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ABSTRACT  

Multiple myeloma (MM) is an incurable malignancy, characterised by the uncontrolled proliferation 

of clonal plasma cells, usually in the bone marrow. MM accounts for 10% of all haematological 

malignancies diagnosed worldwide and has a significant impact on both patients and healthcare 

systems. The poor outcome of patients with MM highlights the urgent need for novel treatment 

strategies that overcome resistance to more conventional apoptosis-based regimens.  

Ferroptosis is a recently characterised form of non-apoptotic programmed cell death. Phospholipids 

(PLs) containing polyunsaturated fatty acids (PUFAs) play a crucial role as ferroptosis substrates as 

they are readily oxidised to form toxic lipid reactive oxygen species (ROS). Despite evidence 

suggesting ferroptosis may represent a novel approach for the treatment of cancer, targeting 

tumour cells while minimising off-target effects, is a significant challenge. One way in which this has 

been achieved is through the development of monoclonal antibodies raised against proteins 

expressed by the tumour cells, which by themselves or by directing therapeutics to the tumour cells, 

result in greater tumour cell death whilst minimising toxicities. Regimens incorporating monoclonal 

antibodies have proven highly effective for a range of cancers, including MM. 

In this study, ferroptosis was induced by treating cells with RSL3, which inhibits glutathione 

peroxidase 4 (GPX4), a key enzyme in the primary lipid antioxidant system within cells. Ferroptosis 

was confirmed as the mechanism of cell death by using the synthetic antioxidant, liproxstain-1. 

Using a range of scientific techniques, we identified a strong correlation between the PL profile of 

MM and diffuse large B cell lymphoma (DLBCL) cells and their sensitivity to ferroptosis. Our findings 

demonstrate that DLBCL cells, which contain high proportions of PLs containing PUFAs are sensitive 

to ferroptosis-mediated cell death, while MM cells, which generally contain high proportions of PLs 

containing monounsaturated fatty acids (MUFAs), are relatively resistant.  

Altering the lipidome of MM cells through exogenous supplementation with PL-PUFAs identified by 

our lipidome profiling was sufficient to induce ferroptosis-mediated cell death and sensitise the cells 

to RSL3. Liposomes, predominantly comprised of the same PL-PUFAs, were subsequently 

manufactured and loaded with RSL3. Uptake, cytotoxicity and lipid ROS studies showed these novel 

liposomes were readily taken up and triggered ferroptosis-mediated cell death of MM cells. 

Furthermore, liposomes containing RSL3 were significantly more effective at inducing ferroptosis 

than empty liposomes or free RSL3; IC50 values for RSL3 were on average between 7.1 and 14.5-fold 



 

vi 

lower in the liposomal formulation compared to free RSL3, representing a reduction from a 

micromolar to a nanomolar effective dose range.  

In order to specifically target MM cells, the liposomes were modified to enable conjugation to the 

FDA-approved anti-CD38 monoclonal antibody, daratumumab. These functionalised liposomes 

were readily taken up by MM cells but interestingly and moreover, importantly, the presence of 

daratumumab reduced uptake and cytotoxic effects of the liposomes against the FH9 healthy B cell 

line, suggesting a potential reduction in the effects of the liposomes against healthy, non-CD38 

expressing cells. 

The findings of this study significantly increase our understanding of the mechanisms associated 

with the resistance of MM cells to ferroptosis. The data presented are proof of the concept that 

antibody-conjugated liposomes may represent an effective and targeted means of delivering key 

substrates and drugs to trigger ferroptosis in cancers that are insensitive to this form of 

programmed cell death, such as MM. 
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CHAPTER 1. INTRODUCTION  

1.1 Multiple Myeloma  

Multiple Myeloma (MM) is characterised by the clonal proliferation of plasma cells and is 

currently incurable (1). It is the second most common haematological malignancy, accounting 

for 10% of all blood cancers worldwide with 106,000 recorded deaths in 2018 alone (2). 

Approximately 2,500 people are diagnosed with MM annually in Australia and 1,009 deaths 

from MM were recorded in 2020, with 1,100 deaths estimated for 2022 (3). Due to a median 

age of 70 at diagnosis, frailty and comorbidities often limit the use of many chemotherapeutic 

agents (3).  

All of the cell types present in the blood are derived from primitive multipotent hematopoietic 

stem cells (HSCs) (Figure 1) (4). HSCs are self-renewing and are present in various 

haemopoietic tissues within the body, including the peripheral blood, bone marrow and in 

umbilical cord blood (4). HSCs can differentiate into myeloid or lymphoid stem cells, which 

mature further in either myeloid or lymphoid lineages, losing their self-renewal ability in the 

process (Figure 1) (5). Plasma cells are terminally differentiated B-lymphocytes (5) that 

produce antibodies and play a key role in the adaptive immune system, as they are the main 

cells responsible for humoral immunity (1, 6). Short lived plasma cells proliferate and have a 

life span of 3-5 days, whereas long lived plasma cells are unable to proliferate but have a life 

span of months to years (6).  

The uncontrolled proliferation of plasma cells in MM causes an array of painful symptoms and 

clinically significant effects, most notably hypercalcemia, renal failure, anaemia, and bone 

destruction.  
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HSC, haematopoietic stem cells; WBC, white blood cells. 

1.1.2 MM diagnosis and precursor states 

Certain clinical features are used to define MM, including high blood calcium, renal 

impairment, anaemia, and bone lytic lesions, referred to by the acronym CRAB. In most MM 

cases, the malignant plasma cells overproduce a monoclonal immunoglobulin (antibody), 

known as a paraprotein; levels of paraprotein in the serum are often used as an indicator of 

treatment response and disease progression. However, 3-5% of all MM patients present with 

disease classified as non-secretory MM, which means the clonal expansion of plasma cells 

does not result in the overproduction of paraprotein (7).  

A diagnosis of MM is confirmed when the clonal bone marrow plasma cells exceed 10% and 

a myeloma defining event (i.e. one or more CRAB criteria), or a biomarker of disease is 

identified. These biomarkers include greater than or equal to 60% clonal plasma cells in the 

bone marrow, a serum free light chain (FLC) ratio ≥100 or more than 1 focal bone marrow 

lesion identified by magnetic resonance imaging (MRI). Notably, healthy individuals typically 

have serum ratios of immunoglobulin light chains (κ or λ) of between 0.26 and 1.25 (8). 

Two asymptomatic, pre-malignant plasma cell disorders often precede MM; monoclonal 

gammopathy of undetermined significance (MGUS) and smouldering multiple myeloma 

(SMM). MGUS is characterised by serum paraprotein concentrations of less than 30 g/L, less 

Figure 1. Schematic of the hematopoietic tree and the differentiation of 
haematopoietic stem cells (HSC) to cancerous myeloma cells 
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than 10% clonal plasma cells in the bone marrow and the absence of CRAB criteria or 

biomarkers of disease. MGUS is identified in 2-3% of individuals over 50 and 5% of individuals 

over 70 years of age (9). The annual rate of progression to MM among individuals diagnosed 

with MGUS is approximately 1%. Current recommendations are that individuals with MGUS 

are not treated but are monitored for progression to MM (9). SMM is also described as an 

asymptomatic clonal plasma cell disorder, characterised by serum paraprotein concentrations 

of greater than 30 g/L, 10% – 60% clonal bone marrow plasma cells and the absence of MM 

defining events (10). In contrast to MGUS, the risk of progression to MM among patients with 

SMM is significantly higher, at approximately 10% in the first 5 years, 3% over the subsequent 

5 years and 1% in subsequent years. SMM is also significantly less common than MGUS, with 

approximately 0.3% (11) of the population identified with the condition (10, 12).  

1.1.3 MM biology 

High risk multiple myeloma can be characterised based on genetic abnormalities associated 

with poor clinical outcomes. MM is a highly heterogenous disease, but patients can be broadly 

categorised into two main pathological groups based on the initiating chromosomal events 

(13). Hyperdiploid (HD) MM is characterised by multiple trisomies of the odd numbered 

chromosomes, whereas non-hyperdiploid (NHD) MM patients present with chromosomal 

translocations, typically leading to overexpression of certain oncogenes (13). The NHD MM 

group also contains hypodiploid (≤44 chromosomes), pseudodiploid (45-46 chromosomes) 

and tetraploid (>75 chromosomes) subtypes. Importantly, the key genetic drivers associated 

with the NHD MM subtype are primary translocations that involve the immunoglobulin heavy 

chain gene (IGH) locus on chromosome 14 (14). The two patient subsets also differ in terms 

of prognosis and survival outcomes, with HD MM patients typically having a better prognosis 

than NHD MM (15, 16). Approximately 10% of all MM patients have both translocations and 

trisomies involving the IgH, which are associated with significantly worse outcomes (17). 

Certain abnormalities can have some value as prognostic markers in MM, which lead to the 

classification of some patients as having high risk disease. These include the translocations 

between chromosomes 4 and 14, 14 and 16 or 14 and 20, which are described as t(4;14) 

(IgH:FGFR3/MMSET), t(14;16) (IgH:MAF), or t(14;20) (IgH:MAFB), respectively. Deletions of 

17p (del(17p)) and gains of the 1q arm are also associated with a worse prognosis (18). 

Deletion of 17p is observed in 7-8% of MM patients and is the strongest indication of poor 
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prognosis among patients with MM, with a median overall survival of just 22 months in 

transplant-eligible patients (19). Patients with the translocation t(4;14), which is observed in 

10-15% of cases have an overall survival of 40 months (19). Recent studies have also shown 

that MM patients presenting with chromosome 1p deletion have poor response to 

autologous stem cell transplantation, with a poor overall survival or 22 month (20). The 

deletion of 1p and associated poor prognosis lies within the loss or inactivation of tumour 

suppressor genes (20). TP53 dysregulation is another established high risk prognosis marker 

in MM, with the dysregulation of this gene through deletion (del17p), mutation or inactivation 

associated with poor prognosis (21). Incidence of TP53 dysregulation is approximately 5% at 

diagnosis and rises to 25% in late-stage relapse (22). Two or more high risk features are 

defined as double-hit or triple-hit MM and are associated with higher disease burden, a more 

aggressive disease pattern and shorter progression free survival and overall survival (23).   

These studies aid in identifying patients who are likely to have a more aggressive disease 

course and for whom novel precision therapeutic approaches are most urgently required. 

Interestingly, an extra copy of a chromosome, known as a trisomy, can also influence the MM 

disease course. Trisomies of chromosomes 3 and 5 were associated with a significant increase 

in overall survival time, while trisomy of chromosome 21 significantly reduced overall survival 

(18). This highlights the heterogeneity among MM patients and why tailored treatment 

approaches may need to be considered for MM patients. There is also an increasing 

awareness of patients with ‘functional high-risk’ myeloma who exhibit poor responses to 

therapy or experience rapid relapses that are independent of genetic risk factors. 

Interestingly, it has been suggested that MM should not be considered a single disease and 

that the array of molecular abnormalities means MM is more likely a group of diseases (13).  

A recent study also demonstrated that even in a single MM patient there may be significant 

differences between tumour cells, known as intra-tumoral heterogeneity (24). Spatial 

genomic heterogeneity, defined as distinct genetic variations observed in MM cells across 

different bone marrow sites, has been observed in more than 75% of patients (24). The 

existence of different clones in different marrow sites further increases the complexity of 

treating the disease, as different regions may harbour cells with different mutations. 

Longitudinal studies have now shown that the presence of these clones drives relapse and 

genomic evolution in MM (25-27). However, the exact mechanisms of how this clonal 
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diversity arises and its impact on disease relapse and drug resistance are still being 

investigated (28). Temporal heterogeneity or genetic evolution, which is defined as changes 

in the genetic aberrations in tumour cells over time, has also been documented in MM (29). 

In some cases, the genetic lesions remain mostly unchanged, this is referred to as stable 

evolution (29). In contrast to clonal evolution, stable evolution results in genomically stable 

MM cells, which are typically more predictable in their drug response (30). The heterogeneity 

between MM patients and between MM cells in the same patient are likely significant 

contributing factors in the incurable nature of the disease (30). Another major factor that can 

drive drug resistance in MM is the bone marrow microenvironment (BMME), which is a 

collective term for the various bone marrow cellular components, including other immune 

cells, the extracellular matrix and stromal cells and an array of soluble factors, such as 

cytokines and growth factors (31).  

The BMME is an interactive dynamic system that regulates myeloma cell behaviour through 

different mechanisms. Bone marrow stromal cells are key components of the BMME, and 

produce factors, including interleukin-6, B-cell activating factor (BAFF) and a proliferation-

inducing ligand (APRIL), that can promote the survival, proliferation and migration of MM cells 

(31). Immune cells in the BMME can also influence disease progression, with both myeloid 

derived suppressor cells and regulatory T cells in the BMME creating an immunosuppressive 

environment that can enable MM cell survival and proliferation (31). Factors secreted into 

the BMME, including interleukin-6 and interleukin-10, have also been shown to enhance MM 

cell survival and prevent cytotoxicity induced by chemoimmunotherapy, contributing to drug 

resistance (31). Heterogeneity in the BMME between patients may also impact its effects on 

MM cells and can contribute to drug resistance. For example, expression of the key immune 

checkpoint molecule, PD-L1, correlates with a poor prognosis in relapsed or refractory MM 

(32). These studies suggest that therapies that account for the role of the BMME may improve 

patient outcomes.  

As mentioned above, a common clinical feature of MM is immunosuppression, which 

significantly increases the infection risk among patients. MM cells exert an 

immunosuppressive effect by secreting soluble factors that inhibit the function of immune 

effector cells while also recruiting immunosuppressive cells, including regulatory T cells, 

myeloid-derived suppressor cells, and tumour-associated macrophages (33). Infections are 
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not only a significant cause of morbidity but are also currently the primary cause of death 

among MM patients, with one study suggesting that 45% of all early deaths among MM 

patients (within 6 months of diagnosis) were due to infections (33-35). All these factors 

contribute to the significant rate of disease relapse and high incidence of refractory disease 

among MM patients and highlights the currently unmet need for novel, personalised, and 

targeted therapeutic approaches for this cancer. 

1.1.4 MM treatment 

MM is still considered to be incurable, despite treatment advances over several decades. Until 

the turn of the century, MM was poorly treated, with 5-year survival rates of less than 35% 

before 2000 (36). Research and development of novel therapies has significantly improved 

the quality and duration of the lives of people diagnosed with MM. However, the 5-year 

progression free survival for high-risk patients is as low as 17% (37) and survival among older 

MM patients (>65 years) has stagnated over the last 20 years (38). 

 The introduction of immunomodulatory drugs (IMiDs), proteasome inhibitors (PIs) and 

monoclonal antibodies (mAbs) has significantly changed the landscape of MM treatment, and 

when combined with autologous stem cell transplantation, have significantly improved 

treatment outcomes (39). Despite the improvement in treatment efficacy, the 5-year survival 

rate for MM is only approximately 50% with a median overall survival of 5.5 years (3). On-

going development and trials of next generation agents in these classes will likely continue to 

improve survival rates (36, 39).  

The IMiD class of drugs are believed to act both directly against MM cells and indirectly by 

modulating the immune system against the cancer. The first of the IMiDs, thalidomide, was 

developed in the 1950s and was available as an over-the-counter sleep aid and anti-emetic in 

Australia (40). However, after significant birth defects were observed among pregnant 

women who took the drug, its use was discontinued and only re-introduced for the treatment 

of leprosy. The use of thalidomide was authorised in 5 patients with end stage MM on a 

compassionate use protocol and unexpectedly one of the patients experienced a significant 

response, despite being refractory to prior lines of therapy. This sparked a phase II clinical 

trial of 84 patients, in which 29% of patients achieved a 50% decrease in their paraprotein 

levels and two patients achieved a complete response (40). In subsequent years the second 



 
 

7 
 

and third generation IMiDs, lenalidomide and pomalidomide, were developed and trialled as 

part of treatment regimens for MM demonstrating significant efficacy (40).  

Proteasome inhibitors (PI) are a class of drug that target the cellular system that functions to 

degrade damaged or misfolded proteins. Inhibition of the proteasome induces an 

accumulation of these proteins, leading to cell death through endoplasmic reticular stress 

(41). Bortezomib, which was the first approved PI for the treatment of MM, is now commonly 

used in multiple treatment regimens, and has shown response rates of 66-90% and complete 

response rates of 15-21%, when combined with the corticosteroid, dexamethasone (41). The 

next generation PI carfilzomib now approved in many countries, including Australia, is 

associated with improvements in overall response rates and complete response rates 

compared to bortezomib-containing regimens (41-43). The next generation oral PI ixazomib 

has been shown to have comparable safety and efficacy data to bortezomib when combined 

with lenalidomide and dexamethasone, with markedly lower rates of neurotoxicity (44). 

The corticosteroids, dexamethasone and prednisone bind cytosolic glucocorticoid receptors, 

which then translocate into the nucleus and modulate gene expression (45). Corticosteroids 

have broad anti-inflammatory and immunosuppressive effects, caused by the transactivation 

and indirect repression of target genes via their effects on the activity of transcription factors 

(45). Corticosteroids are now a staple in frontline treatment for MM and are associated with 

high response rates when paired with other agents, such as proteasome inhibitors and 

Immunotherapeutics (45).  

The recent introduction of therapeutic monoclonal antibodies (mAbs) has significantly 

improved and revolutionised the treatment of MM (46). mAbs, which are discussed in detail 

below, are highly specific, synthesised antibodies that recognise a specific epitope in target 

proteins (Figure 2)(47). The mAb, daratumumab, exerts direct anti-tumour and 

immunomodulatory activity by binding to CD38, a type II transmembrane glycoprotein that 

mediates signal transduction via enzymatic signalling (catalysing the conversion of NAD⁺) and 

receptor mediated signalling by associating with other membrane proteins (46). 

Daratumumab was deemed so effective that it was granted a breakthrough-therapy 

designation by the United States Food and Drug Administration (FDA) as a monotherapy for 

MM (46), following the GEN501 and SIRIUS clinical trials, in which patients treated with 

daratumumab demonstrated an overall response rate of 36% (46, 48, 49). Daratumumab, in 
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combination with lenalidomide and dexamethasone (POLLUX) or bortezomib and 

dexamethasone (CASTOR), has also been shown to increase progression free survival and 

decrease the risk of disease progression in clinical trials (46, 50, 51). The next generation anti-

CD38 mAb, isatuximab, has also shown efficacy in terms of increased progression free survival 

durations (46, 52). Elotuzumab is another mAb used in MM therapy that has demonstrated 

promising results (53) and is now approved for treatment of Australian patients. Elzotizumab 

binds to CD319 on NK and MM cells, which activates the NK cells, and tags the MM cells for 

destruction by the activated NK cells (54). Therapeutic mAbs have also been developed 

against the B-cell maturation antigen (BCMA), which is a highly expressed surface protein on 

MM cells, which will be discussed in more detail below. In addition, bispecific antibodies and 

antibody drug conjugates (ADCs) have also been developed, with the results of trials 

suggesting these may further improve response rates and patient outcomes (46). 

Bispecific antibodies are engineered molecules that are specifically developed to recognise 

and target two completely different antigens/epitopes (Figure 2)(55). The dual targeting 

capacity of these antibodies provides several key advantages over conventional mAbs, 

including the ability to bring immune cells in close proximity to tumour cells, enhanced 

selectivity and reduced off target toxicity (55). In 2022 and 2023 teclistamab, elranatamab, 

and talquetamab were all approved for use in the US, after promising results in clinical trials 

(56). Teclistamab and elranatamab simultaneously bind BCMA on MM cells and CD3 on 

endogenous T cells, bringing together the cancer and immune cells (56). Talquetamab also 

binds CD3 on T cells and is targeted towards G protein–coupled receptor, class C, group 5, 

member D (GPRC5D), a highly expressed receptor in MM (56). All three have received 

approval as 5th line therapies, providing an option for patients with complex and difficult to 

treat disease.  

One of the emerging novel and effective uses of mAbs for cancer treatment is in drug delivery 

in the form of antibody-drug conjugates (ADCs). Antibody-conjugated drugs are comprised of 

mAbs that are covalently bound by a chemical linker to cytotoxic drugs, referred to as 

prodrugs, which are inactive derivates of drug molecules that can be enzymatically 

reactivated once inside cells (Figure 2)(57). ADCs are designed to deliver cytotoxic payloads 

specifically to the target cancer cells, thus reducing the potential for off-target and toxicity of 

the drug (57). The specificity of the antibody ensures binding and internalisation of the drug 
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into the cancer cell being targeted, thereby limiting off target effects (58). Belantamab 

Mafodotin, a BCMA targeted ADC, is the only FDA approved ADC for treatment of MM and 

will be further discussed below. However, this ADC has now been withdrawn from the US and 

European markets (59), suggesting ADCs may have efficacy in MM but that further 

development of drugs in this class is required.  

Chimeric antigen receptor (CAR)-expressing T cell therapies are another relatively new form 

of cancer treatment that involves engineering T-cells to express cell surface proteins known 

as CARs, that are specific to antigens on the surface of the tumour cells (60). CAR-T cell 

therapies harness the cytotoxic capacity of activated T cells and the ability of the CAR to 

effectively induce cell death of cancer cells (60). There are currently only two FDA approved 

CAR-T-cell therapies that both target BCMA, which will be further discussed below.  

Personalised medicine approaches are revolutionising the treatment of a range of different 

cancers. Personalised medicine describes health care that involves personalised approaches 

that enable providers to investigate and discover unique information that informs medical 

decisions (61). Although personalised medicine is being investigated as an approach for MM, 

to date there are no FDA approved therapies for the various molecular sub-types of MM (62). 

A subset of MM patients have a translocation between chromosomes 11 and 14 [t(11;14)], 

which results in increased expression of the anti-apoptotic protein, BCL-2 (62). Venetoclax is 

an oral therapeutic that inhibits BCL-2 and is now being investigated in this subset of MM 

patients (62). Clinical trials with venetoclax have shown promising results, with increased 

overall response rates and median time to progression among patients with t(11;14) (63), 

highlighting the potential of precision therapies for patients with MM. Although the clinical 

and biological heterogeneity of MM means treatment is challenging, identifying the 

susceptibility of different MM patient subgroups to particular therapies may represent an 

effective approach. As many MM therapeutics target or modulate the immune system, it is 

important to appreciate and review key immunology concepts that underpin these 

approaches 
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(A) Monoclonal antibody with antigen binding site specific to a single antigen. (B) Bispecific antibody 

with two antigen binding arms, each specific to a single antigen. (C) Antibody drug conjugate loaded 

with cytotoxic agents. (D) Chimeric antigen receptor (CAR) T-cell. 

1.3 Immunology 

The immune system is a complex biological system comprised of many different cell types and 

organs, that primarily functions to protect the body from infections caused by foreign 

antigens. The immune system also has two primary lines of defence, known as the innate and 

adaptive immune systems. The innate immune system is comprised of four unique barriers, 

the anatomic barrier, physiologic barrier, endocytic and phagocytic barrier, and an 

inflammatory barrier. Innate immunity is present in the body at birth, with characteristics that 

are inherited from parents, and acts in a non-specific manner to rapidly defend against any 

foreign antigens (64). Once a foreign antigen has been recognised by the innate immune 

Figure 2. Different classes of MM drugs. 
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system the immunity is present for life, although the potency of the reaction decreases with 

repeated exposure to the same pathogen (64). The adaptive immune system mounts a more 

sophisticated response to foreign pathogens and when required it can work hand in hand 

with the innate immune system to protect the body from infection. The adaptive immune 

system is a highly specific and potent defence system that acts slowly (1-2 weeks) to ward off 

infections that cannot be eradicated solely by the innate immune system and is primarily 

responsible for the production of antibodies (64). 

1.3.1 Antibodies 

Antibodies are proteins that are produced by plasma cells in response to foreign antigens, to 

induce an adaptive immune response. Antibodies occur naturally in healthy immune systems 

and consist of both heavy chain and light chain regions, which form unique antigen binding 

sites (Figure 2) (65). Antibody production begins when B-cells recognise pathogens in 

secondary lymphoid organs, such as lymph nodes, which leads to B-cell differentiation into 

memory B-cells and plasma cells. Memory B-cells remain in the body to mount a response 

against subsequent attacks from the same pathogen, whereas plasma cells produce specific 

antibodies against the pathogen (65). Antibodies can be classed into five groups, each with 

their own specialised functions (65). The five immunoglobin classes (isotypes) of antibodies 

found in serum are IgM, IgG, IgA, IgE, and IgD. After encountering a foreign antigen, IgM is 

the first antibody produced by plasma cells and acts as a B-cell surface immunoglobulin. 

Complex signalling pathways are then activated in the B-cells that induce isotype switching to 

yield the optimal immunoglobulin for recognition of the specific pathogen (65). IgG is mostly 

synthesised as a secondary immune response to pathogens, particularly against encapsulated 

bacteria, while also being the only immunoglobulin that can cross the placenta to protect the 

neonate from infectious diseases (66). IgA is the major secretory antibody in the body, found 

in saliva, tears, the intestinal and genital tracts and respiratory secretions, and protects the 

epithelial surfaces of the respiratory and digestive systems (66). IgE is the most important 

antibody involved in host defence against parasitic infections. This antibody also binds to high 

affinity receptors on mast cells and basophils and is the primary antibody involved in allergic 

reactions (66). The function of the last of the immunoglobulin classes, IgD, is less clearly 

defined, but has been associated with antigen triggered lymphocyte differentiation (66).  
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Antibodies are also classed as either polyclonal or monoclonal (mAbs) (Figure 2). Polyclonal 

antibodies are a mixture of structurally heterogenous antibodies that are typically secreted 

by different B-cell clones in the body. Polyclonal antibodies have a high affinity to the antigen; 

however, the differences in their structure mean they recognise different regions or epitopes 

of the antigen, resulting in non-specific interactions with the antigen as well as an increased 

chance that the antibody will cross react with other antigens.   

1.3.2 Antibody production 

Methods for antibody production differ depending on whether polyclonal or monoclonal 

antibodies are required. However, both forms of antibody have been used extensively in both 

research and clinical applications. Polyclonal antibodies are easier to produce and purify than 

mAbs, as they do not originate from a single clone (67). In contrast, mAbs are antibodies that 

are secreted during the expansion of a single clone of antibody-producing plasma cells. These 

antibodies have a high affinity for the specific epitope within the antigen to which they were 

raised (67). Polyclonal antibody production is performed completely in vivo. An 

immunocompetent animal (most commonly rabbits, mice and goats) is injected with a specific 

immunogen to elicit an immune response and then samples are collected when sufficiently 

high titres of the desired antibody are present in the serum (68). The antibody is then purified 

from all other serum proteins (68).  

The initial steps involved in mAb production are identical to those for polyclonal antibody 

production, however antigen responsive splenic B-cells, rather than serum, are removed from 

the immunised animals. The B-cells are then fused in vitro with a histocompatible myeloma 

cell line (Figure 3) (47). These myeloma cells are unique in that they have a hypoxanthine 

guanine phosphoribosyltransferase (HGPRT) enzyme deficiency. HGPRT is vital in the salvage 

pathway of nucleotide biosynthesis, meaning that these myeloma cells can only synthesise 

nucleotides through the de novo pathway. The cells formed by the fusion of the primary 

splenic B-cells to myeloma cells are known as hybridomas, and are cultured in a selective 

medium containing hypoxanthine, aminopterin, and thymidine (HAT) to remove any unfused 

myeloma cells (Figure 3). The aminopterin in the HAT medium blocks the de novo nucleotide 

synthesis pathway, the only available pathway for HGPRT deficient myeloma cells, effectively 

killing them (Figure 3) (47). The newly formed hybridomas survive because the HGPRT enzyme 
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is present in the splenic B-cells. The next stage of mAb production is the screening process, 

which identifies and selects the hybridoma clones that are producing antibodies with the 

desired specificity. Rapid primary screening is performed, which evaluates the hybridoma 

culture supernatant for antibody reactivity and specificity, to eliminate non-specific 

hybridomas as early as possible (47). Qualitative and quantitative testing of the antibodies 

from the different clones is performed to test for antigen binding capacity using flow 

cytometry or an enzyme-linked immunosorbent assay (ELISA). The selected hybridoma 

clone(s) can then be cultured further to produce higher antibody titres or may be 

cryopreserved for later experiments. After the initial screening process, hybridomas can be 

further refined to achieve a pure clonal population, if required. This process is called sub-

cloning and is performed to isolate individual cells and establish a monoclonal cell line. In this 

way, cells can be cloned, screened and re-cloned until a monoclonal cell line is established 

(47). The selected cell lines can then be cryopreserved until required. Antibody purification 

from the supernatant of hybridomas can be performed by protein A or G chromatography to 

yield pure mAbs. If required, hybridomas can also be used to generate chimeric or humanized 

antibodies to reduce undesirable immune responses. 
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HAT, hypoxanthine, aminopterin, and thymidine. 

1.3.2 Clinical and research applications of monoclonal antibodies  

Antibodies have become a valuable resource in the diagnosis and treatment of a range of 

diseases. mAbs have quickly become crucial in a wide range of clinical laboratory diagnostic 

tests due to their high specificity and restricted reactivity, allowing precise characterisation 

and identification of pathogens. The diagnosis of protozoal (malaria) and parasitic infections 

(tapeworms) has significantly improved with the development of mAb technologies, since 

these have overcome the limitations associated with polyclonal antibodies discussed earlier.  

MAbs have also proven to be very effective as therapeutic agents, by directly binding to 

specific proteins on the target cell, resulting in cell death, inhibition of cell growth, blockade 

of specific ligand binding sites, or through the potentiation of other drugs (69). A wide array 

Figure 3. Process of monoclonal antibody production through immunisation of mice 
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of drugs have also been developed based on mAb technology, easily identifiable as all their 

names end with the suffix ‘mab.’  

1.3.3 B-cell maturation antigen 

BCMA, also commonly known as tumour necrosis factor receptor superfamily member 17 

(TNFRS17) is a member of the tumour necrosis factor (TNFR) superfamily. The BCMA gene 

encodes a 184 amino acid protein with a short 54 amino acid extracellular domain (Figure 4). 

BCMA is a type III transmembrane protein that contains an intracellular TNF receptor 

associated factor binding domain, a transmembrane domain, and an extracellular cysteine 

rich binding domain (Figure 4) (70). BCMA, as well as B-cell activation factor receptor (BAFF-

R) and the transmembrane activator and calcium modulator and cyclophilin ligand interactor 

(TACI) are critical regulators of B-cell proliferation and survival (70). Two ligands for BCMA 

have been identified, B-cell activator of the TNF family (BAFF) and a proliferation inducing 

ligand (APRIL), which activate intracellular pro-survival signals after binding to BCMA (71). The 

multiple growth and survival pathways activated include the canonical nuclear factor kappa 

B (NF-κB) signalling pathway, the protein kinase B (AKT) pathway, the MEK/ERK pathway, c-

Jun N-terminal kinases (JNK), ELK-1 and p38 Kinase (70-72). Importantly, elevated levels of 

soluble BCMA (sBCMA) have been observed in the serum of MM patients and has been 

associated with poor treatment response rates (58). Additionally, elevated levels of sBCMA in 

patients with smouldering myeloma correlate with progression to MM (58). The rationale for 

targeting BCMA as a therapeutic approach for MM was based on several factors. BCMA is 

highly expressed on the surface of mature B lymphocytes, while it is only minimally expressed 

on hematopoietic stem cells or non-hematopoietic tissue. BCMA is essential for the survival 

of long-lived bone marrow plasma cells but is not required for B-cell homeostasis (73). MM 

cells universally express BCMA on their cell surface, and expression has been shown to be 

elevated on malignant plasma cells compared to either normal plasma cells or other bone 

marrow cell subsets (73).These findings suggest that BCMA-targeted therapies may be less 

likely to result in off target effects in MM, and that BCMA may serve as a valuable biomarker 

for assessing response to therapy in MM. 

Currently, there are three types of BCMA-targeted therapies that have been trialled for MM 

patients. However, research is expected to lead to an increase in the number of BCMA-
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targeted therapies. As already discussed, antibody-drug conjugates (ADC) are therapeutic 

agents comprised of a mAb bound to a cytotoxic agent. The specificity of the antibody results 

in binding and internalisation of the drug into the cancer cell being targeted, thereby limiting 

off target effects (58). The anti-BCMA ADC, belantamab mafodotin gained FDA approval in 

2020 after promising initial clinical trial results. However, this agent was later withdrawn from 

both the US and European markets, primarily because the confirmatory DREAMM-3 trial did 

not meet its primary endpoint (59). The phase III clinical trial, DREAMM-8, is currently 

evaluating if the ADC has any synergistic potential when combined in other regimens (59). 

The results from DREAMM-7 and DREAMM-8 (both investigating belantamab mafodotin in 

combination regimens) have led to the drug being accepted for review by the FDA for use in 

relapsed/refractory multiple myeloma, with a decision expected in 2025 (74). This identifies 

a gap in the market for ADCs in MM. 

The BCMA bi-specific antibodies teclistamab and elranatamab bind to both BCMA on the 

tumour cell and CD3-expressing T cells, which brings cytotoxic T-cells in close proximity to the 

tumour cells and promotes killing of the tumour cells by the T-cells (58). Both of these 

bispecific antibodies are currently used to treat MM patients. A trial published in 2022 

investigating BCMA-targeted CAR-T cell therapy in MM showed promising results with a 

significant improvement in treatment response rates (75). As of 2024, two BCMA-targeted 

CAR-T cell therapies had been FDA approved for the treatment of MM, ciltacabtagene 

autoleucel and idecabtagene vicleucel (76). These two therapies are approved for use in 

relapsed and refractory MM and have demonstrated effective targetability (77). BCMA CAR-

T cell therapy is not without issues and addressing the challenges of scalability and feasibility 

are important for more widespread implementation of this form of therapy (78).  
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BCMA ligands APRIL, a proliferation-inducing ligand and BAFF, B-cell-activating factor; MM, 

multiple myeloma; TRAF, TNF receptor associated factor. 

1.3.4 Cluster of differentiation 38 (CD38) and daratumumab  
CD38 is an enzyme that is normally expressed at low levels on the plasma membrane of 

human immune and endothelial cells. CD38 is expressed at higher levels on a range of tumour 

cells, including MM plasma cells. Biologically, CD38 acts as a NADase catalysing the synthesis 

of nicotinamide and ADP-ribose using nicotinamide adenine dinucleotide as a substrate. 

Nicotinamide adenine dinucleotide is a cofactor that plays an important role in energy 

metabolism and other vital cellular processes, suggesting that CD38 is a negative regulator of 

the cofactor (79). CD38 can also mediate the production of a range of cytokines by attaching 

to CD31, including but not limited to IL-12 and IL-6 (80), which are important in mediating 

immune responses (79). Importantly, CD38 is highly expressed on MM cells, hence the 

rationale for the development and clinical implementation of anti-CD38 therapeutics, such as 

daratumumab,  

Figure 4. B-cell maturation antigen domains and activation in MM and healthy 
plasma cells. 
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Daratumumab is an FDA approved monoclonal antibody that targets a specific epitope of the 

human CD38 molecule (79). Early testing in vitro found that daratumumab induced 

complement dependant cytotoxicity, antibody dependant cell mediated cytotoxicity and 

antibody-dependent cellular phagocytosis (81, 82). In vivo studies in mouse xenograft models 

found that daratumumab was effective at inhibiting tumour growth (81). Interestingly, 

daratumumab has also been suggested to directly induce apoptosis, specifically through Fc 

gamma receptor I mediated cross-linking and can amplify the effects of MM 

chemotherapeutics (83, 84). Depending on the country, daratumumab is available as first line, 

second line and subsequent lines of therapy, in combination with other agents. 

1.4 Regulated cell death 

Cell death is a fundamental physiological process that ensures cell survival, integrity and 

homeostasis. Cell death can generally be classified into two main forms, unprogrammed or 

programmed cell death (PCD) (85). Unprogrammed cell death occurs in a non-regulated 

manner, typically in response to overwhelming chemical or physical stimuli (85, 86). In 

contrast, PCD is a tightly regulated process of cell death that is essential for tissue homeostasis 

and protection against viruses and disease(86) . Various forms of PCD have now been 

established and researched, including but not limited to apoptosis, pyroptosis, necroptosis 

and ferroptosis (Table 1) (86). Apoptosis is a caspase-dependant form of PCD, acting as a 

homeostatic mechanism to control cell populations, and a mechanism that protects the body 

from cells damaged by disease or noxious gases (87). Apoptosis is characterised 

morphologically by cell shrinkage, membrane blebbing due to cytoskeletal degradation and 

subsequent fragmentation into membrane-bound apoptotic bodies (88). The efficacy of most 

cancer therapies is dependent on apoptosis-mediated cell death. Since drug resistance is 

often associated with dysregulation of apoptosis, targeting alternate forms of regulated cell 

death may be an effective approach for the treatment of cancers, including MM. 

Pyroptosis is a necrotic and inflammation-dependant form of PCD that is induced by 

inflammatory caspases in response to offending agents (89). Morphologically, pyroptosis is 

associated with cell swelling and membrane rupture, with an ensuing release of the 

cytoplasmic contents from the cell (89). Necroptosis is a form of necrotic cell death that is 

mediated by death receptors and primarily acts against pathogen-mediated infections (90). 
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Necroptosis is unique in that it requires the inhibition of caspase-8 (a caspase involved in 

apoptosis), suggesting that necroptosis is a program of cell death that kills cells that have 

been inhibited from undergoing apoptosis (90). Morphologically, necroptosis is similar to 

pyroptosis, in that it is characterised by cell swelling and membrane rupture (90). The plethora 

of research that has been conducted on the forms of PCD highlights how fundamental these 

processes are (Table 1). 
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Table 1. Distinct forms of programmed cell death 

  

Cell death  Defining characteristics Morphology References 

Apoptosis Caspase-dependant form of cell death 

that mediates cell population and 

protects body from damaged cells  

Cell shrinkage, membrane blebbing, nuclear condensation, 

DNA fragmentation and fragmentation into membrane 

bound apoptotic bodies  

(86) 

Ferroptosis Iron and poly unsaturated fatty acid 

(PUFA) dependant form of cell death 

induced by the accumulation of lipid 

ROS 

Ballooning phenotype consisting mainly of cytoplasm, 

mitochondrial condensation, lack of mitochondrial cristae 

and rupture of outer mitochondrial membrane 

(91) 

Pyroptosis  Necrotic and inflammatory form of cell 

death induced by inflammatory 

caspases 

Nuclear condensation, DNA fragmentation, cell swelling and 

membrane rupture  

(89) 

Necroptosis  Induced by death receptors in response 

to pathogen mediated infections and 

requires the inhibition of caspase 8  

Cell and organelle swelling, loss of membrane integrity and 

membrane rupture (Dhuriya and Sharma, 2018)  

(90) 

Paraptosis PCD leading to cellular necrosis, 

mediated by large potassium channels, 

and initiated by ROS 

Cytoplasmic vacuolation, dilated endoplasmic reticulum and 

mitochondria. 

 

(92) 
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Autophagy  Lysosomal catabolic process that 

removes and recycles intracellular 

endogenous and exogenous 

components  

Double membrane vesicles that contain cytosol, large 

autophagic vesicles and presence of lysosomes  

(93) 

Necrosis Uncontrollable/unprogrammed cell 

death induced by pathological 

circumstances (e.g., infection or 

trauma)  

Membrane swelling of the organelles, oncosis, DNA 

degradation and the release of cytoplasmic content inducing 

an inflammatory response  

(94) 

Entosis Cells in suspension integrate or are 

engulfed by a neighbour cell, causing 

the cell to program cell death within 

the phagosome  

Entotic vacuole, crescent nuclear shape of the outer cell and 

no membrane fusion  

 

(95) 
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1.5 Ferroptosis 

Ferroptosis is a form of non-apoptotic PCD, that has relatively recently been characterised as 

being dependent on lipid peroxidation and iron dependence (96). Ferroptosis is associated 

with distinct morphological, genetic, and mechanistic characteristics, which can be used to 

distinguish ferroptosis from other forms of PCD (Figure 5) (96). The potential of ferroptosis as 

a target for novel therapies is due to the accumulation of cellular reactive oxygen species 

(ROS) in cells undergoing this form of PCD. Cancer cells proliferate at a greater rate than 

healthy cells, which requires increased metabolic rates, leading to higher levels of cellular ROS 

than in healthy cells. Since ferroptosis is triggered by increased ROS levels, some cancer cells 

may only require a relatively small perturbation in cellular ROS levels before they undergo 

ferroptosis.  

Lipid peroxidation is a hallmark of ferroptosis and is characterised by chain reactions that 

result in the oxidative degradation of lipids, yielding highly toxic peroxyl radicals (ROO•) (97). 

The active degradation of lipids and the resulting formation of peroxyl radicals irreversibly 

compromises membrane integrity and leads to cell death (98). The role of iron and lipid 

peroxides in ferroptosis is further highlighted by the unique fact that iron chelators and 

synthetic antioxidants can inhibit this form of cell death (99). Iron chelators reduce cellular 

iron levels, which is a crucial co-factor in ferroptosis, while synthetic antioxidants inhibit 

ferroptosis by scavenging free radicals that would otherwise propagate lipid peroxidation 

(99). Interestingly, ferroptosis cannot be inhibited by potent inhibitors of either apoptosis or 

necrosis inhibitors, highlighting the distinction between ferroptosis and these other forms of 

PCD  (Publication 1 in the Appendix) (96). MM cells are often resistant to apoptosis and have 

dysregulated lipid profiles (Publication 1 and 3 in Appendix) which suggest ferroptosis may be 

a viable therapeutic target. Preliminary research in our lab observed that MM cells could be 

forced to undergo ferroptosis when cultured with the ferroptosis inducer RSL3, however at 

much higher concentrations than diffuse large B cell lymphoma (DLBCL) cells. This led us to 

investigate the factors that dictate ferroptosis sensitivity in MM to help develop novel 

therapeutics.  
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ACSL4, acyl-CoA synthetase long-chain family member 4; Fe2+, ferrous iron; GPX4, glutathione 

peroxidase 4; LOXs, lipoxygenases; LPCAT3, lysophosphatidylcholine acyltransferase 3; PL, 

phospholipid; PL-PUFA-OH, phospholipid alcohol; PL-PUFA-OOH, phospholipid hydroperoxides; PUFA, 

polyunsaturated fatty acid; ROS, reactive oxygen species; TfR, transferrin receptor. 

1.5.1 The role of system Xc- and GPX4 in ferroptosis  

System Xc- is a plasma membrane-bound amino acid antiporter that is comprised of two 

subunits: the functional subunit, solute carrier family 7 member 11 (SLC7A11) and the 

regulatory subunit, solute carrier family 3 member 2 (SLC3A2). System Xc- is an important 

regulatory component of ferroptosis, facilitating the exchange of intracellular glutamate for 

extracellular cystine, which is then rapidly converted to cysteine by thioredoxin reductase 1 

(TXNRD1) (Figure 5) (100). Production of cysteine is the rate limiting step in the biosynthesis 

of glutathione (GSH), an important antioxidant and enzyme substrate. Once reduced, GSH 

activates the catalytic domain of glutathione peroxidase 4 (GPX4) (100). GPX4 is a 

selenoprotein, that facilitates the conversion of toxic lipid peroxides into neutral alcohols, 

inhibiting the propagation of lipid peroxidation and the eventual induction of ferroptosis 

Figure 5. Biochemical pathways involving system Xc- and GPX4 that regulate 
ferroptosis inhibition. 
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(Figure 5) (100, 101). A better understanding of the role of system Xc- in the regulation of 

GPX4 is crucial for determining how this pathway may be targeted for the development of 

novel therapeutic approaches. 

GPX4 can also be directly targeted to induce ferroptosis with the inhibitor (1S,3R)-RSL3 

(referred to as RSL3). RSL3 is a small molecule inhibitor that binds to the active domain of 

GPX4, rendering the protein permanently inactive, leading to its degradation within the cell 

(102). The potent ferroptosis-inducing effects of RSL3 have been demonstrated in a variety of 

cancers in vitro, including colorectal, lung and pancreatic cancer cells (102-104). 

1.5.2 Ferroptosis suppressor protein 1 and the Mevalonate Pathway 

Antioxidant systems, independent of GPX4, also exist, which suppress ferroptosis. One of 

these systems is the ferroptosis suppressor protein 1 (FSP1)/mevalonate pathway, a system 

very adept at supressing ferroptosis (105). The mevalonate pathway is a multifaceted 

biological pathway that leads to the production of isopentenyl pyrophosphate (IPP) as well as 

CoQ (Figure 6). The mevalonate pathway involves the reduction of acetyl-CoA to mevalonate 

through a series of reactions, which is then converted to IPP (106). IPP is also involved in the 

maturation of selenocysteine, an amino acid required for GPX4 translation (107, 108) and can 

be converted to farnesyl pyrophosphate, which is an important upstream substrate in the 

generation of CoQ (106). CoQ is a naturally occurring quinone that is vital to cell and tissue 

health in most aerobic organisms (109). CoQ is primarily involved as a co-factor in the electron 

transport chain, functioning as a high-energy transfer molecule (109). The biosynthesis of CoQ 

begins and ends in the mitochondria, facilitated by a protein complex, which has not been 

fully elucidated (110). CoQ is comprised of a benzoquinone ring derived from tyrosine (amino 

acid) that is chemically linked to 10 isoprenoid units (synthesised by the mevalonate pathway) 

(111). Ferroptosis suppressor protein 1 (FSP1) catalyses the regeneration of CoQ and reduces 

CoQ to CoQ10-H2 (ubiquinol), initiating a radical trapping system (Figure 6) (105). FSP1 

functions independently, is not involved in the canonical ferroptosis pathway, is only 

protective against ferroptosis inducing agents and not pro-apoptotic agents and does not 

appear to be regulated by p53 (105). Interestingly, expression of FSP1 has been shown to 

directly correlate with sensitivity to ferroptosis-inducing compounds, including RSL3, while 
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genetic knockdown of FSP1 results in increased sensitivity to ferroptosis-inducing compounds 

in a range of cancer cell lines (105). 

CoQ10, ubiquinone; CoQ10-H2, ubiquinol; FDPS, farnesyl diphosphate synthase; FPP, farnesyl 

phosphate; FSP1, ferroptosis suppressor protein 1; GPX4, glutathione peroxidase 4; IPP, isopentenyl 

phosphate; MDD, mevalonate diphosphate decarboxylase; PLOO-, lipid peroxyl radicals; Se, 

selenocysteine. Dotted arrows represent multiple steps within a pathway. 

1.5.3 Iron dependency in ferroptosis  

Iron is an essential metal involved in cellular homeostasis and in the programmed cell death 

mechanism known as ferroptosis (112). The role of Iron in ferroptosis is multifaceted but has 

primarily been shown to drive ferroptosis. Intracellular iron levels, in particular the labile iron 

pool, has been shown to play an important role in ferroptosis. Labile iron can react with 

intracellular hydrogen peroxide yielding highly reactive hydroxyl radicals, as part of the 

Fenton reaction (113). These hydroxyl radicals are destructive oxidising agents that can attack 

organic material, including phospholipids, and have been shown to initiate lipid peroxidation 

(Figure 5) (113). The iron dependence of ferroptosis is further demonstrated by the 

ferroptosis inhibitory capacity of iron chelators (114).  

Figure 6. Biochemical pathways involving the mevalonate pathway involved in 
inhibition of ferroptosis. 
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In addition to iron’s role in the Fenton reaction, it is also involved in ferroptosis through 

lipoxygenases, which are iron-containing enzymes that regulate lipid peroxidation by 

catalysing the oxidation of PUFAs in lipids, contributing to the production of lipid 

hydroperoxides (108). Lipoxygenase overexpression has been shown to sensitise HEK293 cells 

to RSL3-induced ferroptosis (115), while the specific knockdown of 15-lipoxygenase-1 

(ALOX15‐1) prevents both RSL3 and erastin induced ferroptosis in HT1080 cells (116). While 

iron plays an important role in ferroptosis induction, polyunsaturated fatty acid containing 

phospholipids are the primary substrates of ferroptosis and serve as key targets of lipid 

peroxidation, that ultimately lead to cell death.   

1.6 Lipids  

Lipids are a diverse group of organic molecules and are 

among the most essential building blocks of life. Lipids make 

up the structural composition of cell membranes, play 

important roles as signalling molecules and are a critical 

energy repository (117). Lipids can be loosely categorised 

into fatty acids, glycerides, nonglyceride lipids and complex 

lipids, which can be further classified into more distinct lipid 

groups. In the context of ferroptosis, phospholipids (PLs) or 

more specifically glycerophospholipids, are understood to 

be important in the initiation and propagation of lipid 

peroxidation (117).  

Glycerophospholipids are diglycerides that contain any 

derivative of glycerophosphoric acid residue attached to 

the glycerol moiety and are synthesised from glycerol-3-

phosphate in the de novo pathway (118, 119). Ester 

linkages are formed with the phosphate group to the 

glycerol backbone, with the long-chained hydrocarbons (fatty acids) also forming ester 

linkages to glycerol (Figure 9). The two fatty acids that are chemically attached to the glycerol 

molecule have hydrophobic properties, while the polar head consisting of the phosphate 

group attached to the third carbon has hydrophilic properties. Glycerophospholipids are 

Figure 7. Types of fatty acids. 
SFA; saturated fatty acid; MUFA, 

monounsaturated fatty acid; 

PUFA, polyunsaturated fatty acid 
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amphipathic (both hydrophilic and hydrophobic) in nature due to their hydrophobic tail and 

hydrophilic head (118). Glycerophospholipids are a major component of the lipid membrane 

and are usually organised with the polar hydrophilic heads oriented outwards towards the 

aqueous environment and the non-polar hydrophobic tails oriented inwards (119). 

Glycerophospholipids represent a diverse species of lipids that have slightly differing 

structural characteristics with the most basic being phosphatidic acid, an extremely important 

intermediate species (120). All glycerophospholipids are derivatives of this lipid species and 

are formed when an additional head group is attached to the phosphate group, allowing for 

the formation of many phosphoglycerides (phospholipids).  

 

 

 

 

 

 

 

 

 

 

 

 

 

LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, 

phosphatidylserine; PG, phosphatidylglycerol; PA, phosphatidic acid; PI, phosphatidylinositol. 

Figure 8. Different phospholipid species. 



 
 

28 
 

PLs are characterised according to the ‘head’ group as phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI), 

phosphatidylglycerol (PG) or phosphatidic acid (PA) (Figure 8). These PLs contain different 

head groups and are characterised accordingly, with the different head groups being 

associated with unique roles within the cell. PC is the most abundant PL in mammalian 

membranes and makes up to 40-50% of total cellular lipids, primarily within the inner leaflet 

of the membrane (121). PC is essential in the formation and secretion of low-density 

lipoproteins (cholesterol) and also plays a key role in bile salt mediated micelle formation. PE 

is the second most abundant PL in mammalian membranes, making up to 30% of total cellular 

PLs. PE is enriched within the mitochondrial membrane and is vital for the growth and stability 

of these organelles and for insertion of proteins into the mitochondrial membrane (122). PS 

is most abundant within the inner leaflet of plasma membranes, accounting for approximately 

10% of the lipids within the membrane. Newly synthesised PS is a precursor for PC and PE, 

whereas membrane-bound PS plays an important role in the signalling mechanisms that 

mediate blood clotting and the phagocytosis of apoptotic cells (122). Although PI levels in the 

mammalian membrane are low (≤2%), they have been shown to play an important role in 

mediating the role of proteins within the plasma membrane (122). PG is another lipid that is 

present at low levels in mammalian cells (1-2% of total PLs). However, PG is an essential 

precursor for mitochondrial cardiolipin, which is required for normal electron transport and 

oxidative phosphorylation (123). PA is another minor component of the total cellular PLs; 

however, it plays an important role as a second messenger in intracellular signalling pathways 

and a precursor for the biosynthesis of many lipids (124). While PLs are an important factor 

to consider in the context of ferroptosis, the fatty acid acyl chains are the key determinates 

of their potential for oxidation.  

Fatty acids are carboxylic acids with an aliphatic chain, comprised of oxygen, carbon, and 

hydrogen atoms. They can be categorised into three distinct groups, saturated fatty acids 

(SFA), monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA). SFAs are 

defined by the lack of double bonds present between the carbons within their hydrocarbon 

chain, MUFA contain only one double bond in the hydrocarbon chain, while PUFA are fatty 

acids with more than one double bond in the hydrocarbon chain (Figures 8-9). Fatty acids 

have a multitude of roles that include, but are not limited to, involvement in signal 
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transduction pathways and protein modification, energy depositaries and important 

components of hormones and lipids (125). Fatty acids, particularly PUFA containing PLs, are 

pivotal in ferroptosis, necessary for the initiation and propagation of lipid peroxidation. PUFAs 

are more readily oxidised within the cell and are hence an important substrate for lipid 

peroxidation. Interestingly, free fatty acids are not an essential substrate of lipid peroxidation 

and hence are not readily involved in ferroptosis (126). The lipid in which the fatty acids are 

contained also plays an important role in dictating their peroxidation potential. 

The initiation of lipid peroxidation in ferroptosis is primarily associated with the formation of 

potent oxidising agents, particularly hydroxyl radicals (•OH) produced by the Fenton reaction. 

Hydroxyl radicals are extremely destructive oxidising agents that indiscriminately and 

instantaneously attack organic material within a 5-nanometre radius. Once formed, hydroxyl 

radicals are able to remove a bis-allylic hydrogen atom from the PUFA within PLs (PUFA-PL) 

(127). Bis-allylic hydrogen atoms contain two allene groups, which form the weakest bond 

within the PUFA-PL complex (127). The removal of this hydrogen atom results in the 

formation of carbon-centred PLs, which then react with free oxygen, forming the highly 

potent PL peroxyl radical (ROO•). PL peroxyl radicals are then able to remove hydrogen atoms 

from PUFA-PL, which subsequently form PL hydroperoxides (ROOH). PL hydroperoxides and 

lipid-free radicals, including alkoxyl PL radicals (RO•) and peroxyl radicals, propagate the 

removal of hydrogen atoms from PUFA-PLs further driving the cascade of lipid peroxidation. 

The breakdown of cellular PUFA-PLs and formation of PL hydroperoxides may result in 

eventual loss of cell membrane integrity and organelle and cell membrane rupture (128). PL 

hydroperoxides may also drive the cascade of lipid peroxidation by reacting with ferrous (Fe2+) 

and ferric (Fe3+) ions, generating peroxyl free radicals and alkoxyl PL radicals (129). Inhibiting 

the cascade of lipid peroxidation is complex and involves many different mechanisms, 

including the antioxidant systems mediated by FSP1 and GPX4.  

Ferroptosis sensitivity may correlate with the number of bis-allylic hydrogen atoms in PUFA-

PLs and the proportion of PUFA-PLs  (Publication 2 in the Appendix). Not only are PUFA-PLs 

required for the induction and execution of ferroptosis, but these lipids may also serve as 

biomarkers for ferroptosis sensitivity. Research concerning the role of PUFA-PL in ferroptosis 

is rapidly expanding and may provide information regarding the importance of cellular lipid 

composition in this form of PCD. Several studies that have examined the in vitro effects of 



 
 

30 
 

specific exogenous PUFAs such as AA, eicosapentaenoic acid, docosahexaenoic acid, have 

shown that in vitro supplementation of cells is associated with increased sensitivity to 

ferroptosis and in some cells, can directly induce ferroptosis (Publication 2 in the 

Appendix)(126, 130, 131). PLs containing MUFA and other less reactive lipid species within 

the lipidome (such as SFA) have been associated with an increased resistance to ferroptosis 

(100, 108, 132). Mechanistically, the literature suggests that over time, MUFAs can displace 

PUFAs from PLs in the lipid membrane and other areas of the cell (132).  

1.6.1 Lysophospholipids  
Lysophospholipids (LPL), which are characterised by a polar head group and a singular carbon 

chain (acyl chain), represent a relatively minor component of the total lipid species within 

cells. The lysolipid structure of the bioactive molecules exhibit increased hydrophilicity and 

versatility, in comparison to their corresponding PLs (133). LPLs are typically recognised as 

extracellular mediators and, in some cases, mediators of intracellular signal transduction 

(133). LPLs are most commonly formed when the ester bonds of PLs are enzymatically 

hydrolysed by phospholipase A; given that the acyl chains are bound by ester bonds, the 

products of this cleavage are LPL and a free fatty acid chain (134). Research into the role of 

lipids in ferroptosis has identified that LPL levels significantly increase in ferroptotic cells, 

whereas levels of the corresponding PUFA-PL decrease (135, 136). These changes in LPL 

expression are associated with oxidised acyl chains being the preferred substrate of specific 

lipases, in particular phospholipase A (136). Interestingly, inhibiting phospholipase A can 

rescue inducible GPX4 null cells from ferroptosis, suggesting that cleaved and oxidised PUFAs 

are actively involved in the induction of membrane damage and cell death (136). The results 

of these studies suggest that cleaved and oxidised PUFAs play an important role in ferroptosis, 

and increased levels of LPL may represent an indication of impending ferroptosis-mediated 

cell death. 

1.6.2 Cholesterol 

Cholesterol is a major structural component of cell membranes, comprised of a hydrocarbon 

tail, a centre sterol nucleus, and a hydroxyl group (137). The role of cholesterol in cell 

membranes is to provide stability and fluidity, while also being a major component of regions 

in the membrane called lipid rafts (137). Cholesterol also plays an important role as a 
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precursor in the synthesis of steroid hormones, vitamin D and bile acids (137). In the context 

of ferroptosis, the role of cholesterol has largely been hypothesised, however recent studies 

have shown that cholesterol supplementation can induce a state of ferroptosis resistance in 

human epithelial cells, with results akin to ferrostatin-1 (Publication 3 in the Appendix)(138). 

The mechanism of ferroptosis suppression in these cells was shown to be related to an 

increase in squalene and CoQ, both of which known to inhibit ferroptosis (138). Squalene is a 

lipophilic metabolite that alters the lipid profile of cells, protecting them from oxidative stress 

and cell death (139).  

A recent study published in 2023 also revealed that long-term hematopoietic stem cells from 

C57BL/6 mice, which were fed a high-cholesterol diet, had significantly lower levels of lipid 

peroxidation, decreased levels of Fe2+ and increased levels of GSH compared to controls (140). 

Furthermore, freshly isolated long-term hematopoietic stem cells were significantly more 

resistant to erastin ex vivo than cells from control mice (140). The underlying mechanism of 

this resistance was suggested to be due to dampening of intracellular signalling pathways that 

trigger ferroptosis and upregulation of SLC7A11/GPX4 expression (140). 

1.6.3 Potential determinants of ferroptosis sensitivity 

Defining the factors that determine cellular sensitivity to ferroptosis is vital in understanding 

how ferroptosis can be harnessed as a therapeutic approach. In addition to the mechanisms 

that regulate ferroptosis that have already been discussed, including system Xc-, GPX4, iron 

and lipids, there are a number of other factors that also govern ferroptosis. Nicotinamide 

adenine dinucleotide phosphate (NADPH) is a critical reductant, involved in a plethora of 

different pathways, most notably in anabolic reactions and redox balance. NADPH also plays 

a key role in the inhibition of ferroptosis, actively donating electrons to glutathione reductase, 

which subsequently catalyses the conversion of oxidised GSH to reduced GSH. This led to the 

suggestion that intracellular NADPH levels may represent a potential biomarker for 

ferroptosis (141). The role of GSH as an activator of GPX4 suggests that any factor that affects 

the activity of the GSH enzyme may also serve as a potential biomarker. Selenium is an 

essential element required for the biosynthesis of the amino acid selenocysteine, a critical 

component of GPX4, suggesting that selenium depletion or supplementation can increase or 

decrease ferroptosis sensitivity, respectively (142). 
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1.7 Clinical applications of ferroptosis 

1.7.1 Ferroptosis and cancer 

There have been many challenges in the development of effective cancer treatments and 

despite significant improvements, disease relapse and drug resistance remain extremely 

common for most forms of cancer. Many of the conventional cancer therapies aim to induce 

death of tumour cells, while sparing healthy, untransformed cells. Unfortunately, this is not 

possible in many patients or the case for many of the treatments used, as patients often 

develop cancers that are non-responsive to treatment or the treatment regimens are toxic 

towards healthy cells and tissues. 

A growing number of studies suggest that induction of ferroptosis may have potential as a 

novel approach for the treatment of cancer, which may avoid or overcome resistance to more 

conventional therapies, that are generally reliant on apoptosis (143). Studies also suggest that 

induction of ferroptosis may act in synergy with more conventional anticancer agents, such 

as cisplatin; for example, the system Xc- inhibitor sulfasalazine acted in synergy with cisplatin 

to suppress the tumour growth in a cisplatin-resistant mouse model of head and neck cancer 

(144). Furthermore, ferroptosis may play an innate role in tumour suppression, protecting 

against tumorigenesis. Cancer cells may be capable of overcoming ferroptosis-mediated cell 

death by increasing their antioxidant capacity, potentially through upregulation of system Xc-. 

This is supported by the observation that upregulation of system Xc- almost always correlates 

with poor survival and drug resistance among cancer patients, due to the associated increase 

in antioxidant capacity (145). However, the link between ferroptosis and tumour growth and 

why some cancers have an underlying sensitivity to ferroptosis, are yet to be fully elucidated.  

1.7.2 Ferroptosis in MM 

Advances in therapy in the last 20 years have significantly improved the survival of MM 

patients. Unfortunately, as with most conventional anti-cancer therapies, primary or acquired 

resistance is common among MM patients. Novel targeted therapies that are effective against 

apoptosis-resistant disease may represent an innovative approach in the treatment of 
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relapsed or refractory MM. There is a growing literature concerning ferroptosis in MM, 

however further research is required to determine how to effectively induce ferroptosis in 

MM cells (Publication 1 and 2 in the Appendix).  

Ferroptosis of MM cell lines was first demonstrated by Yang et al in 2014, who showed that 

MM cell lines were significantly less sensitive to the ferroptosis-inducing drug erastin than 

DLBCL cell lines (136). Subsequent research demonstrated that iron supplementation triggers 

MM cell death through induction of lipid ROS, which can be augmented by the addition of 

bortezomib in vitro and in vivo (146). This study also found that iron inhibits proteasome 

function, thereby interfering with redox potential and protein homeostasis (146). The study 

proposed that iron levels may impact the efficacy of current MM therapies and increasing 

levels in patients may improve response rates, particularly in elderly un-fit patients (146).  

Drug screens have led to a rapid increase in the number of compounds that have the potential 

to induce ferroptosis and may have important clinical applications. FTY720, which was 

developed by structurally modifying the antibiotic myriocin, has immunosuppressive effects 

and is currently FDA approved for the treatment of multiple sclerosis (147). A study suggests 

that FTY720 can also induce apoptosis and autophagy of MM cells, however the results were 

inconclusive. More recently, FTY720 was found to induce ROS accumulation and cell death of 

MM cells, which was partially preventable by ferrostatin-1 (147). FTY720 treatment also 

reduced GPX4 and SLC7A11 expression both at the mRNA and protein levels in vitro, 

supporting the idea that ferroptosis, rather than apoptosis, may be the mechanism of cell 

death induced by this compound in MM cells (147). The study concluded that FTY720 likely 

induces both ferroptosis and autophagy through the protein phosphatase 2A/AMP-activated 

protein kinase pathway (147). 

Recent research into ferroptosis in MM has uncovered a relationship between ferroptosis 

induction and subsequent DNA changes (148). Induction of ferroptosis in MM cells results in 

the upregulation of a multitude of key genes involved in cellular stress, cell death pathways, 

inflammation, and fatty acid metabolism. Expression of the ferroptosis-related genes, ferritin 

heavy chain 1 (FTH1), ferritin light chain (FTL), HO-1 and SLC7A11 increases upon induction of 

ferroptosis in MM cells (148). Interestingly, this study also showed that changes in the 

expression of 95 of the 616 differentially expressed genes identified could be prevented by 

pre-treatment with ferrostatin-1 (148), suggesting that these 95 genes may play a role in 
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ferroptosis. These included genes that encoded zinc finger proteins, and proteins with roles 

in metal binding, nuclear receptor signalling and chromatin remodelling (148). A review article 

published by our group, summarising studies of ferroptosis in the context of MM is included 

in the appendix (Publication 1 in the Appendix).  

1.7.3 Ferroptosis in other haematological malignancies 

The literature regarding ferroptosis as a therapeutic target in haematological malignancies is 

expanding at an exponential rate. This will be discussed in this section and in the published 

review article in the appendix (Publication 1 in the Appendix). 

A recent study investigating an association between cholesterol uptake during ferroptosis in 

DLBCL, follicular lymphoma, and Burkitt’s lymphoma found that treating cell lines with high-

density lipoprotein (HDL)-like nanoparticles that bind to scavenger receptor type B1 and 

reduce cholesterol uptake into the cells, resulted in cell death through mechanisms consistent 

with ferroptosis (149). Follicular lymphoma is a slow-growing cancer of transformed follicular 

centre B-cells, whereas Burkitt’s lymphoma is a highly aggressive B-cell lymphoma, commonly 

associated with Epstein-Barr virus (EBV) infections (149, 150). These findings not only 

reinforce the notion that ferroptosis is a highly regulated process and that B-cell malignancies 

have an innate sensitivity to ferroptosis but also identify another pathway that may be 

manipulated to induce ferroptotic cell death.  

Acute myeloid leukemia (AML) is a haematological malignancy characterised by the clonal 

expansion of immature blast cells, primarily in the bone marrow and peripheral blood (151). 

AML is a relatively rare disease, with 1,143 cases diagnosed in Australia in 2018 (152). AML in 

adults is a difficult cancer to cure and with a 5-year survival rate of just 27.4%, alternative 

treatments are needed (152). A recent study conducted by Yusuf et al., showed that 

ferroptosis induced in AML cells by inhibition of GPX4 is associated with decreased levels of 

aldehyde dehydrogenase 3a2, an enzyme involved in the conversion of aldehydes into 

carboxylic acids (153). The results of this study suggest that aldehyde dehydrogenase 3a2 

protects AML cells from undergoing ferroptotic cell death and raises the possibility that 

targeting this protective mechanism may be a novel therapeutic approach in this disease 

(153).  
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Data from a study by Akiyama et al., also demonstrate that ferroptosis can be induced in AML 

cells, in this case using ML210, a covalent GPX4 inhibitor (154). Gene expression analysis of 

tumour cells from AML patients showed that high expression of the ferroptosis-related 

proteins, SLC7A11 and GPX4, was associated with significantly shorter rates of overall survival 

(154).  

APR-246, which targets p53, has also been investigated as a potential therapy for patients 

with AML by Birsen et al., (155). The study showed that early cell death of AML cells exposed 

to APR-246 is suppressed by inhibitors of lipid peroxidation. The authors concluded that cell 

death induced by APR-246 was not due to apoptosis and more likely ferroptosis-mediated 

due to the increase in cellular ROS levels and iron dependence observed (155). The study went 

on to demonstrate that inhibition of GPX4 had only modest effects on AML cell lines, but that 

inhibitors of aldehyde dehydrogenase 3a2 and GPX4 were synergistic, both in vitro and in vivo 

(155).  

Lung and breast cancer are the two leading causes of cancer-related mortality in women and 

although recent advances in treatment have improved outcomes, novel therapies are 

required to treat patients with apoptosis-resistant disease (156). Recent studies suggest that 

breast cancer cells are susceptible to ferroptosis, induced either by erastin or RSL3 (157, 158). 

Ferroptosis has also been shown to target breast cancer stem cells, which are typically 

refractory to standard treatment and their persistence leads to disease relapse (159). The 

results of these studies suggest that induction of ferroptosis may represent a therapeutic 

approach that has greater efficacy than current treatment options for patients with breast 

cancer, particularly those patients who experience relapsed/refractory disease. 
Small-cell lung cancer is an aggressive cancer with a typically poor prognosis, and poor 

response rates to current therapies (160). Research concerning ferroptosis in small cell lung 

cancer has shown promising results; a study by Lida et al., demonstrated that inhibition of 

system Xc-, with sulforaphane, induces ferroptosis in small-cell lung cancer cells in vitro (160). 

Other studies in small-cell lung cancer have also identified that non-neuroendocrine 

differentiation plays an important role in determining ferroptosis sensitivity, through lipid 

remodelling, more specifically due to the upregulation of ether lipid synthesis (161). This 

study further supports the role of ether lipids as crucial factors of ferroptosis sensitivity in 

cancer.  
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A study of the novel ferroptosis inducer, talaroconvolutin A, demonstrates the potential 

efficacy of ferroptosis-targeted therapies for colorectal cancer (CRC) (162). Xia et al. have 

shown that talaroconvolutin A induces ferroptosis in CRC cells through downregulation of 

SLC7A11 with concomitant upregulation of arachidonate lipoxygenase 3, both in vitro and in 

vivo (162). CRC is a collective term for cancers of the colon or rectum, and with approximately 

one million new cases diagnosed annually worldwide, is one of the most commonly diagnosed 

cancers (163).  

The efficacy of ferroptosis-targeted therapies shown by these studies, in a wide range of both 

haematological malignancies and solid tumours, highlights the potential for novel therapeutic 

strategies that harness this form of PCD. However, it is also apparent that further studies are 

required to better understand the mechanisms that regulate ferroptosis in different cancer 

cell types. A combination of ferroptosis-inducing drugs and emerging nanotechnologies may 

also augment the effects shown by the extremely promising data presented in the studies 

discussed. For example, encapsulating otherwise toxic ferroptosis-inducing substrates or 

compounds into nanoparticles that are functionalised to specifically target cancer cells, may 

represent a viable approach for treating cancers by inducing ferroptosis.  

1.8 Nanotechnology 

The term nanotechnology refers to the study and engineering of functional systems at the 

molecular scale, ranging from only a few to several hundred nanometres (164). The study of 

nanotechnologies is multidisciplinary and aims to address many complex issues within the 

medical, physics, electronics, and aerospace fields (164). The engineering and synthesis of 

nanomaterials is a complicated and intricate process but can generally be approached in one 

of two ways: the top-down or bottom-up approaches. The top-down approach uses 

macroscopic materials and integrates smaller-scale details into the original material. The best 

example of implementation of the top-down approach is the photolithography technique 

applied in the semiconductor industry, where complex patterns are etched into silicon wafers 

to generate integrated circuits (165). The bottom-up approach takes a slightly different 

approach and begins by designing and synthesising custom-made molecules that have unique 

properties that allow them to self-assemble into higher order mesoscale and macroscale 

structures (165). An example of this in the medical field is the growth of artificial bone 
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biomimetics by inducing the formation of organoapatite on implanted titanium structures 

(165). It is theorised that the capture and nucleation of tiny embryonic crystals leads to the 

growth of apatite on the titanium implant (165). The potential of nanotechnologies is limitless 

and is a rapidly expanding field of research, with the expectation that nanotechnologies will 

soon impact almost every aspect of life.  

1.8.1 Nanotechnology in medicine 

The philosophy behind Nanotechnology in medicine is that they represent a promising way in 

which to improve the efficacy of treatment, through the synthesis of nano drugs or 

engineering of targeted nanocarriers (166). Nanotechnologies are likely to become a large 

component of modern-day medicine, revolutionising the way treatment, diagnosis and health 

monitoring is conducted (166). The applications of nanomedicine can primarily be broken into 

two subgroups, nano-diagnosis, and nano-therapy (167).  

The use of nanotechnology in diagnosis is based on the ability to alter the optical, electrical, 

and magnetic properties of particles to be used in the diagnosis of diseases at an early stage 

and at low levels (167). The application of nanotechnologies in diagnosis is rapidly expanding 

and to date has been studied in the context of cancer, Alzheimer’s, HIV, hepatitis B, and 

Figure 9. Examples of nanotechnological structures and potential ways in which these 
particles can be functionalised. 
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tuberculosis. Nanotechnologies enable a faster and more precise diagnosis of disease, which 

is vital in the battle against cancer.  

Nano-therapy describes technologies that are being designed to improve the efficiency of 

drug targeting and delivery systems, improve safety and compatibility, and improve the 

pharmacokinetics of treatment (168). Initial efforts to develop nanodrugs involved the re-

engineering of already available therapeutic and diagnostic agents (168). However, 

nanotechnology proponents have recently started to develop and apply new therapeutic and 

diagnostic systems (168). Drug delivery has been an important aspect in the development of 

any new cancer treatment and, in some cases, has limited further clinical development. In 

particular, large molecules pose many issues in terms of drug delivery, including poor 

solubility, poor absorption, off target binding and in vivo stability, all of which contribute to 

many potential treatments never making it past pre-clinical phases of testing. Developing new 

delivery systems that target specific cells (e.g., cancer cells) may resolve some of these issues, 

highlighting the potential of nano-based drug delivery systems that combine the biological 

and physical sciences (169). Nanotechnology is a relatively new sector in the field of medical 

research that has already been implemented in a wide array of areas, including as biosensors, 

microfluidics, and drug delivery systems (169, 170). Nanoparticle and nanomaterial 

technologies, using nanoparticles such as carbon nanotubes, dendrimers, and liposomes, are 

also being developed for applications in medicine (Figure 9) (170).  

Carbon nanotubes are nanoscale cylindrical molecules comprised of rolled up sheets of 

carbon atoms (Figure 9) (170). Carbon nanotubes have high external surface areas, and 

therefore high loading capacities as drug carriers (170). In addition to being an efficient drug 

carrier, the optical, mechanical, and electrical properties of carbon nanotubes mean they 

have potential applications as contrast agents for medical imaging and as biological sensors 

(171). Dendrimers are a type of spherical synthetic polymer that has a structure comprised of 

repeated branching chains expanding from a central core (Figure 9). The branching chains also 

typically contain exterior functional groups (170). Therapeutic cargos can then be 

encapsulated within the inner space of the dendrimer or bound to the functional groups on 

the exterior of the polymer. These characteristics make dendrimers highly bioavailable and 

biodegradable, both of which are very important qualities for an efficient drug delivery system 

(170).
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Table 2. Recent advancements in liposomal technologies that induce ferroptosis in cancer. 

Liposome 

functionalisation/contents  

Malignancy Findings Ferroptosis measure Reference 

Folate-modified LPs encapsulating 

erastin and MT1DP (lncRNA that 

represses antioxidation) (E/M@FA-

LPs) 

Human NSCLC E/M@FA-LPs more effective than erastin 

and MT1DP alone – decrease cell 

viability in vitro and reduced tumour 

volume/weight in vivo. 

GSH depletion in vitro 

and increased MDA in 

vitro & in vivo. 

(172) 

LP rich in unsaturated lipids, 

containing iron and GSH-responsive 

DOX prodrug (LipoDSSSD) 

Murine 

melanoma 

LipoDSSSD effectively killed tumour cells, 

but not healthy cells in vitro; more 

effective than other treatment groups at 

reducing tumour volume/weight in mice. 

Increase in oxidised 

C11-BODIPY & 

depletion of GSH in 

vitro. 

(173) 

Ultrasmall active catalysts (UACs, 

CuxFe3–xO4), camptothecin and DOX 

coated with pH-sensitive LP (LFCCD) 

Murine 

colorectal 

cancer (in vitro 

and in vivo) 

Ferroptosis induced by UACs synergised 

with apoptosis induced by the two 

chemotherapeutic agents resulting in 

inhibited tumour growth in mice. 

Increase in oxidised 

C11-BODIPY & 

depletion of GSH in 

vitro. 

(174) 

PDGFB-targeted, iron-platinum 

nanoLP containing glucose oxidase 

(pLFePt-GOx) 

Triple negative 

breast cancer 

The pLFePt-GOx treatment group 

exhibited the lowest tumour volume in a 

mouse xenograft model. 

Decreased GPX4 

expression, increased 

ROS production in vitro. 

(175) 

CuO2 & artemisinin loaded LP (Lipo-

ART@CPNs) 

Murine lung 

cancer 

Lipo-ART@CPNs significantly reduced 

tumour burden compared to control and 

Increase in oxidised 

C11-BODIPY in vitro. 

(176) 



   
 

40 
 

when combined with ultrasound 

irradiation, was the most effective 

treatment group. 

GPX4 protein 

downregulation in vitro 

and in vivo. 

Unsaturated fatty acid-rich 

phosphatidylcholine LPs loaded 

with ferric ammonium citrate 

(LPOgener) 

Human breast 

cancer & 

murine 

mammary 

carcinoma 

LPOgener effectively killed breast cancer 

cells, with some toxicity to normal liver 

cells while FAC and empty LPs had no 

effect. A similar trend was seen in a 

mouse model and no damage to any 

organs was observed. 

Small mitochondria 

with condensed 

membranes in vitro. 

Increase in oxidised 

C11-BODIPY in vitro 

and in vivo. 

(177) 

LPs loaded with nanoprobes and 

superparamagnetic iron oxide 

(L1/C-Lipo/DS), and LPs with GOx 

and DOX (L2/C-Lipo/GD) 

Murine 

mammary 

carcinoma 

The combination of the two LPs had a 

great antitumour effect in a metastatic 

breast cancer mouse model compared to 

other treatment groups. 

Increase in oxidised 

C11-BODIPY and cell 

death prevented by 

ferrostatin-1 in vitro. 

(178) 

 

ATB0,+, amino acid transporter B0,+; DOX, doxorubicin; GSH, glutathione; lncRNA, long non-coding RNA; LP, liposome; MDA, malonyl dialdehyde; 

MMP2, matrix metalloproteinase 2; MT1DP, metallothionein 1D pseudogene; NSCLC, non-small cell lung cancer PDGFB, platelet-derived 

growth factor subunit B; WT, wild type. 
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1.8.3 Liposomes  

Liposomes are extremely versatile spherical vesicles that primarily consist of lipids and range 

from 30 nm to a few microns in size (Figure 10) (170). The lipid-rich nature of these 

nanoparticles enables hydrophilic agents to be encapsulated inside the aqueous core, which 

is surrounded by a hydrophobic lipid bilayer. Although small vesicles such as liposomes are 

typically taken up by cells via endocytosis, uptake can be modified and improved by 

controlling the lipid composition of the liposomes (179). The versatility of liposomes is in the 

ability to modify the surface of the vesicles with polymers, antibodies, and proteins. Adding 

components, or functionalising the surface of liposomes, with these modifications may 

significantly expand the possible therapeutic applications of liposomes, by enabling delivery 

of macromolecular drugs or genetic therapies (e.g., siRNA) in a highly targeted manner.  

Liposomes represent a safe and effective method of drug delivery, as they are comprised of 

lipids that resemble the plasma membrane. Liposome generation has historically been a 

complicated process to control with a low degree of reproducibility, due to the techniques 

involved (180). However, new laboratory technologies have been developed which synthesise 

uniform and reproducible liposomes. Instruments, such as the NanoAssemblr® Ignite™ 

designed by precision Nanosystems, automates liposome synthesis and is now being widely 

used in genomic medicine and vaccine development.  

An example of where liposomes are currently being investigated is in the delivery of a peptide 

vaccine against colorectal cancer, in a mechanism that involves activation of the immune 

system against the malignant cells (Naciute et al., 2021). These biohybrid vaccines have 

demonstrated efficacy, leading to a reduction in tumour growth and increased lymphocytic 

infiltration in vivo (Naciute et al., 2021).  

The ability to modify the surface of liposomes has also prompted research into whether they 

may be used as biomimetics for applications within the nervous system (181). In a recent 

study, Zinger et al., described humanized biomimetic neural nanovesicles that can specifically 

target neural cells in vitro (181). Although these liposomes are in an early stage of 

development, the study demonstrates the potential of liposomal nanovesicles as a novel 

approach for delivery of therapeutic cargos in the treatment of neurological diseases (181). 
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1.8.4 Liposomes in ferroptosis 

Although the literature concerning liposomal-based therapies for haematological 

malignancies is limited, it is a promising avenue for research and will play a vital role in 

ferroptosis-mediated treatments. Further information regarding the use of liposomes to 

induce ferroptosis in MM can be found in the published review article in the appendix.  

Nanotechnologies have been used to induce ferroptosis in non-small lung cancer (NSCLC), 

breast cancer, colon cancer, colorectal cancer, ovarian cancer and skin cancers (Table 2) (154, 

176, 182-185). Many of these studies focused on iron-containing, ferroptosis-inducing 

nanotechnologies, and although few studies have used liposomes to induce ferroptosis, 

recent studies have shown promising results (Table 2). Interestingly, some of these studies 

have utilised liposomes as ‘dual executioners’, encapsulating compounds that induce both 

ferroptosis and apoptosis within nanoparticles with the aim of overcoming drug resistance 

(Table 2) (186, 187).  

 

Figure 10. Potential functionalisation and drug encapsulation within liposomes. 

In another recent study, Yang et al., generated ferroptosis-inducing liposomes containing 

unsaturated lipids, iron, and doxorubicin (DOX) to target melanoma cells (173). Unsaturated 

lipids and iron are key factors for ferroptosis induction, and interestingly the addition of DOX 
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was found to increase the generation of H2O2, which feeds into the Fenton reaction. DOX is a 

chemotherapy drug that induces apoptosis through various mechanisms (188), supporting 

the idea that nanoparticles comprised of combinations of ferroptosis and apoptosis-inducing 

agents or substrates may have significant anti-cancer effects. The liposomes developed by 

Yang et al., showed efficacy both in vitro and in vivo, and were shown to significantly prolong 

the circulation of the prodrugs, while the prodrugs relieved any adverse toxicity caused by 

liposome accumulation, compared to mice that were administered the drugs in a non-

liposomal form (173). 

Similarly, another study investigated the efficacy of inducing both ferroptosis and apoptosis 

as a treatment for breast cancer. Dual functional liposomes were generated containing 

sorafenib (System Xc- inhibitor) and DOX and were tested both in vitro and in vivo (186). 

Although some toxicity was observed in the breast cancer mouse models, tumour burden was 

significantly decreased in mice administered the liposomes, compared to mice in the control 

group and those treated with DOX and DOX plus sorafenib in a non-liposomal form (186). 

There is growing interest in liposomal technologies as potential cancer treatments, 

particularly given the ability to functionalise these nanoparticles with a wide range of targeted 

molecules. Targeted liposomes with the optimal lipid composition for different cancer types 

or for each patient, that encapsulate ferroptosis substrates or drugs, may represent a highly 

effective, precision medicine for the treatment of cancers, including MM. 

1.9 Conclusions  

This introductory chapter describes our current knowledge of MM, antibody production, 

ferroptosis and nanotechnologies, and provide the rationale for the study presented in this 

thesis. In summary, MM is an incurable plasma cell malignancy that affects thousands of 

Australians every year, who are faced with a 50% 5-year survival rate with current therapies. 

Despite improved survival rates in the last few decades, the prognosis for patients that 

present with high-risk disease or who are elderly, is extremely poor. Relatively new therapies, 

such as the antibody, daratumumab, and the antibody-drug conjugate, belantamab 

mafodotin, have shown some efficacy but a significant proportion of patients will still relapse 

with refractory disease.  
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Ferroptosis is a non-apoptotic mechanism of programmed cell death that has potential to 

overcome resistance to more conventional, apoptosis-dependent therapies. 

Nanotechnologies, such as lipid nanoparticles, or liposomes, which are functionalised to 

specifically target cancer cells and deliver ferroptosis-inducing drugs or substrates, may 

represent an effective treatment option for MM. This project aims to better understand the 

key lipids that trigger ferroptosis in MM cells and use this information to develop a novel 

therapeutic approach to kill MM cells. 
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HYPOTHESIS AND AIMS  

Hypothesis: A novel class of lipid nanoparticles induce ferroptosis of multiple myeloma cells 

in a targeted and precise manner. 

Project Aims: 

Aim 1: Determine whether sensitivity of multiple myeloma cells to ferroptosis correlates with 

cellular lipid composition and identify the key lipid species involved. 

This aim focuses on determining differences in the lipidomes of ferroptosis-sensitive diffuse 

large B-cell lymphoma (DLBCL) and ferroptosis resistant multiple myeloma (MM) cells and will 

include the following investigations: 

A. A lipidomic analysis of 11 cell lines (5 MM, 5 DLBCL, and a normal B-cell line) using 

mass spectrometry, to define differences in lipid composition. 

B. An analysis of the changes in lipid composition in MM cells (KMS-11, OPM-2) that 

occur following treatment with the GPX4 inhibitor and ferroptosis-inducing drug RSL3, 

or culture with the ferroptosis substrates, ferric ammonium citrate and arachidonic 

acid. 

C. Experiments to determine the significance of the specific polyunsaturated fatty acids 

(PL-PUFA) identified in A and B in relation to the sensitivity of MM cells to ferroptosis.  

 

Aim 2: Development of novel B-cell maturation antigen (BCMA)-directed monoclonal 

antibodies. 

Aims 2 and 3 will exploit the fact that MM cells express high levels of BCMA to develop a 

targeted drug delivery system. In aim 2, antibodies against a novel epitope within the 

extracellular domain of the BCMA protein will be developed. The steps in this aim will be as 

follows: 

A. Supernatants from hybridomas generated from the B-cells of immunized mice will be 

screened for anti-BCMA antibodies using MM and DLBCL cell lines and a BCMA-

negative chronic myeloid leukemia (CML) cell line. Specificity of the serum antibodies 

will also be confirmed using BCMA-knockout MM cell lines. 
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B. The functional effects of the culture supernatants containing BCMA antibodies will be 

tested against MM cell lines. Possible cytotoxic and anti-proliferative effects of the 

antibodies will be assessed using a range of methods, including flow cytometry and 

MTT assays. Antibody-dependent cellular cytotoxicity (ADCC) and phagocytosis will 

also be investigated using appropriate in vitro methodologies. 

C. Next, anti-BCMA antibodies will be purified from the hybridoma supernatants that 

demonstrated efficacy in A and B, by sub-cloning from the relevant hybridomas. The 

binding and functional effects of the resulting anti-BCMA monoclonal antibodies will 

be assessed against MM cell lines and the BCMA-negative K562 cell line to confirm the 

specificity of the antibodies. 

 

Aim 3: Generation and testing of functionalised ferroptosis-inducing liposomes 

Aim 3 will use an innovative approach to develop a novel, targeted drug delivery system. Using 

our data concerning the lipid composition of MM cells and our novel anti-BCMA antibody, we 

will generate liposomes that are comprised of ferroptosis substrates (PL-PUFA) and 

functionalised with a BCMA antibody. The aim is to develop nanoparticles that specifically 

target MM cells and deliver lipids that sensitise MM cells to ferroptosis-mediated cell death. 

A. Liposomes tailored to MM cell lines will be manufactured using a NanoAssemblr® 

Ignite™ instrument. A fluorescently conjugated lipid within the liposomes will be used 

to confirm uptake into the MM cells. The effects of the liposomes on cell viability, 

oxidised lipids and ferroptosis induction will be assessed using Annexin V/PI, C11-

BODIPY, and Liproxstatin-1 via flow cytometry, respectively. 

B. The liposomes will then be developed further by encapsulating ferroptosis-inducing 

compounds, including ferric ammonium citrate and/or RSL3. Ferroptosis-mediated cell 

death of MM cells will then be assessed as described in stage A of this aim. The effects 

of these liposomes will be compared to those of liposomes that do not contain 

ferroptosis-inducing compounds. 

C. The final stage will be to test whether functionalising liposomes with an antibody 

increases their specificity and effects against MM cells. Analyses will include those 

described in stages A and B towards MM cell lines, and a cell line derived from healthy 

cells, FH9.  
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CHAPTER 2. MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Cell lines and cell culture 

The human MM cell line, RPMI-8226 (ATC CCL-155), was purchased from the American Type 

Culture Collection (ATCC, Manassas, VA, USA). The KMS-11 (JCRB1179) human MM cell line 

was purchased from CellBank Australia (Sydney, Australia). The LP-1 (ACC 41) and OPM-2 (ACC 

50) human MM cell lines were purchased from the Leibniz Institute DSMZ—German 

Collection of Microorganisms and Cell Cultures GmbH (Braunschweig, Germany). The NCI-

H929 line was kindly provided by Prof. Andrew Spencer (Monash University, Victoria, 

Australia), and KMS-18 cells were kindly provided by Prof. Junia Melo (South Australia 

Pathology, Adelaide, Australia). The DLBCL cell lines SU-DHL-8, OCI-Ly19, Farage, U-2932 and 

HBL-1 were supplied by Dr Giles Best (Flinders University). All cells were cultured in RPMI-

1640 (Gibco, Waltham, MA, USA) supplemented with 10% foetal bovine serum, 50 units/mL 

penicillin, 0.25 mg/mL streptomycin, 2 mM L-glutamine and 15 mM HEPES buffer (all Gibco). 

Cells were maintained at 37°C in 5% CO2. All cell lines were genetically authenticated by the 

Australian Genome Research Facility (AGRF; Adelaide, Australia) and determined 

mycoplasma-free using the MycoStrip™ - Mycoplasma Detection Kit (InvivoGen, San Diego, 

CA, USA).  

2.1.2 Drugs, chemicals, and other reagents 

(1S,3R)-RSL3 (RSL3) and liproxstatin-1 were purchased from Selleck Chemicals (Houston, TX, 

USA). The lipids, 16:0 PE, 16:0-18:1 PE, 16:0-18:2 PE, 16:0-20:4 PE, 16:0-22:6 PE, 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N- [amino (polyethylene glycol)-2000] (DSPE-

PEG2000 Amine), Carboxy NHS, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[carboxy(polyethylene glycol)-2000, NHS ester] (DSPE-PEG(2000) Carboxy NHS), 1,2-

distearoyl-sn-glycero-3-phosphocholine (DSPC) and cholesterol were purchased from Sigma- 

Aldrich (St. Louis, MO, USA). FITC-conjugated Annexin V and Annexin V Binding Buffer were 

purchased from Becton Dickinson Biosciences (Franklin Lakes, NJ, USA). Propidium iodide was 

purchased from Sigma-Aldrich. BODIPY™ 581/591 C11 (D3861) and goat anti-human IgG Fc 
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secondary antibody, PE were purchased from Thermo Fisher Scientific (Waltham, MA, USA). 

Carboxyfluorescein succinimidyl ester (CFSE) was purchased from Jomar Life Research 

(Mulgrave, Victoria, Australia).  

2.1.3 Antibodies and reagents  

GPX4 anti-human polyclonal antibody (52455S) and TNFRSF17/BCMA anti-human polyclonal 

antibody were purchased from Cell Signalling Technology (Danvers, Massachusetts, USA). 

Goat anti-rabbit and anti-mouse IgG and peroxidase conjugated secondary antibodies were 

purchased from Cell Signalling Technology. Anti-actin clone C4 (MAB1501) was purchased 

from Merk Millipore (Burlington, MA, USA). cOmplete EDTA-free Protease Inhibitor Cocktail 

was purchased from Sigma Aldrich. Precision Plus Protein All Blue and Kaleidoscope Pre-

stained Protein Standards molecular weight ladders were purchased from Bio-Rad (Hercules, 

California, USA). 

2.2 Cell biology  

2.2.1 Cell counts and viability  

Viable cells were enumerated by mixing 10 µL of cell suspension in a 1:1 ratio with 0.4% trypan 

blue (Life Technologies, Carlsbad, CA, USA) and counted using a haemocytometer. 

2.2.2 Live cell imaging 

50 μl poly-L-ornithine (Sigma Aldrich) was added to each well of a 96 well plates and incubated 

for 1 hour at ambient temperature, the solution was then removed from the wells and then 

plates were dried for 1 hour. 5,000-10,000 cells with or without treatment were added to 

each well. Images were obtained every hour for up to 24 hours using an IncuCyte® S3 Live-

Cell Analysis System (Sartorius AG, Gottingen, Germany) at 20x magnification.  

2.2.3 Assessment of cell proliferation 

Cell proliferation was assayed using the thiazolyl blue tetrazolium bromide (MTT) assay. Cells 

were cultured at a density of 3 x 105 cells/mL with or without treatment for 20 hours at 37 °C, 

in a final volume of 100 μL. 10 μL of MTT was then added at a final concentration of 5 mg/mL 
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before plates were incubated for 4 hours at 37 °C. 100 μL of solubilisation solution was then 

added and the plates incubated overnight at 37 °C. Absorbance was recorded the following 

day at a 570 nm using a CLARIOstar plus microplate reader (BMG Labtech, Ortenberg, 

Germany).  

Cell proliferation was confirmed using carboxyfluorescein succinimidyl ester (CFSE) assay. 

Cells were washed in serum free RPMI-1640 media and stained with 1 μM of CFSE for 15 

minutes at 37 °C. Cells were then washed in serum free RPMI-1640 media and resuspended 

in complete culture media. 2 x 104 cells/mL cells were then plated in 96 well plates with or 

without treatment and incubated at 37 °C. Cells were harvested and readings taken every 24 

hours at excitation/emission wavelengths of 488/525 nm using a CytoFLEX SRT (Beckman 

Coulter, Brea, CA, USA) flow cytometer. 

2.3 Flow cytometry  

2.3.1 Assessment of cell viability 

Cells were initially cultured at a cell density of 3 x 105 cells/mL with or without treatment for 

up to 24 hours. Liproxstatin-1 was added to the cell culture simultaneously with other 

treatments. Cells were washed in phosphate buffered saline (PBS) before staining with 0.27 

μg/mL FITC- conjugated Annexin V and 0.4 μg/mL propidium iodide (PI) in 1X Annexin V 

Binding Buffer for 10 minutes in the dark at room temperature. Intact cells were gated based 

on their size (forward scatter, FSC) and internal complexity (side scatter, SSC). Doublets were 

excluded by area scaling of the FSC area and height properties. Data from a minimum of 

10,000 intact single cells was acquired either on a CytoFLEX S or CytoFlex SRT flow cytometer 

(Beckman Coulter), with analysis performed using CytExpert Software (Beckman Coulter). 

Cells negative for both Annexin V and propidium iodide were considered viable. 

2.3.2 Assessment of lipid ROS 

Cells were cultured with or without treatment for 24 hours at 37 °C. 30 minutes prior to the 

end of the treatment, a final concentration of 400 nM C11 BODIPY-FITC was added to relevant 

wells before a further 15 min incubation. Cells were then washed twice with PBS and re-

suspended in fresh PBS prior to analysis by flow cytometry, as described above. 
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2.3.3 Nano-Flow cytometry  

Antibody conjugated liposomes, produced according to the methods described below, were 

assessed using a CytoFLEX nano flow cytometer (Beckman Coulter). The presence of the 

humanised anti-CD38 antibody, daratumumab, on the surface of the liposomes was assessed 

by incubating the liposomes with a phycoerythrin (PE)-conjugated, goat anti-human IgG Fc 

secondary antibody, at a final concentration of 1 μg/mL for 30 minutes. The liposomes were 

then diluted 4-fold in Milli-Q ultrapure water. Data acquisition and analysis was kindly 

performed by Dr. Giles Best using CytExpert Nano Software (Beckman Coulter). 

2.3.4 Western blot assay  

4 x 106 cells were cultured with the drugs of interest for the times indicated in the relevant 

figures. The cells were then harvested and lysates prepared as follows: cells were washed 

twice in cold PBS, and 150 μL ice cold lysis buffer (10 mM Tris/HCl pH 7.4, 137 mM NaCl, 10 % 

glycerol, 1 % NP40, 1M β-glycerophosphate, 200 mM sodium fluoride and cOmplete EDTA 

free protease inhibitor cocktail) added to the cell pellet with vortexing. Cells were kept on ice 

for 10 minutes before centrifugation at 14,000 x g to clarify the lysate. The supernatant was 

then removed and stored at -20 °C until required. The bicinchoninic acid (BCA) assay (Pierce 

BCA Protein Assay Kit) (ThermoFisher, Massachusetts, USA) was used to quantify the protein 

content of lysates, as per the manufacturers recommendations, with absorbance readings at 

570 nm on a Packard Bioscience Fusion Microplate Reader (PerkinElmer, Waltham, 

Massachusetts, USA). Cell lysates containing 30 μg of protein were made up to a final volume 

of 20 μL by addition of 4 μL 5X sample buffer (50 mM Tris/HCl pH 8, 5 mM EDTA, 100 mM 

DTT, 5% SDS (w/v), 50 % glycerol and 0.1 % bromophenol blue) and ultrapure water. The 

samples were then boiled at 100°C for 5 minutes before being loaded onto MiniPROTEAN TGX 

Precast Gels (Bio-Rad, California, USA), together with a molecular weight ladder (Bio-Rad). 

Gels were then run at 250 volts/ 300 mA in the Mini-PROTEAN Tetra Cell immunoblotting 

tanks for 25 minutes or until the dye front reached the bottom of the gel. The gels were then 

removed from their cassettes and placed into transfer stacks. Proteins were transferred from 

the gels onto nitrocellulose membranes using the Trans-Blot Turbo Transfer System (Bio-Rad) 

under conditions specified by the manufacturer. Non-specific binding of antibodies was 

inhibited by incubating the membranes in blocking solution, which was comprised of 5% non-
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fat dairy milk powder dissolved in 1X Tris-buffered saline solution with Tween-20 (TBST; 50 

mM Tris (pH 7.4), 1.5 M NaCl and 1% Tween20). Blocking was performed at room 

temperature, with gentle rocking for two hours. Membranes were then incubated with 

primary antibodies, which were diluted 1:1000 (1:5000 for anti-actin) in blocking solution. 

Membranes were then washed 3 times in 1X TBST for 5 minutes per wash, before being 

incubated in horse radish peroxidase (HRP)-conjugated secondary antibody diluted 1:15,000 

in blocking solution, for 2 hours at room temperature. After another three, 5-minute washes 

in 1X TBST, membranes were incubated for 5 minutes in Clarity Western ECL Substrate (Bio-

Rad) according to the manufactures recommendations, before being imaged on a ChemiDoc 

MP (Bio-Rad) using the Chemi High Sensitivity blot protocol for an appropriate exposure time. 

Image Lab Software (Bio-Rad) was used for densitometric analysis of Western blot images. 

2.4 Lipidomics  

2.4.1 Lipidomics sample preparation  

Cells were cultured at a density of 3 x 105 cells/mL with or without treatment for 4 hours. Cell 

suspensions were washed in PBS and stored as dry pellets at -80°C before processing. 

Subsequent sample processing and analysis by liquid chromatography/mass spectrometry 

was performed in the Lipidomics and Metabolomics core facility at the South Australian 

Health and Medical Research Institute (SAHMRI, Adelaide, Australia). All samples were 

prepared in duplicate and protein concentrations determined using the bicinchoninic acid 

(BCA) assay (Thermo Fisher Scientific), as per the manufacturer’s instructions. An extraction 

buffer consisting of acetonitrile/isopropanol/splash mix (99:99:2, v/v) was made fresh and 

100 μL added to the equivalent of 10 μg of protein from each sample. Samples were then 

sonicated for 10 minutes and incubated at –20 °C for one hour. Samples were centrifuged at 

16,000 x g for 15 minutes and the supernatant transferred to a glass vial. A pooled quality 

control sample was prepared by combining 10 μL of supernatant from all samples in a glass 

vial. Samples were then run on a XEVO G2-XS QTOF liquid chromatography/mass 

spectrometer (Waters Corporation, Milford, MA, USA) according to a lipidomics assay 

protocol established at SAHMRI (33). Sample data were processed and analysed using Skyline 

Targeted Mass Spec Environment (34), MetaboAnalyst (Wishart Research Group, Alberta, 

Canada) and Microsoft Excel. Heatmaps and Volcano plots were generated using 



   
 

52 
 

MetaboAnalyst. Data were normalised to the median, log10 transformed, auto-scaled (mean-

centred) and divided by the standard deviation of each variable. 

2.5 Monoclonal antibody screening  

2.5.1 Supernatant screening: cell surface binding  

A total of 70 supernatants were received from the Monash Antibody Discovery Platform 

(MADP). To assess for the presence of anti-BCMA antibodies in the supernatants, MM and 

CML cells were washed in 1X PBS and cell pellets incubated with 100 μL of undiluted 

hybridoma supernatant. Cells were incubated at a cell density of 1 x 106 cells/mL at room 

temperature, in the dark for 30 minutes. Cells were then washed with PBS and the cell pellets 

stained with 1:50 R-Phycoerythrin (PE) conjugated AffiniPure goat anti-mouse IgG (Stratech 

Scientific, Cambridgeshire, UK) at room temperature, in the dark, for 30 minutes. Samples 

were then washed and resuspended in PBS and assessed for antibody binding by flow 

cytometry.  

2.6 Transformation and transfection 

2.6.1 Transforming and culturing bacteria for DNA amplification 

Competent Escherichia coli (XL-10 gold cells) was kindly donated by the Janovjak lab (Flinders 

University). BCMA cDNA ORF Clone, Human, C-GFPSpark® tag and pCMV3-C-GFPSpark 

Control Vector (C-terminal GFPSpark-tagged) were purchased from Jomar Life Research. XL-

10 bacteria were thawed on ice for 5 minutes, and 1 μL DNA added to the cells and mixed 

gently by stirring. The cells were then incubated on ice for 20 minutes and then plated on LB 

agar plates with 50 μg/mL kanamycin (Sigma Aldrich) using a sterile spreader. Plates were 

incubated overnight at 30°C. The following day, single colonies were picked using a toothpick 

and added to 2 mL of broth culture before being incubated overnight on a shaker at 37°C. 

Stocks of the bacteria were prepared the following day by adding 500 μL of cells in broth to 

500 μL 80% glycerol stock (ChemSupply, Adelaide, Australia). DNA extraction was performed 

using a Monarch Plasmid Miniprep kit (New England BioLabs, Ipswich, Massachusetts, USA). 

DNA purity and concentration were assessed using a NanoDrop 8000 instrument 

(ThermoFisher). 
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2.6.2 Digesting and running DNA on gel 

Cut smart (New England Biolabs), DNA, nuclease free H2O and XbaI and KpnI restriction 

enzyme (kindly donated by Professor Janni Peterson) were added to an Eppendorf tube and 

incubated in a heat block at 37°C, for between 20 minutes and 2 hours. Digested samples 

were mixed with loading buffer (kindly donated by Professor Janni Peterson) at a ratio of 1:5 

and added to appropriate wells of the agarose gel (Agarose powder, TAE and GelGreen). A 

DNA ladder (New England BioLabs) was also added in a separate well. The gel was run at 120 

volts/ 200 mA for 20-30 minutes and imaged using a ChemiDoc MP imager (Bio-Rad). 

2.6.3 Sanger sequencing  

DNA and specific primers for BCMA (Merk Millipore, Massachusetts, USA) were provided at 

relevant concentrations to GNOMIX sequencing team (Adelaide, Australia). Sequencing 

results were analysed using Benchling (Benchling, San Francisco, USA). 

2.6.4 Transfection 

One day prior to transfection, 0.4 – 0.6 x 105 human embryonic kidney (HEK293t) or Chinese 

hamster ovary (CHO) cells were plated in a 6 well plate in 2 mL of growth medium, without 

antibiotics. These cell densities resulted in 80-90% confluency after 24 hours. For a single 

reaction, 10 μL of Lipofectamine™ 2000 Transfection Reagent (ThermoFisher) was diluted in 

240 μL of Opti-MEM (ThermoFisher) and incubated for 5 minutes at room temperature. At 

the same time, 4 μg of plasmid DNA was also diluted in 240 μL Opti-MEM and incubated for 

5 minutes at room temperature. The samples containing the diluted Lipofectamine™ 2000 

Transfection Reagent and DNA were then combined, mixed gently, and incubated at room 

temperature for 20 minutes. 500 μL of the lipofectamine/DNA complex was then added to 

appropriate wells containing the HEK293t or CHO cells and mixed by gently rocking the plates. 

Cells were then incubated for 48-72 hours at 37°C. Transfection efficiency was assessed using 

an EVOS M5000 Imaging System (ThermoFisher), and flow cytometry on a CytoFLEX S 

instrument (Beckman Coulter). GFP-positive were then isolated using a FACSAria™ Fusion 

instrument (Becton Dickinsons, Franklin Lakes, NJ, USA).  
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2.7 Liposome preparation 

2.7.1 Micro-fluidics synthesis  

A Nanoassemblr® ignite system (Precision Nanosystems, Vancouver, BC, Canada) was used to 

prepare all formulations using the following parameters: total flow rate = 12mL/min, flow 

ratio = 3:1 (aqueous: organic), total volume = 4mL, start and end waste = 0.01mL. Lipids were 

dissolved in 1mL of ethanol as the organic phase to produce a final lipid concentration of 

1mg/mL. Drug free liposomes were prepared using PBS (pH = 7.4) as the aqueous phase. 

Liposomes were prepared in an organic phase consisting of PE (16:0_22:6): DSPE-PEG2000 at 

ratios of 98:2 (w/w%). Synthesised liposomes were dried under N2 gas to remove excess 

solvent. Liposomes containing a Rhodamine B-conjugated lipid at a concentration of 1 μg/mL 

were also synthesised to enable liposome uptake to be assessed by flow cytometry. 

 2.7.2 Liposome characterisation 

The various liposome formulations were characterised by dynamic light scattering (DLS) using 

a Malvern Zetasizer Nano ZS at 25°C (Malvern Panalytical, Worcestershire, UK). Samples were 

diluted 10-fold with Milli-Q ultrapure water (Merck Millipore) for all size measurements. 

Results were reported as a mean hydrodynamic diameter ± standard deviation, and 

polydispersity index (PDI). Zeta potential, which is a measure of liposome charge was also 

measured using the Malvern Zetasizer. Undiluted samples were used for zeta potential 

measurements, with results reported as the average zeta potential ± standard deviation. A 

Nanosight NS300 instrument (Malvern Panalytical) was used to assess the size and the 

number of liposomes present. For these measurements, samples were diluted 200-fold with 

Milli-Q ultrapure water.  

2.7.3 Assessment of liposome uptake  
Cells were cultured, with or without, liposomes containing the PE (18:1) (lissamine rhodamine 

B sulfonyl)-conjugated lipid (approximately 1 μg/mL in 1 mg/mL liposome concentration) at 

concentrations of up to 50 μg/mL, for 24 hours at 37 °C. Cells were then washed with PBS and 

resuspended in fresh PBS. The proportion of cells containing the fluorochrome-tagged lipid 

was determined by flow cytometry, as described above.  
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2.7.4 Assessment of liposome RSL3 encapsulation  

Liposomes were prepared, with or without, varying concentrations of RSL3. Ultrafiltration 

using an Ultracell Ultrafiltration system fitted with a PES 5 kDa membrane filter (Merck 

Millipore) was then used to remove free RSL3. The liposome solutions were weighed before 

and after filtration to account for volume lost during filtration before dilution at a 1:1 ratio in 

the mobile phase and analysis, as described below.  

2.7.5 High-performance liquid chromatography 

High-performance liquid chromatography (HPLC – Shimadzu Nexera XR) and a Phenomenex 

Luna 5 µm C18(2) 100 Å, LC Column 250 x 4.6 mm (Phenomenex, Torrance, CA, USA) HPLC 

column were used to determine the concentration of RSL3 encapsulated within the 

liposomes. Conditions were as per manufacturer’s instructions and are described below, with 

alterations to account for equipment variability. The column oven was set to 25°C, with a 

wavelength of 280 nm and flow rate of 0.8 mL/min. Mobile phase A consisted of H2O and 

0.1 % trifluoroacetic acid (TFA), while mobile phase B was composed of acetonitrile and 0.1 % 

TFA. Naphthalene was used as an internal standard at a concentration of 100 µg/mL. The 

injection volume was 10 µL and the isocratic method used was 10 % mobile phase A/90 % 

mobile phase B. RSL3 standards, ranging from 5 µg/mL – 250 µg/mL, and unknown samples 

were prepared in mobile phase B. Peaks were detected at a retention time of 1.9 minutes. All 

samples were measured in triplicate with a minimum of three biological replicates. 

2.7.6 Antibody conjugated liposomes 
Liposomes were synthesised as described above but DSPE-PEG(2000) was substituted for 

DSPE-PEG(2000) Carboxy NHS in the liposomal formulation at the same ratios. Liposomes 

were then incubated with daratumumab at a 1:5 molar ratio of antibody to NHS-containing 

liposomes. The mixture was then incubated for 4 hours at room temperature on a shaker and 

then characterised using DLS and analysed as described above using the CytoFLEX nano flow 

cytometer (Beckman Coulter).  
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2.8 Statistical analysis  

Statistical analyses were performed using a student’s t-test for two-group comparisons and 

two-way ANOVA for comparison of more than two groups, using GraphPad Prism software 

(GraphPad Software, Boston, MA, USA). A P-value of < 0.05 was considered statistically 

significant, with differing degrees of statistical significance indicated as follows: *P < 0.05, **P 

< 0.01, ***P < 0.001, ****P < 0.0001. The fractional product method was used to determine 

synergy, with values of <0.1 indicative of synergy (189). This method determines whether the 

combination of drugs/agents act in synergy or have additive or antagonistic effects. Synergy 

is defined as two agents that exert a greater effect, we used in combination than the product 

of their individual effects. GraphPad Prism was used to fit 4- parameter logistic (4PL) sigmoidal 

dose-response models for cell viability data to determine IC50 values.  
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CHAPTER 3. PHOSPHOLIPID COMPOSITION 
DRIVES FERROPTOSIS SENSITIVITY IN MULTIPLE 

MYELOMA  

3.1 Introduction 
The overarching aim of this chapter is to determine the underlying factors that confer 

ferroptosis resistance in MM cells and to assess whether it is possible to sensitise them to this 

form of cell death. Yang et al have previously shown in a study published in 2014, that DLBCL 

cell lines are sensitive to ferroptotic cell death induced by erastin, an inhibitor of system Xc-, 

while MM cell lines were significantly more resistant to this inhibitor. Research in our lab 

supports this, showing that DLBCL cell lines are more sensitive to the GPX4 inhibitor RSL3, 

than MM cell lines (Figure 11A). The factors that determine ferroptosis sensitivity are 

currently being investigated, as understanding these mechanisms is critical for developing 

new ferroptosis-mediated treatments. Lipids play an important role in ferroptosis, serving as 

key substrates for the generation of toxic peroxyl radicals. Among these, 

glycerophospholipids containing the functional head groups ethanolamine 

(phosphatidylethanolamine) and choline (phosphatidylcholine) have been shown to be 

particularly important in ferroptosis. The functional head group of phospholipids (PLs) 

influence their susceptibility to peroxidation through indirect mechanisms such as cellular 

localisation. Some studies suggest that the overall saturation of the lipids, more specifically, 

fatty acid saturation, plays a more significant role in dictating peroxidation sensitivity than 

the functional head groups (190, 191). 

Fatty acid chains play an important role in the cell, including as key components of the plasma 

membrane, energy repositories and key cell signalling molecules. Polyunsaturated fatty acids 

(PUFA) are a type of fatty acid with more than one double bond in their carbon chain and play 

an important role as ferroptosis substrates (117, 191). The double bonds in the carbon chain 

create areas of high electron density that are sensitive to peroxidation. Importantly, free fatty 

acids do not appear to play a prominent role in ferroptosis (192). However, ACSL4 converts 

free PUFA into acyl-CoA esters and LPCAT3 then incorporates acyl-CoA into LPL, forming PLs 

containing PUFA (192). Both ACSL4 and LPCAT3 have been shown to regulate ferroptosis, with 
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knockout of either enzyme resulting in ferroptosis resistance (Figure 5) (192-195). PUFA 

incorporation into PLs makes it a target for either enzymatic or non-enzymatic peroxidation, 

both of which are catalysed by LOX (Figure 5). This peroxidation yields the highly potent PL 

peroxyl radicals, which trigger a chain reaction of lipid peroxidation, leading to membrane 

damage and eventual ferroptotic cell death. These studies highlight the importance of PUFA 

regulation within the cell, and mechanisms by which PUFA are primed as ferroptosis 

substrates through incorporation into PLs.  

Monounsaturated fatty acids (MUFAs) are fatty acids that contain one double bond in the 

carbon chain and play an important role as inhibitors of lipid peroxidation and therefore 

ferroptosis (100, 108, 132). MUFAs are more stable and less prone to oxidation than PUFAs, 

making them less suitable as substrates for ferroptosis (100, 108, 132). The primary 

mechanism by which MUFAs reduce lipid peroxidation is by outcompeting PUFAs in the 

plasma membrane, thereby decreasing the availability of ferroptosis substrates (132). The 

enzyme ACLS3, which plays an important role in fatty acid incorporation into phospholipids 

by activating them, preferentially targets, MUFAs. This increases the proportion of these FAs 

in the lipidome, which leads to increased membrane fluidity, integrity, and capacity to 

withstand lipid peroxidation. Interestingly, new research investigating the role of membrane-

bound O-acyltransferase (MBOAT) family 1 and 2 demonstrated that these enzymes 

preferentially incorporate MUFA into LPL, supressing ferroptosis in a GPX4 and FSP1 

independent manner (196). Both endogenous and exogenous MUFAs were incorporated into 

LPL by MBOAT2, resulting in remodelling of the phospholipidome and a decrease in 

ferroptosis sensitivity. The study demonstrated that overexpression of MBOAT2 in the human 

fibrosarcoma cell line, HT1080, overexpression of MBOAT2 decreased the proportion of PE-

PUFA and increased PE-MUFA (196). Downregulation of the MBOAT1 and MBOAT2 enzymes 

resulted in increased ferroptosis sensitivity of breast and prostate cancer cells, respectively 

(196). This work highlights the effects of changes in PL levels on ferroptosis sensitivity and the 

role of different fatty acids, especially MUFAs, in ferroptosis resistance.  

Our knowledge concerning the role of saturated fatty acids (SFA) in ferroptosis is expanding, 

with most research suggesting that SFAs play an important role in lipotoxicity but not 

ferroptosis (197). However, other studies suggest that SFAs, such as palmitic acid, are actively 

involved in ferroptosis (198). GPX4 overexpression and ferrostatin-1 were able to protect 
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against palmitic acid-induced lipid ROS, but not against cell death (198). In contrast, the SFA, 

stearic acid, has been shown to protect cardiomyocytes from ferroptosis, by displacing PUFAs 

with SFAs, which are less prone to oxidation (199). Although SFAs are mainly associated with 

lipotoxicity, there is growing evidence that SFAs can act as both inhibitors and promoters of 

ferroptosis, suggesting that they may have a complex and context-dependent role in 

ferroptosis.  

The current study sought to determine the role of PUFAs and MUFAs in ferroptosis of MM 

cells. The proportions of MUFAs and PUFAs were investigated in cell lines from two 

haematological cancers, MM and DLBCL, using untargeted lipidomics analysis. DLBCL cell lines 

were chosen for comparison to the MM cell lines as we and others have shown that they are 

significantly more sensitive to ferroptosis, induced by indirect and direct inhibition of GPX4, 

than MM cells. MM cancer cell lines were cultured with PE lipids with varying degrees of 

unsaturation (SFA, MUFA, PUFA), with and without the GPX4 inhibitor, RSL3. A lipidomics 

analysis was performed after addition of the PE lipids, to investigate changes in the 

phospholipidome. The effects of PE supplementation on cell viability and lipid ROS were also 

investigated. It was hypothesised that cell lines containing a higher proportion of unsaturated 

PLs would be more sensitive to ferroptosis induced by RLS3. A large body of this work has now 

been peer review and published (Publication 2 in the Appendix). 
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3.2 Results 
3.2.1 Multiple myeloma cells typically display resistance to 
ferroptosis induction via GPX4 inhibition while diffuse large B cell 
lymphoma cells display sensitivity 
GPX4 catalyses the reduction of PL hydroperoxides into their corresponding alcohols, 

decreasing lipid ROS levels and inhibiting ferroptosis (113). A previous study has shown that 

indirect inhibition of GPX4 with the cysteine antiporter XC- inhibitor, erastin, induces 

ferroptosis in DLBCL and that MM cell lines are significantly less sensitive to the inhibitor (136). 

Data by PhD student Rachel Mynott demonstrated similar effects in MM and DLBCL cells using 

RSL3, a small molecule inhibitor that directly inhibits GPX4 by binding to the catalytic 

selenocysteine residue of the enzyme (Figure 11A). Cell death was observed in all 5 of the 

DLBCL cell lines tested, with an average IC50 value of 354.41 ± 170.04 nM. With the exception 

of OPM-2 cells, the MM lines were significantly less sensitive to RSL3, with an average IC50 

value of 4722.50 ± 1741.65 nM(Figure 11A). Expression of GPX4 was examined by Western 

blotting to determine if this was related to the sensitivity of the cells to RSL3. While differences 

in GPX4 expression were observed between the lines, no correlation between sensitivity to 

RSL3 and GPX4 expression were observed (Figure 11A-C). Much of the work in this figure was 

data generated by past PhD student Rachel Mynott. 

 

Ferroptosis is associated with characteristic changes in cell morphology, including a 

“ballooning” of the cytoplasm. Using an IncuCyte® S3 Live-Cell Analysis System, we observed 

morphological changes that are consistent with ferroptosis in both the MM and DLBCL cells, 

with the RSL3 sensitive OPM-2 (MM) cell line displaying the ferroptotic morphology when 

cultured with the relatively low dose of 200 nM RSL3 for 24 hours (Figure 11D). The effects of 

RSL3 on cell viability (200) and morphology were inhibited by the synthetic antioxidant, 

liproxstatin-1, which supports the assertion that the changes observed were associated with 

ferroptosis.  
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(A) Cell viability was assessed by annexin V/PI staining and flow cytometry in the 5 MM and 5 DLBCL 

cell lines indicated, following treatment with RSL3 for 24 hours. Dual annexin V/PI negative cells were 

Figure 11. MM cell lines, with the exception of OPM2 cells, are significantly less 
sensitive to RSL3 than DLBCL cell lines. 



   
 

62 
 

considered viable. The mean ± standard deviation of duplicate measurements are shown from at least 

3 independent experiments. (B) Western blot for GPX4 expression in untreated MM and DLBCL cells. 

Alpha tubulin expression was assessed as a loading control. (C) Western blot densitometry data are 

mean (normalised to total protein) ± standard deviation from a minimum of three independent 

experiments. (D) Untreated OPM-2 cells, OPM-2 cells cultured with 200 nM RSL3, and OPM-2 cells 

cultured with 200 nM RSL3 and 2 µM liproxstatin-1, for 24 hours. Images were captured at 20x 

magnification using an IncuCyte S3 live cell analysis instrument.  

 

3.2.2 Differential lipid expression in MM and DLBCL cells may be 
associated with sensitivity to ferroptosis 
PLs containing PUFAs (more than one double bond in the fatty acid chain) play an important 

role as ferroptosis substrates, with peroxidation of these lipids being a crucial step in 

ferroptosis (131). In contrast, PLs containing MUFA (one double bond in the fatty acid chain) 

have been shown to inhibit ferroptosis (191). The phospholipidome of 5 MM and 5 DLBCL cell 

lines was assessed by liquid chromatography-mass spectrometry (LC-MS). The resulting data 

were first analysed using MetaboAnalyst, a publicly available lipidomics processing software, 

to generate heatmaps comparing the lipid profiles of the MM and DLBCL cell lines.  

 

The heatmap generated from MetaboAnalyst revealed the top 25 differentially expressed 

lipids when the MM and DLBCL cell lines were grouped. The trend in the data showed that 

the DLBCL cells were composed of a higher proportion of PE and PC lipids containing PUFAs 

than the MM cells (Figure 12). Interestingly, many of the highly expressed lipids containing 

PUFAs in the DLBCL lines were ether lipids. Ether lipids are a unique class of lipids with an 

ether bond (O-) found between the glycerol backbone and a fatty acid chain and have been 

shown to play an important role in ferroptosis susceptibility (201). Two of the most 

differentially expressed lipids in the dataset were ether lipids, with the DLBCL cell lines 

exhibiting higher levels compared to the MM cell lines (Figure 13A). In contrast, MM cell lines 

were found to contain higher levels of PL-MUFAs than the DLBCL cells (Figure 12). In contrast 

to the DLBCL lines, the PLs expressed at high levels in the MM cell lines mainly contained 

ester, not ether bonds. The two most differentially expressed lipids between the MM and 

DLBCL lines were MUFAs containing phosphatidylinositol lipids (Figure 13A-B). 
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Heatmap of the 25 most differentially expressed lipids between the MM and DLBCL lines. Data 

presented are from 4 biological replicates per cell line. 

PC: phosphatidylcholines, PE: phosphatidylethanolamine, PG: phosphatidylglycerol, PI: 

phosphatidylinositol. 

Figure 12. MM cell lines have a higher proportion of PL-MUFA, whereas PL-PUFA were 
higher in the DLBCL cell lines.  
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(A) Boxplots showing levels of the highly expressed lipids in MM and DLBCL cell lines identified from 

data presented in Figure 12. Data are the median and the interquartile range from a minimum of 4 

biological replicates per cell line. (B) Chemical structures of the phospholipids identified in (A). PC: 

phosphatidylcholines, PE: phosphatidylethanolamine, PG: phosphatidylglycerol, PI: 

phosphatidylinositol. 

 

 

 

 

 

 

 

 

 

Figure 13. Comparative Analysis of Lipid Expression and Chemical Structures of 
Lipids in MM and DLBCL Cell Lines. 
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3.2.3 Phospholipid proportions may dictate ferroptosis sensitivity 
in DLBCL and MM 
To examine the acyl chains within the PLs in more detail, the PLs were grouped as follows: 1) 

PLs with completely saturated acyl chains (SFA), 2) PLs containing a combination of SFA and 

MUFA (MUFA), 3) PLs containing both MUFA and PUFA (MUFA/PUFA), or 4) PLs containing a 

combination of SFA and PUFA (PUFA). Due to their low abundance, phospholipids containing 

SFA/MUFA or MUFA/MUFA were grouped together and those containing SFA/PUFA or 

PUFA/PUFA were also grouped together. PLs typically contain a SFA in the sn1 position, 

whereas the sn2 position can contain SFA, MUFA or PUFA (202). PLs that contain both 

ferroptosis substrate (PUFAs) and a known ferroptosis inhibitor (MUFAs) are not well 

understood in the literature, suggesting that these lipids may have unique roles in ferroptosis 

that may be worthwhile investigating in the future. 

 

The most notable difference between the two cancer types appears to be in the proportions 

of PLs containing PUFA or MUFA (Figure 14A). The DLBCL cell lines were found to contain 

significantly (P<0.01) higher levels of PL-PUFA (38.52% ± 2.72% of the total phospholipidome) 

in comparison to the MM cell lines (33.76% ± 6.20%) (Figure 14A). In contrast, the MM cell 

lines had significantly (P<0.0001) higher levels of PL-MUFA, which constituted up to 49.36% ± 

7.58% of their total PL content, compared to 39.35 ± 6.62% in the DLBCL cells (Figure 14A-B). 

There was also a significant (P<0.001) difference between DLBCL and MM lines in the levels 

of PLs containing SFA only, however SFA levels were under 10% in all the lines from both 

cancers (Figure 14A). There was no significant difference in the levels of MUFA/PUFA PLs 

between the MM and DLBCL lines (Figure 14A). In addition to distinct differences between 

the two cancers, differences in the PL composition between each of the cell lines were also 

observed (Figure 12 and Appendix Figure 2). Interestingly, among the specific PUFA containing 

lipids in the MM and DLBCL cell lines, docosahexaenoic acid (22:6) stood out; in the DLBCL 

cell lines, PLs containing docosahexaenoic acid made up 7.17% of the lipidome, while 

significantly less (P<0.001) was detected in the MM lines, at 5.52% of the lipidome.  

 

Next, we compared the phospholipidome of the ferroptosis sensitive and resistant MM cell 

lines, OPM-2 and KMS-11, respectively (Figure 14A). A higher proportion (40.12% ± 8.44%) of 

PUFAs were identified in the OPM-2 cells compared to MUFA (36.57 ± 11.91%) (Figure 14A). 
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In contrast, the lipid profile of KMS-11 cells was almost the reverse, with the largest 

proportion of lipids identified as MUFAs (53.36 ± 4.20%), with a significantly (P<0.0001) 

smaller proportion of PUFAs (33.65 ± 2.62%) (Figure 14B). There was also a statistically 

significant difference in MUFA (P<0.001) and PUFA (P<0.05) between the two cell lines (Figure 

14A). Interestingly, the OPM-2 cell line had significantly greater proportions of SFA (P<0.01) 

and MUFA/PUFA (P<0.001) than the KMS-11 cell line (Figure 14B). Some studies suggest that 

SFA plays a role in promoting ferroptosis induction, while others suggest that they play a role 

in protecting against ferroptosis, suggesting that the effects of SFAs may be context 

dependent (Publication 3 in the Appendix). The role of PLs containing both MUFA and PUFA 

has yet to be fully elucidated but there is some evidence suggesting they may influence 

ferroptosis sensitivity. 
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 (A) Analysis of data pooled from the MM (excluding ferroptosis-sensitive OPM-2) and DLBCL lines 

showing the proportions of each PL acyl chain. Proportions were calculated from LC-MS data as the 

peak area of each acyl chain relative to the total PL peak area. Data are the mean of a minimum of 4 

biological replicates per cell line. (B) PL composition in the OPM-2 and KMS-11 MM lines showing the 

proportions of each PL acyl chain. Data are the mean from a minimum of 12 biological replicates per 

cell line. All statistical analyses were performed using the Student’s t-test on data from a minimum of 

4 biological replicates. MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; SFA, 

saturated fatty acid. 

3.2.4 Phospholipid proportions before and after culturing with 
ferroptosis substrates 
Iron plays an important role in ferroptosis, and although not the primary focus of this chapter, 

was investigated in context of ferroptosis in the MM cell lines. Ferrous ion (Fe2+) catalyses 

lipid peroxidation through the Fenton reaction, producing highly reactive hydroxyl radicals 

(142). Studies have shown that iron supplementation can sensitise resistant cell lines to 

ferroptosis, highlighting its importance as a ferroptosis substrate (203). MM cells (KMS-11 

and OPM-2) were treated with iron and PUFA and changes in the lipidome assessed by LC-

MS, as described earlier. These cell lines were selected due to the significant difference in 

Figure 14. Distinct differences in the phospholipid composition of MM and DLBCL 
cells 
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their sensitivity to RSL3. The cells lines were cultured with iron, PUFA (arachidonic acid) or 

RSL3 and the various combinations of these compounds, for 4 hours before being prepared 

for lipidomic analyses. 

These compounds, alone and in combination, resulted in significant changes in the lipid 

composition of the OPM2 cells. The addition of arachidonic acid (AA) decreased the total 

proportion of PUFA in the lipidome but did not actually change the proportion of AA in the 

cells (Figure 15A). This observation will be discussed further below; however, this may be due 

to the short incubation time (four hours), dynamic shifting of the lipidome or mechanistic 

factors not incorporating PUFA into PLs (ACLS4). The addition of iron (ferric ammonium 

citrate; FAC) or RSL3 significantly decreased the proportion of PUFA in the cells, suggesting 

that they were being utilised as ferroptosis substrates (Figure 15A). The addition of iron and 

AA had a greater effect on the proportion of PUFA than iron alone, with similar results to 

those observed with AA alone (Figure 15A). Interestingly the decrease in PUFA proportion 

observed when the cells were cultured with iron and RSL3 was not greater than RSL3 alone, 

while the effects of AA and RSL3 in combination were similar to those of AA alone (Figure 

15A).  

The addition of PUFA in the form of AA had marginal effects on the lipidome of the KMS-11 

cell line, inducing a non-significant increase in the proportion of PUFA (Figure 15B). Addition 

of iron or RSL-3 had no observable effect on the lipidome of KMS-11 cells (Figure 15B). 

Although iron and AA had a minor effect on the lipidome, the response was almost identical 

to the effects of AA alone. Since the effects of RSL3 and AA in combination were similar to 

those of iron and AA, it was likely that the effects on the lipidome were being induced by AA 

alone (Figure 15B). This is supported by the fact that treating KMS-11 cells with RSL3 and iron 

had little impact on the lipidome. Future experiments may investigate whether varying the 

treatment time may help to elucidate whether the ferroptosis-related compounds effect 

changes in the lipidome. 
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Figure 15. Ferroptosis compounds induce changes in the lipidome of OPM-2, but not 
KMS-11 MM cells. 
(A) OPM-2 and (B) KMS-11 cells were cultured with 20 μM AA, 100 μM FAC or 100 nM (OPM-2) or 500 

nM RSL3 (KMS-11), alone or in combination, for 4 hours. The relative proportions of each phospholipid 

acyl chain are shown. Data are the mean and standard deviation from a minimum of 4 biological 

replicates per cell line. AA, arachidonic acid; FAC, ferric ammonium citrate. 
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3.2.5 PE-PUFA induces ferroptotic cell death in MM cell lines 
independent of GPX4 inhibition  
PE is an important phospholipid in cells and has been shown to be extremely relevant in the 

context of ferroptosis (191). We determined that PE lipids, particularly ether PE lipids, are 

highly expressed in the DLBCL cell lines (Figure 12). Given the importance of these lipids as 

ferroptosis substrates (191) and our earlier data, which showed that MM cells (excluding 

OPM-2), contain lower levels of PLs comprised of PUFA (Figure 14A), we hypothesised that 

increasing the proportion of PUFA in the lipidome of MM cells may sensitize them to 

ferroptosis (Figure 14). This was investigated in the RSL3 sensitive OPM-2 MM cell line and the 

RSL3 resistant KMS-11 MM cell line, which were cultured with PE lipids with varying degrees 

of unsaturation. PLs containing SFA, MUFA and PUFA were utilised in these next sections. All 

lipids were purchased with the same sn-1 fatty acid, while the sn-2 fatty acid was either a SFA, 

MUFA or PUFA. Cells were not cultured with PE-MUFA alone in this section, but this lipid 

species was used in the subsequent experiments.  

Both cell lines demonstrated the capacity to take up the four lipids studied, as demonstrated 

by the significant increase in the levels of these lipids in lysates analysed by LC-MS from cells 

treated with the lipids (Figure 16A). However, uptake of the lipids varied between the two cell 

lines. Addition of PE (16:0_16:0) resulted in an 80.1 ± 31.4-fold increase in the intracellular 

levels of the PL in the OPM-2 cell line, while a fold change increase of 540.3 ± 156.9 was 

observed in KMS-11 cells (Figure 3A). Uptake of PE (16:0_18:2) was observed in both cell lines, 

with a 95.4 ± 34.8-fold increase in OPM-2 cells and a 65.5 ± 38.1-fold increase in KMS-11 cells 

(Figure 16A). Uptake of PE (16:0_20:4) was also observed in the two lines, with fold changes 

of 39.3 ± 33.3 and 58.8 ± 26.0 in the OPM-2 and KMS-11 cells, respectively. Following the 

addition of PE (16:0_22:6), we observed a 248.2 ± 41.0-fold increase in this lipid in OPM-2 

cells, compared to a 439.3 ± 161.4-fold change in KMS-11 cells (Figure 16A).  

Interestingly, both OPM-2 and KMS-11 cells were found to contain significantly higher levels 

of the lysophospholipids, lysophosphatidylethanolamine (LPE) (16:0) and LPE (22:6), following 

treatment with PE (16:0_22:6) (Figure 16B). Lysophospholipids are characterised by a polar 

head group and a single carbon chain and are typically a minor component of the total lipid 

composition of cells. However, studies have shown that levels of lysophospholipids 

significantly increase during ferroptosis, with a concomitant decrease in the corresponding 
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PUFA-containing PL (9, 46). In OPM-2 cells, LPE (16:0) and LPE (22:6) increased by 65.9 ± 17.0 

and 4.9 ± 1.3-fold, respectively, while in KMS-11 cells, the same lipids increased by 45.2 ± 12.4 

and 2.9 ± 0.6-fold, respectively (Figure 16B). No significant change in the levels of these 

lysophospholipids was observed in either cell line following culture with the other lipids. 

These findings suggest PE (16:0_22:6) may be consumed during ferroptosis, resulting in the 

formation of the corresponding lysophospholipids. 

(A) OPM-2 and KMS-11 cells were cultured with 20 µM of the lipids indicated for 4 hours. Lipid uptake 

was assessed by LC-MS. Data are presented as mean fold changes from 3 biological replicates. (B) OPM-

2 and KMS-11 MM cells were cultured with 20 µM PE (16:0_22:6) for 4 hours. LPE levels were 

determined by LC-MS. Data are presented as mean fold changes from 3 biological replicates. LPE, 

lysophosphatidylethanolamine; PE, phosphatidylethanolamine. Data are presented as mean fold 

changes relative to unmanipulated cell lines ± standard deviation from 3 independent experiments 

and statistical analyses performed using the student’s t-test for statistical analysis (*P<0.05, **P<0.01, 

***P<0.001, **** P<0.0001). 

Figure 16. Significant lipid uptake was observed in both the OPM-2 and KMS-11 cells 
following addition of PE (16:0_22:6), with a significant increase in lysophospholipids. 
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The effects of adding exogenous PUFA to cells has been well studied in the literature, showing 

that addition of PUFA in the form of AA, or another PUFA, can sensitise and even induce 

ferroptosis in some cases (130, 194, 204-209). Prior research in our group has shown that the 

addition of AA to MM cells, in combination with RSL3, induces significant ferroptotic cell 

death. Limited literature is available that demonstrates the use of PUFA containing PLs to 

sensitise cells to ferroptosis. As shown in Figure 15, addition of free AA does not significantly 

alter the proportions of PUFA in either the KMS-11 or the OPM-2 cell lines but does decrease 

SFA levels in OPM-2 cells. The exact mechanism of this decrease in SFA was unclear and 

repetitions may be necessary with different conditions (concentration of AA and time points) 

to discern these changes. To investigate whether exogenous lipids would act differently, the 

phospholipid profile of the OPM-2 and KMS-11 cells cultured with the four PE lipids described 

above, was analysed.  

Addition of exogenous PE (16:0_16:0) to the OPM-2 and KMS-11 MM cell lines resulted in a 

statistically significant (p > 0.0001) increase in the proportion of SFA in the lipidome (Figure 

17). OPM-2 control cells had mean SFA proportion of 6.65%, which increased to 22.9% 

following culture with PE (16:0_16:0) (Figure 17A). The KMS-11 control cells were comprised 

of 5.65% SFA, which increased to 27% with the addition of PE (16:0_16:0) (Figure 18B). 

Addition of PE (16:0_18:2) resulted in a statistically significant (P<0.05), 8% increase in the 

proportion of PUFA in the OPM-2 cell line, while no significant increase in PUFA was observed 

in the KMS-11 cells (Figure 17). The addition of PE (16:0_20:4) significantly (P<0.05) increased 

the proportion of PUFA in the OPM-2 cell line, by 12%. However, again no significant increase 

in the proportion of PUFA was observed in the KMS-11 cell line (Figure 18). The addition of 

exogenous PE (16:0_22:6) significantly increased the proportion of PUFAs in both the KMS-11 

(P<0.05) and OPM-2 (P<0.01) cells. An increase of 25.5% was observed in the OPM-2 cells, 

with the proportion increasing from 37.1 to 62.6% (Figure 17A). KMS-11 control cells had a 

PUFA proportion of 30.0%, which increased to 45.3% following addition of PE (16:0_22:6), 

(increase of 15.3%) (Figure 17B).  
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(A) OPM-2 and (B) KMS-11 cells were cultured with 20 µM of the lipids indicated for 4 hours. Lipid 

uptake was assessed by LC-MS. Relative proportions of each phospholipid acyl chain are presented. 

Data are the mean and standard deviation from a minimum of 3 biological replicates per cell line. 

(Statistical analysis performed using T-test of a minimum of 3 biological replicates. *P<0.05, **P<0.01, 

***P<0.001, **** P<0.0001). PE, phosphatidylethanolamine.  

PE (16:0_20:4) and PE (16:0_22:6) induced cell death of both cell lines, with IC50 values of 

53.61 ± 5.62 µM and 33.99 ± 15.34 µM for OPM-2 cells, and 54.19 ± 2.51 µM and 37.33 ± 9.03 

µM for KMS-11 cells, respectively (Figure 18A). The cytotoxic effects of these lipids in both cell 

lines were inhibited by the synthetic antioxidant, liproxstatin-1, suggesting the cell death 

observed was due to ferroptosis (Figure 18A). In contrast, no cytotoxic effects of PE 

(16:0_16:0) or PE (16:0_18:2) were observed (Figure 18A). The cytotoxic effects of these lipids 

Figure 17. Exogenous phospholipids can be employed to effectively modulate the 
phospholipidome of KMS-11 and OPM-2. 
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towards both cell lines were inhibited by the synthetic antioxidant, liproxstatin-1, again 

confirming that the cell death was due to ferroptosis (Figure 18B).  

Treatment of OPM-2 and KMS-11 cells with PL-PUFA increased lipid ROS levels, as 

demonstrated by oxidised C11 BODIPY staining; fold changes of >2 were observed in both 

OPM-2 and KMS-11 cells following treatment with 40 µM PE (16:0_20:4) or PE (16:0_22:6) 

(Figure 18C). A significant increase in levels of oxidised C11 BODIPY, without a decrease in cell 

viability, was also observed in OPM-2, but not KMS-11, cells following treatment with PE 

(16:0_18:2). Treatment with PE (16:0_16:0) had no significant effect on lipid ROS levels or cell 

viability in either cell line. In all cases, increases in the levels of lipid ROS were prevented by 

liproxstatin-1 (Figure 18C).  

Next, we examined the effects of the lipids on the morphology of MM cells. OPM-2 cells were 

cultured with PE (16:0_22:6) and images captured over a 24-hour period on an Incucyte live 

cell imaging instrument (Figure 18D). The images show, that in response to the lipid, the cells 

underwent morphological changes characteristic of ferroptotic cell death, including 

cytoplasmic ‘ballooning.’  
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(A) OPM-2 and KMS-11 MM cells were cultured with the concentrations of the PE lipids indicated for 

24 hours and cell viability assessed by flow cytometry. (B) OPM-2 and KMS-11 MM cells were cultured 

with the concentrations of the PE lipids indicated and 2 μM liproxstatin-1 for 24 hours. Cell viability 

was assessed by flow cytometry following staining with annexin V and PI. Dual annexin V/PI negative 

Figure 18. Ferroptosis induced by exogenous PL-PUFA correlates with the degree of 
acyl chain saturation. 
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cells were considered viable. (C) OPM-2 and KMS-11 MM cells were cultured with 40 µM of the PE 

lipids, ±liproxstatin-1, as indicated. Lipid ROS levels were assessed by flow cytometry in cells stained 

with oxidised C11 BODIPY. Data are the mean and standard deviation from a minimum of 3 biological 

replicates per cell line. (D) OPM-2 cells were cultured with or without 60 µM PE (16:0_22:6). Images 

were acquired at the 0 and 8-hour time points on an IncuCyte live cell analysis system at 20x 

magnification. PE, phosphatidylethanolamine. Statistical analysis performed using two-way ANOVA 

and T-test of a minimum of 3 biological replicates. *P<0.05, **P<0.01, ***P<0.001, **** P<0.0001. 

3.2.6 Exogenous PE-PUFA can inhibit proliferation of MM cells 
PLs play an important role in the overall function of a cell, including in their proliferation (210). 

Changes in lipid metabolism have been shown in MM cells, which may drive cancer 

progression (211). To investigate the effects of lipids on MM cell proliferation, cells from 5 

MM lines were cultured with concentration of exogenous PE-PUFA that were previously 

shown not to have an effect on cell viability after 24 hours. In three of the MM cell lines, KMS-

11, OPM-2 and H929, there was a reduction in cellular proliferation compared to the vehicle 

control after 24h (Figure 19). Only PE (16:0_22:6) statistically significantly reduced in 

proliferation in the 3 MM cell lines, while PE (16:0_20:4) reduced the proliferation in the 

OPM-2 and H929 cell lines (Figure 19). PE-PUFAs did not reduce proliferation in LP-1 and KMS-

18 cells.  

 

 

Figure 19. Exogenous PE-PUFA, but not PE-SFA or PE-MUFA, induces a decrease in 
cell proliferation in some MM cell lines. 
MM cell lines were cultured with 20 µM of the lipids indicated for 24 hours. Cell proliferation was 

assessed by MTT cell proliferation assay. Data are the mean and standard deviation from a minimum 
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of 3 biological replicates per cell line. PE, phosphatidylethanolamine. Statistical analysis performed 

using two-way ANOVA of a minimum of 3 biological replicates. *P<0.05, **P<0.01, ***P<0.001, **** 

P<0.0001. 

3.2.7 Exogenous PE supplementation can be used to manipulate 
MM cell response to RSL3 
The role of exogenous PE-PUFA as a sole agent was investigated in the previous section of the 

chapter, showing that PE-PUFA can induce ferroptotic cell death in MM cell lines, 

independent of GPX4 inhibition (Figure 18). Next, we sought to investigate the response of 

the cell lines to the lipid ferroptosis substrates in combination with the GPX4 inhibitor, RSL3. 

It was hypothesised that altering the lipid composition of MM cells may sensitise these cells 

to the GPX4 inhibitor, RSL3.  

MM cell lines were cultured with exogenous PE-PUFA or MUFA containing lipids and RSL3 for 

24 hours. The effects of MUFAs were investigated as they are less readily oxidised during 

ferroptosis and studies suggest that MUFA can inhibit ferroptotic cell death by multiple 

mechanisms, including by displacing PUFA from the lipid bilayer (197).  

Combinations of RSL3 and PE (16:0_20:4) or PE (16:0_22:6) were found to synergise with one 

another, in terms of their cytotoxic actions, against OPM-2 MM cells; in combination with PE 

(16:0_20:4) or PE (16:0_22:6) the IC50 values for RSL3 were 43.59 ± 5.24 nM and 34.11 ± 6.54 

nM, respectively, compared to an IC50 of 74.34 ± 11.17 nM for RSL3 alone (Figures 11A and 

20A). In KMS-11 cells, PE (16:0_20:4) and PE (16:0_22:6) significantly increased the sensitivity 

of the cells to RSL3; IC50 values for RSL3 in combination with the lipids were 4.86 ± 2.05 µM 

and 2.13 ± 0.69 µM, respectively while the IC50 value for RSL3 alone was 6.25 ± 0.82 µM 

(Figures 11A and 20A). Synergistic cell death with RSL3 was observed for both PE (16:0_20:4) 

and PE (16:0_22:6), with fractional products of -0.3 and -0.75 for the two lipids, respectively 

(Figure 20A, fractional products of < -0.1 are indicative of synergy). In both OPM-2 and KMS-

11 cells, addition of liproxstatin-1 prevented the cell death induced by combinations of RSL3 

and the lipids, consistent with a ferroptosis-mediated mechanism of cell death (Figure 20B). 

Combining RSL3 and PE (16:0_22:6) augmented lipid ROS generation in both the OPM-2 and 

KMS-11 cell lines (Figure 20C), suggesting that increasing cellular PL-PUFA content increases 

the availability of substrates for lipid ROS generation. The increase in lipid ROS generation in 
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cells treated with PE (16:0_22:6) and RSL3 was also inhibited by liproxstatin-1 in both cell lines 

(Figure 20C). 

(A) OPM-2 and KMS-11 cells were cultured with 20 μM of the indicated lipids and RSL3 for 24 hours. 

Cell viability was assessed using annexin V/PI staining and flow cytometry. (B) OPM-2 and KMS-11 cells 

were cultured with 20 μM of the indicated lipids, RSL3 and 2 μM liproxstatin-1 for 24 hours. Cell 

viability was assessed using annexin V/PI staining and flow cytometry. Data are the mean and standard 

deviation from a minimum of 3 biological replicates per cell line. (C) OPM-2 and KMS-11 were cultured 

with 1 μM or 50 nM (OPM-2) RSL3 for 24 hours, with or without 20 μM PE (16:0_22:6) and liproxstatin-

1 for 24 hours. Lipid ROS levels were assessed by flow cytometry using oxidised C11 BODIPY. Data are 

Figure 20. PUFA and RSL3 induce synergistic cell death in OPM2 and KMS-11 cells. 
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the mean and standard deviation from a minimum of 3 biological replicates per cell line. Statistical 

analysis performed using two-way ANOVA of a minimum of 3 biological replicates. *P<0.05, **P<0.01, 

***P<0.001, **** P<0.0001. 

 

As discussed earlier, PE-MUFA plays an important role in reducing sensitivity to ferroptosis, 

as they displace PUFAs, which are far more readily oxidised. MM cell lines OPM-2 and KMS-

11 were cultured with PE (16:0_18:1) and RSL3 for 24 hours. No viable OPM-2 cells remained 

after a 24-hour treatment with 100 nM RSL3 (Figure 21A). In contrast, the combination of PE 

(16:0_18:1) and RSL3 had no effect on cell viability compared to controls at 24 hours, 

suggesting that the PE-MUFA completely blocked the ferroptosis induced by the GPX4 

inhibitor (Figure 21A). Liproxstatin-1 also completely blocked the cytotoxic effects of RSL3 

(Figure 21A). Treatment of KMS-11 cells with PE (16:0_18:1) in combination with the doses of 

RSL3 indicated had no effect on cell viability, as RSL3 alone at these concentrations did not 

induce significant cell death (Figure 21A).  

RSL3 alone induced lipid ROS generation in KMS-11 cells, with a 3.6-fold increase in levels of 

oxidised C11-BODIPY following treatment with 1 μM RSL3 (Figure 21B). The synthetic 

antioxidant, liproxstatin-1, completely attenuated lipid ROS generation at this concentration 

of RSL3 (Figure 21B). Similarly, addition of PE (16:0_18:1) also significantly reduced the levels 

of lipid ROS generated in KMS-11 cells. The effects of PE (16:0_18:1) in OPM-2 cells were again 

similar to those of liproxstatin-1, with a complete inhibition of the lipid ROS generated in 

response to RSL3 (Figure 21B). 
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(A) OPM-2 and KMS-11 cells were treated with 20 μM PE (16:0_16:0) or PE (16:0_18:1), RSL3 and 

liproxstatin-1 for 24 hours. Cell viability was assessed by flow cytometry in cells stained with annexin 

V and PI. (B) OPM-2 and KMS-11 were cultured with 1 μM or 50 nM (OPM-2) RSL3 for 24 hours, with 

or without 20 μM PE (16:0_18:1) and liproxstatin-1 for 24 hours. Lipid ROS levels were assessed by 

flow cytometry in cells stained with oxidised C11 BODIPY. Data are the mean and standard deviation 

from a minimum of 3 biological replicates per cell line. Statistical analysis performed using two-way 

ANOVA of a minimum of 3 biological replicates. *P<0.05, **P<0.01, ***P<0.001, **** P<0.0001. 

 

To study the effects of PE-PUFA and PE-MUFA on MM cells in more detail, three additional 

MM cell lines were treated with RSL3 and either PE-PUFA or PE-MUFA. The MM cell lines LP-

1, H9292 and KMS-18, while all more sensitive to RSL3 that KMS-11, still displayed ferroptosis 

resistance, with micromolar IC50s, especially when compared to the OPM-2 and DLBCL cell 

lines. The primary focus of testing these MM cell lines was to investigate whether 

manipulating the lipidome of all available MM cell lines could dictate ferroptosis susceptibility, 

or if it was cell line dependant. Cell lines were cultured with PE-PUFA and RSL3 for 24 hours 

and cell viability assessed. Remarkably, all of the MM cell lines displayed significant cell death 

Figure 21. PE-MUFA can inhibit cell death and lipid ROS induced by RSL3. 
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when cultured with PE-PUFA and RSL3 (Figure 22A). The KMS-18 cell line that displayed 

minimal decrease in cell viability at 5 μM, was no longer viable once PE (16:0_22:6) was added 

(Figure 24 B). The LP-1 and H929 cell lines that did respond to RSL3 as seen by the reductions 

in cell viability, were also sensitised by the addition of PE (16:0_22:6) (Figure 22A-B). Also 

consistent with our earlier findings, we observed synergy between RSL3 and PE (16:0_22:6) 

in the LP-1 (-0.37), H929 (-0.52) and KMS-18 (-0.48) cell lines, thereby suggesting this effect is 

not cell line dependant.  

Another important reason the range of cells was expanded was to test if changes in cell 

viability in response to higher concentration of RSL3 would be inhibited by exogenous PE-

MUFA. Consistent with our findings from the OPM-2 cell line, treatment of LP-1 and H929 

cells with RSL3 in combination with PE (16:0_18:1), led to a significant reduction in cell death, 

comparable to the addition of liproxstatin-1 (Figure 22A-B). However, this effect was not 

observed in the KMS-18 cell line as the cell line did not display a decrease in cell viability in 

response to the chosen concentration of RSL3.   
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(A) LP-1, KMS-18 and H929 cells were cultured with 20 μM PE (16:0_18:1) or PE (16:0_22:6), RSL3 and 

liproxstatin-1 for 24 hours. Cell viability was assessed by flow cytometry in cells stained with annexin 

V and PI. (B) MM cell lines were cultured with 5 μM or 50nM (OPM-2) RSL3 for 24 hours, with or 

without 20 μM PE (16:0_18:1) or PE (16:0_22:6). Cell viability was assessed by flow cytometry 

following staining with annexin V and PI. Data are the mean and standard deviation from a minimum 

of 3 biological replicates per cell line. Statistical analysis was performed using two-way ANOVA of a 

minimum of 3 biological replicates. *P<0.05, **P<0.01, ***P<0.001, **** P<0.0001. 

Figure 22. PUFA and RSL3 induce synergistic cell death while MUFA protects 
MM cells from ferroptosis-mediated cell death. 
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As mentioned earlier, the mechanism by which MUFA inhibits ferroptosis is thought to involve 

the displacement of PUFA and a subsequent reduction in the availability of ferroptosis 

substrates in the lipidome (197). Interestingly, LC-MS analysis did not show a significant 

increase in PE (16:0_18:1) in cells treated with this lipid. However, it appeared that levels of 

other oleic acid (18:1)-containing PLs were increased throughout the phospholipidome of 

both OPM-2 and KMS-11 cells, while the proportion of PL-PUFA decreased (Figure 23 and 

Appendix Figure 3). Cells can take up and metabolise exogenous PLs, such as PE (16:0_18:1), 

breaking them down into free fatty acids, allowing them to be incorporated into other PLs 

(132, 212). This may explain why oleic acid, and not specifically PE (16:0_18:1) levels increased 

in the treated samples. Further experiments would be required to determine if this explains 

the fate of this lipid in MM cells. 
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(A) Heatmap of the 25 most differentially expressed lipids in OPM-2 cells, cultured with or without PE 

(16:0_18:1) for 4 hours. Oleic acid is denoted as 18:1. PUFA have been defined in this chapter as lipids 

with 1 or more fatty acid chains that contain more than one double bond (PE 16:0_22:6) (B) Heatmap 

of the 25 most differentially expressed lipids in KMS-11 cells, cultured with or without PE (16:0_18:1) 

for 4 hours. Data are the mean and standard deviation from a minimum of 3 biological replicates per 

cell line. 

Figure 23. Oleic acid appears to displace PUFA in phospholipids in OPM-2 and KMS-
11 cells. 
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3.2.8 Precision lipids and the role of acyl chain saturation in 
ferroptosis in MM cells. 
To further understand how different PLs impact the sensitivity of MM cells to ferroptosis and 

whether identifying deficiencies in specific lipids might be harnessed for the development of 

precision therapies, differences in the lipid composition of MM and DLBCL cells were 

investigated in greater detail. An analysis was performed comparing the KMS-11, LP-1 and 

KMS-18 cell lines to the DLBCL cell lines using the MetaboAnalyst software to identify whether 

the effects of PUFA-containing PLs, other than the ones studied earlier, were also worth 

testing. Many limitations were found during this screening, mostly around the commercial 

availability of PLs. From this screen, two lipids were identified as being in relatively low 

abundance in the aforementioned MM cell lines, including PC (16:0_22:6) in all three cell lines 

and PC (16:0_20:5) in the KMS-11 cell line (Appendix Figure 4). These lipids were then tested 

against the OPM-2, KMS-11, LP-1 and KMS-18 cell lines, in combination with RSL3 and 

liproxstatin-1.  

Interestingly, the cell death observed in response to the PLs in combination with RSL3 in all 4 

cell lines was largely double bond dependant; the higher the number of double bonds in the 

sn-2 position of the PL, the more effective the lipid was at sensitising cells to RSL3 (Figure 24). 

This correlation was also independent of the head group. For example, similar effects were 

observed with PE (16:0_22:6) or PC (16:0_22:6) in combination with RSL-3 in all four cell lines 

(Figure 24A). The KMS-11 (P<0.001) and LP-1 (P<0.001) cell lines were both significantly more 

sensitive to RSL3 when cultured with PE (16:0_22:6) than with PC (16:0_20:5). In the OPM-2 

and KMS-18 cell lines, no significant difference in RSL3 sensitivity was observed when the cells 

were cultured with PC (16:0_20:5), PC (16:0_22:6) or PE (16:0_22:6). Importantly, the OPM-2 

(P<0.001), KMS-11 (P<0.0001), LP-1 (P<0.0001) and KMS-18 (P<0.001) cell lines were 

significantly more sensitive to RSL3 when cultured with PE (16:0_22:6) than with PE 

(16:0_20:4). In all cases, the cytotoxic effects of the lipids in combination with RSL-3 were 

inhibited by liproxstatin-1, meaning the effects are consistent with ferroptosis (Figure 25). 

These findings suggest that ferroptotic cell death in response to lipids in combination with 

RSL-3 is largely governed by the saturation of the FAs in the PLs, rather than the functional 

group of the PLs.  
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MM cell lines were cultured with 5 μM or 50nM (OPM-2) RSL3 for 24 hours, with or without 20 μM of the indicated lipid. Cell viability was assessed using flow 

cytometry following staining with annexin V and PI. Data are the mean and standard deviation from a minimum of 3 biological replicates per cell line. Statistical 

analysis performed using one-way ANOVA of a minimum of 3 biological replicates with conditions compared to the RSL3-alone. *P<0.05, ***P<0.001, **** P<0.0001. 

Figure 24. The ability of PLs to sensitise MM cells to RSL3 induced ferroptosis is double bond dependant. 
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MM cell lines were cultured with 5 μM or 50nM (OPM-2) RSL3 for 24 hours, with or without 20 μM of the indicated lipid and liproxstatin-1. Cell viability was assessed 

using flow cytometry following staining with annexin V and PI. Data are the mean and standard deviation from a minimum of 3 biological replicates per cell line. 

Statistical analysis performed using one-way ANOVA of a minimum of 3 biological replicates with conditions compared to the RSL3-alone. *P<0.05, ***P<0.001, 

**** P<0.0001.  

Figure 25. Liproxstatin-1 prevents cell death induced by combinations of different PLs and RSL3. 
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3.2.9 Phospholipid components of foetal calf serum and added 
media  
 Foetal calf serum (FCS) is an important component of most cell culture media. FCS contains 

large amounts of the nutrients required for cell growth and survival (213), including lipids and 

PLs. As the data presented in this study suggests that exogenous lipids play an important role 

in ferroptosis, the lipid composition of the FCS used for culturing the MM cells was 

investigated. FCS was diluted at a 1:10 ratio in RPMI-1640 base medium for MM cell culture. 

A lipidomics analysis was performed on neat FCS, neat RPMI-1640 and RPMI-1640 containing 

10 % FCS. Results from this lipidomics analysis found that neat FCS contained almost equal 

proportions of PLs containing MUFAs and PUFAs (Figure 26). The FCS was also comprised of 

20 % of PLs containing SFAs and 7 % containing both MUFAs and PUFAs (Figure 26). Relative 

to the neat FCS, RPMI-1640 contained low levels of lipids, suggesting that the majority of the 

lipids present in complete culture medium were contained within the FCS (Figure 26B).  

  

 

 

 

 

 

 

 

 

 

(A) Lipid compositions were assessed by LC-MS. Relative proportions of each PL acyl chain are 

presented. (B) Raw peak areas derived from the lipidomic analysis. Data are the mean and standard 

deviation from a minimum of 3 biological replicates per cell line. 

Figure 26. Phospholipid profile of FCS and RPMI 1640 medium. 
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3.3 Discussion  
3.3.1 MM cells are relatively insensitive to ferroptosis induction via 
GPX4 inhibition 
Ferroptosis involves a complex cellular mechanism that involves lipid biology, ROS production 

and cell antioxidant systems. Past work by Yang et. al demonstrated that DLBCL but not MM 

cells were sensitive to the system Xc- inhibitor erastin (136). Initially, we sought to replicate 

the data of Yang et al., but found that we could not induce ferroptotic cell death with erastin 

in the MM and DLBCL cell lines available to us (data not shown). Therefore, we began 

investigating the effects of RSL3, a direct inhibitor of GPX4. RSL3 binds to the active catalytic 

domain of GPX4, rendering it unable to neutralise toxic lipid ROS, leading to protein 

degradation (102). Following treatment of the MM and DLBCL cell lines with RSL3 for 24 hours 

we found the MM cell lines were generally less sensitive to RSL3 than DLBCL lines, with 

micromolar IC50s (Figure 11A).The DLBCL cell lines were very sensitive to ferroptosis induced 

by the GPX4 inhibitor, with IC50s for RSL-3 in a nanomolar range (Figure 11A). Interestingly, 

one of the MM cell lines, OPM-2, was a clear outlier in the study, as these cells were highly 

sensitive to RSL3, similar to the DLBCL cell lines (Figure 11A). This meant we had cell lines from 

different cancers and from MM cell lines themselves that were both sensitive and relatively 

resistant to RSL-3. Initially, we investigated if differences in expression of GPX4 might explain 

the differences in sensitivity to RSL3. Previous work in the field of ferroptosis has revealed 

that GPX4 inhibition can directly induce ferroptosis, as shown in the work in this study, while 

GPX4 upregulation can inhibit ferroptosis (214). Interestingly, cells that displayed comparably 

less GPX4 were more sensitive to ferroptosis induction (214). Given these results, we 

investigated the basal levels of GPX4 in 5 MM and 5 DLBCL cell lines. However, our results did 

not shed light on the reason for the differences in ferroptosis sensitivity between the cancer 

types or between the cell lines (Figure 11B-C). The OPM-2 MM cell line had comparable levels 

to the other MM cell lines, while displaying a significantly lower, nanomolar IC50 to RSL3. GPX4 

expression in the DLBCL cell lines also did not correlate with ferroptosis sensitivity. These 

results lead to a few different hypotheses for why MM cells are relatively insensitive to 

ferroptosis. Our initial thoughts were that the MM cell lines have alternative mechanisms to 

overcome the lipid oxidation and ROS production, independent of GPX4 or that MM cells have 

alterations in iron metabolism. Building on ongoing research within the group, we focused on 
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investigating whether MM cells lack the necessary or optimal substrates for ferroptosis. As 

studies by other members of our group were exploring the possible role of alternative 

antioxidant systems and iron metabolism in the ferroptosis resistance of MM cells, the 

research detailed in this thesis focused specifically on the levels of ferroptosis substrates, with 

an emphasis on PLs.  

3.3.2 MUFA-rich phospholipids drive MM cell ferroptosis resistance, 
while PUFA dominates in DLBCL 
PLs are the primary substrate of ferroptosis and are essential in the production of toxic lipid 

peroxides and eventual cell death via ferroptosis (191). Importantly, PLs within the inner 

leaflet of the plasma membrane that contain PUFA are the most readily oxidised of these PLs 

and are the primary substrate of lipid peroxidation (191). MUFA on the other hand play an 

important role as inhibitors of ferroptosis, as they are not oxidised at the same rate as PUFA. 

Our initial studies concerning the lipidome of MM and DLBCL cell lines suggested that in 

general MM cell lines expressed a higher proportion of PLs containing MUFA than the DLBCL 

cell lines (Figure 12). As the RSL3 sensitive DLBCL cell lines expressed a higher proportion of 

PLs containing PUFA, we hypothesised that the levels of PUFA and MUFA could dictate 

ferroptosis sensitivity.  

To further investigate this hypothesis, 5 MM and 5 DLBCL cell lines were subjected to 

lipidomics analysis by LC-MS. The data generated from this expanded panel of cell lines 

showed a similar trend, in that the RSL3 resistant MM cell lines generally contained a higher 

proportion of PLs containing MUFA (Figure 12). Two of the most differentially upregulated 

lipids in the panel of MM cell lines contained MUFA, with one of the lipids containing MUFA 

in both the sn-1 and sn-2 fatty acid positions (Figure 13A). This is consistent with the 

literature, which suggests that MUFA is associated with ferroptosis resistance (197). The 

DLBCL cell lines on the other hand expressed a higher proportion of lipids containing PUFA, 

particularly lipids containing AA (20:4) or docosahexaenoic acid (22:6) (Figures 12 and 13). 

Notably, many of the lipids identified as being upregulated in the DLBCL cells contained an 

ether bond in place of an ester bond, and while this piqued our interest, the limited literature 

and lack of commercial availability of the lipid, made it difficult to further investigate this 

observation. Ether lipids have recently been shown to play an important role in ferroptosis, 

by providing PUFA as a substrate for lipid peroxidation and by modulating iron uptake (201, 
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215). The literature concerning ether lipids in ferroptosis is still limited, however some of the 

published research does suggest it is important to consider ether lipids in the context of 

ferroptosis sensitivity. Furthermore, it would be interesting to investigate whether exogenous 

ether PLs are more effective at inducing ferroptosis that those with an ester bond, and if the 

ratio of these lipids has any function in determining ferroptosis sensitivity.  

Analysis of lipid expression is generated from peak areas for each individual lipid in the library 

based on their known retention times. Using the peak areas, it was possible to calculate the 

proportions of different PL classes present in each cell line. Initially, lipids were assigned as 

either SFA, MUFA or PUFA, based on the fatty acids contained within the lipids. However, 

upon further analysis of the data a fourth group was created, which were PLs that contained 

both PUFA and MUFA. The role of these lipids in the literature has not been investigated and 

poses the interesting question, whether PLs that contain a MUFA and a PUFA can be oxidised. 

The position of the PUFA and the MUFA may play a role in determining whether these lipids 

are oxidisable or not, but due to time constraints and commercial availability, this group of 

lipids were not investigated further.  

The proportions of lipids in 5 MM and 5 DLBCL cell lines were determined and the data 

grouped according to the particular cancer (Figure 14A). Notably, significant differences were 

observed in the PL profiles of the MM and DLBCL cell lines (Figure 14A). The MM cell lines had 

a significantly higher proportion of PLs containing MUFA, with a concomitantly lower 

proportion of PLs containing PUFA, compared to the DLBCL cell lines (Figure 14A). Despite the 

differences in the PL profile of the two cancers, no correlation between lipid proportions and 

RSL3 sensitivity was observed. This may be due to the stark differences in the IC50 values for 

RSL3, or because even small changes in the lipidome may be sufficient to render a cell line 

sensitive or resistant to ferroptosis (Figure 11A). Importantly, the PL profile of the RSL3 

sensitive OPM-2 (MM) cell line closely resembled that of the DLBCL cell lines rather than the 

other MM lines (Figure 14A-B). When compared to the RSL3 resistant KMS-11 cell line, OPM-

2 cells were found to contain a significantly higher proportion of PLs containing PUFA and 

significantly lower levels lipids containing MUFA (Figure 14B). Furthermore, differences in the 

proportion of MUFA were more statistically significant than proportions of PUFA between the 

cancer groups and the OPM-2 and KMS-11 cell lines (Figure 14). This suggests that MUFAs 

play a greater role in dictating ferroptosis susceptibility than PUFA in these cell lines. These 
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results align with the literature, suggesting that higher proportions of PUFA promote 

ferroptosis sensitivity, while higher levels of MUFA confer resistance (216). 

Another group of lipids that were not a focus of the lipidomics data analysis were PLs that 

contained either two MUFA or two PUFA fatty acid chains, as these lipids were very low in 

abundance. A study published in 2024 found that PLs containing two PUFA promote 

ferroptosis and can induce ferroptotic cell death in cancer cell lines (217). In this study, 

Stockwell and colleagues found that PC lipids with two docosahexaenoic acids (PUFAs) were 

more potent inducers of ferroptosis than PC lipids containing only one of the PUFA (217). The 

study also suggested that the cell death induced by this lipid could not be explained by the 

presence of two PUFA only. PE and PG lipids with two docosahexaenoic acid fatty acids also 

induced significant cell death, but that this could not be prevented by ferrostatin-1. PC lipids 

with two PUFA were found to be more abundant in ferroptosis sensitive cell lines and to 

induce mitochondrial stress, leading to ferroptosis (217). The role of PLs that contain two 

MUFA remains largely unexplored in the literature and there is currently no evidence that 

these lipids have been studied in the context of ferroptosis. 

Lipidome plasticity and the dynamic regulation of the lipidome are important in ferroptosis 

(218). These terms have been used to describe the response of the phospholipidome to 

ferroptosis inducers and substrates, and the regulation of pro-ferroptosis lipids. The MM cell 

lines, OPM-2 and KMS-11, were cultured with ferroptosis substrates AA and ferric ammonium 

citrate, as well as GPX4 inhibitor RSL3 (and various combinations of these compounds) to 

better understand the role of lipid plasticity in MM cells (Figure 15). Iron had minimal effects 

on either cell line, and given it has limited effects on cell viability as a single agent, may require 

other factors to induce any significant change in the lipidome (Figure 15). The addition of AA 

resulted in a slight increase in the proportion of PUFA in KMS-11 but not OPM-2 cells. ACLS4 

and LPCAT3 are required for the integration of PUFA into PLs, and without these enzymes’ 

lipids cannot be converted into substrates for ferroptosis (193, 195). Given the short 

incubation time of 4 hours and the intracellular mechanisms required to make PUFA available 

for lipid peroxidation, increased time or greater concentrations of AA may be required to 

observe and elucidate the response of cells to this lipid. While PUFA levels decreased in the 

OPM-2 cells following culture with AA, the proportion of AA-containing lipids in the cells did 

not decrease. This may indicate a dynamic shift in the lipidome of OPM-2 cells involving PUFA 
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depletion to avoid an increase in ferroptosis sensitivity. However, further work is necessary 

to fully elucidate how MM cells adapt to increased levels of exogenous PUFAs.  

RSL3 and all combinations of RSL3 decreased PUFA levels in the OPM-2 but not KMS-11 cells 

(Figure 15). The KMS-11 cell line is not sensitive to RSL3 induced cell death, suggesting that 

the drug may have little effect on the levels of lipids in these cells (Figure 15). The decrease 

in PUFAs in the OPM-2 cell line we observed has been documented in previous studies, with 

an increase in the levels of oxygenated PLs and lysophospholipids and a decrease in the 

abundance of PLs containing PUFAs (131, 135).  

3.3.3 Exogenous PE-PUFA can induce MM cell death and bring 
upon lipidome changes  
Having identified that PUFA play an important role in dictating the sensitivity of MM and 

DLBCL cells to ferroptosis, the next step was to develop a method by which specific lipids can 

be delivered to MM cells to increase their sensitivity to ferroptosis. Previous studies have 

shown that the addition of specific PUFAs as free fatty acids can increase the sensitivity of 

cells to ferroptosis by increasing the intracellular pool of ferroptosis substrates. 

Supplementing the medium with PUFAs, including AA, docosahexaenoic acid, linoleic acid and 

eicosapentaenoic acid has been shown to sensitise cells to ferroptosis or even induce 

ferroptosis in some cell types (130, 194, 204-209). However, adding free fatty acids to cell 

media is reliant on the ability of the cells to take up the lipids uptake and on intracellular 

conversion of the free fatty acids into ferroptosis substrates (126). Mechanistically, ACSL4 and 

LPCAT3 are required to prime and insert fatty acids into PLs, suggesting that regulation of 

these enzymes or pathways may be crucial in how cancer cells resist ferroptosis-mediated cell 

death (192-195). We hypothesised that culturing cells with PLs rather than free fatty acids 

might represent an effective and rapid method of sensitising cells to ferroptosis that was not 

dependant on ACLS4 or LPCAT3. As mentioned earlier, PLs typically have two fatty acyl chains 

and a functional head group, and in the context of ferroptosis, PE containing PUFAs is the 

preferred substrate (131, 191).  

The lipidomics study performed on our cell lines identified PE lipids, particularly ether lipids, 

as some of the most differentially expressed between DLBCL and MM (Figure 12). The DLBCL 

cell lines expressed higher amounts of PE lipids with a high degree of unsaturation in the sn-
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2 fatty acid position, particularly docosahexaenoic acid, than the MM cells. Based on these 

results and the important roles of PE lipids highlighted by the literature, four PE lipids were 

purchased with various degrees of unsaturation in the sn-2 position. To confirm the uptake 

of exogenously adding ferroptosis substrates, lipidomics analysis was performed in the OPM-

2 and KMS-11 cell lines after the addition of one of the four lipids. All four lipids resulted in a 

significant increase in the particular lipid in the PL profile of the cell lines, after four hours, 

however significant differences in the proportion of the different lipids were observed (Figure 

16A). The addition of PE (16:0_22:6) resulted in a fold change increase of approximately 200 

in both cell lines, which may explain the profound effects of this lipid on the viability of these 

cells (Figure 16A and 18A). Although a significant increase of 39.3 ± 33.3-fold change in the 

OPM-2 and 58.8 ± 26.0-fold change in the KMS-11 was observed following the addition of PE 

(16:0_20:4), this increase was not as profound as the effects of PE (16:0_22:6) (Figure 16).  

An interesting and unexpected phenomenon was observed when MM cell lines were cultured 

with PE (16:0_22:6). The addition of this lipid resulted in an increase in the LPL species LPE, 

particularly LPE (16:0) (Figure 16B). As previously mentioned, LPL can play an important role 

in ferroptosis, primarily acting as an acceptor of fatty acids leading to the formation of PLs. 

LPL levels have been shown to significantly increase in ferroptotic cells, whereas the 

corresponding PUFA-containing PLs decrease (135, 136). This data suggest that the MM cells 

are internalising PE (16:0_22:6) and the lipid is being utilised as a ferroptosis substrate within 

four hours. Expanding on this research by performing a time course would help to determine 

if the increase in LPE observed correlates with ferroptotic cell death. To investigate the impact 

of the exogenous lipids on the lipidome of MM cell lines, the data from the lipidomics analysis 

were analysed in more detail.  

The addition of PE (16:0_16:0) to OPM-2 and KMS-11 MM cells resulted in a significant 

increase in the proportion of SFAs in both lines, while addition of PE (16:0_18:2) only had 

significant effects on the lipidome of OPM-2 cells (Figure 17). Addition of PE (16:0_20:4) did 

significantly increase the proportion of PUFAs in the OPM-2 but not KMS-11 cells, while the 

addition of PE (16:0_22:6) significantly increased the proportion of PUFAs in both MM cell 

lines (Figure 17). Docosahexaenoic acid, as previously discussed, is expressed at significantly 

lower levels in the MM, compared to DLBCL cell lines, which may explain the efficacy of this 

lipid at sensitising MM cells to ferroptosis. After treatment with PE (16:0_22:6), the lipidome 
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of the KMS-11 cells resembled that of OPM-2 cells at baseline, suggesting that exogenous 

addition of this lipid is effective at modulating the lipidome.  

Cell lines were cultured with the four lipids (PE (16:0_16:0), PE (16:0_18:2), PE (16:0_20:4) 

and PE (16:0_22:6), one of which contained only SFAs, to test the impact of the lipids on 

ferroptosis sensitivity. Intriguingly, cell death of the OPM-2 and KMS-11 cells appeared to be 

dependent on the double bonds within the lipids, with higher amounts of unsaturation 

correlating with a greater capacity to induce ferroptosis (Figure 18A). As expected, addition 

of PE (16:0_16:0) had no effect on cell viability. There is evidence in the literature that 

suggests palmitic acid uptake via CD36, leads to ER stress and an increase in intracellular iron, 

suggesting iron overload was the mechanism that induced ferroptosis (219, 220). Other 

studies have shown that SFA can promote apoptotic and not ferroptotic cell death, but it was 

apparent that this fatty acid had no effect on the viability of MM cells (Figure 18A) (221). 

Minimal effects of PE (16:0_18:2) were also observed and only at the higher concentrations 

(Figure 18A). Studies have shown that linoleic acid (18:2) can act as a substrate for ferroptosis 

in some cell types, but we observed low levels of lipid peroxidation in MM cells following 

culture with this lipid (Figure 18A) (207, 209). In contrast, culturing MM cells with AA did 

significantly increase lipid ROS levels and ferroptosis-mediated cell death (Figure 18A), which 

is consistent with previous studies concerning this lipid (194, 204, 206). Interestingly, addition 

of PE (16:0_22:6) resulted in the most significant decrease in cell viability and increase in lipid 

ROS generation in the MM cells (Figure 18A and C). The docosahexaenoic acid in this lipid has 

been investigated in the context of ferroptosis, although not as extensively as AA, and has 

been shown to promote ferroptosis (130, 204, 205, 217). The cell death observed in the MM 

cell lines was dependent on the number of double bonds, which is consistent with findings in 

a study on colon cancer and hypopharyngeal carcinoma in which the cytotoxic effects of free 

fatty acids were also found to correlate with the degree of saturation (204). Phospholipids 

containing DHA (PC (18:0_22:6)) have also been shown to induce ferroptosis in human ovarian 

cancer cell lines (217). This study also demonstrated greater lipid ROS generation when cells 

were cultured with PC and PE (18:0_22:6) than PC (18:0_20:4), further supporting our results 

(217). 

MM cells cultured with the PE lipid containing docosahexaenoic acid, also clearly displayed 

morphological changes associated with ferroptosis (Figure 18D). In addition to the cytotoxic 
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effects, we found that PE (16:0_22:6) also inhibits the proliferation of cells from three MM 

lines (Figure 19), an effect that has also been shown in other cancers, including leukemia, 

breast cancer, neuroblastoma, colorectal cancer, prostate cancer and melanoma (222).  

3.3.4 Ferroptosis substrate PE (16:0_22:6) and GPX4 inhibition 
induce synergistic dell death in MM cell lines 
PLs containing PUFAs are well recognised as ferroptosis substrates in other cell types, but 

there is limited information concerning their role in ferroptosis of MM cells. A PE lipid 

comprised of docosahexaenoic acid was identified as having the most significant effect on 

MM cell viability and proliferation and caused the largest increase in the proportion of 

intracellular PUFAs. The role of docosahexaenoic acid as a free fatty acid has been studied in 

the context of ferroptosis but there are a limited number of studies of this lipid once it has 

been incorporated into PLs. This is also the case for AA, prompting us to investigate the effects 

of both fatty acids following their incorporation into PE lipids in MM cells. The results 

discussed in the previous section suggest that the capacity of lipids to induce ferroptosis of 

MM cells is dependent on the number of double bonds in the lipids. To further investigate the 

potential of these lipids to sensitise MM cells to ferroptosis we assessed the effects of 

culturing MM cells with PE lipids in combination with the GPX4 inhibitor, RSL3. 

The OPM-2 and KMS-11 cell lines were cultured with 20 μM of all the PE lipids mentioned 

above and increasing concentrations of RSL3, for 24 hours. The addition of PE (16:0_16:0) had 

no effect on the viability of the cells (Figure 20A). Palmitic acid has been shown to promote 

ferroptosis in a non-canonical manner, utilising CD36 to induce ER stress and disrupt the 

balance of intracellular iron (219, 220). CD36 is a long chain fatty acid transporter that is not 

generally expressed in MM, which might explain why palmitic acid does not promote 

ferroptosis in MM cells (223). Addition of the PUFA, PE (16:0_18:2) (linoleic acid) also had 

minimal effect on cell viability when combined with RSL3. Linoleic acid has been shown to 

promote ferroptosis in a range of cancer cells, by increasing the pool lipids that are available 

as ferroptosis substrates. However, this was not evident in MM cells in our study (Figure 20A) 

(207, 209).  

AA has been extensively studied in the context of ferroptosis and has emerged as an essential 

ferroptosis substrate (194, 204, 206). The addition of a PE lipid containing AA (PE (16:0_20:4) 
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did result in a significant increase in the proportion of PUFAs in the OPM-2 but not the KMS-

11 cells, despite its ability to augment the effects of RLS3 in both cell lines (Figure 18 and 20). 

This result was not unexpected, particularly given the prior research in our group, which 

showed that free arachidonic acid can increase the sensitivity of MM cells to ferroptosis and 

the literature, which suggests AA is an important ferroptosis substrate. Notably, the 

combination of PE (16:0_20:4) and RSL3 did not result in cell death of all KMS-11 cells, even 

at the highest concentration of RSL3, suggesting that either a longer time of treatment may 

be necessary or this combination may not be effective at fully sensitising this resistant cell 

line to RSL3 (Figure 20 A). However, this result supports the notion that optimal ferroptosis-

mediated cytotoxic effects may be achieved by tailoring the lipids to the MM cells. Although 

our results demonstrate that MM and DLBCL cells analysed express similar levels of PLs 

containing AA, the MM cells had a significant deficiency in PLs containing docosahexaenoic 

acid.  

As discussed earlier, the role of docosahexaenoic acid in ferroptosis has been investigated 

and has been shown to promote ferroptosis by increasing the levels of intracellular PUFAs 
(130, 204, 205). PE (16:0_22:6) in combination with RSL3 had a significant impact on the 

viability of KMS-11 cells, decreasing cell viability to approximately 20 % at the highest 

concentration of RSL3 (Figure 20A). The effects of the lipid and GPX4 inhibitor against KMS-

11 cell line were also confirmed as synergistic. A marked increase in the sensitivity of OPM-2 

cells to RSL3 was also observed with the addition of the lipid, an effect that again was 

confirmed to be synergistic (Figure 20A). Interestingly, synergy in terms of ROS generation 

was also observed in both cell lines in response to PE (16:0_22:6) in combination with RSL3 

(Figure 20C). These results were subsequently confirmed in three other MM cell lines, H929, 

KMS-18 and LP-1 (Figure 22B). In all three cell lines the combination of PE (16:0_22:6) and 

RSL3 induced synergistic cell death, which was preventable by treatment with liproxstatin-1. 

This result is significant as it suggests that MM cell lines can be sensitised to ferroptosis 

irrespective of the basal levels of ferroptosis substrates in the cells. The addition of PE 

(16:0_22:6) can not only sensitise RSL3 resistant MM cells but can further sensitise already 

sensitive cells (OPM-2) to ferroptosis. These results suggest that although cell lines may be 

deficient in specific lipids, as shown by the lipidomics data, culturing MM cells with a PUFA PL 

with a high degree of unsaturation will sensitise the cells to ferroptosis. These results were 
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confirmed when additional lipids were tested in the OPM-2, KMS-11, LP-1 and KMS-18 cell 

lines (Figure 24). The results of these experiments showed that the efficacy of PUFA PLs to 

sensitise cells to ferroptosis were largely dependent on the number of double bonds in the 

PL, particularly evident in cells cultured with RSL3 and PE (16:0_22:6), compared to RSL3 and 

PE (16:0_20:4) (Figure 24). Importantly, no significant increase (or decrease) in sensitivity to 

RSL3 was observed when the cells were cultured with PC (16:0_22:6) compared to PE 

(16:0_22:6), suggesting that the head group of the PL was not as important as degree of PL 

saturation (Figure 24).  

3.3.5 PE-MUFA is an effective inhibitor of ferroptosis  
MUFAs have been extensively studied in the context of ferroptosis and have been shown to 

play a pivotal role in ferroptosis resistance (224-226). Using MUFAs to promote ferroptosis 

resistance has been demonstrated in other cancers, but not in MM. The high proportion of 

MUFAs in most of the MM cell lines tested, prompted us to investigate the effects of 

exogenous MUFAs on the ferroptosis sensitivity of MM cells. Viability of cells from all five of 

the MM cell lines was assessed following a 24 h culture with RSL3 and PE (16:0_18:1) (Figure 

25B). Remarkably, in all the cell lines (OPM-2, LP-1 and H929) that responded to treatment 

with RSL3 alone, addition of PE (16:0_18:1) completely attenuated the cell death, in a manner 

comparable to liproxstatin-1 (Figure 25). Furthermore, lipid ROS generated in KMS-11 and 

OPM-2 cells in response to treatment with RSL3 was completely inhibited by the addition of 

MUFAs (Figure 21B).  

 A lipidomics analysis was performed after culturing the cells with PE (16:0_18:1) for 4 hours. 

Intriguingly, no significant increase in the lipid in the MM cell lines was observed, nor was 

there a significant change in the lipidome of either of the cell lines. However, oleic acid was 

more prominent in generated heatmaps and volcano plots in samples cultured with PE 

(16:0_18:1), while PL-PUFA appeared to be displaced (Figure 23 and Appendix Figure 3). This 

may indicate that the cells only require a small shift in their lipid composition, with 

displacement of PUFAs by oleic acid to resist ferroptosis. While the uptake of PE (16:0_18:1) 

and the increase in oleic acid requires further investigation, the results demonstrate that 

MUFAs play a key role in determining the sensitivity of MM cells to ferroptosis, which is 

consistent with findings in other cancers (217, 224, 225).  
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3.3.6 Conclusions 
This chapter has focused primarily on elucidating the mechanisms by which MM cells can be 

sensitised to ferroptosis. Previous research within our group and in the literature has 

demonstrated that MM and AML cells are more resistant to ferroptosis than other aggressive 

haematological malignancies, such as DLBCL (136). Lipids, particularly PLs containing PUFA, 

have been shown to be important ferroptosis substrates and may play a key role in dictating 

ferroptosis sensitivity (117, 191). The data presented in this chapter demonstrate that, in 

general, MM cells are comprised of significantly higher proportions of MUFAs, which confer 

ferroptosis resistance, and significantly lower proportions of PUFAs, than the DLBCL cells 

analysed. Notably, the RSL3 sensitive MM cell line, OPM-2, has a similar PL profile to the 

sensitive DLBCL cell lines, suggesting that the lipid composition of cells may be useful in 

determining their sensitivity to ferroptosis. Importantly, the data demonstrate that 

supplementing MM cells with PLs containing PUFAs can remodel the PL composition of the 

cells and increase the proportion of PUFAs. This significantly increased the sensitivity of all 

the MM cell lines to RSL3, while addition of exogenous MUFA had the opposite effect, 

increasing their resistance to the GPX4 inhibitor. These data represent an important step 

towards a better understanding of the factors that dictate ferroptosis sensitivity of cells and 

may aid in identifying novel, ferroptosis-mediated treatment approaches designed to treat 

apoptosis resistant cancers.  

The work presented in this chapter also represents a foundation for the final aim of this 

project, which was to develop targeted ferroptosis inducing liposomes. It was intended that 

data from the lipidomics analyses presented in this chapter could be used to determine the 

specific lipid or lipids that render each MM cell line sensitive to ferroptosis and that liposomes 

tailored to each cell line could then be manufactured. However, throughout the course of this 

project we gained a better understanding of the role of lipids in ferroptosis, through our own 

work and from emerging research from other groups. It became apparent that rather than 

specific lipids being important for each cell line, PE lipids with a high degree of unsaturation 

represent important ferroptosis substrates, regardless of the cell line. This suggests that 

precision liposomes tailored to an individual cell line or patient MM cells may be less effective 

than liposomes composed of lipids with the highest oxidation capacity. 
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The next chapters describe the results of work aimed at developing a novel antibody for 

targeting MM cells and the manufacture of novel liposomes that induce ferroptosis of MM 

cells. 

 

 

 

 

 

 

  



   
 

101 

CHAPTER 4. DEVELOPMENT OF NOVEL B-CELL 
MATURATION ANTIGEN (BCMA)-TARGETED 

MONOCLONAL ANTIBODIES 

4.1 Introduction 

The overarching aim of this chapter was to develop a novel monoclonal antibody (mAb) 

targeted to the B cell maturation antigen (BCMA). BCMA is a type III transmembrane protein, 

which plays a critical role in B-cell proliferation and survival (70). The important pro-survival 

signalling pathways downstream of BCMA, which include NF-κB signalling pathway, the 

protein kinase B (AKT) pathway, the MEK/ERK pathway, c-Jun N-terminal kinases (JNK), ELK-1 

and p38 Kinase, mean targeting BCMA represents a promising therapeutic strategy, 

particularly for B-cell malignancies (70-72). BCMA is preferentially expressed on the surface 

of plasma cells and a subset mature B lymphocytes, while it is minimally expressed on 

hematopoietic stem cells or non-hematopoietic tissue. MM cells consistently express BCMA 

on their cell surface, and studies have demonstrated that the expression of BCMA is higher 

on malignant plasma cells compared to either normal plasma cells or other bone marrow cell 

subsets (73). BCMA is essential for the survival of long-lived bone marrow plasma cells but is 

not required for B-cell homeostasis (73). This highlights the potential of BCMA as a target for 

precision therapy of MM and as a biomarker for assessing response to therapy in this disease.  

MAbs have become increasingly important for the diagnosis and treatment of many diseases. 

The high specificity and restricted reactivity of mAbs have made them crucial in a range of 

diagnostic tests, for identifying and characterising diseases and distinguishing cell 

populations. MAbs have also proven to be highly effective as therapeutic agents; by binding 

to specific proteins on target cells they can induce cell death, inhibit cell growth, block specific 

ligand binding sites, or potentiate the actions of other drugs (38). Given the specificity of 

mAbs and the elevated expression of BCMA on MM cells, new therapies have emerged that 

utilise BCMA to target MM cells. The novelty of developing a BCMA monoclonal antibody was 

in discovering antibodies that had unique properties, with greater binding affinity and anti-

MM effects, compared to currently approved antibodies. There are currently no BCMA 
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antibodies that are used as single agents in MM, highlighting an important gap in MM 

treatment.     

The primary focus of the work in this chapter was the development of a novel anti-BCMA 

monoclonal antibody, which could be used to functionalise the liposomes developed in the 

next chapter. Given the complexity of developing and screening monoclonal antibodies, anti-

CD38 mAb, daratumumab, which is an FDA approved monoclonal antibody was also used in 

this chapter. The proven efficacy and safety of daratumumab, in addition to the well-defined 

pharmokinetics and pharmacodynamics, would make it a suitable comparison for our own 

novel antibody. 

Daratumumab targets CD38, an extracellular and intracellular enzyme that is normally 

expressed at low levels on human immune cells and endothelial cells. CD38 is overexpressed 

on a range of tumour cells, including MM, making it a therapeutic target. Daratumumab is an 

immunoglobulin G1 kappa mAb that recognises a unique epitope of the human CD38 (79). 

While there is no research surrounding daratumumab and ferroptosis, the antibody has been 

hypothesised to directly induce apoptosis, specifically through Fcγ receptor I mediated cross-

linking (83). Daratumumab has been used both as a single agent and in combination with 

other agents, and is effective via antibody-dependant cellular cytotoxicity (ADCC), antibody 

dependant cellular phagocytosis (ADCP), complement dependant cytotoxicity (CDC) and 

direct cellular apoptosis (49, 50, 81, 82, 227). The combination of the commonly used MM 

drug lenalidomide and daratumumab resulted in enhanced anti-cancer affects (84). 

Daratumumab is approved in Australia for MM patients experiencing their first relapse, in 

combination with bortezomib and dexamethasone (DaraVd) as published in the CASTOR trial 

(228). Daratumumab monotherapy showed promising efficacy in patients with MM who were 

heavily pretreated (median of 5 previous lines of therapy), with a 3-year survival of 36.5 % 

and no treatment related deaths (227). The final use for the antibody selected will be to 

functionalise the surface of novel liposomes, developed in the next chapter.  
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4.2 Results 

4.2.1 MM cell lines variably express BCMA 
BCMA is in an important cell surface antigen that is overexpressed on the surface of malignant 

plasma cells, promoting cell survival and proliferation, making it a useful therapeutic target 

for MM (58). Cell surface expression of BCMA was assessed on five MM cell lines and on the 

chronic myeloid leukemia (CML) line, K562, by flow cytometry and by western blotting using 

a commercial antibody (Figure 27).  

Cells were stained with either the commercial BCMA antibody or an isotype control antibody, 

followed by a phycoerythrin (PE) conjugated secondary antibody. The mean fluorescence 

intensity (MFI) in the PE signal was then used to calculate the fold change in the BCMA to 

isotype signal as a measure of BCMA expression (Figure 27A-B). Strong BCMA expression was 

observed in all five of the MM cell lines, with the highest expression observed on the H929 

MM cell line (Figure 27A). The lowest BCMA expression observed among the MM cell lines 

was on the KMS-18 cells. Importantly, no expression of BCMA was observed on the K562 

(CML) cells. Western blotting was also used to examine BCMA expression in the cell lines 

(Figure 27C). The results obtained by Western blotting were consistent with those from flow 

cytometry, moreover, as the Western blotting was performed on whole cell lysates, these 

data also demonstrate that K562 cells do not express BCMA on their cell surface or internally. 

Also consistent with the flow cytometry results, the lowest level of expression was observed 

in the KMS-18 cell lysate with a relatively faint band corresponding to BCMA, while the highest 

expression was observed in the H929 lysate (Figure 27C).  
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(A) MM cell lines and K562 (negative control) were incubated with either a commercial anti-BCMA 

antibody or an isotype control antibody for 30 minutes. Cells were then stained with a phycoerythrin 

(PE)-conjugated secondary antibody and analysed by flow cytometry. Expression of BCMA was 

assessed as the fold change in the mean fluorescence intensity (MFI) of cells stained with the BCMA 

antibody compared to cells incubated with the isotype control. Data are the mean and standard 

deviation from a minimum of 2 biological replicates per cell line. (B) Representative flow cytometry 

histograms of BCMA expression in the different MM and K562 cell lines. (C) BCMA expression was 

assessed by Western blotting in whole cell lysates from the MM and K562 cell lines. Expression of β-

actin was used as a control for protein loading. 

Figure 27. BCMA is expressed at varying levels in MM cell lines, whereas K562 (CML) 
cells do not express BCMA. 
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4.2.2 Hybridoma supernatants display surface binding capacity in 
MM but not CML cell line K562 
A detailed description of antibody production can be found within the introduction in section 

1.3.2 (Figure 3). To briefly summarise, we developed a novel 15 amino acid peptide that 

corresponds to an extracellular section of the BCMA domain based on its uniqueness to other 

BCMA antibodies, immunogenicity, and water solubility. Immunocompetent mice were 

injected with our novel peptide to elicit an immune response and screened for BCMA binding 

antibodies through ELISA, against our peptide. Splenic B cells were then removed to develop 

hybridoma cell lines, which are formed by the fusion of primary splenic B-cells to myeloma 

cells, which produce and secrete antibodies into the culture supernatant (68). These steps 

were performed by the Monash Antibody Discovery Platform (MADP).  

These supernatants are then tested against cell lines that express the protein that the 

antibodies are raised against to confirm their ability to recognise the protein and their 

specificity for the protein. Due to the complexity of forming hybridomas and the subsequent 

subcloning of a cell line, screening is often performed after the hybridomas are formed and 

before subcloning occurs. This increases the possibility of developing a successful antibody 

that binds to its target. During this process, the cells secreting the antibodies are often not 

clonal, meaning that the antibodies secreted are polyclonal rather than monoclonal. The 

nomenclature given to the supernatants tested in the sections below refers to the well from 

which the hybridoma cells were grown.  

Three different MM cell lines, OPM-2, KMS-11 and LP-1, and one CML cell line, K562, were 

initially used to screen the supernatants derived from the hybridoma cells. The MM cell lines 

were incubated with neat supernatant, washed and then incubated with a secondary anti-

mouse PE-conjugated antibody. Our initial screens using the LP-1 and K526 cell lines identified 

supernatants that showed some degree of BCMA binding capacity to the MM cells, but not 

the K562 cell line (Figure 28A). Notably, supernatants 16B8 and 1D9 appeared to have the 

greatest binding capacity to the LP-1 cell line (Figure 28A). A further set of supernatants was 

then tested against the OPM-2 and KMS-11 cell lines to determine whether anti-BCMA 

antibodies were likely present. These two cell lines were subsequently used to perform the 

remainder of the antibody screening, as they had been determined as the two best candidates 

for testing in other aspects of the project. This second screen uncovered several more 
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supernatants that appeared to contain antibodies with BCMA binding capacities, notably 

supernatants 14C8, 4F10, 2B10 and 5G4 (Figure 28B and 29). From this initial screening, the 

top eight supernatants were selected for further testing against the KMS-11 and OPM-2 cell 

lines. The supernatants in Figure 29 all exhibited surface binding capacities, presumably to 

BCMA, by flow cytometry. The histograms for supernatants 4F10 and 5G4 (Figure 29 B-C) 

displayed a right-shift in the fluorescence signal compared to cells incubated only with the 

secondary antibody, indicating an increase in binding of the secondary antibody, likely due to 

the presence of a primary BCMA antibody. The supernatants selected were then screened for 

potential cytotoxic effects against the MM and CML cell lines, however no effect on the 

viability of any of the cell lines was observed following incubation with any of the 

supernatants (Figure 30). 
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(A) MM cell lines LP-1, (B) OPM-2 and KMS-11 and the CML cell line, K562, were incubated with neat 

hybridoma cell culture supernatant, washed and then stained with an anti-mouse PE-conjugated 

secondary antibody. BCMA binding capacity was assessed by flow cytometry. Data are the mean and 

standard deviation from a minimum of 2 technical replicates per cell line. 

 

 

 

 

 

 

Figure 28. Supernatants derived from established hybridomas exhibit BCMA binding 
capacity. 
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(A) MM cell lines, OPM-2 and KMS-11 and the CML cell line K562 were incubated with neat 

supernatant, followed by staining with a PE-conjugated secondary antibody. BCMA binding capacity 

was assessed by flow cytometry. (B) to (D) Representative flow cytometry histograms of supernatants 

4F10 and 5G4 against OPM-2, KMS-11 and K562 cells. Data are the mean and standard deviation from 

a minimum of 2 technical replicates per cell line. 

Figure 29. Top eight supernatants exhibit BCMA binding capacity to MM but not K562 
cells. 
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Figure 30. Supernatants that bind to BCMA do not induce cell death of OPM-2 or K562 
cells. 

OPM-2 and K562 were cultured with the hybridoma supernatant indicated for 24 hours. Cell viability 

was assessed by flow cytometry following staining with annexin V and PI. Data are the mean and 

standard deviation from a minimum of 2 technical replicates per cell line. 

 

4.2.3 BCMA hybridoma supernatants can have anti-proliferative 
effects on MM cells 
Given the role that BCMA plays in promoting MM cell proliferation and survival, we 

investigated the effects of the BCMA hybridoma supernatants on the survival and 

proliferation of OPM-2 (MM) and K562 (CML) cells (58). The effects of all of the supernatants 

received from MADP were screened by MTT assay. As shown in Figure 31, many of the 

supernatants had no functional effects on OPM-2 cells. However, some of the supernatants 

did have anti-proliferative effects against OPM-2, but not K562 cells, suggesting that the 

antibodies present in these samples do have effects on the ability of BCMA to promote MM 

cell proliferation (Figure 31). Of the supernatants that did decrease OPM-2 cell proliferation, 

the greatest effects were observed with samples 3E9, 4F10, 1D99, 5G4 and 5D12. Importantly, 

these supernatants had no effect on K562 cells (Figure 31).  

To further confirm these functional effects, 6 supernatants that demonstrated the greatest 

effect on the OPM-2 cells (Figure 31) were selected for further testing against the KMS-11 and 

OPM-2 MM cell lines and the K562 cell line. From these experiments only two supernatants 
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induced a significant decrease in proliferation of the MM cell lines, 5G4 and 4F10 (Figure 32). 

Importantly, none of the six supernatants tested had any anti-proliferative effect on K562 

cells (Figure 32). The anti-proliferative effects against OPM-2 cells were subsequently 

confirmed by staining the cells with carboxyfluorescein succinimidyl ester (CFSE) and by 

measuring the rate of decay of the CFSE signal by flow cytometry, with excitation and emission 

at 488 nm and 565 nm, respectively. Levels of CFSE fluorescence were recorded over a 72-

hour time course. These data further confirmed those obtained by MTT assay, with significant 

reductions in proliferation observed in OPM-2, but not K562, cells incubated with 5G4, 2B10 

and 4F10 (Figure 33). None of the supernatants had an effect on proliferation at 24 hours, 

and only sample (4F10) induced a significant decrease in cell proliferation at 48 hours (Figure 

33). 
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OPM-2 and K562 cells were cultured for 24 hours in the presence of the supernatants indicated. Cell proliferation was assessed by MTT assay and compared to untreated 

control. Data are the mean and standard deviation of two technical replicates.
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Figure 31. Some supernatants decrease proliferation of OPM-2 but not K562 cells. 
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Figure 32. Supernatants from BCMA antibody supernatants induce a significant decrease in 
cell proliferation. 

KMS-11, OPM-2 and K562 cells were cultured with neat supernatant for 24 hours. Cell proliferation was 

assessed by MTT cell proliferation assay and compared to untreated control. Data are the mean and standard 

deviation of two technical replicates. Statistical analysis performed using two-way ANOVA of a minimum of 

3 biological replicates. *P<0.05, **P<0.01, ***P<0.001, **** P<0.0001. 
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(A) 

OPM-2 and K562 cells were cultured with neat hybridoma supernatant for up to 72 hours. Cell proliferation 

was assessed by flow cytometry in cells stained with CFSE compared to untreated control. Data are the mean 

and standard deviation of 3 biological replicates. (B) Representative histograms of the OPM-2 and K562 cell 

lines. Statistical analysis performed using two-way ANOVA of a minimum of 3 biological replicates: *P<0.05, 

**P<0.01, ***P<0.001, **** P<0.0001. 

4.2.4 5G4 and 4F10 as suitable supernatant for subcloning and the 
production of monoclonal antibodies 
Hybridoma supernatants 5G4 and 4F10 were shown to rank among the top 8 supernatants in terms 

of surface binding to the OPM-2 and KMS-11 cell lines, but not K562 cells, when compared to 

untreated control (Figure 29). The results presented earlier also suggest that these two supernatants 

had the greatest effect on cellular proliferation against the MM cell lines, both by MTT and CFSE 

assays (Figures 32 and 33). These results were confirmed in three additional MM cell lines, with 

significant decreases in proliferation in all three cell lines at 24 hours following treatment with the 

4F10 and 5G4 supernatants (Figure 34B). To confirm that the reduction in proliferation was not due 

to cell death, we assessed cell viability and showed that the supernatants had no significant 

cytotoxic effect against any of the 4 cell lines (Figure 34A). 

Figure 33. 4F10, 5G4 and 2B10 supernatants induce a significant decrease in cell 
proliferation in OPM-2, but not K562 cells. 
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(A) KMS-11, OPM-2, H929 and K562 were cultured with neat supernatant for 24 hours. Cell viability was 

assessed by flow cytometry following staining with annexin V and PI. (B) KMS-11, OPM-2, H929 and K562 

cells were cultured with neat supernatant for 24 hours. Cell proliferation was assessed by MTT cell 

proliferation assay. Data are the mean and standard deviation from a minimum of 3 biological replicates per 

cell line. Statistical analysis performed using two-way ANOVA of a minimum of 3 biological replicates. 

*P<0.05, **P<0.01, ***P<0.001, **** P<0.0001. 

Next, BCMA knockout cell lines were developed in collaboration with the Molecular Therapeutics 

Laboratory at the Centre for Cancer Biology (CCB), Adelaide, to further confirm that binding and the 

effect of the supernatants on MM cell proliferation were mediated via BCMA expression on the MM 

cell surface. BMCA knockout construct were successfully transduced into KMS11 and OPM-2 cells 

using a CRISPR knock out guide RNA 1 and 2. BCMA knockout in the cell lines was confirmed by flow 

cytometry, in comparison to control BCMA-expressing cell lines (Figure 35A). BCMA expression was 

also confirmed by Western blot, but with interesting results. A distinct band at the expected 

molecular weight (20 kDa) was observed in control KMS-11 cells, however a higher molecular weight 

Figure 34. Hybridoma supernatants 5G4 and 4F10 induced a significant decrease in cell 
proliferation of MM cell lines, with no change in viability. 
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band was evident in the two knockout cell lines (Figure 35B). This was also observed in one of the 

OPM-2 knock out lines, while no evidence of BCMA at the expected molecular weight or the higher 

molecular weight protein was observed in the other OPM-2 knockout line (Figure 35B). Possible 

explanations for the higher molecular weight band in the knockout cells will be discussed later in 

the chapter. These cell lines were developed to confirm the effects of the supernatants were BCMA 

specific. Figure 35C clearly demonstrates binding of a component of the 5G4 and 4F10 hybridoma 

supernatants to the two control MM cell lines and minimal binding to the BCMA knockout cell lines. 

The 5G4 and 4F10 supernatants also significantly reduced the proliferation of the vector control 

OPM-2 and KMS-11 cells but had no effect on the BCMA knockout cell lines (Figure 35D).  

Given the results described above, subcloning of the 5G4 and 4F10 supernatants was attempted by 

staff at the MADP facility. Unfortunately, subclones derived from the hybridomas that produced the 

5G4 and 4F10 supernatants did not yield any high affinity anti-BCMA antibodies that had binding 

against the OPM-2 or KMS-11 cell lines (Figure 36A). The products from the subcloned cells also had 

no effect on the proliferation of the MM cell lines (Figure 36B), while the BCMA binding capacity 

and antiproliferative effects of the parent supernatants 5G4 and 4F10 remained consistent (Figure 

36). After multiple rounds of subcloning were unsuccessful, it was decided that another approach 

for developing a BCMA monoclonal antibody would be attempted.  
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(A) KMS-11 and OPM-2 cells transduced with a control vector, BCMA guide RNA 1 (G1) and BCMA guide RNA 

2 (G2) were incubated for 30 mins with a commercial BCMA antibody, followed by a PE-conjugated secondary 

antibody. BCMA expression was assessed by flow cytometry. Data are the mean and standard deviation from 

a minimum of 2 biological replicates per cell line. (B) BCMA expression in KMS-11, OPM-2 and corresponding 

BCMA knockout cell lysates was assessed by Western blot. (C) KMS-11, OPM-2 and corresponding BCMA 

knockout cell lines were incubated with neat supernatant. BCMA binding capacity was assessed by flow 

cytometry. Data are the mean and standard deviation from a minimum of 2 technical replicates per cell line. 

(D) KMS-11, OPM-2 and corresponding BCMA knockout cell lines were cultured with neat supernatant for 24 

Figure 35. 5G4 and 4F10 supernatants do not bind to or impact proliferation of BCMA 
knockout KMS-11 and OPM-2 cells. 
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hours. Cell proliferation was assessed by MTT cell proliferation assay. Data are the mean and standard 

deviation from a minimum of 3 biological replicates per cell line. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) KMS-11 and OPM-2 cell lines were incubated with neat subclone supernatant from the hybridomas 

indicated. BCMA binding capacity was assessed by flow cytometry. (B) KMS-11 and OPM-2 cell lines were 

cultured with neat supernatant for 24 hours. Cell proliferation was assessed by MTT cell proliferation assay. 

Data are the mean and standard deviation from a minimum of 2 technical replicates per cell line. 

 

 

Figure 36. 5G4 and 4F10 subclones failed to bind BCMA or induce a significant reduction in 
cell proliferation of KMS-11 or OPM-2 cells. 
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4.2.4 Expression of BCMA in CHO and HEK293t cell lines 
As subcloning of the hybridomas was unsuccessful, it was decided that a different approach would 

be attempted to generate a novel monoclonal BCMA antibody. The method suggested by the team 

at MADP involved purchasing a BCMA containing plasmid to express BCMA in two cell lines that do 

not normally express the protein (Appendix Figure 5A-B). One cell line would be used to immunise 

immunosuppressed mice, and the other cell line would be used to screen for BCMA binding 

antibodies secreted by the resulting hybridomas. We performed the first stage of this approach, 

involving transfection of CHO and HEK293t cells. Prior to transfection, the commercial plasmids 

were verified by agarose gel electrophoresis and Sanger sequencing (Appendix Figure 5C). 

CHO and HEK293t cell lines were transfected with a commercially available BCMA-containing 

plasmid using the Fugene® transfection reagent. Initial experiments were promising in the HEK293t 

cell line, but we observed low transfection efficiency in the CHO cell line, as seen by the proportion 

of GFP-expressing cells (Figure 37). The GFP positive cells were then isolated by flow cytometry and 

cultured in media containing the selection agent, hygromycin B, at an appropriate concentration of 

500 μg/mL (Figure 38). Although cell sorting and expansion was possible in these transfected cell 

lines, the number of GFP expressing cells present following transfection with the BCMA plasmid was 

low (Figure 38). We also believe that the transfected cells were eventually outgrown by wild type 

cells when hygromycin B was not present in the media, while cells cultured in hygromycin B did not 

remain viable or proliferate. We subsequently repeated the transfections using a Lipofectamine 

2000-based methodology, which yielded GFP-positive cells, but again the cells that were transfected 

with the BCMA plasmid did not remain viable, leading to similar results to those shown earlier 

(Figures 37-39). Further development of BCMA-expressing cells was then performed by MADP. 
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(A) CHO and (B) HEK293t cell lines were transfected with commercial plasmids using a Fugene-based 

methodology for 72 hours. Images were captured at 20x magnification using an EVOS M5000 Imaging System. 

 

 

 

 

 

 

 

Figure 37. Commercial BCMA plasmids can be used to transfect CHO and HEK293t cell 
lines. 
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(A) CHO and (B) HEK293t cell lines transfected with commercial plasmids using a Lipofectamine 2000-based 

methodology for 72 hours were sorted by flow cytometry. Images show cells 24 hours after sorting with and 

without Hygromycin B. Images captured at 20x magnification using the EVOS M5000 Imaging System. 

 

 

Figure 38. Flow cytometry can be used to identify and isolate GFP-expressing cells but 
selection using hygromycin B was not effective. 
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(A) CHO and (B) HEK293t cell lines were transfected with commercial BCMA plasmids using a Lipofectamine 

2000-based methodology for 72 hours. GFP-expressing cells were subsequently isolated by flow cytometry. 

Images show cells seven days post sorting, cultured with or without hygromycin B. Images were captured at 

20x magnification using an EVOS M5000 Imaging System. 

 

 

Figure 39. Hygromycin B selection was cytotoxic towards non-transfected HEK293t but not 
CHO cells. 
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4.2.4 Transfecting CHO and HEK293t cell lines with BCMA containing 
plasmid 
The team at the MADP have extensive knowledge and expertise in the development of knock in cell 

lines, hence the reason for engaging them in this aspect of the project. The CHO and COS7 cell lines 

and the same BCMA containing plasmid were used to develop two GFP-expressing cell lines, which 

were assumed to express the BCMA protein, although this was not checked. The GFP positive cells 

were isolated using a method similar to our in-house approach and the GFP-expressing CHO cell line 

was subsequently used to immunise the mice. The supernatants generated from the hybridomas 

derived from these mice were then screened using the GFP-expressing COS7 cell line. Several 

supernatants were identified that were thought to have antibodies that bound to the COS7 cells.  

Unfortunately, the CHO and COS7 cell lines were not screened for BCMA surface expression prior to 

injection into the mice. We requested the cells be sent to Flinders University and we subsequently 

found that neither the CHO nor the COS7 cell line expressed BCMA (Figure 40A). This was confirmed 

using both flow cytometry and Western blotting, suggesting that the cells did not express BCMA, 

either on their cell surface or internally (Figure 40A-B). Interestingly, when the transfected COS7 cell 

line was cultured with supernatants derived from the hybridomas, a small, non-significant increase 

in the fold change for PE fluorescence was observed, indicative of some surface binding (Figure 40C-

D). These results suggest that the binding capacity of the supernatants that were screened by the 

MADP was not specific to BCMA.  
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(A) OPM-2, K562, COS7 and CHO cell lines were stained with a commercial BCMA antibody for 30 minutes, 

followed by staining with a PE-conjugated secondary antibody. BCMA expression was assessed by flow 

cytometry as a fold change in PE fluorescence relative to cells incubated with secondary antibody alone. Data 

are the mean and standard deviation from a minimum of 2 biological replicates per cell line. (B) BCMA 

expression by Western Blot in OPM-2, K562, COS7 and CHO cell lysates. (C) COS7 wildtype and transfected, 

GFP positive cells were incubated with neat hybridoma supernatant. The binding capacity of the supernatants 

was assessed by flow cytometry. (D) Representative flow cytometry histograms showing minimal binding of 

components from the hybridoma supernatants to the COS7 transfected cell line. 

 

 

 

 

Figure 40. Transfected COS7 cells did not express BCMA but supernatants derived from 
hybridomas did show some binding to the cell line. 
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4.2.5 FDA approved daratumumab as an alternative antibody for 
liposome conjugation 
An aim of the project was always to test liposomes conjugated to a clinically approved antibody 

alongside the novel BCMA antibody that we had intended to develop. Daratumumab was chosen 

for this purpose, as it is also commercially available. Daratumumab is an anti-CD38 monoclonal 

antibody that is currently used in a range of highly effective treatment regimens for MM (227). CD38 

is overexpressed on MM cells compared to most other immune cells (lymphoid and myeloid cells), 

making it an attractive target for therapy of MM.  

Initially, we used daratumumab to assess CD38 expression and binding of the antibody to the MM 

cell lines, OPM-2, KMS-11 and KMS-18, the healthy B-cell, FH9 and the CLL cell line, OSU-CLL (Figure 

41). As expected, CD38 expression was observed on the MM cell lines but not on the FH9, OSU-CLL 

or HEK293T cell lines, supporting the notion that CD38 represents a specific target on MM cells. 

Interestingly, we observed a higher fluorescent signal when daratumumab and a PE-conjugated 

secondary antibody was used, compared to the signal from a commercial anti-CD38 antibody 

(Becton Dickinson; Appendix Figure 6). The effects on cellular viability were then investigated 

against the OPM-2 and KMS-11 cell lines. No decrease in cell viability was observed in either cell 

line, following a 24h treatment with daratumumab (Figure 42A). Daratumumab also had no effect 

on cell proliferation in either of the two MM cell lines, OPM-2 and KMS-11 (Figure 42B). The lack of 

cytotoxic or anti-proliferative effects of daratumumab were not surprising given the absence of 

other immune cells. This will be discussed in more detail below. 

(A) OPM-2, KMS-11, KMS-18, FH9 (non-malignant B cells) and OSU-CLL cell lines were incubated with 

daratumumab or an isotype control antibody for 30 minutes, followed by staining with a PE-conjugated 

secondary antibody. CD38 expression was assessed by flow cytometry as a fold change in fluorescence 

Figure 41. Daratumumab effectively binds CD38 on MM cell lines. 
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compared to the isotype control. Data are the mean and standard deviation from a minimum of 2 biological 

replicates per cell line. (B) Representative flow cytometry histograms of OPM-2 cells stained with 

daratumumab or isotype control and PE-conjugated secondary antibody.  

  

Figure 42. Daratumumab does not induce changes in the viability or proliferation of MM cell 
lines. 
(A) OPM-2 and KMS-11 cell lines were cultured with the doses of daratumumab indicated for 24 hours. Cell 

viability was assessed by staining with annexin V and PI with analysis by flow cytometry. (B) OPM-2 and KMS-

11 cell lines were cultured with the doses of daratumumab indicated for up to 72 hours. Cell proliferation 

was assessed by MTT cell proliferation assay and compared to untreated control. Data are the mean and 

standard deviation from a minimum of 1 independent experiment per cell line. 
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4.3 Discussion  
4.3.1 Targeting BCMA in MM 
The overarching aim of this chapter was to develop a novel BCMA-targeting antibody using a unique 

peptide, specifically designed to elicit an immune response in mice. BCMA is well established as a 

protein that is over-expressed on malignant (MM) plasma cells, compared to other healthy cells 

including plasma cells, making it a promising therapeutic target for MM. Targeting BCMA as a 

therapeutic strategy is not a novel concept in MM, with the ADC belantamab mafodotin showing 

promising efficacy as a single agent and in combination therapies (229). Belantamab mafodotin 

utilises a BCMA monoclonal antibody to deliver monomethyl auristatin F to MM cells, inducing cell 

cycle arrest and subsequent apoptosis (229). Belantamab mafodotin was FDA approved first in 2020, 

but was later withdrawn from both the US and European markets (59). It is now being reviewed 

again by the FDA for use in combination regimens, with an decision expected to be made in 2025 

(74). Immunotherapies utilising BCMA as a target have also been developed in the last 5 years, with 

more than 10 BCMA-targeting CAR-T cell therapies approved for early phase clinical trials in 2020 

(230). As of April 2024, the FDA has approved two BCMA CAR-T cell therapies for MM, Idecabtagene 

vicleucel and ciltacabtagene autoleucel, both of which have displayed promising results in clinical 

trials (77).  

BCMA expression was investigated in a range of MM cells using both flow cytometry and Western 

blot analysis (Figure 27). All of the MM cell lines studied were found to express BCMA by both flow 

cytometry and Western blot, although expression varied between the different lines. H929 clearly 

demonstrated the highest expression of BCMA, while KMS-18 had minimal BCMA expression with 

either of the techniques (Figure 27). These results were consistent with the literature, which 

suggests that the majority of MM cells express BCMA (76). Additionally, the Raji (Burkitt’s 

lymphoma) cell line, primary lymphomas and a subset of healthy mature B cells have been shown 

to express low levels of BCMA (76). This suggests that BCMA targeted therapeutics may be useful in 

more than just MM. Importantly, in the context of the current study, the CML cell line K562, which 

was used as a negative control, did not express BCMA. 

4.3.2 Novel antibodies can bind BCMA on MM cell lines 
Antibody production begins with the immunisation of immunocompetent mice with a suitable 

antigen. A 15 amino acid peptide, corresponding to an extracellular domain of BCMA was generated 

based on its uniqueness to other BCMA antibodies, immunogenicity, and water solubility (68). The 
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novelty of developing a new BCMA monoclonal antibody is within the unique epitope the antibody 

is generated against. The use of BCMA mAbs in ADC production is discussed above. BCMA targeting 

has also been implemented in CAR-T therapies (75) and as bispecific antibodies (70), however to 

date there are no unconjugated BCMA targeting monoclonal antibodies approved for use in MM. 

Unconjugated antibodies have been used in MM with great efficacy, including daratumumab (227), 

which suggests a therapeutic opportunity, leading us to develop a novel BCMA monoclonal 

antibody. Currently there are limited FDA approved BCMA targeting therapies for MM. 

A key function of monoclonal antibodies is the capacity to bind its target and from our generated 

hybridomas we found that range of supernatants displayed surface binding by flow cytometry to 

MM cell lines but not the BCMA null K562 cell lines (Figure 28). Of the 70 supernatants screened, 8 

supernatants stood out as clear candidates for further testing (Figure 29). The initial results were 

confirmed against the OPM-2 and KMS-11 cell lines, demonstrated by peak shifts in the fluorescence 

of the secondary, PE-conjugated antibody, compared to cells incubated with the secondary antibody 

alone. An isotype control antibody is a nonspecific antibody, that has a matching isotype (i.e. heavy 

chain), and fluorochrome conjugation (if applicable) to the primary antibody. As characterisation of 

the isotype(s) had not been performed on antibodies secreted by the hybridomas, it was not 

possible to use an isotype control for these assays. These antibodies generated against our novel 15 

amino acid epitope displayed promising BCMA binding capacity. 

4.3.3 Novel antibodies display functional effects in MM cell lines 
Downregulation of BCMA is strongly associated with decreased viability of MM cells, and targeting 

the BCMA signalling pathway has proven to be a promising therapeutic strategy for the disease 

(231). To test the effects of BCMA binding on our MM cell lines, the cells were cultured for 24 hours 

with the hybridoma supernatants that we identified as having the greatest binding capacity; cell 

viability was assessed by flow cytometry. No change in viability was observed in the MM cell line, 

OPM-2, in response to any of the supernatants. Research has demonstrated that BCMA is also 

actively involved in the proliferation and survival of MM cells both in vitro and in vivo (231). More 

specifically the activation of BCMA by its ligand, a proliferation inducing ligand (APRIL), activates 

intracellular signalling via protein kinase B, MAPK and nuclear factor signalling, which collectively 

promote survival and growth (231). Therefore, blocking the binding of APRIL using an anti-BCMA 

antibody may disrupt this signalling and impact cell proliferation. To investigate this, MM cell lines 

were cultured with the hybridoma supernatants and cell proliferation was then assessed by MTT 

assay. 
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A screen was performed of all the supernatants, which narrowed down the supernatants to a panel 

of candidates deemed worthy of further testing (Figure 31). Interestingly, some of the supernatants 

tested had a notable impact on cell proliferation against the MM cell lines, in particular the 

supernatants 4F10 and 5G4. This was confirmed by MTT in the OPM-2, H929 and KMS-11 MM cell 

lines with a significant decrease in cell proliferation after 24 hours, with no impact on the CML cell 

line K562 (Figure 32 and 34). Cell viability assays were performed at the same time to investigate 

whether this change in proliferation correlated with a change in viability. Again, no effect of any of 

the supernatants was observed on cell viability. These results were recapitulated using another 

proliferation assay, based on the dilution of carboxyfluorescein succinimidyl ester (CFSE) over time. 

Both of the supernatants tested caused a significant decrease in cell proliferation in the OPM-2 but 

not the K562 cell line (Figure 32). These data suggest that some of the supernatants may have 

contained factors, possibly antibodies, with the ability to block the proliferation of MM cells. 

Although the presence of APRIL was not confirmed in the supernatants, it is possible that the anti-

proliferative effects may have been mediated by a blockade of the binding site for the ligand on 

BCMA. This idea is consistent with previous studies that have shown antibodies can block the pro-

survival or proliferative signalling of a receptor by occupying the binding site for the ligand (232). It 

was intended that questions regarding the mechanism by which the antibodies inhibited 

proliferation would be addressed following the production of a monoclonal anti-BCMA antibody.  

4.3.4 Novel antibodies are BCMA specific and do not bind other MM 
surface proteins  
Next, BCMA knockout OPM-2 and KMS-11 cell lines were developed, in collaboration with Professor 

Stuart Pitson at the Centre for Cancer Biology at the University of South Australia. Two models were 

developed in each of the MM cell lines using different guide RNAs. The cells were then assessed for 

BCMA expression by flow cytometry and Western blot. Flow cytometry was used to confirm the WT 

MM cell lines expressed BCMA on their surface, while the knockout lines did not (Figure 35A). 

Interestingly, protein bands were observed by Western blot in two of the KMS-11 and one of the 

OPM-2 knockout lines after incubation with the BCMA antibody (Figure 35B). However, these bands 

were larger than the size of the band expected for BCMA in both of the MM cell lines. These bands 

may be due to non-specific binding or BCMA knockout resulting in the removal of a region of the 

protein that localises it to the plasma membrane, rather than a complete knockout of the protein. 

Given that the knockout models did not express BCMA on their surface no further experiments were 

performed to examine BCMA expression or determine what the higher molecular weight protein 
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was in these cells. These knockout models were then used to investigate the specificity of the 

antibodies contained within supernatants 5G4 and 4F10. No increase in the PE signal from the 

secondary antibody was observed following incubation of the knockout cells with the hybridoma 

supernatants, indicating that surface binding did not occur in these cells (Figure 35C). Similarly, 

when the knockout cells were cultured with the supernatants for 24 hours, no decrease in 

proliferation was observed (Figure 35D). Knockout cell lines are valuable for confirming specificity 

and validating functional activity as negative controls. Having shown efficacy in terms of binding and 

functional effects of the hybridoma supernatants with a range of controls and different assays, the 

corresponding hybridomas were subjected to subcloning.  

4.3.5 Subcloned hybridomas do not yield effective antibodies  
Subcloning is the process of isolating and expanding a single, antibody-producing hybridoma cell so 

that a single antibody clone can be generated. Hybridomas, as mentioned above, are typically a mix 

of multiple clones and therefore the antibodies produced are polyclonal. The identification of a 

hybridoma clone that produces a suitable antibody is followed by the expansion and storage of the 

now clonal cell line (65). A clonal population of hybridoma cells produce monoclonal antibodies that 

are theoretically more stable and consistent than the heterogenous antibodies secreted by a 

polyclonal population of cells (polyclonal antibodies) (65). The process of subcloning was performed 

by the MADP team, who also screened the supernatants produced by the resulting hybridoma by 

ELISA. The hybridoma supernatants that contained the desired antibodies were subsequently sent 

to us for further testing. Unfortunately, the supernatants derived from the subcloned hybridomas 

no longer elicited any BCMA surface binding by flow cytometry or functional effect on MM cell 

proliferation (Figure 36). The reason that this stage was not successful is unclear but may be due to 

loss of cells that produced the desired antibody due to heterogeneity or instability. Although less 

likely, clonal variation, culture conditions, detection issues or contamination may also have caused 

the loss of the positive signal. These issues can often be difficult to trouble shoot. Despite another 

round of subcloning where similar results were obtained (results not shown), so another approach 

was taken to develop the novel BCMA monoclonal antibody. 

4.3.6 Utilising cell-based immunisation to develop a monoclonal 
antibody 
A commercially available plasmid containing BCMA was transfected into HEK293t or CHO cell lines 

using one of two different methods, using either a Fugene® or a lipofectamine based method. The 

control vector and the BCMA containing vector were verified by agarose gel electrophoresis and 
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Sanger sequencing. Initial transfections resulted in GFP-expressing cells, however neither cell line 

was viable or stably expressed GFP, even after cell purification by fluorescent activated cell sorting 

(FACS) (Figures 37-39). As the cells did not remain viable, BCMA expression was not confirmed on 

the isolated GFP-expressing cells. After these initial problems with stable transfection and due to 

limited experience in this field, we engaged the MADP to continue the work using the same plasmid 

to develop their own BCMA expressing cell lines. The plan was then to immunise mice with one of 

the BCMA-expressing cell lines and utilise the other cell line to screen for the presence of anti-BCMA 

antibodies. While less commonly used, antigen-expressing cell lines can be used as a means of 

immunising mice for antibody production (233). This study is one example of this approach, where 

HEK293t cells presenting native viral proteins were used to rapidly develop a monoclonal antibody 

(233). In our study, the transfected CHO cells were used to immunise mice, and the fusion process 

for generation of hybridomas was repeated as previously described. Transfected COS7 cells were 

then used to screen for the presence of anti-BCMA antibodies in the supernatants. Initial screens 

did show some positive results in terms of binding to the transfected COS7 and not WT cells. 

However, when both lines were assessed for BCMA expression it was discovered that neither the 

WT nor BCMA-transfected CHO cell lines that were used to immunise the mice, nor the COS7 cell 

lines used to screen the hybridoma supernatants expressed BCMA (Figure 40). This was also 

confirmed in the COS7 cell line by Western blot (Figure 40B). Unfortunately, this meant that the 

hybridoma supernatants could not have contained antibodies that target BCMA. This could have 

been avoided if BCMA expression was assessed on these cell lines prior to immunisation of the mice. 

This meant that we proceeded with our back up approach, which was to use an antibody that is 

both commercially available and FDA approved for conjugation to the liposomes.  

4.3.7 Daratumumab is effective for targeting MM cells 
Daratumumab is an FDA approved monoclonal antibody that is now widely used to treat MM 

patients (227). While the initial plan of the current project was to develop a novel BCMA antibody, 

we understood that generating a novel monoclonal antibody can be technically difficult and there 

was no guarantee that the methods employed would lead to a suitable antibody. For this reason 

and to demonstrate proof-of-principle with a monoclonal antibody that is currently used in the 

clinic, we chose to investigate daratumumab as a potential conjugate for targeting our liposomes to 

MM cells. Initially, we assessed daratumumab binding to MM cells in vitro, which also provided an 

indication of the levels of CD38 expression on the surface of the MM cell lines. Daratumumab clearly 

bound to the surface of the OPM-2 and KMS-11 cells, supporting the fact that both cell lines express 
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CD38 (Figure 41A). Unlike the hybridoma supernatants investigated earlier in the chapter, 

daratumumab had no effect on either the survival or proliferation of MM cells (Figure 42). These 

results were expected, as previous studies have shown that the mechanisms of action of 

daratumumab require effector cells (e.g., NK cells) to induce cell death of MM cells (81). Studies 

suggest that daratumumab may also induce cell death via Fc receptor mediated crosslinking (83). As 

daratumumab has been extensively studied and due to the costs and time involved, we did not 

investigate antibody-dependent cellular cytotoxicity and complement-dependent cytotoxicity as 

mechanisms of action of daratumumab.  

4.3.8 Conclusions 
In conclusion, this chapter describes the steps and experiments required to develop a monoclonal 

antibody, from the use of a peptide or antigen-presenting cells to immunise mice to the subsequent 

screening that is necessary of the resulting hybridoma supernatants. The functional effects of the 

hybridoma supernatants were investigated and although some did appear to contain potential anti-

BCMA antibody candidates that were worthwhile subcloning, we were unsuccessful at developing 

a single BCMA hybridoma clone. Despite this, the knowledge and skills gained from the experiments 

and techniques used during this process helped in many other aspects of the overall project. We 

were able to proceed with the anti-CD38 monoclonal antibody, daratumumab, in the next chapter, 

which focuses on the development of antibody-conjugated ferroptosis liposomes.  
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CHAPTER 5. SYNTHESIS OF ANTIBODY-
FUNCTIONALISED LIPOSOMES 

5.1 Introduction 
This chapter describes the development of lipid-based nanoparticles, called liposomes, to effectively 

deliver ferroptosis substrates or ferroptosis-inducing drugs to MM cells. Liposomes are versatile 

spherical vesicles primarily composed of lipids, and in the case of this project, PLs. As the results 

from chapter 3 highlight, lipids and in particular PLs play an integral role in ferroptosis, with PLs 

containing PUFAs a key ferroptosis substrate. This led to the hypothesis that unique liposomes 

comprised of the lipids identified in chapter 3 would represent a novel method by which PLs can be 

delivered to cancer cells. The versatility of liposomes also refers to their ability to act as a mechanism 

for drug delivery, especially for drugs with poor pharmacokinetic and toxicity profiles, such as RSL3 

(234). Liposomes can be used to delivery hydrophobic drugs within the lipid bilayer or hydrophilic 

drugs in the aqueous core. The overarching aim of this chapter was to develop liposomes capable 

of inducing ferroptosis-mediated cell death through the delivery of both ferroptosis substrates 

(PUFAs) and ferroptosis-inducing compounds (RSL3).  

To date, there have been no published studies that have examined ferroptosis-targeting 

nanotechnologies in MM, however research on liposomes and apoptosis has yielded promising 

results. For example, liposomes containing bortezomib have proven effective against MM cells in 

vitro and in vivo (235, 236). Studies of liposomes in the context of ferroptosis in other 

haematological malignancies is also limited but another form of nanoparticle has been investigated 

as a drug delivery mechanism in lymphoma. Zhang et al., demonstrated that delivery of the erastin 

analogue (system Xc- inhibitor), IKE, to lymphoma cells could be enhanced by using polyethylene 

glycol-poly (lactic-co-glycolic acid) (PEG-PLGA) nanoparticles (237). These nanoparticles induced 

ferroptotic cell death in lymphoma models and reduced the toxicity observed when mice were 

treated with free IKE (237). Similarly, another group found that high-density lipoprotein-like 

nanoparticles were able to induce cell death consistent with ferroptosis of Burkitt’s lymphoma, 

DLBCL and T cell–rich B cell lymphoma cells (149).  

The novelty and therapeutic potential of liposomes lie in the ability to modify their design and 

functionalise them as a drug delivery system. One of the most common techniques involved in 



   
 

133 

liposome synthesis is the thin-film method. This technique involves forming a thin film of lipids on 

the inside of a rotary evaporator flask, which is then rehydrated with an appropriate buffer while 

being vigorously shaken and simultaneously heated to an appropriate temperature (238). This 

method is highly reproducible but lacks the ability to produce liposomes that are uniform in size or 

in the amount of drug that is encapsulated. However, this method is relatively inexpensive and 

requires minimal equipment (238). Emerging technologies in the field of nanoparticle research have 

improved the processes involved in liposome synthesis, particularly through implementation of 

microfluidics. Microfluidics describes the processing or manipulation of small volumes of fluids 

within a network of channels that are typically embedded within a microfluidic chip. The 

introduction of microfluidics into the process of liposome synthesis has significant advantages, 

particularly as this has led to the ability to uniformly disperse liposomes, meaning their size and 

charge can be more accurately controlled (239). The downside of using microfluidics to synthesise 

liposomes is the cost associated with purchasing assembly systems and microfluidic cassettes, 

limitations on what buffers can be used due to the sensitivity of the chips and the rate at which 

liposomes can be synthesised (239). Despite these limitations, we employed microfluidic systems in 

the current study to synthesise and optimise liposomal formulations due to the significant 

advantages of reproducibility and efficiency.  

While the techniques used for liposome synthesis are important, the formulation of liposomes is 

equally as important and can be the factor that determines whether manufactured liposomes are 

suitable for functional testing. The formulation of liposomes varies considerably between studies, 

but they will often be composed of lipids with strategic roles, including cholesterol, 

distearoylphosphatidylcholine (DSPC) and distearoylphosphatidylethanolamine polyethylene glycol 

2000 (DSPE-PEG2000) (240, 241). Cholesterol plays an important role in the stability, fluidity and 

elasticity of the liposome membrane and can impact drug release (241). DSPC is often used to 

improve liposome stability and the efficiency of drug encapsulation, while DSPE-PEG2000 prolongs 

the amount of time liposomes can remain in the circulation, improves drug bioavailability and 

reduces side effects associated with the nanoparticle (240). The formulation of liposomes also 

dictates their capacity for functionalisation.  

The ability to functionalise liposomes with ligands, peptides or antibodies mean that these 

nanoparticles have significant potential to act as a targeted drug delivery system in a wide range of 

diseases, including cancer, thereby limiting toxicity. Liposomes coupled to antibodies, or 

immunoliposomes, which are synthesised by chemically coupling antibodies to the surface of the 
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liposomes, have proven to be highly specific for cells expressing the target antigen (242). 

Interestingly, PEGylated liposomes may also be capable of enhancing both the permeability and 

retention of antitumor agents in cancer cells through a process known as passive targeting (242). 

Once the liposomes reach the target cell they can be taken up in four distinct ways, either by 

endocytosis, liposome fusion to the cell membrane, lipid exchange with the cell or through 

interactions with cell surface receptors (243). In the case of targeted liposomes, uptake can also 

occur through receptor-mediated endocytosis (243).  

To date, there have been few studies on liposomes comprised of PLs in the context of ferroptosis 

and none on these liposomes as a potential therapeutic strategy for MM, highlighting the novelty 

of the current research. The aim of the research conducted in this chapter was to investigate the 

effects of uniquely formulated liposomes that encapsulate the ferroptosis inducer, RSL3, as a means 

of delivering both a ferroptosis substrate, namely PL-PUFAs, and a ferroptosis-inducing inhibitor of 

GPX4, specifically to MM cells. A large body of this work has now been peer review and published 

(Publication 2 in the Appendix). 
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5.2 Results  
5.2.1 Liposomes containing cholesterol have unexpected results in MM 
Liposome formulations can dictate the stability, loading capacity and circulation time of 

nanoparticles, and often contain specific lipids that aid in these functions (244). Cholesterol exerts 

a profound role on the structural stability, permeability and fluidity of liposomes and often makes 

up a high percentage of the total lipids in common liposome formulations (244). PEGylated lipids 

increase the circulation half-life of nanoparticles while also enhancing stability (245). Liposomes are 

typically formulated for the purpose of drug delivery and otherwise have minimal influence on the 

therapeutic benefit of the drug. In the current project the lipid composition of the liposomes was 

designed based on the data presented earlier in the thesis that demonstrated the importance of the 

lipids as ferroptosis substrates.  

Initially, liposomes containing PE (16:0_22:6): cholesterol: DSPC: DSPE-PEG2000 at ratios of 

40:48:10:2 (w/w/w/w%) were generated. This formulation was based on a standard recipe 

proposed by Prof Clive Prestidge. These liposomes had an average diameter of 220 nm with a 

polydispersity index (PDI) of less than 0.3, suggesting they were relatively uniform and were within 

a suitable size. PDI represents the size distribution of liposomes, with values under 0.30 suggesting 

nanoparticles of uniform size. The liposomes also had a near neutral charge. 

Surprisingly, the initial liposomes had little effect on the viability of either OPM-2 or KMS-11 cells 

and did not sensitise either cell line to RSL3 (Figure 43A-B). No significant difference in the viability 

of OPM-2 cells was observed when cells were treated with unencapsulated RSL3 and the liposomes 

compared to liposomes alone, suggesting the liposomes had no effect on the sensitivity of the cells 

to ferroptosis (Figure 43A). The relatively small decrease in cell viability observed in the OPM-2 cell 

line following treatment with the highest dose of liposomes was prevented by liproxstatin-1 (Figure 

43A). The results were similar against the KMS-11 cell line following treatment with liposomes alone, 

with no significant decrease in viability (Figure 43A). The combination of unencapsulated RSL3 and 

the liposomes did induce cell death in this cell line, reducing the viability to approximately 45% 

(Figure 43A). However, this reduction in cell viability was not completely preventable by liproxstatin-

1, with a viability of approximately 60% following treatment with the combination of liposomes, 

RSL3 and liproxstatin-1 (Figure 43A). Given the results presented in Chapter 3, which showed that 

SFAs play a minimal role in ferroptosis, we decided to investigate the effect of decreased levels of 

cholesterol on the ferroptosis-sensitising capacity of the liposomes. Cholesterol and cholesterol 



   
 

136 

precursors have been shown to be actively involved in ferroptosis inhibition in several different 

models  (138, 246-248).   

 Liposomes were synthesised containing PE (16:0_22:6): cholesterol: DSPC: DSPE-PEG2000 at ratios 

of 40:20:38:2 (w/w/w/w%). Cholesterol levels were halved in the second liposome formulation, 

while the level of DSPC was tripled. The average size, PDI and charge of the liposomes remained 

largely unchanged. However, the reduction in cholesterol levels did not improve the efficacy of the 

liposomes, either alone or in combination with unencapsulated RSL3, in either of the cell lines 

(Figure 43B). This led to further revisions of the liposome formulation and the investigations in the 

discussion of this chapter.  

(A) OPM-2 and KMS-11 cells were cultured for 24 hours with the indicated amounts of liposomes comprised 

of PE (16:0_22:6): cholesterol: DSPC: DSPE-PEG2000 at ratios of 40:48:10:2 (w/w/w/w%), RSL3 (OPM-2 – 50 

nM, KMS-11 – 2.5 μM) and liproxstatin-1. Cell viability was assessed by flow cytometry following staining 

with annexin V and PI. (B) OPM-2 and KMS-11 cells were cultured for 24 hours with the amounts indicated 

of liposomes comprised of PE (16:0_22:6): cholesterol: DSPC: DSPE-PEG2000 at ratios of 40:20:38:2 

(w/w/w/w%), RSL3 (OPM-2 – 50 nM, KMS-11 – 2.5 μM) and liproxstatin-1. Cell viability was assessed by flow 

cytometry following staining with annexin V and PI. All data are the mean ± standard deviation of duplicate 

measurements from 1 independent experiments. 

Figure 43. Cholesterol dampens the effect of liposomes containing PUFA 
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5.2.2 Liposomes devoid of cholesterol have powerful ferroptosis 
sensitising properties 
Unfortunately, cholesterol is difficult to substitute in liposomal formulations, as liposomes that lack 

cholesterol often have poor stability, meaning a compromise had to be reached with the liposomes 

generated in the current study. Ultimately the goal of this chapter was to develop liposomes that 

can sensitise cells to ferroptosis and act as a delivery mechanism for RSL3. A new formulation was 

developed that did not contain cholesterol but instead contained a higher proportion of DSPC to aid 

in liposome stability. Liposomes were synthesised containing PE (16:0_22:6): cholesterol: DSPC: 

DSPE-PEG2000 at ratios of 49:0:49:2 (w/w/w/w%). As expected, these liposomes had different 

properties to the liposomes containing cholesterol. Liposomes with no cholesterol had an average 

diameter of 460 nm, with a PDI exceeding 0.3 and a neutral charge.  

Liposome uptake into cells can be measured by including a fluorescently tagged lipid, such as PE 

(18:1) conjugated to lissamine rhodamine B sulfonyl (RhB) at dilutions of 1 in 1000 (249). Assessing 

liposome uptake into cells is reasonably straightforward and involves using flow cytometry to 

measure the cells that are positive for the fluorescence from the tagged lipid. Figure 44A shows that 

cells cultured with liposomes containing Rhodamine B (RhB) fluoresce following excitation with a 

yellow/green laser (561nm), emitting light at a similar wavelength to that of phycoerythrin (PE). 

Cells with higher fluorescence than unmanipulated cells were classified as RhB positive and were 

considered to have taken up the fluorescently tagged liposomes. The percentage of RhB positive 

cells increased in a dose-dependent manner, with greater than 80% of cells deemed to have taken 

up liposomes at the highest concentration (Figure 44A).  

Although the liposomes were neither as small nor as uniform as the liposomes containing 

cholesterol, they displayed a profound capacity to sensitise MM cells to ferroptosis (Figure 44B). 

The liposomes alone did not induce ferroptosis in either of the MM cell lines, however the 

combination of unencapsulated RSL3 and the liposomes induced significant cell death (Figure 44B). 

The OPM-2 cell line displayed a liposome IC50 of 12.23 ± 5.00 μg/mL when combined with 50 nM 

unencapsulated RSL3 (Figure 44B). The KMS-11 cell line displayed a similar liposome IC50 of 12.82 ± 

6.70 μg/mL when combined with unencapsulated RSL3 (2.5 μM) (Figure 44B). Unlike the OPM-2 cell 

line, the viability of the KMS-11 cells did not drop below 15% at the highest concentration of 

liposomes when combined with unencapsulated RSL3 (Figure 44B). Importantly, liproxstatin-1 was 

able to inhibit cell death induced by the liposomes, with or without unencapsulated RSL3 (Figure 

44B).  
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Levels of lipid ROS, a key indication of ferroptosis, were also investigated in the two MM cell lines 

following treatment with the liposomes and unencapsulated RSL3. No significant increase in lipid 

ROS was observed in either the OPM-2 or KMS-11 cells following treatment with the liposomes 

alone (Figure 44C). However, it was clear that the combination of 10 μg/mL liposomes and 

unencapsulated RSL3 induced significantly higher levels of lipid ROS than RSL3 alone, in both the 

KMS-11 and OPM-2 cell lines. In the OPM-2 cell line, 50 nM RSL3 induced a 4-fold change increase 

in cellular lipid ROS, while the combination of liposomes and RSL3 induced a 13-fold increase in lipid 

ROS (Figure 44C). In the KMS-11 cell line, RSL3 alone induced a 3.5-fold increase, while the 

combination of RSL3 and liposomes induced an 8-fold increase in lipid ROS (Figure 44C). In both cell 

lines, liproxstatin-1 prevented the increases in lipid ROS induced by RSL3, with or without the 

liposomes (Figure 44C). Although it was evident that these liposomes were able to sensitise the cells 

to ferroptosis, there remained the issue regarding the size, uniformity and stability of this 

formulation. The next step was to investigate a new liposome formulation to test how different 

lipids influenced the liposome characteristics and capacity to sensitise the MM cells to ferroptosis.  
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(A) OPM-2 and KMS-11 cells were cultured with liposomes containing a fluorescently tagged lipid for 24 

hours. Uptake was assessed by flow cytometry. (B) OPM-2 and KMS-11 cells were cultured with liposomes 

with the formulation PE (16:0_22:6): cholesterol: DSPC: DSPE-PEG2000 at ratios of 48:0:48:2 (w/w/w/w%), 

RSL3 (OPM-2 – 50 nM, KMS-11 – 2.5 μM) and liproxstatin-1 for 24 hours. Cell viability was assessed by flow 

cytometry following staining with annexin V and PI. (C) OPM-2 and KMS-11 cells were cultured with 2.5 μM 

or 50 nM (OPM-2) RSL3, with or without liposomes and liproxstatin-1 for 24 hours. Lipid ROS levels were 

assessed by flow cytometry following staining with oxidised C11 BODIPY. All data are the mean ± standard 

deviation of duplicate measurements from 3 independent experiments. Statistical analysis was performed 

using two-way ANOVA of a minimum of 3 biological replicates. **** P<0.0001. 

Figure 44. Liposomes containing PUFAs are readily taken up by MM cells and sensitise the 
cells to RSL3-induced cell death. 
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5.2.3 Optimised liposomes of a suitable size and uniformity increase the 
sensitivity of MM cells to ferroptosis  
The specific lipids used in liposome formulations have a significant impact on the assembly of the 

nanoparticles, with different factors such as charge, head group and size affecting their assembly. 

To test how these factors impact the liposomes and their effects on MM cells, a range of liposomes 

were formulated with different compositions (data not shown) to determine how changing the 

proportion of the lipids affects the size and uniformity of the particles. A new formulation was 

developed that did not contain either cholesterol or DSPC, that was reliant only on DSPE-PEG2000 

for stability. Liposomes were synthesised containing PE (16:0_22:6): cholesterol: DSPC: DSPE-

PEG2000 at ratios of 98:0:0:2 (w/w/w/w%).  

These novel liposomes were predominantly composed of PE (16:0_22:6) (98%), which is one of the 

lipids that induced ferroptosis-mediated cell death when added exogenously to the MM cells (Figure 

20). The remaining 2% was a pegylated saturated fatty acid, DSPE-PEG2000, which was added to 

stabilise the liposomes. The mean diameter of the synthesised liposomes was 135 nm with a 

polydispersity index (PDI) of 0.06 and neutral charge of -2 mV (Appendix Figure 7). To assess their 

stability, liposomes were stored for 2 weeks at 4°C after synthesis; the mean diameter of the 

liposomes after 2 weeks was 131 nm with a PDI of 0.18, confirming they were stable within this time 

frame. 

Initially, liposomes were synthesised with the lipid, PE (18:1) tagged to the fluorochrome lissamine 

rhodamine B sulfonyl, to enable their cellular uptake to be assessed. OPM-2 and KMS-11 cells were 

cultured with varying amounts of the liposomes for 24 hours and levels of the fluorescently tagged 

lipid in the cells were assessed by flow cytometry. Liposome uptake was similar in both the OPM-2 

and the KMS-11 cells, with > 80% of the cells analysed deemed to be positive for the fluorescent 

lipid after a 24 hour treatment with 15 μg/mL of the liposomes (Figure 45A). The results also suggest 

that the uptake was dose-dependent, as the increase in fluorescence corresponding to the RhB 

fluorochrome increased as the concentration of liposomes was increased (Appendix Figure 8). In 

addition, imaging flow cytometry was used to visualise the locality of the RhB fluorescence within 

the cells. OPM-2 cells were cultured with 15 μg/mL liposomes with or without the RhB-conjugated 

lipid for 24 hours. As expected, no background fluorescence was observed in cells treated with 

either the control or blank liposomes (Appendix Figure 9). A clear fluorescent signal was observed 

in the majority of the cells treated with liposomes containing the RhB-tagged lipid, supporting the 

earlier data that the liposomes had been internalised into the cells (Appendix Figure 9). 
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Furthermore, the RhB lipid appeared to localise to the plasma membrane in many of the cells. 

Whether the RhB fluorochrome remained conjugated to the lipid is difficult to answer.  

Next, varying amounts of the liposomes were added to OPM-2 and KMS-11 MM cells for 24 hours, 

with the result that dose dependent cell death was observed in both cell lines (Figure 45B). The IC50 

values for the liposomes against the OPM-2 and KMS-11 cells were 36.80 ± 14.53 μg/mL and 33.28 

± 4.89 μg/mL, respectively (Figure 45B). A concomitant increase in levels of lipid ROS was also 

observed in cells treated with the liposomes, with a 1.6 ± 0.2-fold increase in the OPM-2 and a 1.7 

± 0.3-fold increase in the KMS-11 cells in response to a 15 μg/mL dose of the liposomes (Figure 45C). 

Addition of liproxstatin-1 prevented both the cell death and lipid ROS accumulation induced by the 

liposomes (Figure 45B-C). 

Consistent with the results obtained using exogenous lipids and RSL3, addition of free RSL3 in 

combination with the liposomes significantly increased the cytotoxic effects of the nanoparticles. In 

combination with 50 nM or 2.5 μM RSL3, the IC50 values for the liposomes against the OPM-2 and 

KMS-11 cells were reduced to 10.61 ± 2.91 μg/mL and 8.44 ± 2.73 μg/mL, respectively (Figure 45B). 

Synergy between 15 μg/mL of the liposomes and RSL3 was confirmed, with fractional products of -

0.54 for the OPM-2 cell line and -0.33 for the KMS-11 cell line (Figure 45B). RSL3 also significantly 

increased the levels of ROS induced by the liposomes in both cell lines; 15 μg/mL of liposomes in 

combination with RSL3 resulted in an 8.4 ± 1.1-fold increase of lipid ROS in the OPM-2 cells and a 

15.8 ± 3.6-fold increase in the KMS-11 cells (Figure 45C). 
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(A) OPM-2 and KMS-11 cells were cultured for 24 hours with increasing concentrations of liposomes, that did 

or did not contain PE (18:1) (lissamine rhodamine B sulfonyl)-conjugated lipid at a 1 in 1000 dilution. The 

percentage of cells containing the fluorescently tagged lipid was assessed by flow cytometry. (B) OPM-2 and 

KMS-11 cells were cultured with increasing concentrations of liposomes, with or without 50 nM (OPM-2) or 

2.5 μM (KMS-11) free RSL3 and with or without liproxstatin-1. Cell viability was assessed using annexin V/PI 

staining and flow cytometry. (C) OPM-2 and KMS-11 cells were cultured with 15 μg/mL liposomes, plus 50 

nM or 2.5 μM RSL3, respectively ± liproxstatin-1. Lipid ROS levels were assessed by flow cytometry in cells 

stained with C11 BODIPY. All data are the mean ± standard deviation of duplicate measurements from 3 

independent experiments using two-way ANOVA for statistical analyses. *P<0.05, **P<0.01, ***P<0.001, 

**** P<0.0001. 

Figure 45.Optimised liposomes induce significant ferroptosis-mediated cell death in MM 
cells, enhanced by RSL3 
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Another characteristic of ferroptotic cell death are the associated changes in morphology. Cells 

undergoing ferroptosis typically have an enlarged, ballooning cytoplasm, which previous results in 

this thesis have shown can be induced by PUFAs and RSL3. Cells were cultured with liposomes alone 

for 24 hours and the morphological changes visualised using an Incucyte live cell imaging system. 

The resulting images of OPM-2 cells clearly display morphological changes consistent with 

ferroptosis following treatment with 25 and 50 μg/mL of the liposomes (Figure 46). Liproxstatin-1 

was able to inhibit the morphological changes induced by the liposomes in most of the cells, while 

the enlarged cytoplasm was still observed in some cells.  

OPM-2 cells were cultured with increasing concentrations of RSL3, with or without liproxstatin-1 for 24 hours. 

Images were captured at 20x magnification using an IncuCyte live cell analysis system. Lip-1: liproxstatin-1.  

 

 

 

Figure 46. Liposomes induce morphological changes consistent with ferroptosis that can 
be largely inhibited by liproxstain-1 in OPM-2 MM cells. 
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5.2.4 RSL3 encapsulation and quantification techniques 

Drug delivery is one of the primary goals of liposomal technologies, aiming to deliver therapeutics 

that by themselves have poor pharmacokinetics or are toxic and cannot otherwise be used (250). 

RSL3 has both of these characteristics, as it has been shown to be toxic and has poor 

pharmacokinetics (234). Given that RSL3 is a potent inhibitor of GPX4, optimising delivery to the 

target cells could make RSL3 a very promising therapy for a range of diseases, including MM. RSL3 

contains a large hydrophobic group which influences how the drug is incorporated into liposomes. 

Hydrophobic compounds are incorporated within the lipid bilayer of liposomes, which is often a 

limitation of liposomal formulations as this reduces the capacity of liposomes to carry the drug 

(250). This section of the chapter describes the development of a high-performance liquid 

chromatography (HPLC) method to determine the quantity of RSL3 in the liposomes and investigate 

methods to optimise RSL3 encapsulation within liposomes.  

An HPLC method was developed based on the manufacturer’s instructions for RSL3, with some slight 

differences (Appendix Figure 10). A column with similar properties was purchased for the HPLC 

instrument and all the conditions, including flow rate, temperature and wavelength were kept 

constant (Appendix Figure 10). The manufacturer used a binary gradient system with two mobile 

phases, an aqueous trifluoroacetic acid (TFA) containing mobile phase (mobile phase A) and a 

solvent phase comprised of acetonitrile and TFA (mobile phase B). Due to instrument availability an 

isocratic HPLC method with one mobile phase containing 90% mobile phase B and 10% mobile phase 

A was used. All standards and samples were made up in or diluted in this mobile phase.  

RSL3 standards were analysed with an internal standard spiked into the samples. RSL3 had a 

retention time of 1.74 minutes, and the internal standard naphthalene had a retention time of 2.4 

minutes (Appendix Figure 11). This also meant that the run time could be decreased significantly, 

compared to the 20-minute run time described in the method proposed by the manufacturer 

(Appendix Figures 10 and 11). The resulting ratio of RSL3 peak area to naphthalene peak area was 

used to calculate a standard curve (Figure 47B).  

Drug encapsulation can be performed either passively or actively depending on the properties of 

the drug (251). Given the hydrophobicity of RSL3, the drug was loaded into the liposomes passively 

by adding the drug into the organic solvent containing the lipids prior to synthesis of the liposomes. 

Multiple methods were trialled to separate free RSL3 from the liposomes. Initially, centrifugation 

was used to separate unencapsulated RSL3 from the liposomes, but the drug also pelleted making 
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it impossible to separate free from the liposomes. Liquid-liquid extraction using organic solvents 

was then attempted, however RSL3 partitions into the same organic phase as the lipids, preventing 

separation via this method. Ultracentrifugation was then performed using the smallest filter 

available at the time (30 kDa), however the sheer stress led to partial rupture of the liposomes and 

lipids within the filtered sample.  

Next, pressure ultrafiltration was trialled to separate unencapsulated RSL3 from the liposomes using 

nitrogen as the driving gas and a 5 kDa filter (Figure 47A). This method was much more efficient at 

separating the free RSL3 from the liposomes. DLS on the filtrate from the system confirmed that it 

did not contain any liposomes. The equation below was used to calculate encapsulation efficiency. 

Filtrate volume was also accounted for to ensure accurate calculations. 

Encapsulation efficiency = [(total RSL3 amount added – RSL3 amount in filtrate) / total RSL3 amount 

added] *100% (252) 

Liposomes were loaded with 50 μg/mL RSL3, which equates to 113.41 μM. The concentration of 

RSL3 loaded was influenced by two main factors. Firstly, we found this concentration of RSL3 did 

not disrupt the liposome bilayer, with 5% of the total liposome mass being an acceptable loading 

amount. Secondly, the RSL3 concentration needed to be biologically relevant in the MM cell lines. 

At 25 μg/mL of liposomes the RSL3 concentration was 2.8 μM, which is close to the 2.5 μM RSL3 

used against the KMS-11 cell line in Figure 45. Unfortunately, due to the sensitivity of the OPM-2 

cells to RSL3, the liposomes would need to be loaded with less than 5 μg/mL RSL3, which is below 

the detectable limit by HPLC. Ultimately, an RSL3 encapsulation efficiency of 67.45 ± 17.12% was 

achieved in the liposomes that were loaded with 50 μg/mL RSL3. Interestingly, when the liposomes 

were loaded with 100 μg/mL RSL3 the encapsulation efficiency was 96.50 ± 2.83%, but the 

corresponding concentration of the drug was deemed too high to use against the MM cells. 
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(A) Flow diagram detailing the processes involved in generating liposomes encapsulated with RSL3 and 

assessment of RSL3 concentrations by HPLC analysis. Liposomes containing RSL3 were synthesised and 

pressure ultrafiltration was used to separate unencapsulated drug from the liposomes. Samples were then 

prepared and analysed using HPLC. (B) Representative standard curve generated using peak area ratios of 

RSL3 to naphthalene.  

 

5.2.5 Liposomes loaded with RSL3 are potent ferroptosis inducers in 
MM cells 
The previous section of this chapter demonstrated all the necessary steps required to reach this 

milestone, from optimisation of liposome formulation to RSL3 encapsulation. This section of the 

results will introduce these novel RSL3 and PUFA-containing liposomes as a means of inducing 

ferroptotic cell death in RSL3 insensitive MM cell lines. As mentioned above, it was not possible to 

examine the effects of the liposomes against OPM-2 cells as the appropriate concentration of RSL3 

required for this cell line was below the detection limit for the HPLC.  

RSL3 loading did not significantly impact the size or the PDI of the liposomes. The average diameter 

of RSL3 loaded liposomes was 131 nm with a PDI of 0.02. Separating unencapsulated RSL3 from 

liposomes was described in the previous section of the chapter and was found to be exceedingly 

difficult. Pressure ultrafiltration was successful in terms of separating unencapsulated drug from the 

liposomes and retrieving RSL3 in the filtrate, however retention of intact liposomes using this 

method was not possible. Next, dialysis was trialled as a means of separating unencapsulated RSL3 

from the loaded liposomes, while maintaining integrity of the liposomes. Initial attempts at dialysis 

Figure 47. RSL3 encapsulation and quantification 
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using a 10 kDa membrane cassette showed that the PBS dialysate did not contain liposomes, 

suggesting that this method may be a potential option. However, the liposomes obtained using this 

method had minimal effects on the MM cells.  

To investigate the reasons for the lack of efficacy of these liposomes, the NanoSight nanoparticle 

tracking analyser was used to measure the number of liposomes before and after dialysis. The 

concentration of liposomes prior to dialysis was 1.804E+11 particles per mL (Appendix Figure 12 – 

accounting for the 1/200 dilution). The concentration of liposomes after dialysis was 4.84E+10 

(Appendix Figure 13 – accounting for the 1/200 dilution), which represents a liposome retention 

rate of only 27%. This meant this approach was neither experimentally nor financially viable. As we 

had exhausted the methods available to us and due to time constraints, the experiments in this 

section were performed with RSL3 dosing based on the total drug concentration loaded (50 μg/mL) 

rather than the concentration of encapsulated RSL3. 

KMS-11, LP-1 and KMS-18 MM cell lines were cultured for 24 hours with increasing concentrations 

of liposomes, which did or did not contain RSL3. Liposomes containing RSL3 induced significantly 

more cell death than blank liposomes or RSL3 alone in all cell lines (Figure 48A and Appendix Figure 

14). The IC50 values for the RSL3-encapsulated liposomes in the aforementioned cell lines were 3.80 

± 0.67 μg/mL, 3.35 ± 0.70 μg/mL and 4.05 ± 1.51 μg/mL, respectively, which are equivalent to RSL3 

concentrations of 430.39 ± 76.13 nM (KMS-11), 379.84 ± 79.25 nM (LP-1) and 459.47 ± 171.52 nM 

(KMS-18) (Figure 48A). In comparison, the IC50 values for free RSL3 against these lines were 6.25 ± 

0.82 µM, 2.70 ± 0.72 µM, and 3.84 ± 0.37 µM, respectively (Figure 11A), consistent with an average 

7.1 to 14.5-fold decrease in the IC50s by the RSL3-encapsulated liposomes, from the micromolar to 

the nanomolar range. Interestingly, when FH9 cells, a cell line derived from healthy B cells, were 

cultured with liposomes containing RSL3 they were found to be significantly less sensitive to 

ferroptosis than the MM cell lines (Appendix Figure 17). This suggests that the liposomes may have 

the ability to passively target MM cells, which will be further discussed below.  

Morphological changes consistent with ferroptosis were observed in the MM cell lines after 24 

hours of treatment with the RSL3-containing liposomes. Both the morphological changes and cell 

death induced by the liposomes were prevented by co-administration of liproxstatin-1 (Figure 48B 

and Appendix Figures 14 and 15). Additionally, increases in lipid ROS were also observed in cells 

from all three lines when cultured with liposomes containing RSL3 (Figure 48). The increase in lipid 

ROS were also prevented by liproxostatin-1, confirming ferroptosis as the mechanism of cell death 

(Figure 49). 
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(A) KMS-11, KMS-18 and LP-1 cells were cultured with liposomes with the formulation PE (16:0_22:6): DSPE-

PEG2000 at ratios of 98:2 (w/w%), loaded with or without 50 μg/mL RSL3 and liproxstatin-1 for 24 hours. Cell 

viability was assessed by flow cytometry in cells stained with annexin V and PI. Data are the mean ± standard 

deviation from 3 independent experiments with statistical analyses performed by two-way ANOVA. *P<0.05, 

**P<0.01, ***P<0.001, **** P<0.0001. (B) MM cells were cultured for 24 hours with 5 μg/mL liposomes that 

either did or did not contain RSL3. Images were acquired after 24 hours of treatment using an IncuCyte S3 

live cell analysis system at 20X magnification. 

Figure 48. RSL3 encapsulation increases the MM cell killing capacity of liposomes. 
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(A) KMS-11, (B) KMS-18 and (C) LP-1 MM cells were cultured for 24 hours with the indicated concentrations 

of either liposomes alone or liposomes containing RSL3. Lipid ROS levels were assessed by flow cytometry in 

cells stained with C11 BODIPY. Data are the mean ± standard deviation from 3 independent experiments 

using two-way ANOVA for statistical analysis. *P<0.05, **P<0.01, ***P<0.001, **** P<0.0001. 

 

 

 

Figure 49. Liposomes containing RSL3 induce significantly higher levels of lipid ROS in MM 
cell lines than liposomes alone. 
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5.2.6 Conjugation of daratumumab to liposomes 
The final part of this chapter describes the development of liposomes that specifically target MM 

cell lines. Daratumumab, an anti-CD38 monoclonal antibody introduced in chapter 4, was used to 

functionalise the surface of liposomes. This process required the adaptation of the liposome's 

formulation, with the replacement of DSPE-PEG2000 with DSPE-PEG2000 Carboxy NHS. The new 

liposome formulation was composed of PE (16:0_22:6): DSPE-PEG2000 Carboxy NHS at ratios of 

98:2 (w/w%). These new liposomes were smaller than the liposomes previously described, with an 

average diameter 114.2 nm and a PDI of 0.05, well below the 0.3 threshold. The liposomes were 

then incubated with daratumumab at a molar ratio of 5:1 DSPE-PEG2000 Carboxy NHS to 

daratumumab, for 3 hours with continuous shaking. The liposomes were then assessed by DLS, 

which showed that the average size of the liposomes was larger than the control liposomes, with an 

average diameter of 116.3 and a PDI of 0.08.  

To further characterise the daratumumab-conjugated liposomes a new method was developed 

using a CytoFLEX Nano flow cytometer (Beckman Coulter). A range of beads with known sizes were 

used to calibrate the instrument and to enable an assessment of the size of the liposomes. Similar 

to the results obtained by DLS, assessment by flow cytometry found the liposomes to be 121.2 ± 

21.7 nm in size (Figure 50A and Appendix Figure 18). The mean size of the daratumumab-conjugated 

liposomes was also slightly larger than that of unconjugated liposomes, measuring 126.4 ± 17.7 nm 

in diameter (Figure 50 and Appendix Figure 18).  
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The size distribution of (A) unconjugated liposomes and (B) daratumumab conjugated liposomes was 
assessed using a CytoFLEX Nano flow cytometer. BSSC-A, Blue Side Scatter Area; VFSC-A, Violet Forward 
Scatter Area. 

The chemical process that resulted in the conjugation of the daratumumab monoclonal antibody is 

shown in Figure 51A. This process occurs via a reaction between the primary amine in the antibody 

and the NHS ester in the liposomes, forming a stable amine bond. This results in antibody-

conjugated lipids and free NHS. Having shown that the antibody-conjugated liposomes were larger 

in size, expression of daratumumab on the surface of the liposomes was then assessed by incubating 

the liposomes with an anti-human, fluorochrome-conjugated, secondary antibody with analysis 

using the CytoFLEX Nano flow cytometer. Unconjugated liposomes incubated with the anti-human 

secondary antibody were used as a control (Figure 51B). The impressive results showed that the 

Figure 50. Assessment of liposome size using nano-scale flow cytometry. 
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conjugation efficiency was approximately 65% (Figure 51B-C). Interestingly, two peaks were 

observed in the flow cytometry histograms, which indicate daratumumab positive and negative 

populations (Figure 51B-C). Further analysis of the data also demonstrated that the size of the 

liposomes that were deemed positive for daratumumab were larger than the unconjugated 

liposomes. The daratumumab positive liposomes were 155.2 ± 35.9 nm in size, while the 

daratumumab negative liposomes in the same sample had a mean size of 122.9 ± 14.3 nm. The 

unconjugated, control liposomes were similar in size to the unconjugated liposomes in the sample 

at 123.7 ± 21.4 nm. These data suggest that functionalising liposomes with antibodies likely 

increases their size, which is an important factor to consider as it may influence the distribution, 

clearance and uptake of the liposomes.  

 

 

(A) Diagram illustrating the chemical processes involved in antibody conjugation to DSPE-PEG2000 Carboxy 

NHS. (B) Unlabelled liposomes following incubation with an anti-human, PE-conjugated secondary antibody. 

(C) Daratumumab (Dara) labelled liposomes following incubation with an anti-human, PE-conjugated 

secondary. Representative flow cytometry plots generated using a CytoFLEX Nano flow cytometer. 

Figure 51. Conjugating daratumumab to liposomes. 



   
 

153 

5.2.7 Daratumumab conjugated liposomes induce targeted ferroptosis 
of MM cells 
In the previous section of this chapter we were able to conjugate our novel liposomes to the 

monoclonal antibody, daratumumab, and confirm the conjugation using nano-flow cytometry. A 

large proportion of the liposomes were successfully conjugated with the antibody using the 

techniques described above. The final section of results in the current chapter will describe the 

functional properties of these novel liposomes, by investigating their uptake and capacity to induce 

ferroptosis in MM cells and the healthy B-cell line, FH9.  

The MM cell lines, KMS-11, OPM-2 and KMS-18 and the FH9 line, which was derived from healthy B 

cells, were cultured with increasing concentrations of the daratumumab conjugated liposomes, 

containing the RhB-conjugated lipid. Intriguingly, daratumumab conjugation had no effect on 

liposome uptake into the MM cells. This result was not entirely unexpected given how efficiently 

the liposomes were passively taken up into MM cells (Figure 52A). The results in the FH9 cells were 

interesting, with relatively low liposome uptake at concentrations of 1 μg/mL and 5 μg/mL, 

regardless of whether the liposomes where functionalised with daratumumab or not (Figure 52A). 

This may be related to the ability of the liposomes to passively target the MM cells, which has been 

well-documented in the literature, and will be discussed in more detail below. Following culture 

with 5 μg/mL daratumumab-conjugated liposomes there was a trend towards a decrease in the 

liposome uptake into the FH9 cells compared to unconjugated liposomes (Figure 52A). This became 

more apparent following treatment with 15 μg/mL of the liposomes (Figure 52A); following culture 

with 15 μg/mL of unconjugated liposomes, approximately 60% of the FH9 cells were positive for 

RhB by flow cytometry. However, when the cells were cultured with the same concentration of the 

daratumumab conjugated liposomes, a significant decrease in uptake, to approximately 21%, was 

observed in the cells positive for the labelled lipid (Figure 52A). The meant that functionalising the 

liposomes with daratumumab reduced their uptake in the healthy B-cell line by almost 40% (Figure 

53A).  

Having shown no statistically significant difference in uptake of the unconjugated and daratumumab 

conjugated liposomes into MM cell lines, the results in Figure 52A were not unexpected. In the OPM-

2 and KMS-11 cell lines, the unconjugated and daratumumab conjugated liposomes were equally as 

efficient at inducing ferroptotic cell death and sensitised the cell lines to unencapsulated RSL3. 

Importantly, this demonstrates that functionalisation with the antibody did not hinder the 
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utilisation of liposomes as a ferroptosis substrate (Figure 52B). Cell death was again prevented by 

liproxstatin-1 (Figure 52C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) OPM-2, KMS-18, KMS-11 MM cells and FH9 cells (healthy B-cell line) were cultured for 24 hours with 

increasing concentrations of unconjugated and daratumumab-conjugated liposomes, containing the PE 

(18:1) (lissamine rhodamine B sulfonyl)-conjugated lipid at a 1 in 1000 dilution. The percentage of cells 

containing the fluorescently tagged lipid was assessed by flow cytometry. (B) OPM-2 and KMS-11 cells were 

cultured with increasing concentrations of liposomes, with or without 50 nM (OPM-2) or 2.5 μM (KMS-11) 

free RSL3. (C) OPM-2 and KMS-11 cells were cultured with increasing concentrations of liposomes, with or 

without 50 nM (OPM-2) or 2.5 μM (KMS-11) free RSL3 and liproxstatin-1. Cell viability was assessed using 

annexin V/PI staining and flow cytometry. All data are the mean ± standard deviation of duplicate 

measurements from 3 independent experiments using two-way ANOVA for statistical analyses. **** 

P<0.0001. 

Figure 52. Conjugation of liposomes with daratumumab has no effect on their ferroptosis-inducing 
capacity in MM cells but reduces uptake into FH9, healthy B-cells. 
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The results suggest that FH9 cells take up a significantly lower quantities of the liposomes once they 

are functionalised with daratumumab. The final step in the validation of these liposomes was to 

assess their cell killing capacity in the MM compared FH9 cells. Unconjugated liposomes containing 

RSL3 had an average diameter of 81.3 nm with a PDI of 0.11, while conjugated liposomes containing 

RSL3 had an average diameter of 83.8 nm and a PDI of 0.10. FH9 cells were cultured with an 

increasing concentration of unfunctionalized and functionalised liposomes that were loaded with 

50 μg/mL RSL3. The encapsulation efficiency of these liposomes was not determined, primarily due 

to time constraints, and because these liposomes were subjected to shaking at room temperature 

for 3 hours during the antibody conjugation process, which would inevitably result in some release 

of RSL3 from the lipid membrane.  

The healthy B cell line FH9 has demonstrated susceptibility to RSL3 induced cell death (Appendix 

Figure 19). KMS-11 cells were used to confirm the cell killing capacity of these liposomes. The IC50 

values for the RSL3-encapsulated liposomes against the KMS-11 and FH9 cell lines were 4.67 ± 2.02 

μg/mL and 5.28 ± 0.45 μg/mL for the unconjugated liposomes and 5.03 ± 1.54 μg/mL and 12.87 ± 

2.05 μg/mL for the daratumumab functionalised liposomes (Figure 53A). There was no statistically 

significant difference between the IC50 values for the liposomes against the KMS-11 cells, but the 

IC50 was significantly higher for the conjugated liposomes against the FH9 cells (p=0.02) (Figure 53A). 

The above liposome concentrations correspond to RSL3 concentrations of 598.73 ± 50.77 nM and 

1459.96 ± 232.45 nM in the FH9 cells, respectively, which is a 2.4-fold increase in RSL3 concentration 

for the daratumumab conjugated liposomes compared to unconjugated liposomes (Figure 53A). In 

the KMS-11 cells the liposome concentrations for the unconjugated liposomes corresponds to 

529.25 ± 229.34 nM and 570.68 ± 170.50 nM for the daratumumab conjugated liposomes (Figure 

53A). Cell death was largely prevented by co-culturing with liproxstatin-1 in both of the cell lines 

(Figure 53B).  
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(A) FH9 and KMS-11 cells were cultured with unconjugated and daratumumab-conjugated liposomes with 

the formulation PE (16:0_22:6): DSPE-PEG2000-NHS at ratios of 98:2 (w/w%) with or without 50 μg/mL 

encapsulated RSL3. (B) FH9 and KMS-11 cells were cultured with unconjugated and daratumumab 

conjugated liposomes with the formulation PE (16:0_22:6): DSPE-PEG2000-NHS at ratios of 98:2 (w/w%) 

loaded with or without 50 μg/mL RSL3 with liproxstatin-1. Cell viability was assessed using annexin V/PI 

staining and flow cytometry. All data are the mean ± standard deviation of duplicate measurements from 3 

independent experiments using two-way ANOVA for statistical analyses. **** P<0.0001. 

 

 

 

 

 

 

 

Figure 53. Daratumumab conjugated liposomes reduce cell death in FH9 cells while still 
killing MM cell line KMS-11. 
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5.3 Discussion 
The aim of this final results chapter was to develop an entirely new approach of inducing ferroptosis 

in MM cells and examine how this may represent a means of harnessing ferroptosis to target and 

eliminate MM cells. The first results chapter of this thesis described the importance of PUFAs as 

ferroptosis substrates and even went as far as to show that addition of exogenous PUFAs were 

sufficient to sensitise MM cells to ferroptosis. This chapter applied the novel findings from the first 

chapter to develop novel liposomes capable of triggering ferroptosis in MM cells. The concept of 

liposomes as nanoparticles was first demonstrated in 1964, in a study that found that hydrated PLs 

had self-assembled to form “multilamellar smectic mesophases” (253). Since this seminal work, the 

field of nanoparticles has grown rapidly, with the first FDA injectable liposomal formulation, DOXIL 

(doxorubicin loaded liposomes), approved in 1995 (253). Since then, liposomes have been used in a 

range of applications, including but not limited to cancer treatment, vaccines, and pain management 

(253, 254). Emerging research concerning ferroptosis has also recently begun to include studies on 

the potential of liposomes as a valuable tool against disease (Publication 1 and 2 in the Appendix). 

To date there is no literature published that describes using liposomes as a method to induce 

ferroptosis in MM. Although limited, there does exist literature in other haematological diseases 

that highlight the use of liposomes to induce ferroptosis (149, 255, 256). Additionally there have 

only been a few studies in which the liposomes have been comprised predominantly of PUFA-

containing lipids, as substrates of ferroptosis, and no studies to date have focused on MM. Research 

on the potential of ferroptosis and liposomes in the context of haematological malignancies, 

although growing, remains sparse. Further research is required to uncover the potential role of 

ferroptosis in these diseases and to determine whether liposomes may represent a novel 

therapeutic tool.  

5.3.1 Cholesterol and liposomes 
Cholesterol is an integral part of liposomal formulations in which it provides and maintains structural 

stability and increases drug retention (241). Cholesterol is a lipid with a unique structure comprised 

of carbon, hydrogen and oxygen atoms and is classified as a sterol (257). Additionally, cholesterol is 

a vital component of cellular membranes and therefore is likely to play a role in lipid peroxidation 

and in turn ferroptosis. Cholesterol has been increasingly recognised as a key player in cancer 

progression by promoting the proliferation, invasive capacity, and migration of cancer cells (258). 

Importantly, in the context of ferroptosis, studies suggest that cholesterol may be involved in the 

inhibition of this form of programmed cell death. C57BL/6 mice fed a high-cholesterol diet had lower 
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basal levels of lipid ROS within their myeloid-based hematopoietic stem cells (259). The mechanism 

of the resistance induced by cholesterol appears to be cell dependent and triggers different 

pathways in different cells. One of these mechanisms may be mediated by the formation of lipid 

rafts. Cholesterol rich domains of the plasma membrane referred to as lipid rafts have been shown 

to restrict the rate of lipid peroxidation in melanoma cells (246). We recently published a review in 

which we described the current literature concerning cholesterol in the context of ferroptosis 

(Publication 3 in the Appendix). Ultimately, data in the current study and in the literature suggest it 

is important to consider the cholesterol content of liposome formulations as this may significantly 

impact the efficacy of these nanoparticles. 

Despite the evidence suggesting cholesterol may inhibit ferroptosis, we initially generated and 

tested liposomes containing this lipid. We considered that it may be important for the liposomes to 

contain some cholesterol as too little may impact the stability and integrity of the nanoparticles, 

while too much cholesterol would counter their ferroptosis-inducing capacity. Liposomes were 

formulated with PE (16:0_22:6): cholesterol: DSPC: DSPE-PEG2000 at ratios of 40:48:10:2 

(w/w/w/w%) and as expected these liposomes were uniform and small in size with an average 

diameter of 220 nm. This formulation was a well-established recipe for liposomes adapted from 

previous work, with a ratio of lipids that was known to produce stable liposomes. Unfortunately, 

these liposomes were not effective at sensitising the MM cells to ferroptosis, as minimal effects 

were observed when the liposomes were combined with RSL3 (Figure 43). To try and negate the 

effects of cholesterol, new liposomes were formulated that contained half the amount of 

cholesterol. The formulation for these liposomes was PE (16:0_22:6): cholesterol: DSPC: DSPE-

PEG2000 at ratios of 40:20:38:2 (w/w/w/w%). However, similar effects against the MM cells were 

observed with these liposomes when combined with RSL3 (Figure 43). Although cholesterol has 

been demonstrated to inhibit ferroptosis in other cell types, its capacity to inhibit ferroptosis in MM 

cells was unexpected; even halving the cholesterol concentration within the liposomes did not 

improve their efficacy.  

A study published in 2021 demonstrated that liposomes manufactured from PC lipids containing 

unsaturated fatty acids could be used to deliver iron and a prodrug to induce ferroptosis in the 

cancer cells in a mouse model of melanoma (173). These liposomes contained undisclosed PC lipids, 

cholesterol and DSPE-PEG2K at ratios of 90:10:10. Lipsoomes containing only iron had limited 

impact on cell viability, while liposomes containing the doxorubicin prodrug were more effective at 

killing the cells (173). The cytotoxicity was also found to be consistent with changes in lipid ROS 
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levels, with the liposomes containing iron found to induce a relatively small but significant increase 

in lipid ROS levels. This study used a combination of unsaturated lipids and iron to induce ferroptosis 

via the Fenton reaction while the doxuribicin induced apoptosis, providing proof-of-principle 

eveidence that liposomes may act as ‘dual executioners’ via the two distinct mechanisms of 

programmed cell death. While the unsaturated lipid nor the level of unsaturation within the lipid 

were disclosed in the study, the liposome formulation did contain cholesterol and the results 

included hallmarks of ferroptosis, including an increase in lipid ROS levels. However, the data 

presented in the current study suggest the liposomes manufactured by Logie et al., may have been 

more effective had the liposomes been synthesised without cholesterol. The effects of iron on 

ferroptosis sensitivity have been examined previously within our group, and suggested that alone, 

iron has a limited ability to induce ferroptosis in MM cells. 

 Although not discussed in the literature, it is important to consider that inhibitory factors may 

interfere with the capacity to sensitise cells to ferroptosis. This was clearly demonstrated in the 

current study, in which we found that the combination of exogenous PUFA and RSL3 were not able 

to overcome the resistance conferred by the cholesterol content within the liposomes (Figure 43) . 

While the initial liposomes manufactured were not effective at sensitising cells to ferroptosis, it was 

an important step in the optimisation process. Subsequent refinement of the liposomes focused on 

incorporating sufficient PE (16:0_22:6) and stabilising lipids, other than cholesterol (Figures 44 and 

45).  

5.3.2 Liposomes that lack cholesterol have poor structural qualities but 
are effective ferroptosis-sensitising agents 
To combat the impact of cholesterol on ferroptosis, new liposomes were formulated without 

cholesterol. The role of cholesterol in membrane stability and integrity makes the synthesis of 

liposomes without cholesterol difficult, especially when the liposomes are designed for drug 

delivery. DPSC is a zwitterionic PL commonly used in combination with cholesterol in the synthesis 

of liposomes to enhance their stability and increase encapsulation efficiency (260). As expected, 

these liposomes were not as small nor as uniform as liposomes containing cholesterol. This was 

illustrated by their diameter, which was more than double the size of liposomes containing 

cholesterol and by a PDI greater than 0.3, which is associated with poor uniformity and spread of 

the liposomes. The obvious reason for this was the lack of cholesterol, despite the higher proportion 

of DSPC.  
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Although the liposomes were not ideal in terms of their size or uniformity, they were tested against 

MM cells, as a proof of concept as to whether liposomes could be used as a delivery mechanism for 

PUFA containing PLs. The formulation of the liposomes was PE (16:0_22:6): cholesterol: DSPC: DSPE-

PEG2000 at ratios of 49:0:49:2 (w/w/w/w%). These liposomes were unable to induce ferroptosis 

alone. However, in combination with RSL3 a significant increase in cell death was observed in both 

the RSL3 resistant KMS-11 cells and the sensitive OPM-2 cell line (Figure 44). This cell death was 

concomitant with a significant increase in the levels of lipid ROS in the cell lines, which is a hallmark 

of ferroptosis. Interestingly, minimal increase in lipid ROS levels were observed in cells treated with 

the liposomes alone, suggesting that the cells were able to survive the increase in intracellular 

PUFAs, but that this was dependent on GPX4 activity.  

The PL, DSPC, which is comprised of SFA only may also significantly impact the ability of these 

liposomes to sensitise cells to ferroptosis. SFAs have been shown to both inhibit and promote 

ferroptosis, but they are not believed to be as important as PUFAs or MUFAs and their effects are 

largely context dependent (100, 108, 132, 199, 219, 220). The fatty acid in DSPC, stearic acid, has 

been shown to confer resistance to ferroptosis in cardiomyocytes (199) and therefore it is possible 

this lipid may be dampening the capacity of the liposomes to induce ferroptosis in MM cells.  

Uptake of these liposomes into MM cells was also analysed, with very promising results (Figure 44). 

These data suggest that liposome uptake was efficient making them a good candidate for drug 

delivery. Liposome uptake typically occurs through endocytosis, which involves the cells engulfing 

the liposomes through invaginations of the plasma membrane, leading to internalisation and 

subsequent release of their contents into the cytoplasm (243). Uptake can also occur through fusion 

of the liposomes with the lipid membrane of the cell. Interestingly, even the fusion of the liposomes 

with the cell membrane can be sufficient to allow exchange of lipids (243). These mechanisms often 

do not occur in isolation and uptake may be via a combination of these methods (243). Although we 

did not investigate the exact mechanism of liposome uptake into MM cells, future work could 

include examining the effects of endocytosis inhibitors or knockdown of endocytic proteins. 

Elucidating the mechanisms of liposome uptake may identify ways to increase the efficiency of 

uptake or alternate means of targeting the MM cells. Despite the efficiency of uptake and the ability 

of these liposomes to sensitise MM cells to RSL3, their relatively large size and lack of uniformity 

meant that further optimisation of the liposomes was necessary. Liposomes comprised of PE 

(16:0_22:6) and DSPE-PEG2000 only were subsequently manufactured. 
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5.3.3 Optimised liposomes induce ferroptosis in MM cells with and 
without RSL3 
Next, we proposed to formulate liposomes, without either DPSC or cholesterol. Instead, we 

attempted to manufacture liposomes through the self-assembly of PE (16:0_22:6) and DSPE-

PEG2000. DSPE is a zwitterionic PL, while the PEG2000 should confer some stability on the 

liposomes. The interaction between PLs in liposomal formulations are complex and it is often 

necessary to optimise the composition to decrease liposome size and increase uniformity. There is 

evidence in the literature suggesting that high proportions of SFAs, such as DSPE and DSPC, can 

increase the rigidity of the membranes (261). The removal of DSPC would, in theory, decrease 

membrane rigidity allowing for the synthesis of smaller liposomes. Prior research has also 

demonstrated that DSPC can form gel-phase domains, (262) and this may in turn affect the 

uniformity of the liposomes. However, more research would need to be conducted on these 

liposomes to better understand the effects of changes in the composition of liposomes.  

PE (16:0_22:6), unlike DPSC, contains a highly unsaturated fatty acid (DHA, Docosahexaenoic acid, 

22:6) that should increase membrane fluidity and decrease rigidity (261). This may help to form 

smaller and more unform liposomes. This was observed in the liposomes formed using PE 

(16:0_22:6): cholesterol: DSPC: DSPE-PEG2000 at ratios of 98:0:0:2 (w/w/w/w%), which were 

smaller than the liposomes containing cholesterol and DSPC, measuring 135.6 nm in diameter. 

These liposomes also had a mean PDI of 0.06, which is well below the acceptable value for 

uniformity. Not only were these liposomes smaller and more uniform than any of the previous 

liposomes tested, but they also contained a higher proportion of PE (16:0_22:6) than any of the 

liposomes manufactured previously.  

Uptake of these liposomes was found to be higher than any of the previously synthesised liposomes, 

which may be due to their smaller size (Figure 45). Several studies have shown that smaller 

liposomes are more effectively taken up by cells than larger liposomes (263, 264). Uptake may also 

be affected by temperature, as demonstrated by one of these studies in a human colorectal 

adenocarcinoma cell line that showed that at 37°C, liposome uptake was largely mediated by 

endocytosis, while at 4°C uptake was primarily passive (263). The latest formulation of liposomes 

were also found to be highly effective at sensitising MM cells to ferroptosis (Figure 45). Strong 

synergistic cell death was observed when the liposomes were combined with unencapsulated RSL3 

and significantly higher levels of lipid ROS were generated in the MM cell lines (Figure 45). 

Furthermore, the liposomes induced morphological changes in the MM cell lines that were 
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consistent with ferroptosis (Figure 46) and the effects were inhibited by the synthetic antioxidant, 

liproxstatin-1. 

Previous studies have demonstrated that DHA is a potent promoter of ferroptosis when added 

exogenously as a free fatty acid (130, 204, 205). Our research builds on these findings, showing that 

delivery of DHA in a liposomal formulation is also highly effective. As previously mentioned, studies 

have shown that unsaturated lipids can be delivered in the form of liposomes, however these 

studies did not disclose the lipids used, making it difficult to compare the findings with our research 

(173). 

In future, it would be valuable to develop a method that would allow for the comparison of the 

efficacy of exogenous free PUFA or PUFA containing PLs. Comparing the two may be difficult and 

would require complex and precise chemistry to determine the concentration of DHA within PLs. 

However, this may not be feasible, in the same way that comparing the effects of liposomes and 

free lipids is difficult due to differences in the physical state and organisation of the liposomes, as 

well as other lipid interactions. 

5.3.4 RSL3 quantification methods and drug encapsulation 

The overarching and final aim of this chapter was to develop liposomes that contain RSL3 and are 

targeted towards MM cells. The first steps were to develop liposomes manufactured from PL-PUFA 

ferroptosis substrates that can also act as a delivery system for RSL3. The results in this chapter 

demonstrate that liposomes with this ability were successfully developed and therefore we 

proceeded to investigate mechanisms for loading RSL3 into the nanoparticles. Loading drugs into 

liposomes is often a complicated process that may involve different methods to incorporate the 

drug into the appropriate region of the liposome.  

Many factors can influence drug loading, including the aqueous solubility of the drug, chemical 

properties of the drug and lipid composition of the liposomes (251). RSL3 is a lipophilic drug meaning 

that incorporation of this drug would involve the lipid bilayer, further highlighting the importance 

of lipid composition. Studies suggest that loading hydrophobic drugs into liposomes can cause 

perturbations that lead to a decrease in the membrane stability and drug loading capacity of the 

nanoparticles (265). Furthermore, although loading hydrophobic drugs can result in incorporation 

efficiencies of up to 100%, even small changes in the environment surrounding the liposomes can 

alter the distribution of the drug (265). This may result in a decrease in the retention of the drug 
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following in vivo administration but before the liposomes reach their target, increasing the 

likelihood of off target effects (265).  

Fortunately, the microfluidics used to synthesise liposomes in the current study made it relatively 

straightforward to load RSL3 into our liposomes. RSL3 was simply added to the organic lipid mixture 

and the liposomes were then synthesised using the methods described earlier. An HPLC-based 

method for measuring the quantity of RSL3 was developed, based on purity data provided by the 

manufacturer. By using solutions containing known concentrations of RSL3, in the presence or 

absence of liposomes, we were able to demonstrate that this method was extremely accurate. The 

main challenge in the next step was separating the liposomes from unencapsulated RSL3 to enable 

an assessment of the encapsulation efficiency. RSL3 and liposomes could not be separated using 

ultracentrifugation or liquid phase separation. Previous studies in which this has been attempted 

used HPLC coupled with a diode-array detector for separation (252), but unfortunately this was not 

a method that was available to us. Vakili-Ghartavol et al. used a complex dialysis technique using a 

12-14 kDa molecular weight cut off against dextrose 5%, replacing the buffer four times for 8 hours 

each. Given the success of this method, we attempted a similar approach to purify the liposomes 

using a dialysis cassette with a 10 kDa filter. 

The dialysis filtrate was checked for liposomes by DLS, and initial results suggested the liposomes 

had not passed through the membrane, as would be expected given the results from the pressure 

ultrafiltration. Recovering the liposomes was theoretically simple and just involved removing the 

solution from the cassette. However, the liposome recovery rate was poor with only 27% of the 

liposomes retained post dialysis (Appendix Figures 12 and 13). Regardless of their retention rate, 

the liposomes could in theory be retained, concentrated and used. Liposomes are typically 

formulated with relatively cheap lipids including cholesterol and DSPC. PE (16:0_22:6), which made 

up 98% of the total mass of our liposomes is expensive in comparison, at approximately 112 times 

more expensive than DSPC. While dialysis was found to be inefficient, other separation techniques 

such as column chromatographic separation would require large volumes of these relatively 

expensive liposomes. It became apparent that purifying the liposomes was going to be difficult both 

financially and experimentally, and it was decided that this should not be a priority within the project 

timeframe 

Pressure ultrafiltration, which is well described in the literature (266), was subsequently determined 

to be the best method available to us to separate unencapsulated RSL3 from the liposomes, but 
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could not be used to retain the liposomes. This method allowed us to determine that the 

encapsulation efficiency of RSL3 was 67.5 ± 14.0 %. Previous studies have shown that encapsulation 

efficiencies of hydrophobic drugs vary, with an efficiency of 59.2% in one study (252), while another 

described 34-67% incorporation as highly efficient (267). Therefore, the data presented in the 

current study are well within the upper range for liposome encapsulation efficiencies documented 

in the relevant literature.  

A study in which erastin was encapsulated within liposomes, demonstrated significant efficacy of 

the nanoparticles against non-small cell lung cancer in vivo (172). However, this study was 

performed without purifying the liposomes, likely due to the technical difficulties discussed above. 

In fact, many of the relevant published studies describing the basic properties of liposomes or proof 

of principle experiments involve liposomes that have not undergone any purification. Establishing 

an efficient purification procedure would be key in progressing the development of liposomes as a 

potential therapy, to avoid any potential off-target effects of unencapsulated drug. 

5.3.5 Liposomes containing RSL3 induce mass ferroptosis in MM cell 
lines 
The next step was to investigate the efficacy of the RSL3-encapsulating liposomes against MM cells. 

Liposomes loaded with 50 μg/mL RSL3 within their lipid membrane were synthesised. Cells were 

treated with quantities of liposomes based on the total concentration of RSL3 used during the 

assembly of the liposomes, as the purification steps described above had not been conducted at 

this point in time. All three MM cell lines tested displayed cell death at relatively low liposome 

concentrations. The three MM cell lines tested (KMS-11, KMS-18 and LP-1) all had RSL3 IC50 values 

that exceeded 2.5 μM. However, when RSL3 was encapsulated within the liposomes a significant 

decrease in the IC50 values were observed, to below 500 nM. The KMS-11 cell line, which was the 

least sensitive of all the MM cell lines, required unencapsulated concentrations of 2.5 μM RSL3 

and >25 μg/mL liposomes to achieve close to total cell death. In comparison, similar effects were 

observed with 15 μg/mL liposomes containing half the amount of RSL3. Overall, the RSL3-containing 

liposomes had between 7.1-fold and 14.5-fold greater potency than RSL3 alone (Figure 48).  

These results were not expected and rather surprising, given previous data generated within the 

group, showing that no other compound tested was capable of sensitising MM cells to such low 

concentrations of RSL3. The efficacy of the liposomes may be due to greater efficiency of their 

uptake compared to uptake of unencapsulated RSL3, resulting in higher intracellular concentrations 
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of the drug. RSL3 has poor solubility in aqueous solutions, including in cell culture media, meaning 

that its physical properties may impact its uptake into cells in culture.  

Drugs encapsulated in liposomes are classified as new products, as the encapsulation often changes 

the pharmacokinetic properties and distribution of the drug (268). The study mentioned earlier 

clearly demonstrated greater efficacy of erastin-containing liposomes compared to free erastin in a 

mouse model of lung cancer and (172). Another study of liposomes encapsulating the 

topoisomerase inhibitor, irinotecan, in solid tumours demonstrates how liposomal drugs represent 

a significant advance as therapeutic options for patients (269). Compared to free irinotecan, the 

liposomal drug was shown to increase exposure of the cancer cells to the drug, prolong retention of 

the drug, and promote preferential uptake into the tumour cells (269). Our results are consistent 

with these published studies, demonstrating that liposomal drug delivery improves the anti-cancer 

efficacy.  

5.3.6 Functionalisation of liposomal surface with daratumumab  
Functionalisation of the liposomes was the final aim of this chapter, to develop liposomes capable 

of specifically targeting MM and not healthy cells. Liposome functionalisation with antibodies is not 

a simple process and often requires very complex chemistry to change the chemical structure of 

antibodies so that their orientation maintains their ability to bind the target protein. Maleimide 

reactions are commonly used in antibody conjugation and was therefore proposed as the first 

method to attempt conjugation of our liposomes (270). This reaction involves the introduction of 

thiol groups into the antibody, known as thiolation, which enable effective binding (270). However, 

this method comes with the risk of disrupting the structure of the antibody making it less effective 

or unable to bind its target.  

Another method was proposed after searching the relevant literature, which involved using a lipid 

with an N-hydroxysuccinimide (NHS) ester group to bind the antibody to the liposomes. NHS esters 

are commonly used to label proteins such as antibodies and are commonly used in 

immunofluorescence and flow cytometry (271). This method has also been successfully used to 

conjugate antibodies to liposomes in the literature (272). The benefit of this method is that it does 

not involve modifying the antibody to facilitate its binding to the lipid. The processes involved in the 

conjugation are also relatively simple and only require a suitable buffer (PBS) and time. However, a 

limitation of this method was that the orientation of the antibody could not be controlled or 

assessed. Liposomes were synthesised with the DSPE-PEG2000 Carboxy NHS, after which the 
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antibody was added followed by incubation in a shaker for 3 hours. Liposome size was then 

confirmed by flow cytometry, showing that antibody conjugated liposomes were larger than 

unconjugated liposomes. The study mentioned earlier in which DSPE-PEG2000 NHS was used to 

functionalise liposomes found that antibody conjugation almost doubled liposome size from 134 

nm to 240 nm (273). The study used a monoclonal antibody that was produced in their own lab, 

meaning it would be difficult to compare how different antibodies influence liposome size. Different 

conjugation methods could also influence how antibodies bind to the liposomes, which may in turn 

impact the size of the liposomes. Daratumumab is an IgG subclass of antibody, which are known to 

be between 10-15 nm in diameter. This would explain why an increase in the size of the liposomes 

was observed following antibody conjugation. After confirming the size of the liposomes, the next 

step was to develop a method to confirm the presence of antibody molecules on the liposomes.  

To confirm surface binding of daratumumab, the liposomes were analysed using nano flow 

cytometry (CytoFLEX Nano; Beckman Coulter) and a fluorochrome-conjugated anti-human 

secondary antibody. The liposomes were incubated with the secondary antibody and the 

fluorescence of the PE fluorochrome compared between blank and daratumumab-conjugated 

liposomes to calculate the proportion of liposomes that had bound daratumumab (Figure 51). 

Impressively, approximately 65% of the conjugated liposomes had higher levels of fluorescence than 

the blank liposomes following incubation with the secondary antibody (Figure 51). Other studies 

have used similar methods, employing a secondary antibody to confirm antibody conjugation, albeit 

with fluorescence microscopy rather flow cytometry as a readout (273). This is likely due to the fact 

that the CytoFLEX Nano is a relatively new instrument and is unique in its ability to measure particles 

within a low nanometre range. The advantage of using flow cytometry rather than microscopy is 

that it enabled us to calculate a percentage of daratumumab positive liposomes.  

Next, specificity of the liposomes for MM cells was investigated using the FH9 healthy B-cell line for 

comparison. Cells were cultured with unconjugated liposomes or liposomes conjugated to 

daratumumab with or without the RhB-tagged lipid used throughout this chapter.  
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5.3.7 Daratumumab functionalised liposomes as a targeted approach to 
killing MM cells  
Liposome uptake was first measured in the MM and FH9 cell lines and clearly demonstrated that 

uptake was significantly more efficient in the MM cells compared to the FH9 cells (Figure 52A). This 

observation is supported by data in the literature, that suggest cancer cells have a greater affinity 

for liposomes than healthy cells. A study in a mouse model of melanoma found that the cancer cells 

had a significantly higher affinity for liposomes than mouse hepatocytes, irrespective of the 

phospholipid and cholesterol compositions of the liposomes (274). Although this is a relatively old 

study, it clearly demonstrates that cancer cells have a greater affinity for liposomal uptake than 

healthy cells in vitro. The mechanism behind this observation in vitro could be related to a multitude 

of different factors, including membrane permeability (275), lipid composition (liposomes and 

cellular lipid membrane) (260, 276) and charge (260). Further research would be necessary to 

elucidate why MM cells have a higher affinity for liposome uptake than FH9 cells. There is also 

evidence in the literature demonstrating that healthy cells are also spared from the effects of 

liposomes in vivo, possibly because liposomes passively target tumour cells due to their enhanced 

permeability and by retention inside these cells (277-279). Additionally, liposomes within a specific 

size range have been shown to localise in tumour tissues and are unable to exit the capillaries to 

affect healthy tissues. While not within the scope of this study, this does suggest one way in which 

liposomes may have benefits as a cancer drug delivery system (277, 280, 281).  

Despite their potential, the preclinical development of targeted liposomes, especially antibody 

conjugated liposomes, has been challenging with few reaching clinical trials and no FDA approved 

therapies to date (282). There is evidence to suggest that coupling an entire antibody to a liposome 

can result in immunogenicity and a reduction in the mean residence time, which refers to the 

average time the liposomes remain in circulation before being cleared, of liposomes (283). However, 

recent advances in monoclonal antibody engineering have driven the concept that liposomes may 

be targeted to specific cell types using monoclonal antibody fragments, in which the antigen binding 

region of the antibody is preserved (284, 285). Alternate means of targeting liposomes to cancer 

cells should be a focus of research, especially for diseases that are currently considered incurable, 

such as multiple myeloma.  

Antibody conjugated liposomes, often referred to as immunoliposomes, have a key advantage over 

other therapies, such as antibody drug conjugates (ADC) due to an increased capacity for drug 

loading (282). A study published in 2021 found that coating liposomes with an antibody against 
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CD147 significantly increased their uptake into melanoma cells, but not fibroblasts (286), 

demonstrating the potential of antibody conjugated liposomes as a targeted therapy for cancer 

(286). In another study published in 2023, researchers designed ‘stealth’ liposomes coated with PEG 

molecules and functionalised to target the human epidermal growth factor receptor 2 (HER2) which 

is overexpressed in breast cancer (283). The doxorubicin loaded functionalised liposomes were 

more effective at reducing tumour volume than naked liposomes, in vitro and in vivo, while also 

effectively reducing side effects in mice (283). Conjugation of our liposomes to daratumumab had 

no effect on their uptake into MM cell lines but significantly decreased uptake into a healthy B-cell 

line that expressed minimal levels of CD38 (FH9 cells) (Figure 52A). The reduction in uptake 

correlated with a decrease in the concentration of RSL3 payload to the FH9 cells and a significantly 

higher IC50 for the liposomes compared to MM cells. In the context of a novel treatment for MM 

patients, these data suggest the liposomes may be highly effective at inducing ferroptosis in the 

tumour cells, while at least partially sparing healthy cells (Figures 52-53).  

These results represent proof-of-concept that daratumumab functionalisation of liposomes can 

improve uptake into MM compared to healthy cells. However, it is important to recognise the 

limitations of these liposomes, with emerging research suggesting that antibody fragments may be 

more effective than whole antibody molecules as they may improve bioavailability of the liposomes. 

This is an important future direction for research if these liposomes are to be progressed into animal 

models. In addition to optimising the processes involved in liposome purification, this is key to 

further the development of our immunoliposomes. Another novelty of our liposomes is that the 

coupling of an antibody is not limited to daratumumab, and in theory similar liposomes could be 

designed to target a range of cancers cells that express specific proteins on their surface. It is also 

important to note that it is likely that the healthy B-cell line, FH9, which was established at Flinders 

University, may not be an ideal model for healthy cells as they were immortalised. Experiments 

involving primary MM cells, alternate healthy controls and future directions for our research will be 

discussed in the next chapter.  

5.4 Conclusions 
This chapter builds upon the results presented in the previous two chapters, by integrating 

established and new methodologies to develop novel liposomes. The chapter described the 

optimisation of liposomes containing PUFAs and how different lipids, particularly cholesterol and 

DSPC can influence the size and uniformity of the product. Data generated suggest that liposomes 
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containing only PE (16:0_22:6) and DSPE-PEG2000 were smaller and more uniform than those that 

contained cholesterol or DSPC. The data also indicate the significant impact of cholesterol on the 

capacity of the liposomes to sensitise MM cells to ferroptosis and the ability of cholesterol to 

overcome the effects of RSL3 and PE (16:0_22:6). Our liposomes induced synergistic cell death when 

combined with unencapsulated RSL3. The ability of liproxstatin-1 to prevent the cell death, 

accumulation of lipid ROS and changes in morphology provides strong evidence that these effects 

were due to ferroptosis. Liposomes were then loaded with RSL3, and the results were compelling; 

these liposomes were more effective at inducing ferroptosis than any of the previous strategies 

tested against MM cells. The liposomes have IC50 values within a nanomolar range against the MM 

cell lines, which represented a significant increase in potency against all the three cell lines 

examined. These liposomes also induced morphological changes consistent with ferroptosis in the 

MM cell lines. The liposomes were then conjugated to daratumumab using an NHS ester group, to 

create liposomes capable of targeting MM cells. The efficiency of antibody conjugation was 

approximately 65% and resulted in effective targeting to MM cells but a reduction in uptake and 

cytotoxicity towards the healthy B-cell line, FH9. The overall result of the work presented in this 

thesis is the development of novel targeted, RSL3-loaded liposomes that are highly effective at 

inducing ferroptosis of MM cells.  
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CHAPTER 6 GENERAL DISCUSSION AND FUTURE 
DIRECTIONS 

6.1 The unmet need for novel treatment strategies for patients with MM 

Multiple myeloma (MM) remains an incurable malignancy, with current therapies offering more 

time but not a cure. MM represents a significant global burden, with estimates of 180,000 

individuals living with the disease and 120,000 deaths in 2022 (287). Incidence rates are the highest 

in North America, Australia and New Zealand, with the highest mortality rates observed in Australian 

and New Zealand patient populations at ≥4 deaths per 100,000 population (287). New models based 

purely on population growth have predicted that these numbers will continue to rise, and by 2045 

there will be estimated 320,000 MM patients worldwide, with 217,000 deaths due to the disease 

(287). While newer therapies, including the immunomodulatory drugs (IMiDs), proteasome 

inhibitors (PIs) and monoclonal antibodies (mAbs), have significantly improved response rates, MM 

patients will invariably relapse (39). This highlights the crucial need for novel, more effective 

therapies, that can overcome resistance to current therapies and offer a cure for this devastating 

disease.  

6.2 Ferroptosis as an emerging programmed cell death mechanism 

Ferroptosis is a relatively recently described form of programmed cell death, characterised by iron 

dependence and the accumulation of toxic lipid reactive oxygen species (ROS). Apoptosis is arguably 

the most well recognised and researched form of programmed cell death and is the key mechanism 

of action of many of the anti-cancer agents developed to date (87). Relapse and treatment 

refractory disease is common among MM patients and is predominantly driven by resistance to 

apoptosis-mediated cell death (288). From studies of treatment resistance in MM, it can be inferred 

that alternate mechanisms of cell death may be an effective treatment approach for patients who 

do not respond to conventional therapies. Emerging evidence suggests that MM cells can be forced 

to undergo ferroptosis via several different mechanisms (289). A previous study and our research 

demonstrate that MM cells are largely insensitive to ferroptosis, compared to cells from another 

aggressive B cell malignancy, diffuse large B-cell lymphoma (DLBCL) (136).More recently, a study 

has shown that the ability of erastin to induce ferroptosis is dependant on expression of SLC7A11, 

which was not observed in our work (200, 290). To combat this, we used the class II ferroptosis 

inducer RSL3, and demonstrated that MM cell lines are less sensitive to ferroptosis induced by this 
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compound than DLBCL cells, which was not driven by GPX4 expression (Figure 11A). This presents a 

challenege in developing ferroptosis based therapeutics in MM treatment, as ferroptosis inducers 

alone my not be sufficient to induce cell death.. This drove us to investigate other factors that could 

determine ferroptosis sensitivity, with a specific focus on identifying key substrates of ferroptosis.  

6.3 Phospholipids dictate ferroptosis sensitivity in MM 

The overarching aim of the third chapter of this thesis was to investigate the importance of 

phospholipids containing polyunsaturated fatty acids (PL-PUFA) as ferroptosis substrates and how 

they might be used to sensitise MM cells to ferroptosis. Studies in the literature suggest that PL-

PUFA are important ferroptosis substrates and that the degree of unsaturation within these lipids 

correlates with their susceptibility to oxidation (190, 191). We first investigated levels of saturated, 

monounsaturated and polyunsaturated fatty acids in panels of MM and DLBCL cell lines (Figure 14A). 

While developing a method to class lipids, we identified an issue with how to classify lipids, as 

phospholipids contain two fatty acids, meaning it was possible for a phospholipid to contain both 

inhibitory MUFA and the ferroptosis substrate PUFA, which we addressed by creating a separate 

group. While this group of lipids represented a smaller proportion of the lipidome than either MUFA 

or PUFA-containing lipids, their potential impact on the sensitivity of the cells to ferroptosis may still 

be significant. However, as lipids containing both MUFAs and PUFAs are not commercially available, 

we were unable to investigate their role in any detail. Nevertheless, this is as an important gap in 

knowledge that should be addressed in the future. 

Importantly, when we compared the composition of PUFAs and MUFAs between MM and DLBCL 

we observed significant differences between the two cancers (Figure 14A). The MM cell lines had a 

significantly (P<0.0001) higher proportion of PL-MUFA, which correlates with their relative 

insensitivity to ferroptosis, while the DLBCL had a significantly (P<0.01) higher proportion of PL-

PUFAs, which correlates with their sensitivity to ferroptosis (Figure 14A). This trend was also 

apparent when we compared the OPM-2 and KMS-11 MM lines, which is important given that 

despite both being derived from patients with MM, are sensitive and insensitive to RSL3-induced 

ferroptosis, respectively (Figure 14B). These results indicate that while other factors likely dictate 

ferroptosis sensitivity, the phospholipidome of cells may be a critical determinant of their 

ferroptosis sensitivity. While our analysis grouped fatty acid according to their structure, a more in-

depth analysis might involve scoring of the lipids based on their susceptibility to oxidation and 

therefore their potential as ferroptosis substrates. An open-source software, called LPP tiger 
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(https://www.lipidmaps.org/resources/tools/15?task=4.5), which has been developed by the 

Fedorova lab, represents one way that LC-MS data sets may be used to predict and identify 

phospholipid oxidation, and determine the susceptibility of specific lipids to oxidation (291). This 

approach may represent a more sensitive and informative analysis of the type of data generated in 

the current study. Importantly this data could be useful in disease stratification in MM, given that 

lipid dysregulation is observed in MM patients (Publication 3 in Appendix). Developing a method to 

understand and classify MM patients based on lipid profiles could uncover patient subgroups with 

profiles that align with ferroptosis sensitivity, providing much need non-apoptotic based treatment 

options.  

We observed that PL-PUFAs (>2 double bonds) were able to induce ferroptosis and sensitise MM 

cells to ferroptosis induced by RSL3 (Figures 18, 20, 24 and 25). The capacity of these PL-PUFAs to 

sensitise the MM cells to RSL3 was found to be closely correlated with the degree of unsaturation 

in the FA, consistent with the literature (Figure 24-25) (131, 191). This would suggest that 

phospholipids containing two highly unsaturated fatty acids (e.g., PE 22:6_22:6) might be even more 

effective than the lipids tested in the current study, however, could not be tested due to commercial 

availability. The efficacy of adding exogenous lipids to MM cells also raises the question of diet and 

metabolism in cancer patients. Would a diet high in PUFA promote ferroptosis in cancer cells or 

would they feed into other pathways that could drive MM. While outside the scope of this research, 

dietetic studies in MM could aid in addressing the role of lipid consumption in MM treatment.   

6.4 Liposomes rich in PL-PUFA can be used to deliver RSL3 to liposomes 
in a targeted manner 

The aim of the final results chapter was to bring together all the knowledge and skills gathered 

during the project to develop a novel, targeted, drug delivery system. Liposomes are an established 

drug delivery mechanism and have been used in cancer medicine to delivery doxorubicin in the form 

of a pegylated liposome formulation (292). However, few studies have developed liposomes with a 

formulation that themselves represents a potential therapeutic agent. The therapeutic potential of 

the liposomes developed in this project lies in the significant role of PL-PUFAs as ferroptosis 

substrates, and the simultaneous inhibition of GPX4 by loading the nanoparticles with RSL3. Our 

novel liposomes were able to induce ferroptosis-mediated cell death, which was significantly 

augmented when RSL3 was encapsulated within the liposomes, displaying a 7.1-fold to 14.5-fold 

decrease in the IC50 values for RSL3 against the MM cell lines (Figure 48A). This was supported by 

https://www.lipidmaps.org/resources/tools/15?task=4.5


   
 

173 

an in vivo glioma study that demonstrated that free RSL3 was rapidly cleared within the mice, while 

the nanoparticles had a significant effect on tumour growth (293).  

Finally, to address the question of whether we could target the liposomes to MM cells using an 

antibody and their effects against healthy cells, we developed liposomes functionalised with 

daratumumab, an anti-CD38 monoclonal antibody currently used in the treatment of MM. Antibody 

conjugation proved to be relatively simple using a well-established antibody conjugation technique 

that has been previously used to functionalise liposomes (242). These functionalised liposomes 

were readily taken up by MM cells, with significantly (P<0.0001) lower levels of uptake observed in 

the FH9 healthy B-cell line, compared to unfunctionalised liposomes. Interestingly, conjugation of 

the liposomes to daratumumab reduced uptake and cytotoxicity towards FH9 cells but had no effect 

on the ability of the liposomes to induce ferroptosis in the KMS-11 cells (Figure 52). A study 

published in 2021 found that daratumumab functionalised immunopolymersomes, vesicles formed 

of polymers and functionalised with immune targeting elements, represented an effective and safe 

means of delivering vincristine sulfate to the tumour cells in a MM mouse model (294).  Further 

investigation of our liposomes could include co-culture of MM and healthy cells (FH9 and MM cell 

lines or primary cells) in 2D or 3D models to determine whether there is preferential uptake when 

multiple cell types are present.  

6.5 Future directions in ferroptosis inducing targeted liposomes  

The novel liposomes developed in this study have the capacity to induce ferroptosis in a targeted 

manner, enhancing the potency of RSL3 in MM cells while appearing to spare healthy cells at certain 

doses. Future research should focus on investigating the effects of the liposomes against MM 

patient samples to validate the effects observed in the cell lines. It is also important to determine 

whether the efficacy of the liposomes is irrespective of molecular subtypes of MM that have defined 

low, intermediate and high-risk profiles correlating with progression-free and overall survival. These 

future directions aiming to test our novel functionalised nanoparticles in human MM patient 

samples would address many of the questions raised throughout the thesis. Importantly this would 

make it possible to address the specificity and toxicity of the liposomes when delivered to whole 

blood that contains MM cells and other blood cells. Theoretically it would be possible to assess the 

levels of liposome uptake in other blood cell types, assess viability and the efficacy after culturing 

with liposomes. Although patients sample experiments provide a great insight into specificity and 
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efficacy, they do not perfectly recapitulate the environment within the body, making in vivo 

experiments necessary to move forward. 

The development of liposomes conjugated to a CD38 nanobody (295) may also prove worthwhile to 

prepare the liposomes for in vivo studies. This is important as functionalisation with intact 

antibodies has previously been shown to increase the immunogenicity and clearance rates of 

liposomes (283). Our proof of principle liposomes could potentially be further developed to utilise 

small peptides as the functionalisation agent, which may aid in reducing clearance, addressing a 

large limitation in the field.   

An important aspect of future in vivo studies would be an assessment of the pharmacokinetics of 

these liposomes, particularly their drug release profile, which is a measure of the release of a 

substance from the nanoparticles over time (296). This would provide an indication of how the 

liposomes were behaving in vivo and potentially identify ways in which they might be modified to 

improve their drug release profile. Importantly, liposome stability, circulation time, safety and 

tolerability would need to be assessed, primarily to ensure that the liposomes are not immediately 

cleared or degraded after administration and whether they are causing any significant toxicity. The 

drug release profile of the liposomes would also aid in determining optimal administration times for 

in vivo studies.   

The in vivo studies may also include an assessment of minimal residual disease (MRD) status as an 

endpoint in a MM mouse model. MRD negativity is a clinically validated endpoint which can indicate 

the depth of response and progression free survival, its inclusion would allow a better evaluation of 

whether our liposomes can achieve deep response  (297). To increase their efficacy and to possibly 

achieve a greater rate of MRD negativity, liposomes that induce both ferroptosis and apoptosis 

could be developed. One example might be liposomes loaded with both RSL3 and a common MM 

therapeutic, such as doxorubicin or vincristine, either with both drugs in the same or separate 

liposomes. The ability to load both drugs into the same liposome will largely depend on whether the 

drugs interact with one another, loading capacity and the pharmacokinetics of the nanoparticles. 

This is not an entirely new concept as liposomes loaded with multiple drugs or compounds have 

been developed and have proven to be safe in vivo (298). Understanding the depth of response 

these liposomes can achieve will help establish how they can be used in current MM therapy, and 

whether they can be used to target apoptosis resistant relapsed or refractory disease or as a 

frontline therapy in combination with apoptosis-based therapies to achieve a deeper response. 
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Although studies of ferroptosis related to MRD status are limited, it is conceivable that liposomes 

containing both ferroptosis and apoptosis-inducing drugs or liposomes similar to the ones 

developed in the current study may represent a promising and much needed therapeutic option for 

MM patients.  

6.6 Conclusions  

This project has focused on investigating the role of phospholipids containing polyunsaturated fatty 

acids in ferroptosis, and how these lipids can be used to predict and modulate the ferroptosis 

sensitivity of MM cells. Lipidomic studies found that MM cell lines contain a higher proportion of 

inhibitory PL-MUFAs, while DLBCL cell lines contain more PL-PUFA, which correlates strongly with 

the sensitivity of these cells to ferroptosis. By increasing the proportion of PL-PUFAs, it was possible 

to significantly increase the sensitivity of MM cells to the GPX4 inhibitor RSL3. Interestingly, the 

opposite effect was observed using PL-MUFAs, which rescued cells from RSL3-induced ferroptosis. 

Liposomes developed from the PL-PUFAs identified and loaded with RSL3 were found to be highly 

effective at inducing ferroptosis in MM cells. Conjugating the anti-CD38 monoclonal antibody, 

daratumumab, to the liposomes was subsequently found to reduce both the uptake and cell killing 

capacity in the FH9, healthy B cell line, but not the KMS-11 MM cell line.  

This research highlights the crucial role that PL-PUFAs play as ferroptosis substrates in MM cells and 

how this knowledge can be harnessed to develop liposomes that act both as a means of delivering 

a ferroptosis substrate and a drug to specific cells. Although MM is still considered incurable, the 

data presented herein highlight how targeted, ferroptosis-inducing nanotherapeutics may 

represent a novel therapeutic approach for the treatment of this devastating form of blood cancer.  
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APPENDIX 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 1. Heatmaps showing the results of a preliminary lipidomic screen of MM 
and DLBCL cell lines. 
Heatmap of the 25 most differentially expressed lipids between the MM and DLBCL lines. Data presented 

from 2 biological replicates per cell line. LPE, Lysophosphatidylethanolamine; LPG, Lysophosphatidylglycerol; 

PC, phosphatidylcholines PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol. 

 

MM DLBCL 
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Relative proportions of each phospholipid acyl chain identified in the MM and DLBCL cell lines analysed. Data 

are the mean ± standard deviation of a minimum of 4 biological replicates. 
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Appendix Figure 2. Variability of the phospholipidome of MM and DLBCL cell lines. 
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(A) Volcano plot (direction of comparison OPM-2 + PE (16:0_18:1)/OPM-2) combining results from Fold 

Change (Threshold 2.0) Analysis and T-tests (P-value threshold 0.05) generated using MetaboAnalyst. (B) 

Volcano plot (direction of comparison KMS-11 + PE (16:0_18:1)/KMS-11) combining results from Fold Change 

(Threshold 2.0) Analysis and T-tests (P-value threshold 0.05) generated using MetaboAnalyst. 

Appendix Figure 3. Changes in the lipidome of the OPM-2 and KMS-11 MM cell lines, 
induced by exogenous supplementation with MUFA. 



   
 

179 

 

Appendix Figure 4. Lipidomic screen of MM and DLBCL cell lines. 
Heatmap of the 25 most differentially expressed lipids between the KMS-11, LP-1 and KMS-18 and DLBCL 

lines. Data presented are from 4 biological replicates per cell line. LPE, Lysophosphatidylethanolamine; LPG, 

Lysophosphatidylglycerol; PC, phosphatidylcholines PE, phosphatidylethanolamine; PG, 

phosphatidylglycerol; PI, phosphatidylinositol. 
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(A) Map of the BCMA-containing plasmid. (B) Map of the control plasmid. (C) Agarose gel electrophoresis of 

undigested plasmid B (lane 2) and restriction enzyme-digested plasmid B (lane 3), undigested plasmid A (lane 

4) and restriction enzyme-digested plasmid A (lane 5) DNA. DNA ladders were run in lanes 1 and 2.  

 

 

 

 

Appendix Figure 5. Plasmid maps and gel electrophoresis. 
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(A) OPM-2, KMS-11 and KMS-18 MM cell lines, OSU-CLL cell line and FH9 non-malignant B-cell line, were 

incubated with daratumumab or the relevant isotype control antibody for 30 minutes, followed by a 

fluorochrome-conjugated secondary antibody. CD38 expression was assessed by flow cytometry. Data are 

the mean and standard deviation from a minimum of 2 biological replicates per cell line. (B) Representative 

flow cytometry histograms of OPM-2 cells stained with daratumumab (green) or isotype control (red).  

 

 

 

Appendix Figure 6. CD38 expression assessed using a commercial BD anti-CD38 antibody 
in MM, CLL and FH9 cell lines. 



   
 

182 

 

 

 

 

 

 

 

 

 

 

 

 

 

Liposomes were synthesised with PE (16:0_22:6): DSPE-PEG2000 at ratios of 98:2 (w/w%) and were analysed 

by DLS. The report generated by the Zetasizer software. 

 

 

 

 

 

 

 

Appendix Figure 7. Representative DLS report of liposome size and distribution. 
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OPM-2 and KMS-11 cells were cultured with fluorescently tagged or blank liposomes for 24 hours and 

analysed by flow cytometry. Data are mean and standard deviation of 3 independent experiments.  

 

 

 

 

 

 

 

 

Appendix Figure 8. Liposome uptake into MM cells is dose dependent. 
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OPM-2 cells were cultured with 15 μg/mL fluorescently tagged or blank liposomes for 24 hours. Images were 

generated using an imageStream X instrument at 40x magnification. 

 

 

 

 

Appendix Figure 9. Liposome uptake into OPM-2 (MM) cells can be visualised by imaging 
flow cytometry. 
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Conditions and method for RSL3 detection by HPLC provided by Selleck Chemicals.  

 

 

 

Appendix Figure 10. Manufacturers details regarding the analysis of RSL3 by HPLC. 
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RSL3 standard was prepared in an appropriate mobile phase and spiked with naphthalene (10 µg/mL). The 

representative chromatogram shows the ratio of RSL3 to naphthalene, which was used to generate standard 

curves for determining RSL3 concentrations.  

 

 

Appendix Figure 11. Representative HPLC chromatogram of RSL3 standard and the internal 
standard naphthalene 
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 Report generated from Nanosight NS300 software detailing the size, distribution and quantity of liposomes 

that were loaded with RSL3.  

  

Appendix Figure 12. Representative report generated by a Nano tracker instrument 
showing details of one batch of liposomes containing RSL3. 



   
 

188 

Report generated from Nanosight NS300 software detailing the size, distribution and quantity of liposomes 

loaded with RSL3 following dialysis.  

 

Appendix Figure 13. Representative report generated from a Nano tracker instrument 
regarding liposomes containing RSL3 following dialysis. 
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(A) MM cells were cultured with the indicated concentrations of RSL3 for 24 hours. (B) MM cells were 

cultured with indicated concentrations of RSL3 with liproxstatin-1 for 24 hours. Cell viability was assessed 

using annexin V/PI staining and flow cytometry. Data are the mean ± standard deviation of duplicate 

measurements from 3 independent experiments.  

 

Appendix Figure 14. MM cells are insensitive to RSL3. 
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MM cells were cultured for 24 hours with 15 μg/mL liposomes that either did or did not contain RSL3. Images 

were acquired at 24 hours using an imaging microscope at 20X magnification. 

 

 

 

 

 

 

 

 

 

 

 

 

 

MM cells were cultured for 24 hours with 5 μg/mL liposomes that either did or did not contain RSL3, in 

addition to liproxstatin-1. Images were acquired at 24 hours using an IncuCyte S3 live cell analysis system at 

20X magnification. 

Appendix Figure 15. RSL3 containing liposomes induce ferroptosis in MM cell lines. 

Appendix Figure 16. Cell death induced by liposomes containing RSL3 can be prevented by 
liproxstatin-1. 
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MM and FH9 cells were cultured for 24 hours with 5 μg/mL liposomes that either did or did not contain RSL3. 

Cell viability was assessed using annexin V/PI staining and flow cytometry. Data are the mean ± standard 

deviation of duplicate measurements from 3 independent experiments. 
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Appendix Figure 17. Liposomes containing RSL3 are more significantly effective at 
inducing cell death in MM cell lines than FH9 cells. 
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(A) Control liposomes and (B) daratumumab-conjugated liposomes with the formulation PE (16:0_22:6): 

DSPE-PEG2000 carboxyl NHS at ratios of 98:2 (w/w%). Size and distribution were measured using DLS. Report 

generated from the Zetasizer software.  

 

 

 

 

 

Appendix Figure 18. Representative DLS report regarding the size and PDI of liposomes 
that either were or were not conjugated to daratumumab. 
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FH9 cells were cultured for 24 hours with RSL3. Cell viability was assessed using annexin V/PI staining and 

flow cytometry. Data are the mean ± standard deviation of duplicate measurements from 2 independent 

experiments. 
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Appendix Figure 19. Healthy B cell line FH9 can undergo RSL3 induced ferroptosis. 
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