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Abstract 

γδ T cells are innate T cells that play central roles in protection against microorganisms 

and cellular stress. There are three main subsets in humans: Vδ1, Vδ2 and Vδ3 T cells.  

The most abundant of these, Vδ2 T cells, recognises phosphoantigens produced in one 

of two pathways of isoprenoid synthesis, a cellular metabolic pathway employed by all 

eukaryotes and many bacteria. This allows Vδ2 T cells to monitor for infection and 

tumour transformation which result in altered cellular concentration of 

phosphoantigens. Vδ1 and Vδ3 T cells are predominantly found in epithelial tissues 

and play roles in homeostasis, tissue integrity and lipid surveillance and are found at 

increased frequencies in some patients with tumours and viral infections. Upon 

activation, γδ T cells can kill target cells and rapidly promote adaptive immune 

responses through physical interactions with other immune cells, and rapid and 

selective secretion of T helper type 1 (TH1), TH2, TH17 and regulatory cytokines.  

In the present study we carried out a phenotypic and functional comparison of the 

three γδ T cell subsets in human peripheral blood and examined methods for 

generating lines of Vδ2 and Vδ3 T cell for functional characterisation. We found that 

stimulation with the phosphoantigen (E)-4-Hydroxy-3-methyl-but-2-enyl 

pyrophosphate (HMB-PP) and interleukin-2 yielded highly pure populations of Vδ2 T 

cells capable of producing TH1 and TH2 cytokines upon re-stimulation.  In contrast, 

treatment with the aminobisphosphonate zoledronate, which promotes isoprenoid 

synthesis, resulted in expansion of Vδ2 T cells that produced TH2 cytokines only. In the 

absence of a known ligand for Vδ3 T cells, we used the T cell mitogen 

phytohaemagglutinin to stimulate sorted Vδ3+ cells which resulted in up to 1,000-fold 

expansion within 3-4 weeks.  

We next examined the reciprocal activating interactions between Vδ2 T cells, dendritic 

cells (DC) and B cells in co-culture experiments and defined the resulting cytokine 

profiles, cell phenotypes and antibody responses and the molecular interactions 

involved. We found that Vδ2 T cells promoted maturation of DC into antigen-

presenting cells capable of stimulating TH1 cell responses.  In contrast, Vδ2 T cells 

promoted differentiation of B cells into antibody-secreting plasma cells with 
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phenotypes of antigen-presenting cells, but which produced TH2 cytokines. While co-

stimulatory molecules, TH1 cytokines and cell contact were required for DC maturation 

by Vδ2 T cells, they did not play major roles in B cell maturation.  

The present study investigated, for the first time, the relationship between Vδ3 T cells 

and B cells and revealed that while Vδ3 T cells induced co-stimulatory marker 

expression by B cells, they failed to induce significant cytokine or antibody secretion. 

However, activated B cells were able to induce IL-17 secretion by Vδ3 T cells. We also 

assessed the ability of Vδ3 T cells to recognise CD1 molecules, but found that freshly-

isolated or expanded Vδ3 T cells showed no reactivity against CD1a, CD1b, CD1c or 

CD1d molecules in the presence or absence of a number of glycolipids.  

Since Clostridium difficile appears to utilise the non-mevalonate pathway of isoprenoid 

biosynthesis, suggesting that it can produce HMB-PP, we assessed the ability of HMB-

PP to stimulate proliferation and cytokine secretion by Vδ2 T cells. We found, in spite 

of great inter-donor variability, C. difficile secreted a Vδ2-stimulating agent which 

induced T cell proliferation and cytokine production in most donors and was 

comparable to the stimulating capabilities of HMB-PP. However, the identity of this 

secreted factor remains to be elucidated.  

These findings highlight the role of γδ T cells in immunosurveillance, innate immunity, 

antigen presentation and activation of adaptive immunity. Their ability to act as a 

bridge between innate and adaptive immune responses places these cells as attractive 

candidates for immunotherapy for infectious and immune-mediated diseases and 

cancer. 
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1.1 Introduction 

1.2 The immune system 

The role of the immune system is to provide protection against infectious agents. 

There are two main branches of the immune system: the innate and the adaptive 

immune systems.  

1.2.1 Innate immunity 

The innate immune system, which provides the first line of defense,  is equipped with 

the ability to rapidly respond to invading pathogens, and is triggered when pathogen-

associated molecular patterns (PAMP) are recognised through pattern recognition 

receptors (PRR), which can also recognise damaged or injured cells. The innate system 

is non-specific and short-lived and does not result in immunological memory. It also 

includes physical, chemical and microbiological barriers to prevent pathogen entry. 

There are many components that play roles including complement, clotting factors, 

antimicrobial protein and secreted molecules which induce highly regulated cascade 

pathways developed for pathogen elimination (Janeway, 2010).  

The main cellular components of the innate system are monocytes, macrophages, 

granulocytes, natural killer (NK) cells and innate, unconventional T cells, which display 

immediate effector function upon pathogen detection. Phagocytes such as 

macrophages and neutrophils engulf and eliminate pathogens, but can also release 

cytokines, prostaglandins and other factors that drive innate immune responses. The 

functions of each of these cell types are described in detail in section 1.3.  

1.2.2 Adaptive immunity 

Adaptive or acquired immunity refers to pathogen-specific defense mechanisms, 

which can take several days to mount. These responses improve upon pathogen re-

encounter due to immune memory, a feature unique to adaptive immunity. This form 

of immunity develops throughout life and is shaped by the host’s exposure to 

pathogens. Adaptive immunity is mediated by T and B lymphocytes which bear unique 

receptors. Each lymphocyte bears a single type of receptor with unique antigen 
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specificity. This diversity is generated by random genetic rearrangements and 

recombinations that take place between gene segments that encode adaptive immune 

receptors. This process is exclusive to cells of the adaptive immune system and allows 

for generation of a diverse repertoire of antigen-specific receptors. B cells can further 

undergo somatic mutation to increase affinity for antigen binding. It is estimated that 

as many as 1011 specificities may be generated in this manner (Tonegawa, 1983).  

Although the adaptive and innate immune systems comprise two distinct arms of the 

body’s defense, interaction between them is key to successfully defending against 

harmful pathogens.  

1.2.3 Chemical messengers of immunity 

Cytokines are chemical mediators of immune signalling, secreted mainly by cells of the 

immune system, but can also be secreted from epithelial cells, endothelial cells and 

fibroblasts. They include interleukins, interferons, lymphokines, chemokines and 

tumour necrosis factors. Cytokines are involved in orchestrating complex immune 

process and play key roles in infection, inflammation and cancer. Cytokines can also be 

subdivided into pro-inflammatory or anti-inflammatory cytokines. IL-1, IFN-γ, IL-12, IL-

18 and TNF-α are characterised as pro-inflammatory cytokines, whereas IL-4, IL-10 

IFN-α and TGF-β are often recognised as anti-inflammatory cytokines and IL-6 exhibits 

features of both (Cavaillon, 2001). Some of the main cytokines and their functions in 

the immune system are summarised in table 1.  

Chemokines are chemoattractant cytokines which can stimulate the activation and 

migration of cells to other sites. They also play roles in cell adhesion, proliferation, 

differentiation, apoptosis and malignant transformation of cells (Rossi and Zlotnik, 

2000). Chemokines are subdivided into CXC or CC subgroups, and their receptors are 

designated CXCR or CCR, respectively.  
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Table 1.1. The effects and cellular source of some major cytokines discussed in 

 this study 

Cytokine Main source Acts on Function 

IFN-γ CD4 and CD8 T 
cells; NK cells 

macrophages 
NK cells 

Immunity against viruses, bacteria, 
parasites and tumours 

IL-1 Monocytes 
macrophages 

B cells, DC 

T cells 
macrophages 

Inflammation 
T cell co-stimulation  

chemoattractant 

IL-2 CD4 T cells T cells 
B cells 

Anti-microbial infection 
Discrimination between foreign and 

self antigens; T cell development, 
survival & maintenance 

IL-4 CD4 T cells 
Basophils 
Mast cells 

T cells, B cells 
mast cells 
basophils 

Humoral immunity 
Allergy 

Differentiation into TH2 

IL-6 Monocytes 
Fibroblasts 
Eosinophils 

T cells 

T cells Regulating immune responses 
IL-1 and TNFα inhibition and IL-10 

activation 

IL-10 CD4 T cells 
monocytes 

macrophages 
DC 

Inhibition of 
TH1 cells, 

monocytes, 
NK cells 

Regulating immune responses 
Tolerance 

Antibody production 
 

IL-12 DC macrophages 
monocytes 
neutrophils 

NK cells 
T cells 

Differentiation into TH1 
Angiogenic 

IL-13 TH2 cells 
Mast cells 
NK cells 

DC 

B cells 
monocytes 

Antibody production 
Inhibits pro-inflammatory cytokines 

IL-1, TNF, IL-6 
 

IL-17 TH17 cells neutrophils Allergic responses 

Immune-mediated inflammatory 

diseases; Immunity against 

extracellular bacteria and fungi 

IL-21 Activated CD4 T 

cells; 

NKT cells 

NK cells 

T cells 

B cells 

Immunity against virus-infected cells 

and tumour cells 

TGF-β T cells 
Monocytes 

T cells Immunosuppression 
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B cells 

neutrophils 

Differentiation into TH17 

 

TNF-α Macrophages 
NK cells 

Neutrophils 

Monocytes 

CD4 T cells 

DC 

hepatocytes 

 

Inflammation 

DC activation 

Cytokine release 

1.3 Cells of the immune system 

The innate and adaptive immune responses rely on the actions of leukocytes. These 

originate in the bone marrow as haematopoietic stem cells, which give rise to myeloid 

and lymphoid progenitor cells. Cells of myeloid origin include macrophages, dendritic 

cells (DC) and granulocytes, while cells of lymphoid origins include T lymphocytes, B 

lymphocytes and NK cells (Janeway, 2001). A summary of these cells and their 

ontological lineages is illustrated below (Fig. 1.1).  
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Figure 1.1. Cells of the immune system with lymphoid or myeloid origins. Lymphoid progenitor cells branch into B cell progenitor cells (which 

differentiate into plasma or memory cells), T cell progenitor cells and NK cells. T cell progenitor cells can develop into conventional T cells which 

include helper T (TH) and cytotoxic T (TC) cells, or innate T cells which include γδ T cells, NKT cells and MAIT cells. Myeloid progenitor cells include 

monocytes (which differentiate into dendritic cells (DC) or macrophages) and granulocytes such as neutrophils, eosinophils, basophilis and mast cells. 
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1.3.1 Myeloid cells 

Myeloid cells originate in the bone marrow and they give rise to monocytes, 

granulocytes, erythrocytes and platelets.  

Monocytes, which constitute 2-10% of human peripheral blood leukocytes, are 

normally found in the periphery, where they maintain numbers of resident 

macrophages, but during inflammation, they migrate to sites of infection where they 

enter the tissues and differentiate into macrophages or DC. They can directly provide 

defense against microbial pathogens by secreting antimicrobial factors. Other 

functions include phagocytosis, antigen presentation and cytokine production (Leon, 

et al., 2005, Ziegler-Heitbrock, 2014).  

Macrophages, which are monocyte-derived tissue resident cells, play important roles 

in immune surveillance and defense. They express PRR such as toll-like receptors (TLR), 

receptor kinases, C-type lectin receptors and NOD-like receptors and are major 

sensors of pathogens in the tissues (Taylor, et al., 2005). Macrophages are highly 

specialised in removing dead cellular debris via phagocytosis. They are also capable of 

antigen presentation to T cells and thus are able to stimulate adaptive immune 

responses. 

Granulocytes include neutrophils, eosinophils, basophils and mast cells. Neutrophils 

are the most abundant phagocyte and comprise 50-60% of circulating leukocytes and 

are involved in defense against microbes which they mediate via phagocytosis, 

neutrophil extracellular traps and secretion of granules. Eosinophils are involved in 

killing parasites via toxic granules. Basophils, which are one of the rarest subtypes in 

blood, are involved in immunity against parasites and allergens and thus their granules 

contain various substances including histamine, heparin and prostaglandins. Mast cells 

are also particularly rich in histamine and heparin, and thus play important roles in 

allergy and anaphylaxis, but unlike basophils, they are tissue resident.  
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1.3.1.1 Dendritic cells 

DC are the most potent professional antigen presenting cells (APC), specialised for 

recognising foreign organisms through antigen uptake and processing which results in 

migration to lymphoid organs and presentation of antigens to T cells (Steinman, 1991). 

They express PRR such as TLR, NLR and RLR and are well equipped to internalise 

antigens by phagocytosis, pinocytosis and endocytosis (Doherty, 2015). DC can 

potently activate naïve T cells and promote expansion and effector T cell 

differentiation needed for protection, but also play key roles in self-tolerance (Tisch, 

2010). The ability of monocytes to differentiate into DC was first described by Sallusto 

and Lanzavecchia and since then this method of generating myeloid DC has been 

widely implemented in studies on human DC (Leon, et al., 2005, Sallusto and 

Lanzavecchia, 1994). DC are distributed throughout tissues to maximise antigen 

capture. They can be found in two distinct functional states. They can be immature, 

whereby they induce tolerance to self, or mature DC, which confer protection against 

foreign antigens. Progression from immature DC (iDC) to mature DC upon activation 

induces changes in cytokine profiles, morphology, phenotype, cell surface markers and 

adhesion molecules (Banchereau, et al., 2000). DC maturation results in upregulation 

of major histocompatibility complex (MHC) and co-stimulatory molecules and an 

increase in IL-12 secretion, which is critical in development of helper T 1 (TH1) 

responses. In addition, they can also secrete IL-18, IL-21 and IL-23 which promote 

differentiation of naïve T cells. Lipopolysaccharide (LPS) and proinflammatory 

cytokines are capable of activating DC, as are certain T cells. DC can also be classed as 

tolerogenic or immunogenic owing to the capacity of DC which are not fully mature to 

induce T cell tolerance in vivo. Antigens can be delivered to specific DC populations 

without the need for maturation stimuli (Steinman, et al., 2003b). In contrast, mature 

DC are thought to be immunogenic, a role which was first described in the context of 

transplantation and were termed “nature’s adjuvants”. This was demonstrated by 

exposing immature DC to antigens and injecting these into mice, which resulted in T 

cells restricted to the antigens the DC were exposed to (Steinman, 2007).  

Plasmacytoid DC, which derive their name from their resemblance to plasma cells, 

appear to also be lymphoid-derived (Olweus, et al., 1997). They play a role in 
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mediating antiviral immunity by producing high amounts of IFN-α in response to viral 

infection. In contrast to myeloid DC, they respond to IL-13 rather than GM-CSF and 

although they are capable of endocytosis and antigen presentation they are weak at 

capturing soluble and particulate antigens (Steinman, 2003).  

1.3.1.2 Antigen presentation 

Antigen presentation is an essential step in initiating adaptive immune responses, and 

it involves MHC molecules class I (MHC-I) and class II (MHC-II), which are involved in 

binding to peptide fragments and displaying them on the cell surface for recognition 

by T cells.  Presentation of foreign peptides to CD4 T cells via MHC-II mediates 

adaptive immune responses, while presentation of self peptides to CD8 T cells via 

MHC-I is involved in destruction of malignant or infected host cells.  

APC, which include DC, B cells or macrophages present peptide fragments within MHC 

molecules to T cells. Recognition of a peptide fragment by the T cell receptor (TCR) 

constitutes the first signal in T cell activation. Recognition of costimulatory molecules 

such as CD80 and CD86 by the T cell, as well as interaction between CD40 and CD40L 

provides the second signal in T cell activation. Receipt of these two signals by CD4+ T 

cells results in proliferation of naïve T cells which can differentiate into TH cells or 

regulatory T (Treg) cells. Cytokine secretion by the APC determines the fate of the naïve 

T cell which in turn determines the nature of the immune response. Depending on the 

cytokines secreted, naïve CD4 T cells can differentiate into TH1, TH2, TH17, Treg or 

follicular helper T cells (TFH) cells (Fig. 1.2). In contrast, naïve CD8 T cells, which 

recognise intracellular peptides coupled to MHC-I molecules, differentiate into 

cytotoxic T cells (TC). 
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Figure. 1.2 Antigen presentation and the resulting T helper profiles. Antigen presentation is the first event in an adaptive immune response. Antigen 

presenting cells (APC) such as DC, B cells or macrophages present peptide fragments within an MHC molecule to the T cell. Recognition of this peptide 

fragment by the TCR constitutes the first signal in T cell activation. The second signal is provided by the recognition of costimulatory molecules such as CD80 

and CD86 by the T cell, as well as interaction between CD40 and CD40L. Receipt of these two signals results in naïve T cell proliferation and differentiation. 

Cytokine secretion by the APC determines the fate of the naïve T cell which in turn determines the nature of the immune response. Depending on the 

cytokines secreted, naïve T cells can differentiate into TH1, TH2, TH17, Treg or TFH cells. Other TH cells include TH3 and TH9 cells.  
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1.3.2 Lymphoid cells 

1.3.2.1 NK cells 

NK cells are cytotoxic lymphocytes with critical roles in the innate immune system. 

They express CD56 and NKp46 on the cell surface and are CD3- (Walzer, et al., 2007). 

They also express activating receptors, NKG2C, NKG2D, natural cytotoxicity receptors 

(NCR) and CD16 and the inhibitory receptors killer-cell immunoglobulin-like receptors 

(KIR), which are found only in humans and leukocyte inhibitor receptors (LIR). NK cells 

can effectively kill tumour cells via perforin and granzyme secretion or receptor-

mediated cytotoxicity (Kim, et al., 2000), and they can also secrete cytokines and 

chemokines (Poli, et al., 2009). They are a major source of IFN-γ (Yao, et al., 1999) but 

they can also secrete TNF-α and IL-10. NK activation results in activation of 

macrophages, neutrophils and DC, which subsequently induces antigen-specific T and 

B cell responses. Furthermore, NK cells are also implicated in virus-infected cell 

clearance (Guo, et al., 2011) and in antimicrobial immune responses. 

The role of lymphocytes is to distinguish self from non-self antigens and promote 

inflammatory responses against foreign invaders. This is mediated by receptors of 

structural similarity, pertaining to two distinct classes of lymphocytes: the T cell 

receptor (TCR) found on T lymphocytes and the B cell receptor (BCR) on B 

lymphocytes. Receptor diversity is achieved through recombination of variable region 

genes (Appleman 2003). 

1.3.2.2 B cells 

B lymphocytes are an essential part of the humoral immune system. They are derived 

from the bone marrow where they differentiate from lymphoid progenitor cells. They 

then migrate to the spleen and secondary lymphoid tissues where they mature and 

differentiate. B cell activation is triggered by antigen binding to the BCR.  

The principal and unique function of B cells is antibody production in response to 

antigens, but they can also secrete cytokines and act as APC, presenting antigen to T 

cells. Recognition of antigen by the B cell receptor results in antigen internalisation 
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and cell surface presentation on MHC molecules. These are presented to T cells, which 

in turn upregulate the co-stimulatory marker CD40L, which is required for B cell 

activation. CD40L then engages CD40 on the B cells, which results in differentiation of 

naïve B cells into short-lived plasmablasts, long-lived antibody-secreting plasma cells, 

germinal centre B cells or memory B cells (Lanzavecchia, et al., 2006, MacLennan, et 

al., 2003). Protective antibodies secreted by long-lived plasma cells provide a first line 

of defense against re-infection. If antibody levels are not sufficiently high, a second 

line of defense consisting of pathogen-experienced memory B cells is triggered to 

produce antibodies. Memory B cells have a wider repertoire of antigen specificity than 

long-lived plasma cells, thus playing a crucial role in host immunity upon infection with 

a novel pathogen (Kurosaki, et al., 2015).  

TFH, also known as follicular B helper T cells, are antigen-experienced CD4 T cells 

expressing the B cell follicle homing receptor CXCR5 and are found in B cell follicles or 

secondary lymphoid tissues. Through expression of CD40L and IL-4 and IL-21 secretion, 

they trigger formation and maintenance of germinal centres where they play crucial 

roles in mediating selection and survival of B cells (Glatman Zaretsky, et al., 2009, Seo, 

et al., 2009). 

There are 5 different immunoglobulin isotypes secreted by B cells: IgM, IgA, IgD, IgG 

and IgE, and they can be distinguished by their C regions. They have the same antigen 

specificity, but activate different effector mechanisms. IgM antibody, which is 

expressed as a monomer on the B cell surface, or secreted as a pentamer, is involved 

in early stages of humoral immunity. IgA antibodies, which are found as dimers, are 

found mainly at mucosal sites and are involved in preventing colonisation by 

pathogens (Underdown and Schiff, 1986). The monomeric IgD plays a role as an 

antigen receptor on B cells that have not been exposed to antigens, and can activate 

basophils, mast cells and secrete antimicrobial factors (Chen, et al., 2009, Geisberger, 

et al., 2006). IgE, which is also a monomer, is involved in allergic responses as it 

triggers histamine release by mast cells and basophils upon allergen encounter. 

Furthermore, it plays a protective role against parasitic worms. IgG, which is 

subcategorised into 4 different monomers, provides the main role in antibody-based 

immunity against invading pathogens, and can even cross the placenta to provide 
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passive immunity to the growing foetus. Immature B cells express only IgM prior to 

antigen exposure. Mature (naïve) B cells express both IgM and IgD, thus allowing them 

to respond to antigens (Goding, 1978). B cell activation results in differentiation into 

plasma cells thus facilitating antibody secretion. Furthermore, a B cell can undergo 

isotype switching, thus altering the class of antibody it produces over the course of an 

immune response and thus can secrete IgE, IgA or IgG (Janeway, 2010). 

1.3.3 T cells 

T lymphocytes, referred to as αβ T cells, as they express a TCR composed of α and β 

chains, are central orchestrators of immune responses, and play a vital role in the 

adaptive immune system. They comprise the majority of peripheral blood T 

lymphocytes. T cell development begins in the thymus where bone marrow-derived 

progenitor cells undergo stringent positive and negative selection resulting in naïve T 

cell populations exhibiting unique TCR. This diverse antigen specificity allows T cells to 

recognise a broad array of complex protein antigens presented on the surface of APC 

by MHC molecules (den Haan, et al., 2014). 

CD4 T cells, also known as TH cells release cytokines and make contact-dependent 

interactions with other cells, thereby stimulating and regulating adaptive immune 

responses. They are capable of promoting B cell maturation, activation of 

macrophages and cytotoxic T cells, to name but a few. CD4 T cells are activated when 

presented with peptide antigens by APC via MHC-II molecules. Once activated, they 

proliferate and differentiate into effector T cells that can secrete TH1, TH2, TH17, Treg or 

TFH cytokines. These are summarised in Fig.1.2.  

CD8 T cells, also known as TC, are involved in killing tumour and virus-infected cells. 

CD8 T cells recognise antigens presented within MHC-I molecules and are tightly 

regulated by Treg cells to prevent autoimmunity. Treg, which represent up to 10% of 

CD4+ T cells are known to mediate antigen-specific suppression and prevention of 

autoreactive T cells, which they mediate through direct contact, as suggested by in 

vitro studies, and through secretion of regulatory cytokines IL-10 and TGF-β (Longhi, et 

al., 2006, Mills, 2004).  
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Memory T cells, which usually express CD45RO, can persist long after an infection has 

resolved. They quickly expand into effector T cells upon re-exposure to their cognate 

antigen, and thus providing immune “memory” against previously encountered 

pathogens. Memory T cells can be further subdivided depending on homing potential 

and effector functions into central memory (TCM), effector memory (TEM), and 

terminally differentiated effector memory (TEMRA) T cells. In contrast to naïve T cells, 

antigen-specific memory T cells do not require TCR signals, but require IL-7 and IL-15 

for their long-term survival (den Haan, et al., 2014).  

Regulatory T cells can undergo T cell anergy, which is a tolerance mechanism that can 

occur whereby the T cell is functionally inactivated following antigen encounter but is 

maintained for an extended period of time in an “unresponsive state”. This serves to 

preserve immune responses from premature inactivation by Treg. Clonal anergy 

describes unresponsiveness at the cellular level, where T cells do not proliferate or 

secrete IL-2 upon antigen stimulation. Exogenous IL-2 can however reverse anergy by 

stimulating the IL-2 receptor on these anergic T cells (Appleman and Boussiotis, 2003, 

Schwartz, 2003). 

A small proportion of αβ T cells express TCR that have low variation. These semi-

invariant populations include invariant Natural Killer T cells (iNKT) and Mucosal 

Associated Invariant T (MAIT) cells (Adams, et al., 2015) and these will be described in 

further detail below.  

1.3.4 NKT cells 

NKT cells comprise T cells with properties of both NK cells (including NKG2C and 

NKG2D) and T lymphocytes (Bendelac, et al., 2007, Brigl and Brenner, 2004). They are 

categorised into type I, also known as invariant NKT (iNKT), or type II NKT cells.  

Type I NKT cells are characterised by expression of a semi-invariant TCR consisting of 

Vα24Jα18 paired with Vβ11 (Bendelac, et al., 2007) and a similar subset is found in 

mice. They are strongly reactive to marine sponge-derived glycolipid alpha 

galactosylceramide (αGalCer) and can also recognise bacterial-derived lipids and self-

lipids such as β-D-glucopyranosylceramide (Brennan et al., 2011) and 
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isoglobotrihexosyl ceramide (Arrenberg, et al., 2010). They express high levels of the 

activation markers CD69, CD44, CD122 and low expression of CD62L, a marker 

expressed by LN-homing naïve T cells (Matsuda, et al., 2000, Bendelac, et al., 1992). 

Type I NKT cells play important roles in antimicrobial and local and systemic immune 

responses and in controlling tumour development. However, they can also have 

negative effects in the pathogenesis of autoimmune and allergic disorders (Macho-

Fernandez and Brigl, 2015). They can generate large amounts of IFN-γ, IL-2, IL-4, IL-9, 

IL-10, IL-13, IL-17, IL-21 and GM-CSF (Coquet, et al., 2008, Gumperz, et al., 2002, 

Stetson, et al., 2003) and cytotoxic molecules such as perforin and granzyme 

(Gumperz, et al., 2002, Lee, et al., 2002) and can interact with various other immune 

cells (Brigl and Brenner, 2004, Brennan, et al., 2013). Greater proportions of CD4+ type 

I NKT cells produce TH2 cytokines, while all NKT cells can produce both TH1- and TH2-

type cytokines (O'Reilly, et al., 2011).  

Human type II NKT cells, also termed non-invariant NKT cells (Godfrey, et al., 2000), 

express a diverse range of TCR (Behar, et al., 1999) and are CD1d-restricted cells but 

do not recognise αGalCer and do not express the invariant Vα14-Jα18 TCR. Although 

they have distinct antigen specificities,  they share many features with type I NKT cells 

such as rapid secretion of IFN-γ, IL-2, IL-4, IL-10, IL-17, GM-CSF and perforin (Weng, et 

al., 2014, Zhao, et al., 2014) and high autoreactivity (Gumperz, et al., 2000). Some type 

II NKT cells have been shown to recognise the self-glycolipid sulfatide and upon 

sulfatide stimulation they result in inhibition of iNKT cell function, while mediating 

protection against liver disease and type I diabetes in mouse models (Arrenberg, et al., 

2011, Halder, et al., 2007, Subramanian, et al., 2012). 

Cytokine production by NKT cells can result in activation of T cells, NK cells (Lin, et al., 

2006, Carnaud, et al., 1999) and macrophages (Zeng, et al., 2013) but can also 

suppress functions of neutrophils (De Santo, et al., 2008, Hwang, et al., 2006).  

1.3.5 MAIT cells 

Mucosal associated invariant T (MAIT) cells express a semi-invariant TCR composed of 

an α chain (Vα7.2/Jα33) paired with an oligoclonal β chain (Porcelli, et al., 1993, Tilloy, 

et al., 1999) and they recognise antigen complexes via the MHC-I-like molecule MR1. 



22 
 

The TCR of MAIT cells recognises riboflavin and folic acid metabolites bound to MR1 in 

a conserved docking mode, thus acting like a PRR (Birkinshaw, et al., 2014, Lepore, et 

al., 2014, Treiner, et al., 2003). These cells are abundant in humans and are 

predominantly found in the gut lamina propria (Kjer-Nielsen, et al., 2012). MAIT cells 

are activated by bacteria and are capable of producing IL-2, IFN-γ and IL-17 and 

granzymes (Dusseaux, et al., 2011, Guo, et al., 2015). MAIT cells have been shown to 

be involved in defense against various pathogens such as Escherichia coli, 

enterobacteria, staphylococci and mycobacterium, and yeasts that contain the 

riboflavin synthetic pathway, but not viruses (Gold, et al., 2013, Le Bourhis, et al., 

2010). This indicates that they recognise an antigen that is conserved among a range 

of intracellular microbes.  

1.4 γδ T cells 

In contrast to αβ T cells, γδ T cells, which account for 0.5-5% of total blood T cells and 

higher proportions in tissues (Morita, et al., 2000), recognise unconventional antigens 

such as phosphorylated microbial metabolites and lipid antigens in an MHC-

unrestricted manner. γδ T cells are rarely found in the spleen, lymph nodes, the 

thymus or Peyer’s patches but they are localised in tissues (Hein and Mackay, 1991, 

Bucy, et al., 1988) such as the gut and liver (Rajoriya, et al., 2014, Brandes, et al., 2003, 

Li, et al., 1996, McCarthy, et al., 2013). In the intestine, γδ T cells are found as 

intraepithelial lymphocytes (IEL) (Hein and Mackay, 1991, Bucy, et al., 1988, Goodman 

and Lefrancois, 1988, Deusch, et al., 1991). There are 5 times as many αβ as γδ T cells 

among intestinal IEL, while in blood αβ T cells outnumber γδ T cells 50 to 1 (Hayday, 

2000). 

1.4.1 The human γδ T cell receptor 

The αβ TCR has a diverse repertoire due to the presence of over 50 Vα and Vβ gene 

segments available for TCR gene rearrangement (Kabelitz and He, 2012) and although 

γδ T cells have a rather small repertoire of Vγ and Vδ segments to select from, their 

diversity is just as large as that of the αβ TCR. This is owing to non-germline encoded 

mechanisms such as insertion of N-nucleotides during gene rearrangement which 

contribute to its diversity (Kabelitz and He, 2012). Additionally, it was discovered that 
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the δ chain rearrangement allows for the incorporation of multiple Dδ segments, thus 

further increasing diversity (Elliott, et al., 1988, Hata, et al., 1988).  

In γδ TCR rearrangement, the three most frequently used δ chains are Vδ1, Vδ2 and 

Vδ3, while the less common δ segments include Vδ4, Vδ5, Vδ5 and Vδ7, named 

according to their locations on the δ locus (Thedrez, et al., 2007). The δ chains can pair 

with one of seven functional Vγ gene segments, namely Vγ2, Vγ3, Vγ4, Vγ5, Vγ8, Vγ9 

and Vγ11 (Adams, et al., 2015, Porcelli, et al., 1991, Hinz, et al., 1997). 

It is hypothesised that γδ T cells have developed to respond to unique stress antigens 

that are markers of cell infection or transformation, rather than directly recognising a 

diversity of microbial antigens and thus serving as a “first line of defense” (Hayday, 

2000, Janeway, et al., 1988). 

1.4.2 Human γδ T cells subsets 

Human γδ T cells fall into one of two categories: Vγ9Vδ2 T cells or non-Vδ2 T cells with 

the former being the predominant subset in blood, while the latter is more common in 

tissues. The two groups show distinct functions, migratory patterns and homing 

capabilities (Zheng, et al., 2013). 

1.4.2.1 Non-Vδ2 T cells 

Non-Vδ2 T cells, which are functionally distinct from Vγ9Vδ2 T cells, include Vδ1, Vδ3 

and Vδ5 T cells and these are found to be expanded in cytomegalovirus infection in 

kidney transplant patients and are thought to play protective roles against tumours 

and infection (Halary, et al., 2005).  

Vδ1+ γδ T cells are mainly tissue resident and are the most frequent subset among 

human intraepithelial cells in the skin (Ebert, et al., 2006) and small intestine 

(Holtmeier, et al., 2001, Hayday, et al., 2001) and they represent over 50% of foetal 

blood γδ T cells at birth (Dimova, et al., 2015). They can also be found in lymph nodes 

(Brandes, et al., 2003) and certain tumours (Maeurer, et al., 1996). Vδ1 T cells have 

been reported to recognise stress-inducible MHC class I-related molecules MICA and 

MICB (Groh, et al., 1998) and lipid antigens presented by CD1 molecules (Russano, et 
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al., 2007, Bai, et al., 2012, Hayday and Vantourout, 2013, Luoma, et al., 2013) and UL-

16 binding proteins (ULBP) which bind to cytomegalovirus-infected cells (Cosman, et 

al., 2001). They have also been reported to respond to epithelial tumours (Maeurer, et 

al., 1996, Groh, et al., 1998, Coscas, et al., 2004) and lymphomas (Catellani, et al., 

2007, Hacker, et al., 1992) and can recognise different members of the MHC 

superfamily (Vantourout and Hayday, 2013). Vδ1 T cells have also been reported to be 

expanded in HIV patients (Poles, et al., 2003, Rossol, et al., 1998, Wesch and Kabelitz, 

2003), cytomegalovirus (Dechanet, et al., 1999) and Candida (Fenoglio, et al., 2009, 

Maher, et al., 2015) infection and B cell chronic lymphocytic leukaemia (Siegers and 

Lamb, 2014) and have been shown to produce IFN-y and IL-17. 

Vδ3 T cells represent the third most common subset in peripheral blood, and little is 

known about this subset. Its ligand specificities are unknown, but they are reported to 

be expanded in renal and stem cell transplant patients and patients with leukaemia 

and chronic viral infection (Halary, et al., 2005, Dechanet, et al., 1999, Knight, et al., 

2010, Couzi, et al., 2010) and have been shown in one study to recognise CD1d+ cells 

(Mangan, et al., 2013).  

1.4.2.2 Vγ9Vδ2 T cells 

γδ T cells consisting of Vγ9 paired with Vδ2 account for 50-95% of γδ T cells in healthy 

individuals (Porcelli, et al., 1991, Hinz, et al., 1997, Kabelitz, et al., 1999) and are 

unique to humans and primates. These are found in very small numbers in newborns, 

and exposure to environmental microorganisms stimulates their expansion (Parker, et 

al., 1990). Furthermore, they change with age and differ between genders (Caccamo, 

et al., 2006b). Vγ9Vδ2 recognise organic-based pyrophosphate molecules termed 

phosphoantigens (pAg) which are intermediates of isoprenoid metabolism (Fig. 1.3), a 

pathway essential for cell survival (Morita, et al., 2000, Constant, et al., 1994, Hintz, et 

al., 2001, Puan, et al., 2007, Tanaka, et al., 1995). There are two distinct pathways of 

isoprenoid biosynthesis, with the methylerythritol 4 phosphate (MEP) pathway being 

used by most bacteria and protozoa (Chen and Letvin, 2003) but not eukaryotes. In 

contrast, all eukaryotic and some prokaryotic cells use the mevalonate pathway. Both 

pathways result in isopentenyl pyrophosphate (IPP) required as a precursor for many 
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cellular components. A table of pathways employed by common pathogens is 

illustrated below (Table 2).  

The most potent pAg, (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP), 

which is an intermediate of the non-mevalonate MEP pathway (Fig. 1.3, Fig. 1.4) 

specifically activates Vγ9Vδ2 T cells at pico- to nanomolar concentrations (Altincicek, 

et al., 2001) and thus allow Vγ9Vδ2 T cells to recognise foreign pathogens that use this 

pathway. The mevalonate pathway does not produce HMB-PP but results in 

production of IPP, which requires up to 10,000-fold higher concentrations for 

activating Vγ9Vδ2 T cells (Fig. 1.4) than intermediates of the microbial non-

mevalonate pathway (Puan, et al., 2007). However, the IPP levels normally found in 

healthy cells are not sufficient to trigger Vγ9Vδ2 T cell activation, but cell stress and 

other triggers can result in dysregulated metabolism which could be indicative of 

infection or cancerous cells, overproduce the metabolite IPP, and therefore allow 

Vγ9Vδ2 T cells to recognise IPP as a self-antigen in conditions of disease.  

Aminobisphosphonates, which are compounds in clinical use for the treatment of 

osteoporosis and bone metastasis can also activate Vδ2 T cells in vivo and in vitro. 

They have been shown to result in accumulation of IPP through inhibition of the IPP-

processing enzyme farnesyl pyrophosphate synthase (Fig. 1.3) (Gober, et al., 2003, 

Kunzmann, et al., 1999, Thompson, et al., 2006). Aminobisphosphonates have also 

been shown to activate Vγ9Vδ2 T cells in vitro (Das, et al., 2001, Kabelitz, et al., 2004).  

As Vγ9Vδ2 T cells frequencies are found to be decreased in many diseases, therapies 

involving in vivo expansion of Vγ9Vδ2 T cell using aminobisphosphonates are currently 

in place to increase the numbers of circulating Vγ9Vδ2 T cells. However, Wang and 

colleagues (Wang, et al., 2011) have discovered toxicity when various 

aminobisphosphonates were used continuously to expand Vγ9Vδ2 T cells from 

peripheral blood mononuclear cells (PBMC), thus suggesting that prolonged exposure 

to aminobisphosphonates inhibits their proliferation due to inhibition of the 

isoprenoid pathway. To overcome this, they suggest pulsing them to limit toxicity 

when expanding ex vivo. Pulsing allows monocytes to take up the 
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aminobisphosphonates through fluid phase endocytosis, which simulates the rapid 

clearance through renal excretion in vivo (Wang, et al., 2011). 

A class of mycobacterial nonphosphorylated alkyl amines are also known to stimulate 

Vγ9Vδ2 T cells, but require much higher (milimolar) concentrations which are 106 -108 

fold higher than those of HMB-PP (Bukowski, et al., 1999). These include 

isobutylamine and isoamylamine, which when used to stimulate PBMC, in the 

presence of IL-2 were able to induce more than 10-fold expansion of Vγ9Vδ2 T cells 

(Hayday, et al., 2001).  
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Figure 1.3 Representation of the MEP and mevalonate pathways for isopentenyl 

pyrophophosphate (IPP) biosynthesis. Statins inhibit HMG-CoA reductase, the rate-limiting 

enzyme of the mevalonate pathway. HMB-PP is produced through the MEP pathway, and both 

pathways result in IPP synthesis. Aminobisphosphonates such as zoledronate block the 

enzyme responsible for breaking down IPP, thus resulting in IPP accumulation. Adapted from 

Heuston et al (2012).  
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Figure 1.4 Molecular structures of non-peptide compounds and their in vitro bioactivities on 

Vγ9Vδ2 T cells. HMB-PP, (E)-4-Hydroxy-3-methyl-but-2-enyl pyrophosphate. BrOH-PP, 

bromohydrin pyrophosphate. IPP, isopentenyl pyrophosphate. Zoledronate, also known as 

Zometa or zoledronic acid. Adapted from Moser and Eberl (2007). 
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Table 1.2. Distribution of the MEP and mevalonate pathways amongst Gram-positive 

and Gram-negative pathogens (adapted from Heuston et al., 2012).  

Gram + pathogen MEP Mevalo-
nate 

Gram - pathogen MEP Mevalo-
nate 

Bacillus anthracis + - B. abortus + - 

Bacillus subtilis + - Borrelia burgdorferi - + 

Clostridium difficile + - Chlamydia trachomatis + - 

Clostridium botulinum + - Chlamydia pneumonia + - 

Clostridium perfringens + - S. enterica  + - 

Entercoccus faecalis - + Escherichia coli + - 

L. monocytogenes + + F. tularensis + - 

L. innocua - + Legionella pneumophila - + 

Listeria seeligeri - + P. aeruginosa + - 

Nocardia terpenica + - V. cholera + - 

Stahylococcus aureus - + K. pneumonia + - 

Streptomyces pyogenes - + Bordetella pertussis + - 

S. pneumonia - + Haemophilus influenza + - 

   Helicobacter pylori + - 

   Shigella dysenteriae + - 

   Neisseria gonorrhoeae + - 

   Neisseria meningitides + - 

   C. jejuni + - 

   Y. enterocolitica + - 
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1.4.3 Vγ9Vδ2 T cell activation 

The recent discovery of butyrophilin 3A1 (BTN3A1) and its role in Vγ9Vδ2 T cell 

activation has provided a major breakthrough towards understanding the process of 

pAg-induced Vγ9Vδ2 T cell activation (Adams, et al., 2015). BTN3A1 belongs to the 

butyrophilin family, also known as CD277, which encompasses proteins with diverse 

roles in host homeostasis (Abeler-Dorner, et al., 2012, Arnett and Viney, 2014). The 

three members found in humans are BTN3A1, BTN3A2 and BTN3A3 (Rhodes, et al., 

2001) which are structurally homologous to the B7 superfamily of proteins. BTN3A1 

and BTN3A3 also possess an intracellular “B30.2” domain which is thought to be 

involved in pAg-mediated activation of Vγ9Vδ2 T cells (Adams, et al., 2015). The 

precise mechanism by which BTN3A1 contributes to Vγ9Vδ2 T cell activation has been 

controversial. One model proposes that the BTN3A molecule acts as an antigen-

presenting molecule which captures and presents pAg on the cell surface to Vγ9Vδ2 T 

cells which recognise it directly through their TCR (Vavassori, et al., 2013). However, 

while one study demonstrated the requirement of all three isoforms (Rhodes, et al., 

2015), a different study suggested that only BTN3A1 is capable of mediating pAg-

induced activation of Vγ9Vδ2 T cells and that this activity was pinpointed to the B30.2 

domain of BTN3A1 (Harly, et al., 2012). In support of this, direct binding between 

HMB-PP and the B30.2 domain was shown via nuclear magnetic resonance studies 

(Hsiao, et al., 2014) and affinity studies (Altincicek, et al., 2001, Sandstrom, et al., 

2014). Furthermore, it was revealed that the difference between BTN3A1 and BTN3A3 

was confined to a single amino acid difference within the binding pocket of B30.2 at 

position 351 where BTN3A1 contained a histidine, while BTN3A3, an arginine. 

Swapping of this histidine residue onto BTN3A3 provided BTN3A3 with the ability to 

bind pAg and mediate Vγ9Vδ2 T cell activation, while introduction of arginine onto 

BTN3A1 abrogated its activity (Sandstrom, et al., 2014), thus confirming that the 

histidine is important in Vγ9Vδ2 T cell activation. 
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Figure 1.5. Three hypothetical activation mechanisms for activation of Vγ9Vδ2 T cells by 

phosphoantigens A, pAg are produced intracellularly or internalised by a transporter; they 

interact with the intracellular (ic) B30.2 domain of BTN3A1 which induces conformational 

changes and recruitment/exclusion of molecular partners. These changes are sensed by 

Vγ9Vδ2 T cells, resulting in activation. B, ic pAg are exported from the cell via a transporter 

and the extracellular (ec) and ic pAg interacts with the ec part of CD277/BTN3A1. pAg 

presented by the ec IgV domain, as antigenic complexes to the Vγ9Vδ2 TCR, which results in 

activation. C, ic pAg interacts with ic B30.2 domain of BTN3A1; they are then exported from 

the cell by BTN3A1 or a membrane transporter associated with BTN3A1. Both ec or ic pAg can 

then interact with the ec IgV domain of BTN3A1 and trigger Vγ9Vδ2 T cell activation. Taken 

from Harly et al (2014).  
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A model has been proposed whereby binding of the pAg intracellularly is transitioned 

to the extracellular side of the membrane. The pAg binding to B30.2 would induce a 

conformational change which could modulate the structure of the extracellular 

domains of BTN3A. It is not known however whether Vγ9Vδ2 T cells can directly 

recognise BTN3A (Adams, et al., 2015, Sandstrom, et al., 2014, Wang, et al., 2013). The 

potential mechanisms of activation are illustrated in Fig. 1.5 (Harly, et al., 2014).  

1.4.4 Phenotypes of γδ T cells 

1.4.4.1 CD4 and CD8 expression 

Most peripheral γδ T cells lack CD4 and CD8 expression, which is not surprising since 

CD4 and CD8 are components of MHC recognition, and as mentioned above, γδ T cells 

do not rely on MHC molecules (Hayday, 2000, Kabelitz, et al., 2000).   

1.4.4.2 Differentiation status 

γδ T cells express molecules associated with different stages of differentiation which 

can be classified through CD27 and CD45RA expression, as shown by Dieli et al (2003), 

while αβ T cells classification also requires CCR7 expression (Okada, et al., 2008). Naïve 

cells are defined as CD45RA+CD27+, TCM are CD45RA-CD27+, while TEMRA are 

CD45RA+CD27- and TEM are negative for both markers (CD45RA-CD27-). These are 

summarised in Fig. 1.6.  

1.4.4.3 Chemokine receptors 

Vγ9Vδ2 T cells have distinct migration properties compared to αβ T cells (Brandes, et 

al., 2003). Since Vγ9Vδ2 T cells recognise antigens independently of MHC molecules, 

therefore they do not migrate to secondary lymphoid tissues where antigen 

presentation by professional APC takes place (Moser and Brandes, 2006). In line with 

this, most Vγ9Vδ2 T cells (>80%) lack expression of the lymph node (LN)-homing 

receptor CCR7, whereas most αβ T cells express the receptor. Instead, Vγ9Vδ2 T cells 

express receptors for a range of inflammatory chemokines (Chen and Letvin, 2003). 

Some γδ T cells express chemokine receptor CCR5, which binds inflammatory 

chemokines RANTES and MIP-1β. γδ T cells also express the skin homing chemokine 
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receptor CCR6 (Dieli, et al., 2003, Glatzel, et al., 2002, Laggner, et al., 2011). However, 

Moser & Eberl showed that TCR activation resulted in a switch in Vγ9Vδ2 T cells from 

inflammatory to LN-homing, as evidenced by downregulation of CCR5 and induction of 

CCR7 (Brandes, et al., 2003, Moser and Eberl, 2007). Furthermore, there was a de novo 

responsiveness to CCL19 and CCL21, thus providing the ability to migrate to where 

initiation of adaptive immunity takes place (Moser and Eberl, 2007). CCR7 expression, 

however, was transient and returned to baseline after prolonged culture (O'Sullivan 

and Thomas, 2003). A subset of Vγ9Vδ2 T cells were also shown to express CXCR5, 

which release IL-4 and IL-10 which provide help to B cells (Caccamo, et al., 2006). In 

contrast to αβ T cells, it was found that Vγ9Vδ2 T cells lack receptors for chemokines 

responsible in homing to peripheral tissues (Moser and Brandes, 2006). Thus, Vγ9Vδ2 

T cells can rapidly respond to tissue infection and inflammation (Moser and Eberl, 

2007) and resemble effector memory αβ T cells, which like γδ T cells, lack CCR7 and 

respond to inflammatory chemokines (Moser and Eberl, 2007, Sallusto and Mackay, 

2004). 

1.4.4.4 Other stimulating markers 

Vγ9Vδ2 T cells can express TLR such as TLR2, which is readily directed on the cell 

surface, and TL3 which is found intracellularly. Activation of these provides potent co-

stimulation to activated Vγ9Vδ2 T cells (Pietschmann, et al., 2009, Wesch, et al., 2006, 

Wesch, et al., 2011).  

Vγ9Vδ2 T cells also frequently express NKG2D, an NK-type receptor which delivers an 

activating signal following specific binding of corresponding ligands such as MICA and 

MICB or ULBP (Gonzalez, et al., 2006, Biassoni, et al., 2001) and is also expressed by 

cytolytic CD8 αβ T cells and NK cells (Bauer, et al., 1999). NKG2D can serve as a co-

stimulatory signal (Nedellec, et al., 2010). NKG2A, a HLA-E-specific inhibitory receptor, 

is present on most γδ T cells (Angelini, et al., 2011, Halary, et al., 1997), while NKG2C is 

present in only some individuals (Angelini, et al., 2011). NKG2A and NKG2C both 

dimerise with CD94, which recognises HLA-E.  

Another marker frequently expressed by γδ T cells is CD56, also known as neural cell 

adhesion molecule and is normally found on NK and NKT cells (Cremer, et al., 1994, 
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Lanier, et al., 1991), has also been found to be upregulated by γδ T cells upon pAg 

stimulation. Zheng et al found that CD56+ Vγ9Vδ2 T cells have higher cytolytic effects 

against cells infected by influenza virus than CD56- Vγ9Vδ2 T cells. Thus, CD56 

expression may identify cells that mediate protection against infectious agents (Zheng, 

et al., 2013).  

TEMRA γδ T cells can express CD16, a receptor for the Fc portion of IgG, which mediates 

ADCC activity in the presence of tumour-targeting mAb (Tokuyama, et al., 2008).   

γδ T cells, like αβ T cells, can express CD27, which upon binding to its ligand CD70, 

provides survival and proliferative signals (DeBarros, et al., 2011). The inducible co-

stimulatory receptor (ICOS) and programmed cell death 1 (PD-1) are absent in Vγ9Vδ2 

T cells but can be induced upon activation (Caccamo, et al., 2006, Ribot, et al., 2011, 

Iwasaki, et al., 2011).  

1.4.5 Cytokine and chemokine secretion by γδ T cells  

γδ T cells express receptors for inflammatory cytokines produced by granulocytes, 

monocytes, iDC and NK cells. Within hours of stimulation, Vγ9Vδ2 T cells produce large 

amounts of inflammatory cytokines IFN-γ and TNF-α (Garcia, et al., 1997, Wang, et al., 

2001) but can also be induced to produce TH2 cytokines such as IL-4 under specific 

conditions (Spinozzi, et al., 1995, Wesch, et al., 2001). A combination of IL-1β, IL-6, 

TGF-β and IL-23 has been shown to result in IL-17 production by Vγ9Vδ2 T cells in vitro 

(Ness-Schwickerath, et al., 2010, Caccamo, et al., 2011). In addition, IL-23 together 

with γδ T cell stimulation can also induce IL-17 production by Vγ9Vδ2 T cells in 

newborns (Moens, et al., 2011).  

Thus, γδ T cells are predominantly TH1 producers, which is in line with the fact that 

CD4 expression strongly correlates with TH2 cytokines, and Vγ9Vδ2 T cells rarely 

express CD4 (Fowell, et al., 1997, Wen, et al., 1998). 

Vγ9Vδ2 T cells have been shown to secrete chemokines CCL2, CCL3, CCL4 (Hoq, et al., 

1997) and MIP-1α and RANTES (Glatzel, et al., 2002). 
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Figure 1.6 Stages of differentiation of γδ T cells according to CD45RA and CD27 expression. 

Left panel, flow cytometric dot plot of CD45RA vs CD27 in CD3 T cells. Right panel, gating 

strategy for differentiation status of γδ T cells. CD45RA+CD27+ cells are naïve, CD45RA+CD27- 

are TEMRA, CD45RA-CD27+ are TCM, while CD45RA-CD27- are TEM.   
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1.4.6 γδ T cells in disease  

1.4.6.1 Cytotoxicity by γδ T cells 

Upon activation, γδ T cells can exert cytotoxicity against viral- and bacterial-infected 

cells (Oliaro, et al., 2005, Martino, et al., 2007, Qin, et al., 2009) and tumour cells 

(Alexander, et al., 2008, D'Asaro, et al., 2010) via Fas/FasL- and granulysin-dependent 

activity (Oliaro, et al., 2005, Koizumi, et al., 1991, Dieli, et al., 2001). They can 

eliminate Fas+ and TRAILR+ tumours by upregulating expression of FasL and TRAIL. 

They also mediate cytotoxicity via perforin and granzyme secretion and NK-mediated 

cytotoxicity via the CD137 pathway (Qin, et al., 2009, de Koning, et al., 2010). 

Furthermore they can also recognise stress-induced MICA, MICB and UBLP1 via 

NKG2D. CD16 expression on Vγ9Vδ2 T cells allowed them to kill opsonised cells and 

microorganisms via ADCC (Braakman, et al., 1992, Braza and Klein, 2013). Cytotoxicity 

of Vγ9Vδ2 T cells against influenza and human cytomegalovirus infected cells is 

independent of ADCC, unlike NK cells. Interestingly, Vγ9Vδ2 T cells can mediate 

cytotoxicity against various lymphomas, leukemia and carcinomas, while sparing the 

normal untransformed cells (Fournie et al., 2013).  

1.4.6.2 γδ T cells in anti-tumour immunity 

γδ T cells provide an advantage over conventional T cells owing to their ability to 

directly recognise molecules on cancer cells without the need for antigen processing 

and presentation. They also exhibit the important feature of discriminating between 

self- and non-self antigens, as certain tumour cells exhibit an increase in IPP levels due 

to an increase in the activity of 3-hydroxy-3-methylglutaryl-Coenzyme A (HMG-CoA) 

reductase (see Fig. 1.3). This is a rate-limiting step in IPP synthesis and results in an 

increased susceptibility of these tumour cells to γδ T cell-mediated lysis (Gober, et al., 

2003, Uchida, et al., 2007, Wrobel, et al., 2007). Statins, which inhibit the function of 

this enzyme, have been shown to inhibit aminobisphosphonate and alkylamine 

activation of Vγ9Vδ2 T cells (Gober, et al., 2003, Thompson, et al., 2006, Thompson 

and Rogers, 2004). Since many human epithelial tumour cells express NKG2D ligands, 

Vγ9Vδ2 T cells can target and kill these directly (Wrobel, et al., 2007). As a results, 

Vγ9Vδ2 T cells have been implicated in several clinical trials for cancer treatment 
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including patients with multiple myeloma, follicular lymphoma, myeloid leukemia, 

renal cell carcinoma, breast carcinoma and prostate carcinoma. Furthermore, Vγ9Vδ2 

T cells are capable of infiltrating solid tumours in vivo, which was linked to decreased 

tumour size and correlated with increased survival. However, it was reported that 

there is a significant decrease in circulating Vγ9Vδ2 T cell numbers and their ability to 

produce IFN-γ and TNF-α, but this was restored with zoledronate administration. In 

line with this, numerous studies are examining the potential of pAg or 

aminobisphosphonate administration in cancer immunotherapy. This has been found 

to increase numbers of circulating γδ T cells and consequently tumour reduction 

(Braza, et al., 2013). Thus, Vγ9Vδ2 T cells clearly play an important role in tumour 

surveillance and killing of cancer cells.   

1.4.6.3 γδ T cells in immunity against viral infection  

Vγ9Vδ2 T cells can mediate antiviral activity and in most cases this is enhanced by pAg 

stimulation. They have been shown to kill cells infected with different influenza strains 

including H1N1, H5N1 and H9N2 (Qin, et al., 2009). In addition, they can provide 

adaptive immunity against West Nile virus through activation of DC (Fang, et al., 2010)  

and they also have a beneficial role in controlling human immunodeficiency virus (HIV) 

infection (Sciammas and Bluestone, 1999). The antiviral activity decreased as the 

disease progressed in the HIV patients, but was found to be improved with pAg 

stimulation.  

However, some viruses can have inhibitory effects on Vγ9Vδ2 T cells, and these 

include herpes simplex virus (Puttur, et al., 2010) and respiratory syncytial virus 

(Aoyagi, et al., 2003). Furthermore they are found to be expanded in human 

cytomegalovirus infection and they can help control infection caused by Epstein-Barr 

virus (De Paoli, et al., 1990) and hepatitis C virus (Tseng, et al., 2001). In hepatitis B 

infection, Vδ1 and Vγ9Vδ2 T cell frequencies were shown to be increased and Vγ9Vδ2 

T cells produced higher IFN-γ levels than in healthy controls (Conroy, et al., 2015). 
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1.4.6.4  γδ T cells in bacterial infection 

In addition to mediating anti-viral immune responses, Vγ9Vδ2 T cells are expanded in 

various bacterial diseases (Chen and Letvin, 2003, Oliaro, et al., 2005, Barnes, et al., 

1992, Perera, et al., 1994). They respond potently to pathogens that utilise the non-

mevalonate pathway in vitro, including Mycobacterium tuberculosis, Mycobacterium 

leprae (Chen, 2013) and Plasmodium falciparum (Kabelitz, et al., 2000, Behr, et al., 

1996, Kabelitz, et al., 1990). Vγ9Vδ2 T cells have been implicated in immune responses 

during bacterial infections such as salmonellosis, brucellosis, legionellosis, tularemia, 

listeriolisis and infections by Escherichia coli, Leishmania and Toxoplasma gondii 

(Zheng, et al., 2013, Chen and Letvin, 2003), thus making them of great interest for 

immunotherapeutic manipulation. Vγ9Vδ2 T cells also recognise Staphylococcus 

enterotoxin A via the γδ TCR (Rust, et al., 1990) and canarypox antigens (Morita, et al., 

2000, Worku, et al., 2001) and tetanus toxoid (Kozbor, et al., 1989). 

1.4.7 APC function by γδ T cells 

The interesting discovery of MHC-II and CD80 and CD86 expression by a high 

proportion of tonsillar γδ T cells has sparked an investigation of potential APC 

phenotype by γδ T cells. Moser & Brandes found that fresh peripheral blood Vγ9Vδ2 T 

cells lacked APC molecule expression and had low levels of adhesion molecules (Moser 

and Brandes, 2006). However, following pAg stimulation, they expressed high levels of 

APC molecules such as CD40, CD54, CD80, CD83, CD86 and HLA-DR at levels similar to 

those seen in LPS-treated monocyte-derived DC (Moser and Brandes, 2006, Moser and 

Eberl, 2007). Expression of these maturation molecules (except CD40 and CD83) was 

maintained in activated Vγ9Vδ2 T cells during prolonged in vitro proliferation, which is 

in stark contrast to DC for which the effects are transient (Lanzavecchia and Sallusto, 

2001). Thus, these Vγ9Vδ2 T cells were termed γδ-T-APC (Moser and Brandes, 2006, 

Moser and Eberl, 2007). In addition, IPP stimulation of Vγ9Vδ2 T cells also induced 

clustering with naïve αβ T cells, indicative of APC-responder cell interaction (Moser 

and Brandes, 2006). Vγ9Vδ2 T cells also had efficient antigen uptake and processing 

machinery, as illustrated by the ability to present PPD and tetanus toxoid protein 

antigens to CD4 T cells (Moser and Brandes, 2006, Brandes, et al., 2005, Meuter, et al., 
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2010). More importantly, activated Vγ9Vδ2 T cells were capable of processing 

exogenous soluble viral and tumour proteins and cross-presenting peptide-HLA class I 

complexes to antigen-specific CD8 αβ T cells (Brandes, et al., 2009) which is 

characteristic of professional APC (Kabelitz and He, 2012). Meuter and colleagues 

demonstrated that activated Vγ9Vδ2 T cells can translocate soluble antigen into the 

cytosol for processing via the proteasomal degradation pathway (Meuter, et al., 2010). 

Professional APC have the ability to stimulate naïve αβ T cells and present peptide-

MHC complexes (Banchereau, et al., 2000). The ability of Vγ9Vδ2 T cells to induce 

proliferation, TH activity and cytotoxic T cell generation in αβ T cells and present 

peptide antigens to CD4+ and CD8+ T cells, qualifies them as professional APC (Meuter, 

et al., 2010, Brandes, et al., 2009). Thus Vγ9Vδ2 T cells are markedly distinct from 

monocytes and αβ T cells, which do not qualify as professional APC (Moser and 

Brandes, 2006). And although αβ T cells can exhibit characteristics of APC, they are not 

efficient APC (Barnaba, et al., 1994, Lanzavecchia, et al., 1988). In conclusion, γδ-T-APC 

are as efficient as DC in processing soluble proteins, suggesting they may be useful 

immunotherapeutic agents in cancers and infectious diseases (Moser and Eberl, 2007). 

1.4.8 Interaction between Vγ9Vδ2 and other immune cells  

Various innate T cells have gained attention for their roles in DC maturation. T cells 

expressing the Vδ2 TCR have been shown to induce differentiation of DC (Dunne, et 

al., 2010, Conti, et al., 2005, Devilder, et al., 2006, Ismaili, et al., 2002, Petrasca and 

Doherty, 2014) and this was also observed with Vδ1 (Collins, et al., 2005, Leslie, et al., 

2002) and Vδ3 T cells (Mangan, et al., 2013). Another innate T cell subset, iNKT cells, 

can also induce maturation of DC into APC (Fujii, et al., 2003, Kitamura, et al., 1999, 

Vincent, et al., 2002). NK cells can also interact with DC through cell contact and 

surface or secreted ligands and can result in DC maturation (Harizi, 2013). In addition 

to conventional T cells, innate T cells such as iNKT cells (Galli, et al., 2003) and γδ T 

cells (Brandes, et al., 2003, Caccamo, et al., 2006) are also able to induce 

differentiation of B cells into antibody-secreting plasma cells but can also induce 

cytokine secretion and co-stimulatory molecule expression by B cells (O'Reilly, et al., 

2011, Petrasca and Doherty, 2014, Kitamura, et al., 1999, Vincent, et al., 2002, Zeng, et 

al., 2013, Russano, et al., 2006). Vγ9Vδ2 T cells also play a role in survival and 
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activation of monocytes (Tyler, et al., 2015) and neutrophils and can induce APC 

markers by neutrophils (Davey, et al., 2014). 

1.5 Aims & Objectives 

The ability of DC to stimulate both adaptive and innate antitumour immune responses 

makes DC great candidates for cancer immunotherapy (Anguille, et al., 2015). Vγ9Vδ2 

T cells could be used as adjuvants to direct the desired immune responses.  However, 

it is crucial to fully understand the repercussions of utilising Vγ9Vδ2 T cells due to their 

ability to influence immune responses through interaction with innate and adaptive 

immune cells. Thus, our overall aim is to further investigate the relationship between 

Vγ9Vδ2 T cells, DC and B cells, and the mechanisms involved. The results may identify 

better adjuvants for DC-based therapies and lead to better understanding of the 

mechanisms by which Vγ9Vδ2 T cells contribute to adaptive immunity. In addition, we 

seek to examine whether Vδ3 T cells can induce B cell differentiation and the potential 

role of Vγ9Vδ2 T cells in Clostridium difficile infection.  

1. To phenotype Vδ1, Vδ2 and Vδ3 T cell subsets in peripheral blood and define and 

compare the cytokine profiles of expanded Vδ2 and Vδ3 T cell lines. 

3. To compare the ability of Vγ9Vδ2 T cells in inducing differentiation, cytokine 

production by DC and B cells and antibody secretion by B cells. 

4. To compare the ability of Vγ9Vδ2 T cells in inducing T cell activation by DC and B 

cells and examine the resulting cytokine profiles.  

5. To investigate the mechanisms involved in activation of DC and B cells by Vγ9Vδ2 T 

cells and to examine the impact of LPS on DC and B cell maturation. 

6. To characterise the relationship between Vδ3 T cells and B cells and the resulting 

APC phenotype, cytokine profile and antibody production and to assess whether Vδ3 T 

cells can recognise CD1 molecules. 

7. To analyse the potential role of Vγ9Vδ2 T cells in immunity against Clostridium 

difficile. 
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2.1 Materials & Methods 

Equipment, laboratory consumables, reagents and kits used in this investigation are 

listed in tables 2.1-2.8.  

Table 2.1. Equipment  

Equipment Model Company 

Balance Adventurer Pro Ohaus, NJ, USA 

Cell sorter Moflo XDP Beckman Coulter, CA, USA 

Centrifuge Eppendorf 5810 Eppendorf, Hamburg, Germany 

Centrifuge Eppendorf 5415 D Eppendorf, Hamburg, Germany 

Haemocytometer Neubauer Improved Marienfeld Superior, Germany 

Haemocytometer Kova slides Hycor Biomedical, IN, USA 

Counter Tally hand-held counter Thermo Fisher Scientific, MA, 
USA 

CO2 Incubator Galaxy S RS Biotech, Irvine, UK 

CO2 Incubator Heracell 150i Thermo Fisher Scientific, MA, 
USA 

Flow cytometer CyAn ADP Beckman Coulter, CA, USA 

Flow cytometer FACS Canto II Becton Dickinson, Oxford 

Freezing container Nalgene Cryo Thermo Fisher Scientific, MA, 
USA 

Hot plate and stirrer AGB 1000 Jenway, UK  

Laminar air flow 
Class II safety cabinet 

CleanAir MSC BSS6-2 Thermo Fisher Scientific, MA, US 

Laminar air flow 
Class II safety cabinet 

MSC 1.2  Thermo Electron LED Gmbh, 
Germany 

Magnet LS magnet Miltenyi Biotech, Bergisch-
Gladbach, Germany 

Magnet stand MACS Multi Stand Miltenyi Biotech, Bergisch-
Gladbach, Germany 

Magnet The Big Easy EasySep  Stemcell Tenchnologies, France 

Microscope Inverted; NAO 30 Olympus Corporation, Japan 

Multichannel pipette Finnpipette F2 Thermo Fisher Scientific, MA, 
USA 

PH meter Benchtop pH20-01 Hanna Instruments, RI, USA  

Pipettors p20, p100, 
p1000 

Eppendorf Research plus Thermo Fisher Scientific, MA, 
USA 

Pipette filler Motorised, Fisherbrand Thermo Fisher Scientific, MA, 
USA 

Plate reader  Sunrise Tecan, Switzerland 

Plate shaker PMS-1000 Grant-bio, UK 

UV microscope E200 Eclipse Nikon, USA 
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Vortex Vortex Genie Scientific Industries, NY, USA 

Water bath YCW-010E Gemmy Industrial Corp., Taiwan 

-80°C Freezer Ultra low temp freezer New Brunswick Scientific, CT, 
USA 

 

Table 2.2. Consumables and plasticware 

Item Source Catalogue # 

Autoclave tape Fisher Scientific 11-889-5 

Biohazard bin liners Fisher Scientific BAJ-560-050U 

Cardboard freezer boxes 10x10 Sarstedt 95.064.997 

Cell strainers, 40 um Fisher Scientific FB35180 

CellTrics disposable filters 30uM Partec 04-0042-2316 

Containers, 60 ml Fisher Scientific FB51806 

Containers, 120 ml Fisher Scientific FB51808 

Containers, 180 ml Fisher Scientific FB51810 

Cryovials (Nalgene) Fisher Scientific CRY-100-025U 

Flow cytometry tubes – FACS Canto Fisher Scientific 12650366 

Flow cytometry tubes – CyAn ADP Unitech 352063 

Flow cytometry for cell sorting, sterile Unitech 352053 

Gloves, medium Fisher Scientific SAR-246-050X 

Gloves, nitrile, medium Fisher Scientific FB69264 

LS columns Miltenyi Biotec 130-042-401 

P10 pipettor tips Sarstedt 70.1130 

P200 pipettor tips Fisher Scientific FB78044 

P1000 pipettor tips Fisher Scientific FB78084 

Parafilm 75 m  100 mm Fisher Scientific SEL-400-060G 

Petri Dishes, nonvented, sterile Fisher Scientific PDS-140-025E 

Plastic pipettes Sarstedt 86.1171.010 

Pipettes, 5 ml Corning PN5E1 

Pipettes, 10 ml Fisher Scientific TKV-670-071L 

Pipettes, 25 ml Fisher Scientific TKV-670-091F 

Plate sealing tape for ELISA Fisher Scientific DPS-115-515N 

Pre-separation filters, sterile, 30 uM Miltenyi Biotec 130-041-407 

Sharps bins Fisher Scientific SAT-641-060M 

Support HTS 96 well transwell system Fisher Scientific TKT-555-010U 

Syringes, 50 ml Fisher Scientific SZR-205-160T 

Syringe filters, 0.2 uM Fisher Scientific FDP-635-010M 

Tissue culture flasks, 25 cm2 Sarstedt 83.1810.002 

Tissue culture flasks, 75 cm2 Fisher Scientific TKT-130-210T 

Tissue culture plates, 6 well Fisher Scientific TKT-520-030T 

Tissue culture plates, 24 well Fisher Scientific TKT-520-090B 

Tissue culture plates round bottom, 96 well Fisher Scientific TKT-521-170u 
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Tubes, 0.5 ml Sarstedt 72.730.006 

Tubes, 2 ml Sarstedt 72.694.006 

Tubes, 5 ml Sarstedt 62.558.201 

Tubes, 15 ml Sarstedt 62.554.502 

Tubes, 30 ml Fisher Scientific FB55151 

Tubes, 50 ml Fisher Scientific 62.547.254 

Tissue paper Fisher Scientific CMC-716-021F 

Weighboats polystyrene 100 ml Fisher Scientific FB61504 

Waterbath treatment Sigma-Aldrich S5525 

 

Table 2.3. General reagents & kits 

Reagent Source Catalogue  
# 

Acridine orange (AO) Sigma-Aldrich A6014 

αGalCer Funokoshi co ltd  

Amino acids, essential Gibco 11130036 

Amino acids, non-essential Gibco 11140035 

β-mercaptoethanol Gibco 31350010 

rh BAFF Immunotools 11343436 

Bovine Serum Albumin (BSA) Fisher Scientific BPE-9703-
100 

Cardiolipin Avanti polar lipids   

Cell proliferation CellTrace Violet kit Invitrogen C34557 

rh CD40L soluble Immunotools 11343345 

Conjugation kit  lightning-link APC (for Vδ3 
conjugation) 

Innova 
Biosciences 

705-0010 

CpG ODN 2006-G5 Invivogen tlr1-2006g5 

Cytometer setup & tracking research beads BD Biosciences 655050 

DMEM medium Gibco 61965026 

Dimetyhl sulphoxide (DMSO) Sigma-Aldrich 494429 

Dimethyl sulfoxide (DMSO) Fisher Scientific BP231-100 

EasySep Buffer Stemcell 
Technologies 

20144 

Ethidium Bromide (EB) Alfa Aesar 1239-45-8 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich EN884 

Fc block Biolegend 422302 

Fixable viability dye efluor 506 Ebioscience 65-0866-18 

FluoroFix Buffer for tandem dyes   Biolegend 422101 

Foetal Bovine Serum, Biosera Biowest Biosciences 51900500 

Foetal Bovine serum, Hyclone Thermo scientific SH3 071.03 

FoxP3 staining buffer set Ebioscience 00-5523 

Fungizone Gibco 15290026 

Ganglioside Avanti polar lipids  
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Hela cells (CD1a-, CD1b-, CD1c-, CD1d- or mock-
transfected) 

Gift from Dr. 
Steven Porcelli 

New York 

Hepes Gibco 15630056 

 (E)-4-hydroxy-3-methyl-but-2-enyl 
pyrophosphate (HMB-PP) 

Gift from H Jomaa 
A Reichenberg  

Germany 

 (E)-1-hydroxy-2-methyl-2butenyl-4-
pyrophosphate lithium salt (HMB-PP) 

Sigma-Aldrich 95098 

Immunoglobulin Master Buffer Kit BD Biosciences 558683 

Immunoglobulin soluble protein Master Buffer kit BD Biosciences 558264 

IgG (total) Cytometric Bead Array Flex kit BD Biosciences 558679 

IgA Cytometric Bead Array Flex kit BD Biosciences 558681 

IgM Cytometric Bead Array Flex kit BD Biosciences 558680 

IgE Cytometric Bead Array Flex kit  BD Biosciences 559682 

Industrial methylated spirits Fisher Scientific M/4450/17 

Ionomycin Sigma-Aldrich IO634 

Isopropanol Sigma-Aldrich 34486 

Lipopolysaccharide(LPS) Sigma-Aldrich L5293 

Lymphoprep Biosciences 1114547 

Monensin Biolegend 420701 

Mycoplasma-Off Minerva Biolabs 15-5000 

OneComp beads Ebioscience 01-1111-42 

Paraformaldehyde (PFA, 4% in PBS) Santa Cruz, USA sc-281692 

Penicillin/Streptomycin Gibco 15140122 

Phytohaemagglutinin (PHA-P)  Sigma-Aldrich L-9132 

Phosphate buffered saline, sterile Gibco 14190094 

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich P1535  

RPMI with Glutamax Gibco 61870010 

Saponin Sigma-Aldrich S7900 

Sodium azide Sigma-Aldrich S8032 

Sodium pyruvate Gibco 11360039 

Sodium chloride Fisher Scientific S/3120/65 

Sodium dihydrogen orthophosphate 1-hydrate BDH Lab. Supplies 102454R 

di-Sodium hydrogen orthophosphate anhydrous Fisher Scientific S/4480/60 

Sulfatide Avanti polar lipids  

Sulphuric acid (H2SO4) Sigma-Aldrich 339741 

Tetanus Toxoid (from Clostridium tetani) Calbiochem CA, USA 

Tetramethyl benzidine (TMB) Sigma-Aldrich T0440-1L 

Trypsin 0.05% EDTA Gibco 25300054 

Tuberculin purified protein derivative RT 23 SSI Statens Serum 
Institut 

Denmark 

Tween 20, for ELISA Fisher Scientific BP337-500 

Virkon Fisher Scientific HYG-205-
010P 

Zoledronic acid Mylan 4mg/5ml  Pharmacy  
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Table 2.4. Cell isolation kits 

Cell separation kit Company Catalogue# 

CD3 Microbeads (positive selection) Miltenyi Biotec 130-050-101 

CD14 Microbeads (positive selection) Miltenyi Biotec 130-050-201 

CD19 Microbeads (positive selection) Miltenyi Biotec 130-050-301 

Anti-γδ TCR Microbead kit (positive selection) Miltenyi Biotec 130-050-701 

B cell enrichment kit (negative selection) Stemcell 
Technologies 

19054 

 

Table 2.5. Recombinant human cytokines 

Cytokine Company Catalogue # 

GM-CSF Immunotools 11343125 

IL-4 Immunotools 11340045 

IL-2 Peprotech 200-02 

IL-2 Miltenyi Biotec 130-097-748 

 

Table 2.6. ELISA kits  

ELISA kit Company Catalogue# 

IFN-y Duoset R&D Systems DY285 

IFN-y Deluxe Biolegend 430105 

IL-2 Duoset R&D Systems DY202 

IL-4 Duoset R&D Systems DY204 

IL-4 Deluxe Biolegend 430305 

IL-6 Duoset R&D Systems DY206 

IL-10 Duoset R&D Systems DY217B 

IL-10 Deluxe Biolegend 430605 

IL-12p40 Deluxe Biolegend 431705 

IL-12p70 Duoset R&D Systems DY1270 

IL-12p70 Deluxe Biolegend 431705 

IL-13 Duoset R&D Systems DY213 

IL-17 Duoset R&D Systems DY317 

TNF-a Deluxe Biolegend 430204 

 

Table 2.7. Functional grade and low endotoxin azide-free (LEAF) antibodies 

Antibody Clone Company Catalogue # 

IgG1 isotype LEAF-purified MG1-45 Biolegend 401405 

Anti-human CD86 LEAF-purified  IT2.2 Biolegend 305410 
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Anti-human CD119 (IFN-γ receptor) LEAF 
purified 

GIR-208 Biolegend 308604 

Anti-human CD124 (IL-4 receptor) 
functional grade purified 

X2/45-12 Ebioscience 16-1249-82 

Anti-human CD154 (CD40L) functional 
grade purified  

24-31 Ebioscience 16-1548-82 

Anti-human IFN-y functional grade 
purified 

NIB42 Ebioscience 16-7318-85 

Anti-human IL-4 MP4-25D2 Ebioscience 16-7048-85 

Anti-human TNF-α functional grade 
purified  

MAb1 Ebioscience 16-7348-85 

 

Table 2.8. Fluorochrome-conjugated monoclonal antibodies for flow cytometry  

Antibody Fluorochrome Clone Company Catalogue # 

CD1a PE HI149 Biolegend 300105 

CD1b FITC SN13 (K5-1B8) Biolegend 329105 

CD1c FITC L161 Biolegend 331517 

CD1d PE 51.1 Ebioscience 12-0016-42 

CD3  FITC UCHT1 Biolegend 300406 

CD3  Pacific Blue HIT3α Biolegend 300330 

CD3 PerCP UCHT1 Biolegend 300428 

CD3  PE-Cy5 HIT3α Biolegend 300310 

CD3  PE-Cy7 HIT3α Biolegend 300316 

CD4 APC - Immunotools 21278046S 

CD4  FITC OKT4 Ebioscience 11-0048-42 

CD4  PE SK3 Biolegend 344606 

CD4 PE-Cy7 SK3 Biolegend 344612 

CD5  APC UCHT2 Miltenyi Biotec 130-096-577 

CD8a  APC HIT8α Biolegend 300912 

CD8a APC-Cy7 HIT8α Biolegend 300925 

CD8a FITC HIT8α Biolegend 300906 

CD8a PerCP HIT8α Biolegend 300922 

CD11c APC - Immunotools 21487116 

CD11c FITC - Immunotools 21487113 

CD11c PE-Cy7 3.9 Biolegend 301608 

CD14 PE - Immunotools 21620144S 

CD19 Pacific Blue HIB19 Biolegend 302224 

CD19 PE-Cy7 HIB19 Biolegend 302216 

CD19 PE-Cy7 HIB19 Ebiosciences 25-0199-42 

CD20  FITC - Immunotools 21279203 

CD20  PE - Immunotools 21279204S 

CD20  PE 2H7 Biolegend 302305 

CD24  FITC 32D12 Miltenyi Biotec 130-095-952 
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CD25 PE-Cy7 BC96 Ebioscience 25-0259-42 

CD27  FITC - Immunotools  21270273 

CD27 PerCP-Cy5.5 O323 Biolegend 302820 

CD28  APC CD28.2 Biolegend 302912 

CD38  PE-Cy7 HB-7 Biolegend 356608 

CD40 PE - Immunotools 21270404 

CD45RA APC HI100 Biolegend 304112 

CD45RA FITC - Immunotools 21279453 

CD56 FITC HCD56 Biolegend 318304 

CD69 PE FN50 Biolegend 310906 

CD80  APC - Immunotools 21270806 

CD86 FITC - Immunotools 21480863 

CD86 PE-Cy7 IT2.2 Biolegend 305421 

CD107a PE-Cy7 H4A3 Biolegend 328618 

CD127 APC eBioRDR5 Ebioscience 17-1278-42 

CD161 PerCP-Cy5.5 HP-3G10 Biolegend 339908 

FoxP3 PE 236A/E7 Ebioscience 12-4777-42 

γδ TCR  FITC B1 Biolegend 331208 

HLA-DR Pacific Blue L243 Biolegend 307633 

HLA-DR PerCP-Cy5.5 L243 Biolegend 307630 

IFN-γ APC 4S.B3 Biolegend 502512 

IFN-γ FITC 4S.B3 Biolegend 502506 

IL-4 FITC MP4-25D2 Biolegend 500806 

IL-4  PE 8D4-8 Biolegend 500704 

IL-6  APC MQ2-13A5 Biolegend 501112 

IL-6 PerCP - Immunotools 21670065 

IL-10 APC JES3-19F1 Biolegend 506807 

IL-12/IL-
23 p40  

APC C11.5 Biolegend 501809 

IL-13 APC JES10-5A2  Biolegend 501907 

IL-17a PE BL168 Biolegend 512306 

IL-17a PerCP-Cy5.5 BL168 Biolegend 512314 

IL-23 p19 PE 23dcdp Ebioscience 12-7823-41 

NKG2D PE 1D11 Biolegend 320806 

TLR2 PE TL2.1 Biolegend 309708 

TGF-β1 
(LAP) 

PE FNLAP Ebioscience 12-9829-42 

TNF-α  FITC Mab11 Biolegend 502906 
Vα24 FITC  BD Bioscience  
Vβ11 PE  BD Bioscience  

Vδ1 FITC TS1 ThermoScientific TCR2055 

Vδ2  PerCP B6 Biolegend 331410 

Vδ2 PE B6 Biolegend 331408 

Vδ3 TCR Unconjugated - Beckman Coulter Custom Design 
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2.2 Tissue culture  

Tissue culture was carried out under aseptic conditions in a class II laminar airflow unit 

using tissue culture grade plasticware and reagents. Cultures were maintained in 

corresponding serum-supplemented media within parafilm-wrapped tissue culture 

plates or flasks incubated at 37°C in a humidified 5% CO2 incubator. The serum was 

filtered and heat inactivated at 56°C for 30 min in order to inactivate complement 

components and was stored at -80°C before use.   

 

 

 

 

 

 

 

 

 

Figure 2.1. Schematic diagram of a Neubauer Haemocytometer.  A glass coverslip was placed 

in the centre of the Haemocytometer. The “x” marks the counting area under the coverslip, 

where 10 μl of the EB/AO-stained cell sample was placed. A, the dotted line marks the position 

of the coverslip. B, enlarged layout of “x” is shown. 10 μl of the EB/AO-stained cell sample was 

placed in the counting area which holds a volume of 1 mm x 1 mm x 0.1 mm, i.e. 0.1mm3 or 

10-4 ml. The number of cells per ml of suspension was calculated using the following equation:  

cell concentration = (no. of cells counted per center square x dilution factor) x 104 cells ml-1. 

Since viable cells stained bright green and dead cells stained orange, percentage viability was 

calculated by dividing the number of live cells per ml by the number of total cells per ml and 

multiplying by 100.   

 

2.3 Cell viability and enumeration  

Cell counting and viability was carried out by staining with a solution of ethidium 

bromide and acridine orange (EB/AO). Ethidium bromide is an intercalating agent that 

binds to DNA and fluoresces orange under UV light. Acridine orange is a fluorescent 

cationic dye which can interact with DNA and RNA, and when bound to DNA and 

exposed to UV light, AO appears green. By this method, viable cells fluoresce green, 

x 

x 

0.1 mm depression 

Overhead view 

Side view 
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while dead cells appear orange. A working solution of EB/AO was made up by diluting 

a 100 X solution (15 mg AO, 50 mg EB, 1 mL 95% ethanol and 49 mL dH2O) 1 in 100 in 

PBS (9 g NaCl, 21.09 g Na2HPO4, 0.184 g NaH2PO4, 1 L dH2O, pH 7). Cell samples were 

diluted in 1 X EB/AO solution: 10 µl of EB/AO-stained cell mixture was pipetted to fill 

the counting chamber (Fig. 2.1) of a Neubauer haemocytometer (Marienfeld Superior, 

Germany) or of a disposable haemocytometer (Kova slides, Una Health Ltd, UK). Cells 

were visualised microscopically under UV light and counted using a hand-held counter.  

2.4 Cryopreservation of cells 

Cryogenic freezing allows for long-term storage of cells and tissues by stopping all 

biochemical processes including cell death. To avoid cellular damage, a cryoprotectant 

vitrification solution is needed to increase viscosity and lower the freezing point of the 

cell suspension and prevent water loss from cells and subsequent ice formation and 

crystallisation which would otherwise damage the cells. Dimethyl sulphoxide (DMSO) 

mixed with foetal bovine serum (FBS) at a ratio of 1:10 was used as the vitrification 

solution. Cells were centrifuged at 500 g for 7 min and re-suspended in FBS (10-50 x 

106 cells per ml). The vitrification solution was freshly prepared (20% DMSO and 80% 

FBS) and cooled to 4°C before adding to the cell suspension at a ratio of 1:1. The cell 

suspension was placed in cryovials and frozen to -80°C within the freezing container 

(Nalgene) which cools the samples at a reduced rate of 1°C per minute. For long-term 

storage, the cells were transferred to liquid Nitrogen (-196°C).  

When thawing, the cells were quickly warmed by immersing the cryovials into a hot 

waterbath (37°C) and swirling to speed up thawing. Pre-warmed complete RPMI 

(cRPMI) medium (RPMI 1640 supplemented with 10% heat inactivated FBS, 1% 

penicillin-streptomycin, 1% fungizone, 50 μM L-glutamine, 50 μM β-mercaptoethanol, 

1% non-essential amino acid mixture, 1% essential amino acid mixture, 1 mM sodium 

pyruvate and 25 mM HEPES; Gibco-BRL, Paisley, UK and Thermo-Scientific, Logan, UT) 

was added dropwise to the cells and the cells were pelleted by centrifugation for 5 min 

at 800 g. The supernatant was discarded to eliminate any traces of DMSO which would 

be damaging to the cells. The cells were then washed once more with cRPMI medium 

before use.  



51 
 

2.5 Flow cytometry 

2.5.1 Principles of flow cytometry 

Flow cytometry is a powerful tool for the analysis of multiple parameters of individual 

cells within heterogeneous populations. The cell sample is injected into a flowing 

stream containing sheath fluid and is passed through a laser beam at the rate of 

thousands of cells per second. The cells scatter and refract light which is captured as 

each cell passes through. The magnitude of light scattered in the forward direction at 

low angles, is proportional to the cell size. Light scattering at larger angles, such as to 

the side, is caused by granularity and structural complexity inside the cell. Light is 

quantified by two detectors which convert light intensity into voltage. The use of 

fluorochrome-conjugated monoclonal antibodies is one of the most common ways to 

study cellular characteristics using flow cytometry. The antibody will bind to a specific 

molecule on the cell. When a laser of a particular wavelength strikes the fluorophore, 

a fluorescent signal is emitted and detected. A series of filters and mirrors is in place 

so that the particular wavelengths are delivered to the appropriate detectors. This 

information is then translated into a voltage pulse proportional to the amount of 

fluorescence emitted and can be presented graphically as distinct populations (see Fig. 

2.2).  

The Cyan ADP (Beckman Coulter, High Wycombe, UK) and FACS Canto-II (Becton 

Dickinson, UK) flow cytometers are each equipped with three lasers which emit light at 

different wavelengths. The violet laser emits at 405 nm, the blue laser emits light at 

488 nm and the red laser emits at 640 nm.  Collectively, the 3 lasers are capable of 

detecting 10 distinct parameters, including forward scatter and side scatter (Fig. 2.2), 

as well as 8 fluorochromes. A table of fluorochromes used is depicted below (Table 

2.9). Tandem dyes, which are created by combining a fluorochrome with cyanine 

molecules to alter the emission spectrum, were analysed within 4 hours of fixation in 

PFA, or transferred to a PFA-free buffer overnight. Fluorofix buffer was used for 

samples containing tandem dyes that needed to be stored for more than one day 

(Biolegend).  FL channels are unique to each flow cytometer and they indicate which 

fluorochromes can be used together. Only one fluorochrome can be used from each FL 
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channel. FL3 and FL5 can be difficult to resolve from each other due to the close 

emission spectrum.  

Table 2.9. Fluorochromes used in this study and their specifications 

Laser Channel Fluoro- 
Chrome 

Excitation 
Max 

Emission 
Max 

Description 

Blue 
488 nm 

FL1 FITC 494 nm 520 nm Fluorescein 
isothiocyanate 

FL2 PE 496 nm 578 nm Phycoerythrin 

FL3 PerCP 482 nm 678 nm Peridin Chlorophyll 
protein 

FL3 PE-Cy5 496 nm 667 nm PE-cyanin 5 tandem 
dye 

FL3 PerCP-Cy5.5 482 nm 695 nm PerCP-cyanin 5.5 
tandem dye 

FL4 PE-Cy7 496 nm 785 nm PE-cyanin 7 tandem 
dye 

Red 
640 nm 

FL5 APC 650 nm 660 nm Allophycocyanin 

FL6 APC-Cy7 650 nm 785 nm APC-cyanin 7 tandem 
dye 

Violet 
405 nm 

FL7 Pacific Blue 410 nm 455 nm Biolegend™  

FL8 Efluor 506 405 nm 506 nm Ebioscience™  

 

2.5.2 Labeling of cells for flow cytometry 

Fluorochrome-conjugated monoclonal antibodies (mAb) were obtained from 

Biolegend (San Diego, CA), Immunotools (Friesoythe, Germany) or eBioscience 

(Hatfield, UK) (Table 2.8). Cells were stained with mAb in PBA buffer (PBS containing 

1% BSA and 0.02% sodium azide; Gibco-BRL, Paisley, UK and Sigma-Aldrich, Dublin, 

Ireland) and analysed using CyAn ADP  or BD FACS Canto-II flow cytometers and 

Summit 4.3 (Dako), FACS Diva (Becton Dickinson) or FlowJo software (Treestar, 

Ashland, OR).  
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Figure 2.2. Flow cytometry dot plots showing physical properties of peripheral blood and cell 

lines.  Fresh blood (A) or a mixture of DC and γδ T cells (B) were suspended in PBA buffer and 

acquired on a flow cytometer. Cells pass by laser beams which collect information on their size 

depending on how the light is scattered. Forward scatter (FS) depicts size, while side scatter 

(SS) depicts granularity. Each dot on a dot plot represents one cell. Distinct cellular populations 

can be identified based on knowledge of size and granularity of common cell types. 

Lymphocytes are the smallest and least granular cell type in peripheral blood, while 

granulocytes are very large and granular, and monocytes class in between the two. A, whole 

blood sample containing a mixture of cell populations typically found in PBMC. B, sample 

containing DC and γδ T cells. Dead cells and debris are smaller than lymphocytes and they 

appear on the far left of the dot plot. Cell death is confirmed using a viability dye (FL8).   

2.5.3 Antibody -fluorochrome conjugation 

Custom made, purified anti-Vδ3 antibody for flow cytometry was purchased (Beckman 

Coulter) and labelled using a 100 μg APC conjugation kit (Innova Biosciences, UK). The 

kit recommended using 100-150 μg of antibody for 100 μg of APC. 25 μl of the anti-

Vδ3 antibody (5.12 mg/ml), corresponding to 128 μg, was added to the 100 μg of APC. 

The antibody was diluted to a total volume of 100 μl with sterile PBS and the PBS-

diluted antibody was then added to the vial containing solid APC and mixed gently. 1 

μl of the modifier solution provided in the kit was added per 10 μl of antibody-PBS 

mixture (i.e. 10 μl) and the mixture was incubated at room temperature, protected 

from light, for 3 hours. 1 μl of quencher solution provided in the kit was added per 10 

μl of antibody mixture (i.e. 10 μl) and mixed gently and incubated for 30 min. The APC-
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labelled Vδ3 antibody was diluted with sterile PBS to a total volume of 5 ml and a 

titration assay was carried out to determine the recommended staining concentration 

for cell samples.  The labelled antibody was aliquoted and stored at 4°C protected 

from light.  Sterile aliquots of antibody were used for cell sorting.  

2.5.4 Cell sorting 

Flow sorters use a principle of electrostatic deflection of charged droplets to isolate 

cells of interest. The cell sample is passed through a column of pressurised sheath fluid 

and as they are ejected from the nozzle, pass through the analysis point consisting of 

laser beams which provide scattered light and fluorescence signals, which are then 

compared to pre-set sort criteria for the cells of interest. There is a time delay 

between the analysis point and where the droplets break off at the end of the stream 

and it is referred to as the drop delay. Once the drop delay is calculated, an electric 

charge is applied to the stream at the precise moment the first drop forms, allowing 

individual drops to be independently charged. Once the charged droplets reach the 

end of the stream, they are passed through high-voltage charged deflection plates, 

which cause the charged droplets to be deflected towards the oppositely charged 

plate and into collection tubes, while uncharged droplets are aspirated to waste 

(Davies, 2007). 

2.6 Isolation and expansion of human cells 

2.6.1 Isolation of human PBMC 

Human blood for cell isolation was obtained from the Irish Blood Transfusion Service 

(St. James’s Hospital, Dublin 8). The IBTS provides pro bono blood components to Irish 

third level educational facilities or health care facilities for the purposes of research 

and education. This blood is from voluntary, anonymous, non-remunerated donors 

donated primarily for therapeutic application to patients. PBMC were prepared from 

human buffy coat packs by standard density gradient centrifugation over 

Lymphoprep™ (Nycomed Pharma, Oslo, Norway), a solution of sodium diatrizoate and 

polysaccharide with a density similar to that of leukocytes (1.077 g/ml). In the 

presence of blood it aggregates erythrocytes and granulocytes, which then sediment 



55 
 

under centrifugation, while lymphocytes and monocytes remain in solution. Blood was 

diluted in sterile PBS at a ratio of 1:1 and carefully layered on top of Lymphoprep at a 

ratio of 2:1. The tubes were centrifuged for 25 min at 400 g with brakes off 

(acceleration and deceleration set to zero) to prevent sudden changes in speed, which 

would disturb the layers (Fig. 2.3). The buffy coat layer was then carefully extracted 

using a Pasteur pipette into a new tube and washed twice with PBS, centrifuging for 5 

min at 800 g in between washes.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. PBMC isolation using density gradient centrifugation. PBS-diluted blood is 

carefully layered on top of Lymphoprep by holding the tube containing lymphoprep at a 45° 

angle while pipetting the blood on top of the lymphoprep without disturbing the gradient. The 

tubes were centrifuged at 400 g for 25 min with no brakes. The left hand picture shows a tube 

containing blood layered over lymphoprep. The right hand picture shows the different layers 

following centrifugation.  

2.6.2 Vδ2 T cell expansion 

Cells were enriched by positive selection magnetic bead separation of PBMC (Miltenyi 

Biotec, Bergisch-Gladbach, Germany). Magnetic-activated cell sorting (MACS) is a 

method for separating cell populations depending on their surface antigens, and uses 

superparamagentic nanoparticles (50 nm diameter) and columns. The procedure 

allows cells to be separated by incubating them with magnetic nanoparticles coated 

with antibodies directed against desired surface antigens, thus allowing the desired 

cells expressing the antigen to attach to the magnetic nanoparticles. The cell solution 
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is then transferred onto a column placed in a strong magnetic field. Thus, the cells 

attached to the nanoparticles stay on the column, while those not expressing the 

antigen flow through. PBMC were re-suspended in cold MACS Buffer (sterile PBS 

containing 0.5% BSA and 2 mM EDTA, 4°C). 100 μl of anti-γδ TCR hapten-antibody and 

400 μl MACS buffer was added per 5 x 108 cells and incubated on ice for 10 min. 200 μl 

of anti-hapten FITC-conjugated magnetic bead particles and 300 μl MACS buffer per 5 

x 108 cells was then added and incubated for 15 min on ice. By adding a 5th of the 

recommended bead concentration, the % of Vδ2 T cells was increased from <2% to 50-

80%. The aim was to purify the population but not completely, so that it still contains 

CD14+ cells (monocytes) which have been shown to be required to present HMB-PP to 

the Vδ2 T cells (Miyagawa, et al., 2001). The magnetically-labeled cells were washed in 

MACS buffer (3 ml per 1 x 107 cells) and centrifuged at 300 g for 10 min and the cell 

pellets were re-suspended in buffer (5 ml per 1 x 107 cells). Large MS columns were 

attached to large MACS magnets. The columns were primed by passing 3 ml of cold 

buffer through the column. A MACS pre-separation filter was used to prevent cell 

clumps from clogging the column. After the cell suspension was passed through the 

column, the filter was removed and the column was washed three times using 3 ml of 

MACS buffer each time. γδ T cell negative populations were eluted from the column, 

while the column containing γδ T cell positive cells was removed from the magnet and 

flushed with 5 ml of buffer and collected in a separate tube and re-suspended in 

cRPMI. Cell surface phenotyping and purity were determined by staining with mAb 

against CD3 and Vδ2 and examining by flow cytometry (Fig. 2.4). It was shown that 

virtually all Vδ2+ T cells express the Vγ9 chain. Therefore, Vγ9Vδ2 T cells were 

subsequently identified by a Vδ2 mAb only (Dunne, et al., 2010). Vγ9 expression was 

confirmed by flow cytometry in a proportion of the donors. The magnetically enriched 

PBMC containing a high purity of  Vδ2 T cells were plated in 24-well tissue culture 

plates at a cell density of 1 x 106 cells per ml and expanded by stimulating with (E)-4-

hydroxy-3-methyl-but-2enylpyrophosphate (HMB-PP, 10 nM) and culturing with IL-2-

supplemented (50 IU/ml, Peprotech or Miltenyi Biotec) cRPMI medium. The medium 

was changed every 3-4 days by replacing with fresh IL-2-supplemented cRPMI to 

provide a constant supply of IL-2 to the cells which is required for T cell survival and 

expansion (Smith, 1988). The cells were harvested after 14-28 of culture (Fig. 2.4). 
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Alternatively, Vδ2 T cells were expanded directly from PBMC using HMB-PP (10 nM), 

the aminobisphosphonate zoledronate (5 μM), or extracts from Clostridium difficile 

(see chapter 6.0) or combinations of these for 14 days.  

 

Figure 2.4. Flow cytometry dot plots of Vδ2 purity in peripheral blood and following in vitro 

expansion. Left and centre panels, the % of Vδ2 T cells within the lymphocyte population on 

day 1 before and after magnetic bead cell-sorting, respectively. Right panel, % of Vδ2 T cells 

after 14 days expansion with HMB-PP and IL-2. 

2.6.3 Vδ3 T cell expansion 

PBMCs were enriched by positive selection magnetic bead separation of γδ TCR+ cells 

(Miltenyi Biotec) using the same method as described above. The γδ-enriched cells 

were stained with mAb against CD3 (10 μl per 1 x 106 cells) and Vδ3 (20 μl per 1 x 106 

cells) and 30 μl PBS per 1 x 106 cells for 15 min. The cells were washed in PBS and the 

pellet re-suspended in 0.5 ml PBS per 1 x 107 cells and sorted using a Moflo XDP cell 

sorter (Beckman Coulter) which allowed retrieval of a pure (>97%) population of CD3+ 

Vδ3+ cells. These cells were then plated in 96-well tissue culture plates at a cell density 

of 1 x 103 cells and 2 x 105 irradiated allogeneic PBMC per well and stimulated with 

PHA-P (phytohaemagglutinin, 1 μg/ml, Sigma-Aldrich) and cultured in 200 μl of  IL-2-

supplemented (250 IU/ml) cRPMI for 4 weeks. PHA is a plant lectin derived from 

Phaseolus vulgaris, which causes mitogenic stimulation of lymphocytes through the T 

cell receptor, resulting in their proliferation (Morgan, et al., 1976). Due to the 

unspecific nature of PHA in activating all T cells, a pure population of Vδ3 is required 

for expansion. The medium was changed every 3-4 days by replacing with fresh IL-2-

supplemented cRPMI. Cell surface phenotyping and purity after expansion were 
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determined by flow cytometric analysis by staining with mAb against CD3 and Vδ3 (Fig. 

2.5).  

 

 

Figure 2.5. Flow cytometry dot plots of Vδ3 T cells in peripheral blood and following in vitro 

expansion. Left and centre panels, the % of Vδ3 T cells within the lymphocyte population on 

day 1 before and after magnetic cell-sorting, respectively. Right panel, % of Vδ3 T cells after 28 

days expansion with PHA-P, irradiated PBMC and IL-2. 

2.6.4 B cell isolation 

B cells were obtained from human PBMC by positive selection magnetic bead cell 

sorting (Miltenyi Biotec) or negative selection magnetic bead cell sorting (Easysep kit, 

Stemcell Technologies) of CD19+ lymphocytes. For positive selection magnetic bead 

cell sorting, 100 μl CD19 microbeads and 400 μl buffer were added per 5 x 108 cells 

and mixed well and incubated for 15 min on ice. The magnetically-labeled cells were 

washed in MACS buffer (3 ml per 1 x 107 cells) and centrifuged at 300 g for 10 min and 

the cell pellets were re-suspended in buffer (5 ml per 1 x 107 cells). The magnetic 

separation was carried out as described above, with CD19 positive cells being collected 

within the column and CD19 negative cells flushed through. The negative selection 

magnetic bead kit labeled unwanted cells (all cells except CD19+ cells) with dextran-

coated bispecific Tetrameric Antibody Complexes (TAC) containing mAb directed 

against cell surface antigens on human blood cells (CD2, CD3, CD14, CD16, CD36, 

CD43, CD56, CD66b, glycophorin A). The cells were suspended at a concentration of 5 

x 107 cells per ml in recommended medium and mixed with 50 μl/ml human B cell 

enrichment cocktail for 10 min. The magnetic particles were vortexed for 30 sec and 
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added at 75 μl/ml to the cell suspension for 5 min. The cell suspension was brought to 

a total volume of 5 ml (for <2 x 108 cells) and placed inside the large magnet for 5 min 

in an uncapped round bottom 15 ml tube. In one continuous motion, the magnet and 

tube were inverted and the desired fraction was poured off into a new tube. The 

magnetically labelled unwanted cells remained bound inside the original tube, held by 

the magnetic field. The B cells were used fresh or otherwise were frozen for long-term 

storage in Nalgene cryovials. CD19 and CD20 antibodies were used to determine the 

cell purity (Fig. 2.6). 

 

Figure 2.6. Peripheral blood B cells before and after enrichment. Flow cytometry dot plots of 

B cell frequency in PBMC of a healthy donor (left panel) and following magnetic-bead cell 

sorting (right panel).  

2.6.5 Dendritic cell preparation 

Monocyte-derived DC were obtained from human PBMC by positive selection 

magnetic bead cell sorting (Miltenyi Biotec) of CD14+ cells. For magnetic bead cell 

sorting, 100 μl CD14 Microbeads and 400 μl cold buffer were added per 5 x 108 cells 

and mixed well and incubated for 15 min on ice. The magnetically-labeled cells were 

washed in MACS buffer (3 ml per 1 x 107 cells) and centrifuged at 300 g for 10 min and 

the cell pellets were re-suspended in buffer (5 ml per 1 x 107 cells). The magnetic 

separation was carried out as described above, with CD14 positive cells being collected 

within the column and CD14 negative cells flushed through. The resulting monocytes 

were induced to differentiate into immature DC by culturing with IL-4 (70 ng/ml) and 
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GM-CSF (50 ng/ml) (Immunotools, Friesoythe, Germany). The cells were plated in DC 

media (RPMI 1640 supplemented with 10% heat inactivated, filtered endotoxin-free 

HyClone foetal calf serum, 1% penicillin-streptomycin, 1% fungizone, 50 μM L-

glutamine, 50 μM β-mercaptoethanol, 1% non-essential amino acid mixture, 1% 

essential amino acid mixture, 1 mM sodium pyruvate and 25 mM HEPES; Gibco-BRL, 

Paisley, UK and Thermo-Scientific, Logan, UT) in 6-well tissue culture plates at a cell 

density of 1 x 106 cells per ml. Several serum batches were tested and the one that 

resulted in the highest number of immature DC was subsequently used for deriving 

DC. After 3 days, media was replaced with fresh DC media containing IL-4 and GM-CSF. 

On day 6, immature DC were harvested and used immediately. CD14 was used to 

identify monocytes prior to culture with cytokines, while CD11c was used to identify 

DC after 6 day culture (Fig. 2.7).  

 

 

Figure 2.7. Flow cytometric dot plots of monocyte-derived DC. Left panel, monocytes in a 

PBMC sample on a dot plot of SS vs FS. Centre panel, dot plot showing monocytes after 

magnetic bead enrichment of CD14+ cells. Right panel, monocyte-derived iDC (CD11c+) after 

culturing monocytes with IL-4 and GM-CSF for 6 days.  

2.6.6 Preparation of non-γδ T cell lines 

αβ T cells were obtained by purifying CD3+ cells from human PBMC by positive 

selection magnetic bead cell sorting (Miltenyi Biotec) and stimulating with 1 μg/ml 

PHA-P, which stimulates T cell activation and proliferation. For the magnetic bead cell 

sorting, 70 μl CD3 Microbeads and 280 μl buffer were added per 5 x 108 cells and 

mixed well and incubated for 15 min on ice. The magnetically-labeled cells were 
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washed in MACS buffer (3 ml per 1 x 107 cells) and centrifuged at 300 g for 10 min and 

the cell pellets were re-suspended in buffer (5 ml per 1 x 107 cells). The magnetic 

separation was carried out as described above, with CD3 positive cells being collected 

within the column and CD3 negative cells flushed through. Cells were used fresh for T 

cell proliferation assays. For αβ T cell lines, the cells were plated in 24-well tissue 

culture plates at a cell density of 1 x 106 cells per ml and expanded in cRPMI 

supplemented with IL-2 (50 IU/ml) for 2 weeks. The medium was replaced twice 

weekly by removing half of the supernatant and replacing with fresh IL-2-

supplemented medium. Cell purity prior to and following expansion was determined 

using mAb against CD3 and analysed by flow cytometry (Fig. 2.8). 

 

 

Figure 2.8. Flow cytometric dot plots of Non-γδ CD3 T cells. A PBMC sample was examined for 

CD3 expression by flow cytometry before and after magnetic bead cell sorting of CD3 T cells. 

Left Panel, CD3 T cells within PBMC. Right panel, CD3 T cells following magnetic bead cell 

sorting. 

2.6.7 iNKT cell expansion 

PBMC were enriched by magnetic bead selection of Vα24+-Jα18+ Vβ11+ iNKT cells 

(Miltenyi Biotec). 100 μl of beads and 400 μl of MACS buffer were added per 1 x 108 

cells and incubated for 15 min. The magnetically-labeled cells were then washed with 

2 ml MACS buffer per 1x108 cells and centrifuged at 300 g for 10 min. The magnetic 

separation was carried out as described above, with CD3 positive cells being collected 
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within the column and CD3 negative cells flushed through.  CD3+ Vα24+ Vβ11+ cells 

were then sorted by flow cytometry and then cultured in 96 well round bottom plates 

at 1 x 103 iNKT cells and 2 x 105 irradiated allogeneic PBMC per well in iNKT medium 

(RPMI supplemented with 10% Hyclone fetal calf serum, 1% penicillin-streptomycin, 

1% fungizone, 50 μM L-glutamine, 50 μM β-metrcaptoethanol, 1% non-essential 

amino acids, 1% essential amino acids, 1 mM sodium pyruvate and 25 mM HEPES). The 

cells were stimulated with 1 μg/ml PHA and 250 IU/ml IL-2. The medium was replaced 

with fresh iNKT medium at 24 h intervals for the first 48 h, and then every 3-4 days for 

3-4 weeks.   

2.6.8 HeLa cervical cancer cells  

HeLa cells (immortalised cervical cancer cells) transfected with CD1a, CD1b, CD1c, CD1 

and mock-transfected, which were a kind gift from Dr. Steven Porcelli (Albert Einstein 

College of Medicine, New York) were maintained in culture flasks in complete DMEM 

medium (DMEM + GlutaMax TM-1 [+] 4.5 g/L glucose, [-] pyruvate, supplemented with 

10% HyClone fetal calf serum, 1% penicillin-streptomycin, 1% fungizone, and 25 mM 

HEPES; Gibco-BRL, Paisley, UK and Thermo-Scientific, Logan, UT) and split 1 in 5 or as 

required, twice weekly. The cells were used when they reached 80% confluency. Due 

to the adherent nature of the cells, they were trypsinised using 0.05% Trypsin-EDTA 

(Gibco-BRL, Paisley, UK) before use. Cell line purity was determined using mAb specific 

for CD1a, CD1b, CD1c and CD1d (Fig. 2.9). 
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Figure 2.9. Flow cytometric dot plots of CD1-transfected HeLa cells. Cells were trypsinised 

and stained with mAb for CD1a, CD1b, CD1c and CD1d. Mock-transfected HeLa cells were 

negative for all four markers.  

2.7 Analysis of cell surface markers and secreted factors from cell cultures 

2.7.1 Analysis of co-stimulatory marker expression  

The expression of antigen presentation markers was measured using flow cytometry.  

Cells of interest were cultured for 24 h. The plates were centrifuged and supernatants 

were collected and frozen at -20°C for later analysis of cytokines by ELISA. The cells 

cultures were stained for surface markers for the cells of interest and markers of 



64 
 

antigen presentation CD40, CD80, CD86 and HLA-DR. Surface expression of these 

markers was compared by mean fluorescence intensity obtained using flow cytometry.   

2.7.2 Analysis of cytokine release from cell cultures  

A sandwich ELISA system was used to quantify cytokines present in cell culture 

supernatants. Cells of interest were cultured for 24 h in round-bottomed 96-well tissue 

culture plates at a density of 1 x 105 cells per well in complete RPMI. The supernatants 

were harvested after 24 h and assayed for levels of IFN-γ, IL-2, IL-4, IL-6, IL-10, IL-12, IL-

13, IL-17 or TNF-α by ELISA using antibody pairs (Table 2.10) purchased from R&D 

Systems (Abingdon, UK) or Biolegend. Nunc Immunoplates (Thermo Scientific, 

Denmark) were coated with mouse anti-human capture antibody, which bound any 

antigen present. The capture antibody was diluted in PBS to working concentration 

and plated in triplicate at 50 μl per well overnight to allow the antibody to coat the 

plate. The following day the plates were washed in wash buffer (PBS with 0.05% 

Tween). Antibody standards were diluted to create a 7 point curve using 2-fold serial 

dilutions in PBS. The standards and supernatants were plated in triplicate at 50 μl per 

well and left to incubate in the dark at room temperature for 2 h. The only cytokine 

that would bind to the plate is the one that the capture antibody is specific for. The 

plates were washed to remove unbound antigen and coated with the goat anti-human 

biotinylated detection antibody for 2 h. The detection antibody would bind only to the 

cytokine it is specific for. Therefore, any cytokine of interest in the supernatant should 

have bound to the capture antibody, and the detection antibody bound to a different 

epitope on the same cytokine. After washing the plates, horseradish-peroxidase-

conjugated streptavidin was added (5 μl/ml) for 15 min, followed by washing. Colour 

substrate tetramethylbenzidine (TMB, Sigma Aldrich) was added at 50 μl per well and 

left to incubate in the dark for 15 min, as the solution is light sensitive. Addition of 

TMB caused the colour to change to blue at a level proportionate to the concentration 

of cytokine in the sample. Stop solution (2N H2SO4, Sigma) was added at 25 μl per well 

to stop the reaction, and the plates were read spectrophotometrically at 450 nm and 

620 nm using a Tecan Sunrise (Tecan, Switzerland). Readings from the reference filter 

were automatically subtracted from readings at 450 nm to correct for optical 

imperfections in the plate. Optical density values were transferred into an Excel 
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(Microsoft) file, where a standard curve was computed to determine the cytokine 

levels (pg/ml). The procedure is summarised in Fig. 2.10. 

 

Table 2.10. ELISA antibodies used and their standard concentrations. 

ELISA kit Top standard 
concentration 

Capture antibody 
working 

concentration 

Detection 
antibody working 

concentration 

Company 

IFN-y Duoset 1000 pg/ml 4 μg/ml 50 ng/ml R&D Systems 

IFN-y Deluxe 500 pg/ml 1:200 1:200 Biolegend 

IL-2 Duoset 1000 pg/ml 4 μg/ml 200 ng/ml R&D Systems 

IL-4 Duoset 2000 pg/ml 4 μg/ml 75 ng/ml R&D Systems 

IL-4 Deluxe 250 pg/ml 1:200 1:200 Biolegend 

IL-6 Duoset 600 pg/ml 2 μg/ml 50 ng/ml R&D Systems 

IL-10 Duoset 2000 pg/ml 2 μg/ml 150 ng/ml R&D Systems 

IL-10 Deluxe 250 pg/ml 1:200 1:200 Biolegend 

IL-12p40 Deluxe  4000 pg/ml 1:200 1:200  Biolegend 

IL-12p70 Duoset 2000 pg/ml 4 μg/ml 100 ng/ml R&D Systems 

IL-12p70 Deluxe 1000 pg/ml 1:200 1:200 Biolegend 

IL-13 Duoset 6000 pg/ml 2 μg/ml 150 ng/ml R&D Systems 

IL-17 Duoset 1000 pg/ml 4 μg/ml 150 ng/ml R&D Systems 

TNF-a Deluxe 500 pg/ml 1:200 1:200 Biolegend 
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Figure 10. Step-by-step ELISA protocol. Immunoplates were coated with capture antibody 

overnight (Table 6). Standards of known cytokine concentrations and cell culture supernatants 

were added for 2 h to allow for antigens to bind to the antibody. A secondary, biotinylated 

antibody was then added for 2 h followed by Streptavidin-HRP which bound to biotin. TMB 

substrate bound to Streptavidin-HRP and produced a colour change from clear to blue. Once 

the colour is fully developed, stop solution was added to stop the reaction, and this turned the 

colour to yellow. The plates were read immediately.   

 

2.7.3 Analysis of intracellular cytokine production 

Whilst ELISA analysis of cell culture supernatants allows quantitative determination of 

cytokines, it cannot discern the cellular source of the secreted cytokines. Using flow 

cytometric analysis, the cellular cytokine source may be determined by staining cells 

with cell surface antibodies for the particular cells and against individual cytokines. In 

order to accumulate cytokines within cells to obtain a detectable signal, protein 

secretion was inhibited using monensin. Monensin is derived from Streptomyces 

cinnamonensis and is a Na+ ionophore that inhibits trans-Golgi transport by collapsing 

intracellular Na+ and H+ gradients that are required for protein transport 
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(Mollenhauer, et al., 1990). Cells of interest were co-cultured or cultured separately in 

the presence of monensin (10 μl/ml, Biolegend) for 4-16 h to promote intracellular 

accumulation of cytokines. The cultures were set up on their own or in the presence of 

phorbol myristate acetate (PMA, 10 ng/ml) and ionomycin (1 ug/ml). PMA activates 

cells through protein kinase C, while ionomycin is a calcium ionophore which affects 

activation potential across cell membranes. Together, these two compounds stimulate 

all cells to proliferate and produce cytokines, thus serving as a positive control (Chatila, 

et al., 1989). After the incubation, the cells were washed and stained for cell surface 

expression of markers for the cells of interest. The cells were washed with PBA and 

fixed with 4% paraformaldehyde (4 g PFA, 90 ml PBS and 40 μl NaOH heated to 60°C 

and cooled to 4°C prior to use). The cells were then washed and treated with 0.2% 

saponin (0.05 g saponin in 25 ml PBA) which permeabilises the cell membrane, 

allowing the antibodies to enter the cell and bind to the cytokines. The cells were 

stained for intracellular expression of IFN-γ, IL-4, IL-6, IL-10, IL-12/23, IL-13, IL-17a, IL-

23 and TNF-α using fluorochrome-conjugated mAb obtained from Biolegend and 

eBioscience. The cells were then washed to restore membrane integrity and analysed 

by flow cytometric analysis. 

2.7.4 Measurement of antibody production by B cells 

Antibody production was assessed using an immunoglobulin cytometric bead array kit 

(BD Biosciences, US). B cells were cultured alone or with T cells in an equal ratio for 7 

days. The supernatants were harvested and tested for IgA, IgM and total IgG. IgM and 

IgA were multiplexed, whereas IgG was run as a single plex. The standards were 

reconstituted in assay diluent for 15 min, and two-fold serial dilutions were performed 

as follows: 1:1, 1:2, 1:4, 1:8, 1:16, 1:32, 1:64, 1:128, 1:256, 0. Wells of 96 well plates 

were coated with capture antibody, followed by either sample or standard and 

allowed to incubate for 1 h at room temperature. The plate was then washed and 

coated with PE detection reagent and incubated for 2 h at room temperature, 

protected from light. The plate was washed, and the samples were fixed in 4% PFA and 

re-suspended in wash buffer. The flow cytometer was set up using the instrument 

setup beads which included unstained beads and single stained beads for each APC, 

APC-Cy7 and PE. IgG, IgA and IgM populations were identified on dot plots of APC-Cy7 
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vs APC (Fig. 2.11A-C) followed by geometric MFI of PE (Fig. 2.11D). A standard curve 

was computed using the standards and was used to determine the immunoglobulin 

concentration in the samples. 

 

               

               

      

 

 

 

 

 

 

Figure 11. Immunoglobulin production by B cells. A, a FS vs SS dot plot depicting the bead 

population. B, dot plot of IgG-positive beads; C, dot plots of IgM- and IgA-positive beads. D, 

histograms of the standards are shown for each immunoglobulin subtype from highest to 

lowest standard.  

2.7.5 Blocking experiments 

To examine the molecules involved in activation of DC and B cells, co-cultures were 

carried out in the presence or absence of low-endotoxin, azide-free functional grade 

blocking antibodies (10 μg/ml) against CD86, CD40L, IFN-γ and IFN-γ receptor, IL-4 and 

IL-4 receptor, or TNF-α or isotype control mAb for 24 h. Similar cell cultures (without 

IgG IgM IgA 

A B C 

D 
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the addition of mAb) were set up in transwell plates to prevent cell contact. The 

effects of blocking on DC and B cell phenotypes, cytokine expression and release and 

antibody production were determined as described above.  

2.7.6 Examination of T cell proliferation and resulting cytokine release 

The ability of specific cells to stimulate proliferation of labeled autologous or 

allogeneic T cells was tested by flow cytometric analysis of CellTrace™ (Invitrogen) 

dilution. PBMC were enriched for CD3 positive cells using a Miltenyi isolation kit and 

stained using a freshly prepared CellTrace™ solution. A vial of component A of the 

CellTrace kit was dissolved in 20 μl DMSO (component B) to obtain a 5 mM stock 

solution. This solution was diluted 1 in 5. The solution was added at 1 μl per ml of cell 

sample (cells at 1x106 per ml) for a final working concentration of 5 μM. The cells were 

stained for 20 min at 37°C in the dark. The unbound dye was quenched by adding 5 

times the amount of staining volume and incubating for 5 min. The cells were pelleted 

and re-suspended in fresh pre-warmed culture medium. The cells were incubated for 

10 min before to allow the stain to undergo acetate hydrolysis. The CellTrace™-

labelled allogeneic resting CD3+ T cells were added to the stimulating cell culture at a 

ratio of 10:1 and cultured for 6 days. Supernatants were collected on days 3-5 of the 

co-culture. PHA-P-stimulated αβ T cells cultured with IL-2 and irradiated PBMC were 

used as positive controls. On day 6, cells were stained using cell surface markers and 

analysed by flow cytometry. A characteristic plot of proliferation peaks is shown below 

(Fig. 2.12). Celltrace violet was detected on FL7 on the violet laser. 

In addition to examining T cell proliferation in response to Vδ2-matured DC and B cells, 

we examined cytokine production by the T cells. Resting CD3+ T cells were added at 

10:1 or 1:1 ratios to the stimulating cell culture for 3 days. The supernatants were 

harvested and examined for cytokine secretion by ELISA.  
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Figure 2.12. T cell proliferation peaks shown by dilution of Cell Trace dye. A, negative control 

sample of unproliferating cells is shown in red, while a positive control sample of proliferating 

cells is shown in green. B, dot plot representatitve of the proliferating peaks is shown.  

2.7.7 Cytotoxicity assay 

Cytolytic degranulation against tumour cell lines was examined by flow cytometric 

analysis of CD107a expression. CD107a, also known as lysosomal membrane protein-1 

(LAMP-1) is mainly found on the membrane of late endosomes-lysosomes, it has also 

been detected in early endosomal membranes, plasma membranes and the 

circulation. Lysosomes are membrane bound organelles rich in hydrolytic enzymes, 

responsible for degrading molecules through endocytosis or phagocytosis or through 

autophagy. Cytotoxic T lymphocyte and NK cell activation results in degranulation and 

secretion of cytotoxic granules which leads to CD107a to be detectable on the surface 

of effector cells. CD107a expression can be measured and has been shown to directly 

correlate with target cell death (Penack, et al., 2005). 

2.8 Vδ3 and iNKT cell stimulation using glycolipids 

Glycolipid stocks were stored at -70°C. Immediately prior to use in cell assays, the 

stocks were thawed at room temperature, mixed by vortexing for 1 min, heated to 

80°C for 2 min and sonicated for 10 min. Working solutions were made by further 

diluting in cRPMI. The lipids were applied to HeLa cells immediately and pulsed 

overnight. 

A B 
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2.9 Statistical Analysis  

Statistical analysis was carried out using GraphPad Prism v 5.0 (San Diego, CA, USA). 

Paired and unpaired t-tests were used to compare the means between different 

treatment. Group comparisons were analysed using two-way ANOVA and Bonferroni 

post hoc tests.  P values of <0.05 were considered statistically significant. 
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Chapter 3 

Characterisation of γδ T cell subsets in 

fresh blood and expanded cell lines   
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3.1 Introduction 

Human γδ T cells constitute a minor population of T cells in peripheral blood and a 

larger one in the epithelial tissues. They play important roles in sensing pathogens and 

other dangers and mediating rapid immune responses. Humans have three main 

subsets of γδ T cells - Vδ1, Vγ9Vδ2 and Vδ3 T cells - and these TCR can respond to a 

variety of stress-induced ligands on host cells, tumours and infected cells or 

phosphoantigens produced by various microbes or transformed host cells in an MHC-

unrestricted way (Hayday, 2000). γδ T cells also express TLR and NK receptors, 

allowing them to also respond to many microbial components (Morita, et al., 2007). 

Once activated they can directly exert cytotoxicity against tumour cells (Dieli, et al., 

2001, Wrobel, et al., 2007, Fisch, et al., 1990, Mattarollo, et al., 2007, Viey, et al., 

2005), rapidly secrete cytokines, chemokines, antiviral and antimicrobial factors 

(Caccamo, et al., 2006, Agrati, et al., 2009, Cipriani, et al., 2000, Dudal, et al., 2006, 

Lehner, et al., 2000) and can stimulate other immune cells including monocytes, 

neutrophils, DC, B cells and other T cells, which in turn activate immune responses 

(Vantourout and Hayday, 2013, Moser and Eberl, 2007, Bonneville, et al., 2010, Chien, 

et al., 2014, Hayday, 2009, Holtmeier and Kabelitz, 2005).  

Vδ1 T cells, which do not pair with a specific Vγ chain, are the second most common γδ 

T cell subset in human blood and are predominantly found in tissues such as skin and 

small intestine where they play important roles in homeostasis, tissue integrity and 

lipid surveillance (Siegers and Lamb, 2014). They do not recognise pAg or 

aminobisphosphonates, but instead recognise stress-induced self-ligands such as 

MICA, MICB and ULBP and lipids presented by CD1 molecules (Ismaili, et al., 2002, 

Leslie, et al., 2002, Spada, et al., 2000). These molecules are also upregulated on 

malignant cells (Diefenbach and Raulet, 2002, Gleimer and Parham, 2003, Raulet, 

2003) thus allowing them to recognise these. An increased prevalence of Vδ1 T cells 

has been found in tumours expressing MICA and MICB (Groh, et al., 1999). Vδ1 T cells 

are also found to be expanded in some viral and bacterial infections and B cell chronic 

lymphocytic leukaemia. Expression of NKG2D by Vδ1 and Vγ9Vδ2 T cells is crucial for 

cytotoxicity against various cancers (Diefenbach and Raulet, 2002). Interestingly, 

unlike Vγ9Vδ2 T cells, Vδ1 T cells reactive to tumours can survive in the circulation for 
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years, thus reinforcing their role in tumour surveillance (Godder, et al., 2007, Lamb, et 

al., 1996). 

Vδ3 T cells are the third most common subset in peripheral blood, but are found in 

higher numbers in the gut and liver and their frequency is also increased in chronic 

viral infections and leukaemia. The ligands that stimulate this subset are yet to be 

identified, but a subset of these have been reported to recognise CD1d (Mangan, et 

al., 2013).  

Vγ9Vδ2 T cells are the predominant subset in blood. Their ligand specificities are well 

defined, and these include pAg, which are metabolites of the pathway of isoprenoid 

biosynthesis, a pathway essential for cell survival employed by most eukaryotic cells 

and many pathogens. There are two distinct pathways, the mevalonate pathway and 

the MEP (Fig. 1.3) pathway. The MEP pathway, which is used by many Gram-positive 

bacteria, mycobacteria, protozoa and parasites (Morita, et al., 2007), results in 

production of HMB-PP, the most potent ligand known to uniquely activate Vγ9Vδ2 T 

cells and which is not produced by human cells. Thus, since it is not found 

endogenously, HMB-PP specifically plays a role in recognition of foreign pathogens by 

Vγ9Vδ2 T cells. HMB-PP can be converted to IPP, another Vγ9Vδ2 T cell antigen of 

much lower potency than its precursor. IPP can also be produced via the mevalonate 

pathway used by most eukaryotes, and thus can serve as a self-ligand in human cells. 

However, the levels normally produced in human cells are not sufficient to activate 

Vγ9Vδ2 T cells. Cell transformation or dysregulation can result in overproduction of 

rate-limiting enzymes in this pathway, such as HMG-CoA reductase, or inhibition of the 

enzyme responsible for breaking down IPP, both of which result in increased IPP levels, 

and ultimately recognition by Vγ9Vδ2 T cells (Thedrez, et al., 2007, Gober, et al., 2003, 

Morita, et al., 2007, Idrees, et al., 2013, Riganti, et al., 2012). Some bacteria such as 

Listeria monocytogens and Streptomyces use both pathways (Heuston, et al., 2012). 

Therefore Vγ9Vδ2 T cells can sense foreign pathogens that employ the MEP pathway 

(Table 1.2), but can also sense cellular dysregulation and thus play an important role in 

immunosurveillance (Girardi, et al., 2001, Kabelitz, et al., 2007, Liu, et al., 2008, Zocchi 

and Poggi, 2004). 
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Aminobisphosphonates, which are synthetic compounds used for their antiosteoclastic 

activity, can also promote IPP accumulation by blocking the enzyme downstream of 

IPP. As a result, aminobisphosphonates such as zoledronate and pamidronate, which 

can induce Vγ9Vδ2 T cell proliferation in vivo and in vitro have gained attention in 

immunotherapies aimed at increasing circulating Vγ9Vδ2 T cell numbers in order to 

exploit their anti-infection and anti-tumour activities (Caccamo, et al., 2008, 

Chiplunkar, et al., 2009, Fisher, et al., 2014).  

Unlike αβ T cells, Vγ9Vδ2 T cells are also efficient APC, referred to as γδ-T-APC, which 

upon activation are capable of expressing co-stimulatory molecules, processing 

peptide antigens and cross-presenting these to CD8 T cells and they can induce 

proliferation of conventional T cells. All these are features of professional APC such as 

DC, but in contrast to DC, the effects in γδ-T-APC are not transient (Moser and 

Brandes, 2006, Moser and Eberl, 2007) and thus are superior to DC in this regard. 

High numbers of pure populations of Vγ9Vδ2 T cells can be obtained in vitro owing to 

the discovery that pAg and aminobisphosphonates exclusively expand the Vγ9Vδ2 T 

cell subset. This can be done directly from PBMC using HMB-PP (Dunne, et al., 2010, 

Petrasca and Doherty, 2014). BrHPP has been shown to expand Vγ9Vδ2 T cells in vivo 

and ex vivo in cancer patients (Bennouna, et al., 2010, Chargui, et al., 2010). 

Metabolite dimethylallyl diphosphate (DMAPP), which is an isomer of IPP, can also 

stimulate Vγ9Vδ2 T cells, but its bioactivity, like that of IPP, is 10,000 fold lower than 

that of HMB-PP (Morita, et al., 2007, Riganti, et al., 2012). As already mentioned 

above, zoledronate and other aminobisphosphonates are currently used in clinical 

trials for cancer treatment for their ability to stimulate Vγ9Vδ2 T cell expansion in vivo 

(Caccamo, et al., 2008, Sicard, et al., 2005). Other strategies involve ex vivo expansion 

of γδ T cells in the presence of IL-2 and adoptively transferring these back into the 

patients (Izumi, et al., 2013). Although several expansion methods have been 

described and are currently used in clinical trials, there is a need to characterise the 

functions of differentially-activated γδ T cells in order to determine the best mode of 

activation to yield the desired immune responses in vivo.  
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3.2 Objectives 

Since γδ T cells show promise as immunotherapeutic agents, the aim of this chapter 

was to investigate and compare the functional capacities of pAg- or zoledronate-

expanded Vδ2 T cells and PHA-expanded Vδ3 T cells by examining their phenotypes 

and cytokine profile. In addition we wished to compare human Vδ1, Vδ2 and Vδ3 T cell 

subset frequencies, phenotypes and cell surface markers in fresh blood and compare 

these to those of expanded γδ T cell lines.    

The specific objectives were: 

 To phenotypically characterise γδ T cell subsets in peripheral blood by 

examining their differentiation status, CD4 and CD8 expression and expression 

of stimulatory surface markers 

 To phenotypically and functionally characterise the human Vδ2 T cell lines 

generated using two different methods of activation: using pAg versus 

aminobisphosphonate 

 To phenotypically and functionally characterise Vδ3 T cell lines generated from 

human blood using PHA activation 
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3.3 Methods 

3.3.1 Phenotypes of peripheral blood γδ T cell subsets  

Fresh human PBMC (section 2.6.1) were phenotyped for expression of CD3, Vγ9, Vδ1, 

Vδ2 and Vδ3, CD4 and CD8 subsets, memory phenotype, and expression of cell 

activation markers, NK markers and TLR. Since γδ T cell subsets are found at very low 

frequencies in blood, γδ TCR+ PBMC were isolated and phenotyped for a clearer 

distinction of sub-populations (see section 2.6.2).  Some markers were included for 

analysis at a later stage and therefore are depicted using lower n numbers.  

3.3.2 Expansion and phenotyping of Vδ2 T cell lines 

Vδ2 T cells were obtained by stimulating magnetically-purified γδ T cells with HMB-PP 

and culturing for 14-28 days in IL-2-supplemented media (see section 2.6.2). The 

expanded cell lines were then examined for CD3, Vγ9 and Vδ2 expression, CD4 and 

CD8 subsets, memory phenotype and expression of cell activation markers, NK 

markers and TLR. Vδ2 T cells were also expanded using the aminobisphosphonate, 

zoledronate from PBMC, without magnetic bead enrichment (see section 2.6.2). The 

resulting Vδ2 percentages and cytokine profiles were examined by flow cytometry and 

compared to those of the phosphoantigen-stimulated Vδ2 T cells. Cytokines for which 

statistical significance was not reached were examined using additional n numbers 

than those that reached significance at lower n numbers. 

3.3.3 Expansion and phenotyping of Vδ3 T cell lines 

Vδ3 T cells were derived by magnetically-enriching PBMC for γδ T cells and sorting 

CD3+Vδ3+ T cells by flow cytometry. The pure sample of Vδ3 T cells was stimulated 

with PHA-P and cultured with irradiated PBMC in IL-2-supplemented media for 28 days 

(see section 2.6.3). The expanded cell lines were then examined for CD3 and Vδ3 

expression and CD4 and CD8 subsets. Cytokine profiles of Vδ3 T cell lines were 

examined by flow cytometry and ELISA. 
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3.4 Results  

3.4.1 Phenotypes of peripheral blood γδ T cell subsets 

The frequency of γδ T cell subsets in peripheral blood of healthy donors was 

characterised by flow cytometry. It was confirmed that Vδ2 T cells are the 

predominant subset, as commonly reported in the literature, followed by Vδ1 T cells 

and lastly Vδ3 T cells, which are the least common subset (Fig. 3.1A). Various Vγ chains 

can pair up with human Vδ chains. We found that Vγ9 expression, as expected, 

reflected the expression of Vδ2 in the same donors (Fig. 3.1B,C). Since the Vδ2 chain is 

known to specifically pair with the Vγ9 chain, we looked for its presence in several 

donors.  We investigated whether all Vδ2 T cells were positive for the Vγ9 chain and 

found that while there were some Vγ9+ cells lacking Vδ2 expression (Fig. 3.2), there 

were virtually no Vδ2 T cells that lacked Vγ9 expression, thus confirming that by 

staining for the Vδ2 chain is sufficient for identifying all Vγ9Vδ2 T cells.  Next, we 

examined whether Vδ3 T cells paired with the Vγ9 chain and found that only a small 

percentage of Vδ3 T cells were also positive for Vγ9 (Fig. 3.3). The Vγ9+Vδ3- cells 

observed were Vδ2+.  

We also examined the percentage of the Vδ1, Vδ2 and Vδ3 T cell subsets as a 

percentage of γδ TCR+ cells. Since γδ T cell subsets are found at low frequency in PBMC 

(usually <3% of lymphocytes), we carried this out in magnetically sorted PBMC which 

contained 40-70% γδ TCR+ lymphocytes. It was confirmed, as in PMBC, that Vδ2 T cells 

were the main subset, followed by Vδ1 T cells and Vδ3 T cells (Fig. 3.4).  
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Figure 3.1. Frequency of γδ T cell subsets in peripheral blood. PBMC were isolated from 

human buffycoat packs and stained for surface expression of CD3, Vδ1, Vδ2, Vδ3 and Vγ9 

(n=17-24). The difference in n numbers between the subsets is due to the inclusion of 

additional donors phenotyped for Vδ2 expression. A, frequency of Vδ1, Vδ2 and Vδ3 T cells in 

fresh PBMC samples. B, expression of Vδ2 versus Vγ9 in a proportion of the donors 

phenotyped in part A (n=10). C, representative flow cytometric dot plots showing Vδ1, Vδ2, 

Vδ3 and Vγ9 T cell subsets, respectively. **p<0.01 using a paired t test.  
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Figure 3.2. Flow cytometric analysis of Vγ9 and Vδ2 expression in fresh PBMC. PBMC were 

isolated from human buffycoat packs and stained for cell surface co-expression of Vγ9 and Vδ2 

by flow cytometry. Left panel, percentage of Vγ9 and Vδ2 expression by CD3+ T cells (n=10). 

Right panel, representative flow cytometric dot plot showing Vγ9 and Vδ2 expression by CD3+ 

T cells.  These donors are the same as those depicted in Fig. 3.1B. **p<0.01, ***p<0.001 using 

a paired t test. 
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Figure 3.3. Flow cytometric analysis of Vγ9 and Vδ3 expression in fresh PBMC. PBMC were 

isolated from human buffycoat packs and stained for cell surface co-expression of Vγ9 and Vδ2 

by flow cytometry. Left panel, percentage of Vγ9 and Vδ3 expression in CD3+ T cells (n=10). 

Right panel, representative flow cytometric dot plot showing Vγ9 and Vδ3 expression in CD3+ T 

cells.   
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Figure 3.4. Frequency of γδ T cell subsets in γδ T cell-enriched PBMC. PBMC were isolated 

from human buffycoat packs and magnetically sorted for γδ TCR+ cells. γδ T cell-enriched 

PBMC containing a high percentage of γδ T cells were stained for surface expression of CD3, γδ 

TCR, “Vδ1”, Vδ2 and Vδ3 (n=6). Left panel, frequency of “Vδ1”, Vδ2 and Vδ3 T cells as a 

percentage of γδ TCR+ T cells. Right panel, representative flow cytometric dot plot showing 

Vδ2 and Vδ3 T cell subsets. Vδ2- Vδ3- γδ TCR+ cells were termed Vδ1 T cells. This was because 

the magnetic particles used to enrich for γδ TCR+ cells are FITC-labeled, and therefore we 

could not directly detect Vδ1 T cells using anti-Vδ1 antibody, as this was also FITC-labeled. 
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3.4.2 Frequency of CD4 and CD8 T cells in peripheral blood γδ T cell subsets 

Next, we defined the CD4 and CD8 subsets in Vδ1 (Fig. 3.5A), Vδ2 (Fig. 3.5B) and Vδ3 

(Fig. 3.5C) T cells and found that the majority were CD4-CD8- in each of the subsets, 

with the next most common being CD8 T cells, and CD4+CD8+ T cells being least 

common. Similar results were also observed in enriched γδ TCR+ PBMC (Fig. 3.6), 

although there was a reduction in CD4+ cell frequency following magnetic bead cell 

sorting of γδ TCR+ cells. There, CD4-CD8- comprised >90% of cells, while in fresh PBMC 

it ranged from 50% to 80%.  

3.4.3 Memory phenotypes of peripheral blood γδ T cell subsets 

We also investigated the memory phenotype of γδ T cell subsets and found that they 

mainly exhibited a naïve phenotype (Fig. 3.7), while very few exhibited an effector 

memory phenotype, which was to be expected in resting cells of a healthy individual.  

3.4.4. Expression of stimulatory surface markers in peripheral blood γδ T cell subsets  

Since it is known that Vδ2 T cells express NK cell markers and TLR receptors, we looked 

for expression of these and other markeres by Vδ1, Vδ2 and Vδ3 T cells. It was found 

that while a small proportion (~5%) of Vδ1 and Vδ2 T cells expressed CD69 (Fig. 3.8), a 

marker of T cell activation, a larger proportion (~15%) of Vδ3 T cells expressed CD69. 

When examining for TLR2 expression by the γδ T cells subsets, it was found that 5-10% 

of each subset expressed TLR2 (Fig. 3.9), thus conferring the ability to recognise 

various pathogens. We also looked for expression of NKG2D, an NK cell marker which 

mediates recognition of tumours cells expressing NKG2D ligands, by the γδ T cell 

subsets and found that  5-10% expressed NKG2D (Fig.3.10). We also found expression 

of CD161, another NK marker, on ~10% of Vδ1 T cells and on ~15-20% of Vδ2 and Vδ3 

T cells (Fig. 3.11). 
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Figure 3.5. Flow cytometric analysis of CD4 and CD8 subsets in fresh PBMC. PBMC were 

isolated from human buffycoat packs and stained for cell surface expression of CD3, CD4, CD8, 

Vδ1, Vδ2 and Vδ3. A-C left panels, CD4 and CD8 subsets of Vδ1 (A; n=12),  Vδ2 (B; n=13) and 

Vδ3 (C; n=13) T cells. Right panels, representative flow cytometric dot plots showing CD4 and 

CD8 subsets of Vδ1, Vδ2 and Vδ3 T cells.  
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Figure 3.6. Flow cytometric analysis of CD4 and CD8 subsets in γδ-enriched PBMC. PBMC 

were enriched for γδ TCR+ cells and stained for cell surface expression of CD3, CD4, CD8, Vδ1, 

Vδ2 and Vδ3. A-C left panels, CD4 and CD8 subsets of Vδ1 (A; n=4), Vδ2 (B; n=6) and Vδ3 (C; 

n=4) T cells. Right panels, representative flow cytometric dot plots showing CD4 and CD8 

subsets of Vδ1, Vδ2 and Vδ3 T cells. 
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Figure 3.7. Flow cytometric analysis of memory phenotype in fresh PBMC. PBMC were 

isolated from human buffycoat packs and stained for cell surface expression of CD3, Vδ1, Vδ2, 

Vδ3, CD45RA and CD27. CD45RA+CD27- cells exhibit a terminally differentiated phenotype; 

CD45RA+CD27+ cells represent naïve cells; CD45RA-CD27+ cells exhibit central memory and 

CD45RA-CD27- cells exhibit an effector memory phenotype. A-C left panels, CD45RA and CD27 

expression by Vδ1 (A; n=6), Vδ2 (B; n=6) and Vδ3 (C; n=6) T cells. Right panels, representative 

flow cytometric dot plots showing CD45RA and CD27 expression by Vδ1, Vδ2 and Vδ3 T cells.  



87 
 

 

 

 

 

Figure 3.8. Flow cytometric analysis of CD69 expression by γδ subsets. PBMC were isolated 

from human buffycoat packs and stained for cell surface co-expression of CD3, CD69, Vδ1, Vδ2 

and Vδ3 and analysed by flow cytometry. A, CD69 expression as a percentage of γδ T cell 

subsets (n=8). B, representative flow cytometric dot plots showing CD69 expression by the 

three γδ T cell subsets.   
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Figure 3.9. Flow cytometric analysis of TLR2 expression by γδ subsets. PBMC were isolated 

from human buffycoat packs and stained for cell surface co-expression of CD3, TLR2, Vδ1, Vδ2 

and Vδ3 and analysed by flow cytometry. A, TLR2 expression as a percentage of γδ T cell 

subsets (n=16). B, representative flow cytometric dot plots showing TLR2 expression by the 

three γδ T cell subsets.   
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Figure 3.10. Flow cytometric analysis of NKG2D expression by γδ subsets. PBMC were 

isolated from human buffycoat packs and stained for cell surface co-expression of CD3, 

NKG2D, Vδ1, Vδ2 and Vδ3 and analysed by flow cytometry. A, NKG2D expression as a 

percentage of γδ T cell subsets (n=10). B, representative flow cytometric dot plots showing 

NKG2D expression by the three γδ T cell subsets.   
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Figure 3.11. Flow cytometric analysis of CD161 expression by γδ subsets. PBMC were isolated 

from human buffycoat packs and stained for cell surface co-expression of CD3, CD161, Vδ1, 

Vδ2 and Vδ3 and analysed by flow cytometry. A, CD161 expression as a percentage of γδ T cell 

subsets (n=16). B, representative flow cytometric dot plots showing CD161 expression by the 

three γδ T cell subsets.  
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3.4.5. Assessing purity of HMB-PP expanded Vγ9Vδ2 T cell lines 

Magnetically sorted γδ TCR+ cells were stimulated with HMB-PP and cultured in the 

presence of IL-2 for 2-4 weeks. The cells were then phenotyped for CD3, Vγ9 and Vδ2 

expression and only cell lines containing >85% Vδ2+ lymphocytes were used for 

subsequent experimental analysis (chapter 4.0). Most cell lines expanded well, with 

the majority reaching >94% purity (Fig. 3.12). In addition, it was found that virtually all 

(>99%) of Vδ2 T cells co-expressed Vγ9 (Fig. 3.13) and there were virtually no Vγ9-Vδ2+ 

cells.  

3.4.6. Expanded Vδ2 T cell lines are CD8 positive or double negative and exhibit an 

effector memory phenotype. 

Analysis of CD4 and CD8 expression by Vδ2 T cell lines revealed that there were 

virtually no CD4 or CD4+CD8+ Vδ2 T cells, with the majority being CD4-CD8- and a small 

percentage (~15%) being CD8 T cells (Fig. 3.14), which may be due to the selective 

expansion of CD8 and DN cells. The expanded cell lines mainly exhibited an effector 

memory phenotype (Fig. 3.15), as they were mainly CD45RA-CD27-, which was 

expected of cells that have been exposed to an antigen and cultured for several weeks. 

There were also some terminally differentiated cells which were CD45RA+CD27-.  

3.4.7. Expanded Vδ2 T cells express markers of T cell activation and TLR  

We examined whether Vδ2 T cell lines expressed T cell activation markers CD69 and 

CD56 and found that the majority (>90%) were CD69+ (Fig. 3.16), with a small 

proportion of those (~7%) co-expressing CD56+.  We also tested for the presence of 

TLR2 and found that in contrast to fresh Vδ2 T cells, the majority of expanded Vδ2 T 

cells did not express TLR2 (<0.5%) (Fig. 3.17) after several weeks of culture. 

3.4.8 Expanded Vδ2 T cells are capable of producing IFN-γ, IL-4 and TNF-α 

We wanted to characterise the cytokine profiles of our expanded Vδ2 T cell lines. Cells 

were rested by culturing them overnight for 24 h in the absence of IL-2. They were 

then re-stimulated with HMB-PP or left unstimulated for 4 h in the presence of 

monensin. The expression and secretion of IFN-γ, IL-4, IL-6, IL-10, IL-12, IL-13, IL-17, IL-
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23 and TNF-α by Vδ2 T cells was examined. It was found that a small percentage of 

resting Vδ2 T cells expressed IFN-γ (Fig. 3.18A,E), and a high percentage expressed IL-4 

(Fig. 3.18B,E), while there was virtually no TNF-α (Fig 3.18C,F) or IL-13 (Fig. 3.18D,F) 

detected in Vδ2 T cells that were not restimulated. HMB-PP induced a ~3-fold increase 

in IFN-γ-producing cells and a 20-fold increase in TNF-α producing cells while there 

was no increase in IL-4 or IL-13 expression. There was also no expression of IL-10, IL-12 

(Fig. 3.18G), IL-6, or IL-23 (data not shown) in resting or HMB-PP-activated Vδ2 T cells.   

As the data presented above revealed the percentage of cells expressing cytokines, we 

next quantified the levels of cytokine secretion in the cultures. ELISA revealed that in 

addition to an increase in IFN-γ- and TNF-α-producing Vδ2 T cells, there was also an 

increase in IFN-y (Fig. 3.19A) and TNF-α (Fig. 3.19C) secretion after 24 h. While there 

was a high percentage of IL-4-expressing Vδ2 T cells, these did not secrete IL-4, while 

the HMB-PP-activated Vδ2 T cells produced significantly increased levels of IL-4 (Fig 

3.19B) after 24 h. It was also shown that there was no increase in levels of IL-6 (Fig. 

3.19D) or IL-10 (Fig. 3.19E) by HMB-PP-activation. Furthermore, it was found that after 

a further 2 days there was a reduction in IFN-γ, IL-4 and TNF-α secretion compared to 

two days prior. There was no IL-12 or IL-17 secretion from Vδ2 T cells (data not 

shown).  
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Figure 3.12. Flow cytometric analysis of purity of expanded Vδ2 T cell lines. Vδ2 T cell lines 

were generated by stimulating magnetically sorted γδ T cells with HMB-PP and culturing for 

14-28 days in IL-2 supplemented RPMI.  Expanded Vδ2 T cells were analysed for expression of 

CD3 and Vδ2 by flow cytometry. Left panel, mean (±SEM) percentage of CD3+ Vδ2+ T cells in 

expanded cell lines (n=43). Right panel, representative flow cytometric dot plot showing 

percentage of CD3+ Vδ2+ lymphocytes.  
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Figure 3.13. Flow cytometric analysis of Vγ9 and Vδ2 expression in expanded Vδ2 T cell lines. 

Vδ2 T cell lines were generated by stimulating magnetically sorted γδ T cells with HMB-PP and 

culturing for 14-28 days in IL-2 supplemented RPMI.  Expanded Vδ2 T cells were analysed for 

co-expression of Vγ9 and Vδ2 by flow cytometry. Left panel, mean (±SEM) percentage of Vγ9 

and Vδ2 co-expressing CD3 T cells (n=8). Right panel, representative flow cytometric dot plot 

showing Vγ9 and Vδ2 expression by CD3+ T cells.   
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Figure 3.14. Flow cytometric analysis of CD4 and CD8 subsets in expanded Vδ2 T cell lines. 

Vδ2 T cell lines were generated by stimulating magnetically sorted γδ T cells with HMB-PP and 

culturing them for 14-28 days in IL-2 supplemented RPMI. Expanded Vδ2 T cells were 

examined for expression of CD4 and CD8. Left panel, mean (±SEM) percentage of CD4 and CD8 

subsets in CD3+ Vδ2+ T cells (n=7). Right panel, representative flow cytometric dot plot 

showing CD4 and CD8 subsets.  
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Figure 3.15. Flow cytometric analysis of memory phenotype in expanded Vδ2 T cell lines. 

Vδ2 T cell lines were generated by stimulating magnetically sorted γδ T cells with HMB-PP and 

culturing for 14-28 days in IL-2 supplemented RPMI. Expanded Vδ2 T cells were examined for 

expression of CD45RA and CD27. Left panel, mean (±SEM) expression of CD45RA and CD27 in 

CD3+ Vδ2+ T cells (n=7). Right panel, representative flow cytometric dot plot showing the 

memory phenotype. CD45RA+CD27- cells represent terminally differentiated cells (TEMRA), while 

CD45RA+CD27+ cells exhibit a naïve phenotype. CD45RA-CD27+ cells represent central memory 

T cells (TCM) and CD45RA-CD27- cells are effector memory T cells (TEM).  
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Figure 3.16. Flow cytometric analysis of markers of T cell activation in expanded Vδ2 T cell 

lines. Vδ2 T cell lines were generated by stimulating magnetically sorted γδ T cells with HMB-

PP and culturing for 14-28 days in IL-2 supplemented RPMI.  Expanded Vδ2 T cells were 

examined for expression of CD56 and CD69. Left panel, mean (±SEM) CD69 expression in 

expanded Vδ2 T cell lines (n=7). Centre panel, mean (±SEM) CD56 expression in expanded Vδ2 

T cell lines (n=7). Right panel, representative flow cytometric dot plot showing CD69 and CD56 

expression. 
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Figure 3.17. Flow cytometric analysis of TLR2 expression in expanded Vδ2 T cell lines. Vδ2 T 

cell lines were generated by stimulating magnetically sorted γδ T cells with HMB-PP and 

culturing for 14-28 days in IL-2 supplemented RPMI.  Expanded Vδ2 T cells were examined for 

expression of TLR2. Left panel, mean (±SEM) TLR2 expression in expanded Vδ2 T cell lines 

(n=7). Right panel, representative flow cytometric dot plot showing TLR2 expression. 
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Figure 3.18. Intracellular cytokine production by Vδ2 T cells. Vδ2 T cell lines were generated 

by stimulating magnetically sorted γδ T cells with HMB-PP and culturing for 14-28 days in IL-2 

supplemented RPMI. Expanded Vδ2 T cells were transferred to IL-2-free media overnight. The 

cells were then cultured with monensin in the presence or absence of HMB-PP for 4 h and 

examined for intracellular IFN-γ, IL-4, TNF-α and IL-13 expression by flow cytometry. A-D, 

mean (±SEM) percentage of Vδ2 T cells that express IFN-γ (A; n=9), IL-4 (B; n=14), TNF-α (C; 

n=4) and IL-13 (D; n=4). E-H, representative flow cytometric dot plots showing IFN-γ and IL-4 

(E), TNF-α and IL-13 (F), IL-10 and IL-12 (G) and TNF-α and IL-17a (H) expression by resting (left 

panels) or HMB-PP-activated (right panels) Vδ2 T cells. *p<0.05 using a paired t-test. 
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Figure 3.19. Cytokine secretion from Vδ2 T cell supernatants. Vδ2 T cell lines were generated 

by stimulating magnetically sorted γδ T cells with HMB-PP and culturing for 14-28 days in IL-2 

supplemented RPMI.  Expanded Vδ2 T cells were transferred to IL-2-free media and cultured 

for 24 or 72 h in the presence or absence of HMB-PP. The supernatants were then assayed for 

levels of IFN-γ, IL-4, TNF-α, IL-6 and IL-10. A-E, IFN-γ (A; n=3), IL-4 (B; n=4-6), TNF-α (C; n=-3-6), 

IL-6 (D; n=3-8) and IL-10 (E; n=9) secretion by Vδ2 T cells in supernatants. *p<0.05, **p<0.01 

using a paired t-test. 

 

  



101 
 

3.4.9 Aminobisphosphonate stimulation is more efficient than phosphoantigen 

stimulation in expanding Vδ2 T cells and they induce different cytokine profiles 

PBMC were stimulated with HMB-PP or zoledronate and expanded for 2 weeks. Two 

distinct batches of HMB-PP were assessed. The purity was then assessed by flow 

cytometry. It was found that zoledronate appeared  to be more efficient than the new 

batch of HMB-PP in inducing Vδ2 T cell expansion (Fig. 3.20A,B). However, this was 

due to the lower activity of the new batch of HMB-PP. The new batch increased Vδ2 T 

cell purity to ~30%, while the old batch increased purity to ~50%. There was no 

difference in stimulating capacity between the old HMB-PP batch and the optimum 

zoledronate dose used. Furthermore, it was found that both HMB-PP and zoledronate 

induced the expansion of the same CD4 and CD8 subsets (Fig. 3.21).  

Unstimulated HMB-PP- or zoledronate-expanded Vδ2 T cells produced very low levels 

of IFN-γ (Fig. 3.22A,G) and TNF-α (Fig. 3.22C,G) but high background levels of IL-4 (Fig. 

3.22B,G) and virtually no IL-10 (Fig. 3.22D,G), IL-13 (Fig. 3.22E,G) or IL-17 (Fig. 3.22F,G). 

Interestingly, restimulated zoledronate- and HMB-PP-expanded Vδ2 T cells had 

distinct cytokine profiles, with zoledronate-restimulated zoledronate-expanded Vδ2 T 

cells unable to produce IFN-γ or TNF-α, while HMB-PP-restimulated HMB-PP-expanded 

Vδ2 T cells produced IFN-γ and TNF-α, while neither increased IL-4, IL-10, IL-13 or IL-17 

levels. In addition, when expanded with zoledronate and HMB-PP simultaneously, 

HMB-PP was unable to restore the zoledronate-induced inhibition of IFN-γ and TNF-α 

production by Vδ2 T cells.  

3.4.10 Assessing purity of expanded Vδ3 T cell lines 

Expanded Vδ3 T cell lines were more difficult to expand into a pure population of Vδ3 

T cells, owing to the fact that the antigen, PHA-P, is non-specific and drives 

proliferation of all T cells. Therefore, if the flow cytometry cell sort did not yield a very 

pure population of Vδ3 T cells, PHA-P would have also expanded any other T cells 

present. Only cell lines containing >85% Vδ3+ lymphocytes were used for subsequent 

experiments (chapter 5.0). With the exception of a few donors, most Vδ3 T cells 
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reached the desired purity (Fig. 3.23). Like Vδ2 T cell lines, Vδ3 T cell lines were mostly 

CD4-CD8-, and some were CD8+ (Fig. 3.24). 

3.4.11 Resting Vδ3 T cells produce very low cytokine levels 

The cytokine profile of the expanded Vδ3 T cell lines was characterised by testing for 

production of IFN-γ, IL-4, TNF-α and IL-17. It was found that Vδ3 T cells expressed 

these at very low levels (Fig. 3.25), and these were not increased by PHA-P stimulation 

(data not shown). PMA and ionomycin stimulation was able to induce an increase in 

IFN-γ (Fig. 3.25A,E), IL-4 (Fig 3.25B,E) and TNF-α (Fig. 3.25C,F) but not IL-17a (Fig. 

3.25D,F) expression by Vδ3 T cells. In contrast, PHA induced a significant increase in 

IFN-γ secretion (Fig. 3.26A) by Vδ3 T cells and a moderate increase in IL-4 secretion 

(Fig. 3.26B).  No IL-17 secretion by Vδ3 T cells was detected by ELISA (data not shown).  
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Figure 3.20.  Flow cytometric analysis of purity of expanded Vδ2 T cell lines. PBMC were 

stimulated with Zoledronate, HMB-PP or a combination of the two and cultured for 14 days in 

IL-2-supplemented RPMI. Two different HMB-PP batches: the old one (#1) and new one (#2) 

were compared for their stimulating capability. Expanded Vδ2 T cells were analysed for 

expression of CD3 and Vδ2 by flow cytometry. A, mean (±SEM) percentage of CD3+ Vδ2+ T cells 

in expanded cell lines (n=10). B, representative flow cytometric dot plots showing percentage 

of CD3+ Vδ2+ lymphocytes with the 3 different stimulations. 
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Figure 3.21. Flow cytometric analysis of CD4 and CD8 subsets in expanded Vδ2 T cell lines. 

PBMC were stimulated with zoledronate, HMB-PP or a combination of the two and cultured 

for 14 days in IL-2-supplemented RPMI. Expanded Vδ2 T cells were analysed for expression of 

CD4 and CD8 subsets of CD3+Vδ2+ T cells by flow cytometry. A, mean (±SEM) percentage of 

CD3+ Vδ2+ T cells in expanded cell lines (n=10). B, representative flow cytometric dot plots 

showing CD4 and CD8 subsets of CD3+ Vδ2+ T cells with the 3 different stimulations. 
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Figure 3.22 Intracellular cytokine expression by phosphoantigen and aminobisphosphonate-

expanded Vδ2 T cell lines. PBMC were stimulated with zoledronate, HMB-PP or a combination 

of the two and cultured for 14 days in IL-2-supplemented RPMI. The expanded Vδ2 T cell lines 

were transferred to IL-2-free media overnight and then cultured with monensin for 4 h. Half of 

the cells were left unstimulated, and the other half were restimulated with the original 

stimulus used for the expansion. The cell cultures were then examined for intracellular 

expression of IFN-γ, IL-4, TNF-α, IL-10, IL-13 and IL-17a. A-F, mean (±SEM) percentage (n=3) of 

IFN-γ (A), IL-4 (B), TNF-α (C), IL-10 (D), IL-13 (E) and IL-17a (F) in expanded Vδ2 T cell lines.  G, 

representative flow cytometric dot plots showing cytokine production in Zoledronate-

expanded Vδ2 T cell lines. **p<0.01, ***p<0.001 using a two-way ANOVA (Bonferroni post-

hoc test).  
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Figure 3.23. Flow cytometric analysis of purity of expanded Vδ3 T cell lines. PBMC were 

magnetically sorted for γδ TCR+ cells and then sorted for CD3+Vδ3+ by flow cytometry. The 

pure Vδ3 T cell lines were stimulated with PHA-P and irradiated PBMC and cultured for 28 

days in IL-2-supplemented RPMI. Expanded Vδ3 T cells were examined for CD3 and Vδ3 

expression by flow cytometry. Left panel, mean (±SEM) percentage of CD3+ Vδ3+ T cells in 

expanded lines (n=16). Right panel, representative flow cytometric dot plot showing 

percentage of CD3+ Vδ3+ lymphocytes.  
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Figure 3.24. Flow cytometric analysis of CD4 and CD8 subsets in expanded Vδ3 T cell lines. 

PBMC were magnetically sorted for γδ TCR+ cells and then sorted for CD3+Vδ3+ by flow 

cytometry. The pure Vδ3 T cell lines were stimulated with PHA-P and irradiated PBMC and 

cultured for 28 days in IL-2-supplemented RPMI. Expanded Vδ3 T cell lines were examined for 

surface expression of CD4 and CD8. Left panel, mean (±SEM) percentage of CD4 and CD8 

subsets in CD3+ Vδ3+ T cells (n=4). Right panel, representative flow cytometric dot plot 

showing CD4 and CD8 expression by Vδ3 T cells. 
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Figure 3.25. Cytokine production by expanded Vδ3 T cell lines. PBMC were magnetically 

sorted for γδ TCR+ cells and then sorted for CD3+Vδ3+ by flow cytometry. The pure Vδ3 T cell 

lines were stimulated with PHA-P and irradiated PBMC and cultured for 28 days in IL-2-

supplemented RPMI. Expanded Vδ3 T cell lines were transferred to IL-2-free media overnight. 

The cells were then cultured for 4 h with monensin in the presence or absence of PMA and 

ionomycin, which acted as a positive control. The cells were then stained for intracellular 

expression of IFN-γ, IL-4, TNF-α and IL-17a. A-D, intracellular expression of IFN-γ (A), IL-4 (B), 

TNF-α (C) and IL-17a (D) by untreated (n=7) or PMA and ionomycin-stimulated (n=3) Vδ3 T 

cells. E, representative flow cytometric dot plots showing IFN-γ and IL-4 production by Vδ3 T 

cells. F, representative flow cytometric dot plots showing TNF-α and IL-17a production by Vδ3 

T cells. G, representative flow cytometric dot plots showing cytokine production by Vδ3 T cells 

following PMA & ionomycin stimulation for 4 h. *p<0.05, **p<0.01, ***<0.001 using a paired t 

test. 
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Figure 3.26. Cytokine secretion by Vδ3 T cells. PBMC were magnetically sorted for γδ TCR+ 

cells and then sorted for CD3+Vδ3+ by flow cytometry. The pure Vδ3 T cell lines were 

stimulated with PHA-P and irradiated PBMC and cultured for 28 days in IL-2-supplemented 

RPMI.  Expanded Vδ3 T cells were cultured in IL-2-free media overnight and cultured for 4 h in 

the presence or absence of PHA-P. The supernatants were harvested and assayed for levels of 

IFN-γ and IL-4 by ELISA. A, IFN-γ secretion by unstimulated, PHA-P-treated (n=6) Vδ3 T cells. B, 

IL-4 secretion by unstimulated or PHA-P-treated Vδ3 T cells (n=4). **p<0.01 using a paired t-

test.  
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3.5 Discussion 

γδ T cells have attracted interest as immunotherapeutic agents owing to their ability 

to respond rapidly when faced with a wide array of pathogens or transformed cells, 

without the requirement for MHC presentation. They recognise danger through 

expression of the TCR, TLR and stimulatory NK receptors  and respond by killing target 

cells and activating various other immune cells, thus acting as a bridge between the 

innate and adaptive immune system (Hayday, 2000, Vantourout and Hayday, 2013). 

Their frequencies are often reduced in bacterial and viral infections and cancers. A 

major goal has been to manipulate the functional properties of γδ T cells optimise 

their antitumour activities. This could be done directly through in vivo stimulation, or 

adoptive transfer of ex vivo-expanded cell lines. Thus, the aim of this chapter was to 

assess expansion methods for two γδ T cell subsets and compare the resulting 

phenotypes to those of γδ T cells in freshly-isolated PBMC. We compared the 

phenotypes of the three γδ T cell subsets in peripheral blood of healthy donors and 

examined the phenotypes and cytokine profiles of expanded Vδ2 and Vδ3 T cell lines. 

We confirmed that Vδ2 T cells were the predominant subset in these donors, followed 

by Vδ1 T cells, and lastly, Vδ3 T cells (Halary, et al., 2005, Kalyan and Kabelitz, 2013). 

We also showed that, as previously described, the majority of Vδ2 T cells paired with 

the Vγ9 chain (Dunne, et al., 2010), and thus subsequently defined Vγ9Vδ2 T cells 

using solely an antibody specific for the Vδ2 TCR chain. In contrast, Vδ3 T cells were 

mainly Vγ9-, thus indicating that they pair with different Vγ chains.  Vδ1 T cells have 

been previously found not to pair with specific Vγ chains (Siegers and Lamb, 2014).  

It has been shown that most peripheral γδ T cells lack CD4 and CD8 expression 

(Hayday, 2000, Kabelitz, et al., 2000) which is in line with lack of MHC restriction. We 

saw that Vδ1, Vδ2 and Vδ3 subsets in PBMC were predominantly DN for CD4 and CD8, 

although there were small proportions of CD4 and CD8 γδ T cells. Interestingly, there 

were virtually no CD4 T cells following expansion, as was also seen by Dunne and 

colleagues (Dunne, et al., 2010). Thus the expansion method for γδ T cells appeared to 

exclude CD4 T cells, and hence they were found in low numbers in expanded lines. 
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Furthermore, we found that there was no difference in CD4 and CD8 frequencies 

between HMB-PP- and zoledronate-activated Vδ2 T cells.  

Analysis of differentiation status revealed that fresh Vδ1, Vδ2 and Vδ3 T cells exhibited 

predominantly naïve phenotypes, as expected of resting cells that have not been in 

contact with antigens. Naïve cells accounted for the majority of Vδ1, Vδ2 and Vδ3 T 

cells. In all subsets a fifth were of TEMRA phenotype and another fifth were of TCM 

phenotype, while TEM were the least common in all 3 subsets. These results, which 

used only a small number of donors were not in full agreement with other studies 

(Dieli, et al., 2003, Dunne, et al., 2010, Caccamo, et al., 2005) that have shown that 

naïve cells constitute for just a fifth of Vδ2 T cells, while TEMRA account for just a small 

percentage, while TCM make up the majority and TEM account for a high proportion of 

Vδ2 T cells. However, there was substantial inter-donor variability in the cited studies, 

which was also observed in the donors examined in this study. Furthermore, expanded 

Vδ2 and Vδ3 T cells exhibited a mainly TEM status, as expected following antigen 

exposure and culture for several weeks, which was also shown by others (Dunne, et 

al., 2010). 

We also found that a minority of Vδ1 and Vδ2 T cells expressed CD69, a marker of T 

cell activation, which was also seen by Dunne et al (2010) and it was found on a 

proportion of Vδ3 T cells. Upon pAg activation, the majority of Vδ2 T cells expressed 

CD69, which was also previously reported (Dunne, et al., 2010, Pechhold, et al., 1994). 

Although CD56 expression was reported to be upregulated upon pAg stimulation 

(Zheng, et al., 2013), we found CD56 expression on only a small percentage of pAg-

stimulated Vδ2 T cells, and these co-expressed CD69. However, this was assessed 2 

months following pAg stimulation and the cells may have expressed higher levels of 

CD56 earlier post-activation. Dunne found that a third of Vδ2 T cells expressed CD56 

following pAg stimulation. TLR2 expression was observed in each of the subsets, which 

agrees with other studies which showed that Vδ2 T cells express various TLR including 

TLR1, TLR2 and TLR3 (Pietschmann, et al., 2009, Wesch, et al., 2006, Wesch, et al., 

2011, Beetz, et al., 2008). However, TLR2 was virtually undetectable on our pAg-

expanded Vδ2 T cells. Vδ2 T cells also frequently express NKG2D (Biassoni, et al., 

2001), which allows them to directly detect and kill tumour cells. We found that a 
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proportion of Vδ1, Vδ2 and Vδ3 T cells expressed the NK cell marker NKG2D. We also 

observed CD161 expression by all three subsets. Recently, CD161 has been linked with 

TH17-expressing cells, and its presence on γδ T cells is consistent with their ability to 

produce TH17 cytokines under certain conditions. Overall, we found great inter-

individual variability among donors, and thus higher numbers would be required to 

better define these phenotypes.   

A single stimulation with HMB-PP of enriched γδ T cells was sufficient to yield cell lines 

of high purity after two weeks of culture. We found that most donors reached high 

purity using this method. However, expansion from PBMC was not successful in all 

donors, as some donors did not expand well upon HMB-PP stimulation, and on 

average, purity of ~30% was obtained. It is important to note that the old batch of 

HMB-PP was more potent than the new one. In contrast, most donors responded to 

stimulation using the aminobisphosphonate zoledronate, resulting in purities of ~70% 

in the same donors. Using both zoledronate and HMB-PP simultaneously did not 

significantly increase Vδ2 T cell purities.  

Vδ2 T cells are known to rapidly produce TH1 cytokines IFN-γ and TNF-α upon 

activation, but can also be primed to produce TH17 cytokines under certain conditions 

(Eberl, et al., 2009). We investigated the expression of TH1, TH2 and TH17 cytokines, 

and confirm this by showing that HMB-PP-activated Vδ2 T cells produced IFN-γ and 

TNF-α, but no TH2 or TH17 cytokines. Interestingly, we found that while a high 

percentage of resting Vδ2 T cells expressed IL-4 within 4 h of stimulation, these did not 

secrete IL-4 within 24-72 h. However, following HMB-PP-activation there was a 

significant increase in IL-4 secretion by Vδ2 T cells, even though the numbers 

expressing IL-4 remained the same. IFN-γ and TNF-α levels by HMB-PP-activated Vδ2 T 

cells were also significantly increased within 24 h. At the 72 h time point, cytokine 

levels were lower than 2 days earlier, suggesting that the cytokines were used up or 

recycled by the cells. Another interesting finding was that stimulation with zoledronate 

seemed to induce TH2 but not TH17 cytokines and also prevented TH1 cytokine 

production by Vδ2 T cells, highlighting the difference in activation mode between pAg 

and aminobisphosphonate stimulation of Vδ2 T cells.  
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Vδ3 T cells are found at very low frequencies in human blood, and they must be 

activated and expanded for in vitro studies. Thus far, only one method to expand Vδ3 

T cells has been described (Mangan, et al., 2013). As no ligand for this cell subset has 

yet been identified, these cells can only be stimulated by the non-specific mitogen 

PHA, which stimulates all T cells. Thus, to yield highly pure populations of this subset in 

vitro, the cells must first be sorted from PBMC by flow cytometry to recover a highly 

pure population. An excess number of irradiated PBMC were used to provide cell 

contact and secreted factors required to stimulate T cell expansion. Expansion was 

carried out in conjunction with IL-2, which is required for cell survival and proliferation 

(Smith, 1988). Within 4 weeks, we found an increase in cell numbers of up to 1,000 

fold, and these cells were of high purity (>90%). However, it is important to note that 

this was not the case when cell sorting did not yield pure populations of Vδ3 T cells 

prior to in vitro expansion. 

We found that, like Vδ2 T cells, Vδ3 T cells were mainly DN for CD4 and CD8, and there 

was a small percentage of CD8 T cells. These findings reflect those found by Mangan et 

al (2013), which also found that Vδ3 T cells expressed high levels of NKG2D, CD56, 

CD28, HLA-DR, CD161 and low levels of CD69, CD25 and NKG2A but no NKG2C, thus 

indicating that Vδ3 T cells, like Vδ2 T cells express phenotypic markers that are also 

found on NK cells which confer the ability to recognise tumour cells (Mangan, et al., 

2013). 

Analysis of cytokine production revealed that resting Vδ3 T cells expressed very low 

levels of IFN-γ, TNF-α and IL-4 and no IL-17. Upon stimulation with PMA and 

ionomycin, IFN-γ, TNF-α and IL-4 levels were significantly increased. While PHA did not 

affect cytokine expression by Vδ3 T cells, PHA induced a significant increase in IFN-γ 

secretion, and a small increase in IL-4 secretion. Moreover, we found that IL-17 levels 

remained the same following PMA and ionomycin stimulation. This is in contrast to the 

findings by Mangan and colleagues which found that they produced high levels of IL-17 

upon PMA and ionomycin stimulation. In addition, they also assessed IL-10 levels and 

found that Vδ3 T cells did not produce IL-10. Thus, like Vδ2 T cells, activated Vδ3 T 

cells can produce TH1 cytokines, but not TH2, TH17 or Treg cytokines (Mangan, et al., 
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2013). The cytokine profiles of expanded Vδ2 and Vδ3 T cells are summarised in Fig. 

3.27.  

A summary comparing the differences between surface receptors and cytokine 

production by fresh and expanded Vδ2 or Vδ3 T cells is depicted in Fig. 3.28.  

γδ T cells are found in very small numbers, and thus to study their effects or to harness 

their therapeutic potential, they need to be expanded. There are various methods 

described for expanding Vδ2 T cells in vitro. HMB-PP is the most potent activator, but 

others include the synthetic BrHPP (Bennouna, et al., 2010, Chargui, et al., 2010), IPP 

(Tanaka, et al., 1995) and aminobisphosphonates such as zoledronate (Dieli, et al., 

2007). Cancer immunotherapy strategies often involve adoptive transfer of ex vivo Vδ2 

T cells into patients (Izumi, et al., 2013, Bennouna, et al., 2008, Kobayashi, et al., 2007, 

Nakajima, et al., 2010, Bonneville and Scotet, 2006) where circulating Vδ2 T cell 

numbers are decreased due to the disease. An increased number of circulating Vδ2 T 

cells has been found to increase the susceptibility of tumour cells to Vδ2-mediated cell 

lysis (Wrobel, et al., 2007, Benzaid, et al., 2011, Todaro, et al., 2009) and has been 

associated with increased tumour clearance (D'Asaro, et al., 2010, Capietto, et al., 

2011, Hannani, et al., 2012). However, the same potent effector activities could also 

result in undesirable immune responses such as inflammation and autoimmunity. 

Thus, a better understanding of the outcomes of manipulating the interactions 

between γδ T cells with other immune cells is required to direct desired immune 

responses, and will be examined in the subsequent chapters.  
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Figure 3.27. Summary of cytokine production by Vδ2 and Vδ3 T cells. A, Resting Vδ2 T cells 

produce IL-4 and very low levels of other TH1 and TH2 cytokines, and upon HMB-PP activation 

they also produce IFN-γ and TNF-α, while Zoledronate only induced IL-4 production. B, resting 

Vδ3 produce very low levels of TH1 and TH2 cytokines and upon PHA-P stimulation they 

produce IL-4 and IFN-γ, while PMA and ionomycin stimulation also induced IL-4 production.  
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Figure 3.28. Summary of cell surface markers and cytokine production by fresh versus 

expanded Vδ2 and Vδ3 T cells. A, Resting, fresh Vδ2 T cells express low levels of activation 

markers, TLR and NK markers, and are predominantly CD4 and CD8 negative, but also express 

CD4 or CD8. Furthermore, they exhibit a predominantly naïve phenotype, although there is a 

high proportion of central memory cells (TCM) and terminally differentiated cells (TEMRA). 

Following expansion using HMB-PP and IL-2 for 14 days, resting Vδ2 T cells express a reduced 

level of TLR2 but an increased expression of activation markers, and although a small 

percentage express CD8, there are no CD4+ cells. In addition, most of the cells express an 

effector memory phenotype (TEM). Lastly, expanded Vδ2 T cells produce higher levels of IFN-γ 

and IL-4 than fresh Vδ2 T cells. B, Resting, fresh Vδ3 T cells also express low levels of TLR, NK 

receptors and activation markers, and they are predominantly CD4 and CD8 negative, but can 

also express CD4 or CD8. Similarly, they exhibit a predominantly naïve phenotype but also TCM 

and TEMRA differentiation status. Following expansion with PHA-P and IL-2 for 28 days, these 

cells are predominantly double negative for CD4 and CD8 and there are no CD4+ cells. Unlike 

Vδ2 T cells, expanded Vδ3 T cells do not express increased levels of IFN-γ and IL-4 compared to 

fresh Vδ3 cells.   
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Chapter 4 

Reciprocal activating interactions 

between human Vδ2+ γδ T cells, 

dendritic cells and B cells 
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4.1 Introduction 

T cells expressing the Vγ9Vδ2 TCR comprise the most abundant γδ T cell subset in 

human blood, where they typically account for 1-5% of T cells in healthy adults 

(Kabelitz and He, 2012, Vantourout and Hayday, 2013, Morita, et al., 2007, Chien, et 

al., 2014). In many microbial infections, Vγ9Vδ2 T cells dramatically expand, reaching 

>50% of all T cells at infected sites (Hara, et al., 1992), thus indicating their importance 

in antimicrobial immunity and their potential for diagnostic and therapeutic use. The 

Vγ9Vδ2 TCR recognises a variety of pAg, which are low molecular weight 

pyrophosphate intermediates of isoprenoid biosynthesis. The most potent pAg is 

HMB-PP, an intermediate of the non-mevalonate pathway that is found in the majority 

of Gram-negative bacteria, some Gram-positive species and some parasites (Morita, et 

al., 2007, Eberl, et al., 2003) but is not found endogenously. Eukaryotic cells use the 

alternative, mevalonate pathway which results in IPP production, and can thus serve 

as a self-ligand for Vγ9Vδ2 T cells. Aminobisphosphonates, which are clinically 

approved for use in bone disorders, can also activate Vγ9Vδ2 T cells through IPP 

accumulation. They do this by inhibiting the enzyme responsible for IPP breakdown. 

Recently, BTN3A/CD277 was shown to bind to pAg within cells, resulting in activation 

of Vγ9Vδ2 T cells (Harly, et al., 2012, Sandstrom, et al., 2014) and although the 

mechanism is not fully understood, it provides insight into Vγ9Vδ2 T cell activation. 

Activated Vγ9Vδ2 T cells exhibit a range of effector functions including direct 

cytotoxicity of infected and tumour cells, the induction of inflammatory and 

immunoregulatory processes and promotion of the survival, differentiation and 

activation of monocytes, neutrophils, dendritic cells, αβ T cells and B cells (Kabelitz and 

He, 2012, Vantourout and Hayday, 2013, Morita, et al., 2007, Chien, et al., 2014). 

Vγ9Vδ2 T cells can bridge innate and adaptive immune responses by promoting the 

differentiation of a number of cell types into APC. DC are the most potent professional 

APC.  They exist in peripheral tissues as specialised cells for pathogen recognition and 

uptake by phagocytosis, endocytosis and pinocytosis, which results in their 

upregulated expression of antigen presenting and co-stimulatory molecules, secretion 

of cytokines and migration to lymphoid organs where they present antigen to naïve T 
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cells (Banchereau, et al., 2000, Mellman and Steinman, 2001). Vγ9Vδ2 T cells, alone 

and in synergy with pathogen products, can induce differentiation of DC into 

immunogenic APC that express co-stimulatory markers, produce cytokines and 

stimulate T cells (Dunne, et al., 2010, Conti, et al., 2005, Devilder, et al., 2006, Ismaili, 

et al., 2002, Martino, et al., 2005, Shrestha, et al., 2005). Furthermore, HMB-PP-

stimulated Vγ9Vδ2 T cells are also capable of promoting survival and differentiation of 

monocytes into inflammatory DC (Eberl, et al., 2009, Kalyan and Chow, 2009). Vγ9Vδ2 

T cells are also capable of inducing recruitment, activation and survival of neutrophils 

(Agrati, et al., 2009, Davey, et al., 2011) and a recent study has shown that neutrophils 

exposed to Vγ9Vδ2 T cells acquire the ability to present microbial antigens to CD4+ T 

cells and to cross-present endogenous antigens to CD8+ T cells (Davey, et al., 2014).   

B cells are also capable of presenting antigens to T cells (Rodriguez-Pinto, 2005) and 

secreting cytokines that activate and regulate adaptive immune responses (Harris, et 

al., 2000). A number of studies have demonstrated that Vγ9Vδ2 T cells can induce 

differentiation of B cells into antibody-producing plasma cells (Brandes, et al., 2003, 

Caccamo, et al., 2006, Bansal, et al., 2012, Caccamo, et al., 2012). They can be found in 

germinal centers, can acquire features of follicular helper T cells and can induce the 

production and affinity maturation of class-switched antibodies. However, it is not 

known if Vγ9Vδ2 T cells contribute to antigen-presentation and cytokine secretion by 

B cells.   

4.2 Objectives 

While some studies have shown that Vδ2 T cells can promote maturation of DC into 

APC capable of cytokine secretion, the relationship between Vδ2 T cells and B cells is 

not well characterised. Thus, we compared the ability of Vδ2 T cells to induce DC and B 

cell maturation by examining expression of co-stimulatory markers on DC and B cells, 

and the resulting cytokine production and antibody release by B cells. In addition, we 

examined the role of several factors in the activation of DC and B cells by Vδ2 T cells, 

and investigated the ability of these Vδ2-activated DC and B cells to stimulate resting 

conventional T cells. In addition, we explored the role of LPS in these interactions, and 

examined the reciprocal effects of DC and B cells on Vδ2 T cells.  
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The specific aims were: 

 To compare the co-stimulatory marker expression and cytokine production by 

DC and B cells following culture with resting or HMB-PP-activated Vδ2 T cells or 

with LPS 

 To investigate the role of various molecules and cell contact in the activation of 

DC by Vδ2 T cells 

 To examine the antibody production by B cells cultured with resting or HMB-

PP-activated Vδ2 T cells or LPS and to examine the molecular mechanisms 

involved 

 To analyse whether Vδ2-matured DC and B cells can result in activation of 

resting allogeneic or autologous conventional T cells 

 To examine the effect of altering the DC to Vδ2 ratio on cytokine production by 

these cells 

 To investigate the effect on DC, B cells and Vδ2 T cells when the three cell 

types are cultured together 

 To examine whether DC and B cells can in turn activate Vδ2 T cells 

4.3 Methods  

4.3.1 Cell line generation and co-cultures 

All cells were isolated from human buffycoat packs (see section 2.6.1). Vδ2 T cell lines 

were generated by stimulating magnetically-sorted γδ T cells with HMB-PP and 

culturing with IL-2 for 14-28 days (see section 2.6.2). Immature DC were generated by 

isolating monocytes from PBMC and culturing with IL-4 and GM-CSF for 6 days (see 

section 2.6.5). B cells were derived by isolating CD19+ cells from PBMC (see section 

2.6.4). Non-γδ T cells were obtained by magnetically sorting γδ- CD3+ T cells from 

PBMC. 

Allogeneic co-cultures were set up where the different cell types were derived from 

distinct PBMC donors. In some cases, we used an autologous system where all cell 

types used in a co-cultured came from the same donor. The cells (1 x 105 of each cell 

type) were cultured separately or together in 96-well round bottom plates.  
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4.3.2 Analysis of co-stimulatory marker expression by DC and B cells 

Vδ2 T cells were cultured with either B cells or DC in equal numbers in the presence or 

absence of HMB-PP for 72 h or 24 h in cRPMI, respectively. The cells were stained for 

expression of CD11c (DC), CD19 (B cells), CD3 and Vδ2 and markers of antigen 

presentation CD40, CD80, CD86 and HLA-DR. Surface expression of these markers was 

compared by MFI readings obtained using flow cytometry (see section 2.7.1).  

Autologous co-cultures were also carried out.  

4.3.3 Analysis of cytokine production 

Vδ2 T cells were cultured with either B cells or DC in equal numbers in the presence or 

absence of HMB-PP for 72 h or 24 h, respectively. The supernatants were then 

harvested and assayed for levels of IFN-γ, IL-4, IL-6, IL-10, IL-12p70 and TNF-α by ELISA 

(see section 2.7.2). The cells from the same cultures were cultured with monensin 

overnight and then stained for cell surface expression of CD3 and Vδ2 (Vδ2 T cells), 

CD19 (B cells) or CD11c (DC). The cells were then fixed and permeabilised and stained 

for intracellular expression of IFN-γ, IL-4, IL-6, IL-10, IL-12p40, IL-13 and TNF-α for 

analysis by flow cytometry (see section 2.7.3). Autologous co-cultures were also 

carried out.  

4.3.4 Measurement of antibody production by B cells 

Vδ2 T cells were cultured with B cells at 1:1 ratios in the presence or absence of HMB-

PP for 7 days. The supernatants were harvested and analysed using immunoglobulin 

Cytometric Bead Array kits for IgA, IgM, IgE and total IgG levels (see section 2.7.4).   

4.3.5 Blocking experiments 

Vδ2 T cells were cultured with either DC or B cells in equal numbers in the presence or 

absence of HMB-PP and low-endotoxin, azide-free functional grade blocking 

antibodies against CD86, CD40L, IFN-γ plus IFN-γR, IL-4 plus IL-4R or TNF-α or isotype 

control mAb for 24 h. Similar cultures were set up in transwell plates to prevent cell 

contact. The effects of blocking on DC and B cell phenotypes, cytokine expression and 
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release and antibody production were determined as described above (see section 

2.7.5). 

4.3.6 Analysis of T cell stimulatory capacities of DC and B cells 

DC and B cells are both professional antigen presenting cells capable of internalising, 

processing and presenting antigenic peptides on MHC molecules to naïve T cells, 

resulting in their activation. We tested the ability of Vδ2 T cells to influence the ability 

of B cells and DC to present two antigens, tetanus toxoid and tuberculin, to autologous 

T cells resulting in their proliferation and maturation into cytokine producing effector T 

cells. Since T cells reactive to tetanus toxoid or tuberculin are likely to be found in low 

frequencies, we also tested allogeneic T cells as responders. T cell activation was 

measured by proliferation, cytokine expression and the ability to release cytokines on 

subsequent activation with PMA and ionomycin. The ability of Vδ2 T cell-matured DC 

or B cells to stimulate proliferation of labeled T cells was tested by flow cytometric 

analysis of CellTrace dilution. Vδ2 T cells were cultured with either B cells or DC in 

equal numbers in the presence or absence of HMB-PP for 24 h. Tetanus toxoid (40 

limes of flocculation, lf, per ml), purified protein derivative of tuberculin (10 ng/ml) or 

media was added to the culture for 3 h prior to addition of CellTrace labeled αβ T cells. 

CellTrace-labeled autologous naïve αβ T cells were added at a ratio of 10:1 to the 24 h 

cultures of B cells or DC with Vδ2 T cells and cultured for 6 days. PHA-P-stimulated αβ 

T cells cultured with IL-2 and irradiated PBMC were used as positive controls. 

Percentages of proliferating cells were observed by flow cytometric analysis of 

CellTrace dilution compared to an unstimulated control, as described in section 2.7.6. 

These results were compared to an allogeneic stimulation.  

Similar co-cultures, except using unlabeled alloreactive αβ T cells, were incubated for 3 

days to look for expression of intracellular cytokines by alloreactive T cells (see section 

2.6.6). The supernatants harvested on day 3 were assayed for IL-2, IL-4, IL-10 and IFN-γ 

secretion by ELISA (see section 2.7.2). 
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4.3.7 The effect of altering the ratio of DC to Vδ2 T cells on cytokine production 

The cultures described above were carried out in equal ratios of DC and Vδ2 T cells. 

Since in vivo, these cells are unlikely to be found at equal ratios, the effect of altering 

the ratios of DC to Vδ2 T cells was investigated by examining cytokine production by 

flow cytometry. DC and Vδ2 T cells were cultured for 24 h at various ratios. The cells 

were examined for IFN-γ, IL-4 and TNF-α expression by both DC and Vδ2 T cells by flow 

cytometry (see section 2.7.3). 

4.3.8 The effect of culturing DC, B cells and Vδ2 T cells simultaneously 

The effect of culturing DC, B cells and Vδ2 T cells together was examined. DC, B cells 

and Vδ2 T cells were cultured separately and together for 24 h. The supernatants were 

harvested and analysed for levels of IFN-γ, IL-4 and TNF-α by ELISA (see section 2.7.2). 

The cells from the culture were examined for IFN-γ, IL-4 and TNF-α expression by DC, B 

cells and Vδ2 T cells (see section 2.7.3).   

4.3.9 The effect of LPS on DC and B cell activation 

Vδ2 T cells were cultured with DC or B cells in the presence of LPS for 24 h and 

examined for expression of co-stimulatory markers, cytokine production and antibody 

release, as described in sections 4.3.2, 4.3.3 and 4.3.5, respectively.  

The methods used in this chapter are summarised below (Fig. 4.1).  
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Figure 4.1. Analysis of reciprocal interactions between Vδ2 T cells and B cells or DC. A, 

monocyte-derived DC or enriched peripheral blood B cells were cultured in the absence or 

presence of HMB-PP-expanded Vδ2 T cells and left unstimulated or stimulated with LPS or 

HMB-PP. The DC or B cells were then examined for cytokine expression and secretion, APC 

phenotypes, ability to stimulate proliferation and cytokine expression by alloreactive and 

autologous T cells and antibody isotype production. The role of cell contact, co-stimulatory 

markers and cytokines in DC and B cell activation was examined. B, monocyte-derived DC or 

enriched peripheral blood B cells were cultured in the absence or presence of HMB-PP-

expanded Vδ2 T cells and left unstimulated or stimulated with HMB-PP. The Vδ2 T cells were 

then examined for cytokine production and expression of co-stimulatory molecules. 
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4.4 Results 

4.4.1 Vδ2 T cells induce APC marker expression by DC and B cells    

We initially investigated if Vδ2 T cells can induce differentiation of B cells into cells 

with phenotypes of APC and compared the adjuvant effect with those induced by Vδ2 

T cells on monocyte-derived DC. Therefore we examined the expression of CD40, CD86 

and HLA-DR by B cells or DC after co-culture with non-stimulated or HMB-PP activated 

Vδ2 T cells. Vδ2 T cells induced an increase in CD86 (Fig. 4.2A) and HLA-DR (Fig. 4.2C), 

but not CD40 (Fig. 4.2E) or CD80 (Fig. 4.2G) expression by DC after 24 h and CD86 (Fig. 

4.2B), HLA-DR (Fig. 4.2D) and CD40 (Fig. 4.2F) but not CD80 (Fig. 4.2H) expression by B 

cells after 72 h. CD86 expression was also upregulated on B cells after 24 h (data not 

shown). To investigate which molecules were involved in DC and B cell activation by 

Vδ2 T cells or whether it is cell contact dependent, the same co-cultures were set up in 

the presence of HMB-PP-activated Vδ2 T cells and one of several blocking antibodies 

or transwell inserts which prevent cell contact between the different cell types in the 

co-cultures. The results showed that cell contact was important for CD86 expression 

by DC (Fig. 4.2A), while CD86, TNF-α and IFN-γ were important for HLA-DR (Fig. 4.2C) 

and CD40 (Fig. 4.3E) expression by DC. In contrast, CD40L and cell contact were 

important for HLA-DR expression (Fig. 4.2D) but not CD86 (Fig. 4.2B) or CD40 (Fig. 

4.2F) expression by Vδ2-stimulated B cells. 

4.4.2 Vδ2 T cells induce production of distinct cytokines by DC and B cells  

To further characterise the influence of Vδ2 T cells on DC and B cell activation, the 

same co-cultures were examined for intracellular cytokine expression. The co-cultures, 

as described above, were treated with monensin for 16 h and the DC or B cells were 

analysed for intracellular IFN-γ, IL-4 (Fig. 4.3A,B) expression. Vδ2 T cells induced IFN-γ 

expression by DC (Fig. 4.3C) but not B cells and IL-4 expression by B cells (Fig. 4.3D) but 

not DC. In addition, we examined TNF-α expression by DC (Fig. 4.4A,B) and B cells (Fig. 

4.4BC,D) and found that Vδ2 T cells induced TNF-α expression by both DC and B cells. 

The blocking studies revealed that CD86 and IFN-γ were important for IFN-γ expression 

by DC (Fig. 4.3C), but not for IL-4 production by B cells (Fig. 4.3D) or for TNF-α 

expression by DC or B cells (Fig. 4.4A,C). 
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4.4.3 Vδ2 T cells induce pro- and anti-inflammatory cytokine secretion from DC and B 

cell co-cultures 

While the flow cytometric cytokine assay revealed the percentage of cells expressing 

cytokines, the levels of cytokine production from the co-cultures were also quantified 

using ELISA. After 24 h co-culture of Vδ2 T cells and DC or B cells, the supernatants 

were analysed for levels of IFN-γ, TNF-α, IL-4, IL-6, IL-10 and IL-12 by ELISA. Since the 

cellular source of the cytokines produced could not be identified, cytokine production 

by Vδ2 T cells alone was also examined (see Fig. 3.18, Fig. 3.19). It was found that Vδ2-

DC co-cultures produced significantly greater amounts of IFN-γ (Fig. 4.5A), TNF-α (Fig. 

4.6A) and IL-6 (Fig. 4.6B) but not IL-4 (Fig. 4.5C), IL-10 (Fig. 4.6C) or IL-12 (Fig. 4.6D) 

after 24 h compared to Vδ2 T cells or DC cultured alone. In contrast, Vδ2-B cell co-

cultures produced TNF-α (Fig. 4.6E) and IL-6 (Fig. 4.6F) but did not augment IFN-γ (Fig. 

4.5B), IL-4 (Fig. 4.5D), IL-10 (Fig. 4.6G) or IL-12 (Fig. 4.6H) production compared with 

Vδ2 T cells cultured alone. In most cases, the induction of cytokine release by DC on B 

cells by Vδ2 T cells required activation with HMB-PP. None of the molecules tested in 

the blocking studies, nor cell contact were found to be important for cytokine 

secretion by these co-cultures. However, surprisingly, blocking of CD86 resulted in 

augmented IFN-γ secretion after co-culture with Vδ2 T cells (Fig. 4.5A). 
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Figure 4.2. Expression of APC markers by dendritic cells (DC) and B cells (BC). Monocyte-

derived DC or enriched peripheral blood B cells were cultured for 24 or 72 h, respectively, with 

HMB-PP-expanded Vδ2 T cells in the absence or presence of HMB-PP (denoted H). Cells were 

then stained using mAb specific for CD11c or CD19 and CD86, CD80, CD40 and HLA-DR and 

analysed by flow cytometry. Left panels show average (±SEM) mean fluorescence intensities 

(MFI) of staining for CD86 expression by DC (A; n=11) and BC (B; n=12), HLA-DR expression by 

DC (C; n=9) and BC (D; n=7), CD40 expression by DC (E; n=7) and BC (F; n=7) and CD80 

expression by DC (G; n=8) and BC (H; n=14). Right panels show average (±SEM) MFI of staining 

for CD86 or HLA-DR by DC or B cells after co-culturing them with Vδ2 T cells in the presence of 

HMB-PP in the absence (control) or presence of blocking mAb specific for CD86, CD40L, TNF-α, 

IFN-γ + IFN-γR, IL-4 + IL-4R or with the DC or B cells separated from Vδ2 T cells using transwell 

inserts (contact; n=5 for DC treatments and n=3 for BC treatments). *p<0.05, **p<0.01 using a 

paired t test, compared to DC or BC alone (left panels) or compared to BC control (right 

panels) and unpaired t test compared to DC control (right panels) except where indicated by 

horizontal lines. 
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Figure 4.3. Cytokine production by DC and B cells cultured with Vδ2 T cells. DC or B cells were 

co-cultured with HMB-PP-expanded Vδ2 T cells in the absence or presence of HMB-PP 

(denoted H) for 24 h. The cultures were then treated with monensin for a further 16 h and 

stained for cell surface expression of CD11c or CD19 and CD3 and Vδ2 and intracellular 

expression of IFN-γ and IL-4 and analysed by flow cytometry. A-B, Representative flow 

cytometric dot plots showing IFN-γ and IL-4 expression by gated CD11c+ cells (DC) and CD19+ 

cells (BC), respectively. C-D, Left and center panels show mean (± SEM) percentages of DC (C; 

n=10) and BC (D; n=10) that express IFN-γ and IL-4, respectively. Right panels show mean 

(±SEM) percentages of DC (C) and BC (D) expressing IFN-γ and IL-4, respectively, after co-

culturing them with Vδ2 T cells in the presence of HMB-PP in the absence (control) or 

presence of blocking mAb specific for CD86, CD40L, TNF-α, IFN-γ + IFN-γR, IL-4 + IL-4R or with 

the DC (n=5) or BC (n=3) separated from Vδ2 T cells using transwell inserts (contact). *p<0.05 

using a paired t test, compared to DC or BC alone (left panels) or compared to BC control (right 

panels) and unpaired t test compared to DC control (right panels) except where indicated by 

horizontal lines. 
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Figure 4.4. TNF-α expression by DC and B cells cultured with Vδ2 T cells. DC or B cells were 

co-cultured with HMB-PP-expanded Vδ2 T cells in the absence or presence of HMB-PP 

(denoted H) for 24 h. The cultures were then treated with monensin for a further 16 h and 

stained for cell surface expression of CD11c or CD19 and intracellular expression of TNF-α by 

gated CD11c+ cells (DC) and CD19+ cells (BC), respectively. A,C, left panels show mean (±SEM) 

percentages of DC (A; n=3-9) and BC (C; n=3-6) expressing TNF-α; right panels show mean 

(±SEM) percentages of DC (A) and BC (C) expressing TNF-α respectively, after co-culturing 

them with Vδ2 T cells in the absence (control) or presence of blocking mAb specific for CD86, 

CD40L, TNF-α, IFN-γ + IFN-γR, IL-4 + IL-4R or with the DC or B cells separated from Vδ2 T cells 

using transwell inserts (contact; n=5 for DC treatments and n=3 for BC treatments). B,D, 

representative flow cytometric dot plots of TNF-α expression by DC (B) and B cells (D). 

*p<0.05, **p<0.01, using a paired t test compared to DC or BC alone (left panels) or compared 

to BC control (right panels) and unpaired t test compared to DC control (right panels) except 

where indicated by horizontal lines.   
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Figure 4.5. Cytokine secretion by cultures of Vδ2 T cells with DC or B cells. DC or B cells (BC) 

were co-cultured with HMB-PP-expanded human Vδ2 T cells in the absence or presence of 

HMB-PP (denoted H). After 24 h (for DC) or 72 h (for BC), supernatants were harvested and 

analysed for levels of IFN-γ and IL-4 by ELISA. Left panels show mean (±SEM) concentrations of 

IFN-γ in DC (A; n=3) and BC (B; n=3) co-cultures and IL-4 in DC (C; n=3) and BC (D; n=6) co-

cultures. Right panels show average (±SEM) concentration of IFN-γ and IL-4 from the DC and B 

cell co-cultures in the presence of HMB-PP in the absence (control) or presence of blocking 

mAb specific for CD86, CD40L, TNF-α, IFN-γ + IFN-γR, IL-4 + IL-4R or with the DC (n=5) or B cells 

(n=3) separated from Vδ2 T cells using transwell inserts (contact). *p<0.05, **p<0.01 using a 

paired t test, compared to DC or BC alone (left panels) or compared to BC control (right 

panels) and unpaired t test compared to DC control (right panels) except where indicated by 

horizontal lines.   
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Figure 4.6. Cytokine secretion from cultures of Vδ2 T cells with DC or B cells. Monocyte-

derived DC or enriched peripheral blood B cells (BC) were co-cultured with HMB-PP-expanded 

human Vδ2 T cells in the absence or presence of HMB-PP (denoted H). After 24 h (for DC) or 

72 h (for BC), supernatants were harvested and analysed for IL-6, IL-10 and IL-12p70 by ELISA.  

Results show mean (±SEM) concentration of TNF-α (A,E), IL-6 (B,F), IL-10 (C,G) and IL-12p70 

(D,H) from the DC (A-D; n=4-11) and BC (E-H; n=3-7) co-cultures. *p<0.05 using a paired t test 

compared to DC or BC alone except where indicated by horizontal lines.   
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4.4.4 Vδ2 T cells induce antibody production by B cells  

Previous studies have shown that a subset of Vδ2 T cells can provide help for antibody 

production by B cells and that it was mediated by CD40L, ICOS and IL-10 (Caccamo, et 

al., 2012). To investigate whether Vδ2 T cells can induce immunoglobulin production 

by fresh peripheral B cells in vitro, Vδ2 T cells were cultured with B cells for 7 days, and 

the supernatants were analysed for total IgG, IgA, IgM and IgE. Vδ2 T cells induced IgG 

(Fig. 4.7A), IgA (Fig. 4.7B), IgM (Fig. 4.7C) but not IgE (Fig. 4.7D) secretion by B cells, 

while HMB-PP prevented the Vδ2 T cell-induced IgA (Fig. 4.7B) and IgM (Fig. 4.7C) 

production. The blocking studies revealed that the cytokines and co-stimulatory 

markers examined and cell contact did not appear to play a part in antibody 

production by B cells. 

4.4.5 Allogeneic and autologous Vδ2 equally activate DC and B cells 

The experiments described above indicate that Vδ2 T cells can differentially induce 

MHC and co-stimulatory molecule expression, cytokine production and T cell 

allostimulation by allogeneic DC and B cells. We sought to investigate whether the 

same outcomes could be observed when Vδ2 T cells were cultured with autologous DC 

or B cells. It was found that Vδ2 T cells could similarly induce CD86 expression (Fig. 

4.8A) but not IL-12 secretion (Fig. 4.8C) by autologous and allogeneic DC. IL-4 secretion 

by B cells was similar where stimulated with autologous or allogeneic Vδ2 T cells (Fig. 

4.8D). However, allogeneic Vδ2 T cells induced CD86 expression by B cells but this 

upregulation was not significant when autologous Vδ2 T cells and B cells were used 

(Fig. 4.8B). Thus it appears that allogeneic Vδ2 T cells may be substituted for 

autologous Vδ2 cells as adjuvants for DC or B cells.  

4.4.6 Vδ2-matured DC and B cells stimulate proliferation of resting allogeneic T cells 

We next investigated whether Vδ2 T cell-matured DC and B cells could induce 

activation and proliferation of resting αβ T cells. DC or B cells were co-cultured with 

equal numbers of expanded Vδ2 T cells for 24 h in the absence or presence of HMB-

PP.  Vδ2 T cell-matured DC or B cells were cultured with 10 times as many CellTrace-

labeled resting allogeneic αβ T cells for 6 days and dye dilution due to cell proliferation 
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was examined (Fig. 4.9A,B). The co-cultures showed that both DC (Fig. 4.9C) and B cells 

(Fig. 4.9D) that had been cultured with Vδ2 T cells induced significantly more 

proliferation of resting T cells compared to DC or B cells cultured alone. This induction 

of allostimulatory activity by Vδ2 T cells did not require HMB-PP. 

4.4.7 Vδ2-matured DC but not B cells stimulate cytokine production by resting 

allogeneic T cells. 

We next investigated if DC or B cells, alone or after maturation with Vδ2 T cells, could 

stimulate cytokine expression and release by alloreactive cells. DC or B cells were 

matured in the presence of Vδ2 T cells for 24 h. Resting allogeneic αβ T cells were then 

added at a 10:1 ratio to this culture and incubated for a further 3 days. The 

supernatants were then assessed for levels of IFN-γ, IL-4, IL-2 and IL-10. Vδ2-matured 

DC induced IFN-γ (Fig. 4.10A) but not IL-4 (Fig. 4.10B) secretion from cultures with αβ T 

cells. In contrast, Vδ2-matured B cells did not induce IFN-γ (Fig. 4.10C), IL-4 (Fig. 

4.10D), IL-2 (Fig. 4.10E) or IL-10 (Fig. 4.10F) from cultures with αβ T cells.  

4.4.8 Vδ2-matured DC induce proliferation of autologous resting T cells irrespective 

of presence of antigen 

The experiments in section 4.4.6 indicate that Vδ2 T cells can augment the 

allostimulatory capacity of DC and B cells. We then investigated if Vδ2 T cells could 

augment antigen-specific autologous T cell activation by DC and compared this with 

the activation of allogeneic T cells. Vδ2-matured DC were cultured with resting 

autologous αβ T cells in the presence or absence of tetanus toxoid or tuberculin 

antigen and examined for CellTrace dye dilution. It was found that the presence of 

antigen resulted in modest proliferation of αβ T cells when presented by Vδ2 T cells or 

DC alone. However, the presence of antigen did not significantly augment T cell 

proliferation when autologous Vδ2-matured DC were used compared to when the 

antigen was absent (Fig. 4.11). In this scenario, maximal proliferation was observed 

whether or not antigen was added. In all cases, the presence of HMB-PP did not affect 

αβ T cell stimulation by Vδ2-matured DC.  
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We also investigated if DC, Vδ2 T cells or Vδ2 T cell-matured DC could induce 

intracellular IFN-γ and IL-4 secretion by autologous or allogeneic αβ T cells. Figures 

4.12 and 4.13 show that the presence of antigen also did not significantly augment 

intracellular expression of IFN-γ or IL-4 by autologous T cells cultured with Vδ2-

matured DC (Fig. 4.12A,B) nor cytokine secretion from the same cultures (Fig. 

4.13A,B).  

4.4.9 Increasing the ratio of DC to Vδ2 T cells increases cytokine production by DC 

The cultures described thus far were carried out using equal ratios of DC and Vδ2 T 

cells. Since in vivo these cells are not found at equal ratios, the effect of skewing the 

ratios of DC to Vδ2 T cells was assessed by examining cytokine production. It was 

found that an increase in Vδ2 T cell numbers boosted IFN-γ (Fig. 4.14A), IL-4 (Fig. 

4.14B) and TNF-α (Fig. 4.14C) production by DC (left panels), while altering the ratio 

had no effect on the ability of Vδ2 T cells to produce IFN-γ, IL-4 and TNF-α (right 

panels).  
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Figure 4.7. Antibody production by B cells cultured with Vδ2 T cells. Enriched peripheral 

blood B cells (BC) were co-cultured with HMB-PP-expanded human Vδ2 T cells in the absence 

or presence of HMB-PP (denoted H). After 7 days the supernatants were harvested and 

analysed for IgA, IgM, IgE and total IgG levels by cytometric bead array and flow cytometry. 

Left panels show average (±SEM) MFI of staining for IgG (A; n=5), IgA (B; n=8), IgM (C; n=7) and 

IgE (D; n=2). Right panels show average (±SEM) MFI intensities of IgG, IgA, IgM and IgE of B 

cells after co-culturing them with Vδ2 T cells in the presence of HMB-PP in the absence 

(control) or presence of blocking mAb specific for CD86, CD40L, TNF-α, IFN-γ + IFN-γR, IL-4 + IL-

4R or with the B cells separated from Vδ2 T cells using transwell inserts (contact; n=3). 

*p<0.05, **p<0.01 using a paired t test, compared to BC alone (left panels) or compared to B 

cell control (right panels) except where indicated by horizontal lines.   
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Figure 4.8. Allogeneic and autologous Vδ2 T cells equally activate DC and B cells. DC or B cells 

(BC) were co-cultured alone or with autologous or allogeneic HMB-PP-expanded human Vδ2 T 

cells in the absence or presence of HMB-PP (denoted H) or LPS. After 24 h (for DC) or 72 h (for 

BC), the cells were stained with mAb for CD11c (DC) or CD19 (BC) and CD86 and analysed by 

flow cytometry. The supernatants were harvested and examined for IL-4 or IL-12p70 secretion 

by ELISA. A-B, average (±SEM) mean fluorescence intensities of staining for CD86 expression 

by DC (A; n=3-8) or B cells (B; n=1-12) for allogeneic (left panels) and autologous (right panels) 

co-cultures. C, average (±SEM) concentration of IL-12p70 (n=10-11) released by cultures of DC 

or DC cultured with allogeneic (left panels) or autologous (right panels) Vδ2 T cells in the 

absence or presence of HMB-PP or LPS. D, average (±SEM) concentration of IL-4 (n=1-2) 

released from BC cultured alone or with allogeneic (left panels) or autologous (right panels) 

Vδ2 T cells in the absence or presence of HMB-PP. *p<0.05, **p<0.01, ***p<0.001 using a 

paired t test compared to DC or BC alone except where indicated by horizontal lines.    
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Figure 4.9. Proliferation of resting allogeneic T cells following culture with Vδ2-matured DC 

and B cells. DC or B cells were co-cultured with HMB-PP-expanded Vδ2 T cells in the absence 

or presence of HMB-PP (denoted H). After 24 h CellTrace-labeled allogeneic resting αβ T cells 

were added at a ratio of 10:1 and cultured for 6 days. A, representative dot plot showing 

proliferating T cells. B, histogram showing proliferating T cells (green peaks) versus 

unstimulated T cells (red peak) by flow cytometric analysis of CellTrace dilution. C, Average 

(±SEM) percentage of proliferating T cells when cultured alone, with immature DC or with Vδ2-

matured DC in the absence or presence of HMB-PP (n=10) D, Average (±SEM) percentage of 

proliferating T cells when cultured alone, with resting B cells (BC) or with Vδ2-matured B cells 

(n=4) *p<0.05, **p<0.01, ***p<0.001, paired t test versus T cells except where indicated by 

horizontal lines.  
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Figure 4.10 Cytokine production by alloreactive T cells cultured with Vδ2 T cell-matured DC 

or B cells. HMB-PP-expanded human Vδ2 T cells were cultured alone or together with DC or B 

cells in the absence or presence of HMB-PP (denoted H). After 24 h, resting αβ T cells were 

added to the culture at a ratio of 10:1. A positive control of αβ T cells treated with PHA and 

irradiated PBMC was used. After a further 3 days, supernatants were harvested and analysed 

for IFN-γ, IL-4, IL-2 and IL-10 levels by ELISA.  A-B, mean (±SEM) concentration of IFN-γ (A) and 

IL-4 (B) secreted by the cultures with DC (n=6-10). C-F, mean (±SEM) concentration of IFN-γ 

(C), IL-4 (D), IL-2 (E) and IL-10 (F) from the co-cultures (n=4).   
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Figure 4.11 Proliferation of resting autologous T cells following culture with Vδ2-matured 

DC. DC and autologous HMB-PP-expanded Vδ2 T cells were cultured alone or together in the 

absence or presence of HMB-PP (denoted H). After 24 h, CellTrace-labeled autologous resting 

αβ T cells were added at a ratio of 10:1 and cultured for 6 days in the presence of tetanus 

toxoid, tuberculin or medium alone. Average (±SEM) percentage of proliferating T cells 

following culture with Vδ2-matured DC (n=4).  
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Figure 4.12. Cytokine production by resting αβ T cells cultured with autologous or allogeneic 

Vδ2-matured DC. DC and autologous or allogeneic HMB-PP-expanded Vδ2 T cells were 

cultured alone or together in the presence or absence of HMB-PP (denoted H). After 24 h, 

autologous or allogeneic resting T cells were added at a ratio of 1:1 to the Vδ2-DC culture and 

incubated for 3 days. The autologous cultures were carried out in the presence of tetanus 

toxoid, tuberculin or media. The cultures were then stimulated with PMA and ionomycin or 

left unstimulated for 4 h and examined for IFN-γ and IL-4 expression by flow cytometry. A-B, 

average (± SEM) percentage of αβ T cells expressing IFN-γ (A; n=3-5) and IL-4 (B; n=2-5) in the 

presence (right panels) or absence (left panels) of PMA and ionomycin stimulation following 

culture with Vδ2-matured DC.  
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Figure 4.13. Cytokine secretion from cultures of Vδ2-matured DC with resting autologous or 

allogeneic T cells. DC and autologous or allogeneic HMB-PP-expanded Vδ2 T cells were 

cultured alone or together in the presence or absence of HMB-PP (denoted H). After 24 h 

autologous or allogeneic resting T cells were added at 1:1 or 10:1 ratios and cultured for 3 

days. The autologous cultures were carried out in the presence of tetanus toxoid, tuberculin or 

media. The supernatants were harvested and examined for levels of IFN-γ and IL-4 by ELISA. A-

B, average (±SEM) concentration of IFN-γ (A; n=3-5) and IL-4 (B; n=2-5) in supernatants of 

resting T cells cultured with Vδ2 T cells, DC or Vδ2-matured DC in a 1:1 (left panels) or 10:1 

(right panels) ratio.  
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Figure 4.14 Cytokine production from cultures of DC and Vδ2 T cells cultured at various 

ratios. DC were cultured with HMB-PP-expanded Vδ2 T cells in the presence or absence of 

HMB-PP for 24 h at various ratios of DC to Vδ2 T cells. The cells were then cultured with 

monensin for 16 h and then examined for IFN-γ, IL-4 and TNF-α expression by DC and Vδ2 T 

cells by flow cytometry.  A-C, average (±SEM) percentage of DC (left panels) or Vδ2 T cells 

(right panels) expressing IFN-γ (A; n=3), IL-4 (B; n=3) and TNF-α (C; n=3).  
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4.4.10 The addition of DC to Vδ2-B cell cultures increases co-stimulatory marker and 

cytokine expression by Vδ2 and B cells 

To assess the impact of culturing all three cell types together, DC, B cells and Vδ2 T 

cells were cultured simultaneously or separately and examined for the effect of the 

simultaneous culture on costimulatory marker expression and cytokine production by 

each of the cell types.  It was found that the addition of B cells did not augment CD86 

(Fig. 4.15A), CD40 (Fig. 4.15B) or HLA-DR (Fig. 4.15C) expression by DC (left panels). In 

contrast, the addition of DC augmented CD86 (Fig. 4.15A) and CD40 (Fig. 4.15B) 

expression by B cells (centre panels), although the changes were not significant. 

Furthermore, the presence of DC augmented CD86 (Fig. 4.15A), CD40 (Fig. 4.15B) and 

HLA-DR (Fig. 4.15C) expression by Vδ2 T cells (right panels).  

When examining the cytokine profiles of these cultures, it was found that the addition 

of B cells slightly augmented IFN-γ production by DC (Fig. 4.16A) and TNF-α production 

by Vδ2-matured DC (Fig. 4.16C) but not IL-4 (Fig. 4.16B) expression by DC (left panels). 

In contrast, the addition of DC augmented IFN-γ (Fig. 4.16A) but not IL-4 (Fig. 4.16B) or 

TNF-α (Fig. 4.16C) production by B cells (centre panels) and Vδ2 T cells (right panels). 

The cell culture supernatants were also assayed for levels of IFN-γ, IL-4 and TNF-α by 

ELISA. The results revealed that the addition of DC but not B cells augmented cytokine 

secretion by Vδ2 T cells stimulated with HMB-PP (Fig. 4.16D) compared to the levels 

produced by each cell type when cultured alone. 
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Figure 4.15. Expression of APC markers by DC, B cells and Vδ2 T cells in a triple culture. DC, B 

cells (BC) and HMB-PP-expanded Vδ2 T cells were cultured separately or together in the 

presence or absence of HMB-PP (denoted H) for 24 h. The cells were then stained with mAb 

specific for CD11c (DC), CD19 (BC) and CD3 and Vδ2 (Vδ2 T cells) and examined for expression 

of CD86, CD40 and HLA-DR. A-C, average (±SEM) MFI of expression of each cell type of CD86 

(A; n=2), CD40 (B; n=2) and HLA-DR (C; n=2) by DC (left panels), BC (centre panels) or Vδ2 T 

cells (right panels).  
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Figure 4.16. Cytokine production by Vδ2 T cells, DC and B cells in triple culture. DC, B cells 

(BC) and HMB-PP-expanded Vδ2 T cells were cultured separately or together in the presence 

or absence of HMB-PP (denoted H) for 24 h. The cells were treated with monensin and 

cultured overnight. The cell cultures were then stained for surface expression of CD11c (DC), 

CD19 (BC) and CD3 and Vδ2 (Vδ2 T cells). The cells were then fixed, permeabilised and 

examined for intracellular expression of IFN-γ, IL-4 and TNF-α by flow cytometry. For ELISA, 

supernatants were harvested immediately after 24 h of culture of DC, B cells and Vδ2 T cells 

prior to monensin addition and examined for levels of IFN-γ, IL-4 and TNF-α by ELISA. A-C, 

average (±SEM) percentage of DC (left panels), BC (centre panels) and Vδ2 T cells (right panels) 

expressing IFN-γ (A; n=2-10), IL-4 (B; n=2) and TNF-α (C; n=2). D, average (±SEM) levels of IFN-γ 

(left panel), IL-4 (centre panel) and TNF-α (right panel) from the cultures (n=2). **p<0.01 using 

a two-way ANOVA.  



146 
 

4.4.11 LPS induces co-stimulatory marker expression by DC and B cells 

The studies described above were carried out using preparations of immature 

monocyte-derived DC or resting B cells. We next assessed the effect of LPS on 

interactions between Vδ2 T cells and DC or B cells, thus simulating inflammatory 

conditions. DC or B cells were cultured for 24 h with resting or HMB-PP-activated Vδ2 

T cells and LPS and examined for expression of co-stimulatory markers. LPS was found 

to significantly increase expression of CD86 (Fig. 4.17A), CD40 (Fig. 4.17C) and HLA-DR 

(Fig. 4.17D) but not CD80 (Fig. 4.17B) by DC but these were not higher than levels 

induced by Vδ2 T cells. In contrast, LPS did not increase CD86 (Fig. 4.17E) or CD80 (Fig. 

4.17F) but increased CD40 (Fig. 4.17G) and HLA-DR (Fig. 4.17H) expression by B cells 

cultured with HMB-PP-activated Vδ2 T cells, but not with resting Vδ2 T cells. 

4.4.12 LPS induces cytokine secretion by Vδ2-DC co-cultures and synergises with Vδ2 

T cells to induce IL-12 production  

We also wanted to investigate the impact of LPS on cytokine expression and secretion 

by DC and B cells that had been cultured in the absence or presence of Vδ2 T cells. We 

found that LPS on its own induced significant IL-10 (Fig. 4.18B), IL-6 (Fig. 4.18C) and 

TNF-α (Fig. 4.18D) secretion but not IL-12 (Fig. 4.18A) secretion by DC. Vδ2 T cells, 

resting or stimulated with HMB-PP, did not induce significant production of these 

cytokines, but Vδ2 T cells together with LPS induced the secretion of significantly 

higher amounts of IL-12 compared to DC exposed to LPS or Vδ2 T cells alone. In 

contrast, LPS induced IL-12 release from cultures of B cells, and this was not 

augmented by the presence of Vδ2 T cells (Fig. 4.18E). Neither LPS, Vδ2 T cells, nor LPS 

and Vδ2 T cells together induced significant IL-10 production by B cells (Fig. 4.18F). 

Vδ2 T cells were found to induce IL-6 (Fig. 4.18G) and TNF-α (Fig. 4.18H) production by 

B cells and this was not augmented by LPS, which even inhibited TNF-α production 

(Fig. 4.18H) secretion by HMB-PP-activated Vδ2 T cells, but did not augment IL-10 (Fig. 

4.18F) or IL-6 (Fig. 4.18G), and even inhibited the TNF-α (Fig. 4.18H) secretion upon 

culture with HMB-PP-activated Vδ2 T cells.  
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4.4.13 LPS induces an increase in IgG and IgA production by B cells 

Lastly, we examined the effect of LPS on antibody production in resting B cells and 

Vδ2-matured B cells and found that while it did not augment IgM levels (Fig. 4.19C), it 

augmented IgG (Fig. 4.19A) and IgA (Fig. 4.19B) production by B cells cultured with Vδ2 

T cells in the absence of HMB-PP.   
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Figure 4.17 Expression of co-stimulatory markers by DC and B cells following LPS stimulation. 

Monocyte-derived DC or enriched peripheral blood B cells were cultured for 24 h with HMB-

PP-expanded Vδ2 T cells and LPS in the absence or presence of HMB-PP (denoted H). Cells 

were then stained using mAb specific for CD11c or CD19 and CD86, CD80, CD40 and HLA-DR 

and analysed by flow cytometry. A-D, average (±SEM) mean fluorescence intensities (MFI) of 

staining for CD86 (A; n=9), CD80 (B; n=7), CD40 (C; n=6), HLA-DR (D; n=7) by DC. E-H, average 

(±SEM) mean fluorescence intensities (MFI) of staining for CD86 (E; n=12), CD80 (F; n=14), 

CD40 (G; n=7), HLA-DR (H; n=6) by B cells (BC). *p<0.05, **p<0.01, ***p<0.001 using a two-

way ANOVA and Bonferroni post hoc test.   
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Figure 4.18 Cytokine secretion from cultures of Vδ2 T cells with DC or B cells following LPS 

stimulation. Monocyte-derived DC or enriched peripheral blood B cells were cultured for 24 h 

with HMB-PP-expanded Vδ2 T cells and LPS in the absence or presence of HMB-PP (denoted 

H). The supernatants were then harvested and analysed for levels of IL-12, IL-10, IL-6 and TNF-

α by ELISA. A-D, average (±SEM) concentration of IL-12 (A; n=11), IL-10 (B; n=9), IL-6 (C; n=4) 

and TNF-α (D; n=4) from DC cultures. E-H, average (±SEM) concentration of IL-12 (E; n=6), IL-10 

(F; n=6), IL-6 (G; n=5) and TNF-α (H; n=3) from B cell (BC) cultures. *p<0.05, **p<0.01, 

***p<0.001 using a two-way ANOVA and Bonferroni post hoc test.   
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Figure 4.19 Antibody production by LPS-stimulated B cells cultured with Vδ2 T cells. Enriched 

peripheral blood B cells (BC) were stimulated with LPS and co-cultured with HMB-PP-expanded 

human Vδ2 T cells in the absence or presence of HMB-PP (denoted H). After 7 days the 

supernatants were harvested and analysed for IgA, IgM and total IgG levels by cytometric bead 

array and flow cytometry. A-C, average (±SEM) fold increase of IgG (A; n=6), IgA (B; n=7) and 

IgM (C; n=7) concentration. *p<0.05, **p<0.01 using a two-way ANOVA and Bonferroni post 

hoc test.  
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4.5 Discussion 

Vγ9Vδ2 T cells exhibit a myriad of effector functions in innate and adaptive immunity. 

They can kill infected, tumour and stressed target cells, promote inflammation and 

wound healing, promote the survival, differentiation and activation of monocytes, 

neutrophils and dendritic cells, provide B cell help for antibody production and prime 

CD4+ and CD8+ T cells (Kabelitz and He, 2012, Vantourout and Hayday, 2013, Morita, et 

al., 2007, Chien, et al., 2014). Vγ9Vδ2 T cells can also link innate and adaptive immune 

responses by promoting differentiation of different types of cells into APC that are 

capable of initiating antigen-specific T cell responses and long-term immunological 

memory (Dunne, et al., 2010, Conti, et al., 2005, Devilder, et al., 2006, Ismaili, et al., 

2002, Davey, et al., 2014, Eberl, et al., 2009, Martino, et al., 2005, Shrestha, et al., 

2005, Kalyan and Chow, 2009, Marcu-Malina, et al., 2014). These findings implicate 

Vγ9Vδ2 T cells as candidate targets for development of novel therapies and vaccines. 

Previous studies have demonstrated that Vγ9Vδ2 T cells can induce maturation of B 

cells into antibody-secreting plasma cells (Brandes, et al., 2003, Caccamo, et al., 2006, 

Bansal, et al., 2012, Caccamo, et al., 2012), suggesting that they can promote humoral 

immune responses in vivo. Thus, we sought to further investigate the role of Vδ2 T 

cells in providing B cell helper activity and the mechanisms involved in this. 

Furthermore, we compared these findings to those found with culture of Vδ2 T cells 

with immature DC under the same conditions.  

We found that Vδ2 T cells promoted DC maturation, as evidenced by an increase in 

expression of co-stimulatory markers by DC within 24 h of culture with Vδ2 T cells. In 

addition, we found that Vδ2-DC co-cultures secreted IFN-γ, TNF-α and IL-6 but not IL-4 

and IL-10 after 24 h. While Vδ2 T cells were not potent inducers of IL-12 production by 

DC, they exhibited a strong synergistic effect with TLR ligand LPS in inducing IL-12 

release, which will be discussed in further detail later in this chapter. We also 

examined the phenotypic changes to B cells that occur in response to co-culturing 

them with Vδ2 T cells and found that, like for DC, B cells upregulated HLA-DR, CD40 

and CD86, suggesting that Vδ2 T cells can drive maturation of B cells into APC.  

However, analysis of cytokine production revealed that Vδ2-B cell co-cultures could 
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produce TNF-α, IL-6 and IL-4 but not IFN-γ or IL-12. Thus Vδ2-matured DC and B cells 

have distinct cytokine profiles, with B cells lacking the TH1-promoting cytokine bias 

seen for DC.  We also showed that HMB-PP-stimulated Vδ2 T cells can stimulate the 

production of IgG, IgM and IgA but not IgE by B cells in vitro and that further addition 

of HMB-PP at the time of adding to B cells prevented IgM and IgA production. The 

Vδ2-induced production of IL-4 by B cells supports their role in antibody production by 

B cells, as IL-4 is one of the factors required for B cell help (Caccamo, et al., 2006).  

Since the mechanisms underlying DC and B cell activation by Vδ2 T cells are poorly 

understood, we aimed to identify the molecules required to mediate these functional 

changes. We found that cell contact was found to be important for CD86 expression by 

DC, while CD86 and TH1 cytokines were important for HLA-DR and CD40 expression by 

DC. In contrast, blocking CD40L and separating the B cells from Vδ2 T cells resulted in 

less upregulation of HLA-DR by B cells, but did not significantly affect CD86 or CD40 

expression by Vδ2 stimulated B cells. Thus, while co-stimulatory molecules, pro-

inflammatory cytokines and physical contact with Vδ2 T cells were important for DC 

maturation, co-stimulatory markers and contact played only a minor role in B cell 

maturation and were not important for antibody production. Our results are in 

contrast to the study by Caccamo (2006) which showed that blocking IL-4 and CD40L 

abrogated antibody production by B cells cultured with Vδ2 T cells. They also found 

this to be abrogated when blocking IL-10 and ICOS. However, they did not investigate 

the role of these factors on co-stimulatory marker expression and cytokine production 

by B cells. Thus, the mechanisms responsible for B cell activation need to be further 

elucidated.  

As all these cultures were carried out using allogeneic donors, we compared the 

outcomes of allogeneic and autologous stimulations. We found that, generally, the 

same levels of co-stimulatory markers and cytokine production were observed with 

allogeneic and autologous cultures, as demonstrated by CD86 expression and IL-12 

release by DC and IL-4 release by B cells. Thus, this suggests that pure populations of 

allogeneic Vδ2 T cells may be substituted for autologous Vδ2 T cells as adjuvants for 

DC- or B cell-based therapies.  
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Analysis of the capacity of DC matured using Vδ2 T cells to induce proliferation of 

resting alloreactive T cells found that they induce proliferation and IFN-γ production by 

these T cells in vitro, suggesting that Vδ2 T cell-matured DC also prime antigen-specific 

TH1 responses. In comparison, Vδ2 T cell-matured B cells were able to stimulate 

alloreactive T cells to proliferate but not to produce IFN-γ, IL-2, IL-4 or IL-10. These 

findings suggest that Vδ2 T cells can drive the differentiation of DC into TH1-promoting 

APC and B cells into APC that can stimulate different T cell responses.  

Investigation into whether Vδ2 T cell-matured DC could present specific antigen to T 

cells, revealed that while the presence of tetanus toxoid or tuberculin antigens 

induced proliferation of resting autologous αβ T cells, this was not more potent than in 

the absence of these antigens. Furthermore, the presence of these antigens did not 

induce an increase in cytokine secretion by autologous αβ T cells stimulated by Vδ2-

matured DC. The lack of response to the antigens may be due to a low frequency of T 

cells specific for these antigens. 

Another important question was whether DC or B cells reciprocally activate Vδ2 T 

cells. We found that DC, but not B cells, induced co-stimulatory marker expression and 

IFN-γ secretion by HMB-PP-activated Vδ2 T cells, while the addition of B cells did not 

significantly impact on co-stimulatory marker expression or cytokine production by 

Vδ2 T cells. Furthermore, the simultaneous addition of DC and B cells had no 

synergistic effect either.  

As most of these cultures were carried out in equal ratios, we examined the outcomes 

of altering the ratios of DC to Vδ2 T cells on cytokine production by DC and Vδ2 T cells. 

The results showed that an abundance of Vδ2 T cells boosted IFN-γ, IL-4 and TNF-α 

production by DC, thus confirming that Vδ2 T cells can induce cytokines by DC, 

whereas increasing the numbers of DC did not augment the ability of Vδ2 T cells to 

produce these cytokines.  

Finally, we investigated the role of LPS in Vδ2 T cell-induced activation DC and B cells, 

which would reflect a state of inflammation. We found that, in general, LPS activated 

APC functions by DC and B cells. It upregulated co-stimulatory marker expression by 

DC and B cells and induced IL-12, IL-10, IL-6 and TNF-α secretion by DC and IgG, IgA 
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and IL-12 by B cells. Interestingly, while DC and Vδ2 T cells, individually released only 

small amounts of IL-12, Vδ2 T cells synergised with LPS in inducing high levels of IL-12 

secretion by DC. Dunne et al found that IFN-γ augmented IL-12 production by DC in 

response to LPS (Dunne, et al., 2010b). 

Thus, the findings in this chapter (Petrasca and Doherty, 2014) confirm previous 

reports that Vγ9Vδ2 T cells can induce maturation, MHC and co-stimulatory receptor 

expression and TH1 cytokine production by DC (Dunne, et al., 2010, Conti, et al., 2005, 

Devilder, et al., 2006, Ismaili, et al., 2002, Martino, et al., 2005, Shrestha, et al., 2005) 

and further show that these matured DC can stimulate proliferation and TH1 cytokine 

production by alloreactive αβ T cells. In addition we demonstrated the role of Vδ2 T 

cells in inducing differentiation of B cells into antibody-secreting plasma cells capable 

of stimulating alloreactive αβ T cells to proliferate and secreting cytokines that further 

support antibody production (Brandes, et al., 2003, Caccamo, et al., 2006, Rodriguez-

Pinto, 2005, Harris, et al., 2000, Bansal, et al., 2012, Caccamo, et al., 2012). We also 

demonstrated a role for LPS in DC and B cell activation by Vδ2 T cells and found that 

DC but not B cells activated Vδ2 T cells. Moreover, our results revealed important 

factors in DC activation, but did not fully clarify the mechanisms involved in B cell 

maturation. These results are summarised in figures 4.20 and 4.21. 

Several studies have demonstrated a flexibility of DC maturation and their ability to 

differentiate into APC that selectively promote TH1, TH2 or tolerogenic T cell responses 

(Tisch, 2010, Lutz and Schuler, 2002, Reis e Sousa, 2006, Steinman, et al., 2003). The 

factors that determine the fate of DC differentiation include the nature of antigen and 

the presence of TLR ligands and cytokines and it appears that Vγ9Vδ2 T cells 

contribute by driving TH1-promoting APC generation. Tolerogenic APC are 

characterised by the expression of MHC class II and co-stimulatory molecules in the 

absence of proinflammatory cytokine production and they can present antigen to T 

cells resulting in the induction of anergy or the expansion of regulatory T cells (Tisch, 

2010, Lutz and Schuler, 2002, Reis e Sousa, 2006, Steinman, et al., 2003). Our data 

suggest that Vδ2 T cell-matured B cells may function as tolerogenic APC, since they 

display phenotypes of APC but they do not produce proinflammatory cytokines and 

they stimulate proliferation but not cytokine production by alloreactive T cells. 
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Furthermore, the ability of Vδ2-matured B cells to produce the anti-inflammatory 

cytokine IL-4 further supports a tolerogenic phenotype and we speculate that the IL-4 

may function in promoting antibody responses. This is supported by the study by 

Caccamo (2006), which showed that a subset of Vδ2 T cells that produce IL-4 and IL-10 

provide help to B cells for antibody production. B cells have previously been shown to 

present antigen, resulting in tolerogenic T cell responses (Eynon and Parker, 1992, 

Fuchs and Matzinger, 1992), but future work is required to determine if the T cells 

stimulated by Vδ2-matured B cells have tolerogenic or immunosuppressive activities. 

Vδ2 T cells belong to a family of innate T cells that can differentially promote or 

regulate T cell and antibody responses through selective interactions with DC and B 

cells. Whereas Vδ2 T cells promote immunogenic TH1 responses by inducing 

maturation of DC into APCs, they appear to promote TH2 responses or T cell tolerance 

via their adjuvant activities on B cells, while at the same time promoting antibody 

production. While Vδ2 T cells are already under investigation as adjuvants for 

immunotherapies in clinical trials for cancer (Kalyan and Chow, 2009, Meraviglia, et al., 

2010, Santolaria, et al., 2013), their distinct effects on DC and B cells must be 

considered in order to prevent unwanted immunosuppression or autoimmunity. 
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Figure 4.20. Vδ2 T cells have distinct adjuvant effects for DC and B cells. Co-cultures of Vδ2 T 

cells with either DC or B cells produce IL-6 and TNF-α, but not IL-12 nor IL-10. However, Vδ2 T 

cells induce IFN-γ production and co-stimulatory marker expression by DC after 24 h and these 

matured DC induce proliferation of alloreactive T cells which then secrete IFN-γ. In contrast, 

Vδ2 T cells induce IL-4 production and co-stimulatory molecule expression by B cells after 72 h 

and immunoglobulin secretion after 7 days. These matured B cells induce proliferation but not 

IFN-γ nor IL-4 production by alloreactive T cells. 
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Figure 4.21. Interactions between DC, B cells, Vδ2 T cells and LPS. A-B, DC, B cells and HMB-

PP-expanded Vδ2 T cells were cultured separately or together in a triple culture and examined 

for the resulting cytokine and APC phenotypes. A, the addition of DC to a culture of BC and 

Vδ2 T cells increased co-stimulatory marker expression and IFN-γ by both Vδ2 T cells and B 

cells. B, the addition of B cells to a culture of DC and Vδ2 T cells improved TNF-α production by 

DC. C-D, DC were cultured with HMB-PP-expanded Vδ2 T cells at various ratios and examined 

for the resulting cytokine profiles. C, an abundance of DC resulted in increased IL-6 secretion 

by Vδ2 T cells. D, an increase in Vδ2 T cells augmented cytokine secretion by the cultures and 

increased cytokine production by the DC. E, DC or B cells were cultured with HMB-PP-

expanded Vδ2 T cells and examined the resulting APC phenotype and cytokine profiles of Vδ2 

T cells. DC induced an increase in IFN-γ production by Vδ2 T cells, while B cells did not activate 

Vδ2 T cells. F, LPS was added to cultures of DC or B cells and the resulting cytokine profiles, 

APC phenotype and antibody production were assessed. LPS induced an increase in CD40, 

HLA-DR expression and IL-12, IgA and IgM secretion by B cells. In contrast, LPS induced an 

increase in CD80, CD86, CD40 and HLA-DR expression by IL-6, IL-10, IL-12 and TNF-α secretion 

by DC.  
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Chapter 5 

Analysis of antigen recognition and 

helper function of human Vδ3 T cells 
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5.1 Introduction 

Human Vδ3 T cells constitute a minor subset of peripheral blood lymphocytes and thus 

far, no Vδ3 T cell specific antigen has been identified. Vδ3 T cells are enriched in the 

liver (Kenna, et al., 2004) and gut (Dunne, et al., 2013) and they are reported to be 

expanded in HIV patients (Kabelitz, et al., 1997), B cell chronic lymphocytic leukaemia 

(Bartkowiak, et al., 2002) and in the peripheral blood of renal stem cell transplant 

recipients with cytomegalovirus activation (Halary, et al., 2005, Dechanet, et al., 1999, 

Knight, et al., 2010). 

iNKT cells and γδ T cells, including Vδ1 and Vδ2 T cells, and more recently Vδ3 T cells, 

have been shown to induce DC maturation into APC. Vδ2 T cells and iNKT cells are also 

capable of inducing cytokine and antibody secretion and APC phenotype by B cells. 

This prompted us to investigate the potential of Vδ3 T cells for B helper activity and 

their role in CD1 recognition.  

Several innate T cell subsets can recognise autoantigens presented by CD1 molecules 

(Spada, et al., 2000, de Jong, et al., 2010, Exley, et al., 2002, Uldrich, et al., 2011). 

There are two distinct groups in the CD1 family of lipid-presenting molecules. The first 

includes CD1a, CD1b and CD1c which are mainly found on professional APC and 

developing thymocytes (Dougan, et al., 2007, Pena-Cruz, et al., 2003). The second 

group includes CD1d, which is widely expressed in tissues (Blumberg, et al., 1991, 

Canchis, et al., 1993). CD1 molecules are also expressed in some cancers, but 

expression among patients is varied (Fais, et al., 2005, Lepore, et al., 2014, Metelitsa, 

et al., 2003). CD1d can be found in multiple myeloma, renal cell carcinoma and 

medulloblastoma patients (Liu, et al., 2013, Spanoudakis, et al., 2009) and can also be 

downregulated in viral infections and upregulated under inflammatory conditions 

(Guo, et al., 2015). CD1d is well characterised as a ligand for iNKT cells. However, since 

iNKT cells are found at such low frequencies in humans, γδ T cells, which are more 

abundant and are distinct from murine γδ T cells, may be of superior importance in 

surveillance of lipid antigens (Bendelac, et al., 2007).  

Vδ1 T cells, which are the second most abundant subset of γδ T cells in humans, can 

respond to CD1c, CD1d, and the stress-inducible molecules MICA and MICB, which are 
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expressed by virus-infected and tumour cells (Russano, et al., 2007, Bai, et al., 2012, 

Spada, et al., 2000). Lipid-specific Vδ1 T cells appear to have distinct phenotypes 

depending on the tissues they reside in. In the circulation, phospholipid-specific Vδ1 T 

cells exhibit a TH2 phenotype, while intestinal Vδ1 T cells mediate TH1 or Treg 

phenotypes (Russano, et al., 2007, Russano, et al., 2006, Agea, et al., 2005). The lipid 

repertoire of Vδ1 T cells includes self-lipids such as sulfatide (3-O-

sulfogalactosylceramide), which is enriched in kidneys, intestine and neural tissue, but 

also exogenous pollen-derived phospholipids (Bai, et al., 2012, Russano, et al., 2006, 

Breimer, et al., 2012, Takahashi and Suzuki, 2012). The role of Vδ1 T cells in tissue 

homeostasis and repair is in line with their self-ligand detection (Luoma, et al., 2013). 

Murine γδ T cells have also shown responsiveness to cardiolipin, a phospholipid which 

plays an important role in the inner mitochondrial membrane of mammals, and can 

also be found in bacteria (Dieude, et al., 2011).  

iNKT cells constitute a subset of unconventional T lymphocytes with a highly restricted 

repertoire that also co-express cell surface markers of NK cells. iNKT cells recognise 

antigens presented by CD1d, and are thus CD1d restricted (Bendelac, et al., 2007). The 

iNKT cells are activated by various endogenous and bacterial glycosphingolipids, but 

the prototypical antigen for stimulating mouse and human iNKT cells is αGalCer. 

A proportion of Vδ3 T cells were shown to recognise CD1d without antigen 

recognition, and they did not recognise the iNKT ligand αGalCer. Thus, there is a need 

for identifying ligands for this less prevalent γδ T cell subset.  

5.2 Objectives 

Following the recent development that Vδ3 T cells can activate DC and have the ability 

to recognise CD1d, we sought to examine the potential of Vδ3 T cells for B helper 

activity and CD1 recognition. The main aims were: 

 To characterise the interactions between co-cultured allogeneic Vδ3 T cells and 

B cells by examining co-stimulatory marker expression by both cell types and 

characterising the resulting cytokine and antibody isotype production 
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 To confirm that Vδ3 T cells expanded in this study can recognise CD1 molecules 

on HeLa transfectant cells 

 To investigate whether fresh Vδ3 T cells are capable of presenting glycolipids 

(cardiolipin, ganglioside and sulfatide) via CD1 molecules using CD1a-, CD1b-, 

CD1c- or CD1d-transfected HeLa cells as APC and to compare these to CD1d 

recognition by iNKT cells  

5.3 Methods 

5.3.1 Generation of Vδ3 T cells, iNKT cells and B cells 

B cells were obtained by enriching PBMC for CD19+ cells using a negative selection kit 

(see section 2.6.4). In the absence of a known ligand for Vδ3 T cells and iNKT cells, 

PHA-P, a mitogen known to induce proliferation of all T cells was used to expand these 

cells. However, due to the unspecific nature of PHA-P stimulation, pure populations of 

Vδ3 T cells and iNKT cells were first obtained by flow cytometric cell sorting. Vδ3 T 

cells were sorted by gating on viable lymphocytes positive for CD3, γδ TCR and the Vδ3 

chain, while iNKT cells were sorted by gating on viable lymphocytes positive for CD3, 

Vα24 and Vβ11. These cells (>99% purity) were then stimulated with PHA and an 

excess of irradiated PBMC and cultured for 28 days in IL-2-supplemented media (see 

section 2.6.3). Cell lines of >90% purity following expansion were used for all 

experiments (Fig. 3.23). Phenotyping of Vδ3 T cells was described in chapter 3.  

5.3.2 Analysis of co-stimulatory marker expression by B cells and Vδ3 T cells in co-

cultures 

We wanted to determine whether, like Vδ2 T cells, Vδ3 T cells could induce B cell 

maturation. Vδ3 T cells were cultured with B cells in equal numbers in the presence or 

absence of PHA or LPS for 24 h in cRPMI. LPS was used as a positive control to 

stimulate B cells, while PHA was used to activate Vδ3 T cells. The cells were stained for 

expression of CD3, Vδ3 and co-stimulatory markers CD40, CD86 and HLA-DR. Surface 

expression of these markers was compared by MFI readings obtained using flow 

cytometry. This is summarised in Fig. 5.1A. 
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5.3.3 Analysis of cytokine production from co-cultures of Vδ3 T cells and B cells 

We next examined the cytokines produced by B cells and Vδ3 T cells upon co-culture. 

Vδ3 T cells were cultured with equal numbers of B cells for 24 h in the presence of PHA 

or LPS iIn order to investigate whether resting (unstimulated) or PHA-activated Vδ3 T 

cells could stimulate cytokine production by B cells. In addition, we examined whether 

resting or activated Vδ3 T cells could induce maturation of B cells into effector cells 

that produce cytokines upon re-stimulation with PMA and ionomycin. The 

supernatants were harvested and assayed for levels of IFN-γ, IL-4 and IL-17 by ELISA, 

as described in section 2.7.2. The cells of the same co-culture were then treated with 

monensin for 6 h. PMA and ionomycin-stimulated cell cultures were used as positive 

controls. The cells were then stained for cell surface expression of CD3, Vδ3 and CD19, 

as described in section 2.5.2 and were then fixed and permeabilised and examined for 

intracellular expression of IFN-γ, IL-4, TNF-α and IL-17a for analysis by flow cytometry 

(as described in section 2.7.3). The assays of B and Vδ3 T cell activation are 

summarised in Fig. 5.1A. Cytokine production by Vδ3 T cells cultured alone is 

illustrated in Fig. 3.25. 

5.3.4 Measurement of antibody production by B cells 

The effect of Vδ3 T cells on antibody production by B cells was investigated by 

culturing Vδ3 T cells in equal numbers with B cells in the presence or absence of PHA 

and LPS for 7 days. The supernatants were harvested and analysed using 

immunoglobulin cytometric bead array kits for IgA, IgM and total IgG levels as 

described in section 2.7.4. This is summarised in Fig. 5.1A.  

5.3.5 Vδ3 T cell responses to CD1 molecules in the absence of glycolipids or in the 

presence of cardiolipin, sulfatide and ganglioside 

A study from our group found that a proportion of Vδ3 T cells were able to recognise 

CD1d in the absence of glycolipids. Thus, we wished to further investigate the 

potential of Vδ3 T cells for glycolipid reactivity.  

The cytolytic degranulation of Vδ3 T cells in response to CD1-transfected HeLa cells 

(Fig. 2.9) was examined by flow cytometric analysis of CD107a expression by Vδ3 T 
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cells. Mock-transfected HeLa cells or HeLa cells transfected with CD1a, CD1b, CD1c or 

CD1d (section 2.6.7) were cultured with Vδ3 T cells at equal ratios for 4 h in the 

presence or absence of PMA and ionomycin. The cultures were stained with CD107a 

PE-Cy7 and after 1 h, the cultures were treated with monensin to prevent proteolysis 

of the mAb conjugate upon re-internalisation of CD107a. The cells were then stained 

for CD3 and Vδ3 expression and analysed by flow cytometry. This is summarised in Fig. 

5.1B.  

To determine whether Vδ3 T cells within freshly-prepared PBMC respond to mock-

transfected HeLa cells or HeLa cells expressing transfected CD1a, CD1b, CD1c or CD1d 

with the help of Masters student Robyn Bruen, they were cultured in the absence of 

added glycolipid or presenting cardiolipin, ganglioside or sulfatide. Glycolipids were 

thawed, vortexed, heated and sonicated and diluted in cDMEM. HeLa transfectant 

cells were cultured overnight in 96-well plates in the absence or presence of 

glycolipids. γδ T cell-enriched PBMC were cultured for 4 h with the glycolipid-pulsed 

HeLa transfectants. The cultures were then examined for cytotoxicity as described 

above.  

5.3.6 Analysis of cytokine production by Vδ3 T cells cultured with CD1-transfected 

HeLa cells with or without glycolipids 

In order to investigate whether the presence of HeLa CD1 transfectants could induce 

cytokine secretion by Vδ3 T cells, Vδ3 T cells were cultured for 4 h in equal ratios with 

mock-transfected HeLa cells or HeLa cells transfected with CD1a, CD1b, CD1c, or CD1d 

which had been pulsed overnight with medium alone, sulfatide, gangliosides or 

cardiolipin in the presence of monensin. Cells were examined for intracellular 

expression of IFN-γ, IL-4, TNF-α and IL-17a by Vδ3 T cells using flow cytometry (see 

section 2.7.3). This experiment is summarised in Fig. 5.1B.  
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Figure 5.1 Investigation of B cell helper activity and CD1 recognition by human Vδ3 T cells. A, 

Vδ3 T cells were cultured with enriched peripheral blood B cells and cultured for 24 h and 

analysed for APC phenotype, cytokine and antibody production. B, Vδ3 T cells were cultured 

with mock-transfected HeLa cells or HeLa cells transfected with CD1a, CD1b, CD1c or CD1d in 

the presence or absence of cardiolipin, ganglioside and sulfatide and examined for cytotoxicity 

and cytokine profiles.  
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5.4 Results 

5.4.1 Vδ3 T cells induce co-stimulatory marker expression by B cells 

To investigate whether Vδ3 T cells could induce B cell maturation, expanded Vδ3 T 

cells were cultured with freshly-isolated allogeneic B cells and examined for expression 

of co-stimulatory markers CD86, CD40 and HLA-DR. It was found that both resting and 

PHA-activated Vδ3 T cells induced an increase in CD86 (Fig. 5.2A), HLA-DR (Fig. 5.2B) 

and CD40 (Fig. 5.2C) and this increase was significantly higher when the Vδ3 T cells 

were stimulated with PHA. LPS activation did not enhance this Vδ3-induced 

maturation of B cells. Likewise, the addition of B cells to Vδ3 T cells resulted in an 

increase in CD86 (Fig. 5.3A), HLA-DR (Fig. 5.3B) and CD40 (Fig. 5.4C) expression by Vδ3 

T cells. Interestingly, PHA stimulation induced HLA-DR but not CD86 or CD40 

upmodulation by Vδ3 T cells, while LPS did not activate Vδ3 T cells, nor synergise with 

B cells. Thus, there is reciprocal activation between B cells and Vδ3 T cells.  

5.4.2 Vδ3 T cells do not induce cytokine production by B cells 

Next, we examined the cytokine profile of B cells when cultured with Vδ3 T cells. 

Expanded Vδ3 T cells were cultured with B cells for 24 h, and monensin was added for 

a further 6 h. The cells were then examined for expression of IFN-γ (Fig. 5.4A), TNF-α 

(Fig. 5.4B) and IL-4 (Fig. 5.4C). It was found that Vδ3 T cells did not induce an increase 

in cytokine production by B cells compared to background levels produced by B cells 

alone. While PMA and ionomycin stimulation induced an increase in TNF-α expression 

by B cells, it resulted in decreased IFN-γ and IL-4 expression by B cells. Thus, although 

PHA-activated Vδ3 T cells appeared to induce an increase in IFN-γ production, these 

levels were the same as background IFN-γ levels produced by B cells and thus there 

was no net increase. Furthermore, PHA and LPS did not enhance IFN-γ or TNF-α 

production. However, LPS enhanced IL-4 production by B cells. These results were also 

confirmed by ELISA, which showed that PHA-activated Vδ3 T cells produced IFN-γ (Fig. 

5.5A) and IL-4 (Fig. 5.5B) but B cells and Vδ2 T cells could not stimulate cytokine 

secretion by each other.   

 



166 
 

5.4.3 B cells induce IL-17 and IL-4 production by Vδ3 T cells in the presence of PMA 

and ionomycin 

We also sought to investigate whether B cells can induce cytokine production by Vδ3 T 

cells. The presence of B cells alone did not augment cytokine production by Vδ3 T 

cells, while in the presence of PMA and ionomycin, B cells induced production of IL-17, 

but not IFN-γ, IL-4 or TNF-α by Vδ3 T cells, whereas PMA and ionomycin alone induced 

a significant increase in IFN-γ (Fig. 5.6A), IL-4 (Fig. 5.6B) and TNF-α (Fig. 5.6C) but not 

IL-17 (Fig. 5.6D). Thus, IL-17 was produced only when B cells synergised with PMA and 

ionomycin. While PHA did not augment cytokine production by Vδ3 T cells, together 

with PMA and ionomycin, it augmented IL-4 production compared to when PHA was 

absent. Furthermore, LPS had no effect on cytokine production by Vδ3 T cells. This 

agrees with the ELISA data above which confirmed that the addition of B cells to the 

cell culture did not increase IFN-γ and IL-4 secretion (Fig. 5.5).  

5.4.4 Vδ3 T cells do not induce antibody production by B cells 

Next we wanted to test whether Vδ3 T cells can induce antibody production by B cells. 

Expanded Vδ3 T cells were cultured with B cells for 7 days and the supernatants were 

analysed for levels of IgA (Fig. 5.7B), IgM (Fig. 5.7C) and total IgG (Fig. 5.7A). PHA 

appeared to inhibit antibody production, which is consistent with the HMB-PP-induced 

inhibition of antibody production in Vδ2-matured B cells (Fig. 4.7). LPS did not 

augment antibody production either. Vδ3 T cells did not induce an increase in IgA or 

IgG levels, but induced a significant increase in IgM production by B cells.  
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Figure 5.2 Expression of APC markers by B cells cultured with Vδ3 T cells. Enriched peripheral 

blood B cells (BC) were cultured for 24 h with PHA-expanded Vδ3 T cells in the presence or 

absence of PHA or LPS.  The cells were then stained using mAb specific for CD19 (B cells), CD3 

and Vδ3 (Vδ3 T cells), CD86, CD40 and HLA-DR and analysed by flow cytometry. A-C, average 

(±SEM) fold increase (based on MFI of B cells) of CD86 (A), HLA-DR (B) and CD40 (C) (n=8). 

*p<0.05, **p<0.01, ***p<0.001 using a paired t test compared to BC.  
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Figure 5.3 Expression of APC markers by Vδ3 T cells cultured with B cells. Enriched peripheral 

blood B cells (BC) were cultured for 24 h with PHA-expanded Vδ3 T cells in the presence or 

absence of PHA or LPS.  The cells were then stained using mAb specific for CD3, Vδ3, CD86, 

CD40 and HLA-DR and analysed by flow cytometry. A-C, average (±SEM) fold increase (based 

on MFI of Vδ3 T cells) of CD86 (A), HLA-DR (B) and CD40 (C) (n=8). *p<0.05, **p<0.01 using a 

paired t test compared to Vδ3 T cells alone. 
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Figure 5.4. Cytokine production by B cells cultured with Vδ3 T cells. Enriched peripheral 

blood B cells (BC) were culture with PHA-expanded Vδ3 T cells in the presence or absence of 

PHA or LPS for 24 h. The cultures were then left unstimulated or stimulated with PMA and 

ionomycin in the presence of monensin for a further 6 h and then stained for cell surface 

expression of CD19, CD3 and Vδ3 and intracellular expression of IFN-γ, TNF-α and IL-4. A-C, 

mean (± SEM) percentages of B cells expressing IFN-γ (A), TNF-α (B) or IL-4 (C) (n=4). *p<0.05, 

***p<0.001 using a paired t test. 
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Figure 5.5. Cytokine secretion by cultures of Vδ3 T cells with B cells. Enriched peripheral 

blood B cells (BC) were cultured with PHA-expanded Vδ3 T cells in the presence or absence of 

PHA or LPS for 24 h. The supernatants were harvested and analysed for levels of IFN-γ and IL-4 

by ELISA. A-B, average (±SEM) concentration of IFN-γ (A) and IL-4 (B) in supernatants (n=4). 

*p<0.05, **p<0.001, ***p<0.001 using a paired t test.  
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Figure 5.6. Cytokine production by Vδ3 T cells cultured with B cells. Enriched peripheral 

blood B cells (BC) were cultured with PHA-expanded Vδ3 T cells in the presence or absence of 

PHA or LPS for 24 h. The cultures were then left unstimulated or stimulated with PMA and 

ionomycin and cultured with monensin for a further 6 h and analysed for expression of IFN-γ, 

IL-4, TNF-α and IL-17a by flow cytometry. A-D, average (±SEM) percentage of Vδ3 T cells (n=4) 

expressing IFN-γ (A), IL-4 (B), TNF-α (C) or IL-17a (D). *p<0.05, **p<0.001, ***p<0.001 using a 

two-way ANOVA and paired t test.   
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Figure 5.7. Antibody production by B cells cultured with Vδ3 T cells. Enriched peripheral 

blood B cells were co-cultured with equal numbers of PHA-expanded human Vδ3 T cells in the 

absence or presence of PHA and LPS. After 7 days, the supernatants were harvested and 

analysed for IgG (n=4), IgM (n=7-10) and IgA (n=8-10) levels by cytometric bead array and flow 

cytometry. A-C, average (±SEM) fold increase of IgG (A), IgA (B) and IgM (C).  
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5.4.5 Vδ3 T cells do not recognise CD1a, CD1b, CD1c or CD1d  

A number of human T cell types including subsets of γδ T cells and αβ T cells can 

recognise glycolipid antigens presented by CD1 molecules. Humans have 4 CD1 

isotypes that are capable of presenting lipid antigens to iNKT cells and Vδ1 T cells. It 

was recently demonstrated that Vδ3 T cells can recognise CD1d molecules in the 

absence of lipid antigens. Thus, we wished to test the ability of Vδ3 T cells to recognise 

lipids via CD1 molecules, but first we wanted to confirm that our Vδ3 T cell lines can 

recognise CD1 molecules in the absence of added glycolipid. HeLa cervical cancer cells 

transfected with CD1a, CD1b, CD1c or CD1d or mock-transfected were cultured with 

Vδ3 T cells and examined for expression of CD107a, a marker of degranulation and 

indirectly, cytotoxicity, by Vδ3 T cells. Externalisation of CD107a would indicate the 

ability of Vδ3 T cells to recognise HeLa cells due to their expression of CD1 molecules. 

We found that stimulating Vδ3 T cells with PMA and ionomycin resulted in 

degranulation, regardless of whether HeLa cells or CD1 molecules were present (Fig. 

5.8). However, there was no increase in CD107a expression with any of the HeLa cell 

lines used, suggesting that Vδ3 T cells from these donors do not have the ability to 

recognise CD1a, CD1b, CD1c or CD1d.   

This was also shown with the help of Masters student Robyn Bruen using fresh Vδ3 T 

cells (Fig. 5.9), which did not induce degranulation in response to HeLa cells 

transfected with CD1a (Fig. 5.9A), CD1b (Fig. 5.9B), CD1c (Fig. 5.9C) or CD1d (Fig. 5.9D). 

The lipids sulfatide, cardiolipin and ganglioside were presented to Vδ3 T cells via HeLa 

transfectant cells. However, the presence of these did not induce any reactivity 

towards the HeLa transfectants, thus indicating that most Vδ3 T cells cannot recognise 

and bind these lipids. While there appeared to be some reactivity with HeLa mock 

cells, this was not significant. In contrast, expanded iNKT cells (Fig. 5.10A) showed 

reactivity against HeLa CD1d cells (Fig. 5.10B,C) and this was markedly increased upon 

pulsing with αGalCer.  

5.4.6 Vδ3 T cells do not produce cytokines upon culture with HeLa transfectants  

We also examined the cytokine profile of Vδ3 T cells following culture with HeLa 

transfectants and found that HeLa cells transfected with CD1a, CD1b, CD1c or CD1d 
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did not induce IFN-γ (Fig. 5.11A,E), IL-4 (Fig. 5.11B,E), TNF-α (Fig. 5.11C,F) or IL-17a 

(Fig. 5.11D,F) production by Vδ3 T cells. These results showed that while PMA and 

ionomycin induced IFN-γ, IL-4 and TNF-α expression by Vδ3 T cells, the presence of 

HeLa cells or CD1 molecules did not augment cytokine production. Furthermore, there 

was no increase in IL-17 expression by Vδ3 T cells with either stimulus. Analysis using 

fresh Vδ3 T cells with the help of Ms Bruen confirmed these findings, where HeLa cells 

transfected with CD1a (Fig. 5.12A), CD1b (Fig. 5.12B), CD1c (Fig.12C) or CD1d (Fig. 12D) 

did not induce IFN-γ expression by freshly isolated Vδ3 T cells.  
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Figure 5.8. CD107a expression by Vδ3 T cells following culture with CD1-transfected or mock-

transfected HeLa cells. Mock-transfected HeLa cells or HeLa cells transfected with CD1a, 

CD1b, CD1c or CD1d were cultured with PHA-expanded Vδ3 T cells for 4 h in the presence of 

monensin and anti-CD107a mAb and left unstimulated or stimulated with PMA and ionomycin. 

The cells were then stained with mAb specific for CD3 and Vδ3 and examined by flow 

cytometry. Average (±SEM) percentage of CD107a+ Vδ3 T cells (n=5). ***p<0.001 using a two-

way ANOVA.    
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Figure 5.9 CD107a expression by Vδ3 T cells following culture with CD1-transfected or mock-

transfected HeLa cells. PBMC were enriched for γδ TCR+ cells to obtain enriched levels of Vδ3 

T cells. Mock-transfected HeLa cells or HeLa cells transfected with CD1a, CD1b, CD1c or CD1d 

were were cultured overnight with cardiolipin, ganglioside or sulfatide. The following day, 

fresh Vδ3 T cells were added for 4 h in the presence of monensin and anti-CD107a mAb. PMA 

and ionomycin (PMA/Ion) was used as a positive control to stimulate degranulation. The cells 

were then stained with mAb specific for CD3 and Vδ3 and examined by flow cytometry. A-D, 

average (±SEM) percentage of CD107a+ depicting cytolytic granulation of fresh Vδ3 T cells in 

response to CD1a- (A), CD1b- (B), CD1c- (C) or CD1d-transfected (D) HeLa cells presenting 

cardiolipin, ganglioside or sulfatide (n=3). *p<0.05, **p<0.01 using a paired t test.    
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Figure 5.10 CD107a expression by iNKT cells following culture with CD1-transfected or mock-

transfected HeLa cells. Mock-transfected HeLa cells or HeLa cells transfected with CD1d were 

cultured with PHA-expanded iNKT cells for 4 h in the presence of monensin and anti-CD107a 

mAb and the presence or absence of αGalCer. The cells were then stained with mAb specific 

for CD3 and 6β11 and examined by flow cytometry. A, purity of expanded iNKT cells detected 

using mAb against the Vα24 and Vβ11 chains. B, average (±SEM) percentage of CD107a+ iNKT 

cells (n=5). C, flow cytometric dot plots of CD107a expression by iNKT cells in the absence (left 

panel) or presence (centre panel) of αGalCer; right panel, histogram of CD107a expression by 

iNKT cells in the absence (control) or presence of αGalCer. *p<0.05 using a paired t test.   

 

  



178 
 

 

 

 

 

 

Figure 5.11 Cytokine production by Vδ3 T cells cultured with CD1-transfected or mock-

transfected HeLa cells. Mock-transfected HeLa cells or HeLa cells transfected with CD1, CD1b, 

CD1c or CD1d were cultured with PHA-P-expanded Vδ3 T cells for 4 h in the presence of 

monensin and left unstimulated or stimulated with PMA and ionomycin. The cells were then 

stained for cell surface expression of CD3 and Vδ3 and intracellular expression of IFN-γ, IL-4, 

TNF-α and IL-17a and examined by flow cytometry. A-D, average (±SEM) percentage of Vδ3 T 

cells (n=3) expressing IFN-γ (A), IL-4 (B), TNF-α (C) and IL-17a (D).*p<0.05, ***p<0.001 using a 

two-way ANOVA.   
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Figure 5.12 Intracellular IFN-γ expression by fresh Vδ3 T cells in response to mock-

transfected HeLa cells and HeLa cells expressing transfected CD1a, Cd1b, CD1c or CD1d 

presenting cardiolipin, ganglioside or sulfatide. PBMC were enriched for γδ TCR+ cells to 

obtain enriched levels of Vδ3 T cells. Mock-transfected HeLa cells or HeLa cells transfected 

with CD1a, CD1b, CD1c or CD1d were cultured with fresh Vδ3 T cells for 4 h in the presence of 

monensin and the presence or absence of cardiolipin, ganglioside or sulfatide. The cells were 

then stained for cell surface expression of CD3 and Vδ3 and intracellular expression of IFN-γ 

for analysis by flow cytometry. A-D, average (±SEM) percentage of IFN-γ expression by fresh 

Vδ3 T cells in response to CD1a- (A), CD1b- (B), CD1c- (C) or CD1d-transfected (D) HeLa cells 

presenting cardiolipin, ganglioside or sulfatide (n=3). *p<0.05 using a paired t test.     
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5.5 Discussion 

Human Vδ3 T cells have recently gained interest due to a report of their CD1d 

restriction. They are also reported to be capable of maturing DC into cytokine-

producing APC, a function which was found to be CD1d-dependent (Mangan, et al., 

2013).  

This study, which is the first to explore the reciprocal interaction between Vδ3 T cells 

and B cells, demonstrates that Vδ3 T cells can drive maturation of B cells. We have 

shown that co-culturing Vδ3 T cells and B cells resulted in upregulated CD86, CD40 and 

HLA-DR expression on both Vδ3 T cells and B cells within 24 h. This feature is unique to 

Vδ3 T cells, as B cells do not upregulate co-stimulatory marker expression by Vδ2 T 

cells, as was shown in chapter 4 (Fig. 4.15). In addition, while Vδ2 T cells induce IL-4 

production by B cells, no TH1, TH2 or TH17 cytokines were observed from cultures of 

Vδ3 T cells with B cells. Interestingly, however, B cells stimulated with PMA and 

ionomycin induced a small increase in IL-17 production by Vδ3 T cells. Furthermore, 

while Vδ2 T cells induce IgA, IgM and total IgG production by B cells, this was not seen 

with Vδ3 T cells, which only induced moderate levels of IgM. Thus, while Vδ2 T cells 

have been established to play an important role in orchestrating immune responses 

through their interaction with DC, B cells and neutrophils in peripheral blood, Vδ3 T 

cells may have a more important role in tissues, such as lipid surveillance, which is 

discussed below. 

Several studies have described the ability of innate T cells, including Vδ2 T cells and 

iNKT cells, to drive the differentiation of iDC into APC (Bendelac, et al., 2007, Dunne, et 

al., 2010, Fujii, et al., 2007), which resulted in their exploration as adjuvants in DC-

based therapies (Fournie, et al., 2013, Motohashi, et al., 2011). A previous study from 

our group (Mangan, et al., 2013) investigated the relationship between Vδ3 T cells and 

DC and discovered that within 3 days, Vδ3 T cells induced an upregulation in 

expression of several APC markers by DC including CD40, CD83, CCR7 and HLA-DR to 

levels comparable to LPS-stimulated DC. Interestingly, they found that this was CD1d-

dependent, as blocking CD1d also blocked the co-stimulatory marker expression. In 

comparison, some studies found that DC activation by Vδ2 T cells was TNF-α-
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dependent (Conti, et al., 2005, Ismaili, et al., 2002), thus suggesting that different γδ T 

cell subsets use distinct methods to activate APC.  

Several types of human innate T cells, including γδ T cells, are capable of recognising 

antigens presented by CD1a, CD1b, CD1c or CD1d molecules (Russano, et al., 2007, 

Bai, et al., 2012, Spada, et al., 2000, de Jong, et al., 2010, Exley, et al., 2002, Uldrich, et 

al., 2011, de Lalla, et al., 2011). We examined whether Vδ3 T cell lines can recognise 

and kill target cells expressing CD1 isotypes by culturing them with CD1- or mock-

transfected HeLa cells and measuring the expression of the degranulation marker 

CD107a. The results showed that the 5 Vδ3 T cell donors assessed in this study failed 

to degranulate in response to HeLa cells expressing CD1d. In addition, Vδ3 T cells did 

not respond to CD1a, CD1b or CD1c either. These data are in contrast to the study by 

Mangan et al., which using the same methods of expansion and experimental setup 

found that Vδ3 T cells from 5 donors were able to recognise CD1d but not CD1a, CD1b 

or CD1c. In addition, they found a CD1d-dependent release of IFN-γ and IL-17 by Vδ3 T 

cells which was blocked by anti-CD1d treatment (Mangan, et al., 2013). In chapter 3, 

we showed that our Vδ3 T cell lines did not produce IL-17.  

Sulfatide is a sulfoglycolipid which is synthesised endogenously and plays important 

roles in homeostasis, thrombosis, infection, insulin secretion and the nervous system. 

Cardiolipin is a phospholipid constituting an important component of the 

mitochondrial membrane and bacterial membranes. Gangliosides are 

glycosphingolipids found on cell surfaces and are involved in cell-to-cell 

communication. We examined the ability of freshly isolated Vδ3 T cells to recognise 

these lipids presented by HeLa cells via CD1 molecules.  However, we found that Vδ3 T 

cells from 3 donors were not capable of responding to these lipids, and these lipids did 

not induce IFN-γ production by Vδ3 T cells.  

Thus the Vδ3 T cell lines examined do not appear to recognise glycolipids that 

stimulate iNKT cells. Since DC can express CD1d on their surface, they could be used to 

present lipids to Vδ3 T cells (Cao, et al., 2002). We propose that strategies which could 

directly detect CD1d-restriction, such as by using antigen-loaded CD1d tetramers, 

should be used to further investigate CD1d restriction by Vδ3 T cells. 
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CD1 molecules were among the first γδ T cell ligands described, yet NKT cell discovery 

has diverted the focus from γδ T cells in CD1-lipid recognition (Luoma, et al., 2013). 

Vδ1+ γδ T cells comprise nearly half of IEL (Cheroutre, 2005), which together with Vδ3 

T cells, would make these the largest lipid-reactive population in humans (Luoma, et 

al., 2013). The ability of γδ T cells in recognising self and foreign antigens such as 

pyrophosphates or lipids which result in activation of DC and B cells makes them 

crucial players in immunosurveillance and immunoregulation. The findings discovered 

in this chapter are summarised below (Fig. 5.13).  
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Figure 5.13. Vδ3 T cells induce an APC phenotype by B cells. A, Vδ3 T cells induce an increase 

in CD86, CD40 and HLA-DR expression by B cells and moderate IgM production. B, B cells also 

induce an increase in APC marker expression by Vδ3 T cells. In addition, B cells enhance IL-4 

and IL-17a production by Vδ3 T cells in the presence of PMA and ionomycin only.  
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Chapter 6 

Preliminary studies investigating the 

role of Vδ2 T cells in mediating 

immunity against Clostridium difficile 
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6.1 Introduction 

Clostridium difficile is a Gram-positive, spore-forming bacterium found mainly in the 

gastro-intestinal (GI) tract. It is the main culprit for nosocomial antibiotic-associated 

diarrhoea among hospital patients and in severe cases it can result in pseudo-

membranous colitis and can even be fatal (Poxton, et al., 2001, Wren, 2006). C. difficile 

infection often follows antibiotic treatment, which causes disruption of the normal gut 

flora, thus giving the bacterium the opportunity to thrive. Worryingly, it is increasingly 

found in young adults and patients with no recent antibiotic exposure (Jafari, et al., 

2013).  

Pathogenesis is mediated via toxin production by the bacterium (Babcock, et al., 2006, 

Lyras, et al., 2009). C. difficile secretes toxins A (tcdA), an enterotoxin and B (tcdB), a 

cytotoxin, (Elliott, et al., 2007, Kelly, et al., 1994, Voth and Ballard, 2005), but also a 

third binary toxin which can increase tcdA and tcdB production and resistance (Indra, 

et al., 2006, Kuijper, et al., 2007). They can also produce cytolethal distending toxins 

(CDT) A and B, which cause cells to arrest in the G2M phase of the cell cycle (Lara-

Tejero and Galan, 2001). In addition, they express surface layer proteins (SLP) which 

form a surface layer (S-layer) composed of a paracrystalline surface protein array (Ni 

Eidhin, et al., 2008). There are two SLP, termed high molecular weight (HMW) and low 

molecular weight (LMW) which cover the surface of the bacterium and are thought to 

mediate binding of C. difficile to the GI tract (O'Brien, et al., 2005). 

There has been a recent emergence in hyper-virulent strains, characterised by an 

increase in toxin production, increased resistance to treatment and increased fatality 

(Carroll and Bartlett, 2011). One of these strains is known as North American pulsed-

field gel electrophoresis type I (NAP1) or ribotype (RT) 027 (Brazier, et al., 2008, Indra, 

et al., 2009, Loo, et al., 2005, Pepin, et al., 2004). Other highly virulent and lethal 

strains include RT 001 and RT 017, with RT 078 having similar severity to RT 027 

(Arvand, et al., 2009). Reil and colleagues found that among 355 C. difficile isolates, RT 

001 was most prevalent and found in 70% of isolates, followed by RT 027 and RT 

078/126 which were found in 4.8% and 4.7% of isolates, respectively (Reil, et al., 
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2011). The high toxin levels in RT 027 were associated with an increased mortality 

(McDonald, et al., 2005).  

Current treatment strategies involve administration of metronidazole, vancomycin and 

fidaxomicin (Koo, et al., 2010, Soriano, et al., 2013, Zar, et al., 2007), but while these 

are effective in most patients, 15-35% relapse following treatment (Barbut, et al., 

2000). Probiotics and faecal microbiota transplantation are under investigation and 

have shown cure rates of over 90% (Brandt, 2013, McFarland, 2009). Vaccines are also 

in various stages of clinical trials (Donald, et al., 2013, Sougioultzis, et al., 2005, Tian, et 

al., 2012). 

PRR such as TLR allow pathogen detection by cells of the innate immune system. TLR4, 

which detects LPS is important in several bacterial infections such as Mycobacterium 

tuberculosis. Since C. difficile does not produce LPS, Ryan et al tested the hypothesis 

that SLP in C. difficile is important in pathogen recognition and whether this was 

mediated by TLR4 (Ryan, et al., 2011). They found that SLP and LPS induced DC 

maturation in a similar manner, and induced similar cytokine profiles by DC and the 

effect of SLP on DC was dose dependent. Thus, TLR4 plays an important role in 

immunity against C. difficile, and suggests an important role for SLP in generation of 

the immune responses necessary for bacterial clearance.  

Isoprenoid biosynthesis is a pathway essential for cell survival and is used by 

eukaryotes, bacteria and archaea. All isoprenoids are derived from IPP, which can be 

produced via one of two pathways: the mevalonate pathway, which is used by 

eukaryotes and some bacteria, or the MEP pathway, which is employed by most 

human pathogens. An intermediate of the MEP pathway, HMB-PP is the most potent 

antigen for activating Vγ9Vδ2 T cells, and thus expansion of Vγ9Vδ2 is seen upon 

infection with a broad range of microbial pathogens.  

Genetic studies were carried out to determine which pathways are used by common 

pathogens (Table 1.2). It was revealed that C. difficile, among other pathogens such as 

Escherichia coli, Bacillus anthracis and other Clostridium species, appear to utilise the 

MEP pathway of isoprenoid biosynthesis, as evidenced by possession of MEP pathway 

genes, while other pathogens such as Staphylococcus aureus, Streptomyces 
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pneumonia and Legionella pneumophila use the mevalonate pathway (Heuston, et al., 

2012). This would suggest the ability of C. difficile to produce HMB-PP and induce 

Vγ9Vδ2 T cell activation. In support of this, several studies have demonstrated that 

MEP utilising bacteria can stimulate Vγ9Vδ2 T cells (Heuston, et al., 2012). In addition, 

Staphylococcus and Streptococcus were unable to stimulate Vγ9Vδ2 T cells, due to lack 

of HMB-PP which is only produced via the MEP pathway (Jomaa, et al., 1999). 

However, it has not been shown if C. difficile can activate Vγ9Vδ2 T cells.  

6.2 Objectives 

We sought to investigate whether C. difficile extracts could activate Vδ2 T cells, which 

would suggest that C. difficile produces HMB-PP or another phosphoantigen. 

The main aims were:  

 To investigate whether C. difficile can activate human Vδ2 T cells by stimulating 

PBMC or Vδ2 T cells with extracts of C. difficile and examining Vδ2 T cell 

numbers  

 To examine the cytokine profile induced by Vδ2 T cells in response to C. difficile 

and compare this to the profile induced by HMB-PP 

6.3 Methods 

6.3.1 Method for deriving C. difficile supernatant and lysate 

Strains of C. difficile prepared by Dr. Micheál MacAogáin were recovered from frozen 

stock cultures. Strain RT 001 produces toxins A and B, while strain RT 027 is also 

capable of producing cytolethal distending toxins A and B (Cdt A/B). Strain RT 060 

(ATCC), in contrast, produces neither toxin. 5 μl of the stock culture was inoculated 

onto cefoxitin-cycloserine-egg yolk agar (Brazier’s CCYE media) and incubated for 24-

48 h at 37°C under anaerobic conditions (10% H2, 10% CO2, 80% N2) within a Don 

Whitley anaerobic workstation. Plate-grown colonies were used to seed liquid cultures 

of C. difficile (with starting OD600 = 0.05) in pre-reduced brain heart infusion (BHIS) 

media supplemented with 0.5% yeast extract, 0.1% cysteine, 0.1% sodium 

thioglycolate and 0.05% thaurocholate. Liquid cultures were grown until an OD600 of 
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>2 was recorded and approximately 9 h growth under anaerobic conditions, in 

stoppered Wheaton flasks (20 ml). Once strains obtained the required OD, cultures 

were centrifuged at 4000 rpm to pellet viable cells/spores. Culture supernatants were 

removed and passed through a 0.22 μm filter. Following this initial filtration step, 

supernatants were passed through a low molecular weight ultra-filter with a 3 kDa cut 

off (Merck Millipore Ltd, Cork, Ireland) by centrifugation for 30 min at 4000 g. To 

obtain the C. difficile lysate, the bacteria were homogenised to lyse the cells. The 

presence of toxins A and B in 0.22 μm-filtered supernatants prior and post ultra-

filtration was assessed using the Premier toxin A and B enzyme immunoassay 

(Meridian Bioscience Inc, Cincinnati, USA). This toxin-free ultracentrifuged C. difficile 

supernatant was added to immune cells in various concentrations to assess their 

responses.  

6.3.2 Expansion of Vδ2 T cells from PBMC using C. difficile 

Fresh human PBMC or PBMC enriched for γδ T cells were stimulated with BHIS media 

(negative control), C. difficile supernatant, C. difficile lysate or HMB-PP (positive 

control) and cultured in IL-2-supplemented cRPMI media for 14 days at a ratio of 1:9 or 

1:1. It was determined that 1:9 ratio was best, as it was not toxic towards the cells, 

whereas the 1:1 ratio was toxic and thus the subsequent experiments were carried out 

at a 1:9 ratio of BHIS or C. difficile to cRPMI. The cells were then examined for CD3 and 

Vδ2 expression by flow cytometry. These methods are summarised in Fig. 6.1A.  

6.3.3 Cytokine production by Vδ2 T cells expanded using C. difficile or HMB-PP 

HMB-PP or C. difficile-expanded Vδ2 T cells were taken out of IL-2 media overnight and 

then stimulated with RPMI, C. difficile, HMB-PP or PMA and ionomycin in the presence 

of monensin for 4-6 h. The cells were then stained for cell surface expression of CD3 

and Vδ2 and intracellular expression of IFN-γ, IL-4, TFN-α, IL-13, IL-10 and IL-17 (see 

section 2.6.3 for full procedure). These methods are summarised in Fig. 6.1A.  
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6.3.4 Investigation of the roles of B cells, monocytes and αβ T cells in Vδ2 T cell 

expansion in response to C. difficile 

γδ T cells, αβ T cells, monocytes and B cells were isolated from the same donor and 

cultured separately or together in the presence of HMB-PP or C. difficile supernatant 

for 14 days in IL-2-supplemented RPMI media. The cells were then examined for 

viability, cell counts and cell surface expression of CD3 and Vδ2.  These methods are 

summarised in Fig. 6.1B. 
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Figure 6.1 Analysis of Vδ2 T cell responses to C. difficile in vitro. A, PBMC were stimulated in 

the presence or absence of HMB-PP or C. difficile (denoted C diff) supernatant or lysate and 

cultured for 2 weeks. The cells were then examined for Vδ2 T cell expansion and cytokine 

production by flow cytometry. B, PBMC were enriched for γδ T cells (to ~70% purity) and 

stimulated with HMB-PP or C. difficile supernatant and cultured in the presence or absence of 

autologous monocytes, B cells or αβ T cells for 2 weeks and examined for Vδ2 expression and 

cell viability by flow cytometry.  

  



191 
 

6.4 Results 

6.4.1 C. difficile induces Vδ2 T cell proliferation  

Since it is not known whether C. difficile produces HMB-PP or another Vδ2-stimulating 

agent, we wanted to investigate this by stimulating PBMC or Vδ2 T cells with C. difficile 

extracts of strain RT 001, and compare these to stimulation with the media used for 

growing C. difficile, known as BHIS. The cells were cultured in a 1:1 or 1:9 ratio of BHIS 

media or C. difficile to cRPMI. The two ratios were set up to determine the ratio that 

would yield the highest Vδ2 T cell numbers. As expected, C. difficile induced expansion 

of Vγ9Vδ2 T cells, while BHIS did not (Fig. 6.2A,D). Also, there was no difference 

between C. difficile lysate or C. difficile supernatant, suggesting the stimulating agent 

is present in both. However, at high concentration, i.e. when C. difficile in BHIS media 

made up 50% of the culture volume, it did not expand Vδ2 T cells, suggesting the 

presence of an inhibitor, which may be a component of the BHIS media, which at high 

concentration killed the cells. When the C. difficile supernatant or lysate comprised 

only 10% of the total culture volume, the cell count was not negatively affected. Thus, 

in subsequent investigations, we stimulated the cells with the lower concentration of 

C. difficile or BHIS media.  

6.4.2 C. difficile supernatant from 3 different strains induces Vδ2 T cell expansion 

Next we wanted to examine the effects of 3 distinct C. difficile strains on Vδ2 T cell 

expansion. The strains used were the toxin-producing strains RT 001, RT 027 and the 

toxin-free strain ATCC. However, the toxins produced by RT 001 and RT 027 were 

excluded through a 3 kDa filter. The only factors present would be small molecules, 

less than 3 kDa in size, and phosphoantigens fall in this category (Harly, et al., 2014) 

and HMB-PP is 514 Da. The results showed that all 3 strains induced similar levels of 

Vδ2 T cell expansion (Fig. 6.3), but in the PBMC donors used, these were not as potent 

as HMB-PP. The results indicate that C. difficile can induce Vδ2 T cell expansion but 

that the media used to grow C. difficile (BHIS) displays toxicity towards PBMC.  
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6.4.3 C. difficile induces moderate levels of cytokine production by Vδ2 T cells 

We were also interested in defining the cytokine profile by Vδ2 T cells upon 

stimulation with C. difficile. PBMC were stimulated with C. difficile SN or BHIS and 

examined for expression of TH1 cytokines IFN-γ and TNF-α and the TH2 cytokines IL-4 

and IL-13, as well as the TH17 cytokine IL-17. It was found that C. difficile induced IFN-γ 

(Fig. 6.4A,E) but also moderate levels of TNF-α (Fig. 6.4D,G) but not IL-4 (Fig. 6.4B,E,F), 

IL-13 (Fig. 6.4C,F) or IL-17 (Fig. 6.4G) by Vδ2 T cells within PBMC, which matches the 

cytokine profile induced by HMB-PP.  

We also assessed whether C. difficile could induce cytokine production by expanded 

Vδ2 T cells. We found that when HMB-PP-expanded Vδ2 T cells were stimulated with C 

difficile supernatant or BHIS media, there was no significant increase in IFN-γ (Fig. 

6.5A,E,G), IL-4 (Fig. 6.5B,E), IL-13 (Fig. 6.5C,H), TNF-α (Fig. 6.5D,F), IL-17 (Fig. 6.5F,H) or 

IL-10 (Fig. 6.5G). These experiments show that C. difficile can induce cytokine 

production by Vδ2 T cells in PBMC but not by expanded Vδ2 T cells.  

6.4.4 C. difficile appears to be toxic to fresh γδ T cells, but this inhibition is prevented 

by addition of monocytes, B cells and αβ T cells.  

The above studies show that C. difficile can induce IFN-γ production by Vδ2 T cells 

within fresh PBMC but not by expanded Vδ2 T cells. We also attempted Vδ2 T cell 

expansion with C difficile using PBMC enriched for γδ T cells, which contained ~60% 

Vδ2 T cells. Interestingly, we found that when an enriched population of fresh γδ T 

cells was simulated with C. difficile supernatant, cell death was observed, and this was 

not exclusive for Vδ2 T cells (Fig. 6.6B). This effect was not observed with BHIS media. 

This is in contrast to when fresh PBMC were stimulated with C. difficile supernatant 

(Fig. 6.2C). Thus, to elucidate whether one or more cell populations that are normally 

found in PBMC are protective of Vδ2 T cells against this toxic effect, γδ T cells, αβ T 

cells, B cells and monocytes were isolated from the same donor and subsequently 

cultured together or separately with enriched γδ T cells and stimulated with HMB-PP 

or C. difficile supernatant. It was found that while the separate addition of αβ T cells 

(Fig. 6.7C), monocytes (Fig. 6.7D) or B cells (fig. 6.7E) to γδ T cells was not sufficient to 

prevent the toxic effect, the addition of all 3 cell types to γδ T cells prevented the C. 
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difficile supernatant-mediated cell death (Fig. 6.7A,F). This inhibition is distinct from 

that seen with BHIS when used at high ratios to Vδ2 T cell media (Fig. 6.2) and suggests 

that although C. difficile can expand Vδ2 T cells, components of C. difficile can kill 

PBMC but this is overcome when T cells, monocytes or B cells are present. Absolute 

numbers of Vδ2 T cells show that the addition of T cells, monocytes and B cells did not 

significantly increase Vδ2 T cell counts (Fig. 6.7I). Therefore, these cells protect from 

overall cell death and do not help increase Vδ2 T cell numbers.  
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Figure 6.2 Clostridium difficile can induce expansion of Vδ2 T cells from PBMC. PBMC were 

stimulated with C. difficile supernatant (denoted CD SN 001), C. difficile lysate or C. difficile 

media (BHIS) at a 1:1 or 1:9 ratio to IL-2-supplemented RPMI and cultured for 7 days in the 

presence or absence of HMB-PP. The cells were then examined for CD3 and Vδ2 expression by 

flow cytometry. A, mean (±SEM)  Vδ2 percentage following culture with a 1:1 or 1:9 ratio of C. 

difficile supernatant, lysate or media to RPMI (n=2). B, mean (±SEM) total cell counts following 

culture at the two different ratios (n=2). C, mean (±SEM) percentage of live cells (also 

confirmed by a viability stain) following culture at the two different ratios (n=2). D, 

representative flow cytometric dot plots depicting Vδ2 percentage. E, representative flow 

cytometric dot plots depicting viable lymphocytes.  
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Figure 6.3 All 3 strains of Clostridium difficile induced expansion of Vδ2 T cells. PBMC were 

stimulated with C. difficile supernatant (denoted CD SN) of three different C. difficile strains 

(001, 027 and ATCC) at a 9:1 ratio of RPMI to BHIS or C. difficile SN. The cells were expanded 

for 2 weeks in the presence or absence of HMB-PP and examined for CD3 and Vδ2 expression 

by flow cytometry. A, mean (±SEM) Vδ2 percentage following 2 weeks of culture (n=4-12). B, 

mean (±SEM) of total cell counts after 2 weeks of culture (n=4-12). C, representative flow 

cytometric dot plots depicting Vδ2 percentage under the different stimuli. *p<0.05, 

***p<0.001 using a paired t test compared to starting Vδ2 percentage except where indicated 

by horizontal lines.  
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Figure 6.4 Clostridium difficile induces TH1 cytokine production by Vδ2 T cells. PBMC were 

stimulated with BHIS media alone or containing HMB-PP or C. difficile supernatant strain 001 

(denoted CD SN 001) overnight at a 9:1 ratio of RPMI to BHIS or C. difficile SN. The cells were 

then cultured with monensin for 4 h and examined for CD3 and Vδ2 and intracellular 

expression of IFN-γ, IL-4, TNF-α, IL-13 and IL-17 by flow cytometry. A-D, mean (±SEM) 

percentage of Vδ2 T cells (n=4) expressing IFN-γ (A), IL-4 (B), IL-13 (C) and TNF-α (D). E-G, 

representative flow cytometric dot plots depicting IFN-γ (E), IL-4 (E,F), IL-13 (F), TNF-α (G) and 

IL-17 (G) expression by  Vδ2 T cells in the presence of media alone (left panels), HMB-PP 

(centre panels) or CD SN 001 (right panels). *p<0.05 using a paired t test compared to media. 
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Figure 6.5 Clostridium difficile does not induce cytokine production by HMB-PP-expanded 

Vδ2 T cells. Vδ2 T cell lines were generated by stimulating γδ-enriched PBMC with HMB-PP 

and culturing with IL-2 for 14 days. The cells were taken out of IL-2 overnight and the following 

day, they were re-stimulated with C. difficile supernatant strain 001 (denoted CD SN 001), BHIS 

media (denoted media) or HMB-PP at a 9:1 ratio of RPMI to BHIS or C. difficile SN and cultured 

in the presence of monensin for 6 h. The cells were then examined for CD3 and Vδ2 and 

intracellular expression of IFN-γ, IL-4, TNF-α, IL-10, IL-13 and IL-17 by flow cytometry. A-D, 

mean (±SEM) percentage of Vδ2 T cells (n=3) expressing IFN-γ (A), IL-4 (B), IL-13 (C) and TNF-α 

(D). E-H, representative flow cytometric dot plots depicting IFN-γ (E,G), IL-4 (E), TNF-α (F), IL-17 

(F,H), IL-19 (G) and IL-13 (H) expression by  Vδ2 T cells in the presence of media alone (left 

panels), HMB-PP (centre panels) or CD SN 001 (right panels). *p<0.05, ***p<0.001 using a 

paired t test compared to media.   
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Figure 6.6 Clostridium difficile is toxic to fresh γδ T cells. PBMC were enriched for γδ T cells 

until the sample consisted of ~60% Vδ2 T cells. These cells were then stimulated with BHIS 

media (denoted media) or C. difficile supernatant strain 001 (denoted CD SN 001) at a 9:1 ratio 

of RPMI to BHIS or C. difficile SN and cultured for 2 weeks in IL-2-supplemented RPMI and 

examined for CD3 and Vδ2 expression by flow cytometry. A, mean (±SEM) Vδ2 percentage 

following 2 weeks of culture (n=2). B, mean (±SEM) of total cell counts after 2 weeks of culture 

(n=2). C, representative flow cytometric dot plots depicting Vδ2 percentage following 

stimulation with BHIS media (left panel) or C. difficile (right panel).   
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Figure 6.7 Clostridium difficile toxicity against fresh γδ T cells is reversed by the presence of 

monocytes, B cells and αβ T cells. PBMC were enriched for γδ T cells until the sample 

consisted of >60% Vδ2 T cells. Monocyte (CD14+), B cell (CD19+) and αβ T cell (CD3+ γδ TCR-) 

populations were also isolated from the same donors. γδ T cells were either left unstimulated 

or stimulated with HMB-PP or C. difficile supernatant strain 001 (denoted CD SN) and cultured 

in the presence or absence of monocytes, B cells or αβ T cells for 2 weeks in IL-2-

supplemented RPMI. The cultures were then examined for cell counts and CD3, CD11c 

(monocyte-derived immature DC), CD19 and Vδ2 expression by flow cytometry. A, mean 

(±SEM) Vδ2 percentage following 2 weeks of culture (n=2). B-F, representative flow cytometric 

dot plots of γδ T cells stimulated with HMB-PP (centre panels) or CD SN (right panels) or 

unstimulated (left panels) in the absence of any other cells (B), the presence of αβ T cells (C), 

monocytes (D), B cells (E) or all three cell types (F). G, mean (±SEM) of total cell counts after 2 

weeks of culture (n=2). H, mean (±SEM) percentage of viable cells (n=2). I, absolute numbers 

of Vδ2 T cells (n=2).  
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6.4.5 C. difficile induces IFN-γ and TNF-α production by C. difficile-expanded Vδ2 T 

cells 

Earlier we examined the cytokines produced by Vδ2 T cells within fresh PBMC (Fig. 6.4) 

and HMB-PP-expanded Vδ2 T cells (Fig. 6.5), and found that C. difficile induced TH1 

cytokine production by Vδ2 T cells in PBMC, but not by expanded Vδ2 T cells.  We also 

examined the cytokine profile of C. difficile-expanded Vδ2 T cells when restimulated 

with C. difficile and compared these to HMB-PP-expanded Vδ2 T cells, to see whether 

C. difficile can influence cytokine production by Vδ2 T cells. For this experiment, a 

fresh batch of strain RT 001 was isolated, and its bioactivity was confirmed. Thus, we 

found that this new batch of C. difficile supernatant did not induce significant Vδ2 T 

cell expansion (Fig. 6.8A,C) and there was no inhibition at the low C. difficile 

supernatant concentration (Fig. 6.8B). We also found that when these cells were re-

stimulated with the original stimulus used for the expansion, C. difficile induced the 

production of the same cytokines by Vδ2 T cells as HMB-PP. Both C. difficile and HMB-

PP induced IFN-γ (Fig. 6.9A,G) and TNF-α (Fig. 6.9E,H) but not IL-4 (Fig. 6.9 B,G), IL-10 

(Fig. 6.9C), IL-13 (Fig. 6.9D,H) or IL-17 (Fig. 6.9E). This cytokine profile is very distinct 

from that induced by the aminobisphosphonate zoledronate (Fig. 3.22), thus further 

supporting the hypothesis of the presence of a pAg within the C. difficile supernatant.  

6.4.6 C. difficile supernatant induces proliferation of both CD4 and CD8 subsets of 

Vδ2 T cells  

We examined whether C. difficile has an impact on CD4 or CD8 subsets and found that 

it induced the same Vδ2 T cell CD4 and CD8 subsets as HMB-PP and did not specifically 

expand any of the subsets (Fig. 6.10). 

6.4.7 C. difficile-induced activation of Vδ2 T cells is donor specific  

Finally, since we found that not all Vδ2 T cell donors responded equally well to C. 

difficile, we examined Vδ2 T cell expansion in response to C. difficile in an additional 

number of donors. When combining all the 32 donors used, we found great variability 

between them (Fig. 6.11A). C. difficile induced up to 20 fold increase in Vδ2 T cell 
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percentages in some donors, while in other donors the percentage increase was only 

one fold (Fig. 6.11B).  

 

 

 

Figure 6.8 Clostridium difficile induces expansion of Vδ2 T cells in some donors. PBMC were 

stimulated with a fresh batch of C. difficile supernatant strain 001 (denoted CD SN 001) or BHIS 

media (denoted media) and cultured for 2 weeks in IL-2-supplemented RPMI and examined for 

CD3, CD4, CD8 and Vδ2 expression by flow cytometry. A, mean (±SEM) Vδ2 percentage 

following 2 weeks of culture (n=6). B, mean (±SEM) of total cell counts after 2 weeks of culture 

(n=6). C, representative flow cytometric dot plots depicting Vδ2 percentage under the 

different conditions for two different donors. *p<0.05, **p<0.01 using a paired t test 

compared to the starting percentage or cell count except where indicated by the horizontal 

bars.  
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Figure 6.9 Clostridium difficile induces the same cytokine profile by Vδ2 T cells as HMB-PP. 

PBMC (Fig. 6.9) were expanded using C. difficile supernatant strain 001 (denoted CD SN 001) or 

BHIS media (denoted media) in the presence or absence of HMB-PP for 2 weeks in IL-2-

supplemented RPMI. Cells were taken out of IL-2 overnight and then cultured in the presence 

of monensin for 4 h and left unstimulated or restimulated with the same stimulus as originally 

expanded with, and as a positive control, using PMA and ionomycin. The cells were the 

examined for CD3 and Vδ2 and intracellular expression of IFN-γ, IL-4, TNF-α, IL-10, IL-13 and IL-

17 by Vδ2 T cells. A-F, mean (±SEM) percentage Vδ2 T cells expressing IFN-γ (A), IL-4 (B), IL-10 

(C) IL-13 (D) TNF-α (E) and IL-17 (F) (n=6). G-H, representative flow cytometric dot plots 

showing IFN-γ and IL-4 (G) and TNF-α and IL-13 (H) expression by unstimulated (top panels) or 

restimulated (bottom panels) Vδ2 T cells.  
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Figure 6.10 C. difficile induces expansion of both CD4 and CD8 subsets of Vδ2 T cells. PBMC 

were stimulated with a fresh batch of C. difficile supernatant strain 001 (denoted CD SN 001) 

or BHIS media (denoted media) and cultured for 2 weeks in IL-2-supplemented RPMI and 

examined for CD3, CD4, CD8 and Vδ2 expression by flow cytometry. Graph shows CD4 and 

CD8 subsets of Vδ2 T cells expanded with media, CD SN 001 or HMB-PP (n=6). 
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Figure 6.11 Clostridium difficile induced Vδ2 T cell expansion in a large proportion of donors 

tested. All PBMC donors which were stimulated with C. difficile supernatant strain 001 

(denoted CD SN), BHIS media (denoted media) or HMB-PP and cultured for 2 weeks in IL-2-

supplemented RPMI and examined for CD3 and Vδ2 expression by flow cytometry were 

pooled together. A, scatterplot shows mean (±SEM) Vδ2 percentage following 2 weeks of 

culture with media (n=27), CD SN (n=32) or HMB-PP (n=16) compared to the starting 

percentage (n=32). B, representative flow cytometric dot plots depicting Vδ2 percentage 

following stimulation with media or C. difficile supernatant for two different donors.  
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6.5. Discussion 

C. difficile infection is a major cause of mortality from healthcare-associated infections 

in economically-developed countries. Expression of MEP pathway genes by C. difficile 

indicates that C. difficile utilises the MEP pathway of isoprenoid biosynthesis. This 

would suggest its ability to produce HMB-PP, an intermediate of the MEP pathway and 

as a result could potentially activate Vγ9Vδ2 T cells, which are the only cells to 

recognise this antigen.  

To date, no studies have previously investigated the ability of C. difficile to activate 

Vγ9Vδ2 T cells. We found that an unidentified factor secreted by C. difficile strain RT 

001 was able to induce Vδ2 T cell expansion from PBMC, while the media did not. 

However, the effect was not as striking as that observed with HMB-PP-stimulated 

PBMC. We speculated there may only be a low concentration of stimulus in the C. 

difficile supernatant. However, when a higher concentration of C. difficile supernatant 

was used, the C. difficile media BHIS appeared to inhibit Vδ2 T cell expansion. 

Furthermore, examination of the ability of another two C. difficile strains RT 027 and 

ATCC in Vδ2 T cell activation revealed no difference in the stimulating capacities 

between the different strains. The C. difficile supernatants were devoid of toxins, as 

they were filtered using a 3 kDa filter, which excluded toxins and SLP. Thus, the 

stimulating agent in the C. difficile supernatant would have to be a small molecule. We 

further examined the role of C. difficile in cytokine secretion by Vδ2 T cells following C. 

difficile supernatant stimulation and compared these to HMB-PP-stimulated cells. We 

found that C. difficile induced the same cytokines as HMB-PP, the proinflammatory TH1 

cytokines IFN-γ and TNF-α, while neither induced TH2 or TH17 cytokines. 

Interestingly, we found that Vδ2 T cells were only expanded by C. difficile when used 

at 10% of culture volume. This preparation did not have inhibitory effects on Vδ2 T 

cells found within fresh PBMC but in enriched PBMC containing a high proportion of 

Vδ2 T cells, C. difficile induced cell death upon culture. Furthermore, this was only 

caused by C. difficile supernatant and was not observed when Vδ2 T cells were 

cultured with the BHIS media used for generating C. difficile.  It would appear that a 

non-γδ population within the PBMC prevents the toxic effects of C. difficile 
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supernatant on Vδ2 T cells, perhaps by taking up the toxic agent. In order to test this 

hypothesis, individual cell populations were isolated from the same donor and 

cultured in various combinations to determine whether the presence of monocytes, B 

cells, αβ T cells or all 3 populations prevented the cell death induced by the inhibitory 

factor found in C. difficile supernatant. It was found that, individually, none of the cell 

populations were able to confer protection against C. difficile-induced toxicity, while 

the presence of all 3 populations, which simulates the conditions found in a PBMC 

sample, reduced the cell death and conserved the Vδ2 T cell percentages, which is in 

line with the lack of toxicity of C. difficile supernatant towards PBMC. Of note, the Vδ2 

T cells used were not highly pure, and contained ~70% Vδ2 T cells, a requirement for 

Vδ2 T cell expansion presumably because they contain monocytes which are required 

to induce their proliferation (Tyler, et al., 2015).  

Lastly, a fresh batch of C. difficile supernatant strain RT 001 was isolated with the aim 

of examining the cytokine profiles of C. difficile-expanded Vδ2 T cells, as opposed to 

those of HMB-PP-expanded cells which were examined earlier. First, we confirmed 

that these cells were able to induce Vδ2 T cell proliferation, and found that like HMB-

PP they stimulated the expansion of both CD4 and CD8 subsets. Moreover, they 

induced production of the same cytokines by Vδ2 T cells as HMB-PP upon 

restimulation.  

Thus, these results indicate that the stimulating agent produced by C. difficile has the 

same function as HMB-PP in Vδ2 T cell activation, and that this is significantly distinct 

to the effects of aminobisphosphonate stimulation, which fails to induce TH1 cytokines 

by Vδ2 T cells (Fig. 3.22). Our group is currently in collaboration with collaborators in 

Maynooth University to identify using liquid chromatography/mass spectrometry, 

whether C. difficile supernatant contains HMB-PP or whether it contains a distinct Vδ2 

T cell-stimulating agent, such as a pAg.  

A confounding factor in this study was the great donor variability encountered upon 

stimulation with HMB-PP and C. difficile. Using a standardised cohort of healthy 

donors may help overcome this issue, as there was no information on age, gender or 

medical history on the donors used in this thesis.  
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The overall expansion of Vδ2 T cells seen with C. difficile supernatant may be due to a 

low concentration of pAg, although adding a higher concentration of C. difficile 

supernatant inhibited cell expansion due to an inhibitory factor found in the BHIS 

media, and thus we were not able to test this hypothesis. Along with the same 

collaborators, we hope to be able to purify separate fractions of C. difficile 

supernatant using a specialised column which could bind and ultimately elute HMB-PP 

or other compounds, and thus by using a large starting volume of C. difficile 

supernatant, we could isolate a high concentration of the stimulating agent and then 

test its bioactivity.  

Overall, these results, which are summarised in Fig. 6.12, demonstrate a role for C. 

difficile in inducing an immune response through stimulation of Vδ2T cells. The 

evidence suggests the presence of a secreted factor of less than 3 kDa which has the 

same effects on Vδ2 T cells as the potent pAg HMB-PP, although the identity of this 

agent remains to be elucidated.  

It is unclear how or why the MEP pathway evolved in several bacterial species in 

preference to the ancestral mevalonate pathway (Heuston, et al., 2012). Currently it is 

unknown whether the MEP pathway would be beneficial to the bacteria residing in the 

host. Evidence to support the role for this pathway during intracellular growth and 

survival of bacterial pathogens is provided by several studies (Begley, et al., 2008, 

Eskra, et al., 2001, Lai, et al., 2001, Shin, et al., 2006). Another possible explanation for 

favouring the MEP pathway is the energy efficiency of this pathway which synthesises 

a 5:1 ratio of IPP to its isomer, DMAPP.  In contrast, this ratio is 3:7 in the mevalonate 

pathway (Ershov Iu, 2007). Furthermore, a study by Gill and colleagues found that MEP 

pathway genes were also abundant in the human indigenous microflora (Gill, et al., 

2006). Nevertheless, it is advantageous for the host to have the ability to recognise 

these pathogens through Vγ9Vδ2 T cells, owing to the pAg production by these 

bacteria.   

Future studies will examine the Vδ2 T cell numbers in patients with C. difficile. In 

addition, C. difficile extracts that do not contain BHIS, should be prepared and 

examined for the bioactivity.  
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Figure 6.12. Clostridium difficile induces Vδ2 T cell expansion and cytokine production by 

Vδ2 T cells. A, Clostridium difficile supernatant (denoted CD SN 001) induces Vδ2 expansion 

from PBMC after 14 days. The resulting Vδ2 T cells exhibit the same cytokine profile as HMB-

PP-expanded Vδ2 T cells. B, CD SN 001 is toxic to fresh γδ but not to PBMC or expanded Vδ2 T 

cells. The addition of αβ T cells, monocytes and B cells is protective against the toxic effect.  
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Chapter 7 

Discussion 
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7.1 Discussion  

Vγ9Vδ2 T cells show promise as candidates for cell-based immunotherapeutic 

modulation for cancer. They are frequently numerically and functionally impaired in 

cancer patients and can recognise tumour cells using cell-surface receptors. In 

addition, they can directly kill tumour cells and activate other immune effector cells 

directly and via the release of cytokines (Caccamo, et al., 2008, Dieli, et al., 2008). Two 

therapeutic strategies involving Vγ9Vδ2 T cells are under investigation in clinical trials 

in cancer patients. The first involves in vivo stimulation of Vγ9Vδ2 T cells using 

clinically approved aminobisphosphonates or BrHPP (Dieli, et al., 2007, Wilhelm, et al., 

2003), which activate Vγ9Vδ2 T cells in vivo, inducing their expansion and effector 

functions. The second therapeutic approach involves ex vivo expansion of patients’ 

Vγ9Vδ2 T cells and their adoptive transfer back into the patients (Bennouna, et al., 

2008). Vδ1 T cells may also play important roles in fighting tumour cells (Siegers and 

Lamb, 2014) owing to their ability to recognise lipids presented by CD1 molecules and 

stress-induced self-ligands, and recent findings suggest that Vδ3 T cells share functions 

with Vδ1 T cells and thus may play similar roles. Thus, Vδ1 and Vδ3 T cells also have 

potential as therapeutic agents.    

In the present study we characterised γδ T cell subsets frequencies, their phenotypes 

and functions and looked at methods of expanding γδ T cells to investigate their 

functional properties and to exploit their potential as potential immunotherapeutic 

agents. We confirmed that Vδ2 T cells comprised the majority of γδ T cells in 

peripheral blood, while Vδ1 and Vδ3 T cells, which are usually found in greater 

proportions in the peripheral tissues, were much less abundant (Halary, et al., 2005, 

Kalyan and Kabelitz, 2013). The human Vδ2 chain is known to specifically bind to Vγ9, 

and thus we confirmed that Vδ2 T cells were all Vγ9 positive (Dunne, et al., 2010), 

which allowed us to identify Vγ9Vδ2 T cells using solely the Vδ2 chain.  In contrast, the 

Vδ1 and Vδ3 TCR chains did not preferentially bind to the Vγ9 chain, as also reported 

by Siegers and Lamb (2014).  

We observed that, as previously described, both freshly isolated and expanded γδ T 

cells were mainly DN for CD4 and CD8 expression, which is thought to reflect the lack 
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of MHC requirement for γδ T cell activation (Hayday, 2000, Kabelitz, et al., 2000). 

However, while there were some CD8+ T cells and virtually no CD4+ T cells in 

magnetically enriched and expanded cells, these were found at higher frequencies in 

freshly isolated cells, thus suggesting that CD4+ γδ T cells are not as likely to be 

selected by the magnetic particles. Furthermore, when we expanded Vδ2 T cells 

directly from PBMC using HMB-PP, we also found low numbers of CD4+ T cells. In 

contrast, zoledronate appeared to promote expansion of higher numbers of Vδ2+ CD4 

T cells. Other studies have described methods that selectively expand particular CD4 

and CD8 subsets of innate T cells (O'Reilly, et al., 2011, Zeng, et al., 2013, Dunne, et al., 

2010b).  

Vδ1+, Vδ2+ and Vδ3+ γδ T cells showed predominantly naïve and central memory 

phenotypes, while upon expansion, these exhibited predominantly effector memory 

status (Dieli, et al., 2003, Dunne, et al., 2010, Caccamo, et al., 2005). They expressed 

TLR2 (Pietschmann, et al., 2009, Wesch, et al., 2006, Wesch, et al., 2011), NK and 

activation markers NKG2D, CD56, CD69 and CD161 (Zheng, et al., 2013, Biassoni, et al., 

2001, Dunne, et al., 2010) thus allowing them to directly recognise PRR and tumour 

cells.  

The potent pAg HMB-PP was used to expand Vδ2 T cells to generate cell lines for 

functional studies. We found high inter-individual variability in the proliferative 

responses of Vδ2 T cells to HMB-PP. However, we found that by carrying out a partial 

enrichment of γδ T cells, we obtained highly pure Vδ2 T cell lines. The reason for a 

partial rather than a complete enrichment was the requirement for monocytes in Vδ2 

T cell activation (Eberl and Moser, 2009), which are required to present pAg to Vδ2 T 

cells. In contrast, we found the aminobisphosphonate zoledronate to consistently yield 

highly pure populations of Vδ2 T cells. These data show that HMB-PP-expanded Vδ2 T 

cells have the same functional properties as fresh Vδ2 T cells, while zoledronate-

expanded Vδ2 T cells do not rapidly produce TH1 cytokines upon restimulation but this 

can be restored using HMB-PP in conjunction with zoledronate. Therefore, we 

demonstrate a method of expanding Vγ9Vδ2 T cells ex vivo using HMB-PP or 

zoledronate which could then be adoptively transferred back into patients.  
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A major limitation with Vδ3 T cells is their scarcity in peripheral blood and thus the 

need to expand them to obtain satisfactory cell numbers for their study. Another 

challenge is the lack of a known ligand specific for Vδ3 T cells. We optimised a method 

for generating highly pure lines of Vδ3 T cells. In this method, Vδ3+ T cells were 

isolated from PBMC by flow cytometric cell sorting and stimulated with the T cell 

mitogen PHA in the presence of irradiated feeder cells and expanded using IL-2. Using 

this method, high numbers (up to 1,000 fold increase from ~1,000 cells) of Vδ3 T cell 

populations were obtained within 3-4 weeks. . 

Upon activation, γδ T cells are known to rapidly produce high levels of TH cytokines 

which serve to activate cells of the innate and adaptive immune systems (Eberl, et al., 

2009).  Vδ2 T cells mainly secrete IFN-γ and TNF-α, while non-Vδ2 T cells can also 

produce TH2 and TH17 cytokines (Dechanet, et al., 1999, Fenoglio, et al., 2009, Maher, 

et al., 2015). TH2 and TH17 cytokines can also be produced by Vδ2 T cells under certain 

conditions (Spinozzi, et al., 1995, Wesch, et al., 2001, Ness-Schwickerath, et al., 2010, 

Caccamo, et al., 2011). We confirmed these findings and also found that some Vδ2 T 

cells secrete high amounts of IL-4 upon stimulation with HMB-PP, which may be 

important in B cell activation. In contrast, zoledronate stimulation abrogated the 

ability of Vδ2 T cells to produce TH1 cytokines. Thus the difference in cytokine 

phenotypes induced reflects the distinct mode of activation between HMB-PP and 

zoledronate. Recently, Vδ3 T cells have been shown to produce TH1, TH2 and TH17 

cytokines upon activation (Mangan, et al., 2013). In the present investigation, we 

found that Vδ3 T cells were not able to produce IL-17 with PMA and ionomycin 

stimulation, but required the addition B cells alongside PMA and ionomycin.  

Immunotherapeutic approaches involving γδ T cells have shown improved clinical 

outcomes in various cancers (Fournie, et al., 2013, Kobayashi, et al., 2011). Meraviglia 

and colleagues found disease stabilisation or partial remission in 3 patients with 

metastatic breast cancer which were correlated to sustained peripheral blood Vγ9Vδ2 

T cell numbers (Meraviglia, et al., 2010). Dokouhaki and his colleagues found that lung 

cancer progression was remarkably inhibited in a xenograft model of human non-small 

lung cancer (Dokouhaki, et al., 2010). However, there are also limitations. Repeated 

pAg stimulation has been shown to yield a progressively weaker effect due to anergy 
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and exhaustion of Vγ9Vδ2 T cells. As Vγ9Vδ2 T cells are prone to activation-induced 

cell death, their effects are often transient (Gan, et al., 2001). Therefore the current 

therapies provide short-term responses for long term chronic diseases. Alternative 

strategies such as DC immunotherapies that use Vγ9Vδ2 T cells as adjuvants could be 

utilised to promote desired immune responses.  

This prompted us to further examine interactions between Vδ2 T cells, DC and B cells. 

We found that they induced co-stimulatory marker expression by both DC and B cells, 

and while they promoted TH1 responses by DC, they promoted differentiation of B 

cells into TH2-promoting antibody-secreting plasma cells. Our findings confirm the 

ability of Vδ2 T cells to mature DC into APC (Dunne, et al., 2010, Conti, et al., 2005, 

Devilder, et al., 2006, Ismaili, et al., 2002, Martino, et al., 2005, Shrestha, et al., 2005). 

In addition we endorse the findings by other groups which also demonstrated the 

ability of Vδ2 T cells to induce differentiation of B cells into antibody-producing cells 

(Brandes, et al., 2003, Caccamo, et al., 2006, Bansal, et al., 2012, Caccamo, et al., 

2012). We found that while co-stimulatory markers, TH1 cytokines and cell contact 

were important in DC activation by Vδ2 T cells, they did not play a major role in B cell 

maturation. In comparison, others have reported that CD40L, ICOS, IL-4 and IL-10 were 

important for Vδ2 T cell-mediated antibody production by tonsillar B cells after 10 

days (Caccamo, et al., 2006). However, those studies did not assess the role of those 

molecules in B cell maturation into APC. We found CD40L and cell contact to be 

important in B cell maturation into APC.   

We also observed that DC can reciprocally activate Vδ2 T cells to express co-

stimulatory markers and produce increased levels of IFN-γ, while B cells did not 

activate Vδ2 T cells. An increased frequency of Vδ2 T cells was found to result in 

increased cytokine production by DC, thus highlighting the importance of using in vivo 

expansion methods to increase numbers of circulating Vδ2 T cells to activate DC. In 

contrast, increasing the number of DC that come in contact with Vδ2 T cells, did not 

enhance the effector capabilities of Vδ2 T cells. While these studies were carried out 

under normal conditions of homeostasis, we also examined the interactions between 

Vδ2 T cells with DC or B cells under conditions of inflammation, by adding LPS to the 

co-cultures. We found that LPS stimulation induced the expression of costimulatory 
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markers by DC and B cells and induced the secretion of TH1 and Treg cytokines by DC 

and IL-12, IgG and IgA by B cells. Moreover, LPS and Vδ2 T cells had a synergistic effect 

on IL-12 production by DC, which might be explained by the ability of Vδ2 T cells to 

recognise TLR4 ligands (Devilder, et al., 2009). IFN-γ has previously been shown be 

important for IL-12 production by LPS-stimulated DC. Thus, DC and Vδ2 T cells 

reciprocally stimulate IFN-γ release, and under conditions of inflammation IFN-γ 

secretion by Vδ2 T cells stimulates high levels of IL-12 by DC.  

Another important finding was the ability of Vδ2-matured DC to induce proliferation 

and TH1 cytokines by resting alloreactive αβ T cells. Although we examined whether 

these mature DC could also present specific antigen to T cells, we found that the 

presence of tetanus toxoid or tuberculin did not augment αβ T cell activation 

compared to DC in the absence of added antigens, which may have been due to an 

insufficient number of antigen-reactive T cells in the cell population. B cells are known 

to be capable of presenting antigens to T cells (Rodriguez-Pinto, 2005). We saw that 

Vδ2-matured B cells also induced proliferation of resting T cells, but were not as 

efficient as Vδ2-matured DC in doing so.  These findings suggest that Vδ2 T cells have 

the ability to control different arms of the immune system through this selective 

activation of distinct APC functions and thus could be used as adjuvants in cellular 

therapy to drive desired immune responses.  

As Vδ2 T cells have proven to play a central role in orchestrating immune responses, 

we therefore wanted to investigate the roles of the less common Vδ3 T cell subset. A 

study from our group recently demonstrated the ability of Vδ3 T cells to induce 

maturation of DC into cytokine-secreting APC (Mangan, et al., 2013). Our study is the 

first to explore the reciprocal relationship between Vδ3 T cells and B cells. We found 

that like Vδ2 T cells, Vδ3 T cells induced an increase in co-stimulatory molecule 

expression by B cells, but did not induce cytokine secretion, nor antibody production, 

except for a possible increase in IgM. In turn, B cells induced co-stimulatory marker 

expression by Vδ3 T cells. Hence, while Vδ2 T cells activate B cells, B cells do not 

reciprocally activate Vδ2 T cells, whereas B cells reciprocally activate Vδ3 T cells. In 

addition, PMA and ionomycin-activated B cells induced IL-17 production by Vδ3 T cells, 

which were unable to produce IL-17 without B cell help, which is in contrast to the 
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findings by Mangan et al (2013), which found that Vδ3 T cell produced IL-17 upon PMA 

and ionomycin stimulation in the absence of B cells. 

Several innate T cell subsets have gained focus due to their ability to recognise foreign 

and self-antigens in an MHC-independent manner. Some of these recognise antigens 

within the MHC-I-like CD1 molecules which are usually found on APC and include 

CD1a, CD1b, CD1c and CD1d (Russano, et al., 2007, Bai, et al., 2012, Spada, et al., 2000, 

de Jong, et al., 2010, Exley, et al., 2002, Uldrich, et al., 2011, de Lalla, et al., 2011). CD1 

molecules were first described for γδ T cells, but are mainly studied in the context of 

iNKT cells which recognise glycolipid antigens presented by CD1d molecules (Bendelac, 

et al., 2007, Berzins, et al., 2011).  Vδ1 T cells have also been reported to respond to 

CD1c and CD1d molecules presenting lipids and sulfatide (Russano, et al., 2007, Bai, et 

al., 2012, Spada, et al., 2000), and recently it was found that a proportion of Vδ3 T cells 

can recognise CD1d molecules independently of lipids. This prompted us to investigate 

whether certain lipids could enhance the reactivity of Vδ3 T cells to CD1 molecules. 

We investigated if Vδ3 T cells within freshly-isolated, γδ T cell-enriched PBMC and Vδ3 

T cell lines could degranulate in response to HeLa cells transfected with CD1a, CD1b, 

CD1c or CD1d as APC. In contrast to a report by Mangan, et al., (2013), we found that 

our Vδ3 T cells lacked reactivity against each of the CD1 molecules examined. We then 

decided to test if Vδ3 T cells could respond to cardiolipin, sulfatide or ganglioside but 

found that they showed no reactivity against CD1a, CD1b, CD1c or CD1d, as they failed 

to degranulate and produce cytokines in response to these glyocolipids. It is possible 

that our failure to detect CD1d-restricted Vδ3 T cells is because they make up very low 

proportions of Vδ3T  cells, as seen for CD1d-restricted Vδ1 T cells (Bai et al., 2012), or 

that they failed to expand significantly during the generation of Vδ3 T cell lines. Future 

work using antigen-loaded CD1 tetramers may ultimately confirm or refute the 

previous observation of CD1d restriction of Vδ3 T cells.  

Isoprenoid biosynthesis is vital for cell survival and thus is employed by most cells 

including many bacterial species, parasites and eukaryotic cells. Eukaryotic cells and 

some bacterial species such as Staphylococcus and Streptomyces use the mevalonate 

pathway which results in IPP production (Heuston, et al., 2012). Cells with 

dysregulated metabolism, such as in tumour or microbe-infected cells can 
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overproduce IPP due to overexpression of rate-limiting enzymes in the pathway 

leading to IPP production. This can alert Vδ2 T cells, stimulating their proliferation. 

Thus IPP serves as a self-ligand for Vδ2 T cells to recognise cellular dysregulation due 

to altered metabolism. In contrast, most bacteria appear to utilise the MEP pathway of 

isoprenoid synthesis, which also results in the production of IPP but also the potent 

pAg HMB-PP. Evidence in support of this comes from genetic studies which revealed 

that these bacteria, including C. difficile express genes involved in the MEP pathway. 

Therefore, Vδ2 T cells can detect and respond to these bacterial-derived metabolites 

resulting in the initiation of immune responses against these pathogens. Vδ2 T cells 

can readily expand in vivo and in vitro in the presence of Mycobacterium and 

Plasmodium species (Kabelitz, et al., 2000, Chen, 2013, Behr, et al., 1996, Kabelitz, et 

al., 1990). Thus far, the ability of C. difficile to activate Vδ2 T cells has not been 

established. Therefore, we looked at C. difficile as a potential source of HMB-PP. C. 

difficile extract in the form of supernatant or lysate, from 3 distinct strains, were 

filtered to remove toxins and examined for their Vδ2-stimulating properties. As 

expected, C. difficile, from all strains and both sources was able to induce proliferation 

of Vδ2 T cells compared to controls. Furthermore, C. difficile induced expansion of 

both CD4 and CD8 subsets of Vδ2 T cells and the production of the same cytokines by 

Vδ2 T cells as were observed with HMB-PP stimulation. However, we found the 

medium used to culture C. difficile to be toxic towards human PBMC at high doses. 

This toxic effect was eliminated by reducing the amounts of C. difficile-containing 

medium. However, when monocytes, B cells and conventional T cells were partially 

removed from the cultures, the C. difficile extract appeared to induce cell death and 

this was prevented by the addition of monocytes, B cells and conventional T cells. 

Overall we found vast inter-donor variability in expansion using HMB-PP and C. 

difficile, but C. difficile and HMB-PP appeared to induce the same functions by Vδ2 T 

cells. We speculate that a factor of less than 3 kDa secreted by C. difficile is responsible 

for inducing expansion of Vδ2 T cells, but is either less potent, or is present at lower 

concentration than 10 nM HMB-PP.  Future plans include optimising methods to reveal 

the identity of this stimulating factor by using LC-MS in collaboration with 

collaborators in the Biology Department at Maynooth University. Another aim is to 

design a column that could be used to isolate individual components of the C. difficile 
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extracts and investigate the bioactivity of these alongside HMB-PP. Finally, we wish to 

phenotype Vδ2 T cells in C. difficile patients to determine whether they show altered 

Vδ2 T cell frequencies compared to healthy individuals.  

These studies highlight the role of γδ T cells in immunosurveillance, regulation of 

immune responses and acting as a bridge between the adaptive and innate immune 

systems. While they only represent a minority of circulating T cells, they have been 

proven to rapidly proliferate during microbial infections and accumulate around 

invasive pathogens and therefore they appear to partake in tissue homeostasis, anti-

tumour and antimicrobial immunity due to their ability to recognise self-ligands and 

bacterial-derived metabolites and respond by directly killing target cells  or by driving 

recruitment or activation of neighbouring cells (Zheng, et al., 2013, Moser and Eberl, 

2007). Although the mechanism involved in differentiating between self and foreign 

ligands are not well understood, IPP levels produced by host cells are normally 

insufficient to trigger immune responses and thus avoid inducing autoimmune 

responses. Vδ2 T cells can only be activated by elevated IPP levels of micromolar 

concentrations which are found in tumour cells and infected cells. However, it appears 

that the role of Vγ9Vδ2 T cells in antimicrobial infection is of superior physiological 

importance than that of homeostasis, as they show an increased sensitivity to HMB-PP 

which is detected at nanomolar concentrations (Moser and Eberl, 2007). Thus, in the 

future, γδ T cells may be applied to treat bacterial infections, and some groups have 

already investigated the anti-bacterial properties of Vγ9Vδ2 T cells (Bonneville and 

Scotet, 2006, Huang, et al., 2009). Studies are needed to further address the 

distribution and function of γδ T cells following infusion into patients. Moreover, since 

pAg-responsive γδ T cells are unique to humans and primates, humanised mouse 

models are needed to further study their functions in vivo, and some are already 

under investigation (Santolaria, et al., 2013, Roth and Harui, 2015, Tu, et al., 2011, Tu, 

et al., 2014). 

It is apparent that γδ T cells have evolved to recognise a unique set of antigens which 

are not recognised by conventional T cells, and thus, γδ T cells and other innate-like T 

cells have gained focus as major regulatory effector cells that orchestrate adaptive and 

innate immune responses.  
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Figure 7.1 Vδ2 and Vδ3 T cells play distinct roles in B cell activation. A, Vδ2 T cells induce 

maturation of B cells into antibody secreting and cytokine producing cells.  B, Vδ3 T cells 

induce maturation and IgM production by B cells. 
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7.2 Future directions 

The results obtained in this thesis highlight potential for further research. In chapter 3 

we analysed the expression of various markers by γδ T cell subsets. Although similar 

results have been reported by other groups with regards to Vδ1 and Vδ2 T cells, Vδ3 T 

cells and their functions are still poorly characterised, and should be examined in 

further detail. More importantly, there is a need for identification of a ligand specific 

for Vδ3 T cells. 

In chapter 4, we demonstrated the ability of Vδ2 T cells to orchestrate different arms 

of the immune system through interaction with DC and B cells. Various factors, such as 

IFN-γ, IL-4, TNF-α, CD86, CD40 and cell contact, were investigated for their importance 

in B cell activation by Vδ2 T cells, but none of these proved to play a role. Therefore, 

future work should further examine the molecular mechanisms involved in the 

activation of B cells by Vδ2 T cells. 

We also explored the interaction between Vδ3 T cells and B cells (chapter 5), and 

found that Vδ3 T cells induce maturation of B cells with distinct functions from those 

induced by Vδ2 T cells. The mechanisms involved in this activation, however, are yet to 

be examined. Furthermore, since we failed to observe CD1 restriction in our Vδ3 T 

cells lines using a cytotoxicity assay, we propose the use of distinct methods such as 

using antigen-loaded CD1 tetramers to further investigate the ability of Vδ3 T cells to 

recognise CD1 molecules. Lipids and other antigens should then be investigated for 

their potential to activate Vδ3 T cells. 

In the final chapter, we showed that a factor secreted by Clostridium difficile is capable 

of inducing proliferation and cytokine production by Vδ2 T cells in a manner similar to 

that of phosphoantigens, but that factor has yet to be identified. The use of liquid 

chromatography/mass spectrometry or other similar techniques could reveal whether 

a phosphoantigen is contained within the C. difficile supernatant. A chemical signature 

for HMB-PP could be obtained and compared to that of factors secreted by C. difficile. 

Moreover, C. difficile patients should be phenotyped to determine whether Vδ2 T cell 

numbers or functions are affected by C. difficile infection.  
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