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Abstract 

 

B lymphocytes (B cells) are widely known to be important players within the context of 

adaptive immunity and may contribute to immune responses through expression of 

immunoglobulin (Ig), antigen presentation to CD4+ and CD8+ T cells, and production of 

effector cytokines. Moreover, in patients with solid tumours, initiation of effective 

humoral immunity may contribute to tumour growth restriction through specific antigen-

directed responses. This Thesis investigates the complex and dynamic roles of B cells in 

immune responses to solid tumours, with specific focus on immunogenic tumours such 

as melanoma and subsets of breast cancer. Overall, I aimed to identify novel features and 

biases among circulating and tumour-infiltrating B lymphocyte (TIL-B) populations, to 

elucidate their roles and functional significance, and to place these findings within the 

wider context of the adaptive immune response. 

In breast cancer, I used flow cytofluorimetric, transcriptomic, fluorescence 

immunohistochemistry (IHC), single-cell RNA-seq and long-read Ig repertoire studies to 

evaluate isotype-switched and memory B cell subsets, Ig isotype distribution, and clonal 

expansion profiles within the circulation and lesions of patients. Isotype-switched and 

activatory B cell signatures were enhanced among breast TIL-B. Quantitative IHC 

showed that TIL-B frequently form stromal clusters with T lymphocytes (T cells), and 

single cell transcriptomic analyses suggested that B and T cells in tumours engage in 

bidirectional crosstalk. TIL-B-rich tumours demonstrated expansion of IgG isotypes, and 

IgG isotype-switching was found to be positively associated with survival outcomes, 

especially in the aggressive triple-negative breast cancer (TNBC) subtypes. Long-read Ig 

repertoire analysis also indicated that B cell clonal expansion was biased towards IgG, 

showing expansive clonal families with specific variable region gene combinations and 
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narrow variable region repertoires. Lastly, stronger selection pressure was present in the 

complementarity determining regions of IgG compared to their clonally related IgA in 

tumour samples. 

In melanoma, I used CyTOF, intracellular cytokine assays, transcriptomic, fluorescence 

IHC, single-cell RNA-seq and ex vivo co-culture analyses to investigate the phenotype 

and functional significance of cytokine-expressing B cells in patients with melanoma, 

including regulatory (IL-10 and/or TGF-β-expressing) and pro-inflammatory (IFN-γ 

and/or TNF-α-expressing) subsets. Using CyTOF analyses, circulating regulatory B cell 

populations (IL-10+ plasmablasts and TGF-β+ naïve B cells) were found to be enhanced 

in melanoma patients compared with a matched healthy volunteer cohort. In concert, 

intracellular cytokine assay phenotyping revealed a collapse in TNF-α-expressing B cells 

in melanoma patient compared to healthy volunteer blood. In concordance, TNF-α-

expressing B cells were rare among TIL-B. Contrasting to a sparse TNF-α-expressing B 

cell population, single-cell RNAseq analyses revealed prominent TGF-β-expressing B 

cell populations in the melanoma tumour microenvironment. CellPhoneDB analyses 

predicted signaling with Tregs via the immune checkpoint receptor Galectin-9. The less 

well represented tumour-infiltrating TNF-α-expressing B cells were also predicted to 

engage in crosstalk with Tregs and may point to potential suppressive activity via TNF-α 

signaling and the ICOS/ICOSL axis. Lastly, in ex vivo co-cultures, patient-derived B cells 

enhanced the proliferation of autologous T-helper cells, an effect further enhanced with 

programmed cell death protein 1 (PD-1) blockade, and allowed T-helper cells to express 

pro-inflammatory Th1 cytokines (IFN-γ and TNF-α). Patient B cells could also induce 

FOXP3+ Tregs from conventional T-helper (Tcon) cells in a TGF-β-dependent manner. 
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In summary, my findings have established contrasting immunostimulatory and 

immunomodulatory roles of B cells in their response to solid tumours. In breast cancer, 

and particularly in TNBC patients, B cells and their connected functional signatures were 

associated with improved clinical outcomes. Isotype-switched B cell lineage traits were 

prevalent and conferred IgG-biased, clonally expanded, and likely antigen-driven 

humoral responses. In melanoma, my findings point to a dysregulated cytokine-

expressing B cell compartment both in the circulation and in melanoma lesions, favouring 

regulatory as opposed to pro-inflammatory phenotypes. Within the tumour, cytokine-

expressing B cells may engage in crosstalk with and promote Tregs. Furthermore, patient 

B cells can exert a combination of immunostimulatory and immunomodulatory influences 

upon autologous T-helper cells in ex vivo culture including expansion of Tregs. 

Overall, my findings have unravelled previously unknown features of B cell responses to 

melanoma and breast cancer, which could help to inform the development of novel 

therapeutics. 
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Chapter 1: Introduction 

 

1.1 Cancer epidemiology and outlook 

 

The GLOBOCAN analysis estimated that approximately 19.3 million new cases and a 

little under 10.0 million cancer-caused deaths occurred in 2020, making cancer a leading 

cause of morbidity and mortality in the world [1]. The burden of global cancer incidence 

and mortality is increasing, reflecting aging and expanding populations, as well as 

changes in risk factors associated with socioeconomic development. In contrast to the 

global trend, there has been an encouraging overall decline of cancer mortality rates in 

both men (-6.6%) and women (-4.5%) since 2015 in Europe, although trends have varied 

according to cancer type [2]. Where favourable trends have been observed, for example 

in breast and prostate cancers, key drivers have been attributed to improvements in 

screening, diagnosis and therapeutic strategies [2]. 

At its basic level, cancer is caused by dysregulation of cell cycle control mediated by 

mutations in the genetic code of somatic cells. Mutations in cell cycle control genes, such 

as P53, or proto-oncogenes, such as Ras, can enhance the ability of a cell to survive and 

proliferate. These genetic errors are known as driver mutations and can be mediated by 

faulty DNA replication or external environmental stimuli. It has been shown that between 

one and ten driver mutations are necessary to drive a normal cell to one that is 

uncontrollably dividing and has become cancerous [3], and the exact number of mutations 

is dependent upon the cancer type. On average, four driver mutations per individual drive 

breast carcinogenesis, while melanomas are typically driven by ten driver mutations, the 

vast majority of which are outside of currently known cancer genes. 
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Cancerous cells follow a progressive path of clonal selection, and driver mutations 

accumulate over time. If left unchecked, cancer cells can begin to escape their local 

confines and immunological surveillance, mediate immune suppression, and engender 

damaging effects all over the body. However, if clinical detection can be achieved, and 

we can understand the local and systemic immune response in individual patients and 

across patient cohorts, then we can rely upon an increasingly sophisticated arsenal of 

treatments, including immunotherapies, to eliminate and halt the spread of these cells.  

Emerging and established immunotherapies in the clinic are heavily dependent upon our 

knowledge of how the immune system responds to tumour formation and progression, 

the systematics of the tumour microenvironment and the development of metastatic 

cancer. 

 

1.1.1 Breast cancer 

 

Female breast cancer is the most frequently occurring non-skin cancer globally [1], and 

cases are on the rise, with a projected 3.2 million cases worldwide per year by 2050 [4]. 

In 2020 there was an estimated 2.3 million global cases of female breast cancer, and 

685,000 deaths, representing a startling increase of 35% and 31%, respectively, compared 

to cases and deaths in 2012 [1,5]. These increases have been driven in part by socio-

economic factors including longer life expectancies, reduced physical activity and delays 

in childbearing [6], and incidence rates are over three times higher in Western Europe 

compared to Eastern Africa. On the other hand, breast cancer-related mortality rates have 

been declining since the early 1990s for women in Europe, driven by advances in 
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screening, diagnosis, and treatment [2], while there is considerable progress to be made 

in less developed nations. 

Breast cancer is a highly heterogenous disease, taking on a wide range of pathological 

features, from slow growing to highly aggressive forms, and tumour aetiology can 

substantially affect survival outcomes [7]. Breast carcinomas represent over 99% of all 

breast cancers and arise from the epithelium, while sarcomas arise from stromal 

constituents of the breast. Breast cancers are routinely classified by their morphological 

characteristics, and subtypes include ductal, lobular, tubular, mucinous, medullary, and 

adenoid cystic carcinomas, although there is the potential for overlap between these 

categories, as a single tumour mass may contain malignant cells of diverse origin. The 

most common form is ductal carcinoma, which represents approximately 80% of breast 

cancers [8]. Tumours can be further sub-classified by histological grade, and those with 

higher grade are associated with larger, metastatic tumours. 

Breast tumours are also routinely categorised according to their molecular subtype [9]. 

There are five biologically distinct subtypes which define breast cancers on a molecular 

level, which are illustrated in Figure 1.1. Luminal A and Luminal B which are oestrogen 

receptor (ER) positive subtypes, human epidermal growth factor receptor 2 (HER2) subtype, 

basal-like subtype, and normal-like subtype. HER2 and basal-like subtypes are usually 

aggressive and associated with poor prognosis in a stage-independent manner [10,11]. 

These subtypes are used for classification in the clinical setting, whereby tumour 

expression of ER, progesterone receptor (PR) and HER2 are monitored, although these 

evaluations do not fully recapitulate the intrinsic subtypes, which are based upon a wider 

range of molecular marker expression [12]. Nonetheless, identification of ER, PR and 

HER2 expression is key to guiding therapeutic strategies (discussed in Section 
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1.1.3).Importantly, 15-20% of all breast tumours [13] and 75-80% of basal-like subtype 

tumours [12] can be defined as ‘triple-negative’, reflecting their lack of ER, PR and HER2 

expression. Patients with triple-negative breast cancers (TNBC) are unable to benefit 

from conventional treatments such as hormonal receptor blocker therapies, or specific 

targeted therapies such as the anti-HER2 monoclonal antibodies trastuzumab and 

pertuzumab, and therefore represent a pressing unmet clinical need for new biomarkers 

and therapies [14]. 

Figure 1.1 Breast cancers can be categorised into five biologically distinct subtypes. 

Intrinsic subtypes are grouped according to expression of hormone receptors (oestrogen receptor 

(ER) and progesterone receptor (PR)) and the receptor tyrosine kinase human epidermal growth 

factor receptor 2 (HER2). Molecular subtypes determine severity of prognosis and can be used to 

guide therapeutic strategies. Adapted from “Intrinsic and Molecular Subtypes of Breast Cancer” 

by BioRender.com [15].  
 

Besides the morphological characteristics, grade, and molecular subtype, breast cancers 

are classified by stage of tumour progression. The initial transition from in situ to invasive 

phenotype is defined by the loss of myoepithelial cell layer and basement membrane. 

Overall, breast carcinomas evolve via sequential progression through well-defined stages, 

beginning with epithelial hyperproliferation, and progressing through in situ (stage 0), 
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early (stage I-II), locally advanced (stage III) and advanced (stage IV) stages [16], the 

latter involving the spread of cancer cells to distant sites and resulting in diagnosis of 

metastatic disease [17]. 

Anatomic stages are clinically defined according to the American Joint Committee on 

Cancer (AJCC) TNM (tumour-node-metastasis) criteria, which considers the tumour size 

and spread to the skin or chest wall (‘T’), trafficking to nearby lymph nodes ('N’), and 

metastasis to distant organs (‘M’) [18]. An overview of breast cancer anatomic staging 

from stage I to stage IV is illustrated in Table 1.1. The anatomic stage at diagnosis 

substantially influences survival rates (stage I, 98.5%; stage II, 90.2%; stage III, 74.2%; 

stage IV, 27.5% after 5-years [19]), and breast cancer awareness and screening 

programmes in Europe and elsewhere have been successful at supporting early detection 

and ensuring more favourable survival outcomes. 

In recent years, sentiment has grown that purely anatomic staging fails to consider 

important non-anatomic features including tumour grade, hormone receptor status, and 

HER2 expression, and these key biomarkers, in addition to multigene panels, are now 

integrated into a clinical prognostic staging protocol [20], an overview of which is 

provided in Table 1.2.  

 

 

 

 

 
Table 1.1 Overview of breast cancer anatomic staging as determined by the TNM criteria. 

Anatomic stages are determined from stage I to stage IV according to tumour characteristics (T), 

lymph node involvement (N), and distant metastatic spread (M) [18]. Stage I and II cancer is 

contained within breast tissue with possible micrometastases. By stage III, primary tumours 

(when evident) may be large, and cancer may have spread to auxiliary lymph nodes. Stage IV is 

the final stage, whereby the cancer has spread to distant lymph nodes, or organs such as the brain, 

lungs, liver, and bones. 
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Stage (TNM) Physiological description 

IA (T1-N0-M0) Tumour ≤ 20 mm in greatest dimension 

IB (T0-N1mi-M0) No evidence of primary tumour, micrometastases (approximately 200 

cells, 0.2 mm - 2.0 mm) 

IB (T1-N1mi-M0) Tumour ≤ 20 mm in greatest dimension, micrometastases (approximately 

200 cells, 0.2 mm - 2.0 mm) 

IIA (T0-N1-M0) No evidence of primary tumour, micrometastases (approximately 200 

cells, 0.2 mm - 2.0 mm) 

IIA (T1-N1-M0) Tumour ≤ 20 mm in greatest dimension, micrometastases (approximately 

200 cells, 0.2 mm - 2.0 mm) 

IIA (T2-N0-M0) Tumour > 20mm and ≤ 50 mm in greatest dimension 

IIB (T2-N1-M0) Tumour > 20mm and ≤ 50 mm in greatest dimension, micrometastases 

(approximately 200 cells, 0.2 mm - 2.0 mm) 

IIB (T3-N0-M0) Tumour > 50 mm in greatest dimension 

IIIA (T0-N2-M0) No evidence of primary tumour, metastases; or metastases in 4-9 axillary 

lymph nodes; or positive ipsilateral internal mammary lymph nodes by 

imaging in the absence of axillary lymph node metastasis 

IIIA (T1-N2-M0) Tumour ≤ 20 mm in greatest dimension, metastases; or metastases in 4-9 

axillary lymph nodes; or positive ipsilateral internal mammary lymph 

nodes by imaging in the absence of axillary lymph node metastasis 

IIIA (T2-N2-M0) Tumour > 20mm and ≤ 50 mm in greatest dimension, metastases; or 

metastases in 4-9 axillary lymph nodes; or positive ipsilateral internal 

mammary lymph nodes by imaging in the absence of axillary lymph node 

metastasis 

IIIA (T3-N1-M0) Tumour > 50 mm in greatest dimension, micrometastases (approximately 

200 cells, 0.2 mm - 2.0 mm 
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IIIA (T3-N2-M0) Tumour > 50 mm in greatest dimension, metastases; or metastases in 4-9 

axillary lymph nodes; or positive ipsilateral internal mammary lymph 

nodes by imaging in the absence of axillary lymph node metastasis 

IIIB (T4-N0-M0) Tumour of any size with direct extension to the chest wall and/or to the 

skin (ulceration or macroscopic nodules); invasion of the dermis alone 

does not qualify as T4 

IIIB (T4-N1-M0) Tumour of any size with direct extension to the chest wall and/or to the 

skin (ulceration or macroscopic nodules), micrometastases 

(approximately 200 cells, 0.2 mm - 2.0 mm 

IIIB (T4-N2-M0) Tumour of any size with direct extension to the chest wall and/or to the 

skin (ulceration or macroscopic nodules), metastases; or metastases in 4-

9 axillary lymph nodes; or positive ipsilateral internal mammary lymph 

nodes by imaging in the absence of axillary lymph node metastasis 

IIIC (Any TN3-M0) Metastases in 10 or more axillary lymph nodes; or in infraclavicular 

(Level III axillary) lymph nodes; or positive ipsilateral internal mammary 

lymph nodes by imaging in the presence of one or more positive Level I, 

II axillary lymph nodes; or in more than three axillary lymph nodes and 

micrometastases or macrometastases by sentinel lymph node biopsy 

(SLNB) in clinically negative ipsilateral internal mammary lymph nodes; 

or in ipsilateral supraclavicular lymph nodes, metastases greater than 0.2 

mm 

IV (Any T, Any N, M1) Any histologically proven metastases in distant organs; or if in 

nonregional 

nodes, metastases greater than 0.2 mm 
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Table 1.2 Overview of breast cancer clinical prognostic staging as determined by the 

anatomic stage, grade, and biomarker status. 

Clinical prognostic stage is assigned to all patients regardless of type of therapy administered. 

ER− = estrogen receptor-negative, ER+ = ER-positive, G = grade, HER2− = HER2 negative, 

HER2+ = HER2-positive, mi = micrometastasis, PR− = progesterone receptor-negative, PR+ = PR-

positive, Tis = in situ. 
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The new criteria can result in alterations in stage compared to anatomic staging alone, 

and inclusion of these additional features can provide supplementary prognostic 

information which confers improved guidance for choice of therapeutic regimens, 

although anatomic staging is still the main system where biomarker data is unavailable. 

An additional pathologic prognostic stage is assigned to patients who receive surgery as 

initial treatment and includes findings at surgery and pathological findings from surgical 

resection. 

 

1.1.2 Melanoma 

 

Figure 1.2 illustrates the three most common types of skin cancer, which reflect the 

formation of the skin epidermis: basal cell carcinoma (BCC) and squamous cell 

carcinoma (SCC) which arises from keratinocytes, and melanoma, a skin cancer arising 

from melanocytes in the basal layer of the epidermis. 

 

 

 

 

 

Figure 1.2 Illustration of the three most common types of skin cancer. 

[Left] basal cell carcinoma (BCC), [middle] squamous cell carcinoma (SCC) and [right] 

melanoma. Adapted from “Skin Cancer” by BioRender.com [15]. 
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BCC and SCC are the two most common types of non-melanoma skin cancers (NMSC) 

and are typically associated with a much lower mortality rate (0.05% and 0.7% 

respectively [21]) than melanoma (8% [22]). NMSC is typically treated within the offices 

of physicians [23], which makes it difficult for cancer registries to collect accurate 

incidence information. For example, in the United States alone, the estimated number of 

unreported cases of NMSC per year is 5.4 million [24], twice as many as the collective 

number of reported cases for all the other forms of cancer. Despite the large burden of 

cases, NMSC conferred a small proportion (0.6%) of the total global deaths from cancer 

in 2020 [1], and the low mortality rate and often unreported nature of NMSC cases means 

they are regularly excluded from overall cancer incidence and mortality rate surveys. 

The propensity to spread across the skin, lymph nodes and distant tissues contributes to 

higher mortality rates of melanoma compared to NMSC. In 2020, 325,000 new cases of 

melanoma, and 57,000 melanoma-associated deaths were estimated globally [1]. 

Melanoma therefore represents an ongoing public health burden, and warrants thorough 

investigation into early detection, disease mechanics and treatment strategies. 

Melanoma derives from the melanin-producing melanocytes, which reside in the basal 

membrane of the skin epithelium and are guided by keratinocytes in their behaviour and 

growth [25]. Melanoma cells escape localised keratinocyte control by downregulating E-

cadherin and upregulating N-cadherin [26]. Melanoma cells adapt to their new 

microenvironmental conditions through a complex series of interactions within the 

tumour stroma, including the activation of growth factors including basic fibroblast 

growth factor [27] that regulates cell adhesion. Melanoma cells also secrete transforming 

growth factor beta (TGF-β) which has inhibitory properties on epithelial and several 

immune cell types [28]. During tumour progression, melanoma cells secrete increasing 

quantities of vascular endothelial growth factor (VEGF) which promotes angiogenesis 
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and vasculogenesis and provides the growing tumour mass with oxygen and nutrients for 

further proliferation. The remodelling of the surrounding tissue is substantial, and the 

non-malignant cells and extracellular matrix become an integral part of the cancer lesion. 

It is therefore apt to consider melanoma, and other cancers, as a tissue, not just as 

individual cancer cells [29]. 

The first phase of malignancy is the radial growth phase within the basal epidermis and 

papillary dermis, followed by the vertical growth phase where malignant melanocytes 

begin to penetrate deeper into the dermis and subcutaneous tissue. By this stage, a 

substantial tumour has formed at the primary site of tumorigenesis, and localised 

shedding of tumour cells will inevitably lead to regional and eventually distant metastases 

if the tumour is left unchecked. Like other cancer types, including breast cancer, early 

detection is vital for ensuring more favourable survival rates (stage I, 99.6%; stage II, 

75.0%; stage III, 67.6%; stage IV, 25.3% after 5-years [19]). 

Melanoma staging is therefore critical tool for use in clinical practice and research, and 

aids in assessment of patient prognosis, allocation of treatment regimen, and trial 

enrolment [30]. Stages are presently determined using the AJCC TNM criteria, whereby 

‘T’ describes tumour thickness and ulceration, ‘N’ describes lymph node involvement, 

and ‘M’ describes metastasis to distant sites [18,31]. An overview of the TNM criteria 

for melanoma is illustrated in Table 1.3. Stage I and II melanoma is localised to the skin, 

while stage III melanoma has spread to nearby lymph nodes or skin. By stage IV, the 

cancer has metastasised to distant sites including lymph nodes and other organs. 

 

 



35 

 

Table 1.3 Overview of melanoma staging as determined by the TNM criteria. 

Stages are determined from stage I to stage IV according to features of the primary tumour 

(thickness and ulceration), lymph node involvement, and metastasis to distant sites [18]. 
 

Stage (TNM) Physiological description 

IA (T1a-N0-M0) Lesions ≤1 mm in thickness with no evidence of ulceration or metastases 

IB (T1b-N0-M0) Lesions ≤1 mm in thickness with ulceration noted but without lymph node 

involvement 

IB (T1a-N0-M0) Lesions 1.01-2 mm in thickness without ulceration or lymph node 

involvement 

IIA (T2b-N0-M0) Melanomas >1 mm but ≤2 mm in thickness with no evidence of metastases 

but with evidence of ulceration 

IIA (T3a-N0-M0) Lesions 2.01-4.0 mm in thickness without ulceration or lymph node 

involvement 

IIB (T3b-N0-M0) Melanomas 2.01-4 mm in thickness with ulceration but no lymph node 

involvement 

IIB (T4a-N0-M0) Lesions >4 mm in thickness without ulceration or lymph node involvement 

IIC (T4b-N0-M0) Lesions >4 mm in thickness with ulceration but no lymph   node involvement 

IIIA (T1-4a-N1a-M0) Any-depth lesion, no ulceration, and 1 lymph node positive for 

micrometastatic 

IIIA (T1-4aN2aM0) Any-depth lesion, no ulceration, but 2-3 lymph nodes positive for 

micrometastatic 

IIIB (T1-4b-N1a-M0) Any-depth lesion, positive ulceration, and 1 lymph node positive for 

micrometastasis 

IIIB (T1-4b-N2a-M0) Any-depth lesion, positive ulceration, and 2-3 lymph nodes positive for 

micrometastasis 
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IIIB (T1-4a-N1b-M0) Any-depth lesion, no ulceration, and 1 lymph node positive for 

macrometastasis 

IIIB (T1-4a-N2b-M0) Any-depth lesion, no ulceration, and 1 lymph node positive for 

macrometastasis 

IIIC (T1-4b-N1b-M0) Any-depth lesion, positive ulceration, and 1 lymph node positive for 

macrometastasis 

IIIC (T1-4b-N2b-M0) Any-depth lesion, positive ulceration, and 2-3 lymph nodes positive for 

macrometastasis 

IIIC (N/A) ≥4 metastatic lymph nodes, matted lymph nodes, or in-transit met(s) 

/satellite(s) 

IV, M1a (N/A) Melanoma metastatic to skin, subcutaneous tissue, or lymph nodes with 

normal LDH level 

IV, M1b (N/A) Metastatic disease to lungs with normal LDH level 

IV, M1c (N/A) Metastatic disease to all other visceral organs and normal LDH level or any 

distant disease with elevated LDH level 

 

 

1.1.3 Breast cancer treatment overview 

 

Treatment selection for patients with breast cancer depends upon a number of factors 

including stage, tumour grade, steroid hormone receptor (HR; consisting of ER and/or 

PR) and HER2 expression, patient-specific history, and menopausal status.  

Potential therapies must pass through a rigorous sequence of clinical trials, demonstrating 

safety and efficacy in phase I-II trials within small patient cohorts and then expanding 
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into larger cohorts and being contrasted against existing medicines for specific treatment 

goals [32]. 

The following sections summarise the guidelines for management of breast cancer, which 

are published by the National Institute of Care Excellence (NICE) UK. These guidelines 

were last updated in July 2018 (early and locally advanced [33]) and August 2017 

(advanced [34]), and so omit guidance for recently emerging therapies such as 

immunotherapies, which are beginning to find clinical utility in breast cancer. 

 

1.1.3.1 Early (stage I/II) and locally advanced (stage III) breast cancer management 

 

Treatment for operable breast cancer involves surgery to the breast and axillary lymph 

nodes, with or without radiotherapy to reduce local recurrence rates. This may be 

followed by adjuvant therapy, which includes chemotherapy, endocrine therapy and/or 

targeted therapies to reduce risk of relapse. The decision to use adjuvant therapy depends 

upon prognostic and predictive factors, including HR and HER2 status of the primary 

lesion.  

Adjuvant chemotherapy, administered as anthracycline-taxane combination, can 

significantly reduce the risk of recurrence, independent of nodal status, grade or use 

alongside endocrine therapy [35]. However, adjuvant chemotherapy use is declining due 

to efforts to eliminate unnecessary treatments, especially in early-stage patients with 

favourable tumour features [36], and is currently only recommended for patients who are 

at enhanced risk of disease recurrence. 

The anti-HER2 monoclonal antibody trastuzumab has shown clinical efficacy [37], and 

is recommended as targeted therapy of choice for HER2-expressing tumours above size 
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T1c, in combination with surgery, chemotherapy, and radiotherapy. Trastuzumab can also 

be considered for smaller tumours (e.g., T1a or T1b), depending upon additional patient 

and prognostic factors. 

Signalling via naturally occurring steroid hormone receptors frequently regulates the 

growth of breast cancers, and HR are overexpressed in up to 70% of breast tumours [38]. 

Endocrine therapies which block HR signaling were the first targeted therapies developed 

for breast cancer treatment, and the small molecule endocrine pathway inhibitor 

tamoxifen is recommended as initial adjuvant endocrine therapy in men and pre-

menopausal women with ER+ breast cancers [39], although development of resistance is 

common [40]. In postmenopausal women with ER+ cancer who are at medium to high 

risk of recurrence, an aromatase inhibitor, such as anastrozole, is instead recommended 

as first-line therapy. Bisphosphonate therapy can also be given to postmenopausal women 

with node-positive breast cancer. 

Chemotherapies and endocrine therapies can also be administered in the neoadjuvant 

setting. Neoadjuvant chemotherapy is recommended to reduce tumour burden in patients 

with ER- tumours and considered for ER+ cancers. In HER2+ patients, neoadjuvant 

chemotherapy is recommended in combination with anti-HER2 monoclonal antibody 

therapy (trastuzumab and pertuzumab). For patients with TNBC, for whom few systemic 

treatment options are available, a combination of platinum and anthracycline adjuvant 

chemotherapy is recommended. Although neoadjuvant chemotherapy induces pathologic 

complete response in approximately 20% of TNBC patients [41], the remainder may gain 

resistance or be intrinsically less susceptible [42]. Finally, neoadjuvant endocrine therapy 

can be considered as an alternative to chemotherapy in postmenopausal women with ER+ 

cancer. 
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1.1.3.2 Advanced (stage IV) breast cancer management 

 

Treatment of advanced, late-stage breast cancer depends upon the individual’s treatment 

history, disease severity, and HR and HER2 status. For most ER+ advanced breast 

cancers, endocrine therapy is recommended as first-line treatment. Aromatase inhibitors 

are recommended to postmenopausal women who have no history of endocrine therapy 

or have undergone tamoxifen treatment. For pre- and peri-menopausal women with ER+ 

advanced cancer who have not received tamoxifen treatment, a combination of tamoxifen 

and ovarian function suppression with gonadotropin-releasing hormone (GnRH) is 

recommended as first-line treatment. In addition, tamoxifen is offered to men with ER+ 

advanced cancer as first-line treatment. 

For ER+ advanced breast cancers which are prospectively life-threatening, or are 

associated with significant visceral organ involvement, chemotherapy, and subsequent 

endocrine therapy, is recommended. Trastuzumab is recommended for HER2+ advanced 

breast cancers and may be used with or without combination chemotherapy with 

paclitaxel, depending upon treatment history. Bisphosphonates may also be considered to 

reduce pain and burden of bone metastases. 

Checkpoint inhibitor (CPI) immunotherapies (discussed in more detail in Section 1.1.4.2) 

are beginning to find clinical utility in advanced breast cancer. In a phase III clinical trial, 

the combination of the anti-PD-1 monoclonal antibody pembrolizumab plus 

chemotherapy showed improved progression free survival when compared to 

chemotherapy alone, in metastatic TNBC patients [43]. In addition, drugs targeting 

programmed death-ligand 1 (PD-L1) have shown efficacy in patients across a wide range 

of cancers. The humanized IgG1 anti-PD-L1 monoclonal antibody atezolizumab, in 

combination with nab-paclitaxel, was the first CPI immunotherapy to be approved for 
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treatment of PD-L1+ metastatic TNBC [44], although the manufacturer has since 

withdrawn the accelerated approval in the US [45].Recent advances have been also made 

with the development of CDK4/CDK6 inhibitors, which fit part way between 

chemotherapeutic agents and targeted therapies, and are approved for the treatment of 

metastatic HR+ breast cancer. When used in combination with endocrine therapies they 

can help to slow tumour growth and confer improved clinical outcomes [46]. 

 

1.1.4 Melanoma treatment overview 

 

Treatment selection for patients with melanoma depends upon several factors including 

staging by the tumour, node and metastasis (TNM) scoring, characteristics of the primary 

tumour (including the level of dermal invasion, described by the Clark scale and Breslow 

thickness which identify how deeply the melanoma has gone into the skin, the genetic 

profile), and patient-specific history [30]. 

Historically, there has been a paucity of available treatments for malignant melanoma. In 

the last decade however, there has been an explosion in new therapies, centering around 

immunotherapeutic and targeted therapeutic approaches. The following sections 

summarise the guidelines for management of melanoma which are published by NICE, 

UK [47]. These guidelines were last updated in November 2019. 

 

1.1.4.1 Early (stage 0-II) melanoma management 

 

Primary melanomas are excised with a wide-local excision (WLE) to remove the tumour 

and a small area of adjacent tissue (5-20mm width depending on stage). The WLE excises 
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any tumour cells that have escaped into the surrounding tissue, and which may remain to 

proliferate in the absence of the primary tumour [48]. Patients with early-stage melanoma, 

from stage IB, may be offered a sentinel lymph node biopsy to assess the spread of the 

cancer to nearby lymph nodes, and if trafficking of tumour cells in the lymph node is 

observed, the melanoma is confirmed as stage III. Where regional spread is confirmed or 

suspected, CT (computed tomography) or whole-body MRI (magnetic resonance 

imaging) scans are recommended to check other areas of the body for metastases. 

 

1.1.4.2 Regional (stage III) and advanced (stage IV) melanoma management 

 

Patients with stage III melanomas have been confirmed to have lymph node involvement 

and have several therapeutic options available. At this stage, a key determinant of therapy 

choice is whether the primary melanoma has been completely removed by surgery. If 

surgical excision of the tumour can be achieved, the melanoma is classified as resectable. 

In stage III resectable melanoma, patients may be treated with adjuvant therapy. 

In contrast to breast cancer, chemotherapy is used only sparingly as an adjuvant treatment 

for melanoma. While immunotherapies, including the administration of interferon-alpha 

(IFN-α2b) or interleukin-2 (IL-2), have gained FDA approval for melanoma in the past 

owing to promising trial results [49,50], these therapies confer high probabilities of severe 

treatment complications [51,52]. A newer generation of immunotherapies known as 

checkpoint inhibitor (CPI) drugs have revolutionised the treatment of regional and 

advanced melanoma. These therapies aim to enhance existing immune effector 

mechanisms to initiate tumour cell killing [53]. 

Immune checkpoint molecules are naturally expressed by populations of immune cells 

and non-malignant tissues in both healthy individuals and cancer patients, and their 
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physiological functions are to establish immune tolerance and prevent autoimmunity. 

Immune cells may express checkpoint molecules that, when bound to their cognate 

receptors or ligands on healthy cells, can act as an inhibitory stimulus and prevent 

cytotoxicity of normal tissues from occurring. Cancer cells, being derived from 

autologous normal tissues, often express these inhibitory cognate receptors or ligands on 

their surface, so that even when a cancer neoantigen is identified by immune effector 

cells, they may not attack the cancer cell in the presence of such inhibitory cell-surface 

marker signals. CPI immunotherapies aim to neutralise these inhibitory receptors by 

targeting checkpoint molecules on immune or cancer cells. Currently available CPI 

immunotherapies are designed to target T cell-mediated effector mechanisms, and 

checkpoint molecules commonly expressed on T cells include the programmed cell death 

protein 1 (PD-1) and the cytotoxic T lymphocyte-associated antigen-4 (CTLA-4). 

The first CPI drug to gain FDA approval for the treatment of melanoma was ipilimumab, 

an anti-CTLA4 fully human IgG1 monoclonal antibody, which has been shown to offer 

clinical benefit compared with a standalone cancer/melanocyte peptide vaccine in a phase 

3 study of metastatic melanoma patients [54]. Pembrolizumab (humanized) [55] and 

nivolumab (fully human) [56] are anti-PD-1 IgG4 monoclonal antibodies that have also 

achieved FDA approval for the treatment of melanoma. In a phase 3 study, nivolumab 

was reported to offer improved overall survival compared to chemotherapy with 

dacarbazine in metastatic melanoma patients [57]. CPI immunotherapies such as 

nivolumab or pembrolizumab may be recommended for use in the adjuvant setting in 

stage III resectable melanoma. 

Systemic targeted therapies may also be recommended for use in the adjuvant treatment 

setting. Approximately 40-60% of all cutaneous melanoma tumours express the proto-

oncogene BRAF with a mutated V600 amino acid residue. This mutant form of BRAF 
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constitutively activates the MAP kinase pathway to induce cell survival and proliferation 

[58]. The most common BRAF mutation is V600E [59], followed by V600K [60]. Small 

molecule BRAF inhibitors (e.g., vemurafenib and dabrafenib) have been developed and 

tested in the clinical setting for patients with V600-mutant BRAF, conferring a significant 

reduction in tumour growth, although these effects were often short lived [61]. 

Randomised trials comparing BRAF inhibitor therapy to chemotherapy with dacarbazine 

found improved overall survival with the targeted therapy [62]. 

Unfortunately, in most cases of BRAF inhibitor monotherapy, patients show intrinsic or 

acquired drug resistance due to several mechanisms including reactivation of the MAP 

kinase pathway, typically via concurrent driver mutations in MEK genes [63]. Therefore, 

targeted therapies in melanoma can be administered as a combination of BRAF and MEK 

inhibitors in patients with mutated BRAF melanoma [64]. 

In patients with unresectable stage III disease, such as when multiple in-transit metastases 

are identified, debulking surgery may be considered, along with oncolytic viral therapy, 

systemic immunotherapy, or targeted therapies. Finally, stage IV melanoma represents 

metastasis to distant lymph nodes and/or organs and confers a very poor prognosis. For 

these individuals, surgery may be used to remove these metastases, and oncolytic viral 

therapy, immunotherapies and/or targeted therapies administered. 

 

1.1.5 The future of cancer therapy 

 

There is an ever-increasing variety of therapeutic strategies for the treatment breast 

cancer, melanoma, and other cancer types. The classical therapies used over the past few 

decades have focused upon non-targeted agents including chemotherapy and radiotherapy 

which often have broadly harmful effects on healthy cells, while only exerting effects on 
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a fraction of the target cancer cells. Newer strategies have focused on boosting the 

immune system’s existing detective and cytotoxic framework, instead of relying on 

externally administered toxic agents to directly kill cancer cells. Immunotherapeutic 

treatments are undoubtedly among the most promising emerging cancer treatments over 

the next decade and beyond. Clinically approved agents such as CPIs have shown 

enhanced anti-tumour efficacy when compared to chemotherapy and are currently 

providing therapeutic benefits to patients with advanced breast cancer and melanoma. 

Nevertheless, existing CPI treatments only seek to modulate one of several immune 

regulatory mechanisms. This Thesis investigates additional mechanisms which in the 

future may have the potential to be translated into a therapeutic setting. For example, the 

presence of immunomodulatory cells such as regulatory B and T cells which produce 

immunosuppressive cytokines such as IL-10 and TGF-β may be associated with poor 

clinical outcomes in melanoma [65–67]. Furthermore, in more immunogenic breast 

cancer subtypes such as TNBC, the presence of B cells, their recruitment, lymphoid 

assembly, associations with T cells, formation of tertiary lymphoid structures, and 

specific B cell subsets such as isotype-switched B cells and the preferential expression 

and clonal expansion of IgG, as opposed to IgA isotype immunoglobulin-expressing B 

cells within the tumour microenvironment could offer improved patient survival 

outcomes [68].  

In addition to the promise of immunotherapy, targeted approaches exploiting the 

individuality of cancer phenotypes are poised to remain an important tool across the field 

of cancer therapy. As tumour phenotyping and classification strategies become more 

sophisticated, personalised medicine will provide the backbone for great strides in the 

treatment of all types of cancer in the future. 
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1.2 B cells and their functions in human immunity 

 

1.2.1 B cell development 

 

B cells mediate the humoral arm of the immune system’s defence against pathogenic 

foreign bodies and cancerous cells. While B cells are most widely recognised for their 

immunoglobulin expression and secretion, they also act as professional antigen 

presenting cells and cytokine producers, thus providing several mechanisms by which 

they can influence local and systemic antigenic responses.  

B cells arise from haemopoietic stem cells (HSCs) in the bone marrow, where their 

antigen receptors are developed in the form of surface immunoglobulin. In healthy 

individuals, a pool of pre-immune B cells each with a uniquely specific B cell receptor 

(BCR) circulates in the blood and lymph. Upon exposure to their cognate antigen and 

CD4+ T cell help, signalling pathways are induced, leading to activation, differentiation 

and formation of memory and plasma cells. Memory B cells circulate in the body and are 

primed for a rapid response to subsequent challenge with the same antigen, while long-

lived plasma cells provide constant levels of antibodies which are highly specific for the 

target antigen and can provide immunological protection [69,70]. 

 

1.2.1.1 Antigen-independent and antigen-dependent B cell development 

 

The initial stages of the B cell development hierarchy from HSC precursors to immature 

B cells takes place in the absence of antigenic stimulation in a process known as antigen-

independent B cell development. The major early B cell populations are illustrated in 

Figure 1.3. 
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Figure 1.3 Schematic representation of the early human B cell development hierarchy. 

B cells originate from HSC precursors in the bone marrow. B cells develop from HSCs through 

the pro- and pre-B cell stages where the B cell receptor is formed, typically as IgM. Immature B 

cells leave the bone marrow as transitional cells expressing IgM and IgD, which are unresponsive 

to BCR stimulation. Transitional B cells home to the spleen where they finalise their early 

development with the formation of naïve B cells. Adapted from “B-1 and B-2 Cell Development” 

by BioRender.com [15]. 

 

HSCs in the bone marrow pass through early and common lymphoid progenitors to the 

common lymphoid-2 progenitor which is responsible for the B cell lineage. Development 

of this lineage depends upon the help of stromal cells, provided via IL-7 secretion, and 

the expression of several transcription factors in the bone marrow [71]. Additional 

differentiation stages within the bone marrow include the gaining of antigen specificity, 

heavy and light chain rearrangement and BCR formation. These processes are dependent 

upon enzymes including recombination activating gene 1 (RAG1) and 2 (RAG2) [72], 

which bind to recombination signal sequences and induce double-stranded DNA breaks, 

without which mature B cells cannot form [73]. There is also an important checkpoint in 

the bone marrow for non-functional heavy chain and pre-BCR autoreactivity [74]. B cells 

exit the bone marrow as transitional B cells, co-expressing IgD and IgM [70], and mark 

the crucial intermediate between immature B cells, and mature naïve cells capable of 

further antigen-dependent B cell development and differentiation [75]. 

Transitional B cells are unable to respond to antigenic stimulation with T cell-dependent 

antigens, for example by migrating to lymph nodes for proliferation and differentiation. 

They fail to upregulate co-stimulatory molecule CD86 [76], and respond with anergy and 
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apoptosis [77], and this represents an additional checkpoint against autoreactivity. 

Despite this, there is evidence that immature B cells can respond to T cell-independent 

type-1 antigens (e.g., toll-like receptor (TLR) ligands; discussed further below) in the 

absence of T cell help, isotype-switching or affinity maturation [78]. 

Transitional B cells migrate to the spleen for further development where they complete 

their maturation and develop into either naïve, marginal zone (MZ) or follicular B cells. 

MZ B cells inhabit the splenic marginal zone, while follicular B cells reside in splenic 

follicles and lymph nodes where T cell-dependent antigenic stimulation promotes the 

formation of germinal centres, and the specificity of the BCR is crucial in determining 

their developmental designation [79]. Much of the work to establish the B cell 

development hierarchy was performed in mice, wherein B cells are categorised into B-1 

type cells which reside in mucosal and epithelial tissue environments and support the 

initial defence against pathogens, and B-2 type cells which contain both follicular and 

marginal zone populations [80]. 

In humans, splenic marginal zone and tissue-resident (B-1-like) mature B cells in intra-

epithelial sites and gut-associated lymphoid tissues can respond to antigenic stimulation 

in the absence of CD4+ T cell help. They develop into short-lived plasma cells, produce 

vast quantities of relatively low affinity IgM, IgA and IgG antibodies, and act as the initial 

defence against pathogenic infection. This response takes place via the T cell-independent 

pathway, illustrated in Figure 1.4, relies on innate-like B cells (ILBs) expressing low-

specificity BCRs able to recognise conserved pathogenic motifs, and requires both BCR 

and TLR engagement along with co-stimulatory and cytokine signals [81]. 
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Figure 1.4 Schematic representation of T cell-independent B cell activation in response to 

multivalent T-independent (T-I) antigens. 

B cells expressing broadly specific immunoglobulin cross-link conserved T-I antigens via their 

BCRs (signal 1). In parallel, pattern recognition receptors such as toll-like receptors (TLRs) bind 

to the antigen (signal 2) and initiate B cell activation in the absence of T cell help. Adapted from 

“Thymus-dependent Antigens Induce T-dependent B Cell Responses” by BioRender.com [15]. 

 

In contrast to ILBs, most B cells express high specificity antigen receptors encoded by 

diversified VDJ genes and are activated via the T cell-dependent pathway. In this 

pathway, antigen encounters occur within lymphoid structures such as lymph nodes, 

where resting naïve B cells reside in primary follicles. Antigens are transported by the 

lymphatic system into the cortex or paracortex of lymph nodes and are exposed to the 

naïve B cell pool. Upon successful antigenic recognition via their high-affinity BCR, a 

specific B cell will internalise the antigen-Ig complex and present the processed peptides 

upon major histocompatibility complex (MHC) class-II molecules on its cell surface to 

cognate T cells. Concurrently, the antigen will be processed by other professional antigen-

presenting cells (APC) such as dendritic cells and also presented on MHC class-II to T 

cells. These APC will interact with cognate antigen-specific T cell receptors (TCR) on 

naïve T-helper cells, initiating T-helper cell activation and CD40L expression. Finally, 
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the pre-activated follicular T-helper cell binds its TCR to its cognate B cell MHC-peptide 

complex (pMHCII), initiates cytokine signaling with IL-21, and activation is achieved 

via the CD40/CD40L axis [82,83]. This process is illustrated in Figure 1.5 to exemplify 

the recognition of a tumour-associated antigen (TAA). 

 

 

 

 

 

 

 

 

Figure 1.5 Schematic representation of T cell-dependent B cell activation in response to 

tumour-associated antigens (TAA). 

Within secondary or tertiary lymphoid structures, follicular B cells bind to TAA via their antigen-

specific immunoglobulin. The antigen-Ig complex is internalised (signal 1), and peptide 

fragments presented on MHCII molecules. Pre-activated follicular T-helper cells bind to the 

pMHCII complex via their specific TCR, and B cell activation is initiated via the CD40/CD40L 

axis (signal 2), resulting in triggering of NFκB and MAP-kinase pathways leading to proliferation, 

isotype-switching, and differentiation to memory and long-lived plasma cells. Adapted from 

“Thymus-dependent Antigens Induce T-dependent B Cell Responses” by BioRender.com [15]. 

 

B cells activated with T cell-dependent antigens in secondary or tertiary lymphoid 

structures may differentiate into either short-lived plasma cells to produce a rapid burst 

of low affinity antibody or enter germinal centres to later become long-lived plasma cells 

or memory B cells. The initial choice is dependent upon simultaneous recognition by 

pattern recognition receptors such as TLRs, where the presence of pathogen-associated 

molecular patterns (e.g., CpG ligands) drives the preferential generation of short-lived 
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plasma cells through the downregulation of antigen processing and presentation [84,85]. 

While short-lived plasma cells are key players in the early stages of primary immune 

responses, memory B cells are critical in secondary responses, whereby under re-

exposure to the same antigen, they quickly differentiate into long-lived plasma cells, or 

germinal centre B cells to undergo further proliferation, somatic hypermutation (SHM) 

and clonal selection. During primary responses, memory B cells may also arise which are 

independent of the germinal centre reaction. These cells are mostly IgM-expressing and 

lack SHM, therefore offering reduced antigen binding affinities [69]. A summary of the 

key stages in antigen-dependent B cell development is shown in Figure 1.6. 
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Figure 1.6 Overview of the key stages of B cell development following T cell-dependent B 

cell activation. 

Within secondary or tertiary lymphoid structures, activated B cells present peptide fragments on 

MHCII molecules to cognate TCR expressed by an activated T-helper cell. CD40-mediated 

signals initiate proliferation and differentiation into short-lived plasma cells, germinal centre (GC) 

B cells or GC-independent memory B cells. GC B cells isotype-switch and form germinal centres, 

where they undergo proliferation and somatic hypermutation (SHM). B cell clones with high 

affinity for antigen presented by follicular dendritic cells avoid apoptosis and re-present peptides 

on MHCII molecules to T cells. Finally, clonally selected B cells either re-enter the dark zone or 

differentiate into memory B cells and long-lived plasma cells. GC-dependent memory B cells 

respond to antigenic restimulation by differentiating into long-lived plasma cells or GC B cells 

which re-enter germinal centre reactions. Created with BioRender.com [86]. 

 

Following T cell-dependent B cell activation, upregulation of activation-induced 

deaminase enzyme (AID) induces isotype-switching from IgD and IgM to restricted IgA, 

IgG or IgE expression [87]. Historically, isotype-switching was thought to take place 

exclusively within germinal centres (GCs). However, recent observations have identified 

human pre-GC B cells which are primed for class switch recombination prior to the 

formation of the germinal centre response [88]. Within the dark zone of germinal centres, 

point mutations are produced in the variable (V) regions of immunoglobulin heavy and 
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light chains in the process of SHM, which aids in the affinity maturation and selection of 

successive B cell clones in the light zone. The result is the generation of B cells expressing 

immunoglobulin with a high affinity for their cognate antigen, and able to initiate potent 

Fc-mediated effector functions against target-expressing pathogens or cancer cells. 

Antigen-independent B cell development results in the generation of a pool of naïve cells 

primed to identify and react to a non-self-stimulus. The central tolerance of the immune 

system restricts reactions against self-antigens, so that when a B cell receives its cognate 

antigen, it represents a robust danger signal requiring immediate response. Activated B 

cells in germinal centres initiate clonal expansion to increase in number, affinity 

maturation to improve antigen recognition, and isotype-switching to express antibodies 

that recruit additional components of the immune system. 

 

1.2.2 B cells as antibody producing cells 

 

It is not necessary for B cells to be locally present with their surface-Ig to facilitate their 

effector function. B cells can greatly amplify their effect by secreting their effector 

immunoglobulin molecules into peripheral blood and tissues, and among the hallmarks 

of the B cell response to cellular pathogens is the generation of antibodies specific to 

pathogen-derived antigens. An example is in acute E. coli infection, whereby infected 

individuals have elevated serum IgM and IgG specific to bacterial derived 

lipopolysaccharides (LPS) and the R3 LPS core, compared to healthy volunteers [89]. 

The initial antibody response to threat is typically through low affinity IgM, secreted in 

response to T cell-independent antigens by B-1-like and MZ cells. These cells also secrete 

broadly specific spontaneous “natural antibody” in the absence of infection or 

immunisation, adding an additional protective layer to potential pathogenic challenge, as 
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well as facilitating clearance of dead cells [81]. Within germinal centres, T cell-dependent 

B cell activation generates rapidly diving plasmablasts and plasma cells, with the ability 

to secrete highly specific and potent isotype-switched antibodies (e.g., IgG1). 

There are many parallels between the B cell defence against cellular pathogens (e.g., 

bacteria, fungi and parasites), and the B cell defence against cancer cells. In cancer, naïve 

B cells recognise tumour-associated antigens which are mutated or overexpressed in 

cancer cells, and B cells reactive these antigens avoid deletion during autoreactivity 

checkpoints in the bone marrow and spleen as these antigens are absent or expressed at 

low levels in healthy individuals. 

Overall, antibody secretion by B cells forms a crucial and dynamic immune surveillance 

of the periphery and tissues, neutralising foreign antigens and alerting other components 

of the immune system to their presence, and is the most well described property of B 

cells. 

 

1.2.2.1 Antibody isotype distribution 

 

The Fc-receptor binding (Fc) portion of an antibody is denoted by the heavy chain 

constant regions and is responsible for cell cytotoxic and phagocytic mechanisms initiated 

by Fc-receptor-expressing immune effector cells including natural killer (NK) cells and 

macrophages. These CH regions confer the antibody isotype, and there are nine different 

heavy chain genes (IgD, IgM, IgG1-4, IgA1-2 and IgE) conferring nine subclasses, within 

five classes (or isotypes), expressed by B cells in humans. B cells usually express 

antibodies of a single isotype, except for IgD and IgM co-expression. The nine human 

antibody subclasses confer a diverse set of effector functions mediated by their distinct 

heavy-chain Fc-receptor binding regions with unique affinities for Fc-receptors on 
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immune effector cells, allowing for the initiation of a wide range of immune responses in 

a flexible and plastic approach to responding to different foreign antigens [90]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 Human antibody isotype structure and glycosylation sites. 

Glycosylation sites within the CH region confer binding affinities and specificities to cognate Fc-

receptors on immune effector cells. Numbers refer to the amino acid position of each 

glycosylation site. Adapted from [91]. 

 

Of the five main antibody isotypes (IgD, IgM, IgE, IgA and IgG), IgD is rarely secreted 

and most often functions as the membrane bound BCR of transitional and naïve cells. IgE 

is associated with the pathogenicity of allergic diseases and with the protective effects of 

anti-parasite immune responses [91]. IgE circulates in the periphery at very low 

concentrations, is also tightly bound on its cognate high affinity FcεRs on circulating 

basophils and tissue-resident mast cells, and it carries high immune effector activatory 

potency. IgG isotypes confer the largest proportion (~75%) of the total immunoglobulin 

pool in the serum of healthy individuals [92]. IgG isotype antibody is typically secreted 
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by GC-dependent plasma cells and comprises four antibody subclasses (IgG1-4; 

numbered from highest to lowest serum concentration) with differing Fc-receptor binding 

affinities and effector function profiles. IgM is the second largest component [92], usually 

has lower affinity for its target antigen and may take on a pentameric form which can 

offer the chance of increased avidity for IgM-antigen immune complexes [93]. 

IgA is the third most common antibody isotype in healthy volunteer serum and is 

associated with mucosal immunity [92]. Figure 1.7 illustrates the structural diversity of 

immunoglobulin isotypes and highlights the presence of glycosylation sites, a proportion 

of which confer binding affinities and specificities to Fc-receptors on immune effector 

cells. 

 

1.2.2.2 Functions of antibodies 

 

1.2.2.2.1 Neutralisation 

 

Neutralisation is the simplest antibody mechanism as it does not rely on accessory 

proteins or effector immune cells. Neutralising antibodies bind to important pathogen-

derived, or cancer-associated proteins and hinder their functionality. Neutralising 

antibodies bind to important functional motifs such as the variable loops of gp120 and the 

receptor site surfaces of HIV-1 [94]. Similar properties likely exist in a proportion of the 

tumour-specific antibodies that have been observed in melanoma patients. In support, an 

antibody neutralising human growth factor, a protein associated with cancer cell 

proliferation and progression, has been shown to suppress tumour growth in vivo in mouse 

glioblastoma models [95]. Overall, neutralising antibodies are an important player in 

immune responses to pathogenic and cancerous threats. 
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1.2.2.2.2 Antibody-dependent cellular cytotoxicity and phagocytosis 

 

Another important function, particularly for IgG antibodies, is via the Fc regions of the 

antibodies. Antibodies bound to multiple copies of an antigen expressed by a pathogen or 

of a tumour-associated antigen are cross-linked to the Fc-receptor of cytotoxic immune 

effector cells, such as the FcyRs expressed on NK cells [91,96]. Cross-linking induces 

NK cells to release perforin/granzyme which has a potent cytotoxic effect upon the target 

cell, and results in antibody-dependent cellular cytotoxicity (ADCC) of the target. In 

antibody-dependent cellular phagocytosis (ADCP), antibodies are instead cross-linked to 

the Fc-receptors of phagocytes (e.g., monocytes, macrophages) or granulocytes (e.g., 

neutrophils), which engulf and digest the target with proteolytic enzymes in lysosomal 

vesicles [97]. 

Both mechanisms have been shown to be crucial in the immune defence against 

pathogens. ADCP has been shown to aid clearance of L. pneumophila bacteria [98], and 

antibodies with enhanced ability to activate ADCC have been implicated in protection 

from influenza infection [99]. Both ADCC and ADCP have been shown to mediate the 

function of anti-tumour monoclonal antibodies in the clinic, such as trastuzumab, an anti-

HER2 antibody used in breast cancer therapy [100]. Trastuzumab also exhibits direct 

inhibitory (neutralisation) effects upon breast cancer cells, as HER2-binding blocks HER 

dimerization and initiates a signalling cascade that induces CDK2 and causes cell cycle 

arrest. Trastuzumab therefore can engender three separate antibody effector mechanisms. 

ADCC, and likely ADCP, also has active functional roles in “natural” anti-tumour 

immune responses. 
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1.2.2.2.3 Complement activation 

 

The complement system consists of a pool of cascading proteins which induce 

antimicrobial and inflammatory responses [96]. IgM and IgG antibodies forming 

hexameric complexes drive the activation of complement proteins via the initial 

recruitment of the complement component 1q (C1q) to induce direct cytotoxicity through 

the membrane attack complex, phagocytosis via complement receptors on phagocytes, 

and chemoattractant production. While individuals with complement system deficiencies 

have increased susceptibility to infections [101], the impact of the complement system 

upon tumour progression remains controversial, and studies have indicated that the 

recruitment of macrophages by the activated complement system has a pro-tumour effect 

[102]. 

 

1.2.3 B cells as antigen presenting cells 

 

B cells are also professional antigen presenting cells, and can interact with and regulate 

the immune system in additional ways, such as by inducing T cell activation and 

contributing to tolerance mechanisms [103]. B cells bind exogenous antigen via their 

specific BCR, initiating BCR-peptide complex endocytosis, and the peptide is processed 

and presented upon MHC class-II molecules in small fragments (Section 1.2.1.1). In 

theory, the pMHCII molecules presented on the surface of B cells interact with the TCR 

of CD4+ T-helper cells to induce priming and activation of the T cell in addition to the B 

cell. However, studies have demonstrated that prior to the interaction, T-helper cells 

express the costimulatory molecule CD154, indicating activation. As a result, T cell-

dependent B cell activation may rely upon the pre-activation of T-helper cells by follicular 
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dendritic cells [104] and may not always contribute to T cell priming, although B cells do 

possess the ability to prime naïve T-helper cells in vivo [105]. 

In contrast, there is evidence that some protein antigens are exclusively presented by B 

cells as opposed to dendritic cells [106], and thus the role of B cells in direct antigen 

presentation appears to depend upon the type of antigen, which likely moulds specific 

immune responses. Resting B cells can also induce T cell tolerance via antigen 

presentation, and so may inhibit immune responses, which may occur in autoimmunity 

and allergy. 

 

1.2.4 B cells as cytokine expressors 

 

In addition to producing antibody and presenting antigen, B cells can also shape immune 

responses via their cytokine expression. B cells produce a wide variety of cytokines which 

may help categorise B cells into regulatory and effector subsets. Regulatory B cells are 

characterised by a variety of immunosuppressive functions, including via expression of 

IL-10 or TGF-β (discussed in detail in Sections 1.4.2.1 and 1.7). Effector B cell subsets 

can secrete pro-inflammatory cytokines such as IL-2, TNF-α and IFN-γ [107]. TNF-α 

produced by B cells controls the development of follicular dendritic cells, formation of B 

cell follicles and regulation of T cell-dependent antibody responses [108]. 

B cells have heterogenous cytokine expression, which may depend upon the T-helper cell 

subset and the antigenic class initiating B cell activation. Th1 help induces the expression 

of IFN-γ and IL-12 by B effector 1 (Be-1) cells and Th2 help induces the expression of 

IL-2, IL-4, and IL-13 by B effector 2 (Be-2) cells. IFN-γ and IL-2-secreting B cells are 

found in human peripheral blood, and these cytokines have been shown to amplify 

effector T cell responses in vivo [109]. 
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In mice, effector B cells may derive from follicular cells, as these cells, but not MZ cells, 

have been shown to produce IFN-γ upon TLR stimulation [110]. Moreover, there may be 

specific subsets of follicular B cells that are predisposed to become effector cells 

expressing IFN-γ, IL-2, IL-4, and IL-12 [111]. Cytokines play a key role in determining 

the effector status of B cells, and it is postulated that differentiation into either Be-1 or 

Be-2 cell types may proceed independently of BCR stimulation, although peptide is 

required to commit Th1 [112] or Th2 [113] cell help. In addition, T cell co-stimulation 

via CD40, and CD80 engagement on the surface of B cells may be necessary for effector 

commitment, and both Be-1 and Be-2 effector lineages can secrete antibodies. 

In summary, B cell cytokine expression profiles are dynamic, may be influenced by 

external T cell-dependent and T cell-independent signals [107], and can regulate the 

differentiation of naïve CD4+ T cells into Th1 or Th2 phenotypes through expression of 

polarizing cytokines such as IFN-γ or IL-4 [109]. 

 

1.2.4.1 Regulatory B cells 

 

Regulatory B cells (Bregs) are characterised by diverse immunosuppressive functions and 

have been shown to have roles in murine models of tolerance [114], silencing chronic 

inflammation [115] and supporting tumour progression [116].  

Bregs also have diverse, and controversial, origins. Bregs may derive from either 

follicular or MZ cells, and a murine CD1d+ CD19++ B cell subset has been identified 

which protects from inflammatory bowel disease, and strongly resembles MZ cells 

[115,117]. While the current view is that Bregs may be generated from multiple 

developmental lineages, they can be defined according to their mode of activation. Innate 

Bregs are derived from Innate-like B cells comprising B-1-like and MZ cells, are 
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activated via the innate (e.g., TLR) pathway and respond to pathogen-associated signals 

in the absence of T cell help (discussed in Section 1.2.1.1) [118]. In contrast, adaptive 

Bregs are activated via the T cell-dependent pathway with BCR and CD40-mediated 

stimulation, while immature Bregs may be generated either via CD40 ligation [119], or 

via antigenic priming [120]. 

Although considerable progress has been made within the murine setting, there is a 

paucity of data delineating the function of effector and regulatory B cells in humans and 

their roles in the onset of different diseases. Investigations have been hindered by the lack 

of ubiquitous lineage markers associated with distinct human B cell cytokine expression 

profiles, which preclude straightforward functional studies. Moreover, heterogeneous and 

contradictory B cell cytokine expression profiles (e.g., co-expression of IFN-γ with IL-

10 [121]), and the potential divergent cytokine-mediated responses with T cell-

independent or -dependent B cell activation further conflate the difficulties of functional 

studies to better evaluate Bregs. 

There are currently 11 subpopulations of IL-10-expressing regulatory B cells described 

in mice [122], which reflects the heterogeneity of these cytokine-expressing B cells. 

Substantial efforts have been made using a wide range of extracellular markers to identify 

subpopulations of human Bregs with some success, including the identification of IgG4+ 

IL-10+ Bregs [123]. However, due to the fragmentary nature of human Breg 

subpopulations, it remains commonplace to quantify IL-10 cytokine expression among 

the major B cell subsets including memory, naïve, transitional and MZ (often designated 

IgM+ memory B cells in humans [124]). Indeed, the most promising populations of human 

regulatory B cells have been described broadly as properties of the CD24hi CD38hi 

transitional [121], CD24hi CD27+ memory B cell and CD27hi CD38hi plasmablast [125] 

pools. Overall, the regulatory B cell pool appears to represent a distinct cell phenotype 
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from effector Be-1 and Be-2 cells and can modulate both innate and adaptive immune 

responses. 

 

1.2.4.1.1 Regulatory B cells in non-cancerous disease 

 

Patients with autoimmune disorders have been found to have dysregulated populations of 

IL-10-expressing regulatory B cells. Multiple sclerosis patients have lower circulating 

quantities of IL-10-expressing B cells compared to healthy volunteers [126], and 

downregulation and functional impairment of transitional IL-10+ Bregs have been 

observed in systemic lupus erythematosus and rheumatoid arthritis [121,127]. These 

observations suggest that impaired Bregs responses could play a crucial pathogenic role 

in autoimmune diseases and highlight the wider role of B cells in contributing to immune 

outcomes via their differential cytokine expression, whether through regulatory or pro-

inflammatory mechanisms. 

IL-10+ Bregs have also been shown to be modulated in patients with chronic 

inflammatory conditions such as Crohn’s disease and ulcerative colitis, and their collapse 

has been associated with disease progression [128]. Regulatory B cells may also play a 

role in facilitating pathogenic survival in infectious diseases. Patients with chronic HIV-

1 infections possess elevated percentages of IL-10-producing Bregs, something observed 

from early infection stages. This may represent a mechanism of viral immune escape, 

instigated by the innate immune system via TLR-signalling [129]. These observations 

support the presence of a subset of innate Bregs which respond to commonly expressed 

pathogenic motifs via TLR ligands in a likely T cell-independent manner. 

Transplant rejection is a common outcome for patients receiving allografts, whereby the 

host immune system mounts a response against the foreign tissue. This results in 
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considerable toxicity and eventually functional graft-rejection. Rejection is most often 

associated with T cell-dependent cytotoxicity, although T-helper cells facilitate the 

production of alloantibodies by B cells via CD40 stimulation [130].  To reduce the 

probability of rejection, transplantation recipients typically receive immunosuppressive 

drugs such as cyclosporine, a calcineurin inhibitor which prevents T cell activation and 

IL-2 cytokine secretion and upregulates TGF-β expression [131]. Patients with graft 

rejection have been shown to possess transitional B cells with a reduced IL-10:TNF-α-

expressing ratio, demonstrating the potential role of Bregs in contributing to graft 

survival. Moreover, the study demonstrates that the IL-10:TNF-α ratio, compared to IL-

10 alone, may be more important in delineating the regulatory function of B cell subsets, 

as B cell subsets with the same IL-10 expression can have diverse effector functions 

owing to conflicting TNF-α expression [132]. Additional work using a mouse model of 

antibody-induced transplantation tolerance has shown that TGF-β-expressing B cells 

induce FOXP3+ Treg generation and promote graft survival [133]. 

Lastly, in allogeneic stem cell transplantation (allo-SCT), graft-versus host disease 

(GVHD) represents a major and lethal complication whereby transplant-derived immune 

cells attack host tissue, and allo-SCT transplants containing higher percentages of 

transitional-phenotype Bregs are associated with reduced incidence of chronic GVHD 

[134]. Collectively, these studies illustrate that regulatory B cells possess potent 

immunosuppressive abilities and are clinically relevant in silencing inflammation, 

downregulating Th1 immune responses and inhibiting T cell effector function. The role 

of regulatory B cells in patients with cancer, specifically melanoma, forms a major part 

of this Thesis, and will be discussed further in Section 1.7. 
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1.3 Systemic immunity in cancer 

 

The impact of tumorigenesis on patient immunity extends beyond the boundaries of the 

tumour microenvironment (TME). Immune responses are coordinated across tissues, and 

systemic immune responses may be substantially modulated in cancer patients. Therefore, 

to provide the most accurate and reliable interpretation of immune responses to cancer, 

peripheral as well as intratumoural immunity must be considered. Moreover, with the 

recent advent of systemic immunotherapies which have revolutionised cancer therapy, 

systemic immunity is now being acknowledged as an essential component of the anti-

tumour immune machinery. 

 

1.3.1 Perturbations of systemic immunity in breast cancer and melanoma 

 

Several perturbations of peripheral immune cell subsets have been identified in breast 

cancer and melanoma, with considerable overlap, and Table 1.4 summarises the list of 

observations to date which provide evidence for extensive remodelling of the systemic 

immune landscape in patients with cancer. Studies have shown that in many cancer 

patients, including those with breast cancer or melanoma, haematopoiesis is dysregulated, 

which routinely manifests as aberrations in populations of immature neutrophils and 

monocytes [135]. Importantly, these cells may traffic to the tumour microenvironment 

where they may contribute to localised immunosuppression [136], and elevated 

neutrophil frequencies in the blood are associated with poor prognosis across a range of 

cancers [137]. 
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Table 1.4 Peripheral immune perturbations observed in breast cancer, melanoma, or both. 

List of observations to-date analysing the modulation of circulating immune cell types in patients 

with breast cancer or melanoma. Observations common to both cancer types are coloured blue. 

Adapted from [138]. 

 

Immune cell type Change Cancer type 

Haematopoietic stem cells [135] Increased frequency Breast 

Multipotent progenitor cells [135] Increased frequency Breast 

Granulocyte monocyte 

progenitors [135] 

Increased frequency Breast 

Dendritic cell precursors [139] Decreased frequency Breast 

Immature neutrophils/ PMN 

MDSCs [140,141] 

Increased frequency Breast, 

melanoma 

Immature monocytes/M-MDSCs 

[142] 

Increased frequency Melanoma 

Dendritic cells [139,143] Decreased frequency Breast, 

melanoma 

T cells [144] Decreased TCR repertoire Breast 

Treg cells [145] Population expansion Breast 

Treg cells [146,147] Clonal expansion Breast, 

melanoma 

CD4+ and CD8+ T cells [148] Decreased IL-2 and IFNγ production after 

PMA and ionomycin stimulation 

Breast 

CD4+ T cells [149] Decreased pSTAT1 and pSTAT3 signalling 

after IL-6 stimulation 

Breast 

Natural killer cells [150] Decreased activating receptors, increased 

inhibitory receptors, decreased cytotoxic 

potential 

Breast 

IgG4+ B cells [151] Increased frequency Melanoma 

CD27+ memory B cells [152] Decreased frequency Melanoma 

PD-L1+ B cells [153] Increased frequency Melanoma 

Proangiogenic (CD49b+ 

CD73+) B cells [154] 

Increased frequency Melanoma 

 

Downmodulation of peripheral dendritic cell frequencies has also been observed across 

several solid tumour types, including breast cancer and melanoma [139,143]. These 

findings have considerable implications for anti-tumour immune responses, as dendritic 

cells are critical antigen presenting cells which prime CD4+ and CD8+ T cells, leading to 

activation, differentiation, and effector responses [155,156]. This collapse in circulating 
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mature dendritic cells may depend upon tumour-derived granulocyte colony stimulating 

factor (G-CSF) [139] or VEGF [157]. 

Extensive perturbations in circulating T cell phenotype and function have been observed 

in patients with breast cancer. Decreases in TCR repertoire diversity have been detected 

and were associated with less favourable overall survival in metastatic disease [144]. In 

addition, diminished expression of IL-2 and IFN-γ by peripheral CD4+ and CD8+ T cell 

in response to PMA/ionomycin stimulation [148], and unresponsiveness to IL-6 

stimulation [149], together highlight impeded functionality of circulating T cells in breast 

cancer. 

Immunosuppressive regulatory T cells (Tregs) have received substantial attention in 

recent years and have been shown to be expanded in the breast cancer periphery [145]. 

Circulating Tregs share phenotypic and TCR repertoires with tumour-infiltrating T 

lymphocytes (TIL-T), indicating that a proportion of tumour-resident Tregs derive from 

thymic Tregs as opposed to in situ induction from intratumoural CD4+ T cells [147]. Tregs 

expressing TCRs specific for tumour neoantigens have been observed in the periphery of 

several solid tumours, including melanoma, indicating possible clonal expansion within 

the peripheral compartment, as well as the tumour [146]. 

Peripheral NK cells in breast cancer patients have been shown to possess dysregulated 

expression of activatory and inhibitory receptors, with decreased activatory NKG2D and 

increased inhibitory NKG2A alongside disease progression [150]. As expected from 

these observations, these cells are functionally impaired at killing tumour cells and 

degranulating in vitro. 

While considerable attention has been paid towards the circulating T cell compartment in 

patients with solid tumours, including breast cancer and melanoma, observations 
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concerning the modulation of circulating B cell populations remains limited. An 

expansion in the frequency of circulating IgG4-expressing B cells [151] (discussed 

further in Section 1.4.1), and collapse in CD27+ memory B cells [152] have been 

identified in melanoma patients. Evidence is also growing that regulatory B cells may 

have a role to play in human cancers, including melanoma, where PD-L1+ [153] and 

proangiogenic CD49b+ CD73+ B cell subpopulations [154] have been shown to be 

expanded in patient circulation (regulatory B cells in cancer are discussed further in 

Section 1.7). This Thesis aims to provide novel insights into the phenotype and function 

of circulating, and intratumoural, B cells in breast cancer and melanoma patients and 

elucidate their wider role in contributing to tumour progression.  

All together, these findings indicate widespread corruption of the immune 

macroenvironment in patients with solid tumours, including breast cancer and melanoma. 

The dysregulation of peripheral immune subpopulations is likely to be a key factor in 

driving tumour progression, and for successful immune-mediated tumour clearance, a 

robust peripheral immune macroenvironment is expected to be a pre-requisite. 

 

1.3.2 Systemic immune predictive biomarkers in breast cancer and melanoma 

 

Considering the key role of the systemic immune system in coordinating pro- or anti-

tumour responses, and introduction of immunotherapies into clinical practice, there has 

been substantial interest in the identification of predictive biomarkers leveraging systemic 

immunity. Either protein or cellular biomarkers may be used to develop predictive 

biomarkers which could help to inform patient treatment decisions, and Table 1.5 

summarises the list of observations to-date which analyse the association of peripheral 

blood immune features and prognosis in patients with breast cancer or melanoma. 
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Although increased serum titres of cytokines associated with ongoing immune responses 

are expected to indicate more favourable prognosis, for example in response to CPI 

immunotherapy (IL-2 at baseline and IL-4 on treatment) in small cell lung cancer [158], 

elevated baseline serum IL-8 has been found to be associated with poor response to CPIs 

[159]. The latter observation may be explained by the finding that IL-8 attracts myeloid 

suppressor cells to tumours [160]. 

 

Table 1.5 Peripheral immune predictive biomarkers in breast cancer and melanoma. 

List of observations to-date analysing the association of peripheral blood immune features and 

response to treatment in patients with breast cancer and melanoma. Adapted from [138,161]. 
 

Peripheral blood immune 

feature 

Prognosis Cancer type 

More CD45RA– FOXP3hi 

Treg cells at baseline [147] 

Relapse after surgery Breast 

High neutrophil to lymphocyte 

ratio [162] 

Worse response to CPIs Melanoma 

High serum IL-8 [159] Worse response to CPIs Melanoma 

Low serum LDH [163] Better response to CPIs Melanoma 

Higher relative eosinophil 

count [163] 

Better response to CPIs Melanoma 

Higher relative lymphocyte 

count [163] 

Better response to CPIs Melanoma 

Higher TCR repertoire 

diversity at baseline [164] 

Better response to CPIs Melanoma 

Fewer M-MDSCs at baseline 

[165] 

Prolonged overall survival after CPI (anti-CTLA4) 

therapy, better response to neoantigen vaccine 

immunotherapy 

Melanoma 

More Treg cells at baseline 

[166] 

Improved response to CPIs (anti-CTLA4) Melanoma 

More CD127loPD1loCD4+ 

T cells after treatment [167] 

Better response to CPIs (anti-CTLA4 and GM-CSF) Melanoma 

Proliferating and/or clonal 

expansion CD8+ T cells after 

treatment [168,169] 

Better response to CPIs (anti-PD1 or anti-PD1 + anti-

CTLA4) 

Melanoma 

Melanoma specific antibodies 

to MDA and NY-ESO-1 at 

baseline [170] 

Better response to CPIs Melanoma 

High titres of IgG, IgG1, IgG2 

and IgG3 at baseline [171] 

Better response to CPIs Melanoma 

More plasmablasts after 

treatment [172] 

Better response to CPIs Melanoma 
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From a cellular perspective, higher systemic TCR repertoire diversity has been reported 

to predict response to CPI immunotherapy in metastatic melanoma [164]. Systemic 

biomarkers of myeloid cell subsets (peripheral neutrophils [162] and eosinophils [163]) 

at baseline, likely representing inflammatory responses to cancer, are also associated with 

improved response to CPIs in melanoma. As expected, reduced circulating populations 

of immunosuppressive M-MDSCs have been found to associate with prolonged overall 

survival following CPI therapy [165]. 

Due to the more recent entry of immunotherapy into the clinical practice of breast cancer 

compared to melanoma, reliable information is not yet available concerning the 

correlation of systemic biomarkers with immunotherapy outcomes in these individuals. 

However, enhanced circulating CD45RA− FOXP3hi Tregs have been shown to correlate 

with relapse following surgical resection [147]. In contrast, baseline peripheral Tregs may 

correlate with improved clinical outcomes following anti-CTLA4 immunotherapy in 

melanoma [166], and this observation may be explained by the constitutive expression of 

CTLA4 by Tregs, making them susceptible to anti-CTLA4 antibodies. In addition, 

multiple studies have shown that, in general, peripheral features of activated [167] and 

proliferating [169] T cells, including clonal expansion [168], confer improved clinical 

outcomes in melanoma patients receiving CPI immunotherapy. 

Finally, there is evidence that baseline features of serum immunoglobulin, particularly 

IgG1, IgG2 and IgG3 subclasses [171] and melanoma specific antibodies [170], may be 

associated with improved outcome to CPI immunotherapies. In addition, elevated levels 

of circulating plasmablasts during treatment have been found to predict outcome to CPIs 

[172]. These emerging findings that peripheral B cell subsets and their secreted 

circulating immunoglobulin are associated with immunotherapy response highlight the 

importance of systemic B cell responses in contributing to clinical outcomes in cancer, 
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and this Thesis aims to provide new insights into the phenotype and function of 

circulating, and intratumoural, B cells and their secreted immunoglobulin in patients with 

solid tumours, including breast cancer and melanoma. 

 

1.4 The tumour microenvironment 

 

The tumour microenvironment (TME) goes beyond a simple amalgamation of malignant 

cells. The TME can be thought of as a distinct complex “organ” which contains and 

recruits many different types of cells, malignant or otherwise. It is the interaction between 

malignant and non-malignant cells which generate the TME. Non-malignant cells (NMC) 

typically make up >50% of the cells in the tumour and are co-opted to aid in tumour 

progression by directing the formation of nourishing blood vessels [29]. 
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Figure 1.8 Landscape of the tumour microenvironment. 

In addition to malignant cells, the TME contains a vast array of non-malignant cells, including 

immune cells, the tumour vasculature and lymphatics, and fibroblasts and pericytes. Adapted 

from [173]. 

 

Communication within the diverse cellular mass is mediated by cytokines, chemokines, 

growth factors and inflammatory enzymes. The TME possesses molecular and 

immunological characteristics which bear some similarity to the processes of wound 

healing and inflammation, as many of these processes are activated downstream of the 

driver mutations in proto-oncogenes and tumour-suppressors. 

The landscape of the TME is illustrated in Figure 1.8. In addition to malignant cells, the 

TME contains immune cells, the tumour vasculature and lymphatics, and fibroblasts and 

pericytes [173]. The immune cell infiltrates, specifically lymphocytes, are of special 

importance as they are considered to denote a heightened anti-tumour immune response 

and may correlate with anti-tumour activity and a more favourable prognosis. Tumour-

infiltrating lymphocyte (TIL) subsets which may correlate with favourable patient 

survival outcomes include CD8+ memory T cells, CD4+ T-helper cells [174], B cells [175] 

and NK cells [176]. Tumour-infiltrating B lymphocytes (TIL-B) are sometimes found 

outside or inside the tumour margin, and often present inside tertiary lymphoid structures 

adjacent to the tumour mass, as well as in tumour-draining lymph nodes.  

 

1.4.1 Th2-bias in the tumour microenvironment 

 

The microenvironments of several solid tumours, including melanoma [177] and glioma 

[178], are often classified as holding Th2-biased cytokine expression profiles [179]. 

These microenvironments typically bestow pro-tumour properties such as promoting 

angiogenesis and inhibiting cell-mediated responses, such as those mediated by cytotoxic 



71 

 

T-lymphocytes (CTLs). The prototypical Th2 cytokine is interleukin-4 which, in addition 

to interleukin-13, can induce tumour clearance [180]. IL-10 is another Th2 cytokine with 

potent suppressive effects upon CTLs, and is produced by Bregs, Tregs and M2-type 

macrophages in the tumour microenvironment. IL-10 can also trigger a modified, 

otherwise named as alternative, Th2 response by inducing B cell IgG4 subclass switching 

in the presence of IL-4 [181]. IgG4 subclasses have been shown to be prevalent in 

melanoma lesions [182], and this phenomenon is discussed further in Section 1.6.1.2. 

 

1.4.2 Tertiary Lymphoid Structures 

 

Primary lymphoid structures such as the bone marrow and thymus comprise the organs 

where lymphocytes form and mature. Lymphocyte activation typically occurs in 

secondary lymphoid structures including lymph nodes, the spleen and mucosal-associated 

lymphoid tissue [183]. During chronic inflammation, tertiary lymphoid structures (TLS) 

may transiently form, which confer sites enriched in B and T lymphocytes and dendritic 

cells present from disordered amalgamations to highly specialised germinal centre-like 

formations [184]. As tumours share many of the characteristics of chronic inflammation, 

it is unsurprising that TLS have been identified in a range of cancers, including in 60-

90% of primary TNBCs [185], and 24% of metastatic melanoma lesions [186]. The 

presence of TLS has been shown to be associated with a more favourable prognosis in 

solid tumours [187], including in TNBC [188], melanoma [189] and non-small cell lung 

cancer (NSCLC) [190], and there is evidence of ongoing B cell maturation at these sites 

driving clonal amplification, isotype-switching and somatic hypermutation. 

Recent studies have found that T cells in metastatic melanoma tumours lacking TLS have 

dysfunctional molecular phenotypes [189], and the presence of TLS predicts positive 
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response to CPI immunotherapy [189,191]. The organisation of TIL-B into TLS therefore 

appears to be a crucial component of anti-tumour immunity, and potential therapeutics 

encouraging their formation and development may gain success in the clinic. 

 

1.4.3 Anti- and pro-tumour roles of B cells in different cancers 

 



73 

 

Figure 1.9 Summary of studies to-date analysing the prognostic significance of tumour-

infiltrating B lymphocytes in patients with solid tumours. 

Horizontal bars represent the proportion of studies indicating positive (green), neutral (grey) or 

negative (red) prognostic value of TIL-B in each cancer type. Plasma cell and IgA-specific 

evaluations were excluded, and total number of studies are shown in the right-hand column. Data 

obtained from [192]. 
 

The precise role of B cells in being associated with anti-tumour or pro-tumour activity 

remains a somewhat controversial topic, and the outcome of studies investigating the 

prognostic significance of TIL-B in patients with solid tumours is summarised in Figure 

1.9. Across most solid tumour types, TIL-B appear to carry an overall positive prognostic 

value, with the exception in brain and kidney cancers. These differences may be explained 

by observations of high densities of regulatory B cells in kidney renal clear cell carcinoma 

[193], and co-infiltration of pro-tumour macrophages [194] in brain cancers such as 

glioblastoma [195]. Overall, the discrepancies observed for the prognostic role of TIL-B 

within and across cancer subtypes likely reflects the multi-facetted role of B cells in 

contributing to patient clinical outcomes through antibody production, antigen 

presentation, and cytokine expression, which may reflect a combination of pro-tumour or 

anti-tumour effects likely influenced by several inflammatory signals within specific 

tumour microenvironments. 

 

1.5 Breast tumour-infiltrating B lymphocytes 

 

The extent of lymphocyte infiltration into breast tumours has received considerable 

attention and emerged as a critical prognostic and predictive biomarker for patients [196]. 

TIL densities vary by molecular subtype, and TNBC/basal-like tumours typically contain 

the highest TIL densities, despite conferring a paradoxically poor prognosis. A “TIL 

working group” was established in 2014 with the aim of establishing a standardised 
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protocol for pathological assessment of TILs, and these guidelines are now routinely used 

in clinical and translational settings [197]. With the advent of CPI immunotherapy in 

breast cancer, and the expectation that TILs correlate with tumour immunogenicity [198], 

clinical algorithms are warranted which can infer curated treatment plans from TIL 

densities [199]. 

Of particular interest to this Thesis is the role of B lymphocytes and particularly mature 

and class-switched memory B lymphocytes in the immune response to breast tumours, 

and an overview of studies to date investigating the prognostic significance of breast 

tumour-infiltrating B lymphocytes and immunoglobulin expression is shown in Table 

1.6, highlighting the considerable disparity of scientific reports regarding the impact of 

TIL-B within the breast TME. The discrepancies observed may result from differences in 

experimental design (e.g., analysing B cell density versus percentage B cells of total 

TILs), or could reflect the presence of pro-tumour regulatory B cells, which in certain 

settings may offset anti-tumour effector mechanisms to skew the impact of B cell 

infiltrates in the TME towards a neutral or negative effect. 

In addition, while there is uncertainty concerning the overall impact of B cells in breast 

cancer, the presence of CD138+ plasma cells have consistently been associated with 

poorer survival outcomes [200], and this observation could suggest that dysregulated 

immune responses which strongly favour humoral over T cell-mediated immunity may 

hinder cytotoxic immune responses.  
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Table 1.6 List of studies to-date analysing the prognostic significance of tumour-infiltrating 

B lymphocytes and immunoglobulin expression in breast cancer patients. 

Identification technique, B cell signature, subcohort and associated features are described. 

Prognostic value of TIL-B in each study is indicated in the right-hand column. Adapted from 

[192]. 

 
 

Identification 

technique 

B cell signature Cohort Associated 

feature 

Prognostic 

value 

IHC [201] CD20+ B cells Primary operable 

invasive ductal breast 

cancer 

N/A Neutral 

CD138+ plasma 

cells 

Lower 

expression of 

PR, ER & HER2 

Negative 

H&E morphological 

analysis [202] 

Plasma cells Primary operable 

invasive ductal breast 

cancer 

N/A Negative 

IHC [203] CD20+ B cells Primary invasive 

breast carcinoma 

Higher grade, 

ER- and PR-, 

basal phenotype 

Positive 

IHC [204] CD20+ B cells Primary operable 

invasive ductal breast 

cancer 

N/A Positive 

IHC [205] Peritumoural 

and stromal 

CD20+ /CD19+ 

B cells 

Ductal carcinoma in 

situ with or without an 

invasive component 

Higher tumour 

grade and size, 

lymph node 

metastases, ER- 

/PR-, HER2+ 

Negative 

Intratumoural B 

cells 

N/A Neutral 

CD138+ plasma 

cells 

N/A Negative 

IHC [206] CD20+ B cells Invasive breast cancer ER-, PR-, or 

triple-negative 

pCR: 

positive 

IHC [207] CD20+ B cells Primary triple negative 

breast cancer 

N/A pCR: 

positive 

IHC [208] CD20+ cell 

count before 

chemotherapy 

Stage II or III breast 

cancer after 

neoadjuvant 

chemotherapy 

N/A pCR: 

positive 

RNA expression 

microarray [209] 

B cell gene 

signature 

(predominantly 

IG genes) 

Node negative, high 

proliferation subtype 

N/A Positive 

Node negative, low 

proliferation subtype 

N/A Neutral 

RNA expression 

microarray of fresh 

frozen tissue and 

publicly available 

microarray data, RT-

PCR, IHC [210] 

B cell gene 

signature, IGKC 

gene expression 

Node negative or 

positive, with or 

without chemotherapy 

IGKC 

expression in 

mature plasma 

cells, equal 

predictive value 

Positive 
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Identification 

technique 

B cell signature Cohort Associated 

feature 

Prognostic 

value 

TCGA RNASeq, gene 

signatures [211] 

B cell gene 

signatures, IgG 

gene signatures 

Basal subtype N/A Positive 

HER2-enriched 

subtype 

N/A Positive 

luminal A/B subtypes   Neutral 

TCGA RNASeq, gene 

signatures [212] 

Immature B 

cells, memory B 

cells, activated B 

cells 

Primary breast cancer  N/A Negative 

Antigen microarray 

[213] 

Ex vivo IgG 

response of 

tumour 

infiltrating B 

cells to cancer 

associated 

antigens 

Untreated invasive 

primary breast 

carcinomas, stage I to 

III at diagnosis 

HER2 

overexpression, 

lower CD8+ T 

cell infiltration 

Negative 

 

In summary, although the presence of tumour-infiltrating B lymphocytes, plasma cells 

[214] and immunoglobulin [213] may be common features of breast tumour 

microenvironments, there is still considerable uncertainty regarding their roles in 

contributing to clinical outcomes. A key aim of this Thesis is to disentangle the B cell 

response to breast tumours including the presence of isotype-switched B cell subsets, their 

location in the tumour microenvironment, and functional crosstalk with T cells. In 

addition, this Thesis investigates Ig isotype expression and B cell clonal expansion, 

including identification of immune bias towards specific isotypes. Together, these studies 

will provide new insights into the role of B cells in the breast TME. 

 

1.6 Melanoma tumour-infiltrating B lymphocytes 

 

Melanoma is the most immunogenic cancer type, evidenced by systemic and local 

activation of immune responses, significant infiltration of immune cells, and high 

neoantigenic load in relation to other tumour types [215]. Moreover, lymphocyte 
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infiltrates are largely considered to have a positive prognostic value in patients with 

primary cutaneous melanoma [216]. Melanoma lesions typically contain populations of 

infiltrating B lymphocytes that are either dispersed within the tumour stroma, tumour 

islets, or organised into follicle-like aggregates [217]. A summary of published studies to 

date investigating the prognostic significance of melanoma tumour-infiltrating B 

lymphocytes and immunoglobulin expression is shown in Table 1.7, displaying how the 

presence of TIL-B has consistently been found to correlate with favourable patient 

survival [218,219]. 

Notably, studies have demonstrated a negative prognostic value for IgA-biased 

intratumoural immunoglobulin expression [220], and the presence of plasma cell sheets 

associated with IgA isotypes [221]. These findings may reflect the expected lower 

specificity and reduced effector function of IgA compared to IgG isotypes, which may 

hinder anti-tumour immunity [192].  Alternatively, emerging evidence has pointed to the 

existence of a regulatory loop, mediated by TGF-β, which initiates B cell isotype-

switching to IgA, alongside IL-10 and PD-L1 expression [222]. IL-10-producing 

regulatory B cells [121] have been shown to exhibit pro-tumour activity within 

inflammation-induced skin cancer mouse models, likely via the exertion of suppressive 

effects upon other immune cell types in the surrounding peri-tumoural space and in 

tertiary lymphoid structures [223]. 

This alternate explanation may represent a potential mechanism of immune evasion 

mediated by the tumour. Evaluating the presence and function of cytokine producing and 

regulatory B cells in melanoma patients forms a key part of this thesis. 
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Table 1.7 List of studies to-date analysing the prognostic significance of tumour-infiltrating 

B lymphocytes and immunoglobulin expression in melanoma patients. 

Identification technique, B cell signature, subcohort and associated features are described. 

Prognostic value of TIL-B in each study is indicated in the right-hand column. Adapted and 

references (unless stated) available from [192]. 

 

Identification 

technique 

B cell signature Cohort Associated 

feature 

Prognostic 

value 

TCGA data 

analysis for 

intratumoural IG 

genes [220,224] 

IG expression Primary and 

metastatic melanomas 

  

  

  

 N/A Positive  

IG clonality, 

IGHG1 clonality 

 N/A Positive  

IGHG1:IGH ratio  N/A Positive  

IgA/IGH ratio  N/A Negative  

TCGA RNASeq 

[195] 

B cell gene 

signature 

Primary and 

metastatic melanomas 

  

 N/A Positive  

IgG expression  N/A Positive 

TCGA RNASeq 

[212] 

B cell gene 

signature 

Primary and 

metastatic melanomas 

 N/A Positive 

TCGA RNASeq 

[225] 

Plasmablast-like 

dominated B cell 

population 

signature with the 

genes CD27, 

CD38, and PAX5 

Primary and 

metastatic melanomas 

Expression of 

CD8A, number of 

CD8+ T cells and 

macrophages, 

inflammatory 

microenvironment 

Positive 

RNA-seq data 

[225] 

Advanced melanoma 

treated with anti-PD1 

antibodies 

Positive 

IHC [221] Sheets of CD138+ 

plasma cells 

Invasive primary 

cutaneous melanoma 

  

IgA isotype, 

oligoclonality 

Negative 

Sparse CD138+ 

plasma cell 

 N/A Positive 

IHC [218] CD20+ B cells  Metastatic melanoma 

  

 N/A Positive 

CD138+ plasma 

cells 

 N/A Positive 

IHC [219] CD20+ B cells Nonmetastasized 

cutaneous primary 

melanoma with a 

Breslow depth of >1.0 

mm 

 N/A Positive 

TCGA data [219] MS4A1(CD20):C 

D19 mRNA ratio 

Primary and 

metastatic melanomas 

 N/A Positive 

TCGA data [226] CD20 mRNA Primary and 

metastatic melanomas 

N/A Positive 

 

The presence of B cells is also emerging as an important predictive biomarker for 

melanoma treatment response. Recent work has shown that plasmablast-like B cells are 

associated with improved response and survival outcomes in patients on anti-PD-1 CPI 
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immunotherapy [225]. Another study identified unique functional B cell attributes in 

patients responding to CPI immunotherapy, including clonal expansion and the presence 

of switched memory B cells in the TME [191]. Paradoxically, the presence of TIL-B has 

been found to be associated with decreased MAPK activity, immunosuppressive (HLA-

DR/IDO-1) tumour phenotypes and reduced overall survival in patients treated with the 

BRAF/MEK inhibitor combination therapy dabrafenib and trametinib [227]. It is possible 

that B cells in TIL-B rich tumours provide additional growth signals that reduce the 

MAPK signaling-dependency of the tumour, providing a straightforward escape 

mechanism following inhibition of the BRAF/MEK pathway. Together, these studies 

demonstrate the potential benefit of better understanding the presence and functions of B 

cells in the circulation and the tumour microenvironment for biomarker discovery and 

patient stratification in the future. 

 

1.6.1 Mechanisms of the humoral immune response and expressed antibody 

effector functions in melanoma 

 

1.6.1.1 Antibody expression among melanoma tumour-reactive B cells 

 

Studies have shown that B cells in patients with melanoma are likely to recognise cancer 

antigens and to produce tumour-specific immunoglobulins. Antibodies to over one 

hundred distinct melanoma-associated antigens have been identified in patient serum, 

using serological identification of antigens by recombinant expression cloning (SEREX) 

approaches [228,229]. Recent work has reported a fluorescent bead-based technique for 

the identification of tumour antigen-specific B cells, which was used to derive a 
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monoclonal antibody from patient peripheral blood B cells which recognised a tumour-

associated antigen [230]. 

In addition, B cells derived from melanoma patient peripheral blood have been shown to 

produce IgG antibodies to autoantigens ex vivo, detected using a cell-based ELISA 

technique [231]. A significantly higher frequency of B cell-derived antibodies 

recognising melanoma cell-associated antigens when compared to B cells from healthy 

volunteers has been reported (Figure 1.10 (A)). For example, 28% of patient-derived B 

cell cultures, compared to 2% of healthy volunteer cultures, produced antibodies specific 

to melanoma cells (Figure 1.10 (B)). These antibody responses appeared to decrease with 

disease progression, which may reflect tumour-associated immune escape mechanisms 

(Figure 1.10 (C)). In the same study, a patient-derived monoclonal antibody was shown 

to exhibit potent cytotoxic effects upon melanoma cells in vitro via ADCC (Figure 1.10 

(D-E)), representing a potential effector mechanism mediated by secreted 

immunoglobulin against cancer cells [231]. These results highlight potentially active 

roles for circulating B cells in systemic immune responses, and potential contribution to 

the recognition and targeting of melanoma cells in patients. 
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Figure 1.10 Melanoma patient peripheral blood B cells produce IgG antibodies to 

autoantigens ex vivo. 

(A) Antibodies from ex vivo cultures of B cells extracted from the peripheral blood of patients 

diagnosed with primary and metastatic melanoma show increased reactivity to melanoma cell 

lines, compared to B cells from healthy volunteer blood. Antibodies were measured using a cell-

based ELISA technique. (B) 28% of patient-derived B cell cultures, compared to 2% of healthy 

volunteer cultures, produced antibodies reactive to metastatic melanoma cells. (C) Melanoma 

tumour-reactive antibody declines with metastatic disease [left] and by disease stage [right]. (D) 

Selection of a tumour-reactive antibody culture for sub-cloning and generation of monoclonal 

antibody. Reactivity to four melanoma cell lines and melanocytes was evaluated, and culture 

6_2G3 was selected based upon its superior reactivity to melanoma cells relative to melanocytes. 

(E) A tumour-reactive monoclonal antibody (6_2G3 clone) induced increased tumour cell 

cytotoxicity in a melanoma cell:monocyte co-culture, compared to a non-specific control antibody 

(G_2D10 clone) from the same donor. Data published in Gilbert et al., [231]. 
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Other studies have provided further support for the role of antibody responses in 

melanoma patients. Transcriptomic analyses showed the presence of B cells (CD20, 

CD22), mature IgG mRNA, and of the enzyme AID in melanoma lesions (Figure 1.11 

(A-B)) [226]. Consistent with the presence of AID, the study reported evidence of clonal 

selection and SHM in patient tumours (Figure 1.11 (C-D). A subset of melanoma-

associated antibodies had shorter complementarity-determining (CDR)3 regions relative 

to those from circulating B cells (Figure 1.11 (E)), suggesting the presence of B cell 

clones in melanoma tumours which were different to circulating B cell clones. Despite 

the low frequency of B cells in human skin, distinct antibody repertoires are likely to exist 

between healthy skin and melanoma, as clonal amplification and homology modelling 

indicated divergent antigen recognition repertoires between the two tissue niches (Figure 

1.11 (F)) [226]. 

Overall, the presence of tumour-reactive B cells, with IgG subclass profiles in melanoma 

patient blood and tumour, and evidence of SHM and clonal expansion among melanoma 

tumour-infiltrating B lymphocytes, support the presence of active and dynamic B cell 

immune responses in cutaneous melanoma. These responses may also be present in other 

solid tumours, including in breast cancer, the study of which forms a major part of this 

Thesis. 

 



83 

 

 

Figure 1.11 IgG subclass switching, clonal selection and somatic hypermutation among 

melanoma tumour-infiltrating B lymphocytes. 

(A) mRNA transcripts conferring B cells (CD20, CD22) and AID are present in melanoma lesions 

and enhanced in metastatic versus primary tumours (data from The Cancer Genome Atlas 

(TCGA) database). (B) Mature IgG mRNA (red stars) was detected in melanoma lesions, 

following amplification of IgGVH regions. (C) 90% of framework region (FWR) VH sequences 

from melanoma samples (red), and 76% from normal skin samples (blue) were predicted to have 

undergone negative selection, indicative of affinity maturation and local clonal expansion. (D) 

Divergence from germline sequence in melanoma [top] and normal skin [bottom] IgG. Red boxes 

indicate mutational clusters and horizontal lines signify threshold (35%) highlighting somatic 

hypermutation hotspots. (E) Analysis of CDR3 length frequency in IgGs from melanoma, normal 
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skin, and melanoma patient peripheral blood B cells. Melanoma-associated antibodies have 

shorter CDR3 regions relative to those from circulating B cells. (F) Homology modelling of 

predicted antigenic binding regions in melanoma [top] and normal skin [bottom] IgG, 

highlighting divergent antigen recognition repertoires between the two niches. Data published in 

Saul et al., [226]. 
 

1.6.1.2 IgG4 subclass switching as an immune evasion mechanism 

 

The distribution of antibody subclasses, which confer binding affinities to immune 

effector cells, represent a critical component of antibody-mediated immune responses 

against pathogens. Early studies observed abnormalities in IgG4 serum titres in melanoma 

patients [232]. These observations were later confirmed [151] and have also been made 

in cholangiocarcinoma [233] and colorectal cancer [234], although the extent to which 

these trends are present in other cancer subtypes is currently unclear. In melanoma, 

tumour infiltrating B cells have been shown to possess skewed antibody subclass 

expression profiles, with a bias towards IgG4 and away from IgG1 expression, compared 

to patient circulating B cells [182]. In a separate study, lower proportions of IgG1 were 

confirmed among antibodies obtained from melanoma tumours, compared to those from 

circulating B cells [226]. 

These observations are consistent with the action of an alternative Th2 response, whereby 

IL-10 induces B cell IgG4 subclass switching in the presence of IL-4 [181]. In support of 

this, ex vivo co-culture of melanoma patient peripheral blood B cells with melanoma cells 

led to enhanced production of IgG4 (Figure 1.12 (A)), accompanied with upregulation 

of IL-4and IL-10 expression, and this trend was not seen in co-cultures with melanocytes 

[182] (Figure 1.12 (B)). Ex vivo stimulated B cells were found to express VEGF, which 

was enhanced among B cells following co-culture with melanoma cells, and may also 

contribute to IgG4 polarization [182] Figure 1.12 (C). 
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Figure 1.12 IgG4 subclass switching as an immune evasion mechanism in patients with 

melanoma. 

(A) Ex vivo co-culture of melanoma patient peripheral blood B cells with irradiated peripheral 

blood mononuclear cells (PBMCs) and melanoma cells led to polarised IgG4 production, which 

was significantly enhanced compared to cultures involving melanocytes. (B) Significantly 

enhanced titres of IL-4 and IL-10 are present in PBMC + B cell + tumour co-culture supernatants 

compared to cultures involving melanocytes. (C) Comparative real-time PCR analysis 

demonstrates B cell VEGF expression is enhanced in B cell + tumour cell co-culture, compared 

to B cell culture alone. (D) [Left] An engineered melanoma tumour-antigen specific IgG4 

antibody is ineffective at inducing effector-mediated tumour-cell killing, and [Right] inhibits 

tumour antigen-specific IgG1-mediated tumour-cell killing in vitro. (E) Co-administration of 

tumour-antigen specific IgG4 antibody significantly weakens IgG1-mediated tumour-growth 

restriction in a human xenograft mouse model. (F) Elevated serum IgG4 of total IgG is associated 

with significantly reduced overall survival in metastatic melanoma patients. (G) Enhanced 

frequencies of circulating IgG4+ B cells are associated with significantly increased risk of disease 

progression in early (stage I-II) melanoma patients. Data published by Karagiannis et al., [182] 

(A-F) and [151] (G). 
 

IgG4 antibodies are structurally distinct from IgG1, and undergo a process called Fab arm 

exchange which makes them unable to form stable immune complexes on the surface of 

effector cells. IgG4 also confers a weaker ability to bind and stimulate effector cells such 
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as NK cells and macrophages to initiate antibody-dependent cell-mediated cytotoxicity 

or phagocytosis [235,236]. An engineered melanoma-specific IgG4 antibody has been 

shown to be ineffective at inducing effector-mediated tumour-cell killing compared with 

the corresponding IgG1 isotype in vitro [182] (Figure 1.12 (D, left)). Moreover, IgG4 

antibodies inhibit the cytotoxic function of anti-melanoma IgG1 isotypes (Figure 1.12 

(D, right)) by competing for Fc-gamma receptor binding, and were shown to significantly 

weaken IgG1-mediated tumour-growth restriction in a human melanoma xenograft 

mouse model partly reconstituted with human immune effector cells [182] (Figure 1.12 

(E)). As a potential result of these mechanisms, elevated serum levels of IgG4 (Figure 

1.12 (F)), and IgG4-expressing B cells (Figure 1.12 (G)) were found in patients with 

melanoma. Furthermore, higher levels of serum IgG4 were associated with less 

favourable survival outcomes in patients with melanoma over a 4.5-year follow up 

interval [151]. 

In summary, IgG4 subclass switching may confer a form of tumour immune evasion 

mediated by cytokines including IL-4, IL-10 and VEGF. B cells may be an important 

source of these cytokines. Therefore, the contribution of B cell cytokine expression to 

immune responses in melanoma patients forms a critical element of this thesis. 

 

1.7 Regulatory B cells in cancer 

 

Studies from mouse models have provided evidence for a role of immunosuppressive, or 

“regulatory” B cells (Bregs) in affecting tumour progression. A subset of “tumour-

evoked” Bregs has been shown to facilitate the metastasis of breast cancers through the 

induction of Tregs via TGF-β signaling [237]. Importantly, tumour-associated antigens 

such as 5-lipoxygenase metabolites and placental growth factor have been shown to 
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induce regulatory cytokine expression among TIL-B in murine models of breast cancer 

[238] and glioblastoma [239]. It is therefore possible that populations of TIL-B are driven 

to a TGF-β+ and/or IL-10+ regulatory phenotype by tumour-derived antigens in the TME 

[240], likely in concert with cytokine signals. Bregs are expected to play negative roles 

in anti-tumour immunity and have been shown to inhibit the efficacy of anti-CD20 

immunotherapy in lymphoma-bearing mice, owing to their inhibitory effects on antibody-

mediated monocyte activation and effector function through IL-10–dependent 

mechanisms [241]. 

At present there are few studies investigating the role of regulatory B cells in affecting 

tumour progression in humans. One study showed that IL-21 secretion by Tregs induced 

granzyme-B-expressing Bregs within solid tumours of breast, cervical and ovarian cancer 

patients, which inhibited T-helper cell proliferation [242]. In addition, transitional Bregs 

are upregulated in gastric cancer patient peripheral blood and tumours, and are 

functionally capable of supressing the synthesis of IFN-γ+ and TNF-α+ by autologous 

CD4+ T-helper cells via IL-10, while TGF-β-expressing B cells mediate the conversion 

of CD4+ T-helper cells to Tregs [243].  

 

1.7.1 Regulatory B cells in skin inflammation and cancer 

 

In healthy individuals, subsets of circulating B cells express the skin-homing marker 

cutaneous lymphocyte antigen (CLA), and populations of mature, isotype-switched IgG-

expressing B cells have been detected in normal human skin tissue [226]. Moreover, skin-

resident B cells have been found to accumulate and proliferate in human skin in response 

to cutaneous antigenic challenge [244]. In addition, IL-10-expressing regulatory B cells 

have been shown to supress cutaneous inflammation, and reduce disease severity, in 
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models of psoriasis-like inflammation [245,246]. Together, these observations highlight 

the dynamic role of B cells in immunosurveillance of the skin, including studies reporting 

anti-inflammatory properties of skin-infiltrating B cell populations. 

There is currently limited evidence for the role of regulatory B cells in human cancerous 

skin tissue microenvironments. A recent study identified a subset of naïve PD-L1-

expressing Bregs which were upregulated in advanced melanoma and suppressed ex vivo 

IFN-γ-mediated CD4+ and CD8+ T cell responses [153]. A novel tumour-infiltrating 

IgG4+ CD49b+ CD73+ B cell subset expressing proangiogenic cytokines including VEGF, 

CYR61, ADM, FGF2, PDGFA, and MDK has also recently been identified in patients 

with melanoma [154]. 

Support for the role of IL-10-expressing regulatory B cells in malignant skin tissue has 

been established using mouse models. A model of squamous cell carcinoma showed that 

IL-10-expressing B cells contribute to tumour progression [223]. Recent evidence has 

also shown that IL-10-expressing murine B-1 cells can inhibit IFN-γ and TNF-α-

expressing CD8+ T cells and contribute to melanoma growth in vivo [247]. To date, there 

have been no investigations into the modulation of IL-10-, or TGF-β-producing 

regulatory B cells in human melanoma, of which forms a key element of this thesis. 

 

1.8 Aims and Objectives 

 

Previous studies from our group and others have highlighted the presence of isotype-

switched B cells in patients with melanoma, with skewed immunoglobulin expression of 

immunologically inert antibody isotypes such as IgG4. These insights point to a 

dichotomy of activation and differentiation alongside regulation of the humoral response 

in some cancers. Therefore, the overall aim of this Thesis is to provide further insights 
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into the complexity of humoral responses in immunogenic tumours such as melanoma 

and TNBC, which may include a balance of simultaneous immunostimulatory and 

immunomodulatory functions. Through the study of dysregulation in the systemic and 

intratumoural B cell responses to breast cancer and melanoma, the ultimate aim will be 

to uncover previously unappreciated contributions of less well-explored immune 

compartments which may lead to the unravelling of potential biomarkers and therapeutic 

avenues. 

The specific objectives of this research project are: 

I. To investigate the role of circulating and TIL-B in breast cancer, focusing upon 

aggressive and immunogenic subtypes such as TNBC. Chapter 3 describes my 

evaluations of the presence, localisation, and functional attributes, including 

immunoglobulin expression, of circulating and TIL-B in breast cancer, with a 

focus on mature, isotype-switched and memory B cell subsets. In this work, I 

examine evidence for systemic perturbations of humoral immunity and skewing 

of immunoglobulin isotype and clonal profiles. Finally, I aim to ameliorate the 

current uncertainty regarding the prognostic value of breast TIL-B by mapping 

the relative contributions of B cell lineages and functions towards clinical 

outcomes. 

 

II. To investigate the prevalence and potential roles of cytokine-expressing B cells 

as complex and dynamic players in systemic and intratumoural immunity of 

patients with melanoma. Chapter 4 describes my analyses of the regulatory (IL-

10+ and/or TGF-β+) and pro-inflammatory (IFN-γ+ and/or TNF-α+) B cell 

compartments in melanoma patients, and their crosstalk with and roles in 

influencing autologous T cell phenotype and function. I examine dysregulation 
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and lineage sources of cytokine-expressing B cells in the peripheral blood of 

patients with melanoma. I also explore melanoma tumour-infiltrating populations 

of regulatory and inflammatory B cells and aim to uncover previously unknown 

interactions with TIL-T. Lastly, I evaluate evidence supporting an immune 

dichotomy, whereby melanoma patient B cells may simultaneously exert 

polarising immunostimulatory and immunomodulatory influences upon 

autologous T cells and their functions. 
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Chapter 2: Materials and Methods 

 

2.1 Human tissue samples and processing 

 

2.1.1 General reagents 

 

Human tissue sample processing was performed using the reagents listed in Table 2.1 

below. 

 

Table 2.1 Reagents used for human tissue sample processing. 

Name Supplier Catalogue Number 

BD Vacutainer™ SST™ II Advance Tubes BD Biosciences 12927696 

CryoTube, free standing round bottom; 1.8 

mL 

Thermo Fisher 

Scientific 

UY-03755-10 

PBS, sterile Gibco 10010-023 

gentleMACS™ C Tubes Miltenyi Biotec 130-093-237 

RPMI 1640 Gibco 11875-093 

Trypan Blue Solution, 0.4% Gibco 15250-061 

FBS Gibco 10106-159 

DMSO, Anhydrous Invitrogen D12345 

 

2.1.2 Human tissue sample collection 

 

Human venous blood samples were obtained from healthy volunteers (HVs) and patients 

with either breast cancer or melanoma. Bloods were taken either before or after 

occurrence of surgical resection, and patients receiving checkpoint inhibitor 

immunotherapy were excluded from the study. Breast and melanoma tumour specimens 

were also provided following excision as part of standard clinical care. Matched non-

adjacent non-tumour (NANT) tissue from patients with breast cancer, and normal breast 

tissue from healthy individuals were obtained to serve as controls. All samples were 
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collected in compliance with the Human Tissue Act 2006 and with informed written 

consent in accordance with the Helsinki Declaration. Breast cancer patients were 

recruited by Breast Cancer Now, and study design was approved by the Guy’s Research 

Ethics Committee, Guy’s and St. Thomas’ NHS Foundation Trust (REC No. 

07/H0804/131). Melanoma patients were recruited as part of the Melanoma 

Immunomodulation and Immune Responses of the Skin Study: A Translational Science 

Research Protocol (MISST) study, and study design approved by the London Central 

NRES Committee and conducted at Guy’s and St Thomas NHS Foundation Trust (REC 

No. 16/LO/0366). 

 

2.1.3 Serum collection and processing 

 

Serum was collected from HV and patients with melanoma or breast cancer. Whole blood 

was collected in BD Vacutainer® Serum Separator tubes and allowed to clot at room 

temperature (RT) for 30 minutes. The tubes were then spun at 3000rpm (1500xg) for 20 

minutes at 4 degrees Celsius (°C), and serum was transferred into 200µl aliquots in 

cryovials and stored at -80°C. Vials were removed from storage and thawed on ice as 

required. 

 

2.1.4 Tumour, NANT and normal tissue processing 

 

Breast tumour, melanoma samples, NANT and normal tissue specimens were initially 

kept in PBS following surgical excision. Tissues were cut into small (2-4mm) segments 

and transferred into gentleMACS C tubes containing RPMI 1640 (2ml for <0.2g and 4ml 

for >0.2g specimens). Tubes were then attached upside-down onto the sleeve of a 
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gentleMACS dissociator. Dissociation was performed using the “m h_tumor_01” 

program. The resulting suspension was passed through a 40µm filter, washed through 

with 20ml RPMI 1640, and slow spun for 7 minutes at 565rpm (300xg). Where necessary, 

cell counts were performed using a haemocytometer with trypan blue staining (1:10 

dilution in PBS). Percentage viability (mean ± SD) was determined as 36.4 ± 23.8 for 

breast tumour, 38.2 ± 26.2) for melanoma tumour, and 58.6 ± 32.4 for NANT and normal 

tissues. The cell suspensions containing tumour cells, stromal cells, and tumour 

infiltrating lymphocytes were used immediately in experimental work, or aliquoted into 

freezing solution (FBS, RPMI 1640 and DMSO at 4:4:1 ratio) and stored in 1.5ml aliquots 

in cryovials at -80°C in Mr. Frosty containers. Vials of frozen cells were removed from 

storage and thawed at RT as required.  

 

2.2 Immune cell isolation 

 

2.2.1 General reagents 

 

Immune cell isolation was performed using the reagents using the reagents and in-house 

produced buffers listed in Table 2.2 and Table 2.3, respectively. 

 

Table 2.2 Reagents used for immune cell isolation. 

Name Supplier Catalogue Number 

BD Vacutainer® EDTA Blood Collection 

Tubes 

BD Biosciences 1167106  

PBS, sterile Gibco 10010-023 

FBS Gibco 10106-159 

Ficoll-Paque PLUS density gradient media VWR 17-1440-03 

SepMate™-50 (IVD) Tubes STEMCELL 

Technologies 

85460 
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Name Supplier Catalogue Number 

Falcon 50mL Conical Centrifuge Tubes Thermo Fisher 

Scientific 

10788561 

eBioscience™ 10X RBC Lysis Buffer 

(Multi-species) 

Invitrogen 00-4300-54 

RPMI 1640 Gibco 11875-093 

DMSO, Anhydrous Invitrogen D12345 

CryoTube, free standing round bottom; 1.8 

mL 

Thermo Fisher 

Scientific 

UY-03755-10 

Falcon™ Round-Bottom Polystyrene Test 

Tubes 

Thermo Fisher 

Scientific 

10186360 

Human BD Fc Block™ BD Biosciences 564219 

LIVE/DEAD™ Fixable Near-IR Dead Cell 

Stain Kit 

Invitrogen L10119 

autoMACS Rinsing Solution Miltenyi Biotec 130-091-222 

Albumin, from bovine serum Sigma  A3059 

Sterile Cell Strainers, 40 µm Cole-Parmer UY-06336-63 

DMEM, high glucose, pyruvate Gibco 41966-029 

Penicillin-Streptomycin (10,000 U/mL) Gibco 15140-122 

RosetteSep™ Human B Cell Enrichment 

Cocktail 

STEMCELL 

Technologies 

15064 

RosetteSep™ Human CD4+ T Cell 

Enrichment Cocktail 

STEMCELL 

Technologies 

15062 

 

 

Table 2.3 In-house produced buffers used for immune cell isolation. 

Name Composition 

FACS buffer PBS with 5% FBS 

Sorting buffer autoMACS Rinsing Solution with 0.5% 

bovine serum albumin (BSA) 

 

 

2.2.2 Antibodies 

 

Immune cell isolation was conducted using the antibodies listed below (Table 2.4), 

during positive selection using the BD FACS Aria II sorter. 
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Table 2.4 Antibodies used for immune cell isolation using the BD FACS Aria II cell sorter. 

Specificity Clone Conjugate Host 

species 

Supplier Catalogue 

number 

CD19 HIB19 V500 Mouse BD Biosciences 561121 

CD4 A161A1 PE Rat BioLegend 357404 

CD25 M-A251 PerCP-

Cy5.5 

Mouse BioLegend 356112 

CD127 A019D5 PE-Cy7 Mouse BioLegend 351320 

 

2.2.3 Peripheral Blood Mononuclear Cell isolation 

 

 

Whole blood samples from HVs and cancer patients were collected in BD Vacutainer® 

EDTA tubes and kept on a roller-shaker for a maximum of 24 hours. The blood was 

diluted at in FACS buffer (PBS with 5% FBS) at a 1:1 ratio and layered over 15ml Ficoll-

Paque PLUS density gradient media in SepMate-50 (IVD) tubes, before being spun at 

2260rpm (1200xg) for 20 minutes at RT with brake. The platelet-enriched plasma cell 

layer was removed, and the peripheral blood mononuclear cell (PBMC) layer was 

transferred into a fresh 50ml Falcon tube. PBMCs were washed twice in FACS buffer at 

1500rpm (720xg) for 5 minutes. Cells were then resuspended in 25ml RBC Lysis Buffer 

and incubated for 10 minutes at 4°C. Cells were pelleted, resuspended in 25ml FACS 

buffer, and pelleted again at 1500rpm. Where necessary, PBMC counts were performed 

as previously described (Section 2.1.4). At this point, the isolated PBMCs were either 

used immediately in experimental work, processed further (e.g., cell sorting, or 

enrichment performed), or aliquoted in freezing solution and stored in 1.5ml aliquots at 

1x106 cells/ml in cryovials at -80°C in Mr. Frosty containers. Vials of frozen PBMCs 

were removed from storage and thawed at RT as required. 
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2.2.4 Positive isolation of B and T-helper cells from HV and melanoma patient 

peripheral blood 

B cells and T-helper cells were isolated from HV and melanoma patient PBMCs using 

positive selection with anti-CD19 and anti-CD4 antibodies (Table 2.4), for use in ex 

vivo co-culture experiments (Section 2.4). Selection was performed using the BD FACS 

Aria II cell sorter to obtain purified CD19+ B and CD4+ T-helper cell suspensions for 

downstream cytokine suppression and Treg induction assays. Isolated PBMCs (1x108 

cells/ml) were transferred into individual 5ml Round Bottom Polystyrene FACS Tubes 

and incubated with 5µl human Fc block for 5 minutes at RT. Next, 5µl LIVE/DEAD 

Fixable Near-IR Dead Cell Stain (pre-diluted 1:20 in PBS) was added alongside 2.5µl 

each of anti-CD19-V500 and anti-CD4 PE, and cells incubated for 30 minutes at 4°C. 

Cells were washed twice in 2ml FACS buffer at 1500rpm (720xg) and resuspended in 

500µl sorting buffer (autoMACS Rinsing Solution with 0.5% BSA), at a maximum of 

6x107 cells/ml. Finally, cells were passed through a 40µm filter into fresh FACS tubes 

and sorted into CD19+ and CD4+ fractions in DMEM (10% FBS, 50U/ml Pen-Strep) 

media according to the gating strategy outlined in Figure 2.1. 
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Figure 2.1 Gating strategy and purity check for the positive isolation of CD19+ B cells and 

CD4+ T-helper cells from the peripheral blood of healthy volunteers and melanoma patients 

using the BD FACS Aria II cell sorter. 

Exceptionally high purities of 97.1% in CD19+ and 98.9% in CD4+ sorted fractions were obtained, 

measured as means across N = 27 samples. 

 

For measurement of the potential ex vivo effect of B cells in inducing autologous Treg 

differentiation from CD4+ T-helper cells, pre-culture exclusion of FOXP3+ Treg cells was 

necessary, to accurately measure the quantity of induced Tregs, and eliminate the 

potential influence of existing Tregs upon the measured outcome. Treg depletion was 

achieved by employing an extra step in the sorting gating strategy, which is outlined in 

Figure 2.2. This step involved the addition of 2.5µl each of anti-CD25 PerCP-Cy5.5 and 
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anti-CD127 PE-Cy7 in the pre-sort antibody incubation step. In the extra step, a 

population demonstrably enriched in FOXP3-expressing Tregs, of CD25+ CD127- 

extracellular phenotype, is depleted from the sample, leaving a population with minimal 

percentages of FOXP3+ Tregs, for downstream use in the ex vivo Treg induction assay 

(Section 2.4.3.3). 

 

 

Figure 2.2 Gating strategy for the positive isolation of CD4+ CD25-/int CD127+ non-Treg 

(conventional) T cells from the peripheral blood of healthy volunteers and melanoma 

patients using the BD FACS Aria II cell sorter. 

Unsorted CD4+ T-helper cells contain a notable population of FOXP3+ Tregs. FOXP3-expressing 

cells were removed during sorting by using a combination of CD25 and CD127 expression, to 

obtain a population of Treg-depleted CD4+ cells for use in the ex vivo Treg induction assay. In 

this figure, cells were fixed, permeabilised and co-stained for FOXP3 to indicate the localisation 

of FOXP3+ cells within the CD25/CD127 gate. 

 

 

2.2.5 Isolation of purified B and T-helper cells from HV and melanoma patient 

peripheral blood mononuclear cells by negative selection 

 

B and T-helper cells were also isolated from HV and melanoma patient PBMCs using a 

negative selection technique, for use in additional ex vivo co-culture experiments, 

comprising the measurement of B cell-mediated modulation of autologous T-helper cell 

proliferation. This method involved an additional 10-minute incubation step prior to 

Ficoll-Paque PLUS density gradient centrifugation, with 45µl of either RosetteSep 

Human B cell or CD4+ T cell enrichment cocktails added per 1ml whole blood. The B 



99 

 

cell enrichment cocktail contains tetrameric antibody complexes with specificities to 

Glycophorin A, CD16, CD36, CD56, and CD66b, while the CD4+ T cell cocktail has 

specificity to Glycophorin A, CD8, CD16, CD19, CD36, CD56, CD66b and TCRγδ. 

Unwanted (complexed) cells pellet along with red blood cells, resulting in a highly 

purified population of either CD19+ B or CD4+ T-helper cells at the interface between the 

density medium and plasma layer. 

 

2.3 B cell phenotyping using flow cytometry 

 

2.3.1 General reagents 

 

Flow cytometric B cell phenotyping was performed using the reagents and in-house 

produced buffers listed in Table 2.5 and Table 2.6, respectively. 

 

Table 2.5 Reagents used for flow cytometric B cell phenotyping. 

Name Supplier Catalogue Number 

Anti-Mouse Ig, κ/Negative Control 

Compensation Beads 

BD Biosciences 552843 

Anti-Rat Ig κ /Negative Control 

Compensation Beads 

BD Biosciences 552845 

DMEM, high glucose, pyruvate Gibco 41966-029 

FBS Gibco 10106-159 

Penicillin-Streptomycin (10,000 U/mL) Gibco 15140-122 

CpG oligodeoxynucleotide (ODN) 2006 Miltenyi Biotec 130-100-106 

Recombinant Human CD40L (TNFSF5) 

(carrier-free) protein 

BioLegend 591704 

Corning™ Costar™ Flat Bottom Cell Culture 

Plates 24-well 

Thermo Fisher 

Scientific 

10377841 

Cell Activation Cocktail (with Brefeldin A) BioLegend 423304 

PBS, sterile Gibco 10010-023 

LIVE/DEAD™ Fixable Near-IR Dead Cell 

Stain Kit 

Invitrogen L10119 

Cytofix/Cytoperm Soln Kit BD Biosciences 554714 
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Table 2.6 In-house produced buffers used for flow cytometric B cell phenotyping. 

Name Composition 

FACS buffer PBS with 5% FBS 

 

 

2.3.2 Antibodies 

 

Flow cytometric B cell phenotyping was conducted using the antibodies listed in Table 

2.7 below. 

 

Table 2.7 Antibodies used for flow cytometric B cell phenotyping. 

Antibodies targeting intracellular antigens are coloured in blue. 

 

 

Specificity Clone Conjugate Host 

species 

Supplier Catalogue 

number 

CD45 HI30 PE-Cy7 Mouse BioLegend 304016 

CD20 2H7 FITC Mouse BD Biosciences 555622 

CD3 344818 APC-Cy7 Mouse BioLegend 344818 

CD14 M5E2 APC-Cy7 Mouse BioLegend 301820 

CD56 HCD56 APC-Cy7 Mouse BioLegend 318332 

CD19 HIB19 V500 Mouse BD Biosciences 561121 

IgM MHM-88 PE-Cy7 Mouse BioLegend 314532 

IgD IA6-2 BV421 Mouse BioLegend 348226 

CD27 O323 PE, BV711 Mouse BioLegend 302808, 

302834  

CD24 ML5 BUV395 Mouse BD Biosciences 566221 

CD38 HIT2 BV786 Mouse BioLegend 303530 

CD5 L17F12 AF700 Mouse BioLegend 364026 

IL-10 JES3-9D7 AF647 Rat BioLegend 501412 

TGF-β1 TW4-9E7 PE Mouse BD Biosciences 562339 

TNF-α MAb11 AF488 Mouse BioLegend 502915 

IL-4 MP4-25D2 BV605 Rat BioLegend 500828 

IFN-γ B27 AF700 Mouse BioLegend 506516 

TLR9 S16013D PE Mouse BioLegend 394804 
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2.3.3 Phenotyping of memory and isotype-switched B cells from HV and breast 

cancer patient peripheral blood and breast tissues 

 

Flow cytometry was used for the identification and quantification of memory and isotype-

switched B cell phenotypes in HV and breast cancer peripheral blood, and breast tissue 

(normal breast, NANT and tumour). The panel used is displayed in Table 2.8 and 

associated flow cytometry gating strategy is outlined in Figure 2.3. 

 

Table 2.8 Flow cytometry panel for detection and quantification of memory and isotype-

switched B cells in healthy volunteer and breast cancer patient peripheral blood, and breast 

tissue. 

A description of each target is indicated in the right-hand column. 
 

 

 

 

 

 

 

 

 

Target Fluorophore Description 

Live/Dead Near-IR (APC-Cy7) Dead cell exclusion 

CD45 PE-Cy7 Leukocyte 

CD19 V500 Pan-B cell 

CD20 FITC Pan-B cell 

CD27 PE Activation/Memory 

IgD BV421 Immunoglobulin 
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Figure 2.3 Gating strategy for the detection and quantification of memory and isotype-

switched B cell phenotypes in HV and breast cancer patient peripheral blood, and breast 

tissue. 

Representative breast cancer patient peripheral blood sample shown. Following exclusion of 

debris, doublets, dead cells, and non-leukocytes, B cells were identified by co-expression of the 

lineage markers CD19 and CD20. Memory B cells were defined by expression of CD27, and 

further categorised by IgD expression into innate-like (IgD+) and isotype-switched (IgD-) subsets. 

 

Staining was performed using the following protocol. First, PBMCs and breast tissue 

single cells were isolated as previously described (Sections 2.1.2 and 2.2.2). Cell were 

washed twice in 2ml PBS at 1500rpm (720xg), resuspended in 100µl FACS buffer, and 

incubated with 2µl human Fc block for 5 minutes at RT. Next, 5µl LIVE/DEAD Fixable 

Near-IR Dead Cell Stain (pre-diluted 1:20 in PBS) was added, prior to extracellular 

labelling using the panel outlined in Table 2.8, with the following antibody volumes: 

2.5µl (IgD, CD19, CD27, CD45) and 10µl (CD20). Cells were incubated for 30 minutes 

at 4°C, washed twice in 2ml PBS at 1500rpm, and resuspended in 150µl FACS buffer. 

Finally, cells were acquired on the BD FACS Canto Flow Cytometer, and analysed in 

FlowJo v10.4. 
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2.3.4 B cell intracellular cytokine phenotyping in HV and melanoma patient 

peripheral blood, and melanoma tumours 

 

A flow cytometry-based intracellular cytokine assay was used to investigate the cytokine 

expression profiles among key B cell subpopulations in HV and melanoma patient 

peripheral blood, and melanoma tumours. Lineage markers were chosen in consultation 

with the current best practice for B cell lineage phenotyping outlined in the literature 

[248]. The 11-colour panel is shown in Table 2.9, and gating strategy outlined in Figure 

2.4. 

 

Table 2.9 Flow cytometry panel for detection and quantification of B cell cytokine 

expression profiles among B cell lineage subpopulations. 

A description of each target is indicated in the right-hand column. Dump target included the 

following APC-Cy7 conjugated antibodies: anti-CD3, anti-CD14 and anti-CD56. 

 

Target Fluorophore Description 

Live/Dead + Dump APC-Cy7 Dead + non-B cell exclusion 

CD19 V500 Pan-B cell 

IgM PE-Cy7 Immunoglobulin 

IgD BV421 Immunoglobulin 

CD27 BV711 Activation/Memory 

CD24 BUV395 Lineage 

CD38 BV786 Lineage 

CD5 AF700 Transitional 

IL-10 AF647 Cytokine 

TGF-β1 PE Cytokine 

TNF-α AF488 Cytokine 
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Figure 2.4 Gating strategy for the detection and quantification of B cell cytokine expression 

profiles among key B cell subpopulations in HV and melanoma patient peripheral blood, 

and melanoma tumours. 

Representative melanoma patient peripheral blood sample shown. Following exclusion of debris, 

doublets, dead cells, and non-B (CD3+, CD14+ and CD56+) cells, B cells were identified by 

presence of the lineage marker CD19. B cells were defined by antibody expression into non-

isotype-switched (IgM+ IgD+, IgM+ IgD-, IgM- IgD+) and isotype-switched (IgM- IgD-) subsets. 

CD19+ B cell lineage phenotypes were also categorised according to CD24 and CD38 expression 

as follows: memory B cells (Bm; CD24hi CD38-), transitional B cells (TrB; CD24hi CD38hi), naïve 

B cells (CD24int CD38int) and plasmablasts (PB; CD24- CD38++). Memory B cell phenotypes were 

also detected according to expression of CD27. CD5 expression was used to confirm transitional 

cell phenotypes. IL-10+ and TGF-β+ regulatory B cells, and TNF-α+ inflammatory B cells were 

identified following fixation, permeabilization, and staining for intracellular cytokines. 

 

Staining was performed using the following protocol. First, PBMCs were isolated from 

peripheral blood, and single cells isolated from melanoma lesions as previously described 

(Sections 2.1.4 and 2.2.3). Cell suspensions (4x106 cells/ml) were cultured in sterile 

DMEM (10% Fetal Bovine Serum (FBS) and 50U/ml Pen-Strep) media containing B cell 
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activation stimuli, comprising either: 0.1µg/ml CpG oligodeoxynucleotide (ODN) 2006, 

10µg/ml CpG ODN 2006, 1µg/ml CD40L or both 1µg/ml CD40L and 10µg/ml CpG 

ODN 2006. 500µl per well was added to flat-bottom 24 well plates for each condition, 

and the plates were incubated at 37oC with 5% CO2 for 72 hours. Cell Activation Cocktail 

(with Brefeldin A), containing PMA and Ionomycin, was added for the final 6 hours of 

culture to stimulate intracellular cytokine production towards detectable levels. For each 

sample, an unstimulated condition containing no Cell Activation Cocktail was analysed, 

to set the cut-off between cytokine- and cytokine+ cells. 

Following culture, cells were washed twice in 2ml PBS at 1500rpm (720xg), resuspended 

in 100µl FACS buffer, and incubated with 2µl human Fc block for 5 minutes at RT. Next, 

5µl LIVE/DEAD Fixable Near-IR Dead Cell Stain (pre-diluted 1:20 in PBS) was added, 

prior to extracellular labelling with the panel outlined in Table 2.9. Cells were incubated 

for 30 minutes at 4°C, with antibody volumes as follows: 2.5µl (anti-IgM, IgD, CD3, 

CD14, CD56, CD27) and 7.5µl (anti-CD5, CD24, CD38). The cells were washed twice 

in 2ml PBS at 1500rpm. Pellets were vortexed, resuspended in 250µl BD 

Fixation/Permeabilization solution, containing 4.2% formaldehyde, and stored for 20 

minutes at 4°C. Cells were then washed twice in 2ml PBS at 1500rpm, resuspended in 

1ml FACS buffer, and stored overnight at 4°C. Next, cells were spun at 1500rpm, 

resuspended in 1ml BD Perm/Wash Buffer, containing FBS and saponin, and incubated 

for 15 minutes at RT. Cells were spun again at 1500rpm and intracellular labelling 

performed with 15µl each of anti-IL-10-AF647, anti-TGF-β1-PE and anti-TNF-α-AF488. 

Anti-IL-4-BV605, anti-IFN-γ-AF700 and anti-TLR9-PE (15µl each) were also included 

in select experiments. Cells were incubated for 30 minutes at 4°C, washed twice in 1ml 

BD Perm/Wash Buffer at 1500rpm, and resuspended in 150µl FACS buffer. Finally, cells 

were acquired on the CytoFLEX Flow Cytometer, and analysed in FlowJo v10.4. 
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2.3.4.1 Dimensionality reduction of B cell lineage phenotyping data using the tSNE and 

FlowSOM Algorithms 

 

Dimensionality reduction analysis was used to provide a two-dimensional visualization 

of the major B cell lineages in melanoma patient peripheral blood, and provide an 

alternative exploration of IL-10, TGF-β, and TNF-α cytokine expression profiles among 

the key B cell lineage subpopulations. 

Live single CD19+ B cells were gated (Figure 2.4), and dimensionality reduction was 

applied using the t-Distributed Stochastic Neighbor Embedding (tSNE) algorithm. Two-

dimensional tSNE projections were generated utilizing the following parameters: CD27, 

IgD, IgM, CD24 and CD38. The Exact (vantage point tree) KNN and Barnes-Hut gradient 

algorithms with opt-SNE configuration (up to 1000 iterations) were used. Additionally, 

the FlowSOM algorithm was used to generate six meta-clusters per sample based upon 

the above five-marker panel and used to distinguish the major B cell lineage 

subpopulations, for visualization using the generated tSNE projections. 

 

2.3.5 B cell CyTOF phenotyping of HV and melanoma patient peripheral blood 

 

A 29-marker B cell panel including cell surface and intracellular markers was used for 

CyTOF phenotyping analysis. Cells were stained with a mixture of commercially 

available, and in-house conjugated antibodies. The full panel is shown in Table 2.10 and 

was employed for the downstream identification of IL-10 and TGF-β expressing 

regulatory B cell subsets in HV and melanoma patient peripheral blood. This work was 

completed in collaboration with Dr. Zena Willsmore, King’s College London (KCL). 
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Table 2.10 CyTOF phenotyping panel for identification of IL-10 and TGF-β expressing 

regulatory B cell subsets in HV and melanoma patient peripheral blood. 

Intracellular antigen targets are coloured blue. 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.6 Flow cytometry panel optimisations 

 

2.3.6.1 Compensation of fluorescence spillover 

 

Compensation was performed using BD positive/negative compensation beads for each 

fluorophore. Beads and single antibody stains were incubated for 30 minutes at 4°C and 

washed twice in 2ml PBS at 1500rpm. For each experiment, an aliquot of representative 

PBMCs was thawed and used for the unstained control, and separately stained with 5µl 

LIVE/DEAD Fixable Near-IR Dead Cell Stain (pre-diluted 1:20 in PBS) for the relevant 

single stain control. 

2.3.6.2 Antibody titrations 

 

During development of the B cell phenotyping panels, antibody staining volume titrations 

were performed to maximise the assay signal:noise ratio in the final assays. An example 

titration is shown in Figure 2.5, for the anti-CD19 FITC conjugate. 

CyTOF phenotyping panel 

CD45 CD21 IgM 

CD3 Ig Lambda CD28 

CD19 IgG CD4 

CD38 CD5 CD16 

CD81 CD79B BCL-6 

IgD FasR IL-10 

CD20 CD40 Ki-67 

CD8a CD27   

CD25 CD24   

CD138 TGF-β   

HLA-DR CD185   
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Figure 2.5 Example antibody titration for optimisation of assay resolution. 

Stain volume of anti-CD19 FITC was titrated from 0.1-10µl, and separation index was calculated 

according to the equation illustrated. The condition with optimal separation index is 2.5µl, 

representing best-case signal:noise ratio for the CD19 stain. 

 

 

2.3.6.3 Fluorescence minus one 

 

Where appropriate, fluorescence minus one (FMO) controls, whereby cells were stained 

with all the panel fluorophores minus one fluorophore, were used to set the threshold 

between negative and positive-expressing populations for particular markers.  
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2.4 Ex vivo B cell functional studies 

 

2.4.1 General reagents 

 

Ex vivo B cell functional studies were performed using the reagents and in-house 

produced buffers listed in Table 2.11 and Table 2.12, respectively. 

 

Table 2.11 Reagents used for ex vivo B cell functional studies. 

Name Supplier Catalogue 

Number 

DMEM, high glucose, pyruvate Gibco 41966-029 

FBS Gibco 10106-159 

Penicillin-Streptomycin (10,000 U/mL) Gibco 15140-122 

Dynabeads Human T-Activator CD3/CD28 Gibco 11131D 

Human IL-2 Peprotech 200-02-100 

CpG ODN 2006 Miltenyi Biotec 130-100-106 

96-Well Polystyrene Round Bottom Microwell 

Plates 

Thermo Fisher 

Scientific 

10418623 

Cell Activation Cocktail (with Brefeldin A) BioLegend 423304 

PBS, sterile Gibco 10010-023 

LIVE/DEAD™ Fixable Near-IR Dead Cell 

Stain Kit 

Invitrogen L10119 

Cytofix/Cytoperm Soln Kit BD Biosciences 554714 

eBioscience Foxp3 / Transcription Factor 

Staining Buffer Set-1 kit 

Invitrogen 00-5523-00 

eBioscience™ Cell Proliferation Dye eFluor™ 

670 

Invitrogen 65-0840-85 

ExCellerate B Cell Expansion Media, Xeno-

Free 

Bio-Techne CCM031 

Recombinant Human IL-10 (carrier-free) 

protein 

BioLegend 571002 

Recombinant Human TNF-a (carrier-free) 

protein 

BioLegend 570102 

 

Table 2.12 In-house produced buffers for ex vivo B cell functional studies. 

Name Composition 

FACS buffer PBS, 5% FBS 
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2.4.2 Antibodies 

 

Ex vivo B cell functional studies were conducted using the antibodies listed in Table 2.13 

below. 

Table 2.13 Antibodies used for ex vivo B cell functional studies. 

Specificity Clone Conjugate Host 

species 

Supplier Catalogue 

number 

IFN-γ 4S.B3 APC Mouse BioLegend 502512 

TNF-α MAb11 AF488 Mouse BioLegend 502915 

TGF-β 1D11 None Mouse Bio-Techne MAB1835-

100 

FOXP3 259D AF488 Mouse BioLegend 320212 

PD-1 5C4.B8 

(nivolumab) 

None Human Bristol Myers 

Squibb 

N/A 

 

 

2.4.3 Ex vivo B cell functional studies of melanoma patient circulating B cells 

 

Three ex vivo functional assays were performed to investigate the functional modulation 

of T-helper cell phenotype and effector function by B cells derived from melanoma 

patient peripheral blood. A schematic representative of these assays is shown in Figure 

2.6. 
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Figure 2.6 Schematic representation of ex vivo B cell functional studies of melanoma patient 

circulating B cells contained within this Thesis. 

B and T-helper cells were isolated from melanoma patient blood and co-cultured with 

Dynabeads® Human T-Activator CD3/CD28 and recombinant IL-2. Expression of IFN-γ and 

TNF-α was measured from T-helper cells post-culture, conferring the Th1 cell phenotype (1). T-

helper cells were also stained with eBioscience Cell Proliferation Dye eFluor 670, and 

proliferation modelling was performed to track T-helper cell divisions in response to the presence 

of B cells (2). To investigate B cell-mediated Treg generation, isolated CD25-/int CD127+ 

conventional T-helper (Tcon) cells were co-cultured with B cells in the presence of Dynabeads 

and IL-2, and FOXP3+ Treg cells were measured post-culture (3). Created with BioRender.com 

[86]. 

 

 

2.4.3.1 Cytokine suppression assay 

 

The ability of melanoma patient circulating B cells to functionally suppress autologous 

expression of IFN-γ and TNF-α by T-helper cells was tested using an ex vivo cytokine 

suppression assay. First, CD19+ B and CD4+ T-helper cells were isolated from the 

peripheral blood of patients with melanoma using the BD FACS Aria II cell sorter, as 

previously described (Section 2.2.4). Purified B and T-helper cell suspensions were co-
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cultured (1x105 each/well) in sterile DMEM (10% FBS, 50U/ml Pen-Strep) media 

containing Dynabeads® Human T-Activator CD3/CD28 (1x105 beads/well) and 10U/ml 

recombinant IL-2. CpG ODN 2006 (10µg/ml) was added to selected co-culture wells. T-

helper cells (1x105) were also cultured alone as control. 100µl final volume per well was 

added to round-bottom 96 well plates for each condition, and the plates were incubated 

at 37oC with 5% CO2 for 72 hours. Cell Activation Cocktail (with Brefeldin A) was added 

for the final 6 hours of culture. For each sample, an unstimulated condition containing no 

Cell Activation Cocktail was analysed, to set the cut-off between cytokine- and cytokine+ 

cells. 

Post-culture, cells were washed twice in 2ml PBS at 1500rpm (720xg), resuspended in 

100µl FACS buffer, and incubated with 2µl human Fc block for 5 minutes at RT. Next, 

5µl LIVE/DEAD Fixable Near-IR Dead Cell Stain (pre-diluted 1:20 in PBS) was added 

alongside 2.5µl anti-CD4-PE, and cells were incubated for 30 minutes at 4°C. The cells 

were washed twice in 2ml PBS at 1500rpm. Pellets were vortexed, resuspended in 250µl 

BD Fixation/Permeabilization solution, and stored for 20 minutes at 4°C. Fixed cells were 

then washed twice in 2ml PBS at 1500rpm, resuspended in 1ml FACS buffer, and stored 

overnight at 4°C. Next, cells were spun at 1500rpm, resuspended in 1ml BD Perm/Wash 

Buffer, and incubated for 15 minutes at RT. Cells were spun again at 1500rpm and 

intracellular labelling performed with 5µl each of anti-IFN-γ-APC and anti-TNF-α-

AF488, diluted in 40µl of BD Perm/Wash buffer. Cells were incubated for 30 minutes at 

4°C, washed twice in 1ml BD Perm/Wash Buffer at 1500rpm, and resuspended in 150µl 

FACS buffer. Finally, cells were acquired on the CytoFLEX Flow Cytometer, and data 

were analysed in FlowJo v10.4. 
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2.4.3.2 T-helper cell proliferation assay 

 

CD19+ B and CD4+ T-helper cells were isolated from peripheral blood of melanoma 

patients using RosetteSep B and CD4+ T cell enrichment cocktails as previously described 

(Section 2.2.5). Purified B and T-helper cell suspensions were individually stained with 

0.5µM eBioscience Cell Proliferation Dye eFluor 670 in 1ml PBS, vortexed, and 

incubated for 10 minutes at 37oC. Unstained B and Th lymphocytes were also incubated 

alongside stained samples, to serve as negative staining control. Staining was quenched 

in 5ml sterile ExCellerate B Cell Media (50U/ml Pen-Strep) for 5 minutes at RT, and cells 

pelleted at 1500rpm (720xg). Cells were then washed three times in 5ml media at 

1500rpm, and cell counts performed as previously described (Section 2.1.4). 

B and T cells were co-cultured (1x105 each/well) in media containing Dynabeads® 

Human T-Activator CD3/CD28 (1x105 beads/well) and 10U/ml recombinant IL-2. 

Unstimulated control wells, without the addition of Dynabeads or recombinant IL-2, 

served to benchmark the non-proliferative population. 50µg/ml anti-PD-1 antibody 

(nivolumab) was added to selected co-culture wells. T-helper cells (1x105) were also 

cultured alone as control, and 0.01-1µg/ml recombinant IL-10 or TNF-α was added to 

selected Th monoculture wells. 100µl final volume per well was added to round-bottom 

96 well plates for each condition, and the plates were incubated at 37oC with 5% CO2 for 

72 hours. 

Post-culture, cells were washed twice in 2ml PBS at 1500rpm, resuspended in 100µl 

FACS buffer, and incubated with 2µl human Fc block for 5 minutes at RT. Next, 5µl 

LIVE/DEAD Fixable Near-IR Dead Cell Stain (pre-diluted 1:20 in PBS) was added 

alongside 2.5µl anti-CD4-PE, and cells incubated for 30 minutes at 4°C. Cells were 
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washed twice in 2ml PBS at 1500rpm and resuspended in 150µl FACS buffer. Finally, 

cells were acquired on the CytoFLEX Flow Cytometer, and proliferation modelling was 

performed in FlowJo v10.4. 

 

2.4.3.3 Treg induction assay 

 

The capability of melanoma patient circulating B cells to induce differentiation of Tregs 

from autologous T-helper cells was investigated using an ex vivo Treg induction assay. 

First, CD19+ B lymphocytes and CD4+ CD25-/int CD127+ conventional T-helper (Tcon) 

lymphocytes were isolated from peripheral blood of melanoma patients using the BD 

FACS Aria II cell sorter, as previously described (Section 2.2.4). Purified B and Tcon 

cell suspensions were co-cultured (1x105 each/well) in sterile DMEM (10% FBS, 50U/ml 

Pen-Strep) media containing Dynabeads® Human T-Activator CD3/CD28 (1x105 

beads/well) and 10U/ml recombinant IL-2. A neutralizing anti-TGF-β antibody 

(50µg/ml) was added to selected co-culture wells. Tcon cells (1x105) were also cultured 

alone as control. 100µl final volume per well was added to round-bottom 96 well plates 

for each condition, and the plates were incubated at 37oC with 5% CO2 for 72 hours. 

Post-culture, cells were washed twice in 2ml PBS at 1500rpm (720xg), resuspended in 

100µl FACS buffer, and incubated with 2µl human Fc block for 5 minutes at RT. Next, 

5µl LIVE/DEAD Fixable Near-IR Dead Cell Stain (pre-diluted 1:20 in PBS) was added 

alongside 2.5µl anti-CD4-PE, and cells incubated for 30 minutes at 4°C. The cells were 

washed twice in 2ml PBS at 1500rpm. Pellets were vortexed, resuspended in 1ml Foxp3 

Fixation/Permeabilization solution, and vortexed again. Fixed samples were then stored 

overnight at 4°C. Next, cells were washed twice at 1500rpm in 2ml Permeabilization 

Buffer, containing saponin. Intracellular labelling was performed with 5µl anti-FOXP3-
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AF488 antibody, and cells were incubated for 30 minutes at 4°C. Cells were then washed 

twice in 2ml Permeabilization Buffer at 1500rpm and resuspended in 150µl FACS buffer. 

Finally, cells were acquired on the CytoFLEX Flow Cytometer, and analysed in FlowJo 

v10.4. 

 

2.5 Gene expression and immunoglobulin repertoire profiling 

 

2.5.1 Bulk gene expression profiling of lymphocyte and lymphoid assembly 

markers in breast tumours 

 

Gene expression levels obtained from breast tumour specimens were analysed from 

internal Guy's Hospital (TNBC-enriched) [249] and TCGA Breast [250] cohorts, and 

compared between PAM50 (Basal-like, HER2, luminal A, luminal B and normal-like) 

and TNBC-subtypes (basal-like 1/2, immunomodulatory, mesenchymal, mesenchymal 

stem–like, luminal androgen receptor) [251]. Gene expression data were generated using 

Affymetrix Human Exon 1.0ST arrays (E-MTAB-5270) (Guy’s Hospital cohort) [249] 

and the RNAseq v2 platform (TCGA cohort) [252]. A B cell metagene signature was also 

analysed from published NanoString data of primary and metastatic breast cancers 

(GSE102818) [253]. 

 

2.5.1.1 KM plotter prospective cohort study 

 

The publicly available Kaplan–Meier (KM) plotter tool, capable of correlating tumour 

mRNA expression and patient survival, was utilised to investigate the prognostic 

significance of B cells, B cell functional signatures, and lymphoid assembly markers in 
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breast cancer. Molecular subtypes were defined by expression of HER2, ESR1 and 

MKI67 (Basal: ESR1-/HER2-; luminal A: ESR1+/HER2-/MKI67 low; luminal B: 

ESR1+/HER2-/MKI67 high and HER2+/ESR1+; HER2+: HER2+/ESR1) [254,255]. B cell 

function-associated gene sets, detailed in Table 2.14, were identified from the gene 

ontology (GO) database. A lymphoid assembly-associated gene signature was also 

compiled from a set of known markers [256]. Individual genes (e.g., CD20 and CD3G), 

and compiled gene sets were analysed for prognostic significance, in terms of overall 

survival. 

Table 2.14 GO annotations for KM plotter prospective cohort study gene sets. 

Annotation Genes ID 

Positive regulation of B lymphocyte activation 9 GO:0050871 

Positive regulation of B lymphocyte differentiation 13 GO:0045579 

Positive regulation of B lymphocyte proliferation 44 GO:0030890 

Isotype switching mechanism 15 GO:0045190 

Positive regulation of IgG-isotype switching 10 GO:0048304 

Positive regulation of IgA-isotype switching 5 GO:0048298 

 

2.5.1.2 CIBERSORT analysis of tumour-infiltrating B lymphocyte subsets 

 

CIBERSORT deconvolution was applied to quantify the abundance of 22 immune 

subsets in 177 TNBC samples, including naïve B cells, plasma cells and memory B 

cells [257]. Gene expression was obtained using the Affymetrix GeneChip Human Exon 

1.0ST microarray (E-MTAB-5270), and TNBCs were selected based on the IHC status 

of HER2 and ER [249] . Only tumours for which deconvolution was considered 

successful (P < 0.05) were taken forward (N = 116). Semi-quantitative TIL 

classification was performed by a trained histopathologist using tissue microarrays. 

Each tumour was scored as following: 0 (absence of lymphocytes); 1 (minimal 

infiltration), 2 (mild infiltration), 3 (moderate infiltration), and 4 (marked infiltration). 
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Tumours with a semi-quantitative score ≥3 were considered to have high TILs. An 

iterative process to determine the optimal cut-off point by a minimal P-value approach 

was employed to identify the cut-off for each of the immune subsets used in the 

outcome analyses. Univariate Cox proportional hazards regression models were used to 

investigate the prognostic importance of immune subsets in high and low TIL infiltrated 

tumours. This work was completed in collaboration with Dr. Jelmar Quist, KCL. 

 

2.5.2 Single-cell RNA-sequencing (scRNA-seq) analysis of breast cancer 

circulating and tumour-infiltrating B lymphocytes 

 

Analyses of breast cancer circulating and tumour-infiltrating B lymphocytes were 

performed on a published scRNA-seq dataset (GSE114725) [258], using R package 

Seurat [259]. Dimensionality reduction was performed using Uniform Manifold 

Approximation and Projection (UMAP), and B cells were clustered using the Louvain 

algorithm [259]. Ig isotypes were detected based upon heavy chain gene expression. 

Differentially expressed genes identified by Seurat were used to perform gene set 

enrichment analysis (GSEA) using the fgsea package [260]. Gene sets were obtained from 

Broad Institute Molecular Signature Database using R package msigdbr. 

CellPhoneDB v2.0 was used to infer B cell-T cell interactions in the breast TME [261]. 

Previously annotated T cell subtypes (CD4+ central memory (CM), CD4+ effector 

memory (EM), CD4+ naive, CD8+ CM, CD8+ EM, CD8+ naive, Treg) were combined into 

a single annotation. The list of B and T cell IDs was used to subset the imputed dataset. 

A pseudocount of 2.591 (the minimal absolute normalised expression value) was added 

to shift the data to non-negative space for downstream analysis of cell-cell interactions. 

Default settings were used for the statistical analysis. False discovery rate (FDR) 
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correction using an FDR <0.001 threshold was applied to identify interactions between B 

and T cells. Predicted interactions were further manually curated to include 

communication pathways associated with lymphoid assembly, cytokine signalling, co-

stimulation, B cell dependent T-cell activation and CTL activation. The R code used to 

analyse scRNA-seq data obtained from GSE114725 can be accessed from 

https://codeocean.com/capsule/8562693. This work was completed in collaboration with 

Mr. Roman Laddach, KCL. 

 

2.5.3 Single-cell RNA-sequencing (scRNA-seq) analysis of melanoma tumour-

infiltrating B lymphocytes 

 

Analyses of melanoma circulating tumour-infiltrating B lymphocytes were performed on 

a published scRNA-seq dataset (GSE123139) [262], using R package Seurat [259]. 

Dimensionality reduction was performed using UMAP, and B cells were clustered using 

the Louvain algorithm [259]. 

CellPhoneDB v2.0 was used to infer interactions of TGF-β+/TNF-α+ B cells with Tcon 

and Treg cells in the melanoma TME [261]. Statistical analysis was performed as in 

Section 2.5.2. Predicted interactions were further manually annotated into communication 

pathways associated with cell-cell contact, inhibitory checkpoints, costimulation, pro-

inflammatory mediators, lymphocyte homing, recruitment, and assembly, leukotriene 

synthesis, negative regulation of inflammation, and inhibition of B cell responses. This 

work was completed in collaboration with Mr. Roman Laddach, KCL. 

 

https://codeocean.com/capsule/8562693
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2.5.4 Long-read immunoglobulin repertoire analysis of breast cancer and normal 

breast tissues 

 

Immunoglobulin repertoire analysis was performed from cDNA synthesised from two 

ER+ cancers, two TNBC and a normal breast sample using the 5' RACE template switch 

method (Suppl. Materials and Methods). Full-length immunoglobulin cDNA was PCR-

amplified with primers containing unique molecular barcodes, with each isotype (IgA, 

IgG, IgM) amplified separately. Purified DNA samples were sequenced using PacBio 

Single Molecule, Real-Time (SMRT) Sequencing platform [263].  Redundant sequences 

with identical molecular barcodes were removed. Ig genes and CDR3 sequences were 

determined using IMGT/HighV-QUEST [264]. Relatedness among sequences were 

estimated using BRepertoire webserver [265] “Clonotype clustering” function, by 

partitioning all CDR3 DNA sequences by the sample and the V gene family used, and 

calculating Levenshtein distances between all sequence pairs within each partition [266]. 

Related sequence pairs were determined as having a distance of 0.18 [265]. Hierarchical 

clustering was performed on this pairwise distance matrix to define clonotypes. The 

clones defined are therefore specific to each sample, and are independent from the 

isotype. Modal sequences of each clonotype were determined as representatives. This 

representative subset (here denoted R) was compared against all the sampled sequences 

(denoted S) to delineate immunoglobulin isotype and subclass distributions of clonally 

expanded repertoire. Specifically, the number of sequences for each Ig isotype and 

subclass were quantified separately in R and S sequence sets, and fold change was 

quantified for each isotype/subtype as: 

fold difference =
Number of Ig sequences in S - Number of Ig sequences in R 

Number of Ig sequences in R
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A large fold difference implies sizeable clonal expansion. This method of quantification 

was applied to compare isotype, subtype and VDJ gene usage combination changes 

following clonal expansion. Data visualization was performed using the ggplot2 package 

in the R Statistical Programming environment (version 3.6.2). Lastly, selection pressure 

analysis was performed using R package shazam [267]. The R code used to analyse breast 

tissue immunoglobulin repertoire data can accessed at 

https://codeocean.com/capsule/8594411. This work was completed by Dr. Joseph Ng, 

KCL. 

 

2.6 Serum antibody isotype profiling 

 

2.6.1 General reagents 

 

Serum antibody isotype profiling was performed using the reagents listed in Table 2.15. 

Table 2.15 Reagents used for serum antibody isotype profiling. 

Name Supplier Catalogue Number 

Antibody Isotyping 7-Plex Human 

ProcartaPlex™ Panel 

Invitrogen EPX070-10818-901 

 

 

2.6.2 7-plex antibody isotyping of HV and breast cancer patient serum 

 

To examine the potential modulation of serum immunoglobulin isotype profiles in breast 

cancer patients, a high-throughput antibody isotyping magnetic bead-based Luminex 

assay was performed, according to manufacturer’s instructions. Titers of IgG1, IgG2, 

IgG3, IgG4, IgM, IgA and IgE were quantified in HV and breast cancer patient serum, 

https://codeocean.com/capsule/8594411
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which was collected as described in Section 2.1.3, stored at -80°C, and thawed on ice 

prior to analysis. 

 

2.6.3 AMORIS analysis of Ig isotype titres in breast cancer patient serum 

 

Baseline serum immunoglobulin isotype titres (IgA, IgG, IgM and IgE) were evaluated 

in the Swedish Apolipoprotein MOrtality-related RISk (AMORIS) cohort [268]. 

Association of serum immunoglobulin isotype titre with probability of breast cancer-

specific death was analysed. Mean follow-up time was 5.2 years patients who died of 

breast cancer (N = 3 89), and 8.8 years for patients who did not die of their breast cancer 

during follow-up (N = 3643). This work was completed by Dr. Aida Santaolalla, KCL. 

 

2.7 Fluorescence immunohistochemistry 

 

2.7.1 General reagents 

 

Fluorescence immunohistochemistry evaluations were performed using the reagents and 

in-house produced buffers listed in Table 2.16 and Table 2.17, respectively. 

 

Table 2.16 Reagents used for fluorescence immunohistochemistry evaluations. 

Name Supplier Catalogue Number 

Tonsil Tissue Slides (Normal) Bio-Techne NBP2-30207 

Xylene mixture of isomers Sigma 214736 

Ethanol, reagent grade Sigma 362808 

Tween 20 Molecular Biology Grade VWR 437082Q 

Phosphate Buffered Saline, 10X Solution Thermo Fisher 

Scientific 

10468543 

ImmEdge Hydrophobic Barrier Pen Bio-Techne 310018 

Albumin, from bovine serum Sigma  A3059 

Normal Goat Serum Generon 900.077 
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Name Supplier Catalogue Number 

Cover Glass 20X20mm Thickness No.1.5 VWR 630-2101 

ProLong Gold Antifade Mountant with 

DAPI-10 mL 

Invitrogen P36931 

ProLong Gold Antifade Mountant-10 mL Invitrogen P36930 

Rimmel London 60 Seconds Super Shine, 8g, 

Clear 

Rimmel London 34778209740 

 

Table 2.17 In-house produced buffers used for fluorescence immunohistochemistry 

evaluations. 

Name Composition 

10mM Citric acid solution 2.94g tri-sodium citrate (dihydrate) and 0.5ml 

(0.05%) Tween 20 in 1000ml dH2O, pH 6.0 

Blocking buffer TBS-T (2.4g Tris base, 8.8g NaCl and 1ml 

(0.1%) Tween 20 in 1000ml dH2O, pH 7.6), 

containing 1% BSA and 10% normal goat 

serum 

 

 

2.7.2 Antibodies 

 

Fluorescence immunohistochemistry evaluations were conducted using the antibodies 

listed in Table 2.18 below. 

 

Table 2.18 Antibodies used for fluorescence immunohistochemistry evaluations. 

Secondary antibodies are coloured blue. 

 

Specificity Clone Conjugate Host 

species 

Dilution 

Factor 

(1:X) 

Supplier Code 

number 

CD20 L26, 

Polyclonal 

None Mouse, 

Goat 

50, 200 Abcam ab9475, 

ab194970 

CD3 CD3-12 None Rat 100 Abcam ab11089 

PanCK KRT/1877

R 

None Rabbit 200 Abcam ab234297 

CD27 EPR8569 None Rabbit 1500 Abcam ab131254 

IgD EPR6146 None Rabbit 3500 Abcam ab124795 

IgM Polyclonal None Goat 200 Abcam ab97201 

IgG EPR4421 None Rabbit 1000 Abcam ab109489 

IgA AD3 None Mouse 100 Novus 

Biologicals 

NB500-

469 
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Specificity Clone Conjugate Host 

species 

Dilution 

Factor 

(1:X) 

Supplier Code 

number 

CD138 Polyclonal None Goat 13 Thermo 

Fisher 

Scientific 

PA547395 

BCL6 EPR11410-

43 

None Rabbit 1500 Abcam ab172610 

IL-10 Polyclonal None Rabbit 500 Abcam ab217941 

TNF-α TNFA/117

2 

None Mouse 100 Abcam ab220210 

Mouse IgG N/A AF488 Goat, 

Donkey 

200 Abcam ab150117, 

ab150109 

Rabbit IgG N/A AF594 Goat, 

Donkey 

200 Abcam ab150088, 

ab150064 

Rat IgG N/A AF647 Goat 200 Abcam ab150167 

Goat IgG N/A AF647 Donkey 200 Abcam ab150135 

Rabbit IgG N/A AF405 Donkey 200 Abcam ab175649 

Goat IgG N/A AF594 Donkey 200 Abcam ab150136 

Rabbit IgG N/A AF647 Donkey 200 Abcam ab150063 

 

 

 

2.7.3 Fluorescence immunohistochemistry evaluation of breast TIL-B localisation 

and immunoglobulin isotype expression 

 

Formalin-fixed paraffin embedded (FFPE) breast cancer and normal breast tissue sections 

were provided by Bart’s Cancer Institute, Queen Mary University of London. Healthy 

volunteer tonsil tissue was also obtained from a commercial source, for positive control 

staining. All tissue sections were of 4μm thickness. Three slides were provided per patient 

or healthy volunteer specimen, and each slide was stained to comprise 3 antibody panels 

as illustrated in Table 2.19. Identification of tumour-infiltrating CD20+ B cells and CD3+ 

T cells in reference to PanCK-expressing tumour-islets was facilitated using Panel 1. TIL-

B were further characterised by immunoglobulin (IgD, IgM, IgA, IgG), and CD27 

expression across Panels 2 and 3. Staining for CD138 and BCL6 was also performed 

within selected experiments in collaboration with Ms. Elena Alberts, to identify tumour-

infiltrating plasma and germinal centre B cells. 
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Table 2.19 Fluorescence immunohistochemistry staining panels for identification of TILs, 

naïve B cells, and B cell immunoglobulin isotype expression within the breast TME. 

Panel Identification Markers 

1 TIL classification DAPI, CD20, CD3, PanCK 

2 Naïve B cell identification DAPI, CD20, IgD 

3 Ig isotype expression IgM, IgA, IgG, CD27 

 

2.7.3.1 Preparation, antigen retrieval, and staining of FFPE tissues 

 

Slides were prepared for antigen retrieval using a deparaffinization and rehydration 

protocol. FFPE sections were warmed to 56°C on a heated plate for 2 minutes to melt the 

paraffin wax. Slides then underwent a series of 5 minutes washes: 1) Xylene; 2) Xylene; 

3) 100% Ethanol; 4) 95% Ethanol; 5) 70% Ethanol. Next, Slides were rinsed under 

running tap water for 5 minutes. Antigen retrieval was performed using a citric acid 

solution (10mM sodium citrate, 0.05% Tween 20, pH 6.0). Slides were incubated in a 

microwavable pressure cooker containing 1 litre of pre-heated acid and cooked for 150 

seconds with the pressure valve activated. The cooker was then removed from the 

microwave and rinsed under tap water for 10 minutes, until all residual citric acid solution 

had been replaced. Slides were removed from the cooker and rinsed for three lots of 5 

minutes in PBS with gentle (40rpm) agitation. 

Next, sections were prepared for staining by being outlined with a hydrophobic wax pen. 

Tissues were blocked with blocking buffer (0.1% TBS-T containing 1% BSA and 10% 

normal goat serum) for one hour at RT in a humidifying chamber. Tissues were then 

incubated overnight at 4°C with primaries antibodies diluted in blocking buffer (outlined 

in Table 2.18), conferring the panels shown in Table 2.19.  

The following day, slides were rinsed three times for 5 minutes with PBS to remove the 

primary antibodies. Tissues were then incubated for 1 hour at RT in the humidifying 
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chamber with appropriate secondary antibodies diluted in blocking buffer (outlined in 

Table 2.18). Slides were again rinsed three times for 5 minutes with PBS. Finally, excess 

moisture was removed from the slides using absorbent blue roll, and sections were 

mounted with #1.5 thickness coverslips, using ProLong™ Gold Antifade Mountant either 

with DAPI (Panels 1 and 2), or without DAPI (Panel 3). Slides were sealed using clear 

nail varnish, placed on a flat, dry surface, and left to incubate for 24 hours at 4°C. The 

stained tissues were visualised using the Nikon TE 2000-U inverted confocal, and 

Olympus VS120-S5 slide scanning microscopes. 

 

2.7.3.2 Quantitative technique for determination of TIL-B densities 

 

For cancer specimens, the area of analysis for TIL density quantification was determined 

as being within the borders of the invasive lesion, guided by TIL working group 

guidelines [197] and a trained breast pathologist, Dr. Fangfang Liu, and discerned using 

PanCK and DAPI staining. Dr. Liu also provided guidance on the identification of other 

features of breast pathology, including DCIS, normal lobules, and tertiary lymphoid 

structures.  

To investigate TIL-B structural formation and localisation within the TME, B 

lymphocytes were classified into distinct groups. TIL-B were categorised as being 

intratumoural or stromal, according to their location inside or outside of tumour islets 

respectively, defined using PanCK staining. Furthermore, the presence of B lymphocytes 

within TIL clusters was determined as those belonging to groups of at least thirty B 

lymphocytes immediately adjacent to at least thirty T lymphocytes, within 100μm of 

tissue. 
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Quantitative analysis was performed by capturing 40 randomly distributed image fields 

within each defined tumour section, using a Nikon TE 2000-U confocal microscope. TILs 

positive for relevant markers were counted manually using ImageJ software, and the 

cellular density of each TIL subset (per mm3 tumour) was calculated using the basic 

formula: 

Mean cells per image x 1/image area (mm2) x 1/section thickness (mm3) = cell 

density/mm3 tumour. 

B cell densities were also quantified in normal (control) breast tissue, within the area 

surrounding normal lobules, and using the basic formula above. 

 

2.7.4 Fluorescence immunohistochemistry evaluation of melanoma tumour-

infiltrating IL-10+ regulatory and TNF-α+ inflammatory B cells 

 

Frozen melanoma tumour sections (4μm thickness) were stained with fluorescently 

conjugated antibodies specific to human IL-10, TNF-α, and CD20, and DAPI 

counterstained, for identification of regulatory and pro-inflammatory cytokine-

expressing CD20+ TIL-B. 

 

2.7.4.1 Preparation and staining of frozen tissues 

 

Unfixed cryosections were removed from storage at -80°C and thawed for 5 minutes at 

RT. Slides were next fixed with pro-cooled Acetone and then Ethanol for 10 minutes 

each. Slides were washed in PBS for 5 minutes and staining and mounting was performed 

as in Section 2.7.3.1. Primary and secondary antibodies used are outlined in Table 2.18. 

Stained tissues were visualised using the Olympus VS120-S5 slide scanning microscope. 
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2.8 Statistical methods 

 

GraphPad Prism (version 9.0) and R were used for statistical analyses of paired and 

unpaired datasets. All data included in this Thesis represent mean ± standard error mean 

(SEM), unless otherwise stated. Correlation analyses were performed using linear 

regression, with correlation coefficient (r) and Probability (P) values reported. Analyses 

of differences in means between two groups were performed using the student’s two-

tailed T-test for normally distributed data, and Mann-Whitney U test for non-normally 

distributed data, where normality was tested using the Shapiro-Wilk test. Where multiple 

group means were compared, one-way Analysis of Variance (ANOVA) was used, with a 

Tukey’s post-hoc comparison test. P-values were reported for all comparisons with the 

following associated symbols: P > 0.05 (ns), P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), 

P < 0.0001 (****). P < 0.05 was considered to represent a significant difference in all 

statistical tests. 
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Chapter 3: B Lymphocyte Subsets, Immunoglobulin Isotype 

Expression, and Clonal Features in Breast Cancer 

 

3.1 Introduction 

 

Initiation of effective adaptive immunity may contribute to tumour growth restriction 

through specific antigen-directed responses. The T lymphocyte component of anti-tumour 

immunity has received significant attention [218].  In contrast, B lymphocytes, especially 

the memory and isotype-switched compartments, and their expressed antibody profiles 

remain only partially elucidated. Emerging findings suggest that aspects of humoral 

immune responses may correlate with improved clinical outcomes via B cell tumour-

infiltration and expression of antibodies in lesions or in the circulation [213,217]. These 

could differ across tumour types, potentially offering opportunities for stratification and 

for guiding therapy options. 

Breast cancer is one of the most frequently diagnosed malignancies, divided into 

biological, and differential therapy-associated subtypes based on ER, PR, and HER2 

expression, with specific prognostic and predictive biomarker implications. Triple-

negative breast cancers (TNBC) do not express any of these markers and demonstrate the 

least favourable prognosis due to both an aggressive phenotype and limited targeted 

therapies [269]. Although breast cancer has not traditionally been regarded as a typical 

immunogenic malignancy, emerging studies report the presence and potential clinical 

significance of tumour-infiltrating immune cells for clinical outcomes [270]. 

Paradoxically, despite an overall poor prognosis of patients with TNBC, immune 

infiltration is more pronounced compared with other breast cancer types. Consistent with 
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an immunogenic tumour microenvironment, some TNBC patients may benefit from anti-

programmed death-ligand 1 (PD-L1) and anti-PD-1 immunotherapy with atezolizumab 

in combination with chemotherapy [44]. TNBCs are characterised by immunologically 

variable and compartmentalised tumours with structural features in the tumour-immune 

interphase and large variability across individuals, mandating the need for patient 

stratification for therapy selection [271]. The most thoroughly studied effector cells 

within the breast cancer setting are CD8+ cytotoxic T lymphocytes and natural killer (NK) 

cells [272]. However, TIL-B aggregating within tertiary lymphoid structures [185] may 

have an antigen-educated phenotype [273] and autoantibodies are thought to trigger 

tumour cell clearance [274]. TIL-B might also serve as antigen-presenting cells to 

promote anti-tumour Th responses [275]. Therefore, it is increasingly recognised that 

humoral immune responses may be important contributors to breast cancer outcome, 

especially in more immunogenic TNBCs. 

The interaction between the immune system and malignant cells therefore constitutes a 

major focus of current translational and clinical investigation [215]. Recent studies have 

provided evidence of TIL-B and tumour-reactive immunoglobulin in several solid 

tumours, including in breast cancer, and TIL-B have been reported to respond to B cell 

receptor stimulation and produce immunoglobulins ex vivo [191,214,276]. 

 

 

 

 

 

 

https://www.cancer.gov/about-cancer/treatment/drugs/atezolizumab
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3.2 Hypothesis, objectives, and published work 

 

3.2.1 Hypothesis 

 

Overall, the results presented within this Chapter, were generated using a range of 

techniques including cytofluorimetric, transcriptomic, immunofluorescence, single-cell 

RNA-seq and long-read immunoglobulin repertoire studies. The aim was to provide novel 

insights into the systemic and intratumoural B cell responses to breast cancer, focusing 

upon the more aggressive triple-negative breast cancers, with reference to the modulation 

of isotype-switched and memory B cell subsets, immunoglobulin isotype distribution, and 

B cell clonal expansion profiles. Attention is paid to unravelling the prognostic value of 

breast TIL-B, including stratification by key B cell functional signatures, with the aim of 

alleviating the current uncertainty surrounding the impact of B cells in the breast TME. 

 

3.2.2 Objectives 

 

The objectives of this Chapter comprise the following: 

 

1. To assess B cell phenotypes including memory, activated, and isotype-switched 

subsets, in the peripheral blood and cancer lesions of patients with breast cancer. 

2. To elucidate the localisation and structural formation of B cells infiltrating breast 

tumours, and their relationship with T cells, focusing on TNBC. 

3. To investigate characteristics of immunoglobulin expression, and clonal features, 

of B cells infiltrating breast tumours, particularly in TNBC. 
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4. To evaluate the prognostic value of breast TIL-B, with stratification according to 

naïve, plasma or memory B cell subsets, functional profiles, and by breast cancer 

molecular subtype. 

 

3.2.3 Published Work 

 

This Chapter contains findings included in a peer-reviewed manuscript entitled “Tumor-

Infiltrating B Lymphocyte Profiling Identifies IgG-Biased, Clonally Expanded 

Prognostic Phenotypes In Triple-Negative Breast Cancer” [68] which was published in 

2021 in Cancer Research. The full manuscript, supplementary figures, and tables can be 

found in the Appendix. Analysis of serum immunoglobulin titres (Figure 3.3) in the 

AMORIS cohort was completed by Dr. Aida Santaolalla, KCL. Analysis of CD27+ 

expression distribution and germinal centre B cell marker expression across B cell 

populations analysed by single-cell gene expression was conducted in collaboration with 

Mr. Roman Laddach, KCL, and immunohistochemistry/immunofluorescence (IHC/IF) 

studies (Figure 3.4) were done in collaboration with Ms. Elena Alberts, KCL. B cell 

metagene NanoString analysis (Figure 3.5 (C)) was conducted in collaboration with Dr 

Alicia Chenoweth, KCL. CIBERSORT analysis of TIL-B subsets (Figure 3.5 (E)) was 

conducted in collaboration with Dr Jelmar Quist, KCL. Single cell RNA-seq analysis of 

TIL-B activatory signatures (Figure 3.8 (A-C)), B cell-T cell interactions (Figure 3.8 

(E)) and Ig isotype expression (Figure 3.13 (A-D) and Figure 3.14) was conducted in 

collaboration with Mr. Roman Laddach, KCL. Lastly, Immunoglobulin repertoire 

analysis of breast cancer samples (Figure 3.16 and Figure 3.17) was conducted in 

collaboration with Dr. Joseph Ng, KCL. 
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3.3 Patient and healthy volunteer cohort characteristics 

 

A collection of internal and external cohorts of healthy volunteer and breast cancer patient 

samples analysed in this Chapter are summarised in Table 3.1. 

Table 3.1 Summary of healthy volunteer (control) and breast cancer patient cohorts. 
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3.4 Results 

 

3.4.1 Collapse in circulating memory B cells contrasts with amplification of 

intratumoural class-switched memory B cell compartment in breast cancer 

 

I first investigated the differences in B cell subset distribution between HV and breast 

cancer patient peripheral blood, and breast tumours, using the KCL flow cohort (flow 

cytometry gating strategy is illustrated in Figure 3.1 (A)). Percentages of B cells (CD19+ 

CD20+) and memory (CD19+ CD20+ CD27+) B cells (Bm) in patients (N = 55) and healthy 

subjects (N = 48) were compared by flow cytometry. Consistent with a report in 

melanoma [277], peripheral Bm were diminished in patients compared to healthy 

volunteers (Figure 3.1 (B), bottom panels). This was independent of disease stage or 

chemotherapy treatment status. Significantly lower proportions of B cells (analysed as 

percentage of CD45+ cells) were observed in the circulation of patients with recent 

chemotherapy compared to those without treatment (Figure 3.1 (B), top right panel). 

Moreover, reduced serum immunoglobulin titres were observed in chemotherapy-treated 

individuals, but not in patients without treatment, compared to healthy volunteers (Figure 

3.2, KCL Luminex cohort). In addition, baseline serum immunoglobulin isotype titres, 

analysed in the AMORIS cohort [272], did not predict breast cancer-specific death 

(Figure 3.3). Together, these observations suggest that while chemotherapy impairs 

systemic B cell profiles and limits serum IgG titres, collapse of peripheral Bm is a common 

feature among breast cancer patients, regardless of treatment status. 

I observed higher B cell proportions in tumour single-cell suspensions (N = 17), compared 

to NANT (N = 12) and normal breast (N = 9) tissues (Figure 3.1 (C)). In matched blood 

and tumour samples (N = 7), tumours contained higher CD20+ CD27+ B cell percentages 
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(Figure 3.1 (D)). The total population of CD27+ IgD- B cells was enhanced in tumours 

compared to those in healthy volunteer circulation, and both peripheral and intratumoural 

CD20+ CD27+ B cell populations demonstrated a bias towards the loss of IgD expression 

(N = 32) (Figure 3.1 (E)). 
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Figure 3.1 Flow cytometric analyses reveal reduced circulating CD20+CD27+ memory and 

amplification of breast tumour-infiltrating CD20+CD27+IgD- isotype-switched subsets 

among B cells. 

(A) Gating strategy for identification of B cells and memory (Bm) B cells derived from PBMC 

(example patient PBMC shown). (B) Quantification of total circulating-B cells [top] and Bm cells 

[bottom] as % of CD45+ cells in HV (N=48) and patient (N=55) peripheral blood (KCL flow 

cohort; Table 3.1 for patient information), stratified according to stage and treatment status. (C) 

Quantification of B cells (CD20+) from single cell suspensions of normal breast (N=9), NANT 

(N=12) and cancer tissue (N=17) samples. (D) Quantification of matched patient circulating- and 

tumour-infiltrating CD20+CD27+ B cells (matched samples of 7 patients). (E) Quantification of 

CD20+CD27+IgD- B cells in HV (N=17), patient peripheral blood (N=7) and tumour lesions 

(N=8) shown out of total CD20+ B cells [left] and CD20+CD27+ B cells [right]. Statistical 

significance was determined using the Student’s t-test. 
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Figure 3.2 Serum IgG titres are collapsed in breast cancer patients following chemotherapy. 

(A) Heat map showing serum immunoglobulin isotype concentrations in healthy volunteers 

(N=18) and breast cancer patients (N=7 No Chemo, N=11 Chemo) (KCL Luminex cohort, Table 

3.1) determined via Luminex 7plex assay. Concentrations were split into quintiles using pooled 

global concentrations of each isotype, with increasing concentrations ordered from left to right 

within each isotype for each subject group (coloured from blue (low) to red (high)). A significant 

overall reduction, particularly in IgG and IgE serum concentrations, can be visualised in the breast 

cancer group compared to the HV group. (B) Statistical comparison of serum immunoglobulin 

isotype concentrations within HV and patients with or without previous or ongoing chemotherapy 

treatment. Significant decreases in concentration of IgG subclasses but not of IgE, IgA or IgM 

isotypes are apparent in the chemotherapy treated patient cohort, resulting in a reduced total serum 

immunoglobulin titre. 
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Figure 3.3 Serum immunoglobulin isotype titres do not serve as a predictive marker for 

breast cancer-related mortality. 

Examination of whether serum immunoglobulin isotype titres affect the overall risk of breast 

cancer-specific death. Mean serum immunoglobulin isotype concentrations were compared for 

breast cancer patients who either died specifically from breast cancer (N=389) (mean follow-up 

time 5.2 years) and those patients for whom no breast cancer-specific death was recorded 

(N=3,643) (mean follow-up time 8.8 years) (AMORIS cohort). The distribution of Ig among the 

breast cancer specific death group and deaths from other causes group, was not statistically 

significant. The Ig categories used in the analysis were selected following the medical cut-offs 

established by the Central Automation Laboratory (CALAB) in Stockholm, Sweden, where the 

samples were analysed. Moreover, the multivariate Cox Proportional Hazards regression analysis 

was adjusted for age, parity, education status and Charlton Comorbidity Index (CCI). The 

analyses did not show any difference in survival based on the Ig isotype categories. These 

analyses were completed by Dr. Aida Santaolalla, KCL. 
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Additional quantitative single B cell gene expression analyses (Single cell cohort) also 

confirmed larger proportions of CD20+ CD27+ and CD20+ CD27+ IgD- B cells in tumours 

compared to patient blood (Figure 3.4 (A-B)). Furthermore, isotype-switched TIL-B 

populations comprise memory, GC B cells and plasma cells in non-TNBC and TNBC 

(IHC/IF, KCL IHC cohort and Single cell cohort) (Figure 3.4 (A-E)). 

Overall, these findings reveal a reduced peripheral Bm population in patients compared to 

healthy volunteers, independently of disease stage or treatment, in parallel with an 

enriched tumour-infiltrating isotype-switched B cell compartment in the breast TME 

compared to matched patient blood. 
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Figure 3.4 CD27+ expression distribution and GC B cell marker expression across B cell 

populations analysed by single-cell gene expression and IHC/IF. 

The distribution of CD27+ populations was investigated by scRNA-seq. (A) CD27+ cells and (B) 

CD27+IgD- cells in breast cancer patient blood and tumour samples (Single cell cohort). All 

transcript counts were of cells positive for either or both BCR complex CD79A and CD79B 
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markers. (C) Analyses for B cell subpopulations were also performed by IHC/IF in seven TNBC 

tumour samples (KCL IHC cohort), with representative images for IHC/IF staining. White arrows 

indicate memory B cells as CD20+CD27+ (visible in yellow colour (merge)), while CD138+ cells 

are mostly negative for CD20 staining. Scale bar=50μm. (D) Analysis of GC markers expressed 

by B cells using scRNA-seq. Expression of GC B cell markers in isotype-switched (IgD-IgM-) 

CD19/CD20/CD22+CD27+ memory B cells was investigated for early (IRF8, BCL6, MCL1, 

TCF3) and mature (EBF1, SPIB, DOCK8, BACH2) GC markers [278] in tumour samples (Single 

cell cohort), consistent with initial BCR stimulation inducing GC B cells to differentiate into long-

lived plasma cells and memory B cells in GCs and by subsequent antigen recall responses that 

may drive memory B cells to either differentiate into long-lived plasma cells or to re-enter the GC 

reaction [69]. (E) Representative immunofluorescence images of a TNBC lesion showing isotype-

switched CD20+CD27+ (including IgG/IgA+) B cells co-expressing the early GC marker BCL6 

(White arrows). Scale bar=20μm. These experiments were completed in collaboration with Ms. 

Elena Alberts, KCL. 

 

3.4.2 TIL-B signatures and assembly within stromal clusters are elevated in TNBC 

compared with other breast cancer subtypes 

 

I next asked whether TNBC demonstrate increased immune cell infiltration, with 

particular focus on the TIL-B population, compared with normal breast or other breast 

cancer subtypes. Quantitative IHC/IF evaluations (Bart’s IHC cohort) revealed an 

expansion of CD20+ TIL-B and CD3+ TIL-T within TNBC lesions compared with normal 

tissues (Figure 3.5 (A), Figure 3.6 (A)). Confirmatory gene expression (GEx) analyses 

(KCL and TCGA GEx cohorts) found that the expression of B cell (CD20 and BCR 

complex CD79A) and T cell (CD3G) markers were also elevated in TNBC, compared to 

both normal and non-TNBC tissues (Figure 3.5 (A), Figure 3.6 (A-B)). The combination 

of overall enhanced B and T cell infiltrates, representing a strong backdrop for 

immunological analyses, and the current unmet clinical need of TNBC patients, provided 

the stimulus for focusing my investigations presented in this Chapter around the TNBC 

subtype. 
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Figure 3.5 B cell infiltration and its positive prognostic value in TNBC. 

(A) TIL-B density comparison by IHC within normal breasts and TNBC (N=15 each, Bart’s IHC 

cohort), and by GEx (normal breast vs TNBC (N=10 vs 131, KCL GEx cohort); non-TNBC vs 

TNBC (N=515 vs 123, TCGA GEx cohort); TNBC subtypes (mesenchymal (M), luminal 

androgen receptor (LAR), basal-like 1 and 2 (BL1 and 2) and immunomodulatory (IM) (N=122, 

KCL GEx cohort). Mann-Whitney test was used for statistical significance (B) TNBC TIL-B 



142 

 

correlation with TIL-T by IHC (r=0.72, Bart’s IHC cohort) and by GEx (r=0.73, KCL GEx 

cohort). Linear regression analysis was used to calculate correlation coefficients (r) and p-values. 

(C) B cell metagene NanoString GEx data comparing B cells in primary tumours with metastatic 

sites (N=31 vs 17) (NanoString cohort). This analysis was completed in collaboration with Dr. 

Alicia Chenoweth, KCL. (D) High (above median) TIL-B densities by IHC were associated with 

better overall survival in TNBC (N=15) (Bart’s IHC cohort), and in the basal-like subtype by high 

CD20 GEx (N=241) (KM plotter cohort) (log rank test used to assess statistical significance). (E) 

Kaplan–Meier survival curves display distant metastasis-free survival (DMFS) for naïve B 

cells, plasma cells and memory B cells in TNBC (KCL GEx cohort) using CIBERSORT [257]. 

Data were divided into four groups based on B cell subset and TIL levels stratified by semi-

quantitative TIL classification. Statistical significance was assessed using univariate Cox 

proportional hazards regression models. These analyses were performed in collaboration with Dr. 

Jelmar Quist, KCL.  (F) Representative IHC/IF images (Bart’s IHC cohort) depicting nucleated 

cells (DAPI), epithelial cells (PanCK), B cells (CD20) and T cells (CD3) within normal breast 

and TNBC. Scale bar=50μm. (G) Representative TNBC images highlighting numerous lymphoid 

aggregates (within white lines) consisting of B cells assembled adjacent to a T cell zone. Brown 

dash lines indicate carcinoma edge. Scale bar=2mm. 

 

Among TNBC subtypes, gene expression markers representing B and T cells were highest 

in the Lehmann's immunomodulatory (IM) molecular TNBC subtype, known to be 

enriched in core immune signal transduction pathways and cytokine signaling (N = 122) 

[269] (Figure 3.5 (A), Figure 3.6 (A-B)). TIL-B density and CD20 gene expression 

positively correlated with TIL-T density and CD3 gene expression, respectively (Figure 

3.5 (B)), highlighting strong association of B and T cells in the breast TME. Also, the 

expression of a B cell metagene signature (NanoString cohort) was significantly enhanced 

in primary breast cancer compared to patient-matched metastatic sites (N = 31 vs N =17), 

suggesting a diminished immune TME with advanced disease (Figure 3.5 (C)). 

Both quantitative IHC/IF (N = 15) and KM-plotter survival analysis (N = 241) 

demonstrated that TIL-B in primary tumours were significantly associated with more 

favourable overall survival, most prominently in basal-like/TNBC (Figure 3.5 (D), 

Figure 3.6 (C)). 
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Figure 3.6 TIL-B, TIL-T and B cell recruitment markers in TNBC. 

(A) Quantitative IHC analysis of CD3+ T cells within normal breast tissues and TNBC lesions 

(N=15 each) (Bart’s IHC cohort), and by GEx: normal breast vs TNBC ([left] N=10 vs 131, KCL 

GEx cohort); non-TNBC vs TNBC ([middle] N=515 vs 123, TCGA GEx cohort); and TNBC 

subtypes ([right] N=122, KCL GEx cohort) (B) TIL-B GEx of the BCR complex CD79A marker: 

normal breast vs TNBC ([left] N=10 vs 131, KCL GEx cohort), non-TNBC vs TNBC ([middle] 

N=515 vs 123, TCGA GEx cohort) and TNBC subtypes ([right] N=122, KCL GEx cohort). (C) 

High TIL-B (CD79A expression) demonstrate better overall survival in basal-like subtype 

(N=241) (KM plotter cohort). (D) GEx data for the B cell recruitment marker gene CXCR4: 

normal breast vs TNBC ([left] N=10 vs 131, KCL GEx cohort); non-TNBC vs TNBC ([right] 

N=515 vs 123, TCGA GEx cohort). 
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Additional Kaplan-Meier analyses employing CIBERSORT deconvolution and utilizing 

data from the KCL GEx cohort [257] was used to investigate the associations between 

distant metastasis-free survival (DMFS) and naïve, plasma and memory B cell 

phenotypes in TNBC (N = 89). TIL infiltrates were classified using tissue microarrays, 

and in tumours with high TILs, memory B cells were associated with a more-favourable 

DMFS, while a negative prognostic value was shown for naïve B cells in this cohort 

(Figure 3.5 (E)). IHC/IF staining analyses (Bart’s IHC cohort) confirmed the 

heterogeneity of TIL-T and TIL-B (Figure 3.5 (F)), with evidence of expansive cluster 

formation (demarcated in white (>30 TIL-B and >30 TIL-T aggregated), typically of a B 

cell assembly adjacent to a T cell zone) (Figure 3.5 (G)). This highlighted close B-T cell 

interactions within the TME. 

Since B-T cell clusters were observed in a large proportion (9 of 15) of TNBCs (Bart’s 

IHC cohort), I next evaluated TIL-B spatial and structural characteristics. TIL-B were 

characterised as either stromal or intratumoural, according to penetration within PanCK+ 

tumour islets. B cells were further categorised as forming either clusters or dispersions, 

corresponding to the extent of aggregation along with CD3+ TIL-T (Figure 3.7 (A)). 

Tumours were split by median TIL-B density into TIL-Blow and TIL-Bhigh groups. B cells 

typically formed within stromal clusters irrespective of overall TIL-B density (Figure 3.7 

(B)). Five individuals featuring highly clustered TIL-Bs survived for over 5 years post-

surgery (Figure 3.7 (C)). Consistent with the B-T cell cluster formation observed, 

elevated expression of B cell recruitment and lymphoid assembly marker genes (CXCL13, 

CXCR4 and DC-LAMP) was found in TNBC tumours, compared to both normal breast 

and non-TNBC, and within the TNBC cohort the highest expression of these genes was 

detected in IM tumours (Figure 3.7 (D), Figure 3.6 (D), KCL and TCGA GEx cohorts). 

Increased expression of these signatures was also associated with significantly improved 
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overall survival, using a 10-year follow-up, in basal-like/TNBC (Figure 3.7 (E), KM 

plotter cohort). 
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Figure 3.7 Occurrence of B cells in stromal clusters. 

(A) Representative IHC/IF images (Bart’s IHC cohort), highlighting key TIL characteristics: 

clustered TIL versus dispersed TIL and stromal TIL (outside tumour nests) vs intratumoural TIL 

(within tumour nests). Scale bar=50μm. (B) Quantitative assessment of TIL-B spatial and 

structural characteristics within TNBC (N=15): [left] intratumoural vs stromal; [right] clustered 

versus non-clustered. Patients ranked according to CD20+ TIL-B density (TNBC1=highest), and 

overall survival data indicated. [Inset] Patients samples split at median density into high and low 

TIL-B groups and the % of intratumoural (left) or clustered (right) B cells were analysed. 

Statistical significance was determined using Student’s t-test. (C) Characterization of TNBC TIL-

B profile as stromal clustered, intratumoural clustered, stromal dispersed, or intratumoural 

dispersed. Overall survival data are indicated. (D) GEx data for lymphoid assembly marker genes 

CXCL13 and DC-LAMP ([left] normal breast vs TNBC (N=10 vs 131, KCL GEx cohort); non-

TNBC vs TNBC ([middle] N=515 vs 123, TCGA GEx cohort); TNBC subtypes ([right] N=122, 

KCL GEx cohort). (E) Survival analysis in KM Plotter of determined ER- HER2-/basal surrogate, 

HER2+, luminal A, luminal B subtype KM plotter surrogate subgroups (19) (KM plotter cohort). 

These indicate that expression of lymphoid cell assembly genes carries positive prognostic value 

in TNBC/basal-like and luminal B subtype ([left] Individual genes were evaluated in combination 

with each other gene, and [right] gene set as a whole). 

 

Together, these findings show that TIL-B markedly infiltrate TNBC, and typically form 

stromal clusters along with T cells. TIL-B marker (CD20 and CD79A), and GEx features 

conferring B cell recruitment and lymphoid assembly are enhanced in TNBC compared 

to non-TNBC and normal breast tissues, and associate with more favourable survival 

outcomes in basal-like/TNBC subtype. In addition, the observation that memory, as 

opposed to naïve B cell phenotypes, confer positive prognostic value in high-TIL breast 

tumours hints at the importance of active and dynamic humoral immunity profiles in 

contributing to breast cancer survival outcomes. 

 

3.4.3 Breast tumour-infiltrating B lymphocytes are activated via the B Cell 

Receptor 

 

Next, direct evidence for active roles of B cells in the TME was sought using a previously 

published RNAseq dataset (Single cell cohort). Dimensionality reduction (UMAP) was 

applied to single-cell B cell populations and revealed distinct CD20+ and CD27+ tumour-
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infiltrating B lymphocyte populations compared to those in the circulation (N = 1,476 

circulating B cells and N = 1,021 TIL-B derived from eight patients) (Figure 3.8 (A)). 
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Figure 3.8 scRNA-seq analysis reveals BCR-driven TIL-B activatory signatures and B cell 

lineage gene markers predict positive survival outcome. 

(A) UMAP visualization according to global GEx of single B cells pooled from the peripheral 

blood (1,476 cells) and tumours (1,021 cells) of eight patients (Single cell cohort), coloured by 

relative normalised gene expression levels for CD20 and CD27. (B) The detection of differentially 

expressed genes (DEGs, on cells originally annotated by Azizi et al. [258] as B cells) 

demonstrates elevated expression of FOS, JUN, RGS1 and CD69, indicated by fold change (FC) 

(determined using Wilcoxon Rank Sum test). (C) Gene set enrichment analysis of TIL-B relative 

to circulating B cells using hallmark gene sets. Red colour indicates significant upregulation of 

normalised enrichment scores in TIL-B. (D) Survival analysis in KM Plotter of determined ER-

HER2-/basal surrogate, HER2+, luminal A, luminal B subtype KM plotter surrogate subgroups 

[254] (KM plotter cohort) for expression of gene signatures positively regulating key B cell 

properties (activation, proliferation, and differentiation). Representative genes listed for B cell 

proliferation (44 total in set). Signatures from all three functions carry positive prognostic value 

in the basal-like cancer subtype ([left] Individual genes were evaluated in combination with each 

other gene, and [right] gene set as a whole). (E) CellPhoneDB [261] was applied to analyse B 

cell-T cell interactions (Single cell cohort). After false discovery rate (FDR<0.001) correction, 

predicted communication pathways identified included lymphoid assembly, cytokine signaling, 

co-stimulation, T-cell dependent B cell activation, and CTL activation. Circle sizes indicate p-

value while colour-coding represents the average expression level of interacting molecule 1 in 

cluster 1 and interacting molecule 2 in cluster 2. Analyses (A-C and E) were completed in 

collaboration with Mr. Roman Laddach, KCL. 

 

Downstream differential expression gene (DEG) analysis identified several upregulated 

genes in TIL-B, compared to circulating B cells: FOS and JUN, molecules downstream 

of the BCR complex pathway [279]; RGS1, germinal centre B cell regulator of chemokine 

receptor signaling [280]; and the lymphocyte activation marker CD69, triggered through 

crosslinking of surface Ig [281] (Figure 3.8 (B)). Hallmark enrichment analysis [282] 

revealed significantly elevated expression among TIL-B for genes controlling TNFα 

signaling via NFκB, hypoxia and UV response pathways (Figure 3.8 (C)). In addition, 

several genes known to positively regulate B cell activation, proliferation and 

differentiation functions were upregulated in TNBC compared to normal breast (Figure 

3.9, KCL and TCGA GEx cohorts). Survival analysis of these gene signatures revealed 

positive associations with overall survival, using a 10-year follow up, which was most 

pronounced in basal-like/TNBC (Figure 3.8 (D), KM plotter cohort). 
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Figure 3.9 Expression data of genes that positively regulate key B cell functions. 

GEx data (normal breast vs TNBC (N=10 vs 131, KCL GEx cohort) of individual genes evaluated 

in TNBC compared to normal breast. Pathways investigated include B cell activation, 

proliferation, and differentiation. 

 

 

 

 



150 

 

Next, B cell-T cell interactions in the tumour microenvironment (Single cell cohort) were 

investigated using CellPhoneDB [261]. Predicted cell communication pathways were 

identified which are associated with lymphoid assembly (CXCL12, CCL19, CCL21 and 

CXCL13), cytokine signaling (IL-4, IL-6, IL-13, IL-15, IL-17 and IFNγ), co-stimulation 

(CD28 and ICOS) and immune activation (CD40 and CD226). These findings support 

potential bi-directional functional crosstalk between tumour-infiltrating B and T 

lymphocytes (Figure 3.8 (E)). 

Overall, these results indicate the presence of distinct B cell populations between breast 

cancer patient blood and tumours, and evidence of TIL-B antigen-Ig complex, BCR 

pathway stimulation and B cell-T cell functional crosstalk. Key functional attributes for 

the initiation of B cell responses are associated with improved patient outcomes, 

especially in TNBC. 

 

3.4.4 IgG+ B cell densities are elevated in TNBC, and IgG isotype-switching 

predicts positive survival outcomes in TNBC 

 

I next examined B cell densities according to Ig isotype expression in primary TNBC 

lesions by employing quantitative IHC/IF of IgD, IgM, IgA and IgG isotype-expressing 

B cells (Bart’s IHC cohort) (normal breast tissue, N = 10; TNBC, N = 14). Naïve (IgD+) 

B cells were found at low densities in normal breast, TIL-Blow and TIL-Bhigh tumours 

(Figure 3.10 (A)). Enhanced IgG+ and IgM+ B cell densities were found in TIL-Bhigh and, 

to a lesser extent, in TIL-Blow tumours compared with normal breast (Figure 3.11 (A-B)). 

In contrast, IgA+ B cell densities were consistent among tissue compartments, which 

overall constitutes a bias towards increased IgG+:IgA+ B cell ratio within tumours 
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compared to normal breast, and within TIL-Bhigh compared to TIL-Blow cancers (Figure 

3.11 (C-D)). 

 

Figure 3.10 IHC staining demonstrate CD20 and IgD expression in normal breast and 

TNBC tumours. 

(A) IF images show that naïve (IgD+, arrows) B cell distribution in TNBC TIL-Bhigh tumours is 

analogous to secondary lymphoid organs (tonsil). (B) As a control, IF images illustrating Ig 

isotype distribution in normal breast tissue (Bart’s IHC cohort). Scale bar=200μm. 
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Figure 3.11 Quantitative fluorescence IHC reveals elevated IgG+:IgA+ ratio within high 

TIL-B tumours, implicating expansion of IgG+ B cells within TNBC tumour. 

microenvironment. 

(A) Comparison of surface immunoglobulin-expressing B cell density in normal breast and TNBC 

with low TIL-B density (below median CD20+) and high TIL-B density (above median CD20+). 

(B) Quantitative IHC analysis profiling the proportions of B cells present within the 

microenvironment of normal breast tissue (N=10) and TNBC (N=14) expressing each Ig isotype. 

(C) Enumeration of IgG+:IgA+ B cell ratios. (D) [Right] Example images illustrating IgG+ and 

IgA+ B cells in a typical TIL-B low individual and a TIL-B high individual. Automated cellular 
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detection identifies IgA (green) and IgG (blue) B cells. Scale bar=100μm. (E) Representative 

images depicting typical Ig isotype expression among B cells: IgM+ (red), IgA+ (green), and IgG+ 

(blue). Images from Bart’s IHC cohort. Brown dash lines indicate margin of the cancer. White 

lines separate distinct regions of B cell compartments (PZ=plasma cell zone; F=B cell follicle). 

Scale bar=100μm. Statistical significance was determined using the Student’s t-test. 

 

IHC/IF showed the dominating IgA+ B cell profile present in normal breast is contained 

within normal lobules and their periphery (Figure 3.10 (B)). While TIL-Blow cancers 

lacked large B cell follicles and contained small IgM/IgA/IgG plasma cell zones, TIL-

Bhigh tumours typically contained denser IgM/IgA/IgG plasma cell zones surrounding 

expansive IgM+ follicular B cell clusters with defined germinal centers (Figure 3.11 (E)). 

The resulting B cell assembly in these TIL-Bhigh tumours shares some structural 

similarities with those in tonsil tissues. Moreover, IgG and IgA expression were 

accompanied with CD27 upregulation, validating the differentiated, isotype-switched 

status of these cells (Figure 3.12 (A-C)). I further confirmed that intratumoural IgG+ cells 

comprised both CD20+ as well as CD138+ (plasma) cell populations, the latter being low 

or negative for CD20 expression (Figure 3.12 (D), Figure 3.4 (C)). 
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Figure 3.12 IHC staining demonstrates CD27 expression in isotype-switched TIL-B and 

presence of both memory/GC B and plasma IgG+ B cells in TNBC. 

(A) Significantly-greater CD27 co-expression among IgA+ and IgG+ than IgM+ TIL-B in TNBC 

(N=15). (B) Example images illustrating the extent to which IgM+ B cells co-express CD27 in a 

typical TIL-Bhigh individual and secondary lymphoid organ (tonsil) of healthy volunteer. Scale 

bar=100μm. (C) Representative images depicting the extent to which isotype-switched IgA+ 

(blue) and IgG+ (yellow) B cells co-express CD27+ (red). Brown dash lines indicate margin of 

tumour. White lines separate distinct regions of B cell compartments (PZ=plasma cell zone; F=B 

cell follicle) (Bart’s IHC cohort). Scale bar=100μm. (D) Representative images for IgG+ B cell 
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populations performed by IHC/IF in TNBC samples (KCL IHC cohort). White arrows indicate 

IgG-expressing memory/GC B cells (CD20) or plasma cells (CD138) (visible in yellow colour 

(merge)). Scale bar=10μm.  

 

Since TNBCs feature high levels of IgG-expressing B cells, B immunoglobulin isotypes 

(Ig heavy chain) were investigated using a published scRNA-seq dataset (Single cell 

cohort; N = 1,021 TIL-B across eight patients). UMAP applied to single-cell B cell 

populations revealed distinct TIL-B populations in TNBC compared with non-TNBC 

samples. This analysis also revealed enhanced isotype-switching to IgG1, IgG3, IgG4 and 

IgA2 subclasses in TNBC (Figure 3.13 (A-B)). UMAP confirmed differential isotype-

expressing B cell compartments in TNBC compared with non-TNBC for IgM and IgG1 

based on clustering (Figure 3.13 (C)). Heatmaps of single CD20+ CD27+ B cell IgCH 

expression showed a propensity towards non-switched IgM transcripts in blood, in 

contrast to high levels of isotype-switched IgG and IgA B cells in tumour samples (Figure 

3.14), and higher levels of isotype-switching in TNBC compared to non-TNBC tumour 

samples (Figure 3.13 (D)). These point to an active tumour-resident humoral response, 

different to the equivalent response in the circulation, and likely driven by inflammatory 

and possibly antigenic signals which may support Ig class-switch recombination in the 

breast cancer microenvironment, especially in TNBC. 
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Figure 3.13 Single cell RNA-seq data analysis reveals favor of IgG isotypes in TNBC and 

isotype-switching gene markers predict positive survival outcome. 

(A) UMAP visualization of B cell populations in non-TNBC vs TNBC (Single cell cohort). (B) 

Percentage of each Ig isotype based upon raw data of Ig heavy chain (Student’s t-test) (C) UMAP 

visualization for IgM and IgG1 isotypes coloured by relative normalised gene expression levels 

(N=1,021 cells). (D) IgCH switch transcripts of single B cells 

(CD19+CD27+/CD20+CD27+/CD22+CD27+ single cells) were analysed in non-TNBC and TNBC 

tissues and demonstrated more Ig isotype-switching events in the TNBC samples. (E) Survival 

analysis in KM Plotter of determined ER-HER2-/basal surrogate, HER2+, luminal A, luminal B 

subtype KM plotter surrogate subgroups [254] (KM plotter cohort) for expression of gene 
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signatures positively regulating isotype-switching (total Ig, IgG and IgA isotype-switching). 

Signatures from all three functions carry positive prognostic value in basal-like cancer ([left] 

Individual genes were evaluated in combination with each other gene, and [right] the gene set as 

a whole). Analyses (A-D) were completed in collaboration with Mr. Roman Laddach, KCL. 

 

Survival analysis of isotype-switching gene signatures revealed a positive association 

with 10-year overall survival for IgG, but not for IgA, isotype-switching, most 

pronounced in basal-like/TNBC (Figure 3.13 (E), KM plotter cohort). Moreover, as 

expected, several genes involved in the mechanism of and/or positively regulating 

isotype-switching were upregulated in TNBC compared to normal breast (Figure 3.15, 

KCL and TCGA GEx cohorts). 

These findings indicate a shift in favour of IgG+ B cells in TIL-Bhigh TNBC and point to 

IgG isotype-switching as a contributor to the positive role of B cell responses to breast 

cancers. 
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Figure 3.14 IgCH transcripts of CD27+ B cells. 

IgCH switch transcripts of single B cells (CD19+CD27+/CD20+CD27+/CD22-CD27+ single cells) 

were identified in patient blood (N=71) and breast cancer tissues (N=52) (Single cell cohort). This 

analysis was completed in collaboration with Mr. Roman Laddach, KCL. 
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Figure 3.15 Expression data in TNBC of key genes known to positively regulate B cell 

isotype-switching. 
GEx data (normal breast versus TNBC (N=10 vs 131, KCL GEx cohort) of individual genes 

evaluated in TNBC compared to normal breast. Pathways investigated include isotype-switching 

mechanism and IgG/IgA isotype-switching. 
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3.4.5 IgG-biased, clonally-expanded, immunoglobulin repertoires in breast cancer 

 

Lastly, using long-read sequencing, a dataset of Ig heavy chain repertoires (N=7,670) 

from two TNBCs, two ER+ cancers and one normal breast tissue (KCL sequencing 

cohort) was generated, and sequence clustering analyses were performed to define 

clonotypes and compare the distributions of Ig isotypes following B cell clonal expansion. 

Consistently larger clonal family sizes were observed within the 10 largest clones of 

cancers compared to normal breast (Figure 3.16 (A), top panel). B cell sequences from 

ER+ cancers featured a heterogeneous IgG subclass expansion with few IgA clones. In 

contrast, TNBCs showed clones with co-existing IgG1 and IgA1 subclasses, suggested 

intra-clone isotype-switching (Figure 3.16 (A), bottom panel). Kolmogorov-Smirnov 

analyses revealed that IgG and IgA clonal family frequency distributions were 

significantly different between carcinomas and normal breast (Figure 3.16 (B)). 

Accordingly, IgG and IgA were clonally expanded within tumours (Figure 3.17 (A-B)), 

and on average IgG+ B cells belonged to larger clonal families than IgA+ cells (Figure 

3.16 (C)). These analyses point to an inherent bias towards the preferential clonal 

expansion of IgG isotypes within breast cancers. When variable region gene usage was 

compared, specific V(D)J genes were identified whose combined usage was 

overrepresented in clonally expanded IgG and IgA sequences in tumours. Specific 

combinatorial gene usages appeared to expand in TNBC but not ER+ lesions, and vice 

versa, suggestive of clonally restricted, likely antigen-focused, immunoglobulin 

repertoires (Figure 3.16 (D), Figure 3.17 (C)). Furthermore, immunoglobulin light chain 

repertoire transcripts from single CD20+ CD27+ B cells from two matched blood and 

tumour samples (Single cell cohort, Figure 3.17 (D)) showed similarities in kappa and 
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lambda chain V genes (IGKV, IGLV) and J genes (IGKJ, IGLJ), pointing to potential 

common clonal origins. 

 

Figure 3.16 B cell repertoire analyses of immunoglobulin isotype-switching and clonal 

expansion in breast cancers.  

(A) 7,670 immunoglobulin heavy chain sequences were analysed (KCL sequencing cohort). Top 

10 clones determined by B cell repertoire long read data analyses. Clonotypes were estimated via 

clustering CDR3 sequences. [Top] Bars depict sizes of clones and their breakdown by isotypes. 
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[Bottom] Isotypes present in each clone are indicated by dots. Vertical lines signify co-occurrence 

of isotypes in the same clone. (B) Clone size frequency distribution of IgM/IgA/IgG sequences 

in normal breast (1,771 sequences) and breast cancer (5,899 sequences). Kolmogorov-Smirnov 

analysis highlights significant differences in clone size frequency distributions. (C) Mean 

sequences per clone of IgM/IgA/IgG isotypes. IgG and to a lesser extent, IgA isotypes are clonally 

expanded, while on average IgG isotypes have significantly larger clone sizes than IgA. (D) 

Comparisons of IgA and IgG variable usage of V-J, D-J and V-D genes extracted from normal 

breast, ER+ cancer and TNBC. For each gene usage combination, dot size is proportional to the 

frequency prior to clonal expansion. Dot colours correspond to fold change in the number of 

sequences following clonal expansion, indicating the preference of B cells with that specific VDJ 

combination to be clonally expanded. (E) Selection pressure in clonally related IgA and IgG. 

Clonally related sequences are represented as paired observations (grey lines), and selection 

pressure is considered separately for the Complementarity-Determining Regions CDR) and 

Framework Regions (FWR). Sequences are grouped into normal breast and breast cancer 

(containing two TNBC and two ER+ samples). Paired Wilcoxon tests were conducted, and p-

values were corrected (Benjamini-Hochberg) for multiple comparisons. These experiments were 

completed in collaboration with Dr. Joseph Ng, KCL. 

 

 

Furthermore, a stronger positive selection pressure in the CDRs of IgG, compared to their 

clonally related IgA in tumour samples, was observed, while such a relationship was 

absent in the FWR, and in BCRs from normal breast. (Figure 3.16 (E)). This hints at 

different aspects of B cell responses where IgA expression may act as an early response, 

and IgG+ B cells may confer higher affinity antigen-driven responses. 

Large clonal families, isotype-switching within clonally expanded TIL-B, and a bias for 

IgG subclasses accumulating mutations on specific variable region gene combinations, 

together suggest a mature humoral immune response driven towards specific antigenic 

stimuli in breast cancer. Further understanding of these features may reveal therapeutic 

targets, prognostic biomarkers, and patient subpopulations upon whom to focus therapies 

enhancing adaptive immune responses. 
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Figure 3.17 Immunoglobulin repertoire analysis of breast cancer samples. 

Clonal expansion separated by Ig isotypes and subtypes (KCL sequencing cohort). Total count of 

Ig sequences for (A) each isotype or (B) subtype per sample. [Right panel in (A)] Mean number 

of sequences for each Ig subtype per clonal family. A larger number indicates greater clonal 

expansion. (C) Usage of V, D, and J genes in IgA and IgG sequences. The left panels depict the 

percentage of sequences utilising each V/D/J gene. The right panels indicate the fold change 

obtained by comparing the total sequence set with the representative subset. A large fold change 
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thus indicates greater clonal expansion for sequences carrying that particular V/D/J gene. (D) The 

B cell repertoires in matched blood and tumour samples (Single cell cohort) from each of two 

patients with breast cancer show similarities in the kappa and lambda chain V genes (IGKV, 

IGLV) and J genes (IGKJ, IGLJ) between a patient’s blood and tumour-associated CD20+CD27+ 

B cells. Yellow circles represent light chain repertoires in blood; red circles represent the light 

chain repertoire in tumours. Numbers in circles indicate the raw transcript count of each gene. 

These experiments were completed in collaboration with Dr. Joseph Ng, KCL. 

 

 

3.5 Discussion and future directions 

 

Clinical outcomes in cancer patients may be influenced by the initiation of effective anti-

tumoural adaptive T cell responses, but these are likely to be significantly more effective 

when launched in combination with humoral immunity, including induction of isotype-

switched B cells and secretion of antibodies. The results contained within this Chapter 

presented data from flow cytometric, IHC/IF, bulk GEx, scRNA-seq and long-read 

immunoglobulin sequencing analyses to investigate activated, memory and isotype-

switched B cells in breast cancers, including the more-aggressive and more-immunogenic 

TNBC subtypes. 

Consistent with previous reports [283,284], my results highlight how the TIL-B 

compartment in the tumour stroma is typically organised into clusters of lymphocytes 

including class-switched memory, GC B cells, and plasma cells. Enhanced isotype-

switched B cells, with an IgG-isotype bias may be part of the humoral clonal expansion 

mechanism, especially pronounced in TIL-Bhigh TNBC. The accompanied narrow mature 

immunoglobulin variable region repertoires and enhanced BCR signaling in TIL-B 

strongly signify antigen-driven responses. This dynamic humoral immune profile is 

especially associated with immunogenic TNBC and indicative of more favourable patient 

outcomes. 
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I found a depleted memory CD19+CD20+CD27+ B cell repertoire in patients’ peripheral 

blood regardless of stage or treatment history for their carcinoma. Moreover, this effect 

appears to be exacerbated in breast cancer patients who have undergone chemotherapy, 

possibly owing to the depletion of B cells during treatment, which may irreversibly 

diminish long-lived memory populations. Accordingly, patients receiving chemotherapy 

have lower total serum immunoglobulin titres, indicative of a depleted circulating 

antibody-secreting B cell population. In contrast, flow cytometric analyses revealed an 

upregulated CD20+CD27+IgD- B cell compartment among TIL-B. In agreement, single-

cell transcriptomic analyses point to a bias towards non-switched IgM transcripts in blood 

memory CD20+CD27+ B cells and higher levels of isotype-switched IgG and IgA 

CD20+CD27+ B cells in tumour samples. Consistent with an immunogenic signature in 

TNBCs, higher levels of isotype-switching were seen in single CD20+ CD27+ B cell 

transcripts in TNBC samples compared to non-TNBC tumours. These may be driven by 

a combination of antigen exposure and inflammation in the breast cancer 

microenvironment which promotes Ig class-switch recombination.  

The TIL-B population is largely assembled in clusters (defined in my investigations as 

>30 TIL-B and >30 TIL-T aggregated) and positively associates with overall survival. 

Whilst evident across breast cancer types, transcriptomic analysis suggests that TIL-B 

infiltration is more pronounced in TNBC compared to non-TNBC. TNBC, especially the 

IM molecular subtype, featured elevated expression of B cell recruitment and lymphoid 

cell assembly (CXCL13, CXCR4, DC-LAMP) genes, compared to normal breast. 

Enhanced local expression of CXCL13 in arthritic synovial fluids can draw circulating B 

cells to inflammation sites [285], and B cells may traffic from the blood towards lymphoid 

tissues via CXCR4 stimulation [286]. The evident expression of these signals within the 

TME may recruit B cells, including Bm, from the periphery to cancer lesions. Consistent 
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with this, reduced circulating and enhanced intratumoural CD20+ CD27+ B cell 

compartments were seen in patients. Such chemoattractant signals may also promote local 

B cell assembly into B-T clusters, in line with my observations of close proximity and 

strong correlation between tumour-infiltrating B and T lymphocytes. Whilst the B-T 

clusters I describe are not entirely equivalent to TLSs identified in routine histology [287], 

within these clusters, B-T lymphocytic crosstalk can lead to B cell activation, 

immunoglobulin isotype-switching and local clonal expansion [283,288]. 

Alongside immunohistochemical evidence of spatial B-T association, an active and 

functional B cell compartment is also indicated by BCR signaling and isotype-switching. 

Analyses of scRNA-seq data demonstrated that breast TIL-B are phenotypically distinct 

to those in blood, featuring upregulated BCR complex pathway molecules FOS and JUN, 

germinal center chemokine regulator RGS1, lymphocyte activation marker CD69 and 

TNFα signaling via NFκB. These implicate active BCR engagement by immune 

complexes. In concordance, Ig repertoire analyses revealed IgG-skewed clonal family 

expansion with clonally restricted immunoglobulin variable regions. Significantly larger 

IgG and to a lesser extent IgA, clones with narrow variable region repertoires were found 

in cancers compared to normal breast, indicative of antigen-focused clonal expansion. 

Together, these suggest a dynamic expanded IgG-biased humoral response focused 

towards a small repertoire of antigenic stimuli in the TME, the greater understanding of 

which has the potential to inform therapeutic and biomarker strategies in patients.  

Several studies reported that breast TIL-B carry positive prognostic value [197,270], 

while others found no significant effect [207], or even poorer survival with CD138+ 

plasma cell infiltrates [200]. However, the extent to which B cell phenotype and function 

may correlate with prognosis has not been addressed. In TNBC patients, positive 

prognostic associations of memory, but not of naïve or plasma, B cell infiltration was 
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observed in high-TIL tumours. This may point to positive contributions of memory B 

cells as part of the humoral response in immunogenic breast cancers and especially in 

TNBC. In concordance, my findings indicate that genes which positively regulate B cell 

functions, particularly those involved in activation, proliferation, differentiation and 

isotype-switching, and especially genes associated with isotype-switching to IgG, may 

carry positive prognostic value. Further investigations taking into account patient 

heterogeneity and the influence of gene expression across related pathways may help to 

extend and confirm these findings. 

Furthermore, evidence of a bi-directional functional crosstalk between B and T cells, 

reveals expression of gene pairs associated with lymphoid assembly, co-stimulation, 

cytokine-cytokine receptor interactions, cytotoxic T cell activation and T cell-dependent 

B cell activation. These predicted interactions between B and T cells may have functional 

relevance in driving B cell stimulation and maturation. Positive associations with 

prognosis may stem from the observed crosstalk between B and T cells within TLS [289], 

where antigen presentation and antibody affinity maturation may occur. B cell-mediated 

T-helper cell activation may contribute to immunotherapy response in TNBC with high 

mutation burden [290] and local antigen presentation could amplify tumour antigen-

specific immune responses [275]. The findings presented in this Chapter also provide 

support for the involvement of TIL-B in tumour immune surveillance through secretion 

of cytokines such as TNFα, which may promote differentiation of Th1 cells and polarize 

immune effector cells towards classically activated phenotypes [107]. Tumour-associated 

B cells may therefore receive, trigger and respond to significant T cell-mediated innate 

and antigenic signals including BCR-immune complex formation and co-stimulation. 

These may induce Ig class-switch recombination and affinity maturation, especially in 

TNBC. 
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My results highlighted an IgG-dominated clonally expanded B cell response in those 

breast cancers which were highly infiltrated by immune cells, and positive associations 

between IgG isotype regulator signatures and patient outcome, especially in TNBC. The 

immunoglobulin isotypes produced in the TME may be critical for containing tumour 

growth. Antibodies can directly block cancer cell signalling, and if expressed of the IgG 

isotype, and specifically IgG1, they engender immune-mediated clearance of cancer cells 

via complement activation and engagement of Fc receptor-expressing monocytes, 

macrophages and NK cells [291]. In cancer lesions we observed a higher mutation load 

in the CDRs of IgG compared to their clonally related IgA, absent in the FWR, and in 

BCRs from normal breast. This stronger positive selection pressure on IgG+ B cells may 

represent different aspects of humoral immunity, likely arising from a common B cell 

precursor, with IgA+ and IgG+ B cells driven to generate highly specific but divergent 

BCRs. My work carries significant implications regarding the effectiveness of anti-

tumour B cell responses within highly-infiltrated cancers, where a higher IgG+:IgA+ ratio 

among the expansive B cell infiltrate could engender potent anti-tumour responses 

through the increased relative proportion of IgG isotypes, featuring increased capacity to 

trigger antibody-dependent cellular cytotoxicity by NK cells and antibody-dependent 

cellular phagocytosis by macrophages. Future therapeutic interventions may facilitate or 

take advantage of IgG+ memory and plasma cell infiltrates, and thus influence the balance 

in favour of immune-activatory immunoglobulin isotypes in tumours. 

Collectively, my findings indicate a highly activated B cell compartment is present in 

breast cancers. Intratumoural B cells are spatially associated with T cells within large 

stromal clusters, isotype-switch, expand into large clonal families featuring a bias towards 

IgG subclasses, and carry specific variable region gene combinations with narrow 

repertoires, all suggesting targeted humoral responses to specific antigenic stimuli. 
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Clonally restricted IgG expressing B cells may include in situ generated germinal centre 

and activated memory B cells and terminally differentiated plasma cells. Together, these 

may contribute to humoral immune responses in breast cancer, likely more prominent in 

TNBC. These expansive and clonally skewed immunoglobulin repertoires, and in 

particular those switched to IgG isotypes, may be associated with more-favourable patient 

survival. Although found across breast cancer types, these dynamic B cell traits are highly 

prominent in TNBC. Despite the poor prognosis and aggressive nature of TNBC in many, 

this analysis implicates considerable biological and associated prognostic heterogeneity 

that extends to the TME. Expansive and active B cell breast cancer infiltrates, in a 

proportion of individuals, provide a degree of anti-tumour activity that may, in 

combination with other arms of the immune response, confer a survival benefit and may 

be exploited with immunotherapies to aid in tumour clearance. Elucidating the 

microenvironmental conditions required to initiate, sustain and enhance these beneficial 

anti-tumour responses may be key to developing novel treatments. 
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Chapter 4: Phenotype and Functional Significance of 

Regulatory and Inflammatory B Lymphocytes In Melanoma 

 

4.1 Introduction 

 

Melanoma is considered to be a highly immunogenic malignancy, capable of activating 

potent tumour-specific adaptive immune responses [215]. In support, partial or complete 

regression of lesions, and spontaneous remissions, have been noted among melanoma 

patients [292,293]. The improvements to clinical outcomes in subsets of patients 

following checkpoint inhibitor immunotherapy further underscore the immunogenic 

nature of the disease. Studies into the immune response to melanoma, including the under-

studied B cell component, could provide opportunities for the identification of 

immunomodulatory mechanisms which may promote tumour growth, and provide 

insights for the potential development of novel immunotherapies. 

B cells have been historically renowned as positive regulators of immune responses and 

can do this through several mechanisms. These include differentiation into antibody-

secreting plasmablasts and plasma cells and acting as professional antigen presenting 

cells to contribute to the priming and activation of CD4+ and CD8+ T cells, which may 

promote the clearance of pathogens or malignant cells. In contrast, there is also evidence 

for the role of B cells in negative regulation of immune responses. Original work 

published in the 1980s identified roles for B cells in contributing to immune suppression, 

involving feedback with suppressive T cells, although the presence of a suppressive factor 

proved elusive [294]. In the early 2000s, based on studies in mouse models, consensus 

was achieved that B cells can engage in regulating functions to protect from autoimmunity 
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via the production of IL-10 [295–297], a cytokine with potent anti-inflammatory 

properties [298]. 

The role of IL-10 in healthy individuals is to maintain tissue homeostasis and prevent 

excessive inflammation which could lead to tissue damage, and IL-10 dysregulation may 

confer increased risk of inflammatory diseases. Within the human setting, IL-10-

expressing Bregs have been shown to be dysregulated in patients with multiple sclerosis 

[126], systemic lupus erythematosus [121], and rheumatoid arthritis [127]. There is 

preliminary evidence that IL-10-expressing Bregs may be upregulated in patients with 

solid tumours, such as gastric cancer [243], and observations from mouse models indicate 

that IL-10+ Bregs could contribute to tumour progression [116]. 

Besides IL-10-expressing B cells, additional subsets of regulatory B cells have been 

identified in humans. A recent study found evidence for naïve PD-L1-expressing B cells 

which are upregulated in patients with advanced melanoma and which function by 

curtailing T cell responses ex vivo [153]. Another study identified a novel IgG4+ CD49b+ 

CD73+ B cell subset in the peripheral blood and tumours of melanoma patients, which 

expressed pro-angiogenic and inflammatory mediators including VEGF, CYR61, ADM, 

FGF2, PDGFA, and MDK, and promoted endothelial cell tube formation in vitro [154]. 

Outside of melanoma, B cells expressing TGF-β have been shown to facilitate the 

conversion of CD4+ T-helper cells to Tregs in patients with gastric cancer [243]. Overall, 

the systemic and intratumoural regulatory B cell landscape in cancer patients is not yet 

thoroughly explored, likely complex and dynamic, and may differ among tumour types, 

representing multiple immunomodulatory properties, B cell lineages and phenotypes. 

Although the presence of B cells expressing regulatory cytokines and inhibitory ligands 

is beginning to be established in human cancers, the role of inflammatory B cells 
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expressing pro-inflammatory mediators, including TNF-α, remains even more poorly 

understood. A recent study has reported that B cells from melanoma patient peripheral 

blood express TNF-α and/or IL-6, which were shown to independently associate with 

reduced responsiveness to CPI immunotherapy [299]. Moreover, the presence of TNF-α 

transcripts from single B cells extracted from melanoma metastases was also found to be 

associated with CPI immunotherapy failure [299]. Sustained inflammation is a hallmark 

of cancer [300], and although TNF-α can induce apoptosis of tumour cells, prolonged 

exposure may induce survival factors including anti-apoptotic proteins, proangiogenic 

mediators, and metastatic markers [301], which may explain the association of TNF-α-

expressing B cells with reduced response to CPI immunotherapy. 

 

4.2 Hypothesis and objectives 

 

4.2.1 Hypothesis 

 

Overall, there is preliminary evidence for the presence and dynamic role of B cells as 

cytokine producers in patients with cancer, including their role as important sources of 

cytokines within the tumour microenvironment. Prior to the work reported in this Thesis, 

there had been no investigations into the phenotype and function of IL-10-, or TGF-β-

producing regulatory B cells, and limited investigations into IFN-γ-, or TNF-α-expressing 

inflammatory B cells in human melanoma. 

In this Chapter the aim was to investigate cytokine-expressing (IL-10, TGF-β, IFN-γ, and 

TNF-α-expressing) B cells, their potential roles in modulating autologous CD4+ helper T 

cell phenotype and function (including TNF-α, IFN-γ and FOXP3 expression), and their 
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wider significance within the context of the immune response to melanoma. Cytokine 

expressing B cells from patients with melanoma were studied using a range of techniques 

including intracellular cytokine assays, CyTOF phenotyping, scRNA-seq, IHC/IF, bulk 

gene expression, and ex vivo co-culture analyses. 

 

4.2.2 Objectives 

 

The objectives of this Chapter are: 

1. To identify perturbations in B cell cytokine expression (focusing upon IL-10+, 

TGF-β+, IFN-γ+, and TNF-α+ subsets) among melanoma patient compared to 

healthy volunteer peripheral blood circulating B cells. 

2. To unravel the lineage phenotype of melanoma patient circulating B cells 

expressing regulatory IL-10 and TGF-β, and pro-inflammatory TNF-α. 

3. To characterize cytokine expression among B cells infiltrating the melanoma 

tumour microenvironment, including identification of B cell lineage phenotypes. 

4. To assess the functional crosstalk between melanoma tumour-infiltrating TGF-

β+/TNF-α+ B cells with Tcon and Treg cells, including identification of inhibitory 

checkpoint interactions. 

5. To evaluate the potential of B cells derived from melanoma patient peripheral 

blood to: 

a) Suppress autologous Th1 (IFN-γ and TNF-α) cytokine expression, with or 

without the presence of innate pathway stimulation (CpG ODN 2006). 

b) Modulate the proliferation of autologous T-helper cells, including with 

conditions of immune checkpoint blockade (nivolumab). 
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c) Induce a FOXP3+ Treg phenotype from CD25-/int CD127+ Tcon cells, with 

or without neutralisation of TGF-β. 

6. To assess the association of melanoma patient circulating naïve TGF-β+ PD-L1+ 

B cells with overall survival outcomes. 

 

4.3 Patient and healthy volunteer cohort characteristics 

 

A summary of characteristics for healthy volunteer and melanoma patient samples 

analysed in this Chapter are summarised in Table 4.1. 

Table 4.1 Summary of healthy volunteer (control) and melanoma patient cohorts. 
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4.4 Results 

 

4.4.1 Enrichment in TGF-β-expressing naïve B cells and IL-10-expressing 

plasmablasts contrasts with diminished IFN-γ and TNF-α+ inflammatory B cells in 

melanoma patient peripheral blood 

 

I first performed CyTOF phenotyping of heathy volunteer and melanoma patient 

peripheral blood B cells. I employed the FlowSOM algorithm to generate twenty B cell 

meta-clusters based upon the expression of a panel of 19 markers within the CyTOF 

cohort (Figure 4.1 (A)). Subsequent analysis of these B cell meta-clusters identified 

enrichment in regulatory B cell populations. Specifically, the analysis showed enrichment 

in the percentages of IL-10-expressing CD19- CD38hi IgD- CD27+ Ki67+ plasmablasts 

(cluster 19), and TGF-β-expressing CD19+ CD38int IgD+ CD27- PD-L1+ naïve Bregs 

(cluster 12) in melanoma patient (N = 30) compared to age and sex matched healthy 

volunteer (N =13) peripheral blood (Figure 4.1 (B)). A subset of three patients showing 

elevated proportions of IL-10-expressing plasmablasts (>6% of total B cells) were 

identified as males with stage IV disease. No clear features were observed for patients 

with highly polarised TGF-β-expressing naïve Bregs (>6% of total B cells), Further 

investigations with larger cohorts are required to determine whether disease stage may 

correlate with dysregulation among circulating Breg populations.  

I then applied dimensionality reduction using the UMAP algorithm to melanoma patient 

CyTOF phenotyping data, which highlighted wide IL-10 and narrow TGF-β expression 

among circulating B cells, demonstrating differential distributions of each cytokine in the 

B cell compartment (Figure 4.1 (C)).  
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To explore the expression of several cytokines in the whole B cell compartment in the 

blood, an intracellular cytokine assay was developed, and multiple methods of B cell 

activation were tested for the induction and intracellular detection of IL-10+, IL-4+, IFN-

γ and TNF-α+ B cells (gating strategy for identifying total CD19+ B cells is shown in 

Figure 4.2; data for cytokine expression are presented in Figure 4.3 (A-F)). TGF-β-

expressing B cells were detected in human blood samples without ex vivo cellular 

activation. 

The proportions of circulating IL-10+, IL-4+, IFN-γ, TNF-α+, and TGF-β+ B cells out of 

the total CD19+ B cell population were compared between a cohort of patients with 

melanoma and age and sex-matched healthy volunteers (human volunteer characteristics 

are detailed in Table 4.1) (Figure 4.3 (A-F)). No significant differences were found in 

the total percentages of circulating IL-10-expressing Bregs, or IL-4+ B cells out of total 

CD19+ B cells, between melanoma patients and matched healthy volunteers (Figure 4.3 

(A-B)). Although only small proportions of B cells express IFN-γ in response to 

activation, I observed significantly decreased percentages in circulating IFN-γ+ 

inflammatory B cells in melanoma patients compared to matched healthy volunteers, 

using innate pathway stimulation (0.1µg/ml CpG ODN 2006) (Figure 4.3 (C)).  A 

substantial proportion of patient and HV circulating B cells responded to innate pathway 

activation with strongly polarised expression of TNF-α, however, I observed a collapse 

in the total percentage of circulating TNF-α-expressing B cells in melanoma patients 

compared to matched healthy volunteers (Figure 4.3 (D)), which was evident across all 

modes of B cell activation. Furthermore, I found no significant difference in the total 

percentages of circulating TGF-β-expressing Bregs out of total CD19+ B cells, between 

melanoma patients and healthy volunteers, although I noted a trend towards a higher 

proportion of TGF-β-expressing B cells in the patients (seven samples) compared to the 
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healthy volunteers (three samples) I examined (Figure 4.3 (E)). Interestingly, the ratio of 

IFN-γ+:IL-4+ B cells, a pro-inflammatory measure which can represent the balance 

between Th1 (IFN-γ+) and Th2 (IL-4+) phenotypes, was significantly decreased in 

melanoma patients compared to a matched healthy volunteer cohort (Figure 4.3 (F)). 

Collectively, these data suggest a level of dysregulation among melanoma patient 

circulating B cells, through an expansion in subpopulations of IL-10+ and TGF-β+ Bregs, 

and a reduced IFN-γ+ and TNF-α+ pro-inflammatory B cell compartment in the total B 

cell population in the blood of patients with melanoma. 
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Figure 4.1 TGF-β-expressing naïve B cells and IL-10-expressing plasmablasts are enriched 

in melanoma patient peripheral blood compared to healthy volunteer peripheral blood. 

(A) The FlowSOM algorithm was used to generate twenty meta-clusters from HV and melanoma 

patient pooled B cells based upon the expression of a panel of 19 markers within the CyTOF 

cohort (left). Heatmaps illustrate marker expression within each cluster (blue = low; red = high) 

(right). (B) CyTOF phenotyping of B cell subsets identified enrichment in regulatory B cell 

populations of [Left] CD19- CD38hi IgD- CD27+ Ki67+ IL-10+ plasmablasts (cluster 19) and 

[Right] CD19+ CD38int IgD+ CD27- PD-L1+ TGF-β+ naïve B cells (cluster 12) in melanoma 

patient (N = 30) compared to matched healthy volunteer (N = 13) peripheral blood samples. (C) 

UMAP clustering analysis demonstrates scattered IL-10+ expressing populations across B cell 

subsets and narrow TGF-β+ phenotypic population distribution. Cells clustered according to 

extracellular marker expression (CyTOF 19-marker panel) and coloured from purple (0.00) to 

yellow (1.00) corresponding to scaled expression of each cytokine. These analyses were 

completed in collaboration with Dr. Zena Willsmore, KCL. 
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Figure 4.2 Flow cytometric gating strategy for the identification of CD19+ B cells from 

peripheral blood mononuclear cells following ex vivo culture. 
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Figure 4.3 Flow cytometric evaluations of IL-10, IL-4, IFN-γ, TNF-α, and TGF-β expressing 

B cells in melanoma patient and compared to healthy volunteer peripheral blood. 

Healthy volunteer and melanoma patient peripheral blood mononuclear cells were incubated for 

72 hours, with a cytokine stimulation cocktail added for the final 6 hours. For each part (A-E): 

[Left] Comparison of total % of cytokine-expressing B cells in a cohort of melanoma patients and 

matched healthy volunteers in presence (IL-10+, IL-4+, IFN-γ+, TNF-α+ B cells) or absence (TGF-

β+ B cells) of B cell activation stimuli (0.1µg/ml CpG, CD40L, 10µg/ml CpG, or CD40L + 

10µg/ml CpG). [Right] Flow cytometry plots show gating of CD19+ B cells by cytokine 

expression from a representative healthy volunteer and melanoma patient. Condition depicted 
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represents optimal condition for induction (CD40L + 10µg/ml CpG for IL-10, IL-4 and IFN-γ, 

0.1µg/ml CpG for TNF-α,) or unstimulated condition (TGF-β). N numbers (healthy volunteers / 

melanoma patients) are as follows: IL-10 (N = 17 / 18), IL-4 (N = 12 / 7), IFN-γ (N = 10 / 6), 

TNF-α (N = 18 / 17), and TGF-β (N = 3 / 7). TNF-α+ inflammatory B cells are decreased in 

melanoma patient compared to healthy volunteer peripheral blood across all activation conditions, 

while no significant differences were observed for IL-10, TGF-β, IL-4, IFN-γ-expressing B cells. 

(F) Ratio of IFN-γ+:IL-4+ B cells in a cohort of melanoma patients (N = 6) and matched healthy 

volunteers (N = 10) following B cell activation by innate stimuli (0.1µg/ml CpG). 

 

 

4.4.2 Cytokine expression among the whole melanoma patient circulating B cell 

compartment is preferentially associated with CD27+ memory subsets 

 

I next sought to identify the phenotype of melanoma patient circulating regulatory IL-10 

and TGF-β, and pro-inflammatory TNF-α expressing B cells in the total CD19+ B cell 

compartment. Expression of all three cytokines was found to be associated with CD27 

expression (Figure 4.4 (A-D)), a key marker of the memory B cell lineage [302]. In 

support, both IL-10+ and TNF-α+ B cells were significantly enriched in a separately 

defined CD24hi CD38- memory phenotype [248], compared to IL-10- and TNF-α- B cells. 

Neither IL-10 nor TNF-α-expressing B cells were found to be associated with enrichment 

in IgD or IgM expression, and tSNE dimensionality reduction analysis, alongside 

flowSOM clustering of B cells according to CD27, IgD, IgM, CD24 and CD38 expression 

(Figure 4.5), highlighted their presence within both class-switched memory and IgM 

memory lineage subsets. Consistent with CyTOF phenotyping (Figure 4.1 (B)), TGF-β+ 

Bregs showed a narrow phenotypic distribution, typically co-expressing IgD, IgM and 

CD27, suggesting a non-class-switched memory lineage, although naïve TGF-β+ Bregs 

were also observed. 
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These findings reveal that melanoma patient circulating CD27+ memory B cells may 

express both regulatory and pro-inflammatory cytokines, and TGF-β is associated with 

non-class-switched memory B cells. 
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Figure 4.4 Lineage analysis of B cells expressing each of IL-10, TGF-β and TNF-α cytokines 

show wide phenotypic distribution, with preference towards a CD27+ memory phenotype 

and with TGF-β+ cells routinely non-isotype-switched. 

Live single CD19+ B cells from melanoma patient blood were gated prior to IL-10+, TGF-β+ and 

TNF-α+ B cell lineage analyses. [Left] Flow cytometry plots highlighting identification of: CD24hi 

CD38- memory B cells, CD24hi CD38hi transitional B cells (TrB), CD24int CD38int naïve B cells 

and CD24- CD38++ plasmablasts (PB), CD27 expression, and B cell immunoglobulin isotype 

distribution in peripheral blood of a representative patient. Cells are coloured according to IL-10 

(A), TGF-β (B) and TNF-α (C) cytokine expression (green = low; red = high). [Right] tSNE 

projections cluster B cells according to CD27, IgD, IgM, CD24 and CD38 expression. The top 

three largest populations by flowSOM clustering are naïve, IgM memory and isotype-switched 

(C/S) memory B cells. Cells are coloured according to IL-10 (A), TGF-β (B) and TNF-α (C) 

cytokine expression (blue = negative; red = positive). (D) Lineage analysis of B cells by IL-10 

[left], TGF-β [middle] and TNF-α [right] cytokine expression (N = 7). Percentage of cytokine-

expressing B cells showing particular B cell lineage phenotypes are compared to baseline 

phenotype (shown by cytokine- cells) to identify phenotypic preference. IL-10, TGF-β and TNF-

α-expressing B cell subsets were more likely to express the memory B cell marker CD27 

significantly above the baseline phenotype. TGF-β-expressing B cells additionally were more 

likely to be associated with IgD and IgM expression significantly above baseline, denoting that 

TGF-β is associated with memory B cells of a non-isotype-switched phenotype. 
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Figure 4.5 Dimensionality reduction using the tSNE and FlowSOM Algorithms for lineage 

analysis of B cells expressing each of IL-10, TGF-β and TNF-α. 

Melanoma patient peripheral blood mononuclear cell suspensions were incubated for 72 hours, 

with a cytokine stimulation cocktail added for the final 6 hours. B cells were activated with 

CD40L + 10µg/ml CpG (ODN 2006) for the detection of IL-10+ Bregs and 0.1µg/ml CpG for the 

detection of TNF-α+ inflammatory B cells. TGF-β was detected in B cells in the absence of ex 

vivo activation. Live single CD19+ B cells were gated and used for dimensionality reduction. 

[Left] The FlowSOM algorithm was used to generate six meta-clusters per sample based upon the 

expression of CD27, IgD, IgM, CD24 and CD38. Heatmaps illustrate marker expression within 

each cluster (blue = low; red = high). Each cluster is annotated according to the B cell lineage 

phenotype and the largest three lineage populations are highlighted in bold. [Right] tSNE 

projections mapping B cells according to the five marker-panel. FlowSOM clusters are indicated 

by colour-coding. Plus (+) symbols indicate degree of expression, where “+” = low or 

intermediate and “++” = high expression. 
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4.4.3 TGF-β-expressing Bregs infiltrate melanoma patient tumours, while TNF-α-

expressing B cells are proportionally lower in the tumour-infiltrating B 

lymphocyte populations compared to the circulation 

 

I next sought to investigate the cytokine expression profiles of melanoma TIL-B, and I 

therefore evaluated melanoma tumour specimens by flow cytometric analyses, single cell 

RNA-seq analyses of publicly available datasets and immunohistochemistry. 

Firstly, I performed intracellular cytokine phenotyping of TIL-B within single cell 

suspensions obtained from melanoma tumours. While no significant difference was 

observed in the percentage of IL-10-expressing Bregs, the percentage of TNF-α-

expressing (CD19+) B cells were significantly reduced in melanoma tumours compared 

to B cells in the patient circulation (Figure 4.6 (A-C)).  

Single cell RNA-seq analysis of pooled TIL-B from 9 melanoma lesion samples was 

performed from a publicly available dataset (GSE123139) [262]. Analysis of B cells in 

these tumours identified 2529 B cells and showed that a proportion of tumour infiltrating 

B cells (11.3%) were TGF-β+ Bregs, while populations of IL-10+ (0.1%) and TNF-α+ 

(0.9%) TIL-B were less frequently detected (Figure 4.6 (D-E)). Immunohistochemistry 

using fluorescently labelled antibodies supported the limited presence of TNF-α+ CD20+ 

TIL-B, although IL-10+ CD20+ Bregs were identified (Figure 4.7).  

Both tumour-infiltrating TGF-β+ (78.6%) and TNF-α+ (87.0%) B cells were 

predominantly of the class-switched memory phenotype (Figure 4.6 (F)), supporting the 

notion that memory B cells may be a key source of cytokine expression in melanoma 

patients (as observed in blood, see Figures 4.4-4.5). Minimal TGF-β and TNF-α co-

expression was observed among TIL-B (Figure 4.6 (G)). 
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Figure 4.6 TNF-α-expressing inflammatory B cell subsets are collapsed, while TGF-β-

expressing subsets are favored in melanoma lesions. 

(A) Flow cytometry gating strategy for the identification of CD19+ B cells from melanoma lesion 

single cell suspensions. (B) [Left] Flow cytometry plots show gating of CD19+ IL-10+ B cells 

from a representative tumour single cell suspension. [Right] No significant difference in the % of 

total IL-10+ Bregs is observed between melanoma patient peripheral blood (N = 18) and tumour 

tissue (N = 14). (C) [Left] Flow cytometry plots show gating of CD19+ TNF-α+ B cells from a 

representative tumour single cell suspension. [Right] The proportion of TNF-α+ inflammatory B 

cells out of total B cells is significantly lower in tumour lesions (N = 5) compared to melanoma 

patient peripheral blood (N = 18). (D) [Left] UMAP visualization defined by global GEx of single 

melanoma TIL-B pooled from N = 9 patients (2529 cells), highlighting distribution of major B 

cell subsets (C/S memory, IgM memory, naïve and plasma cells). [Right] Pie chart illustrates the 

proportions of major B cell subsets among melanoma TIL-B. (E) Proportions of melanoma TIL-

B expressing IL-10, TGF-β and TNF-α. (F) Lineage analysis of melanoma TIL-B by cytokine 

expression. Pie charts compare lineage phenotypes of B cells expressing each of TGF-β [left 

panel], and TNF-α [right panels], to baseline phenotype (denoted as cytokine- cells) to identify 

phenotypic preference. TGF-β and TNF-α-expressing TIL-B show a preference towards class-

switched memory phenotype. (G) UMAP visualization of melanoma TIL-B, coloured by relative 
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normalised gene expression levels for TGF-β and TNF-α. Analyses (D-G) were completed in 

collaboration with Mr. Roman Laddach, KCL. 

 

 

 

 

 

 

 

Figure 4.7 Immunofluorescence studies of melanoma lesions revealed limited presence of 

TNF-α-expressing, but detectable IL-10-expressing B cells within the metastatic melanoma 

tumour microenvironment. 

Example immunofluorescence images demonstrate presence of CD20+ IL-10+ Bregs (white 

arrows) within a melanoma tumour section, while no CD20+ TNF-α+ cells were observed. DAPI; 

blue, CD20; purple, TNF-α+; red, IL-10; green. Scale bar = 100µm (panel images) and 50µm 

(inset image). 
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4.4.4 Evidence for associations and crosstalk between B cells and Bregs with T 

cells in the tumour microenvironment 

 

I next wished to understand whether B cells, including Breg populations, may engage 

with functional crosstalk with the cellular arm of adaptive immune response in 

melanomas. Firstly, I analysed bulk RNAseq gene expression data (TCGA cohort) for 

melanoma samples across primary, metastatic skin, and visceral metastases, and 

conducted a Spearman’s rank correlation test to calculate correlation coefficients (r) and 

p-values. TIL-B (CD79A) gene expression was found to positively correlate with tumour-

infiltrating T lymphocytes (CD3), and cytotoxic T lymphocyte (CD8A+) gene expression 

(Figure 4.8), in both primary, skin and visceral metastases. This suggested that B and T 

cells may communicate, and I then specifically wished to evaluate the interaction of 

cytokine expressing B cells with T cells, including with conventional (Tcon) and 

regulatory (Treg) populations. 
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Figure 4.8 Correlation of B and T cell densities in the tumour microenvironment in 

melanoma. 

Tumour-infiltrating B lymphocytes (CD79A+) positively correlate with tumour-infiltrating T 

lymphocytes (CD3D+), and cytotoxic T lymphocytes (CD8A+), analysed by bulk RNAseq gene 

expression (TCGA cohort) across cancer settings (primary, metastatic skin, and metastatic 

viscera). Spearman’s rank correlation test was used to calculate correlation coefficients (r) and p-

values (**** = P < 0.0001). These analyses were completed in collaboration with Mr. Roman 

Laddach, KCL. 

 

Using CellPhoneDB from the single cell RNA-seq dataset [262], in which TIL-B 

populations from 9 melanoma lesion samples were identified, I searched for evidence of 

potential crosstalk between B and T cells in the tumour microenvironment. Distinct 

predicted B cell:T cell communication pathways were identified for tumour-infiltrating 

B lymphocytes stratified by their cytokine expression [261]. While cell-cell contact, and 

inhibitory checkpoint interactions with conventional T cells and Treg cells were predicted 

for both TGF-β+ and TNF-α+ B cells, the underlying ligand-receptor pairs differed 

(Figure 4.9). 

Cell-cell contact was supported by CD47:SIRP-γ for TGF-β+ B cells with Tregs [303], 

and ICAM2:aLb2 for TNF-α+ B cells engaged with Tcon and Treg populations [304]. In 

addition, TGF-β+ B cells expressed the immune checkpoint receptor Galectin-9 [305], 

which was predicted to bind CD44 on Tregs, and CD47 on Tcon cells. Importantly, the 

interaction of Galectin-9 and CD44 has been previously shown to promote FOXP3 

expression and enhance the function and stability induced Tregs (iTregs) in mouse 

models, alongside complex formation with TGF-β receptor I [306]. TGF-β+ B cells also 

expressed HLA-E, a non-classical HLA molecule which is upregulated in senescent cells 

[307,308], and my analysis indicated predicted interaction of HLA-E with NKG2D, 

expressed by Tcon cells. NKG2D is highly expressed on CD8+ T cells, and interaction of 

NKG2D with its ligands is implicated in the surveillance and elimination of senescent 

cells [307,309]. 
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Figure 4.9 CellPhoneDB analysis of TGF-β+ [left] and TNF-α+ [right] B cell:T cell predicted 

communication pathways in the tumour microenvironment. 

T cells were divided into conventional (Tcon) and regulatory (Treg) subsets. After false discovery 

rate (FDR<0.001) correction, predicted interactions for both B cell subsets include cell-cell 

contact and inhibitory checkpoints, while TNF-α+ B cells may also engage in co-stimulation and 

TNF-α signaling via ICOS, FasR and TNFRII. Circle sizes indicate p-value and colour-coding 

represents the average expression level of interacting molecule 1 in cluster 1 and interacting 

molecule 2 in cluster 2. These analyses were completed in collaboration with Mr. Roman 

Laddach, KCL. 

 

As expected, TNF-α+ B cells were predicted to engage in signaling with T cells via pro-

inflammatory mediators, including TNF-α, lymphotoxin-α (LT-α), and macrophage 

migration inhibitory factor (MIF). My analysis indicated that TNF-α expressed by B cells 

may interact with TNFRII of both Treg and Tcon cells, and TNF-α could also signal via 

FasR and ICOS expressed by Tregs. In addition, TNF-α+ B cells expressed the 

costimulatory ICOS ligand, which was predicted to interact with its receptor ICOS 

expressed by Tregs, and in this context may promote the generation, proliferation, 

survival and suppressive ability of Tregs [310,311]. Lastly, TNF-α+ B cells expressed 

CD72, a negative checkpoint regulator of B cell responsiveness [312,313], which was 

predicted to interact with CD100 expressed by both Tcon and Treg cells (Figure 4.9). 

Collectively, these observations highlight multiple immunoregulatory interactions 

between tumour-infiltrating TGF-β+ and TNF-α+ B cells, with T cells in the TME. TGF-
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β+ B cells have senescent properties and may support the differentiation and maintenance 

of Tregs in melanoma tumours through expression of Galectin-9, while TNF-α+ B cells 

may engage in extensive crosstalk with Tregs, including via ICOS, TNF-α, LT-α and MIF 

signaling, which could support the suppressive activity of Tregs in the melanoma TME. 

CellPhoneDB analyses also identified shared communication pathways, with common 

ligand-receptor pairs, which were present in B cell:T cell interactions involving either 

TGF-β+ or TNF-α+ B cells (Figure 4.10). These shared interactions included molecules 

associated with lymphocyte homing, recruitment, and assembly (SELL, CXCL13, CCL4 

and CD74), leukotriene synthesis (ALOX5), negative regulation of inflammation (GRN) 

and inhibition of B cell responses (CD22). 

In summary, the melanoma tumour microenvironment appears to contain substantial 

proportions of B cells which are polarised to express regulatory cytokines, including 

TGF-β, and may engage in immunosuppressive crosstalk with T cells in the TME via 

Galectin-9 signaling. Reduced proportions of TNF-α+ B cells are present in tumours 

compared to matched blood, and the infiltrating TNF-α+ cells may engage in extensive 

crosstalk with Tregs, which could support the suppressive activity of Tregs in the 

melanoma TME. 
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Figure 4.10 TGF-β and TNF-α-expressing B cells may engage in functional crosstalk with 

Tcon and Treg cells in the TME. 

CellPhoneDB analysis of shared pathways for predicted TGF-β+ [left] and TNF-α+ [right] B cell:T 

cell communication in the tumour microenvironment. T cells were divided into conventional 

(Tcon) and regulatory (Treg) subsets. After false discovery rate (FDR<0.001) correction, shared 

predicted interactions for both B cell subsets include lymphoid homing, recruitment, and 

assembly, leukotriene synthesis, negative regulation of inflammation, and inhibition of B cell 

responses. Circle sizes indicate p-value and colour-coding represents the average expression level 

of interacting molecule 1 in cluster 1 and interacting molecule 2 in cluster 2. These analyses were 

completed in collaboration with Mr. Roman Laddach, KCL. 
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4.4.5 Melanoma patient peripheral blood-derived B cells support the proliferation 

of autologous T-helper cells in ex vivo co-culture, but do not regulate Th1 cytokine 

expression 

 

I lastly investigated the influence of melanoma patient peripheral blood-derived B cells 

upon autologous T cell phenotype and effector function. For this I conducted ex vivo B 

and T-helper cell co-culture studies. 

I found that circulating IFN-γ-expressing CD4+ T-helper cells were significantly 

decreased in melanoma patient peripheral blood compared to blood from healthy 

volunteers (Figure 4.11 (A)), in agreement with previous reports [153]. This finding is 

also consistent with my observation of reduced TNF-α+ inflammatory B cells in patient 

blood and tumours (see Figure 4.3 and Figure 4.6). In autologous 1:1 co-cultures, healthy 

volunteer-derived B cells suppressed TNF-α-expression by CD4+ T-helper cells in the 

presence of CpG (Figure 4.11 (B-C)). In contrast, melanoma patient-derived B cells did 

not suppress either IFN-γ or TNF-α-expression by CD4+ T-helper cells (Figure 4.11 (D)). 

Both healthy volunteer and melanoma patient-derived B cells significantly enhanced the 

percentage of proliferating T-helper cells (Figure 4.12 (A-B)). In patients, this pro-

proliferative effect was further enhanced by PD-1/PD-L1 checkpoint blockade, although 

only through increases in the percentage of proliferating T-helper cells, and not through 

the proliferation index (Figure 4.12 (B)). Finally, while recombinant TNF-α did not 

significantly modulate T-helper cell proliferation, as expected, recombinant IL-10 was 

found to inhibit proliferation [314] (Figure 4.12 (C)). 
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Figure 4.11 B cells derived from melanoma patient peripheral blood do not suppress Th1 

(IFN-γ and TNF-α) cytokine expression. 

(A) Proportion of IFN-γ+ T cells are significantly reduced in melanoma patients (N = 5) compared 

to healthy volunteers (N = 5). (B) Cell-sorting strategy for the isolation of CD19+ B and CD4+ T-

helper cells from PBMC. (C) [Left] Flow cytometry plots indicate the percentage of T cells 

expressing IFN-γ and/or TNF-α from T-helper cells in “T cell only”, “B cell + T cell” and “B cell 

+ T cell + CpG (ODN 2006)” culture conditions for a representative HV. [Right] Peripheral blood 

B cells isolated from 7 HVs suppressed TNF-α expression by autologous CD4+ T-helper cells 

following ex vivo co-culture with CpG. (D) [Left] Flow cytometry plots indicate the percentage 

of T cells expressing IFN-γ and/or TNF-α from T-helper cells for a representative melanoma 

patient. [Right] Peripheral blood B cells isolated from 5 melanoma patients did not suppress IFN-

γ and TNF-α expression by autologous CD4+ T-helper cells following ex vivo co-culture. 
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Figure 4.12 B cells derived from melanoma patient peripheral blood enhance the 

proliferation of autologous T-helper cells ex vivo. 

(A) B cells isolated from healthy volunteer peripheral (N = 5) blood enhance proliferation of 

autologous CD4+ T-helper cells. [Left] The addition of B cells into ex vivo T cell cultures 

enhanced the percentage of proliferating T-helper cells. Addition of 50µg/ml of the anti-PD-1 

antibody nivolumab did not influence the percentage of proliferating T-helper cells in co-culture. 

[Right] Flow cytometry dot plots show generational peaks and indicate total percentage of 

proliferating T-helper cells in “T cell only”, “B cell + T cell” and “B cell + T cell + 50µg/ml 

nivolumab” conditions for a representative healthy volunteer. (B) B cells isolated from melanoma 

patient peripheral (N = 10) blood enhance proliferation of autologous CD4+ T-helper cells. [Left] 

The addition of B cells into ex vivo T cell cultures enhanced both the percentage of proliferating 

T-helper cells, and the proliferation index (average number of divisions for dividing population). 

Addition of 50µg/ml nivolumab further boosts the percentage of proliferating T-helper cells in 

co-culture. [Right] Flow cytometry dot plots indicate total percentage of proliferating T-helper 

cells in culture conditions for a representative patient. (C) Recombinant IL-10 (1µg/ml) can 

significantly inhibit the proliferation of melanoma patient peripheral blood-derived CD4+ T cells 

(N = 4) following anti-CD3/CD28 activation + IL-2, while recombinant TNF-α (0.01-1µg/ml) 

has no significant effect (N = 3). [Right] Flow cytometry plots show generational peaks and 

indicate the total percentage of proliferating T-helper cells in “T cell only” vs “T cell + 1µg/ml 

IL-10” for a representative patient. 
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4.4.6 Melanoma patient peripheral blood-derived B cells induce TGF-β-mediated 

differentiation of autologous FOXP3+ Tregs from conventional T cells in ex vivo 

co-culture, and naïve TGF-β+ Bregs associate with unfavourable survival 

outcomes 

 

In order to further examine the regulatory influence of melanoma patient peripheral 

blood-derived B cells, I utilised an additional B:T-helper cell ex vivo co-culture assay 

analyzing the modulation of FOXP3+ CD4+ regulatory T cells (Tregs). Initially, I 

observed no significant differences in the total percentages of FOXP3+ Tregs between 

melanoma patient and healthy volunteer peripheral blood (Figure 4.13 (A)). For the co-

culture study, I purified populations of non-Treg (conventional) T cells by removing the 

CD25+ CD127- Treg subset enriched in FOXP3 expression (Figure 4.13 (B)). Following 

anti-CD3/CD28 activation, I observed a significantly increased percentage of FOXP3+ 

Tregs in melanoma patient compared to healthy volunteer peripheral blood (Figure 4.13 

(C)). This suggested that a patient-specific subpopulation of T-helper cells may respond 

to activation by differentiating into a Treg phenotype. Ex vivo B:T cell co-cultures 

demonstrated that melanoma patient B cells significantly induced FOXP3+ Treg 

differentiation from the autologous purified CD25-/int CD127+ conventional T-helper cells 

(Figure 4.13 (D)). This suppressive effect was nullified when TGF-β1 was neutralised in 

cell cultures (Figure 4.13 (E)), suggesting a link between TGF-β expression and 

induction of Tregs. Finally, Kaplan-Meier survival analysis of our melanoma patient 

cohort indicated that the presence of circulating TGF-β-expressing CD19+ CD38int IgD+ 

CD27- PD-L1+ naïve Bregs is associated with less favourable overall survival (Figure 

4.13 (F)).  
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Together, these findings highlight that melanoma patient B cells can induce autologous 

Treg differentiation from conventional T cells through the expression of TGF-β, and 

elevated circulating naïve TGF-β+ B cells may indicate unfavourable survival outcomes. 
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Figure 4.13 B cells derived from melanoma patient peripheral blood induce a FOXP3+ Treg 

phenotype from CD25-/int CD127+ conventional T cells. 

(A) No significant difference in %FOXP3+ Tregs is observed between unstimulated healthy 

volunteer (N = 5) and melanoma patient peripheral blood (N = 5) T cells. (B) [Left] Cell-sorting 

strategy for the depletion of CD25+ CD127- Tregs from peripheral blood CD4+ T cells. [Right] 

FOXP3-expressing Tregs are successfully depleted following cell sorting (N = 10). (C) The % of 

FOXP3+ Tregs are elevated in melanoma patients (N = 12) compared to healthy volunteers (N = 

8), following anti-CD3/CD28 stimulation. (D) B cells isolated from melanoma patient peripheral 

blood (N = 12) induce FOXP3+ Tregs from CD4+ CD25-/int CD127+ cells following ex vivo co-

culture. Flow cytometry plots indicate % of FOXP3-expressing T-helper cells in “T cell only” vs 

“B cell + T cell” conditions for a representative patient. (E) Representative flow cytometry plots 

showing that antibody-mediated neutralization of TGF-β alleviates B cell-facilitated induction of 

FOXP3+ Tregs from CD4+ CD25-/int CD127+ Tcon cells. (F) The presence of peripheral blood 

CD19+ CD38int IgD+ CD27- PD-L1+ TGF-β+ naïve Bregs is associated with decreased probability 

of overall survival. Patients split by %TGF-β+ naïve Bregs into low (below median) and high 

(above median) groups. The survival analyses were completed in collaboration with Dr. Zena 

Willsmore, KCL. 
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4.5 Discussion and future directions 

 

Alongside antigen presentation and immunoglobulin expression, B cells may participate 

in systemic and local immune responses to malignant cells via the secretion of cytokines. 

The results presented in this Chapter include data from intracellular cytokine and CyTOF 

phenotyping, transcriptomic analysis, immunofluorescence staining, and ex vivo co-

culture analyses to investigate the phenotype and potential functional significance of 

cytokine-expressing B cells in patients with melanoma, including regulatory (IL-10 

and/or TGF-β-expressing) and pro-inflammatory (IFN-γ and/or TNF-α-expressing) 

subsets. 

Circulating B cells from healthy individuals and melanoma patients responded to innate 

pathway activation by the TLR9 agonist CpG ODN 2006 with strongly polarised 

expression of TNF-α, while B cells expressing IL-10 in response to activation were rarer 

in the CD19+ B cell population. Furthermore, the population of IL-10+ Bregs is expected 

to contain both innate and adaptive Bregs, as the combination of innate pathway 

activation with CpG ODN 2006, and adaptive pathway activation with CD40L induced a 

higher proportion of IL-10+ Bregs, compared to each activation condition alone. A 

population of TGF-β-expressing Bregs was also detected independently of B cell 

activation condition. This suggests that spontaneous expression of TGF-β may occur 

among circulating B cell subsets.  

Although the total percentages of circulating IL-10-expressing Bregs, out of the CD19+ 

B cell population, were not significantly different, a subset of IL-10-expressing CD19- 

CD38hi IgD- CD27+ Ki67+ Bregs was found to be enriched in melanoma patient compared 

to age and sex-matched healthy volunteer peripheral blood. These cells likely represent 
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plasmablasts since the CD38hi IgD- CD27+ Ki67+ signature is a widely accepted 

plasmablast phenotype [248], and in concordance, previous studies have reported human 

plasmablasts to be enriched in IL-10 expression [125]. 

A moderate but as yet non-significant increase was seen in the overall melanoma patient 

circulating TGF-β+ Bregs compartment compared to those from matched healthy 

volunteers, studied by intracellular cytokine assay analyses. The number of samples 

studied in this cohort (3 healthy volunteers and 7 patients) was small. However, by 

interrogating samples from 30 patients with melanoma and 13 healthy volunteers by 

CyTOF using a panel of 25 B cell markers, my results revealed that a subset of TGF-β-

expressing CD19+ CD38int IgD+ CD27- PD-L1+ Bregs (with the CD38int IgD+ CD27- 

signature being a well-accepted naïve B cell phenotype [248]) were significantly enriched 

in the circulation of melanoma patients compared to healthy volunteers. A previous study 

by Wu et al. has shown that PD-L1-expressing naïve Bregs are upregulated in the 

circulation of patients with advanced melanoma [153], although the PD-L1+ Bregs were 

not found to be enriched in TGF-β-expression in that study. The cohorts evaluated within 

this Chapter have been age and sex-matched, and the B cell populations were studied 

using a larger set of B cell markers by CyTOF; together these may offer a clearer insight 

into different subpopulations of B cells than would otherwise be possible using a small 

marker panel. Therefore, the data presented in this Chapter suggest that the PD-L1+ TGF-

β+ Bregs may represent a distinct circulating B cell subset, which is enhanced in patients 

with melanoma. Taken together with my observations of enriched circulating IL-10+ 

plasmablasts, my findings point towards dysregulation of the humoral response in favour 

of regulatory B cell subsets, which are associated with specific B cell lineages in the 

circulation of patients with melanoma. 
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Aside from the observed dysregulation in Breg subsets, intracellular cytokine 

phenotyping data also identified a collapse in the percentages of circulating IFN-γ and 

TNF-α-expressing B cells in the whole CD19+ B cell compartment in melanoma patients 

compared to matched healthy volunteers. Interestingly, a study published in 2021 [299] 

noted a fall in melanoma patient circulating TNF-α-expressing B cells with advancing 

disease, from stage I/II to stage III. With significant collapse compared to healthy states, 

my analyses indicate that a diminished circulating pro-inflammatory B cell compartment, 

comprising IFN-γ+ and TNF-α+ cells, may be a feature of dysregulated humoral immune 

responses in melanoma. It is not clear however whether this feature is present across 

multiple disease stages. The cohort interrogated in my study includes large proportions 

(>75%) of late stage (III and IV) patients (Table 4.1), and therefore it is possible that this 

dysregulated B cell feature may be conspicuous in patients with more advanced disease. 

It is also noteworthy that the cohort interrogated in my study has been selected to include 

individuals who had not received checkpoint inhibitor immunotherapy. Therefore, the 

presence of B cells is not influenced by therapeutic activation of the immune response. 

The association of human B cell cytokine polarisation with cell surface markers and 

lineage phenotypes is a controversial topic, with no consensus on ubiquitous extracellular 

markers, and phenotypic descriptions of regulatory and inflammatory B cell subsets in 

the circulation of melanoma patients have not yet been established. In my analyses, B 

cells expressing each of IL-10, TGF-β and/or TNF-α cytokines were identified across 

multiple B cell lineages, although cytokine expressing B cells consistently showed a 

tendency towards a memory phenotype, with TGF-β+ cells enriched within the IgM 

memory B cell population. These observations add to the consensus that both regulatory 

and pro-inflammatory cytokines may be expressed by human B cells deriving from 
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multiple developmental lineages, and identify the circulating memory B cell pool as an 

important source of these cytokines in patients with melanoma. 

Our group and others have reported that B cells infiltrate melanoma lesions and may 

undergo antigen-driven responses including clonal expansion, isotype-switching, and 

somatic hypermutation [226]. However, the role of B cells as cytokine-expressors within 

the melanoma tumour microenvironment has not been sufficiently elucidated. 

Intracellular cytokine phenotyping identified a collapse in tumour-infiltrating TNF-α-

expressing B cells compared to those in patient circulation, and immunofluorescence and 

transcriptomic analysis supported the limited presence of TNF-α-expressing B cells 

within melanoma tumours. In contrast to the limited proportion of TNF-α+ (0.9%) and 

IL-10+ (0.1%) TIL-B, a substantial proportion of TGF-β+ TIL-B (11.3%) were identified 

in melanoma tumours using scRNAseq. 

Functional exhaustion of tumour-specific CD8+ T cells has been observed in melanoma 

metastases [315], and exhaustion may be associated with reduced IL-2, TNF-α and 

eventually IFN-γ expression [316]. In the present study, the observed impairment of TNF-

α expression among melanoma TIL-B may reflect a state of B cell exhaustion [36][36], 

and the small proportion of B cells which maintained TNF-α expression in the tumour 

were found to engage in inhibitory checkpoint interactions (comprising CD72 [312,313] 

and CD22 [318] signaling) with T cells. 

In my CellPhoneDB analyses, I identified predicted interactions between tumour-

infiltrating TNF-α+ B cells and Tregs, including via pro-inflammatory mediators TNF-α, 

LT-α, and MIF. TNF-α signaling may place via multiple receptors including TNFRII, 

ICOS and FasR. Recent work has found that TNFRII is the main TNF-receptor expressed 

by lymphocytes in tumour-draining lymph nodes [319], and the interaction between 
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membrane-bound TNF-α and TNFRII can promote lymphocyte activation and 

proliferation [320]. Although there is some uncertainty regarding the impact of TNF-α 

signaling on Treg function and FOXP3 expression [321], mounting evidence suggests 

that TNF-α can drive the phenotypic stability and suppressive activity of Tregs [322,323]. 

Moreover, TNF-α+ B cells were predicted to engage in ICOS:ICOSL interaction with 

Tregs, which constitutes a known activating costimulatory immune checkpoint, and in 

this context is expected to promote the generation, proliferation, survival and suppressive 

ability of Tregs [310,311]. 

CellPhoneDB analysis demonstrated that tumour-infiltrating TGF-β+ B cells expressed 

the immune checkpoint receptor Galectin-9 [305], which was predicted to engage with 

CD44 expressed by Tregs. Evidence from mouse models [306] suggest that this 

interaction may act synergistically with TGF-β to support the differentiation and 

maintenance of Tregs. These TGF-β+ B cells also expressed HLA-E, a non-classical HLA 

molecule associated with senescent cells [307,308], which was predicted to interact with 

NKG2D, expressed by Tcon cells. This interaction has been implicated in the surveillance 

and elimination of senescent cells [307,309] and these observations therefore point 

towards a senescent phenotype among intratumoural TGF-β+ B cells, which may facilitate 

CD8+ cytotoxic T cell targeting in the TME. 

Before the work presented in this Thesis, the extent to which B cells isolated from 

melanoma patient peripheral blood can modulate autologous T cell phenotype and 

effector function had been incompletely explored. In the ex vivo cytokine suppression 

assay in the present study, melanoma patient-derived B cells did not suppress either IFN-

γ or TNF-α-expression from CD4+ T-helper cells, including in co-cultures where cells 

were incubated with the innate pathway activator CpG ODN 2006. On the other hand, 

patient B cells significantly enhanced both the proliferation index and percentage of 
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proliferating T-helper cells in the ex vivo co-culture. Taken together, my observations that 

patient-derived B cells allow autologous T-helper cells to produce pro-inflammatory 

cytokines and proliferate ex vivo may point to the possibility that the role of IL-10+ Bregs 

within my ex vivo co-cultures was limited. Instead, these findings may highlight that 

patient B cells are capable of playing an overall supportive role upon T cells, and that the 

observed pro-proliferative effect of patient B cells on autologous T-helper cells in co-

cultures may be due to the potential expression of B cell-derived growth factors. Future 

studies are required to elucidate the mediators involved in these pro-proliferative effects, 

which may include known T cell growth factors such as IL-2 [324], IL-7 [325], or IL-15 

[326]. 

Furthermore, PD-1/PD-L1 checkpoint blockade resulted in increases in the percentage of 

proliferating T-helper cells within the ex vivo B-T cell co-cultures. This provides some 

support that, in addition to the previously published ex vivo suppression of IFN-γ-

mediated CD4+ and CD8+ T cell responses [153], melanoma patient circulating PD-L1+ 

B cells may also inhibit the proliferation of activated autologous CD4+ T-helper cells via 

the PD-1/PD-L1 axis, and more widely that B-T cell interactions may be further promoted 

by checkpoint blocking agents. B cell signatures including serum IgG have been found to 

predict outcome to anti-PD-1 CPIs nivolumab and pembrolizumab [171] in patients with 

metastatic melanoma, and the potential neutralization of the suppressive abilities of PD-

L1-expressing B cells may provide an explanation of these findings. As such, future 

studies are needed to establish the association of baseline circulating PD-L1+ B cells with 

CPI response in cohorts of metastatic melanoma patients. 

While studies in mouse models have suggested that a subset of “tumour-evoked” Bregs 

can facilitate the metastasis of breast cancers through the induction of Tregs, the 

significance of melanoma patient B cells in contributing to ex vivo Treg generation had 
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not been investigated. Utilising ex vivo co-cultures of melanoma patient circulating B 

cells and autologous Tcon cells depleted of Tregs, I observed that B cells significantly 

induced FOXP3+ CD4+ Tregs in a TGF-β1-dependent manner. These findings may 

explain the observed less favourable survival outcomes in patients with elevated 

circulating naïve TGF-β+ Bregs, since the presence of Tregs has been consistently 

associated with poor prognosis in melanoma [327]. 

In summary, the results presented in this Chapter provide evidence for an active and 

dynamic role of B cells as cytokine producers in the circulation and in tumour lesions of 

patients with melanoma. The cytokine-expressing B cell compartment both in the 

circulation and in melanoma lesions may be dysregulated, favouring IL-10+ plasmablast 

and TGF-β+ naïve Bregs, while also downregulating IFN-γ+ and TNF-α+ B cells. I also 

found evidence that the circulating memory B cell pool is an important and diverse source 

of cytokine expression in patients with melanoma, and future studies may focus on the 

plasmablast and memory B cell pools as rich sources of cytokine-expressing B cells. The 

TME appears to contain considerable populations of TGF-β+ Bregs, while TNF-α and IL-

10-expressing cells are scarcer. Both TGF-β+ and TNF-α+ TIL-B were predicted to 

engage in inhibitory checkpoint interactions and crosstalk with Tregs. Furthermore, my 

ex vivo co-culture analyses indicate potential roles for melanoma patient circulating B 

cells as enhancers of autologous T-helper cell proliferation, while PD-L1+ Bregs may 

interfere with these effects, and circulating and tumour-infiltrating TGF-β+ Bregs may be 

responsible for inducing autologous FOXP3+ Tregs. Taken together, my analyses point 

towards a dichotomy in B cell responses to melanoma, which may confer a combination 

of immunostimulatory or immunomodulatory influences, the balance of which may 

depend upon B cell phenotypes, other immune cell subsets present, as well as 

microenvironmental conditions including the local cytokine milieu. 
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Lastly, the presence of systemic and tumour-infiltrating TGF-β+ Bregs, which can 

functionally induce FOXP3+ Tregs, may contribute to tumour progression in melanoma 

and offer potential avenues for therapeutic intervention. In this study, I found that elevated 

levels of circulating naïve TGF-β+ Bregs were associated with worse overall survival. 

This represents a preliminary observation, which could be confounded by additional 

variables including the distribution of treatment and staging effects. Future investigations 

using larger cohorts and considering expression of additional cytokines and inhibitory 

ligands by B cells, including evaluating regulatory versus pro-inflammatory B cell 

signatures more widely, are required to elucidate the significance of TGF-β, and other 

cytokine-expressing B cells in general, in contributing to clinical outcomes in melanoma. 
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Chapter 5: Discussion and Future Directions 

 

5.1 Introduction 

 

Unravelling of immunomodulatory mechanisms such as immune checkpoints have led to 

remarkable translational breakthroughs in the last decade. The emergence and clinical 

success of cancer immunotherapies underscores the potential benefits that may arise from 

improving our understanding of immune responses to tumours. Checkpoint inhibitors 

target T cell effector mechanisms, and the contributions of T cells towards tumour 

immunosurveillance are well established and have historically received extensive 

attention. In contrast, the potential importance and contribution of the other arm of 

adaptive immunity, comprising B cell responses, within both the circulating and tumour-

infiltrating compartments, in engendering or hindering anti-tumour immune responses 

has received much less attention. Although not being considered for functions in directly 

killing cancer cells, B cells may play several roles within the immune response to cancers 

due to their ability to produce antibodies, present antigen, and express cytokines 

(discussed in Sections 1.2.2-1.2.4). Within the tumour microenvironment, these functions 

may be significantly influenced by crosstalk with malignant cells and other immune cell 

subsets, and these interactions may promote B cells to confer either anti-tumour or pro-

tumour effector functions, and often perhaps not one but a spectrum of these. 

This Thesis is focused upon unravelling this emerging dichotomy of B cell immune 

responses to solid tumours, with specific focus on B cell populations in immunogenic 

tumours such as melanoma and subsets of breast cancer.  
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In breast cancer, focusing upon highly aggressive triple-negative subtypes (Chapter 3), 

which are paradoxically also known to evoke an notable immune response, I have 

presented: a) a shift in cellular responses, including modulation in activation, isotype-

switching, and memory phenotypes, among circulating and tumour-infiltrating B 

lymphocytes; b) insights into the localisation of B cells in the tumour microenvironment, 

including association and crosstalk with T cells; c) monitoring of immunoglobulin isotype 

expression in the circulation and among tumour-infiltrating B lymphocytes, including 

isotype-biases and clonal features therein; d) multifaceted analyses of the prognostic 

value of TIL-B, including stratification by lineage phenotype, and functional attributes. 

In evaluating the humoral response to melanoma, with focus upon the role of cytokine-

expressing B cell subsets (Chapter 4), I have presented: a) profiling of cytokine-

expressing B cell subsets in patient circulation, focusing upon dysregulation among 

regulatory (IL-10+ or TGF-β+), and inflammatory (IFN-γ+ or TNF-α+) B cell subsets; b) 

lineage phenotyping of IL-10, TGF-β, and TNF-α-expressing B cells; c) distribution of 

tumour-infiltrating cytokine-expressing B cells, their lineage phenotypes, and crosstalk 

with Tcon and Treg cells; d) ex vivo functional evaluations of patient-derived B cells, 

including evaluation of their ability to modify autologous T-helper cell proliferation, 

influence Th1 cytokine expression, and induce FOXP3+ Tregs from Tcon cells. 

 

5.2 The role of circulating and tumour-infiltrating B lymphocytes in 

breast cancer 

 

Prior investigations have reported evidence for active and dynamic humoral immune 

profiles in patients with cancer. For example, the presence of tumour-reactive B cells 

[328], alongside evidence for prognostic significance [211] and TIL-B functional profiles, 
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including via immunoglobulin expression [213], have been previously demonstrated in 

patients with breast cancer. Although B cells are now established as notable players in 

the immune response in breast cancer, information regarding the role of mature memory 

and isotype-switched B cells, and wider B cell functional profiles, is still lacking. 

Considering these observations, I sought to investigate the presence, localisation, 

antibody expression and functional roles of circulating and tumour-infiltrating B 

lymphocytes in the humoral response to breast cancer, with a focus on mature, isotype-

switched and memory B cell subsets. My aim was to provide fresh insights into the 

potential phenotypic skewing of differentiated circulating and tumour-infiltrating B 

lymphocytes populations, and to identify the importance of their expressed 

immunoglobulin isotypes. 

 

5.2.1 Evidence for systemic perturbations of humoral immunity and for active 

roles of B cells in breast cancer 

 

It is widely acknowledged that immune responses to solid tumours, including breast 

cancers, do not occur only within the tumour margins, but extend into the periphery. 

Moreover, tumour cells may instigate widespread remodelling of the immune system 

among cancer patients. Indeed, several perturbations in peripheral immune cell subsets 

have been described in breast cancer (Chapter 1, Table 1.4). These observations include 

increased frequencies of peripheral blood haematopoietic stem cell precursors, immature 

myeloid cells, and regulatory T cells. Yet, perturbations among B cell subsets have not 

been well described. Using a large cohort of N = 55 breast cancer patients and N = 48 

healthy volunteers, my flow cytometry evaluations identified decreased proportions of 

peripheral CD27+ memory B cells out of total circulating B cells in patients compared to 
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healthy states (Chapter 3, Figure 3.1). I also observed a decline in the proportions of B 

cells and serum immunoglobulin in patients who had received chemotherapy treatment 

within one year of sample collection, compared with treatment naïve individuals and 

healthy volunteers (Chapter 3, Figure 3.1-3.2). These findings indicated that 

chemotherapy may impair systemic B cell profiles. Importantly, I found a decline in 

memory B cells in treatment naïve patients compared to healthy subjects, which suggests 

that impaired memory B cell responses in the circulation may be a more general feature 

of the immune landscape in breast cancer patients rather than only a consequence of 

treatment. A collapse in circulating memory B cells has been previously reported in 

patients with advanced melanoma [152], and may be associated with lack of 

differentiation or proliferative signals to activate humoral immunity as part of the disease 

course. Alternatively, loss of memory B cell subsets may be due to sequestering to tumour 

lesions or sentinel lymph nodes. Future studies may investigate the origin of the decline 

in circulating memory B cells in breast cancer patients. 

B cells are known to infiltrate and accumulate within solid tumours, including those of 

the breast [214]. However, little is known about the variations of B cell infiltration among 

breast cancer subtypes. Through bulk RNAseq evaluations, I found that the expression of 

B cell (CD20 and BCR complex CD79A) markers were elevated in TNBC, compared to 

both normal and non-TNBC tissues (Chapter 3, Figure 3.5 – 3.6). Among TNBC 

subtypes, B cell-associated gene expression was highest in the Lehmann's 

immunomodulatory molecular TNBC subtype, known to be enriched in core immune 

signal transduction pathways and cytokine signaling (Chapter 3, Figure 3.5 – 3.6). 

Overall, the immunogenic nature of TNBC, and current unmet clinical need of TNBC 

patients, provided the stimulus to focus my investigations presented in Chapter 3 around 

the TNBC subtype. 
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After establishing that B cells infiltrate breast tumours, and markedly in TNBCs, I sought 

to ascertain whether B cells possessed active and dynamic roles within the context of the 

breast tumour microenvironment. My flow cytometry evaluations identified a 

proportional amplification of circulating and breast tumour-infiltrating isotype-switched 

(IgD-) B cells within the CD27+ compartment, compared to those in healthy volunteer 

blood (Chapter 3, Figure 3.1). In addition, single cell RNAseq analysis of matched patient 

blood and tumour samples revealed that B cell subsets were distinct to those from the 

patient blood. 

My fluorescence immunohistochemical evaluations confirmed that B cells strikingly 

infiltrate TNBC, and typically form stromal clusters along with T cells, even in tumours 

which feature low immune cell infiltration (Chapter 3, Figure 3.5-3.7). In line with B-T 

cell cluster formation, I found elevated expression of B cell recruitment and lymphoid 

assembly marker genes (CXCL13, CXCR4 and DC-LAMP) in TNBC tumours, compared 

to both normal breast and non-TNBC (Chapter 3, Figure 3.6 – 3.7). Within the TNBC 

cohort the highest expression of these genes was detected in the immunomodulatory 

subtype (Chapter 3, Figure 3.7). Furthermore, single cell RNAseq analysis and 

immunohistochemical evaluations pointed to expression of markers associated with 

germinal centre B cells within tumours, further supporting the likelihood of lymphoid 

assembly in breast cancer. In addition, my CellPhoneDB analysis predicted extensive bi-

directional functional crosstalk between tumour-infiltrating B and T lymphocytes 

(Chapter 3, Figure 3.8). Evidence is accumulating that the organisation of immune 

infiltrates into tertiary lymphoid structures may confer positive prognostic value in breast 

cancer [288,329], and this is supported by my finding that expression of a lymphoid 

assembly gene signature in basal-like/TNBC tumours was associated with improved 

overall survival (Chapter 3, Figure 3.7). Collectively, my findings support the notion that 
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B and T cell interactions are a key feature in breast tumours and may possess a critical 

role in engendering successful adaptive anti-tumour immune responses. 

Moreover, I observed upregulation in the tumour, compared to normal breast, of several 

genes known to positively regulate B cell activation, proliferation, and differentiation 

(Chapter 3, Figure 3.9). BCR-driven activatory signatures were enhanced within the TIL-

B compartment compared to circulating B cells, including enrichment in gene hallmarks 

associated with TNF-α signaling via NFκB, which suggested that B cells in tumours 

receive stimulation and likely antigenic signals via the BCR (Chapter 3, Figure 3.8). It is 

likely that TIL-B receive a combination of innate and adaptive signals within the TME, 

and these signals may support isotype-switching and differentiation into memory or 

plasma cell phenotypes.  

Together, my observations establish B cells as active players as opposed to being 

bystanders in the tumour microenvironment, possessing differentiated and isotype-

switched phenotypes, clustering and engaging in crosstalk with T cells, and likely 

responding to environmental stimuli within breast cancer lesions. 

 

5.2.2 IgG-biased and clonally skewed profiles in the anti-tumour immune response 

in breast cancer 

 

The distribution of antibody subclasses, which confer binding affinities to immune 

effector cells, embodies a crucial component of antibody-mediated B cell responses. This 

has been underscored by the observation that enhanced frequencies of circulating IgG4+ 

B cells, engendering a more limited antibody-mediated effector repertoire, are associated 

with significantly increased risk of disease progression in early (stage I-II) melanoma 

patients [151]. In breast cancer, ex vivo stimulation of TIL-B has been reported to induce 
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expression of IgA and IgG antibodies with specificity to cancer autoantigens [213]. In 

addition, increases in IgG1, IgG2, IgG3 and IgM have been observed in breast tumours, 

compared to normal breast tissue supernatants [214]. However, the immunoglobulin 

isotype distribution, at the single B cell level, and their relationship with TIL-B densities, 

has not been previously investigated. 

For this purpose, I performed fluorescence immunohistochemistry staining of 15 normal 

breast and 15 TNBC tissues, and I quantified the densities of IgD, IgM, IgA, and IgG-

expressing B cells (Chapter 3, Figure 3.10-3.11) in relation to CD20+ TIL-B infiltration. 

I observed elevated IgG+ and IgM+ B cells in TIL-Bhigh, and to a lesser extent, TIL-Blow 

tumours compared with normal breast tissue, while the IgA-expressing B cell 

compartment was consistent across tissues (Chapter 3, Figure 3.11). In support of the 

upregulation of isotype-switched B cells in breast tumours, my single cell RNAseq 

analysis identified enhanced levels of isotype-switched IgG and IgA-expressing CD27+ 

B cells in tumour samples compared to those in the circulation (Chapter 3, Figure 3.14). 

This trend was especially pronounced in TNBC, and all four IgG isotypes were 

upregulated in TNBC compared with non-TNBC (Chapter 3, Figure 3.13). Together, 

these observations highlight biases towards isotype-switching among TIL-B, which may 

be especially pronounced in TNBC. Future studies may wish to investigate the extent to 

which these features arise from in situ differentiation and isotype-switching, or from 

preferential homing of isotype-switched B cells originating from the circulating B cell 

compartment. 

Following on from my observation that IgG-expressing B cells are expanded in breast 

tumours, I performed long-read sequencing analyses to probe the B cell immunoglobulin 

repertoire for signatures of isotype-switching and clonal expansion (Chapter 3, Figure 
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3.16-3.17). I found that both IgG and IgA isotype immunoglobulins were clonally 

expanded within breast tumours and identified a bias towards the expansion of IgG 

isotypes, which on average belonged to larger clonal families than IgA, with the largest 

IgG clonal families containing upwards of 100 members (Chapter 3, Figure 3.16). These 

analyses therefore point towards an inherent bias towards the preferential clonal 

expansion of IgG isotypes within breast cancers, which has not previously been reported. 

In addition, my analyses of breast tumour samples revealed a stronger selection pressure 

among the CDRs of IgG, compared to clonally related IgA isotypes (Chapter 3, Figure 

3.16), suggesting that IgG-expressing B cells may confer higher affinity antigen-driven 

responses, in contrast to IgA which may act as part of an earlier response. 

Taking into account my fluorescence immunohistochemical evaluations of in situ 

immunoglobulin-expressing TIL-B with my single cell RNAseq and long-read 

sequencing analyses, I have established robust evidence for active mature humoral 

responses in breast cancers. These responses may be driven, and likely focused towards, 

specific antigen stimuli. This notion is supported by previous observations that TIL-B 

produce cancer antigen-reactive IgA and IgG antibodies [213]. Importantly, these mature 

antibody responses possess several features which suggest favouring towards expression 

of IgG immunoglobulins. It is possible that this reflects the balance of cytokine-mediated 

signals, such as those favouring IL-4 as opposed to TGF-β [330]. Future studies are 

required to unravel the microenvironmental conditions that may lead to these IgG-biased 

humoral profiles in breast cancer 
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5.2.3 B cells and their functional profiles as prognostic biomarkers in breast cancer 

 

The breast tumour-infiltrating lymphocyte compartment, comprising T cells, NK cells, 

and B cells, has received substantial attention in recent years and culminated in the 

establishment of a “TIL working group” [197], which prompted a standardised protocol 

for pathological TIL assessment. These guidelines are now routinely used in clinical and 

translational settings, and breast TILs are widely acknowledged as powerful prognostic 

and predictive biomarkers [196]. Our understanding of the role of the TIL-B sub-

compartment in breast cancer patient outcomes has been more controversial, and there 

has been substantial disagreement, with TIL-B signatures being independently associated 

with negative [205], neutral [201], and positive [203] prognostic values across studies 

(Chapter 1, Table 1.6). 

One of the key aims of the work presented in this Thesis (Chapter 3) was to ameliorate 

the current uncertainty concerning the prognostic value of breast TIL-B, and provide a 

deeper understanding of the relative contributions of B cell lineages and functions in 

contributing to clinical outcomes. I instigated a multibranched prognostic methodology, 

employing immunohistochemical analyses (Bart’s IHC cohort) and transcriptomic 

approaches to independently confirm the positive prognostic value of CD20+ and CD79A 

TIL-B in basal-like/TNBC (Chapter 3, Figure 3.5). Using CIBERSORT deconvolution, 

and utilising gene expression datasets, I was able to perform survival analysis based on B 

cells stratified by their lineage phenotype (naïve, plasma and memory). This revealed that, 

in tumours with high TILs, memory B cells, in contrast to naïve B cells, were associated 

with improved distant metastasis-free survival (Chapter 3, Figure 3.5). Lastly, through 

analysing breast tumours for expression of gene signatures associated with the positive 

regulation of key B cell properties (activation, proliferation, and differentiation) using the 
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KM-plotter tool, I found that signatures from all three functions carry positive prognostic 

value in tumours of the basal-like/TNBC subtype (Chapter 3, Figure 3.8). 

Collectively, my findings, summarised in Table 5.1, have established breast TIL-B as 

robust prognostic biomarkers. These features may be most evident in basal-like/TNBC, 

which is supported by previous investigations [211], but may also present in tumours with 

generally favourable prognosis such as LuminalA molecular subtypes, in which elements 

of the humoral immune response may be a further sign of anti-tumour responses and 

contribute to better outcomes (Chapter 3, Figure 3.5). In Section 5.2.1, I discussed my 

finding that basal-like/TNBC tumours typically contain expansive B cell infiltrates, 

despite conferring a paradoxically poor prognosis. The observation that TIL-B are strong 

prognostic biomarkers in basal-like/TNBC patients supports the notion that B cells can 

still contribute to anti-tumour immunity in the face of intrinsically aggressive tumours, 

and these traits may confer responsiveness to immunotherapeutic approaches such as 

checkpoint inhibitors which are beginning to find clinical utility in these subsets of 

patients. 

Table 5.1 Summary of the prognostic significance of breast tumour-infiltrating B 

lymphocyte signatures, as analysed in this Thesis. 

Identification technique, B cell signature, and cohort(s) are described. Prognostic value of TIL-B 

in each study is indicated in the right-hand column. 

 

 
Identification 

technique 

B cell signature Cohort(s) Prognostic 

value 

IHC CD20+ B cells 

(associated feature -

enhanced IgG and 

IgM expressing B 

cells) 

TNBC Positive 

TCGA RNAseq CD20+ B cells Basal-like/TNBC, Luminal A, 

Luminal B 

Positive 

HER2+ Neutral 

CD79A+ B cells Basal-like/TNBC Positive 

LuminalA, HER2+, Luminal B Neutral 

TCGA RNAseq 

(CIBERSORT) 

Naïve, plasma, and 

memory B cells 

TNBC with low TILs Neutral 
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Identification 

technique 

B cell signature Cohort(s) Prognostic 

value 

Naïve B cells TNBC with high TILs Negative 

Plasma cells TNBC with high TILs Neutral 

Memory B cells TNBC with high TILs Positive 

TCGA RNAseq B cell activation Basal-like/TNBC Positive 

LuminalA, HER2+ and LuminalB Neutral 

B cell proliferation Basal-like/TNBC, Luminal B Positive 

LuminalA, HER2+ Neutral 

B cell differentiation Basal-like/TNBC, Luminal A Positive 

HER2+ and Luminal B Neutral 

Isotype-switching Basal-like/TNBC Positive 

LuminalA, HER2+ and LuminalB Neutral 

IgG isotype-switching Basal-like/TNBC Positive 

LuminalA, HER2+ and LuminalB Neutral 

IgA isotype-switching All subtypes Neutral 

 

Finally, my B cell signature survival analysis (Table 5.1) identified a positive association 

with overall survival for IgG, but not for IgA, isotype-switching signatures within breast 

tumours, which was especially pronounced in basal-like/TNBC (Chapter 3, Figure 3.13). 

Considering this information, and the observed increased IgG+:IgA+ B cell ratio within 

TIL-Bhigh compared to TIL-Blow cancers, it is possible that not only isotype-switching but 

importantly the isotype of the isotype-switched antibodies may be an important 

determinant of the quality of the humoral immune response and of the clinical outcome. 

Further work is recommended to study the tumour-infiltrating IgG+:IgA+ B cell ratio as a 

potential novel prognostic B cell biomarker. 

My investigations summarised in Section 5.2.1 established B cells as active players in the 

immune response to breast cancer, and my analyses here confirm that these traits, 

including those associated with memory B cell phenotypes, isotype-switching, and B cell 

functional signatures, are associated with positive prognostic value, particularly in 

aggressive TNBCs. Taking this information into account, potential therapeutic strategies 

that seek to induce or support these attributes may hold merit in the clinical setting. One 
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potential candidate may take the form of CD40-agonist therapy, given perhaps in 

combination with other anti-tumour therapies, such as checkpoint immunotherapies or 

anti-cancer antibodies. While in vivo studies have indicated that B cell-based 

immunotherapies, such as CD40-activated B cell cancer vaccines [331], may be well 

tolerated and associated with little toxicity [332], imminent clinical trials are awaited to 

determine their place in the arena of cancer immunotherapy. 

 

5.2.4. Graphical summary 

 

A graphical summary of my key findings concerning the role of circulating and tumour-

infiltrating B lymphocytes in breast cancer is illustrated in Figure 5.1. 

 

 

Figure 5.1 Breast tumour-infiltrating B lymphocytes carry an expanding IgG isotype profile 

in TNBC, which associates with favourable clinical outcomes. 

Created with BioRender.com [86]. 
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My research presented in Chapter 3 identified distinct cellular phenotypes among the TIL-

B compared to the circulating B cell compartment, including isotype-switched CD20+ 

CD27+ phenotypes and evidence of TNF-α signaling via NFκB downstream of the BCR. 

I observed upregulated expression of genes such as FOS and JUN, which are found 

downstream of BCR complex pathway; the germinal centre B cell regulator of chemokine 

receptor signaling RGS1, the lymphocyte activation marker CD69, triggered through 

crosslinking of surface Ig and enhanced expression of genes controlling TNFα signaling, 

among TIL-B in comparison with circulating B cells. Through immunofluorescence 

staining of TNBC tissue sections, I established that TIL-Bhigh tumours contain enhanced 

IgM and IgG-expressing B cells and are associated with improved overall survival 

outcomes. Moreover, within tumours, I found enhanced expression of genes associated 

with lymphocyte recruitment and lymphoid assembly, and I showed that TIL-B frequently 

form stromal clusters with T cells, where they may engage in bidirectional functional 

crosstalk. Lastly, I determined that clonal expansion was biased toward IgG, showing 

expansive clonal families with specific variable region gene combinations and narrow 

repertoires. Also, stronger positive selection pressure was present in the complementarity 

determining regions of IgG compared with their clonally related IgA in tumour samples. 

Overall, I found isotype-switched B cell lineage traits to be conspicuous in TNBC, 

associated with improved clinical outcomes, and conferred IgG-biased, clonally 

expanded, and likely antigen-driven humoral responses. 
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5.3 Cytokine-expressing B cells as complex and dynamic players in 

systemic and intratumoural immunity of patients with melanoma 

The roles of B cells in human skin immunosurveillance have received growing attention 

in recent years [333], with research demonstrating that populations of mature, isotype-

switched B cells reside in healthy skin tissue [226], and that B cells may accumulate and 

proliferate in the skin in response to cutaneous antigenic challenge [244]. Evidence has 

also been gathered for skin tumour-resident mature B cell and antibody compartments, 

which may generally confer positive prognostic value in melanoma patients [183] 

(summarised in Chapter 1, Table 1.7). Previous investigations by our laboratory and other 

groups have pointed to skewed isotype expression by B cells in melanoma, away from 

the prevalent IgG1, favouring B cells expressing isotypes such as IgA and IgG4. These 

features may confer a form of tumour immune evasion mediated by cytokines including 

IL-4, IL-10, TGF-β and VEGF, possibly combined with a corresponding reduction or 

impairment of pro-inflammatory cytokines such as IFN-γ which would support isotype-

switching to IgG1. B cells may be a source of these cytokines and may thus also act in a 

paracrine manner to influence T cell phenotype and functions. However, despite evidence 

suggesting that cytokine-expressing B cell subsets can support immune modulation and 

tumour progression in murine models, via the secretion of IL-10, the role of circulating 

and intratumoural cytokine-expressing B cells in patients with melanoma has received 

insufficient attention [116].  

I therefore sought to investigate the phenotype and function of regulatory B cells 

(including IL-10-, or TGF-β-producing subsets), and pro-inflammatory B cells (including 

IFN-γ and TNF-α-expressing subsets) in human melanoma. My aim was to provide novel 
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phenotypic and functional insights into the previously understudied regulatory and 

inflammatory B cell populations in melanoma patients. 

 

5.3.1 Dysregulation and lineage sources of cytokine-expressing B cells in the 

peripheral blood of melanoma patients 

 

Multiple investigations into the role of B cells as cytokine expressors have been 

undertaken in animal models. Such studies have been successful in describing murine 

effector B cell subsets comprising IFN-γ-expressing B effector 1 (Be-1) [112] and IL-4-

expressing B effector 2 (Be-2) [113] cells, the designation of which appears to depend 

upon T-helper cell subsets and antigenic classes initiating B cell activation. Murine 

effector B cell subsets can also produce TNF-α [107] and can therefore contribute to local 

pro-inflammatory responses. Regulatory B cells have also been extensively described in 

mice [116,117,297], and have been typically defined by expression of the cytokine 

synthesis inhibitory factor IL-10, which can exert potent anti-inflammatory and 

immunosuppressive functions. In general, regulatory B cell subsets are characterised by 

diverse immunosuppressive functions and therefore also include TGF-β [133] or PD-L1-

expressing [334] B cell subsets.  

Within the human setting, studies examining the roles of cytokine-expressing B cells have 

been less forthcoming. This may stem from the theoretical and technical challenges in 

performing robust and meaningful analyses of cytokine-expressing human B cell subsets. 

There is generally a lack of consensus on ubiquitous extracellular markers which 

precludes easy identification of distinct cytokine-expressing B cell subsets. Furthermore, 

the heterogeneity of activation methods (e.g., innate versus adaptive pathway stimulation) 

are substantial barriers to ascertain reliable investigations of B cell cytokine expression 
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profiles, and these methods have been markedly inconsistent across studies. In my 

studies, the results of which are displayed in Chapter 4, I attempted to overcome some of 

these barriers, and to provide a robust and reliable analysis of the cytokine-expressing B 

cell landscape. I studied B cells using large marker panels and in matched patient and 

healthy volunteer cohorts. In addition, I utilised both innate and adaptive stimuli to 

evaluate the circulating total B cell population for cytokine expression in ex vivo cultures. 

Considering the lack of established extracellular marker panels which are associated with 

B cell cytokine expression, I firstly utilised a 25-marker CyTOF panel, with the aim of 

delivering a detailed insight into the phenotype of immunosuppressive cytokine-

expressing B cells. Through analysing peripheral blood B cells among a cohort of 

melanoma patients and matched healthy volunteers, I found evidence of enrichment in 

the percentages of two regulatory B cell populations in patient circulation: IL-10-

expressing CD19- CD38hi IgD- CD27+ Ki67+ plasmablasts, and TGF-β-expressing CD19+ 

CD38int IgD+ CD27- PD-L1+ naïve Bregs (Chapter 4, Figure 4.1). 

Furthermore, to provide a broader understanding of the potential dysregulation among 

cytokine-expressing B cells in patients with melanoma, I employed an intracellular 

cytokine assay to quantify the percentages of IL-10+, TGF-β+, IL-4+, IFN-γ+ and TNF-α+ 

populations among total circulating B cells by interrogating an additional cohort of 

melanoma patients and matched healthy volunteers. Culture conditions used to profile 

human B cell cytokine expression in previously published investigations have been 

markedly heterogeneous and have included innate pathway stimulation alone [243] 

(usually via TLR9 ligands such as CpG ODN 2006), adaptive pathway stimulation via 

CD40-signaling [121], and a combination of the two approaches [132]. I therefore opted 

to test a range of activation conditions from the published literature to provide a 
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comprehensive analysis of cytokine-expressing B cells in their response to innate and 

adaptive pathway stimulation, which are both expected to take place in vivo. 

My intracellular cytokine assay analyses demonstrated significantly lower proportions of 

circulating IFN-γ+ and TNF-α+ inflammatory B cells in the patient compared to healthy 

volunteer circulation. In support of the upregulation of TGF-β-expressing B cell subsets 

detected by CyTOF, I found a trend towards increased total TGF-β+ Bregs among 

melanoma patient compared to healthy volunteer B cells (Chapter 4, Figure 4.3), 

although among a limited cohort of ten individuals. Collectively, my analyses suggest an 

overall dysregulated cytokine-expressing B cell compartment in melanoma patient 

circulation, which appears to favour the induction of regulatory B cell subpopulations, 

alongside a collapse in pro-inflammatory (IFN-γ+ and TNF-α+) B cells. 

Recently published work found that decreased proportions of circulating TNF-α+ 

inflammatory B cells correlated with response to checkpoint blockade in a cohort of 

melanoma patients [299]. This finding highlights the complex role of known pro-

inflammatory cytokines such as TNF-α in their contributions to anti-tumour immunity. 

For example, TNF-α expression has been shown to mediate tumour cell apoptosis and 

promote immune cell proliferation and survival [335]. In contrast, sustained inflammation 

is a hallmark of cancer [300], and it is possible that the associated chronic exposure to 

TNF-α and its network of ligands and receptors can stimulate survival factors such as 

anti-apoptotic proteins, proangiogenic mediators, and metastatic markers [301]. Overall, 

the mechanistic origin and prognostic implications of the observed collapse in pro-

inflammatory (IFN-γ+ and TNF-α+) circulating B cell phenotypes among melanoma 

patients presented in this Thesis necessitate elucidation in further studies. 
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One of the key aims of the work presented in Chapter 4 was to gain an insight the 

localisation of cytokine expression among B cell lineage subpopulations in the melanoma 

patient circulating B cell compartment, for which phenotypic descriptions of regulatory 

and inflammatory B cell subsets have not yet been determined. Early studies suggested 

that human memory B cells may produce pro-inflammatory cytokines such as 

lymphotoxin and TNF-α, while naïve cells may confer a more suppressive and tolerogenic 

profile involving IL-10-expression [127]. However, in our cohort, my analyses point to 

the identification of IL-10+ Bregs within diverse B cell lineages, including the CD24hi 

CD38- memory B cell, CD24hi CD38hi transitional B cell, and CD24int CD38int naïve B 

cell lineages [248] (Chapter 4, Figure 4.4). This instead suggests that immunosuppressive 

Bregs may develop from multiple developmental lineages. 

My evaluation of intracellular cytokine expression categorised by B cell lineage, revealed 

that melanoma patient B cells expressing each of IL-10, TGF-β and TNF-α cytokines 

were present across B cell lineages, although with a marked preference towards a CD27+ 

memory phenotype, while TGF-β+ B cells were mostly non-isotype-switched (Chapter 4, 

Figure 4.4). Although my results do not preclude the presence of elusive extracellular 

markers which may faithfully associate with B cell cytokine expression profiles, it may 

be appropriate to consider B cell cytokine expression as an inducible and dynamic trait 

which is present throughout diverse B cell lineages.  

To my knowledge, I have provided the first report of the circulating memory B cell pool 

as an important source of both regulatory and pro-inflammatory cytokines in patients with 

melanoma. These observations may encourage future studies to focus upon the 

plasmablast and memory B cell pools as rich sources of cytokine-expressing B cells. 
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5.3.2 An immune dichotomy: Immunostimulatory and immunomodulatory 

influences of B cells in melanoma 

 

Following my observations of systemic dysregulation among cytokine-expressing B cells 

in patients with melanoma, I sought to investigate cytokine expression profiles 

(regulatory IL-10 and TGF-β, and pro-inflammatory TNF-α) within the TIL-B 

compartment.  

I found diminished proportions of TNF-α expressed B cells in patient tumours compared 

to patient peripheral blood (which were already lower than those found in the circulation 

of healthy volunteers) using intracellular cytokine phenotyping (Chapter 4, Figure 4.6). 

In concordance, I observed only minor populations of TNF-α+ B cells within a pooled 

single cell RNA-seq cohort (Chapter 4, Figure 4.6) and I detected a limited presence of 

TNF-α+ CD20+ TIL-B when I analysed human melanoma lesion samples by 

immunofluorescence staining (Chapter 4, Figure 4.7). These findings suggest that pro-

inflammatory TNF-α+ expressing B cells are not only reduced in the circulation but are 

also sparse in melanoma lesions and may denote regulation of the humoral immune 

compartment in melanoma. 

On the other hand, this Thesis reports that TGF-β-expressing Breg populations are 

prominent in the blood of patients with melanoma, and scRNA-seq data in tumour lesions 

demonstrated the presence of a significant population of TGF-β+ B cells in the tumour 

microenvironment. TGF-β expression by B cells may support an immunosuppressive 

environment and could engage in signaling with T cells. In concordance, ex vivo co-

cultures of melanoma patient-derived B cells with autologous Tcon cells depleted of 

Tregs resulted in TGF-β-mediated induction of FOXP3+ Tregs (Chapter 4, Figure 4.13). 
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Using CellPhoneDB analyses from the pooled scRNA-seq data, I identified distinct 

predicted B cell:T cell communication pathways for TIL-B stratified by their cytokine 

expression. TGF-β+ B cells expressed the immune checkpoint receptor Galectin-9, which 

may signal with Tregs via CD44 (Chapter 4, Figure 4.9). Moreover, this interaction has 

been previously described to act synergistically with TGF-β signaling, to promote FOXP3 

expression, and to enhance the function and stability induced Tregs [306]. Overall, 

evidence presented in this Thesis points to TGF-β regulatory Breg populations as 

potential players in functionally supporting the generation and function of Tregs. These 

observations represent previously undescribed findings, as the significance of melanoma 

patient B cells in contributing to ex vivo Treg generation had not been investigated before. 

My CellPhoneDB analyses also identified predicted interactions between tumour-

infiltrating TNF-α+ B cells and Tregs, including via pro-inflammatory mediators TNF-α, 

LT-α, and MIF, and the ICOS/ICOSL axis (Chapter 4, Figure 4.9), which may also drive 

the phenotypic stability and suppressive activity of Tregs [322,323]. Together with my 

observations of predicted TGF-β+ B cell / Treg crosstalk, these findings reveal previously 

undescribed interactions between cytokine-expressing B cell subsets and Tregs. 

Additional studies are required to further elucidate the significance of signaling between 

TGF-β+/TNF-α+ B cells and Tregs, and their potential roles in supporting tumour 

progression through enhancements of Treg function and stability. 

On the other hand, in this Thesis I have presented evidence that B cells, including those 

extracted from patients with melanoma, may have a positive influence on T cells. 

Strikingly, I found that patient-derived B cells promoted the ex vivo proliferation of 

autologous T-helper cells (Chapter 4, Figure 4.12), while allowing autologous T-helper 

cells to produce pro-inflammatory cytokines (IFN-γ and TNF-α) (Chapter 4, Figure 

4.11). These observations suggest that, despite the observed declines in pro-inflammatory 
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cytokine expression (Chapter 4, Figure 4.3), patient circulating B cells maintain their 

immunostimulatory capacities ex vivo. Interestingly, anti-PD-1 treatment further 

enhanced B cell-associated proliferative signalling on T cells (Chapter 4, Figure 4.12). 

Together these findings highlight the wider immune dichotomy in the roles of B cell 

responses in melanoma, whereby the overall contributions of B cells towards tumour 

surveillance may hinge upon a balance between immunostimulatory and 

immunomodulatory capabilities. Further investigations into the factors influencing this 

balance are warranted, and therapies that may compel B cell responses towards pro-

inflammatory and immunostimulatory responses may offer new options for treatment 

success in the clinic. 
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5.3.3 Graphical summary 

 

A graphical summary of my key findings concerning the role of cytokine-expressing B 

cells as complex and dynamic players in systemic and intratumoural immunity of 

melanoma patients is illustrated in Figure 5.2. 

 

 

Figure 5.2 Cytokine-expressing B cells in melanoma are dysregulated in melanoma patient 

circulation, may engage in crosstalk with Tregs in the TME, and engender 

immunostimulatory and immunomodulatory influences ex vivo. 

Created with BioRender.com [86]. 

 

My research presented in Chapter 4 identified dysregulation among cytokine-expressing 

B cells in melanoma patient circulating B cell compartment which favoured regulatory 

phenotypes. I found enriched circulating populations of IL-10-expressing CD19- CD38hi 

IgD- CD27+ Ki67+ plasmablasts, and TGF-β-expressing CD19+ CD38int IgD+ CD27- PD-

L1+ naïve Bregs, simultaneous to reduced pro-inflammatory IFN-γ+ and TNF-α+ B cells 

in melanoma patients compared to matched healthy volunteers. Melanoma patient 
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circulating B cells expressing each of IL-10, TGF-β and/or TNF-α cytokines were 

identified across multiple B cell lineages, although cytokine expressing B cells showed a 

tendency towards a CD27+ memory phenotype, analysed in ex vivo cultures. Within 

melanoma lesions, TNF-α-expressing B cells were sparse and proportionally reduced 

compared to those present in the patient circulation, whereas substantial populations of 

intratumoural TGF-β+ B cells were detected. TGF-β+ B cells featured a HLA-E+ senescent 

phenotype and may support the differentiation and maintenance of Tregs in melanoma 

tumours through expression of Galectin-9. On the other hand, the less well represented 

tumour-associated TNF-α+ B cells were predicted to engage in crosstalk with Tregs, 

including via the ICOS/ICOSL axis and TNF-α signaling, which could support the 

suppressive activity of Tregs in the melanoma TME. Expression of CXCL13 by Tcon 

cells may participate in the recruitment of both TGF-β+ and TNF-α+ B cells. Lastly, ex 

vivo B:T cell co-cultures demonstrated that patient-derived B cells promoted the 

proliferation of autologous T-helper cells, which could be further enhanced with anti-PD-

1 treatment, and also permitted autologous T-helper cells to produce pro-inflammatory 

cytokines (IFN-γ and TNF-α). In contrast, melanoma patient B cells significantly induced 

ex vivo FOXP3+ Treg generation from autologous purified CD25-/int CD127+ conventional 

T-helper cells via TGF-β. Overall, I established that cytokine-expressing B cells are 

dysregulated in the circulation of melanoma patients, may infiltrate tumours and engage 

in crosstalk with and promote Tregs in the TME, while still being able to participate in 

immunostimulatory T cell functions ex vivo. 
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5.4 Concluding remarks 

 

In conclusion, the emphasis of this Thesis has been to unravel the nature of humoral 

immune responses to breast cancer and melanoma, including to identify novel features 

and biases among circulating and tumour-infiltrating B lymphocyte populations, as well 

as to elucidate their roles and functional significance, and to place these findings within 

the wider context of the adaptive immune response. A graphical summary depicting the 

key findings contained within this Thesis is illustrated in Figure 5.3. 

 

Figure 5.3 Graphical summary of the key findings contained within this Thesis, highlighting 

the contrasting immunostimulatory and immunomodulatory roles of B cells within the 

context of the immune response to solid tumours. 

Adapted from [161] and created with BioRender.com [86]. 

 

In breast cancer, I have shown that tumour-infiltrating B cells assemble in clusters, and 

undergo B cell receptor–driven activation, proliferation, and isotype-switching. 

Moreover, I found that clonally expanded, IgG isotype-biased humoral immunity 

associates with favourable prognosis, primarily in triple-negative breast cancers.  
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In melanoma, I focused my attention upon the role of B cells as cytokine expressing cells, 

which in the context of the humoral response to solid tumours has received little attention 

to date. I found that circulating cytokine-expressing B cells are dysregulated in melanoma 

patient blood, with a preference towards regulatory and away from pro-inflammatory 

subsets. Moreover, TIL-B with TGF-β and TNF-α-expressing profiles may engage in 

crosstalk with Tregs and support their phenotypic stability and function. Lastly, I have 

highlighted the contrasting immunostimulatory and immunomodulatory functions of 

melanoma patient B cells, whereby they may enhance autologous T-helper cell 

proliferation ex vivo, which is further enhanced during PD-L1 blockade, but they can also 

induce ex vivo FOXP3+ Tregs from Tcon cells. 

There may be many similarities within the B cell responses to breast cancer, melanoma, 

and other solid tumours. In my study in patients with breast cancer, I report a collapse of 

the circulating memory B cells in patients compared with healthy subjects. A similar 

finding has been shown in patients with melanoma [152] and confirmed in extended 

studies in our laboratory (Dr Silvia Crescioli, Dr Zena Willsmore, personal 

communication and manuscripts in preparation). This impaired memory B cell 

compartment could be a result of reduced pro-inflammatory and differentiation signals 

which would normally be required to activate and retain systemic humoral immunity and 

may be a feature of malignant diseases. Further work would be required to determine 

whether this phenomenon is found in other tumour types.  

More broadly, I observed perturbations of circulating B cell subsets in both melanoma 

and breast cancer. Aside from reduced memory B cell subsets in breast cancer, I observed 

enhanced regulatory B cell populations in melanoma, together supporting the notion that 

remodelling of the wider immune landscape may be a feature of these solid tumours. 

There is some evidence that dysregulation, including biases towards regulatory B cell 
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phenotypes, among cytokine-expressing B cells may be a common feature of patients 

with solid tumours. For instance, a previous study has identified an upregulated IL-10-

expressing Breg compartment in the peripheral blood and tumours of patients with gastric 

cancer [243]. 

Another interesting parallel may be the skewing of immunoglobulin expression towards 

IgG isotypes which I have observed among TIL-B in breast cancer. For example, in 

single-cell RNAseq evaluations, I found enhanced IgG1, IgG2, IgG3 and IgG4 expression 

by memory B cells in breast cancer lesions. The features I have identified bear some 

parallels with previously published observations in melanoma, whereby TIL-B were 

reported to express isotype-switched antibodies such as IgG, and a bias away from IgG1 

and towards IgG4 isotypes has also been reported in the melanoma TME [182]. Previous 

work has identified similar features including favoured expression of IgG4+ B cells in 

solid tumours such as colon cancer [234] and cholangiocarcinoma [336,337]. Together, 

these observations may signify that B cells can receive a combination of stimulation 

signals in the tumour microenvironment, which may promote not only isotype-switching 

but also favour expression of antibodies across the IgG isotypes including the less often 

represented IgG4. 

Finally, my observations of the contrasting immunostimulatory and immunomodulatory 

roles of B cells in their response to solid tumours provide the backbone for further studies 

investigating the underlying factors which may determine the balance of these polarising 

features. Biases towards immunostimulatory or immunomodulatory activity in the TME 

may ultimately determine the course of tumour progression and may even predict 

response to therapy. Therapeutic interventions which could unleash the 

immunostimulatory power of B cells whilst suppressing their immunomodulatory 

functions may be considered to improve outcomes. For example, my studies have shown 
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that the function of melanoma patient circulating B cells as promoters of T cell 

proliferation may be further enhanced by the addition of an anti-PD-1 antibody. Overall, 

it may be possible to combine B cell-activating therapies with existing checkpoint 

immunotherapies, to boost the pro-inflammatory functions of B cells. Such combinations 

may offer a more complete immunotherapeutic strategy that would account for a currently 

less-well appreciated player in the immune response to solid tumours. 
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Full manuscript of (Harris et al. 2021) 
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