenotype
when directly treated to isolated bone marrow derived macrophages (BMDMs) in vitro(40), which
is not surprising as BMDMs do not express RANKL.(4/) However, BMDMs express RANK
(RANKL receptor) and RANKL is expressed at the tooth extraction site during healing processes,
thus suggesting that environmental RANKL possibly modulates the macrophage phenotype.(8) I
have termed these cells RANKL-polarized macrophages (RPMs). In contrast to M1 and M2

macrophages, RPM’s gene expression profile and cytokines have not been thoroughly investigated.
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I hypothesize that RANKL regulates macrophages in a unique way which in turn may affect the
surrounding tooth socket/injury microenvironment to promote bone and soft tissue healing.
Treatment with denosumab, an anti-RANKL antibody, potentially inhibits RPM induction, thereby
interrupting proper RPM-driven physiological healing. This is innovative as RPM and its
functions have not been studied before. Exploring this novel macrophage phenotype will explain
how anti-RANKL antibody affects macrophage polarization and healing processes which
potentially explains the mechanisms of MRONJ as well as other bone diseases such as

periodontitis.
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Figure 1.1. Clinical manifestations of MRONJ

The exposed necrotic bone was observed in both maxilla and mandible six months after tooth
extraction in the patient with metastatic breast cancer treated with zoledronic acid and

denosumab.(42)
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Figure 1.4. CID-iRANK lentiviral construct and comparison of osteoclast differentiation
systems

(A) Schematic representation of CID-inducible intracellular RANK (iRANK) construct. LTR =
long terminal repeat; RRE = rev response element; cPPT = central polypurine tract; EFla =
elongation factor 1-Alpha; EGFP = green fluorescent protein; I = IRES; M = myristoylation; F36V
=FKBP12; F36V' = modified FKBP12; iRANK = intracellular domain of RANK; WPRE = WHP
posttranscriptional regulatory element. (B) Comparison of RANKL- and CID-induced

osteoclastogenesis in RAW264.7 and iRANK cells respectively
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Figure 1.5. Response of iRANK cells to CID

(A) iIRANK cells were differentiated into osteoclasts (TRAP+ multinucleated cells with three or
more nuclei) by various doses of CID treatment. Higher CID concentration resulted in an increased
size and number of osteoclasts. (B) TRAP activity of RAW264.7 and iRANK cells following
osteoclast differentiation. The dose-dependent effect of CID on TRAP activity was observed in
CID-induced osteoclastogenesis of iRANK cells. (Scale bar = 100 um; #p<0.05 compared to
medium, *p<0.05 compared to 0.1% EtOH)(34)
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Figure 1.6. iRANK osteoclasts resorbed 2D-mineralized surface

(A) von Kossa staining of 2D-mineralized discs cultured with iRANK cells with either RANKL
(100 ng/ml) or CID (50 nM) treatment for 10 days. White area represents the resorption area. (B)
Quantitation of the resorption area (*p<0.05)(34)
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At risk Stage 0 Stage 1 Stage 2 Stage 3
Treated with th
rea. e .w1 e Y Y Y Y Y
medications
Exposed necrotic
bone/fistula that probes X X v v v
to necrotic bone
Change in radiography X v v v v
. e No pain
Pain X e Non-specific symptoms v v
Infection X X X v v
Beyond the
Other symptoms X X X X alveolar
bone region

Table 1.1. MRONIJ staging adapted from AAOMS’s position paper(1)
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Chapter 2. RESEARCH GOALS

The objective of this thesis is to investigate the roles of osteoclasts, osteoblasts, and
macrophages in MRONIJ pathophysiology. Additionally, I propose to identify the effects of
RANKL on a novel macrophage polarization state, termed RANKL-polarized macrophages
(RPMs). MRONUJ is defined as an area of exposed necrotic bone that has persisted more than eight
weeks with no history of radiation therapy.(/, 43) This is a serious side effect of the treatment of
antiresorptive drugs including denosumab and BPs to prevent skeletal-related events, such as
fracture, in osteoporosis and metastatic cancer.(2, 43) In addition, MRONJ often occurs in the oral
cavity related to tooth extraction and periodontitis.(/, 2) Although MRONJ is relatively rare(44),
the number of patients prescribed antiresorptive agents is high (>10 million worldwide) and
steadily increasing(45), making this a growing clinical problem.(39) Importantly, the
pathophysiology of MRONIJ remains elusive resulting in the absence of effective preventive and
curative approaches besides palliative treatments.(39) Several hypotheses have been focusing on
the effects of these drugs on various cell types and events involved in new bone formation and oral
wound healing.(/, 39) As impaired bone remodeling and inflammation are the potential
mechanisms contributing to MRONJ pathophysiology, I propose to investigate the effects of
antiresorptive drugs on osteoclasts, osteoblasts, and macrophages, as well as, to identify the roles
of these cells in MRONJ pathophysiology. Based on the previous studies and our preliminary data,
the overall hypothesis is that the deficiency of osteoclasts, osteoblasts, and RPMs caused by
antiresorptive drugs impairs bone healing processes and induces MRONJ. To test this hypothesis,

the following specific aims (Figure 2.1) are proposed:
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Aim 1: To identify the roles of osteoclasts in MRONJ using the local delivery of engineered
osteoclasts in the MRONJ mouse model

Osteoclast inhibition caused by antiresorptive drugs and accumulation of necrotic bone has
been observed in MRONJ.(46, 47) However, the roles of the osteoclast deficiency on progression
of MRONJ lesions, and whether replenishment of osteoclasts and their functions can ameliorate
the lesions remain inconclusive. Our lab previously developed a unique osteoclast differentiation
system which is independent of RANKL and M-CSF, resistant to the inhibition by OPG, and
resorbs 2D calcium phosphate in vitro.(34) Thus, I propose to develop the MRONJ mouse model
with tooth extraction and anti-RANKL antibody and perform a loss-and-gain of function study by
delivering the engineered osteoclasts to the extraction site. / hypothesize that the replenishment of

osteoclasts improves MRONJ lesions.

Aim 2: To determine the effects of antiresorptive drugs on osteogenic differentiation in vitro.

In addition to osteoclast deficiency, impaired new bone formation, which potentially
affects connective tissue and epithelial healing above the tooth socket, has also been observed in
MRONUJ.(46, 47) Osteoblasts are a bone forming cell which directly plays a role in mineralization
and new bone formation.(9, 79) In this aim, I propose to study the effects of anti-RANKL antibody
on osteogenic differentiation via RANKL autocrine/paracrine loop of MC3T3 mouse pre-
osteoblast cell line and compare them to the effects I observe in the MRONJ model in aim 1. /

hypothesize that anti-RANKL antibody inhibits osteogenic differentiation of MC3T3 cells.
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Aim 3: To investigate the roles of RANKL in macrophage polarization in vitro and in vivo.
It has been shown that macrophages have influences on osteoblasts(48, 49), thus, the
effects of antiresorptive drugs on macrophages potentially affect bone formation indirectly as well.
Our in vitro preliminary data indicate that RANKL itself has unique polarizing effects on
unstimulated macrophages (MO0), and in addition, synergistically promotes M1 macrophage
polarization while inhibiting M2 polarization suggesting the induction of a unique RANKL-
polarized macrophage (RPM) phenotype. Moreover, our data also suggest that RPMs are likely to
have distinct gene expressions compared to M1 and M2. Importantly, the roles of RPMs in bone
healing and MRONU have never been investigated before. Hence, I propose to utilize isolated bone
marrow derived macrophages (BMDMs) to investigate RPM characteristics and functions in vitro.
Additionally, the MRONJ mouse model will be used to identify the effects of antiresorptive drugs
on macrophage population in vivo. I hypothesize that RANKL induces RPM phenotype which is
distinct from M0, M1, M2 macrophages and osteoclasts, and anti-RANKL antibody inhibits RPM

differentiation leading to impaired bone formation.
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Figure 2.1. Specific aims focusing on different cell types and bone healing processes, and how

they contribute to MRONJ pathophysiology
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Chapter 3. ROLES OF OSTEOCLAST IN MEDICATION-RELATED

OSTEONECROSIS OF THE JAW

Necrotic bone accumulation at the jaw is one of the clinical features observed in MRONI.(3,
50) Therefore, inhibition of osteoclasts and their bone resorptive function has been proposed as
one of potential mechanisms underlying MRONI.(3) However, whether replenishing osteoclasts
and their functions can improve MRONJ lesions remains elusive. In this chapter, I proposed to
utilize iRANK cells, and MRONJ model established by injections of anti-RANKL antibody and
tooth extraction to address this question. First, I determined if osteoclast differentiation of iRANK
cells via CID system is resistant to the inhibition by anti-RANKL antibody in vitro. As we
previously showed that osteoclast differentiation of iRANK cells is independent of OPG(34), I
hypothesized that it is resistant to anti-RANKL antibody as well. Next, I proposed to locally deliver
iRANK cells at the tooth extraction site in the MRONJ mouse model to investigate if osteoclast
replenishment can alleviate MRONU. I hypothesized that restoring the bone resorptive function by
the engineered osteoclasts can reduce necrotic bone area, hence improves MRONJ lesions. These
data will shed light on the field regarding the roles of osteoclasts on MRONJ pathophysiology and
also help paving the way of the engineered osteoclasts as a study tool and potential cell therapy

for MRONUJ. The findings in this chapter have already been published in BONE journal.(50)

3.1 INTRODUCTION

Medication-related osteonecrosis of the jaw (MRONYJ), which was first described in 2003,
is a potentially serious side effect of treatment with antiresorptive and antiangiogenic medications

that often occurs in the oral cavity after traumatic dentoalveolar procedures such as tooth
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extraction.(/, 2) These antiresorptive medications, including bisphosphonates (BPs) and
denosumab, are used to decrease the risk of skeletal-related events in patients with severe
osteoporosis, multiple myeloma and bone metastasis of other cancers.(/) MRONIJ is clinically
defined as accumulation of an area of exposed and necrotic bone that has persisted for more than
eight weeks with no history of radiation therapy.(2, 43) Initially, lesions are asymptomatic but
may become symptomatic when the surrounding tissues become inflamed. MRONI incidence in
patients with cancer receiving intravenous BPs is reported to range from 2% to 15%(46, 51),
whereas MRONJ development in osteoporotic patients still remains controversial. The incidences
of ONJ from BPs and denosumab were comparable in cancer patients, suggesting that ONJ induced
by both drugs adversely affects patients’ quality of life and produces significant morbidity.(46, 51)

Denosumab is a human monoclonal antibody that binds to receptor activator of nuclear
factor kappa-B ligand (RANKL) and prevents RANKL from activating its receptor, RANK, on the
surface of osteoclasts and their precursors.(52) Prevention of the RANKL/RANK interaction
inhibits osteoclast formation, function, and survival, thereby decreasing bone resorption and
increasing bone mass and strength in both cortical and trabecular bone.(53-55) In contrast to
denosumab, many potential mechanisms by which BPs inhibit osteoclastic bone resorption have
been proposed. BPs, attached to hydroxyapatite on bony surfaces, are impregnated into osteoclasts
when they begin to resorb bone and impair their ability to form the ruffled border, to adhere to the
bony surface, and to produce protons necessary for bone resorption.(56, 57) Several studies also
showed that BPs reduce osteoclast activity by decreasing osteoclast progenitor development and
recruitment, and by inducing osteoclast apoptosis via the activation of caspases.(38—60) In addition
to their inhibitory effect on osteoclasts, BPs appear to have an effect on osteoblasts. An in vitro

study showed that zoledronic acid (ZA) can increase production of osteoprotegerin (OPG) in a
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dose-dependent manner from primary human osteoblasts.(6/) OPG then binds to RANKL and
blocks the interaction with RANK, thereby inhibiting osteoclastogenesis. Another study also
demonstrated that ZA markedly increased OPG protein secretion and reduced transmembrane
RANKL protein expression in osteoblast-like cells.(62)

Despite the fact that the first case of MRONJ was described over a decade ago, the
mechanism and pathophysiology of MRONUJ still remain elusive. Proposed hypotheses that attempt
to explain the unique localization of necrotic bone exclusively to the jaw include altered bone
remodeling or oversuppression of bone resorption, angiogenesis inhibition, constant microtrauma,
suppression of innate or acquired immunity, vitamin D deficiency, soft tissue toxicity, and
inflammation or infection.(/) In addition, the management of MRONJ remains as a significant
clinical challenge, with little progress having been made on treatment.(63) Patients with MRONJ
are treated conservatively with mouth rinses, antibiotics and oral analgesics. Surgical debridement
is typically not indicated unless it is absolutely necessary.(/, 64) Even with drug holiday before
traumatic dentoalveolar procedures, many patients still experience a lot of pain and other side
effects in later stages of MRONJ which tremendously affect their quality of life.(/) Therefore, it
is critical to understand the pathophysiology of MRONJ and develop proper regimen for
prevention and treatment of this disease.

Although osteoclast suppression has been observed in most MRONJ animal models, there
is still no evidence to date whether restoring osteoclast and its bone resorptive function can
alleviate MRONJ in animals that have received antiresorptive drugs. We previously engineered
RAW264.7 murine myeloid precursor cells with an inducible intracellular RANK (iRANK)
construct to allow differentiation into osteoclasts under the control of a chemical inducer of

dimerization (CID) drug. This differentiation is independent of RANKL and macrophage colony-
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stimulating factor (M-CSF), and also resistant to OPG.(34) In this study, we hypothesize that
osteoclast formation, differentiation and function are impaired at the extraction site and normal
bone healing is disturbed due to the inhibition of osteoclastic activities by antiresorptive drugs.
Thus, we further hypothesize that locally-delivered engineered osteoclasts which are resistant to
this inhibition may promote bone healing processes after tooth extraction in a MRONJ mouse
model. This study determines the effects of restoring osteoclast functions on MRONJ development
and also provides a new and innovative strategy to investigate mechanisms leading to different

stages of MRONJ.

3.2  MATERIALS & METHODS

3.2.1 In vitro osteoclast differentiation and mineral resorption

RAW264.7 cells were purchased from American Type Culture Collection (ATCC).
RAW264.7 cells containing a CID-inducible, intracellular RANK signaling domain (iIRANK cells)
were created as previously described.(34) RAW264.7 and iRANK cells were cultured in o-MEM
containing 10% fetal bovine serum and 100 U/mL of penicillin/streptomycin and incubated at 37°C
with 5% CO>. RAW264.7 and iRANK cells were plated at 20,000 cells/well in 4-well Nunc™
Lab-Tek™ chamber slides. Four hours after plating, 2 nM recombinant mouse RANKL (R&D
Systems) was applied to RAW264.7 cells for osteoclast differentiation concurrently with the
treatment of 0 nM, 2 nM, 5 nM or 20 nM Ultra-LEAF™ purified rat anti-mouse CD254 (TRANCE,
RANKL) IgGG2a, k monoclonal antibody (BioLegend) or 20 nM Ultra-LEAF™ purified rat [gG2a,
K isotype control antibody (BioLegend). Similarly, 10 nM AP20187 (CID; Clontech Laboratories)
was applied to iRANK cells for osteoclast differentiation concurrently with the treatment of 0 nM,

10 nM, 25 nM or 100 nM of the same rat anti-mouse RANKL monoclonal antibody listed above
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or 100 nM of the same rat IgG isotype control antibody also listed above. Cells were cultured for
5 days with media and treatments replaced once at day 3. Cells were washed twice with PBS, fixed
with 10% neutral buffered formalin for 10 minutes and subjected to TRAP staining following the
manufacturer’s instructions (387A, Sigma-Aldrich). Slides were mounted with Aqua-Mount
(Thermo Fisher Scientific) and images were obtained using an upright microscope (Nikon E800).
The numbers of multinucleated TRAP-positive osteoclasts (with > 3 nuclei) were quantified.

To determine the resorptive function of osteoclasts in the presence of anti-RANKL
antibody in vitro, RAW264.7 and iRANK cells were cultured on an Osteo Assay (Corning Inc.)
and treated with the inducers; 2 nM recombinant mouse RANKL (R&D Systems) and 10 nM CID
(Clontech Laboratories) respectively. Concurrently, cells were treated with either 20 nM rat anti-
mouse RANKL monoclonal antibody (BioLegend) or 20 nM rat IgG isotype control antibody
(BioLegend). At day 10, all cells on the Osteo Assay plate were removed by 10% bleach and
resorption pits were visualized using von Kossa staining. Images were taken by Nikon D5100
camera and the resorption area was quantified using ImageJ software version 1.52a (NIH, Bethesda,

MD).

3.2.2 MRON.J model in nude mice

Animals and surgical procedures were handled in accordance with the University of
Washington’s Institutional Animal Care and Use Committee. A MRONJ model in athymic nude
mice was utilized to allow delivery of allogeneic iRANK cells. Briefly, eight- to ten-week-old
female nude mice were randomly divided into two groups (10 mice per group); IgG isotype control
(Ct) and anti-RANKL antibody (Ab); same antibodies as in the in vitro experiments were used.
Mice in Ct and Ab group were injected with 10 mg/kg rat IgG isotype control and 10 mg/kg of rat

anti-mouse RANKL monoclonal antibody intraperitoneally respectively three times a week until
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termination. One week after the first antibody injection, left maxillary first molar was extracted in
both groups. Under general anesthesia using ketamine/xylazine, a rodent molar luxator (iM3) was
used to separate the gingival attachment and a 25-gauge needle was used to gently luxate the tooth.
Then, a curved hemostat was used to pull the tooth out. Approximately three weeks after tooth

extraction, mice were sacrificed to harvest serum and maxilla.

323 Cell delivery and CID treatment

Eight- to ten-week-old nude mice were randomly divided into two groups (10 mice per
group); anti-RANKL antibody with iRANK cells (Abc), and anti-RANKL antibody with iRANK
cells and CID (Abcc); same antibodies used throughout study. Mice in both groups were injected
with rat anti-mouse RANKL monoclonal antibody and tooth extraction was performed as
described above. Immediately after tooth extraction, 100,000 iRANK cells in 0.5 mg/mL
neutralized collagen were delivered to the tooth socket and covered with Gelfoam® (Pfizer
Pharmaceutical) in both Abc and Abcc groups. Only the mice in Abcc group were injected with
10 mg/kg CID intraperitoneally for 3 consecutive days starting on the same day as cell delivery,
then twice a week throughout the experiment to induce osteoclast differentiation. Mice were
sacrificed to harvest serum and maxilla 3 weeks after tooth extraction. The tissue specimens from
all groups were immediately fixed in 4% paraformaldehyde in PBS, pH 7.4, at 4°C for 48 hours
and stored in 70% EtOH solution. Tissues were decalcified with 5% EDTA and 4% sucrose in
PBS, pH 7.4 for 4 to 5 weeks at 4°C. Decalcification solution was changed daily. Tissue samples
were then processed for paraffin embedding and sectioned for immunohistochemistry.
Additionally, terminal blood was collected to measure the serum concentration of TRAP-5b and

osteocalcin (OCN), biochemical markers for bone resorption and formation, respectively, using
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the Mouse TRAP-5b (Immunodiagnostic Systems) and the Mouse Osteocalcin ELISA Kit

(Immunotopics).

3.2.4 H&E and TRAP staining

4-um-thickness tissue sections in sagittal plane were used for immunohistochemistry. For
hematoxylin and eosin (H&E) staining, tissue sections were deparaffinized, rehydrated and placed
in Harris hematoxylin solution for 3 minutes before rinsing. This was followed by 40 seconds in
ammonium water (0.25% v/v). Finally, slides were dipped in eosin solution 10 times before
dehydrating. The slides were mounted with Permount (Thermo Fisher Scientific). For TRAP
staining, tissue sections were deparaffinized, rehydrated and incubated for 30 minutes with TRAP
staining solution at 37°C, according to manufacturer's protocol (387A, Sigma-Aldrich). Nuclei
were counterstained with 300 nM DAPI Dilactate (Life Technologies) for 5 minutes. Slides were
mounted with Aqua-Mount (Thermo Fisher Scientific) and images were obtained using an upright

microscope (Nikon E800).

3.2.5 Immunofluorescence staining

Engineered osteoclasts express green fluorescent protein (GFP), so we could visualize and
distinguish them from endogenous osteoclasts. To detect GFP expression, tissue sections were
deparaffinized and rehydrated with TBS-Tween (TBS-T; 0.05 M Tris buffer, 0.15 M NaCl, 0.1%
Tween 20, pH 7.6) before permeabilization with 0.1% Triton X-100 in PBS, pH 7.4. for 10 minutes.
Blocking was performed with 4% normal donkey serum (NDS) for 30 minutes. Rabbit anti-GFP
polyclonal antibody (Thermo Fisher Scientific) was diluted to 10 pg/mL in 2% NDS and incubated
at room temperature for 1 hour. Slides were rinsed 3 times in TBS-T for 5 minutes. Cy3 AffiniPure

Donkey Anti-Rabbit IgG secondary antibody (Jackson ImmunoResearch Laboratories, Inc.) was
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used to decrease autofluorescence in the green channel in order to accurately detect GFP
expression. The secondary was diluted to 7.5 pg/mL in 2% NDS and incubated for 30 minutes at
room temperature. In addition, tissue sections were used for double-staining of additional
osteoclast markers including MMP-9, carbonic anhydrase 11, and cathepsin K. For double-staining
images in Figure 3.8, slides were incubated in primary antibodies: Goat Anti-Mouse MMP-9 at 5
pg/mL (Novus Biologicals) and Rabbit Anti-Carbonic Anhydrase II at 8 pg/mL (Abcam) or Goat
Anti-Mouse MMP-9 at 5 pg/mL and Rabbit Anti-Cathepsin K at 10 pg/mL (Abcam) for 1 hour.
Then, slides were incubated with appropriate secondary antibodies: Cy3 Donkey Anti-Goat at 7.5
pg/mL (Jackson ImmunoResearch) and Alexa Fluor 488 Donkey Anti-Rabbit at 7.5 pg/mL
(Jackson ImmunoResearch) for 30 minutes at room temperature. Slides were then rinsed three
times in TBS-T for 5 minutes and once in Milli-Q water. Nuclei were counterstained with 300 nM
DAPI Dilactate (Life Technologies) for 5 minutes. Slides were rinsed with Milli-Q water and PBS
before mounting with ProLong Gold Antifade Mountant (Thermo Fisher Scientific). Images were
obtained using an upright microscope (Nikon E800) and overlaid using Adobe Photoshop to show

double-staining of osteoclast markers in the same cell.

3.2.6 Quantitation of epithelial closure, necrotic and new bone, and osteoclast number

Several characteristics were used to evaluate the degree of ONIJ-like lesions. After
termination, the images of epithelial closure at the extraction site were taken before all the tissues
were decalcified and processed for histochemistry. To Investigate necrotic bone area, newly
formed bone, and number of osteoclasts at the extraction site, all the quantifications were done
using Imagel] software version 1.52a (NIH, Bethesda, MD). To quantify necrotic bone area, four
uniformly spaced (approximately 50 pm) H&E-stained sections were selected per sample. The

area of interest covered the alveolar bone adjacent to the tooth sockets. The percentage of necrotic
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area was calculated by the area containing 5 or more empty osteocytic lacunae divided by the total
alveolar bone area. To quantify newly formed bone, four uniformly spaced (approximately 50 pm)
H&E-stained sections were selected per sample. The newly formed bone was quantified only in
the sockets without root fragments as the percentage of bone area in the socket/total socket area
(%BA/TA). The number of osteoclasts was also quantified by using two uniformly spaced
(approximately 100 pm) TRAP-stained sections per sample for Ct and Ab groups, and TRAP &
GFP-stained sections for Abc and Abcc groups. Endogenous and engineered osteoclasts were
defined as TRAP+ and TRAP+GFP+ cells with three or more nuclei respectively. Eight samples
were excluded from the histological analysis due to tissue damage at the extraction site during
embedding and sectioning process, except one sample from Abcc group which was because the

CID system did not work, and osteoclast differentiation could not be induced.

3.2.7 Blood chemistry

Serum samples collected from each mouse were stored in —20°C and thawed once. The
presence of TRAP-5b was detected by sandwich ELISA using the Mouse TRAP-5b ELISA Kit
(Immunodiagnostic Systems). Serum levels of OCN were detected by sandwich ELISA using the
Mouse Osteocalcin ELISA Kit (Immunotopics). The serum samples were assayed in triplicate and

the procedure was performed according to the manufacturer's protocol.

3.2.8 Statistical analysis

Results are expressed as mean + SD. GraphPad Prism version 8.4.1 was used to perform
Kolmogorov-Smirnov test to test normality of data, student’s #-test to compare means of two
individual groups with equal variances, student’s #-test with Welch's correction to compare means

of two individual groups with unequal variances, one-way ANOVA with post-hoc Tukey test to
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compare means of three or more individual groups, and Fisher exact’s test to compare epithelial

closure among groups. A value of p < 0.05 was considered statistically significant.

3.3 RESULTS

3.3.1 iRANK engineered osteoclast differentiation and resorptive function were resistant to

inhibition by anti-RANKL antibody

RAW264.7 cells containing a CID-inducible, intracellular RANK signaling domain
(1IRANK cells) were created as previously described.(34) The main feature of CID technology is
that induction of signaling is triggered only by the presence of the small molecule CID and is not
affected by the presence of endogenous RANK/RANKL inhibitors, such as OPG. We previously
showed that iRANK cell differentiation to osteoclasts in the presence of CID was OPG-
resistant(34), therefore, we hypothesized that this differentiation would not be inhibited by anti-
RANKL antibody which binds to RANKL in a similar manner as OPG. As expected, iRANK cells
formed multinucleated TRAP-positive osteoclasts following CID treatment even in the presence
of the highest concentration of anti-RANKL antibody (100 nM). On the other hand, RANKL-
mediated osteoclastogenesis of RAW264.7 cells was almost completely inhibited by anti-RANKL
antibody even at the lowest concentration (2 nM) (Figure 3.1).

Next, we determined the effect of anti-RANKL antibody on engineered osteoclast function
in vitro by differentiating RAW264.7 and iRANK cells into osteoclasts directly on a 2D-
mineralized well-plate using RANKL and CID respectively. Concurrently, both cell types were
treated with 20 nM anti-RANKL antibody or control IgG antibody for 10 days. Visualized with
von Kossa staining, there was no resorption in RANKL-treated RAW264.7 cells in the presence

of anti-RANKL antibody. On the contrary, the resorption area in CID-treated iRANK cells in the
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presence of anti-RANKL antibody was comparable to the group without treatment (Figure 3.2).
Interestingly, the resorption area in the IgG-treated iRANK group was significantly higher than
the other iIRANK groups (Figure 3.2) as IgG can interact with the Fc gamma receptors (FcyRs) on
hematopoietic cells and facilitate osteoclastogenesis as well as phagocytosis/resorption.(65, 66)
These in vitro data suggest that osteoclast differentiation of iRANK cells via CID system and their

resorptive function are not inhibited by anti-RANKL antibody.

3.3.2 Absence of osteoclasts and accumulation of necrotic bone were observed following

tooth extraction in anti-RANKL antibody-treated nude mice

As the osteoclast differentiation of iRANK cells and their resorptive function were resistant
to anti-RANKL antibody in vitro, our next step was to develop the MRONIJ animal model and
locally deliver these cells hypothesizing that they would improve the MRONJ lesions.

Since iIRANK cells are allogeneic, nude mice were required to develop the MRONJ model
in order to avoid unfavorable host responses following cell delivery. Prior to establishing the
MRONJ model, we first demonstrated that nude mice had normal wound healing compared to
wild-type mice following tooth extraction (Figure 3.3). Clinical presentation of maxilla at 3 weeks
after tooth extraction showed that 100% of wild type and nude mice had complete closure of
epithelium at the extraction site. Furthermore, connective tissue was observed directly above the
bone-filled sockets in all mice, indicating normal healing process at the extraction site.

To establish the MRONJ model, nude mice were randomly divided into two groups (10
mice per group); Control IgG (Ct) and anti-RANKL antibody (Ab) as shown in Figure 3.4. Ct
group received isotype control rat IgG, while Ab group received anti-RANKL antibody. Several
features were studied at approximately three weeks following tooth extraction. In Ct group, we

observed osteoclasts, identified as TRAP-positive cells with three or more nuclei, within the
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extraction sites (Figure 3.4). Osteoclasts were found within and around the tooth sockets
demonstrating typical resorptive morphology near damaged bones. On the other hand, there were
no osteoclasts detected in the tooth sockets of the Ab group (Figure 3.4). These data indicated that
the injections of anti-RANKL antibody inhibited osteoclast formation in nude mice.

Although tooth extraction has widely been used to induce ONJ-like lesions in rodents, root
fracture is one of the most common complications following tooth extraction especially in mice
with age of 8 weeks and older due to the accumulation of cementum at the root apices.(67) We
excluded the samples with retained root fragments from the analysis of new bone formation since
the bone formation process was complicated in those sockets.(data not shown and 23, 24) However,
there has been no evidence showing that retained root fragments are associated with accumulation
of necrotic bone around tooth sockets following tooth extraction in mice. To confirm this, we
determined that no correlation existed between the retained root fragments and necrotic bone area
in all groups (Figure 3.5). Thus, we included all animals in the analysis of necrotic bone area.

As expected, Ct group showed significantly less % necrotic bone area at the extraction site
compared to Ab group. H&E-stained sections displayed an osteoclast resorbing an alveolar bone
next to the socket in Ct group, while the alveolar bone containing clusters of empty lacunae
remained unresorbed in Ab group (Figure 3.4). On the other hand, % newly formed bone area in
the tooth socket (%BA/TA) showed no significant difference between Ct and Ab groups (Figure
3.4). In addition, all of the samples in Ct and Ab groups, except one sample from Ab group which
had a granulation tissue mass above the socket, exhibited normal soft tissue healing and complete
epithelial closure at the extraction site (Figure 3.4).

Lastly, we measured serum TRAP-5b and osteocalcin levels which are markers of bone

resorption and bone formation, respectively. We found that Ab group showed significantly less
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serum TRAP-5b and osteocalcin levels compared to Ct group (Figure 3.6). According to all these
findings, our MRONJ model developed in nude mice exhibited absence of osteoclasts and

accumulation of necrotic bone following tooth extraction.

333 iRANK cells were retained and differentiated into osteoclasts in anti-RANKL antibody

and CID-treated mice

To determine whether iRANK cells were retained following local injection, in vivo
bioluminescence imaging was performed (Figure 3.7). Bioluminescence was detected in all
animals that received cells with or without Gelfoam®. As expected, no signal was detected in the
animals that did not receive cells but received luciferin alone. Luciferase transfected iRANK cells
were retained at the tooth socket up to 10 days following delivery.

Next, we locally delivered iRANK cells to the extraction sites of mice treated with anti-
RANKL antibody to determine whether CID treatment would induce iRANK osteoclast
differentiation and improve the healing of MRONJ-like lesions. Nude mice were randomly divided
into two groups (10 mice per group); anti-RANKL antibody with iRANK cells (Abc), and anti-
RANKL antibody with iRANK cells and CID (Abcc) as shown in Figure 3.8. Anti-RANKL
antibody injections and tooth extraction were performed in all mice as described above. In this
experiment, iIRANK cells were delivered to the tooth sockets immediately after tooth extraction in
both groups. However, only the mice in Abcc group were injected with CID drug intraperitoneally
to induce osteoclast differentiation.

As shown in Figure 3.8, GFP-positive iRANK cells were observed in both Abc and Abcc
groups. However, osteoclasts were only observed in Abcc group. These osteoclasts were not only
TRAP-positive, but also GFP-positive, indicating that they differentiated from the delivered

iRANK cells under the control of CID (Figure 3.8). In addition to TRAP, the engineered
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osteoclasts expressed other osteoclast markers including matrix metallopeptidase 9 (MMP-9),
carbonic anhydrase II (CAII), and cathepsin K (CatK) (Figure 3.8). Taking both in vitro and in
vivo findings together, we demonstrated that iRANK cells delivered to the extraction sites were
retained and successfully differentiated into osteoclasts via CID system despite the treatment of

anti-RANKL antibody in nude mice.

334 Necrotic bone resorption, but not new bone formation or epithelial closure, was

restored by the iRANK engineered osteoclasts following tooth extraction in anti-

RANKL antibody and CID-treated mice

Next, we investigated how local replenishment of osteoclasts affected necrotic bone area,
a main feature of MRONJ. Histologically, we observed engineered osteoclasts resorbing alveolar
bone with empty lacunae in the Abcc group, while the alveolar bone containing clusters of empty
lacunae remained unresorbed in the Abc group (Figure 3.9). Furthermore, quantitative data
indicated a statistically significant decrease in the necrotic bone area in Abcc group compared to
Abc group, (p = 0.045) (Figure 3.9). Thus, these data suggest that the osteoclasts’ resorptive
function could be restored by delivery of engineered osteoclasts.

In addition to necrotic bone area, we measured whether new bone formation and epithelial
healing were altered in mice receiving anti-RANKL antibody and iRANK engineered osteoclasts.
Interestingly, there was no significant difference between Abc and Abcc groups in %BA/TA
(Figure 3.9) or epithelial closure (Figure 3.9). However, in contrast to the mice that did not receive
iRANK cells, the majority of the samples from Abc and Abcc groups exhibited partial or
incomplete epithelial closure at the extraction site (Figure 3.9) as well as less newly formed bone

in the sockets.
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Finally, serum TRAP-5b and osteocalcin levels were reduced equally in Abc and Abcc
groups, compared to Ct group, indicating that addition of engineered cells did not alter peripheral

bone remodeling in general (Figure 3.6).

3.4 DISCUSSION

Deficiency of osteoclastic bone resorption has been hypothesized as a main mechanism
leading to MRONI. In this study, we developed a tooth extraction-triggered MRONJ model in
nude mice using anti-RANKL antibody to deplete osteoclasts. Replenishment of osteoclasts within
sockets was achieved using engineered, inducible myeloid precursor cells. Lesions treated with
iRANK cells + CID showed significantly decreased accumulation of necrotic bone in the sockets
compared to those treated with iRANK cells alone. These data support the hypothesis that
osteoclast deficiency leads to accumulation of necrotic bone, a major feature of MRONU.

Throughout the past decade, many studies have shown that osteoclast inhibition is one of
the potential mechanisms underlying MRONJ pathophysiology. In the normal healing processes
following tooth extraction, osteoclasts play a role in resorption of damaged or necrotic bone caused
by traumatic force in early stages, as well as, bone formation and remodeling in later stages.(75,
19) However, no study has shown whether replenishment of osteoclasts can restore these functions
in MRONIJ models. In this study, we are the first group to demonstrate that the bone resorptive
function could be restored by delivered iRANK osteoclasts as decreased necrotic bone area was
observed in Abcc group compared to Abc group.

Interestingly, the absence of osteoclasts caused by anti-RANKL antibody did not impair
new bone formation (Ct vs. Ab group) and the local repletion of osteoclasts did not affect this

process either (Abc vs. Abcc group). These findings suggest that new bone formation may not only
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rely on the osteoclast-osteoblast interaction. Woven bone formation occurs in two ways:
appositional formation from the existing bone surfaces primarily mediated by the coupling
mechanism of osteoclast and osteoblasts, and de novo formation which is a new bone formation
by osteoblasts without osteoclasts or any existing bone surfaces.(70) It is most likely that the
appositional formation was inhibited in our model, leaving the de novo formation as the only
source of new bone formation in the Ab group. These findings also raise another crucial point that
osteoclast suppression alone may not be enough to induce severe-stage ONJ-like lesions. Other
factors or mechanisms should also be considered toward the pathophysiology and different stages
of MRONIJ. Several hypotheses apart from osteoclast suppression, for instance, unbalanced M1
and M2 macrophages(20, 22) and angiogenesis inhibition(7/—73), have been studied in BP-treated
animal models. Hence, further studies of those possibilities need to be investigated in anti-RANKL
antibody-treated animal models in order to clearly understand the pathophysiology of MRONI.
To investigate the clinical relevance between our MRONJ mouse models and patients, we
categorized all the treated mice into different stages (Table 3.1) according to the MRONJ staging
in humans.(/) The clinical manifestations at the extraction site of nude mice treated with anti-
RANKL antibody (Ab group) are most similar to stage 0 MRONJ in humans, which presents some
histological changes of alveolar bone at the extraction site with no evidence of exposed necrotic
bone.(/) Several studies also observed stage 0 ONIJ-like lesions in rodents treated with
antiresorptive drugs.(26, 46) These lesions can be advanced to more severe stages by the induction
of chemotherapy drugs concurrently to antiresorptive drugs.(40, 47) Also, we hypothesize that the
mild stage of our model may be due to the extraction of healthy teeth. The major causes of tooth
extraction in patients are caries, periodontal and pulpal disease(74), and MRONI is related to tooth

extraction in patients with these diseases.(75) However, we extracted the healthy maxillary first
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molars in this experiment which may result in less severity of ONJ-like lesions. Even though
exposed necrotic bone area as well as other MRONJ characteristics including impaired bone
formation and incomplete epithelial closure seen in later stages (stage 1-3) of MRONIJ were not
observed in Ab group, our model exhibited absence of osteoclasts and accumulation of necrotic
bone at the extraction site histologically. These features were adequate for the cell delivery study
to investigate whether bone resorptive function could be restored by the iRANK engineered
osteoclasts. This is the first loss and gain of function study providing insights on specific osteoclast
activities which can potentially contribute to future studies on pathophysiological mechanisms
leading to different stages of MRONU.

Nude mice which lack thymus were utilized in this study. They were necessary to avoid an
immune rejection of the delivered cells since they lack normal T cells originating from the thymus.
Several studies have shown that alteration of immune cells such as regulatory T cells (Tregs), T
helper 17 cells (Th17), and dendritic cells may involve MRONJ pathophysiology(76, 77), so it is
possible that utilization of nude mice may have contributed to the mild-stage ONJ-like lesions in
this study. However, nude mice still have intact innate immunity (such as natural killer (NK) cells),
precursors of antibody forming cells, and T-cell precursors in their bone marrow which can
differentiate to yo T cells without antigen activation.(78—80) Therefore, the majority of immune
cells besides thymus-dependent T-cells remain functional in nude mice. Indeed, Park ef al. showed
that the exposed bone area and open wound at the ONJ-like lesions were smaller in vy T cell null
(Tcrd”") mice treated with zoledronic acid compared to treated wild-type mice.(81) This suggests
that at least a few features related to MRONJ could potentially be induced in nude mice consisting
of y8 T cells. In addition, we also showed that nude mice had normal wound healing compared to

wild-type mice following tooth extraction. According to these data, utilization of nude mice should
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not hinder the main objective of this study which focuses on the effects of delivered iRANK
osteoclasts in the mouse model with the inhibition of endogenous osteoclasts, a common feature
observed in all stages of MRONJ.

A limitation of this study is the use of a myeloid precursor cell line, rather than primary
cells to create iIRANK engineered osteoclasts. We delivered these cells directly to the tooth sockets
in neutralized collagen which has been successfully used as a cell carrier to the periodontium
without interfering healing processes.(82) However, primary osteoclasts could not be used in this
model since they would be inhibited by anti-RANKL antibody treatment. In addition, we have
been unable to transduce primary murine bone marrow precursors with iRANK constructs using
either adenoviral or lentiviral vectors, most likely due to the size of the construct (unpublished
data). In addition, undifferentiated myeloid precursor cells proliferate in vivo and therefore limited
the duration of our experiments. These proliferated cells may potentially affect soft tissue healing
at the delivery site resulting in the incomplete epithelial closure observed only in the cell-delivery
groups (Abc and Abcc), but not in Ab group. Therefore, modifications such as delivery of purified
iRANK osteoclasts should be considered for utilizing iRANK cells as a study tool and a potential
therapeutic strategy for MRONJ in future studies.

In conclusion, we performed tooth extraction in nude mice treated with anti-RANKL
antibody and developed iRANK cell and CID delivery methods to induce osteoclast formation in
vivo. Our model captured the absence of osteoclasts and the clusters of empty lacunae representing
necrotic bone area similarly to stage 0 MRONJ in human. However, new bone formation and
epithelial closure were not affected by the complete inhibition of osteoclasts. We successfully used
this model to demonstrate the roles of osteoclasts in healing following tooth extraction and

potentially in MRONJ development. Our model suggests that the absence of osteoclasts affects the
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process of necrotic bone resorption around the tooth sockets after tooth extraction which may
contribute to MRONJ. This bone resorptive function can be restored by delivering the engineered
osteoclasts to the extraction site. We are the first group to conduct a loss and gain of function study
of osteoclasts in vivo, hence, we believe that the optimized engineered osteoclasts along with
robust and reliable animal models would be beneficial tools to further study the pathophysiology

and mechanisms leading to different stages of MRONJ.
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Figure 3.1. CID-induced osteoclastogenesis in iRANK cells was anti-RANKL antibody-
independent.

(A), (B) TRAP staining of osteoclasts differentiated from RAW264.7 cells and iRANK cells
treated with different concentration of anti-RANKL antibody (C), (D) Quantification of
osteoclasts (n=3 per group; ****p < 0.0001; scale bar =200 uM)
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Figure 3.2. CID-induced osteoclasts resorbed 2D mineral substrate in the presence of anti-
RANKL antibody.

(A) von Kossa staining of 2D mineral substrate (Osteo Assay) surfaces which osteoclasts
differentiated from RAW264.7 cells and iRANK cells were cultured on (B) Quantification of
resorption area (n=3 per group; *p < 0.05, **p <0.01, and ***p < 0.001)

56



Tooth Extraction Harvest

Wild type

Figure 3.3. Nude mice had normal wound healing compared to wild type mice following tooth
extraction.

Since iRANK cells are allogeneic, an MRONJ model with tooth extraction in nude mice was
required to avoid an unfavorable host response following cell delivery. Therefore, we first
determined if nude mice had normal wound healing after tooth extraction compared to wild type
mice. (A) Experiment timeline; nude mice (n=5) and C57BL/6 wild type mice (n=5) were
anesthetized with ketamine/xylazine through intraperitoneal injection and left maxillary first molar
was extracted. Typical wound closure after an atraumatic tooth extraction usually occurs within 3
weeks. (B) Clinical presentation of maxilla at 3 weeks after tooth extraction showed that 100% of

wild type and nude mice had complete closure of epithelium at the extraction site. (Black
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arrowheads indicate the outline of the extraction site.; M1, first molar; M2, second molar; M3,
third molar) (C) H&E staining showed that all mice had connective tissue directly above the bone-
filled sockets which indicates normal healing process at the extraction site. (Black dot line

indicates the tooth socket outline.; M2, second molar)
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Figure 3.4. Absence of osteoclasts and presence of necrotic bone were observed following
tooth extraction in anti-RANKL antibody-treated mice.

(A) Experiment timeline (B) TRAP staining; Osteoclasts, defined as TRAP+ cells with three or
more nuclei, were observed in Ct group, but not in Ab group. (C) H&E staining; Clusters of empty
lacunae locating at unresorbed alveolar ridge (red arrow) were observed with no sign of osteoclast
in Ab group. On the contrary, osteoclasts (black arrow) were observed in Ct group. (Black dot line

indicates the tooth socket outline. Red dot line indicates the level of newly formed woven bone.
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Black arrowheads indicate reversal line.) (D) Clinical presentation at the extraction site (Black
arrowheads indicate the outline of the extraction site.) (E) Quantification of osteoclasts, (F) %
necrotic bone area, (G) % bone area/total socket area (%BA/TA), and (H) epithelial closure (M2,
second molar; M3, third molar; LB, lamellar bone; WB, woven bone; scale bar = 100 um; ***p <
0.001, ****p < 0.0001; n > 7 per group for osteoclast and % necrotic bone area; n > 4 per group

for %BA/TA)
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Figure 3.5. Correlation between the retained root fragments and necrotic bone area was not
observed.
There was no statistically significant correlation between the retained root fragments and necrotic

bone area in all groups. (Pearson correlation and simple linear regression; p > 0.05 in all groups)
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Figure 3.6. Serum markers of bone resorption and bone formation were decreased in anti-
RANKL antibody-treated mice.

Blood was collected from the control IgG antibody-treated and anti-RANKL antibody-treated mice
4 weeks after initial administration. (A) The serum level of TRAP-5b (B) The serum level of

osteocalcin (****p < 0.0001; n > 9 per group)
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Bioluminescent Imaging
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Figure 3.7. iRANK cells were retained at the tooth socket of nude mice.
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(A) Experiment timeline; Luciferase transfected iRANK cells with collagen hydrogel were
delivered to the socket and the socket was covered with Gelfoam® dental sponge to help keep the
cells in place. To visualize luciferase transfected cells, luciferin was injected intraperitoneally 10
to 15 minutes prior to imaging with the Xenogen IVIS imaging system. Cell localization was
assessed on the same day as cell delivery (day 0; D0). Additionally, mice were imaged 4 times
(day 1, 3, 7 and 10; D1-10) following injection, at least 24 hours between imaging sessions. At
day 10, the images of the extraction site were taken. (B) The bioluminescence data showed that
the signal was detected and increased over time in all animals that received cells with or without
Gelfoam®. As expected, no signal was detected in the animals that did not receive cells but
received luciferin. This suggests that iRANK cells were retained at the tooth socket and the cells
proliferated, which was expected as the engineered cells were derived from a cell line and were
injected into athymic nude mice. (C) Clinical presentation of the extraction site showed that all
groups had complete closure of epithelium. (n=1 per group; Black arrowheads indicate the outline
of the extraction site.; M2, second molar) (D) The radiance unit as the number of photons per
second that leave a square centimeter of tissue and radiate into a solid angle of one steradian (sr)

(p/s/cm?/sr) as the quantitative data of the bioluminescence imaging shown in Fig. 3.7B.
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Figure 3.8. iIRANK cells were retained and differentiated into osteoclasts in anti-RANKL
antibody and CID-treated mice.

(A) Experiment timeline (B) TRAP and immunofluorescence staining; GFP+ cells (arrowheads)
indicating delivered iRANK cells were found in the sockets of both Abc and Abcc groups.
However, only Abcc group exhibited osteoclasts (arrows) which are TRAP+GFP+ with three or
more nuclei. (Dot line indicates outline of alveolar bone; M2, second molar; scale bar = 100pm)
(C) Quantification of TRAP+GFP+ osteoclasts (***p < 0.001; n > 7 per group) (D) High
magnification of iRANK osteoclasts; In Abcc group, engineered iRANK osteoclasts are positive
for TRAP as indicated by red granules (black arrow). Un-fused iRANK cells are TRAP-negative
as depicted by the absence of red staining (black arrowhead). Engineered iRANK cells also express
GFP showing that these cells are the implanted iRANK cells which have differentiated into
osteoclasts indicated by double-labeling of the same cell with TRAP enzyme and GFP antibody
(black and white arrows). Osteoclast at center has 13 nuclei. Undifferentiated implanted iRANK
cells also express GFP as expected (white arrowhead). 60X oil immersion images; scale bar =
50pm (E) Immunofluorescence of iRANK osteoclasts in the extraction site of adjacent sections
double-labeled with antibodies to either MMP-9 and carbonic anhydrase II, or MMP-9 and
cathepsin K. (MMP-9 = matrix metalloprotease 9; CAII = carbonic anhydrase II; CatK = cathepsin

K. 60X oil immersion images; scale bar = 50um)
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Figure 3.9. Bone resorptive function, but not new bone formation and epithelial closure, was
restored by the engineered osteoclasts in anti-RANKL antibody-treated mice.

(A) H&E staining; Left panels: low magnification images of the extraction site. Black dotted line
indicates the tooth socket outline. Red dotted line indicates the level of newly formed woven bone.
The boxed areas represent alveolar bone adjacent to the tooth sockets. Scale bar = 100 pm. Right
panels: Higher magnification images of the boxed areas in left panels. Large clusters of empty
lacunae located at unresorbed alveolar ridge (red arrow) were observed with no sign of osteoclasts
in Abc group. In contrast, iIRANK engineered osteoclasts (black arrows) located next to smaller
clusters of empty lacunae were observed in Abcc group. Black dotted line indicates the necrotic
bone area. Black arrowheads indicate reversal line. LB, lamellar bone; WB, woven bone. Scale
bar = 100 pm. (B) Clinical presentation at the extraction site. Black arrowheads indicate the outline
of the extraction site. (C) Quantification of necrotic bone area, (D) % bone area/total socket area
(%BA/TA), and (E) epithelial closure (M2, second molar; M3, third molar; *p < 0.05; n > 7 per

group for % necrotic bone area; n > 3 per group for %BA/TA)
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Clinical Features Ct group Ab group Abc group  Abcc group
Osteoclasts + - - +
Accumulation of necrotic bone - + ++ ++
New bone formation + + - -
Epithelial closure + + - -
MRONJ stages No disease Stage 0 Stage 1 Stage 1

Table 3.1. Staging of the MRONJ mouse models regarding the staging in humans by S. L.

Ruggiero et. al., 2014(1) (+ indicates the presence, while — indicates the absence of the features.

For necrotic bone, the numbers of + also indicates the degrees of the feature.)
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Chapter 4. EFFECTS OF ANTI-RANKL ANTIBODY ON

OSTEOBLASTS

4.1 INTRODUCTION

In the last chapter, I showed that osteoclast inhibition led to accumulation of necrotic bone
and restoring the osteoclast’s bone resorptive function reduced the necrotic bone area in the
MRONJ mouse model. However, other MRONU characteristics including impaired bone formation
and incomplete epithelial closure were not improved by osteoclast replenishment. This suggests
that there are potentially other mechanisms underlying the impairment of these components of
MRONJ pathophysiology.

Osteoblasts are bone forming cells which play a role in bone formation and bone
remodeling process. Therefore, researchers have been investigating the effects of BPs and
denosumab on osteoblast functions which may explain the impaired bone formation observed in
MRONUJ. While it has been shown that BPs have effects on cell viability of osteoblasts(83), little
is known about the effects of denosumab and/or anti-RANKL antibody. However, MSCs express
RANK on their cell surface suggesting that the binding of RANKL released by MSCs themselves
to RANK induces osteoblast differentiation via autocrine/paracrine regulatory loop both in vitro
and in vivo.(84) In this chapter, I determined the effects of anti-RANKL antibody on osteogenic
differentiation of MC3T3 cells which may contribute to a better understanding of DRONJ
pathophysiology and the hypothesis was that anti-RANKL antibody inhibits osteogenic

differentiation of MC3T3 cells via autocrine/paracrine loop of RANKL in vitro.
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4.2 MATERIALS & METHODS

4.2.1 Cell culture

MC3TS3 cells were purchased from American Type Culture Collection (ATCC) and were
cultured in a-MEM (Gibco™, 12571063) containing 10% fetal bovine serum and 100 U/mL of
penicillin/streptomycin and incubated at 37°C with 5% CO,. MC3T3 cells were plated at 1x10°
cells/well in 6-well plates. After reaching 80% confluency, MC3T3 cells were treated with
osteogenic media (OSM) including 10 mM B-glycerophosphate (Sigma-Aldrich, G9422), 50
pg/mL L-ascorbic acid (Sigma-Aldrich, A4544), and 100 nM dexamethasone (Sigma-Aldrich,
D4902) for 14 days to induce osteogenic differentiation. The media and inducers were changed
every other day. Cells were washed twice with PBS and collected on Day 0, 7, and 14 for RT-
qPCR.

To study the effects of anti-RANKL antibody on osteogenic differentiation, MC3T3 cells
were plated at 1x10* cells/well in 48-well plates and treated with OSM concurrently to either anti-
RANKUL antibody or isotype control IgG antibody ranged from 0.5-100 nM for 14 days. The media
and inducers were changed every other day. Cells were collected on Day 14 for ALP activity

assessment.

4.2.2 RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-

PCR

RNA extraction was performed with a RNeasy mini kit (Qiagen). MC3T3 cells were
washed twice with PBS and lysed by Buffer RLT from the kit. Cell lysate was kept at -80 °C until
further use. RNA was extracted from cell lysate following manufacturer’s instructions. cDNA was

synthesized from 500 ng RNA using an Omniscript RT Kit (Qiagen). qPCR was performed on
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cDNA using TagMan gene expression assays (Applied Biosystems) for Rank, Rankl, and Opg
(Table 4.1), and ABI Prism 7000 sequence detection system (Applied Biosystems). RNA
expressions were reported as fold changes to Day 0 MC3T3 cells using AACT method normalized
to 18s rRNA (Applied Biosystems, 4308329). RAW 264.7, a murine monocyte/macrophage-like

cell line was used as a positive control for Rank and negative controls for Rankl and Opg.

4.2.3 ALP activity assessment

For qualitative assessment of alkaline phosphatase (ALP) activity, cells were fixed with
10% neutral buffered formalin for 15 minutes at room temperature, then stained with InmPACT™
Vector® Red (Vector laboratories) for 20-30 minutes. For quantitative assessment, cells were
lysed with 0.2% Triton X-100 on a shaker for 20 minutes and measured for ALP activity using a
QuantiChrom™ ALP Assay kit (BioAssay Systems) following manufacturer’s instructions. ALP
activity was normalized to total proteins measured by a Micro BCA Protein Assay kit (Thermo

Fisher Scientific).

4.3 RESULTS

4.3.1 MC3T3 cells expressed Rankl and Opg, but not Rank

To understand the roles of Rank, Rankl, and Opg in osteogenic differentiation, the
expression of these genes was first investigated in MC3T3 cells using RT-qPCR. Interestingly,
Rank expression of MC3T3 cells was undetectable at all timepoints, while the average CT values
of Rank in RAW264.7 cells was 25.14. As expected, both Rankl and Opg were expressed at all
timepoints in MC3T3 cells, while they were undetectable in RAW264.7 cells (Figure 4.1). Though

not significantly different, a trend towards upregulation of Rankl and downregulation of Opg was
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observed as MC3T3 cells differentiated into mature osteoblasts. These results suggest that RANKL,
as well as its inhibition by anti-RANKL antibody, is unlikely to affect osteogenic differentiation

of MC3T3 cells.

4.3.2 Anti-RANKL antibody treatments did not affect ALP activity of MC3T3 cells

ALP activity was measured to investigate the effects of anti-RANKL antibody on
osteogenic differentiation. According to the qualitative assessment, ALP activity represented in
red areas was not different among all antibody-treated groups (Figure 4.2). Likewise, there was
no significant difference in ALP activity normalized to total proteins among all antibody-treated
groups (Figure 4.3). The ALP activity was also comparable between the cells treated with anti-
RANKL antibody and isotype control IgG antibody at the same concentration. Moreover, there
was no significant difference in total proteins among all antibody-treated groups suggesting that

anti-RANKL antibody has no effect on cell viability of osteoblasts.

4.4  DISCUSSION

Impaired new bone formation is a common feature observed in MRONJ in addition to
osteoclast deficiency and accumulation of necrotic bone. In the previous chapter, I showed that the
delivery of iRANK osteoclasts restored bone resorptive activity and reduced necrotic bone area in
the MRONIJ model, however, it did not improve new bone formation. These data suggest that
osteoclast deficiency may not be the only effect of the inhibition of RANKL on MRONJ
pathophysiology. Therefore, I investigated the effects of anti-RANKL antibody on osteoblasts in
this chapter which may contribute to the impaired new bone formation observed in MRONJ.

The direct effects of BPs on osteoblasts have been investigated. Many studies have

suggested the inhibitory effects of BPs on osteoblasts and their functions. It has been shown that
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ZA increases apoptosis and inhibits proliferation of osteoblasts in vitro.(85—87) On the other hand,
the studies on anti-RANKL antibody are very limited and inconclusive. Mosch et al. show that
anti-RANKL antibody has no significant effect on cell proliferation and osteogenic differentiation-
related genes including Runx2, Alp, and Coll in osteoblasts in vitro(88), which is similar to my
findings. MSCs, which can differentiate into osteoblasts, express Rank, thus, it is possible that
RANKL may upregulate osteoblast-related pathways via an autocrine regulatory loop.(84)
Nevertheless, the expression of Rank is downregulated over time as MSCs differentiate to
osteoblasts.(89) These findings are supported by my qPCR data showing that MC3T3 cells did not
express Rank at the RNA level during differentiating into mature osteoblasts, while Rankl and Opg
were still detected. The absence of RANK, which is the receptor of RANKL, likely explains why
there is no significant effect of RANKL inhibition by anti-RANKL antibody on MC3T3
osteoblasts, even though they express Rankl.

Osteoblasts and their functions are also observed in the MRONIJ animal models.
Interestingly, newly-formed bone in the extraction socket has largely been used as a surrogate of
osteoblast’s bone formation function rather than studying osteoblast numbers and their other
markers in the MRONJ models. Although various methods have been utilized to induce BRONJ
in rodents, decreased bone filling in the tooth socket is commonly observed among these animal
models.(26, 46, 90) In contrast, the inhibitory effects on new bone formation remain inconclusive
in the DRONJ models using anti-RANKL antibody monotherapy. The impaired bone formation is
only seen when anti-RANKL antibody is used with other chemotherapeutic drugs such as
cyclophosphamide to induce DRONIJ.(40) My in vitro findings that anti-RANKL antibody has no
significant effect on osteogenic differentiation of osteoblast support the data from our in vivo

MRONJ model that new bone formation is not affected by anti-RANKL antibody monotherapy
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(Ct vs. Ab group). Taking all these data together, the effects of anti-RANKL antibody treatment
on RANKL autocrine/paracrine regulatory loop in osteoblasts are less likely to play a major role

in DRONJ pathophysiology.
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Figure 4.1. MC3T3 cells expressed Rankl and Opg, but not Rank.

(A) Rankl and (B) Opg gene expressions of MC3T3 cells treated with OSM for 0, 7, and 14 days
(DO, D7, and D14) as a fold change to DO. Both Rankl and Opg expressions were undetected in
RAW 264.7 cells which are a negative control for both genes. (UD = undetectable, *p<0.05,
**p<0.01)
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Figure 4.2. Qualitative assessment of ALP activity showed no significant difference among
MC3TS3 cells treated with various concentrations of anti-RANKL antibody.

MC3T3 cells were treated with OSM concurrently to different concentrations of either anti-
RANKL or isotype control IgG antibody for 14 days. There was no significant difference of the
ALP activity as shown in red areas among all treated groups. (¢(MEM as a negative control, 0.1%

ethanol in MEM as a vehicle control, and OSM as a positive control for ALP)
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Figure 4.3. Quantitative assessment of ALP activity showed no significant difference among
MC3T3 cells treated with various concentrations of anti-RANKL antibody.

MC3T3 cells were treated with OSM concurrently to different concentrations of either anti-
RANKL or isotype control IgG antibody for 14 days. There was no significant difference of the
ALP activity normalized to total proteins among all groups with antibody treatment.
(****p<0.0001, cMEM as a negative control, 0.1% ethanol in tMEM as a vehicle control, and
OSM as a positive control for ALP)
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Genes Assay ID Size (bp)
MC3T3 and MO studies
Tnfrsflla (Rank) Mm00437132 ml 65
Tnfrsfl11 (Rankl) Mm00441906 ml 66
Tnfrsfl11b (Opg) Mm00435454 ml 71
M1 -related genes
Nos2 (iNOS) Mm00440502 m1 66
Tnfa Mm00443258 ml 81
111b Mm00434228 ml 90
M2-related genes
Mrcl (CD206) Mm01329362 ml 147
Argl Mm00475988 ml 65
Ymli (Chil3) MmO00657889 mH 90
Potential RPM markers
1fi205 MmO01315309 ml 99
Cxcl9 Mm00434946_m1 64
Mycl Mm00493155 ml 80
Mmp25 MmO01309189 ml 107
Trafl Mm00493827 ml 78
Ladl Mm00504923 m1 60
Osteoclast-related genes
Tnfrsflla (Rank) Mm00437132 ml 65
Traf6 Mm00493836 ml 72
Nfatcl Mm00479445 ml 75
Dcstamp Mm04209236 ml 105
Ocstamp Mm00512445 ml 73
Acp5 (TRAP) Mm00475698 ml 79
Ctsk Mm00484039 ml 73

Table 4.1. TagMan gene expression assays (Applied Biosystems) used for RT-qPCR
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Chapter 5. ROLES OF RANKL IN MACROPHAGE POLARIZATION
AND MEDICATION-RELATED

OSTEONECROSIS OF THE JAW

5.1 INTRODUCTION

Macrophages, a mononuclear myeloid lineage cell, are one of the key inflammatory cells
which play crucial roles in healing.(9/) They are heterogeneous and capable of polarizing into
broad spectrum of cell types depending on the functions and healing phases. Unpolarized
macrophages (MO0) can polarize to pro-inflammatory M1 which releases several cytokines such as
IL-1, IL-2, IL-6, IL-12, TNF-a, and IFN-y playing roles in inflammation, pathogen clearance, and
activation of immune system in the early phase of wound healing.(10, /1) While, anti-
inflammatory M2 promotes tissue repair, extracellular matrix deposition and new bone formation
by releasing in IL-10, CCL-18, CCL-12, BMP-2, TGF-f, osteopontin, and 1,25-dihydroxy-vitamin
D3 during the late phase of wound healing.(/2—14) Moreover, macrophages also act as mediators
which controls the functions of nearby cells such as osteoblasts and osteocytes.(9/) Therefore, the
equilibrium of macrophage populations and their functions is required for successful healing.

The disruption of M1 and M2 equilibrium leads to impaired bone healing in several oral
diseases. Periodontitis is a chronic inflammatory disease with a clinical feature of alveolar bone
loss caused by altered host immune response to bacteria biofilm.(92) Gram-negative bacteria in
biofilm release lipopolysaccharide (LPS) and other bacterial factors, which recruit inflammatory
cells and induce M1 polarization as well as secretion of proinflammatory cytokines.(92) Several

studies have shown that increased numbers of overall macrophages are observed locally at bone-
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loss sites in patients with periodontitis as well as increased M1/M2 ratio and increased M1-related
cytokine secretion including IFN-y, TNF-a, IL-6, and IL-12.(23, 24) Several in vitro studies also
support that M1 and their proinflammatory cytokines inhibit osteogenic differentiation of MSCs
and mineralization.(48)

Macrophage alteration is also one of the potential mechanisms underlying MRONJ
pathophysiology.(3, 39) MRONJ lesions exhibit necrotic bones as well as impaired hard and soft
tissue healing.(3) While osteoclasts play a role in necrotic bone resorption as explained in the
previous chapter, macrophages play both direct and indirect roles in pathogen clearance,
recruitment of inflammatory cells, and tissue formation.(/0—/4) Hence, the disruption of M1 and
M2 equilibrium may potentially contribute to MRONJ. Indeed, increased M1/M2 ratio has been
observed in both BRONJ animal models and patients associating with the severity of the
disease.(20-22) Several studies have shown that BPs can induce M1 polarization via several
mechanisms including toll-like receptor 4 (TLR-4) and IL-17.(20, 22) On the other hand, the roles
of macrophages in DRONIJ pathophysiology have still not been fully understood. Unlike BRONJ,
only a few studies have observed macrophage alteration in DRONJ. Paschalidi et. al. reported an
increased M1/M2 ratio in DRONJ patients(93), while Tamaki et. al. observed an increased M1/M2
ratio only in the combined treatment of anti-RANKL antibody and cyclophosphamide, but not in
anti-RANKL antibody monotherapy in DRONJ animal model.(40) Thus, more studies on the roles
of macrophages in DRONIJ pathophysiology need to be further investigated.

In contrast to BRONJ, robust and reliable DRONJ animal models have not been established
and the effects of RANKL and anti-RANKL antibody on macrophage polarization remains elusive.
Most studies have focused on the effects of RANKL (in the presence of M-CSF) on osteoclast

differentiation from osteoclastic precursors, and how osteoclast inhibition caused by anti-RANKL
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antibody contributes to DRONIJ pathophysiology. However, the effects of RANKL on
macrophages (in the absence of M-CSF) needs to be further explored in order to fully understand
how anti-RANKL antibody plays a role in DRONJ pathophysiology. Macrophages are
heterogenous and can polarize and differentiate into various types of cells. Nevertheless, it remains
unknown as to whether RANKL can induce osteoclast differentiation if myeloid precursors have
already committed to a specific macrophage cell lineage. In addition, it has been shown that
RANKL can upregulate the expression of proinflammatory and M1-related genes such as 1/1b, 116,
Tnfa, and iNOS in BMDMs.(49) However, this upregulation is at a significantly lower magnitude
compared to the effects of classical M1 inducers, including LPS and IFN-y.(49) As the previous
study only focuses on a few Ml-related genes, it is possible that RANKL may induce a gene
expression profile and phenotype which is different from other macrophage population.

In this chapter, 1 investigated the effects of RANKL in the absence of M-CSF on
macrophage polarization; I have termed the resulting cells as “RANKL — polarized macrophages
(RPMs)”. I hypothesized that RPMs have a different gene expression profile and functions
compared to MO, MI, M2 macrophages and osteoclasts. To test this hypothesis, the gene
expression profile, potential markers, related pathways, and osteoclast differentiation potency of
RPMs were analyzed using RNA sequencing (RNA-seq), RT-qPCR, and bioinformatics analysis.
Additionally, I also investigated how the absence of RANKL affects macrophage polarization in
vivo. The tissue sections of MRONJ model from the previous chapter were utilized to determine
the effects of anti-RANKL antibody on macrophage polarization in vivo. I hypothesized that the
absence of RANKL leads to increased MI1/M?2 ratio in the MRONJ model. These data will
altogether provide important pieces to fulfill the understanding of the roles of macrophages in

DRONJ pathophysiology which is currently much needed in the field.
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5.2  MATERIALS & METHODS

5.2.1 Bone marrow derived cell isolation and macrophage differentiation

Six- to twelve-week-old C57BL/6 wild-type mice were utilized for bone marrow derived
(BMD) cell isolation as previously described.(4/) In brief, mice were sacrificed, and tibiae and
femora were collected. Both ends of tibiae and femora were cut open and RPMI 1640 media
(Gibco™, 11875119) containing 20% fetal bovine serum and 100 U/mL of penicillin/streptomycin
were used to flush BMD cells from the bone marrow from both ends of the bones using a 25-gauge
needle and syringe. BMD cells were plated at 2x10° cells/well in 6-well plates and cultured in
RPMI 1640 media containing 20% fetal bovine serum and 100 U/mL of penicillin/streptomycin.
Cells were treated with 10 ng/mL recombinant mouse M-CSF (R&D Systems, 416-ML) for 7 days
to differentiate BMD cells into unpolarized macrophages (MO0) for further experiments. Fresh

media and treatments were added once on Day 4.

522 Cell culture

To study the effects of RANKL on macrophage polarization, MO macrophages were treated
with various inducers in RPMI 1640 media containing 100 U/mL of penicillin/streptomycin with
no serum nor M-CSF for 2, 6, and 24 hours. Treatments of 20 ng/mL recombinant mouse RANKL
(R&D Systems, 426-TEC), 50 ng/mL LPS (Sigma, L4391) + 40 ng/mL IFN-y (Peprotech, 315-
05), and 20 ng/mL IL-4 (Peprotech, 214-14) were used for RPM, M1, and M2 polarization
respectively. Additionally, MO macrophages were treated with 100 ng/mL. RANKL for 24 hours
to determine if there is any dose-dependent effect of RANKL. To study the effects of RANKL on

M1 and M2 inducers, MO macrophages were treated with 20 ng/mL RANKL concurrently with
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LPS + IFN-y and IL-4 respectively for 2 and 24 hours. MO and vehicle (PBS) groups were included
as controls in both experiments. These cells were used for RT-qPCR and RNA-seq later.

To investigate the osteoclast differentiation potency of MO macrophages, MO macrophages
were treated with 20 ng/mL recombinant mouse RANKL and 10 ng/mL recombinant mouse M-
CSF in RPMI 1640 media containing 20% fetal bovine serum and 100 U/mL of
penicillin/streptomycin for 5 days. Osteoclasts derived from BMD cells treated with the same
doses of RANKL and M-CSF were used as a positive control. Fresh media and treatments were
changed once on Day 3. These cells were used for RT-qPCR and TRAP staining later. For TRAP

staining, sterilized coverslips were placed into the wells before seeding cells.

523 RNA isolation and RT-gPCR

RNA extraction was performed with a RNeasy mini kit (Qiagen). Cells were washed twice
with PBS and lysed by Buffer RLT from the kit. Cell lysate was kept at -80 °C until further use.
RNA was extracted from cell lysate following manufacturer’s instructions. cDNA was synthesized
from 250 ng RNA using an Omniscript RT Kit (Qiagen). qPCR was performed on cDNA using
TagMan gene expression assays (Applied Biosystems) for RPM, M1, M2, and osteoclast-related
genes shown in Table 4.1, and QuantStudio 6 Pro Real-Time PCR System (Applied Biosystems).
RNA expressions were reported as fold changes to MO macrophages unless stated in the text using

AACT method normalized to 18s rRNA (Applied Biosystems, 4308329).

5.2.4 RNA sequencing

MO macrophages were treated with either RANKL (for RPM) or PBS (for a vehicle control;
Veh) for 2 and 6 hours as explained above. Five sample groups including M0, Veh-2h, RPM-2h,

Veh-6h, RPM-6h were used in this study. Cells were isolated from the same C57BL/6 wild-type
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mouse for all conditions, and cells were cultured and treated in three wells of 6-well plates for each
condition (n=3 per group). RNA was extracted as explained above and used for RNA-seq.

RNA quality measurement, library preparation, and RNA-seq were performed by BGI
(Shenzhen, China). RNA concentration, 28S/18S, and RNA Integrity Number (RIN) were
determined using a 2,100 Bioanalyzer (Agilent Technologies). All the RNA samples were
qualified with 28S/18S > 1.0 and RIN > 7.0 and used for library construction. PE100 sequencing
were performed using the BGISEQ platform. On average, the samples generated about 4.47 Gb
bases per sample. Reads with low quality, adaptor sequences and high levels of N base were
filtered, and the remaining reads were mapped to the reference genome and gene using HISAT
and Bowtie2 respectively. The average mapping ratio with reference genome is 96.55%, while the
average mapping ratio with gene is 86.39%. In total, 16,571 genes were identified. These genes
were used in bioinformatics analysis using Dr. Tom analysis platform (BGI, Shenzhen, China) and

IPA (Qiagen).

5.2.5 Bioinformatics analysis of RNA-sequencing data

Dr. Tom analysis platform (BGI, Shenzhen, China) was used to analyze and compare
between RPM-2h vs. Veh-2h, RPM-6h vs. Veh-6h, and RPM-6h and RPM-2h for differentially
expressed genes (DEGs), KEGG pathway, and Gene Ontology (GO). Genes with |log>fold change|
> 2 and g-value < 0.05 were considered significant DEGs. Several significant DEGs with both
high values of upregulated fold change and statistical difference were selected as potential RPM
markers, and RT-qPCR was used to confirm the difference at the RNA level among groups. For
KEGG pathway and GO enrichment analysis, the phyper function in R software was used to

perform the enrichment analysis according to the classification, calculate the p-value, and the g-
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value was obtained by correction of the p-value. Q-value < 0.05 was regarded as a significant
enrichment.

For Qiagen IPA analysis, a dataset containing genes from RNA-seq with [log>fold change|
> 1 and g-value < 0.05 was uploaded into the application. This dataset was used for canonical

pathway, upstream regulator, and diseases and functions analysis, as well as, analysis match.

5.2.6 TRAP staining

Cells were washed with PBS twice and fixed with 10% neutral buffered formalin for 10
minutes at room temperature. Cells were then incubated for 10-15 minutes with TRAP staining
solution at 37°C, according to manufacturer's protocol (Sigma-Aldrich, 387A). Nuclei were
counterstained with 0.5% methyl green (Sigma, 323829) for 5 minutes. Coverslips with attached
cells were removed from the wells and mounted to glass slides with Aqua-Mount (Thermo Fisher

Scientific). Images were obtained using an upright microscope (Nikon E800).

5.2.7 Immunofluorescence staining

To study M1 and M2 macrophages in the MRONJ mouse model, a double-staining of F4/80
& iINOS and F4/80 & CD206 was used to visualize M1 and M2 respectively. MRONI tissue
sections were deparaffinized and rehydrated with TBS-Tween (TBS-T; 0.05 M Tris buffer, 0.15
M NaCl, 0.1% Tween 20, pH 7.6). For antigen retrieval, the sections were incubated with sodium
citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) at 65 °C for 40 minutes, then
cooled down at the room temperature for 20 minutes. Permeabilization was performed with 0.1%
Triton X-100 in PBS, pH 7.4 for 10 minutes following by background blocking with 4% normal
donkey serum (NDS) and 1% bovine serum albumin (BSA) in PBS for 30 minutes. Tissues

sections were incubated with primary antibodies including rat anti-mouse F4/80 antibody

85



(BioLegend, 123101; 1:100 dilution) with either rabbit iNOS polyclonal antibody (Invitrogen,
PA1-036; 1:100 dilution) or rabbit CD206 polyclonal antibody (Proteintech, 18704-1-AP; 1:500
dilution) in 2% NDS and 1% BSA in PBS at 4°C overnight. Slides were rinsed three times in TBS-
T for 5 minutes. Tissues sections were then incubated with Cy3 AffiniPure Donkey Anti-Rat IgG
secondary antibody (Jackson ImmunoResearch Laboratories, Inc., 712-165-153; 1:200 dilution)
and Alexa 488 AffiniPure Donkey Anti-Rabbit IgG secondary antibody (Jackson
ImmunoResearch Laboratories, Inc., 711-545-152; 1:200 dilution) for 30 minutes at room
temperature. Slides were then rinsed three times in TBS-T for 5 minutes and once in Milli-Q water.
Nuclei were counterstained with 300 nM DAPI Dilactate (Life Technologies) for 5 minutes. Slides
were rinsed with Milli-Q water and PBS before mounting with ProLong Gold Antifade Mountant
(Thermo Fisher Scientific). Images were obtained using an upright microscope (Nikon E800) and

overlaid using Adobe Photoshop.

5.2.8 Macrophage quantitation

Two uniformly spaced (approximately 100 um) tissue sections were selected per sample
for M1 quantitation and another two sections per sample for M2 quantitation; both M1 and M2
sections were adjacent. Region of interest (ROI) included connective tissue above the tooth sockets
and unfilled sockets in early-term samples (terminated 1 week after tooth extraction), while only
connective tissue above the tooth sockets in final-term samples (terminated 3 weeks after tooth
extraction). NIS-Elements software (BR 4.30.02 64-bit, Nikon) was used to set two different
thresholds for M1 and M2. Mononuclear cells which passed the thresholds were considered M1 or
M2. Numbers of macrophages in ROI (#M1 or #M2/mm?) were quantitated for M1 and M2 using

adjacent sections, and M1/M2 ratios were calculated from these values.
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5.2.9 Statistical analysis

Results are expressed as mean + SD. GraphPad Prism version 8.4.1 was used to perform
Kolmogorov-Smirnov test to test normality of data, student’s z-test to compare means of two
individual groups with equal variances, student’s #-test with Welch's correction to compare means
of two individual groups with unequal variances, and one-way ANOVA with post-hoc Tukey test
to compare means of three or more individual groups. Triplicates were used per group (n=3) unless

stated and a value of p < 0.05 was considered statistically significant.

5.3 RESULTS

5.3.1 RANKL treatment had a small but significant effect on M1 and M2 marker expression

in M0, but did not significantly alter the effect of classical M1 and M2 inducers on

polarized gene expression.

I hypothesized that RANKL potentially polarizes MO macrophages into RPMs which may
have different gene expression profiles and phenotypes compared to MO, M1, and M2. Therefore,
several M1 and M2 markers were investigated in RPMs to identify if their expression was different
from that expected following classical M1 and M2 induction. In order to polarize into RPMs, M0
macrophages must express RANK which is a receptor of RANKL. I first confirmed that MO
macrophages expressed Tnfrsf11a (Rank) at the RNA level. Interestingly, Rank expression in MO
was decreased over time when cultured in media without M-CSF (Figure 5.1). As expected, M0
did not express Tnfrsfll (Rankl) and Tnfrsfl11b (Opg). These findings confirmed that MO
macrophages could be polarized into RPMs by RANKL.

Next, expressions of several M1 (Nos2, Tnfa, and 111b) and M2 markers (Mrcl, Argl, and

Ym1I) were studied in RPMs at 2, 6, and 24 hours. As a result, RANKL significantly upregulated
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the expressions of iNOS at 24 hours, and Tnfa at 6 and 24 hours in RPMs compared to MO and
vehicle control (Figure 5.2). On the other hand, RANKL had no significant effects on Mrcli, Argl,
and Ym1 expressions at all timepoints as these expressions were downregulated in both RPMs and
vehicle control (Figure 5.3). Although the effects of RANKL were statistically significant, the
upregulations of M1 markers in RPMs were in much lower level compared to M1 polarized by
LPS and IFN-y (Table 5.1). Moreover, there was no significant difference on the effects on M1
and M2 markers in RPMs between normal (20 ng/mL) and high dose (100 ng/mL) of RANKL
treatments (Figure 5.2, Figure 5.3).

Additionally, the effects of RANKL on polarizing ability of classical M1 (LPS+IFN-y) and
M2 inducers (IL-4) were determined. The upregulation trend of M1 markers and downregulation
trend of M2 markers were observed in MI+RANKL and M2+RANKL respectively. Nevertheless,
these effects were not significantly different except Ym/ in M2+RANKL at 24 hours (Figure 5.4).
Taking all these in vitro data together, RANKL slightly upregulates M1 markers without a dose-
dependent manner, while does not alter the effect of classical M1 and M2 inducers on polarized
gene expression. However, the upregulations induced by RANKL in RPMs are in much lower

level compared to M1.

5.3.2 Potential RPM markers were upregulated in RPMs, however, in much lower level

compared to M1

As I showed that RANKL only has slight effects on M1 and M2 markers in RPMs, RNA-
seq was used to identify other upregulated genes in RPMs since their gene expression profile has
not been previously studied. Differentially expressed genes (DEGs) of RPMs compared to M0 and
vehicle control groups at 2 and 6 hours were identified. Several DEGs with both high values of

upregulated fold change and statistical difference were selected as potential RPM markers (Figure
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5.5). RT-qPCR was performed to validate that all the potential RPM markers including /£i205,
Cxcl9, Mycl, Mmp25, Ladl, and Trafl were significantly upregulated at the RNA level compared
to MO at both 2 and 6 hours. However, the significant difference between RPMs and vehicle
controls were observed in Mycl, Mmp25, Ladl, and Trafl at 2 hours, and Cxcl9, Mycl, Mmp25,
and Trafl at 6 hours (Figure 5.6). I then compared these genes to M1 and M2 and identified
whether the expressions were higher in RPMs. Surprisingly, all potential RPM markers, except
Mycl, were also upregulated in M1 in much higher level at both timepoints (Table 5.2). Thus, both
cell culture and RNA-seq data exhibit the upregulatory effects of RANKL on several genes in
RPMs, albeit the expressions are much lower compared to M1. In addition to the potential RPM
markers, I also studied the pre-osteoclast and osteoclast markers in the RNA-seq dataset including
Calcr, Ca2, Ctsk, Mmp9, Sppl, Acp3, Itgbl, Itgh3, Itgav, Cdi4, Adgrel, Fcgrla, Fcgr2b, Fcgr3,
and Spn. Interestingly, these genes were either not present in the dataset or not included in DEGs.

This suggests that RPMs are unlikely to differentiate into osteoclasts.

5.3.3 IPA analysis of RPM RNA-sequencing data

IPA Qiagen were used to analyze canonical pathways, upstream regulators, and diseases
and functions. The analysis was used to compared RPM at 2 hours to vehicle control at 2 hours
(RPM-2h vs. Veh-2h), RPM at 6 hours to vehicle control at 6 hours (RPM-6h vs. Veh-6h), and
RPM at 6 hours to RPM at 2 hours (RPM-6h vs. RPM-2h). The most activated and inhibited
pathways in RPMs were neuroinflammation signaling (z-score = 3.441) and ferroptosis signaling
(z-score = -2.333) respectively at 2 hours (Figure 5.7), while neuroinflammation signaling (z-
score = 2.646) and tumor microenvironment (z-score = -1) respectively at 6 hours (Figure 5.8).
Interestingly, neuroinflammation signaling was the most activated pathway in both timepoints,

however, it was downregulated over time in RPM-6h vs. RPM-2h (Figure 5.9).
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Next, upstream regulators were analyzed. This analysis predicted upstream molecules
which may be causing the observed gene expression changes in the RPM RNA-seq dataset. For
RPM-2h vs. Veh-2h, some top activated regulators were LPS, TNF, and IFN-y, while top inhibited
regulators were PTGER4 and IL10RA (Table 5.3). For RPM-6h vs. Veh-6h, some top activated
regulators were LPS, STAT1, and TICAMI, while top inhibited regulators were CITED2 and
PTGER4 (Table 5.4). Interestingly, LPS which is a potent M1 inducer was predicted as a top
activated in both timepoints, however, LPS as well as TNF were downregulated over time in RPM-
6h vs. RPM-2h (Figure 5.10).

In addition, diseases and functions were also analyzed. For RPM-2h vs. Veh-2h, some top
activations were cell-to-cell signaling and interaction, cellular movement, hematological system
development and function, and immune cell trafficking, while top inhibitions were cell death and
survival (Table 5.5). For RPM-6h vs. Veh-6h, top activations were similar to 2 hours timepoint,
while top inhibitions were infectious diseases and cell signaling (Table 5.6). Interestingly, these
top activated diseases and functions were downregulated over time in RPM-6h vs. RPM-2h
(Figure 5.10).

Lastly, I compared my RPM RNA-seq dataset to the other murine cell datasets on the [IPA
database using analysis match function. At both timepoints, the RPM dataset was similar to murine
BMD MI1 macrophage datasets; however, the overall expression was lower in our dataset
compared to M1 datasets. Moreover, the RPM dataset was different from M2, neutrophil, and
dendritic cell datasets (Figure 5.11). In summary, IPA analysis shows that RANKL has similar
effects to M1 inducers such as LPS supporting the cell culture and RT-qPCR data. However, the

effects of RANKL were smaller and decreased over time.
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534 GO enrichment and KEGG pathway analysis of RPM RNA-sequencing data

In addition to IPA Qiagen, Dr. Tom analysis platform was used to analyze GO enrichment
and KEGG pathway. Upregulated and downregulated DEGs were used separately for different
analyses for each timepoint. The results of GO enrichment analysis in biological process category
are shown in Figure 5.12. For the analysis using upregulated DEGs, immune system process is
the most significantly enriched term for both RPM-2h vs. Veh-2h and RPM-6h vs. Veh-6h. The
other interesting shared terms between these two groups included cellular response to LPS,
inflammatory response, and immune response. For the analysis using downregulated DEGs, the
enriched terms were varied for both timepoints. Some interesting shared terms were endocytosis
and positive regulation of transcription by RNA polymerase II. Interestingly, cellular response to
LPS and inflammatory response were the enriched term when using downregulated DEGs in RPM-
6h vs. RPM-2h. This suggests that these processes were decreased over time after the RANKL
treatment. Moreover, immune system process was the enriched term in both analyses using
upregulated and downregulated DEGs in RPM-6h vs. RPM-2h. This suggests that genes involved
in this process were both upregulated and downregulated over time after the RANKL treatment.

Next, KEGG pathway analysis was conducted and the results are shown in Figure 5.13.
For the analysis using upregulated DEGs, the common significantly enriched terms for both RPM-
2h vs. Veh-2h and RPM-6h vs. Veh-6h included TNF, NOD-like receptor, and NF-kappa B
signaling pathways, and osteoclast differentiation. For the analysis using downregulated DEGs,
the enriched terms were varied for both timepoints; the interesting shared term was parathyroid
hormone synthesis. Interestingly, osteoclast differentiation was the enriched term in both analyses
using upregulated and downregulated DEGs in RPM-6h vs. RPM-2h. This suggests that genes

involved in this process were both upregulated and downregulated over time after the RANKL
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treatment. In summary, these data suggest that processes related to inflammatory response are
decreased over time, while genes related to immune system process and osteoclast differentiation

are both upregulated and downregulated over time after the RANKL treatment.

5.3.5 MO macrophages were able to differentiate into osteoclasts by M-CSF and RANKL

treatment

It has been well established that BMD cells can differentiate into osteoclasts by the
induction of M-CSF and RANKL; however, it has remained intriguing if MO macrophages have
this ability. As none of the pre-osteoclast and osteoclast markers were included in DEGs in the
RPM RNA-seq data, MO macrophages treated with RANKL alone are unlikely to differentiate into
osteoclasts. Therefore, I investigated if MO macrophages can differentiate into osteoclasts by the
treatment of both M-CSF and RANKL in vitro using TRAP staining and RT-qPCR. Surprisingly,
both BMD cells and M0 macrophages differentiated into TRAP+ multinucleated osteoclasts after
treated by M-CSF and RANKL for 5 days (Figure 5.14). Additionally, cell lysates were collected
at several timepoints after the treatment to determine the expression of osteoclastogenesis-related
genes. Interestingly, Tnfrsflla (Rank), early markers (Nfatcl and Traf6), fusogenic markers
(Ocstamp and Dcstamp), and late markers of osteoclasts (AcpS and Ctsk) were all comparably
upregulated in both treated BMD cells and MO macrophages compared to the untreated MO
macrophages (Figure 5.15). In contrast to the previous finding, my data show that MO

macrophages have potential to differentiate into osteoclasts by M-CSF and RANKL treatment.
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5.3.6 M1 markers were downregulated over time in M0 macrophages treated by M-CSF and

RANKL

I previously showed that RANKL slightly increased the expression of several M1 markers,
however, the effect was decreased over time from 2 to 6 hours. Hereby, I utilized the cell lysates
from the osteoclast experiment to identify if those M1 markers were continuously downregulated
in the long-term treatment (1 to 5 days) of M-CSF and RANKL. As expect, //1b, Tnfa, Trafl, and
Cxcl9 were downregulated progressively from Day 1 to Day 5 of treatment (Figure 5.16). These

data support the findings from the RPM RNA-seq data at 2 and 6 hours.

5.3.7 Increased M1/M?2 ratio was observed in anti-RANKL antibody-treated mice

Contrary to my hypothesis, the in vitro data showed that RANKL upregulates several genes
only in a slight level suggesting that RPMs do not express unique markers or gene profile which
are distinct from other macrophage phenotypes. However, I observed different stages of MRONJ
induced by anti-RANKL antibody in the mouse model mentioned in Chapter 3 (Table 3.1).
Interestingly, the groups with RAW?264.7 cell delivery either with or without osteoclast induction
(Abc and Abcc group) exhibited more advanced stage of MRONJ. In addition to differentiating
into osteoclasts, RAW264.7 cells can also be polarized into M1 and M2 macrophages which
potentially affects macrophage polarization at the tooth extraction site. As macrophage alteration
is also one of the potential mechanisms contributing to MRONJ, I next utilized the MRONJ mouse
model to study the effects of the presence and absence of RANKL on macrophage polarization in
vivo. Immunofluorescence staining was performed to locate M1 (F4/80+iNOS+) and M2
(F4/80+CD206+) macrophages (Figure 5.17) at both early and final timepoints (approximately 1

and 3 weeks after tooth extraction respectively). For the early timepoint, quantitative data showed
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the increasing trend of overall macrophage numbers in Abc compared to Ct and Ab groups (Figure
5.18). This is as expected since the delivered RAW264.7 cells could proliferate over time in Abc
group. Additionally, M1/M2 ratio was significantly increased in Ab and Abc compared to Ct group
(Figure 5.18). However, these ratios were equalized over time and had no significant difference

among all groups at the final timepoint (Figure 5.18).

5.3.8 Replenishment of CID-induced osteoclasts did not alter M1/M2 ratio in the MRON.J

mouse model

Lastly, I investigated whether replenishment of osteoclasts has any effect on M1/M2 ratio
in the MRONJ mouse model. Using immunofluorescence staining, osteoclasts were identified as
F4/80-iINOS+ and/or F4/80-CD206+ cells with three nuclei or more (Figure 5.19). As expected,
Abcc group exhibited osteoclasts at the extraction site, while the absence of osteoclasts was
observed in Abc group supporting the TRAP staining results shown in the previous chapter.
Interestingly, there was no significant difference in M1/M2 ratio between Abc and Abcc groups
(Figure 5.19). This suggests that the replenishment of CID-induced osteoclasts did not alter

macrophage polarization in the MRONJ mouse model.

5.4  DISCUSSIONS

In this chapter, I first investigated the effects of RANKL on MO macrophages and
characterized the gene expression profile of RPMs using in vitro cell culture. In contrast to my
hypothesis, both RT-qPCR and RNA-seq data showed that RPMs did not have a unique gene
expression profile but exhibited similar gene expressions to M1 macrophages in much lower level.
The bioinformatics analysis also showed this similarity in pathways and functions of cells.

Interestingly, these M1 gene expressions in RPMs were downregulated over time and RPMs were
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able to differentiate into osteoclasts by M-CSF + RANKL treatment. Additionally, I utilized the
MRONJ mouse model to study how the presence and absence of RANKL affect macrophage
polarization in vivo. The increased M1/M2 ratio was observed in Ab and Abc groups in my model
which supports previous findings in the BRONJ models.

Unlike the effects of RANKL on osteoclast differentiation, its effects on macrophage
polarization have not been thoroughly studied. As MO macrophages express RANK, RANKL may
potentially polarized MO into another phenotype which is distinct from M1 and M2 macrophages.
A previous study has shown that RANKL can slightly upregulate M1 markers, however, only
several genes including 1/1b, 116, Tnfa, and iNOS were investigated in this study.(49) In my study,
I utilized RNA-seq not only to study the effects of RANKL on well-established M1 genes, but also
to identify potential RPM markers which have not been studied before. My findings support the
previous studies that RANKL have similar effects to M1 inducers in upregulating M1 markers
rather than polarizing them into a new phenotype. However, my findings additionally exhibit that
there are slight upregulatory effects of RANKL on other unpublished genes, pathways, and
functions of the cells and these effects are downregulated over time after RANKL treatment, which
are novel to the field.

Hematopoietic stem cells (HSCs) can differentiate into various cell lineages such as
osteoclast precursors which can differentiate into osteoclasts and macrophages which are a
heterogenous population capable of polarizing into different phenotypes.(9/) However, it has
remained intriguing if macrophages have an ability to form osteoclasts when HSCs already
committed to the macrophage lineage. Deuell et. al. showed that MO macrophages did not form
osteoclasts after 7 days of M-CSF + RANKL treatment.(4/) On the contrary, my findings suggest

that MO macrophages can differentiate into osteoclasts after M-CSF + RANKL treatment for 5
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days. These MO-derived osteoclasts are TRAP+ multinucleated and express osteoclastogenesis-
related genes comparably to BMD-derived osteoclasts. It has been shown that the co-stimulation
of M-CSF and RANKL is required for proliferation, survival, and differentiation of osteoclasts.(94)
Despite the controversial outcomes, I hereby show that MO macrophages have potential to
differentiate into osteoclasts similarly to osteoclast precursors. It has been shown that several
factors including BMD cell density and RANKL concentration may affect osteoclast
differentiation in vitro(95), therefore, it is possible that these different settings between Deuell et.
al.’s study and mine may explain the different findings.

In addition to the effects of RANKL on macrophage polarization in vitro, the MRONJ
mouse model was utilized to study the effects of RANKL in vivo. It has been well established that
bisphosphates can induce M1 polarization via several pathways such as TLR-4 and IL-17 resulting
in the increased M1/M2 ratio in the BRONJ models.(20, 22) In contrast, whether anti-RANKL
antibody has similar effects in MRONJ remains inconclusive. Therefore, I investigated the
macrophage polarization in Ct, Ab, and Abc groups which represent different MRONI stages as
explained in Table 3.1. My findings show that the absence of RANKL leads to the increased
M1/M2 ratio either with or without the addition of RAW264.7 cells. These data indeed show the
similarity in macrophage alteration between BRONJ and DRONJ models. Interestingly, the
difference of these ratios was significant only in the early timepoint (1 week after tooth extraction),
while they were neutralized and comparable among all groups in the final timepoint (3 weeks after
tooth extraction). Dynamic M1 and M2 polarization has been observed in chronic inflammation
and healing after tooth extraction.(92, 96, 97) For instance, rheumatoid arthritis, an autoimmune
disease characterized by chronic inflammation of synovial joints, exhibits a temporal pattern of

M1 and M2 polarization which M1 population is predominant at the later timepoint of the
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disease(96) similarly to my findings in the MRONJ model. However, whether the temporal pattern
of M1 and M2 polarization plays a role in the MRONIJ progression has not been studied. Thus,
future studies on the macrophage alteration at various timepoints to study temporal expression
patterns of specific cytokines and M1 and M2 polarization will be useful to fully understand the
disease pathophysiology and progression. Furthermore, my in vitro data suggesting the slight
effects of RANKL on macrophage polarization may explain why the M1/M2 ratio was not
significantly affected by the absence of RANKL in a long term in the MRONJ mouse model.

As I previously showed that osteoclast replenishment restores bone resorptive ability in the
MRONJ model, I further investigate if it has any effect on macrophage polarization in this chapter.
As a result, M1/M2 ratios are not significantly different between Abc and Abcc groups suggesting
that osteoclast replenishment does not alter M1 and M2 macrophage polarization. Delivered
RAW264.7 cells have potential to differentiate into osteoclasts, M1, and M2 macrophages.
Although CID can induce osteoclast differentiation in these cells, this induction might not be able
to overcome the M1 polarization induced by proinflammatory cytokines which are most likely
abundant at the extraction site.(8) Moreover, these findings indeed support the clinical features of
Abc and Abcc groups. Besides the decreased necrotic bone area in Abcc group, impaired new bone
formation and epithelial closure are not improved compared to Abc group despite osteoclast
replenishment. This suggests that the dominance of M1 macrophages may potentially play an
important role in MRONJ pathophysiology in addition to osteoclast inhibition.

Taking that RANKL slightly upregulates several M1 and downregulates several M2 gene
expressions in vitro, one would expect to observe less M1 and more M2 polarization in the absence
of RANKL. Interestingly, increased M1/M2 ratio is observed in the MRONJ mouse model induced

by anti-RANKL antibody which is counterintuitive to what the in vitro data suggest. As mentioned
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above, it could be that the direct effects of RANKL on macrophage polarization are very small
which may not mainly contribute to the macrophage alteration observed in the MRONJ mouse
model. This suggests that RANKL possibly has more significant effects on other cell types besides
macrophages which indirectly contribute to the increased M1/M2 ratio. Cui Z et. al. recently
showed that RANKL promotes Thl7 cell differentiation of naive CD4+ T cells while
downregulates IFN-y which is one of the potent M1 inducers. Additionally, the blockage of
RANK-RANKL interaction by RANK-Fc inhibits Th17 cell differentiation and increases IFN-y
expression.(98) This shows one of the possibilities that the absence of RANKL may enhance M1
polarization by the increased IFN-y expression. Additionally, accumulation of necrotic bone and
incomplete epithelial closure may facilitate bacteria invasion at the extraction site and potentially
enhance M1 polarization by LPS and other proinflammatory cytokines. Thus, it is important to
investigate the effects of the RANKL on the various cell types in the future as they may indirectly
affect macrophage polarization which potentially contributes to the MRONJ pathophysiology.

In conclusion, the effects of the presence and absence of RANKL are summarized in
Figure 5.20. MO macrophages have potential to differentiate into osteoclasts, RPMs, M1, and M2
macrophages by different inducers during healing processes. In normal wound healing, the in vitro
data suggest that MO macrophages can be polarized into RPMs which express a low level of M1
markers by RANKL and can be differentiated into osteoclasts by M-CSF + RANKL with
downregulated M1-related genes and upregulated osteoclast-related genes over time. However,
whether RPMs can differentiate into osteoclasts has to be further investigated. On the other hand,
the in vivo data suggest that anti-RANKL antibody treatment inhibits RPM polarization and
osteoclast differentiation and leads to the predominance of M1 macrophages as the increased

M1/M2 ratio is observed. Nevertheless, the mechanisms on how the absence of RANKL increases
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M1/M2 ratio need to be further investigated. Additionally, more robust MRONJ model with later
stages of disease is required in future studies and transcriptomic tools such as single cell RNA-seq
and spatial transcriptomics can be tremendously helpful to study numerous cells of interest and
identify undiscovered novel cell types which potentially contributes to MRONJ pathophysiology

and progression.

99



RANK

o 1.5
=
(o)
whed
c
o d L
= 1.0
0
g_- Kk kk
> 0.5 L Yk sk
= 0%
S . kkkk dekkk
2
E S——— Sm——
&
0.0 T T T T T T
X
oA & P
S N : © 0
@ \\Q; \\0 P @ 0O
A\ X
& o

Figure 5.1. Rank expression was observed in M) macrophages, however, was downregulated
in the absence of M-CSF over time.

Rank expression is shown as a fold change to MO macrophages (M0-Oh). The expression was
significantly downregulated from 2 to 24 hours in vehicle control groups (Veh) in the absence of
M-CSF. (****p<0.0001 compared to MO, RAW264.7 cells as a positive control, and osteoblasts

as a negative control for Rank)
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Figure 5.2. RANKL treatment significantly upregulated classical M1 markers.

iNOS, Tnfa, and 111b expressions at 2, 6, and 24 hours after RANKL treatment are shown as a fold
change to MO macrophages (MO0). These expressions were significantly upregulated in RPM for
iNOS at 24 hours, and Tnfa at 6 and 24 hours compared to vehicle control group (Veh).
Additionally, there was no significant difference between normal (20 ng/mL) and high dose (100
ng/mL) RANKL treatments on these genes at 24 hours. (#p<0.05, ##p<0.01, and ###p<0.001
compared to MO; *p<0.05, ***p<0.001, and ****p<0.0001 compared between indicated groups)
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Figure 5.3. RANKL treatment had no significant effects on classical M2 markers.

CD206, Yml1, and Argl expressions at 2, 6, and 24 hours after RANKL treatment are shown as a
fold change to MO macrophages (MO0). These expressions were significantly downregulated in both
RPM and vehicle control group (Veh) compared to MO at various timepoints. However, these
effects were not significantly different between RPM and Veh. Additionally, there was no
significant difference between normal (20 ng/mL) and high dose (100 ng/mL) RANKL treatments
on these genes at 24 hours. (#p<0.05, ##p<0.01, ##p<0.001, and ##H##p<0.0001 compared to MO)
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Figure 5.4. RANKL treatment had no significant effects on the polarizing ability of classical

M1 and M2 inducers.

M1 gene expressions (iNOS, Tnfa, and 111b) at 2 and 24 hours, and M2 gene expressions (CD206,

Yml, and Argl) at 2 hours after RANKL treatment in addition to classical M1 and M2 inducers

are shown as a fold change to MO and M2 macrophages (IL-4 2h) respectively. Addition of

RANKL treatment to M1 and M2 inducers had no significant effects on these genes except Ym/.

(**p<0.01)
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Figure 5.5. Volcano plots of differentially expressed genes (DEGs) of RPM

Several genes including fi205, Cxcl9, Mycl, Mmp25, Ladl, and Trafl were selected as potential

RPM markers from DEGs of RPM compared to vehicle control groups at 2 and 6 hours. The x-

axis represents the fold change of the difference after conversion to log2, and the y-axis represents

the significance value after conversion to log10. Red represents DEGs upregulated, blue represents

DEGs downregulated, and gray represents non-DEGs.
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Figure 5.6. RT-qPCR data validated the upregulation of potential RPM markers in RPMs.
The upregulation of Ifi205, Cxcl9, Mycl, Mmp25, Ladl, and Trafl which were selected as potential
RPM markers from RNA-seq data at 2 and 6 hours were validated in RPMs using RT-qPCR.
(*p<0.05, ** p<0.01, ***p<0.001, and ****p<0.0001)
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Figure 5.7. Canonical pathway analysis of RPM-2h vs. Veh-2h

Canonical pathways were analyzed in RPM-2h vs. Veh-2h using Qiagen IPA. The x-axis
represents the pathways, and the y-axis represents the -log of the p-value which is calculated by
the right-tailed Fisher's Exact Test. Orange represents positive z-score indicating predicted

pathway activation, blue represents negative z-score indicating predicted pathway inhibition, white

represents z-score = 0, and gray represents no prediction.
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Figure 5.8. Canonical pathway analysis of RPM-6h vs. Veh-6h

Canonical pathways were analyzed in RPM-6h vs. Veh-6h using Qiagen IPA. The x-axis
represents the pathways, and the y-axis represents the -log of the p-value which is calculated by
the right-tailed Fisher's Exact Test. Orange represents positive z-score indicating predicted
pathway activation, blue represents negative z-score indicating predicted pathway inhibition, white

represents z-score = 0, and gray represents no prediction.
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Figure 5.9. Canonical pathway analysis of RPM-6h vs. RPM-2h

Canonical pathways were analyzed in RPM-6h vs. RPM-2h using Qiagen IPA. The x-axis
represents the pathways, and the y-axis represents the -log of the p-value which is calculated by
the right-tailed Fisher's Exact Test. Orange represents positive z-score indicating predicted
pathway activation, blue represents negative z-score indicating predicted pathway inhibition, white

represents z-score = 0, and gray represents no prediction.
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Figure 5.10. The predicted upstream regulators and activated diseases and functions were
downregulated over time in RPM.

(A) Upstream regulators and (B) diseases and functions were analyzed in RPM-2h vs. Veh-2h,
RPM-6h vs. Veh-6h, and RPM-6h vs. RPM-2h and displayed as heatmaps using Qiagen IPA. Most
of them were downregulated in RPM-6h vs. RPM-2h. Orange represents positive z-score
indicating predicted activation, blue represents negative z-score indicating predicted inhibition,

and white represents z-score = 0.
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Figure 5.11. IPA analysis match showed similarity between RPMs and M1 macrophages.

IPA analysis match was performed to compare the RPM RNA-seq dataset at (A) 2 hours and (B)
6 hours to the other murine cells datasets on the IPA Qiagen database. Upstream regulators (UR)
and casual networks (CN) were used for the comparisons and displayed as heatmaps. The analysis
showed similarity between RPMs and M1 macrophages in both timepoints, however, the

expressions in RPMs were much lower. Additionally, these expressions were different from other
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cell types including M2 macrophages, neutrophils, and dendritic cells (DC). Orange represents
positive z-score indicating predicted activation, blue represents negative z-score indicating

predicted inhibition, and white represents z-score = 0.
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Figure 5.12. GO enrichment analysis of the RPM RNA-seq dataset

GO enrichment analysis in biological process category using upregulated DEGs of (A) RPM 2h
vs. Veh 2h, (B) RPM 6h vs. Veh 6h, (C) RPM 6h vs. RPM 2h and downregulated DEGs of (D)
RPM 2h vs. Veh 2h, (E) RPM 6h vs. Veh 6h, (F) RPM 6h vs. RPM 2h is shown as bubble charts.
X-axis represents the enrichment ratio (the ratio of the number of genes annotated to an entry in
the selected gene set to the total number of genes annotated to the entry in the species, calculated
as Rich Ratio = Term Candidate Gene Number/Term Gene Number). Y-axis represents GO terms.
The size of the bubble represents the number of DEGs annotated to the GO term. The color of the
bubble represents the enriched statistical significance; red shows lower g-value, while blue shows

higher g-value.
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Figure 5.13. KEGG pathway analysis of the RPM RNA-seq dataset

KEGG pathway analysis using upregulated DEGs of (A) RPM 2h vs. Veh 2h, (B) RPM 6h vs. Veh
6h, (C) RPM 6h vs. RPM 2h and downregulated DEGs of (D) RPM 2h vs. Veh 2h, (E) RPM 6h
vs. Veh 6h, (F) RPM 6h vs. RPM 2h is shown as bubble charts. X-axis represents the enrichment
ratio (the ratio of the number of genes annotated to an entry in the selected gene set to the total
number of genes annotated to the entry in the species, calculated as Rich Ratio = Term Candidate
Gene Number/Term Gene Number). Y-axis represents KEGG pathways. The size of the bubble
represents the number of DEGs annotated to the pathway. The color of the bubble represents the

enriched statistical significance; red shows lower g-value, while blue shows higher g-value.
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Figure 5.14. Both BMD cells and M0 macrophages were able to differentiate into osteoclasts.
BMD cells and M0 macrophages were treated with M-CSF and RANKL for 5 days following by
TRAP staining. Both BMD cells and M0 macrophages were able to differentiate into TRAP+
multinucleated osteoclasts (OCs), while negative controls of both cells exhibited TRAP-

mononucleated cells. (Scale bar = 100 um)
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Figure 5.15. Osteoclastogenesis-related genes were upregulated in both osteoclasts and
RPMs.

The expressions of Tnfrsf11a, Nfatcl, Traf6, Ocstamp, Dcstamp, Acp5, and Ctsk which are shown
as fold changes to MO macrophages were comparably upregulated in both osteoclasts (OC; BMD
cells + M-CSF + RANKL) and RPMs (M0 + M-CSF + RANKL) after 3 and 5 days of treatments.
(*p<0.05, ** p<0.01, ***p<0.001, and ****p<0.0001 compared to MO)
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Figure 5.16. M1 markers were downregulated over time in RPMs.

Several M1 markers including Nos2, 111, Tnfa, Trafl, and Cxcl9 were investigated in RPMs after
1, 3, and 5 days (1d — 5d) of M-CSF + RANKL treatments and shown as fold changes to M0
macrophage. All genes except Nos2 were significantly downregulated over time. (*p<0.05, **

p<0.01, ***p<0.001, and ****p<0.0001 compared to 1d)
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Figure 5.17. Double immunofluorescence staining of M1 and M2 macrophages in the early-
timepoint MRONJ mouse model

Double immunofluorescence staining was used to locate (A) M1 and (B) M2 macrophages in the
MRONJ mouse model. M1 was identified as F4/80+iNOS+ mononuclear cells, while M2 was
identified as F4/80+CD206+ mononuclear cells. All images were taken at 40X magnification. (Red
represents F4/80; green represents iNOS in panel A and CD206 in panel B; blue represents DAPI;
white arrowheads represent M1 in panel A and M2 in panel B.)
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Figure 5.18. M1/M2 ratio was significantly increased in Ab and Abc groups at the early
timepoint.

M1 and M2 macrophages were quantified, normalized to a total area (#/mm?2), and used to
calculate M1/M2 ratio. In the early timepoint (ET), the increasing trend of both M1 and M2
macrophage numbers was observed in both Ab and Abc groups. In addition, M1/M2 ratio was
significantly increased in Ab and Abc compared to Ct group. However, these ratios were

comparable among all groups at the final timepoint (FT). (n=3 per group; *p<0.05 and ** p<0.01)
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Figure 5.19. Replenishment of CID-induced osteoclasts did not alter M1/M2 ratio in the
MRONJ mouse model

Double immunofluorescence staining of (A) F4/80 & iNOS and (B) F4/80 & CD206. Osteoclasts
were identified as F4/80-iNOS+ and/or F4/80-CD206+ with three nuclei or more. All images were
taken at 40X magnification. (Red represents F4/80; green represents iNOS in panel A and CD206
in panel B; blue represents DAPI; white arrowheads represent osteoclasts.) (C) Quantitation of
M1/M2 ratio; there was no significant difference in M1/M2 ratio between Abc and Abcc groups
in the early timepoint (ET). (n=3 per group)
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Figure 5.20. Proposed diagram of the effects of RANKL on macrophage polarization

(A) In normal wound healing, the in vitro data suggest that MO macrophages can be polarized into

RPMs which express a low level of M1 markers by RANKL and can be differentiated into

osteoclasts (OCs) by M-CSF + RANKL with downregulated M1-related genes and upregulated

osteoclast-related genes over time. However, whether RPMs can differentiate into osteoclasts has

to be further investigated. (B) The in vivo data suggest that anti-RANKL antibody treatment

inhibits RPM polarization and osteoclast differentiation and leads to the predominance of M1

macrophages as the increased M1/M2 ratio is observed. However, the mechanisms on how the

absence of RANKL increases M1/M2 ratio have to be further investigated.
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Fold changes to M0 (mean + SD)

Genes
Mo Veh RPM M1 M2

2 hours timepoint
Nos2 (iNOS) 1.59 +1.28 0.96 +£0.33 2.44£0.87 243.89 +£22.22 18.35+3.78
Tnfa 1.01£0.13 1.19+0.04 1.37+0.08 317.48£74.05 180.13+20.91
111b 1.02 £0.28 0.13 £0.00 0.14 + 0.00 74.12+£26.81  139.21 £19.55
Mrcl (CD206) 1.08 £0.53 0.34+0.08 0.33 £0.05 0.60+0.10 0.83+£0.16
Argl 1.07£0.41 0.09 +0.03 0.06 +0.03 0.08 £ 0.06 1.67 +0.30
Yml (Chil3) 1.01+£0.13 0.37+0.04 0.17+0.01 0.85+0.14 1.08 £0.05
6 hours timepoint
Nos2 (iNOS) 1.59 +£1.28 9.40+3.30 6.67+2.16 1’}222; - 46.24 +4.60
Tnfa 1.01£0.13 1.66 £0.21 2.42+0.33 194.10+£7.14 48.58 +1.01
111b 1.02 £0.28 0.23 £0.05 0.30+0.17 41.35+1.68 68.44 +9.64
Mrcl (CD206) 1.08£0.53 0.53+0.01 0.25+0.03 0.15+0.01 0.35+0.06
Argl 1.07£0.41 0.12+0.07 0.08 +0.04 0.04 £0.02 1.61 +£0.34
Yml (Chil3) 1.01+£0.13 0.51+£0.26 0.29 £0.05 0.29+0.04 1.23+0.10
24 hours timepoint
Nos2 (iNOS) 1.59 +£1.28 18.02 + 18.13 47.52 +£29.10 10’222186'3273 - 778.58 £31.96
Tnfa 1.01£0.13 0.46 £0.02 1.31+£0.04 33.48+1.16 11.79 +1.54
111b 1.02 +£0.28 0.31+0.05 1.49+0.34 633.36 £96.30 297.90+19.47
Mrcl (CD206) 1.08 £0.53 1.02+0.14 1.19+0.22 0.01 £0.00 0.11+0.05
Argl 1.07£0.41 0.26+0.19 1.08 +0.77 14.10 £ 3.74 728.91 £28.12
Yml (Chil3) 1.01+£0.13 0.44+0.18 0.67+0.08 0.10+0.03 8.35+1.23

Table 5.1. M1 and M2 gene expressions in RPMs compared to M1 and M2 macrophages
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Fold changes to M0 (mean + SD)

Genes
Mo Veh RPM M1 M2

2 hours timepoint

1fi205 1.14 + 0.60 2.59 +0.47 3.44+0.39 334.94+69.75 54.10 £ 16.85
Cxcl9 1.01+0.14 3.71+1.78 9.42+3.80 13;3;,’(;21().'5?39()i 70.93 £ 59.67
Mycl 1.01 +0.13 4.47+0.43 10.92 +1.26 4.04 + 1.40 1.50+0.14
Mmp25 1.11+0.53 1.23+0.06 3.05+0.38 67.34 +9.94 8.12+0.76
Ladl 1.17+0.73 2.80+0.82 5.53+1.28 16.10£4.72 52.70 +£2.31
Trafl 1.02+0.25 3.53+0.17 7.32+1.84 48.63 +£7.68 28.11+2.90
6 hours timepoint

1fi205 1.14 + 0.60 444 +0.77 3.37+0.74 128.73+3.82  111.09+10.62
Cxcl9 1.01+0.14 5.76 +£1.97 17.69 +7.26 8;‘(’)?16326‘?; 32.09 £3.59
Mycl 1.01 +0.13 1.73+0.22 4.88 +1.78 3.31+0.49 1.57+0.05
Mmp25 1.11+0.53 1.99 +0.50 5.23+1.76 940.66 + 60.83 70.10 £ 5.05
Ladl 1.17+0.73 3.68 +£0.47 6.15+1.94 139.75£29.98  350.36 £ 46.83
Trafl 1.02+0.25 2.91+0.52 3.65+0.88 4592 +3.12 46.98 £6.05

Table 5.2. Potential RPM marker expressions in RPMs compared to M1 and M2 macrophages

126



Upstream Regulator Molecule Type Ac tIi,J:g:)cr:eS(ita te Ath_ls\/cz:)t;(e)n p-value
TOP 15 ACTIVATED
lipopolysaccharide chemical drug Activated 7.754 2.37E-43
TNF cytokine Activated 6.447 3.1E-26
NFkB (complex) complex Activated 5.738 2.58E-19
poly rl:rC-RNA biologic drug Activated 5.351 8.92E-20
IFNG cytokine Activated 5.328 1.59E-25
IL33 cytokine Activated 4.982 4.66E-28
TNFSF11 cytokine Activated 4.958 6.98E-29
APP other Activated 4.891 5.58E-13
IL1B cytokine Activated 4.888 7.32E-23
MYD8S8 other Activated 4.724 1.48E-16
BHLHE40 transcription regulator Activated 4.372 2.94E-10
TLR4 transmembrane receptor Activated 4.371 1.62E-13
TLR3 transmembrane receptor Activated 4.357 2.72E-10
NOD2 other Activated 4.264 2.72E-26
RELA transcription regulator Activated 4.261 1.73E-19
TOP 15 INHIBITED
pyrrolidine dithiocarbamate chemical reagent Inhibited -2.747 3.27E-05
PP2/AGIST9 tyrosine kinase chemical drug Inhibited 2778 2.64E-05
inhibitor
CISH other Inhibited -2.828 1.03E-05
prednisolone chemical drug Inhibited -2.887 0.000228
Bay 11-7082 chemical - kinase inhibitor Inhibited -2.935 4.17E-06
CITED2 transcription regulator Inhibited -3.129 8.89E-11
troglitazone chemical drug Inhibited -3.325 0.000489
SB203580 chemical drug Inhibited -3.329 1.02E-10
MAP3KS kinase Inhibited -3.344 7.95E-11
dopamine chemical - endogenous Inhibited -3.352 5.5E-09

mammalian

Irgml other Inhibited -3.37 1.37E-08
ADRB group Inhibited -3.45 1.3E-07
mir-21 microRNA Inhibited -3.787 1.54E-05
IL10RA transmembrane receptor Inhibited -4.465 3.12E-20
PTGER4 G-protein coupled receptor Inhibited -4.583 1.47E-21

Table 5.3. Upstream regulator analysis of RPM-2h vs. Veh-2h
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Upstream Regulator Molecule Type Ac tIi,J:g:)cr:eS(ita te A;fls\c/z?:n p-value
TOP 15 ACTIVATED
lipopolysaccharide chemical drug Activated 5.02 5.85E-19
poly rl:rC-RNA biologic drug Activated 4.14 4.5E-18
STATI1 transcription regulator Activated 3.799 2.07E-16
TICAM1 other Activated 3.767 1.86E-18
IRF3 transcription regulator Activated 3.762 4.01E-16
TLR3 transmembrane receptor Activated 3.658 1.55E-14
APP other Activated 3.644 2.99E-09
IRF7 transcription regulator Activated 3.644 9.77E-16
MYD88 other Activated 3.638 2.24E-15
IFNG cytokine Activated 3.574 6.89E-15
ZBTBI10 other Activated 3.533 7.75E-15
NFkB (complex) complex Activated 3.487 4.94E-09
TNF cytokine Activated 3.464 3.15E-12
Interferon alpha group Activated 3.371 5.57E-17
TLRY transmembrane receptor Activated 3.366 2.21E-12
TOP 15 INHIBITED
dexamethasone chemical drug Inhibited -2.361 3.77E-07
SB203580 chemical drug Inhibited -2.399 8.31E-07
filgrastim biologic drug Inhibited -2.414 1.97E-05
mir-21 microRNA Inhibited -2.415 0.000432
NGLY1 enzyme Inhibited -2.425 1.99E-09
TREX1 enzyme Inhibited -2.426 1.28E-10
IRGM enzyme Inhibited -2.63 4.3E-10
ADRB group Inhibited -2.646 5.76E-07
DUSP1 phosphatase Inhibited -2.726 4.28E-12
IL10RA transmembrane receptor Inhibited -3.16 2.96E-20
ACKR2 G-protein coupled receptor Inhibited -3.317 9.53E-18
Irgml other Inhibited -3.419 6.04E-16
SOCS1 other Inhibited -3.668 5.03E-17
PTGER4 G-protein coupled receptor Inhibited -3.828 5.67E-18
CITED2 transcription regulator Inhibited -4.181 4.99E-20

Table 5.4. Upstream regulator analysis of RPM-6h vs. Veh-6h
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. Diseases or Functions Activation
Categories . p-value
Annotation Z-SCore

TOP 15 ACTIVATED
Cell-To-Cell Signaling and Interaction, Cellular Recruitment of cells 311 5 05E-12
Movement
Cell-To-Cell Signaling and Interaction, Cellular Recruitment of blood cells 3.106 3.78E-10
Movement
Cell-To-Cell Signaling and Interaction, Cellular
Movement, Hematological System Development Recruitment of leukocytes 3.106 1.06E-09
and Function, Immune Cell Trafficking
Hematological Disease, Infectious Diseases, .

. . .. Endotoxin shock response 3.102 8.93E-07
Organismal Injury and Abnormalities
Connective Tissue Disorders, Inflammatory
Disease, Organismal Injury and Abnormalities, Rheumatic Disease 3.054 1.09E-13
Skeletal and Muscular Disorders
Cellular Movement, Hematological System
Development and Function, Immune Cell Lymphocyte migration 3.027 1.21E-12
Trafficking
Connective Tissue Disorders, Inflammatory
Disease, Inflammatory Response, Organismal . . i
Injury and Abnormalities, Skeletal and Muscular LR ol 2.901 6.47E-13
Disorders
Endocrine System Disorders, Gastrointestinal
Disease, Metabolic Disease, Organismal Injury and Diabetes mellitus 2.898 1.27E-09
Abnormalities
Cell-To-Cell Signaling and Interaction, Cellular
Growth and Proliferation, Hematological System Induction of T lymphocytes 2.828 1.82E-06
Development and Function
Cellular Movement, Hematological System Cell movement of
Development and Function, Immune Cell lvmphocvies 2.805 4.45E-13
Trafficking ymphocyt
Lttt oty Dz, Oygaiotemin] Byngy eid Fibrosis of lung 2.762 4.08E-07
Abnormalities, Respiratory Disease
Organismal Injury and Abnormalities Pulmonal.'y ﬁbrogls ot 2.762 3.66E-06

aplastic anemia
Cellular Movement Homing of cells 2.761 1.64E-10
Free Radical Scavenging Metabolism of rgactlve 2.739 2.98E-06
oxygen species

Hematological Disease, Infectious Diseases Endotoxemia 2.732 3.09E-07
ALL INHIBITED
Cell Death and Survival Cell death o leukocytecell 9053 .11E-07
Cell Death and Survival Apoptosis ‘iifnl::k"cyte cell 22.056 5.79E-07
Infectious Diseases Viral Infection -2.094 3.81E-08
Connective Tissue Disorders, Hereditary Disorder, =~ Hereditary connective tissue

. . . X -2.179 1.28E-06
Organismal Injury and Abnormalities disorder
Cell Death and Survival Cell death ?iilees“kemla cell 2.185 3.08E-06

Table 5.5. Disease and function analysis of RPM-2h vs. Veh-2h
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Diseases or Functions

Activation

Categories Annotation z-score p-value
TOP 15 ACTIVATED
Cellular Movement, Hematological System Cell movement of 321 1.79E-09
Development and Function, Immune Cell Trafficking lymphocytes ) )
Cellular Movement, Hematological System L
Development and Function, Immune Cell Trafficking Lymphocyte migration 3.049 2.87E-09
Cellular Movement, Hematological System Cell movement of 2977 2 14E-09
Development and Function, Immune Cell Trafficking mononuclear leukocytes ) )
Cell-To-Cell Signaling and Interaction, Cellular
Movement, Hematological System Development and Recruitment of leukocytes 2.815 3.14E-08
Function, Immune Cell Trafficking
?{csrsnlfet(;\l/?frlf():ﬁl)lso }és;em DS i TEH T Quantity of leukocytes 2.646 3.41E-11
Hpmatological System Development and Function, Quantity of blood cells 2629 5 91E-11
Tissue Morphology
Cell-mediated Immune Response, Cellular
Movement, Hematological System Development and T cell migration 2.624 9.58E-09
Function, Immune Cell Trafficking
Cellular Movement, Hematological System Cellular infiltration by 2622 9.36E-10
Development and Function, Immune Cell Trafficking lymphocytes ) )
Cell-To-Cell Signaling and Interaction,
Hematological System Development and Function, Activation of phagocytes 2.603 0.000066
Immune Cell Trafficking, Inflammatory Response
Cell-To-Cell Signaling and Interaction, o .
Hematological gystem Development and Function Activation of myeloid cells 2.588 0.000206
Cell-mediated Immune Response, Cell-To-Cell
Signaling and Interaction, Cellular Movement, Recruitment of T 2564 2 48E-08
Hematological System Development and Function, lymphocytes ’ ’
Immune Cell Trafficking
Cell-To-Cell Signaling and Interaction, Cellular Recruitment of mononuclear
Movement, Hematological System Development and leukocytes 2.56 9.21E-08
Function, Immune Cell Trafficking
Cell-To-Cell Signaling and Interaction, Cellular Recruitment of cells 239 1.18E-08
Movement
Cell-To-Cell Signaling and Interaction, Cellular
Growth and Proliferation, Hematological System Stimulation of leukocytes 2.386 8.44E-07
Development and Function
Immunological Disease Hypersensitive reaction 2.377 4.35E-05
ALL INHIBITED
Infectious Diseases Replication of Flaviviridae -2.157 2.03E-05
Cell Signaling Replication of viral replicon -2.216 1.8E-06
Infectious Diseases Viral Infection -2.79 0.001
Infectious Diseases Replication of virus -2.917 0.00143

Table 5.6. Disease and function analysis of RPM-6h vs. Veh-6h
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Chapter 6. CONCLUSION

The pathophysiology of MRONJ which often occurs after tooth extraction has remained
elusive resulting in lack of effective curative treatments. In my thesis, I investigated the effects of
antiresorptive drugs on various cell types involving in the healing processes following tooth
extraction which may potentially contribute to MRONJ pathophysiology. Firstly, the roles of
osteoclasts in MRONJ were studied. I showed that the osteoclast differentiation of iRANK cells,
the engineered cells which have been developed in the lab, can be controlled by CID and is resistant
to the inhibition by anti-RANKL antibody in vitro. Additionally, I utilized the iRANK cells in the
loss-and-gain of bone resorptive function study in the MRONJ mouse model induced by tooth
extraction and anti-RANK antibody and showed that the replenishment of osteoclasts reduced
necrotic bone area in vivo. However, the other MRONJ features including impaired new bone
formation and incomplete epithelial closure did not improve suggesting that there are potentially
other mechanisms contributing to MRONJ pathophysiology in addition to osteoclast inhibition.

Secondly, I identified the effects of antiresorptive drugs on osteoblasts, a bone forming cell.
Although the impaired new bone formation has been observed in both BRONJ and DRONJ, most
studies only focus on the inhibitory effects of BPs on osteoblasts and their functions. In my thesis,
I determined the effects of anti-RANKL antibody on osteogenic differentiation of MC3T3 pre-
osteoblast cell line via the autocrine/paracrine regulatory loop of RANKL in vitro. Interestingly, I
showed that MC3T3 cells do not express RANK, a receptor of RANKL, which supports the finding
that anti-RANKL antibody did not have any significant effect on osteogenic differentiation of
MC3T3 cells. Additionally, these in vitro findings support the data from my MRONJ mouse model
that there was no significant difference in newly-formed bone area between control and anti-

RANKL antibody-treated group. (Ct vs. Ab group). Altogether, these data suggest that anti-
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RANKL antibody is unlikely to have any significant effects on the osteogenic differentiation of
osteoblasts and new bone formation.

Lastly, I investigated the roles of macrophages in MRONJ. To understand how anti-
RANKL antibody affects macrophage polarization in MRONJ context, I started by identifying the
effects of RANKL on macrophage polarization using isolated murine bone marrow-derived (BMD)
cells in vitro. In contrast to my hypothesis that RANKL may induce BMD cells into RANKL-
polarized macrophage (RPM) phenotype, which is distinct from M1 and M2 macrophages, |
discovered that several genes were upregulated in RPMs similarly to M1 macrophages, however,
in much lower level. I further showed that unpolarized macrophages (M0) are able to differentiate
into osteoclasts similarly to BMD cells by the treatment of M-CSF and RANKL. Additionally,
previous studies have shown that BPs can induce M1 polarization and an increased M1/M2 ratio
is observed in BRONIJ animal models and patients with the impaired bone formation lesions. Thus,
I determined the M1/M2 ratio in my MRONJ mouse model and observed the increased M1/M2
ratio in both Ab and Abc groups representing stage 0 and stage 1 MRONIJ respectively. Taking
both in vitro and in vivo data together, RANKL upregulates several M1-related genes in RPMs,
but only at the low level in vitro suggesting that the absence of RANKL may potentially have more
significant effects on other cell types which may indirectly affect macrophage polarization
resulting in the increased M1/M2 ratio observed in my MRONJ mouse model.

In summary, my thesis focuses on the alteration of osteoclasts, osteoblasts, and
macrophages caused by antiresorptive drugs which contributes to MRONJ pathophysiology.
Osteoclast inhibition and increased M1/M2 ratio were observed in my MRONJ mouse model
induced by anti-RANKL antibody treatment. This helps filling out the huge gap in the field that

both inhibited bone remodeling and inflammation also contribute to DRONJ pathophysiology
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similarly to BRONJ which has already been shown by many previous studies. Most importantly,
my thesis paves the way of engineered osteoclasts as a study tool and potential cell therapy

approach for MRONJ treatment which is urgently required in the field.
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Chapter 7. FUTURE STUDIES

Although the MRONJ model was successfully developed utilizing tooth extraction and
anti-RANKL antibody in my thesis, this model (Ab group) only exhibits mild lesions representing
stage 0 MRONJ in humans. For future studies, more robust MRONJ models are required to study
the disease progression and develop proper treatments for a late-stage MRONJ. Several recent
studies as well as my findings suggest that inflammation is essential in addition to bone remodeling
inhibition in order to induce MRONJ. Therefore, the extraction of the teeth with pre-existing
inflammatory environment can potentially establish more robust MRONJ models such as the
experimental periodontitis model (placing ligature around the teeth to induce inflammation before
tooth extraction).

Osteoclast inhibition has been proposed as a potential mechanism leading to MRONJ, thus,
the proposed cell therapy of the engineered osteoclasts may serve as a novel treatment strategy for
MRONIJ. Utilizing the iRANK osteoclasts in my thesis proves this hypothesis, however,
replenishment of osteoclasts alone does not completely heal MRONJ lesions. It has been shown
that the disturbed macrophage population exhibited as the increased number of overall
macrophages and the increased M1/M2 ratio contributes to bone pathologies including
periodontitis and BRONJ. In my thesis, I also showed that M1/M2 ratio was increased in my
MRONIJ mouse model (Ab and Abc groups) and restoring osteoclasts without decreasing this ratio
did not improve impaired bone formation and incomplete epithelial closure (Abcc group).
Therefore, the proposed cell therapy needs to be modified in several possible aspects. Since
iRANK cells not only have potential to differentiate into osteoclasts, but can also polarize into M1
and M2 macrophages, delivery of iRANK cells can disturb the macrophage population equilibrium.

Therefore, delivery of enriched iRANK osteoclasts should be considered in the future studies to
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maintain physiological macrophage number and M1/M2 ratio while restoring the bone resorptive
function. Additionally, inflammation in MRONIJ should be explored thoroughly in the future
studies such as the contribution of bacteria invasion and necrotic bone to macrophage alteration
and MRONJ progression, as well as, approaches to control inflammation in MRONIJ such as
delivery of cytokine cocktail to decrease M1/M2 ratio to the optimal level.

Lastly, the recent studies have suggested that MRONJ is multifactorial disease and the
pathophysiology is contributed by many mechanisms. Only osteoclasts, osteoblasts, and
macrophages involving in bone remodeling inhibition and inflammation were investigated in this
thesis. Thus, the future studies should explore other mechanisms, for instance, angiogenesis
inhibition, innate or acquired immune dysfunction, and genetic factors and cells involved in these
processes including but not limited to endothelial cells, T-cells, and dendritic cells.
Transcriptomics approaches such as single-cell RNA sequencing and spatial transcriptomics along
with robust MRONJ models can be a beneficial tool to study various types of cells potentially

contributing to MRONJ pathophysiology.
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