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Executive summary 

 

Introduction: Breast cancer is the most frequently diagnosed cancer in females in sub-

Saharan Africa and up to 80% of cases are stage 3 or 4 tumours. Triple-negative breast cancer 

(TNBC) accounts for up to 20% of all breast cancer cases and is aggressive, highly metastatic, 

tends to be diagnosed in younger women, and has a 5-year survival rate of 60%. This breast 

cancer subtype has limited treatment options due to its hormone insensitivity and heightened 

proliferative potential. The tumour microenvironment is a key driver of tumourigenesis and 

consists of different cancer cell clones, normal stromal cells, cytokines, chemokines, growth 

factors, and immune cells. Manipulation of the tumour microenvironment by cancer cells to 

promote tumour progression and metastasis has been observed in both breast and other 

cancer types and affects treatment response and patient prognosis. Immune cells and 

cytokines within the tumour microenvironment and the circulation may play a pro- or anti-

tumourigenic role in TNBC and therefore act as potential surrogate biomarkers. The aim of 

this study was to compare immune cell subsets and cytokine levels in peripheral blood 

between healthy donors and TNBC patients, and in patients before and after first-phase (at 

least 3 cycles) of chemotherapy.  

 

Methods: Twenty-three patients recently diagnosed with TNBC and ten healthy donors 

consented to participate in this study. Patients were recruited from a private clinic in 

Johannesburg, Gauteng with their consent. Blood was collected prior to treatment and after 

first-phase chemotherapy. Full blood counts, patient demographics, and treatment response 

were recorded. The percentage of circulating CD4+ and CD8+ T-cells, B-cells, natural killer 

(NK) cells, monocytes, and regulatory T-cells (Tregs) as well as the expression of various cell 

markers was evaluated by flow cytometry and compared between participant groups. The 

concentrations of vascular endothelial growth factor (VEGF), granulocyte-macrophage colony 

stimulating factor (GM-CSF), growth and differentiation factor 15 (GDF-15), Interleukin-6, -8, 

and -10 (IL-6, -8, -10) and interferon gamma-induced protein (IP-10) were evaluated in 

participant plasma by enzyme-linked immunosorbent assays (ELISAs) and the results were 

compared between participant groups. These were also compared to treatment outcomes. 

 

Results: This study showed an increase in the percentage of CD14+ monocytes and CD56high 

NK cells, and a decrease in CD19+ B-cells after first-phase chemotherapy, while no significant 

differences in cell percentages were seen between healthy donors and treatment-naïve patient 
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groups. The expression of CD206 was increased in B-cells and monocytes, while HLA-DR 

expression was increased on NK cells after first-phase chemotherapy. While little difference 

in the median Treg percentage was observed between patient groups, changes in the number 

of Tregs were observed after first-phase treatment when looking at individual patients, 

suggesting that observations may be patient-specific. An increase in expression of CD39, 

CD45RA, Helios, and CD127 was observed in Tregs after first-phase treatment. The 

concentrations of VEGF and GM-CSF were similar between patient and healthy donor groups, 

while IL-6, -8, and -10, and IP-10 and GDF-15 were increased in the post first-phase treatment 

plasma.  

 

Conclusion: This study provides valuable insights into the dynamic changes in immune cell 

subsets and cytokine levels in TNBC patients undergoing chemotherapy. The observed 

alterations in T-cells, B-cells, NK cells, monocytes, and Tregs, along with their associated 

markers, suggest a complex interplay between the immune system and cancer progression. 

The increased levels of specific cytokines post-treatment highlight potential biomarkers for 

monitoring treatment response and disease progression. These findings contribute to our 

understanding of the immune landscape in TNBC and may inform future strategies for 

immunotherapy and personalized treatment approaches. Further research is warranted to 

elucidate the functional implications of these changes and their potential as prognostic 

indicators or therapeutic targets in TNBC management. 

 

Key words: breast cancer, TNBC, flow cytometry, ELISA, immune cells, cytokines, 

chemotherapy, biomarkers, TME, Tregs.
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Chapter 1: General introduction 

 

1.1 Cancer 

 

Cancer is a disease in which cells proliferate uncontrollably1. This uncontrolled growth is 

caused by genetic instability and selective pressures in the tumour microenvironment (TME) 

that affect how cells respond to proliferative and apoptotic signals1. Several risk factors 

influence cancer initiation including infections from pathogens (such as Helicobacter pylori, 

and the Hepatitis B and C viruses), exposure to alcohol, aflatoxin, tobacco smoke, radiation, 

and ultraviolet rays, as well as sedentary lifestyle, poor diet, and high levels of stress2, 3. 

Cancer can arise in different cell types, tissues, and organs, and are described based on their 

origins (Fig. 1.1). 

 

Figure 1.1: The main cancer classes. Cancer can arise from many different cell types and 

tissues and is therefore described based on its origin1. For example, cancer of the epithelia is 

referred to as a carcinoma, whereas lymphomas originates from lymphocytes1. 

 

Cancer caused approximately 10 million deaths in 2022, with breast cancer being the second 

most commonly diagnosed cancer with 2.31 million newly diagnosed cases globally (Fig. 1.2)4. 

Approximately 665 000 breast cancer-related deaths occurred in the same year giving it the 

fourth highest cancer mortality rate in the world4. In South Africa, 111 321 cancer cases were 

diagnosed in 20225. In the same year, 64 547 cancer-related deaths occurred5. Breast cancer 

had the highest incidence in South Africa, followed by prostate and cervix uteri cancers (Fig. 

1.3)5. The incidence of cancer in South Africa is expected to double by 20306. 
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Figure 1.2: The ten most commonly diagnosed cancers worldwide. Cancer caused 

approximately 10 million deaths in 2022, with the top 10 most commonly diagnosed types 

of cancer being lung, female breast, colorectal, prostate, stomach, liver, thyroid, cervix 

uteri, and bladder cancer 4. 

 

Figure 1.3: The most commonly diagnosed cancers in South Africa. In South Africa, 111 321 

cancer cases were diagnosed in 20225. The top 10 most frequently diagnosed cancers in South 

Africa are breast, prostate, cervix uteri, lung, colorectal, Kaposi Sarcoma, oesophageal, non-

Hodgkin Lymphoma, pancreatic, and liver cancer5. 
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As the incidence and mortality rates of breast cancer are rapidly increasing both locally and 

globally, a better understanding of tumourigenesis and immune surveillance is needed to 

improve the diagnosis and treatment of patients with this cancer type. 

  

1.2 Breast cancer  

 

Breast cancer is the most frequently diagnosed cancer in females in sub-Saharan Africa 

(SSA), with up to 80% of women diagnosed with stage 3 or 4 breast cancer compared to 15% 

of women in high-income countries7. SSA women also tend to be diagnosed at a younger 

age7. One in 26 South African women is at risk of developing breast cancer in their lifetime, 

with breast cancer accounting for 16% of all cancer-related deaths in South Africa8.  The 5-

year survival rates are better in high-income countries (up to 90%) than in poorer countries 

such as India (66%) and South Africa (40%)9. 

 

Although the incidence of breast cancer in SSA is lower than that of other regions, the mortality 

rates are significant10. A lack of disease awareness and access to adequate screening means 

that patients are diagnosed at an advanced disease stage, making treatment more difficult6. 

Several risk factors influence susceptibility to breast cancer, including sex, ancestry, age, 

lifestyle (exercise and eating habits, smoking, alcohol consumption), the presence of 

comorbidities, pregnancy and breastfeeding, as well as genetics9. 

 

Most breast cancers are adenocarcinomas which mostly occur in the ducts (85%) or lobular 

epithelium (15%)11. Breast cancer often presents as a painless lump along with changes in 

the appearance of the breast11. It is classified based on histology, anatomical origin (ductal or 

lobular), and the presence or absence of hormone receptors, such as oestrogen receptors 

(ER), progesterone receptors (PR), and human epidermal growth factor receptor 2 (HER2). 

The four main subtypes of breast cancer are luminal A (ER+, PR+, HER2-), luminal B (ER+, 

PR+, HER2±), HER2 positive, and triple-negative12, 13. 

 

Normal tissue homeostasis is maintained when cells cooperate with one another to promote 

the survival of the tissue or organ over that of individual cells14. These cooperative behaviours 

include maintaining a balance between cell proliferation and apoptosis, establishing 
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communication networks, suppressing mutations, and removing old or damaged cells14. 

Cancer develops when there is a breakdown in this cooperation and cells develop common 

characteristics that contribute to tumourigenesis14. 

 

1.3 The Hallmarks of Cancer 

 

Hanahan and Weinberg (2000) described six hallmarks that characterize cancer cells, namely,  

continuous proliferation, insensitivity towards growth suppressor signals, avoidance of cell 

death, the ability to replicate continuously, the stimulation of angiogenesis, and the induction 

of invasion and metastasis (Fig. 1.4)15, 16. They later included two more hallmarks, namely, 

metabolic alterations and the avoidance of immune-mediated destruction (Fig. 1.5)17. 

 

Figure 1.4: The hallmarks of cancer. All cancer cells possess the following six hallmarks: 

evasion of growth suppression, sustained proliferative signalling, resistance to cell death, 

induction of angiogenesis, enablement of replicative immortality, and activation of invasion 

and metastasis14. Illustration taken from reference 17. Permission to use the published figure 

can be found in Appendix A, Figure 1. 
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Figure 1.5: Additional hallmarks of cancer. Hanahan and Weinberg proposed another two 

hallmarks of cancer in addition to the original six to include deregulating cellular energetics 

and avoiding immune destruction with the enabling characteristics of tumour-promoting 

inflammation and genome instability and mutation17. Illustration taken from reference17. 

Permission to use the published figure can be found in Appendix A, Figure 1. 

 

While normal cells require exogenous mitogenic signals to stimulate growth and proliferation, 

cancer cells are less dependent on these signals, as they can secrete  growth factors in an 

autocrine manner and promote their own growth and survival (Fig. 1.4 and 1.5)15, 16. Normal 

cells undergo a form of programmed cell death termed apoptosis, which occurs in response 

to deoxyribonucleic acid (DNA) damage to prevent malignancy15, 16. The apoptotic pathways 

of a cell contain sensors that monitor both the external and internal environments for 

abnormalities such as DNA damage, insufficient quantities of survival factors, hypoxia, or 

oncogene gene products, while effectors mediate the release of pro-apoptotic enzymes and 

intracellular molecules such as proteases15. In contrast, cancer cells frequently upregulate 

oncogenes and downregulate tumour suppressor genes, enabling uncontrolled growth and 

proliferation1, 15, 16. They also evade apoptosis by disrupting anti-growth signal receptors and 

intracellular pathways15, 16. Tumour cells maintain their telomeres which allows for continuous 

cell division and expansion of the tumour15, 16. They also promote tumour growth and survival 

by stimulating angiogenesis, thereby securing the supply of nutrients and oxygen and the 

removal of waste products15, 16. 

 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



6 
 

As cancer cell proliferation increases and apoptosis is suppressed, the lack of space and 

resources within the TME becomes a challenge for growing tumours. To overcome this 

challenge, tumour cells invade surrounding tissues using extracellular proteases to degrade 

the extracellular matrix (ECM)15, 16. As cells migrate, they intravasate into the blood or 

lymphatic vessels and are transported to distant sites, where they form secondary tumours or 

metastases15, 16. 

 

While a cancer cell-centric view has dominated cancer research, recent work has focused on 

the TME as a key component driving tumour cell evolution and disease progression. Intra-

tumoural heterogeneity is caused by genetic and epigenetic changes as well as factors within 

the TME18. A better understanding of the TME could help identify key targets to improve 

treatment outcomes. 

 

1.4  The tumour microenvironment 

 

The TME is a key factor that drives tumourigenesis19, 20. It is heterogeneous and comprised of 

different cancer cell clones, normal stromal cells, signalling molecules, such as cytokines and 

chemokines, and immune cells (Fig. 1.6)19, 20. Normal cells within the TME include fibroblasts, 

endothelial cells, and adipocytes19, 20. 

 

Fibroblasts within the TME support tumour growth and development through ECM remodelling 

and secretion of growth factors and inflammatory molecules. Cancer-associated fibroblasts 

(CAFs) also regulate epithelial-mesenchymal transition (EMT) in breast cancer through the 

secretion of molecules such as C-X-C motif chemokine ligand 12 (CXCL-12)21. Endothelial 

cells promote angiogenesis by releasing vascular endothelial growth factor ( VEGF) and 

support the invasion of breast cancer cells through Jag1/Notch signalling22. Adipocytes drive 

tumour progression through the release of inflammatory molecules, such as interleukin-6 (IL-

6) and tumour necrosis factor α (TNF-α), as well as by suppressing cytotoxic T-cells23. Bi-

directional signalling occurs between tumour cells and stromal components, with the tumour 

driving the reprogramming of normal cells to promote tumourigenesis19, 20. As components of 

the TME affect clinical outcomes, they provide possible therapeutic targets.  

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



7 
 

Figure 1.6: The tumour microenvironment. The TME is a key driver of tumourigenesis. It is 

highly heterogeneous and is composed of various cancer cell clones, normal stromal cells, 

such as fibroblasts and endothelial cells, signalling molecules, such as cytokines and 

chemokines, and immune cells19, 20.  Illustration taken from reference24. Refer to Appendix A, 

Figure 2 for permission to use the published figure.  

 

Although tumour cells stimulate angiogenesis, it is often an inefficient process with the 

formation of suboptimal blood vessels. This creates hypoxic areas within the tumour mass. 

Under low-oxygen conditions, tumour cells switch metabolic strategies and favour aerobic 

glycolysis over oxidative phosphorylation, known as the Warburg effect, which has been 

documented in many cancer types17. Aerobic glycolysis, which is inefficient in producing 

adenosine triphosphate (ATP), converts large amounts of glucose into lactate and generates 

metabolic intermediates that can be used in the synthesis of cell components25. This allows 

for rapid cellular and population growth in cancer cells25. 
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Aerobic glycolysis generates metabolic by-products such as hydrogen ions and lactate which 

increase intracellular acidity.  Normal cellular functioning requires an intracellular potential of 

hydrogen (pHi) of 7.2-7.4, while a low potential of hydrogen (pH) prevents normal cell 

functioning. Cancer cells adapt by upregulating molecules that export protons and lactate to 

maintain pHi. This results in a decrease in the extracellular pH (pHe) of the TME to a pH of 

6.5 – 6.9. Normal cells, particularly immune cells, are inhibited by the extracellular acidity in 

the TME. Hydrogen ions within the TME also stimulate tissue remodelling and promote cell 

detachment from the tumour26. Overall, aerobic glycolysis promotes the survival and 

expansion of tumours17. 

 

The immune system plays an important role in cancer prevention. Many immune cells are 

present in the TME, some of which are inhibited, while others are pro-tumourigenic. The 

presence of T and B-lymphocytes, and natural killer (NK) cells is linked to good prognosis, 

while immunosuppressive cells such as regulatory T-cells (Tregs), myeloid derived suppressor 

cells (MDSCs), and M2 macrophages are linked to tumour progression19, 20, 27-29. 

 

As the tumour develops, an immunosuppressive TME can be created through the release of 

immunosuppressive factors and checkpoint molecules by cancerous and non-cancerous cells 

of the TME28, 29. Several factors released by cancer cells and stromal cells promote the evasion 

of immune-mediated cancer cell destruction. Transforming growth factor-β (TGF-β) is secreted 

by tumour cells specifically to promote tumour cell growth and also regulates lymphocyte, NK, 

macrophage, and dendritic cell proliferation, differentiation, survival, and activation30. 

Interleukin-10 (IL-10) impairs dendritic cell function and downregulates the expression of 

transporters associated with antigen processing 1 and 2 (TAP 1 and 2), which helps cancer 

cells evade destruction by cluster of differentiation molecule (CD) 8 positive T-cells31. 

 

Tumour cells also evade immune-mediated death by upregulating the expression of 

checkpoint molecules, programmed cell death protein 1, and programmed cell death ligand 1 

(PD-1/PDL1). In breast cancer, this promotes CD8+ T-cell apoptosis and tumour 

development31. Autocrine and paracrine TGF-β signalling can delay the progression of breast 

cancer if it is activated in premalignant lesions, but if present in later stages of the disease, it 

promotes angiogenesis, immune evasion, and metastasis, and can be immunosuppressive by 

activating MDSCs and Tregs32. The release of the enzyme indoleamine 2,3-dioxygenase (IDO) 

from tissue macrophages promotes T-cell anergy and Treg differentiation which allows cancer 

cells to evade and escape immune detection and desruction33, 34. High levels of reactive 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



9 
 

oxygen species (ROS) produced by tumour-associated macrophages (TAMs), tumour-

associated neutrophils (TANs), MDSCs, and cancer cells in the TME serve as 

immunosuppressive molecules, because the high levels of ROS frequently found in the TME 

are not conducive to the functioning of anti-tumourigenic immune cells33. Cancer cells can 

adapt to high levels of ROS by upregulating their antioxidant cellular pathways33. 

 

IL-6 and interleukin-8 (IL-8) levels are elevated in patients with breast cancer and correlate 

with breast cancer stage and mortality32. Interleukin-4, -10, and -7 promote the development 

of breast cancer cells, and increased levels are associated with increased breast cancer 

related mortality32. TNF-α enhances the migratory potential of breast cancer cells, and co-

expression with IL-6 is associated with reduced survival and greater nodal involvement32. A 

previous study conducted in the Department of Immunology of the University of Pretoria found 

that immune checkpoints and immunomodulatory proteins were dysregulated in breast cancer 

patients35. While the reasons for this are unclear, elevated levels of macrophage colony-

stimulating factor (M-CSF) and chemokine (C-C motif) ligand 5 (CCL5) suggest the 

involvement of suppressor immune cells such as M2 macrophages35. 

 

While acute inflammation can create a hostile environment for tumour growth, persistent and 

misdirected inflammation can drive tumourigenesis through the formation of an 

immunosuppressive niche. This has implications for the treatment of the disease, with a large 

emphasis placed on driving appropriate immune responses to control tumour growth. 

 

1.5 Cancer treatment and relapse 

 

Cancer treatment focuses on either preventing tumour cell proliferation or promoting 

apoptosis. Common treatment strategies include surgery, chemotherapy, and radiation 

therapy, with the inclusion of hormone therapy and stem cell or bone marrow transplantation, 

depending on the type of cancer36-40.  Breast cancer is typically treated using a combination 

of surgery, radiation therapy, chemotherapy, and hormone therapy41. Conventional cancer 

treatment kills both tumour and bystander stromal cells, including immune cells. Neutropenia 

and leukopenia is often reported in patients post chemotherapy42. While the white blood cell 

count eventually recovers, different immune cells may recover at different rates.  Which cell 

types do or do not recover, as well as the activity of these cells, may influence treatment 

success and long-term patient outcomes. 
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Obtaining greater insight into the effect of cancer treatments, such as chemotherapy, on 

circulating immune cell subsets, treatment success, and disease outcomes in patients with 

breast cancer may feed forward into the improvement of existing diagnostic and treatment 

procedures and act as a sturdy foundation for the development of new techniques. 

 

1.6 Study Aims and Objectives 

 

The aim of this study was to compare the immune cell subsets and cytokine levels in the 

peripheral blood of healthy controls and triple-negative breast cancer (TNBC) patients, and of 

patients before and after first-phase chemotherapy. 

 

The first objective was to recruit treatment-naïve patients with TNBC and to develop and 

evaluate a flow cytometric method to perform immunophenotyping of the circulating immune 

cells. The second study objective was to compare immunophenotypic profiles of healthy 

controls to treatment-naïve TNBC patients, and of patients before and after first-phase 

chemotherapy using flow cytometry. The final objective of this study was to measure pro- and 

anti-tumourigenic cell function by detecting cytokines in healthy controls and TNBC patients 

before and after first-phase chemotherapy using enzyme-linked immunosorbent assays 

(ELISAs).
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Chapter 2: Development of a flow cytometric method to characterise immune 

cell subsets in the peripheral blood of triple-negative breast cancer patients 

before and after first-phase chemotherapy 

 

2.1 Introduction 

 

The first fluorescence-based flow cytometer was developed in 1968 in Germany and 

subsequently commercialised43-45. Initially, flow cytometry allowed researchers to analyse a 

limited number of cell populations simultaneously owing to constraints in fluorophore and laser 

technology43-45. At present, flow cytometry enables the analysis of numerous cell populations 

within a single sample owing to advancements in laser and detector technology, fluorophore 

optimisation, and improvements in data analysis software43-45. Flow cytometers, when 

integrated with a cell sorter, facilitate the separation of distinct cell populations for further 

investigation43, 44. 

 

The use of appropriate antibodies is necessary to identify and distinguish between the different 

cell populations present in different sample types. In peripheral blood samples, erythrocytes 

must be lysed to prevent non-specific binding of antibodies, and the remaining cells are 

incubated with fluorophore-labelled antibodies against the markers of interest43-45. As the 

labelled cells pass through the flow cell of the flow cytometer, the fluorophores are activated 

by a laser, and the emitted light is collected, quantified, and converted into an electrical signal, 

which is subsequently plotted onto graphs for analysis43-45. Emitted and scattered light is 

captured by various detectors and information on cell size, internal complexity, cell surface 

markers, and intracellular markers is acquired43-45. Flow cytometry can be conducted on liquid 

samples (for example, blood, serum, plasma, and pleural effusions), bone marrow aspirates, 

or on mechanically and enzymatically digested solid tissues43, 44. 

 

Flow cytometry has advanced the discovery of disease biomarkers and has particular utility in 

the diagnosis of haematological malignancies. In addition, it aids in monitoring immune cell 

phenotypes in autoinflammatory and autoimmune disorders, and provides information 

regarding the immune response to infectious diseases44. 
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Understanding and characterising the immune cell subsets present in the peripheral blood of 

patients with breast cancer is relevant to this study. Comparison of markers analysed by flow 

cytometry between healthy control subjects and patients with cancer may identify valuable 

prognostic biomarkers. T-cells, B-cells, NK cells, monocytes, and Tregs play important roles 

in breast cancer and may be identified using appropriate markers (Table 2.1.) 

 

Table 2.1: Cellular markers to identify different immune cell subsets  

 

The TME contains both innate and adaptive immune cells that contribute to either driving or 

preventing tumour progression (Table 2.2)19, 20. The presence of immune cells within the TME, 

including T-lymphocytes, NK cells, dendritic cells, neutrophils, B-lymphocytes, MDSCs, and 

macrophages, influences disease progression and prognosis19, 20. The presence of tumour 

infiltrating lymphocytes (TILs), which include T and B-lymphocytes, and NK cells is associated 

with good treatment responses in patients with TNBC or HER2+ breast cancer as these cells 

mediate tumour cell destruction19, 20, 54. However, tumour cells may use several mechanisms 

to block TIL recruitment or activation and avoid immune-mediated killing, while simultaneously 

creating an immunosuppressive environment. Tumour cells can directly prevent dendritic cell 

maturation, causing decreased neoantigen presentation and blocking T-cell activation19, 20. 

Tumour cells release cytokines that recruit MDSCs and Tregs which further drive 

immunosuppression within the TME19, 20. Increased Treg levels in breast cancer biopsies are 

Cell types  Defining cellular markers  Markers for further 

characterisation 

References  

CD8+ cytotoxic T-cells  CD45, CD3, CD8  CXCR3, CD194, CD196 46-49 

CD4+ helper T-cells  CD45, CD3, CD4 CXCR3, CD161  46-49 

Tregs  CD45, CD3, CD4, CD25, Forkhead 

Box Protein P3 (FoxP3) 

(intracellular) 

CD127, Helios, CD39, 

CD45RA 

46-49 

Natural Killer T-cells 

(NKTs)  

CD45, CD3, CD56, CD16  Neural cell adhesion 

molecule (NCAM), 

CD161 

46-49 

Monocytes  CD45, CD14, CD16 CD56, CD206, HLA-DR 46-48, 50 

NK Cells  CD45, CD16, CD56 HLA-DR, CD69 46-48, 51, 52 

B-lymphocytes  CD19, CD20, CD45, CD38, CD138 

(plasma cells) 

CD206, C-C motif 

chemokine receptor 7 

(CCR7)  

46-48, 53 

Tregs: regulatory T-cells. NK cells: natural killer cells. 
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associated with a more invasive phenotype and poorer prognosis19, 20. Tumours also drive the 

polarisation of neutrophils and macrophages towards N2 and M2 tumour-promoting 

phenotypes, respectively which promote resistance to chemotherapy in ER- breast cancer 

patients37. 

 

Table 2.2: The roles of immune cell subsets in the tumour microenvironment 

Innate Immune cells   Pro- or anti-

tumourigenic  

References  

Macrophages Normal function: Antigen presentation to CD4+ and CD8+ T-

cells.  When activated, can be divided into M1 and M2 

phenotypes.  

Function in cancer: The acidity of the TME drives M2 

phenotype polarisation with further release of 

immunosuppressive factors.    

M2: Pro-

tumourigenic  

19, 20, 29, 55 

Neutrophils  Normal function: Phagocytosis of pathogens and other 

foreign bodies at sites of infection and inflammation. 

Function in cancer: The TME drives polarisation of the N2 

phenotype. A higher neutrophil-to-lymphocyte ratio is 

associated with a poorer prognosis and increased mortality.  

N2: Pro-

tumourigenic  

19, 20, 29, 56  

NK Cells   Normal function: Kill cells directly by inducing apoptosis or by 

compromising cell membrane integrity.  

Function in cancer: Their function is inhibited by the acidity 

of the TME and by immunosuppressive cytokines released 

by cancer cells.   

Anti-

tumourigenic  

18, 19, 29, 54  

Dendritic 

cells   

Normal function: Presentation of antigens to CD4+ and CD8+ 

T-cells which go on to destroy the target cell.  

Function in cancer: The acidity of the TME prevents their 

maturation and causes them to become tolerogenic.  

Pro-

tumourigenic 

and/or 

tolerogenic  

19, 20, 29, 57  

Adaptive Immune Cells     

CD4+ T-

lymphocytes   

Normal function: Assist in the activation and function of CD8+ 

T-cells.   

Function in cancer: The TME alters their metabolism and 

hinders their anti-tumourigenic ability.  

Anti-

tumourigenic  

19, 20, 29 
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CD8+ T-cells  Normal function: Kill their target by inducing apoptosis or 

compromising cell membrane integrity.  

In cancer: The TME reduces their cytotoxic ability and alters 

their metabolism.   

Anti-

tumourigenic   

19, 20, 29 

Tregs Normal function: Moderates CD4+ and CD8+ activity to 

prevent excessive immune activation.   

Function in cancer: The acidic TME favours Treg activity 

which supresses anti-tumourigenic immune cells such as 

CD8+ T-cells.   

Pro-

tumourigenic 

19, 20, 29  

NKTs Normal function: Exhibit both T-cell and NK cell-like effector 

mechanisms to destroy their target.   

Function in cancer: The acidic TME inhibits NKT cell function 

by disrupting intracellular signalling mechanisms.   

Anti-

tumourigenic 

19, 20, 29, 58, 59 

B-cells   Normal function: Act as professional antigen presenting 

cells (APCs), produce antibodies, can differentiate into 

memory B-cells, and release pro-inflammatory and anti-

inflammatory molecules.  

Function in cancer: Produce antibodies against cancer cells 

and present tumour antigens to T-cells. However, TME 

conditions can favour regulatory B cell subsets which are 

immunosuppressive. 

Pro- or anti-

tumourigenic 

18, 19, 27, 29 

NK cells: natural killer cells. Tregs: regulatory T-cells. NKT: natural killer T-cell. 

 

Alterations to the immune cell components in and around the TME due to manipulation by 

cancer cells have been documented in numerous cancer types19, 28, 29. A more comprehensive 

understanding of the impact of solid tumours on circulating immune cell populations and the 

effects of chemotherapy on these cells is relevant for patient prognosis and treatment. As 

obtaining a tumour biopsy can be an invasive procedure, less intrusive procedures are needed 

to assess the response to treatment19, 28, 29. In this study, a multi-colour flow cytometric panel 

was developed to conduct immunophenotyping of immune cell subsets in the peripheral blood 

of patients with TNBC. 
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2.2 Materials and Methods 

 

2.2.1 Participant selection 

Twenty-three newly diagnosed TNBC patients were recruited from the Medical Oncology 

Centre of Rosebank in Johannesburg. All participants were female and over 18 years old. All 

the inclusion and exclusion criteria can be found in Appendix B, Table 1. Ten healthy female 

volunteers were recruited from the Health Sciences campus of the University of Pretoria, 

Tshwane, as the healthy donor group. 

 

2.2.2 Specimen collection 

Peripheral blood was collected in two 5 ml ethylenediaminetetraacetic acid (EDTA) tubes prior 

to the initiation of chemotherapy and after the first phase of chemotherapy (at least three 

cycles of chemotherapy). Blood samples were transported to the laboratory at room 

temperature (RT) and upon arrival, one 5 ml EDTA tube of participant blood was used for flow 

cytometric analysis and the other was used to store plasma for later use. 

 

2.2.3 Ethical considerations and approval 

Each participant completed a written informed consent form and was assigned a 

depersonalised study number to ensure confidentiality.  Ethical approval was obtained from 

the University of Pretoria Faculty of Health Sciences Research Ethics committee (approval 

number 302/2023) (Appendix B, Figure 1). 

 

2.2.4 Antibodies 

Immune cell subsets were identified using DURAClone Immunophenotyping (IM) Basic and 

Treg kits from Beckman Coulter (California, United States of America (USA)). These kits 

contain a panel of dried-down antibodies. The DURAClone IM Basic kit (Beckman Coulter, 

USA) contained CD45-Krome Orange (KrO), CD16-Fluorescein isothiocyanate (FITC), CD56-

Phycoerythrin (PE), CD19-R-Phycoerythrin-Texas Red-X energy coupled dye (ECD), CD14-

Phycoerythrin-Cyanine 7 (PC7), CD4-Allophycocyanin (APC), CD8-Alexa Fluor 700 (AF700), 

CD3-Allophycocyanin-Alexa Fluor 750 (APC-AF750) that allowed for the characterisation of 

monocytes, macrophages, B-cells, CD4+ T-cells, CD8+ T-cells, and NK cells. A CD206-Pacific 

Blue (PB) (BioLegend, USA) and human leukocyte antigen-DR isotype (HLA-DR)-Brilliant 
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Violet 780 (BV780) (BioLegend, USA) liquid antibody drop-in were added to this panel. The 

DURAClone IM Treg kit (Beckman Coulter, USA) and a CD127-AF700 (BioLegend, USA) 

liquid antibody drop-in were used to obtain more detailed information on circulating CD4+ T-

cells and CD25+FoxP3+ Tregs from each participant. This kit contained Helios-PB, CD45-KrO, 

cluster of differentiation molecule 45 residues on exon A (CD45RA)-FITC, CD25-PE, CD39- 

R-Phycoerythrin-Cyanin 5.5 (PC5.5), CD4-PC7, FoxP3-Alexa Fluor 647 (AF647), and CD3- 

APC-AF750 antibodies. 

 

2.2.5 Compensation 

Colour compensation was performed by adding two drops of positive and negative VersaComp 

(Beckman Coulter, USA) antibody capture beads to an unstained tube and to tubes containing 

single colour fluorophores. The DURAClone IM Basic Immunophenotyping Compensation kit 

contained CD4-FITC, CD4-PE, CD19-ECD, CD14-PC7, CD4-APC, CD8-A700, CD3-APC-

A750, and CD8-KrO, and separate tubes were prepared with 10 μl of CD206-PB (BioLegend, 

USA) and HLA-DR-BV780 (BioLegend, USA). The DURAClone Treg compensation kit 

contained CD4-FITC, CD4-PE, CD39-PC5.5, CD4-PC7, FoxP3-A647, CD3-APC-A750, CD4-

PBE, and CD8-KrO, and a separate tube was prepared with 10 μl of CD127-AF700 

(BioLegend, USA). After vortexing and incubating the tubes in the dark at RT for 15 minutes, 

3 ml of 1x Phosphate buffered saline (PBS) (ThermoFisher Scientific, USA) was added and 

the tubes centrifuged at 500 relative centrifugal force (RCF) for 5 minutes (brake off) using an 

Allegra® X-12R centrifuge (Beckman Coulter, USA). The pellet was resuspended in 600 µl 1x 

PBS (ThermoFisher Scientific, USA), the results were acquired on the CytoFlex flow cytometer 

(Beckman Coulter, USA), and H-gates were placed over the positively stained bead 

populations for each tube before recording. The results were saved in a compensation library 

for each respective assay. 

 

2.2.6 Daily quality control and standardisation 

Daily quality control (QC) was performed using CytoFlex Ready to Use (RTU) Daily QC 

fluorospheres (Beckman Coulter, USA)60. After ensuring that the target value file for the 

specific lot of QC beads was loaded, the fluorospheres were thoroughly vortexed and 10 drops 

were added into a sterile tube. Once the QC passed, standardisation was performed to ensure 

assay accuracy and reproducibility. Flow-set pro fluorospheres (Beckman Coulter, USA) were 

used for daily assay standardisation, and after vortexing, 10 drops were added into a sterile 

tube, which was then acquired on the CytoFlex flow cytometer (Beckman Coulter, USA), and 

the results were imported into the gain acquisition settings. 
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2.2.7 Basic immunophenotyping flow cytometry panel 

A volume of 5 µl of CD206-PB (BioLegend, USA) and HLA-DR-BV780 (BioLegend, USA) liquid 

antibodies were added into a labelled DURAClone IM basic kit (Beckman Coulter, USA) 

reagent tube, and the tube vortexed. To minimise the formation of staining artefacts, 30 µl of 

Brilliant Violet stain buffer (BD Biosciences, USA) was added to the reagent tube along with 

100 µl of whole blood. The tube was vortexed and incubated in the dark at RT for 15 minutes 

(min). VersaLyse solution (Beckman Coulter, USA) (2 ml) was added after the incubation 

period, and the tube contents were mixed and incubated in the dark for another 15 min at RT. 

The tube was then centrifuged at 200 RCF for 5 min (brake off) using an Allegra® X-12R 

centrifuge (Beckman Coulter, USA), and the pellet was resuspended in 3 ml 1x PBS 

(ThermoFisher Scientific, USA). After centrifuging at 200 RCF for 5 minutes (brake off) using 

an Allegra® X-12R centrifuge (Beckman Coulter, USA), the pellet was resuspended in 500 µl 

PBS (ThermoFisher Scientific, USA) and the results acquired on the CytoFlex flow cytometer 

(Beckman Coulter, USA). 

 

2.2.8 Treg immunophenotyping flow cytometry panel 

Five microlitres (µl) of CD127-AF700 (BioLegend, USA) liquid antibody and 50 µl of whole 

blood were added to a labelled DURAClone IM Phenotyping Treg kit tube 1 (Beckman Coulter, 

USA), and the tube was vortexed and incubated in the dark for 15 min at RT. After adding 3 

millilitres (ml) 1x PBS (ThermoFisher Scientific, USA), the tube was centrifuged at 500 RCF 

for 5 min (brake off) using an Allegra® X-12R centrifuge (Beckman Coulter, USA). The pellet 

was resuspended in 50 µl of foetal bovine serum (FBS) (ThermoFisher Scientific, USA). 

Permeabilisation buffer (PerFix-nc buffer 1, Beckman Coulter, USA) (5 µl) was incubated with 

the sample for 15 min before 400 µl of fixation buffer (PerFix-nc buffer 2, Beckman Coulter, 

USA) was added. The contents of tube 1 were transferred to reagent tube 2 and incubated in 

the dark for 60 min at RT. After adding 3 ml PBS (ThermoFisher Scientific, USA) and incubating 

in the dark for 5 min at RT, the tube was centrifuged at 500 RCF for 5 min, and the supernatant 

was discarded. After adding 3 ml diluted Perfix-nc buffer 3 wash buffer (diluted 1 in 10 with 

deionised water) (Beckman Coulter, USA), the tube was centrifuged at 500 RCF for 5 minutes 

(brake off) using an Allegra® X-12R centrifuge (Beckman Coulter, USA), and the pellet 

resuspended in 500 µl of diluted Perfix-nc buffer 3 (diluted 1 in 10 with deionised water) 

(Beckman Coulter, USA). Finally, the results were acquired using a CytoFlex flow cytometer 

(Beckman Coulter, USA). 
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2.2.9 Data analysis 

Following data acquisition using the CytoFlex flow cytometer (Beckman Coulter, USA), the 

flow cytometry standard (FCS) files were imported into Kaluza Analysis software version 2.2.1 

(Beckman Coulter, USA). A standard cleanup protocol was created for the basic and Treg 

immunophenotyping panels, as well as the standardised compensation dataset. Doublets 

were excluded, scaling was adjusted to ensure that all cell populations were adequately 

visualised, and the compensation was adjusted. These files were then imported into FlowJo™ 

software version 10.9.0 (Beckton Dickenson, USA) for further analysis. 

 

2.3 Results 

 

Immune cell populations of interest were detected using a basic and Treg immunophenotyping 

panel and liquid antibody drop-ins on the CytoFlex flow cytometer (Beckman Coulter, USA). 

To correctly identify and define cell populations of interest using the collected data, a gating 

strategy was developed and visualised using FlowJo™ software v10.9.0 (Beckton Dickenson, 

USA). The gating strategy presented here was performed using peripheral blood obtained 

from a healthy donor. 

 

2.3.1. Identification of T-cell, B-cell, NK cell, and monocyte subsets in peripheral blood  

A forward scatter height (FSC-H) vs. forward scatter area (FSC-A) plot was created to 

eliminate cell debris and doublets from the analysis (Fig. 2.1 A). Next, to identify leukocytes, 

a CD45 vs. granularity by side scatter area (SSC-A) dot plot was created, and the CD45+ 

events were gated (Fig 2.1 B). Monocytes were identified based on CD14 expression using a 

CD14 vs. SSC-A plot and lymphocytes were identified using a CD45 vs. SSC-A (Fig. 2.1 C, 

D) plot. Monocyte subsets were further classified based on CD14 and CD16 expression as 

follows: classical (CD14+ CD16-), intermediate (CD14+ CD16+), and non-classical (CD14dim 

CD16+) (Fig. 2.1 E). B-lymphocytes were identified based on a lack of CD3 expression and 

positive CD19 expression (Fig. 2.1 F). Natural killer cells were identified by CD56 expression 

(Fig. 2.1 G, H), whereas CD3+ T cells were subdivided into CD4+ or CD8+ subsets (Fig 2.1 G, 

I). The percentage of parent population and mean fluorescence intensity (MFI) of each gated 

population were determined. To further characterise the cell populations detected using this 

panel, the MFI of CD206 on B-cells, CD56, CD206, and HLA-DR on monocytes, and CD16 

and HLA-DR on NK cells were determined. This gating strategy was first established using 

healthy donor flow cytometry data before being applied to that of the recruited patients. 
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Figure 2.1: Gating strategy used to identify T-cell, B-cell, NK cell, and monocyte subsets in healthy donor whole blood. Singlets were 

gated using a FSC-H vs. FSC-A plot (A) and CD45+ leukocytes were identified using a CD45 vs. SSC-A plot (B). Using gated CD45+ leukocytes, 

CD14+ monocytes (C) and lymphocytes (D) were identified. Monocyte subsets were evaluated using a CD16 vs. CD14 plot (E). Using events 

gated in D, CD19+ B-cells were identified in plot F. NK cell: natural killer cell. FSC-H: forward scatter height. FSC-A: forward scatter area. SSC-

A: side scatter area. 
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Figure 2.1 continued: Natural killer cells and CD3+ lymphocytes were identified using a CD3 vs. CD56 plot (G). CD56high NK cells were identified 

using a CD56 vs. CD16 plot (H), whereas CD4+ helper T-cells and CD8+ cytotoxic T-cells were identified using a CD4 vs. CD8 plot (I). NK cell: 

natural killer cell. 
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2.3.2 Identification of CD4+CD25+FoxP3+ Tregs in peripheral blood  

To identify singlets, a FSC-H vs. FSC-A plot was generated (Fig. 2.2 A). Next, the CD45+ 

lymphocytes were gated (Fig. 2.2 B), and helper T-cells (CD3+ CD4+) were identified (Fig. 2.2 

C). A CD4 vs. CD25 plot was used to identify the CD25+ and CD25dim helper T-cell populations 

(Fig. 2.2 D). Next, a FoxP3 vs. CD25 plot was used to identify CD25+FoxP3+ Tregs (Fig. 2.2 

E). To improve the characterisation of participant CD25+FoxP3+ Tregs, the MFI of CD39, 

CD127, CD45RA, and Helios in these cells was evaluated. This gating strategy was first 

established using healthy donor flow cytometry data before being applied to that of the 

recruited patients.
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Figure 2.2:  Gating strategy used to identify CD4+CD25+FoxP3+ Tregs in healthy donor whole blood. Singlet cells (A) and CD45+ 

lymphocytes (B) were identified. Helper (CD3+CD4+) T-cells were gated (C), and CD25+ and CD25dim helper T-cell populations were identified 

using a CD4 vs. CD25 plot (D). Finally, CD25+FoxP3+ Tregs were identified using a FoxP3 vs. CD25 plot (E). FoxP3: Forkhead Box Protein P3. 

Tregs: regulatory T-cells. 
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2.4 Discussion 

 

Breast cancer is the second most frequently diagnosed cancer with the fourth highest mortality 

rate worldwide, making it a healthcare priority4. TNBC, accounting for 10-20% of diagnosed 

invasive breast cancers, is more aggressive, has greater proliferative potential, metastasises 

earlier, and has fewer treatment options than other breast cancer types61. Accurate biomarkers 

to track and monitor the progression and response to treatment are important for developing 

better treatment strategies for patients with TNBC. Surrogate biomarkers present in peripheral 

blood assist in monitoring tumour progression or response to treatment, negating the need for 

invasive biopsies in longitudinal testing62. 

 

The aim of this study was to detect and characterise circulating immune cell subsets in healthy 

volunteers and patients with TNBC using flow cytometry. This technique was selected because 

it is a well-established tool for identifying and distinguishing between different immune cells 

present within a sample43-45. Owing to their crucial roles in tumour growth and progression, 

circulating T and B-lymphocytes, NK cells, monocytes, and CD25+FoxP3+ Tregs in both 

healthy individuals and those with TNBC were detected using a flow cytometric protocol and 

gating strategy developed specifically for this purpose. The protocol and gating strategy 

developed were published online on protocols.io (DOI: 

https://dx.doi.org/10.17504/protocols.io.14egn379ml5d/v3) (Appendix B, Figure 2). 

 

By establishing this gating strategy using blood from healthy donors, immunophenotypic 

comparisons can be made in patients with TNBC. In addition, monitoring these immune cell 

subsets during treatment may provide clinical data and help predict treatment outcomes.
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Chapter 3: Immunophenotyping of T-cells, B-cells, NK cells, and monocytes in 

healthy donors and TNBC patients before and after first-phase chemotherapy 

 

3.1 Introduction 

 

Breast cancer was the second most commonly diagnosed cancer in 2022 with 2.31 million 

new cases diagnosed globally and the fourth highest cancer mortality rate in the world, making 

it a healthcare priority4. TNBC does not express any hormone receptors, accounts for 10-20% 

of diagnosed invasive breast cancer cases, and has a 5-year survival rate of 60%63, 64. The 

hormone insensitivity and heightened proliferative and metastatic potential of TNBC limit the 

range of treatment strategies that can be used to chemotherapy, radiation, surgery, and 

immunotherapy61, 63.The TNBC TME, including the immune cell component, differs from that 

of other breast cancer subtypes, and T-cells, B-cells, NK cells, monocytes, and other immune 

cells both within the TME and the circulation may play a pro- or anti-tumourigenic role in 

TNBC30, 31, 65.  

 

Cytotoxic CD8+ T-cells destroy infected and malignant cells66, 67. CD8+ T-cells require exposure 

to an antigen specific to their T-cell receptor (TCR) and the presence of interleukin 2 (IL-2) 

(produced by activated CD4+ T-cells) to become actiavted66, 67. CD8+ T-cells secrete anti-

microbial and anti-tumourigenic cytokines, such as TNF-α and IFN-γ, release cytotoxic 

granules containing perforin and granzymes, and use FAS/FAS ligand signalling to activate 

the caspase cascade within target cells to trigger apoptosis66, 67. The degree of CD8+ T-cell 

infiltration into the TME can be used to classify tumours as ‘hot’ and ‘cold’ tumours66, 67. ‘Hot’ 

tumours contain large amounts of non-exhausted CD8+ T-cells, respond well to 

immunotherapy and are associated with a more favourable prognosis66, 67. Inhospitable 

conditions within the TME however, are a mechanism by which malignant cells manipulate 

CD8+ T-cell function66, 67. 

 

CD4+ T-cells are activated in response to antigenic presentation by cells such as dendritic 

cells, and subsequently release IL-268-70. Newly activated CD4+ (Th0) cells differentiate into T 

helper 1 (Th1), T helper 2 (Th2), and T helper 17 (Th17) cells with the same antigenic 

specificity as their parent cell68-70. Th1 cells are a major source of IFN-γ and TNF-β, and 

promote antibody-independent immune responses68-70. These cells activate M1 macrophages 
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and CD8+ T-cells, and are associated with improved clinical outcomes in cancer68-70. Th2 cells 

produce interleukin 4 (IL-4), interleukin 5 (IL-5), IL-6, interleukin 13 (IL-13), and IL-10 which 

inhibit Th1 cells and activate M2 macrophages and B-lymphocytes68-70. Th2 cells, 

conventionally associated with pro-tumour activity, have also been linked to improved patient 

outcomes in cancer68-70. Pro-inflammatory Th17 cells produce interleukin 17 (IL-17) which 

indirectly causes the secretion of IL-8, IL-6, G-CSF, and granulocyte-macrophage colony 

stimulating factor (GM-CSF)68-70. The infiltration of CD4+ and CD8+ T-cells into the TME can 

be used by clinicians as an indicator of treatment response and prognosis, and an increased 

TIL percentage in the TNBC TME has been associated with improved prognosis, pathological 

complete response rate, and overall survival64, 71. B-lymphocytes are also critical components 

of the TME and play an important role in the control of cancer65. 

 

Upon antigen exposure, B-lymphocytes present an HLA-II-antigen complex to a Th2 CD4+ T-

cell which releases cytokines that stimulate B-cell proliferation and differentiation into various 

subsets including plasma cells (which secrete antibodies), or effector memory B-cells, which 

provide lasting immunity against a specific antigen72-75. In contrast, regulatory B-cells (Bregs) 

are immunosuppressive and may support tumour development72-75. Increased infiltration of B-

cells in the TNBC TME is associated with improved patient prognosis65. 

 

Natural killer cells (CD56+CD16±) are important in maintaining homeostasis, as they destroy 

virus-infected, malignant, and otherwise stressed cells76, 77. Unlike T-cells, NK cells can 

destroy cells that do not express HLA-I molecules76, 77. Malignant cells may downregulate HLA-

I expression as a mechanism of immune escape, which is important in the context of cancer76, 

77. Natural killer cells can be divided into two groups: CD56highCD16dim and CD56dimCD16high 

NK cells76, 77. CD56highCD16dim NK cells constitute 10% of circulating NK cells, are major 

cytokine producers, and are more immature and immunoregulatory than the cytotoxic 

CD56dimCD16high NK subset76, 77. CD16 is closely linked to the antibody-dependent cytotoxic 

ability of NK cells, while CD56 is constitutively expressed by NK cells and has also been 

reported to be associated with cytotoxicity and an activated state in other immune cells such 

as T-cells78, 79. HLA-DR expression in NK cells is considered a marker of activation51.  

 

Monocytes differentiate into macrophages which play a role in either supporting or preventing 

cancer growth. Three main monocyte subsets are found in the peripheral blood of humans80-

82. Classical (CD14hiCD16-) monocytes are phagocytic, patrol the endothelium, release pro-
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inflammatory factors, and differentiate into anti-tumourigenic M1 macrophages within the 

tissues80-82. Intermediate (CD14+CD16+) monocytes are pro-inflammatory and may 

differentiate into either pro-tumourigenic M2 macrophages or anti-tumourigenic M1 

macrophages depending on the signalling molecules to which they are exposed80-82. Non-

classical (CD14dimCD16+) monocytes differentiate into pro-tumourigenic M2 macrophages, 

patrol the endothelium, and produce inflammatory cytokines80-82. M1 macrophages can 

suppress tumour growth, whereas M2 macrophages promote angiogenesis, treatment 

resistance and metastasis80-82. The CD206 mannose receptor is frequently used by 

researchers to identify M2 macrophages and immature dendritic cells and plays an important 

role in the recognition and internalisation of specific ligands83. Monocyte subsets found in the 

blood of TNBC patients may shed light on the macrophage polarisation status within the 

TME80-82. 

 

When the immune system fails to prevent tumour formation and growth, other treatment 

strategies are needed. Chemotherapeutic agents are used to target and destroy rapidly 

dividing cells84. While cancer cells are the primary targets of such therapies, other rapidly 

dividing cells, such as immune and blood cells, are also affected84. As these cell types are vital 

for successful tumour control, relevant biomarkers must be identified to monitor these cell 

types in TNBC to improve patient care and disease outcomes.   

 

3.2 Materials and methods 

 

3.2.1 Participant recruitment 

Newly diagnosed, treatment-naïve TNBC patients (n=23) and healthy volunteers (n=10) were 

recruited to participate in this study. All participants were female, over the age of 18 years, and 

had no prior personal history of breast cancer. Peripheral blood (5 ml) was collected in EDTA 

tubes via venipuncture prior to the initiation of chemotherapy and again after at least three 

cycles (first phase) of chemotherapy. The blood was transported to the laboratory at room 

temperature and processed within 12 hours of collection. 

 

3.2.2 Data collection and management  

The following information was collected for each patient: age, body mass index (BMI), tobacco 

use, histological grading (pre- and post-treatment), percentage of Antigen Kiel 67 (Ki-67) 

expression, TIL percentage, side (left or right breast) on which the tumour was located, routine 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



27 
 

full blood counts (pre- and post-first-phase chemotherapy), and treatment regimen. Tumour 

histological grade, Ki-67 percentage, and TIL percentage was determined for each patient 

using biopsied sample and standard histological techniques performed by a diagnostic 

laboratory. The healthy donor age was recorded, but BMI and tobacco use were not. 

 

Each participant was assigned a depersonalised study number to ensure confidentiality and 

privacy, and all data were stored on secure devices and encrypted online data storage 

platforms. Data generated and collected will be stored for 10 years in the secure data 

repository of the University of Pretoria.   

 

3.2.3 Immunophenotyping of T-cells, B-cells, NK cells, and monocytes using flow 

cytometry 

Circulating CD4+ and CD8+ T-cell, B-cell, NK cell, and monocyte subsets were identified in 

participant whole blood using a CytoFlex flow cytometer (Beckman Coulter, USA), 

DURAClone Immunophenotyping Basic kits (Beckman Coulter, USA), and two liquid antibody 

drop-ins as described in Chapter 2. The FCS files were imported into the Kaluza Analysis 

software version 2.2.1 (Beckman Coulter, USA) for the exclusion of doublets, as well as the 

adjustment of scaling and compensation. The FCS files were then imported into FlowJo™ 

software version 10.9.0 (Beckton Dickenson, USA), where the percentage of the parent cell 

population and MFI values for each cell subset and their associated markers were determined 

using a specifically designed gating protocol, as described in Chapter 2. The geometric MFI 

of different markers was measured as an indication of fluorophore brightness and a relative 

measure of antigen abundance. 

 

3.2.4 Data and statistical analysis 

To detect differences in CD4+ and CD8+ T-cell, B-cell, NK cell, and monocyte subsets between 

healthy donors and TNBC patients, as well as in patients before and after first-phase 

chemotherapy, the percentage of the parent cell population and MFI values for each cell 

subset and their associated markers were determined using FlowJo™ software version 10.9.0 

(Beckton Dickenson, USA).  

 

A Shapiro-Wilk test was conducted to determine the distribution of the collected data. The null 

hypothesis that the data had a normal distribution was rejected for several variables (p ≤ 0.05). 
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As data were collected from three participant groups and did not have a normal distribution, a 

Kruskal-Wallis equality of populations test and Dunn’s pairwise comparison test were used to 

compare the median percentage of population and MFI values between the three groups. A p-

value of less than or equal to 0.05 was deemed statistically significant.  

 

Full blood count results for patients before and after first-phase chemotherapy were also 

collected to complement the flow cytometry data. A Kruskal-Wallis equality of populations test 

was used to compare median blood cell count values in patients before and after first-phase 

chemotherapy, and a p-value of less than or equal to 0.05 was deemed statistically significant. 

The STATA Basic Edition 18.0 statistical software (STATA Corp LLC, USA) was used to 

conduct all statistical tests. This software was used to calculate the median participant 

demographic values and generate graphs.  

 

3.3 Results 

 

3.3.1 Participant demographics 

The median patient age was 51 years (30-68 years) (Table 3.1), while the healthy donors had 

a median age of 25.5 years (23-64 years). Patients had a median BMI of 26.2 kg/m2 (17.6-

35.6 kg/m2) and 17.39 % (n=4) were smokers (Table 3.1). The primary tumour location was 

divided approximately equally, with 52.17% (n=12) located in the right breast and the 

remainder (47.83% (n=11) in the left breast (Table 3.1). All patients were diagnosed with 

TNBC; 91.3% (n=21) were diagnosed with a grade 3 tumour, and the remaining 8.7% (n=2) 

were diagnosed with a grade 2 tumour (Table 3.1). After the completion of all chemotherapy, 

the primary tumour site was either biopsied or scanned and of the 18 patients for whom 

treatment response information was available (follow-up biopsy and scan results after the 

completion of chemotherapy were not available for 5 individuals), approximately 56% (n=10) 

demonstrated a PCR, and 44% (n=8) had PIC (Table 3.1). 

 

Table 3.1: Patient demographics and disease characteristics 

Variable Patients  

Age; median number of years (range), n=23 51 (30-68) 

BMI; median kg/m² (range), n=22 26.2 (17.6-35.6) 

Smoker; n (%), n=22 Yes: 4 (17.39) 
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No: 18 (78.26) 

Unknown: 1 (4.35) 

Primary tumour location; n (%), n=23 Left breast: 11 (47.83) 

Right breast:12 (52.17) 

Ki-67; median % (range), n=23 73 (15-100) 

TIL; median % (range), n=7 15 (2-40) 

Tumour subtype; n (%), n=23 TNBC: 23 (100) 

Tumour grade; n (%), n=23 Grade 2: 2 (8.7) 

Grade 3: 21 (91.3) 

First-phase treatment regimen: Taxotere-Adriamycin-

Cyclophosphamide (TAC)+ Neulasta®; n (%), n=23 

23 (100) 

Response to treatment at primary tumour site; n (%), 

n=18 

Persistent invasive carcinoma: 8 (44.44%) 

Pathological complete response: 10 (55.56%) 

Response on opposing side; n (%), n=18 Persistent invasive carcinoma:1 (5.56%) 

Pathological complete response: 1 (5.56%) 

Benign/Unchanged: 16 (88.89%) 

BMI: body mass index. Ki-67: Antigen Kiel-67.TIL: tumour-infiltrating lymphocytes.   

 

The median Ki-67 expression in biopsied tissue was 73% (15-100%) by 

immunohistochemistry (Table 3.1). Twenty patients were found to have a high level of Ki-67 

expression (≥40%)85 at the time of diagnosis, and 3 had a low Ki-67 value (<40%)85. 

Immunohistochemical staining for TIL infiltration was only available for 7 patients, and the 

median TIL% for these patients was 15% (2-40%) (Table 3.1). Approximately 57% (n=4) of 

these patients had a TIL percentage greater than 10%. Of those with a high TIL percentage 

(>10%)86, three were found to have PIC at the primary tumour site, while treatment information 

was not yet available for the fourth patient. The remaining three patients all had a low TIL 

percentage (<10%)86 at the time of diagnosis, and while treatment response information was 

not available for one of them, the other two achieved a PCR after the completion of 

chemotherapy. 

 

All patients underwent a first-phase treatment regimen of at least three cycles of TAC 

chemotherapy with the addition of Neulasta® (granulocyte-colony stimulating factor (G-CSF)). 

Of the three patients with a low (<40%)85 percentage of Ki-67, the first had a Ki-67 expression 

level of 38%, was diagnosed with a grade 2 TNBC tumour, and was found to have PIC at the 

primary tumour site after the completion of all chemotherapy. The second and third patients 

had Ki-67 expression levels of 20% and 15% respectively, were both diagnosed with grade 3 
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TNBC tumours, and achieved a PCR at the primary tumour site after the completion of all 

chemotherapy. One patient with a Ki-67 expression level of 40% achieved a PCR at the 

primary tumour site but was found to have PIC in the opposing breast after the completion of 

all chemotherapy. More detailed demographic information of the participants can be found in 

Appendix C, Table 1. 

 

3.3.2 Monocyte count and neutrophil-lymphocyte ratio is increased in patients after 

first-phase chemotherapy 

The median lymphocyte and eosinophil cell counts were significantly lower in patients after 

first-phase chemotherapy (median 2.31 x109/l vs. 1.14 x109/l and 0.12 x109/l vs. 0.01 x109/l, 

p=0.0001), although they were still within the normal reference range, while the median 

monocyte count was increased (median 0.47 x109/l vs. 0.68 x109/l, p=0.0005) (Figure 3.1). 

The median neutrophil-lymphocyte ratio (NLR) also significantly increased after first-phase 

chemotherapy (median 1.66 vs. 3.69, p=0.0001). 

Figure 3.1: Leukocyte subset counts in patients before and after chemotherapy. 

Eosinophil and lymphocyte counts were reduced while monocyte count and the NLR was 

increased. **** p≤0.0001, *** p≤0.001. NLR: neutrophil-lymphocyte ratio. 

 

**** 

**** 
*** 
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The median erythrocyte count was significantly lower after first-phase chemotherapy (median 

4.61 x1012/l vs. 3.63 x1012/l, p=0.0001) and was below the normal reference range. No 

significant changes were observed in the total leukocyte, neutrophil, basophil, or platelet 

counts after the first phase of chemotherapy (Table 3.2). This information was extracted from 

Full Blood Count (FBC) reports, and the raw data values from these reports can be found in 

Appendix C, Tables 2 and 3. 

 

Table 3.2: Median full blood count test results and probability values for study patients 

before and after first-phase chemotherapy 

Variable Normal 

reference 

range 

Pre-

chemotherapy 

After first-phase 

chemotherapy 

P-value 

Erythrocyte count: median 

x1012/L (range) 

3.8-5.5  4.61 (3.97-5.5) 3.63 (2.69-4.81)  0.0001**** 

Leukocyte count: median 

x109/L (range) 

4.0-12.0  6.93 (3.93-11.84) 6.12 (1.45-11.49) 0.0846 

Neutrophil count: median 

x109/L (range) 

2.0-7.5  3.78 (1.33-7.05) 4.24 (0.5-8.98) 0.7500 

Lymphocyte count: median 

x109/L (range)  

1.0-4.0  2.31 (1.07-4.45) 1.14 (0.56-2.08) 0.0001**** 

Monocyte count: median 

x109/L (range) 

0.2-1.0  0.47(0.25-0.89) 0.68 (0.04-1.25) 0.0005*** 

Eosinophil count: median 

x109/L (range) 

0.0-0.5  0.12 (0.03-0.52) 0.01 (0-0.28)  0.0001**** 

Basophil count: median 

x109/L (range) 

0.0-0.3  0.04 (0.01-0.08) 0.04 (0-0.1) 0.8505 

NLR - 1.62 (0.61-3.37) 3.69 (0.62-6.3) 0.0001**** 

Platelet count: median x109/L 

(range) 

150-450  290 (96-369) 324 (61-466) 0.3017 

**** p≤0.0001, *** p≤0.001. NLR: neutrophil-lymphocyte ratio. 
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3.3.3 The MFI of CD8 on T-cells is increased in patients after first-phase 

chemotherapy compared to healthy donors 

No significant changes in the percentage of circulating CD3+ T-cells, CD4+ T-cells, or CD8+ T-

cells was observed among the three participant groups. The MFI of CD8 on CD3+ lymphocytes 

was significantly higher in patients after first-phase chemotherapy than in healthy donors 

(median 384 913.5 vs. 339 941, p=0.0074) (Figure 3.2); however, no corresponding changes 

in the percentage of CD8+ T-cells or the MFI of CD8 on CD8+ T-cells were observed. No 

significant difference in the MFI of CD4 in CD3+ lymphocytes was found (Figure 3.2). The raw 

data values are presented in Appendix C, Table 4.  

 

Figure 3.2: The MFI of CD4 and CD8 on T-lymphocytes. A significant increase in the MFI 

of CD8 on T-lymphocytes was found in patients after first-phase chemotherapy compared to 

that in healthy donors. ** p≤0.01. MFI: mean fluorescence intensity. 

 

3.3.4 The percentage of B-lymphocytes is reduced in patients after first-phase 

chemotherapy while the MFI of CD206 is increased 

A marked reduction in the overall CD19+ B-cell population percentage was observed when 

comparing healthy donors to patients following first-phase chemotherapy (median 9.35% vs. 

1.105%, p≤0.0001), as well as between treatment-naïve patients and those after first-phase 

** 
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treatment (median 8.23% vs. 1.105%, p≤0.0001) (Appendix C, Table 5). This difference can 

be clearly observed in the flow cytometry images of patients 279 and 309 (Figure 3.3). 
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Figure 3.3: A significant decrease in CD19+ B-cells was observed in patients after first-

phase chemotherapy compared to pre-treatment levels and in healthy donors. The 

above CD4 vs.CD3 plots showing CD19+ B-cell populations were for a healthy donor and two 

patients before and after first-phase chemotherapy. The percentage of CD19+ B-cells in the 
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healthy donor was 7.29% (A), whereas the percentage of CD19+ B-cells in patient 279 

decreased from 8.84% (B) to 0.64% (C) after first-phase chemotherapy. The percentage of 

CD19+ B-cells in patient 309 decreased from 2.35% (D) to 0.82% (E).  

 

A significant increase in the MFI of CD206 on CD19+ B-cells was observed in patients, both 

before and after first-phase chemotherapy, compared to healthy donors (median 302 214 vs. 

407 500 vs. 179 270.5, p=0.0006 and p≤0.0001, respectively) (Figure 3.4). In addition, a 

significant increase in the MFI of CD206 on CD19+ B-cells was observed in patients after first-

phase chemotherapy compared to pre-first-phase chemotherapy levels (median 407 500 vs. 

302 214, p=0.0103) (Figure 3.4) (Appendix C, Table 5). 

 

Figure 3.4: The MFI of CD206 on participant B-cells. A significant increase in the MFI of 

CD206 on CD19+ B-cells was observed in patients compared to that in healthy donors, as well 

as in patients before and after the first phase of chemotherapy. **** p≤0.0001, * p≤0.05. MFI: 

mean fluorescence intensity.  

 

 

 

**** 
* 

**** 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



36 
 

3.3.5 The percentage of CD56high NK cells was increased in patients after first-phase 

chemotherapy 

The percentage of CD16+CD56+ NK cells did not differ between the healthy donor, pre-

treatment, and post-treatment groups. There was, however, an increase in the percentage of 

CD56high NK cells in patients after receiving first-phase chemotherapy compared to pre-

treatment levels (median 4.31% vs. 9.24%, p=0.0014). In addition, there was a non-significant 

increase in the percentage of CD56high NK cells in patients after the first phase of treatment 

compared to that in healthy donors (median 9.24% vs. 5.27%, p=0.0665). The largest increase 

in the percentage of CD56high NK cells after first-phase chemotherapy was observed in 

patients 270, 276, and 313 (Figure 3.5).  
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Figure 3.5: An increase in the percentage of CD56high NK cells was observed in patients 

who received the first phase of chemotherapy. After acquiring the flow cytometry results 

for each study participant using the method described in Chapter 2, the CD3-CD45+ natural 

killer cell population of each participant was identified. Next, CD56 vs. CD16 plots were used 

to identify the CD56high NK cells. The CD56 vs. CD16 flow cytometry plots show the CD56high 
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NK cell populations of the participants before and after the first phase of chemotherapy. The 

percentage of CD56high NK cells in patient 270 increased from 7.48% (A) to 28.6% (B), the 

percentage of CD56high NK cells in patient 276 increased from 3.80% (C) to 20.0% (D), and 

the percentage of CD56high NK cells in patient 313 increased from 5.93% (E) to 28% (F).NK 

cell: natural killer cell.  

 

The MFI of CD16 in NK cells of patients after first-phase chemotherapy was lower than that of 

healthy individuals (median 667 000 vs. 692 500, p= 0.0428) (Figure 3.6). An increase in the 

MFI of CD16 on CD56high NK cells was observed in patients before and after first-phase 

chemotherapy (median 542 000 vs. 574 000, p=0.0027) (Figure 3.6). A non-significant 

increase in the MFI of CD16 on CD56high NK cells was observed between healthy donors and 

patients after first-phase treatment (median 545 000 vs. 574 000, p=0.0678). 

 

Figure 3.6: The MFI of CD16 on participant NK cells. The MFI of CD16 on CD56+ NK cells 

of patients after first-phase chemotherapy was lower than that of healthy individuals. An 

increase in the MFI of CD16 on CD56high NK cells was observed in patients after first-phase 

chemotherapy.  *** p≤0.001, * p≤0.05. MFI: mean fluorescence intensity. NK cell: natural killer 

cell. 
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The MFI of HLA-DR on NK cells was higher in patients after first-phase chemotherapy than in 

healthy donors (median 305 042.5 vs. 250 575.5, p=0.0050) and treatment-naïve patients 

(median 305 042.5 vs. 328 455, p=0.0002) (Figure 3.7). The MFI of HLA-DR on CD56high NK 

cells was elevated in patients after completing first-phase chemotherapy (median 335 657.5 

vs. 312 408, p=0.0023) (Figure 3.7). A non-significant decrease in the MFI of HLA-DR on 

CD56high NK cells was observed in treatment-naïve patients compared to healthy donors 

(median 312 408 vs. 329 829, p=0.0514) (Appendix C, Table 6). 

 

Figure 3.7: The MFI of HLA-DR on participant CD56+ and CD56high NK cells. The MFI of 

HLA-DR in NK cells was notably higher in patients after first-phase chemotherapy than in 

healthy donors and treatment-naïve patients. The MFI of HLA-DR on CD56high NK cells was 

elevated in patients after completing first-phase chemotherapy. **** p≤0.0001, *** p≤0.001, ** 

p≤0.01. MFI: mean fluorescence intensity. NK cell: natural killer cell. 

 

3.3.6 The percentage of CD14+ monocytes was increased after first-phase 

chemotherapy 

The total percentage of CD14+ monocytes was higher in patients after first-phase 

chemotherapy than that in healthy donors (median 9.355% vs. 6.55%, p=0.0258) and 
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treatment-naïve patients (median 9.355% vs. 4.72%, p≤0.0001). An example of this 

observation can be observed in patients 270, 278, and 279 (Figure 3.8). No differences in the 

individual monocyte subset percentages were observed.  
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Figure 3.8: An increase in the percentage of CD14+ monocytes was observed in patients 

after first-phase chemotherapy relative to pre-treatment levels and in healthy donors. 
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The CD14 vs. SSC-A flow cytometry plots show the total CD14+ monocyte population for a 

healthy donor and three patients before and after the first-phase chemotherapy. The 

percentage of total CD14+ monocytes observed in healthy donor 3 was 3.77% (A). The 

percentage of CD14+ monocytes detected in patient 270 increased from 6.34% (B) to 17.1% 

(C) after first-phase chemotherapy, while in patient 278 it increased from 4.89% (D) to 15.2% 

(E). The percentage of CD14+ monocytes detected in the blood of patient 279 increased from 

4.46% (F) to 14.9% (G) after the first phase of chemotherapy. SSC-A: side scatter area. 

 

The MFI of CD56 on classical (CD14highCD16-) monocytes was increased in treatment-naïve 

patients and in patients after first-phase chemotherapy compared to that in healthy donors 

(median 468 000 vs. 513 500 vs. 386 717, p=0.0247 and p≤0.0001) (Figure 3.9). A significant 

increase in the MFI of CD56 on classical monocytes was also observed in patients after first-

phase chemotherapy compared to pre-treatment levels (median 468 000 vs. 513 500, 

p=0.0013) (Figure 3.9).  

 

The MFI of CD56 on intermediate (CD14+CD16+) monocytes was increased in treatment-naïve 

patients and in patients after first-phase treatment relative to that in healthy donors (median 

473 000 vs. 527 500 vs. 408 500, p=0.0247 and p≤0.0001) (Figure 3.9). A significant increase 

in the MFI of CD56 on intermediate monocytes was also observed after first-phase 

chemotherapy compared to pre-treatment levels (median 527 500 vs. 473 000, p=0.0027) 

(Figure 3.9). No significant differences were observed in the MFI of CD56 on non-classical 

monocytes (CD14dimCD16+). 
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Figure 3.9: The MFI of CD56 on classical and intermediate CD14+ monocytes. The MFI 

of CD56 in classical and intermediate monocytes was higher in patients than in healthy 

donors. A significant increase in the MFI of CD56 on classical and intermediate monocytes 

was observed in patients after first-phase chemotherapy. **** p≤0.0001, ** p≤0.01, * p≤0.05. 

MFI: mean fluorescence intensity. 

 

The MFI of CD206 on classical monocytes (CD14highCD16-) was higher in patients before and 

after first-phase chemotherapy than in healthy donors (median 464 000 vs. 465 000 vs. 

449 000, p=0.0268 and p=0.0052, respectively) (Figure 3.10). The MFI of CD206 on 

intermediate monocytes (CD14+CD16+) was also increased in patients before and after first-

phase chemotherapy compared to healthy controls (median 481 000 vs. 492 000 vs. 460 000, 

p=0.0023 and p=0.0003) (Figure 3.10). No significant differences in the MFI of CD206 on non-

classical (CD14dimCD16+) monocytes were observed among the three participant groups. The 

median cell percentage and MFI values are presented in Appendix C, Table 7. 
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Figure 3.10: The MFI of CD206 in classical and intermediate CD14+ monocytes. The MFI 

of CD206 in intermediate and classical monocytes was higher in patients than in healthy 

donors. *** p≤0.001, ** p≤0.01, * p≤0.05. MFI: mean fluorescence intensity. 

 

3.4 Discussion 

 

Triple-negative breast cancer is a significant health concern as it is difficult to treat61. The 

immune system plays a critical role in tumourigenesis, tumour progression, and metastasis. 

Cancer cells actively recruit and stimulate immunosuppressive cells such as Bregs, Th2 and 

Th17 CD4+ T-helper cells, and M2 macrophages in the TME while suppressing anti-tumour 

immune cells such as CD8+ T-cells, Th1 helper T-cells, and M1 macrophages30, 31, 66-70, 72-77, 80-

82. Evaluating the subsets of these cells found within the peripheral blood of TNBC patients 

may assist in the identification of surrogate biomarkers and ultimately lead to an improvement 

in TNBC patient care and survival62. 

 

A flow cytometric panel and gating strategy was developed to assess the T-cell, B-cell, NK 

cell, and monocyte immunophenotypic profiles of 23 newly diagnosed TNBC patients before 

and after first-phase chemotherapy, as well as those of 10 healthy individuals (Chapter 2). The 
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frequency of the parent cell population and MFI values were noted for each detected 

population and compared between patients and healthy donors, as well as between patients 

before and after first-phase chemotherapy. The full blood count results for patients before and 

after the first phase of chemotherapy were also compared.  

 

3.4.1 Participant demographics correlate with known TNBC characteristics and risk 

factors 

In this investigation, patient demographics and response to treatment correlated with existing 

literature. The risk of developing cancer peaks at approximately 85 years of age, although this 

depends on the type of cancer87. TNBC is associated with a younger age and higher grade at 

the time of diagnosis63, 87, 88. The median age of the patients in this study was 51 years, and 

91.3% of the patients were diagnosed with grade 3 TNBC. Obesity may be a risk factor for the 

development of higher-grade and higher-stage TNBC tumours, as well as for shorter disease-

free and overall survival89, 90. In addition, smoking does not appear to increase the risk of 

developing TNBC91. Patients recruited for this study had a median BMI of 26.2 kg/m2 

(considered overweight89) and 17.39% were smokers. Anthracycline/taxane-based 

chemotherapy is frequently used to treat TNBC and approximately 40-50% of patients achieve 

a PCR after the completion of their chemotherapy regimen92. First-phase chemotherapy 

consisted of at least three cycles of TAC and Neulasta®. Approximately 56% of patients 

demonstrated a PCR, and 44% had PIC at the primary tumour site after completion of all 

chemotherapy. 

 

The median percentage of Ki-67 expression identified in the study cohort using 

immunohistochemistry was 73% and of the 18 patients for whom treatment response 

information was available, approximately 50% (n=9) of patients which demonstrated a high Ki-

67 percentage (≥40%)85 achieved PCR after the completion of all chemotherapy. Several 

studies have reported that high levels of Ki-67 (≥ 40%) expressed by TNBC tumours is 

associated with higher PCR rates but reduced relapse-free survival and overall survival rates 

in comparison to Ki-67 low TNBC tumours63, 85, 93-95. Information on the percentage of TIL 

infiltration was only available for seven patients, and 57% (n=4) of these patients had a TIL 

percentage greater than 10%. A high percentage of TIL (>10%) is reported to be associated 

with improved prognosis and acts as a positive indicator of relapse-free and overall survival in 

TNBC86, 96. Disease-free and overall survival rates were however, not determined in this study. 
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3.4.2 First-phase chemotherapy affects the levels of various blood cell types  

No significant changes in circulating neutrophil, basophil, or platelet levels were observed in 

patients after first-phase chemotherapy; however, a decrease in lymphocytes and an increase 

in total monocytes and neutrophil-lymphocyte ratio were observed. Reduced erythrocyte count 

(below the normal reference range) and eosinophil count were observed in patients after 

completion of first-phase chemotherapy. Chemotherapy-induced anaemia, thrombocytopenia, 

and leukopenia’s such as lymphopenia or neutropenia, are frequently observed in cancer 

patients84, 86, 97, 98. A significant increase in monocyte count has been observed in breast cancer 

patients after first-phase chemotherapy in numerous studies; and an elevated eosinophil count 

is reported to be associated with a positive response to therapy in numerous types of cancer, 

including metastatic TNBC99-103. An increased basophil count is associated with improved 

progression-free survival in glioblastoma and ovarian cancer patients, but there is a paucity of 

information on the role of basophils in breast cancer104, 105. A high NLR (>1.7) has been 

reported to be associated with poor outcomes in numerous cancer types, including breast 

cancer95.  

 

All patients routinely received G-CSF to alleviate chemotherapy-induced neutropenia. This 

accounts for the lack of a significant difference in circulating neutrophil levels observed in 

patients after first-phase chemotherapy compared to healthy donors and pre-treatment 

levels106. There does not appear to be any clear association between the low NLR (<1.7)95 

observed in treatment-naïve patients and their treatment response as 56% of patients 

achieved a PCR, and 44% demonstrated PIC after the completion of all chemotherapy. The 

observed decrease in lymphocytes, coupled with no observed change in neutrophil count, may 

account for the increase in NLR after first-phase chemotherapy. While the reason behind the 

observed increase in monocyte count after first-phase chemotherapy observed both in this 

study and in the literature is unclear, the decrease in erythrocyte count in this study’s cohort 

after first-phase chemotherapy correlates with reports of chemotherapy-induced anaemia in 

the literature84, 101-103. The reduction in circulating eosinophils observed in this study’s cohort 

after first-phase chemotherapy may indicate eosinophil homing to the tumour site or may also 

be a result of the cytotoxic effects of chemotherapy99, 100. No significant changes in circulating 

basophil count were observed in patients after first-phase chemotherapy. Due to the paucity 

of information on the role of basophils in breast cancer, the significance of this finding is 

unknown104, 105. The lack of a significant change in platelet count in patients after first-phase 

chemotherapy is unexpected, as thrombocytopenia frequently occurs in patients undergoing 

chemotherapeutic treatment98.  
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3.4.3 First-phase chemotherapy may exert differential effects on lymphocyte subset 

percentage and MFI values  

The proportion of circulating T-cells remained consistent between healthy donors and patients, 

with no notable variations observed before or after the initial phase of chemotherapy. An 

increase in the MFI of CD8 on CD3+ T-cells (with no corresponding change in the percentage 

of CD8+ T-cells or MFI of CD8 on these cells) was observed in patients after first-phase 

chemotherapy in comparison to healthy donors. No significant difference was observed in the 

MFI of CD4 on CD3+ lymphocytes.  

 

The scientific literature presents conflicting evidence regarding T-lymphocyte populations in 

cancer patients undergoing chemotherapy. Whilst some studies have not identified statistically 

significant alterations in CD4+ and CD8+ T-cell quantities before and after treatment, other 

investigations have documented an increase in circulating CD3+ and CD4+ T-cells107-109.  Other 

studies have reported that CD4+ T-cell quantity decreases and CD8+ T-cell quantity remains 

the same or increases with each successive cycle of chemotherapy in breast cancer 

patients109, 110. These disparate findings underscore the complexity of immune system 

responses to chemotherapeutic interventions in oncology patients. The CD8 co-receptor 

stabilises the T-cell receptor-MHC-I complex during the activation of a cytotoxic T-cell, and 

CD8 overexpression by CD8+ T-cells has been observed in Severe-Acute Respiratory 

Syndrome Coronavirus 2 (SARS-CoV-2)-infected patients111, 112. There is, however, a paucity 

of information on increased CD8 in cancer111, 112.  

 

The absence of a statistically significant difference in the percentage of T-cells between 

healthy donors and patients prior to initial chemotherapy may suggest an insufficient level of 

T-cell clonal expansion and infiltration into the tumour in treatment-naïve patients113. In 

addition, an expansion of the Treg subset in treatment-naïve patients in comparison to healthy 

donors may also be a contributing factor114 and is investigated in the next chapter. The lack of 

an observed change in the percentage of circulating T-cells in patients after receiving first-

phase chemotherapy compared to pre-treatment levels and healthy donors is unexpected, as 

lymphopenia is a common side effect of chemotherapy and may indicate that chemotherapy 

did not cause a change in T-cell infiltration into the TME, that patient T-cells recovered quickly 

between chemotherapy cycles, or that the TAC chemotherapy regimen may not be as 

cytotoxic towards T-cells84, 107. 
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 The decrease in the percentage of circulating CD19+ B-cells in patients after first-phase 

chemotherapy compared to healthy donors and treatment-naïve patients, aligns with reports 

of chemotherapy-induced reductions in circulating B-cell levels84, 97, 108, 109, 115. While most 

studies on CD206 has been conducted on dendritic cells and macrophages, the observed 

increase in the MFI of CD206 on CD19+ B-cells in patients compared to healthy donors, as 

well as in patients after first-phase chemotherapy may indicate a shift towards a tolerogenic 

phenotype in TNBC patients both before and after first-phase chemotherapy112, 115-117.  

 

Approximately 56 of patients achieved a PCR, and 44% demonstrated PIC after the 

completion of all chemotherapy. No changes in the percentage of T-cells were observed; 

however, a significant decrease in B-cells was observed in patients after first-phase 

chemotherapy. An increase in the MFI of CD206 on patient B-cells and CD8 on CD3+ T-cells 

after first-phase chemotherapy was observed. Wang et al.118 reported an association between 

poorer patient prognosis, a greater decrease in the percentage of B-cells and CD4+ T-cells, 

and an increase in the percentage of CD8+ T-cells in breast cancer patients after 

chemotherapy111, 112, 118.  

 

3.4.4 An increase in CD56highNK cells was observed in patients after first-phase 

chemotherapy  

No statistically significant differences in the percentage of CD16+CD56+ NK cells were 

observed between healthy donors and patients, either prior to or following the initial phase of 

chemotherapy. An increase in the percentage of CD56high NK cells was observed in patients 

who received first-phase chemotherapy compared with pre-treatment levels. A reduction in the 

MFI of CD16 in CD56+ NK cells was observed in patients after first-phase chemotherapy 

compared to that in healthy individuals. An increase in the MFI of CD16 on CD56high NK cells 

was observed in patients after first-phase chemotherapy compared with pre-treatment levels. 

An increase in the MFI of HLA-DR in CD56+ NK cells was observed in patients after first-phase 

chemotherapy compared to that in healthy donors and treatment-naïve patients. The MFI of 

HLA-DR on CD56high NK cells was elevated in patients after completing first-phase 

chemotherapy compared to pre-treatment levels.   
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While numerous studies report no significant changes in circulating CD56+ NK cell quantity in 

patients after chemotherapy, Mamessier et al.79 observed an increase in the percentage of 

circulating CD56high NK cells in advanced-stage breast cancer patients79, 108, 119, 120. CD16 is 

closely linked to the antibody-dependent cytotoxic ability of NK cells, and CD56dimCD16+ NK 

cells have a preferential ability to home to sites of inflammation79. HLA-DR expression in NK 

cells is considered a marker of activation and antigen-presenting ability51. Erokhina et al.121 

stimulated NK cells with IL-2 in vitro and observed that HLA-DR expression was associated 

with a less differentiated CD56high phenotype121.  

 

The absence of an observed difference in the percentage of CD16+CD56+ NK cells between 

this study's healthy donors and patients, as well as an observed increase in the percentage of 

CD56high NK cells in patients following initial chemotherapy, aligns with findings reported in the 

literature79, 108, 119, 120. These findings, coupled with the ability of CD56high NK cells to act as 

precursors to cytotoxic CD56dimCD16+ NK cells, suggest that cytotoxic CD56dimCD16+ NK cell 

migration into the primary tumour site was increased after first-phase chemotherapy79, 122. In 

the context of this study, the observed decrease in the MFI of CD16 in patient CD56+ NK cells 

after first-phase chemotherapy in comparison to healthy donors may provide further evidence 

of increased cytotoxic CD56dim NK cell extravasation and homing after first-phase 

chemotherapy. In addition, an increase in the MFI of CD16 on CD56high NK cells was observed 

in patients after first-phase chemotherapy. These CD56highCD16dim NK cells may be 

intermediaries between the CD56high and CD56dim NK subsets or may represent a weakly 

cytotoxic subset of CD56high NK cells79, 122. The observed increase in the MFI of HLA-DR in 

CD56+ NK cells and CD56high NK cells in patients following initial-phase chemotherapy, 

compared to treatment-naïve patients and healthy donors, suggests that initial-phase 

chemotherapy may have enhanced the function of patient CD56+ and CD56high NK cells51. 

Zhang et al.123 reported an association between high levels of circulating CD56+ NK cells, 

PCR, and improved overall and relapse free survival in breast cancer patients being treated 

with neo-adjuvant chemotherapy123. In the context of this study, it is unclear how the changes 

in the percentage of CD56+ and CD56high NK cells and MFI values in patients after first-phase 

chemotherapy are linked to patient treatment response. 

 

3.4.5 An increase in the MFI of CD56 and CD206 on classical and intermediate 

monocytes is observed in TNBC patients compared to healthy donors  

An increase in the percentage of CD14+ monocytes was observed in patients after first-phase 

chemotherapy relative to healthy donors and treatment-naïve patients, whereas no change in 
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individual monocyte subset percentages was observed. The MFI of CD56 on classical and 

intermediate monocytes was increased in patients relative to that in healthy donors, as well 

as in patients after first-phase chemotherapy. The MFI of CD206 in intermediate and classical 

monocytes was increased in patients pre-treatment and after-first phase chemotherapy 

compared with healthy donors. No change in the MFI of CD56 or CD206 was observed in non-

classical monocytes. 

 

Foulds et al.119 immunophenotyped peripheral blood mononuclear cells from breast cancer 

patients and compared the results with those of healthy donors119. They observed an increase 

in intermediate monocytes and a decrease in classical monocytes, but no change in the 

percentage of total monocytes119. In an investigation into the effect of first-phase Docetaxel 

and Cyclophosphamide (DOX) chemotherapy (administered in four cycles) on monocyte 

subsets in breast cancer patients, Valdés-Ferrada et al.103 observed a significant increase in 

the level of classical monocytes after the first cycle of DOX, and it remained high during 

successive cycles103. In contrast, the level of non-classical monocytes was found to be greatly 

reduced after one cycle of DOX and gradually increased during subsequent chemotherapy 

cycles103. Although there is limited research on CD56 expression in intermediate, classical, 

and non-classical monocyte subsets in cancer, Papewalis et al.124 observed a significant 

increase in CD16+CD56+ monocytes in cancer patients compared to healthy controls, as well 

as an association with tumour spread124. The CD206 mannose receptor is associated with the 

pro-tumourigenic M2 macrophage phenotype and may also play a role in macrophage 

migration; however, information on CD206 expression in monocytes is lacking115.  

 

The percentage of CD14+ monocytes was higher in patients after first-phase chemotherapy 

than in healthy donors and treatment-naïve patients, whereas no changes in the percentage 

of individual monocyte subsets were found. This suggests that a uniform increase in monocyte 

subsets occurred after the first-phase chemotherapy in response to an increase in cancer cell 

immunogenicity125, 126. Monocytes expressing CD56 are suggested to be precursors to CD56+ 

dendritic cells which may possess lytic effector cell activity against tumour cells as well as 

superior antigen presentation and stimulatory abilities78. However, this conflicts with the 

observation made by Papewalis et al.124 where an increase in CD16+CD56+ monocytes was 

associated with tumour spread. In the context of this study, the significance of the observed 

increase in the MFI of CD56 on classical and intermediate monocytes in patients relative to 

healthy donors, as well as in patients after first-phase chemotherapy is unclear.  The 

favourable differentiation of intermediate and classical monocytes into M2 macrophages may 
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be reflected by the observed increase in the MFI of CD206 in patients both before and after 

first-phase chemotherapy, coupled with the observed increase in overall monocyte 

percentage115. Alternatively, an elevated MFI of CD206 in monocytes in the blood may reflect 

an increase in macrophage migration to the tumour site127.  

 

An increase in the percentage of CD14+ monocytes was observed in patients after first-phase 

chemotherapy compared with healthy donors and treatment-naïve patients, whereas no 

change in the percentage of individual monocyte subsets was observed. In addition, 

approximately 56% of the patients in this study achieved a PCR after completing all 

chemotherapy.  Axelrod et al.128, after conducting gene expression profiling of peripheral blood 

immune cells in breast cancer, reported an association between increased classical 

monocyte-associated genes and PCR128. Absolute monocyte count is reported to be an 

unfavourable prognostic factor in stage II and III TNBC, and that breast cancer patients with 

an absolute monocyte count >0.48 x109/L had a shorter overall survival129. Another study 

reported no statistically significant association between the percentage of classical and non-

classical monocytes and PCR103. In the context of this study, the effect of the increase in the 

percentage of overall CD14+ monocytes in patients after first-phase chemotherapy on patient 

treatment response is unclear. 

 

3.5 Conclusion 

 

In this investigation, chemotherapy was found to differentially affect various circulating immune 

cell subsets. No significant differences in circulating neutrophil, basophil, or platelet counts 

were observed in the patient cohort after the first phase of chemotherapy. Erythrocyte and 

eosinophil counts, however, were reduced in patients after first-phase chemotherapy 

compared with pre-treatment levels. In comparison to healthy donors and treatment-naïve 

patients, the percentage of CD19+ B-cells was decreased in patients after first-phase 

chemotherapy, while no significant difference in the percentage of T-cells was observed. No 

change in the percentage of CD56+ NK cells was observed in patients after first-phase 

chemotherapy compared to healthy donors and pre-treatment levels; however, an increase in 

the percentage of CD56high NK cells was observed in patients after receiving first-phase 

chemotherapy. In addition, an increase in the total CD14+ monocyte count and percentage 

was observed in patients after first-phase chemotherapy relative to healthy donors and 

treatment-naïve patients.   
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Changes in the MFI values of various markers were observed in patients after first-phase 

chemotherapy compared those in healthy donors and pre-treatment groups. The MFI of CD8 

on CD3+ T-cells was higher in patients after first-phase chemotherapy than in healthy donors. 

The MFI of CD206 on CD19+ B-cells was higher in patients than in healthy donors and in 

patients after first-phase chemotherapy compared to pre-treatment levels. A decrease in the 

MFI of CD16 on CD56+ NK cells was observed in patients after first-phase chemotherapy 

compared with that of healthy individuals and it was also increased on CD56high NK cells in 

patients after first-phase chemotherapy compared to pre-treatment levels. The MFI of HLA-

DR in CD56+ NK cells was higher in patients after first-phase chemotherapy than in healthy 

donors and treatment-naïve patients. An increase in the MFI of HLA-DR on CD56high NK cells 

was observed in patients after completing first-phase chemotherapy compared to pre-

treatment levels. The MFI of CD56 on classical and intermediate monocytes was increased in 

patients relative to healthy donors, as well in patients after first-phase chemotherapy. Finally, 

the MFI of CD206 on intermediate and classical monocytes was increased in patients before 

and after the first phase of chemotherapy compared to that in healthy donors.  

 

The findings of this study may suggest that chemotherapy did not cause a change in T-cell 

infiltration into the TME, or that patient T-cells recovered quickly between chemotherapy 

cycles84, 107. An increase in the MFI of CD206 on CD19+ B-cells in patients after receiving first-

phase chemotherapy may indicate that first-phase chemotherapy not only decreases the 

percentage of CD19+ B-cells, but also induces a shift towards a tolerogenic phenotype115-117. 

The findings of this study may suggest that there was an increase in activated cytotoxic 

CD56dimCD16+ NK cell homing to the primary tumour site after first-phase chemotherapy51, 79, 

122. In addition, an increase in the MFI of CD16 and HLA-DR on CD56high NK cells in patients 

after first-phase chemotherapy suggests the presence of activated CD56highCD16dim NK cells, 

which may be intermediaries between CD56high and CD56dim NK subsets or represent a 

weakly-cytotoxic subset of CD56high NK cells51, 79, 122. The favouring of intermediate and 

classical monocyte differentiation into pro-tumourigenic M2 macrophages may be reflected by 

the observed increase in the MFI of CD206 in patients, coupled with the observed increase in 

overall monocyte percentage in patients both before and after first-phase chemotherapy. 

Alternatively, an elevated MFI of CD206 on monocytes in the blood may reflect an increase in 

macrophage migration to the tumour site127. Chemotherapy may exert long-term effects on 

immune cell subset proportions and marker expression97, 102, 130, 131. In the context of this study, 

it is unclear how long the aforementioned changes in immune cell subset percentage or 
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marker MFI values may last, and whether an association with patient overall and disease-free 

survival exists.  

 

Manipulation of immune cells by cancer to favour a pro-tumourigenic TME has been well 

documented in numerous cancer types132. Immunosuppressive CD4+ Tregs are essential for 

the control of immune responses and prevention of autoimmunity, although their exact role in 

the TME of breast cancer is controversial132, 133.  To obtain insights into the circulating CD4+ 

Treg subsets of TNBC patients, the flow cytometric method described in Chapter 2 was used 

to identify and characterise these cells. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



54 
 

Chapter 4: Comparative analysis of CD4+ Treg immunophenotype in healthy 

donors and TNBC patients before and after first-phase chemotherapy  

 

4.1 Introduction  

 

CD4+ T-cell subsets play a crucial yet dual role in malignancy68-70. Th1 helper T-cells promote 

antibody-independent immune responses and activate anti-tumourigenic immune cells, 

whereas Th2 helper T-cells are conventionally associated with pro-tumourigenic activity, such 

as the activation of M2 macrophages68-70. Th17 helper T-cells are pro-inflammatory and 

stimulate the secretion of IL-6, IL-8, and colony-stimulating factors68-70. CD4+ Tregs are another 

helper T-cell subset with major involvement in malignancy, and increased Treg infiltration into 

the TME has been observed in numerous cancer types68-70, 134.  

   

CD4+ regulatory T-cells or Tregs are specialised immunosuppressive cells and are critical to 

the regulation of innate and adaptive immune responses, as well as the prevention of 

autoimmunity135. They are derived from the same precursors as helper T-cells and can exert 

their inhibitory function by secreting immunosuppressive cytokines, inducing target cell death, 

manipulating APC formation and function, and disrupting ATP metabolism135-137. Tregs can 

inhibit co-stimulatory molecule expression on APCs thereby limiting their ability to mount an 

adaptive immune response135-137. They can release Granzymes A, B and perforin to induce 

effector T-cell apoptosis, and they can secrete immunosuppressive cytokines such as IL-10, 

TGF-β, IFN-γ, and interleukin 9 (IL-9)135-137. In addition, CD39-expressing Tregs can convert 

ATP into adenosine diphosphate (ADP) and adenosine monophosphate (AMP) which 

ultimately inhibit effector T-cell activation and proliferation and promote Treg formation135-137. 

The potent immunosuppressive function of Tregs makes them critically important in the context 

of cancer, as they can suppress anti-tumourigenic immune responses and contribute towards 

the formation of a pro-tumourigenic TME137. Tregs may accumulate in the TME in response to 

cytokines produced by tumour cells, after expanding in situ within the tumour, or through the 

conversion of conventional T-cells into Tregs138. Tregs have a paradoxical role in cancer139.   

 

Tregs can be classified by their expression of various intracellular and membrane-bound 

proteins. They are often identified by the expression of CD3, CD4, CD25, CD127, and 

FoxP3140. Helper T-lymphocytes constitutively express CD3 and CD4 and as Tregs express 
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much higher levels of CD25 on their cell surface than conventional T-cells, CD25 positivity can 

be used as a Treg-identifying marker140. CD127 is inversely correlated with suppressive ability 

and is either absent or expressed in very small quantities in Tregs140, 141. The transcription 

factor FoxP3 is essential for Treg function, although it may also be expressed by activated 

conventional T-cells142.  

 

Treg activation and function can be assessed using markers such as CD39, Helios, and 

CD45RA140. CD45RA expression is associated with a naïve T-cell phenotype and 

FoxP3+/highCD45RA- Tregs have been defined as activated effector or memory Tregs and 

FoxP3+CD45RA+ Tregs as naïve resting Tregs136, 138, 143. Helios positivity can be used to 

distinguish between Tregs (FoxP3+Helios+) and FoxP3+ conventional T-cells (FoxP3+Helios-

)140. CD39, while expressed on some conventional T-cells, is a functional marker of enhanced 

suppressive activity in Tregs and can also be used as a marker for activated 

(FoxP3+/highCD45RA-) Tregs140. While numerous novel Treg subsets continue to be identified, 

the most extensively studied Treg subset is the CD25+/high FoxP3+ subset136. Changes in the 

proportion and marker expression of various peripheral blood immune cell subsets, including 

Tregs, have been reported in cancer patients both before and after receiving 

chemotherapeutic treatment84, 101, 144.  

 

An increase in the percentage of CD25+FoxP3+ Tregs in metastatic cancers including breast, 

colorectal, and ovarian cancer is associated with poor treatment response and worse survival 

rates140, 145-154. Tregs can however, serve to mitigate the tumour-promoting effects of 

inflammation and increased levels of Tregs has been associated with improved patient 

outcomes in some cancers such as colorectal carcinoma139. In ovarian cancer patients 

undergoing treatment, the Treg percentage fluctuated during the course of chemotherapy 

before returning to pre-chemotherapy levels after the completion of treatment147. Changes in 

the immunophenotypic profile of Tregs and a decrease in Treg quantity in cancer patients both 

before and after chemotherapy have also been reported in various studies155-159. While the 

exact role of Tregs in cancer is controversial, they are clearly major role players, and obtaining 

further insight into changes in their proportion and marker expression in TNBC both before 

and after treatment exposure is essential due to the limited range of treatments that exist for 

TNBC as well as the aggressive nature of this breast cancer subtype61, 63, 160-162. 

 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



56 
 

4.2 Materials and Methods 

 

4.2.1 Immunophenotyping of CD4+CD25+FoxP3+ Tregs using flow cytometry 

Circulating CD4+CD25+FoxP3+ Tregs were identified and characterised in participant whole 

blood using a CytoFlex flow cytometer (Beckman Coulter, USA), DURAClone IM Treg kits 

(Beckman Coulter, USA) and a CD127 liquid antibody drop-in as described in Chapter 2. 

Following data acquisition, the FCS files were imported into the Kaluza Analysis software 

version 2.2.1 (Beckman Coulter, USA) to exclude doublets and adjust scaling and 

compensation. These files were then imported into FlowJo™ software version 10.9.0 (Beckton 

Dickenson, USA), where the percentage of the parent cell population and MFI values of the 

markers of interest were determined, as described in Chapter 2. The geometric MFI of the 

different markers was measured as an indication of fluorophore brightness and as a relative 

measure of antigen abundance. Patients 278, 277, 282, and 283 were excluded from the 

analysis due to a low number of cells having been acquired.  

 

4.2.2 Data and statistical analysis 

To detect differences in the percentage of CD4+CD25+FoxP3+ Tregs and their marker 

expression between healthy donors and TNBC patients, as well as between patients before 

and after first-phase chemotherapy, the percentage of the parent cell population and MFI 

values of the markers of interest (CD45RA, CD39, CD127, and Helios) were determined using 

FlowJo™ software version 10.9.0 (Beckton Dickenson, USA).  

 

A Shapiro-Wilk test was conducted to determine the distribution of the collected data. The null 

hypothesis that the data had a normal distribution was rejected as p≤0.05 for several variables. 

As data were collected from three participant groups and did not have a normal distribution, a 

Kruskal-Wallis equality of populations test and Dunn’s pairwise comparison test were used to 

compare the median percentage of population and MFI values between healthy donors and 

patients, and patients before and after first-phase chemotherapy. A p-value of less than or 

equal to 0.05 was deemed statistically significant. The STATA Basic Edition 18.0 statistical 

software (STATA Corp LLC, USA) was used to conduct all statistical tests and generate 

graphs.   
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4.3 Results 

 

Flow cytometric analysis of circulating CD4+CD25+FoxP3+ Tregs was performed in 19 TNBC 

patients before and after first-phase chemotherapy and in 10 healthy donors. No significant 

change in the median percentage of CD25+FoxP3+ Tregs was observed between patients 

before and after first-phase chemotherapy (median 17.3% vs. 19.3%, p=0.4539) or between 

patients before and after first-phase chemotherapy and healthy donors (median 17.3% vs. 

19.3% vs. 18.65%, p=0.3901 and 0.4275). Between individual patients however, changes in 

the percentage of CD25+FoxP3+ Tregs was evident. The largest change in the percentage of 

CD25+FoxP3+ Tregs was detected in patient 272 where it decreased from 99.9% to 21.6% 

after first-phase chemotherapy (Figure 4.1 A and B) and in patient 309, it increased from 6.88% 

to 98.6% after first-phase chemotherapy (Figure 4.1 C and D). The median frequency of the 

parent cell populations and MFI values can be found in Appendix D, Table 1. 
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Figure 4.1: The CD25+FoxP3+ Treg populations detected in patients 272 and 309 before 

and after first-phase chemotherapy. The above FoxP3 vs. CD25 plots showing 

CD25+FoxP3+ Treg populations are for patients 272 and 309 before and after first-phase 

chemotherapy. The percentage of CD25+FoxP3+ Tregs detected in patient 272 decreased 

from 99.9% (A) to 21.6% (B) after first-phase chemotherapy, while the percentage of 

CD25+FoxP3+ Tregs detected in patient 309 increased from 6.88% (C) to 98.6% (D) after first-

phase chemotherapy. FoxP3: Forkhead Box Protein 3. Treg: regulatory T-cell.  

 

A significant decrease in the MFI of CD45RA on CD25+FoxP3+ Tregs was observed in patients 

after first-phase chemotherapy compared with that in treatment-naïve patients (median 285 

334 vs. 296 673, p=0.0443) (Figure 4.2 A). A significant increase in the MFI of CD39 on 

CD25+FoxP3+ Tregs was observed in treatment-naïve patients compared to healthy donors 

(median 452 000 vs. 413 500, p=0.0046) and in patients after first-phase chemotherapy 

compared to healthy donors (median 465 000 vs. 413 500, p=0.0003) (Figure 4.2 B). The 
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median frequency of the parent cell populations and MFI values can be found in Appendix D 

Table 1. 

 

Figure 4.2: The MFI of CD45RA and CD39 on participant CD25+FoxP3+ Tregs. The median 

MFI of CD45RA in patient CD25+FoxP3+ Tregs after first-phase chemotherapy was 

significantly lower than that in treatment-naïve patients (A), while the median MFI of CD39 on 

these cells was significantly higher in patients both before and after first-phase chemotherapy 

* A 

** 
*** B 
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than in healthy donors (B). *** p≤0.001, ** p≤0.01, * p≤0.05. MFI: mean fluorescence intensity. 

FoxP3: Forkhead Box Protein 3. Treg: regulatory T-cell. 

 

A significant increase in the MFI of CD127 on CD25+FoxP3+ Tregs was observed in patients 

after first-phase chemotherapy compared to that in healthy donors (median 289 945 vs. 

258 720.5, p=0.0237) (Figure 4.3 A).  A non-significant increase in the MFI of CD127 on 

CD25+FoxP3+ Tregs was observed in treatment-naïve patients compared to that in healthy 

donors (median 281 161 vs. 258 720.5, p=0.0692).  

 

No significant change in the MFI of Helios on CD25+FoxP3+ Tregs was observed between 

patients before and after first-phase chemotherapy and healthy donors (median 470 000 vs. 

484 000 vs. 476 500, p=0.4598 and 0.1046, respectively) (Figure 4.3 B). A non-significant 

increase in the MFI of Helios on the CD25+FoxP3+ Tregs of patients after first-phase 

chemotherapy compared with pre-treatment levels was observed (median 484 000 vs. 

470 000, p=0.0511). The median frequency of parent cell populations and MFI values can be 

found in Appendix D Table 1. 
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Figure 4.3: The MFI of CD127 and Helios on participant CD25+FoxP3+ Tregs.  The median 

MFI of CD127 on patient CD25+FoxP3+ Tregs was significantly increased after first-phase 

chemotherapy in comparison to healthy donors (A), whereas no significant difference in the 

median MFI of Helios in these cells was observed between healthy donors and patients (B). * 

p≤0.05. MFI: mean fluorescence intensity. FoxP3: Forehead Box Protein 3. Treg: regulatory 

T-cell. 
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4.4 Discussion  

 

CD4+ Tregs are potent immunosuppressors yet while their increased infiltration into the TME 

has been observed in numerous cancer types, their exact role in the breast cancer TME is 

controversial68-70, 132-134, 137. A flow cytometric panel and gating strategy was developed to 

assess the CD4+CD25+FoxP3+ Treg immunophenotypic profiles of 19 newly diagnosed TNBC 

patients before and after first-phase chemotherapy, as well as those of 10 healthy individuals 

(Chapter 2). The frequency of the parent cell population and MFI values were noted for each 

detected population and compared between patients and healthy donors, as well as between 

patients before and after first-phase chemotherapy.  

 

No significant change in the median percentage of CD25+FoxP3+ Tregs was observed 

between the patient and healthy donor groups, which correlates with the findings of another 

study162. In contrast, other studies have reported an increase in the proportion of 

CD25+FoxP3+ Tregs in the peripheral blood of patients with metastatic breast, colorectal, and 

ovarian cancers compared to that of healthy donors148-154. The median percentage of 

CD25+FoxP3+ Tregs was similar between patients before and after first-phase chemotherapy, 

which correlates with the findings of another study163. Other studies, however, have reported 

chemotherapy-induced CD25+FoxP3+ Treg apoptosis in patients with breast and non-small 

cell lung cancer154, 164. The median percentage of CD25+FoxP3+ Tregs in the peripheral blood 

of TNBC patients (both before and after first-phase chemotherapy) and healthy donors was 

similar, indicating that neither the presence of a TNBC primary tumour nor first-phase 

chemotherapy caused a change in the percentage of circulating CD25+FoxP3+ Tregs in the 

groups as a whole162, 163.  

 

Some changes were, however, noted in individual patients. The percentage of CD25+FoxP3+ 

Tregs increased in patient 309 from 6.88% to 98.6% after first-phase chemotherapy, and this 

may have influenced patient treatment outcomes as, after the completion of all chemotherapy, 

this patient presented with PIC at the primary tumour site. There is a paucity of literature 

describing an increase in CD25+FoxP3+ Tregs after chemotherapy; however, one study 

reported that while both the absolute and relative number of CD25+ Tregs decreased during 

chemotherapy, the proliferative capacity of these cells increased, which may be due to a 

chemotherapy-induced increase in effector T cells displaying this phenotype165.  Other studies 

have reported an initial decrease in the proportion of FoxP3+ Tregs at the start of 

chemotherapy, with no further decrease observed during subsequent cycles166. This suggests 
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that Tregs can resist chemotherapy-induced destruction or recover quickly between 

chemotherapy cycles166. The observed increase in  CD25+FoxP3+ Tregs in patient 309 after 

first-phase chemotherapy may be due to an increase in the ability of this patient’s 

CD25+FoxP3+ Tregs to recover from chemotherapy exposure and resist chemotherapy-

induced destruction, or it may indicate a shift in the CD4+ T-cell subset phenotype after first-

phase chemotherapy165, 166.  

 

No correlation or a positive association between circulating CD25+FoxP3+ Tregs and breast 

cancer stage and clinical outcomes has been reported151, 167. Similarly, no association between 

the proportion of circulating CD25+FoxP3+ Tregs and the PCR rate after neoadjuvant 

chemotherapy was observed in a study on TNBC167. In the context of the data presented here 

however, it is unclear how the percentage of CD25+FoxP3+ Tregs and treatment response are 

linked.  

 

A significant decrease in the MFI of CD45RA on CD25+FoxP3+ Tregs was observed in patients 

after first-phase chemotherapy compared with that in treatment-naïve patients and, while there 

is a paucity of reports on changes in the MFI of CD45RA on Tregs in TNBC, this observation 

may be indicative of  a chemotherapy-induced destruction of naïve CD25+FoxP3+ Tregs and/or 

an increase in effector CD25+FoxP3+ Tregs140, 151, 168. The lack of a significant difference in the 

total percentage of CD25+FoxP3+ Tregs in patients after first-phase chemotherapy, coupled 

with the observed decrease in the MFI of CD45RA on these cells, may indicate a shift towards 

an effector Treg phenotype in TNBC patients after first-phase chemotherapy140, 151. 

Approximately 56% of the patients in this study achieved PCR after the completion of 

chemotherapy. There is a paucity of information on the association between the MFI of 

CD45RA on CD25+FoxP3+ Tregs and treatment response in breast cancer patients; however, 

an association between increased CD45RA-FoxP3high Treg frequency and poorer patient 

prognosis has been reported in colorectal and head and neck squamous cell carcinoma 

patients169, 170. An investigation utilising a larger sample size may yield more significant insights 

into the relationship between CD45RA expression on CD25+FoxP3+ Tregs and treatment 

response in TNBC patients.  

 

The MFI of CD39 on CD25+FoxP3+ Tregs was significantly higher in patients before and after 

first-phase chemotherapy than in healthy donors. The CD39 molecule is critical for the 

immunosuppressive function of Tregs, and increased expression of CD39 on Tregs has been 
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reported in numerous cancer types155, 156. The findings of this study may be indicative of an 

increase in highly suppressive CD25+FoxP3+ Tregs in TNBC patients155, 156. Chemotherapy-

damaged cells release ATP into the extracellular environment therefore, the observed increase 

in the MFI of CD39 on CD25+FoxP3+ Tregs in patients after first-phase chemotherapy in 

comparison to healthy donors may indicate an increase in CD39-mediated ATP breakdown by 

CD25+FoxP3+ Tregs in TNBC patients after first-phase chemotherapy155, 157-159. There is a 

paucity of information on whether an association exists between the MFI of CD39 on 

CD25+FoxP3+ Tregs and patient treatment response however, an increase in CD39 

expression on intratumoural CD25highFoxP3+ Tregs is associated with poorer outcomes in 

colon and gastric cancer patients171, 172. Increased circulating CD39+CD25+CD127- Tregs are 

associated with poorer survival in sepsis patients173. It is unclear whether an association exists 

between the MFI of CD39 on CD25+ FoxP3+ Tregs and TNBC patient treatment response. A 

larger study may yield more significant results and provide more insight into the relationship 

between CD39 on CD25+FoxP3+ Tregs and treatment response in TNBC patients.  

 

An increase in the MFI of CD127 on patient CD25+FoxP3+ Tregs after first-phase 

chemotherapy compared to healthy donors was observed. The findings of this study do not 

correlate with what is reported in the literature as low CD127 expression has conventionally 

been used as an identifying feature of Tregs, and a decrease in Treg levels after chemotherapy 

has been reported in a variety of cancer types, including breast cancer140, 141, 174-176. Simonetta 

et al.177 observed an increase in CD127 expression in activated CD25+FoxP3+ Tregs and 

found that these cells demonstrated an increased survival capacity177. The lack of a significant 

difference in the total percentage of CD25+FoxP3+ Tregs in patients after first-phase 

chemotherapy, coupled with the observed increase in the MFI of CD127 on these cells, may 

indicate a shift towards an activated and treatment-resistant Treg phenotype in TNBC patients 

after first-phase chemotherapy177. The role of intratumoural and circulating Tregs in breast 

cancer patient treatment response and prognosis is controversial160-162. It is unclear whether 

an association exists between treatment outcome and the MFI of CD127 on CD25+FoxP3+ 

Tregs in this study’s patient cohort. Larger studies may yield more significant insights.  

 

The MFI of Helios in CD25+FoxP3+ Tregs was similar between patients before and after first-

phase chemotherapy, as well as between patients and healthy donors. No significant change 

in the percentage of circulating FoxP3+Helios+ Tregs was observed in non-small cell lung 

cancer patients compared to healthy donors, whereas an increase in the percentage of 

circulating FoxP3+Helios+ Tregs was observed in renal cell carcinoma and pancreatic cancer 
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patients compared to healthy donors178-180. Helios is essential for Treg stability and a decrease 

in Helios expression is associated with a decrease in the suppressive activity of Tregs181-183. 

The lack of an observed change in the MFI of Helios in CD25+FoxP3+ Tregs between patients 

before and after first-phase chemotherapy, as well as between patients and healthy donors, 

may indicate that neither the presence of a TNBC tumour nor first-phase chemotherapy affects 

CD25+FoxP3+ Treg stability181-183. There is a paucity of information on whether an association 

exists between the MFI of Helios on CD25+FoxP3+ Tregs and breast cancer patient treatment 

response; however, in non-small cell lung cancer patients, no significant association was 

observed between FoxP3+Helios+ Tregs and cancer progression178. A larger study may yield 

more significant insights into the relationship between Helios expression, CD25+FoxP3+ Tregs, 

and treatment response in TNBC patients.  

 

4.5 Conclusion 

 

While changes in the Treg percentage were observed in some patients before and after first-

phase chemotherapy, no change in the median percentage of CD25+FoxP3+ Tregs was 

observed between patient groups and healthy donors, as well as between all patients before 

and after first-phase chemotherapy. This may indicate that neither the primary tumour nor the 

first-phase chemotherapy caused a change in the percentage of circulating CD25+FoxP3+ 

Tregs in the majority of TNBC patients in this study. The findings of this study may provide 

evidence of a shift in the CD25+FoxP3+ Treg profile towards an activated and highly 

immunosuppressive effector phenotype after first-phase chemotherapy, although the effect of 

these findings on patient treatment response is not entirely clear.   

 

Manipulation of immune cells by cancer to favour a pro-tumourigenic TME has been reported 

in numerous cancer types, and long-term changes to both circulating and intratumoural 

immune cell subset proportions and marker expression after chemotherapy has also been 

reported97, 102, 130-132. Complex signalling networks exist between cells in the body and are 

fundamental to the regulation of proper cell growth, differentiation, metabolism, and survival184. 

In cancer, signalling molecule secretion and intercellular signalling are frequently 

dysregulated, which contributes to uncontrolled cellular proliferation, evasion of apoptosis and 

immune destruction, stimulation of angiogenesis, and invasion and metastasis184. 

Understanding the effect of cancer and first-phase chemotherapy on cellular communication 
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and its impact on tumour progression and treatment response is essential for the identification 

of new therapeutic targets and improvement of existing treatment strategies for TNBC184.   
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Chapter 5: Dynamic changes in cytokine and growth factor levels in TNBC 

patients before and after first-phase chemotherapy  

 

5.1 Introduction 

 

The complex signalling networks that exist between cells in the body are fundamental in 

regulating cell growth, differentiation, metabolism, and survival184. These networks rely on 

signalling molecules such as cytokines, chemokines, growth factors, and hormones184. 

Dysregulated secretion of these signalling molecules leads to aberrant intercellular 

communication and may promote the development of various diseases184. In cancer, signalling 

molecule secretion and intercellular signalling are frequently dysregulated, which contributes 

to uncontrolled cellular proliferation, evasion of apoptosis and immune destruction, stimulation 

of angiogenesis, and invasion and metastasis184. Understanding the interplay between these 

signalling molecules and tumour growth and progression may provide further insights into 

tumour biology and allow for the identification of potential therapeutic targets184.  

 

Cytokines serve as chemical messengers between immune and non-immune cells185, 186. They 

are pleiotropic, may be secreted by multiple cell types, and can exert functions similar to each 

other187. They act in an autocrine or paracrine manner, exert their function at very low doses, 

and have short half-lives, allowing cells to communicate quickly while minimising signal 

residue and excessive activation or inhibition of the target cell185, 186. Cytokines can be 

classified into numerous categories based on their function, location, and cell-of-origin186, 187. 

Pro-inflammatory cytokines, such as IL-6, IL-8, IL-12, TNF-α, and interferons stimulate 

immunocompetent cells186, 187. Anti-inflammatory cytokines, such as IL-4, IL-6, IL-10, IL-11, IL-

13, and TGF-β suppress immune activity and function186, 187. Some cytokines, such as IL-6, 

may demonstrate both pro- and anti-inflammatory effects depending on the context, and can 

generate multiple immune responses186, 187. Alterations in cytokine levels can occur due to 

physical trauma, such as surgery and radiation, infection, autoimmunity, and cancer185.  

 

The cytokine IL-6 is manufactured at sites of inflammation by monocytes and macrophages 

and can act in either anti- or pro-inflammatory capacities188-191. In cancer, IL-6 may also be 

secreted by tumour cells and aids in promoting angiogenesis, tumour cell growth, macrophage 

polarisation, and metastasis, or it may serve to mobilise CD8+ cytotoxic T-cells and promote 
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leukocyte survival, proliferation, and recruitment in certain contexts192. Increased IL-6 levels 

have been detected in the serum of patients with breast cancer and is associated with an 

increased risk of metastatic disease, treatment resistance, and poorer patient prognosis189. IL-

8 is a pro-inflammatory cytokine, chemoattractant, and angiogenic factor192-194. In the TME, IL-

8 promotes preferential recruitment of pro-tumourigenic immune cells and enhances the 

activity of TAMs, CAFs, and cancer cells192, 193. The secretion of IL-8 by breast cancer cells 

promotes tumour progression, invasion, and metastasis192. Increased IL-8 levels in the serum 

of breast cancer patients have been associated with increased tumour invasiveness and stage 

as well as poorer patient prognosis192. Concurrent IL-6 and IL-8 signalling is critical in TNBC 

resistance to apoptosis and anchorage-independent growth195. The potent anti-inflammatory 

properties of IL-10 make it one of the most significant cytokines in cancer progression and 

metastasis, although its exact role in breast cancer is unclear192. IL-10 inhibits CD4+ T-cell 

activation, production of pro-inflammatory cytokines, and dendritic cell differentiation and 

maturation192. It can promote both the differentiation of naïve CD4+ T-cells into Tregs and CD8+ 

T-cell proliferation and activity196. Increased IL-10 levels in the serum of breast cancer patients 

have been reported, as well as an association between the production of IL-10 by TAMS in 

the breast cancer TME and therapeutic resistance196.   

 

Many key characteristics of cancer are regulated by cytokines, and the manipulation of 

cytokine levels within the TME is one of the ways in which malignant cells modulate their 

environment to promote an immunosuppressive, pro-tumourigenic TME and enhance their 

metastatic potential197. Several have also been linked to resistance to therapy192. The 

detection of circulating cytokines may provide insight into tumour dynamics185, 198, 199.  

 

Growth factors also play a pivotal role in key tumourigenic processes by binding to specific 

cell surface receptors and triggering intracellular signalling pathways200, 201. They are involved 

in promoting cancer cell proliferation (e.g., epidermal growth factor (EGF), platelet-derived 

growth factor (PDGF), and insulin-like growth factor (IGF)), inhibiting apoptosis (e.g., IGF, 

hepatocyte growth factor (HGF)), and enhancing invasion and metastasis (EGF, TGF-β)200, 201. 

Several growth factors have been implicated in the growth and development of breast cancer. 

The VEGF family drives blood vessel formation and homeostasis and can be secreted by 

cancer cells to promote angiogenesis in and around the TME202. Additionally, VEGF may 

promote the activity of immunosuppressive cells, inhibit cancer cell apoptosis and T-cell 

recruitment into the TME, and promote an exhausted T-cell phenotype202, 203. A correlation 

between VEGF expression in breast tumours and increased tumour size, histological grade, 
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and risk of metastasis has been reported204. Growth differentiation factor 15 (GDF-15) is a 

member of the TGF-β family and is released in response to cellular stress signals, such as 

those observed in inflammation, hypoxia, tissue injury, and malignancy205. Circulating GDF-15 

levels have been used as a surrogate biomarker for tumour load and progression in breast 

cancer and have been associated with TNBC treatment resistance and metastasis206-208.  

 

Secreted growth factors also influence immune responses. For instance, GM-CSF is pro-

inflammatory and promotes the survival and activity of myeloid cells (monocytes, 

macrophages, dendritic cells, and polymorphonuclear neutrophils)209, 210. It can drive both 

tumour progression and suppression209, 210. Elevated levels are associated with an aggressive 

cancer phenotype in some instances, and breast tumour cell-derived GM-CSF has been 

reported to promote an immunosuppressive TME by stimulating M2 macrophage 

differentiation and Th2 immune cell responses209, 211. Conversely, GM-CSF activates M1 

macrophages and dendritic cells and inhibits angiogenesis209. Interferon gamma-induced 

protein 10 (IP-10 or CXCL10) serves as a ligand for the C-X-C motif receptor 3 (CXCR3) 

molecule and is involved in chemotaxis, cell growth regulation, and the stimulation of 

apoptosis212. It can promote Th1 immune responses, act as a chemoattractant, inhibit 

angiogenesis, and induce granzyme B production by cytotoxic T-cells213, 214. IP-10 can also 

exert pro-tumourigenic effects, and numerous studies have found that it is overexpressed in 

cancer and is associated with poor prognosis215. Overexpression of IP-10 in breast cancer 

patients compared to that in healthy controls has been reported and may be correlated with 

favourable prognostic outcomes in TNBC patients213, 215. 

 

Chemotherapy affects the levels of cytokines and growth factors present in the TME by 

causing the death of the tumour cells secreting them84, 97, 108, 109 101-103. Numerous reports 

describing changes in the concentration of cytokines and growth factors such as IL-8, IL-10 

and GDF-15 in breast cancer patient plasma in comparison to healthy donors as well as in 

patient plasma before and after chemotherapy exist190, 216-219. These changes may be 

chemotherapy-induced and form part of an inflammatory response or reflect an upregulation 

by tumour cells as a means of conferring treatment resistance196, 205, 220, 221. The importance of 

identifying surrogate biomarkers to improve TNBC patient care and disease outcome is 

highlighted by the pivotal role each cytokine plays in normal physiological functioning, as well 

as cancer development and progression. They may also provide insight into the mechanisms 

of therapeutic failure.   
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5.2 Materials and Methods 

 

5.2.1 Detection of cytokines and growth factors in participant plasma 

Seven sandwich ELISA kits were purchased from Elabscience® Bionovation Inc. (Texas, USA) 

and were used to detect and quantify circulating VEGF, IP-10, GDF-15, IL-10, IL-6, IL-8, and 

GM-CSF in participant plasma. The wells of each 96-well microplate were pre-coated with 

capture antibodies specific to the analyte of interest. The sample was incubated in each well 

to allow the analyte of interest to bind to the capture antibody. Detection antibodies tagged 

with an enzyme were allowed to bind to the analyte of interest before the enzyme substrate 

solution was added. A stop solution was added and the optical density was measured using a 

spectrophotometer. Finally, the concentration of the analyte in each well was calculated using 

the optical density readings and a standard curve.  The following steps were followed for each 

kit. 

 

5.2.2 Reagent preparation 

The standard working solution, biotinylated detection antibody working solution, and the 

horseradish peroxidase (HRP) conjugate working solutions were prepared shortly before use. 

To prepare the wash buffer, 30 ml of the wash buffer concentrate was added to 720 ml 

deionised water. To prepare the standard working solution for each kit, the standard was 

centrifuged at 10 000 RCF for 1 min using an Allegra® X-12R centrifuge (Beckman Coulter, 

USA) (brake off) before 1 ml of the reference standard and sample diluent was added, and 

the tube was allowed to stand for 10 min. After inverting the tube several times, the contents 

were mixed using a pipette and the tube was allowed to stand for 2 min before being vortexed 

for 10 seconds (s). The standard working solution concentration for the VEGF ELISA kit 

(Elabscience® Bionovation Inc., USA) was 2000 picograms per millilitre (pg/ml), the IL-6 and 

-10 kits (Elabscience® Bionovation Inc., USA) was 100 pg/ml, the GDF-15 kit (Elabscience® 

Bionovation Inc., USA) was 1500 pg/ml, and the IL-8, GM-CSF, and IP-10 kits (Elabscience® 

Bionovation Inc., USA) was 500 pg/ml. To create serial dilutions of the standard working 

solution for each kit, 500 µl of reference standard and sample diluent were added to seven 

clean, labelled 1.5 ml tubes. A standard working solution (500 µl) (prepared for each kit) was 

then pipetted into the first tube, the contents were mixed using a pipette, and 500 µl of the 

resulting solution was pipetted into the second tube. This step was repeated until tube 6. The 

final tube served as a blank and contained no standard working solution. To prepare the 

biotinylated detection antibody and HRP working solutions, the biotinylated detection antibody 

and HRP conjugate concentrates were centrifuged for 1 minute at 800 RCF using an Allegra® 
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X-12R centrifuge (Beckman Coulter, USA) (brake off) before 73 µl of concentrate was added 

to 7.23 ml of the correct diluent to create a 1-in-99 dilution.  

 

5.2.3 Sample preparation 

Plasma (1.5 ml) that was stored at -80 °C for each healthy donor and patient, both before and 

after first-phase chemotherapy, was thawed at RT before being diluted in the sample diluent 

provided in each ELISA kit. A 1-in-4 dilution of participant plasma in the sample diluent was 

prepared for the GDF-15 ELISA kit (Elabscience® Bionovation Inc., USA), while a 1-in-2 

dilution of participant plasma in the sample diluent was prepared for the remaining ELISA kits. 

 

5.2.4 Cytokine and growth factor detection  

Serially diluted standard working solution and blank (100 µl) were added in duplicate to the 

first two columns of the 96-well plate. Diluted participant plasma (100 µl) was added to the 

remaining wells before the plate was sealed and incubated in the dark for 90 minutes at 37 

°C. The liquid in each well was discarded and 100 µl of biotinylated antibody working solution 

was added to each well before the plate was sealed and incubated in the dark for 60 minutes 

at 37 °C. The liquid in each well was discarded, and the plate was washed three times (with a 

1-minute soak in between) using a BioTek ELx50 (Agilent Technologies, USA) plate washer 

and the prepared wash buffer. HRP conjugate working solution (100 µl) was added to each 

well, the plate sealed, and incubated in the dark for 30 minutes at 37 °C. The liquid in each 

well was discarded, and the plate was washed five times (with a 1-minute soak in between) 

using a BioTek ELx50 instrument (Agilent Technologies, USA). A volume of 90 µl of substrate 

reagent was added to each well and the plate was sealed and incubated in the dark at 37 °C 

for 15 minutes. Stop solution (50 µl) was added to each well and the optical density (OD) value 

of each well was determined using a BioTek PowerwaveX instrument (Agilent Technologies, 

USA) set to 450 nm.  

 

5.2.5 Data and statistical analysis  

Following the acquisition of the OD values for each sample and standard using 7 ELISA kits 

and a BioTek PowerwaveX spectrophotometer (Agilent Technologies, USA), the average 

blank OD value was subtracted from the sample and averaged standard OD values. A four-

parameter logistic curve was plotted using Microsoft® Excel® Software version 2410 

(Washington, USA) with standard concentration on the x-axis and OD values on the y-axis. 
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The sample concentration (pg/ml) was determined using the standard curve. The raw data 

and standard curves are presented in Appendix E, Tables 1 and 2 and Figures 1-7. 

 

A Shapiro-Wilk test was conducted to determine the distribution of the collected data. The null 

hypothesis that the data had a normal distribution was rejected (p < 0.05) for all the variables. 

As data were collected from three participant groups and did not have a normal distribution, a 

Kruskal-Wallis equality of populations test and Dunn’s pairwise comparison test were used to 

compare the median concentration of each cytokine between healthy donors and patients, 

and between patients before and after first-phase chemotherapy. A p-value of less than or 

equal to 0.05 was deemed statistically significant. To determine whether there was any 

significant association between the median cytokine concentration (both before and after first-

phase chemotherapy) and patient treatment response, a Wilcoxon rank-sum test was used. A 

p-value of less than or equal to 0.05 was deemed statistically significant. STATA Basic Edition 

18.0 statistical software (STATA Corp LLC, USA) was used to conduct all statistical tests and 

generate graphs. 

 

5.3 Results 

 

5.3.1 The median concentrations of IL-10, IL-6, IL-8, and IP-10 were significantly 

increased in patients after first-phase chemotherapy compared with pre-

treatment levels 

The median concentration of IL-10 was significantly increased in patients after receiving first-

phase chemotherapy in comparison to treatment-naïve patients (median 0.87 pg/ml vs. 0.30 

pg/ml, p=0.0038) (Figure 5.1 A). There was a significant increase in the median concentration 

of IL-6 in patients after first-phase chemotherapy compared to healthy donors (median 1.21 

pg/ml vs. 0.64 pg/ml, p=0.0151) and treatment-naïve patients (1.21 pg/ml vs. 0.64 pg/ml, 

p=0.0039) (Figure 5.1 B).  
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Figure 5.1: The concentration of IL-10 and IL-6 were significantly increased in the 

plasma of patients after first-phase chemotherapy compared to pre-treatment levels. 

The median concentration of IL-10 (A) was significantly increased in patients after receiving 

first-phase chemotherapy compared to treatment-naïve patients, and there was a significant 

increase in the median concentration of IL-6 (B) in patients after first-phase chemotherapy 

compared to that in healthy donors and treatment-naïve patients. ** p≤0.01, * p≤0.05. IL-10: 

interleukin-10. IL-6: interleukin-6. 

 

The median concentration of IP-10 was markedly increased in patients after receiving first-

phase chemotherapy compared to healthy donors (311.47 pg/ml vs. 154.91 pg/ml, p=0.0047) 

and pre-first-phase chemotherapy levels (311.47 pg/ml vs. 204.51 pg/ml, p=0.0231) (Figure 

** 
A 

*
* 

* 
B 
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5.2 A). A higher median concentration of IL-8 was observed in patients after receiving first-

phase chemotherapy compared to healthy donors (81.56 pg/ml vs. 68.47 pg/ml, p≤0.0001) 

and treatment-naïve patients (81.56 pg/ml vs. 70.12 pg/ml, p=0.0001) (Figure 5.2 B). The 

median concentration values and p-values are presented in Appendix E, Table 3. 

 

Figure 5.2: The concentrations of IP-10 and IL-8 in patients and healthy donors. An 

increase in the median concentrations of IP-10 (A) and IL-8 (B) was observed in patient 

plasma after receiving first-phase chemotherapy compared to healthy donor and treatment-

naïve patient plasma. ****p≤0.0001, **p≤0.01, *p≤0.05. IP-10: interferon gamma-induced 

protein. IL-8: interleukin-8. 

 

**** 
**** 

** 
* 

A 

B 
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5.3.2 The median GDF-15 concentration was significantly higher in patients after 

first-phase chemotherapy than in healthy donors and treatment-naïve patients 

No statistically significant change in the median concentration of VEGF or GM-CSF was 

observed between healthy donors and patients, both before and after first-phase 

chemotherapy (Figure 5.3 A and B).  

 

Figure 5.3: The concentration of VEGF and GM-CSF in patients and healthy donors. No 

statistically significant change in the median concentrations of VEGF (A) or GM-CSF (B) was 

A 

B 
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observed between healthy donors and patients. VEGF: vascular endothelial growth factor. 

GM-CSF: granulocyte-macrophage colony stimulating factor. 

 

There was a significant increase in the median concentration of GDF-15 in patients after first-

phase chemotherapy compared to healthy donors (median 2 611.36 pg/ml vs. 741.30 pg/ml, 

p≤0.0001) and pre-treatment levels (median 2 611.36 pg/ml vs. 1 190.9 pg/ml, p≤0.0001) 

(Figure 5.4). A non-significant increase in the median concentration of GDF-15 was observed 

in treatment-naïve patients in comparison to healthy donors (median 1 190.9 pg/ml vs. 741.30 

pg/ml, p=0.0822). The median concentration values and p-values are presented in Appendix 

E, Table 3. 

 

Figure 5.4: The concentration of GDF-15 in patients and healthy donors. There was a 

significant increase in the median concentration of GDF-15 in patients after first-phase 

chemotherapy compared to the healthy donor and pre-treatment levels. ****p≤0.0001.GDF-

15: growth and differentiation factor-15.  

 

5.3.3 No significant difference in median cytokine concentration was observed after-

first phase chemotherapy between those who achieved a pathological 

complete response and those who did not after the completion of all 

chemotherapy  

**** **** 
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No significant difference in the median concentration of circulating VEGF, IP-10, GDF-15, GM-

CSF, IL-6, IL-8, or IL-10, both before and after first-phase chemotherapy, was observed 

between those who achieved a PCR and those who presented with PIC after the completion 

of all chemotherapy (Table 5.1). 

 

Table 5.1: Median circulating VEGF, IP-10, IL-6, IL-8, IL-10, GDF-15, and GM-CSF 

concentrations before and after first-phase chemotherapy in those who achieved PCR 

and those with PIC after the completion of all chemotherapy 

 Patients with a PCR (n=10); 

median pg/ml (range) 

Patients with PIC (n=8); 

median pg/ml (range) 

P-value 

Before first-phase chemotherapy 

VEGF 327.23 (58.77-1247.12) 554.69 (39.01-2051.24) 0.1011 

IP-10 213.58 (15.34-1373.66) 304.87 (51.70-1322.33) 0.6334 

IL-6 0.93 (0.07-2.64) 0.35 (0.07-11.79) 0.2187 

IL-8 69.57 (66.80-80.57) 74.93 (67.92-87.37) 0.1243 

IL-10 0.44 (0.30-3.73) 0.16 (0.02-2.87) 0.2318 

GDF-15 1135.54 (561.61-2875.50) 1434.28 (699.18-2149.23) 0.2743 

GM-CSF 93.19 (87.01-105.34) 91.13 (89.08-105.34) 1.0000 

After first-phase chemotherapy 

VEGF 310.3 (115.29-4273.69) 689.65 (10.79-4377.48) 0.2743 

IP-10 259.51 (106.57-1469.47) 680.08 (13.33-1468.37) 0.2276 

IL-6 1.21 (0.64-3.49) 1.5 (0.35-14.78) 0.8162 

IL-8 81.06 (66.80-109.49) 91.01 (74.41-114.01) 0.0868 

IL-10 1.01 (0.02-1.44) 0.73 (0.30-4.30) 0.4384 

GDF-15 2332.26 (1431.58-37412.89) 2984.12 (1379.89-4157.18) 0.7618 

GM-CSF 96.25 (84.94-123.12) 92.16 (87.01-99.3) 0.1803 

PCR: pathological complete response. PIC: persistent invasive carcinoma. VEGF: vascular endothelial growth 

factor. IP-10: interferon gamma-induced protein. IL-6: interleukin-6. IL-8: interleukin-8. IL-10: interleukin-10. 

GDF-15: growth and differentiation factor-15. GM-CSF: granulocyte-macrophage colony stimulating factor. 
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5.4 Discussion  

 

Many of the hallmarks of cancer are controlled through cellular signalling pathways, and 

tumour manipulation of cytokine and growth factor levels promotes an immunosuppressive 

TME and enhances tumour cell metastasis197. The detection and evaluation of pro- and anti-

tumourigenic cytokines within patient blood may provide insight into the complex cancer-

immune cell dynamics in malignant disease and be used to make better treatment decisions 

and improve patient outcomes185, 198, 199. Seven ELISAs were used to assess the levels of 

circulating VEGF, GDF-15, GM-CSF, IL-6, IL-8, IL-10, and IP-10 in the plasma of 10 healthy 

donors and 23 newly diagnosed treatment-naïve TNBC patients both before and after first-

phase chemotherapy. The concentration (pg/ml) of each cytokine was determined using 

standard curves and then compared between patients and healthy donors, as well as between 

patients before and after first-phase chemotherapy.  

 

5.4.1 An increase in the median concentration of IL-10 in patients may indicate an 

increase in anti-tumour immune cell responses after first-phase chemotherapy  

The increase in IL-10 levels in patients after first-phase chemotherapy in comparison to pre-

treatment levels correlates with the findings of other studies where IL-10 levels were increased 

in early breast cancer patients after receiving adjuvant chemotherapy compared to pre-

treatment levels218. While other studies report an increase in the median concentration of IL-

10 in the blood serum or plasma of breast cancer patients in comparison to healthy donors, 

this was not observed in this study190, 216-218. The increase in the median concentration of IL-

10 in this study’s patient cohort after first-phase chemotherapy may be due to an upregulation 

in IL-10 production by cancer cells as a means of conferring chemoresistance or in response 

to chemotherapy-induced inflammation196, 222.  

 

An increase in the median concentration of IL-6 in breast cancer patients after chemotherapy 

in comparison to healthy donors and pre-treatment levels was observed in this investigation 

and has also been reported in breast cancer patients with advanced and metastatic disease189, 

190, 218, 223. There is a paucity of published information addressing the potential mechanisms 

behind these changes however, a possible explanation is a chemotherapy-induced 

inflammatory response or an increase in IL-6 production by cancer cells as a means of 

avoiding apoptosis and developing treatment resistance188, 189, 191, 224. The significance of this 

study’s findings are however, unclear as the median IL-10 and IL-6 concentration value for 
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healthy donors (median 0.87 pg/ml and 0.64 pg/ml) and patients both before (median 0.30 

pg/ml and 0.64 pg/ml) and after first-phase chemotherapy (median 0.87 pg/ml and 1.21 pg/ml) 

were below the lower limit of detection range (1.56-100 pg/ml) of the ELISA kits used225, 226. 

 

No significant association was observed between pre- and post-first-phase chemotherapy IL-

10 and IL-6 median concentrations and patient treatment outcomes in this study cohort. 

Increased levels of IL-10 have been associated with increased tumour growth, drug 

resistance, disease persistence, and poor prognosis in breast cancer, and a correlation 

between IL-10 levels and increased tumour stage has been reported227, 228. Other studies have 

reported an association between IL-10, overall survival rate, and anti-tumoural immunity in 

breast cancer patients190, 216, 217, 228. Increased IL-6 signalling is associated with metastasis, 

treatment resistance, disease recurrence, immune suppression, and poorer prognosis in 

breast cancer patients189, 191, 229, 230. In addition, an association between IL-6 and tumour stage 

has also been found190. A larger study may yield more significant results and provide more 

insight into the relationship between IL-10, IL-6, and treatment response in patients with 

TNBC.  

 

The observed increase in median IL-8 concentration in patients after first-phase chemotherapy 

correlates with the findings of other studies and may be chemotherapy-induced, as various 

chemotherapeutic agents, including doxorubicin, have been shown to increase IL-8 and IL-8 

receptor concentrations in patient plasma190, 218-220. No significant association between the 

median concentration of IL-8 before and after first-phase chemotherapy and patient treatment 

outcomes was observed in this study. An increase in the concentration of IL-8 has been 

reported in patients who achieved a PCR, and a decrease in IL-8 concentration has been 

reported in patients with recurrent disease227. Some studies have reported an association 

between an increase in the serum concentration of IL-8 and breast cancer treatment 

resistance, and poorer overall and progression-free survival; while other studies have reported 

an association between decreased IL-8 levels and an increase in the overall survival of 

metastatic breast cancer patients193, 220, 231. An investigation of the relationship between IL-8 

and treatment response in a larger group of patients with TNBC may yield more significant 

findings.  

 

The median concentration of IP-10 was markedly increased in patients after receiving first-

phase chemotherapy compared to healthy donors and pre-first-phase chemotherapy levels; 
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and this has also been reported in the literature215, 232-236. A positive association between the 

expression of IP-10 by tumour cells and TIL density, especially that of NK cells and CD3+ T-

cells, has been reported233, 237. The observations made in this study may provide evidence of 

enhanced immune-mediated cancer cell apoptosis, increased anti-tumour Th1 T-cell 

responses, and increased NK and T-cell cytotoxicity, homing, and infiltration into the TME after 

first-phase chemotherapy214, 238. 

 

No significant association was observed between the median concentration of IP-10 in 

patients before and after first-phase chemotherapy and treatment outcomes in this study. 

Serum IP-10 concentration has been positively correlated with tumour size and 

aggressiveness, disease resistance, and poor prognosis in breast cancer patients, while other 

studies have reported a correlation between increased plasma IP-10 concentration and the 

development of the TNBC subtype213, 232, 239, 240 241, 242. In contrast, an association between IP-

10 overexpression in the tumour and recurrence-free survival of patients with TNBC has also 

been reported213. These conflicting reports on IP-10’s role in cancer may be due to differences 

in receptor subtype and cell type-dependent functions214. An investigation into whether an 

association exists between treatment outcome and IP-10 plasma concentration may yield 

more significant findings if conducted in a larger number of TNBC patients than what was used 

in this study. 

 

5.4.2 An increase in the median concentration of GDF-15 in patients after first-phase 

chemotherapy may indicate a chemotherapy-induced cellular stress response  

The lack of a significant change in the median concentration of VEGF in patients compared to 

healthy donors and in patients before and after first-phase chemotherapy correlates with the 

findings of some studies243, 244. In contrast, an increase in the concentration of VEGF in the 

plasma of breast cancer patients in comparison to healthy donors and those with benign breast 

tumours has been reported in the literature203, 243, 245-249. An increase in the concentration of 

VEGF in breast cancer patient plasma during chemotherapy compared to pre-treatment levels 

has also been reported203, 245, 246, 250.The findings of this investigation may indicate that any 

additional VEGF secreted in the tumour is being used up before it is able to enter the 

circulation, and that chemotherapy does not induce any changes in VEGF signalling and 

tumour vasculature in TNBC patients251. The lack of a change in the median concentration of 

GM-CSF in patients compared to healthy donors, as well as in patients before and after first-

phase chemotherapy, correlates with some reports in the literature. Other studies have 

reported a significant increase in circulating GM-CSF concentration in breast cancer patients 
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both before and during chemotherapy in comparison to healthy donors and treatment-naïve 

patients, while other studies have reported a significant decrease in the concentration of GM-

CSF in breast cancer patient sera before treatment in comparison to that of healthy donors252-

254. The findings of this study may indicate that GM-CSF is not a means by which TNBC cancer 

cells seek to manipulate the immune system and evade destruction; and that chemotherapy 

does not induce an increase in GM-CSF-mediated myeloid cell activity and homing to the 

tumour site210, 255, 256.  

 

No association was observed between patient treatment outcome and the median 

concentration of VEGF and GM-CSF in patient plasma before and after first-phase 

chemotherapy. Within the literature, an association between increased plasma VEGF levels, 

poorer patient prognosis, and increased tumour size and stage has been reported248, 249, 257. 

The concentration of VEGF may also serve as a predictor of breast cancer patient overall 

survival and the risk of disease recurrence248, 257. The upregulation of GM-CSF production has 

been associated with improved patient prognosis in colorectal cancer; however, increased 

GM-CSF production has been associated with increased tumour aggressiveness, 

invasiveness, and poor patient prognosis in bladder cancer, glioblastomas, and cancers of the 

head and neck209, 258. A larger study may yield more significant insights into the relationship 

between VEGF, GM-CSF, and TNBC patient response to treatment.  

 

There was a significant increase in the median plasma concentration of GDF-15 in patients 

after first-phase chemotherapy compared to that in healthy donors and pre-treatment levels, 

which correlates with the findings of numerous other studies35, 259-265. An increase in the 

median concentration of GDF-15 was observed in treatment-naïve patients compared with 

that in healthy donors. Although this result did not reach statistical significance in this study, it 

correlates with the findings of other studies that report a significant increase in the plasma 

concentration of GDF-15 in metastatic breast cancer patients in comparison to healthy 

donors262-265. The increase in the median concentration of GDF-15 in patients after first-phase 

chemotherapy compared to healthy donors and treatment-naïve patients may be due to 

malignant and non-malignant cell damage caused by exposure to chemotherapeutic agents 

since GDF-15 expression and secretion is associated with the cellular stress response, 

hypoxia, and inflammation205, 221, 266. Similarly, the increase in median GDF-15 concentration 

in treatment-naïve TNBC patients compared to healthy donors, although not statistically 

significant, may be due to the inflammatory and hypoxic nature of the TME205, 221.   
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No significant association between the median concentration of GDF-15 before and after first-

phase chemotherapy and patient treatment outcomes was observed in this study. The 

expression and secretion of GDF-15 has been shown to promote EMT in breast cancer, 

decrease lymphocyte infiltration into the TME, and impede the activity of M1 macrophages205, 

262, 266. Other studies have however, reported that GDF-15 inhibits tumour cell invasion, 

increases anti-tumour immune cell activity, and initiates tumour-cell apoptosis205, 262, 266. 

Increased GDF-15 expression by breast cancer cells has been associated with poorer patient 

prognosis and recurrence-free survival as well as treatment resistance and metastasis259, 267-

272. An investigation into whether an association exists between treatment outcome and GDF-

15, if conducted on a larger number of TNBC patients than that used in this study, may yield 

more insight into the relationship between GDF-15 and TNBC patient treatment response.  

 

5.4.3 Conclusion 

A significant increase in the median concentration of IL-6, IP-10, and IL-8 was observed in 

patients after first-phase chemotherapy compared to that in healthy donors and pre-treatment 

levels. In addition, a significant increase in the median concentration of IL-10 was observed in 

patients who received first-phase chemotherapy compared to that in treatment-naïve patients. 

The increase in the median concentration of IL-10 and IL-6 in patient plasma after first-phase 

chemotherapy may be due to an upregulation in IL-10 and IL-6 production by cancer cells as 

a means of conferring chemoresistance and avoiding apoptosis, or it may be in response to 

chemotherapy-induced inflammation188, 189, 191, 196, 222, 224. The median IL-10 and IL-6 

concentration in patients and healthy controls were however, below the lower limit of their 

respective ELISA kit’s detection range. The observed increase in the median concentration of 

IP-10 and IL-8 in patients after first-phase treatment may be chemotherapy-induced and, in 

the case of IP-10, provide evidence of an increase in tumour cell apoptosis, anti-tumour 

immune cell activity, and anti-tumourigenic immune cell infiltration into the TME after first-

phase chemotherapy214, 220, 238. Approximately 56% of the patients in this study achieved a 

pathological complete response, while approximately 44% demonstrated persistent invasive 

carcinoma after the completion of chemotherapy. No significant association was found 

between patient response to treatment and the median concentrations of circulating VEGF, 

IP-10, GDF-15, GM-CSF, IL-6, IL-8, and IL-10 before and after first-phase chemotherapy.  

 

Cytokines serve as chemical messengers to create a signalling network or cascade between 

immune and non-immune cells, and many hallmarks of cancer are regulated by cytokines185, 

186. Manipulation of cytokine levels within the TME is one way in which malignant cells 
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modulate their environment to promote an immunosuppressive, pro-tumourigenic TME197. As 

cytokines found within the circulation are those that have not been used at local sites, they 

have the potential to act as surrogate biomarkers in cancer185, 198, 199.
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Chapter 6: General discussion and conclusion 

 

Breast cancer is the second most commonly diagnosed cancer globally and has the fourth 

highest cancer mortality rate, making it a healthcare priority4. TNBC accounts for 10-20% of 

invasive breast cancer cases and is highly heterogeneous in its clinical presentation61, 63, 64. 

Patients with this breast cancer subtype have a 5-year survival rate of 60% owing to its 

aggressive and highly metastatic nature which limits the range of treatment strategies that can 

be applied61, 63, 64. The immune cell components within the TME in TNBC differ from those in 

other breast cancer subtypes, and T-cells, B-cells, NK cells, and monocytes may play either 

pro- or anti-tumourigenic roles30, 31, 65. Cytokines form a signalling network or cascade between 

immune and non-immune cells and regulate many cancer hallmarks185, 186. The modulation of 

cytokines within the TME represents one mechanism by which cancer can promote an 

immunosuppressive, pro-tumourigenic TME, and cytokines present in the circulation possess 

the potential to serve as surrogate biomarkers in cancer185, 197-199.  

 

The aim of this study was to compare immune cell subsets and cytokine levels in the peripheral 

blood of healthy donors, newly diagnosed TNBC patients, and TNBC patients after first-phase 

chemotherapy. To accomplish this, immunophenotyping was used to identify circulating T-cell, 

B-cell, NK cell, monocyte, and Treg subsets present in participant samples (Chapters 2-4), 

and cytokine and growth factor levels (VEGF, IP-10, GM-CSF, IL-6, IL-8, IL-10, and GDF-15) 

were measured by ELISA in participant plasma samples (Chapter 5). The ELISA and flow 

cytometry results were then compared between patients and healthy donors, as well as 

between patients before and after first-phase chemotherapy (Chapters 3-5).  

 

6.1 Chemotherapy affects the percentage of immune cell subsets present in peripheral 

blood 

 

Malignancy and exposure to chemotherapeutic agents elicit distinct effects on immune cell 

subset proportions both within the tumour microenvironment and circulation108. In the context 

of this study, the median lymphocyte count decreased after first-phase chemotherapy 

compared to pre-treatment levels. This was largely due to a marked reduction in the 

percentage of CD19+ B-cells, as no significant change in the T-cell percentage was observed 

after first-phase chemotherapy. Despite conflicting reports on the effect of chemotherapy on 

CD4+ and CD8+ T-cell viability, a chemotherapy-induced reduction in CD19+ B-cell quantity 
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after chemotherapy has been consistently reported84, 97, 107-110, 115. Inconsistencies in the 

literature regarding the effects of chemotherapy on T-cell subsets may be attributed to 

variations in participant demographics, breast cancer subtype, chemotherapy regimen, or the 

utilisation of surgery and radiation126, 273.  

 

A similar percentage of T-cells was observed in treatment-naïve patients and healthy donors. 

This may indicate a poor level of T-cell clonal expansion and tumour infiltration in treatment-

naïve TNBC patients113. A comparable observation was reported in a study which 

demonstrated that first-phase chemotherapy did not influence T-cell infiltration into the tumour, 

with T-cells exhibiting resistance to the cytotoxic effects of TAC chemotherapy84, 107. A 

significant increase in the expression of CD8 was observed in patient T-lymphocytes after first-

phase chemotherapy compared to healthy donors, but no corresponding increase in the 

percentage of CD8+ T-cells was detected. The CD8 molecule stabilises the T-cell-receptor-

MHC-I complex during T-cell activation and while CD8 overexpression has been reported in 

SARS-CoV-2-infected individuals, the significance of increased CD8 expression in cancer 

patients undergoing chemotherapy is not known111, 112. A decrease in the percentage of CD19+ 

B-cells was observed in patients after first-phase chemotherapy, but an increase in the 

expression of CD206 on these cells in patients both before and after first-phase chemotherapy 

in comparison to healthy donors was also observed. There is a paucity of information on 

CD206 expression by CD19+ B-cells in cancer however, based on findings in autoimmune 

conditions, it may indicate a shift in function towards a more tolerogenic B-cell phenotype 

possibly influencing antibody production, immune regulation, and antigen presentation115-117, 

274.  

 

The percentage of CD16+CD56+ NK cells was similar in healthy donors and patients both pre-

treatment and after first-phase chemotherapy, and this has been previously reported in 

numerous other studies108, 119, 120. An increase in the percentage of CD56high NK cells in patients 

after receiving first-phase chemotherapy compared to pre-treatment levels was observed in 

this study and was also observed by Mamessier et al.79 in advanced-stage breast cancer 

patients after chemotherapy79. This increase may be due to the increase in circulating tumour 

antigens caused by chemotherapy-induced cell death which drives the expansion of cytotoxic 

subsets51, 275. This is supported by observations of increased CD16 expression in CD56high NK 

cells in patients after the first phase of chemotherapy. CD16dimCD56high NK cells may be 

intermediaries between CD56high and CD56dim NK subsets79, 122. An increase in the expression 

of HLA-DR in both CD16+CD56+ and CD56high NK cells was observed in patients after first-
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phase chemotherapy compared with treatment-naïve patients. This may provide evidence of 

an increase in NK cell activation after first-phase chemotherapy due to a chemotherapy-

induced increase in tumour cell immunogenicity51, 275.  

 

6.2 First-phase chemotherapy has little impact on monocyte and Treg populations 

 

Monocytes play a pleiotropic role in cancer development depending on their differentiation 

towards either an anti-tumourigenic M1 or pro-tumourigenic M2 phenotype80-82. An increase in 

the total CD14+ monocyte count and percentage was observed in patients after first-phase 

chemotherapy relative to healthy donors and treatment-naïve patients; however, the relative 

percentages of classical, intermediate, and non-classical subtypes were not substantially 

affected. In other studies however, the percentage of classical monocytes increased after first-

phase chemotherapy103.This may be because the samples in this study were taken after the 

first of phase chemotherapy, whereas other studies monitored these cells after completion of 

therapy. The findings of this study suggest that, in response to an increase in cancer cell 

immunogenicity, a uniform increase in monocyte subsets occurs after first-phase 

chemotherapy276.  

 

The expression of CD56 in classical monocytes was increased in patients after first-phase 

chemotherapy compared to pre-treatment levels. In addition, the expression of CD206 in 

classical monocytes was elevated in patients before and after first-phase chemotherapy 

compared to that in healthy donors. The expression of CD56 and CD206 on intermediate 

monocytes was higher in patients than in healthy donors and, in the case of CD56, in patients 

after first-phase chemotherapy than in treatment-naïve patients. While there is a paucity of 

information on CD56 expression in monocyte subsets in cancer, CD56+ monocytes are 

suggested to be precursors to CD56+ dendritic cells which may demonstrate effector cell 

activity against tumour cells and enhanced antigen presentation and stimulatory abilities78. A 

favouring of intermediate and classical monocyte differentiation into M2 macrophages may be 

reflected by the observed increase in the MFI of CD206 in patients both before and after first-

phase chemotherapy coupled with the observed increase in overall monocyte percentage78, 

115, 127. Alternatively, an increase in the expression of CD206 on circulating monocytes may 

reflect an increase in macrophage migration to the tumour site78, 115, 127.   
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The specialised immunosuppressive capabilities of CD4+ Tregs and their dual function in 

malignancy have rendered them a subject of significant interest to cancer researchers and 

clinicians68-70, 139. The median percentage of CD25+FoxP3+ Tregs was similar between patients 

and healthy donors, and between patients before and after first-phase chemotherapy, which 

correlates with two reports in the literature162, 163. In contrast, other studies have reported an 

increase in the proportion of circulating CD25+FoxP3+ Tregs in metastatic breast, colorectal, 

and ovarian cancer patients compared to that in healthy donors 148-154, 163-166. A chemotherapy-

induced increase in CD25+FoxP3+ Treg apoptosis has been reported in patients with breast 

and non-small cell lung cancer154, 164.The median percentage of CD25+FoxP3+ Tregs in the 

peripheral blood of TNBC patients before and after first-phase chemotherapy remained 

consistent, suggesting that neither the presence of a TNBC primary tumour nor first-phase 

chemotherapy resulted in a significant alteration in the percentage of circulating CD25+FoxP3+ 

Tregs162, 163. It is plausible that the results may have differed if the Treg percentage had been 

measured upon completion of the treatment regimen. 

 

A decrease in the expression of CD45RA and a concomitant increase in the expression of 

CD39 and CD127 on patient CD25+FoxP3+ Tregs after first-phase chemotherapy may be 

indicative of a shift towards an activated, treatment-resistant, and highly immunosuppressive 

Treg phenotype in TNBC patients after first-phase chemotherapy140, 151, 155, 156, 177. Alternatively, 

the observed increase in the expression of CD39 on patient CD25+FoxP3+ Tregs after first-

phase chemotherapy may be due to an increase in CD39-mediated ATP breakdown155, 157-159. 

Similarly, the equivalent expression of Helios in patient CD25+FoxP3+ Tregs after first-phase 

chemotherapy compared to treatment-naïve patients and healthy donors suggests that first-

phase chemotherapy does not affect CD25+FoxP3+ Treg stability181-183. 

 

6.3 An increase in inflammation-associated cytokines and growth factors was observed 

in TNBC patients after first-phase chemotherapy  

 

Intercellular signalling pathways, which rely on signalling molecules such as cytokines and 

growth factors, are often dysregulated in cancer and chemotherapy may cause changes in the 

secretory profile of both tumour and immune cells84, 126, 184. A significant increase in the median 

concentrations of IL-6 and IL-10 was observed in patients who received first-phase 

chemotherapy compared with treatment-naïve patients. While this correlates with other 

reports in the literature which suggest that this may prevent cancer cell  apoptosis by creating 

an immunosuppressive TME187, 189, 190, 196, 218, 222, 223, 277, as the actual concentrations were very 
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low, this is difficult to conclude from this study.  This aligns with the percentages of monocytes 

and Tregs before and after first-phase chemotherapy, which are some of the cell types that 

secrete these cytokines187. 

 

An elevation in the plasma concentrations of IL-8 and IP-10 was observed in patients following 

initial-phase chemotherapy compared to healthy donors and treatment-naïve patients, and 

this observation is consistent with the findings of other studies190, 215, 218, 219, 232-236. The increase 

in IL-8 may be due to the observed increase in total CD14+ monocytes in participant whole 

blood after first-phase chemotherapy or due to an increased secretion by T-cells and NK 

cells187, 190, 214, 215, 218-220, 232-236, 238, 278. Alternatively, IL-8 may be released by apoptosing tumour 

cells and could assist in conferring protection to neighbouring tumour cells187, 190, 215, 218, 219, 232-

236, 278. In contrast, the release of IP-10 from apoptosing tumour cells may attract T-cells and 

NK cells to the tumour site and promote their cytotoxic activity214, 220, 238.   

 

Growth factors also play a role in breast cancer tumour progression in that they promote 

cancer cell proliferation, invasion, and metastasis, as well as prevent cancer cell apoptosis200, 

201. A significant increase in the plasma concentration of GDF-15 in patients after exposure to 

chemotherapy compared to that in healthy donors and pre-treatment levels has been reported 

in numerous studies and was also observed in this investigation35, 259-265. This observation may 

be a response to chemotherapy-induced cell damage and inflammation, as GDF-15 is 

released in response to cellular stress signals205, 221, 266. Alternatively, this may be linked to the 

observed increase in CD14+ monocytes in patients after first-phase chemotherapy, as these 

cells can produce GDF-15206. 

 

While there was no significant change in the concentrations of VEGF and GM-CSF in this 

study, it has been reported previously203, 244-246, 250, 252-254. The modulation of VEGF by tumour 

cells to promote tumour growth and progression, as well as the increase in VEGF levels within 

the TME following chemotherapy, has been observed in numerous cancer types, including 

breast cancer203, 250, 279. The absence of a significant alteration in the concentration of VEGF 

in treatment-naïve patients compared to healthy donors may suggest that the presence of a 

TNBC tumour does not induce changes in VEGF signalling, or alternatively, that any excess 

VEGF produced is being utilised within the TME prior to entering the circulation245, 246, 279. The 

similarity between the median concentrations of VEGF in patients before and after first-phase 

chemotherapy may indicate that TAC chemotherapy does not induce any changes in VEGF 
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signalling and tumour vasculature in TNBC patients210, 251, 255, 256. No change in the 

concentration of GM-CSF was observed between the participants of this study, which may 

indicate that increased production of GM-CSF by tumour cells, lymphocytes, and 

macrophages is not a mechanism by which TNBC cells promote tumour progression and 

survival210, 251, 255, 256. In addition, this may indicate that chemotherapy does not induce an 

increase in GM-CSF-mediated myeloid cell activity and homing to the tumour site210, 251, 255, 256. 

 

6.4 First-phase chemotherapy-induced changes in circulating immune cells and 

cytokines may affect patient treatment response and prognosis  

 

A pathological complete response was observed in approximately 56% of the patients after 

the completion of all chemotherapy. An association between poorer patient prognosis, a 

greater decrease in the percentage of B-cells and CD4+ T-cells, and an increase in the 

percentage of CD8+ T-cells in breast cancer patients after chemotherapy has been previously 

reported111, 112, 118. An association between high levels of circulating CD56+ NK cells, 

pathological complete response, and improved overall and relapse-free survival has been 

observed in breast cancer patients treated with neoadjuvant chemotherapy123. Increased 

absolute monocyte counts are associated with poor prognosis in stage II and III TNBC, with 

counts >0.48 x109/l linked to shorter overall survival129. This may be due to an increase in 

monocyte differentiation into TAMs which promotes tumour survival280. Previous studies have 

reported either a positive or no association between the percentage of classical and non-

classical monocytes and pathological complete response103, 128. In the context of this study, it 

is unclear how the percentage of CD4+ and CD8+ T-cells, CD19+ B-cells, CD56+ NK cells, 

CD56high NK cells, and CD14+ monocytes, as well as marker MFI values in patients after first-

phase chemotherapy compared to healthy donors and treatment-naïve patients, may be 

associated with treatment response.  

 

The role of intratumoural and circulating Tregs in breast cancer patient treatment response 

and prognosis is controversial160-162. A positive association between circulating CD25+FoxP3+ 

Tregs, breast cancer stage, and clinical outcomes has been reported151, 167. In contrast, no 

association between the proportion of circulating CD25+FoxP3+ Tregs and treatment response 

was found in a study of TNBC167. An association between increased CD45RA-FoxP3high Treg 

frequency and poorer patient prognosis has been reported in colorectal and head and neck 

squamous cell carcinoma patients, and an increase in CD39 expression on intratumoural 

CD25highFoxP3+ Tregs is associated with poorer outcomes in colon and gastric cancer 
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patients169-172. Similarly, an increase in circulating CD39+CD25+CD127- Tregs in sepsis 

patients was associated with poorer survival173, and may also be true in cancer cases. In non-

small cell lung cancer patients, no association between FoxP3+Helios+ Tregs and cancer 

progression has been observed; however, there is a paucity of information on whether an 

association exists between the expression of Helios and CD25+FoxP3+ Tregs and treatment 

response in breast cancer patients178. In the context of the data presented here, it is unclear 

how the percentage of CD25+FoxP3+ Tregs and the expression of CD45RA, CD39, CD127, 

and Helios on these cells are linked to treatment response. An investigation using a larger 

sample size may yield more significant insights.  

 

The crucial role of cytokines and growth factors in tumour development, progression, and 

metastasis means that they may serve as both diagnostic and prognostic biomarkers in 

cancer281. No statistically significant association between treatment response and the 

concentrations of circulating VEGF, IP-10, GDF-15, GM-CSF, IL-6, IL-8, and IL-10 was found 

in this study’s patient cohort, which contrasts with other reports in the literature. Elevated IL-

10, IL-6, IL-8, IP-10, and VEGF levels and signalling have been associated with an increase 

in tumour growth, drug resistance, disease persistence, metastasis, and poorer overall patient 

survival and prognosis in breast cancer189, 191, 193, 220, 227-231, 248, 249, 257. The literature has reported 

conflicting associations between elevated GM-CSF and GDF-15 concentrations and patient 

outcomes in various malignancies, including breast cancer205-209, 258, 262, 266. These studies have 

demonstrated both favourable and unfavourable correlations with prognosis and survival 

rates. 

 

The findings of this study elucidate the necessity for immunotherapeutic interventions that can 

augment T- and B-cell anti-tumourigenic activities and suppress Treg pro-tumourigenic activity. 

Immunotherapies utilising naturally-occurring or engineered T-cells, B-cells, and NK cells 

represent an emerging area of research and have demonstrated potential; however, certain 

challenges must be surmounted before they can be implemented in a clinical setting282, 283. 

The use of monoclonal antibodies to block Treg chemokine and inhibitory receptors, as well 

as the selective depletion of Tregs both within the TME and the circulation using certain 

chemotherapeutic agents, have all demonstrated great promise; however, the effects of such 

treatments on overall patient survival and treatment response are controversial and are still 

being investigated284.  
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IL-6, IL-8, IL-10, IP-10, VEGF, GM-CSF, and GDF-15 are potentially valuable therapeutic 

targets. The blocking of IL-6 and IL-8 signalling using antibodies was found to significantly 

enhance the sensitivity of drug-resistant breast cancer cells and to reduce HER2+ breast 

cancer tumour growth and metastasis281. In a TNBC cell line, inhibition of IL-6 and IL-8 

signalling reduced colony formation and survival in vitro, as well as tumour engraftment and 

enlargement in vivo285. Lim et al.286 introduced intratumoural vaccination of CXCL9- and IP-

10-engineered dendritic cells into a murine non-small cell lung cancer model and observed an 

increase in T-cell infiltration and activation in the TME286. Administration of intratumoural 

recombinant IP-10 in a severe combined immunodeficiency disease (SCID) mouse model of 

non-small cell lung cancer induced cancer cell apoptosis and prevented metastasis through 

angiostatic mechanisms; however, these effects were dependent on continued treatment287.  

 

6.5 Study limitations 

 

The exploratory nature of this study means that it has some challenges and limitations. The 

limited amount of time available for patient recruitment and the specific inclusion and exclusion 

criteria meant that this study was conducted using a small sample size. In addition, blood was 

collected only at two time points (before and after first-phase chemotherapy), and analysis at 

other intervals, especially after treatment completion, may have yielded different results. Age 

matching may improve comparability between healthy donor and patient groups.  The number 

of events detected via flow cytometric analysis may have been reduced because of 

chemotherapy-induced cytotoxicity. In addition, the median concentration of IL-6 and IL-10 in 

patients and healthy donors measuring below the detection limit of the ELISA kits used may 

have implications on the validity of this study’s findings. The use of additional phenotypic 

markers and cytokines in the analysis, as well as the inclusion of assays to assess cell 

function, may have provided more detailed insights into the effect of first-phase chemotherapy 

on the activity and secretory profile of these cells.  

 

6.6 Future directions  

 

Evaluating immune cell subsets and cytokine levels in a larger group of TNBC patients before 

and after first-phase chemotherapy and comparing these data to those of age-matched 

healthy donors may generate findings that are more generalisable to other populations. In 

addition, collection of whole blood not only before and after first-phase chemotherapy but also 
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after the completion of all chemotherapy may allow for the detection and analysis of both 

transient and long-term chemotherapy-induced changes in immune cell subsets and cytokine 

levels in patients with TNBC. The evaluation of immune cell subsets and cytokine expression 

in tumour samples before and after first-phase chemotherapy, and after the completion of all 

chemotherapy, may also prove to be beneficial, as immune cell subsets and cytokines within 

the circulation may not be identical to that of the TME.  A longer follow-up period would allow 

more insight into the effect of chemotherapy-induced changes in circulating immune cell 

subsets and cytokine levels on overall and disease-free survival rates.  

 

To better understand the effect of a TNBC tumour and chemotherapy on the activity and 

secretory profile of circulating immune cells, functional assays should be performed. Enzyme-

linked immunospot (ELISPOT) assays, which allow for the characterisation of signalling 

molecule secretion and immune responses at a single-cell level, could be used to assess the 

secretion of pro- and anti-tumourigenic cytokines by T-cells, B-cells, NK cells, monocytes, and 

Tregs288, 289. NK cell cytotoxicity or degranulation assays could also be included to obtain 

greater insight into the effect of first-phase chemotherapy on NK cell cytolytic activity290. The 

expansion of the basic and Treg flow cytometry antibody panel to facilitate the detection of 

additional T-cell, B-cell, NK cell, monocyte, and Treg subsets would enable more 

comprehensive analysis of the effect of TNBC and chemotherapy on pro- and anti-

tumourigenic immune cell subsets within the circulation and, by extension, the TME. Similarly, 

the assessment of additional cytokines and growth factors, such as IFN-γ and TNF-α, in TNBC 

patients before and after initial chemotherapy, and the potential impact on patient treatment 

response and prognosis, would be highly advantageous. 

 

6.7 Conclusion  

 

Breast cancer, especially TNBC, is a major healthcare concern, and immune cell subsets and 

cytokines within the TME may affect tumour growth, progression, and metastasis. Circulating 

immune cell subsets and cytokines have the potential to act as surrogate biomarkers for TNBC 

and understanding the effects of first-phase chemotherapy on the immune system, patient 

treatment response, and prognosis is crucial. This study highlighted the differences in immune 

cell subsets between treatment-naïve TNBC patients and healthy donors and showed an 

increase in CD56high NK cells and CD14+ monocytes after first-phase chemotherapy. Little to 

no change was observed in T-cells and Tregs, with a decrease in B-cell numbers.  Increases 

in soluble factors, such as IP-10, GDF-15, and cytokines, after first-phase chemotherapy may 
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promote the recruitment of cytotoxic immune cells to the TME and may stimulate further 

immune-mediated tumour destruction. These findings may have significant implications for the 

treatment response and prognosis of patients with TNBC and may assist in the identification 

of novel treatment strategies. 
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Appendix A: Appendices for Chapter 1  

 

Figure 1: Licence details for the use of the illustrations shown in Figure 1.4 and 1.5  
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Figure 2: Licence details for the use of the illustrations shown in Figure 1.6  
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Appendix B: Appendices for Chapter 2 

 

Table 1: Inclusion and exclusion criteria for study participants 

 

 

 
 
 
 
Inclusion criteria for breast cancer patients    

Female   

18 years of age or older    

Patient has Eastern Cooperative Oncology Group (ECOG) Performance Status (PS) 0, 1 or 

2   

Histologically confirmed breast cancer   

Diagnosed with clinical stage I, II, IIIa, or IIIb Breast Cancer according to the American Joint 

Committee on Cancer (AJCC) Breast Staging 8th Edition 

Treatment naïve     

Will be treated with either of the following neo-adjuvant chemotherapies: Anthracycline and 

Taxane based chemotherapy, platinum-based chemotherapy, or Taxotere and 

Cyclophosphamide-based chemotherapy 

 
 

Inclusion criteria for healthy controls   

Over the age of 18   

No history of breast cancer   

Female 

Exclusion criteria for healthy controls   

Under the age of 18   

History of breast cancer   

Male 

Pregnant or breastfeeding   

Exclusion criteria for breast cancer patients    

Male 

Under the age of 18   

Any systemic therapy for breast cancer within the last 5 years   

A history of other malignancies ≤ 5 years prior with the exception of basal cell or squamous 

cell carcinoma (treated with local resection only) or in situ carcinoma of the cervix   

Will be treated with chemotherapeutic agents other than: Anthracycline and Taxane-based 

chemotherapy, platinum-based chemotherapy, or Taxotere and Cyclophosphamide-based 

chemotherapy  

Patients with confirmed stage IV disease   
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Patients seropositive for the human immunodeficiency virus (HIV) and/or the Hepatitis B or 

C virus   

Uncontrolled intercurrent illness that would limit compliance with study requirements    

Patient is pregnant or breastfeeding   
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Figure 1: Ethical approval certificate 
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Figure 2: Protocol published online on protocols.io in January 2025 
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Appendix C: Appendices for Chapter 3 

 

Table 1: Participant demographics 

Participant 

study number  

Age 

(years) 

BMI 

(kg/m2) 

Smoker Ki-67% 

(%) 

TIL% (%) Tumour 

grade 

Primary 

tumour 

location 

(left/right 

breast) 

Treatment response 

at primary tumour 

site-PIC or PCR 

Response on 

opposing side- 

benign, PIC, or PCR 

Control 1 42 - - - - - - - - 

Control 3 24 - - - - - - - - 

Control 4 29 - - - - - - - - 

Control 5 23 - - - - - - - - 

Control 6 47 - - - - - - - - 

Control 7 23 - - - - - - - - 

Control 8 25 - - - - - - - - 

Control 9 64 - - - - - - - - 

Control 10 26 - - - - - - - - 

Control 11 23 - - - - - - - - 

PT270 37 23.5 No 94 - 3 Left PCR - 

PT272 41 27.7 No 50 - 3 Left PIC Benign 

PT273 68 - - 15 - 3 Right PIC PCR 

PT275 48 32 No 55 2 3 Left PCR Benign 

PT276 34 33.8 Yes 40 - 3 Right PCR PIC 

PT277 30 25.3 No 80 - 3 Right PCR Benign 

PT278 60 35.6 No 52 - 2 Left PIC Benign 

PT279 65 29.6 No 80 - 3 Right PCR - 

PT280 56 35.1 No 50 - 3 Right PIC Benign 

PT282 46 26.3 No 90 - 3 Right PIC Benign 

PT283 58 22.9 No 90 - 3 Left PCR Benign 

PT284 57 24.8 No 98 40 3 Left PIC Benign 
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PT285 49 31.5 No 20 - 3 Right PCR - 

PT287 51 17.6 Yes 100 20 3 Right PCR Benign 

PT288 63 28.3 Yes 38 5 2 Right PIC - 

PT290 45 33.1 No 68 - 3 Left PCR Benign 

PT307 60 26.1 No 73 15 3 Right PCR - 

PT309 34 22.9 No 96 5 3 Left PIC Benign 

PT310 64 24.1 No 58 - 3 Right - - 

PT312 50 25 No 80 - 3 Right - - 

PT313 60 27.7 No 75 - 3 Left - - 

PT314 43 20.8 Yes 85 - 3 Left - - 

PT315 59 23.6 No 66 30 3 Left - - 

BMI: body mass index. Ki-67: Antigen Kiel-67. TIL: tumour-infiltrating lymphocyte. PCR: pathological complete response. PIC: persistent invasive carcinoma. 
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Table 2: Patient full blood count results before first-phase treatment 

Patient 

study 

number 

Erythrocyte 

count 

(x10^12/L) 

Leukocyte 

count 

(x10^9/L) 

Neutrophil 

count 

(x10^9/L) 

Lymphocyte 

count 

(x10^9/L) 

Monocyte 

count 

(x10^9/L) 

Eosinophil 

count 

(x10^9/L) 

Basophil 

count 

(x10^9/L) 

NLR Platelets 

(x10^9/L) 

PT270 
4.54 7.31 4.48 2.22 0.51 0.07 0.03 2.02 309 

PT272 3.99 5.38 3.53 1.56 0.25 0.03 0.01 2.26 366 

PT273 4.26 9.71 7.05 2.09 0.52 0.03 0.02 3.37 296 

PT275 5.23 9.49 6.37 2.41 0.52 0.15 0.04 2.64 340 

PT276 4.79 11.84 6.72 4.45 0.47 0.17 0.03 1.51 274 

PT277 5.5 4.75 2.59 1.69 0.29 0.15 0.03 1.53 326 

PT278 4.43 4.94 2.68 1.65 0.44 0.15 0.02 1.62 290 

PT279 4.51 6.33 2.88 2.9 0.41 0.12 0.02 0.99 369 

PT280 5.32 7.05 4.44 1.82 0.51 0.2 0.08 2.44 327 

PT282  4.38 6.18 3.74 1.54 0.59 0.28 0.03 2.43 345 

PT283 4.38 6.68 3.78 2.31 0.43 0.11 0.05 1.64 198 

PT284 4.8 3.93 1.33 2.18 0.31 0.04 0.07 0.61 243 

PT285 4.18 6.58 3.58 2.54 0.37 0.05 0.04 1.41 302 

PT287 5.1 6.79 3.89 2.43 0.37 0.05 0.05 1.6 227 

PT288 4.87 7.23 3.53 2.58 0.83 0.23 0.06 1.37 175 

PT290 5.35 9.55 5.84 2.22 0.89 0.52 0.08 2.63 210 

PT307 4.76 7.7 4 3 0.51 0.14 0.05 1.33 269 

PT309 4.57 7.82 4.92 2.15 0.44 0.25 0.06 2.29 343 

PT310 5.06 8.1 4.53 2.86 0.58 0.11 0.02 1.58 289 

PT312 4.39 7.57 4.65 2.32 0.46 0.08 0.06 2 250 

PT313 4.61 4.91 3.3 1.07 0.35 0.17 0.02 3.08 96 

PT314 3.97 6.33 2.37 3.35 0.55 0.03 0.03 0.71 199 

PT315 4.74 6.93 3.75 2.49 0.57 0.08 0.04 1.51 343 

NLR: neutrophil-lymphocyte ratio. 
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Table 3: Patient full blood count results after first-phase treatment 

Patient 

study 

number 

Erythrocyte 

count 

(x10^12/L) 

Leukocyte 

count 

(x10^9/L) 

Neutrophil 

count 

(x10^9/L) 

Lymphocyte 

count 

(x10^9/L) 

Monocyte 

count 

(x10^9/L) 

Eosinophil 

count 

(x10^9/L) 

Basophil 

count 

(x10^9/L) 

NLR Platelets 

(x10^9/L) 

PT270 3.44 2.91 1.46 0.68 0.75 0 0.02 2.15 236 

PT272 3.61 6.77 5.2 0.95 0.6 0.01 0.01 5.47 459 

PT273 2.86 4.65 3.37 0.56 0.68 0.02 0.02 6.02 344 

PT275 4.21 7.93 6.11 0.97 0.65 0.1 0.1 6.3 364 

PT276 3.4 8.37 5.42 2.07 0.83 0.01 0.04 2.62 302 

PT277 3.87 5.3 3.17 1.52 0.57 0.01 0.03 2.09 322 

PT278 3.45 6.12 4.24 0.68 1.1 0.01 0.09 6.24 410 

PT279 3.52 9.62 6.52 1.72 1.02 0.28 0.08 3.79 466 

PT280 4.42 11.49 8.98 1.48 0.96 0.01 0.06 6.07 405 

PT282 3.71 3.65 2.38 0.61 0.6 0.02 0.04 3.9 324 

PT283 3.63 6.15 4.25 1.03 0.66 0.14 0.07 4.13 367 

PT284 4.17 1.45 0.5 0.81 0.04 0.08 0.01 0.62 92 

PT285 3.26 7.45 5.74 1.34 0.37 0 0 4.28 224 

PT287 4.15 4.08 2.52 1.14 0.34 0.04 0.04 2.21 61 

Pt288 4.39 6.08 3.26 1.34 1.25 0.13 0.1 2.43 430 

PT290 4.81 6.69 4.24 1.1 1.13 0.15 0.07 3.85 284 

PT307 3.62 3.62 2.49 0.92 0.89 0 0.03 2.71 237 

PT309 3.52 7.51 5.51 1.34 0.59 0.04 0.03 4.11 360 

PT310 3.75 6.12 3.5 2.08 0.49 0.04 0.01 1.68 142 

PT312 3.73 6.71 4.29 1.63 0.7 0.01 0.08 2.63 326 

PT313 3.16 3.25 2.14 0.58 0.51 0 0.02 3.69 61 

PT314 2.69 7.52 4.76 1.95 0.78 0.01 0.02 2.44 222 

PT315 3.82 5.85 3.51 1.19 1.06 0.01 0.08 2.95 345 

NLR: neutrophil-lymphocyte ratio. 
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Table 4: CD3+ lymphocyte subsets detected in participant peripheral blood using the basic immunophenotyping panel   

 Healthy donors 

(n=10) 

Pre-

chemotherapy 

After first-

phase 

chemotherapy 

P-value 

(whole 

group) 

P-value (healthy 

donors vs. pre-

chemotherapy) 

P-value (healthy 

donors vs. post-

first-phase-

chemotherapy) 

P-value (pre-

chemotherapy vs. 

post-first-phase 

chemotherapy) 

Frequency of parent cell population; median % (range) 

CD3+ lymphocytes, % 

of “Lymphocytes” that 

are not CD19+ B-cells 

79.65 (64.3-86.3) 78.8 (43.9-93.8) 77.95 (5.37-95.4) 0.4 0.3942 0.1245 0.1349 

CD4+ T-cells, % of 

CD3+ lymphocytes 

59.65 (43.2-79.7) 61.3 (30-83.5) 58.6 (27.4-75.3) 0.6426 0.4086 0.3055 0.1770 

CD8+ T-cells, % of 

CD3+ lymphocytes  

34.55 (17.4-47.7) 32.8 (12-64.3) 34.6 (21.5-66.4) 0.8756 0.3755 0.4680 0.3085 

CD4 MFI; geometric mean (range) 

CD3+ lymphocytes 438000 (369282-

559000) 

460000 (308067-

574000) 

462000 (322602-

522000) 

0.6709 0.1879 0.3020 0.3202 

CD8 MFI; geometric mean (range) 

CD3+ lymphocytes  339941 (296559-

395142) 

366248 (291231-

552000) 

384913.5 

(305448-

528000) 

0.0508 0.0606 0.0074** 0.1369 

** p≤0.01. MFI: mean fluorescence intensity. 
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Table 5: CD19+ B-cell subsets detected by flow cytometry in participant peripheral blood using the basic immunophenotyping panel 

 Healthy donors 

(n=10) 

Pre-

chemotherapy 

After first-phase 

chemotherapy 

P-value 

(whole 

group) 

P-value (healthy 

donors vs. pre-

chemotherapy) 

P-value (healthy 

donors vs. post-

first-phase-

chemotherapy) 

P-value (pre-

chemotherapy 

vs. post-first-

phase 

chemotherapy) 

Frequency of parent cell population; median % (range) 

CD19+ B-cells, % of 

lymphocytes 

9.35 (7.09-15.5) 8.23 (2.35-21) 1.105 (0.2-15.5) 0.0001**** 0.2847 ≤0.0001**** ≤0.0001**** 

CD206 MFI; geometric mean (range) 

CD19+ B-cells 179270.5 

(137475-254922) 

302214 (219962-

502000) 

407500 (51137-

617000) 

0.0001**** 0.0006**** ≤0.0001**** 0.0103* 

**** p≤0.0001, * p≤0.05. MFI: mean fluorescence intensity. 
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Table 6: CD56+ NK cell subsets detected in participant peripheral blood using the basic immunophenotyping panel 

 Healthy donors 

(n=10) 

Pre-

chemotherapy 

After first-phase 

chemotherapy 

P-value (whole 

group) 

P-value (healthy 

donors vs. pre-

chemotherapy) 

P-value (healthy 

donors vs. post-

first-phase-

chemotherapy) 

P-value (pre-

chemotherapy 

vs. post-first-

phase 

chemotherapy) 

Frequency of parent cell population; median % (range) 

CD56+ NK cells, % of 

“Lymphocytes” that are not 

CD19+ B-cells 

12.85 (7.73-25) 10.4 (3.67-

34.1) 

11.8 (3.01-90.7) 0.5274 0.1880 0.4643 0.1579 

CD56high NK cells, % of CD56+ 

NK cells 

5.27 (1.44-8.86) 4.31 (0-9.1) 9.24 (0.076-28.6) 0.0107* 0.1889 0.0665 0.0014*** 

CD16 MFI; geometric mean (range) 

CD56+ NK cells 692500 (656000-

776000) 

690000 

(71720-

752000) 

667000 (403000-

751000) 

0.1853 0.2416 0.0428* 0.1028 

CD56high NK cells  545000 (497000-

594000) 

542000 (0-

631000) 

574000 (488000-

747000) 

0.0192* 0.2349 0.0678 0.0027*** 

HLA-DR MFI; geometric mean (range) 

CD56+ NK cells  250575.5 

(218198-287753) 

238455 

(216815-

529000) 

305042.5 

(234791-633000)  

0.0010*** 0.4167 0.0050** 0.0002**** 

CD56high NK cells 329829 (267738-

391503) 

312408 (0-

367866) 

335657.5 

(270965-420000) 

0.0155* 0.0514 0.2649 0.0023*** 

**** p≤0.0001, *** p≤0.001, ** p≤0.01, * p≤0.05. NK cell: natural killer cell. MFI: mean fluorescence intensity. 
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Table 7: Monocyte subsets detected by flow cytometry in participant peripheral blood using the basic immunophenotyping panel 

 Healthy donors 

(n=10) 

Pre-

chemotherapy 

After first-

phase 

chemotherapy 

P-value 

(whole 

group) 

P-value (healthy 

donors vs. pre-

chemotherapy) 

P-value (healthy 

donors vs. post-

first-phase-

chemotherapy) 

P-value (pre-

chemotherapy vs. 

post-first-phase 

chemotherapy) 

Frequency of parent cell population; median % (range) 

CD14+ monocytes, 

% of CD45+ cells 

6.55 (486000-

616000) 

4.72 (1.11-11) 9.355 (1.21-

17.1) 

0.0001**** 0.0764 0.0258* ≤0.0001**** 

Intermediate 

monocytes, % of 

CD14+ monocytes 

5.27 (3.37-95.9) 14.3 (3.45-

84.8) 

11.2 (2.22-

90.4) 

0.7786 0.2408 0.3345 0.3625 

Non-classical 

monocytes, % of 

CD14+ monocytes 

0 0 0 (0-0.47) 0.2378 0.5 0.1077 0.0607 

Classical 

monocytes, % of 

CD14+ monocytes 

94.25 (4.15-

96.6) 

85.7 (15.2-

96.4) 

88.8 (9.57-

97.7) 

0.7960 0.2512 0.3452 0.3644 

CD56 MFI; geometric mean (range) 

Intermediate 

monocytes 

408500 

(330762-

515000) 

473000 

(367447-

556000) 

527500 

(422000-

637000) 

0.0001**** 0.0247* ≤0.0001**** 0.0027*** 

Non-classical 

monocytes 

0 0 0 (0-547000) 0.2378 0.5 0.1077 0.0607 

Classical 

monocytes 

386717 

(332776-

527000) 

468000 

(346884-

531000) 

513500 

(413000-

573000) 

0.0001**** 0.0247* ≤0.0001**** 0.0013*** 

CD206 MFI; geometric mean (range) 

Intermediate 

monocytes 

460000 

(430000-

473000) 

481000 

(328644-

544000) 

492000 

(450000-

637000) 

0.0025*** 0.0023*** 0.0003**** 0.2507 

Non-classical 

monocytes 

0 0 0 (0-474000) 0.2378 0.5 0.1077 0.0607 
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Classical 

monocytes 

449000 

(417000-

473000) 

464000 

(335937-

4890000) 

465000 

(432000-

509000) 

0.0362* 0.0268* 0.0052** 0.2189 

HLA-DR MFI; geometric mean (range) 

Intermediate 

monocytes 

625000(528000-

705000) 

605000 

(523000-

721000) 

614500 

(402000-

742000) 

0.9834 0.4369 0.4308 0.4929 

Non-classical 

monocytes 

0 0 0 (0-573000) 0.2378 0.5 0.1077 0.0607 

Classical 

monocytes 

580500 

(536000-

618000) 

5780000 

(498000-

651000) 

574500 

(467000-

648000) 

0.8675 0.4902 0.3424 0.3168 

**** p≤0.0001, *** p≤0.001, ** p≤0.01, * p≤0.05. MFI: mean fluorescence intensity 
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Appendix D: Appendices for Chapter 4 

 

Table 1: Frequency of parent and geometric mean values for CD4+CD25+FoxP3+ Tregs detected in participant peripheral blood using the Treg 

immunophenotyping panel 

 Healthy 

donors (n=10) 

Pre-

chemotherapy 

(n=19) 

After first-

phase 

chemotherapy 

(n=19) 

P-value (whole 

group) 

P-value 

(healthy donors 

vs. pre-

chemotherapy) 

P-value 

(healthy donors 

vs. post-first-

phase-

chemotherapy) 

P-value (pre-

chemotherapy 

vs. post-first-

phase 

chemotherapy) 

Frequency of parent; median % (range) 

CD4+CD25+FoxP3+, 

% of CD4+CD25+ 

lymphocytes 

18.65 (10-32) 17.3 (5.83-99.9) 19.3 (11.2-98.6) 0.9618 0.3901 0.4275 0.4539 

CD45RA MFI; geometric mean (range) 

CD4+CD25+FoxP3+ 

lymphocytes 

302395.5 

(238164-

400000) 

296673 

(232951-

356678) 

285334 (35788-

325642) 

0.2006 0.4211 0.1121 0.0443* 

CD39 MFI; geometric mean (range) 

CD4+CD25+FoxP3+ 

lymphocytes 

413500 

(361696-

461000) 

452000 

(383723-

576000) 

465000 

(397937-

540000) 

0.0024** 0.0046** 0.0003*** 0.1539 

CD127 MFI; geometric mean (range) 

CD4+CD25+FoxP3+ 

lymphocytes 

258720.5 

(229427-

316372) 

281161 (109561-

524000) 

289945 

(138821-

314321) 

0.1361 0.0692 0.0237* 0.2734 

Helios MFI; geometric mean (range) 

CD4+CD25+FoxP3+ 

lymphocytes 

476500 

(423000-

489000) 

470000 

(408000-

506000) 

484000 

(381271-

542000) 

0.2151 0.4598 0.1046 0.0511 

*** p≤0.001, ** p≤0.01, * p≤0.05. FoxP3: Forkhead Box Protein 3. MFI: mean fluorescent intensity. 
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Appendix E: Appendices for Chapter 5 

 

Table 1: Analyte concentration in healthy donor and treatment-naïve TNBC patient plasma 

Study 

number  

VEGF 

concentration, 

pg/ml 

IP-10 

concentration, 

pg/ml 

GDF-15 

concentration, 

pg/ml 

IL-6 

concentration, 

pg/ml 

IL-8 

concentration, 

pg/ml 

IL-10 

concentration, 

pg/ml 

GM-CSF 

concentration, 

pg/ml 

Control 1 177.60 62.08 1090.47 1.21 73.35 0.58 93.19 

Control 3 186.11 72.60 755.40 0.93 69.02 0.87 93.19 

Control 4 693.75 284.50 645.29 0.64 67.92 0.87 93.19 

Control 5 581.13 172.96 648.23 0.64 65.68 0.87 93.19 

Control 6 70.07 232.61 1719.52 0.00 71.20 0.30 89.08 

Control 7 1325.50 136.86 472.40 1.21 64.54 2.01 91.13 

Control 8 1005.12 247.14 643.63 0.00 62.24 0.02 84.94 

Control 9 391.90 293.28 1272.15 0.35 74.41 0.00 84.94 

Control 10 1795.81 90.41 727.21 0.64 66.80 1.44 91.13 

Control 11 930.56 29.05 1231.43 2.07 75.45 1.15 103.33 

PT270 302.90 1373.66 913.27 0.93 73.35 3.73 93.19 

PT277 438.12 103.71 1261.95 0.93 70.12 0.30 87.01 

PT278 394.78 410.17 1677.33 0.35 77.53 0.02 103.33 

PT279 1247.12 127.46 2875.50 0.64 80.57 0.30 105.34 

PT280 2051.24 1322.33 783.75 0.93 87.37 1.15 91.13 

PT272 531.25 360.56 1385.04 0.07 67.92 0.02 89.08 

PT273 1398.22 249.18 2149.23 11.79 75.45 0.02 105.34 

PT275 152.09 130.92 1110.45 0.35 67.92 0.58 91.13 

PT276 368.87 15.34 1160.63 1.50 69.02 0.87 93.19 

PT282 557.62 216.43 2143.92 0.64 82.55 0.30 91.13 

PT283 933.65 196.91 1277.25 0.07 72.28 0.30 87.01 

PT284 39.01 51.70 1190.90 0.35 67.92 0.58 89.08 

PT285 58.77 230.26 561.61 0.93 66.80 0.87 99.30 

PT287 101.15 581.08 1216.20 2.64 66.80 0.30 93.19 
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PT288 717.68 378.87 1483.51 0.07 74.41 2.87 91.13 

PT290 61.59 446.83 918.13 0.35 66.80 0.30 91.13 

PT307 351.62 292.17 991.42 1.21 72.28 0.58 95.23 

PT309 551.75 189.20 699.18 0.35 67.92 0.02 99.30 

PT310 203.15 57.52 1313.05 0.35 70.12 0.30 89.08 

PT312 78.54 19.98 779.02 0.93 65.68 0.30 89.08 

PT313 308.62 164.73 1130.48 3.49 82.55 0.58 95.23 

PT314 197.47 138.12 2149.23 0.64 91.07 0.87 89.08 

PT315 513.72 204.51 441.67 0.35 61.08 0,02 93.19 

VEGF: vascular endothelial growth factor. IP-10: interferon gamma-induced protein. GDF-15: growth and differentiation factor-15. IL-6: interleukin-6. IL-

8: interleukin-8. IL-10: interleukin-10. GM-CSF: granulocyte-macrophage colony stimulating factor. 
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Table 2: Analyte concentration in the plasma of patients after first-phase chemotherapy 

Study 

number  

VEGF 

concentration, 

pg/ml 

IP-10 

concentration, 

pg/ml 

GDF-15 

concentration, 

pg/ml 

IL-6 

concentration, 

pg/ml 

IL-8 

concentration, 

pg/ml 

IL-10 

concentration, 

pg/ml 

GM-CSF 

concentration, 

pg/ml 

PT270 406.32 196.91 37412.89 1.21 109.49 1.44 93.19 

Pt277 1981.98 728.65 3047.16 0.93 81.56 1.15 99.30 

PT278 432.33 1361.55 4157.18 1.50 97.28 0.30 87.01 

PT279 4273.69 1469.47 2698.72 2.07 80.57 1.44 93.19 

PT280 1394.89 311.47 1672.06 0.93 74.41 1.44 91.13 

PT272 1318.93 1405.03 1788.24 1.50 85.46 0.87 95.23 

PT273 4377.48 929.12 3751.92 14.78 100.67 0.30 87.01 

PT275 231.58 268.13 1431.58 0.64 72.28 0.87 91.13 

PT276 389.02 197.26 1703.69 1.21 75.45 1.15 95.23 

PT282 522.48 431.04 3690.98 1.21 114.01 0.87 95.23 

PT283 844.61 154.71 1714.24 2.07 66.80 0.02 84.94 

PT284 10.79 13.33 2611.36 1.50 87.37 0.58 93.19 

PT285 123.77 250.88 2005.81 1.5 80.57 1.15 97.27 

PT287 120.95 106.57 3567.30 3.49 82.55 0.87 99.30 

PT288 856.83 1468.37 3356.89 0.35 94.66 4.30 89.08 

PT290 115.29 464.34 2626.84 0.93 85.46 0.58 123.12 

PT307 200.31 611.06 2037.69 1.21 81.56 0.87 97.27 

PT309 357.37 311.47 1379.88 1.78 76.49 0.58 99.30 

PT310 257.21 142.67 2080.20 0.64 79.56 0.00 82.86 

PT312 50.30 136.86 2387.13 0.64 77.53 0.87 107.34 

PT313 146.42 722.13 3559.29 3.20 94.66 14.83 97.27 

PT314 386.14 139.78 4164.19 1.21 98.14 0.87 97.27 

PT315 631.31 879.14 1323.30 0.00 78.55 1.72 95.23 

VEGF: vascular endothelial growth factor. IP-10: interferon gamma-induced protein. GDF-15: growth and differentiation factor-15. IL-6: interleukin-6. IL-

8: interleukin-8. IL-10: interleukin-10. GM-CSF: granulocyte-macrophage colony stimulating factor. 
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Table 3: Circulating VEGF, IP-10, GM-CSF, GDF-15, IL-6, IL-8, IL-10 levels in healthy donors and TNBC patients detected using ELISAs 

 Healthy 

donors 

(n=10) 

Pre-chemotherapy 

(n=23) 

After first-phase 

chemotherapy 

(n=23) 

p-value 

(whole 

group) 

p-value (healthy 

donors vs. pre-

chemotherapy) 

P-value (healthy 

donors vs. post-

first-phase-

chemotherapy) 

P-value (pre-

chemotherapy vs. 

post-first-phase 

chemotherapy) 

VEGF, median 

pg/ml (range) 

637.44 

(70.07-

1795.81) 

368.87 (39.01-

2051.24) 

389.02 (10.79-

4377.48) 

0.5307 0.1307 0.2330 0.3063 

IP-10, median 

pg/ml (range) 

154.91 

(29.05-

293.28) 

204.51 (15.34-

1373.66) 

311.47 (13.33-

1469.47) 

0.0193* 0.1476 0.0047** 0.0231* 

GM-CSF, 

median pg/ml 

(range) 

92.16 (84.94-

103.33) 

91.13 (87.01-105.34) 95.23 (82.86-

123.12) 

0.2753 0.2464 0.0643 0.1241 

GDF-15, 

median pg/ml 

(range) 

741.30 

(472.4-

1719.52) 

1190.9 (441.67-

2875.50) 

2611.36 (1323.30-

37412.9) 

0.0001**** 0.0822 ≤0.0001**** ≤0.0001**** 

IL-6, median 

pg/ml (range) 

0.64 (0-2.07) 0.64 (0.07-11.79) 1.21 (0-14.78) 0.0136* 0.4616 0.0151* 0.0039** 

IL-8, median 

pg/ml (range) 

68.47 (62.24-

75.45) 

70.12 (61.08-91.07) 81.56 (66.80-114.01) 0.0001**** 0.1115 ≤0.0001**** 0.0001**** 

IL-10, median 

pg/ml (range) 

0.87 (0-2.01) 0.30 (0.017-3.73) 0.87 (0-14.83) 0.0275* 0.1022 0.2901 0.0038** 

**** p≤0.0001, ** p≤0.01, * p≤0.05. VEGF: vascular endothelial growth factor. IP-10: interferon gamma-induced protein. GM-CSF: granulocyte-macrophage colony 

stimulating factor. GDF-15: growth and differentiation factor-15. IL-6: interleukin-6. IL-8: interleukin-8. IL-10: interleukin-10. 
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Figure 1: VEGF ELISA kit standard curve 

  

Standard 

number 

Concentration* (pg/ml) Optical density (optical density 

units (ODU)) 

Standard 1 2000.00 1.34 

Standard 2 1000.00 0.71 

Standard 3 500.00 0.38 

Standard 4 250.00 0.19 

Standard 5 125.00 0.11 

Standard 6 62.5 0.06 

Standard 7 31.25 0.04 

Blank 0.00 0.01 

*Standard concentration values are derived from the product information booklet. 

y = -201,37x4 + 496x3 - 228,63x2 + 1410,1x - 18,578
R² = 1
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Figure 2: IP-10 ELISA kit standard curve 

 

Standard 

number 

Concentration* (pg/ml) Optical density (ODU) 

Standard 1 500.00 1.862 

Standard 2 250.00 1.234 

Standard 3 125.00 0.680 

Standard 4 62.50 0.344 

Standard 5 31.25 0.212 

Standard 6 15.63 0.144 

Standard 7 7.81 0.139 

Blank 0.00 0.126 

*Standard concentration values are derived from the product information booklet. 

y = -75,114x4 + 372,49x3 - 520,59x2 + 455,94x - 45,621
R² = 0,9998
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Figure 3: GDF-15 ELISA kit standard curve 

 

Standard 

number 

Concentration* (pg/ml) Optical density (ODU) 

Standard 1 1500.00 0.915 

Standard 2 750.00 0.5385 

Standard 3 375.00 0.3105 

Standard 4 187.5 0.179 

Standard 5 93.75 0.0905 

Standard 6 46.88 0.046 

Standard 7 23.44 0.0225 

Blank 0.00 0.0045 

*Standard concentration values are derived from the product information booklet. 

y = -369,04x4 + 310,73x3 + 798,05x2 + 931,85x - 0,1822
R² = 1
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Figure 4: IL-10 ELISA kit standard curve 

 

Standard 

number 

Concentration* (pg/ml) Optical density (ODU) 

Standard 1 100.00 0.50 

Standard 2 50.00 0.33 

Standard 3 25.00 0.20 

Standard 4 12.50 0.12 

Standard 5 6.25 0.08 

Standard 6 3.13 0.06 

Standard 7 1.56 0.05 

Blank 0.00 0.04 

*Standard concentration values are derived from the product information booklet. 

y = 242,5x4 + 69,181x3 + 47,999x2 + 137,93x - 5,3067
R² = 1
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Figure 5: IL-6 ELISA kit standard curve 

 

Standard 

number 

Concentration* (pg/ml) Optical density (ODU) 

Standard 1 100.00 0.61 

Standard 2 50.00 0.37 

Standard 3 25.00 0.22 

Standard 4 12.50 0.13 

Standard 5 6.25 0.08 

Standard 6 3.13 0.06 

Standard 7 1.56 0.05 

Blank 0.00 0.04 

*Standard concentration values are derived from the product information booklet. 

y = -508,67x4 + 678,94x3 - 199,48x2 + 156,41x - 5,8021
R² = 1
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Figure 6: IL-8 ELISA kit standard curve 

 

Standard 

number 

Concentration* (pg/ml) Optical density (ODU) 

Standard 1 500.00 0.4685 

Standard 2 250.00 0.4345 

Standard 3 125.00 0.3725 

Standard 4 62.50 0.293 

Standard 5 31.25 0.2035 

Standard 6 15.63 0.1485 

Standard 7 7.81 0.0965 

Blank 0.00 0.039 

*Standard concentration values are derived from the product information booklet. 

y = 15849x3 - 7183,9x2 + 850,5x
R² = 0,9575
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Figure 7: GM-CSF ELISA kit standard curve 

 

Standard 

number 

Concentration* (pg/ml) Optical density (ODU) 

Standard 1 500.00 0.721 

Standard 2 250.00 0.372 

Standard 3 125.00 0.2195 

Standard 4 62.50 0.1355 

Standard 5 31.25 0.101 

Standard 6 15.63 0.086 

Standard 7 7.81 0.0745 

Blank 0.00 0.064 

*Standard concentration values are derived from the product information booklet. 

y = -4522,7x4 + 5951,7x3 - 2514,5x2 + 1204,8x - 70,089
R² = 0,9999
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