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Abstract

Although a number of HSPs have been shown to be up-regulated in a wide range of 

human cancers, the full significance of this remains to be determined. The localisation 

of HSPs seems to be critical in determining their role in cancer cell survival; High 

intracellular levels (iHsp) appear to be advantageous to the tumour cell, inhibiting key 

steps in apoptosis, while in some circumstances, surface expression (sHsp) appears to 

be detrimental to the cell, aiding immune recognition by various effector cells. 

Consequently, clarifying the importance of HSP cellular location in the cancer setting 

may lead to the development of novel therapies based upon manipulation of HSP 

localisation. This thesis had two major aims; (1) to investigate the cellular localisation 

of HSPs in leukocytes from patients with both myelocytic and lymphocytic 

malignancies in order to establish relationships between apoptosis and stage of disease 

(2) to study the synergistic effect of four chemotherapeutic drugs with membrane 

fluidising agents, compounds which have the potential to modulate HSP localisation. 

Hsp90 and Hsp27 expression was shown to be restricted to the inside of peripheral 

blood leukocytes, while Hsp72 was localised both intracellularly and on the cell 

surface. In CLL, iHsp90 and iHsp27 levels were found to be significantly higher than 

in control subjects, while surface and intracellular Hsp72 was shown to be expressed 

either at very high levels or at very low levels. Furthermore, iHsp90 levels were found 

to be associated with stage of disease, while iHsp27 levels were shown to negatively 

correlate with levels of apoptosis. CLL patients with stable disease were found to 

express higher levels of iHsp72 than patients with progressive disease.

However, in AML and MDS, levels of all HSPs in peripheral blood were found to be 

similar to those seen in control subjects, but disease patients showed a much wider 

range of expression. In AML, levels of sHsp72 positively correlated in all cell types, 

an observation not made in MDS patients or control subjects. HSP localisation was
i

shown to be affected by membrane fluidising agents, with a movement of Hsp72 and 

Hsp60 to the cell surface. This effect was not due to proteotoxicity and supports data 

implicating the cell membrane in the regulation of HSP responses. This manipulation 

of HSP localisation and the increase in membrane fluidity resulted in increased 

sensitivity of CLL cells to three chemotherapeutic agents and points to the possibility 

that manipulation of membrane fluidity, may have significant value in the 

development of new treatment regimes.
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Chapter 1: Introduction

Chapter 1: Introduction

Approximately 290,000 new cases of cancer are reported in the UK every year, with 

an annual cost to the NHS of around £4.5 billion. It is believed that one in every three 

people will develop some form of cancer during their lifetime (Cancer Research UK, 

2009) and even with the latest novel treatments, one in four of all UK deaths result 

from cancer. With these statistics in mind, understanding the mechanisms behind the 

development of cancer and improving treatment regimes is of crucial importance.

The work presented in this thesis focuses on haematological malignancies, 

investigating the mechanisms behind the progression of these diseases and exploring 

novel therapeutic approaches. Studies initially investigate the role of Heat Shock 

Proteins (HSPs) and their localisation with the aim of establishing if this group of 

proteins have a role in the progression of the diseases. Subsequently, methods to 

modulate the level of HSPs in the cell are studied to assess the effect on therapeutic 

efficacy of four chemotherapeutic agents.

1.1.1 Essential Steps in Cancer Development

Current opinion states that the development of cancer is due to a succession of genetic 

changes within a cell, each of which conferring one or another type of growth 

advantage, which eventually leads to the progressive conversion of this normal cell to 

a tumour cell (Hanahan & Weinberg, 2000). Although there are a vast number of 

distinct cancer genomes, Hanahan & Weinberg (2000), propose that there are only six 

essential modifications in cell functioning required that together, allow a cell to 

develop a malignant phenotype. These six modifications comprise: self-sufficiency 

with respect to growth signals; limitless replicative potential; insensitivity to anti

growth signals; sustained angiogenesis; capacity for tissue invasion and metastasis 

and the evasion of apoptosis. It is proposed that these six adaptations are shared by all 

cancer cells, independent of the cancer type. Indeed, production of autonomous 

growth signals such as PDGF and TGF-a, over-expression of growth factor receptors 

such as EGFR and ErbB2 and down-regulation or mutation of anti-growth signal
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Chapter 1: Introduction

receptors such as TGF-P receptor have been demonstrated in a wide range of cancer 

types.

The limitless replicative potential of a cancer cell is provided by telomerase (Shay & 

Bacchetti et al. 1997), the sustained expression of which is usually confined to stem 

cells and germ cells, allowing lengthening of telomeres and preventing a state of cell 

senescence (Shay et al. 2001). In a study by Kim et al. (1994), telomerase expression 

was analysed in 101 biopsies representing 12 different human tumour types and was 

found to be expressed in over 90% of the samples. Hence telomerase has become a 

molecular target for many emerging cancer therapies (Harley, 2008; Chang, 2004).

Induction and maintenance of angiogenesis in tumours appears to be mediated by 

increased expression of angiogeneic factors such as vascular endothelial growth factor 

(VEGF) (Shivakumar et al. 2009) and/or decreased expression of angiogenic 

inhibitors such as thrombospondin-1 (TSP-1) (Campbell et al. 1998).

Cells from the tumour mass may eventually break away and move into the local 

vasculature, travelling to distant sites within the host. This metastasis is believed to be 

a final essential requirement for the tumour to continue its growth. Movement to new 

sites liberates the tumour from the growth limiting conditions of its primary site. The 

large amount of research into this process implicates a change in adhesion molecule 

expression such as N-CAM on cancer cells in the initiation of this process.

The most important ‘hallmark’ of cancer in terms of the research presented here, is the 

evasion of apoptosis by cancer cells. This ability has been shown to be provided by a 

wide range of mechanisms including mutation of the TP53 gene (Whibley et al. 2009) 

or over-expression of anti-apoptotic proteins such as bcl-2 (Lessene et al. 2008) and 

Survivin (Ambrosini et al. 1997). However a large body of evidence is now 

implicating the over-expression of a group of cellular chaperones, known as Heat 

Shock Proteins (HSPs) in the progression of cancer. Not only have certain members 

of this superfamily been found to be expressed at high levels in a wide variety of 

cancer types, but many have been shown to chaperone key components of the 

apoptosis pathway including bcl-2 and mutant p53. The roles played by these proteins 

in cancer cells are discussed in section 1.3.
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Chapter 1: Introduction

1.1.2 The Immune System and Cancer

Tumour immune surveillance is a critical process required to limit the growth of 

transformed cells and involves interplay between the innate and adaptive parts of the 

immune system (Figure 1.1.1). Many tumours express a wide variety of antigens that 

can be recognised as abnormal by many cells of the immune system. Activated 

macrophages and Natural Killer (NK) cells are able to recognise abnormal expression 

of surface molecules and eliminate cancer cells by granzyme B-mediated killing or 

Fas-FasL mediated killing. NK cells also secrete cytokines such as IFN-y that can 

activate additional macrophages, thereby increasing the immune response. 

Macrophages and dendritic cells (DCs) may also take up tumour antigens and travel to 

the lymph nodes where they present it to naïve T-cells via MHC class II molecules. 

The interaction of naïve T-cells with their cognate antigen results in a T-cell response 

against the tumour.
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Figure 1.1.1 Immune Responses to cancer

(Adaptedfrom Gross & Walden, (2008)) (The numbers below refer to the segments in 

the diagram). Tumour cells may present tumour antigens directly to CTLs via MHC- 

TCR interactions (1). Direct killing o f tumour cells occurs via CTLs and NK cells (2) 

by Fas/FasL or perforin/granzyme B. Tregs (3) act to suppress immune responses by 

production o f IL-10/TGF-/3 which convert CTLs (4) to Tregs and down-regulate 

MHC-I on tumour cells. Insufficient co-stimulation by T-helper cell-derived cytokines 

(5) leads to T-cell anergy (4). Apoptotic/necrotic bodies from the tumour are engulfed 

by APCs and tumour-antigens cross-presented via MHC-II on DCs (5) and 

macrophages (6) to T cells.
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Having considered the fact that the formation of cancer is abnormal in human 

physiology, it is surprising that the large majority of tumours do not provoke a 

response from the immune system. Generally, tumour cells are only weakly 

immunogenic and it is believed that tumour-associated antigens (TAAs) are mostly 

self-antigens, with tumour-specific neo-antigens (TSAs) making up only a small 

minority of these antigens (Gross & Walden, 2008). Furthermore, as the majority of 

cancers are slow growing, accumulating the necessary mutations to become malignant 

over several years, it is possible that even TSAs may appear to the immune system as 

self-antigens, failing to provoke an immune response and invoking peripheral 

tolerance. Moreover, tumour cells expressing TSAs may ultimately lose this 

immunogenicity as a result of an ineffective immune response; tumour cells that 

escape a primary immune response have a selective advantage and can continue to 

proliferate unrestrained. In addition to their weak immunogenicity, tumour cells are 

also capable of releasing immunosuppressive factors such as cytokines and growth 

factors. Indeed, the release of adenosine by tumour cells inhibits IL-12 secretion and 

promotes release of the immunosuppressive cytokine IL-10 by monocytes (Link et al. 

2000), while vascular endothelial growth factor (VEGF) prevents DC maturation into 

antigen-presenting cells (APCs) (Toi et al. 1996).

Despite the immunosuppressive capacity of tumours themselves, a great deal of 

attention is currently being given to determining the role played by naturally 

occurring T regulatory cells (Tregs) in the absence of tumour-specific immune 

responses. Tregs comprise a subset of CD4+ T cells that have been shown to possess 

immune regulatory properties by suppressing the proliferation and cytokine 

production of effector T-cells (Gallimore et al. 2007). Tregs are therefore imperative 

for the suppression of autoreactive T-cells. Indeed, many individuals presenting with 

autoimmune disorders have been shown to display lower numbers of circulating Tregs 

(Toldi et al. 2008; Bluestone & Tang, 2005). Other studies have provided evidence to 

suggest that Treg numbers are not decreased in autoimmune disorders but cytotoxic 

T-lymphocytes (CTLs) become unresponsive to their regulatory effects (Lindley et al. 

2005; Brusko et al. 2007; Putheti et al. 2004). However, in the cancer setting, the 

Treg-mediated immuno-suppression is detrimental for the patient. An increase in 

Tregs has been demonstrated in breast cancer patients, both at the tumour site and in 

the peripheral blood (Liyanage et al. 2002). Furthermore, the presence of Tregs has
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been shown to be directly associated with risk of relapse in breast cancer patients 

(Gobert et al. 2009) and reduced survival in ovarian cancer (Wolf et al. 2005) The 

degree of tumour infiltration by Tregs also correlates with stage of disease in ovarian 

cancer as stage I patients displayed significantly lower numbers of Tregs than patients 

in stages II-IV (Curiel et al, 2004). However, it is unclear whether this is a cause or 

effect; Does the observation of high numbers of Tregs in later stage disease indicate a 

commandeering of these naturally occurring immuno-suppressors by the tumour, or 

does the presence of Tregs at an earlier stage of disease allow the tumour to evade 

immune responses and progress further?

The precise mechanism by which Treg cells exert their immuno-regulatory functions 

remains elusive. However several studies have shown that direct cell-cell contact 

between the Treg and CD8+ cell is required (Field et al. 2007). Moreover, it has been 

demonstrated that Treg cells have a direct effect on CD8+ T cell function by 

suppressing the release of cytotoxic granules and inhibiting the release of IFN-y 

(Piccirillo & Shevach, 2001). However, the fact that Tregs have been found in 

draining lymph nodes in addition to the tumour sites (Chaput et al. 2007) may indicate 

that the suppressive effects of Tregs may not be limited to the immediate area and 

perhaps may involve many different mechanisms.

Treg cells are distinguished from CD4+ T helper cells by the expression of CD25, 

GITR (glucocorticoid-induced tumour necrosis factor receptor family-related gene), 

cytotoxic T lymphocyte antigen-4 (CTLA-4), and the transcription factor, forkhead 

box P3 (Foxp3) (Gallimore et al. 2007). Hence, gating of CD4, CD25 and FoxP3 is 

widely used as a method of identify Lg Tregs by flow cytometry.

1.1.3 Cancer Treatment

Many options are currently available for the treatment of cancer and some therapies 

may be used in combination to increase effectiveness. Cancer management often 

includes the use of chemotherapy, radiotherapy, surgery and immunotherapy but may 

also involve gene therapy or hyperthermia.
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Radiotherapy
Radiotherapy uses ionising radiation specifically targeted at the tumour which results 

in the formation of free radicals within the tumour cells and causes cell death. It may 

be used as a stand-alone treatment to cure cancer but may also be used in combination 

with chemotherapy. Radiotherapy may also be used complementary to surgery, either 

to shrink the tumour before surgery or to reduce the risk of reoccurrence after surgery. 

There are three main types of radiotherapy known as external beam radiotherapy 

(EBRT), brachytherapy and systemic radioisotope therapy. EBRT is the most 

frequently used radiotherapy and is often used in the treatment of bowel, prostate, 

lung and brain cancer. Brachytherapy involves the placement of radioactive sources, 

such as strontium-90 plaques, within the body and is involved in the treatment of 

localised prostate cancer and cervical cancer. Systemic radioisotope therapy involves 

the ingestion or injection of radioactive material such as strontium-89 and is used in 

the treatment of metastatic bone cancer and thyroid cancer.

Immunotherapy

Immunotherapy is fast becoming a common treatment option in the management of 

cancer. It involves modulating the immune system to promote destruction of the 

tumour cells and is achieved either through immunisation or administration of 

immunotherapy drugs. Alumtuzumab and rituxumab are two monoclonal antibody 

drugs commonly used in the treatment of Chronic Lymphocytic Leukaemia (CLL). 

These antibodies bind to specific antigens (CD52 and CD20 respectively) on target 

cells resulting in antibody-dependent cell-mediated cytotoxicity. Cytokines such as 

IL-2 are also used and are classed as an immunotherapy. However, many cytokines 

have been shown to produce adverse side effects and so attempts are now being made 

to conjugate these cytokines to monoclonal antibodies with the aim of targeting the 

cytokine to a specific tissue, producing a localised effect. Combining the use of 

immunotherapy and radiotherapy is also being trialled with the aim of delivering 

high-energy radioactive material to specific tissues by targeting specific antigens (Du 

et al. 2007; Morschhauser et al. 2007).

Chemotherapy

Chemotherapy involves the use of chemicals to interfere with cell division. Current 

chemotherapy regimes aim to eradicate tumour cells from the body while limiting
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damage to non-transformed cells. However, due to increased resistance of cancer cells 

to apoptosis, this can prove a challenge. Existing treatments operate via a number of 

different mechanisms from specific S-phase inhibitors such as cytarabine (Laubach & 

Rao, 2008) to DNA cross-linking compounds such as cyclophosphamide. By using 

multiple chemotherapeutic agents together numerous pathways in cell division can be 

obstructed resulting in increased effectiveness. Treatment regimes for B-cell 

leukaemia often involve the combined use of the alkylating agent cyclophosphamide 

and the purine analogue fludarabine (Hamblin et al. 2004).

The four chemotherapeutic agents used in this thesis represent four distinct families of 

cytotoxic drugs that operate via different mechanisms.

Cyclophosphamide

Cyclophosphamide (Cyclo) belongs to a group of synthetic chemotherapeutic drugs 

known as the nitrogen mustard alkylating agents. It is used to treat a number of 

cancers including leukaemias and lymphomas, and is also utilised for its 

immunosuppressive action. Cyclo is commonly used in combination with the purine 

analogue fludarabine as a first-line treatment regime in CLL. As a prodrug, Cyclo 

must be converted in the liver to the active metabolites 4-hydroxycyclophosphamide 

and aldophosphamide. Subsequently, aldophosphamide is converted to 

phosphoramide mustard and acrolein, the former of which produces both inter- and 

intra-strand DNA cross links (de Jonge et al. 2005). This formation of cross links 

inhibits DNA replication and as a result the cell dies by apoptosis. Both 4- 

hydroxycyclophosphamide and aldophosphamide are known to diffuse into cells but 

are not cytotoxic while the majority of phosphoramide mustard in circulation is 

ionised and so cannot enter into cells. It is hypothesised that aldophosphamide enters 

the cells by diffusion and is then rapidly converterted to phosphoramide mustard. 

Aldehyde dehydrogenase enzymes (ALDH) are responsible for the irreversible 

deactivation of 4-hydroxycyclophosphamide and aldophosphamide. The end-products 

4-ketocyclophosphamide and carboxyphosphamide are not cytotoxic and are excreted 

in the urine. Tumour-resistance to Cyclo may, in some cases, be attributed to over

expression of ALDH enzymes by the tumour cells. In parallel to other alkylating 

agents such as chlorambucil and ifosfamide, Cyclo is most toxic to rapidly 

proliferating cells such as haematopoetic and epithelial cells. Therefore the dosage of
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Cyclo administered to patients is limited to reduce side-effects such as 

thrombocytopenia, leukopenia and hepatic damage.

Doxorubicin

The anthracycline antibiotic doxorubicin (Dox) is one of the most effective anticancer 

agents and is used in the treatment of both solid tumours and haematological 

malignancies. The drug has been shown to work effectively in isolation and also 

forms the core of most combination therapies (Gangadharan et al. 2009). Dox exerts 

its cytotoxic effects by interfering with the topoisomerase II enzyme during DNA 

replication. In normal cell division topoisomerase II is essential for the regulation of 

DNA supercoiling by generating transient double-strand breaks in DNA during 

replication and transcription (Smart, 2008; Bandele & Osheroff, 2008). Maintenance 

of genomic integrity during this process is achieved by topoisomerase II enzymes 

forming covelant bonds with the 5’ termini of the cleaved DNA (Bandele & Osheroff, 

2008). Topoisomerase poisons such as Dox, prevent the enzyme from stabilising the 

cleaved DNA resulting in permanent DNA double-strand breaks which result in cell 

death.

Response to Dox appears to be tightly regulated by numerous signalling events 

including activation of caspases and c-Jun-N-terminal kinase (Mikami et al. 2006) 

and transcription factors (Chuang et al. 2002). Furthermore, high basal levels of NF- 

kB seem to confer resistance to Dox (Gangadharan et al. 2009). The clinical use of 

Dox has also been associated with the development of cardiomyopathy that may 

eventually progress to heart failure (Mordente et al. 2009; Barrett-Lee et al. 2009) and 

therefore patients must be monitored during treatment and the dosage regulated 

accordingly.

Lovastatin

As a member of the Statin family, lovastatin has a primary pharmacological use in the 

treatment of hypercholesterolaemia and the prevention of cardiovascular disease. 

Lovastatin is a specific inhibitor of HMG-CoA reductase, a critical enzyme in the 

mevalonate pathway and hence the biosynthesis of cholesterol. Famesyl 

pyrophosphate and geranylgeranyl pyrophosphate are key intermediates in this 

pathway and are essential for the post-translational modification of numerous cellular
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proteins including Ras and Rho family members (Winiarska et al. 2008). By 

interfering with the mevalonate pathway, statins prevent Ras and Rho proteins from 

participating in various signalling pathways thereby exerting cytostatic and cytotoxic 

effects. Hence, statins have been found to possess anti-neoplastic activities (Katz et al. 

2005) and are often used in combination with other < cemotherapy agents in the 

treatment of both solid tumours and haematological malignancies.

TRAIL

Tumour Necrosis Factor-Related Apoptosis Inducing Ligand (TRAIL), also known as 

Apo-2 Ligand (Apo-2L), is an apoptosis inducing protein produced by numerous cells 

including tumour-invading monocytes, NK cells and CD8+ T-cells (Ashkenazi et al. 

2008). It shows a selective toxicity toward cancer cells, with normal cells remaining 

refractory to its effects (Wiley et al. 1995). This protein possesses 28% sequence 

homology with FasL and 23% homology with TNF-a (Griffith & Lynch, 1998). The 

broad expression of TRAIL in sites including the prostate, spleen, peripheral blood, 

thymus and small intestine (Wiley et al. 1995) suggests that TRAIL-induced 

apoptosis is tightly regulated via limited receptor expression.

The TRAIL receptor system comprises four membrane-bound receptors and one 

soluble receptor. TRAIL-R1 (DR4), a type I transmembrane protein was discovered in 

1997 (Pan et al. 1997) and was thought to be the only receptor for TRAIL. It 

possesses a Death Domain (DD) capable of recruiting the adaptor protein Fas- 

Associated Death Domain (FADD) when binding of TRAIL to the receptor has 

occurred. The Death Effector Domain (DED) of FADD may then in turn activate 

procaspase-8 and the caspase cascade begins. Shortly after, a second receptor for 

TRAIL was discovered (Sheridan et al. 1997). TRAIL-R2 (DR5) is also a type I 

transmembrane protein and shares 58% sequence homology with TRAIL-R1. It too, 

possesses a fully functional death domain and so can therefore initiate apoptosis upon 

ligand binding.

Surprisingly, studies into expression of TRAIL and its receptors found that mRNA of 

TRAIL-R1, TRAIL-R2 and TRAIL were expressed in the same tissues and so modes 

by which cells within these tissues protected themselves from apoptosis remained 

elusive. The discovery of two additional membrane-bound TRAIL receptors (TRAIL-
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R3 and TRAIL-R4) began to explain the differences in TRAIL sensitivities of normal 

cells and tumour cells and also explained how cells co-expressing TRAIL and 

TR AII.-R 1 or TRAIL-R2 were TRAIL resistant. Although TRAIL-R3 (DcRl) and 

TRAIL-R4 (DcR2) share high sequence homology with TRAIL-R1 and TRAIL-R2, 

they lack a fully functional death domain and therefore cannot initiate apoptosis. 

TRAIL-R3 lacks the DD entirely (Degli-Esposti, 1997) while TRAIL-R4 possesses a 

tmncated DD and therefore neither receptor can recruit the FADD adaptor protein 

(Degli-Esposti 1997; Marsters et al. 1997). A fifth, soluble receptor for TRAIL, 

known as Osteoprotegerin (OPG) was discovered in 1998 (Emery et al. 1998). The 

role of this protein in bone metabolism was already well understood, however, it was 

found to bind to TRAIL with high affinity. Subsequently, OPG was shown to block 

TRAIL-induced apoptosis in Jurkat cells (Emery et al. 1998), breast cancer cells 

(Neville-Webbe et al. 2004) and primary ameloblastoma cells (Sandra et al. 2006).

Current opinion is that the non-functional receptors act as decoy receptors, allowing 

cells in a TRAIL-rich environment to be resistant to TRAIL-induced apoptosis.

Indeed, transfecting TRAIL-sensitive cells with TRAIL-R3 or TRAIL-R4 appears to 

reduce the degree of TRAIL-induced apoptosis (Sheridan et al. 1997; Marsters et al. 

1997). On the contrary, correlation studies into decoy receptor mRNA expression and 

TRAIL sensitivity in human tumour cell lines did not concur with this theory. 

However, mRNA expression does not necessarily reflect the protein expression on the 

cell surface and so cannot rule out this hypothesis.

Due to its selective toxicity towards cancer cells, TRAIL and antibodies to the TRAIL 

receptors TRAIL-R1 and TRAIL-R2 have now progressed to phase II clinical trials. 

Targeting the extrinsic cell-death pathway in this way also eliminates the dependence 

on p53, a tumour suppressor protein often mutated in cancer cells. Conventional anti

cancer treatments work by activating the intrinsic cell-death pathway and so are 

ultimately dependent upon the p53 pathway (Ashkenazi et al. 2008).

In addition to its lone-ability to cause apoptosis in cancer cells, studies into enhancing 

the efficacy of this cytokine have shown that common chemotherapeutic agents used 

in conjunction with TRAIL or antibodies to TRAIL receptors can increase 

cytotoxicity (Conticello et al. 2008; Voelkel-Johnson, 2003).
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1.2 Cell Death

Cell death is a vital terminal process for cells of multi-cellular organisms. This 

process may occur due to cells coming to the end of their life span, cells becoming 

defective or becoming surplus to requirements. The process requires internal cellular 

programming to regulate gene and protein expression. The overall process of cell 

death can be classified according to the pathways involved and the morphological 

changes that occur during the process. The four recognised modes of cell death are 

apoptosis, necrosis, autophagy and anoikis, although this thesis will only discuss 

apoptosis and necrosis in detail.

1.2.1 Apoptosis

Apoptosis is an essential physiological process that has a critical role in tissue 

homeostasis. It is characterised by distinct morphological and physiological changes 

including membrane blebbing, nuclear condensation and cell shrinkage (Sreedhar and 

Csermely, 2004). It is involved in a variety of processes such as elimination of 

senescent cells and embryonic development (Brill et al. 1999; Schneider & Tschopp,

2000) . However, de-regulation of apoptosis is the foundation of many pathological 

diseases such as cancer, autoimmune disease, Alzheimer’s disease, Parkinson’s 

disease and AIDS (Hale et al. 1996). The process of apoptosis ultimately involves the 

activation of cysteine aspartate-specific proteases (caspases) which may be achieved 

by two distinct pathways. The first pathway, known as receptor-mediated apoptosis, 

involves the interaction between a cell-surface death receptor and its ligand 

(Schneider & Tschopp, 2000). Binding of death receptors to their respective ligand 

results in formation of the death-inducing-signalling-complex (DISC) and activation 

of procaspase-8. The second pathway is receptor independent and requires the 

involvement of the mitochondria. Cellular stresses such as excessive temperature or 

exposure to UV induce pro-apoptotic factors to translocate from the cytoplasm to the 

mitochondria where they induce the release of cytochrome c (Zimmermann et al.

2001) .

12



Chapter 1: Introduction

The Death Receptor Pathway

The death receptors belonging to the TNFR superfamily include TNF-R1, TNF-R2, 

TRAIL-R1, TRAIL-R2, Fas and DR3. These receptors span the width of the cell 

membrane and possess a death domain capable of recruiting the Fas-Associated Death 

Domain (FADD) molecule when binding of its respective ligand occurs. FADD itself 

possesses a death effector domain (DED) that in turn can bind and activate 

procaspase-8. Active caspase-8 may then go on to activate the caspase cascade 

(Zimmermann et al. 2001). Apoptosis via this pathway may be prevented by a number 

of factors. Decoy receptors for death receptor ligands exist both on the cell surface 

and in a soluble form. As mentioned earlier, TRAIL, has two membrane-bound decoy 

receptors that compete with TRAIL-R1 and TRAIL-R2 for TRAIL binding and a 

soluble decoy receptor, Osteoprotegerin (OPG) (Emery et al. 1998). Cells may 

modify their sensitivity to TRAIL (and other death receptors) by down-regulating 

their expression of functional death receptors or up-regulating expression of their 

decoy receptors.

The Intrinsic Apoptosis Pathway

Apoptosis can also occur independently of death receptors. Cellular stresses result in a 

disturbance in intracellular homeostasis and result in translocation of pro-apoptotic 

factors, including Bax and Bak from the cytoplasm to the mitochondria. Translocation 

of these proteins to the intermembrane space of the mitochondria results in the release 

of many pro-apoptotic factors including cytochrome c (Ashe & Berry, 2003). This 

protein in turn binds to Apoptotic protease-activating factor 1 (APAF-1) and 

procaspase-9 to form the apoptosome (Zou et al. 1999). Caspase-9 may then go on to 

activate effector caspases 3 and 7. In addition to cytochrome c, Second Mitochondrial 

Activator of Caspases/Direct IAP-binding Protein of Low Isoelectric Point 

(Smac/DIABLO) is also released from the mitochondria. This protein binds to 

Inhibitor of Apoptosis Proteins (IAPs), preventing their function and assisting with 

the apoptosis cascade.

Intracellular anti-apoptotic proteins exist which act to block the apoptotic pathway by 

preventing binding of key molecules to their respective ligands. Members of the Bcl-2 

family such as Bcl-2 and Bcl-XL act as anti-apoptotic proteins, although their precise 

mechanism of action remains elusive.
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1.2.2 Necrosis

Necrosis is considered a disorganised form of cell death, characterised by swelling of 

cell organelles followed by the appearance of empty spaces within the cytoplasm that 

begin to unite and combine with the extracellular milieu (Sun & Peng, 2009). Unlike 

apoptosis, necrosis results in the release of cellular contents into the extracellular 

space which invariably leads to inflammation. In contrast to the original opinion that 

necrosis is a spontaneous, un-programmed event, accumulating evidence now 

suggests that necrosis is another type of programmed death (Sun & Peng, 2009), 

distinct from other forms of programmed cell death by the lack of caspase and 

lysosomal involvement. Necrosis typically concludes with the breaking down of the 

nucleus, releasing nuclear factors such as HMGB1 which cause the inflammation 

typical of necrosis.

1.2.3 Autophagy

Similarly to apoptosis, autophagy is a controlled, energy dependent cell death process. 

It is characterised by the formation of an autophagosome, a double-membrane vesicle 

surrounding the cytoplasm and cell organelles that fuses with lysosomes, resulting in 

the degradation of the vesicle contents (Sun & Peng, 2009). The amino acids or fatty 

acids recovered in this process may then be used for protein synthesis, therefore, 

autophagy is the major catabolic route for eukaryotic cells to recover essential 

molecules. In contrast to apoptosis, autophagy is caspase-independent and can occur 

in cells with profound defects in apoptotic machinery. Additionally, it differs from 

apoptosis as cell organelles are degraded early on in the process and the cytoskeleton 

is the last component to be degraded (Sun & Peng, 2009).

1.2.4 Anoikis

Loss of cell anchorage or inappropriate cell adhesion may lead to a type of apoptosis 

known as anoikis (Chiarugi & Giannoni, 2008). The adhesion of cells to the 

extracellular matrix is crucial for normal tissue homeostasis and therefore anoikis 

plays an important role in both tissue development and disease. Indeed, many cancer 

cells appear insensitive to anoikis, allowing the detachment of these cells from the
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local tissue and movement to new sites. The resistance to anoikis is believed to confer 

a selective advantage to pre-cancerous epithelial cells allowing them an increased 

survival time after detachment from the surrounding tissue (Frisch & Screaton, 2001). 

Similarly to apoptosis, anoikis can be triggered through a number of pathways which 

all result in the activation of specific caspases ultimately resulting in DNA 

fragmentation and cell death. Integrins play a crucial role in the regulation of anoikis 

as incorrect integrin engagement can signal that the cell is attached to an inappropriate 

tissue and initiate the anoikis pathways (Frisch & Ruoslahti, 1997; Meredith et al. 

1993). The mechanisms by which cancer cells resist anoikis remain elusive but are 

thought to involve similar mechanisms by which cells evade apoptosis, such as over

expression of survival proteins (Chiarugi & Giannoni, 2008).

1.3 Heat Shock Proteins

Heat Shock Proteins (HSPs) are a group of highly conserved proteins named 

according to their molecular weight. They appear to play a major role in 

cytoprotection by regulating the process of apoptosis (Sreedhar & Csermely, 2004) 

(Figure 1.1.2). HSPs are constitutively expressed but their expression is up-regulated 

when the cell is subjected to stress. These stresses may include hypoxia, heat shock, 

exposure to UV and oxidative stress. Under non-stress conditions HSPs act as cellular 

chaperones, assisting protein folding and cell maintenance. Under stress conditions, 

they prevent protein unfolding and assist in protein refolding. The 5 major classes of 

HSPs involved in the stress response are Hsp27, Hsp60, Hsp72, Hsp90 and Hspl 10.
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Chapter 1: Introduction

1.3.1 HSP Nomenclature

Human HSPs were originally identified as stress-induced proteins and were 

traditionally split into five families based on their molecular weight. These five 

families were the HSP27, HSP60, HSP90, HSP70 and HSP110 families. However, the 

sequencing of the human genome has led to the identification of additional members 

of well established HSP families. Furthermore, the expansion of these HSP families 

has resulted in many HSPs being referred to by several different names. Therefore, 

attempts to draw comparisons between studies examining specific HSPs has proved 

challenging. Consequently, Kampinga et al. (2009) recently introduced novel 

guidelines for the nomenclature of human HSPs (Table 1.1).

Table 1.1. New nomenclature for human HSPs referred to in this thesis
(Adaptedfrom Kampinga et al. 2009)

Gene Name New Protein 
Name

Old Names Referred to in this 
thesis as

HSPB1 HSPB1 Hsp27, Hsp28; Hsp25 Hsp27
DNAJB1 DNAJB1 Hsp40 Hsp40
HSPD1 HSPD1 Hsp60 Hsp60
HSPA8 HSPA8 HSC70, Hsp71, Hsp73 Hsc70
HSPA9 HSPA9 Mortalin, mtHsp70, GRP75 Mortalin
HSPA1A HSPA1A Hsp72, Hsp70-1, HSPA1 Hsp72
HSPCla HSPC1 Hsp90, HSP90A, Hsp89 Hsp90
HSPH2 HSPH2 HspllO Hsp 110

HSPs play an elementary role in the regulation of apoptosis. However, they appear to 

have a duel function in this process. Many HSPs are involved in inhibiting vital steps 

in the apoptotic cascade and therefore promote cell survival (Wei et al. 1994; 

Punyiczki & Fesus, 1998; Samali & Orrenius, 1998; Jolly & Morimoto, 2000). In 

contrast, there are many circumstances in which HSPs have been shown to chaperone 

major signalling proteins involved in the process and therefore promote apoptosis. 

Presently, there is considerable effort being focused on targeting HSP function in 

tumour cells in order to design a potential anti-cancer therapy. Therefore, a deeper 

understanding of the regulation of these proteins is critical in order to achieve this.

HSPs are over-expressed in many types of cancer. This high expression appears to 

facilitate tumour cell growth and survival, and hence, the expression of HSPs is
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closely associated with a poor prognosis and resistance to both immune defences and 

various types of therapy (Ciocca & Calderwood, 2005). However, HSPs can be said to 

have a duel role in the cancer setting, as high intracellular levels appear to be 

advantageous to the tumour cell, while in some circumstances, surface expression 

appears to be detrimental (Radons & Multhoff, 2005; Multhoff et al. 1999).

1.3.2 HSP Regulation

The up-regulation of HSP expression in response to stress stimuli is regulated by the 

transcription factor Heat Shock Factor-1 (HSF1) (Wu, 1995). Under non-stress 

conditions, Hsp40, Hsp70 and Hsp90 are bound to monomeric HSF1 within the 

cytosol. However, under stress conditions HSPs dissociate from HSF1 and bind 

misfolded proteins, suggesting that these HSPs have a higher affinity for misfolded 

proteins as opposed to HSF1. This results in trimérisation of HSF1 and migration to 

the nucleus where, in this state, it has a high binding affinity for cis-acting DNA 

sequence elements known as Heat Shock Elements (HSEs) in the promoter region of 

the HSP genes resulting in transcription of HSP genes (Sorger , 1991). Once the stress 

is discontinued, the trimeric forms of HSF1 dissociate from the HSEs and are 

converted back to HSF1 monomers with the inability to bind DNA. It is believed that 

the increase in HSPs within the cell following the heat shock response are themselves 

negative regulators of HSF, binding to HSF and preventing further trimérisation (Wu, 

1995). Hsp90 has been shown to be a negative regulator of HSF1, as 

immunodepletion of Hsp90 resulted in enhanced HSF1 activity (Zou et al. 1998). 

Furthermore, chemical inhibition of Hsp90 using geldenamycin also increased the 

activity of HSF 1.

Over-expression of HSF has been observed in several cancer types and appears to 

provide tumour cells with the increased capacity for metastasis although the precise 

mechanisms behind this are not fully understood. Furthermore, HSF has also been 

shown to be stabilised via the tumourigenic factor heregulin-pi, resulting in increased 

HSP expression and therefore enhanced cell survival (Calderwood et al. 2006).
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1.3.3 Hsp27

Hsp27 belongs to the family of small heat shock proteins. In addition to its role as an 

ATP-independent molecular chaperone, it is involved in thermo tolerance, regulation 

of cell differentiation and inhibition of apoptosis and cell senescence. Similarly to 

Hsp72, Hsp27 is up-regulated in response to various stress stimuli such as oxidative 

stress, exposure to anti-cancer agents and radiation (Lanneau et al. 2008). As a 

molecular chaperone, Hsp27 prevents protein aggregation and stabilises partially 

denatured proteins ensuring refolding by Hsp70. Mechanistic investigations have 

shown that Hsp27 interferes with the apoptotic pathway in multiple ways; binding of 

Hsp27 with cytochrome c in the cytosol prevents formation of the apoptosome and the 

activation of procaspase-9 (Samali et al. 2001; LeBlanc, 2003; Garrido et al. 2001), 

while Hsp27 localised in the mitochondria prevents the release of cytochrome c and 

Smac/DIABLO into the cytosol (Paul et al. 2002; Chauhan et al. 2003a). Involvement 

of Hsp27 in the death-receptor mediated apoptosis pathway has also been 

demonstrated; Following Fas stimulation, Death Associated protein 6 (Daxx) becomes 

activated and should in turn activate the JNK pathway, initiating the apoptosis 

cascade. However, phosphorylated Hsp27 has been shown to bind Daxx, thereby 

inhibiting its function (Charrette et al. 2000).

Levels of Hsp27 have been shown to be elevated in many types of cancer including 

tumours of the breast, liver and prostate (Vargas-Roig et al. 1997; Comford et al. 

2000; Romani et al. 2007). Moreover, levels of Hsp27 in tumours have been found to 

correlate with chemoresistance (Schepers et al. 2005; Vargas-Roig et al. 1998) and 

poor prognosis (Thomas et al. 2005; Duval et al. 2006). However, there are 

contradictions within the literature; In breast cancer, for example, increased levels of 

Hsp27 have been associated with prolonged survival in oestrogen receptor-negative 

cases (Love & King, 1994). Decreased expression of Hsp27 in ovarian cancer was 

also found to correlate with decreased survival (Geisler et al. 2004). However, these 

contradictions may be attributed to Hsp27, (synonymous with p24 and p29), being an 

oestrogen-regulated protein (Padwick et al. 1994; Adams & McGuire, 1985; Home et 

al. 1988; Ciocca & Luque, 1991).
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Heat shock treatment of breast cancer cells was found to elevate levels of Hsp27 and 

confer resistance to Dox treatment (Ciocca et al. 1992), while increased resistance to 

cisplatin and Dox was observed in testicular cancer cells transfected with full-length 

Hsp27 (Richards et al. 1996). Furthermore, depletion of Hsp27 using siRNA was 

shown to overcome resistance to drug-induced apoptosis (Chauhan et al. 2003b).

Phosphorylation of Hsp27 at specific sites alters the localisation and activity of this 

protein within the cell. Hsp27 is involved in the modulation of the actin cytoskeleton 

due to its actin capping activity (Keezer et al. 2003) and it is now generally accepted 

that the phosphorylation of Hsp27 is required for F-actin reorganisation and hence cell 

migration (Kostenko et al. 2009; Piotrowicz et al. 1998; Hedges et al. 1999). Indeed, 

depletion of Hsp27 was shown to disrupt forskolin-induced F-actin rearrangement 

(Kostenko et al. 2009), while expression of an Hsp27 phosphorylation mutant inhibits 

cell migration (Hedges et al. 1999). A study by Lee et al. (2009b) demonstrated an 

increased adhesion rate and decreased migration rate in cells transfected with 

phosphorylated Hsp27 when compared to those transfected with unphosphorylated 

Hsp27. Additionally, cells transfected with phosphorylated Hsp27 displayed a less 

invasive phenotype. This work is supported by Lemieux et al. (1998), who 

demonstrated increased in-vitro adhesion of breast cancer cells transfected with 

Hsp27, and a decrease in cell motility, which was shown to increase after antisense 

suppression of Hsp27.

In summary, the presence of Hsp27 in cancer cells appears to be advantageous to the 

tumour, conferring resistance to chemotherapy and immune defences, resulting in 

decreased survival. However, a number of studies have found elevated levels of 

Hsp27 in the serum of cancer patients when compared to healthy controls (Fanelli et 

al. 1998; Zhao et al. 2003; Melle et al. 2007) although the significance of this is still 

unknown.

2 0



Chapter 1: Introduction

1.3.4 Hsp60

Accounting for approximately 15-30% of all cellular proteins, Hsp60 functions as a 

molecular chaperone, essential for the transportation of proteins from the cytosol to 

the mitochondrial matrix. However, unlike Hsp27 and Hsp72, the role of Hsp60 in 

apoptosis is still controversial. Several studies show Hsp60 to be a pro-apoptotic 

protein, enhancing the activation of caspases (Samali et al. 1999; Xanthoudakis et al. 

1999), while other studies suggest that Hsp60 has a role in sequestering Bax- 

containing complexes (Shan et al. 2003) and stabilises the IAP, Survivin (Ghosh et al. 

2007), thereby preventing apoptosis. A study by Chandra et al. (2007), showed that 

the role played by Hsp60 in apoptosis differs according to whether the increase in 

cytosolic Hsp60 is due to release from the mitochondria or not. Treatment with a 

fatty-acid containing hydroxamic acid compound, BMD118, was shown to induce 

release of mitochondrial Hsp60 into the cytosol prior to cell death. Furthermore, 

siRNA-mediated knockdown of Hsp60 inhibited BMD118-induced cell death, 

suggesting a pro-apoptotic role. This mitochondrial-derived Hsp60 was also shown to 

interact with pro-caspase-3. In contrast, treatment with staurosporine, Dox or Taxol 

resulted in accumulation of Hsp60 in the cytosol, but this was not due to release from 

mitochondria, or increased mRNA levels. Additionally, in these systems, Hsp60 was 

shown not to interact with pro-caspase-3 and was found to exhibit a pro-survival role.

The part played by this chaperone in the development of cancer is also unclear; Hsp60 

has been found to be both up-regulated and down-regulated in different cancer types 

and data exists showing a correlation of both these conditions with prognosis 

(Giaginis et al. 2009; Glaessgen et al. 2008; Faried et al. 2004; Schneider et al. 1999). 

Expression of Hsp60 has also been shown to be an indicator of positive response to 

chemoradiotherapy (Urushibara et al. 2007).

Increased levels of circulating Hsp60 in serum have been demonstrated in patients 

suffering from type-II diabetes (Aguillar-Zavala et al. 2008), atherosclerosis (Pockley 

et al. 2000) and coronary heart disease (Zhang et al. 2008). In a study involving 229 

healthy civil servants, circulating levels of Hsp60 were shown to correlate with 

psychosocial factors such as social isolation and psychological distress (Lewthwaite et 

al. 2002). However, the significance of these increases still remains to be determined.
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1.3.5 Hsp72

The Hsp70 family consists of at least eight highly conserved 70kDa proteins regulated 

by distinct genes (Kampinga et al. 2009), such as the constitutive member, Hsc70 

(HSPA8) and the mitochondrial Hsp70 member, morta .n (HSPA9). However, this 

thesis solely investigates the cellular localisation of the stress-inducible Hsp72 

(HSPA1A).

Hsp72 increases have been observed in breast cancer (Tauchi et al. 1991), colorectal 

cancer (Shotar, 2005; Milicevic et al. 2007), kidney cancer (Ramp et al. 2007) and 

leukaemia (Chant et al. 1995; Thomas et al. 2005). Additionally, elevated Hsp72 has 

been associated with resistance to cancer therapy and/or poor prognosis for the patient 

(Vargas-Roig et al. 1998; Thomas et al. 2005). However, it appears to be nuclear 

Hsp72 as opposed to cytoplasmic Hsp72, which confers this resistance to treatment 

(Vargas-Roig et al. 1998). Nevertheless, the relationship between the presence of 

HSPs and prognosis cannot be extrapolated to all cancers, as high intracellular Hsp72 

expression has been correlated with a positive prognosis in oesophageal (Kawanishi et 

al. 1999), pancreatic (Sagol et al. 2002) and renal cancer (Santarosa et al. 1997). In 

contrast, surface expression of Hsp72 has been shown to aid immune recognition by 

various effector cells, in particular, APCs and NK cells (Gehrmann et al. 2003). It 

appears that the various HSPs are associated with different prognoses according to the 
cancer type.

Intracellular Hsp72 appears to be beneficial to the tumour cell, protecting it from 

apoptosis in circumstances usually lethal to the cell. Many mechanisms by which it 

does this still remain elusive, however, many HSPs appear to interact with several key 

elements in the apoptotic pathways. As well as being able to bind to procaspases, 

inhibiting their activation (Beere & Green, 2001), they have also been found to block 

several caspase-independent pathways. Hsp72 specifically has been found to bind 

directly to APAF-1, preventing recruitment of procaspase-9 to the apoptosome. 

Additionally, Hsp72 binds to the mutated form of the tumour suppressor protein p53, 

both in cell lines and primary tumours (Lehman et al. 1991; Iwaya et al. 1995), 

resulting in stabilisation of mutant p53 and inhibition of apoptosis.
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Depletion of Hsp72 from various tumour cell lines including breast, colon and 

prostate results in apoptosis (Nylandsted et al. 2000) and so shows that over

expression of this protein is required for cell survival. The resulting apoptosis has 

been shown to be caspase-independent and cannot be prevented by Bcl-2 and Bcl-XL 

(Nylandsted et al. 2000). Hsp72 antisense constructs can sensitise cells to 

chemotherapy (Zhao & Shen, 2005), while siRNA mediated knockdown of Hsp72 in 

K562 erythroleukaemic cells results in sensitivity to paclitaxel-induced apoptosis. 

This down-regulation of Hsp72 is of interest in terms of drug targeting in Bcr-Abl 

leukaemia (Ray et al. 2004) as Hsp72 appears to be over-expressed at all stages of this 

disease and confers resistance to chemotherapy. Specific chemotherapeutic agents 

such as Dox, result in translocation of Hsp72 from the cytoplasm to the nucleus of the 

cell, and it is this translocation that appears to provide the resistance to therapy 

(Vargas-Roig et al. 1998). Drug resistance, in turn, results in progression of the 

tumour to a more aggressive state (Csermely, 2001).

Tumour cells may develop ways to evade immune recognition, including down- 

regulation of MHC molecules, allowing the tumour antigens to remain 

immunologically hidden (Chen et al. 2002a) and down-regulation of co-stimulatory 

and adhesion molecules. They may also release immunosuppressive cytokines 

including IL-10 which inhibit T-cell, DC and NK cell functions (Bausero et al, 2005). 

However, this immune evasion appears to be overcome by surface expression of 

Hsp72, the presence of which is seen in many types of cancer (Kleinjung et al. 2003; 

Pfister et al. 2007). There is a substantial body of evidence to support the idea that the 

presence of surface Hsp72 on tumour cells is detrimental to the cell. Wei et al. 

(1996), have demonstrated that expression of surface HSPs act as targets for NK cells 

and y5T-cells, while Chen et al. (2002a), demonstrated that induced in-vivo surface 

expression of Hsp72 on tumour cells can increase their immunogenicity, resulting in 

both an NK cell- and CTL-mediated response and rejection of the tumour. However, 

Multhoff et al. (1999) showed that in addition to sHsp72, IL-2 must also be present 

for the activation of NK cells.

There is increasing evidence to support the theory that extracellular HSPs act as 

“Danger Signals” (Todryk et al. 2000). Their role as molecular chaperones allows 

them to bind tumour antigens and present them to APCs. They also display the ability
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to bind to the CD91 receptor on APCs with high affinity (Basu et al. 2001), where 

they are subsequently endocytosed (Amold-Schild et al. 1999) and activate NF-kB 

nuclear translocation. Extracellular HSPs have been shown to augment the expression 

and release of pro-inflammatory cytokines such as IL-ip, IL-6, IL-12 and TNF-a 

(Asea et al. 2000; Baretto et al. 2003; Todryk et al. 1999), up-regulate co-stimulatory 

molecule expression such as CD86, CD83 and CD40 (Bausero et al. 2005) and induce 

DC maturation (Kuppner et al. 2001). The tumour antigens chaperoned by the FISPs 

are processed and represented by the APC on MHC-I in a process termed cross

presentation. These APCs then migrate to the lymph nodes where priming of CD8+ T 

cells occurs. There appears to be a positive feedback system in which APC released 

pro-inflammatory cytokines augment transcription and release of Hsp72 from tumour 

cells (Baretto et al. 2003).

Interaction of Hsp72 with NK cells via the CD94 receptor has been previously 

demonstrated (Gross et al. 2003). Furthermore, incubation of NK cells with FIsp72 or 

the TKD peptide portion of FIsp72 has been shown to up-regulate CD94 expression 

(Gross et al. 2003) and increase the cytolytic activity of the NK cells (Multhoff et al. 

1999). Active release of Hsp72 within exosomes has been shown to take place from 

pancreatic and colon tumour cell lines (Gastpar et al. 2005). Interestingly, the 

exosomal surface appears to reflect that of the tumour cell it was released from 

(Gastpar et al. 2005), i.e. the exosomal surface possessed the same relative levels of 

Hsp72/Bag4 as the tumour cell. Additionally, this group also demonstrated that 

surface Hsp72+/Bag4+ exosomes had the capacity to stimulate migration of CD94+ 

NK cells towards the Hsp72+ tumour cells and increase the cytolytic activity of these 

NK cells. The migration rates stimulated by these Hsp72+/Bag4+ exosomes were 

comparable to the migration rates stimulated by the TKD peptide portion of Hsp72 

alone (Gastpar et al. 2005). Moreover, TKD stimulated NK cells showed enhanced 

cytolytic activity towards Hsp72+/Bag4+ cells but not towards Hsp72-/Bag4- cells. 

Increased release of Granzyme B and up-regulation of CD94, CD56 and CD69 was 

also observed. IFN-y treatment has been shown to increase intracellular Hsp72, which 

is consequently released from the cell and acts to up-regulate co-stimulatory molecule 

expression on DCs (Bausero et al. 2003). Supporting results have shown significant 

down-regulation of sHsc70 with simultaneous up-regulation of sHsp72 and MHC-I in 

response to IFN-y treatment (Baretto et al. 2003).
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Clearly, manipulation of Hsp72 localisation in tumour cells may be the key to 

developing a broad-range anti-cancer agent. Currently, therapies concentrating on this 

molecular target are based upon two strategies; (1) Exploiting the immunogenic 

potential of this protein by developing Hsp72 vaccines for stimulating NK-cell 

mediated responses (Kleinjung et al. 2003), and (2) Inhibiting the expression of 

iHsp72 in cancer cells with the intention of destabilising client proteins such as 

mutant p53 and resulting in apoptosis. By combining these two strategies, intracellular 

Hsp72 may be redistributed to the cell surface, overcoming resistance to apoptosis 

and, at the same time, providing a recognition structure for NK cells and APCs.

1.3.6 Hsp90

The molecular chaperone Hsp90 is constitutively expressed in all eukaryotic cells 

where it binds a specific set of client proteins including steroid receptors, non-receptor 

tyrosine kinases and cyclin-dependent kinases (McLaughlin et al. 2002). Similarly to 

Hsp72, Hsp90 expression is upregulated under conditions of stress. It is also well 

documented that this protein is over-expressed in many cancer cell types (Neckers & 

Ivy, 2003) where it binds many of the key proteins regulating both apoptosis and cell 

proliferation. Indeed, Hsp90 is also known to play a crucial role in the six 

characteristics proposed, by Hanahan & Weinberg (2000), to be acquired by the 
majority of cancer cells.

The majority of cancers at diagnosis are already adequately diverse in terms of their 

genome and so are able to resist single-agent molecular targeted therapy (Kitano, 

2003). Hsp90 is known to chaperone numerous key signalling proteins and is 

therefore, in effect, involved in several vital signalling pathways. It is therefore 

hypothesised that inhibition of this important protein would act on the cell in a 

number of ways and is less likely to lose its effectiveness due to genetic mutation or 

progression of a previously existing resistant clone (Neckers, 2007).

The importance of Hsp90 in tumour growth has paved the way for development of 

Hsp90 inhibitors. In addition to interfering with Hsp90 itself, these drugs have also 

been shown to cause degradation of Hsp90 client proteins, that themselves prevent 

apoptosis and promote proliferation. It is important to note, that Hsp90 inhibitors
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appear to be selective towards cancer cells both in-vitro and in-vivo while having 

limited affects on non-tumour cells, despite the fact that Hsp90 is expressed in normal 

healthy cells (Vilenchik et al. 2004; Chiosis et al. 2003). This may be attributed to the 

enhanced ATPase activity of Hsp90 in tumour cells compared to normal cells 

allowing enhanced binding of the Hsp90 inhibitor (Kamal et al. 2003). It may also be 

credited to post-translational modification of this protein in tumour cells compared to 
normal cells.

Phase II clinical trials are now in progress using the novel Hsp90 inhibitors 17- 

allylaminogeldanamycin (17-A AG) and 17-dimethylaminoethylamino-17-

demethoxygeldanamycin (17-DMAG) (Neckers & Ivy, 2003; Neckers, 2007). 

Combination therapies using a common chemotherapeutic agent and an Hsp90 

inhibitor have demonstrated sensitivity of previously resistant cancer cells (Munster et 

al. 2001). Increased sensitivity to radiation therapy has also been observed in cancer 

cells subjected to Hsp90 inhibitors (Bisht et al. 2003).

Cell surface expression of Hsp90 has been reported in several tumour cell types 

(Ferrarini et al. 1992; Becker et al. 2004), and it has been suggested that this surface 

expression is required to allow tissue invasion and metastasis (Eustace et al. 2004). 

Inhibition of Hsp90 surface expression using Geldenamycin (GA) or DMAG-N- 

oxide, a cell-impermeable Hsp90 inhibitor, reduces cell motility and invasiveness 

both in vitro and in vivo (Eustace et al. 2004; Tsutsumi et al. 2008).

1.4 Mechanisms of HSP Release

As previously mentioned, HSPs have been detected in the serum of both healthy and 

diseased individuals and release of HSPs from several cell lines has also been shown. 

However, there is still much debate concerning the mechanisms by which these 

proteins are exported from the inside of the cell, and the physiological relevance of 
extracellular HSPs.

1.4.1 Classical Release Pathway

The lack of a peptide leader sequence on HSPs suggests that secretion of these 

proteins is not via the conventional ER/Golgi (classical release) route. Treatment with
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brefeldin A, an inhibitor of ER/Golgi transport does not inhibit Hsp72 release 

(Broquet et al. 2003; Hunter-Lavin et al. 2004). In contrast, treatment of cells with the 

classical pathway transport inhibitor monensin has been shown to inhibit release of 

Hsp72 (Hunter-Lavin et al. 2004). These results suggest that export of Hsp72 involves 

the Golgi but not the ER. A study by Mambula & Calderwood (2006) also discounted 

the classical release theory.

1.4.2 Lipid Raft-Associated Release

Lipid rafts are cholesterol and sphingolipid-enriched microdomains that float freely 

within the cell membrane bilayer. In addition to facilitating the assembly of signalling 

molecules, they also influence membrane fluidity and membrane protein trafficking. 

Work by Arispe et al. (2002), and Arispe et al. (2004) have shown the interaction of 

Hsp72 and Hsc70 with lipid membranes and demonstrated the high affinity of these 

proteins for phosphatidyl serine (PS), a component of the cytosolic side of plasma 

membranes. Further work demonstrated the insertion of Hsp72 in the membrane after 

stress (Vega et al. 2008). One theory is that once binding between Hsp72 and PS has 

occurred, spontaneous flipping of this lipid to the surface of the cell occurs with the 

Hsp72 still bound. PS may then return to the inner surface of the membrane leaving 

Hsp72 embedded within the plasma membrane (Vega et al. 2008). In addition to 

Hsp72, Hsp60 (Lin et al. 2007a), the mitochondrial Hsp70 mortalin (Kim et al. 2006), 

Hsc70, Hsp40, Hsp90 (Chen et al. 2005; Triantafilou et al. 2002) have also been 

found co-localised with lipid rafts.

Hsp72 has been found in lipid rafts (known as detergent-resistant microdomains, 

DRMs) isolated from unstressed cells (Broquet et al. 2003). Furthermore, stressing 

these cells resulted in an increase in Hsp72 within these DRMs, which could not be 

inhibited by classical pathway inhibitors. However, release of Hsp72 was inhibited by 

methyl-P-cyclodextrin (mpcd), a lipid raft disrupting compound. This work indicates 

that release of Hsp72 requires the involvement of lipid rafts. Inhibition of Hsp72 

release following mpcd was also observed by Hunter-Lavin et al. (2004).

Hsp72 released from tumour cells was found to be associated with lipid rafts (Bausero 

et al. 2005; Gastpar et al. 2005), contained within exosomes, an observation
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supported by Vega et al. (2008) who showed that Hsp72 was released from a human 

liver carcinoma cell line in a membrane associated form. This suggests that Hsp72 

may be released from cells via a combination of lipid-raft and exosome release.

1.4.3 Exosome-Associated Release

Exosomes are defined as internal multivesicular bodies, approximately 40-90nm in 

diameter that are secreted from a wide range of mammalian cell types following 

fusion with the plasma membrane (Clayton et al. 2005). Exosomes are created 

intracellularly when a segment of the cell membrane is spontaneously endocytosed. 

This internalised segment is broken down further and released from the cell. 

Exosomes have been found to contain lipid rafts associated with many proteins 

familiar to the original cell membrane.

A study by Clayton et al. (2005) documented the presence of Hsp72, Hsc70, Hsp27 

and Hsp90 within exosomes released from several B-lymphocyte cell lines. 

Furthermore, subjecting these cells to heat-stress resulted in both a slight increase in 

the number of exosomes released from the cells and also an increase in the 

concentration of FISPs within these exosomes. The HSPs within the exosomes were 

found to be concentrated in the lumen of the exosomes and not associated with the 

exosome wall suggesting that the reported modulation of cellular immunity is not due 

to interaction with target cells via cell surface HSP receptors.

1.4.4 Lysosome Pathway

Similarly to many HSPs, IL-ip also lacks a peptide leader sequence but yet is still 

found in the extracellular milieu. IL-ip enters endolysosomes and is released by a 

mechanism involving vesicles (Andrei et al. 1999). Hsp72 has been shown to bind 

with lysosomal membranes within colon carcinoma cells over-expressing Hsp72 

(Gryd-Hansen et al. 2004) and has been shown to protect lysosomes from 

permeabilisation thereby preventing cell death by several stressors (Gryd-Hansen et 

al. 2004; Nylandsted et al. 2004). Work by Mambula & Calderwood, (2006), 

demonstrated that inhibition of lysosomal function using methylamine and 

ammonium chloride decreased the rate of Hsp72 release from a prostate cancer cell 

line. Methylamine was also shown to inhibit release of Hsp72 from PBMCs (Hunter-
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Lavin et al. 2004). Further work by Mambula & Calderwood (2006) involved the 

isolation of lysosomal fractions from heat-stressed and non-stressed cells and analysis 

of Hsp72 in the fractions. Hsp72 was found to be elevated in the stressed-ffactions 

further supporting the role of lysosomes in Hsp72 export. Analysis of the lysosomal 

membrane protein LAMP1 on the surface of these cells showed an increase on heat- 

stressed cells, providing further evidence of lysosomal involvement.

1.4.5 Secretory like granules

Secretory like granules are normally produced by endocrine, exocrine or 

neuroendocrine cells and typically contain chromagranins and hormone precursors. 

Work carried out by Evdonin et al. (2006), showed that Hsp72 release from a A431 

squamous cell carcinoma cell line could be inhibited by brefeldin-A, suggesting a 

classical secretory pathway for Hsp72. Treatment of A431 cells with a 

pharmacological inhibitor of phospholipase C resulted in a decrease in intracellular 

Hsp72 due to release of this protein. The Hsp72 was found to be present in 

chromogranin-A-positive granules, a marker of secretory-like granules and not a 

marker for lipid rafts, endosomes or exosomes. Interestingly, it has been shown that 

cells lacking secretory pathways were able to produce secretory-like granules after 

transfection with chromogranins.

The presence of Hsp60 has also been shown in secretory granules in cells from the 

pituitary gland and the pancreas (Cechetto et al. 2000) suggesting this protein may 

also utilise this pathway for release.

1.4.6 ABC Transporters

ATP-binding cassette (ABC) transporters are a superfamily of highly conserved 

proteins involved in the active transport of chemically diverse substrates across the 

lipid bilayer of the cell membrane (Ponte-Sucre, 2007). Although their precise 

physiological roles have not been fully elucidated, their presence in primitive bacteria 

through to highly evolved mammals indicates that they are critical for cell function 

and organism survival. They comprise of a transmembrane domain allowing 

anchorage to the cell membrane and a pore through which the transport of molecules 

occurs, in addition to ATP-binding domains within the pore, providing the energy for 

active transport (McKeegan et al. 2004). Interestingly, the transport of molecules via
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these transporters can occur in both directions; from the inside of the cell to the 

extracellular space or vice versa. From a clinical point of view, ABC transporters are 

highly relevant in the development of chemoresistance possibly through the over

expression of the ABCB1, ABCC1 and ABCG2 transporters (Borst et al. 2000; 

McKeegan et al. 2004; Maliepaard et al. 1999; Davidson & Maloney, 2007). The 

ABC transporters TAPI and TAP2 are directly involved in the transport of antigenic 

peptides across the ER and therefore play a pivotal role in antigen presentation.

Inhibitors of ABC transport are classed into three generations; the first generation 

already has various other clinical uses but has also been shown to block ABC 

transport. These include calcium channel inhibitors such as Verapamil, neuroleptics 

including Quinidine and antiestrogens such as tamoxifen (Varma et al. 2003). Second 

generation inhibitors such as R-Verapamil were developed from first generation 

inhibitors but with the aim of reducing drug resistance. Third generation inhibitors 

such as XR9576 are still under development.

The release of HSPs has previously been shown to involve ABC transporters. By 

treating cells with the ABC transporter inhibitors Glibenclamide and DIDS, Mambula 

& Calderwood (2006), demonstrated that release of Hsp72 from heat shocked prostate 

cancer cells involves ABC transporters. However, there is very limited literature 

concerning the participation of these transporters in HSP release.

In summary, although a large amount of research has been carried out, opinion on the 

mechanisms by which HSPs are released from cells is still divided. This is largely due 

to the conflicting data that exists, showing variation between cell types. It could be 

that the mechanism by which HSPs are released does differ according to cell type. 

Additionally, it could also indicate that if one pathway becomes blocked by some 

means, these proteins will exploit other mechanisms by which to exit the cell.

1.5 Haematological Malignancies

Haematological malignancies (leukaemias) are a group of cancers arising from the 

malignant transformation of bone marrow-derived cells. They are classified into a 

number of sub-groups based upon the speed at which the disease progresses and the
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cell lineage affected. Acute leukaemias are characterised by rapid proliferation of 

immature cells and resultant bone marrow failure and can be fatal in as little as a few 

weeks if left untreated. Chronic leukaemias are characterised by a slow accumulation 

of immature cells within the bone marrow or lymph nodes and many patients with 

chronic leukaemias are asymptomatic at time of diagnosis. In contrast to acute 

leukaemias in which immediate treatment is required, chronic leukaemias are often 

monitored for many years before treatment is initiated. Leukaemias can be futher 

divided into myelogenous leukaemias in which the malignant transformation has 

occurred in cells of myeloid origin, or lymphocytic leukaemias, affecting cells of 

lymphoid origin.

Due to the rapid proliferation of malignant cells within the bone marrow, normal 

leukocyte production is impaired. This results in a weakening of the patients’ immune 

system and consequent increase in susceptibility to infection. Indeed, many patients 

with leukaemia suffer from frequent infections ranging from diarrhoea to pneumonia. 

Normal platelet and erythrocyte production is also affected resulting in deficiencies in 

both cell types and consequent bruising, excessive bleeding and anaemia (Hamblin et 

al. 2004). As the malignant cells are present in the blood stream, they can easily 

infiltrate organs such as the spleen, liver and lymph nodes. These organs may then 

become enlarged. Bone marrow failure, resuting in haemhorraging and immune

deficiency, and organ failure are the main causes of death in leukaemic patients.

The work in this thesis focuses on Chronic Lymphocyic Leukaemia (CLL), Acute 

Myeloid Leukaemia (AML) and Myelodysplastic Syndrome (MDS), each of which 

are discussed in greater detail in chapters 3 and 4.

1.6 Aims of the thesis

Of the 290,000 new cases of cancer diagnosed in the UK every year, approximately 

8000 are leukaemias. Although this is only a small proportion, it is important to note 

that the five-year survival rate is currently only 40% (Cancer Research UK, 2009). 

This is in stark contrast to a more common malignancy such as breast cancer that 

currently exhibits an 80% five-year survival rate on 45,000 new cases per year. These 

statistics highlight a requirement to both enhance the understanding of leukaemia
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progression and to develop new therapeutic strategies that may ultimately result in 

increased survival rates.

A large body of evidence has accumulated documenting the over-expression of HSPs 

in solid tumours and it is believed that the increased levels of these anti-apoptotic 

proteins may contribute to the progression of these cancers, due to both resistance to 

immune defences and treatment regimes. The cells of solid tumours, in particular are 

subjected to high levels of stress during tumour development due to abnormal growth 

conditions and the often hypoxic and nutrient lacking microenvironment. This results 

in the initiation of a stress response which allows these tumour cells to survive in 

conditions that would otherwise be lethal to the cell. It is interesting to ascertain 

whether leukaemia cells, that are circulating freely within the circulation and therefore 

not subjected to the same stresses as cells from solid tumours, are also displaying high 

levels of these stress proteins in comparison to cells from healthy individuals.

By focusing on haematological malignancies, this thesis aims to determine the 

localisation of HSPs in both malignant and non-malignant cells to establish if this 

group of proteins have any prognostic and therapeutic potential.

These objectives will be achieved by:

• Examining the localisation of Hsp27, Hsp72 and Hsp90 in Chronic 

Lymphocytic Leukaemia (CLL), Acute Myeloid Leukaemia (AML) and 

Myelodysplastic Syndrome (MDS), i.e. determining if these proteins are 

present inside cells, on the surface of cells and/or extracellularly

• Comparing the levels of these proteins in control subjects to levels in patients 

suffering from CLL, AML and MDS

• Examining the relationships between expression of these HSPs and the degree 

of apoptosis in malignant cells

• Exploring the relationship between expression of HSPs and stage of disease in 

CLL

• Investigating the use of novel therapeutic strategies to modulate the levels of 

internal HSPs in order to enhance the cytotoxic potential of chemotherapeutic 

agents
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Chapter 2: Materials and Methods

2.1 Materials

2.1.1 Consumables

1.5ml Microcentrifuge tubes 
Fisher Scientific
Loughborough, Leicestershire, UK

7ml EDTA vacutainer® tubes 
Southern Syringe Services 
Enfield, Middlesex, UK

7ml Serum vacutainer® tubes 
Southern Syringe Services 
Enfield, Middlesex, UK

15ml Centrifuge tubes 
Fisher Scientific
Loughborough, Leicestershire, UK

24-well tissue culture plates
Fisher Scientific
Loughborough, Leicestershire, UK

25 cm3 Tissue Culture Flasks 
Fisher Scientific
Loughborough, Leicestershire, UK

96-well black-sided clear-bottomed plates 
Fisher Scientific
Loughborough, Leicestershire, UK

96-well ELISA plates 
Iwaki
Tokyo, Japan

96-well optical reaction plate
Applied Biosystems 
California, USA

96-well V-bottom plates 
Fisher Scientific
Loughborough, Leicestershire, UK

BD Eclipse Blood Collection Needle, 21g 
Southern Syringe Services 
Enfield, Middlesex, UK

Prod. Number FB55-467

Prod. Number 367873

Prod. Number 367954

Prod. Number E1415-0200

Prod. Number TKT-520-100B

Prod. Number TKT-130-050P

Prod. Number DPS-130-020K

Prod. Number 3801-096

Prod. Number 4306737

Prod. Number FB56424

Prod. Number 368609
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BD vacutainer one use holder
Southern Syringe Services 
Enfield, Middlesex, UK Prod. Number 364815

2.1.2 Blood Processing

Dulbeccos Phosphate Buffered Saline (DPBS) 
Cambrex Corporation 
Iowa, USA Prod. Number BE17-513F

Foetal Bovine Serum (FBS) 
Cambrex Corporation 
Iowa, USA Prod. Number 14-801F

Histopaque 1077 
Sigma
Gillingham, Dorset, UK Prod. Number 10771-6X100

Lysing solution (10X) 
BD Biosciences 
Oxford, UK Prod. Number 349202

2.1.3 Cell Culture

Jurkat E6.1 Cells
ECACC -  Obtained through Sigma 
Gillingham, Dorset, UK Prod. Number 88042803

RPMI1640 Media 
Cambrex Corporation 
Iowa, USA Prod. Number BE12-702F

Foetal Bovine Serum (FBS) 
Cambrex Corporation 
Iowa, USA

2.1.4 Cell Viability Assays

Prod. Number 14-801F

Annexin V-FITC conjugate 
BD Biosciences 
Oxford, UK Prod. Number 556420

Caspase-3 Rhl 10 Assay Kit
Anaspec
California, USA Prod. Number 71141
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Propidium Iodide
Sigma
Gillingham, Dorset, UK Prod. Number P4170
(The powder was reconstituted in sterile DPBS and stored as a lOOpg/ml stock
solution at -20°C)

Trypan Blue (0.4% in DPBS) 
Sigma
Gillingham, Dorset, UK Prod. Number T8154

2.1.5 Membrane Fluidising Agents and Cholesterol Sequestering Agents

Benzyl Alcohol
Sigma
Gillingham, Dorset, UK Prod. Number 305197

Bupivacaine Hydrochloride 
Sigma
Gillingham, Dorset, UK Prod. Number B5274

Ethanol
VWR International 
Poole, UK Prod. Number 10107

Phenethyl Alcohol
SAFC Supply Solutions 
St Lois, Missouri, USA Prod. Number W28.581-1-K

Methyl-P-Cyclodextrin
Sigma
Gillingham, Dorset, UK

2.1.6 Chemotherapeutic Agents

Cyclophosphamide 
Baxter Healthcare Ltd

Prod. Number C4555

Thetford, Norfolk, UK Prod. Number MAO1160388
(The powder was reconstituted in 0.9% w/v physiological saline and stored at 4 °C as 
a stock solution o f 20mg/ml)

Doxorubicin
Calbiochem (Merck)
Nottingham, UK Prod. Number 324380
(The powder was dissolved in sterile distilled water and stored as a 5mg/ml stock 
solution at 4 °C)
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Lovastatin 
Calbiochem (Merck)
Nottingham, UK Prod. Number 438185
(This was reconstituted in 95% ethanol and stored as a lOmMstock solution at - 
20°C)

Tumour Necrosis Factor-Related Apoptosis Inducing Ligand (TRAIL)
Peprotech EC
London, UK Prod. Number 310-04

2.1.7 Flow Cytometry

Cell Fix and Perm Solution 
BD Biosciences
Oxford, UK Prod. Number 554722

Anti-human CD4-PE-Cy7 conjugated mouse monoclonal antibody 
BD Biosciences
Oxford, UK Prod. Number 55 7852

Anti-human CD5-APC conjugated mouse monoclonal antibody 
BD Biosciences
Oxford, UK Prod. Number 555355

Anti-human CD14-PE-Cy7 conjugated mouse monoclonal antibody 
BD Biosciences
Oxford, UK Prod. Number 557742

Anti-human CD15-APC conjugated mouse monoclonal antibody 
BD Biosciences
Oxford, UK Prod. Number 551376

Anti-human CD19-PE conjugated mouse monoclonal antibody 
BD Biosciences
Oxford, UK Prod. Number 555413

Anti-human CD25-PE conjugated mouse monoclonal antibody 
BD Biosciences
Oxford, UK Prod. Number 555432

Anti-human CD34-Perp-Cy5 conjugated mouse monoclonal antibody 
BD Biosciences
Oxford, UK Prod Number 555823

Anti-human Active Caspase-3-FITC conjugated rabbit monoclonal antibody 
BD Biosciences
Oxford, UK Prod. Number 559341
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Anti-human DR4-PE conjugated antibody
eBioscience
Hatfield, UK Prod. Number 12-6644-71

Anti-human DR5-PE conjugated antibody 
eBioscience
Hatfield, UK Prod. Number 12-9908-71

Anti-human Hsp27-FITC conjugated mouse monoclonal antibody 
Cambridge Bioscience
Cambridge, UK Prod. Number SPA-800FIE

Anti-human Hsp60-PE-conjugated mouse monoclonal antibody
Cambridge Bioscience
Cmabridge, UK Prod. Number SPA-807PE

Anti-human Hsp72-FITC-conjugated mouse monoclonal antibody 
Cambridge Bioscience
Cambridge, UK Prod. Number SPA-81 OFIH

Anti-human Hsp90-PE conjugated mouse monoclonal antibody
Cambridge Bioscience
Cambridge, UK Prod. Number SPA-830PEE

Anti-human FoxP3-Alexa Fluor 488 conjugated mouse monoclonal antibody
BD Biosciences
Oxford, UK Prod. Number 560047

Anti-human TKD-FITC conjugated mouse monoclonal antibody 
Multimmune Ltd
München, Germany Prod. Number cmHsp70.1

Anti-human ZAP-70-PE-Cy5 conjugated mouse monoclonal antibody 
eBioscience
Hatfield, UK Prod. Number 35-6695-81

Anti-human Active Caspase-3 
BD Biosciences
Oxford, UK Prod. Number 559341

Isotype Control IgGl-FITC (mouse)
DAKO
Glostrup, Denmark Prod. Number X0927

Isotype Control IgGl-R-PE (mouse)
DAKO
Glostrup, Denmark Prod. Number X0928
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Isotype Control IgG-FITC (rabbit)
eBioscience 
Hatfield, UK

2.1.8 Western Blotting

2.1.8.1 Buffers and Solutions

The following buffers were produced in house:

0.5M Tris-Hcl pH 6.8
Tris base
(Acros Organics, Prod. Number 140500010) 
dH20
Adjust to pH 6.8

1.5M Tris-Hcl pH 8.8
Tris base
(Acros Organics, Prod. Number 140500010) 
dH20
pH 8.8 with 1M HC1

10% Sodium Dodecyl Sulphate (SDS)
SDS
(VWR International, Prod. Number 442444H) 
dH20

Acrylamide-bis
Acrylamide
(VWR International, Prod. Number 442994J)
N’N’ Bismethylene Acrylamide
(Fisons Scientific Equipment, Prod Number MZP210/48) 
dH20

Antibody Diluent
Bovine Serum Albumin (BSA)
(Sigma, Prod Number A 7906)
Tris buffered saline + Tween 20 (TTBS)
(in house)

Blocking Solution
Bovine Serum Albumin (BSA)
(Sigma, Prod Number A 7906)
Tris buffered saline (TBS)
(in house)

Prod. Number 11-4614

3.0g

50ml

18.5g 

100ml

Wg

100ml

30g

0.8g

100ml

2g

200ml

lg

100ml
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Cell Extraction buffer
Tris base
(Acros Organics, Prod. Number 140500010) Made up to 1L in

3.152g

EDTA dH20 & adjusted 0.037g
{Sigma Prod. Number E-6758) 
DL Dithiothreitol

to pH 7.4
O.lg

{Sigma, Prod. Number D0632)
Phenyl methyl sulfonyl fluoride (PMSF) 0.3484g
{Sigma, Prod. Number P7626) 
8-amino-n-caproic acid 
{Sigma, Prod. Number A7824)

0.6560g

Benzamidine 0.1566g
{Sigma, Prod. Number B-6506) 
Triton X 100
{Sigma, Prod. Number T9284)

0.1%

Electrode Running Buffer (IX)
Tris base 5.4g
{Acros Organics, Prod. Number 140500010) 
Glycine
{VWR International, Prod. Number 101196X)

25.92ml

10% SDS solution 9 ml
{In house) 
dH20 900ml

SDS sample buffer
dH20 9.1ml
0.5M Tris-Hcl pH 6.8 (In house) 2ml
Sucrose 2.4g
{VWR International, Prod Number 102744B) 
10% SDS solution 
{In house)

2ml

P-mercaptoethanol
{Fisher Scientific, Prod. Number M/P200/05)

0.2ml

0.05% Bromophenol Blue
{In house)

0.4ml

Tris Buffered Saline (TBS)
Tris base 2.42g
{Acros Organics, Prod. Nnumber 140500010) 
Sodium Chloride 29.22g
{Fisher Scientific Prod. Number S/3105/70)
dH20 750ml
Adjust to pH 7.5
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Tris Buffered Saline (TBS) + Tween 20 (TTBS)
TBS (In house)
Tween 20 {Sigma, Prod. Number P I379)

Transfer Buffer
Tris base
{Acros Organics, Prod. Number 140500010)
Glycine
(VWR International, Prod. Number 101196X) 
Methanol
{Fisher Chemicals, Prod. Number MZ4000/15)
Make up to 1L in dH20

2.1.8.2. Western Blotting Reagents

10% Ammonium Persulphate 
BioRad
Hemel Hempstead, Hertfordshire, UK
{The powder was diluted to 10% in distilled water)

0.05% Bromophenol Blue
Fisons Scientific Equipment
Loughborough, Leicestershire, UK
{The powder was diluted to 0.05% in distilled water)

P-Mercaptoethanol
Fisher Scientific
Loughborough, Leicestershire, UK

Anti-mouse IgG HRP-conjugate 
Sigma
Gillingham, Dorest, UK

Biotinylated anti-human Hsp72
Bioquote
York, UK

Chemilluminescence Super Signal West Pico Trial Kit
Thermo Scientific 
Loughborough, Leicestershire, UK

Coomassie Reagent for Protein Assay 
Pierce, Thermo Scientific 
Loughborough, Leicestershire, UK

Extravidin-HRP
Sigma,
Gillingham, Dorest, UK

500ml
0.25ml

3.03g

14.4g

200ml

Prod. Number 161-0700

Prod. Number B/4630/44

Prod. Number M/P200/05 

Prod. Number A-5278 

Prod. Number SPA-810BF 

Prod. Number 34080 

Prod. Number 23238 

Prod. Number E2886
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Mouse Monoclonal Anti-human Hsp72 raised against Bovine Hsp72 (Sigma, H-9776) 
Purified in House

Pre-stained molecular weight marker 
Biorad
Hemel Hempstead, Hertfordshire, UK Prod. Number 161-0274

rHsp72 protein 
Stressmarq
Victoria, Canada Prod. Number SPR-103

2.I.8.3. Western Blotting Gels 

Resolving gel (1.5M Tris-Hcl gel)
dH20 12.1ml
1.5M Tris-Hcl pH 8.8 7.5ml
10% SDS 0.3ml
Acrylamide-Bis 0.01ml
10% Ammonium Persulphate 0. lml
TEMED 0.015ml

Stacking gel (0.5M Tris-Hcl gel)
dH20 6.3ml
0.5M Tris-Hcl pH 8.8 2.5ml
10% SDS 0.1 ml
Acrylamide-Bis lml
10% Ammonium Persulphate 0.1ml
TEMED 0.01ml

2.1.9 Hsp72 ELISA

2.1.9.1 Antibodies and Proteins

Sheep polyclonal affinity purified anti-Hsp72 (Hsp72-DEG-EI) raised against a 
sequence from HSPA1A 
Purified in House
The antibody was diluted to 2pg/ml in 0.1 Msodium bicarbonate buffer pH 9.6

rHsp72 protein 
Stressmarq
Vicotria, Canada Prod. Number SPR-103

Mouse monoclonal anti-human Hsp72 raised against bovine Hsp72 (H-9776 Sigma- 
Aldrich Ltd) which is specific for Hsp72.
A kind gift from Dr Torsten Nygard
Faculty o f Agricultural Sciences, Aarhus University, Denmark 
(The antibody was diluted in 0.5% BSA in PBS)
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Anti-mouse IgG HRP-conjugate (The antibody was diluted in 0.5% BSA made up in 
ELISA wash buffer)
Sigma
Gillingam, Dorset, UK Prod. Number A-5278

2.1.9.2 Buffers and Solutions 

0.1M Sodium Bicarbonate Buffer
Sodium Carbonate 10.6g
{Fisher Chemicals, Prod. Number S/2840/62)
Sodium Bicarbonate 8.4g
{Sigma, Prod. Number S-4019)
Make up to 1L in dH20 and adjust to pH 9.6

0.5% BSA (blocking solution)
Bovine Serum Albumin (BSA) 0.5g
{Sigma, Prod. Number A 7906)
PBS {In house) 100ml

ELISA Wash Buffer (5X concentrated)
Sodium Chloride 200g
{Fisher Scientific Prod. Number S/3105/70)
Potassium Chloride 5g
(VWR International, Prod. Number P5405)
Potassium dihydrogen orthophosphate 6g
{VWR International, Prod. Number 102034)
Sodium dihydrogen orthophosphate 36g
{VWR International, Prod. Number 10245)
Tween 20 12.5ml
{Sigma, Prod. Number P I379)
Make up to 5 L in dH20

Phosphate Buffered Saline (PBS)
Sodium Chloride 8g
{Fisher Scientific Prod. Number S/3105/70)
Potassium Chloride 0.2g
{VWR International, Prod. Number P5405)
Potassium dihydrogen orthophosphate 0.24g
{VWR International, Prod. Number 102034)
Sodium dihydrogen orthophosphate 1,44g
{VWR International, Prod. Number 10245)
Make up to 1L in dH20 and adjust to pH 7.2

TMB Substrate Solution
Cheshire Sciences
Alford, Chester, UK Prod. Number Up664781

Orthophosphoric Acid 
In House
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2.1.10 Fluorescence Microscopy

Anti-human DR4-PE conjugated antibody
eBioscience
Hatfield, UK Prod. Number 12-6644-71

Anti-human DR5-PE conjugated antibody 
eBioscience
Hatfield, UK Prod. Number 12-9908-71

37% Formaldehyde 
Sigma
Gillingham, Dorect, UK Prod. Number 533998
(Diluted to 3.7% Formaldehyde in DPBS)

Hoechst 33342 Stain 
Sigma
Gillingham, Dorest, UK
{Powder was diluted to lOOmMin dHiO, then further diluted to 5pMand then 50nM 
in RPMI media)

Prolong Gold Anti-fade reagent with DAPI 
Invitrogen
Paisley, UK Prod. Number P36935

2.1.11 Real-time PCR

Diethyl pyrocarbonate (DEPC)
Sigma
Gillingham, Dorest, UK Prod. Number D5758
(0.1% DEPC is made up in dH20, left overnight in a fume cupboard and autoclaved to 
produce DEPC-treated water)

Hsp72 primer
Applera -  Applied Biosystems
California, USA Prod. Number Hs00359163-sl

18s Primer
Applera — Applied Biosystems
California, USA Prod. Number 4319413E

PCR master mix
Applera -  Applied Biosystems
California, USA Prod. Number 4324018

Pd(N)6 random primers 
GE Healthcare
Chalfont St Giles, Buckinghamshire, UK Prod. Number 27-2166-01
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QuickExtract DNA extraction solution 
Epicentre
Madison, Wisconsin, USA Prod. Number QE09050

Quick Prep mRNA extraction kit 
GE Healthcare
Chalford St Giles, Buckinghamshire, UK Prod. Number 27-9255-01

Ready to go you first prime beads 
GE Healthcare
Chalford St Giles, Buckinghamshire, UK Prod. Number 27-9264-01

2.1.12 Equipment

Bio-Tek Synergy HT plate reader 
Bio-Tek® Instruments Inc.
Vermont, USA

Centrifuge
Sigma
Harz, Germany Prod. Number, D37520

Ultrawash Plus Plate washer 
Dynex Technologies
Worthing, West Sussex, UK Prod. Number 1UWA-2185

FACSCanto Double Laser Flow Cytometer 
Becton Dickinson,
Oxford, UK

Haemocytometer
Sigma
Gillingham, Dorest, UK

Fluorescence Microscope -  Inverted TE2000-U Microscope System 
Nikon Corporation Ltd.
Kingston upon Thames, Surrey, UK
Eclipse TE2000-UBasic Unit Prod. Number MEA51010
Eposcopic Fluorescence Attachment (Hg) Prod. Number MEE54000
CFI Plan Fluor EL WD Objectives Prod Numbers MRH38220

MRH38420
MRH18620

Hamamatsu Orca — 285 Digital CCD Camera 
Coolpix Digital Colour Camera 
IP LAB Suite Software

Prod. Number 1HMOC285 
Prod. Number 85400RUK 
Prod. Number 1SCSUITE

Real-Time PCR Machine - RTPCR 7700 
Applied Biosystems 
California USA
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2.2. Methods

2.2.1. Blood Collection and Processing
Local research ethics committee approval (COREC - 05/QI506/103) was obtained for 

this study, and consent forms were completed by each patient. Venous blood samples 

were collected from patients affected by MDS, AML and CLL. Venous blood from 

normal age matched control subjects and patients in complete remission was also 

obtained. Blood was collected by venepuncture in 7ml EDTA tubes or 7ml Semm 

tubes (both Southern Syringe Services).

2.2.1.1 Total Leukocyte Isolation
The whole blood was washed with two volumes of DPBS (Cambrex) and centrifuged 

at 500g for 5 minutes at room temperature (RT). The supernatant was discarded and 

the red blood cells were lysed using lx lysing buffer (BD Biosciences). The lysed 

whole blood was centrifuged at 500g for 5 minutes at RT and the supernatant 

discarded. The cell pellet was washed with DPBS and the cells were counted using 

the Trypan Blue (Sigma) exclusion method on a haemocytometer (Sigma). The 

experiments were performed when the percentage of dead cells was <1%. 

Concentration of the viable cells was adjusted to 3xl05 cells/well and the cells were 

centrifuged at 500xg for 5 minutes at RT. Supernatant was discarded and cells were 

washed with binding buffer (10% FBS in DPBS). The remaining cell pellet was used 

to perform the flow cytometry analysis.

2.2.1.2 PBMC Purification
Blood was collected by venepuncture in 7ml EDTA tubes. The blood was then added 

to an equal volume of DPBS before addition of an equal volume of Histopaque 

(Sigma) to the bottom of the tube. The blood was then centrifuged at 400g for 30 

minutes at RT. The plasma was discarded and the buffy coat added to 10ml of DPBS. 

After centr ugation at 250g for 10 minutes, the supernatant was discarded and the cell 

pellet was washed twice in 5ml of DPBS. The cell pellet was resupended in lOOOpl of 

DPBS and the cells were counted using the Trypan Blue exclusion method on a 

haemocytometer. The cells were centrifuged at 200g for 3 minutes before being 

frozen at -80 °C pending western blot analysis
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2.2.2 Cell Culture
Jurkat E6.1 cells were cultured in 25cm2 plastic tissue culture vented flasks using 

RPMI media supplemented with 10% foetal bovine serum (FBS). Cells were 

maintained at 37°C in humidified environment of 5% C02 in air. The cells were 

routinely split to maintain a cell density of approximately 3xl05 cells/ml.

Before treatments, three lOOpl aliquots of cells were transferred from the 25cm' flask 

to microcentrifuge tubes and a 100pi volume of 4% trypan blue stain was added to 

each tube. Cells with a damaged membrane take up the trypan blue stain, allowing 

non-viable cells to be excluded from a viable cell count. The cell/trypan blue mix was 

then placed on a haemocytometer and viewed under a microscope. The number of 

viable cells was counted. This was repeated three times and an average taken. From 

this count, the number of cells in 1ml of RPMI was determined.

2.2.3 Flow Cytometry
2.2.3.1 Identification of Leukocyte Populations
Flow Cytometry was performed on a FACSCanto double laser flow cytometer 

(Becton Dickinson) and results were analysed using FACSDiva Software (Becton 

Dickinson).

The cell pellets from lysed whole blood were labelled with antibodies to CD markers 

to identify specific leukocyte populations (all BD Biosciences). For CLL patients, 

cells were double stained with a 4pl volume of PE-conjugated anti-human CD19 and 

APC-conjugated anti-human CD5 to identify malignant cells. Neutrophils, monocytes 

and total lymphocytes in CLL samples were identified using FSC/SSC. For control 

subjects, a 4jil volume of APC-conjugated anti-human CD 15 and a 1 pi of PE/Cy7- 

conjugated anti-human CD 14 was added to the cell pellet to identify neutrophils and 

monocytes respectively. Lymphocytes in control samples were identified using 

FSC/SSC. For AML/MDS patients, a 4pl of PE/Cy5.5-conjugated anti-human CD34 

was also used in combination to the antibodies to, CD 14 and CD 15 to identify stem 

cell precursors in the peripheral blood.
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2.2.3.2 Caspase-3 Analysis
For Leukocytes: The cell pellet from whole blood was first labelled with surface CD 

markers (section 2.2.3.1) to identify the individual leukocyte populations as described 

earlier. Cells were incubated with these markers for 30 minutes at 4°C. The unbound 

antibody was then washed with binding buffer as previously described, and the cells 

were fixed and permeabilised with Fix/Perm solution (BD Bioscience) for 20 minutes 

at 4°C. Cells were washed again with binding buffer before addition of 6.7pl/well of a 

rabbit monoclonal anti-active-caspase-3-FITC conjugated antibody (BD Bioscience). 

The cells were incubated for 60 minutes at 4°C. The unbound antibody was then 

washed away with binding buffer and the cells analysed on the flow cytometer 

(FACScanto double laser, Becton Dickinson).

For Jurkat Cells'. Following treatment, the cell pellet was washed with binding buffer 

before being fixed and permeabilised with Fix/Perm solution for 20 minutes at 4°C. 

Cells were washed again with binding buffer before addition of 6.7pl/well of a rabbit 

monoclonal anti-active-caspase-3-FITC conjugated antibody. The cells were 

incubated for 60 minutes at 4°C. The unbound antibody was then washed away with 

binding buffer and the cells analysed on the flow cytometer.

An isotype control, rabbit IgGl-FITC (DAKO) was added as an additional control to 

separate samples to evaluate the background fluorescence. Cell populations were 

gated to discard debris and 10000 events were recorded.

2.2.3.3 Annexin V/Propidium Iodide Assay
A 2.5 pi volume of Annexin V (BD Biosciences) was diluted in 50 pi of Annexin V lx 

binding buffer (0.1M Hepes, 1.4M NaCl, 25mM CaCh), added to the Jurkat cell pellet 

and incubated for 20 minutes on ice in the dark. The cells were then stained with a 

2.5p.l volume of lOOpg/ml Propidium Iodide diluted in lOOpl Annexin V binding 

buffer before immediate analysis on the flow cytometer.

2.2.3.4 Surface Hsp72, Hsp27, Hsp60 and Hsp90 Analysis
For Leukocytes'. sHsp72 analysis was performed using a mouse monoclonal anti- 

Hsp72-FITC conjugated antibody raised against the TKD 14-mer, aa 450-463 peptide 

sequence (TKDNNLLGRFELSG) in the N-terminal region of the Hsp72 protein
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(Multimmune Ltd), or a mouse monoclonal anti-Hsp72-FITC (Stressgen). The cell 

pellet from lysed whole blood (LWB) was incubated with either antibody to Hsp72 in 

addition to surface CD markers to distinguish the relevant leukocyte populations (see 

section 2.2.3.1). After a 30 minute incubation at 4°C in the dark, the unbound 

antibody was washed with binding buffer and the cells were analysed immediately on 

the flow cytometer. For sHsp27 and sHsp90 analysis, a 1:50 dilution of anti-human 

Hsp27-FITC or anti-human Hsp90-PE (both BD Biosciences) was added without the 

addition of surface CD markers. After a 30 minute incubation at 4°C in the dark, the 

unbound antibody was washed with binding buffer and the cells were analysed 

immediately on the flow cytometer.

For Jurkat Cells: Following treatment, the cell pellet was washed with binding buffer 

before addition of 50pl/well of a 1:50 dilution of a mouse monoclonal anti-Hsp72- 

FITC, a mouse monoclonal anti-Hsp27-FITC, a mouse monoclonal anti-Hsp60-PE 

(Cambridge Bioscience) or a mouse monoclonal anti-Hsp90-PE antibody. The cells 

were incubated for 40 minutes at 4°C. The unbound antibody was then washed away 

with binding buffer and the cells analysed on the flow cytometer.

2.2.3.5 Intracellular Hsp27, Hsp60, Hsp72 and Hsp90 Analysis
For Leukocytes'. iFIsp72 analysis was performed using a mouse monoclonal anti- 

Hsp72-FITC. Firstly, the cell pellet from LWB was labelled with surface CD markers 

as described in section 2.2.3.1, then fixed and permeabilised with Fix/Perm solution 

for 20 minutes at 4°C and then washed with binding buffer. The cell suspension was 

incubated with anti-Hsp72-FITC diluted 1:50 in binding buffer and incubated for 40 

minutes at 4°C. The unbound antibody was then washed with binding buffer and the 

cells were analysed on the flow cytometer. For iHsp27 and iHsp90 analysis, a 1:50 

dilution of anti-human Hsp27-FITC or anti-human Hsp90-PE (both BD Biosciences) 

were added following fixing and permeablising without the addition of surface CD 

markers. After a 40 minute incubation at 4°C in the dark, the unbound antibody was 

washed with binding buffer and the cells were analysed immediately on the flow 

cytometer.

For Jurkat Cells: Following treatment, the cell pellet was washed with binding buffer 

before being fixed and permeabilised with Fix/Perm solution for 20 minutes at 4°C. 

Cells were washed again with binding buffer before addition of 50pl/well of a 1:50
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dilution of a mouse monoclonal anti-Hsp72-FITC, a mouse monoclonal anti-Hsp27- 

FITC, a mouse monoclonal anti-Hsp60-PE or a mouse monoclonal anti-Hsp90-PE 

antibody. The cells were incubated for 40 minutes at 4°C. The unbound antibody was 

then washed away with binding buffer and the cells analysed on the flow cytometer

Isotype controls, mouse IgGl-FITC and IgGl-PE (DAKO) were added as additional 

controls to separate samples to evaluate the background fluorescence. Cell 

populations were gated to discard debris and 10000 events were recorded.

2.2.3.6 ZAP-70 Analysis
The cell pellet from LWB collected from CLL patients only, was first labelled with 

antibodies to CD5 and CD 19 as described in section 2.2.3.1, then fixed and 

permeabilised with Fix/Perm solution for 20 minutes at 4°C and then washed with 

binding buffer. The cell suspension was incubated with a mouse monoclonal anti- 

ZAP-70-PE-Cy5 conjugated antibody (eBioscience) diluted 1:50 in binding buffer 

and incubated for 40 minutes at 4°C. The unbound antibody was then washed with 

binding buffer and the cells were analysed on the flow cytometer.

2 .2 3 . 1  T Regulatory Cell Detection
T regulatory cells were analysed in PBMCs. Following PBMC purification (see 

section 2.3.1.2), the concentration of cells was adjusted to 3xl05cells/well. Cells were 

washed with 250pl/well binding buffer then double stained with 6.6pl of a PE- 

conjugated mouse monoclonal anti-human CD25 and 1.6pl of a PECy7-conjugated 

mouse monoclonal anti-human CD4. Cells were incubated for 30 minutes at 4°C in 

the dark. Cells were washed again in binding buffer before being fixed and 

permeabilised with Fix/Perm solution (BD Bioscience) for 20 minutes at 4°C in the 

dark. After a further wash in binding buffer, the cells were stained with 6.6pl of an 

Alexa Fluor 488-conjugated mouse monoclonal anti-human FoxP3 and incubated for 

1 hour in the dark at 4°C. Finally, the cells were washed again in binding buffer 

before being resuspended in lOOul/well DPBS and analysed on the flow cytometer.
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2.2.3.8 DR4/DR5 Analysis
Following treatment, cells were transferred to microcentrifuge tubes, centrifuged at 

500g for 5 minutes and the supernatant removed. After a washing step in binding 

buffer, a 4pi volume of PE conjugated anti-human DR4 or PE conjugated anti-human 

DR5 (both BD Biosciences) was added to the cell pellet. The plate was then incubated 

for 1 hour on ice in the dark. Cells were washed twice with wash buffer and 

resuspended in DPBS ready for analysis.

2.2.4 Western Blot Analysis
Western blot analysis was performed on cell extracts from PBMCs, purified from 

whole blood using methods described in section 2.2.1.2. PBMCs were resuspended in 

200pl of extraction buffer (produced in house) and incubated at 4°C for 10 minutes. 

Cells were then centrifuged at 13500g for 20 minutes at RT and the supernatant (cell 

extract) was retained for western blot analysis.

2.2.4.I. Protein Assay
The concentration of total protein in each PBMC extract was determined using the 

Coomassie protein assay to ensure equal loading of protein on to the gel. Standard 

concentrations of bovine serum albumin (BSA) were made up in extraction buffer 

ranging from 2000ng/ml to 25ng/ml and including a blank reference sample. A IOjllI 

volume of each cell extract and standard was then added to a 96-well flat bottomed 

plate. A 300 pi volume of Coomassie reagent (Pierce) was then added to each well 

and the plate was incubated for 10 minutes at RT. The absorbance of each well was 

then read on a Bio-Tek Synergy HT plate reader at 595nm. After determination of 

total protein concentration in each sample, the samples were diluted in extraction 

buffer so that they each contained the same concentration of total protein.

2.2.4.2 Gel Electrophoresis and Western Blotting
Resolving gels (1.5M Tris-Hcl gel) were prepared, covered with a layer of dffrO to 

prevent evaporation, and left to solidify at RT for 1 hour. The gels were then stored at 

4°C overnight. Stacking gels (0.5M Tris-HCl) were prepared and after removing the 

layer of water, were added to the top of the resolving gel and left to solidify for 1 hour 

at RT.
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The cell extracts were then diluted 1:1 with SDS sample buffer containing 

bromophenol blue (Fisons Scientific Equipment) and P-mercaptoethanol (Fisher 

Scientific), then heated to 85°C for 10 minutes. The samples were then allowed to 

cool for 5 minutes on ice.

The gels were transferred to an electrophoresis chamber and the chamber was filled 

with IX electrode buffer. A 30pl volume of each sample was loaded on to the gel. A 

5pi volume of 2pg/ml rHsp72 (Stressmark) and a 5pl volume of the pre-stained 

molecular weight marker (Biorad) was also added to the gel and the samples were 

then run at 200v for 45 minutes. The gel was then transferred to a western blotting 

chamber containing transfer buffer and blotted on to nitrocellulose by running at lOOv 

for 1 hour.

2.2.4.3 Heat Shock Protein Detection
After blotting, the nitrocellulose was incubated for 1 hour in blocking solution (1% 

BSA in PBS). The blot was then washed 3 times for 5 minutes per wash in wash 

buffer (TTBS). The nitrocellulose was incubated for 1 hour in a 1:2000 dilution of 

Anti-human Hsp72 biotin-conjugate (Bioquote) diluted in antibody buffer (1% BSA 

in TTBS). The nitrocellulose was then washed again three times for 5 minutes per 

wash in wash buffer. A 1:2000 dilution of Extravidin Peroxidase (Sigma) was then 

added and the nitrocellulose was incubated for 1 hour. Following a further three 

washes in wash buffer, the nitrocellulose was incubated for 5 minutes in a 1:1 solution 

of chemilluminescence substrate (Super Signal West Pico Trial Kit). Luminescence 

was detected using the Chemilluminescence detection system (Biorad).

2.2.5 Hsp72 ELISA
Hsp72 ELISAs were performed on Jurkat cell extracts, Jurkat cell supernatant and 

serum from CLL patients and healthy controls.

2.2.5.1 Hsp72 ELISA of Serum
ELISA plates were coated with lOOpl/well of a 2pg/ml polyclonal affinity purified 

sheep anti-Hsp72 (Hsp72-DEG-EI, produced in-house) which was raised against a 

sequence from Hsp72, (HSPA1A). The antibody was diluted in 0.1 M carbonate buffer 

and incubated overnight at 4°C. The plate was washed 3 times with 300pl/well of
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ELISA wash buffer (0.05% Tween 20 in PBS) and blotted dry. The wells were then 

blocked with 300pl/well blocking solution (0.5% BSA in PBS) and incubated for 1 

hour at 25°C. The plate was washed as before followed by the addition of lOOpl/well 

samples or standards, ranging from 100ng/ml to 3.125ng/ml, diluted in blocking 

solution. The plate was incubated for 2 hours at 37°C. The plate was washed again as 

before then 100pl/well of a mouse monoclonal anti-Hsp72 raised against Bovine 

Hsp72 (H-9776 Sigma), diluted 1:1000 in antibody diluent (0.5% BSA in wash 

buffer) added. The plate was then incubated at 37°C for 1 hour. After a further wash, 

100pl/well of an anti-mouse IgG HRP-conjugate (Sigma) was added and the plate, 

diluted 1:2500 in antibody diluent. The plate was then incubated at 37°C for 1 hour. 

After a final wash, 1 OOpl/well of TMB substrate (Cheshire Sciences) was added and 

the plate was incubated at 25°C on a plate shaker for 30 mins. Finally, 100pl/well of 

1M orthophosphoric acid was added to stop the reaction and the plate read on a Bio

tek Synergy HT plate reader at 450nm.

2.2.5.2 Hsp72 ELISA of Jurkat Cell Extracts
ELIS As were performed as described in section 2.3.5.1.

The rHsp72 standards were diluted in extraction buffer

Detector antibody (mouse monoclonal anti-Hsp72 raised against Bovine Hsp72 (El-

9776 Sigma)) was diluted 1:5000

Anti-mouse IgG HRP-conjugate was diluted 1:8000

2.2.5.3 Hsp72 ELISA of Supernatant
ELIS As were performed as described in section 2.3.5.1.

The rHsp72 standards were diluted in fresh tissue culture media (RPMI containing 

10% FBS)

Detector antibody (mouse monoclonal anti-Hsp72 raised against Bovine Hsp72 (H-

9776 Sigma)) was diluted 1:1000

Anti-mouse IgG HRP-conjugate was diluted 1:2500

2.2.6 Drug Treatment
Cells were seeded in 24-well plates at a concentration of 3xl05 cells/ well. TRAIL 

(Peprotech), doxorubicin (Calbiochem), cyclophosphamide (Baxter Healthcare), 

lovastatin (Calbiochem), benzyl alcohol (C6H5CH2OH) (Sigma), ethanol
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(CH3CH2OH) (VWR International), phenethyl alcohol (PhA) (CgHioO) (SAFC supply 

solutions) and bupivacaine (Sigma) were all made-up to the appropriate 

concentrations in RPMI and added to the wells. TRAIL, doxorubicin, benzyl alcohol, 

ethanol, phenethyl alcohol and bupivacaine treatments were performed over a period 

of four hours at 37°C. Cyclophosphamide and lovastatir treatments were performed 

over a period of 24 hours at 37°C. Once the sub-lethal concentrations of these drugs 

had been established using dose-response experiments, the chemotherapeutic agents 

were combined with heat shock and alcohol treatments. In experiments involving 

combination treatments of cyclophosphamide and lovastatin, benzyl alcohol, ethanol, 

phenethy alcohol and bupivacaine were removed after four hours and 

cyclophosphamide and lovastatin alone were reapplied for the remaining twenty 

hours.

In experiments involving pre-treatments, cells were treated with 2.5mM methyl-P- 

cyclodextrin (m(3cd) for two hours or mild hyperthermia (one hour at 42°C followed 

by a three hour recovery at 37°C) before being washed and treated with doxorubicin 

and ethanol.

2.2.7 Caspase-3 Plate-based Assay
After the relevant time period, cells were transferred to microcentrifuge tubes and 

centrifuged at 500g for 5 minutes. The supernatant was removed and the cells were 

washed twice with 150pl of fresh RPMI. The cells were resuspended in 150pl of 

RPMI and then transferred to black-sided clear-bottomed 96-well plates. A 50pi 

volume of caspase-3 substrate solution (Cambridge Bioscience), made according to 

the manufacturers recommendations, was added to each well. The plate was then 

incubated in the dark at room temperature for 1 hour. The fluorescence of each well 

was read on a fluorescence plate reader (Bio-Tek) at Ex/Em 496/520.

2.2.8 Propidium Iodide Assay
After the appropriate time, cells were transferred to microcentrifiige tubes and 

centrifuged at 500g for 5 minutes. The supernatant was removed and the cells were 

washed twice with 150pl of fresh RPMI. The cells were resuspended in 50pl of RPMI 

and then transferred to black-sided clear-bottomed 96-well plates (Fisher). A 50pl 

volume of a 5pg/ml Propidium Iodide solution (Sigma), diluted in DPBS, was added
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to each well. The plate was then incubated in the dark at room temperature for 20 

minutes. The fluorescence of each well was read on a fluorescence plate reader at 

Ex/Em 535/617.

2.2.9 Fluorescence Microscopy
Fluorescence Micorscopy was perfomed using an inverted TE2000-U microscope 

system (Nickon Corporation Ltd). Images were captured using a Hamamatsu digital 

CCD camera and coloured images were created using IP LAB suite software (Nikon).

After the relevant time period, cells were transferred to microcentrifuge tubes and 

centrifuged at 500g for 5 minutes. The supernatant was removed and the cells were 

washed twice in 150pl of binding buffer.

2.2.9.1 DR4/DR5 Analysis
A 20pl volume of PE conjugated anti-human DR4 or PE conjugated anti-human DR5 

was added to the cell pellet and incubated on ice for 1 hour. Cells were then washed 

twice with binding buffer and resuspended in lOpl of DPBS before being spotted on 

to a glass slide. A single drop of the anti-fade reagent Prolong Gold containing DAPI 

(Molecular Probes) was added to the cell suspension before addition of a coverslip. 

Coverslips were sealed and the slides were left in the dark for twenty four hours 

before observation under the fluorescence microscope (Nikon).

2.2.9.2 Hoechst Staining
Cells were centrifuged at 500g for 5 minutes before being resuspended in 150pl of 

3.7% formaldehyde and incubated for 10 minutes at RT. The cells were then washed 

before addition of 1:100 dilution of 5pM Hoechst 33342 (Sigma), diluted in RPMI 

media. The cells were then incubated for 10 minutes before being spotted on to a glass 

microscope slide, sealed and observed immediately under UV (365-480nm) on a 

Nikon Fluorescence Microscope (Nikon).
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2.2.10 Real-time PCR
2.2.10.1 RNA Extraction
Purification of mRNA from Jurkat cells was performed using the Amersham Quick 

Prep Purification Kit (GE Healthcare). The kit works on the principle of affinity 

purification using oligo d-Thymidine-conjugated cellulose. The thymidine tails 

specifically bind to the poly-Adenosine tails present at the 3 ’ end of the mRNA only. 

After several washing steps, mRNA bound to the thymidine is then eluted with a heat 

elution step and collected for further analysis.

Following treatment with various membrane fluidisers, cells were transferred to 

microcentrifuge tubes and centrifuged at 500g for 5 minutes. The supernatant was 

removed before the cells were washed twice in DPBS. mRNA was extracted 

following the manufacturers instructions:

First, 400(0.1 of extraction buffer was added to the cell pellet in RNAase-free 1.5ml 

microcentrifuge tubes. An 800pl volume of elution buffer, pre-heated to 65°C was 

added, the samples were mixed vigorously and vortexed for 5 minutes. Samples were 

then centrifuged for 1 minute at 12000g. 1ml of Oligo-(dT) cellulose was added to a 

microcentrifuge tube (one for each sample) and centrifuged for 1 minute at 12000g. 

After discarding the supernatant, the cleared cellular homogenate (supernatant) from 

the cell samples was added to the oligo(dT) cellulose. The solution was gently 

resuspended and inverted for 3 minutes, allowing binding between the poly-A tails of 

the mRNA and the T-bases of the Oligo (dT) cellulose. The samples were then 

washed five times with a high concentration of salt buffer solution followed by three 

washes with a low concentration of salt buffer solution in order to purify the mRNA 

samples. The pelleted cellulose was resuspended in a 300pl volume of low salt buffer, 

transferred to a microcentrifuge spin column and washed twice with low salt buffer. A 

500pi volume of pre-warmed elution buffer was added to the sample to elute the 

mRNA from the oligo (dT) cellulose. The sample was then spun again for 1 minute at 

12000g and the mRNA was collected underneath the spin column in a 

microcentrifuge tube ready for cDNA synthesis.
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2.2.10.2 cDNA Synthesis
The reverse transcription of mRNA to cDNA was performed using Ready to Go 

Prime First Strand Beads (GE Healthcare). The beads contain three components 

essential for first strand synthesis; the Moloney Murine Leukaemia Virus (M-MuLV), 

a reverse transcriptase enzyme allowing reverse transcription of mRNA to cDNA, 

DTT which stabilises the synthesis reaction and PCR buffer. Following mRNA 

extraction, the mRNA was heated to 65°C for 10 minutes then chilled on ice for 2 

minutes. A 30pl volume of mRNA was then added to a microcentrifuge tube 

containing two first strand beads. A lpl volume of pd(N)6 random 

hexadeoxynucleotides primers, at a concentration of 0.2pg/ml (GE Healthcare) and 

2pl of DEPC-treated dH20 were added to the tube. The pd(6) primers were chosen to 

allow the amplification of the whole mRNA extract to minimise the risk of loosing the 

sequence of interest. The tube was vortexed before being centrifuged to collect the 

contents to the bottom of the tube. The samples were then incubated for 1 hour at 

37°C .

To store the cDNA samples, 200pi of 95% ethanol was added to each sample and 

stored at -20°C until required. Before RT-PCR, the samples were spun at 12000g for 

30 minutes at 4°C and the supernatant was discarded. Samples were left to air dry in 

the laminar flow cabinet to allow the remaining ethanol to evaporate. The cDNA 

pellet was resuspended in 50pl of DEPC-treated water ready for analysis.

2.2.10.3 Real-time PCR
Quantitative PCR was performed using primers for Hsp72 and the house keeping gene 

18s (ABI). The primers for quantitative PCR contain a fluorescence probe and a 

quencher. The primer binds to the cDNA and upon initiation of the message 

amplification, the quencher is cleaved, allowing the probe to fluoresce. This indicates 

that a copy of the cDNA has been made. The fluorescence intensity of the reaction is 

proportional to the amount of template in the reaction. The speed at which the 

cleavage of the quencher begins is proportional to the amount of cDNA in the reaction 

and is determined by the cycle number at which fluorescence intensity increases 

above a threshold value called the CT value.

Standard samples were produced to construct a standard curve for Hsp72 and 18s. For 

this, genomic DNA was extracted from Jurkat cells using the procedure described in
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section 2.2.10.4 and was serially diluted 1:5. A negative control containing DEPC- 

treated water instead of cDNA was used on each plate to ensure PCR quality. Samples 

were run in duplicate.

A 9pl volume of cDNA (samples or standards) was added to lpl of the Hsp72/18s 

Probe Primer mix (ABI) and 10pl Universal Taqman Master mix (Applera) in a 96- 

well optical reaction plate (Applied Biosystems). The plate was sealed with an 

adhesive plate sealer and run as a quantitation plate on the ABI 7700 Real-Time PCR 

machine. Expression of Hsp72 was compared to the 18s housekeeping gene and was 

quantitated using the following method:

• A standard curve for each primer was constructed from the quantity of DNA 

in the standards

• The quantity of each test sample was extrapolated from the standard curve

• The expression of Hsp72 is then normalised to 18s by dividing each quantity 

for Hsp72 by each quantity for 18s

• Finally, the fold expression is determined by dividing each normalised value 

for test samples by the normalised value for control samples.

2.2.10.4 Genomic DNA extraction
Genomic DNA was extracted using a Genomic DNA extraction kit from Epicentre. 

Briefly, lx l06 Jurkat cells were centrifuged at 500g for 5 minutes and the supernatant 

removed. A 500pl volume of quick extract solution was added to the cell pellet and 

the tube was vortexed for 10 seconds. Samples were then incubated for 1 minute at 

65°C, vortexted again, then incubated for 2 minutes at 98°C. Finally, samples were 

vortexted one last time and stored at -20°C in single use aliquots.

2.2.11 Statistical Analysis
All statistical analysis was perfomed using GraphPad PRISM software version 4.03. 

All data was tested for normality using the Kolonogorov-Smimov (KS) test. The KS 

statistic quantifies the discrepancy between the data in question and an ideal normal 

(gausssian) distribution. Statistical analysis was then performed on normally- 

distributed data using the un-paired t-test or one-way Analysis of Variance (ANOVA) 

with Dunnet’s or Bonferroni’s post hoc tests depending on the data analysed. The un
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paired t-test was used in analyses involving the comparison of two groups of data. 

Where the t-test was used and significant differences were found, specific P values are 

stated. The one-way ANOVA was used in analyses involving more than two groups 

of data. In analyses involving comparisons between control groups and each test 

group, a Dunnet’s post-hoc test was chosen. In analyses involving comparisons 

between all test groups a Bonferroni’s post-hoc test was chosen. P values <0.05 were 

considered to be significant. Where the one-way ANOVA was used and significant 

differences were found, approximate P values are stated. * represents a p value < 0.05, 

** represents a p value < 0.01 and *** represents a p value < 0.001. Correlation 

analysis was performed using the Spearman’s correlation coefficient. P values < 0.05 

were considered to be significant. Where significant differences were found, the 

precise p value and r value are stated.
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Chapter 3: Heat Shock Protein Localisation in Chronic 
Lymphocytic Leukaemia

3.1 Introduction

This chapter investigates the localisation of Hsp72, Hsp90 and Hsp27 in Chronic 

Lymphocytic Leukaemia (CLL) to determine whether expression of these stress 

proteins has any clinical or prognostic relevance.

3.1.1 Chronic Lymphocytic Leukaemia (CLL)

Chronic Lymphocytic Leukaemia (CLL) is the most common haematological 

malignancy in adults (Yee & O'Brien 2006). The disease is characterised by clonal 

expansion of B-cells with the immunophenotype CD5+/CD19+/CD23/sIglow/CD79b~ 

/low/FMC7". Accumulation of these cells occurs within the blood, bone marrow, and 

secondary lymphoid organs (Fait et al. 2005). Approximately 50% of patients are 

asymptomatic at time of diagnosis but the condition may progress to a symptomatic 

form requiring treatment. Median age at diagnosis is approximately 70 years and so 

CLL can be considered to be an age-related disease.

CLL may be classified either by the Binet classification system or the Rai 

classification system, although the former is used by the majority of physicians. The 

Binet system is divided into three subtypes based upon the presence of 

lymphadenopathy, splenomegaly, anaemia and thrombocytopenia (Table 3.3.1).

Table 3.3.1: The subtypes o f CLL according to the Binet classification

A Fewer than 3 areas of lymphoid tissue are enlarged, with no anaemia or 
thrombocytopenia

B 3 or more areas of lymphoid tissue are enlarged, with no anaemia or 
thrombocytopenia.

C Anaemia and thrombocytopenia
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3.1.2 Prognostic Markers in CLL

CLL is a heterogeneous disease with a variable clinical course. Therefore, numerous 

studies have been conducted to identify prognostic markers that may aid in 

predicting clinical outcome.

The mutation status of the immunoglobulin variable heavy chain genes (lgVH) is 

now routinely analysed, as lack of mutations (IgVn low) identifies a more immature 

disease and correlates with worse prognosis, while IgVn high represents a more 

mature disease with better prognosis (Hamblin, 2007; Khartan-Dabaja et al. 2008).

Expression of CD38 on B-CLL cells has been shown to correlate with poor response 

to treatment and shorter overall survival (Hus et al. 2006; Deaglio et al. 2006). This 

surface molecule is found on various haematopoetic cells and functions in the 

regulation of cell activation and proliferation (Cruse et al. 2007). It has been 

hypothesised that the expression of CD38 on CLL cells aids in the continued 

proliferation and survival of these cells (Deaglio et al. 2006).

Expression of the tyrosine kinase Zeta-associated Protein-70 (ZAP-70) has also been 

shown to correlate with poor prognosis. In normal T-cells, ZAP-70 is associated with 

the TCR where it functions in downstream TCR signalling (Cruse et al. 2007). 

However, although ZAP-70 is present in normal pre-B-cells, its expression should be 

lost on maturation of the cell. Hence, the presence of ZAP-70 in CLL cells is 

indicative of an immature clone. Studies have shown a correlation between un

mutated IgVH and ZAP-70 expression (Orchard et al. 2004; Crespo et al. 2003; Chen 

et al. 2002b). Moreover, patients positive for ZAP-70 have been shown to respond 

poorly to treatment with purine analogues. In view of this, ZAP-70 expression is 

widely analysed in newly diagnosed CLL.

Cytogenetic analysis of CLL patients can give an early indication of disease severity 

with some genetic defects correlating strongly with poor response to treatment and 

shorter overall survival. Fluorescent in-situ Hybridisation (FISH) techniques are used 

to identify the underlying genetic mutations that have occurred in B-CLL cells. There 

are currently four main genetic defects recognised in CLL patients (Table 3.3.2).
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Table 3.3.2: Genetic defects found in CLL cells and their associated prognoses.
(adaptedfrom Cotter & Auer, (2007) and Van Bockstaele et al. (2009)).

Defect %of
CLL
cases

Gene Affected Median OS* 
(months)

Median TFS* 
(months)

Prognosis

Trisomy
12

15-30 CDK4, CDKN1B, 
CLLU1, MDM2

114 33 Intermediate

Del 17p 10 TP53 32 9 Poor

Del 11 q 15-20 ATM, ARHGAP20, 
BTG4, POU2AF1, 
FDX1, RDX

79 13 Poor

Del 13q

*OS -  Ove

40-60 

rail Sun

ARL1 l,C13orfl, 
DLEUl, DLEU2, 
RCBTB1, SETDB2, 
TRIM 13 

aval

133 92 Good

** TFS -  Treatment-free Survival

CLL patients presenting with a 17p deletion demonstrate a fundamentally different 

clinical course and therefore studies into p53 defects and alternative treatment regimes 

have become more common. Mutations of the TP53 gene are displayed by 4-37% of 

patients with CLL (Zenz et al. 2008). Furthermore, patients resistant to fludarabine 

treatment show the highest incidence of TP53 mutation. Agents that act independently 

of the p53 pathway, such as the monoclonal antibodies rituximab and alemtuzumab 

and other agents such as lenalidomide, have become available and may be used as an 

alternative first-line treatment for patients with a 17p deletion.

3.1.3 Treatment of CLL

Due to the considerable variation in disease progression, management of CLL is 

problematic. In the majority of cases, CLL progresses slowly and patients may go for 

many years without requiring treatment. The decision to start treatment is usually 

taken when blood counts start to fall or quality of life becomes considerably affected. 

A platelet count of <100 and a haemoglobin level of <10 is considered a good 

indicator to start treatment.

61



Chapter 3: Heat Shock Protein Localisation in Chronic Lymphocytic Leukaemia

Chemotherapeutic treatment of CLL usually involves alkylating agents, purine 

analogues, anthracyclines or combinations of these drugs. Alkylating agents such as 

cyclophosphamide exert their effects by replacing a hydrogen atom in DNA with an 

alkyl radical. This prevents correct DNA base-pairing and the DNA becomes 

fragmented. Purine analogues such as fludarabine interfere with ribonucleotide 

reductase and DNA polymerase thereby inhibiting DNA synthesis. The drug is 

transported into CLL cells where it is converted into its 5’-triphosphate, the primary 

active metabolite (Plunkett, Huang & Gandhi, 1990). It may then compete for 

incorporation into the A sites of elongating DNA by DNA polymerase, thus 

terminating DNA synthesis and resulting in cell death. Anthracyclines such as 

doxorubicin form DNA adducts preventing DNA replication. Combination-based 

therapies involving fludarabine and cyclophosphamide have been shown to be more 

effective than using these drugs in isolation. Frequently cancer cells are able to 

overcome the alkylating agent-induced DNA damage by DNA repair mechanisms. 

However, by treating in conjunction with fludarabine, this purine analogue can inhibit 

the repair of alkylating-agent induced DNA interstrand crosslinks (Nabhan et al. 

2008). As a result, fludarabine and cyclophosphamide combination treatment is the 

most common first-line treatment of CLL.

Patients who fail to respond to first-line treatment are often treated with a combination 

of cyclophosphamide, doxorubicin, the mitotic inhibitor vincristine and the 

corticosteroid prednisone (CHOP). However, only approximately 40% of patients 

resistant to fludarabine will be expected to survive beyond 12 months (Keating et al. 

2002) .

The vast majority of patients with a 17p deletion abnormality will fail to respond to 

conventional first-line treatments and therefore are often treated with monoclonal 

antibodies such as rituximab or alemtuzumab directed against the B-cell antigens 

CD20 and CD52 respectively. These antibodies exert their effects via antibody- 

dependent cellular cytotoxicity (ADCC) and apoptosis (Kim et al. 2007). As they are 

acting independently of the p53 pathway, rituximab and alemtuzumab have shown 

promising results as a first-line treatment in 17p deletion patients. Additionally, 

alemtuzumab in combination with fludarabine has shown promising results in patients 

found to be unresponsive to these treatments in isolation (Kennedy et al. 2002).
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3.1.4 CLL and Autoimmune Haemolytic Anaemia (AIHA)

The clinical course of patients with CLL is often exacerbated by automimmune 

destruction of erythrocytes. When erythropoesis can no longer match haemolysis, the 

symptoms of haemolytic anaemia present. Although AIHA can occur in early stage 

CLL patients, it is most common in patients with advanced disease (Diehl & 

Ketchum, 1998). A number of mechanisms have been proposed to explain the 

development of AIHA in CLL patients. One suggestion is that as T-cell function is 

impaired in CLL patients, autoimmunity maybe due to loss of T-cell regulatory 

control of autoreactive T-cells (D’arena et al. 2007). Moreover, it has been 

demonstrated that T regulatory cells are sensitive to fludarabine (Beyer et al. 2005) 

and as AIHA is more prevalent in advanced CLL, it would seem more likely that 

these patients will have received fludarabine treatment. Other evidence has suggested 

that CLL cells act as major APCs and process and present Rhesus antigen to stimulate 

T-helper cells (Hall et al. 2005). This ultimately leads to a T-cell response mounted 

against erythrocytes.

Corticosteroids are usually the first line treatment of AIHA in CLL patients. 

Prednisolone at a dose of 1.0-1.5mg/kg/day typically results in 80% initial response 

(D’arena et al. 2007). However, only a minority of patients are able to achieve a long 

lasting remission and therefore require a lower dose of long-term steroid treatment. 

Patients resistant to the effects of corticosteroids may be treated with rituximab and 

alemtuzumab. The consequent ADCC results in a reduction in the number of antigen- 

presenting B-cells, with a decrease on T-cell activation (D’arena et al. 2007). 

Splenectomy may be considered for patients unresponsive to other lines of treatment.

3.1.5 Immunodeficiency in CLL

The large majority of CLL patients possess a level of immunodeficiency and the 

presence of CLL cells in the lymphoid tissues interferes with nearly all facets of 

immune function. Hypogammaglobulinaemia, T-cell depletion and reduced T-cell 

function are the most common presentations (Hamblin et al. 2008). The degree of 

hypogammaglobulinaemia is dependent upon the stage of disease but is independent 

of whether the patient has received chemotherapeutic treatment. As the number of
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non-malignant B-cells is reduced, B-cell function is reduced as normal 

immunoglobulin production is suppressed. The increased number of T regulatory cells 

in CLL is also thought likely to contribute to immunodeficiency. Often treatment of 

CLL, especially by fludarabine, exacerbates the immunodeficiency as T-helper (Th) 

cell levels fall and remain low for up to two years after treatment (Hamblin et al. 

2008).

3.1.6 Heat Shock Protein Expression in CLL

A large amount of research into both the expression and subsequent function of HSPs 

in the development of CLL is still necessary. A small number of studies has been 

performed investigating the expression of HSPs in myeloid malignancies, and results 

from such studies might be further interpreted to provide a predictive analysis of HSP 

function in CLL. However, the huge clinical variability in CLL compared to AML 

may signify that HSP expression varies greatly between leukaemias making such 

predictions invalid.

Research into acute lymphoblastic leukaemia (ALL) has shown decreased expression 

of Hsp72 and Hsp27 in bone marrow aspirates from patients who achieved complete 

remission when compared to those patients who did not achieve complete remission 

(Campos et al. 1999). Additionally, ALL cells displaying the Bcr/Abl fusion protein 

contained high levels of Hsp72 (Nimmanapalli et al. 2002). Further studies have 

demonstrated that Hsp72 contributes to the Bcr-Abl-mediated resistance to apoptosis 

by chemotherapeutic agents such as etoposide. Moreover, down-regulation of Hsp72 

can sensitise these Bcr/Abl ALL cells to cytotoxic drugs (Guo et al. 2005). The 

Bcr/Abl fusion protein was shown to be a client protein of Hsp90. Furthermore, 

inhibition of Hsp90, but not Hsp72, in myeloid cells was found to result in 

degradation of Bcr/Abl (Peng et al. 2007).

Treatment of ATM/TP53 mutated CLL cells with the Hsp90 inhibitor, GA caused a 

down-regulation of mutant p53 and a simultaneous up-regulation of wild type p53. 

GA treatment also resulted in an increase in p21, an inducer of cell cycle arrest (Lin et 

al. 2007b). Further research has shown a synergistic effect between a derivative of
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GA, 17-DMAG and Dox, demonstrating a sensitisation of p53 mutated cells to Dox- 

induced cell death (Robles et al. 2006).

As previously mentioned, expression of ZAP-70 is a predictor of poor prognosis in 

CLL. Furthermore this tyrosine kinase has been shown to be a conditional Hsp90 

client protein (Bartis et al. 2007). Castro et al. (2005), demonstrated that ZAP-70 in 

CLL cells co-immunoprecipitates with Hsp90, while ZAP-70 from normal T-cells 

does not. In addition, treatment of CLL cells with Hsp90 inhibitors resulted in 

degradation of ZAP-70, while treatment of T-cells from CLL patients and control 

subjects with Hsp90 inhibitors did not affect ZAP-70.

Taken together, the results presented so far show that HSPs can be over-expressed in 

leukaemias of lymphoid origin. Inhibition of these HSPs by various compounds 

results in degradation of client proteins and ultimately cell death. However, the 

location of HSPs, whether expressed intracellularly or on the cell surface, in CLL 

cells has not been investigated. Additionally, comparisons between HSP expression 

in CLL patients and control subjects have not yet been drawn.

3.1.7 Aims

The multistep progression to carcinogenesis may take several decades and therefore 

an increasingly ageing population allows age-related leukaemias to become more 

frequent. The difficulties involved in treating these patients and the frequent 

occurrence of drug resistance warrant investigation into the possible mechanisms 

involved in CLL progression. Therefore, the aim of this chapter is to explore both the 

internal and surface localisation of Hsp72, Hsp90 and Hsp27 in CLL patients and age- 

matched control subjects to determine if levels of these stress proteins have any 

clinical or prognostic connotations.
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3.2 Methods

Local research ethics committee approval (COREC - 05/QI506/103) was obtained for 

this study and consent forms were completed by each patient. Blood samples were 

collected from patients affected by CLL (n= 40). Bloo'1 from normal age matched 

control subjects (n=9) was also obtained. Blood was collected by venepuncture in 7ml 

EDTA tubes or 7ml Serum tubes (Southern Syringe Services).

The localisation of HSPs was determined by flow cytometry and western blotting. 

Surface and intracellular Hsp27, Hsp90 and Hsp72 were analysed in total leukocytes 

isolated from lysed whole blood (see section 2.2.3). T Regulatory cell numbers and 

levels of caspase-3 were also analysed by flow cytometry. Release of Hsp72 into 

serum was analysed by ELISA.

3.2.1 Total Leukocyte Isolation
Leukocytes from whole blood were isolated using methods described in section

2.2 . 1.1

3.2.2 PBMC Purification
PBMCs were isolated from whole blood using methods described in section 2.2.1.2

3.2.3 Caspase-3 Analysis
Caspase-3 analysis was performed on leukocytes from CLL patients and control 

subjects, to determine the levels of apoptosis in these patients. Caspase-3 analysis was 

performed according to the methods described in section 2.2.3.2.

3.2.4 Surface HSP Analysis
Surface HSP analysis was performed on leukocytes from CLL patients and control 

subjects according to the methods described in section 2.2.3.4

3.2.5 Intracellular HSP Analysis
Intracellular HSP analysis was performed on leukocytes from CLL patients and 

control subjects according to the methods described in section 2.2.3.5
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3.2.6 ZAP-70 Analysis
ZAP-70 analysis was performed on leukocytes from CLL as prognostic indicator. 

Analysis was performed according to the methods described in section 2.2.3.6

3.2.7 T-Regulatory Cell Detection
Treg analysis was performed on PBMCs from CLL patients and control subjects 

according to the methods described in section 2.2.3.7

3.2.8 Western Blot Analysis
Western blot analysis was performed on cell extracts from PBMCs to confirm the 

presence of Hsp72 in CLL patients. Analysis was performed according to the methods 

described in section 2.2.4

3.2.9 Hsp72 ELISA
Hsp72 ELIS As were performed on serum from CLL patients and control subjects. 

ELISAs were performed according to the methods described in section 2.2.5.

3.2.10 Statistical Analysis
Statistical analysis was performed using the t-test or one-way-ANOVA with Dunnet’s 

or Bonferroni’s post-hoc tests depending on the data analysed: P values <0.05 were 

considered to be significant. Where the t-test was used and significant differences 

were found, specific p values are stated. Where the one-way ANOVA was used and 

significant differences were found, approximate p values are stated. * represents a p 

value < 0.05, ** represents a p value < 0.01 and *** represents a p value < 0.001. 

Correlation analysis was performed using the Spearman’s correlation coefficient; P 

values < 0.05 were considered to be significant. Where significant differences were 

found, the precise p value and r value are stated.
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3.3 Results

The characteristics of the patients involved in this study can be seen in table 3.3.3.

Table 3.3.3: Characteristics o f the CLL patients and control subjects involved in 
this section of the study. Data is represented as mean (range).

CLL Patients Control Subjects
Number of patients included 40 14
Sex (male/female) 28/12 6/8
Mean Age of Patients (Range) 66 (45-80) 66(42-88)
White blood cell count at time 
of sample (xl09/L)

66.99 (1.2-326.5) 6.87(3.7-10.3)

Haemoglobin at time of sample 
(g/dL)

12.62 (8-15.3) 13.1(10-14.4)

Platelet count at time of sample 
(x109/L)

183.03 (33-381) 257.16(128-402)

3.3.1 Active Capase-3 Activity in Chronic Lymphocytic Leukaemia

Expression of active caspase-3 in total lymphocytes of CLL patients was compared 

with the expression in lymphocytes from control subjects to determine if there was 

any difference in the degree of apoptosis between the two patient groups.

Patient data was grouped according to disease and then compared for the expression 

of active-caspase-3. As shown in Figure 3.3.1, CLL patients showed a lower 

expression of active caspase-3 in total lymphocytes than control subjects (p<0.0008). 

When CLL patients were grouped according to Binet stage, no significant difference 

in active caspase-3 was found between stages. However patients in all three Binet 

stages showed caspase-3 levels lower than levels observed in control subjects (Figure 

3.3.2).
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300

CLL Control

Figure 3.3.1: Active Caspase-3 expression in CLL patients and control subjects.
Active caspase-3 expression in total lymphocytes (CD5+/CD19+ and CD5-/CD19+ 
cells) from CLL patients and lymphocytes (gated using FSC/SSC) from control 
subjects was analysed by flow cytometry. Each group o f patients is represented as a 
Mean o f the MFI values, +/- SEM. Statistical Analysis was performed using the un
paired T-test.

Figure 3.3.2: Active Caspase-3 expression in CLL patients grouped according to 
Binet stage.
Active caspase-3 expression in total lymphocytes (CD5+/CD19+ and CD5-/CD19+ 
cells) from CLL patients and lymphocytes (gated using FSC/SSC) from control 
subjects was analysed by flow cytometry. Each group ofpatients is represented as a 
Mean o f the MFI values, +/- SEM. Statistical Analysis was performed using the one
way ANOVA with Bonferroni’s post hoc test. * represents a p value < 0.05. ** 
represents ap  value < 0.01.
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3.3.2 Surface and Intracellular Heat Shock Protein 72 Detection.

Localisation of surface Hsp72 (sHsp72) and intracellular Hsp72 (iHsp72) was 

analysed on the leukocytes of CLL patients and control subjects. For surface Hsp72 

analysis, the cmHsp70.1 antibody (Multimmune Ltd) was used. This antibody 

recognises the TKD (TKDNNLLGRFELSG) peptide region of the Hsp72 protein, a 

region shown to be presented outside the cell surface when the protein is embedded in 

the cell surface. For intracellular analysis, the mouse monoclonal anti-human Hsp72 

antibody (Stressgen) was used. This antibody cannot recognise surface embedded 

Hsp72, as its epitope remains hidden in the cell membrane. However, receptor 

attached Hsp72 that is bound loosely to the cell surface can be detected by the mouse 

monoclonal anti-human Hsp72 antibody (Stressgen). The difference in signal detected 

when comparing surface Hsp72 analysis using the cmHsp70.1 antibody and the 

mouse monoclonal anti-human Hsp72 antibody can be seen clearly when observing 

the flow cytometry histograms. Figure 3.3.3 illustrates the increased signal detection 

when analysing surface Hsp72 expression in a control subjects using the cmHsp70.1 

antibody (Figure 3.3.IB) and the anti-Hsp72 antibody (Figure 3.3.3C). Experiments 

involving treatment of control leukocytes with different concentrations of sodium 

chloride demonstrated a decreased antibody recognition when analysing sHsp72 with 

the mouse monoclonal anti-human Hsp72 antibody (Table 3.3.4). This indicates that 

the sHsp72 being detected by this antibody can in fact be ‘washed off and therefore is 

thought to be only loosely bound to the cell surface.
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Figure 3.3.3: Comparison of surface Hsp72 localisation analysed using the 
cmHsp70.1 and the Stressgen antibody.
Hsp72 localisation on a representative normal control subject was analysed by flow 
cytometry: neutrophils (blue), monocytes (green) and lymphocytes (red) were gated 
using FSC/SSC. A. sHsp72 expression on leukocytes from a control subject analysed 
using the cmHsp70.1 antibody B. sHsp72 on leukocytes from a control subject 
analysed using the Stressgen antibody C. Isotype control for sHsp72.
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Table 3.3.4: Effect o f sodium chloride treatment on sHsp72 expression analysed 
using the Stressgen antibody.
sHsp72 expression was analysed on the leukocytes o f a control subject after treatment 
with different concentrations o f NaCl. Non-viable cells were eliminated from the 
analysis by gating on propidium iodide-negative cells. Neutrophils, monocytes and 
lymphocytes were gated using FSC/SSC.

sHsp72 Mean MFI
Concentration 
of NaCl (mM)

Neutrophils Monocytes Lymphocytes Leukocytes

0 565 909 60 453
20 357 892 67 425
40 287 727 41 270
No Stain 
control

117 100 37 94
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3.3.3 Heat Shock Protein 72 Localisation in Chronic Lymphocytic Leukaemia

In samples from control subjects, neutrophil, monocyte and lymphocyte populations 

were distinguished using FSC/SSC. In samples from CLL patients, neutrophil, 

monocyte and total lymphocyte populations were all distinguished using FSC/SSC, 

while malignant and non-malignant cells were gated using CD5+/CD19+ (Figure 

3.3.4) and CD5-/CD19+.

Patient data was grouped according to CLL or control and then compared for the 

expression of both sHsp72 and iHsp72. When sHsp72 expression on CD5+/CD19+ 

cells in CLL patients group as a whole, was compared with sHsp72 expression on 

normal lymphocytes from control subjects, there appeared to be no significant 

difference in expression of either sHsp72 or iHsp72 between the groups. However, the 

spread of data within the CLL group was very large and further analysis revealed that 

some CLL patients express a very high level of sHsp72 on their CD5+/CD19+ cells, 

while some patients express a very low level (Figure 3.3.5). A similar pattern was 

observed with iHsp72 in CLL patients. This was not the case when observing 

expression of sHsp72 or iHsp72 on CD5-/CD19+ cells from CLL patients or CD 19+ 

cells from control subjects. This difference in sHsp72 and iHsp72 expression among 

CLL patients was also prominent on the flow cytometry histograms (Figure 3.3.6).

CLL patients were then divided into 2 distinct groups dependent upon the expression 

of sHsp72 on their CD5+/CD19+ cells. The cut off value chosen to divide the two 

groups was the mean sHsp72 expressed by control subjects. Expression of sHsp72 on 

CD5+/CD19+ cells in these high- and low-expressing patient groups was then 

compared to sHsp72 expression in both CD5-/CD19+ cells from the same CLL 

patients and lymphocytes from control subjects (Figure 3.3.7). The high sHsp72 

expressing group was significantly different (100 fold higher) from the low expressing 

group (P<0.05), the CD57CD19+ lymphocytes (P<0.05) and the lymphocytes from 

control subjects (P<0.01). The low expressing sHsp72 group was not significantly 

different either from the CD57CD19+ lymphocytes or the lymphocytes from control 

subjects (Figure 3.3.7).
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Comparison of iHsp72 expression in CD5+/CD19+ cells with expression in CD5- 

/CD19+ cells and normal lymphocytes from control subjects presented a similar 

pattern (Figure 3.3.8): The high iHsp72 group was significantly different from the low 

expressing CD5+/CD19+ group (PO.OOl) and from CD57CD19+ lymphocytes 

(PO.OOl) and control lymphocytes (PO.OOl). However, the low expressing 

intracellular Hsp72 group was not significantly different either from the CD5 /CD19+ 

lymphocytes or the lymphocytes from control subjects. A western blot analysis was 

performed on PBMCs from two representative CLL patients categorised as being 

high- or low-expressers of iHsp72 (Figure 3.3.9). This confirmed results obtained by 

flow cytometry, by showing that there are significant differences in iHsp72 expression 

between patients with CLL. It is important to note that no correlation was found 

between expression of sHsp72 and iHsp72 in CD5+/CD19+ cells and therefore 

patients expressing high sHsp72 did not necessarily express high iHsp72 (data not 

shown).

An attempt was made to draw correlations between the expression of sHsp72 in CLL 

patients and stage of disease. However, when grouped according to Binet stage, only 

two patients analysed for sHsp72 expression were classed as Binet stage B and so 

drawing accurate conclusions proved difficult. Figure 3.3.10 illustrates the range of 

expression of sHsp72 in all three Binet stages. Both early and advanced stage patients 

appeared to display comparable levels of expression. When iHsp72 expression in CLL 

patients was analysed in this way, a similar result was observed.

Surface and intracellular Hsp72 expression in CD5+/CD19+ cells was compared in 

CLL patients who had stable disease (not requiring treatment) and CLL patients who 

had progressive disease (requiring treatment). Stable and progressive disease patients 

express very similar levels of sHsp72 (data not shown). However, when the 

expression of iHsp72 was analysed in this way, patients with stable disease were 

found to express significantly higher levels of iHsp72 than patients with progressive 

disease (P=0.0138) (Figure 3.3.11).

Attempts were made to draw correlations between the expression of both surface and 

intracellular Hsp72 with levels of caspase-3 in CD5+/CD19+ cells, however, no 

associations could be found (data not shown).
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Figure 3.4.4: Identification of Malignant CLL cells
Gating o f the malignant cell population in CLL patients was achieved using an anti
human CD5-APC/anti-human CD19-PE double staining method.

Figure 3.3.5: Surface and Intracellular Hsp72 expression on the malignant cells 
from CLL patients.
sHsp72 and iHsp72 was analysed by flow cytometry. CD5+/CD19+ malignant cells 
were gated. Values are expressed as absolute MFI and plotted in log scale. Surface 
Hsp72 analysis was performed on 17 CLL patients, while intracellular Hsp72 
analysis was performed in 40 CLL patients. Boxes highlight the distinct groups o f 
patients expressing significantly different levels o f Hsp72.
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Figure 3.3.6: Surface and Intracellular Hsp72 localisation in representative CLL 
patients.
Samples were analysed by flow cytometry: B-CLL cells (blue) and lymphocytes 
(green) were gated using CD5+/CD19+ and CD5-/CD19+ respectively. (A) High 
surface-Hsp72 expressing patient (B) Low sHsp72 expressing patient (C) High 
iHsp72 expressing patient (D) Low iHsp72 expressing patient.
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Figure 3.3.7: Comparison of sHsp72 in high- and low-expressing patients.
Surface Hsp72 expression on the malignant and normal B-lymphocytes from CLL 

patients and lymphocytes from age-matched control subjects was analysed by flow  
cytometry. CD5+/CD19+ malignant cells and CD5-/CD19+ normal B cells were 
gated. Each group o f patients is represented as a Mean o f the MFI values, +/- SEM 
and plotted on a log scale. Statistical analysis was performed using the 1 way- 
ANOVA with Bonferroni’s multiple comparison test. * represents a p value < 0.05. 
** represents ap  value < 0.01.
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Figure 3.3.8: Comparison of iHsp72 in high- and low-expressing patients.
Intracellular Hsp72 expression on the malignant and normal B-lymphocytes from 
CLL patients and lymphocytes from age-matched control subjects was analysed by 
Flow Cytometry. CD5+/CD19+ cells and CD5-/CD19+ cells were gated. Each 
group o f patients is represented as a Mean o f the MFI values, +/- SEM and plotted 
on a log scale. Statistical analysis was performed using the 1 way-ANOVA with 
Bonferroni’s multiple comparison test.
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Figure 3.3.9: Western Blot o f intracellular Hsp72 expression in high- and low- 
expressing CLL patients.
Cell extracts were prepared from PBMCs purified from whole blood. Data is 
representative o f 22 high-expressing patients and 18 low-expressing patients.
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Figure 3.3.10: Surface and Intracellular Hsp72 in CLL patients grouped 
according to Binet stage.
(A) sHsp72 and (B) iHsp72 expression in CD5+/CD19+ cells from CLL patients 
were analysed by flow cytometry. Data is plotted on a log scale.
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Figure 3.3.11: Comparison o f intracellular Hsp72 expression in CLL patients with 
stable and progressive disease.
iHsp72 in total lymphocytes from CLL patients was analysed by Flow Cytometry. 
Each group o f patients is represented as a Mean o f the MF1 values, +/- SEM. 
Statistical analysis was performed using the unpaired t-test.
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3.3.3.1 Release of Hsp72 into Serum

Hsp72 was analysed in serum samples from CLL patients and control subjects by 

ELISA.

There was no significant difference in levels of extracellular Hsp72 between CLL 

patients and control subjects (Figure 3.3.12). However, further examination revealed that 

CLL patients receiving corticosteroid treatment were releasing significantly lower levels 

of Hsp72 than patients not receiving corticosteroid treatment (Figure 3.3.13). 

Furthermore, analysing release of Hsp72 in individual patients at different time points 

revealed that on commencement of corticosteroid treatment, Hsp72 levels in serum 

dramatically decrease and remain low for the duration of the treatment (Figure 3.3.14). 

Patients show approximately a 70% reduction in Hsp72 release one month after initiation 

of corticosteroid treatment.
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Figure 3.3.12: Extracellular Hsp72 in serum from CLL and control subjects.
Extracellular Hsp72 in serum from CLL patients and control subjects was analysed by 
ELISA. Data is plotted on a log scale.
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Figure 3.3.13: Comparison of Extracellular Hsp72 in CLL patients treated with or not 
treated with corticosteroids.
Extracellular Hsp72 in serum from CLL patients and control subjects was analysed by 
ELISA. Statistical analysis was performed using the one-way ANOVA with Bonferroni’s 
multiple comparison post-hoc test. * represents a p value < 0.05. ** represents a p value 
< 0.01.
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Figure 3.3.14: Effect of corticosteroid treatment on extracellular Hsp72 levels in CLL 

patients.

Data is represented as normalised extracellular Hsp72 in serum from four representative 

CLL patients undergoing treatment with corticosteroids. Statistical Analysis was performed 

using the one-way ANOVA with Bonferroni ’spost-hoc test. ** represents ap  value < 0.01.
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3.3.4 Heat Shock Protein 90 and Heat Shock Protein 27 Localisation in Chronic 
Lymphocytic Leukaemia

Expression of sHsp90 and sHsp27 was analysed on the leukocytes from CLL patients 

and control subjects. At no stage was Hsp90 or Hsp27 detectable on the surface of any 

cells (data not shown).

In both CLL and control samples, neutrophil, monocyte and lymphocyte populations 

were distinguished using FSC/SSC. A significant increase in total lymphocyte 

(CD5+/CD19+ and CD5-/CD19+ cells) iHsp90 expression was seen in CLL patients 

when compared to control subjects (P=0.0064) (Figure 3.3.15). Furthermore, this 

iHsp90 expression was shown to be dependent upon stage of disease as patients in 

Binet stage A showed significantly higher levels of Hsp90 expression than patients in 

Binet stages B or C (Figure 3.3.16). A significant increase in total lymphocyte 

iHsp27 expression was seen in CLL patients when compared to control subjects 

(P=0.0023) (Figure 3.3.17). However, in contrast to the trend observed for iHsp90, 

expression of iHsp27 was found to be independent of stage of disease as patients in 

Binet stage A, B and C showed similar levels of expression (Figure 3.3.18). 

Correlation analysis between both iHsp90 and iHsp27 and the level of active caspase- 

3 in the CLL cells revealed significant negative correlation between iHsp27 and 

caspase-3, but not Hsp90 and caspase-3 (P=0.0031, r=-0.5784) (Figure 3.3.19); 

Patients expressing higher levels of iHsp27 were found to display lower levels of 

active caspase-3.
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Figure 3.3.15: Intracellular Hsp90 expression in Lymphocytes from CLL patients 
and control subjects.
Hsp90 expression in total lymphocytes (CD5+/CD19+ and CD5-/CD19+ cells) from 
CLL patients and lymphocytes from control subjects was analysed by flow cytometry. 
Each group o f patients is represented as a Mean o f the MFI values, +/- SEM. 
Statistical Analysis was performed using the un-paired T-test.

Binet Stage

Figure 3.3.16: Intracellular Hsp90 expression in Lymphocytes from CLL patients 
grouped according to Binet stage.
Intracellular Hsp90 expression in total lymphocytes (CD5+/CD19+ and CD5- 
/CD19+ cells) from CLL patients and lymphocytes from control subjects was 
analysed by flow cytometry. Each group o f patients is represented as a Mean o f the 
MFI values, +/- SEM. Statistical analysis was performed using the one-way ANOVA 
with Bonferroni’s post hoc test. * represents a p  value < 0.05. ** represents a p 
value <0.01. *** represents ap  value < 0.001
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Figure 3.3.17: Intracellular Hsp27 expression in Lymphocytes from CLL patients 
and control subjects.
Hsp27 expression on total lymphocytes (CD5+/CD19+ and CD5-/CD19+ cells) from 
CLL patients and lymphocytes from control subjects. Each group o f patients is 
represented as a Mean o f the MFI values, +/- SEM. Statistical analysis was 
performed using the un-paired T-test.

*

c
l̂ -CN
CLM

X

3000

2500-

2000 

1500

1000

500-

A B

Binet Stage

Figure 3.3.18: Intracellular Hsp27 expression in Lymphocytes from CLL patients 
grouped according to Binet stage.
Intracellular Hsp27 expression in total lymphocytes (CD5+/CD19+ and CD5- 
/CD19+ cells) from CLL patients and in lymphocytes from control subjects was 
analysed by flow cytometry. Each group o f patients is represented as a Mean o f the 
MFI values, +/- SEM. Statistical analysis was performed using the one-way ANOVA 
with Bonferroni ’s post hoc test. * represents a p value < 0.05.
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Figure 3.3.19: Correlation analysis between intracellular Hsp27 and levels of 
active caspase-3 in total lymphocytes.
CD5+/CD19+ and CD5-/CD19+ cells were gated. Correlation analysis was 
performed using Spearman’s correlation coefficient, p = 0.0031. r = -0.5784.
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3.3.5 ZAP-70 Expression in Chronic Lymphocytic Leukaemia

The presence of ZAP-70 in CD5+/CD19+ cells has previously been established as a 

marker of poor prognosis. The presence of ZAP-70 was analysed in the CD5+/CD19+ 

cells from these CLL patients.

Leukocytes from CLL patients were surface stained with CD5-APC and CD19-PE 

before intracellular staining with ZAP-70-PECy5. Malignant cells were gated and 

analysed for expression of ZAP-70 (Figure 3.3.20).

As ZAP-70 is a known client protein of Hsp90, it was hypothesised that there may be 

an association between the levels of iHsp90 displayed by CLL patients and the 

percentage of CLL cells expressing ZAP-70. A cut-off value of 20% has been widely 

accepted as the value to discriminate between a CLL sample that is ZAP-70 positive 

and a sample that is ZAP-70 negative (Crespo et al. 2003). Therefore, patients were 

grouped according to the number of CD5+/CD19+ cells in the sample expressing 

ZAP-70 and analysed for the expression of iHsp90. No significant difference was 

found between the two groups (Figure 3.3.21).
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Figure 3.3.20: Expression of ZAP-70 in CD5+/CD19+ cells.
(A) Gating o f malignant cells using CD5+ and CD19+ double staining in CLL 
sample. (B) and (C) CLL sample showing positivity for ZAP-70 in CD5+/CD19+ 
cells. Data is representative o f 20 CLL patients.
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Figure 3.3.21: Intracellular Hsp90 in ZAP-70+ and ZAP-70- CLL patients.
iHsp90 in total lymphocytes o f CLL patients grouped according to the percentage o f 
CD5+/CD19+ cells positive for ZAP-70. Data is represented as mean ± SEM. 
Statistical analysis was performed using the unpaired T-test.
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3.3.6 T-Regulatory Cells in Chronic Lymphocytic Leukaemia

Numbers of T regulatory cells were analysed in PBMCs from CLL patients and 

control subjects. Cells were labelled with antibodies to CD4 and CD25 to detect a 

population containing activated T-cells and T-regulatorv cells, then further labelled 

with an antibody to FoxP3 to detect the number of T-regulatory cells within the mixed 

population. CLL patients were found to possess a significantly higher number of 

circulating T-regulatory cells than control subjects (figure 3.3.22).

Control

Figure 3.3.22: Numbers o f T-regulatory cells in PBMCs from CLL and control 
subjects.
Numbers represent the percentage o f CD4+/CD25+ cells positive for FoxP 3. Data is 
represented as mean ± SEM. Statistical analysis was performed using the unpaired T- 
test.
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3.4 Discussion

The aim of this chapter was to explore both the internal and surface localisation of 

Hsp72, Hsp90 and Hsp27 in CLL patients and age-matched control subjects to 

determine if levels of these stress proteins had any clinical or prognostic 

significance.

3.4.1 Active Capsase-3 Levels in CLL

The levels of activated caspase-3, a marker of apoptosis, in total lymphocytes from 

CLL patients, was compared to levels expressed by control subjects, and was found 

to be significantly lower in CLL patients (Figure 3.3.1). This difference in apoptosis 

between CLL patients and control subjects is to be expected as the underlying basis 

of CLL is an inability for the B-lymphocytes to commit to apoptosis. There was, 

however, no difference in active caspase-3 between patients in different stages of the 

disease. This indicates that the progression of CLL is more likely to be the result of 

increased cellular clonal replication rather than an increased resistance to apoptosis.

3.4.2 Surface Heat Shock Protein Detection

Analysis of sHsp72 was performed using two different antibodies; a mouse 

monoclonal anti-human Hsp72 antibody (Stressgen SPA-810) and a mouse 

monoclonal anti-human TKD cmHsp70.1 antibody (Multimmune Ltd). The 

cmHsp70.1 antibody was raised against the TKD 14-mer, aa 450-463 peptide 

sequence (TKDNNLLGRFELSG) (Gehrmann et al. 2003). This peptide has been 

shown to be exposed when the protein is embedded in the cell membrane. The 

epitope recognised by the Stressgen antibody remains hidden in the cell membrane 

when the protein is embedded. Washing leukocytes with a sodium chloride solution 

resulted in decreased antibody recognition when analysing with the Stressgen 

antibody (Table 3.3.4). This indicates that sHsp72 detected by the Stressgen antibody 

is loosely attached to the cell membrane, perhaps through protein receptors such as 

SR-A (Theriault et al. 2005).
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Although Hsp72 and Hsp90 in particular have been observed on the surface of 

several tumour cell types (Multhoff et al. 1995; Gehrmann et al. 2003; Eustace et al. 

2004), current opinion is that surface HSP expression is restricted to tumour cells 

(Multhoff et al. 1995; Multhoff & Hightower 1996; Multhoff et al. 2001). However, 

in the process of studying Hsp72 expression on leukocytes from CLL patients, the 

presence of Hsp72 was observed on the surface of normal, non-malignant cells. 

sHsp72 expression was demonstrated to be higher in the neutrophil population than 

the monocyte or lymphocyte populations. The data is consistent in that sHsp72 was 

seen on normal cells in both CLL patients and control subjects. The presence of 

sHp72 on normal cells may relate to clearance of apoptotic cells by macrophages, as 

Hsp72 has been previously shown to interact directly with PS (Arispe et al. 2002; 

Vega et al. 2008). However, although PS is normally indicative of apoptosis, its 

presence has been shown on activated neutrophils, independent of apoptosis 

(Karmakar et al. 2005; Stowell et al. 2007). Therefore it could also be speculated 

that Hsp72 associated with PS may be masking PS from macrophages, thereby 

preventing binding to the macrophage and subsequent macrophage activation. 

Alternatively if sHsp72 is not associated with PS, it may be involved in neutrophil 

stability or may bind to scavenger receptors on macrophages thus initiating 

activation. Lurther data is necessary to analyse the function of sHsp72 on non

malignant cells, and the functional relationship between Hsp72 and PS.

In contrast to Hsp72, neither Hsp27 nor Hsp90 were detected on the surface of 

CD5+/CD19+ cells or non-malignant cells. This data conflicts with that of Becker et 

al., (2004), Eustace et al. (2004) and Sidera et al. (2008) who have demonstrated 

expression of sHsp90 on melanoma, fibrosarcoma and breast cancer cells 

respectively. However to date, the presence of Hsp90 or Hsp27 on the surface of 

normal cells has never been published.

3.4.3 Surface and Intracellular Heat Shock Protein Expression in CLL

On first consideration, the data presented here is consistent with the hypothesis that 

elevated intracellular HSP leads to tumour cells being resistant to apoptosis (Vargas- 

Roig et al. 1998; Nylandsted et al. 2000; Khaleque et al. 2005; Thomas et al. 2005). 

Expression of both intracellular Hsp90 and Hsp27 was found to be higher in CLL
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patients (Figures 3.3.15 and 3.3.17), whilst activated caspase-3 was significantly 

lower when compared to control subjects. However, this analysis of the data maybe 

over-simplistic as it ignores the presence of sHsp72. The up-regulation of internal 

Hsp90 observed here in CLL patients is consistent with many other studies that have 

shown over-expression of this protein in numerous other cancer types and cancer cell 

lines (McCarthy et al. 2008; Yufu et al. 1992).

Hsp90 has been shown to stabilise many mutated kinases in tumour cells such as 

Bcr/Abl (An et al. 2000), FLT3 (Minami et al. 2002) and ErbB2 (Pashtan et al. 

2008). Specific inhibition of Hsp90 in cancer cells causes rapid dissociation of these 

kinases from Hsp90 and consequent loss of kinase activity (Minami et al. 2002; 

Pashtan et al, 2008). Furthermore, although cancer cells may develop resistance to 

kinase inhibitors such as Imatinib due to mutations in the kinase binding domain, 

mutated kinases are still highly dependent upon Hsp90 for stabilisation and therefore 

still remain sensitive to Hsp90 inhibition (Gorre et al. 2002). Neckers, (2007), 

proposes that high levels of Hsp90 may provide cancer cells with the ability to 

survive in the presence of an unusually high mutation rate. The up-regulation of 

internal Hsp27 observed here agrees with work carried out on other cancers of the 

breast, liver and prostate that has also shown increased levels of this protein 

compared to control levels (Vargas-Roig et al. 1997; Comford et al. 2000; Romani 

et al. 2007).

Hsp72, both surface and intracellular, was found to be expressed either at very high 

or very low levels in CD5+/CD19+ cells (Figure 3.3.6). The iHsp72 data showed a 

1000-fold difference in expression between the two patient groups, although the 

difference in expression of sHsp72 was less pronounced. This variation between 

patients was demonstrated both by flow cytometry and western blot (Figures 3.3.6 

and 3.3.9). Despite this huge variation in expression, there was no difference in 

Hsp72 levels between the different stages of the disease (Figure 3.3.11). 

Nevertheless, patients expressing high levels of sHsp72 or iHsp72 were found to be 

significantly different not only from patients expressing low levels of Hsp72, but 

also from levels expressed by non-malignant lymphocytes from CLL patients and 

lymphocytes from control subjects. However, neither sHsp72 nor iHsp72 could be 

correlated with stage of disease as patients in all three Binet stages appeared to 

express similar levels of iHsp72.
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Further analysis of iHsp72 in CLL patients revealed that patients with stable disease 

(not requiring treatment) were displaying significantly higher levels of iHsp72 than 

patients with progressive disease (requiring treatment). Presence of high levels of 

iHsp72 in these less severe patients could be interpreted as a requirement, at the first 

stage of CLL, for cancer cells to survive any attempt by the immune system to 

restore normality. As the disease progresses, the cells replicate uncontrollably and at 

this stage, high levels of iHsp72 are no longer essential for cancer cell survival. 

Therefore the decrease of Hsp72 with severity of disease could potentially be used as 

a non-conventional marker for CLL progression, complementary to Binet staging 

and possibly improve prognostic accuracy in the early phases of the disease.

When levels of extracellular Hsp72 were analysed in serum from CLL patients and 

control subjects, it became apparent that there was also considerable variation in the 

degree of Hsp72 release from CLL cells. Grouping CLL patients as a whole, and 

drawing comparisons with control subjects showed no significant difference in 

release of Hsp72. However, further examination of the results revealed that patients 

who were receiving corticosteroid treatment displayed significantly lower levels of 

Hsp72 in serum when compared to patients not receiving steroid treatment (Figure 

3.3.13). Indeed, levels of Hsp72 in serum from some steroid-treated patients were 

only just detectable by the ELISA, suggesting that steroid treatment may be 

inhibiting virtually all Hsp72 secretion. Examination of extracellular Hsp72 in 

individual CLL patients over time revealed a dramatic decrease in released Hsp72 

after initiation of steroid treatment. Hsp72 levels in serum appeared to remain low 

throughout the treatment period (Figure 3.3.14). This data is supported by the work 

of Davies (2004) who demonstrated inhibition of Hsp72 release from Jurkat cells by 

Dexamethasone.

Although Hsp27, Hsp72 and Hsp90 have all been identified as having anti-apoptotic 

properties in tumour cells (Vargas-Roig et al. 1998; Nylandsted et al. 2000; 

Khaleque et al. 2005; Thomas et al. 2005), the relative expression of each HSP in 

tumour cells has not yet been investigated. This is surprising as these proteins 

interact at different levels, aside from the fact that all are induced by cellular stress. 

Hsp90 is essential for the stabilisation, activation and consequent function of a vast 

number of client proteins including many oncoproteins required for tumour cell
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survival (Kamal et al. 2003; Becker et al. 2004). As a result several Hsp90 inhibitors 

such as GA and 17-AAG have been used to induce apoptosis in CLL cells with some 

success (Lin et al. 2007b; Pashtan et al. 2008). However, many of these compounds 

are toxic to cells and also result in activation of HSF1 which is generally bound to 

Hsp90. The result is an increase in Hsp27 and Hsp72 with consequent resistance to 

apoptosis (Ravagnan et al. 2001). Therefore it is important to establish if there is a 

concomitant Hsp72 and Hsp90 over-expression in order to inhibit both these proteins 

to obtain a tumour specific apoptosis. Recent work has highlighted the effectiveness 

of this strategy in a CML cell line where Hsp72 is over-expressed. The combination 

of the Hsp72 inhibitor resveratrol and 17-AAG increased the apoptosis of tumour 

cells (Chakraborty et al. 2008).

Resistance to corticosteroid therapy frequently displayed by CLL patients is thought 

to be attributed to imbalanced expression of glucocorticoid receptor (GR) isoforms. 

Indeed, higher expression of the transcriptionally inactive GR-P in relation to the 

hormone-activated transcription factor GR-a has been observed in CLL cells (Shahidi 

et al. 1999). However, another mechanism of steroid resistance may be defective 

ligand binding due to variations in the concentration of Hsp90 (Bailey et al. 2001). In 

a study on steroid resistance, it was shown that the ratio of Hsp90 to GR expression 

was significantly higher in steroid resistant, compared to steroid-sensitive multiple- 

sclerosis patients (Matysiak et al. 2008). This suggests that elevated levels of Hsp90 

in the GR complex result in a reduced sensitivity to steroid therapy and points towards 

the possibility that patients in Binet stage A CLL, who express high levels of Hsp90, 

may display an increased resistance to steroids. With regards to Hsp72, release of this 

protein appears to be inhibited by steroid treatment and would suggest an internal 

increase in Hsp72. However, the number of steroid-treated patients analysed for 

iHsp72 was very low and so accurate conclusions cannot be drawn. Treatment with 

corticosteroids results in a reduction in antigen-presenting B-cells and so this may 

also account for the reduction in serum-Hsp72.

Several studies have shown the tyrosine kinase ZAP-70 to be a client protein of 

Hsp90 (Castro et al. 2005). It could be hypothesised therefore, that there may be an 

association between the levels iHsp90 and the level of ZAP-70 expression. However, 

grouping CLL patients according to ZAP-70 expression and analysing the level of
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iHsp90 found no significant difference between the two groups. However, only 4 out 

of 20 patients could be considered negative for ZAP-70 and therefore accurate 

conclusions could not be determined. The unusually high number of patients positive 

for ZAP-70 may be due to the inclusion of a large number of advanced stage CLL 

patients who require regular monitoring and frequent trea ment rather than early stage 

patients who attend the clinic less frequently. Furthermore, due to constraints on the 

use of specific fluorochromes, although ZAP70 was analysed in CD5+/CD19+ cells, 

iHsp90 was analysed in total lymphocytes (CD5+/CD19+ and CD5-/CD19+ cells) and 

therefore associations between the two proteins could not be accurately established.

Comparisons between the numbers of circulating Tregs in CLL patients and control 

subjects showed promising results. CLL patients were found to possess significantly 

higher numbers of Tregs than control subjects. This supports the work of Beyer et al. 

(2005), who showed not only elevated levels of Tregs in CLL patients but also found 

a relationship between numbers of Tregs and stage of disease. Although numerous 

studies have reported increased numbers of Tregs in solid tumours such as ovarian 

(Curiel et al. 2004) and breast cancer (Liyanage et al. 2002) it is surprising to find 

elevated levels of these cells in the peripheral blood of leukaemic patients due to the 

absence of a definite tumour site. However, it is unclear as to whether this increase in 

Treg numbers is a cause or effect; Does the observation of high numbers of Tregs in 

later stage disease indicate a commandeering of these naturally occurring 

immunosupressors by the immune system, or, does the presence of Tregs at an early 

stage of disease allow the tumour to evade immune responses and progress further?

In summary Hsp72 was shown to be localised both inside and on the surface of 

leukocytes from CLL patients and control subjects and from patients in complete 

remission. Expression of Hsp90 and Hsp27 was shown to be restricted to the inside 

of the leukocytes from these patients. Although Hsp72 expression was observed in 

all patients, CLL patients could be divided into two significantly different groups 

based upon their expression of Hsp72; those expressing high sHsp72, and those 

expressing low sHsp72 on CD5+/CD19+ cells. Two groups of CLL patients were 

also observed when analysing iHsp72 expression in these malignant cells and was 

found to be related to whether the disease was stable or progressive. Analysis of 

Hsp72 in the serum of CLL patients revealed a relationship between low levels of
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Hsp72 release and treatment with corticosteroids. Furthermore, although Hsp90 and 

Hsp27 could not be detected on the surface of leukocytes from CLL patients or 

control subjects, CLL patients showed significantly higher levels of internal Hsp90 

and Hsp27 than those displayed by control subjects. iHsp90 expression was found to 

be associated with stage of disease, while iHsp27 was found to negatively correlate 

with active caspase-3.

There are two important consequences of the data presented here. Firstly, the 

significance of sFIsp72 on normal, non-tumour cells needs to be explained. Secondly, 

considering that Hsp90 but not Hsp72 or Hsp27, is correlated with disease stage and 

that iHsp27 but not iHsp90 nor Hsp72 correlates with the level of active caspase-3, it 

is clear that these proteins have a dynamic relationship during development of CLL 

and the consequences for prognosis and treatment require further investigation.
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3.5 Summary

• Caspase-3 levels were significantly lower in CLL patients when compared to 

control subjects.

• Treg cell numbers were significantly higher in CLL patients than control 

subjects

• CLL patients could be divided into two groups based upon their expression of 

sHsp72 and iHsp72; Very high levels or very low levels.

• Expression of iHsp72 was found to be associated with whether the disease was 

stable (not requiring treatment) or progressive (requiring treatment).

• CLL patients receiving corticosteroid treatment were found to release 

significantly lower levels of Hsp72 into serum

• Hsp27 levels were significantly higher in CLL patients than control subjects, 

and were found to negatively correlate with caspase-3.

• Hsp90 levels were significantly higher in CLL patients than control subjects, 

with patients in Binet stage A showing the highest levels of this protein.

A comparison between the levels of the analysed proteins and cells between CLL 

patients and control subjects can be seen in table 3.3.5

Table 3.3.5: Comparison between the levels ofHSPs, caspase-3 and Treg numbers 
in CLL patients and control subjects. Data is presented as mean ± SEM._________

C L L  P atien ts C o n tro l S ubjects
C aspase-3 1 0 4 .6 7  ± 16.51 2 4 7 .1 2  ± 47.06
T regs 4 2 .6 4  ± 4.46 3 .9 4  ± 0.645
Hsp27 2 1 9 0 .1 7  ± 188.00 1 0 3 1 .1 1  ± 219 .13
Hsp90 2 4 2 1 .3 8  ± 3 0 7 .7 6 7 2 2 .7 5  ± 289.09
sH sp 7 2 H igh: 1 1 3 2 9 .2 5  ±2995.91 

Low : 1 3 8 .6 0  ± 34.71
6 4 6 .2 8  ± 424.25

iH sp 7 2 H igh: 1 0 4 2 .2 3  ± 253.64 
Low: 0 .001  ± 6.34x1 O'20

2 5 4 .4 4  ± 6 3 .8 1
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Chapter 4: Heat Shock Protein Localisation in Myeloid 
Malignancies

4.1 Introduction

This chapter investigates the localisation of Hsp72, Hsp90 and Hsp27 in the 

peripheral blood of patients affected by Acute Myeloid Leukaemia (AML) and 

Myelodysplastic Syndrome (MDS) to determine whether expression of these stress 

proteins has any clinical or prognostic relevance.

4.1.1 Acute Myeloid Leukaemia (AML)

Acute Myeloid Leukaemia is characterised by uncontrolled expansion of myeloid 

progenitor cells within the bone marrow and emergence of ‘myeloblasts’ in the 

peripheral blood. In normal haematopoesis, myeloblasts are immature precursors of 

myeloid cells which will progressively develop into a mature white blood cell. 

However, in AML, malignant transformation occurs in which a series of mutations 

allows the blast to remain undifferentiated and proliferate uncontrollably. The result is 

a clone of immature cells that are unable to function as fully developed white blood 

cells. The process of haematopoiesis and the development of the myeloblast is 

illustrated in figure 4.1.1.

AML may be classified either by the French-American-British (FAB) classification 

system or the World Health Organisation (WHO) system. Although the WHO 

classification system is more recent, the majority of physicians still use the FAB 

system. This classification is divided in to eight subtypes designated M0-M7 based 

upon the type of cell from which the clone developed and its degree of maturity 

(Table 4.1.1). Prognosis and response to therapy vary among AML subtypes.
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Table 4.1.1: The subtypes o f AML according to the FAB classification

M0 Minimally differentiated acute myeloid leukaemia
Ml Acute myeloid leukaemia without maturation
M2 Acute myeloid leukaemia with granulocytic maturation
M3 Acute promyelocytic leukaemia (APL)
M4 Acute myelomonocytic leukaemia
M4eo Acute myelomonocytic leukaemia with bone marrow eosinophilia
M5 Acute monoblastic leukaemia (M5a) or Acute monocytic leukaemia (M5b)
M6 Acute Erythroid Leukaemia (M6a) or Pure Erythroid Leukaemia (M6b)
M7 Acute Megakaryoblastic Leukaemia

4.1.2 Prognostic Markers in AML

Cytogenetic analysis often acts as a prognostic determinant in AML as certain 

chromosome alterations are associated with a positive response to treatment. 

Alternatively, some cytogenetic abnormalities are associated with a poor response to 

treatment and increased risk of relapse (Byrd, 2002). Favourable karyotypes include 

the t( 15; 17) translocation, the t(8:21) translocation and the i(16) inversion. Adverse 

karyotypes include the loss of chromosome 5 (-5), loss of chromosome 7 (-7), t(6:9), 

t(9:22) and complex karyotypes. Patients with these adverse karyotypes have a 78% 

chance of relapse compared to a 33% chance with a favourable karyotype (Grimwade 

et al. 1998). Between 10 and 20% of patients with AML display a complex karyotype 

with at least three chromosome aberrations (Laubach et al. 2008).

Immunophenotyping by flow cytometry has become an important diagnostic tool for 

the classification of AML (Campana & Behm, 2000). Leukaemic myeloblasts express 

a wide variety of leukocyte differentiation antigens, which reflect commitment to the 

myeloid lineage in addition to the level of maturation. There is no single marker 

specific for leukaemia but abnormal combinations of CD markers can be seen which 

are not present on normal haematopoetic cells. CD38+/CD33+/CD123 is considered a 

good indicator of the leukaemic cell population (Burnett & Knapper, 2007).

While numerous studies have associated the presence of specific markers such as 

CD40 and C D lla with poor prognosis (Brouwer et al. 2001), other studies have 

associated the absence of specific markers such as CD80 and CD54 with prognosis 

(Reuss-Borst, et al. 1995; Maio et al. 1990). Absence of specific CD markers may
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also indicate malignancy. Co-stimulatory and adhesion molecules are essential for the 

activation of a T-cell response against leukaemic cells. Therefore, low expression of 

these molecules may play an important role in impaired tumour recognition and, 

hence, tumour progression. However, expression on CD40, CD 11 a, CD80 and CD54 

are not currently routinely tested for in UK haematology 1 >oratories.

A study by Legrand et al. (2000) indicated that the expression of one antigen cannot 

be applied for risk stratification in AML and showed that simultaneous expression of 

five myeloid markers MPO, CD13, CD33, CDw65, and CD117 may indicate a 

favourable prognosis. In addition patients expressing all five myeloid markers were 

shown to display lower in vitro resistance to daunorubicin and cytarabine than other 

patients. Lee et al. (2001), demonstrated correlation between expression of the 

transmembrane antigen AC 133 and poor prognosis, as median disease free survival 

has been shown to be significantly lower in AC133+ compared to AC 133" leukaemia, 

while relapse rate was shown to be significantly higher.

4.1.3 Treatment of AML

Chemotherapeutic treatment of AML usually involves intense treatment with the S- 

phase specific anti-metabolic agent cytarabine, for seven days, in combination with an 

anthracyline such as daunorubicin for three days (Laubach et al. 2008). This regime is 

used as ‘induction chemotherapy’ to eliminate myeloblasts to a morphologically 

undetectable level and achieve complete remission. Up to 70% of patients will 

achieve a remission with this protocol (Bishop, 1997). The synthetic anthracycline 

mitoxantrone may be used in combination with cytarabine or etoposide (Lee et al. 

2009b). Patients are then treated with a consolidation or post-remission treatment. 

This is to eliminate non-detectable disease and achieve a cure. The type of 

consolidation treatment administered is dependent upon a number of factors such as 

prognosis, cytogenetic analysis and the patient’s general health, but may include 

additional intensive chemotherapy or an allogenic stem cell transplantation. Novel 

treatments including an anti-CD33 antibody conjugated to the cytotoxic antibiotic 

calicheamicin, and newer nucleoside analogues such as clofarabine are currently 

being researched (Kantarjian et al. 2007; Laubach et al. 2008). The majority of AML 

patients will relapse and cure rates in these relapsed patients remain low. Treatment
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regimes involving clofarabine in combination with cytarabine for relapsed AML are 

currently being trialled (Faderl et al. 2008).

4.1.4 Myelodysplastic Syndrome (MDS)

Myelodysplastic Syndromes (MDS), previously referred to as pre-leukaemia, are a 

group of bone marrow stem cell disorders in which there is ineffective production of 

myeloid cells. These syndromes are usually characterised by a hypercellular bone 

marrow that displays defective maturation of the myeloid cells. Typically, the disease 

is chronic in nature, with gradual deterioration of cytopenias and eventual bone 

marrow failure. Patients with MDS present with various clinical symptoms due to 

anaemia, bleeding or infection and in a significant proportion of patients, the 

condition may eventually progress to AML (Corey et al. 2007).

Current opinion is that MDS arises from ‘cumulative environmental exposures in 

genetically predisposed individuals’ (Platzbecker et al. 2007). This accounts for the 

increased incidence in the elderly and it is therefore predicted that the frequency of 

MDS will increase as the population ages (Germing et al. 2007). There is also a link 

between prior exposure to cytotoxic agents such as alkylating agents and 

topoisomerase II inhibitors and development of MDS. This is known as therapy- 

related MDS (t-MDS) or secondary MDS (Platzbecker et al. 2007; Bemasconi et al. 

2006; Corey et al. 2007). Although the blast count may be low at diagnosis in t-MDS 

patients, the time to leukaemic transformation may be much shorter than those 

patients with de novo MDS (Corey et al. 2007).

Similarly to AML, MDS may be classified according to the FAB classification system 

or the WHO classification system, although as with AML, the majority of physicians 

still employ the FAB system. This classification is divided in to five subtypes based 

upon the percentage of blasts in the bone marrow, degree of cytopenias and 

cytogenetics (Table 4.1.2).
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Table 4.1.2: The subtypes o f MDS according to the FAB classification

RA Refractory cytopenia with 
unilineage dysplasia

(<5% myelobalsts in the bone 
marrow)

RARS Refractory Anaemia with Ringed 
Sideroblasts

(<5% myeloblasts in the bone 
marrow and >15% ringed 
sideroblasts)

RAEB Refractory Anaemia with Excess 
Blasts

(5-20% myeloblasts in the bone 
marrow)

REAB-T Refractory Anaemia with Excess 
Blasts in Transformation

(21-30% blasts in the bone 
marrow)

CMML Chronic Myelomonocytic 
Leukaemia

(<20% myeloblasts in bone 
marrow but > 1000x109uL 
monocytes in peripheral blood)

4.1.5 Prognostic Markers in MDS

In addition to blast count, cytogenetic analysis also offers prognostic significance. 

However, the chromosomal defects observed in MDS are not specific to these 

syndromes as many can be observed in other haematological malignancies. 

Chromosomal deletions are present in approximately 50% of MDS cases, with the 

most frequent deletions involving the long arm of chromosomes 5, 7, 11, 13 and 20 

and the short of arms of chromosomes 12 and 17 (Bemasconi et al. 2006; Babicka et 

al. 2007). MDS karyotypes may also display gain or loss of whole chromosomes such 

as monosomy 5, 7 or Y, or trisomy 8, 11 or 21. However, balanced translocations that 

are frequently displayed in karyotypes of AML patients are very rarely presented in 

MDS patients. MDS cases presenting deletions of chromosome 7, the long arm of 

chromosome 7, or complex karyotypes with greater than 3 chromosome abnormalities 

are considered high-risk and have a much shorter overall survival.

4.1.6 Treatment of MDS

In the majority of MDS cases, identifying specific chromosome alterations may 

ultimately play a part in determining the best course of treatment, although this is also 

dependent upon the subtype of MDS and general health of the patient. Deletion of the 

long arm of chromosome 5 (5q- syndrome) is classed as a favourable prognosis and 

patients displaying this abnormality have been shown to be particularly sensitive to 

treatment with the immunomodulatory drug lenalidomide (Bemasconi et al. 2006).
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MDS patients displaying more than three chromosomal defects may be responsive to 

the S-phase specific antimetabolites 5-azacytidine and decytabine. Patients found to 

have normal karyotypes are commonly treated with an induction chemotherapy of 

cytarabine plus an anthracycline followed by a consolidation chemotherapy. These 

patients have significantly higher remission rates and longer overall survival 

following this kind of treatment than patients with abnormal karyotypes (Gattermann 

et al. 2007). An allogeneic stem cell transplant may be given to younger patients with 

a poor prognosis. Approximately 30-50% of patients may achieve long-term 

remission following this treatment (Gattermann et al. 2007).

4.1.7 Heat Shock Protein Expression in Acute Myeloid Leukaemia and 
Myelodysplastic Syndrome

Although considerable research has been done examining the presence of HSPs in 

cancer, most studies have been performed on solid tumours. Therefore the expression 

and function of HSPs in haematological malignancies is still poorly understood. Of 

the limited number of studies into this area of research, a number have focused on 

correlating HSP expression with prognosis and clinical outcome, while others have 

directed research towards HSP expression and susceptibility to apoptosis. One study 

by Thomas et al. (2005) explored the expression of intracellular Hsp27, Hsp60, 

Hsp72, Hsp90 and HspllO in both peripheral blood and bone marrow from patients 

with AML. It was noted that complete remission rates were higher in patients with 

lower HSP expression and that overall survival was also significantly longer in these 

patients. Similarly, overall survival was found to be significantly greater in MDS 

patients with lower Hsp27, Hsp60, Hsp90 and Hspl 10 expression (Duval et al. 2006). 

A study exploring the expression of surface Hsp72 (sHsp72) in bone marrow aspirates 

from AML patients demonstrated that patients in complete remission express 

significantly lower levels of sHsp72 when compared to patients with active AML 

(Steiner et al. 2006). Taken together these results suggest that higher levels of HSP 

expression both internally and on the surface of the cell are advantageous to the 

cancer cell and therefore an adverse factor for the patient.

HSP expression in AML and MDS has also been found to correlate with expression of 

the myeloblast surface antigen CD34, a well established poor prognostic factor
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(Thomas et al. 2005; Duval et al. 2006). Moreover, AML and MDS patients with 

intermediate or unfavourable karyotypes display a higher level of HSP expression 

than patients with favourable karyotypes. In contrast, Steiner et al. (2006), did not 

establish a correlation between sHsp72 expression and cytogenetic risk group or FAB 

subtype.

A study into expression of Hsp60, Hsp70 (constitutive and heat-inducible forms) and 

Hsp90 in AML cells showed a heterogeneous expression of all three HSPs and no 

correlation was found between this extensive range of HSP expression and clinical 

outcome (Chant et al. 1995). However, a more recent study by the same group 

demonstrated that although AML cells show a broad range of Hsp70 expression, this 

expression correlates with susceptibility to apoptosis (Chant et al. 1996). Surprisingly, 

the correlation between Hsp70 expression and apoptosis was positive, indicating that 

cells with higher levels of Hsp70 are more susceptible to apoptosis. This finding is 

contradictory to the theory that Hsp72 protects cells from apoptosis. In spite of this 

correlation between Hsp70 and apoptosis, none was found between expression of 

Hsp90 and susceptibility to apoptosis. In contrast, levels of Hsp72 in MDS did not 

correlate with either pro- or anti-apoptotic protein levels (Duval et al. 2006). 

However, levels of Hsp27, Hsp60, Hsp90 and HspllO negatively correlated with the 

expression of the pro-apoptotic proteins Bad and Bak, while correlating positively 

with the anti-apoptotic proteins Bcl-2 and Bcl-Xl.

4.1.8 Aims

Although the research presented to date has discovered associations between HSP 

expression and several clinical parameters in both AML and MDS, these studies have 

been performed on bone marrow aspirates. The effects of these diseases on HSP 

expression in leukocytes from peripheral blood have not been fully investigated. 

Comparisons of HSP expression in AML and MDS with age-matched control subjects 

have also not been made. The aim of this chapter is to explore both the internal and 

surface localisation of Hsp72, Hsp90 and Hsp27 in leukocytes from AML, MDS and 

age-matched control subjects to determine if levels of these stress proteins have any 

clinical significance.
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4.2 Methods

Local research ethics committee approval (COREC - 05/QI506/103) was obtained for 

this study and consent forms were completed by each patient. Blood samples were 

collected from patients affected by AML (n= 19) and MDS (n= 25). Blood from 

normal age matched controls (n= 14) and patients in complete remission (n=14) was 

also obtained. Blood was collected by venepuncture in 7ml EDTA tubes or 7ml 

Serum tubes (Southern Syringe Services).

The localisation of HSPs was determined by flow cytometry. Surface and intracellular 

Hsp27, Hsp90 and Hsp72 were analysed in total leukocytes isolated from lysed whole 

blood (see section 2.2.1). Release of Hsp72 into serum was analysed by ELISA.

4.2.1 Total Leukocyte Isolation
Leukocytes from whole blood were isolated using methods described in section

2.2.1.1

4.2.2 Caspase-3 Analysis
Caspase-3 analysis was performed on leukocytes from AML patients, MDS patients, 

control subjects and patients in complete remssion, to determine the levels of 

apoptosis in these individuals. Caspase-3 analysis was performed according to the 

methods described in section 2.2.3.2.

4.2.3 Surface HSP Analysis
Surface HSP analysis was performed on leukocytes from AML patients, MDS 

patients, control subjects and patients in complete remssion according to the methods 

described in section 2.3.2.4

4.2.4 Intracellular HSP Analysis
Intracellular HSP analysis was performed on leukocytes from AML patients, MDS 

patients, control subjects and patients in complete remssion according to the methods 

described in section 2.3.2.5
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4.2.5 Hsp72 ELISA
Hsp72 ELISAs were performed on serum from AML patients, MDS patients, control 

subjects and patients in complete remssion. ELISAs were performed according to the 

methods described in section 2.2.5.

4.2.6 Statistical Analysis
Statistical analysis was performed using the unpaired t-test: P values <0.05 were 

considered to be significant. Were significant differences were found, the precise p 

value is stated. Correlation analysis was performed using the Spearman’s correlation 

coefficient; P values < 0.05 were considered to be significant. Where significant 

differences were found, the precise p value and r value are stated.
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4.3 Results

The characteristics of the patients involved in this study can be seen in Table 4.3.1.

Table 4.3.1: Characteristics o f the AML, MDS, CR patients and control subjects 
involved in this section of the study. Data is represented as mean (range)

AML
Patients

MDS
Patients

CR
Patients

Control
Subjects

Number of patients 
included

19 25 14 14

Sex (male/female) 10/9 15/10 9/5 6/8
Mean Age of Patients 
(Range)

72 (61
89)

75 (41-92) 64 (45
82)

66(42-88)

White blood cell count at 
time of sample (xl09/L)

34.33(0.5-
255)

9.30(1.3-
49)

5.04 (0.8
7.6)

6.87(3.7-
10.3)

Haemoglobin at time of 
sample (g/dL)

9.19(5.1-
13.3)

10.05(5.1-
13.8)

12.68
(9.2-16.0)

13.1(10-
14.4)

Platelet count at time of 
sample (xl09/L)

62(13-
180)

126.19(25-
373)

229.14
(169-309)

257.16(128-
402)

Blood samples were obtained from several AML and MDS patients on more than one 

occasion and these results have been included in the caspase-3 and Hsp72 analysis.

In all samples neutrophil, monocyte and lymphocyte populations were distinguished 

using CD15, CD14 and FSC/SSC. CD34+ was used to detect the presence of stem cell 

precursors in the peripheral blood (Figure 4.3.1). However, only a very small number 

of AML and MDS patients displayed CD34+ cells in the peripheral blood.
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Figure 4.3.1: Gating of the neutrophil, monocyte, lymphocyte and stem cell 
precursor cell populations in control subjects, AML patients and MDS patients.
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4.3.1 Active Caspase-3 Activity in AML and MDS

Expression of active caspase-3 in neutrophils, monocytes and lymphocytes from 

patients in complete remission (CR) was compared with the expression in control 

subjects to determine if there was any difference in the degree of apoptosis between 

the two patient groups. There was no significant difference in expression between the 

two patient groups indicating that patients in complete remission can be considered 

‘normal’ in terms of the degree of apoptosis taking place (Figure 4.3.2).

The level of active caspase-3 in neutrophils, monocytes and lymphocytes from AML 

and MDS patients was then compared to control subjects. As expected, there was no 

significant difference in the expression of this protein in lymphocytes between the 

three patient groups, as this cell type is not involved in the development of AML or 

MDS (Figure 4.3.3A). However, AML (P=0.0032) and MDS (P=0.0207) patients 

displayed a significantly lower level of active caspase-3 in monocytes (Figure 

4.3.3B). In contrast, although AML patients appeared to display lower levels of active 

caspase-3 in neutrophils in relation to control subjects, this difference was found to be 

not significant (Figure 4.3.3C).
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Figure 4.3.2: Active Caspase-3 in leukocytes from control subjects and patients in 
complete remission.
Active Caspase-3 in neutrophils, monocytes and lymphocytes was analysed by Flow 
Cytometry. Neutrophils, monocytes and lymphocytes were detected using CD15, 
CD14 and FSC/SSC respectively. Data is represented as mean, ± SEM. Statistical 
analysis was performed using the unpaired t-test, p values < 0.05 were considered 
significant.
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4.3.2 Heat Shock Protein 72 Localisation in Acute Myeloid Leukaemia and 
Myelodysplasic Syndrome

Expression of surface Hsp72 (sHsp72) and intracellular Hsp72 (iHsp72) on the 

leukocytes of AML and MDS patients was compared with the expression on 

leukocytes from control subjects and patients in CR.

Patient data was grouped according to disease and then compared for the expression 

of both sHsp72 and iHsp72. Analysis of sHsp72 and iHsp72 in neutrophils, 

monocytes and lymphocytes revealed that there was no significant difference between 

control subjects and patients in complete remission (Figure 4.3.4). When sHsp72 

expression on neutrophils in AML and MDS patients, was compared with sHsp72 

expression on normal neutrophils from control subjects, there also appeared to be no 

significant difference in expression between patient groups (Figure 4.3.5A). However, 

the spread of data within both the AML and MDS groups was very large with some 

AML and MDS patients expressing levels up to five-fold lower than those displayed 

by control subjects. Analysis of sHsp72 on monocytes revealed that AML patients 

express significantly higher levels than those expressed by control subjects 

(P=0.0394), while the difference in sHsp72 levels between MDS patients and control 

subjects was not significant (Figure 4.3.5B). Again, the spread of data in the AML 

and MDS groups was very large. The level of sHsp72 on lymphocytes was similar in 

AML patients, MDS patients and control subjects (Figure 4.3.5C). Control subjects 

also showed a narrow range of sHsp72 expression in all cell types when compared to 
AML and MDS patients.
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Similarly to the pattern observed for sHsp72, levels of iHsp72 in neutrophils, 

monocytes and lymphocytes from AML and MDS patients also showed large 

variation and there was no significant difference in iHsp72 between the three patients 

groups (Figure 4.3.6). However, sHsp72 on neutrophils, monocytes and lymphocytes 

was found to correlate in AML patients; patients displaying high levels of sHsp72 in 

neutrophils were also found to display high levels on monocytes and lymphocytes 

(Figure 4.3.7). This was not the case in MDS patients or control subjects (data not 

shown). In contrast, iHsp72 levels in neutrophils, monocytes and lymphocytes did not 

correlate in AML patients, MDS patients or control subjects (data not shown). 

Although attempts were made to correlate the levels of both sHsp72 and iHsp72 with 

the expression of caspase-3 in AML and MDS patients, no associations could be 

determined in any cell type (data not shown).
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4.3.3 Release of Hsp72 into Serum

The release of Hsp72 into serum was analysed in AML patients, MDS patients, 

control subjects and patients in complete remission by ELISA. When grouped as a 

whole, AML, MDS and CR patients showed no significant difference in release of 

Hsp72 when compared to control subjects. However there was very large variability 

in Hsp72 release in both AML and MDS patients, with some patients displaying 

serum Hsp72 levels over 100-fold higher than others (Figure 4.3.8). Control subjects 

and CR patients showed very little variability in serum Hsp72 levels. There was no 

correlation between release of Hsp72 and white cell count or treatment regime (data 

not shown).
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Figure 4.3.8: Extracellular Hsp72 in serum from AML patients, MDS patients, control 
subjects and patients in complete remission.
Extracellular Hsp72 in serum was analysed by ELISA.
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4.3.4 Heat Shock Protein 90 and Heat Shock Protein 27 Localisation in AML and 
MDS

Expression of sHsp90 and sHsp27 was analysed on the leukocytes from AML 

patients, MDS patients and control subjects. At no stage was Hsp90 or Hsp27 

detectable on the surface of any cell type (data not shown). Analysis of iHsp90 and 

iHsp27 in control subjects and patients in complete remission showed no significant 

difference in levels of either protein, indicating that patients in complete remission 

can be considered ‘normal’ in terms of their Hsp90 and Hsp27 expression (Figure 

4.3.9).

Analysis of iHsp90 in leukocytes revealed no significant difference between AML 

patients, MDS patients or control subjects (Figure 4.3.10). iHsp27 levels in 

neutrophils and monocytes appeared to be higher in AML and MDS patients when 

compared to control subjects. However, these elevated levels were also shown to be 

insignificant (Figure 4.3.11).

Although attempts were made to correlate the levels of iHsp90 and iHsp27 in AML 

and MDS patients with levels of active caspase-3, no associations were found in any 

cell type (data not shown).
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4 .4  Discussion

The aim of this chapter was to explore both the internal and surface localisation of 

Hsp72, Hsp90 and Hsp27 in AML patients, MDS patients and age-matched control 

subjects to determine if levels of these stress proteins had any clinical or prognostic 

significance.

4.4.1 Active Capsase-3 Levels in AML and MDS

When the level of activated caspase-3, a marker of apoptosis, in neutrophils, 

monocytes and lymphocytes from patients in complete remission was compared with 

that displayed by control subjects, no significant difference was found (Figure 4.3.2). 

The level of active-caspase-3 in AML and MDS patients was then compared to levels 

expressed by control subjects (Figure 4.3.3). As expected, levels of this protein were 

found to be similar in lymphocytes from all three patient groups, as these cells are not 

involved in the development of AML or MDS. However, caspase-3 levels in 

monocytes, but not neutrophils, were found to be significantly lower in AML and 

MDS patients when compared to control. Furthermore, the difference in caspase-3 

was more significant between AML patients and control subjects than MDS and 

control subjects. This difference in apoptosis between AML patients and control 

subjects is to be expected as one of the underlying problems in this disease is 

resistance of blast cells to apoptosis (Ketley et al. 2000). However, the hallmark of 

MDS is excessive apoptosis (Blagosklonny, 2000). Boudard et al. (2000) and 

Bouscary et al. (2000) demonstrated that, caspase-3 activation is associated with early 

stage MDS. However, caspase-3 activation was shown to decline in late stage MDS 

and was almost absent in leukaemia. The decreased level of caspase-3 found in this 

study could be due to the inclusion of a large number of late stage MDS patients who 

require regular monitoring rather than early stage patients who attend the clinic less 

frequently. Another explanation for the low levels of active caspase-3 seen in these 

patients could be that the apoptosis occurring is caspase-3 independent. Indeed, a 

study by Carter et al. (2003) demonstrated that treating cells with a pan-caspase 

inhibitor before treatment with cytotoxic drugs did not prevent cell death in-vitro 

therefore showing that, in this model, drug-induced apoptosis of AML cells was 

caspase independent.
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The leukaemic blast cells in AML and MDS may arise from the neutrophil or 

monocyte lineage and so it is difficult to explain why the neutrophils in AML and 

MDS patients are not displaying this lower level of active caspase-3.

One explanation could be that a large proportion of malignant cells of neutrophil 

lineage may have died in the bone marrow, whereas ceTs of the monocyte lineage 

will not have been affected to the same degree. Therefore, the CD15+ cells detected 

in the peripheral blood are more likely to be normal cells and hence display normal 

levels of caspase-3. Another explanation may be that the majority of these patients 

may be displaying a malignancy of the monocytes rather than neutrophils. A larger 

study would see the inclusion of larger numbers of patients with neutrophil- and 

monocyte-derived malignancies and consequently, a variation in neutrophil caspase- 

3 levels in AML compared to controls may be observed.

4.4.2 Surface Hsp72, Hsp90 and Hsp27 in AML and MDS

No significant difference in expression of sHsp72 between AML patients, MDS 

patients or control subjects was found in neutrophils, monocytes or lymphocytes. 

However, analysis of sHsp72 demonstrated a very large variability in expression of 

this protein in both AML and MDS patients, while control subjects showed very little 

variability in any cell type (Figure 4.3.5). Some AML patients showed greater than 

20-fold higher levels of sHsp72 on neutrophils than other AML patients. This large 

variation in sHsp72 expression between patients has been observed in other cancers 

including gastric, rectal and colon cancer (Pfister et al. 2007) and was also shown in 

CLL patients in chapter 3. Furthermore, in AML patients, levels of sHsp72 were 

found to correlate in all three cell types; Patients expressing high levels of sHsp72 on 

neutrophils were found to express high levels of sHsp72 on monocytes and 

lymphocytes (Figures 4.3.7 and 4.3.8). This may suggest that a component exists in 

the serum of these patients that is inducing expression of Hsp72 on the surface of all 

cell types. In contrast to Hsp72, neither Hsp27 nor Hsp90 were detected on the 

surface of any cells from AML/MDS patients or control subjects.
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4.4.3 Intracellular Hsp72, Hsp90 and Hsp27 in AML and MDS

Comparisons between expression of Hsp72, Hsp90 and Hsp27 in patients in complete 

remission and control subjects showed no significant difference between the two 

groups, indicating that patients in remission can be considered ‘normal’ in terms of 

their HSP expression.

In contrast to sHsp72, analysis of iHsp72 in neutrophils, monocytes and lymphocytes 

from control subjects showed large variability (Figure 4.3.6). However, similarly to 

the trend observed for sHsp72, comparisons between AML/MDS patients and control 

subjects showed that there was no significant difference between the levels of this 

protein in any cell type in diseased and normal patients. Again, some AML patients 

displayed greater than 20-fold difference in expression of iHsp72 than other AML 

patients. Intracellular levels of Hsp90 and Hsp27 were also found to be similar in 

AML, MDS and control subjects. In contrast to iHsp72, iHsp90 and iHsp27 levels 

showed smaller variation within the AML and MDS groups. This wide range of 

iHsp72 expression has been shown previously in bone marrow aspirates from AML 

patients (Thomas et al. 2005), blast cells from peripheral blood (Chant et al. 1995) 

and in CD5+/CD19+ cells in CLL patients (chapter 3). Moreover, although Hsp27 

and Hsp90 levels in this study also showed variation, levels of iHsp72 were shown to 

vary to a greater degree. Ryningen et al. (2006) also demonstrated large variability in 

Hsp72 and Hsp90 expression in AML cells. Furthermore, survival of serum-deprived 

AML cells was shown to be associated with higher Hsp72 levels, but not Hsp90 

levels.

4.4.4 Extracellular Hsp72 in AML and MDS

When levels of extracellular Hsp72 were analysed in serum from AML patients, MDS 

patients, CR patients and control subjects, it became apparent that there was also 

considerable variation in the degree of Hsp72 release in AML and MDS patients, 

while CR and control subjects showed very little variability. However there were no 

associations between Hsp72 release and white cell count or treatment regimes. A 

study by Yeh et al. (2009) demonstrated large variability in extracellular Hsp72 in 

plasma samples from CML patients, with smaller variability observed in control
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subjects. However, despite this large variation, and contrary to the results presented 

here, CML patients grouped as a whole were shown to have significantly higher levels 

of extracellular Hsp72 than control subjects.

In summary Hsp72 was shown to be localised both inside and on the surface of 

peripheral blood leukocytes from AML patients, MDS patients, control subjects and 

patients in complete remission. Expression of Hsp90 and Hsp27 was shown to be 

restricted to the inside of the leukocytes from these patients. Although Hsp72 

expression was observed in all cell types in all patients, AML and MDS patients 

showed a much broader range of expression of both sHsp72 and iHsp72 when 

compared to control subjects and CR patients. This is also true in terms of the level 

of Hsp72 being released into the serum. Moreover, sHsp72 levels in neutrophils, 

monocytes and lymphocytes were found to correlate in AML patients, but not in 

MDS patients or control subjects. Although Hsp90 and Hsp27 could not be detected 

on the surface of leukocytes from any patients, levels of internal Hsp90 and Hsp27 

were shown to be similar in both disease and control subjects.

The studies presented in the literature so far have shown correlations between HSP 

expression and both prognosis and in-vitro sensitivity to apoptosis. These studies 

have concentrated on investigating HSP expression within bone marrow aspirates 

from both AML and MDS patients. The results presented in this chapter indicate that 

HSP regulation in the peripheral blood leukocytes is also affected in both AML and 

MDS patients. However, the small number of patients expressing CD34+ cells in the 

peripheral blood suggests that further work concentrating on the role of HSPs in 

AML/MDS progression in bone marrow aspirates may provide more conclusive data. 

Alternatively, the use of several myeloid markers such as MPO, CD13, CD33, CD34 

CDw65 and CD117 as suggested by Legrand et al. (2000) may allow clearer 

identification of abnormal cells both in bone marrow and peripheral blood. Aberrant 

expression of HSPs in AML and MDS samples could therefore be more confidently 

linked to the malignant cells rather than to non-malignant cells.
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4.5 Summary

• HSP levels and caspase-3 levels were similar in control subjects and patients 

in complete remission.

• Caspase-3 levels were significantly lower in monocytes, but not neutrophils or 

lymphocytes in AML and MDS patients when compared to control subjects.

• There was very large variation in surface Hsp72 between patients with both 

AML and MDS patients when compared to control subjects

• Expression of sHsp72 was found to positively correlate in all three cell types 

in AML patients but not in MDS patients or control subjects

• There was very large variation in release of Hsp72 amongst AML and MDS 

patients but not control subjects or patients in complete remission

• There was no difference in intracellular Hsp90 or Hsp27 levels between AML 

patients, MDS patients or control subjects.

A comparison between the levels of the analysed proteins between AML patients, 

MDS patients, control subjects and patients in complete remission can be seen in table

4.3.2
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Table 4.3.2: Comparison between the levels ofHSPs and caspase-3 in AML 
patients, MDS patients, control subjects and CR patients. Data is presented as mean 
± SEM. N, M  and L represent neutrophils, monocytes and lymphocytes respectively.

AML
Patients

MDS
Patients

Control
Subjects

CR
Patients

Caspase-3 N 811.57± 119.23 967.71± 127.10 1086.75± 260.03 659.37± 166.94
M 333.31± 63.60 384.81± 61.36 695.83± 60.26 485.33± 56.37
L 269.45± 62.14 255.85± 40.13 247.12± 55.18 185.50± 36.57

Hsp27 N 2697.8Ü 326.43 2282.66± 340.75 1670.85± 311.29 2394.40± 492.37
M 3474.66± 538.81 2864.38± 448.30 2396.7Ü 421.42 3481.20± 824.70
L 1616.80± 240.72 1450.46± 220.74 1031.1Ü 219.13 2259.60± 637.53

Hsp90 N 2080.33± 406.61 2166.35± 335.80 2003.40± 776.88 2019.85± 311.31
M 2836.38± 584.95 2991.83± 465.05 2195.70± 820.06 3084.85± 431.78
L 1648.46± 346.90 1759.75± 259.42 722.75± 289.09 1696.7Ü 374.80

sHsp72 N 5609.70± 1677.53 4108.88± 693.66 3596.00± 1181.69 4131.75± 1755.34
M 3658.30± 1361.11 2133.80± 512.93 766.83± 198.81 782.25± 109.42
L 1804.90± 467.04 1133.94± 455.77 646.28± 424.25 460.00± 101.01

iHsp72 N 1533.42± 426.81 1844.47± 273.23 1359.05± 359.84 1618.10± 555.40
M 1359.87± 197.71 1224.76± 159.20 1257.78± 413.30 1337.7± 388.60
L 475.80± 94.50 314.78± 40.70 237.30± 59.60 525.50± 154.68

eHsp72 39.99± 8.17 33.83± 7.24 36.19± 4.39 30.45± 5.39
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Chapter 5: Synergistic Action of Chemotherapeutic Drugs and 
Membrane Fluidisers

5.1. Introduction

This chapter explores the synergistic action of low-dose membrane fluidising treatments 

and chemotherapeutic agents on Jurkat cells and primary CLL cells. Furthermore, the 

localisation of Hsp72, Hsp60, Hsp27 and Hsp90 in these treated cells is investigated.

Resistance to therapy by tumour cells is a major problem in cancer management. 

Therefore improving the efficacy of chemotherapeutic agents is of major importance in 

the development of cancer treatment. While increasing the chemotherapy dosage may 

help to alleviate this problem, this in turn may result in haematological cytotoxicity and 

increased risk of damage to non-transformed cells. Therefore, it would be of huge benefit 

if combination treatments utilising membrane fluidisers could allow more efficient 

delivery of such agents and become more mainstream in the clinical setting.

5.1.1. Cell Membrane Fluidity

The fluidity of a cell membrane is dependent upon several key factors. The first, involves 

the transverse diffusion of molecules from one monolayer to the other. For example, 

phospholipidmethyltransferases convert phosphatidylethanolamine to phosphatidylcholine 

and move this product from the inner to the outer monolayer (Goldstein, 1984). This 

movement results in changes to membrane fluidity. The flexibility of acyl chains within 

the bilayer also contributes to overall fluidity, as under normal circumstances, a gradient 

of flexibility in these chains exists from the surface towards the core of the bilayer, with 

increasing freedom of movement near the core. Cell membrane fluidising agents act to 

decrease the packing density of phospholipids, allowing all membrane components to 

move against each other more often but less strongly than normal (Goldstein, 1984).

The aliphatic alcohols BA, ethanol, PhA and heptanol have been shown to significantly 

increase membrane fluidity (Moulin et al. 2007a; Nagy et al. 2007; Balogh et al. 2005). 

Furthermore, the degree of membrane fluidity caused by these alcohols has been shown to 

be proportional to the length of the carbon chain (Goldstein, 1984). It is thought that
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alcohols act to fluidise the cell membrane by intercalating between membrane lipids. This 

is assumed to cause a weakening of the van der Vaals forces between the lipid acyl 

chains, resulting in a disordering effect within the lipid bilayer (Shigapova et al. 2005; 

Balogh et al. 2005). Mild hyperthermic treatment has also been shown to increase the 

fluidity of the cell membrane in various cell types (Br )gh et al. 2005; Moulin et al. 

2007a).

In addition to alcohols and heat treatment, membrane fluidity has been shown to be 

affected by local anaesthetics. Bupivacaine is an anaesthetic agent used for epidural 

anaesthesia, brachial plexus anaesthesia and peripheral nerve block. The anaesthetic 

effects of this chemical, and other similar agents, have been shown, by a number of 

studies, to be caused by cell membrane fluidisation (Mizogami et al. 2002). Fluidisation 

of the membrane results in dysfunction of ion channels, receptors and enzymes associated 

with nerve cell membranes, contributing to local anaesthesia. It has been shown that cell 

membrane fluidisation can result from bupivacaine concentrations much lower than those 

used in the clinical setting. Similarly to alcohols, the degree of resultant membrane 

fluidisation appears to be dependent upon the structure of the anaesthetic agent and its 

hydrophobic property.

5.1.2. Combination Therapy

In an attempt to improve the efficacy of chemotherapeutic agents, researchers have 

introduced thermochemotherapy, the combination of a cytotoxic drug and hyperthermia 

(Hahn et al. 1975; Urano & Kim, 1983; Westermann et al. 2001; Bakhshandeh et al. 

2003; Westermann et al. 2003 and Takemoto et al. 2003). This concept is based on the 

idea that heat shock, by fluidising the cell membrane, will result in more efficient delivery 

of the drug. The result would allow the use of much lower drug concentrations, therefore 

limiting the damage to non-transformed cells. Chemotherapy alone, involves a reduced or 

delayed administration of the next treatment cycle due to haematological cytotoxicity. 

This in turn results in a decrease in therapeutic efficiency (Debes et al. 2005). To date, 

many different families of cytotoxic drug have been combined with hyperthermia 

including alkylating agents, anthracycline antibiotics (Braun & Har-Kedar 1975) and 

platinum-based compounds (Robins et al. 1995; Westermann et al. 2001). Clinical trials 

have used various methods of applying hyperthermia treatment including local
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hyperthermia, whole-body hyperthermia and perfusion heating (Bomstein et al. 1995). 

However trials of thermochemotherapy have been limited due to the clinical shortcomings 

involved in heat delivery to tumours and the contradictory induction of HSPs and 

thermotolerance (Urano et al. 1999).

Early in-vivo studies on mice investigated the effect of treatment with different doses of 

Cyclo (Urano & Kim, 1983) or cis-DDP (Lindegaard et al. 1992) before immediate local 

heating at different temperatures. A thermal enhancement of cytotoxicity was seen in 

these studies. In-vitro studies have used a wide range of chemotherapeutic agents and 

have also observed synergism between hyperthermia and drug (Urano et al. 1985). 

However, this is not the case for all cytotoxic agents. Monge et al. (1988) showed that 

cytotoxicity of methotrexate and vincristine could not be enhanced by hyperthermia, 

while Urano et al. (1999) demonstrated that heat treatment did not affect the efficacy of 5- 

fluorouracil, mitomycin or Dox. In contrast, preliminary experiments performed by Hahn 

et al. (1975) demonstrated that combining hyperthermia with doxorubicin treatment 

increased the cytotoxicity of this anthracycline drug. Ohtsuboa et al. (2000) showed that 

treatment of hamster V-79 cells with Dox immediately following heat shock at 44°C 

resulted in decreased cell survival when compared to heat shock or Dox treatment alone. 

However, pharmokinetics appear to play a critical role in the phenomenon of thermal 

enhancement. Some cytotoxic agents have a reduced plasma half life compared to others 

while certain drugs such as Cyclo require prior activation in the liver and remain in the 

circulation significantly longer.

In clinical trials, attention has been focused on methods of heat delivery. Robins et al. 

(1993) and Wiedemann et al. (1994) have investigated the use of whole body 

hyperthermia (WBH), while Olieman et al. (1999), Klaase et al. (1994) and Fujimura et 

al. (1990) have studied the use of isolated perfusion. This method has proved highly 

effective, with one study on gastric cancer patients showing a recurrence rate of 27% after 

hyperthermic intraperitoneal perfusion (HIPP), compared with 94% in the drug-only 

treated patients (Fujimura et al. 1990). The use of a local hyperthermia delivery method 

such as HILP has many advantages over WBH. Firstly, the biological half life of the drug 

is longer due to limited intrusion into the systemic circulation and subsequent breakdown 

and excretion. Secondly, the isolated application of the drug allows the use of up to a 10

fold higher drug concentration without resulting in systemic damage (Lindegaard et al.

135



Chapter 5: Synergistic Action o f Chemotherapeutic Drugs and Membrane Fluidisers

1992). Thirdly, it allows a relatively uniform temperature distribution throughout the 

target tissue. In the clinical setting, the blood supply to the tumour is a major factor in this 

combination therapy. Due to the rate of growth surpassing the rate of angiogenesis, the 

neoplasm often has insufficient vascular infiltration and so the diffusion distance for the 

drug is increased. It is proposed that mild hyperthermic treatment results in vasodilation 

and an increase in tumour oxygenation which in turn results in an improvement of the 

blood supply, allowing more effective delivery of the cytotoxic agent (Horsman & 

Overgaard, 1997; Song et al. 1996).

As mentioned previously, supplementary to hyperthermia, membrane fluidity has also 

been shown to be modified by alcohol compounds and local anaesthetics (Balogh et al. 

2005; Nagy et al. 2007; Moulin et al. 2007a; Mizogami et al. 2002). Furthermore, BA, 

ethanol and hyperthermia have been shown to stimulate the cytotoxic effects of TRAIL 

against both Jurkat cells and primary CLL cells (Moulin et al. 2006; Moulin et al. 2007b). 

This stimulation was shown to be due to an increase in ceramide levels (Moulin et al. 

2007a) which could be reversed by adding a ceramide inhibitor. Increased TRAIL 

receptor recognition was also observed after combined TRAIL and alcohol treatment, but 

not after TRAIL or alcohol treatment alone. This suggests that the enhanced cell death 

observed when treating with BA, ethanol or heat may be specific to TRAIL, or at least 

death-receptor ligands. Additionally, the concentration of TRAIL used in these studies 

results in approximately 50% cell death when used in isolation, and the concentrations of 

alcohol used to stimulate TRAIL also result in a significant reduction in cell viability 

when used in isolation (Moulin & Arrigo, 2006). Therefore, there would be no advantage 

to using this combination based therapy in the clinical setting.
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5.1.3. Aims

This chapter will investigate whether compounds that result in fluidisation of the cell 

membrane can enhance the cytotoxicity of four chemotherapeutic agents. Sub-lethal doses 

of each treatment, that do not result in early-apoptosis or reductions in cell viability, will 

be determined and then combined in an attempt to reduce the chemotherapeutic dosage 

required for cell death to occur. Combination treatments will be performed on both Jurkat 

cells and primary CLL cells and will involve different families of cytotoxic drugs 

including a death receptor ligand (TRAIL), a topoisomerase inhibitor (Doxorubicin), an 

alkylating agent (Cyclophosphamide) and a member of the statin family (Lovastatin). This 

will establish if stimulation by fluidisers is drug specific. The effect of each membrane 

fluidiser on localisation of Hsp72, Hsp60, Hsp27 and Hsp90 will also be investigated.

137



Chapter 5: Synergistic Action o f Chemotherapeutic Drugs and Membrane Fluidisers

5.2 Methods

Local research ethics committee approval (COREC - 05/QI506/103) was obtained for this 

study and consent forms were completed by each patient. Blood samples were collected 

from patients affected by CLL (n= 40) by venepuncture in 7ml EDTA tubes.

Combination treatments were performed on both primary CLL cells and Jurkat cells and 

the degree of apoptosis was assessed using a caspase-3 assay and an Annexin V/PI assay. 

The localisation of HSPs in Jurkat cells was determined by flow cytometry and ELISA.

5.2.1 Cell Culture
Jurkat E6.1 cells were cultured according to the methods described in section 2.2.2.

5.2.2. Drug Treatment
Cells were treated with the following membrane fluidising and/or chemotherapeutic 

treatments according to the methods described in section 2.2.6:

• Benzyl Alcohol

• Ethanol

• Phenethyl Alcohol

• Bupivacaine

• Mild Hyperthermia

• Tumour Necrosis Factor-Related Apoptosis Inducing Ligand (TRAIL)

• Doxorubicin

• Cyclophosphamide

• Lovastatin

TRAIL, doxorubicin, benzyl alcohol, ethanol, phenethyl alcohol and bupivacaine 

treatments were performed over a period of four hours at 37°C. Cyclophosphamide and 

lovastatin treatments were performed over a period of 24 hours at 37°C. Once the sub

lethal concentrations of these drugs had been established using dose-response 

experiments, the chemotherapeutic agents were combined with heat shock and alcohol 

treatments. In experiments involving combination treatments of cyclophosphamide and 

lovastatin, benzyl alcohol, ethanol, phenethy alcohol and bupivacaine were removed after
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four hours and cyclophosphamide and lovastatin alone were reapplied for the remaining 

twenty hours.

In experiments involving pre-treatments, cells were treated with 2.5mM methyl-P- 

cyclodextrin (mPcd) for two hours or mild hyperthermia (one hour at 42°C followed by a 

three hour recovery at 37°C) before being washed and either treated or not treated with 

doxorubicin and ethanol.

5.2.3 Caspase-3 Plate-based Assay
Levels of active caspase-3 were analysed following drug treatment to determine the 

degree of apoptosis occurring. This was done according to the methods described in 

section 2.2.7.

5.2.4. Propidium Iodide Assay
The Propidium Iodide assay was performed following drug treatment to determine the 

levels of necrosis in these cells. This was done according to the methods described in 

section 2.2.8.

5.2.5 Annexin V/Propidium Iodide Assay
Levels of apoptosis and necrosis in drug-treated cells were also determined using the 

Annexin V/Propidium Iodide assay on the flow cytometer. This was done using methods 
described in section 2.2.3.3

5.2.6 Flow Cytometry
5.2.6.1 Surface and intracellular Hsp27 Hsp60, Hsp72 and Hsp90 Analysis
Surface and intracellular HSP analysis was performed according to the methods described 

in sections 2.2.3.4 and 2.2.3.5

5.2.6.2 DR4/DR5 Analysis
DR4 and DR5 analysis was performed according to the methods described in sections

2.2.3.8
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5.2.7 Fluorescence Microscopy
5.2.7.1 DR4/DR5 Staining
DR4/DR5 staining was performed on Jurkat cells to confirm the presence of functioning 

TRAIL receptors. This was done according to methods described in section 2.2.9.1

5.2.7.2 Hoechst Staining
Hoescht staining was performed on drug treated cells to assess the level of morphological 

damage caused by the combination treatments. This was done according to methods 

described in section 2.2.9.2

5.2.8 Statistical Analysis
Statistical analysis was performed using the one-way-ANO VA with Dunnefs or 

Bonferroni’s post hoc tests depending on the data analysed: P values <0.05 were 

considered to be significant. * represents a p value < 0.05, ** represents a p value < 0.01 

and *** represents a p value < 0.001

Graphs representing relative values were constructed by calculating a mean of the control 

values and dividing each individual treatment value by the mean of the control.
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5.3 Results

5.3.1 Determination of Sub-Lethal Doses of Membrane Fluidising Treatments

The cells, at a concentration of 3x105 cells/well, were subjected to varying concentrations 

of benzyl alcohol (BA), ethanol, phenethylalcohol (PhA) and the local anaesthetic 

bupivacaine for four hours. Jurkat cells were also exposed to varying durations of heat 

shock treatment at 42°C. Apoptosis and cell viability were then analysed using the 

Caspase-3 and Propidium Iodide fluorometric plate assays. The dose response curve 

shown in Figure 5.3.1 shows that a concentration of 20mM of BA is required to induce 

significant apoptosis (p<0.01), while concentrations above this result in necrosis. An 

ethanol concentration of 2.5% is sufficient to result in a significant increase in caspase-3 

activity (p<0.01) and significant necrosis (Figure 5.3.2). A PhA concentration of 5mM 

resulted in a significant increase in caspase-3 activity, while concentrations above this 

resulted in significant necrosis (Figure 5.3.3). A significant increase in caspase-3 activity 

was observed when cells were treated with bupivacaine concentrations of 0.5mg/ml and 

lmg/ml, while concentrations of lmg/ml and 2mg/ml resulted in significant necrosis 

(Figure 5.3.4). Jurkat cells were also subjected to varying durations of heat shock 

treatment at 42°C followed by a three hour recovery period at 37°C. Heat shocking for 

two hours followed by a three hour recovery period resulted in significant apoptosis 

(P<0.01) and necrosis (p<0.05) (Figure 5.3.5). Based on these results, 5mM BA, 1.25% 

ethanol, 2.5mM PhA and 0.25mg/ml bupivacaine were considered sub-lethal. A one hour 

heat shock at 42°C followed by a three hour recovery period was also considered sub

lethal.

To confirm the sub-lethal nature of the BA, ethanol, PhA, bupivacaine and heat shock 

treatments, an Annexin V/Propidium Iodide assay was performed on the treated Jurkat 

cells (Figure 5.3.6). Greater than 90% of the total cell population in each treatment group 

was negative for both Annexin V and Propidium Iodide staining and therefore considered 

viable.
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Figure 5.3.1: Analysis of apoptosis and necrosis in BA-treated Jurkat cells.
Caspase-3 and Propidium Iodide analysis o f Jurkat cells treated with benzyl alcohol for 
four hours. Data is represented as relative fluorescence when compared to the mean o f 
the control group. Statistical analysis was performed using the one-way ANOVA with 
Dunnet’s post hoc test and significant results are indicated. ** represents a p  value < 
0.01

Figure 5.3.2: Analysis o f apoptosis and necrosis in Ethanol-treated Jurkat cells.
Caspase-3 and Propidium Iodide analysis o f Jurkat cells treated with ethanol for four 
hours. Data is represented as relative fluorescence when compared to the mean o f the 
control group. Statistical analysis was performed using the one-way ANOVA with 
Dunnet’s post hoc test and significant results are indicated. ** represents a p value < 
0.01
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Figure 5.5.3: Analysis of apoptosis and necrosis in PhA-treated Jurkat cells.
Caspase-3 and Propidium Iodide analysis o f Jurkat cells treated with phenethylalcohol 
for four hours. Data is represented as relative fluorescence when compared to the mean 
of the control group. Statistical analysis was performed using the one-way ANOVA with 
Dunnet’s post hoc test and significant results are indicated. ** represents a p value < 
0.01

Figure 5.3.4: Analysis of apoptosis and necrosis in Bupivacaine-treated Jurkat cells.
Caspase-3 and Propidium Iodide analysis o f Jurkat cells treated with bupivacaine for 
four hours. Data is represented as relative fluorescence when compared to the mean of 
the control group. Statistical analysis was performed using the one-way ANOVA with 
Dunnet’s post hoc test and significant results are indicated. ** represents a p  value < 
0.01
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Figure 5.3.5: Analysis of apoptosis and necrosis in heat-treated Jurkat cells.
Caspase-3 and Propidium Iodide assays performed on Jurkat cells heat shocked at 42°C 
for varying lengths o f time, followed by a three hour recovery period at 37°C. Data is 
represented as relative fluorescence when compared to the mean o f the control group. 
Statistical Analysis was performed using the one-way ANOVA with Dunnet’s post hoc test 
and significant results are indicated. * represents a p value < 0.05. ** represents a p  
value < 0.01
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Figure 5.3.6: Cell viability analysis in fluidiser-treated Jurkat cells.
Annexin V and Propidium Iodide assay was performed on Jurkat cells treated with (A), 
benzyl alcohol (5mM for four hours), (B). ethanol (1.25% for four hours), (C). 
phenethylalcohol ( mMfor four hours) and (D). bupivacaine (0.25mg/ml for four hours) 
or E. heat shock (1 hour at 42°C followed by a 3 hour recovery at 37°C). Numbers 
indicate percentage o f non-viable cells.
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5.3.2 Determination of Sub-Lethal Doses of Chemotherapeutic Agents

Jurkat cells were exposed to varying concentrations of doxorubicin (Dox), 

cyclophosphamide (Cyclo) and lovastatin to determine sub-lethal concentrations for each 

drug. Apoptosis and cell viability were analysed using the Caspase-3 and Propidium 

Iodide fluorometric plate assays. The dose response curve shown in figure 5.3.7 shows 

that Dox concentrations of 15pg/ml, 20pg/ml and 25pg/ml resulted in a significant 

increase in caspase-3 activity, while Dox concentrations of 20pg/ml and 25pg/ml caused 

significant necrosis. Cyclo concentrations of 1000pg/ml resulted in a significant increase 

in caspase-3 activity (p<0.05) and a significant decrease in cell viability (p<0.05) when 

compared to control (figure 5.3.8). Lovastatin concentrations of 25pM and 50pM resulted 

in a significant increase in caspase-3 activity, while concentrations of 25 pM and above 

resulted in a significant decrease in cell viability (Figure 5.3.9). Based on these results, 

Dox concentrations of 10pg/ml, Cyclo concentrations of 100ug/ml and lovastatin 

concentrations of 12.5pM were considered sub-lethal.

In contrast to Dox, Cyclo and lovastatin, target cells require the presence of the 

functioning cell-surface death receptors DR4 (TRAIL-R1) and/or DR5 (TRAIL-R2) to be 

sensitive to TRAIL. Therefore, Jurkat cells were analysed for the presence of DR4 and 

DR5 using flow cytometry and fluorescence microscopy. The distinction between DR4 

and DR5 and the presence of these receptors on the surface of Jurkat cells can be seen in 

Figures 5.3.10B, C, D and E. DR4 is expressed on 33.5% of the Jurkat cell population, 

while 92.5% of the population expresses DR5 (Table 5.3.1). Apoptosis and cell viability 

were then analysed in TRAIL-treated Jurkat cells. A TRAIL concentration of 50ng/ml 

resulted in a 7-fold increase in caspase-3 activity, while concentrations of 100ng/ml and 

above resulted in both significant apoptosis and necrosis (Figure 5.3.11). Concentrations 

of 25ng/ml and below were not significantly different from the control and were therefore 

considered to be sub-lethal.
To confirm the sub-lethal nature of the Dox, Cyclo, Lov and TRAIL treatments, an 

Annexin V/Propidium Iodide assay was performed on the treated Jurkat cells (Figure 

5.3.12). Greater than 90% of the total cell population in each treatment group was 

negative for both Annexin V and Propidium Iodide staining and therefore considered 

viable.
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Chapter 5: Synergistic Action o f Chemotherapeutic Drugs and Membrane Fluidisers

Figure 5.3.7: Analysis of apoptosis and necrosis in Doxorubicin-treated Jurkat cells.
Caspase-3 and Propidium Iodide analysis o f Jurkat cells treated with Doxorubicin for 
four hours. Data is represented as relative fluorescence when compared to the mean of 
the control group. Statistical analysis was performed using the one-way ANOVA with 
Dunnet’s post hoc test and significant results are indicated. ** represents a p value < 
0.01

1. 8-

Contro l

0.01 0.1 1 10 100 1000 10000 
Concentration of Cyclophosphamide (pg/ml)

Figure 5.3.8: Analysis of apoptosis and necrosis in Cyclophosphamide-treated Jurkat 
cells.
Caspase-3 and Propidium Iodide analysis o f Jurkat cells treated with Cyclophosphamide 
for twenty four hours. Data is represented as relative fluorescence when compared to the 
mean o f the control group. Statistical analysis was performed using the one-way ANOVA 
with Dunnet ’s post hoc test and significant results are indicated. * represents a p value < 
0.05.
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Figure 5.3.9: Analysis of apoptosis and necrosis in Lovastatin-treated Jurkat cells.
Caspase-3 and Propidium Iodide analysis o f Jurkat cells treated with Lovastatin for 
twenty four hours. Data is represented as relative fluorescence when compared to the 
mean o f the control group. Statistical analysis was performed using the one-way ANOVA 
with Dunnet’s post hoc test and significant results are indicated. * represents a p value < 
0.05. ** represents ap  value < 0.01.
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10 10 10 10 10 10 10 10'  

DR4 PE-A DR4 PE-A

A. No stain control B. DR4 staining of
control cells

DR5 PE-A

C. DR5 staining of 
control cells

D. DR4 staining of Jurkat cells E. DR5 staining of Jurkat cells

F ig u re  5 .3 .1 0 :  E x p r e s s io n  o f  D R 4  a n d  D R 5  o n  J u r k a t  ce lls .
DR4 and DR5 analysis o f Jurkat cells was performed using the flow cytometer (A, B and 
C) and fluorescence microscope (D and E). (A). Histogram o f no stain control sample. 
(B). Histogram o f DR4-associated fluorescence (C). Histogram o f DR5 associated 
fluorescence. (D ). DR4 staining (red) and DAP1 staining (blue) o f jurkat cells. (E). DR5 
staining (red) and DAPI staining (blue) o f jurkat cells.

T ab le  5 .3 .1 :  P e r c e n ta g e  o f  J u r k a t  c e lls  p o s i t i v e  f o r  D R 4  a n d  D R 5  a s  d e te r m in e d  b y  f l o w  
cy to m e try .

Percentage of Jurkat cells positive for Protein 
Mean (± SD)

DR4 33.5 (4.4)
DR5 92.5 (2.65)
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F ig u re  5 .3 .1 1 :  A n a ly s is  o f  a p o p to s is  a n d  n e c r o s is  in  T R A I L - tr e a te d  J u r k a t  ce lls .
Caspase-3 and Propidium Iodide analysis o f Jurkat cells treated with TRAIL for four 
hours. Data is represented as relative fluorescence when compared to the mean o f the 
control group. Statistical analysis was performed using the one-way ANOVA with 
Dunnet’s post hoc test and significant results are indicated. ** represents a p value < 
0.01
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F ig u r e  5 .3 .1 2 :  C e l l  v ia b ili ty  a n a ly s is  in  d r u g - tr e a te d  J u r k a t  ce lls .
Annexin V and Propidium Iodide assay was performed on Jurkat cells treated with (A). 
Doxorubicin (5pg/ml for four hours), (B ). Cyclophosphamide (100pg/ml for twenty four 
hours), (C ). Lovastatin (12.5 pM for twenty four hours) and (D ). TRAIL (25ng/ml for four 
hours). Numbers indicate percentage o f non-viable cells.
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5.3.3 Combination Treatment of Jurkat cells

Sub-lethal treatments of membrane fluidiser and chemotherapeutic agent were combined 

to determine if the efficacy of the drugs could be enhanced via fluidisation of the 

membrane by the alcohol compounds, local anaesthetic or heat treatment. As expected, 

TRAIL, BA, ethanol, PhA, bupivacaine or heat shock applied in isolation did not result in 

a significant increase in caspase-3 activity (Figure 5.3.13). However, when the sub-lethal 

TRAIL treatment was combined with a sub-lethal dose of BA, ethanol, PhA, bupivacaine 

or heat shock, significant apoptosis was observed (p<0.001). A sub-lethal dose of Dox 

was then combined with sub-lethal doses of BA, ethanol, PhA, bupivacaine or heat shock 

to determine if the efficacy of this anthracycline drug could be enhanced via fluidisation 

of the membrane. Combination treatments involving Dox resulted in significant apoptosis 

(p<0.001) (Figure 5.3.14). To determine if this synergism between TRAll /Pox and 

membrane fluidisers applies to the other anti-cancer agents, four hour treatments of 

alcohol or heat shock were used in combination with twenty four hour treatments of 

Cyclo and lovastatin. When the sub-lethal dose of Cyclo was combined with a sub-lethal 

dose of BA, ethanol, PhA, bupivacaine or heat shock, significant apoptosis was observed 

(Figure 5.3.15). No stimulation of lovastatin-induced cell death by alcohols or 

bupivacaine was observed (Figure 5.3.16). However, heat shock treatment did appear to 

act in synergy with lovastatin. In the case of the alcohol treatment, the lack of synergism 

may be due to the alcohol treatment acting antagonistically to lovastatin and inducing 
HMG-CoA reductase.

The stimulation of TRAIL-/Dox- and Cyclo-induced cell death by the membrane 

fluidising treatments was also assessed by Annexin V/Propidium Iodide staining (Figure 

5.3.17) Combining Dox with the alcohols or heat treatment results in 100% cell death 

following treatment. Stimulation of TRAIL-induced apoptosis was not as pronounced as 

that observed in Dox combination-treated cells, with approximately 50% of the Jurkat cell 

population remaining viable following treatment (Figure 5.3.18). All combination 

treatments involving Cyclo resulted in approximately 90% cell death (Figure 5.3.19). 

Hoescht staining of treated Jurkat cells further illustrated the toxic effects of combining 

these sub-lethal treatments (Figure 5.3.20). Nuclear fragmentation and chromatin 

condensation is clearly visible in the combination-treated cells, while Jurkats treated with 

single treatments did not display any signs of cell death.

152



Chapter 5: Synergistic Action o f Chemotherapeutic Drugs and Membrane Fluidisers

F ig u r e  5 .3 .1 3 :  A p o p to s is  in  J u r k a ts  tr e a te d  w ith  T R A IL  c o m b in a tio n  th e ra p y .
Caspase-3 assay on Jurkat cells treated with TRAIL (25ng/ml for four hours), Heat Shock 
(1 hour at 42°C, followed by a 3 hour recovery at 37°C'), Benzyl Alcohol (5mMfor four 
hours), Ethanol (1.25% for four hours), Phenethyl alcohol (2.5mM for four hours), 
Bupivacaine (0.25mg/ml for four hours) or combinations o f TRAIL & Heat Shock 
(25ng/ml for four hours added at the start o f lhour at 42°C followed by 3 hour recovery 
at 37°C), TRAIL & BA (25ng/ml TRAIL + 5mM BA for four hours), TRAIL & Ethanol 
(25ng/ml TRAIL + 1.25% Ethanol for four hours), TRAIL & PhA (25ng/ml TRAIL + 
2.5mM PhA for four hours) or TRAIL & Bupivacaine (25ng/ml TRAIL + 0.25mg/ml 
Bupivacaine). Statistical analysis was performed using the one-way ANOVA with 
Bonferroni’s post hoc test. Significant differences from TRAIL treatment alone are 
indicated. *** represents ap  value < 0.001.
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F ig u re  5 .3 .1 4 :  A p o p to s is  in  J u r k a ts  tr e a te d  w ith  D o x o r u b ic in  c o m b in a tio n  th e ra p y .
Caspase-3 assay on Jurkat cells treated with Doxorubicin (5pg/ml for four hours), Heat 
Shock (1 hour at 42°C, followed by a 3 hour recovery at 37°C), Benzyl Alcohol (5mMfor 
four hours), Ethanol (1.25% for four hours), Phenethyl alcohol (2.5mMfor four hours), 
Bupivacaine (0.25mg/ml for four hours) or combinations o f Dox & Heat Shock (5pg/ml 
for four hours added at the start o f ¡hour at 42°C followed by 3 hour recovery at 37°C), 
Dox & BA (5pg/ml Dox + 5mM BA for four hours), Dox & Ethanol (5pg/ml Dox + 1.25% 
Ethanol for four hours), Dox & PhA (.5pg/ml Dox + 2.5mM PhA for four hours) or Dox 
& Bupivacaine (5pg/ml Dox + 0.25mg/ml Bupivacaine). Statistical Analysis was 
performed using the one-way ANOVA with Bonferroni’s post hoc test. Significant 
differences from Dox treatment alone are indicated. *** represents a p  value < 0.001
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F ig u r e  5 .3 .1 5 :  A p o p to s is  in  J u r k a ts  t r e a te d  w ith  C y c lo p h o s p h a m id e  c o m b in a tio n  
th e ra p y .
Caspase-3 assay on Jurkat cells treated with Cyclophosphamide (50pg/ml for twenty four 
hours), Heat Shock (1 hour at 42°C, followed by a 3 hour recovery at 37°C), Benzyl 
Alcohol (5mMfor four hours), Ethanol (1.25% for four hours) or combinations o f Cyclo& 
BA (50pg/ml Cyclo for twenty four hours + 5mM BA for four hours), Cyclo & Ethanol 
(50pg/ml Cyclo for twenty four hours + 1.25% Ethanol for four hours) or Cyclo & Heat 
Shock (50pg/ml for twenty four hours added at the start o f lhour at 42°C followed by 3 
hour recovery at 37°C). Statistical Analysis was performed using the one-way ANOVA 
with Bonferroni’s post hoc test. Significant results are indicated. ** represents a p value 
<0.01. *** represents ap  value < 0.001.
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1.4-1

F ig u r e  5 .3 .1 6 :  A p o p to s is  in  J u r k a ts  t r e a te d  w ith  L o v a s ta t in  c o m b in a tio n  th e ra p y .
Caspase-3 assay on Jurkat cells treated with Lovastatin (12.5pM for twenty four hours), 
Heat Shock (1 hour at 42°C, followed by a 3 hour recovery at 37°C), Benzyl Alcohol 
(5mMfor four hours), Ethanol (1.25% for four hours, Phenethyl alcohol (2.5mMfor four 
hours), Bupivacaine (0.25mg/ml for four hours) or combinations o f Lovastatin & Heat 
Shock (12.5pM for twenty four hours added at the start o f lhour at 42°C followed by 3 
hour recovery at 37°C), Lovastatin & BA (12.5pM Lov for twenty four hours + 5mM BA 
for four hours), Lov & Ethanol (12.5/uM Lov for twenty four hours + 1.25% Ethanol for 
four hours), Lovastatin & PhA (12.5gM Lov for twenty four hours + 2.5mM PhA for four 
hours), or Lovastatin & Bupivacaine (12.5pM Lov for twenty four hours + 0.25mg/ml 
Bupivacaine for four hours), Statistical Analysis was performed using the one-way 
ANOVA with Bonferroni’s post hoc test and significant differences are indicated. ** 
represents ap  value < 0.01.
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F ig u r e  5 .3 .1 7 :  C e l l  v ia b ili ty  a n a ly s is  in  J u r k a t  c e lls  t r e a te d  w ith  D o x o r u b ic in  
c o m b in a tio n  th e ra p y .
Annexin V and Propidium Iodide assay on Jurkat cells treated with (A). Doxorubicin & 
BA (5pg/ml Dox & 5mM BA for four hours) (B ). Doxorubicin & Ethanol (5jug/ml Dox & 
1.25% Ethanol for four hours), (C ). Doxorubicin & PhA (5 pg/ml Dox & 2.5mM PhA for 

four hours) (D ). Doxorubicin & Heat (5pg/ml Dox added at start o f a 1 hour heat shock 
at 42 °C, followed by a 3 hour recovery) or Doxorubicin and Bupivacaine (5pg/ml Dox & 
0.25mg/ml Bupivacaine for four hours). Numbers indicate percentage o f non-viable cells.

157



Chapter 5: Synergistic Action o f Chemotherapeutic Drugs and Membrane Fluidisers

C

E

TRAIL+BA B

<
lU

0 ”
5 2

' - ;; • . .
ra --

* ;  .*
0a - j
*" 5Necrotic

. ■ ■ '<■

. lyateA poptbtid ils lecrotlc

f e -  ' : . ' V  ■

<«o -. ■*— a
i i
i 1 MIIII 1

IP^felOPtOtiC
i Mini 1 • • iiNH I I I  linn 1

10 10" 10 10 
FITC-A

TRAIL+PhA

2t

LU
n co

-  I 

2-5

N ecrotic

, . ‘t  ■

. Late A popto tic /N ecro tii

V ia lw j IgppO ptO tiC
1111ll| V I  

ID2
■|Tnfi| 1 11 llll lj I 11 l l l l l j— r  

103 10* 10s
FITC-A

Si

LU

TRAIL+Bup

5 4

r ' • '

N ecrotic . La te  Apopto tic /N ecro tii

m
j j f e y
K o p t o t i c

10“ 10 10 
FITC-A

10

D

TR A IL+E thano l

<
LU

0 ~ 
2 1

5 6
- •• ■ * > > > -

r
S-s • • r-> : '  •

a-= vlecrotic Late Apoptotic/N e erotic

2 -1 m
m * -  ,

B ^ jo p to t ic
^ r m i — i i i i i i i i i  i i i im i i  i

10“ 10 10 

FITC-A

TRAIL+Heat

10

<i
LU
CL co

f  ■ • 1
. h  -  ■

>le erotic
• • ■ .. .

. j*a te .A pu pt'ptrbiN'e.crotic

a-« 
— i

F ig u re  5 .3 .1 8 :  C e l l  v ia b ili ty  a n a ly s is  in  J u r k a t  c e lls  tr e a te d  w ith  T R A IL  c o m b in a tio n  
th e ra p y .
Annexin V and Propidium Iodide assay on Jurkat cells treated with (A). TRAIL & BA 
(25ng/ml TRAIL & 5mM BA for four hours) (B ). TRAIL & Ethanol (25ng/ml TRAIL & 
1.25% Ethanol for four hours), (C ). TRAIL & PhA (25ng/ml TRAIL & 2.5mM PhA for 

four hours) (D ). TRAIL & Heat (25ng/ml Dox added at start o f a 1 hour heat shock at 
42°C, followed by a 3 hour recovery) or TRAIL and Bupivacaine (25ng/ml TRAIL & 
0.25mg/ml Bupivacaine for four hours). Numbers indicate percentage o f non-viable cells.
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F ig u r e  5 .3 .1 9 :  C e l l  v ia b ili ty  a n a ly s is  in  J u r k a t  c e lls  t r e a te d  w ith  C y c lo p h o s p h a m id e  
c o m b in a t io n  th e ra p y .
Annexin V and Propidium Iodide assay on Jurkat cells treated with (A). 
Cyclophosphamide & BA (lOOpg/ml Cyclo for twenty four hours & 5mM BA for four 
hours) (B ). Cyclophosphamide & Ethanol (lOOpg/ml cyclo for twenty four hours & 
1.25% Ethanol for four hours), (C ). Cyclophosphamide & PhA (100jug/ml Cyclo for 
twenty four hours & 2.5mM PhA for four hours) (D ). Cyclophosphamide & Heat 
(lOOpg/ml Cyclo added at start o f a 1 hour heat shock at 42 °C, followed by a 3 hour 
recovery), E. Cyclophosphamide & Bupivacaine (lOOpg/ml Cyclo for twenty four hours & 
0.25mg/ml Bupivacaine for four hours). Numbers indicate percentage o f non-viable cells.
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Dox- & PhA-treated Cells Dox- & Ethanol-treated Cells

F ig u r e  5 .3 .2 0 :  S ta in in g  o f  n u c le a r  m a te r ia l  in  J u r k a t  c e lls  t r e a te d  w ith  D o x o r u b ic in  
c o m b in a tio n  th e ra p y .
Hoechst 33342 staining of Jurkat cells treated with Fluidiser (PhA) or a combination of 
Doxorubicin and Fluidiser for four hours. Arrows indicate nuclear fragmentation and 
condensed chromatin. Images were visualised on a Nikon Inverted TE2000-U 
Fluorescence Microscope System at x40 magnification and analysed using IP Lab 
software.
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5.3.4 Combination Treatment of Primary CLL cells

To determine whether these combination treatments may be useful in a clinical setting, 

primary CLL cells were subjected to treatments of TRAIL/Dox or Cyclo alone or 

combinations of drug and membrane fluidising treatment. Apoptosis and cell viability 

were then analysed using the Caspase-3 and Propidium Iodide fluorometric plate assays. 

Treating CLL cells with TRAIL and alcohol, TRAIL and heat shock or TRAIL and 

bupivacaine results in significantly greater apoptosis than treating with TRAIL treatment 

alone (p<0.001) (Figure 3.5.21). The cytotoxic effect of Dox and Cyclo was also 

enhanced by treating in combination with alcohol, heat shock or bupivacaine (Figures 

3.5.22 and 3.5.23).
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F ig u r e  5 .3 .2 1 :  A p o p to s is  in  P r im a r y  C L L  c e lls  t r e a te d  w ith  T R A IL  c o m b in a tio n  
th e ra p y .
Caspase-3 assay on primary CLL cells treated with TRAIL (25ng/ml for 4 hours), Heat 
Shock (1 hour at 42°C, followed by a 3 hour recovery at 37°C), Benzyl Alcohol (5mMfor 
four hours), Ethanol (1.25% for four hours), PhA (2.5mM for four hours), Bupivacaine 
(0.25mg/ml for four hours) or combinations o f TRAIL & Heat Shock (25ng/ml for four 
hours added at the start o f lhour at 42°C followed by 3 hour recovery at 37°C), TRAIL & 
BA (25ng/ml TRAIL + 5mM BA for four hours), TRAIL & Ethanol (25ng/ml TRAIL + 
1.25% Ethanol for four hours), TRAIL & PhA (25ng/ml TRAIL + 2.5mM PhA for four 
hours) or TRAIL & Bupivacaine (25ng/ml TRAIL + 0.25mg/ml Bupivacaine) . Statistical 
Analysis was performed using the one-way ANOVA with Bonferroni’s post hoc test. 
Significant differences from TRAIL treatment alone are indicated. *** represents a p  
value < 0.001
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F ig u r e  5 .3 .2 2 :  A p o p to s is  in  P r im a r y  C L L  c e lls  tr e a te d  w ith  D o x o r u b ic in  c o m b in a tio n  
th e ra p y .
Caspase-3 assay on primary CLL cells treated with Doxorubicin (5pg/ml for four hours), 
Heat Shock (1 hour at 42°C, followed by a 3 hour recovery at 37°C), Benzyl Alcohol 
(5mMfor four hours), Ethanol (1.25% for four hours), Phenethyl alcohol (2.5mMfor four 
hours), Bupivacaine (0.25mg/ml for four hours) or combinations o f Dox & Heat Shock 
(5pg/ml for four hours added at the start o f lhour at 42° C followed by 3 hour recovery at 
37°C), Dox & BA (5pg/ml Dox + 5mM BA for four hours), Dox & Ethanol (5pg/ml Dox + 
1.25% Ethanol for four hours), Dox & PhA (5pg/ml Dox + 2.5mM PhA for four hours) or 
Dox & Bupivacaine (5pg/ml Dox + 0.25mgml Bupivacaine for four hours). Statistical 
Analysis was performed using the one-way ANOVA with Bonferroni’s post hoc test. 
Significant differences from Doxorubicin treatment alone are indicated. *** represents a 
p value < 0.001.
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F ig u re  5 .3 .2 3 :  A p o p to s is  in  P r im a r y  C L L  c e lls  tr e a te d  w ith  C y c lo p h o s p h a m id e  
c o m b in a tio n  th e ra p y .
Caspase-3 assay on primary CLL cells treated with Cyclophosphamide (50pg/ml for 
twenty four hours), Heat Shock (1 hour at 42°C, followed by a 3 hour recovery at 37°C), 
Benzyl Alcohol (5mM for four hours), Ethanol (1.25% for four hours), PhA (2.5mMfor 
four hours), Bupivacaine (0.25mg/ml for four hours) or combinations o f Cyclo & Heat 
Shock (50pg/ml for twenty four hours added at the start o f lhour at 42°C followed by 23 
hour recovery at 37°C), Cyclo & BA (50pg/ml Cyclo for twenty four hours + 5mM BA for 
four hours), Cyclo & Ethanol (50pg/ml Cyclo for twenty four hours + 1.25% Ethanol for 
four hours), Cyclo & PhA (50pg/ml Cyclo for twenty four hours + 2.5mM PhA for four 
hours) or Cyclo & Bupivacaine (50pg/ml Cyclo for twenty four hours + 0.25mg/ml 
Bupivacaine for four hours). Statistical Analysis was performed using the one-way 
ANO VA with Bonferroni’s post hoc test. Significant differences from Cyclophosphamide 
treatment alone are indicated. *** represents ap  value < 0.001
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5.3.5. Localisation of HSPs Following Membrane Fluidising Treatments

Jurkat cells, at a concentration of 3xl05 cells/well, were treated with the pre-determined 

sub-lethal treatments of BA, ethanol, PhA, bupivacaine and heat shock for four hours. 

Intracellular levels of Hsp72, Hsp60, Hsp27 and Hsp90 were analysed by flow cytometry.

Expression of iHsp72 significantly decreased in response to a four hour treatment with 

BA, ethanol and bupivacaine, but not in response to PhA. In contrast, a one hour heat 

shock followed by a three hour recovery resulted in a significant increase in iHsp72 

(Figure 5.3.24A). Similarly, levels of iHsp60 also significantly decreased in response to 

BA, ethanol and bupivacaine, but not PhA (Figure 5.3.24B). Flowever, in contrast to 

iHsp72, heat shock treatment resulted in a significant decrease in iHsp60. Levels of 

iHsp90 were unaffected by any of the alcohol or bupivacaine treatments but were reduced 

in response to heat shock treatment (Figure 5.3.24C). iHsp27 expression was also 

significantly decreased in response to heat shock and was also reduced in response to 

PhA. BA, ethanol and bupivacaine failed to affect iFIsp27 levels after four hours. 

(Figures 5.3.24D).

The significant decrease in iHsp72 and iHsp60 observed after treatment with alcohols and 

bupivacaine was thought to be attributed to movement of these HSPs to the surface of the 

cell. Surface-Hsp72 and surface-Hsp60 were therefore analysed in these treated cells. 

Figure 5.3.25A illustrates the resultant increase in sHsp72 after treatment with BA, 

ethanol and bupivacaine. Simultaneously to the decrease in iHsp60, an increase in sHsp60 

was observed after treatment with BA and ethanol, but not after treatment with 

bupivacaine (Figure 5.3.25B). Although a decrease in iHsp72 and iHsp60 was observed 

after treatment with PhA, an increase of this protein at the cell surface was not observed.
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F ig u re  5 .3 .2 4 :  I n tr a c e l lu la r  H S P  a n a ly s is  in  f lu id is e r - tr e a te d  J u r k a t  ce lls .
Intracellular HSP analysis on Jurkat cells treated with benzyl alcohol (5mM for four 
hours), ethanol (1.25% for four hours),phenethyl alcohol (2.5mM for four hours), heat 
shock (1 hour at 42°C, followed by a 3 hour recovery at 37°C) or bupivacaine (0.25mg/ml 
for four hours. (A ) iHsp72 analysis (B ) iHsp60 analysis (C ) iHsp90 analysis (D ) iHsp27 
analysis. Statistical Analysis was performed using the one-way ANOVA with Dunnet’s 
post hoc test and significant differences from the control group are indicated. n=9 in each 
experiment. * represents a p value < 0.05. ** represents a p value < 0.01
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F ig u r e  5 .3 .2 5 :  S u r fa c e  H S P  a n a ly s is  in  f lu id is e r - tr e a te d  J u r k a t  ce lls .
Surface HSP analysis on Jurkat cells treated with benzyl alcohol (5mM for four hours), 
ethanol (1.25% for four hours),phenethyl alcohol (2.5mMfor four hours, heat shock (one 
hour at 42°C, followed by a three hour recovery period at 37°C) or bupivacaine 
(0.25mg/ml for four hours. (A) sHsp72 analysis and (B ) sHsp60 analysis. Statistical 
Analysis was performed using the one-way ANOVA with Dunnet’s post hoc test and 
significant differences from the control group are indicated. n=9 in each experiment. * 
represents ap  value < 0.05. ** represents ap  value < 0.01.
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5.3.6. Manipulation of HSP Localisation Prior to Combination Treatments

It was proposed that the ability of membrane fluidising agents to enhance the killing 

potential of cytotoxic agents may be due to their effect on iHsp72, in addition to fluidising 

the cell membrane and allowing more efficient entry of the drugs. By causing the 

movement of intracellular Hsp72 to the membrane, the drugs may be able to exert their 

cytotoxic effects more effectively without being hampered by the anti-apoptotic properties 

of Hsp72.

Jurkat cells were therefore pre-treated with either a sub-lethal heat shock or a two hour 

methyl-(3-cyclodextrin (mPcd) treatment before incubation with a combination of Dox and 

ethanol. Pre-treatment with heat shock would hopefully increase internal levels of iHsp72 

(shown earlier to significantly increase iHsp72 levels -  Figure 5.3.24A) above a threshold 

that could not be sufficiently reduced by the ethanol to allow the Dox to cause 

cytotoxicity. Similarly, treatment with mPcd prevents the movement of HSPs to the outer 

surface of the membrane by depleting cholesterol and therefore interfering with lipid rafts 

(Dopico, 2007; Moulin & Arrigo, 2006; Broquet et al. 2003). This should consequently 

prevent ethanol from reducing iHsp72.

Pre-treatment with sub-lethal heat shock appeared to eliminate the synergistic effect of 

Dox and ethanol (Figure 5.3.26), with caspase-3 levels in these pre-treated cells emulating 

those seen in control cells. This suggests that the elevated iHsp72 levels observed after 

heat shock treatment (Figure 5.3.24) are sufficiently high to prevent ethanol from 

decreasing them below a threshold value that is required for the sub-lethal Dox to become 

toxic. Although sub-lethal doses of combined Dox and heat have been shown to be toxic 

to both Jurkat cells and primary CLL cells, treating cells with sub-lethal heat shock prior 

to Dox treatment also eliminates this synergistic effect (Figure 5.3.27) suggesting that the 

level of iFIsp72 in the cells is vital in determining whether the drug is cytotoxic. A 30 

minute pre-treatment with mPcd also significantly reduced the synergistic effect of Dox 

and ethanol treatment (Figure 5.3.28), although not to the degree observed by heat shock 

pre-treatment. iHsp72 levels were also shown to be higher in cells pre-treated with mPcd 

when compared to those treated with mPcd then ethanol (Figure 5.3.29), suggesting 

partial inhibition of movement to the membrane.
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F ig u r e  5 .3 .2 6 :  E f f e c t  o f  h e a t  s h o c k  p r e - tr e a tm e n t  o n  th e  c y to to x ic  e f fe c t  o f  D o x o r u b ic in  
c o m b in a t io n  tre a tm e n t.
Caspase-3 in Jurkat cells treated with a combination o f sub-lethal Dox and ethanol for 
four hours, with or without a pre-treatment with sub-lethal heat shock (one hour at 42°C, 
followed by a three hour recovery period at 37°C). Statistical analysis was performed 
using the one-way ANO VA with Bonferroni’s post hoc test. Significant results are 
indicated. ** represents ap  value <0.01. *** represents ap  value < 0.001.

***

Control Dox & Heat Heat followed
by Dox

F ig u r e  5 .3 .2 7 :  E f f e c t  o f  h e a t  s h o c k  p r e - tr e a tm e n t  o r  h e a t  s h o c k  c o m b in a tio n  tr e a tm e n t  
o n  D o x o r u b ic in - in d u c e d  a p o p to s is .
Caspase-3 in Jurkat cells treated with a combination o f sub-lethal Dox and heat shock 
(one hour at 42°C, followed by a three hour recovery period at 37°C) or sub-lethal heat 
shock treatment prior to a four hour sub-lethal Dox treatment. Statistical analysis was 
performed using the one-way ANOVA with Bonferroni’s post hoc test. Significant results 
are indicated. ** represents ap  value <0.05. *** represents ap  value < 0.001
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***

& Ethanol followed by 
Dox & Ethanol

F ig u r e  5 .3 .2 8 :  E f f e c t  o f  m e th y l- f i-c y c lo d e x tr in  p r e - tr e a tm e n t  o n  th e  s y n e r g is tic  a c tio n  
o f  D o x o r u b ic in  a n d  E th a n o l.
Caspase-3 in Jurkat cells treated with methyl-fl-cyclodextrin (2.5mM for two hours), 
Doxorubicin (5pg/ml for four hours), a combination o f sub-lethal Dox and Ethanol 
(5pg/ml Dox and 1.25% Ethanol) or a 2.5mM pre-treatment with methyl-fl-cyclodextrin, 
followed by a combination o f sub-lethal Dox and Ethanol. Statistical analysis was 
performed using the one-way ANOVA with Bonferroni’s post hoc test. Significant results 
are indicated. *** represents ap  value < 0.001

**
1.2-1

Control Ethanol mßcd followed
by Ethanol

F ig u r e  5 .3 .2 9 :  E f f e c t  o f  m e th y l- f l-c y c lo d e x tr in  p r e - t r e a tm e n t  o n  in tr a c e llu la r  H s p 7 2  
le v e ls  in  E th a n o l- tr e a te d  J u r k a t  ce lls .
iHsp72 analysis in Jurkat cells treated with methyl-(1-cyclodextrin (2.5mMfor two hours), 
Ethanol (1.25% for two hours), or a 2.5mM pre-treatment with methyl-fl-cyclodextrin, 
followed by a two hour Ethanol treatment. Statistical analysis was performed using the 
one-way ANOVA with Bonferroni’s post hoc test. Significant results are indicated.* 
represents ap  value < 0.05. ** represents ap  value < 0.01
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5.4 Discussion

The efficacy of three chemotherapeutic drugs (TRAIL, Dox and Cyclo) was shown to be 

enhanced using cell membrane fluidising agents. Furthermore, the concentrations of drugs 

used in these experiments were sub-lethal when used in isolation. Membrane fluidisation 

has previously been shown to be affected by mild hyperthermia, BA, ethanol (Moulin et 

al. 2007a), heptanol (Balogh et al. 2005), PhA (Nagy et al. 2007) and the local 

anaesthetic bupivacaine (Mizogami et al. 2002). However, to date, these membrane 

fluidising agents have not been used to enhance the killing potential of sub-lethal doses of 

anthracyclines, alkylating agents or death receptor ligands.

Previous evidence has already shown that hyperthermia can either enhance or inhibit the 

cytotoxicity of specific apoptosis inducers depending on cell type, cytotoxic drug or the 

stage of drug treatment at which the hyperthermia is applied. Jaattela et al. (1992) and 

Mehlen et al. (1995) have shown that hyperthermic treatment of cells prior to treatment 

with TNF-a results in reduced cytotoxicity. In contrast, hyperthermic treatment performed 

after the beginning of treatment with TNF-a appears to enhance the cytotoxicity of the 

agent (Dubois et al. 1989) and (Robins et al. 1995). Fas-L and TRAIL killing have also 

been shown to be either enhanced or inhibited by hyperthermic treatment depending on 

stage of drug treatment in relation to heat shock (Tran et al. 2003; Ozoren & El-Deiry, 

2002; Moulin & Arrigo, 2006). An in-vitro study by Roigas et al. (1998) demonstrated 

that subjecting prostate cancer cells to anti-cancer agents before a period of hyperthermia 

was more effective than subjecting them to hyperthermia before anti-cancer treatment, 

while simultaneous hyperthermia and cytotoxic drug treatment proved to be the most 

effective method.

However, the stimulatory effect of hyperthermia upon TRAIL-induced apoptosis shown 

by Moulin & Arrigo (2006), was still observed when TRAIL was added twenty four hours 

after the initial one hour heat shock, suggesting that mild hyperthermia results in 

membrane modifications that allow a long lasting increased sensitivity to TRAIL. Heat 

shock stimulation of TRAIL killing was shown not to be dependent upon lipid rafts or 

newly synthesised HSPs, but was subsequently shown to be due to changes in membrane 

fluidity (Moulin et al. 2007a). Furthermore, fluidity measurements performed by this 

group showed that single ethanol or heat shock treatments resulted in significant increase 

in membrane fluidity, while treatment with lOOng/ml TRAIL did not affect fluidity.
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However, combination treatments involving TRAIL and heat treatment or TRAIL and 

ethanol resulted in an increase in membrane fluidity that was much more intense than that 

observed in ethanol or heat treated cells alone. An enhanced antibody recognition of 

TRAIL receptors was also shown in TRAIL and fluidiser treated cells when compared to 

TRAIL or fluidiser only treated cells. This would account for the stimulation of TRAIL 

cytotoxicity but it does not explain why the killing potential of Dox and Cyclo, that do not 

operate via cell surface receptors, is also enhanced.

In support of the data presented in this chapter, Riehmann et al. (2005) have shown that 

treating a human pleural mesothelioma cell line xenotransplanted into mice with Cyclo 

and hyperthermia results in a significant decrease in tumour volume when compared to 

Cyclo treatment alone. The efficacy of Dox has also been shown to be enhanced by 

hyperthermia (Roigas et al. 1998), (Ohtsuboa et al. 2000) and (Hahn et al. 1975). 

Inconsistencies between studies may be attributed to cell type, for example, Urano et al. 

(1999) showed that the efficacy of 5-fluorouracil could not be enhanced by hyperthermia 

when using mouse fibrosarcoma cells, while Roigas et al. (1998) presented contradictory 

data using prostate cancer cells.

The hyperthermic-associated inhibition of cytotoxicity observed in some studies is 

thought to be due to the increase in intracellular Hsp72 that functions to inhibit many of 

the key signalling proteins in the apoptosis pathway. A deeper understanding of HSP 

regulation is therefore critical if combination therapies are to become a main stream 

treatment regime and may explain the contradictory data in the literature. Analysis of 

Hsp72 and Hsp60 after four hour treatment with the membrane fluidising treatments 

revealed a change in the localisation of these proteins after certain treatments. BA, ethanol 

and bupivacaine all stimulated a movement of Hsp72 from the inside of the cell to the cell 

surface, an effect not observed after treatment with PhA. Similarly, BA and ethanol also 

stimulated movement of Hsp60 from the inside of the cell to the surface. Although a 

decrease in intracellular Hsp60 was seen after bupivacaine treatment, surface levels of this 

protein were not significantly different. As expected, levels of internal Hsp72 

significantly increased in response to a one hour heat shock with a three hour recovery, 

but this treatment significantly reduced the levels of iHsp60. Expression of Hsp90 and 

Hsp27 remained unaffected by treatment with BA, ethanol and bupivacaine, while PhA 

appeared to reduce the levels of iHsp27 but not iHsp90. Expression of both iHsp90 and
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iHsp27 were shown to decrease in response to heat shock treatment. All five membrane 

fluidising treatments are displaying the same stimulatory effect upon TRAIL-, Dox- and 

Cyclo-induced cell death, and yet after four hours of treatment, not all treatments show 

the same effect on HSP localisation. Further work is therefore necessary to clarify the 

relationship between membrane fluidisation and HSP localisation.

Increasing the levels of iHsp72 using a sub-lethal heat shock treatment prior to treating 

cells with a combination of Dox and ethanol eliminated the synergistic action previously 

observed. This suggests that ethanol is not able to decrease these previously elevated 

levels of iHsp72 enough for the sub-lethal Dox to become toxic. Furthermore, pre-treating 

cells with m(3cd, a cholesterol sequestering agent also reduced the synergistic effect of 

Dox and ethanol, although not to the same degree as heat shock pre-treatment. However 

the effect observed after mpcd could either be due to a membrane stabilisation effect or as 

a result of m|3cd reducing the movement of Hsp72 to the cell membrane. Indeed, analysis 

of iHsp72 in cells pre-treated with mPcd before ethanol treatment showed higher levels of 

iHsp72 than those in cell treated with ethanol alone, although this was not shown to be 

significant. This may suggest that the stabilisation of the membrane by mpcd may be 

more important in preventing ethanol enhancing Dox-induced cell death. However, Hsp72 

may be moving to the cell membrane via alternative mechanisms such as exosome- 

associated transport (Clayton et al. 2005) or via ABC transporters (Mambula & 

Calderwood, 2006), mechanisms that cannot be blocked by mpcd. An alternative 

approach to preventing this movement of Hsp72 could be to treat with a combination of 

transporter pathway inhibitors such as glybenclamide (Mambula & Calderwood, 2006), 

an ABC transporter inhibitor, monensin (Hunter-Lavin et al. 2004), a classical pathway 

inhibitor and mpcd thereby preventing movement by alternative mechanisms.

The work presented here, demonstrates for the first time that combining sub-lethal doses 

of chemotherapeutic drugs with membrane fluidising agents results in a significant 

increase in drug efficacy without using large doses of drug. Whilst the use of the alcohol 

compounds in this way is clearly inappropriate in the clinical setting, the promising 

results shown by bupivacaine and hyperthermia do point to the possibility that 

manipulation of membrane fluidity, through the use of other agents, may have great 

therapeutic potential.
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5.5 Summary

• The cytotoxicity of TRAIL, Doxorubicin and Cyclophosphamide can be enhanced 

by using in combination with the alcohols BA, ethanol and PhA, the local 

anaesthetic bupivacaine and mild hyperthermia

• These combination treatments are effective in both Jurkat cells and Primary CLL 

cells

• By using combination treatments in this way, sub-lethal doses of 

chemotherapeutic agents can be used, which in a clinical setting would help 

reduce damage to non-transformed cells and limit haematological cytotoxicity

• The localisation of HSPs is affected by treatment of certain membrane fluidising 

treatment, with Hsp72 in particular moving from the inside of the cell to the 

membrane in response to BA, ethanol and bupivacaine

• By preventing the decrease in internal HSPs before combination treatment, the 

synergistic effect of cytotoxic agent and fluidiser is significantly reduced
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Chapter 6: Membrane Regulation of the HSP Response

6.1 Introduction

This chapter explores the localisation of the major Heat Shock Proteins, Hsp72, Hsp60, 

Hsp90 and Hsp27 following exposure to membrane fluidising treatments.

6.1.1 Membrane Fluidisation and HSP response

Membrane fluidisation by alcohol compounds and mild hyperthermia have previously 

been shown to induce gene expression of specific HSPs. The induction of these genes is 

proposed to be the result of signals from the plasma membrane denoting a change in 

fluidity and microdomain organisation (Vigh et al. 2007a, Torok et al. 2003) as opposed 

to the result of a protein unfolding or dénaturation signal (Balogh et al. 2005). Therefore, 

minor changes in ambient temperature may be enough to effect lipid raft structure, 

membrane fluidity and subsequently redistribution of possible stress-detecting proteins 

within the lipid rafts (Nagy et al. 2007). Based upon research showing association of 

certain HSPs with cholesterol-rich membrane micordomains (Triantafilou et al. 2002; 

Broquet et al. 2003), it is also proposed that stress signals originating from the cell 

membrane result in activation of specific HSP genes and movement of these newly 

synthesised HSPs to the membrane where they facilitate in stabilising the cell membrane 

(Vigh et al. 2007a). Stabilisation of the membrane may then itself be a negative feedback 

signal to turn off the heat shock response (Torok et al. 1997; Torok et al. 2001) (see 

Figure 6.1.1). The ‘membrane sensor model’ proposed by Vigh et al. (2007b) has further 

merit in that specific stressors often induce the expression of a specific set of HSPs rather 

than all HSPs, indicating that the membrane is able to detect different types of stress and 

adjust the response accordingly. If the induction of HSP genes does not require a protein 

unfolding or dénaturation signal, treatment of cells with sub-lethal doses of fluidisers 

should be sufficient to provoke a HSP response.
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Figure 6.1.1: Induction of an HSP Response via Alteration in Membrane Fluidity.

Figure is adapted from Vigh et al. (2007a). A change in membrane fluidity is detected at 

the membrane, activating a membrane signal which results in the transcription o f HSP 

genes. Newly synthesised HSPs then move to the membrane resulting in membrane 

stabilisation and re-established membrane-lipid order. This stabilisation effect may itself 

be a negative feedback regulator to turn off HSP transcription.

6.1.2 Aims

This chapter will investigate the localisation of Hsp72, Hsp60, Hsp90 and Hsp27 in Jurkat 

cells exposed to membrane fluidising treatments. Levels of these proteins both inside the 

cell and on the cell surface over the course of the treatment will be analysed. Furthermore, 

the release of Hsp72 from the cells into the supernatant and the induction of Hsp72 gene 

expression over time will also be investigated.
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6.2 Methods

6.2.1 Cell Culture
Jurkat E6.1 cells were cultured according to the methods described in section 2.2.2.

6.2.2. Drug Treatment
Cells were treated with the following membrane fluidising treatments according to the 

methods described in section 2.2.6:

• Benzyl Alcohol

• Ethanol

• Phenethyl Alcohol

• Bupivacaine

• Mild Hyperthermia

6.2.3 Surface and Intracellular Hsp27, Hsp60, Hsp72 and Hsp90 Analysis by Flow 
Cytometry
Surface and intracellular HSP analysis was performed according to the methods described 

in sections 2.2.3.4 and 2.2.3.5. Reverse time course experiments were performed so that 

all samples were processed for flow cytometry at the same time.

6.2.4 Hsp72 ELISA
Hsp72 ELISAs were performed on both Jurkat cell extracts and cell supernatant according 

to the methods described in section 2.2.5.
For cell extracts: The detector antibody (mouse monoclonal anti-Hsp72 raised against 

Bovine Hsp72 (H-9776 Sigma)) was diluted 1:5000 and the Anti-mouse IgG HRP- 

conjugate was diluted 1:8000.
For supernatant: The detector antibody was diluted 1:1000 and the Anti-mouse IgG HRP- 

conjugate was diluted 1:2500

6.2.5 Real-Time PCR
RT-PCR analysis of Hsp72 was performed on Jurkat cells at every hour of membrane 

fluidising treatment according to section 2.2.10.
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6.2.6 Statistical Analysis
Statistical analysis was performed using the one-way-ANO VA with Dunnet’s post-hoc 

tests: P values <0.05 were considered to be significant. * represents a p value < 0.05, ** 

represents a p value < 0.01 and *** represents a p value < 0.001.
Graphs representing relative values were constructed by c dculating a mean of the control 

values and dividing each individual treatment value by the mean of the control.
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6.3 Results

6.3.1 Time Course Analysis of HSP Localisation in Response to Fluidisers

Time course experiments were performed on Jurkat cells treated with membrane fluidisers 

to further explore their effects upon HSP localisation. The cells at a concentration of 

3xl05 cells/well were treated for one to four hours with sub-lethal doses of BA, ethanol, 

PhA, heat shock and bupivacaine and the levels of surface and intracellular Hsp72, 

Hsp60, Hsp90 and Hsp27 were analysed by flow cytometry.

In accordance with the results obtained in chapter 5, four hour treatments with BA, 

ethanol and bupivacaine resulted in a significant decrease in intracellular Hsp72 and a 

simultaneous increase in surface Hsp72 (Figure 6.3.1). However, the time course revealed 

that in the case of bupivacaine, this decrease in iHsp72 occurs as early as one hour into 

the treatment and remains low throughout the duration of the treatment. iHsp72 levels 

were shown to be significantly lower than control levels after two and three hours of 

ethanol and BA treatment respectively (Figure 6.3.1). PhA treatment was shown to result 

in a significant decrease in iHsp72 and concomitant decrease in sHsp72 at three hours of 

treatment, with localisation of this protein returning to control levels after four hours. 

Although heat shock treatment results an increase in iHsp72, the time course revealed a 

transient decrease in iHsp72 after a one hour heat shock without recovery at 37°C. A 

simultaneous increase in Hsp72 was observed at the cell surface. However, iHsp72 levels 

began to rise when a recovery period was introduced and a one hour heat shock with a 

three hour recovery resulted in a significant increase in iHsp72 when compared to control, 

while sHsp72 levels remained significantly higher than control levels (Figure 6.3.IE).

Analysis of Hsp60 localisation following treatment with BA and ethanol revealed a 

significant decrease in internal levels of this protein and a simultaneous increase at the 

cell surface after four hours (Figure 6.3.2). Ethanol treatment appeared to affect the levels 

of sHsp60 as early as two hours into the treatment. A change in Hsp60 localisation was 

also observed after treatment with PhA, albeit at an earlier stage of treatment. However, 

after four hours of treatment with PhA, levels of surface and intracellular Hsp60 had 

returned to control levels, supporting the results obtained in chapter 5. Interestingly,
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although treatment with bupivacaine resulted in a decrease in intracellular levels of 

Hsp60, surface Hsp60 levels were also significantly decreased in response to this fluidiser 

(Figure 6.3.2D). Similarly to the results observed for Hsp72, a one hour heat shock 

without recovery resulted in a significant decrease in iHsp60 with a concomitant increase 

in sHsp60. However, in contrast to Hsp72, levels of iHsp60 remained low and sHsp60 

remained elevated when a recovery period was introduced (Figure 6.3.2E).

The results from chapter 5 demonstrated that four hours of fluidiser treatment did not 

significantly affect the levels of internal Hsp90. However, analysis of Hsp90 localisation 

over time revealed a change in the levels of both intracellular and surface Hsp90 in 

response to several, but not all, fluidising treatments (Figure 6.3.3). Treatment with 

ethanol, PhA and bupivacaine resulted in a significant decrease in sHsp90 which is in 

stark contrast to the results obtained for Hsp72 and Hsp60. Levels of iHsp90 were 

unaffected throughout treatment with BA or PhA but were shown to decrease during 

treatment with ethanol and bupivacaine, before increasing to control levels (Figure 6.3.3). 

Similarly to iHsp60, iHsp90 levels remained lower than control throughout heat shock 

treatment but sHsp90 levels remained unchanged.

Hsp27 localisation was not affected by treatment with BA, while all other membrane 

fluidising treatments were shown to decrease levels of internal Hsp27. (Figure 6.3.4). 

Although after four hours of ethanol treatment, iHsp27 had returned to control values.

In contrast to the results observed for Hsp72 and Hsp60, levels of Hsp27 at the cell 

surface were shown to fall in response to ethanol, PhA and bupivacaine, but returned to 

control levels at the end of treatment (Figure 6.3.4).
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Chapter 6: Membrane Regulation o f the HSP Response

6.3.2 Hsp72 ELISA of Fluidiser-Treated Cell Extracts and Supernatant

As treatment of Jurkat cells with fluidising treatments appeared to result in movement of 

Hsp72 to the surface of the cell, it was hypothesised that Hsp72 may be released from the 

cell into the supernatant. Therefore the supernatant from fluidiser treated cells was 

analysed for the presence of Hsp72. A concentration of 3xl05 cells/well were treated with 

different concentrations of BA, ethanol, PhA, bupivacaine and heat shock for four hours. 

The supernatant was retained for Hsp72 quantification by ELISA, while protein from the 

cells was extracted and also kept for analysis by ELISA.

Analysis of Hsp72 in cell extracts confirmed the results obtained by flow cytometry. As 

expected, when the cells were treated with high concentrations of alcohol or bupivacaine, 

expression of Hsp72 significantly decreased (figure 6.3.5). Treatment of cells with the 

sub-lethal doses of ethanol (p<0.05) and PhA (P<0.01) also resulted in a significant 

decrease in Hsp72 (figures 6.3.5B and 6.3.5C). However, although levels of Hsp72 

appeared lower in cell extracts treated with BA and bupivacaine when compared to 

control, this difference was shown to be insignificant (figures 6.3.5A and 6.3.5D). Levels 

of Hsp72 were found to be significantly higher in heat-shocked cells when compared to 

control cells (Figure 6.3.5E).

To confirm that any change in Hsp72 concentration observed in supernatant from alcohol 

treated cells was not due to an interference of the ELISA by the alcohols themselves, an 

ELISA was performed on RPMI media spiked with 12.5ng/ml rHsp72 and treated with 

different concentrations of BA, ethanol and PhA. The detected absorbance was lower in 

the treated samples when compared to samples treated with rHsp72 only and therefore 

indicated that the alcohols may be interfering with binding between rHsp72 and its 

antibody (figure 6.3.6). However, when ELIS As were performed on supernatant from 

alcohol treated cells, the detected absorbance was significantly lower again, suggesting 

that BA, ethanol and PhA at specific concentrations are resulting in a decrease in release 

of Hsp72. Therefore, the ELISA data from the supernatant samples were corrected to 

allow for the interference caused by the alcohols alone.

A 5mM BA treatment did not significantly affect the release of Hsp72, while a 40mM BA 

treatment resulted in a significant decrease in release of Hsp72 (p<0.01). In contrast to
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BA, a sub-lethal dose of ethanol resulted in a significant decrease in release of Hsp72 

(p<0.01) (Figure 6.3.7). Treatment with 10% ethanol also resulted in a significant 

decrease in release of Hsp72, however this dose was not as effective as 1.25% ethanol at 

causing this effect. Treatment of cells with 2.5mM PhA resulted in a 2-fold decrease in 

release of Hsp72 when compared to control cells, while treatment with 40mM PhA 

resulted in a four-fold decrease in release. Release of Hsp72 was also inhibited by 

treatment with a sub-lethal dose of bupivacaine (Figure 6.3.7). However increasing the 

concentration of this anaesthetic to 2mg/ml prevented this inhibition of release. Treating 

cells with a two hour heat shock followed by a three hour recovery resulted in a 

significant increase in the release of Hsp72 when compared to control. In contrast, release 

of Hsp72 was unaffected by the sub-lethal heat shock treatment (Figure 6.3.7E).

The increase of Hsp72 at the cell surface following treatment with BA, ethanol and 

bupivacaine and the concomitant decrease within the cell would suggest release of this 

protein from the cell. However, data obtained from the ELISAs indicate that Hsp72 is 

remaining at the cell surface and is not being released from these treated cells.

6.3.3 Real-Time PCR Analysis of Fluidiser-Treated Cells

Hsp72 mRNA levels were analysed in fluidiser-treated Jurkat cells. Sub-lethal treatments 

of BA, ethanol and heat shock were shown to induce Hsp72 gene expression after just one 

hour of treatment, while significant differences in Hsp72 gene expression were observed 

after two hours of PhA and bupivacaine treatment (Figure 6.3.8). A one hour heat shock 

followed by a one hour recovery period resulted in the largest induction of Hsp72 gene 

expression with a 6-fold increase in Hsp72 mRNA levels. BA appeared more potent than 

ethanol, PhA and bupivacaine in inducing Hsp72 gene expression, displaying a four-fold 

increase in mRNA levels after four hours, compared to a three-fold increase after ethanol, 

PhA or bupivacaine.
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Chapter 6: Membrane Regulation o f the HSP Response

F ig u r e  6 .3 .6 :  E f f e c t  o f  a lc o h o ls  o n  H s p 7 2  d e te c tio n  b y  E L IS A .
Hsp72 analysis in RPMI media treated with 12.5ng/ml rPIsp72 and different 
concentrations o f BA, PhA and ethanol. Statistical analysis was performed using the one
way ANOVA with Dunnet’s post hoc test and significant differences from the control 
group are indicated. ** represents a p  value < 0.01
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Chapter 6: Membrane Regulation o f the HSP Response

6.4 Discussion

The induction of an HSP response was, at one time, thought to be stimulated by protein 

un-folding signals. However, an emerging theory is that the induction of HSP genes 

results from signals originating from the plasma membrane which denote a change in 

fluidity and microdomain organisation (Vigh et al. 2007a; Vigh et al. 2007b, Torok et al. 

2003; Horvath et al. 1998). The results obtained in chapter 5 would certainly support this 

theory, as after four hour treatments with sub-lethal doses of certain fluidising agents, and 

therefore an absence of proteotoxicity, a change in intracellular and surface HSP 

localisation was observed.

Time course analysis, monitoring both intracellular and surface Hsp72 after fluidising 

treatments, showed a transient decrease in iHsp72, with a concomitant increase in this 

HSP at the cell surface. Surprisingly, even a heat shock treatment resulted in a temporary 

decrease in iHsp72 which began to increase with the introduction of a recovery period at 

37°C. The localisation of Hsp60 was also seen to be affected by certain membrane 

fluidising treatments with heat shock treatment in particular causing a sustained decrease 

in iHsp60 with a simultaneous increase in sHsp60. The apparent movement of Hsp72 and 

Hsp60 from the inside of the cell to the surface coupled with the reduction of Hsp72 

release would suggest that these HSPs have remained at the cell membrane and may be 

acting to stabilise the membrane in advance of the production of newly-synthesised HSP. 

This would further support the work of Vigh et al. (2007a) who propose that stressing the 

cell modifies the physical state of the membrane which may be sensed by stress-sensing 

proteins and results in the induction of HSP gene expression. It is proposed that these 

newly-synthesised HSPs then move to the cell membrane where they may act to stabilise 

the membrane which may itself be a negative feedback switch to prevent further HSP 

production. The results shown in this chapter indicate that simultaneous to the induction 

of HSP gene expression, pre-existing HSPs also move to the cell membrane, perhaps in an 

attempt to provide rapid stabilisation of the membrane before new protein is produced.

RT-PCR analysis of Hsp72 following sub-lethal membrane fluidising treatment revealed 

an increase in Hsp72 mRNA with all treatments (Figure 6.3.8) albeit at slightly different 

times. However, analysis of Hsp72 protein levels by flow cytometry demonstrated that, in 

some cases, Hsp72 localisation was not significantly affected until at least three hours into
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Chapter 6: Membrane Regulation o f the HSP Response

the treatment, suggesting that the increase in gene expression may not be linked to the 

change in localisation of this protein. Nevertheless, it could be that ‘stress-sensing 

proteins’ at the membrane have detected a change in the lipid dynamics resulting in 

translocation of HSF1 to the nucleus and a consequent increase in Hsp72 mRNA. 

Following this change in lipid dynamics, pre-existing Hsp72 (and Hsp60) has begun to 

move towards the membrane to assist with stabilisation and in some cases this change in 

localisation has only been sufficiently large to detect after several hours.

However this explanation may have over-simplified the data as it does not account for the 

fact that different fluidisers appear to effect HSP localisation at different times but yet all 

have the same effect in increasing the cytotoxic effects of chemotherapeutic agents. The 

degree of membrane fluidisation caused by alcohols and anaesthetics has been proposed 

to be determined by the length of the carbon chain or its hydrophobic property 

respectively (Goldstein, 1984; Mizogami et al. 2002) and this could also account for the 

differences in the time course of HSP localisation.

It is also important to note that sHsp90 and sHsp27 did not behave in accordance with 

results obtained for sHsp72 and sHsp60 and appeared to decrease in response to certain 

membrane fluidisation treatments. However it could be that Hsp72 is the key HSP 

required for membrane stabilisation and is also the pivotal HSP induced following 

membrane-lipid perturbation. Work by Nagy et al. (2007) showed that treatment of a 

murine melanoma cell line with BA induced a distinct subset of HSPs which differed 

from the response generated by treatment with heat shock, indicating that disturbance of 

membrane fluidity may result in induction of specific HSPs which may be critical for the 

stabilisation of the cell membrane.

Further work involving the analysis of Hsp60, Hsp90 and Hsp27 mRNA expression 

following disturbances in membrane fluidity is required in order to fully understand the 

mechanisms involved in membrane regulation of the HSP response.
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6.5 Summary

• Membrane fluidising treatments can modify the cellular location of HSPs, with 

some treatments causing a transient movement of intracellular HSPs from the 

inside of the cell to the membrane

• Release of Hsp72 is inhibited by treatment with membrane fluidising treatments 

suggesting a membrane stabilising role for these proteins

• Sub-lethal doses of membrane fluidising treatments that do not cause protein 

denaturation result in gene expression of Hsp72 supporting the theory that 

membrane perturbation alone is sufficient to induce an HSP response.
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Chapter 7: Discussion and Conclusion

HSPs have been shown to be over-expressed in a large number of cancer types and it 

is now a well-accepted concept that HSPs have a major role in the modulation of 

apoptosis. Therefore, establishing an association between the over-expression of these 

proteins and clinical parameters such as disease stage and prognosis has been the 

basis of many studies in order to assess HSPs as a biomarker of disease progression 

(Thomas et al. 2005; Chuma et al. 2003; Vargas-Roig et al. 1998; Santarosa et al. 

1997; Ciocca et al. 1993) (Table 7.1.1).

T a b le  7 .1 .1 :  A s s o c ia t io n  o f H S P  o v e r -e x p r e s s io n  w ith  tu m o u r  g r a d e  a n d  p r o g n o s is

(Adaptedfrom Jaattela, (1999) and Ciocca & Calderwood, (2005))

Hsp72 Hsp27 Hsp90
Prognosis Tumour

Grade

Prognosis Tumour

Grade

Prognosis Tumour

Grade

Breast Poor High Variable Low n/d High

Endometrial Poor High n/d Low Good n/d

Kidney Good High n/d Variable n/d n/d

Leukaemia Poor High Poor High Poor High

Lung n/d High n/d n/d n/d n/d

Osteosarcoma Good High Poor High Variable n/d

Ovary n/d High Poor High n/d High

By focusing on leukocytes from peripheral blood, this thesis aimed to determine if the 

localisation of HSPs in both lymphocytic and myeloid malignancies had any 

prognostic significance.

7.1 HSP Localisation in Haematological Malignancies

At present, there is a distinct lack of published research analysing the expression of 

HSPs in haematological malignancies and exploring the association of these HPSs 

with prognosis. In the case of CLL, this could be due to the chronic nature of the 

disease requiring lengthy case studies. Of the three haematological malignancies 

investigated in this thesis, AML appears to be the most studied in terms of HSP
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expression (Thomas et al. 2005; Steiner et al. 2006; Chant et al. 1996; Hantschel et 

al. 2000).

7.1.1 HSPs and Apoptosis in Haematological Malignancies

Based on the fact that HSPs interfere with many of the key proteins involved in 

apoptosis, one of the first aims of this thesis was to determine if the expression of 

HSPs in haematological malignancies was related to the degree of apoptosis occurring 

ex-vivo. This was achieved by analysing the levels of HSPs and active caspase-3 in 

patients suffering from CLL, AML and MDS and comparing them to the levels 

displayed by control subjects. As anticipated, levels of caspase-3 in total lymphocytes 

was lower in CLL patients than in control subjects, owing to the fact that CLL arises 

from a reduced ability of B-cells to commit to apoptosis (Figure 3.3.1). Interestingly, 

the levels of iHsp90 and iHsp27 were found to be significantly higher in CLL patients 

when compared to controls (Figures 3.3.15 and 3.3.17), providing the first piece of 

evidence that over-expression of HSPs may endow the tumour cells with resistance to 

apoptosis. Furthermore, when the expression of iHsp27 in total lymphocytes from 

CLL patients was compared to the level of active caspase-3, it was found that a 

negative correlation existed between the two proteins (Figure 3.3.19); patients 

expressing high levels of iHsp27 were displaying low levels of active caspase-3, 

indicating an increased resistance to apoptosis in the high iHsp27-expressing patients. 

However, despite this finding, no correlation was found between the expression of 

iHsp72 or iHsp90 and levels of active caspase-3.

Levels of active caspase-3 were also analysed in peripheral blood leukocytes from 

AML and MDS patients and were found to be significantly lower in monocytes from 

these patients than from control subjects. Statistically, the difference between levels in 

AML and control subjects was greater than between MDS and control subjects. 

However, MDS is often a precursor to AML and so this could explain why patients 

with AML display lower levels of this apoptotic marker than MDS patients.

Both AML and MDS may arise from abnormalities in either the monocyte or 

neutrophil lineage, yet surprisingly, levels of active caspase-3 in neutrophils from 

AML patients, MDS patients and control subjects were not significantly different. It 

could be that as cells of the neutrophil lineage have a much shorter lifespan compared
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to monocytes, a large number of transformed neutrophils may have died in the bone 

marrow and therefore the CD 15+ cells in the peripheral blood are non-transformed 

neutrophils as opposed to AML/MDS cells. Consequently these cells are displaying 

casapse-3 levels similar to control values. In contrast to the results observed for CLL, 

no associations between levels of caspase-3 and any >f the HSPs analysed were 

discovered in neutrophils, monocytes or lymphocytes.

Expression of Hsp72 on the surface of cells has previously been shown to be a target 

for NK cells and y5T-cells (Baretto et al. 2003; Radons & Multhoff, 2005) and 

induced expression of sHsp72 in tumour cells has been shown to increase 

immunogenicity (Chen et al. 2002a; Multhoff et al. 1999). With this in mind, it could 

be hypothesised that high levels of sHsp72 in ex-vivo CLL cells or leukocytes from 

AML/MDS patients may correlate with high levels of active caspase-3. However, no 

such associations were found.

Although this study is unique in comparing the levels of HSPs with the degree of 

apoptosis in ex-vivo CLL cells, a study by Chant et al. (1996) showed that expression 

of Hsp72 in AML cells correlated positively with susceptibility to apoptosis; cells 

with high levels of Hsp72 were more susceptible to apoptosis via growth factor 

starvation. However, these findings may not reflect the levels of active caspase-3 prior 

to growth factor starvation. In support of the data presented here on CLL, a large body 

of research shows that depletion of HSPs, in particular Hsp72 and Hsp90, results in 

apoptosis of many different cancer cell types including ALL cells (Guo et al. 2005; 

Nylandsted et al. 2000; Zhao & Shen, 2005), suggesting that these proteins are 

essential for cell survival.

7.1.2 Hsp27 and Hsp90 in Haematological Malignancies

The increased expression of intracellular Hsp27 and Hsp90 observed here in CLL 

patients compared to control subjects supports the work of many other studies 

analysing these proteins in cancers of the breast, liver, prostate and larynx and acute 

leukaemia (Vargas-Roig et al. 1997; Comford et al. 2000; Lee et al. 2007; Romani et 

al. 2007; McCarthy et al, 2008; Yufu et al. 1992). Furthermore, similarly to the 

observations made by McCarthy et al. (2008) in melanomas, iHsp90 was shown to be
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related to stage of disease as patients in Binet stage A were found to express higher 

levels than those in Binet stages B and C.

In contrast to CLL, when iHsp27 and iHsp90 were analysed in leukocytes from AML 

and MDS patients, levels of these proteins were similar to the levels seen in control 

subjects. This is contradictory to the results observed by Yufu et al. (1992) who 

reported that Hsp90 levels were significantly higher in acute leukaemia cells (ALL 

and AML) than levels in mononuclear cells from control subjects. However, the study 

by Yufu et al. (1992) only saw the inclusion of 10 acute leukaemia patients (6 AML 

and 4 ALL) and 4 healthy controls and also pooled results from both peripheral blood 

and bone marrow so basing solid conclusions on samples of this size proves difficult. 

Although expression of Hsp27 and Hsp90 has previously been shown to be of 

prognostic value in AML and MDS (Thomas et al. 2005; Duval et al. 2006), these 

studies did not compare levels of these proteins in AML/MDS with healthy controls 

and also showed a very large range of Hsp90 and Hsp27 within AML/MDS patient 

groups.

7.1.3 Localisation of Hsp72 in Haematological Malignancies

Based upon the fact that Hsp72 is a key HSP involved in the modulation of apoptosis, 

it could be assumed that an elevated level of this protein may be found in CLL 

patients compared to control subjects. However, it was discovered that CLL patients 

could be divided into two groups based upon their expression of iHsp72 on 

CD5+/CD19+ cells; the high expressing group of patients was found to express levels 

over 1000-fold higher than patients in the low expressing group. Furthermore, there 

was found to be a significant difference between iHsp72 levels in the high expressing 

group and levels seen in CD5-/CD19+ cells from the same CLL patients. 

Additionally, Hsp72 levels in lymphocytes from control subjects were also found to 

be significantly lower than levels in the high expressing group of patients (Figure 

3.3.5). This same pattern was also observed for surface expression of Hsp72 (although 

less pronounced), yet, no correlation was found between levels of iHsp72 and sHsp72 

in these patients. Unlike iHsp90, which showed variation in expression between Binet 

stages, neither sHsp72 nor iHsp72 expression was found to be associated with disease 

stage.
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In AML and MDS patients, mean levels of sHsp72 and iHsp72 were found to be 

similar to levels in control subjects. However, both AML and MDS patients showed 

very large variability in sHsp72 expression (Figure 4.3.5), an observation not made in 

control subjects. These findings support the work of Steiner et al. (2006), who also 

found large variability in sHsp72 expression on AML cells from bone marrow 

samples. However, this group also showed that patients with active disease had higher 

levels of sHsp72 than patients in CR. In contrast to the work presented by Multhoff et 

al. (1999) who propose that surface expression of Hsp72 is a target for immune 

recognition and therefore beneficial for the patient, the results published by Steiner et 

al. (2006) may suggest that, in the case of AML, sHsp72 is detrimental for the patient.

In AML patients, the level of sHsp72 was found to correlate in neutrophils, 

monocytes and lymphocytes (Figures 4.3.7 and 4.3.8). This was not the case in MDS 

and control subjects. Since this study is the only one of its kind in investigating 

surface embedded Hsp72 in leukocytes from peripheral blood of AML/MDS patients, 

there is nothing in the literature to verify this data. It could be hypothesised that, in 

AML patients, a component exists in the serum, perhaps released from the malignant 

cells, that is inducing expression of sHsp72 on other cell types.

Dividing CLL patients according to whether the disease was stable (not requiring 

treatment) or progressive (requiring treatment) and examining the expression of 

iHsp72 revealed that expression of this protein was higher in patients with stable 

disease. This is surprising as it is expected that levels of this protein would increase as 

the disease became more aggressive. However, on reflection, high levels of this 

protein in the early stages of the disease may provide the cells with the selective 

advantage they require to overcome any attempt by the immune system to eradicate 

these cells. As the disease progresses and the cells proliferate uncontrollably, high 

iHsp72 levels may no longer be required for the cells to survive. The high iHsp90 

levels observed in CLL patients in Binet stage A and their decline as the disease 

progresses may also be explained by this hypothesis.
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7.1.4 Extracellular Hsp72 in Haematological Malignancies

In addition to surface-bound Hsp72, extracellular Hsp72 has also been shown to 

possess immuno-stimulatory properties (Radons & Multhoff, 2005). Based on these 

observations, it would not be remarkable to discover differences in levels of serum- 

Hsp72 between stages of disease. However, when patients were grouped according to 

disease and analysed for the presence of extracellular Hsp72, leukaemic patients 

appeared to express similar levels of Hsp72 in serum to control subjects (Figures 3.3. 

12 and 4.3.8). Furthermore, no significant difference in Hsp72 levels between patients 

classed into different Binet stages was observed, and no significant difference was 

seen in serum-Hsp72 levels between MDS patients and the more severe AML. 

However, it was clear that CLL, AML and MDS patients showed a very wide range of 

Hsp72 in serum, an observation not made in control subjects or CR patients. When 

treatment regimes for CLL patients were analysed, it became apparent that patients 

receiving corticosteroid treatment had very small, near undetectable, amounts of 

Hsp72 present in serum. Additionally, by analysing serum Hsp72 over time in patients 

receiving corticosteroids it was clear that on commencement of treatment a dramatic 

decrease in release of Hsp72 occurred which was seen to remain low throughout the 

treatment period (Figure 3.3.14). Members of the Hsp70 (and Hsp90) family have 

previously been shown to influence GR assembly and activity (Grad & Picard, 2007) 

and so changes in the cellular location of Hsp72 in response to steroid treatment may 

not be unexpected. Inhibition of release of Hsp72 by corticosteroids may suggest an 

increase in internal Hsp72 levels that are required to inhibit steroid induced-cell death 

or could also suggest an inhibition of Hsp72 gene expression. Treatment of Jurkat 

cells with dexomethasone has previously been shown to inhibit the release of Hsp72 

(Davies, 2004). Analysis of treatment regimes in AML and MDS patients did not 

highlight any significant associations with release of Hsp72, although many MDS 

patients do not receive conventional chemotherapy as a treatment option.

ZAP-70 expression in CLL cells has previously been shown to be a predictor of poor 

prognosis (Orchard et al. 2004; Crespo et al. 2003; Chen et al. 2002b). Additionally, 

ZAP-70 has been found to be a client protein of Hsp90 (Castro et al. 2005). 

Therefore, another aim of this thesis was to determine if a relationship existed 

between the levels of ZAP-70 and Hsp90. Grouping CLL patients according to ZAP-
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70 expression and analysing the level of iHsp90 found no significant difference 

between the two groups. However, the small number of patients considered negative 

for expression of ZAP-70 made it difficult to draw solid conclusions.

As a final objective for this section of the study, it was hypothesised that an 

association may exist between the expression of HSPs and the presence of Tregs in 

CLL patients. This idea was based upon data showing an increase in Tregs in a 

number of cancers (Ohara et al. 2009; Bohling et al. 2008) including CLL (Beyer et 

al. 2005) coupled with data published by Zanin-Zhorov et al. (2006), showing 

stimulation of Tregs by Hsp60. However, although Treg frequencies were 

significantly higher in CLL cells when compared to controls, no association between 

numbers of circulating Tregs and any of the HSPs analysed was found.

7.2 Synergistic Action of Chemotherapeutic Agents and Membrane Fluidisers: 
Dependence upon HSP Localisation?

It has previously been shown, both in-vivo and in-vitro, that the combined use of 

chemotherapeutic agents and mild hyperthermia on tumour cells provides an apparent 

improvement in treatment effectiveness compared with the use of these drugs in 

isolation (Urano & Kim, 1983; Lindegaard et al. 1992; Robins et al. 1993; 

Westermann et al. 2001; Ohtsuboa et al. 2000). This finding led to the introduction of 

thermochemotherapy as a treatment regime for solid tumours. The stimulation of 

drug-induced cell death by heat treatment may be due to the resultant cell membrane 

fluidisation, allowing more efficient delivery of the drug. Nevertheless, clinical trials 

of thermochemotherapy have become increasingly uncommon due to the development 

of thermotolerance and hence resistance to the treatment. Indeed, some in-vitro 

studies have shown inhibition of drug-induced cell death by hyperthermia (Jaattela et 

al. 1992; Mehlen et al. 1995). Other studies have shown that subjecting cells to anti

cancer agents before a period of hyperthermia is more effective than subjecting them 

to hyperthermia before anti-cancer treatment (Dubois et al. 1989; Robins et al. 1995; 

Jaattela et al. 1992; Mehlen et al. 1995; Tran et al. 2003; Ozoren & El-Deiry, 2002; 

Moulin & Arrigo, 2006). Applying hyperthermia and cytotoxic agent simultaneously 

was shown to be the most effective method (Roigas et al. 1998). It is proposed that
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the inhibition of cytotoxicity by hyperthermia observed in some studies may be due to 

the increase in intracellular Hsp72.

The results presented in this thesis show that combining sub-lethal doses of TRAIL, 

Dox, Cyclo or Lovastatin with a sub-lethal treatment of mild hyperthermia results in 

significant cytotoxicity of both Jurkat cells and primary CLL cells (Figures 5.3.13, 

5.3.14, 5.3.15, 5.3.16, 5.3.21, 5.3.22, 5.3.23). Time course experiments analysing the 

localisation of Hsp72 in heat shock-treated cells revealed that levels of internal Hsp72 

decrease in the early stages of treatment, before beginning to increase above control 

levels by the end of the recovery period (Figure 6.1.3E). It would appear that this 

transient decrease in Hsp72 during combination treatment allows the drug to exert its 

effects without being hampered by the anti-apoptotic properties of this protein. 

Indeed, treating Jurkat cells with Dox at the end of heat-shock treatment did not result 

in significant cell death (Figure 5.3.27). This indicates that the high levels of iHsp72 

present following heat shock treatment (Figures 5.3.24A and 6.1.3E) prevent Dox 

from inducing cell death.

In addition to heat shock, the aliphatic alcohols BA, ethanol and PhA (Moulin et al. 

2007a; Nagy et al. 2007; Balogh et al. 2005) and the local anaesthetic bupivacaine 

(Mizogami et al. 2002) have all been shown to effect membrane fluidity. Combining 

sub-lethal doses of these fluidising agents with TRAIL, Dox and Cyclo to treat Jurkats 

(Figures 5.3.14, 5.3.15, 5.3.16) and Primary CLL cells (Figures 5.3.21, 5.3.22, 5.3.23) 

resulted in significant cell death.

When the localisation of Hsp72 was analysed over time in BA-, ethanol-, PhA- and 

bupivacaine-treated cells, a transient decrease in iHsp72 levels was observed 

following all treatments, albeit at different time points. These results reflect those seen 

following heat shock treatment and provide further support for the theory that by 

temporarily decreasing the levels of iHsp72, fluidising agents allow the drugs to work 

more effectively.

sHsp72 levels increased during treatment with all fluidising treatments, again showing 

a different time course depending on treatment. This supports the “membrane sensor 

model” theory proposed by Vigh et al. (2007a), suggesting that HSPs move to the
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membrane following changes in membrane fluidity in order to stabilise the membrane 

and re-establish membrane-lipid order. Furthermore, ELISA analysis of Jurkat cell 

supernatant showed a decrease in Hsp72 release following treatment with fluidisers 

(Figure 6.3.7) suggesting that Hsp72 is remaining at the membrane to provide this 

stabilisation. However, Vigh et al. (2007a) suggest that it is newly-synthesised HSPs 

that provide this membrane stabilisation, while the time courses presented in this 

thesis suggest that it is pre-existing HSPs that are presented at the cell surface. Time 

course analysis of Hsp72 mRNA levels showed that all fluidising treatments induce 

Hsp72 gene expression (Figure 6.3.8). However, Hsp72 mRNA levels following PhA 

treatment are not significantly increased until two hours into treatment, and yet, a 

significant increase in this protein at the cell surface was observed after just one hour 

of treatment (Figure 6.3.1).

Time course analysis of Hsp60 localisation also showed a decrease in intracellular 

levels of this protein with a concomitant increase at the cell surface following 

treatment with several fluidisers (Figure 6.3.2). In contrast to these results, sHsp90 

and sHsp27 were seen to decrease in response to several fluidisers, yet intracellular 

levels of Hsp90 and Hsp27 were also shown to decrease significantly. However, as 

mentioned previously, it could be that membrane fluidisation induces changes in the 

localisation of a distinct subset of HSPs, a theory that in part is supported by the work 

of Nagy et al. (2007) who showed that different HSPs were induced in response to 

BA and heat shock treatment.

The work presented here indicates that the synergistic action of membrane fluidisers 

and chemotherapeutic agents seen in both Jurkat cells and primary CLL cells is due 

not only to enhanced delivery of the cytotoxic agent, but also to the transient decrease 

in intracellular HSPs, particularly Hsp72. Indeed, treatment with methyl-P- 

cyclodextrin, a lipid raft-disrupting agent, partially inhibits the decrease in iHsp72 and 

was shown to diminish the synergistic action of Dox and ethanol (Figure 5.3.28). 

Moreover, heat shock pre-treatment, resulting in an increase in iHsp72, was also 

shown to reduce the Dox and ethanol-induced cell death (Figure 5.3.26).
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7.3 Implications of the results

There are several implications of the work presented in this thesis. Firstly, it would 

appear that the localisation of HSPs in cancer cells is critical in determining 

sensitivity to many treatment regimes. Although, numer us studies have shown the 

over-expression of various HSPs in cancer and have associated their presence with 

chemoresistance, the work presented here indicates that if the HSPs can be moved to 

the cell surface during the early stages of the treatment, this can allow the cytotoxic 

agent to work more effectively and therefore chemoresistance can be overcome. It is 

interesting that both the movement of these HSPs and the induction of HSP gene 

expression occurred in the absence of apoptosis or a reduction in cell viability, 

measured by a number of different methods. This suggests that protein denaturation is 

unlikely to be the switch to induce HSP gene expression and indicates that the signal 

may come from the membrane itself following changes in fluidity. Interestingly, cell 

membrane lipids are altered in cells from cancer patients, particularly, in those cells 

that display resistance to chemotherapy (Escriba, 2006). Therefore, in the cancer 

setting, in which abrogated HSP expression and membrane-lipid deregulation occur 

concurrently, a mutual signalling cascade may exist that is controlled by membrane 

components and ultimately affects HSP expression. Therefore, understanding the 

importance of the cell membrane in both cell signalling and cell protection, and the 

importance of HSPs in membrane re-stabilisation is critical if membrane fluidisers are 

to become incorporated into main-stream treatment regimes.

Levels of Hsp27, Hsp72 and Hsp90 were found to be similar in the peripheral blood 

leukocytes of AML, MDS, CR patients and control subjects, despite findings from 

other groups showing lower HSP levels in bone marrow from CR patients compared 

to patients with active disease. This suggests that studies into myeloid malignancies 

should remain focused on bone marrow samples in order to better understand the 

relationship between changes in HSP expression and the progression of these 

diseases.

Finally, the finding that, in CLL, iHsp90 but not iHsp72 or iHsp27, is correlated with 

disease stage and that iHsp27 but not iHsp90 nor iHsp72 correlates with the level of
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active caspase-3, suggests that HSPs have a dynamic relationship in the development 

of CLL and this relationship may also exist in the development of solid tumours.

7.4 Future Work

The work presented in this thesis focused on HSP localisation in haematological 

malignancies and involved the analysis of peripheral blood samples from patients at 

all stages of these diseases. It would be interesting to begin a new study focusing on 

patients newly diagnosed with these malignancies, who have not received any 

treatment, in order to establish a relationship between HSP expression and patient 

survival statistics such as overall survival and treatment-free survival. AML & MDS 

research should also involve the use of several stem cell markers, as described in 

section 4.4, as opposed to a single marker in order to allow clearer identification of 

abnormal cells within the sample.

CLL patients in this study were shown to be divided into two groups based upon their 

expression on iHsp72 and sHsp72. It would be interesting to investigate whether cells 

from high expressing patients and cells from low expressing patients respond 

differently to heat shock treatment at apoptotic- and necrotic-inducing temperatures, 

further enhancing the body of data implicating Hsp72 in the modulation of apoptosis. 

Levels of Hsp72 in serum were shown to be lower in patients receiving steroid 

treatment. Further work would involve in-vitro treatment of CD5+/CD19+ cells from 

CLL patients that have not received steroid treatment with methlyprednisolone to 

determine if corticosteroids can inhibit Hsp72 release.

In terms of the membrane regulation of HSP responses, this thesis investigated the 

effect of non-proteotoxic levels of membrane fluidisers on the localisation of HSPs 

and the induction of Hsp72 gene expression. Further work should include 

investigations into Hsp27, Hsp60 and Hsp90 gene expression following membrane 

fluidisation. Work should also focus on exploring the relationship between HSP 

movement and gene expression to determine if it is this decrease in intracellular levels 

of HSP, following membrane fluidisation, that is itself the switch to activate gene 

expression.
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7.5 Conclusion

Analysis of HSP localisation and levels of apoptosis in haematological malignancies 

revealed differences between CLL, AML and MDS patients. An aberrant expression 

of Hsp27, Hsp90 and Hsp72 was found in CLL patients compared to control subjects, 

while in AML and MDS, HSP levels were found to be similar to control values.

In CLL, iHsp90, but not iHsp27 or Hsp72, was found to be associated with Binet 

stage with patients in Binet stage A displaying higher levels of this protein than those 

patients in Binet stage C. Furthermore, iHsp27, but not iHsp90 or Hsp72, was found 

to negatively correlate with levels of the apoptosis marker caspase-3, indicating an 

anti-apoptotic role.
Analysis of extracellular Hsp72 in CLL patients showed significantly lower levels of 

this protein in patients receiving corticosteroid treatment. Furthermore, analysis of 

Hsp72 in serum over time in these corticosteroid-treated patients revealed a dramatic 

reduction of this protein on commencement of the treatment. However, analysis of 

extracellular Hsp72 in AML and MDS patients showed very large variation among 

patients and could not be correlated with treatment regime. Interestingly, no 

correlation between any of the HSPs was found in CLL, AML or MDS patients. 

Additionally, there was no correlation between surface or intracellular data sets. 

Although a significant increase in the number of Tregs was observed in CLL patients, 

there was also no association with HSP levels. Taken together these data suggest that 

Hsp27, Hsp72 and Hsp90 have a dynamic relationship in the progression of CLL, 

AML and MDS.

Jurkat cells and primary CLL cells were shown to be sensitive to a combined 

treatment of sub-lethal doses of membrane fluidising agent and chemotherapeutic 

drug. This synergistic effect was shown using a number of different membrane 

fluidisers and drugs, indicating that the effect is not drug-specific. Membrane 

fluidising treatments were shown to modify the cellular location of HSPs, resulting in 

a transient decrease in intracellular levels of these proteins during treatment. This 

suggests that in addition to allowing more efficient delivery of the drug, fluidisers 

allow the cytotoxic agent to act without being hindered by the anti-apoptotic action of 

the HSPs. Indeed, pre-treatment with heat shock to elevate the HSP levels resulted in 

inhibition of this synergistic action between fluidiser and drug. Analysis of Hsp72 in
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supernatant by ELISA revealed a decrease in release of this protein following 

treatment suggesting that the HSPs remain at the cell membrane possibly increasing 

membrane stabilisation. Gene expression analysis of Hsp72 revealed a significant 

increase following treatment with all fluidising agents and this was in the absence of 

proteotoxicity, supporting existing data that suggests a role of the cell membrane in 

the regulation of HSP responses.
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