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Thesis Abstract

Anti-tumour immune responses are a balance between host immunosurveillance and 

immune escape mechanisms developed by the tumour. In this thesis, I have attempted to 

explore the nature of this balance in two cancer types, which are potentially susceptible 

to immune attack, in order to develop immunotherapeutic strategies for the treatment of 

these disorders.

Alveolar rhabdomyosarcoma (ARMS) is an aggressive paediatric solid tumour 

associated with the translocation t(2;13)(q35;ql4). The resultant PAX3-FKHR fusion 

protein is a desirable target antigen for directed anti-tumour immunotherapy. We have 

explored the use of dendritic cells (DCs) loaded with PAX3-FKHR antigen as a cellular 

vaccine for the treatment of ARMS patients. We developed a murine ARMS model by 

stably transfecting a mouse rhabdomyosarcoma cell line (76-9) with PAX3-FKHR 

cDNA (clones called C23 and C24). We found that immunisation with C23 tumour 

lysate-pulsed DCs or non-pulsed DCs protected C57BL/6 mice from a subsequent C23 

tumour challenge. The small tumours that did form in DC-inununised mice were shown 

to contain large numbers of infiltrating CD8^ and CD4^ T lymphocytes. However, 

ELISpot assays revealed that the DC vaccines were unable to initiate PAX3-FKHR- 

specific immune responses. We identified one peptide, derived from the N-terminal 

PAX3 portion of PAX3-FKHR, that binds with intermediate affinity to human 

leukocyte antigen (HLA)-A*0201, and could be loaded onto DCs as an alternative 

immunotherapeutic approach. In another project, we attempted to identify the target 

genes of PAX3-FKHR by comparing the global mRNA profile of C23 and C24 cells 

with empty vector transfected 76-9 cells, using oligonucleotide microarray expression 

profiling. We found that PAX3-FKHR up-regulated 31 genes and down-regulated 69 

genes, by more than 2 fold. Interestingly, a large proportion of the genes repressed by 

PAX3-FKHR are known to be stimulated by interferon (IFN)-y (21 out of the 44 genes 

with known function), including the major histocompatability complex (MHC) class I 

genes H2-K and H2-D1, and plasminogen activator inhibitor-1. Results from flow 

cytometric and Western blot analyses suggest that PAX3-FKHR exerts some of its 

effect on the ARMS phenotype, including the down-regulation of MHC class I which 

might act as an immune escape mechanism, by negatively interfering with IFN-y 

signalling.



In a separate study using patient blood samples, we assessed the feasibility of 

developing an immunotherapeutic strategy for the treatment of juvenile 

myelomonocytic leukaemia (JMML). Using granulocyte macrophage-colony 

stimulating factor and interleukin-4, we successfully differentiated JMML cells in vitro 

into immunostimulatory DCs. A cytotoxicity assay revealed that the leukaemic DCs 

were able to activate allogeneic T lymphocytes that specifically lysed leukaemic targets. 

Our novel findings suggest that JMML-derived DCs could be used for the in vivo or ex 

vivo generation of anti-leukaemia immune responses.

Our findings suggest that DC-based immunotherapeutic approaches can be used to 

manipulate the balance between host immunosurveillance and tumour immune escape, 

resulting in effective anti-tumour immunity.
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1. History of cancer immunotherapy;

The development of vaccines is arguably the most successful contribution of the field of 

immunology to improving human health. Preventative vaccines have eradicated small 

pox, and have been used to protect countless people from infectious diseases such as 

polio, tetanus, and measles. However, in spite of two centuries of vaccine development, 

immunotherapy of cancer is yet to be of widespread clinical use.

The first recognised form of cancer vaccination was carried out in 1893 by the 

American surgeon William Coley. Coley extracted soluble toxins from Streptococcus 

and Serratia, and used the toxins (‘Coley’s toxins’ as they became known) to treat more 

than 800 cancer patients between 1893 and 1936. Approximately half of the patients 

showed a beneficial clinical response, however the results have proven to be non- 

reproducible (Starnes, 1992).

Burnett (1967) postulated that lymphocytes continually patrol around the body and 

eliminate malignant cells, presumably via recognition of tumour-associated antigens. 

Burnett coined the phrase ‘immunosurveillance’ to describe this phenomenon. One of 

the first experiments to demonstrate the existence of tumour-associated antigens was 

performed by Foley (1953), who found that immunisation of mice with a syngeneic 

methylcholanthrene-induced sarcoma provided protection against a subsequent 

challenge with the same sarcoma.

The concept of immunosurveillance has been a contentious issue for immunologists 

throughout the last 35 years. There are several lines of evidence supporting Burnett’s 

immunosurveillance hypothesis. Firstly, several immunodeficient mouse strains (such 

as RAG % STATT % IFN-y'  ̂) have a higher incidence of carcinogen-induced tumours 

than syngeneic wild type mice (Kaplan et al, 1998; Shankaran et al, 2001). Secondly, 

Fenton and Longo (1995) demonstrated that tumour cells are genetically very unstable, 

creating numerous novel tumour-defined antigens that can potentially be recognised by 

the host immune system. Finally, the critical role of dendritic cells (DCs) at initiating 

anti-tumour immune responses has become better understood. Preliminary clinical trials 

have demonstrated that tumour antigen-pulsed DC vaccines induce beneficial clinical 

responses in some patients (Hsu et al, 1996; Nestle et al, 1998). The current view is that 

immunosurveillance definitely occurs, however tumours often develop immune evasion 

mechanisms (Parish, 2003).
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2. Identification of tumour-rejection antigens;

Tumours are derived from normal host cells; hence tumour immunity is comparable to 

beneficial autoimmunity. In the early 1930s, the prevailing view was that tumours are 

not sufficiently distinct from normal tissues to activate the immune system. This led 

Woglom (1929) to state that ‘it would be as difficult to reject the right ear and leave the 

left ear intact as it is to immunise against cancer’. However, the search for potential 

tumour-rejection antigens has been very successful in recent years. Tumour-rejection 

antigens can be divided into two main categories: tumour-specific antigens that are 

uniquely expressed in tumour cells, and tumour-associated antigens that are expressed 

at elevated levels in tumour cells but also present in normal cells.

Methods for identifying tumour antigens that are suitable candidates for vaccination 

therapy have improved with technological advances. One strategy is to isolate tumour- 

reactive T lymphocytes from cancer patients and use them to screen autologous target 

cells transfected with a tumour cDNA expression library (Boon et al, 1994). A 

serological identification of antigens by recombinant expression cloning (SEREX) 

approach has been used to screen tumour-derived expression libraries for tumour 

antigens that are detected by antibodies present in cancer patient sera. Antigens 

identified by SEREX are then examined for the presence of antigenic peptides that can 

be recognised by tumour-specific T lymphocytes (Pfreundschuh, 2000). Gene array 

studies allow determination of which genes are expressed in tumour tissue versus 

normal tissue, and tumour-defined antigens can then be tested for immunogenicity (see 

Chapter 2). Computer algorithms are now widely used to predict peptide sequences, 

derived from newly identified tumour antigens, that can bind to specific human 

leukocyte antigens (McKenzie et al, 2003). An alternative approach to identify tumour- 

specific peptide epitopes involves eluting the peptides bound to major 

histocompatibility complex (MHC) molecules on the surface of tumour cells (Slingluff 

et al, 1994).

Tumour-specific antigens are ideal targets for immunotherapy because antigen-specific 

immune responses should eradicate tumour cells, whilst importantly avoiding 

autoimmunity. Additionally, T cells in the host’s immune repertoire that are specific for 

such antigens are unlikely to have been rendered inactive by immunological tolerance 

mechanisms.
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Examples of tumour-specific antigens include idiotypes of B and T cell lymphomas 

(Lynch et al, 1979), the products of mutated genes (such as the break point region of 

BCR-ABL fusion protein in chronic myeloid leukaemia; Choudhury et al, 1997), and 

virus-encoded proteins (such as Epstein-Barr virus in Burkitt lymphoma; Rickinson and 

Moss, 1997). Inununotherapeutic strategies targeting such tumour-specific antigens 

have been shown to induce beneficial clinical responses in a proportion of patients (Hsu 

et al, 1996).

A rapidly growing number of tumour-associated antigens have been discovered. Briefly, 

the antigens fall into three main categories: over-expressed tumour antigens (e.g.: 

FRAME), tissue-specific differentiation antigens (e.g.: tyrosinase, and carcino- 

embryonic-antigen), and activated expression of silent genes (MAGE-1, MAGE-3, and 

Wilms tumour antigen 1). The majority of tumour-associated antigens identified to date 

are over-expressed in melanomas (Rosenberg, 1997), however tumour-rejection 

antigens have also been discovered for other cancer types. Autologous DCs pulsed ex 

vivo with tumour-associated antigens have been used as vaccines, and in some patients 

successfully induce anti-tumour immunity (several examples described in Chapter 3,

1.4.) It is important to note that tumour antigens recognised by CD4^ T cells have been 

identified, as well as tumour antigens that elicit CD8^ T cell responses.

A model tumour-rejection antigen should have several properties. The most crucial 

being that the tumour antigen activates cytotoxic T lymphocytes (CTLs) that bind with 

high avidity to tumour targets. Zeh and colleagues (1999) found that only high avidity 

CTLs exert biological function in vivo. Ideally the antigen should be tumour-specific, 

expressed in malignant but not normal cell types, thus avoiding any potential 

autoimmunity. Additionally, the tumour antigen should be vital for the growth and 

survival of the tumour. This minimises the risk that the tumour will down-regulate 

expression of the tumour antigen to evade the immune system. Finally, if the tumour 

antigen is shared by many patients, rather than being a patient-specific antigen, then 

therapy targeting the tumour antigen will be widely applicable (Gilboa, 1999).

3. Types of cancer immunotherapy:

Cancer immunotherapeutic strategies can be either active or passive, and specific or 

non-specific (Davis, 2000). Interestingly, some passive and non-specific active vaccines 

have been shown to be effective at generating beneficial anti-tumour immune responses
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in a clinical setting. The aim of active specific vaccination is to harness the power and 

specificity of the immune system to target antigens expressed by malignant cells, 

resulting in the induction of long lasting anti-tumour immunity. Therapeutic 

vaccinations against cancer have two major problems to overcome: the majority of 

tumour antigens are only weakly inununogenic (Yu et al, 2004); and, anti-tumour 

immune responses might have to be generated in the setting of immune tolerance 

(Goodnow, 1997; Colella et al, 2000). A variety of immunotherapeutic approaches, 

which target different antigens and induce different effector mechanisms, are currently 

being tested in preclinical studies and clinical trials.

3.1. Monoclonal antibodies'.

The use of monoclonal antibodies for passive specific cancer immunotherapy is a 

rapidly evolving field that is beginning to realise its promise. The aim of this strategy is 

to administer antibodies that are specific for antigens expressed on the surface of 

tumour cells. These antibody-based approaches have utilised protein-engineering 

technology that allows the production of ‘humanised’ monoclonal antibodies, which 

overcomes the limitation of murine antibodies that can initiate detrimental human anti

mouse antibody responses (Winter and Harris, 1993).

Several monoclonal antibodies are now approved for clinical use. Trastuzumab 

(Herceptin™; Genentech, USA) is a recombinant monoclonal antibody against human 

epidermal growth factor receptor 2 (Her2), which is over-expressed in approximately 30 

percent of breast cancers (Slamon et al, 1987). In a phase 3 clinical trial, Slamon and 

colleagues (2001) treated metastatic breast cancer patients with conventional 

chemotherapy alone or with a combination of chemotherapy plus trastuzumab. The 

investigators found that the addition of trastuzumab significantly extended the time to 

disease progression and significantly increased the rate of objective response. Slamon et 

al (2001) concluded that trastuzumab augments the clinical benefit of chemotherapy in 

metastatic breast cancers that over-express Her2.

Rituximab (MabThera™; Roche, Switzerland) is a chimeric monoclonal antibody 

specific for the CD20 B-cell antigen and has been used in clinical trials to treat B-cell 

non-Hodgkin’s lymphoma. Coiffier and colleagues (2002) found that rituximab, when 

added to standard chemotherapy, can improve the complete response rate of B-cell non- 

Hodgkin’s lymphoma patients. Given as a single agent, rituximab shows moderate
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beneficial clinical activity. However, when rituximab is conjugated to a yttrium-90 

radioisotope, the antibody provided additionally efficacy compared to unconjugated 

rituximab alone (Witzig, 2004).

B cell malignancies are attractive inununotherapy targets because the monoclonal 

tumour cells express the same unique idiotypic inununoglobulin receptor, which is truly 

tumour-specific. Treatment with anti-idiotype antibodies induced a complete response 

in approximately one fifth of non-Hodgkin’s lymphoma patients (Davis et al, 1998).

The main disadvantages of this strategy are that each patient’s idiotypic 

immunoglobulin is different, and it is expensive to produce anti-idiotype antibodies.

Recent studies have addressed how passively administered monoclonal antibodies 

mediate their anti-tumour effect. Therapeutic antibodies can use a wide range of effector 

mechanisms in vivo, including the activation of complement (Teeling et al, 2004), 

antibody-dependent cellular cytotoxicity (ADCC; Cartron et al, 2002), and direct 

induction of apoptosis (Byrd et al, 2002; Mineo et al, 2004).

3.2. Non-specific activators o f anti-tumour immunity:

The injection of cancer patients with ‘Coley’s toxins’ was an early form of non-specific 

active cancer vaccination, and there is currently renewed interest in the development of 

non-specific strategies to activate anti-tumour immunity.

The mycobacterium Bacillus Calmette Guerin (BCG) is currently used to treat patients 

with superficial bladder cancer and can enhance the development of anti-tumour 

immunity (Bassi, 2002). BCG contains unmethylated cytosine-guanosine-dinucleotide- 

containing oligonucleotides (CpG ODN), which acts as a potent activator of B 

lymphocytes and certain cell types of the innate immune system (Krieg et al, 1995; 

Chace et al, 1997; Jakob et al, 1998; Bauer et al, 1999). A more refined strategy is to 

inject CpG ODN, which have been shown to have therapeutic activity in murine models 

of cancer (Hafner et al, 2001 ; Krieg, 2002). CpG ODN can be used as a single agent, or 

as an adjuvant for vaccination against specific tumour antigens (Davis et al, 1998; Liu 

et al, 1998).

CpG ODN is not the only adjuvant that has been used to try to enhance anti-tumour 

immunity. Chemical adjuvants, such as incomplete Freund’s adjuvant and keyhole
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limpet haemocyanin have been used for the treatment of various cancer types (Salgaller 

et al, 1996; Caspar et al, 1997). Cytokines, such as interleukin (IL)-2, IL-12, and 

granulocyte macrophage-colony stimulating factor (GM-CSF), have been studied as 

adjuvants for cancer immunotherapy, however high cytokine doses can cause toxicity 

(Salgaller and Lodge, 1998; Cebon et al, 2003; Woodson et al, 2004). Complexing 

tumour antigens to heat shock proteins represents a potential vaccine candidate, with 

evidence suggesting that the heat shock proteins target antigen presenting cells (APCs) 

and mediate cross-presentation of the complexed antigen (Castelli et al, 2004; SenGupta 

et al, 2004).

3.3, Active vaccines using tumour-defined proteins or peptides'.

The identification of a multitude of candidate tumour antigens (see 2.) has allowed the 

development of active vaccine strategies that involve the treatment of cancer patients 

with tumour-defined proteins or peptides. In a pilot clinical trial, Atanackovic and 

colleagues (2004) vaccinated non-small cell lung cancer patients with recombinant 

MAGE-3 protein and the adjuvant AS02B. The vaccinations induced antigen-specific 

antibody and cellular immune responses in a large proportion of patients, however the 

clinical benefit of the MAGE-3 protein vaccine is yet to be demonstrated.

Numerous tumour antigen-derived peptide sequences have been identified that bind to 

specific human leukocyte antigen (HLA) class I and class H molecules.

Immunodominant peptides derived from several melanoma-associated antigens have 

been used in clinical trials for the treatment of metastatic melanoma. However, 

beneficial clinical responses have been observed in only a very small percentage of 

patients, even when the peptide is administered with an adjuvant (Marchand et al, 1995; 

Cebon et al, 2003; Rosenberg et al, 2004).

Combination immunotherapy strategies have been employed in an attempt to increase 

the therapeutic potency of the cancer vaccine (reviewed by Pardoll and Allison, 2004). 

Phan and colleagues (2003) treated melanoma patients with peptides derived from the 

melanoma-associated antigen gplOO, in conjunction with a monoclonal antibody that 

blocks the negative co-stimulatory molecule cytotoxic T lymphocyte-associated antigen 

4 (CTLA4). The combination immunotherapy approach caused cancer regression in 

21% of the patients, however CTLA4 blockage caused clinical autoimmunity in 43% of 

the patients. Strategies targeting molecules that influence T cell activation and effector
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functions are currently being investigated for their ability to improve the anti-tumour 

immunity induced by cancer vaccinations (Pardoll and Allison, 2004).

DCs are the subject of clinical interest as vehicles to deliver tumour rejection antigens to 

the patient immune system. As an alternative strategy, tumour peptide or protein 

antigens have been loaded onto DCs ex vivo, and the pulsed DCs adoptively transferred 

to the patient. This approach has shown promise in clinical trials (Hsu et al, 1996;

Nestle et al, 1998) and is reviewed in Chapter 3 (1.4.).

3.4. Adoptive T cell therapy:

Another well-studied form of cancer immunotherapy is the adoptive transfer of tumour- 

reactive T lymphocytes. In pilot clinical studies conducted nearly two decades ago, 

several groups attempted to isolate tumour infiltrating lymphocytes (TfLs) from tumour 

biopsies, expand the TILs ex vivo in the presence of IL-2, and adoptively transfer the 

expanded TILs back into the patient as a form of passive cancer immunotherapy 

(Topalian et al, 1988; Rosenberg et al, 1988). Rosenburg and colleagues (1988) treated 

20 metastatic melanoma patients with TILs, and reported objective tumour regression in 

over a third of the patients. More recently, Yee and colleagues (2002) isolated patient 

PBMCs and expanded melanoma-specific CD8^ T cell clones ex vivo using DCs loaded 

with melanoma defined peptides as stimulator cells. Adoptive transfer of the ex vivo 

expanded T cell clones resulted in a favourable clinical response in the majority of 

melanoma patients tested. These clinical findings provide evidence that cancer patients 

possess tumour-specific T cells that are capable of mediating anti-tumour immunity in 

vivo (Pardoll and Allison, 2004). However, the adoptive transfer of T lymphocytes 

specific for tumour-associated antigens, that are non-mutated self proteins, can lead to 

the development of autoimmunity (Dudley et al, 2002).

High avidity CTLs are required for in vivo anti-tumour efficacy (Alexander-Miller et al, 

1996; Zeh et al, 1999). However, the majority of tumour associated antigens are 

expressed at low levels in normal tissues, and as a result high avidity CTLs are often 

absent or tolerised in cancer patients. Several investigators have studied the retroviral 

transfer of tumour-specific T cell receptor (TCR) genes into patient T lymphocytes as 

an attempt to generate high avidity CTLs capable of killing tumour cells in vivo 

(reviewed by Kessels et al, 2001; Morris et al, 2003).
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The adoptive transfer of allogeneic T cells has curative potential for the treatment for 

myeloid leukaemias (reviewed in Chapter 4,1.3.3.), The current treatment for chronic 

myeloid leukaemia (CML) and acute myeloid leukaemia (AML) patients is high-dose 

chemotherapy followed by allogeneic bone marrow transplantation. Several 

investigators have demonstrated that the allogeneic T lymphocytes are able to eliminate 

the residual leukaemic cells in the host, and this has been described as the graft versus 

leukaemia (GVL) effect (Marmont et al, 1991). Donor lymphocyte infusions (DLIs) are 

now routinely used to treat relapsed CML patients, and have been shown to induce 

prolonged remission (Kolb et al, 1995). However, the success of DLIs at inducing a 

GVL effect is limited by the morbidity and mortality associated with the accompanying 

graft versus host disease (GVHD). The challenge for inununologists is to isolate the 

beneficial GVL effect from the damaging GVHD.

3.5. DNA vaccines:

Researchers have identified a vast array of tumour antigens and their encoding genes. 

Hence DNA vaccination is a suitable strategy for a large number of cancer types. 

Delivery of tumour antigens by injection of the encoding DNA allows in vivo 

transfection of host cells and endogenous antigen production. DNA vaccines have been 

shown to induce long-term humoral and cellular immune responses in vivo (Gurunathan 

et al, 2000).

As an alternative to generating anti-idiotype antibodies for each B-cell lymphoma 

patient, Spellerberg and colleagues (1997) generated DNA plasmids containing the 

variable (V) region genes (Vh and V l), which encode the idiotypic determinant, 

assembled as a single chain Fv (scFv) sequence. The investigators found that injection 

of these scFv DNA vaccines into mice induced low anti-idiotypic antibody responses 

and provided poor protection against lymphoma (King et al, 1998). To increase the 

immunogenicity of DNA vaccines, the tumour antigen sequence can be fused to a gene 

encoding an immunoenhancing protein (reviewed by Stevenson et al, 2004a). 

Spellerberg et al (1997) chose to fuse the scFv sequence to a non-toxic component of 

the tetanus toxin called fragment C (FrC), and found that injection of this plasmid was 

able to induce potent anti-idiotype responses and provided strong protection from B-cell 

lymphoma. Following the encouraging findings of the preclinical studies, the 

investigators have conducted pilot clinical trials injecting the scFv-FrC fusion gene 

intramuscularly to treat follicular lymphoma. The preliminary findings are promising.
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with cellular responses against the idiotype observed in a large proportion of the 

patients (Stevenson et al, 2004b).

A wide range of other immunoenhancer elements have also been tested. Ye and 

colleagues (2004) found that using a DNA fusion gene vaccine containing the MAGE-1 

gene linked to the heat shock protein 70 sequence was superior to a MAGE-1 DNA 

vaccine at expanding CTLs specific for the melanoma associated antigen. Similarly, the 

fusion of various cytokine genes to the Her2 DNA plasmid improved the efficacy of the 

DNA vaccine against Her2 expressing tumours (Chang et at, 2004). It shall be 

interesting to observe whether the success of the DNA vaccines in mouse models 

translates into anti-tumour efficacy in a clinical setting.

Several groups have demonstrated that the bulk of the immune response induced by an 

injected DNA vaccine requires the transfer of the tumour antigen from transfected host 

cells to professional APCs that subsequently cross-present the tumour antigen (Corr et 

al, 1996; Corr et al, 1999; see 4.3.). Additionally, the hypomethylated CpG ODN in the 

backbone of the bacterial plasmid can activate host innate immune responses (Krieg,

2002). One major aim of DNA fusion genes is to activate CD4^ Th cells, which have 

been shown to aid humoral responses, licence CD8^ CTL responses, and are important 

for the generation of immunological memory (see 5.1.2). Fusion of the tumour antigen 

sequence to a microbial gene, such as tetanus toxin FrC, allows the activation of a CD4^ 

T cell response from a large, non-tolerised anti-microbial repertoire (Zhu and 

Stevenson, 2002). The induction of Th responses specific for the FrC immunoenhancer 

protein is vital for the priming of tumour-specific antibody and CTL responses, and 

Stevenson and colleagues (2004b) suggest that FrC-specific Th cells ‘licence’ 

professional APCs to prime CTLs specific for tumour epitopes.

One advantage of DNA fusion gene vaccination is that the immunoenhancer sequence 

can be selected in order to induce the most relevant effector function. As described in 2., 

the majority of known tumour associated antigens are intracellular proteins and 

presented on the cell surface as peptides bound by MHC class I molecules. In this 

situation, a DNA vaccine that is tailored for the development of CD8^ CTL responses 

would be advantageous. For the induction of CD8^ CTL responses. Rice and colleagues 

(2002) modified the FrC gene to remove immunodominant tetanus toxin-derived 

epitopes and improve presentation of epitopes from the fused tumour antigen sequence.
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Using the CT26 colon carcinoma mouse model that expresses a known 

immunodominant epitope (AHl), the authors investigated the effectiveness of a fusion 

DNA vaccine consisting of the modified FrC gene fused to the AHl sequence. The 

modified FrC-AHl DNA vaccine induced a strong AHl-specific CTL response that 

protected against tumour growth (Rice et al, 2002).

In this Ph.D. project, I have investigated the use of DC-based immunotherapeutic 

strategies for the treatment of alveolar rhabdomyosarcoma and juvenile 

myelomonocytic leukaemia. I shall now proceed to review the function of DCs in vivo 

and their potential use in a clinical setting.

4. The role of DCs in tumour immunosurveillance:

DCs are a family of professional APCs, uniquely capable of stimulating naive T 

lymphocytes and initiating primary immune responses (Steinman, 1991). This led 

Steinman (1991) to describe DCs as ‘nature’s adjuvant’.

4.1. DC subsets:

DCs follow various haematopoietic pathways of differentiation. DCs are derived from 

bone marrow progenitors, with DC development driven mainly by Fms-like tyrosine 

kinase 3 ligand and GM-CSF (Pulendran et al, 2001). CD34^ pluripotent bone marrow 

progenitors differentiate into common myeloid progenitors (CMPs) and conunon 

lymphoid progenitors (CLPs). CMPs can subsequently differentiate into myeloid 

CDl Ic^ tissue DCs that express high levels of CD la  (epidermal langerhans cells) or 

low levels of CD la (interstitial DCs; Ito et al, 1999). CD 123^ CDl Ic' plasmacytoid 

DCs are differentiated from CLPs (Spits et al, 2000; reviewed by Liu, 2001). In some 

instances, blood monocytes (CDl Ic^ CD 14^) differentiate into DCs (Romani et al, 

1994). The different DC subsets display similar yet subtly different functions, which 

might influence the type of immune response they induce (Liu, 2001).

4.2. The life cycle o f DCs:

Newly generated immature DCs typically circulate through the blood and non-lymphoid 

peripheral tissues (Banchereau et al, 2000; Liu, 2001). Immature DCs are found at the 

interface of potential pathogen entry sites in most tissues, acting as sentinels for signs of 

pathogen invasion (Steinman, 1991). The immature DCs are highly phagocytic.
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continually internalising soluble and particulate antigens, which are subsequently 

processed for presentation to T lymphocytes at a later time point (Banchereau and 

Steinman, 1998). Immature DCs are able to take up exogenous antigens by 

phagocytosis (Inaha et al, 1993; Reis e Sousa et at, 1993), macropinocytosis, and 

receptor-mediated endocytosis (Sallusto et at, 1995). Once captured, the DCs process 

the exogenous antigen in two distinct pathways. Firstly, the internalised protein is 

processed via the endocytic pathway and peptides loaded onto newly synthesized MHC 

class n  molecules (Celia et al, 1997). Additionally, the captured antigen is processed 

and loaded onto MHC class I molecules, via a non-conventional MHC class I 

processing pathway (Albert et al, 1998). This allows DCs to present antigenic peptides 

to both CD4^ and CD8^ T cells (see 4.3.on cross-priming). Unlike macrophages, the 

primary role of DCs is not to clear incoming pathogens, but to alert the immune system 

(Rescigno et al, 1999).

Having captured antigen that is perceived to be associated with a dangerous situation, 

the DCs undergo maturation (see 4.4.). During this transitional stage, the early activated 

DCs secrete chemokines and pro-inflammatory cytokines that recruit effector cells of 

the innate immune system, such as macrophages and natural killer (NK) cells, to the site 

of inflammation (Rescigno et al, 1999). During DC maturation, the antigen capture 

capacity declines, motility increases, and expression of the chemokine receptor CCR7 

increases. CCR7 expression directs the migration of maturing DCs, via the afferent 

lymph or the blood stream, into the T cell dependent areas of secondary lymphoid 

tissues, such as the spleen or lymph nodes (Saeki et al, 1999; Sallusto et al, 1999).

DCs are a reservoir of immunogens from the periphery, and establish a physical link 

between the periphery and lymphoid organs. Upon arrival in lymphoid tissues, the role 

of mature DCs is to activate the effector cells of the adaptive inunune system. Mature 

DCs present immunodominant peptides to circulating antigen-specific CD8^ and CD4^

T lymphocytes, in conjunction with the co-stimulatory signals required to initiate 

primary immune responses (Harding et al, 1992; Acuto and Michel, 2003). Mature DCs 

derive their stimulatory capacity from their expression of elevated levels of MHC class I 

and class U molecules on their surface, along with co-stimulatory molecules, including 

CD80 and CD86, and adhesion molecules, such as ICAM-1 (Banchereau and Steinman,

1998). Mature DCs are potent T cell stimulators, and induce a mixed leukocyte reaction 

in vitro. It is important to note that, in addition to initiating primary CD8^ CTL
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responses, DCs also play a crucial role in establishing immunological memory, and 

polarising the type of T cell response towards CD4^ T helper (Th) cells (Banchereau et 

al, 2000). It has been suggested that DCs also interact with regulatory T cells, possibly 

by providing IL-2, in order to maintain peripheral tolerance to self antigens (Granucci et 

al, 2003). Following interaction with lymphocytes, the irreversibly mature DCs die by 

apoptosis inside the lymphoid organ, restoring homeostasis of the immune system 

(Banchereau and Steinman, 1998).

4.3. Ability o f DCs to cross-prime CTL responses against tumour antigens:

The main source of antigen entering the MHC class II pathway is exogenous protein 

that has been endocytosed by professional APCs. Upon endosomal processing, protein- 

derived peptides are loaded onto MHC class n  molecules, which travel to the cell 

surface and are presented to CD4^ Th cells (Celia et al, 1997). In contrast, MHC class I 

molecules usually present peptides derived from intracellular proteins (Braciale et al, 

1987). In the classical MHC class I pathway, cytosolic proteins are degraded by the 

proteasome (Kloetzel, 2004), and peptides are transported to the endoplasmic reticulum 

(ER) by transporter associated with antigen processing (TAP) molecules (Lankat- 

Buttgereit and Tampe, 2002), where they can bind to newly synthesised MHC class I 

molecules. PeptideiMHC class I complexes are transported to the cell surface and 

recognised by CD8^ CTLs (Germain and Margulies, 1993).

However, there is evidence for a specialised non-classical pathway that allows the 

presentation of exogenous antigens in the context of MHC class I molecules (termed 

cross-presentation; Bevan, 1976). The ability to cross-present exogenous antigen is 

restricted to bone marrow-derived professional APCs (Huang et al, 1994). Den Haan 

and colleagues (2000) demonstrated that the lymphoid CD8a^ DCs, but not CD8a 

myeloid DCs, are responsible for the cross-presentation of ovalbumin peptides in vivo.

Cross-presentation might occur by several pathways. Gagnon and colleagues (2002) 

showed that the ER is involved in macrophage phagocytosis, with the ER membrane 

fusing with the macrophage plasmalemma during phagosome formation. Ackerman and 

Cresswell (2004) suggest that the presence of ER-based proteins in phagosomes makes 

these compartments suitable for the cross-presentation of exogenous antigen in the 

context of MHC class I molecules, and discuss two potential models of cross

presentation. In the first model, the exogenous antigen is captured by ER-mediated
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phagocytosis and then ‘retrotranslocated’ from the phagosome into the cytosol, where it 

is cleaved by proteasomes into peptides that are transported back into the phagosome by 

TAP molecules. The peptide:MHC class I complexes are delivered from the phagosome 

to the cell surface for recognition by CD8^ CTLs. In the second model, the exogenous 

antigen is captured by ER-mediated phagocytosis, then directed into the ER lumen and 

processed for presentation on MHC class I molecules (Ackerman and Cresswell, 2004). 

In an alternative pathway, internalised MHC class I molecules enter MHC class II 

compartments, where bound MHC class I peptides can be exchanged for peptides 

derived from degraded exogenous antigens (Gronune et al, 1999; Chefalo and Harding, 

2001). Additional pathways have been described for peptide-heat shock protein 

complexes (Arnold et al, 1995; Noessner et al, 2002).

The outcome of cross-presentation is dependent on the maturation status of the cross- 

presenting AFC. DCs that cross-present antigen and have also received a strong 

activation signal are able to stimulate CT8^ CTL responses (termed cross-priming; 

reviewed by Melief, 2003). Several studies have provided evidence for the cross

priming of CTL responses against tumour-defined antigens (Berard et al, 2000; Thomas 

et al, 2004). In the absence of adequate DC activation, the outcome of cross

presentation will be cross-tolerance of CT8^ CTL responses (Steinman et al, 2003).

The primary function of DCs is to alert the immune system of environmentally acquired 

antigens, not the presentation of endogenously expressed proteins, and the cross

presentation ability of DCs appears to be very efficient. Stomi and Bachmann (2004) 

found that DCs require only marginally more exogenous virus-like particles to cross

prime CTL responses than to prime Th responses via the classical MHC class II 

pathway.

4.4. Danger model o f APC-mediated lymphocyte activation:

Burnett (1967) championed the view that during immunosurveillance lymphocytes 

discriminate between self and non-self. The binding of the T cell receptor to peptide- 

MHC complexes on the surface of APCs provides the antigen-specificity of the T cell- 

APC interaction (referred to as signal 1). Incorporating self-non-self discrimination, a 

‘2-signal’ model of lymphocyte activation was proposed in the 1970s, recognising 

firstly that lymphocytes require an additional signal (‘help’; Bretscher and Cohn, 1970), 

and that lymphocytes receive the secondary signal (termed ‘co-stimulation’) from APCs
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(Lafferty and Cunningham, 1975). According to the 2-signal model, the presentation of 

foreign antigen to an antigen-specific T cell (signal 1), in the absence of co-stimulation 

(signal 2), results in inactivation of the T cell. The major concern voiced by 

immunologists was that the APCs must ultimately decide whether to induce tolerance or 

initiate an immune response, yet APCs are not able to discriminate between self and 

non-self. Janeway (1992) proposed an improved self-non-self model, whereby APCs 

recognise evolutionarily conserved microbial products as non-self. According to this 

‘infectious non-self model, APCs only provide the co-stimulation signal if they are 

activated as a result of their pattern recognition receptors (PRRs) recognising pathogen- 

associated molecular patterns (PAMPs). PAMPs are conserved microbial structures not 

found in mammalian cells, and act as a signature of micro-organisms (Medzhitov,

2001). DCs express a repertoire of PRRs including toll-like receptors (TLRs) and C- 

type lectins (Biragyn et al, 2002; Underhill and Ozinsky, 2002; reviewed by van Kooyk 

and Geijtenbeek, 2003). The PAMPs recognised by several of the TLRs have been 

identified, and include the TLR4 ligand lipopolysaccharide (LPS; Poltorak et al, 1998), 

and the TLR3 ligand double-stranded RNA (Alexopoulou et al, 2001).

However, the infectious non-self model was clearly incomplete, unable to explain 

several key findings, such as how alloreactivity occurs under microbe-free conditions. 

Matzinger (1994) proposed the ‘danger model’ whereby APCs do not discriminate 

between self and non-self, instead APCs are activated by antigenic danger signals from 

injured/distressed cells. The danger signals stimulate APCs to mature so that they can 

present antigens in conjunction with co-stimulation to antigen-specific T lymphocytes. 

Similar to the original 2-signal hypothesis, signal 1 in the absence of co-stimulation 

results in lymphocyte anergy or paralysis (immunological tolerance). An important 

principle is that the danger signal must not be provided by healthy cell or cells 

undergoing programmed cell death. Examples of alarm signals that activate APCs 

include intracellular proteins released by necrotic cells, and distressed cells expressing 

heat shock proteins on their surface (Gallucci and Matzinger, 2001). Recently, Shi and 

colleagues (2003) found that injured cells release uric acid, which acts as an endogenous 

danger signal, able to stimulate DC maturation. Bacterial and viral products such as LPS 

and double-stranded RNA would represent alarm signals and activate APCs, hence the 

danger model incorporates Janeway’s infectious non-self model. Third party cells, such 

as activated NK cells, might also be able to convey danger signals to DCs (Piccioli et al,

2002).
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5. Effector cells that participate in anti-tumour inununity:

5.1. T lymphocyte responses:

DCs, that capture antigens secreted by tumour cells or released during tumour cell lysis, 

are able to initiate tumour-specific T cell responses (Smytb et al, 2001). As mentioned 

in 3.3., T cell activation requires 2 signals. Signal 1 is delivered through the T cell 

receptor after engagement by a peptide-MHC complex (Figure 1) (Germain and 

Margulies, 1993). Whilst numerous co-stimulatory molecules have been identified (Liu 

and Linsley, 1992; Watts and DeBenedette, 1999), CD80 (B7.1) and CD86 (B7.2) are 

the prototypic co-stimulatory molecules expressed on APCs. Co-stimulation (signal 2) 

results from the interaction of these molecules with an activating receptor, such as 

CD28, on the surface of T cells (Harding et al, 1992). In contrast, binding of CD80 or 

CD86 to the inhibitory receptor cytotoxic T lymphocyte antigen 4 (CTLA4) does not 

provide a co-stimulatory signal (Acuto and Michel, 2003). Some investigators postulate 

that in addition to expressing MHC and co-stimulatory molecules, APCs need to secrete 

immunostimulatory cytokines, such as IL-2, IL-12, and IL-18, to activate naïve T cells 

(Schmidt and Mescher, 2002). This is often referred to as ‘signal 3' of T cell activation 

(Figure 1).

5.1.1. CD8^ T cells:

CD8^ T cells recognise antigenic peptides that are presented on target cells by MHC 

class I molecules (Germain and Margulies, 1993). Activated antigen-specific CD8^ T 

cells undergo clonal expansion and differentiate into CTLs, capable of lysing tumour 

cells. CTLs can utilize both the perforin system and the Fas ligand-Fas system to lyse 

targets (Kagi et al, 1994).

In cancer immunotherapy studies, both tumour lysate-pulsed DC immunisations and 

tumour peptide-pulsed DC immunisations have been shown to elicit antigen-specific 

CTL responses that lead to tumour regression (Nestle et al, 1998; Banchereau et al, 

2001a; see Chapter 3 ,1.4. for review). Encouraged by these findings, several current 

clinical trials are attempting to use pulsed DC vaccinations to stimulate tumour-reactive 

CTL responses.

5.1.2. CD4^ T cells:

The T cell receptors of CD4^ T cells recognise antigen as a peptide-MHC class II 

complex (Germain and Margulies, 1993). It is well known that CD4^ T cells help B
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Figure 1. DC activation of an antigen-specific T cell. Signal 1 is provided by the T 
cell receptor (TCR) binding peptide-MHC complex. The binding of co-stimulatory 
molecules on the surface of APCs, including CD80 and CD86, to T cell activating 
receptors, such as CD28, provides signal 2 (co-stimulation). Immunostimulatory 
cytokines, such as IL-2, IL-2, and IL-18, are secreted by the APC and are described by 
some investigators as signal 3 of T cell activation. This figure is a compilation of the 
results derived from the studies discussed throughout the text.
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cells to produce antibody. Another major function of CD4^ T cells is to license CTL 

killing of tumour cells (referred to as CD4^ T cell help). Help for CTL responses does 

not require direct CD4^ T cell-CD8^ T cell contact, instead it is provided in a cognate 

manner with both CD4^ and CD8^ T cells recognising antigen presented on the same 

DC. Interaction of CD40 ligand (CD40L) on CD4^ T cell with CD40 on DC conditions 

the DC, which then becomes capable of priming effective CTL responses (Bennett et al, 

1998; Ridge et al, 1998). Additionally, CD4^ T cell-derived cytokines, such as IL-2, can 

amplify and sustain CD8^ T cell responses (Wodarz and Jansen, 2001).

Furthermore, CD4'*’ T cells can eliminate tumour cells in vivo in the absence of CD8^ T 

cells. Activated CD4^ T cells can migrate to the site of local tumour growth and directly 

lyse tumour cells that express MHC class II complexes (via the Fas ligand-Fas system; 

Hahn et al, 1995; Jiang et al, 1996). Primed CD4^ T cells found at the tumour site also 

secrete cytokines, such as interferon (JFN)-y and IL-4, which can direct macrophages 

and eosinophils to kill the tumour cells (Hung et al, 1998; Mumberg et al, 1999).

Recent studies have found that effective and long lasting anti-tumour immunity requires 

the priming of both CD4^ and CD8'*’ T cells (Banchereau et al, 2001b;Goldszmid et al,

2003).

5.2. NK and natural killer T (NKT) cell responses:

A  lot of work has focused on the role of DCs initiating adaptive CTL immunity to 

tumours. However, effector cells of the innate immune system play a vital role as the 

first line of defence against certain microbial infections and tumours.

NK cells are a lymphocyte subtype that mediates innate immunity. Numerous 

investigators have reported that NK cells can spontaneously lyse MHC class I negative 

tumour cells in vivo (Karre et al, 1986; Whiteside and Herberman, 1995). Following the 

interaction of NK cell receptors with their specific cellular ligands, NK cells mediate 

cytotoxicity by releasing perforin. Activated NK cells can also secrete a variety of 

cytokines, including IFN-y and tumour necrosis factor, as well as chemokines, such as 

CCL4 and CCL5 (Cooper et al, 2001; Robertson, 2002). NK cell effector functions are 

regulated by a balance between the signals transmitted by inhibitory and activating 

receptors.
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NK cell inhibitory receptors include killer-cell immunoglobulin-like receptors (KIRs), 

that are specific for MHC class I molecules, and prevent unwanted NK cell responses 

against self cells expressing normal levels of MHC class I molecules on their surface 

(Long, 1999). Importantly, the KIRs enable NK cells to attack self cells that have 

selectively down-regulated or lost MHC class I expression, as often found on 

transformed or infected cells (Garrido et al, 1997). NK cell activating receptors have 

only recently been identified (Bauer et al, 1999). In humans, a lectin-like NKG2D 

homodimer is expressed on killer cells of the innate immune system, including NK 

cells, NKT cells, and yô-T cells, and also on CD8^ T cells. The NKG2D receptor can 

bind to the MHC class I polypeptide-related (MIC) glycoproteins MICA and MICE 

(Bauer et al, 1999; Diefenbach et al, 2000). Distressed and transformed cells often over

express the stress-inducible MICA and MICE molecules, making them susceptible to 

NK cell attack (Groh et al, 1999). Interestingly, there is accumulating evidence that NK 

immunity might have some adaptive features, such as the requirement of co-stimulation 

for NK cell effector function (Gao et al, 2003).

Interactions between NK cells and DCs are able to amplify NK cell-mediated responses 

(reviewed by Moretta, 2002). Early activated DCs in injured tissues or sites of 

inflammation are able to recruit innate effector cells, including NK cells, by secreting 

chemokines such as CCL3 and CXCL8 (Sallusto et al, 2000). Activated mouse DCs 

secrete IL-12, which is known to play an essential role in activating NK cells 

(Trinchieri, 2003). Direct contact between activated DCs and NK cells at the site of 

inflammation can result in NK cell-maturation, which potentiates NK cell-mediated 

cytotoxicity (Nishioka et al, 2001; Gerosa et al, 2002). Fernandez and colleagues (1999) 

reported that adoptively transferred DCs are able to promote NK cell responses against 

mouse MHC class I-deficient tumours. The DC-NK cell cross-talk is bidirectional, as 

IL-2 activated NK cells are able to induce DC maturation (Piccioli et al, 2002). 

Additionally, activated NK cells have been shown to kill immature DCs (Wilson et al, 

1999; Ferlazzo et al, 2002).

A subpopulation of T lymphocytes has recently been discovered that express both NK 

and T cell markers, and are referred to as NKT cells (Balias and Rasmussen, 1990; 

MacDonald, 1995). NKT cells do not express a normal T cell receptor repertoire; 

instead they possess an invariant T cell receptor that specifically recognises the non- 

classical MHC class I-like molecule CD Id presenting glycolipid antigens (Bendelac et

Chapter 1 39



al, 1995). Activated NKT cells secrete large amounts of Thl and Th2 cytokines, and kill 

target cells by a perforin-dependent mechanism equivalent to that of NK and T cells 

(reviewed by Brutkiewicz and Sriram, 2002). Activated NKT cells have been shown to 

interact with DCs via a CD40L, inducing DC production of IL-12 (Kitamura et al,

1999). The DC-derived IL-12 can then stimulate NKT cytotoxic effector functions. Cui 

and colleagues (1997) reported that NKT cells are important in IL-12-mediated anti

tumour immunity.

5.3. B lymphocyte responses:

DCs have been shown to directly regulate B cell responses (Banchereau et al, 2000). 

Wykes and colleagues (1998) reported that DCs can transfer unprocessed captured 

antigen to naïve B cells to initiate antigen-specific responses. B lymphocytes have a 

limited role in anti-tumour immunity in vivo. Nonetheless, antibodies can recognise 

some tumour-associated surface antigens, and antibodies bound to tumour cells can 

stimulate important immune responses, such as the activation of the complement 

cascade and the initiation of ADCC. Important ADCC-mediating effector cells include 

NK cells and macrophages (Robertson and Ritz, 1990; Parihar et al, 2002). Another 

important function of tumour-specific antibodies is opsinization of tumour cells to 

promote their uptake by APCs (Finn, 2003).

B cell malignancies are interesting because the monoclonal tumour cells express a 

unique idiotypic immunoglobulin receptor that is truly tumour-specific. Hsu and 

colleagues (1996) treated follicular B cell lymphoma patients with autologous DCs 

pulsed ex vivo with idiotypic protein. The patients developed anti-idiotype cellular and 

humoral immune responses, and clinical responses were detected in three quarters of the 

patients. Administration of tumour-specific antibodies to patients has resulted in the 

induction of anti-tumour effects, in breast cancer (Vogel et al, 2001) and colon cancer 

(Riethmuller et al, 1994; reviewed by Kennedy and Shearer, 2003).

5.4. DCs are potential effector cells in anti-tumour immunity:

In addition to regulating anti-tumour responses from various effector cells of the innate 

and adaptive immune systems, DCs can lyse targets directly. Fanger and colleagues 

(1999) reported that human DCs can directly kill tumour cells via expression of the 

TNF-related apoptosis-inducing ligand (TRAIL) death receptor. Chapoval et al (2000) 

demonstrated that activated DCs can inhibit the growth of tumour cell lines.
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6. Immune escape mechanisms of tumours:

Despite the potent immunostimulatory capacity of DCs, the existence of numerous 

tumour-associated antigens, and the huge armoury of effector cells able to target tumour 

cells, the immune system does not appear to be very efficient at rejecting tumours.

There are several potential explanations for this. Firstly, the DCs that encounter tumours 

might not recognise them as ‘dangerous’, as the tumour cells initially grow as healthy 

cells and do not produce any alarm signals (Matzinger, 1994). Hence, the DCs may not 

be sufficiently activated to express the co-stimulatory molecules required to prime T 

lymphocytes specific for tumour-associated antigens. Consequently, these potentially 

tumour-reactive T cells might be tolerised, reducing the capacity of the immune system 

to eliminate tumours (Gallucci et al, 1999). It is possible that the DCs are only alerted to 

the danger once the tumour has reached an advanced stage, where uncontrolled tumour 

proliferation is associated with damage to the normal tissue, tumour cell necrosis, and 

the release of pro-inflammatory signals. By this point it is likely that the rapidly 

proliferating and metastatic tumour can not be controlled by a late developing DC- 

initiated adaptive immune response. Surprisingly, established tumours primarily induce 

immune tolerance, rather than immune activation, suggesting that tumours develop 

mechanisms that hinder the sensing of danger signals (Pardoll, 2003). Secondly, the 

tumour cells might protect themselves from specific immune reactions by down- 

regulating MHC expression or tumour-associated antigen expression on the cell surface 

(Ferrone and Marincola, 1995; Garrido et al, 1997). The loss of expression of various 

tumour antigens or MHC molecules by the tumour cells suggests that the host’s immune 

system has attempted to eradicate the tumour. Finally, Elgert and colleagues (1998) 

suggested that some tumours release immunosuppressive cytokines, such as IL-10 and 

transforming growth factor-(5, to dampen down anti-tumour adaptive immune responses 

(Elgert et al, 1998; Garcia-Hemandez et al, 2002; Lin et al, 2002). These cytokines 

could suppress tumour-specific immune response by acting on the CD4^ T cells, CD8^

T cells, or APCs (Mizoguchi et al, 1992; Finke et al, 1999).

It is important to investigate these tumour-induced immunosuppressive effects, in order 

to develop effective immunotherapeutic strategies. Encouraging reports, from phase I 

clinical trials of refractory prostate cancer patients, suggest that it might be possible to 

overcome tumour-induced immune tolerance by ex vivo stimulation of CTLs with 

antigen-loaded DCs expressing optimal co-stimulatory signals (Small et al, 2000).
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7. Use of DC vaccines in the clinic:

Our detailed understanding of DC function, coupled with the clear evidence for the 

existence of tumour-associated antigens, has raised hopes that the antigen presenting 

capacity of DCs can be exploited for cancer immunotherapy. The ability of DC-based 

approaches targeting novel tumour-defined antigens to reject tumours in vivo requires 

testing in biologically relevant animal models. It is now possible to generate DCs ex 

vivo from monocytes using clinically approved methodology, and there are numerous 

clinical trials currently underway that are attempting to use DC-based vaccines to 

manipulate immune responses in vivo in order to control cancer.
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Chapter 2;

Expression Profiling Suggests a Role for PAX3- 
FKHR Fusion Oncoprotein in the Inhibition of 

Interferon-Gamma Signalling in 
Rhabdomyosarcoma Cells
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A bstract

Alveolar rhabdomyosarcoma (ARMS) is an aggressive paediatric solid tumour with a 

characteristic t(2;13)(q35;ql4) translocation. The resultant chimeric PAX3-FKHR 

transcription factor is oncogenic due to enhanced transcriptional activation and has been 

shown to activate a myogenic transcription program. To investigate the oncogenic role 

of PAX3-FKHR in ARMS, we have stably transfected the mouse rhabdomyosarcoma 

(RMS) cell line 76-9 with a PAX3-FKHR expression construct. A matrigel invasion 

assay revealed that PAX3-FKHR significantly increased the invasive ability of 76-9 

cells in vitro (student r-test; p<0.01). To determine the target genes of PAX3-FKHR in 

76-9 cells, we compared the global mRNA profile of cells transfected with empty vector 

with two independent clones transfected with PAX3-FKHR, using oligonucleotide 

microarray expression profiling. We found that PAX3-FKHR up-regulated 31 genes and 

down-regulated 69 genes, by more than 2 fold. This result is in variance with a model of 

PAX3-FKHR as solely a transcriptional activator. Consistent with published findings, 

PAX3-FKHR induced expression of insulin like growth factor 2. Interestingly, a large 

proportion of the genes down-regulated by PAX3-FKHR are interferon (IFN)-y 

stimulated genes (21 out of the 44 genes with known function), including the major 

histocompatibility complex (MHC) class I genes H2-K and H2-DL Another gene 

repressed by PAX3-FKHR is plasminogen activator inhibitor-1 (PAI-1), which we 

discovered is stimulated by IFN-y in the RD human embryonal RMS cell line. Northern 

blot analysis of representative target genes verified the microarray results. Follow up 

studies demonstrated that ectopically expressed PAX3-FKHR down-regulated MHC 

class I and PAI-1 expression at the protein level in RD cells. Moreover, PAX3-FKHR 

rendered RD cells partially resistant to IFN-y induced up-regulation of MHC class I and 

PAI-1. Published data suggests that the down-regulation of MHC class I by PAX3- 

FKHR might aid immune escape of ARMS cells, and diminished PAI-1 levels might 

result in increased metastatic ability of ARMS cells. The transfection of RD cells with 

PAX3-FKHR resulted in the induction of CXC chemokine receptor 4 (CXCR4) protein 

expression. CXCR4 is known to be inhibited by IFN-y, and this result is consistent with 

a role for PAX3-FKHR as an inhibitor of IFN-y transcription. PAX3-FKHR did not 

repress transcription of the FKHR target genes BIM (Western blot analysis) and 

IGFBP-1 (reporter assay using IGFBP-1 -luciferase construct) in RD cells. Moreover, 

there was no increase in the levels of phosphorylated Akt in PAX3 -FKHR-transfected 

RD cells. These results suggest that PAX3-FKHR did not repress the known FKHR 
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target PAI-1 by interfering with FKHR transcription either directly or indirectly via the 

PI3K-Akt pathway. Taken together our findings suggest that PAX3-FKHR exerts some 

of its effect on the ARMS phenotype by negatively interfering with normal IFN-y 

induced transcription.
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1. Introduction

1.1. Frequency, origins, and treatment of RMS:

RMS is the most common soft-tissue sarcoma of childhood, accounting for 

approximately 10% of all paediatric solid tumours (Pappo et al, 1995). RMS originates 

from undifferentiated mesenchymal cells and resembles developing skeletal muscle, 

expressing the myogenic transcription factor MyoD and the skeletal muscle structural 

proteins a-actin and myosin heavy chain (Fisher, 1990; Fletcher, 1995).

The recent advances made in multimodal therapy (chemotherapy, radiotherapy, and 

surgery) have increased the long-term survival rate in RMS to more than 70% (Pappo et 

al, 1995). However, metastatic RMS has an event free survival of only 20-30% despite 

aggressive treatment (Anderson et al, 1999a). The development of alternative 

therapeutic approaches is urgently required for the treatment of metastatic ARMS.

1.2. Histological, clinical, and cytogenetic features of the two RMS subtypes:

RMS can be broadly divided into two histopathological subtypes, embryonal RMS 

(ERMS) and alveolar RMS (ARMS) (Tsokos et al, 1992; Newton, 1995). The defining 

histological features of ARMS are small round cells, with abundant eosinophilic 

cytoplasm containing hyperchromatic nuclei. The cellular architecture of the ARMS 

histological subtype is characterised by the presence of alveolar-like spaces (Pappo et 

al, 1995). Giant cells are common in ARMS and may be the result of cell fusion, as 

seen in myotube formation (Anderson et al, 1999a). Tsokos and colleagues (1992) 

refined the classification, placing compact round-cell RMS in the ARMS subtype 

(referred to as solid alveolar RMS). This was based on the typical alveolar cytologic 

features observed in solid alveloar RMS, despite their lack of alveolar architecture. 

ERMS histology includes evenly distributed chromatin, and varying degrees of 

cytoplasmic myogenic differentiation. Spindle cell and botryoid variants of ERMS have 

been described in the literature (Newton, 1995; Pappo et al, 1995) (Table 1).

ERMS is the more frequent subtype and typically presents in young children. ERMS is 

commonly located in sites where skeletal muscle in not normally found, such as the 

head and neck region. ERMS is associated with a favourable prognosis (Newton et al, 

1995; Barr, 2001). ARMS is the rarer subtype, and develops mainly in adolescents and 

young adults. ARMS is most frequently found in sites of abundant skeletal muscle.
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especially the limbs. ARMS is associated with a poorer prognosis, partly because 

ARMS is metastatic at presentation. ARMS most commonly metastasises to the bone 

marrow and lymph nodes (Pappo et al, 1995; Barr, 2001) (Table 1).

At the cytogenetic level, ARMS is associated with minor genetic changes. These 

include the specific chromosomal translocations t(2;13)(q35;ql4) and t(l;13)(p36;ql4) 

(Turc-Carel et al, 1986; Galili et al, 1993), as well as genomic amplification of genes 

such as MDM2 (Forus et al, 1993), MYCN (Driman et al, 1994; Gil-Benso et al, 2003) 

and CDK4 (Berner et al, 1996). In contrast, ERMSs frequently contain whole 

chromosome alterations. Gain of chromosomes 2, 8, 12, and 13 have all been observed 

in ERMS (Weber-Hall et al, 1996). ERMS is often associated with loss of 

heterozygosity of 1 lpl5.5 and presumably loss of the tumour suppressor gene located 

there (Gil-Benso et al, 2003). Lu and colleagues (2001) performed reverse transcription- 

polymerase chain reaction (RT-PCR) analysis of the MYCN locus (2p24) in numerous 

RMS patients and found that 66% of ERMS and 88% of ARMS patient samples over

expressed MYCN. The investigators speculated that MYCN provides an important 

survival signal to the RMS cells (Table 2).

The tumour suppressor activity of p53 is lost in roughly half of all human cancers, 

through mutations in p53 and alteration of upstream and downstream components of the 

p53 pathway (Steele et al, 1998). The p53 pathway regulates the induction of cell cycle 

arrest and apoptosis in cells, and the loss of p53 activity is generally associated with 

aggressive tumours. Some Li-Fraumeni families carry mutations in the p53 gene and are 

predisposed to tumours, including RMS (Strong et al, 1992). MDM2 protein has been 

shown to ubiquitinate p53, resulting in the degradation of p53. The MDM2 gene is 

amplified in a large proportion of RMS cases (Forus et al, 1993). Keleti and colleagues 

(1996) inferred that the majority of RMS cases have a disruption in the p53 pathway.

1.3. ARMS-specific chromosomal translocations:

ARMS is characterised in 70% of cases by the translocation t(2;13)(q35;ql4) that 

juxtaposes a truncated PAX3 gene on chromosome 2 with the 3' sequences of the 

forkhead (FKHR) gene on chromosome 13 (Turc-Carel et al, 1986; Galili et al, 1993; 

Shapiro et al, 1993). This hybrid gene codes for a novel chimeric transcription factor 

that retains the paired box (PB) and homeodomain (HD) DNA-binding domains of the
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Table 1. The histological and clinical features of the two RMS subtypes. The data is 
taken from Pappo et al (1995), Anderson et al (1999), and Barr (2001).

Embryonal RMS Alveolar RMS
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Table 2. The cytogenetic features of the two RMS subtypes. The data is taken from 
Anderson et al (1999), Gil-Benso et al (2003) and Tiffin et al (2003).
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PAX3 protein fused in frame to the bisected DNA-binding domain and intact 

transactivation domain of FKHR (Figure 1) (Galili et al, 1993; Shapiro et al, 1993).

A variant translocation, t(l;13)(p36;ql4), has also been detected in a small subset (9- 

20%) of ARMS (Douglass et al, 1991). In these cases, the N-terminal PAX7 DNA- 

binding domains are fused to the C-terminus of FKHR (Biegel et al, 1991; Davis et al, 

1994). ARMS associated with t(l;13) is typically less aggressive and has a better 

prognosis than the t(2;13) ARMS subset (Kelly et al, 1997; Sorensen et al, 2002).

The ARMS-specific chromosomal translocations are somatic genetic events. The cancer 

cell is heterozygous for the translocation, so also codes for wild type PAX3/7 and 

FKHR proteins.

1.4. Tumour-specific chromosome translocations:

Chromosomal translocations are seen frequently in human cancers. There are many 

examples of translocations in leukaemias (the prototype example is the BCR-ABL 

fusion associated with the t(9;22) Philadelphia chromosome of chronic myeloid 

leukaemia) (Rabbitts, 1994). Translocations are also seen in paediatric sarcomas, 

including the EWS/FLI-1 fusion protein found in Ewing’s sarcoma (May et al, 1993), 

and the PAX3-FKHR fusion protein which is a hallmark of ARMS (Turc-Carel et al, 

1986; Shapiro etal, 1993).

Chromosome translocations lead to tumourigenesis via two main mechanisms: (i) 

inserted activation, where the translocated gene is placed under the control of an active 

expression element of another gene. This results in the activation of protooncogenes; 

and more commonly (ii) gene fusion, where the translocation juxtaposes portions of two 

unrelated genes, generating a novel tumour-specific fusion protein (Rabbitts, 1994). 

Tumour-specific chromosome translocations that encode chimeric transcription factors 

(such as EWS/FLI-1 and PAX3-FKHR) are examples of the latter mechanism, and are 

thought to exert their oncogenic effects through the dysregulation of gene expression 

(Barr, 1998). For example, the chimeric EWS/FLI-1 transcription factor is oncogenic 

through a gain of function. EWS/FLI-1 is able to transform cells in culture and is a more 

potent transcriptional activator than FLI-1 (May et al, 1993).
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Figure 1. The structure of PAX3, FKHR, PAX3-FKHR proteins. The wild type 
PAX3 protein contains paired box (PB) and homeodomain (HD) DNA-binding domains 
separated by an octapeptide motif. Wild type FKHR contains a forkhead DNA-binding 
domain (FD) and a transcriptional activation domain (AD). The PAX3-FKHR fusion 
protein contains the N-terminal PAX3 DNA-binding motifs fused to the bisected FD 
and intact AD of FKHR.
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It is important to note that peptide sequences derived from the rearrangement site of 

fusion proteins generated by chromosomal translocations are tumour-specific. Such 

unique tumour antigens are potential targets for immunotherapeutic strategies (Rabbitts, 

1994).

1.5. PAX3:

1.5.1. Paired Box gene family’.

PAX3 and PAX7 are members of the paired box (PAX) family of transcription factors. 

All 9 human PAX family proteins contain a PB DNA-binding domain and play 

fundamental roles during early embryogenesis as basic pattern forming genes (Goulding 

et al, 1991). PAX3, 6 and 7 are grouped into a subfamily, all containing a HD in 

addition to the PB (reviewed by Read, 1995; Stuart and Gruss, 1995).

When aberrantly expressed, most PAX genes have oncogenic potential. Maulbecker and 

Gruss (1993) reported that over-expression of PAX family proteins in transfected mouse 

NIH 3T3 fibroblasts leads to transformation in culture and tumour formation in mice. 

Furthermore, aberrant expression of a number of PAX genes has been correlated with 

different human tumours. For instance, PAX2, PAX3, and PAX5 have been found at 

high levels in Wilms tumour (Dressier and Douglass, 1992), RMS (Schafer et al, 1994; 

Tiffin et al, 2003), astrocytoma (Stuart et al, 1995), respectively.

Several of the PAX genes have a role in Mendelian syndromes. For instance, the human 

condition Waardenburg syndrome (WS) is due to a loss of function mutation in PAX3 

(Baldwin et al, 1992; Tassabehji et al, 1993; Baldwin et al, 1995), and aniridia is caused 

by a loss of function mutation in PAX6 (Axton et al, 1997).

1.5.2. The role ofPAXS in embryogenesis:

PAX3 is normally expressed during early embryogenesis, primarily in early 

neurogenesis within the neural crest cell lineage, as well as in muscle precursors in the 

dermomyotome of the somites (Goulding et al, 1991; Bober et al, 1994). PAX3 plays an 

important role in the migration of myogenic progenitor cells during embryonic 

development and is therefore required for the development of proper limb musculature 

(Daston et al, 1996). Expression of PAX3 is tightly regulated, first expressed at 

embryonic day 8.5, and down-regulated by embryonic day 14.5, following muscle cell 

differentiation (Bober et al, 1994).
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1.5,3. PAX3 mutations in splotch mice and human Waardenburg syndrome: 

Homozygous ‘splotch’ mice have a loss of function mutation in PAX3, and do not 

synthesize normal PAX3 protein (Goulding et at, 1993). The splotch mice exhibit 

neural tube defects and fail to develop normal limb musculature as a result of impaired 

myogenic precursor migration (Epstein et al, 1991; Bober et al, 1994). In humans,

PAX3 mutations are responsible for WS type I and type m  (Baldwin et al, 1995). WS is 

an autosomal dominant trait, characterised by a combination of deafness, dystopia 

canthorum (a minor facial malformation), musculoskeletal abnormalities, and 

pigmentation disturbances of the skin, eye or hair (Baldwin et al, 1992; Tassabehji et al, 

1993; Baldwin et al, 1995). Some of these symptoms are the result of faulty migration 

or differentiation of PAX3-expressing precursors derived from the neural crest during 

development (Tassabehji et al, 1993).

1.6. FKHR:

FKHR (FOXOl) is a member of the mammalian FKHR family of transcription factors 

(recently renamed forkhead box, class O; FOXOj that also includes FKHRLl 

(F0X03a) and AFX (F0X04). The mammalian FKHR family are homologous to the 

DAF-16 FKHR-type transcription factor found in Caenorhabditis elegans, and are 

characterised by a conserved FKHR DNA-binding domain, termed a winged helix 

(reviewed by Burgering and Kops, 2002). Members of the FKHR transcription family 

are widely expressed in mouse embryo and adult tissues (Furuyama et al, 2000). The 

FKHR family, like the PAX family, plays an important role during embryogenesis 

(Weigel et al, 1989; Hromas and Costa, 1995).

FKHR family members regulate the expression of insulin responsive genes. Guo and 

colleagues (1999) noted that FKHR transactivates insulin like growth factor binding 

protein 1 (IGFBP-1) through binding to the insulin response sequence (1RS) in the 

IGFBP-1 promoter. Furuyama et al (2000) found that mammalian FKHR family 

transcription factors are able to bind target genes containing DAF-16 family protein- 

binding elements (DBEs) with a stronger affinity than they bind to IRSs. FKHR 

transcription factors have been shown to play a role in promoting growth arrest and 

apoptosis (Dijkers et al, 2000; Schmidt et al, 2002; Gilley et al, 2003). The 

transcriptional activity of FKHR members is regulated by the serine/threonine kinase 

Akt (protein kinase B) (Brunet et al, 1999; Del Peso et al, 1999; Kops et al, 1999). Del 

Peso and colleagues (1999) showed that Akt inhibits the transcriptional activity of
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FKHR via phosphorylation. The investigators infer that Akt-directed phosphorylation of 

FKHR retains the transcription factor in the cytoplasm, thereby repressing its ability to 

target DNA sequences (which are located in the nucleus).

1.7. The role of PAX3-FKHR in the pathological progression of ARMS:

1.7.1. The oncogenic potential o f PAX3-FKHR:

Several investigators have provided evidence that the chimeric PAX3-FKHR 

transcription factor has oncogenic properties.

Davis and Barr (1997) demonstrated that PAX3-FKHR and PAX7-FKHR fusion 

proteins are over-expressed (relative to wild type PAX3/7 levels), in t(2;13) and t(l;13) 

subsets of ARMS, respectively. Interestingly, the two chimeric transcription factors are 

over-expressed by independent mechanisms. PAX7-FKHR over-expression is a result 

of gene fusion amplification, whereas PAX3-FKHR over-expression is copy number 

independent, instead resulting from increased transcription. The investigators concluded 

that expression of PAX3-FKHR and PAX7-FKHR above a threshold level is critical for 

the fusion proteins to have oncogenic effects.

Bemasconi and colleagues (1996) reported that specific down-regulation of the PAX3- 

FKHR fusion protein in the ARMS cell line RH30 using anti-sense oligonucleotides 

triggers the induction of apoptosis. The ERMS cell line RD does not express the PAX3- 

FKHR fusion protein but does have elevated levels of wild type PAX3 mRNA in 

comparison to primary human myoblasts. The treatment of RD cells with anti-sense 

oligonucleotides targeting PAX3 resulted in reduced cellular viability. The investigators 

concluded that both PAX3 and PAX3-FKHR provide a vital cell survival signal in RMS 

cells. In subsequent studies, Margue et al (2000) demonstrated that PAX3 and PAX3- 

FKHR stimulate transcription of endogenous BCL-XL mRNA in RMS cells. BCL-XL is 

a prominent anti-apoptotic protein, inferring that PAX3 and PAX3-FKHR proteins 

protect RMS cells from apoptosis, at least in part, through direct transcriptional 

activation of BCL-XL.

Ayyanathan and colleagues (2000) repressed the transcription of PAX3 and PAX3- 

FKHR target genes by generating and using a conditional PAX3 repressor. To engineer 

this, they fused the PAX3 DNA-binding elements to the KRAB repressor domain and 

the hormone binding domain of the oestrogen receptor. The KRAB domain represses
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transcription by recruiting the KAP-1 co-repressor. Attaching the PAX3-KRAB 

repressor to the hormone-binding domain of the oestrogen receptor allows the repressor 

to be in an active form only in the presence of the ligand tamoxifen. The investigators 

stably transfected the ARMS cell line RH30, which expresses endogenous PAX3 and 

PAX3-FKHR, with the conditional PAX3 repressor and demonstrated that it inhibited 

the transcription of PAX3 targets in a tamoxifen-dependent manner. In vitro growth 

assays revealed that repression of PAX3 and PAX3-FKHR in RH30 results in reduced 

cellular viability in low serum conditions. The RH30 cells stably transfected with the 

conditional PAX3 repressor were then used in tumour xenograft experiments. SCID 

mice were injected with these RH30 cells, and after a 10 day period to establish tumour 

growth, half the mice were treated with tamoxifen. In the presence of tamoxifen, the 

active PAX3-KRAB repressor caused a significant reduction in tumour size relative to 

mice not receiving tamoxifen. These results clearly demonstrate that PAX3-KRAB 

expression repressed transcription of PAX3 and PAX3-FKHR targets, resulting in the 

suppression of RH30 cell tumourigenesis in vivo. The results found using the 

conditional PAX3-KRAB repressor corroborate the results found when repressing 

PAX3 and PAX3-FKHR with antisense oligonucleotides.

Scheidler and colleagues (1996) showed that PAX3-FKHR transforms chicken embryo 

fibroblasts (CEFs), with the cells acquiring the ability of anchorage-independent growth 

in vitro. However, when injected into the wingweb of newly hatched chickens, the 

PAX3-FKHR-expressing retrovirus did not lead to the formation of tumours in vivo.

This suggests that additional genetic changes are required for tumour induction. In 

contrast, PAX3 is unable to transform cells in culture, under identical conditions 

(Scheidler et al, 1996; Lam et al, 1999).

1.7.2. Comparing PAX3-FKHR and wild type PAX3 protein functions'.

A lot of information on the tumourigenic role of the PAX3-FKHR fusion protein has 

come from experiments comparing the functional properties of PAX3-FKHR and wild 

type PAX3 proteins, since the bisected FKHR DNA-binding domain in PAX3-FKHR 

would not be predicted to contribute to target gene recognition (Sublett et al, 1995).

PAX3 contains both PB and HD DNA-binding elements, which bind DNA in a 

sequence-specific manner. It has been shown that PAX3 can specifically bind to the 

DNA sequence e5, found in the promoter of the EVE gene of Drosophila melanogaster
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(Goulding et al, 1991), which contains adjacent PB domain (GTTCC) and HD (ATTA) 

consensus binding sites. Binding to the e5 target sequence serves as a useful indicator of 

the functional DNA-binding properties of PAX proteins. Fredericks and colleagues 

(1995) performed electrophoretic mobility shift assays (EMSAs) to compare the DNA- 

binding potential of PAX3-FKHR and PAX3 proteins to the e5 DNA sequence. PAX3- 

FKHR retains the PAX3-derived PB and HD motifs, and was found to bind e5 target 

sequences. However, wild type PAX3 bound to e5 with an affinity three times stronger 

than PAX3-FKHR. The authors speculate that the reduced binding affinity is a result of 

the N-terminal FKHR region interfering with the binding of the PAX3-derived HD. In 

subsequent transient co-transfection experiments, the investigators measured the ability 

of PAX3-FKHR and wild type PAX3 to activate transcription of an e5 target sequence- 

driven CAT reporter gene. They found that PAX3-FKHR is a far more potent 

transcriptional activator than wild type PAX3, despite having impaired DNA-binding 

affinity. Fredericks and colleagues (1995) postulate that the chimeric PAX3-FKHR 

transcription factor might be oncogenic as a result of excessive activation of normal 

PAX3 target genes.

Similarly, Bennicelli and colleagues (1996) performed transient co-transfection 

experiments in three different cell lines, using various expression constructs, to examine 

the transactivation potency of PAX3 and PAX3-FKHR proteins. PAX3-FKHR was 

approximately 100 fold more potent than PAX3 at activating the e5 target sequence- 

specific reporter construct and the PRS9 DNA-binding site reporter construct 

(containing 6 direct repeats of the PB and HD consensus recognition sequences) in NIH 

3T3 murine fibroblasts. The authors suggest that this PAX3-FKHR gain of function 

results from switching the C-terminal PAX3 activation domain for the structurally 

distinct C-terminal FKHR-derived activation domain, which is relatively insensitive to 

the inhibitory effects of N-terminal PAX3 domains.

Lam and colleagues (1999) retrovirally infected NIH 3T3 fibroblasts with PAX3, 

PAX3-FKHR and specific mutant derivatives to determine the domains vital for PAX3- 

FKHR-mediated oncogenicity. The PAX3-derived HD and FKHR-derived 

transactivation domain were absolutely required for cellular transformation, with 

specific mutants lacking these domains unable to transform 3T3 cells. Lam et al (1999) 

further demonstrated that retroviral expression of the FKHR portion of PAX3-FKHR in 

3T3 fibroblasts does not cause cellular transformation. Surprisingly, retroviral
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expression of PAX3-FKHR mutants, with impaired PB-mediated DNA binding ability, 

retain their cellular transformation properties promoting anchorage independent cell 

growth. This clearly demonstrates that DNA binding through the PAX3-derived PB is 

not required for PAX3-FKHR-mediated cellular transformation.

Overall, several studies (Fredericks et al, 1995; Bennicelli et al, 1996) suggest that the 

chimeric PAX3-FKHR transcription factor exerts its oncogenic role in ARMS through 

the dysregulation of normal PAX3 target genes. However, more recently Epstein et al 

(1998) discovered that PAX3-FKHR can directly induce transcription of the platelet- 

derived growth factor alpha receptor (PDGFotR) gene, while PAX3 can not do so under 

identical conditions. Co-transfection experiments with mutant PAX3-FKHR DNA 

constructs demonstrated that the HD is the only PAX3-FKHR-derived DNA-binding 

domain vital for transactivation of the PDGFocR promoter constructs. Several 

explanations have been proposed for how PAX3-FKHR is able to transactivate 

PDGFocR whilst wild type PAX3 can not do so, despite possessing exactly the same HD 

DNA-binding motif. Epstein et al (1998) speculate that PAX3-FKHR and PAX3 have 

equal DNA-binding abilities, but PAX3-FKHR has superior ability to transactivate the 

PDGFocR gene once bound, possibly due to a different structural configuration of the 

fusion protein or an inability of PAX3-FKHR to bind an unknown PAX3 repressive 

cofactor. The authors infer that the oncogenicity of PAX3-FKHR is dependent on both 

protein-DNA and protein-protein interactions mediated through the PAX3 HD 

recognition helix. Gao and Wang (2000) postulate that in wild type PAX3, the PB and 

HD are functionally interdependent, requiring binding of both DNA-binding domains to 

target DNA sequences to facilitate transcriptional activation. However, there is an 

uncoupling of the PB and HD interdependency in PAX3-FKHR. This is the result of 

interchanging the PAX3 transactivation domain for a FKHR transactivation domain, 

removing the inhibitory actions of the PAX3 transactivation domain.

The discovery that PAX3-FKHR can activate a gene not normally activated by wild 

type PAX3 is evidence that that the oncogenic role of PAX3-FKHR is more complex 

than previously thought. Hollenbach and colleagues (1999) investigated the interaction 

of PAX3 and PAX3-FKHR proteins with the transcriptional repressor DAXX. Co- 

immunoprecipitation experiments of COSl cells over-expressing PAX3 and DAXX 

proteins revealed that DAXX can interact with PAX3 in vivo. PAX3 deletion mutant 

experiments revealed that the PAX3 HD recognition helix and octapeptide domain are
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required for the interaction with DAXX. DAXX was found to inhibit the ability of 

PAX3 to transactivate the PRS9-CAT reporter gene by roughly 80%. Whilst DAXX 

was found to interact with PAX3-FKHR in vivo, it only exerted a minimal repressive 

action on the transcriptional activity of the fusion protein (less than 25% inhibition).

The authors propose the following two potential mechanisms to explain how PAX3- 

FKHR is unresponsive to the repressive action of DAXX: (i) the fusion protein contains 

a potent FKHR transactivation domain that is able to recruit transcriptional machinery 

and drive transcription of target genes, overriding the repressive efforts of DAXX; (ii) 

the FKHR domain may cause steric hindrance of DAXX. This hindrance does not 

prevent the interaction of PAX3-FKHR with DAXX, but may prevent the recruitment of 

other factors required for DAXX-mediated transcriptional repression.

1.7.3. Additional experiments investigating the effects ofPAXS-FKHR on cell

phenotype:

Epstein et al (1995) reported that PAX3 and PAX3-FKHR expression in cultured 

myoblast cells inhibits myogenic differentiation. Culturing the C2C12 myoblast cell line 

in low serum condition induces differentiation in approximately 90% of cells, as 

assessed by myosin expression. However, a lower percentage of C2C12 cells stably 

transfected with PAX3 and PAX3-FKHR undergo myogenic differentiation after 

exposure to low serum (only 43% and 27% of cells express myosin, respectively). 

Furthermore, the introduction of a WS mutation into the PB of PAX3 abrogates the 

inhibition of myogenesis. C2C12 cells transfected with PAX2, which does not contain 

an intact HD, differentiate when cultured in low serum conditions. These assays suggest 

that intact PB and HD DNA-binding elements are required for the PAX3 and PAX3- 

FKHR anti-myogenic effect (Epstein et al, 1995). This inhibition of myogenic 

differentiation may be an important part of the RMS phenotype, maintaining the cells in 

a permanent primitive myoblastic state with proliferative potential (Khan et al, 1999). 

Anderson et al (2001a) reported that ectopic expression of PAX3-FKHR in the PAX3- 

expressing ERMS cell line RD results in increased growth rate in serum-starved 

conditions, in vitro. The RD cells stably transfected with PAX3-FKHR or empty vector 

were next examined in tumour xenograft experiments. Tumours derived from RD cells 

stably transfected with PAX3-FKHR were found to grow faster and be more locally 

invasive than tumours derived from RD cells transfected with empty vector. The authors 

concluded that PAX3-FKHR is directly responsible for the more aggressive tumour 

phenotype associated with ARMS.
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Zhang and Wang (2003) similarly observed an elevated proliferative rate of fibroblasts 

ectopically expressing PAX3-FKHR. The investigators went on to examine the 

mechanisms involved in altering the cell cycle pathway that lead to elevated growth rate 

in PAX3-FKHR-expressing cells. They found that over-expression of PAX3-FKHR 

accelerates the Gq/Gi to S cell cycle transition by degrading p27^^^ protein, an 

important cell cycle inhibitor, via the ubiquitin-dependent 26S proteasome pathway. 

Restoring p27*^^  ̂expression to normal levels abolishes the hyperproliferative properties 

of the PAX3-FKHR-transformed fibroblasts, demonstrating that destabilization of 

p2 'yKipi is an active mechanism in PAX3-FKHR-mediated transformation.

Anderson et al (2001b) generated transgenic mice expressing the PAX3-FKHR fusion 

protein under the control of a PAX3 promoter. They found that expression of PAX3- 

FKHR fusion protein in the mouse embryo interfered with the normal PAX3 functions, 

such as neural crest migration, and competed with PAX3 for transcriptional targets in 

vitro. However, PAX3-FKHR expression did not lead to tumour formation in vivo, 

suggesting that PAX3-FKHR expression is not sufficient for tumourigenesis. In 

contrast, similar translocations found in leukaemias do not require additional genetic 

changes to elicit tumourigenesis (Rabbitts, 1994). Anderson and colleagues (2001b) 

postulate that PAX3-FKHR disrupts normal PAX3 developmental functions as a 

prelude to transformation. Lagutina et al (2002) generated PAX3-FKHR knock-in mice 

by homologous recombination of PAX3-FKHR into the mouse PAX3 locus. Consistent 

with data from PAX3-FKHR transgenic mice, the newborn heterozygous and parental 

chimeric PAX3-FKHR knock-in mice did not form muscle tumours. Despite the low 

level of expression of PAX3-FKHR, the chimeric knock-in mice and their heterozygous 

offspring showed phenotypic abnormlities, such as cardiac and respiratory failure, 

which were very different from those detected in splotch mice (Goulding et al, 1993; 

Bober, 1994). Lagutina et al (2002) concluded that the PAX3-FKHR knock-in allele 

caused lethal development defects that could be explained by a dominant negative effect 

of PAX3-FKHR on PAX3 function in cardiac neural crest-derived cells.

The t(2;13)(q35;ql4) product is under the control of the 5' PAX3 promoter, yet does not 

appear to be expressed in a PAX3 regulated manner, as PAX3 is not expressed beyond 

embryonic day 14.5. The 3' FKHR sequences might promote transcription of the hybrid 

gene, though little data is published on this subject.
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IJA.Nuclear localisation o f PAX3-FKHR:

In all reports to date, PAX3-FKHR has been found exclusively in the nucleus of cells.

For instance, retroviral expression of PAX3-FKHR protein in CEFs and NIH 3T3 

murine fibroblasts results in PAX3-FKHR localisation in the nucleus (Scheidler et al, 

1996; Lam et al, 1999). Fredericks et al (1995) detected PAX3-FKHR fusion protein 

solely in the nuclear extract of RH30 cells, a human ARMS cell line with the 

translocation t(2;13)(q35;ql4). Akt has been shown to phosphorylate FKHR, resulting 

in the localisation of FKHR in the cytoplasm where FKHR is unable to bind nuclear 

partners and target DNA sequences. Two of the three phosphorylation sites found in the 

FKHR protein are retained in the PAX3-FKHR fusion protein. Nonetheless, Akt is 

unable to prevent the nuclear localisation of PAX3-FKHR (Del Peso et al, 1999). The 

constitutive nuclear localisation of PAX3-FKHR might contribute to the oncogenic 

potential of the chimeric transcription factor.

It is important to note that the t(2;13)(q35;ql4) is a reciprocal translocation. The above 

studies suggest that the PAX3-FKHR fusion protein has oncogenic activity. In contrast, 

the reciprocal FKHR-PAX3 fusion protein is assumed to have no functional properties 

because the fusion protein has no intact DNA-binding domain. Furthermore, FKHR- 

PAX3 is expressed in only a small proportion of RMS cases.

1.8. Target genes of wild type PAX3 and the chimeric PAX3-FKHR fusion protein:

1.8.1. PAX3 target genes:

The PAX3 PB and HD DNA-binding consensus sequences have been found in the 5' 

promoter region of numerous genes. EMSAs and transient transfection experiments 

using target gene promoter-luciferase reporter constructs have confirmed the induction 

of several genes by PAX3, including microphthalmia-associated transcription factor 

(M/770 (Watanabe et al, 1998), the gene encoding the tyrosinase-related protein-1 

(TRP-1) (Galibert et al, 1999), neural cell adhesion molecule (NCAM) (Watanabe et al, 

1998; Mayanil et al, 2000), STX (Mayanil et al, 2001), and BCL-XL (Margue et al,

2000).

The receptor for hepatocyte growth factor (HGF)/scatter factor (SF) is encoded by the 

protooncogene c-MET, and has been shown to be requiicd for limb muscle development 

during embryogenesis (Bottaro et al, 1991; Bladt et al, 1995). Epstein and colleagues 

(1996) reported that expression of the product of the c-MET protooncogene is abolished
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in the limb muscle progenitor cells of PAX3-deficient splotch mice embryos. 

Transfection of PAX3 into C2C12 myoblasts has been shown to up-regulate the 

expression of c-MET, and 4 out of 5 tested human RMS cell lines expressed detectable 

levels of c-MET. Co-transfection assays revealed that PAX3 transactivates a luciferase 

reporter gene under the control of the c-MET promoter. Epstein et al (1996) concluded 

that c-MET is a direct target of PAX3 during limb muscle development and in RMS. 

Whether PAX3-FKHR also up-regulates c-MET is contentious (Khan et al, 1999).

MyoD and MYF-5, two myogenic basic-helix-loop-helix transcription factors, regulate 

skeletal muscle lineage determination in vertebrates (Molkentin and Olson, 1996; 

Kucharczuk et al, 1999). PAX3 and MYF-5 double knock out mice fail to activate MyoD 

and lack trunk and limb musculature (Tajbakhsh et al, 1997). In contrast, PAX3 and 

MYF-5 single knock out mice are able to activate MyoD during development and exhibit 

normal muscle phenotype. These findings suggest that PAX3 and MYF-5 function in 

parallel pathways upstream of MyoD during myogenesis.

1.8.2. PAX3-FKHR target genes: 

cDNA microarray analysis is a relatively new technology that provides a unique 

opportunity to examine the expression of thousands of genes (DeRisi et al, 1996;

DeRisi et al, 1997). Gene expression profiling of human cancers has the potential to 

reveal genes highly expressed in certain cancers, which might be used for diagnostic 

purposes or as therapeutic targets, and also to elucidate the role of oncogenes in 

tumourigenesis (DeRisi et al, 1996).

Khan et al (1998) used cDNA microarray analysis to examine global gene expression in 

ARMS, comparing RNA collected from 7 ARMS cell lines, all endogenously 

expressing PAX3-FKHR, to several reference cell lines. They identified 37 genes 

expressed at elevated levels in 4 or more of the 7 ARMS cell lines relative to control 

cell lines. Three of the genes had previously been shown to be elevated in ARMS, 

namely PAX3-FKHR (Galili et al, 1993; Davis and Barr, 1997), MYCN (Driman et al, 

1994; Lu et al, 2001) and CDK4 (Berner et al, 1996). Numerous genes that Khan and 

colleagues (1998) found to be highly expressed in ARMS are involved in cellular 

proliferation, with genes such as the cyclin CDC2 reported to be over-expressed in other 

cancer types (Keyomarsi and Pardee, 1993). The authors concluded that cDNA 

microarray analysis identified a gene expression pattern common to ARMS.
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To investigate the role of the chimeric PAX3-FKHR transcription factor in oncogenesis, 

Khan and colleagues (1999) introduced PAX3 and PAX3-FKHR into mouse NIH 3T3 

fibroblasts by retroviral transduction and examined the gene expression changes by 

cDNA microarray analysis. They found that PAX3-FKHR, but not PAX3, had the 

ability to activate a myogenic transcription program, significantly up-regulating 

expression of the myogenic transcription factor genes Myogenin and SIXl, as well as 

numerous other muscle-related genes, such as insulin like growth factor 2 (IGF2) and 

its binding protein IGFBP-5. The investigators proposed a model whereby PAX3- 

FKHR contributes to the phenotype of ARMS by maintaining cells in a permanent 

primitive myoblastic state with proliferative potential, and a subsequent secondary 

genetic event leads to ARMS. This hypothesis is supported by data showing that the 

over-expression of PAX3 or PAX3-FKHR in cultured myoblast cells inhibits myogenic 

differentiation (Epstein et al, 1995).

1.9. Current mouse models of ARMS:

There are currently no mouse models that closely resemble ARMS. Takayama and 

colleagues (1997) generated transgenic mice expressing HGF/SF under the control of a 

metallothionein promoter to target HGF/SF expression to a wide variety of tissues. The 

forced mis-expression of HGF/SF induced aberrant development and the formation of a 

variety of tumour types, derived from both mesenchymal and epithelial origin.

However, crossing these transgenic mice with INK4a'^' mice resulted in a very high 

incidence of RMS (Sharp et al, 2002).

Anderson et al (2001b) generated transgenic mice expressing a PAX3-FKHR transgene 

driven by the mouse PAX3 promoter. However, the mice did not form tumours. 

Capecchi and colleagues (2003) have recently generated a conditional PAX3-FKHR 

knock-in mouse. Within one year, the mice reportedly develop muscle tumours that 

closely resemble human ARMS. Knock-in mice expressing PAX3-FKHR under the 

control of a PAX3 promoter do not form muscle tumours (Lagutina et al, 2002), so 

investigating PAX3-FKHR expression in this new conditional PAX3-FKHR knock-in 

mouse model will shed light on the oncogenic role of the chimeric transcription factor 

in ARMS. Unfortunately, there is currently no published data about this conditional 

PAX3-FKHR knock-in mouse model.
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1.10. Experimental aims:

There are three main aims of this project:

■ Firstly, to generate a mouse RMS cell line that expresses elevated levels of 

PAX3-FKHR and forms tumours when injected into syngeneic mice. We hope 

to use this cell line to test the ability of tumour antigen-pulsed dendritic cells to 

specifically target and eliminate PAX3-FKHR-expressing tumour cells in vivo 

(described in Chapter 3).

■ Secondly, comparing mouse RMS cells expressing PAX3-FKHR to mouse RMS 

cells expressing empty vector, we hope to identify genes that are up-regulated by 

PAX3-FKHR and can be targeted using directed immunotherapy for the 

treatment of ARMS.

■ Finally, to investigate the oncogenic actions of PAX3-FKHR in RMS cells by 

comparing mouse RMS cells expressing PAX3-FKHR to mouse RMS cells 

expressing empty vector.

We chose to examine the target genes of PAX3-FKHR in the mouse RMS cell line 

called 76-9 for two reasons. Firstly, ectopic expression of PAX3-FKHR in 76-9 cells 

results in increased local invasive ability, a characteristic of the highly metastatic 

ARMS subtype (Anderson et al, 1999a). Secondly, a large proportion of ARMSs also 

express elevated levels of wild type PAX3 or PAX7 (Tiffin et al, 2003), and stimulation 

of a myogenic pathway might not be a physiologically important role of PAX3-FKHR.

We generated clones of 76-9 RMS cells stably transfected with a PAX3-FKHR 

expression construct. A matrigel invasion assay demonstrated that PAX3-FKHR 

significantly increased the invasive ability of 76-9 cells. Sub-cutaneous injection of 

PAX3-FKHR-expressing 76-9 cells into syngeneic mice resulted in the formation of 

tumours that express PAX3-FKHR mRNA. This is therefore a suitable mouse model of 

ARMS for testing immunotherapeutic strategies. The target genes of PAX3-FKHR in 

76-9 cells were determined by comparing the global mRNA profile of cells transfected 

with empty vector with two independent clones transfected with PAX3-FKHR, using 

oligonucleotide microarray expression profiling. We found that PAX3-FKHR 

significantly up-regulated 31 genes and down-regulated 69 genes, by more than 2 fold. 

Published data suggests that none of the genes significantly induced by PAX3-FKHR 

are putative tumour-specific antigens suitable for directed immunotherapy. Nonetheless, 

several of the regulated genes, including the known PAX3-FKHR target IGF2, have
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putative roles in cell proliferation, angiogenesis and metastagenesis. Moreover, a large 

proportion of the identified genes were found to be known IFN-y targets. Our findings 

suggest that PAX3-FKHR negatively interferes with IFN-y induced transcription in 

human and mouse RMS cells. We have shown for the first time that an oncogenic 

fusion protein interferes with basal IFN-y signalling, and we propose that this 

contributes to the ARMS phenotype.
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2. Methods and Materials

2.1. Cloning and expression constructs:

2.1.1 Expression plasmids:

A PAX3-FKHR mixed murine/human cDNA, which uses the second ATG start site of 

PAX3, was a gift from J. Epstein (University of Pennsylvania, USA). J. Anderson had 

previously inserted the PAX3-FKHR cDNA fragment into the pBK-CMV vector 

(Stratagene, USA), to give high level PAX3-FKHR expression under the control of the 

cytomegalovirus (CMV) immediate early gene promoter (Anderson et al, 2001a). This 

construct is called pBK-CMV-P3F (Figure 2). To generate an alternative expression 

construct, Anderson et al (2001a) inserted the 7 Kb MyoD enhancer sequence 

(Kucharczuk et al, 1999) upstream of PAX3-FKHR in the pBK-CMV plasmid. This 

vector is called pBK-MyoD-P3F.

The PRS9-chloramphenicol acetyl transferase (PRS9-CAT) plasmid was a gift from J. 

Bennicelli (University of Pennsylvannia, USA), and contains six direct repeats of the 

PAX3 PB and HD consensus binding sequences upstream of a CAT reporter gene. The 

PRS9-CAT reporter construct was used in transient transfection experiments to 

determine the level of activity of PAX3 and PAX3-FKHR protein in our RMS cell lines.

The IGFBP-1-luciferase construct was a kind gift from T. Unterman (University of 

Illinois, USA) and contains the human lGFBP-1 promoter upstream of a luciferase 

reporter gene (Guo et al, 1999). Two BIM reporter constructs were kindly donated by J. 

Gilley. The BIM-luciferase reporter consists of the 5.2 Kb region 5' to the BIM 

initiation codon inserted upstream of a luciferase reporter gene. The mutant BIM- 

luciferase reporter contains mutations in both the FKHR binding sites of the BIM- 

luciferase reporter, which completely abrogates FKHR binding to the mutant BIM 

promoter (Gilley et al, 2003). The c-MFT promoter-luciferase reporter gene was a gift 

from P. Scambler (Institute of Child Health, UK), and M. Tachibana (National Institutes 

of Health, USA) donated the MITF promoter-luciferase reporter construct.

To normalise for transfection efficiency, pGL3-Control luciferase and pSV-P- 

galactosidase control vectors (both from Promega, USA) were used. To allow selection 

for transfected cells in a mixed population, the cell lines were co-transfected with the
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Figure 2. Map of the pBK-CMV-P3F phagemid vector. The PAX3-FKHR mixed 
murine/human cDNA, containing a hemagglutinin (HA) tag at its 5' terminus, was 
cloned into the multiple cloning site of the pBK-CMV phagemid vector (Stratagene). In 
this vector, eukaryotic expression of PAX3-FKHR is driven by the CMV early gene 
promoter, and a SV40 polyadenylation cassette provides the signal required for the 
termination of transcription and polyadenylation. The presence of the neomycin 
resisitance gene allows cells stably transfected with the vector to be selected for their 
resistance to G418. The vector is also suitable for in vitro transcription of the PAX3- 
FKHR sequence with T3 and T7 RNA polymerase.
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pCMS-EGFP vector (Clontech, USA) that contains a SV40 promoter/enhancer 

upstream of the green fluorescent protein (GFP) gene.

2.1.2. Growing up large quantities o f plasmid DNA:

Large amounts (20p,g-lmg) of the above listed DNA constructs were grown up in 

JM109 Competent Escherichia coli Cells (Promega). To transform JM109 Competent 

Cells with the plasmids, a standard transformation protocol was followed: 

approximately 50ng of DNA was added to lOOp.1 of thawed competent cells and 

incubated at 4°C for 10-30 minutes. The cells were heat shocked for 30 seconds in a 

water bath at 42°C, and then immediately placed on ice for 2 minutes. Subsequently, 

300)l i1 of Luria-Bertani (LB) broth (without antibiotics) was added to the cells and 

incubated at 37°C with shaking (approximately 225 rpm) for 1 hour. Various volumes 

(20-200|il) of the cells were streaked out onto LB antibiotic plates, and incubated at 

37°C overnight.

Up to 20 independent colonies were picked using sterile cloning loops, and each colony 

was used to inoculate 2ml of LB broth (containing the appropriate antibiotic: 100p,g/ml 

of ampicillin, or 50p,g/ml of kanamycin). For small scale preparations of DNA, the cells 

were incubated in 2ml of LB broth at 37°C with shaking overnight. For large scale 

preparations, the cells were incubated in 2ml LB broth for 3-4 hours at 37°C with 

shaking. This starter culture was then added to 200ml of LB broth (plus antibiotics) and 

incubated at 37°C with shaking for a further 24 hours. The bacteria cells were pelleted 

and the plasmid DNA extracted using QIAprep Spin Miniprep or HiSpeed Plasmid 

Maxi kits (both from Qiagen, UK), following the recommended protocols.

Finally, digestion of the miniprep or maxiprep plasmid DNA was performed to confirm 

that the correct plasmid was grown up and that no genetic rearrangements had occurred. 

Approximately 2-5pg of plasmid DNA was digested in a 30p,l reaction, containing more 

than 1 unit of restriction enzyme per |Lig of DNA, Ix restriction enzyme specific buffer, 

and Ix bovine serum albumin (BSA) (all from Promega). The digestion reaction was 

incubated at 37°C for 1-3 hours and an aliquot electrophoresed on a TAE (Tris acetate 

EDTA)-agarose-ethidium bromide gel alongside a ladder of known DNA sizes (1 Kb 

Plus Ladder; Invitrogen, USA).
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All standard laboratory chemicals were obtained from Sigma (UK) and all standard 

solutions were from BDH Laboratories (UK), unless stated otherwise.

2.2. Preparation of RNA, Northern blots, and RT-PCR:

2.2.7. Isolation o f total RNA :

The RMS cell lines were harvested during their exponential phase of growth, at 

approximately 50-75% confluency. The cells were trypsinised and washed in phosphate 

buffered saline (PBS; Gibco, UK) (see 2.4.1. for detailed methodology). 2x10^ cells 

were pelleted by centrifugation at 130g for 5 minutes, dried throroughly and snap frozen 

to -70°C in dry ice-methanol freezing solution.

Total RNA was isolated from the frozen cells and mouse tissues using Trizol Reagent 

(Gibco), following the manufacturer’s protocol. Briefly, 2x10^ frozen cells were lysed 

in 3ml of Trizol Reagent by vigorous pipetting, whereas tissues isolated from C57BL/6 

mice were homogenized in 1ml of Trizol Reagent per lOOmg of tissue using a glass- 

Teflon homogeniser. The samples were incubated at room temperature for 5 minutes, 

then mixed with 0.2ml of chloroform per ml of Trizol Reagent, and incubated at room 

temperature for a further 2 minutes. The samples were centrifuged at l,750g for 25 

minutes at 4°C. The aqueous phase containing the RNA was transferred to a fresh tube, 

and mixed with 0.5ml of isopropanol per ml of Trizol Reagent, to precipitate the RNA. 

Following incubation at room temperature for 10 minutes, the samples were centrifuged 

at l,750g for 30 minutes at 4°C. The supernatant was removed and the RNA pellet 

washed with 75% ethanol and centrifuged at l,750g for 15 minutes at 4°C. The 

supernatant was removed and the RNA air dried, dissolved in RNase free water, 

quantified, and stored at -70°C.

Prior to use in Northern blots and RT-PCR reactions, the total RNA was treated with 

DNase I (Roche, USA) to remove residual genomic DNA. This was performed 

following the standard protocol (Sambrook et al, 1989). Briefly, 10|il of O.IM 

Dithiothreitol (DTT), 20|Li1 of 25mM MgCl2, 3.3|il of 3M NaCiHgOi (pH 5.3), 0.5|il of 

RNasin RNase inhibitor (Promega), and l|il of DNase I (Roche) were mixed, and added 

to 75p,l of total RNA solution. The samples were mixed, and incubated at 37°C for 15- 

30 minutes. Next, the RNA was extracted twice with lOOpl of 

Phenol:Chloroform:Isoamyl alcohol (25:24:1) (Sigma) and once with 100|xl of
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Chloroform, collecting the aqueous layer into a fresh tube after each phase separation 

(centrifugation at 15,800g for 2 minutes at 4°C). The RNA in the final aqueous layer 

was added to a new eppendorf tube and precipitated by adding lOjil of 3M NaC2H302  

(pH 5.3) and 250|il of 100% ethanol. The samples were mixed and incubated at -20°C 

for more than 30 minutes. The samples were centrifuged at 15,800g for 15 minutes at 

4°C, washed in 75% ethanol, air dried, and resuspended in RNase free water.

The double distilled water used in all RNA experiments was RNase treated with diethyl 

pyrocarbonate (Sigma), and all equipment was treated with Rnase ZAP (Sigma) to 

remove trace RNases.

2.2.2. Northern blot analysis:

Total RNA was denatured in 2.2M formaldehyde and 50% formamide at 55°C for 15 

minutes. After dénaturation, the RNA was electrophoresed on 1% formaldehyde agarose 

gels, and transferred to Hybond N+ nylon membranes (Amersham Biosciences, UK) by 

capillary blotting. Following UV crosslinking, the membranes were prehybridised in 

Ultrahyb solution (Ambion, UK) with 0.1% denatured salmon testes DNA (Invitrogen), 

at 42°C for 30 minutes. The relevant denatured radioactively labelled DNA probe (see

2.2.2.7.) was added to the prehybridisation solution and hybridised to the membrane 

overnight at 42°C. The blots were initially washed in a low stringency buffer, consisting 

of 2xSSC and 0.1% SDS, at 65°C for 30 minutes. If required, the membranes were 

subsequently washed in a high stringency buffer (0.2xSSC and 0.1% SDS) at 70°C. The 

membranes were then autoradiographed by exposing the membrane for 24-72 hours to 

X-ray film (BIOMAX MS film; Kodak, UK) at -70°C, or exposed on a phosphoimager 

screen overnight. The intensities of the bands were measured on the phosphoimager 

(Molecular Dynamics, UK), using ImageQuant software (Molecular Dynamics).

The membranes were stripped and re-probed a maximum of 3 times. The stripping 

protocol consisted of adding boiling 0.1% SDS to the membrane in a sealed container 

and incubating at room temperature until cooled. Following a rinse in 2xSSC, the 

removal of the probe was checked using a Geiger counter and by autoradiography. The 

stripped membrane was then prehybridised and hybridised with a different radio

labelled probe, as described earlier.
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2.2.2.1. Radioactive labelling o f the DNA probes:

The “^^P-labelled DNA probes were generated from RT-PCR amplified RNA templates. 

Total RNA collected from CMV and C23 cells were used as a template in the reverse 

transcription reactions (see 2.2.3. for detailed methodology). Mac Vector 6.5.3 software 

was used to design primer combinations that specifically amplify 500-900bp sequences 

from the mRNA of target genes (identified in the microarray experiment) in PCR 

reactions. A blast search of the National Center for Biotechnology Information (NCBI) 

database was performed to check that the RT-PCR reaction would amplify a sequence 

that was unique for mRNA transcribed from the target gene. Mac Vector 6.5.3 was also 

used for the identification of potential FKHR consensus DNA-binding sequence (5'- 

GTAAACAA-3') in the promoters of genes downstream of PAX3-FKHR.

The 50|li1 probe labelling reaction consisted of approximately 50ng of DNA in Ix 

Polymerase buffer, Ix BSA, 2.5 mM dNTP-c (all from Promega), and 2ng/ml random 

hexanucleotide primer (Invitrogen). The mixture was heated to 95°C for 5 minutes, then 

immediately cooled to 4°C for 3 minutes. Ijil of Klenow DNA Polymerase (Promega) 

and 3|il of ^^P-dCTP were then added to the 50p.l reaction volume, mixed and 

incubated at room temperature overnight. Unincorporated ^^P-dCTP was removed 

using NucTrap Probe Purification Columns (Stratagene). The radio-labelled probe was 

denatured at 95°C for 5 minutes, inunediately cooled on ice for 3 minutes, and added to 

the prehybridisation mix.

2.2.3. RT-PCR:

First strand synthesis reactions were performed using 4|ig of DNase treated total RNA 

in a 40|il reaction volume. The reverse transcription reaction contained O.ljXg/jil of 

random hexanucleotide primer, Ix Reverse Transcription buffer, 0.5mM dNTP mix, 

ImM DTT, l|xl of RNasin, and 200 units of Superscript II reverse transcriptase 

(Gibco). The samples were incubated at 37°C for 60 minutes.

2|il of cDNA from the first strand synthesis reaction was used as the template for the 

PCR reaction, in a 50|il reaction volume. The PCR reaction contained Ix PCR buffer, 

1.5mM MgClz, 0.2mM dNTP mix, 0.2pM 5' and 3' amplification primers (called P3F4 

and FKHRl, respectively), and 2 units of Taq DNA polymerise (Promega). The PCR 

reaction samples were initially denatured at 94°C for 2 minutes, followed by 30 cycles
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of 94°C for 30 seconds, 55°C for 30 seconds, and 72°C for 1 minute, finishing with an 

extension at 72°C for 10 minutes. A 10|Xl aliquot of each sample was electrophoresed 

on a 0.6-2% agarose gel. In negative control samples, no cDNA was added to the PCR 

reaction. In RT-PCR reactions amplifying PAX3-FKHR RNA, additional controls were 

performed to confirm that the PAX3-FKHR was amplified from RNA and not remaining 

genomic DNA. In these controls, the first strand cDNA synthesis was performed 

without Superscript II reverse transcriptase, and then used as a template for the PAX3- 

FKHR PCR reaction.

A 5' primer specific for a PAX3 sequence (5 '-TTCCAGCTATACAGACAGCT-3 ') and 

a 3' primer specific for a FKHR sequence (5 -GGCC AG ACTGG AG AG ATGCT-3 ') 

were used to amplify the 350bp PAX3-FKHR product. Primers specific for p-actin (5'- 

GAGCGGGAAATCGTCCGTGACATT-3' and 5'-TTTGAACTCCCCGTTGGTCC-3') 

amplified a 130bp product and were used to check for equal loading and integrity of the 

total RNA. All the primers were purchased for Sigma Genosys (UK).

2.3. Microarray analysis:

Each cell line was grown in triplicate cultures, and the three cell cultures were treated as 

independent samples. The CMV, C23 and C24 cell lines were harvested during their 

exponential phase of growth, at approximately 50-75% confluency. Total RNA was 

extracted from the cell lysates using the RNeasy mini kit (Qiagen), following the 

manufacturer’s protocol exactly.

Preparation of biotin-labelled cRNA, hybridisation, and scanning were performed 

according to Affymetrix guidelines (Affymetrix, USA). Briefly, 12p.g of total RNA was 

used as template for the synthesis of double-stranded cDNA, using Superscript II 

reverse transcriptase and T7-(dT)24 oligo primer (Invitrogen) in the first strand synthesis 

reaction. Following the second strand synthesis, the cDNA was used to synthesize 

biotin-labelled cRNA in an in vitro transcription reaction. The biotin-labelled cRNA 

was fragmented and hybridised to murine Affymetrix MG-U74 microarrays, consisting 

of more than 12,000 expressed sequences. The microarrays were then washed and 

scanned. Genespring 4.2.1 and Data Mining Tool were used to analyse the data.
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2.4. Cell lines, transfections, and reporter assays:

2.4.1. Cell lines:

The mouse methylcholanthrene induced RMS cell line called 76-9 was a gift from R. 

Evans (Jackson Laboratories, USA), and was maintained in RPMI media supplemented 

with 10% fetal calf serum (ECS), 2mM glutamine, lOOIU/ml penicillin and 100|ig/ml 

streptomycin (all from Gibco). The human RMS cell lines RH30 and RH18 were a gift 

from P. Houghton (Saint Jude’s Children’s Research Hospital, USA), and J. Shipley 

(Institute of Cancer Research, UK) donated the human RMS cell lines RMS, RD, and 

SCMC. All the human RMS cell lines were grown in Dulbecco’s Modified Eagle’s 

Medium (DMEM) containing 10% PCS and the other components as listed above. All 

cell lines were cultured at 37°C in 5% CO2 under sterile conditions.

The cell lines were grown in tissue culture dishes (TPP, Switzerland) and spit when the 

cells reached 90% confluency. The cell lines were split following a standard protocol, in 

which the adherent cells were washed in PBS, then covered in Ix trypsin (Gibco) and 

incubated at 37°C until fully detached (2-5 minutes). Once the cells had detached from 

the plastic, the cells were suspended in media and centrifuged at 130g for 5 minutes. 

After removing the supematent, the cells were resuspended in media and replated at the 

required density.

The cells were tested for Mycoplasma infection several times per year. Cell lines 

contaminated with Mycoplasma were treated with lOpg/ml Ciproxin (Bayer, Germany) 

for three weeks, then with Spg/ml Tylosin (Sigma) for 1 week.

2.4.2. Stable transfection o f cells:

76-9 cells were stably transfected with pBK-CMV empty vector or pBK-CMV-P3F 

DNA using FuGENE 6 Transfection Reagent (Roche). The 76-9 cells were trypsinised, 

the number of viable cells calculated using a haemacytometer, and 1.5x10^ cells plated 

out in 35mm culture dishes in 3 ml media. The cells were incubated at 37°C overnight, 

allowing them to adhere and start to proliferate. The cells were then transfected with the 

optimised ratio of 6|il of Fugene:2|ig of DNA in lOOjil of serum free RPMI, following 

the manufacturer’s protocol. Cell transfectants containing pBK-CMV or pBK-CMV- 

P3F were selected for resistance to 500)ig/ml G418 (Gibco), isolated as individual 

colonies using cloning loops, and expanded into cell lines. Early passages of clones
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stably expressing empty vector or PAX3-FKHR were frozen down in RPMI containing 

10% PCS, supplemented with 10% dimethyl sulphoxide (DMSO) (Sigma), and stored in 

liquid nitrogen. To re-culture, the frozen down cells were thawed in a 37°C water bath, 

washed in media, and plated out in RPMI with 10% PCS.

Wild type RD cells were similarly transfected with empty vector or pBK-CMV-P3P 

DNA using PuGENE 6 Transfection Reagent by J. Anderson. He gave me access to the 

0418 resistant clones, which had been frozen down in 10% DMSO and stored in liquid 

nitrogen.

2.4.3. Transient transfection o f cells:

In transient transfection experiments, 3x10^ cells were plated in 60mm culture dishes 

and transfected the following day, at approximately 70% confluency. The 76-9-derived 

cell lines were transiently transfected using PuGENE 6 Transfection Reagent, as 

described above. The human RMS cell lines were transfected using Lipofectamine 2000 

(Invitrogen) because optimisation assays revealed that the tranfection efficiency was 

higher in these cell lines with Lipofectamine 2000 than with PuGENE 6 Tranfection 

Reagent. Por each Lipofectamine 2000 transfection sample, 4pg DNA was diluted into 

250|il of serum free OptiMEM medium (Invitrogen) and incubated for 5 minutes at 

room temperature. A ratio of 8|ig of reporter plasmid DNA: Ipg of transfection 

efficiency control plasmid DNA was typically used. Simultaneously, 20|Ltl of 

Lipofectamine 2000 was diluted into 250)li1 of serum free OptiMEM medium. The 

diluted DNA and Lipofectamine 2000 solutions were then mixed and incubated at room 

temperature for 20 minute to allow DNA-Lipofectamine complexes to form. The DNA- 

Lipofectamine complex solution was added to the cells in 5ml DMEM plus 10% PCS. 

After 3 hours, the media was changed over the cells because the transfection reagent 

was toxic to the cells when left for longer periods.

After 48 hours, the cells were lysed using Reporter Lysis Buffer (Promega), following 

the manufacturer’s protocol. Briefly, the cells in each 60mm dish were covered with 

200|xl of Ix  Reporter Lysis Buffer and incubated for 15 minutes at room temperature. 

The cells were detached from the plate with a cell scraper, transferred to an eppendorf 

tube, and centrifuged at 15,800g for three minutes. The supernatant was then collected 

and assayed directly using the relevant reporter assay or stored at -70°C.
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Transfection experiments were performed in triplicate wells where possible. Control 

wells of cells were treated with FuGENE 6 Transfection Reagent or Lipofectamine 2000 

alone, without any DNA. These negative controls took into account the effect of the 

transfection reagent on the cells.

The reporter constructs used included PRS9-CAT, IGFBP-1-luciferase, c-MET 

promoter-luciferase, MITF promoter-luciferase, and two BIM-luciferase reporters. The 

two transfection efficiency control plasmids used were pGL3-Control luciferase and 

pSV-p-galactosidase. Normalised reporter gene expression values were plotted as 

arbitrary units, and calculated as the reporter value divided by the transfection 

efficiency control plasmid value.

2.4.4. Reporter assays:

2.4.4.1. CAT thin layer chromatography (TLC) and enzyme-linked 

immunosorbent assay (ELISA):

In early experiments, the CAT activity in cell lysates was measured using a standard 

enzymatic assay. Following the preparation of cell lysates using Reporter Lysis Buffer, 

the lysates to be used for CAT TLC were heated at 60°C for 10 minutes to inactivate 

endogenous deacetylases. lOOjil of cell lysate was mixed with 3|il of [^"^C]-labelled 

chloramphenicol (at 0.05mCi/ml), 5|il of n-Butyryl Coenzyme A (Promega) and made 

up to a reaction volume of 125|il using water. In positive controls, CAT was added to 

the reaction mix instead of cell lysate. In negative control samples, no cell lysate was 

added to the reaction mix. The reactions were incubated at 37°C overnight. The 

reactions were terminated by the addition of 500)il of ethyl acetate and centrifuged at 

15,800g for 3 minutes. The top, aqueous phase containing the acetylated forms of 

chloramphenicol was collected, placed in a new eppendorf tube, and dried by 

centrifugation at 50°C. The reaction product was re-dissolved in 20|xl of ethyl acetate 

and 10|il was dotted onto the Polygram TLC sheet (Macherey-Nagel, Germany). The 

TLC sheet was stood in a chromatography chamber containing 190ml of chloroform 

mixed with 10ml of methanol, so that the samples were slightly above the alcohol level. 

The TLC sheet was incubated at room temperature for 30 minutes to allow the solvent 

front to migrate up the sheet. The TLC sheet was then dried and exposed on a 

phosphoimager screen overnight. In each sample, the radioactive spot that has migrated 

the least distance up the TLC sheet consists of deacetylated chloramphenicol. The faster
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migrating radioactive spot, located higher up on the TLC sheet, is acetylated 

chloramphencol. To quantitate CAT activity, the intensities of the acetylated 

chloramphenicol spots were measured on the phosphoimager using ImageQuant 

software.

In later experiments, CAT activity in the cell extracts was measured by ELISA using a 

commercially available CAT ELISA kit (Roche), following the recommended protocol. 

The concentration of CAT present in the cell extracts was extrapolated from a standard 

curve.

2.4A.2. P-galactosidase enzyme assay: 

p-galactosidase activity in lysates prepared from cells transfected with pSV-p- 

galactosidase control vector was assayed using the p-galactosidase enzyme assay 

system (Promega). 50pl of cell lysate in Ix Reporter Lysis Buffer was mixed with 50pl 

of 2x Assay Buffer in a 96-well plate (Nunc, Denmark), and incubated at 37°C for 30 

minutes. The reaction was stopped by the addition of 150jil of IM sodium carbonate. 

The absorbance of the samples was read at 420nm in a plate reader. Alongside the 

experimental wells, a range of standards (0-5mU of p-galactosidase activity) were 

assayed to generate a standard curve. In some instances, P-galactosidase activity was 

measured using the Galacto-Light (Tropix, USA) assay system, following the 

manufacturer’s protocol exactly.

2.4.4.3. Luciferase assay:

The luciferase activity in cell lysates was measured using a commercially available 

luciferase assay system (Promega). lOpl of cell lysate was added to a luminometer tube 

containing lOOpl of Luciferase Assay Reagent, mixed by briefly vortexing, and read 

using a manual luminometer machine (Jencons, UK).

2.5. Tissue culture experiments using the 76-9-derived cell lines:

2.5.1. In vitro proliferation assay:

The rate of proliferation of 76-9, CMV, C23, and C24 cells were compared in serum 

free RPMI and in RPMI supplemented with 2% ECS or 10% ECS, using a colourimetric 

method for determining the number of viable cells. Briefly, the cell lines were plated out 

in 96-well culture plates in lOOpl of media at two densities, 0.5x10^ and 1.0x10^ cells
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per well. Each cell line was tested in triplicate wells, and negative control wells 

contained lOOjil of media alone. The number of viable cells in each dish were measured 

at various time points, ranging from 0 to 96 hours after plating, using a CellTiter 

Aqueous Non-Radioactive Cell Proliferation Assay (Promega). The 3-(4,5- 

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 

(abbreviated to MTS) and phenazine methosulfate (PMS) solutions were mixed, and 

20p,l of combined MTS/PMS solution added to each well of the 96-well assay plate. The 

cells were incubated with the MTS/PMS solution for 1-4 hours, then the colourmetric 

reaction was terminated by the addition of 25jil of 10% SDS to each well. Viable cells 

are able to bioreduce the MTS salt into formazan, whose absorbance can be measured 

directly. The absorbances were read at 490nm using a plate reader, and standards 

ranging from 1x10^ to 1x10^ cells were assayed to allow the generation of a standard 

curve.

2.5.2. Matrigel invasion assay:

2.5x10^ cells were suspended in 2ml of serum free RPMI media and plated in 

rehydrated BioCoat matrigel invasion inserts (Becton Dickinson, USA). The inserts 

contain an 8 micron pore size membrane covered with a thin layer of matrigel basement 

membrane matrix, which only metastatic cells are able to invade through. 2.5ml of 

RPMI supplemented with 5% PCS was used as a chemoattractant in the bottom of the 

wells, and the inserts were gently lowered into the wells, ensuring that no air bubbles 

formed between the insert and the chemoattractant. Following an overnight incubation 

at 37°C, the number of invasive and non-invasive cells was counted and the percentage 

invasion calculated as (the number of invasive cells/total number of invasive + non- 

invasive cells)xlOO.

2.5.3. All-trans-retinoic acid (ATRA) sensitivity assay:

The sensitivity of PAX3-FKHR negative (76-9 and CMV) and PAX3-FKHR positive 

(C23 and C24) cell lines to ATRA induced differentiation was examined. The human 

RMS cell line RH30 is known to differentiate when cultured in ATRA (Crouch and 

Helman, 1991), and served as a positive control. 2x10^ cells were plated in each well of 

a 96-well plate in serum free RPMI or RPMI with 10% PCS. The following day, ATRA 

(Sigma) was reconstituted in ethanol, and added at a range of concentrations from
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1x10 to 1x10 M. Control cells were treated with an equal volume of diluted ethanol, 

and assayed to show the normal rate of proliferation of the cell lines (in the absence of 

ATRA). The cells were cultured at 37°C in the dark for up to 72 hours following the 

addition of ATRA or ethanol. The rate of proliferation was used to measure the 

differentiation of the cells, as differentiation of RMS cell lines involves a block in 

proliferation (Crouch and Helman, 1991). The number of viable cells in each well was 

calculated using a CellTiter Aqueous Non-Radioactive Cell Proliferation Assay (as 

described in 2.5.L). The number of CMV and C23 cells cultured in the presence of 

0.1% ethanol (lO '^M ATRA vehicle solution) was set as 100% cell growth.

2.6. Tissue culture experiments using the RD-derived cell lines:
2.6.1. Treatment with IFN-/:

1x10^ cells were plated per 35mm culture dish. 24 hours later, recombinant human 

IFN-y (PeproTech, UK) was reconstituted in PBS and added to the cells at 2ng/ml, 

20ng/ml, and 200ng/ml. To control wells, an equal volume of PBS was added. After 24 

and 48 hours incubation with IFN-y, the cells were harvested and either stained for 

MHC class I expression or lysed for Western blot analysis.

2.6.2. Sensitivity to 12-0-tetradecanoylphorbol-13-acetate (TPA) induced 

differentiation:

We examined whether PAX3-FKHR positive RD cell lines were less sensitive than 

PAX3-FKHR negative RD cell lines to TPA induced differentiation. TPA has been 

previously shown to cause the differentiation of RD cells in vitro (Aguanno et al, 1990). 

1x10^ cells were plated per 35mm culture dish, and the following day TPA (Sigma) was 

dissolved in DMSO and added to the cells at 0.05|iM, 0.1 |iM, and 0.2|iM. In control 

dishes, the cells were treated with an equal volume of diluted DMSO (vehicle solution). 

The cells were cultured for up to 72 hours at 37°C in the dark. To investigate TPA 

induced differentiation, we compared the proliferation rate of each cell line cultured in 

TPA relative to control cells cultured with diluted DMSO, using a CellTiter Aqueous 

Non-Radioactive Cell Proliferation Assay (as described in 2.5.1.).

2.6.3. Treatment with AG490:

1x10^ cells were seeded in 35mm culture dishes and left overnight to adhere. The janus 

tyrosine kinase (JAK) inhibitor AG490 (Calbiochem, UK) was reconstituted in DMSO 

and added to the cells at 5|iM and 50)J,M. The concentrations of AG490 used in our
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experiments were similar to those used in published AG490 experiments (Hovey et al, 

2002; Rendon-Mitchell et al, 2003; Ruchatz et al, 2003). To control wells, an equal 

volume of diluted DMSO was added to the cells. After 48 hours incubation with 

AG490, the cells were harvested and either stained for MHC class I expression or lysed 

for Western blot analysis. Examining cell viability with trypan blue staining revealed 

that AG490 was not toxic to the cells.

2.7. Western blot analysis:

2.7.7. Lysis o f adherent cells:

Cells were washed in PBS, then lysed in lOOjil of RIPA buffer (containing 150mM 

NaCl, 1% NP40, 0.1% SDS, 50mM Tris, ImM sodium orthovanadate, and the protease 

inhibitors spermine at 2|ig/ml and PMSF at 20pg/ml) per 35mm culture dish, at 4°C for 

30 minutes. Cells were detached from the plate with a cell scraper, transferred to 

eppendorf tubes, and centrifuged for 10 minutes at 15,800g at 4°C. The supernatants 

were collected and stored at -70°C. 2-5pl of lysate was used to quantify the protein 

concentration present in each sample, using a commercially available colourimetric 

assay (Bio-Rad, UK). A standard curve, of standards ranging from 0-2 pg/pl BSA, 

diluted in RIPA buffer, was used to calculate protein concentrations.

2.7.2. Western blot:

Whole cell lysates were mixed with 2x sample buffer (125mM Tris-HCl (pH 6.8), 20% 

glycerol, 4% SDS, 0.1% bromophenol blue, 20mM EDTA, ImM PMSF, 5% p- 

mercaptoethanol) and denatured at 95°C for 5 minutes. An equal amount of denatured 

protein was loaded in each well of the SDS-polyacrylamide gel, and made up to an 

equal volume with Ix sample buffer. The denatured cell lysates were resolved on 8%- 

10% SDS-polyacrylamide gels alongside a protein size marker (Kaleidoscope 

prestained standards, Bio-Rad), and transferred to nitrocellulose Hybond C-extra 

membranes (Amersham Biosciences) by wet transfer at 100 volts for 60 minutes.

Ponceau (Sigma) staining was performed to check the successful transfer of protein to 

the membrane. Subsequently, the membranes were blocked in 5% powdered milk in 

PBS-0.1% Tween (abbreviated to PBS-Tween) (Tween 20 from BDH laboratories) 

overnight at 4°C. The membranes were rinsed with PBS-Tween, then probed with the 

relevant primary antibody in 2% powdered milk in PBS-Tween, for 1 hour at room

Chapter 2 11



temperature. Following three separate washes in PBS-Tween for 10 minutes, the 

corresponding secondary antibody was added to the membrane in 2% powdered milk in 

PBS-Tween, and incubated at room temperature for 1 hour. The unbound antibody was 

then washed off in 6 separate washes in PBS-Tween for 5 minutes. Membranes were 

incubated for 1 minute in ECL reagent (Amersham Biosciences) and exposed to 

Hyperfilm ECL autoradiography film (Amersham Biosciences). The intensity of the 

bands was measured by densitometry (GS-800 densitometer; Bio-Rad). Membranes 

were stored moist at 4°C, and only reprobed with antibodies that detected proteins of 

significantly different size from the original antibody combination.

2.7.3. Antibody combinations:

The mouse anti-human PAI-1 (Ç-9) monoclonal antibody (Santa Cruz Biotechnology, 

USA) was used at 1 in 2,000 dilution, and detected using a goat anti-mouse IgG-horse 

radish peroxidase (HRP) secondary antibody at 1 in 2,000 dilution. Rat anti-a-tubulin 

(Serotec, UK) monoclonal antibody was used at 1 in 5,000 dilution in combination with 

a goat anti-rat IgG-HRP secondary antibody used at 1 in 5,000 dilution. Phospho-Akt 

protein was detected using a polyclonal rabbit anti-phospho-Akt (Ser473) antibody 

(Cell Signalling Technology, USA) at 1 in 1,000 dilution with goat anti-rabbit IgG-HRP 

at 1 in 2,000 dilution. The anti-BIM polyclonal antibody (Chemicon, USA) was used in 

combination with goat anti-rabbit IgG-HRP, with both antibodies diluted 1 in 2,000.

The rabbit anti-BIM polyclonal antibody (Chemicon) was bound by the goat anti-rabbit 

IgG-HRP antibody. All the secondary antibodies used were obtained from Santa Cruz 

Biotechnology.

The primary antibodies we used to try to detect PAX3-FKHR protein included: rabbit 

anti-PAX3 polyclonal antibody (Active Motif, USA); rat anti-HA monoclonal antibody 

(clone 3F10) (Roche); sheep anti-FKHR polyclonal antibody (Upstate, USA).

2.8. Fluorescence activated cell sorter (FACS) staining and analysis:

2.8.1. Staining o f cell surface antigens:

Approximately 5x10^ cells were suspended in 50|il of PBS and stained with the 

optimised concentration of primary antibody, in the dark at 4°C for 30 minutes. To 

wash off unbound antibody, the samples were centrifuged at ISOg for 4 minutes at 4°C, 

the supernatant was discarded, and the cells were resuspended in PBS. The cell samples 

were washed in this way a total of three times. Where necessary, the secondary antibody

Chapter 2 78



was added to the cells suspended in 50|xl of PBS, and incubated in the dark at 4°C for 

30 minutes. The secondary antibody was washed off with three changes of PBS as 

described above, and the cells fixed in 300|il of PBS containing 1% paraformaldehyde. 

Each cell line was also stained with an isotype control antibody (an antibody derived 

from the same species and with the same fluorescent conjugate as the test antibody, but 

not specific for the test antigen being examined) as a control for the analysis. Cells were 

stored in the dark at 4°C before being analysed using a Beckman Coulter Epics FACS 

machine and Expo 32 software (Beckman Coulter, USA). Cells stained with the isotype 

control were analysed first, and set with 1% of the cells gated as positive for the test 

antigen. This allowed sensitive detection of any positively stained cells in the test 

samples.

The following test antibodies and isotype control antibodies were used: anti-mouse H2- 

K^-Phycoerythrin (PE) and anti-mouse H2-D^-PE (both from Caltag, USA) were used at 

2fig/ml, with 2p.g/ml of mouse IgGi-PE serving as the isotype control (Becton 

Dickinson); purified anti-human MHC class I (Abeam, UK) was used at 2 |ig/ml as a 

primary antibody, followed by staining with goat polyclonal anti-mouse IgG-PE 

(Abeam) secondary antibody at 5|Lig/ml, and the secondary antibody alone was used as a 

negative control equivalent to an isotype control; 10|li1 of monoclonal anti-human 

CXCR-4-PE (clone 12G5) (R&D Systems, USA) or mouse IgG2-PE isotype control.

To determine the optimum concentration for use, each antibody was tested at a range of 

concentrations on a positive control cell line. The results were plotted on a graph with 

antibody concentration on the x-axis and mean fluorescence intensity (MFI) on the y- 

axis. The optimal concentration was near the top end of the linear phase of the curve of 

best fit, before it plateaus out.

2.8.2. Staining with propidium iodide (PI) to determine DMA content'.

5x10^ cells were washed and resuspended in a small volume of PBS. The cell solution 

was then added to 2ml of 70% ethanol (precooled to -20°C) and incubated at 4°C for 60 

minutes. The cells were centrifuged at 200g for 5 minutes at 4°C, resuspended in a 

solution of PI and RNase A, and incubated at room temperature for 10 minutes. The 

samples were then analysed by flow cytometry. This staining allowed the determination
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of DNA content of the cells tested, and the detection of any aneuploid cells when 

compared to normal C57BL/6 mouse cells.

2.9. Tumour allograft experiment:

Syngeneic C57BL/6 mice were injected sub-cutaneously with 1x10^ cells. Three weeks 

after injection, the mice were culled by a schedule 1 method, and the tumours were 

excised and weighed. The bone marrow was extracted from the femur of the mice, and 

cultured in RPMI containing 10% PCS for several weeks in the presence of SOOpg/ml of 

G418.
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3. Results

3.1. Stable transfection of the murine RMS cell line 76-9 with PAX3-FKHR:

A PAX3-FKHR mixed murine/human cDNA sequence was amplified by PCR and 

cloned into the pBK-CMV vector by J. Anderson (construct called pBK-CMV-P3F; 

Figure 2), allowing high level PAX3-FKHR expression under the control of the CMV 

promoter (Anderson et al, 2001a). The alternative construct pBK-MyoD-P3F, contains 

the 7 Kb MyoD enhancer inserted upstream of PAX3-FKHR (Anderson et al, 2001a). 

There is more than 90% homology between the DNA sequences of mixed 

murine/human PAX3-FKHR, human PAX3-FKHR and the N-terminus of mouse 

PAX3, and the amino acid sequences are identical. Hence, the mixed murine/human 

PAX3-FKHR protein should have no functional differences from human PAX3-FKHR.

The mouse methylcholanthrene induced RMS cell line called 76-9 (Evans, 1983) was 

stably transfected with pBK-CMV empty vector (stably transfected cells termed CMV), 

pBK-CMV-P3F (clones called Cl up to C48), and pBK-MyoD-P3F (clones termed M l- 

M24). Expression of PAX3-FKHR mRNA in various CMV-P3F and MyoD-P3F clones 

was shown by RT-PCR, using PCR primers that specifically amplify PAX3-FKHR 

fusion transcripts (Figure 3). In controls to confirm that PAX3-FKHR was amplified 

from RNA and not from remaining genomic DNA, the first strand cDNA synthesis was 

performed without Superscript II reverse transcriptase and then used as a template for 

the PAX3-FKHR PCR reaction. No bands were detected in the control lanes, confirming 

that PAX3-FKHR RNA is expressed in clones M l, M7, M l2, CIO, C20, C23, and C24. 

SCMC is a human RMS cell line that expresses endogenous PAX3-FKHR (see Figure 

13), and served as a positive control. PCR amplification of actin mRNA confirmed that 

the RNA was intact and equally loaded in all the samples (data not shown).

Both the pBK-CMV-P3F and pBK-MyoD-P3F constructs contain a six amino acid HA 

epitope tag at their N-terminus. However, we were unable to detect the expression of 

PAX3-FKHR protein in 76-9 cells by Western blot analysis using an antibody specific 

for the HA epitope (data not shown). The HA epitope contains a caspase cleavage site 

(caspase consensus recognition sequence is DXXD; Clohessy et al, 2004), and it is 

possible that the HA epitope is cleaved in the 76-9 cells. Unfortunately, there are no 

commercially available antibodies that bind to the N-terminus of PAX3 or the C-
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Figure 3. RT-PCR analysis of PAX3-FKHR mRNA expression in MyoD-F3F and 
CMV-P3F 76-9 clones. A The design of primers to specifically amplify PAX3-FKHR 
mRNA. The combination of a 5' primer specific for PAX3 and a 3' primer specific for 
FKHR resulted in the PCR amplification of a 350 bp product from PAX3-FKHR RNA 
template. B PAX3-FKHR mRNA expression in CMV, MyoD-P3F, and CMV-P3F 76-9 
clones. RT-PCR was performed on DNase-treated total cellular RNA. The photo of the 
P-actin RT-PCR was heavily smudged, nonetheless it is possible to observe that the 
levels of p-actin were roughly equal in all samples tested. SCMC, the human ARMS 
cell line, is known to express endogenous PAX3-FKHR and acted as a positive control. 
In control wells no RNA was added to the strand synthesis reaction (labelled No 
RNA), and no cDNA was added to the PCR reaction (labelled No cDNA). To confirm 
that PAX3-FKHR was amplified from total RNA and not remaining genomic DNA, the 

strand synthesis reaction was performed without the SS II reverse transcriptase (SS II 
-ve), and subsequently used as a template for the PCR reaction.
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terminus of FKHR with high affinity, and thus suitable for detecting the presence of 

PAX3-FKHR.

The activity of the ectopically expressed PAX3-FKHR protein in both CMV-P3F and 

MyoD-P3F clones was tested in transient transfection experiments using the PRS9-CAT 

reporter construct. The PRS 9-CAT plasmid contains 6 direct repeats of the PAX3 PB 

and HD consensus recognition sequences, upstream of a CAT reporter gene. Both wild 

type PAX3 and the chimeric PAX3-FKHR transcription factors can specifically bind to 

these sites, resulting in the transcriptional activation of the CAT reporter gene 

(Bennicelli et al, 1996). We detected the CAT reporter protein using both TLC 

enzymatic assay and ELISA. An initial experiment showed that the CMV-P3F clone 

C23 expresses significant amounts of functional PAX3-FKHR, detected as acetylated 

chloramphenicol (Figure 4A). However, when normalised for transfection efficiency, 

we found that C23 ectopically expresses less functional PAX3-FKHR than found 

endogenously in the human RMS cell line, SCMC (Figure 4B). In contrast wild type 76- 

9 cells and 76-9 cells stably transfected with pBK-CMV empty vector (CMV) express 

undetectable levels of PAX3 and PAX3-FKHR (supported by Northern blot analysis. 

Figure 12). The MyoD-P3F clone M8 was shown to express PAX3-FKHR RNA by RT- 

PCR (data not shown), but has dramatically less functional PAX3-FKHR protein than 

the CMV-P3F clone C23. This suggests that the MyoD promoter is not as active as the 

CMV promoter in 76-9 cells, and the pBK-MyoD-P3F construct is not suitable for 

stably expressing PAX3-FKHR at high levels in 76-9 cells.

In subsequent transient transfection experiments, the CAT reporter protein was detected 

by ELISA. Figure 4C shows that both C23 and C24 clones express high levels of 

PAX3-FKHR protein, whereas 76-9 and CMV cells express undetectable amounts of 

PAX3 or PAX3-FKHR. C23 expresses slightly more PAX3-FKHR than C24, though 

the difference is not significant (student r-test; p=0.20).

An in vitro transcription-translation (IVT) experiment was performed to check that the 

pBK-CMV-P3F construct was cloned successfully, and hence codes for a protein that is 

the size expected for PAX3-FKHR (for methodology see Chapter 3, 2.5.4.). The mixed 

murine/human PAX3-FKHR protein is approximately 130 KDa, and a protein of the 

expected size was detected in the lane corresponding to IVT of pBK-CMV-P3F (Figure 

5). Smaller sized bands are also detected, and probably represent degradation products
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Figure 4. PAX3-FKHR protein function in 76-9 cells stably transfected with pBK- 
CMV-P3F and pBK-MyoD-P3F. A PRS9-CAT Thin layer chromatogram comparing 
PAX3-FKHR protein function in 76-9 cells ectopically expressing PAX3-FKHR (C23 
and M8) with the human RMS cell line SCMC expressing endogenous PAX3-FKHR. 
CAT expression is detected as an acetylated (shifted) chloramphenicol band. B 
Normalised acetylated chloramphenicol levels from chromatogram depicted in A. Band 
intensities were quantified on a phosphoimager. C CAT ELISA demonstrating PAX3- 
FKHR protein function in the CMV-P3F clones C23 and C24. Normalised CAT activity 
is plotted in arbitrary units, and error bars are standard error of the mean (S.E.M.) of 
triplicate samples. In all these experiments, PAX3-FKHR function was measured in 
transient transfection experiments using the PRS-9 CAT reporter construct, containing 6 
direct repeats of the PAX3 PB and HD consensus binding sequences. Co-transfection 
with the pGL3-Control luciferase vector enabled normalisation of transfection 
efficiency.
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Figure 5. In vitro transcription-translation of PAX3-FKHR protein from the pBK- 
CMV-P3F plasmid. The in vitro transcription reaction was performed using the T3 
RNA polymerase (Promega) and the in vitro translation reaction was performed using 
the TNT coupled reticulocyte lysate kit (Promega). Full length PAX3-FKHR protein is 
approximately 130 KDa. In the negative control lane (Neg.), no linearised plasmid DNA 
was added to the TNT coupled reticulocyte lysate reaction mix. The RNA B positive 
control is not known.
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of full length PAX3-FKHR protein (cleaved by proteinases present in the in vitro 

translation reaction). In the negative control, no linearised plasmid DNA was added to 

the TNT coupled reticulocyte lysate reaction. Overall, this result suggests that the pBK- 

V-P3F plasmid is functional and codes for the full length PAX3-FKHR protein.

3.2. Effects of PAX3-FKHR expression on 76-9 cell phenotype:

3.2.1. In vitro proliferation assays:

We first examined the effects of PAX3-FKHR expression on the proliferation rate of 

76-9 cells. In vitro growth assays revealed that PAX3-FKHR does not provide 76-9 

cells with a growth advantage in serum free conditions. After 24 hours in serum-starved 

conditions, there was a dramatic decrease in the number of viable 76-9, CMV, and 

PAX3-FKHR-expressing C23 and C24 cells (Figure 6A). Staining with trypan blue 

revealed that virtually all the cells were dead after 48 hours incubation in serum free 

media. The cells were left for up to 96 hours in serum free media to observe whether 

PAX3-FKHR expression results in the production of growth factors that allow cell 

survival and proliferation in the absence of serum. However, after 96 hours we were 

unable to detect any viable cells in any well.

Comparative in vitro proliferation assays demonstrated that there are similar numbers of 

viable CMV and C23 cells throughout a 48 hour time course, when cultured in media 

supplemented with 10% serum (Figure 6B). There was also no noticeable difference in 

the number of viable CMV and C23 cells over extended periods of time (counting the 

number of cells when splitting cell lines once a week for up to 3 weeks; data not 

shown). Additionally, PAX3-FKHR expression did not result in an increased rate of 

growth once the cells reached confluency.

3.2.2. In vitro matrigel invasion assays:

Matrigel invasion assays were performed to examine the effect of PAX3-FKHR on the 

invasive ability of 76-9 cells in vitro. In a preliminary experiment, we found that CMV 

cells were weakly invasive, with more than 10,000 cells invading through a layer of 

matrigel basement membrane matrix to reach the 5% FCS chemoattractant. However, 

76-9 cells transfected with PAX3-FKHR (C23 and C24) were significantly more 

invasive than CMV cells (Figure 7A). In vitro proliferation assays demonstrated that 

CMV, C23 and C24 cells are equally viable over a similar time course. Counting the 

number of invasive cells is therefore a satisfactory means of comparing the invasive
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Figure 6. The effect of PAX3-FKHR on the growth rate of 76-9 cells in serum free 
conditions and in 10% serum. A Comparing the proliferation rate of CMV and C23 
cells grown in serum free conditions for 24 hours. 200,000 cells of each clone were 
plated out in 6-well plates and incubated for 24 hours in 2ml serum free RPMI. The 
number of viable cells was determined using an MTS assay and trypan blue staining. 
Error bars are standard deviation (S.D.) of duplicate cultures. This experiment is 
representative of three separate experiments. B Comparing the growth rate of CMV and 
C23 cells in 10% serum. 20,000 cells were plated out in 96-well plates in lOOpl RPMI 
supplemented with 10% FCS. Percentage growth is plotted (instead of total number of 
cells) to normalise for the slight variation in number of cells plated out at time point 0. 
Error bars are S.D. of quadruplicate cultures, combining the results of two separate 
experiments. In all comparative proliferation assays, the number of viable cells was 
measured using an MTS assay.
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Figure 7. PAX3-FKHR increases the invasive ability of 76-9 cells in vitro. A
Matrigel invasion assay using 76-9 cells stably transfected with empty vector (CMV) or 
PAX3-FKHR (C23 and C24). Invasion was measured as the number of invasive cells 
after 24 hours incubation. The mean values are plotted, and the error bars shown are 
S.E.M. of triplicate samples. A student r-test revealed that both C23 and C24 cells were 
significantly more invasive than CMV (p<0.05 (t), and p<0.01 (*), respectively). B 
Matrigel invasion assay comparing the invasive ability of CMV and C24 cells. The 
percentage invasion is plotted, and was calculated as (the number of invasive cells/total 
number of cells)xlOO. Mean values are plotted and the error bars shown are S.E.M. of 
quadruplicate samples. PAX3-FKHR-expressing C24 cells were significantly more 
invasive than empty vector transfected CMV cells (student t-test; p<0.01).
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ability of these cell lines. In subsequent assays, we measured the number of invasive 

cells and the number of non-invasive cells, allowing us to calculate the percentage 

invasion of each cell line. This measure of invasive ability further demonstrated that 

PAX3-FKHR increases the invasive ability of 76-9 cells (Figure 7B).

3.2.3. Tumour allograft experiments'.

To determine the effect of PAX3-FKHR on 76-9 cell growth and metastasis in vivo, 

syngeneic C57BI76 mice were injected sub-cutaneously with 1x10^ 76-9-derived cells. 

Tumours formed in mice injected with both PAX3-FKHR negative (76-9 and CMV) 

and PAX3-FKHR positive (C23 and C24) 76-9 cells, however there was a large amount 

of intra-group variation in the tumour weights (Figure 8). Tumours that formed in mice 

injected with PAX3-FKHR-expressing 76-9 cells (C23 and C24) were not significantly 

larger than tumours derived from PAX3-FKHR negative 76-9 and CMV cells (student t- 

test; p=0.46).

To examine the in vivo metastatic properties of the 76-9, CMV, C23, and C24 cells, 

total RNA was isolated from the tumours, the lungs, and the bone marrow of 

representative mice after 3 weeks of tumour growth. We chose to look for metastatic 

76-9 cells in the lungs and bone marrow because these are the sites where ARMS 

commonly metastasises to in patients (Barr, 2001; Anderson et al, 1999a). RT-PCR 

analysis demonstrated that PAX3-FKHR RNA was expressed in the tumours of mice 

injected with C23 or C24 cells, but not in the 76-9 or CMV-derived tumours, as 

expected (all the data not shown) (Figure 9). PAX3-FKHR RNA was not amplified from 

any lung or bone marrow sample isolated from mice injected with C23 or C24 cells. 

Additionally, bone marrow samples were extracted and grown in culture for several 

weeks to determine whether any PAX3-FKHR negative (76-9 and CMV) or PAX3- 

FKHR positive (C23 and C24) cells had metastasised to the bone marrow. Metastatic 

76-9-derived cells that expanded from these bone marrow cultures were detected by 

their aneuploidy (DNA index = 1.2) and G418 resistance. Metastatic 76-9 cells were 

expanded from the bone marrow of 1 out of the 3 mice injected with CMV and 1 out of 

the 4 mice injected with C24 (data not shown). Overall, this data does not provide any 

evidence that PAX3-FKHR increases the metastatic ability of 76-9 cells in vivo.
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Figure 8. The effect of PAX3-FKHR expression on 76-9 RMS growth in vivo. 1x10 
wild type 76-9 cells, 76-9 cells stably transfected with pBK-CMV (CMV), and 76-9 
cells stably transfected with pBK-CMV-P3F (C23 and C24) were injected sub- 
cutaneously into syngeneic C57BL76 mice. Three weeks post injection the mice were 
culled, and the tumours were excised and weighed. There were 3 mice in the 76-9 and 
CMV groups and 4 mice in the C23 and C24 groups. The black dots represent the 
weight of each individual tumour, and the grey lines represent the mean tumour weight 
in each group. Tumours that formed in mice injected with PAX3-FKHR-expressing 76- 
9 cells (C23 and C24) were not significantly larger than tumours derived from PAX3- 
FKHR negative wild type 76-9 and CMV cells (student r-test; p=0.46).
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Figure 9. PAX3-FKHR RNA expression in various organs of C7BL/6 mice, isolated 
3 weeks post sub-cutaneously injection of 1x10^ 76-9-derived cells. After 3 weeks 
tumour growth, the mice were culled, total RNA was isolated from various organs using 
Trizol reagent, and RT-PCR was performed using primers specific for PAX3-FKHR and 
actin. Total RNA extracted from the C23 cell line acted as a positive control, and no 
RNA was added to the RT-PCR reactions as a negative control. Abbreviations: Normal, 
non-injected C57BL/6 control mouse; CMV, mouse injected with 76-9 cells stably 
transfected with pBK-CMV; C23, mouse injected with 76-9 cells stably transfected with 
pBK-CMV-P3F; Tu, tumour; Lu, lung; BM L, bone marrow extracted from left femur; 
BM R, bone marrow extracted from right femur.
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3.3.76-9 cells express a myogenic transcription program;

76-9 cells are a methylcholanthrene-induced RMS cell line (Evans, 1983). We 

investigated whether 76-9 cells express myogenic-related transcription factors, in the 

absence and presence of ectopically expressed PAX3-FKHR.

We first examined the ability of PAX3-FKHR to activate transcription of c-MET in 76-9 

cells, using a c-MET promoter-luciferase reporter gene in transient transfection 

experiments. c-MET is characteristically expressed in epithelial cells (Wang et al,

1994). Nonetheless, Epstein et at (1996) noted that c-MET is also expressed in muscle 

progenitor cells, and demonstrated that c-MET is a downstream target of PAX3. Figure 

lOA shows that the c-MET promoter-luciferase reporter gene is activated by 

transcription factors present in wild type 76-9 cells, consistent with a myogenic 

transcriptional program already being active in this mouse RMS cell line. The C23 cells 

have elevated luciferase activity relative to 76-9, CMV, and C24, suggesting that 

PAX3-FKHR is able to further transactivate the c-MET promoter when expressed at 

very high levels. Testing these cell lines by Northern blot analysis using a c-MET- 

specific probe, and by Western blot analysis using a c-MET-specific antibody, is 

required to confirm this preliminary finding.

We next measured the ability of PAX3-FKHR to transactivate MITE in 76-9 cells, using 

a MITE promoter-luciferase reporter construct. MITE is involved in several 

developmental processes, plays a vital role in the survival of melanocytes, and is 

transactivated by PAX3 in vivo (Epstein et al, 1991; Watanabe et al, 1998). Consistent 

with published findings, we see extremely high luciferase levels in human SCMC cells, 

which endogenously express PAX3 and PAX3-FKHR (Figure lOB). The MITE 

promoter-luciferase reporter gene is moderately activated in wild type 76-9 cells, which 

we have shown to lack PAX3 and PAX3-FKHR expression (see Figure 12). The 

luciferase activity in PAX3-FKHR-expressing C23 and C24 cells is equivalent to that 

found in 76-9 and CMV cells, suggesting that PAX3-FKHR does not transactivate the 

MITE promoter in this cell type.

3.4. Microarray analysis to identify PAX3-FKHR target genes in 76-9 cells:

PAX3-FKHR driven expression changes in the murine RMS 76-9 cell line were 

examined by comparing the mRNA patterns of two independent PAX3-FKHR- 

expressing 76-9 clones (C23 and C24) with empty vector transfected 76-9 cells (CMV),
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Figure 10. Transcriptional activation of the c-MET and MITF promoters in 76-9, 
CMV, and the PAX3-FKHR-expressing €23 and €24 cell lines A Transcativation of 
the myogenic-specific c-MET promoter in the 76-9-derived cell lines. Neg., non
transfected 76-9 cells. Error bars represent S.E.M of triplicate cultures. S€M€ cells 
were also tested but were negative for c-MET promoter activity. B Transactivation of 
the MITF promoter in 76-9-derived cell lines. Neg., non-transfected 76-9 cells. Error 
bars represent S.E.M of triplicate cultures. In all experiments, the c-MET and MITF 
reporter constructs were co-transfected with a pSV-f-galactosidase control vector and 
the cells were lysed after 48 hours incubation. Luciferase and p-galactosidase activity 
were measured and the normalised luciferase activity calculated.
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using cDNA microarray gene expression analysis. Each cell line was analysed in 

triplicate, using MG-U74 affymetrix microarrays containing more than 12,000 

expressed sequences. Using Genespring 4.2.1 software, the data for each target gene 

was normalised relative to the gene’s mean intensity in CMV cells (CMV set as 1). A 

global error model was applied, based on the 3 replicates. A filter was used to identify 

genes that showed more than 2 fold difference in intensity in clones C23 and C24 

relative to the mean intensity of CMV. Testing the significance of the difference in 

target sequence intensity in C23 and C24 compared to CMV by r-test identified 35 

sequences that were significantly up-regulated by PAX3-FKHR and 69 sequences that 

were significantly down-regulated by PAX3-FKHR (p<0.05). Table 3 and Table 4 

summarise the microarray analysis results (Appendix Tables 1 and 2 contain the 

complete list of sequences). Target sequences derived from the 5' sequence of PAX3 

and the 3' sequence of FKHR were not present on the microarray. The total RNA 

collected from CMV, C23, and C24 cells for the microarray experiments was also used 

in an RT-PCR reaction to confirm PAX3-FKHR mRNA expression in C23 and C24 

cells (Figure 11 ).

The 35 sequences found to be up-regulated by more than 2 fold in C23 and C24 relative 

to CMV, are derived from 31 genes. The genes PLA2, COLlAl, TRAMl, and GSTTl 

were all identified as being up-regulated from 2 independent target sequences. 

Reassuringly the fold induction of these genes was similar in both target sequences. For 

example, PLA2 was found to be induced 3.74 and 3.7 fold, in C23 relative to CMV, 

using the target sequences with the affymetrix identity codes 94665_at and 101328_at, 

respectively. 7 of the up-regulated sequences are expressed sequence tags (ESTs) and 

their function is currently unknown. Of the 69 sequences found to be significantly 

down-regulated in C23 and C24 cells relative to CMV cells, 27 are ESTs.

Remarkably, 21 of the 69 sequences down-regulated by PAX3-FKHR are known IFN-y 

stimulated genes (Boehm et al, 1997). Only 44 of the sequences repressed by PAX3- 

FKHR have a known function (see Appendix Table 2), hence 48% (21 out of 44) of the 

sequences with known function are stimulated by IFN-y. These include H2-K, H2-D1, 

and TAPI, all of which are key genes involved in the expression of MHC class I-peptide 

complexes on the cell surface. The only IFN-y stimulated gene found to be up-regulated 

in C23 and C24 cells relative to CMV cells is C0L1A2. Microarray analysis revealed 

that LCK and COLlAl are both up-regulated by PAX3-FKHR in 76-9 cells, and these
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Description CMV 023 024 t-test
fold fold fold p-value

change change change
' 98623^ Insulin like g r o w t h 5,02 6.03 <0.001

n o t  f o r t n r 9  ' '
1 3.74 4.44 <0.001

Gene GenBank Identity 
accession code 

number

" ' ' gjat factor^
PLA2 AA408341 94665_ Phospholipase A2

at group 5
PLA2 U66873 101328 Phospholipase A2 "1

^at group 5
TGOLN2 D50032 9 3 8 8 2 J  Trans-golgi network

_at protein 2
2.33 2.22 <0.001

7.19 <0.001

104126 Cleavage stimulation 
CSTF2T  AI854864 _at factor, 3 ' pre-RNA

subunit
2.06 2.36 0.002

AKR1C13  AB027125 95015_ Aldo-keto reductase 
at family 1. member 0 1 3

a t : # ^ 3 W

2.13 3.08 <0.001

Table 3. Genes significantly up-regulated more than 2 fold by PAX3-FKHR. Data 
are presented as fold increase in expression relative to the parental cell line (CMV). The 
expression level of each target gene is set as 1 in the CMV cells. The values for each 
cell line are the mean of 3 probe arrays. The GenBank accession number from which the 
oligonucleotide sequence was drawn is shown as well as the Affymetrix identity code.
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Gene GenBank Identity Description 
accession code 

Number

G 1 P 2  X 56602 98822_a  Interferon, alpha
t inducible protein

; 5^465J tetçjl|rori activatei

ISGF3G  U 51992 103634_  interferon stimulated
at q en e factor 3 qam m a

CMV 023 024 f-test
fold fold fold p-value

change change change

0 .25  0 .20 <0.001

)01

0 .23  0 .17  <0.001

H2 K V00746

101886_  Histocompatibility 2, D 
H2-D1 X 52490 f_at region locus 1 and 1 0 .59  0.5 0 .003

beta(2) microglobulin

TAPI. U-ebqSi).; T  ÆW
C hem okine (C-X-C

C X C 10  fVI33266 93858_a  motif) ligand 10 1 0 .36  0 .25 0.001
t (Interferon inducible

protein 10)

d 9E 
at

CRABP1 X^ 5 789  9 8108_  Cellular retinoic acid
at binding protein 1

tor-1

1 0 .52  0.41 0 .002

,0.34,. "O.Q01

Table 4. Genes significantly down-regulated more than 2 fold by PAX3-FKHR.
Data are presented as expression level relative to the parental cell line (CMV). The 
expression level of each target gene is set as 1 in the CMV cells. For example, a C23 
fold change value of 0.25 corresponds to a 4 fold reduction in target gene expression. 
The values for each cell line are the mean of 3 probe arrays. The GenBank accession 
number from which the oligonucleotide sequence was drawn is shown as well as the 
Affymetrix identity code.
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Figure 11. RT-PCR showing the expression of PAX3-FKHR mRNA in 76-9 cells 
stahly transfected with pBK-CMV-P3F. In a negative control well, no cDNA was 
added to the PCR reaction mix (not shown). In other controls reactions, no Superscript 
n reverse transcriptase was added to the strand synthesis reaction and no bands were 
detected in these lanes (not shown). Amplification of actin acts as a loading control.
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genes are known to be repressed by IFN-y (Boehm et al, 1997). However, PLA2 is up- 

regulated by PAX3-FKHR and is also up-regulated by IFN-y. Overall, these findings 

suggest that PAX3-FKHR interferes with IFN-y target gene expression.

IGF2 is a well documented downstream target of PAX3 and PAX3-FKHR, and is 

frequently over-expressed in RMS (Yun, 1992; Khan et al, 1999). Reassuringly, we 

found that IGF2 is induced 5-6 fold by PAX3-FKHR in 76-9 cells, confirming that 

PAX3-FKHR is transcriptionally active in our cells. XMR is the target gene most 

dramatically up-regulated by PAX3-FKHR in 76-9 cells (approximately 7 fold 

induction).

Genes we found to be repressed by PAX3-FKHR but which are not known IFN-y 

regulated genes include CRABPl and PAI-1. CRABPl is repressed approximately 2 fold 

in PAX3-FKHR-expressing 76-9 cells. CRABPl is involved in the transport of ATRA, 

an important regulator of cell growth and differentiation (Chen and Radominska- 

Pandya, 2000). PAl-1 is repressed 3-4 fold by PAX3-FKHR in 76-9 cells. PAI-1 is the 

key inhibitor of urokinase-type plasminogen activator (uPA), a protease involved in 

tumour invasion through the disruption of extra cellular matrix (ECM; Duffy, 2002).

We then widened the search for genes that showed more than 1.5 fold difference in 

intensity in PAX3-FKHR-expressing C23 and C24 cells compared to empty vector 

transfected control cells (CMV). In this analysis, 750 genes were identified as being 

significantly changed by PAX3-FKHR. To narrow down the list of genes, we applied 

the Benjamini and Hochberg multiple testing correction during the r-tests. This resulted 

in the identification of 8 genes that are significantly induced and 27 genes that are 

significantly repressed by PAX3-FKHR. The genes identified in this analysis are 

indicated by an asterisk in the complete list of genes (Appendix Tables 1 and 2).

3.5. Northern blot analysis to examine PAX3-FKHR driven expression changes in 

RMS cells:

3.5.1. Confirmation o f PAXS-FKHR-mediated expression changes in 76-9 cells:

To verify the microarray results, we examined the RNA levels of three representative 

target genes by Northern blot analysis of CMV and C23 cells (using newly extracted 

RNA samples, not the RNA used for the microarray experiments) (Figure 12). The 

levels of PAl-1 RNA are diminished in C23 cells relative to CMV cells, and the fold

Chapter 2 98



CMV 023

Membrane 1
3. 05 Kbp —

3. 05 Kbp —

Membrane 1

Membratie 2

Membrane 2

Membrane 1

Membrane 2

2.04 Kbp 
1.5 Kbp

1.0 Kbp
1.5 Kbp

1.0 Kbp —

Fold Induction: 
Northern blot (microarray)

PAX3-FKHR

PAl-1

XMR

0.4 (0.26)

4.3 (6.88)

CRABPl 0.5 (0 .52)

Actin

Actin

Figure 12. Northern blot analysis to verify the microarray results. The fold changes 
in target mRNA expression in C23 cells relative to CMV are shown for the Northern 
blots (and the microarrays) to the right of the images. The band intensities from the 
Northern blots were quantified on a phosphoimager and normalised relative to actin 
levels. Two identical Northern blots were performed and the membrane probed is 
indicated on the left of each image. The PAI-1 detected in C23 cells is slightly larger 
than the PAI-1 in the CMV cells. The actin bands show a similar difference in size, 
suggesting that this is a result of the RNA in these lanes not running at an equal speed 
during electrophoresis.
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difference is similar to that found by microarray analysis (0.4 and 0.26, respectively). 

Similarly, Northern blot analysis demonstrated that CRABPl RNA is clearly repressed 

by PAX3-FKHR. XMR mRNA is barely detectable in the CMV cells, but highly 

expressed in PAX3-FKHR-expressing C23 cells. The 4.3 fold increase in XMR RNA 

levels in C23 cells measured by Northern blot analysis is similar to the fold induction 

calculated by microarray analysis (6.88 fold). Overall, the relative levels of target 

mRNA in CMV and C23 cells determined by Northern blot analysis were equivalent to 

that seen in the microarray results, confirming that the microarrays accurately reflected 

changes in mRNA expression. Unfortunately, during passage C24 lost expression of 

PAX3-FKHR, as shown by RT-PCR and PRS9-CAT reporter assays, and could not be 

tested in the Northern blots.

3.5.2. Target gene expression in various human RMS cell lines:

After genotyping several human RMS cell lines for expression of endogenous PAX3 

and PAX3-FKHR RNA, we examined the levels of CRABPl and PAl-1 RNA in these 

cell lines (Figure 13). In the human RMS cell lines examined, only RH18 cells (PAX3\ 

PAX3-FKHR ) expressed CRABPl RNA. This is concordant with the hypothesis that 

PAX3-FKHR represses CRABPl expression in human ARMS. Unfortunately, we did 

not have an antibody to examine CRABPl protein levels in the RMS cell lines.

Northern blot analysis revealed that PAl-1 RNA was expressed at high levels in the 

ERMS RD cell line (PAX3^, PAX3-FKHR ), but was also expressed at detectable levels 

in the ARMS RH30 cell line (PAX3^, PAX3-FKHR% The PAI-1 RNA appeared as a 

double band, this may be because the probe binds other PAl family members which are 

a slightly different size, or that there are two PAl-1 isoforms in these cells. Western blot 

analysis showed that PAI-1 protein is only detected in human RMS cell lines that lack 

PAX3-FKHR expression, and PAI-1 is expressed at the most elevated levels in the RD 

cell line (see Figure 18 A). Interestingly, there were undetectable levels of PAI-1 protein 

in the RH30 cell line. The Western blot analysis result suggests that PAX3-FKHR 

might repress PAI-1 expression in human ARMS.

Northern blot analysis demonstrated the high level expression of XMR RNA in mouse 

76-9 cells ectopically expressing PAX3-FKHR (Figure 12). However, this murine XMR 

probe was unable to detect a human XMR ortholog in any of the human RMS cell lines 

tested by Northern blot (data not shown). A NCBI blast search revealed that there is no
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Figure 13. Northern blot analysis to examine the expression of PAX3, PAX3- 
FKHR, and two PAX3-FKHR target genes in several human RMS cell lines. PAX3- 
FKHR RNA is approximately 6 Kbp in size, whereas wild type PAX3 RNA is 3 Kbp in 
size. The expression of endogenous PAX3 and PAX3-FKHR is indicated at the top of the 
figure.
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known human gene with homology to the mouse XMR target sequence on the MG-U74 

microarray.

3.6. Effect of PAX3-FKHR-mediated repression of CRABPl on 76-9 cell 

phenotype:

Published findings indicate that ATRA inhibits the growth of human RMS cell lines in a 

dose dependent manner (Crouch and Helman, 1991), and diminished expression of 

CRABP2 reduces MCF-7 carcinoma cell sensitivity to ATRA-induced cell death 

(Budhu and Noy, 2002). We tested the hypothesis that diminished CRABPl expression 

in PAX3-FKHR-expressing 76-9 cells results in an insensitivity to ATRA-induced cell 

death. Comparative proliferation assays demonstrated that the number of viable CMV 

and C23 cells was dramatically reduced by treatment with 1x10 M ATRA for 24 hours 

(83.6% and 89.9% reduction in number of viable cells, respectively). After 72 hours in 

the presence of ATRA, no viable CMV or C23 cells were detected by MTS assay 

(Figure 14A). In contrast, treatment with 1x10  ̂M ATRA for up to 72 hours had 

minimal inhibitory effects on the viability of CMV and C23 cells. RH30 cells were used 

as a control cell line, and we observed an 80% reduction in the number of viable RH30 

cells after 24 hours treatment with 1x10'^ M ATRA, in agreement with published data 

(Crouch and Helman, 1991). In subsequent experiments, CMV and C23 cells were 

cultured in the presence of a range of ATRA concentrations (1-8x10^ M ATRA) for 24 

hours. We found that CMV and C23 cells were equally sensitive to ATRA-induced cell 

death, at all ATRA concentrations used (Figure 14B). Similarly, the numbers of viable 

CMV and C23 were reduced equal amounts when cultured in serum free media and 

treated with a range of ATRA concentrations (data not shown). These findings suggest 

that the repression of CRABPl by PAX3-FKHR does not render the 76-9 cells resistant 

to ATRA induced cell death.

3.7. PAX3-FKHR-directed down-regulation of MHC class I expression in RMS:

3.7.1. Effect ofPAXS-FKHR on MHC class I expression in mouse 76-9 cells: 

Expression of MHC class I H2-K and H2-D1 mRNA was found to be significantly 

repressed by PAX3-FKHR in our microarray experiment. 76-9 cells are derived from 

C57BL/6 mice, a mouse strain that expresses H2-K^ and H2-D*’ antigens on its cell 

surfaces. FACS analysis was performed to determine whether these MHC class I 

proteins are down-regulated on the cell surface of 76-9 cells expressing PAX3-FKHR. 

Wild type 76-9 cells and 76-9 cells stably transfected with pBK-CMV empty vector
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Figure 14. Sensitivity of 76-9 cells expressing empty vector (CMV) and PAX3- 
FKHR (C23) to ATRA-induced cell death. A Viability of CMV and C23 cells 
cultured in the presence of IxlO'^M and 1x10 ATRA for up to 72 hours. The 
number of CMV and C23 cells cultured in the presence of 0.1% ethanol (10 "̂ M ATRA 
vehicle solution) was calculated at each time point and set as 100% cell growth. The 
number of CMV and C23 cells cultured in the presence of ATRA was plotted as 
percentage cell growth relative to vehicle treated control cells. B Viability of CMV and 
C23 cells cultured for 24 hours in the presence of l-8xl0 ‘̂ M ATRA. The number of 
CMV and C23 cells cultured in the presence of 0.1% ethanol (lO’̂ M̂ ATRA vehicle 
solution) for 24 hours was set as 100% cell growth. In all proliferation assays, the 
number of viable cells was calculated using an MTS asnay. Mean values are plotted and 
the error bars are S.E M. of triplicate cultures.
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Figure 15. A PAX3-FKHR down-regulates H2-D^ and H2-K^ expression on the surface 
of the mouse RMS 76-9 cell line. The dotted grey line represents staining with an 
isotype control IgGi-PE antibody; the black solid line represents staining with either 
PE-conjugated H2-D'  ̂or H2-K^ PE antibody. This FACS staining is representative of 4 
separate experiments. Log fluorescence of either H2-D^ or H2-K intensity is plotted on 
the x-axis and the number of cells on the y-axis. B MHC class I expression in several 
human RMS cell lines. The endogenous expression of PAX3 and PAX3-FKHR 
(determined by Northern blot analysis, Figure 13) in each cell line is shown. The grey 
dotted line represents staining with PE-conjugated secondary antibody alone; the black 
solid line represents staining with purified MHC class I primary antibody and PE- 
conjugated secondary antibody. Log fluorescence of MHC class I intensity is plotted on 
the x-axis and the number of cells on the y-axis.
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express intermediate levels of both H2-K*’ and H2-D^ antigens on their cell surface 

(staining of CMV cells is shown in Figure 15A). Expression of H2-K*’ and H2-D^ 

antigens is virtually abolished in PAX3-FKHR-expressing C23 and C24 cells (staining 

of C23 cells is shown in Figure 15A).

3.7.2. MHC class I  expression in various human RMS cell lines:

Consistent with the hypothesis that PAX3-FKHR represses MHC class I expression in 

ARMS, none of the PAX3-FKHR-expressing human RMS cell lines tested have high 

levels of MHC class I antigen on their surface (Figure 15B). In contrast, RH18 (PAX3 , 

PAX3-FKHR ) expresses relatively high levels of MHC class I antigen. The human cell 

line called RMS has previously been shown to express PAX3-FKHR (Anderson, 

unpublished data), but in our experiments it appears to be negative for both PAX3 and 

PAX3-FKHR (see Figure 13). We found that RMS does not express any detectable 

MHC class I on the cell surface (data not shown).

3.7.3. Ejfect o f ectopically expressed PAX3-FKHR on MHC class I  levels in human

RMS cell lines:

To determine whether PAX3-FKHR-mediated down-regulation of MHC class I 

expression is a phenomenon specific to mouse 76-9 cells, we examined the human 

leukocyte antigen (HLA) class I levels on the surface of human RD cells ectopically 

expressing PAX3-FKHR. J. Anderson had previously stably transfected RD cells with 

pBK-CMV empty vector (cells called RD Empty) and pBK-CMV-P3F (clones called 

RDP3F#1 up to RDP3F#20). Wild type RD cells express low levels of endogenous 

PAX3 RNA (see Figure 13), and small amounts of functional PAX3 protein that is able 

to bind to the PB and HD consensus recognition sequences in the PRS9-CAT reporter 

construct (Figure 16). Four independent RDP3F clones were identified that express 

functional PAX3-FKHR protein, capable of driving CAT expression from the PRS9- 

CAT reporter gene in transient-transfection experiments (Figure 16). The results suggest 

that the ectopically expressed PAX3-FKHR in these 4 clones is capable of 

transactivating the PRS 9-CAT construct significantly more than the wild type PAX3 

present in the RD cells.

We measured the expression of MHC class I antigen on the surface of RD cells stably 

transfected with empty vector (RD Empty) and PAX3-FKHR (RDP3F clones). Wild
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Figure 16. PAX3-FKHR protein function in RD-derived cell lines. The RD cell lines 
stably expressing empty vector (RD Empty) and PAX3-FKHR (RDP3F clones) were 
transiently transfected with PRS9-CAT and pGL3-Control luciferase DNA using 
Lipofectamine 2000. 48 hours post transfection, the cells were lysed and the levels of 
CAT and luciferase measured. CAT activity was normalised for transfection efficiency 
and is plotted on a log scale. Mean CAT values are shown and the error bars are S.E M. 
of duplicate cultures.
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Figure 17. MHC class I expression on the surface of RD-derived cell lines A
PAX3-FKHR down-regulates MHC class I expression in the human ERMS cell line 
RD. The grey dotted line represents staining with PE-conjugated secondary antibody 
alone; the black solid line represents staining with purified MHC class I primary 
antibody and PE-conjugated secondary antibody. This FACS staining is representative 
of 4 separate experiments. B PAX3-FKHR causes a partial block in IFN-y induced up- 
regulation of MHC class I. The grey line represents staining with the PE-conjugated 
secondary antibody alone; the black line represents MHC class I expression in the 
absence of IFN-y; the filled in histogram represents MHC class I levels in the presence 
of 20ng/ml IFN-y. This FACS staining is representative of 3 separate experiments. C 
Comparison of MHC class I expression on RD empty cells and RDP3F#6 cells when 
both cell lines are cultured in the presence of 20ng/ml IFN-y for 48 hours. In the FACS 
plot, RD empty cells are represented by a blue line; the RDP3F#6 cells are represented 
by a red line; the grey line represents RD cells stained with the secondary antibody 
alone. The MFIs from each cell line are depicted in a bar graph. Error bars are S.E.M. 
from duplicate samples. A Kolmogorov-Smimov statistical test revealed that the MHC 
class I levels in RDP3F#6 are significantly less than in RD Empty cells (K-S <0.00I).
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type RD and RD Empty cells weakly express MHC class I antigen on their cell surface 

(RD Empty is shown in Figure 17). In contrast, all four RD clones expressing PAX3- 

FKHR have undetectable levels of MHC class I on their cell surface (RDP3F#2 and 

RDP3F#6 are shown in Figure 17A).

In subsequent experiments, we examined the effect of transient PAX3-FKHR 

expression on MHC class I levels on the surface of RH18 cells. RH18 cells were co

transfected with pCMS-EGFP along with pBK-CMV or pBK-CMV-P3F. The pCMS- 

EGFP vector expresses GFP under the control of the SV40 promoter, and is routinely 

co-transfected into cells with the reporter vector, allowing GFP expression to be used as 

a marker of transfection. 72 hours post-transfection, the RH18 cells were stained with 

MHC class I antibody and analysed by flow cytometry. MHC class I expression was 

examined in GFP positive RH18 cells, with GFP expression being used as an indicator 

of successful pBK-CMV/pBK-CMV-P3F transfection. The GFP positive RH18 cells 

co-transfected with PAX3-FKHR had equivalent MHC class I levels to RH18 cells co

transfected with empty vector (data not shown). However, as a positive control, RD 

cells were transiently co-transfected with pCMS-EGFP and either pBK-CMV or pBK- 

CMV-P3F. The GFP positive RD cells expressing PAX3-FKHR had similarly high 

MHC class I levels as RD cells co-transfected with empty vector (data not shown). This 

is in contrast to the findings with RD cells stably transfected with PAX3-FKHR, where 

PAX3-FKHR caused a dramatic down-regulation of MHC class I expression (Figure 

17A). This suggests that PAX3-FKHR only exerts its effect on MHC class I expression 

when stably expressed in cells.

3.7.4. Ejfect ofPAXS-FKHR on IFN-yinduced up-regulation o f MHC class /:

MHC class I is a well documented IFN-y target gene (Boehm et at, 1997). A 

preliminary experiment revealed that culturing wild type RD cells with 2ng/ml IFN-y 

had no effect on MHC class I levels, whereas both 20ng/ml and 200ng/ml IFN-y caused 

a similarly dramatic increase in MHC class I levels. Therefore, in subsequent 

experiments, the cell lines were treated with IFN-y at 20ng/ml.

As expected, culturing RD Empty cells with 20ng/ml IFN-y for 48 hours resulted in a 

dramatic up-regulation of MHC class I expression (Figure 17B). While incubation of 

RDP3F#6 cells with 20ng/ml IFN-y for 48 hours resulted in the induction of MHC class 

I expression, their MHC class I expression was significantly less than that observed in 
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RD Empty cells. This is shown in Figure 17C, where the MHC class I FACS plots for 

RD Empty cells cultured with 20ng/ml IFN-y and RDP3F#6 cells cultured with 20ng/ml 

IFN-y are overlaid. It is important to note that in all the FACS plots, the MHC class I 

levels are plotted on a log axis. In Figure 17C, the MHC class I mean fluorescence 

intensities (MFIs) are plotted on a linear scale in a bar graph. The bar graph emphasises 

the partial block in IFN-y induced up-regulation of MHC class I in RD cells expressing 

PAX3-FKHR. A Kolmogorov-Smimov statistical test showed that this PAX3-FKHR 

driven partial block in IFN-y induced up-regulation of MHC class I was significant (K-S 

value <0.001).

3,8. PAX3-FKHR-directed repression of PAI-1 in RMS cell lines:

3.8.1. Ejfect o f PAX3-FKHR on PAI-1 expression in mouse and human RMS cell 

lines:

Northern blot analysis was used to verify the microarray results, and confirmed that 

PAX3-FKHR represses PAl-1 expression in 76-9 cells. We examined the expression of 

PAI-1 mRNA and protein levels in various human RMS cell lines by Northern blot and 

Western blot analysis (Figure 13 and 18A, respectively). PAI-1 protein is expressed at 

high level in RD cells (PAX3‘̂ , PAX3-FKHR ), but is not detected in any PAX3-FKHR- 

expressing human RMS cell line (Figure ISA),

We were interested in PAI-1 as a down-regulated target of PAX3-FKHR because of its 

known role in the inhibition of tissue invasion (Binder et al, 2002; Praus et al, 2002). To 

test the hypothesis that PAX3-FKHR represses PAI-1 expression in ARMS, we 

examined PAI-1 levels in RD cells stably transfected with empty vector (RD Empty) 

and PAX3-FKHR (RDP3F) (Figure 18B). RD Empty cells express high levels of PAI-1 

protein. The introduction of PAX3-FKHR into RD cells results in a dramatic reduction 

in the levels of PAI-1. Upon longer exposure a faint PAI-1 band was detected in all 4 

RDP3F clones, suggesting that PAI-1 expression is not completely abolished in PAX3- 

FKHR-expressing RD cells.

3.8.2. Effect o f PAK3-FKHR on IFN-yinduced up-regulation o f PAI-1:

Because a large number of down-regulated target genes identified from the microarray 

data are known IFN-y stimulated genes, we investigated whether PAI-1 might also be an 

IFN-y target. Culturing RD Empty cells for 48 hours in the presence of 20ng/ml of IFN-
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Figure 18. Expression of PAI-1 in human RMS cell lines. A Western blot analysis 
examining PAI-1 protein expression in several human RMS cell lines. The RMS type 
(A = ARMS; E = ERMS) and the expression of endogenous PAX3 and PAX3-FKHR 
RNA (determined by Northern blot, Figure 13) for each cell line is indicated above the 
picture. B Western blot analysis examining PAI-1 protein expression in RD cells stably 
transfected with pBK-CMV empty vector (RD Empty) and pBK-CMV-P3F (termed 
RDP3F). In a longer exposure, very faint bands can be detected in the RDP3F#6, 
RDP3F#2, and RDP3F#18 lanes. In the Western blots, human PAI-1 was detected at a 
molecular weight of approximately 47 KDa, and a-tubulin expression was used as a 
loading control.
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Y resulted in a large increase in PAI-1 protein levels (Figure 19). This novel finding 

suggests that PAI-1 is an IFN-y stimulated gene in RD cells. In contrast, there was only 

a modest increase in PAI-1 levels in RDP3F#5 cells and no noticeable increase in PAI-1 

levels in RDP3F#6 cells following 48 hours incubation with 20ng/ml IFN-y. This result 

supports the MHC class I findings (Figure 17), suggesting that PAX3-FKHR down- 

regulates IFN-y stimulated genes, and renders RD cells partially resistant to the effects 

of IFN-y.

3.8.3. Ejfect o f PAX3-FKHR-directed repression o f PAI-1 on the phenotype o f RMS

cells:

Aguanno et al (1990) reported that TP A induces the differentiation of the RD human 

ERMS cell line. TP A mediates this effect through the up-regulation of PAI-1, which 

results in TGF-p remaining in an inactive form (Figure 20A) (Mayer et al, 1988; 

Aguanno et al, 1990). We were interested in whether the PAX3-FKHR-directed down- 

regulation of PAI-1 in RD cells (shown in Figure 18B) results in a degree of resistance 

to TPA-induced differentiation. We investigated TPA-induced differentiation by 

measuring the reduction in cell proliferation using a MTS assay. In a preliminary 

optimisation experiment, we found that 0.1 |iM TPA is optimal to induce maximum 

growth inhibition of wild type RD cells. Figure 20B shows that treatment of wild type 

RD, RD Empty, and RDP3F#5 cells with 0.1|iM TPA for 72 hours causes a 30-35% 

reduction in the number of viable cells, relative to non-treated control cultures. TPA has 

slightly less effect on the proliferation rate of RDP3F#6 cells, which show only a 15.1% 

reduction in viable cell number after 72 hours. This preliminary experiment 

demonstrates that expression of PAX3-FKHR does not render RD cells significantly 

more resistant to the growth inhibiting effect of 0.1 |iM TPA.

One major problem of this assay was that an unequal number of cells were plated out 

for each cell line, despite careful counting using a haemocytometer. This may influence 

the proliferation rate of the cell lines, and distort the TPA treatment results. In an 

attempt to circumvent this uneven counting problem, J. Anderson tried to generate an 

RD cell line that expresses PAX3-FKHR in an inducible fashion. Unfortunately, the 

expression of PAX3-FKHR was not tightly controlled, and the cell line was unsuitable 

for examining the effects of PAX3-FKHR in a regulatable manner.
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Figure 19. Western blot analysis revealing that PAX3-FKHR renders RD cells 
partially unresponsive to IFN-y induced up-regulation of PAI-1. The membrane was 
exposed for a long time (15 minutes) in order to detect the PAI-1 present in the 
RDP3F#6 cells. This long exposure also resulted in picking up non-specific bands. The 
47 KDa PAI-1 band appears as a doublet in this experiment. This is probably due to 
slight deterioration of the antibody, rather than phosphorylation of PAI-1, because when 
we reprobed several membranes with a new aliquot of antibody we detected a single 
PAl-1 band in each lane. The levels of a-tubulin were used as a loading control. This 
Western blot is representative of two independent experiments.
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Figure 20. Effect of TPA on the viability of RD-derived cell lines. A Schematic 
summarising the putative effect of TPA on RD cells (Mayer et al, 1988; Aguanno et al, 
1990; Mauro et al, 2002). B Comparative in vitro proliferation assay, examining TPA- 
induced growth arrest in RD cells. The RD-derived cell lines were treated with 0.1 pM 
TPA or an equal volume of DMSO (delivery vehicle for TPA) for 72 hours, and then 
the number of viable cells was measured using a MTS assay. The number of viable cells 
present in wells treated with diluted DMSO was set as 100% cell growth, and the 
number of viable cells in the wells treated with 0.1 p.M TPA was calculated as a 
percentage relative to DMSO treated controls. The mean values are plotted and the error 
bars are S.D. of duplicate cultures.
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3.9. Effect of PAX3-FKHR on CXCR4 expression;

We were also interested in investigating the effect of PAX-FKHR on the expression of 

genes known to be down-regulated by IFN-y. We chose to look at CXCR4 because it is 

documented as being repressed by IFN-y (Gupta et al, 1998). Libura and colleagues 

(2002) recently found that CXCR4 expression was induced by the introduction of 

PAX3-FKHR into RD cells.

We found that the human ARMS cell line RH30 expresses high levels of PAX3-FKHR 

(see Figure 13) and has elevated levels of CXCR4 protein on its cell surface (Figure 

21). Wild type RD cells and RD cells stably transfected with empty vector (RD Empty) 

express minimal amounts of CXCR4 (3.5% and 8.7%, respectively). Transfection of RD 

cells with PAX3-FKHR results in the induction of CXCR4 expression (18.2%

RDP3F#6 cells were positive for CXCR4) (Figure 21). This result is concordant with 

our proposal that PAX3-FKHR interferes with IFN-y target gene expression, including 

up-regulation of genes that are normally inhibited by IFN-y.

3.10. Investigation into the molecular mechanisms of PAX3-FKHR-mediated 

interference of IFN-y target gene expression:

3.10.1. Effect o f PAX3-FKHR expression on IFN-ysignalling:

We have demonstrated using microarrays. Northern blots. Western blots and FACS 

analysis that PAX3-FKHR represses numerous IFN-y stimulated genes and induces 

expression of several genes known to be down-regulated by IFN-y. Next, we 

investigated the potential pathways involved in PAX3-FKHR-mediated interference of 

IFN-y target gene expression.

IFN-y mediates some of its effects through JAK-signal transducers and activators of 

transcription (STAT) signalling within cells. AG490 is a JAK family tyrosine kinase 

inhibitor that selectively inhibits JAK2, inhibits the constitutive activation of STAT3, 

and inhibits the autokinase activity of JAK3. We investigated the role of JAK-STAT 

signalling in PAI-1 and MHC class I expression in RD-derived cell lines. Figure 22 

shows that the treatment of RD Empty and RDP3F#6 cells with 5pM and 50|xM AG490 

for 48 hours has no effect on PAI-1 levels. Additionally, treatment of RD Empty and 

RDPF#6 cells with AG490 for 48 hours did not have any effect on the levels of MHC 

class I (data not shown). Unfortunately, there was no suitable positive control cell line
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Figure 21. PAX3-FKHR up-reguiates CXCR4 expression in human RMS cell lines
FACS histograms showing CXCR4 expression levels in the following 3 human RMS 
cell lines: RH30 cells expressing endogenous PAX3-FKHR; wild type RD cells that do 
not express endogenous PAX3-FKHR; RDP3F#6 cells ectopically expressing PAX3- 
FKHR. The grey line represents staining with a PE-conjugated isotype control antibody; 
the black line represents staining with a PE-conjugated anti-CXCR4 antibody. Log 
fluorescence of CXCR4 intensity is plotted on the x-axis and the number of cells on the 
y-axis. The percentage of cells that tested positive for CXCR4 expression is indicated 
on each plot.
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Figure 22. Western blot analysis examining the effect of AG490 treatment on 
PAI-1 levels in RD-derived cell lines. Treatment with 5|iM and 50|iM AG490 for 48 
hours did not have any effect on the levels of PAI-1 expressed in RD Empty and 
RDPF#6 cells. The membrane was exposed for a long period (10 minutes) to detect the 
very low levels of PAI-1 expression in the RDP3F#6 cells. Human PAI-1 protein was 
detected as a 47 KDa band, and a-tubulin acted as a loading control. RDP3F#6 is 
representative of all 4 RDP3F clones treated with AG490.
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to demonstrate that the AG490 was functional and able to block JAK-STAT signalling. 

Nonetheless, this result suggests that PAX3-FKHR may mediate its effect on PAI-1 and 

MHC class I expression via a JAK-STAT independent mechanism.

3.10.2. PAX3-FKHR does not interfere with FKHR target genes:

3.10.2.1. Identification o f potential FKHR DNA-binding sites in the promoters o f

several genes downstream o f PAX3-FKHR:

We identified the FKHR consensus DNA-binding sequence (5'-GTAAACAA-3') in the 

promoter region of the genes PAl-1 and CXCIO, both of which were found to be down- 

regulated by PAX3-FKHR in 76-9 cells. Vulin and Stanley (2002) showed that FKHR 

directly activates PAI-1 by binding to the FKHR DNA-binding site in the promoter of 

PAl-1. Overall, this data raises the possibility that PAX3-FKHR disrupts normal FKHR 

signalling in RMS cells.

3.10.2.2. Ejfect ofPAX3-FKHR expression on BIMprotein levels in RD cells: 

FKHR family members can directly activate BIM, a pro-apoptotic BCL-2 family 

member, via two FKHR binding sites in the BIM promoter (Gilley et al, 2003). BIM is 

not expressed on the MG-U74 microarray, so Western blot analysis was performed to 

determine whether PAX3-FKHR can affect BIM protein levels in human RMS cells. 

Figure 23 shows that BIM is not down-regulated in RDP3F cells relative to RD Empty 

cells, in the absence of IFN-y. Plotting the normalised BIM protein levels in a bar graph 

reveals that BIM levels are in fact elevated in the presence of PAX3-FKHR. This 

finding suggests that PAX3-FKHR does not block FKHR signalling in RMS cells. 

Culturing RD Empty and RDP3F cells in the presence of 20ng/ml IFN-y for 48 hours 

resulted in a reduction in BIM expression, suggesting that BIM may be repressed by 

IFN-y in these cells. We attempted to determine the levels of FKHR protein in the RD- 

derived cell lines by Western blot analysis. However, the antibody (purchased from 

Upstate Cell Signalling, USA) was not specific for human FKHR, and no meaningful 

result could be interpreted from the Western blot (data not shown).

Two BIM-luciferase reporter constructs were kindly donated by J. Gilley. The BIM- 

luciferase reporter contains the 5.2 Kb region 5' to the BIM initiation codon, placed 

upstream of a luciferase reporter gene. The mutant BIM-luciferase reporter contains 

mutations in both the FKHR binding sites of the BIM reporter, which completely 

abrogates FKHR binding to the mutant BIM  promoter (Gilley et al, 2003). Transient
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Figure 23. PAX3-FKHR does not down-regulate BIM expression in RD cells. A
Western blot analysis showing BIM protein levels in RD Empty and RDP3F cells, 
following treatment with 20ng/ml IFN-y and diluted PBS (delivery vehicle for IFN-y) 
for 48 hours. BIM protein was detected at 23 KDa. The levels of a-tubulin were used as 
a loading control. B Bar graph showing the normalised levels of BIM protein in the 
Western blot depicted in A. Band intensities were measured by densitometry. C 
Luciferase assay measuring the activation of BIM-luciferase and mutant BIM-luciferase 
reporter genes in transiently transfected RD-derived cell lines. The mean luciferase 
activity values are plotted, and the error bars represent S.E.M. of duplicate cultures. 
Non-transfected RD cells contain undetectable luciferase activity (data not shown). This 
experiment is representative of two independent experiments.
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transfection experiments using the BIM-luciferase reporter demonstrated that there is 

some activation of the BIM promoter in wild type RD cells. The ectopic expression of 

PAX3-FKHR in RD cells results in an up-regulation of BIM promoter activation, as 

determined by luciferase levels (Figure 23C). Transient transfection experiments 

suggest that there is enhanced activation of the mutant BIM-luciferase reporter, relative 

to the BIM-luciferase reporter, in all the RD-derived cell lines. This result suggests that 

PAX3-FKHR driven activation of the BIM promoter in RD cells is not mediated 

through binding to the FKHR consensus DNA-binding sequences in the BIM promoter. 

There are no PAX PB and HD binding sites in the BIM promoter.

3.10.2.3. Effect ofPAX3-FKHR on IGFBP-1 expression in RD cells:

FKHR has been shown to bind the insulin-responsive sequence in the IGFBP-I 

promoter (Guo et al, 1999). We tested the ability of PAX3-FKHR to influence the 

activation of normal FKHR targets in transient transfection experiments using the 

IGFBP-1-luciferase reporter construct, consisting of the IGFBP-I promoter upstream of 

a luciferase reporter gene (Figure 24). The luciferase activity was very similar in the 

wild type RD, RD Empty, and both the RDP3F clones tested. This result suggests that 

PAX3-FKHR does not down-regulate IGFBP-I expression in RD cells. IGFBP-I was 

present on the MG-U74 microarray, and its level of expression was not significantly 

different in C23 and C24 cells compared to CMV cells.

3.10.2.4. PAX3-FKHR does not repress PAI-1 through phosphatidylinositol

3 '-kinase (PI3K)-Akt signalling:

We found that PAX3-FKHR up-regulates IGF2 mRNA expression in mouse RMS 76-9 

cells, in agreement with published data (Khan et al, 1999). Another member of the 

insulin like growth factor family, IGFl, has been previously shown to signal via IGF 

receptor-1 to activate the PI3K-Akt signalling pathway (Thimmaiah et al, 2003). The 

PI3K-Akt pathway has been implicated in controlling many biological functions 

including cell proliferation, survival, and insulin responses (Coffer et al, 1998; Lawlor 

and Alessi, 2001). Del Peso and colleagues (1999) demonstrated that activated Akt 

represses the transcriptional ability of FKHR. In contrast, Akt can not inhibit the 

transcriptional activity of PAX3-FKHR (Del Peso et al, 1999). The PAI-1 promoter 

contains a potential FKHR DNA-binding site and PAI-1 has been shown to be up- 

regulated by active FKHR (Vulin and Stanley, 2002). Compilation of this published 

data results in a potential pathway for how PAX3-FKHR down-regulates PAI-1 in
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Figure 24. Luciferase assay demonstrating that PAX3-FKHR does not effect the 
level of IGFBP-1 promoter activation in RD cells. RD-derived cells lines were 
transiently transfected with the IGFBP-1-luciferase reporter construct and the pSV-(3- 
galactosidase control vector. 48 hours post transfection, the cells were lysed and the 
luciferase and -(3-galactosidase levels measured. Luciferase activity (normalised for 
transfection efficiency) is plotted on the y-axis. Neg. represents non-transfected RD 
cells. There are no error bars as only single cultures were tested for each cell line.
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ARMS cells (depicted in Figure 25A). To investigate whether PAX3-FKHR-mediated 

up-regulation of IGF2 is sufficient to repress FKHR through the PI3K-Akt pathway, we 

examined phospho-Akt levels in the RD-derived cell lines. If this pathway is active in 

PAX3-FKHR-expressing RD cells, we would expect to see elevated levels of phospho- 

Akt in RDP3F cells relative to RD Empty cells. Western blot analysis revealed that the 

levels of phospho-Akt are unaffected by the presence of PAX3-FKHR, suggesting that 

this pathway is not responsible for the repression of PAI-1 in RDP3F cells (Figure 25B).
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Figure 25. Levels of phospho-Akt in RD-derived cell lines A A potential pathway for 
PAX3-FKHR-mediated down-regulation of PAI-1. B Western blot analysis of phospho- 
Akt expression in wild type RD, RD transfected with empty vector, and 4 clones of RD 
transfected with PAX3-FKHR.
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4. Discussion

Chimeric transcription factors generated by chromosomal translocations are found in a 

wide range of leukaemias and paediatric sarcomas (Barr, 1998). The translocation 

t(2;13)(q35;ql4) is a cytogenetic hallmark of ARMS, generating a PAX3-FKHR fusion 

protein that plays an important role in tumourigenesis (Bemasconi et al, 1996; Scheidler 

et al, 1996; Epstein et al, 1998).

4.1. Effect of the PAX3-FKHR fusion protein on RMS cell phenotype:

The 76-9 cells were stably transfected with a pBK-CMV-P3F plasmid containing the 

mixed murine/human PAX3-FKHR and neomycin resistance genes (clones used termed 

C23 and C24). After transfection with FuGENE 6 transfection reagent, 76-9 cells with 

stable plasmid DNA integration were selected by culturing with 500pg/ml of 0418, 

isolated as individual clones and expanded into cell lines. It is important to note that the 

PAX3-FKHR transgene might not be expressed in 100% of the cells within each clone. 

In the absence of an antibody that specifically binds PAX3-FKHR, it is incredibly hard 

to prove that the fusion protein is expressed in all of the transfectants.

We found that PAX3-FKHR did not increase the in vitro proliferation rate of mouse 

RMS 76-9 cells. This is in contrast to published reports, in which ectopic PAX3-FKHR 

expression increased the growth rate of both the human RD RMS cell line and 

fibroblasts, in low serum conditions (Anderson et al, 2001a; Zhang and Wang, 2003). 

Zhang and Wang (2003) infer that PAX3-FKHR increases the rate of proliferation in 

fibroblasts by accelerating the Gq/Gi to S cell cycle transition by degrading p27*̂ ^̂  

protein, an important cell cycle inhibitor. Our findings with 76-9 cells might represent a 

cell type-specific phenomenon.

Nonetheless, we found that ectopic expression of PAX3-FKHR did cause a more 

aggressive RMS cell phenotype, with elevated invasive ability in vitro (Figure 7).

Whilst analysing this data, it is important to note that the matrigel assay might be 

measuring invasion, chemotaxis or both. Sub-cutaneous injection of 76-9-derived cells 

into syngeneic mice revealed that both wild type 76-9 cells and 76-9 cells stably 

expressing PAX3-FKHR are weakly metastatic. Following sub-cutaneous injection, 

only highly metastatic cells are able to migrate into the sub-cutaneous micro

vasculature, survive in the blood or lymphatic circulation, invade distant tissues, and
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establish metastatic nodules within a 3 week period. To further investigate the effect of 

PAX3-FKHR on 76-9 cell metastasis in vivo, the cells should be injected intravenously, 

increasing the likelihood of finding 76-9 cells in the bone marrow and the lungs. 

Additionally, factors such as angiogenesis and immune evasion influence metastasis in 

vivo, but matrigel invasion assays do not address these.

4.2. Justification for our microarray experiment:

We chose to investigate the target genes of PAX3-FKHR in the murine RMS 76-9 cell 

line for several reasons. Firstly, ectopic expression of PAX3-FKHR has a 

physiologically meaningful phenotypic effect in these cells, characteristic of the 

aggressive ARMS subtype. Secondly, we wanted to identify the genes targeted by 

PAX3-FKHR in cells that already express a myogenic transcription program 

(expressing genes such as MyoD), mimicking the situation found in ARMS cells as 

closely as possible. Khan and colleagues (1999) expressed PAX3-FKHR in fibroblasts 

and found that 10 of the 11 genes activated by PAX3-FKHR in these cells were muscle 

related. Since many of these genes are already switched on in 76-9 cells, we hoped to 

detect novel targets of PAX3-FKHR.

4.3. Identification of secondary, tertiary and later transcriptional targets of PAX3- 

FKHR:

Interestingly, we found that PAX3-FKHR significantly down-regulated 69 genes and 

only significantly up-regulated 31 genes in 76-9 cells. The best understood function of 

PAX3-FKHR is as a potent transcriptional activator (Fredericks et al, 1995; Bennicelli 

et al, 1996) suggesting that many of these genes are not direct targets.

Several studies have demonstrated that PAX3-FKHR transcriptional activation utilizes 

solely the PAX3-derived PB and HD DNA-binding domains to recognize target 

sequences (Fredericks et al, 1995; Sublett et al, 1995; Bennicelli et al, 1996). However, 

none of the genes downstream of PAX3-FKHR in 76-9 cells, that we have examined, 

contain a PAX3 PB or HD consensus recognition sequence in their promoter. Barber et 

al (2002) used a cyclic amplification and selection of targets (CASTing) strategy to 

identify primary target genes directly bound by PAX3 and PAX3-FKHR proteins. None 

of the putative primary target genes that they identified were significantly changed by 

PAX3-FKHR in our microarray experiment. An explanation for these findings is that 

most of the global genetic change induced by PAX3-FKHR in 76-9 cells are not
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primary transcriptional phenomena but might be secondary, tertiary or later 

transcriptional targets of PAX3-FKHR. This is further supported by our finding that 

PAX3-FKHR represses MHC class I expression in the human ERMS RD cell line when 

stably transfected into the cells, but not within 72 hours after transiently transfection 

into the cells. The identification of tertiary and later targets of PAX3-FKHR is still 

important, because these events are physiologically relevant and affect the phenotype of 

ARMS cells. An alternative explanation is that the transcriptional effect of the fusion 

protein requires more elements than the PAXJ-derived PB and HD domains. Barber and 

colleagues (2002) found that DNA associates with PAX3-FKHR in an artificial 

environment, but provided no evidence that these genes are switched on by PAX3- 

FKHR in cells.

To determine the primary targets of PAX3-FKHR in mouse RMS 76-9 cells, the fusion 

protein needs to be expressed in an inducible manner. This could be accomplished by 

attaching the hormone-binding domain of the oestrogen receptor to the PAX3-FKHR 

cDNA. The fusion protein will only be expressed when the cells are cultured in the 

presence of the ligand tamoxifen. Microarray analysis could then to be performed on 

RNA isolated from cells in which PAX3-FKHR has been induced and subsequent 

translation blocked using cyclahexamide.

4.4. Genes significantly up-regulated by PAX3-FKHR in 76-9 cells:

Microarray analysis revealed that PAX3-FKHR induces expression of a limited number 

of genes in 76-9 cells. However, these genes influence a diverse range of cell 

behaviours, including survival, proliferation, angiogenesis, and metastagenesis. Due to 

time constraints we have only been able to investigate a few of these genes in more 

detail.

4.4. L The imprinted genes IGF2 and H19\

We found that IGF2 is significantly induced by PAX3-FKHR in mouse RMS 76-9 cells, 

consistent with published data showing over-expression of IGF2 in human ARMS 

(Yun, 1992; Wang et al, 1998). This result also confirms that ectopically expressed 

PAX3-FKHR is able to stimulate transcription of genes from chromatin within 76-9 

cells.
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The IGF2 growth factor plays an important role in the survival and proliferation of 

normal cells (DeChiara et al, 1991). However, when aberrantly expressed IGF2 has the 

ability to transform mouse embryonic fibroblasts (Hernandez et al, 2003), and IGF2 is 

one of the most frequently up-regulated genes in human tumour progression (Ogawa et 

al, 1993; Zhang et al, 1997). Zhang and colleagues (1999) reported that IGF2 over

expression in a mouse myoblast cell line shortens cell cycle time and diminishes the Gi 

checkpoint after DNA damage. The authors speculate that the effects of IGF2 on the 

cell cycle might contribute to the fast growth rate and the accumulation of genetic 

alterations observed in ARMS.

H19 was induced approximately 2.5 fold in PAX3-FKHR-expressing 76-9 cells relative 

to empty vector transfected controls (Appendix Table 1). High level expression of the 

H19 gene is associated with a more malignant phenotype in human bladder carcinomas 

(Ariel et al, 1995). It would be interesting to determine whether elevated levels of H I9 

are an indicator of aggressive ARMS cases.

Interestingly, IGF2 and H19 are both imprinted genes located in the same region on 

mouse chromosome 7 (human 1 Ip 15). Loss of imprinting (LOI) is one of the most 

common epigenetic changes observed in cancer development (Ogawa et al, 1993). LOI 

of IGF2 and H19 involves activation of silent imprinted genes, and LOI of these two 

genes has been reported in a high proportion of rhabdomyosarcoma cases. (Anderson et 

al, 1999b).

4.4.2. Some PAX3-FKHR target genes are cell type-specific:

It is interesting to note that Khan and colleagues (1999) also identified IGF2 and H I9 as 

genes induced by PAX3-FKHR in NIH 3T3 fibroblasts. However, there are no further 

similarities in the microarray results. Khan et al (1999) found that PAX3-FKHR 

activates a myogenic transcription program when introduced into fibroblasts. However, 

we found that several of the muscle-related genes they identified as up-regulated by 

PAX3-FKHR, such as SIXl, SLUG, and troponin T {TNNT2), were already expressed at 

relatively high levels in empty vector expressing 76-9 cells, and PAX3-FKHR was 

unable to increase the level of expression of these genes (analysed using Data Mining 

Tool software). Other downstream targets of PAX3-FKHR in NIH 3T3 cells were not 

expressed in either CMV or C23 cells, such as Myogenin (MYOG) and Complement
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factor H {HFl). Overall, this indicates that some genes regulated by PAX3-FKHR are 

cell type dependent.

4.43. PLA2:

Two different sequences derived from phospholipase A2 (PLA2) were found to be up- 

regulated 3-4 fold by PAX3-FKHR in 76-9 cells. PLA2 enzymes metabolise the release 

of arachidonic acid, a key regulator of cellular proliferation, from cellular phospholipids 

in various tissues (Balsinde et al, 1999). Elevated PLA2 levels have been detected in 

neoplastic prostatic tissue (Jiang et al, 2002) and non-small cell lung cancer (Blaine et 

al, 2001). PLA2 has been reported to be involved in cell cycle progression in 

neuroblastoma cells (van Rossum et al, 2002), and may play a similar role in ARMS.

4.4.4. Genes encoding for collagen proteins:

We identified 2 collagen genes that are induced by PAX3-FKHR in 76-9 cells, namely 

C0L3A1 and COLIAI. The expression of collagen has been correlated with an increase 

in the invasive ability and metastasis of melanomas (Maniotis et al, 1999; Clark et al, 

2000) and adenocarcinomas (Ramaswamy et al, 2003). Clark et al (2000) used an in 

vivo selection procedure to isolate highly metastatic melanoma cells from a population 

of tumour cells with low metastatic potential. They identified COL3A1 and C0L1A2 as 

genes expressed at elevated levels in highly metastasis melanoma cells compared to the 

poorly metastatic tumour cell starting population. Clark and colleagues (2000) speculate 

that high level expression of ECM proteins, such as collagen, may promote tumour 

angiogenesis. Maniotis and colleagues (1999) demonstrated that increased production of 

collagen allows ocular melanoma cells to lay down their own pro-migratory matrix, 

forming microvascular channels. It would be interesting to infer from our results that 

expression of these two collagen genes also promotes metastasis of RMS cells.

However, we found that COL1A2 is repressed by PAX3-FKHR in 76-9 cells. It will be 

important to determine whether the overall levels of collagen protein are increased in 

PAX3-FKHR-expressing 76-9 cells and whether they contribute to increased 

microvascuar channel formation and metastasis of RMS cell lines.

The role of the above mentioned genes in tumour progression is relatively well studied. 

Hence, we decided to examine the genes repressed by PAX3-FKHR in 76-9 cells, and 

how diminished expression of these genes might aid tumour progression.
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4 A. 5. PAX3-FKHR does not up-regulate expression o f the myogenic-related c-MET 

and MyoD genes in 76-9 cells:

The ability of PAX3-FKHR to activate c-MET expression is contentious. Several 

studies have found that both PAX3 and PAX3-FKHR can induce expression of c-MET 

(Epstein et al, 1996; Ginsberg et al, 1998; Relaix et al, 2003). However, Khan and 

colleagues (1999) found that c-MET expression was not up-regulated by PAX3-FKHR 

in fibroblasts. Similarly, we found using microarray analysis that c-MET was expressed 

in 76-9 cells stably transfected with empty vector, and was expressed at a similar level 

in 76-9 cells transfected with PAX3-FKHR. In contrast, our transient transfection 

experiments, using a c-MET promoter-luciferase reporter construct, suggest that high 

levels of PAX3-FKHR do cause a slight increase in c-MET expression in 76-9 cells 

(Figure lOA). Northern blot and Western blot analyses are required to further 

investigate the levels of c-MET expression in these cells.

PAX3 and PAX3-FKHR-mediated up-regulation of MyoD is well documented 

(Tajbakhsh et al, 1997; Khan et al, 1999; Ridgway et al, 2001). However, in our 

microarray experiment, we found that PAX3-FKHR down-regulated MyoDl expression 

in 76-9 cells. This result needs to be verified, but does appear to contradict published 

findings.

4A.6. Induction o f genes that code for potential tumour-specific antigens:

4A.6.L XMR:

XMR was the gene most dramatically induced by PAX3-FKHR in 76-9 cells, showing 

approximately 7 fold up-regulation in both PAX3-FKHR-expressing clones (C23 and 

C24). Escalier and Garchon (2000) found that XMR protein is expressed in mouse 

primary spermatocytes and propose a role for XMR in chromatin condensation during 

meiosis. XMR has a restricted expression in adult tissue, detected solely in the testes 

(Escalier and Garchon, 2000), making XMR a potential tumour-specific antigen. 

However, XMR does not have a human ortholog that could be targeted by directed 

immunotherapy in the treatment of patients with ARMS.

4A.6.2. OTT:

Similarly, the ovary testis transcribed {OTT) gene codes for a potential tumour-specific 

antigen and is up-regulated approximately 2 fold in PAX3-FKHR-expressing 76-9 cells
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compared to empty vector transfected controls. However OTT also has no human 

ortholog that could be targeted by immunotherapy.

4.4.63. LBXT.

The homeobox gene LBXl has been shown to be activated by PAX3 during myogenesis 

(Mennerich et al, 1998; Brohmann et al, 2000), and plays a role in the proliferation and 

migration of muscle precursors (Brohmann et al, 2000; Mennerich and Braun, 2001). 

Unfortunately, LBXl was not represented on the MG-U74 microarray, so we do not 

know the effect of PAX3-FKHR expression on LBXl levels in mouse 76-9 cells. It 

would be interesting to examine LBXl mRNA levels in mouse and human RMS cells by 

Northern blot analysis. LBXl is expressed specifically during embryogenesis (Jagla et 

al, 1995) and is another potential tumour-specific antigen.

4.5. PAX3-FKHR functions are more complex than acting solely as a 

transcriptional activator:

Several investigators have demonstrated that the chimeric PAX3-FKHR transcription 

factor functions as a more potent transcriptional activator of PAX3 target genes than 

wild type PAX3 (Fredericks et al, 1995; Bennicelli et al, 1996). Previous transcriptional 

profiling studies examining PAX3-FKHR target genes have supported this model by 

identifying transcriptional up-regulation of myogenic factors thought to be 

developmentally downstream from PAX3 (Khan et al, 1999). However, Khan and 

colleagues (1999) also identified a number of target genes down-regulated by PAX3- 

FKHR in fibroblasts.

Surprisingly we found that PAX3-FKHR represses more genes than it induces. Of the 

31 genes up-regulated in PAX3-FKHR-expressing 76-9 cells relative to empty vector 

transfected controls, only 1GF2 is currently recognized as being activated downstream 

of PAX3 in myogenic development and ARMS (Khan et al, 1999; Mayanil et al, 2001). 

Therefore, our data does not support a model of PAX3-FKHR as solely a potent 

transcriptional activator.

4.6. Genes significantly repressed by PAX3-FKHR in 76-9 cells:

The most striking finding of the microarray experiment was that a large proportion of 

the genes down-regulated by PAX3-FKHR in 76-9 cells are known IFN-y stimulated 

genes (21 out of 44 genes with know function), including the MHC class I genes H2-K
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and H2-D1 (Appendix Table 2). Another gene found to be repressed by PAX3-FKHR in 

our microarray experiment is PAI-1, which we discovered is also stimulated by IFN-y in 

human RD cells (Figure 19). Previously only PAI-2 was known as an IFN-y stimulated 

gene (Boehm et al, 1997). Chimeric transcription factors, generated by chromosomal 

translocations, have not been previously shown to interfere with IFN-y regulated gene 

expression.

4.6,1. Multiple genes involved in the MHC class I  antigen processing and

presentation pathway are down-regulated by PAX3-FKHR in RMS cell lines: 

Microarray analysis revealed that PAX3-FKHR down-regulates numerous genes critical 

for the expression of peptide-MHC class I complexes on the cell surface. For instance, 

the PAX3-FKHR-mediated down-regulation of TAPI may prevent the transport of 

peptides into the endoplasmic reticulum (ER) for loading into the peptide binding 

groove of newly synthesized MHC class I molecules (Dovhey et al, 2000). In this way, 

putative tumour-specific peptides derived from the fusion region of the PAX3-FKHR 

protein might not be presented to T lymphocytes.

In subsequent experiments, we demonstrated that MHC class I protein expression is 

abrogated by PAX3-FKHR in both mouse and human RMS cell lines (Figures 15 and 

17). The down-regulation of MHC class I antigens might prevent recognition by T 

lymphocytes (Ferrone and Marincola, 1995), hence circumventing detection and 

rejection by the host immune system. Down-regulation of MHC class I expression on 

the cell surface has been detected in numerous murine and human tumour cell lines 

(Cordon-Cardo et al, 1991; Delp et al, 2000; Seliger et al, 2000), however the 

molecular mechanisms underlying these changes are not fully understood. It is 

interesting that the diminished expression of MHC class I in RMS can be specifically 

attributable to PAX3-FKHR expression, and that PAX3-FKHR may be exerting its 

effect through interfering with IFN-y signalling within the RMS cells.

To investigate whether PAX3-FKHR actively down-regulates MHC class I expression 

in RMS, we could block endogenous PAX3-FKHR expression in the RH30 and SCMC 

cell lines using anti-sense oligonucleotides or interference RNA. We could then 

examine whether repressing PAX3-FKHR expression in these cells causes MHC class I 

levels to rise. However, Bemasconi and colleagues (1996) reported that specific down- 

regulation of the PAX3-FKHR fusion protein in RH30 cells using anti-sense
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oligonucleotides results in apoptosis of the cells. We would be unable to investigate 

MHC class I levels in these dying cell lines reliably.

RD cells transiently transfected with PAX3-FKHR do not show any reduction in the 

level of MHC class I antigen on their surface. PAX3-FKHR appears to exert its effect 

on MHC class I expression only when stably transfected into RD cells. In normal 

circumstances, MHC class I synthesis and expression on the cell surface takes less than 

48 hours (Cullell-Young et al, 2001), and the half life of MHC class I-peptide 

complexes on the cell surface is less than 5 hours (Hallermalm et al, 2001). However, in 

PAX3-FKHR-expressing RMS cells, the MHC class I genes (and TAP genes) could 

potentially be a long way downstream of PAX3-FKHR. Hence, it is possible that it 

might take longer than 72 hours after transient transfection with PAX3-FKHR to 

observe repression of MHC class I antigen on the surface of RD cells. An alternative 

explanation of our result is that PAX3-FKHR is expressed at higher levels in stably 

transfected RD cells than transiently transfected RD cells, and the PAX3-FKHR- 

mediated repression of MHC class I is dose dependent.

4.6.2. PAI-1 is down-regulated by PAX3-FKHR in mouse and human RMS cell lines: 

Northern blot analysis confirmed the microarray result, demonstrating that PAI-I is 

repressed by PAX3-FKHR in the mouse RMS 76-9 cell line (Figure 12). Western blot 

analysis showed that no human RMS cell line endogenously expressing PAX3-FKHR 

has detectable levels of PAI-1 protein. In contrast, the human ERMS RD cell line 

(PAX3^, PAX3-FKHR ) expresses high levels of PAI-1 (Figure ISA). Ectopic 

expression of PAX3-FKHR in RD cells results in the down-regulation of PAI-1 protein 

levels (Figure 18B). These combined results suggest that PAI-1 is repressed by PAX3- 

FKHR in ARMS.

4.6.2.1. Potential roles o f diminished PAI-1 expression in tumourigenesis:

PAI-1 has been implicated in three pathways involved in tumourigenesis. PAI-1 is the 

primary endogenous inhibitor of uPA, a serine protease involved in cancer progression 

(Duffy, 2002). When PAI-1 levels are repressed, uPA can catalyse the conversion of 

plasminogen into active plasmin, a protein that mediates degradation of ECM 

components, resulting in increased invasive ability (Figure 26) (Binder et al, 2002).
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Consistent with this hypothesis, Praus and colleagues (2002) found that over-expression 

of PAI-1 reduces HT1080 fibrosarcoma metastatic ability in vitro and in vivo. Similarly, 

high levels of uPA are associated with poor prognosis in breast cancer patients (Duffy, 

2002).

However, elevated levels of PAI-1 are a marker of poor outcome in several cancers, 

including breast cancer (Binder et al, 2002; Harbeck et al, 2002). This is 

counterintuitive considering the role of PAI-1 as the primary physiological inhibitor of 

uPA, which itself is regarded as a marker of poor prognosis. One explanation of the 

correlation between PAI-1 levels and malignancy of the tumour cells is that it reflects 

the other functions of the PAI-1 protein. PAI-1 has been shown to be pro-angiogenic 

(Bajou et al, 1998; Devy et al, 2002) and inhibit apoptosis (Kwaan et al, 2000). We 

postulate that the repression of PAI-1 by PAX3-FKHR is important in increasing the 

metastatic ability of ARMS cells, whereas the other PAI-1 functions (inhibiting 

apoptosis and promoting angiogenesis) may be compensated for in ARMS by other 

genes targeted by PAX3-FKHR, such as IGF2. We chose not to examine whether the 

re-introduction of PAI-1 reduces the invasive ability of PAX3-FKHR-expressing 76-9 

cells. This is because only one component of the ECM that is normally degraded by 

plasmin (laminin) is not present in the matrigel basement membrane matrix used in our 

in vitro matrigel invasion assays.

Cancer cells are involved in a matrix remodelling process that includes both degradation 

of existing ECM to promote invasiveness, and also the induction of new matrix 

formation to promote angiogenesis and metastasis, PAX3-FKHR may therefore repress 

PAI-1 to promote uPA-directed ECM degradation, and also up-regulate overall collagen 

levels in RMS cells to promote angiogenesis. The disruption of tissue architecture 

associated with invasion and metastasis leads to the release of proinflammatory 

cytokines, which activate the innate and adaptive immune system (Pardoll, 2003). 

Tumours therefore need a mechanism to elude immune surveillance. In ARMS cells, 

this might occur through PAX3-FKHR driven repression of IFN-y stimulated genes 

involved in the MHC class I antigen processing and presentation pathways.
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Figure 26. The anti-tumourigenic and pro-tumourigenic effects of PAI-1.
Information for this figure is derived from reviews of PAI-1 and uPA function (Binder 
et aU 2002; Duffy, 2002).
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4.6.2.2. Reduced levels o f PAI-1 do not ajfect the sensitivity o f human RD cells 

to TPA-induced growth arrest:

TP A has been shown to induce differentiation and growth arrest of the human ERMS 

RD cell line (Aguanno et al, 1990; Mauro et al, 2002). RD cellular differentiation is at 

least in part a result of TPA induction of PAI-1, which blocks the catalytic actions of 

uPA, hence TGF-p remains in an inactive form, unable to prevent cell differentiation 

(Mayer et al, 1988; Aguanno et al, 1990). In contrast, active TGF-p promotes cell 

proliferation and elevated levels of active TGF-p are associated with increased 

tumourigenicity (Wu et al, 2001). We examined whether the PAX3-FKHR-directed 

down-regulation of PAI-1 in RD cells results in increased levels of activated TGF-P, 

which are able to block TPA-induced differentiation. The results from our preliminary 

comparative proliferation assay indicate that PAX3-FKHR-mediated repression of 

PAI-1 in RD cells does not result in resistance to TPA-induced growth arrest (Figure 

20). TPA is not present naturally in cells, and resistance to TPA per se is not important 

to tumour cells. However, the results suggest that RDP3F cells do not secrete higher 

levels of autocrine growth factors, such as IGF2 and TGF-p, that can overcome the 

differentiation signals stimulated by TPA (including activation of PKC and PAI-1). In 

future experiments the levels of biologically active TGF-p in RD cells expressing 

PAX3-FKHR could be measured directly by ELISA (Promega).

4.6.3. Future experiments to analyse the role ofPAXS-FKHR as a transcription

factor:

Additional experiments are required to determine whether PAX3-FKHR-directed down- 

regulation of PAI-1 and MHC class I levels in RMS cells is the result of PAX3-FKHR 

functioning as a transcription factor, binding to target genes via the PAX3-derived PB 

and HD DNA-binding domains. The consensus DNA-binding sequences of the PB and 

HD have been characterised (Chalepakis and Gruss, 1995) and mutations that abolish 

the DNA-binding capacity of these domains have been reported (Lam et al, 1999). A 

PAX3-FKHR expression construct containing mutations that abolish PB and HD DNA- 

binding needs to be cloned and stably expressed in human RMS cell lines. The levels of 

MHC class I and PAI-1 in 76-9 and RD cell lines expressing mutant PAX3-FKHR 

could be compared to the existing C23 and RDP3F cell lines.
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4.6.4. PAX3-FKHR renders human RD cells partially unresponsive to IFN-y.

RD cells expressing PAX3-FKHR are partially unresponsive to IFN-y induced up- 

regulation of MHC class I and PAI-1, most noticeably in the RDP3F#6 clone (Figures 

17 and 19). Together these results suggest that PAX3-FKHR interferes with IFN-y 

signalling in ARMS. Dovhey and colleagues (2000) found that the renal cell carcinoma 

cell line Caki-2 is defective in the IFN-y signalling pathway, unable to up-regulate 

TAPI levels following IFN-y treatment.

PAX3-FKHR also inhibits expression of IFN-y stimulated genes in mouse C23 cells. 

However, we were unable to identify the source of IFN-y in normal 76-9 cell cultures. 

Mouse 76-9-derived CMV and C23 cells do not secrete IFN-y (tested by enzyme linked 

immunospot assay; data not shown). One possible explanation of our findings is that 

IFN-y signalling in the 76-9 cells is initiated by exogenous IFN-y present in the culture 

media or serum. To investigate the effect of PAX3-FKHR on MHC class I and PAI-1 

expression in the absence of exogenous IFN-y, the 76-9-derived cell lines would have to 

be grown in serum free media. However, these cells die within 48 hours when grown in 

serum free media. An alternative explanation of our findings is that PAX3-FKHR 

expression results in the inhibition of STAT-mediated signalling downstream of 

interleukin-6. Such cross talk between cytokine signalling pathways could result in the 

down-regulation of certain IFN-y stimulated genes in PAX3-FKHR-expressing 76-9 

cells, yet have nothing to do with IFN-y in physiological conditions.

IFN-y is a pleiotropic cytokine. The roles of IFN-y include regulation of several aspects 

of the immune response, including stimulation of antigen presentation through MHC 

class I and class II molecules, as well as effects on cell proliferation and apoptosis 

(Boehm et al, 1997). Blanck (2002) claimed that the IFN-y signalling pathway is anti- 

tumourigenic in tumour cells, through increasing the expression of immune function 

proteins that aid immune detection, and initiating an apoptosic pathway.

We postulate that PAX3-FKHR interferes with IFN-y signalling in ARMS cells, 

resulting in a co-ordinated repression of multiple genes of the MHC class I antigen 

processing and presentation pathway, and this allows ARMS cells to evade 

immunosurveillance. It would be interesting to examine the levels of MHC class I
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expression in numerous patient RMS samples (using tissue arrays), and correlate MHC 

class I levels with PAX3-FKHR expression.

IFN-y treatment might be useful to augment the immunogenicity of ARMS tumour 

cells. IFN-y has been widely tested in clinical trials of patients with renal cell 

carcinoma, and response rates of 15% have been reported (Bukowski, 1999). Sub

cutaneous injection of IFN-y has more recently been used in conjunction with 

chemotherapy as the first-line therapy of ovarian cancer in randomised phase m  trials 

(Windbichler et al, 2000). The investigators found that treatment with IFN-y increased 

the progression-free survival at 3 years from 38% (in placebo treated controls) to 51%. 

However, administration of IFN-y is associated with toxicity, some patients experience 

fevers and flu-like syndromes, which may limit treatment (Dranoff, 2004).

4.6.5. CRABPl is down-regulated by PAX3-FKHR in mouse 76-9 cells:

Microarray analysis identified CRABPl as a gene that is repressed by PAX3-FKHR in 

76-9 cells. CRABPl does not appear to be an IFN-y stimulated gene. Northern blot 

analysis verified the microarray result, demonstrating that CRABPl is down-regulated 

by PAX3-FKHR in 76-9 cells. Western blot analysis using a CRABPl-specific antibody 

(Alexis Biochemicals, UK) is required to confirm that CRABPl is down-regulated by 

PAX3-FKHR at the protein level, in both mouse and human RMS cell lines.

CRABPl and CRABP2 proteins are directly involved in the transport of ATRA, an 

important regulator of cell proliferation and differentiation (Chen and Radominska- 

Pandya, 2000). Crouch and Helman (1991) reported that ATRA inhibits the growth of 

the human RMS cell lines RD and RH30. Budhu and Noy (2002) found that diminished 

expression of CRABP2 in MCF-7 carcinoma cells reduces cell sensitivity to ATRA 

induced cell death. However, we found that the repression of CRABPl by PAX3-FKHR 

did not render the 76-9 cells resistant to ATRA induced growth inhibition (Figure 14). 

Two possible explanations for this finding are: (i) PAX3-FKHR does not down-regulate 

CRABPl levels sufficiently to prevent CRABPl function, so the cells remain sensitive 

to the inhibitory effects of ATRA; (ii) CRABPl levels do not affect the ATRA 

sensitivity of 76-9 cells. The later explanation is supported by the recent finding that the 

levels of CRABPl and CRABP2 do not affect the sensitivity of acute myeloid 

leukaemia cells to ATRA induced growth inhibition (Lehmann et al, 2002).
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4.7. PAX3-FKHR induces the expression of genes that are down-regulated 

by IFN-y:

We have demonstrated using microarrays, Northern blots, Western blots and FACS 

analysis that PAX3-FKHR represses numerous IFN-y stimulated genes, including the 

MHC class I genes H2-K and H2-D1, and PAI-1. We were also interested in whether 

PAX3-FKHR up-regulates any genes known to be repressed by IFN-y.

4.7.1. In 76-9 cells, PAX3-FKHR up-regulates two genes that are known to be

repressed by IFN-y  signalling’.

Detailed analysis of the complete list of genes induced by PAX3-FKHR in 76-9 cells 

(Appendix Table 1) identified two genes, LCK and COLlAl, that are documented as 

being down-regulated by IFN-y (Boehm et al, 1997). Unfortunately, time constraints 

prevented us from investigating the expression of these genes in more detail. However, 

microarray analysis also identified one IFN-y stimulated gene (PLA2) that appears to be 

up-regulated by PAX3-FKHR. This finding needs confirmation, but conflicts with our 

proposal that PAX3-FKHR up-regulates genes that are repressed by IFN-y signalling.

4.7.2. PAX3-FKHR induces CXCR4 expression in human RD cells:

CXCR4 is reported as being repressed by IFN-y in a concentration-dependent and time- 

dependent manner (Gupta et al, 1998). Microarray analysis revealed that CXCR4 is 

slightly up-regulated by PAX3-FKHR in 76-9 cells, but the induction is not significant 

(r-test; p>0.05). However, we found that ectopic expression of PAX3-FKHR in human 

RD cells induces expression of CXCR4 on the cell surface (Figure 21), in agreement 

with published findings (Libura et al, 2002). The CXCR4 induction we saw in PAX3- 

FKHR-expressing RD cells was less marked than that reported by Libura et al (2002). A 

possible explanation is that PAX3-FKHR was expressed at higher levels in RD cells 

generated by Libura et al (2002) and the higher PAX3-FKHR levels resulted in a more 

significant up-regulation of CXCR4 expression. It is possible that the ‘tail’ of CXCR4 

positive cells we observed in RDP3F#6 cells (Figure 21) are the RD cells ectopically 

expressing the highest levels of PAX3-FKHR. Unfortunately, we were unable to test 

this theory because we do not have an antibody that specifically binds to PAX3-FKHR.

4.7.3. Role ofCXCR4 expression in the metastasis o f RMS cells:

CXCR4 is expressed on the surface of CD34^ early haematopoietic cells and plays a 

role in the migration of these progenitors to haematopoietic niches in the bone marrow 

Chapter 2 137



via CXCR4-a-chemokine stromal-derived factor-1 (SDF-1) signalling (Aiuti et al,

1997). Libura and colleagues (2002) postulate that PAX3-FKHR-expressing RMS cells 

are able to metastasise to the bone marrow utilizing the CXCR4-SDF-1 axis.

This result is in accordance with our proposal that PAX3-FKHR interferes with IFN-y 

target gene expression, by up-regulating genes normally repressed by IFN-y and down- 

regulating genes normally induced by IFN-y.

4.8. Effect of PAX3-FKHR on normal FKHR signalling:

4.8.1. Reasons to investigate the ejfects ofPAXS-FKHR on normal FKHR target 

gene expression:

We decided to investigate whether PAX3-FKHR interferes with normal FKHR function 

for several reasons. Firstly, all reported cases of PAX gene rearrangements in ARMS 

involve fusion of PAX genes {PAX3 or PAX7) to either FKHR (Turc-Carel et al, 1986; 

Douglass et al, 1991) or the FKHR family member AFX (Barr et al, 2002). In contrast, 

other oncogenic transcription factors, such as MLL fusions, are more promiscuous in 

their choice of fusion partner (Rowley, 1994). Secondly, these gene rearrangements 

cause FKHR haploinsufficiency. However, the function of the intact FKHR in ARMS 

has not been investigated. Thirdly, FKHR family members are involved in pro-apoptotic 

signalling pathways (Dijkers et al, 2000; Schmidt et al, 2002; Gilley et al, 2003), and it 

is possible that the PAX-FKHR/AFX fusion proteins are oncogenic because they 

abrogate FKHR-mediated apoptosis signals in RMS cells. Finally, we identified two 

genes (PAI-1 and CXCIO) that are downstream of PAX3-FKHR in 76-9 cells, and 

contain conserved FKHR DNA-binding sites in their promoters.

4.8.2. Effect ofPAX3-FKHR on levels ofBlM  and IGFBP-1 in RD cells:

Gilley and colleagues (2003) demonstrated that FKHR transcriptionaly activates BIM 

directly to promote apoptosis in sympathetic neurons. Figure 23 suggests that BIM is 

not repressed by PAX3-FKHR in RD cells. PAX3-FKHR also appears unable to 

interfere with FKHR-mediated activation of the lGFBP-1 promoter (Figure 24). These 

results suggest that PAX3-FKHR does not exert its survival effects in ARMS by 

abrogating the apoptotic signalling pathways initiated by FKHR. It is worth noting that 

in our PAX3-FKHR-expressing cell lines both chromosomal copies of FKHR are 

undisturbed, and the effect of FKHR haploinsufficiency in ARMS can not be examined.
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In our experiments we looked at the effects of PAX3-FKHR on FKHR signalling, when 

FKHR is expressed at basal levels. There is no commercially available antibody that 

binds to human FKHR with high affinity, so we were unable to look at the levels of 

FKHR expression in our RD cells. It would be interesting to specifically activate 

FKHR expression in our RD cells, and then examine the effect of PAX3-FKHR on 

FKHR signalling. Unfortunately, there is no specific way to activate FKHR in RMS 

cells. Low-level irradiation would be expected to activate FKHR, but would also 

activate many other apoptotic molecules. An alternative approach could be to stably 

transfect our RD-derived cell lines with a FKHR transgene so that the cells over-express 

FKHR.

4.8.2.1. BIM appears to be an IFN-yrepressed gene in RD cells:

Culturing RD Empty and RDP3F cells in the presence of 20ng/ml IFN-y for 48 hours 

resulted in a reduction in BIM protein expression, suggesting that BIM might be an 

IFN-y repressed gene in these cells. It is interesting to note that BIM protein levels are 

slightly elevated in PAX3-FKHR-expressing RD cells compared to empty vector 

transfected controls (Figure 23). This suggests that BIM is another gene, along with 

CXCR4, that is repressed by IFN-y, but activated by PAX3-FKHR in RD cells.

4.8.3. PAX3-FKHR does not repress PAI-I through PI3K-Akt signalling:

We reasoned that PAI-1 might be inhibited as a result of PAX3-FKHR-mediated up- 

regulation of IGF2, which could potentially activate the PI3K-Akt pathway, resulting in 

down-regulation of FKHR target genes, including PAI-1 (Figure 25 A). However, there 

was no increase in Akt phosphorylation in PAX3-FKHR-expressing RD cells (Figure 

25B), suggesting that this pathway is not activated by PAX3-FKHR. To investigate 

further the role of PI3K-Akt signalling in RD cells expressing PAX3-FKHR, we could 

treat the RD-derived cell lines with LY 294002, a specific inhibitor of PI3K and then 

examine phospho-Akt and PAI-1 protein levels.

4.8.4. No evidence for the direct interaction o f PAX3-FKHR and FKHR:

We have not excluded the possibility that PAX3-FKHR directly interacts with FKHR. 

However, there is no data from yeast 2 hybrid studies to support this interaction (Lam et 

al, 1999), and there is no known dimérisation motif in the C-terminal portion of FKHR 

that is retained in the fusion protein.
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4.9. The molecular mechanism of PAX3-FKHR-mediated interference of IFN-y 

regulated gene expression:

4.9.1. IFN-y  signalling via the JAK-STAT pathway is not affected:

IFN-y mediates its effects through J AK-STAT-dependent and -independent signalling 

pathways (Boehm et al, 1997; Ramana et al, 2002). Microarray analysis revealed that 

STATl is down-regulated by PAX3-FKHR in 76-9 cells. However, the major draw back 

of microarray analysis is that it cannot identify post-transcriptional changes in protein 

expression or activity. JAK-STAT signalling is primarily regulated by post 

transcriptional changes, such as phosphorylation (Kerr et al, 2003). Hence additional 

studies were required to investigate JAK-STAT signalling in RMS cells.

We investigated whether PAX3-FKHR interferes with the JAK-STAT signalling 

pathway in the human ERMS RD cell line, using a JAK family tyrosine kinase inhibitor 

called AG490. Figure 22 demonstrates that treatment of RD Empty and RDP3F#6 cells 

with 5|iM and 50pM AG490 for 48 hours has no effect on PAI-1 expression. This result 

suggests that PAX3-FKHR down-regulates PAI-1 (and MHC class I) via a JAK2,

STAT3 and JAK3 independent mechanism. However, there was no positive control in 

our experiments to confirm that AG490 was functional and able to inhibit JAK-STAT 

signalling at the concentrations used. Nonetheless, the AG490 was used at the 

recommended concentrations. These preliminary findings need to be repeated with a 

suitable positive control.

4.9.1.1. Potential interaction ofPAX3-FKHR and STAT3:

STAT3, an important transcription factor downstream of IFN-y, is constitutively 

activated in a wide range of human tumours (Burdelya et al, 2002; Kerr et al, 2003). 

Wang and colleagues (2004) suggest that STAT3 can function as a dominant oncogene. 

FKHR has been shown to activate STAT3 directly, and the interaction requires the C- 

terminus of FKHR (Kortylewski et al, 2003), which is retained in the PAX3-FKHR 

fusion protein. FKHR activation of STAT3 is inhibited by Akt, which phosphorylates 

FKHR on Thr̂ "̂ , Ser^^ ,̂ and Ser^^  ̂(Del Peso et al, 1999; Guo et al, 1999). However, the 

Thr̂ "̂  phosphoylation site is absent from the PAX3-FKHR fusion protein and this might 

render the chimeric transcription factor insensitive to Akt-mediated negative regulation. 

This raises the possibility that PAX3-FKHR interacts with STAT3, resulting in aberrant 

IFN-y target gene expression. It is therefore important to repeat the AG490 experiments 

in PAX3-FKHR-expressing RD cells to examine the role of STAT3 in these cells. 
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4.9.2. Methylation-induced silencing o f IFN regulated genes:

Kulaeva et al (2003) recently reported that spontaneous immortalisation of Li-Fraumeni 

fibroblasts involves metbylation-induced silencing of multiple genes, with a high 

percentage (46%) being IFN regulated genes. The repression of numerous IFN-y 

stimulated genes in C23 and C24 cells could be explained by PAX3-FKHR driven 

méthylation. This hypothesis can be tested in future experiments, treating CMV and 

PAX3-FKHR-expressing 023 cells with the demetbylating agent 5-Aza-2’- 

deoxycytidine (5-Aza dC; Sigma). If PAX3-FKHR metbylates IFN-y regulated gene 

promoters, then treatment with 5-Aza dC should cause an increase in PAI-1 and MHC 

class I levels in C23 cells back to the basal levels observed in CMV cells. However, 

5-Aza dC is a non-selective agent and might alter the transcription of other genes, which 

have effects on IFN-y targets. Kulaeva et al (2003) postulate that promoter méthylation 

is an epigenetic silencing mechanism important during tumourigenesis to overcome cell 

senescence, and that cell senescence is induced at least in part by the IFN growth 

suppressive pathway. There is now revived interest in using 5-Aza dC as a therapeutic 

agent for the treatment of cancers where epigenetic silencing of tumour suppressor 

genes has occurred (Christman, 2002).

4.10. Conclusions;

Our studies indicate that in 76-9 and RD RMS cells, the expression of PAX3-FKHR 

results in aberrant IFN-y regulated gene expression. IFN-y signalling in tumour cells is 

regarded as anti-tumourigenic (Blanck, 2002), and PAX3-FKHR-mediated inhibition of 

transcription downstream from IFN-y signalling is likely to have pleiotropic effects on 

tumour cell behaviour. Abolished MHC class I expression might aid immune escape 

and tumour progression. Repression of PAI-1 could increase the invasive ability of 

ARMS cells, while induction of CXCR4 might allow metastasis to the bone marrow 

utilising the CXCR4-SDF-1 axis signalling (Libura et al, 2002). IFN-y treatment might 

be clinically beneficial for the partial correction of these PAX3-FKHR-mediated effects 

in ARMS patients.
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Publications;

• Nabarro, S., Papanastasiou, A., Gilmour, K., Hubank, M., Thrasher, A., and 
Anderson, J. (2004) Expression profiling suggests a role for PAX3-FKHR fusion 
oncoprotein in the inhibition of interferon-y signalling in rhabdomyosarcoma cells. 
In preparation for submission.
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Appendix Table 1. The complete list of 35 sequences (derived from 31 different genes) significantly up-regulated by more than 2 fold in C23 
and C24 cells relative to CMV. The asterisks in the left-hand column identify the genes that were also found to be significantly up-regulated by more 
than 1.5 fold in C23 and C24 cells relative to CMV cells in a higher stringency analysis.

cn

Gene GenBank Affymetrix ID Description CMV C23 C24 p-value

PTK7 AI326889 92325_at Protein tyrosine kinase 7 1 2.33 1.86 0.038

LRG21 U19118 104155_f_at Transcription factor LRG-21 1 1.64 2.41 0.032

AW124049 104116_at EST 1 2.18 2.2 0.031

CSNK M10114 99065_at Casein kappa precursor 1 2.86 3.69 0.03

AV314618 161738_f_at EST, adult male thymus mRNA 1 2.09 1.4 0.03

AA770736 161067_at EST 1 1.41 2.03 0.03

MATN2 U69262 98475_at Matrilin-2 precursor 1 1.99 2.4 0.028

PLTP U28960 100927_at Plasma phospholipid transfer protein 1 2.33 2.27 0.024

NQOl U12961 9435l_r_at NAD(P)H dehydrogenase, quinone 1 1 2.62 2.59 0.02

LCK M12056 102809_s_at Lymphocyte protein tyrosine kinase 1 2.09 1.91 0.017

GSTTl L06047 96085_at Glutathione S-transferase 1 2.44 4.16 0.016 I



5

Gene GenBank Affymetrix ID Description CMV C23 C24 p-value
AW048977 102383_at EST 1 1.48 2.06 0.014

AI841270 102094_f_at EST 1 1.86 2.12 0.013

H19 X58196 93028_at H19 1 2.55 2.3 0.01

GFRA2 AF002701 92449_at Glial cell line derived neurotrophic factor family receptor alpha 2 1 2.4 1.69 0.009

Y15001 99034_at Iroquois homeobox protein 3 1 2 3.03 0.008

GKLF U20344 99622_at Zinc finger protein, gut-enriched Kruppel-Hke factor GKLF 1 1.8 2.27 0.006

AA413015 97154_f_at EST 1 2.27 2.12 0.005

KDELR3 AI642389 104464_s_at KDEL endoplasmic reticulum protein retention receptor 3 1 1.96 2.53 0.002

* CSF AI854864 104126_at Cleavage stimulation factor, 3' pre-RNA subunit 1 2.06 2.36 0.002

* PLA2 U66873 101328_at Phospholipase A2 group 5 1 3.7 3.05 0.002

COLlAl U03419 94305_at Procollagen type I, alpha 1 1 1.63 2.95 <0.001

TCN2 AF090686 93736_at Transcobalmin II 1 1.77 2.07 <0.001

* TGN D50032 93882_f_at Trans-Golgi network, TGN38B 1 2.33 2.22 <0.001 I



Gene GenBank Affymetrix ID Description CMV C23 C24 p-value
AI006228 9677 l_at EST 1 2.43 2.19 <0.001

* XMR X72697 102818_at Xlr related, meiosis regulated 1 6.88 7.19 <0.001

COLlAl AA763466 103709_at Procollagen, type I, alpha 1 1 1.54 2.03 <0.001

* TRAMl AA763937 160936_at Translocating chain-associating membrane protein 1 1 2.65 2.89 <0.001

OTT X96603 92306_at Ovary testis transcribed 1 1.87 2.1 <0.001

GSTTl X98055 95019_at Glutathione S-transferase 1 1.99 2.48 <0.001

TRAMl AI844979 98956_at Translocating chain-associating membrane protein 1 1 1.8 3.82 <0.001

* AKR1C13 AB027125 95015_at Aldo-keto reductase AKR1C13 1 2.13 3.08 <0.001

* PLA2 AA408341 94665_at Phospholipase A2 group 5 1 3.74 4.44 <0.001

COL3A1 X52046 9833 l_at collagen type 3, alpha I 1 3.31 4.06 <0.001

* 1GF2 X71922 98623_g_at Insulin like growth factor 2 1 5.02 6.03 <0.001
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Appendix Table 2. The complete list of 69 sequences significantly down-regulated by more than 2 fold in C23 and C24 cells relative to CMV.
The asterisks in the left-hand column identify the genes that were also found to be significantly down-regulated by more than 1.5 fold in C23 and C24 
cells relative to CMV cells in a higher stringency analysis.

Gene GenBank Affymetrix ID Description CMV C23 C24 p-value

100410_at EST 1 0.45 0.67 0.047

98423_at Gap junction membrane channel protein beta 2 1 0.38 0.55 0.033

98016_at EST, Stratagene mouse macrophage (#937306) 1 0.35 0.75 0.029

BMP-4 L47480 93456_r_at Bone morphogenetic protein 4 1 0.42 0.63 0.025

100511_at EST, Soares mammary gland NbMMG 1 0.46 0.72 0.025

PEM 101368_at Placenta and embryonic expression early gene, oncogene 1 0.45 0.7 0.024

HSR M55219 101845_s_at HSR 1 0.3 0.54 0.017

DCN X53929 93534_at Decorin 1 0.35 0.59 0.013

161562_f_at EST, Adult male testis (DHIOB) 1 0.55 0.42 0.012

9341 l_at EST, Soares NMPu 1 0.48 0.5 0.01

BLNK AF068182 100771_at B cell linker protein 1 0.28 0.39 0.006

103066_at EST similar to thymidylate kinases 1 0.42 0.48 0.005

100013_at EST 1 0.48 0.5 0.004

I



Gene GenBank Affymetrix ID Description CMV C23 C24 p-value
X52574 103025_at Moloney leukemia virus 10 1 0.48 0.53 0.003

102848_f_at EST 1 0.49 0.54 0.003

97540_f_at EST 1 0.49 0.52 0.003

TSA-1 U47737 101487_f_at Thymie shared antigen-1 1 0.42 0.53 0.003

100030_at Uridine phosphorylase 1 0.49 0.4 0.003

104538_at Prostacyclin synthase 1 0.53 0.42 0.002

CCL5 AF065947 98406_at Chemokine (C-C motif) ligand 5 1 0.41 0.26 0.002

PPICAP X67809 97507_at Peptidylprolyl isomerase C-associated protein 1 0.45 0.44 0.002

98005_at EST 1 0.48 0.39 0.002

94537_at EST 1 0.42 0.42 0.002

98518_f_at EST 1 0.55 0.38 0.002

CRABPl X15789 98108_at Cellular retinoic acid binding protein 1 1 0.52 0.41 0.002

101424_at EST 1 0.42 0.22 0.002
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Gene GenBank Affymetrix ID Description CMV C23 C24 p-value
* PAJ-1 M33960 94147_at Plasminogen activator inhibitor 1 0.26 0.34 0.001

* 92718_at EST 1 0.19 0.24 0.001

161046_at EST 1 0.33 0.35 0.001

104177_at EST 1 0.27 0.36 0.001

RGSr 161609_at RIKEN cDNA similar to retinally abundant regulator of G-protein signaling 1 0.43 0.37 0.001

* 95052_at EST 1 0.29 0.31 0.001

* MyoDl M l8779 102986_at Myogenic differentiation 1 1 0.34 0.35 <0.001

* 100880_at EST 1 0.29 0.28 <0.001

FGFBP-1 103995_at Heparin and fibroblast growth factor binding 1 0.59 0.32 <0.001

* BLNK 100772_g_at B cell linker protein 1 0.28 0.23 <0.001

* COL1A2 X58251 101130_at Collagen, type I, alpha II 1 0.29 0.31 <0.001

* IIGP 96764_at no? 1 0.12 0.14 <0.001

* RGS-r 94378_at Retinally abundant regulator of G-protein signaling 1 0.39 0.29 <0.001 i
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Gene GenBank Affymetrix ID Description CMV C23 C24 p-value
* 93775_at EST 1 0.3 0.26 <0.001

FISP-12 93294_at n s p -12 1 0.36 0.2 <0.001

* 94224_s_at EST 1 0.24 0.21 <0.001

* 103446_at EST 1 0.31 0.12 <0.001

* 102906_at EST, T-cell specific mRNA 1 0.18 0.15 <0.001

96643_at EST 1 0.22 0.17 <0.001

* 161511_f_at EST, hippocampus C57BL/6J mRNA sequence 1 0.16 0.16 <0.001

* TPD52L1 AF004428 101446_at Tumor protein D5 2-like 1 1 0.35 0.1 <0.001

* 103202_at EST 1 0.17 0.08 <0.001

* USP18 95024_at Ubiquitin specific protease 18 1 0.03 0.01 <0.001

Interferon stimulated genes:

* LFI-47 M63630 104750_at Interferon inducible protein, EFI-47 1 0.23 0.32 0.003

UBC4 U62483 93069_at Ubiquitin conjugating enzyme 1 0.47 0.6 0.03 i



o»n

Gene GenBank Affymetrix ID Description CMV C23 C24 p-value

Interferon stimulated genes:

IFI204 AA960657 92251_f_at EST, similar to Interferon activated gene 204 1 0.46 0.33 0.009

H-2 X00246 97541_f_at H-2 histocompatibility antigen fragment 1 0.45 0.49 0.004

STATl U06924 101465_at Signal transducer and activator of transcription 1 1 0.31 0.41 0.004

H-2K A ll17211 93714_f_at Soares thymus 2NbMT similar to Mouse MHC class IH-2K gene 1 0.46 0.54 0.003

TAPI U60020 103035_at Transporter associated with antigen processing (TAP) 1 1 0.42 0.46 0.003

H2-D1 X52490 101886_f_at Histocompatability 2, D region locus 1 and beta(2) microglobulin. 1 0.58 0.5 0.003

H2-K V00746 93120_f_at MHC class I antigen Histocompatability 2, K region 1 0.49 0.49 0.002

LMP7 U22033 102791_at 20S proteasome subunit Lmp7 (Lmp7k, s, f allele) 1 0.47 0.45 0.002

CXCIO M33266 93858_at Chemokine (C-X-C motif) ligand 10, (interferon inducible protein 10) 1 0.36 0.25 0.001

B2M M18837 99378_f_at Mouse MHC class I beta-2-microglobulin 1 0.54 0.4 0.001

* IGTP AJ007972 98410_at Interferon-gamma induced GTPase 1 0.32 0.37 0.001 I



m

Gene GenBank Affymetrix ID Description CMV C23 €24 p-value

Interferon stimulated genes:

* ISGF3 U51992 103634_at Interferon stimulated gene factor 3 gamma 1 0.23 0.17 <0.001

* IF1204 M31419 98465_f_at Interferon activated gene 204 1 0.15 0.11 <0.001

* G1P2 X56602 98822_at Interferon alpha inducible protein 1 0.25 0.2 <0.001

* LRG47 U19119 97409_at G-protein-like LRG-47 1 0.3 0.27 <0.001

* IGTP U53219 160933_at Interferon gamma induced GTPase 1 0.29 0.2 <0.001

* IFIT3 U43086 93956_at Interferon-induced protein with tetratricopeptide repeats 3 1 0.25 0.11 <0.001

* IFITI U43084 100981_at Interferon-induced protein with tetratricopeptide repeats 1 1 0.15 0.07 <0.001
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Chapter 3:

The Use of Pulsed Dendritic Cell Vaccine 
Strategies to Target PAX3-FKHR-Expressing 

Alveolar Rhabdomyosarcoma Cells
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A bstract

Dendritic cells (DCs) are professional antigen presenting cells, and have been used as 

immune adjuvants for the treatment of cancer. 70% of alveolar rhabdomyosarcoma 

(ARMS) cases are characterised by the translocation t(2;13)(q35;ql4) that generates the 

PAX3-FKHR fusion protein. We have explored the use of DCs pulsed with PAX3- 

FKHR antigen as a vaccine for the treatment of ARMS. We examined three different 

strategies for the delivery of PAX3-FKHR antigen to DCs. First, we evaluated the 

ability of tumour lysate-pulsed DC immunisations to protect C57BL/6 mice from a 

subsequent tumour challenge, using a PAX3-FKHR-expressing syngeneic 

rhabdomyosarcoma cell line called C23. We found that both C23 lysate-pulsed DCs and 

non-pulsed DCs induced anti-tumour immune responses, which did not appear to be 

PAX3 -FKHR-speciric. The small tumours that did form in DC-immunised mice were 

shown to contain large numbers of tumour infiltrating lymphocytes, consisting of 

approximately equal numbers of CD8^ T cells and CD4^ T cells. Results from 

experiments performed using beige C57BL/6 mice, that lack natural killer (NK) cell 

function, suggest that the DC-initiated non-specific protective effect was not primarily 

NK cell- mediated. For the development of peptide-pulsed DC vaccines, T cell epitopes 

derived from the tumour-rejection antigen need to be identified. The N-terminal PAX3 

region of PAX3-FKHR is a potential tumour-associated antigen, and could be a target 

for antigen-specific cell-mediated immunotherapy. We utilized our mouse model of 

ARMS, in which C23 cells express mixed murine/human PAX3-FKHR, to examine the 

peptide-pulsed DC approach. We selected and chemically synthesised 3 peptides, 

derived from the PAX3 amino acid sequence retained in mixed murine/human PAX3- 

FKHR, which are potential cytotoxic T lymphocyte (CTL) epitopes. Two of the 

synthetic peptides enhanced the surface expression of H2-D^ molecules on antigen 

processing defective RMA-S cells, suggesting that the peptides were able to bind this 

mouse major histocompatibility complex (MHC) class I molecule. In future 

experiments, we shall examine the ability of DCs loaded with these PAX3-derived 

peptides to stimulate PAX3-FKHR-specific T cell responses, in vivo and in vitro. 

Additionally, we attempted to identify CTL epitopes specific for the PAX3 domain of 

human PAX3-FKHR that might be useful for developing peptide-pulsed DC vaccines 

against ARMS. One theoretical HLA-A*0201-restricted CTL epitope, KLTEARVQV, 

was identified, and shown to bind to the HLA allele with intermediate affinity in T2 

peptide binding assays. It has been shown that DCs transfected with tumour-derived
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RNA are capable of inducing anti-tumour immunity. However, we were unable to 

investigate the ability of mouse DCs transfected with in vitro transcribed PAX3-FKHR 

mRNA to induce antigen-specific T cell responses in vivo, because we could not 

efficiently transfect mouse DCs with mRNA.
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1. Introduction

1.1. Clinical features of ARMS:

ARMS is characterised in 70% of cases by the translocation t(2;13)(q35;ql4) that 

juxtaposes a truncated PAX3 gene on chromosome 2 with the 3" sequences of the 

forkhead (FKHR) gene on chromosome 13. The hybrid gene codes for a PAX3-FKHR 

fusion protein (Turc-Carel et al, 1986; Galili et al, 1993; Shapiro et al, 1993) (see 

Chapter 2, Figure 1). The recent advances made in multimodal therapy (chemotherapy, 

radiotherapy, and surgery) have increased the long-term survival rate in ARMS to 

approximately 70% (Pappo et al, 1995). However, the survival of patients presenting 

with metastatic ARMS remains dismal, despite aggressive treatment (Anderson et al, 

1999a). The development of novel therapeutic approaches is urgently required for the 

treatment of patients with metastatic ARMS.

1.2. Suitability of ARMS for targeted immunotherapy:

The generation of CTLs that can specifically kill tumour cells represents a potentially 

powerful immunotherapeutic approach to treating malignancy (Finn, 2003). We propose 

targeting the PAX3-FKHR fusion protein using a DC-based immunotherapeutic strategy 

to treat ARMS patients.

7.2.7. The break point region ofPAX3-FKHR is potentially tumour-specific:

The junction-spanning peptide sequence of the oncogenic PAX3-FKHR fusion protein 

is a potential neoantigen that is uniquely expressed by tumour cells, and a suitable target 

for antigen-specific cell-mediated immunotherapy

To induce an ARMS-specific CTL response, the fusion protein must be processed, with 

the tumour-specific peptide epitope(s) bound by MHC class I molecules and displayed 

on the cell surface. Furthermore, the resulting MHC-peptide complex must be 

sufficiently immunogeneic to provoke an effective but specific immune response, and T 

cells with the capacity to respond must be in the immune repertoire (Banchereau and 

Steinman, 1998).

Other malignancies associated with hallmark chromosome translocations include 

chronic myeloid leukaemia (CML; generation of the BCR-ABL fusion protein) and B- 

lineage childhood acute lymphoblastic leukaemia (ALL; generation of the TEL-AML 1
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fusion protein) (Heisterkamp et al, 1985; Romana et al, 1994). Several groups have 

successfully demonstrated the induction of MHC class I-restricted BCR-ABL fusion 

peptide-specific CTLs in mice and humans, and these CTLs appeared to kill CML cells 

in an antigen-specific manner (Osman et al, 1999; He et al, 2001).

1.2.2. PAX3 is over-expressed in ARMS, Ewing’s sarcoma, and melanoma:

PAX3 is normally expressed during early embryogenesis, within the neural crest and 

muscle precursors (Goulding et al, 1991; Bober et al, 1994). PAX3 has a very limited 

expression pattern in adult human tissues. Reverse transcriptase-polymerase chain 

reaction (RT-PCR) analysis revealed that PAX3 gene transcripts are very weakly 

expressed in the adult cerebellum and skeletal muscle, but not in any other tissues 

examined (Stoykova and Gruss, 1994; Tsukamoto et al, 1994).

In contrast, PAX3 is detected at elevated levels in approximately 50% of all RMS 

samples (Schafer et al, 1994; Frascella et al, 1998; Tiffin et al, 2003), and is also highly 

expressed in most Ewing’s sarcoma family of tumours (Schulte et al, 1997). 

Additionally, PAX3 expression has been detected in the majority of human melanoma 

primary cultures tested, and may contribute to melanoma cell survival (Scholl et al,

2001). Hence, PAX3 can be described as a potential tumour-associated antigen.

An in vivo immune response targeting the N-terminus of PAX3, which is retained in 

PAX3-FKHR, should kill PAX3-FKHR^'^^ ARMS cells, in addition to PAX3‘"̂  ̂ARMS, 

embryonal RMS (ERMS), Ewing’s sarcoma, or melanoma cells. The risk of 

autoimmunity caused should be minimal, especially since the brain is an immune 

privileged site. A concern is that CTLs that react specifically against the PAX3 antigen 

might have been deleted in the thymus or rendered non-responsive (anergised) in the 

periphery (Ho et al, 2003). It might be possible to overcome immune tolerance by 

stimulating CTLs ex vivo with antigen-loaded DCs expressing optimal co-stimulatory 

signals (Small et al, 2000). Novel strategies to overcome tolerance include the adoptive 

transfer of allogeneic CTLs, and retroviral transfer of genes encoding high avidity 

tumour antigen-specific T cell receptors (Morris et al, 2003). In contrast to PAX3, wild 

type FKHR is widely expressed in adult mice and humans (Furuyama et al, 2000), and 

an immune response targeting the C-terminus of FKHR, which is retained in PAX3- 

FKHR, might cause autoimmunity.
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1.2.3. PAX3-FKHR is a model tumour antigen:

Overall, there are several reasons why PAX3-FKHR is an ideal target for 

immunotherapy. Firstly, the potentially tumour-specific fusion protein is expressed in 

approximately 70% of ARMS patients (Turc-Carel et al, 1986; Galili et al, 1993).

Hence, immunotherapy targeting PAX3-FKHR would be suitable for the majority of 

ARMS patients. Secondly, PAX3-FKHR and PAX3 are expressed in malignant but not 

normal cell types. Thirdly, the chimeric fusion protein appears to be vital for the growth 

and survival of the tumour (Bemasconi et al, 1996; Scheidler et al, 1996; Ayyanathan et 

al, 2000). This minimises the risk of the malignant cells mutating or loosing expression 

of PAX3-FKHR to avoid immune detection. Finally, immunotherapy would be 

appropriate for relapsed or resistant patients, and PAX3-FKHR expression is associated 

with an increased risk of relapse (Anderson et al, 1999a).

1.2.4. Identification of novel ARMS-associated antigens:

The chimeric PAX3-FKHR acts as an oncogenic transcription factor through the 

deregulation of normal PAX3 target genes (Fredericks et al, 1995; Bennicelli et al,

1996), and transcriptionally activating novel target genes (Epstein et al, 1998). Some of 

genes downstream of PAX3-FKHR may also serve as good targets for immunotherapy. 

Candidate genes that are over-expressed in ARMS relative to normal myogenic cells 

could be identified using microarray expression analysis (see Chapter 2), and then 

screened for immunogenicity.

1.3. Use of DCs as vehicles to deliver tumour-rejection antigens to the patient 

immune system:

The induction of a strong tumour-specific cellular immune response requires the 

presentation of tumour-rejection antigens by antigen presenting cells (APCs) to T cells, 

leading to the activation and clonal expansion of tumour-reactive T cell clones (Gunzer 

et al, 2001). DCs are a system of potent APCs, uniquely capable of initiating primary 

immune responses from naïve T lymphocytes (Banchereau and Steinman, 1998). This 

DC function is attributable to their high level expression of MHC class I and class H, 

coupled with the additional signals required for activating naïve T cells, namely co

stimulation and cytokine production (Steinman, 1991).

There is huge interest in exploiting the antigen presenting capacity of DCs for the 

induction of specific anti-tumour therapies. Recent developments have allowed the in
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vitro generation of DCs in sufficiently large numbers and purity for clinical 

investigation. Human DCs can be differentiated in vitro from peripheral blood 

monocytes and CD34^ progenitors in the presence of granulocyte macrophage-colony 

stimulating factor (GM-CSF) and interleukin (IL)-4 (Romani et al, 1994; Sallusto and 

Lanzavecchia, 1994; Kiertscher and Roth, 1996). In vitro cultured monocyte-derived 

DCs (MoDCs) show functional and phenotypic characteristics of immature DCs.

MoDCs can be matured by the addition of bacterial lipopolysaccharide (LPS), 

inflammatory cytokines, Fms-like tyrosine kinase 3 ligand, or CD40 ligand (Sallusto 

and Lanzavecchia, 1994; Verhasselt et al, 1997; Panoskaltsis et al, 2002). Additionally, 

DCs can be isolated directly from the peripheral blood of patients. In current clinical 

trials, investigators are attempting to induce cancer immunity, both by the activation of 

DCs in vivo as well as by the ex vivo manipulation and reinfusion of DCs.

1.4. Ex vivo loading of DCs with tumour antigens:

Several ex vivo approaches have been used to load DCs with tumour antigens 

(Figure 1). The optimal strategy for the delivery of antigens to DCs has not been 

established, and might vary for different cancer types.

1.4.1. DCs pulsed with whole tumour lysate:

This approach involves the isolation and lysis of autologous tumour cells to generate 

whole tumour lysate. Pulsing DCs with tumour cell extracts enables the DCs to process 

and present the tumour antigens most relevant to raising an effective anti-tumour 

response in vivo. This antigen loading method is similar to the physiological process in 

which APCs endocytose necrotic and apoptotic tumour cells in vivo.

Murine models have demonstrated that DCs pulsed with whole tumour lysate are 

capable of initiating potent and specific anti-tumour immune responses, in vitro and in 

vivo (Nair et al, 1997; Fields et al, 1998). In one of the earliest phase I clinical trials 

utilizing pulsed DC vaccines. Nestle et al (1998) generated MoDCs from the peripheral 

blood of 4 melanoma patients and pulsed the MoDCs with autologous tumour lysate ex 

vivo. Vaccination with the tumour lysate-pulsed DCs induced delayed-type 

hypersensitivity (DTK) towards a melanoma-associated antigen in 2 of the patients, and 

those same 2 patients also showed a beneficial clinical response. Since then, DCs pulsed
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MHC-restricted:
Immunodominant
peptides

MHC-unrestricted:
Whole tumoui lysate

Tumour-derived e x o s o m e s  

Tumour cell-DC fusion 

Tumour antigens  

Tumour mRNA  

G ene transfer vector

In vivo In vitro

CDS  & CD4

Measure the ability of the pulsed 
DCs to induce tumour-speclfic T 

cell responses

Figure 1. Use of pulsed DC vaccines for the induction of anti-tumour immunity.
DCs can be isolated from peripheral blood, but are more commonly differentiated ex 
vivo from either CD 14  ̂blood monocytes or CD34^ progenitors. Depicted are the main 
ways used to load DCs ex vivo with tumour antigen(s). The DC pulsing strategies are 
divided into MHC-restricted and MHC-unrestricted categories. The site of DC injection 
is important, and the administration routes used in clinical trials include intravenous, 
intradermal, and intralymphatic. The ability of pulsed DC vaccines to induce tumour- 
specific host T cell responses is typically measured in vitro using patient PBMCs in 
DTH, ELISpot and/or cytotoxicity assays. In vivo efficacy is determined by monitoring 
the clinical response to the DC vaccine, such as stalling the progression of the disease, 
or regression of tumour métastasés.
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with tumour cell lysate have been used in numerous clinical trials to treat various 

cancers, including metastatic renal cell carcinoma and B chronic lymphocytic 

leukaemia. The tumour lysate-pulsed DC immunisations have been shown to induce 

tumour-specific CTL responses in more than three quarters of the patients, leading to a 

beneficial clinical response in a small proportion of patients (Holtl et al, 2002; Kokhaei 

et al, 2003).

There are several advantages of using whole tumour lysate as a source of tumour 

antigen for pulsing DCs. Firstly, tumour lysate-pulsed DC vaccines represent an 

attractive approach when the tumour-specific antigens, immunodominant peptides, 

and/or human leukocyte antigen (HLA) restricting alleles are unknown. Secondly, 

tumour cell protein extracts potentially represent a source of multiple tumour-associated 

antigens. This minimises the risk that the tumour will develop escape variants that have 

lost expression of the tumour antigens being targeted by the pulsed DC vaccine. It is 

important to note that exogenous antigens captured by DCs are not solely processed and 

presented by MHC class H molecules. APCs are able to process exogenous antigen 

using a non-conventional MHC class I pathway, and present antigenic peptide-MHC 

class I complexes (Albert et al, 1998). This enables the tumour lysate-pulsed DCs to 

elicit both CD8^ CTL responses and CD4^ helper T (Th) cell responses, which is vital 

for inducing optimal systemic anti-tumour immunity (Pardoll and Topalian, 1998; 

Banchereau et al, 2001b).

A concern is that DCs pulsed with tumour cell extracts might elicit T cell responses 

against self antigens present in the lysate, causing autoimmunity when administered to 

the patient. However, several investigators noted that there were no signs of 

autoimmunity detected in any of the patients following tumour lysate-pulsed DC 

immunisation (Nestle et al, 1998; Holtl et al, 1999).

1.4.1.1. Similar approaches for loading DCs with tumour antigen:

When cultured in vitro, tumour cell lines have been shown to release exosomes into the 

supernatant, which are rich in peptide-MHC complexes and heat shock proteins 

(Wolfers et al, 2001). In pre-clinical models, DCs pulsed with tumour exosomes have 

been shown to induce T cells responses specific for tumour-associated antigens, in vitro 

and in vivo (Wolfers et al, 2001; Andre et al, 2002).
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As an alternative approach to loading DCs with whole tumour lysate, Jenne and 

colleagues (2000) cultured human MoDCs with apoptotic melanoma cells. To induce 

apoptosis, the investigators irradiated the melanoma cells with ultraviolet light. The 

DCs phagocytosed the apoptotic bodies, and were able to prime CD8^ CTL responses 

specific for the melanoma-associated antigens Melan A and MAGE3, in vitro.

A  novel approach to combine the expression of tumour antigens with the co-stimulatory 

capabilities of APCs is to fuse tumour cells with DCs (Gong et al, 1997). One main 

limitation of this strategy is the efficiency with which tumour cells and DCs can be 

fused in the absence of selection (Pardoll, 2002). Trefzer and colleagues (2004) 

vaccinated 17 melanoma stage HE and IV patients with fusions of autologous melanoma 

cells and allogeneic DCs. The investigators reported that of 17 patients, 1 treated with 

the hybrid vaccine experienced a complete response, 1 a partial response, and 6 

achieved disease stabilisation. Kugler et al (2000) performed a hybrid cell vaccination 

study on a small number of metastatic renal cell carcinoma patients, and reported a 

beneficial clinical response in 7 of the 17 patients. However, the scientific quality of the 

paper has been criticised, and the authors have recently retracted the paper. In two 

recent phase I/n clinical trials using hybrid cell vaccination, the authors were unable to 

demonstrate a statistically significant treatment-associated response rate (Kikuchi et al, 

2001; Haenssle et al, 2004) Overall, there is no evidence that immunotherapy with 

tumour-DC hybrids can initiate beneficial clinical responses in a large proportion of 

cancer patients.

1.4.2. DCs pulsed with defined tumour-specific antigens:

1.4.2.1. DCs loaded with unique tumour proteins:

A rapidly growing number of tumour-specific and tumour-associated antigens have 

been discovered that are suitable candidates for vaccination therapy, especially for 

melanomas (Rosenberg, 1997). In such cases, it is possible to load the DCs with the 

defined tumour-associated antigen instead of whole tumour cell lysate.

B cell malignancies are attractive immunotherapy targets because the monoclonal 

tumour cells express a unique idiotypic immunoglobulin receptor that is truly tumour- 

specific. Hsu and colleagues (1996) isolated DCs from the peripheral blood of patients 

with follicular B cell lymphoma, pulsed them with the tumour-specific idiotypic protein 

ex vivo, then infused the DCs back into the patients as a vaccine. All the patients
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developed anti-idiotype cellular immune responses, and clinical responses were detected 

in three quarters of the patients.

In phase I and II clinical trials, Small et al (2000) pulsed autologous DCs with 

recombinant fusion protein ex vivo, and used the antigen-loaded DCs as a vaccine to 

treated hormone-refractory prostate cancer patients. All the patients developed antigen- 

specific immune responses leading, in some cases, to a delay in disease progression. 

Interestingly, the antigen-loaded DC vaccine was able to break immune tolerance to the 

prostate-specific antigen.

The attractive features of loading DCs with defined tumour antigens (either recombinant 

proteins or synthetic peptides) is that the amount of antigen administered can be 

controlled, and it is relatively easy to monitor the emerging immune response (Gunzer 

et al, 2001). The use of recombinant proteins circumvents the need to consider HLA 

restriction, and a broad spectrum of peptide epitopes, recognizable by CD8^ and CD4^

T lymphocytes, can originate from each protein. However, manufacturing recombinant 

proteins is difficult and expensive. Furthermore, the use of DCs loaded with defined 

tumour antigens is restricted to the few cancers in which tumour-associated and tumour- 

specific antigens have been identified. Current consensus is that stimulating cellular 

responses against a single tumour-rejection antigen might be insufficient to eliminate 

many cancers. This is because most tumours consist of polyclonal cells, with a range of 

antigens expressed and lost (Melero et al, 2000). Immune responses comprised of 

multiple T cell clones against multiple tumour antigens might be more desirable.

7.4.2.2. DCs loaded with synthetic peptides:

Numerous tumour-specific peptide epitopes recognized by tumour-reactive CTLs and 

Th cells have been identified. This has led to the development of peptide-pulsed DC 

vaccines.

Peptide epitopes that bind to HLA molecules and stimulate anti-tumour T cell responses 

have been identified by various methods. One approach involves eluting the peptides 

expressed in the peptide binding groove of MHC molecules on the surface of tumour 

cells (Slingluff et al, 1994). However, a predictive approach is more widely used. A 

rapidly growing number of tumour-specific and tumour-associated antigens have been 

discovered, and the predictive approach identifies peptide sequences within the tumour
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protein that can bind to MHC class I and class H molecules. Sophisticated computer- 

based algorithms have been developed that identify potential HLA binding peptide 

sequences. They utilize our detailed knowledge about the typical number of amino acids 

in HLA binding peptides, and the need for key MHC anchor residues at certain 

positions (Rammensee et al, 1993). Two excellent computer-based predictive programs 

are SYFPETTHI and BIMAS, and these programs give every possible peptide sequence 

within the protein a MHC binding affinity score (Rammensee et al, 1999). The peptide 

sequences with the highest scores can then be synthesised and tested for their ability to 

stimulate antigen-specific T cell responses in vitro. For example, a 9mer peptide derived 

from the junction-spanning region of the ALL-specific fusion protein ETV6-AML1 has 

been identified that contains the appropriate anchorage motifs for binding to HLA-A2 

molecules (Yotnda et al, 1998). The ETV6-AML1 breakpoint peptide was shown to 

stimulate an antigen-specific CTL response in normal HLA-A2^ individuals. 

Investigating the immunogenicity of the CML-associated BCR-ABL fusion protein, 

several groups have shown that normal DCs pulsed with BCR-ABL breakpoint peptides 

can elicit potent CML-specific T cell responses in vitro (Nieda et al, 1998; Osman et al,

1999).

To minimise the chances of immune escape, DCs are typically loaded with multiple 

peptides, derived from several tumour antigens. In a phase I clinical trial. Nestle et al 

(1998) pulsed autologous MoDCs ex vivo with a cocktail of peptides derived from 

multiple melanoma-associated antigens. Adoptive transfer of the peptide-pulsed DCs to 

melanoma patients stimulated antigen-specific immunity, and objective responses were 

observed in 3 of the 11 patients. More recently, Lau and colleagues (2001) treated HLA- 

A2^ melanoma patients with autologous MoDCs pulsed with HLA-A2-restricted 

peptides derived from the melanoma-associated antigens tyrosinase and gplOO. A third 

of the patients exhibited melanoma-specific immune responses. In a similar study, 

Banchereau and colleagues (2001a) immunised 18 HLA-A2^ melanoma patients with 

autologous CD34^ progenitor-derived DCs pulsed with HLA-restricted peptides derived 

from melan A, tyrosinase, MAGE-3 and gplOO. They found that following DC 

vaccination, immune response against the melanoma-associated antigens correlated with 

clinical outcome.

The results from these pilot studies illustrate the peptide-pulsed DC vaccines are far 

from optimal, and require refining to induce beneficial clinical responses in a higher
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proportion of patients. Recently, investigators have immunised patients with peptide- 

pulsed DCs, in which the peptides are modified (by 1 amino acid) to increase HLA 

binding affinity (Parkhurst et al, 1996; Dyall et al, 1998; Yun et al, 1999). Initial studies 

suggest that the use of modified peptides improves the ability of the pulsed DCs to 

activate T cells that are specific for the original wild type peptide, resulting in enhanced 

systemic anti-tumour immunity (Slansky et al, 2000).

A major concern about peptide-loaded DC vaccination is that the cancer cells might 

loose expression of the tumour-associated antigens targeted by the vaccine, thus 

avoiding immune detection. One approach to minimise the risk of immune escape might 

be to pulse MoDCs with synthetic peptides in combination with autologous tumour 

lysate (Andersen et al, 2001). A major limitation of peptide-based vaccines is that they 

are restricted to a given HLA haplotype, and tumour peptides have not been identified 

for every HLA haplotype. Therefore, peptide-pulsed DC vaccines are only suitable for 

the limited subset of the population that express the HLA haplotype required to bind the 

tumour-specific peptide epitopes used. Hence, clinical trials have focused on HLA-A2^ 

patients, as this is the most common HLA allele found in the Caucasian population.

Nonetheless, peptide-pulsed DC strategies have several advantages and further clinical 

trials are definitely warranted. Firstly, this subunit vaccine strategy might have superior 

safety and efficacy compared with tumour cell lysate-pulsed DC vaccine approaches.

The clinical studies to date suggest that peptide-pulsed DC vaccinations are well 

tolerated without significant adverse effects (Banchereau et al, 2001a; Lau et al, 2001; 

Sadanaga et al, 2001). However, there are no reports of significant toxicity from tumour 

lysate-pulsed DCs either. Secondly, large amounts of clinical grade peptides can by 

easily synthesised.

1.4.2.3. Induction ofCD4^ Th responses:

A  lot of work has focused on the development of CD8^ CTL responses capable of 

lysing tumour cells. Recently, investigators have demonstrated the ability of DCs pulsed 

with MHC class H-restricted peptides to stimulate CD4^ Thl responses (Schuler- 

Thumer et al, 2002; Cathcart et al, 2004). Banchereau et al (2001b) suggest that the 

induction of Thl responses is crucial for effective and long lasting anti-tumour 

immunity. The ability of cancer vaccines to induce multiple components of the immune 

system is paramount.
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1.4.3. DCs transfected with tumour RNA or DMA :

An alternative strategy is to transfect DCs with RNA encoding tumour-associated 

antigens. This allows the DCs to process and present endogenously translated tumour 

antigens. mRNA can be synthesised in vitro from cDNA templates or isolated directly 

from tumour cells.

The polypeptide component of telomerase (TERT) is a proposed tumour rejection 

antigen, silent in the majority of normal cells but expressed at elevated levels in up to 

85% of cancers (Kim et al, 1994). Nair and colleagues (2000) transfected mouse DCs 

with in vitro transcribed TERT RNA, and vaccination with these DCs resulted in potent 

TERT-specific CTL responses in vivo. The investigators also found that human DCs 

transfected with in vitro transcribed TERT RNA were able to induce CTL responses 

specific for cancer cells expressing telomerase in vitro. More recently, Nair and 

colleagues (2003) have pulsed DCs with mRNA encoding vascular endothelial growth 

factor (VEGF) and its receptor VEGF-R, proteins that are preferentially expressed 

during neoangiogenesis. Immunisation of mice with VEGF and VEGF-R mRNA-pulsed 

DCs caused the regression of pre-existing tumours.

Boczkowski and colleagues (2000) isolated total mRNA from mouse melanoma cells 

and transfected the mRNA into ex vivo cultured DCs. Immunisation of mice with the 

tumour mRNA-transfected DCs resulted in the induction of tumour-specific CTL 

responses and the regression of lung métastasés. Similarly, human MoDCs transfected 

with total RNA from myeloma cell lines stimulated myeloma-specific CTLs in culture 

(Milazzo et al, 2003). Nair et al (2000) reported that immunisation with total tumour 

RNA-transfected DCs was superior to immunisation with TERT RNA-transfected DCs 

at inducing anti-tumour immunity. An advantage of transfecting DCs with tumour- 

derived mRNA, rather than mRNA encoding specific antigens, is that the transfected 

DCs can process and present peptides to induce immune responses against multiple 

immunogenic tumour antigens (Milazzo et al, 2003). Furthermore, the characterisation 

of the relevant tumour rejection antigens is not required.

The encouraging findings from these pre-clinical studies have led to a phase I clinical 

trial, in which autologous DCs transfected with prostate-specific antigen {PSA) RNA 

were used as a vaccine to treat patients with metastatic prostate cancer (Heiser et al,

2002). The vaccinations were not associated with any adverse effects and PSA-specific
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T cell responses were generated in all the patients. Future clinical trials are warranted to 

determine the clinical benefit of RNA-transfected DC vaccines.

A major advantage of using tumour antigens in the form of RNA is that biologically 

active mRNA can be amplified from small amounts of tumour sample by RT-PCR, 

proving sufficient amounts of antigen from practically every patient (Boczkowski et al,

2000). Additionally, antigens encoded by RNA present multiple peptide epitopes for 

different MHC haplotypes, expanding the scope of vaccination to virtually every cancer 

patient.

A similar approach, transducing DCs with genes encoding tumour-associated antigens, 

has had encouraging results in pre-clinical studies. In mouse experiments, DCs 

retrovirally transduced with the cDNA encoding a model antigen (beta-galactosidase; p- 

gal) were able to elicit strong antigen-specific CTL responses, capable of rejecting pre- 

established tumours that express p-gal (Song et al, 1997; Specht et al, 1997). Human 

MoDCs transfected with TERT plasmid DNA were able to generate CTL responses that 

kill telomerase positive but not telomerase negative tumour cell lines in vitro (Frolkis et 

al, 2003). Tuting and colleagues (1998) transfected human MoDC with plasmid DNA 

encoding 5 different melanoma-associated antigens. The genetically modified DCs were 

able to elicit melanoma antigen-specific CTLs from peripheral blood mononuclear cells 

(PBMCs) in vitro.

1.4.4. Current clinical trials utilizing ex vivo antigen-loaded DCs:

There is great promise in the application of DCs as immune adjuvants for treating 

cancer, and multiple tumour antigen-pulsed DC vaccine strategies are currently being 

tested in clinical trials. However, the most effective method of antigen loading DCs ex 

vivo has yet to be elucidated. Additionally, investigators are yet to agree on the optimal 

maturation state of the ex vivo manipulated DCs and the most suitable route of 

administration for initiating anti-tumour immune responses (Nestle et al, 2001; Pardoll, 

2002).

1.5. Manipulation of DCs in vivo:

A limitation of ex vivo manipulated DC vaccines is that they are a form of personalised 

therapy, tailored to the individual patient. Hence, they are expensive and not feasible for
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large-scale immunisation. This has led some scientists to study the stimulation of DCs 

in vivo.

The melanoma vaccine Melacine (Corixa, USA) has recently progressed through late 

stage clinical trials, and is now available for sale in Canada. Melacine consists of lysate 

from two human melanoma cell lines mixed with a novel adjuvant suitable for human 

use (http://www.corixa.com). The vaccine is injected intradermally, where residing 

Langerhans cells (an epidermal DC subset) capture the melanoma antigens in situ, 

migrate to draining lymph nodes, and initiate tumour-specific immune responses. In 

clinical trials, Melacine induced response rates equivalent to that of aggressive 

chemotherapy, with the advantage of Melacine being that it did not generate any toxic 

side effects, in contrast to chemotherapy (Mitchell, 1998). The ability of DCs, pulsed 

with the extracts of HLA-mismatched tumour cell lines, to stimulate T cell responses 

against the autologous tumour is the result of cross-priming (Berard et al, 2000).

A major problem of antigen delivery systems is the paucity of adjuvants suitable for 

human treatment that can induce cellular immunity. To overcome this, McKenzie and 

colleagues (2003) designed a ‘DC tag’ to target defined tumour antigens to DCs in vivo, 

ensuring effective presentation of the tumour antigen to the immune system. The 

investigators covalently conjugated a tumour antigen (MUCl) to an inert carrier protein. 

Following injection, the conjugated MUCl was captured by DCs, processed and 

presented by MHC molecules, which induced potent T cell responses. More detailed 

pre-clinical studies should reveal the potential of using this DC tag system to treat 

cancer patients.

1.6. Previous studies investigating potential inununotherapeutic strategies for the 

treatment of ARMS:

It has proved difficult to demonstrate that T cell responses can be generated that 

recognize and kill tumour cells expressing the PAX3-FKHR fusion protein. There are 

no examples in the literature of PAX3-FKHR-specific T cells in ARMS patients. In 

mouse experiments, there is preliminary evidence that CTL lines can be generated and 

are able to lyse murine tumour cells expressing PAX3-FKHR (Mackall et al, 2000). 

Unfortunately, there were no figures depicting their data, and the specificity of the 

splenic CD8^ T cells for PAX3-FKHR was not demonstrated.
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Dagher and colleagues (2002) attempted to target the tumour-specific breakpoint region 

of PAX3-FKHR using a peptide-pulsed DC vaccine strategy to treat ARMS patients. 

However, they were unable to detect a beneficial clinical response in any of the 4 

patients. The study was severely flawed for several reasons. Firstly, the peptide 

sequences used to pulse autologous DCs were selected purely on their theoretical HLA 

binding affinities. In vitro binding assays are clearly required to examine the actual 

HLA binding affinities of the peptides, which often do not correlate with the 

predictions. Additionally, the ability of peptide-pulsed DCs to stimulate CTLs specific 

for PAX3-FKHR-expressing cells should be examined in vitro, to confirm that the 

selected peptides are immunogenic, and naturally processed and presented by ARMS 

cells. Most importantly, the patients were not HLA typed. Hence, it is uncertain that the 

peptides used could be presented by HLA molecules expressed on the patient-derived 

DCs.

1.7. Aims of the current study:

Additional pre-clinical studies are clearly required to investigate the ability of tumour 

antigen-pulsed DCs to induce ARMS-specific immune responses, in vivo and in vitro. 

We have established and utilized a mouse model of ARMS to examine the ability of 

tumour lysate-pulsed DC immunisations to protect from a subsequent tumour challenge. 

Tumour lysate-pulsed DCs as well as non-pulsed DCs provided non-specific protection 

against a subsequent tumour challenge, which appeared to be T cell-mediated. We also 

identified two H2-D^ binding peptide motifs derived from the N-terminus of PAX3- 

FKHR. The ability of DCs pulsed with these peptides to elicit tumour-specific immunity 

in vivo will be examined in the future using the mouse ARMS model. Additionally, we 

identified an HLA-A*0201 binding motif in the PAX3 amino acid sequence retained in 

human PAX3-FKHR. Future studies are required to determine whether MoDCs pulsed 

with this peptide are able to stimulate PAX3-FKHR-speciflc CTL responses in HLA- 

A*0201^ ARMS patients.
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2. Methods and M aterials

2.1.7/1 vivo tumour growth experiments:

2.1.1. Animals:

Wild type and beige C57BL/6 mice (6-8 week old males) were purchased from Harlan 

Laboratories (UK). Mice were housed in a pathogen-free environment and treated in 

accordance with the University College London guidelines.

2.1.2. Generation o f bone marrow-derived DCs:

Bone marrow was flushed out of the tibias and femurs of C57BL/6 mice with a 25- 

gauge needle and syringe, using serum free Roswell Park Memorial Institute (RPMI) 

media (Gibco, UK). The extracted bone marrow was pipetted up and down until in a 

single cell suspension, then passed through a cell strainer to remove debris. The bone 

marrow cells were pelleted by centrifugation at 130g for 5 minutes. The supernatant was 

discarded and the cells resuspended in complete media, consisting of RPMI media 

supplemented with 10% heat-inactivated fetal calf serum (PCS), 2mM glutamine, 

lOOIU/ml penicillin, lOOpg/ml streptomycin, 25mM HEPES (all from Gibco), and 

50pM P-mercaptoethanol (Sigma, UK). The bone marrow cells collected from one 

mouse were typically resuspended in 60ml of complete media, and plated into two 

150mm tissue culture dishes (TPP, Switzerland). Recombinant mouse (rm) GM-CSF 

(PeproTech, UK) was immediately added to the DC cultures at 25ng/ml, and the cells 

cultured for 7 days at 37°C in 5% CO2 under sterile conditions. On day 3 of culture, the 

media (containing contaminating non-adherent granulocytes) was discarded and 

replaced with fresh complete media with 25ng/ml rmGM-CSF and lOng/ml rmIL-4 

(PeproTech). By day 6 of culture, the DCs were in the non-adherent fraction, and the 

majority of adherent cells were macrophages. As a DC enrichment step, the non

adherent cells were collected and re-plated in new culture dishes. On day 7 of culture, 

the non-adherent cells, containing immature DCs, were harvested and centrifuged at 

130g for 5 minutes. The media was discarded, the cells resuspended in fresh complete 

media, and plated in a new dish. The immature DCs were used for fluorescence 

activated cell sorting (FACS) analysis, DC maturation cultures, or tumour antigen 

pulsing.

To mature the DCs, the day 7 non-adherent cell fraction was cultured in complete media 

supplemented with 50|ig/ml keyhole limpet haemocyanin (KLH; Calbiochem, UK), 
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25ng/ml rmGM-CSF, and lOng/ml rmIL-4 for 24 hours. The loosely adherent cells were 

dislodged by pipetting media over the cells, added to the non-adherent cell fraction, and 

used for inununophenotyping by FACS analysis or as a source of activated DCs in 

subsequent experiments.

LPS contamination was minimised to avoid unwanted activation of immature DC 

cultures. All culture media and tissue culture solutions were endotoxin-free, and 

glassware was baked at 180°C for 4 hours to remove LPS.

2.L3. Antigen pulsing o f DCs:

The generation of the CMV (PAX3-FKHR "") and C23 (PAX3-FKHR-"^") 76-9-derived 

cell lines has been described earlier (see Chapter 2, 2.4.2.). The cell lines were 

maintained in RIO RPMI media (RPMI media supplemented with 10% FCS, 2mM 

glutamine, lOOIU/ml penicillin and lOOpg/ml streptomycin), and cultured at 37°C in 

5% CO2 under sterile conditions.

To generate cell lysate, the C23 cells were trypsinised, washed in phosphate buffered 

saline (PBS; Gibco), and resuspended in a small volume of RIO RPMI media. The cells 

were counted using a haemocytometer, and 3x10^ cells aliquoted per cryovial. The C23 

cells were then lysed by three freeze-thaw cycles (liquid nitrogen to 37°C water bath), 

with lysis confirmed using trypan blue staining. The lysates were vortexed briefly, and 

large particles removed by passing the lysate through a 0.45p,M filter. The lysate 

aliquots were stored in liquid nitrogen until use.

On day 7 of culture, inmiature DCs were harvested and used for tumour antigen pulsing. 

1x10^ immature DCs were incubated with lysate generated from 3x10^ C23 cells for 24 

hours, in 2ml of complete media containing 50|Ltg/ml KLH, 25ng/ml rmGM-CSF, and 

lOng/ml rmIL-4. For inununisation with non-pulsed DCs, 1x10^ inunature DCs were 

cultured in 2ml of complete media containing 50|Xg/ml KLH, 25ng/ml rmGM-CSF, and 

lOng/ml rmIL-4. The C23 lysate-pulsed DCs and non-pulsed DCs were harvested, 

washed twice in PBS, and resuspended in 150|xl of PBS for injection.
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2.1.4. DC immunisations and tumour challenges’.

C57BL/6 mice were immunised sub-cutaneously in the right flank with 1x10^ C23 

lysate-pulsed DCs or non-pulsed DCs, twice at 7 day intervals. Mice were challenged 7 

days after the last DC immunisation with 1x10^ viable C23 or CMV cells (resuspended 

in 150|il of PBS) by sub-cutaneous injection into the left flank. The diameter of the 

tumours was measured on a regular basis using callipers. To convert the tumour 

diameter into tumour volume, the following formula was used:

Volume = 4/3ti (diameter/2)^. The mice were individually identified by the unique stripe 

markings on their tails. The mice had to be sacrificed if the tumours grew to 10% of the 

size of the animal, or if the tumour ulcerated the skin.

2.2. In vitro assays utilizing the tumours and spleens of DC-immunised mice:

2.2.1. Disaggregation o f tumours by enzymatic digestion:

The sub-cutaneous tumours were excised and any non-malignant tissue removed. The 

tumours were cut into small pieces and transferred to 6-well plates (TPP). The tumour 

pieces were incubated in 2ml of Hank’s balanced salt solution (HBSS) supplemented 

with 4mg/ml collagenase (Sigma), at 37°C for 1 hour. The tumour cell suspensions were 

then passed through a cell strainer, and used for FACS analysis to immunophenotype 

any tumour infiltrating lymphocytes.

2.2.2. Interferon {IFN)-yenzyme linked immunospot (ELISpot) assays:

Splenocytes were harvested from mice on day 2 post C23 tumour challenge or at the 

end of the in vivo tumour growth experiment (19-24 days after C23 tumour challenge). 

Spleens were pressed through a cell strainer into complete media, and a single cell 

suspension generated by pipetting. The splenocytes were pelleted by centrifugation at 

130g for 5 minutes. The media was discarded and the splenocytes resuspended in red 

blood cell lysis buffer (equivalent of 1 ml/spleen; Sigma). Following a 1 minute lysis 

incubation period, complete media was added to dilute the lysis buffer. The splenocytes 

were centrifuged, the media decanted, and the cells resuspended in complete media at 

approximately 4x10^ cells/ml. Splenocytes were then cultured in tissue culture dishes 

for 3 hours. The non-adherent cells were harvested and cryopreserved in complete 

media plus 10% dimethyl sulphoxide (DMSO; Sigma). Cryopreserved splenocytes were 

thawed and washed once in complete media before use in ELISpot experiments as a 

source of effector cells.
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ELISpot 96-well plates (Millipore, USA) were pre-wet with 100}Xl/well of sterile 70% 

ethanol for 1 minute, then all traces of ethanol were aspirated. The ELISpot plates were 

coated with lOOpl/well of anti-mouse IFN-y monoclonal antibody (XMGL2; 

eBiosciences, USA) at 5|Xg/ml in PBS, and incubated at 4°C overnight. The plates were 

then washed five times with 200|xl/well of wash buffer (PBS plus 0.05% Tween 20; 

Tween 20 from BDH Laboratories, UK) and blocked with 200|xl/well of complete 

media for I hour at room temperature. The blocking solution was removed, and the 

effector cells, along with stimulator cells or KLH, were then seeded into the wells of the 

ELISpot 96-well plate in lOOpl of complete media (see below). The cells were cultured 

in the ELISpot plate for 48 hours at 37°C in 5% CO2.

At the end of the 48 hour incubation period, the cells were removed, and the plates were 

washed 5 times with wash buffer. 100|xl of biotin-conjugated anti-mouse IFN-y 

detection antibody (R4-6A2, eBiosciences) was added to the wells at Ijig/ml in assay 

diluent buffer (PBS with 10% FCS). The plates were incubated with the detection 

antibody at room temperature for 2 hours. Following another 5 washes in wash buffer, 

50|il of IxExtravadin Alkaline Phosphatase Conjugate (Sigma) was added per well and 

the plates incubated at 37°C for 1 hour. After washing, 100|il of Alkaline Phosphatase 

Substrate (Bio-Rad, UK) was added to the wells and incubated at room temperature 

until spots developed. The colour reaction was terminated by washing the wells twice 

with distilled water. Once the plates had air dried, the number of spots was counted on 

an ELISpot plate reader (BioReader 3000; BioSys, Germany) using BioSys analysis 

software. Assays were performed in at least triplicate wells.

2.2.2.7. Stimulation o f splenocytes with CMV or C23 stimulator cells: 

Non-adherent splenocytes were used as effector cells and seeded at 1x10^ cells/well in 

complete media. CMV (PAX3-FKHR ''®) or C23 (PAX3-FKHR^^^) cells were used as 

stimulator cells, and added at IxlO"  ̂cells /well in complete media, with the total volume 

adjusted to lOOpl/well. An effector to stimulator cell ratio of 10:1 was used in all 

experiments. In negative control wells, effector cells and stimulator cells were cultured 

alone, and the number of spots in these controls was subtracted from the corresponding 

test values.
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2.2.22. Stimulation o f splenocytes with exogenous KLH:

1x10^ non-adherent splenocytes were seeded per well of a coated ELISpot 96-well 

plate, in 100|xl of complete media with or without 8|ig of KLH. In positive control 

wells, 2|il of hamster anti-mouse CD3 purified monolclonal antibody (Becton 

Dickinson, USA) was added to the splenocytes. The number of spots that were observed 

in negative control wells containing no splenocytes was subtracted from all the test well 

values.

2.3. Flow cytometric analysis:

2.3.1. Staining procedure:

Immature and mature DC cultures, as well as disaggregated tumour samples, were 

immunophenotyped using FACS analysis. Approximately 5x10^ cells were suspended 

in 30|xl of PBS and incubated with the optimised concentration of primary antibodies 

(unconjugated or fluorochrome-conjugated monoclonal antibodies), in the dark at 4°C 

for 30 minutes. To wash off unbound antibody, the samples were centrifuged at 180g 

for 4 minutes at 4°C, the supernatant was decanted, and the cells were resuspended in 

PBS. This washing step was performed three times in total. Where necessary, the cells 

were resuspended in 30p,l of PBS and incubated with a secondary antibody in the dark 

at 4°C for 30 minutes. The secondary antibody was washed off with three changes of 

PBS as described above, and the cells fixed in 300)11 of PBS containing 1% 

paraformaldehyde (PEA). Cells were stored in the dark at 4°C until being analysed 

using a Beckman Coulter Epics FACS machine and Expo 32 software (Beckman 

Coulter, USA).

2.3.2. Panels o f antibodies used:

The mouse bone marrow-derived DC cultures were immunophenotyped using the 

following antibodies against: CD86 (fluoroscein isothiocyanate (FITC)-conjugated),

CD 11c (Phycoerythrin (PE)-conjugated), I-A/I-E (PE-conjugated), CD80 

(unconjugated; all from Becton Dickinson), and DEC205 (unconjugated; Serotec, UK). 

The cells incubated with CD80 or DEC205 primary antibodies were subsequently 

incubated with a FTTC-conjugated mouse anti-rat IgG secondary antibody (Jackson 

ImmunoResearch Laboratories, USA). The isotype control antibodies required were rat 

IgG2a (FTTC-conjugated), rat IgG2b (PE-conjugated), hamster Ig group 1,1 (PE- 

conjugated; all from Becton Dickinson). Cells were stained with FTTC-conjugated
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mouse anti-rat IgG antibody alone as a control for the secondary antibody staining. The 

optimal concentration of each primary and secondary antibody was determined by 

titration in a preliminary experiment.

The following antibodies were used to inununophenotype tumour infiltrating 

lymphocytes in disaggregated tumour samples: anti-mouse CD3 (PE-conjugated), anti

mouse CD4 (tri-colour (TC)-conjugated), anti-mouse CDS (TC-conjugated), anti-mouse 

CD69 (PE-conjugated), anti-mouse CD 19 (PE-conjugated; all from Becton Dickinson), 

and anti-mouse N K l.l (unconjugated; eBiosciences). PE-conjugated anti-mouse IgG 

secondary antibody (Becton Dickinson) was used for cells stained with unconjugated 

anti-mouse N K l.l primary antibody. Species and isotype-matched monoclonal 

antibodies were used as controls, along with staining using the secondary antibody 

alone.

2.3.3. FACS analysis using Expo 32 software:

For DC analysis, large granular cells were selected using forwards scatter (ESC) versus 

side scatter (SSC) gating. In experiments analysing tumour infiltrating lymphocytes, 

splenocytes were used as a positive control for antibody staining efficiency. The ESC 

versus SSC gate used to select splenic lymphocytes was retained for the analysis of 

disaggregated tumour samples, in an attempt to isolate tumour infiltrating lymphocytes 

from the other tumour cell types. During analysis, 1% of the cells stained with the 

relevant isotype control antibody were set as positive for the test antigen. This allowed 

the calculation of the percentage of positively stained cells in test samples.

2.4. Peptide binding assays:

2.4.1. Predictive computer programs:

We used the SYEPEITHI (http://syfpeithi.bmi-heidelberg.com/scripts/MHCServer.dll) 

and BIMAS (http://bimas.dcrt.nih.gov/cgi-bin/molbio/ken_parker_comboform) 

computer algorithms to identify potential MHC class I binding peptide motifs. The 

computer programs were used to predict H2-K^ or H2-D^ binding peptides motifs in the 

mixed murine/human PAX3-EKHR amino acid sequence (NCBI identity: AE178854). 

We also attempted to identify HLA-A*0201 binding motifs in the human PAX3-EKHR 

amino acid sequence (NCBI identity: U02368). The scoring systems of the 2 computer 

algorithms are explained in detail on their respective websites.
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2.4.2. Peptide synthesis:

The mixed murine/human PAX3-FKHR-derived peptides QLMAFNHL, GVFINGRPL, 

and GGVFINGRPL, and the human PAX3 -FKHR-derived peptide KLTEARVQV were 

synthesised by Zinsser Analytic (UK). The peptides were found to be more than 95% 

pure by high performance liquid chromatography, and the expected molecular weights 

were observed using matrix-assisted laser desorption mass spectrometry. The peptides 

were reconstituted in PBS to a concentration of ImM and stored at -20°C. O. Williams 

(Institute of Child Health, UK) donated the H2-D^ binding NP68 peptide, which is 

derived from influenza virus nucleoprotein. The HLA-A*0201 binding flu matrix 

peptide (FMP) was a gift from A. Thrasher (Institute of Child Health, UK).

2.4.3. Mouse RMA-S peptide binding assay:

The RMA-S and RMA cell lines were kindly provided by H. Stauss (Imperial College, 

UK). RMA-S is an H2^ antigen processing defective cell line, whilst its parental cell 

line RMA has normal antigen processing ability. RMA-S and RMA cells were cultured 

in complete media at 37°C in 5% CO2, and maintained at 3x10^-1x10^ cells/ml. The cell 

lines were split 24 hours before use in peptide binding assays.

For peptide binding assays, the RMA-S cells were washed in serum free RPMI media, 

and resuspended in RPMI supplemented with 5% boiled FCS (to prevent protease 

activity). RMA-S cells were seeded at 2x10^ cells/well in 96-well plates, and incubated 

for 3 hours with a range of concentrations of each synthetic peptide (0.001 |iM -1 OOpM). 

In negative control wells, RMA-S cells were incubated with no exogenous peptide. 

Subsequently, the cells were washed twice in PBS, and stained with 2|Lig/ml PE- 

conjugated anti-H2-K^ antibody or 4|ig/ml PE-conjugated anti-H2-D^ antibody (both 

from Caltag, USA), in the dark at 4°C for 30 minutes. As an isotype control, RMA-S 

cells were incubated with 4pg/ml of PE-conjugated mouse IgG2 (Becton Dickinson).

The cells were washed twice with PBS, then fixed in 300pl of PBS containing 1% PEA. 

The cells were analysed using a Beckman Coulter Epics FACS machine and Expo 32 

software. Viable cells were selected by ESC versus SSC gating, and surface H2-K^ or 

H2-D^ expression measured. The mean fluorescence intensity (MFI) was determined for 

each sample. RMA cells were used as a positive control for antibody staining efficiency.
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2.4.4. Human T2 peptide binding assay.

T2 is an HLA-A*0201^ antigen processing defective cell line, and was a gift from H. 

Stauss. T2 cells were cultured at 3x10^-1x10^ cells/ml in RIO RPMI media at 37°C in 

5% CO2. The T2 cells were split 24 hours before use in peptide binding assays.

T2 cells were washed in serum free RPMI media, and resuspended in RPMI 

supplemented with 5% boiled FCS. In 96-well plates, 3x10^ T2 cells/well were 

incubated overnight with serial dilutions of peptides (0.01|iM-100|iM), in the presence 

of 2|Lig/ml Pi-microglobulin (Sigma). Wells containing T2 cells without exogenous 

peptide or with known HLA-A*0201 binding FMP were used as negative and positive 

controls, respectively. The T2 cells were then washed in PBS, and stained with FTTC- 

conjugated monoclonal antibody specific for HLA-A*0201 (2jig/ml; Becton Dickinson) 

in the dark at 4°C for 30 minutes. In control wells, T2 cells were stained with 2|xg/ml 

isotype control Fl'lC-conjugated mouse IgGib antibody (Becton Dickinson). After 2 

wash steps with PBS, FACS analysis of HLA-A*020I surface expression was 

performed, and the MFIs compared.

2.4.5. Screening for HLA-A*0201^ normal donors and RMS cell lines:

We screened PBMCs from 5 healthy donors and multiple human RMS cell lines 

(including RD, RH18, RH30, SCMC, RMS and HX170c) for surface HLA-A*0201 

expression. 5x10^ cells were incubated with 2p.g/ml FITC-conjugated anti-HLA- 

A*0201 monoclonal antibody or FTTC-conjugated mouse IgG2b antibody in the dark at 

4°C for 30 minutes. The MFIs were determined by FACS analysis, and compared to 

positive control HLA-A*0201^ PBMCs.

2.5, Transfection of cells with RNA:

2.5.1. Generation o f green fluorescent protein (GFP) mRNA by in vitro 

transcription:

The pGEM4Z/GFP/A64 plasmid was a gift from E. Gilboa (Duke University Medical 

Center, USA), and contains a 741 bp BamHl-Notl GFP DNA fragment (isolated from 

pEGFP-N 1 ; Clontech, USA) and a 64 A-T bp oligonucleotide (Nair et al, 1999). The 

plasmid was linearised using the restriction enzyme Spel (Promega, USA), purified 

using a gel extraction kit (Qiagen, UK), and used as a template for in vitro transcription. 

The in vitro transcription reaction was performed using T7 RNA polymerase (Promega)
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and 5' m^G capping analogue (Promega), according to the protocol provided by the 

manufacturer. The in vitro transcripts were treated with DNase I (Roche, USA) to 

remove template DNA, and the RNA was recovered by phenol:chloroform and 

chloroform extraction, followed by isopropanol precipitation. The GFP mRNA was 

washed in 70% ethanol, and resuspended in RNase free water (see Chapter 2, 2.2.1. for 

detailed methodology). The in vitro transcripts were examined for size and integrity by 

agarose-formaldehyde gel electrophoresis, and stored at -80°C.

2.5.2. Transfection o f RD cells with GFP mRNA:

The human RD cell line was a gift from J. Shipley (Institute of Cancer Research, UK) 

and grown in Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% heat 

inactivated FCS, 2mM glutamine, lOOIU/ml penicillin, and lOOjig/ml streptomycin. 

4x10^ cells were seeded into 6-well plates, and cultured overnight to adhere. The cells 

were transfected with in vitro transcribed GFP mRNA using TransMessenger Reagent 

(Qiagen), following the manufacturer’s instructions. Briefly, 4 |li1 of Enhancer R and 2|ig 

of GFP mRNA were mixed in buffer EC-R, and incubated at room temperature for 5 

minutes. 8|il of TransMessenger Reagent was added to the RNA-enhancer solution, and 

incubated at room temperature for a further 10 minutes. The transfection cocktail was 

then diluted in 900p,l of serum free DMEM and added to the cells (media above the 

cells was aspirated immediately before addition of the diluted transfection cocktail). 

After 3 hours incubation with the transfection cocktail, the cells were washed and 

cultured overnight in DMEM plus 10% FCS (also containing 2mM glutamine, 

lOOIU/ml penicillin, and lOOjLig/ml streptomycin). In negative control wells, the RD 

cells were mock transfected with Enhancer R and TransMessenger Reagent without 

mRNA. As a positive control, RD cells were transfected with GFP DNA (pCMS-EGFP 

plasmid; Clontech) using FuGENE 6 Transfection Reagent (Roche; see Chapter 2,

2.4.2. for methodology). Approximately 30 hours post transfection, the RD cells were 

harvested and checked for GFP expression by FACS analysis. Viable cells were 

selected by FSC versus SSC gating, and the number of GFP-expressing cells quantified.

2.5.3. Transfection o f mouse DCs with GFP mRNA :

Both day 7 immature DCs and day 8 mature (KLH activated) DCs were used for the 

transfection experiments. The DCs were harvested, washed in serum free RPMI, and 

seeded at 8x10^ cells/well of a 6-well plate. The DCs were incubated with the GFP
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mRNA transfection cocktail (formed exactly as described in 2.5.2.) in 1ml of serum free 

RPMI. After 3 hours, the DCs were washed, and cultured overnight in RPMI complete 

media with 25ng/ml rmGM-CSF and lOng/ml rmIL-4. The DCs were then harvested, 

stained with PE-conjugated anti-human I-A/I-E monoclonal antibody or isotype control 

PE-conjugated mouse IgGzb antibody, and analysed by FACS. DCs were identified by 

their large size (FSC), high granularity (SSC), and surface expression of the MHC class 

n  molecules I-A/I-E. The gated DCs were then evaluated for GFP protein expression.

2.5.4. In vitro transcription and translation (IVT) o f PAX3-FKHR and GFP proteins: 

rVT reactions were performed to confirm that mixed murine/human PAX3-FKHR 

protein and GFP protein can be synthesised from the PBK-CMV-P3F plasmid and the 

pGEM4Z/GFP/A64 plasmid, respectively.

The pBK-CMV-P3F vector was linearised using the restriction enzyme Mlul (Promega). 

The rVT reactions were performed using the TNT Coupled Reticulocyte Lysate System 

(Promega), following the manufacturer’s protocol. In the TNT lysate reaction, lp,g of 

linearised pBK-CMV-P3F vector DNA was mixed with 12.5p.l of TNT rabbit 

reticulocyte lysate, 20 units of T3 RNA polymerase, l|xl of [^^Sjmethionine (Amersham 

Biosciences, UK), 0.5p.l of amino acid mixture (minus methionine), 20 units of RNasin 

ribonuclease inhibitor, and Ijil of TNT reaction buffer in a final volume of 25|xl. 

Linearised pGEM4Z/GFP/A64 vector (linearised using SpeY) and in vitro transcribed 

GFP mRNA (see 2.5.1.) were used in TNT coupled reticulocyte lysate reactions. T7 

RNA polymerase was used in the reactions using linearised pGEM4Z/GFP/A64 vector 

as a DNA template, while no RNA polymerase was added to the reactions using in vitro 

transcribed GFP mRNA. In the negative control samples, no linearised plasmid or in 

vitro transcribed RNA was added to the TNT lysate reaction. Luciferase DNA was used 

in the TNT lysate reaction as a positive control. The reactions were incubated at 30°C 

for 90 minutes.

12.5|il of rVT reaction were mixed with 2x SDS sample buffer (125mM Tris-HCl (pH 

6.8), 20% glycerol, 4% SDS, 0.1% bromophenol blue, 20mM EDTA, ImM PMSF, 5%

P-mercaptoethanol) and denatured at 95°C for 5 minutes. The denatured IVT samples 

were then electrophoresed on an 8-10% SDS-polyacrylamide gel. Next, the 

polyacrylamide gel was submerged in fixing solution (50% methanol, 10% glacial 

acetic acid, 40% water) for 30 minutes at room temperature. The gel was rinsed for 5 
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minutes in solution consisting of 7% acetic acid, 7% methanol, and 1% glycerol. 

Finally, the gel was air dried under vacuum, wrapped in cling film, and exposed on a 

phosphoimager screen overnight. The incorporated [^^S]methionine was measured on 

the phosphoimager (Molecular Dynamics, UK), using ImageQuant software (Molecular 

Dynamics). The expected sizes of the PAX3-FKHR, luciferase, and GFP proteins are 

130 KDa, 60 KDa, and 30 KDa, respectively.
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3. Results

3.1. Whole cell lysate-pulsed DC vaccine strategy:

3.1.1. Generation o f a mouse model o f ARMS'.

The mouse RMS cell line 76-9 was stably transfected with a pBK-CMV vector 

containing PAX3-FKHR mixed murine/human cDNA under the control of a CMV 

immediate early gene promoter (the clones used in experiments were called C23 and 

C24). As a control cell line, 76-9 cells were stably transfected with empty pBK-CMV 

vector (termed CMV). Expression of PAX3-FKHR mRNA in the C23 and C24 clones 

was shown by RT-PCR. The activity of the ectopically expressed PAX3-FKHR protein 

in both clones was confirmed using the PRS9-CAT reporter construct, in transient 

transfection assays (see Chapter 2, 3.1.).

Next, we injected 1x10^ 76-9-derived cells sub-cutaneously into syngeneic C57BL/6 

mice. PAX3-FKHR negative (76-9 and CMV) and PAX3-FKHR positive (C23 and 

C24) 76-9 cells formed sub-cutaneous tumours of similar size (student r-test; p=0.46; 

see Chapter 2, Figure 8). RT-PCR analysis demonstrated that PAX3-FKHR RNA was 

expressed in the tumours of mice injected with C23 and C24 cells, but was not 

amplified from any lung or bone marrow sample (see Chapter 2, Figure 9).

3.1.2. Ex vivo loading o f murine bone marrow-derived DCs with C23 lysate:

We chose to use the PAX3-FKHR-expressing C23 cell line as a source of tumour lysate, 

rather than tumour cells isolated from syngeneic C57BL/6 mice following injection with 

viable C23 cells. Lysates were generated from C23 cells by freeze-thawing, as described 

in Materials and Methods (2.1.3.).

DCs were differentiated from C57BL/6 bone marrow progenitors using rmGM-CSF and 

rmIL-4 (as described in Materials and Methods 2.1.2.). During the culture period, the 

cells changed morphology from a rounded shape to cells with short cytoplasmic 

projections, characteristic of DC morphology (Banchereau and Steinman, 1998). After 7 

days of culture with rmGM-CSF and rmIL-4, the dendritic-like cells expressed high 

levels of the DC marker CDl Ic and the MHC class II molecules I-A/I-E, and 

intermediate levels of the co-stimulatory molecules CD80 (B7-1) and CD86 (B7-2) 

(Figure 2). The immature DCs were subsequently pulsed with C23 lysate, in the 

presence of 50jig/ml KLH. The non-pulsed DCs used for immunisations were activated
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Figure 2. Immunophenotype of a representative DC culture. DCs were 
differentiated in vitro from C57BL/6 mouse bone marrow progenitors. Bone marrow 
leukocytes were cultured with rmGM-CSF for 7 days. On day 3, non-adherent 
granulocytes were removed and rmIL-4 added to the culture media. Immature DCs were 
pulsed with C23 lysate in the presence of KLH, for 24 hours. DCs were harvested on 
day 7 (immature DCs) or on day 8 following incubation with C23 lysate and KLH 
(mature DCs), stained with a panel of immunofluorescent antibodies and analysed by 
flow cytometry. Cells were gated on large, granular cells, and gated cells are shown in 
the histogram plots. The black filled areas in histograms represent staining with the 
indicated monoclonal antibody, the unfilled white histograms indicate staining with an 
appropriate isotype control antibody. The percentage cells positive for the indicated 
monoclonal antibody is indicated in each histogram.
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with KLH alone. The addition of KLH to the immature DC cultures resulted in some 

degree of activation of the DCs, as indicated by an increase in the expression of two or 

more of the following surface antigens: I-A/I-E, CD80 and CD86 (Figure 2). DEC205 

(CD205) was not expressed by any of the bone marrow-derived DCs.

3.1.3. Initial C23 tumour lysate-pulsed DC vaccine experiment:

3.1.3.1. In vivo tumour growth assay:

First, we investigated the ability of C23 lysate-pulsed DCs to protect mice from a 

subsequent challenge with viable syngeneic C23 RMS cells (Figure 3A). As expected, 

large tumours formed in control mice that received the C23 tumour challenge alone. 

Immunisation with C23 lysate-pulsed DCs resulted in strong protection against a 

subsequent C23 tumour challenge (Figure 3B). However, immunisation with non-pulsed 

DCs generated similarly effective protection against a subsequent C23 tumour 

challenge. The mean tumour sizes in the two groups of mice receiving DC 

immunisations were significantly smaller than in the mice that received no DC 

immunisations, from day 14 post challenge onwards.

100% of the mice that received the C23 tumour challenge alone developed large sub

cutaneous tumours. In contrast, immunisation with C23 lysate-pulsed DCs or non- 

pulsed DCs resulted in a high percentage of the mice remaining disease free up to 24 

days after the C23 tumour challenge (30% and 50%, respectively). The tumours that did 

form in the DC-immunised mice (C23 lysate-pulsed DCs or non-pulsed DCs) had a 

slower growth rate than the tumours that developed in challenge only mice. Mice were 

sacrificed when the tumours grew to 10% of the size of the animal or when the tumour 

ulcerated the skin. Figure 3C shows that immunisation with C23 lysate-pulsed DCs or 

non-pulsed DCs prolonged the survival of mice following a subsequent C23 tumour 

challenge. The raw data from this in vivo tumour growth experiment is shown in 

Appendix 1.

3.1.3.2. IFN-Y secretion by splenic T lymphocytes in vitro:

When the mice were sacrificed, we isolated the splenocytes and used them as a source 

of T lymphocytes for in vitro assays. Flow cytometric analysis of splenocytes isolated 

from naïve C57BL/6 mice demonstrated that approximately 15-20% of the viable 

leukocytes collected were CD3^CD8^ CTLs, 15-20% were CD3^CD4^ Th cells, and 

there were very few CD3 CD8^ NK cells.
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Figure 3. Immunisation with C23 lysate-pulsed DCs or non-pulsed DCs protects 
C57BL/6 mice from a subsequent C23 tumour challenge A Schematic of the 
experimental plan. Mice were immunised sub-cutaneously in the right flank with 1x10^ 
C23 lysate-pulsed DCs (labeled Pulsed DCs) or non-pulsed DC immunisations (labeled 
Non-pulsed DCs), twice at 7 day intervals. Mice were challenged 7 days after the last 
DC immunisation with 1x10^ C23 cells, by sub-cutaneous injection into the left flank.
B Tumour volumes following C23 tumour challenge. Following culling, the size of the 
tumours at the last measurement were used in subsequent time points. Data represent 
the mean tumour volume (in mm^) of 10 mice per group. The error bars are standard 
error of the mean (S.E.M.). C Survival curve analysis of data from B.
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KLH was used to activate the DCs ex vivo, and served as an immunological marker 

following vaccination. To confirm that the C23 lysate-pulsed DCs and non-pulsed DCs 

(both activated ex vivo with KLH) were successfully injected into the recipient mice, we 

examined the anti-KLH responses of splenic T cells using an in vitro IFN-y ELISpot 

assay. Figure 4 sununarises the data which shows that only a very limited number of 

splenocytes isolated from naïve mice (never been exposed to KLH) secreted IFN-y 

when cultured in vitro in the absence of exogenous KLH. Addition of 8|ig of KLH to 

the naïve splenocyte cultures caused a more than 4-fold increase in the number of IFN-y 

secreting activated T cells. Similarly, only a small number of splenocytes isolated from 

mice that received the C23 challenge alone were activated and secreted IFN-y when 

cultured in vitro in the absence of exogenous KLH. However, the addition of KLH to 

the tumour challenge only mouse splenocytes resulted in a more than 2-fold increase in 

the number of activated T cells secreting IFN-y. In contrast, a large number of splenic T 

cells collected from mice that were immunised with KLH-activated DCs (C23 lysate- 

pulsed DCs or non-pulsed DCs) were activated and secreted IFN-y, even in the absence 

of exogenous KLH (more than 175 IFN-y spots/well). In the DC-immunised mouse 

splenocyte cultures, there was no observable increase in the number of IFN-y secreting 

cells following incubation with KLH, and this was because of the high background 

level.

Next, we investigated IFN-y secretion of the splenocytes when cultured in vitro with 

CMV (PAX3-FKHR ''®) or C23 (PAX3-FKHR+''3 target cells. Both the CMV and C23 

RMS cell lines moderately activated the splenic T cell population derived from naïve 

mice (Figure 5). A similarly small number of splenocytes isolated from C23 tumour 

challenge only mice were activated by CMV and C23 cells, as indicated by IFN-y 

secretion. The splenocytes collected from mice that received DC inununisations (C23 

lysate-pulsed DCs or non-pulsed DCs) showed an elevated IFN-y response against both 

CMV and C23 targets, relative to naïve and challenge only mouse spleneocytes. C23 

lysate-pulsed DC immunisations and non-pulsed DC inununisations were equally 

effective at priming splenic T cells that are activated by CMV or C23 targets.

The number of splenic T cells activated by CMV targets was not significantly different 

from the number of splenic T cells activated by C23 targets, in any of the mouse spleens
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Figure 4. ELISpot assay measuring IFN-y secretion by splenic T lymphocytes 
cultured in vitro in the presence or absence of KLH. Splenocytes were isolated from 
the mice at the end of the in vivo tumour growth assay. The treatment groups shown in 
this figure are: naïve mice (naïve); mice that received the C23 tumour challenge alone 
(Challenge Only); mice that were immunised with non-pulsed DCs prior to a C23 
tumour challenge (Non-pulsed DC); and, mice that were immunised with C23 lysate- 
pulsed DCs prior to a C23 tumour challenge (Pulsed DC). In this ELISpot assay, we 
plated out 1x10^ splenocytes/well of a 96-well plate, and measured the number of 
splenic T cells secreting IFN-y when cultured with or without 8pg of KLH at 37°C for 
48 hours. Depicted is a representative assay. Values are mean ± S.E.M. of quadruplicate 
cultures per animal.
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Figure 5. IFN-y secretion by splenic T lymphocytes cultured in vitro with CMV 
(PAX3-FKHR "") or C23 (PAX3.FKHR+"") RMS target cells. Splenocytes were 
isolated from the mice from all treatment groups at the end of the in vivo tumour growth 
assay. In this ELISpot assay, IxIO^ splenocytes were plated out with IxIO"̂  target 
cells/well of a 96-well plate (effector to target ratio of 1:10), and incubated at 37°C for 
48 hours. We measured splenocyte IF N -y secretion in triplicate wells, and analysed 
splenocytes from two mice per group. The values plotted are mean ± S.E.M. of each 
group. In control wells, splenocytes were cultured alone and the number of IF N -y 
secreting cells was subtracted from the values of the test wells. In negative control 
wells, CMV and C23 cells were cultured alone and secreted undetectable levels of 
IFN -y.
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tested (student t-tests; for each treatment group p>0.16). Each splenocyte sample was 

tested in two separate experiments, and differences in the number of splenocytes 

activated by CMV cells versus C23 cells could be explained by counting inaccuracies, 

where more of 1 target cell type was plated out than the other.

A control performed in all the ELISpot experiments consisted of culturing the 

splenocytes from each mouse with no target cells. To determine the number of splenic T 

cells activated by CMV or C23 targets, the number of IFN-y secreting cells in the spleen 

only wells was subtracted from the values of the test wells (see Appendix 2).

3.1.4. Repeat o f the C23 tumour lysate-pulsed DC vaccine experiment.

3.1.4.1. In vivo tumour growth assay:

We repeated the C23 lysate-pulsed DC vaccination experiment to confirm our 

preliminary findings. To investigate the specificity of the immune response elicited by 

the C23 lysate-pulsed DCs in vivo, we added an extra group of mice to the experiment. 

The additional group received two immunisations with C23 lysate-pulsed DCs, but were 

challenged with 1x10^ viable syngeneic PAX3-FKHR ''® CMV cells, in order to 

determine if the presence of PAX3-FKHR in the target cells contributed to the response. 

In the first experiment the splenocytes had been collected up to 24 days after the tumour 

challenge and might represent the memory T cell response. Therefore, in the current 

study, one mouse from each group was sacrificed 2 days after the tumour challenge, and 

splenocytes were isolated and used for in vitro cytotoxicity assays examining the 

primary immune response induced by the DC immunisations (Figure 6A).

The results from this in vivo tumour growth experiment confirmed our preliminary data, 

showing that DCs pulsed with C23 lysate, as well as non-pulsed DCs, are able to protect 

mice from a subsequent C23 tumour challenge (Figure 6B). In this experiment, > 60% 

of the mice that were immunised with C23 lysate-pulsed DCs or non-pulsed DCs 

remained disease free 19 days after C23 tumour challenge. In contrast, the majority of 

mice that did not receive any DC immunisations formed large tumours by day 14 after 

the C23 tumour challenge. Surprisingly, 2 of the mice that received the C23 challenge
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Figure 6. Immunisation with C23 lysate-pulsed DCs protects mice from a 
subsequent challenge with C23 or CMV RMS cells A Schematic of the experimental 
plan. Mice were sub-cutaneously immunised with 1x10^ C23 lysate-pulsed DCs or non- 
pulsed DCs, twice at 7 day intervals. 7 days after the last DC immunisation, mice were 
challenged with 1x10*’ C23 (PAX3-FKHR^™) or 1x10^ CMV (PAX3-FKHR"''') cells, 
injected sub-cutaneously on the opposite flank. B Tumour volumes following C23 or 
CMV tumour challenge. Data represent the mean tumour volume (in mm^) of 5-6 mice 
per group. Error bars indicating S.E.M. are shown for all groups except the challenge 
only mice. C Combined data from two DC vaccine experiments (marked 3.L3. and 
3.1.4.) performed using wild type C57BL/6 mice. All 3 groups of mice shown were 
challenged with C23 cells. The additional group challenged with CMV cells in the 
repeat experiment is not shown in this figure. To combine the data, tumour volumes 
were plotted where measurements were taken on the same day (± 1 day) in both 
experiments. Data represent the mean tumour volume (in mm^) ± S.E.M. of 15-16 mice 
per group.
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alone did not form tumours. This is probably the result of failed sub-cutaneous injection 

of the C23 tumour challenge. In every other tumour challenge in this series of 

experiments, injection of 1x10^ C23 cells, in the absence of prior DC vaccinations, 

resulted in the formation of large tumours. Figure 6C shows the combined data from the 

two DC vaccine experiments (marked 3.1.3. and 3.1.4.) for these three mouse treatment 

groups.

The data from the additional group of mice shows that the C23 lysate-pulsed DC 

immunisations were able to protect mice from a subsequent CMV tumour challenge 

equally as efficiently as the protection they provided against a C23 tumour challenge 

(Figure 6B). Previous data has demonstrated that CMV cells form tumours just as 

quickly as C23 cells, when injected sub-cutaneously into syngeneic C57BL/6 mice 

(Chapter 2, Figure 8). Therefore, there is no evidence that PAX3-FKHR renders the 

tumour more immunogenic for lysate-pulsed DC vaccination. 80% of the mice 

immunised with C23 lysate-pulsed DCs remained disease free 19 days after a challenge 

with CMV cells. The raw data from this in vivo tumour growth experiment is shown in 

Appendix 3.

A percentage survival curve was not plotted for the results from these repeat tumour 

lysate-pulsed DC vaccine experiments because the mice were sacrificed at an earlier 

time point than in the initial experiments. However, by sacrificing the animals from the 

different treatment groups at the same time point, the splenocytes were directly 

comparable.

3.1.4.2. Tumour infiltrating lymphocytes'.

We noticed that in the few mice that did develop tumours after vaccination with C23 

lysate-pulsed DCs or non-pulsed DCs, the tumours were small, hard, and fibrous. In 

contrast, the mice that received the C23 challenge alone formed large, soft tumours. We 

hypothesised that the hard, fibrous tumours were the result of inflammation secondary 

to immune responses against the C23 tumour challenge cells.

Tumours cells were isolated and disaggregated with collagenase, then analysed by flow 

cytometry. Cells with the forward scatter (FSC) and side scatter (SSC) typical for 

lymphocytes were gated and immunophenotyped. Figure 7B shows the
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Figure 7. Flow cytometric analysis of tumour infiltrating lymphocytes (from the 
pulsed DC vaccine experiment marked 3,1.4,). A Size and granulatiry of splenocytes, 
C23 cells and disaggregated tumour cells isolated from a DC-immunised mouse. Viable 
cells with the forward scatter (FSC) and side scatter (SSC) typical for lymphocytes were 
gated and are shown in black. These cells were subsequently immunophenotyped (see B 
and C). All other viable cells were gated and are shown in red. Cell debris is shown in 
grey. B The immunophenotype of lymphocytes isolated from a representative small, 
hard, fibrous tumour excised from C57BL/6 mice immunised with C23 lysate-pulsed 
DCs or non-pulsed DCs. C The immunophenotype of cells with a FSC and SSC typical 
of lymphocytes, isolated from a representative large, soft tumour excised from a 
C57BL/6 mouse that received the C23 challenge alone. Tumour cells were 
disaggregated with collagenase, stained with a panel of antibodies, and analysed by 
flow cytometry.
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immunophenotype of lymphocytes isolated from a representative small, hard, fibrous 

tumour excised from C57BL/6 mice immunised with C23 lysate-pulsed DCs or non- 

pulsed DCs. There are CD3^ T lymphocytes infiltrating into the tumour, and the tumour 

contains an approximately equal number of CD3^CD8^ CTLs and CD3^CD4^ Th cells. 

In contrast. Figure 7C shows that there are far fewer lymphocytes infiltrating into the 

tumours that formed in mice receiving the C23 challenge alone.

The flow cytometric data collected from immunophenotyping multiple disaggregated 

tumours are summarized in Figure 8. The data suggests that both the C23 lysate-pulsed 

DCs and non-pulsed DCs are inducing an immune response against the C23 tumour 

challenge that primarily consists of CD3^CD8^ CTLs and CD3^CD4^ Th cells. It is 

interesting to note that there are virtually no B lymphocytes (CD 19  ̂cells) infiltrating 

into the C23-derived tumours following immunisation with pulsed or non-pulsed DCs. 

There were undetectable levels of CD3 CD8^ NK cells infiltrating the tumours (Figure 

7B). CD69 is an activation marker of T cells, but is also induced on other activated 

leukocytes (Ziegler et al, 1994). This finding suggests that the majority of leukocytes 

infiltrating the tumours, which mainly consists of T cells, are in an activated state.

3.1.4.3. IFN-y  secretion by splenic T lymphocytes from vaccinated mice: 

Splenocytes were isolated from the mice 19 days after the tumour challenge, and used in 

IFN-y ELISpot assays examining the ability of CMV and C23 cells to activate the 

splenic T cells in vitro. Figure 9 shows that both CMV and C23 cells activated a small 

number of splenic T cells isolated from naïve mice and C23 challenge only mice. 

Splenocytes isolated from mice that were immunised with DCs (C23 lysate-pulsed DCs 

or non-pulsed DCs), prior to a C23 tumour challenge, showed an elevated IFN-y 

response against both CMV and C23 targets. This result supports the data from the 

initial C23 tumour lysate-pulsed DC vaccine experiment (see Figure 5), demonstrating 

that C23 lysate-pulsed DCs and non-pulsed DCs are equally effective at priming splenic 

T cell responses against CMV or C23 targets. In the splenocyte samples collected from 

DC-immunised mice, more splenic T cells were activated by C23 targets than by CMV 

targets. However, this difference was not significantly different in either treatment
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Figure 8. Flow cytometric analysis of tumour infiltrating lymphocytes (from the 
pulsed DC vaccine experiment marked 3.1,4,). The samples are disaggregated tumour 
cells isolated from mice, from the different treatment groups, collected on day 19 post 
C23 tumour challenge. One or two tumours from each treatment group were analysed 
for tumour infiltrating lymphocytes, and mean ± S.E.M. values are plotted where 
possible. Tumour cells were disaggregated with collagenase, stained with a panel of 
antibodies, and analysed by flow cytometry. Cells with the FSC and SSC typical for 
lymphocytes were gated and analysed. Staining with the NK cell specific marker NKl.l 
was associated with very high background levels, which masked any positively stained 
cells. The C23 cell line did not express any of the surface antigens shown in this figure 
(data not shown).
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Figure 9. IFN-y secretion by splenic T cells cultured in vitro with CMV (PAX3- 
FKHR’''®) or C23 (PAX3-FKHR ) RMS target cells. Splenocytes were isolated from 
the mice 19 days after the C23 or CMV tumour challenge. The treatment groups shown 
in this figure were all challenged with C23 cells (splenocytes collected from mice 
immunised with C23 lysate-pulsed DCs and challenged with CMV cells were not used 
in this assay). In this ELISpot assay, 1x10  ̂splenocytes were plated out with IxlO"̂  
target cells/well of a 96-well plate (effector to target ratio of 1:10), and incubated at 
37°C for 48 hours. We measured splenic T cell secretion of IFN-y in triplicate wells.
The values plotted are mean ± S.E.M. of each group. In negative control wells, 
splenocytes were cultured alone and the number of IFN-y secreting cells was subtracted 
from the values of the test wells.
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group (student r-tests; Non-pulsed DC mice p = 0.19; Pulsed DC mice p = 0.25), and 

might be the result of plating unequal numbers of targets.

Splenocytes isolated from mice 2 days after the tumour challenge were used in 

cytotoxicity assays to examine further the specificity of the immune response induced 

by the DC vaccinations. Unfortunately, the LDH release cytotoxicity assay was 

associated with high spontaneous LDH release by the effector and target cell 

populations, which masked any effector-mediated target cell killing in the test samples 

(data not shown).

3.1.5. C23 tumour lysate-pulsed DC vaccine experiment in beige C57BU6 mice:

3.1.5.1. In vivo tumour growth assay:

To examine the role of NK cells in targeting the C23 challenge cells in vivo, we 

repeated the C23 lysate-pulsed DC vaccine experiment using beige C57BL/6 mice, 

which have a severe deficiency of NK cell cytotoxicity (Bannai et al, 2000).

All of the beige mice that were given the C23 tumour challenge alone developed large 

sub-cutaneous tumours. Figure lOB shows that C23 lysate-pulsed DCs and non-pulsed 

DCs were equally effective at protecting beige C57BL/6 mice from a subsequent 

challenge with viable syngeneic C23 RMS cells. 40% of the mice that were immunised 

with C23 lysate-pulsed DCs remained disease free 19 days after the challenge with C23 

cells, while 20% of the mice immunised with non-pulsed DCs remained disease free 19 

days after the C23 tumour challenge. The tumours that did form in the DC-inmiunised 

mice were significantly smaller than the tumours found in challenge only mice. 

Interestingly, in the absence of DC inununisations, syngeneic C23-derived tumours 

grew at a faster rate in beige C57BL/6 mice than in wild type C57BL/6 mice (Figure 

IOC). The raw data from this in vivo tumour growth experiment in beige mice is shown 

in Appendix 4.
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Figure 10. Immunisation with C23 lysate-pulsed DCs or non-pulsed DCs protects 
beige C57BL/6 mice from a subsequent C23 tumour challenge A Schematic of the 
experimental plan. The only differences from the initial C23 lysate-pulsed DC vaccine 
experiment (Figure 3; marked 5.7.5.) are that the C57BL/6 mice used are NK deficient 
(called beige C57BL/6), and there are only 5 mice per group. B C23 tumour lysate- 
pulsed DC vaccine experiment in beige C57BL/6 mice. Data represent the mean tumour 
volume (in mm^) ± S.E.M.. C Comparing the tumour volumes in wild type C57BL/6 
mice (—•-)  and beige C57BL/6 mice (—■--) that received the C23 challenge alone. The 
C23 lysate-pulsed DC vaccines experiments in wild type mice (the repeat experiment; 
marked 3.1.4.) and beige mice were performed simultaneously and are therefore directly 
comparable. The rate of tumour growth was very similar in the both C23 lysate-pulsed 
DC vaccines experiments in wild type mice, hence the combined data is shown in this 
figure. Data represent the mean tumour volume ± S.E.M..
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3.1.5.2. Tumour infiltrating lymphocytes:

Flow cytometric analysis revealed that the small, hard, fibrous tumours that formed in 

the DC-immunised mice contained a large number of tumour infiltrating lymphocytes, 

relative to the large, soft tumours that formed in challenge only mice (Figure 11). The 

C23 lysate-pulsed DCs and non-pulsed DCs induced immune responses from the same 

effector cell types, with the tumour infiltrating lymphocytes from both mouse groups 

consisting of approximately equal numbers of CD8^ CTL and CD4^ Th cells.

3.1.5.3. IFN-y  secretion by splenic T lymphocytes in vitro:

Splenocytes were isolated from the beige mice 19 days after the C23 tumour challenge, 

and used in IFN-y ELISpot assays to examine the ability of CMV and C23 cells to 

activate the splenic T cells in vitro (Figure 12). A large number of splenocytes from 

DC-inununised mice were activated by CMV or C23 targets (> 40 spots/1 x 10̂  

splenocytes), relative to naïve and challenge only splenocytes (< 22 spots/1x10^ 

splenocytes). Splenic T cells from mice immunised with C23 lysate-pulsed DCs or non- 

pulsed DCs were activated by the targets to an equal extent. CMV and C23 cells were 

equally inununogenic, activating a similar number of splenic T cells, in each treatment 

group.

3.2. Peptide-pulsed DC vaccine strategy:

3.2.1. Mouse RMA-S peptide binding assays:

We next investigated the potential of a peptide-pulsed DC vaccine approach to induce 

PAX3-FKHR-specific T cell responses, using our mouse model of ARMS. The C23 cell 

line, which would be used as a target in cytotoxicity assays, stably expresses mixed 

murine/human PAX3-FKHR cDNA. The amino acid sequence of the synthetic mixed 

murine/human PAX3-FKHR protein (NCBI identity: AF178854) is 100% homologous 

to the amino acid sequence of human PAX3-FKHR (NCBI identity: U02368) and the 

N-terminus of mouse PAX3 (NCBI identity: X59358). Because the C23 cell line, and 

syngeneic C57BL/6 mice, have a H2^ haplotype, we used SYFPBITHI and BIMAS 

computer programs to identify potential peptide motifs in the mixed murine/human 

PAX3-FKHR fusion protein that bind to the mouse H2-K^ and H2-D^ MHC class I 

molecules (Table 1).

No peptide sequences in the tumour-specific breakpoint region of the fusion protein 

were identified that theoretically should bind to H2-K*’ and H2-D^ molecules with
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Figure 11. Flow cytometric analysis of tumour infiltrating lymphocytes from NK 
deficient beige C57BL/6 mice (pulsed DC experiment marked Î.7.5.). The samples 
are disaggregated tumour cells isolated from beige C57BL/6 mice, from the different 
treatment groups, collected on day 19 post C23 tumour challenge. One or two tumours 
from each treatment group were analysed for tumour infiltrating lymphocytes, and mean 
± S.E.M. values are plotted where possible. Tumour cells were disaggregated with 
collagenase, stained with a panel of antibodies, and analysed by flow cytometry. Cells 
with the FSC and SSC typical for lymphocytes were gated and analysed.
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Figure 12. IFN-y secretion of beige mouse splenocytes cultured in vitro with CMV 
(PAX3-FKHR or C23 (PAX3-FKHR^" )̂ RMS target cells. Splenocytes were 
isolated from the beige C57BL/6 mice 19 days after the C23 tumour challenge. In this 
assay, splenocytes isolated from a naïve wild type C57BL/6 mouse were used as control 
effector cells (naïve). 1x10  ̂splenocytes were plated out with IxlO"̂  target cells/well of 
a 96-well plate (effector to target ratio of 1:10), and incubated at 37°C for 48 hours. We 
measured IFN-y secretion in triplicate wells, and analysed splenocytes from two mice 
per group. The values plotted are mean ± S.E.M. of each group. In control wells, 
splenocytes were cultured alone and the number of IFN-y secreting cells was subtracted 
from the values of the test wells.
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A. H2-K'̂  binding peptides
sta rt Residues SYFPEITHI BIMAS

position (single letter amino acid cod e) score SCOre

+ 282 QLMAFNHL 20 10

239 ERTHYPDI 16 0

Nonamers:
281 # NOL;M AFN%J^^y 0 12

Decamers:
280 ANQLMAFNHL " 0̂  " 47.5

B. H2-D" binding peptides

position (singie letter amino acid code) SCOre score 
J o n a m e r s ;  '

Start 
ositio 

Nonamers. 
+ 43
;  277

388

Decamers: 
+ 42

276, I
298  
277

Residues SYFPEITHI BIMAS

GVFINGRPL 19 200
OAGANOWA *' # >  #  ':43ÿ 
LSPQNSIRH 17 9 .36

^9

GGVFINGRPL
KQAQANQLMA
AMPTLPTYOL
QAGANQLMAF

a .
14 780

18 8.6

P ositive Controi Peptide: , (
NP68 ASNENMDAM 28 343.2

Table 1. Screening the PAX3 amino acid sequence present in mixed murine/human 
PAX3-FKHR for the presence of potential H2-K*’ and H2-D'’ binding motifs. A
Theoretical H2-K^ binding peptide sequences derived from the N-terminal PAX3 region 
of the synthetic mixed murine/human PAX3-FKHR protein (NCBI identity:
API78854). B Theoretical H2-D*’ binding peptide sequences derived from the N- 
terminal PAX3 region of the synthetic mixed murine/human PAX3-FKHR protein. + 
denotes peptides synthesised and tested in RMA-S binding assays. The predicted 
binding affinities of the NP68 positive control peptide are shown for comparison. NP68 
comprises residues 366-374 of the nucleoprotein of influenza virus strain A/NT/60/68. 
The SYFPEITHI and BIMAS programs can be found at: http://syfpeithi.bmi- 
heidelberg.com and http://bimas.dcrt.nih.gov/molbio/hla_bind/, respectively. Using the 
SYFPEITHI scoring system, every amino acid within a given peptide is evaluated and 
given an arbitrary value. For example, a value of 1 is given to amino acids that are only 
slightly preferred in the respective position, and optimal anchor residues are given the 
value of 15 (Rammensee et al, 1999). The BIMAS algorithm is based on similar 
binding principles, however the scoring system is on a different scale. Known MHC 
binding peptides have BIMAS scores in the hundreds.
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intermediate or high affinity (data not shown). We therefore, looked for CTL epitopes in 

the N-terminal PAX3 region of the fusion protein, which is potentially a tumour- 

associajted antigen. One PAX3-derived peptide motif was predicted to bind to H2-K^ 

with intermediate affinity, and two theoretical H2-D^ binding PAX3 peptide motifs 

were also identified (indicated by + in Table 1A and IB). The three PAX3-derived 

peptides were synthesised, and their ability to bind to H2-K^ and H2-D^ class I 

molecules determined in an RMA-S peptide binding assay.

The mouse lymphoma cell line RMA-S is deficient in the genes encoding the 

transporter associated with antigen processing (TAP) proteins (Schumacher et al, 1990). 

This TAP deficiency prevents efficient loading of newly synthesised H2-K’’ and H2-D^ 

class I molecules with endogenous peptides. The empty H2-K^ and H2-D^ molecules 

are unstable and only transiently expressed on the cell surface. The addition of 

exogenous H2-K^ or H2-D^ binding peptides stabilises the H2-K^ or H2-D^ class I 

molecules on the cell surface, which can be detected by immunoflourescence analysis. 

The parental RMA cell line does not have a TAP-deficiency, and expresses high levels 

of H2-K^ and H2-D^ molecules on the cell surface, bound to endogenously processed 

peptides.

In setting up the peptide binding assay, we determined the optimal peptide-RMA-S cell 

incubation time, and titrated the PE-conjugated antibodies to calculate the best 

concentration for staining (data not shown). Figure 13A shows that the level of H2-K^ 

expression is equally low in RMA-S cells cultured with the PAX3-derived QLM 

peptide (at 0.001-100|iM), a non binding negative control GVFI peptide (at 0.001- 

lOOp-M), and no exogenously added peptide. This suggests that the PAX3-derived QLM 

peptide does not bind to H2-K'’, even at high peptide concentrations. We did not have a 

positive control peptide, known to bind to H2-K^. However, the high levels of H2-K^ 

detected on the surface of the parental RMA cell line acted as a positive control for the 

antibody staining efficiency.

The peptide NP68 is derived from influenza virus nucleoprotein and is known to bind to 

H2-D^ with high affinity (Williams et al, 1996). We detected a 4-fold increase in the 

H2-D^ levels in RMA-S cells cultured with lOOp-M NP68, relative to RMA-S cells 

cultured with 100|liM  QLM negative control peptide (Figure 13B). The NP68 peptide
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Figure 13. Mouse RMA-S peptide binding assays. A Binding of peptides derived 
from mixed murine/human PAX3-FKHR protein to mouse H2-K*’. Error bars are 
standard deviation (S.D.) of triplicate samples. However, the negative control GVFI 
peptide was only tested in single wells, and no error bars are shown for this peptide. 
Parental RMA cells were stained with the anti-H2- antibody as a positive control 
(data not shown). B Binding of peptides derived from mixed murine/human PAX3- 
FKHR protein to mouse H2-D^. NP68 is derived from the influenza virus nucleoprotein, 
and served as an H2-D‘’ binding positive control peptide. Error bars are S.D. of triplicate 
samples. In the figure keys, each peptide is identified by its first 3-4 amino acid residues 
(see Table 1 for complete peptide sequences), and ‘No Pep.’ indicates samples where no 
exogenous peptide was added. 2x10^ RMA-S cells were incubated with various 
concentrations of peptide for 3 hours, and the level of MHC class I quantified by FACS 
analysis of cells stained with PE-counjugated antibodies. Mean fluorescence intensity 
(M.F.I) is plotted against peptide concentration (in pM).

Chapter 3 201



showed significant binding to H2-D^ even at low concentrations (0.1 (xM NP68; student 

r-test, p<0.001). The PAX3-derived peptides GVFI and GGVF were unable to bind to 

H2-D^ at the lower peptide concentrations, but showed significant binding at the highest 

concentration tested (100|xM; student r-tests, p<0.001). Incubation of RM A tS cells with 

100p,M GVFI or GGVF resulted in a more than 2-fold increase in the levels of H2-D*’ 

on the cell surface, compared to RMA-S cells cultured with 100|xM QLM negative 

control peptide (Figure 13B).

3.2.2. Human T2 peptide binding assays:

We also attempted to identify HLA-A*0201 binding peptide motifs derived from human 

PAX3-FKHR that can be used to pulse MoDCs in a vaccine strategy for the treatment of 

ARMS. Published data has shown that natural peptides with high affinity to HLA- 

A*0201 are typically nonamers or decamers, with conserved anchor residues at position 

P2, and P9 or PIO (Rammensee et al, 1999). Table 2A shows that the SYFPEITHI and 

BIMAS computer programs predicted that no peptide sequences spanning the 

breakpoint of human PAX3-FKHR can bind to HLA-A*0201 with intermediate or high 

affinity. However, several peptide motifs derived from the tumour-associated N- 

terminal PAX3 region of the fusion protein were predicted to bind strongly to HLA- 

A*0201 (Table 2B). We selected the peptide KLTEARVQV as it gained a high binding 

affinity score with both SYFPEITHI and BIMAS algorithms. The peptide was 

synthesised and tested for HLA-A*0201 binding.

Similar to the mouse RMA-S cell line, human T2 cells are TAP-deficient and express 

unstable HLA-A*0201 on their surface (Alexander et at, 1989; Cerundolo et at, 1990). 

The HLA-A*0201 binding ability of exogenously added peptides can be determined by 

measuring the increase in cell surface HLA-A*0201 expression, using 

immunoflourescence analysis.

Setting up the T2 peptide binding assay, multiple parameters were optimised to allow 

the detection of maximum peptide-specific up-regulation of HLA-A*0201. We found 

that overnight incubation of T2 cells with the exogenous peptides was superior to 

incubation periods of 3 hours or 6 hours. The addition of p2-microglobulin to the culture 

media helped to stabilise HLA-peptide complexes on the cell surface. Incubating the T2 

cells with peptides in media supplemented with 5% boiled FCS was better than
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A. P ep tid es  sp an n in g  th e  PAX3-FKHR breakpoin t

sta rt Residues SYFPEITHI BIMAS
position (single letter amino acid code) scores sco res 

Nonâfïiôrsi '  '  '  * 44

5 NGLSPQ/NSI 14 0 .252
' ' :T ' _ R Q /N Sm m &  ; . 0 . 0 4 8

6 GLSPQ/NSIR 13 0 .006

B. P ep tid es  derived form th e  N-terminai PAX3 region
sta rt Residues SYFPEITHI BIMAS

p osition (single letter amino acid code) sc o r e sc o r e
Nonamers:

- 257 KLTEARVQV 24 998
25 0

2 TLAGAVPRM 23 11.4
21.1 2 147

Positive Control Peptide;,^ ?., y
FMP GILGFVFTL 30 550.9

Table 2. Screening the human PAX3-FKHR amino acid sequence for the presence 
of potential HLA-A*0201 binding motifs. A The predicted HLA-A*0201 binding 
affinities of nonamers spanning the breakpoint region of human PAX3-FKHR (NCBI 
identity: U02368). The amino acids sequence derived from the breakpoint region that 
was analysed: PTIGNGLSPQ/NSIRHNLSLH (/ denotes the breakpoint). Shown are the 
strongest predicted HLA-A*0201 binders. B The theoretical HLA-A*0201 binding 
affinities of peptides derived from the PAX3 amino acid sequence present in human 
PAX3-FKHR. Shown are the strongest predicted HLA-A*0201 binders. + denotes 
peptides synthesised and tested in T2 peptide binding assays. The predicted HLA- 
A*0201 binding affinities of the flu-matrix peptide (FMP; positive control) are shown 
for comparison. The SYFPEFTHI and BIMAS programs can be found at: 
http://syfpeithi.bmi-heidelberg.com and http://bimas.dcrt.nih.gov/molbio/hla_bind/, 
respectively.

Chapter 3 203

http://syfpeithi.bmi-heidelberg.com
http://bimas.dcrt.nih.gov/molbio/hla_bind/


experiments using serum free media. The FTTC-conjugated anti-human HLA-A2 

antibody detected stabilised HLA-A*0201 on the cell surface, and produced a higher 

MFI than HB54 or HB117 antibodies used with the corresponding FTTC-conjugated 

secondary antibody (data not shown).

Depicted in Figure 14 are two representative T2 peptide binding experiments. Figure 

14A shows that the negative control peptide (QLM) was unable to bind and stabilise 

HLA-A*0201 molecules at any peptide concentration tested. However, the positive 

control FMP showed significant binding to HLA-A*0201 when added at > lOjiM 

(student f-tests; p<0.01). The PAX3 KLT peptide was only able to show significant 

HLA-A*0201 binding at the highest peptide concentration tested (lOOpM; student f-test, 

p=0.01). The addition of lOOpM FMP caused a 5.3 fold increase in HLA-A*0201 

expression relative to lOOpM negative control peptide (QLM), whereas lOOpM PAX3 

KLT peptide only induced MHC expression 1.9 fold. Overall, the result from this 

experiment suggests that the PAX3 KLT peptide binds to HLA-A*0201 with 

intermediate affinity. In the T2 assay depicted in Figure 14B, lOOpM PAX3 KLT 

peptide binds strongly to HLA-A*0201 (3.8 fold induction, relative to lOOjiM QLM), 

with a binding efficiency nearly as high as the positive control FMP peptide (4.8 fold 

induction). This demonstrates the variation in the results between independent T2 

assays, performed under identical conditions.

Next, we wanted to test the immunogenicity of the PAX3 KLT peptide. We screened 

PBMCs from five healthy donors and identified one HLA-A*0201^ individual (data not 

shown). The HLA-A*020C PBMCs were to be used as a source of MoDCs and 

responder CD8^ T cells. We also screened multiple human RMS cell lines, to identify 

HLA-A*020L^ cell lines that expressed PAX3 or PAX3-FKHR, to use as targets in a 

cytotoxicity assay. Unfortunately the two RMS cell lines that were HLA-A*0201^

(RMS and HXlTOc) did not express elevated levels of PAX3 or PAX3-FKHR mRNA 

(see Chapter 2, Figure 13). Time constraints prevented the in vitro stimulation of CD8^

T cells (isolated from the PBMCs of a HLA-A*0201'*’ healthy donor) with autologous 

PAX3 KLT peptide-pulsed MoDCs for CTL priming.

3.3, Transfection of DCs with PAX3-FKHR mRNA:

Investigating this alternative immunotherapeutic strategy, we attempted to transfect in 

vitro cultured mouse DCs with mRNA encoding PAX3-FKHR. To optimise the
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Figure 14. Up-regulation of HLA-A*0201 expression on T2 cells after incubation 
with the PAX3 peptide KLT. The KLT peptide epitope is derived from the N-terminal 
region of PAX3, which is retained in the PA X3-pj^R fusion protein. Flu matrix 
peptide (FMP) was used as a positive control, and the QLM peptide (see Table 1 for full 
amino acid sequence) was used as a negative control. A and B are two representative 
experiments, showing MFI at varying peptide concentrations (uM is used an 
abbreviation of micromolar). The two T2 peptide binding assays were performed under 
identical conditions. In A, the error bars are S.D. of triplicate samples. In B, each 
peptide concentration was tested in single cultures, and no error bars are shown. 3x10^ 
T2 cells were incubated with various concentrations of peptide overnight in media 
supplemented with 5% boiled FCS. The cells were then stained with FITC-counjugated 
mouse anti-human HLA-A2 monoclonal antibody or a FITC-conjugated isotype control 
antibody, and the level of HLA-A*0201 quantified by flow cytometric analysis.
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transfection procedure using TransMessenger Reagent, we initially attempted to 

transfect the human RD cell line with GFP mRNA. We synthesised the GFP mRNA 

from a cDNA template in the pGEM4Z/GFP/A64 plasmid, using an in vitro 

transcription reaction with T7 polymerase. Figure 15A shows that GFP protein can be 

synthesised from the pGEM4Z/GFP/A64 plasmid in an in vitro transcription translation 

(FVT) reaction.

Preliminary experiments demonstrated that without the addition of a 5' cap to the GFP 

mRNA during the in vitro transcription reaction, the GFP protein could not be translated 

in vivo, following transfection. Approximately 29% of RD ERMS cells were 

successfully transfected with in vitro transcribed GFP mRNA (possessing a 5' cap) and 

expressed GFP protein, as shown by flow cytometry (Figure 15B). However, the level 

of GFP protein expressed in the GFP mRNA-transfected RD cells was less than in RD 

cells successfully transfected with GFP DNA. We next attempted to transfect in vitro 

differentiated mouse DCs with in vitro transcribed GFP mRNA (with a 5' cap). DCs 

were identified during FACS analysis by their large size, high granularity and 

expression of the MHC class H molecules I-A/I-E. Unfortunately, only 2% of the 

immature DCs (Figure 16A) and 1.7% of the mature DCs (data not shown) were 

successfully transfected and expressed GFP protein. The poor transfection efficiency 

was not the result of using degraded GFP mRNA, as the in vitro transcribed GFP 

mRNA appeared as a single band of the correct size (850 bp) when electrophoresed on a 

1.2% agarose gel (not shown).

Unfortunately, this transfection efficiency was too low to examine the ability of PAX3- 

FKHR mRNA-pulsed mouse DCs to induce PAX3-FKHR-specific immune responses in 

vitro or to protect against a subsequent lethal dose of C23 challenge cells in vivo. 

Nonetheless, PAX3-FKHR mRNA can be transcribed in vitro from the pBK-CMV-P3F 

plasmid (Figure 16B), and is suitable to use for the transfection of DCs when a superior 

RNA transfection technique is established in the laboratory.
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Figure 15. Transfection of the human RD cell line with in vitro transcribed GFP 
mRNA. A In vitro transcription and translation (IVT) of GFP protein from the 
pGEM4Z/GFP/A64 plasmid, using the TNT coupled reticulocyte lysate system. The 
starting genetic material used for the IVT reaction was linearised plasmid DNA or RNA 
transcribed in vitro from the plasmid using T7 polymerase. A luciferase DNA plasmid 
was used in an IVT reaction as a positive control. The sample labelled blank contains all 
the TNT reaction reagents, without any DNA or RNA added. The expected sizes of the 
luciferase and GFP proteins are 60 KDa and 30 KDa, respectively. The incorporated 
[^^S]methionine was detected by exposing the membrane on a phosphoimager screen. B 
GFP protein expression in human RD cells after transfection with GFP mRNA (+ 5' 
cap) using TransMessenger Reagent. GFP mRNA was in vitro transcribed from the 
pGEM4Z/GFP/A64 plasmid using T7 polymerase, in the presence of m^G capping 
analogue. Mock-transfected cells were cultured with the TransMessenger Reagent 
alone. As a positive control, one well of RD cells were transfected with GFP DNA 
(pCMS-EGFP plasmid) using FuGENE 6 Transfection Reagent. 30 hours post 
transfection, the cells were harvested and analysed by FACS. Viable cells were gated 
and analysed for GFP expression. The number of GFP-positive cells was set as 1.2% in 
the mock-transfected cell samples, and the GFP-positive cells are shown in blue.
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Figure 16. A GFP protein expression in immature mouse DCs after transfection with in 
vitro transcribed GFP RNA (+ 5' cap), using TransMessenger Reagent. Immature DCs 
were cultured in vitro from CD34^ bone marrow progenitors in rmOM-CSF and rmIL-4 
for 7 days. GFP mRNA was in vitro transcribed from linearised pGEM4Z/GFP/A64 
plasmid using T7 polymerase and 5' m^G capping analogue. Mock-transfected cells 
were cultured with the TransMessenger Reagent alone. 30 hours post transfection, the 
cells were harvested, stained with flourochrome-conjugated antibodies, and analysed by 
FACS. Large, granular cells were gated and analysed for 1-A/l-E and GFP expression. 
DCs were identified by their high level expression of 1-A/I-E, and GFP-transfected DCs 
appear in the upper right (UR) quadrant (1-A/l-E^, GFP^). The number of GFP-positive 
DCs was set as 1.1% in the mock-transfected cell sample. B In vitro transcription and 
translation of mixed murine/human PAX3-FKHR protein from the pBK-CMV-P3F 
plasmid, using the TNT Coupled Reticulocyte Lysate System. The mixed 
murine/human PAX3-FKHR protein is approximately 130 KDa, and a band of the 
expected size was detected in the lane corresponding to the IVT of pBK-CMV-P3F 
(labelled IVT). In the negative control lane (Neg.), no linearised pBK-CMV-P3F DNA 
was added to the TNT lysate reaction. The incorporated [^^S]methionine was detected 
by exposing the membrane on a phosphoimager screen.
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4. Discussion

Although multimodal therapy has been shown to improve the survival rate of ARMS 

patients, relapse is common and patients diagnosed with metastatic disease generally 

have low survival rates (Pappo et al, 1995; Anderson et al, 1999a). Hence, there is a 

need for alternative treatments, such as immunotherapy. In the present study, we have 

examined several pulsed DC vaccine strategies that could be used to target PAX3- 

FKHR-expressing ARMS cells.

4.1. Use of DCs loaded with tumour lysate to induce tumour-specific immunity:

We investigated the ability of tumour lysate-pulsed DC immunisations to induce PAX3- 

FKHR-specific immune responses in vivo, using a mouse model of ARMS. Mouse 76-9 

RMS cells stably expressing mixed murine/human PAX3-FKHR were generated (clone 

used was called C23). Sub-cutaneous injection of 1x10^ viable C23 cells into syngeneic 

C57BL/6 mice led to the formation of large sub-cutaneous tumours that were shown to 

express PAX3-FKHR mRNA.

4.1.1. Preparation and administration o f tumour-lysate pulsed DCs: 

Immunophenotypic analysis demonstrated that we successfully cultured DCs in vitro 

from C57BL76 bone marrow progenitors using rmGM-CSF and rmIL-4 (Figure 2). The 

DCs were pulsed with C23 tumour cell lysate in the presence of KLH, which has been 

shown to improve the efficacy of pulsed DC immunisations in vivo (Shimizu et al,

2001). Interestingly, the DCs cultured with KLH alone underwent maturation, as 

indicated by an increase in the expression of at least two of the following surface 

antigens: the MHC class II molecules I-A/I-E, and the co-stimulatory molecules CD80 

and CD86. While CD40 ligand and EPS are known DC maturation stimuli (Labeur et 

al, 1999), KLH has not previously been shown to promote DC activation in vitro. In 

negative control DC maturation cultures, the in vitro generated immature DCs were 

harvested on day 7 and re-plated in fresh media without exogenous KLH for 24 hours. 

The finding that these DCs underwent maturation (data not shown) suggests either that 

the process of re-plating the immature DCs (cell handling included centrifugation and 

pipetting) was sufficient to activate the cells, or that one of the tissue culture solutions 

used was contaminated with endotoxin. The tissue culture media solutions, including 

the vial of KLH, should be tested for endotoxin contamination before future use.
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The in vitro differentiated, bone marrow-derived DCs did not express detectable levels 

of the mouse DC marker DEC205. However, this can be explained by the fact that 

DEC205 expression is known to be absent in bone marrow cells (Inaba et al, 1995).

We used the PAX3-FKHR-expressing C23 cell line as a source of tumour cell lysate to 

maximise the chances of generating immune responses specific for PAX3-FKHR. 

Utilising lysate from tumours, isolated from syngeneic mice following injection with 

viable C23 cells, might result in the induction of immune responses against tumour 

antigens present in other cell types, such as the endothelial cells recruited to the tumour 

site.

The route of vaccine injection is an important factor to consider. Previous investigators 

have administered tumour lysate-pulsed DCs via several different routes (Fong et al, 

2001; Lambert et al, 2001). However, there is no consensus on which administration 

route is optimal for DC induction of anti-tumour immunity. We chose sub-cutaneous 

injection, which is widely used in murine models of pulsed DC immunisations.

4.1.2. Immune responses against KLH:

In accordance with published murine antigen-pulsed DC vaccine studies, the DCs were 

loaded with tumour lysate and KLH. Shimizu and colleagues (2001) demonstrated that 

pulsing DCs with tumour lysate in the presence of KLH augments the efficacy of 

tumour lysate-pulsed DC immunisations in vivo. In addition to its role as a helper 

antigen, KLH serves as an immunological tracer molecule, and immune responses 

against this control immunogen can be measured following successful immunisation. 

Figure 4 shows that splenic T cells isolated from DC-immunised mice (C23 lysate- 

pulsed DCs or non-pulsed DCs) were in an activated state, with large numbers of cells 

secreting IFN-y when cultured in vitro with no exogenous stimulus. In contrast, virtually 

all the splenic T cells of naïve mice were inactive when cultured in vitro with no 

stimulus. The data suggest that the mice were successfully immunised with C23 lysate- 

pulsed DCs or non-pulsed DCs, and the immunisations activated a large number of 

splenic T cells. Interestingly, splenocytes collected from challenge only mice, and 

cultured in the absence of exogenous KLH, contained a slightly elevated number of 

IFN-y secreting cells relative to naïve mice. This suggests that the C23 tumour 

challenge was itself moderately immunogenic, activating some host T lymphocytes in 

vivo.
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When naïve or challenge only mouse splenocytes were cultured in vitro with KLH for 

48 hours we observed a large increase in the number of activated splenic T cells. 

However, there was no significant difference in the number of IFN-y secreting splenic T 

cells when splenocytes of DC-immunised mice were cultured with or without KLH for 

48 hours. One reason why splenic T cells from DC-immunised mice showed no IFN-y 

response against KLH in vitro might be because the KLH-specific T cells were already 

in an activated state as a result of the DC immunisations. A better assay to quantify in 

vitro cellular responses against KLH might be to measure the proliferation ([^H]- 

thymidine incorporation) of splenic T cells cultured in vitro with KLH for 5 days (see 

Holtl et al, 1999).

4.1.3. Non-pulsed DCs induce anti-tumour immune responses:

4.1.3.1. Vaccination with €23 lysate-pulsed DCs versus non-pulsed DCs:

Two separate in vivo tumour growth experiments performed using wild type C57BL/6 

mice demonstrated that non-pulsed activated DC vaccinations were able to protect mice 

from a subsequent C23 tumour challenge as effectively as C23 lysate-pulsed DC 

vaccinations (Figures 3 and 6). The unexpected protection provided by non-pulsed DC 

vaccinations in control mice made it extremely difficult to evaluate the in vivo 

protective effect of immunisation with DCs pulsed with lysate containing PAX3-FKHR 

antigen.

The small tumours that did form in DC-immunised mice were shown to contain greatly 

increased numbers of tumour infiltrating lymphocytes relative to mice receiving the C23 

tumour challenge alone. Immunophenotypic analysis revealed that C23 lysate-pulsed 

DCs and non-pulsed DCs activated similar immune effector cell types, with equal 

numbers of CD8^ and CD4^ T cells infiltrating the tumours in both treatment groups 

(Figure 8).

To investigate whether C23 lysate-pulsed DCs or non-pulsed DCs primed T cells that 

specifically target PAX3-FKHR-expressing C23 cells, we analysed the splenic T cells 

in vitro. Activated T cells secrete IFN-y, however it is important to note that any natural 

killer T (NKT) cells or NK cells present in the splenocyte samples also secrete IFN-y 

upon activation. Figures 5 and 9 show that neither C23 lysate-pulsed DCs nor unpulsed 

DCs induced an immune response with increased activity against C23 targets compared 

to CMV targets. This finding suggests that the DC vaccinations were unable to prime
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naïve T cells towards PAX3-FKHR-specific T cells in vivo. Additionally, C23 lysate- 

pulsed DC immunisations protected mice from a subsequent CMV challenge as 

effectively as against a C23 challenge (Figure 6B). This further suggests that the C23 

lysate-pulsed DCs did not prime PAX3-FKHR-specific T cells (or NK cells that target 

MHC class I negative cells).

In future in vivo tumour growth experiments, an additional treatment group should be 

investigated. Immunising mice with KLH alone prior to a C23 tumour challenge would 

allow us to discriminate between the non-specific protection provided by the KLH 

adjuvant, and the amount of protection provided by activated non-pulsed DCs.

4.1.3.2. Evidence in the literature for the protective effects o f non-pulsed DCs : 

Miller and colleagues (2002) demonstrated that DCs infected with an empty adenoviral 

vector lacking a therapeutic transgene (termed AdDCs) were activated and 

immunostimulatory. AdDC immunisations were able to protect mice from a subsequent 

tumour challenge. The investigators postulated that the activated AdDCs secreted IL-12, 

which induced T cell and NK cell responses in vivo, resulting in systemic anti-tumour 

immunity.

It is important to note that the AdDC immunisations were not as efficient as tumour 

antigen-pulsed DC immunisations at protecting mice from a subsequent tumour 

challenge (Miller et al, 2002). Hence, their findings cannot fully explain our results, in 

which non-pulsed DCs conferred an equal amount of tumour protection as C23 lysate- 

pulsed DCs. In future experiments, one group of mice could be inununised with 

immature non-pulsed DCs, followed by a C23 tumour challenge. This would address 

the question of whether immature non-pulsed DCs, that do not secrete IL-12, are able to 

protect mice from a subsequent C23 tumour challenge. However, immunising mice with 

DCs in an immature state is hard to achieve in practice.

4.1.3.3. Possible expression o f endogenous retroviruses (ERVs) in the 76-9-

derived cell lines:

The finding that there were consistently a few tumour infiltrating lymphocytes in the 

mice that received the C23 tumour challenge alone, along with the in vitro ELISpot 

results showing that C23 cells activated a small number of splenic T cells isolated from 

naïve and challenge only mice, suggests that the C23 cells are at least moderately
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immunogenic. One possible explanation is that the extensively passaged 76-9-derived 

cell lines (CMV and C23) are immunogenic because they express ERV protein(s) that 

are not present in the C57BL/6 mouse and therefore act as tumour-associated T cell 

antigen(s).

Proviral remnants of ancestral retroviral infections are integrated in the genomes of all 

vertebrates, and are known as ERVs (Lower et al, 1996). ERV gene products can be 

processed, generating antigenic peptides for presentation. Members of the human and 

mouse ERV families are preferentially expressed in fresh tumours and cell lines rather 

than normal tissues (Wang et al, 1995; Huang et al, 1996; Schiavetti et al, 2002).

Hence, ERVs serve as potential TAAs, which can be exploited in cancer 

inununotherapeutic strategies. Yang and Perry-Lalley (2000) reported that the envelope 

protein of a mouse ERV of the AKV family, which is found in the germline of C57BL/6 

mice, serves as a TAA in two different syngeneic tumours. The investigators found that 

the envelope protein component pl5E is naturally presented in the context of H2-K^ and 

is recognised by tumour infiltrating lymphocytes. Utilising the TS/A mouse mammary 

adenocarcinoma cell line in preclinical studies of cancer immunotherapy, Rosato and 

colleagues (2003) identified the gp70 envelope protein of a murine ERV as the target 

antigen for TS/A-specific CTLs. Immunisation of BALB/c mice with the carcinogen- 

induced colorectal tumour CT26, engineered to secrete GM-CSF, results in the 

expansion of CT26-specific CTLs. Huang et al (1996) showed that virtually all of these 

CT26-specific CTLs specifically recognised an immunodominant peptide derived from 

the gp70 envelope protein of murine leukaemia virus. Furthermore, adoptive transfer 

experiments showed that the CT26-specific CTLs were effective in eradicating 

established CT26 tumours in vivo.

It is possible that during heavy passaging, the 76-9 cell line has been infected with a 

retrovirus, which is absent from the parental C57BL/6 mouse, resulting in the 

emergence of new antigenic determinants. Following tumour challenge with the 76-9- 

derived C23 cells, the ERV gene products could be perceived as ‘foreign’ by the host 

immune system and targeted by a CTL response. We could test the 76-9-derived cell 

lines and C57BL/6 mouse strain for the presence of known murine ERVs by RT-PCR 

analysis.
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The ability of human ERV gene products to serve as TAAs in human cancers has also 

been investigated. Muster et al (2003) reported that human ERV-K is expressed in 

human melanomas and métastasés but not in normal melanocytes. Schiavetti and 

colleagues (2002) identified a human ERV gene product (called HERV-K-MEL) that 

acts as a melanoma-associated antigen, and demonstrated that melanoma patient CTLs 

can target cells expressing HERV-K-MEL peptide-HLA-A2 complexes, in vitro. The 

results of several preclinical studies using mouse models suggest that CTLs specific for 

ERV tumour antigens might be therapeutically useful for the treatment of some human 

cancers (Kershaw et ai, 2001; Rosato et al, 2003).

4.1.4. Effector cell types targeting the C23 tumour challenge cells in vivo:

4.1.4.1. Role o fT  cells:

Immunophenotypic analysis revealed that the lymphocytes infiltrating the tumours of 

DC-immunised wild type C57BL/6 mice were primarily CD8^ CTLs and CD4^ Th cells 

(Figure 8). Furthermore, the splenic T cells of DC-immunised mice were activated and 

secreted IFN-y when cultured with CMV or C23 target cells in vitro (Figures 5 and 9). 

The presence of CD3 CD4 CD8 yÔ T cells infiltrating the tumours was not determined, 

and should be investigated in future experiments.

To examine further the mechanism of anti-tumour immunity in the DC-immunised 

mice, splenocytes collected 2 days following C23 tumour challenge were used for in 

vitro cytotoxicity assays. However, high spontaneous LDH release by the effector and 

target cell populations masked any effector-mediated target cell killing. We intended to 

determine whether C23 target cell killing was abrogated in DC-immunised mouse 

splenocyte cultures depleted of functional CD8^CTLs, CD4^ Th cells, or NKl.l"^ cells, 

using blocking antibodies.

To determine whether immunological memory was generated, we hoped to re-challenge 

the mice that did not develop tumours by day 70 following C23 tumour challenge. 

However, this experimental procedure was not permitted under our current animal 

project licence. In future experiments, the tumour infiltrating lymphocytes could be 

stained with CD3 and CD45R<>/Ra antibody combinations, in order to determine whether 

the lymphocytes located at the tumour site are naïve or memory T cells.
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4.1.4.2. Role o fNK cells:

The finding that PAX3-FKHR virtually abolishes MHC class I expression in the mouse 

76-9 cell line (Chapter 2, Figure 15 A) suggests that C23 cells might be susceptible to 

NK cell attack. We hypothesized that the DC immunisations (C23 lysate-pulsed DCs 

and non-pulsed DCs) might trigger innate NK cell-mediated anti-tumour immunity in 

vivo. Activated mouse DCs secrete IL-12, which is known to play an essential role in 

activating NK cells (Trinchieri, 2003). Furthermore, Fernandez and colleagues (1999) 

reported that adoptively transferred DCs are able to promote NK cell responses against 

mouse MHC class I negative tumours.

Treatment of wild type C57BL/6 mice with monoclonal antibody against N K l.l is the 

most commonly used method to block NK cell activity in vivo. However, money 

constraints prevented us from adopting this approach. Instead we performed the in vivo 

tumour growth experiment using beige C57BL/6 mice, which are deficient in NK cell 

function (Roder, 1979). Beige mouse cells are unable to secrete perforin and granzymes, 

and as a result NK cells are functionally defective because they rely solely on the 

perforin system to kill targets. In contrast, CTLs and NKT cells utilize both the perforin 

system and the Fas ligand-Fas system to lyse targets, and their cytotoxicity is only 

moderately compromised in beige mice (Bannai et al, 2000).

Figure I OB shows that both C23 lysate-pulsed DC inununisations and non-pulsed DC 

immunisations were capable of protecting beige C57BL/6 mice against a subsequent 

C23 tumour challenge, as observed in wild type C57BL/6 mice. This result suggests that 

NK cells are not the sole effector cell type responsible for anti-tumour immunity in vivo. 

More accurately, we can conclude that the perforin system of cell lysis is not crucial for 

killing C23 cells in vivo.

In the C23 challenge only groups, the syngeneic tumours grew at a faster rate in beige 

mice than in wild type mice (Figure IOC). This result suggests that in the absence of DC 

vaccination, the release of perforin by effector cells (NK cells, NKT cells and T cells) 

plays a role in slowing the growth of the tumour, but is insufficient to prevent tumour 

growth. Furthermore, effector cell killing via perforin release appears to be an important 

process for lysing the C23 tumour challenge cells, and cannot be entirely compensated 

for by other killing mechanisms.
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It is worth noting that activated NK cells release IFN-y (Chan et al, 1992). Hence, the 

wild type C57BL/6 splenocytes that secreted IFN-y when cultured in vitro with CMV or 

C23 targets might have included activated NK cells. NK cells can be phenotypically 

identified as CD3 CD4 CD8 N K l.r  or CD3 CD4 CD8+ N K l.T  cells. The 

immunophenotypic data collected from the tumour infiltrating lymphocytes (Figures 7 

and 8) suggests that CD3 CD8^ NK cells do not play a major role in targeting C23 

challenge cells in vivo. Unfortunately, the NKl.l-specific antibody displayed a lot of 

non-specific binding and meaningful results could not be obtained. Hence, we were 

unable to determine the numbers of CD3 CD8 N K l.U  NK cells infiltrating the tumours.

4.1.4.3. Role o f NKT cells:

NKT cells have recently been discovered and are conventionally identified as 

CJ33+/10WCD4+CD8' or CD3"''’°"'CD4'CD8' T cells, which also express several NK cell 

antigens, including N K l.l (MacDonald, 1995). NKT cells do not express a normal T 

cell receptor repertoire, instead they possess an invariant T cell receptor that specifically 

binds to the non-classical MHC class I-like molecule CD Id presenting glycolipid 

antigens (Bendelac et al, 1995). NKT cells have been shown to interact with DCs via a 

CD40 ligand, and activated NKT cells secrete cytokines such as IFN-y (Brutkiewicz and 

Sriram, 2002). Cui and colleagues (1997) reported that NKT cells are important in IL- 

12-mediated anti-tumour immunity.

It is feasible that in our mouse ARMS model, IL-12 secreted by the activated DCs 

administered to the mice (C23 lysate-pulsed DCs or non-pulsed DCs) is able to activate 

an NKT cell-mediated anti-tumour response. Theoretically, the IFN-y secreting 

splenocytes stimulated by the CMV and C23 cells in vitro (Figures 5 and 9) might be 

activated NKT cells. The panel of antibodies used to immunophenotype the tumour 

infiltrating lymphocytes does not eliminate the possibility that some NKT cells are 

infiltrating the tumours. However, the majority of CD3^ T cells present in the tumours 

appear to be either CD3^CD8^ CTLs or CD3^CD4^ Th cells.

4.1.5. Conclusions and future direction o f the tumour lysate-pulsed DC project:

In this study we have shown that both C23 lysate-pulsed DC immunisations and non- 

pulsed DC immunisations protect mice against a subsequent C23 tumour challenge, and 

the tumour protection does not appear to be PAX3-FKHR-specific. The activated DCs 

administered to the mice, and the cytokines they secrete, are unlikely to persist until the
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tumour challenge. Miller and colleagues (2002) postulated that activated non-pulsed DC 

immunisations might protect mice from a subsequent tumour challenge by inducing 

autoimmunity through the capture and presentation of self antigens. Alternatively, IL-12 

secreted by the activated DCs might activate NKT cells that are important in innate anti

tumour immunosurveillance (Cui et al, 1997).

A crucial future experiment is to determine whether C23 tumour lysate can serve as an 

effective immunogen, when processed and presented by mouse DCs, to stimulate 

PAX3-FKHR-specific T cell responses in vitro. DCs loaded ex vivo with PAX3-FKHR 

peptides or PAX3-FKHR mRNA might be more effective at initiating antigen-specific 

immune responses.

4.2. Use of peptide-pulsed DCs to stimulate PAX3-FKHR-specific CTL responses:

The SYFPEITHI and BIMAS computer programs were used to identify potential CTL 

peptide epitopes specific for the PAX3-FKHR protein that might be useful for 

developing peptide-pulsed DC vaccines to treat ARMS patients.

4.2.1. Targeting the tumour-specific PAX3-FKHR breakpoint region:

Unfortunately, no peptide sequences spanning the breakpoint of the human PAX3- 

FKHR fusion protein were predicted to bind strongly to HLA-A*0201 (Table 2A). We 

attempted to identify HLA-A*0201 binding peptide motifs as this is the most common 

HLA allele found in the human Caucasian population. Dagher and colleagues (2002) 

used the BIMAS computer program to identify peptide sequences in the breakpoint 

region of human PAX3-FKHR that might bind to other human HLA molecules. PAX3- 

FKHR breakpoint peptides were predicted to bind to HLA-A33, -A68, and -B7 with 

BIMAS binding affinity scores of 3.0, 7.5, and 120, respectively. These scores are far 

lower than that of the PAX3-derived KLT peptide (binding to HLA-A*0201) used in 

the current study, and the breakpoint peptides are unlikely to bind to the HLA molecules 

with intermediate to high affinity. These combined findings suggest that the tumour- 

specific breakpoint region of PAX3-FKHR is unlikely to be presented to the immune 

system of ARMS patients.

However, there are examples in the literature of natural HLA-A*0201 binding peptide 

epitopes that do not contain the HLA-A*0201 cononical binding motif at position 2, 

where a leucine residue is normally found (Yotnda et al, 1998). Such peptide motifs
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gain a low HLA-A*0201 binding affinity score using SYFPEITHI and BIMAS 

algorithms. Therefore, there might be atypical HLA-A*0201 binding peptide motifs 

spanning the breakpoint of the human PAX3-FKHR protein, and only by testing all 

possible 9mer and lOmer breakpoint peptides in T2 peptide binding studies can we rule 

out the possibility of a tumour-specific presentable peptide.

4.2.2. PAX3-derived peptide motifs that bind to mouse H2-K^ or H2-D^:

The N-terminal PAX3 region of PAX3-FKHR is potentially a tumour-associated 

antigen and suitable for targeted immunotherapy to treat ARMS (see 1.2.2.). 

Investigating this immunotherapeutic approach in our mouse model of ARMS, we 

selected 3 peptides from the PAX3 amino acid sequence retained in mixed 

murine/human PAX3-FKHR that theoretically should bind to mouse H2-K*’ or H2-D^ 

MHC class I molecules. The actual binding affinity of the peptides was determined 

using RMA-S cells. The PAX3 peptide QLM, which was predicted to be an H2-K^ 

motif, was unable to bind H2-K*̂  on the cell surface of RMA-S cells, at any peptide 

concentration tested (Figure 13A). In contrast, the PAX3 peptides GVFI and GGVF, 

which were predicted to bind to H2-D^, were able to bind and stabilise H2-D'^ molecules 

on the surface of RMA-S cells. As a result, incubation of RMA-S cells with lOOjiM of 

GVFI or GGVF peptide led to a more than two fold increase in H2-D^ levels (Figure 

13B). These two PAX3 peptide motifs have an intermediate binding affinity, unable to 

bind to H2-D^ as strongly as the positive control NP68 peptide.

In future experiments, we shall examine the inununogenicity of the two H2-D^ binding 

PAX3 peptides. In vitro generated C57BL/6 mouse DCs will be loaded with GVFI and 

GGVF peptides and tested for their ability to initiate PAX3-specific immune responses, 

in vitro and in vivo. In future tumour growth assays, the ability of the peptide-pulsed DC 

vaccinations to protect mice from a subsequent PAX3-FKHR^^^ C23 tumour challenge 

or PAX3-FKHR ''® CMV tumour challenge will be investigated. Mice could be 

challenged with 2x10^ viable syngeneic C23 or CMV cells, instead of the current 1x10^ 

cells, in order to elucidate any differences between the inununity induced by peptide- 

pulsed DCs and the non-specific immunity induced by non-pulsed DCs.

The amino acid sequence of the FKHR portion of mixed murine/human PAX3-FKHR is 

only 85% homologous to the C-terminus of mouse FKHR. Hence, the FKHR section of 

the mixed murine/human fusion protein is a neoantigen to the mouse immune system.
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and it is possible that the C23 cells might be killed in vivo as a result of a T cell 

response specific for peptide epitopes derived from the FKHR portion of mixed 

murine/human PAX3-FKHR. An important control will be to challenge the DC- 

immunised mice with 76-9 cells stably expressing a truncated mixed murine/human 

PAX3-FKHR protein that lacks the C-terminal FKHR section (a pBK-CMV plasmid 

containing truncated mixed murine/human PAX3-FKHR cDNA has been generated in 

the laboratory).

4,2.3. PAX3peptides that bind to HLA-A*0201:

Only one peptide derived from the PAX3 amino acid sequence present in human PAX3- 

FKHR contained the theoretical HLA-A*0201 binding motif (Table 2B). In an initial T2 

peptide binding assay, the PAX3 peptide KLT showed significant binding to 

HLA-A*0201, but only with intermediate affinity (Figure 14A). We found that 

variables, such as the length of time in culture and splitting/feeding frequency of the T2 

cells prior to the binding assay, affected the experimental results. In Figure 14B, PAX3 

KLT bound to HLA-A*0201 with higher affinity, with lOOpM KLT increasing HLA- 

A*0201 levels 3.8 fold relative to 100p.M negative control peptide (QLM). The T2 

peptide binding assay was performed 7 times in total, and in every experiment the 

PAX3 KLT peptide had an intermediate to high HLA-A*0201 binding affinity.

In future experiments to assess the inununogenicity of the PAX3 KLT peptide, CD8^ T 

cells isolated from the PBMCs of an identified HLA-A*0201^ healthy donor will be 

stimulated in vitro with autologous KLT peptide-pulsed MoDCs. MoDCs will have to 

be incubated with very high concentration of the KLT peptide, as peptide presentation 

requires the exogenous low-intermediate affinity peptides to be captured by DCs and 

loaded onto newly synthesized MHC class I molecules within the cell (Luft et al, 2001). 

The ability of the DC-stimulated CTLs to kill PAX3-expressing HLA-A*0201^ target 

cells can then be determined using in vitro cytotoxicity assays. The targets would 

include T2 cells pulsed with KLT peptide and T2 cells pulsed with an irrelevant peptide 

(such as QLM). Furthermore, it is important to determine whether the KLT epitope can 

be processed and presented from endogenously expressed PAX3-FKHR protein in 

tumour cells. Hence, additional targets would include the HLA-A*020L cell lines RMS 

and HX170c stably transfected with PAX3-FKHR or empty pBK-CMV vector.
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If the KLT peptide-pulsed DCs are able to stimulate CD8^ T cell responses that are 

capable of recognizing endogenously processed PAX3-FKHR protein, then the KLT 

peptide represents an attractive candidate for use in immunotherapy for HLA-A*020T^ 

ARMS patients. The PAX3-FKHR fusion protein has been shown to be vital for the 

ARMS malignant phenotype (Bemasconi et al, 1996; Scheidler et al, 1996; Ayyanathan 

et al, 2000), therefore the tumour cells can not down-regulate this antigen to avoid 

immune detection without loosing its malignant behaviour.

If the PAX3 KLT peptide is found to be immunogenic, then attempts could be made to 

improve its HLA-A*0201 binding affinity, by making single amino acid substitutions at 

the key anchor positions (positions 2 and 9). A higher affinity binding KLT peptide 

might augment the PAX3-FKHR-specific CTL response (Yun et al, 1999).

KLT is a CTL epitope, and DCs loaded with KLT peptide would only be able stimulate 

CD8^ T cells. However, it is well recognized that stimulation of CD4^ Th cells is 

important for the induction of effective, long lasting anti-tumour immunity (Banchereau 

et al, 2001b). Research identifying MHC class n  motifs in the N-terminus of PAX3 is 

warranted, as DCs pulsed with a combination of PAX3-FKHR-derived CD8^ and CD4^ 

peptide motifs would be preferred. Alternatively, we could use a ‘helper peptide’ known 

to bind to MHC class n  (such as the hepatitis B virus peptide TPPATRPPNAPIL; Lee 

et al, 1996), which would elicit a CD4^ T cell response that is specific for a non-specific 

antigen, but is sufficient to provide ‘help’ for emerging PAX3-specific CTL responses. 

Loading DCs with full length PAX3-FKHR mRNA or protein would allow endogenous 

processing and presentation of any immunogenic CD4^ peptide epitopes.

4.2.3.1. The specificity o f CD8^ T cells present in ARMS patients:

It would be interesting to determine whether peripheral blood lymphocytes isolated 

from HLA-A*0201^ ARMS patients contain CTLs that specifically lyse HLA-A*0201^ 

PAX3-FKHR-expressing target cells in vitro. One potential immunotherapeutic strategy 

is to use autologous MoDCs pulsed with KLT peptide as APCs to stimulate patient 

peripheral blood lymphocytes ex vivo. Peptide-specific T cell clones could then be 

isolated and be used for adoptive transfer. Tetramer analysis could be used to 

investigate whether the peripheral blood or tumour infiltrating lymphocytes of HLA- 

A*020L^ ARMS patients contain CD8^ T cells specific for the PAX3-derived KLT 

epitope.
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4.23.2. Generation o f PAX3-specific CTLs to target ERMS, Ewing 's sarcoma 

and melanoma:

If DCs loaded with KLT peptide are able to induce PAX3-FKHR-specific CD8^ T cell 

responses, then they should also stimulate CTL responses specific for the wild type 

PAX3 antigen. In this situation, KLT-peptide-pulsed DC vaccines could be used to treat 

HLA-A*020C patients with RMS, Ewing’s sarcoma or melanoma, in which the tumour 

cells express PAX3.

Interestingly, the KLT peptide is derived from an amino acid sequence that is conserved 

between PAX3 and PAX7. In HLA-A*020C patients, CTL responses specific for the 

KLT peptide might be able to target ERMS cells that over-express PAX7.

4.3. Use of DCs transfected with PAX3-FKHR mRNA to initiate tumour-specific 

immune responses:

We set out to examine the ability of in vitro differentiated mouse DCs pulsed with 

PAX3-FKHR mRNA to stimulate antigen-specific immune responses, in vivo and in 

vitro. Unfortunately, we were unable to transfect immature or mature mouse DCs with 

GFP mRNA efficiently, using TransMessenger Reagent (Figure 15B). In contrast, Liao 

and colleagues (unpublished data) were able to transfect up to 93% of immature DCs 

and up to 53% of mature DCs with GFP mRNA using TransMessenger Reagent 

(Qiagen TransMessenger Reagent data sheet). Unfortunately, the authors did not reply 

to our correspondence asking for their detailed experimental methodology.

The difficulty of transfecting DCs, compared to cell lines for example, is that DCs are 

non-proliferating cells. Standard lipofection reagents, such as FuGENE 6 Transfection 

Reagent (Roche) and Lipofectamine 2000 (Invitrogen), are unable to deliver genetic 

material into non-proliferating cells with high efficiency. Several studies have analysed 

the efficiency of different delivery strategies for the transfection of DCs with RNA. Van 

Tendeloo and colleagues (2001) reported that electroporation is superior to lipofection 

(using the cationic lipid DMRIE-C; Gibco) at introducing mRNA into DCs, obtaining a 

transfection efficiency of more than 50%. Numerous groups have subsequently 

electrotransfected DCs with in vitro transcribed mRNA or mRNA isolated from tumour 

cells (Sæb0e-Larssen et al, 2002; Grünebach et al, 2003; Milazzo et al, 2003). Breckpot 

and colleagues (2003) transduced DCs with a lentiviral vector, and achieved stable gene 

expression in nearly 100% of mature DCs. Therefore, future work attempting to
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transfect DCs with PAX3-FKHR mRNA should use proven transfection methods, such 

as electroporation or lentiviral transduction.

The findings to date using tumour RNA-transfected DCs are very encouraging. Mouse 

experiments have shown that DCs pulsed with tumour RNA can cause the regression of 

pre-established tumours (Ashley et al, 1997; Boczkowski et al, 2000; Nair et al, 2003). 

Furthermore, human DCs transfected with tumour RNA have been shown to induce 

tumour-specific T cell responses in vitro, in various cancer types including melanoma 

(Milazzo et al, 2003), chronic lymphocytic leukaemia (Müller et al, 2004), multiple 

myeloma (Milazzo et al, 2003), and prostate cancer (Heiser et al, 2002). Hence, 

immunisation with autologous DCs pulsed with PAX3-FKHR mRNA represents an 

attractive strategy for the generation of T cell responses that specifically target ARMS.

4.4. Conclusions:

We have established a mouse model of ARMS that is suitable for examining the ability 

of inununotherapeutic strategies to stimulate PAX3-FKHR-specific anti-tumour 

immunity. Studies utilizing this mouse ARMS model suggest that vaccination with 

tumour cell lysate-pulsed DCs is unable to prime PAX3-FKHR-specific T cell 

responses in vivo. Interestingly, C23 lysate-pulsed DCs and non-pulsed DCs did appear 

to have some non-specific protective effect against a subsequent tumour challenge. We 

have identified two peptides derived from the PAX3 amino acid sequence retained in 

PAX3-FKHR that are able to bind to mouse H2-D^ MHC class I molecule. The ability 

of DCs pulsed with these peptides to induce anti-tumour immune responses shall be 

determined using our mouse model of ARMS. Furthermore, a peptide from the PAX3 

sequence present in human PAX3-FKHR has been identified that binds to human HLA- 

A*0201 with intermediate affinity. The ability of MoDCs pulsed with this peptide to 

prime PAX3-FKHR-specific CTLs will be assessed in vitro, using HLA-A*0201^ 

normal donor samples. Transfection of DCs with PAX3-FKHR mRNA is a promising 

approach and warrants further investigation.
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Appendix 1. Tumour volumes (in mm )̂ from the initial C23 lysate-pulsed DC 
vaccine experiment in wild type C57BL/6 mice. To convert tumour diameter into 
tumour volume we used the formula: volume = 4/3ti (diameter/2)^. Where the volume is 
not written the mouse had been culled. Note that one mouse receiving C23 lysate-pulsed 
DC immunisations was culled day 11 post challenge as a result of trauma, but this was 
not as a result of habouring a large tumour.
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Appendix 2. IFN-y secretion of splenocytes cultured in vitro with CMV or C23 
RMS target cells The filled in bars represent splenocytes cultured alone, and the total 
number of spots in each sample are plotted. This is in contrast to Figures 5, 9, and 12, 
where the number of IFN-y secreting cells in the spleen only wells was subtracted from 
the values of the test wells. This figure summarises an experiment that was not depicted 
in any figure in the results section of this chapter. Methodology: splenocytes were 
isolated from the mice (wild type C57BL/6) from all treatment groups at the end of the 
in vivo tumour growth assay. We measured splenocyte IFN-y secretion in triplicate 
wells, and analysed splenocytes from two mice per group. The values plotted are mean 
± S.E.M. of each group. In negative control wells, CMV and C23 cells were cultured 
alone and secreted undetectable levels of IFN-y.
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Appendix 3. Tumour volumes (in mm )̂ from the repeat €23 lysate-pulsed DC 
vaccine experiment in wild type C57BL/6 mice. The individual mice were identified 
by the unique stripe pattern painted onto their tail (Key: Bl, black; R, red). The mean 
tumour volume in each treatment group is also shown at each time point. To convert 
tumour diameter into tumour volume we used the formula: volume = 4/3ti (diameter/2)'
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Appendix 4. Tumour volumes (in mm )̂ from the C23 lysate-pulsed DC vaccine 
experiment in beige C57BL/6 mice. The individual mice were identified by the unique 
stripe pattern painted onto their tail (Key: Bl, black; R, red). The mean tumour volume 
in each treatment group is also shown at each time point. To convert tumour diameter 
into tumour volume we used the formula: volume = 4/37: (diameter/2)^.

Chapter 3 226



Chapter 4:

Generation of Immunostimulatory Dendritic 
Cells from the Malignant Clone in Patients with 

Juvenile Myelomonocytic Leukaemia
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A bstract

Dendritic cells (DCs) are professional antigen presenting cells and play a central role in 

the development of anti-leukaemia immune responses. DCs develop from 

haematopoietic progenitors committed to the lymphoid or myeloid lineages, and in 

some instances from blood monocytes. We sought to determine whether malignant 

juvenile myelomonocytic leukaemia (JMML) cells could be differentiated in vitro into 

functionally active DCs, capable of presenting endogenous leukaemic antigens in the 

context of co-stimulatory signals, as required for the priming of leukaemia-specific T 

lymphocytes. Using granulocyte macrophage-colony stimulating factor and interleukin 

(IL)-4, we successfully differentiated peripheral blood mononuclear cells (PBMCs) 

from three JMML patients into cells that immunophenotypically and morphologically 

resembled immature DCs. With two of the patient immature DC cultures (JMML-1 and 

JMML-2), the addition of lipopolysaccharide (LPS) resulted in activation of the DCs, as 

measured by up-regulation of the co-stimulatory antigen CD86, the major 

histocompatibility complex (MHC) class II molecule HLA-DR, and the DC activation 

marker CD83. Additionally, the LPS maturation stimulus induced DCs cultured from 

normal donor and JMML-2 PBMCs to secrete large amounts of IL-12, an 

inununostimulatory cytokine important for DC-T cell interactions. Combined, these 

results provide strong evidence that the mature DCs generated from JMML-2 PBMCs 

possessed an immunostimulatory phenotype. However, the minimal secretion of IL-12 

by JMML-3 DCs following incubation with LPS for 24 hours is consistent with the flow 

cytometic data, demonstrating that the DCs cultured in vitro from this patient were 

partially resistant to activation using LPS. The variability in the phenotypes of the DCs 

generated from the 3 JMML patients might reflect the heterogeneity of the disorder. 

Similarly, it is not possible to culture leukaemic DCs from all chronic and acute 

leukaemia patients. Interestingly, the leukaemic cells in two of the patients (JMML-2 

and JMML-3) displayed monosomy 7, which was used as a marker of malignant origin. 

Fluorescence in situ hybridisation analysis detected monosomy 7 in more than 90% of 

the CD86^-purified DCs generated in vitro from these two JMML patients, indicating 

that the DCs were derived from the malignant clone. In the majority of JMML patients, 

in vitro cultured DCs should therefore express any endogenous leukaemic antigens and 

possess the MHC molecules, co-stimulatory molecules, and the cytokine production 

profile required to present these antigens to the immune effector cells. Examining the 

functional activity of the in vitro generated leukaemic DCs, a mixed leukocyte reaction
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(MLR) revealed that activated DCs differentiated from JMML-2 PBMCs were potent 

stimulators of MHC-mismatched allogeneic T cells, as determined by interferon-y 

release, and hence functionally active. In a preliminary experiment, leukaemic DCs 

generated from JMML-1 PBMCs were used to stimulate and expand allogeneic (bone 

marrow transplant donor-derived) T cells in vitro. A cytotoxicity assay revealed that the 

expanded allogeneic T cells specifically lysed leukaemic JMML-1 cells, with markedly 

reduced killing of non-leukaemic JMML-1 cells. This result suggests that the graft 

versus leukaemia effect appears to be at least partially separable from graft versus host 

disease. These findings demonstrate that functionally active DCs can be generated in 

vitro from JMML cells, providing a possible mechanism for the in vivo or ex vivo 

generation of anti-leukaemia immune responses.
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1. Introduction

1.1. Clinical features of JMML:

JMML is a rare myeloproliferative disorder (MPD) of early childhood, accounting for 

approximately 2% of all childhood leukaemias (Arico et al, 1997; Niemeyer et al,

1997).

1.1.1. Diagnosis o f JMML :

Arico and colleagues (1997) published the clinical and laboratory criteria that are 

currently used to diagnose JMML. Patients conunonly present in the first year of life, 

and 74% of cases occur before the age of 3 years. Clinical features include 

hepatomegaly, splenomegaly, and lymphadenopathy, which are typical of most 

proliferative diseases. Additional symptoms at presentation include fever, frequent viral 

infections, and signs of respiratory involvement, such as tonsillitis or bronchitis (Arico 

et al, 1997; Niemeyer et al, 1997). Laboratory analysis of peripheral blood and bone 

marrow samples typically reveals leukocytosis with an increase in myeloid cells 

(Matthes-Martin et al, 2000).

1.1.2. Link between JMML and neurofibromatosis type 1 (NFl)’.

JMML is closely associated with NFl, with 10-15% of JMML cases occurring in 

children with NFl (Stiller et al, 1994; Niemeyer et al, 1997; Luna-Fineman et al, 1999). 

NFl is a common autosomal dominant disorder, caused by the inheritance of a mutated 

allele of the NFl gene. The normal allele of NFl is commonly deleted in the NFl 

patient’s bone marrow (Kalra et al, 1994). NFl patients are predisposed to developing 

specific cancers, including neurofibroma, astrocytoma, and JMML (Side et al, 1998; 

Gutmann et al, 2003). Side and colleagues (1998) suggested that JMML can be the 

initial presenting feature of NFl.

1.2. Pathobiology of JMML:

1.2.1. Monosomy 7:

Loss of chromosome 7 (-7) or deletion of the long arm of chromosome 7 (7q-) have 

been detected in 15-35% of JMML patients (Arico et al, 1997; Luna-Fineman et al,

1999). The association of monosomy 7 with JMML, and other malignant myeloid 

disorders, has led investigators to postulate that there are several key tumour suppressor 

genes located on long arm of chromosome 7, and the loss of function of these genes
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might contribute to tumour transformation or progression of the disease (Dohner et al,

1998). The current consensus is that monosomy 7 does not warrant being classified as a 

distinct syndrome from JMML (Hasle et al, 1999).

7.2.2. Hypersensitive growth response to granulocyte macrophage-colony

stimulating factor (GM-CSF):

A major feature of JMML cell behaviour is hypersensitivity to GM-CSF and tumour 

necrosis factor (TNF)-a induced proliferation and colony growth in vitro (Gualtieri et 

al, 1989; Emanuel et al, 1991; Iversen and Sioud, 1998), Furthermore, both these 

cytokines increase the aggressiveness of JMML in vivo (Iversen et al, 1997; Iversen and 

Sioud, 1998). Iversen and Sioud (1998) provided evidence indicating that the function 

of TNF-a in JMML cells is to stimulate GM-CSF gene expression. A hypersensitive 

growth response to GM-CSF appears to be involved in the pathogenesis of JMML, and 

has been linked to aberrant cytokine signal transduction through the RAS signalling 

pathway.

7.2.2.7. Deregulation of the RAS signalling pathway:

The RAS family of proteins plays a key role in relaying exogenous cytokine signals 

from the cell surface receptor to the nuclear effector mechanisms, resulting in the 

stimulation of cell proliferation and nuclear differentiation (Bos, 1989; Satoh et al, 

1991). Signalling is mediated by activated guanosine triphosphate (GTP) bound RAS, 

called RAS-GTP (Satoh et al, 1991). RAS-GTP signals through the protein kinase 

RAF-1 and the mitogen-activated protein kinase (MAPK) cascade (Muszynski et al, 

1995). The NFl gene encodes neurofibromin, which inhibits RAS activity by 

accelerating the hydrolysis of GTP linked to RAS proteins (Kalra et al, 1994)

(Figure 1).

Mutations that result in hyperactive RAS signalling are common in JMML patients. 

Activating RAS point mutations are found in many human cancers (Bos, 1989; 

reviewed in Rodenhuis, 1992), and have been detected in 15-30% of JMML patients 

(Kalra et al, 1994; Flotho et al, 1999). The RAS point mutations result in an increase in 

the levels of active RAS-GTP, resulting in constitutive activation of this common signal 

transduction pathway (Arico et al, 1997).
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Figure 1. RAS signalling pathway. This common signal pathway transmits the 
exogenous GM-CSF signal to the nucleus, leading to cell proliferation.
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Primary leukaemic cells from patients with NFl, which possess a mutated allele of the 

NFl tumour suppressor gene, commonly exhibit elevated levels of RAS-GTP (Bollag et 

al, 1996). Additionally, Side and colleagues (1998) found mutations of the NFl gene in 

15% of bone marrow samples collected from JMML patients with no clinical evidence 

of NFl. Hence, approximately 30% of all JMML cases harbour mutations in the NFl 

gene, causing a loss of the inhibitory actions of NFl on RAS-GTP (see 7.2.2.2.).

The PTPNll gene codes for the protein tyrosine phosphatase SHP-2, implicated in 

transducing signals mediated through the RAS/RAF-l/MAPK cascade. It has recently 

been reported that mutations in the PTPNll gene occur in approximately 30% of 

JMML cases, leading to a gain of function of SHP-2 and deregulated myeloid growth 

(Tartaglia et al, 2003; Loh et al, 2004). RAS, NFl, and PTPNll mutations appear to be 

mutually exclusive in JMML and all result in hyperactive RAS signalling (Tartaglia et 

al, 2003).

Nevertheless, pathogenic point mutations in the GM-CSF receptor coding sequence 

have not been identified in primary JMML cells (Freebum et al, 1997). In addition to 

activating RAS, the GM-CSF receptor can associate with janus kinase (JAK) 2 and 

initiate intracellular signalling through the JAK-signal transducers and activators of 

transcription (STAT) cascade (Quelle et al, 1994). It is possible that GM-CSF 

hypersensitivity could be the result of constitutive activation of the JAK-STAT signal 

pathway.

1.2.2.2. NFl knock out mice:

Several studies support the hypothesis that NFl acts as a tumour suppressor gene in 

immature myeloid cells by negatively regulating RAS signalling (Bollag et al, 1996; 

Largaespada et al, 1996; Side et al, 1998). Approximately 10% of heterozygous mutant 

mice (NFl'^^') spontaneously develop a MPD that closely resembles JMML and is 

associated with the somatic inactivation of the wild type NFl allele (Jacks et al, 1994). 

Bollag and colleagues (1996) demonstrated that in NFI-deficient (NFT^') mouse 

embryos, haematopoietic cells are hypersensitive to GM-CSF in methylcellulose 

cultures, similar to primary JMML cells. NFF^' embryos die in utero, however adoptive 

transfer of NFT^' fetal liver cells consistently induces a MPD disorder in irradiated 

recipient mice that models JMML (Largaespada et al, 1996; Zhang et al, 1998). The
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data from this mouse model of JMML provides further evidence that the deregulation of 

RAS signalling is involved in JMML pathogenesis.

1.2.3. Additional genetic alterations in JMML:

Mutations and/or deletions of the p53 tumour suppressor gene have been detected in a 

large proportion of all human cancers (Steele et al, 1998). However, Miyauchi and 

colleagues (1999) found that p53 mutations are very rare in JMML patients, with only 1 

out of the 20 JMML samples examined containing a functionally significant mutation of 

the p53 gene. Further studies are required to examine whether other components of the 

p53 pathway, such as MDM2, are mutated in JMML patients. It is possible that the 

genetic alterations that result in RAS hyperactivity are sufficient to promote 

proliferation and overcome apoptotic signals during leukaemogenesis in JMML. Further 

investigation of p53 mutations in the 10-30% of JMML patients that do not demonstrate 

deregulation of the RAS signalling pathway is warranted, and may shed light on the 

molecular mechanism of leukaemogenesis in these patients.

1.2.4. Origins o f the JMML progenitor clone:

JMML is characterised by the overproduction of leukaemic cells that increasingly 

replaces normal haematopoiesis (Emanuel et al, 1996; Luna-Fineman et al, 1999). 

Several lines of evidence indicate that the JMML initiating cell may belong to the pool 

of early pluripotent haematopoietic progenitors, capable to differentiating into both 

lymphoid and myeloid cell types. Cooper and colleagues (2000) examined an individual 

who developed both JMML and T cell lymphoma. They found that the malignant 

JMML and lymphoma cells exhibited the same loss of genetic material (at the NFl 

locus), suggesting that the two cancers originated from the same clone. Similarly, 

several investigators have observed JMML patients that developed B cell linage acute 

lymphoblastic leukaemia (ALL), with both leukaemias possessing identical genetic 

features (such as the same clonal rearrangement of the T cell receptor y gene) (Lau et al, 

1994; Scrideli et al, 2003). Together these data indicate that JMML is a clonal disease 

of pluripotent stem cell origin.

1.3. Treatment of JMML:

1.3.1. Conventional therapies:

The treatment of JMML with chemotherapy has been unsuccessful (Arico et al, 1997). 

The probability of 10 years disease-free survival, following single agent chemotherapy
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or intensive combination chemotherapy, is less than 10% (Niemeyer et al, 1997). 

Allogeneic bone marrow transplantation (BMT) (also referred to as haematopoietic stem 

cell transplantation) is the only curative treatment for JMML (Orchard et al, 1998). 

However, allogeneic BMT is associated with high transplant-related mortality, 

especially in children receiving BMT from unrelated donors, and a large number of 

patients relapse following treatment (Matthes-Martin et al, 2000; Manabe et al, 2002). 

Furthermore, there is currently no effective treatment for JMML patients lacking access 

to BMT. Therefore, novel alternative therapeutic regimes are required for the treatment 

of JMML.

1.3.2. Therapy directed against hyperactive RAS signalling:

Hyperactive signal transduction through the RAS pathway is associated with the 

pathogenesis of JMML (see 1.2.2.1.), and several treatments that inhibit RAS signalling 

are now being tested. Iversen and colleagues (2002) examined the feasibility of 

targeting RAF-1 gene expression using a specific DNA enzyme as a novel therapeutic 

option for the treatment of JMML. RAF-1 is downstream of RAS (see Figure 1), and 

JMML cells typically exhibit elevated levels of activated RAF-1. Iversen and colleagues 

(2002) designed a DNA enzyme that selectively cleaves RAF-1 mRNA transcripts. In a 

xenograft model, immunodeficient mice were engrafted with JMML cells and treated 

with the DNA enzyme for 4 weeks to examine the efficacy of the enzyme in inhibiting 

leukaemogenesis. The investigators reported a significant reduction in JMML cell mass 

in the bone marrow of DNA enzyme-treated individuals relative to non-treated controls. 

A concern is that the DNA enzyme does not specifically target leukaemic cells, thus the 

enzyme will also affect normal cells throughout the body that express RAF-1, causing 

non-specific cell death.

RAS initiates the intracellular signal transduction cascade by binding to the inner 

surface of the GM-CSF receptor. The binding process requires that a famesyl group is 

non-covalently bound to RAS, and this is catalysed by famesyl-transferase enzymes 

(Gibbs et al, 1994). Emanuel et al (2000) demonstrated that famesyltransferase 

inhibitors are able to block RAS signalling, abrogating JMML cell growth in vitro. The 

investigators concluded that famesyltransferase inhibitors could be used for the 

treatment of JMML patients. However, the famesyltransferase inhibitors also affected 

RAS signalling in GM-CSF stimulated normal adult bone marrow cells, raising a major 

concem about the toxicity of the famesyltransferase inhibitors.
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1.3.3. Immunotherapy:

1.3.3.1. Evidence that JMML is susceptible to immune attack:

Long term survival of JMML patients following allogeneic BMT is closely associated 

with graft-versus-host disease (GVHD) (Orchard et aU 1998; Bunin et at, 1999). This 

finding suggests that donor-derived immune cells have the ability to recognise and 

eliminate residual leukaemic cells in the host following allogeneic BMT, and is referred 

to as the graft-versus-leukaemia (GVL) effect (Antin, 1993; Matthes-Martin et at,

2000). The GVL effect is well documented in chronic and acute leukaemias (see

1.3.3.2.). Several groups have now successfully treated JMML patients with donor 

lymphocyte infusions (DLIs) following allogeneic BMT (Matthes-Martin et al, 2000; 

Worth et al, 2002), providing strong evidence for a GVL effect in establishing and 

maintaining prolonged remission. However, the success of DLIs at inducing a GVL 

effect for the treatment of relapsed myeloid leukaemias is limited by the morbidity and 

mortality associated with the accompanying GVHD (Kolb et al, 1995).

One JMML patient who relapsed following an allogeneic BMT has been successfully 

treated with interferon (IFN)-a (Ohta et al, 2000). IFN-a is an immunostimulatory 

cytokine (Boehm et al, 1997), however the exact mechanism by which IFN-a induced 

remission is uncertain. Recently, Pulsipher et al (2004) successfully treated a JMML 

patient that had relapsed after an unrelated allogeneic BMT with DLIs and IFN-a. 

Whether the patient required DLIs or could have responded solely to IFN-a is 

unknown. Large-scale studies are needed to investigate the effectiveness of using IFN-a 

to induce leukaemia-specific immune responses and promote prolonged remission.

Hence, unlike most other paediatric leukaemias, JMML appears to be a disorder 

susceptible to a GVL effect, and is suitable for inununo-based therapy. The major 

challenge is to isolate the GVL effect from the unwanted GVHD.

1.3.3.2. GVL effect in chronic and acute leukaemias:

There have been several reports suggestive of a GVL effect in chronic and acute 

leukaemias. Examining the treatment of chronic myeloid leukaemia (CML) with 

allogeneic BMT, Marmont and colleagues (1991) noted that the depletion of 

lymphocytes from the BMT, in an attempt to avoid GVHD, resulted in increased relapse 

rates. The infusion of donor lymphocyte populations into CML patients, who have 

relapsed after allogeneic BMT, induces prolonged remission in three quarters of patients
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(Kolb et al, 1990; Kolb et al, 1995). Hence, DLIs following allogeneic BMT are 

common practice in the treatment of relapsed CML patients.

Acute myeloid leukaemia (AML) patients that relapse after allogeneic BMT are also 

treated with DLIs. However, DLIs appear to be less successful in the treatment of AML 

relative to CML. This could be because the rapid progression of AML outstrips the 

clinical benefit of the DLI, or that AML blasts more actively hinder the presentation of 

leukaemia-associated antigens to the immune effector cells (Antin, 1993).

1.3.33. Use o f in vitro cultured DCs to induce leukaemia-specific immune 

responses:

The induction of a strong anti-tumour immune response requires efficient presentation 

of tumour antigens to the effector cells of the adaptive immune system (Avigan, 1999). 

DCs, the most potent antigen presenting cells (APCs), are specialized at initiating 

primary cellular and humoral immune responses (see Chapter 1, 3.) (Banchereau and 

Steinman, 1998). This DC function is attributable to their high level expression of major 

histocompatibility complex (MHC) class I and class II molecules for antigen 

presentation, coupled with the additional signals required for activating T cells, namely 

co-stimulation and cytokine production (Steinman, 1991). Hence, there is great interest 

in utilizing DCs for the development of immunotherapeutic strategies that specifically 

target leukaemic cells.

Human DCs can be generated in vitro from peripheral blood monocytes and CD34^ 

progenitors in the presence of GM-CSF and IL-4 (Romani et al, 1994; Sallusto and 

Lanzavecchia, 1994). This raises the intriguing possibility of culturing DCs directly 

from myeloid leukaemic cells, and thereby generating a leukaemic DC that expresses 

leukaemia-associated antigens and is specialized at presenting these antigens to effector 

cells of the adaptive immune system.

Several groups working on CML have utilized in vitro culturing techniques to generate 

leukaemic DCs from CML patients’ leukaemic blasts, and shown that these 

Philadelphia chromosome positive (Ph^) CML-derived DCs initiate specific anti

leukaemia immune responses in vitro (Choudhury et al, 1997; Eibl et al, 1997; Muller 

et al, 2001). Similarly, there is increasing evidence that the majority of AML blasts can 

be differentiated into functional DCs that are capable of stimulating leukaemia-specific
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T cell responses in vitro (Charbonnier et al, 1999; Choudhury et al, 1999; Harrison et 

al, 2001). Choudhury and colleagues (1997) proposed using leukaemic DCs in an ex 

vivo setting to stimulate and expand autologous cytotoxic T lymphocytes (CTLs) that 

react specifically against leukaemic cells, and can be adoptively transferred into patients 

with myeloid leukaemia to eliminate residual disease following autologous BMT. 

Alternatively, leukaemic DCs could be used as a cellular vaccine in vivo (Choudhury et 

al, 1999).

However, several investigators have recently shown that DCs generated in vitro from 

CML blasts have phenotypic and functional deficiencies when compared to DCs 

differentiated in vitro from PBMCs of healthy individuals. Dong et al (2003) found that 

CML-derived DCs have a reduced capacity to capture and process exogenous antigen, 

as well as impaired migratory ability. Eisendle and colleagues (2003) reported that 

CML-derived DCs show an abnormal maturation response to bacterial LPS, expressing 

reduced levels of MHC class I, MHC class II and the co-stimulatory molecules CD80 

and CD86, along with diminished production of the immunostimulatory cytokines IL-8 

and TNF-a. Furthermore, DCs differentiated from CML patients have been shown to 

display decreased T cell stimulatory activity when cultured in vitro with allogeneic 

responder T cells (Wang et al, 1999). Altogether, these findings raise concerns about the 

suitability of leukaemia-derived DCs for vaccination, and any phenotypic and functional 

deficiencies of leukaemia-derived DCs must be overcome before they can be used for 

vaccination. Eisendle et al (2003) demonstrated that activation of CML-derived DCs 

with a cytokine/prostaglandin Ei mix, including TNF-a, was sufficient to abrogate the 

DC phenoptyic abnormalities observed using LPS as the maturation signal.

1.4. DC-based immunotherapeutic strategy for JMML:

JMML cells are of monocytic lineage, and potentially can be differentiated into DCs 

that express any JMML-associated antigens in conjunction with the dendritic phenotype 

required for initiating an anti-leukaemia immune response. However, the ability to 

generate malignant-derived DCs from JMML patients and their ability to prime specific 

anti-JMML immune responses have not yet been reported.

We propose using ex vivo generated JMML-derived DCs to stimulate and expand 

allogeneic (BMT donor-derived) leukaemia-specific CTLs that can be injected into the 

patient following allogeneic BMT to eliminate any residual disease (Figure 2). This
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immunotherapeutic strategy would potentially enable clinicians to harness the powerful 

GVL effect in isolation from GVHD.

In this study, we have shown for the first time that functional DCs can be generated in 

vitro from the peripheral blood of JMML patients. Further experiments revealed that the 

DCs expressed the malignant phenotype and were potent stimulators of allogeneic T 

lymphocytes. These preliminary results support the use of ex v/vo-generated leukaemic 

DCs to enroll the adaptive immune system in a novel immunotherapy for JMML.
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Figure 2. Proposed DC-based therapy for JMML. PBMCs are harvested from the 
patient prior to allogeneic BMT from a human leukocyte antigen (HLA)-matched donor. 
The PBMCs are used as a source of leukaemic cells, which are differentiated ex vivo 
into activated functional DCs. These ‘leukaemic’ DCs are then used to stimulate and 
expand allogeneic (BMT donor-derived) CTLs that have cytotoxic activity against 
JMML cells. Finally, the expanded CTLs are injected into the patient following 
allogeneic BMT to eliminate any residual disease.
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2. M ethods and M aterials

2.1. Patient samples:

Patients were identified as they presented at Great Ormond Street Hospital with JMML, 

and informed consent was gained. Leukaemia samples were obtained from peripheral 

blood prior to the administration of chemotherapy. In accordance with our institution’s 

policy, all patients were treated with chemotherapy followed by allogeneic BMT. 

Peripheral blood was also taken following allogeneic BMT engraftment and used as a 

source of HLA-matched BMT donor-derived lymphocytes. Patient details are given in 

Table 1.

2.2. Isolation of PBMCs and generation of DCs:

Mononuclear cells were isolated from heparinized peripheral blood of JMML patients 

and normal donors by centrifugation over a Ficoll-Hypaque (Lymphoprep; Nycomed 

Pharma, Norway) density gradient. The mononuclear cell fraction was washed twice in 

serum free Roswell Park Memorial Institute (RPMI) 1640 media (Gibco, UK), and 

resuspended in complete media (RPMI 1640 media supplemented with 10% heat- 

inactivated fetal calf serum (PCS), 2mM glutamine, lOOIU/ml penicillin and lOOpg/ml 

streptomycin; all from Gibco). PBMCs were cultured immediately or cryopreserved in 

complete media plus 10% dimethyl sulphoxide (DMSO; Sigma, UK). Cryopreserved 

PBMCs were thawed and washed once in complete media prior to culure.

Plastic-adherent monocytes were selected from fresh and cryopreserved PBMCs by 

plating 4x10^ cells/ml in 6-well plates (TPP, Switzerland) for 3 hours at 37°C in 5%

CO2 atmosphere. The non-adherent PBMCs were washed off by gentle rinsing, 

cryopreserved, and later used as a source of T lymphocytes (see 2.6.). The remaining 

adherent cells were cultured for 6 days in complete media with lOOng/ml recombinant 

human (rhu) GM-CSF (Leucomax, Novartis, UK) and 25ng/ml rhuIL-4 (PeproTech, 

UK). DC maturation was subsequently induced by the addition of lOOng/ml LPS 

(Sigma) to the cell cultures for 24 hours. If required, DC cultures were replenished with 

fresh media and cytokines on day 4. On day 6 and 7 of culture, cells were harvested, 

washed with phosphate buffered saline (PBS; Gibco), and stained for fluorescence 

activated cell sorter (FACS) analysis, or used in various assays. In some experiments, 

DCs were purified by depleting CD3^ and CD 19  ̂cells using dynabeads (Dynal,
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Patient Sex Age at Cytogenetic
identification presentation abnormality

JMML-1 Female 5 months None
JMML-2 Fem ale 6 months M onosomy 7
JMML-3 Male 2 ye#fs Monosomy 7

Table 1. Clinical and laboratory data for the 3 JMML patients in the current 
study.
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Norway), following the manufacturer’s protocol. The morphology of developing DCs 

was monitored by phase-contrast microscopy. At the start and end of culture, cell 

density in each culture was enumerated using a haemocytometer.

LPS contamination was minimised to avoid unwanted activation of immature DC 

cultures. All culture media and tissue culture reagents were endotoxin-free, and 

glassware was baked at 180°C for 4 hours to remove LPS.

2.3. Immunophenotypic analysis of DCs by flow cytometry:

2.3.1. FACS staining methodology:

Approximately 5x10^ cells were resuspended in 30pl of PBS and incubated with a 

combination of fluorochrome-conjugated monoclonal antibodies, in the dark at 4°C for 

30 minutes. To wash off unbound antibody, the samples were centrifuged at 180g for 4 

minutes at 4°C, the supernatant was discarded, and the cells were resuspended in cold 

PBS. This washing step was repeated twice more. The cells were then fixed in 300pl of 

PBS containing 1% paraformaldehyde, and stored at 4°C in the dark until analysis using 

a Beckman Coulter Epics FACS machine and Expo 32 software (Beckman Coulter, 

USA).

2.3.2. Antibodies used to immunophenotype in vitro cultured DCs:

The in vitro differentiated DC samples were incubated with optimal concentrations of 

fluoroscein isothiocyanate (FiTC)-, and phycoerythrin (PE)-conj ugated mouse 

monoclonal antibodies specific for C D llc, CD14, CD25, CD45, CD83, CD86, Lineage 

cocktail 1 (Linl; cocktail of CD3, CD14, CD 16, CD19, CD20, CD56), and HLA-DR 

(all from Becton Dickinson, USA). Each patient sample was also stained with 

fluorochrome-conj ugated isotype-matched control mouse monoclonal antibodies 

(Becton Dickinson) to check that the antibodies were not binding non-specifically to the 

cells.

2.3.3. 3-colour assay to determine peripheral blood DC numbers:

The 3-colour assay was performed on freshly isolated PBMC samples, using the 

following antibody staining combinations:

■ To identify the Linl ''°*'HLA-DR+CDl lc+ DC subset: Linl-FITC, anti-HLA-DR 

peridinin chlorophyll protein (PerCP), and CDl Ic-PE mouse monoclonal 

antibodies.
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• To identify the Linl '‘°"'HLA-DR^CD123'" DC subset: Linl-FITC, anti-HLA- 

DR-PerCP, and CD123-PE mouse monoclonal antibodies.

The isotype control antibodies used were mouse IgGi-FTTC, mouse IgGi-PE, and 

mouse IgG2A-PE. All the test antibodies and isotype control antibodies were purchased 

from Becton Dickinson.

Complex FACS analysis was required to determine the number of Linl'^°'^HLA- 

DR^CDllc^ and Lin 1 ̂ °^^HLA-DR^CD 123^ DCs present in patient and normal control 

PBMC samples. Initially, cell debris was excluded based on forward scatter (ESC) and 

side scatter (SSC; gate A). The viable cells were analysed in a HLA-DR versus Linl 

histograms. The Lin 1^  cells were gated (gate B) and further analysed in HLA-DR 

versus CD llc  and HLA-DR versus CD 123 histograms.

2.4. Fluorescence in situ hybridisation (FISH) analysis:

FISH analysis was performed to confirm the leukaemic origin of DCs generated in 

culture from PBMCs of patients with leukaemias that exhibited monosomy 7 (JMML-2 

and JMML-3). 1x10^ CD86^ mature DCs differentiated in vitro from normal donor or 

JMML PBMCs, as well as CD 14  ̂JMML PBMCs, were purified by flow sorting and 

fixed in 3:1 methanol to acetic acid (BDH Laboratories, UK). Chromosome 7 was 

identified in interphase nuclei using the following probes: an a-satellite probe for 

chromosome 7 that displays a yellow hybridisation signal, a Texas red-labelled a- 

satellite probe specific for the long arm of chromosome 7 (7q31), and a fluorescein- 

labelled D5386 probe specific for the centromeric region of chromosome 7 (all from 

Abbott Laboratories, UK). A Texas red-labelled a-satellite probe specific for 

chromosome X (Abbott Laboratories) was used as a control for JMML-2 samples. FISH 

was performed in conjunction with H. Kempski, and the probes were used according to 

the manufacturer’s recommendations. To quantify the percentage of cells carrying 

monosomy 7, at least 100 interphase nuclei were counted and scored in each sample.

2.5. IL-12 enzyme-linked immunosorbent assay (ELISA):

DCs were generated in vitro from the adherent PBMCs of normal donors and JMML 

patients (JMML-2 and JMML-3), as described in 2.2.. On day 6 of culture, the non

adherent immature DCs were harvested and immunomagnetically purified using 

dynabeads to remove CD3^ and CD 19  ̂cells. Purified immature DCs were plated out at
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1.5x10^ cells/weU of a 96-well plate, and cultured for 24 hours in 200|xl of complete 

media containing GM-CSF and IL-4, with or without the addition of lOOng/ml LPS.

The plates were then centrifuged at 180g for 5 minutes and the supernatants collected. 

The amount of IL-12 released by the cells into the culture media was determined using a 

commercial EL-12p70 assay (OptEIA human IL-12 p70 kit, Pharmingen, USA), 

according to the manufacturer’s instructions. Standards were run on each ELISA, 

allowing the production of a standard curve and the extrapolation of the IL-12 

concentration in each sample. Each DC sample was treated with or without LPS in 

triplicate wells, allowing the mean and standard deviation (S.D.) of the IL-12 

concentration values to be calculated, and student r-tests to be performed.

2.6. IFN-y enzyme-linked immunospot (ELISpot) assay:

The ability of mature DCs, cultured in vitro from normal donor and JMML-2 PBMCs, 

to activate allogeneic T lymphocytes was examined in a MLR using an IFN-y ELISpot 

assay. The LPS activated DC cultures were harvested, the T and B lymphocytes were 

immunodepleted using dynabeads, and the immunopurified mature DCs were used as 

stimulator cells. Non-adherent PBMCs were immunodepleted with anti-CD 14 and anti- 

CD 19 dynabeads and used as a source of responder T lymphocytes. 2x10^ 

immunopurified mature DC stimulators were cultured with 2x10* autologous or 

allogeneic (third party) T lymphocytes in 96-well plates for 4 days at 37°C. In negative 

control wells, stimulator cells and responder cells were cultured alone. After 4 days in 

culture, the cells were washed, resuspended in fresh complete media, and transferred to 

ELISpot 96-well plates (Millipore, USA) pre-coated with purified monoclonal antibody 

against human IFN-y (1-DIK; Mabtech, Sweden). The cells were incubated in the 

antibody coated ELISpot plates for a further 24 hours at 37°C. The cells were then 

removed by washing, and a biotinylated monoclonal antibody specific for human IFN-y 

(7-B6-1-biotin; Mabtech) was added to the wells. After washing, Extravidin Alkaline 

Phosphatase Conjugate (Sigma) was added, and finally the plates were developed by the 

addition of Alkaline Phosphatase Substrate (Bio-Rad, UK). Dark spots occurred at the 

site of individual IFN-y secreting T cells, and acted as a measure of T cell activation. 

The number of spots was counted on a plate reader (BioReader 3000; BioSys,

Germany) using BioSys analysis software. Each stimulator cell-responder cell 

combination was performed in triplicate wells.
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2.7. Generation of allogeneic CTLs specific for JMML cells:

2.7.7. Expansion o f allogeneic (BMT donor-derived) CTLs:

Non-adherent PBMCs collected from JMML-1 post BMT engraftment were used as a 

source of allogeneic (BMT donor-derived) T lymphocytes. Mature leukaemic DCs, 

generated in vitro from preBMT JMML-1 PBMCs, were y-irradiated (30 Gy) and used 

as stimulator cells. 5x10^ allogeneic T lymphocytes were plated per well of a 12-well 

plate, and stimulated with 2.5x10^ y-irradiated mature leukaemic DCs in 1.5ml of 

complete media. The cultures were re-stimulated every 7 days with a fresh aliquot of y- 

irradiated leukaemic DCs, and supplemented with 20U/ml of rhuIL-2 (PeproTech) 24 

and 96 hours after stimulation. Following three rounds of leukaemic DC stimulation, the 

T lymphocytes were immunopurified using CD3^ magnetic beads and assayed for anti- 

leukaemic activity.

2.7.2. Cytotoxicity assay:

The cytotoxicity of the expanded CTLs against leukaemic cells was analysed using an 

in vitro non-radioactive cytotoxicity assay (Cytotox 96; Promega, USA). Various 

concentrations of the CTL effector cells were co-cultured with constant amounts of 

target cells (1x10^ cells/well of a 96-well plate) in phenol red-free RPMI (Gibco) plus 

3% PCS for four hours at 37°C. The different target cell populations used were 

JMML-1 leukaemic preBMT adherent PBMCs, JMML-1 non-leukaemic preBMT CD3^ 

T cells, and HLA-mismatched normal donor PBMCs. Unfortunately, the low starting 

cell numbers limited the range of effector to target ratios used. We intended to culture 

primary fibroblasts, from a JMML-1 skin biopsy, to use as an autologous non- 

leukaemic target cell population. However, a skin biopsy sample was not available.

After incubating the CTLs with the various target cell populations for 4 hours, the plates 

were centrifuged at 180g for 5 minutes and the supematent harvested. Lactate 

dehydrogenase (LDH) released from lysed cells into the supematent was measured 

following the manufacturer’s instructions, and used as a measure of target cell killing.

To determine the maximum LDH release, triton X-100 detergent (Sigma) was added to 

wells containing Ixlfi* target cells alone. The LDH spontaneously released by target 

cells and effector cells cultured alone was also measured. Each sample was performed 

in triplicate wells. The CTL-mediated killing was calculated from the LDH release 

values according to the following equation: % cytotoxicity = (experimental -  effector 

spontaneous -  target spontaneous)/(target maximum-target spontaneous)) xlOO.
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3. Results

3.1. In vitro generation of DCs from PBMCs of JMML patients:

In this study, we initially assessed whether PBMCs from JMML patients could be 

cultured into immature DCs and subsequently activated with LPS. After 6 days of 

culture with GM-CSF and IL-4, cells from all three JMML patients expressed high 

levels of the myeloid marker CDl Ic, intermediate levels of the MHC class II molecule 

HLA-DR and the co-stimulatory molecule CD86 (B7-2), and undetectable levels of the 

dendritic activation marker CD83 and the monocytic marker CD14 (Figures 3,4, and 5). 

This represents a typical immature monocyte-derived DC (MoDC) surface phenotype 

(Banchereau and Steinman, 1998), comparable to that of immature MoDCs cultured 

from normal donor PBMCs under identical conditions. By day 6 of culture, the cells 

generated from both normal donors and JMML patients formed non-adherent clusters 

and possessed short cytoplasmic projections, characteristic of immature DC 

morphology (Banchereau and Steinman, 1998; Fujii et al, 1999).

We next attempted to activate the in vitro cultured immature DCs using LPS. Immature 

DC populations derived from JMML-1, JMML-2, and normal PBMCs up-regulated 

HLA-DR, CD86, and CD83 expression upon exposure to LPS for 24 hours, acquiring a 

mature dendritic phenotype (Figures 3 and 4). However, following incubation with LPS, 

DCs generated from JMML-3 PBMCs expressed elevated levels of CD llc  and CD86, 

but failed to up-regulate HLA-DR and CD83 from the levels observed in the immature 

DC state (Figure 5). This immunophenotype suggests that JMML-3-derived DCs were 

sub-optimally activated by LPS.

Typically, 10ml of peripheral blood from a JMML patient yielded approximately 5x10^ 

adherent mononuclear cells. The final yield of viable CD86^ DCs was between 25% and 

50% of the starting adherent PBMC population.
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Figure 3. Immunophenotype of DCs cultured in vitro from normal donor and 
JMML-1 PBMCs. Plastic adherent PBMCs were differentiated into immature DCs by 
culturing the cells in the presence of GM-CSF and IL-4 for 6 days. Immature DCs were 
harvested on day 6 (labelled -LPS), while mature DCs were collected on day 7 
following a subsequent 24 hour incubation with LPS (labelled +LPS). The harvested 
cells were stained with a panel of immunofluorescent antibodies and analysed by flow 
cytometry. Large, granular cells were gated and are shown in the histogram plots. The 
black filled histograms represent staining with the indicated monoclonal antibody, while 
the unfilled white histograms indicate staining with an appropriate isotype control 
antibody. The ragged shape of the histograms is a result of only analysing 5,000 cells, 
rather than the typical 10,000. There were insufficient normal control cells to analyse 
CD 14 expression on the immature DC population.
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Figure 4. Immunophenotype of DCs cultured in vitro from normal donor and 
JMML-2 PBMCs. See the legend of Figure 3 for detailed methodology on the in vitro 
generation and FACS analysis of DCs.
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Figure 5. Immunophenotype of DCs cultured in vitro from normal donor and 
JMML-3 PBMCs. See the legend of Figure 3 for detailed methodology on the in vitro 
generation and FACS analysis of DCs. There were insufficient normal control cells to 
analyse CD 14 expression on the mature DC population. The results suggest that the 
DCs cultured from normal PBMCs were successfully activated by LPS, whereas 
JMML-3 DCs were sub-optimally activated by LPS, under identical conditions.
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3.2. Leukaemic origin of DCs cultured in vitro from JMML PBMCs:

The leukaemic cells in two of the patients (JMML-2 and JMML-3) exhibited 

monosomy 7, a commonly observed chromosomal abnormality in this disease (Hasle et 

al, 1999). We were able to use this as a marker of malignant origin. Interphase FISH 

analysis revealed that the vast majority of CD86^-purified mature DCs generated in 

vitro from the PBMCs of these patients displayed monosomy 7 (92% of JMML-2 DCs 

and 98% of JMML-3 DCs; Figures 6 and 7). In contrast, mature DCs cultured in vitro 

from normal donor PBMCs possessed two copies of chromosome 7 (Figure 7). CD 14  ̂

cells purified from the peripheral blood of JMML-3 were used as a positive control, and 

95% these cells carried only 1 copy of chromosome 7 (Figure 7). These findings 

confirm that virtually all the DCs cultured in vitro from these patients were of 

leukaemic origin.

3.3. Cytokine production of in vitro cultured DCs:

To examine further the ability of in vitro differentiated DCs to provide the co

stimulatory signal required to activate naïve T cells, we measured IL-12 production by 

ELISA. Secretion of IL-12 by mature DCs is required for T cell activation, and is 

associated with a T helper 1 (Thl) response (Banchereau et al, 2000). Consistent with 

published data, immature DCs generated in vitro from normal donor, JMML-2, and 

JMML-3 PBMCs secreted undetectable levels of IL-12 into the supernatant (< 7.5 

pg/150,000 cells; Figure 8). Following LPS activation, the DCs cultured in vitro from 

normal donor and JMML-2 PBMCs produced large amounts of IL-12 (2 lOpg/150,000 

cells and 320pg/150,000 cells, respectively; Figure 8). In contrast, the incubation of 

JMML-3-derived inunature DCs with LPS for 24 hours resulted in the secretion of 

minimal amounts of IL-12 (15pg/l50,000 cells), significantly less than observed in 

normal mature MoDCs cultures with LPS (p<0.05, student f-test; Figure 8).

3.4. Ability of leukaemic DCs to stimulate allogeneic T lymphocytes:

The immunostimulatory properties of DCs cultured in vitro from normal donor and 

JMML-2 PBMCs were tested in a MLR using an IFN-y ELISpot assay. The mature DCs 

were used as stimulator cells, and cultured with autologous or allogeneic (MHC- 

mismatched) non-adherent PBMCs responder cell populations at a ratio of 1:10. Figure 

9 shows that JMML-2-derived DCs were able to stimulate allogeneic T cells slightly 

more efficiently than normal MoDCs, as measured by the amount of IFN-y secreted by
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Figure 6. Interphase FISH showing monosomy 7 in the nuclei of DCs cultured in 
vitro from JMML-2 PBMCs. The yellow a-satellite probe is specific for chromosome 
7, and the red a-satellite probe is specific for chromosome X. Nuclear DNA appears 
blue as a result of D API staining. 92% of the CD86-purified mature DCs cultured fi*om 
JMML-2 exhibited monosomy 7. The control probe revealed two X chromosomes in 
every cell, and acts as a control for detecting both probe signals in this female patient. 
More than 200 interphase nuclei were counted and scored for monosomy 7.
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Figure 7. Interphase FISH showing monosomy 7 in the nuclei of DCs cultured in 
vitro from JMML-3 PBMCs. The red a-satellite probe is specific for the long arm of 
chromosome 7 (7q31), and the green D5386 probe is specific for the centromeric region 
of chromosome 7. Nuclear DNA appears blue as a result of DAPI staining. A Purified 
CD86" DCs cultured in vitro from JMML-3 PBMCs. 98% of the 100 CD86"  ̂DC nuclei 
counted displayed monosomy 7. B CD86^ DCs cultured in vitro fi-om a normal control. 
100 nuclei were scored, and two red and two green signals were detected in every 
nucleus, indicating that the nuclei carry two copies of chromosome 7. C Purified CD 14  ̂
cells fi-om JMML-3 PBMCs. These monocytic CD 14  ̂cells are known to carry 
monosomy 7. 95% of the 100 nuclei counted exhibited monsomy 7.
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Figure 8. IL-12 secretion profile of DCs cultured in vitro from normal donor, 
JMML-2, and JMML-3 PBMCs. PBMCs from normal donors and JMML patients 
were cultured in the presence of GM-CSF and IL-4 for 6 days. 150,000 purified 
immature DCs were plated out into 96-well plates. Half the cells were cultured in the 
presence of LPS for 24 hours to activate the immature DCs, while the remaining cells 
were cultured for 24 hours in the absence of LPS in order to retain an immature DC 
phenotype. After the 24 hour incubation, cell supematents were collected and tested for 
their IL-12p70 content by ELISA. Each sample was performed in triplicate, and the 
error bars depict S.D.. LPS activated JMML-3 DCs secreted very small amounts of IL- 
12, significantly less than observed in LPS activated normal mature MoDCs (p<0.05, 
student f-test).
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Figure 9. IFN-y secretion, as a marker of T cell activation, following stimulation 
with in vitro cultured mature DCs. A Graph depicting the IFN-y ELISpot results from 
the MLR. The stimulator cells were DCs differentiated in vitro from normal donor and 
JMML-2 PBMCs (indicated on x-axis). Responder cells were: (□) no responder cells; 
(■) autologous T lymphocytes; (B) allogeneic (third party) lymphocytes. A total of 
2x10^ CD86'^-purified mature DCs were cultured with 2x10^ responder cells for 4 days, 
and IFN-y secretion was subsequently measured using an ELISpot assay. Results 
represent the mean ± S.D. of triplicate cultures. B Pictures of representative ELISpot 
wells, with the stimulator and effector cell populations indicated.
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activated T cells. However, culturing normal donor-derived DCs and JMML-2-derived 

DCs with autologous T cells caused moderate and minimal IFN-y secretion, 

respectively.

3.5. Use of leukaemic DCs to expand JMML-specific CTLs:

We next attempted, with JMML-1 samples, to use the in vitro generated leukaemic DCs 

as stimulator cells to expand allogeneic T lymphocytes specific for JMML. The source 

of T cells was PBMCs obtained from the patient approximately 1 month following 

allogeneic BMT. DNA chimerism studies at this stage showed a 100% donor 

engraftment. Owing to limited starting cell numbers, after 3 rounds of stimulation using 

irradiated leukaemic DCs in the presence of IL-2, there were only sufficient T cells to 

perform a basic cytotoxicity assay. This preliminary result shows that the CTLs lysed 

the leukaemic JMML cells with some degree of specificity (Figure 10). Even at the very 

low effector:target ratio of 1:1, the CTLs were able to lyse more than 15% of the 

leukaemic targets. The CTLs lysed the non-leukaemic CD3^ T cells from the JMML 

patient to a slightly lesser extent, and there was minimal CTL-directed lysis of 

allogeneic PBMCs from a MHC-mismatched normal donor. However, a student f-test 

revealed that the CTLs did not lyse significantly more JMML-1 leukaemic targets than 

JMML-1 non-leukaemic targets at the low effector:target ratio of 1:1 (p=0.09). 

Unfortunately, the cytotoxicity assay was associated with high spontaneous LDH 

release by the effector and target cell populations. This high background level of LDH 

masked any potential CTL-directed lysis in numerous samples, especially at higher 

effector:target ratios.

3.6. The number of naturally occurring DCs in the peripheral blood of JMML 

patients:

3-colour flow cytometry was performed on normal donor and JMML-2 PBMCs to 

determine whether JMML patients possess a normal number of circulating DCs in their 

peripheral blood. We were able to identify two main subsets of DCs, identified by their 

Linr^°'^HLA-DR‘"CDllc'- and LinL^°'^HLA-DR‘"CD123^ expression patterns. The 

PBMCs obtained from JMML-2 contained a larger number of both LinT^°'^HLA- 

DR^CDl Ic"̂  and Lin 1 ̂ ^'^HLA-DR^CD 123^ cells than PBMCs collected from a normal 

donor (4.1% versus 0.5%, and 1.4% versus 0.6% total PBMC population, respectively; 

Figure 11).
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Figure 10. Cytotoxicity of T cells (derived from JMML-1 BMT donor PBMCs post 
engraftment) stimulated with JMML-l-derived leukaemic DCs The target cell 
populations were: ( ♦ )  JMML-1 leukaemic preBMT adherent PBMCs; ( • )  JMML-1 
non-leukaemic preBMT CD3^ T cells; (A) normal donor PBMCs. A total of 1x10^ 
target cells were plated with effector cells, at effector to target ratios of 0.2:1 and 1:1. 
After a 4 hour incubation, LDH enzyme release was calculated and used as a measure of 
target cell killing. The mean values are plotted and the error bars are S.D. of triplicate 
LDH release cultures.
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Figure 11. The number of DCs found in normal donor and JMML-2 peripheral 
blood. Freshly isolated PBMCs were labelled with the appropriate combination of 
fluorescent monoclonal antibodies, and analysed by flow cytometry. The viable cells are 
depicted in the HLA-DR versus Linl histograms. The Lin 1^ cells were gated (in gate 
B) and are further analysed in the CDl Ic and CD 123 histograms. It is worth noting that 
there are significantly more Linl^HLA-DR^CDl Ic CD123 cells in JMML-2 PBMCs 
than in normal donor PBMCs. It is possible that these cells are monocytes, however 
monocytes are LinC, so should be excluded from gate B. Further examining the FSC 
and SSC of these HLA-DR^Linl^ CDl lc'CD123 cells shows that they are the size of 
monocytes and lymphocytes.
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4. Discussion

4.1. In vitro differentiation of leukaemic DCs from JMML patient PBMCs:

DCs are professional APCs that are uniquely capable of initiating primary immune 

responses from naïve T lymphocytes (Celia et al, 1997). We have attempted to 

differentiate JMML cells into immunostimulatory DCs that co-express leukaemia- 

associated antigens along with the co-stimulatory signals required to initiate JMML- 

specific immune responses.

4.1.1. Immunophenotype o f DCs generated in vitro from JMML patient PBMCs:

In this study we have successfully generated cells with phenotypic and morphological 

characteristics of immature DCs from adherent PBMCs of three JMML patients 

(Figures 3, 4, and 5). Immature DCs are specialized at capturing and processing 

antigens. However, optimal presentation of antigens to T lymphocytes requires that the 

DCs are in a mature state (Banchereau and Steinman, 1998). Therefore, we next 

attempted to activate the immature DCs with LPS.

Flow cytometric analysis revealed that LPS successfully activated the immature DCs 

derived from two of the patients (JMML-1 and JMML-2), and these mature DCs 

expressed the necessary cell surface molecules for efficient antigen presentation and co

stimulation. T cells recognise antigens as peptide epitopes presented on the cell surface 

in the peptide-binding groove of MHC molecules (Germain, 1995). Expression of MHC 

class I and class II molecules on the surface of APCs are required for the presentation of 

antigenic peptides to CD8^ and CD4^ T lymphocytes, respectively. All nucleated cells 

express MHC class I antigens (Janeway et al, 1999), and flow cytometric analysis 

demonstrated that the LPS-activated DCs generated from JMML-1 and JMML-2 

PBMCs expressed high levels of the MHC class II molecule HLA-DR on their surface 

(Figures 3 and 4). The activation of naïve T cells also requires the presence of a co

stimulatory signal (see Chapter 1, Figure 1; Harding et al, 1992). High level expression 

of the co-stimulatory antigen CD86, as was detected on the surface of LPS-activated 

JMML DCs, is able to provide this co-stimulatory signal (referred to as ‘signal 2’ of T 

cell activation) (Avigan, 1999). Zhou and Tedder (1995) identified CD83 as a specific 

antigenic marker of the activated MoDC phenotype, and we found that CD 8 3 was 

expressed on the surface of LPS-activated DCs differentiated from normal donor, 

JMML-1, and JMML-2 PBMCs.
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4.1.2. Three signal model ofCD8^ T cell activation:

Some investigators postulate that in addition to expressing MHC class I and co

stimulatory molecules, APCs need to secrete the immunostimulatory cytokine IL-12 in 

order to activate naïve CD8^ T cells (Schmidt and Mescher, 2002). This is often referred 

to as the ‘3 signal model’ of T cell activation. Immature MoDCs do not secrete IL-12 

and this reflects their primary function, which is capturing and processing antigens. In 

contrast, the major role of mature DCs is to present captured antigens to the immune 

effector cells. Therefore, mature DCs secrete IL-12 to aid the activation of naïve CD8^

T cells. In agreement with published findings, we found that LPS-activated DCs 

cultured from both normal donor and JMML-2 PBMCs secreted large amounts of IL-12 

(Figure 8). This result provides additional evidence for the stimulatory phenotype of 

mature DCs generated from JMML-2 PBMCs.

4.7.3. Additional properties o f DCs cultured in vitro from JMML PBMCs:

We found that DCs generated in vitro from both normal donor and JMML PBMCs 

formed non-adherent clusters. This behaviour is only observed in DCs cultured in vitro, 

and DC clusters have not been observed in vivo. Fujii and colleagues (1999) reported 

that the clustering of MoDCs is vital for DC activation of T cell responses in vitro. 

Therefore, this data is consistent with the normal function of JMML-derived DCs.

Normal mature DCs are terminally differentiated and unable to proliferate (Banchereau 

and Steinman, 1998). However, it is not known whether DCs generated from JMML 

blasts retain the ability to proliferate. In future studies, this could be assessed by 

staining CD86^-purified leukaemic DCs with Ki67, using standard 

immunohistochemical techniques. It is interesting to note that DCs differentiated in 

vitro from CML and AML blasts do not proliferate (Choudhury et al, 1997; Choudhury 

etal, 1999).

A major feature of mature DC behaviour is migration to T cell areas of secondary 

lymphoid organs (Banchereau et al, 2000), and this migration is directed by chemokines 

such as Mip-3p (Ngo et al, 1998). Unfortunately, we did not have sufficient cell 

numbers to evaluate the chemokine-induced migration of JMML-derived DCs. Longoni 

et al (2002) demonstrated that activated DCs from both normal donors and JMML 

patients responded to Mip-3(3 in chemotaxis assays. In contrast, DCs generated in vitro
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from CML blasts have reduced chemokine-induced migratory ability compared to 

normal MoDCs (Dong et al, 2003).

4.1.4. Leukaemic origin of DCs generated in vitro from PBMCs o f JMML patients: 

The leukaemic cells in two of the patients (JMML-2 and JMML-3) displayed 

monosomy 7, and we used this distinct cytogenetic feature as a marker of malignant 

origin. The finding that more than 90% of the CD86^ DCs differentiated in vitro from 

JMML-2 and JMML-3 PBMCs exhibited monosomy 7 conclusively shows that the DCs 

were derived from the malignant clone (Figures 6 and 7). These leukaemic DCs should 

therefore express any JMML-specific antigens and possess the MHC molecules, co

stimulatory molecules, and the cytokine production profile required to present these 

antigens to the immune effector cells. However, it cannot be guaranteed that DCs 

differentiated from leukaemic blasts retain expression of leukaemia-associated antigens. 

For example, a leukaemia-associated antigen involved in maintaining the cell’s 

proliferative potential might be down-regulated when the leukaemia cell is 

differentiated into a terminally differentiated DC.

4.2. Variability in the immunophenotype of DCs cultured from different JMML 

patients:

The abnormal IL-12 secretion profile of JMML-3-derived DCs (Figure 8) is consistent 

with the flow cytometric data (Figure 5), demonstrating that the DCs cultured from this 

patient were partially resistant to activation with LPS. DCs differentiated in vitro from 

neonatal PBMCs have markedly reduced IL-12 synthesis (Goriely et al, 2001; Upham et 

al, 2002). However, this evidence does not explain our findings with JMML-3 samples 

because this JMML patient was 2 years of age at presentation. The variability in the 

immunophenotype of the DCs generated from the 3 JMML patients probably reflects 

the heterogeneity of the disorder. Similarly, it is not possible to culture leukaemic DCs 

from all CML (Chen et al, 2000; Paquette et al, 2002) and AML patients (Charbonnier 

et al, 1999; Choudhury et al, 1999; Harrison et al, 2001).

Overall, our results demonstrate that immunostimulatory DCs can be generated from the 

majority of human JMML patient samples. Our findings are in keeping with previous 

studies, showing that leukaemic cells from the majority of patients with myeloid stem 

cell disorders, such as CML (Choudhury et al, 1997) and AML (Charbonnier et al,

1999; Choudhury et al, 1999), maintain their capacity to differentiate into DCs.
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4.3. Functional activity of leukaemic DCs:

4.3.1. Alio stimulatory capacity o f in vitro generated leukaemic DCs:

Activated DCs are significantly better stimulator cells that other APCs, such as 

monocytes or B cells (Steinman, 1991), and should stimulate proliferation of allogeneic 

T cells at low DC:T cell ratios. We found that leukaemic DCs derived from JMML-2 

PBMCs were potent stimulators of allogeneic T lymphocytes, as determined by IFN-y 

release, and hence functionally active (Figure 9). Unfortunately, we did not collect 

sufficient numbers of PBMCs from this patient to compare the allostimulatory ability of 

freshly isolated JMML-2 PBMCs with in vitro generated JMML-2 DCs. Furthermore, 

because of the limited material available from any given patient, not all studies shown 

could be done for every patient’s leukaemia.

4.3.2. Use o f leukaemic DCs to stimulate JMML-specific T lymphocytes:

We used leukaemic DCs generated from JMML-1 PBMCs to stimulate allogeneic 

(BMT donor-derived) T cells. A preliminary in vitro cytotoxicity assay revealed that the 

expanded T cells lysed leukaemic JMML-1 target cells with some degree of specificity, 

however this was not found to be statistically significant (student r-test; p=0.08) (Figure 

10). The cytotoxicity assay needs to be repeated using higher effector:target ratios to 

determine whether the CTLs can lyse significantly more leukaemic JMML-1 target cells 

than non-leukaemic JMML-1 targets. Nonetheless, the percentage cytotoxicity of the 

expanded T cells against JMML targets was equivalent to that reported for CML DC- 

stimulated CTLs against CML targets, at the same effector:target ratio (Choudhury et 

al, 1997). Further studies with a larger number of patient samples are warranted to 

determine whether the JMML-derived DCs can be utilised as stimulators of allogeneic 

T cell responses against JMML cells, in an ex vivo setting following allogeneic BMT.

The BMT donor-derived T cells used in this experiment were collected from the JMML 

patient following allogeneic BMT and 100% donor engraftment. This was preferred 

over using T cells collected from the donor. The reasoning behind this was that the 

donor-derived T cells had had the opportunity to encounter residual leukaemic cells in * 

the patient before being used for in vitro expansion of JMML-specific CTLs. Hence we 

were not having to stimulate a truly primary T cell immune response in an in vitro 

setting, which is more difficult to achieve. Furthermore, using PBMCs obtained from 

the patient after BMT as the source of allogeneic T cells is feasible for an adoptive 

immunotherapy strategy to treat minimal residual disease.
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In future experinients, cytotoxicity should be measured with a more reliable assay 

system, such as a standard  ̂̂ Chromium-release assay. This assay system is associated 

with low background levels, allowing the investigation of CTL cytotoxicity at higher 

effector to target ratios than was possible measuring LDH release. Additionally, the 

number of expanded CTLs could be increased by polyclonal stimulation with anti-CD3 

antibody, ensuring that there are sufficient numbers of effector cells for more elaborate 

cytotoxicity assays.

4.3.2.1. Stimulation o f allogeneic T cells rather than autologous T cells:

Despite the encouraging findings that leukaemic DCs generated ex vivo from CML 

blasts can stimulate potent anti-leukaemia responses from autologous T cells in vitro, 

there has been little evidence of in vivo efficacy (Pinilla-Ibarz et al, 2000). Hence, we 

have attempted to stimulate and expand allogeneic (BMT donor-derived) T cells that are 

JMML-specific. The successful treatment of relapsed JMML patients with DLIs 

(Matthes-Martin et al, 2000; Worth et al, 2002) suggests that allogeneic responses may 

be needed to cure patients of the disease. Our results suggest that leukaemic DCs can be 

used to expand allogeneic T lymphocytes that are specific for JMML cells and only 

have minimal activity against non-leukaemic patient cells (Figure 10). Allogeneic CTLs 

expanded ex vivo could be used for adoptive immunotherapy to augment the GVL effect 

in isolation from GVHD.

However, stimulation of BMT donor T cells with HLA-matched allogeneic leukaemic 

DCs will most likely generate responses directed against multiple minor 

histocompatability antigens (mHags), in addition to responses against any leukaemia- 

associated antigens (Goulmy, 1997). A concern is that the adoptive transfer of such 

CTLs to patients might cause GVHD, since many normal cells of the patient will 

express multiple mHags. Hence the use of allogeneic T cells for adoptive therapy 

remains controversial.

A detailed study is required to compare the ability of leukaemic DCs to stimulate 

JMML-specific responses from autologous CTLs and allogeneic (BMT donor-derived) 

CTLs in vitro. It would be interesting to determine whether JMML induces T cell 

anergy in autologous T cells, and whether in vitro stimulation with leukaemic DCs can 

overcome this tolerance. It is worth noting that in the MLR (Figure 9) there is reduced
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reactivity against autologous PBMCs with JMML-derived DCs compared to normal 

MoDCs. This might be due to reduced T cell number or function in the JMML patient.

4.3.2.2. CTL-mediated lysis o f JMML cells in vivo:

In future studies, we could examine the ability of ex vivo expanded CTLs to kill 

leukaemic cells in vivo. NOD/SCID mice would be engrafted with PBMCs from JMML 

patients, and one group of engrafted mice treated with leukaemic DC-stimulated CTLs. 

We would be able to determine the number of engrafted myelomonocytic cells within 

the spleens of treated and untreated mice by flow cytometry. Additionally, we could 

study the longevity of the CTLs in vivo. However, the mouse model would not mimic 

the human situation sufficiently to study any GVHD, because no other cells in the 

animal express target antigens for the ex vivo generated CTLs.

4.4. Generation of leukaemia-specific immune responses:

There is accumulating evidence from murine models (Tsukada et al, 1999) and human 

studies (Montagna et al, 1998; Osman et al, 1999; Muller et al, 2001) that T cell 

responses can be mounted that specifically lyse leukaemic cells and avoid targeting 

normal cells. Our data (Figure 10) corroborates these findings, suggesting that the GVL 

effect appears to be at least partially separable from GVHD following allogeneic BMT.

4.4.1. Presentation o f leukaemia-specific antigens by DCs:

The lack of a T cell response sufficient to prevent the development of primary 

malignancies in vivo might be related to many factors, including a lack of presentation 

of leukaemic antigens by APCs, failure of tumours to express MHC antigen, or 

leukaemia-induced T cell anergy (Banchereau and Steinman, 1998). However, some 

leukaemic antigens might function as leukaemia rejection antigens when presented with 

the appropriate co-stimulatory signals on the surface of professional APCs.

CML studies illustrate how DCs can be used to initiate an effective anti-leukaemia 

inunune response in situations where the primary malignant cells have failed to do so. 

CML is characterised by the t(9;22) chromosomal translocation that generates BCR- 

ABL and ABL-BCR fusion genes (Deininger et al, 2000), and the break points of the 

corresponding fusion proteins are leukaemia-specific. Osman and colleagues (1999) 

synthesized immunogenic peptides from the BCR-ABL break point, and found that 

MoDCs pulsed with the peptides were able to prime autologous CTLs that specifically
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lyse CML blasts. The investigators propose using this method to prime donor 

lymphocytes before DLI for patients with CML.

Unlike CML, no putative leukaemia-specific antigens have been identified for JMML. 

Nonetheless, the results from our limited cytotoxicity assay suggest that such antigens 

are likely to exist. Further studies using leukaemic DCs to stimulate and expand JMML- 

specific T lymphocytes are warranted to identify the individual target antigens 

responsible for the observed anti-leukaemia response. One approach to identify the 

leukaemia-specific antigens involves eluting and sequencing the peptides bound to 

MHC molecules expressed on the surface of the in vitro generated leukaemic DCs 

(Haider et al, 2000).

Myeloid malignancies offer the opportunity to differentiate DCs from the malignant 

cells themselves. An advantage of this approach is that in vitro cultured JMML DCs 

present leukaemic antigens to T cells in conjunction with co-stimulatory signals, and 

can be used to initiate JMML-specific immune responses without the need of 

identifying the exact leukaemia antigen(s) involved.

4.4.2. Effector cell types mounting the anti-leukaemia response:

In future cytotoxicity assays, the effector cell types that are producing the anti-JMML 

response should be determined. For example, it is possible to inhibit CTL and natural 

killer (NK) cell responses using anti-CDS and anti-NKl.l blocking antibodies, 

respectively.

Muller and colleagues (2001) used leukaemic DCs cultured in vitro from CML blasts to 

stimulate autologous T lymphocytes. They isolated 3 expanded T cell lines that were 

specifically activated by CML blasts, and immunophenotyping revealed that two were 

pure CD4^ cells while one was a mixture of CD8^ and CD4^ cells. Montagna and 

colleagues (1998) detected a high frequency of donor-derived CTLs specific for the 

leukaemic blasts in the peripheral blood of acute leukaemia patients following 

allogeneic BMT. Furthermore, the frequency of leukaemia-specific CTLs correlated 

with maintenance of a state of remission.

Edinger et al (2003) identified CD4^CD25^ regulatory T cells as essential for inhibiting 

lethal GVHD while preserving the beneficial GVL activity following MHC-mismatched
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allogeneic BMT in mice. Regulatory T cells might play an important role during the ex 

vivo stimulation and expansion of allogeneic T lymphocytes specific for JMML blasts. 

Furthermore, the infusion of regulatory T cells might help prevent/minimise GVHD in 

JMML patients whilst preserving the GVL responses following allogeneic BMT.

Natural killer T (NKT) cells possess an invariant T cell receptor that specifically 

recognises a-galactosylceramide antigen bound to CD Id molecules on the surface of 

target cells (Bendelac et al, 1995). Metelitsa and colleagues (2003) found that up to 

77% of primary JMML cells express CD Id and can be lysed by NKT cells via the 

perforin/granzyme-B pathway. Future experiments could examine whether there is an 

increase in the number of NKT cells (identified as CD161^) in the expanded BMT 

donor-derived effector cell population following stimulation with JMML DCs, and 

whether the specific killing of JMML targets can be inhibited by blocking NKT 

function.

4.5. JMML cells spontaneously differentiate into DCs:

Longoni and colleagues (2002) have recently shown that JMML cells can spontaneously 

differentiate in vitro into DC, but these leukaemic DCs secrete the immunosuppressive 

cytokine JL-IO that might dampen anti-leukaemia inunune responses. However, we 

have found that JMML cells cultured in vitro with GM-CSF, IL-4, and LPS differentiate 

into immunostimulatory DCs that secrete IL-12 and are capable of inducing allogeneic 

anti-leukaemia immune responses. DCs differentiated in vitro from JMML cells in the 

presence of GM-CSF and IL-4 are therefore potentially useful for the priming of 

JMML-specific cytotoxic inunune responses.

Longoni et al (2002) did not address whether JMML cells differentiate into DCs in vivo. 

The human peripheral blood DC population contains several phenotypically and 

functionally distinct subtypes. All human peripheral blood DC subpopulations can be 

identified by their lack of lineage-specific markers (Linl ) and high level expression of 

HLA-DR (MacDonald et al, 2002). The two main human subsets are ‘myeloid’

Linl"°''HLA-DR+CD1 lc+ DCs and ‘lymphoid’ Linr''°*HLA-DR*CD123’’ DCs 

(Robinson et al, 1999). We observed that PBMCs from JMML-2 contained a larger 

number of Lini ''°”HLA-DR"^CDl Ic* and Linr''°"'HLA-DR*CD123* DC subtypes than 

normal individuals (4.1% versus 0.5%, and 1.4% versus 0.6% total PBMC population, 

respectively; Figure 11). This suggests that JMML cells do spontaneously differentiate
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into DCs in vivo, but it remains to be determined whether the CDl Ic'*' and CD 123^ DCs 

in JMML patients are functionally active and immunostimulatory.

4.6. DC-based vaccine strategies for the treatment of JMML patients:

4.6.1. Clinical use afin  vitro cultured DCs:

In the current study, we have not used tissue culture conditions suitable for clinical 

preparations. However, Ossenkoppele and colleagues (2003) have generated mature 

DCs from CML blasts ex vivo, using clinically approved methodology. LPS cannot be 

used in clinical preparations, so Ossenkoppele et al (2003) used TNF-a along with GM- 

CSF and IL-4 to culture mature DCs. Other clinically acceptable ligands used to 

activate human DCs ex vivo include prostaglandin E2, CD40 ligand, Fms-like tyrosine 

kinase 3 ligand (Holtl et al, 2002; Panoskaltsis et al, 2002). Additionally, FCS cannot 

be used in clinical preparations. In one experiment we supplemented the RPMI media 

with patient serum in place of FCS, and successfully generated MoDCs (data not 

shown). Future work involves confirming that we can generate activated DCs from 

JMML blasts using a clinically approved protocol.

4.6.2. Clinical application of our data:

The use of leukaemic DCs to stimulate allogeneic responses against JMML remains 

problematic because of the wide array of self antigens presented, which are likely to 

induce potent GVHD responses. However, there are several potential clinical 

applications of our data.

Firstly, in vitro generated leukaemic DCs could be used for the stimulation of 

autologous PBMCs (in an ex vivo setting) to generate anti-leukaemic T cell lines for 

adoptive immunotherapy to eliminate residual disease. Autologous strategies are 

attractive because of the reduced risk of GVHD.

Secondly, DC differentiated in vitro from JMML cells could potentially be administered 

as a cellular vaccine to induce anti-leukaemia T cell immunity in vivo. Such treatment 

would be suitable for patients with resistant disease or following BMT failure. In a 

phase I study, Ossenkoppele and colleagues (2003) intradermally vaccinated CML 

patients with autologous in vitro cultured leukaemic DCs. In one of the three CML 

patients treated, the investigators detected a leukaemia-specific immune response up to 

20 months after the last vaccination.
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Thirdly, the data supports the concept of generating allogeneic JMML-specific CTL 

lines from BMT donor T lymphocytes (T cell source being either donor PBMCs or 

activated T cells post engraftment). Transduction of the CTL lines with a retroviral 

vector encoding suicide genes would allow their ablation in cases of graft versus host 

disease. Qasim et al (2003) performed pre-clinical studies, transducing T lymphocytes 

with a retroviral vector encoding the herpes simplex thymidine kinase gene. 

Transduction with this vector rendered the T cells sensitive to suicide after 

administration of the prodrug ganciclovir, while wild-type cells were unaffected.

Lastly, systemic treatment with cytokine therapy could potentially be used to 

differentiate JMML blasts into immunostimulatory leukaemic DCs in vivo, and would 

be applicable for patients with resistant disease post BMT. Administration of GM-CSF 

and IFN-a has been shown to induce cytogenetic remission (i.e. 0% Ph^ nuclei) in some 

CML patients (Cortes et al, 1998). Chen and colleagues (2000) postulated that cytokine 

therapy drives in the in vivo generation of highly stimulatory CML-derived APCs, 

capable of stimulating a specific anti-leukaemia response.
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The paper is attached at the end o f the thesis.
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Chapter 5: Conclusions
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1. Summary of thesis:

Tumour cells are genetically very unstable, acquiring numerous mutations (Fenton and 

Longo, 1995). Cancer progression can be viewed as a balance between the tumour’s 

gain of function from the mutations against the effectiveness of the host immune system 

at targeting tumour cells expressing the neo antigens created by the mutations. As a 

result, tumours frequently develop immune evasion mechanisms to avoid detection. In 

recent years, the critical role of dendritic cells (DCs) at initiating anti-tumour immune 

responses has become better understood. This raises the possibility of using DC-based 

immunotherapeutic approaches to manipulate the balance, resulting in effective and 

long-lasting anti-tumour immunity. Preliminary clinical trials have demonstrated that 

tumour antigen-pulsed DC vaccines can induce beneficial clinical responses in some 

patients (Hsu et al, 1996; Nestle et al, 1998).

The translocation t(2;13)(q35;ql4) is a hallmark of alveolar rhabdomyosarcoma 

(ARMS), and codes for a chimeric PAX3-FKHR fusion protein (Turc-Carel et al, 1986; 

Galili et al, 1993; Shapiro et al, 1993). We have performed gene expression profiling 

experiments to identify novel tumour-associated antigens downstream from PAX3- 

FKHR. Our results suggest that PAX3-FKHR initiates an immune escape mechanism 

by disrupting normal interferon (IFN)-y signalling within ARMS cells. Aberrant IFN-y 

regulated gene expression is likely to have pleiotropic effects on tumour cell behaviour. 

We found that one result of PAX3-FKHR-mediated interference of IFN-y signalling is 

decreased major histocompatibility complex (MHC) expression on the cell surface, 

which may help avoid detection by tumour antigen-specific T lymphocytes. 

Understanding the function of this fusion protein in ARMS cells is important for the 

development of therapeutic strategies. The finding that PAX3-FKHR down-regulates 

MHC class I expression suggests that DC vaccines that activate natural killer (NK) and 

natural killer T (NKT) cells might be successful at eradicating ARMS. Additionally, our 

results suggest that IFN-y treatment might be clinically beneficial for the partial 

correction of these PAX3-FKHR-mediated effects in ARMS patients. This research 

project has been taken on by Antigoni Papanastasiou, who has recently shown that 

PAX3-FKHR forms a complex with STAT3 in vivo. Further experiments will determine 

whether the interaction between PAX3-FKHR and STAT3 is responsible for in the 

aberrant IFN-y target gene expression observed in RMS cell lines.
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There are currently no successful immunotherapeutic approaches in clinical use for the 

treatment of ARMS. Nevertheless, the N-terminal PAX3 region of PAX3-FKHR is a 

suitable target for vaccine therapy for several reasons: PAX3-FKHR is highly expressed 

in ARMS cells (Davis and Barr, 1997), whilst PAX3 is silent in virtually all postnatal 

tissues (Stoykova and Gruss, 1994; Tsukamoto et al, 1994); PAX3-FKHR expression is 

crucial for the growth and survival of tumour cells (Bemasconi et al, 1996; Ayyanathan 

et al, 2000), minimising the risk that PAX3-FKHR expression can be down-regulated to 

avoid immune detection; any immunotherapeutic approach targeting the fusion protein 

is widely applicable, thus potentially suitable for the treatment of most ARMS patients. 

In our mouse model of ARMS, we found that DCs pulsed with tumour lysate are unable 

to elicit PAX3-FKHR-specific T lymphocyte responses. DCs loaded with PAX3- 

specific immunogenic peptides or PAX3-FKHR RNA might be superior at inducing 

antigen-specific immune responses, and shall be tested using our established mouse 

ARMS model. One potential problem is that T lymphocytes that bind to PAX3 peptide 

epitopes with high avidity might have been inactivated by immunological tolerance 

mechanisms during development. It is vital that future immunotherapeutic approaches 

attempt to overcome immunological tolerance in order to elicit antigen-specific 

responses from high avidity T cells capable of mediating tumour rejection (Morris et al, 

2003).

In the case of juvenile myelomonocytic leukaemia (JMML), no leukaemia-associated 

antigens have been identified. However, the evidence of a graft versus leukaemia effect 

following allogeneic bone marrow transplantation (Matthes-Martin et al, 2000) suggests 

that JMML is susceptible to immune attack and that JMML-associated antigens exist. 

Myeloid leukaemias are unique in their ability to differentiate into functional DCs that 

co-express the co-stimulatory signals required to efficiently present any endogenously 

processed leukaemia-rej ection antigens to the adaptive immune system (Choudhury et 

al, 1997). We have shown for the first time that mature DCs can be generated in vitro 

from the malignant JMML clone. These leukaemic DCs possess an immunostimulatory 

phenotype, and appear to be able to activate cytotoxic T lymphocytes specific for 

JMML targets in vitro. The main advantage of an immunotherapeutic strategy using ex 

vivo differentiated leukaemic DCs is that it bypasses the need to identify JMML- 

associated antigens. Further pre-clinical studies are required to optimise the 

inununotherapeutic approach for the treatment of JMML patients.
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2. The future of DC-based immunotherapeutic approaches;

DC-based therapies provide the opportunity to manipulate the balance between host 

immune responses and tumour immune escape mechanisms in favour of the host. In the 

8 years since the first published DC vaccination pilot study (Hsu et al, 1996), more than 

1,000 cancer patients have been treated with DC vaccines and the preliminary findings 

are encouraging (Ridgway, 2003). Mounting evidence from phase 1 and 11 clinical trials 

suggests that DC vaccination is safe, with very few patients exhibiting adverse side 

effects. Most clinical trials have treated patients with late stage disease after the failure 

of standard therapies. The disadvantage of this is that advanced stage tumours are often 

immunosuppressive, and potentially able to dampen down the immune response 

initiated by the DC vaccine (Pardoll, 2003). Nonetheless, beneficial clinical responses 

have been observed in approximately half the DC vaccine trials (Ridgway, 2003). 1 

believe that it is now time to bite the bullet and use DC-based inununotherapies for the 

treatment of appropriate patients with minimal tumour burden. This would enable us to 

monitor the clinical benefit of DC vaccinations in the optimal clinical setting for 

priming anti-tumour inununity.
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TO  THE EDITOR

A unique property of myeloid lineage leukemia cells is their 
potential to be differentiated into dendritic cells (DC), both in vitro 
and in vivo. These leukemic DC have potential therapeutic 
applications, such as stimulation of autologous anti leukemia 
T-cell responses in leukemia patients, or allogeneic responses in 
the post bone marrow transplantation (B/vIT) setting. Several studies 
have demonstrated that leukemic cells from a proportion of patients 
with acute myeloid leukemia (AML)’ or chronic myeloid leukemia 
(CML)^ can be differentiated into functionally active DC capable of 
Inducing antileukemia T-cell responses.^''’

W e were interested in the utilization of such an immunothera- 
peutic approach for patients with juvenile myelomonocytic 
leukemia (|MML), a rare condition with poor prognosis. This 
approach is attractive because allogeneic BMT is considered 
necessary for cure, and the graft-versus-leukemia (GVL) effect is 
critically important.^'^

W e initially assessed whether immature DC could be generated in 
vitro from plastic adherent peripheral blood mononuclear cells 
(PBMC) from three JMML patients (jM ML-1, -2, -3). After 6 days of 
culture with granulocyte-macrophage colony-stimulating factor 
(CM-CSF) and interleukin-4 (IL-4) in the presence of 10% fetal calf 
serum, cells from normal donors and all three JMML patients 
demonstrated a typical immature monocyte-derived DC (MoDC) 
surface phenotype. This was inferred from their high expression 
levels of the myeloid marker C D IIc ,  intermediate levels of the 
M H C  class II molecule HLA-DR and the costimulatory molecule 
C D86 (B7-2), and undetectable levels of the dendritic activation 
marker CD83 and the monocytic marker C D 14 (Figure 1). Typically, 
10 ml of peripheral blood from JMML patients yielded about 5 x 1 0 ^  
adherent cells and the final yield of viable M oD C was between 25 
and 50%  of this starting population. The cells generated from 
normal donors and JMML patients formed nonadherent clusters and 
possessed short cytoplasmic projections, characteristic of immature 
DC morphology.

Immature DC are specialized at capturing and processing 
antigens; however, optimal presentation of potential leukemia- 
specific antigens to T lymphocytes requires that the DC are in an
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activated, mature state.^ Therefore, w e next attempted to activate 
the in vitro cultured immature DC with lipopolysaccharide (LPS). 
Immature DC populations generated from normal, JMML-1, and 
JMML-2 PBMC upregulated HLA-DR, CD83 and C D 86 expression 
following 24-h exposure to LPS, acquiring a mature dendritic 
phenotype (Figure 1). These mature DC  therefore expressed the 
necessary cell surface molecules required for efficient antigen 
presentation and costimulation. However, the DC cultured from 
JMML-3 PBMC failed to upregulate HLA-DR and CD83 following 
addition of LPS (data not shown).

The leukemic cells in two of the patients (JMML-2 and -3) 
exhibited monosomy 7, a commonly observed chromosomal 
abnormality of this disease. W e were able to use this as a marker 
of malignant origin, and interphase fluorescence in situ hybridiza
tion (FISH) analysis revealed that the vast majority of C D 86‘*’-purifed 
mature DC generated from these patients displayed monosomy 7 
(98% of JMML-2 DC and 91%  of JMML-3 DC). In contrast, 
DC cultured from PBMC from a normal donor all possessed two 
copies of chromosome 7. This finding confirmed that virtually all the 
DC cultured in vitro from these JMML patients were of leukemic 
origin.

Several experiments were performed to investigate the functional 
activity of these leukemic DC. Limited sample sizes prevented us 
from examining the functional activity of DC cultured from all three 
JMML patients in each assay. To examine further the ability of 
in vitro cultured DC to provide the costimulatory signal required to 
activate naïve T cells, w e measured DC production of IL-12 by 
ELISA (Becton Dickinson, San Diego, CA, USA). Secretion of IL-12 
by mature DC is required for T-cell activation, and is associated with 
a Th-1 response. Consistent with published data, immature DC  
generated in vitro from normal donor and JMML-2 PBMC did not 
secrete IL-12 (< 7 .5  pg /150000 cells). However, LPS-matured 
M oD C  from a normal donor and LPS-matured DC from JMML-2 
produced large amounts of IL-12 (210 pg /150000 cells and 320 pg/ 
15 0000  cells, respectively). These results provide additional 
evidence for the stimulatory phenotype of mature DC generated 
from JMML-2 PBMC. In contrast, incubation of immature DC  
cultured from JMML-3 PBMC with LPS for 2 4 h resulted in the 
secretion of minimal amounts of IL-12 (15 pg/150 000 cells), 
significantly less than that observed in normal mature M oD C  
(P < 0 .0 5 , Student's f-test). This abnormal secretion of IL-12 by 
JMML-3 DC following incubation with LPS is consistent with the 
flow cytometric data, demonstrating that the DC cultured from this 
patient were resistant to activation with LPS. The variability in the 
phenotypes of the DC generated from the three JMML patients might 
reflect the heterogeneity of this disorder.
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Figure 1 Immunophenotype of DC cultured in vitro from normal 
control and JMML-2 PBMC. Plastic adherent PBMC were differentiated 
into immature DC with CM-CSF and IL-4 for 6 days. DC maturation 
was subsequently induced with LPS for 24 h. DC were harvested on 
day 6 (immature DC) or on day 7 following incubation with LPS 
(mature DC), stained with a panel of immunofluorescent antibodies 
and analyzed by flow cytometry. Cells were gated on large, granular 
cells, and gated cells are shown in the histogram plots. The black filled 
areas in histograms represent staining with the indicated monoclonal 
antibody, the unfilled white histograms indicate staining with an 
appropriate isotype control antibody.

The immunostimulatory properties of DC cultured in vitro from 
JMML-2 PBMC were examined in a mixed leukocyte reaction using an 
IFN-y ELISpot assay. Responder PBMC were cultured with different DC 
stimulator cell populations at a ratio of 10:1, JMML-2-derived DC were 
able to stimulate allogeneic T cells as efficiently as normal MoDC, as 
measured by IFN-y secreted by activated T cells. However, culturing 
normal MoDC and leukemic DC with autologous T cells caused 
moderate and minimal IFN-y secretion, respectively (Figure 2a). These 
data demonstrate that leukemic DC generated from JMML-2 PBMC 
were potent stimulators of allogeneic T lymphocytes.

We next attempted, with JMML-1 samples, to use the in vitro 
generated leukemic DC as stimulator cells to expand allogeneic 
JMML-specific T lymphocytes. The source of T cells was PBMC 
obtained approximately 1 month following allogeneic BMT. DNA 
chimerism studies had at this stage shown a 100% donor engraftment. 
Owing to limited starting cell numbers, after three rounds of 
stimulation using irradiated leukemic DC in the presence of IL-2, 
there were only sufficient T cells to perform a basic cytotoxicity assay. 
Cell killing by the expanded cytotoxic T lymphocytes (CTL) was 
determined using a lactate dehydrogenase (LDH) release assay 
(Promega, Madison, Wl, USA). These preliminary results show that 
the CTL specifically lysed the leukemic JMML cells (Figure 2b). Even at 
the very low effector:target ratio of 1:1, the CTL were able to lyse more 
than 15% of the leukemic targets. The CTL lysed the nonleukemic 
CD3  ̂T cells from the JMML patient to a lesser extent, and there was 
minimal CTL-directed lysis of allogeneic PBMC from an MHC- 
mismatched normal donor. The data are consistent with a role for 
leukemic DC as stimulators of allogeneic T-cell responses against 
JMML cells, in an ex vivo setting following allogeneic BMT.

Longoni et al^ have recently shown that JMML cells can 
spontaneously differentiate in vitro into DC, but these leukemic
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DC secrete the immunosuppressive cytokine IL-10 that might 
dampen autologous antileukemia responses. However, we have 
found that adherent JMML cells cultured in vitro with CM-CSF and 
lL-4 differentiate into stimulatory DC capable of inducing allogeneic 
antileukemia immune responses. Longoni et a/® did not address 
whether JMML cells differentiate into DC in vivo. We observed that 
PBMC from JMML-2 contain a larger number of Linl"^°"' 
HLA-DRTD11C+ and L in r '‘“'^HLA-DR^CD123^ DC subtypes 
than normal individuals (4.1 vs 0.5%, and 1.4 vs 0.6% total PBMC 
population, respectively). This suggests that JMML cells do 
spontaneously differentiate into DC in vivo, but it remains to be 
determined whether these C D lIc^  and CD123^ DC in JMML 
patients are functionally active immunostimulatory DC.

Our findings are in keeping with previous studies showing that 
monocytes from the majority of patients with the myeloid stem cell 
disorders AML^ and CML^ maintain their capacity to differentiate 
into phenotypic and functional DC. We had only three patients 
available for study and although results are rather heterogeneous, 
we have demonstrated that ex vivo generated leukemic DC derived
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Figure 2 Functional activity of DC generated from JMML patient 
PBMC (a) IFN-y secretion, as a marker of T-cell activation, following 
stimulation with in vitro generated DC. Responder cells were: (D)no 
responder cells; (■ )  autologous T lymphocytes; (■ )  allogeneic (third 
party) T lymphocytes. Results represent mean ±standard deviation of 
triplicate cultures. A total of 2 x 10® immunopurified mature DC were 
cultured with 2x10'* responder cells for 4 days, and IFN-y secretion 
was subsequently measured using an ELISpot assay, (b) Cytotoxicity of 
T cells (derived from JMML-1 BMT donor PBMC post engraftment) 
stimulated with JMML-1 leukemic DC. Targets were: ( ♦ )  JMML-1 
leukemic cells; ( • )  JMML-1 nonleukemic T cells; (A) control MHC- 
mismatched PBMC. A total of 1 x 1 0 “* target cells were plated 
with effector cells at 0.2:1 and 1:1 ratios, and incubated for 4 h before 
LDH release was calculated and used as the measure of target cell 
killing.
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from two of these patients were immunostimulatory. The use of 
leukemic DC to stimulate allogeneic responses against JMML 
remains problematic because of the w ide array of self-antigens 
presented, which are likely to induce potent graft-versus-host 
disease (G V H D ) responses. However, there are several potential 
clinical applications arising from our data. Firstly, in v/tro generated 
leukemic DC could be used for the stimulation of autologous PBMC 
(in an ex vivo setting) to generate antileukemic I  cell lines for 
adoptive immunotherapy. In this regard, it is important to note that 
there is reduced reactivity against autologous PBMC with JMML- 
derived M oD C  (Figure 2a). This may be due to reduced T-cell 
number or function in JMML patients. However, the limited 
cytotoxicity assay suggests that the autologous population has the 
potential for antileukemic responses if stimulated by JMML-MoDC  
ex vivo. Secondly, DC  differentiated in vitro from JMML cells may 
potentially be administered as a cellular leukemia vaccine in vivo, 
in the context of resistant disease and BMT failure. Thirdly, the data 
support the concept of generating allogeneic JMML-specific CTL 
lines from BMT donor T lymphocytes (T-cell source being either 
donor PBMC or activated T cells post engraftment). The T cells 
could be transduced with suicide genes to allow reversal of G V H D  
if it develops. Lastly, systemic treatment with cytokine therapy could 
potentially be used to induce immunostimulatory JMML DC in vivo, 
and would be applicable for patients with resistant disease post 
BMT. Further studies in a larger number of patients are warranted to 
confirm the immunostimulatory properties of JMML-derived DC.
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TO  THE EDITOR

Acute myeloid leukemia (AML) has an incidence of 2 /100000  
inhabitants. Familial AML is a rare syndrome and its occurrence in 
two kindreds is less than 4/10^ inhabitants. A few pedigrees have 
been reported, underlying potential but as yet unidentified genetic 
mechanisms predisposing to AML. O n the other hand, the 
autoimmune polyendocrine syndrome (APS) is defined as the 
occurrence of several autoimmune diseases of the endocrine system 
in the same patient.’ Tw o types of APS have been described. The 
autoimmune polyendocrine syndrome type II (APS II) syndrome 
most frequently associates with autoimmune thyroid disorders 
(AITD), Addison's disease and Type I diabetes. In this syndrome, 
AITD encompasses a spectrum of thyroid disorders, including 
Hashimoto's disease and Graves' disease. For most of the APS II 
component disorders, the incidence of multiple affected members in 
a given family is common. Such autoimmune events may be 
subclinical and detected only by serological tests. 'Nonclassic' APS 
II is a group of autoimmune disorders with neither Addison's disease
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nor APS I syndrome. Such autoimmune disorders may include 
hypogonadism, vitiligo, alopecia, pernicious anemia, myasthenia 
gravis and a number of less common disorders. M ajor histocompa
tibility complex genes confer susceptibility to the development of 
autoimmune disorders. Familial APS have seldom been reported 
previously. The association of AML with APSII has not been described, 
although A ITD are often associated with AML. W e present a man 
and his daughter with a syndrome of apparently autosomal adult- 
onset APSII and AML (Figure 1).

A 40-year-old man was first admitted to the hospital in 1978. A 
transient ischemic attack, hypercholesterolemia, high blood pres
sure and polyarthritis of unknown cause were noticed in his medical 
history. H e had developed an AML 2 with 97 .6%  blasts 
plus promyelocytes in the bone marrow. Cytogenetics were 
unsuccessful. H e  achieved a complete remission after induction 
chemo-therapy (Daunorubicine, Vincristine, Cytarabine). He then 
received two courses of consolidation (Daunorubicine, Vincristine, 
Cytarabine) and 13 courses of maintenance (M ethylGAG, Cyclo
phosphamide, Cytarabine) chemotherapy. The treatment 
was completed 2 years after diagnosis by two final courses of 
chemotherapy (Daunorubicine, Vincristine, Mercaptopurine). After 
chemotherapy, he developed impotence because of testicular
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