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Summary 
Multiple myeloma is a type of blood cancer originating in the plasma cells of the bone marrow, 

affecting over 6,000 individuals in the UK annually. As a haematological malignancy, its 

incidence has increased by 11% in the UK over the past decade, making it the 19th most 

common cancer in the region. Myeloma bone disease, a severe complication of multiple 

myeloma, impacts more than 80% of patients, leading to osteolytic lesions, pain, mobility 

issues, fractures, and neurological deficits. Although not classified as bone cancer, myeloma 

significantly affects bone health. Current treatments for myeloma bone disease focus on pain 

management, surgical fracture repair, and radiation therapy to shrink bone lesions, with most 

therapies aimed at controlling and reducing bone pain. Preventive treatments are needed to 

mitigate the risk of developing myeloma bone disease. 

Direct interactions between myeloma cells and osteoclasts have been shown to increase 

myeloma cell proliferation and osteoclastic differentiation. This study employs an in vitro 

osteoclast model to explore the mechanisms of osteoclast differentiation and activation. The 

model serves as a valuable tool for investigating the effects of current myeloma therapies, 

such as immunomodulatory imide drugs, and for examining potential new treatments like 

interleukin-4, -10, and -13. The study showcases the use of various endpoint techniques and 

the development of real-time cell analysis systems to monitor osteoclast differentiation and 

fusion. Additionally, it demonstrates the application of impedance and clustering to further 

investigate these changes in response to treatments. 

The research provides insights into the differences between peripheral blood and bone 

marrow-derived mononuclear cells and examines the impact of immunomodulatory imide 

drugs and interleukins-4, -10, and -13 on the production of pro-inflammatory cytokines by 

these cells. 
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1.1    General aspects of multiple myeloma 
Multiple myeloma (MM) is a haematological cancer that originates in the bone marrow (BM)1. 

It affects plasma cells that differentiate from a type of leukocyte known as B-lymphocytes2. 

The main function of plasma cells is the production of antibodies that provide a specific and 

remembered defence to the host against foreign bodies and other threats3. Despite treatment 

progress, multiple myeloma is considered an incurable disease, with most patients relapsing 

after chemotherapy/radiotherapy. In addition, the epidemiology of MM remains unclear. 

However, risk factors have been identified, such as ageing and obesity.  

 

1.2  Multiple myeloma classification 

1.2.1 Revised International Staging System 
According to the Revised International Staging System (R-ISS), MM can be classified into 

three stages based on the measurement of serum albumin, lactate dehydrogenase (LDH), 

and serum beta-2 immunoglobulin (b2-M) and whether high-risk chromosomes are found 

using fluorescence in situ hybridisation (FISH) test. The stages of MM are as follows: 

 

Stage I:  
• Serum b2-M (a small protein that is important in the immune response as it is essential 

for the presentation of tumor antigens to T cells as a critical component of the MHC 

class I molecule.) measured at less than 3.5 mg/L  

• Serum albumin (a protein made by the liver that is necessary for maintaining good 

blood volume and general health. Albumin plays a critical role in upholding the oncotic 

pressure required for the appropriate distribution of body fluids between blood vessels 

and body tissues. This is measured at  3.5 g/dL or more  

• Normal LDH (The levels ranged from 140 units per liter (U/L) to 280 U/L) 

• No high-risk chromosome changes in myeloma cells found using FISH test. This is 

defined as having certain cytogenetic abnormalities, including immunoglobulin heavy 

chain translocations t(4;14), t(14;16), and t(14;20), del(17p), p53 mutation, 1q 

gain/amplification, and 1p deletion. 

 

Stage II: Not stage I or stage III 

Stage III:  
• Serum b2-M is more than 5.5 mg/L, in addition to the presence of one of the following: 

• High LDH  

• High-risk chromosome changes in myeloma cells found using FISH test  
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In the case of relapsed or recurrent myeloma, the cancer may need to be staged again (re-

staging) using one of the systems above.  
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1.2.2 Myeloma-defining events  
There are many factors the doctor will rely on for an accurate MM diagnosis. These include 

the overall health of the patient, symptoms and diagnostics tests of blood, urine, and BM 

biopsies. The following tests may be used to diagnose MM (data sourced from Cancer 

Research UK, NHS, and Mayo Clinic):  

• M-protein – Myeloma cells often produce monoclonal immunoglobulin, known as M 

protein. Blood and urine tests can determine the levels of M proteins, which gives an 

indication of the extent of the disease, and disease, as well as monitor the response 

to treatment and whether the disease has relapsed. Some patients only secret a part 

of the antibody known as the light chain. The levels of M protein in blood or urine can 

be detected by serum protein electrophoresis or urine protein electrophoresis. 

• The presence of serum-free light chain – These can be measured in the blood 

before being filtered by the kidneys. The test is called serum-free light chain assay; it 

is considered a more sensitive test than measuring M protein in the urine. When light 

chains are found in the urine, it is referred to as Bence Jones protein. The amount of 

light chain is measured as a ratio of 100 or more. 

• Immunoglobulin – The levels of immunoglobulins are measured to check the levels 

of antibodies in the body. These antibodies can be immunoglobulin A (IgA), 

immunoglobulin G (IgG), and immunoglobulin M (IgM).  

• Serum albumin and serum b-2M – The serum albumin and serum b-2M levels are 
measured using blood tests, reflecting the liver's biosynthetic capacity for proteins 
and factors. 

• Lactase dehydrogenase (LDH) – LDH is an enzyme that is present in almost all the 

tissues in the body. Damage tissues release LDH into the bloodstream, and therefore 

it is used as an indicator for injury or the presence of a disease. In MM, LDH levels are 

used to determine the prognosis and also the stage of the disease. 
• Hypercalcemia – High levels of calcium in the blood can cause various symptoms, 

such as dehydration, kidney problems, severe constipation, abdominal pain, weakness 

and confusion. The levels detected in MM are more than 2.75mmol/L serum calcium 

(normal range 2.15-2.55 mmol/L).  

• Kidney damage – In amyloidosis, excess light chains produced by abnormal plasma 

cells accumulate in the tissue, forming an abnormal protein called amyloid. These 

proteins can cause damage to the kidneys. At the earlier stages of MM, this does not 

cause any symptoms; however, blood tests and urine tests can detect kidney damage, 

which is indicated by serum creatinine of more than 177 µmol/L or creatinine clearance 

of less than 40 mL/min. As the kidneys begin to fail, it loses the ability to get rid of 

bodily fluids, excess salt and body waste products. This may lead to symptoms such 
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as weakness, swelling and shortness of breath. Additionally, MM can lead to cardiac 

complications such as cardiomyopathy and heart failure, which can be caused by 
cardiac amyloidosis and/or anaemia. 
 

• Anaemia – The lack of red blood cell production in the BM can lead to anaemia in 

patients with MM. This is indicated by haemoglobin less than 100g/L.  

• Osteolytic lesions – More than one bone lesion that is at least 5mm or larger in size, 

as picked by an MRI scan. 

The main materials and types of equipment used for the diagnosis of MM include the use of 

an X-ray, where skeletal X-ray is typically the first step in evaluating bones when myeloma is 

suspected or diagnosed4,5. Magnetic resonance imaging (MRI) is an instrumental test in 

determining whether normal BM has been replaced by myeloma cells or by plasmacytoma, 

and those images can also be used to detect compression fractures of the spine. Computed 

tomography (CT) gives a detailed cross-section view of the tumour in the soft tissue. Positron 

emission tomography (PET) or PET-CT scan can provide images of organs and tissues inside 

the body where a small amount of radioactive sugar substance is injected into the patient’s 

body. This sugar substance is taken up by cells that use the most energy, and because cancer 

cells tend to use more energy, they absorb more of the radioactive substance, where a 

scanner can detect this substance to produce images of the inside of the body6,7. BM 

aspiration and biopsy, these are very similar procedures often done at the same time, where 

BM biopsy requires the removal of a small amount of solid tissue using needle, whereas a BM 

aspiration removes the fluid part of the BM with a needle. In case of suspected amyloidosis, a 

sample of the abdominal fat pad will be examined under a microscope. Additionally, testing 

for specific chromosomes (cytogenetics test) or genes (FISH test) is another way to determine 

the presence of the disease and can also help determine treatment options8.  

 

1.2.3 Symptoms and complications of MM 
In the early stages of the disease, myeloma may not cause any symptoms; it is often 

suspected or diagnosed after a routine blood or urine test. Eventually, myeloma causes a wide 

range of symptoms (Figure 1.1), such as (data sourced from Cancer Research UK, NHS, and 

Mayo Clinic): 

1. Myeloma bone disease:  

• Bone pain - Mainly in the middle or lower back, the rib cage and the hips are the most 

affected area. This pain is often persistent and aching, and it is usually worsened by 

movement. 
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• Bone fractures - Bones that commonly get fractured include the spine and the ribs. 

Fractures of the spine can lead to the collapsing of the spine with associated height loss 

and spinal cord compression. 

• Hypercalcemia - This occurs when the calcium levels in the blood are too high. It shows in 

patients, due to the progression of their bone disease that causes excess calcium is 

released from the affected bones. Symptoms of hypercalcemia include thirst, nausea, 

vomiting, confusion and constipation. 

2. Low blood cell count, a shortage of red blood cells, white blood cells and platelets are 

common in multiple myeloma. This is due to the presence of myeloma cells in the BM that 

can crowd out the healthy BM, which prevents the normal number of blood cells from being 

produced. Furthermore, common myeloma treatments such as bortezomib, daratumumab 

and thalidomide can also cause low blood cell count as they can affect the production of 

blood cells within the BM as a side effect of the treatment. Anaemia is caused by reducing 

the number of red blood cells or the oxygen-carrying haemoglobin they contain. This could 

be due to the myeloma itself or the treatments given to the patients. This can cause 

weakness, fatigue, dizziness and breathlessness. Leukopenia refers to a low white blood 

cell count, which can lower the resistance to serious infections such as pneumonia. 

Thrombocytopenia is when blood platelet counts are low, which may cause severe 

bleeding even with minor injuries.  

3. Fatigue - This is a common symptom of myeloma. It is a side effect of the treatments given 

to myeloma patients. It could be caused by anaemia and other factors.  

4. Infection - This is a common symptom and complication of MM as infection occurs due to 

the disease, and the treatments can interfere with the immune system, which reduces the 

number of leukocytes, making patients more susceptible to infection. Pneumonia is a 

common and serious infection commonly seen in myeloma patients. 

5. Kidney failure can occur in patients for a variety of reasons, such as the abnormal proteins 

produced by myeloma cells can damage the kidneys, as can hypercalcemia. Some of the 

treatments for MM can cause kidney damage.  
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Figure 1.1 Disease manifestations in multiple myeloma 
Bone pain and fractures occur due to enhanced bone resorption, usually observed in the lower 

back, hips and head. Excess bone resorption also leads to the release of calcium into the 

blood, leading to hypercalcemia and its associated symptoms, such as confusion, weakness, 

and drowsiness. Lower than normal red blood count can lead to anaemia, causing dizziness 

and general weakness. M proteins released by myeloma cells can damage the kidneys, 

causing various complications such as renal failure, hyperviscosity, amyloidosis, and LCDD.  

Frequent infections occur in patients due to the reduced numbers of immune cells; pneumonia 

is a common and serious infection commonly seen in myeloma patients. Figure made by the 

author.  

LCDD = light chain deposition disease. 

 

 

1.2.4    Pre-malignant myeloma-related conditions 
In individuals with no symptoms of myeloma but who still have abnormal plasma cells 

producing M-protein, they must be closely monitored; however, no treatment is prescribed 

until they show signs and/or experience symptoms of end-organ damage. Pre-malignant 

disorders can occur prior to developing MM9. Individuals diagnosed with these conditions have 

a high risk of developing MM. Monoclonal gammopathy of undetermined significance (MGUS) 

is an asymptomatic condition in which M proteins are present in the body, and it is 

characterised by the presence of serum M protein levels in the blood less than 30 g/L, less 

than 10% of myeloma cells present in the bone marrow, absence of an end-organ damage 

(hypercalcemia, anaemia or bone lesions) and absence of B cell lymphoma. MGUS does not 
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always progress to malignancy. CT scan tests are usually recommended in high-risk patients 

for the detection of osteolytic bone lesions to rule out MM. The causes of MGUS are unknown. 

Risk factors that increase the risk of developing this disease include age (diagnosis is usually 

after 70 years of age)10, race (African and African Americans are more likely to develop MGUS 

than are white people)11, sex (it is more common in men than women)12,13, high body mass 

index (BMI)14 and family history13,15. Due to the increased risk of MGUS developing into 

multiple myeloma, doctors advise patients to look out for signs and symptoms of multiple 

myeloma such as bone pain, fatigue, weight loss, bleeding, anaemia and swollen lymph 

nodes, liver, or spleen.  

Smoldering multiple myeloma (SMM) (previously known as asymptomatic MM)16 is an 

asymptomatic clonal plasma cell disorder that is often discovered by chance following a 

routine health check or blood test for another condition. It is considered to be an intermediate 

stage between MGUS and multiple myeloma17. It is regarded as a precancerous condition that 

alters the levels of certain proteins in the body and increases plasma cells in the BM but does 

not cause symptoms of the disease. SMM is characterised by the presence of paraprotein 

levels in the blood at 30 g/L or more and in the urine 500 mg or more per 24 hours and the 

presence of 10-60% myeloma cells in the bone marrow18,19. Over half of the individuals 

diagnosed with SMM develop MM within 5 years. As no symptoms are presented, high-risk 

patients are closely monitored for evidence of the progression to active MM, such as end-

organ damage. There are other abnormal plasma cell-related disorders; these include solitary 

plasmacytoma and light chain amyloidosis20,21. The abnormal protein in MGUS and SMM 

begins to form within the BM that dispenses into the blood stream20.  

SMM is distinguished from MGUS in its clinical presentation, as in SMM there is monoclonal 

protein of more than 3 g/dL and 10-60% clonal bone marrow PCs (BMPCs) and no evidence 

of any end organ damage. The acronym CRAB refers to the most typical manifestations 

observed with MM; these being hypercalcemia, renal failure anaemia, and bone disease22,23. 

The presence of CRAB is used to distinguish between symptomatic active MM and MGUS or 

SMM (Table 1.1). In SMM, abnormal plasma cells can be detected in the bone marrow and 

abnormal protein can be detected in the blood and urine; patients do not show the typical 

symptoms of active MM such as those associated with kidney, blood calcium, paraprotein and 

light chain, immune system, or bone problems24. Like MGUS, SMM does not require 

treatment25. However, patients with SMM should be monitored for their progression to active 

MM as it was shown that there is a direct relation between the risk of progression from SMM 

to MM and the amount of serum monoclonal protein level along with the number of bone 

marrow plasma cells26.  
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Table 1.1 Summary of diagnostic criteria for MM and related disorders.  

MGUS = Monoclonal Gammopathy of undetermined significance; SMM = smoldering multiple 

myeloma; FLC = free light chain; CT = computed tomography; PET = Positron emission 

tomography.  
 

1.2.5 Role of plasma cells in healthy individuals 
Plasma cells are a subset of B lymphocytes developed from B lymphocytes that have become 

antigen-activated27. The differentiation process initiates as vital transcription factors such as 

B-lymphocyte-induced maturation protein 1 (BLIMP-1)28, interferon regulatory factor 4 (IRF4) 

and x-box binding protein (XBP-1) are being induced in the lymphoid organs29. Mature plasma 

cells have a lifespan of 2-3 days, and during this time, they continuously secret antibodies with 

antigen specificity to the antigen that stimulates the differentiation and proliferation of parental 

B cells and then plasma cells30. With a single plasma cell estimated to produce hundreds of 

antibodies per second, they are considered antibody factories and are vital contributors to 

humoral immunity31 (Figure 1.2). Plasma cells are also important in immune response 

regulation, as they inhibit the development of follicular T-helper cells by using an antigen-

specific negative feedback loop32,33. 
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Figure 1.2 Schematic illustration of plasma cell development.  
Plasma cells play a significant role in the adaptive immune system. Plasma cells develop from 

B lymphocyte white blood cells that have been activated. Plasma cells can produce 

immunoglobulins or antibodies that can attach to and destroy invading viruses or bacteria. T 

cells can directly fight foreign invasion and produce cytokines that activate the immune 

system. Figure made using BioRender.  

 
 

1.2.6 B cell differentiation into memory and plasma cells 
B lymphocytes develop from the BM multipotent stem cells. When naïve B cells navigate 

through secondary lymphoid tissues and encounter foreign antigens, they differentiate into 

multiple fates depending on the type, strength and timing of signals received within the 

lymphoid microenvironment34,35. Within the germinal centre (GC), B cells undergo somatic 

hypermutation, isotype switching and affinity-based selection, which results in the generation 

of long-lived memory B cells and plasma cells. These two cell types can migrate from the GC 

to specific sites such as splenic red pulp, medullary cords of lymph nodes or mucosal-

associated lymphoid tissues (MALT) of the guts for long-lived plasma cells, or splenic marginal 

zone or tonsillar epithelium for memory B cells36–38. T cell-dependent antigens induce naïve B 

cells to become short-lived antibody-producing plasma cells that localise to extrafollicular 

regions of lymphoid tissues. Plasma cells can depart from the tissue of origin and enter the 

circulatory system and reside mainly in the bone marrow. The migration of plasma cells from 
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the GC requires several changes in the expression of chemokine receptors as they 

downregulate the B zone and the T zone homing receptors chemokine CXC receptor (CXCR) 

5 and chemokine CC receptor (CCR) 7 as well as increasing CXCR4 expression. The CXCR4-

CXCL12 axis is essential for plasma cell migration into the BM38. Additionally, plasma cells 

can be generated from memory B cells upon exposure to the initial antigen. Therefore, plasma 

cells can be generated from several precursors at different stages during an immune 

response: naïve B cells can generate short-lived plasmablasts that provide the first line of 

protection; GC B cells can yield high-affinity long-lived plasma cells, and finally, B memory 

cells can generate long-lived plasma cells upon encounter with specific antigens37 (Figure 

1.3).  

 

 

 
 
Figure 1.3 B cell development and differentiation. 
 B cells develop from multipotent stem cells present in the bone marrow. Encounters with 

antigens cause naïve B cells to differentiate into short-lived plasmablasts, secreting mainly 

IgM. These cells provide the first line of defence against infection. Activated naïve B cells can 
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also reside in a germinal centre, where they mature and differentiate into long-lived memory 

and plasma cells. Memory B cells and plasma cells can then travel into specific sites such as 

MALT, BM, and splenic red pulp, where they receive signals from neighbouring cells. Figure 

made using BioRender.  

 

1.2.7 From plasma cells to myeloma cells  
Myeloma cells form when plasma cells grow out of control. Myeloma cells happen when 

healthy cells turn into abnormal cells that multiply, causing various issues within the body27. 

These myeloma cells produce abnormal immunoglobulins that are known by several names, 

including monoclonal proteins (M-protein), monoclonal immunoglobulins, M-spike and 

paraprotein39. The uncontrollable proliferation of myeloma cells in the bone marrow can 

prevent normal cell production, such as red blood cells, platelets and other white blood cells. 

They affect bones and the ability to produce healthy white blood cells, red blood cells and 

platelets. The causes of MM are still unclear; however, it is known that MM begins with 

abnormal plasma cells in the bone marrow that multiply rapidly (see Table 1.2 for the most 

occurring mutation in MM) 1,12. Acquired mutations can cause multiple myeloma; risk factors 

such as family history, age, race, lifestyle and exposure to radiation and chemicals can also 

increase the risk of developing MM. As explained in 1.2.4 pre-malignant myeloma-related 

conditions, Multiple myeloma can also develop from asymptomatic pre-malignant disorders 

such as MGUS and SMM12,13. 
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Table 1.2 A table highlighting the main mutations occurring in MM40-49. 
 

 

1.3 Bone marrow microenvironment in healthy individuals  
The bone marrow microenvironment (BMM) is a cellular system within the marrow that serves 

as a vital and dynamic support system for hematopoiesis50. It consists of different cell types 

as well as cytokines and matrix proteins that are vital for the proliferation and differentiation of 

hematopoietic stem cells (HSC) and the maturation of lineage-specific precursor cells51,52. The 

BMM represents a complex system that comprises of several niches which communicate 

precisely with each other to regulate the development of the cells belonging to each 

hematopoietic lineage53.  

In the adult human bone marrow, about 500 billion mature blood cells of different types are 

produced daily by a pool of hematopoietic stem cells (HSC)54. Hematopoiesis is the process 

by which HSCs differentiate into blood cells that belong to myeloid and lymphoid lineages55. 

Myeloid lineage cells include megakaryocytes, erythrocytes, dendritic cells, mast cells, 

granulocytes (basophils, neutrophils, eosinophils) and monocytes56. Lymphoid lineage cells 

include T and B lymphocytes, natural killer cells, and plasma cells57.  The HSC pool serves to 

concurrently replace the number of all blood cells that are consumed daily while maintaining 

a pool of HSCs that will allow the individual to maintain hematopoiesis throughout their life58. 

As HSCs have the ability to replicate themselves and regenerate multiple different blood cell 

types, they are considered multipotent59. The potency of cells refers to the ability of a cell to 

differentiate into other cell types. Totipotent cells have the ability to differentiate into subtypes 

of cells, such as extraembryonic and placental cells60,61. Pluripotent cells can differentiate into 

any cell type that can make up the body62. The HSC compartment consists mainly of long-

term repopulating HSCs (LT-HSC), short-term repopulating HSCs (ST-HSC) and multipotent 

progenitor (MPP) cells63. LT-HSCs are located near the endosteum of the bone marrow in a 

hypoxic environment where most of them are in a quiescent state. Upon stress, LT-HSCs 

enter the cell cycle and differentiate into all types of blood cells64. The fate of HSCs is 

controlled by intrinsic and extrinsic factors65,66. Intrinsic factors utilise transcription factors, 

epigenetic modifiers and non-coding RNAs67; extrinsic factors include the changes in stem cell 

fate dictated by the microenvironment, such as the release of cytokines and growth factors, 

as well as physical interactions with the cells within the niche68. Transcription factors are 

thought to be responsible for the regulation of HSC renewal and differentiation. The two 

essential transcriptional factors involved in HSC specification are RUNX1 and GATA169,70. 

RUNX1 plays a role in early embryonic blood cell lineage development alongside CBF-b 
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through several mechanisms to allow the transition from hemogenic endothelium to HSCs71,72. 

GATA1 plays an important role in the differentiation of hematopoietic progenitors to 

erythrocytes, megakaryocytes, mast cells, eosinophils, and basophils73,74. GATA2 is important 

to the expression of all hematopoietic lineages, and high levels of GATA2 prevent 

differentiation which helps in preserving the immature HSC pool whereby low GATA2 levels 

initiate HSC commitment75. Epigenetic modifiers allow either the activation or deactivation of 

gene expression without altering the genetic sequence. These include histone modification 

(e.g., methylation and acetylation), chromatin remodeling and DNA methylation, which is 

responsible for the repression of the methylated genes that are necessary for HSC76,77.  

 

 

1.3.1 Extrinsic factors that affect the HSC niche 
1. Hypoxia - The adult BM is hypoxic with an absolute level of pO2 less than 32mmHg and 

10 mmHg in the deeper peri-sinusoidal regions in the BM of live animals78. BM is hypoxic 

due to the limited afferent arterioles and the active consumption of oxygen during 

hematopoiesis79. Hypoxia is associated with HSC quiescence and retention80. Low oxygen 

tension induces the stabilisation of hypoxia-inducible factor (HIF)1-a which promotes the 

quiescence of HSC preventing their exhaustion by reducing the proliferation rate via 

modulating CDK1 function81. HSCs in the BM niche contain less reactive oxygen species 

(ROS) and are therefore, less susceptible to oxidative stress. Additionally, the difference 

in oxygen tension of the BM significantly affects and regulates the interactions of HSCs 

and the niche environment in a co-culture system82.  

2. The nervous system - hematopoietic stress can be triggered by the innervation of 

autonomic and sensory nerves throughout the BM83,84. HSC mobilisation can occur due to 

the stimulation of the b3-adrenergic receptor85, which activates the sympathetic nervous 

system. In addition, nonmyelinated Schwann cells have been shown to play a role in HSC 

quiescence85. 

 

1.3.2 intrinsic factors that affect the HSPC niche 
Epigenetics modifications- these include the changes in the chromatin structure underlie the 

differentiation of HSCs into their committed progenies. Important examples of these include 

EZH2, which controls gene repression through the recruitment of histone deacetylases 

followed by chromatin deacetylation and methylation of histone H3 lysine 27; BMI-1 is 

recruited for the methylation of histone H3 lysine 27 and has a role in the maintenance of the 

epigenetic memory. 
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1.3.3 Components of HSC microenvironment 
Most of the time, HSCs reside in the BM niche, which is composed of multiple cell types, 

including endothelial, osteoblastic, and stromal cells that emanate signals which play an 

important role in regulating HSC behaviour.  

Osteoclasts - whereas osteoblasts are derived from MSCs, osteoclasts are derived from 

monocytes which are of hematopoietic origin. These cells are multinucleated and considered 

polykaryons86,87. They exhibit phenotypic variability and may derive from distinct progenitors, 

contingent upon their environmental conditions, the stimuli they are exposed to, and their 

developmental phase88. 

They are precisely located in the lacunae on the bone surface and are close to the stem cell 

niche89. These cells provide important proteolytic enzymes that are essential for the 

breakdown of bone and subsequent bone remodeling90,91, providing space into which the 

hematopoietic tissue expands92. Under stress, osteoclasts produce proteases which promote 

stem cell mobilisation93,94. Some work shows osteoclasts being dispensable in maintaining 

and mobilising HSCs by G-CSF95, and that they might function as negative regulators in the 

hematopoietic system96 

Endothelial cells- these cells line the vasculature and play an essential role in the homing of 

the HSCs97. The two types of endothelial cells in the BM are arteriolar and sinusoidal 

endothelial cells98. They release an array of cytokines and express adhesion molecules such 

as intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule (VCAM-1), E-

selectin and P-selectin99. Another important protein produced by endothelial cells is C-X-C 

motif chemokine ligand 12 (CXCL12, also known as the stromal cell-derived factor (SDF)-

1100,101, which is required for the maintenance of the HSC pool. E-selectin is important in 

preventing HSC quiescence and promotes HSC proliferation, so it negatively regulates stem 

cell quiescence101,102. Therefore, endothelial cells are important in hematopoietic regeneration 

and can aid in myelosuppressive injuries through the release of factors mentioned above, 

including pleiotrophin103.  

Bone marrow macrophages- these are large phagocytic cells that are part of the immune 

system that respond to infection and tissue damage104,105. In the BM niche, they help to retain 

HSCs, as a reduction in their levels in the BM causes HSC egress to the blood tream106,107. 

Megakaryocytes- these are the largest of the hematopoietic cells and are platelets precursors 

essential in maintaining the HSC pool size108. These cells promote the quiescence of HSC 

through the expression of adhesion proteins such as CXCL4 and growth factors such as 

TGFb109,110. The interaction of thrombopoietin (THPO) and its receptor MPL triggers 

megakaryocytes to produce an extracellular matrix composed of collagens and fibronectin, 

which allows the self-renewal and quiescence of HSCs in adult BM. In addition, THPO/MPL is 

important in the maintenance of quiescent HSCs and the megakaryocyte niche111,112. 
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Regulatory T cells (Tregs)- are subsets of T cells that express transcription factors such as 

Foxp3 and are highly important in maintaining immune homeostasis113,114. The main type of 

Tregs present in the BM is a CD150high subset in close proximity to HSCs where they promote 

and maintain HSC quiescence via the secretion CD73115. In addition, Tregs support the 

plasma cell population in the BM and prevent loss of the plasma cell population during 

infection116.  

 

1.3.4 Components of HSC microenvironment-mesenchymal stem cells (MSCs)  
Mesenchymal stem cells (MSCs) are non-hematopoietic stem cells which are located in the 

bone marrow and have the ability to differentiate into different types of stromal cells, adipose 

cells and osteoblasts, amongst others117. These cells are limited in their presence in the bone 

marrow to approximately 1 per 10,000 cells. MSCs express definitive cell surface markers, 

including CD73, CD90 and CD105 but do not express classical hematopoietic cell surface 

markers such as CD11b, CD14, CD34, CD45 and CD14118,119,120. They also lack expression 

of MHC-II, CD40, CD80, and CD86120, which is considered to make them 

hypoimmunogenic120,121. The main types of mesenchymal cells within the BM include 

osteolineage progenitors122,123, perivascular cells and adipocytes. Immature mesenchymal 

stem cells also regulate HSCs. Types of mesenchymal stem cells are as follows:  

Osteolineage cells- these support hematopoiesis through their release of cytokines, such as 

granulocyte colony-stimulating factor (G-CSF)123, interleukin-6 (IL-6)124 and hepatocyte growth 

factor (HGF)125. These cells reside on the endosteal surfaces of trabecular and flat bones were 

bone and BM contact126. When these cells become terminally differentiated, they reside 

permanently within the bone matrix127. In osteoblasts, transcription factors such as RUNX2 

and osterix promote their differentiation, which allows osteoblasts to exclusively express the 

extracellular matrix protein osteocalcin128,129.  

In addition, osteoclasts originate from the myeloid cell lineage that can promote HSC 

quiescence through the production of thrombopoietin, angiopoietin 1, CXCL12, the ECM 

protein osteopontin and Wnt pathway regulators. The signalling from these cells promotes the 

retention of HSCs in the BM.  In the absence of osteoclast activity, a defective form of the HSC 

niche in the BM, which leads to the accumulation of undifferentiated HSCs in the spleen. This 

defect includes a modification of the phenotype of the mesenchymal cells involved in the 

HSPC niche, which has a negative effect on the differentiation of osteoblasts130,131. 

Perivascular cells- these cells and HSCs co-localize near the sinusoids and the balance 

between maintenance and differentiation depends on the perivascular niche of the HSC132. 

These cells support the HSC in vitro and are able to form a highly organised BM niche where 

active hematopoiesis is taking place133. Three types of perivascular cells have been identified. 
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These include CXCL12-abundant reticular cells (CAR cells), nestin-GFPdim/leptinR+ 

mesenchymal stem cells and nestin-GFPbright/NG2+ pericytes, which all contribute to HSC 

differentiation134,135,136.  

Adipocytes-these are fat cells that infiltrate the BM as it ages. Adipocytes were thought to be 

negative regulators of the BM niche and osteoblasts as adipocyte number was inversely 

proportional with hematopoietic activity in the BM and osteoblasts  137. However, this theory is 

challenged by identifying the role of adipocytes in resorting stem cell regeneration and 

hematopoiesis upon chemotherapy and radiotherapy138,139.  

 

1.4 Pathogenesis of bone pain in multiple myeloma 

As mentioned earlier, multiple myeloma (MM) is a type of blood cancer characterised by the 

abnormal growth of plasma cells, leading to bone disease. The most common complication of 

multiple myeloma is the development of osteolytic bone lesions, primarily found in the skull, 

spine, and hips. 

Over recent years, many studies have been conducted to help elucidate the mechanisms and 

factors that promote the development of bone pain in MM (Figure 1.4). These include clinical 

studies that investigate the type, location and intensity of pain in myeloma patients140. 

However, a greater understanding of the mechanisms underpinning the development of bone 

lesions and fractures in patients with MM is still required.  

Interactions between MM cells and bone marrow stromal cells (BMSC) are crucial for the 

development of bone disease141. Adhesion molecules, such as vascular cell adhesion 

molecule 1 (VCAM-1) on BMSCs and α4β1 integrin on MM cells allow cell-cell interactions 

that lead to the upregulation of autocrine and paracrine factors. These factors promote the 

development of MM cells and stimulate osteoclast activity particularly by reducing the effect 

of negative regulators of osteoclast activation/differentiation142,143. These stimulators include 

interleukin-6 (IL-6), interleukin-1α (IL-1α), interleukin-1β (IL-1β), interleukin- 3 (IL-3), tumour 

necrosis factor (TNF) a, macrophage inflammatory protein-1α (MIP-1α) and MIP-1b, 

hepatocyte growth factor (HGF), Stromal cell-derived factor-1α (SDF-1α), Annexin II, and 

vascular endothelial growth factor (VEGF). These factors stimulate the differentiation and 

activation of osteoclasts directly and indirectly142,144.  

IL-6 is a multifunctional cytokine that is upregulated in MM and stimulates the growth of 

osteoclasts and myeloma cells as well as blocking apoptosis in myeloma cells, therefore 

increasing bone loss145,146. IL-6 is mainly expressed and secreted by cells in the bone marrow 

microenvironment, such as BMSC (via direct interactions with MM cells) and macrophages, 

and it acts through the phosphatidylinositol 3-kinase (PI3k/Akt) pathway in the target cell147. 
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Simultaneously, osteoblasts can secrete IL-6, promoting bone destruction and, therefore, 

bone pain. IL-6 increases the pool of early osteoclast precursors, which eventually develop 

into mature osteoclasts147,148. IL-6 is elevated in vivo and has been shown to induce bone 

resorption, which is related to bone disease149,150.    

IL-1 is a proinflammatory cytokine present at elevated levels in highly inflammatory conditions 

such as rheumatoid arthritis and osteoporosis151. It has two main isoforms: IL-1α and IL-1β, 

which activate different signalling pathways within osteoclasts152. Both isoforms increase the 

number and the resorption activity of osteoclasts in the presence of RANKL. However, IL-1α 

mainly stimulates the formation of large osteoclasts and increases the number of resorptive 

pits, while IL-1β changes the morphology of large osteoclasts, such as promoting the 

expression of ruffled edges153,154. IL-1α binds with high affinity to IL-1 receptor I (IL-1RI), an 

activating receptor expressed on the osteoclast cell surface, activating downstream signalling 

molecules that induce osteoclast formation from osteoclast precursors, thereby enhancing 

bone resorption155. Additionally, IL1a is a classic danger-associated molecular pattern (DAMP) 

and has been shown to trigger many inflammatory responses upon its release from necrotic 

cells155,156. 

 IL-1β is a highly pleiotropic cytokine which acts as a potent inflammatory mediator as well as 

playing a role in haematopoiesis157,158. It has a potent effect on osteoclastogenesis. The main 

biological effect of IL-1β in MM is to enhance the expression of adhesion molecules and 

stimulate paracrine IL-6 production, which in turn leads to bone disease and bone painClick 

or tap here to enter text.,159. High levels of IL-1β have been found in monoclonal plasma 

samples from patients with MM159,160. 

IL-3 levels have been shown to be increased in bone marrow samples161 and serum 

samples161 of individuals with MM in comparison to healthy donors and to be associated with 

poor prognosis. IL-3 stimulates the formation of osteoclasts from osteoclast precursors and 

was found to increase osteoclast bone resorption in combination with MIP-1α and RANKL 

when these cytokines were added to osteoclasts in culture162,163. 

TNFa is found in high levels in the plasma of MM patients. This cytokine acts in synergy with 

RANKL to induce osteoclastogenesis by enabling NFkB-mediated stimulation of the 

transcription of IL-6 and adhesion molecules which promote the breakdown of bone164,165. 

Moreover, TNFa inhibits the differentiation of osteoblast precursors from progenitor cells via 

inhibiting osteoblast-specific transcription factors RUNX2 and osterix, which are responsible 

for osteoblast differentiation166.  

MIP-1α and MIP-1β are important chemokines secreted by myeloma cells that play a crucial 

role in MM bone disease and, therefore, bone pain167,168. MIP-1α and MIP-1β belong to the C-

C family of chemokines, which is responsible for the adhesion of MM to BMSCs, bone 
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resorption, and myeloma cell migration167. MIP-1α binds to C-C chemokine receptor type 1 

(CCR1), a receptor expressed on monocytes, T-cells, neutrophils, and dendritic cells, whereas 

MIP-1β binds to C-C chemokine receptor type 5 (CCR5), which is expressed on monocytes, 

T-cells, dendritic cells, eosinophils and microglia169,170. Both chemokines are potent 

chemoattractants for monocytes/macrophages and are expressed and secreted by MM cells. 

They attract osteoclast precursors and induce osteoclastogenesis while suppressing 

osteoblast activity by downregulating RUNX2171,172. High levels of both chemokines have been 

detected in the bone marrow and serum of MM patients173,174. 

HGF is involved in angiogenesis, the proliferation of epithelial cells and osteoclast 

activation175. HGF and HGF-receptor are expressed in high concentrations by myeloma cells 

in the bone marrow. Like TNFa, HGF inhibits osteoblastogenesis transcription factors RUNX2 

and osterix by suppressing the expression of bone morphogenetic proteins (BMP), important 

signalling molecules for inducing bone formation via promoting mesenchymal stem cell 

differentiation into osteoblasts175,176. Myeloma-derived HGF was found to upregulate 

interleukin-11 (IL-11). IL-11 is a factor produced by osteoblasts to recruit and activate 

osteoclasts as well as suppress bone formation by osteoblasts177. Therefore, HGF is thought 

to indirectly promote bone disease in patients with MM178. It is also upregulated in the serum 

of MM patients and these high levels are associated negatively with disease prognosis178,179.  

SDF-1α is a chemokine expressed by BMSCs and myeloma cells. Levels of SDF-1α are 

elevated in the plasma of patients with MM in comparison to those without. SDF-1α levels 

correlate positively to the presence of bone lesions in patients with MM. This chemokine 

facilitates the movement and embedding of myeloma cells in the bone marrow by binding to 

multiple receptors, such as CXC chemokine receptor type 4 (CXCR4) and CXCR7180 which 

are widely expressed on leukocytes, activated endothelial cells, dendritic cells, osteoclast 

precursors and myeloma cells181,182. SDF-1α also induces the expression of MMPs such as 

MMP-9 and other matrix-degrading enzymes, which promote osteoclast migration, 

recruitment, and activation. This suggests that the inhibitors of CXCR4 could reduce 

osteoclast activation to reduce bone pain183.  

Annexin II is a calcium-dependent phospholipid-binding protein belonging to the annexin 

family and is expressed by endothelial cells, BMSCs, macrophages, and myeloma cells. This 

pleiotropic protein is upregulated in MM patients and promotes MM cell adhesion, 

angiogenesis, osteoblast suppression, and osteoclastogenesis184.  

VEGF is another multifunctional cytokine expressed by myeloma cells. It binds to surface 

receptors expressed predominantly on osteoclasts, stimulating osteoclastogenesis and 

osteoclast activity to enhance bone resorption and osteoclast survival. In M-CSF deficient 

mice, VEGF can substitute for M-CSF in inducing osteoclasts185. VEGF also can enhance IL-

6 production from BMSCs. This creates a vicious cycle as IL-6, in turn, stimulates the 
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expression of VEGF by MM, suggesting a paracrine interaction between BMSCs and MM cells 

driven by VEGF and IL-6185.  

Other mediators have a major role through more direct effects on osteoclastogenesis in MM. 

These include receptor activators of nuclear factor-kappa B (NFkB) (RANK), RANK ligand 

(RANKL) and osteoprotegerin (OPG). RANK is a transmembrane signalling receptor 

belonging to the TNFa receptor superfamily expressed on the surface of osteoclast 

precursors. RANKL is a cytokine expressed as a membrane-bound protein on the cell surface 

of BMSCs and osteoblasts that can be shed to form a soluble protein via the action of a 

metalloprotease-disintegrinTNF-converting enzyme (ADAM17)186. Osteoblasts and stromal 

cells are the main sites of production of RANKL187. RANKL expression is upregulated in 

response to various mediators and chemokines to stimulate bone resorption. These factors 

include parathyroid hormone, prostaglandins, and 1,25-dihydroxyvitamin D3188. The binding 

of RANKL to RANK on osteoclast precursors induces multinucleation that results in the 

formation of mature osteoclasts. OPG is a soluble decoy receptor for RANKL and also belongs 

to the TNF receptor superfamily. Produced by osteoblasts and BMSCs, OPG blocks the 

interaction of RANKL with RANK, thereby limiting osteoclastogenesis188. Like RANK/RANKL, 

knockout of the Opg gene in mice confirmed the importance of OPG in the regulation of bone 

remodelling. Opg-/- mice developed osteopenia and osteoporosis. OPG can be captured by 

syndecan-1 expressed by MM cells, leading to decreased availability and increased bone 

resorption189. OPG also attracts macrophages by binding to syndecan-1189. 

The importance of OPG in bone lesions in MM is supported by the abnormal ratio of OPG to 

RANKL found in the serum of MM patients190. The RANKL-RANK-OPG pathway holds 

significant importance in the realm of T cell biology191. Additionally, the RANKL-RANK axis 

plays a crucial role in modulating the immune system during the development and functioning 

of dendritic cells192. 
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1.4.1 Role of inflammation in bone pain  
Osteoclasts degrade bone minerals by secreting protons via the α3 isoform vacuolar-type 

H+ATPase (V-ATPase), creating an acidic microenvironment (acidosis) of around pH 5. 

Protons are potent mediators of pain as they create a low pH environment which activates the 

nociceptors193. 

Inflammation is a well-characterised stimulus of pain that can result in either acute or chronic 

pain194. It is triggered by a variety of mediators resulting in inflammatory responses throughout 

the body. Increased production of pro-inflammatory cytokines such as IL-6 and TNFa with MM 

promotes osteoclastic bone resorption, as discussed above, which contributes to bone pain 

and increased sensitivity/hypersensitivity to pain (hyperalgesia). However, MM-associated 

inflammatory bone pain is thought to be due predominantly to the activation of acid-sensing 

receptors, such as acid-sensing ion channels (ASICs) and the transit receptor potential 

channel vanilloid 1 (TRPV1), by creating acidosis195. ASIC3 is an acid-sensing nociceptor that 

sends pain signals to the brain and the spinal cord via the central nervous system. If the brain 

decides the threat is viable, it creates a sensation of pain that is experienced at the point where 

the signal originated196. Acidosis results from an increase in secreted protons normally 

essential for bone mineralisation. Bone resorption occurs when osteoclasts attach to the 

surface of bone and secrete protons into an extracellular compartment formed between the 

osteoclast and the bone surface197. Increased release of protons causes an acidic 

microenvironment within close proximity to sensory neurons, such as calcitonin gene-related 

peptide-positive (CGRP+) neurons, innervating the periosteum and marrow cavity. CGRP and 

ASIC3 are highly important for physiological and pathological processes and are widely 

associated with pain195. An acidic pH activates these channels and sensitises primary afferent 

nociceptors that contribute to pain in MM194.  

Injection of bafilomycin A1, a highly selective and potent inhibitor of V-ATPase, has been 

shown to decrease the activation of CGRP+ neurons and the phosphorylation of ERK1/2, 

whereas injection of APEXx2, a selective antagonist of ASIC3, decreases function ASIC3. 

Both injections reduce MM bone pain, with the combination having a synergistic effect. This 

shows that protons released from osteoclasts to resorb bone activate pH-sensitive nociceptors 

and sensory neurons to stimulate bone pain. Therefore, molecules that inhibit osteoclast 

release of protons could be effective in reducing bone pain in patients. Furthermore, solid 

tumours formed by MM cells also contribute to pain through increased acidity in the bone 

marrow microenvironment by the release of H+ via various plasma membrane pH 

regulators195. 

The microenvironment of inflamed tissue is more acidic than surrounding normal tissue, and 

since inflammation is a cause of pain and hyperalgesia198, pro-inflammatory cytokines are, 

therefore, mediators of pain with their expression in turn enhanced by acidosis in the human 
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body. Acidosis enhances ASIC1 and ASIC3 expression on innate immune cells such as 

macrophages and dendritic cells199,200 and promotes expression of IL-6, IL-1β and TNFa by 

human monocytes 201,202. These pro-inflammatory cytokines have a paracrine effect on ASICs 

as they increase the number of ASIC-expressing neurons as well as enhancing ASIC-like 

current amplitude on nociceptive neurons, which in turn leads to a higher sensory neuron 

excitability198. This signalling mechanism on the nerve cells maintains inflammation-evoked 

pain, which impacts the nervous system. Overall, these studies provide evidence that pro-

inflammatory cytokines are not only involved in the maintenance and promotion of 

inflammation but also with the generation and maintenance of inflammatory pain through direct 

effects on sensory neurons and nociceptors190. 

 

1.4.2 Hypercalcemia 
Hypercalcemia is a secondary effect of bone pathology in MM. It is a serious condition 

whereby calcium levels in the blood are increased to above normal203. The causes of 

hypercalcemia are many. However, in MM, the main cause of hypercalcemia is the resorption 

of bone, which causes the excess release of calcium from bone204. This negatively affects 

many parts of the body, including the brain, kidneys and the digestive system. The effect of 

hypercalcemia on the brain is particularly important, as it can cause low mood and/or 

depression204. This, in turn, has been shown to exaggerate pain perception, decrease pain 

tolerance and reduce the effectiveness of chronic pain management in patients with MM205. 

Furthermore, hypercalcemia can cause non-bone-related pain in patients with MM by affecting 

the digestive system, where it can cause stomach upset and constipation206.  

 

1.4.3 Apoptosis 
Upregulation of apoptosis in osteoblasts contributes to bone loss and, thus bone pain in MM207. 

Pathways, such as TNF-related apoptosis-induced ligand (TRAIL), and Fas/Fas ligand (Fas-

L), all members of the TNF superfamily, regulate osteoblast apoptosis208,209. Fas-L is a 

transmembrane protein that induces apoptosis by clustering Fas and activating a caspase 

cascade that leads to Fas-induces apoptosis. Fas-L is overexpressed by myeloma cells to 

promote metastasis in the bone marrow. Osteoblasts were shown to be susceptible to stimuli 

that promote apoptosis in vitro when co-cultured with myeloma cells. This includes TNFa, 

IFNg, IL-1β and IL-6 that are overexpressed in patients with bone disease in comparison to 

control osteoblasts from patients without bone disease and normal donors. Osteoblasts 

overexpress activation markers, such as Fas, death receptor 4 and 5 (DR4/DR5), intercellular 

adhesion molecule 1 (ICAM-1) and monocyte chemoattractant protein (MCP-1)210. These 

chemokines and adhesion molecules regulate contact between MM cells and osteoblasts209, 
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and this direct cellular contact leads to the activation of Fas/Fas-L or DR4-DR5/TRAIL 

pathways210. Evidence from myeloma cell models (MCC-2 and MCC-4 myeloma cell lines) 

supports this mechanism of osteoblast apoptosis as co-culturing primary osteoblasts from 

patients overnight with MCC-2 and MCC-4 and MM cells isolated from patients increased 

osteoblast cell death, therefore, preventing bone formation210. This supports the idea of 

osteoblasts being programmed for cell death due to the release of inhibiting factors in the local 

microenvironment207,210,211.  

 

 
Figure 1.4. A schematic diagram illustrating the various factors contributing to pain in 
multiple myeloma. Each of these factors is interconnected and collectively contributes to the 

pain experienced by patients with multiple myeloma.	
	
 
Pathophysiology of osteoblast impairment 
Osteoblasts are mononuclear cells originating from mesenchymal stem cells212(Figure 1.5). 

Usually located near the bone surface, they form new bone via a process that requires the 

transcription factors RUNX2 and osterix213. Different factors prevent osteoblast differentiation 

and maturation through the inhibition of the Wnt pathway, contributing to an imbalance of bone 

remodelling and affecting bone disease in MM214. Wnt signalling pathway plays a significant 

role in osteoblast maturation and function215. Wnts are a group of cysteine-rich signalling 

glycoprotein molecules that activate intracellular signalling pathways to regulate various 

cellular processes214. Wnt glycoproteins bind to the Wnt receptor complex that comprises the 

Wnt molecule, lipoprotein receptor-related protein-5/6 (LRP5/LRP6) and a member of the 

frizzled family, leading to β-catenin stabilisation and, therefore accumulation in the cell216. β-

catenin translocates to the nucleus and associates with transcription factors, such as the T-
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cell factor/lymphoid enhancer factor (TCF/LEF) family, activating the expression of target 

genes that regulate osteoblast commitment and maturation. 

Extracellular antagonists, such as secreted frizzled-related proteins (sFRPs), and co-receptor 

inhibitors, such as Dickkopfs (DKKs), prevent the binding of Wnt glycoproteins to the receptor 

complex. The DKK family bind to the LRP5/6 component of the Wnt receptor complex, and 

the sFRPs bind to Wnt proteins, preventing them from binding to the Wnt receptor complex217. 

Both result in the suppression of Wnt-signaling and reduce osteoblast production.  

Secreted Frizzled-related protein-2 (sFRP2) is expressed by myeloma cells and suppresses 

bone formation by inhibiting osteoblast differentiation induced by bone morphogenetic protein 

2 (BMP2)218. MM cell lines and primary myeloma cells from individuals with MM have been 

shown to inhibit both early and terminal stages of osteoblast differentiation and, therefore bone 

formation by producing sFRP-2219. IL-3 also has been shown to block BMP-2 stimulation of 

osteoblast differentiation220 thereby indirectly inhibiting osteoblast formation.  

DKK1 is produced by MM cells221 and by osteoblasts and BMSCs222. DKK1 inhibits 

differentiation and maturation of osteoblast precursors by antagonising the Wnt pathway223 224. 

Elevated levels of serum DKK1 were found in patients with MM and have been related to the 

progression of myeloma bone disease225. DKK1 is overexpressed in those with lytic bone 

lesions, with levels reduced in patients who respond to therapy225.  

RUNX2 is a transcription factor that is essential for the proliferation of pre-osteoblasts and for 

the commitment of mesenchymal stem cells to the osteoblast lineage.  In vitro study has 

shown that MM cells block the activity and differentiation of osteoblasts from osteoprogenitor 

cells226, and many of the mediators discussed above, such as TNFa and HGF, mediate their 

effects via inhibiting RUNX2. 
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Figure 1.5 Illustration of osteoclastogenesis and osteoblastogenesis.  
Osteoclasts are derived from haematopoietic stem cells. In the presence of M-CSF, 

haematopoietic stem cells (HSC) are committed to macrophage colony-forming units (CFU-

M), which are the common precursor cells of osteoclasts. RANK-RANKL interaction activated 

CFU-M to further differentiate into mononucleated osteoclasts that ultimately fuse to form 

multinucleated osteoclasts. Multinucleated osteoclasts are fully matured upon interactions 

with osteoblast and activated upon interactions with the bone matrix, secreting acids (H+), 

proteases (e.g., CTSK), and matrix metalloproteases (MMP, e.g., MMP-9) to resorb bone (A). 

Osteoblasts are derived from multipotent mesenchymal precursors and differentiate into 

osteoblast lineage through the expression of transcription factors such as RUNX2 and Osterix. 

Osteoblasts continue to differentiate further until they either become lining cells or osteocytes 

or commit to apoptosis (B). Figure adapted from227 and 228. 
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Other negative regulators of osteoblast differentiation include sclerostin and various members 

of the transforming growth factor-beta (TGFb) and bone morphogenetic protein (BMP) family. 

Sclerostin inhibits the Wnt pathway. It is produced by osteocytes (osteoblasts when attached 

to bone matrix) and is also overexpressed by MM cells. Serum levels of sclerostin are elevated 

in individuals with MM who suffer from bone disease in comparison to individuals with 

monoclonal gammopathy of undetermined significance (a premalignant non-symptomatic 

condition that can progress to MM)229,230. Furthermore, high sclerostin mRNA and protein 

levels were expressed by four different human myeloma cell lines and in myeloma cells 

isolated from MM patients with bone disease230. The TGFb and BMP pathways downregulate 

osteoblasts through transducing intracellular signals via Smad complex or mitogen-activated 

protein kinase (MAPK) as cytokines expressed through these pathways regulate osteoblast 

maturation and bone mineralisation. TGFb proteins bind to a tetrameric receptor complex 

comprised of TGFb type I and II receptors that induce Smad-dependent or Smad-independent 

signalling. In Smad-dependent signalling, the recruitment of intracellular Smad complexes 

regulates target gene expression. In the Smad-independent pathway, activation of the 

MAPK/ERK signalling cascade initiates the expression of target genes that regulate osteoblast 

differentiation and activation. BMP signalling is initiated through the binding of BMP ligands to 

type I and II BMP receptors, inducing transphosphorylation of the type I receptors. This leads 

to the activation of either Smad or MAPK signalling pathways that induce the transcription of 

target genes regulating osteoblast differentiation and activation. Both TGFb and BMP 

pathways regulate osteoblasts under both physiological and pathological conditions and 

studying their pathways will provide novel therapeutic approaches for controlling bone 

disease. In MM, TGFb1 is released predominantly by MM cells, BMSCs and 

osteoblast231,232,233, and it has been shown to be elevated in serum in individuals with MM.  
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Table 1.3. A table summarising the main factors in osteoclast and osteoblast 
differentiation. References used for osteoclast differentiation 142,143, 164, 165, 184-190 and 

references used for osteoblast differentiation 213-233. 
 

1.4.4 Current treatments for myeloma bone disease and myeloma bone pain. 
Bone pain MM treatment- Bone pain in MM is one of the most significant factors resulting in 

reduced quality of life for individuals with MM, so its management is of paramount importance. 

Pharmaceuticals remain an important therapeutic approach in the management of MM bone 

pain, and research in the pharmaceutical management of MM bone pain has yielded great 

advances in the last ten years. However, most patients will require a multimodal approach 

where physical therapies (including surgical procedures and radiotherapy) will be considered 

for individuals with significant bone lesions and at high risk of bone fracture. Treatment of MM 

bone pain is best tailor-made for the individual, with a balance of various approaches, and this 

will depend on various factors, including the age of the individual with MM and the existence 

of co-morbidities. 

Radiation therapy is utilised to treat lytic lesions and to prevent pathological fractures. The aim 

of radiotherapy is to cure plasmacytoma. About 20% of MM patients require radiation 

therapy234. For painful bone lesions, pain relief is usually obtained with a radiation dose of 30-

36 Gy in 10-15 sessions235. This therapy has its downfalls as it can cause permanent damage 
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to the treated areas in the bone marrow, so it is particularly a concern for patients of older age 

and who are already receiving cytotoxic therapy236. 

Vertebroplasty is used to treat painful vertebral compression fractures and involves the 

injection of polymethyl methacrylate using fluoroscopy. It is very effective in relieving pain in 

MM patients237. Kyphoplasty involves a thin tube with an inflation balloon at one end being 

inserted into the collapsed vertebra prior to the injection238. 

 

Bone loss MM treatment- Bisphosphonates are analogues of pyrophosphate that inhibit 

osteoclasts specifically and have been shown to reduce bone pain in MM patients as well as 

reduce pain in rheumatoid arthritis patients239. They bind to the exposed areas of the bone 

where they are taken up by osteoclasts during bone resorption, impairing the ability of 

osteoclasts to form the ruffled border and adhere to bone240 thereby preventing bone 

resorption. The aim of bisphosphonate treatment is to prevent the differentiation of 

monocytes/macrophages to osteoclasts and to inhibit osteoclast maturation241. Furthermore, 

bisphosphonates induce apoptosis in osteoclasts and disrupt their linkage to the bone by 

binding to and inhibiting the activity of farnesyl pyrophosphate synthase, a crucial regulatory 

enzyme in osteoclasts,242. Possible mechanisms of bisphosphonates include reducing IL-6 

from BMSCs242, 243. The following compounds, alendronate, neridronate, ibandronate, 
pamidronate, risedronate, and zoledronic acid, belong to the category of nitrogen-containing 

bisphosphonates, whereas etidronate and tiludronate do not possess a nitrogen group and 

are referred to as non-nitrogen containing bisphosphonates244.  
 

Bortezomib is a first-generation proteasome inhibitor essential for treating refractory/relapsed 

MM. It affects the differentiation and activation of osteoclasts in a dose-dependent manner, 

reducing bone resorption through the reduction of RANKL and DKK1, restoring normal bone 

remodeling245. While particularly effective at limiting the early stage of osteoclast 

differentiation, bortezomib also affects the late phase of osteoclast differentiation by inhibiting 

NFkB and activator protein-1 (AP-1), disrupting the regulation of important downstream 

effectors in osteoclast differentiation246. Overall, normalisation of bone remodelling is achieved 

through the reduction of bone resorption and increased bone formation247.  

IMiDs, including thalidomide, lenalidomide and pomalidomide, are effective in the treatment of 

newly diagnosed and refractory/relapsed MM (Figure 1.6). They modify the interactions of MM 

cells with the bone marrow microenvironment and also alter bone metabolism in MM248. 

Thalidomide inhibits RANKL-induced osteoclast formation in vitro249. In combination with 

dexamethasone, thalidomide reduces bone resorption markers such as c-telopeptide of 

collagen type-1 (CTX) and TRACP-5b in patients with relapsed/refractory myeloma250,251. 
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There is also a strong correlation between RANKL/OPG ratio and TRACP-5b and CTX in 

patients, which suggests that thalidomide works by reducing the levels of RANKL252. In 

contrast, many studies suggest that thalidomide does not affect osteoblasts and bone 

formation253.  

Lenalidomide inhibits osteoclast formation by targeting PU.1, a transcription factor for 

osteoclast development, and downregulates cathepsin K254,255. The downregulation of this 

transcription factor in hematopoietic progenitors results in a change in lineage towards 

granulocytes. Similar to thalidomide, lenalidomide inhibits angiogenesis by inhibiting VEGF, 

altering the bone marrow microenvironment and suppressing the growth and proliferation of 

MM cells. This drug has been shown to reduce serum RANKL/OPG ratio in patients and in 

vitro251. 

Pomalidomide is a third-generation IMiD that blocks RANKL-induced osteoclastogenesis, 

normalising the RANKL/OPG ratio254. Additionally, it downregulates PU.1, which shifts the 

commitment of osteoclast precursors in granulocytes instead of mature osteoclasts256.  

 

Chimeric antigen receptor T (CAR-T) cell therapy targeting B cell maturation antigen (BCMA) 

has demonstrated notable success in addressing relapsed/refractory (R/R) MM, presenting a 

new outlook for patients with this condition in recent years257.  There are presently two FDA-

approved CAR T-cell products for the treatment of relapsed/refractory MM (RRMM): 

idecabtagene vicleucel (ide-cel) and cilta-cel. Both medications are authorized for use in 

RRMM following four or more lines of therapy, including a proteasome inhibitor (PI), 

immunomodulatory agent, and anti-CD38 directed therapy258.  
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Figure 1.6 Chemical structure and mechanism of action of IMiDs.  
Chemical structure of thalidomide, lenalidomide, and pomalidomide are collectively referred 

to as IMiDs. Thalidomide is composed of phthalimide and glutarimide (A). IMiDs (purple 

parallelogram) bind to CRBN, a substrate receptor of CDL4 E3 ligase, to recruit substrates for 

ubiquitination and proteasomal degradation (B). Ub = ubiquitination; E2 = ubiquitin-

conjugating enzyme; RBX1 = ring box 1; Cul4A = Cullin 4 Ring E 3 ubiquitin ligase; DDB1 = 

DNA damage-binding protein 1; CRBN = cereblon; IMiDs = immunomodulatory Imide drugs. 

Figure adapted from Gao, S., Wang, S. & Song, Y. 2020. 

 

Although many treatments are available to prolong the life of patients with MM, many suffer 

from chronic pain. While the priority is to treat the myeloma malignancy itself, treatments are 

available to provide pain relief/palliative care resulting from myeloma bone disease (Figure 

1.7). However, current therapies do not provide the necessary pain relief for many patients 

with MM, and more research is required to identify new therapies that will improve patients’ 

outcomes. 

 

 



 31 
 

 

 
Figure 1.7 Pathophysiology of osteolytic bone disease and sites of action of current 
treatments.  
Bisphosphonates inhibit osteolytic bone resorption by interrupting osteoclast binding to bone, 

preventing osteoclasts from forming the ruffled border. Bortezomib inhibits osteoclast 

maturation and differentiation by reducing the levels of RANKL to suppress osteoclast 

precursors, induce osteoblast differentiation and increase osteoblast activity. IMiDs are potent 

inhibitors of osteoclastogenesis, inhibiting the differentiation and activation of osteoclasts. This 

restores the RANKL/OPG ratio in the bone marrow microenvironment, allowing normal bone 

remodelling. 
 
Bone pain has a detrimental impact on the physical capacity and quality of life of patients with 

MM causing increased morbidity and disability. Imbalanced bone remodelling is the main 

cause of bone disease in myeloma, with various mechanisms and factors contributing thereto, 

such as Wnt/DKK1, RANKL/OPG, IL-6, TNFa and TGFb, amongst others, as illustrated in this 

review. However, more research into the neuropathic pathways in myeloma bone disease are 

required to identify the pathophysiological mechanisms underlying both chronic and acute pain 

to provide more targeted therapy. Nevertheless, much progress has been made recently to 

further our understanding of myeloma bone disease. Osteoclasts play a role in the 

development of drug resistance in multiple myeloma by providing cytoprotective signals in the 

bone marrow259. This insight could potentially lead to the development of new strategies to 

overcome drug resistance in MM. This has led to the development of targeted therapies which, 

when used in combination with anti-myeloma therapies, have improved the median survival of 

patients with MM260,261,262.  
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1.5 Aims and objectives 
Over the last decade, survival outcomes for patients with MM have increased significantly. 

Nevertheless, the disease remains incurable, with many patients developing bone disease, 

often leading to chronic pain. Better therapeutic regimes which inhibit osteoclastogenesis, 

promote osteoblast-driven bone formation and control neuropathic pain are required. Overall, 

this would likely achieve more effective analgesic control in patients with MM, improving health 

outcomes and patients’ quality of life. The main aim of this thesis is to improve our 

understanding of osteoclastogenesis and to investigate the effects of current and novel 

myeloma therapies on the differentiation and activation of osteoclasts and myeloma cells by: 

 

1.  Using an osteoclast model in vitro to monitor the differentiation of osteoclasts using 

real-time assays. 

2.  Determining the effects of IMiDs and IL-4, IL-10 and IL-13 on the differentiation and 

activation of osteoclasts using endpoint and real-time assays.  

3.  Investigating the effects of IMiDs and IL-4, IL-10, IL-13 on MNCs derived from early 

diagnosed patients. 
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Chapter Two 

Experimental Procedures  
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Experimental procedures 

2.1 Overview:  
This chapter contains a general overview of the materials and methods used for the 

experimental chapters within the thesis. Specific methodologies and experimental designs are 

described in detail within the relevant chapters. Experimental outlines and concepts are 

described below.   

 

2.2  Laboratories consumables, chemicals and reagents 

Cell culture multi-well and other plastic consumables were purchased from Greiner Bio-One 

(Stonehouse, UK). Monocyte separation reagents for the autoMACS separator, including 

specific microbeads and magnetic columns, were purchased from Miltenyi Biotec (Cologne, 

Germany). Chamber slides used for confocal microscopy were purchased from Merck 

Millipore (Massachusetts, USA). All cell culture media and supplements, including phosphate 

buffered saline (PBS), RPMI 1640, sodium pyruvate and 2-mercaptoethanol, were purchased 

from ThermoFisher Scientific (Massachusetts, USA). 

 

2.3   Antibodies, agonists and antagonists 

The flow cytometry antibody for monocyte purity monitoring was an anti-CD14 antibody 

eFluor® 450 (isotype mIgG1, clone 61D3, eBioscienceTM; 48-0149-42). Anti-CD36 antibody 

(anti-human, REAfinityTM, clone REA760, isotype IgG1; 130-110-739) and anti-CD98 antibody 

(anti-human, REAfinityTM, Clone REA387, isotype IgG1; 130-120-051) were both purchased 

from Miltenyi Biotec. The agonist lipopolysaccharide (LPS; ultrapure) was purchased from 

InvivoGen (San Diego, USA). Dimethyl Sulfoxide (DMSO) Hybri-MaxTM was purchased from 

(Sigma-Aldrich; Poole; UK).  

Cytokines needed for osteoclast differentiation: Macrophage colony-stimulating factor (M-

CSF) and receptor activator of nuclear factor kappa 𝛽 ligand (RANKL), purchased from 

Miltenyi Biotec, Cologne, Germany.  

Treatments used in this study: lenalidomide (brand name: Revlimid), pomalidomide (brand 

name: Pomalyst) and thalidomide (brand name: Thalomid) were all obtained from Celgene 

(now part of Bristol Myers Squibb); New Jersey, USA.  
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Anti-inflammatory cytokines used in this study: human interleukin 4 (IL-4) research grade, 

human interleukin 10 (IL-10) research grade, and human interleukin 13 (IL-13) research grade 

were purchased from Miltenyi Biotec, Cologne, Germany.   

Primary antibodies used in confocal microscopy included anti-TOMM20 mouse monoclonal 

(ab56783; isotype IgG1), and anti-tartrate resistant acid phosphatase (TRAP) mouse 

monoclonal antibody (ab238033; isotype IgG1) that were both purchased from Abcam, 

Cambridge, UK. Anti-receptor activator of nuclear factor kappa 𝛽 (RANK) monoclonal mouse 

antibody (Clone 80707; isotype IgG2A) was purchased from R&D systems (Biotechne; 

Minneapolis; Minnesota, USA). The secondary antibody used in confocal microscopy was a 

goat anti-mouse H&L polyclonal antibody (Alexa Fluor 488; ab150113, isotype IgG) purchased 

from Abcam Cambridge, UK. 

Antibodies used in western blotting: Integrin 𝛼V polyclonal antibody (Cell Signalling; 4711), 

integrin 𝛽3 antibody (Cell Signalling; (D7X3P) XP® Rabbit IgG mAb 13166), 𝛼5 integrin 

polyclonal antibody (Cell Signalling; 4705), integrin 𝛽1 (Cell Signalling (D2E5) Rabbit IgG mAb 

9699), integrin 𝛽5 (Cell Signalling (D24A5) Rabbit IgG mAb 13629) and integrin 𝛼4 (Cell 

Signalling; (D2E1) XP® Rabbit IgG mAb 8440). The monoclonal mouse 𝛽-actin was purchased 

from Abcam (8226; isotype IgG1), Cereblon (CRBN) (abcam; mouse IgG1 mAb;ab244223). 

GAPDH (Biotechne; monoclonal mouse IgG1; MAB5718; clone 686613). (see Table 2.1 for 

summary of antibodies used). 
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Table 2.1. A table summarising the antibodies used, along with the company, catalogue 
numbers, and dilutions for immunostaining, Western blotting (WB), or flow cytometry. 

 

 

2.4  Sample collection and preparation 

All samples were collected with informed written consent. Ethical approval was obtained from 

Wales Research Ethics Committee 6 (REC number 13/WA/0190) initially and then Swansea 

University Medical School (SUMS) Research Ethics Committee (REC), project reference 

2022-0029. Human venous blood samples were collected between 0830 and 1000 from 

healthy non-fasted participants into sterile sodium heparinised Vacuettes
TM

 (Greiner Bio-one, 

Frickenhausen, Germany). The volume of samples would vary, but in general, 12 tubes of 

blood would be collected from individuals of different age groups – this is around 110 mLs. 

The samples were processed ex vivo within 10-15 minutes of collection to avoid the potential 

activation of cells.  

 

2.4.1  Blood separation 
All primary cell culture procedures were implemented under sterile conditions within a 

Biological Safety Class II Scanlaf Mars Hood (Labo, Lynge, Denmark) using sterile equipment. 

All media used for cell culture was sterile and endotoxin-free. Any non-sterile media was filter 

sterilized using a 0.22 µL filter unit (Millipore, USA) and a 20 mL syringe (BD Biosceince, 

USA). Cell incubation unless specified otherwise, was carried out at 37 °C under atmospheric 

pressure accompanied by 5% CO2-in-air (CO2 air-jacketed incubator NuAire, Plymouth, USA).  

 

2.4.2 Mononuclear cell isolation        
Mononuclear cells (MNCs) were isolated by layering whole blood (1:1 ratio) onto sterile 

Histopaque (density 1.077g/mL, Sigma-Aldrich; Poole; UK) prior to centrifugation at 805 x g 

for 20 minutes at room temperature, no brake. Centrifugation resulted in four distinct layers 

according to density; plasma, MNC layer, Histopaque and red blood cells combined with the 

polymorphonuclear cells (Figure 2.1). After discarding the plasma layer (yellow colour), MNCs 

(buff colour) were carefully removed with a sterile plastic Pasteur pipette and washed with 

RPMI 1640 (Life Technologies, Paisley, UK) twice by centrifugation at 515 x g. The MNC pellet 

was resuspended in media specific for the downstream assay, and cell count was determined 

using the Countess® automated cell counter (Life Technologies) as described in section 2.5.  
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Figure 2.1 Mononuclear cell isolation from whole blood. 
Human blood was layered onto a Histopaque gradient at a 1:1 ratio. Density gradient 

centrifugation separation resulted in four distinct layers: plasma, mononuclear cells (MNC), 

Histopaque, and red blood cells (RBC)/polymorphonuclear cells.  

 

2.4.3 Monocyte isolation. 
Classical monocytes represent about 80 - 90% of all monocytes, and they are characterised 

by high expression of CD14263. On monocytes, CD14 is bound to the membrane via a 

glycosylphosphatidylinositol anchor264. Initially, MNCs isolated as in section 2.4.2 were 

counted and then centrifuged at 300 x g for 10 minutes and the pellet was resuspended in 80 

µL of MACS buffer (2% fetal calf serum (FCS HyClone, ThermoFisher Scientific, 

Massachusetts USA) in PBS (Life Technologies)) per 107 cells and 20 µL of CD14 specific 

microbeads per 107 cells. The MNC-microbead cocktail is incubated in the fridge for 15 

minutes and then washed with MACS buffer (1 mL per 107 cells) and centrifuged at 300 x g 

for 10 minutes. The supernatant was discarded, and the pellet was resuspended in 1 mL of 

MACS buffer. This solution was then applied to the autoMACS separator (Miltenyi Biotec) 

twice; monocytes were isolated through positive magnetic selection. Monocyte numbers were 

determined using the Countess® automated cell counter (Life Technologies) as described in 

section 2.5. 
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2.4.4 Cell counting 
Cell counting and viability were accomplished using the CountessTM automated cell counter 

(Life Technologies). Isolated cells were diluted accordingly (based on the cell type and the 

anticipated cell number), and a 1:1 ratio of diluted cells to trypan blue (0.4%; Life 

Technologies) (usually 10µL of cells in suspension is mixed with 10µL of Trypan blue) was 

applied to the CountessTM cell counting slide (Life Technologies). The density was determined 

via the equivalent counting of four 1 mm x1 mm squares on a standard haemocytometer. The 

total live cell count (via trypan blue exclusion) was used for calculations for downstream 

experiments, inclusive of the application dilution factor.  

 

2.4.5 Monocyte purity 
Flow cytometry was used to determine the purity of isolated monocytes. For purity monitoring, 

100,000 cells were incubated with anti-CD14 eFluor 450 in the dark at 4 °C for 30 minutes. 

Cells were then washed once with FACS buffer (0.2% w/v bovine serum albumin (BSA), 0.05% 

sodium azide (Sigma-Aldrich; Poole; UK) in PBS) and centrifuged at 515 x g at 4 °C for 7 

minutes. Cells were then resuspended in 100 µL of the FACs buffer and analysed using the 

NovoCyte flow cytometer and the NovoExpress software, version 1.4.1 (Agilent; California; 

USA). The lasers and wavelengths used were blue (488 nm), red (633 nm), and violet (405 

nm). Initially, forward scatter (FSC) and side scatter (SSC) parameters were set and then the 

individual fluorophore channel was set with the use of an isotype control sample; typically, a 

relative fluorescence intensity of above 104 was set as a positive signal. FSC is a measure of 

the cell size, and SSC is a measure of cellular granularity. Cells were then acquired at 10,000 

events of the population of interest. The flow cytometer's quality control (QC) was monitored 

using BD Cytometer and Tracking beads (BD Biosciences). Briefly, one drop of the beads was 

added to 0.5 mL of PBS, and the QC programme was initialised. The data acquired were 

compared to a previously set baseline to ensure laser functionality.  

 

2.4.6 Data analysis 
All cells were initially acquired using the NovoExpress Software (Agilent; California; USA). All 

data post-acquisition were analysed using FlowJo 10.8.1 (Tree star, Oregon, USA). Initially, 

histograms of the single stained sample or quadrants of dual stained samples were created 

for the specific fluorophores of interest. Example gating strategies are provided for each 

experimental use of flow cytometry throughout the results chapters. Purity data are expressed 

as a percentage (Figure 2.2).  
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Figure 2.2 Example of CD14 monocyte purity monitoring.  
Flow cytometry revealed the purity of a magnetic microbead-isolated CD14+ monocytes. An 

example of a rectangular gated monocyte population acquired on the Novocyte flow cytometer 

according to forward scatter (FSC), and side scatter (SSC) properties (Figure 2.2 A). Exclusion 
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of doublet cells using FSC height (FSC-H) versus FSC area (FSC-A) (Figure 2.2 B). A 

histogram of isolated monocytes with isotype control (grey) and stained (blue) with anti-human 

CD14 eFluor 450 (Figure 2.2 C).  
 

2.5 Compensation 

The presence of two or more fluorophores within the same tube required compensation to 

adjust the potential spectral overlap upon emission. Any spectral overlap could cause false 

positive results upon data collection. Compensation was performed using a single stained tube 

for each fluorophore with a distinct positive and negative population within. In the case where 

all events were positively stained, a mix of the positively stained sample and the unstained 

control sample was run. Gates and labels were applied to the positive and negative events, 

and a compensation matrix was calculated using FlowJo 10.8.1 (Tree Star, Oregon, USA). 

The compensation matrix specifies any percentage spill over of the primary fluorophore into 

the other channels of interest. The compensation matrix was applied to all downstream-

acquired tubes prior to data analysis.  

 

2.6 Enzyme-Linked Immunosorbent Assay (ELISA) 
ELISA is a technique used to quantify proteins and other mediators, typically in the 

supernatant of samples. Here it is used to measure specific cytokines or chemokines from the 

cell-free culture supernatant. A sandwich ELISA was used in this project according to the 

manufacturer’s instructions (R&D Systems Duo-Set; Bio-Techne; Figure 2.3). Initially, the 

ELISA plate is coated with the capture antibody that is specific for the targeted protein. The 

antibody is diluted to a working concentration in PBS and 50 µL added to each well of half 

area 96-well plates (Greiner Bio-One; Stonehouse; UK); these are used to minimise reagent 

use and increase the number of assays per purchased kit. The coated plate was left overnight 

at 4 °C. The next day, the excess capture antibody was discarded, and the remaining protein 

binding sites on the plate were blocked with 150 µL of blocking buffer that consisted of 1% 

BSA (Sigma-Aldrich; Poole; UK) dissolved in PBS. The plate was incubated in the block buffer 

for one hour at room temperature with gentle agitation on a Heidolph Titramax 1000 plate 

shaker (Heidolph instrument; Schwabach; Germany) at 450 RPM. The blocking buffer was 

discarded, and the plate was washed three times with 200 µL/well of the washing buffer 

(0.05% of Tween 20 (Sigma-Aldrich; Poole; UK) in PBS). Samples were thawed and either 

used neat or diluted accordingly with the block buffer. The standards were also diluted 

according to the protocol and the datasheet provided with the kit. The samples were added in 
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duplicates to the plate along with duplicates of a specific standard curve for the cytokine of 

interest, which included a blank (block buffer only; negative control) to analyse the contribution 

of the background absorbance of the plate and the block buffer to the signal.  

The plate was incubated at room temperature for at least two hours with gentle agitation. After 

discarding the samples, the plate was then washed with the washing buffer four times. The 

detection antibody was diluted to a working concentration and added to the plate for two hours 

at room temperature with gentle agitation. The plate was then washed four times with the wash 

buffer. A working concentration of streptavidin-horseradish peroxidase (HRP) was applied to 

the plate for exactly 20 minutes at room temperature with gentle agitation. The plate was 

washed for a final six times with the wash buffer. A 1:1 solution of hydrogen peroxide and 

tetramethylbenzidine (TMB; BD Biosciences) was prepared, and 50 µL of the solution was 

applied to the plate. A blue colour was allowed to develop in the dark at room temperature. A 

final 50µL of 1M sulphuric acid (H2SO4) was added, turning the blue solution into a yellow 

solution. The absorbance of the plate was measured at 450 nm using a plate reader 

(POLARstar Omega, BMG, Germany), and the final protein concentration was calculated 

using the standard curve using Excel Version 16.70 (Microsoft, USA) (Figure 2.3).  

The cytokines analysed for this project: Human MMP-9 DuoSet (DY911), Human MMP-2 

DuoSet (DY902), Human IL-6 DuoSet (DY206), Human TNFa DuoSet (DY210). All ELISA kits 

were purchased from Bio-techne (R&D Systems; Minneapolis; Minnesota; USA).  

 

Figure 2.3 Overview of enzyme-linked immunosorbent assay (ELISA). 
An overview of the five-step experimental procedure of a sandwich ELISA. (1) 50 µL of diluted 

capture antibody was applied to the plate, and the plate was sealed and incubated overnight 

at 4 °C. The plate was then washed three times with PBS/tween using a multichannel pipette. 

The plate was then blocked for 1 hour. (2) The samples were diluted to the desired 

concentrations using the blocking buffer or appropriate diluent. The plate was sealed and 



 42 
 

 

incubated for 2 hours at room temperature. The plate was then washed four times with 

PBS/Tween. (3) Detection antibody was diluted accordingly and added to the plate for 2 hours, 

then the plate was washed four times with PBS/Tween. (4) Streptavidin horseradish 

peroxidase (HRP) conjugate was added for 20 minutes, and then the plate was washed six 

times. (5) The addition of tetramethylbenzidine (TMB) allows blue colour development before 

stopping the reaction with the addition of sulphuric acid (H2SO4). The plate was read at 450 

nm. Diagram made with BioRender (Toronto; Ontario; Canada). 

 

2.7 Protein estimation  
Protein estimation was performed using a detergent-compatible (DC) protein assay (Bio-Rad, 

Hemel Hempstead, UK). The assay is designed to measure protein concentrations using 

coulometric techniques following detergent solubilisation. Briefly, cell lysates were centrifuged 

at 20,817 x g at 4oC for 10 minutes. Samples were diluted and applied in duplicates to a 96-

well plate along with the BSA protein standard curve (Sigma-Aldrich; Poole; UK). Dilutions of 

protein standards were prepared each time the assay was performed to create a standard 

curve, from 0-2 mg/mL. The diluted cell lysates and the standards were pipetted onto the plate 

at 5 µL/well and then 20 µL of reagent S (surfactant solution) was added to each 1 mL of 

reagent A (alkaline copper tartrate solution) and 25 µL of this mix was applied to the plate. 

Reagent B (dilute folin reagent; Bio-Rad) was added to the plate at 200 µL/well. The plate was 

gently mixed and placed in the dark to incubate for 15 minutes at room temperature with gentle 

agitation. Optical density was measured at 650-759 nm with a microplate reader (POLARstar, 

BMG), and protein quantity was calculated then normalised to a final volume of 45 µL for 

loading using Excel Version 16.70 (Microsoft, USA).  

 

2.8 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)  

Normalised protein lysate samples were added to x 5 loading buffer (10% w/v SDS, 10 mM β-

mercaptoethanol, 20% v/v glycerol, 0.2M Tris-HCl (pH 6.8) and 0.05% w/v bromophenol blue) 

and heated at 95°C for 5 min. Samples were carefully applied to a 10% (v/v) SDS-

polyacrylamide gel and separated by gel electrophoresis, which was performed using a Bio-

Rad Mini-PROTEAN Tetra system (Bio-Rad) (see Table 2.2 for separating gel and stacking 

gel recipe). The system was submerged in x 1 SDS-PAGE running buffer (25 mM Tris- HCl, 

200 mM glycine and 0.1% w/v SDS; all purchased from Sigma-Aldrich; Poole; UK), and 

samples were carefully loaded onto the gel. A Precision Plus Protein All Blue Standard (Bio-

Rad) molecular weight marker (10-250 kD) was used in two lanes, on either side of the gel, to 

aid in the cutting of the membranes. Gel electrophoresis was performed at 200 V for 40 min 

using a Power Pack 300 (Bio-Rad). 
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Table 2.2 Separating (running) gel and stacking gel recipes used western blot. 

 
Separating gel  

 
Required volume  

 
Stacking gel  

 
Required volume  

1.5M Tris pH 8.8 3.75 mL  0.5M Tris pH 8.8 1.25mL 

30% acrylamide  5mL  30% acrylamide  650μL 

H2O 6mL  H2O 3mL  

10% SDS 150μL 10% SDS 50μL 

10% APS 75μL 10% APS 25μL 

TEMED 15μL TEMED 5μL 

 

2.9 Semi-dry membrane transfer  

Prior to completion of the gel electrophoresis, AmershamTM Hybond®-P polyvinylidene 

difluoride (PVDF) membrane (GE HealthCare, Technologies Inc; Chicago, USA) was 

activated in methanol for 20 seconds and then transferred to cold x 1 transfer buffer (10% x 

10 Tris-glycine and 20% methanol). Blot absorbent filter paper (Bio-Rad) was allowed to 

equilibrate in transfer buffer for 10 min. The SDS-PAGE gel was carefully transferred to a filter 

paper – PVDF sandwich, and another layer of filter paper was applied on top. A Trans-Blot 

Turbo transfer system (Bio-Rad) was used to transfer the proteins from the gel to the PVDF 

membrane at 25 V for 30 min. Once removed from the transfer system, the membrane was 

placed into 5% (w/v) bovine serum albumin (BSA; Sigma-Aldrich; Poole; UK) in Tris-buffered 

saline (TBS; Sigma-Aldrich; Poole; UK) for 1 h at room temperature with gentle agitation for 

non-specific blocking.  

 

2.10  Immunoblotting  
Membranes were probed with antibodies targeting different integrin subunits: integrin 𝛼V 

polyclonal antibody (Cell Signalling; 4711), integrin 𝛽3 antibody (Cell Signalling; (D7X3P) XP® 
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Rabbit IgG mAb 13166), 𝛼5 integrin polyclonal antibody (Cell Signalling; 4705), integrin 𝛽1 

(Cell Signalling (D2E5) Rabbit IgG mAb 9699), integrin 𝛽5 (Cell Signalling (D24A5) Rabbit IgG 

mAb 13629) and integrin 𝛼4 (Cell Signalling; (D2E1) XP® Rabbit IgG mAb 8440). The protein 

loading was evaluated and normalised using monoclonal mouse 𝛽-actin Abcam (8226; isotype 

IgG1). All primary antibodies were used at 1:1000 dilutions in 5% (w/c) BSA, TBS, 0.1 Tween 

20 (pH 7.6; Sigma-Aldrich; Poole; UK) overnight at 4 oC with gentle agitation.  

The primary antibody solution was carefully discarded, and the PVDF membrane was washed 

three times with x1 TBS/0.05% Tween 20 and incubated in horseradish peroxidase conjugated 

(HRP) secondary antibody. The secondary antibody used was either anti-rabbit or anti-mouse 

IgG, HRP linked (7074S or 7076S respectively; both Cell Signalling) in x1 TBS/0.05% Tween 

20 for 1.5 hours and then washed a further three times. The levels of immune reactive proteins 

were visualised using enhanced chemiluminescence (ECL; ChemiDoc XRS, Bio-Rad). 

Depending on the expression levels of the protein of interest, PVDF membranes were 

incubated for a period of 1 - 240 seconds with Amersham ECL Select Western blotting 

detection reagents (GE HealthCare Technologies Inc). Immunoblots were then saved for 

downstream densitometric analysis.  

 

2.11 Densitometry  

Semi-quantification of immune reactive proteins was performed using densitometry. Images 

of non-saturated immunoblots were transferred to ImageJ software 1.53k (Java 1.8.0; Wayne 

Rasband and contributors National Institutes of Health, USA). Briefly, a rectangular selection 

was employed to capture all specific immunoblots and lanes were consistently selected using 

the straight-line tool. The area of the histogram was then determined and normalised to the 

corresponding area of the β-actin loading control.  

 

2.12  Adhesion of cells using Cell-Tak 

To visualise monocytes on day zero of the differentiation, Cell-Tak (Corning, Massachusetts, 

USA), a specifically formulated protein solution extracted from the marine mussel, Mytilus 

edulis, was used at 3.5 µg/cm2 per well to attach them to the chamber slides used for confocal 

microscopy. Cell-Tak was applied to the plate and was allowed to be absorbed onto the plate 

with the addition of 0.1 M sodium bicarbonate (Gibco; ThermoFisher Scientific; 
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Massachusetts, USA). After 20 minutes, the liquid was removed, and each individual well was 

washed once with sterile, endotoxin-free water. The chamber slide was left to dry at room 

temperature before being used immediately.  

 

2.13  Confocal microscopy  
Isolated monocytes were either adhered with Cell-Tak on a Millicell EZ 8-well chamber slides 

(Merck Millipore, Massachusetts, USA) or seeded onto the slides for culture in differentiation 

media. To visualise the nuclei and the cytoplasm, all the media was removed from the 

chamber slide. The chambers were washed twice with 1 X PBS before fixing with 10% neutral 

buffered formalin (Sigma-Aldrich; Poole; UK) for 15 minutes at room temperature. The cells 

were then washed twice with 1 X PBS (ThermoFisher Scientific; Massachusetts, USA) before 

adding 1 µg/mL of Hoechst 33342 Solution (ThermoFisher Scientific; Massachusetts, USA) 

and 0.1 % CellMask™ Orange plasma membrane stain (ThermoFisher Scientific; 

Massachusetts, USA), as per manufacturer's instructions. Cells were then incubated in the 

dark for 15-30 minutes at room temperature. The cells were washed a final two times with 1 X 

PBS before removing the chamber and adding VECTASHIELD® Mounting Medium for 

Fluorescence (Vector Laboratories, Burlingame, USA). Fixed cells were visualised at a range 

of magnifications using a laser scanning confocal microscope (Zeiss LSM720, Oberkochen, 

Germany). Image analysis was performed using ImageJ Software. 

 

2.14  Mitochondria, RANK and TRAP visualisation  

Prior to applying the primary antibodies to the cells, different fixing techniques were tested, 

and the best-suited fixing and permeabilisation method was used for each antibody (these 

data are shown in Appendix 10.1-10.3). Isolated monocytes grown on chamber slides were 

removed from the incubator and chilled for 5 minutes in the cold room before aspirating the 

media. Tris Buffered Saline (TBS; Thermo Scientific; Massachusetts, USA) was used to wash 

the cells three times before fixing them, using three different methods: 80% acetone (Thermo 

Scientific; Massachusetts, USA) was used to fix the cells at 4°C for 10-15 minutes (acetone 

99% + 1 X TBS solution). The second method used 80% methanol (Fisher Scientific; UK), 

diluted with 1 X TBS, the cells were fixed at 4°C for 10-15 minutes. Finally, cells were fixed in 

4% Paraformaldehyde (PFA) for 5-10 minutes. In all cases, the cells were then washed three 

times with 1 X TBS and then permeabilised with 0.01% Triton X-100 diluted in 1 X TBS for 10 

minutes. After the fixing and permeabilising steps, the cells were washed three times with 1 X 
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TBS. The cells were then blocked with 5% normal goat serum (ab7481; Abcam, Cambridge, 

UK) for 60 minutes at room temperature. 

All the primary antibodies were optimised to a suitable dilution and accordingly: diluted in 5 % 

normal goat serum, applied to the wells, and incubated overnight at 4°C. The next day, the 

cells were washed three times with 1 X TBS, and then the secondary antibody was added to 

the cells at an optimised dilution of 1:800 in block solution for one hour in the dark at room 

temperature. The cells were then washed three times with 1 X TBS for 5-10 minutes each 

time. Counterstains, such as the Hoechst and CellMask Orange, were applied (see Section 

2.14). Finally, VECTASHIELD® Mounting Medium for Fluorescence (Vector Laboratories; 

Burlingame USA) before gently placing coverslips onto the slides. The sealed slides were 

stored at 4°C for at least 24 hours before imaging.  

 

2.15   In gel zymography 
Gelatine zymography is a method used to detect the activity of gelatinase enzymes, such as 

the matrix metalloproteases (MMPs) MMP-2 and MMP-9 here. In-gel zymography is an SDS-

PAGE-based enzyme assay in which MMPs were analysed based on their ability to degrade 

gelatine. MMPs were electrophoretically separated on a 7.5% (v/v) SDS running gel that 

incorporated gelatine co-polymerised with acrylamide. MMPs hydrolyse the substrate dose-

dependently, and this reaction is visualised as a zone of clearing after staining the gel with the 

Coomassie stain. Protein estimation methods were used to determine total protein 

concentration; equal protein concentrations for each sample were then loaded onto the gel. 

Sample preparation was then finalised by the addition of 5 X non-reducing sample buffer (see 

Table 2.3 for sample buffer recipe). MMPs were initially denatured with sodium dodecyl 

sulphate (SDS) to abolish the effects of charge and structure on migration. This way, they 

were separated based only on their mass. A Precision Plus Protein All Blue Standard (Bio-

Rad) molecular weight marker (10-250 kD) was used in two lanes, on either side of the gel, to 

aid in the visualisation and the identity of MMPs (see Table 2.4 for separating and stacking 

gel recipes). To restore the activity of MMPs, the gel was incubated in a non-ionic detergent 

with a neutral pH, Triton™ X-100 (1 % diluted in distilled water) (Sigma-Aldrich; Poole; UK), 

which allowed the exchange of the SDS with the detergent. The gel was then incubated at 37 

°C overnight in the incubation buffer that contains the co-factors (see Table 2.5 and 2.6 for the 

zymography washing and incubation buffer recipes). MMP-9 would need to be refolded to an 

active conformation to digest the co-polymerized gelatine. The gel is then stained with 

Coomassie Blue (see Table 2.7 for recipe) for 1 hour before applying a de-staining solution 

(see Table 2.8 for recipe) for 4-6 hours until clear bands are visible. The gel stains dark blue 

with the proteolytically cleaved sites remaining lightly stained/unstained (Figure 2.4). 
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Recombinant human MMP-9 was used as a positive control to further identify MMP-9 on the 

zymography gel (Biolegend; San Diego, USA). The gel was visualised using the ChemiDoc 

Imaging System (Bio-Rad, Hemel Hempstead, UK). Analysis of the gels was performed using 

densitometry. Images obtained were transferred to ImageJ software. Briefly, a rectangular 

selection was employed to capture all the lanes that were consistently selected using the 

straight-line tool. The area of the histogram was then calculated and plotted as either raw data 

or normalised to the control specific to the experiment.  

 
 

Figure 2.4 Gelatine zymography of MMPs. 
 The total protein concentration of harvested supernatants (1) was determined and run through 

gel electrophoresis (2). The gel was incubated in renaturing and assay buffer (3). The gel was 

stained with Coomassie Blue; bright bands of cleared zones indicated the activity of MMPs 

after de-staining (4). 

 

Table 2.3 Complete recipe for the 5 X non-reducing sample buffer. 

 
Non-reducing sample buffer  

(Final concentration) 

 
For 250 mL of sample buffer 

4% SDS  10g  

20% glycerol  

 

50mL of 100% 

0.01% bromophenol blue  0.025g 

125mM Tris-HCL, pH 6.8 4.91g 
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Table 2.4 Separating (running) gel and stacking gel recipes used in gel zymography.  

 
Separating gel  

 
Required volume  

 
Stacking gel  

 
Required volume  

1.5M Tris pH 8.8 2mL  0.5M Tris pH 8.8 1.25mL 

30% acrylamide  2mL  30% acrylamide  0.670mL 

H2O 2mL  H2O 3.075mL  

Gelatine 

(4mg/mL) 

2mL  10% SDS 50μL 

10% SDS 80μL 10% APS 50μL 

10% APS 80μL TEMED 10μL 

TEMED 10μL   

 

 

Table 2.5 Recipe of the washing buffer used for in gel zymography.  

Washing Buffer  
(Final concentration) 

For 250mL 

2.5% Triton X-100  6.25mL of 100% 

50mM Tris-HCl 12.5mL of 1M stock  

5mM CaCl2 625μL of 2M stock 

1μM ZnCl2 2.5μL of 0.1M stock  
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Table 2.6 Recipe of the incubation buffer used for in gel zymography. 

Incubation Buffer  
(Final Concentration) 

For 250 mL 

1% Triton X-100  2.5mL of 1M  

Tris HCL 50 mM pH 7.5 12.5mL of 1M  

5mM CaCl2  625μL of 2M  

1μM ZnCl2 2.5μL of 0.1M  

 

Table 2.7 Staining solution recipe used for in gel zymography.  

Staining Solution 
(Final concentration) 

For 100 mL 

Methanol  40mL  

Acetic acid  10mL  

H2O  50mL  

Coomassie Blue  0.5g 

 

Table 2.8 De-staining solution recipe used for in gel zymography.  

De-staining solution 
(Final concentration) 

For 1L 

Methanol  400mL  

Acetic acid  100mL  

H2O  500mL  
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2.16   The differentiation of monocytes into osteoclasts on the RTCA E-plates  
The xCELLigence RTCA E-plate (Agilent, California, USA) was prepared by adding 50 µL of 

media to every well. The plate was inserted into the xCELLigence chamber, where the 

baseline impedance was measured to establish the Cell Index value as zero and to ensure 

that the wells were connected. Monocytes were counted and seeded onto the 96-well 

microplates (E-Plates) (initially, without any matrix coating) embedded with the gold 

biosensors at the bottom of each well (Figure 2.5). The total volume was increased to 200 µL 

by adding more media, and the volume was kept constant throughout all experiments. The 

plates were placed on the eSight in the incubator. The specific acquisition schedule for data 

and imaging was set up using the RTCA eSight software version 1.1.2. For all the experiments 

conducted in this thesis, three images were taken of each well every 1 hour. Over the duration 

of the experiment, the biosensors monitored the differentiation, recording changes in 

morphology and adhesion of cells. Every 2-3 days, the experiment was paused for 

approximately 15 minutes to allow media change and then resumed.  

The RTCA eSight software (Research Use Only (RUO); version 1.1.2 Agilent, California, USA) 

was used in these experiments. The software presents the strength of cell adhesion as the 

Cell Index (no unit available). The Cell Index increases from zero as cells adhere to the plate. 

All experimental data in the files are permanent and cannot be altered or changed by the user. 

Data analysis was performed on the CI data taken at specific time points for all treatment 

conditions. The CI data was normalised to the control used in the experiment using Excel 

version 16.70 (Microsoft, USA), and the normalised CI data was plotted on GraphPad Prism 

version 9 (La Jolla, USA). 
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Figure 2.5 Electron flow in a single well of an E-plate  
The xCELLigence RTCA label-free technology assesses cell number by measuring the 

changes in impedance through gold electrodes impeded in propriety E-plates. Impedance was 

measured in the absence of cells to establish the baseline value at CI zero (Figure 2.5A). 

Monocytes were then seeded onto an electronic microtiter plate (E-plate) wells. Differentiation 

of monocytes into osteoclasts causes the adhesion of cells to the gold microelectrode, 

impeding the flow of electric current between electrodes (Figure 2.5B, C). This impedance 

value, plotted as a unitless parameter called “Cell Index”, increases as cells adhere more and 

then plateaus as the well reaches 100% coverage by cells (Figure 2.5 D).  Figure adapted 

from Agilent.com.  

 

 

2.17 Data analysis  

Statistical analysis was performed using GraphPad version 9 (La Jolla, USA). Data are 

represented as the mean ± standard error of the mean (SEM) unless otherwise stated. 

Kolmogorov-Smirnoff test was used to test for normality. Any substantial deviation from 

normality resulted in a non-parametric test being used; otherwise, it was considered 

appropriate to use parametric statistics. Analysis of variance (ANOVA) was used to compare 

two or more group means with one variable (one-way ANOVA). For multiple comparisons, a 

two-way ANOVA or three-way ANOVA was used. All experiments have a replicate sample 
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size of at least n=3, and significant values were taken as p < 0.05 graphically denoted as * p 

≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and ****p≤ 0.0001. More detail is provided in each results 

chapter.  
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Derived from Human Peripheral Blood 

Monocytes   
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3 The optimisation of an osteoclast model derived from human peripheral blood 
monocytes 

3.1.1 Introduction  

Bone remodelling is the process by which old bone is replaced by new bone; it helps maintain 

mineral homeostasis by releasing calcium and phosphorus into the circulation265. Bone 

remodelling occurs at specific sites on bone surfaces. The remodelling process involves two 

types of bone cells: osteoclasts and osteoblasts266. Osteoclasts are multinucleated cells that 

attach to the bone surface to enable bone resorption, whereas osteoblasts are responsible for 

bone formation as well as regulating bone mineralisation267. Osteoclasts are derived from the 

monocyte/macrophage lineage. Osteoclasts can originate from hematopoietic stem cells 

(HSCs) directly and from mature cells of the monocyte-macrophage lineage when a suitable 

bone marrow microenvironment is provided268. Osteoclast precursors also reside in the human 

mononuclear fraction of peripheral blood269. Human peripheral blood monocytes consist of 

classical (CD14++CD16-), intermediate (CD14++CD16+), and nonclassical 

(CD14+CD16++)270,271 subunits. The three subunits are phenotypically and functionally 

different in migration, cytokine production and differentiation272. It has been suggested that 

human osteoclast precursors reside within the classical subset of peripheral blood monocytes 

but not in the CD16+ subsets273. Osteoclasts have been shown to originate from CD14+CD16- 

monocytes in vitro in the presence of M-CSF and RANKL274. In response to these cytokines, 

cells of the monocyte or macrophage lineage differentiate into osteoclast precursors that 

ultimately fuse to form multinucleated osteoclasts275,276. This is the canonical differentiation 

pathway. The non canonical pathway corresponds to the differentiation of osteoclast when 

exposed to M-CSF and alternative substances for RANKL (e.g., TNFα, TGFβ, IL-6, IL-11, IL-

8), or when exposed to RANKL and alternative substances for M-CSF (e.g., HGF, VEGF, Flt3 

ligand)277. Osteoclasts are the only cells in the bone marrow microenvironment known to cause 

bone resorption.  

The mechanism of bone resorption was unknown until the 1980s, when cathepsins and matrix 

metalloproteases (MMPs) were identified as the proteases most involved in bone 

resorption278. To resorb bone effectively, osteoclasts must attach themselves to the bone 

surface. Upon attachment, they form tight seals with the underlying bone matrix by extending 

the cytoplasm and forming ruffled border membranes, an intensely convoluted membrane 

inside the sealing zone279–281. This ruffling of the cytoplasm increases the surface area of the 

cells for secretion of the proteolytic enzymes282,283. This sealing and secretory mechanism 

allow the degradation of the matrix and the dissolving of the mineral of the bone while 

protecting adjacent cells from the harmful acidified microenvironment secreted by osteoclasts 
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during bone resorption284. Hydrochloric acid is released by mature osteoclasts close to the 

ruffled border, leading to the dissolution of the organic bone matrix. Osteoclasts also produce 

cathepsin K and matrix metalloproteases (MMPs), which degrade the residual bone 

matrix285,286. Cathepsin K is a potent cysteine proteinase that degrades the type I collagen 

matrix287. MMPs are a class of zymogens that have shared and unique properties; osteoclasts 

predominantly express MMP-9 in vitro and in vivo288. MMP-9 is a zinc-dependent 

endopeptidase that is secreted as an inactive enzyme (pro-MMP-9) with a molecular weight 

of 92 kDa288. Activation of MMM-9 requires the disruption of the cysteine interaction with the 

zinc atom, exposing the catalytic site289,290. The most studied mechanism of MMP-9 activation 

is enzyme proteolysis by the pro-domain289. MMP-9 is responsible for the degradation and 

remodelling of the extracellular matrix proteins during normal developmental processes and 

pathological processes291,292. MMP-9 initiates osteoclast-mediated bone resorption by 

removing collagen and demineralised bone, which is vital for bone resorption292,293. Substrates 

for MMP-9 include type IV collagen, gelatine, and laminin293,294. 

RANKL and integrins, such as aVb3, mediate cell-to-cell and cell-to-matrix recognition295,296. 

Interactions with the bone matrix via b3 and RANKL activates osteoclasts297. Osteoclast 

precursors fuse together under the influence of RANKL. RANKL is a member of the TNFa 

ligand family, which also induces the expression of tartrate-resistant acid phosphatase (TRAP) 

and cathepsin K in osteoclasts through the nuclear factor of activated T cells (NFAT-c1), which 

is a member of the nuclear factor of activated T cells (NFAT) family of transcription factors298. 

RANKL is a type II heterotrimeric transmembrane protein that is typically expressed on the 

membrane of osteoblasts and stromal cells and activates T cells. RANKL is also found in a 

soluble form secreted into the bone marrow microenvironment by some cells, such as 

activated T cells, to induce osteoclastogenesis299,300. RANKL is also produced by osteoblasts 

and the main source of RANKL in bone are osteocytes301. RANKL binds to a receptor activator 

of nuclear factor kB (RANK), which is a homotrimeric transmembrane protein that belongs to 

the TNF receptor superfamily302. RANKL-RANK interactions induced the recruitment and 

activation of major adaptor proteins that promote osteoclast precursors differentiation to 

osteoclasts303,304.  One of the major adaptor proteins involved in the RANKL-RANK-mediated 

differentiation is TNF receptor-associated factor 6 (TRAF 6) to certain sites within the 

intracellular domain of RANK. TRAF 6 then acts as a second messenger, which activates 

multiple protein kinase pathways as well as transcription factors, such as nuclear factor kappa 

B (NF-kB). The activated NF-kB translocates into the nucleus and upregulates the expression 

of c-fos, which in turn interacts with NFAT-c1. This induces the transcription of 

osteoclastogenic genes (Figure 3.1)304–306. Osteoprotegerin (OPG) is another protein that 

belongs to the TNF receptor family. It is a soluble decoy receptor that binds to RANKL, thereby 



 56 
 

 

inhibiting the interaction of RANKL with RANK. OPG is produced by osteoblast and bone 

marrow stromal cells. OPG inhibits osteoclast differentiation and maturation, thereby 

promoting their apoptosis (Figure 3.2).  

 

Multiple myeloma is a plasma cell disorder whereby clonal plasma cells infiltrate the bone 

marrow, causing the production of monoclonal immunoglobulins307 in conjunction with the 

development of end-organ damage, including hypercalcemia, anaemia and renal 

impairment308.  The presence of end-organ damage is what differentiates symptomatic from 

asymptomatic MM309. Myeloma bone disease is a devastating complication of MM and one of 

the main contributors to symptoms in MM, with up to 60% of patients experiencing bone pain 

and 60% developing pathological fractures during the disease309,310. Typically, bone lesions 

are associated with decreased quality of life and complications of such lesions are associated 

with around a 20% increase in mortality in MM311,312. In myeloma bone disease, lesions could 

be in the form of a classic discrete lytic lesion such as plasmacytoma and radiolucent, 

widespread osteopenia313, or multiple lytic lesions affecting many parts of the skeleton; the 

most common location is the axial skeleton314. With ≥ 3 large focal lesions, the poorer the 

prognosis in newly diagnosed myeloma patients313,315.  

 

The main mechanism associated with myeloma bone disease is the upregulation of 

osteoclastogenesis along with osteoblastogenesis inhibition316. The main factors involved in 

the hyperactivation of osteoclasts and reduction of osteoblast proliferation are the elevated 

levels and secretion of RANKL317 and the reduction in OPG formation and secretion by stromal 

and osteoblastic lineage cells318,319. Typically, patients with MM will require anti-myeloma 

treatment; however, with the presence of myeloma bone disease, patients will require 

additional treatments, such as bisphosphonates320 321, radiotherapy, and in some instances, 

surgical interventions (such as vertebroplasty) that are required as early as possible320. In 

normal bone remodelling, osteoclastic activity is responsible for the degradation of mineralised 

bone during bone development, homeostasis and repair, and osteoblastic activity is 

responsible for new bone formation in the developing skeleton and during bone 

remodelling322,323. In healthy individuals, this process is well-regulated and well-balanced to 

keep bones in healthy condition. Cytokine and hormone release in the bone marrow 

microenvironment is responsible for this regulation324,325. In healthy individuals, the 

RANKL/OPG ratio is low. On the contrary, in MM patients, OPG is reduced and correlates 

significantly with the severity of the bone disease. In MM, the coupling of osteoclast and 

osteoblast function is absent, and an increase in osteoclastic activity is observed, resulting in 

elevated bone resorption accompanied by a decrease in bone formation due to the 

suppressed activity of osteoblasts. Myeloma bone disease, where there is a decrease in bone 
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formation and an increase in bone resorption, differs from other metastatic diseases as in 

other cancers such as prostate cancer, osteoblastic and osteoclastic activity is increasedClick 

or tap here to enter text.,326. The increased activity of osteoclasts in myeloma bone disease 

results in the elevated secretion of resorptive markers that are recognised to be elevated in 

patients with MM, such as urinary N-telopeptide (U-Ntx) and serum carboxy-terminal 

telopeptide of type I collagen (S-ICTP)327,328. The interactions between myeloma cells and 

bone marrow stromal cells within the bone marrow microenvironment contribute largely to the 

development of myeloma bone disease329. Myeloma bone disease not only increases the 

disability and morbidity in patients with MM but also increases the cost of treatment for these 

patients. Therefore, interventions that control such complications will positively impact their 

quality of life. 

 

 

 
 

 

Figure 3.1 Schematic illustration of the cells and molecules involved in 
osteoclastogenesis.  
Osteoclasts originate from hematopoietic cells of the monocyte-macrophage lineage under 

the control of bone-forming osteoblasts.  M-CSF and RANKL are the two main factors 

controlling their differentiation. M-CSF is necessary for precursor recruitment and RANKL 

expression on pre-osteoclasts. RANKL enables the fusion of pre-osteoclasts into polykaryon 

and the final differentiation into mature osteoclasts. Bone resorption occurs with the 

acidification of the resorption lacuna followed by proteolysis to remove the organic matrix. 

OPG = osteoprotegerin; M-CSF = macrophage-colony stimulating factor; c-fms = colony-

stimulating factor-1 receptor; RANK = receptor activator of NF-kB; RANKL = receptor activator 

of NF-kB ligand. Figure made using BioRender. 
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Figure 3.2 Signalling pathways activated by RANK-RANKL interactions.  
RANKL can be produced by osteoblasts, stromal cells, T cells and other cells. RANK is a 

receptor for RANKL present on the surface of osteoclasts and osteoclast precursors. RANK 

activation leads to the recruitment of the adapter protein TRAF 6, leading to NF-kB activation 

and, subsequently, translocation to the nucleus. This increases c-Fos expression, which 

interacts with NFAT-c1 to trigger the transcription of osteogenic genes. This pathway is 

subjected to inhibition by osteoprotegerin (OPG), which prevents RANKL from interacting with 

RANK in the extracellular environment. Figure made using BioRender.  
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3.1.2 Rationale  
The study of osteoclasts in humans requires a model of osteoclast differentiation and fusion, 

as access to primary material is ethically and practically restrictive. Monocytes can be isolated 

readily from the peripheral blood and differentiated into osteoclasts within a defined cytokine 

environment. Therefore, a monocyte-derived osteoclast model was utulised using the blood 

of healthy donors. The reasons for this were (i) to allow a better understanding of their 

formation and activation as (iii) the understanding of such effects will reveal novel therapeutic 

targets for the treatment of myeloma bone disease in patients. Recently, the xCELLigence 

real-time cell analysis (RTCA) system was developed to observe cell morphology and cell 

adhesion using electrical impedance in vitro330,331. The core mechanism of the system is 

composed of microelectronic cell biosensor arrays that are integrated into the bottom of the 

E-plate331,332. It monitors the changes in the cells by measuring the electronic impedance of 

these biosensors332. Biological processes such as cell viability, cell number, cell morphology, 

and the degree of adhesion can affect electrode impedance333. The differentiation of human 

peripheral blood monocytes into osteoclasts has not been studied in RTCA settings before. 

Here, real-time changes in osteoclast morphology are captured to track their differentiation in 

real-time.  

 

 

3.1.3 Hypothesis  
 xCELLigence Real-Time Cell Analysis (eSight) can be used to monitor osteoclast 

differentiation and migration in vitro.  
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3.2 Experimental procedures 

3.2.1 Samples  
Human peripheral blood from healthy, non-fasted individuals was collected into heparinised 

VacuettesTM (Greiner Bio-one, Frickenhausen, Germany). The healthy volunteers gave 

informed written consented and were over the age of 18 years, as detailed in chapter 2.4 

Sample collection and preparation.  

 

3.2.2 Monocytes isolation 
Monocytes were isolated by positive selection on magnetic microbeads as described in 

Chapter 2.4.1 Blood separation and 2.4.2 Mononuclear cell isolation. Briefly, the pellet 

containing the monocytes was resuspended in differentiation or complete cell culture media 

as described in 3.2.3 Differentiation of monocytes into osteoclasts using M-CSF and RANKL 

differentiation media. Cell density was determined using the Countessâ automated cell 

counter (Life Technologies). To check monocyte purity, an anti-CD14 antibody (Clone 61D3; 

fluorophore eFluor®450; isotype mIgG1) was added to 100,000 monocytes. The cells were 

incubated with the antibody for 30 minutes. The cells were washed twice with FACS buffer 

(0.2% (w/v) bovine serum albumin (BSA), 0.05% (w/v) sodium azide (Sigma-Aldrich) in PBS) 

and centrifuged at 515 x g at 4 ºC for 7 minutes; the pellet was resuspended in the FACS 

buffer and checked for purity and acquired using the NovoCyte Flow Cytometer (BD 

Biosciences). Data analysis post-acquisition was interpreted using FlowJo Version 1.3 (Tree 

Star, Oregon, USA). Purity ≥	92% was accepted for downstream experiments. 

 

 

3.2.3 The differentiation of monocytes into osteoclasts using M-CSF and RANKL 
differentiation media in chamber slides 
Monocytes were cultured at a density of 100,000 cells/200 µL of RPMI Glutamax, 10% 

charcoal-stripped FBS, 100 ng/mL RANKL, 25 ng/mL M-CSF and 1 % penicillin/streptomycin. 

The cells were put on Millicell EZ 8-well chamber slides (Merck Millipore, Massachusetts, 

USA) or seeded onto the slides for culture in differentiation media and incubated at 37 °C in 

5% CO2-in-air for the 14 days of differentiation. The media was changed every 2-3 days; 

around 100 µL of the media was collected from the chamber slides into micro-tubes and stored 

at -20°C for downstream experiments. Fresh media was added to replace the harvested media 

(Figure 3.3).  
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Figure 3.3 The differentiation of osteoclasts from peripheral blood monocytes.  
Monocytes were isolated from human peripheral blood using a density gradient technique and 

positive selection with CD14 microbeads. Cells were seeded on either MilliCell EZ 8-well 

chamber slides or culture plates at a density of 100,000 cells/200 µL. Media changes occurred 

every 2-3 days, where half of the volume of media was collected and stored for future analysis, 

and fresh complete differentiation media was added. Osteoclasts were subjected to various 

stains and antibodies to determine the changes in morphology and to determine the 

expression of various marker proteins using confocal microscopy.  To visualise the nuclei and 

the cytoplasm, Hoechst 33342 and CellMask™ Orange plasma membrane stain were used; 

anti-TOMM20 was used to visualise the mitochondria, anti-tartrate resistant acid phosphatase 

(TRAP) and anti-RANK were used to identify the presence of osteoclasts. Monocytes were 

also seeded onto cell culture plates in the presence of M-CSF and RANKL. Supernatants were 

harvested to be used for various experimental assays, such as ELISA and in gel zymography.   

 

3.2.4 Confocal Microscopy  

Isolated monocytes were seeded on Millicell EZ 8-well chamber slides (Merck Millipore, 

Massachusetts, USA) and cultured in differentiation media. Slides were fixed for visualisation 

on various days throughout the differentiation period to determine the changes in morphology 

as the cells differentiate. Since the media was changed every 2-3 days, slides were harvested 

on day 3, day 7, day 9, day 11, and day 14 (Figure 3.4). Sample preparation was performed 

as per chapter 2.13 Confocal microscopy. The stains used in this chapter were Hoechst 33342 

Solution (ThermoFisher Scientific; Massachusetts, USA) and 0.1 % CellMask™ Orange 

plasma membrane stain (ThermoFisher Scientific; Massachusetts, USA). Primary antibodies 

Osteoclast

Day 1 Day 14

• Osteoclasts cell culture
• Supernatants harvested and stored at -20 ºC 

when changing the media. Supernatants were 
used for various experiments4.

Fluorescence/confocal 
microscope

Osteoclasts grown
on Chamber Slides

Human Blood
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used in confocal microscopy included anti-TOMM20 mouse monoclonal (ab56783; isotype 

IgG1), and anti- TRAP mouse monoclonal antibody [rACP5/1070] (ab238033; isotype IgG1) 

that were both purchased from Abcam, Cambridge, UK. Anti- RANK monoclonal mouse 

antibody (Clone 80707; isotype IgG2A) was purchased from R&D systems (Biotechne; 

Minneapolis; Minnesota, USA). The secondary antibody used in confocal microscopy was a 

goat anti-mouse H&L polyclonal antibody (Alexa Fluor 488; ab150113, isotype IgG) purchased 

from Abcam Cambridge, UK. Fixed cells were visualised at 20X and 63X magnification using 

a laser scanning confocal microscope (Zeiss LSM720, Oberkochen, Germany). Image 

analysis was performed using ImageJ Software 1.53k (Java 1.8.0; Wayne Rasband and 

contributors National Institutes of Health, USA). 

 

 

 
 

Figure 3.4 The utilisation of Millicell EZ Slides to monitor osteoclast differentiation from 
healthy peripheral blood monocytes.  
The chamber slides consist of 4 different components. On the day of harvest, upon fixing and 

staining the cells, the cover, the polystyrene chamber, and the base parts were removed. The 

VECTASHIELD® Mounting Medium was added directly to the glass microscope slide; 

coverslips were added, and slides were stored at 4°C until imaging. The usage of such 

chamber slides allowed the monitoring of the differentiation of osteoclasts without the need to 

detach the cells from the culture well.  

 

 

3.2.5 Enzyme-linked immunosorbent assay (ELISA) 
Analysis of cytokines using ELISA was as per the manufacturer’s instructions (DuoSet; 

Biotechne). See Chapter 2.6 Enzyme-Linked Immunosorbent assay (ELISA). The ELISA kits 

used in this chapter were to detect the levels of matrix metalloprotease 2 (MMP-2) and MMP-

9 secreted by osteoclasts into the supernatants during differentiation. 
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3.2.6 In-gel Zymography  

Gelatine zymography is a method used to detect the activity of gelatinase enzymes, such as 

the matrix metalloproteases (MMPs) MMP-2 and MMP-9. In gel zymography was performed 

as detailed in Chapter 2.15 In gel zymography. See Table 2.4 Recipe of the washing buffer 

used for in gel zymography and Table 2.5 Recipe of the incubation buffer used for in gel 

zymography for the zymography washing and incubation buffer recipes. For the Coomassie 

Blue staining and de-staining solution, see Table 2.6 Staining solution recipe used for in gel 

zymography and Table 2.7 De-staining solution recipe used for in gel zymography. The gel 

stains dark blue with the proteolytically cleaved sites remaining lightly stained/unstained. 

Recombinant human MMP-9 was used as a positive control to further identify MMP-9 on the 

zymography gel (Biolegend; San Diego, USA). 

 

3.2.7 xCELLigence Real-Time Cell Analysis-eSight model 
Monocyte differentiation into osteoclasts on the E-plates was performed as detailed in Chapter 

2.16 The differentiation of monocytes into osteoclasts on the RTCA E-plates.  Every 2-3 days, 

the experiment was paused for approximately 15 minutes to allow media change and then 

resumed. The RTCA eSight software (Research Use Only (RUO); version 1.1.2 Agilent, 

California, USA) was used in these experiments. All experimental data in the files are 

permanent and cannot be altered or changed by the user.  

 

3.2.8 Statistics 
Statistical analysis was performed using GraphPad Prism version 9.4.1 (USA). Data are 

presented as the mean +/- standard error of the mean. A two-way ANOVA was used to 

compare the means of MMP-9 and MMP-2 levels during the differentiation time course. A two-

way ANOVA was used to compare the activity of osteoclast derived MMP-9 using in gel 

zymography. All experiments have sample sizes of at least n=3, and significant values were 

taken as p < 0.05 graphically denoted as * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 

0.0001.  

The xCELLigence graphs shown in this chapter are representative of several repeated 

experiments. The CI data were averaged and presented as a ratio of DMSO (VC) n	≥	4. Two-

way ANOVA was used to compare the effects of the different treatments; significant values 

were taken as p < 0.05 graphically denoted as * p ≤ 0.05 and ** p ≤ 0.01.  
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3.3  Results 

3.3.4 Osteoclast differentiation from peripheral blood monocytes 
Before a detailed investigation of the formation and activation of the in vitro osteoclast model, 

confocal microscopy was first used to determine the changes in morphology and structure of 

monocytes on day 0 (Figure 3.5 A) in comparison to osteoclasts on day 14 (Figure 3.5 B). 

Monocytes were grown on the Millicell EZ chamber slide in the presence of M-CSF and 

RANKL, which promoted the differentiation of monocytes into osteoclasts with multi-nucleated 

cells with ruffled edges. (See Appendix 10.6 for confocal images of the differentiation on days 

0, 3, 5, 7, 10, and 14) The example shown is representative of 6 repeated experiments taken 

at X63 magnification.  

 

  
 

Figure 3.5 Monocyte-derived osteoclast differentiation with M-CSF and RANKL. 
 M-CSF and RANKL were used to drive the differentiation of monocytes isolated from healthy 

donors into osteoclasts. Confocal microscopy was used to determine the differentiation of 
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monocytes on day 0 (A) into mature osteoclasts on day 14 (B). Nuclei were stained with 

Hoechst 33342 Solution and the plasma membrane was stained with CellMask™ Orange. 

Images were taken at X63 magnification, and a 50 µm scale bar was included. 

Representative images from n= 6 experiments. 

 

 

To further explore this and to further confirm the identity of the differentiated cells as 

osteoclasts, the expression of osteoclast markers, such as TRAP and RANK, was examined. 

Mature osteoclasts express TRAP, and it is considered to be a histochemical marker to identify 

the presence of osteoclasts334. It plays a critical role in the degradation and mineralisation of 

bone due to its ability to degrade bone matrix phosphoproteins, including osteopontin and 

bone sialoprotein335–337. As previously discussed, osteoclast precursors and mature 

osteoclasts express RANK on their surface and, therefore, are likely to express RANK in the 

in vitro model. Probing the cells with anti-TRAP and anti-RANK on day 0 and day 14 revealed 

that TRAP and RANK expression was enhanced on day 14 in comparison to day 0 (Figure 3.6 

A-B and Figure 3.6 C-D, respectively). The example shown is representative of six repeated 

experiments (See Appendix 10.4 and 10.5 for X63 confocal images of TRAP and RANK 

expression). 
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Figure 3.6 TRAP and RANK expression on monocyte-derived osteoclasts differentiated 
with M-CSF and RANKL.  
M-CSF and RANKL were used to drive the differentiation of monocytes isolated from healthy 

donors into osteoclasts. Confocal microscopy was used to determine the expression of TRAP 

and RANK on day 0 (A and C, respectively) and day 14 (B and D, respectively). Nuclei were 

stained with Hoechst 33342 Solution and the plasma membrane was stained with CellMask™ 

Orange. TRAP and RANK were stained with FITC-labelled antibodies. Images were taken at 

X20 magnification, and a 50 µm scale bar was included. Representative images from n= 6 

experiments. 

 

 

The differentiation process of monocytes into mature osteoclasts is regulated by many factors 

in vivo that causes changes in their metabolism. There is enhanced glucose/glutamine uptake 

during osteoclastogenesis and bone resorption338,339. Osteoclast differentiation in murine bone 

marrow macrophages revealed that both glycolysis and oxidative phosphorylation were found 

to be increased. This is accompanied by an increase in the number, the size and the cristae 

abundance of mitochondria340,341. Therefore, the changes in mitochondria during 

differentiation were visualised using confocal microscopy. TOMM20 antibody was used to 

probe the mitochondrial in monocytes (Figure 3.7 A) and mature osteoclasts at two 

magnifications: X20 (Figure 3.7 B) and X63 (Figure 3.7 C). There appears to be a change in 
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the distribution of the mitochondria in monocytes in comparison to mature osteoclasts. In 

images captured on day 0, the distribution of the mitochondria in a compact manner, and as 

they differentiate into osteoclasts, an increase in their distribution , which can suggest 

mitochondrial fusion. The example shown is representative of 6 repeated experiments taken 

at X20 and X63 magnification.  

 

 
 

Figure 3.7 Expression of mitochondria in monocyte-derived osteoclasts differentiated 
with M-CSF and RANKL.  
M-CSF and RANKL were used to drive the differentiation of monocytes isolated from healthy 

donors into osteoclasts. A mitochondria-specific antibody, TOMM20, was used to visualise the 

changes in shape and size of the mitochondria in monocytes at X63 (A) as they differentiated 

into mature osteoclasts at X20 (B) and X63 (C). Nuclei were stained with Hoechst 33342 
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Solution and the plasma membrane was stained with CellMask™ Orange, and the 

mitochondria were stained with FITC-labelled antibodies. Images were taken at X20 and X63 

magnification, and a 50 µm scale bar was included. Representative images from n= 6 

experiments. 

 

 

Using the X20 images, the number of osteoclasts per image and the average number of nuclei 

per osteoclast were scored manually and presented in Figure 3.8A and 3.8B respectfully. 

Counting the number of osteoclasts revealed that osteoclasts appear from day 5 (3+ nuclei 

per cell). Then number of osteoclasts increases rapidly and significantly when compared to 

day 0 from day 7 (**** p ≤ 0.0001) and remained high on day 11 (**** p ≤ 0.0001) and day 14 

(**** p ≤ 0.0001). The average number of nuclei per osteoclast appeared to be increasing 

significantly from day 7 (**** p ≤ 0.0001) and remained elevated on day 11 (**** p ≤ 0.0001) 

and day 14 (**** p ≤ 0.0001).  

 

 
Figure 3.8.  M-CSF and RANKL were used to drive the differentiation of monocytes 
isolated from healthy donors into osteoclasts. Confocal images at X20 were used to score 

the number of osteoclasts per image (A) and the number of nuclei per osteoclast (B).  Statistics 

were performed with a one-way ANOVA and Turkey’s multiple comparisons test. Data are 

from n= 6 independent experiments expressed as the mean ± SEM: **** p ≤ 0.0001. 
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3.3.5 MMP-9 expression and proteolytic activity of monocyte-derived osteoclasts  
Supernatants were harvested during the differentiation time course. The quantity of MMP-2 

and MMP-9 secreted by monocytes as they differentiate was determined over the 14 days of 

differentiation using a specific ELISA. Upon incubation in the differentiation media, monocytes 

produce increasingly more MMP-2 (Figure 3.9 A) and MMP-9 (Figure 3.9 B) with levels 

significantly higher than baseline from day 7 for MMP-2 (n = 4; p = 0.0122) and from day 7, 

day 11 and day 14 for MMP-9 (n= 5; p = 0.0001, p = 0.0002, and p = 0.0003, respectively).  

 

 
 

Figure 3.9 Expression of MMP-2 and MMP-9 in monocyte-derived osteoclasts 
differentiated with M-CSF and RANKL. 
 Human peripheral monocytes were differentiated in the presence of M-CSF and RANKL. 
Supernatants were harvested during the media change, which took place every 2-3 days, 

throughout the differentiation process and analysed for levels of MMP-2 (A) and MMP-9 (B) 

using specific ELISAs. Statistics were performed with a two-way ANOVA and Dunnett’s 

multiple comparisons test. Data are from n ≥ 4 independent experiments expressed as the 

mean ± SEM; * p ≤ 0.05, *** p ≤ 0.001 and **** p ≤ 0.0001. 

 

 

Given the pattern of differentiation of osteoclasts in vitro, we next assessed their MMP-2 and 

MMP-9 secretion as it is relevant for the resorptive activity in vitro, focussing on MMP-9 as 

detailed in 3.1 Introduction; MMP-9 is highly expressed in osteoclast cells and plays a major 

role in the degradation of the extracellular matrix. Testing the secretion and activity of MMP-2 

and MMP-9 by osteoclasts required the employment of an in-gel zymography method that 
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depends on the renaturing of the MMP-9 enzyme in an incubation buffer containing essential 

factors for the digestion of the gelatine embedded/co-polymerised in the SDS gel. The areas 

of gelatine digestion on the zymography gel appear as unstained against a dark-blue 

background. The samples used in this experiment were supernatants harvested as the 

monocytes differentiated into osteoclasts. An example of a zymography gel is shown in Figure 

3.10 A, alongside intensity measures of these bands when analysed on ImageJ (Figure 3.10 

B). The raw data of n = 5 repeated experiments show the pattern of digestion calculated as 

the band intensity of the raw data. When compared to day 0, a significant increase of the area 

of digestion was observed with day 5 (p = 0.0009), day 7 (p ≤ 0.0001), and day 11 (p = 0.0003), 

(Figure 3.9 C).  
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Figure 3.10 Activity of MMP-9 in monocyte-derived osteoclasts differentiated with M-
CSF and RANKL. 
 Human peripheral monocytes were differentiated in the presence of M-CSF and RANKL. 

Supernatants were harvested during the media changes, which took place every 2-3 days, 

throughout the differentiation process and used for gelatine zymography. An example of one 

zymography gel showing the digestion of the gel throughout the differentiation process (A) 

with the densitometry values of proteolytic bands corresponding to MMP-9 presented as raw 

data of that same experiment (B) and from five donors (C). Statistics were performed with a 

one-way ANOVA and Turkey’s multiple comparisons test. Data are from n = 5 independent 

experiments expressed as the mean ± SEM; * p ≤ 0.05, *** p ≤ 0.001 and **** p ≤ 0.0001. 

 

 

3.3.6 Application of the xCELLigence real-time cell analysis (RTCA) biosensor 
technology to measure monocyte-derived osteoclast differentiation.   

After investigating osteoclast differentiation using end-point analysis methods, a more detailed 

kinetic approach to the analysis of monocyte differentiation into osteoclasts was then 

undertaken using the xCELLigence real-time cell analysis (RTCA). Figure 3.11 shows images 

captured by the RTCA xCELLigence system from the video produced during an experiment of 

osteoclast differentiation from human peripheral blood monocytes (see Appendix 10.7 for the 

link to the video obtained from the RTCA). Clustering of cells was observed around as early 

as 4-50 hours after seeding. Fusion of cells was observed from 100-150 hours. Apoptotic 

osteoclasts were observed by their change in appearance, and cell death was observed in the 

culture plate after 300 hours.  
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Figure 3.11 Real-time monitoring of osteoclast differentiation from human peripheral 
blood-derived monocytes. 
 Osteoclast differentiation was initiated with the addition of M-CSF and RANKL to monocytes. 

Images showing the progression of osteoclast differentiation at different time points: 4 hours, 

50 hours, 100 hours, 150 hours, 200 hours, 250 hours, 300 hours and 336 hours. Images were 

obtained from one experiment. Similar results were observed with three independent 

experiments.  

  
 

To gain a greater number of mature osteoclasts, we initially investigated osteoclast 

differentiation in two cell populations, MNCs and monocytes. The same range of the number 

of cells for the two cell populations were seeded on the E-pate (10,000-200,000 cells/well) in 

the presence of M-CSF and RANKL to drive osteoclast differentiation. This was done initially 

to determine the best cell type for optimal osteoclast differentiation. This was done for the first 

time here using human peripheral blood MNCs – a heterogeneous cell mix that contains about 

10% monocytes - and monocytes. Using the percentage confluency of MNCs (Figure 3.12 A) 

and monocytes (3.12 B) at different seeding densities revealed different differentiation 

patterns. The percentage confluency of the MNCs population seems similar for the first 50 

hours (100 % confluency of the plate for the 200,000 and 150,000 cells); however, after a 

media change occurred ~ 50 hours, the percentage confluency was observed to reduce 

slightly to ~ 70 % when compared to the initial 50 hours. This decrease could be due to the 

removal of non-differentiated cells in the MNCs cell population. After a second media change 
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took place ~ 120 hours, the percentage confluency of the MNCs population was observed to 

decrease further to ~ 60-50 % when compared to the previous time points; the percentage 

confluency plateauing from 120 hours onwards. Bright-field confluence is due to the cells’ 

adhesion and cell spreading at the surface of the chip. Bright-field confluency was defined as 

the area of the plate covered by the cells that can be detected using a bright-field microscope. 

A bright-field confluency of 100% has been calculated when the cells have fully covered the 

microchip and the CI index have reached a plateau (see Figure 2.5 for the impedance peak).  

The percentage confluency of monocytes was observed to be different to that observed with 

MNCs. For the initial 50 hours, the confluency percentage was observed to slightly reduce 

from ~ 50 % percentage confluency (for the 200,000 cells); however, after the first media 

change, the percentage confluency enhanced rapidly to ~ 70 %. The percentage confluency 

appears to be similar from ~ 120 hours onwards. Interestingly, a similar percentage confluency 

pattern was observed with 150,000 and 100,000 cells, where a decrease was initially 

observed, followed by an increase after the first media change, plateauing after ~ 120 hours; 

in contrast, cell numbers of 50,000, 25,000, and 20,000 cells displayed a continuous increase 

of the percentage confluency throughout the differentiation period. 
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Figure 3.12 Percentage confluency profiles of MNCs and monocyte differentiation in 
vitro.  
Various cell densities of MNCs and monocytes were seeded on the E-plate. The cells were 

incubated in M-CSF and RANKL to differentiate into osteoclasts. Different cells densities of 

MNCs and monocytes were seeded 200= 200,000, 150= 150,000, 100= 100,000, 50= 50,000, 

25= 25,000, 20= 20,000, 15= 15,000, and 10= 10,000. Graphs are representative of 1 

experiment. 
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The E-96 xCELLigence plates were prepared by adding complete media (50 µL) to every well 

to establish the baseline reading to calibrate the RTCA (media only). After equilibration to 37 

ºC, plates were inserted into the xCELLigence chambers and baseline measurements and 

connections of the plates were established. Different cell densities were added to the wells 

(200 µL total volume). Figure 3.13 A shows examples of growth curves obtained from different 

monocyte seeding densities; these values were also shown normalised to the baseline Cell 

Index (CI) CI signal, zero monocytes (Figure 3.13 B). The initial increase (0-50h) in the CI is 

associated with the attachment and adhesion of the cells, followed by spreading and a brief 

plateau phase (70-100h). The cells were grown for 10-11 days; this was done as previous 

endpoint assays used within this chapter revealed that MMP-9 secretion and the number of 

osteoclasts per image was observed to plateau or decrease after day 10/11. Therefore, cells 

were monitored for 10/11 days to identify the ideal cell number for the monitoring of osteoclast 

differentiation and proliferation in vitro. In addition to providing live images and impedance 

changes of the cells, this technique also allows the production of live videos from cell 

differentiation and migration, making it a very powerful technique for determining treatment 

responses on osteoclast differentiation and potentially migration.  

 

 
Figure 3.13 Real-time cell analysis (RTCA) of monocyte-derived osteoclasts 
differentiated with M-CSF and RANKL.  
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Monocytes were seeded at different densities (0; 15,000; 25,000;  50,000; 80,000; 100,000, 

120000 , and 150,000 cells) on a 96-well E-plate. Three images were taken for each well every 

hour. The optimisation of cell density required monocytes to be seeded at a range of cell 

numbers to identify the ideal seeding density for obtaining a good Cell Index (CI) signal as 

well as a clear image on the View Window of the E-plate. The cells were seeded onto the 96-

well plates with an equal volume of media (200 µL total). The graph presents triplicates of 

wells of monocytes derived from the same donor. Impendence recording was measured every 

hour. Different cell index curves are obtained from different cell densities of monocytes. 

Curves present the mean CI value from ≥ 3 wells. The highest CI was observed at the highest 

cell density of monocyte cell titration. The impedance of osteoclasts shown as raw data (A) 

and normalised to zero monocytes (B). Similar to that observed with repeated experiments 

obtained from n=3 independent repeats. Quantitative analysis of the CI signal in the presence 

of RANKL and M-CSF is shown in the upcoming figure. 

 

 

The CI is a unitless parameter, and it is the result of the impedance induced by adherent cells 

to the electron flow; it is defined as the measurement of the electrical impedance at a time 

point minus the initial impedance (no cells present impedance = 0)/nominal impedance 

value342. The CI values increase progressively as cells become more attached to the 

electrodes. The representative graph gives a remarkable insight into the impedance of 

osteoclasts throughout the differentiation process. The ability to reproduce and quantify such 

data is something that has not been shown in previous reports, as many current studies would 

show a representative graph of repeated experiments342–345. The impedance data shown in 

Figure 3.14 illustrates the effects of different cell densities on the CI data reproduced in three 

independent experiments. The CI variations are displayed in a real-time plot by the software. 

An increase was observed in the CI signal with higher cell numbers when compared to the 

lowest cell number seeded on the E-plate. Using a two-way ANOVA statistical test, a 

significant increase was observed in the CI signal was observed in comparison to the lowest 

cell number (15,000) at 100 hours (150,000, p = 0.0001; 120,000, p = 0.0007; 100,000; p = 

0.0138), 150 hours (150,000, p < 0.0001; 120,000, p = 0.0066; 100,000; p = 0.0157, 80,000; 

p = 0.0399); 200 hours (150,000, p = 0.0051) and 250 hours (150,000, p = 0.0429).  
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Figure 3.14 CI signal displaying the impedance of osteoclasts at different seeding 
densities in repeated experiments. 
 Monocytes were seeded on E-plates and differentiated into osteoclasts in the presence of M-

CSF and RANKL. Quantitative measures of the impedance are displayed as a CI signal at 

different seeding densities; 15,000, 20,000, 25,000, 50,000, 80,000, 100,000, , 120,000, and 

150,000. The impedance was monitored continuously for the 10/11 days of osteoclast 

differentiation. Statistics were performed with a two-way ANOVA and Dunnett’s multiple 

comparisons test. Bar graphs represent means +/- SEM, n=3 and significant values were 

taken as p < 0.05 graphically denoted as * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 

0.0001. 

 

 

A novel software feature of the xCELLigence eSight RTCA is the ability to determine the 

number of clustering objects per image. In osteoclasts, the number of objects per image could 

correspond to the clustering formed by pre-osteoclasts before they start fusing to form mature 

multinucleated giant cells (mature osteoclasts). Previous observation of osteoclast 

differentiation has been already done many years ago (by time lapse microscopy).  Using real-
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time imaging and videos from RTCA and referring to previous endpoint assays testing the 

differentiation and activation within this chapter, osteoclasts were observed after 5 days of 

seeding. Therefore, we determined the cluster formation of pre-osteoclasts until ~ 130 hours 

post-seeding. Figure 3.15 illustrates the masking strategy used to determine the highest 

number (quantified in upcoming figures) of clusters formed (~ 60 hours), where the masking 

displayed the most extensive coverage within the image. This was done as it would be a 

powerful approach to test the formation of pre-osteoclasts in vitro.  

 

 
Figure 3.15 Label-free monitoring of osteoclast differentiation using an xCELLigence 
RTCA eSight analyser.  
Images tracking the progression of cell spreading and the aggregation displaying clusters 

forming over time. Images from 2-, 24-, 48-, 60-, 100-, and 130-hour time points highlight the 

formation of clusters at early time points, displaying the higher intensity and larger surface 

area of masking (displayed in orange) after 48 and 60 hours of seeding. Clustering of 

osteoclasts (which is a characteristic of differentiation) becomes more robust. At later time 

points, these osteoclast clusters contain less of the orange masking, which displays an 

increase in CI and cytoplasm elongation and appears to be progressing into mature 

osteoclasts. Finally, after 120 hours of seeding, the masking of aggregates slowly disappears 
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with the emergence of multinucleated cells. An outline of the masking was selected using 

bright field microscopy images. H=Hour  

 

Figure 3.16 shows an example of a single experiment where the clusters formed at the 

different cell densities at ~ 60 and ~ 130 hours post-seeding. To quantify the formation of pre-

osteoclastic clusters, the object count per image, along with the CI signal measured at 60 

hours (Figure 3.16 A) and 130 (Figure 3.16 B) hours post-seeding was determined. At ~ 60 

hours, a more distinctive object count and CI signal for the different cell densities were 

observed; in contrast, fewer differences were observed within the different seeding densities 

for the object count and the CI signal at ~ 130 hours.  

 
Figure 3.16 CI signal and the object count per image of pre-osteoclasts. 
 M-CSF and RANKL were used to differentiate monocytes into osteoclasts. The object count 

per image and the CI signal for pre-osteoclasts of the different cell densities at ~ 60 hours (A); 

and ~ 130 hours (B) from one individual experiment. CI-S = Image Synchronised Cell Index; 

BF = Object count per image (Bright Field). 

 

 

Repeated experiments (n = 3) showing the two measurements at 60 and 130 hours display 

similar results. Figure 3.17 A shows the object counts and the CI signal at 60 hours to be more 

distinctive for the different cell numbers; Figure 3.16 B shows the object count per image and 

the CI signal at 130 hours with less distinctive changes within the object count and the CI 

signal measurements. A significant decrease was observed with the CI signal at ~ 60 hours 

with 150,000 cells and 15,000 cell numbers (p = 0.0455); with the object count with 150,000 

cells (p ≤ 0.0001), 120,000 cells  (p ≤ 0.0001), 100,000 cells (p ≤ 0.0001), 80,000 cells (p ≤ 
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0.0001), 50,000 cells (p = 0.0442), and 20,000 cells (p =	0.0136) when compared to the least 

number of monocytes seeded (Figure 3.17 A). A significant decrease was also observed at ~ 

130 hours with the CI signal of 150,000 in comparison to 15,000 cells (p = 0.0322); and with 

the object count per image with 150,000 cells (p ≤ 0.0001), 120,000 cells (p ≤ 0.0001), 

100,000 cells (p ≤ 0.0001), 80,000 cells (p ≤ 0.0001), 50,000 cells, and (p ≤ 0.0001)) when 

compared to the least number of monocytes seeded (Figure 3.17 B).  
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Figure 3.17 CI signal and the object count per image of pre-osteoclasts in repeated 
experiments.  
M-CSF and RANKL were used to differentiate monocytes into osteoclasts. Bar graphs 

displaying the object count per image and the CI signal obtained at 60 hours (A) and 130 hours 
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(B) post-seeding. Statistics were performed with a two-way ANOVA and Dunnett’s multiple 

comparisons test. Bar graphs represent means +/- SEM, n=3 and significant values were 

taken as p < 0.05 graphically denoted as * p ≤ 0.05 and **** p ≤ 0.0001. 
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3.4 Discussion 
We have completed an evaluation of the quantification of the progression over time of changes 

in the area covered by cells in culture and impedance using live imaging and specific 

associated equipment. This was compared with alternative methods such as changes in 

RANKL expression, area of spread of osteoclasts, and the number of nuclei per cell. 

 

Peripheral blood monocytes originate in the bone marrow from hematopoietic stem cells. This 

involves numerous commitment stages346,347. Under the influence of different 

microenvironmental stimuli, peripheral blood monocytes can migrate into the blood to reach 

various tissues, where they differentiate further into macrophages, dendritic cells and other 

specialised cells348,349. As previously discussed in 3.1 Introduction, peripheral blood 

monocytes can divide into three subunits based on their CD14 and CD16 expression. These 

subsets display morphological, immunotypic, and physiological heterogeneity. Previous 

studies have confirmed that treating peripheral blood monocytes with M-CSF and RANKL is 

sufficient to induce in vitro osteoclast differentiation350,351. From previous work on osteoclast 

differentiation, stimulating human peripheral blood monocytes with M-CSF and RANKL, 

induced monocyte elongation, cell polarity at the early stages of differentiation, multinucleation 

and an increase in the size of the cell observed at the later stages of differentiation (after day 

5), strongly suggesting the presence of mature osteoclasts. The growth factors M-CSF, used 

at 25 ng/mL, and RANKL, used at 100 ng/mL, were sufficient to drive the differentiation of 

monocytes into osteoclasts over a culture time of 14 days.  

The addition of such growth factors promoted the differentiation towards osteoclasts and 

expression of prototypic markers such as TRAP and RANK352,353. Additionally, TRAP is 

expressed by macrophages as well as RANK354. RANK-deficient mice have been used to 

demonstrated that RANK is essential for osteoclastogenesis and that CD14+RANKhigh cells 

constitute a circulating pre-osteoclast pool355. TRAP is regarded as an important biomarker for 

osteoclasts; its concentration in serum is used as a biochemical marker of mature osteoclast 

function and degree of bone resorption356,357. Therefore, TRAP and RANK were tested for their 

expression in monocytes (day 0) and after 14 days of differentiation. The absence of RANK 
expression at Day 0 could be attributed to the low sensitivity of immunocytochemistry and/or 

the low number of RANK expressed. 
 

The data obtained from quantifying the number of osteoclasts (3+ nuclei per cell) and the 

number of nuclei per osteoclast, has revealed that osteoclast start to appear from day 5; a 

significant increase in the number of osteoclasts is observed on day 7, this increase stays 
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constant for day 11 and day 14. A similar pattern is observed for the number of nuclei per 

osteoclast as a significant increase is observed with days 7, 11 and 14. These findings support 

the data obtained from confocal microscopy, confirming the presence of osteoclasts and their 

maturation throughout the course of differentiation. 

MMP-2 and MMP-9 are expressed in mononucleated and multinucleated osteoclasts; they are 

specialised in the degradation of the extracellular matrix358,359. As previously discussed, MMP-

9 is a proteolytic enzyme highly expressed in osteoclasts and is vital for osteoclastic 

degradation of the extracellular matrix during bone resorption and bone remodelling. Many 

studies have been conducted to interpret the regulatory mechanism involving osteoclastic 

MMP-9 expression during bone resorption and the other roles of MMP-9360–366. Here, to 

establish the presence of MMP-2 and MMP-9 in osteoclasts, cytokine analysis using ELISA 

was utilised to detect the amounts throughout the differentiation period. The levels of MMP-2 

and MMP-9 increased with the progression of osteoclast differentiation from peripheral 

monocytes. To further establish the reliability of the osteoclastic in vitro model, it was vital to 

test the secretion of MMP-9 by osteoclasts in vitro, as this would provide a powerful method 

to study the regulatory mechanisms of MMP-9 in bone resorption in vitro. In the present study, 

supernatants harvested from different days throughout the differentiation period were tested 

for MMP-9 activity using gelatine zymography to reveal increased secreted MMP-9 activity 

which correlated with the increased levels of MMP-9 release detected by ELISA as 

differentiation progressed. This further confirms the presence of osteoclasts in vitro. 

Interestingly, the highest levels of MMP-9 were measured at day 7, suggesting the presence 

of osteoclasts at the peak of their MMP-9 secretion ability.  

The next step was to adopt a quantitative approach to analysis of osteoclastogenesis ahead 

of assessing the responses to different treatments in the following chapters. RTCA offers a 

new system for real-time cell analysis that measures impedance-based signals in a label-

free non-invasive manner367,368. 

The results indicate that the highest levels of impedance align with the highest levels of OC 

maturation observed through commonly used methods. These findings validate the use of 

increased cell impedance and changes in RTCA as indicators to easily track OC differentiation 

over time. These straightforward methods enable the monitoring of changes in OC 

differentiation in live cultures without the need for cell processing and quantification of 

parameters at endpoints. This is a significant advantage for the in vitro study of OC biology. 

Osteoclasts can adhere to substrates on which they form distinct F-actin structures369. In vitro, 

when attached to non-mineralised substrates such as plastic or glass, mature osteoclasts 

exhibit canonical podosomes similar to monocyte-derived cells such as macrophages or 

dendritic cells369,370. During osteoclast differentiation, podosomes patterning is highly dynamic 

and it is proposed that it ends up in a sealing zone in mature bone-resorbing osteoclasts371. 



 86 
 

 

The sealing zone consists of a dense actin core surrounded by kinases such as c-Src and 

Pyk2 as well as small GTPases Rho, Rac and cdc42369,370,372. When stimulated with M-CSF 

and RANKL, osteoclasts organise an inner actin ring which is the functional unit of the 

osteoclast membrane at the sealing zone283. The previously described dynamics of 

cytoskeletal and adhesion remodelling during OC differentiation may explain the increased 

impedance measurements with the xCELLigence system. The xCELLigence system provides 

a powerful tool for studying osteoclast differentiation as it provides information on the proximity 

of contact between the cell and the substrate. Using the xCELLigence in this study allowed 

the combination of endpoint with continuous assays using live rather than fixed cells which 

presented a more powerful tool for studying osteoclast differentiation and activity in vitro. The 

impedance of osteoclasts at different monocyte cell densities was first studied to optimise 

seeding densities and revealed increasing impedance with increasing cell densities. For the 

first time, this was quantifiable across repeated experiments and allowed for statistical 

analysis.  

 

Other features of the xCELLigence system allow for analysis of other features of 

osteoclastogenesis. In the presence of M-CSF and RANKL, the monocytic/macrophage cell 

line RAW264.7 gives rise to TRAP+ cells which fuse together spontaneously within 3 days to 

form multinucleated osteoclasts expressing the phenotypic markers TRAP and RANK373. 

Given the images obtained from the live cell view here, the next approach was to study the 

earlier stages of monocyte clustering. Images captured from the RTCA show the formation of 

pre-osteoclasts around 60 hours after seeding as clustered objects. At later time points, these 

clusters slowly disappeared as the cells started to fuse to form the multinucleated giant 

osteoclasts. This is the first time that quantification of pre-osteoclastic clustering has been 

performed, and it provides an important tool for studying the differentiation mechanisms of 

osteoclasts at the osteoclast precursors stage and in response to treatments, as demonstrated 

in the following chapters.  

 

Various other reports have detailed many methods to study osteoclasts in vitro using endpoint 

assays374-377 along the lines deployed at the outset of this chapter. However, RTCA has been 

used here for the first time to investigate the differentiation of osteoclasts at the earlier stages 

(pre-osteoclastic clustering formation measurements), as well as quantify the impedance 

throughout the differentiation process and display the results of repeated experiments in a 

unified graph. This is likely to become a new essential tool. The use of RTCA here provided 

many advantages in determining the differentiation and the proliferation of osteoclasts derived 

from human peripheral blood monocytes. These advantages include real-time monitoring, high 

reproducibility, and high correlation with endpoint assays (such as the number of osteoclasts 
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and the number of nuclei per osteoclast obtained from scoring the cells in the confocal images 

manually). Furthermore, the impedance signal can be a useful tool to detect compound effects 

on osteoclast proliferation, adhesion, and invasion. There is suite of other features such as 

cluster analysis used here that lend themselves to even greater insights. Ideally, osteoclasts 

directly isolated from human bone tissues should be used to study the underlying mechanisms 

of hyper-differentiation and hyper-activation of osteoclast in myeloma bone disease. However, 

the difficulty in obtaining bone tissue specimens in sufficiently large numbers without disrupting 

osteoclasts from bone tissue specimens is mostly unfeasible. Due to the close relationship 

between peripheral blood monocytes and osteoclasts, the in vitro osteoclast model derived 

from peripheral blood monocytes is an attractive tool to characterise the altered osteoclastic 

formation, migration, differentiation and functional activity at the precursor stages of 

osteoclastogenesis associated with bone disease.  

 

One limitation of this work is not including a control without RANKL to osteoclast differentiation. 

It affects the overall validity, reliability, and mechanistic understanding of the experimental 

outcomes. To address these limitations, future studies should include a RANKL-free control 

to ensure comprehensive and accurate interpretations of osteoclast differentiation processes. 

 

3.5 Conclusion 
The RTCA allows for monitoring of osteoclastogenesis using real-time images, videos, 

impedance and pre-osteoclastic cluster formation. The endpoint assays and the RTCA 

method could allow the investigation of basic mechanisms underlying the differentiation and 

activation of monocytes/osteoclast precursors/mature osteoclasts in the presence of 

treatments obtained from patients with myeloma-related bone disease and potentially other 

bone disorders such as osteoporosis.  
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Chapter Four: 

Measuring the Effects of Immunomodulatory 
Imide Drugs on the Differentiation and 

Activation of Osteoclasts 
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4.1      Introduction 

4.1.1 The biological effects of immunomodulatory imide drugs (IMiDs) 
One of the most common therapies used for MM are immunomodulatory imide drugs (IMiDs); 

they contributed vastly to the improvement in outcomes for patients with MM378. IMiDs are 

proprietary compounds with immunomodulatory properties379. They are orally administrated 

treatments, targeting several biological activities through many mechanisms of action, some 

of which have yet to be fully characterised and understood380. IMiDs are a class of compounds 

analogous to thalidomide, a glutamic acid derivative with anti-angiogenic properties and potent 

anti-inflammatory effects due to its anti-tumour necrosis factor (TNF) effects381. Thalidomide 

analogues were first developed to optimise their anti-tumour and anti-inflammatory properties 

and reduce the devastating side effects of thalidomide toxicity. The two best known analogues 

of thalidomide are lenalidomide (CC-5013; IMiD3; Revlimid) and pomalidomide (CC-4047; 

IMiD1; Actimid)382, 383. IMiDs are widely used for the treatment of MM along with monoclonal 

antibodies, proteasome inhibitors and steroids384, 385, 386. IMiDs are limited in clinical application 

due to acquired drug resistance387,388. Lenalidomide has been granted approval in combination 

with dexamethasone for treating patients with relapsed/refractory multiple myeloma389 in 

nearly 70 countries, including Europe, America, the middle east and Asia390.  

 

Cereblon (CRBN) is the primary cellular target of IMiDs. It is a substrate receptor of Cullin-

RING ligase 4 (CRL4), an E3 ligase that ubiquitinates and degrades two essential lymphoid 

transcription factors, Ikaros zinc factor family protein (IKZF) 1 and IKZF3 (Aiolos)390,391. The 

downregulation of these two transcription factors causes a decrease in interferon regulatory 

factor 4 (IRF4) and MYC production392, resulting in toxicity to myeloma cells. IMiDs bind to and 

modulate CRBN at the canonical substrate-binding site; this induces the E3 ligase activity of 

CRL4CRBN, which results in the ubiquitination and degradation of neo-substrates of IMiDs 

including casein kinase 1 a (CK1 a) and zinc finger protein 91 (ZFP91)393, 394.  

 

IMiDs share a similar biological and molecular activity with a decrease effects on adhesion 

molecules, MM-BM stromal cell interactions (this is due to the ability of IMiDs to disrupt this 

interaction due a decrease in expression of cell adhesion molecules and decreased cytokine 

production such as IL-6 and VEGF395), growth factors, angiogenesis and immune cells. The 

variety of interactions between malignant plasma cells and their microenvironment are vital to 

tumour growth and progression396, 397. The MM-BM stromal cell interaction triggers the 

production of several growth factors; this includes interleukin 6 (IL-6), vascular endothelial 

growth factor (VEGF), and TNFa. IL-6 secretion by BM stromal cells plays a significant role in 

MM cell adhesion398. The overproduction of IL-6 is considered to be an important factor in MM 
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pathogenesis, even though it is crucial for normal B cell development. IL-6 is a multifunctional 

cytokine implicated in bone metabolism399. It is produced by many types of cells and is 

expressed during cellular stress, such as inflammation, infection and cancer. IL-6 is produced 

by activated immune cells and stromal cells, including T cells, myeloid precursor cells, 

endothelial cells and fibroblasts400. IL-6 has been identified as a major cytokine involved in the 

emergence of the tumour clone and in tumour-associated toxicities in patients with MM401,402. 

Furthermore, IL-6 has been shown to increase osteoclast differentiation, in addition to MM cell 

survival403, 404, 405. VEGF isoforms expressed and secreted by myeloma cells stimulate the 

expression of IL-6 by microvascular endothelial cells and BM stromal cells406. In turn, IL-6 

stimulates the expression of VEGF isoforms by myeloma cells, suggesting a paracrine role of 

VEGF in tumour-stroma interactions in MM407.  

 

The expression of MMPs in human cancers can be enhanced as a result of interactions 

between tumour cells and stromal cells, including endothelial cells, fibroblasts and 

inflammatory cells408. In a mouse model of pancreatic islet tumorigenesis, MMP-2 and MMP-

9 contributed to tumour growth, and stromal MMP-9 had additional effects on the angiogenic 

switch during multistage pancreatic carcinogenesis409. This interaction in myeloma cells has 

been shown to stimulate osteoclast activation through binding to their receptors410. Serum IL-

6 and MMP-9 levels have been associated with bone resorption in myeloma patients and may 

be helpful in disease prognosis411. TNFa is a signalling cytokine found to be elevated in 

myeloma patients and is involved in the pathogenesis of MM bone disease412. TNFa has been 

shown to work with RANKL to induce osteoclastogenesis413. 

Tissue inhibitors of MMPs (TIMPs) are proteins that inhibit MMPs. They are found in the ECM 
either in a soluble form or bound to the ECM (TIMP-3)414. TIMPs inhibit MMPs by forming 

reversible blockages, creating 1:1 stoichiometric complex. Different TIMPs selectively inhibit 
various MMPs, as well as members of the ADAM and ADAMTS families. Additionally, TIMPs 

play a role in the activation and removal of MMPs from the extracellular environment414. TIMP 
function impacts the effect of the ECM on cell behaviour, cell adhesion molecules, cytokines, 

chemokines, and growth factors. TIMPs consist of an amino-terminal inhibiting domain that 
binds to the active site of MMPs and domain C, which allows interaction with the hemopexin 

domain of some MMPs414. 
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4.1.2 Rationale  
The aim of this chapter is to confirm the use of impedance variations as a non-invasive, 

label-free, and real-time measuring method for determining the effect of drugs on osteoclast 

differentiation. This method aims to provide sensitivity similar to well-accepted traditional 

endpoint methods. 
Therefore, the primary purpose of this chapter is (i) to demonstrate the usage of real-time live 

cell imaging and impedance for studying osteoclast differentiation and function in the presence 

of IMiDs at different time points as this new technique will (ii) help to understand bone disease 

progression and identify new treatment targets for its control in MM. This study (iii) can provide 

comprehensive results that will compare tests from endpoint results and real-time analysis 

that will reveal new IMiD targets in treating bone disease in MM.  

 

 

4.1.3 Hypothesis  
I. IMiD treatment is able to control osteoclast hyper-differentiation and hyper-activation.  

II. xCELLigence real-time cell analysis (RTCA) is a valuable tool for studying the effects 

of IMiDs on osteoclast differentiation and activation.  
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4.2     Experimental procedures 

4.2.1 Samples  
As per section 3.2.1, human peripheral blood was collected from healthy, non-fasted 

individuals over 18 years old into heparinised VacuettesTM (Greiner Bio-one, Frickenhausen, 

Germany). All samples were collected with informed written consent as detailed in Chapter 

2.4 Sample collection and preparation. 

 

4.2.2 Monocyte isolation 

Monocytes were isolated by positive selection on magnetic microbeads as described in 

Chapter 2.4.1 Blood separation and 2.4.2 Mononuclear cell isolation. Briefly, the pellet 

containing the monocytes was resuspended in differentiation or complete cell culture media 

as described in 3.2.3 Differentiation of monocytes into osteoclasts using M-CSF and RANKL 

differentiation media. Cell density was determined using the Countessâ automated cell 

counter (Life Technologies). To check monocyte purity, an anti-CD14 antibody (Clone 61D3; 

fluorophore eFluor®450; isotype mIgG1) was added to 100,000 monocytes. The cells were 

incubated with the antibody for 30 minutes. The cells were washed twice with FACS buffer 

(0.2% (w/v) bovine serum albumin (BSA), 0.05% (w/v) sodium azide (Sigma-Aldrich) in PBS) 

and centrifuged at 515 x g at 4 ºC for 7 minutes; the pellet was resuspended in FACS buffer 

and checked for purity and acquired using the NovoCyte Flow Cytometer (BD Biosciences). 

Data analysis post-acquisition was interpreted using FlowJo Version 1.3 (Tree Star, Oregon, 

USA). Purity ≥	92% was accepted for downstream experiments. 

 

4.2.3 Differentiation of monocytes into osteoclasts using M-CSF and RANKL 
differentiation media  

Monocyte differentiation into osteoclasts as detailed in 3.2.3 Differentiation of monocytes into 

osteoclasts using M-CSF and RANKL differentiation media. Fresh media was added to replace 

the media removed. Lenalidomide, pomalidomide, and thalidomide (Celgene; New Jersey, 

USA) were added every 2-3 days at either 1 µM or 10 µM concentration. These concentrations 

have been chosen based on the literature415, 416, 417. 

 

To assess the response to the inflammatory stimulus lipopolysaccharide (LPS), cells were 

cultured in RPMI 1640 GlutaMAX™ (ThermoFisher Scientific; Massachusetts, USA) 

supplemented with 10% fetal bovine serum (FBS, HyClone, Cytiva) and 0.5 µM 2-

mercaptoethanol (2-ME) (ThermoFisher Scientific; Massachusetts, USA), +/- 10 ng/mL LPS 

(Ultrapure, InvivoGen (San Diego, USA)). The supernatants were collected after 24 hours and 

cultures were centrifuged at 515 x g for 7 minutes, and cell-free supernatants were removed 



 93 
 

 

and stored immediately at -20 °C until analysis of cytokines and enzymes using specific 

ELISAs. 

 

4.2.4 Confocal Microscopy  
Isolated monocytes were seeded on Millicell EZ 8-well chamber slides (Merck Millipore, 

Massachusetts, USA) and cultured in differentiation media. The day of harvest was chosen to 

be on day 9/10. This is due to the results in chapter three showing the mature osteoclast 

differentiation observed on day 10, and a plateau of MMP-9 production after day 9/10. Sample 

preparation and confocal microscopy were performed as detailed in Chapter 2.13 Confocal 

microscopy. 

 

4.2.5 The differentiation of monocytes into osteoclasts on the RTCA E-plates  
Monocyte differentiation into osteoclasts on the E-plates was performed as detailed in chapter 

2.16 The differentiation of monocytes into osteoclasts on the RTCA E-plates.  Every 2-3 days, 

the experiment was paused for approximately 15 minutes to allow media change and then 

resumed. Lenalidomide, pomalidomide, and thalidomide were added to the cell cultures on 

the day of seeding and every 2-3 days at either 1µM or 10 µM. The RTCA eSight software 

(Research Use Only (RUO); version 1.1.2 Agilent, California, USA) was used in these 

experiments.  

 

4.2.6 Gelatine coating on the RTCA E-plates 
Gelatine at 0.02% volume per weight, dissolved in double-distilled water, was purchased from 

Sigma-Aldrich (Poole, UK) and prepared as a working solution following the manufacturer’s 

instructions. For pre-coating, the well plates were incubated with 40 µL of the gelatine solution 

for 1 hour at 37 °C. The gelatine solution was then removed, and the wells were washed with 

100 µL with 1 X PBS. Once coated, depending on the experiment, cells were seeded, and the 

protocol was followed as per chapter 2.16 The differentiation of monocytes into osteoclasts 

on the RTCA E-plates. 

 

4.2.7 Enzyme-linked immunosorbent assay (ELISA) 
Analysis of cytokines using ELISA was as per the manufacturer’s instructions (DuoSet; 

Biotechne). See Chapter 2.6 Enzyme-Linked Immunosorbent assay (ELISA). The ELISA kits 

used in this chapter were to detect the levels of matrix metalloprotease 9 (MMP-9) and MMP-

2 secreted by osteoclasts into the supernatants during differentiation. ELISA kits specific to 

IL-6 and TNFa were used to demonstrate the effects of lenalidomide, pomalidomide, and 
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thalidomide on the production of pro-inflammatory cytokines by osteoclasts upon LPS 

stimulation. 

 

4.2.8 In-gel Zymography  

Gelatine zymography is a method used to detect the activity of gelatinase enzymes, such as 

the matrix metalloproteases (MMPs) MMP-2 and MMP-9. In gel zymography was performed 

as detailed in Chapter 2.15 In gel zymography. See Table 2.4 Recipe of the washing buffer 

used for in gel zymography and Table 2.5 Recipe of the incubation buffer used for in gel 

zymography for the zymography washing and incubation buffer recipes. For the Coomassie 

Blue staining and de-staining solution, see Table 2.6 Staining solution recipe used for in gel 

zymography and Table 2.7 De-staining solution recipe used for in gel zymography. The gel 

stains dark blue with the proteolytically cleaved sites remaining lightly stained/unstained. 

Recombinant human MMP-9 was used as a positive control to further identify MMP-9 on the 

zymography gel (Biolegend; San Diego, USA). 

4.2.9 Immunoblot 

Protein estimation was performed using a detergent-compatible (DC) protein assay (Bio-Rad, 

Hemel Hempstead, UK) as per Chapter 2.7 Protein estimation. Freshly isolated osteoclast cell 

lysates were quantified using a microplate reader (POLARstar, BMG) and Excel (Microsoft, 

USA). Western blotting technique was perfumed as per Chapter 2.8 Sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE), 2.9 Semi-dry membrane transfer, and 2.10 

Immunoblotting.  Membranes were probed with different integrin subunits antibodies targeting 

integrin aV polyclonal antibody (Cell Signalling; 4711), integrin 𝛽3 antibody (Cell Signalling; 

(D7X3P) XP® Rabbit IgG mAb 13166), 𝛼5 integrin polyclonal antibody (Cell Signalling; 4705), 

integrin 𝛽1 (Cell Signalling (D2E5) Rabbit IgG mAb 9699), integrin 𝛽5 (Cell Signalling (D24A5) 

Rabbit IgG mAb 13629) and integrin 𝛼4 (Cell Signalling; (D2E1) XP® Rabbit IgG mAb 8440). 

The protein loading was evaluated and normalised using monoclonal mouse 𝛽-actin Abcam 

(8226; isotype IgG1). All primary antibodies were previously optimised and used at 1:1000 

dilutions in 5% (w/c) BSA, TBS, 0.1 Tween 20 (pH 7.6; MilliporeSigma; Burlington; USA) 

overnight at 4 C with gentle agitation. Analysis of the band size was determined using ImageJ 

Software.  Densitometry was performed as per Chapter 2.11 Densitometry. 

4.2.10 xCELLigence real-time cell analysis (RTCA) eSight-Imaging and Impedance 
Cell-based assays serve as an indispensable tool for basic and applied biological research. 

However, the utility of many cell-based assays is diminished by the need to use labels, 
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incompatibility with continuous monitoring (so limited to end-point analysis), and the inability 

to provide an objective/quantitative readout. These limitations can, however, be overcome by 

non-invasive, label-free and real-time cellular impedance assay. An RTCA system was 

developed recently to observe cell morphology and adhesion, including prospectively in kinetic 

assays418. The RTCA system is based on the electronic detection of biological processes419. 

This technique enables label-free, real-time and continuous measurement of adhesion, 

proliferation, growth, activation, and morphology states. The core principle of the eSight assay 

is the specialised electronic microplate. The electrical biosensor allows the detection of cellular 

impedance (denoted as Z); the measurement of impedance depends on the size, cell number 

and cell attachment. A gold biosensor array that continuously and non-invasively monitors 

cellular impedance is incorporated into the glass bottom of all 96 wells of the plate420. The 

passage of electrons and ions on the sensor surface is affected by changes in the properties 

of cells or molecules and is measured as impedance. It is vital to note that the gold 

microelectrode surfaces, and the weak applied electric potential have no effect on cell health 

or behaviour342-345. Electronic impedance allows the detection of the attachment of the cells to 

the bottom of the well and monitors their spreading at a particular time, expressed as cell index 

(CI)421. CI is defined as (Zi-Z0Ω /15Ω)422, where ohm (Ω) is the unit for electrical resistance in 

the international system of units (IS), Z0 is the background impedance of the well measured 

with the medium alone at the start of the experiment, and Zi is the impedance at an individual 

point of time during the experiment, with the cells present; this value is then divided by the 

frequency for which the impedance is measured (15Ω)423. Therefore, measuring CI reflects 

cell number, cell adhesion quality, and cell morphology, which can change with time. It allows 

the investigation of the effects of test compounds on cells at any time during the experiment. 

Cell toxicity of IMiDs has been investigated previously but only using end-point methods that 

usually require harvesting and fixing cells; RTCA is dedicated to the live-cell analysis and 

overcomes the limitations of endpoint assays such as antibody-based technologies, including 

ELISA, western blotting and flow cytometry424,425. Protocols for testing non-adherent cells 

using the RTCA system require covering the wells with a substrate such as fibronectin, 

laminin, collagen, or gelatineClick or tap here to enter text.. The previous chapter has already 

reported using RTCA eSight to monitor osteoclast formation. In this chapter, the use of such 

a technique is used to test the effect of current myeloma treatments.  

 

The adhesion of targeted cells to the biosensors impedes the flow of a microampere electric 

current, providing an exquisitely sensitive readout of cell attachment and, in this case, cell 

adhesion. The microelectrodes are incorporated into special cell culture plates, E-plates. The 

electrical impedance measured is recorded at a defined temporal frequency (every hour for 

the experiments here). In addition, this is a heterogenous assay, where the impedance signal 
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exclusively reflects target cell health and behaviour. Along with providing an impedance signal 

of osteoclasts, a viewing window in the centre of each well's biosensor enables eSight to track 

the migration and differentiation along with the overall changes in the morphology of 

osteoclasts. This has allowed the evaluation of the cytotoxicity of existing drugs to improve 

(Figure 4.1). 

 

 
 

Figure 4.1 Combined impedance and live cell image analysis for enhanced 
understanding of cell behaviour.  
The xCELLigence RTCA eSight enables comprehensive insight into cell behaviour and 

function using live, simultaneous, and real-time biosensor impedance-based and image-based 

measurements. The incubator contains a microscope that provides a real-time live cell imaging 

system that gives two perspectives - the image data and the accurate, real-time kinetics 

measured by biosensors on the same cell populations, independently and simultaneously.  
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4.2.11 Statistics 
Statistical analysis was performed using GraphPad Prism version 9.4.1 (USA). Data are 

presented as the mean +/- standard error of the mean (SEM). Two-way ANOVA was used to 

compare the production of MMP-9 and MMP-2 in the presence of IMiDs over the differentiation 

period. A one-way ANOVA was used to compare the means of MMP-9 and MMP-2 production 

by osteoclasts on day 7; +/- LPS upon IMiD treatment. A one-way ANOVA was used to 

compare MMP-9 proteolytic activity in gel zymography upon IMiD treatment. All experiments 

have replicated sample sizes of at least n = 3 as indicated, and significant values were taken 

as p < 0.05 graphically denoted as * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001. 

The xCELLigence graphs shown in this chapter are representative of several repeated 

experiments. The CI data for IMiDs were averaged and presented as a ratio of DMSO (vehicle 

control; VC) n	≥	4. Two-way ANOVA was used to compare the effects of the different 

treatments; significant values were taken as p < 0.05, graphically denoted as * p ≤ 0.05, ** p 

≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001. 
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4.3        Results  

4.3.1 The direct effects of IMiDs on osteoclast proteolytic activity examined using 
ELISA and in gel zymography. 

 Supernatants were harvested from monocyte-derived osteoclasts during the differentiation 

period in the presence of IMiDs. The IMiDs (10 µM) were added on the day of seeding with 

the osteoclastogenic medium (day 0) and when the media was changed every 2-3 days. Upon 

incubation in the differentiation media containing the IMiDs, 10 µM of lenalidomide decreased 

the overall output of MMP-9; however, the reduction was not statistically significant. 

Pomalidomide significantly reduced the production of MMP-9 in osteoclasts on day 5 (p = 

0.0131) and day 7 (p = 0.0035) (Figure 4.2 A).  Lenalidomide and pomalidomide significantly 

reduced the production of MMP-2 on day 7 (p = 0.0486 and p < 0.0001, respectively) and day 

10 (p = 0.0001 and p  < 0.0001 respectively) (Figure 4.2 B), where pomalidomide displayed a 

higher efficacy than lenalidomide in reducing the overall output of MMP-2. Thalidomide did not 

have a significant effect on either MMP-9 or MMP-2 (Figure 4.2 A and B). 
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Figure 4.2 MMP-9 and MMP-2 concentrations during monocyte-derived osteoclast 
differentiation in the presence of IMiDs. 
 M-CSF and RANKL were used to differentiate monocytes into osteoclasts. A dose of 10 µM 

IMiDs (lenalidomide, pomalidomide and thalidomide) or vehicle control (VC; DMSO) was 

added to the media on the day of seeding and when the media was changed every 2 – 3 days. 

MMP-9 (A) and MMP-2 (B) in supernatants harvested on days indicated on the x-axis were 

measured using specific ELISAs. Statistics were performed with a two-way ANOVA and 

Dunnett’s multiple comparisons test.  Data are from n ≥ 4 independent experiments expressed 

as the mean ± SEM: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001. 

 

 

 

After the initial investigation of the effects of IMiDs on osteoclast differentiation, the impact of 

IMiDs on MMP-9 and MMP-2 levels at day 7 with the addition of IMiDs on the day of seeding 
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compared to the addition of IMiDs on the third day after seeding was investigated. This was 

investigated to demonstrate the effects of early exposure to IMiDs. The addition of 10 µM 

IMiDs at day three of differentiation was less effective in reducing MMP-9 and MMP-2 levels 

by osteoclasts compared to the addition at day 0 to the monocyte-derived osteoclasts from 

the same donors. MMP-9 production was affected by the addition of IMiDs on the day of 

monocyte seeding compared to their addition on the day of day three. Pomalidomide and 

lenalidomide displayed a statistically significant reduction of MMP-9 released by cells 

(osteoclast and undifferentiated mononuclear cells) on day 7 (p = 0.0080 and p = 0.0034, 

respectively) when added on day 0 of differentiation (Figure 4.3 A). Only pomalidomide 

reduced MMP-9 production on day 7 when IMiDs were added on day 3; however, this was not 

statistically significant (Figure 4.3 B). Comparable results were observed with MMP-2 

production, where pomalidomide substantially reduced MMP-2 (p = 0.0049) along with 

lenalidomide (p = 0.0249) on day 0 addition (Figure 4.3 C). Both lenalidomide and 

pomalidomide reduced the overall concentration of MMP-2 on day 3; however, this change 

was insignificant (Figure 4.3 D).  
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Figure 4.3 Comparison of MMP-9 and MMP-2 concentrations in monocyte-derived 
osteoclasts with the first addition of IMiDs on day 0 or day 3. 
 M-CSF and RANKL were used to differentiate monocytes into osteoclasts. A dosage of 10 

µM IMiDs (lenalidomide, pomalidomide and thalidomide) or vehicle control was added to the 

media on the day of seeding and when the media was changed every 2 – 3 days. MMP-9 with 

the first addition of IMiDs on day 0 (A) or day 3 (B), and MMP-2 with the first addition of IMiDs 

on day 0 (C) or day 3 (D) were measured in supernatants harvested on days indicated on the 

x-axis using specific ELISAs. Statistics were performed with a one-way ANOVA and Dunnett’s 

multiple comparisons test. Data are from n= 4 independent experiments expressed as the 

mean ± SEM: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001. 
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Based on these data, the expression of MMP-9 and MMP-2 was then investigated when added 

on day seven of differentiation. Day seven was chosen to explore this as Chapter three 

revealed the highest expression and activity of MMP-9 by mature osteoclasts on day seven. 

The cells were exposed to IMiDs with and without LPS stimulation for 24 hours after this 

differentiation period. There was no significant difference between DMSO vehicle control 

treated and IMiDs-treated cells for the expression of either enzyme after 24 hours of treatment 

(MMP-9; Figure 4.4 A, MMP-2 Figure 4.4 B). Furthermore, no significant difference was 

observed between LPS-stimulated and unstimulated cells for the expression of MMP-9 and 

MMP-2 production (Figure 4.4 A-B). The production of pro-inflammatory cytokines, such as 

TNFa and IL-6, under LPS stimulation was also examined in the presence of IMiDs in 

osteoclasts. While LPS induced production of both IL-6 and TNFa, the levels of IL-6 and TNFa 

were unaffected by IMiD treatment, Figure 4.4 C and D, respectively. 

 

 
Figure 4.4 Comparison of MMP-9, MMP-2, IL-6 and TNFa concentrations in monocyte-

derived osteoclasts with the first addition of IMiDs on day 7. 
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 M-CSF and RANKL were used to differentiate monocytes into osteoclasts. A dose of 10 µM 

IMiDs (lenalidomide, pomalidomide and thalidomide) or vehicle control (VC; DMSO) was 

added to the media on day 7 of differentiation for 24 hours, with or without LPS. MMP-9 (A), 

MMP-2 (B), IL-6 (C), and TNFa (D) were measured in supernatants harvested 24 hours post-

treatment with IMiDs using specific ELISAs. Statistics were performed with a two-way ANOVA 

and Dunnett’s multiple comparisons test. Data represented n = 4 independent experiments 

expressed as the mean ± SEM. US= Unstimulated.  

 

 

4.3.2 Downregulation of MMP-9 proteolytic activity in osteoclasts upon IMiDs 
treatment. 

As seen in chapter three, the greatest proteolytic activity of osteoclasts is measured within ~7-

9 days of differentiation. Having established above that IMiDs reduce MMP-9 production in 

osteoclasts especially when present form the outset of differentiation, the assessment of 

MMP-9 activity secreted by osteoclasts upon treatment with IMiDs was investigated next. 

Gelatine zymography was chosen, where supernatants from day 7 osteoclasts were harvested 

and used to perform the zymography. The activity of MMP-9 was illustrated in all samples 

(Figure 4.5A). However, the intensity of the signal and, therefore, the enzyme activity in 

supernatants decreased when treated with 10 µM of lenalidomide and pomalidomide (Figure 

4.5 A and B). There was no significant difference between DMSO (VC) and thalidomide-

treated cells. Due to the insufficient amounts of MMP-2 released by osteoclasts, it was 

unfeasible to detect using in gel zymography. Therefore, all in gel zymography experiments 

were conducted on MMP-9 secreted by osteoclasts. 

Raw data from zymography analysis (Figure 4.5 C) displays the overall pattern of the IMiD 

effect on the activity of MMP-9. Values depicted relative to the DMSO vehicle control +/- SEM 

(n= 5), which shows the overall trend of the effect. The activity was normalised to that 

produced by DMSO-treated osteoclasts alone and represented as a ratio of the control (Figure 

4.5 D), where lenalidomide and pomalidomide significantly reduced the activity of MMP-9 (p = 

0.041 and p = 0.0038, respectively).  
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Figure 4.5 The effect of IMiDs on MMP-9 activity of monocyte-derived osteoclasts using 
in-gel zymography.   
M-CSF and RANKL were utilised to generate monocyte-derived osteoclasts. IMiDs 

(lenalidomide, pomalidomide and thalidomide) were added to the media on the day of seeding 

and were added with each media change. A representative zymography gel (A) and its 

corresponding band intensity (B) from one experiment. The raw data of the band intensity (C) 

and normalised to DMSO control (D) from n=5 independent experiments expressed as the 

mean ± SEM. Statistics were performed with a one-way ANOVA and Dunnett’s multiple 

comparisons test. Positive (+ve) control = recombinant human MMP-9; * p ≤ 0.05, ** p ≤ 0.01. 

 

 

The proteolytic activity of osteoclasts on day seven was then measured with the addition of 

IMiDs on day three of differentiation. On day seven of differentiation, the supernatants were 

harvested and tested for the secretion of MMP-9. There was a slight reduction of MMP-9 

activity in pomalidomide-treated cells when added three days post-seeding. However, this 

change was not statistically significant (Figure 4. 6 A). A similar effect was observed when 
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osteoclasts were treated with IMiDs for 24 hours, seven days into the differentiation period; 

this was insignificant (Figure 4.6 B). Raw data was displayed for day three addition (Figure 

4.6 C) and 24-hour addition (Figure 4.6 D) to show the overall pattern of IMiDs efficacy. The 

effects of IMiDs on the MMP-9 proteolytic activity was represented as a ratio of the DMSO 

vehicle control-treated cells (Figure 4.6 E); day seven supernatants when IMiDs was added 

three days after seeding into the osteogenic medium (Figure 4.6 F;) supernatants harvested 

on day seven after 24 hours of adding the IMiDs into the cell differentiation medium.   

 

 
Figure 4.6   The effect of IMiDs on MMP-9 activity of monocyte-derived osteoclasts 
using in-gel zymography when added after differentiation has commenced.  
M-CSF and RANKL were utilised to generate monocyte-derived osteoclasts. IMiDs 

(lenalidomide, pomalidomide and thalidomide) were added to the media on day 3 of 

differentiation (A, C and E) and then with each media change or for 24 hours after day 7 of 

differentiation (B, D and F). A zymography gel showing the effects of IMiDs on day 3 addition 
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(A) or the addition of IMiDs on day 7 for 24 hours (B). Raw data for day 3 addition (C) or the 

addition of IMiDs on day 7 for 24 hours (D). Data normalised to the DMSO vehicle control for 

day 3 addition of IMiDs (E) or the addition of IMiDs on day 7 for 24 hours (F). Statistics were 

performed with a one-way ANOVA and Dunnett’s multiple comparisons test. Data represent 

n=3 independent experiments expressed as the mean ± SEM: * p ≤ 0.05, ** p ≤ 0.01. 

 

 

 

4.3.3 Qualitative images of osteoclast morphology and differentiation in the 
presence of IMiDs 

Prior to a more detailed examination of the effects of IMiDs on osteoclast differentiation and 

activation, confocal microscopy was used initially to monitor the changes in the morphology of 

osteoclasts treated with 10 µM of each IMiD. Monocytes were seeded on the Millicell EZ 

chamber slides. IMiDs were added to a complete osteoclastogenic medium (consisting of M-

CSF and RANKL) that promoted the differentiation of monocytes into osteoclasts. Images 

captured on day zero displayed the common features of monocytes (Figure 4.7 A), whereas 

images taken on day seven (Figure 4.7 B) and day ten (Figure 4.2 C) showed multinucleated 

cells displaying the morphology of mature osteoclasts. The differentiation rate of osteoclasts 

is marked by the fusion of monocytes and by the number of nuclei within the cells. On average, 

mature osteoclasts are 15 times larger than monocytes and have more than 8 nuclei426, 427. 

Representative images from one donor from a series of n=6 experiments. IMiDs seemed to 

delay the differentiation rate of osteoclasts as shown by qualitative analysis of the changes 

observed to the overall size, shape and multinucleation of cells at the end of the differentiation 

period.  
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Figure 4.7   The effect of different IMiDs on monocyte-derived osteoclast differentiation 
using confocal microscopy. 
 M-CSF and RANKL were used to differentiate monocytes into osteoclasts. A dose of 10 µM 

IMiDs (lenalidomide, pomalidomide and thalidomide) or equivalent DMSO (vehicle control) 

was added to the media on the day of seeding and when the media was changed every 2 – 3 

days. Nuclei were stained with Hoechst 33342 Solution and the plasma membrane was 

stained with CellMask™ Orange on day 0 (A), day 7 (B) and day 10 (C). Images were taken 

at 20X magnification, and a 50 µm scale bar was included. Representative images from n=6 

experiments.  

 

 

Using the X20 images, the number of osteoclasts per image and the average number of nuclei 

per osteoclast in the presence of IMiDs were scored manually and presented in figure 4.8A 

and B, respectfully. Counting the number of osteoclasts revealed that osteoclasts have 

significantly decreased in the presence of lenalidomide (p= 0.0003) and pomalidomide (p 

<0.0001) on day 7 and on day 10 (p value for lenalidomide p= 0.0076); (p value for 

pomalidomide p <0.0001). The number of nuclei per osteoclast have decreased significantly 

DMSO (Vehicle control) 10 µM Lenalidomide 10 µM Pomalidomide 10 µM Thalidomide 10 µM

50 µm 50 µm 50 µm 50 µm

50 µm 50 µm 50 µm 50 µm

50 µm50 µm50 µm50 µm

Day 0

Day 7

Day 10

A

B

C
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in the presence of lenalidomide and pomalidomide on day 7 (p= 0.0015 and p= 0.0003 

respectfully) and on day 10  (p value for lenalidomide = 0.0015 and pomalidomide p <0.0001).  
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Figure 4.8 Quantification of the effect of different IMiDs on monocyte-derived osteoclast 
differentiation using confocal microscopy. 
 M-CSF and RANKL were used to differentiate monocytes into osteoclasts. A dose of 10 µM 

IMiDs (lenalidomide, pomalidomide and thalidomide) or equivalent DMSO (vehicle control) 

was added to the media on the day of seeding and when the media was changed every 2 – 3 

days. The number of osteoclasts per image and the number of nuclei were scored manually 

using X20 day 0, day 5, day 5, day 7 and day 10. Statistics were performed with a two-way 

ANOVA and Dunnett’s multiple comparisons test. Data expressed as the mean ± SEM: * p ≤ 

0.05, ** p ≤ 0.01, *** p ≤ 0.001and **** p ≤ 0.0001. 

 

 

4.3.4 Monitoring osteoclasts differentiation upon IMiDs treatment by live-cell 
imaging (a quantitative approach to imaging) 

IMiDs were added on the day of seeding the cells onto the E-plate and with each culture media 

change as previously. The cells were allowed to differentiate for 14 days. Three images were 

taken every hour of the differentiation. After 24h (Figure 4.9 A), the clustering of monocytes 

begins (which is a characteristic of differentiation)428, 429 and becomes more robust (quantified 

in upcoming figures). At later time points at 120 hours (day 5) and 170 hours (day 7) (Figure 

4.9 B-C), DMSO-treated osteoclasts have differentiated more progressively than IMiD-treated 

cells, as a higher number of clusters are observed 24 hours post-treatment in the control 

sample; this accompanied a higher number of multinucleated cells with ruffled edges observed 

at 315 hours post-treatment. Over the first 24 hours, a decrease in the cellular cluster 

formation rate in lenalidomide and pomalidomide-treated cells is observed (Figure 4.9 A). 

Comparison of cell morphology at the final stages of differentiation has revealed the overall 

downregulation of differentiation rate in lenalidomide and pomalidomide-treated cells. DMSO-

treated cells in Figure 4.9 D have the mature osteoclast characteristics of multinucleation with 

ruffled edges. These characteristics were not observed in pomalidomide and lenalidomide-

treated cells as they expressed elongated features, which suggests a delay in the overall 

differentiation process when treated with such treatments (See Appendix 10.8 for video 

obtained from RTCA for osteoclast differentiation in the presence of 10 µM DMSO (VC); 

Appendix 10.9 for video obtained from RTCA for osteoclast differentiation in the presence of  

10 µM lenalidomide; Appendix 10.10 for video obtained from RTCA for osteoclast 

differentiation in the presence of 10 µM pomalidomide; Appendix 10.11 for video obtained from 

RTCA for osteoclast differentiation in the presence of 10 µM thalidomide).   
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Figure 4.9 Visualisation of osteoclast differentiation in the presence of IMiDs in vitro 
using real-time imaging.  
Monocytes (100,000/well) were differentiated to osteoclasts using M-CSF and RANKL and 

exposed to 10 µM of IMiDs on the day of seeding. Images show the progression of osteoclast 

differentiation in the presence of IMiDs at 24H (A), 120H (B), 170H (C) and 315H (D). Images 

shown were obtained from one experiment. Similar results were observed with three 

independent and repeated experiments. 

 

The graphs (Figure 4.10) show the bright-field confluence percentage over time (in hours) for 

cells treated with lenalidomide, pomalidomide, and thalidomide) at two different concentrations 

(1 μM (A) and 10 μM) (B). This was compared to vehicle control (DMSO). Both concentrations 
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show similar trends, with Pomalidomide maintaining the highest confluence and Thalidomide 

showing the lowest confluence. A higher concentration (10 μM) generally results in lower 

confluence levels compared to a lower concentration (1 μM). The VC shows a moderate 

confluence decrease, maintaining lower levels compared to lenalidomide and pomalidomide. 

Lenalidomide shows slightly higher confluency compared to DMSO. Pomalidomide 

consistently shows the highest confluence levels among all treatments. Thalidomide exhibits 

the most significant decrease in confluence. 

 
Figure 4.10 Percentage confluency profiles of monocyte differentiation in vitro in the 
presence of IMiDs. The cells were incubated in M-CSF and RANKL to differentiate into 

osteoclasts. A dosage of 1 (A) and 10 µM (B) (lenalidomide, pomalidomide and thalidomide) 

A 

B 
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or DMSO (VC) was added to the media on the day of seeding and when the media was 

changed every 2 – 3 days. The data shown are representative of 1 experiment, similar to that 

observed with repeated experiments obtained from n=4 independent repeats. 
 

4.3.5 Quantifying the effects of IMiD treatment on osteoclast differentiation using 
real-time impedance measurements. 

Continuing to use 100,000 monocyte cells/well on the E-plate differentiation to osteoclasts 

with M-CSF and RANKL, the effects of two concentrations of IMiDs: 1 µM (Figure 4.11 A and 

B) and 10 µM (Figure 4.11 C and D), were studied. According to previous results obtained in 

this chapter, the progression of differentiation is suggested to be decreased when treated with 

lenalidomide and pomalidomide, with pomalidomide having a greater impact than 

lenalidomide. Additionally, thalidomide did not a significant impact on the differentiation 

progress. The CI signal, dependent upon cells being adhered to the E-plate, increases steadily 

for all the treatments over the first ~ 70 hours, after which it briefly plateaus ~ 70-120 hours. 

Overall, the presence of IMiDs significantly increases cell impedance throughout the entire 

differentiation process. Because impedance is highly sensitive to changes in cell size and 

adhesion strength, it effectively detects the early stages of differentiation.  

 

 



 113 
 

 

 
Figure 4.11 CI signal displaying the impedance of osteoclasts in the presence of IMiDs.  
M-CSF and RANKL were used to differentiate monocytes into osteoclasts. A dosage of 1 and 

10 µM (lenalidomide, pomalidomide and thalidomide) or DMSO (VC) was added to the media 

on the day of seeding and when the media was changed every 2 – 3 days. The impedance of 

osteoclasts in the presence of IMiDs showing the CI signal at 1 µM (A); DMSO (VC) as CI 

baseline (B); the CI signal at 10 µM (C); DMSO (VC) as CI baseline (D). The data shown are 

representative of 1 experiment, similar to that observed with repeated experiments obtained 

from n=4 independent repeats. Quantitative analysis of the CI signal in the presence of IMiDs 

obtained from 4 independent experiments at 1 µM and 10 µM are shown in the upcoming 

figure. 

 

 

 

The ability to quantify the effects of IMiDs on the impedance of osteoclasts in multiple repeats 

from real-time live imaging without any additional staining is a unique property of the 

xCELLigence RTCA. The impedance data shown in Figure 4.10 illustrates the effects on the 

CI data reproduced in four independent experiments. Pomalidomide has increased the 

impedance of osteoclasts at a concentration of 1 µM at 200 hours (p = 0.0011), 250 hours (p 

= 0.0261), 300 hours (p = 0.0071), and 350 hours (p = 0.0181) (Figure 4.12 A). Pomalidomide 
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and thalidomide both displayed a significant increase in the impedance at 10 µM concentration 

at different time points. Pomalidomide was found to significantly increase the impedance at 

250 hours (p = 0.00312), pomalidomide and thalidomide significantly increased the impedance 

at 300 hours (p < 0.0001 and p = 0.0282, respectively), and pomalidomide significantly 

increased the impedance at 350 hours (p = 0.0014). The most significant increase was 

observed at 300 hours post-seeding with pomalidomide when compared to the DMSO (VC) 

(Figure 4.12 B).  

 
Figure 4.12 The effects of IMiDs on osteoclast differentiation using RTCA impedance 
measurements. 



 115 
 

 

 M-CSF and RANKL were used to differentiate monocytes into osteoclasts. A dose of 10 µM 

IMiDs (lenalidomide, pomalidomide and thalidomide) or vehicle control was added to the 

media on the day of seeding and when the media was changed every 2 – 3 days. The 

impedance measured as the CI signal of osteoclasts in the presence of IMiDs at 1 µM, 

normalised to the DMSO control (A), the impedance measured as the CI signal of osteoclasts 

in the presence of IMiDs at 10 µM, normalised to the DMSO control (B). Quantitative analysis 

of the CI signal in the presence of IMiDs obtained from 4 independent experiments the 1 µM 

and 10 µM concentration of IMiDs. Statistics were performed with a two-way ANOVA and 

Dunnett’s multiple comparisons test. Data expressed as the mean ± SEM: * p ≤ 0.05, ** p ≤ 

0.01, and **** p ≤ 0.0001. 

 

 

4.3.6 The impedance signal in osteoclasts is affected by the addition of IMiDs on the 
first day of differentiation compared to three days after seeding.  

The effects of the time when the IMiDs are added to osteoclasts, using the xCELLigence 

RTCA, has not been studied before in literature. The addition of lenalidomide, pomalidomide, 

and thalidomide at either 1 µM or 10 µM on the day of seeding or three days after seeding has 

impacted the CI signal in osteoclasts. Upon treatment with lenalidomide and pomalidomide on 

the day of seeding, increased impedance is seen, as already described above. However, there 

was less of an effect on the impedance when lenalidomide and pomalidomide were added 

three days after seeding to monocyte, differentiating to osteoclasts isolated from the same 

donor.  IMiDs have increased the impedance of osteoclasts in a dose-dependent manner at 1 

µM IMiDs (Figure 4.13 A), this can be seen at when the data is normalised to DMSO (VC) 

(Figure 4.13 B). At 10 µM IMiDs, there was a greater increase observed with the impedance 

(Figure 4.13 C). This can be seen when the data is normalised to DMSO (VC) (Figure 4.13 

D). The impedance measured as the CI signal did not increase when 1 µM of IMiDs was added 

after three days of seeding (Figure 4.13 E); this can be seen when the data is normalised to 

DMSO (VC) (Figure 4.13 F). However, there was a slight increase when 10 µM of IMiDs was 

added at this time (Figure 4.13 G); this can be seen when the data is normalised to DMSO 

(VC) (Figure 4.13 F). 
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Figure 4.13 The effects of IMiDs on the impedance of monocyte-derived osteoclasts 
when added on day 3 of differentiation. 
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M-CSF and RANKL were used to differentiate monocytes into osteoclasts. A dosage of 1 and 

10 µM (lenalidomide, pomalidomide and thalidomide) or DMSO (VC) was added to the media 

either on the day of seeding or after day 3 of differentiation. The media was changed every 2 

– 3 days. The impedance of osteoclasts in the presence of IMiDs showing the CI signal at 1 

µM (A); DMSO (VC) as CI baseline (B); the CI signal at 10 µM (C); DMSO (VC) as CI baseline 

(D). The CI signal of osteoclasts at 1 µM IMiDs when added at day 3 (E); DMSO (VC) as CI 

baseline (F); the CI signal of osteoclasts at 10 µM IMiDs added at day 3 (G); DMSO (VC) as 

CI baseline (H). The data shown are representative of 1 experiment, similar to that observed 

with repeated experiments obtained from n=3 independent repeats.  

 

4.3.7 Cluster and activation function of the xCELLigence RTCA  

To quantify the effects of IMiDs on the early stages of osteoclastogenesis, we used the Sight 

confluence masking. This displays the confluency at different time points of differentiation. The 

measuring of clustered objects was possible due to the parameters set that allowed the 

isolation of clusters from the background. The parameters used were based on measuring the 

areas of the clusters from different time points and then using those measures to set the 

parameters that allowed the differentiation of clusters against single cells and multinucleated 

cells within an image. Using the images obtained from the control images, the parameters on 

the RTCA software were set to a minimum area of 2500 µm and a maximum area of 50,000 

µm with Adjust Size (pixels) of 1 and a Segmentation Adjustment of 0.2 of cells to background 

ratio. These parameters allowed the detection of cellular clustering in each if the images 

obtained. These parameters were then applied to all selected images at all time points in the 

presence and absence of treatments. Figure 4.14 shows an example of using the eSight 

confluence masking to identify the cellular clustering of pre-osteoclasts pre-fusion. To 

demonstrate the masking algorithm, images of six different time points are included in the 

figure from the same well. The yellow area represents the cells detected by the masking 

parameters which indicate cellular clustering, whereas the grey area represents the excluded 

cells which were not counted as part of the clustering. Singular cells and multinucleated cells 

were excluded from the mask and did not get counted. Cluster formation seems to begin from 

24 hours, with the most clusters observed at 48 h and 60h.  
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Figure 4.14 Label-free monitoring of osteoclast differentiation using an xCELLigence 
RTCA eSight analyser. 
Images tracking the progression of cell spreading and aggregation showing the formation of 

clusters over time. Images from 2, 24, 48-, 60-, 100-, and 120-hour time-points highlight the 

initiation of cluster formation at early time points; displaying with a higher intensity and larger 

surface area of masking (displayed in orange) after 48 and 60 hours of seeding. Clustering of 

monocytes (which is a characteristic of differentiation) becomes more robust. At later time 

points, monocyte clusters contain less of the orange masking, but display an increase in CI 

and cytoplasm elongation and appear to be progressing into mature osteoclasts. Finally, after 

120 hours of seeding, the masking of aggregates slowly disappears with the emergence of 

multinucleated cells.  

 

To gain more insight into the proliferation of osteoclasts, the clustering confluence percentage 

function was used for the first time here in the presence of IMiDs. This function allowed the 

examination of the effects of 10 µM of IMiDs on the attachment of monocytes before they 

merge to become multi-nucleated giant cells, which gives insight into cell-cell interactions. 
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DMSO-treated monocytes had more clusters form (displayed as object count), in comparison 

to IMiD-treated cells, as a decrease in the object number was seen with each IMiD (Figure 

4.15 A). When combining the graph from the CI signal with the clustering objects counts 

(Figure 4.15 B), it highlights IMiDs impedance readouts in comparison to IMiDs cluster objects 

count readouts. Measurements of cellular clusters formed using Cluster Differentiation 

Function on the RTCA eSight Software (Figure 4.15 A) revealed that IMiD treatment reduced 

the number of pre-osteoclastic clusters. This reduction in cluster formation becomes evident 

after the first media change recorded at 55 hours. Juxtaposing the two different readouts within 

the same plot (Figure 4.15 B) highlights the increased clustered objects in the DMSO (VC) 

treated cells compared to the IMiDs. In contrast, the opposite was observed with the 

impedance readouts.  
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Figure 4.15 An example of pre-osteoclastic cluster formation in the presence of IMiDs.  
A time point of 60-hour post-seeding showing the effects of IMiDs on the formation of 

osteoclastic clusters (A). A graph combining the CI signal and the object count (number of 

clusters) observed at the early stages of differentiation. CI signal and object counts shown in 

this graph were obtained from 1 donor in triplicates on the E-plate. 

 

 

While showing the effects on one donor gives an insight into the impact of IMiDs, it was 

important to determine whether the data obtained were reproducible. The experiment was 

repeated three times, and similar results were observed when combining the object count and 

the CI signal at a 60-hour time-point post-seeding. Figure 4.16 A illustrates the raw data 

obtained from measuring the CI and the object count from a single experiment. Figure 4.16 B 

demonstrates the CI signal and the object count of three repeated experiments.  Lenalidomide 

slightly reduced the object count; this was not statistically significant. Pomalidomide and 

thalidomide significantly reduced the object count, which correlates to the clusters forming in 

pre-osteoclasts (p = 0.0129 and p = 0.0165, respectively). 

 

 
Figure 4.16 IMiDs reduce the formation of pre-osteoclast clusters. 
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Measurements of cellular clusters formed by osteoclasts using Confluency Masking Function 

on the RTCA eSight (A) revealed that IMiD treatment reduced the number of pre-osteoclastic 

clusters. The CI signal of osteoclasts and the object count normalised to the DMSO (VC) at ~ 

60 hours of repeated experiments (B). Data of three independent experiments expressed as 

the mean ± SEM; * p ≤ 0.05. 

CI_S = Cell Index (Image Synchronised); BF = Bright Field (Object count). 

 

 

4.3.8  Gelatine pre-coating influenced osteoclast proteolytic activity in the presence 
of IMiDs 

To test the effect of the gelatine coating on the impedance in the presence of IMiDs, two 

concentrations of IMiDs were administered to the cells from the day of seeding (1 µM and 10 

µM). Increasing the dosage of IMiDs has increased the CI signal when comparing the 1 µM 

(Figure 4.17 E) to the 10 µM (Figure 4.17 F). For both doses, pomalidomide showed the most 

increase in the CI signal, followed by lenalidomide and then thalidomide showing the least 

increase in CI.  
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Figure 4.17 The analysis of the impedance of osteoclasts on gelatine upon treatment 
with IMiDs   
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Monocytes were seeded on an E-plate coated with 0.02 % gelatine. M-CSF and RANKL were 

used to differentiate monocytes into osteoclasts. Images were captured in the absence (A) 

and presence of gelatine (B-D) at different time-point of, showing the areas of digestion. A 

dosage of 1 and 10 µM (lenalidomide, pomalidomide and thalidomide) or DMSO (VC) was 

added to the media either on the day of seeding and when the media was changed every 2 – 

3 days to monocytes seeded on an E-plate coated with 0.02 %. The impedance of osteoclasts 

in the presence of IMiDs shows the CI signal at 1 µM (E); the CI signal at 10 µM (F). The 

results are representative of n=3. 
OCs= osteoclasts; H= hour; white arrows pointing towards the areas of digested gelatine.  

 

 

4.3.9 The expression of integrins by monocyte-derived osteoclasts in the presence 
of IMiDs  

The XCELLigence RTCA impedance is a direct measurement of the attachment and, 

therefore, the adhesion of cells to the plate. The expression of adhesion proteins such as 

integrins was examined using immunoblotting to further investigate the increase of impedance 

in osteoclasts upon IMiD treatment. The higher the impedance measured by the RTCA, the 

stronger the cells’ adherence to the plate. Osteoclasts bind to the bone matrix by binding its 

surface integrins to a bone protein known as vitronectin430,431. To examine the role of integrins 

in changes to the osteoclastic impedance signal in vitro, the expression of 𝛼V𝛽3 integrin was 

examined, since osteoclasts highly express this integrin complex, which binds to a variety of 

extracellular matrix proteins432. The cell lysates were harvested at the end of the differentiation 

period. At this time point, the expression of 𝛼V𝛽3 has increased when treated with 10 µM of 

pomalidomide and lenalidomide in comparison to the DMSO vehicle control. However, the 

expression remains unchanged when treated with thalidomide. Densitometry results revealed 

the enhanced expression of aVb3 integrin, but this was not significant. Following the initial 

investigation of adhesion molecules, the expression of other integrin subunits was also tested 

using immunoblotting. This included 𝛼5, 𝛽1, 𝛽5, and 𝛼4433,434. These integrins were chosen 

as osteoclasts also express them; they induce the direct interaction of osteoclasts with 

different proteins. No significant changes were observed with these other integrin subunits. 

IMiDs have modified the expression of aVb3 integrin subunit. However, this was not 

significant. IMiDs did not modify the expression of the other integrin subunits studied (Figure 

4.18).  
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Figure 4.18 The effects of IMiDs on integrin expression of monocyte-derived 
osteoclasts.  
M-CSF and RANKL were utilised to in vitro monocyte-derived osteoclasts. IMiDs 

(lenalidomide, pomalidomide and thalidomide) were added to the media on the day of seeding. 

Cell lysates were harvested on day 10, and total protein was estimated using a DC assay. 

Protein immunoblots representative of n=3 donors; 𝛽-actin was used to demonstrate equal 

protein loading (Figure 4. 10 A) and densitometry showing  𝛼V (B), 𝛽3 (C), 𝛼4 (D), 𝛽5 (E), 𝛼5 

(F), 𝛽1 (G). Densitometry data normalised to 𝛽-actin. Statistics were performed with a one-

way ANOVA and Dunnett’s multiple comparisons test; means ± SEM.  
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4.4      Discussion 
In the past several years, there has been a dramatic improvement in the treatment of patients 

with multiple myeloma (MM). A better understanding of the biology of the disease and its 

associated complications will further improve the quality of life and, potentially, the overall 

survival rate. Thalidomide was the first immunomodulatory imide drug (IMiD) to show activity 

in MM435. Favourable clinical results promoted the development of the thalidomide analogues 

lenalidomide and pomalidomide, collectively known as IMiDs. These analogues were 

designed to have better efficacy than thalidomide and reduce toxicity436. 

 

IMiDs exert their anti-cancer properties through several mechanisms, including 

immunomodulation, inhibition of angiogenesis, anti-inflammatory effects, direct anti-

proliferative effects, reducing cytokine production and altering interactions with the bone 

marrow and tumour microenvironment437. Therefore, IMiDs can act directly on myeloma cells 

and indirectly by altering the interactions between myeloma cells and non-myeloma cells 

within the bone marrow microenvironment (BMM), including bone marrow stromal cells, 

immune cells and osteoclasts436,438–440. These treatments are often combined with other anti-

myeloma therapies, such as steroids and proteasome inhibitors441. Interactions between 

myeloma cells and osteoclasts enhance osteoclastogenesis; osteoclasts, in turn, enhance 

myeloma cell growth and drug resistance440. Osteolytic bone disease in MM is caused by 

enhanced osteoclast activity accompanied by inhibition of osteoblast function442. Osteolytic 

bone lesions in myeloma patients arise with dysregulation of the normal bone remodelling 

process, with decreased osteoblast function and increased activity of osteoclast443. Adhesion 

of myeloma cells to the bone marrow stromal cells promotes the secretion of several osteolytic 

cytokines, such as IL-6, TNFa, IL-1b and RANKL444,445.  

From quantifying the confocal images, lenalidomide and pomalidomide significantly decrease 

osteoclast formation and multinucleation compared to the DMSO control. Their effects are 

evident by day 7 and persist through day 10, indicating their potent role in reducing osteoclast 

differentiation. Thalidomide shows a delayed and less pronounced effect on osteoclast 

differentiation, with more osteoclasts and more multinucleation compared to lenalidomide and 

pomalidomide. Overall, the data indicate that lenalidomide and pomalidomide are more 

effective than thalidomide in reducing osteoclast differentiation and maturation, as evidenced 

by the decreased number of osteoclasts and lower multinucleation rates. 

MMP-9 and MMP-2 have been shown to be produced by myeloma cells, and the accumulation 

of MMPs in the BMM has significant roles in the pathogenesis of the disease446. Osteolytic 

bone degradation is caused by overly active osteoclasts and extracellular matrix remodelling 
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by bone marrow stromal cells, which in turn promotes the growth and invasion of myeloma 

cells447. Focal degradation of the extracellular matrix, mediated by MMPs, is the first step in 

the invasion of cancer cells448,449. It has been reported that IMiDs reduce the production of 

MMPs, therefore, preventing the degradation of the extracellular matrix450. Thalidomide was 

thought to be effective in reducing the expression of MMP-2 and MMP-9, as it was found to 

reduce melanoma tumour growth and blood supply in C57 mice451, which is thought to 

enhance anti-tumour activities of thalidomide for the treatment of melanoma452. MMPs can 

degrade the extracellular matrix, which facilitates angiogenesis and tumorigenesis. The 

overexpression of MMPs has been correlated with the progression of several cancers, 

including breast cancer, ovarian cancer, and colorectal cancer453. 

 

As previously discussed in chapter 3, MMPs (MMP-9 and MMP-2) expression by osteoclasts 

was found to be correlated with osteoclast differentiation. The MMP-9 released by osteoclasts 

was found to be activated when subjected to in gel zymography. The activated MMP-9 was 

also found to be positively correlated with the stage of differentiation. This study demonstrates 

for the first time the direct comparison of the effects of IMiDs on osteoclast differentiation and 

activation in the same in vitro model. All three IMiDs tested (pomalidomide, lenalidomide and 

thalidomide) are used in the treatment of MM at different stages of the disease: thalidomide is 

now less commonly prescribed, lenalidomide is widely used in the treatment of newly 

diagnosed and relapsed/refractory MM, while pomalidomide is currently used in the 

relapsed/refractory disease state454. The effects of IMiDs on osteoclastogenesis have been of 

interest to many studies. The anti-osteoclastogenesis activity of lenalidomide specifically has 

been well documented. Lenalidomide was found to decrease TRAP-positive and 

multinucleated cells in a dose-dependent manner (0-10 µM range)455. Lenalidomide has also 

been found to reduce bone-remodelling markers, such as RANKL and OPG, in the serum of 

myeloma patients456. In another study, the combination of thalidomide with dexamethasone 

improved abnormal bone remodelling through the reduction of the RANKL/OPG ratio in 

refractory/relapsed myeloma patients457. However, a direct comparison of the effect of all 

IMiDs on osteoclastogenesis in the same osteoclast model is yet to be studied. Here, the 

addition of IMiDs on the day of seeding reduced osteoclastogenesis and MMP expression, but 

this was IMiD type-dependent. The use of eSight and RTCA also provided unique insights into 

osteoclastogenesis defects induced by IMiDs.  

 

MMP-9 secretion was found to be significantly reduced in the presence of pomalidomide, and 

lenalidomide and pomalidomide were both found to decrease MMP-2 expression if IMiDs were 

added on the day of seeding and initiation of differentiation. When IMiDs were also added at 

different time points after differentiation had been initiated, they had minimal effect on MMP 
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production. The activity of MMP-9 seemed unaffected by the IMiDs when added three days 

post-seeding and for 24 hours after seven days of seeding. Therefore, IMiDs seem more 

effective when added to monocytes on the day of seeding to effectively reduce MMP-9 

expression and activity. Stimulation with LPS did not alter MMP production in day 7 

differentiated osteoclasts and IMiDs did not have any effect on this. A similar lack of effect was 

seen for IL-6 and TNFa production by osteoclasts. This was interesting to observe as IMiDs 

have been found to reduce TNFa and IL-6 production in monocytes after being triggered by 

LPS and other agonists in culture458 (also see Chapter six). Since osteoclasts are derived from 

the monocytic lineage, it was hypothesised that the levels of such cytokines would be reduced 

upon IMiD treatment, but this was not the case. However, monocytes undergo many 

morphological and molecular changes through monocyte-to-osteoclast transition459,460, which 

could explain the lack of efficacy of the IMiDs here. Similar effects were observed with MMP-

9 secreted by osteoclasts. For this analysis, gelatine, a protein derived from hydrolysed 

collagen461,462  was used as the substrate. Collagen is one of the most prominent components 

of the extracellular matrix and presents a substrate for osteoclast digestive activity463,464,465, so 

this analysis provides insight into the effects of IMiDs on the maturation of osteoclast on 

gelatin.  

Other ways of measuring the areas of the number of resorption pits produced by osteoclasts 

in response to stimuli with bone resorbing agents have also been considered466. Previous 

reports have demonstrated that pomalidomide is the most potent IMiD: 100 times the strength 

of thalidomide and 10 times that of lenalidomide467,468. All the data mentioned above support 

the notion that pomalidomide is the most efficient drug among IMiDs. It is important to note 

that pomalidomide is generally used in patients with advanced MM after pre-treatment with 

several drugs, including lenalidomide469,470. 

The real-time monitoring of osteoclastogenesis method established in chapter 3 was 

successfully used here to provide greater insight into the effects of IMiDs on 

osteoclastogenesis. From the results obtained in chapter three, we found that increased 

seeding density increases the impedance of osteoclasts in vitro; these results were highly 

reproducible and correlated with classic endpoint assays.  IMiDs were predicted to decrease 

the impedance of osteoclasts as end-point assays illustrated in this study supported the 

hypothesis of IMiDs reducing osteoclastogenesis with the third generation IMiD, 

pomalidomide, being the most potent IMiD for down-regulation of osteoclast differentiation and 

activation. This included confocal microscopy and real-time imaging showing pomalidomide 

to marginally prevent the elongation of osteoclasts at the earlier stages of differentiation and 

multi-nucleation at the later stages of the differentiation. However, IMiDs were found to actually 

increase the impedance of osteoclasts, with pomalidomide the most potent IMiD in increasing 
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the impedance in a dose-dependent manner. This might suggest that IMiDs may have an 

impact on cell adhesion and migration. As previously discussed, the formation of clusters of 

pre-osteoclasts prior to fusion is a characteristic of osteoclastogenesis471,472. It is also 

something observed in chapter three throughout the characterisation of osteoclast 

morphology. Therefore, the effects of all IMiDs on the formation of clusters were studied 

alongside the impedance of osteoclasts in vitro. Pomalidomide was the only IMiD to 

significantly reduce the number of pre-osteoclastic clusters at 1 µM concentration. 

Interestingly, pomalidomide and thalidomide were found to have a significant increase in 

osteoclast impedance at 10 µM; this could be due to the IMiDs increasing the adhesion of 

osteoclasts to the E-plate by increasing the expression of certain proteins that enhance their 

adhesion, therefore, enhancing the CI signal. As previously discussed, it is already recognised 

that IMiDs exert a direct inhibitory effect on osteoclastogenesis, and the data generated using 

RTCA here adds new insights to this. Multinucleated osteoclasts are formed by cell-cell  of 

pre-osteoclasts. Osteoclast fusion is considered to include four main steps: 

attraction/migration, recognition, cell-cell adhesion, and, finally, membrane fusion473. The 

initial contact of pre-osteoclasts with each other and other cells present in the bone marrow 

microenvironment is thought to be essential for osteoclast differentiation474–476; this process is 

mediated by the dendritic cell-specific transmembrane protein (DC-STAMP)477–479. It is this 

process that IMiDs seem to prohibit.  

 

One of the key factors of thalidomide inhibitory activity in osteoclastogenesis is decreasing 

aVb3 integrin complex480–483. This inhibition is thought to be mediated by a reduction in 

Cathepsin K, a protease involved in the degradation of the bony matrix and aVb3 integrin484. 

The vitronectin receptor aVb3 is predominantly expressed in osteoclasts and was found to be 

necessary for the contact of osteoclasts with the extracellular matrix485. Additionally, inhibition 

of aVb3 integrins inhibits bone resorption in animal models486. Therefore, it was important to 

test the effects of IMiDs on integrins expressed by osteoclasts in the in vitro model being used 

herein. Pomalidomide was found to slightly increase aVb3, although this was not significant. 

It also contrasts with previous reports of a decrease in aVb3 upon IMiD treatments487,788. The 

lack of effects of IMiDs could be due to osteoclasts being derived from monocytes and not 

primary osteoclasts isolated from, for example, mouse bone marrow. Another reason could 

be that this experiment is conducted in vitro, and the absence of the extracellular matrix could 

alter the effects of IMiDs on integrin complexes. 

 

The role of the vitronectin receptor aVb3 in biology has been studied extensively, and it has 

become clear that mammalian osteoclasts utilise this receptor to adhere to a wide range of 
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extracellular matrix proteins that are mainly expressed in bone and the bone marrow486,489,490. 

Another receptor of interest to study here is the a5b1, which is widely expressed by avian 

osteoclasts and is used as a fibronectin-binding receptor490. The functional aspects of aVb1 

in osteoclasts have not been studied yet. This receptor is far less abundant than aVb3 in 

osteoclasts and is likely to be a receptor for collagen or possibly fibronectin in osteoclasts491 

. A slight increase was observed with aVb3 upon treatment with the IMiDs, which supports the 

hypothesis that IMiDs predominantly affect aVb3 in osteoclasts. However, the effect was 

opposite to that observed in previous studies480–482. 

 

This study confirms the significant inhibitory effects of pomalidomide and lenalidomide on 

osteoclastogenic differentiation of monocytes in vitro at drug concentrations that have been 

shown to be clinically relevant492–494. This effect is also observed when testing the activity of 

MMP-9, as lenalidomide and pomalidomide reduced the activity of MMP-9 to digest the 

zymogen gel when the supernatants were subjected to in gel zymography. This pattern of 

activity of the IMiDs has been reported previously, with pomalidomide the most effective IMiD 

in previous in vitro and in vivo studies495,496. The relative absence of an effect of thalidomide 

could suggest that concentrations were not sufficient to exert an effect on MMPs in vitro. 

Future studies could include higher concentrations of thalidomide to test the efficacy at higher 

concentrations within the same osteoclast model. This has been observed in previous studies 

where 100-200 mg/day of thalidomide was required to have an effect on patients, whereas 25 

mg/day of lenalidomide was required to see the same effects, and only 2-5 mg/day of 

pomalidomide was generally effective and well tolerated in patients497–499. However, it is 

important to notice that the dosage of IMiDs used in clinical settings can be lowered when 

used in combination with other treatments, such as dexamethasone497,500–502. Although the 

chemical structures of IMiDs are quite similar, they differ with respect to several 

pharmacological properties, including metabolism, half-time, absorption and clearanceClick or 

tap here to enter text.. Furthermore, pomalidomide has more neo-substrates targeted for 

degradation in comparison to lenalidomide and thalidomide502, which could explain the higher 

potency observed with pomalidomide in reducing osteoclast differentiation and activation. 

Neo-substrates refer to the potential cellular proteins of CRBN targeted by the IMiDs503. 

 

4.5  Conclusion 
IMiDs have become an essential part of MM therapy and have contributed vastly to the 

understanding of the pathophysiology of the disease. They have the ability to pair with other 

key therapies in a synergistic rather than additive way, which makes them ideal for combined 

regimes with manageable toxicities. There is clearly further work to be done in order to fully 
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understand the mechanisms by which IMiDs act in myeloma bone disease, to better guide 

treatment decisions, to understand resistance patterns, and to allow for further drug 

development targeting these pathways. The results obtained here give an insight into the 

possible mechanisms of action by which IMiDs affect the cells present in the tumour 

microenvironment, such as osteoclasts. The osteoclast model established here alongside the 

endpoint and the real-time assays illustrated here provides a powerful approach to testing 

potential treatments for myeloma bone disease. Using these techniques, pomalidomide has 

shown impressive results in reducing osteoclast differentiation and activity. The xCELLigence 

RTCA also allows the testing of the combination of different therapies with IMiDs for the 

treatment of myeloma bone disease and provides a powerful platform for testing the efficacy 

of potential new therapies for myeloma bone disease treatment. These data provide a basis 

for considering pomalidomide for use in the treatment of bone disease in MM and potentially 

other bone-related diseases.  
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Chapter Five 

Measuring the Effects of Anti-inflammatory 
Cytokines on the Differentiation and 

Activation of Osteoclasts 
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5.1   Introduction 

5.1.1 The biological effects of anti-inflammatory cytokines in osteoclasts  
Interleukin (IL)-4 and IL-13 belong to the T helper 2 family of cytokines504,505. This group also 

includes other cytokines, such as IL-5, and IL-9506–508. They are considered pleiotropic 

cytokines produced by immune cells, with lymphocytes being one of the major sources of 

cytokines production; they play an essential role in inflammatory and immune responses509. 

IL-4 and IL-13 share 25% similarity at the amino acid level and have overlapping biological 

activities such as regulating antibody production and inflammation510. IL-4 and IL-13 share a 

joint receptor complex, and similar signals are activated within the cell by these cytokines511,512 

(Figure 5.1). Both cytokines can upregulate the expression of two IL-8 receptors, CXCR1 and 

CXCR2, in human monocytes513; IL-8 can increase the expression of RANKL expression in 

osteoblasts, which alters RANKL/OPG ratio to favour osteoclast formation. IL-4 suppresses 

RANKL-induced osteoclast differentiation through direct action on pre-osteoclastic cells514. In 

addition, IL-4 and IL-13 both increase the expression of osteoprotegerin (OPG)515, a decoy 

receptor for RANKL produced by osteoblasts. OPG interrupts the interaction between RANKL 

and its receptor, RANK, whilst simultaneously decreasing RANK and RANKL expression in 

osteoclasts515. Both cytokines reduce OPG levels in an osteoclast coculture of mouse bone 

marrow-derived macrophages with UAMS-32 (an osteoblastic cell line) in the presence of 1𝛼, 

25-dihydroxy vitamin D3 ((OH)2D3) an inducer of RANKL expression at a concentration of 10 

ng/mL511. Both are involved in the downregulation of pro-inflammatory cytokines such as IL-1, 

IL-6, and TNFa505 while inducing the upregulation of IL-1 receptor antagonist (IL-1Ra) and IL-

1 receptor type II (IL-1RII) that are involved in the suppression of inflammation516–518. This 

underpins their well-documented anti-inflammatory properties in the pathogenesis of 

psoriasis, type I diabetes and multiple sclerosis505.  

IL-4 receptor-a (IL-4Ra) is shared by IL-4 and IL-13 for intracellular signalling. IL-4 but not IL-

13 binds to a heterodimeric type I receptor comprised of IL-4Ra and the common g chain (gc), 

whereas both cytokines can bind to a heterodimeric type II receptor comprised of IL-4Ra and 

IL-13 receptor-a1 (IL-13Ra1)519, 520. These receptors are expressed in human monocytes, B 

cells, basophils, eosinophils, mast cells, and endothelial cells519, 521. The interaction with IL-4 

or IL-13 with these receptors causes the activation of Janus Kinase-1 (JAK1), JAK2 and/or 

JAK 3 and tyrosine kinase-2 (TYK2), leading to the phosphorylation of signal transducer and 

activator of transcription-6 (STAT6), that translocates to the nucleus. IL-13 can also bind to 

another receptor, IL-13Ra2, which is considered a decoy receptor520 (Figure 5. 1). The 

activation of IL-4 and IL-13 signalling pathways inhibits cytokine production – such as TNFa, 

INFg, IL-6 and IL-1 – upon lipopolysaccharide (LPS)- stimulation505. IL-13 inhibits TNFa 

production by MNCs from the peripheral blood of patients diagnosed with chronic inflammatory 
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arthritis505. IL-13 also has an inhibitory effect on IL-1 and TNFa in MNCs derived from 

rheumatoid arthritis (RA) patients505.  

The receptor subunits of IL-4/IL-13 are expressed at low levels under homeostatic settings; 

their expression is influenced by various factors, such as hormones, cellular stress, infection 

and inflammation522, 523. In solid tumours such as breast cancer and renal cell carcinoma, the 

attenuation of IL-4Ra expression is associated with reduced tumour survival524–527. This 

agrees with findings that phospho-STAT-6, a downstream of IL-4/IL-13 receptor recruitment, 

regulates pro-metastatic behaviours such as migration and tissue invasion as shown in human 

breast cancer cells and mouse models527,528. IL-4 has been shown to induce with high efficacy 

the phosphorylation of signalling adaptor molecule insulin receptor substrate-2 (IRS-2) in 

human monocytic cell lines and primary murine macrophages529. This was dependent on the 

expression of the 𝛾C receptor subunit. Interestingly IL-13 can also stimulate the 

phosphorylation of IRAS2; however, this was less significant than that induced by IL-4529. 

Therefore, even though they share a similar receptor complex, they can have different effects 

on cells, mainly monocytes and macrophages. These differences account for the subtle 

difference in cellular responses they exert during inflammation.  
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Figure 5.1 Receptor signalling for IL-4 and IL-13. 
In haematopoietic cells, the binding of IL4 signals to two possible receptor complexes 

composed of a heterodimer of IL-4Rα (140 kDa) and γC chain (60 kDa) (type I receptor) or 

the IL-4Rα and IL-13Rα1 (65-70 kDa) chain (type II receptor). IL-4 binds to IL-4Rα with high 

affinity, initiating the heterodimerisation with the secondary signalling chain, leading to the 

activation of the JAK kinases and then the phosphorylation of STAT6. Similarly, in non-

haematopoietic cells, such as epithelial cells, STAT6 is phosphorylated by the induction of the 

heterodimerisation of type IL-4Rα and IL-13Rα1 after the binding of IL-4 or IL-13 to their 

respective receptors. IL-13 also binds with high affinity to IL-13Rα2; however, this receptor 

lacks a signalling motif and acts as a decoy receptor. IL-13 binds IL-13Rα1, which complexes 

with the IL-4Rα, forming the type II receptor. Signalling through type II receptors predominantly 

activates STAT6. Figure made using BioRender.  
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IL-10 is a pleiotropic cytokine that is essential in immunoregulation and inflammation530. It is 

produced by B cells, mast cells, eosinophils, monocytic cells, and dendritic cells amongst 

others531. IL-10 is also produced by T helper 2 cells and downregulates the expression of 

cytokines, such as IL-1, IL-6 and TNFa, in T helper 1 cells 532. Thus, like IL-4 and IL-13, IL-10 

is considered an anti-inflammatory cytokine533,534. IL-10 has been described to inhibit 

osteoclast formation and bone resorption in osteoclast precursors through the inhibition of pro-

inflammatory cytokines535,536. However, IL-10 is elevated in certain spinal cord injury cases 

alongside other circulating cytokines that have been detected that induce bone loss in spinal 

cord injury, including TNFa, IL-6, RANKL, and IL-17. The presence of such cytokines leads to 

both bone formation and bone loss. Due to these factors, it is still unclear which role IL-10 

plays in spinal cord injury and bone loss537. Moreover, osteocytes in spinal cord injury were 

found to be positive for IL-10. Immunohistochemical staining of the distal femur revealed that 

cancellous osteocytes positive for TNFa, IL-6, IL-1, and IL-10 were elevated in the animal 

model538.  

IL-10 is recognised by a specific receptor539. The IL-10R1 subunit of the receptor is expressed 

at low levels by most hematopoietic cells and is part of the class II cytokine receptor family; 

receptor expression can be elevated due to stimuli540,541. All interferons (IFN) also signal 

through class II cytokine receptors542 and are expressed predominately in immune cells. IL-10 

receptor is comprised of two subunits, a ligand-binding subunit, IL-10R1, and an accessory 

subunit required for signal transduction, IL-10R2 (Figure 5.2). This means that IL-10R1 is 

essential for the binding of IL-10, whereas IL-10R2 is not critical but is important in activating 

the signalling pathway543,544. The receptor complex interacts with members of the JAK family, 

JAK1 and TYK2. The binding of IL-10 triggers TYK2 phosphorylation, leading to the activation 

of the transcription factor STAT3545,546. The activation of STAT3 promotes the expression of 

several genes responsible for the activity of IL-10 on the target cells547,548. IL-10 also inhibits 

the translocation of the transcriptional factor NF-kB and therefore inhibits the synthesis of pro-

inflammatory cytokines549. Since IL-10 is a pleiotropic cytokine, it exerts anti-inflammatory and 

immunostimulatory functions550. In cancer, IL-10 may exert pro or anti-inflammatory effects551.  

IL-10 is considered a potent anti-inflammatory factor in bacterial endotoxemia, which is 

induced by LPS. LPS binds to Toll-like receptor 4 (TLR4), a pattern recognition receptor PRR) 

expressed on many myeloid and other cells552. PRRs have a central role in alerting the innate 

immune system of foreign molecules such as bacterial cell wall components or DNA and 

damaged cells within the body553. The stimulation of PRRs leads to an inflammatory reaction 

driven by the innate immune system. LPS also induces the release of inflammatory cytokines 

IL-12/IL-23, which stimulate inflammatory T-cells554. the activation of STAT3 induces 

transcriptional repressor nuclear factor, IL-3 regulated (NFIL3), which inhibits the transcription 
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of the shared p40 subunit of IL-12 and IL23, thereby inhibiting production of these critical 

inflammatory cytokines 555,556. This activation also induces the suppressor of cytokine 

signalling 3 (SOCS3), which binds and inhibits the signalling of IL-6 and IL-12/IL23 receptors. 

IL-10 thereby intercepts the inflammatory responses to LPS and PRR signalling557,558.  

 

           
Figure 5.2 IL-10-induced signalling pathways. 
 IL-10 signals through a receptor consisting of two IL-10 receptor-1 (IL10R1) and two IL-10 

receptor-2 (IL-10R2) chains. IL-10R1 is expressed on hematopoietic cells such as T cells, B 

cells and NK cells, whilst the IL-10R2 is expressed ubiquitously. The binding of the receptor 

chains forms a heterotetramer, permitting the assembly of the signalling complex. The 

associated kinases, JAK1 and TYK2, activate and phosphorylate the IL-10R1 chain. STAT3 

becomes activated by phosphorylation. Active STAT3 molecules dimerise and undergo 

nuclear translocation, where binding to STAT3-binding elements of IL-10-responsive genes 

occurs to drive the expression of various anti-inflammatory mediators. Figure made using 

BioRender. 
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5.1.2 Rationale  
IL-4, IL-10, and IL-13 display anti-inflammatory properties in osteoclasts559,560. The previously 

established in vitro model in Chapter three provides a useful tool for studying the effects of 

anti-inflammatory cytokines on the development and activation of osteoclasts. This would 

provide insights into their potential use for treating myeloma-related bone disease in myeloma 

patients. The techniques also could be used to test the efficacy and side effects of combining 

current anti-myeloma treatments with IL-4, IL-10, and IL-13.  Determining the optimal capacity 

of current myeloma treatments and IL-4, IL-10, and IL-13 requires readily available in vitro 

models. The osteoclast model established in chapter 3 has shown great potential in solving 

this problem. Therefore, the primary purpose of this chapter is (i) to use the osteoclast in vitro  

model to study the effects of IL-4, IL-10, and IL-13 on the progression and activation of 

osteoclasts using various end-point methods; (ii) to demonstrate the usage of real-time live 

cell imaging and impedance for studying osteoclast differentiation and function in the presence 

of IL-4, IL-10, and IL-13 at different time points. The new technique will (iii) help to understand 

and control bone disease progression and identify new treatment targets in MM. This study 

(iv) can provide comprehensive results that will compare tests from endpoint results and real-

time analysis that could potentially reveal novel targets for treating myeloma-related bone 

disease.  

 

 

 

5.1.3 Hypothesis  
xCELLigence real-time cell analysis (RTCA) is a valuable tool for studying the effects of IL-4, 

IL-10, and IL-13 on osteoclast differentiation and activation.  
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5.2      Experimental procedures 

5.2.1 Samples  
As per section 3.2.1, human peripheral blood was collected from healthy, non-fasted 

individuals aged over 18 years old into heparinised VacuettesTM (Greiner Bio-one, 

Frickenhausen, Germany). All samples were collected with informed written consent as 

detailed in Chapter 2.4 Sample collection and preparation. 

 

 

5.2.2 Monocyte isolation 

Monocytes were isolated by positive selection on magnetic microbeads as described in 

Chapter 2.4.1 Blood separation and 2.4.2 Mononuclear cell isolation. Briefly, the pellet 

containing the monocytes was resuspended in differentiation or complete cell culture media 

(see per section 3.2.3). Cell density was determined using the Countessâ automated cell 

counter (Life Technologies). To check monocyte purity, an anti-CD14 antibody (Clone 61D3; 

fluorophore eFluor®450; isotype mIgG1) was added to 100,000 monocytes. The cells were 

incubated with the antibody for 30 minutes. The cells were washed twice with FACS buffer 

(0.2% (w/v) bovine serum albumin (BSA), 0.05% (w/v) sodium azide (Sigma-Aldrich) in PBS) 

and centrifuged at 515 x g at 4 ºC for 7 minutes; the pellet was resuspended in the FACS 

buffer and checked for purity and acquired using the NovoCyte Flow Cytometer (BD 

Biosciences). Data analysis post-acquisition was using FlowJo Version 1.3 (Tree Star, 

Oregon, USA). Purity ≥	92% was accepted for downstream experiments. 

 

5.2.3 Differentiation of monocytes into osteoclasts using M-CSF and RANKL 
differentiation media  

Monocyte differentiation into osteoclast as detailed in 3.2.3 Differentiation of monocytes into 

osteoclasts using M-CSF and RANKL differentiation media. Fresh media was added to replace 

the media removed. Interleukin (IL)-4, IL-10, and IL-13 (Miltenyi Biotec; Cologne; Germany) 

were added every 2-3 days at either 10 ng/mL or 30 ng/mL concentration. 

 

To assess the response to the inflammatory stimulus lipopolysaccharide (LPS), cells were 

cultured in RPMI 1640 GlutaMAX™ (ThermoFisher Scientific; Massachusetts, USA) 

supplemented with 10% fetal bovine serum (FBS, HyClone, Cytiva) and 0.5 µM 2-

mercaptoethanol (2-ME) (ThermoFisher Scientific; Massachusetts, USA), +/- 10 ng/mL LPS 

(Ultrapure, InvivoGen (San Diego, USA)). The supernatants were collected after 24 hours and 

cultures were centrifuged at 515 x g for 7 minutes, and cell-free supernatants were removed 

and stored immediately at - 20 °C until analysis of cytokines using specific ELISAs. 
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5.2.4 Confocal Microscopy  
Isolated monocytes were seeded on Millicell EZ 8-well chamber slides (Merck Millipore, 

Massachusetts, USA) and cultured in differentiation media. The day of harvest was chosen to 

be on day 9/10. This is due to the results in Chapter 3 showing the mature osteoclast 

differentiation observed on day 10, and a plateau of MMP-9 production was observed after 

day 9/10. Sample preparation and confocal microscopy were performed as detailed in Chapter 

2.13 Confocal microscopy. 

 

5.2.5 The differentiation of monocytes into osteoclasts on the RTCA E-plates  
Monocyte differentiation into osteoclasts on the E-plates was performed as detailed in Chapter 

2.16 The differentiation of monocytes into osteoclasts on the RTCA E-plates.  Every 2-3 days, 

the experiment was paused for approximately 15 minutes to allow media change and then 

resumed. IL-4, IL-10 and IL-13 were added to the cell cultures on the day of seeding and every 

2-3 days at either 10ng/mL or 30 ng/mL. These concentrations were chosen based on the 

literature review 561-564. 

The RTCA eSight Software (Research Use Only (RUO); Agilent, California; USA) was used 

in these experiments.  

 

5.2.6 Enzyme-linked immunosorbent assay (ELISA) 
Analysis of cytokines using ELISA was as per the manufacturer’s instructions (DuoSet; 

Biotechne). See Chapter 2.6 Enzyme-Linked Immunosorbent assay (ELISA). The ELISA kits 

used in this chapter were to detect the levels of matrix metalloprotease 9 (MMP-9) and MMP-

2 secreted by osteoclasts into the supernatants during differentiation. ELISA kits specific to 

IL-6 and TNFa were used to demonstrate the effects of IL-4, IL-10, and IL-13 on the production 

of pro-inflammatory cytokines by osteoclasts upon LPS stimulation. 

 

5.2.7 In-gel Zymography  

Gelatine zymography is a method used to detect the activity of gelatinase enzymes, such as 

the matrix metalloproteases (MMPs) MMP-2 and MMP-9. In gel zymography was performed 

as detailed in Chapter 2.15 In gel zymography.  

 



 141 
 

 

5.2.8 Immunoblot 

Protein estimation was performed using a detergent-compatible (DC) protein assay (Bio-Rad, 

Hemel Hempstead, UK) as per Chapter 2.7 Protein estimation. Freshly isolated osteoclast cell 

lysates were quantified using a microplate reader (POLARstar, BMG) and Excel (Microsoft, 

USA). Western blotting technique was performed as per Chapter 2.8 Sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), 2.9 Semi-dry membrane transfer, 

and 2.10 Immunoblotting.  Membranes were probed with different integrin subunits antibodies 

targeting integrin aV polyclonal antibody (Cell Signalling; 4711), integrin 𝛽3 antibody (Cell 

Signalling; (D7X3P) XP® Rabbit IgG mAb 13166), 𝛼5 integrin polyclonal antibody (Cell 

Signalling; 4705), integrin 𝛽1 (Cell Signalling (D2E5) Rabbit IgG mAb 9699), integrin 𝛽5 (Cell 

Signalling (D24A5) Rabbit IgG mAb 13629) and integrin 𝛼4 (Cell Signalling; (D2E1) XP® 

Rabbit IgG mAb 8440). The protein loading was evaluated and normalised using monoclonal 

mouse 𝛽-actin Abcam (8226; isotype IgG1). All primary antibodies were previously optimised 

and used at 1:1000 dilutions in 5% (w/c) BSA, TBS, 0.1 Tween 20 (pH 7.6; MilliporeSigma; 

Burlington; USA) overnight at 4 C with gentle agitation. Analysis of the band size was 

determined using ImageJ Software. Densitometry was performed as per Chapter 2.11 

Densitometry. 

 

5.2.9 Statistics 
Statistical analysis was performed using GraphPad Prism version 9.4.1 (USA). Data are 

presented as the mean +/- standard error of the mean (SEM). Two-way ANOVA was used to 

compare the production of MMP-9 and MMP-2 in the presence of IL-4, IL-10, and IL-13 over 

the differentiation period. A two-way ANOVA was used to compare the means of MMP-9 and 

MMP-2 production by osteoclasts on day 7; +/- LPS upon IL-4, IL-10, and IL-13 treatment. A 

one-way ANOVA was used to compare MMP-9 proteolytic activity in gel zymography upon Il-

4, IL-10 and IL-13 treatment. All experiments have replicated sample sizes of at least n=3 as 

indicated, and significant values were taken as p < 0.05 graphically denoted as * p ≤ 0.05, ** 

p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001. 

The xCELLigence graphs shown in this chapter are representative of several repeated 

experiments. The Cell Index (CI) data for IL-4, IL-10, IL-13 and IMiDs were averaged and 

presented as a ratio of DMSO (VC) n	≥	4. Two-way ANOVA was used to compare the effects 

of the different treatments; significant values were taken as p < 0.05 graphically denoted as * 

p ≤ 0.05 and ** p ≤ 0.01.  
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5.3      Results  

5.3.1 Effects of IL-4, IL10, and IL-13 on osteoclast proteolytic activity examined 
using ELISA and in gel zymography  

The same differentiation method used in chapter three was used here to demonstrate the 

effects of IL-4, IL-10 and IL-13 on the proteolytic activity of MMP-2 and MMP-9. Monocytes 

were seeded in the presence of M-CSF and RANKL to drive the differentiation into osteoclasts. 

10ng/mL of IL-4, IL-10 and IL-13 was added to the media on the day of seeding. Supernatants 

were harvested throughout the differentiation process. MMP-2 and MMP-9 production was 

tested using specific ELISAs, as described in 5.2.7 Enzyme-linked immunosorbent assay 

(ELISA). As illustrated in Figure 5.3 A, IL-4, IL13 at 10 ng/mL reduced the secretion of MMP-

2 by osteoclasts; however, the change was not significant. In contrast, IL-10 at 10 ng/mL did 

not affect the expression of MMP-2 by osteoclasts. A similar effect was observed for MMP-9. 

IL-4 and IL-13 reduced the expression of MMP-9; however, this change was not significant, 

and IL-10 did not affect MMP-9 expression by osteoclasts, Figure 5.3 B.  
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Figure 5.3 Quantifying the effects of IL-4, IL-10, and IL-13 on MMP-2 and MMP-9 
production.  
M-CSF and RANKL were used to differentiate monocytes into osteoclasts. Supernatants from 

monocyte-derived osteoclast treated with 10ng/mL IL-4, IL-10 and IL-13, in comparison to 

untreated samples, were used for MMP-2 (A) and MMP-9 (B) analysis using specific ELISAs. 

Statistics were performed with a two-way ANOVA and Dunnett’s multiple comparisons test. 

Data are from n ≥ 4 independent experiments expressed as the mean ± SEM. 
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The effect of IL-4, IL-10 and IL-13 on MMP-9 proteolytic activity was then investigated using 

in gel zymography. The previous gelatine zymography experiments in chapter three 

demonstrated increased MMP-9 activity as monocytes differentiate into osteoclasts. A protein 

concentration of 30 µg in previous experiments in chapter three allowed the clear detection of 

molecular weight bands. Therefore, this concentration was used for all further zymography 

experiments. Monocytes were seeded in the presence of M-CSF and RANKL to drive the 

differentiation into osteoclasts. 10ng/mL of IL-4, IL-10 and IL-13 was added to the media on 

the day of seeding. Supernatants were harvested on the seventh day of differentiation. In gel 

zymography method was used to detect the activity of MMP-9, as per 5.2.8 in gel zymography. 

Analysis of the intensity of the bands showed a reduction when treated with IL-4 and IL-13 

compared to the non-treated samples. However, IL-10 did not affect MMP-9 activity, Figure 

5.4 A-D. In addition, the effect of IL-4, IL-10 and IL-13 on osteoclasts when treated for only 24 

hours with 10 ng/mL of IL-4, IL-10 and IL-13 seven days after differentiation. Those were then 

compared to the supernatants harvested on the seventh day of differentiation from the same 

donor. IL-4 and IL-13 have significantly reduced the levels of MMP-9 on day seven of 

differentiation (p = 0.0006 and p = 0.0005, respectively). In contrast, only IL-4 reduced the 

levels of MMP-9 when added for 24 hours on the seventh day of differentiation (p = 0.0322), 

Figure E-F. 
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Figure 5.4 Gelatinase activity of IL-4, IL-10 and IL-13 treated monocyte-derived 
osteoclasts.  
Supernatants from monocyte-derived osteoclasts treated with 10 ng/mL IL-4, IL-10 and IL-13 

(all 10ng/ml) were harvested on day seven of differentiation and were prepared for in gel 

zymography. A representative example of a gel (A) alongside the densitometry values of 

proteolytic bands corresponding to this representative gel (B) are shown. Summary data from 

three donors (C) and normalised to DMSO vehicle control (D) is then shown. The proteolytic 

activity of MMP-9 at day seven of differentiation in comparison to 24-hour incubation with IL-

4, IL-10 and IL-13 from one representative gel (E); the band intensity calculated normalised to 

the DMSO (VC) (F). Statistics were performed with a two-way ANOVA and Dunnett’s multiple 

comparisons test. Bar graphs represent means +/- SEM, n≥3 and significant values were 

taken as p < 0.05 graphically denoted as * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001.  
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5.3.2 Effects of IL-4, IL10, and IL-13 on LPS-stimulated mediator production by 
monocyte-derived osteoclasts 

Under physiological conditions, the human immune system comprises multiple redundant 

pathways and immunoregulatory controls that act together to coordinate the immune response 

initiated by an external signal565,566. One of these complicated immune system components is 

the anti-inflammatory cytokine component, such as IL-4, IL-10 and IL-13566. Previous studies 

have reported that under chronic inflammatory conditions such as systemic autoimmune 

disease (e.g., rheumatoid arthritis), an increase in inflammatory cytokine levels within the joints 

induces pathological osteoclast differentiation, causing excessive bone resorption567, 568, 569. 

Upon LPS stimulation, pro-inflammatory mediators are produced, such as TNFa and IL-6, 

which have been shown to stimulate osteoclast differentiation; however, most of these studies 

have been conducted in mouse models569–574. Anti-inflammatory cytokines are involved in 

suppressing the activity of pro-inflammatory cytokines hence downregulating the inflammatory 

response575,576. Due to the lack of effects of IL-4, 10 and 13 observed in the 24-hour incubation, 

the effects of IL-4, IL-10, and IL-13 in conjunction with LPS stimulation of osteoclasts was 

tested next. LPS was added as well as IL-4, IL-10, and IL-13 on day seven of differentiation, 

and after 24 hours, supernatants were harvested and analysed for MMP-2, MMP-9, TNFa and 

IL-6 release by osteoclasts. The production of MMP-9 and MMP-2, Figure 5.5 A-B, 

respectively, was unaffected by LPS stimulation in the presence of IL-4, IL-10 and IL-13. The 

production of pro-inflammatory cytokines, such as TNFa and IL-6, under LPS stimulation, was 

also examined in the presence of IL-4, IL-10 and IL-13 in osteoclasts. The levels of TNFa were 

unaffected by IL-4, IL-10, and IL-13 treatment, Figure 5.5 C, whereas IL-6 production was 

significantly decreased in the presence of IL-4 and IL-13 (p= 0.0010 and p= 0.0021, 

respectively) Figure 5.5 D; IL-10 had a minor effect on the levels of IL-6; however, this was 

not significant, Figure 5.5 D. 
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Figure 5.5 Effect of IL-4, IL-10 and IL-13 on the production of MMP-2, MMP-9, TNFa and 

IL-6 by osteoclasts.  
Supernatants from monocyte-derived osteoclasts treated with (LPS stim) or without (US) LPS 

(10ng/mL) plus/minus 10ng/mL of IL-4, IL-10 and IL-13 were used for MMP-9 (A), MMP-2 (B), 

TNFa (C) , and IL-6 (D) analysis using specific ELISAs. Statistics were performed with a two-

way ANOVA and Dunnett’s multiple comparisons test. Bar graphs represent means +/- SEM, 

n≥3 and significant values were taken as p < 0.05 graphically denoted as ** p ≤ 0.01 and *** 

p ≤ 0.001.  

 

 

 

5.3.3 Qualitative approach to the inhibition of the early and late stages of osteoclast 
differentiation by IL-4, IL10, and IL-13 in an in vitro model 

As demonstrated in chapters three and four, confocal microscopy provided a valuable method 

to visualise the effects of various treatments on osteoclast differentiation and overall 

morphology. Therefore, confocal microscopy was used here to investigate the effects of IL-4, 

IL-10, and IL-13 on the morphology of osteoclasts in the in vitro model established within this 
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study comparing outcomes to those in the absence of the anti-inflammatory cytokines 

(untreated). At the early stages of differentiation, the addition of IL-4 and IL-13 at a 

concentration of 10 ng/mL to the osteogenic media prevented specific pre-osteoclast 

characteristics. These include elongation and migration of osteoclasts577,578, as fewer cells 

were observed in clusters within these wells in comparison to the untreated, whereas IL-10 

did not have an effect on the elongation and migration as cell clusters and some multi-

nucleated cells were observed (Figure 5.6 A, B). At later stages of differentiation, IL-4 and IL-

13 seem to reduce the number of cells in comparison to the images of untreated cells. 

 

 
 

Figure 5.6 Effects of IL-4, IL-10, and IL-13 on monocyte-derived osteoclast 
differentiation in an in vitro model.  
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M-CSF and RANKL were used to differentiate monocytes into osteoclasts. A dosage of 10 

ng/mL of IL-4, IL-10, and IL-13 was added to the media on the day of seeding and when the 

media was changed every 2 – 3 days. Nuclei were stained with Hoechst 33342 Solution, and 

the plasma membrane was stained with CellMask™ Orange on day 0 (A), day 5 (B), day 7 (C) 

and day 11 (D). Images were taken at 20X magnification, and a 50 µm scale bar was included. 

Representative images from n=6 experiments. 

 

 

To quantify these images, confocal microscopy was used at 20X magnification, the number of 

osteoclasts per image view and the number of nuclei per osteoclast were calculated using 

manual scoring and presented in figure 5.8A and B, respectfully. Counting the number of 

osteoclasts revealed that osteoclasts have significantly decreased in the presence of IL-4 and 

IL-13  on day 7 ( p <0.0001 for both cytokines) and day 11 (p <0.0001 for both cytokines) The 

number of nuclei per osteoclast have decreased significantly in the presence of IL-4 and IL-

13 on day 7 (p <0.0001 for both cytokines) and on day 11 (p <0.0001 for both cytokines)  

Whereas it was significantly higher in the presence of IL-10 on day 7 (p= 0.0012) and day 11 

(p=0.0285).  
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Figure 5.7 Quantification of the effects of IL-4, IL-10, and IL-13 on monocyte-derived 
osteoclast differentiation in an in vitro model.  
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M-CSF and RANKL were used to differentiate monocytes into osteoclasts. A dosage of 10 

ng/mL of IL-4, IL-10, and IL-13 was added to the media on the day of seeding and when the 

media was changed every 2 – 3 days. The number of osteoclasts per image and the number 

of nuclei per osteoclast were scored manually on day 0 (A), day 5 (B), day 7 (C) and day 11 

(D). Statistics were performed with a two-way ANOVA and Dunnett’s multiple comparisons 

test. Bar graphs represent means +/- SEM, n=6 and significant values were taken as p < 0.05 

graphically denoted as * p ≤ 0.05 and **** p ≤ 0.0001. Representative images from n=6 

experiments. 

 

5.3.4 Effects of IL-4/IL-10/IL-13 on osteoclast development using impedance-based 
techniques  

As demonstrated in chapters 3 and 4, the xCELLigence RTCA was used to further investigate 

the role of IL-4, IL-10 and IL-13 on osteoclast differentiation, as this tool provides further insight 

into the effects of treatment on osteoclasts without the need to fix and stain the cells. A 

concentration of 10 ng/mL or 30 ng/mL of each cytokine was added on the day of seeding the 

cells on the E-plate and with each culture media change as previously. Two doses were 

chosen here (10 and 30 ng/mL) as this is an exciting new technique where the effect on the 

impedance will be tested; and it is something that has not been demonstrated in previous 

reports. The cells were allowed to differentiate for 14 days. Three images were taken every 

hour of the differentiation. Typical differentiation of osteoclasts was observed with the 

untreated cultures; after 24h (Figure 5.8 A), the clustering of monocytes begins (which is a 

characteristic of differentiation577–579) and becomes more robust at later time points at 120 

hours (day 5) and later at 170 hours (day 7) (Figure 5.8 B-C). Untreated osteoclasts have 

differentiated more progressively than IL-4 and IL-13-treated cells, as a higher number of 

clusters are observed 24 hours post-treatment; this was accompanied by a more significant 

number of multinucleated cells with ruffled edges observed at 315 hours post-seeding with the 

untreated in comparison to the IL-4 and IL-13-treated cells. In contrast, IL-10 have enhanced 

the differentiation of osteoclasts; more multi-nucleated cells were observed when compared 

to the untreated at the later stages of differentiation (Figure 5.8 C). 
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Figure 5.8 Real-time monitoring of the effects of IL-4, IL-10 and IL-13 on the 
differentiation of monocyte-derived osteoclasts.  
Osteoclast differentiation was initiated with the addition of M-CSF and RANKL to monocytes. 
A dose of either 10 or 30  ng/mL of IL-4, IL-10 and IL-13 was added on the day of seeding. 
Images of day zero (A), day seven (B), and day fourteen (C). Images show the progression of 

osteoclast differentiation in the presence of IMiDs. Images shown here) were obtained from 

one experiment. Similar results were observed with four independent experiments.  

 

 

The graphs shown in Figure 5.9 depict the bright-field confluence percentage over time (in 

hours) for cells treated with different IL-4, IL-10, and IL-13 at two different concentrations (10 

ng/mL (A) and 30 ng/mL (B)). Both concentrations show similar trends in terms of the relative 

effects of each interleukin on cell confluence. The untreated cells consistently show the 

highest confluence percentages, indicating healthy and confluent cell growth. IL-10 treatment 

maintains relatively high confluence levels after an initial drop, slightly lower than untreated. 
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IL-4 treatment shows consistently lower confluency than IL-10 and untreated. IL-13 treatment 

shows the most significant decrease in confluence, indicating a strong inhibitory effect on cell 

growth or maintenance of confluence. 

 

 
Figure 5.9 Percentage confluency profiles of monocyte differentiation in vitro in the 
presence of IL-4, IL-10, IL-13. The cells were incubated in M-CSF and RANKL to differentiate 

into osteoclasts. A dosage of 10 (A) and 30 ng/mL (B) (IL-4, IL-10 and IL-13) was added to 

the media on the day of seeding and when the media was changed every 2 – 3 days. Untreated 

cells were used as a negative control for comparison. The data shown are representative of 1 

A 

B 
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experiment, similar to that observed with repeated experiments obtained from n=4 

independent repeats. 
 

5.3.5 Quantifying the effects of IL-4, IL-10, and IL-13 on osteoclast differentiation 
using real-time impedance measurements 

Next, the effects of IL-4, IL-10 and IL-13 on the impedance of osteoclasts were shown for the 

first time using the xCELLigence RTCA. Continuing to use 100,000 monocytes/well on the E-

plate seeded in osteogenic media, two different doses of IL-4, IL-10 and IL-13 (10 and 30 

ng/mL) were added. The CI signal, dependent upon osteoclasts being adhered to the E-plate, 

increases steadily for the untreated cells and IL-10 treated cells over the first ~ 70 hours, after 

which it briefly plateaus ~ 70-120 hours. The presence of IL-4 and IL-13 significantly decreases 

osteoclast impedance throughout the differentiation process at 10 ng/mL (Figure 5.10 A, B) 

and 30 ng/mL (Figure 5.10 C, D). Due to the impedance being so sensitive to changes in cell 

size and cell adhesion strength, the very early stages of differentiation can be detected. 

Impedance and live cell imaging results were obtained, yielding similar quantitative 

assessments of IL-4 and IL-13 efficacy in decreasing the impedance of osteoclasts. 

Interestingly, IL-10 was observed to increase the impedance of osteoclasts in a dose-

dependent manner, exerting greater effects on the impedance at later stages of differentiation 

(Figure 5.10 A-D).  
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Figure 5.10 CI signal displaying the impedance of osteoclasts in the presence of IL-4, 
IL-10, and IL-13.  
M-CSF and RANKL were used to differentiate monocytes into osteoclasts. The impedance of 

osteoclasts in the presence of anti-inflammatory cytokines showing the CI signal at 10 ng/mL 

of each cytokine (A), untreated (negative control) as CI baseline at 10 ng/mL of each cytokine 

(B), the CI signal at 30 ng/mL of each cytokine (C), and untreated (negative control) as CI 

baseline 30 ng/mL of each cytokine (D). The data shown are representative of one experiment, 

similar to that observed with repeated experiments obtained from n=4 independent repeats.  

 

 

 

The ability to quantify the effects of the anti-inflammatory cytokines on the impedance of 

osteoclasts in multiple repeats from real-time live imaging without any additional staining is a 

unique property of the xCELLigence RTCA. The impedance data shown in Figure 5.11 

illustrates the effects on the CI data reproduced in four independent experiments. IL-4 and IL-

13 have reduced the impedance of osteoclasts to the E-plate at 10 ng/mL (Figure 5.11 A), 

whereas IL-10 has significantly increased the impedance when compared to the untreated 

sample 9 (p = 0.0194). A significant decrease was observed with IL-4 and IL-13 at 30 ng/mL 

concentration with the overall period of differentiation. IL-4 significantly reduced the 

impedance at 300 hours p = 0.0445. IL-13 significantly reduced the impedance from 200 hours 
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onwards (200 hours p = 0.0141; 250 hours p = 0.0173; 300 hours p = 0.0056, and 350 hours 

p = 0.0459). IL-10 has marginally increased the impedance. However, this was not statically 

significant (Figure 5.11 B). 

 

     
Figure 5.11 Effect of IL-4, IL-10, and IL-13 on CI signal of monocyte-derived osteoclasts 
as a measure of impedance.  
Monocytes were seeded on E-plates and differentiate into osteoclasts using M-CSF and 

RANKL in the presence of 10 ng/mL or 30 ng/mL IL-4, IL-10, or IL-13. The impedance was 

monitored continuously for the 14 days of osteoclast differentiation. Quantitative measures of 

the impedance displayed as a CI signal in the presence of anti-inflammatory cytokines at 10 
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ng/mL (A) and 30 ng/mL (B). Statistics were performed with a two-way ANOVA and Dunnett’s 

multiple comparisons test. Bar graphs represent means +/- SEM, n=4 and significant values 

were taken as p < 0.05 graphically denoted as * p ≤ 0.05 and ** p ≤ 0.01. 

 

Only one-time point was chosen to demonstrate the differentiation of pre-osteoclasts and the 

effect of the object count. This time-point of 60:35 hours was chosen as pre-osteoclast clusters 

were shown to be starting to form around this time-point. The masking parameters used in 

chapter 4 are used again here, using the untreated sample to define them, and then the same 

masking parameters were applied to all the wells in the presence and absence of IL-4, IL-10 

and IL-13 (Figure 5.12).  

 
 

Figure 5.12 Label-free monitoring of osteoclast differentiation using an xCELLigence 
RTCA eSight analyser.  

Images tracking the progression of cell spreading and the aggregation displaying clusters 

forming over time. Images from 2-, 24-, 48-, 60-, 100-, and 130-hour time points highlight the 

formation of clusters at early time points, displaying the higher intensity and larger surface 

area of masking (displayed in orange) after 48 and 60 hours of seeding. Clustering of 

monocytes (which is a characteristic of differentiation) becomes more robust. At later time 
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points, these osteoclasts clusters contain less of the orange masking, which displays an 

increase in CI and cytoplasm elongation and appears to be progressing into mature 

osteoclasts. Finally, after 120 hours of seeding, the masking of aggregates slowly disappears 

with the emergence of multinucleated cells. An outline of the masking was selected using 

bright field microscopy images. H=Hour  

 

An example of a single experiment, where the clusters formed throughout the duration of the 

differentiation process with the addition of 30 ng/mL IL-4 and IL-10, and IL-13 were measured, 

is shown in Figure 5.11. As shown in Figure 5.13, using the untreated cells to determine the 

time-point in which the cells display the highest numbers of clustering through differentiation, 

a 60-hour post-seeding time point was chosen to test the efficacy of the anti-inflammatory 

cytokines on the rate of cluster formation. This is displayed in Figure 5.13 A, where the 

clustering for ~130 hours is displayed (at 60 hours is highlighted by the arrow). In addition, the 

cluster formation measurement is shown in comparison to the CI measured at that time point 

(Figure 5.13 B). Combining the CI signal at the early stages of differentiation displays a similar 

pattern to that observed with the object count (clusters formed) by osteoclasts in the presence 

of IL-4, IL-10 and IL-13. 
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Figure 5.13 An example of pre-osteoclastic cluster formation in the presence of IL-4, IL-
10 and IL-13.  
Time points between 0-130 hours post-seeding showing the effects of IL-4, IL10, and IL-13 on 

the formation of osteoclastic clusters (A). A graph combing the CI signal and the object count 

(number of clusters) observed at the early stages of differentiation. CI signal and object counts 

shown in this graph were obtained from one donor in triplicates on the E-plate. The arrow 

pointing at 60-hour time point. 

 

 

While showing the effects on one donor gives an insight into the impact of IL-4, IL-10 and IL-

13, it was important to determine whether the data obtained were reproducible. The 

experiment was repeated three times, and similar results were observed when combining the 

number of object counts and the CI signal at a 60-hour time-point post-seeding. A single 

experiment displaying the raw data obtained when measuring the CI and the object count is 

shown (Figure 5.14 A). When normalised to the untreated samples, IL-4 and IL-13 have 

reduced the CI signal, with IL-13 displaying a significant reduction in the CI signal (p = 0.0130). 

Similar results were obtained when measuring the number of clusters formed by monocytes 

by 60:35 hours, as IL-4 and IL-13 both caused reductions that were significant for IL-13 (p = 

0.0020); no effect was observed with IL-10 treatment (Figure 5.14 B).  
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Figure 5.14 CI signal and object count per image of pre-osteoclasts in the presence of 
IL-4, IL-10, and IL-13.  
M-CSF and RANKL were used to differentiate monocytes into osteoclasts. A dose of 10 ng/mL 

and 30 ng/mL IL-4, IL-10 or IL-1) was added to the media on the day of seeding and when the 

media was changed every 2 – 3 days; an untreated was always included. The object count for 

pre-osteoclasts of one individual experiment (A); a bar graph obtained from the same 

experiment (B). Statistics were performed with a two-way ANOVA and Šidák multiple 

comparisons test. Bar graphs represent means +/- SEM, n=3 and significant values were 

taken as p < 0.05 graphically denoted as * p ≤ 0.05. 
 

 

5.3.6 The expression of integrins in the presence of anti-inflammatory cytokines in 
an in vitro osteoclast differentiation model  

The expression of integrins in the presence of IL-4, IL-10 and IL-13 was investigated next. 

Since a significant effect was observed with 10 ng/mL of IL-4, IL, 10, and IL-13 in the end-

point methods presented above, this concentration was used to investigate the expression of 

integrins on day 10/11 osteoclasts. IL-4 and IL-13 exerted a significant effect on the expression 

of all integrins used here, whereby the expression was reduced significantly in the presence 

of IL-4 and IL-13. The presence of IL-10 did not have an effect on the expression of integrins 

(Figure 5.15 A-G).  The most significant increase was observed on a5b1 integrin complex; p 

≤ 0.0001, whereas the least effect of IL-4 and IL-13 was observed with the avb3 integrin 

complex. This is followed by a4b5 expression (P> 0.01).  
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Figure 5.15 Effect of IL-4, IL-10 and IL-13 on expression of integrins by monocyte-
derived osteoclasts.  
M-CSF and RANKL were used to differentiate monocytes into osteoclasts in the presence or 

absence of 10 ng/mL IL-4, IL-10 or IL-13. IL-4 and IL-13 at a significantly reduced the 

expression of avb3, a5, b1, a4 and b5. b actin was used as a loading control. A representative 

immunoblot of three is shown (A) and then relative densitometry of (B) av, (C) b3, (D) a5, (E) 

b1, (F) a4, and (G) b5 for n = 3 as mean +/- SEM. All targets were normalised to b actin. 

Statistics were performed with a one-way ANOVA and Dunnett’s multiple comparisons test, 

statistical significance is shown as * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001. 
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5.4     Discussion 
The results in this chapter demonstrate that (i) IL-4 and IL-13 downregulate the activity of 

osteoclasts and their differentiation by preventing the adhesion of monocytes/pre-osteoclasts 

in vitro, whereas (ii) the opposite effect was observed with IL-10 on the differentiation and the 

activation of osteoclasts, and finally, (iii) a new method has been here to measure the effects 

of such cytokines on osteoclastogenesis in real-time in vitro. 

It is well known that bone loss diseases, such as RA, psoriasis, and multiple sclerosis, are 

affected by inflammation570–582. Much emphasis has been guided towards the effects of 

cytokines in the pathogenesis of bone resorption. Cytokines produced at the site of bone 

resorption are thought to play a pivotal part in perpetuating the bone lesions formed, leading 

to bone destruction and loss583. However, many of these cytokines that exist in the bone tissue 

and influence bone formation and resorption are still not thoroughly understood. IL-4, IL-10 

and IL-13 are all classed as potent immunoregulatory cytokines that play a key role in bone 

metabolism with protective properties against bone resorption583–585. IL-4 is a multifaceted anti-

inflammatory cytokine with known anti-angiogenic properties586. IL-4 shares a receptor and 

many cellular functions with IL-13. IL-4 and IL-13 are critical components of Th2-mediated 

immunity, and they play a crucial role in the pathogenesis of allergic inflammation and parasite 

infection587,588 by activating signal transducer and activator of transcription 6 (STAT6)589. Both 

cytokines exert an effect on a wide range of cells, such as B cells, monocytes, fibroblasts and 

basophils590–592. Interestingly, both cytokines have been reported to have different 

mechanisms in certain inflammatory conditions despite both cytokines sharing a receptor. For 

example, IL-4 and IL-13 play an important role in the pathogenesis of allergic asthma. IL-4 

plays a pivotal role in Th2 cell proliferation, cytokine production, and IgE synthesis, while IL-

13 plays a role in asthma's pathological features, such as mucus production593. Results from 

animal and ex vivo studies suggest that the anti-inflammatory properties of IL-4 and IL-13 

might be beneficial in the context of inflammatory arthritis treatment587,594. Activation of the IL-

4/IL-13 signalling pathway might constitute a novel and powerful approach in the therapy of 

inflammatory arthritis, and therefore, it was important to study those effects in an osteoclast 

model; further studies are crucial to uncover and understand the mechanism of IL-4/IL-13 

action and its exact role in MM. Furthermore, the production of the two cytokines is not 

identical; IL-4 production is calcineurin-dependent, whilst IL-13 production is only partially 

dependent on calcineurin595. Both cytokines play a key role in bone metabolism and inhibition 

of bone resorption587,596,597. In vitro, both cytokines have already been shown to inhibit 

osteoclastogenesis by decreasing RANK and RANKL expression598. Consistently, the data 

shown herein also demonstrate that IL-4 and IL-13 prevented osteoclastogenesis by reducing 

the multinucleation of osteoclast precursors; these data also showed a downregulation of 

MMP-2 and MMP-9 production from osteoclasts upon IL-4 and IL-13 treatment.  



 164 
 

 

In contrast, IL-10 did not have the same effect as IL-4 and IL-13; in fact, IL-10 marginally 

increased MMP-9 expression and had no effect on or slightly enhanced osteoclastogenesis. 

This functional discordance has been seen throughout all the data presented in this chapter. 

This is inconsistent with previous reports as IL-10 has also been described as a potent inhibitor 

of osteoclast differentiation and function in many studies conducted in the murine 

monocyte/macrophage-like cell line, RAW 264.7 and mice/rat-derived bone marrow precursor 

culture systems554,599–603. This suggests that human monocytes and osteoclasts have a 

different response to IL-10 compared to their murine counterparts. However, in a previous 

study, the effects of IL-10 on human osteoclasts were found to be similar to those observed 

in mouse604. This suggest that the effect observed here could be due to the fact that IL-10 

cannot act directly on osteoclast and requires the present of other bone cells, such as 

osteoblasts, to exert its inhibitory effects605.  

 

In this study, a significant effect of IL-10 was seen on the activity of MMP-9 released by 

osteoclasts as supernatants from IL-10 treated cells significantly increased the digestion of 

the zymography gel, creating augmented digested surface area, indicating IL-10 increased 

the activity of osteoclasts in vitro. This effect has not been documented in previous reports, 

and the direct comparison of all three cytokines on the same zymography gel has been 

illustrated here for the first time in an in vitro osteoclast model. 

Increased osteoclast differentiation and increased production of MMP-2 and MMP-9 by IL-10 

but a significant decrease of both MMP-9 activity and osteoclastogenesis with IL-4 and IL-13 

could also be due to IL-4 and IL-13 sharing a common receptor on osteoclasts, activating 

similar signalling pathways that are different to those activated by IL-10. This requires further 

investigation that could include downstream processes and cellular functions stimulated by 

these cytokines. A previous study had demonstrated the lack of IL-10-mediated suppression 

of bone resorption in bone marrow cultures and in cocultures of bone marrow stromal cells 

with murine hematopoietic spleen cells606. However, osteoclast differentiation was 

substantially reduced by IL-10 in both systems. One study has reported the direct anti-

osteoclastic effect of IL-10; this was reported in bone marrow precursors isolated from mice 

and RAW 264.7 cells602. Not only were these non-human models, the dose of IL-10 used was 

ten times higher than that used in the studies described herein602.  

The measurement of osteoclasts activity osteoclasts in the presence of IL-4 and IL-13 using 

in gel zymography has not been studied in previous reports. This was done for the first time 

in this chapter. The activity of osteoclasts was significantly reduced upon IL-4 and IL-13 

treatment in the supernatants harvested on day 10/11. This effect of IL-4 and IL-13 was greatly 

reduced when treatment was added seven days post monocyte seeding. The results obtained 

indicate the importance of the period of incubation with IL-4 and IL-13, as the cytokines had 
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little effect on the activity of mature osteoclasts suggesting that IL-4 and IL-13 downregulate 

the earlier stages of differentiation. Both cytokines were found to exert more potent inhibitory 

effects on osteoclast activity when present at the initial stages of osteoclastogenesis. This is 

consistent with previous studies highlighting the inhibitory properties of both cytokines on 

osteoclast precursors607,608. This analysis included consideration of the effects of IL-4, IL-10 

and IL-13 on the production of pro-inflammatory cytokines such as IL-6 and TNFa. These 

cytokines were selected to be tested due to their elevated presence and their effects on the 

progression of MM, as discussed in 1.9.2 Pathogenesis of myeloma bone disease. IL-4 and 

IL-13 reduced the LPS-stimulated secretion of IL-6 by osteoclasts. These results suggest that 

the anti-inflammatory activity of IL-4 is more potent than IL-13, which is consistent with 

previous findings609–611. Neither IL-4, IL-10, nor IL-13 had an effect on LP-stimulated TNFa 

production; this was also observed with LPS-stimulated MMP-2 and MMP-9 production by 

osteoclasts.  

IL-10 did not have any effect on LPS-stimulated IL-6 or any of the other measures made for 

this part of the work. Inconsistent with these findings, the activity of IL-4 and IL-10 has been 

reported to have shared effects on cartilage, subchondral bone, and joint612,613 tissues. Both 

cytokines directly inhibit MMP production by monocytes; this includes MMP-1, MMP-2, and 

MMP-3614. However, not all effects of IL-4 and IL-10 are shared. For example, IL-10 induces 

the expression of tissue inhibitor of metalloproteinases 1 (TIMP-1) by monocytes, which is an 

effect have not been reported with IL-4615,616. IL-10 was also found to inhibit LPS-mediated 

TNFa and IL-6 production in T cells617,618. Interestingly, TNFa has been found to stimulate 

osteoclastogenesis in the absence of RANKL619–621. However, this area of research remains 

controversial due to the inability to successfully isolate and select human osteoclast 

progenitors exclusively622. Therefore, new methods are needed for a highly specific selection 

of osteoclast progenitors to study RANKL-dependent versus RANKL-independent 

osteoclastogenesis. The work here provides an in vitro model that would allow future studies 

to compare the effects of the different osteoclastogenesis stimulants.  

The inhibition of RANKL-mediated osteoclastogenesis by IL-4 is thought to be stronger than 

that observed with IL-13; this inhibition is shown to be irreversible559. Similar to this, the 

potency of IL-4 is observed here to be greater than IL-13 in reducing the activity and the 

cytokines released by osteoclasts in many endpoint methods used throughout this chapter. 

However, IL-13 seems to exert a more significant effect on reducing the impedance of 

osteoclasts than IL-4. As previously mentioned, IL-4 and IL-13 share many biological and 

immunoregulatory functions; however, their precise mechanisms of regulations give rise to 

distinct effects and functions.  
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There are many options for endpoints to measure in the phenotypic assay. These 

measurements include cell cytotoxicology, proliferation, intracellular signalling, cell surface or 

secreted proteins, metabolites and gene expression623,624. Some of these endpoint assays 

were utilised here to measure the effects of IL-4, IL-10, and IL-13 on osteoclast differentiation 

and function. Here for the first time, the effects of IL-4, IL-10 and IL-13 on the differentiation of 

osteoclasts and the cytokine secreted by them are illustrated in an in vitro osteoclast model 

system to measure the effects on osteoclast precursors (monocytes) and mature osteoclasts 

in real-time. This is particularly effective for assessing the impact of treatment, where inhibitory 

effects on differentiation are easily noticeable but might be missed using endpoint-based 

methods625. The xCELLigence uses electrical impedance to measure both cellular adhesion 

strength and surface area coverage as a combined proxy of cellular proliferation. Cellular 

impedance assays have an essential role in understanding the pathophysiology of bone 

resorption and help in understanding the effects of IL-4, IL-10 and IL-13 in lesion development 

in MM. Real-time data collection is particularly advantageous in studying osteoclast 

development due to its ability to monitor changes in morphology, such as cell elongation, 

fusion and migration, which are known characteristics of osteoclast differentiation and 

development, thus offering a great tool to study the effects of treatment agents on such 

characteristics, which gives an indication of their efficacy in the overall osteoclast 

development.  

The effects of IL-4, IL-10 and IL-13 were measured, in real-time, which provided qualitative 

and quantitative measures of cell proliferation, and differentiation in vitro. IL-4 and IL-13 

significantly reduced the cellular impedance of differentiating monocytes in a dose-dependent 

manner. In contrast, IL-10 was found to increase cellular impedance. It was also interesting to 

measure the effects of IL-4, IL-10 and IL-13 on the formation of cellular aggregations by pre-

osteoclasts. IL-4 and IL-13 reduced the formation of cellular aggregations; however, only IL-

13 caused a statistically significant decrease. This new method for measuring the efficacy of 

anti-inflammatory cytokines can be utilised for further testing of such cytokines in combination 

with other mediators and would be especially valuable in drug testing for the early exclusion 

of compounds from further expensive clinical trial testing.  

However, it is crucial to consider maintaining the balance between pro- and anti-inflammatory 

signals provided by different cell populations, as it allows the maintenance of normal 

physiology and the suppression of cancer development and progression. Overexpression of 

anti-inflammatory cytokines can lead to complications such as depression of the immune 

system, which increases the risk of systemic infection626,627.  

To explore how IL-4 and IL-13 might be exerting their anti-osteoclastogenic effects, there 

effect on integrin expression was considered. Integrins are transmembrane heterodimers 

consisting of individual a and b subunits. Many of these recognise and anchor cells to 
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extracellular matrices, which is highly associated with the transmission of signals across the 

plasma membrane. In terms of osteoclasts, integrin aVb3 has been shown to be vital to its 

matrix recognition and degrative activity of bone628,629. Cytokines can also enhance 

osteoclastogenesis, for example, IL-1, IL-6, and TNFa, which are all suppressed by IL-4 and 

IL-13. In a previous study, IL-4 was found to be the most potent cytokine to increase b3 mRNA 

steady-state levels in mice bone marrow, which enhanced the appearance of the plasma 

membrane avb3, which binds with high affinity to vitronectin. In the osteoclast model used 

here, IL-4, alongside IL-13, significantly reduced a5b1, aVb3, and a4b5 integrin complexes. 

This integrin inhibition by IL-4 and IL-13 could prevent the fusion and multinucleation of 

osteoclast precursors, leading to their dissociation and, ultimately, cell death in vitro. 

Interestingly, a previous study has demonstrated that IL-4 enhanced mRNA levels of b3 by 

transactivating the b3 gene in mouse bone marrow macrophages, which are known to 

differentiate into osteoclasts630. In contrast, IL-10 did not have the same effect on the integrin 

complexes tested in this study. In fact, IL-10 seemed to increase the two integrin subunits that 

make the integrin complex, aVb3, which, as previously discussed, is the most expressed 

integrin complex on the plasma membrane of osteoclasts, and it is essential for their resorptive 

function. 

 

5.5    Conclusion  
There appears to be a significant difference in the efficacy of IL-4/IL-13 and IL10 on osteoclast 

differentiation and activation. Taking these differences in activity into consideration would 

enable the emergence of more targeted approaches aimed at blocking inflammation. These 

effects were demonstrated using endpoint methods and, for the first time, in regard to cellular 

impedance. This technique allowed the effects of IL-4/IL-13 and IL-10 to be observed in real-

time without fixing or labelling the cells. We found that IL-4 and IL-13 reduced the impedance 

of osteoclasts and the object count of pre-osteoclast; in contrast, IL-10 was found to increase 

the impedance of osteoclasts and increase the object count of pre-osteoclasts. Integrins 

expressed in osteoclasts were also affected, as IL-4 and IL-13 reduced their expression. 

These findings should inform the further development and testing of reagents designed to 

modulate IL-4/IL-13 or their downstream signalling molecules for the treatment of myeloma 

bone disease. By better understanding their immune-regulatory signalling pathways, new 

therapeutic strategies for MM and myeloma bone disease can be envisioned that aim to 

balance and resolve, rather than suppress, bone resorption. Therefore, this project looks for 

the potential therapeutic agents that would reduce and even block the production of pro-

inflammatory cytokines and, moreover, their action on the targets related to bone destruction.  
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6.1       Introduction 

6.1.1 Bone marrow microenvironment in MM  
Bone marrow (BM) is the spongy liquid tissue in the centre of some bones. It accommodates 

hematopoietic and non-hemopoietic cells and non-cellular components, such as the 

extracellular matrix and soluble factors, which work together to maintain the haematopoietic 

stem cell pool and its descendants631, 632. It is rich in stem cells, and its main job is making the 

cells that circulate in the blood633. There are two main types of stem cells: mesenchymal and 

hematopoietic634,635. Yellow bone marrow contains mesenchymal stem cells or marrow stromal 

cells; these produce fat, cartilage and bone. Hematopoietic stem cells (HSCs) in the BM give 

rise to two main types of cells: myeloid and lymphoid lineage. Cells of the myeloid lineage are 

monocytes, macrophages, neutrophils, basophils, eosinophils, erythrocytes, dendritic cells 

and megakaryocytes, or platelets-they form the primary component of the innate immune 

system and act as the first line of defence against infections636. Cells of the lymphoid lineage 

are T cells, B cells, and NK cells; these cells perform diverse roles in the immune response- 

cytotoxic T cells kill infected or malignant cells, T helper cells influence the functions of other 

cells during an immune response, B cells are antibody-producing cells, NK cells kill infected 

and malignant cells637,638. In multiple myeloma, many abnormal plasma cells (myeloma cells), 

which are a subset of B cells, accumulate in the BM. Normally plasma cells make up less than 

2% of the cells in the BM; however, in individuals with MM, abnormal plasma cells make up at 

least 10% of the cells in the BM639,640. They crowd out other blood cells, such as red blood 

cells, platelets, and white blood cells. As a result, the individual with MM becomes anaemic 

due to the lack of blood cells, bleeds easily due to lack of platelets, and has more frequent 

infections due to the lack of white blood cells.  

 

The BM microenvironment (BMM) comprises various cellular elements that play a vital role in 

the survival, growth and differentiation of normal stem and progenitor cells. It provides the 

niche that regulates HSCs. Haematopoiesis occurs hierarchically, with more immature 

multipotent stem and progenitor cells progressively committing into lineage-restricted 

progenitors before giving rise to mature blood cells. These hematopoietic progenitors also 

depend on the signals from the BMM for maintenance and differentiation. In addition, the BM 

is also known to be home to many immune cells. B cells develop from HSCs in the BM and 

migrate to peripheral lymphoid organs for further maturation641,642. Plasma cells present the 

terminal stage of B cell differentiation. Upon antigen activation, antigen-producing plasma cells 

return to and reside in the BM until their re-activation to support a humoral response.  This 

process is highly regulated by the expression of chemokine receptors and adhesion molecules 

(such as integrins and lectins) on plasma cell precursors643,644. As terminally differentiated 
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cells, long-lived plasma cells remain quiescent in the BM, unable to proliferate645. Furthermore, 

they receive signals from multiple cellular niches for their retention and survival.  

 

The BMM is incredibly complex, with multiple cells cooperating to integrate signals and provide 

input to regulate HSCs, hematopoietic progenitors and blood cell input. Therefore, 

understanding how the BMM functions is essential for understanding how haematopoiesis is 

regulated and might lead to the development of therapies that target a specific aspect of the 

BMM to modulate blood cell production if needed. Most cancers affecting BM are either 

leukaemias, lymphomas, or MM646. The tumour microenvironment is ever-evolving in 

response to changes in molecular biochemistry, genetic profiling, and cell population types 

and numbers647. The BMM in multiple myeloma is a focal area of research648. The BMM is a 

primary modulator of myeloma disease progression and malignant transformation. This is due 

to the many properties of BMM, which allow the infiltration, proliferation, growth, adhesion and 

migration of myeloma cells648,649. As well as providing an optimal substrate for myeloma 

disease initiation and progression, the BM also provides activated inflammatory agents, 

including cytokines, chemokines and growth factors such as IL-6, TNFa, VEGF, IGF-1, that 

are secreted by various types of cells present in the BMM650, 651. These factors then support 

the growth, drug resistance and cytotoxicity of various cell types within this microenvironment. 

The myeloma tumour microenvironment contains several cellular mediators and cell subtypes, 

including mesenchymal stromal cells, bone cells (such as osteoblasts and osteoclasts), and a 

variety of other immunomodulatory cell types (such as macrophages, NK cells, regulatory T 

cells, etc). In addition, immunomodulatory mediators in the BMM, such as osteal macrophages 

(OsteoMacs) and other immune cells, are also present in the BMM652. OsteoMacs (BM 

resident macrophages; CD68+ in humans)652 regulate HSCs in the BM niche by directing their 

homing and colonisation and their transition between active and dormant stem cells653. The 

relapse of MM disease is believed to stem from dormant myeloma cells that are in specific 

niches. These cells exhibit resistance to treatment and have the capability to repopulate the 

tumour. Intravital imaging was utilized to track individual myeloma cells as they colonized the 

endosteal niche, entered a dormant state, and subsequently reactivated to form colonies.  The 

reversibility of myeloma cell dormancy was observed to be instigated by interactions with 

bone-lining cells or osteoblasts and terminated by the remodeling of the endosteal niche by 

osteoclasts653. Dormant myeloma cells were found to be impervious to chemotherapy 

targeting dividing cells. The critical role of the endosteal niche in controlling myeloma cell 

dormancy was demonstrated, emphasizing the potential of targeting extracellular mechanisms 

to overcome drug resistance and prevent disease relapse. The findings indicated that 

myeloma cells infiltrated the bone marrow, exited the vasculature, and migrated directly 
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towards endosteal surfaces, where they arrested in locations containing type-I collagen-

expressing osteoblasts or bone-lining cells653. 

Additionally, intravital imaging has provided evidence that RANKL-stimulated osteoclasts 

exhibit an alternative cell fate by giving rise to daughter cells termed osteomorphs through a 

process known as fission. Inhibition of RANKL interrupts this cellular recycling mechanism, 

leading to the accumulation of osteomorphs. Single-cell RNA sequencing analysis has 

demonstrated that osteomorphs possess a distinct transcriptional profile compared to 

osteoclasts and macrophages, expressing a unique set of non-canonical osteoclast genes654. 

Deletion of these genes in mice has been associated with structural and functional bone 

phenotypes. Moreover, genetic variations in human orthologs of osteomorph genes are linked 

to monogenic skeletal disorders and are correlated with bone mineral density, supporting the 

notion that osteomorphs play a crucial role in bone resorption regulation and may represent a 

viable target for therapeutic intervention in skeletal diseases654.  

 

Other immune cells in the BMM include additional macrophage populations, neutrophils, and 

myeloid-derived suppressor cells, all of which respond to stress and affect tumour growth, 

bone turnover, and other BM cells. Regulatory T cells in the BMM create an immune-privileged 

or immunosuppressive environment that can be corrupted by colonising entities, including 

some cancer cell types, especially MM655.  

The tumour can re-program immune cells in the BMM to provide optimal conditions for 

myeloma tumour growth. Myeloid-lineage progenitors have been shown to support myeloma 

cells both in vitro and in vivo656. Moreover, Gr+CD11b+, also known as myeloid suppressor 

cells, are composed of immature myeloid cells at the early stages of differentiation657. They 

represent one mechanism of how tumours escape immune system control; they are 

overproduced in tumour hosts, including cancer patients, infiltrate the tumour 

microenvironment, and promote tumour angiogenesis by producing angiogenic factors and 

high levels of MMP-9; the deletion of MMP-9 in these cells eliminates their tumour-supporting 

ability658, 659. Immune cells are often distorted by myeloma cells. Increasing regulatory T cells 

bring their immune inhibiting capabilities and decrease the number and activity of effector T 

cells, so down-regulating the tumour-killing cells present in the BMM660. Upon tumour invasion, 

mononuclear cells (MNCs) produce and secrete factors such as IL-6, TNFa, and VEGF, which 

stimulate the overall mobilisation of endothelial cells and subsequent tumour 

vascularisation661. The interaction between malignant cells and immune cells is critical in 

determining disease outcomes in cancer patients662,663. In multiple myeloma, the functionality 

of immune cells, such as T cells and natural killer cells, is compromised, resulting in defective 

antigen-presenting and poor NK cell capacity to kill transformed cells664.  
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In advanced cases of MM, myeloma cells can extravasate from the BM leading to 

extramedullary plasmacytomas and elevated circulating plasma cells in the blood665,666. 

Therefore, detecting the levels of plasma cells in MM is essential for the prognosis of the 

disease. BM tests (such as using BM aspirate and/or biopsy) are performed routinely to 

diagnose multiple myeloma and for monitoring during the course of treatment. The importance 

of evaluating plasma cell infiltrates in BM aspirates, and BM biopsy slides in diagnosing and 

monitoring the course of MM and their effect on patient survival has been demonstrated in 

many studies667, 668, 669, 670. The BM aspirate/biopsy provides information about the amount of 

the disease, the aggressiveness of the disease, and the molecular and genetic abnormalities 

that help predict the disease course671. Additionally, BM tests, in the form of aspirates and 

biopsies, are performed routinely to monitor the course of treatment672. BM aspirate, and BM 

core biopsy are methods to collect liquid and solid parts of the BM. In aspiration, a syringe 

draws out the liquid part of the marrow (a BM aspirate)673. For biopsy collection, a 1-2 cm core 

of BM tissue is removed in one piece (a BM trephine biopsy). The BM samples are usually 

taken from the pelvic bone. A needle is inserted through the skin into the bone, and a sample 

is drawn up through a syringe. The procedure is performed under local anaesthetic with or 

without sedation (see Figure 6.1). The necessary tests provide samples for the direct means 

of examining the myeloma cells under the microscope674. Other markers can be used in other 

tests to allow the identification of myeloma progression. Furthermore, abnormal plasma cells 

in the BM secrete large amounts of a single type of antibody, known as M-protein (also known 

as paraprotein), which has no useful function. As mentioned in 1.2.2 Myeloma-defining events, 

these M-proteins can be measured in blood and urine for diagnosis, prognosis, treatment 

response, and to detect relapsed cases. BM tests are also essential to determine the presence 

and amount of myeloma cells in the BM in proportion to the other blood cells 675.  
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Figure 6.1 Bone marrow aspirate sample being taken from the pelvic bone.  
A bone marrow needle is inserted into the patient's hip bone. Samples of blood (bone marrow 

aspiration) and bone marrow (biopsy) are removed for examination. Image adapted from 

myeloma.org.uk.  

 

 

Chemokine receptors are named based on the type of chemokine they bind. In multiple 

myeloma, levels of a number of chemokines are found to be elevated in bone marrow 

infiltrating macrophages, and the levels of these chemokines are positively correlated with the 

percentage of BM-infiltrating macrophages676. These include CCL-3 (macrophage 

inflammatory protein-1 a, MIP-1a, is a direct stimulator of osteoclastogenesis.), CCL2 and 

CCL14 (promoting chemotaxis of monocytes into the bone marrow) 677–680. Bone-homing 

tumour cells tend to overexpress several chemokine receptors. Here, the expression of three 

chemokine receptors is determined using the monocyte panel described in Chapter 6.2.13. 

CCR2, as it appears to be important in the mobilisation of monocytes from the bone marrow 

to the blood in normal conditions and in response to inflammation64; CCR10, as its expression 

is elevated in peripheral blood of patients with inflammatory conditions, such as RA681,682; and, 

CX3CR1, as it is essential for monocyte homeostasis and cell survival under normal 

conditions, and is associated with immune cell infiltration and interact with the tumour 

microenvironment in cancer by regulating monocyte polymerisation683,684.  

CD71 (transferase receptor 1) was another receptor that was of interest to study. It is an 

integral membrane glycoprotein that plays a major role in the cellular uptake of iron. It was 

chosen as it is known to be a marker for cell proliferation and activation. It has been used as 

a successful marker to diagnose acute erythroid leukaemia (AEL) by flow cytometry. In a study 
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investigating CD71 expression, it was found to be an indicator of cell proliferation activity in 

haematological malignancies generally and MM specifically685. 

 

 
 

6.1.2 Rationale  
1) Total human mononuclear cells (MNCs) derived from the peripheral blood and the BM 

aspirates of individuals with multiple myeloma were chosen as the study material. Reasons 

for this were: (i) MNCs provide a cell model to quickly reveal the effects of IMiDs on the cells 

in the tumour microenvironment to provide an understanding of interactions of cells with 

plasma cells and understanding of the effects of IMiDs on cells directly in the tumour 

microenvironment, this effect will be compared to the results obtained from myeloma-related 

cell lines; (ii) clonal plasma cells detected in the peripheral blood of newly diagnosed multiple 

myeloma patients have been associated with adverse prognostic features and poor overall 

survival686; they reflect tumour burden in newly diagnosed multiple myeloma. A new study 

shows that CCPC quantification at diagnosis provides a powerful prognosis factor for newly 

diagnosed myeloma patients687 and is associated with a worse prognosis in myeloma 

patients688; (iii) the interactions between malignant plasma cells and their microenvironment 

are essential for MM pathogenesis. The binding of MM cells to the BM stromal cells triggers 

the expression of adhesion molecules, cytokines, and chemokine, promoting growth, drug 

resistance and migration of cancer689. BM mononuclear cells (BM-MNCs) are a rich source of 

haematopoietic stem cells and have been used widely in experimental therapies for patients 

with ischemic disease. BM-MNCs activate angiogenesis, and this is believed to be one major 

BM-MNC mode of action690. Therefore, BM-MNCs and CCPC will provide a model for studying 

the effects of current anti-myeloma treatments (IMiDs) to further understand their mechanism 

of action to optimise their therapeutic potential.  

 

 

6.1.3 Hypothesis  
i) IMiDs are effective in reducing inflammatory cytokines in MNCs derived from 

early-diagnosed patients. 

ii) The anti-inflammatory cytokines IL-4, IL-10 and IL-13 are effective in reducing 

inflammatory cytokines in MNCs derived from early-diagnosed patients. 
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6.2      Experimental procedures 

6.2.1 Samples  
Fresh human peripheral blood and BM biopsy aspirates from newly diagnosed myeloma 

patients were collected into heparinised VacuettesTM (Greiner Bio-one, Frickenhausen, 

Germany). Peripheral blood from healthy donors was used as well. All samples were prepared 

as detailed in 2.4 Sample collection and preparation. Ethical approval for all groups was 

provided by a Health Research Authority (HRA) Research Ethics Committee (13/WA/0190 – 

healthy volunteers; 20/WM/0037 –myeloma patients). Informed written consent was obtained 

from all donors.  

 

6.2.2 Mononuclear cell isolation 

Mononuclear cells (MNCs) were isolated as described as per sections 2.4.1 and 2.4.2. Cell 

density was determined using the Countessâ automated cell counter (Life Technologies) and 

MNCs were then cultured in cell culture media (RPMI Glutamax/10% FBS HyClone/0.2% 2-

ME) +/- LPS (Ultrapure, 10ng/mL; InvivoGen, San Diego, USA) at 37 °C in 5% CO2-in-air for 

24 hours. Additional treatments were added for the duration of the 24-hour incubation. After 

24 hours, cultures were centrifuged at 515 x g for 7 minutes and cell-free supernatants were 

removed and stored at -20 °C until analysis of cytokines by ELISAs.  

 

6.2.3 Monocyte isolation and purity check using flow cytometry  

Monocytes were isolated, as in 2.4.3 Monocyte isolation, prior to seeding on chamber slides 

for visualisation. An anti-CD14 antibody (Clone 61D3; fluorophore eFluor®450; isotype 

mIgG1) was added to 100,000 monocytes to check monocyte purity as detailed in 2.6 

monocyte purity. Data analysis post-acquisition was interpreted using FlowJo Version 1.3 

(Tree Star, Oregon, USA). Purity ≥	92% was accepted for downstream experiments. 

6.2.4 Adhesion to the chamber slides  

To ensure the adherence of monocytes to the chamber slides prior to staining, Cell-Tak was 

used, as detailed in 2.12 Adhesion of cells using Cell-Tak. 

6.2.5 Confocal Microscopy  
Primary cells were adhered on Millicell EZ 8-well chamber slides (Merck Millipore, 

Massachusetts, USA) in cell culture media. Samples were prepared for confocal microscopy 

as per 2.13 Confocal microscopy. Cells were visualised at 20 X magnification using a laser 
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scanning confocal microscope (Zeiss LSM720, Oberkochen, Germany). Image analysis was 

performed using ImageJ Software. 

 

 

6.2.6 Enzyme-linked immunosorbent assay (ELISA) 
Analysis of cytokines using ELISA was carried out as in 2.6 Enzyme-Linked Immunosorbent 

Assay (ELISA). The ELISA kits used in this chapter were to detect levels of IL-6, TNFa, and 

MMP-9 secreted by MNCs +/- LPS (DuoSet; R&D systems; Biotechne). 

 

 

6.2.7 Gating strategy for selection of monocytes 

Monocytes within MNC preparations isolated from peripheral blood and bone marrow of early-

diagnosed myeloma patients were analysed using flow cytometry (Figure 6.2). Forward scatter 

(FSC) and (SSC) plots allowed for the rough selection of monocytes according to their size 

and granularity profile. Single cells were selected next, and then CD14 expression was used 

to confirm that monocytes were selected from the MNC population. The CD14 and CD16 

expression of the monocytes was then used to determine the individual subsets: 

CD14++CD16++ (classical monocytes), CD14++CD16+ (intermediate monocytes) and 

CD14+CD16++ (non-classical). Median fluorescence intensity (MFI) or percentage of positive 

cells was then used to analyse phenotypic markers. A more detailed analysis of the monocytes 

was made using the antibodies in the monocyte phenotypic panel shown in Table 6.1. 
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Figure 6.2 Gating strategy for the selection of monocytes and their subsets in MNCs.  
Monocytes were identified using an FSC-H vs SSC-H dot plot according to their size and 

granularity. Singlets were selected using FSC-H vs FSC-A dot plot. A histogram visualising 

the CD14 expression enables the gating on the CD14-positive peak.  Monocyte subsets were 

then identified according to their CD14/CD16 profile.  
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Table 6.1 Antibodies were used for the phenotypic analysis of monocytes. 

 The list includes their fluorochrome, isotype, clone and manufacturer.  

 

 

6.2.8 Gating strategy for selection of B cells 

B cells within MNCs isolated from peripheral blood and bone marrow of early-diagnosed 

myeloma patients were analysed using flow cytometry (Figure 6. X). Forward scatter (FSC) 

and (SSC) plots allowed for the rough selection of lymphocytes according to their size and 

granularity profile. Single cells were selected next. A dump channel allowed the combined 

exclusion of T cells, NK cells, and monocytes; CD19-positive expression allowed the selection 

of B cells from the lymphocyte population. Identification of specific subsets was performed by 

further sequential gating upon surface expression of various markers. CD27 and IgD 

expression was used to determine the individual subsets: naïve, class-switched and non-

class-switched memory. Finally, plasmablasts were identified as CD38-positive and CD20-

negative, making up bout 0.1 % of all B cells. Median fluorescence intensity (MFI) or 

percentage of positive cells was then used to analyse phenotypic markers. The antibodies 

used in the B cell phenotypic panel are shown in Table 6.2. 



 179 
 

 

 
Figure 6.3 Gating strategy for selecting B cells and their subsets in MNCs.  
Lymphocytes were identified using an FSC-H vs SSC-H dot plot according to their size and 

granularity. Singlets were selected using FSC-H vs FSC-A dot plot. B cells were identified as 

CD19-positive and CD3, CD14 and CD56-negative (FITC Dump). CD27 and IgD allowed the 

identification of class switched and non-class switched memory and naïve B cells. CD20 and 

CD38 allowed the identification of plasmablasts (plasma cells).  

 

Table 6.2 Antibodies used for the phenotypic analysis of B cells.  

The list includes their fluorochrome, isotype, clone and manufacturer. 



 180 
 

 

 

6.2.14 Statistics 
Statistical analysis was performed using GraphPad Prism version 9.4.1 (USA). Data are 

presented as the mean +/- standard error of the mean (SEM). A one-way ANOVA was used 

to compare the production of TNFa, IL-6 and MMP-9 by PB and BM MNCs. Statistical analysis 

for the monocyte and the B cell panel data was determined using a Mann-Whitney test.  

All experiments have replicated sample sizes of at least n=3 (except for LPS-activated PB and 

BM monocytes n=1; confocal images of BM monocytes n=2), and significant values were 

taken as p < 0.05 graphically denoted as * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 

0.0001.  
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6.3    Results  

6.3.1 The effect of IMiDs on primary cells derived from healthy donors and newly 
diagnosed myeloma patients  

The LPS-stimulated cytokine output by MNCs isolated from healthy individuals and PB and 

BM MNCs derived from early diagnosed myeloma patients in the presence of IMiDs (1 and 10 

µM) was analysed using ELISA. All the IMiDs reduced the production of TNFa in all three-

study groups – peripheral blood from healthy and MM patient, and bone marrow for MM 

patient. Pomalidomide caused a dose-dependent, statistically significant decrease in TNFa 

production in peripheral blood MNCs isolated from healthy individuals (p = 0.0294) (Figure 6.4 

A). No significant decrease was observed with lenalidomide- and thalidomide-treated MNCs. 

Both lenalidomide and pomalidomide were statistically significant in reducing TNFa produced 

by peripheral blood MNCs isolated from myeloma patients (lenalidomide p = 0.0167; p = 

0.0138 and pomalidomide p = 0.0061; p = 0.0042) (Figure 6.4 B); pomalidomide displayed a 

more significant decrease than lenalidomide at both doses used. Pomalidomide was the only 

IMiD to significantly decrease TNFa production in MNCs isolated from the BM aspirates 

(Figure 6.4 C) at both doses (p = 0.0268; p = 0.0223).  
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Figure 6.4 TNFa production is reduced in a dose-dependent manner upon IMiD 

treatment. 
 MNCs from peripheral blood of (A) healthy individuals and (B) myeloma patients and MNCs 

derived from (C) bone marrow of individuals with multiple myeloma were stimulated with LPS 

(10 ng/ml) in the presence of 1 or 10 µM of each IMiD: lenalidomide (Len), pomalidomide 

(Pom) or thalidomide (Thal). TNFa (mean pg/ml + SEM) was measured using a specific ELISA 

in cell free supernatants harvested after 24 hours. PB= peripheral blood, BM= bone marrow. 

Statistics were performed with a one-way ANOVA and Dunnett’s multiple comparisons test. 

Data are from n=3 independent experiments: * p ≤ 0.05, ** p ≤ 0.01. 
 
We next examined the effects of these treatments on the levels of IL-6 in MNCs derived from 

healthy individuals and peripheral blood and bone marrow of early-diagnosed myeloma 

patients. Levels of LPS-stimulated IL-6 were decreased upon treatment of MNCs isolated from 

peripheral blood of healthy individuals with lenalidomide and pomalidomide at both doses (1 

and 10 µM) (lenalidomide p = 0.002; 0.0016 and pomalidomide p = 0.0004; 0.0004, 

respectively) (Figure 6.4 A) but no significant effect was observed for thalidomide (Figure 6.5 
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A). In contrast, no statistically significant decrease was observed in the levels of LPS-

stimulated IL-6 in MNCs isolated from the peripheral blood (Figure 6.5 B) and BM aspirates 

(Figure 6.5 C) from early diagnosed myeloma patients was observed in the presence of any 

of the IMiDs.  

 

 
Figure 6.5 IL-6 production is reduced in a dose-dependent manner upon IMiD treatment. 
 MNCs from peripheral blood of (A) healthy individuals and (B) myeloma patients and MNCs 

derived from the (C) bone marrow of individuals with multiple myeloma were stimulated with 

LPS (10 ng/ml) in the presence of 1 or 10 µM of each IMiD: lenalidomide (Len), pomalidomide 

(Pom) or thalidomide (Thal). IL-6  (mean ng/ml + SEM) was measured using a specific ELISA 

in cell free supernatants harvested after 24 hours. PB= peripheral blood, BM= bone marrow. 

Statistics were performed with a one-way ANOVA and Dunnett’s multiple comparisons test. 

Data are from n≥3 independent experiments expressed as the mean ± SEM: ** p ≤ 0.01, *** 

p ≤ 0.001. 
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6.3.2 The effect of IL-4, IL-10, and IL-13 on primary cells derived from healthy donors 
and newly diagnosed myeloma patients 

The inhibitory activities of IL-4, IL-10 and IL-13 in the presence of LPS were compared using 

MNCs derived from the peripheral blood of healthy individuals and the peripheral blood and 

bone marrow of early-diagnosed patients. In general, TNFa levels were lower by cells isolated 

from MM patients in comparison to healthy volunteers. As shown in Figure 6.6 A, IL-4 and IL-

13 at 30 ng/mL significantly reduced the levels of LPS-stimulated TNFa from healthy MNCs 

(p = 0.0329 and p = 0.0239). For MNCs from peripheral blood of early diagnosed myeloma 

patients, it was IL-4 and IL-10 at 30 ng/mL that significantly reduced TNFa production (p = 

0.0470 and p = 0.0380, respectively) (Figure 6.6 B), with IL-13 not having a significant effect. 

In the case of bone marrow treated with the anti-inflammatory cytokines at similar 

concentrations (10 and 30 ng/mL), a statistically significant effect of IL-10 and IL-13 in the 

reduction of TNFa was noticed at 30 ng/mL (p = 0.0264 and p = 0.0219) (Figure 6.6 C); in 

contrast, the effect of IL-4 was not statistically significant.  
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Figure 6.6 LPS-stimulated TNFa upon treatment with IL-4, IL-10 and IL-13 on MNCs 

derived from the peripheral blood and bone marrow aspirates of early-diagnosed 
myeloma patients.  
MNCs from peripheral blood of (A) healthy individuals and (B) myeloma patients; MNCs 

derived from the (C) bone marrow of individuals with multiple myeloma were stimulated with 

LPS (10 ng/ml) in the presence of 1 or 10 µM of each IMiD: lenalidomide (Len), pomalidomide 

(Pom) or thalidomide (Thal). TNFa (mean pg/ml + SEM) was measured using a specific ELISA 

in cell free supernatants harvested after 24 hours. PB= peripheral blood, BM= bone marrow. 

Statistics were performed with a one-way ANOVA and Dunnett’s multiple comparisons test. 

Data are from n=3 independent experiments: * p ≤ 0.05, ** p ≤ 0.01. Data are from n=3 

independent experiments expressed as the mean ± SEM: * p ≤ 0.05.  
 

Next, the effects of these treatments on the levels of IL-6 in MNCs derived from healthy 

individuals and peripheral blood and bone marrow of early-diagnosed myeloma patients was 

determined. Figure 6.7 A shows that IL-4 (at 30 ng/mL), IL-10 (at 30 ng/mL), and IL-13 (at 10 

and 30 ng/mL) effectively reduced IL-6 levels in MNCs derived from PB of healthy donors (IL-

4 p = 0.0420, IL-10 p = 0.0207, and IL-13 p = 0.0126; p = 0.0014). For MNCs from PB of MM 

donors, IL-4 and IL-13 at 30 ng/mL effectively reduced IL-6 levels (IL-4 p = 0.0051 and IL-13 

p = 0.0312; p = 0.0153), whereas IL-10 did not have a significant effect at a similar 

concentration. IL-13 was the only anti-inflammatory cytokine to significantly reduce LPS-

stimulated IL-6 production at both 10 ng/mL and 30 ng/mL (Figure 6.7 B). The anti-

inflammatory cytokines were ineffective in reducing IL-6 production in MNCs from the bone 

marrow of early-diagnosed myeloma patients (Figure 6.7 C).  
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Figure 6.7 LPS-stimulated IL-6 upon treatment with IL-4, IL-10 and IL-13 on MNCs 
derived from the peripheral blood and bone marrow aspirates of early-diagnosed 
myeloma patients.  
MNCs from peripheral blood of (A) healthy individuals and (B) myeloma patients; MNCs 

derived from the (C) bone marrow of individuals with multiple myeloma were stimulated with 

LPS (10 ng/ml) in the presence of 10 or 30 ng/mL of each anti-inflammatory cytokine: IL-4, IL-

10 or IL-13. IL-6  (mean ng/ml + SEM) was measured using a specific ELISA in cell free 

supernatants harvested after 24 hours. PB= peripheral blood, BM= bone marrow. Statistics 

were performed with a one-way ANOVA and Dunnett’s multiple comparisons test. Data are 

from n=3 independent experiments: * p ≤ 0.05, ** p ≤ 0.01.  
 
 

6.3.3 IMiDs and IL-4, IL-10, and IL-13 do not affect MMP-9 expression by MNCs 
derived from the bone marrow of newly diagnosed myeloma patients  

Finally, the levels of MMP-9 were measured upon LPS stimulation of bone marrow MNCs from 

early-diagnosed myeloma patients in the presence of either the IMiDs at 1 and 10 µM or IL-4, 
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IL-10 and IL-13 at 10 and 30 ng/mL for 24 hours. Cell free supernatants were harvested after 

24 hours and analysed using a specific ELISA. There was no statistically significant decrease 

when treated with the IMiDs although pomalidomide at 10 µM displays a reduction in MMP-9 

production (Figure 6.8 A). There were no inhibitory effects of IL-4, IL-10, and IL-13 on MNCs 

derived from BM aspirates. In fact, an increase is observed with IL-10; however, this increase 

was not significant (Figure 6.8 B). 

 

 

 
Figure 6.8 MMP-9 levels of bone marrow-derived MNCs are unaffected by IMiDs and IL-
4, IL-10 and IL-13. 
MNCs derived from the bone marrow of individuals with multiple myeloma were stimulated 

with LPS (10 ng/ml) in the presence of either 1 or 10 µM of each IMiD: lenalidomide (Len), 

pomalidomide (Pom) or thalidomide (Thal) (A); 10 or 30 ng/mL of each anti-inflammatory 

cytokine: IL-4, IL-10 or IL-13 (B). MMP-9 (mean ng/ml + SEM) was measured using a specific 

ELISA in cell free supernatants harvested after 24 hours. PB= peripheral blood, BM= bone 

marrow. Statistics were performed with a two-way ANOVA and Dunnett’s multiple 

comparisons test. Data represented n=3 independent experiments expressed as the mean ± 

SEM. 

 
 

6.3.4 Immunophenotyping of monocytes from peripheral blood and bone marrow by 
flow cytometry 

As discussed in 1.4 monocytes in multiple myeloma, monocytes are heterogenous and vary 

with the inflammation status of the donor. As MM and its associated side effects indicate a 

state of heightened inflammation688, the levels of the different subunits of monocytes in the PB 

and the BM needed to be considered. Figure 6.9 illustrates the expression of CD14 and CD16 

in MNCs derived from the PB and BM of individuals with MM. A similar expression of CD16 

was observed in PB and the BM, whereas a decrease was observed in the expression of 
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CD14 monocytes derived from the BM in comparison to PB. However, this was not statistically 

significant. Using the monocyte subset panel detailed in 6.2.13, the identification of monocyte 

subsets was first determined using CD14 and CD16 and expression, followed by further 

markers and sequential gating.  

 

 
 
Figure 6.9 The expression of CD14 and CD16 monocytes in MNCs derived from PB and 
BM of people newly diagnosed with multiple myeloma.  
MNCs derived from PB (grey), and BM (blue) were isolated, and monocytes were identified 

as per 6.2.13. Example histograms are shown of the stained and unstained samples of CD14 

and CD16. An example histogram for each group is shown next and the summary data are 

shown on the right as scatter plots. Data represented PB n=3; BM n=5 independent 

experiments expressed as the mean ± SEM. Statistical analysis was determined using a 

Mann-Whitney test.  

   

 

To investigate if there is a change in monocyte subsets, the percentage of classical 

(CD14++CD16-), intermediate (CD14++CD16+), and non-classical (CD14CD16++) 

monocytes in PB and BM MNCs was compared next. The percentage of classical monocytes 

appears to be increased in PB in comparison to BM. However, this was not a statistically 
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significant increase (Figure 6.10 A). The percentage of intermediate and non-classical 

monocytes appear to be similar in PB and BM (Figure 6.10 B and 6.10 C, respectively). 

 

 
 

Figure 6.10 The percentage expression of monocyte subsets in PB and BM of early-
diagnosis myeloma patients. The percentage of the different monocyte subsets ((A) 

classical = C; (B) intermediate = INM; (C) non-classical = N-CM) was determined by flow 

cytometry of the MNCs as described in 6.2.13. Data represented n=3-5 independent 

experiments expressed as the mean ± SEM. Statistical analysis was determined using a 

Mann-Whitney test.  

 

 

Monocytes express chemokine receptors of every known chemokine receptor family. 

However, receptor expression differs between the subsets, thus making them receptive to 

various chemokines resulting in differential functional consequences692. Chemokines can be 

split into four subfamilies with two major subfamilies consisting of CC with two cysteines next 

to each other and CXC with two cysteines separated by one amino acid: CC, CXC. The minor 

subfamilies consist of CX3C; two cysteines separated by three amino acids, and XC, with the 

first cysteine, lacking. In humans, there are 27 CC chemokines, 17 CXC chemokines, 2 XC 

chemokines and 1 CX3C chemokine693.  

A decrease was observed with the expression of BM CCR10 (Figure 6.11 A), CCR2 (Figure 

6.11 B), and CX3CR1 (Figure 6.11 C) when compared to the PB, with the most noticeable 

decrease observed with BM CX3CR1. However, this difference was insignificant. No 

difference was observed with CD71 expression (Figure 6.11 D). 
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Figure 6.11 Chemokine receptor expression on PB and BM MNCs derived from early-
diagnosed myeloma patients.  
The median fluorescence intensity (MFI) of (A) CCR10, (B) CCR2, (C) CX3CR1 and (D) 

CD71on total CD14+ monocytes was determined using flow cytometry of MNCs as described 

in 6.2.13. PB samples are illustrated in grey and BM in blue. An example histogram of each 

group is shown first, and summary data are shown as scatter plots. Data represented n=3-5 

independent experiments expressed as the mean ± SEM. Statistical analysis was determined 

using a Mann-Whitney test.  

   

 

6.3.5 Immunophenotyping of B cells isolated from PB and BM by flow cytometry 
As discussed in 1.3 B cells in MM, one of the distinguishing features of MM is the proliferation 

of a clonal plasma cell population in the BM. Therefore, the relative abundance of different B 

cells subsets in PB and BM of newly diagnosed MM patients was determined.  

Overall, no statistical differences (P>0.05, Mann-Whitney test) were observed in the 

distribution of B cells (CD19+) between PB and BM MNCs. This was the case for total B cells 

(Figure 6.12 A), class switched memory (Figure 6.12 B), non-class switched memory (Figure 

6.12 C), as well as naïve B cells (Figure 6.12 D) using the gating strategy summarised in 

Figure 6.3. No statistical differences were observed in CD27 (Figure 6.12 E) and IgD (Figure 

6.12 F) within B cell subsets. 

 



 191 
 

 

 
 

    
 

Figure 6.12 Distribution of total B cells and subsets in peripheral blood and bone 
marrow of MNCs from early-diagnosed myeloma patients.  
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PB samples are illustrated in grey and BM in blue. (A) An example histogram of CD19-/CD19+, 

percentage of CD19 of total peripheral blood (PB) and bone marrow (BM); and summary data 

are shown as scatter plots. B cell subsets are shown as a percentage of the total B cell 

population determined using the gating strategy shown in Figure 6.3 as scatter plots: class 

switched memory (B), non-class switched memory (C), and naïve (D). The expression of CD27 

(E) and IgD (F) within the different B cell subsets. Data represented n=3-5 independent 

experiments expressed as the mean ± SEM. Statistical analysis was determined using a 

Mann-Whitney test for figures A-D and two-way ANOVA with Šidák multiple comparisons test 

for E-F. 

CS = Class switch, N-CS = Non-class switch memory 

 

 

The expression of plasma cells in PB and BM in B cells was determined using flow cytometry 

and the gating strategy summarised in Figure 6.3. The expression of plasma cells (expressed 

as a percentage of total B cells) in the BM was significantly higher than that in the PB of newly-

diagnosed myeloma patients (Figure 6.14).  

 

 

                                     
 

Figure 6.13 The percentage expression of plasma cells in B cells of peripheral blood 
and bone marrow in MNCs of newly-diagnosed myeloma patients.  
MNCs derived from peripheral blood (PB; illustrated in grey) and bone marrow (BM; illustrated 

in blue) were isolated, and B cells were identified. Plasma cells are expressed as a percentage 

of total B cells. Data represented n=3-5 independent experiments expressed as the mean ± 

SEM. Statistical analysis was determined using a Mann-Whitney test.  
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MM cells are dependent on glucose via glycolysis as well as on glutamine for energy 

equivalents through a process known as glutaminolysis694,695. Glutaminolysis is elevated in 

chemotherapy-resistant myeloma cells696. Glutamine is crucial for the survival of certain 

cancer cells, and glutamine starvation induces cancer cell death696,697. Glutamine transporters 

such as SNAT, ASCT2 and CD98/L-type amino acid transporter-1 (LAT1) are expressed at 

high levels in MM and are associated with poor prognosis in patients with newly diagnosed 

MM698,699. Therefore, the expression of key metabolic transporters was considered by flow 

cytometry. CD98 is a transmembrane glycoprotein amino acid transporter that was chosen to 

investigate not only for its role in amino acid metabolism but as it has a function in integrin 

signalling700, which appear to be important in tumour growth and metastasis, as previously 

discussed.  

CD36 is another interesting transporter that was considered for investigation here. It is a class 

B scavenger receptor expressed on the surface of a wide range of innate and adaptative 

immune cells701. CD36 binds to a variety of extracellular signals, including long-chain fatty 

acids and danger-associated and pathogen-associated molecular patterns (DAMPs and 

PAMPs)701,702. Upon binding, CD36 assembles and interacts with other membrane signalling 

complexes, such as aV𝛽3 integrin, which relay the signals to various downstream effectors703–

706. The expression of CD98 and CD36 within MNCs derived from the PB and the BM of early 

diagnosed myeloma patients was determined using flow cytometry as described in 6.2.14 

Gating strategy for selection of B cells. The expression of both CD98 (Figure 6.13 A) and 

CD36 (Figure 6.13 B) in PB and BM monocytes was found to be similar.  
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Figure 6.14 Expression of metabolic transporters in peripheral blood and bone marrow 
in B cells of newly-diagnosed myeloma patients.  
Peripheral blood (PB; illustrated in grey) and bone marrow (BM; illustrated in blue) were 

analysed for key metabolic transporters expression with flow cytometry as described in 6.2.15. 

Data represented n=3 independent experiments expressed as the mean ± SEM. Statistical 

analysis was determined using a Mann-Whitney test.  

 

 

6.3.6 Monocyte morphology and response to LPS in myeloma patients  
The morphology of monocytes isolated from peripheral blood and BM from newly diagnosed 

myeloma patients was determined using confocal microscopy. Confocal images show 

monocytes isolated from PB (Figure 6.15 A), and the BM (Figure 6.15 B) displayed the 

common morphology of monocytes.  
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Figure 6.15 Confocal images of monocytes derived from bone marrow and peripheral 
blood of newly diagnosed myeloma patient  
Peripheral blood (PB)-derived CD14+ monocytes shown in top row; bone marrow (BM)-

derived CD14+ monocytes/macrophages are shown in bottom row. The monocytes were 

stained with the nuclei stain, Hoechst 33342 Solution (blue) and CellMask™ Orange (red) for 

plasma membrane stain (ThermoFisher Scientific; Massachusetts, USA). The mitochondrial 

antibody TOMM20 (green). Images were taken at 20 X magnification, and a 50 µm scale bar 

was included. Examples shown are representative of data from PB=3; BM=2).   

 

 

Monocytes isolated from PB of healthy volunteers and newly-diagnosed myeloma patients 

and BM of newly-diagnosed myeloma patients were also tested for their ability to respond to 

LPS stimulation in vitro. All three cytokines tested (TNFa, IL-6 and MMP-9) responded to LPS 

as all were elevated 24 hours after treatment (Figure 6.16). There was a slightly higher 

response to LPS in monocytes isolated from healthy volunteers for TNFa (Figure 6.16 A) and 

MMP-9 (Figure 6.16 C). The levels of IL-6 appear to be similar in all three categories (Figure 

(6.16 B). 
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Figure 6.16 LPS-stimulated TNFa, IL-6 and MMP-9 production in positively selected 

CD14+ cells from the peripheral blood of healthy volunteers and early diagnosed 
myeloma patients and bone marrow aspirates of early-diagnosed myeloma patients.  
CD14+ cells isolated from the peripheral blood (PB) of healthy volunteers (HV) and individuals 

with multiple myeloma (MM) and bone marrow (BM) of individuals with multiple myeloma using 

CD14 magnetic microbeads were stimulated with LPS (10 ng/ml). TNFa (A), IL-6  (B), and 

MMP-9 (C) levels were measured after 24 hours using ELISA. Data obtained from one donor. 
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6.4 Discussion 
This chapter demonstrates (ii) the effects of IMiDs and IL-4, IL-10, and IL-13 on pro-

inflammatory cytokine release in PB and BM MNCs of newly-diagnosed myeloma patients. 

This chapter investigated (ii) the immunophenotypic profile of monocytes and B cells in the 

peripheral blood (PB) and the bone marrow (BM) of newly diagnosed patients. In this chapter, 

we found that (ii) pomalidomide showed the highest potency in primary cells. 

 

The original, pre-COVID-19 goal of this chapter was to use primary cells from people newly 

diagnosed with MM to determine how IMiDs modify cellular metabolism and thereby cell 

function. Therefore, the original strategy was to consider key functional outputs before 

progressing to experiments that looked specifically at immunometabolism. The foundational 

work for this was to confirm that IMiDs modulated cytokine expression. Cytokines, as well as 

chemokines, are potent signalling molecules important to life as hormones and 

neurotransmitters. Each cytokine binds to a specific surface receptor to generate a cell 

signalling cascade that affects cell function. This can provide negative or positive regulation 

of many genes and their transcription factors707,708. Cytokines and chemokines in the BMM 

influence MM cells directly and indirectly. Well-known cytokines, including IL-6 and TNFa, are 

produced by bone marrow stromal cells and MM cells, and directly affect the growth and the 

overall survival of myeloma cells709–711. This study demonstrated the effects of IMiDs on the 

production of TNFa and IL-6.  

 

TNFa is a pro-inflammatory cytokine that mediates the inflammatory response and regulates 

immune functions712. Inappropriate production of TNFa or sustained activity has been 

implicated in the pathogenesis of several diseases713,714. As previously discussed in 6.1 

Introduction, TNFa is associated with multiple processes that promote MM progression and 

survival, such as cell growth, death and differentiation. In the aspirates of patients with MM, 

increased TNFa levels are associated with poor prognosis715,716. In a previous study, the 

production of TNFa by BM cells from patients with MM was greater than in the control group717. 

TNFa is also a potent inducer of IL-6 gene expression and, therefore, production by stromal 

cells and osteoblasts; accumulated IL-6 promotes myeloma cell growth718,719. IL-6 plays a 

pivotal role in inflammation and immunity and has been studied extensively for its role in 

plasma cells720. IL-6 is a proliferative factor in MM that while suppressing immune cell 

proliferation and response to MM cells, affects the progression and treatment responsiveness; 

it is associated with poor prognosis721–723. It acts directly via the IL-6 receptor/JAK/STAT3 

signalling pathway and has a role in drug resistance in MM724, 725. IL-6 is mainly secreted by 

myeloid lineage cells when these cells were isolated from MM-infiltrated BM726,727. IL-6 and 
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TNFa are elevated in MM patients, and it is believed their primary function is to act directly on 

myeloma cells to promote their survival and growth and to increase angiogenesis728. Serum 

levels of IL-6 and TNFa in MM differ at different stages of the disease and indicate disease 

activity729. Studies also suggest that the overexpression of TNFa and IL-6 by myeloma cells 

allows them to overcome the anti-myeloma effects of thalidomide730.  Consequently, it was 

essential to study the production of TNFa and IL-6 by MNCs derived from PB and BM as a 

key functional readout. LPS, a potent pro-inflammatory activator of in vivo and in vitro, was 

used to stimulate cytokine production in MNCs of healthy PB and early diagnosed myeloma 

PB and BM. Pomalidomide was found to be the most effective IMiD in reducing TNF levels in 

LPS-treated MNCs in all three groups. This is consistent with a previous report demonstrating 

that pomalidomide (out of the three IMiDs) was the most potent inhibitor of TNFa production 

in a human monocytic cell line731. In an earlier study, thalidomide was found to inhibit TNFa 

release in LPS-stimulated MNCs derived from human PB and the thalidomide analogue 

lenalidomide was also found to be a more potent inhibitor732. Interestingly, in this chapter, 

lenalidomide was found to be effective in reducing TNFa levels in LPS-treated PB from early-

diagnosed myeloma patients but not in MNCs derived from healthy PB and MNCs derived 

from BM of myeloma patients. 

 

Downregulation of IL-6 production in pomalidomide and lenalidomide-treated cells was 

observed in MNCs derived from healthy PB; this effect was absent in the MNCs derived from 

PB and BM of early-diagnosed myeloma patients. This is in contrast with a previous report 

illustrating the inhibitory effects of pomalidomide and lenalidomide on IL-6 production in MNCs 

derived from the PB and the BM of myeloma patients733. Results in this chapter identified 

TNFa and IL-6 production by MNCs isolated from PB and BM of early diagnosed myeloma 

patients in short-term (24 hours) cell culture assay. The results obtained in this chapter also 

demonstrated that IMiDs play a critical role in reducing pro-inflammatory cytokine release and 

also that pomalidomide is more effective than lenalidomide, and lenalidomide is more effective 

than thalidomide. Thus, this highlights the importance of these IMiDs in myeloma treatment 

and the importance of choosing the right thalidomide analogue depending on the stage of 

disease and identifying high-risk patients. Because MM demonstrates such genetic 

heterogeneity and high levels of refractory disease, targeting the cells in the BMM and tumour 

cells directly is an ideal plan for targeting MM.  

 

Cells were then treated with IL-4/IL-10/IL-13, and the levels of TNFa and IL-6 were detected 

by ELISA. Down-regulation of TNFa production in early-diagnosed myeloma PB under 

treatment with IL-4 and IL-10 was observed at 30ng/mL; for the secretion of IL-6, IL-4 at 
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30ng/mL and IL-13 at both doses. However, similar effects of the cytokines were observed in 

the healthy control groups, suggesting the immunosuppressive activity of IL-4, IL10, and IL-

13 does not seem to be a disease-specific phenomenon. This is also seen in other diseases 

involving the activation of immune cells, such as inflammatory bowel disease. The data 

obtained in this chapter demonstrate that the anti-inflammatory cytokines show different 

inhibition patterns of inflammatory mediators in PB and BM MNCs. The down-regulation role 

of IL-4 and IL-13 on PB in other inflammatory diseases has been shown in previous studies734–

737. The comparable effects of IL-4 and IL-13 on IL-6 production by PB MNCs suggest the 

existence of a common IL-4/IL-13 receptor subunit or a common intracellular pathway738,739. 

The data agree with the findings of distinct receptors for IL-4 and IL-13 with a common subunit 

discussed in chapter 5.1 introduction.  

 

In addition to TNFa and IL-6 as two key cytokines in the BMM, MMP-9 has been recognised 

as a contributor to the processes related to cancer tissue formation, growth and metastasis740–

743. Increased levels of MMP-9 have been associated with many types of cancer and are 

directly correlated with negative clinical outcomes744. The proteolytic ability of MM-9 allows the 

degradation of structural proteins, and remodelling of the ECM allows the passage of cancer 

cells through the BM and, therefore, the invasion of healthy tissues745,746.  This makes MMP-

9 an attractive target for cancer therapies. However, this has been hard to develop due to a 

highly conservative active site and the accumulation of side effects747. Further understanding 

of the mechanisms by which MMP-9 contributes to the growth, progression and survival of 

cancer will help develop the next generation of therapeutics for targeting MMP-9 with better 

accuracy and potency. LPS has been shown to enhance MMP-9 expression and cell migration 

via TLR4 activation748. The results presented in this chapter demonstrate that pomalidomide 

was the only IMiD to show an effect on LPS-stimulated MMP-9 production by MNCs derived 

from the BM of newly diagnosed myeloma patients; however, this was not significant. 

Interestingly, a lack of efficacy was observed with IL-4, IL-10 and IL-13 treatment. In fact, IL-

10 slightly upregulated MMP-9 levels in a dose-dependent manner compared to the untreated; 

however, this was not significant. This is in contrast with previous studies showing the efficacy 

of IL-4 in reducing MMP-9 levels in human and mouse macrophages; IL-10 was also shown 

to negatively influence MMP-9 production749–751. However, MMP-9 downregulation by IL-4 and 

IL-10 has been demonstrated in different model systems than in this study752–754. The lack of 

MMP-9 modulation by IL-13 as shown here has yet to be demonstrated in other publications. 

In fact, IL-13 has been shown to increase active MMP-9 production in keratinocytes755.  

 

Given the effects of IMiDs on cytokines, as summarised above, the next step was to consider 

the immunometabolic contribution to this. As discussed in 1.4 Monocytes in MM, monocytes 
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play a vital role in the progression of MM cells and in the development of myeloma bone 

disease through their release of several soluble mediators that stimulate osteoclastogenesis 

and the presence of non-classical monocytes could be a potential marker for increased 

osteoclast precursors756. Therefore, the levels of circulating (PB) and BM total monocytes and 

monocyte subsets in newly diagnosed myeloma patients were determined to ascertain these 

cells as a key cell type for further study. Unfortunately, due to COVID-19, far fewer primary 

samples were available than anticipated at the outset of this study.  

 

The expression of the chemokine receptors CCR2 and CCR10 seems to be similar in PB and 

BM. At the same time, a slight increase was observed in CX3CR1 expression in PB compared 

to BM. Each chemokine and its receptor form an axis that promotes cancer cell progression 

via enhancing cell survival and angiogenesis. The expression of CX3CR1 was confirmed in 

myeloma cell lines which may indicate their importance regarding survival and progression 757. 

The progression of multiple myeloma requires the adherence of cells to the extracellular matrix 

components such as VCAM-1 and fibronectin in the bone marrow. This activates several 

signalling pathways that enhance anti-apoptotic proteins and upregulates proliferation 

signalling pathways. In the same study, treatment with CX3CL-1 (fractalkine-ligand to 

CX3CR1) induced myeloma cell adhesion to the extracellular matrix and induced osteoclast 

differentiation757. It is important to note that osteoclast precursors selectively express CX3CR1 

and that osteoblasts express CX3CL1. Thus, it is important to determine the expression of 

such chemokines and their receptors in multiple myeloma. Future studies should be aimed at 

investigating the relationship between the expression of such cytokines and their receptors in 

the different cells in the PB and BM on the progression of the disease as it could present with 

potential therapeutic targets; blocking of this axis would inhibit not only myeloma progression 

but also could potentially suppress myeloma bone disease in MM patients. Flow cytometry 

was used to determine the expression of the different markers on the surface of PB and BM-

derived from newly diagnosed MM patients; the same panel could be utilised to monitor the 

expression of the different markers throughout the disease course and could help to monitor 

the effects of treatment on the chemokine expression, which could give an indication on 

treatment response and efficacy in patients with MM.  

 

Increased numbers of circulating naïve B cells in PB. Collectively, these could drive the shift 

towards increased numbers in newly generated B cells in PB findings would support the 

hypothesis that the regeneration of B cell precursors in the PB, which could eventually lead to 

the increase of plasma cells in the BM. A detailed analyse of PB and BM CD19 cells in newly 

diagnosed patients. Our analysis of blood CD19 cells in untreated patients has yielded several 

new insights. Plasma cells do circulate in the PB of myeloma patients but appear to be present 
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at very low levels when compared to BM758. These observations may be associated with the 

stage of the disease. Importantly, initial PB CD19 levels significantly correlate with survival 

and treatment response.    

MM is diagnosed by observing clonal bone marrow plasma cells >10 %759. Previous studies 

have analysed PB lymphocytes in myeloma patients and have found circulating PB CD19+ 

cells that exhibit typical features of so-called early plasma cells that might already be 

committed to entering the BM 760. This might explain the increase in plasma cells in the BM 

observed here, as it might be due to some of these patients' PB plasma cells already 

committed to entering the BM. One report has observed that CD19+ B cells in MM patients 

are consistently above the control group values and that the PB monoclonal CD19+ B cells 

share clonotypic Ig heavy with the BM plasma cells761. The same report suggests that the 

malignant clone in myeloma is heterogenous, involving multiple differentiation stages with 

different B-lineage subsets at different times and stages of the disease. The results obtained 

in this chapter add confirmatory evidence that there are small numbers of plasma cells in the 

PB of early-diagnosed myeloma patients. Particularly, more information was added as this 

study compares that to BM plasma cells. The relatively low level of clonal cells was not 

associated with the levels of CD19+ in the PB detected in myeloma patients. The precise 

quantification of PB, BM monocytes, and B cells can give valuable information about the host 

immune system. Deficiencies of total monocytes and B cells would suggest immune system 

alternation and inability to fight infectious agents and overall immune system impairment.  

 

To initiate the immunometabolic aspects of the proposed work, expression of various nutrient 

substrate transporters was considered. As previously discussed, CD98 and CD36 expression 

has been associated with the progression of MM698,762; therefore, monitoring their expression 

can be a potential biomarker that can be of use to predict myeloma patient outcomes. CD98 

(SLC3A2) and LAT1 (SLC7A5) form a heterodimeric transmembrane protein complex that 

mediates amino acid transport; this complex is overexpressed in aggressive human 

cancers763,764. CD98 expression levels are correlated with LAT1 expression levels764. 

Increased expression of LAT1/CD98 heterodimer was found to be associated with poor 

prognosis in newly diagnosed myeloma patients698,765. We found that CD98 expression is 

similar in PB and BM-derived MNCs. LAT1 and CD98 expression could present a promising 

pathological marker for identifying high-risk MM698. The overexpression of CD98 in MM and 

its ability to transport substrates allows exploiting this protein in diagnostics and clinics. 

Radiolabelled molecules, specifically in cancer foci. The used molecules are tyrosine, 

phenylalanine and methionine derivatives, which are delivered to cells via CD98. Targeting 

fatty acid and amino acid uptake might be an effective strategy for treating MM cancer. Thus, 
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targeting CD98/LAT1 can appear to be an attractive therapeutic target. Additionally, this can 

be used to predict and monitor IMID sensitivity in MM patients. 

CD36 expression was found to be similar in PB and BM-derived MNCs. Ferroptosis is a type 

of regulated cell death by lipid peroxide accumulation. This process is shown to be mediated 

by CD36766. Targeting CD36 and ferroptosis may be an attractive target to improve the anti-

tumour efficacy of T cell-based immunotherapy. The results obtained here confirm the 

expression of CD36 in PB and BM cells. Monitoring CD36 and CD98 throughout the disease 

could give an indication of disease prognosis and high-risk myeloma patients767. Additionally, 

this provides important insights to utilise this technique to target and manipulate lipid and 

glutamine metabolism in MM to improve the clinical effectiveness of cancer immunotherapies.  

One clear limitation of this study is the sample size and the need for sample size calculation. 

This was a result of the ethical approval for studying cells isolated from early-diagnosed 

patients in detail was received shortly before the COVID-19 pandemic.  

 

 

6.5     Conclusion 
MM develops in the BM, indicating the substantial requirement of this tumour for the peculiar 

BMM, rich in cytokines and hematopoietic precursor cells. The clinical use of IMiDs in MM has 

significantly improved long-term survival and quality of life. This chapter demonstrates the 

efficacy of the three most readily available IMiDs, with novel potential targets illustrated in 

primary cell mode and cell lines. IMiDs are effective in reducing pro-inflammatory cytokines, 

with pomalidomide being the most effective IMiD. This efficacy differs between the IMiDs and 

between PB and BM-derived MNCs. Overall, pomalidomide was found to be the most effective 

IMiD.   

In summary, these results contribute to the characterisation of the immunomodulatory effects 

exerted by IMiDs in MM and should be taken into consideration for the implementation of new 

therapeutic strategies targeting the cell cycle checkpoints to be combined with drugs already 

used or novel treatments (such as anti-inflammatory cytokines) in MM treatment, especially in 

newly-diagnosed disease stages.  The study describes the anti-inflammatory properties of IL-

4, IL-10 and IL-13; similar to other immunoinhibitory mediators, all cytokines decrease IL-6 

and TNFa. The difference in the downregulation of cytokines by IL-4, IL-10 and IL-13 suggests 

an evaluation in further studies in vitro and in vivo of the potential effects of the anti-

inflammatory cytokines in combination with other anti-inflammatory mediators. To further 

analyse the differences between MNCs derived from PB and BM, flow cytometry was used to 

analyse subsets of immune cells as well as relevant inflammatory mediators in PB and BM of 

early-diagnosed myeloma patients. This data shows similar immunophenotypes of B cells and 
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monocytes between PB and BM, which might be an indication of cells escaping the BM into 

the circulatory system.  

Future studies could be looking into new combinations of pomalidomide and lenalidomide with 

anti-inflammatory cytokines, monoclonal antibodies, and cell cycle checkpoint blockers. 

Further research understanding the role of different cytokines in various stages of MM is 

needed.  
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Chapter Seven 

General Discussion 
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7.1 Overview 
This thesis has presented novel findings on how IMiDs and IL-4, IL-10 and IL-13 affect the 

differentiation and activation of osteoclasts in vitro. Key findings have included: an optimised 

method for an efficient production of human active osteoclasts after only a 10/11-day culture 

period; the novel technique of measuring impedance and performing cluster analysis to 

monitor osteoclast differentiation and pre-osteoclast formation; and the effect of IMiDs on 

metabolic parameters in MM cell lines. IMiDs, IL-4 and IL-13 were found to reduce impedance 

and pre-osteoclast formation monitored in real-time over the course of differentiation in vitro 

whereas, IL-10 increased the impedance and pre-osteoclastic cluster formation. IMiDs, IL-4, 

IL-10 and IL-13 were also effective in reducing pro-inflammatory cytokine release by MNCs 

isolated from peripheral blood and bone marrow aspirate of patients with MM. The results 

show that IMiDs also regulate two major MM cell lines (RPMI 8226 and JJN-3) with different 

effects. 

 

7.2  Active osteoclasts were successfully generated from peripheral blood monocytes 
A hallmark of MM is chronic bone pain characterised by uncontrolled differentiation and 

activation of osteoclasts768. Persistent bone resorption leads to cartilage and bone destruction; 

therefore, controlling such cells with local systemic treatment protects bones from destruction. 

Radiography and x-rays have indicated that the first signs of bone loss in MM are the presence 

of bone lesions in the vertebral bodies. Thus, controlling the production of the factors involved 

in the perpetuation of bone resorption and bone lesion formation is one of the major treatment 

goals in MM. 

 

Osteoclasts play a central role in bone homeostasis by regulating osteoclastic bone resorption. 

When hyperactivated, osteoclasts can cause dramatic and destructive bone loss in diseases 

such as myeloma bone disease769. As our understanding of these cellular and molecular 

mechanisms increases, potential therapeutic targets could be identified which can be effective 

in the treatment of myeloma bone disease. Initially, osteoclasts were differentiated over a 14-

day period; however, in our culture conditions, we observed many osteoclasts generated only 

after a 10/11-day culture. These osteoclasts were active as the supernatants harvested during 

the differentiation process had enzymatic activity that would correlate to the resorptive activity 

of the cells in vivo. This was determined using in gel zymography, another optimised method 

used in this study to detect the activity of the osteoclast model. By examining the area of 

gelatine digestion in the gel, it was observed that osteoclasts were able to digest the gel with 

this detectable after only three days of culture. Osteoclasts were at their peak of activity on 

day seven of differentiation as they were able to significantly digest the gel. Therefore, a 

method for the efficient production of active human osteoclasts, displaying the main 
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characteristics and parameters of osteoclasts and retaining their resorptive activities has been 

optimised. This method paves the way to investigate the basic mechanisms underlying the 

proliferation and activation of monocyte-derived osteoclasts from peripheral blood obtained 

from patients with bone diseases such as myeloma bone disease and rheumatoid arthritis. 

 

MM is a disorder primarily affecting people older than 60 years of age, in particular males770. 

It would therefore be interesting to test osteoclast differentiation in monocytes isolated from 

older individuals and men versus women. At the present time, there is no in vitro model to 

study myeloma bone disease. Therefore, the osteoclast in vitro model is excellently suited to 

study the biology behind age and sex-specific bone remodelling and to test the efficiency of 

current and potentially novel therapeutics. In conclusion, the model described in the present 

study provides unique and novel insight into the cell interactions taking place during 

osteoclastogenesis. This makes monocyte-derived osteoclasts described in this study an 

efficient and valuable in vitro model for future drug testing to identify anti-resorptive and bone 

anabolic compounds.   

 

7.3  Osteoclast differentiation and activation is affected by all the IMiDs  
The emergence of new anti-myeloma drugs has led to improved therapeutic outcomes with 

prolonged survival in patients with MM. Henceforward, it will be important to address the 

therapeutic efficacy against bone lesions in MM, as this will improve and maintain the patient’s 

quality of life. A potent and effective treatment to restore bone in MM lesions with bone loss 

has yet to be developed. Therefore, the development of novel therapies that suppress tumours 

and efficiently restore bone formation in bone lesions is urgently needed and is an important 

clinical challenge for the future. Improved understanding of biological development, molecular 

abnormalities and the BM microenvironment of MM would enable effective treatment and 

management for patients. To date, the survival of MM patients has improved as many 

therapeutic agents have emerged771. Next-generation IMiDs and other novel agents are 

favourable advancements, and autologous stem cell transplant (ASCT) is still essential during 

management. When designing treatment strategies, personalised situations, tolerability and 

molecular information should be considered. Patients with high-risk features need to be 

identified early, and the application of biomarkers can help to select the subgroups for 

appropriate treatment. Studies are underway to figure out potential combination strategies, 

mechanisms of drug resistance, new targets and new drug classes. Combining therapies with 

multiple targeting strategies man immunotherapies is a promising path for the new-generation 

treatment for MM.  
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In research, the focus has been placed mainly on the efficacy of IMiDs on osteoclasts isolated 

from an animal model to test their inhibition of osteoclast resorption and survival. Much less 

attention has been paid to understanding the effects of IMiDs on early osteoclast 

differentiation, maturation and activation in humans. Our in vitro observations suggest these 

early differentiation stages deserve further investigation, especially in the context of 

therapeutic use. Confocal microscopy is useful in understanding the characterisation of 

osteoclasts emerging as monocytes differentiate and merge in an in vitro context. Interestingly 

we found that this merging process has slowed down in the presence of IMiDs. This suggests 

that IMiDs would affect the efficiency of bone resorption in the BM microenvironment by 

disrupting osteoclast signalling and osteoclast distribution. Notably, the IMiD treatment was 

more effective when added on the day of seeding than when the cells had already transitioned 

into pre-osteoclasts. Further studies are needed to show if a similar effect also persists in the 

presence of bone matrix and whether this activity is altered as well as the effect on maturation 

in lesion sites. It will be interesting to test in detail in future experiments whether this IMiD 

treatment effect on osteoclast maturation is also present in osteoclasts isolated from newly 

diagnosed myeloma patients, as these cells are hyperactive in MM patients772. Whether this 

reflects the efficacy in vivo is to be elucidated in future experiments.  

 

Physical interactions between MM cells and other cells in the BM microenvironment, including 

stromal cells, osteoclasts and immune cells, are important for tumour proliferation and 

survival773. Results here suggest that IMiDs alone can reduce the overall differentiation and 

activation of osteoclasts as well as being important in the reduction of pro-inflammatory 

cytokines in cells in the BM microenvironment, which predicts the anti-myeloma properties 

and the anti-inflammatory efficacy of IMiDs. However, it remains unclear whether this effect is 

also achievable upon osteoclast precursors' interactions with the mineralised matrix. 

Prevention of osteoclast differentiation and activation of osteoclasts is a novel therapeutic 

strategy of IMiDs. By inhibiting osteoclast recruitment as well as improving bone fragility and 

bone lesion formation in MM, IMiDs can improve the overall patients' quality of life supporting 

the development of therapeutic approaches that block specific osteoclast development 

markers.  

 

7.4  Osteoclast differentiation and activation is affected by IL-4, IL-10 and IL-13 
The role of cytokines in the pathogenesis and progression of neoplastic diseases is 

undeniable. Consequently, cytokines could be employed as therapeutics with numerous 

benefits. Cytokines influence numerous processes in parallel, which can be a disadvantage in 
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some cases. Nevertheless, anti-inflammatory therapies might theoretically reduce protective 

antitumour immunity. As previously mentioned, proinflammatory cytokines can have both pro- 

and anti-cancer activities, while cytokines with potent anti-inflammatory activity might strongly 

favour the growth of tumours. Approaches to fighting cancer should be promoting rather than 

reducing the immune response against tumours. Therefore, it is essential to better 

comprehend the relationship between immune cells, inflammation, and cancer. A 

desynchronised cytokine system typically exemplifies MM with an increase in pro-

inflammatory cytokines774. New perspectives concerning intervention seem possible, and the 

use of nanotechnology could be a powerful approach to the use of cytokines in the prevention 

and treatment of cancer. Nanoparticles can be used as vehicles for these immunotherapeutic 

agents to fight cancer775. A better understanding of the relationship between inflammation and 

MM will ensure more effective therapeutic interventions. In our studies, inhibition of osteoclast 

differentiation and activation was observed in the presence of IL-4 and IL-13. IL-4 and IL-13 

are known to suppress RANKL-induced osteoclast differentiation through direct actions on 

osteoclast precursors. Previous reports have demonstrated that IL-4 prevented the 

differentiation of osteoclast precursors into mature osteoclasts in a mouse model776. Herein, 

we show in the in vitro model, the inhibitory effects of IL-4 and IL-13 on the differentiation and 

resorptive activity by directly acting on osteoclasts. We found that IL-4 and IL-13 inhibited the 

expression of integrins in osteoclasts, thereby preventing their adhesion to each other and to 

the plate.  

 

Surprisingly, accelerated osteoclast differentiation was found with IL-10 treatment, which 

would suggest a catabolic effect of IL-10 on this osteoclast model. This contrasts with the 

effects observed with IL-10 when tested in osteoclasts derived from the monocytic cell line 

RAW264.7 when stimulated with RANKL and in animal models, as previously discussed in 5.4    

Discussion, and at present, this effect of IL-10 on osteoclast differentiation rate and activation 

can’t be explained. This effect was greatly reduced when the treatment was applied at a later 

stage of the differentiation. Future studies using similar techniques to test the underlying 

effects of IL-10 on osteoclasts in vivo under different mineralisation conditions to uncover the 

mechanisms underlying the catabolic effects of IL-10 are needed. IL-10 has a role in the 

tumour microenvironment as it is present in tumour-associated macrophages (TAMs) and 

CD8+ T cells777. IL-10 is considered an immunosuppressive cytokine, enhancing cancer 

escape from immune surveillance. However, the immunosuppressive effects of IL-10 are not 

consistent, and they have been proposed to have some immunostimulant properties which 

allow the anti-cancer response778. It is controversial what the role and the effects of IL-10 are 

in the tumour microenvironment. A previous study has shown that IL-10 can increase the 

growth of B cells, and it has been shown to promote their differentiation into plasma cells and 
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induces the production of immunoglobulin in plasma cells779. It is shown to function as a 

proliferation factor for MM cells780, and increased serum levels of IL-10 have been higher in 

MM patients compared to controls781,782 and have been shown to correlate with advanced MM 

stages783. IL-10 has pleiotropic effects on the immune system. It acts as a cytotoxic T cells 

differentiation factor784.  

The attempt to merge therapeutic targets with cytokines should be careful not to ignore the 

possibility of generating a cytokine storm that might manipulate immune responses against 

myeloma cells and/or the tumour-associated microenvironment. The disadvantages of 

cytokines being used as treatments come from the fact that they influence a number of 

processes in parallel, pleiotropic cytokines. Alterations in the cytokine system can lead to 

altered immune balance and, therefore, a dramatic effect on the immune response.  

Subsets of osteoclasts with various immune functions 

Recent studies have expanded the understanding of osteoclasts beyond their traditional role 

in bone resorption, revealing several subsets with distinct immune functions. Inflammatory 

osteoclasts emerge under pathological conditions, such as rheumatoid arthritis and 

osteoporosis. These osteoclasts not only enhance bone resorption but also produce pro-

inflammatory cytokines, contributing to the inflammatory milieu. This dual role exacerbates 

bone loss and inflammation, linking osteoclast activity to autoimmune and inflammatory 

diseases. This was highlighted in a study that investigated the shared mechanisms between 

the immune system and bone, underscoring the osteoclasts' participation in immune 

responses785. Regulatory osteoclasts, on the other hand, are characterized by their ability to 

produce anti-inflammatory cytokines. These osteoclasts help resolve inflammation and 

maintain immune homeostasis, offering a counterbalance to the destructive activities of 

inflammatory osteoclasts. Research by a study demonstrated that regulatory osteoclasts can 

prime TNFα-producing CD4+ T cells while expressing CX3CR1, which is crucial for their anti-

inflammatory functions786. Another subset, immune-suppressive osteoclasts, plays a role in 

immune tolerance by suppressing T-cell proliferation and activation. This function is 

particularly important in preventing excessive immune responses and maintaining tissue 

integrity787.  Osteomacs, or osteal tissue macrophages, are a macrophage-like cell population 

associated with bone surfaces. These cells support osteoblast function, aiding in bone 

formation and repair, and participate in immune responses. A study revealed that osteomacs 

are intercalated throughout bone lining tissues, where they regulate osteoblast activity and 

contribute to the local immune environment652. These findings collectively underscore the 

diverse roles of osteoclasts in immune modulation and inflammatory responses. The 
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identification of these osteoclast subsets opens new avenues for therapeutic interventions 

targeting both bone and immune disorders, offering hope for more comprehensive treatment 

strategies. 

 

 

7.5  Measuring impedance by the eSight Real-time cell analyser (RTCA) technique 
enabled further investigation of osteoclastogenesis  

This study shows for the first time the usage of real-time cell analysis using the impedance 

and object count to quantify the changes in osteoclast formation upon treatment in real-time. 

The use of this technique in this study enabled a comprehensive insight into the health, cell 

behaviour, function and biological processes of osteoclasts using live, simultaneous, 

impedance-based and image-based measurements. The distinguishing feature of the eSight 

RTCA is its continuous nature. Unlike endpoint methods, real-time assay systems allow the 

tracking of differentiation over the entire course of osteoclast differentiation. This is particularly 

effective for assessing the impact of treatment, where differentiation inhibitory effects are 

easily noticeable but may be missed using endpoint-based methods625. Real-time assays are 

typically performed using equipment capable of capturing images at regular time intervals and 

quantifying cellular impedance and object count as a measure of proliferation. Such methods 

also facilitate the visualisation of drug/treatment-induced cell morphology changes. The major 

advantage of this technique is real-time data collection in a label-free manner; therefore, 

studies can be extended over the period necessary to investigate the effects of treatment for 

as long as required. The application of cellular impedance in osteoclasts in the presence of 

current myeloma treatments offers the opportunity to advance the study and understanding of 

their effects in bone disease, which facilitate novel targets for treatment and, ultimately, drug 

development. 

Tracking osteoclastogenesis in real time made it possible to focus analyses on the most 

appropriate time region for the application of the IMiDs. For example, Figure 4.11 indicates 

that the IMiDs had less of an impact on osteoclast impedance which further highlighted the 

decrease in IMiD activity when added at a later stage of the differentiation. The ability to 

generate videos of the differentiation process (Appendix 10.7-10.11) enabled the visualisation 

of the effects of IMiDs on osteoclast migration in vitro. This is in stark contrast to traditional 

end-point methods, which provide only a snapshot of the differentiation process that is devoid 

of contextual information. The fact that the eSight is retained in a standard incubator means 

that osteoclastogenesis assays in the absence and the presence of treatment can be run 
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under steadily, physiologically relevant conditions without having to shuttle the samples 

between an incubator, a hood, and an analytical instrument. Once the experiment was 

terminated, its intuitive software was used to quickly extract meaningful and actionable 

quantitative information on the impedance of osteoclasts in the presence of IMiDs and IL-4, 

IL-10, and IL-13. Analysing the image count was possible by measuring the surface area and 

adjusting the parameters to detect the presence of pre-osteoclastic clusters in the presence 

of the various treatments used in this study as well as determining the optimal cell count for 

such analysis. This method is amendable for both drug discovery/development as well as 

basic research/mechanistic studies.   

 

7.6  IMiDs and IL-4, Il-10 and IL-13 reduced cytokine production by MNCs of myeloma 
patients  

As discussed in 6.1 introduction, inflammation plays a crucial part in the survival and 

progression of MM and is associated with poor prognosis. In recent years, it has become 

evident that the microenvironment is very important not only in the oncogenesis of myeloma 

but also in the clinical presentation and treatment response. Pro and anti-inflammatory 

cytokines are present in MM and their main function is to regulate the cells of the immune 

system, such as Th17, Th22, CD4 and CD8 cells788. Interestingly, these cells can have both 

pro- and anti-cancer actions and strong anti-inflammatory cytokines might support cancer 

proliferation and progression as the disruption of such balance could lead to the progression 

of MGUS to MM. Monocytes, macrophages and dendritic cells are essential components of 

the myeloma environment. These cells can be stimulated by myeloma-derived products, and 

mitochondrial DNA released from dying myeloma cells could support the overall growth of 

MM789. Additionally, there is an interaction between osteoclasts and other immune cells that 

has been reported in clinical settings of increased bone resorption in typical inflammatory bone 

diseases, such as RA and periodontal disease790. The cross-talk between immune and bone 

cells via cytokines, chemokines, growth factors, signalling molecules and transcription factors 

has begun to be intensively researched under the concept of osteoimmunology. This study 

has provided important data on the effects of IMiDs and anti-inflammatory cytokines on the 

generation of pro-inflammatory cytokines released by MNCs isolated from myeloma patients 

in response to LPS. 

 

Pro-inflammatory cytokines were measured in the presence of three IMiDs, pomalidomide, 

lenalidomide and thalidomide, in a dose-dependent manner. Many MM therapies influence 

cytokine balance. Lenalidomide and pomalidomide have been shown previously to have 

cytotoxic actions on MM cells and, anti-inflammation effects, alongside immunomodulatory 
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and antiangiogenic actions on BM cells. They influence subsets of T cells to secret Th1 

cytokines such as IL-2 and IFNg. Meanwhile, they can suppress the production of other 

cytokines, such as IL-6 and TNFa791,792. Agreeing with previous studies, lenalidomide and 

pomalidomide have decreased the production of IL-6 and TNFa more potently than 

thalidomide in LPS-stimulated PB and BM MNCs. All three IMiDs reduced the expression of 

IL-6, with pomalidomide exerting the highest efficacy. This is consistent with previous studies 

that illustrated that thalidomide analogues (including lenalidomide and pomalidomide) are 

more effective than thalidomide itself in reducing the overall cytokine production in MM. 

However, what is provided here is the direct comparison of the effects of IMiDs in PB and BM-

derived MNCs in newly-diagnosed patients. These results also demonstrate that lenalidomide 

and pomalidomide alone, not in combination with another treatment, were able to reduce the 

secretion of IL-6 and TNFa. 

  

Along with investigating the effects of IMiDs on pro-inflammatory mediators in MM, anti-

inflammatory cytokines were tested for their efficacy. The addition of the immunoregulatory IL-

4, IL-10 and IL-13 at two different doses resulted in strong down-regulation of cytokine 

response in PB and BM MNCs of myeloma patients. As previously discussed, the cytokines 

tested in this study are increased in the different stages of MM793–796. The increased production 

of these cytokines in MM supports the hypothesis that these cytokines play an essential part 

in disease progression. Immune cells in MM are known to produce a variety of cytokines upon 

activation, which may induce a cascade of immunological mechanisms. Therefore, it was of 

interest to test the capacity of immunoregulatory cytokines to suppress the cytokines secreted 

by activated cells within the MNCs population. Th2 cytokines such as IL-4, IL-10 and IL-13 

have been reported to exert potent anti-inflammatory effects on several cell types, especially 

monocytes. The results obtained here demonstrate that all three anti-inflammatory cytokines 

were able to down-regulate the cytokine response by LPS-activated MNCs derived from PB 

and BM. The suppressive capacity of each cytokine was observed to be greatly dependent on 

the dose applied.  

 

 

7.7  Future work 

This study has established an efficient osteoclast model which does not rely on an animal 

model to study the differentiation and activation of osteoclasts. In the future, this method would 

help with the reduction and refinement of research so such a model complies with the 3Rs. 

This method would also enable the identification of future promising drug candidates with the 

use of RTCA to study their efficacy for the treatment of bone disorders such as myeloma bone 
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disease. Using similar end point and real-time techniques, future studies could investigate 

developing a model to study osteoblastogenesis in the presence of IMiDs and IL-4, IL-10 and 

IL-13, where targeting osteoclastic and enhancing osteoblastic differentiation and activity 

could provide the ultimate therapy in the treatment of myeloma bone disease. This could also 

reveal synergistic or additive effects when testing different drug combinations.  Currently, more 

potent next-generation IMiDs are in clinical development, with an expanding number of active 

agents, therapeutic modalities and more combinational possibilities. The osteoclast model 

optimised here, and the real-time monitoring method could help establish and understand drug 

mechanisms in bone disease and their applications in combination settings.  

In addition, the treatment journey from newly diagnosed myeloma patients to early and late 

MM relapses is connected to genomic and immune changes associated with disease 

progression and the acquisition of resistant mechanisms. Therefore, future studies could look 

into the immunophenotyping of monocytes and B cells as well as investigate the metabolic 

changes using methods such as the Seahorse XF technology to measure mitochondrial 

respiration and glycolysis of cells isolated from patients in the presence of various treatments 

to better understand the treatment journey.  

While most newly diagnosed MM patients respond to IMiD therapy, most eventually develop 

resistance. The underlying mechanisms defining this non-responsiveness are still 

incompletely understood. Future studies could investigate developing tests to potentially 

predict high-risk patients and target their treatment accordingly. The idea of detecting 

circulating tumour DNA or ct DNA in the blood, for example, could act as a liquid biopsy which 

could be detected with flow cytometry. 
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Appendix 9.1 The optimisation of the fixing technique on TRAP antibody expression on 
monocyte-derived osteoclasts differentiated with M-CSF and RANKL.  
M-CSF and RANKL were used to drive the differentiation of monocytes isolated from healthy 

donors into osteoclasts. Confocal microscopy was used to determine the expression of TRAP 

on day 14. Different fixing techniques were tested multiple times before choosing the best 

method. These included: acetone 90 % (A), methanol 90% (B) and PFA-Triton-X100 (C). 

Nuclei were stained with Hoechst 33342 Solution and the plasma membrane was stained with 

CellMask™ Orange. TRAP was stained with FITC-labelled antibodies. Images were taken at 

X20 magnification and a 50 µm scale bar was included. Representative images from n= 4 

experiments. 
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Appendix 9.2 The optimisation of the fixing technique on RANK antibody expression 
on monocyte-derived osteoclasts differentiated with M-CSF and RANKL.  
M-CSF and RANKL were used to drive the differentiation of monocytes isolated from healthy 

donors into osteoclasts. Confocal microscopy was used to determine the expression of RANK 

on day 14. Different fixing techniques were tested before choosing the best method. These 

included: acetone 90 % (A), methanol 90% (B) and PFA-Triton-X100 (C). Nuclei were stained 

with Hoechst 33342 Solution and the plasma membrane was stained with CellMask™ Orange. 

RANK was stained with FITC-labelled antibodies. Images were taken at X20 magnification 

and a 50 µm scale bar was included. Representative images from n= 4 experiments. 
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Appendix 9.3 The optimisation of the fixing technique on TOMM20 antibody expression 
on monocyte-derived osteoclasts differentiated with M-CSF and RANKL.  
M-CSF and RANKL were used to drive the differentiation of monocytes isolated from healthy 

donors into osteoclasts. Confocal microscopy was used to determine the expression of 

TOMM20 on day 14. Different fixing techniques were tested before choosing the best method. 

These included: acetone 90 % (A), methanol 90% (B) and PFA-Triton-X100 (C). Nuclei were 

stained with Hoechst 33342 Solution and the plasma membrane was stained with CellMask™ 

Orange. TOMM20 was stained with FITC-labelled antibodies. Images were taken at X20 

magnification and a 50 µm scale bar was included. Representative images from n= 4 

experiments. 
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Appendix 9.4 RANK expression on monocyte-derived osteoclasts differentiated with M-
CSF and RANKL.  
M-CSF and RANKL were used to drive the differentiation of monocytes isolated from healthy 

donors into osteoclasts. Confocal microscopy was used to determine the expression of RANK 

on day 14. Nuclei were stained with Hoechst 33342 Solution and the plasma membrane was 

stained with CellMask™ Orange. RANK was stained with FITC-labelled antibodies. Images 

were taken at X63 magnification. Representative images from n= 6 experiments. 

 

 

 
 

Appendix 9.5 TRAP expression on monocyte-derived osteoclasts differentiated with M-
CSF and RANKL.  
M-CSF and RANKL were used to drive the differentiation of monocytes isolated from healthy 

donors into osteoclasts. Confocal microscopy was used to determine the expression of TRAP 

on day 14. Nuclei were stained with Hoechst 33342 Solution and the plasma membrane was 

stained with CellMask™ Orange. TRAP was stained with FITC-labelled antibodies. Images 

were taken at X63 magnification. Representative images from n= 6 experiments. 
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Appendix 9.6 Monocyte-derived osteoclasts differentiated with M-CSF and RANKL.  
M-CSF and RANKL were used to drive the differentiation of monocytes isolated from healthy 

donors into osteoclasts. Confocal microscopy was used to determine the changes in 

morphology on day 0, 3, 7, 10, and 14. Nuclei were stained with Hoechst 33342 Solution and 

the plasma membrane was stained with CellMask™ Orange. Images were taken at X20 

magnification. Representative images from n= 6 experiments. 
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Link to videos obtained from eSight RTCA: 

 

https://swanseauniversity-

my.sharepoint.com/:v:/g/personal/940266_swansea_ac_uk/ESbJCBrIAytNuB6kbPSI4fMBgo

QUdK1XRNjRiFW26kAE5w?e=yCfgOr 

Appendix 9.7 Monocyte-to-osteoclasts differentiation (100,000 cells). Video taken of 
osteoclast differentiation over 10/11 days using eSight RTCA 
 
 

https://swanseauniversity-

my.sharepoint.com/:v:/g/personal/940266_swansea_ac_uk/Ean107y9yeFJt1WlYBvJipMBJO

1-UiIHeX2dO0UIFqck4w?e=ecOsHd 

Appendix 9.8 Osteoclast differentiation in the presence of DMSO (VC) at 10µM. Video 

taken of osteoclast differentiation over 10/11 days using eSight RTCA 
 
 

https://swanseauniversity-

my.sharepoint.com/:v:/g/personal/940266_swansea_ac_uk/EYKg1ruXWw5Pnac8j9N8w60B

vhgLnQeuvkebNQYYzec_sQ?e=KCm7Mk 

Appendix 9.9 Osteoclast differentiation in the presence of lenalidomide at 10µM. 

Video taken of osteoclast differentiation over 10/11 days using eSight RTCA 
 
 

https://swanseauniversity-

my.sharepoint.com/:v:/g/personal/940266_swansea_ac_uk/EdVHGiQjQw1LoJzLzA2inqUBL

x0x9K2XbXDVckDHSWn7nA?e=8hjUSc 

Appendix 9.10 Osteoclast differentiation in the presence of pomalidomide at 10µM. 

Video taken of osteoclast differentiation over 10/11 days using eSight RTCA 
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https://swanseauniversity-

my.sharepoint.com/:v:/g/personal/940266_swansea_ac_uk/EYjVb6iQUaJPoOfFZUHE7O4B

deGFGZ994B5OGs50MtJidQ?e=kryKeR 

Appendix 9.11 Osteoclast differentiation in the presence of Thalidomide at 10µM. 

Video taken of osteoclast differentiation over 10/11 days using eSight RTCA 
 
 
 




