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Abstract

Multiple myeloma is a fatal haematological malignancy, in which the majority of
patients either present with or develop a destructive and debilitating osteolytic bone
disease. The bone disease is characterised by an increase in osteoclastogenesis and
by osteoblast suppression. Current treatments for MM bone disease include
bisphosphonates and denosumab, both of which act to inhibit osteoclast formation and
thus limit bone resorption. Recently the glycosphingolipid inhibitor miglustat was found
to be effective in the treatment of myeloma bone disease. Eliglustat is small molecule
drug that inhibits glucosylceramide synthase and is approved by the Food and Drug
Administration for the treatment of Gaucher's Disease. Patients with Gaucher’s
disease have an increased risk of MM development, raising the possibility that this
drug may be of benefit in MM. This thesis aimed to investigate the efficacy of eliglustat

in myeloma bone disease in vivo, and to determine its mechanism of action.

Preliminary data revealed that treatment with eliglustat in a murine MM model reduced
osteolytic bone lesion development, associated with a reduction in osteoclast number
but no change in osteoblastic bone formation. Eliglustat was also found to be effective
in reducing myeloma bone disease in both diet-induced obesity and ageing models of
myeloma. The combination of eliglustat and the bisphosphonate, zoledronic acid, was
found to have a greater effect to reduce myeloma bone disease than either agent
alone, suggesting the potential for combination therapies that allow for dose

reductions. Mechanistic studies demonstrated that Eliglustat is likely to inhibit OC



formation via preventing degradation of TRAF3 in OC precursors. This could be
achieved either by disrupting GSL integrity in the cell membrane or working as an

autophagy inhibitor to exert its effect in OC by maintaining TRAF3 protein level.

Taken together, this project identifies a novel mechanism by which GSL inhibition
impacts osteoclastogenesis and highlights the translational potential of eliglustat for

the treatment of myeloma bone disease.
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Chapter 1. General Introduction

1.1 Bone homeostasis

1.1.1 Bone remodeling

Bone is the mineralized tissue that holds up the body by providing attachment sites for
muscles, tendons and ligaments to allow for locomotion and functions as a shelter for
many organs such as brain, bone marrow (BM) and heart. Through the life time, the
bone is under dynamic equilibrium during which damaged bone is removed from the
bone surface and new bone is subsequently formed, a process defined as bone
remodeling’. Bone remodeling can be divided into different phases including:
resorption phase, reversal phase and formation phase?3. The phases of bone
remodeling are primarily coordinated by two main cell types; namely bone resorbing

osteoclasts (OCs) and bone forming osteoblasts (OBs).

1.1.2 Osteoclasts

OC, located on endosteal surfaces to remove mineralized bone matrix, are terminally
differentiated multinucleated giant cells derived from mononuclear hematopoietic
myeloid linage*. Preliminary initiated in BM niche, flattened and non-polarized OC
migrate to the bone surface®. The attachment of pre-OC to the bone surface is mainly
mediated by av B3 -integrin and CD44%9. Only after contact with extracellular
mineralized matrix, the actin cytoskeleton is reorganized and pre-OC become
polarized OC as characterized by specific structures including sealing zone, ruffled

border, functional secretory domain, and basolateral membrane-12,
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Each of these structures in OCs have their own functions. The sealing zone, located
at the border of the OC next to the bone matrix, is an area devoid of organelles defined
by an actin ring that creates an isolated acidic microenvironment between the OC and
the bone surface®'2. The ruffled border, a membrane domain next to sealing zone, is
formed for trafficking of protons and enzymes into the Howship lacuna component's.
OC secrete protons via an electrogenic H*ATPase (proton pump) to make hydrochloric
acid (HCI) to dissolve the inorganic bone matrix and to lower the pH to allow the OC
specific enzymes to cleave the organic components of the bone matrix'4. By dissolving
the inorganic components such as hydroxyapatite, enzymes including tartrate-
resistant acid phosphatase (TRAP), cathepsin K, and matrix metalloproteinase-9 are
able to then degrade the proteins, primarily composed of type | collagen. Specifically,
researchers can make use of TRAP to visualize OCs as TRAP stained cells become
red’®. After degradation, degradants are released to functional secretory domain at

the basolateral membrane by endocytosis across the ruffled border'>16 (Figure 1.117).

In addition to the unique structural features of the OC, an important step for proper OC
function is the cell-cell fusion of OCs'8. Dendritic cell-specific transmembrane protein
(DC-STAMP)'®-21  and osteoclast-stimulatory transmembrane protein (OC-
STAMP)?223 are two essential proteins for OC cell-cell fusion. DC-STAMP is
expressed in monocyte/macrophage lineage'82024, |t is reported that DC-STAMP-
deficient mice have no multinucleated OC formation both in vivo and in vitro, while the
expression level of OC differentiation markers is normal®'. This finding clearly
indicates that DC-STAMP is essential for OC cell—cell fusion. DC-STAMP also plays

a role in maintaining bone resorbing efficiency, as evidenced by the increased bone
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mass in DC-STAMP-deficient mice?' and decreased bone mass in DC-STAMP-
overexpressing mice?®. Different from DC-STAMP, OC-STAMP specifically expressed
on multinucleated RANKL-induced OCs?3. Mice with OC-STAMP deficiency encounter
OC fusion defect?®. Interestingly, OC-STAMP and DC-STAMP may regulate OC cell-
cell fusion independently, as evidenced by the expression of OC-STAMP is normal in
DC-STAMP-deficient OCs, and vice versa??. In addition to OC-STAMP and DC-

STAMP, factors including CD44, CD47 and CD9 also affect OC fusion?:28,

Functional Secretory Domain

Basolateral

HCO, Domain

HCO,
cr

Ruffled
Border

Sealing

Zone \

Bone
I
Resorption Lacunae (pH ~4.5)
Q V-ATPase @® o,B; Integrin 0 Hco,/CI Exchanger
é é Acidified Vesicles @ Nucleus O Proteolytic Enzymes

Figure 1.1 A functional OC cell. Cartoon illustrates the structures of OC, including
sealing zone, ruffled border, functional secretory domain, and basolateral membrane.

This figure was adapted from a review by Qin et al., 2012.
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1.1.3 Osteoblasts

The OB, a cuboidal cell type which is located along the bone surface, is responsible
for bone formation and works as the counterpart of OC29. Originally differentiated from
mesenchymal stem cells (MSC), OBs are formed with the help of bone morphogenetic
proteins (BMPs) and molecules from Wingless (Wnt) signaling®°. In addition, Runx2,
an important gene for OB differentiation3'%2, is capable of upregulating other OB-
related genes such as alkaline phosphatase (ALP) and osteocalcin (OCN)33. Different
genes and proteins expression levels define the cell type during OB differentiation. For
example, the expression of Runx2 in OB progenitors indicates a proliferation phase
will subsequently occur, which is characterized by the presence of ALP activity and
these cells are then considered as pre-OBs?°. The pre-OBs further progress to mature
OBs characterized by an increase of bone matrix proteins and collagen proteins such
as OCN, collagen type |, proteoglycan and osteoid3'.34-36, These proteins secreted by
mature OBs deposit the organic matrix and subsequently follows the mineralization of
the organic matrix'3. Eventually, mature OBs can go with three fates including

apoptosis, become osteocytes, or turn into bone lining cells'337.

1.1.4 RANKL/RANK/OPG signaling

OC formation, or osteoclastogenesis, is the process which mononuclear
hematopoietic myeloid cells (monocytes and macrophages) are stimulated by
cytokines to form OCs. Macrophage-colony stimulating factor (M-CSF) and
membrane-bound receptor activator of nuclear factor kB ligand (RANKL) are the two

major players responsible for OC formation38.
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M-CSF is secreted from OB and osteoprogenitor mesenchymal cell®®. M-CSF binds to
colony-stimulating factor-1 receptor (c-fms) present on the OC precursor, which
stimulates cells to differentiate onto the macrophage lineage, facilitates cell

proliferation and inhibits cell apoptosis39:40.

RANKL is an essential cytokine for OC formation that is known as the OC
differentiation factor. RANKL is expressed by OB, osteocyte and stromal cells*'.
Normally, OC formation is induced when RANKL binds to receptor activator of nuclear
factor kB (RANK), which expressed in osteoclast precursors*2. In addition, the binding
of RANKL with RANK induces other OC formation factors such as NFATc1, the master
regulatory transcription factor of OC#3. For example, NFATc1 can be influenced by
RANKL/RANK interaction and induces DC-STAMP, which is essential for osteoclast
fusion445, Moreover, NFATc1 also regulates TRAP and cathepsin K, both of which

are OC specific genes crucial for OC activity*S.

OC formation can be negatively regulated by osteoprotegerin (OPG), a soluble decoy
receptor of RANKL#” which mainly produced by OBs and stromal cells*8. The binding
of OPG with RANKL prevents RANKL interaction with RANK and subsequently inhibits
OC formation*8. Therefore, RANKL/RANK/OPG axis regulates OC differentiation and
imbalance between RANKL and OPG can lead to diseases such as osteopetrosis or

osteoporosis*® (Figure 1.241).
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Pre-fusion Multinucleated osteoclast
Macrophage osteoclast

RANK

? —
RANKL Activated osteoclast

Osteoblast

Osteocyte

Bone formation Bone resorption

Figure 1.2 RANK/RANKL/OPG system. RANK/RANKL/OPG signalling in OC

formation and function. This figure was adapted from a review by Richards et al., 2012.

1.2 NF-kB signaling pathway

As a group of inducible transcription factors, nuclear factor kB (NF-kB) is involved
extensively in cell growth and survival, inflammation and immune responses, and
cancers®%-52. The activation of NF-kB is mediated by two signaling pathways; the

canonical pathway and non-canonical pathways®3.

NF-kB signaling is important for bone biology as it regulates OC formation and function.
Activated by RANKL binds to RANK receptor, NF-kB signaling regulates OC
formation®. It is reported that NF-kB KO mice failed to form OCs resulting in increased
bone mass, which indicates NF-kB signaling is essential for the signaling transduction

of OC formation®s. Moreover, NF-kB KO cells stimulated with cytokines including
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RANKL failed to form OC, which emphasizes the essential role of NF-kB in regulating

cytokine-induced OC formation®¢ (Figure 1.3%7).

1.2.1 Canonical NF-kB signaling

Triggered by signals from various immune receptors to exert its catalytic activation
and signaling function, the kinase transforming growth factor (3-activated kinase 1
(TAK1) activates a trimeric IkB kinase (IKK) complex (including catalytic subunits IKKa
and IKKB, and regulatory subunit IKKy) via phosphorylation of IKK[B5859,
Phosphorylated IKKB then degrades IkBs (IkBa, p105), the inhibitor of kB (IkB) family,
in a ubiquitin-dependent manner in the proteasome which eventually leads to the
formation of RelA—p50, C-Rel-p50, and p50—p65. The canonical NF-kB signaling
pathway is rapid and transient which is essential for the proper regulation of NF-kB

functions5253.60 (Figure 1.3%).

1.2.2 Non-canonical NF-kB signaling

The activation of the non-canonical NF-kB pathway only depend on a limited members
from tumour necrosis factor receptor (TNFR) superfamily (CD40, BAFF receptor,
lymphotoxin B receptor [LTBR], RANK, etc.6162), that are capable of activating NF-«kB-
inducing kinase (NIK)®2. Although non-canonical NF-kB pathway is independent from
TAK1 and IKK complex, it still requires IKKa%36364 Activated NIK directly
phosphorylates IKKa, which subsequently phosphorylates and degrades P100. The
processing of p100 regulates RelB and leads to the generation of p52. Finally, nuclear
translocation of p52 and RELB happens®3. Non-canonical NF-kB signaling is slower

than canonical as NIK is degraded via the ubiquitin/proteasome pathway under normal
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conditions, which prevents the processing of p100265. The non-canonical NF-«kB
pathway plays an active role in B cell development, OC formation and lymphoid organ

maturation®® (Figure 1.3%).

Lysosome
Degradation

p100
processing

Non-Canonical
Pathway

Nucleus

—b>
c-Fos, NFATc1,
__ pl00

Canonical
Pathway

Figure 1.3 NF-kB signalling regulating OC formation. Canonical NF-kB signalling
and non-canonical NF-kB signalling regulate RANKL-mediated OC formation. This

figure was adapted from a review by Boyce et al., 2015.
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1.2.3 TRAF adaptor proteins related with osteoclast formation

Tumor necrosis factor receptor (TNFR)-associated factors (TRAFs) consists of six
members (TRAF1-6) and an atypical member (TRAF7)67:68_ All TRAF proteins have a
homologous C-terminal domain (TRAF domain), and have mutations in the numbers
of zinc fingers. It is summarized that the TRAF proteins are oligomerized by TRAF
domains, and then the TRAF protein is capable of interacting with upstream receptors
and downstream effector proteins®’. In addition, on the N-terminal of TRAF2—6, the
RING domain mediates TRAF protein ubiquitination via E3 ubiquitinase ligases®®. As
the NF-kB pathway is regulated by TRAFs, moreover, TRAF67° and TRAF3"" are

confirmed to regulate RANKL-induced OC formation and function.

1.2.3.1 TRAF6

TRAF6 is a representative E3 ligase which conjugates lysine (K) 63-linked
polyubiquitin chains*3. As an essential downstream mediator of RANK signaling,
TRAF6 can subsequently activates NF-«kB signaling’>74. Moreover, TRAF6 is required
for the expression of NFATc17576, cytoskeletal rearrangement’®, and essential for OC
formation and OC function’’. Interestingly, different from closely related CD40 receptor,
RANK receptor has more TRAF6 binding sites, which brings stronger TRAF6-
mediated OC formation signaling’®. Moreover, it is reported that target TRAF6 can
inhibit RANK signaling and hence deteriorate OC function”®-8'. One group reported
that TRAF®6 is dispensable for RANKL-independent OC formation initiated by TNFa?®?,
while the other group reported TRAF6 facilitate OC formation addictively with RANKL323,
Therefore, it is remains unclear whether TRAF6 is essential for TNFa-mediated OC

formation.

10
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1.2.3.2 TRAF3

NIK binds to the TRAF-C domain of TRAF3 for the progression of non-canonical NF-
kB pathway®“. It is reported that mice over-expressing NIK lack the TRAF3 binding
domain and develop osteoporosis due to the over activation of OCs®. In the non-
canonical NF-kB pathway, RANKL processes p100 into p52 that induces OC
formation. By preventing p100 processing into p52, TRAF3 effectively inhibits OC
formation8 as well as decreasing OC formation markers such as NFATc1 and c-Fos”".
Consequently, as a suppressor for both canonical and non-canonical NF-kB
signaling®’88, TRAF3 knockdown promotes TNF-induced OC formation. Moreover,

TRAF3 has anti-inflammatory and anti-B cell ymphomas effects®°.

1.3 Autophagy and osteoclasts

1.3.1 Autophagy

Macroautophagy (here after referred as “autophagy”) is a conserved pathway which
maintains eukaryotic cell homeostasis by degrading and recycling cellular waste

including protein aggregates and damaged organelles®0-92,

Autophagy process can be artificially divided into several stages including induction
(or nucleation), phagophore elongation, autophagosome formation and autolysosome
maturation®!93, In detail, upstream signaling pathways such as mMTORC1 de-activation
initiate autophagy, which leads to UNC-51-like kinase (ULK) activation and the
formation of ULK1 complex (including ULK1, ATG13, FIP200 and Atg101)9%498,
Triggered by ULK1 complex, the Class Il PI3K complex | (including AMBR, Belclin-1,

ATG14L, Vps34 and Vps15) is then translocated from the cytoskeleton to a pre-

11
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autophagosomal structure®®. Downsteam of Vps34, phosphatidylinositol 3-phosphate
(PI3P) binds to WD-repeat protein interacting with phosphoinositides (WIPIs) to
mediate the formation of the phagophore® together with ATG9 (a lipid carrier for
membrane extension)'%%-192, The elongation and closure of the phagophore requires
ATG12 conjugation system (ATG12-ATG5/ATG16)'°® and the LC3 conjugation
system, that conjugates phosphatidylethanolamine [PE] to microtubule-associated
light chain 3 [LC3])'%4. As an integral membrane protein present in autophagosomes,
LC3-PE (LC3-Il) is used as a marker for autophagy. The closed autophagosome fuses
with lysosome to form autolysosome, in which the cargos are degraded by hydrolases

and metabolites are produced for cells® (Figure 1.4%).

12
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Figure 1.4 The process of autophagy. Autophagy process can be divided into several
stages including induction (or nucleation), phagophore elongation, autophagosome
formation and autolysosome maturation. Different molecules are involved in the process
and autophagy is related with bone diseases including osteoporosis. This figure was

adapted from a review by Pierrefite-Carle et al., 2015.
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1.3.2 Autophagic flux measurement

The degradation activity in the autophagic system is measured as autophagic flux'°®.
Autophagic flux can be determined by several LC3ll-based assays such as Western
blot. Cells are treated with or without the autophagosome-lysosome fusion inhibitor
bafilomycin A1 (BafA1) to quantify the amount of LC3II, a marker of autophagosomes,
accumulation during a certain period. Other autophagy adaptors such as p62 are also
used as autophagic flux markers. A high protein level of p62 usually indicates low or
blocked autophagic flux, although increased autophagic flux may also up-regulate p62

expression06,

1.3.3 Autophagy is required for osteoclast formation and function

Autophagy positively regulates OC formation. Atg7 knockdown during OC formation
inhibits the expression of TRAP and cathepsin K (CTSK)%.197_ |t has been reported
that monocyte chemotactic protein-1 (MCP-1), an inducer of TRAP- and CTSK- double
positive pre-OCs'98109 " yp regulates Beclin-1 (ATG6) and autophagy during OC
formation%111. Recently, researchers showed that Beclin-1 upregulates NFATc1 to
promote OC formation in primary BM cells ''2. Moreover, autophagy is found to
positively regulate OC formation in both hypoxia''® and microgravity''* conditions.
TRAF3, a suppressor of OC differentiation, is degraded by autophagy upon RANKL
induction in BM OC precursors’'. In sum, the above findings suggest that autophagy

is extensively involved in OC formation process.

Autophagy is known to regulate a number of OC functions. It is reported that ruffled

border formation, secretory function, and bone resorption ability of OC all require

14
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autophagy-related proteins including ATG5, ATG7, ATG4B, and LC3''. In detail,
ATGS5 is essential for LC3II targeting to the ruffled border and actin ring''é, two vital
organelles required for lysosomal secretion in bone resorption process. In animal
models, specific deletion of Afg5 in the macrophage lineage not only increases bone
mass but also ameliorates bone loss in ovariectomized mouse. This indicates that
modulating autophagy could be a potential therapeutic strategy for osteoporosis.
Another group showed that LC3B deletion has no impact on TRAP-positive
multinucleated cell formation. However, the bone resorption ability, actin ring formation
and CTSK release are all suppressed. They concluded that OC function is correlated

with the switch of LC3I to LC3II7.

BafA1 is an autophagy inhibitor by inhibiting V-ATPase activity. BafA1 causes
accumulation of autophagosomes and autolysosomes by preventing lysosome
acidification, thereby inhibiting autophagosome-lysosome fusion and autolysosome
degradation'®. It is reported that BafA1 inhibits OC formation in vitro'1°120, Other
autophagy inhibitors such as chloroquine were also found to inhibit OC formation and

restore bone mass”’.

Taken together, autophagy is required for OC formation and OC functions. Based on

these findings, various autophagy inhibitors can be translational applied to treat bone

loss diseases.

15



Chapter 1. General Introduction

1.4 Glycosphingolipid inhibitors

1.4.1 Glycosphingolipids

Sphingolipids are composed of a long chain sphingoid amine'?' and ceramide, and
refer to a lipid containing a sphingoid base that comes from acylation of fatty acid.
Glycosphingolipids (GSLs) are so named due to the addition of sugars to the ceramide
core structure, which are the glycosylated derivatives of sphingolipids'??2. The number
of sugars can vary from 1 to more than 20, and GSLs are now found in all vertebrate

tissues.

GSLs are initiated at the cytoplasmic face of the endoplasmic reticulum (ER) by serine
and palmitoyl-CoA condensation which generates ceramide. Then, glucosylceramide
synthase (GCS) converts ceramide to glucosylceramide (GlcCer), which is recognized
as an important and rate limiting biochemical step in GSL biosynthesis process'23:124,
After that, directed by galactosyltransferase 1, $-(1,4), the transfer of galactose from
UDP-galactose helps GlcCer convert to lactosylceramide (LacCer)'2%. LacCer is the
main component for the synthesis more complex GSL'25. After biosynthesis, GSLs are
transported by exocytosis to the plasma membrane. Metabolic recycling of the building
blocks is the so-called metabolic salvage pathway for GSL synthesis, in which GSL is
released from catabolic degradation'?”.128, The degradation of GSLs takes place in
endosomes and lysosomes. After endocytosis to the acidic compartment, the terminal
carbohydrate residues of GSLs are cleaved off by lysosomal glucosidases. Ceramide
can then be recycled via salvage pathways or be further degraded'2°:130, Whilst in the
non-lysosomal degradation process, with the help of ceramidases, ceramide can be

degraded to sphingosine and a fatty acid'?® (Figure 1.5).
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GSL inhibitors, by their name, are designed to inhibit the synthesis of GSLs. Most GSL

inhibitors such as miglustat or eliglustat comes to effect by inhibiting GCS.

Serine + Palmitoyl CoA » Sphinganine [ Ceramide | | Sphingosine-1-P
v 41 v v
» 3-Ketosphinganine Dihydroceramide Sphingosine Ethanolamine-1-P + hexadecenal
GCS
| GicCer |
Lac-Cer
Glycosphingolipids \\\ “b” series “c” series
(GSLs) GM3 GD3 GT3
| |
| GT2
GM2 GD2
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GM1 GD1b
} | }
GD1a GQic
GT1b

Figure 1.5 GSLs biogenesis.

1.4.2 Eliglustat

Eliglustat, a synthetic small molecule with molecular weight at 404.543g/mol, was
marketed by Genzyme as CERDELGA® and globally approved for the treatment of
long-term Gaucher disease type 1 in adults given at the dosage of 84 mg capsules

once or twice daily in 2014'3' (Figure 1.6).

Gaucher disease type 1 belongs to the class of lysosomal diseases known as
glycosphingolipidoses, which due to insufficient production of the enzyme
glucosylceramidase that results the accumulation of GSLs, most GSLs are derived

from glucocerebroside. The first step in GSL biosynthesis is the formation of
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glucocerebroside, the primary storage molecule in Gaucher disease, via
glucocerebroside synthase (uridine diphosphate [UDP] — glucosylceramide glucosyl
transferase). As a drug belongs to substrate reduction therapy, eliglustat is an oral
glucosylceramide analogue (Figure 1.2132) that inhibits glucocerebroside synthase

which can further inhibit GSLs.

Clinically, with an IC50 of 10 ng/mL for inhibition of GCS, eliglustat is mainly
metabolized by cytochrome P450 (CYP) 2D6 (maximum plasma concentration at 2
hours and terminal elimination half-life was 5-6 hours) and is capable of reducing the
complications caused by accumulation of the lipid glucosylceramide, including
hepatosplenomegaly, anemia, thrombocytopenia and bone lesions'®!. Compared to
miglustat, eliglustat is more specific, shares higher potency and less side effects as it
is an analogue of the ceramide part. However, eliglustat has several adverse effects

(<10%) including arthralgia, headache, nausea and fatigue3'.

OH
H
[O ; N\H/\/\/\/ Figure 1.6 Eliglustat. Chemical
s 0
0 N :
</.| structure of eliglustat.

1.4.3 Miglustat

Miglustat (C10H21NO4, 219.28 g/mol), or N-butyl-deoxynojirimycin (NB-DNJ), was
developed by Oxford GlycoSciences and approved by FDA in 2003, marketed under
the trade name Zavesca®. Miglustat is an iminosuger as well as a synthetic analogue
of D-glucose’33. Miglustat, a GCS inhibitor subsequently inhibits GSL, was found to
treat type | Gaucher disease in adults for whom enzyme replacement therapy is

unsuitable'®4. Interestingly, patients with Gaucher’s disease have a 6-50 times
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increased risk of developing myeloma or the pre-myeloma MGUS condition?35.
Moreover, miglustat can dramatically inhibited RANKL-induced OC formation in
murine MM model’®. However, miglustat has severe side effects in gastrointestinal

track and hence is limited for clinical applications'3!.

1.5 Bone diseases and treatment strategies

1.5.1 Myeloma, myeloma induced bone disease and vicious cycle

Multiple myeloma (MM), the second most common haematological cancer, is caused
by abnormal plasma cells (MM cells) primarily reside in BM niche'36. Originated from
monoclonal gammopathy of undetermined significance (MGUS) and subsequently
progress to smouldering multiple myeloma (SMM), MM is finally reached as
characterized by the infiltration of clonal plasma cells into the BM niche and the
secretion of monoclonal immunoglobulin M protein. MM induces signs of end-organ
damage including hypercalcemia, renal failure, anemia, and bone complications

(CRAB features)'¥’.

The MM bone complications are particularly important for three reasons as they are a
major cause of pain for the patients. Firstly, bone lesions are one of the disease-
defining features, as progression of disease from a premalignant state into active MM
is characterized by the development of osteolytic bone disease'38. Secondly, more
than 85% of MM patients suffer from skeletal complications including osteopenia,
pathological fracture, spinal cord compression and vertebral collapse°. Thirdly, the
other complication including hypercalcemia is caused due to excessive calcium

released to blood stream from bone by OC.
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From a physiological perspective, BM is a soft viscous tissue that is located in the
bone (tibia, femur) cavities’. BM consists of extracellular matrix compartment
including blood vessels as well as different population of cells (stromal cells like
mesenchymal stem cells, immune cells, adipocytes, endothelial cells, fibroblasts, OBs,
OCs and chondrocytes) that are involved in haematopoiesis and support
haematopoietic cell function’#'. Moreover, haematopoiesis in BM niche is protected
by the bone, which is undergoing a dynamic equilibrium between bone formation OB

and bone resorption OC.

From MM pathological perspective, BM is altered to a unique supportive
microenvironment for tumour growth and to develop the associated bone disease due
to interactions of MM cells with BM resident cells. In detail, MM cells are capable of
secreting factors like membrane bounded receptor activator of nuclear factor kappa-B
ligand (RANKL), insulin-like growth factor 1 (IGF1) and pro-inflammatory cytokine
Macrophage Inflammatory Proteins-1a (MIP-1a) that enhance OC proliferation’42. In
return, the resorbed bone and OC directly secrete tumour growth factors including IL-
6 that stimulates MM cell proliferation. The interactions between MM cells and OCs
forms the so-called “vicious cycle” 43, which further contributes to MM progression
and bone disease. In addition to stimulating OC, MM cells can also directly suppress
OB by various factors including Dickkopf-related protein 1 (DKK1), which further

exacerbates the bone lesions'#4. (Figure 1.714%)
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Moreover, BM adipocytes, or bone marrow adipose tissue (BMAT), contribute to the

development of MM bone disease'#6. Mechanistically, adipokines, growth factors'4”

and inflammatory mediators such as IL-6 and TNFa are all released from BMAT, which

eventually creates a permissive microenvironment for tumor development'#®, drives

bone marrow inflammation'4® and may accelerate bone resorption and osteoporosis?°.

It is reported BMAT is significantly increased with obesity, which can cause MM

engraftment in MM unsusceptible C57BL6 strain and bring significantly low bone

quality's1.
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Figure 1.7 MM interaction with OC and OB in BM niche. OCs in MM disease are
greatly stimulated by MIP1a and RANKL which released by MM cells. As a vicious cycle,
increased OCs activity causes IL-6 production, a pro-MM factor for MM further
proliferation. Adhesion of plasma cells to stromal cells upregulates many cytokines with

angiogenic activity. This figure was adapted from a review by Raje et al., 2019.

1.5.2 Current anti-resorptive agents for MM bone disease

Traditionally, the current clinical strategy used to treat MM bone disease can be
categorized into either antiresorptive agents or anabolic reagents. The development
of bone anabolic agents to treat myeloma bone disease, with many targeting the Wnt
signalling pathway’ is an area of great research interest, however is beyond the scope
of this thesis and therefore will not be discussed in detail. In this section, current clinical

antiresorptive strategy will be introduced.

Bisphosphonates (BPs) are currently used as first-line treatments to prevent
destructive bone disease in MM. BPs are stable chemical analogues of inorganic
pyrophosphate (PPi), in which the P-O-P bond structure is replaced by the chemically
stable P-C-P structure. Inorganic pyrophosphate is one of the body’s endogenous
regulators of biological mineralization'®2. BPs, unlike PPi, can also inhibit bone
resorption, and have become the basis of the clinical strategy underlying antiresorptive
treatment'®® in diseases in which bone resorption is excessive, such as in Paget’s

disease, osteoporosis and MM.
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BPs as a group can be further divided into non-nitrogen-containing BPs and nitrogen-
containing BPs. Clodronate, a member of the non-nitrogen BP subgroup, is believed
to cause apoptosis in OCs by becoming incorporated into non-hydrolyzable ATP
analogues'®*. Pamidronate and zoledronic acid (ZA) are examples of the nitrogen-
containing BPs subgroup which bind to hydroxyapatite, and lead to impairment of OC
function by inhibiting the enzyme farnesyl diphosphate synthase in the mevalonate

pathway of cholesterol biosynthesis'55-157 (Figure 1.81%8).

According to one of the MM research trial, ZA is much more superior in decreasing
bone lesions than the non-nitrogen-containing BPs'%°. Moreover, different from non-
nitrogen-containing BPs, ZA is also capable of reducing MM tumour burden in several
clinical trials which make it as the first choice for MM bone lesions at bedside'6°. In
addition, ZA is more acceptable than pamidronate in reducing infusion time and has
relatively less side effects'57:161.162_ |n short, all these factors contribute and justify ZA

as the top choice for antiresorptive treatment in MM.

Admittedly, there are several shortages of ZA in clinical use thus novel antiresorptive
reagents need to be developed in order to overcome the undesirable side effects. The
first and most important side effect is jaw osteonecrosis mainly happens in MM
patients'®3, moreover, ZA can even bring femur fracture and suppression of bone
turnover in some cases'®4. These hazardous effect on bone happens in 4% of
patients’%°. Secondly, ZA leads to renal toxicity in patients with renal impairment. As
renal failure is one of the prominent complications in MM patients, thus limit the actual

application of ZA in MM patients'®5. Furthermore, some MM patients report they
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suffered from gastrointestinal complications, atrial fibrillation and flu-like symptoms
since receive the treatment of ZA'5°. All these factors limit the consistent ZA
administration to MM bone disease patients. Therefore, currently indication for ZA
treatment is up to 2 years, and continuation of ZA treatment should follows an interval

or break, which jeopardize the treatment expectations.

Bisphosphonates

Bisphosphonates
(BPs) can also
inhibit osteoclast
differentiation

Figure 1.8 Bisphosphonates (BPs)
inhibit OCs. Current findings reveal BPs
can 1) inhibit OC activity and promote
OC apoptosis, 2) released locally during
bone resorption, 3) concentrated under
OCs. This figure was adapted from a

review by Russell et al., 2015.

Bisphosphonates (BPs) bind to
bone mineral. Nitrogen-containing BPs
inhibit the resorptive function of osteoclasts
via inhibition of FPPS and prenylation of
GTP-ases, but ‘disabled’ osteoclasts may
persist

1.5.3 Proteasome inhibition as a therapeutic treatment for MM

Bortezomib (BTZ), patented as VELCADEQ®, is a kind of proteasome inhibitor that
binds reversibly and specifically to the 26S proteasome, a multicatalytic enzyme which
involves in ubiquinated protein degradation'®. Such binding disrupts the proper

regulation of important proteins including the p53'¢7, the oncogenes c-Myc, c-Jun and
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c-Fos'%8, B-cell leukaemia/lymphoma 2 (Bcl 2)'%9 and the inhibitory protein kappa B
(IkB)'79, which ultimately leading to cell cycle arrest and cell death'”"-172, Interestingly,
in BM niche, BM stromal cells seems less sensitive to BTZ as compared to MM cells
with the IC50 of BTZ 170-fold higher in BM stromal cells than in MM cells'’2. BTZ is
given intravenously at 1.3mg/m?, then, metabolized by the CYP3A4, CYP2C19 and
CYP1A2, with a minor amount of metabolism occurring via CYP2D6'7® (which is

similar as eliglustat).

BTZ not only inhibits MM cell, but also showing anabolic effects on bone according to
laboratory findings and clinical observations. First, in vitro study show BTZ inhibits OC
formation and function'”4175, Moreover, BTZ is reported to help restore OB population
by decrease dickkopf-1 expression'’6. Second, in vivo study reveals BTZ upregulates
OBs with downregulates of OCs in nonmyelomatous implanted bones'’>. Thirdly,
clinical trials demonstrate BTZ elevation in bone-specific alkaline phosphatase and

osteocalcin, which are the indicators of bone formation'77-179 (Figure 1.9180),

However, BTZ still encounters some shortages'®'-'87. First, drug resistance was
observed in patients, no matter inherent resistance or acquired resistance. This severe
limitation makes up to half of patients with MM may not respond to BTZ monotherapy,
and the time confirm the patient not respond to BTZ normally at a late stage which
may cause detrimental consequence. Second, there are undesired BTZ related

toxicities and off-target actions observed at bedside.
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Mechanistically, BTZ resistance can be caused by several reasons. Some researchers

reported the downstream effectors Bcl-2'88 or NF-kB'8 are overactivated or

overexpressed in some patients which compromise the therapeutic effects. In another

research, it is reported the BTZ-binding proteasome 35 submit encounters mutations

or overexpression which decrease the binding affinity and jeopardize the goal of

treatment?90.1°1, Moreover, anti-apoptotic proteins (Bcl-2, AKT, MKP-1) show an

increase after the BTZ treatment which may eventually set up a pro-MM

environment¥2193, In view of above listed severe consequences, novel anti-MM

agents or drugs assist BTZ in anti-MM arena are needed in order to decrease the

sides effects and increase the therapeutic outcomes.

|Bortezomib directly inhibits MM cells
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Figure 1.9 BTZ inhibit MM and OCs. According to current findings, BTZ can 1) directly
inhibits MM cells, 2) inhibits Dkk1 expression, 3) induces OB differentiation and increase

OB activity, 4) reduce RANKL, 5) inhibits OC differentiation and activity. This figure was

adapted from a review by Terpos et al., 2007.

(6)

Release of growth

Dkk1
SFRP-2

factors, e.g.IL-6

I

Bortezomib induces

osteoblast differentiation
and increases osteoblast

activity

Nt

OSTEOBLASTS

(5) ) /
* Enhanced bone resorption
Bortezomib inhibits : . Impaired bone formation

26



Chapter 1. General Introduction

1.6 Aims and thesis summary

The treatment strategies for MM bone disease have been extensively investigated in
the past few decades. Identifying a novel reagent with translational potential brings
benefits both to MM patients and the disease-caused socioeconomic burden. Previous
work revealed that miglustat, a GCS inhibitor, ameliorated MM bone disease by
inhibiting OC formation'. However, the precise mechanism is still unknown and
miglustat brings severe side effects. Therefore, eliglustat, an FDA recent approved
small molecule drug that inhibits GCS for the treatment of Gaucher's Disease'!, is
investigated in this thesis to determine whether it can ameliorate MM bone disease

and what is the underlying mechanism.

During the course of this thesis, | will therefore, seek to test the following hypotheses:

Hypothesis / Aim 1: choose a suitable preclinical model with bone lesions in order to
check whether GSL inhibition with eliglustat ameliorates bone loss status (Chapter 3).
Hypothesis / Aim 2: Eliglustat can ameliorate MM bone disease with negligible side
effects (Chapter 4).

Hypothesis / Aim 3: Eliglustat modulates TRAF3 to inhibit OCs via interfere with lipid
composition of the cell membrane and work as an autophagy inhibitor (Chapter 5).
Hypothesis / Aim 4: Eliglustat increases the therapeutic effect of ZA and can have

translational effect in inhibiting MM development (Chapter 6).
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C57BL/KaLwRij strain is well-established MM model after inoculated with murine MM
cells, while closely related C57BL/6 strain cannot get MM cells engrafted’!. As
C57BL/6 mice are used for most genetic models, hence various optimization methods
get C57BL/6 engrafted with MM were titrated (Chapter 3), which will open up the utility
of this strain to study MM in genetically modified backgrounds in future. Next, eliglustat
was tested in vitro and ex vivo to evaluate its impact on OCs and MM cells. Moreover,
eliglustat was administrated in vivo to reduce osteolytic bone lesion development
(Chapter 4). The subsequent mechanistic studies used primary cells and cell lines
revealed that eliglustat is likely to inhibit OC formation via preventing TRAF3
degradation in OC precursors. In addition, eliglustat may come to effect by inhibiting
autophagy to stop OC formation and by altering cell membrane lipid orders (Chapter
5). To extend the translational application, eliglustat was found to increase the
therapeutic effect of bisphosphonate ZA in reducing MM bone disease. Moreover,
eliglustat is likely to inhibit BM MM cells when combined with BTZ and inhibits germinal

center on its own (Chapter 6).

Therefore, this project identified a novel small molecule anti-resorptive agent, justified
the feasibility of translational use eliglustat in MM bone disease and characterized
novel mechanisms of how eliglustat affects OC formation, which brings benefits above

and beyond the current treatment strategies.
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Chapter 2. Materials and Methods
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2.1 Cell line culture

RAW264.7 cell is a murine macrophage cell line obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA). RAW 264.7 cells were cultured in DMEM
(Sigma) supplemented with 10% FBS (Gibco), 1% Penicillin-Streptomycin (P/S, Sigma,

P0781, 1:100) and 1% L-Glutamine (L/G, Sigma, G7513, 1:100) in 5% CO2 at 37°C.

The 5TGM1-GFP murine cell line was obtained from Prof. Claire Edwards, Botnar
Research Centre, NDORMS, University of Oxford. 5TGM1-GFP cells were cultured in
RPMI-1640 (Sigma, R8758-500ML) supplemented with 10% FBS (Gibco), 1%
Penicillin-Streptomycin (P/S, Sigma, P0781, 1:100), 1% L-Glutamine (L/G, Sigma,
G7513, 1:100), 1% Minimum Essential Medium Non-Essential Amino Acids (Gibco,

11140050) and 1% Sodium Pyruvate (Gibco, 11360-070) in 5% CO2 at 37°C.

Jurkat cells (TIB-152™, ATCC) were cultured in RPMI-1640 Medium (Sigma, R8758-
500ML) supplemented with 10% FBS (Sigma), Penicillin-Streptomycin (P/S, Sigma,

P0781, 1:100), and L-Glutamine (Sigma, G7513, 1:100) in 5% CO:2 at 37°C.

HEK293T cells (CRL-3216, ATCC) were cultured in Dulbecco’s Modified Eagle’s

Medium (DMEM) supplemented with 10% FBS (Sigma), Penicillin-Streptomycin (P/S,

Sigma, P0781, 1:100), and L-Glutamine (Sigma, G7513, 1:100) in 5% CO2 at 37°C.
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2.2 Osteoclast formation assay

RAW264.7 cell can differentiate into OC upon 75 ng/ml RANKL and 50 ng/ml M-CSF
stimulation in Minimum Essential Medium Alpha (Gibco, 12571063) supplemented
with 10% FBS (Gibco), 1% Penicillin-Streptomycin (P/S, Sigma, P0781, 1:100) and 1%

L-Glutamine (L/G, Sigma, G7513, 1:100) in 5% CO:2 at 37°C.

Fresh BM cells were collected from 4-week-old C57BL6 mice. Cells were plated in a
96-well-plate at a density of 2x10 cells (aftertreatment with red blood cell lysis buffer)
per well in Minimum Essential Medium Alpha (Gibco, 12571063) supplemented with
10% FBS (Gibco), 1% Penicillin-Streptomycin (P/S, Sigma, P0781, 1:100) and 1% L-
Glutamine (L/G, Sigma, G7513, 1:100) in 5% CO2 at 37 °C. BM cells were first treated
with 100 ng/ml M-CSF for 2 days then treated with 20 ng/ml M-CSF and 50 ng/ml
RANKL with or without eliglustat for the remaining 6 days with the media changed

every 3 days.

To detect the autophagic flux in vitro, 10 nM Bafilomycin A1 (Cayman Chemical) was

added to cells for 2 hours for autophagic flux analysis.

2.3 Osteoclast TRAP staining

After 6 days, OCs were fixed and TRAP stained. In detail, the culture media was
removed from the 96-well-plate and the cells washed with ice cold PBS twice. Cells
were then fixed with 80 ul of 4% paraformaldehyde (PFA) for 1 minute. The PFA was
then removed and 100 pl of the premixed 1:1 ethanol-acetone solution was added to

the cells for 5 seconds in order to permeabilize the cells. The solution was then poured
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off and the plate was air-dried briefly in the hood. Once dry, 100 ul TRAP solution was
added to each well and the plate was incubated in the dark at 37°C incubator for 15
minutes or until adequately developed. Staining was stopped by removing the TRAP
solution and washing the plate under running tap water. Once dry, plates were stored

wrapped with foil paper at room temperature.

TRAP-positive cells were counted, and OCs were identified as multinucleated (=3
nuclei) TRAP-positive cells. The size of the OCs was measured using Osteomeasure
(Osteometrics) software. Data analysis was performed using Prism software

(GraphPad Software).

Table 2.1 Tartrate-resistant acid phosphatase (TRAP) buffer

Chemical Chemical Formula | Molecular Concentration | g/1000ml
Name Weight (mM)

Sodium C2HsNaO:2 82.0343 50mM 4.1
acetate

Potassium KNaCsH406-4H20 282.22 40mM 11.3
sodium

tartrate

Remarks

1, Adjust pH to 5.0 with Glacial Acetic Acid.

2, Adjust the final volume to 1000ml.

3, Store at 4°C up to 6 months.
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Table 2.2 TRAP Solution

Chemical Chemical Formula Molecular | Volume | mg/50ml
Name Weight (ml)

Naphthol AS-MX C19H1sNOsP 371.32 NA 5
phosphate

Dimethylformamide | CsH7NO 73.09 0.5 NA

Mix above two compounds well and only then add following compounds

Fast red violet LB | C14H11CI2N3O+1/2ZnCl2 | 376.31 NA 25
salt

See Table 2.1 TRAP buffer NA 50ml NA
Remarks

1, Only use 50ml Corning polypropylene tube for TRAP solution preparation.

2, Adjust the final volume to 50ml.

3, Mix well/vortex and syringe filter with 0.45um filter.

4, Store at 4°C up to 7 days, avoid light.

2.4 Osteoblast formation assay

Newborn C57BL6 mice (born within 48 hours) were sacrificed with 200l pentobarbital
i.p. and then decapitated after cervical dislocation. The skulls were stored in DMEM
GlutaMAX media (Gibco by life technologies, 32430-027) on ice. Sterile scissors and
forceps were used to remove the soft tissues by first cutting from the base of the skull
and around the edge then removing the scalp. The extraneous tissues were further
trimmed and the processed calvarial bones were placed in PBS before being

transferred into 10ml Calvaria digest solution (Table 2.3) to extract osteoblasts. The
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initial digest solution was shaken for 5 minutes at 37°C, and discarded. Subsequent
digestion steps were collected and pooled. The digestion process was repeated twice
with shaking for 10 min each time with new 10ml Calvaria digest solution. Next, the
20ml of digest solution was centrifuged at 3509 for 5 minutes to pellet the cells. The
pellet was resuspended with 5ml Red Blood Cell Lysing Buffer (Sigma-Aldrich, R7757)
for 5 minutes. After washing off the lysis buffer with DMEM GlutaMAX media (Gibco
by life technologies, 32430-027), the cells were counted using a hemocytometer. The
cell concentration was adjusted to 5x104/ml and 200yl of the media was added to each
well of a 48-well-plate. The cells were cultured in DMEM GlutaMAX media (gibco by
life technologies, 32430-027) supplemented with 10% FBS (Gibco), 1% Penicillin-
Streptomycin (P/S, Sigma, P0781, 1:100) and 1% L-Glutamine (L/G, Sigma, G75183,
1:100) in 5% CO2 at 37 °C. On the second day, the media was replaced with 1ml
Osteogenic Media: DMEM with 10% FBS, 1% P/S, 1% L/G, 10mM B-glycerol
phosphate (Sigma-Aldrich, G9422), 0.05nM Ascorbic acid (Sigma-Aldrich, A8960) and
100 nM Dexamethasone (Sigma-Aldrich, D2915) to generate OB. Media was

changed every 3 days.

Table 2.3 Calvaria digest solution

Chemical Name mg/100ml
Collagenase Type |l 100
Dispase 200

PBS NA
Remarks

1, Dissolve in PBS.

2, Prepare immediately before use.
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3, filter the solution through a 0.2 um Acrodisc 32 Supor before use.

2.5 Glycosphingolipid inhibitors

Eliglustat, a small molecule GSL inhibitor, was provided by Genzyme, a Sanofi
Company or purchased from Sigma. For in vitro experiments, eliglustat was originally
dissolved in DMSO at 10 mM upon arrival and stored at —20°C until diluted
immediately before use in culture medium (0.1-50 pyM). For in vivo experiments,
eliglustat was mixed into either a standard rodent diet, or a 42% high fat contained
diet at 0.075% w/w, during manufacture by TestDiet. These special diets were kindly

provided by Genzyme Corporation (USA).

2.6 In Vivo Studies

2.6.1 Study approval

Animal care and experimental procedures were approved by the Home Office and the
University of Oxford Local Ethical Review Committee under PPL 30/3218 and PPL
30/2306. Experiments were conducted in accordance with the UK Home Office

Animals Act of 1986.

2.6.2 Strains

In each experiment, sex and age matched wild type C57BL/6 mice were purchased
from Charles River UK Ltd. Margate, UK. Age and sex matched C57BL/KaLwRijHsd
mice were purchased from Harlan for each experiment. They were fed and housed
under specific-pathogen-free conditions in the Biological Services Unit, Kennedy

Institute of Rheumatology, University of Oxford.
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2.6.3 Drug administration

Animals were administered with normal chow, 42% high fat diet (HFD), eliglustat chow
(0.075% w/w) or 42% HFD with 0.075% w/w eliglustat started from respective day as
described in each of the experiment until sacrifice. All of the above mentioned diets
were manufactured by TestDiet and provided by Genzyme Corporation (USA).
Zoledronic acid (ZA) was obtained from Sigma (1724827-150MG). Bortezomib (BTZ)
was purchased from Cambridge Bioscience (10008822-5mg-CAY). The
administration of eliglustat to animals and injections were approved and performed

under UK project licenses PPL 30/2306 and PPL 30/3218 as mentioned above.

2.6.4 Tissue and serum processing

Mouse blood sampling was collected by tail vein bleeding using capillary blood
collection tubes (16.440, Microvette® CB 300 Z). These 10ul samples were stored on
ice for 2 hours and centrifuge at full speed (16,000 g) for 5 minutes to extract serum
(supernatant). On the culling day, serum was collected by intracardiac puncture. The

serum was stored at -80°C until further analysis.

Mouse spleens were crushed with a syringe plunger through 70 ym cell strainers
(542070, greiner bio-one) with PBS, 0.1% BSA and 2mM EDTA for single-cell
suspensions. After centrifugation for 3 minutes at 400g, 4°C, red blood cells (RBCs)
were lysed with RBC Lysis Buffer (Sigma, Red Blood Cell Lysing Buffer Hybri-Max™,
R7757-100ML) for 5 minutes at room temperature. RBC-lysed splenocytes were

washed once more with PBS, 0.1% BSA, 2mM EDTA and then used for experiments.
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Mouse bone marrow cells were collected from femur and in some experiments from
tibia. Bones were crushed with a pestle and mortar in PBS-0.1% BSA-2 mM EDTA
and filtered through 70 um cell strainers (542070, greiner bio-one), then stored on ice

ready to be used for other experiments without RBC lysis.

Tibiae, were first scanned for micro-CT analysis. Then fixed in 4% PFA at 4°C
overnight. On the second day, the tibiae were washed in PBS 4 times for 10 minutes

each time. After that, the bones were decalcified and set in paraffin for histological

analysis.
Table 2.4 Ammonium chloride lyse (RBC lysing solution, 1X concentration)
Chemical Chemical Molecular 9/2000ml
Name Compound Weight
Ammonium Chloride NH4ClI 53.491 16.04
Sodium bicarbonate NaHCOs 84.007 1.68
Ethylenediaminetetraacetic | C1oH16N20s 372.2 0.74
acid
Remarks
1, Dissolve in 2000ml Millipore water.
2, Store at 4°C for six months.

2.6.5 5TGM1-GFP cell inoculation

C57BL/6 mice were sublethally irradiated at 5.5 Gy twice with 4 hours in between
before injection of 5TGM1-GFP murine MM cells in 200 pyl HBSS via the tail vein. Mice
i.v. injected with 200 yl HBSS served as naive controls. 0.67% Baytril was added to

the drinking water for 14 days to avoid infections.

37



Chapter 2. Materials and Methods

For myeloma cell inoculation, the C57BL/KaLwRij mice were i.v. inoculated with a
designated number of 5TGM1-GFP MM cells (number as described in each
experiment) in 200 yl HBSS via the tail vein. For the mice in control group, they were

i.v. injected with 200 yl HBSS without cells™>!.

To prepare the 5TGM1-GFP cells for injection, cells from culture flasks in 37°C
incubator with 5% CO:2 were centrifuged at 350g for 5 minutes to pellet the cells. The
pellet was resuspended with ice cold HBSS and centrifuged again at 350g for 5
minutes as the first wash. This process was repeated for another time in order to
completely wash away the remaining FBS in the culture media. Finally, the cell number

was counted and the concentration was adjusted for injection151.

2.7 Antibodies

Table 2.5 Antibodies used for Western blot and flow cytometry

Name / Target Company Clone Cat # Dilution (1:)
Western Blot

GAPDH Millipore 6C5 MAB374 | 5000
LC3 Sigma Poly L8918 1000
TRAF3 Cell Signaling | Poly 4729 1000
BActin Cell Signaling | 8H10D10 | 3700 5000
P62 (SQSTM1) MBL NA PMO045 1000
Flow Cytometry

CD16/CD32 Monoclonal | Thermo Fisher | 93 14-0161- | 200
Antibody (FcR Block) 85

APC Annexin V BioLegend NA 640920 50
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Zombie Aqua™ Fixable

Viability Kit

BioLegend

NA

423102

400

Brilliant Violet 605™
anti-mouse/human

CD11b Antibody

BioLegend

M1/70

101237

200

PE/Cy7 anti-mouse Ly-

6C Antibody

BioLegend

HK1.4

128018

200

Brilliant Violet 785™
anti-mouse Ly-6G

Antibody

BioLegend

1A8

127645

200

APC anti-mouse CD115

(CSF-1R) Antibody

BioLegend

AFS98

135510

200

PE anti-mouse CD117

(c-Kit) Antibody

BioLegend

2B8

105808

200

Alexa Fluor® 700 anti-
mouse/human

CD45R/B220 Antibody

BioLegend

RA3-6B2

103232

200

Brilliant Violet 421 ™
anti-mouse CD3

Antibody

BioLegend

17A2

100227

200

Brilliant Violet 421 ™
anti-mouse Ly-6A/E

(Sca-1)

BioLegend

D7

108127

400
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APC/Cyanine7 anti- BioLegend 2B8 105826 200
mouse CD117 (c-kit)

Antibody

PE/Cy7 anti-mouse BioLegend TC15- 115913 100
CD150 (SLAM) 12FL12.2

Antibody

APC anti-mouse CD48 | BioLegend HM48-1 103411 200
Antibody

Alexa Fluor 700 CD34 eBioscience RAM34 56-0341- | 200
Monoclonal Antibody 82

PE anti-mouse CD16/32 | BioLegend 93 101308 200
Antibody

Brilliant Violet 421 ™ BioLegend 281-2 142508 200
anti-mouse CD138

(Syndecan-1) Antibody

FITC anti-mouse/human | BioLegend RA3-6B2 | 103206 200
CD45R/B220 Antibody

Alexa Fluor® 700 anti- BioLegend 11- 405730 200
mouse IgD Antibody 26c.2a

PE-Cy™7 Hamster Anti- | BD Jo2 557653 200
Mouse CD95 (FAS) Pharmingen

Alexa Fluor® 647 anti- BioLegend GL7 144606 200

mouse/human GL7
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Antigen (T and B cell
Activation Marker)

Antibody

PE/Cy5 anti-mouse

CD4 Antibody

BioLegend

GK1.5

100410

800

PE/Cy5 anti-mouse

CD5 Antibody

BioLegend

53-7.3

100610

800

PE/Cy5 anti-mouse

CD8a Antibody

BioLegend

53-6.7

100710

800

PE/Cy5 anti-
mouse/human CD11b

Antibody

BioLegend

M1/70

101210

800

PE/Cy5 anti-
mouse/human

CD45R/B220 Antibody

BioLegend

RA3-6B2

103210

200

PE/Cy5 anti-mouse
TER-119/Erythroid Cells

Antibody

BioLegend

TER-119

116210

300

PE/Cy5 anti-mouse Ly-
6G/Ly-6C (Gr-1)

Antibody

BioLegend

RB6-8C5

108410

400

PE/Cy5 anti-
mouse/human CD11b

Antibody

BioLegend

M1/70

101210

800
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PE/Cy5 anti- BioLegend RA3-6B2 | 103210 200
mouse/human

CD45R/B220 Antibody

2.8 Flow cytometry (FACS)

2.8.1 Surface marker staining

Cells prepared as mentioned in section 2.6.4 were first stained with fixable Live/Dead
staining (BioLegend) and FcR block in PBS for 20 minutes. Then, the samples were
topped up with PBS, 0.1% BSA, 2mM EDTA as a wash. After centrifugation for 3
minutes at 400g, 4 °C, the samples were stained with surface marker antibodies in
PBS at 4°C for another 20 minutes. The cells were washed once with PBS, 0.1% BSA,
2mM EDTA. Stained cells were analysed using four-laser LSR Fortessa X-20 (BD
Bioscience). For some experiments, cells were fixed with 4% paraformaldehyde (PFA)
in PBS at room temperature for 5 minutes, then washed once and stored in PBS at
4 °C for up to 3 days. Acquired data was analysed using FlowJo 10.2. For Annexin V
staining, cells were washed with PBS to remove medium. Then, cells were stained for
Live and dead in Annexin V (1:50, Biolegend) binding buffer at 4 °C for 20 minutes.
The cells were washed again with Annexin V binding buffer and analyzed by flow

cytometry in Annexin V binding buffer without fixation.

2.8.2 Intracellular staining
The plasma cells (PCs) were intracellularly stained before analysis by flow cytometry.

Specifically, and different from other intracellular staining, Fc blocker at 1:50 for 125
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ul/well/sample was required for PCs. The spleens were digested in freshly prepared
digestion buffer including: collagenase IV (0.5mg/ml), DNase at 1:250 in RPMI buffer;
1.5ml digestion buffer was used for half a spleen dissected into pieces. After 30

minutes at 37C° on a shaker, the small pieces were mashed through a 100 ym strainer

(Greiner bio-one). The digestion was stopped by adding 2mM EDTA (1:250 from 0.5M

stock) to the buffer and the samples were incubated for 5 minutes at 37 C° on a shaker.

Then, the samples were topped up by 5% FBS in PBS as a wash and the cell numbers

were counted accordingly.

5x108 cells were loaded into each well of a 96-well-plate and the plates were

centrifuged (350 g, 3 minutes, 4 C°) to collect the pellets. After that, the pellets were

re-suspended in FC block buffer and after another wash the pellets were re-suspended
in antibody mixture. Each staining step took 20 minutes and the cells were kept on ice
and placed in a dark place. Finally, the cells were washed another two times with 5%

FBS in PBS ready for flow cytometry analysis.

2.9 Western blot
Cells from primary tissue cultured in vitro and cell lines were washed once with PBS

and lysed using NP-40 lysis buffer together with proteinase inhibitors (Sigma) on ice.

After spinning down the debris, the quantification of protein concentration in the
supernatant was measured by BCA Assay (23227, Thermo Fisher). The supernatant
was then moved to new eppendoffs. Reducing Laemmli Sample Buffer (NP0O0O08, life

technologies) was then added to the supernatant and heated at 100°C for 10 minutes.
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15-30 pg of protein was loaded per well for SDS-PAGE analysis. For non-LC3 western

blot, NUPAGE Novex 4-12% Bis-Tris gradient gel (Thermo Fisher) with MES running

buffer (Thermo Fisher) was used. Specifically, 15% Tris-HCI gel and SDS running

buffer was used for LC3 western blot in order to separate LC3-I and LC3-II.

After that, proteins on the gel were transferred to the PVDF membranes (IPFLO0010,

Millipore). Next, the membranes were blocked with 5% skimmed milk-TBST (TBS+0.1%

Tween 20) for one hour. After pouring off the blocking buffer, membranes were

incubated with primary antibodies in 1% milk at 4°C for 12 hours. After washing, the

membranes were incubated with secondary antibodies in 1% milk with 0.01% SDS for

one hour at room temperature. After another wash, the membranes were imaged using

the Odyssey CLx Imaging System. Acquired data were analysed using Image Studio

Lite.

Table 2.6 NP-40 lysis buffer (2X)

aminoethyl ether) -

N,N,N’,N’-tetraacetic acid

Chemical Name Chemical | Molecula | Concentratio | g/1000m
Compound | r Weight | n (Mm) |

Tris Base C4H11NOs3 1211 20 2.4

Sodium chloride NaCl 58.4 300 17.5

Ethylenediaminetetraaceti | C10H1sN20s | 372.2 2 0.746

c acid (EDTA)

ethylene glycol-bis (B- C14H24N201 | 380.4 2 0.77
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(EGTA)

Remarks

1, Adjust pH to 7.5.

2, Adjust the volume to 1000ml.

Table 2.7 15% Tris-HCI polyacrylamide gels

For 4 gels 5% (Stacking) 15% (Separating)
H20 (ml) 9.6 9.2
30% Acrylamide/Bis- 2.4 20
acrylamide (ml)

Buffer (ml) 1.75 10
10% SDS (ul) 140 400
10% Ammonium 140 400
persulfate (ul)

TEMED (ul) 14 16
Total (ml) 14 40
Remarks

1, Stacking buffer: 1M Tris (pH=6.8).

2, Separating buffer: 1.5M Tris (pH=8.8).

2.10 Quantitative PCR

Polymerase chain reaction (PCR) technology was used to detect the change in gene

expression in cells. Primary cells or cell lines were washed three times with ice cold

PBS. RNA was extracted using the RNeasy Plus Mini Kit (74134, Qiagen). The
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concentration of RNA was measured using NanoDrop1000 (Thermo Fisher). High
Capacity RNA-to-cDNA Kit (Thermo Fisher, 4387406) was used to reverse transcribed
the RNA to cDNA. Tagman probes (Thermo Fisher) and TagMan Gene Expression
Master Mix (Thermo Fisher, 4369016) were used for the qPCR reactions according to
the manufacturer’s instructions. The ViiA 7 Real-Time PCR System (Thermo Fisher)
was used to conduct the quantitative PCR. The quantification of target mRNAs

expression was based on GAPDH. AACt method was used in all of the experiments.

Table 2.8 TagMan® probes for quantitative PCR

Gene Assay ID

TRAF3 MmO00495752_m1
GAPDH Mm99999915_g1
BActin MmO00607939_s1

2.11 Micro-CT analysis

After the tibiae were harvested, they were scanned with a Perkin Elmer Quantum FX
scanner, Rigaku micro-computed tomography (CT) technology, Caliper Life Science.
In detail, the region beneath the growth plate of proximal tibia was scanned at energy
of 90KV; 200uA,; field of view (FOV) 10 for 3 min. Scan data was analysed by using
Analyse 12.0 software. In detail, the analysis can be divided into two parts: the

generation of standard curve and analyse bone scans.

Firstly, a standard curve was generated by scanning the photons of known density,
provided by the manufacturer. The readout of scanned photons and the known density

can be correlated with a linear function. Then the slope value of this linear function is
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SigmaCT and the offset of this linear function is BetaCT. According to the
manufacturer’s instructions, the SigmaCT and BetaCT is unique in each experiment
as the energy generated by micro-CT is slightly different from time to time and each

time such calculation secured the consistency across different experiments.

For the bone analysis, the previously scanned 3D bones were loaded and straightened.
Then, the region of interest was defined as 100 slices below the growth plate. To
ensure the region to be analysed was composed purely of bone, the threshold
calculated from above the standard curve was applied to define and clean up bone
images. Next, the bones were measured and analysed together by the threshold,
SigmaCT and BetaCT from the above calculation. Lastly, the bone 3D reconstruction

images were exported.

2.12 Osmium tetroxide stain

Osmium tetroxide (Honeywell Fulka, 251755-2ml) staining was used to visualize the
adipose tissue in the right tibiae. After the muscles and tendons were removed, the
tibiae were fixed in 4% PFA overnight. Then, the bones were scanned at 90KV; 200u/A;
FOV10 for 3 minutes. The acquired images would be used later to overlay with the

Osmium stained tibiae.

Then the bones were decalcified by EDTA decalcification solution at 4 °C. The EDTA
decalcification solution was changed every three days for two weeks. After two weeks,
the EDTA decalcification solution was washed away with tap water and the tibiae were

stained by osmium tetroxide staining solution.
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For osmium tetroxide staining, the tibiae were transferred into osmium tetroxide which
was composed of K2Cr207 and OsO4 (Sigma, 75632) for 48 hours at room temperature
in the fume hood. Then, the tibiae were washed five times with water. All the waste
solution was considered dangerous and needed to be handled carefully. 4% osmium
tetroxide solution was fully neutralized by four times the volume of corn oil as corn oil
has a high concentration of unsaturated bonds. In detail, four times the volume of corn
oil was poured into one volume of the osmium tetroxide solution in fume hood. After
the oil completely turned black, the completion of neutralization was checked by
suspending a filter paper just soaked in clean corn oil over the solution. If the filter
paper turnedblack, then, the osmium tetroxide was not fully neutralized and more corn
oil was added until the filter paper did not become black any more. Finally, the corn oll
dissolved with osmium tetroxide was collected in a container and dispose through the

chemical safety office.

Finally, the tibiae stained with Osmium tetroxide were embedded in 1% agarose gel

and scanned by micro-CT using 90KV; 200uA; FOV10 for 3 minutes.

Table 2.9 EDTA decalcification solution

Chemical Name Chemical Molecular g9/1000ml
Compound Weight

Ethylenediaminetetraacetic | C1oH16N20s 372.2 41.4

acid (EDTA)

Sodium hydroxide NaOH 39.997 4.4
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Remarks

1, Adjust pH to 7.0-7 4.

2, Adjust the volume to 1000ml and gentle heating to dissolve EDTA.

Table 2.10 Osmium tetroxide staining solution

Chemical Name | Chemical Molecular | Concentration | Volume (ml)
Compound | Weight
Potassium K2Cr207 294.185 5% 4
dichromate (250 mg to 5 ml
water)
Osmium 0OsOs4 254.23 4% 2
tetroxide
Milli-Q Water H20 18 2
Remarks

1, prepare in the fume hood on the day of use.

2, Above compounds mixed in glass scintillation vials.

3, Above 8 ml solution can be used for 6 tibiae.

2.13 Histomorphometry analysis of tibiae

Following micro-CT scanning, the left tibiae were immersed into 10% EDTA
decalcification solution for two weeks and the solution was changed every 3 days. Two
weeks later, the left tibiae were paraffin embedded and were sectioned with a Leica

RM2235 microtome at 5 ym per section to generate histology slides (VWR 631-1553).
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After the histology slides were generated, they were incubated at 65°C for 12 hours in
order to dewax. After 12 hours, the slides were rehydrated in graded ethanol in the
following sequence: 100% ethanol, 90% ethanol, 80% ethanol, 60% ethanol and finally
water. The slides were immersed in each graded ethanol for 3 minutes before moving
to the lower alcohol percentage.

The slides were stained for TRAP activity usingfreshly prepared TRAP solution as
described previously for 30 minutes at 37 °C incubator. After 30 minutes, the slides
were taken out and gently washed with running tap water for 3 minutes. To better
visualize the OC stained with TRAP, the slides were then counterstained with 0.2%
methyl green solution (Bioenno Lifesciences, 003027) for 30 seconds as the
background. Then, the slides were washed again with running tap water for 3 minutes
and left to air dry overnight. Finally, one drop of DePex mounting medium (VWR,
361254D) was added to each glass slides and covered with coverslips (VWR, 631-
0137) for histomorphometry analysis. Slides were analysed and pictured using an
Olympus BX51 microscope. Osteomeasure (Osteometrics) software was used to
quantify OC and OB parameters by using standard methods'94195, Moreover, the in
vitro OC area quantification in this project was measured by Osteomeasure

(Osteometrics) software.

2.14 ELISA analysis

Enzyme-linked immunosorbent assay (ELISA) technology was used to detect the

expression level of specific proteins from murine serum samples in experiments.
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The 1gG2bk ELISA was conducted as per the manufacturer’s instructions (Bethyl
Laboratories, E90-109). Serum from C57BL6 strain was diluted at 1:50,000 while the
serum from C57BL/KalLwRijHsd strain was diluted at 1:100,000 in order to obtain the

lgG2bk expression level within the best detectable range.

For the mouse IgG isotype detection, the mouse Ig isotyping uncoated ELISA kit was
used according to manufacturer’s protocol (Thermo Fisher, 88-50630-88). The
measurement of serum urea, serum creatinine and serum calcium were analysed by

MRC Harwell Institute.

2.15 Alkaline phosphatase measurement

ALP is regarded as an early marker of OB differentiation. As a byproduct of OB activity,
the high level of ALP indicates the increased active bone formation. On day 7, the OBs
monolayer in a 48-well-plate was washed with ice cold PBS twice. After carefully
aspirating the PBS, the OBs were fixed with acetone-ethanol at a ratio of 1:1 for 5
minutes. Then, the fixation media was taken off and OBs were stained with SIGMA
FAST™ BCIP®/NBT (Sigma-Aldrich, B-5655) (1 tablet dissolved in 10ml dH20) for 30
minutes at 37°C. After the incubation, the media was removed and cells expressing
ALP turned a dark purple colour. On day 7, ALP can be quantified using the
LabAssay™ ALP Kit (Wako Pure Chemical Industries, 291-58601) according to

manufacturer’s instructions.
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2.16 Alizarin red stain

Alizarin red solution stains mineral deposits from OBs a bright red colour that is easily
visualized by the naked eye. On day 21, before alizarin red stain, the culture medium
was carefully aspirated from the 48-well-plate and the adherent cells were washed
with ice cold PBS twice. The cells were fixed using 70% ethanol from the -20°C freezer
for 1 hour at 4°C. The ethanol was then carefully removed from the wells and the cells
were gently rinsed with water three times without disturbing the monolayer. After air
dry briefly, 1% aqueous Alizarin Red Solution (Sigma, A5533-25G) with pH adjusted
to 4.2 by the addition of 10% ammonium hydroxide. After 20 minutes’ incubation at
room temperature, the excess dye was removed and the monolayer was washed for

five times with water. Stained OBs were then imaged.

2.17 Maximum load measurement
The muscles were removed from femurs on the day of sacrifice and the femurs were

stored at -80C° until the day of maximum load analysis. On the day of analysis, the

femurs were taken out of the freezer and rehydrated in PBS for 4 hours. The maximum
extension load measurements for the femurs were conducted using a testing machine
obtained from Instron Calibration Laboratory (5942K9817) according to

manufacturer’s instructions.

2.18 Plasma membrane generalized polarization measurement
The plasma membranes are highly ordered membrane compartment consists of
cholesterol, sphingomyelin and GSLs (cite). To evaluate the cholesterol and

saturated lipid content in the outer leaflet of the plasma membrane, NR12S, the
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molecular probe was used in this project. Based on the modification of Nile Red
solvatochromic fluorescent dye with an amphiphilic anchor group, NR12S dye can
reversible redox switching of its fluorescence at outer leaflet using sodium dithionite.
By using fluorescence microscopy, NR12S stained plasma membrane show the
emission colour between blue (liquid ordered phase) and red (liquid disordered

phase) spectrum.

RAW264.7 cells were plated at a density of 5x104 cells per small glass pertri dish.
After each treatment, the cells were washed once with Opti-MEM media and NR12S
in Opti-MEM media was added at 0.05uM and incubated for 5 to10 minutes in 37°C

incubator.

Then, the unique NR12S emission spectrum of plasma membrane precisely
differentiates the liquid ordered phases and the disordered phases under the
fluorescence microscopy, which makes it as a feasible tool to evaluate the

generalized polarization of the cell membranes.

2.19 Statistical analyses
The data analysis was conducted using Prism (GraphPad) software. All the data

shown in the thesis are represented as mean + standard error of the mean (SEM).

Two-tailed t-test were applied when comparing two experimental groups. For
comparisons between two normally distributed data sets with equal variances, paired
or unpaired two-tailed Student’s t-test was applied. For two normally distributed data

sets have unequal variances, Welch’s unequal variances t-test was used. In Chapter
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4 and Chapter 6, t-test was used in comparisons between treated and non-treated
mice with the null hypothesis “eliglustat makes no difference between MM mice and
MM+Elig mice”, and between MM+ZA mice and MM+Elig+ZA mice with the null
hypothesis “eliglustat does change the bone parameter/function in MM+ZA mice”.
Since above two null hypotheses are independent with each other, and each of them
leads to an independent conclusion. Therefore, the statistical analyses were
conducted individually without combining analyses together. In above mentioned
cases, two independent t-tests were used without adjust P value correction. The data
from all experimental groups were pooled together in one graph for clear visualization

without altering statistics.

For the experiments that contain more than three experimental groups, One-way
analysis of variance (ANOVA) and multiple comparisons was used with Tukey’s
correction. Paired or unpaired one-way ANOVA was used for multiple comparisons of

normally distributed datasets with one variable.

To evaluate the statistical significance of the hypothesis being tested, P value was

applied. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ns, not significant.
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3.1 Introduction
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Bone loss is common under pathological conditions. For example, in cancer related
bone diseases including MM, bone loss is determined by low bone mineral density

(BMD) (T-score <-2.5) measured from dual-energy x-ray absorptiometry (DXA)9,

As bone loss appears in many conditions, the aim of this chapter was to choose a
suitable preclinical model with bone lesions in order to check whether GSL inhibition

with eliglustat ameliorates bone loss status.

Eliglustat is preliminary designed for the treatment of Gaucher’s Disease (GD), and it
is reported that GD is linked with MM197:198 g haematological cancer accompanied with
bone loss'®. Therefore, MM could be a disease which is potentially suitable to check
the function of eliglustat both from a pathogenesis perspective and bone loss

perspective.

To select a suitable MM preclinical model with bone lesions for the study of eliglustat,
both the common C57BL/6 strain and closely related C57BL/KaLwRij strain were

evaluated individually.

C57BL/KaLwRij is an immunocompetent strain closely related to the C57BL/6 strain.
The C57BL/KaLwRij mouse has a distinct microenvironment that can spontaneously
develop benign idiopathic paraproteinemia, which is similar to MGUS in humans2°0,
Interestingly, the mouse can progress to murine myeloma at a similar rate to humans,
around 1% annually. Moreover, the MM bearing C57BL/KaLwRij mouse has the

typical bone loss phenotype and bone lesions. The 5TGM1 murine myeloma cell was
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derived from a C57BL/KalLwRij mouse that spontaneously developed MM?°'. In this
study, the work related with C57BL/KaLwRij strain is reproduced to exam whether this

mature preclinical model is a reliable MM model for future studies.

As C57BL/6 mice are widely used for most genetic studies, hence researchers have
tried several different MM models in C57BL/6 strain, which will allow the study of MM
in genetically modified backgrounds in the future. Since the normal C57BL/6 strain
does not establish MM engraftment???, researchers have employed the
immunocompetent VK*MYC transgenic mouse for the preclinical study of MM; a
modified strain based on C57BL/6. Mechanistically, the activation of MYC in specific
murine plasma cells (Vk12653 and Vk12598) leads to immunophenotypic markers of

MIM202-204

Using C57BL/6 mice that have not been genetically modified, Fowler et al. have
injected BM stromal cells derived from a MM mouse together with 5TGM1-GFP MM
cells into the C57BL/6 strain and observed MM-like conditions?%. In other experiments
it has been shown that feeding C57BL/6 mice with 42% HFD leads to the MGUS or
pre-MM condition in B57BL6 mice after 5TGM1-GFP cell inoculation''. Furthermore,
aged C57BL/6 mice become ill 2 to 3 months after injection with 5T33 MM cells. Under
these conditions there was no detectable serum IgG2b level change?°® however, there
were some differences in IgG2b CDR3 mRNA and IgH CDR3 mRNA2%._ Glick et al.
conclude that C57BL/6 strain resistance to MM was a constitutional capacity of certain
aged mice and is not a random event?% (inoculated 3 times and still no MM

engraftment).
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3.2 Results
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3.2.1 MM susceptibility and bone lesions in C57BL/KaLwRij mice

The C57BL/KaLwRij strain is a MM susceptible strain, developing typical MM
complications including bone lesions?%2. To confirm that 5TGM1-GFP cells can engraft
in C57BL/KaLwRij mice, mice were divided into two groups, a control group without
5TGM1-GFP cell injection, and a MM group with 5TGM1-GFP cell injection. Serum
was collected on day -2 as the baseline and mice from the MM group received 5TGM1-
GFP cell inoculation on day 0. On day 14, serum from all the mice was collected again

and the mice were culled on day 21 (Figure 3.1).

O O O o)
Day -2 Day 0 Day 14 Day 21

Collect serum transplant STGM1-GFP cells Collect serum Cull mice
0.5X106¢ cell /mouse

Figure 3.1 Experiment time line for inoculat 5TGM1-GFP cells to C57BL/KaLwRij
mice. Mice were divided into 2 groups a control group and MM group. 8-week-old
C57BL/KaLwRij mice were injected with 5TGM1-GFP MM cells and sacrificed depending
on weight loss or lameness. The serum was collected several times during the experiment

to monitor the tumour progression.

The in vivo tumour burden of BM and spleen were examined by flow cytometry under
the GFP channel to detect the presence of 5TGM1-GFP cells. According to the GFP
positive cell percentage shown in BM samples and spleen samples, there was a
significant in tumour burden in the MM group. In BM samples, around 30-40% of the
total cells in the MM group were tumour cells. In the spleen, the average number of
tumour cells was around 5% of total cells (Figure 3.2A). This model has 30-40% BM

MM cells which makes tumour burden quite obvious. From above perspectives, the
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C57BL/KaLwRij model seems to be a good candidate model for the study of

eliglustat’s role in MM and its associated bone lesions. Furthermore, the IgG2bk levels

show a significant increase in the MM group confirming the finding from the flow

cytometry data (Figure 3.2B).
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Figure 3.2 MM burden measurements following 5TGM1-GFP cell inoculation in
C57BL/KaLwRij mice. Mice were divided into 2 groups, a control group and MM group.
8-week-old C57BL/KaLwRij mice were injected with 5TGM1-GFP MM cells and sacrificed
depending on weight loss or lameness. (A) The BM cells and spleen cells from each

mouse were collected for flow cytometry analysis on day 21. (B) The serum IgG2bk

paraprotein was measured by ELISA. Error bars correspond to SEM. **P<0.01, ***P<0.001,
****P<0.0001, ns means non-significant. Statistical analysis was performed using Student ¢

test.
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In addition, the weight of C57BL/KaLwRij after inoculation with 5TGM1-GFP MM cells
was monitored and showed that the mice did not differ significantly in weight from the

non-myeloma bearing control mice (Figure 3.3).
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Figure 3.3 Body weights of C57BL/KaLwRij mice before and after 5TGM1-GFP cell
inoculation. 8-week-old C57BL/KaLwRij mice were divided into 2 groups a control group

and MM group.

Next, bone lesion development was evaluated following 5TGM1-GFP MM cell
inoculation. The tibiae were collected and analysed by micro-CT. According to the 3D
reconstruction images, the MM bone had more cortical bone holes compared with the
bone from control group (Figure 3.4A). This difference demonstrates that 5TGM1-GFP
cells were capable of generating bone lesions in cortical bone. To quantify the bone
lesions in the cortical bone, each hole on the cortical bone of tibia was counted
manually. According to the statistical analysis, the MM group had a significant increase
of the holes as compared with control group, which reveals that the 5TGM1-GFP MM

cells cause cortical bone lesions in the C57BL/KaLwRij strain (Figure 3.4B).
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Figure 3.4 Number of cortical bone lesions Holes on tibia were counted from each

group, naive control group (n=4) and 5TGM1-GFP MM group (n=6). (A) 3D reconstruction
of the cortical bone from respective groups. (B) The holes on cortical bones were counted
and compared. Error bars correspond to SEM. ***P<0.001. Statistical analysis was performed

using Student t test.
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To further confirm the finding, different micro-CT bone were used to quantitatively
evaluate the bone quality. Bone volume over total volume (BV/TV) represents bone
volume fraction, which provides information on “how much” of the bone contains
mineralized tissue distributed in the interior compartment. Therefore, decrease or
increase of BV/TV reveals the loss or gain of mineralized bone. Bone surface (BS)
means the surface of overall bone, the higher of BS indicates more bone in the region
of interest. Bone surface over bone volume (BS/BV) indicates the relative ratio of bone
surface over bone volume, the higher the ratio means the lower the bone volume.
Trabeculae separation (Tb.Sp) is an indicator of the ability to participate in a bone’s
resistance to bending and compression. The higher Tb.Sp, the more likely the bone is
able to be bended and compressed. However, Trabeculae number (Tb.N) is the
inverse of the mean spacing of Tb.Sp, indicating the number of trabecular bone. So
the higher Tb.N, the more unlikely the bone is to fracture. Trabeculae thickness (Tb.Th)
means trabecular thickness, the thicker the trabecular, the better it can resist the
bending. Connective density (Conn.D) represents how trabeculae contributes to bone
strength by the interconnectivity. The higher the Conn.D, the more robust the bone. In
sum, all above mentioned parameters indicate the MM group has the bone with less

integrity as compared with control group (Figure 3.5).
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Figure 3.5 Bone quality parameters from 5TGM1-GFP MM cell induced bone disease
in 8-week-old C57BL/KaLwRij mice. Micro-CT analysis parameters of tibiae including

BV/TV, BS, BS/BV, Tb.Sp, Tb.N, Tb.Th and Conn.D indicate the bone quality is significantly
deteriorated in 5TGM1-GFP MM group. Error bars correspond to SEM. *P<0.05, **P<0.01,

***P<0.001, ****P<0.0001. Statistical analysis was performed using Student t test.
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In conclusion, C57BL/KaLwRij model has a medium level of MM engraftment and has
a typical phenotype of MM bone lesions. Therefore, C57BL/KaLwRij model is ideal for

the study of eliglustat’s function in vivo.

3.2.2 Bone conditions in HFD C57BL/6 mice compared to normal mice

Before assessing whether eliglustat can reduce MM burden in C57BL/6 mice on HFD,
the baseline effect of HFD on bone quality was investigated. It has been reported that
HFD may cause bone loss and osteoporosis?°72%8, 13-week-old female C57BL/6 mice
were divided into 2 groups a normal diet group and mice administrated with 42% HFD
for 7 weeks. All the mice were sacrificed after 7 weeks and tibiae were collected for

micro-CT bone analysis (Figure 3.6).

Day -49 Day 0
Start HFD or Cull mice
maintain normal diet

Figure 3.6 HFD experiment design. Time line illustrating the experiment design in

investigating whether HFD leads to bone loss in 13-week-old female C57BL/6 mouse.

To assess the effect of 42% HFD, body weight was measured once a week (Figure
3.7). Importantly, a significant increase in body weight was observed 5-weeks after

the HFD was initiated, with a further increase at the 7-week time point.
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Figure 3.7 Weight change of HFD C57BL/6 mice experiment. 13-week-old female
C57BL/6 mice were divided into normal control diet group (Ctr, n=6) or HFD group (HFD,
n=6). Weight change of each mouse was recorded during the experiment. In HFD group, a
statistical weight gain is observed. Error bars correspond to SEM. *P<0.05, **P<0.01.

Statistical analysis was performed using Student t test.

According to the micro-CT analysis parameters including BV/TV, BS/BV, Tb.Sp, Tb.N
and Tb.Th there was no statistical difference observed between HFD group and
normal diet control group (Figure 3.8A). Moreover, BMD of the inner trabecular bone,
outer cortex bone and overall bone were analysed individually. According to data, all
above parameters from the HFD group remained at a relatively similar level as the

control group, indicating that HFD does not change the bone quality (Figure 3.8B).
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Figure 3.8 7-weeks’ HFD has no significant impact on bone quality in female C57BL/6
mice. (A) Micro-CT analysis parameters of tibiae including BV/TV, BS/BV, Tb.Sp, Tb.N and
Tb.Th indicates the bone quality has no significant difference between normal control diet
group (n=6) and HFD group (n=6). (B) The BMD from different bone compartments including
trabecular BMD, cortical BMD and overall BMD were analyzed. Error bars correspond to SEM.

ns means non-significant. Statistical analysis was performed using Student ¢ test.

To determine whether HFD alters bone marrow adiposity, the BMAT of each tibia was
evaluated following labelling with osmium tetroxide. The ratio of adipose volume (AV)
over total volume (TV) was calculated by micro-CT generating the proportion of
adipose volume. 3D reconstruction images show that the tibia from the HFD group has

more AV (red area) as compared with the normal diet group (Figure 3.9A),
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demonstrating a significant increase in adipose volume in response to the HFD (Figure

3.9B).

A Ctr HFD B

Figure 3.9 HFD increases BMAT in C57BL/6 mice. (A) Micro-CT reconstruction images
show BMAT (red) distribution in the tibiae of control diet group (Ctr, n=6) and HFD group (HFD,
n=6). (B) The quantitative analysis of AV/TV%. Error bars correspond to SEM. *P<0.05.

Statistical analysis was performed using Student ¢ test.

In conclusion, the HFD caused an elevation in body weight and BMAT, while there
was no difference observed between control group and HFD group in bone quality

parameters.

3.2.3 MM susceptibility in C57BL/6 mice under HFD conditions

Lwin et al. shown that a HFD can create a permissive microenvironment for MM
development in C57BL/6 mice, resulting in an MGUS-like condition where
accumulation of MM cells in BM, increase in serum paraprotein as well as bone loss®!.
As GD has an underlying connection with MM'97.1%8 and MM has the typical phenotype
of bone loss'%9, this MM preclinical model could be a platform to study eliglustat both
from a bone lesion perspective and from a MM tumour burden perspective. Therefore,

the following experiment was designed to investigate whether this model may be
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useful to study the function of eliglustat in vivo undertaking initial experiments to
replicate this model to ensure adequate development of myeloma and the associated

bone disease for subsequent evaluation of eliglustat.

On day -42, C57BL/6 mice, a strain that does not normally develop MM disease when
inoculated with 5TGM1-GFP murine MM cells, were fed either on normal chow (Ctr,
n=8) or 42% HFD (HFD, n=12) for 6 weeks. After 6 weeks, all the mice were inoculated
with 5TGM1-GFP murine MM cells. The mice were fed on their respective diets for

another 6 weeks, prior to sacrifice at day 42 for evaluation (Figure 3.10).

O O O »O
Day -42 Day -2 Day 0 Day 42
Start HFD or maintain Collect Serum (as  Transplant 2X10% 5TGM1-GFP Cull mice
normal control diet IgG2bk baseline) cell/mouse

Figure 3.10 Schematic overview of the experiment design. Experiment time line for
13-14-week-old C57BL/6 mice inoculated with 5TGM1-GFP cells + HFD. 13-14 weeks old
C57BL/6 mice were fed either with normal chow or HFD for 6 weeks. 2 days before MM
cell injection, serum sample was collected from each mouse. All the mice were then
inoculated with 5TGM1-GFP cells at 2x 108 cells/mouse and sacrificed after another 6

weeks depending on health condition.
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In this experiment, body weight confirmed that the HFD was effective and tumour
burden was evaluated to ensure effective engraftment of myeloma cells. Following
confirmation of tumour burden, bone disease was assessed by micro-CT to determine
whether the model was appropriate to evaluate the effect of eliglustat on myeloma
bone disease. A significant increase in body weight was demonstrated in response to

the HFD (Figure 3.11).
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Figure 3.11 Weight change of the C57BL/6 mice inoculated with 5TGM1-GFP cells
+/- HFD. 13-14 weeks old C57BL/6 mice were fed either with normal chow or HFD for 6
weeks. Then, all the mice were inoculated with 5TGM1-GFP cells at 2x106¢ cells/mouse
and sacrificed after another 6 weeks depending on health condition. The body weight
change was recorded over the period of experiment. Error bars correspond to SEM.
*P<0.05, **P<0.01, ns means non-significant. Statistical analysis was performed using

Student ttest.
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No significant accumulation of GFP-positive myeloma cells in the bone marrow or
spleen was detected by flow cytometry (Figure 3.12A). To further investigate tumour
burden, serum IgG2bk paraprotein was measured. Paraprotein is an immunoglobin
specifically secreted by 5TGM1-GFP murine MM cells, thus can be used as an
indicator of systemic tumour burden. A significant increase in serum IgG2bk
paraprotein was observed in response to the HFD as compared with control group on

day 42 (Figure 3.12B).
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Figure 3.12 MM tumour burden in C57BL/6 mice inoculated with 5TGM1-GFP cells
+/- HFD. 13-14 weeks old C57BL/6 mice were fed either with normal chow or HFD for 6
weeks. Then, all mice were inoculated with 5TGM1-GFP cells (2x108 cells/mouse) and
sacrificed after another 6 weeks depending on health condition. (A) BM and spleen from
each mouse were collected for flow cytometry analysis. (B) Serum IgG2bk paraprotein
was measured by ELISA. Error bars correspond to SEM. *P<0.05, ns indicates non-

significant. Statistical analysis was performed using Student ¢ test.

Taken together, the HFD combined with MM cell inoculation in C57BL/6 strain model
had low MM cell engraftment, which may potentially lead to less bone lesions, this is
in line with previous studies that observed a mild bone loss phenotype instead of a
severe bone loss phenotype's'. As such, it is not the best model to study the treatment
of MM bone disease. However, this HFD/MM model still has merit for use with
eliglustat or other GSL inhibitors as these agents are involved in lipid metabolism. In
view of the effect of HFD on lipid metabolism, it would be interesting to know whether
HFD will interact with eliglustat in vivo. In addition, it would be interesting to evaluate
whether eliglustat performs differently in bone lesions with different severity (for
example, whether eliglustat performs better in mild bone loss condition as compared

to severe bone loss condition).
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3.2.4 MM susceptibility in C57BL/6 mice with the BM cells inoculated from
C57BL/KalLwRij strain after sublethal irradiation

As previously described HFD/MM C57BL/6 murine model exhibited low MM cell
engraftment and may not be perfect to study myeloma bone disease, a new MM model
with irradiation is introduced in this section. Here, C57BL/6 strain, a strain that normally
does not develop MM disease's' even after inoculated with MM cells was used to
receive sublethal dosage of irradiation before MM cell inoculation. To test out if
irradiation alone would allow MM engraftment, or whether BM cells from the

C57BL/KaLwRij mice assist MM engraftment, the following experiment was designed.

5TGM1-GFP murine MM cells were mixed with BM cells from the MM permissive strain
C57BL/KaLwRij before inoculation into C57BL/6 mice. Here, the 5TGM1-GFP murine
MM cells are for MM initiation, while the BM cells from C57BL/KaLwRij mice may
provide a supportive microenvironment for the MM cells (as shown in section 3.2.3,
C57BL/6 BM cells are not supportive to MM cells). As it is reported that inoculating
C57BL/6 mice with BM stromal cells from C57BL/KaLwRij mice will create a
permissive microenvironment for MM development?%®, thus here freshly isolated whole
BM from C57BL/KaLwRij mice which included different sub-populations of stromal
cells (mesenchymal stem cells and immune cells) were used. However, the BM
stromal cells only lead to a relatively medium tumour burden which is less severe and
acceptable?®®. In view of the fact that complete BM cells differs from BM stromal cells,
and MM cells may not engraft, both the irradiation and non-irradiated groups were

investigated. Moreover, if both groups engraft, the irradiated group can serve as a
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control to determine whether inoculating MM cells with C57BL/KaLwRij BM cells has

less engraftment ability than inoculating MM cells alone.

C57BL/6 mice were divided into 4 groups; non-irradiated+MM, non-
irradiated+MM+BM, irradiated+MM and irradiated+MM+BM. In this experiment, 1
million 5TGM1-GFP MM cells and 1 million C57BL/KaLwRij BM cells were used in
order to be consistent with previous experiments and provide sufficient cells for
microenvironment set up. On day -2, the serum was collected for IgG2bk paraprotein
baseline. On day 0, designated mice were irradiated with sublethal dosage (5.5Gy).
The serum was collected on day 14 in order to monitor the MM progression. The mice

were culled depending on the weight loss and presence of lameness. (Figure 3.13)

O O O >0
Day -2 Day 0 Day 14 Cull mice
Collect serum as 5.5 Gy irradiation Collect serum depend on
paraprotein & weight loss and
baseline transplant lameness

Figure 3.13 Experiment design and time line of C57BL/6 mouse with irradiation and
cell inoculation. 7-month-old C57BL/6 mice were divided into 4 groups, non-
irradiated+MM, non-irradiated+MM+BM, irradiated+MM and irradiated+MM+BM. 2 days
before MM cell injection, serum samples were collected from each mouse. Designated
groups of mice were irradiated with 5.5Gy and inoculated with 5TGM1-GFP murine cells
and C57BL/KaLwRij BM cells. The mice were sacrificed depending on weight loss and

lameness.

To compare the survival percentage of each group, the time point of mouse lameness

and sacrifice was recorded. Interestingly, neither of the non-irradiated groups showed
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any sign of MM engraftment and no mice were lost in these 2 groups. This is probably
due to non-irradiated C57BL/6 mouse having an intactimmune system and any foreign
cells even from the same species cannot invade the system. Moreover, as this
experiment inoculated whole BM cells instead of the BM stromal cells, so each mouse
may receive a small population of BM stromal cell which is different from 0.5 million
as mentioned in the literature®. Irradiated+MM and irradiated+MM+BM share similar
end point percentage around similar time point which is around day 26-27 post
5TGM1-GFP cell injection. This finding illustrates that the supportive BM cells from
MM permissive C57BL/KaLwRij strain does not alter MM engraftment when C57BL/6

mice are irradiated at a sublethal dosage (Figure 3.14).

End point of BL6 mice after MM cell injection

5100- ©0000000000000000 00 eum anams @um en
wid
=
8. == non-irradiated + MM (n=4)
-g e e ¢ non-irradiated + MM + BM (n=6)
o 504
= irradiated + MM (n=5)
3 irradiated + BM + MM (n=6)
o
o

0 T T —|

0 10 20 30

days post 5TGM1-GFP injection
Figure 3.14 End point percentage of C57BL/6 mouse with irradiation and cell
inoculation. C57BL/6 mice are divided into 4 groups: non-irradiated+MM, non-
irradiated+MM+BM, irradiated+MM and irradiated+MM+BM. After designated groups of
mice are irradiated with 5.5Gy and inoculated with 5TGM1-GFP murine cells and
C57BL/KaLwRij BM cells, the date of mice sacrificed depending on weight loss and

lameness are recorded and the percent end point (%) are calculated accordingly.
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After the mice were sacrificed, the BM cells and spleen cells were collected
accordingly and the cells were fixed immediately. After the last mouse was culled in
this experiment, all the cells were treated exactly the same as the cells collected from
other mice previously. Then, all the cells were analysed by flow cytometry and the
GFP channel is applied in order to track the 5TGM1-GFP cells. According to the
5TGM1-GFP MM cell percentage, both the non-irradiated+MM group and non-
irradiated+MM+BM group reveal there is almost no 5TGM1-GFP MM that survived
after inoculation. And, the BM and spleen MM cell percentage in irradiated+MM group
and irradiated+MM+BM group are relatively within similar range which validates the
previous findings (Figure 3.15A). Consistent with the MM cell percentage, both the
irradiated+MM group and the irradiated+MM+BM group had elevated serum
paraprotein levels (Figure 3.15B). The irradiated+MM group showed a significant
increase in serum paraprotein as compared with the non-irradiated+MM group.
Moreover, the irradiated+MM+BM group also showed a significant increase of serum

paraprotein as compared with non-irradiated+MM+BM group (Figure 3.15B).
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Figure 3.15 MM burden in C57BL/6 mouse with irradiation and cell inoculation.
C57BL/6 mice are divided into 4 groups: non-irradiated+MM, non-irradiated+MM+BM,
irradiated+MM and irradiated+MM+BM. After designated groups of mice are irradiated with
5.5Gy and inoculated with 5TGM1-GFP murine cells and C57BL/KaLwRij BM cells, mice
are then sacrificed depending on weight loss. (A) The BM cells and spleen cells from each

mouse were collected for flow cytometry analysis. (B) The serum IgG2bk paraprotein was

measured by ELISA. Error bars correspond to SEM. ***P<0.001, ns means non-significant.

Statistical analysis was performed using Ordinary one-way ANOVA.

77



Chapter 3. Establishing Animal Models

In sum, BM cells from was C57BL/KaLwRij mice were not required for C57BL/6 mice
MM engraftment. Indeed, irradiation alone was sufficient for C57BL/6 mice to develop
MM. Both the irradiated+MM group and irradiated+MM+BM group had high tumour
burden. In this experiment, the mice were sacrificed based on lameness instead of
sacrificed at the same time point, which could be the cause of high MM burden. To
potentially decrease the MM burden and possibly alleviate tremendous suffering to the

animals, the following experiment in 3.2.5 was designed.

3.2.5 MM susceptibility in C57BL/6 mice with sublethal irradiation
To investigate whether the MM burden from the irradiated groups will be at a relatively
low level when all the mice are sacrificed at the same time point, the following

experiment was conducted.

The control group received sublethal irradiation (5.5Gy) without injection of MM cells,
while the experimental group received the same dosage of irradiation followed by
inoculation of 5TGM1-GFP MM cells. To set up the model, the serum of 8-week-old
male C57BL/6 mice were collected on day-2 as the baseline of IgG2bk paraprotein.
On day 0, both of the groups receive irradiation and the mice from MM group receive
the murine MM cells as well. All mice were subsequently culled depending on the

health condition of the mice in MM group (Figure 3.16).
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O O »O
Day -2 Day 0 Day 21
take serum as 5.5 Gy irradiation Cull mice depend
paraprotein baseline Transplant 1X10® 5TGM1-GFP cells on weight loss

Figure 3.16 Experiment time line for 8-week-old male C57BL/6 mice inoculated with
5TGM1-GFP MM cells after sublethal irradiation. Schematic overview of the experiment
design. 8-week-old male C57BL/6 mice were divided into 2 groups, control group and MM
group. 2 days before MM cell injection, serum sample was collected from each mouse. All
the mice were then irradiated with 5.5Gy and MM group receives 5TGM1-GFP MM cell

inoculation. All the mice were sacrificed after 21 days depending on health condition.

To evaluate the in vivo tumour burden in BM and spleen, 5TGM1-GFP cells were
quantitated by flow cytometry. There was a significant increase in the MM burden with
approximately 90% MM cells detected in the bone marrow and 20% in the spleen
(Figure 3.17A). The tumour burden was further confirmed by serum IgG2bk
paraprotein ELISA according to manufacturer’s protocol. In accordance with the
findings from flow cytometry, IgG2bk increased significantly to 10 mg/ml (Figure

3.17B).

These findings reveal that the sublethal irradiation generates a rapid and severe MM

model with as much as 90% of the BM being MM cancer cells. In view of the animal

welfare, this model may be a less optimal model to study the function of eliglustat.
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Figure 3.17 MM tumour burden in 8-week-old male C57BL/6 mice inoculated with
5TGM1-GFP MM cells after sublethal irradiation. 8-week-old male C57BL/6 mice were
divided into 2 groups, control group and MM group. All the mice were irradiated with
5.5Gy and MM group receives 5TGM1-GFP MM cell inoculation. (A) The BM cells and
spleen cells from each mouse were collected for flow cytometry analysis on day 21. (B)

The serum IgG2bk paraprotein was measured by ELISA. Error bars correspond to SEM.

***P<0.001, ***P<0.0001. Statistical analysis was performed using Student f test.
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3.3 Discussion
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3.3.1 Does HFD contributes to bone loss?

Previous literature has shown that HFD leads to bone loss and osteoporosis in several
murine models?07298 while this is not the case as mentioned in section 3.2.1. This
could be due to several reasons. First, the mice age of the experiment conducted in
section 3.2.1 is 13-week-old C57BL/6 mice, which is different from 12-month-old
female C57BL/6 mice as mentioned in the literature®”. This can lead to the possibility
that different age of the mice will respond differently to the HFD. Second, the tibiae of
the mice were measured in this project while the other literature are focus on mandible
bone?%°, vertebrate and femur?'9. As different bones may react quite distinctly from
other bones under HFD condition so others finding may not be applicable universally.
Thirdly, female mice were used for the HFD experiment, which was different from the
male as mentioned in the literature?%®. Such difference could led to different bone
sensitivity to the HFD?2%. Fourthly, the during of the HFD administration is quite
different from other experiments. As this project is using a dosage which can cause
MGUS™®1, while other paper administrate the HFD for 6 months2%7. Moreover, the HFD
used here was 42% HFD, while others use 10% corn 0il?°” or 60% HFD?%8. The
difference in the HFD components could also be an important factor caused different
bone mass. In short, different researchers used different conditions or systems to
evaluate the bone quality under HFD which makes direct compare with others’ finding

not applicable.

3.3.2 Can irradiation dosage be optimized in order to set up the ideal model?
As using sublethal irradiation methods to generate MM disease in C57BL/6 mice has

never been reported before, hence this is a novel model which could be potentially
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used for future study (especially in studies involving high MM cell population in the BM
niche). However, this model is not ideal for this project as high level (80%) of BM MM
engraftment may bring extra suffering to the mice, which is not expected and described
in the initial research plan. The question here to be address is whether the irradiation
model can be optimized in order to fit a medium MM engraftment percentage.
Theoretically, this may be reached by decreasing the irradiation dosage. However,
there is no existing protocol ready to follow. Moreover, animal work is strictly
conducted under the Home Office Licence and only lethal and sublethal dosage is
approved. Therefore, reduction of irradiation dosage is not reachable in this project.
Moreover, irradiation may bring other unexpected or unobserved symptoms which

may alter the actual results.
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Chapter 4. Eliglustat Improves MM Bone
quality by Inhibiting Osteoclastic Bone

Resorption

4.1 Introduction
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MM, is a malignancy of plasma cells, which is always accompanied by osteolytic bone
disease. The bone complication is characterized by increased activity of OCs and OCs
can promote MM cell proliferation by secreting IL-6 via the vicious cycle'®. In return,
MM cells secrete RANKL, which is the prime mechanism of OC formation and

activation4°,

It was reported that some GSLs inhibitors including D-PDMP?'! and Miglustat!® can
inhibit OCs without a clear mechanism. Interestingly, NB-DGJ, another kind of GCS
inhibitor cannot inhibit OC formation in some conditions the reasons for this remain
unclear.'>. Moreover, D-PDMP is a nonspecific GCS inhibitor'>, and miglustat has
severe gastrointestinal complications (85%) and causes weight loss (65%)2'2. These
nonspecific inhibition and side effects indicate that the above two compounds may
interfere with other factors to suppress OC instead of regulating GCS or GSLs to inhibit
OC. Compared with previous GSL inhibitors, eliglustat is more specific in inhibiting
GCS, hence may clearly reveal whether GSL and GCS are involved in OC formation

or not.

Ersek et al. reported that miglustat can be beneficial for MM bone quality'®, therefore,
it is hypothesized that eliglustat can ameliorate MM bone disease with negligible side
effects. Based on above hypothesis, this chapter aims to investigate whether eliglustat

improves MM bone quality.
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Chapter 4. Eliglustat Improves MM Bone
quality by Inhibiting Osteoclastic Bone

Resorption

4.2 Results
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4.2.1 Eliglustat inhibits osteoclast formation in vitro without affecting viability

To determine whether eliglustat inhibits OC formation in vitro, eliglustat was added to
an OC formation assay from C57BL/6 mouse BM cells. 6 days after eliglustat was
added to the media, the cells were fixed and identified by tartrate-resistant acidic

phosphatase (TRAP) staining for OCs.

A dose-dependent inhibition in OC formation was observed in the presence of
eliglustat (Figure 4.1). Quantitative analysis of cell viability and OC formation were
subsequently conducted. First, cells with respective treatments were evaluated by
Alamar Blue assay to check OC progenitors’ viability at day 3 time point according to
manufacturer’s instruction. According to the data, cell viability was not compromised
with increased eliglustat dose up to 50uM (Figure 4.2A). Based on TRAP staining on
day 6, the number of nuclei per TRAP+ cell (Figure 4.2B), the percentage OC area
over the total area (Figure 4.2C) and the number of OC per well (Figure 4.2D) showed

that eliglustat reduced OC formation in a dose-dependent manner.
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50uM Elig

Figure 4.1 Eliglustat inhibits in vitro TRAP+ OC formation in a dose-dependent
manner. OC differentiation assay on day 6. 8-week-old C57BL/6 mouse BM cells were
treated with 20 ng/ml M-CSF and 50 ng/ml RANKL to form OCs in 96-well plates (200ul,
2 x 10* BM cells/well) since day -2. On day 0, different doses of eliglustat (0.1, 1, 10, 25,
50 uM) were added and OCs can be identified by TRAP staining on day 6 (original

magnification, X10). Scale bars represent 200 pm. (n=3)
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Figure 4.2 Without affecting cell viability, eliglustat inhibits in vitro TRAP+ OC
formation. (A) 72 hours after different doses of eliglustat (0.1, 1, 10, 25, 50 M) was
added to respective groups, mouse BM cells were evaluated by Alamar Blue assay to
check the OC progenitors’ viability (n=3). On day 6, quantitative analysis of TRAP stained
OCs indicates the number of nucleus per TRAP+ cell (B), percentage OC area over total
area (C) and number of OC per well (D). Error bars correspond to SEM. *P<0.05,

**P<0.01, ***P<0.001, ****P<0.0001, ns means non-significant by One-way ANOVA.
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4.2.2 Eliglustat inhibits osteoblast formation in vitro

OBs, the bone forming cells, are critical players in maintaining bone homeostasis. OBs
act as the counterpart of OCs thus it is important to characterize if eliglustat has any
direct effect on OBs. OBs were generated from calvaria of 2-day-old C57BL/6 mice

and a dose response of eliglustat was conducted in osteogenic media.

On day 7, alkaline phosphatase (ALP) staining (Figure 4.3A) and ALP quantification

assay (Figure 4.3B) revealed that eliglustat also exerted a dosage-dependent

inhibition of OB.
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Figure 4.3 ALP staining and quantification of eliglustat dosage response with OB.
The calvaria from C57BL/6 new born pups (within 48 hours) were digested and cells were
cultured in culture media (CM) in 48-well plate until confluent (500ul, 1 x 10 cells/well).
Then, different doses of eliglustat (0.1, 1, 10, 25, 50 M) in osteogenic media were added.
ALP staining (A) and quantification assay (B) were performed on day 7. (n=3) *P<0.05,

**P<0.01, ***P<0.001. Statistical analysis by One-way ANOVA.
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Above finding was further confirmed by a decrease of bone nodule formation stained

by Alizarin Red on day 21 (Figure 4.4).
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Figure 4.4 Alizarin Red staining of eliglustat dosage response with OB. The calvaria
from C57BL/6 new born pups (within 48 hours) were digested and cells were cultured in
culture media (CM) in 48-well plate until confluent (500ul, 1 x 10* cells/well). Then, different
doses of eliglustat (0.1, 1, 10, 25, 50 uM) in osteogenic media were added. Bone nodules

can be identified by Alizarin Red Staining on day 21 (n=3).
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4.2.3 Eliglustat inhibits MM cells in vitro

After investigating eliglustat’s effect on in vitro OC formation, the next hypothesis to
be proposed is whether eliglustat inhibits MM tumour burden. This hypothesis is based
on 2 existing findings. Firstly, it is reported some GSL inhibitors including eliglustat can
decrease the progression of MM development from Gaucher’s Disease?!3214.197 'which
may be due to GSL inhibitors ability to decrease MM cells either directly or indirectly.
Secondly, OCs were inhibited by eliglustat (Figure 4.2.1) which may disrupt the “MM

vicious cycle” thus decreasing MM cell growth and survival.

To investigate if eliglustat has direct effects on MM cells in vitro, 5TGM1-GFP cells
were used to conduct a dose response experiment of eliglustat at 72-hour time point.
In this experiment, eliglustat concentrations previously used for in vitro culture of OC
and OB were applied in order to have a cross comparison. There was a dosage
dependent decrease of live 5TGM1-GFP MM cells (Figure 4.5A), with bortezomib

(BTZ), a proteasome inhibitor used as positive control.

MM cells were stained with live/dead zombie aqua dye and Annexin V for flow
cytometry analysis (Figure 4.5B). The proportion of live cells was analysed and a
significant inhibition of cell viability was observed at the dosage of 10 yM or above
(Figure 4.5C). Therefore, when eliglustat was used at the dosage of 10 yM or above,
it effectively inhibits 5TGM1-GFP murine MM cell viability while the same

concentration had no effect on murine OC viability at 72-hour time point.
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Figure 4.5 Eliglustat inhibits 5TGM1-GFP murine MM cells in vitro. (A) 5TGM1-GFP cell

number following 72hrs of eliglustat treatment (B), flow cytometry gating strategy using live /

dead zombie aqua and Annexin V (C) quantification of live cell percentage using different

dosage of eliglustat (0.1 uM, 1 uM, 10 uM, 25 uM, 50 uM). Error bars correspond to SEM.

*P<0.05, **P<0.01, ****P<0.0001. ns means non-significant. Statistical analysis was

performed using one-way ANOVA.
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As human MM disease can be categorized into different subtypes including IgG MM
(52%), IgA MM (21%), light chain MM (16%), IgM MM (0.5%) and IgD MM (2%)315,
specific immunotherapy maybe conducted based on these categories. To investigate
whether eliglustat inhibits specific subtypes of immunoglobulin in 5TGM1 murine MM
disease, each individual immunoglobin subtype was examined. Given the finding of
eliglustat inhibits 5TGM1 MM viability, IgG isotype kit was used to see whether
immunoglobin was affected at 72-hour time point. According to the IgG isotype ELISA
data, IgG2a, lambda light chain, IgG3 and IgM show a dosage-dependent decrease
pattern which means the cells secrete these IgG isotypes may be inhibited by eliglustat
(Figure 4.6A). Interestingly, 5TGM1-GFP cells did not express IgA and IgG1.
Moreover, it was surprising to see IgG2b and kappa light chain, indicators used to
evaluate murine MM tumour burden, were not affected even at the highest dosage of
eliglustat (50 yM) and in the bortezomib group. This phenomenon can be interpreted
as these two isotypes may not change so rapidly as their degradation was slower

compared to other isotypes (Figure 4.6B).
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Figure 4.6 Eliglustat impacts on IgG isotypes secreted by 5TGM1-GFP murine MM
cells in vitro. (A) IgG isotypes: IgG2a, lambda light chain, IgG3 and IgM (B), IgG2b,
kappa light chain, IgA and IgG1. All isotypes are compared among groups using different
dosages of eliglustat (0.1 yM, 1 uM, 10 uM, 25 uM, 50 yM) and bortezomib control. For each
IgG isotype, eliglustat 50 yM group and Bortezomib 5 nM group are compared to Control
group, respectively. **P<0.01, ***P<0.001, ****P<0.0001. Statistical analysis was

performed using Student t test. Error bars correspond to SEM.
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4.2.4 Eliglustat increases bone quality in healthy mice

To evaluate if eliglustat has any effect on bone quality in vivo, healthy C57BL/6 mice
were administrated with eliglustat for 19 days at the dosage of 150mg/kg/day. After
the mice were sacrificed, both of the tibiae were then collected. Bone quality was
evaluated by micro-CT, OC parameters were analyzed by bone histomorphometry.
According to the 3D reconstruction images, the trabecular bone of tibia had a
significant increase as evident by different micro-CT parameters including increased
BV/TV, BS, Tb.N as well as Conn.D, and decreased BS/BV as well as Tb.Sp (Figure

4.7A and 4.7B).
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Figure 4.7 Eliglustat increases bone conditions in 8-week-old normal C57BL/6 mice. (A)
Representative micro-CT reconstruction images of tibiae from mice treated with normal chow
(Ctr) (n=6) or Elig chow (150 mg/kg/day for 19 days) (Elig) (n=5). (B) Micro-CT analysis
parameters of tibiae: BV/TV, BS, BS/BV, Tb.Sp, Tb.N and Conn.D. Error bars correspond to

SEM. *P<0.05, **P<0.01. Statistical analysis was performed using Student ¢ test.
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In order to have a close examination of how OC changes after the administration of
eliglustat in vivo, the tibia histology sections were then analysed by bone
histomorphometry as described in 2.11. There were less TRAP positive OC beneath
the growth plate in the eliglustat treated group from overall appearance. This was
further confirmed after 40X zoom in the region in the boxed area as showed below the
original slide. Moreover, the zoomed in OB from each group was also shown as
pointed out by the black arrow head (Figure 4.8A). OC surface over bone surface,
number of OC over total area and number of OC over bone perimeters are three critical
parameters indicating OC actual distribution and absolute number in a defined region,
thus can best describe the change of OC in vivo. According to the quantitative analysis,
a significant decrease of all these three parameters were observed, which indicates

OCs were clearly inhibited by eliglustat (Figure 4.8B).

Similarly, to the afore mentioned parameters for OC, OB parameters include OB
surface over bone surface, number of OB over total area and number of OB over bone
perimeters. These parameters can also define whether OBs are influenced by
eliglustat. None of the three parameters changed after the administration of eliglustat

indicating that eliglustat neither supported OBs nor inhibited OBs (Figure 4.8C).
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Figure 4.8 Eliglustat inhibits in vivo OC while not affect in vivo OB. (A)
Representative TRAP/0.2% methyl green stained tibial sections showing red OCs and
OBs on the endocortical bone surface from control group and eliglustat group (original
magnification 20X); boxed areas in lower images (original magnification 40X). (B and C)
Bone histomorphometry analysis for OC and OB including percentage of OC surface over
total bone surface (Oc.S/BS), number of OCs over total bone area (N.Oc/T.Ar) , number
of OCs per bone perimeter (N.Oc/B.Pm), percentage of OB surface over total bone
surface (Ob.S/BS), number of OBs over total bone area (N.Ob/T.Ar) and number of OBs
per bone perimeter (N.Ob/B.Pm). Error bars correspond to SEM. *P<0.05, **P<0.01,

***P<0.001. Statistical analysis was performed using Student t test.
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Eliglustat, as a GSL inhibitor, may affect the normal lipid metabolism and may cause
other phenotypes in adipocytes. To investigate if eliglustat affects adipocytes, the body
weight and BMAT were examined as these two parameters represent most adipose
tissue distributed in the body, Moreover, BMAT represents tissue specific adipocytes
where OCs are located. Body weight change is a reflection of white adipose tissue
(WAT) change, WAT is widely distributed in the body and contributes greatly to weight
gain or loss. There was no change observed in body weight after 19 days
administration of eliglustat, suggesting that WAT was not affected (Figure 4.9A).
Moreover, the BMAT of tibia was stained by osmium tetroxide and the volume
percentage of BMAT over BV was calculated by micro-CT as mentioned in 2.12.
According to the data, there was no difference between control group (Ctr) and
eliglustat group (Elig) in percentage of BMAT volume over BV which illustrates BMAT

was not affected by eliglustat in vivo (Figure 4.9B).
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Figure 4.9 Eliglustat does not affect body weight and BMAT in 8-week-old normal C57BL/6
mice. (A) Body Weight measured on day 19 reveals there is no significant difference between
Control and eliglustat. (B) Bone histomorphometry analysis for the %BMAT volume/BV. Error bars

correspond to SEM. Statistical analysis was performed using Student ¢ test.
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4.2.5 Eliglustat reduces osteolytic bone lesions in MM murine model

Bone lesions are one of the typical complications in MM disease. To examine if
eliglustat can be used as a therapeutic reagent in the MM bone disease, 8-week-old
C57BL/KaLwRij mice were inoculated with 5TGM1-GFP murine MM cells and then
treated with eliglustat to evaluate the bone quality and tumor burden. The mice were
divided into 3 groups: non-MM control group (Ctr), MM bearing group (MM), MM with
eliglustat at 150 mg/kg/day (MM+EIlig). eliglustat treatment was started 4 days after
the injection of MM cells until the end of the experiment 23 days after tumor inoculation

(Figure 4.10).

Day 0 Day 4 Day 23

Figure 4.10 Schematic overview of the administration of eliglustat to MM bearing 8-week-
old female C57BL/KaLwRij mice. (A) Mice were i.v. injected with 5TGM1-GFP MM cells or PBS
on day 0. 4 days after injection, eliglustat group is applied to the mice at 150 mg/kg/day until the

end of the experiment. Mice were culled on day 23.
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Both of the tibiae from each mouse were collected for micro-CT analysis and
histomorphometry analysis to evaluate the bone parameters. The serum, spleen and
femurs were collected in order to measure the MM tumor burden. According to the
micro-CT reconstruction images of the trabecular bone in tibia from each group, a loss
of trabecular bone in MM group was observed which was partly reversed by eliglustat

(Figure 4.11A).

Further quantitative analysis of different parameters from micro-CT clearly describes
how bone quality was improved in MM+Elig group as compared with the MM group.
Parameters including BV/TV, BS, Tb.N, Conn.D and Tb.Th all had a significant
increase in the MM+Elig group compared with the MM group which indicates the bone
volume, bone surface, trabecular bone number, trabecular bone connective density
and trabecular thickness all have improved after the administration of eliglustat.
Parameters including BS/BV and Tb.Sp both demonstrated a significant decrease
after eliglustat treatment indicating the trabecular separation and ratio of bone surface
over bone volume was decreased, suggesting trabecular bone quality was improved

compared to the MM alone group (Figure 4.11B).
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Figure 4.11 Eliglustat ameliorates 5TGM1-GFP MM cell induced bone diseases in 8-week-
old female C57BL/KaLwRij mice. (A) Representative micro-CT reconstruction images of tibiae
trabecular bones from naive control (Ctr) (n=5), myeloma bearing mice with normal chow (MM)
(n=7), or myeloma bearing mice with eliglustat chow start from day 4 after tumor injection (150
mg/kg/d for 19 days) (MM + Elig) (n=7). (B) Micro-CT analysis parameters of tibiae including
BV/TV, BS, BS/BV, Th.Sp, Tb.N, Conn.D and Tb.Th indicates the bone quality is significantly
ameliorated after eliglustat treatment. Error bars correspond to SEM. *P<0.05, **P<0.01,

***P<0.001, ***P<0.0001. Statistical analysis was performed using Student £ test.

Normal bone consists of inner trabecular bone and outer cortical bone, both of which
are commonly affected in MM disease. To evaluate if eliglustat affects cortical bone in
the MM, micro-CT analysis was applied to cortical bone as well. According to the
micro-CT reconstruction images, a number of bone lesions were observed in the MM
group when compared to normal Ctr group, whilst there was reduction of the holes in
the MM+Elig group (Figure 4.12A). In contrast to MM group, there was a significant
decrease in osteolytic lesions in tibia in MM+Elig group, which indicates that eliglustat

may be beneficial for cortical bone quality (Figure 4.12B).

Micro-CT analysis of the cortical bone included three parameters: cortical area (Ct.Ar),
the ratio of cortical area over total area (Ct.Ar/Tt.Ar) and cortical bone thickness
(Ct.Th). These three parameters can together describe the overall integrity of the
cortical bone. The analysis shows a significant decrease of all these three parameters
in the MM group and MM+Elig group when compare with Ctr group. There was no

significant improvement of all the parameters in MM+Elig group as compared to MM
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group (Figure 4.12C). This could be that the sheer mass of cortical bone swamps out

the smaller changes as there is so much of it. Similarly, previous calvaria and joints

samples where clear differences could be visualised also did not came up on the

micro-CT software, which is one of the limitations of Analyze 12.0.
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Figure 4.12 Eliglustat ameliorates 5TGM1-GFP MM cell induced cortical bone holes
without affecting micro-CT cortical bone parameters in 8-week-old female
C57BL/KaLwRij mice. (A) Representative micro-CT reconstruction images of tibiae trabecular
bones from naive control (Ctr) (n=5), myeloma bearing mice with normal chow (MM) (n=7), or
myeloma bearing mice with eliglustat chow start from day 4 after tumor injection (150 mg/kg/d
for 19 days) (MM + Elig) (n=7). (B) The number of bone lesions on cortical bones were
counted. (C) micro-CT parameters including Ct.Ar, Ct.Ar/Tt.Ar and Ct.Th are measured. Error
bars correspond to SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. ns means non-

significant. Statistical analysis was performed using Student £ test.

Then, the tibiae were decalcified using the method as described in 2.13 and paraffin
embedded to evaluate if there was any histomorphometry change in OC population.
Compared to Ctr group, there was an increase of the TRAP positive area in MM group.
In contrast to MM group, there was less TRAP positive area in MM+Elig group
indicating eliglustat did decrease the OC population in murine MM model (Figure

4.13A).

This pattern was further confirmed by the bone histomorphometry quantitative analysis,
with Oc.S/BS and N.Oc/B.Pm significantly increasing in MM as compared to Ctr group.
Following treatment with eliglustat, all osteoclast parameters demonstrated a
significant decrease, which can be observed from the comparison between MM+Elig
and MM (Figure 4.13B). Put together, eliglustat significantly inhibits OC area, number

and population on MM tibia.
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Figure 4.13 Eliglustat decreases OC area and number in 5TGM1-GFP MM cell induced
murine model. (A) Representative TRAP/0.2% methyl green stained tibial histological sections
showing red OCs (original magnification 40X) from naive control (Ctr) (n=5), myeloma bearing
mice with normal chow (MM) (n=7), or myeloma bearing mice with eliglustat chow start from day 4
after tumor injection (150 mg/kg/d for 19 days) (MM + Elig) (n=7). (B) Bone histomorphometry
parameters including percentage of OC surface over total bone surface (Oc.S/BS), number of
OCs over total bone area (N.Oc/T.Ar) and number of OCs per bone perimeter (N.Oc/B.Pm).

*P<0.05, **P<0.01, ***P<0.001. Statistical analysis was performed using Student £ test.
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As eliglustat improves bone quality by decreasing OC area and number, thus it needs
to be determined whether this decrease was due to the inhibition of OC progenitors,
or, due to interference with the fusion of macrophage precursors, or, both. To examine
if eliglustat affects OC progenitors, flow cytometry technique and a widely recognised
OC progenitor panel was applied?8. In short, the OC progenitors were regarded as
CD115+ from CD3-B220- population based on CD11b- live BM cells. Moreover, an
overall myeloid panel was also applied in order to broadly check if other cell
populations were altered by eliglustat in MM?'7. From BM CD11b+ population, it was
accepted that Ly6C'°"Ly6G- cells were eosinophils, Ly6G-Ly6C"d" cells were
monocytes and Ly6G+Ly6C°" cells were neutrophils. The combined gating strategy

of OC progenitor panel and myeloid panel is shown as follows (Figure 4.14A).

Based on afore mentioned gating strategy, the FACS plot of OC progenitors from each
group was shown and quantatitive analysis conducted (Figure 4.14B). According to
the data, no significant difference was observed between MM group and MM+Elig
group. These data indicates MM can generate more OC progenitors whilst eliglustat
does not affect OC progenitors, which suggests that eliglustat may interfere with the

formation of the OC rather than inhibiting the generation of OC progenitors.

To examine whether eliglustat has a broad effect on the myeloid population, three
typical myeloid populations including monocytes, eosinophils and neutrophils were
gated by flow cytometry (Figure 4.14A). The statistical analysis of each individual cell
type across different treatment groups revealed that eliglustat had no effect on the

CD11b+, eosinophil, monocyte and neutrophil population (Figure 4.14C).
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Figure 4.14 Eliglustat does not affect OC progenitor and myeloid cell population in
5TGM1-GFP MM cell induced murine model. BM of the mice from naive control (Ctr) (n=5),
myeloma bearing mice with normal chow (MM) (n=7), or myeloma bearing mice with eliglustat
chow start from day 4 after tumor injection (150 mg/kg/d for 19 days) (MM + Elig) (n=7) were
collected for flow cytometry analysis. (A) Flow cytometry gating strategy of the OC progenitor
(CD115+CD3-B220-CD11b-) and myeloid cells (including monocytes, eosinophils and
neutrophils, which are identified based on Ly6C and Ly6G from CD11b+ gate). (B) Flow
cytometry plots and quantitative analysis of OC progenitors. (C) Flow cytometry plots and
quantitative analysis of CD11b+ population, eosinophils, monocytes and neutrophils between
MM group and MM+Elig group. *P<0.05, ns means non-significant. Statistical analysis was

performed using Student t test.

To investigate if there is any actual difference in OC progenitors caused by eliglustat,
HSC, the precursor of the OC progenitor was analysed by flow cytometry. A widely
recognized HSC panel is selected and applied in the HSC analysis?'®. In short, the
GMP, MEP and CMP populations were defined based on Lin-cKit+Sca1- gate (Figure
4.15A). Then, each individual population under the Lin- gate was analysed. According
to the data, eliglustat had no effect on L-S+K+, L-S-K+ population, nor on GMP, MEP
and CMP population in the MM condition (Figure 4.15B). These results may further
suggest the OC progenitor and its precursor was not affected by eliglustat and

eliglustat was likely to affect the transformation of OC progenitor to mature OC.
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Figure 4.15 Eliglustat does not affect HSC population in 5TGM1-GFP MM cell induced
murine model. The BM of the mice from naive control (Ctr) (n=5), myeloma bearing mice with
normal chow (MM) (n=7), or myeloma bearing mice with eliglustat chow start from day 4 after
tumor injection (150 mg/kg/d for 19 days) (MM + Elig) (n=7) were collected for flow cytometry
analysis. (A) Flow cytometry gating strategy of the LSK and HSC. For the HSC, it can be further
divided into GMP, MEP and CMP subpopulations. (B) Quantitative analysis show eliglustat can’t
alter the LSK, GMP, MEP and CMP population in MM. ns means non-significant. Statistical
analysis was performed using Student ¢ test.
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As this bone lesion murine model was caused by MM, thus it is important to examine
whether eliglustat can ameliorate the MM tumour burden. In the murine model, the
MM cells mainly reside in BM and spleen. First the BM cells from femur and spleen
cells were analysed by flow cytometry to detect the GFP positive 5TGM1-GFP cells.
According to the FACS plots and quantitative analysis of BM cells (Figure 4.16A) and

spleen cells (Figure 4.16B), eliglustat did not inhibit the MM tumour burden in vivo.

In addition to directly measuring the cells residing in the BM and spleen, the systemic
MM tumour burden can be evaluated by measuring the serum IgG2bk paraprotein?®?,
which is specifically released by MM cells. The IgG2bk paraprotein level measured
from ELISA showed that MM greatly increase the serum IgG2bk level and that
eliglustat was incapable of decreasing the IgG2bk level in MM (Figure 4.16C). In short,

eliglustat had no anti-MM effect in vivo.
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Figure 4.16 Eliglustat failed to inhibit MM tumor
burden in 5TGM1-GFP MM cell induced murine
model. The BM and spleen of the mice from naive
control (Ctr) (n=5), myeloma bearing mice with normal
chow (MM) (n=7), or myeloma bearing mice with
eliglustat chow start from day 4 after tumor injection (150
mg/kg/d for 19 days) (MM + Elig) (n=7) were collected
for flow cytometry analysis. BM (A) and spleen (B)
results show eliglustat can’t suppress tumor cells. (C)
Serum from each mouse was collected and IgG2bk was
measured by ELISAns means non-significant.

Statistical analysis was performed using Student ¢ test.
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4.2.6 Prophylactic administration of eliglustat ameliorates murine MM bone
disease

As illustrated in previous section, eliglustat was capable of ameliorating bone lesions
in MM. To determine whether administration of eliglustat 7 days before MM cell
injection can maintain (instead of ameliorate) the bone quality in the treatment group

as compared with control group, the following experiment was designed.

Eliglustat administration was started 7 days before the injection of 5TGM1-GFP
murine MM cells and was maintained until the mice were culled 23 days after the MM
cell injection. After the mice were sacrificed, tibiae were collected for micro-CT bone
analysis, and femurs as well as spleen were harvested for flow cytometry analysis

(Figure 4.17).

ooy pay 0 Day 23
MicroCT
@ FACS
o 8-week-old
Elig diet at C57BL/KalwRiiHsd Sacrifice
150mg/kg/0!ay or 5TGM1-GFP or
control diet PBSi.v.

Figure 4.17 Prophylactic administration of eliglustat (Elig) 7 days before 5TGM1-GFP MM

cell injection. Schematic cartoon timeline of the experiment design.

Quantitative analysis of trabecular bone by micro-CT precisely describes the bone
quality in respective experimental groups. Similarly as shown in previous experiments,

parameters like BV/TV, BS, Tb.N and Conn.D were all significantly increased in the
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MM-+Elig group compared with the MM group. Parameters like BS/BV and Tb.Sp both
showed a significant decrease after eliglustat treatment indicating that trabecular bone
was improved compared to the MM group (Figure 4.18). As the value of a critical
parameter like BV/TV in eliglustat treatment group did not fully reach the value in Ctr
group, this indicates that prophylactic treatment may not be superior to the therapeutic

treatment regime.
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Figure 4.18 Prophylactic administration of eliglustat 7 days before 5TGM1-GFP MM cell
injection ameliorates bone diseases in 8-week-old C57BL/KalLwRij mice. Micro-CT analysis
parameters of tibiae including BV/TV, BS/BV, BS, Tb.Sp, Tb.N and Conn.D from naive control (Ctr)
(n=4), MM bearing mice with normal chow (MM) (n=6), or MM bearing mice with Elig chow (150
mg/kg/d for total 30 days) (MM + Elig) (n=6). Error bars correspond to SEM. *P<0.05, **P<0.01,

***P<0.001. Statistical analysis was performed using Student t test.
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To evaluate if eliglustat affects MM tumour burden in prophylactic treatment, the BM
cells from femur and spleen cells were collected for flow cytometry analysis. The MM
cells are 5TGM1-GFP cell so the GFP positive population was gated and analysed.
According to the data, eliglustat showed no effect on MM tumour burden in the spleen

(Figure 4.19).
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Figure 4.19 Prophylactic administration of Elig 7 days before 5TGM1-GFP MM cell
injection in 8-week-old C57BL/KaLwRij mice cannot exacerbating tumor burden.
Prophylactic treatment with eliglustat does not exacerbate the tumor burden of BM (A) and
spleen (B) from flow cytometry analysis. Error bars correspond to SEM. ns means non-

significant. Statistical analysis was performed using Student t test.

4.2.7 Eliglustat improves bone quality in HFD mice without causing detrimental
effect

Miglustat, another GSL inhibitor from a previous generation, caused detrimental effect
to healthy mice under HFD condition (data not shown). To expand the potential
applications and justify the reason why eliglustat is superior to miglustat, whether

eliglustat affects the viability of mice under HFD condition needs to be evaluated.
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Mice were divided into 3 groups including C57BL/6 mice feed on normal diet injected
with 5TGM1-GFP cells, C57BL/6 mice fed with 42% HFD for 7 weeks before 5TGM1-
GFP cell injection and C57BL/6 mice fed with 42% HFD for 7 weeks then injected with
5TGM1-GFP cells with eliglustat starts 4 days later. All the mice were sacrificed 30
days after MM cell inoculation. Serum, tibiae and femurs were collected for micro-CT,

histology and ELISA analysis (Figure 4.20).

Day -49 Day 0 Day 4 Day 30
E\‘ MicroCT
j —_— O O Histology
¢ 7 ELISA
N/ - - Start Elig in HFD at
4-week-old 150mg/kg/day or Sacrifice
C57BL6 Start 5TGM1-GEP i.v. maintain normal
HFD HFD or control diet

Figure 4.20 Evaluate eliglustat bone quality in HFD 5TGM1-GFP MM bearing C57BL/6 mice.
Schematic overview and experiment design. C57BL/6 mice were divided into MM injection with
normal diet (MM)(n=4), MM injection with HFD (MM + HFD) (n=10) and MM injection with HFD plus

Elig treatment (MM + HFD + Elig) (n=10).

To evaluate if the HFD works properly and to monitor if eliglustat causes detrimental
effects, the body weight of each mouse was collected. From the data, HFD+MM group
and HFD+MM+Elig both increased the body weight significantly when compared to
MM group. There was a decrease of the body weight in HFD+MM+Elig group
compared to the HFD+MM group however the average of body weight was still higher
than Ctr group (Figure 4.21). Put together, HFD did successfully increased the body

weight and eliglustat did not adversely affect the viability of the mice.
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Figure 4.21 Weight change of HFD 5TGM1-GFP MM bearing C57BL/6 mice experiment.
C57BL/6 mice were divided into MM injection with normal diet (MM)(n=4), MM injection with
HFD (MM + HFD) (n=10) and MM injection with HFD plus Elig treatment (MM + HFD + Elig)
(n=10). Weight change of each group was observed during the experiment. In MM + HFD +
Elig group, no detrimental weight loss was observed during the experiment. Error bars
correspond to SEM, HFD+MM group data and HFD+MM-+Elig group data are compared with
MM group. *P<0.05, **P<0.01, ns means non-significant. Statistical analysis was performed

using Student t test.
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Next, the micro-CT reconstruction images showed that the HFD+MM group
encountered a decrease in trabecular bone quality as compared to both MM group

and HFD+MM+Elig group (Figure 4.22A).

Quantitative analysis of trabecular bone parameters BV/TV, BS, Tb.N and Trabecular
BMD all had a significant increase in HFD+MM+Elig group when compared with
HFD+MM group which indicated the bone volume, bone surface, trabecular bone
number and trabecular bone mineral density all had improved after the administration
of eliglustat under HFD condition. Moreover, Tb.Th was likely to increase in the
eliglustat treatment group as compared with HFD+MM, which was another indicator
for the better bone. Parameters like BS/BV had a significant decrease after eliglustat
treatment reveals the ratio of bone surface over bone volume was decreased, which
were indicators of trabecular bone quality was ameliorated (Figure 4.22B). In short,

eliglustat safely ameliorates the MM bone lesions under HFD condition.
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Figure 4.22 Eliglustat ameliorates bone conditions in HFD 5TGM1-GFP MM bearing
C57BL/6 mice without causing detrimental effects. C57BL/6 mice were divided into MM
injection with normal diet (MM)(n=4), MM injection with HFD (MM + HFD) (n=10) and MM
injection with HFD plus Elig treatment (MM + HFD + Elig) (n=10). (A) Representative micro-CT
reconstruction images of tibiae trabecular bones. (B) micro-CT trabecular parameters including
BV/TV, BS, BS/BV, Tb.Sp, Tb.N, Conn.D, Tb.Th and Trabecular BMD are measured. Error bars
correspond to SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. ns means non-significant.

Statistical analysis was performed using Student ¢ test.

Similar as previous experiments, micro-CT analysis of the cortical bone parameters
including Ct.Ar, Ct.Ar/Tt.Ar and Ct.Th were applied in this experiment. Only Ct.Ar/Tt.Ar
showed a significant change between MM control group (MM group) and HFD group
(HFD+MM group), while the rest of the comparisons from these 3 parameters
indicated there was no difference neither between MM group and HFD+MM group nor
between HFD+MM group and HFD+MM+Elig group (Figure 4.23). The possible

reason could be due to the limitation of the Analyze 12.0 software.
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Figure 4.23 Eliglustat has no impact on cortical bone in HFD 5TGM1-GFP MM bearing
C57BL/6 mice. C57BL/6 mice were divided into MM injection with normal diet (MM)(n=4),
MM injection with HFD (MM + HFD) (n=10) and MM injection with HFD plus Elig treatment
(MM + HFD + Elig) (n=10). Cortical bone micro-CT parameters including Ct.Ar, Ct.Ar/Tt.Ar and
Ct.Th are measured. Error bars correspond to SEM. *P<0.05. ns means non-significant.

Statistical analysis was performed using Student ¢ test.
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In addition to the micro-CT analysis of cortical bone, the holes on the cortical bone
from each tibia were counted to evaluate if eliglustat ameliorates cortical bone lesions.
According to the result, it was interesting to find there was no significant difference of
bone lesions in HFD+MM group as compared with MM group, which means the

cortical bone lesions caused by HFD with MM were quite mild in C57BL/6 mice (Figure

4.24).
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Figure 4.24 HFD 5TGM1-GFP MM bearing C57BL/6 is a relatively mild MM model as
there is no significant increase of cortical bone holes. C57BL/6 mice were divided into
MM injection with normal diet (MM)(n=4), MM injection with HFD (MM + HFD) (n=10) and
MM injection with HFD plus Elig treatment (MM + HFD + Elig) (n=10). Cortical bone holes of
tibiae were counted. Error bars correspond to SEM. ns means non-significant. Statistical

analysis was performed using Student ¢ test.

As the mice are fed on HFD, and MM is closely related with BM microenvironment
including BM adipocytes, so it is necessary to see if BMAT is altered by eliglustat
under HFD condition or not. Use the micro-CT technology, the BMAT on tibiae can be
clearly visualized by Osmium Staining as described in 2.12. According to the micro-

CT reconstruction of BMAT, both HFD+MM group and HFD+MM+Elig group showed
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an increase of regulated BMAT (red area within rectangle) as compared with MM
group (Figure 4.25A). The quantitative analysis of the regulated BMAT over bone
volume reveals there was a significant increase of the regulated BMAT in HFD+MM
group as compared with MM group. Moreover, there was no significant difference
between HFD+MM group and HFD+MM+Elig group which indicates that eliglustat

does not regulate BMAT metabolism (Figure 4.25B).
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Figure 4.25 Eliglustat does not affect BMAT in HFD 5TGM1-GFP MM bearing C57BL/6
mice. C57BL/6 mice were divided into MM injection with normal diet (MM)(n=4), MM injection
with HFD (MM + HFD) (n=10) and MM injection with HFD plus Elig treatment (MM + HFD +
Elig) (n=10). (A) Representative images from each group show osmium stained regulated
BMAT (red area on bone within red rectangle). (B) Quantification analysis of regulated BMAT
from respective groups. Error bars correspond to SEM. ***P<0.001. ns means non-significant.

Statistical analysis was performed using Student ¢ test.
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After micro-CT analysis, the tibiae were decalcified as described in 2.13 and paraffin
embedded to evaluate the histomorphometry change in OC population. From the
histology slides, large adipocytes were observed in HFD+MM group and
HFD+MM-+Elig group indicating the HFD did influence the BM niche. In addition,
compared to HFD+MM group, the TRAP stain reveals there was a decrease of the
TRAP positive area in HFD+MM+Elig group, indicating eliglustat may decrease the

OCs (Figure 4.26A).

This observation was further confirmed by the histomorphometry quantitative analysis
using the parameters including Oc.S/BS, N.Oc/T.Ar and N.Oc/B.Pm. In detail, all of
the parameters had significant increase in HFD+MM group as compared to MM group
(serves as non-MM control group as they did not get MM engrafted’®?). After the
treatment of eliglustat, all of the three parameters show significant decrease, which
could be observed from the comparison between HFD+MM group and HFD+MM+Elig
group (Figure 4.26B). Put together, eliglustat significantly inhibits OC area, number

and population in tibia from HFD MM murine model.
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Figure 4.26 Eliglustat significantly inhibits OCs in HFD 5TGM1-GFP MM bearing
C57BL/6 mice. (A) Representative TRAP/0.2% methyl green stained tibial histological
sections showing red OCs (original magnification 40X) from normal diet (MM) (n=4), MM
injection with HFD (MM + HFD) (n=10) and MM injection with HFD plus Elig treatment (MM +
HFD + Elig) (n=10). (B) Bone histomorphometry parameters including percentage of OC
surface over total bone surface (Oc.S/BS), number of OCs over total bone area (N.Oc/T.Ar)
and number of OCs per bone perimeter (N.Oc/B.Pm). Error bars correspond to SEM.

**P<0.01, ***P<0.001. Statistical analysis was performed using Student t test.
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Compared to MM bearing C57BL/KaLwRij mice, the bone quality in MM bearing
C57L6 mice caused by HFD was relatively good as there were still some observable
OBs on the slides. To quantitatively measure OB area, number and population,
parameters like Ob.S/BS, N.Ob/T.Ar and N.Ob/B.Pm were employed in this
experiment. First, all parameters do significantly decrease in HFD+MM group as
compared with MM group indicating the bone lesions were successfully set up in the
disease group. Moreover, all these 3 parameters showed no significant difference
between HFD+MM group and HFD+MM+Elig group which means eliglustat did not
significant inhibits OB in vivo. In addition, the significance between MM group and
HFD+MM-+Elig group was less than the significance between MM group and HFD+MM
group, which illustrated there was likely more OBs in the treatment group as compared

with the disease group (Figure 4.27).

*
*
*
[=2}
=
1
>
(2]

50- *x NS 200-

— 401 o . A *kk*k ns * A
X = 150
%30— = A = ?!'L : caol S . A
Q ° u 5 100+ . g % L
G ~ ®E 3 T
8 1ol v O WO ¥ o
i Y iy - SN
0 LL . 0 Tt ol— . .
& x\‘s“ & S & e S x&* P
o g o x o g
o o o
& & &

Figure 4.27 Eliglustat does not affect in vivo OB in HFD 5TGM1-GFP MM bearing C57BL/6
mice. Bone histomorphometry analysis for OB including percentage of OB surface over total
bone surface (Ob.S/BS), number of OBs over total bone area (N.Ob/T.Ar) and number of OBs
per bone perimeter (N.Ob/B.Pm) from normal diet (MM)(n=4), MM injection with HFD (MM +
HFD) (n=10) and MM injection with HFD plus Elig treatment (MM + HFD + Elig) (n=10). Error bars
correspond to SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. ns means non-significant.

Statistical analysis was performed using Student t test.
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In this experiment, one femur from each mouse was collected for mechanical bending
test to evaluate if eliglustat can increase the stiffness of the femur. The detailed
procedures are described in 2.17. According to the maximum extension load, there
was no difference between HFD+MM group and MM group, also, there was no
difference between HFD+MM group and HFD+MM+Elig group (Figure 4.28). These
data indicate HFD induced MM in C57BL/6 mice did not decrease the maximum
extension load of the femur, moreover, eliglustat did not help in increasing the

maximum extension load of femur.
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Figure 4.28 Femur maximum extension load does not decrease in HFD 5TGM1-GFP MM
bearing C57BL/6. Femur maximum extension load was measured in different experimental
groups, including MM injection with HFD (MM + HFD) (n=10) and MM injection with HFD plus
Elig treatment (MM + HFD + Elig) (n=10). Error bars correspond to SEM. ns means non-

significant. Statistical analysis was performed using Student £ test.
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To check the 5TGM1-GFP MM cells in vivo, spleen and BM cells were collected for
flow cytometry analysis using the method as mentioned in 2.6.4 and 2.8.1. According
to the spleen and BM data, there was no significant difference of tumour burden
between MM group and HFD+MM group. This indicates HFD was more likely to cause
a mild MM condition in C57BL/6 with limited engraftment of MM cells (Figure 4.29A

and Figure 4.29B).

The serum of each mouse was collected every 2 weeks from day O until the day of
sacrifice. To precisely verify the tumour burden from serum, IgG2bk paraprotein
specifically secreted by 5TGM1-GFP MM cell was measured by ELISA. According to
the data, IgG2bk paraprotein from both HFD+MM group and HFD+MM+Elig group

increased significantly as compared with MM group (Figure 4.29C and Figure 4.29D).
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analysis was performed using Student t test.
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As a reference of the flow cytometry analysis, the cells from BM and spleen were
counted and the wet spleen weight was also measured. According to the data, the BM
cells had a significant decrease in HFD+MM group as compared with MM group and
there was no difference between HFD+MM+Elig group and MM group (Figure 4.30A).
For the spleen, both the spleen cell number and wet spleen weight had an increase in
HFD+MM group and HFD+MM-+Elig group, which indicates the MM and HFD condition

could increase the cell number and overall weight (Figure 4.30B and Figure 4.30C).
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Figure 4.30 BM and spleen cell count as well as spleen weight in HFD 5TGM1-GFP MM
bearing C57BL/6. BM cell number (A), spleen cell number (B) and wet spleen weight (C)
are recorded and compared in different experimental groups, including MM injection with HFD
(MM + HFD) (n=10) and MM injection with HFD plus Elig treatment (MM + HFD + Elig) (n=10).
Error bars correspond to SEM. *P<0.05. ns means non-significant. Statistical analysis was

performed using Student ¢ test.
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Chapter 4. Eliglustat Improves MM Bone
quality by Inhibiting Osteoclastic Bone

Resorption

4.3 Discussion
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4.3.1 Does Eliglustat influence other cell populations in addition to osteoclast?
As shown in this chapter, eliglustat is capable of inhibiting OCs under various
conditions. For example, eliglustat inhibits mouse BM derived OC in vitro and inhibits
OC in healthy mice in vivo. Moreover, eliglustat also suppresses OCs in MM condition
and MM with HFD condition. All of these data demonstrated that eliglustat performs
as a consistent OC suppressor both in vitro and in vivo, which indicates that eliglustat
may be an interesting candidate in the treatment of MM bone lesions or osteoporosis

disease.

As from the bone homeostasis perspective, OBs, the only cell type that forms bone
and acts as a counterpart to OCs, were examined. Similar to OCs, the potential effect
of eliglustat on OBs was first evaluated in vitro. According to the result of experiment,
eliglustat inhibits OB formation in a dose-dependent manner. As eliglustat mainly
inhibits GCS and GSL, which are widely distributed in almost all kind of cells?19.220,
thus it is not surprising that eliglustat inhibits OBs. However, there was no inhibition of
OBs when eliglustat was administrated in vivo as evaluated by histomorphometry
including OB surface ratio and OB number. It should be considered that the in vitro
system is far less complex than the in vivo system with multiple cell types present so
whilst eliglustat may have a direct effect on isolated OB in vitro, these cells may not
be the primary targets in vivo. Additionally, different cell types may express different
levels of GCS and it could be the expression of GCS in OCs is higher than OBs. In

short, the in vivo data represents the complexity of a real biological system.
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In vitro a dose-dependent inhibition of murine MM cell viability by eliglustat was
observed, however eliglustat does not inhibit in vivo MM burden. Such phenomenon
can be interpreted by two possibilities: 1) compared to OCs, MM cells express less
GCS or GSL which makes eliglustat unable to inhibit the cells; 2) the treatment time
and/or dosage is not suitable for MM tumour burden. The first explanation is unlikely
as according to the literature report, human MM cells do express a large amount of
GSL, especially GM3'5. Admittedly, murine MM cells greatly differ from human MM
cells and potential anti-MM work of eliglustat is suggested to be conducted in a

xenograft model using human MM cells2%2.

4.3.2 How does eliglustat improves MM bone lesions without affecting MM tumor
burden?

As MM vicious cycle is defined as the interdependent action between MM and OC,
which causes MM cells to stimulate OC proliferation and vice versa. The data in this
chapter clearly demonstrated that OC number and OC area are significantly inhibited
by eliglustat in vivo, thus it is expected the MM tumour burden can be relieved as the
MM vicious cycle is interrupted. While according to the data, eliglustat was not able to
inhibit MM tumour burden significantly in murine model. Such findings can be
attributed to following reasons: 1) vicious cycle is one factor for MM cell proliferation
(only contributes IL-6 production for MM cell proliferation); 2) the 5TGM1-GFP MM cell
type is too aggressive to see all indirect effects of eliglustat within such a short time

frame.
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Regarding to the first possibility, according to the opinions from other researchers, the
vicious cycle is one of the four pro-MM factors. Other players such as endothelial cells,
impaired T cells and various MM growth factors can all contribute to MM survival and
proliferation'®. Therefore, it seems the inhibition of OCs does not greatly affect MM
cells. For the second possibility, researchers reported zoledronic acid (a kind of
bisphosphonates that inhibits OC) can inhibit MM tumour burden in 5T2MM murine
model. This 5T2MM model runs for 12 weeks, which is much longer than the 5TGM1
model??!. As the 5T2MM model is relatively longer, it allows enough time for the drug
to exerts its anti-MM effect either directly by inhibiting MM growth factors or indirectly
via the vicious cycle. In conclusion, the above two possibilities hinder the further

observation of how eliglustat affects MM in vivo.

4.3.3 Difference between miglustat and eliglustat directs future translational
application

Although many people prefer to simply summarize both miglustat and eliglustat as
GSL inhibitors or GCS inhibitors, this is not really the case as they differ from each
other in chemical structures, chemical categories, mode of reactions as well as
adverse effects?'2. For example, miglustat is an iminosugar while eliglustat is a small
synthesised molecule, and, the side effects of these two compounds are different

which indicate they may distinctly affect other cells or physiological functions2'2.

The most prominent difference observed in this project was miglustat, which seemed
to be detrimental to the health of the mice when administrated with HFD, while

eliglustat was relatively compatible with HFD and less adverse effect was observed.
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These findings justify the potential translational use of eliglustat, in the future, such as
combination therapeutic strategy with current first-line drugs, which will be discussed

in Chapter 6.
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Chapter 5. Eliglustat Regulates TRAF3
Expression and Alters Lipid Membrane

Organization

5.1 Introduction
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Initially stimulated by RANKL, NF-kB pathway is activated via TRAF adaptor proteins
for OC formation process®’. Amongst six different subtypes of TRAF proteins located
on lipid rafts, it is currently recognized that TRAFG6 is essential for OC formation as
mice generated with TRAF6 deficiency have marked osteopetrosis’’. Some
researchers report that TRAF6 is re-localized into lipid rafts upon the addition of
RANKL and stimulates nuclear accumulation of NFATc1, a pro-factor for OC formation
signal®??2, However, regarding the role of other TRAF proteins and of the lipid rafts in

OC formation process, the complete mechanism remains to be further investigated.

Recently, it was reported that TRAF3 inhibits OC without TRAF6 being present in vitro.
Moreover, TRAF3 is not regulated by TRAF6 upon RANKL stimulation??3. It is known
that after stimulation with RANKL during OC formation, TRAF3 protein decreased’"
while TRAF6 protein increased???. In addition to finding that TRAF3 knockout mice
accrue less bone mass, the same group found that the lysosomal inhibitor, chloroquine,

prevents TRAF3 degradation in a murine model and thereby inhibits OC formation”".

However, while TRAF3 protein is already present before OC formation and is
independent of TRAF6, the hypothesis here is that eliglustat modulates TRAF3 to
inhibit OCs. As a GSL inhibitor, eliglustat may interfere with lipid composition of the
cell membrane and therefore could alter the lipid raft to consequently maintain TRAF3
protein levels upon RANKL stimulation. Alternatively, eliglustat could be an autophagy
inhibitor preventing TRAF3 degradation. To investigate whether the above hypotheses
are the mechanisms for eliglustat inhibition of osteoclastogenesis, the following

experiments were conducted.
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Chapter 5. Eliglustat Regulates TRAF3
Expression and Alters Lipid Membrane

Organization

5.2 Results
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5.2.1 Eliglustat prevents the degradation of TRAF3 in OCs

TRAF3 was recently found to be an important molecule in decreasing OC formation at
the initial differentiation stage independently of TRAF6 signalling”'-223, Therefore, the
protein level of TRAF3 expression was evaluated by Western blot. The BM cells
collected from C57BL/6 mice were differentiated into OC according to the method
described in 2.2. Proteins from different time points were collected as mentioned in
2.9. Day 1 is regarded as one day after the treatment with RANKL in addition to M-
CSF, while on day 0 cells were only treated with M-CSF. The samples from day 0, day
1, day 3 and day 5 were collected. Then, all the samples with same amount (10-30 ng)
were loaded onto one NUPAGE Novex 4-12% Bis-Tris gradient gel to evaluate the
level of TRAF3 protein at different time points. The result shows that TRAF3 protein
levels decline during OC formation after RANKL was added. B-Actin is the house
keeping gene that serves as the loading control (Figure 5.1). This result is consistent

with previous findings reported by another group”’.

Day 0 Dayl Day3 Dayb5

BActin | D D S S

Figure 5.1 TRAF3 protein level decreases during OC formation process in primary
BM cells from 4-week-old C57BL6 mice. The BM cells were first treated with 100
ng/ml M-CSF for 2 days, then treated with 20 ng/ml M-CSF and 50 ng/ml RANKL for the
remaining 5 days. Culture media was changed every 3 days. Proteins were harvested at
different time points and TRAF3 protein expression level was evaluated by Western

blot. This experiment was repeated three times.

139



Chapter 5. Eliglustat regulates TRAF3 and membrane lipid

Next, to determine whether eliglustat affects OC formation via modulating TRAF3
expression, TRAF3 protein levels from OCs treated with eliglustat were evaluated.
Same as before, fresh BM cells were harvested and differentiated into OC after
stimulation with M-CSF and RANKL. On day 1, eliglustat was added at different
concentrations (25 yM and 50 pyM) together with RANKL to the culture medium. To
observe the direct effect of eliglustat’s impact on TRAF3, a relatively short time point

like day 1 rather than day 5 was chosen.

It has been reported that chloroquine and NH4Cl (lysosomal inhibitors) maintain
TRAF3 levels and suppresses OC formation by inhibiting autophagy’!. In addition,
Bafilomycin A1 (BafA1) and 3-Methyladenine (autophagy inhibitors) prevent RANKL-
induced TRAF3 degradation”’. In contrast, MG-132 (proteasome inhibitor) did not
prevent RANKL-induced TRAF3 degradation®. In short, the degradation of TRAF3 in
RANKL-treated OC progenitors is inhibited by the autophagy pathway instead of the

proteasome pathway.

Here, BafA1 was used as the positive control to see if TRAF3 accumulates. The
difference between chloroquine and BafA1 is that chloroquine blocks the fusion of the
lysosome with the autophagosome, while BafA1 is a V type ATPase specific inhibitor
(in lysosome, V-ATPases help maintain the low pH at 4.52%4) and blocks the fusion of
lysosome with autophagosome. In short, BafA1 has exactly the same effect as
chloroquine. As TRAF3 is reported to be maintained due to the inhibition of

autophagy’!, there is no functional difference between the use of BafA1 and
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chloroquine in this experiment. Taking into account that long-term BafA1 treatment
affects the viability of cells?25226 and that a relatively medium to high dosage of BafA1
is needed to efficiently block the autophagic flux??”, BafA1 was given at 10 nM for 2

hours before the proteins were extracted.

According to the blot, BafA1 maintained TRAF3 protein levels after 2 hours of
treatment. In addition, a dose-dependent accumulation of TRAF3 after treatment with
eliglustat was observed (Figure 5.2A). The bands were quantified by densitometry
(Figure 5.2B). According to the quantification, eliglustat treatment significantly
increased the ratio of TRAF3 over (B-Actin, showing that eliglustat halted TRAF3

degradation in RANKL-treated OC progenitors (Figure 5.2B).
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Figure 5.2 TRAF3 protein is not degraded in the presence of eliglustat. Primary

BM cells from 4-week-old C57BL/6 mice were first treated with 100 ng/ml M-CSF for 2

days, then treated with 20 ng/ml M-CSF and 50 ng/ml RANKL for 1 day. BafA1 was

added 2 hours before protein harvest. (A) Representative Western blot image of the

TRAF3 protein expression level. (B) Quantification of the TRAF3 over BActin ratio.

Error bars correspond to SEM. **P<0.01, ***P<0.001, ****P<0.0001. Statistical

analysis was performed using One-way ANOVA. This experiment was repeated five
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According to above findings, it was confirmed that eliglustat induces the accumulation
of TRAF3 protein at the beginning of OC formation on day 1 in primary BM cells. To
examine whether the TRAF3 pattern observed on day 1 is consistent during OC
formation process (from pre-OC to mature OC), cells were treated for 5 days with
RANKL and eliglustat. On day 5, the proteins were extracted from the cells using the
same procedures as on day 1. According to the data, eliglustat can maintain the
TRAF3 level on day 5 (Figure 5.3). These findings indicate that the impact of eliglustat
on TRAFS3 protein expression is consistent in OCs derived from primary BM cells at

the start and the end of the in vitro differentiation process.

BM + M-CSF + RANKL Day 5
Ctr  Elig25uM Elig 50uM

T r-'-‘
TRAF3 [ S P

Figure 5.3 Representative Western blot showing TRAF3 protein level is accumulated by

eliglustat during OC formation process in primary BM cells from 4-week-old C57BL6 mice
on day 5. The BM cells were first treated with 100 ng/ml M-CSF for 2 days, then treated
with 20 ng/ml M-CSF and 50 ng/ml RANKL for 5 day. Culture media was changed every

3 days.
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To investigate whether the accumulation of TRAF3 protein is due to increased
production or blocked degradation, the messenger RNA (mRNA) level of Traf3 was
measured by quantitative polymerase chain reaction (QPCR). On day 1, the mRNA of
the cells which received the same treatment as above was extracted as described in
2.10. mRNA level of Traf3in the groups treated with eliglustat did not increase. Indeed,
eliglustat-treated groups even showed a significant decrease of Traf3 mRNA (Figure
5.4). This result could be due to high level of TRAF3 protein expression eliciting a
negative feedback to mRNA generation. Importantly, these data suggest that the
accumulation of TRAF3 protein by eliglustat may not be due to the increase of protein
synthesis from mRNA but rather to an inhibition of degradation. However, there

remains a possibility that Traf3 may be post transcriptionally upregulated?28.
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Figure 5.4 Quantification of the fold change of Traf3 mRNA level indicates Traf3in BM
derived OC is not increased after treated with eliglustat on day 1. The BM cells were first
treated with 100 ng/ml M-CSF for 2 days, then treated with 20 ng/ml M-CSF, 50 ng/mi
RANKL and eliglustat for 1 day. Traf3 mRNA level was measured by gPCR. Error bars
correspond to SEM. ***P<0.001, ****P<0.0001. Statistical analysis was performed using

One-way ANOVA. This experiment was repeated six times.
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For further biochemical analysis, whether the RAW264.7 murine macrophage cell line
could be used rather than primary BM cells was tested. RAW264.7 cells readily
differentiate into OCs upon stimulation with RANKL and M-CSF'. The culture and
differentiation of RAW264.7 cells were described in 2.1 and 2.2. One day after RANKL
and eliglustat were added to RAW264.7 cells, proteins were extracted. As before,
BafA1 served as positive control for TRAF3 and was added to the cells at 10 nM 2

hours before harvesting the proteins.

According to the Western blot, similar to primary cells, RAW264.7 cells treated with
eliglustat showed a dose-dependent accumulation of TRAF3 on day 1 (Figure 5.5A).
As expected, the quantification of TRAF3 over B-Actin ratio was also significantly
increased in the eliglustat treated group (Figure 5.5B). Taken together, the findings on
TRAF3 in RAW264.7 cells treated with eliglustat confirm the previous finding in BM
primary cells. We conclude that RAW264.7 cells are a valid in vitro model to study the

role of eliglustat without the need to sacrifice mice.
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Figure 5.5 TRAF3 protein level is accumulated by eliglustat during OC formation process
in RAW264.7 cells on day 1. RAW264.7 cells were treated with 75 ng/ml RANKL and 50
ng/ml M-CSF for 1 day. BafA1 was added 2 hours before harvesting the protein. (A)
Representative Western blot image of TRAF3 protein expression level. (B) Quantification
of TRAF3 over BActin ratio. Error bars correspond to SEM. *P<0.05, ***P<0.001. Statistical

analysis was performed using One-way ANOVA. This experiment was repeated six times.
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Next, Traf3 mRBNA expression level in RAW264.7 cells after treatment with eliglustat
was evaluated, no significant change of Traf3 mRNA levels were observed after the
RAW264.7 cells were treated with RANKL and eliglustat for 1 day (Figure 5.6).
Consistent with previous findings in primary BM cells, TRAF3 accumulation in
RAW264.7 cells after treatment with eliglustat was not due to the increase of Traf3

mRNA.
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Figure 5.6 Quantification of the fold change of Traf3 mRNA level indicates Traf3in
RAW264.7 cells treated with RANKL and eliglustat are not increased on day 1. The
RAW264.7 cells were treated with RANKL and eliglustat for 1 day. Traf3 mRNA level was
measured by qPCR. Error bars correspond to SEM. ns means non-significant. Statistical

analysis was performed using One-way ANOVA. This experiment was repeated six times.
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5.2.2 Eliglustat and autophagy

As described in section 5.2.1, the accumulation of TRAF3 by eliglustat is not likely to
be due to the increase of Trail3 mRNA level. Therefore, whether eliglustat has an effect
by inhibiting the degradation of TRAF3 was checked. It was reported that the
proteasome inhibitor MG132 marginally reduced TRAF3 degradation upon LTBR
stimulation in HelLa cells??°. However, this was not the case in OCs as Xiu et al.
reported that the proteasome inhibitor MG132 had no effect on TRAFS3 levels in OCs
derived from primary mouse BM cells”'. However, this could be due to the degradation

of TRAF3 in different cell types having distinct mechanisms.

On the other hand, Xiu et al. reported that TRAF3 in OCs accumulates in the presence
of chloroquine”'. Moreover, Wei et al. reported that PDMP, a compound that inhibits
GSL similarly to eliglustat, is an autophagy inhibitor?3°. To investigate whether
eliglustat is an autophagy inhibitor, the autophagic flux of the cells was measured via
LC3 and p62 protein expression level. As described in the autophagy introduction in
Section 1.3, two forms of LC3 proteins can be detected in cells; the non-lipidated LC3I
protein and lipidated LC3Il protein. LC3-I migration is slower than LC3Il in SDS-
PAGE??’. Autophagy activation involves the transition from non-lipidated LC3I protein
to lipidated LC3Il protein. However, a compound that increases LC3Il does not
necessary report on whether it is an autophagy inhibitor or autophagy inducer.

In that case, autophagic flux inhibitor and alternative markers such as p62 protein

expression level are needed.
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According to the Western blot results, as compared with control group treated only
with RANKL (Ctr), RAW264.7 cells treated with 10 nM BafA1 for 2 hours showed an
increase of LC3Il. Moreover, p62 also accumulated as compared with Ctr group
(Figure 5.7A). Such findings confirmed that BafA1 as the positive control worked

efficiently as an autophagy inhibitor to block LC3Il and p62 degradation.

In groups treated with eliglustat (25 yM and 50 yM), a significant increase of LC3II
protein was observed (Figure 5.7A). This indicates that either the autophagic flux was
enhanced in the RAW264.7 cells after treatment with eliglustat, or blocked at the
degradation level. LC3II levels of eliglustat-treated (50 yM) were quantified over

several repeats (Figure 5.7B).

Next, p62 protein expression level was assessed. Similar to BafA1 treatment,
eliglustat also showed increased p62 expression, suggesting that eliglustat may be an

autophagy inhibitor (quantified in Figure 5.7C).

To further confirm whether eliglustat is an autophagy inhibitor, RAW264.7 cells that
were treated with different doses of eliglustat for 22 hours, were cultured in 10 nM
BafA1 for a further 2 hours to fully block autophagic flux. The addition of BafA1 failed
to elicit a further increase the LCS3II level of the RAW264.7 cells treated with 50 yM
eliglustat (Figure 5.7B), indicating that the autophagic flux was maximally blocked by

eliglustat at the level of the lysosome.
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Figure 5.7 LC3II protein level and p62 protein level accumulated by eliglustat during OC
formation process in RAW264.7 cells on day 1. Further LC3II protein accumulation was
not observed after addition of BafA1. The RAW264.7 cells were treated with 100 ng/ml
RANKL either with or without eliglustat for 1 day. 10 nM BafA1 was added 2 hours before
protein harvest. (A) Representative Western blot of LC3 protein and p62 protein
expression level. B-Actin and GAPDH served as loading control. (B) Quantification of the
LC3Il over B-Actin ratio. (C) Quantification of the p62 over (3-Actin ratio. Error bars
correspond to SEM. *P<0.05, ***P<0.001, ****P<0.0001, ns means non-significant.
Statistical analysis was performed using One-way ANOVA. This experiment was

repeated seven times.

To validate whether the above findings regarding LC3 proteins were repeatable in
mouse primary BM cells, fresh C57BL/6 murine BM cells were harvested and
differentiated into OC after stimulation with M-CSF and RANKL. On day 1, eliglustat
at different dosage (25 yM and 50 yM) was added. BafA1 was added 2 hours before

the protein was harvested.

According to the Western blots, BafA1 and eliglustat both caused increase of LC3lII
(Figure 5.8A). Consistent with the findings in RAW264.7 cells, LC3II from the Elig 50
UM group encountered a further increase as compared with the Elig 25 yM group,

indicating that 25 pyM is not a saturating concentration.

Interestingly, however, Elig 50 yM treated with BafA1 group shows a further increase

of the autophagic flux compared to Elig 50 yM group (Figure 5.8B). This finding has
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two possible explanations. First, different from the RAW264.7 cells, eliglustat at 50 yM
is still not at a saturating concentration to fully block the autophagic flux in primary BM
cells. Therefore, a higher dosage of eliglustat may be needed. Second, eliglustat could
be an autophagy inducer in primary BM cells, which is opposite to its effects on

RAW264.7 cells.

Importantly, the expression levels of p62 protein on the same membranes were
quantified. According to the quantification result, there was an increased accumulation
of p62 protein after treatment with eliglustat as compared with baseline control group

(Ctr) (Figure 5.8C), which indicates eliglustat is very likely to be an autophagy inhibitor.
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Figure 5.8 LC3II protein level was accumulated by eliglustat during OC formation process
in primary BM cells on day 1. Further LC3II protein accumulation was observed after
addition of BafA1. 10 nM BafA1 was added 2 hours before protein harvest. (A)
Representative Western blot image of the LC3 protein and p62 protein expression level.
B-Actin serves as loading control. (B) Quantification of the LC3Il over BActin ratio. (C)
Quantification of p62 over B3-Actin ratio. Error bars correspond to SEM. ***P<0.001,
****P<0.0001. Statistical analysis was performed using One-way ANOVA. This

experiment was repeated seven times.

5.2.3 Eliglustat and OC membrane lipid

As the data from section 5.2.2 suggested that eliglustat may not fully block autophagic
flux in OCs derived from primary BM cells at the concentration of 50 yM, it remains
possible that alternative mechanisms exist for the increased TRAF3 protein
expression upon eliglustat treatment. Signal transduction in both canonical and non-
canonical NF-kB pathways involves the binding of RANKL to RANK receptor on the
cell surface followed by downstream signalling. Eliglustat may change the membrane
lipid organization (particularly GSL and subsequent lipid ordering) to alter the lipid
environment where RANK is anchored?2°. This may lead to inhibition of RANK/RANKL
signalling transduction, resulting in the failure to degrade TRAF323! and subsequently

blocks the OC formation process.

To assess the lipid environment of cell membranes, the overall lipid organisation of

RAW264.7 cells treated with eliglustat for 12 hours was evaluated by spectral imaging
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after staining the membrane with NR12S232 (spectral imaging reveals how packed the
lipid membrane is, particularly approximate cholesterol and saturated lipid content)
(Figure 5.9A). As shown in Figure 5.9B, each data point indicates the average value
of generalized polarization (GP) of the cells from one image (each image has 5-10
cells). The higher the value of GP, the higher the level of lipid ordering. Similarly, the
lower the value of GP indicates the higher the fluidity of the cell membrane. According
to the results, there was no significant difference between RAW264.7 without
treatment, RAW264.7 treated only with RANKL and RAW264.7 treated with
RANKL+DMSO. However, eliglustat treatment significantly reduced the GP value
(Figure 5.9B). Therefore, eliglustat fluidises the membrane, which can be achieved
either by reducing cholesterol or increasing the unsaturated lipids in the plasma
membrane. ltis likely that the signalling transduction for OC formation may be affected

as a consequence.
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Figure 5.9 Eliglustat is fluidising the membrane during initial OC formation process in
RAW264.7 cells after 12 hours. The RAW264.7 cells were treated with 75 ng/ml RANKL
and 50 ng/ml M-CSF together with eliglustat or DMSO for 12 hours. Eliglustat was added
to respective groups at the dose of 25 yM and 50 yM. (A) Representative images of the
cells from Control group and eliglustat at 50 yM group. Histograms of generalized
polarization (GP) distribution illustrate ordered red end (1) and disordered blue end (-1).
(B) The quantification for GP value was evaluated. Error bars correspond to SEM.
**P<0.01, ****P<0.0001, ns means non-significant. Statistical analysis was performed

using One-way ANOVA. This experiment was repeated two times.
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Chapter 5. Eliglustat Regulates TRAF3
Expression and Alters Lipid Membrane

Organization

5.3 Discussion
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5.3.1 Is eliglustat an autophagy inhibitor?

As shown in Figure 5.8, eliglustat did not fully inhibit autophagy in OCs derived from
primary mouse BM cells. However, it is reported that a similar member from the GSL
inhibitor family called PDMP is an autophagy inhibitor in neuroblastoma cells?30:233,
And, it can be confirmed that, eliglustat almost fully inhibits autophagic flux in the

murine RAW264.7 macrophage cell line stimulated with RANKL and M-CSF.

On the other hand, Shen et al. concluded that another GCS inhibitor (Genz-123346)
is an autophagy inducer in HEK293 cells?3*. However, their results are not plausible
and self-contradictory. First, they concluded that there was a negative correlation
between the increasing dosage of Genz-123346 and a decrease of p62 protein level
without showing the original Western blot image. Therefore, the p62 data itself is not
convincing. Indeed, the data presented in Figure 5.7 and Figure 5.8 did not confirm
their findings regarding p62 protein neither in RAW264.7 cell line nor in primary BM
cells. Secondly, their Western blot results show that Genz-123346 caused an apparent
accumulation of LC3II that was not further increased when treated together with BafA1.
This is indeed consistent with Figure 5.7 and suggests that both eliglustat and Genz-

123346 are indeed an autophagic flux inhibitor as opposed to an inducer.

GD3 is a member of the GSL family and therefore its formation is inhibited by GSL
inhibitors such as eliglustat. Recently, Matarrese et al. showed that GD3 ganglioside
contributes to the biogenesis, formation and maturation of autophagic vacuoles23®.

Therefore, GD3 might be key for autolysosome formation?3. As eliglustat inhibits GSL,
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this may be the mechanism by which eliglustat inhibits autophagy as autophagosome

neither can be formed nor can be matured without GD3.

Regarding the findings shown in Figure 5.7 and Figure 5.8, they seem to contradict
themselves at first as the pattern of LC3II protein between eliglustat and eliglustat with
BafA1 was different in different cell types. However, this could be due to distinct
sensitivity of various cell types to eliglustat. For example, the inhibition of autophagic
flux of RAW264.7 cells have already reached the plateau when eliglustat is
administered at 50 yM. Therefore, BafA1 cannot further increase the LC3II level. In
contrast, 50 uM eliglustat may not fully block the autophagic flux in primary BM cells
and therefore a further increase upon BafA1 treatment can still be observed. To solve
this concern, higher doses of eliglustat that does not interfere with cell viability should
be applied to primary cells. Importantly, p62 protein expression was increased in both
RAW264.7 cell and primary cells, which indicates eliglustat is likely to be an autophagy

inhibitor.

5.3.2 Does membrane lipid alteration affects signalling transduction?

As described in section 5.2.3, the lipid structure of RAW264.7 cell was more fluid after
the administration of eliglustat. This change can be achieved by reducing cholesterol
or increasing the unsaturated lipids in the plasma membrane?36. The lipid raft, is a
functional membrane unit in charge of signal transduction and is composed of
cholesterol and saturated lipids?. Therefore, eliglustat may directly affect the lipid
rafts and interfere with OC formation signalling. Ha et al. discovered that lipid raft

domains play an essential role in OC differentiation and function via RANKL-RANK-
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TRAFG6 signalling®?2. In parallel, it was reported that TRAF3 signalling for OC formation
is independent of TRAF6 signalling®?3. In addition, TRAF3 was confirmed to be located
in the lipid raft microdomain by several groups?37-23%, Both TRAF6 and TRAF3 regulate
NF-xB activation to further regulate OC differentiation®?2. Taken together, signalling
through TRAF3, as a novel molecule regulating OC formation, may be regulated by
eliglustat via altering lipid rafts to affect the formation of OCs. To further dissect the
changes in the plasma membrane, it remains to be characterised whether eliglustat
affects cholesterol or unsaturated lipids, or both, to interfere with OC formation.
Alternatively, eliglustat may act further downstream, interfering with the membrane
composition of the lysosome or autophagosome, possibly by inhibiting their fusion. All

above mentioned possibilities can be tested in future work.

Unfortunately, the evaluation of GP in primary cells failed due to technical reasons. To
image and measure the lipid packing properly, the cells need to be cultured on a glass
surface instead of a plastic surface. As primary BM cells are extremely hard to attach
on glass, different coating methods were titrated to see how to keep the cells adhered.
First, Kim et al. reported that the glass coated with polylysine would be suitable for
culture adherent cells like neurons?49. Polylysine can be further categorised into two
isomers including D-isomer and L-isomer. However, it was reported that polylysine L-
isomer inhibits OCs fusion and formation®*'. Therefore, the polylysine D-isomer is
preferred as it escapes the breakdown by the proteases released by cells. Both
changing, duration and temperature of polylysine D-isomer coating efficacy for culture
OCs were tried. Different concentrations of polylysine D-isomer (0.05 mg/ml, 0.1

mg/ml and 0.2 mg/ml), coating incubation duration (0 minutes, 5 minutes, 1 hour, 2
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hours and 6 hours) and temperatures (room temperature and 37 °C) were combined
separately. Unfortunately, none of the above combination worked for the attachment
of murine BM derived OCs. In addition, fibronectin, a constituent of extracellular matrix,
was reported to be suitable for the culture fibroblasts?*?, neurons?43 and endothelial
cells?®# after coating glass dishes with it. However, fibronectin coated coverslips
inhibited the expression of TRAP in murine OCs?45, hence it was not a suitable system

to study the lipid packing of OCs as these OCs may have some initial defects.

To sum up, the widely used in vitro model of osteoclastogenesis, the RAW264.7 cell
line gave us some promising clues to the mechanisms by which eliglustat exerts its
effects in that the membrane lipid packing was altered upon eliglustat treatment. This
may further lead to a series of signal transduction changes or inhibit the completion of

the autophagic flux.
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Chapter 6. Eliglustat Combination Strategies

and Translational Applications

6.1 Introduction
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6.1.1 Combination hypothesis for MM bone disease and aged osteoporosis

Teriparatide and BPs are the two most common agents currently used in clinic for MM
bone disease. It has been reported that the combined use of teriparatide and BPs was
not superior than single use of either compound?46. eliglustat suppresses MM cells
(Figure 4.5) while same dosage of eliglustat cannot suppress OC viability in vitro
(Figure 4.2), this led to the hypothesis that eliglustat may potentially have anti-MM
effect if being assisted by BTZ in vivo. Therefore, the aim of this Chapter is to ascertain
whether eliglustat could increases therapeutic effect when in combination with leading

treatments used to control MM bone loss and tumour burden.

In addition to MM, aged related bone loss such as that caused by osteoporosis affects
a huge population. According to the World Health Organisation (WHO) the official
definition of osteoporosis is described as ‘progressive systemic skeletal disease
characterised by low bone mass and microarchitectural deterioration of bone tissue,
with a consequent increase in bone fragility and susceptibility to fracture?4’.
Compared to the MM population in the UK, the osteoporosis population is huge and
around 536,000 fracture cases occur every year?*249. Therefore, ageing is a semi-
health state which the overall body condition is changed, thus the reason of bone loss
due to aging is somehow a grey area between pure physiological and pure
pathological conditions. Currently, the common treatment for osteoporosis is BPs,
which the limitations of have been introduced in section 1.5.2. Therefore, a new drug
is needed and it is worth to checking if eliglustat can treat age related osteoporosis in

order to extend the range of its therapeutic applications and provide a novel strategy
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to treat the osteoporosis. In this chapter, the C57BL6 aged preclinical model is used

to evaluate if eliglustat can ameliorate the bone quality.

6.1.2 Germinal center

Under normal physiological condition, the development of B cells involves three
different stages including pre-B cells, pro-B cells and immature B cells?°. After mature
native B cells leave the BM niche and encounter T cell-independent antigenic
exposure in blood they differentiate into short-lived plasma cells (PCs), that are
capable of generating IgM?%'". These IgM-secreting PCs do not have somatically

mutated immunoglobulin genes and undergo apoptosis in situ.

For mature native B cells, they migrate into secondary lymphoid tissues including
spleen and lymph nodes and establish germinal centers (GC)?®'. GC composed two
typical zones called the dark zone and light zone. In the dark zone, mature native B
cells are activated to differentiate into centroblasts and lead to somatic
hypermutation®52. These centroblasts then migrate to the light zone and become
centrocytes, which avoid the apoptotic pathway whilst centroblasts with unfavorable

mutations go through apoptosis?>? (Figure 6.1253).

Selected centrocytes from GC then differentiate into memory B cells or PCs and leave
the GC. Normally, the post-GC PCs go to the BM, in which they receive survival
signals including IL-6 and become long lived. Recent studies have demonstrated MM
is a malignancy of post-GC PC, which indicates these abnormal PCs are derived from

GC. Some researchers have reported that eliglustat decreases the progression of
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Gaucher’s disease to MM, thus it is important to check whether eliglustat is doing so
by inhibiting GC function and causing less PC generation, thereby decreasing the

absolute value of PCs thus decreasing malignancy transformation.
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Figure 6.1. Formation of plasma cells. Plasma cells can be formed via T cell independent
activation initiated by immunisation of LPS (lipopolysaccharide). Alternatively, plasma cells
can also be generated from germinal center via T cell dependent B cell activation boosted by

SRBC (sheep red blood cell). This figure was adapted from a review by Nutt et al., 2015.
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6.2.1 Eliglustat combined with ZA has a superior effect compared to ZA alone in
improving bone conditions

Since ZA was a common therapeutic reagent currently used in MM bone disease and
osteoporosis, it is important to check whether eliglustat has a superior treatment effect
when combined with ZA than ZA alone in murine MM bone disease model. To address
this hypothesis, C57BL/KaLwRij mice were divided into 5 groups; control mice without
MM and drug treatment (Ctr), MM bearing mice (MM), MM bearing mice treated with
ZA alone (MM+ZA), MM bearing mice treated with eliglustat alone (MM+Elig) and MM
bearing mice treated with both ZA and eliglustat (MM+ZA+Elig). MM bearing groups
were injected with 0.5 million 5TGM1-GFP cells via i.v. on day 0, while the control
group was injected with 200 ul of PBS. On day 1, MM bearing mice treated with ZA
alone, and MM bearing mice treated with both ZA and eliglustat received ZA i.p.
injection at the dosage of 0.01mg/kg, while 200 ul of PBS i.p. was administrated to the
rest of the mice. On day 4, MM bearing mice treated with eliglustat alone and MM
bearing mice treated with both ZA and eliglustat were administrated with eliglustat diet
at the dosage of 150 mg/kg/day while the rest of the groups were maintained on a
normal diet. All the mice in this experiment were sacrificed on day 23 and micro-CT

analysis, histology analysis and FACS analysis were conducted (Figure 6.2).
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Day O Day 1 Day 4 Day 23
MicroCT
—_— O O Histology
FACS
Elig diet at
5TGM1-GFP or ZA 0.01mg/kg i.p. 150mg/kg/day or Sacrifice
PBSi.v. once control diet

Figure 6.2 Schematic. The time line and experimental design in investigating how eliglustat

and ZA impact on bone conditions in 5TGM1-GFP MM bearing mice.

The tibiae were collected and scanned by micro-CT as described in 2.11. Tibia
trabecular bone reconstruction by micro-CT revealed a significant decrease of bone
quality in the MM group. This decrease was reversed in both the MM+Elig group and
MM+ZA group, moreover, the MM+ZA+Elig group showed further improvement in
trabecular bone quality compare to the two groups with a single drug (Figure 6.3A).
Quantitative analysis of the bone was conducted including BV/TV, BS, BS/BV, Tb.Sp,
Tb.N and Conn.D. In short, a significant improvement of bone quality was observed
both in MM+ZA group and in MM+Elig group. The treatment effect of MM+ZA and
MM-+Elig is relatively similar according to the quantitative measurement of various
parameters. Importantly, the MM+ZA+Elig group showed a further improvement in
trabecular bone quality compare either with MM+ZA group or MM+Elig group (Figure

6.3B).
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Figure 6.3 Eliglustat combined with ZA increases therapeutic effect compare to ZA
alone in ameliorating bone diseases in the male 5TGM1-GFP murine myeloma
model. (A) Representative images of micro-CT reconstructions of proximal tibiae from
each group, including naive control (Ctr) (n=6), myeloma bearing mice (MM) (n=7),
myeloma bearing mice with eliglustat chow (150 mg/kg/d for 19 days) (MM + Elig) (n=7),
myeloma bearing mice with single dose ZA injection (0.01 mg/kg) (MM + ZA) (n=7), or,
myeloma bearing mice with single dose ZA injection (0.01 mg/kg) and eliglustat chow
(150 mg/kg/d for 19 days) (MM + ZA + Elig) (n=7). (B) Dot plots of BV/TV, BS, BS/BV,
Tb.Sp, Th.N and Conn.D. for each group. Error bars correspond to SEM. *P<0.05,

**P<0.01, ***P<0.001, ****P<0.0001. Statistical analysis was performed using Student t

At

To assess whether eliglustat ameliorates cortical bone lesions, micro-CT
reconstruction images of the tibiae were generated as shown (Figure 6.4A). Then, the
quantitative anaysis of the holes on each tibia were counted based on micro-CT
images. Based on the statistical analysis, both MM+Elig group and MM+ZA group
have a significant decrease in the number of holes. Moreover, the MM+ZA+Elig group
has a further decrease of the holes compared to either of the single treatment groups

as well as the MM group (Figure 6.4B).

Thus, the single administration of eliglustat has a similar treatment effect as the single
administration of ZA, moreover, the combination therapy of eliglustat with ZA showed
better outcomes than ZA alone. Both of the findings indicate eliglustat is comparable
with ZA making it a good candidate tobe added to the current clincal treatment, which

may decrease the unwanted ZA side effects.
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Figure 6.4 Eliglustat combined with ZA increases treatment effect compare to ZA
alone in ameliorating cortical bone lesions in the male 5TGM1-GFP murine myeloma
model. Holes on tibia were counted from each group, including naive control (Ctr) (n=6),
myeloma bearing mice (MM) (n=7), myeloma bearing mice with eliglustat chow (150
mg/kg/d for 19 days) (MM + Elig) (n=7), myeloma bearing mice with single dose ZA
injection (0.01 mg/kg) (MM + ZA) (n=7), or, myeloma bearing mice with single dose ZA
injection (0.01 mg/kg) and eliglustat chow (150 mg/kg/d for 19 days) (MM + ZA + Elig)
(n=7). Error bars correspond to SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

Statistical analysis was performed using Student t test.
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ZA improves bone condition by inhibiting the resorptive function of OC'%8 (inhibiting
farnesyl  pyrophosphate  synthase and prenylation of Guanosine-5'
triphosphate [GTP]-ases), however, eliglustat inhibits OCs mainly through the OC
formation process. To precisely evaluate the OC inhibition level in tibiae, histology and
histomorphometry analysis were conducted as described in 2.13. The images of

TRAP stained OCs from respective groups are shown in Figure 6.5A.

Quantitative analysis was conducted based on the slides. In treatment groups, both
the MM+Elig group and MM+ZA group have a significant decrerase of OC surface and
OC number compared to non-treatment groups. The inhibition of OCs is quite
prominent as both OC surface and OC number are even lower than Ctr group.
Moreover, the MM+ZA+Elig group has a further significant decrease of Oc.S/BS

compared to single use of each individual treatment (Figure 6.5B).

MM-+Elig+ZA

3
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Figure 6.5 Eliglustat combined with ZA has a better inhibition of OCs compared to ZA
alone in ameliorating bone diseases in the 5TGM1-GFP murine myeloma model. (A)
Representative TRAP/0.2% methyl green stained tibial sections showing red OCs and OBs
on the endocortical bone surface from each group (original magnification 40X), including
naive control (Ctr) (n=6), myeloma bearing mice (MM) (n=7), myeloma bearing mice with Elig
chow (150 mg/kg/d for 19 days) (MM + Elig) (n=7), myeloma bearing mice with single dose
ZA injection (0.01 mg/kg) (MM + ZA) (n=7), or, myeloma bearing mice with single dose ZA
injection (0.01 mg/kg) and eliglustat chow (150 mg/kg/d for 19 days) (MM + ZA + Elig) (n=7).
(B) Bone histomorphometry parameters including Oc.S/BS, N.Oc/T.Ar and N.Oc/B.Pm. Error
bars correspond to SEM. **P<0.01, ****P<0.0001. Statistical analysis was performed using

Student t test.

To evaluate whether eliglustat has any effect on OBs, all the tibia histology slides from
the respective groups underwent OB histomorphometry analysis. From the
parameters of Ob.S/BS, N.Ob/T.Ar and N.Ob/B.Pm, it seems that neither ZA nor

eliglustat altered OB surface or OB number (Figure 6.6).
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Figure 6.6 From histology and tibia histomorphometry analysis, neither eliglustat nor
ZA affects OB in 5TGM1-GFP murine myeloma model. Bone histomorphometry
parameters including Ob.S/BS, N.Ob/T.Ar and N.Ob/B.Pm reveals OB parameters on the
endocortical bone surface from each group (original magnification 40X), including naive
control (Ctr) (n=6), myeloma bearing mice (MM) (n=7), myeloma bearing mice with eliglustat
chow (150 mg/kg/d for 19 days) (MM + Elig) (n=7), myeloma bearing mice with single dose
ZA injection (0.01 mg/kg) (MM + ZA) (n=7), or, myeloma bearing mice with single dose ZA
injection (0.01 mg/kg) and eliglustat chow (150 mg/kg/d for 19 days) (MM + ZA + Elig) (n=7).

Error bars correspond to SEM. Statistical analysis was performed using Student t test.

6.2.2 Eliglustat combined with Bortezomib may increase the treatment effect
compared to Bortezomib alone in decreasing tumor burden

As eliglustat was confirmed to inhibit both murine and human MM cells in vitro, while
it did not relieve tumour burden in vivo when used on its own (Figure 4.16). To
investigate whether the anti-MM effect in vitro could be observed in vivo in the
presence of another anti-MM reagent, eliglustat was combined with BTZ, a classical

proteasome inhibitor currently used for relieving MM tumour burden.

In order to examine if the combination of eliglustat with BTZ would increase the
treatment effect, first, a sub-optimal dosage of the BTZ needed to be defined.
C57BL/KaLwRij mice were divided into four groups including BTZ at 0.5 mg/kg, BTZ
at 0.05 mg/kg, BTZ at 0.01 mg/kg and MM control group. It is reported BTZ at 0.5
mg/kg can significantly inhibit the tumour burden?%4, thus the BTZ at 0.05 mg/kg group

and BTZ at 0.01 mg/kg group is designed based on the BTZ at 0.5 mg/kg. One week
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after the mice were transplanted with 0.5 million murine MM cell, BTZ treatment was
started at three different dosages as mentioned above. BTZ was given three times per
week by i.v. and the MM only group received 200 ul PBS. On the day 23, all the mice

were sacrificed and BM cells were collected to evaluate the tumour burden (Figure

6.7).
Oo— SE— — o
Day 0 Day7111315171921 Day 23
Transplant 0.5 million Bortezomib (BTZ) i.v. injection Cull mice

5TGM1-GFP MM cells

Figure 6.7 Schematic. The time line and experimental design in investigating the less

optimal dosage of BTZ to inhibit the tumour burden in the 5TGM1-GFP MM murine model.

BM tumour burden reflects the typical phenotype of MM and best describes the
disease state. In this titration experiment, BM tumour burden was evaluated by flow
cytometry. According to the quantatitive analysis of the tumour cell percentage, BTZ
at 0.5 mg/kg significantly inhibits tumour burden as compared with MM group. Tumour
burden was not relieved for the other two groups treated with BTZ at 0.05 mg/kg and
0.01 mg/kg compare with MM group (Figure 6.8). This experiment shows that BTZ is

effective although BTZ at 10% of its original dosage had no effect on tumour burden.
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Figure 6.8 Dosage titrate of BTZ in 5TGM1-GFP MM murine model. Four groups were
set up in this experiment; MM bearing control (MM) (n=5), MM bearing mice with BTZ at
0.01 mg/kg (0.01 mg/kg BTZ) (n=4), MM bearing mice with BTZ at 0.05 mg/kg (0.05 mg/kg
BTZ) (n=4), MM bearing mice with BTZ at 0.5 mg/kg (0.5 mg/kg BTZ) (n=4). Error bars
correspond to SEM. ***P<0.001, ****P<0.0001. Statistical analysis was performed using

One-way ANOVA.

As BTZ at 0.05 mg/kg did not ameliorate tumour burden a dose between the
0.05mg/kg and the 0.5 mg/kg dose was set to examine if it can increase the treatment
effect together with eliglustat. All of the mice were transplanted with 5TGM1-GFP
murine MM cells and randomly assigned to four groups including MM control (MM),
single treatment with BTZ at 0.3 mg/kg i.v. (BTZ), single treatment with eliglustat at
150 mg/kg/day (Elig) and combination therapy of BTZ at 0.3 mg/kg with eliglustat at
150 mg/kg/day (Elig+BTZ). eliglustat treatment started 4 days after the injection of MM
cells until the end of the experiment. As per the previous experiment, BTZ was started

7 days after MM cell transplantation and administered at a frequency of 3 times per
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week. BM, spleen and serum were harvested 20 days after the mice were transplanted

with MM cells (Figure 6.9).

o O- —O0- »O
Day 0 Day 4 Day 7 11 14 18 Day 20
Transplant 0.5 million Start Start Bortezomib (BTZ) Cull mice
murine MM cells Eliglustat (Elig)

Figure 6.9 Schematic. The time line and experimental design used to in investigate
whether eliglustat combined with BTZ is more effective than BTZ alone in inhibiting the

tumour burden in the 5TGM1-GFP MM murine model.

The tumour burden in BM and spleen was analysed by flow cytometry. From the BM
result, a significant inhibition of MM tumour burden was observed in Elig+BTZ group
compared with BTZ group (Figure 6.10A). However, this inhibition pattern was not
observed in spleen and serum samples (Figure 6.10B, 6.10C), indicating that eliglustat
may have a specific effect in suppressing BM MM burden instead of exerting a
systematic anti-MM effect. In BM and serum, in contrast to the BTZ group (p<0.05),
Elig+BTZ had a prominent significance (p<0.01) in decreasing MM burden as
compared with the MM group (Figure 6.10A, 6.10C). This comparison also supports
the idea that eliglustat may assist the anti-MM effect of BTZ. Moreover, concordant
with previous data, eliglustat had no direct effect in controlling MM tumour burden in

the BM, spleen and serum (Figure 6.10A, 6.10B, 6.10C).
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Figure 6.10 Eliglustat combined with BTZ may better ameliorate MM tumour burden
as compared with BTZ alone in 5TGM1-GFP MM murine model. Four groups were
used in this experiment; MM bearing control (MM) (n=6), MM bearing mice with eliglustat at
150 mg/kg/day (Elig) (n=6), MM bearing mice with BTZ at 0.3 mg/kg (BTZ) (n=6), MM
bearing mice with eliglustat at 150 mg/kg/day and BTZ at 0.3 mg/kg (Elig+BTZ) (n=6).
Error bars correspond to SEM. *P<0.05, **P<0.01. Statistical analysis was performed using

Mann-whitney test.

6.2.3 Eliglustat in aged osteoporosis preclinical model

As aged osteoporosis is a disease with severe bone loss, to extend the application of
eliglustat to the bone field, the anti-OC function of eliglustat was evaluated in aged
osteoporosis preclinical model?®. Moreover, it is reported that aging may contribute to
the MM engraftment in preclinical models2°. Therefore, the engraftment ability of
5TGM1-GFP in aged mice was examined and the therapeutic effect of eliglustat was
evaluated. Due to the limited number of aged mice, all of above hypotheses are
addressed in one experiment. First, C57BL6 female mice with different ages including
12-week old, 28-week old and 80-week old were used. This is to provide the

information as to whether aged mice (80-week old) have a lower bone quality as
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compared with young mice. Secondly, a group of 80-week old aged mice were
administered with eliglustat at 150mg/kg/day for 28 days to evaluate whether eliglustat
can ameliorate the bone quality. Thirdly, some aged mice were inoculated with MM
cells to see whether MM can further exacerbate the bone in the aged mice. Lastly,
eliglustat was administrated to the aged mice with MM. During the experiment, no

adverse effects were observed in each experimental group.

After the mice were sacrificed, the tibiae were collected for micro-CT bone parameter
analysis. According to the BV/TV data, a significant decrease of bone quality was
observed in 28-week old group and 80-week old group as compared with 12-week old
mice. This indicates there was an age-related reduction of bone quality in the C57BL6
preclinical model. For the 80-week old mice, there was no significant difference
between treatment with eliglustat and the non-treatment group. This finding reveals
28 days of eliglustat treatment is not helpful in increasing the bone volume in aged
C57BL6 mice. Moreover, there is no difference of BV/TV between aged mice with or
without injection of 1million 5TGM1-GFP MM cells. As the BV/TV was extremely low
in the aged group (BV/TV% value near 0) (which means there was almost no
mineralized tissue), thus it was not surprising that the presence of MM did not further
exacerbate the condition. In addition, there was no difference in BV/TV between 80-
week-old aged mice with MM and 80-week-old aged mice with MM+Elig. Taken
together, there was no mineralized bone tissue detected by micro-CT in aged mice
(80 weeks old) and therefore eliglustat can’t restore the bone volume in aged mice by

inhibiting the OCs (Figure 6.11).
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Figure 6.11 Eliglustat did not improve BV/TV in aged mice and aged mice with MM.
6 groups of female C57BL6 mice were used in this experiment; 12 weeks control, 28
weeks, 80 weeks (aged group), aged group with either eliglustat (Elig) or with MM, and
aged group with both eliglustat and MM. Eliglustat was given at 150mg/kg/day for 28 days
and 5TGM1-GFP MM cells were transplanted at 1X108 cell/mouse. Error bars correspond
to SEM. ****P<0.0001, ns means non-significant. Statistical analysis was performed using

One-way ANOVA.

6.2.4 Eliglustat suppresses SRBC induced GC population in vivo

It has been reported that eliglustat can decrease the possibility of Gaucher’s Disease
patients progressing to MM disease and it is confirmed that eliglustat has no direct
anti-MM effect on its own in the murine model. However, MM cells are regarded as
abnormal PCs, the above findings exclude the possibility that eliglustat directly affect
abnormal PCs in vivo, but it still remains possible eliglustat may affect the cells

differentiate into PC. In this case, it could be that eliglustat affects the GC, the place
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where PC comes from, thus decreasing the risk of generating excessive abnormal

PCs such as MM cell.

To address this hypothesis, sheep red blood cell (SRBC) is use to boost T cell
dependent B cell activation, which can greatly increase GC population in the murine
spleen. To evaluate if eliglustat affects GC and PC from SRBC treated C57BL6 mice,
eliglustat is administrated 7 days before the SRBC injection until the end of the

experiment and the mice are culled 7 days after SRBC injection (Figure 6.12).

O — —O O
Day 0 Day 7 Day 14
Eliglustat in diet Sheep RBC i.p. each Cull mice
150mg/kg/day till day 14 250ul (1X10° cells/ml)

Figure 6.12 Schematic of the experimental design used to test if eliglustat affects GC
and PC in SRBC treated mice. C57BL6 mice are administrated with eliglustat at 150
mg/kg/day since day 0. On day 7, SRBC is injected to mice via i.p. to boost the GC. On day

14, all mice were culled to evaluate the GC and PC population.

After the mice were sacrificed on day 14, spleen was collected from each mouse for
flow cytometry analysis. The gating strategy of GC and PC for the SRBC group and
Elig+SRBC group is shown as follows. In short, the GC population is commonly
regarded as (B220+ CD138- IgD- Fas+ GL7+) and PC population is defined as

(B220'°v CD138+) (Figure 6.13).
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Figure 6.13 Gating strategy of GC and PC for SRBC group and Elig+SRBC group. GC
population is regarded as (B220+ CD138- IgD- Fas+ GL7+) and PC population is defined

as (B220low CD138+).

For the spleen, the overall B220 positive B cell population did not significantly alter
between the SRBC group and Elig+SRBC group, which indicates any potential cell
population from this gate was purely attribute to the sub-population alteration only
(Figure 6.14A). According to the gating strategy shown above (Figure 6.14), the GC B
cell was further identified based on B220 positive population and there was a
significant increase of GC observed in Elig+SRBC group as compared with SRBC
group (Figure 6.14B). This finding indicates eliglustat has the ability to suppress GC
in spleen. Moreover, spleen PC population was gated as described above (Figure

6.14). It was shown PC population in spleen also encounters a relatively low
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percentage after treated with eliglustat which tells PC population may potentially

affected by GC population (Figure 6.14C).
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Next, the same experiment was repeated with 2 more groups including naive control
group and eliglustat without SRBC group. All the sample process procedures and
reagents used were the same as previous experiment. According to the data, there
was no difference between SRBC group and Elig+SRBC group for B220 positive
population (Figure 6.15A). SRBC did significantly boost the GC population in spleen
while eliglustat can suppress such boost significantly, which was consistent with
previous findings (Figure 6.15B). Moreover, the pattern of PC population shifts in

Elig+SRBC group compared with SRBC group was also similar as previous
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experiment (Figure 6.15C). In short, it was confirmed eliglustat was capable of

suppressing GC population in spleen and may potentially affect the PC population as

well.
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performed using one-way ANOVA.
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6.3.1 Does eliglustat inhibits OCs via a different mechanism from ZA?

As shown in section 6.2.1, eliglustat in combination with ZA significantly improved
bone quality compared to either treatment alone. It remains unknown whether
eliglustat exerts its effect via the same pathway as ZA or via a novel mechanism. To
address this question, three aspects need to be considered including the chemical
property and mechanism of action of each reagent, the actual effect on OCs, the

dosage limitation and adverse effects.

ZA and eliglustat have different chemical structures and belong to different drug
categories'12%  which makes them likely to act via different mechanisms. For
example, ZA is a member of the BPs, which bind to hydroxyapatite. ZA alters enzyme
farnesyl diphosphate synthase and thus leads to OC apoptosis via the mevalonate
pathway'%%-157, However, eliglustat is a GSL inhibitor and appears to inhibit OCs via

NF-kB pathway as the TRAF3 level was maintained by eliglustat (Figure 5.2 and 5.5).

Second, different from ZA which causes OC apoptosis'55-157, eliglustat seems to have
nothing to do with OC viability even at the highest dosage based on in vitro study (at
the same concentration 50 yM, eliglustat is sufficient to inhibit MM cell viability) (Figure
4.2). Thus, eliglustat inhibits OCs mainly through inhibition of OC formation instead of

interfering with OC viability.

Thirdly, both ZA (0.01 mg/kg)'®® and eliglustat (150 mg/kg/day)'98 were administrated
at a high dosage, a dosage which both agents probably reached their maximum effects.

Eliglustat single use showed similar effects as ZA single use based on micro-CT
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parameters. As ZA combined with eliglustat has a further improvement in ameliorating
bone quality than the single use of each agent, it is likely ZA and eliglustat may come
to effect via different mechanisms. Furthermore, histomorphometry findings suggest
that eliglustat may suppress OC surface area better than ZA, which could be another

indication that eliglustat differs from ZA in the mechanism of suppressing OC.

In summation, it is likely that eliglustat comes to effect via different mechanisms from
ZA and may reveal a potential clinical strategy that is better than current clinical

treatments; such finding may accelerate eliglustat’s translational use into the clinic.

6.3.2 Does eliglustat have an anti-MM effect?

As the bone lesion phenotype is based on the murine MM model and it is reported that
eliglustat may suppress the development of MM from GD197.213214 thus it is necessary
to investigate whether eliglustat has a direct anti-MM effect. While it still seems an

enigma if eliglustat has actual anti-MM effect based on the results to date.

According to the in vitro data, eliglustat affects murine MM cell viability (Figure 4.5)
while the same dosage cannot inhibit OC viability (Figure 4.2). This finding gives a hint
that eliglustat may have potential anti-MM function. While above finding seems not
applicable in the murine MM model as eliglustat ameliorates bone quality without
decreasing MM tumour burden (Figure 4.16). Lastly, the combination therapy of
eliglustat with a less optimal dosage of BTZ appears to have better outcome than BTZ

alone, which indicates eliglustat may assist BTZ to exert anti-MM effect (Section 6.2.2).
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In some cases, it is recognized that the antiresorptive drugs (for example, BPs) not
only ameliorate bone quality but also decrease the MM tumour burden as the vicious
cycle is disrupted’#3257. While eliglustat seems different to BPs in inhibiting MM even
though eliglustat is quite similar to BPs in antiresorptive performance. Combined with
the in vitro data, this could possibly be due to the limitation of in vivo model. As the
5TGM1 cell is a rapid and vigorous MM cell type which makes the murine model quite
sick within 23 days, while it may take a longer time for eliglustat to disrupt the vicious
cycle and then inhibit MM tumour burden?°2. Another possibility based on the Elig+BTZ
experiment could be that eliglustat may assist BTZ to exert BTZ anti-MM effect while
eliglustat has no anti-MM effect on its own. However, this explanation seems arguable
as the inhibition effect is only observable from BM (the place where MM cell most
distributed) flow cytometry result and there is no statistical difference in spleen and

serum parameters.

In short, what can be conclude here is there is no evidence to support eliglustat has
direct anti-MM effect in vivo. Further investigation may be conducted by adjusting

combination dosage, MM cell type and the duration of the animal model.

6.3.3 Does eliglustat suppress GC fully, demonstrating the relationship between
Gaucher’s Disease and MM?
It is reported lipid disorders like Gaucher’s disease and obesity are linked with MM as

Gaucher’s disease patients have a remarkable high risk of MM198.214,
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Glucocerebrosidase (GBA), the counterpart enzyme has opposite function to GCSs,
is normally responsible for turning GSLs back to ceramide. Researchers have tried to
knockout GBA in murine model and found this causes an increase of the GC B cell'%8.
Furthermore, lyso-glucosylceramide (LGL1), a lysolipid specifically increased in GD
patients, is administrated to GBA KO mice and a further increase of spleen GC B cell
and BM PC is observed. In addition, the monoclonal gammopathy and M spikes (clonal
immunoglobin) are also observed'®®. These findings indicate high GSL accumulation
level may cause MGUS or a pre-MM condition and the administration of eliglustat can
reverse such situation as judging from their M spike intensity result'®®. While what
they didn’t answer is whether eliglustat has a direct effect in inhibiting GC, the place

where MM cells originates.

In my project, from an immunological point of view, SRBC is used to boost the GC
population and a significant inhibition of GC B cells is observed after eliglustat
treatment is observed. As MM is a post-GC disease, which is spontaneously
generated in patients, the above finding directly suggests eliglustat is capable of
suppression of a specific cell population, which may contribute to MM development,
which is a further step and breakthrough based on previous findings. Moreover,
another group of researchers have reported eliglustat may decrease the GD
associated B cell malignancy'®” and my results explain an underlying mechanism from
the physiological perspective. In short, the finding that eliglustat suppresses GC has
expanded the potential translational use of eliglustat in preventing B cell lymphoma

and other immune diseases related with B cell abnormalities.
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7.1 Glycosphingolipids and MM tumour burden

Work from our lab by Ersek et al. previously reported that inhibition of MM-associated
GSL (specifically, GM3 and GM2, the two prevailing GSLs in MM cells) by the GSL
inhibitor, miglustat, inhibits OC activation in MM bearing mice'>. However, miglustat
did not suppress murine MM tumour burden in vivo despite the abundance of MM-
associated GSLs, including GM3 and GM2, expressed by the human MM cells.
Similarly, in this project, eliglustat was unable to inhibit 5TGM1-GFP induced MM
burden. However, eliglustat was very effective at inhibiting osteolysis and OCs in MM

disease.

The lack of effect on tumour burden could be due to two reasons. Firstly, the duration
of 5TGM1-GFP MM model is quite short, hence eliglustat and other GSL inhibitors'®
may not have time to fully exert a direct anti-MM effect. However, this hypothesis
needs to be further studied as GM3 is the dominant GSL in MM cells. GM3 is known
to promote osteoclastogenesis's. Therefore, as long as GM3 is inhibited by eliglustat,
MM cells could be the cell type that are directly being influenced leading to a reduction
in OCs. While the vicious cycle would suggest that osteoclast inhibition should lead to
an indirect reduction in tumour burden, the aggressive nature of the model may
prevent this from being observed. Indeed, it is not unprecedented to demonstrate an
effect on bone disease with no effect tumour burden in murine models of

myeloma'95:258,

Secondly, it was shown that the GM3 and GM2 are human MM-associated GSL and

expressed in primary human MM cells and human MM cell lines'. However, GM3 or
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GM2 may not be prevailing in murine MM cells including 5TGM1-GFP, or, all GSLs’
level in murine MM cells could be similar as other cell types with murine origin. To
address the above possibilities, NOD-scid IL2rgnull (NSG) mice?5°260 inoculated with
human MM cells should be treated with eliglustat to see if the MM burden is alleviated.
In addition, 5T2MM murine MM cell?02261 could be used in the murine model as MM
disease caused by this cell type can last for 8-12 weeks, which could be sufficient for

eliglustat fully impact the tumour and microenvironment.

7.2 Specificity of eliglustat for Osteoclasts

From the data described in this thesis, eliglustat specifically inhibits OCs in murine
models. eliglustat was found to inhibit OCs, MM cells and OBs in vitro in a dose-
dependent manner. However, eliglustat was unable to inhibit OBs or MM cells in vivo,
emphasising a specificity for OCs in the bone. As the in vitro culture system is quite
different from the in vivo system, the data from the in vivo system should be more
persuasive. In addition, | demonstrated that both myeloid cells (including monocytes)
and OC progenitors were not affected in vivo, which indicates eliglustat primarily

effects OC formation.

There are a small number of papers describing lipid organization?62264 during OC
formation process, however none of them investigate GSLs. To gather further insight
as to why eliglustat primarily affects OCs, further work should be conducted to see
whether the GSL profile of the OC cell membrane is changed during OC formation

process using lipidomics.
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7.3 Does eliglustat maintain OC TRAF3 levels by disrupting cell membrane lipid
organisation?

Lipid rafts are organized microdomains that consist of GSLs (sphingolipids and
glycolipids), cholesterol, saturated phospholipids and lipidated proteins in the plasma
membrane of mammalian cells?3. Therefore, lipid rafts are important for signalling
transduction. eliglustat is known to inhibit GSL formation by inhibiting GCS?265266, |t
was shown that eliglustat leads to TRAF3 protein accumulation during OC formation
without increasing its mRNA levels, which could be due to alterations in the cell

membrane lipid organisation/composition.

RANKL binds to RANK receptor to initiate TRAF3 degradation, which in turn stimulates
NF-kB signalling to promote OC formation. Ha et al showed that membrane lipid raft
microdomains are vital for RANKL-induced OC differentiation and function®??. By
inhibiting the synthesis of GSL, eliglustat may disrupt the lipid composition/order of the
cell membrane that will interfere with the transduction of RANK signalling???, and

therefore TRAF3 degradation is not initiated.

Signal transduction in both canonical and non-canonical NF-kB pathways involves the
binding of RANKL to RANK receptor on the cell surface followed by downstream
signalling. Eliglustat may change the membrane lipid organisation (particularly GSL
and consequent lipid ordering) altering the lipid environment where RANK is anchored.
This may lead to inhibition of RANK/RANKL signalling transduction, resulting in the
failure to degrade TRAF3. To address the lipid environment in the membranes, the

overall lipid organisation was evaluated by spectral imaging after NR12S staining of
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the membrane?®?. The result indicates eliglustat fluidized the plasma membrane and

disrupted lipid ordering.

In addition, further experiments can be conducted. For example, to determine how
eliglustat changes the plasma membrane composition, the plasma membrane vesicles
derived from OC can be analysed using shot-gun lipidomics?%’. Moreover, the
organization of RANK receptors with respect to the lipid composition and organisation
can be imaged by super-resolution stimulated emission depletion (STED) microscopy
and combined STED- (fluorescence correlation spectroscopy) FCS methodology?32.
These technologies may reveal the nanoscale protein organisation (e.g.,
nanoclustering) and nano-environment of the proteins. Finally, the composition of the
cell membrane of the OC could be analysed using lipidomics in order to obtain more

understanding about eliglustat.

Importantly, as GSLs are derived from ceramide, it would be possible that ceramide is
increased and thus affect OC formation28. In D-PDMP treated murine BM derived OC,
ceramide level did increased, however, adding extra C2-ceramide (5 uM) did not
change the TRAP+ multi/mono nucleus cells, indicating ceramide level may not affect
the OCs?'". In addition, N-(5-adamantane-1-yl-methoxy-pentyl)-deoxynojirimycin
(AMP-DNM), a GCS inhibitor and iminosugar, did not increase the level of ceramide
in HepG2 cells at different time point up to 72 hours?®°, which indicates that ceramide
is metabolized via other pathways and may not accumulated. Therefore, eliglustat
inhibition of OC may have less to do with ceramide, however this would need to be

confirmed in osteoclasts.
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7.4 Does eliglustat maintain OC TRAF3 level by inhibiting autophagy?
As eliglustat prevented TRAF3 degradation in OC without changing its mMRNA levels
and as TRAF3 in OCs is degraded via autophagy?3'-27° therefore TRAF3 could be

maintained by eliglustat as an autophagy inhibitor.

GSL are lipids present not only in the cell membrane but also in the membranes of
intracellular organelles?”'. For example, GD3, a member of GSL, is an important
component of autophagosomal or autolysosomal membranes, thus central for the
initiation of autophagosomal/ lysosomal biogenesis?3®. In addition, it was proposed
that other lipids including phospholipids and sphingolipids may regulate autophagy?’%>

274, Therefore, eliglustat may inhibit autophagy by blocking TRAF3 degradation.

It has been reported that RANKL induces TRAF3 degradation via the
lysosome/autophagy system’!. My show that the lysosomal inhibitor BafA inhibits
TRAF3 degradation. Moreover, eliglustat was found to be an autophagy inhibitor
according to the protein expression levels of LC3 and p62. Therefore, the inhibition of
GSL by eliglustat may directly disrupt the autophagosomal flux, so TRAF3 protein

levels are maintained.

To further determine if eliglustat affects the lysosomes in OC, the lysosome numbers
and pH can be evaluated (for example, acidic organelles can be visualized by
LysoTracker, pH measured by LysoSensor). Lysosome protein levels (CTSK, Lamp1,
Lamp2) and GSL distribution in autolysosomal membrane can be determined using

confocal imaging and electron microscopy. Then, the GSL contribution to
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autophagosomal membranes could be determined, via lipidomics of gradient-purified
autophagosomes and colocalization of GSL with LC3 can be imaged (DQ Green BSA,
confocal microscopy). Finally, experiments can be conducted to exclude that eliglustat

affects the degradation of TRAF3 by the proteasome via ubiquitination".

7.5 Therapeutic prospects

In this project, eliglustat successfully ameliorated bone quality in different murine MM
bone disease within a short time period. Moreover, eliglustat was found to increase
the therapeutic effect when combined with ZA and possibly BTZ, indicates eliglustat

can be translationally used in clinic for MM disease and its bone complication.

Focusing on the role of eliglustat in MM bone disease and its mechanism regulating
TRAF3 and autophagy, this project has a tremendous potential for the translational

use of eliglustat as a therapeutic in bone loss diseases and B cell malignancy.

First, many diseases involve bone loss such as post-menopausal osteoporosis, breast
cancer and prostate cancer metastasis to bone, osteomyelitis and arthritis. Eliglustat
was proven to ameliorate bone quality both under healthy conditions and in the MM
disease state. Therefore, eliglustat, a clinically approved drug, could be repurposed
for patients who suffer from various bone loss diseases in the case which ZA is not

suitable, or they are no longer able to take BP.

TRAF3, a tumour suppressor, is mutated in various human B cell cancer such as

MM?275 and diffuse large B-cell lymphoma (DLBCL)?"6277, As TRAF3 is maintained by
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eliglustat, and, TRAF3 suppresses GC (where MM cells originate from) as well as
stops GD progress to MM'®7, therefore eliglustat may have the ability to suppress
development and/or progression of some B cell malignancies. While our experiments
found no evidence for anti-tumour responses, they were not designed to address this

question, and the use of eliglustat in a preventative setting would be of interest.

7.6 Conclusions

MM, a terminally differentiated plasma cell malignancy accompanied with typical bone
destructions, brings great suffering to the patients including bone pain and fractures.
As MM bone disease is caused by overactivated bone resorbing OCs, hence the
development of compounds that can inhibit OC formation or function is a strong clinical
therapeutic strategy. GSLs are constitutes of the mammalian cell membrane and their
alteration is linked with diseases including GD. Eliglustat, a novel small molecule

compound, was designed to target GSL which subsequently resolve GD.

In this DPhil project, different murine MM models were assessed prior to testing
eliglustat in the C57BL/KaLwRij MM model and C57BL/6 HFD MM model, which both
have bone lesion development as a consequence of increased tumour burden. After
confirming that the bone quality in diseased group was improved, mechanistic studies
of eliglustat were conducted that will underpin future studies in this area. The findings

are summarized as a diagram in Figure 7.1.

Bone quality is significantly compromised in MM murine models; this can be

ameliorated by eliglustat treatment. By inhibiting bone resorbing OC formation,
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eliglustat prevents further bone loss in vivo without affecting OC progenitors, OBs, MM
cells, HSCs or cells from myeloid linage. Myeloma-bearing mice with diet-induced
obesity have a different lipid metabolism from healthy mice due to excessive adipose
tissue. Eliglustat successfully improved bone quality in MM mice administered with
HFD with negligible side effects, indicating that eliglustat has specific target in lipid
metabolism and is tolerable under different physiological conditions. In addition, ZA,
the current first-line bisphosphonate for MM bone disease, has an additive effect in
improving bone quality when combined with eliglustat in vivo. Importantly, for the first
time, this project revealed that eliglustat suppressed GC formation significantly, which

may resolve the question as to how eliglustat prevents the progression of GD to MM.

TRAFS3, a negative regulator of OC formation, was maintained by eliglustat. The intact
membrane lipid order is essential for NF-kB signalling transduction, followed by
TRAF3 degradation and OC formation. Eliglustat was found to decrease cholesterol
or increase the unsaturated lipids in the plasma membrane, which fluidizes the
membrane and interrupts OC formation signalling transduction. Moreover, eliglustat
was proven to be an autophagy inhibitor that can maintain TRAF3 protein level and

hence inhibit OC formation.

Therefore, this project identified a novel small molecule inhibitor that maintains bone

quality by preventing the degradation of TRAF3 in OC.
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Figure 7.1 Proposed working model of how eliglustat maintains TRAF3 levels in
OCs to inhibit OC formation. Eliglustat is a small molecule that prevents
RANKL/RANK:-initiated TRAF3 degradation signalling by disrupting cell membrane lipid
orders and inhibiting autophagy. Therefore, TRAF3 negatively regulates OC formation

signalling.
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