
GPNMB: EXPLORING A NOVEL 

TARGET FOR THERAPY IN 

HODGKIN LYMPHOMA 

by 

DR NAVTA MASAND 

 

 

 

 

 

 

 

 

A thesis submitted to the 

University of Birmingham 

for the degree of 

DOCTOR IN PHILOSOPHY 

 

Institute of Cancer and Genomic Sciences 

College of Medical and Dental Sciences 

University of Birmingham 

March 2021 



 
 
 
 

 
 
 
 
 

University of Birmingham Research Archive 
 

e-theses repository 
 
 
This unpublished thesis/dissertation is copyright of the author and/or third 
parties. The intellectual property rights of the author or third parties in respect 
of this work are as defined by The Copyright Designs and Patents Act 1988 or 
as modified by any successor legislation.   
 
Any use made of information contained in this thesis/dissertation must be in 
accordance with that legislation and must be properly acknowledged.  Further 
distribution or reproduction in any format is prohibited without the permission 
of the copyright holder.  
 
 
 

UNIVERSITYDF 
BIRMINGHAM 



Abstract 

Glycoprotein non-metastatic melanoma protein B (GPNMB) is a transmembrane 

protein highly expressed in multiple tumours, including classical Hodgkin lymphoma (cHL); a 

tumour in which the malignant Hodgkin and Reed-Sternberg (HRS) cells rely on the tumour 

microenvironment (TME) to survive and evade detection by the host immune system.  In this 

study, I explore the contribution of GPNMB to immune evasion of cHL as a novel therapeutic 

target. 

I have shown that GPNMB is highly expressed in tumour-associated macrophages 

(TAM) in cHL tissues but expression is highly variable. In vitro differentiation of macrophages 

(from CD14+ monocytes) was shown to be associated with an increase in GPNMB expression, 

including the generation of a soluble form of GPNMB (sGPNMB). sGPNMB partially inhibited 

T-cell activation and T-cell recognition of Epstein-Barr virus (EBV)-specific epitopes in cHL cell 

lines. Preliminary experiments indicated that the inhibition of T cell activation by GPNMB 

could be overcome with GPNMB neutralising antibodies. 

 This work provides evidence in support of the hypothesis that GPNMB can mediate an 

immune checkpoint that inhibits anti-tumour cytotoxic T-lymphocytes (CTL). It provides a 

basis for further investigations designed to explore the therapeutic potential of targeting 

GPNMB in cHL. 
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Chapter 1 Introduction 

1.1 Hodgkin Lymphoma 

Hodgkin lymphoma (HL) is characterised by malignant Hodgkin and Reed-Sternberg 

(HRS) cells and a prominent tumour microenvironment which is believed to contribute to HRS 

growth and protect them from a host immune response which includes cytotoxic T cells. 

Approximately 40% of all patients with HL carry the oncogenic Epstein-Barr virus (EBV) in HRS 

cells [reviewed in (Kuppers, 2009)]. Whilst the majority of patients with HL are cured using 

conventional cytotoxic chemotherapies there is little prospect of further improvement in 

outcomes without innovation in the therapeutic approaches, as further chemotherapy 

intensification is limited by the current treatment-related toxicities. Outcomes are particularly 

poor in older patients (5-year survival 34-48% in patients >74 years) and in those who relapse 

or have refractory disease (Statistics, 2016). Moreover, survivors of HL experience significant 

long-term effects of therapy, including reduced fertility, and an increased risk of cardiac 

deficiency and second malignancies (Goodman et al., 2008). Therefore, new agents that target 

molecular abnormalities in these lymphomas are required. The goal is to integrate less toxic, 

but equally effective, targeted therapies into front-line treatment protocols for all patients. 

1.2 Types of HL 

There are 2 main types of HL: classical HL (cHL) and nodular lymphocyte predominant 

HL (NLPHL). Classical HL makes up approximately 95% of all HL, and NLPHL only 5% of cases in 

Europe and the United States of America (USA) (Smith et al., 2018). HRS cells are the tumour 

cells in cHL, and those in NLPHL are called lymphocyte predominant (LP) cells. cHL can be 

further subdivided in to 4 groups: mixed cellularity classical HL (MCCHL), nodular sclerosis 
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classical HL (NSCHL), lymphocyte-rich classical HL (LRCHL) and lymphocyte-depleted classical 

HL (LDCHL). Of these, NSCHL is the most common type of classical HL (70% of cases in Europe 

and USA), and LDCHL the rarest (<1% cases) (Smith et al., 2018). 

Histologically, NSCHL shows a ‘nodular’ pattern of a sclerotic nodal capsule surrounded 

by fibrous bands of collagen, often with areas of necrosis. They are usually EBV-negative. 

NSCHL usually occurs in teenagers and young adults, and disease is often in the mediastinum 

(Jaffe et al., 2018, Smith et al., 2018). 

In MCCHL, there are no fibrous collagen bands or sclerotic nodal capsule as in NSCHL; 

instead, there is a diffuse infiltrate (with obliteration of lymph node architecture). It often 

presents at a more advanced stage than NSCHL; is more likely to be EBV-positive; usually seen 

in young children and older adults; and more likely in HIV-positive patients (Jaffe et al., 2018, 

Smith et al., 2018). 

LRCHL can look very similar to NLPHL morphologically, although 

immunophenotypically and genetically look like other classical HLs. It is mostly nodular but 

can be diffuse, and the background is mostly lymphocytes (with almost absent neutrophils 

and eosinophils). Patients are usually older adults and tend to have localised disease (Jaffe et 

al., 2018, Smith et al., 2018). 

LDCHL contains a diffuse fibrotic and necrotic infiltrate and a relatively high number of 

HRS cells compared to lymphocytes. Occasionally the HRS cells appear anaplastic or 

pleomorphic, giving them a ‘sarcomatous’ appearance. The majority are EBV positive and 

histologically can look like B- or T-cell lymphomas but immunophenotype is characteristic of 
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classical HL. It is common in older adults, HIV-positive patients and usually presents with more 

advanced stage disease (Jaffe et al., 2018, Smith et al., 2018) 

1.2.1 Origin of HRS and LP tumour cells 

Although both cHL and NLPHL have only a small number of malignant cells surrounded 

by a background of inflammatory cells, they are different in several ways, including: 

immunophenotype, morphology, makeup of the microenvironment and clinical features 

(Ansell, 2015, Weniger and Küppers, 2021). LP cells express markers typical of B cells, e.g CD19, 

CD20 and CD79 on the surface; transcription factors such as BOB1 and PAX5; germinal centre 

(GC) B cell markers e.g BCL6 and activation-induced cytidine deaminase; and are typically 

CD45+, CD30- and CD15- (Weniger and Küppers, 2021, Küppers, 2018, Jaffe et al., 2018). HRS 

cells in cHL are usually CD30+, CD45-, CD15+/-, CD20-, CD79-; they show downregulation of B 

cell transcription factors, e.g. BOB1; upregulation of transcription factors which in turn 

suppress B cell gene expression, e.g. STAT5, NOTCH1, ID2; some of these are markers of 

different cell lineages, e.g. T cell genes, myeloid genes, dendritic cell genes and natural killer 

cell genes (Jaffe et al., 2018, Küppers, 2018, Weniger and Küppers, 2021).  

The immunophenotype of LP cells suggests they originate from B cells, but the 

immunophenotype of HRS cells is unusual in that it does not match that of any ‘normal’ 

immune cells. Therefore, it was only through genetic analysis of micro-dissected HRS that their 

origin was also confirmed to be from B-cells (Küppers, 2018). HRS cells carry gene 

rearrangements and somatic mutations of immunoglobulin (Ig) heavy and light chain V genes 

which are very specific to GC-B cells (as somatic hypermutation occurs during B-cell 

differentiation in the GC of secondary lymphoid organs) (Martin et al., 2015). The normal 
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process of somatic hypermutation itself is no longer happening in HRS cells, and in 

approximately 25% of cHL cases, these Ig V gene mutations are pathological; B cells normally 

carrying these types of mutations would undergo apoptosis, suggesting HRS cells are derived 

from pre-apoptotic B cells which have undergone a transforming event to escape apoptosis 

(Kanzler et al., 1996, Küppers, 2018). Table 1.1 compares the features of HRS cells and LP cells 

(Küppers, 2018). 

1.2.2 Genetic alterations and deregulated signalling pathways in HL 

 Table 1.2 provides a summary of the most common genetic lesions in HRS and LP cells, 

discussed further below (Weniger and Küppers, 2021).  

As mentioned, HRS cells derive from pre-apoptotic B cells which undergo transforming 

events to escape apoptosis.  HRS cells contain multiple genomic aberrations which affect 

several pathways or cellular functions, namely: deregulation of the NF-κB and JAK/STAT 

signalling pathways; immune evasion; infection with EBV; affecting 

cytokinesis/DNA/RNA/nuclear function (Brune et al., 2021).  

 The NF-κB pathway is constitutively activated in HRS cells, by either the classical or 

alterative pathways (Küppers, 2018). Two of the most frequent mutations to genes in the NF-

κB pathway are gains or amplifications of REL (encoding an NF-κB factor) and inactivation of 

TNFAIP3 (a negative regulator of NF-κB) but pathological mutations that can disrupt this 

pathway include inactivation of NFKBIA and NFKBIE (also inhibitors of the pathway) (Table 1.2) 

(Weniger and Küppers, 2021, Brune et al., 2021, Wienand et al., 2019). In total, approximately 

50% of classical HL cases contain mutations in this pathway, but it should be noted that these 

mutations are more common in EBV- HL cases, as EBV+ cases have another mechanism for 
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activating this pathway (see section 1.4) (Küppers, 2018). LP cells are not infected by EBV and 

although some of them contain mutations in REL, there must be other mechanisms causing 

activation of the NF-κB pathway (Küppers, 2018). 

The JAK/STAT pathway (involved in cytokine signalling) is also constitutively activated 

in HRS and LP cells. As seen in Table 1.2, JAK2, PD-L1, PD-L2 and JMJD2C are all located at 

chromosome 9p24 very near each other, therefore are usually seen to be amplified or gained 

together (Weniger and Küppers, 2021). PD-L1 and PD-L2 are involved in the immune evasion 

of HL by host cells (see section 1.6). SOCS1 is an inhibitor of the JAK/STAT pathway and is 

inactivated in about 40% of HL and NLPHL cases (Weniger and Küppers, 2021). 

 Mutations are frequently seen in the PI3K/AKT/mTOR pathway (up to 45% of classical 

HL cases), which functions to regulate the cell cycle. Aberrations in this pathway lead to 

uninhibited proliferation and reduced apoptosis. For example, pathological mutations in 

GNA13 (which helps to control proliferation of GC B cells) leads to increased survival of pre-

apoptotic GC B cells (Brune et al., 2021, Wienand et al., 2019).  

HRS cells are bi- or multi-nucleated cells- this is caused by incomplete or impaired 

cytokinesis through mutations of GNA13, CDH1 and DNAH12. These genes are involved in 

microtubule dynamics during cytokinesis or DNA-binding, and genetic alterations cause 

impairments of these processes (Brune et al., 2021). 
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Feature 
Hodgkin and Reed-

Sternberg cells 

Lymphocyte 

Predominant cells 

Somatically mutated Ig V genes Yes Yes 

Crippling Ig V gene mutations Yes (~25% cases) No 

Ongoing somatic hypermutation No Yes (moderate) 

Presumed cellular origin 
Pre-apoptotic GC-B 

cells 

Positively selected, 

mutating GC-B cells 

B cell receptor expression No Yes 

Expression of B cell transcription 

factors (e.g., OCT2, BOB1, PAX5) 

Rarely +/- at low 

levels 
Yes 

Expression of GC B cell markers 

(e.g., BCL6, GCET, AID, HGAL) 
No/ rarely Yes 

Expression of B cell surface 

markers (e.g., CD19 and CD20) 
No/ rarely Yes 

Expression of molecules involved in 

antigen-presentation and interaction 

with T-helper cells (e.g., CD40, 

CD80, CD86, MHC Class II) 

Yes Yes 

Expression of non-B cell markers 

(NOTCH1, CCL17, ID2, GATA3, 

CSFR1) 

Yes No 

EBV infection of tumour cells Yes (30-40%) No 

Table 1.1. Comparing features of Hodgkin and Reed-Sternberg cells and 

lymphocyte predominant lymphoma cells (modified from (Küppers, 2018)) 
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Gene 
Pathway/ Main 

Function 

Type of genetic 

mutation 

Frequency 

(%) 
H

R
S

 c
e
ll

s
 

NFKBIA 

NF-κB pathway 

SNVs, indels 10-20 

NFKBIE SNVs, indels 10 

TNFAIP3 SNVs, indels 40 

REL Gains/amplifications 50 

MAP3K14 Gains/amplifications 25 

BCL3 Gains, translocations 20 

JAK2* 

JAK/STAT pathway 

Gains/amplifications 30 

SOCS1 SNVs, indels 40 

STAT6 SNVs, gains 30 

PTPN1 SNVs, indels 20 

CSF2RB SNVs 20 

ITPKB PI3K/AKT pathway SNVs 15 

GNA13 SNVs 20 

B2M 

Immune evasion 

SNVs, indels 30 

MHC2TA SNVs, translocations 15 

PD-L1* Gains/amplifications 30 

PD-L2* Gains/amplifications 30 

XPO1 Nuclear RNA/ 

protein export 

SNVs, gains 20 

ARID1A Chromatin remodelling SNVs, indels 25 

JMJD2C* Epigenetic regulator Translocations 30 

L
P

 c
e
ll

s
 

BCL6 Transcription factor SNVs, indels 35 

SOCS1 JAK/STAT pathway SNVs 40 

SGK1  SNVs 50 

JUNB Transcription factor SNVs 50 

DUSP2  SNVs 50 

REL NF-κB pathway Gains 40 

Table 1.2 Genetic mutations in HRS and LP cells (modified from (Weniger and 

Küppers, 2021)). SNV- single nucleotide variants. *JAK2, PD-L1, PD-L2 and JMJD2C- closely 

located on chromosome 9p24, therefore are usually co-amplified/ gained together. 
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1.3 Tumour Microenvironment in cHL 

Malignant HRS cells only make up approximately 1% of cells in cHL tumours (Kuppers, 

2009). The majority of cells in cHL tumours are inflammatory/immune cells including T-cells, 

B-cells, macrophages, mast cells, plasma cells and eosinophils (Kuppers, 2009, Aldinucci et al., 

2010, Scott and Steidl, 2014).  The presence of these cells and cytokines/ chemokines secreted 

by HRS cells themselves aid proliferation of HRS cells  and maintenance of the 

immunosuppressive tumour microenvironment, e.g. IL-10, CCL4, and CCL22 (Aldinucci et al., 

2010).  As part of the immunosuppressive microenvironment, M2 macrophages, T-helper 

(Th2) and regulatory T cells are present, but M1 macrophages, CD8+ CTLs and natural killer 

(NK) cells are generally lacking (Aldinucci et al., 2010, Nagpal et al., 2020).  Tumour associated 

macrophages in cHL are discussed in detail in 1.6, but have been shown to promote an anti-

inflammatory response, angiogenesis and metastasis (Nagpal et al., 2020). A recent study 

explored the immune landscape of cHL using transcriptomics and immunohistochemistry 

(IHC) and found cHL samples to be significantly enriched CD4+ and CD8+ T-cells compared to 

diffuse large B-cell lymphoma (DLBCL) (Péricart et al., 2018). Using IHC and 

immunofluorescence, the cHL immune cell infiltrate contains 60% CD3+ T-cells (35% of total 

cells CD4+, 25% of total cells CD8+) and 13% CD68+ macrophages (Péricart et al., 2018). In EBV-

positive cHL, CTL responses are known to be suppressed through immune checkpoints (see 

1.6). The distribution of inhibitory immune checkpoints in cHL was also investigated; a mean 

of 16% cells were PD-1+; 29% of total cells were PD-L1+, 11% were TIM-3+ (Péricart et al., 

2018). The overexpression of immune checkpoints and high numbers of T-cells in cHL suggest 

it is a tumour that can modulate an immune response, especially in conjunction with 

immunotherapy (Péricart et al., 2018).  
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1.4 Epstein-Barr Virus (EBV) 

 Epstein-Barr virus (EBV) is a herpesvirus that was first discovered in 1964 when Burkitt 

lymphoma tumour cells were being studied by electron microscopy. From here, it was 

subsequently discovered that EBV could transform B-cells in cell culture into lymphoblastoid 

cell lines (LCLs) (Young et al., 2016). Primary EBV causes infectious mononucleosis, X-linked 

lymphoproliferative disease or chronic active EBV; EBV also plays an aetiological role in the 

development of multiple cancers, including B cell lymphomas (Burkitt lymphoma, HL, diffuse 

large B cell lymphoma and post-transplant lymphoproliferative disease), gastric carcinoma, 

nasopharyngeal carcinoma and a T-cell/natural killer cell lymphoma (Taylor et al., 2015). Once 

infected with EBV, it persists in asymptomatic individuals in up to 95% of the world’s 

population (Young et al., 2016). Three latency gene expression patterns are known about, 

through which EBV infection occurs. Latency III (also called the ‘growth programme’) occurs 

in LCLs, acute infection or in immunodeficiency, where unrestricted expression of all latent 

genes; six Epstein-Barr nuclear antigens (EBNAs 1, 2, 3A, 3B, 3C, and EBNA leader protein), 

latent membrane proteins (LMP1, LMP2A, and LMP2B), microRNAs and EBV-encoded small 

RNAs (EBER1 and EBER2) which are non-coding (Young et al., 2016). In latency II, EBNA1, LMP1 

and LMP2a are expressed. In latency I, only EBNA1 is expressed (Küppers, 2018). Latency 0 is 

the pattern seen in EBV-infected resting memory B cells where latent viral proteins are not 

expressed, i.e. latent infection (Young et al., 2016, Dojcinov et al., 2018). In latency 0, only 

non-coding EBERs are expressed. Whilst EBV-associated epithelial cancers express the latency 

II pattern, the B cell lymphomas can express any of latency I-III patterns (Young et al., 2016). 
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1.4.1 EBV in cHL 

 As mentioned, approximately 40% of cHL cases are EBV+ in the West; this is as high as 

90% in paediatric HL in Central and South America (Küppers, 2018). In cHL, HRS cells exhibit 

latency II pattern; EBNA1 is necessary for replication of EBV genomes in episomes; oncogenic 

LMP1 mainly functions to activate the NF-κB pathway which is constitutively activated in cHL 

by imitating a CD40 receptor; LMP2a, which contains a motif similar to that of a B cell receptor 

(BCR), acts to weaken BCR signalling and rescue GC B cells from apoptosis where they have 

lost BCR-expression due to  crippling Ig V gene mutations (see sections 1.2.1 and 1.2.2) 

(Küppers, 2018). 

1.5 Current treatment for cHL 

First-line treatment for HL usually involves a combination of chemotherapy and/or 

radiotherapy depending on stage of disease at presentation.  Examples of combination 

chemotherapy regimens include ABVD (Adriamycin (Doxorubicin), bleomycin, vincristine and 

dacarbazine), OEPA (vincristine, etoposide, prednisolone, adriamycin), BEACOPP (bleomycin, 

etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine, prednisolone) or 

COPDAC (cyclophosphamide, vincristine, prednisolone, dacarbazine) used in different 

combinations/doses for adults and paediatric patients. 

Extended-field radiation therapy was previously used as standard; it was found in a 

randomised clinical trial that subtotal nodal radiation +/- ABVD had worse overall survival 

compared to ABVD alone and death from non-HL causes in early-stage disease (Meyer et al., 

2012). Thus, most patients with early disease are treated with chemotherapy and involved-
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field radiation to restricted sites. Patients with advanced- stage cHL tend to be treated with 

chemotherapy alone (Ansell, 2015).  

Those with refractory disease or who relapse usually go on to have high-dose 

chemotherapy and autologous stem-cell transplantation (ASCT), but for those who relapse 

following ASCT prognosis is extremely poor (approximately 50% survival) (Statistics, 2015).  

Brentuximab vedotin is a monoclonal antibody-drug conjugate against CD30 (expressed by 

HRS cells), currently only licensed for use in those who relapse following ASCT but has shown 

positive results in this group (Younes et al., 2010, Arai et al., 2013, Moskowitz et al., 2015).  

Although therapies targeting the immune checkpoint Programmed cell death protein-1 (PD-

1) pathway using drugs such as nivolumab have shown promise in the treatment of 

refractory/relapsed HL, not all patients respond to these drugs (Ansell et al., 2015, Kasamon 

et al., 2017, Bond and Alinari, 2017). Furthermore, studies from other cancers, such as 

melanoma, suggest that combination therapies employing the simultaneous blockade of two 

or more different immune checkpoints are likely to be more effective [reviewed in (Marquez-

Rodas et al., 2015)]. 

1.6 Tumour- Associated Macrophages (TAM) 

1.6.1 Macrophage Ontogeny 

Macrophages have previously been described as being derived from common myeloid 

precursor cells which originate from haematopoietic stem cells (HSC) (Mosser and Edwards, 

2008). The ‘mononuclear phagocyte system,’ described by van Furth et al. (1972) grouped 

cells together based on similar ‘morphology, function, origin and kinetics’  and on that basis, 

promonocytes, their bone marrow precursors, circulating monocytes and tissue macrophages 
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were included in this system, whereby circulating monocytes migrate to tissues and 

differentiate into tissue-specific macrophages, e.g. osteoclasts (bone) or histiocytes 

(connective tissue) and depending on the stimuli received could become activated in different 

ways (Mosser and Edwards, 2008, van Furth et al., 1972).  Tissue-resident macrophages 

(TRMs) include alveolar macrophages in the lung, brain microglia, Kupffer cells in the liver, 

red-pulp macrophages in the spleen, and F4/80bright kidney and cardiac macrophages 

(Perdiguero and Geissmann, 2016). Hashimoto et al. (2013) showed through fate-mapping 

models and parabiosis studies that TRMs  are maintained independently of monocytes in the 

‘steady state’ as they have the ability to self-renew through proliferation, even after injury 

(Hashimoto et al., 2013). Similar results were seen in microglia in mice, where they were 

shown to maintain in adult tissue independently of circulating haematopoietic precursors 

(Ginhoux et al., 2010). Furthermore, it has been shown that these macrophages develop in 

the yolk sac of embryos prior to the development of haematopoietic stem cells (Hoeffel and 

Ginhoux, 2015, Schulz et al., 2012, Gomez Perdiguero et al., 2015). Common erythro-myeloid 

progenitors (EMPs) which derive from the embryonic yolk sac on embryonic day 8.5, were also 

seen to be present in the foetal liver from embryonic day 10.5 had both erythroid and myeloid 

potential based on the different colony-forming units which were detected (Gomez 

Perdiguero et al., 2015). These EMPs are the precursors of foetal monocytes and yolk sac 

macrophages that can develop into microglia independently of the transcription factor Myb, 

which is required for the development of haematopoietic stem cells (Schulz et al., 2012, 

Gomez Perdiguero et al., 2015). A ‘second wave’ of late EMPs colonise the foetal liver to 

generate foetal monocytes which develop into TRMs once recruited to embryonic tissues (but 

these EMPs are Myb+); these TRMs have the ability to self-renew into adulthood (Hoeffel et 
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al., 2015, Ginhoux et al., 2016, Gomez Perdiguero et al., 2015). Thus, TRMs are derived 

independently of HSCs. 

In adult tissues, the amount in which HSCs contribute depends on the organ and this 

also varies with age. In adult brain, liver and epidermis TRMs for example, HSCs contribute 

<5%, however in spleen, heart and lungs the contribution of HSCs to TRMs increases with age 

as these macrophages have a slow turnover (Perdiguero and Geissmann, 2016). Intestinal and 

dermis macrophages are the main groups of macrophages which are not able to self-renew 

and therefore would rely on circulating HSCs for renewal and both have an estimated half-life 

of 4-6 weeks (Ginhoux and Guilliams, 2016). 

1.6.2 Macrophage activation and polarisation and TAM ontogeny 

Macrophages can be broadly classified into M1 (classically activated macrophages), 

and M2 (alternatively activated macrophages) though there has always been much debate 

about this classification (Murray et al., 2014, Allavena et al., 2008).  These can also be thought 

of as two ‘extremes’ of polarisation on a linear scale, and macrophage polarisation can 

fluctuate in response to stimuli/ signals received from their environment (Sica et al., 2006, 

Allavena et al., 2008, Mosser and Edwards, 2008, Stout et al., 2005). Since the developments 

in macrophage ontogeny, new models are also being considered for macrophage activation 

and origin of TAMs, i.e. monocyte-derived TAM which differentiate upon infiltrating 

tissues/tumours (Laviron and Boissonnas, 2019). However, as there is not yet a consensus, I 

have used the older classifications in this thesis. 

Despite the overlap, M1 & M2 macrophages have separate phenotypes which are 

summarised in Table 1.3 (adapted from (Allavena et al., 2008, Sica et al., 2006)) and Figure 1.1 
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(Sica et al., 2006).  TAM are M2-like macrophages but also display pro-tumoural functions (Sica 

et al., 2006, Mantovani et al., 2002).  Many of the polarising stimuli towards an M2-phenotype 

are expressed in the tumour microenvironment, for example, IL-10, an immunosuppressive 

cytokine promotes monocyte differentiation to an M2c-like phenotype and is also highly 

expressed by TAM themselves (Mantovani et al., 2002, Allavena et al., 2008, Sica et al., 2006). 

Other examples include macrophage colony stimulating factor (M-CSF), prostaglandins, 

transforming growth factor (TGFβ) and IL-6 (Allavena et al., 2008).  The tumour-promoting 

functions of TAM include their ability to induce angiogenesis mediated by secretion of soluble 

angiogenic factors such as vascular endothelial growth factor (VEGF) (Mantovani et al., 2006, 

Murdoch et al., 2008); suppression of adaptive immunity through release of IL-10, TGFβ and 

chemokines like CCL17, CCL18 and CCL22 to suppress anti-tumour response; release of matrix 

metalloproteinases (MMPs) and chemokines to promote matrix remodelling, tumour invasion 

and metastasis and promoting tumour growth and survival (Mantovani et al., 2002, Allavena 

et al., 2008). 
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Figure 1.1 Macrophage polarisation into M1 and M2 macrophages. 

 

Reprinted from European Journal of Cancer, 42; 717-727. Tumour- associated macrophages are a distinct M2 

polarised population promoting tumour progression: potential targets of anti-cancer therapy. Sica et 

al.,COPYRIGHT (2006), with permission from Elsevier 
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M1 (classically activated) M2 (alternatively activated) 

Polarising 

Stimuli 

IFNγ, LPS, TNF, GM-CSF, 

Bacterial products 

M2a- IL-4, IL-13 

M2b- IC & LPS or IL-1 or TLR/IL-1R 

ligands 

M2c- IL-10, glucocorticoids 

Main 

Function 

Tumour Suppression; Th1 

Activation, DTH; Killing of 

intracellular pathogens; 

immune-stimulation, host 

defence, tissue destruction 

Tumour Promotion; Th2 activation 

(M2a, M2b); killing and 

encapsulation of parasites (M2a); 

Immunosuppression (especially 

M2b, M2c); wound healing, tissue 

remodelling, angiogenesis 

Cytokine 

Production 

IL-12HIGH, IL-10LOW, IL-23; 

IL-1HIGH, TNF, IL-6; 

signalling IL-1RIHIGH; 

CXCL9, CXCL10, CXCL11 

IL-12LOW, IL-10HIGH; IL-1LOW, TNF, 

IL-6 (not M2b); TGFβ (M2c); decoy 

IL-1RIIHIGH, IL-1R-antagonist; 

CCL17, CCL18, CCL22, 

Polyamine, Scavenger R, Mannose 

R 

Toxic 

Intermediates 
HIGH RNI & ROI LOW RNI & ROI 

Tumour 

Resistance 
HIGH POOR 

Table 1.3 M1 and M2 phenotypes (adapted from Mosser & Edwards, Nat Rev 

Immunol., 2008 & Sica et al., Eur J Cancer, 2006) LPS- Lipopolysaccharide; IFNγ- interferon gamma; 

TNF- tumour necrosis factor; IC- immune complex; TLR- toll-like receptor; IL-1R- IL-1 receptor; DTH- delayed type 

hypersensitivity; RNI- reactive nitrogen intermediate; ROI- reactive oxygen intermediates. 
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1.6.3 TAM and outcome in cHL 

Recent evidence suggests the composition of the tumour microenvironment of cHL is 

an important determinant of patient outcome (Greaves et al., 2013, Barros et al., 2012b, 

Chetaille et al., 2009, Tan et al., 2012, Kamper et al., 2011). In particular, increased numbers 

of CD68 and CD163-expressing tumour-associated macrophages (TAMs) are strongly 

associated with inferior survival in newly diagnosed cHL patients, in those treated with 

standard chemotherapy, as well as in those having received autologous stem cell transplant 

(Tan et al., 2012, Kamper et al., 2011). In these patients, increased CD68 and CD163 expression 

were also strongly correlated with EBV-positivity in their tumours (Kamper et al., 2011, Tan et 

al., 2012). Steidl et al., used gene expression profiling of the tumour tissues of newly diagnosed 

cHL patients to show that a gene expression signature of macrophage infiltration was 

associated with poor prognosis, a finding which was validated using immunohistochemistry to 

detect TAMs in an independent patient cohort (Steidl et al., 2010). Another study in paediatric 

cHL showed that those patients with a higher frequency of tumour-associated M1-like 

macrophages (defined as CD163+pSTAT1+) had better overall survival, whereas patients 

whose tumours were infiltrated with higher numbers of M2-like macrophages 

(CD163+CMAF+) had significantly worse progression-free survival (Barros et al., 2015).  In 2 

studies, EBV-positive cases had a predominantly M1-polarised microenvironment, and a gene 

signature characteristic of Th1 response, whereas EBV-negative cases had a predominantly 

M2-polarised microenvironment (Chetaille et al., 2009, Barros et al., 2015).  It has been 

suggested that the microenvironment varies between paediatric and adult cases of cHL such 

that there appeared to be significantly more Th1-like cells in EBV-positive cases in those under 

10 years of age (Barros et al., 2012b).  This may reflect age-related differences in the cellular 
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composition, in particular, a more cytotoxic T-cell infiltrate in younger patients (Barros et al., 

2012b, Barros et al., 2012a). 

CD68-positive and CD163-positive TAMs are also associated with increased micro-

vessel density (MVD) and vascular endothelial growth factor (VEGF) in cHL (Panico et al., 2013, 

Koh et al., 2014) and MVD correlates with poor outcome in HL patients (Korkolopoulou et al., 

2005, Mainou-Fowler et al., 2006, Doussis-Anagnostopoulou et al., 2002), suggesting 

macrophages contribute to a pro-angiogenic phenotype in HL. 

1.7 Immune Checkpoints 

Immune checkpoints are co-stimulatory or inhibitory pathways involved in regulating 

T-cell immune responses, as shown in Figure 1.2 (from Pardoll, Nat Rev Cancer, 2012) (Pardoll, 

2012).  These checkpoints are required to prevent autoimmunity and to protect a host’s own 

tissues from being damaged during the immune response to pathogens (Pardoll, 2012).  

However, these same checkpoints can be manipulated by tumours to block the anti-tumour 

immune response (and thus allow tumours to evade detection by a host’s immune system) 

(Pardoll, 2012).  Most of these are modulated through ligand-receptor pairs between antigen-

presenting cells and T-cells, making the attractive targets for new therapies (Pardoll, 2012). 

This is relevant because although HL tissues are known to contain cytotoxic T-lymphocytes 

(CTL) with specificity for tumour cell epitopes, such as those derived from viral proteins in EBV-

positive cases, these CTL are unable to eliminate HRS cells (Chapman et al., 2001). The 

inhibition of CTL responses in HL is partly mediated by the interaction of programmed death 

ligand 1 (PD-L1) on tumour cells with PD-1, on T-cells (Green et al., 2012). However, this is just 
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one of several immune checkpoint pathways that allow tumours to evade detection by the 

host immune system (Figure 2) (Armand, 2015, Pardoll, 2012). 
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Figure 1.2. Immune checkpoint pathways modulated through T-cells and APCs.  Ligands can 

bind to different receptors to deliver a co-stimulatory or inhibitory signal.  In some cases, the 

inhibitory receptor on T-cells is only expressed upon activation of T-cells. 

Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature. Nature 

Reviews Cancer. The blockade of immune checkpoints in cancer immunotherapy, Pardoll, D. COPYRIGHT 

(2012:12;252-264). 



22 
 

1.8 Glycoprotein Non-Metastatic Melanoma Protein B (GPNMB) 

GPNMB is a trans-membrane protein that is overexpressed in several cancer types 

including breast cancer, melanoma, lung cancer and glioblastoma [reviewed in (Maric et al., 

2013)],(Rose et al., 2010b, Tomihari et al., 2010, Kuan et al., 2006, Li et al., 2014, Oyewumi et 

al., 2016). It was first cloned in 1995 from low-metastatic melanoma cell lines (and 

subsequently named ‘non-metastatic B’, but has since been reported to be expressed in 

cancers with a more invasive phenotype) (Weterman et al., 1995, Rose et al., 2010a, Oyewumi 

et al., 2016, Rich et al., 2003, Rose et al., 2007).  It is also known as hematopoietic growth 

factor inducible, neurokinin-1 type (HGFIN) and in its murine form is called Osteoactivin or 

dendritic cell- associated, heparan sulphate proteoglycan-dependent integrin ligand (DC-HIL) 

(Shikano et al., 2001, Sheng et al., 2008).  GPNMB is a type 1 transmembrane protein and 

contains several functional domains, including a dileucine motif and half immunoreceptor 

tyrosine-based activation motif (hemITAM) in the cytoplasmic tail; a single pass 

transmembrane anchor; a polycystic kidney disease (PKD) domain, integrin binding (RGD) 

motif and N-terminal signal peptide in the extracellular domain (ECD) of the protein (Figure 

1.3A. from Maric et al., Oncotargets Ther. 2013) (Maric et al., 2013).  These functional domains 

interact with other cells in the tumour microenvironment through which it enhances tumour 

growth and invasiveness, discussed in further detail below and summarised in Figure 1.3B 

(from Maric et al., Oncotargets Ther. 2013) (Maric et al., 2013). 

 GPNMB expression is significantly increased following the differentiation of monocytes 

to macrophages (Dong et al., 2013) and is also reported to be higher in M2 macrophages 

compared with M1 macrophages (Yu et al., 2016). Proteolytic cleavage of GPNMB by ADAM10 

results in the release of a soluble form (sGPNMB) (Rose et al., 2010a) which promotes both 
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autocrine and paracrine signalling (Maric et al., 2013). Importantly, sGPNMB has been shown 

to engage its receptor, syndecan-4, to deliver a potent inhibitory signal to CTL and may 

therefore represent a novel immune checkpoint (Tomihari et al., 2010, Chung et al., 2007). 

The RGD motif allows GPNMB to bind to integrins, e.g. on endothelial cells, supporting trans-

endothelial migration (Maric et al., 2013).  sGPNMB promotes endothelial cell survival and 

migration of breast cancer and glioma cells in vitro and is associated with increased MVD in 

mammary tumours suggesting it might also directly induce angiogenesis (Rose et al., 2010a, 

Rich et al., 2003). 

1.8.1 GPNMB expression in normal tissues 

GPNMB is known to be expressed in many normal tissues in the body, but expression 

levels vary. Transcriptomics analysis (RNA-seq) performed on 95 control human samples 

covering 27 tissues was published on the NCBI Gene and BioProject websites (Fagerberg et al., 

2014, NCBI, NCBI). GPNMB (Gene ID 10457) was most highly expressed in skin, gall bladder 

and heart tissues, but lymph nodes also had a high expression compared to other tissues 

(Figure 1.4). 

 When GPNMB was first cloned in mice, it was shown to be expressed at high levels in 

bones (including long bones and the skull) as an osteoblast-specific protein, but was 

subsequently shown to be upregulated in osteoclasts and involved in osteoclast formation and 

function (Safadi et al., 2001, Sheng et al., 2008). It was then shown that normal human 

melanocytes express high levels of GPNMB in mature melanosomes, as well as melanoma cells 

being positive for GPNMB (Hoashi et al., 2010). 
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GPNMB’s role in inflammation and immunity has been explored in multiple 

inflammatory conditions in humans, mice and rats. As mentioned above, GPNMB is 

upregulated upon polarisation of monocytes to macrophages, but also appears to act as a 

negative regulator of proinflammatory responses in macrophages (Ripoll et al., 2007). After 

acute kidney injury in mice, GPNMB expression was shown to be upregulated, and more 

specifically was localised to GPNMB+ macrophages infiltrating the injured kidney, compared 

to relatively low levels of GPNMB in healthy kidney tissue (Zhou et al., 2017). Zhou et al. (2017) 

also showed that knocking down GPNMB inhibited polarisation of macrophages to an M2 

phenotype, and promoted M1 polarisation with associated increase in ‘pro-inflammatory’ 

cytokine release (e.g. TNF -α) and subsequent decrease in ‘anti-inflammatory’ cytokine 

release, (e.g. interleukin-10 (IL-10)). This is in keeping with data from Ripoll et al. (2007) that 

GPNMB is a negative regulator of pro-inflammatory responses. Another study showed GPNMB 

was widely expressed in the normal brain tissue of adult rats (e.g. cerebrum, cerebellum and 

spinal cord); more specifically GPNMB was mostly expressed in the microglia/macrophages 

with some expression in radial glial cells and neuronal nuclei (Huang et al., 2012), Following 

an injection of LPS into rats (as an inflammatory stimulus), increased numbers of GPNMB+ 

macrophages infiltrated the area postrema in rat brains, suggesting a role in inflammatory 

responses in the central nervous system (Huang et al., 2012). In acute liver injury in mice, 

GPNMB expression increased in the acute recovery phase after 2-4 days post-organ injury; this 

was predominantly in recruited macrophages (approximately 50% of CD68+ macrophages 

were also GPNMB+); macrophages which were CD68+GPNMB+ showed enhanced phagocytic 

activity compared to those which were CD68+GPNMB- (Kumagai et al., 2015).  
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Figure 1.3. Structure and functions of GPNMB. (A) Structure of GPNMB protein with functional 

domains that contribute to tumour growth and invasiveness. (B) Different mechanisms of action of 

GPNMB. 

Reproduced with permission from Dove Medical Press Limited. OncoTargets and Therapy. Glycoprotein non-

metastatic b (GPNMB): A metastatic mediator and emerging therapeutic target in cancer. Maric G et al. 

COPYRIGHT (2013; 6: 839-852). 
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1.9 Hypothesis 

My hypothesis is that macrophage-derived GPNMB contributes to the immune evasion 

of HRS cells and that blocking GPNMB could provide an effective therapeutic approach for 

patients with cHL. The observation that many other common cancers, including lung cancer, 

also over-express GPNMB (Tomihari et al., 2010, Li et al., 2014, Oyewumi et al., 2016, Maric 

et al., 2013, Rose et al., 2010b, Kuan et al., 2006) suggests that the therapeutic targeting of 

GPNMB might eventually receive more widespread application. 

Figure 1.4 GPNMB expression in normal tissues (data re-plotted from Fagerberg et al., 2014 and 

NCBI BioProject PRJEB4337). RNA-seq gene expression data from a total of 95 control samples 

and 27 tissues showing expression of GPNMB (between 2-7 samples per tissue . RPKM- reads per 

kilobase per million reads placed. 
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1.10 Aims 

1.10.1 Objective 1: GPNMB expression on patient outcome in cHL 

Since it is well established that macrophages are associated with poor outcome in HL, I will 

investigate if GPNMB expression in macrophages in cHL (by immunohistochemistry for CD68, 

GPNMB and CD30) can also help refine current outcome prediction models for HL. I have 

access to clinically annotated paraffin-embedded cHL tissues from adult cases and therefore 

aim to investigate if there is a relationship between GPNMB expression and clinical outcome. 

1.10.2 Objective 2: Regulation of GPNMB expression by HRS cells 

In vitro cultivated M1 and M2 macrophages differentiated from blood monocytes will provide 

the means to explore if HRS cells can increase GPNMB expression in macrophages; if GPNMB 

release from macrophages is enhanced by co-culture with HRS cell lines; and if so, which 

cytokines are responsible for this. 

1.10.3 Objective 3: Impact of macrophage-derived GPNMB on EBV-specific 

CTL responses in vitro 

I will study the impact of sGPNMB on T-cell activation (in healthy donors) and then on relevant 

EBV-specific responses in vitro. Our lab’s established panel of EBV-specific CD8+ T-cell clones 

will be used to explore the impact of sGPNMB on T-cell recognition of HLA-matched EBV-

positive HL-derived and lymphoblastoid cell lines. T-cell recognition of cell lines will be 

measured by detection of IFN-γ release. sGPNMB will be a commercially available 

recombinant GPNMB or derived from in vitro cultivated M1 and M2 macrophages. To test the 
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specificity of any effects observed, these experiments will also be done in the presence of 

commercially available blocking antibodies against GPNMB. 
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Chapter 2 Materials and Methods 

2.1 Cell lines 

2.1.1 HL cell lines and HEK293 cells 

 All cell lines (L1236, L428 and L591, HEK293) were obtained from Leibniz Institute 

DSMZ- German Collection of Microorganisms and Cell Cultures.  

All HL cell lines were maintained in ‘complete’ media: RPMI-1640 + 10% heat-

inactivated Foetal Bovine Serum (FBS) (all from Gibco, Life Technologies). 

HEK293 cells were maintained in Dulbecco’s modified eagle’s medium (DMEM) 

(Sigma-Aldrich, Merck group) + 10% FBS. 

All cell lines were incubated at 37°C, 5% CO2 in a humidified atmosphere.  Suspension 

cells were split when at approximately 80% confluency/ 8x105 cells/ml and resuspended at 

2-4x105 cells/ml (2-3 times/week). Adherent cells were split when approximately 80% 

confluency (assessed by visual microscopic inspection); cells were dissociated using TrypLE 

Express enzyme (Gibco, Life Technologies); this was neutralised with fresh media after 2 

mins, cells resuspended and plated at the required concentration. 

L591, L1236 and L428 conditioned media (CM) were prepared by resuspending 1x106 

cells/ml in fresh ‘complete’ media for each cell line and incubating for 24 hours.  CM was 

then harvested by centrifuging cell suspension at 1200 RPM for 10 minutes, and supernatant 

filtered using 0.2µM sterile syringe filters, then frozen at -20°C until required or used fresh. 
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2.1.2 EBV (B95.8 strain) Lymphoblastoid Cell Lines (LCLs) 

 All LCLs were maintained in ‘LCL Media’: RPMI 1640 + 2mM L-glutamine (Sigma-

Aldrich, Merck group) + 10% FBS (Labtech) + 50 international units (IU)/ml penicillin + 

50µg/ml streptomycin (Gibco, Life Technologies). 

 Cells were fed twice weekly with fresh media and split depending on confluency (1 in 

2 split). 

 B95.8 LCLs were generated by the Graham Taylor Group. 

2.1.3 CD8+ T-cell clones 

 All CD8+ T-cell clones were cultured in ‘T-cell media’: RPMI-1640 + 2mM L-glutamine 

(Sigma-Aldrich, Merck group), 30% Monkey Leukocyte Antigen (MLA)-144 supernatant 

(derived by culturing MLA-144 cells for 2 weeks, supernatant harvested, sterile filtered and 

stored at -20°C) + 10% FBS (batch tested) (Labtech) + 1% Human Serum (from male AB 

plasma, batch tested) (Sigma Aldrich, Merck group) + 50IU/ml penicillin + 50µg/ml 

streptomycin (Gibco, Life Technologies) + 50IU/ml recombinant human Interleukin-2 

(Novartis). 

 Established CD8+ T-cell clones were maintained in 24-well plates (Corning); fed twice 

weekly by removing 1ml of supernatant and adding 1ml fresh ‘T-cell media.’ T-cell clones 

were stimulated every 2-4 weeks as required by culturing with irradiated (4000 rads) 

allogenic feeder peripheral blood mononuclear cells (PBMCs) (106 /well from 3 donors) 

which had been treated with phytohaemagglutinin (PHA) 10µg/ml (Biostat Thermofisher) 

and irradiated (4000 rads) autologous LCLs (105 /well). 
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 All T-cell clones were generated by members of the Graham Taylor Group. 

2.2 Patient and donor samples 

2.2.1 Ethical approval for research with human tissue 

 Patient HL blocks (paraffin-embedded tissue) were obtained from Queen Elizabeth 

Hospital, Birmingham (QE, Birmingham) (RG_15_165). Tonsils were obtained with consent 

from adult patients from QE, Birmingham through Human Biomaterials Resource Centre 

(HBRC) and fixed in 10% neutral buffered saline and embedded in paraffin (RG_15_165). 

Leukocyte cones were obtained with consent through the National Blood Service and used 

for preparation of monocytes and polarised macrophages (RG_15_165). Whole blood was 

obtained from healthy donors with consent (RG_13_353) for isolation of PBMCs. 

2.2.2 cHL Tissue Microarray (TMA) 

Paraffin-embedded tissue from 94 adult cHL cases were made into a tissue 

microarray by Dr Matthew Pugh, a pathologist in our group. Patient and sample details 

(where available) are given in Table 2.1. Each slide (HL1- HL6) contains 16 samples, each are 

labelled with their position on the slide (A1-D4). 

2.2.3 Paraffin embedding of tonsils 

Tonsil tissue was cut into 4 pieces, and each fixed in 10% neutral buffered saline 

(Leica) at 4 time point between 12-48hrs. All 4 pieces of tissue was embedded into 1 paraffin 

block; then sections were cut and mounted on slides by the Royal Orthopaedic Hospital 

Pathology Department, Birmingham. 
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Table 2.1. cHL TMA- Clinical information from cases (where available). 

HL2 B3* and C3* are diagnosis and relapse samples from the same patient. HL3 A2* and C2* are 

diagnosis and relapse samples from another patient. Rows highlighted yellow were excluded from 

analysis (see section 3.3 for analysis details). PFS- progression-free survival. OS- overall survival. 

EOT- end of treatment. PD- progressive disease. 

  Age Sex Subtype EBV Status 
Type of 
biopsy 

PFS Event OS Event 

HL1               
A1 30 Female MCCHL negative       
A2       positive       
A3 60 Male   negative       
A4 27 Female NSCHL negative       
B1 50 Male   negative       
B2 46 Male MCCHL positive Diagnostic Death Died 

B3 62 Male MCCHL positive       
B4 25 Female   negative Diagnostic Relapse after EOT   
C1 37 Female MCCHL positive       
C2       negative       

C3 24 Male   negative Relapse Relapse after EOT   
C4       negative       
D1       positive       
D2 22 Male MCCHL negative       
D3       positive       
D4 62 Male MCCHL positive       
HL2               
A1 34 Female   negative       

A2 22 Female   positive       
A3 18 Female NSCHL negative Diagnostic PD at EOT   
A4 31 Male MCCHL negative Diagnostic PD at EOT   
B1 47 Male NSCHL positive       
B2       positive       
B3* 39 Male NSCHL negative Diagnostic Relapse after EOT   
B4 40 Male NSCHL positive       
C1       positive       
C2 32 Male NSCHL negative       
C3* 39 Male NSCHL positive Relapse Relapse after EOT   
C4       negative       
D1 22 Male MCCHL positive       
D2 36 Male NSCHL negative       
D3 36 Female NSCHL positive Diagnostic Relapse after EOT   

D4       negative       
HL3               
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  Age Sex Subtype EBV Status 
Type of 
biopsy 

PFS Event OS Event 

A1       negative       
A2* 60 Female NSCHL positive Relapse Relapse after EOT Died 
A3       negative       
A4       positive       

B1       negative       
B2 18 Female   negative Relapse Relapse after EOT   
B3       negative       
B4       positive       
C1 47 Male MCCHL negative Diagnostic PD at EOT   
C2* 60 Female NSCHL positive Diagnostic Relapse after EOT Died 
C3 37 Male   positive Diagnostic PD at EOT Died 
C4       positive       
D1 31 Male NSCHL negative       
D2 73 Male MCCHL positive Diagnostic PD at EOT   
D3       positive       
D4 43 Male   positive Diagnostic Relapse after EOT   
HL4               
A1 54 Male   positive Diagnostic Relapse after EOT Died 

A2 62 Male MCCHL positive       
A3 32 Male NSCHL negative       
A4 56 Female   positive       
B1 51 Male MCCHL negative     Died 
B2       positive       
B3 25 Male NSCHL positive       
B4 52 Male NSCHL negative       
C1 53 Female   negative       

C2       negative       
C3 19 Female   negative       
C4 28 Male MCCHL positive       
D1 46 Male MCCHL negative       
D2 63 Female NSCHL negative       
D3 52 Male NSCHL negative       
D4 19 Male NSCHL positive       
HL5               

A1       negative       
A2 22 Female MCCHL negative       
A3 17 Female   negative       
A4 66 Male NSCHL negative       
B1 68 Male NSCHL negative       
B2 67 Female MCCHL negative       

B3 55 Male NSCHL positive       
B4 23 Female NSCHL negative       
C1 19 Male MCCHL negative       
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  Age Sex Subtype EBV Status 
Type of 
biopsy 

PFS Event OS Event 

C2 53 Female NSCHL negative       
C3 21 Male   negative       
C4 27 Female NSCHL negative       
D1 58 Male   positive       

D2 41 Male   positive       
D3 27 Female NSCHL positive       
D4 41 Male NSCHL negative       
HL6               
A1 37 Male MCCHL positive       
A2 25 Female NSCHL negative       
A3 61 Male MCCHL positive       
A4 34 Female MCCHL negative       
B1 25 Male NSCHL positive       
B2 65 Male   positive       
B3 21 Female MCCHL negative       
B4 72 Female MCCHL negative       
C1 20 Female NSCHL negative       
C2 36 Female NSCHL negative       

C3 30 Female NSCHL negative       
C4 67 Female MCCHL negative       
D1 61 Male   negative       
D2 27 Male LDCHL negative       
D3 21 Male   positive       
D4 33 Female MCCHL negative       
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2.3 Transfection of HEK293 cells 

HEK293 cells were seeded onto 9mm multi-spot coated microscope slides at a 

concentration of 2x104cells/spot and incubated overnight to obtain approximately 70% 

confluency the following day.  Cells were washed with Opti-MEM and 70µl Opti-MEM was 

added to each spot.  10µl of transfection solution was also added to each spot, made up of 

100µl Opti-MEM, 2µl lipofectamine reagent, 1µg plasmid DNA (MSCV (Empty vector) or 

MSCV-GPNMB), kindly provided by Dr Peter Siegel, and incubated together for 15 minutes at 

room temperature. Cells were incubated with the transfection reagents for 6 hours then this 

was removed and DMEM added.  Cells were incubated for a further 24 hours at 37°C, 

following which they were washed with PBS then fixed in 10% formal-saline for 10 minutes, 

left to air-dry and slides stored at -20°C until required. 

HEK293 cells were also seeded onto 6-well plates, again aiming to obtain approx. 

70% confluency the following day.  Cells were washed and 2600µl Opti-MEM was added to 

each well.  In addition, 220µl of transfection mix (2µg plasmid DNA (MSCV or MSCV-

GPNMB), 200µl Opti-MEM and 20µl lipofectamine reagent, incubated together for 15 

minutes at room temperature) was added per well and incubated for 6 hours at 37°C.  After 

6 hours, media was replaced with DMEM and cells/ conditioned media (CM) harvested at 24, 

48 and 72-hours post-transfection (see 2.5 for protein extraction and western blotting). 
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2.4 RNA extraction and Quantitative real-time polymerase chain 

reaction (qPCR) 

RNA from frozen cell pellets (approx 1x106 cells per sample) of in vitro differentiated 

macrophages from multiple donors was extracted using the RNeasy Mini Kit (Qiagen) as per 

manufacturer’s protocol with the addition of QIAshredder columns (Qiagen) for 

homogenisation of cell lysates and on-column DNA digestion with DNase (Qiagen).  

Concentration of RNA was measured using the NanoDrop-1000 spectrophotometer. 

cDNA was made using 200ng or 400ng RNA (depending on amount per sample) and 

qScript cDNA SuperMix (QuantaBio) using manufacturer’s protocol for volumes and 

incubation times/temperatures in the thermal cycler (Applied Biosystems). 

Each cDNA sample was diluted 1:20 with nuclease-free water and 5µl of diluted cDNA 

was added to a Fast PCR 96-well plate in addition to 10µl FastStart Universal Probe Master 

Mix (Roche), 3µl nuclease free water, 1µl of 20x GPNMB primer (GPNMB-FAM 

Hs01095669_m1) & 1µl GAPDH (GAPDH-VIC Hs02786624_g1) endogenous control primer 

(Taqman gene expression assays, Thermofisher).   Each sample was run in triplicate and 

water was used as a control.  Assays were run using the ABI Prism 7700 system and 

amplified using the thermal-cycling conditions as follows: 50°C for 2 minutes (enzyme 

activation), 95°C for 10 minutes (denaturation), 40 cycles at 95°C (amplification) and 60°C for 

1 minute (extension). 
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2.5 In vitro differentiation of monocytes to macrophages 

2.5.1 Human PBMC and monocyte isolation from healthy donors 

Human PBMCs were isolated from whole blood or leucocyte cones of healthy donors 

by density gradient centrifugation using Lymphoprep (Axis Shield) and SepMate 50ml tubes 

(StemCell).  15ml Lymphoprep was pipetted through the filter hole in the SepMate tube until 

full, with a few mls remaining above the filter.  Whole blood was mixed with serum free 

RPMI-1640 (1:1 ratio, or for leucocyte cones:RPMI 1640 ratio was 1:2), then 20ml of this was 

carefully layered on top of the Lymphoprep (and repeated in second tube if larger sample) 

and centrifuged for 10 minutes at 1400 rpm (brake on).  The ‘buffy coat’ white blood cell 

layer and plasma layer remained above the filter, while the Lymphoprep and RBCs remained 

at the bottom of the tube under the filter. The ‘buffy coat’/plasma layer was poured into a 

fresh 50ml falcon tube and centrifuged for further 10 minutes at 1400rpm, plasma removed 

and cell pellet washed with serum-free RPMI-1640.  For some donors, whole PBMCs were 

frozen at this stage in freezing media (FBS supplemented with 10% Dimethyl sulfoxide 

(DMSO)) for use in T-cell experiments (aliquots of 10x106 cells, stored in -80 then moved to 

liquid nitrogen once frozen).  Monocytes were isolated using CD14 magnetic beads and LS 

columns as per manufacturer’s protocol (Miltenyi). Monocytes on day 0 were stained with 

CD14/FITC antibody (eBioscience) to check purity by flow cytometry. 

2.5.2 In vitro differentiation of macrophages 

Once isolated, monocytes were counted and plated in 9cm non-TC coated culture 

plates with ‘complete’ media supplemented with 1% Glutamax (Gibco) and either  5ng/ml G-

MCSF (Peprotech) (to develop into M1-like macrophages) or 25ng/ml M-CSF (Peprotech) (to 
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develop into M2-like macrophages).  Cells were cultured over 7 days and fed on day 5.  Cells 

and CM were both harvested on day 7- cells were either stained (both internal and external 

staining) for flow cytometry (CD14/FITC, CD45/Pacific Blue, CD68/PE-Texas Red, CD163/APC, 

CD206/PE-Cy7, CD80/PerCP Cy5.5, GPNMB/PE; all eBioscience) or used in further 

experiments. 

2.5.3 Co-culture of macrophages with HL cells or CM 

1x105 M1 and M2 macrophages were pelleted and resuspended in 1ml tumour- CM 

from L1236, L428 or L591 cell lines (made as previously described) and plated on a 24-well 

low-binding sterile plate (Corning) for culture in CM alone; or 1x105 macrophages were 

resuspended in 0.7ml ‘complete’ RPMI and a 0.4µM cell culture insert/transwell (Corning) 

was placed on top of the cells.  Different numbers of tumour cells from L1236, L428 and L591 

cell lines were added at the ratios in Table 2.2. The same number of tumour cells were also 

added directly into the 24-well plate with M1 or M2 macrophages (i.e. no cell culture 

insert/transwell was used) for direct cell-cell contact between macrophages and tumour 

cells. 

The tumour cells were resuspended in 0.3ml complete RPMI (1ml total of media 

which could mix across the membrane) for co-culture with tumour cells.  Cells were 

incubated for 24 hours, after which time both macrophages and CM were harvested- 

macrophages were stained for flow cytometry with the same panel of antibodies as above 

and CM was stored at -20°C for use in GPNMB ELISA. 

 



40 
 

 

Macrophages:tumour cells No. of tumour cells added to 

1x105 macrophages 

10:1 1x104 

1:1 1x105 

1:10 1x106 

 

 

2.5.4 Co-culture with cytokines 

 Macrophages were plated as in 2.5.5 with HL CM or 1:1 ratio of macrophages:HL cells 

of each cell line as controls for the cytokines. 1x105 M1 and M2 macrophages were pelleted 

and resuspended in 100µl, then added to 900µl of relevant cytokine (diluted in ‘complete’ 

media with 1% glutamax) individually or all together as per Table 2.3. 

Cells were incubated for 24 hours, after which time both macrophages and CM were 

harvested- macrophages were stained for flow cytometry with the same panel of antibodies 

as above and CM was stored at -20°C for use in GPNMB ELISA. 

 

 

Table 2.2 Ratios of macrophages:tumour cells in HL co-culture 
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Cytokine Stock 

concentration 

Working concentration 

(in 900μl) 

Final concentration in 

well (total volume 1ml) 

Vol. of stock 

Angiogenin 

(R&D) 

10μg/ml 

(10ng/μl) 

0.78μg/ml=1in12.8 

dilution 

0.7μg/ml 470μl in 

6016μl MM 

CD147/emmprin 

(R&D) 

100μg/ml 

(100ng/μl) 

2.22μg/ml=1in45 

dilution 

2μg/ml 123μl in 

5535μl MM 

CD54/ ICAM-1 

(Peprotech) 

500μg/ml 

(500ng/μl) 

2.78μg/ml=1in180 

dilution 

2.5μg/ml 31μl in 

5580μl MM 

CCL5/ RANTES 

(Peprotech) 

50μg/ml 

(50ng/μl) 

111.11ng/ml = 1in450 

dilution 

100ng/ml 13μl in 

5850μl MM 

MIF (Peprotech) 50μg/ml 

(50ng/μl) 

111.11ng/ml = 1in450 

dilution 

100ng/ml 13μl in 

5850μl MM 

ALL cytokines Angiogenin 469μl; emmprin 133μl; ICAM-1 33.33μl; CCL5 13.33μl; MIF 13.33μl 

(662μl) in 6000μl Media 

 

 

2.6 T-cell Activation and Treatment with GPNMB 

PBMCs were isolated from whole blood of 10 donors as described in 2.4.1, and taken 

out of liquid nitrogen storage. 

2.6.1 T-cell activation and treatment with recombinant GPNMB (rGPNMB) 

PBMCs were recounted from each donor (donors 1-10).  The experiment was set up 

in one 96-well TC-coated sterile plate per donor (Corning).  After counting, 5.5 x 106 cells per 

Table 2.3 Dilutions of each recombinant cytokine used in co-culture. Cytokines diluted in 

‘complete’ media + 1% glutamax.. Each cytokine made up in 900µl, added to 100µl of cells. Total 

volume = 1ml per well. 
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donor were washed with PBS and resuspended at 1 x 106 cells/ml in 5.5ml of T-cell Media 

(StemCell 10981). 100µl of cells were added to all control/vehicle wells in duplicate, followed 

by 8.5µl PBS per well to vehicle wells. 

Six concentrations of T-cell activator were to be tested. For each concentration, 

Immunocult Human CD3/CD28 T-cell activator (StemCell 10971) was added to 850µl of 

PBMCs at 1 x 106 cells/ml at the volumes in table 2.4 to give the final concentration per ml.  

100µl of PBMCs plus T-cell activator mix at each concentration were added to 8 wells per 

row for duplicates of each condition (see Figure 2.1 for plate layout). Then rGPNMB 

(recombinant human GPNMB Fc Chimera Protein- R&D 2550-AC) stock was added at the 

volumes in Table 2.5 to 12 wells per column to achieve the final concentrations of rGPNMB 

ranging between 0.04µg/ml- 1µg/ml per well, in duplicate on the plate. 

The plates were incubated at 37°C for 24 hours, following which both PBMCs and CM 

were harvested.  Cells were stained with Live/dead/APC Cy7, CD4/APC, CD8/PerCP Cy5.5, 

CD45/Pacific Blue (all eBioscience), CD69/FITC (Biolegend), FMO CD69 unstained for flow 

cytometry.  CM was tested for interferon-γ release using ELISA. 
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Concentration 

(µl/ml) 

Volume CD3/CD28 activator 

to add to 850µl (µl) 

0.125 1.06 of 1in10 dilution in PBS 

0.25 2.125 of 1in10 dilution 

0.5 4.25 of 1in10 dilution 

1 8.5 of 1in10 dilution 

2 1.7 

5 4.25 

 

 

 

Concentration 

(µg/ml) 

Volume of rGPNMB stock 

(100µg/ml) to add per 100µl well 

0.04 4µl of 1in100 dilution 

0.2 2µl of 1in10 dilution 

1 1µl 

 

 

CD3/28 Activator 
Concentration 
(µl/ml)  
  

0 
0.125 

0.25 
0.5 

1 
2 
5 

 

 

   CONTROL VEHICLE      

            

            

            

            

            

            

            

   Concentration of 
0          0.04       0.2      1          GPNMB (µg/ml) 

Table 2.4 Dilutions of Immunocult CD3/CD28 T-cell activator 

Figure 2.1 Plate layout for each donor (1-10) 

Table 2.5 Dilutions rGPNMB 
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2.6.2 Treatment of activated T-cells with anti-GPNMB antibodies 

Donor 5 PBMCs were used in this experiment; they were activated with 1µl/ml 

Immunocult CD3/CD28 T-cell activator (dilutions and conditions as in 2.6.1)- 1 x 105 PBMCs 

were plated per well on a 96-well plate in triplicate for each condition. 0.5µg/ml and 5µg/ml 

of each anti-GPNMB antibody was added (each made up to a total of 10µl , other than 

antibody 2 which was too dilute), or 10µl PBS was added as a control (Table 2.6 shows 

antibodies used). 4µl of stock rGPNMB (R&D 2550-AC, 100µg/ml) was added to give a final 

concentration of 0.04µg/ml per well, or 4µl PBS was added (vehicle).  

 Each antibody and rGPNMB were incubated at 37°C for 1 hour prior to adding to the 

plate. The plate was incubated for 24 hours at 37°C, then CM harvested and tested for 

interferon-γ release using ELISA. 

Anti-GPNMB Antibody 

(a) Volume of antibody 

required for 500ng + 

volume of PBS (total 

10µl/well) 

(b) Volume of antibody 

required for 5µg + volume 

of PBS (total 10µl/well) 

1. R&D MAB2550 Mouse 

monoclonal; concentration 

0.5mg/ml 

1µl antibody + 9µl PBS 10µl antibody + 0 PBS 

2. R&D AF2550 (from ELISA Kit)- 

Polyclonal Goat; 216ug/ml 

2.3µl antibody + 7.7µl PBS 23µl= 5µg antibody + 0 PBS 

3. Abcam ab56584 Mouse 

monoclonal; 0.48mg/ml 

1.04µl antibody + 9µl PBS 
10.4µl= 5 µg antibody + 0 

PBS 

4. Abcam ab175427 Mouse 

monoclonal (7C10E5); 1mg/ml 

(lot 8) 

0.5µl antibody + 9.5µl PBS 5µl antibody + 5µl PBS 

5. Abcam ab125898 Rabbit 

polyclonal; 1mg/ml, lot 

GR87297-11 (Lot 11) 

0.5µl antibody + 9.5µl PBS 5µl antibody + 5µl PBS 

 
Table 2.6. Anti-GPNMB antibodies 
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2.6.3 Macrophage and T-cell co-culture 

PBMCs and CD14+ monocytes were isolated from 3 donor leucocyte cones and 

differentiated into M1 and M2 macrophages as described in section 2.5.1-2.5.2, except that 

they were plated onto 24-well plates instead of 9cm plates (number of cells scaled down and 

1ml of media added (containing G-MCSF or M-CSF for M1 or M2 macrophages), fed on day 5 

as previously and grown for 7 days. 

The remaining CD14- PBMCs from these donors were initially frozen in liquid nitrogen 

on D0 and thawed on D7 of M1/M2 culture in order to be added to the macrophages. The 

number of PBMCs and reagents for T-cell activation to be added were scaled up by factor 6 

due to 6 X increase in surface area from a 96-well plate to a 24-well plate. 

On day 7 of M1/M2 culture, media from all macrophage wells was removed and 

wells washed carefully with PBS to avoid losing cells attached to the bottom of the plates. 

6x105 CD14- PBMCs were resuspended in 600µl T-cell media and added to matched M1 or 

M2 macrophages (from the same donor) in 24-well plates. Soluble CD3/CD28 activator was 

added at the following concentrations: vehicle, 0.25µl/ml, 0.5µl/ml and 1µl/ml of activator 

(total volume 600µl/well). In separate 24-well plates (i.e. without macrophages), PBMCs 

from each donor were plated with the same concentrations of CD3/CD28 activator, and 

rGPNMB 0.04µg/ml as controls for the experiment. 

Plates were incubated at 37°C for 24 hours; supernatants were harvested and 

interferon-γ release measured by ELISA. 
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2.7 CD8+ EBV specific T-cell clone recognition of HL cell lines 

and LCLs 

EBV-negative HL cell lines (L1236, KMH2, L540) and L591 were used. The HL cells or 

LCLs were the target cells, and epitope-specific CD8+ T-cell clones were used as effector cells 

(identified by the first 3 letters of the peptide sequence)- see Table 5.2 for full details of all 

matched cells used.  

1x106 HL cells or HLA-matched LCLs were infected with Modified vaccinia Ankara 

(MVA) recombinant expressing LMP2A (MVA- LMP2A) 10 multiplicity of infection (MOI), 1 

MOI, 0.1MOI or pulsed with epitope peptide (500ng/ml), or their respective controls- MVA-

pSC11 (empty vector) at 10MOI or dimethyl sulfoxide (DMSO) (1in10,000 dilution with 

media). HLA-mismatched LCLs were exposed to the same epitope peptide as a negative 

control. For L591 cells, MVA-E1ΔGA (expresses EBNA1 protein with deleted GA-rich region), 

EBNA1 HPV peptide or their respective controls- MVA-pSC11 or DMSO as above. MVA 

pSC11, LMP2A and E1ΔGA were made by Graham Taylor’s group. Peptides were synthesised 

by Alta Biosciences and resuspended in DMSO at 5mg/ml. HL cells or LCLs were pelleted, and 

then either virus or peptide added and the pellet resuspended in the minimum volume of 

media remaining in the tube. Cells were incubated at 37°C for 1 hour, but pellets were 

resuspended every 20 minutes. Cells were washed 3 times with RPMI-1640 + 10% FCS + 1% 

P/S to ensure excess peptide was washed off; cells were counted and resuspended at 

106cells/ml. HL cells or LCLs were plated in triplicate at 100µl/well in a 96-well V-bottom 

plate (Thermofisher). T-cell clones were counted (10,000 per well in triplicate per cell line), 

washed with media and resuspended at 105cells/ml. 100µl of T-cell clones was added to the 
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HL cells or LCLs in triplicate and plates incubated at 37°C for 18 hours. Supernatants were 

harvested onto a new 96-well plate and frozen at -20°C. Supernatants were tested for 

interferon-γ by ELISA. 

When rGPNMB (R&D 2550-AC, stock 100µg/ml) was tested, this was added at the 

same time as HL cells/ LCLs and T-cell clones just prior to incubation, but cells were 

resuspended in half the volume and 50µl of each were added to the well (to keep final 

volume the same as in previous experiments after GPNMB added). Concentrations of 

1ng/ml, 5ng/ml, 10ng/ml, 20ng/ml, 40ng/ml, 200ng/ml and 1000ng/ml of rGPNMB were 

used. PBS was used as vehicle. Each required concentration was made up at double the 

required concentration and 100µl added per well to give the final required concentration as 

above (final volume in well= 200µl). 

2.8 Enzyme-linked immunosorbent assays (ELISA) 

GPNMB and M-CSF ELISA Duoset kits (R&D) were used to measure the quantity of 

each substance in CM harvested from experiments.  GPNMB or M-CSF ELISAs were carried 

out as per manufacturer’s protocols using all other reagents from R&D.  Absorbance was 

read at 450nm using the BioRad iMark microplate reader. 

Interferon-γ ELISA (developed by G. Taylor’s group) was used to measure interferon-γ 

release from activated T-cells using the following protocol: 

- Coat Nunc MaxiSorp Immuno 96-well flat-bottom plates (Thermo Scientific) with Capture 

antibody: anti-human Interferon-γ (Clone 2G1) Antibody stock (1µg/ml, Invitrogen 

M700A) diluted in 1X coating buffer (10X stock: NaHCO3 1.36g; KHCO3 7.35g; make up to 
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100ml with dH2O, adjust to pH 9.2 with 1M HCl/ 1M NaOH, then dilute to 1X with dH2O) 

at 0.75µg/ml- Add 50µl/well (Add 3.7µl Ab per 5ml coating buffer for 1 96-well plate).  

Cover plate and incubate overnight for 18 hours at 4°C 

- Wash plate 6 times with 0.05% PBST and blot dry on tissue 

- Block plate with 200µl/well blocking buffer (Add 5g Bovine Serum Albumin (BSA) (Sigma) 

and 250µl Tween to 500ml PBS).  Incubate at room temperature (RT) for 1 hour 

- Wash plate 6 times with 0.05% PBST and blot dry on tissue 

- Prepare standards: two-fold serial dilutions from 20,000pg/ml (2µl/ml of recombinant 

Interferon-γ (Sigma)) down to 31.25pg/ml, diluted in RPMI 1640 medium, plus RPMI 1640 

medium alone as ‘blank’ and defrost samples if needed 

- Add standards and CM samples to plate, noting plate layout (50µl/well in triplicate).  

Incubate at room temperature for 2 hours 

- Wash plate 6 times with 0.05% PBST 

- Add Detection antibody: biotinylated interferon-γ antibody (Invitrogen M701B B133.5), 

diluted 1/1333 in blocking buffer (Add 3.75µl antibody to 5ml blocking buffer for 1 96-

well plate), add 50µl/well.  Cover and incubate at RT for 1 hour 

- Wash plate 6 times with 0.05% PBST 

- Dilute ExtrAvidin Peroxidase (Sigma E2886) with blocking buffer (1/1000), add 50µl/well.  

Cover and incubate at RT for 30 minutes 

- Wash plate 8 times with 0.05% PBST 

- Add 100µl TMB substrate (Life Technologies)/well.  Incubate at RT for 20 minutes 

- Stop reaction with 100µl of 1M HCl/well 
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Absorbance was measured at 450nm and 655nm (subtract 655nm measurement from 

450nm measurement) using the BioRad iMark microplate reader. 

All standard curves were created using ELISA Analysis (www.elisaanalysis.com) to work out 

the concentration of each protein in samples tested. 

2.9 Western blotting 

2.9.1 Protein extraction 

HEK293 cells on 6-well plates were washed with PBS and then lysed by adding 200µl 

of lysis buffer per well and incubating plate on ice for 30 minutes.  Cell-scrapers were used 

to detach the remaining cells from the bottom of the plates and lysates transferred to 1.5ml 

eppendorfs and centrifuged at 13,000 rpm for 15 minutes at 4°C.  Protein supernatant was 

transferred to a new eppendorf and kept at -20°C until needed. 

2.9.2 Quantification of protein concentration 

BSA (Sigma) standards were made up at 100, 200, 300, 400 and 500µg/ml.  Each 

sample was diluted 1:10 with distilled H2O and 10µl of standard or sample was loaded in 

duplicate into a 96-well plate.  Bio-Rad Protein Assay Reagent was diluted 1:5 with distilled 

H2O and 200µl added per well and incubated at room temperature for 5 minutes.  

Absorbance was read at 595nm using a Bio-Rad 680 microplate reader.  A standards curve 

was plotted using absorbance readings for BSA standards and this was used to calculate the 

protein concentration of samples. 
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2.9.3 Gel electrophoresis 

10% SDS-PAGE gels were made as per protocol in the Roche diagnostics Lab FAQs 

booklet.  Once set, gels were loaded into a mini Trans-Blot tank which was filled with 

Tris/glycine/SDS buffer.  30µg of each sample was mixed with Laemmli sample buffer (1:1 

dilution) and denatured at 95°C for 10 minutes before loading into separate wells in the gel.  

Spectra multi-colour broad range protein ladder was also added to the gel.  Samples were 

run at 120V, 400mAmp for approximately 90-120minutes to separate proteins (GPNMB has 

different isoforms and I wanted to try and detect all of them). 

2.9.4 Protein transfer 

The Bio-Rad Trans-Blot Turbo Transfer system was used to transfer proteins onto 

PVDF membranes using Bio-Rad Trans-Blot Turbo Mini PVDF Transfer Packs using the 

recommended program for mixed molecular weight proteins (1.3Amp, 25V, 7minutes). 

2.9.5 Immunoblotting 

After transfer of proteins to the PVDF membrane, membranes were blocked in 5% 

w/v skimmed milk/ TBST for 1 hour at room temperature, then membrane was washed in 

TBST for 3x5 minutes.  The membrane was incubated in primary antibody (anti-human 

GPNMB antibody (mouse monoclonal, Abcam 7C10E5), diluted in 5% w/v skimmed milk at 

1:250) overnight at 4°C on a roller or 16 hours.  Following this, the membrane was washed 

3x5 minutes in TBST and then incubated in secondary HRP-conjugated anti-mouse antibody 

(Dako PO447, 1:1000 dilution in 5% w/v skimmed milk) for 1 hour.  The membrane was 

washed 3x5 minutes before incubating for 1 minute with Bio-Rad clarity western enhanced 

chemiluminescence substrate buffer and then using the ChemiDoc MP machine to develop 
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the blot.  The membrane was washed again for 3x5 minutes in TBST and incubated with β-

actin (Cell signalling, 1:1000 in 5% w/v milk) for 1 hour at room temperature and re-

developed as before to act as a protein loading control. 

2.10 Immunohistochemistry (IHC) 

2.10.1 Dewaxing of formalin-fixed paraffin-embedded HL and tonsil 

sections 

Paraffin-embedded sections were dewaxed by placing into Histoclear (National 

Diagnostics) for 10 mins, followed by rehydration in 100% ethanol for 10 minutes and then 

in running tap water for 5 minutes. 

HEK293 cells grown and transfected on spot slides were thawed and placed into 

running water for 5 minutes. 

All slides are ready for the next steps in 2.10.2. 

2.10.2 IHC using Citric-acid antigen retrieval method 

All slides were then placed in 0.3% hydrogen peroxide (Sigma) for 15 minutes to 

block endogenous peroxidases.  Slides were immersed in tap water until citrate buffer was 

heated up.  Citrate buffer was prepared by adding 1L distilled H2O to 1.26g sodium citrate 

and 0.25g citric acid, pH was adjusted to 6 with sodium hydroxide.  The citrate buffer was 

heated in a large 2L beaker for 10min on High heat in the microwave, after which the slides 

were immersed into the buffer and heated for further 10 mins on medium heat and 10 

minutes on low heat.  Slides/buffer were cooled before removing slides and running in tap 
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water for 5 minutes.  After this, slides were placed on a metal staining tray and washed with 

PBST for 5 minutes. 

To reduce non-specific background staining, slides were blocked with 5X Casein 

(Vector labs) for 10 minutes and this was drained off prior to adding primary antibody 1:100 

dilution (diluted in PBS) (anti-human GPNMB antibody (mouse monoclonal [7C10E5], Abcam 

ab175427) then incubating at 4°C for 16-18 hours overnight.  Slides were washed with PBST 

5 minutes and then secondary HRP-conjugated anti-mouse/rabbit IgG antibody (ImmPRESS 

universal antibody, Vector labs) was applied and incubated for 30 minutes at room 

temperature. 

Slides were washed with PBST for 5 minutes and then diaminobenzidine (DAB) 

(Vector labs) was applied to slides for 3-5mins until the brown precipitate develops 

(substrate reacts with peroxidase from secondary antibody) which represents antigens 

bound to the antibody.  Slides were washed in running tap water for 5 mins then counter-

stained with Mayer’s Haematoxylin (Sigma-Aldrich) for 5 minutes.  Slides were washed in 

warm running water for 5 minutes.  Slides were dehydrated by placing in 100% ethanol for 

10 minutes, histoclear for 10 minutes then mounted with glass coverslips using Omnimount 

(National Diagnostics) mounting medium.  Once dry, slides were visualised using a light 

microscope. 

2.10.3 Multiplex fluorescent IHC 

The Opal 4-plex kit (Perkin Elmer) was used for multiplex fluorescent IHC.  The initial part of 

the protocol is the same as above for IHC, apart from the primary GPNMB antibody was used 

at 1:1000 for 1 hour at room temperature.  Universal secondary antibody was applied as 
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above for 30 minutes.  After washing slides with PBST, Cy3 fluorophore was diluted to 1:200 

in amplification diluent (in kit) and added to slides- these were incubated for 10 minutes at 

room temperature in the dark and slides were once again washed with PBST for 5 mins. 

1L of citrate buffer is made up as previously and heated for 5 minutes on High.  At 

this point, slides are once again immersed into the buffer and heated for 15 minutes on Low, 

then left to cool.  The protocol is then restarted from the point of blocking with 5X casein.  

The slides were subsequently labelled with either CD68 (Dako, 1:1200 for 1 hour at room 

temperature, with FITC fluorophore) or CD30 (Dako Flex Ready-to-use, 1 hour at room 

temperature, with FITC fluorophore) antibodies having already been stained with GPNMB/ 

Cy3. After the second fluorophore has been applied, slides are once again put into citrate 

buffer and heated for 15 minutes on low setting.  After allowing the slides to cool, they are 

placed under running distilled water for 5 mins, counterstained with DAPI (1in1000, Life 

technologies) for 10 minutes before mounting using Vectashield hard-set mounting medium 

(Vector labs).  Once stained and mounted, slides are stored at 4°C or -20°C in the dark until 

visualised using a fluorescent microscope. 

2.10.4 Duplex Automated IHC 

 Automated IHC was carried out by Dr Matthew Pugh using the Leica Bond-Max using 

the machine standard IHC protocol with a 20-minute antigen retrieval using the Epitope 

retrieval 2 solution (all solutions as recommended from Leica Biosystems). Antibodies were 

used at the following dilutions: CD30 (Dako, 1:100), CD68 (Dako, 1:500), GPNMB (abcam 

125898 1:1000). Sequential double staining of GPNMB and CD30 was carried out- Protocol F 

was done using GPNMB primary antibody (1-hour incubation) followed by Protocol J with 
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CD30 antibody (30-minute incubation). Sequential double staining of GPNMB and CD68 was 

carried out- Protocol F was done using GPNMB primary antibody (1 hour incubation) 

followed by Protocol J with CD68 antibody (30-minute incubation). Detection of GPNMB was 

with bond polymer refined detection kit. CD30 and CD68 were detected using ond polymer 

refined red detection kit. Slides were dehydrated by placing in 100% ethanol for 10 minutes, 

histoclear for 10 minutes then mounted with vectamount permanent mounting medium 

(Vector labs). 

2.11 Cytokine array 

The Human XL Cytokine Array Kit (R&D ARY022B) was used as per manufacturer’s 

instructions with IRDye 800CW Streptavidin (Li-COR) at a 1:2000 dilution using Array Buffer 6 

(instead of Streptavidin-HRP provided in kit, instructions available on R&D website). Images 

were taken with the Li-COR Odyssey Scanner and analysed using Image Studio software. 

 Samples tested were: ‘complete’ media supplemented with 1% glutamax (control) 

and CM from L1236, L428 and L591. 

2.12 Bioinformatics analysis of publicly available transcriptional 

data from primary cHL 

 The microarray data were downloaded from the Gene Expression Omnibus website- 

a public functional genomics repository (NCBI) (www.ncbi.nlm.nih.gov/geo/).  

Twelve cHL microarray data were from GSE12453 (Weniger et al., 2018, Brune et al., 2008): 
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https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE12453 

Four tcr-cHL microarray data were from GSE14879 (Weniger et al., 2018): 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14879 

Five non geminal centre CD30 positive B cell microarray data were from GSE83441 (Weniger 

et al., 2018): 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE83441 

The following analysis was done by Dr Wenbin Wei. Probe level quantile normalisation 

(Bolstad et al., 2003) and robust multi-array analysis (RMA) (Irizarry et al., 2003) were 

performed using the ‘affy’ package from the Bioconductor website (Gautier et al., 2004, 

Bioconductor) (https://bioconductor.org/). Probe sets that were differentially expressed 

between the 16 cHL and five non-GC CD30 positive B cell samples were identified 

using limma (Smyth, 2004) with the criteria of absolute fold change > 1.5 and limma p value 

< 0.05. Probe set annotation was from Affymetrix "HG-U133_Plus_2.na35.annot.csv" and 

reannotated according to the NCBI gene database (NCBI) (www.ncbi.nlm.nih.gov/gene). 

Probe sets with "Negative Strand Matching Probes" were removed. Probe sets with 

"Present" calls in less than 3 samples were removed. Genes appearing in both significantly 

up- and down- regulated lists were removed from differentially expressed genes lists. The 

list of genes was sorted by fold change. 
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Chapter 3 Expression of GPNMB in Hodgkin 

lymphoma 

As outlined in Chapter 1, there is an urgent need to develop new therapies for patients with 

classic Hodgkin lymphoma. GPNMB was identified as a potential target when it was shown to 

be amongst the most over-expressed genes in HL and functionally acts as a suppressor of T-

cell function (Chung et al., 2007), which we postulated could contribute to the 

immunosuppressive microenvironment in cHL and therefore could function as a novel 

immune checkpoint target in cHL. 

3.1 Analysis of publicly available transcriptional data from 

primary cHL 

The starting point for my study was a re-analysis of transcriptional data from primary HL; the 

purpose being to identify genes over-expressed in cHL that might serve as targets for existing 

drugs or for drugs in clinical development. The initial experiment was a re-analysis of a 

microarray experiment performed by the Kuppers group (Brune et al., 2008, Weniger et al., 

2018) in which gene expression was measured in micro-dissected HRS cells, as well as in 

different isolated B cell subsets, including CD30-positive extrafollicular (EF) B cells, the 

presumed progenitors of cHL. Gene expression was measured using Affymetrix HG-U133 Plus2 

array and normalised using RMA as described in section 2.12 (Irizarry et al., 2003).  This re-

analysis was done by Dr Wenbin Wei in our group who derived a set of genes differentially 

expressed in HRS cells vs CD30+ EF B cells. Table 3.1 shows the top 50 genes that were over-

expressed in this re-analysis. CCL18 is on the list twice (number 1 and number 15); this is 

because the Affymetrix GeneChip has two different probe sets for this gene (Probe set IDs 
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209924_at and 32128_at). That both probe sets are upregulated is reassuring (Table 3.1 and 

Figure 3.1A). Variation in the levels of gene expression observed for different probe sets from 

the same gene is expected. There is no consensus on how to deal with this. Some suggest 

taking the average of all probe sets for a given gene. However, it is known that some probe 

sets do not perform as well as others and taking an average may reduce sensitivity. I adopted 

a more conservative approach by treating each probe set individually (Stalteri and Harrison, 

2007).  

 From this list of over-expressed genes in HRS cells, GPNMB was of interest because it 

was a novel target that had not previously been shown to be overexpressed in cHL. 

Figure 3.1B shows the gene expression data for GPNMB plotted for each HRS sample 

compared to CD30+EF cells.  GPNMB gene expression is variable amongst patient samples. 
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Table 3.1 Top 50 over-expressed genes in HRS cells compared to CD30+ EF cells 

(data from Brune et al., 2008, and Wenniger et al.,2018, reanalysis by Dr Wenbin Wei) 

CCL18 represented twice due to two probe sets in the microarray. 

 Entrez 

Gene ID 

Gene 

Symbol 
Description 

Adjusted 

P Value 

Fold 

Change 

1 6362 CCL18 
chemokine (C-C motif) ligand 18 (pulmonary and 

activation-regulated) 
1.52E-09 147.66 

2 4318 MMP9 matrix metallopeptidase 9 1.66E-10 99.19 

3 170575 GIMAP1 GTPase, IMAP family member 1 5.85E-11 77.53 

4 4321 MMP12 matrix metallopeptidase 12 8.86E-05 69.74 

5 1116 CHI3L1 chitinase 3-like 1 (cartilage glycoprotein-39) 1.62E-05 63.59 

6 5168 ENPP2 
ectonucleotide 

pyrophosphatase/phosphodiesterase 2 
4.31E-10 62.50 

7 4837 NNMT nicotinamide N-methyltransferase 5.64E-07 59.65 

8 55340 GIMAP5 GTPase, IMAP family member 5 1.91E-12 57.76 

9 341 APOC1 apolipoprotein C-I 8.72E-11 55.83 

10 1475 CSTA cystatin A (stefin A) 1.54E-07 55.71 

11 56833 SLAMF8 SLAM family member 8 7.84E-10 55.36 

12 10202 DHRS2 dehydrogenase/reductase (SDR family) member 2 0.001369 45.70 

13 7850 IL1R2 interleukin 1 receptor, type II 8E-08 44.96 

14 713 C1QB 
complement component 1, q subcomponent, B 

chain 
2.07E-05 44.24 

15 6362 CCL18 
chemokine (C-C motif) ligand 18 (pulmonary and 

activation-regulated) 
2.21E-07 42.64 

16 3490 IGFBP7 insulin-like growth factor binding protein 7 4.67E-06 41.89 

17 1277 COL1A1 collagen, type I, alpha 1 1.74E-07 39.67 

18 10457 GPNMB glycoprotein (transmembrane) nmb 4.53E-05 38.94 

19 5730 PTGDS prostaglandin D2 synthase 21kDa (brain) 6.85E-07 35.12 

20 6678 SPARC 
secreted protein, acidic, cysteine-rich 

(osteonectin) 
1.86E-07 34.46 

21 6361 CCL17 chemokine (C-C motif) ligand 17 0.000664 31.30 

22 5730 PTGDS prostaglandin D2 synthase 21kDa (brain) 3.17E-06 29.65 

23 84419 C15orf48 chromosome 15 open reading frame 48 1.8E-07 27.53 

24 915 CD3D CD3d molecule, delta (CD3-TCR complex) 4.55E-10 26.62 

25 3575 IL7R interleukin 7 receptor 6.15E-09 25.90 
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 Entrez 

Gene ID 

Gene 

Symbol 
Description 

Adjusted 

P Value 

Fold 

Change 

26 9935 MAFB 
v-maf avian musculoaponeurotic fibrosarcoma 

oncogene homolog B 
1.39E-08 25.50 

27 7262 PHLDA2 
pleckstrin homology-like domain, family A, 

member 2 
1.67E-06 25.33 

28 4094 MAF 
v-maf avian musculoaponeurotic fibrosarcoma 

oncogene homolog 
1.29E-06 25.00 

29 6348 CCL3 chemokine (C-C motif) ligand 3 1.29E-07 24.29 

30 347733 TUBB2B tubulin, beta 2B class IIb 0.000341 23.97 

31 57451 TENM2 teneurin transmembrane protein 2 0.000176 23.14 

32 929 CD14 CD14 molecule 7.61E-07 22.74 

33 2017 CTTN Cortactin 1.91E-10 22.72 

34 7980 TFPI2 tissue factor pathway inhibitor 2 0.024467 22.60 

35 718 C3 complement component 3 2.49E-08 22.59 

36 5328 PLAU plasminogen activator, urokinase 4.7E-08 22.27 

37 1191 CLU Clusterin 1.46E-07 20.06 

38 914 CD2 CD2 molecule 1.84E-08 19.39 

39 118932 ANKRD22 ankyrin repeat domain 22 9.39E-08 19.13 

40 341 APOC1 apolipoprotein C-I 1.67E-11 19.05 

41 3957 LGALS2 lectin, galactoside-binding, soluble, 2 1.87E-07 18.61 

42 27299 ADAMDEC1 ADAM-like, decysin 1 4.62E-07 18.30 

43 2034 EPAS1 endothelial PAS domain protein 1 4.19E-05 17.63 

44 7045 TGFBI transforming growth factor, beta-induced, 68kDa 8.83E-07 16.82 

45 1514 CTSL cathepsin L 4.19E-08 16.35 

46 1052 CEBPD CCAAT/enhancer binding protein (C/EBP), delta 4.22E-07 16.29 

47 1116 CHI3L1 chitinase 3-like 1 (cartilage glycoprotein-39) 3.01E-05 15.81 

48 6279 S100A8 S100 calcium binding protein A8 0.007155 15.67 

49 1281 COL3A1 collagen, type III, alpha 1 0.012016 15.47 

50 3490 IGFBP7 insulin-like growth factor binding protein 7 2.25E-06 15.38 
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Figure 3.1. GPNMB expression in HRS cells compared to CD30+ EF cells (data from Brune et 

al., 2008 and Wenniger et al., 2018, reanalysis by Dr Wenbin Wei). Gene expression measured 

using Affymetrix HG-U133 Plus2 array and normalised using RMA. A) Top 20 most over-expressed 

genes in HRS cells compared to CD30+ EF cells by microarray (B) GPNMB gene expression by 

microarray from 12 cHL patients compared to CD30+ EF cells with median of samples plotted 
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3.2 Validation of anti-GPNMB antibody 

Having shown that GPNMB is over-expressed in primary HRS cells in publicly available 

transcriptional data, I next wanted to study the expression of GPNMB at the protein level in 

primary cHL. I first attempted to validate a mouse monoclonal antibody (Abcam ab175427 

[7C10E5]) against GPNMB using HEK293 cells that I transfected either with GPNMB expression 

plasmid or with an empty vector (EV) (both gifts from Peter Siegel). Having first confirmed that 

HEK293 cells transfected with GPNMB expression plasmid, but not the empty vector, 

expressed GPNMB mRNA (Figure 3.2), I then performed immunoblotting on cells cultured for 

24, 48 and 72-hours post-transfection. In Figure 3.3A, it is shown that GPNMB was detected 

as two isoforms (mature- 115kDa, precursor- 90kDa) as previously described (Hoashi et al., 

2010). Of note, the expression of GPNMB appeared to decline over time post-transfection. 

IHC revealed strong expression of GPNMB in a subset of the transfected cell population as 

expected (Figure 3.3B). 

 Unfortunately, after initial testing of this antibody, two subsequent new vials (with 

different lot numbers) did not work when used in IHC. Therefore, further anti-GPNMB 

antibodies were obtained and validated. One of these, a rabbit polyclonal anti-GPNMB 

antibody (Abcam ab125898) was shown to be specific when tested in IHC (Figure 3.4). Tonsil 

was used a positive control as GPNMB is known to be expressed in lymphoid tissues and 

macrophages in healthy/inflamed tissues (see section 1.8.1). 
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Figure 3.2. Detection of GPNMB mRNA in transfected cells (normalised to tonsil TB11). qPCR 

using a GPNMB-specific probe was used to detect high levels of GPNMB mRNA in cells transfected 

with GPNMB expression plasmid, but not in cells transfected with EV (data shown is the mean of 3 

replicates from 4 transfection experiments). 
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Figure 3.3 Validation of monoclonal anti-GPNMB antibody (Abcam ab175427 [7C10E5]). 

(A) Western blot of HEK293 cells transfected with empty vector (EV) or GPNMB expression plasmid. 

(B) Immunohistochemistry (IHC) of HEK293 cells transfected with EV (left panel) or GPNMB 

expression plasmid (right panel). 
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Figure 3.4 Validation of polyclonal anti-GPNMB antibody (Abcam ab125898). IHC of tonsil 

section stained with the antibody. Specific staining of macrophages can be seen in the germinal 

centre (GC) marked by arrows. GPNMB is known to be expressed in macrophages in multiple 

normal tissues inflamed tissue and also lymphoid tissues (see section 1.8.1).  
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3.3 GPNMB expression in primary cHL 

The first anti-GPNMB antibody (ab175425 [7C10E5]) was used to stain paraffin-embedded 

sections from 20 adult cases of cHL.  Surprisingly, GPNMB expression was not observed in HRS 

cells in most cases; only the occasional HRS cell in 1-2 cases showed GPNMB expression (Figure 

3.5). However, all cases showed strong staining of GPNMB in what appeared to be 

macrophages (Figure 3.5). Germinal centre B cells expressed only low levels of GPNMB 

expression, whereas macrophages in the GC were strongly stained (Figure 3.5).  

To confirm this observation, I performed multiplex immunofluorescence on 14 cHL 

cases to investigate the co-expression of GPNMB with either CD30 or CD68 (Figure 3.6).  All 

14 cases showed prominent staining of GPNMB in CD68 positive tumour-associated 

macrophages (TAM).  Very few HRS cells expressed GPNMB. 

A tissue microarray (TMA) of 94 adult cHL cases (containing samples at initial diagnosis 

or relapse; paired samples from diagnosis and relapse were available for 2 patients) was 

stained for GPNMB (using the new anti-GPNMB antibody ab125898) and CD68 or GPNMB and 

CD30. Slides were also stained for EBER for EBV status. The TMA IHC was done by Dr Matthew 

Pugh. Eight cases were excluded from analysis due to insufficient tissue, absence of lesional 

tissue or one case due to high background staining. To obtain GPNMB+ cell density for the 

remaining 86 cases, the number of GPNMB+ cells in three 40X high power fields (HPF) per case 

were counted, and an average taken per case. The area per HPF was 230mm2. This analysis 

was performed with Dr Matthew Pugh. Table 3.2 shows the GPNMB+ cell density/HPF. 
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Figure 3.5. GPNMB expression in cHL. Top panels- HRS cells (arrows) do not express GPNMB, 

but GPNMB-expressing cells appear to be macrophages. Middle 2 panels- higher power images 

showing GPNMB- HRS cells with GPNMB+ cells in close proximity. Bottom right panel- GPNMB+ 

HRS cell. Bottom left panel- GPNMB+ macrophages in the GC of tonsil. 

Tonsil 

GC 



68 
 

 

 

 

 

 

 

 

A 

B 

C 

Figure 3.6. GPNMB is expressed by TAM in cHL. (A) Co-expression of CD68 (green) and GPNMB 

(red) in TAM in cHL (B) Double staining of CD30-positive HRS cells (green) and GPNMB (red)- no 

co-expression is seen here (C) Double staining of CD30-positive HRS cells (green) and GPNMB 

(red)- no co-expression is seen but HRS cells and GPNMB+ TAM are in close proximity. 

CD30 GPNMB 
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Table 3.2. cHL TMA cell density/HPF. Average of 3 GPNMB+ cells/HPF (40X) was taken. Each slide 

(HL1- HL6) contains 16 samples, labelled with their position on the slide. HL2 B3* and C3* are diagnosis 

and relapse samples from the same patient. HL3 A2* and C2* are diagnosis and relapse samples from 

another patient. Rows highlighted grey were excluded. 

  
Count 

1 
Count 

2 
Count 

3 
Mean count/ 
HPF 

Description/ Comment 

HL1           

A1 17 3 3 7.67 sparse, diffuse 

A2         No lesional tissue 

A3 10 11 7 9.33 sparse, diffuse 

A4 28 18 17 21.00 loosely aggregated 

B1 9 20 1 10.00 nodular aggregates, overall sparse 

B2 102 105 114 107.00 dense, diffuse 

B3 40 39 37 38.67 moderate, geographical 

B4 15 8 15 12.67 sparse, aggregation within nodules 

C1 22 30 36 29.33 diffuse, sparse- moderate 

C2 40 64 50 51.33 geographical, moderate- dense 

C3         No lesional tissue 

C4 1 10 5 5.33 sparse, diffuse 

D1 21 21 2 14.67 aggregated, mod-sparse 

D2 13 19 17 16.33 diffuse, moderate 

D3 27 22 46 31.67 aggregated in small nodules 

D4 77 79 46 67.33 
dense, diffuse, some expression in spindled 
cells  

HL2           

A1 38 26 24 29.33 moderate, loosely aggregated 

A2 27 22 33 27.33 loose aggregation, sparse- moderate 

A3 21 11 12 14.67 sparse-moderate, diffuse 

A4 49 50 44 47.67 diffuse, moderate 

B1         High background 

B2         Insufficient tissue 

B3* 28 24 38 30.00 Diagnosis sample. sparse, small aggregations 

B4 27 37 25 29.67 aggregated, moderate 

C1 81 39 24 48.00 aggregated in periphery of follicles 

C2 33 12 10 18.33 aggregated to periphery of lymphoid nodules 

C3* 23 16 20 19.67 Relapse sample. moderate, diffuse 

C4         Insufficient tissue 

D1 42 74 32 49.33 dense, aggregations in periphery of follicles 

D2 8 9 9 8.67 sparse 

D3 30 42 33 35.00 
overall diffuse, aggregations around blood 
vessels 

D4 11 2 20 11.00 diffuse and sparse 
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Count 

1 
Count 

2 
Count 

3 
Mean count/ 
HPF 

Description/ Comment 

HL3           

A1 42 9 19 23.33 patchy distribution 

A2* 66 79 86 77.00 relapse sample. Avoiding follicles, high density 

A3 30 37 38 35.00 aggregated, moderate density 

A4 14 11 25 16.67 
sparse aggregated expression, co-localises to 
cd30 in nodules 

B1 18 8 12 12.67 diffuse sparse distribution 

B2 38 24 35 32.33 loosely aggregated, moderate density 

B3 32 21 26 26.33 
very fibrotic, sparse-moderate diffuse within 
nodule 

B4 39 48 68 51.67 geographical distribution, moderate density 

C1 45 19 29 31.00 diffuse within nodules 

C2* 16 17 13 15.33 
diagnosis sample. diffuse within nodules, low-
moderate density 

C3 37 20 30 29.00 aggregated 

C4 33 80 40 51.00 loosely aggregated, moderate density 

D1 50 95 65 70.00 aggregated, moderate to high density 

D2 84 65 51 66.67 diffuse expression, moderate-high density 

D3 48 63 17 42.67 
geographical distribution, moderate-high 
density, co-localised with spindled areas 

D4 20 44 37 33.67 concentrated in spindle areas and outside GCs 

HL4           

A1 31 25 29 28.33 
mostly concentrated outside follicles; a few in 
the follicle 

A2 28 37 39 34.67 diffuse, variable expression in macrophages 

A3 2 4 8 4.67 sparse diffuse density 

A4 51 24 18 31.00 sparse-moderate, loosely aggregated 

B1 25 66 45 45.33 
very strong expression, sparse-moderate 
density 

B2 66 51 60 59.00   

B3 26 44 19 29.67 sparse to moderate, diffuse 

B4 40 76 40 52.00 
expression in spindled cells and spindles 
areas- ?expression in fibroblasts 

C1 45 26 23 31.33 
loosely aggregated, around outside of HRS 
aggregates, and within some of them 

C2 49 23 38 36.67 
moderate, in spindled areas excluded from 
follicles. Closely associated to HRS cells 

C3 69 52 62 61.00 
moderate to dense, diffuse with some loose 
aggregates. Strong expression 

C4 38 13 29 26.67 
sparse to moderate, noticeable numbers of 
negative macrophages 

D1 38 53 34 41.67 aggregates within the nodules 

D2         Insufficient tissue 

D3 64 73 67 68.00 dense with geographic distribution 

D4 46 10 5 20.33 
nodular, sparse overall, but dense in one area- 
aggregates of macrophages focal to this area 
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Count 

1 
Count 

2 
Count 

3 
Mean count/ 
HPF 

Description/ Comment 

HL5           

A1         Insufficient tissue 

A2 23 15 31 23.00 low-moderate, 50:50 gpnmb +/- macrophages 

A3 36 18 19 24.33 low-moderate, diffuse 

A4 29 42 35 35.33 
diffuse, some exclusion from follicles, reactive 
tissue next to tumour 

B1 48 34 17 33.00 diffuse, moderate expression 

B2 43 56 65 54.67 high expression in tumour 

B3 54 50 43 49.00 
moderate density, geographic distribution, 
some denser areas 

B4 6 13 11 10.00 sparse, gathered around blood vessels 

C1 119 179 196 164.67 
high expression, expression in spindle shaped 
cells and macrophages 

C2         Insufficient tissue 

C3 23 16 24 21.00 
present within nodules, diffuse but sparse to 
moderate density, closely associated with HRS 
cells 

C4 52 70 72 64.67 
moderate density, positive spindle shaped 
cells 

D1 41 36 28 35.00 
diffuse, moderate-high density, occasional 
spindle positive cells 

D2 42 37 29 36.00 moderate, diffuse staining 

D3 109 106 94 103.00 dense 

D4 18 15 11 14.67 sparse, abundant GPNMB- macrophages 

HL6           

A1 51 46 44 47.00 dense 

A2 22 14 25 20.33 
sparse-moderate, spindle cells expressing 
GPNMB, abundant GPNMB- macrophages 

A3 15 13 10 12.67 diffuse, mod-sparse 

A4 38 48 32 39.33 nodular, moderate 

B1 20 22 27 23.00 relatively sparse 

B2 16 32 29 25.67 diffuse, sparse-moderate 

B3 27 21 14 20.67 diffuse, sparse, close to hrs cells 

B4 39 29 54 40.67 diffuse, spindled form expression, moderate 

C1 6 4 8 6.00 sparse 

C2 23 30 18 23.67 
expression in spindle cells, close association 
with HRS cells 

C3 17 22 22 20.33 diffuse within nodules, some spindle cells 

C4 36 30 34 33.33 
vague aggregates, abundant GPNMB- neg 
macrophages 

D1 50 58 43 50.33 moderate-dense, diffuse 

D2 25 18 38 27.00 diffuse, sparse 

D3 35 25 37 32.33 diffuse, moderate density 

D4 7 10 18 11.67 sparse, diffuse 
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 All cases showed some GPNMB expression, though this expression was variable as 

seen in Table 3.2, even within each sample. Mean cell density/HPF for all 86 cases analysed is 

shown in Figure 3.7. Representative cases from the cohort showing GPNMB/CD68 and 

GPNMB/CD30 expression are shown in Figure 3.8. Morphologically, some macrophages were 

noted to be ‘HRS-like’; large, binucleate and pleomorphic (Figure 3.9). Cases were then 

grouped by EBV status (through EBER staining) (Figure 3.10). 

 Clinical data was available for 70 cases (including 2 patients where diagnosis and 

relapse sample were tested) so further analysis only includes these cases. Median age was 36 

years (range 17-73 years) (Figure 3.11A). Cases were split into 2 age groups (17-36 and 37-73 

years); there was no significant difference in mean cell density between the 2 groups, but the 

mean number of GPNMB+ cells/HPF was slightly higher in the 37-73 age group (unpaired t-

test) (Figure 3.11B). I then looked at cases by progression-free survival (PFS) and overall 

survival (OS) (Figure 3.12). There were only 13 cases where disease had progressed/relapsed, 

and in this group the mean number of GPNMB+ cells/HPF was slightly higher than in the 

progression-free group (but not significant, unpaired t-test) (Figure 3.12A). There were 5 

patients who died, and similarly the mean cell density was 50 cells/HPF compared to 34 

cells/HPF in the group who survived but was not significant and this group was very small 

(unpaired t-test) (Figure 3.12B). For the 13 cases with progressive disease/relapsed cHL, I 

compared the diagnostic biopsies to those taken when relapse occurred (Figure 3.12C). There 

were 2 paired patient samples; in one case the mean cell density of GPNMB+ cells/HPF 

increased in the relapse biopsy compared to the diagnostic sample; in another the mean cell 

density decreased. More samples (ideally paired diagnosis/relapse biopsies from the same 

patient) are required to further assess this. 
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Figure 3.7. GPNMB cell density in cHL. Average cell density of GPNMB+ cells in all 86 cases 

(average count from 3 HPF per case) with mean plotted. 
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Figure 3.8. GPNMB/CD68 and GPNMB/CD30 expression in cHL. GPNMB (brown), CD68/CD30 

(red). (A) Tonsil- GPNMB & CD68 in macrophages in the GC. (B)-(D) are from the same case. (B) 

dense expression of GPNMB in macrophages in a HPF (C) GPNMB/CD30 expression- aggregations 

of macrophages and HRS cells in periphery of follicle (arrows) (D) GPNMB/CD68 expression around 

periphery of follicle (arrows) (E) diffuse moderate GPNMB expression (F) sparse GPNMB 

expression. 
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Figure 3.8. GPNMB/CD68 and GPNMB/CD30 expression in cHL. Continued. GPNMB (brown), 

CD68 (red). (G) Sparse but very strong expression of GPNMB in macrophages (H) loosely 

aggregated GPNMB+ cells (arrows) (I) Proportion of CD68+ macrophages do not express GPNMB 

(arrows) (J) GPNMB+ macrophages closely associated with HRS cells (arrows) (K) Highest GPNMB+ 

cell density/HPF (L) Close association of HRS cells to GPNMB+ macrophages (arrows). 
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Figure 3.9. ‘HRS-like’ macrophages in cHL. This case from the cHL TMA is stained for CD30 (red) 

and GPNMB (brown). There are several large, pleomorphic, binucleate GPNMB+ macrophages 

(which are CD30-) that look very similar to HRS cells. 
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Figure 3.10. GPNMB cell density in cHL by EBV status. (n=87) There are 86 patients but 88 

samples (2 patients have 2 samples each). One of the patient’s diagnostic biopsy was EBV negative 

and the relapse biopsy was EBV positive (hence n=87 here). There was no significant difference in 

mean number of GPNMB+ cells/HPF, but on average, there were more GPNMB+ cells in EBV positive 

cases (mean=39.9 cells/HPF) compared to EBV negative cases (mean=31.4cells/HPF). 
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Figure 3.11. GPNMB cell density in cHL by age group. n=70 (A) Median age of cases (with clinical 

data available) = 36 (B) Average cell density of GPNMB+ cells, grouped by age (average count from 

3 HPF per case) with group mean plotted. No statistical difference in mean cell density, however, 

the mean number of GPNMB+ cells/HPF is slightly higher in the 37-73 years age group (unpaired t-

test). 

A 

B 



79 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. GPNMB mean cell density in cHL by Progression Free Survival (PFS) and Overall 

Survival (OS). n=70 (A) mean GPNMB+ cell density grouped by PFS (B) mean GPNMB+ cell density 

grouped by OS (for the 2 patients with 2 samples, both samples were plotted). 
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Figure 3.12. GPNMB mean cell density in cHL by Progression Free Survival (PFS) and Overall 

Survival (OS). Continued. n=70 (C) For the cases which relapsed/progressed, comparing mean cell 

density in diagnostic vs relapse samples. 2 paired samples are colour-coded. 
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3.4 GPNMB expression in HL cell lines and LCLs 

I next studied the expression of GPNMB in cHL-derived cell lines and EBV-transformed primary 

B cells (lymphoblastoid cell lines; LCLs) using quantitative real-time polymerase chain reaction 

(qPCR), normalising expression against samples of isolated GC B cells taken from the tonsils of 

three donors. While GPNMB was detected in all three normal GC B cell samples, it was either 

expressed at very low levels or was undetectable in all five HL cell lines and all five LCLs tested 

(Figure 3.13). Thus, the results of this qPCR analysis would appear to support my observations 

that GPNMB is not generally expressed in the tumour cells of cHL. However, the TAM of cHL 

consistently express high levels of GPNMB. 
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Figure 3.13. Relative GPNMB expression in normal GC B cells, HL cell lines and LCLs 

(normalised to tonsil TB11).  GPNMB is expressed either in very low levels or not expressed by HL 

cell lines or LCLs (mean of 3 replicates). 
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3.5 Soluble GPNMB (sGPNMB) is released into conditioned 

media (CM) from GPNMB-expressing cells 

Having shown that GPNMB expression in transfected HEK293 cells declined over time post-

transfection, I next tested if this was the result of the release of a soluble form of GPNMB from 

these cells. It has previously been shown that the extracellular domain of GPNMB can be 

proteolytically cleaved by ADAM10 as sGPNMB, and this soluble form acts to promote 

endothelial cell migration (Rose et al., 2010). To do this, I used a GPNMB Duoset ELISA kit 

(R&D) to measure GPNMB protein in the cell lysates and conditioned media of transfected 

cells (Figure 3.14). I found that the concentration of GPNMB was generally higher in cell lysates 

than in conditioned media. However, over time, the GPNMB levels decreased in cell lysates 

but increased in conditioned media. I conclude that this is most likely the result of the release 

of soluble GPNMB from transfected cells. 
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Figure 3.14. sGPNMB is detectable in conditioned media from GPNMB-expressing cells.  A 

GPNMB-specific ELISA was used to quantify the amount of GPNMB in cell lysates or conditioned 

media from HEK293 cells transfected with either EV or GPNMB.  The amount of GPNMB in lysate 

decreased over the 72-hour time course, while levels of GPNMB increased in the conditioned media 

(mean of 3 replicates, result is one representative experiment out of 4). 
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3.6 Summary 

In this chapter, I have shown the following: 

- Although GPNMB appeared on a list of overexpressed genes by HRS cells based on 

gene expression data from micro-dissected HRS cells, it is mostly expressed in the 

TAMs within cHL 

- All cHL cases tested so far expressed GPNMB in TAMs, but expression levels and 

GPNMB+ cell density was variable 

- Soluble GPNMB is released into conditioned media of GPNMB-expressing cells and this 

was detectable using a commercially available ELISA kit for GPNMB 
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Chapter 4 GPNMB expression is induced by 

polarisation of macrophages 

4.1 Introduction 

 GPNMB expression has been reported to be significantly increased following the 

differentiation of monocytes to M2 macrophages (Dong et al., 2013) and to be higher in M2 

macrophages compared with M1 macrophages (Yu et al., 2016).  In the previous chapter I 

showed that GPNMB is expressed by CD68+ macrophages in HL. 

 The aims of this chapter are to; 1) study GPNMB expression in in vitro polarised 

macrophages; 2) explore the effect of HL cells on the polarisation of macrophages and on the 

expression of GPNMB expression, and; 3) identify the cytokines involved in the GPNMB 

pathway/ regulation of GPNMB expression by macrophages. 

 In the following experiments, each donor represents a biological replicate.  Cells from 

2-3 donors were co-cultured in one experiment, and the experiment repeated multiple times 

on separate occasions with freshly isolated monocytes which were differentiated into M1 or 

M2 macrophages each time. Thus, each graph contains donors which may have been co-

cultured in different experiments, but each experiment was set up in the same way, with each 

donor acting as a ‘biological replicate.’ 
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4.2 GPNMB expression by in vitro polarised M1 and M2 

macrophages 

4.2.1 Polarisation of monocytes to M1 and M2 macrophages 

 Having shown that GPNMB is expressed by tumour-associated macrophages in the 

microenvironment of HL, I next wanted to study the expression of GPNMB following the 

polarisation of CD14+ monocytes in vitro using GM-CSF and M-CSF.  These Monocytes were 

isolated from the leukocyte cones of healthy donors and cultured with GM-CSF or M-CSF for 

7 days. The CD14+ isolated cells were subjected to flow cytometry to measure the surface 

expression of a panel of markers by flow cytometry (CD14, CD68, CD163, CD206, GPNMB) to 

check the purity of isolation and cell phenotype (Figure 4.1 A). 

 Day 7 cultured macrophages were also stained for the same panel of markers as above 

(Figure 4.1 B).  All macrophages were defined as being CD45positiveCD68positive; this population 

was gated for CD163 and CD206 positivity and surface expression of GPNMB: M1 

macrophages (treated with GM-CSF) were mostly CD163negativeCD206positive; M2 macrophages 

(treated with M-CSF) had a population of CD163positiveCD206positive cells, but there were also  

populations of CD163negativeCD206negative cells and CD163positiveCD206positive as in the M1 

macrophage population.  The proportion of CD163positiveCD206positive cells across donors is 

shown in Figure 4.1 C. 

 To assess cytokine expression of in vitro polarised M1 and M2 macrophages, cells were 

treated with LPS for 24 hours and IL-10 and IL-12(p70) secretion measured in conditioned 

media (CM) by enzyme-linked immunosorbent assays (ELISAs) measuring IL-10 and IL-12(p70) 

secretion (performed by Dr Tracey Perry using Human IL-10 and IL-12 ELISA kits from 
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BioLegend as per manufacturer’s instructions, other than assays were done in 96-well plates 

with ¼ well volumes (Corning)) (Figure 4.1 D).  CM from GM-CSF-treated macrophages CM 

showed IL-10low and IL-12(p70)high secretion after LPS treatment, typical of M1 macrophages; 

M-CSF-treated macrophage CM showed IL-10high and IL-12(p70)low secretion after LPS 

treatment, typical of M2 macrophages. 
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C 

Figure 4.1 Surface expression of macrophage markers in polarised M1 and M2 macrophages 

by flow cytometry. (A)  Gating strategy for CD14+ monocytes by flow cytometry (B) Gating strategy 

for D7 cultured macrophages to assess surface expression of CD163, CD206 and GPNMB in the M1 

or M2 populations. (C) CD163/CD206 expression in D7 M1 or M2 macrophages across donors (D) IL-

10 and IL-12(p70) secretion following stimulation of in vitro polarised M1 or M2 macrophages with LPS 

for 24 hours measured by ELISA.  Figure 4.1D from Dr Tracey Perry (Adams Perry, 2019) 
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4.2.2 M1 and M2 macrophages have a higher expression of GPNMB than 

monocytes 

 GPNMB expression was measured in the in vitro differentiated macrophage 

populations by quantitative real-time polymerase chain reaction (qPCR) and flow cytometry.  

ELISA was used to measure sGPNMB levels in CM from 1x105cells/ml for 24 hours (cell 

numbers were adjusted to account for differences in proliferation between M1 and M2 

macrophages). 

 GPNMB expression by qPCR was seen to increase significantly in both M1 and M2 

macrophages compared to monocytes (Day 0 CD14+ cells) following 7 days of differentiation 

(Figure 4.2 A).  Although M2 macrophages had a slightly higher mean expression level, there 

was no significant difference in GPNMB expression between M1 and M2 cells. The three tested 

HL cell lines did not express GPNMB.  All samples were normalised to THP-1 cell line. 

 Surface expression of GPNMB was also measured by flow cytometry and there was no 

significant difference in overall expression levels between M1 and M2 macrophages (as part 

of the gating strategy in Figure 4.1 B) (Figure 4.2 B).  When GPNMB expression levels were 

compared between matched M1s and M2s from individual donors, there was no consistent 

difference, in keeping with qPCR data. 

 sGPNMB levels in CM from M1 and M2 macrophages were similar between the 2 

groups and no significant difference was seen once cell number was accounted for (Figure 4.2 

C), though M2s tended to proliferate more rapidly so CM collected from cells on day 7 showed 

slightly higher sGPNMB levels in M2 CM than in M1 CM (data not shown).  CM from 3 HL cell 
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lines used in subsequent experiments were checked for sGPNMB and none was detected 

(Figure 4.2 B). 
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C 

Figure 4.2 GPNMB expression in polarised M1 and M2 macrophages. (A) Relative GPNMB expression 

(normalised to THP-1 cells) measured by qPCR increases significantly upon differentiation of monocytes 

to both M1 and M2 macrophages, but expression levels between M1 and M2 macrophages did not differ 

significantly. HL cell lines do not express GPNMB (B) Surface expression of GPNMB measured by flow 

cytometry.  There was no significant difference in GPNMB surface expression between M1 and M2 

macrophages (C) sGPNMB release from 1x105 cells (M1 or M2) into CM after 24 hours measured by 

ELISA.  There was no significant difference between sGPNMB release between M1 and M2 macrophages. 

No sGPNMB was detectable in CM made from HL cell lines (used in subsequent experiments) 
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4.3 Co-culture with Hodgkin cells induces GPNMB expression in 

M1 and M2 macrophages 

4.3.1 Hodgkin cell line CM contains M-CSF 

 In order to determine which HL cell lines to use in co-culture with M1 and M2 

macrophages, I measured M-CSF release across HL cell lines by ELISA as this is the cytokine 

added to monocytes to induce M2 macrophage polarisation, which more closely resemble the 

tumour-associated macrophage (TAM) phenotype (Mantovani et al., 2002, Rey-Giraud et al., 

2012). CM from 1x106cells/ml was collected after 24 hours on three separate occasions and 

M-CSF levels measured.  CM from L1236 and L428 lines had the highest levels of M-CSF and 

L591 CM and media alone did not contain detectable M-CSF (figure 4.3).  

 L1236 and L428 cell lines were therefore selected for use in subsequent co-culture 

experiments, along with L591 as this cell line did not release detectable M-CSF to see if there 

are any differences in macrophage polarisation and GPNMB expression following co-culture 

with these cell lines or their CM.  Interestingly, L591 is also the only EBV-positive cell line. 
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Figure 4.3 M-CSF release across Hodgkin lymphoma cell lines. M-CSF release was measured 

in CM from HL cell lines (harvested from 1x106 cells/ml after 24 hours) and media alone by ELISA, 

collected on 3 separate occasions.  L1236 and L428 cell lines showed the highest levels of M-CSF 

release. M-CSF was not detectable in L591 CM. 
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4.3.2 Co-culture of in vitro polarised macrophages with Hodgkin cells 

induces macrophage polarisation and GPNMB expression 

 3 HL cell lines (L428, L1236 and L591) were chosen to be co-cultured with in vitro 

polarised macrophages for 24 hours.  CM from each cell line (harvested from 1x106cells/ml 

after 24 hours) or HL cells were used in different ratios to macrophages to determine if this 

affected the degree of polarisation or GPNMB expression.  This was important to know 

because HL is an unusual tumour insofar as there are relatively few HRS cells within the TME 

in comparison to other cells, including macrophages.  The following ratios of macrophages:HL 

cells were used; 10 macrophages: 1 HL cells (M1/M2: HL 10:1 on graphs); 1 macrophage:1 HL 

cell (M1/M2:HL 1:1); 1 macrophage: 10 HL cells (M1/M2:HL 1:10).  Some of the co-cultures 

were carried out with a 0.4μm transwell insert to keep HL cells separate from macrophages, 

and in others no transwell was used so the cells were in direct contact with each other.  This 

was to determine if direct cell-cell contact was required for any observed effects, or if soluble 

factors released by HL cells were enough to exert the effect, in comparison to culture with HL 

CM alone. As well as soluble factors, other intercellular mechanisms of communication could 

be occurring in the transwell experiments. Extracellular vesicles, e.g. exosomes and ectosomes 

could be released by tumour cells, which promote and contribute to various aspects of the 

cancer phenotype, e.g. growth, angiogenesis, migration, metastasis and immune evasion; 

some of these could cross a 0.4µm membrane even if tumour cells cannot (Möller and Lobb, 

2020). Several studies have reported that tumour-derived exosomes can induce macrophage 

activation and polarisation in multiple cancers, e.g. melanoma and pancreatic cancer 

[reviewed in (Moradi‐Chaleshtori et al., 2019)]. Tumour microtubes or tunnelling nanotubes 

are membranous channels made from F-actin that connect different cell types over longer 
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distances of up to 100µm (Roehlecke and Schmidt, 2020). In cancer, they have been shown to 

be involved with cancer cell-macrophage interactions in a breast cancer model as a means of 

promoting tumour cell invasion in vitro (Hanna et al., 2019). 

 Co-culture of macrophages and HL cells with direct cell-cell contact (i.e. when no 

transwells were used) induced the polarisation of M1 to M2 macrophages and further 

polarisation of M2 macrophages along the spectrum (Figures 4.4 A&B, 4.5 A&B and 4.6 A&B).  

However, when cells were co-cultured with transwells, only a modest increase in 

CD163+CD206+ cells in both M1 and M2 macrophages was observed (Figures 4.4 C&D, 4.5 

C&D and 4.6 C&D). 

I next wanted to determine if GPNMB expression was induced in macrophages co-

cultured with HL cells or CM.  Surface expression of GPNMB was compared between cell lines 

+/- transwells using the gating strategy as before (Figure 4.1 B).  Co-culture with all 3 HL cell 

lines and CM induced surface GPNMB expression with and without transwells compared to 

expression in control M1 or M2 cells (Day 7 post- GMCSF or -MCSF culture respectively) and 

this was significant across all co-culture conditions tested and for both M1 and M2 

macrophages (Figures 4.7-4.9).  This increase in GPNMB expression appears to be greatest 

following co-culture of M1 macrophages with transwells across all 3 HL cell lines (Figures 4.7C, 

4.8C and 4.9C) compared to the donors where no transwells were used (Figures 4.7A, 4.8A 

and 4.9A), despite direct cell-cell contact being necessary for robust macrophage polarisation.  

Different donors had to be used between experiments with and without transwells, so whilst 

it is not possible to directly compare donors between experiments, an overall difference in 
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GPNMB expression can be seen even when a concurrent increase in CD163+CD206+ 

expression was not observed where transwells were used (Figures 4.4B-4.6 B vs. 4.7B-4.9B). 

 I then wanted to compare GPNMB surface expression after co-culture to sGPNMB 

release into macrophage CM at 24 hours post co-culture and look at differences in 3 

representative individual donors (co-cultured in one experiment).  GPNMB surface expression 

was measured by flow cytometry as previously, and sGPNMB release was measured by ELISA 

(Figure 4.10).  For each donor, M1 and M2 macrophages were co-cultured with all 3 cell lines 

and these have been combined by co-culture condition (n=3 cell lines).  Across all 3 donors, 

M2 macrophages expressed more GPNMB than M1 macrophages and each cell line had a very 

similar effect on GPNMB surface expression and sGPNMB release; both surface expression 

and sGPNMB release increased across all co-culture conditions to similar levels between 

donors.  GPNMB expression levels and sGPNMB release was similar at a ratio of 10 

macrophages:1 HL cell compared to 1 macrophage:10 HL cells. 
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 A B 

Figure 4.4 CD163+CD206+ expression following co-culture of macrophages with L428 cells. 

(A) & (B) No transwell was used.  When macrophages and HL cells are in direct contact in co-culture 

in the well, this induces polarisation of M1s to M2s and it further polarises M2s (seen as an increase 

in % of CD163+CD206+ cells compared to the control levels on day 7 following culture with GM-

CSF or MSCF in M1 or M2 macrophages respectively. (C) & (D) Transwells were used in co-culture.  

In these donors, there is only a slight increase in CD163+CD206+ cells in both groups following co-

culture compared to when no transwell was used. 
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 A B 

Figure 4.5 CD163+CD206+ expression following co-culture of macrophages with L1236 cells. 

(A) & (B) No transwell was used.  When macrophages and HL cells are in direct contact in co-culture 

in the well, this induces polarisation of M1s to M2s and it further polarises M2s (seen as an increase 

in % of CD163+CD206+ cells compared to the control levels on day 7 following culture with GM-

CSF or MSCF in M1 or M2 macrophages respectively. (C) & (D) Transwells were used in co-culture.  

In these donors, there is only a slight increase in CD163+CD206+ cells in both groups following co-

culture compared to when no transwell was used. 
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 A B 

Figure 4.6 CD163+CD206+ expression following co-culture of macrophages with L591 cells. 

(A) & (B) No transwell was used.  When macrophages and HL cells are in direct contact in co-culture 

in the well, this induces polarisation of M1s to M2s and it further polarises M2s (seen as an increase 

in % of CD163+CD206+ cells compared to the control levels on day 7 following culture with GM-

CSF or MSCF in M1 or M2 macrophages respectively. (C) & (D) Transwells were used in co-culture.  

In these donors, there is only a slight increase in CD163+CD206+ cells in both groups following co-

culture compared to when no transwell was used. 
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Figure 4.7 GPNMB expression increases upon co-culture of macrophages with L428 cells. (A) 

& (B) No transwells used.  In these donors, there was a significant increase in surface GPNMB 

expression following direct co-culture of macrophages with L428 CM or cells for 24 hours compared 

to the control M1 or M2 macrophages (7 days post-culture with GM-CSF or MCSF respectively).  

Differences were significant across all ratios of macrophages:HL cells (Wilcoxon matched pairs 

signed rank test). (C) & (D) Transwells used.  In these donors, there was also a significant increase 

in surface GPNMB expression following co-culture of macrophages with L428 CM or cells using 

transwells for 24 hours, compared to control M1 or M2 macrophages. Differences were significant 

across all ratios of macrophages:HL cells (Mann-Whitney test). 
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 A B 

Figure 4.8 GPNMB expression increases upon co-culture of macrophages with L1236 cells. 

(A) & (B) No transwells used.  In these donors, there was a significant increase in surface GPNMB 

expression following direct co-culture of macrophages with L1236 CM or cells for 24 hours compared 

to the control M1 or M2 macrophages (7 days post-culture with GM-CSF or MCSF respectively).  

Differences were significant across all ratios of macrophages:HL cells (Wilcoxon matched pairs 

signed rank test). (C) & (D) Transwells used.  In these donors, there was also a significant increase 

in surface GPNMB expression following co-culture of macrophages with L1236 CM or cells using 

transwells for 24 hours, compared to control M1 or M2 macrophages.  Differences were significant 

across all ratios of macrophages:HL cells (Mann-Whitney test). 
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A B 

Figure 4.9 GPNMB expression increases upon co-culture of macrophages with L591 cells. (A) 

& (B) No transwells used.  In these donors, there was a significant increase in surface GPNMB 

expression following direct co-culture of macrophages with L591 CM or cells for 24 hours compared 

to the control M1 or M2 macrophages (7 days post-culture with GM-CSF or MCSF respectively).  

Differences were significant across all ratios of macrophages:HL cells (Wilcoxon matched pairs 

signed rank test). (C) & (D) Transwells used.  In these donors, there was also a significant increase 

in surface GPNMB expression following co-culture of macrophages with L591 CM or cells using 

transwells for 24 hours, compared to control M1 or M2 macrophages. Differences were significant 

across all ratios of macrophages:HL cells (Mann-Whitney test). 
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Figure 4.10 GPNMB surface expression and sGPNMB release after co-culture with 3 cell lines 

across 3 donors. No transwells were used in these 3 donors; n= 3 HL cell lines, macrophages were 

co-cultured for 24 hours with HL CM or HL cells and macrophages and CM collected.  Surface 

GPNMB expression measured by flow cytometry; sGPNMB release measured by ELISA. (A) Donor 

Y3 surface GPNMB expression (B) Donor Y3 sGPNMB release (C) Donor Z3 surface GPNMB 

expression (D) Donor Z3 sGPNMB release (E) Donor A4 surface GPNMB release (F) Donor A4 

sGPNMB release. 
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4.4 Which cytokines are responsible for the induction of GPNMB 

expression in macrophages? 

 Having seen that GPNMB expression can be induced when macrophages were co-

cultured with either CM alone and when transwells were used with 3 HL cell lines, I wanted to 

identify the cytokines responsible for this effect.  A commercially available cytokine array kit 

(R&D) was used to test for 102 human cytokines in complete media supplemented with 

glutamax (RPMI-1640 + 10% FBS + 1X glutamax) compared to CM from L428, L1236 and L591 

cell lines (harvested after 24 hours culture at 1x106cells/ml).  Each membrane represents a 

different sample/conditioned media (Figure 4.11 A, B and C).  As a similar effect was seen in 

co-cultures with all 3 cell lines, I focussed on the top 5 cytokines present in all 3 CMs (Figure 

4.11 B and D), which are shaded on the corresponding membrane diagram and intensities 

graphed.  These were angiogenin, emmprin/ CD147, ICAM-1/CD54, MIF and CCL5. 

 I next wanted to determine which, if any, of these cytokines are responsible for 

inducing GPNMB expression in macrophages.  Recombinant human angiogenin, emmprin, 

ICAM-1, MIF and CCL5 were cultured with M1 and M2 macrophages separately and all 

together for 24 hours; the effects were compared to HL cells or CM from all 3 cell lines (positive 

controls) (Figure 4.12).  The cytokine control was 0.1% BSA/PBS (recombinant cytokine 

diluent).  This experiment was only done once with 3 donors and requires further 

optimisation. 

For M1 macrophages, all cytokines individually and combined appeared to induce 

GPNMB expression to a higher level than any of the HL CM or cell line controls.  GPNMB 

expression was highest following culture with emmprin.  In M2s, all cytokines individually and 
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combined induced GPNMB expression to high levels, similar to those seen by HL cell line/ CM 

co-culture.  Emmprin and MIF induced highest levels of GPNMB expression, however, the 

cytokine control also induced GPNMB expression in M2s in 2 donors therefore the experiment 

would need to be repeated to further explore this. 

4.5 Summary 

In this chapter, I have shown the following: 

- GPNMB expression is induced by polarisation of human monocytes to macrophages in 

vitro and sGPNMB is detectable in the conditioned media of these polarised M1 and 

M2 macrophages 

- There was no significant difference in GPNMB expression levels of M1 vs M2 

macrophages 

- Co-culture of M1 and M2 macrophages with CM from cHL cell lines or directly with 

Hodgkin cells induced polarisation of M1 to M2 macrophages and further polarisation 

of M2 macrophages, however co-culture using transwells did not have the same effect 

on macrophage polarisation 

- Co-culture of M1 and M2 macrophages with CM or cHL cell lines (via transwell or direct 

co-culture) significantly induced surface expression of GPNMB in both M1 and M2 

macrophages 

- Cytokines which may be responsible for induction of GPNMB expression include 

CD147, CD54, MIF, CCL5 and angiogenin as identified by a cytokine array of cHL CM 

but these need to be studied in further detail 
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Figure 4.11 Cytokine array of HL CM looking at 102 different human cytokines. (A) Each pair of 

dots represents one cytokine in duplicate.  The brighter the intensity the higher the level of cytokine in 

CM. (B) Positive and negative controls marked on diagram.  The 5 most highly expressed cytokines 

present in all 3 HL cell line CM are shaded for comparison with each membrane and corresponding 

names of these are listed. (C) All cytokines present in the HL CMs.  Red arrows represent the top 5. 

(D) Intensity of each pair of dots for these 5 cytokines was measured in all CM. 
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Figure 4.12 Recombinant cytokine culture with macrophages. 3 donor macrophages cultured 

with GM-CSF or MCSF for 7 days; followed by: (A) M1 co-culture with 3 HL cell lines or CM (positive 

controls) and recombinant human cytokines separately or all together.  (B) M2 co-culture with 3 HL 

cell lines or CM (positive controls) and recombinant human cytokines separately or all together. 
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Chapter 5  GPNMB blocks T-cell activation and T-cell 

recognition of EBV-specific epitopes 

5.1 Introduction 

 GPNMB has previously been suggested to act by inhibiting T-cell activation (Chung et 

al., 2007b, Chung et al., 2009, Chung et al., 2013). The Ariizumi group suggested that GPNMB 

inhibits activation of already activated T-cells (but not resting T-cells). These experiments were 

initially done in mice, on the basis that GPNMB in mice and humans share 70% amino acid 

sequence homology, therefore this pathway would likely be functional in humans too. Later 

this was confirmed in human T-cells. They observed that immobilised GPNMB (5µg/ml) 

blocked T-cell activation whereas soluble GPNMB, when used at concentrations between 2.6-

20µg/ml, did not (Chung et al., 2007b). 

 The aims of this chapter are to: 1) study if GPNMB influences T-cell activation in vitro; 

2) Explore if any effects seen can be reversed using a specific neutralising antibody; 3) 

Determine if macrophage-derived GPNMB can block T-cell activation, and 4) study if GPNMB 

can block T-cell recognition of EBV-latent gene derived epitopes in HL cells.  

5.2 Optimisation of T-cell activation assays 

Initially, I used anti-human functional grade CD3 and CD28 antibodies (microplate wells coated 

with CD3 antibody and soluble CD28 antibody) to achieve suboptimal activation of T-cells 

within PBMCs.  Activation was measured as the percentage of CD3+CD69+ cells by flow 

cytometry (Figure 5.1 A and B) and interferon-γ release by ELISA.  However, I noticed variability 

in the levels of activation between experiments represented as donor 1 and donor 2. No 
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difference in the percentage of CD3+CD69+ cells was seen in ‘donor 1’ but was observed in 

‘donor 2’ using the same activation method (Figure 5.1 A). I also saw variability in the 

activation of T-cells from the same donor using the same activation method (Figure 5.1 B). 

Therefore, in subsequent experiments, a combined soluble CD3/CD28 activator was 

used to achieve more consistent T-cell activation. Interferon-γ release by activated T-cells was 

chosen to be the most appropriate read-out given that it was less time consuming and more 

suited to higher throughput analysis. 

5.2.1 Syndecan-4 

Syndecan-4 is a transmembrane heparan-sulphate-bearing proteoglycan, and the only 

identified ligand for GPNMB, found by the Ariizumi group to be upregulated on activated (but 

not resting) T-cells (Chung et al., 2007b, Chung et al., 2007a). I had attempted to further 

explore the syndecan-4- GPNMB interaction and syndecan-4 expression during T-cell 

activation and expression in cHL. I tried optimising several anti-syndecan-4 antibodies using 

IHC, western blotting and flow cytometry (Santa Cruz, R&D and Sigma) under various 

experimental conditions to detect the protein (including activating T-cells); unfortunately 

none of the antibodies were specific enough to detect the protein and therefore I did not 

investigate this further (Figure 5.2) 
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A 

B 

Figure 5.1. Variation in T-cell activation by flow cytometry. Gating strategy- upper panel shows 

the gating strategy to obtain live CD45+ cells.  Lower panels show 2 representative donors, showing 

levels of CD69 in CD3 + cells.  Figure shows that the addition of CD3 and CD28 antibodies resulted 

in an increased number of CD69+ cells indicating activation of the T-cell. This figure illustrates the 

observed variation in T-cell activation between donors.  (A)  Anti-human functional grade CD3 

(OKT3) antibody (bound to microplate well) and CD28 antibodies (soluble) used to activate T-cells.  

Activation measured as the percentage of CD3+CD69+ cells by flow cytometry (seen here) and 

interferon-γ release by ELISA.  Variability in activation was observed between experiments 

(represented as donor 1 and donor 2); no difference in % of CD3+CD69+ cells was seen in ‘donor 1’ 

but was seen in ‘donor 2’ using the same activation method. (B) Variation in activation was also 

observed within the same donor using plate-bound CD3 antibody and soluble CD28 antibody as 

above. 
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Figure 5.2. Optimisation of anti-Syndecan-4 antibodies. (A) Western blot of Jurkat and HeLa cell 

lysates using anti-Syndecan-4 (5G9) antibody (Santa Cruz sc-12766). HeLa cell lysate was the 

positive control, expected protein size 24kDa (arrow) (B) IHC of appendix (positive control) stained 

with anti-Syndecan-4 antibody (Sigma HPA005716) using two antigen retrieval methods: Citric acid 

antigen retrieval, pH 6.0 (left) vs. EDTA antigen retrieval, pH 9 (right). Using both methods there was 

non-specific staining and high background staining. 
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5.3 GPNMB blocks T-cell activation in vitro 

5.3.1 Recombinant GPNMB (rGPNMB) blocks T-cell activation 

 Initial experiments were done using the activation method described in Figure 5.1 A 

and B (plate-bound anti-CD3 Ab and soluble anti-CD28 Ab); T-cell activation was measured as 

the percentage of CD3+CD69+ PBMCs (by flow cytometry) and interferon-γ release by ELISA. 

rGPNMB at varying concentrations (1.25-10µg/ml) was added to determine the effect of these 

treatments on T-cell activation. To show that the effect was specific to rGPNMB, once rGPNMB 

was added to cell media, this was then removed using a rabbit anti-human GPNMB Ab and 

MACs magnetic separation microbeads (Anti-Rabbit IgG microbeads, Miltenyi Biotec) to make 

‘GPNMB deplete media,’ and either this or rGPNMB-containing media were added to PBMCs 

for 24 hours (Figure 5.3). 

 At all concentrations of rGPNMB (1.25µg/ml-10µg/ml) used, I observed a reduction in 

the percentage of CD3+CD69+ PBMCs, but when ‘GPNMB-deplete’ media was added, the 

percentage of CD3+CD69+ PBMCs increased to a level greater than the control activated T-

cells, indicating that this effect was specific to rGPNMB. Corresponding levels of interferon-γ 

from the same samples did not show the same effect, except at 10µg/ml of rGPNMB (but 

interferon-γ levels were not very high in these experiments) (Figure 5.3). 

 This initial experiment showing an effect of rGPNMB on T-cell activation prompted me 

to investigate this further. 
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Figure 5.3. GPNMB specifically blocks T-cell activation. Left CD3+CD69+ cells measured by flow 

cytometry. Right- interferon-γ production measured by ELISA. (A) 1.25μg/ml GPNMB. (B) 2.5μg/ml 

GPNMB. (C) 5μg/ml GPNMB. (D) 10μg/ml GPNMB. Mean of 3 separate experiments. Paired t-tests 

applied. 
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5.3.2 Recombinant GPNMB (rGPNMB) blocks T-cell activation in the 

majority of healthy donors 

 In initial experiments, I had seen variability in amount of T-cell activation using bound 

anti-CD3 Ab and soluble anti-CD28 Ab. In subsequent experiments, soluble CD3/CD28 

activator was used (as in Figure 5.1 C). I had also observed inter-donor variation in the levels 

of activation when trying to titrate the amount of soluble CD3/CD28 activator to use, and as 

also might be expected, inter-donor variation in the degree of T-cell activation response after 

adding rGPNMB. To evaluate the inter-donor variability seen in both amount of CD3/CD28 

activator needed and also effect of varying concentrations of rGPNMB on T-cell activation, 

PBMCs were isolated and tested from 10 healthy donors; 6 concentrations of soluble 

CD3/CD28 activator were used (0.25µl/ml-5µl/ml) (Figure 5.3); 3 concentrations of rGPNMB 

were used, having titrated the dose down in other experiments (five-fold dilutions from 

0.04µg/ml to 1µg/ml). 

 T-cell activation for all 10 donors is shown in Figure 5.4, measured as interferon-γ 

release vs relative interferon-γ (each donor normalised to its own ‘baseline’ level of activation 

in the Vehicle). It can be seen that the amount of CD3/CD28 activator required to stimulate T-

cells is donor-dependent. I was aiming for ‘sub-optimal’ T-cell activation for the response to 

be as close to a physiological response as possible.  

 Figure 5.5 shows each donor’s individual response to rGPNMB following activation at 

all concentrations of activator. Figure 5.6 A-F shows the response from all 10 donors to all 

concentrations of rGPNMB, plotted by increasing dose of CD3/CD28 activator so all donors 
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can be compared to each other. Figure 5.6 G shows the mean interferon-γ release across all 

10 donors at each concentration of activator. 

 The lowest concentration of rGPNMB tested (0.04μg/ml) significantly blocks T-cell 

activation at 3 concentrations of CD3/28 activator (0.5µl/ml, 1µl/ml and 5µl/ml) across all 

donors, and rGPNMB 1μg/ml significantly blocks T-cell activation at 0.5µl/ml of CD3/28 

activator (paired t-tests applied) (figure 5.6 A-F). When the means from all donors are plotted 

at each concentration of CD3/28 activator, blocking of T-cell activation is significant at all 

concentrations, but is most significant at 0.04µg/ml (Figure 5.6G). 

 The overall response to rGPNMB is a blocking of T-cell activation at doses as low as 

0.04µg/ml, but this response is donor-dependent. Some donors do not respond as well as 

others and for some donors, when the level of activation is very high, this blocking of T-cell 

activation is not as effective as at the lower levels of activation and is sometimes overcome 

by higher doses of rGPNMB. 
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B A 

Figure 5.4 T-cell activation in healthy donors. (A) Raw interferon- γ production and (B) Relative 

Interferon-γ production by 10 healthy donors upon activation with different concentrations of CD3/28 

activator, aiming to achieve sub-optimal activation. 
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Figure 5.5.  GPNMB blocks T-cell activation in most healthy donors. Donors 1-3 
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Figure 5.5.  GPNMB blocks T-cell activation in most healthy donors. Continued. Doors 4-6 
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Figure 5.5.  GPNMB blocks T-cell activation in most healthy donors. Continued. Donors 7-8 
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Figure 5.5.  GPNMB blocks T-cell activation in most healthy donors. Continued. Donors 9-10 
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Figure 5.6 Effect of GPNMB on T-cell activation in 10 donors at multiple concentrations of CD3/28 
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Continued on next page. 
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Figure 5.6 Effect of GPNMB on T-cell activation in 10 donors at multiple concentrations of CD3/28 

activator continued. (E) 2μl/ml CD3/28 activator (F) 5μl/ml CD3/28 activator (G) Mean from all donors 

at each concentration of activator. The lowest concentration of rGPNMB tested (0.04μg/ml) significantly 

blocks T-cell activation at 3 concentrations of CD3/28 activator across all donors, and rGPNMB of 1μg/ml 

significantly blocks T-cell activation at 0.5µl/ml of CD3/28 activator (measured by interferon-γ release, 

paired t-tests applied). When the mean from all donors is plotted at each concentration of CD3/28 

activator, blocking of T-cell activation is significant at all concentrations. 
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5.4 Anti-GPNMB antibody prevents inhibition of T-cell activation 

in vitro 

 Having shown that rGPNMB can block T-cell activation in vitro, I wanted to see if an 

anti-GPNMB antibody could prevent this inhibition. I used PBMCs from one of the donors 

above (Donor 5, where cells were known to activate and respond to rGPNMB), 1µg/ml of 

CD3/CD28 activator and 0.04µg/ml rGPNMB. I tested 5 commercially available anti-human 

GPNMB antibodies (Table 5.1). None of them were previously tested or sold as ‘neutralising’ 

antibodies so all were tested for neutralising ability at 2 doses (0.5µg/ml and 5µg/ml). 

 Antibody 1 was effective at preventing inhibition of T-cell activation and a significant 

increase in interferon-γ release was seen at both concentrations of anti-GPNMB antibody 

(unpaired t-test) (Figure 5.7 A). Antibody 3 did have an effect at 5µg/ml but there was a 

decrease in interferon-γ production in the control (Figure 5.7 C). Antibody 4 was the most 

effective at preventing inhibition of T-cell activation and the result was significant at both 

doses (Figure 5.7 D). Not only that, but at both concentrations, activation was much higher 

than in the controls after addition of this antibody (Figure 5.7D).  

 So far, I have only tested these antibodies on one donor. They need to be tested on 

more donors to confirm the effect seen by antibody 4. I would also use an isotype control 

when repeating the experiment. 
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Antibody 1 MAB2550 (R&D Mouse Monoclonal Clone #303802) 

Antibody 2 AF2550 (R&D Goat Polyclonal) 

Antibody 3 ab56584 (Abcam Mouse Monoclonal) 

Antibody 4 ab175427 (Abcam Mouse Monoclonal [7C10E5]) 

Antibody 5 ab125898 (Abcam Rabbit Polyclonal) 

 

 

 

 

 

 

 

Table 5.1 Anti-Human GPNMB Antibodies 
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Figure 5.7 Anti-GPNMB antibody prevents inhibition of T-cell activation by GPNMB. 5 different 

anti-human GPNMB antibodies were tested for their ability to prevent inhibition of T-cell activation 

in vitro (Table 5.1). Activated T-cells (PBMCs) were treated with PBS (vehicle) or anti-GPNMB 

antibody alone (control); then with 0.04µg/ml rGPNMB + PBS (vehicle) or 2 concentrations of each 

anti-GPNMB antibody. Antibody 1 did significantly prevent inhibition of T-cell activation. Antibody 3- 

there was some prevention of inhibition at the higher dose of this antibody (unpaired t-tests used). 
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Figure 5.7 Anti-GPNMB antibody prevents inhibition of T-cell activation by GPNMB. 

Continued. 5 different anti-human GPNMB antibodies were tested for their ability to prevent 

inhibition of T-cell activation in vitro (Table 5.1). Activated T-cells (PBMCs) were treated with PBS 

(vehicle) or anti-GPNMB antibody alone (control); then with 0.04µg/ml rGPNMB + PBS (vehicle) or 

2 concentrations of each anti-GPNMB antibody. Antibody 4 was the most effective neutralising 

antibody. It prevented inhibition of T-cell activation significantly (unpaired t-tests used). 
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5.5 Does macrophage-derived GPNMB block T-cell activation? 

In chapter 4, I showed that CD14+- derived M1 or M2 macrophages express GPNMB 

on their cell surface (by flow cytometry), at RNA level and also release sGPNMB into their CM. 

I wanted to see if macrophage-derived GPNMB would be able to block T-cell activation in 

PBMCs from matched donors. To do this, I performed a preliminary experiment using three 

donors. 

 PBMCs were isolated and CD14+ cells differentiated into M1 or M2 macrophages 

(grown on 24-well plates), then matched CD14- PBMCs were added to these cells with 

CD3/CD28 activator (0.25μl/ml, 0.5µl/ml and 1µl/ml) to see if macrophage-derived GPNMB 

could block activation in a similar way to 0.04µg/ml rGPNMB (control) (Figure 5.8). 

 In donor 11, there was blocking of activation by rGPNMB, and also by M1 and M2 

macrophage-derived GPNMB. In donor 12, the initial level of activation was not that high, but 

no response was seen in the control (rGPNMB) or with M2-derived GPNMB, but there was 

some blocking with M1-derived GPNMB. In donor 13, baseline activation was low, but then 

there was an increase in activation seen in all groups (Figure 5.8). 

 More donors need to be tested to further evaluate this. 
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Figure 5.8 Effect of Macrophage-derived GPNMB on 3 donors. PBMCs from each donor were 

isolated, CD14+ cells differentiated into M1 or M2 macrophages in 24-well plates, then remaining 

PBMCs from that donor were activated (with 3 different concentrations of activator) and either 

rGPNMB (0.04µg/ml) added, or CD14- PBMCs co-cultured with M1 or M2 macrophages derived 

from the same donor (macrophage-derived GPNMB) (A) Donor 11 (B) Donor 12 (C) Donor 13 
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5.6 GPNMB blocks T-cell recognition of EBV-specific epitopes in 

Hodgkin lymphoma in vitro 

 Having assessed the effect of GPNMB on T-cell activation, next I wanted to look at the 

effect of GPNMB on cytotoxic T-lymphocyte (CTL) recognition of EBV-specific epitopes in HL 

in vitro., given that 40-50% of HL cases are EBV- positive.  

 The ability of HL cell lines to process and present EBV proteins to HLA- Class I- restricted 

EBV-specific CTL clones has previously been shown (Lee et al., 1998). Three of the HL cell lines 

used were EBV-negative (L1236, KMH2, L540) and so EBV proteins were expressed either by 

exposing the cells with modified vaccinia Ankara (MVA) recombinant expressing LMP2A (MVA- 

LMP2A) (which requires the HL cells to process and present the protein on their cell surface), 

or epitope peptide (which binds to class I HLA on the cell surface), or their respective controls- 

MVA-pSC11 (empty vector) or dimethyl sulfoxide (DMSO).  As positive controls, LCLs matched 

by HLA-type were exposed to MVA-LMP2A or epitope peptide in the same way. HLA-

mismatched LCLs were exposed to the same epitope peptide as a negative control. The HL 

cells or LCLs were the target cells, and epitope-specific CD8+ T-cell clones were used as 

effector cells (identified by the first 3 letters of the peptide sequence)- see Table 5.2 for full 

details of all cells used. L591 cell line is the only EBV-positive HL cell line so I also wanted to 

test this cell line. However, the cells may not have expressed the EBNA1 HPV epitopes to be 

recognised by the HLA-matched T-cell clones and therefore they were exposed to MVA-E1ΔGA 

(expresses EBNA1 protein with deleted GA-rich region; deletion of this region makes the 

protein easier to process), EBNA1 HPV peptide or their respective controls- MVA-pSC11 or 
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DMSO (Table 5.2). Interferon-γ release was used to measure CD8+ T-cell recognition of EBV 

proteins on HL cells or LCLs. 

  

HL Cell line HLA Type(s) HLA- Matched 

LCLs 

T-cell clones 

KMH2 A11, A24, B51, 

B62 

LCL 1 (A11) 

LCL 2 (A24) 

SSC (A11-restricted epitope, 

LMP2 amino acids 340-350) 

TYG (A24-restricted epitope, 

LMP2 amino acids 419-427) 

L1236 A2, B51 LCL 3 (A2) FLY (A2-restricted epitope, 

LMP2 amino acids 356-364) 

CLG (A2-restricted epitope, 

LMP2 amino acids 426-434) 

L540 A3, A11, B51 LCL 1 (A11) SSC (A11-restricted epitope, 

LMP2 amino acids 340-350) 

L591 A1, A33, B8, 

B35 

LCL 1 (B35) HPV clone 35 (B35.01- 

restricted epitope, EBNA1 

amino acids 407-417) 

HPV clone 41 (B35.01- 

restricted epitope, EBNA1 

amino acids 407-417) 

 

 Table 5.2 HL cell lines, HLA-matched LCLs and T-cell clones  
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Initially, all cell lines and LCLs were tested with all matched T-cell clones to test the 

response to relevant MVA virus (multiplicity of infections (MOI) of 10, 1 and 0.1 were used) 

and peptide to ensure they were all able to process and present EBV proteins which are 

recognised by the matched T-cell clones and to use those which responded the best in 

subsequent experiments. KMH2 cells and matched LCLs were recognised by both SSC and TYG 

t-cell clones (Figure 5.9). L540 cells and matched LCLs were recognised by SSC cells (Figure 

5.10). L1236 cells and LCLs were recognised by FLY and CLG clones (Figure 5.11). There was 

very minimal recognition of L591 cells by both EBNA1 HPV clones (c35 and c41) compared to 

the matched LCL positive controls (Figure 5.12). Therefore, only LCLs and matched EBNA1 HPV 

clones were used in subsequent experiments. 

Prior to testing if rGPNMB influences T-cell recognition of EBV-specific epitopes in HL, 

CM from a sample of HL cell lines, LCLs, T- cell clones (before and after exposure to MVA or 

peptide were tested to see if they expressed GPNMB (by ELISA). Very minimal amounts were 

detected in 2 of the samples (Figure 5.13). 
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Figure 5.9 Recognition of EBV-specific epitopes in KMH2 (a HL cell line) and matched LCLs 

by T-cell clones. Initially, 4 HL cell lines were tested to assess recognition of EBV-specific epitopes 

by matched T-cell clones, along with corresponding LCLs and matched T-cell clones (positive 

controls).  KMH2 and matched LCLs recognised by (A) SSC T-cell clones and (B) TYG T-cell clones.  
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Figure 5.10 Recognition of EBV-specific epitopes in L540 (a HL cell line) and matched LCLs 

by T-cell clones. Initially, 4 HL cell lines were tested to assess recognition of EBV-specific epitopes 

by matched T-cell clones, along with corresponding LCLs and matched T-cell clones (positive 

controls).  L540 and matched LCLs are recognised by SSC T-cell clones. 
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Figure 5.11 Recognition of EBV-specific epitopes in L1236 (a HL cell line) and matched LCLs 

by T-cell clones. Initially, 4 HL cell lines were tested to assess recognition of EBV-specific epitopes 

by matched T-cell clones, along with corresponding LCLs and matched T-cell clones (positive 

controls).  L1236 and matched LCLs are recognised by (A) CLG T-cell clones and (B) FLY T-cell 

clones. 
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Figure 5.12 Recognition of EBV-specific epitopes in L591 (a HL cell line) and matched LCLs 

by T-cell clones. Initially, 4 HL cell lines were tested to assess recognition of EBV-specific epitopes 

by matched T-cell clones, along with corresponding LCLs and matched T-cell clones (positive 

controls).  There was minimal recognition of L591 cells but matched LCLs were recognised by (A) 

HPV c35 T-cell clones and (B) HPV c41 T-cell clones. 
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Figure 5.13 GPNMB levels in CM from HL cell lines, LCLs and T-cell clones (measured by 

ELISA) 
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 Having tested the T-cell response to HL cell lines and matched LCLs, I wanted to see if 

this recognition of EBV-specific epitopes could be blocked by GPNMB. Initially, 0.04µg/ml 

rGPNMB was added to either HL cell line + T-cell clones or LCLs + T-cell clones (the lowest 

concentration used in previous experiments where an effect was seen) and interferon-γ 

release measured (Figures 5.14 – 5.17).  Blocking of T-cell recognition of 3 HL cell lines tested 

(KMH2, L1236 and L540) by rGPNMB was seen, but this did not reach statistical significance 

(paired student t-test).  Blocking of T-cell recognition of LCLs by rGPNMB was also seen, 

however this was statistically significant in the SSC T-cell clones and CLG T-cell clones (paired 

student t-test) (Figures 5.14 and 5.15). In the HPV clones, blocking was only seen when LCLs 

were pulsed with peptide but not MVA virus (Figure 5.17). All paired t-tests were done 

comparing untreated vs 0.04µg/ml rGPNMB across all conditions tested (i.e. 2 MVA virus 

concentrations, pSC11, peptide and DMSO). 
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Figure 5.14 Recognition of EBV-specific epitopes in HL cell lines and matched LCLs by T-

cell clones is partially blocked by GPNMB. (A) SSC and (B) TYG T-cell recognition of KMH2 or 

matched LCLs was partially blocked by the addition of rGPNMB 0.04µg/ml. The blocking of 

recognition of LCLs by the SSC T-cell clones was significant (A) (paired t-test). 
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Figure 5.15 Recognition of EBV-specific epitopes in HL cell lines and matched LCLs by T-

cell clones is partially blocked by GPNMB. (A) CLG and (B) FLY T-cell recognition of L1236 HL 

cells or matched LCLs was partially blocked by the addition of rGPNMB 0.04µg/ml. The blocking of 

recognition of LCLs by the CLG T-cell clones was significant (A) (paired t-test). 
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Figure 5.16 Recognition of EBV-specific epitopes in HL cell lines and matched LCLs by T-

cell clones is partially blocked by GPNMB. SSC T-cell recognition of L540 or matched LCLs was 

partially blocked by the addition of rGPNMB 0.04µg/ml. The blocking of recognition of LCLs by the 

SSC T-cell clones was significant (paired t-test). 
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Figure 5.17 Recognition of EBV-specific epitopes in matched LCLs by T-cell clones is 

partially blocked by GPNMB. (A) HPV c35 and (B) HPV c41 T-cell recognition of matched LCLs 

loaded with peptide was partially blocked by the addition of rGPNMB 0.04µg/ml (paired t-test). 
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 As I saw a partial blocking of T-cell recognition with 0.04µg/ml rGPNMB (based on the 

lowest amount required to block T-cell activation previous experiments), I decided to repeat 

the assay, this time using both a higher and a lower concentration of rGPNMB. 

 First, I used 2 HL cell lines and matched LCLs and the HPV clones and a range of 

0.04µg/ml-1µg/ml of rGPNMB. There was significant partial blocking of TYG T-cell recognition 

of KMH2 cells at 0.04µg/ml, 0.08µg/ml and 0.2µg/ml of rGPNMB, with the largest blocking 

effect seen at 0.04µg/ml of rGPNMB (unpaired t-tests) (Figure 5.18 A). Blocking of matched 

LCLs by TYG T-cell clones was seen at 0.04µg/ml, 0.08µg/ml and 0.2µg/ml of rGPNMB, this was 

significant at all three concentrations (unpaired t-tests) (Figure 5.18 B). CLG T-cell recognition 

of L1236 was partially blocked by the addition of rGPNMB 0.04µg/ml-0.2µg/ml, and the 

greatest effect was seen at both 0.04µg/ml and 0.08µg/ml (Figure 5.19 A). The blocking of 

recognition of matched LCLs by CLG T-cell clones was significant at 0.04µg/ml, 0.08µg/ml and 

0.2µg/ml of rGPNMB with some variation between MVA and peptide (unpaired t-tests) (Figure 

5.19 B). HPV c35 T-cell recognition of matched LCLs loaded with peptide was partially blocked 

by the addition of rGPNMB 0.04µg/ml-0.2µg/ml (Figure 5.20 A). At 1µg/ml of rGPNMB there 

was a significant increase in T-cell recognition of matched LCLs. HPV c41 T-cell recognition of 

matched LCLs was partially blocked by the addition of rGPNMB 0.04µg/ml-0.2µg/ml (unpaired 

t-tests) (Figure 5.20 B). All unpaired t-tests were done between 0 rGPNMB and all other 

concentrations tested. 

 The blocking of LCL recognition by EBV-specific T-cell clones by rGPNMB at multiple 

concentrations was greater than the blocking of HL cell line recognition by the same T-cell 

clones. 



146 
 

 

B 

A 

M
V
A
 L

M
P
2A

 1
0 

M
O
I

M
V
A
 L

M
P
2A

 1
 M

O
I

M
V
A
 P

S
C
11

TY
G
 P

E
P
TID

E

D
M

SO

M
V
A
 L

M
P
2A

 1
0 

M
O
I

M
V
A
 L

M
P
2A

 1
 M

O
I

M
V
A
 P

S
C
11

TY
G
 P

E
P
TID

E

D
M

SO

M
V
A
 L

M
P
2A

 1
0 

M
O
I

M
V
A
 L

M
P
2A

 1
 M

O
I

M
V
A
 P

S
C
11

TY
G
 P

E
P
TID

E

D
M

SO

M
V
A
 L

M
P
2A

 1
0 

M
O
I

M
V
A
 L

M
P
2A

 1
 M

O
I

M
V
A
 P

S
C
11

TY
G
 P

E
P
TID

E

D
M

SO

M
V
A
 L

M
P
2A

 1
0 

M
O
I

M
V
A
 L

M
P
2A

 1
 M

O
I

M
V
A
 P

S
C
11

TY
G
 P

E
P
TID

E

D
M

SO

0

20000

40000

60000

80000

In
te

rf
e

ro
n
 

(p
g

/m
l)

0 GPNMB

1μg/ml GPNMB

0.04μg/ml GPNMB

0.08μg/ml  GPNMB

0.2μg/ml GPNMB

KMH2 + TYG T-cells

p=0.235

p=0.203

p=0.207

p=0.314

Figure 5.18 Recognition of EBV-specific epitopes in HL cell lines and matched LCLs by T-

cell clones is partially blocked by GPNMB- titration of rGPNMB concentrations. TYG T-cell 

recognition of KMH2 or matched LCLs was partially blocked by the addition of rGPNMB 0.04µg/ml-

0.2µg/ml. The blocking of recognition of LCLs by the TYG T-cell clones was significant at 0.04µg/ml, 

0.08µg/ml and 0.2µg/ml (unpaired t-tests). (C) Mismatched LCL + TYG and other controls. 
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Figure 5.19 Recognition of EBV-specific epitopes in HL cell lines and matched LCLs by T-

cell clones is partially blocked by GPNMB- titration of rGPNMB concentrations. CLG T-cell 

recognition of L1236 (A) or matched LCLs (B) was partially blocked by the addition of rGPNMB 

0.04µg/ml-0.2µg/ml. The blocking of recognition of both L1236 and LCLs by the CLG T-cell clones 

was significant at 0.04µg/ml +/- 0.08µg/ml and 0.2µg/ml of rGPNMB with some variation between 

MVA and peptide (unpaired t-tests) (C) Mismatched LCL + CLG and other controls. 
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Figure 5.20 Recognition of EBV-specific epitopes in matched LCLs by T-cell clones is 

partially blocked by GPNMB. (A) HPV c35 (A) or HPV c41 (B) T-cell recognition of matched LCLs 

loaded with peptide was partially blocked by the addition of rGPNMB 0.04µg/ml-0.2µg/ml. At 1µg/ml 

of rGPNMB there was a significant increase in HPV c35 T-cell recognition (unpaired t-tests) (C) 

Mismatched LCL + HPV c35 or HPV c41 and other controls. 
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 Having seen an effect at 0.04µg/ml-0.2µg/ml of rGPNMB, I wanted to test lower 

concentrations of rGPNMB as 0.4µg/ml was the lowest concentration used across all 

experiments. I used a range from 1ng/ml-1000ng/ml of rGPNMB in the next set of 

experiments. TYG T-cell clones (with KMH2 or LCL 2), CLG T-cell clones (with L1236 or LCL 3) 

and HPV c41 T-cell clones (with LCL 1) were tested. To present EBV proteins to T-cells, HL cell 

lines and LCLs were pulsed with peptide (overall this had a better response than infecting with 

MVA-LMP2A or MVA-E1ΔGA) or DMSO control prior to treating with rGPNMB. 

 Nearly all concentrations of rGPNMB (other than 10ng/ml) caused significant blocking 

of T-cell responses of TYG T-cell clones against KMH2 cells and matched LCLs; all 

concentrations of rGPNMB caused significant blocking of CLG recognition of L1236 cells but 

not matched LCLs; concentrations of 40ng/ml and above led to significant blocking of HPV c41 

recognition of matched LCLs (unpaired t-tests at each concentration of GPNMB tested in HL 

cell lines or LCLs in Figure 5.21 A-C). Mismatched LCL controls and other controls are in Figure 

5.21 D. 
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Figure 5.21 Recognition of EBV-specific epitopes in HL cell lines and matched LCLs by T-

cell clones is partially blocked by GPNMB at 1ng/ml-1000ng/ml. (A) TYG T-cell recognition of 

KMH2 or matched LCLs was partially blocked by the addition of rGPNMB 1ng/ml-1000ng/ml (B) 

CLG T-cell recognition of L1236 or matched LCLs was partially blocked by the addition of rGPNMB 

1ng/ml-1000ng/ml. Nearly all concentrations of rGPNMB showed significant blocking of TYG 

recognition of KMH2 and matched LCLs, and all concentrations of rGPNMB showed significant 

blocking of CLG T-cell recognition of L1236 cells but not matched LCLs (unpaired t-test). 
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partially blocked by GPNMB at 1ng/ml-1000ng/ml. Continued. (C) HPV c41 T-cell recognition of 

matched LCLs was partially blocked by the addition of rGPNMB 1ng/ml-1000ng/ml. Concentrations 

of 40ng/ml and above rGPNMB showed significant blocking across all T-cell clones tested (unpaired 

t-test). (D) Mismatched LCL controls and individual cell line controls for all 3 T-cell clones, matched 

LCLs and HL cell lines. 
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5.7 Chapter Summary 

In this chapter I have shown: 

- rGPNMB partially blocks T-cell activation of healthy donors in vitro 

- preliminary data suggesting anti-GPNMB antibodies can prevent inhibition of T-cell 

activation by GPNMB but this needs to be confirmed in more donors 

- rGPNMB partially blocks t-cell recognition of EBV-specific epitopes in HL tumour cell 

lines 

 

 

 

 



153 
 

 

 

 

 

 

 

 

CHAPTER 6 

DISCUSSION 
 

 

 

 

 

 

 



154 
 

Chapter 6  Discussion 

New treatment targets are needed for cHL patients, especially to improve outcomes 

in those with relapsed/refractory disease and to reduce long-term side effects in children and 

young adults. GPNMB has recently emerged as a novel therapeutic target in gastric cancer, 

osteosarcoma and lung cancer, in addition to breast cancer and melanoma where it is being 

targeted in clinical trials (Rose et al., 2017, Ren et al., 2020, Oyewumi et al., 2016, Jin et al., 

2018). 

A monoclonal antibody-drug conjugate (ADC), glembatumumab vedotin (CDX-011; CR-

011-vc-MMAE) conjugates a human monoclonal antibody directed against the extracellular 

domain of GPNMB to monomethyl auristatin E (MMAE); this leads to death of cells expressing 

GPNMB by microtubule inhibition (Naumovski and Junutula, 2010, Tse et al., 2006). Initial 

phase I/II clinical trials showed an acceptable safety profile and clinical activity in heavily pre-

treated patients with advanced melanoma and breast cancer (Bendell et al., 2014, Ott et al., 

2014). Moreover, a further phase II study in GPNMB-expressing triple negative breast cancer 

showed an increased overall response rate (ORR) in tumours with GPNMB overexpression 

(≥25% tumour cells) compared to standard chemotherapy, albeit in a small sample size 

(Yardley et al., 2015). Since then, a further phase II randomised clinical trial assessing response 

of glembatumumab vedotin vs. capecitabine in GPNMB-overexpressing triple-negative breast 

cancer in heavily-pre-treated patients has recently been published (Vahdat et al., 2021). The 

primary endpoint of PFS was not met (2.9 months for glembatumumab vedotin vs 2.8 months 

for capecitabine), nor was there an increased relative risk/benefit in terms of side-effects and 

toxicity (Vahdat et al., 2021). In advanced melanoma, the most recent phase II study looked 

at response to glembatumumab vedotin after disease progression on immune-checkpoint 
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inhibitors and BRAF/MEK inhibitors, with limited treatment options (Ott et al., 2019). In this 

patient group, the ORR was 11% (not significant); median PFS was 4.4 months; median OS was 

9 months but the safety profile was acceptable (Ott et al., 2019). Main adverse effects include 

rash, neutropenia/leucopenia, neuropathy, alopecia and fatigue. Interestingly, in this study, 

those who developed a treatment-related rash in the first cycle had a better ORR than those 

who did not (Ott et al., 2019). The only study carried out in a younger population was a phase 

II trial of glembatumumab vedotin in adolescents/young adults with recurrent osteosarcoma, 

in whom prognosis is poor (Kopp et al., 2019). Although the drug was well-tolerated (most 

common adverse event was rash), and some anti-tumour activity was seen, this was 

insufficient overall to proceed to the next stage of the trial (Kopp et al., 2019). In both studies 

by Ott et al. (2019) and Kopp et al. (2019), GPNMB expression was not correlated with 

response to glembatumumab vedotin. Additionally, bearing in mind all patients had advanced 

disease and had been heavily pretreated, some response to glembatumumab vedotin was 

seen (with no alternative treatment available in some cases), and therefore GPNMB could still 

be a viable target in these diseases. It is not known what the response in untreated patients 

would be; maybe a microtubule inhibitor is not the most appropriate ‘active’ agent in those 

tumours, or further stratification of patients (and therefore identification of relevant 

biomarkers) is required to determine who would benefit from anti-GPNMB therapy the most. 

GPNMB has many different mechanisms of action through which it can promote 

tumour growth, therefore in cHL where tumour cells themselves are very rare, I wanted to 

explore its contribution to the immunosuppressive TME. 

My initial objectives were to: 

1) To investigate if GPNMB expression is related to patient outcome in cHL 



156 
 

2) To explore the relationship between HRS cells and GPNMB expression 

3) To study the impact of macrophage-derived GPNMB on EBV-specific CTL responses in 

vitro 

6.1 Objective 1: GPNMB expression on patient outcome in HL 

I first identified GPNMB as a potential target through a re-analysis of a dataset which 

compared gene expression in micro-dissected HRS cells compared to CD30+ EF B cells (Brune 

et al., 2008, Weniger et al., 2018). Dr Wenbin Wei produced a list of over-expressed genes in 

HRS cells vs CD30+ EF B cells and GPNMB was 18th on this list, with a 38.9 fold-change increase 

in expression. However, I found that GPNMB was absent in HRS cells in most cases but was 

expressed in TAMs. In tonsils (positive control), GPNMB was expressed by macrophages within 

the GC (Figure 3.5B). In cHL, some macrophages looked large, binucleate and pleomorphic 

(which can be described as ‘HRS-like’ by pathologists); these would be difficult to differentiate 

from actual HRS cells on morphology alone (Figure 3.9). In the experiments performed by the 

Kuppers group, HRS cells were identified and micro-dissected only by morphology; it is 

possible that macrophages were dissected instead of HRS cells, which could have increased 

the overall expression of GPNMB in these experiments. I also showed that HL cell lines have 

very low or undetectable levels of GPNMB expression (compared to GC B cells) using qPCR 

(Figure 3.13), which supports the observation that HRS cells do not generally express GPNMB. 

 After staining the first set of cHL cases and tonsils for GPNMB, expression appeared to 

be in macrophages within GCs of tonsils and in TAMs in cHL. This was confirmed with multiplex 

IHC, showing co-expression of CD68 and GPNMB by TAM in cHL and macrophages in tonsil. In 

the 86 cHL cases stained in the TMA, GPNMB was expressed in all 86 cases, but the amount of 

expression and density of GPNMB+ cells was variable. Co-staining with CD68 confirmed co-
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expression of GPNMB in TAMs in all cases, however there were a few cases where only a 

proportion of CD68+ macrophages expressed GPNMB, and a few cases which had a low cell 

density of GPNMB+ cells/HPF but they were strongly GPNMB+ positive (Figure 3.8G). Another 

interesting observation was that whereas macrophages are usually present in the GC of 

normal lymphoid tissue, in some cHL cases TAMs appeared to aggregate around the periphery 

of follicles within the tumour; in some cases, with HRS cells too (Figure 3.8C-D). Sometimes 

TAMs appeared to be forming loose aggregates within the tumour (Figure 3.8H) +/- being 

closely associated or clustered around HRS cells (Figure 3.L). Having made these observations, 

in future experiments I would like to do additional analysis of the stained cHL cases to assess 

the proportion of GPNMB+ macrophages and their association with HRS cells. A recent study 

by Zheng et al. (2020) explored how spatial density and distribution of TAMs was related to 

survival in non-small cell lung cancer.  They compared TAMs in the tumour centre to those at 

the invasive margin and adjacent non-tumour tissue by RNA-sequencing and then used 

multiplex immunofluorescence to analyse tumour cells/TAM proximity (Zheng et al., 2020). 

They showed that hypoxia was linked to an increased accumulation of M2 TAMs, which were 

more prevalent than M1s, especially at the invasive margin; higher proximity of tumour cells 

to M2 TAMs at the invasive margins than M1 TAMs;  and that poor survival was associated 

with a reduced density of M1 TAMs in the tumour centre, increased proximity of M2 TAMs to 

tumour cells at the invasive margin and reduced proximity of M1 TAMs to tumour cells at the 

invasive margin (Zheng et al., 2020).  Although non-small cell lung cancer and cHL are very 

different tumours, my observation that TAMs appear to aggregate around the periphery of 

follicles and sometimes around HRS cells suggests the location of TAMs within the tumour 

could be a predictive marker of survival in cHL, and therefore worth investigating further. 
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 Clinical data were available for only 70 cases, including patients who progressed, 

relapsed or died, Only 3 samples were from relapse (the rest were all initial diagnostic 

biopsies), although there were paired diagnostic and relapse biopsies in two patients. From 

the clinical data available, no clear conclusions can be made about whether increased GPNMB 

expression in cHL is associated with a worse outcome or whether the proportion of GPNMB+ 

TAMs is higher at relapse versus diagnosis (this was the case in one of the patients, but not 

the other (Figure 3.11C).  More cases are required to study this further, ideally from both adult 

and paediatric cohorts to fully evaluate if GPNMB could be a predictive biomarker in cHL. 

It has previously been suggested that increased numbers of TAMs are associated with 

a worse outcome/ poor survival in cHL in both paediatric and adult patients and therefore may 

provide a means to further risk stratify patients; this is particularly relevant in those with 

progressive disease, but could also be used as a biomarker to stratify patients at diagnosis to 

receive more intense chemotherapy or determine if these patients might respond better to 

immune checkpoint inhibitors  (Cencini et al., 2021, Steidl et al., 2010, Barros et al., 2015, Guo 

et al., 2016). It has also been reported previously that higher numbers of M2-like macrophages 

are associated with worse PFS in paediatric cHL and additionally, EBV+ cHL was associated with 

increased numbers of M1-like macrophages (Barros et al., 2015). Therefore, further 

classification of TAM in cHL to M1-like or M2-like TAM would be beneficial to see if the 

GPNMB+/- TAMs belong to particular subsets. The main challenge highlighted from several 

studies has been which macrophage markers to use in immunohistochemistry or 

immunofluorescence and which specific clones of CD68 and CD163 antibodies are more 

specific for macrophages (vs. other cells, e.g. fibroblasts or myeloid cells) for example (Guo et 
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al., 2016, Barros et al., 2015, Cencini et al., 2021). The markers used in further studies would 

need to be carefully considered. 

 

6.2 Objective 2: Regulation of GPNMB expression by HRS cells 

Previously, it has been shown that GPNMB is upregulated upon polarisation of monocytes to 

macrophages and also that GPNMB expression is higher in M2 compared to M1 macrophages 

(Yu et al., 2016, Dong et al., 2013). In one experiment, human monocytes were polarised to 

macrophages by culturing with M-CSF for 7 days, in a similar way to my experiments (Dong et 

al., 2013). They saw significant upregulation of GPNMB during monocyte to macrophage 

differentiation by RNA sequencing (Dong et al., 2013). The other group looked at GPNMB 

expression in M1 vs M2 macrophages; there was a 3-fold increase in GPNMB mRNA expression 

and protein expression (measured by ELISA) in M2s compared to M1s (normalised to M1s), 

however these experiments were done with bone-marrow derived macrophages from mice, 

which were further stimulated with LPS and IFNγ for an M1 phenotype and IL-4 for an M2 

phenotype (Yu et al., 2016). In my experiments, using up to 29 healthy donors as biological 

replicates, I found GPNMB expression to be variable amongst the macrophages derived from 

different donors. Although GPNMB mRNA expression was slightly higher in M2 macrophages 

than M1 macrophages, this was not significantly different. However, I did observe a significant 

increase in GPNMB mRNA expression upon differentiation of monocytes to both M1 and M2 

macrophages. This is consistent with data from Dong et al. (2013) who also saw a significant 

increase in GPNMB expression upon differentiation of monocytes to macrophages; it should 

be noted that their data used monocytes and monocyte-derived macrophages from one donor 

only, whereas I have compared mRNA expression levels in 21 donors. The differences seen 
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with Yu et al.’s work (2016) could be due to the fact they used murine macrophages and 

different cytokines to stimulate further polarisation towards an M1 or M2 phenotype, rather 

than just GM-CSF or M-CSF. They also did not compare GPNMB expression levels between 

bone marrow cells (prior to differentiation) and M1 or M2 macrophages to see if GPNMB was 

upregulated during differentiation, or compare between bone-marrow macrophages (prior to 

further polarisation) and M1 or M2 macrophages to see if further polarisation increased 

expression levels (Yu et al., 2016).   Ripoll et al. (2007) also showed that GPNMB expression 

was induced during macrophage differentiation. They compared murine bone marrow cells to 

bone marrow-macrophages, human monocytes to monocyte-derived macrophages and THP-

1 monocyte-like cells to differentiated cells (in the presence of PMA) (Ripoll et al., 2007). 

GPNMB mRNA expression was increased upon differentiation to macrophages across all 3 cell 

types (Ripoll et al., 2007). I also consistently saw surface expression of GPNMB in both M1 and 

M2 macrophages, but the number of GPNMB+ cells was variable and overall there were similar 

expression levels in both groups. sGPNMB was also detectable in the supernatant of M1 and 

M2 after 24 hours of cultivation (once monocytes were differentiated for 7 days). 

 Two HL cell lines were chosen for their ability to express M-CSF, which is the cytokine 

used to differentiate monocytes into M2-like macrophages. L591 cells were chosen as an M-

CSF negative cell line for comparison. Experiments were done +/- transwells to determine the 

effect of either exposure to supernatant or direct cell contact between HRS cells and M1 or 

M2 macrophages. A significant increase in GPNMB expression was seen on macrophages 

when they were co-cultured with all three HL cell lines or exposed to CM+/- transwells despite 

only a slight increase in CD163+CD206+ cells in the same donors. This is suggests that direct 

cell-cell contact between HRS cells and macrophages is required for them to be further 
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polarised along the M1-M2 spectrum, but not for GPNMB expression to be increased. Given 

that tumour cells are very rare in cHL, I tested different ratios of macrophages:HL cells and HL 

CM. There was more of an increase in average GPNMB expression when macrophages were 

co-cultured with HL cells compared to CM, the result was significant across all groups and 

similar results were also seen across all ratios of macrophages:HL cells, indicating that the 

number of tumour cells does not affect their ability to induce GPNMB expression; the data 

also suggest that a soluble factor released by HRS cells may be responsible for inducing 

GPNMB expression. 

 Initially, two of the HL cell lines (L428 and L1236) were chosen for co-culture 

experiments because they release M-CSF into their CM, but L591 was chosen because their 

CM contained very little M-CSF.  L591 CM induced similar levels of GPNMB expression in both 

M1 and M2 macrophages, compared with the other two cell lines which did produce M-CSF, 

suggesting that other cytokines may be involved in up-regulating GPNMB expression.  A 

cytokine array was used to measure cytokine levels in the HL cell lines. Five cytokines were 

highly expressed- angiogenin, emmprin/CD147, ICAM-1, MIF and CCL5.  Recombinant versions 

of each of these proteins were added to M1 and M2 macrophages (separately and all together 

to 3 donors). An effect was seen with each cytokine individually and when all were used in 

combination. However, a similar effect on GPNMB expression was seen with the cytokine 

control (0.1% BSA/PBS) and the whole experiment was only done once with 3 donors due to 

time constraints. Therefore, this would need to be repeated and further optimised to see 

which of these proteins, if any, are involved in the upregulation of GPNMB in macrophages. 
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6.3 Objective 3: Impact of macrophage-derived GPNMB on EBV-specific 

CTL responses in vitro 

Eventually I settled on an approach to activate T-cells which utilised a combination of 

soluble CD3/CD28 activator (Stemcell). I used Interferon-gamma release to measure the 

extent of activation. I observed considerable inter-donor variation both in terms of the degree 

of T-cell activation and also the response to soluble GPNMB. 

 In my initial experiments using high concentrations of rGPNMB based on results from 

other groups, I observed an initial ‘blocking’ effect was seen by a reduction in number of 

CD3+CD69+ PBMCs, but the interferon-γ levels were not very high overall, and thus it was hard 

to assess if there was an effect. It is difficult to gauge what constitutes a ‘physiological’ 

concentration of GPNMB given that it is impossible to measure the local concentrations 

produced by a macrophage in vivo, however, if thinking about the amount of GPNMB 

surrounding a macrophage and the close proximity of macrophages to other cells for example, 

the concentration within that space could be much higher than 10µg/ml, but the overall 

concentration of GPNMB within the TME might be much lower. Having said that, 10µg/ml 

might be considered a very high concentration for in vitro experiments. For this reason, I 

tested lower concentrations of rGPNMB; 0.04µg/ml rGPNMB blocked T-cell activation across 

3 different concentrations of activator (0.5µl/ml- 5µl/ml) and 1µg/ml rGPNMB blocked T-cell 

activation at 0.5µl/ml of activator.  Looking at the mean interferon-γ levels across the whole 

experiment, I observed that rGPNMB significantly blocked T-cell activation overall, but this 

effect was most significant at 0.04µg/ml of rGPNMB (Figure 5.5G). At each concentration of 

CD3/CD28 activator separately, between 7-8 donors showed some blocking response to 

rGPNMB, especially at the lower concentrations, but this effect could apparently be 
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‘overcome’ by higher concentrations of rGPNMB (Figure 5.5 A-F). This result contrasts with 

previous observations by another group  (Chung et al., 2007, Chung et al., 2009, Chung et al., 

2013) who showed that sGPNMB did not block T-cell activation  whereas immobilised GPNMB) 

did. Chung et al. and the Ariizumi group did most of their experiments using murine T-cells 

and DC-HIL (the murine form of GPNMB) (Chung et al., 2007, Chung et al., 2013), with human 

T-cells only used in one publication (Chung et al., 2009). In all their experiments (both human 

and murine), they activated isolated T-cells with anti-CD3 antibody alone, blocked activation 

with immobilised GPNMB/ DC-HIL (up to 40µg/ml), and used anti-CD28 antibody to rescue 

inhibition (Chung et al., 2007, Chung et al., 2009, Chung et al., 2013). In mice, using 

concentrations of soluble DC-HIL upto 20µg/ml, no blocking of T-cell activation was seen, in 

contrast to 5µg/ml of immobilised DC-HIL which did block T-cell activation (Chung et al., 2007). 

In my initial experiments I used higher concentrations of soluble rGPNMB upto 10µg/ml, 

where I saw variable effects, but it is possible that using too high concentrations of GPNMB 

could over-saturate the T-cells, and that could be why Chung et al. saw no effect using soluble 

GPNMB, whereas this is less likely to happen if it is immobilised; the lowest documented dose 

of soluble DC-HIL used by Chung et al. was 1.25µg/ml but I used 0.04µg/ml of rGPNMB (Chung 

et al., 2007). I also used a combination of anti-CD3 and anti-CD28 antibodies to activate T-cells 

within whole PBMCs, both of which I considered to be more ‘physiological’ than using isolated 

T-cells and anti-CD3 antibody alone (Chung et al., 2007, Chung et al., 2009).  

 Multiple commercially available anti-Human GPNMB antibodies are available, but 

none of them has previously been tested for their neutralising ability. I tested these on one 

donor at 2 concentrations. Antibodies MAB2550 (R&D #303802) and ab175427 (Abcam 

[7C10E5]) were both effective at neutralising rGPNMB and reversing the inhibition of T-cell 
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activation. Future experiments will be directed to further testing of these antibodies and also 

other antibodies which have recently become available commercially. 

 I tested if macrophage-derived GPNMB could block T-cell activation.  Although the 

initial results were promising, this experiment would need to be repeated. 

 As 40-50% of cHL cases are EBV-positive, I wanted to see if GPNMB could also block T-

cell recognition of EBV-specific epitopes in HL.  HLA-matched CD8+ T-cell clones were used to 

test this in HL cell lines, and as LCLs are known to be efficiently recognised by T-cell clones 

they acted as a positive control in the experiment. KMH2, L540 and L1236 cells were all able 

to be recognised by matched T-cell clones following pulsing with epitope peptide, or infection 

with MVA-LMP2A, indicating these HL cells were able to process and present the relevant 

peptides to the cell surface. L591 HL cells, which are EBV positive, were also treated with MVA-

E1ΔGA or HPV peptide but these cells were not recognised by the EBNA1 HPV clones; only the 

matched LCLs were recognised, which suggests the T-cell clones were acting appropriately. 

L591 cell line is not known to contain mutations in B2M (Liu et al., 2014) but it could be that 

L591 cells have low levels of class I expression; this could be evaluated in future experiments. 

I could also attempt to upregulate class I expression by treating the cells with interferon-γ if 

levels are low. For the experiments here, only matched LCLs and 2 HPV clones were used. 

 Initially I used 0.04µg/ml of rGPNMB to see if any blocking of T-cell recognition of LCLs 

or HL cells could be seen (and although some blocking of recognition of HL cell lines was seen, 

this was not significant). Blocking of T-cell recognition of LCLs was significant using two of the 

CD8+ T-cell clones (SSC and CLG). HPV clone blocking was only seen when cells were pulsed 

with peptide (exogenous processing of EBV). Having seen an effect with 0.04µg/ml of 

rGPNMB, I wanted to test higher and lower concentrations of rGPNMB to see if the response 
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was similar to that seen in T-cell activation, i.e. variable response or ‘overcoming’ of blocking 

at higher concentrations of rGPNMB. I observed a significant partial blocking of T-cell 

recognition at all concentrations of rGPNMB used, as low as 1ng/ml.  

 

 Although complete blocking of T-cell activation or complete blocking of T-cell 

recognition was not seen, a significant partial response of both to sGPNMB was seen, and 

therefore further investigation into targeting GPNMB as an immune checkpoint is required. In 

more recent clinical trials in HL and other cancers, e.g melanoma and hepatocellular 

carcinoma, combination immune checkpoint therapy has been used (Cheng et al., 2020, Larkin 

et al., 2019, Herrera et al., 2018), raising the possibility of combining anti-GPNMB therapy with 

existing treatment for cHL (chemotherapy and radiation therapy) so that lower doses can be 

used, or combining an anti-GPNMB therapy with PD-1 blockade for example. It would also be 

interesting to study GPNMB expression in patients who do not respond to PD-1 blockade 

therapy. 

The ADC glembatumumab vedotin which targets GPNMB is in trials as single agent 

therapy in other cancers; in these cancers GPNMB is mainly expressed by malignant cells 

within the tumour, therefore targeting these cells with an ADC is appropriate (Rose et al., 

2017). cHL is an unusual tumour to begin with, in that malignant HRS cells are very rare and 

the bulk of the tumour is made up of immune/inflammatory cells; thus disrupting the 

immunosuppressive TME that supports HRS cells would be beneficial. In addition to immune 

suppression, GPNMB has other possible mechanisms of action through which it could be 

exerting effects in cHL. sGPNMB is associated with increased MVD in mammary tumours and 

promotes endothelial cell migration both as a direct chemoattractant for endothelial cells, but 
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also through indirect VEGF upregulation (Rose et al., 2010). TAMs have been shown to be 

significantly correlated with MVD, VEGF expression and poor outcomes in cHL, so 

macrophage-derived sGPNMB could also be driving angiogenesis though upregulation of VEGF 

and endothelial cell migration in cHL (Koh et al., 2014, Panico et al., 2013, Korkolopoulou et 

al., 2005, Rose et al., 2010). In cHL, where GPNMB appears to be predominantly expressed by 

macrophages, blocking GPNMB with a neutralising antibody would be preferential. 
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