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SUMMARY

As an important component of microémnment, macrophages have crucial
regulatory functions in stem cell activities. The crosstalk between macrophage and stem
cell is still elusive in the context of cartilage regeneration. Current understanding of
macrophage functions on cartilage is maifiym arthritis studies. However, the role of
macrophage in cartilage regeneration after osteochondral injury remains largely
unexplored. This dissertation mainly focuses on the function of macrophage in cartilage
regeneration after osteochondral injury, ilvhits involvement in abnormal skeleton

development is also discussed.

First, the role of native macrophage in selfjeneration of articular cartilage in
juvenile mice was investigated. In CCR2-QCchemokine receptor type 2) inactivation
mice, the landsape of macrophage activation and composition in the synovium was
described. By clodronate liposome injection, joint macrophages were selectively depleted
to investigate the influence on regeneration. And the mechanisms were explored. The study
demonstrate the majority of macrophages after injury were differentiated from circulating
monocytes in a CCR&8ependent manner. Macrophage depletion hampered cartilage

regeneration, via reducing proliferation and increasing apoptosis at the defect.

Second the theraptic potentials of exogeneous macrophages in osteochondral
injury were investigated. Bone marrow macrophages were harvested and polarized into M1,
M2a and M2c macrophages in vitro. They were injected into adult mice without
regeneration capacity after esthondral injury. The influence of administration time was

also investigated. During this process, activation and distribution of stem cells were

XX



explored. It showed that macrophages could enhance regeneration of cartilage and
subchondral bone in a timeand phenotypelependent manner, providing a pro

regenerative microenvironment for activated stem cells.

Third, osteochondral injury and postnatal skeleton development in pathological
conditions were investigated. Sickle cell disease is an autosomal veadisglase, casing
blood disorder and abnormal vascular microenvironment. It further causes a series of
cartilage and bone problems. Due to limited knowledge of cartilage regeneration and
skeleton development under sickle cell disease, they were studik@ iresearch, and
macrophage as well as monocyte/macropHagagederived osteoclast were investigated
during the process. By combining histology, cell culture, protein assay and
immunohistochemistry methods, the study revealed that sickle cell diskess the
balance of cartilage and bone, resulting in failure of cartilage reconstruction and delayed

postnatal development of femoral head.

In summary, this research provides the direct evidence for regulation of cartilage
regeneration by macrophagevivo after osteochondral injury. It also demonstrates the
different functions of macrophage subsets in regeneration of osteochondral injury for the
time, as well as the importance of time window. This research investigates osteochondral
injury and delayedemoral head development in sickle cell disease. The significance of
macrophage in regulating cartilage regeneration and postnatal development is highlighted
in this dissertation, serving as the kisfarter to understand the complicated topic of
immunity in cartilage regeneration niche and mechanisms of disease caused abnormal

skeleton problems. Functional restoration of cartilage still remains a clinical challenge.

XXi



Investigation of regulatory role of macrophage during cartilage regenerating process is

important for understanding regeneration mechanisms and improving treatment.
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CHAPTER 1. INTRODUCTION

Dependent on selenewing stem cells, our body is able to maintain homeostasis
with lifetime dynamic turnover, and restores tissues upon injury. Despite of$igstiéc
cellular events and replacement rate, the balance of proliferation and differentiation of stem
cells is regulated by signals from local microenvironment. Immune cells have been
highlighted as an important component of stem cell niche in recent yidag exhibit
crucial regulatory functions on stem cells in homeostasis and under stress. Thus,
understanding the intricate crosstalk between immune cells and tissue stem cells will

underpin elucidation of regeneration process and facilitate optimaptheeaelopment.

Cartilage regeneration still remains a challenging clinical problem. This crosstalk in
the context of cartilage injury is elusive, especially under different pathological and non
pathological conditions. From the perspective of macrophhigajissertation summarizes
novel findings about the regulatory role of macrophage in cartilage regeneration. For better
understanding of the topic, basic knowledge of macrophage and cartilage biology is
introduced first. Also, significance and objecsvaf research are described in the end of

this chapter as syllabus navigation of the whole dissertation.

1.1 Macrophage: More than Professional Phagocyte

Macrophages were first discovered as specialized phagocytes in 1884, which clear
tissue debris, pathogensancer cells, foreign substance etc. to protect the host from
exogeneous or endogenous invasioBince Illya Metchnikoff subsequently proposed

versatile functions of macrophages beg phagocytosing microbes, nonimmune



functions of macrophages have been revealed over decades. Ehailipg existence in
the body and faranging regulatory role in development, homeostasis and regengération

indicate the importance to understand and elucitlaiefunctions in the context of specific

tissues and process.

1.1.1 Origin of Macrophage

Macrophages populate prevalently in tissues throughout the body. They are derived
from two sources, embryo and bone marrow monocytkkough the composition of

resident nacrophages is tisstgpecific, most tissues have resident macrophages from both

sourcesfigurel.l).

Brain Liver Lung Spleen Intestine
Microglia: Kupffer cells: Alveolar macrophages: Red pulp macrophages: HSC (adult)
Yolk sac Yolk sac + HSC (embryonic) HSC (embryonic) HSC (embryonic)

CD11b*macrophages: Marginal zone macrophages:

Unknown Unknown

VST @g

Skin Heart Kidney Peritoneum Blood
Langerhans cells: CCR2~macrophages: Kidney macrophages: Peritoneal macrophages: Ly6C*tmonocyte:
Yolk sac and HSC (embryonic)  Yolk sac + HSC (embryonic and adult) HSC (embryonic and adult?) HSC (embryonic) HSC (adult)
Dermal macrophages: CCR2*macrophages: Ly6C™ monocyte:
HSC (adult) HSC (adult) HSC (adult)

Figure 1.1 Composition of macrophage lineage in adult residenhacrophage

Embryo-derived resident macrophages can be generated from primitive
hematopoiesis and definitive hematopoieBigyrel.2). Around embryonic day 7 (E 7.0),
macrophages and erythrocytes are generated during primitive hematopoiesis in the yolk

saé. Sulsequently, hematopoietic stem cells (HSCs) are generated during definitive



hematopoiesis in the aorgonad mesonephros of mesoderm, and migrate to fetal liver
around E10.5 as the major hematopoietic organ until perinatal périckcept brain
microglia and some epidermal Langerhans cells, most enrumyeed resident

macrophages are descended from HSCs duringitledi hematopoiesis in the fetal liver

(Figurel.3).
E6.5 E8.5 E10.5 E12.5 E16.5 P1 Adult
s>
Yolk sac Fetal liver Bone marrow
FIt3-Cre™ No specific tools FIt3-Cre™
Runx1CreER csf1rCreER (Either FIt3-Cre” or Fit3-Cre ™)

Figure 1.2 The origins of embryonic and adult macrophage lineagés

After birth, bone marrow HSCs become primary hematopoiesis center and give rise
to all blood cell lineages. HSCs generate several progenitagsiré 1.4). Common
morocyte progenitors (cMoP) develop into monocytes. Undifferentiated monocytes exist
in blood and extravascular tissues, and they can differentiate into macrophages under

stimulatiorf.

Under homeostasis, resident macrophages can maintain themselves éyeseift.
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After injury, monocytes are recruited to inflamed tissues and differentiate into
macrophages. Both resident and recruited maeaggd have proliferation capacity under

inflammation Figurel.5).

Postcapillary venule

Lymphatic capillary

Steady state | @P©\_: "

hi
Classical
&84 monocyte

Figure 1.5 Monocytes and macrophages under homeostasis and inflammatfon

1.1.2 Current Understanding of Macrophage Polarization

Type 1 Inflammation
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7 IL-IRA ™,
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Figure 1.6 Spectrum of macrophage polarizatiof®



Macrophages are highly plastic cells. They can respond to spstifiali and

polarize into different subsets to exert discrepant functiéigu(e 1.6). Generally,

macrophages can be divided into M1 and M2 macrophages, the nomenclature derived from

Thl and Th2 cytokines needed fwolarization. However, macrophages subsets can have

tremendous intermediate phenotypes in the spectrum of polarization, and one phenotype

can shift into another instead of maintaining a fixed*brdd1, M2a, M2b, M2c and M2d

are five wellcharacterized phenotypé€s? They have different activation mechanisms

(Figure 1.7), surface marker expression and factor secretion, despite some features are

shared in some subsets.
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Figure 1.7 Discreparnt mechanisms of macrophage polarization by different stimul?

M1 macrophages are mainly polarized by 1&N
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mer S

bind to heterodimer receptor of IFNGR subunits on the extracellular domain to activate the

phosphorylation STATL by JAK kinases on tyrosine 781 STAT1 homodimers



translocate to the nucleus to activate expression of IRF transcription factors, whicte activa

the following expression of specific secondary response {eSdAT1, JAK2, andRF1

are major mediators of IFdinduced signaling, and CISH, NMI, PTPRC, PTPRO,

SOCSI1 are regulators of STAT and JAK functiénisPS can be recognized by TLRAD-

2 receptor complex with the help of LBP and CD14, and activatB88-dependent

pathways inducing activation of transcription factorstéNB , -1ARFs and STATS 16,

RP105, ST2L and SIGIRREN cell surface can inhibit the initiation of TLR4 signaling.
TRIAD3A, SOCSL1 and other further downstream regulators, such as TRAFs and A20, can

also negatively regulate TLRAgnaling®. IFN-o and LPS are wusually c
for M1 macrophage polarization. Despite of overlapped similarity, gene expression profiles

of this combination are different from single stimdfu$. And M1 macrophages induced
solelybyIFNo or LPS also cannot Y 6MCHFaanivgtes zed
dodecamer complexof G@SF receptor, and bc subunits a
STATS5, ERK, AKT, IRF5 and Nfe B°2°, Expression of SOCSL1 is also induced by-GM

CSF signaling, which inhibits JAK/STAT signaling to form a negative feedback loop.
Notably, GMCSF regulates macrophage polarization in a -diegendent mannér In

general, M1 macrophages exhibit pndlammatory properties. They express high level

surface markers like CD86 and CD80, secret inflammatory eygsksuchasHl b, -T NF

U, -6/IU-12 etc., and produce iNG.

M2a macrophages can be polaribgdL -4 and IL-13. IL-4 binds to I-:4R inducing
phosphoriation of IL-4 RU a2 &R oob tyrosine, and activate JAK1 to control
activation and translocation of STAT3 and STAY6IL-13 activates either H

4RU/ /Statk @ Ik1 3RU1/ Tyk2/ Stat 1/ Staté6 cascade. C



IRF4, as well as regulators such as CISH and SOCS1 are also activated in M2a
macrophage8. M2b macrophages are the product of combine stimuli of IC and TLR or
induced bylL-1R ligands. For example, LPS and IC can activate TLR4 and FcRs,
modulating NFe B MAPK, PI3K/Akt, and IRF3signalind. M2c macrophages can be
induced by 1:10 and glucocorticoids. H10 binds to the dimer HIOR and induce
phosphorylation of JAK1 and Tyk2, which subsequently activate STATRe lipophilic
hormone stimulus glucocorticoids is translocated to nucleus by association with GR,
regulating gene expression dependent on either directly binding to DNA via GREs and
NGREs, or indiectly interacting with transcription factors, suchasdNB, STAT3, STA"
and AR128, M2d macrophages can be polarized by LIF and,llrepresenting tumer
associateanacrophages. Unlike M1 macrophages convertdrginine to NO by iNOS,

M2a and M2c macrophages produce Argl hydialyarginine to ornithine and ur&a®.

They express surface markers like CD206 and CD163, and secratflanmtimatory
cytokines including IE10, TGFb  é2£3dVi2b macrophages suppress immune responses,
express CD86 (also expressed in M1) and HRR (also expressed in M2a), secret both
pro-inflammatory cytokines (It1 b , -6, hnd TNFU) a nridflamamatory cytokines

(IL-10, low level of 11-12), as well as express iINOS but lower than M1 macropfi&ge

23,3132 \M2d macrophages express high level oftl and iNOS but low level of H12

and TNFU, and mil dly i fcThey als @rddude ¥BGE,| TEHo fa nAdr g 1

MMP9 to promote angiogenesis and tumor progredsion

Macrophage polarization stimuli and cascades are extensive and complex, also
including microRNAs, MCSF, radiation etc. These mechanisms and tremendous

intermediate phenotypes will not be disagéere.



1.1.3 Common Strategies for Macrophage Depletion

Selective depletion is an important method to study macrophage functions.

Clodronate liposome is widely used for selective depletion of macrophages.
Clodronate liposomes accumulate in macrophages byopitigis metabolized to a
nonhydrolyzable ATP analog, finally resulting in macrophage death without affecting
other norphagocytotic celf§38. Intravenousnjection of clodronate liposomes can deplete
spleen macrophages and circulating monocytes but not neutrophils and synovial
macrophagée$ 8. Resident synovial macrophage in the joint can be depleted by intra
articular injection of clodronate liposomes, with the maximum clearance at38&y 7
Macrophage depletion by clodronate liposomes is a reversible process, but Ly6C
monocytes fail to recov&t Administration route and time should be carefully considered

for successful reach to macrophages by liposomes in certain #ssues

Diphtheria toxin (DT) is a conditional and targeted cell ablation method to clear
certain macrophage populatiéhsTransgenic mice should be developed to express
diphtheria toxin receptor (DTR) on certain cells using specific promoter, sucbXC
(expressed by monocytes and bomarowderived macrophage) DTR-expressing
cells are sensitive to highly cytotoxic DT, which inactivates NAD inhibit protein
synthesis in these cells and finally cause apoptosis. Since other cells in mice are insensitive
to DT, they will not be affectél Target cells may repofate dependent on their

regenerative capacity.

Fasinduced suicide system is another conditional depletion method to clear

macrophages. In macrophage #aduced apoptosis (MaFIA) transgenic mice, CSF1R



promoter drives expression of a mutant human FKBRetmg Fas on cell membrane by
covalent linking in macrophagés Administration of small molecule dimerizingagent
AP20187 cause preferred binding to FKBP, and activate cytoplasmic Fas dimer to induce

apoptosis in macrophages by caspggathwag? 4.

1.1.4 Macrophage and Tissue Regeneration

Selfrenewal, repair and regeneration of tissues rely on proliferation and regeneration
of stem cells, regulating by unique local microenvironment including extracellular matrix,
stromal vasculature, nerve, adipose tissues and even stem cells thefisklaesophages
are important component of stem cell microenvironment, regulating activities of stem cells
during regeneation. They play versatile roles during the process, with functions specific

in the context of tissue type.

Regeneration of skeleton muscle is dependent on activation of satellite cells, quiescent
precursors giving rise to new myofibers. Although considler leukocytes (about 9 per
liter) exist in skeleton muscle, the number will soar up to 100 time®.thisiltration of
leukocytes is important. The population of macrophages decreased in early days followed
by impaired debris clearance and muscle restoratianjda with ablation of CCL2 or its
receptor CCR® #’. IFN-2 inhibits differentiation of satellite cellshile allowing enough
proliferation via JAKSTAT1 signaling pathway inducing the expressiorCHfT A% 48,
TNF-U mtatesithe early differentiation of satellite cells but hampers their inéfedse
and also promoting M1 polaafion together with other inflammatory cytokines. Thisfine
tuned network allows satellite cells to replenish the pool while forming functional muscle

fibers under fine orchestration. Features of both M1 and M2 macrophages are expressed
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vivo after musat injury, but with a bias from M@lominated to MZlominated populations

at 4 to 7 days, associated with stage from proliferation to differentiation of satellite cells
and myogenesis Expression of IE10 and TGFb ar e P naod ckearaneedof
macrophages at this stage hampers muscle regenétatibnl0 facilitate muscle
restoration through regulating macrophage polddgmatto M2 macrophage while
eosinophil derived 1t4 promotes final regeneration through modulating proliferation and
fate of fibreadipogenic progenitor cells (FAP cells), a pool of resident mesenchymal cells

in musclé,

Like satellite cells in the muscle, type 2 alveolar epithelial cells (AEC2s), finally
giving rise to type 1 alveolar epithelial cells (AECL1s), are essential for lung regeneration.
M2 macrophages aressential for successful lung regeneration in mice treated with partial
pneumonectomy. Accumulation of CCR2monocytes were observed consistent with
upregulagéd CCL2 protein in AEC2 cells. Recruited CCRg5¢c" monocytes polarized to
M2 macrophages. And M2 macrophages supported proliferation of AEC2 coloniE3. IL

from innate lymphoid cells modulated Milarization via IL4Ra.

1.2 Macrophagebased Therapy for Tiss® Regeneration

Due to the prevailing importance in regulating regeneration in various tissues,
macrophagéased therapies have been developed to promote tissue regeneration, such as

spinal cord®, heart’, kidney® etc.

1.2.1 Discrepancy of Macrophage Subpopulations in Macrophage Therapy

11



Heterogenous niches different tissues determine that therapy should be tailored to
fit the context of tissue type. M2 macrophages secretirdidmmatory cytokines and
growth factors, and they have been commonly regarded regenerative ph&netype
Intravenous injection of M2 macrophages alleviate renal inflammation and injury, with
efficacy of M2c subset more supefforin murine liver fibrosis model, mice receive M2
like macrophages demonstrate reduced fibrosis and activation of liver progenittr cells
Expansion of Mdike macrophages and MSCs by ixmyeleGalecrease cardiac events in

patients with ischemic heart fail§te?,

But repair potentials of macrophages are not restricted to M2 macrophages and they
are not panacea for all conditions. Miacrophagesvere also important in bone and
muscle regeneratiéh 4. Injection of M1 macrophages reduce muscle damage, while
unpolarized MO macrophages impaired muscle function. ActivatibnMa-like
macrophages accelerates the healing of pressure %lddmvever, M2 macrophages

failed to promote cutaneous healing in rifce

1.2.2 Influence of Time Window in Macropd&a Therapy

Notably, macrophage can affect tissue regeneration in ad@pendent manner.

Some studies suggested macrophages were effective in an early time itfdaw
limb regeneration of aquatic salamander, systemic depletion of macrophages in the first 24
h of proliferation phase after injury results in closure of amputation wound in the limb. But
subsequet regeneration is also inhibited permanently. Late depletion of macrophages post
bl astema formation during differentiation

Replenishment of macrophages in the proliferation phase by reamputation can reactivate

12



subsequent limb regeneration process. In skeleton muscles, early intramuscular injection
of M1 macrophages can promote muscle restol&tittowever, macrophages are also

suggested to influence the late stage of muscle regené?ation

1.3 Macrophage and Cartilage Regeneration: Known & Unknown

Osteochondral trauma can occur during cartilage acute injury, causing damage in the
cartilage and subchondral bone tissuand resulting in bleeding, inflammation responses,
and stem cell activation. Due to poor spontaneous regenerative capacity in adults, cartilage
regeneration is still challenging in clinic, causing 12% of osteoarffirilis spite of
development of diverse engineered therapies, key factors and mechanisms of cartilage

regeneration still need further investigation, such as immune modulation of healing process.

1.3.1 Macrophage in Homeostasis

In articular joint, resident macrophages are derived from erffoiymcrophages in
the lining layer of synovium express CX3CR1 and constiti% of total macrophage
population in the synovium under homeostasis. They form a physical and functional barrier
protecting the joint, sharing some features of bafaeming epithelial cells. Macrophages
in the sublining layer of synovium are CX3CR$F1R. The renewal of CX3CR1
macrophages rely on CX3CRISF1R macrophages, but neither on themselves or bone

marrow monocytes, with a hdife of 5 weeks.

1.3.2 Macrophage in Joint Disease

Macrophages play diverse roles in arthritis progression, cartilageaddeigpn,

inflammation regulation and cell recruitment during joint diséaSess key effector cells

13



in arthritis, macrophages are activated and crucial source of inflammatory cytokines, such

as TNFU, -1lfnd IL-15"% 73 shifting homeostasis and shaping inflammation of joint.

M1 macrophages associated cytokines TNF a n1b Iplt omot ed cartil age
inducing protease and aggrecanase, including MMP1, MMP3, MMP13 and ADAKITS5

In murine model of rheumatoid arthritis, nonclassical LyG@nocytes rather than

classical Ly6C monocytes initiate sterile inflammatory arthrifisLy6C monocytes

polarize into M1 phenotype, driving inflammation and disease pathogenesis. Resident
synovium macrophages maintain M2 phenotype and protect joint during arthritis.
Recruited macrophagesi&iM1 phenotype to M2 phenotype during the course of arthritis,

with altered function in resolving inflammation.
1.3.3 Macrophage and Cartilage Stem Cell

Cartilagederived stem/progenitor cells (CSPCs) have been identified in the joint from
bone marrow, synoviu, superficial cartilage layer, periostefp@richondrium, and fat
pad®. With seltrenewal, multilineage differentiation and migratory capacities, CSPCs like
other resident stem cells actively respond to cartilage injury and participate in the healing
proces®. These endogenous or exogenous stem cells, such as mesenchymal stem cells
(MSCs), are regarded as promising candidate for reconstruction of cartilage tissues with

limited regeneration capacity.

Immune signks are important regulators attivities of stem celldnflammatory M1
macrophages exhibit destructive propertiddl macrophages impair migration,
proliferation and induce apoptosis of stem ¢é&ll% and restrain chondrogenesis by

downregulatingzOL2andACANin stem cell®’. However, effects of M2 macrophages on

14



cartilage show inconsistent conclusiorld2 macrophages can enhance migration,
proliferation and survival of stem ceffis’ 8. but they showeither enhance®f or
insignificant effed® on chondrogenesiCertain biomaterials can induce macrophage
polarization towards M2ike phenotype and increase synthesis e, TGFb and | GF,
promoting cartilage regeneration in cell culture or arthritis n¥8d&l Anyhow, another

study suggestd2 macrophages fail to reverse predominant catabolic effects of M1

macrophages in arthritis preconditiéhs

1.3.4 Macrophage and Osteoclast in Sickle Cell disease

Sickle cell disease is causeg mutato n  iglobin f[yene (HBB)which produes
hemoglobif®. Under lower oxygen level, these mutated S hemoglobin forms rigid protein
strands and change flexibdlisk-like erythrocytes into nofiexible sickled shape, which
can block small vessels, reduce blood supply and cause pain and damage fi¥tssues
The lifesparof sickled red blood cells is greatly reduced to less than 20 days, compared
with 70 to 140 days in normal ones, causing an&nifaApart from vascular problems,
sickle cell disease also affects metabolism of cartilage and bone from the young age of
patients, causing a series acute and chronic skeleton related compféatioos as
significantly delayed skeletal maturatjoredued bone mineral densifyfemoral head

osteonecrosistc.

Due to important roles of macrophages and osteoclasts in metabolisms of cartilage
and bone, they are suggested to have intimate link with cartilage and bone problems caused

by sickle cell disase.
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Macrophages are pivotal in bone anabolism and fracture he@4if@ff TRAP osteall
macrophageare located withimestng osteal tissuén andadjacent tasteoblast in active
remodeling boné$ %. They regulatevascular calcificatiorpossibly via timor necrosis
factorand oncostatin ®% °’. Depldion of macrophages result in reduced bone formation
in vitro and in vivo, disrupting osteogenesis of stem cells and matrix depoSitidn
However, S hemoglobin sickle cell disease impairs lysosome processing in macrophages,
and finally lead to increased inflammation by upregulatingipilammatory cytokines as

well as increased macrophage proliferation by upregulMi@SF and GMCSF%,

Osteoclasts are specialized in resorption of cartidengkEbone via acidification, MMPs
and cysteine protease (like cathepsin K), important for metabolism of cartilage aH.bone
They also regulate differentiation of osteoblast, migratiameofatopoietic sta cells and
immune responsé¥. F4/80TRAP' osteoclasts are derived fromonocyte/macrophage
lineage but they function independently on macrophdge¥®. However, sickle cell
disease increases level of TRAP and6llin the serum, indicating enhanced ostast

activity”.

1.3.5 Research Gap and Challenges in Cartilage Regation Niche

Macrophages are important component of cartilage regeneration niche. Although the
importance of macrophages in cartilage metabolisms has been emphasized, there are still

many problems to be addressed in the topic of cartilage regeneration.

First, microenvironment in osteochondral injury is different from arthritis. Current
understanding of macrophage functions in the joint is based on arthritis studies. Unlike

arthritis heavily involves participation of T cells and B cells, innate immunity is

16



predominant activated upon osteochondral trdfffnand immune dialog in acute injury
conditions is different from dysregulated immune responses and chronic inflammation in
pathologic arthritis. Functionsf macrophages on cartilage regeneration in this scenario

need further investigation.

Second,in vivo investigation interaction between macrophages and stem cells is
required despite a feim vitro co-culture studies. Notably vitro chondrogenic property
of induced macrophages may not guarantee therapy potentiaisd®. Insights of
regenerative role of macrophages in osteochondral defect should be obtainedvikam
studies of injury model, as influences of polarized macrophages on stem cells are mostly
from in vitro culture. Also, different settings and menclature among these studies
hamper further comparison and inteation of results. For example, pathology and
origin can cause puzzles. Merived antinflammatory cytokine IE4 could neutralize
destructive effect of 11 U andU ToNF pri mary bd%Bue chol
degradation intensified by M1 macrophages could not be inhibited by either M2a or M2c
macrophage in human OA cartilage expl&itsalso emphasizing the importance for

consideration of microenvironment difference mentioned in the first point.

Third, although macrophagesed therapy has been proved to promote repair and
regeneration in various tissue, it remains elusive whether this strategy works in cartilage
regeneratin. And key factors influencing therapeutic potential as well as possibility of

combination with current treatment also need further investigation.

Last but not the least, osteochondral injunpagéns largely unexplored under certain

pathological conditinos (such as sickle cell disease) involving cartilage and bone

17



problems. The underlying mechanisms of sickle cell disease caused skeleton abnormality

need further investigation.

Mechanisms regulating cartilage regeneration process are still covered under a
mysterious veil. Functional restoration of cartilagstill a tough and challenging clinical
problem.Investigation of immune regulatiar regeneration process is of great importance

hoping to help decipher the puzzles.
1.4 Research Objectives

Based on urdved questions in cartilage regeneration and the significance of
macrophage regulation, the research mainly focuses on the regulatory role of macrophage
in cartilage regeneratiofrigure1.8), while howdisease changesirtilage/lone balance is

also investigated.

Macrophage function Sickle cell disease
after osteochondral injury (SCD)

n . . . |
LR e Depletion Macrophage Crosstalk with Regeneration Dl
macrophage #» . ®»  postnatal

L study delivery stem cells under SCD
activation development
Aim1:To investigate role of native macrophage in cartilage Aim3: To investigate
regeneration osteochondral injury and
postnatal skeleton development
Aim2: To explore therapy potential of exogenous macrophage in under sickle cell disease

cartilage regeneration conditions

Figure 1.8 Overview of research
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Generally, the research contains mainly two parts. In the first part, responses and
functions of macrophages during cartilage regeneraften @steochondral injury in keen

joint (distal epiphysis of femur) are investigated, divided thaspects:

Aim 1: To investigate role of native macrophage in cartilage regeneration.

Distribution and composition of macrophages are investigated aftsvcbsindral
injury in the murine model. And function of macrophages duringrsgineration of

cartilage is investigated by depletion study. Results are summarized in Chapter 2.

Aim2: To explore therapy potential of exogenous macrophage in cartilage

regeneation.

In mice without cartilage regeneration capacity,vitro polarized bone marrow
macrophages are delivered into joint to investigate therapeutic potentials of macrophages
in cartilage regeneration. In particular, key factors influencing regeneitcome are
investigatedStem cells aralsoinvestigated during cartilage regeneration. And possible
interaction between stem cells and macrophages are also investiBatmadts are

summarized in Chapter 3.

Next, since sickle cell disease causes splptoblems and alters metabolism of bone
and cartilage, osteochondral injury keen joint andpbostnatal developmeir hip joint
(distal and proximal epiphysis of femur) are investigated in the second part, with focus on

the role of macrophage and ostiagt.

Aim3: To investigateosteochondral injury and postnatal skeleton development

under sickle cell diseaseonditions.
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Regenerative process after osteochondral injury is investigated under SCD conditions.

Meanwhile, asification of femoral is found toebdelayed in SCD mice. The
phenomenon isnvestigated in 5 months old mice. Tissue structure, progenitor cell
properties and vasculature in the femoral head are analyzed. Resalsbatenmarized

in Chapten.

At the end of dissertation, a general sumnaad future perspective will be discussed.
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CHAPTER 2. MACROPHAGE DEPLETION HAMPERS NATIVE

CARTILAGE REGENERATI ON

Clodronate liposome is a widely used strategy to deplete tissue macrophages.
Depletion studies have demonstrated the involvement of macrophage ulatirep
regeneration process in different tissues. However, the function of macrophage in cartilage

regeneration after osteochondral injury remain elusive.

In this chapter, macrophage distribution and component are first investigated to
outline macrophageactivation after osteochondral injury. Since juvenile mice can
regenerate articular cartilage after osteochondral injury spontangéusépletion study
is performed to investigate macrophage function during native cartilage regeneration

(Figure2.1). Then, regulation meamisms are explored.

PBS
— -
/' liposome \
Control
Osteochondral Histology analysis
defect surae. —  PHH3 detection
gery TUNEL assay
4-6 weeks old mice \ /
Clodronate
—
liposome

Macrophage depletion
Figure 2.1 Schematic diagram of depletion study

2.1 Materials and Methods

To move toa new chapter, you must t&ord that you are moving on to a new
page. You do this by inserting a galgreak. A page break forces the next line of text to

appear at the top of a fresh page.

21



2.1.1 Instruments

Table 2.1 List of experiment equipment

Instrument Mo d el Manuf act
Autocl ave machine MLS750 SANYO
Baisc power supply 1645050Bi-mad
Bl uview Transillumina MBEOOA Maj or S
Cold Plate for Modul aEG1150CLeica
Conf ocal mi croscope Revol ut Andor
Cryostat CM3050 Leica
El ectronic bal ance BS124S Sartori.
Magneticrer | KARH Basics |
Mi croscope DM3000 Leica
Paraffin embedding st EG1150HLei ca
Paraffin flotation baHI 1210 Leica
Rotary microtome RM2235 Leica
Stereo microscope SZN71 SUNNY Op
Ther mal cycler systemMyCycl eBi-mad

2.1.2 Animals andsenotyping

Wild C57BL/6 mice (Charles River Laboratories), &xi3cri®FP* (also known as
Cx3crImtiy3) mice andCcr2RFPRFP mice (bred fromCcr2RP* mice, also known as
Ccr2m21%93 mice) from the Jackson Laboratory were used for the following iexgets
in this chapter. Due to use of heterozyg0i8cri® "+ mice for experiments, genotyping
is performed after weaning. Any detail about the kit usage can be referred in the
manufacturerdéds instructions and dsseitationnneces
Totally, 34 male mice were used in this chapiexble2.2). 4-6 weeks old juvenile mice
are used in depletion study. All procedures are approved by IACUC at Peking University

(COEGez4 and COEGeZ5).
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Table 2.2 Animal usage

Number Sacrifice
. : Age Joints for (weeks
Aim Procedure Mice of e
(weeks) . guantification after
animals
surgery)
Synovium  Osteochondral Both joints for
macrophage surgery on the Cx3cr®™* 810 3 male qualitative 1
observation  right knee. analysis.
Monocyte Osteochondral Ccr2RFP/RFP 3 male 1
migration  surgery on the 8-10 6 (right)
observation  right knee.
C57BL/6 3 male
Control Both joints for
without No treatment. C57BL/6 4-6 1 male gualtative
surgery analysis.
3 male 1
Liposome Osteochondral _
(PBS) surgery on C57BL/6 4-6 3 male 24 2
injection both joints. -
3 male 4
3 male 8
3 male 1
Liposome Osteochondral _
(clodronate)  surgery on C57BL/6 4-6 3 mde 24 2
injection both joints. -
3 male 4
3 male 8

2.1.2.1 Materials

One Step Mouse GenoTyping Kit (PD101, Vazyme)DNA ladder (B600303020,

BBI, Sangon Biotech), 4S Green Plus Nucleic Acid Stain (A61@39®, Sangon
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Biotech), agarose (111860, Biowest), TAE buffer (PM504polaber), primers

(synthesized by Sangon Biotech (Shanghai) Co., Ltd.).

Electrophoresis cell (FEPFT, Junyi)PCR tubes (PCR2-C-1, Axygen, Corning),

microcentrifuge tubes (MGI50-C, Axygen, Corning), autoclaved iris scissor.

2.1.2.2 Procedures

1) DNA extracton: 2 mm mouse tail tip is used for genotyping. Release the DNA

from tissues by | ysis buffer at 55 accor

K must be i nactivated at 95 for 5 mi

the mixture. @ly the supernatant lysate is used for PCR.

Table 2.3 PCR reaction system of genotyping

Reagent Vol ume
dH,O 4
Master Mix 10

10 M primer:

CX3CRIwt GTCTTCACGTTCGGTCTGGT 1
CX3CRZcommon CCCAGACACTCGTGTCCTT 1
CX3CRImutant CTCCCCCTGAACCTGAAAC 1
Sample lysate from 1) 3

Table 2.4 PCR thermocycling program of genotyping

emperature Time Cycle

4 2 min

4 20 sec

5 15 sec

8 10sec Goto step 2, 10 cycle
4

0

2

2

D
o

15 sec

15 sec

10 sec Go to step 5, 28 cycle
2 min

b

‘DOO\I(D(J'I-POOI\)H('_A)

=
9
9
6
6
9
6
7
7
4
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2) PCR amplificationPr epar e t he 20 Tadle23ineeackRCRtube sy st

on ice. Then, run the reaction following the thermocycling programahle2.4.

3) Electrophoresis: PrepaPe agarose gelAdd nucleic acid stain to cooled melted

agarose at 5 ¢l per 50 mll samplé peageld.rRaurs e s 0|

electrophoresis in 1X TAE buffer at 170 V for 40 min.

4) Imaging: Image the gel with blue light. Wildtype should only have band at 400 bp.
Cx3crI®FP/GFP should only have band at 500 bp. Heterozygote should have bands at 400

bp and 50 bp.

2.1.3 Construction of Murine Osteochondral Defect Model

2.1.3.1 Materials

Chloral hydrate (231Q0SigmaAldrich), NaCl (112008, Tong Guang), carprofen

(MB1412, Meilunbio), ethanol (AR2500ML, Tong Guang), Betadine, hair removal cream.

Sterile gauze, sterile cott@wab, 1 ml syringe, insulin syringe (Omni€a#0, B.

Braun Medical), 26G needle (V27426 XDL®, 3# scalpel holder, 15# scalpel blade (K4

15, Jinhuan Medical), serrated forceps, iris scissors, needle holdesuthres (CR537,
Jinhuan Medical), ® sutures (R611, Jinhuan Medical), medical tape, 502 super glue,

coverslip (SAIL BRAND), microscpe slide (7101, SAIL BRAND).

2.1.3.2 Procedures
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1) Defect construction tool: The tool to construct osteochondral defect is modified
from standard 26G needle on a custmade working platformKigure 2.2, not drawn to

scale)

26G needle

390 ym silicon stopper
¥  coverslip ]

microslide base

Figure 2.2 Defect construction tool modified from standard 26G needle

A silicone stopper i's fixed at 390 em
constructed defect. The contacting side of stopper can be trimmed to fit the trochlea groove

of mice articular cartilage. Modified needles should be autoclaved before susgery

2) Anesthesia: Mice are anesthetized by 3.5% chloral hydrate (10ml/kg), and fixed
under stereo microscope with medical tape. Hind legs are epilated by hair removal cream

and sterilized by betadine.

3) Surgery: All surgical tools should be autoclabedfore surgery use. Flex the joint
to strain the skin and muscle, and hold it firmly. Make a small incision on the skin over the
joint to expose the patella tendon. Perform medial parapatellar arthrotomy from the end
point of ligament to quadriceps. Theeision should be made in muscles about 2 mm from
patella to avoid cutting the tendon or ligament. Trochlear groove is exposed by lateral

dislocation of patella and attached tendon and ligament, using forceps gently without
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breaking the cartilage. Clampetimodified 26G needle firmly by needle holder, adjusting
the sharp bevel towards the same direction of movement. Dot at the middle of beginning
site of articular cartilage to confirm the start point, and move steadily to the end of articular
cartilage to mke a longitude fulthickness defect throughout the middle lengfth
trochlear grooveKigure2.3). Take great care to avoid cause extra damage during surgery.

Flush out debris using sterile saline (0.9% NaClget8kr the leg to restore the patella.

Carilage exposure Defect constructon

Figure 2.3 Osteochondral defect surgery in mouse articular joint

4) Suture: Use simple interrupted suture. Close the incision of joint capsule-With 6
surgery suturesThree sutures are enough for each joint. Dislocation of patellar after
surgery due to reliable suture should be avoided. Suture the skin-@igutbires. Avoid

suturing the skin and muscles together by mistake.

5) Postsurgery: Mice are injected subcutansly with 5 mg/kg Carprofen for pain
relief and placed on warm pad until they recover. They should be under close observation

in a few days.
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2.1.4 Macrophage Depletion

2.1.4.1 Materials

Clodronate liposome & control liposome (PBS) {Q5-005, LIPOSOMA), chloral
hydrat (23100 SigmaAldrich), hair removal cream, Betadine, ethanol (AR2500ML,

Tong Guang).

Insulin syringe (Omnicdh40, B. Braun Medical), microsyringe (7683, Hamilton),
33G needle (780685-1, Hamilton), 3# scalpel holder, 15# scalpel blade-{&4 Jinhua

Medical).

2.1.4.2 Procedures

1) Grouping: Mice with macrophage depletion are injected with clodronate liposomes.

Control mice are injected with PBS liposomes.

2) Intra-articular injection: Liposomes are injected irtndicularly a week before
surgery. After angthesia, the mouse is placed in a supine position. Epilate and sterilize the
joint area. Make a small incision in the skin to expose the patella tendon of joint in a flexed
position. Insert 33G needle of microsyringe into the space between patella amd femu
carefully. As the needle successfully enter the joint space, the patella will move upwards a

littl] e. |l nject 6 ¢l | i pdcdayse (wcesa week). t ot a l i

2.1.5 Immunohistochemistry Staining

2.1.5.1 Materials
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PFA (BL539A, Biosharp), EDTA (6891, Xilong Scientific), NaOH (S0205, Xilong
Scientific), HCI (10011028, Sinopharm), PBS (IH0140, Leagene), sucrose (S3053,
Beihua), PVP (V900010, Sigmadrich), gelatin (10010328, SinopharnQCT (4583

Sakura), TBS (MA0141, Meilunbio), Triton-X00 (T109026 Aladdin), SDS §108350

Aladdin), goat serum NIP20008100ml| Yuanye), DAPI (D9542, SigmaAldrich),
glycerol (7020, Xilong Scientific), Tris buffer (pH = 8.0) (T1150, Solarbio)phopyl
gallate P108603100g,Aladdin). Primary and secondary antibodiegddor IHC staining

is listed inTable2.5.

Cryomold (4566, Sakura), loprofile blade (819, Leica), iris scissors, serrated
forceps, brush, adhesive microslide (P1889Aladdin), PAP pen (E678008000, BBI),

coveaslip (TNTCG-169, TNTC), nail polish, humidity chamber.

Table 2.5 Antibodies for immunohistochemistry staining

Antibody Manufacturer Cat. No. Dilution
zrf]]tci)sggjiistone H3 (PHHS) Cell Signaling Technolgy 9701S 1:400
Slﬁitré“zggabbit I9G H&L (Alexa pjoom ab150077  1:2000
(F;Iﬁ?)tr@fgﬁabb“ 19G H&L (Alexa pycam ab150079  1:2000
Slﬁit@grgg;at IgG HEL (Alexa pjoom ab175476 1: 100
)(Algtli\’_lB)r]dU antibody [BUL1/75 Abcam 06326 1: 100
Ea[k)JtSi;t';nAbR eceptor U Cell Signaling Technology = 3174T 1:1000
IgG Goat Antirat IgG/RBITC Bioss 22?12_336 1:100
Purified antimouse F4/80 Biolegend 123101 1:200
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Table 2.6 Mounting media for fluorescent IHC (pH = 8)

Reagent Amour
Tris bufl0 m
Gl ycero 90 m
N-propyl 0.5

2.1.5.1 Procedures

1) Sample processing: Euthanize the mice by cervical dislocation. The whole joint
should be kept intact. Remove unneeded muscles as mydssible. Operations should
be careful to avoid breaking the articular joint violenlix the sampleid % PFA at 4
overnight. Wash the sample with PBS twice to remove excess PFA. And decalcify the
sample in 0O.5M EDTA(pH=7-4 . 6) at 4 for at |l east 4

completed.

2) Embedding: Wash the sample with PBS twice and soakrnyaprotectant solution
4 overnight. The sample should descend t
embedding reagent at 6 5 . Stop stirring
di ssolves completely and b enmaiebebblesciicebate and
the sample with some embedding reagent at ¢
in the tissue mold and put it on ice. Trim the joint sample and put it in the mold, using
forceps to adjust the position of sample during satidifon of gelatin, to make sure the
articular cartilage will be crossectioned (transverse plane). Replenish the embedding
reagent to fill the mold if needed. Bubbles should be avoided during embedding. Store
embedded blocks &8 0 . They enhtteastodernigla befone being sectioned

on a cryostat at 20
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3) Section preparation: Glue the block to the holder by OCT. Prepa2e010 &€ m
sections using lovprofile blade for the following staining. Use a clean brush to help flatten
the section ifneeded. Transfer the section onto adhesive microslide by touching. The
microslide should be room temperature to keep the temperature difference with tissue
section. Dry the slides at room temperature for 30 min before staining. Sections can be

stored at2 O ) All ow frozen slides to thaw at ro

4) Rehydration: Draw water resistant circles around sections on the microslide.

Di ssolve the gelatin in TBS at 40 for 5

5) Permeabilization: Staining should be perfedhin a humidity chamber to avoid
reagent evaporation. Sections should never dry out. Incubate the sections in TBST with

0.3% Triton X100 for 20 min at room temperature.

6) Antigen retrieval: Incubate the sections in 1% SDS for 5 min at room temperature.
Extended incubation in SDS can cause damage the samples. Wash the sections with TBS

for 5min three times to remove residual SDS.

7) Blocking: Block the sections in TBS with 10% goat serum for for 30 min at room

temperature.

8) Primary antibody incubatio@i | ut e pri mary anti body acc
instructions with blocking buffer. l ncubat
overnight.

9) Secondary antibody incubation: Wash the sections with TBSrfon Shree times

to remove excess primamgntibody. Dilute secondary antibody with blocking buffer.
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Incubate the sections with secondary antibody at room temperature for 1 h, protected from

light.

10) Nuclear staining: Wash the sections with TBS for 5 min three times to remove
excess secondarytarody. Cell nuclei are counterstained with 200ng/ml DAPI for 30 min

at room temperature in dark.

11) Mounting: Wash the sections with TBS fomin three times to remove residual
DAPI. Remove excess TBS and mount the slides with mounting medium. Avdaebub
during mounting and remove excess medium. Seal edges of the coverslip with nail polish.

Dry the slides at 4 overnight in dark.

12) Confocal microscopy: Perform microscopy immediately after drying. Sections

can be stored at féorafewgaysot ect ed from | i ght

2.1.6 Apoptosis Detection

2.1.6.1 Materials

TdT In Situ Apoptosis Detection Kit (48120-K, R&D Systems), Noropyl gallate,
PBS (IH0140, Leagene), DAPI (D9542, Sig#lrich), glycerol (7620, Xilong
Scientific), Tris buffer (pH = 8.0) (T1150, Solarbidy;propy! gallate P108603100g,

Aladdin).

PAP pen (E678004, BBI), coverslip (TNTI&®9, TNTC), nail polish, humidity

chamber.

2.1.6.2 Procedures
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1) Rehydration: Prepare and rehydrate the slides in hot PBS as described before

(Immunohistochemistry Stainihg

2) Permeabilization: Incubate sections with CytSninr 30 min at room temperature

in the humidity chamber. Wash the sections with@Hbr 2 min twice.

3) Positive and negative controls: Positive control is treated muthease. Dilute
TACS-Nucleasé (2:50) in TACSNucleasé buffer. Incubate the sections with TACS
Nucleasé solution for 1 h at room temperature. Wash the sections with PBS for 2 min

twice. Negative control is the sample without treatment or labeling t® Bhokground.

4) Labeling: Prepare reagents according
sections with 1X TdT Labeling Buffer for 5 min. And then incubate sections in Labeling
Reaction Mix for 1 h at 37 I ctidnkvith 10 u mi d i

TdT Stop Buffer for 5 min at room temperature.

5) Probe incubation: Wash sections with PBS for 5 min twice. Incubate sections with

StrepFluorescein Solution for 20 min at room temperature in the dark.

6) Nuclear staining: Wash the sectianigh PBS for 2 min twice. Stain the nuclei with

DAPI for 30 min in the dark.

6) Mounting: Wash the sections with PBS for 5min three times to remove residual

DAPI. Mount the slides as the same as mounting in IHC and perform confocal microscopy.
2.1.7 Histology

2.1.7.1 Materials
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PFA (BL539A, Biosharp), EDTA (6491, Xilong Scientific), HCI (10011028,
Sinopharm), PBS (IH0140, Leagene), ethanol (AR2500ML, Tong Guang), xylene (102018,
Tong Guang), paraffin (39601095, Leica),
ammoniasolution (109031, Tong Guang), eosin Y+{0d4, AOBOX), acetic acid (101025,
Tong Guang), fast green (F11093§, Aladdin), safranin O (S22525G, SigmaAldrich),

neutral balsam mounting medium (28555, ZSGBBIO)

Staining rack, staining tank, coversl{fNTC-169, TNTC), adhesive microslide

(P146901, Aladdin).

2.1.7.2 Procedures

Table 2.7 Processing of mice joints for paraffin embedding

St e Reagent Ti me
1 50t hanol 15nir
2 60&®t hanol 15 r
3 70%®t hanol 15ni
4 80t hanol 15 r
5 90®%®t hanol 10 r
6 95%®t hanol 10 r
7 95t hanol 10 r
8 Et hanol 10 r
9 Et hanol 10 r
10 Xyl ene: =EX 5 mi
11 Xyl ene 2 mi
12 Xyl ene 2 mi
13 Paraf f84an8 1 h
14 Paraf f(6608) 1 h
15 Paraff(i6@ ) 1 h

1) Sample processing: Fix and decalcify the samples as described in
Immunohistochemistry Stainind\fter wash samples with PBS, dehydrate the samples in

ascending ethanol solatis gradually. Saturate the joint samples in mixture of xylene and
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ethanol, and then saturate them in xylene for clearing. Saturate the samples in melt paraffin

with three changes. The detailed process is listd@@lne?2.7.

2) Paraffin embedding: Cool the coldaffiorm in advance. Add a few drops of melt
paraffin (586 0 ) to the met al mo |l d. Pl ace the jo
(as described in IHC section), and fix it when paraffin cools down. Put the labeled cassette
on the top of mold and fillhe mold with melt paraffin immediately. Complete
solidification of bottom paraffin before the whole sample is embedded in paraffin may
cause mechanical failure at the interface during demolding or sectioning. Place molds on

cold platform. Demold the paraifblocks after 15 min.

3) Microtome: Trim the block to remove excess paraffin if needed. Fix the block on
the holder. Trim the paraffin block until the cartilage section is found. Sections in the area
of cartilage intersected with epiphyseal plate aedusr histology staining and scoring.
Prepare 5 em paraffin sections on microtom
Transfer sections onto adhesive microslides carefully to avoid bubbles and excess water.
Then slides are place on heat platform fof ur t her extensi on and d

slides completely in the oven at 37 over

4) Rehydration: Deparaffinate the slides in xylene. Go through descending ethanol

solutions and finally rehydrate the sections in tap water. Detailed stelpsteten

Table2.8.
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Table28Deparaffinization and rehydration o

St e Reagent Ti mi
1 Xyl ene 5mi r
2 Xyl ene 5 m
3 Xyl ene: =EX& 3mi
4 Et hanol 1mi
5 Et hanol 1mi
6 90 % et hano 1mi
7 70% et hano 1mi
8 Wat er 1mi

5) H&E staining: After rehydration, perform H&E staining following the steps in
Table2.9. Acid alcohol réers to 0.5% HCI (37% concentrated solution) in 75% ethanol
solution. For eosin solution, dissolve 5 g eosin Y in 100 miQJkand add 20 ml acetic
acid in the beaker. Stir the mixture and collect sediment by filtration. Dry the sediment in
theovenat60 and store in the dark wuntil use. Di

95% ethanol solution for H&E staining.

Table 2.9 H&E staining of mice cartilage

St e Reagent Ti me
1 Mayér hemat 10ni
2 Wa er Imi n
3 Wat er Imi n
4 Aci d alcoh 16

5 Wat er 2mi n
6 O. ZzZ2%moni a <1mi n
7 Wat er Imi n
8 Water Imi n
9 Eosin solu 30 s
10 Wat er 2s

11 70% et hanol 2s
12 % et hanol 2s

13 Et hanol 3mi n
14 Et hanol 3mi n
15 Xyl eneoEEYX F2mi n
16 Xyl ene 2mi n
17 Xyl ene 2mi n
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6) Safranin O staining: After rehydration, perform Safranin O and fast green staining

following the steps iTable2.10.

Table 2.10 Safranin O staining of mice cartilage

St e Reagent Ti mi
1 0.05% fastbmir
2 1% acetic 10
3 0.1% safr e5mi
4 95% et hanc2mi
5 9% % et hano 2mi
6 Et hanol 3mi
7 Et hanol 3mi
8 Xyl ene: =EX% 2mh
9 Xyl ene 2mi
10 Xyl ene 2mi

7) Mounting: Take slides out of xylene, and dry slides in air for a while to remove
excess xylene. Mount the slides with neutral balsam for microscopy. Bubbles should be

avoided.

2.1.8 Evaluation of Cartilage Regeneration

Hi stol ogy results of cartilage regenera

scoring systemT(able2.11).

Table211Modi fi ed O6Dri scoll lartilage repaio g i ¢ a l
ODriscol l categor Sco
Nature of the pret
Cellul ar morphol ogy
Hyaline articular 4
I ncompl etely diff 2
Fibrous tissue or O
Safr®nshaining of t hi
Nor mal or nearly 3
Moder at e 2
Sl ight 1
None 0
Structur al char a
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Table2.11Modi fi ed O6Dri scol | hi stol ogical ev
(continued)

Surface regularity

Smooth and intact 3
Superficial horizon 2
Fi ss2bldDb t hsi cknes 1
Severe disruption, 0
Structur al integrit
Nor mal 2
SIight di sruption, 1
Severe disintegrati O
Thickness

100% of normal adja?2
5010084 nor mal carti 1
0i50®wf nor mal cartil O
Bonding to the adja:
Bonded at both ends 2
Bonded at one end, 1
Not bonded 0
Freedom from cellul ar
Hypocel l ularity

Nor mal cellularity 3
SIl'ight hypocellular 2
Moderyapoecehl | ul arity 1
Severe hypocellular O
Chondrocyte cluster
No clusters 2
< 25% of the cells 1
251000 the cell s 0
Adj acent <cartilage d
Nor mal , no clusters 3
Nor mal cel |, mi lgd ¢ 2
Mi |l d/ moder ate hypoc 1
Severe hypocellular O

2.1.9 Quantification of Cell Number

Three distant sections are selected in one experiment within each sample, but
consecutive sections are selected for different staining for ctsopatmage processing
and manual cell counting are accomplished on Image J (Java 1.8.0_172, National Institutes

of Health) and Adobe Photoshop CC (Version 19.1.6, Adobe Inc.) software.

38



AN A S
poled 2 ‘;"',5,“.‘;'{? *'.'!&'4,‘2}}; g
¥ o e h o g sk Laa 8 ¥ N e U
LA ,x‘)"c;\',”g: r:"’.llciv\\
I/‘l"'.l",‘ v‘clg,q,.qs‘\\\‘o N Pz
U .‘n;o"\,(,'.;,,x g ;

Ay ;')’f‘ﬁ, - \‘\} >

ey
»

9:’;,% fl

Figure 2.4 Schematicdiagram of cell counting in synovium
P-patella, f e mu r . Scale bar: 100 & m.

For quantification of cell number in synovium tissues, the lateral synovium of the joint
is used for quantification to avoid the effects of surgery and suturing. Cells are counted
the synovium within the selected area (SA) in each sample (shown as dash shigamein
249 . For quantification of apoptotic cells
the edge of the defect aresaselected. For quantification of cell number in defect area,
injury region is selected in bright field channel and cells are counted manually in combined

fluorescent images.
2.1.10 Quantification of Synovium Tissues

H&E staining images are used to measurektiess and are area of synovium tissues.
Like cell counting, the lateral synovium within a selected box is used for quantification.
Area is measure by Image J. For thickness measurement, 6 sites are selected in each image

and measured in Photoshop CC.

39



2.1.11 Statstical Analysis

Statistical analysis is performed in SPSS (Version 24, International Business
Machines Corp.) and GraphPad Prism 7 software (GraphPad Software Nioeval
distribution is checked by Shapiwwi | k t est . Homogenei esyof i s ¢ h
equality of variance. For a single independent variable, two groups were analyzed by
ManneWhitney U test (nonparametric), and multiple groups were analyzed byane
ANOVA (parametric) with Sidak correction (
(heterogeneity), or KruskdVa | | i s t es't corrected with Dui
differences werereported statistically significant at 95% confidence levdData
interpretation was shown by the difference between medians with 95% confidence interval
(CI). In figures, error bars represent standard error of the mean (presented as mean £tSEM),

and asterisks indicateyalues. *p<0.05; **p<0.01; ***p<0.001.

2.2 Results

2.2.1 Influx of Macrophages Appeared after Acute Cartilage Injury

As CX3CR1 is widely expresséuthe mononuclear phagocyt&sCx3cri® P+ mice
were used to detect responses of monocyte and macrophage in th@rjdining layer of
normal mouse synoviumgnly a few Cx3crI’ resident macrophages (green) could be
observed during homeostasis, forming the physical barrier. Upon injury, a large number of
Cx3crl” monocytes and macrophages were activated and infiltrated throughout the entire

synovium and even p@steum, joint capsule and surrounding musdtagufe2.5).
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Control Osteochonral defect

CX3CR1

Figure 2.5 Activation of macrophages after osteochondral injury

Arrow head: Cx3crl+ monocyte/macrophadash line: synovium outline; S: synovium.
Scale bar: 100 &em. N = 3 joints.

2.2.2 Infiltrated Macrophages Constituted the Majority Dependent on CCR2

Since macrophage have different origins, the composition population was investigated.
To identify circulating moacyte-derived macrophage€cr2XFP/RFPmice were utilized, in
which CCR2 was inactivated and blood monocytes were unable to migrate across the
vessels and infiltrate into injury sites. Significantly decreased number of *F4/80
macrophages were observeddor2R"P/RFPmice (107, 95%CI-127 to-63) compared to
wildtype at 1 week posturgery p<0.001), which was consistent with a reduced number
of total cells in the synoviunt{gure2.6). Recruited macrophages congetithe majority
of the macrophage population in the synovium (approximately 73%), with a minority
population of resident macrophages. These data indicated that CCR2 played an important
role in the migration of recruited macrophages after acute injuryrddhages constituted
36% of the synovium cell population in the first week, and potentially exerted a profound

influence on the regeneration process of cartilage injury.
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Figure 2.6 CCR-2 dependent infiltration of monocytederived macrophages

(A) Immunohistochemistry staining of macrophages (F4/80+, yellow) in the synovium of
wildtype C57 mice (WT) and Ccr2RFP/RFP mice (CCR2 inactivation) at 7 days post injury.
White arrow head: F4/80high macrophage; redvaread: F4/80low macrophage. Scale
bar : 100 &m. (B and C) Quantitation of
synovium shown in A. Manr@/hitney U test for cell counting. N = 3 joints per group.

2.2.3 Successful Macrophage Depletion by Clodronate lapoes

PBS A4

CLO*
Week-1 0 1 2 4 8

v v

Figure 2.7 Intraarticular injection of liposomes

Black or red arrow: intrarticular injection of liposomes; green arrow head: surgery;
orange arrow head: sacrifice.

Since clodronate liposome reaches thaximum depletion efficiency at das?7°,

mice received intrarticular injection vehicles (PBS) or clodré@diposomes (CLO) one
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week before surgeryF{gure2.7). Continuous treatment was administrated for sustaining

depletion.

To confirm macrophage depletion in synovium, immunohistochemistry staining was

performed afteliposome injection.
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Figure 2.8 Depletion of synovium macrophage by clodronate liposome

(A) Immunohistochemistry staining of macrophages (F4/80+, yellow) in the synovium of
PBS and CLO mice at 7 days pogtry. Dash line: synovium outline; S: synovium. Scale
bar: 100 & m. (B and C) Quantitation of
synovium. MannaVhitney U test for cell counting. N = 3 joints per group.

Macrophages in knee joint were selectivdpleted by intrarticular injection of

clodronate liposomes, without affecting the survival of tissue*é&liSontrol mice were
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injected with PBS liposome hE number of total cells in the synovium was reduced due to
macrophage depletion. With a clearance efficiency of 89%, clodronate liposome
significantly reduced macrophages in the synoviu8,(95%CI-95 to-37, p<0.001), as
compared with PB3posome treted mice, demonstrating successful depletion by

liposomes Figure2.8).

2.2.4 Macrophage Depletion Reduced Synovium Hyperplasia after Injury

A PBS CcLO B

S

Figure 2.9 Reduced synovium hperplasia by macrophage depletion

(A) H&E staining of synovium at indicated time points. Dash line: synovium outline; S:
synovium. Scale bar: 100 em. (B and C) Quari
ManneWhitney U test for comparison at each time point. N = 3 joints per group.
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Cartilage acute injury led to synovium hyperplasia, resulting frelfrinfiltration and
resident proliferatiot*. H&E staining of mice synoviurshowed thahyperplasia caused
by infiltration peaked in the first week in PBposome treated mice, but then diminished

gradually within one month={gure2.9).

However, clodronate liposome ameliorated hyperpladiesa® weels after surgery
with a reduced total cell numbgar the synovium, with no obvious hyperplasia being
observed afterwards. Quantification of thickness and area of synovium showed significant
hyperplasia in PBS liposontesated mice, particularly durinie first 2 weeks. There were
no significant differences in synovium of PBS versus CLO mice after 4 weeks. These data

suggested that macrophages are a key factor in t#mdoced synovium hyperplasia.

2.2.5 Macrophage Depletion Hampered Spontaneous CartilaggeReration

The regeneration process was observed by histological staining at different time points
after surgeryKigure2.10). One week after osteochondral defect surgery, few cells er neo
tissues could be obsed/at the defect site in mice either treated with either PBS liposome
or clodronate liposome. However, at 2 weeks-sastjery, fibrous tissues filled the defect
in PBS liposomdreated mice. Migratory cells could be observed within the defect area
(DA). Sparse light safranin O staining appeared in these tissues with most being stained by
fast green, indicating production of proteoglycans during this time. The border between
cartilage and subchondral bone was not clear at this early moment, and there was no

hierarchy of structure in the filling matrix.
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Figure 2.10 Impaired cartilage regeneration after macrophage depletion

(A) H&E and Safranin O (S.0) staining of articular cartilage from PBS or CLO joints at

the indicated time points. Higher magnification of local tissues (blue square) is indicated

at the bottom left of each figure. Defect region is indicated by blue arrow. Scale bar: 100
em. (B) H&E (upper) and Saf r an ianlag® Sdale o we r )
bar: 100 em. (C) Regeneration evalwuation b
and 8 weeks. Manré@/hitney U test for scoring. N = 3 joints.

On the contrary, clodronate liposome blocked potential cell migration into the defect
area without enough production of matrix to cover the injury site at 2 weeks. Cell migration,
neotissue synthesis and reconstruction arose between 7 and 14 days, which might be an
important regulatory period during the early stage of regeneration. At 4 aeesweeks
postsurgery, cartilage matrix could be detected by deep safranin O staining of
chondrocytes at the defect site in PBS lipostareated miceAlthough osteochondral
injury could not restore the native tissues with perfect homogenous integratidayered
structure, PBS liposomteeated mice were able to regenerate subchondral bone and the
partial cartilage filled the defect with relatively smooth surface, as compared with the

beginning state. But poor repair was observed in CLO mice. Thapéshjury caused by
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scratching was still obvious. Indented surface, hypocellularity, exposure of subchondral
bone and deficiency of the cartilage layer at the defect indicated very limited regeneration
after acute injury in these mice. Regeneration waslew at ed by the modi f
score system, with significantly lower scores and rather poor repair being observed in CLO
mice (<0.001) either at 4 weeks8, 95%CI-12 to-3) or 8 weeks-(2, 95%CI-16 to-7).

Generally, macrophage depletion impedetiregeneration upon acute injury in juvenile

mice, suggesting the essential role of macrophage in cartilage regeneration.

2.2.6 Cell Proliferation Reduced in Macrophagkepleted Joint

It was further investigated how macrophage depletion influenced theagartil
regeneration process. It was noticed that in CLO mice, the defect shape was obvious with
little regenerationKigure2.11). So, we assessed the recruitment and survival of cells in
the defect area at selecteché@ points during the whole process. Proliferative cells could
be detected at the defect by PHH3, a specific marker of mitBgsiré 2.11). Cell
proliferation could hardly be observed in the cartilage, and abuR##18 signals could
be detected in the bone marrow of intact subchondral bones at all times in both mice. The
number of cells at the defect was gatatlyinfluenced by macrophage depletion at 1 week
(-11, 95%CF17 to-6,p< 0.01)and 2 weeks after suegy (16, 95%CF36 to 37p=0587).
However, CLO mice showed a decreased trend of cell proliferation at the defect compared

with PBS mice, with significant reduction of PHH&eIIs at 2 weeks8, 95%CI-6 to-1).
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Figure 2.11 Reduced proliferation at defect after macrophage depletion

(A) Detection of proliferating cells by immunohistochemistry staining of phospsimne

H3 (PHH3, red). Dashed line: surrounding cartilage surface and regenerated tisstee surf

at defect; white arrow head: proliferating
C) Quantitation of total cells and proliferating cells within cartilage defect area. Manne
Whitney U test for comparison at each time point. N = 3 jointgpmrp.

2.2.7 Cell Apoptosis increased in Macrophadepleted Joint

TUNEL assay also revealed a difference in cell apoptosis during the regeneration
process between the PBS and Citéated mice at 4 weeks peasirgery Figure 2.12).
Apoptotic cells could be detected in the defect area and adjacent tissues. ThedeSvas
fold increasen thenumber of apoptotic cell@nthe meanpei ng observed witl
of adjacent cartilage tissues after macrophage depletion (12, 95%CI 4p& I6001).
Although apoptotic cells at the defect showed no significant differgmeed(408), CLO

mice hada mean of75% of apoptotic cells at thejury site 0.35, 95%CI 0.18 to 0.5p
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< 0.01), which was 1.8 foldén the meanjnore than control. Total cells in the defect area
were not affected by macrophage depletipn=(0.680). All these indicated that debris
clearance was affected. Togethdrede data demonstrated that macrophage depletion
hampered cartilage regeneration by decreasing proliferation and increasing apoptosis

around the injury site, rather than affecting cell recruitment.

A PBS CLO B C D E
' ) < p=0.408 p=0.680
O 40 i S 1009 [ « 200 I < 15 .
2 7} N : a
3 . = 80 a . 5 I
3 30 5 = 150 @
3 O g0 = . . g 1.0 .
220 ) DA 8 100 R R LR
B o F 40 1 = do 3§05y
g 10 A & 20 g 501 G 2 &
2o — 2 ol Fool e & ool
N o 0 o 0 5 O
& o & o & o & o

Figure 2.12 Increased apoptosis after macrophage depletion

(A) Detection of apoptotic cells by TUNEL assay using terminal deoxynucleotidyl
transferase (TdT, green) at 4 weeks pogiry. Dashed line: surrounding cartilage surface

and regenerated tissue surfacelefect; white arrow head: apoptotic cells within defect

area; hollow arrow head: apoptotic cells in adjacent tissues; star: defect area. Scale bar:
100 & m. ( B) Quantitation of apoptotic cell
from defect area. (adjacent cartilage. €E) Quantitation of apoptotic cells, total cells and
percentage of apoptotic cells in total cells within cartilage defect area. Nehitieey U

test for cell counting. N = 3 joints per group.

2.3 Discussion

Macrophages associated witst@ochondral injury originate from at least two sources,
with predominant monocyte differentiated macrophages recruited during cartilage
regeneration. Heterogeneity in the cellular composition of joint macrophages complicates
the interpretation of their fictions. Other researchétand us have observeti3cr1
resident macrophages within the lining layer of mice synovium under steady homeostasis,
which are deried from embryonic hematopoiesis, and form a tightly conjunct physical

barrier. Distinct sulpopulations of synovium macrophages, such as F418@d F4/86"
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macrophages can be observed in the synovium. Upon osteochondral injury, circulating
monocytes a recruited and migrate into the synovium in a C&iegendent manner, to
become the predominant source of synovial macrophages. Proliferation of resident
macrophages and bone marrow derived macrophages are independent from each other,
although resident masphages show limited proliferative activity during arth?itis'®.
Resident macrophages maintain jomtegrity and restrain inflammation, while infiltrated
macrophages initiate inflammation and drive pathogenesis which later transit from the M1
to M2 phenotype and contribute to inflammation resolution and regeneration in &fthritis

0 However, it is still unclear whether resident and infiltrated macrophages play similar
roles in osteochondral injury. In thesudy, depletion of all joint macrophages attenuates
spontaneous cartilage regeneration in juvenile mice. These results indicate that certain
macrophage subpopulations are required for promoting the cartilage regeneration process
after acute injury, by ndulating proliferation and apoptosis of cells within the defect area.
Apart from physical barrier and inflammation suppression, macrophages also exert their
protective role in modulating cartilage regenerationvivo. Interestingly, cartilage
regenerationvas observed to be enhanced in CCRice'! The respective functions of
resident and infiltrated macrophages in the regeneration of osteochondralenjiaiy to

be clarified and further identification of sygtmpulations is needed.

2.4 Summary

In this chapter, macrophage activation after osteochondral injury is outlined, with
most macrophages are derived from circulating monocytes. Then, for the first time,
depletion study in juvenile mice reveals the crucial role of macrophages in native cartilage

regeneration, by regulating cell proliferation and apoptosis activities in the area
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surrounding injury site. Synovium hyperplasia is also reduced after macroplpegode

as a result of reduced macrophage infiltration.
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CHAPTER 3. MACROPHAGE THERAPY E NHANCES
CARTILAGE REGENERATI ON: TIME AND PHENOTY PE ARE

CRITICAL

As an important regulator of stem cells, macrophages are involved in tissue
regeneration. Macrophagmased theraplgas a prevailing significance in promoting repair
and regeneration in other tissues. But it is unexplored in cartilage regeneration. When
C57BL/6 mice grow up, adults lose the capacity to regenerate cartilage tissues after
osteochondral inju®yl. So, in this chapter, macrophalgased therapy is applied to
investgate therapeutic potentials in cartilage regeneratiogufe 3.1). In particular,
factors affecting the regeneration are discussed. And stem cells are investigated during the
processkigure3.2).

~ o

/ Control
O — -~
8-10 weeks old mice \

Macrophage injection
—| M1 macrophage l

IFN-y

LPS
yd

Bone marrow IL-4 VR T e Intra-articular e
macrophage 1L-13 [ injection gy analy:

IL-10 — .| M2c macrophage N gRT-PCR

Figure 3.1 Schematic diagram of intra-articular injection of macrophages
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Control

Osteochondral BrdU
defect surgery \

8-10 weeks old mice

B8

Macrophage injection

IFN-y
/ ws M1 macrophage l

Bone marrow IL-4 Intra-articular .

T —_— IL-13 —| M2a macrophage |—* it IHC staining

IL-10 — | M2c macrophage

Figure 3.2 Schematic diagram of stem cell labelling

3.1 Materials and Methods

3.1.1 Instruments

Table 3.1 List of experiment equipment

Instrument Mo d el Manufactur €
Autocl ave machi ne MLS 750 SANYO
Basic power supply 1645050 Bi-mad
Bi ol ogi cal safety caIESG'é\LZlOO HaDongl i an
Bl uview TransilluminéMBEOOA Major Scier
Cel | i ncubator HERA CeITh_ermo_ .
Scientific
Col d Pl at e for MOduEGllSOC Leica
System

Conf ocal mi croscope RevolutiAndor

Cryost at CM3050 <Leica
I nverted phase contr iCKXA4RIC Ol ympus
Magnetic stirrer IKARH Baics KT/ C
Mi croscope DM3 00O Leica
Paraffin embedding sIEG1150H Leica
Paraffin flotation biHI 1210 Leica
Re#li me PCR instrumen Pikc9r6eaITh.erm0. .
Scientific
Refrigerated centrif i5702R Eppendor f
Rotary microtome RM2235 Leica
Ther mo
Spectrophot omet er ND100O Scientifiec
Stereo microscope SZN71 SUNNY Optic

Thermal cycler systeiMyCycl erBi-mad
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3.1.2 Animals and Genotyping

Table 3.2 Animal usage

Age Number  Joints for (Svslgglilsce
Aim Procedure Mice (V\?eeks) of quantificat after
animals  ion surgery)
Control with
Osteochondra
ﬂ?]t.i?cg?ﬂi?l surgery on C57BL/6 8-10 %.Trzg)(l 6 4
i é Cti{)n both joints. )
M1 Osteochondra
macrophage I surgety ?nd C57BL/6  8-10 6 male 12 4
injection Injection for
both joints.
M2a Osteochondra
macrophage I surgery and C57BL/6  8-10 6. male (1 10 4
iniection injection  for died)
: both joints.
Osteochondra
M2c 6 male (1
macrophage I surgery and C57BL/6  8-10 died, 1 8(1broken) 4
iniedion injection  for injured)
) both joints. )
No treatment. 2male
Osteochondra
| surgery on 3 male 4
both joints. Both ioints
Stem cell Osteochondra cy3crGF™ 810 for J
detection Ibo?flljrgerj)(/)inct)g * 6 male OIua:ita_tive
analysis. 2
with injection, 3 female y
equal male or
female mice
per group. 18 male 4
Osteochondra
| surgery on -
BrdU both — joints -~ 5 are Ea?th joints
. with BrdU | 8-10 21 male o
labeling : gualitative
labeling, analvsis
equal mice pel ysis.
group.
Macrophage Bone marfow cezg i g9 5 male
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Refer toAnimals andGenotyping

8-10 weeks old mice are used in this section. Osteochondral defect surgaryand
articular injection were performed on both knee joifitdally, 76 male mice and 3 female

mice were used in this Chaptdiaple3.2).

3.1.3 Construction of Murine Osteochondral Defect Model
Refer toConstruction of Murine Osteochondral Defect Model

3.1.4 Macrophage Culture and Polarization

3.1.4.1 Materials

UMEM medium (SH30265.01, HyClone), FBS (10099141C, Gibco),
streptomycin/penicillin (15070063, Gibco), trypsin (25200072, Gibco), DMEM/F12
medium ($30023.01, HyClone), isopropanol (106030, Tong Guang), ethanol
(AR2500ML, Tong Guang), Trypan blue (DA0065, Leagene), LPS (L2880, Simga
Aldrich), IFN-o  (-@G5R2@& PeproTech), H4 (21414-5, PeproTech), 113 (21613-2,

PeproTech), IL10 (21010-2, PeproEch).

Culture dish (430167, Corning), Petri dish (C70¥100mm10EA, Quip), syringe,
serrated forceps, iris scissors, 50 ml sterile conical tubes (430829, Corning), 15ml sterile
conical tubes (SPB0115, SPL life), cell scraper (2180, Biologix), 6well plate (3516,

Corning), hemocytometer.

3.1.4.2 Procedures
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1) L-929 conditioned medium: Culture2.2 9 ¢ eMBMsnedium supgplemented
with 10% (v/v) FBS and 100 U/ml streptomycin/penicillin at 37 € with 5% L£CO
atmosphere. Conditioned medium is harvested from culture dish 3 days after confluency.

Conditioned medium is stored-& O

2" Bone isolatbn: Euthanize wildtype C57BL/6 mice by cervical dislocation. Isolate

hind legs and remove muscles as much as possible. Cut patella tendon and put femur and

tibia in PBS. Operations should be careful to avoid break the bone and expose bone marrow.

3) Bone narrow isolation: Bone marrow isolation should be performed in a biosafety
hood with autoclaved surgical too®oakthe bones in isopropanol rapidly and put them in
a sterile dish. Hold the bone by forceps and cut the epiphysis by scissors. Flush bone
marmow cavity of all 4 bones in one mouse with syringe using 10 ml complete DMEM/F12
medium (containing 10% (v/v) FBS and 100 U/ml streptomycin/penicillin) in total into a
10 cm Petri dish. Bones should turn white if bone marrow has been flushed out. Clean the
forceps and scissors with ethanol for next sample. Generally, one mouse can provide at

most 4 dishes. Surgical tools should be autoclaved in this step.

4) BMM culture: Evenly distribute the cell suspension into 4 dishes and replenish the
total volume to 8nl with complete DMEM/F12 medium in each dish. Add 2 232
conditioned medium at a final concentration of 20% in each dish. Culture cells in the
incubator for 5 dauptiscordluency® Add freshaconplete rieiunC O

at day 3.

5) Macrophag polarization: Scrape the cells gently with a cell scraper. Transfer cells

into 15 ml conical tube and centrifuge for 5 min at 1,000 rpm. Aspirate the medium, and
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resuspend cells in 5 ml complete medium. Count cells with a hemocytometer and 0.4%
Trypan ble solution. Prepare dilution of cell suspension in complete medium with 20%
L929 conditioned medium and cytokines for macrophage polarization. Seed cells into 6
well plate with 1,000,000 cells/well in 1 ml medium. Primary macrophages are polarized
into M1 (100 ng/ml LPS + 100 ng/ml IFd ) , M2 a (-44020 nggml IxL3) amdL

M2c macrophages (40ng/mlL0) f or 2 daysd cul ture.

3.1.5 Gene Expression Analysis of Polarized Macrophages

3.1.5.1 Materials

TRIzol (DP424, Tiangen), FastQuant cDNA kit (with gaéd¢ KR106, Tiangen),

SuperReal PreMix Plus (SYBR, FP206, Tiangen).

3.1.5.2 Procedures

1) RNA extractionRemove the medium and transfer the samples torall 5P tube.
Samples were washedwithPB®Id 100 €L Tri zol l' ysis buffer
an electric tissugrinder(OSEY 1 0, Ti angen) for 2 minutes. T
buffer, let it stand after mixingwelAddd 200 €L chl oroform to e
vigorously for 45 seconds and let it stand at room temperature for 3 miGergsgfuge at
10,0009 for 15 minutes. Absorb the liquid in the upper water phase, and transfer into a
new EPtubeAdd 500 €L isopropanol to e&2d®h EBTrtub
30 minutesCentrifuge at 10,000 g for 10 minuté&®move the supernatant, and addLl m
75% ethanol solution to each EP tube, wash and s@akérifuge at 7,000 g for 5 minutes.

Remove the supernatant, and leave to dry at room temperature 20rrihutes. Add 20
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e L e n-fzeg sterile DEPC watgiR1600, Solarbio) to dissolve the samplBgtect
RNA concentration with NanoDrop UV spectrophotometer {NIDO, Thermo Fisher

Scientific).

2) Reverse transcription cDNA: According to the RNA concentration detected by
NanoDrop, calculate the volume to require for RNA mass of 1000 ng. Accordthg to
following Table 3.3 to configure reversig cDNA mixtures, mix well and put it in gene

cycler (Cycler,Bier ad) at 42 for 3 minutes, then pu

Table 3.3 Removal of gDNA reaction system

ComponentUsage an
51 g DNAf fBe 1 4¢L
Totl a RNA 2¢eg
RNa sFer e e20cma k e 21GL

Then configure the reverse transcription system mixture accordifapte3.4. And
put this mixture intaemoval of gDNA reaction systerp u t It i n gead5 cycl e
mi nutes and 95 for 3 mMinutes to capture D

20°C until Reaitime PCR reaction.

Table 3.4 Reverse transcription reaction system

ComponentUsage at
10FaRT fBfuc4el

RT Enzyme 2¢l
FQ-RT Pr i mdel
RNa sFer e e20cma k e 21Ql

3) Reaitime quantitative PCR: SuperReal Premix Plus, prim&able 3.5), DNA
samples and RNagaee ddHO are kept at roomemperature. Following the reaction

system inTable3.6., the reactions are carried out by tatep method iTable3.7.
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Table 3.5 Primer sequences for Reatime PCR

Pri meForward and r 868 &

CTTCAGGCAGGCAGTATC
CAGCAGGTTATCATCATC
CTTACTGACTGGCATGAC
GCAGCTCTAGGAGCATGT
1R TTGTGCCAAGTCTGGAG!/
CTCAGAGCGGATGAAGGT

116

10

TN TCTTCTCATTCCTGCTTC

GGTCTGGGCCATAGAACT

TGH ATGTCACGGTTAGGGGCT

GGCTTGCATACTGATGRG C

Argl AGACCACAGTCTGGCAGIT

CCACCCAAATGACACATA

CD86 TCTCCACGGAAACAGCAT

CTTACGGAAGCACCCATC

CD20 CAGGTGTGGGCTCAGGTA

TGTGGTGAGCTGAAAGGT

CD16 TCCACACGTCCAGAACAC

CCTTGGAAACAGAGACAC

GAPD GTCTACATGTTCCAGTAT

AGTGAGTTGTCATAI CGT (

Table 3.6 PCR reaction system

Components Usage a
21 Super Real 10l ¢
Forward 1@Mi rl1 |l¢
Reverse 1ppMi n1l | ¢
cDNA sample 2 leg
RNa-BeeeOddH 6¢l

Table 3.7 Reakttime PCR reaction program

St age Temper iTi meCyclFluorescence
Prccenat u9bs 15n r1l No
PCReacti 95 16 40 No

6 0 33 Ye s
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After the cycles, analyze the data collected by the fluorescence quantitative PCR
instrument. The expression of each gene relative to the internal reference gene GAPDH is

calculatedaccording td@ " ¢t

3.1.6 In VivoDelivery of the Macrophages
3.1.6.1 Materials

Polarized macrophages, DMEM/F12 medium (SH30023.01, HyClone), chloral
hydrate (23100 SigmaAldrich), ethanol (AR2500ML, Tong Guang), Betadine, hair

removal cream.

3# scalpel holder, 15#alpel blade (K415, Jinhuan Medical), cell scraper {2080,
Biologix), microsyringe (763®1, Hamilton), 33G needle (78@%-1, Hamilton),sterile

gauze, sterile cotton swab, medical tape.
3.1.6.2 Procedures

1) Cell preparation: Scrap cells in thewgll platesand resuspend them with

DMEM/F12 medium at 1,000,000 cells/ml.

2) Intra-articular injection: After anesthesia, place the mouse in supine position. Flex
and hold the knee joint firmly. Cut a small incision on the skin over patella to expose the
tendon.Tae care and avoid injure tissues under |
sterile microsyringe. Insert the 33G needle through the tendon into joint cavity, between

patella and femur cartilage with great care. The successful entry into joint cavibe ca
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observed by Ilifting of patella and felt by

for each joint. If injection is performed correctly, swelling of the joint can be observed.

3.1.7 Histology

Refer toHistology.

3.1.8 Evaluation of Cartilage Regeneration

Refer toTable2.11.

3.1.9 Immunohistochemistry Staining

Refer tolmmunohistochemistry Staining

3.1.10 Administration and Detection of Nuckide Analog (Brdu)

3.1.10.1Materials

Bromodeoxyuridine (BrdU) (B5002, Signr#drich), PBS (IH0140, Leagene),
NaOH (S0205, Xilong Scientific), HCI (10011028, Sinopharm), boric acid (S0439, Xilong
Scientific), TBS (MA0141, Meilunbio), Triton X00 (T109026 Aladdin), SDS
(5108350 Aladdin), goat serum NIP20008100m| Yuanye), DAPI (D9542, Sigma
Aldrich), glycerol (7020, Xilong Scientific), Tris buffer (pH = 8.0) (T1150, Solarbio}, N

propyl gallate P108603100g,Aladdin).

Sample sections, 1 ml syringe, Ppéh (E678004000, BBI), coverslip (TNTEL69,

TNTC), nail polish, humidity chamber.

3.1.10.2Procedures
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1) BrdU preparation: Prepare artificial nucleoside bromodeoxyuridine (BrdU) at a

concentration of 20mg/ml in PBS.

2) Injection after surgery: Mice receive 20@fi BrdU after surgery via subcutaneous

injection.

3) Sustaining BrdU lableling: Then BrdU is maintained in drinking water at a

concentration of 0.8mg/ml, with daily change, until sacrifice.

4) BrdU detection: For detection, the sections are treated withiCMor 1 hour at
room temperature, and then neutralized with 0.1 M sodium borate buffer (pH = 8.5) for 10
minutes. After washing the sections three times with PBS, routine immunohistochemistry

staining is performed according flmmunohistochemistry Staining
3.1.11 Statistical Analysis

Refer toStatstical Analysis
3.2 Results

3.2.1 Gene Expression of Polarized Macrophages

Contro| ——m——ee

Injection-D0 ;’
Injection-D14 #’

Week 0 2 4

Figure 3.3 Intra -articular injection design
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Bone marrow derived macrophages were harvested and polarized into either M1, M2a

or M2c macrophageis vitro and injected into joints immediately after surgery (DO) or 2

weeks after surgeryr{gure3.3). Mice with surgery only were utilized as the control.
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Figure 3.4 Gene expression in M1, M2a and M2c macrophages

Oneway ANOVA with Sidak correction (homogeneity) or Tamhiang post hoc test

(heterogeneity). ND5 tests per group.

Expression of typical gene markers for specific phenotypes of macrophage were

analyzed by gRIPCR to confirm successful polarizatidfigure 3.4). M1 macrophages

were charactered by high gene expression levels of CD86 and inflammatory cytokines

IL-16  a n d-U Wle M2a macrophages expressed more CD206l R @nd a

significantly higher level of Argl. M2c macrophages shared some features with M1 and
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M2a macrophages, and expms$smoderate levels of b  alh-dRU, but wer e

distinguished by significantly higher expression of CD16310Land TGFb .

3.2.2 Macrophages Promoted Regeneration in A TFiraed Phenotypeependent
Manner

A H&E S.0 B H&E S.0

Control M1-D14
4w cC 98 "_-w,"

.

A

a A NN
=}

o oo O,

Total score (D14)

Figure 3.5 Promoting cartilage regeneration by macrophages

(A and B) H&E and Safran#® (S.O) staining of articular cartilage at 4 weeks after injury.

Higher magnification of local tissues (blue square) is indicated at the bottom left. The
defect regionisindiat ed by bl ue arrow. Scale bar: 1
evaluation by modified OO6Driscol IDO&dst ol o
injectionD14 of macrophages. Ctr: control mice. KrusWéllis test corrected with
Dunnoés t es bnafmang groups @each time point. Mahvieitney U test for

each phenotype between DO and D1£O4joints per group.
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As expected, poor native cartilage regeneration could be observed in the control, with
obvious deficiency of cartilage and subchondrahé at the defect area. Although all
macrophage phenotypes improved regeneration, as evaluated by scoring, different

macrophage phenotypes showed discrepancy in their effects on reconstrigtioe3(5).

M1 and M2a macrophages could promote subchondral bone regeneration, but not the
cartilage layer. Instead of the deep groove in control mice, the defect was filled by bone
tissues with clear trabecular bone structure and bone marrow in mice treated with M1 and
M2a macrophages. However, the cartilage layer remained absent and no safranin O
staining could be detected in néssues of these mice, with obvious height difference
between the defect area and adjacent cartilage due to failure of full restoration of the
cattilage layer at the defect site. There were no statistically significant differences between
the scores of mice treated with M1 and M2a macrophages, either with DO or D14 injection
(p > 0.999). Timing of delivery had minimal influence on M1 macrophages §.127),
but DO injection of M2a macrophage led to minor improvement in the total SE@% (

95% 0.5 to 6p = 0.037).

Al t hough tot al score didndét show statist
M2c (0.75, 95%CI-1.5 to 8 p = 0.152,), only D14injection could promote cartilage
regenerationin mice with DO injection of M2c macrophages, only immature cartilkge
tissues could be detected by light safranin O staining, which were embedded in major bone
tissues with trabecular bone structurethA 14 injection, cartilage and subchondral bone
were both reconstructed, with clear tide mark. Delivery timing of M2c macrophages did
not influence regeneration of subchondral bonegbesitly affected cartilage regeneration.

Mice with D14 injection of M2 macrophages had the highest score and significantly
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improve cartilage regeneration, as compared to ditergroups Figure 3.5, p<0.06),
demonstrating superior regenerative potential of cartilage over M1 andnsi@aphages
(Figure3.5). The separate scoremfo di f i ed O&6Dri scol | showedt ol ogi

similar resultsEigure3.6).

Overall, macrophages could promote cagé regeneration in a manner dependent on

initial phenotypes and delivery timing.

—1 Control
37 M1-DO

1 ; M2a-D0
I L1 !
1
1 [ 1 I 1
I 1 L 1
1+ 1 I T 1 1 ﬂ
1 T
U Ii' rll 1 L I'. L] - II L] rll 'I L]
1 2 3 4 5 6 7 8 9

M2c-D0
M1-D14
Figure361 t ems of modi fied OO6Driscoll his

M2a-D14
M2c-D14

Score

1: cellular morphology; 2: safran@ staining of the matrix; :3surface regularity; 4:
structural integrity; 5: thickness; 6: bonding to the adjacent cartilage; 7: hypocellularity; 8:
chondrocyte clustering; 9: adjacent cartilage degenerative joint dis@askal\Wallis test
corrected with Dunlh s test within eacttém, without p notation in the figure. 4 joints

per group.
3.2.3 Detection of Macrophages at 4 Weeks after Injury
Macrophages could still be detected within 4tissues within the defect at 4 weeks

after injury Figure3.7), suggesting that they were activ@ivolved in reconstruction after

a long periodAlso, macrophages could be detected within the synotiasues

It was observed that the synovium extruded to the defect area in some sections at 4 weeks
after injury Figure3.8), suggesting that it was a possible migration approach for cells to

reach the defect site and participate in reconstruction.
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Defect Synovium

Control

Figure 3.7 Immunohistochemistry staining of macrophages at 4 weakpostinjury

Higher magnification of local tissues (square) is indicated at the right side. Arrow head:
F4/80+ macrophage (yellow); dash line: synovium outline. N =3 joints.

Figure 3.8 Elongated synovium tssues along cartilage surface in mice (DiMI2c
treated, 4 weeks)

Arrow head: extending synovium derived fibrous tissues; dashed line: cartilage surface;
star: defect area. Scale bar: 100 em. N =

3.2.4 Detection of Stem Cells at 2 Weeks after Injury

Early responses were observed after macrophages were injected atetyediter

surgeryCx3crImacr ophages migrated into deffect ar
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stem cells appeared in the defect area and synovium close to macrophages. In homeostasis,
however , *sRbDHsRolld be hardly detected in the cartikage synovium,

suggesting activation of stem cells after injury.

No treatment
£
3
>
[}
c
>
»
3
[+
(]
Figure 3.9 Initial activation of stem cells after injury
PDGFRU+ stem cells (red) increased mildly

injury after macrophage injectieO, close to Cx3crl+ macrophages (green). Scale bar:
25 &m. N = 6 joints.

3.2.5 Detection of Stem Cells at 4 Weeks after Injury

Distribution of cartilage stem cells at 4 weeks was investigated by analyzing
expression of the paf i br obl ast/ mesenchymalFigeré3dGn cel |
P D G F'Reélls increased significantly at 4 weeks compared with 2 weeksspuagtry,
and these were found both in the synovium and defect Bigar€ 3.9 andFigure 3.10),
showing close cdocalization withCx3crI macr ophages. |l nterfesting

cells were also found to express CX3CR1.
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Control M1-DO M2a-D0 - M1-D14 M2a-D14 M2c-D14

Synovium

Defect

Figure 3.10 Active involvement of macrophages and stem cells in cartilage
regeneration

PDGFRU+ stem cells (red) and Cx3-amdDi macr o
injection. Arrow head: PDGFRu6HoinGx 3cr 1+ cel

3.2.6 Detection of Brdu at 4 Weeks after Injury

P D G F*RélIs proliferated in the synovium and the defect area, as detected by BrdU
labeling Figure 3.11), indicating their role as stem cells contributing dartilage
regeneration. In control mice without poor regeneration, Bistem cells could also be
detected, suggesting complex reasons for poor regenerative capacity in these mice, simply

beyond the stem cells themselves.

M2a-D14 M2c-D14

Synovium

Defect

Figure 3.11 Cell proliferation in the defect area and synovium

(A and B) BrdU+ cells (white) in mice with D@&nd D14injection. Arrow head: BrdU+
cell . Scale bar: 25 &m. N = 6 joints.
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However, we did not find any unique pattern of cell distribution among mice treated
with different phenotypes of macrophages. Thesa daggested that synovitderived
P D G F'Rstem cells migrated and contributed to cartilage regeneration, potentially
involving PDGFRU and CX3CR1 chemokine rece
stem cells were potentially able to modulate the regermeraticroenvironment of stem

cells.

3.3 Discussion

The therapeutic potential of exogenous macrophages in promoting cartilage
regeneration is heavily dependent on phenotype and delivery timing of the macrophages.
M2c macrophages, but not M1 and M2a macrophagealde to regenerate both cartilage
and subchondral bone. M1 and M2a macrophages are known to play key roles in bone
regeneratiotf 171 M1 macr ophages can promote oste
prostaglandin E2 (PEG2) pathway while M2 enhanced matrix deposition in the late stage
of bone formatioff 1% But this study indicated thah vivo delivery of these two
macrophage phenotypes had minimal effects in promotinglacgetiregeneration.
Cytokines and growth factors secreted by M2c macrophages may be essential for
enhancing cartilage regeneration. F6F pl ays a cruci al rol e ir
cartilage formatiot?® 121, while IL-10 exerts a protective role on joint and can enhance
chondrogenest$. Delivery timing is another important factor influencing regeneration
outcome. Better cartilage regeneration after D14 injection can be explained by the
activation time of stem cells. Recruitment of stem cells starts from 1 to 2 wedks in t
study, which is consistent with the observations of other stddi€$ Since intraarticular

injectedcells gradually decrease after 2 weeks in the joint c&vjti12c macrophages
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delivered after surgery have limited therapeutic efficacy on stem cells and theregiyen
microenvironment. However, D14 injection of M2c macrophages can improve the

regenerative microenvironment for stem cells.

Macrophages can potentially r egamicals.e car
It is believed that stem cells from caatié'® or synovium?® 12’ characterized by the
expression of diverse markers in different studies, are key for cartilage regeneration.
Similar to our observation, other studies highlighted regenerative contribution of synovium.
Synovium derived mesenchymal cellgnated along cartilage surface to defect, producing
fiorous matriX?®, Gdf" cartilage progenitors in synovium proliferated to enhance
synovium hyperplasia and actively participated in cartilage repair after injury in Yap
dependent manngf. Synovial Prg4* cells exquisitely participated in repair after acute
injury, expressing multipotency markers CD44 and'P7®ur study also highlighted the
contribution of synovium macrophages to cartilage regeneration. However, recruitment of
stem cells is not sufficient to ensure successful regeneration. The extended poésence
macrophages at the defect site and intimate spatial relationship between stem cells and
macrophages implies prolonged regulation of the regeneration niche by macrophages and
potential cellular interactions and cresgk between macrophages and stertsc©ur
research indicates that pchondrogenic regulation of the microenvironment is crucial for
complete regeneration. Appropriate regulation of the regeneration niche by M2c
macrophage delivery at 2 weeks after surgery successfully promotes osteachond
regeneration. Future studies would focus on molecular mechanisms of cellular interactions
and the pathways involved, to elucidate how the microenvironment shape cartilage

regeneration and improve therapeutic development.
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3.4 Summary

In this chapter, the jection study reveals the discrepant influences of macrophage
subsets on regeneration in the context of osteochondral injury. By providing- a pro
regenerative microenvironment, M2c macrophages are able to promote regeneration of
cartilage and subchondral m® in mice without regeneration capacity. Apart from
phenotype, time is another important factor in macropfaged therapy, also
demonstrating the common significance of macrophages in regulating regeneration among
tissues. Synovium derived cells contri® to reconstruction in the defect area. Spatial
distribution and function discrepancy imply interactions between macrophages and stem

cells during cartilage regeneration.
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CHAPTER 4. DELAYED POSTNATAL DE VELOPMENT OF

PROXIMAL FEMORAL EPI PHYSIS IN SICKLE CEL L DISEASE

Sickle cell disease causes a series acute and chronic skeleton related comptications
However, osteochondral injury in sickle cell disease has not been stitbede,
osteochondral injury under sickle cell disease is investigated in this Chapter, to see what
differences will sickle cell disease bring to cartilage regeneration and seek potential therapy

target.

/’ Control
\‘ —
4-6 weeks old mice \ Sickle cell trait

Sickle cell disease

—, Osteochondral » Histology analysis
defect surgery TRAP staining

Figure 4.1 Schematic diagram ofosteochondral injury study in sickle cell disease

Also, the postnatal developent of proximal femoral epiphysis is investigated in mice
with sickle cell disease to understand thechanisms o$keletonabnormalityfrom the
basis.Delayedpostnatal developmemiaused by sickle cell disease is studied. The sex

difference and potentimechanisms are investigatdeiqure4.2).

73



Histolo e
—_— gy _— Safranin O
analysis TRAR

/ Control
(Emcn, Sca-1)

5 months old mice \ Sickle cell trait
Macrophage

Sickle cell disease (F4/80)

Osteoclast culture
Bone marrow
. —_— TRAP
harvest
Zymography

Vasculature

_— IHC staining -

Figure 4.2 Schematic diagram of postnatal development research design

4.1 Materials and Methods

4.1.1 Instruments

Table 4.1 List of experiment equipment

Instrument Mo del Manufacture
Autoclave machi TAMSCO Lab STERI S I|ife
Aut ostainer Aut ostainelLeica
Benchtop pH met Orif®tn ar AZTher mo Fi sh
Biotabi safety ¢c.1300 SerieThermo Fi sh
Cel | i ncubator Symphony 3VWR
Centrifuge | EC CentraTher mo Fi sh
Cryost at CM3050 S Lei ca
Digital wultrasoiBranson SoFisher Scie
El e c tbrad minc e PB153 2 METTLER TOL
Electronic balai XS105 METTLER TOL
Fluorescence mi Eclipse Ti Nikon

Hi ¢lurrent power PowefFR@c BI-QAD

|l ncubator ForfnBaer i es Ther mo Fi sh
|l nvelrgled microscEcl| iTB4d®0 Ni kon

Laser scanning 700 ZEI S S

Light box BL1012/500Hal l Produc
Microcentrifuge 5430 R Eppendor f
Mu l-Deit ecti on micSynédkgy Bi oTek
Rotary microtomHM 355 S Leica
Shaker HS 250 basl KA LABORITKE
Stereo microsco|Stemi -CC000 ZEI SS

Ti ssue embeddi niTE®I | Gener al Dat
Ti ssue processolRTPB60 Gener al Dat
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4.1.2 Animals

Both male and female mice are used in tDiwpter Mouse is used as sickle cell
disease model HpbtM2(HBGLHBB)TOW[M3(HBGLHBB)Tow  Hhami(HBA)Toy] — Jgackson
Laboratory), with human hemoglobin knetkto replace endogenous mouse genes. AA
mouse refers to normal phenotype used as control. AS refers to sickle cell trait also used
as control. SS mme refers to sickle cell disease phenotype. Cathepsin K knockout mouse

has C57BL/6 gene backgroyraigift from another lab, generated as desctiSed

For osteochondral injury study, weeks old and 8 weeks old mice are used for
different purposeslotally, 15 male and 24 female miaere usedOsteochondral surgery
was performed in the right knee for all mice, while the left joint capsule was only cut
without osteochondral surgery as sham con&blprocedures are approved by IACUC at
Georgia Institute of Technology (A100192) andfpemed at PRL (Physiological Research

Laboratory).

For femoral head stud$, months old mice are used in this chaplatally, 14 male
and 14 female mice were usédl procedures are approved by IACUC at Georgia Institute

of Technology (A100183).

4.1.3 Hemogbbin Gel Assay

4.1.3.1 Materials

Protogel (EG890, National diagnostics), APS (17131101, GE Healthcare), TEMED
(17-131201, GE Healthcare), Tris base {833-RT, Corning), glycine (04808831, MP

Biomedicals), Coomassie blue R250 (20278, Thermo Fisher ScieMN#OH (SX0607N

75



6, EMD Millipore), HCI (BDH72041, VWR), glycerol (GR072®48, Tedia),

bromophenol blue (BP1125, Fisher Scientific).

Safety Lancet, MIRPROTEAN® Tetra Cell (1658000EDU, BIKAD), PCR tube

(3745, Corning), microcentrifuge tube (896026, WVR).

Table 4.2 5X separating buffer (pH = 8.9)

Reage Amou
dH>0O 1 L
Tris 266.

Table 4.3 1X running buffer (pH = 8.3)

ReageAmou
dH:0 1 L
Trba«<3 g
Gl ycil4d4. 4

Table 4.4 5X loading buffer

Reagent Amou
Gl ycer ol 500I ¢
Bromophe 0.5

dH0 50 0l ¢

4.1.3.2 Procedures

1) Blood collection: Mice are anesthetized by isoflurane (5% for inoluetnd 13%
during maintenance), mixed with oxygen. A filter is used to protect researchers. Make a
small sting on the hind paw by Safety Lancet, and collect one drop of blood by gentle

compression. Rel ease hemogl obiatk80Oi n .10 el w
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2) Gel preparation: Native 12.5% PAGE gels of 0.75 mm thickness are prepared
(Table4.5) . Bubbles should be avoided. Gel s <cal

plastic wrap.

Table 4.5 Recipe of native 12.5% PAGE gel

Reagent
dH-0
Protogel
5X Separat
1. 5% APS
TE ME D

— g w|<

NNWOO KL
=S N Nl

5
0

€

3) Electrophoresi s: B pack 3B Ebadiamgl b
bloodmixture for each sample). Assemble the electrophoresis system Positive and negative
electrodes should never be inverted. Fill the electrophoresis cell with running buffer and
load samples carefully into wells of the gelectrophoresis is performed undé&0 V for

40 min tol h atroom temperature

4) Imaging: Stop electrophoresis and take the gels out carefully. Gels are stained by
Coomassie blue for 10 min with continuous shaking. After wash in water for three times,
gels can be checked on the light bblormal hemoglobin (Alower bands in the gel) and
sickle cell disease hemoglobin (S, upper bands in the gel) can be identified for genotyping

(Figure4.3).

AS SS AS

-

S- —
A-L -
Figure 4.3 An example of hemoglobin gel assagsult
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4.1.4 Osteoclast Culture

4.1.4.1 Materials

UMEM medium (SH30265.0HHyClone), FBS (SH30530.03, HyClone), penicilin
streptomycin (1514022, Gibco), MCSF (31502-, PeproTech), RANKL (462 EC-010,
R&D Systems), trypsin (Gsson Labs, TRLOA0OOML), Trypan blue (A18600, Alfa
Aesar), 1X PBS (21040CV, Corning), NE1 (A9434, SigmaAldrich), KHCOs (60339,

SigmaAldrich), EDTA (E6511500G, SigmaAldrich).

Petri dish (7455, Midland Scientific), iris scissors, serrated forcepsjefieplate
(165305, Thermo Scientific), cell scraper (229310, CELLTREAT), isopropanol pad, 15 ml
conical tube (229411, CELLTREAT), 50 ml conical tube (89862, VWR), 10 ml
syringe (309604, Becton Dickinson), 26G needle (BD 305110, Becton Dickinson)| 0.2
tube (2017€012, VWR), cell strainer (229483, CELLTREAT), hemocytometer (0267110,

Fisher Scientific), Kim wipe

Table 4.6 Complete medium

Reagent Amour
UMEM med445 n
FB S 50 ml
PS 5ml

Table 4.7 1X RBC lysis buffer

Reagent Amour

NH.C | 8. 29
KHC @ 1g
0. 2BOMAO0. 4 n
d KO 1L

4.1.4.2 Procedures
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1) Bone harvest: Euthanize mice by £49 3.5 L/min in an airtight chamber. Harvest
hind legs as soon as pidde and remove most surrounding soft tissues by scissors and
forceps on the bench. Clean the remaining muscle by Kim wipe. Cut the patella tendon and
put the femur and tibia in a tube with sterile PBS in ice. All operations should be careful to

avoid bre&ing the bone and exposing the bone marrow.

2) Bone marrow isolation: Bone marrow isolation should be performed in a biosafety
hood with autoclaved surgical tools. Wipe the bones with isopropanol pad. Hold the bone
by forceps and cut the epiphysis by sgisss . FIlush the bone-marr ow
MEM medium by 10 ml syringe with 26G needle, through cell strainer into 50 ml tube.
Bones will turn white if bone marrow has been flushed out completely. Clean the forceps

and scissors by isopropanol pad fexnsample. Centrifuge for 5 min at 1,000 rpm.

3) RBC lysis: Aspirate the medium and resuspend cells gently by 2.5 ml sterile cold
RBC |l ysis buffer at room t-MBNMmeduamtCentrituge Af t er

for 5 min at 1,000 rpm. Pellet shouldn white from reddish after RBC lysis.

4) BMM culture: Aspirate the medium and resuspend cells in 5 ml complete medium.
Seed cells into 10 cm Petri dish homogeneously with 5 ml complete medium containing

30 ng/ml MCSF. Culture cells in the incubatorfo 3 days at 37 wi t h

5) Osteoclast differentiation: Aspirate the medium, wash cells with sterile PBS gently.
Aspirate PBS and add 2 ml 0.25% tryp&rD T A . Put dishes in the i
CQy) for 5 min, and check if cells are detached. Adudl3omplete medium, and scrape

the cells with a cell scraper if needed. Transfer cells into 15 ml conical tube and centrifuge

for 5 min at 1,000 rpm. Aspirate the medium, and resuspend cells in 5 ml complete medium.
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Count cells with a hemocytometer and%. Trypan blue solution. Prepare dilution of cell
suspension in complete medium containing 30 ng/A8GF and 50 ng/ml RANKL. Seed

cells into 96well plate with 5,000 cells/well in 159 | osteocl ast cul tur e
cultured in complete medium with 30 ng/mFSCF are used as negative control during
osteoclast culture. Osteoclasts are usually cultured3at&/s. Change medium with fresh

factors every three days.

4.1.5 Quantification ofOsteoclast

4.1.5.1 Materials

PFA (15714, Electron Microscopy Sciences), ethanol (8858 VWR), acetone
(BDH110%4LP, VWR), HCI (BDH72041, VWR), NaCl (S9888, SigmaAldrich), KCI
(BP366500, Fisher Scientific), NBIPOQu (470302660, VWR), KHPOs (AC424200250,

ACROS), TRAP staining kit (2967001, FUJIFILM)

4.1.5.2 Procedures

1) Fixation: Aspirate culture medium, and fix cells in 4% PFA at room temperature

for1l015 min. Aspirate PFA, add 100 ¢l PBS to

2) TRAP staining: Perform TRAP staining
instructions. Briefly, after incubation ki.1 ethanol/acetone solution and wash by PBS,
freshly prepared TRAP staining solution 1is

min. Wash the plate with PBS to remove excess staining solution.
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3) Microscopy: Perform microscopy on stained cells. Tistain the nuclei of cells

and perform microscopy on the same location for each sample.

4) Counting: TRAP positive cells (stained as deep red) with more than 2 riR)lei (

are counted as osteoclasts. Counting is done manually by Image J.
4.1.6 Quantification ofProtein Concentration
4.1.6.1 Materials

Tris HCI (RG108, G Biosciences), Twe®20 (97062332, VWR), Tritorf X-100
(TX15681, EMD Millipore), NaF (S792€L00G, SigmaAldrich), EGTA (ED0077100,
Bio Basic), NaCl (59888, Signraldrich), glycerol phosphate (195206 AvBiomedicals),
sodium orthovanadate (S6508G, SigmaAldrich), NaOH (SX0607Ns, EMD
Millipore), HCI (BDH72041, VWR), leupeptin (14026, Cayman Chemical Company),
polyester sealing film (6094062, VWR), KHPQ: (AC424200250, ACROS), NHPQOy
(470302660, WVR), KCI (BP366500, Fisher Scientific), Micro BCA protein assay kit

(23235, Thermo Scientiffc)

Table 4.8 Lysis buffer (pH = 7.5)

Reagent Amour
dH-0 500 r
Tris HCI 1.21
EGTA 915
Na C| 4. 38
Gl gcol pho2.16
Na F 210 m
Sodium orto9l. 95
Tr iFtXeln0 0 5ml

T w e e2n0 50 0l ¢
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96-well plate (9017, Corning), 0.2 ml tube (201002, VWR), 15 ml conical tube

(229411, CELLTREAT), reagent reservoir (896886, VWR)

4.1.6.2 Procedures

1) Lysate preparation: Aspirate culture medium and wash the cellsweB@late
with PBS buffer getly. Remove PBS buffer. Add total 200 0 ¢ | | Vableds8) buf f e
with 0.1mM leupeptin for each sample, and scratch the cells by tips to help cell lysis.
Collect the cell lysate. Disrupt the mixture by ultrasom ice for interrupted 30 s.
Centrifuge the |ysate at 10,000 rpm for 5
collect the supernatant lysate for the following assay. Lysate can be ste?ed at and
thaw on ice. Keep samples in ice duringagsfRepeated freezndthaw cycles should be

avoided as much as possible to reserve proteins and enzyme activity.

2) Diluted lysis buffer (DLB): Prepare 1:10 dilution of lysis buffer, 2.5 ml for each

96-well plate.

Table 4.9 BSA standards for micro BCA protein determination

Wel St andgVv andHO(k Di | ut edk DL B( k'

1 BL ANK 90 0 10
2 2 8 6 4 10
3 4 8 2 8 10
4 8 74 16 10
5 12 6 6 24 10
6 16 58 32 10
7 20 50 40 10
8 25 40 50 10
9 30 30 60 10
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3) Diluted BSA standard: Dilute 2620l BSA
for each 96w e | | pl at e, prepare 50 ¢eg/ ml BSA sta

gradient Table4.9) in the 96well plate br measurement in duplicate.

4) Sample dilutions: Prepare sampl€alfle4.10) in a new 96well plate in duplicate.
Add 9%Oetl odddach sample well in the measur en

dilution plate to measurement plate in the corresponding well.

Table 4.10 Dilution of lysate for micro BCA protein determination

Di luerSampl Final d
#1 45 |l e LA}t 5¢l l y100
#2 40 le¢ DL10 le # 500
#3 45 le DI5 1le #11000
5 Reaction: Prepare BCA cocktail freshl
for the whole 96v e | | pl at e. Add 100 ¢l mi xXture t o e
Seal the plate with film and incubate for

6) Realing: Remove the film and read the plate at 562 nm.

7) Calculation: Absorbency (y) has a linear relationship with protein concentration of
testing samples (x, e€g/ml): y = mx + C. S|
calculated from gradient®A standards. Then, protein concentration of unknown samples
can be calculated accordingly. Use the average for protein concentration calculation. A
template Excel file can simplify the calculation process. Choose the best dilution of lysate

to prepare priein samples for the following protein assays.

4.1.7 Zymography of Cathepsins
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4.1.7.1 Materials

Protogel (EG890, National diagnostics), gelatin (G976é800, Bio Basic), APS
(17131101, GE Healthcare), SDS (28365, Thermo Fisher Scientific), TEMED3{¥
01, GE Healthaa), butanol (L1317-AU, Alfa Aesar), Tris base (6233-RT, Corning),
Tris HCI (RG108, G Biosciences), glycerol (GR0O7Q88, Tedia), glycine (04808831, MP
Biomedicals), EDTA (E651-500G, SigmaAldrich), Coomassie blue R250 (20278,
Thermo Fisher Scienti), isopropanol (PX183@, EMD Millipore), acetic acid (695092
4L, SigmaAldrich), protein ladder (1610393, BIRAD), DTT (04856126, MP
Biomedicals), Tweeh 20 (97062332, VWR), Tritolf X-100 (TX15681, EMD
Millipore), NaF (S7926100G, SigmaAldrich), EGTA (EDO07#100, Bio Basic), NaCl
(59888, Sigm&ldrich), glycerol phosphate (195206, MP Biomedicals), sodium
orthovanadate (S650B)G, SigmaAldrich), NaOH (SX0607Ns, EMD Millipore), HCI
(BDH72041, VWR), NaHPO: (71496, Sigmaldrich), NaHPO: (470302660, VWR),

bromophenol blue (BP1125, Fisher Scientific).

Mini-PROTEAN® Tetra Cell (BIGRAD), 0.2 ml tube (2017012, VWR),

microcentrifuge tube (8900044, VWR).Buffer recipes are listed in the tables below.

Table 4.115X separating buffer (pH = 8.9)

Reage Amou
dH0 1 L
Tris 266.

Table 4.125X stacking buffer (pH = 6.7)

ReageAmou
dH:0 1 L
Tris 38 g

84



Table 4.131X SDSPAGE running buffer (pH = 8.3)

Reagent Amount
dHO 1L

Tris base 3¢
Glycine 14.4¢g
SDS 1lg

Table 4.145X non-reducing buffer (pH = 6.8)

Reagent Vol ume
Bromophe 0. 05 g
SD S 10 g

1. 5M Tris20.8 ml
Gl ycerol 50 ml

Table 4.15 Renaturing buffer (pH = 7.4)

ReageAmou
dH>0 400
Tris 3.94
Gl yc:100

Table 4.16 Assay buffer (pH = 6.0)

Reagent Amoun
dH-0 250 n
0.2 MP® 219. 2
0.2 MPRW30. 75
0025 M E2ml

Table 4.17 Coomassie blue stain

Reagent Amou
dH0 650
| soprop 250
Acetic 100
Coomassids0 n

Table 4.18 Destain reagent
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4.1.7.2 Procedures

1) Sample preparatiotireeze and thaw cycles should be dedifor zymography to

reserve proteinase activity. So, zymography should be performed before western blot. After

determining
system with
the total

zymography if needed.

v ol

the protein
t he s ame
ume to 25 ¢l

concentrat.i

on of S

I GXindnreduting tudfer. Reptehishpr ot e

with £9sisulbmaffe

2) Gel preparationGels of 0.75 mm thickness are prepared freshly for zymography

in the assembly. Mix the rgants of separating gel (12.5% polyacrylamide gels with 0.1%

gelatin following the recipe iitable4.19), and add the mixture into the mold cavity. Add

1 ml Butanol to flatten the gel surface and eliminate the f@dtar gelation, remove the

butanol and wash the cavity with gbltwice.

Table 4.19 Recipe of separating gel

Reagent Vol u
dH20 864
Protogel 3. BB
Ge |l &5tmigrd ml 1. 7 2

5X Separatl 6 1

1. 5% APS 40 01 ¢
10% SDS 80 ¢
TEME D 7. 5l ¢

Table 4.20 Recipe of stacking gel

Reagent Volume
deO 1.9 ml
Protogel 1.0 ml
5X stacking buffer 1.0 ml
1.5% APS 1.0 ml
10% SDS 50 ¢
TEMED 4 ¢l

86



Remove remaining water, and add the mixture of stackingrgel€4.20). Insert the 0.75
mm 10well comb into the cavity before gelation. After ggbn, remove the comb. All

operations should be careful to avoid making air bubbles in the gel or breaking the gel.

3) ElectrophoresisiAssemble the electrophoresis system. Positive and negative
electrodes should never be inverted. The whole system sheubthced in ice. Fill the
electrophoresis cell with SBBAGE running buffer. Load 10
samples and lysate of RAW 264.7 macrophages into the wells. Electrophoresis is

performed under 100 V for 1 h 40 min at 4

4) RenaturingWashthe gels with cathepsin renaturing buff€aple4.15) for 10 min

three times at room temperature on the shaker.

5) Reaction: Wash the gels with assay buffete4.16) for at least 30minncubate
the gels in assay buffer at 37 on the st

buffer freshly.

6) Staining: Wash the gels with @Bl for 10min. Stain the gels with Coomassie Blue

at room temperature on the shaker overnight.

7) Imaging: Rerave excess Coomassie blue and incubate the gels in destain reagent

(Table4.18) on theshaker overnight. Perform imaging for the gels.

4.1.8 Histology Staining of Femoral Head

4.1.8.1 Materials
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PFA (15714, Electron Microscopy i8aces), EDTA (E651-500G, SigmaAldrich),
HCI (BDH72041, VWR), NaCl (59888, Sigmaldrich), KCl (BP366500, Fisher
Scientific), NaHPOs (470302660, VWR), KHPQOQ: (AC424200250, ACROS), 100%
alcohol (89376084, VWR), xylene (8937088, VWR), xylene substite (89376090,
VWR) , paraffin (39602004, 1%2] \WMR), eosirGY | | 6 s
(71311, Thermo Scientific), acetic acid (695092, Sigfmlad r i c h) , Scottbs
substitute (260707, Electron Microscopy Sciences), fast green (F7258, SAjdrach),
safranin O (S8884, Sigmaldrich), TRAP staining kit (387ALKT, SigmaAldrich),

mounting medium (2947001, Thermo Scientific)

Staining rack, staining tank, coverslip (484838, VWR), adhesive microslide

(48311703, VWR), processing/embeddingssatte (96470046, Spectrum).

4.1.8.2 Procedures

Table 4.21 Routine paraffin processing program

St e ReagentTi me Temper a
1 8@al co 30n n RT
2 9%al co 1 hmi3 RT
3 10®al cal h RT
4 10al clcl h RT
5 10al cal hmi3 RT
6 Xyl ene 1 h 40
7 Xyl ene 1 h 40
8 Xyl ene 1 h 40
9 Paraff 1 hmi3 60
10 Paraff 2 h 60
11 Paraff 10 mi 60

1) Sample processing: Fix and decalcify the samples as described in

Immunohistochemistry Stainind\fter wash samples with PBS, dehydrate and store the
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samples in 70% ethanol solution at 4

listed inTable4.21.

2) Paraffin embedding and sectioning: Please refefigtology.

3) H&E staining: Deparaffinization, rehydration, H&E staining and dehydration are

done on the autostainer following routine H&E staining program list@alihe4.22.

Table 4.22 Routine H&E staining program

St e Reagent Ti mi
1 Xyl ene s5mi
2 Xyl ene s5mi
3 Xyl ene s 5mi
5 100% alc 2 m
6 100% alc 2 m
7 95% al co2mi r
8 70% al co2mi
9 Wat er 2mi
10 Hemat oxyl m
11 Wat er Imi
12 Aci d al cls

13 Water Imi
14 Scétt 30 ¢
15 Water 2mi
16 95% al colmir
17 Eosi n, al m
18 95% al co30

19 100% al c 1 m
20 100% al c 2 m
21 100% al c 3 m
22 Xyl ene s3 m
23 Xyl ene s3 m
24 Xyl ene 1mi

4) Safranin O staining: After deparaffinization and rehydration on the autostainer,

perform Safranin O and fast green staining following the stepabie2.10.

5) Mounting: Take slides out of xylene, and dry slides in air for a while to remove

excess xylene. Mount the slides with mounting medium. Bubbles should be avoided.
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6) TRAP staining: Prepare TRAP staining reagents fresatgording to
manufacturerdéds instructions. After deparaf
sampes on slides to save regents. Incubate the sections with suitable amount of TRAP
staining reagents i n t he Washmectibnstingtdaida mb e r
counterstain the sections with Gill és No.?:
Wah sl ides thoroughly in tap water, and t he

until nuclei turns blue. Air dry the slides and perform mounting.

4.1.9 Immunohistochemistry Staining

Procedures please referltomunohistochemistry Stainingvith minor differences in
this chapter. PBS is used instead of TBS. Donkey serum (BB&@R, SigmaAldrich)

is used instead of goat serum. Medium (G108outhernBiotech) is used for mounting.

Table 4.23 Antibodies for immunohistochemistry staining

Antibody Manufacturer Cat. No. Dilution
Endomucin antibody SANTA CRUZ SG65495 1:50
Anti-mouse Ly6A/E (Scal) antibody BioLegend 122501 1:100
Anti-mouse F4/80 antibody BioLegend 123102 1:200
Goat antiRat 1gG (H+L) crossadsorbed . _
secondary antibody, Alexa Fluor 488 Invitrogen A-11006 1:200
Donkey antiRat IgG (H+L) Highly Cross

Adsorbed Secondary Antibody, Alexa Flu Invitrogen A-21208 1:200

488

4.1.10 Construction of Murine Osteochondiiaefect Model

4.1.10.1Materials

Sterilesaline (0.9 % NacCl), Nair cream, isoflurane (1189572, Covetrus), oxygen,

buprenorphinesR.
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Gauze, surgical drape, 1 ml syringe (BD 309659, Becton Dickinson), isopropanol pad,
26G needle (BD 305110, Becton Dickinsor,s®alpel holder, 15# scalpel blade (72044
15, Electron Microscopy Sciences), serrated forceps, iris scissors, needle holder, ear
puncher, wound clip, wound clip applier;06sutures (G492N, Surgical Specialties),
medical tape, silicone elastomer kit (SYA®RDE 18 4, Dow) ;542B,ov er s |

VWR), microscope slide (29475X25, Corning).
4.1.10.2Procedures

1) Defect construction tool: The tool to construct osteochondral defect is modified
from standard 26G needle on a custaiade working platform similar tBigure2.2 with

moderate improvemenkigure4.4, not drawn to scale).

26G needle

elastomer

LA |

390 um silicon stopper
& coverslip

microslide base

Figure 4.4 Defect construction tool modified from standard 2€& needle (improved)

A tight shell is fixed at 390 em from th

defect. Modified needles should be autoclaved before surgery use.

2) Anesthesia: Mice are anesthetized by isoflurane, and fixed under sterecaogeros
with medical tape on a warm pad of 37

sterilized by isopropanol pad.
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3) Surgery: Please refer @pnstruction of Murine Osteochondral Defect Model

4) Suture: Sutureéhe joint capsule as described beforeCionstruction of Murine

Osteochondral Defect Modebkin incision is closed by wound clip.

5) Postsurgery: Mice are injected subcutaneously with buprenorghitg0.81
mgkg) for analgesia and placed under a heating light until they recover. They should be

under close observation in a few days.

4.1.11 Statistical Analysis

Refer toStatstical Analysis

4.2 Results

4.2.1 Altered Spontaneous Regeneratin Sickle Cell Disease

Unlike selfregeneration of cartilage tissues in wildtype C57BL/6 mice, all genotypes
fail to regenerate the cartilage layer, without staining by safranin O at defect. However,

reconstruction of subchondral bone seemed not téfbeted Figure4.5).
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Figure 4.5 Histology staining of articular cartilage
Blue arrow: defect area. Scale bar:&én. N O4 joints.

Ongoing osteogenesis could be observed at defect. However, SS mice showed delayed
osteogenesis than AA mice, indicated by mild safranin O staining and cartilaginous cell
arrangement. And a lot of mirlucleated cells could be detected at defect in SS mice, while

most cells in AA and AS mice are mononucleated.

4.2.2 Osteoclast in Cartilage Regeneration

Since osteoclast is important for bone remodeling and multinucleated, TRAP staining

was performed to deteosteoclasts in the defect aréagure4.6).
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Osteoclasts were hardly detected in-tissues filling the defect. They were active at
the interface of netissues and subchondral bone, indicating ongoing bone réingpdad

integration with surrounding tissues.

Figure 4.6 Activated osteoclast at defect after osteochondral injury

Red arrow: defect area, red arrow head: osteoclast. Scale b&r.rh@X, upper) and
25& m (40X, lower). NO4 joints.

4.2.3 No Improvement for Cartilage Regeneration by Cathepsin K Knockout

Predominantly expressed by osteoclast, cathepsin K plays an important role in
cartilage and bone degradafith®®L. The influence of cathepsin K knockout was

investigated in osteochondral injuffyigure4.7).

In 4 weeks a mice, knockout of cathepsin K could not promote native regeneration,
and on the contrary these mice could not regenerate cartilage tissues after osteochondral
injury like juvenile wildtype C57BL/6 mice. But the defect was filled with bone tissues,

indicaing the capacity to regenerate subchondral bone.

8 weeks old mice showed similar responses to wildtype C57BL/6 mice. Regeneration

of cartilage and subchondral bone were both suppressed.
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Figure 4.7 Histology staining of articular cartilage in cathepsin K knockout mice at
different ages

Blue arrow: defect area. Scale bar:&én. N O4 joints.

4.2.4 Delayed Postnatal Development of the Proximal Femoral Physis Caused by Sickle

Cell Disease

To observe postnatal development of proximal femoral physis, femoral heads of 5

months old mice were hartesl and stained-{gure4.8). Morphology of femoral head in

5 months old mice was observed by H&E staining. Cartilage and bone tissues could be
distinguished by Safranin O staining, as cartilage matrix was stasnesiavhile bone
tissues were stained as green. In most normal male AA mice, postnatal development of
proximal femoral physis reached the end point at the age of 5 months. Epiphyseal fusion
was completed and physis was absent. Calcified cartilage wase® bhatrabecular bone.
Similar results could be observed in AS mice, with sickle cell trait but normal functions.

However, in SS mice, ongoing resorption of physis was observed, and hypertrophic
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chondrocytes could be seen in incompletely ossified arda;aiing delayed postnatal
development of proximal femoral physis caused by sickle cell diseas&le mice were

also analyzedHigure4.9).

H&E

Safranin O

Figure 4.8 Delayed posnatal development of proximal femoral physis in male SS
mice

Scale bar: 25@ m. NO4 joints.

Female mice showed general later beginning of resorption event than male mice. In
normal female AA mice, the cartilaginous matrix was replacing by bony tisadesting
the ongoing resorption and ossification. In female AS mice, only half samples showed
ongoing resorption while others still demonstrated mineralized cartilaginous matrix in the
area above physeal platéiqure 4.10). Four out of five female SS proximal femoral

epiphysis samples demonstrated predominant safranin O stained cartilage tissues in the
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femoral head, indicating similar delayed development in female mice with sickle cell

disease.
AA AS SS
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Figure 4.9 Delayed postnatal development of proximal femoral physis in female SS
mice

Scale bar: 25@ m. NO3 joints.
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Figure 4.10 Ossification degreeof proximal femoral epiphysis

N O3 joints.
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By summarizing the ossification degree in all samplegure 4.10), delayed
resorption and fusion trend could be clearly observed in mice with sickle cell disease,

despite of the difference the resorption time caused by sex and among individuals.

4.2.5 Increased Osteoclast Activity in Sickle Cell Disease

Femoral head Middle

AA

AS

SS

Figure 4.11 TRAP staining of male proximal femoral epiphysis

Osteoclasts are indicated by blae r o w. Scal e bar: 250 em (4X
three columns on the right). N = 3 joints.

Since osteoclast plays an important role in the resorption of bone and cartilage, TRAP
staining was performed to detect osteoclasiguie4.11). Upper (articular cartilage and
subchondral bone), middle (mineralized cartilage, trabecular bone or resorbed area) and
lowerregions(trabecular bone or physeal plate) in the resorption part of femoral head were
selected and five 40X images weadken across each area for observation and counting.
Osteoclasts could be observed in bone marrow, trabecular bone and the interface between

articular cartilage and subchondral bone in all genotypes of mice. In SS femoral head,
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however, tremendous actiuag osteoclasts could be detected around physeal plate,

indicating ongoing resorption activity. Osteoclasts were intensive in resorbing area while

no osteoclast could be detected inside calcified cartilage without resorption event.
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Figure 4.13 Quantification of osteoclasts in differentregions
KruskatWa |l | i s t est corrected with Dunnos
3 joints.

Dunnos

test

The number of osteoclasts per bone surface (No. Os/BS) and the number of osteoclasts

per bone volume (No. Os/BV) are quantifieBigure 4.12). Significant increase of
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activating osteoclasts was detected in SS mice, while no statistical significance could be
observed between AA and AS mice.

The trend of increased osteoclasts in SS femoral head could be obasthied

different regions among genotypes. But generallygmatdifferences could be detected

amongdifferent regionsvithin each genotypé-igure4.13).

4.2.6 Osteoclast Culture and Staining

RANKL
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Figure 4.14 Schematic diagram of osteoclast formation
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Figure 4.15 TRAP staining of osteoclast

N O3 mice
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Figure 4.16 Quantification of osteoclast at day 3 and day 5
KruskakWallis test corrected with Dutins test. NO3 mice.

To investigate whether sickle cell disease causes native alteration frasouittoe,
bone marrow progenitors were harvested and induced to form osteoclasts and detected by

TRAP staining at 3 and 5 days after osteoclast induckmule4.14 andFigure4.15).

By quantification of osteoclasts at 3 days and 5 days after induction by RANKL,
difference in osteoclast formation capacity could be obseRigdre4.15andFigure4.16).
SS bone marrow demonstrated reduced osteoclasts formation compared with AA or AS
mice. SS bone marrow formed less cells in total, but there was no big difference in
percentage of osteoclasts in total cells during culture. Despite of subtlerdifsrelay 3
and day 5 showed similar trend of reduced osteoclasts in SS bone marrow compared with

AA or AS mice.
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Sex difference affected the culture results, but the difference seemed to be subtle
duringin vitro culture. Female SS bone marrow showed @ased osteoclast formation

capacity at day SHigure4.17).

p=0.138

-
w
]

-
o
=]

0.154 =
p=0547 p=0.057 p=0.847

p=0.150 p =0.056

—

104

o
=
o

Day 3

Number of osteoclasts
w
<

Number of total cells

>
o

e
o
=)

Percentage of osteoclasts

T
S |

Male

607  p=0654 600+ p=0.308 Bl Female

o

i

=1
T

p=0885

p=0574
-

40+

204

Day 5
Number of osteoclasts
H
_{ :|
Number of total cells
] 3
> 2 2
q
_| :|
Percentage of osteoclasts
8 & 5 &
4

@ E v & ? B

Figure 4.17 Minor differences in bone marrow from male and female mice
ManneWhitney U test within each getype. NO3 mice.

4.2.7 Zymography

AS SS
Mw
75kD CatK
50kD CatS
37kD CatL

Figure 4.18 Zymography (pH = 6) of cathepsin K, S and L from AS and SS bone
marrow induced osteoclasts

N = 5 tests.
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Cathepsin (Cat) activity was detected by zymograpiyufe4.18).

Cathepsin activities changed during osteoclast differentiation, compared with primary
macrophage control at day 0 before induction. Although variations existed amorngpgels (
0.05), they showed similar trend. Cathep¥ and S increased after osteoclast
differentiation, while cathepsin L showed inverse tréfigyre4.19). And in the same gel,

SS primary macrophages (DO) had higher activated cathepsin K, S and L, and SS
osteochsts (D5) also had higher activated cathepsin S and L. However, SS osteoclasts
showed lower activated cathepsin K than AS samples, consistent with reduced osteoclast
formation of SS bone marroBands of cathepsin K and S in the gel were also confirmed

by knockout (KO) sampled={gure4.20), as no cathepsiBor K could be detected in CatS

KO or CatK KO bone marrow cells respectively.

Cathepsin K Cathepsin S Cathepsin L
15 25 2.5 DO
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Figure 4.19 Cathepsin activity namalized to RAW control
N =5 tests.

KruskatWa l | i s t e st corrected with Dunnbos:s
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Figure 4.20 Zymography (pH = 6) of cathepsin K, S and L from cathepsin K or S
knockout bone marrow induced teoclasts

N = 5 tests.

4.2.8 Immunohistochemistry Staining of Sta

AA AS SS

Figure 4.21 Disturbed vasculature inmale proximal femoral epiphysis by sickle cell
disease

Scale baN=3jdnG0 & m.

Since scdl is highly expressed in artery and arteritleblood vessels in the femoral
head were detected by IHC staining of-4cérigure 4.21 and Figure 4.22).Vasculature
was greatly influenced by sickle cell disease. Arteries-(8darge vessels) and arterioles
(Sca1" small vessels) were wetirganized in control mice (AA and AS). In contrast, they

are highly tortuous and branched throughout the bone marawity of femoral head in
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SS mice, with increased sinusoids and dilated lumina. These disordered vessels also

occupied more space in bone marrow cavity than normal AA mice.
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Figure 4.22 Quantification of blood vessel features on IHC images of Sdain
proximal femur epiphysis

ManneWhitney U test for diameter data, and unpaired t test for other data. N = 3 joints.

4.2.9 Immunohistochemistry Staining of Endomucin

Figure 4.23 Altered vascular niche inmale proximal femoral epiphysis

Scal e bar: 100 & m. N = 3 joints
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