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Abstract

Cancer remains a global leading cause of death as current treatments are often ineffective and

present with high relapse-rates and severe adverse reactions. Vδ1 γδ T-cells are gaining interest

as promising onco-immunotherapeutic targets due to their association with favourable prognoses

in a myriad of malignancies. This thesis explores whether Vδ1-targeting bispecific engagers can

improve immune responses against CD19+ haematological malignancies. Initial experiments

investigated four Vδ1/CD19 bispecific engager formats, where only the BiTE format success-

fully enhanced Vδ1 function. The Vδ1/CD19 BiTE demonstrated specific binding to both

Vδ1 TCR+ and CD19+ cells, resulting in TCR-downregulation, upregulation of T-cell activa-

tion markers 41BB, CD25 and CD107a, and enhanced cytotoxicity against CD19+ cell lines.

Vδ1/CD19-treatment also increased PBMC cytotoxicity against CD19+ MEC-1 and primary

CLL B-cells. To investigate mechanisms of healthy cell discrimination, differentially expressed

ligands were identified from primary healthy B-cells, CLL B-cells and CD19+ cancer cell lines by

RNA-analysis. Corresponding co-receptors to such ligands were identified using the literature.

Following Vδ1/CD19 engager-treatment, naive PBMC-based Vδ1 T-cells increased expression

of co-receptors NKG2D, CD96, DNAM-1, CD2, ICOS and PD-1 alongside CTLA-4 downregula-

tion. Co-culture with MEC-1 cells enhanced granzyme B expression in PBMC-based Vδ1 T-cells

and promoted effector-memory phenotypes. Blocking MEC-1 stress ligands reduced engager-

treated Vδ1 cytotoxicity, though only under conditions of combined ligand-blockade, suggesting

reduced susceptibility of these cells to immune evasion via downregulation of individual stress

ligands. Engager treatment may prime naive Vδ1 T-cells for cytotoxicity by TCR-engagement

but only engager-treated effector Vδ1 T-cells elicited a cytotoxic response when stimulated by

plate-bound recombinant ligands, highlighting a potential lower threshold of activation for ef-

fector, over naive, Vδ1 T-cells. Findings also suggest effector Vδ1 T-cells modulate cytotoxicity

through co-receptor signalling to discriminate between healthy and cancerous cells. Overall, the

work presented in this thesis supports the continued investigation of Vδ1-targeting engagers as

potential treatments for cancer.
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Chapter 1

Introduction

This thesis aims to investigate the rationale behind targeting Vδ1 T-cells, specifically with an

antibody-based engager, to treat cancer. The research focuses on the development of such a

Vδ1-targeting engager in the context of CD19+ malignancies and how this treatment can be

used to enhance the body’s own anti-tumour defences. As an introduction, this first chapter

aims to provide an overview of the principle behind onco-immunotherapies, explore the current

knowledge-base of γδ T-cell biology and finally examine why Vδ1 γδ T-cells warrant further

investigation as targets for the next generation of cancer treatments.

1.1 Cancer

Cancer refers to a group of diseases characterized by the abnormal growth of cells. If left un-

treated, malignant cells can invade the originating organ and spread to other tissues, ultimately

leading to fatal disruptions in normal bodily functions. With an ageing population, it is estim-

ated that in the UK 1 in 2 people will develop cancer in their lifetime [1], and globally cancer

incidence rates are ever-increasing making cancer a leading cause of death worldwide [2]. Due

to the high mortality rates associated with cancer diagnoses, the development of new therapies

remains crucial in the ongoing fight against the disease.

1.1.1 Cancer formation

A neoplasm forms from a cell or groups of cells that have sustained genetic mutations that enable

them to abnormally divide and grow [3]. The accumulation of mutations facilitates evolution of

the cancer which enables its invasive growth due to resultant acquired abilities such as enhanced

proliferation, angiogenesis and evasion of growth suppressors, cell-death signals and immune-

destruction [3, 4]. Because of these abilities, the resulting tumour is highly heterogenous, not

19
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only between the cancerous cells themselves, but also within the tumour microenvironment

(TME) (Figure 1.1).

Figure 1.1: Tumour Heterogeneity.

(A) Heterogeneity of cancer cells. As cancer cells acquire pro-tumoural mutations, the different cell

types may present beneficial phenotypes for different reasons, facilitating the growth of different cancer

cell populations. This evolution maintains the persistence of varied cancerous cells [5], and will occur

separately for the same reasons in any new tumour formations following invasion or metastasis, resulting

in distinct and heterogeneous tumours. (B) The tumour microenvironment. A range of non-cancerous

cells exist in the tumour microenvironment that may support tumour development, including but not

limited to cancer-associated fibroblasts (CAFs), myeloid cells (such as tumour-assocaiated macrophages)

and regulatory T-cells. These cells can suppress any anti-tumoural cells such as CD8 T-cells and NK-

cells. [6, 7]. [This image was created using BioRender]

1.1.2 Traditional Cancer Therapies

Surgical removal of a tumour is one of the oldest and most effective treatments for a lot of

cancer indications if the tumour is detected early enough, before any invasion or metastases

have occured [8]. However, early detection is not always possible and surgery can even expedite

tumour growth by increasing cancer cell shedding and inflammation [9]. Other traditional cancer

therapies, such as chemotherapy and radiotherapy focus on targeting the uncontrollable growth

aspect of a tumour. These therapies use chemicals or radiation to target the rapidly dividing

nature of cancer cells to eliminate them; however, the simplicity of this approach fails to address

the complexities and heterogenous nature of a malignant tumour that enable the cancer to grow

in the first place (Figure 1.1). In failing to recognise the complex hallmarks of cancer1 [10, 11, 4],

1The hallmarks of cancer were first introduced in 2000 by Hanahan and Weinberg to provide clarity on the

definition of malignancies but also to understand the defining characteristics of cancers to be able to develop more

effective treatments [10]. The hallmarks have been updated over time to include the ever-growing research and



21

these therapies may not only fail to eradicate a whole tumour but can also aggravate further

tumour development [12].

The success of chemotherapy and radiotherapy [13] has thus been variable. These strategies

lack tumour-specificity and can affect surrounding healthy tissue leading to severe adverse effects

to the patient. Additionally, disease-free survival can remain low due to cancer cells developing

resistance mechanisms [14, 15, 16] as well as increased chemotherapy-mediated inflammation [12].

These limitations contribute to disease relapse and thus highlight the continued development

these therapies have undergone.

Recent developments in radiotherapy techniques have increased its specificity to reduce its

adverse effects and is thus now used in a large proportion of cancer treatments [17]. Despite

this, radiotherapy often requires combination with other therapies to improve its efficacy [18]

and is not always suitable for all cancer types [19]. Consequently, the development of alternative

approaches has gained significant interest.

Over the last decade, immunotherapies have been the focus for many novel cancer therapies,

particularly since the development of the CTLA-4 blockade antibody Ipilimumab for advanced

melanoma, as well as the PD-1 blockade antibody Nivolumab for NSCLC, which received FDA

approval in 2011 and 2015, respectively [20, 21]. Immunotherapies essentially aim to enhance

the immune system’s inherent capability to recognise and eradicate neoplasms. In comparison

to the traditional therapies, immunotherapies can be more cancer-specific reducing potential for

detrimental adverse effects. Furthermore, combining traditional therapies with immunotherapy

has demonstrated increased efficacy [22], primarily because this approach targets the cancer on

multiple fronts, limiting its ability to accumulate mutations quickly enough to evade treatment.

Therefore, understanding the immune system’s role in cancer could be pivotal in developing

more effective treatments.

1.1.3 Cancer and the Immune System

The immune system plays a critical role in keeping us alive by identifying and removing harmful

self-derived and foreign entities. This includes safeguarding against cancer formation or tu-

mourigenesis. Under normal conditions, the immune system prevents tumourigenesis through

three primary mechanisms [23]:

1. Inhibition of virus-induced tumours by protecting against viral infections.

2. Regulation of persistent inflammation during infections, which might otherwise promote tu-

mourigenesis.

have thus proposed ten hallmarks alongside four enabling characteristics that facilitate neoplasm growth.
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3. Elimination of transformed and stressed cells, which have the potential to develop into can-

cers.

This recognition and elimination of cancerous cells, known as immune surveillance, primar-

ily occurs due to the detection of tumour-associated antigens (TAA), tumour-specific-antigens

(TSA) and cell surface proteins indicative of cellular and metabolic stress [24] (Figure 1.2).

Tumour antigens can include neoantigens presented via MHC or HLA class I molecules or the

abnormal expression of cell surface proteins that facilitate tumour progression. For instance,

HER2, a protein normally expressed on breast tissue, is overexpressed in certain cancers to drive

cell proliferation [25].

If the neoplasm acquires the right mutations, the tumour can enter a state of equilibrium;

where susceptible cancer cells are eliminated by the immune system, while continuous divi-

sion of further-mutated cancer cells persists [23]. This results in a state of tumour dormancy

that is thought to be predominantly maintained by T-cells, IL-12 and IFN-γ [23]. During this

state of dormancy, ’editing’ of the persisting cancer cell’s immunogenicity can occur where oc-

cult tumours can acquire mutations that reduce its susceptibility to the immune system which

reduces the overall immune response against the cancer. Over time, accumulating advantage-

ous mutations allow persisting cancer cells to escape the equilibrated immune control, shifting

the balance to suppress anti-tumourigenic responses and promote tumour growth [23]. This

process of immunosurveillance and immunoediting is detailed in figure 1.2. Immune escape,

for example, can occur from mutations that reduce expression of tumour antigens, which are

essential for immune recognition and elimination [27]. Additionally, mutations that interfere

with the HLA presentation of neoantigens can impair activation of CD8 T-cells that are critical

for anti-tumour immunity [24]. Immune checkpoint pathways are often dysregulated in can-

cers, such as overexpressed surface PD-L1, which can effectively silence anti-tumoural T-cell

activity [28]. Advantageous mutations can also increase release of cytokines such as IL-6, IL-8,

IL-17, and IL-10 which affect the balance of immune signals and drive tumour-promoting in-

flammation [29]. These signals can recruit immunosuppressive regulatory T cells, specifically

CD4+CD25+FoxP3+ Tregs, which suppress anti-tumour immune responses by depleting IL-2

supplies essential for T-cell activity and increasing the prevalence of regulatory cytokines in the

TME [30, 31].

Understanding the mechanisms by which tumours can affect the immune system has provided

critical insights into cancer biology. This knowledge prompted the development of immunother-

apies, which aim to restore the immune system’s ability to detect and eliminate cancer cells,

tipping the balance back in favour of anti-tumour immunity.
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Figure 1.2: Cancer Immunoediting.

Cancer immunoediting is the process in which cancer cells can escape immunosurveillance and elimination

through the acquisition of advantageous mutations and interplay with the immune system. Immunoediting

is characterised by three stages, elimination, equilibrium and escape.

Elimination. If intrinsic cellular tumour-suppressor mechanisms fail and a neoplasm forms, such dys-

regulated cells can be recognised and eliminated by adaptive and innate immune cells. CD8+ T-cells

recognise neoantigens expressed via HLA-1 presentation. NK-cells can recognise a lack of HLA-1 mo-

lecules on dyregulated cells, and can recognise surface expression of cellular stress ligands. γδ T-cells may

be able to recognise cancerous cells through both of these mechanisms. Dendritic cells and CD4+ helper

T-cells can aid macrophage, B-cell and T-cell activation, B-cells can provide an anti-tumour humoural

response, and type 1 macrophages can phagocytose tumour cells upon activation.

Equilibrium. Equilibrium involves the persistence and dormancy of a tumour, that is maintained by

immune cells, particularly T-cells, as well as IL-12 and IFN-γ. The tumour’s outgrowth is prevented by

these factors which also provides a selection pressure where cancer cells that have acquired the necessary

mutations to not be completely eliminated can persist. The persistence of these cells and selection pressure

facilitates the capacity of the occult tumour cells to evolve into cells with lower immunogenicity. This

state of tumour dormancy can last for years or even a lifetime, though some neoplasms will not even

enter this stage and may go straight to elimination.

Escape Over time, this equilibrium can progress if the persisted cancerous cells acquire mutations that

enable escape or evasion of key anti-tumour immune cells, such as NK-cells and CD8+ T-cells, while

promoting the recruitment and activity of pro-tumourigenic immune cells, such as Tregs.

Adapted from [26] and [23] [This image was created using BioRender]
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1.1.4 Onco-Immunotherapy

To restore the immune system’s ability to combat cancer, immunotherapies have employed a

range of strategies. A description of the current immunotherapy landscape is summarised in

figure 1.3.

Despite the advancement and pre-clinical success of these strategies, cancers have still by-

passed these efforts through advancing immune evasion and treatment-resistance mechanisms

[33]. As many of these strategies aim to enhance the CD8+ T-cell response against the tumour,

most of these therapies are susceptible to evasion by increasing immunosuppression within the

TME and dampening any aspect of the entire antigen presentation mechanism: CD8 T-cells

rely on antigen presentation via the MHC-class 1 molecule from both dendritic cells and within

the tumour (Figure 1.5). If the tumour accumulates a mutation that disrupts this process in

any way, it can result in dysfunctional CD8 cytotoxicity making one line of defence redundant.

CAR T-cell therapies can overcome this problem as they have been genetically engineered

to overcome MHC-dependency. CD3-targeting antibodies, or engagers, also bypass the MHC-

dependent TCR-mediated activation by stimulation through the common T-cell CD3 molecule

[34]. Whilst this bypassing is beneficial to eliminate dependency on MHC-presentation, this also

affects the mechanisms for sparing healthy cells from T-cell cytotoxicity. Consequently, these

strategies can result in widespread T-cell activation resulting in severe adverse effects such as

cytokine release syndrome (CRS) and healthy tissue damage, which has been debilitating if not

fatal to patients [35, 36].

Finally, the development of these strategies often overlooks the persistence of cancer stem

cells, which play a key role in the formation of neoplasms and the development of treatment

resistance. Interestingly, cancer stem cells can contribute to or even drive an immunosuppressive

TME [37]. As a result, achieving a cured status is thought to depend on the elimination, or at

least attenuation of these cells.

Highlighting the failures of these therapies is not meant to imply that they have been en-

tirely unsuccessful or a wasted effort. On the contrary, these failures highlight areas still in

need of improvement, while also expanding our toolkit for designing more effective treatments

for individual patients. As has been consistently demonstrated throughout the history of cancer

therapy research and development, the most successful strategies often emerge from combining

treatments and tailoring approaches to address intra- and inter-tumoural heterogeneity. There-

fore, the current landscape of cancer therapies emphasizes the ongoing need to advance these

strategies and explore new ones to identify the most effective treatment options for each patient.
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Figure 1.3: Immunotherapy Landscape.

(A) Cytokine therapy, administration of recombinant cytokines such as IL-2 and IL-15 to boost anti-

tumour T-cell activity. (B) Cancer Vaccine, administration of cancer-associated antigens to train dend-

ritic cells to improve the immune system’s anti-tumoural response. (C) Checkpoint inhibitors, adminis-

tration of antagonistic antibodies to inhibit T-cell suppression via receptors such as PD-1 and CTLA-4.

(D) Cell-based therapies, administration of activated and/or genetically engineered autologous or allogen-

eic effector cells to directly enhance the cytotoxic response against maligant cells, such as CAR T-cells (E)

Cell engagers, administration of agonistic antibodies to activate effector cells against cancer cells, includ-

ing CD3 engagement and ADCC and CDC initiating mechanisms. (F) Oncolytic viruses, administration

of cancer-specific viral particles that lyse cancer cells to release neoantigens into the TME to train the im-

mune system in a similar mechanism to cancer vaccines. (G) Cell depletion strategies, administration of

engagers, chemotherapeutics and/or antagonistic antibodies to deplete immunosuppressive immune cells

within the TME such as TAMs. Adapted from [32]. [This image was created using BioRender]
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One addition to the current approaches has been the recent research into the potential of

γδ T-cells. Not only have these cells been associated with increased survival in cancer patients

[38, 39, 40, 41, 42, 43, 44, 45, 46, 47], these cells provide a potential solution to some of the

pitfalls described above. γδ T-cells function in an MHC-independent manner [48] and can

target a broad range of stress and/transformed related cellular self-antigens. This enables them

to act independently of neoantigen generation and not be reliant on the presence of any single

molecule [49]. The broad repertoire of activating ligands available to these cells reduces their

susceptibility to tumour immune evasion. Moreover, by responding to cellular stress signatures,

they can discriminate between healthy and cancerous cells, minimizing the risk of damage to

healthy tissue and thus reducing the likelihood of severe adverse effects [50]. Finally, γδ T-cells

have shown promise in recognizing and eliminating cancer stem cells [51, 52].

Given the promise γδ T-cells hold for cancer therapeutics, the following section will explore

the latest research on their mechanisms and assess the potential benefits of targeting Vδ1 γδ

T-cells for immunotherapy.

1.2 Human γδ T-cells

γδ T-cells are defined by their TCR, constituting a gamma (γ) chain and delta (δ) chain, as

opposed to an alpha (α) and beta (β) chain expressed in the canonical T-cell. Similarly to

αβ T-cells, γ and δ chains undergo V(D)J somatic recombination to express a functional TCR.

There are eight types of Vδ gene segments recorded in humans [53] (summarised in figure 1.4),

however, the δ chain is often expressed as one of two main types: Vδ1 and Vδ2 [54]. Vδ2 chains

often dimerise with γ9 chains [54], and these Vγ9Vδ2 cells typically reside in the blood [55].

Opposingly, Vδ1 chains couple with a wider variety of γ chains [56, 54] and are found both in

blood and tissue.

γδ T-cells, like the more conventional αβ T-cells, utilise their TCRs to recognise target

cells and promote T-cell activation (see section 1.2.1); however there are a few physiological

differences between the two cell types. αβ T-cells are the predominate T-cell type, constituting

˜45-70% of lymphocytes in healthy PBMCs [58], whereas γδ T-cells represent only ˜0.5-15%

[59, 60]. In epithelial cell rich tissues or tumours however, γδ T-cells can make upto 50% of

the lymphocyte population [61]. Furthermore, γδ T-cells also develop before αβ T-cells have

fully matured [62, 63] allowing γδ T-cells to act as the ‘first line of defence’ during development

and in adult tissue regulation. This idea that γδ T-cells surveil and protect the body against

infection and tumourigenesis during development was first explored in vivo where γδ-depleted

mice showed greater tumour susceptibility [64].
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Figure 1.4: Somatic Recombination for γ and δ chain expression.

(A) Overview of the variable (V), joining (J) and constant (C) gene segments that can make up the γ (G)

TCR chain transcript. There are six GV gene segments that determine the Vγ chain type expressed at the

protein level following V-J rearrangement. (B) Overview of the variable (V), diversity (D), junctional

(J) and constant (C) gene segments that can make up the δ (D) TCR chain transcript. There are

eight DV gene segments that determine the Vδ chain type expressed at the protein level following V-D-

J rearrangement, where three of these DV segments are only expressed as part of the δ chain, and the

remaining five DV gene segments can also be expressed as part of the α chain (AV) of the αβ TCR.

Additional diversity is created in both chain transcripts following the random addition of nucleotides.

This diversity increases the variety of TCR binding antigens. Note only functional gene segments have

been included in the diagram. Adapted from [57] and [53]

γδ T-cells are often described as the link between the adaptive and innate immune systems

as they exhibit properties of both [65]. They respond to their TCR ligands and have been

suggested to clonally expand in a similar way to αβ T-cells [54]. Once activated, γδ T-cells can

release proinflammatory cytokines and chemokines to attract and activate antigen presenting
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cells [66] as well as other B- and T-cells, and are thus able to orchestrate the immune system

[65]. Vδ1 T-cells may be more adaptive than Vδ2 T-cells due to their capacity for differentiation

from a wider variety of TCR ligands. Vδ1 T-cells are able to differentiate from naive to effector

phenotypes as well as exhibiting a more diverse TCR repertoire to bind to a greater variety of

antigens [54].

Alongside their adaptive characteristics, γδ T-cells can also respond in a more innate-like

manner where they do not rely on TCR-mediated signalling to be activated. γδ T-cells express

other receptors such as toll-like receptors (TLR) as well as NK-cell receptors (NKR) that allow

them to recognise and activate in response to infection as well as cellular stress-associated ligands

in a similar manner to innate NK-cells [67, 49]. This not only enables a faster response than

TCR-mediated cytotoxicity but, in the context of anti-tumoural capabilities, because these cells

respond to a vast array of ligands, they are less susceptible to immune evasion as their activation

and cytotoxicity is not dependent on any single ligand expression mechanism. Therefore, it is

useful to understand this activation mechanism and how it differs from the canonical T-cell.

1.2.1 γδ T-cell Activation

As discussed earlier, conventional T-cells rely on HLA-1 presented antigens to become activated

through their TCRs (Figure 1.5). While γδ T-cells can also become activated via a similar

mechanism [68, 69, 70, 71, 72], this is not their sole pathway for TCR-mediated activation

and TCR signalling is not the only mechanism that can lead to γδ T-cell activation (Figure

1.5). While the known repertoire of antigens recognized by γδ TCRs and other innate receptors

remains incomplete, significant progress has been made in identifying and characterizing these

targets.

1.2.1.1 γδ TCR recognition

As Vγ9Vδ2 are the most predominant γδ T-cell in the periphery, Vγ9Vδ2 TCR ligands have

been most extensively studied. Vγ9Vδ2 TCRs recognise butyrophilin (BTN) proteins, such

as BTN3A1 and BTN2A1 [74] that are activated by bound intracellular phosphoantigens ex-

pressed by infected or metabolically stressed cells [75, 76, 77]. Aminobisphosphonates such

as zoledronate can also be used to activate Vδ2 T-cells in vitro and in vivo as they increase

the levels of phosphoantigens in the system [78]. Phosphoantigens activate BTN proteins by

binding to the intracellular B30.2 domain of BTN3A1 and BTN2A1 [79]. This BTN ’phos-

phoantigen sensing’ induces a conformational change in the extracellular BTN domains which

facilitates BTN-recognition by the Vγ9Vδ2 TCR resulting in Vγ9Vδ2 T-cell activation [79].
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Figure 1.5: γδ vs αβ T-cell Activation.

Left, Simply, CD8+ αβ T-cells require a 2-step activation process to be able to elicit a cytotoxic response

towards their target. Cytotoxic responses include granzyme, perforin and INF-γ release. Peptide-loaded

MHC-mediated TCR stimulation is required alongside costimulation through molecules such as CD28

from a professional antigen presenting cell such as dendritic cells. Subsequently, these CD8+ T-cells

can recognise peptide-loaded MHC presented on the cancer cell to elicit a cytotoxic response. Without

their specific peptide-loaded MHC present on the target cell however, these CD8+ T-cells cannot elicit a

cytotoxic response. Right, γδ T-cells do not require initial co-stimulation to be able to elicit a cytotoxic

response and do not rely on any single protein type to be present to become activated as these cells utilise

TCR stimulation—that are not MHC-restricted—as well as NKR signalling and death receptor signalling

to elicit a cytotoxic response. Adapted from [73]. [This image was created using BioRender]

This mechanism has been leveraged by ImCheck Therapeutics for cancer treatment through a

BTN3-targeting antibody, which binds extracellularly to overexpressed BTN3 proteins on the

surface of cancer cells, enhancing anti-tumoural Vδ2 T-cell activity [80].

The known repertoire of ligands for the Vδ1 TCR remains incomplete, though evidence sug-

gests a broader range of ligands. Sequencing of the CDR3 regions—the most variable segment of

the TCR—from healthy human cord blood and adult blood Vδ1 T-cells revealed a vast clonotype



30

diversity in cord blood samples, which appears to become more ”focused” in adults, likely due

to immunological stimuli such as CMV infection [54]. This clonotypic diversity through somatic

rearrangement—as well as nucleotide additions during this process—highlights the potential vast

array of ligands that could bind the Vδ1 TCR.

Recent research has identified a growing list of ligands that suggest the γδ TCR binds

to MHC and MHC-like complexes that may or may not be presenting an antigen, as well as

binding to surface bound cellular-stress related proteins [81]. Among the ligands that have

been discovered, CD1c [82] and CD1d [83, 84] antigens have been shown to bind the Vδ1 TCR.

CD1d is a lipid-presenting molecule that is usually expressed on antigen-presenting cells to

activate NK T-cells. CD1d demonstrated interaction with CDR1 regions of the TCR’s δ-chain,

whilst the lipid antigen was restricted to binding the CDR3γ loop of the TCR [83]. This dual

binding of the Vδ1 TCR was also observed when paired with the Vγ4 chain, where the Vδ1

chain specifically recognized CD1b, while the Vγ4 chain interacted with BTNL3/8 ligands [85].

The Vδ1Vγ8 TCR demonstrated interaction with MR1 presenting vitamin B metabolites [86].

Vitamin B derivatives can originate from bacteria, suggesting MR1 interactions could play a

role in Vδ1-mediated pathogen clearance. The Vγ9Vδ1 TCR specifically binds ephrin type-A

receptor-2 (EphA2) [87] which facilitates T-cell trafficking and can be upregulated on many

cancers. EphA2 could facilitate Vδ1 cancer recognition as EphA2 blocking-techniques reduced

Vδ1 cytotoxic responses [88]. This EphA2-dependent response was however not observed with

Vδ2 cells, highlighting the distinct responses and roles between the two γδ T-cell types. Other

stress antigens also interact with Vδ1 TCRs including the antigens associated with oxidative

stress, annexin A2 and A6 [89], and ligands to the MHC-like natural killer receptor NKG2D [90]

(NKG2D interactions are explored further later). Finally, lipid and metabolite recognition from

target cells can also occur in a CD1-unrestricted and MR1-unrestricted manner, respectively

[91].

The γδ TCR binds with low affinity to its ligands [81] and therefore likely reaches the

threshold of activation through multiple interactions within the immunological synapse (IS)

(Figure 1.7) formed between the γδ T-cell and its target cell. The reliance on multiple signals

within the IS to activate γδ T-cells identifies an important mechanism in which γδ T-cells can

avoid healthy tissue damage and autoimmunity as these cells will only activate if a cell expresses

a large number of cellular stress signals, which healthy cells would not be expressing. These

signals may be interactions mediated through TCR binding though research has also highlighted

the role of γδ-expressed co-receptors within the IS that contribute to γδ T-cell activation.
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1.2.1.2 γδ Costimulation

In addition to TCR stimulation, γδ T-cells express other receptors that also result in T-cell

activation. Co-stimulation plays a significant role in αβ T-cell activation, as without this ‘signal

2’, TCR ‘signal 1’ stimulation is not sufficient to fully activate the T-cell (reviewed in [92]). This

defined role of costimulatory molecules however is not as translatable to γδ T-cell activation.

The γδ TCR does not require costimulatory molecules to initiate cell activation, though re-

search has also indicated that specific co-stimulation, or rather stimulation through co-receptors

significantly affects the responses observed. A range of co-receptors have been identified on γδ

T-cells to aid their functionality (Figure 1.6).

Figure 1.6: γδ T-cell co-receptors and corresponding ligands.

Adapted from [49]. [This image was created using BioRender]

CD2, canonically expressed on T- and NK-cells, binds CD58 (LFA-3) expressed on APCs

and is involved in stabilising cell-to-cell contact in the immunological synapse [49, 93]. CD2

has shown involvement in γδ T-cell activation when anti-CD2 antibodies improved γδ T-cell

proliferation and IL-2 secretion when in the presence of lymphoma cells [94]. Furthermore, CD2

blockade, in combination with TCR blockade, reduced the cytotoxic capacity of expanded Vδ1

T-cells against CLL B-cells [50], suggesting a role for CD2 in γδ T-cell cytotoxicity. Another cell

adhesion-related receptor, LFA-1 has demonstrated a similar role where Vδ1 cytotoxic ability

decreased when LFA-1 binding to ICAM-1—expressed on colorectal cancer cells—was blocked
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[95]. This LFA-1 and CD2 reliance highlights the importance of a stable immunological synapse

through cell-to-cell contact in facilitating Vδ1 recognition and killing of target cells.

CD28, important for αβ T-cell proliferation, survival, and cytokine production [92], is min-

imally expressed on isolated γδ T-cells from fresh blood [96, 97, 59]. However, TCR-stimulated

Vδ1 T-cells have been shown to proliferate following anti-CD28 antibody treatment [97]. This

suggests that CD28 may play a role in Vδ1 activation. CD28 may also downregulate upon

activation as low-to-negative CD28 expression was observed in mature Vδ1 T-cells from CRC

patients, which also correlated with CD27 expression [40]. Vδ1 T-cells lose CD27 as they mature

[54]. This differentiation of a näıve T-cell to an effector-like cell—usually with greater cytotoxic

responses—can be triggered by immunological stimuli such as CMV and result in a focussing of

the TCR repertoire [54], suggestive of clonal expansion and the formation of memory.

In contrast, roughly 80% of human Vγ9Vδ2 cells express CD27 [98]. CD27/CD70 inter-

actions promote proliferation of human Vγ9Vδ2 cells and upregulate anti-apoptotic pathways;

human Vδ2 cells proliferated more in response to soluble CD70 whilst blocking CD27 reduced

cell expansion in vitro [98]. If CD27 expression similarly promotes proliferation in Vδ1 T-cells,

its loss in differentiated Vδ1 T-cells with expanded individual TCR clonotypes may indicate

a reduced need for further clonal expansion in these effector populations, potentially facilitat-

ing the development of a serial-killer-like cytotoxic capability, where each effector cell can kill

multiple target cells.

CD27 expression was also observed on a subset of differentiated adult Vδ1 T-cells with low

PD-1 expression [99], whereas increased expression of PD-1 correlated to effector-like capabil-

ities [100, 50, 101], opposingly to the canonical αβ T-cell where increased PD-1 may be a sign

of exhaustion as well as activation [101]. This PD-1-effector association was also observed with

Vδ2 T-cells [102]. With cell surface expression of CD27 indicating a less differentiated γδ T-cell,

Vδ1 CD27+CD28+PD-1low cells could indicate a näıve Vδ1 T-cell phenotype.

Another co-receptor, NKG2D, is involved in the recognition of stress-induced ligands, and

thus likely plays a key role in cancer cell recognition. On NK cells, NKG2D ligands can result in

direct stimulation, whereas NKG2D can have a costimulatory effect on cytotoxic CD8+ T-cells

indicating TCR stimulation is still required [103]. With γδ T-cells, NKG2D ligands have been

shown to play multiple roles. MICA, an NKG2D ligand, stimulated Vγ9Vδ2 cells [104], and

greater expression of the NKG2D ligand ULBP1 on tumour cells resulted in greater suscept-

ibility to Vγ9Vδ2 cytotoxicity [105]. Additionally, blockade of MICA and MICB reduced Vδ1
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cytotoxic responses against a leukaemic cell line [106]. MIC proteins were also suggested to

bind a specific Vδ1+ TCR clonotype [107, 90] and induce an effector response of Th-1 cytokines

[90]. Furthermore, the ligand ULBP4 was suggested to activate Vγ9Vδ2 T-cells through spe-

cific binding of the TCR as well as NKG2D [108]. The possibility of NKG2D ligands engaging

both the TCR and NKG2D receptor on γδ T-cells suggests a dual role for NKG2D in γδ T-cell

activation. NKG2D could provide an initial activation signal, analogous to the primary antigen

recognition signal (“signal 1”), while also acting as a costimulatory signal (“signal 2”) [107, 49].

This mechanism could enable a lower threshold for activation of γδ T-cells, facilitating their

rapid response to stress signals or transformed cells. 2

Other NK-associated receptors have also been identified on γδ T-cells. Killer activatory re-

ceptors found on γδ T-cells include natural cytotoxicity receptors (NCRs), CD94/NKG2A, 2B4

(CD244) and DNAX accessory molecule 1 (DNAM-1) [109]. The role of some NCRs is thought

to contribute to activation as well as regulation of γδ T-cells. Following cytokine expansion of

blood-derived Vδ1 T-cells, effector capabilities were observed alongside upregulation of NKp30,

NKp44, NKG2D, DNAM-1, and 2B4 [50]. Furthermore, cytotoxic capability of these expanded

Vδ1 T-cells against AML cells were dependent on DNAM-1 and NKp30 expression [110]. Indi-

vidual blockade of NKG2D and DNAM-1, as well as the TCR, CD2 and ICAM-1, reduced the

specific lysis of a myeloma cell line [111], supporting their role in tumour recognition and cyto-

toxic responses. The NCRs, NKp30 and NKp44, bind B7-H6—a tumour-associated ligand—and

PCNA/ANXA-2, respectively [112]. Blood-derived Vδ1 T-cells were found to express NKp30

following PHA and IL-2 treatment [113]. NKp30 and NKp44 blockade on Vδ1 T-cells decreased

killing of lymphocytic leukaemia cells, whereas Vδ1 TCR blockade did not affect this cytotoxic

response [113]. Further, blockade of NKp30 reduced the cytotoxic response from PHA and IL-7

expanded Vδ1 T-cells against CRC cancer cell lines [95]. When upregulated by IL-15 and IL-2,

NKp46 was observed to facilitate Vδ1 tumour cytotoxicity [39].

Alongside activatory NCRs, γδ T-cells also express killer inhibitory receptors. NKG2A ex-

pression, an NK receptor that inhibits NK-cell mediated killing in the ’missing self hypothesis’

via binding to MHC-1 molecule HLA-E [114], was observed on healthy colon and peripheral γδ

T-cells [39]. NKG2A can couple with CD94 to interact with HLA-E and CD94 was minimally

expressed on expanded Vδ1 T-cells [50]. This suggests that NKG2A and CD94 may dampen

γδ effector responses and that activated γδ T-cells may downregulate this receptor to prolong

cytotoxic capability. Interestingly, and similar to PD-1 in Vδ1 T-cells, expression of NKG2A

2Whilst the role of NKG2D ligands binding the γδ TCR has been documented by a range of labs, this specific

binding has not been reproduced since 2011.
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indicated greater effector capabilities in Vδ2 T-cells [115]. This suggests that γδ T-cells may

express both NK- and T-cell regulatory receptors to regulate their effector ability.

Overall, γδ TCR stimulation is essential for the differentiation and activation of γδ T cells,

while NCRs can further enhance or even initiate this process by recognizing tumour cells and

driving a cytotoxic response [109].

1.2.2 γδ Cytotoxic Responses

γδ T-cells have been termed as a bridge between the innate and adaptive immune system, and

their effector responses further fit this characterisation: γδ T-cell cytotoxicity exhibit similar-

ities to both NK cells and CD8 T-cells. Both NK-cells and CD8 T-cells utilise degranulation-

and TNFR-mediated cytotoxic mechanisms [116, 117] following formation of an immunological

synapse (IS) between itself and the target cell (Figure 1.7). In place of the TCR (Figure 1.7),

NK-cells exploit NKRs within the IS formed with its target cell, which will elicit a cytotoxic

response if the activatory signals outweigh the inhibitory [118].

Degranulation involves reorganisation of the actin cytoskeleton upon effector-cell activation,

resulting in the release of granzyme and perforin containing granules directed towards the target

cell. Granzymes and perforin will be involved within a lytic IS between cytotoxic T- or NK-cell

and its target, contrastingly to a stimulatory IS between a T-cell with an APC (Figure 1.7).

Perforin creates pores in the target cell membrane, allowing granzymes to enter the cell and in-

duce apoptosis. Granzyme release correlates to proinflammatory Th1 cytokine release including

IL-1β, TNF-α, GM-CSF and INF-γ [120, 117]. INF-γ can play a significant role in promoting an

anti-tumour environment as it can trigger upregulation of death receptors expressed on target

cells to facilitate TNFR-mediated cell death, as well as promote the presentation of neoantigens

in the TME, or even directly inhibit cell proliferation and angiogenesis [121, 122]. Proinflam-

matory cytokines can also help recruit T-cells and innate immune cells to aid this anti-tumour

response [117].

TNFR-mediated cell death involves a variety of molecules and pathways. TNFR family re-

ceptors, such as TNFR, Fas, and TRAIL-R, are expressed on the surface of target cells, while

their corresponding ligands—TNF, FasL, and TRAIL—are either displayed on the cell surface

or secreted by NK cells. Ligand binding to these receptors recruits FADD (Fas-associated death

domain), which in turn activates caspase-8, ultimately inducing apoptosis in the target cell [117].

Despite these similarities, key differences exist between NK-cell and T-cell cytotoxicity. As

discussed earlier, NK-cells utilize a diverse array of receptors to recognize stressed self-cells
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Figure 1.7: Structure of a T-cell Immunological Synapse

The immunological synapse (IS) is a highly organized structure formed at the interface between an immune

cell and its interacting cell, characterized by the spatiotemporal arrangement of proteins critical for cell-

cell communication and signalling. Many proteins have been identified within the immunological synapse

and vary depending on the types of cells involved. Proteins within the IS are categorised into three distinct

supramolecular activation clusters (SMAC), distal (dSMAC), peripheral (pSMAC) and central (cSMAC).

Typical proteins involved within the IS that T-cells will form with its target cell or APC are portrayed in

the image. An IS formed between a cytotoxic CD8+ T-cell and target cell can be termed a lytic IS due

to the presence of granzymes and perforin within the secretary domain, whereas a stimulatory IS between

T-cell and APC for instance would not contain these cytotoxic proteins. Adapted from [119].

through a broad range of ligands. In contrast, any NK-like receptors expressed on CD8+ T

cells primarily serve as co-stimulatory signals to enhance initial TCR activation [103]. NK

cells form an immunological synapse with target cells through receptor engagement, initiating

ligand-specific responses. Activating receptors on NK cells are linked to adaptor molecules such

as DAP10 and DAP12, which associate with immunoreceptor tyrosine-based activation motifs

(ITAMs). Ligand binding to these receptors triggers tyrosine kinase-mediated phosphorylation

of ITAMs, activating downstream signalling pathways that drive NK cell-mediated target cell

death [117].

In addition, NK cells employ antibody-dependent cellular cytotoxicity (ADCC), a mechan-

ism where antibodies bound to target cells or pathogens engage NK cells via the Fc receptor,

FcγRIIIA (CD16). This interaction triggers the lysis of the target cell [117].

γδ T cells exhibit cytotoxicity through both degranulation [113, 39, 100] and TNFR mech-
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anisms [51, 123, 124, 95], mediated by both their TCR and NK-cell receptors. These cytotoxic

responses can still vary among different γδ T-cell subsets. For example, blood-derived Vδ1

cells effectively killed neuroblastoma cells and upregulated Th1 cytokines, whereas Vδ2 cells

promoted pro-tumourigenic factors such as ANG, VEGF, EGF, and IGF-I [125]. Additionally,

while γδ T cells have demonstrated ADCC via CD16 expression, this activity is predominantly

associated with Vδ2 cells rather than Vδ1 cells [126, 99]. The differing responses between γδ

T-cell subsets highlights the importance of selectively stimulating specific subtypes to achieve a

controlled and targeted immune response.

1.3 Vδ1 γδ T-cells

The presence of Vδ1 γδ T-cells in various cancers is associated with more clinically favourable

outcomes [38, 39, 40, 41, 45, 127, 128]. Although Vδ2 cells are the predominant γδ T-cell

subset in circulation, Vδ1 T-cells exhibit greater longevity in the bloodstream and appear less

susceptible to activation-induced cell death [129]. Notably, Vδ1 T-cells are thought to exhibit

adaptive properties due to their diverse TCR-specific antigen repertoire, expansion of individual

clonotypes in response to immunological stimuli, and differentiation into long-lived effectors

[54, 130, 131]. Specifically, a memory-like capacity of Vδ1 T-cells has been demonstrated by

Vδ1 expansion and resulting accelerated resolution of infection following repeated CMV expos-

ure [131]. These cells are believed to persist in the body for many years, resembling patterns

observed in other animals, where distinct developmental waves of γδ T-cells emerge during pre-

and postnatal stages in humans [132]. While the exact duration of their persistence remains

uncertain, anti-tumour Vδ1 T-cells have been detected for between months to years post bone

marrow-transplantion in leukemia survivors [128, 133] as well as following allogeneic cell ther-

apy infusions enriched for Vδ1 T-cells [134]. Compared to Vδ2 T-cells, Vδ1 T-cells not only

exhibit broader TCR ligand recognition (as discussed above) but also reduced susceptibility

to the immunosuppressive TME. For example, overexpression of indoleamine-2,3-dioxygenase

(IDO) inhibits Vγ9Vδ2 cytotoxic activity against pancreatic adenocarcinoma cells [135], and

overexpression of galectins in some tumours suppress Vγ9Vδ2 proliferation [136]. Additionally,

cyclooxygenase-2 (COX-2) upregulation in tumour cells and mesenchymal stem cells (MSCs),

induced by inflammatory cytokines released by effector cells, indirectly suppresses Vδ2 activity

by recruiting Tregs to the TME [137]. Whilst prostaglandins like PGE2 derived from COX-2

activity can inhibit Vδ1 T-cell cytotoxic activity and cytokine release, Vδ2 T-cells are more

greatly impacted [138].

Whilst Vδ1 T-cells demonstrate substantial anti-tumoural properties, these cells can also
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display regulatory properties. In vitro treatment of TGF-β upregulated Fox-P3 expression on

peripheral-Vδ1 T-cells which were capable of inhibiting naive CD4+ T-cell [139] and producing

further TGF-β [140]. TGF-β is often prominent within the TME [141] as it can facilitate an

immunosuppressive environment through encouraging CD4+ Treg selection. High levels of TGF-

β within CRC patient TMEs also exhibited greater levels of regulatory Vδ1 T-cells [142]. Despite

this, the role of TGF-β is still not fully understood as whilst Vδ2 T-cells have demonstrated

similar regulatory roles [143], they have also exhibited enhanced anti-tumoural properties in

response to TGF-β treatment, given the right contexts [144]. As the effects of TGF-β on Vδ1

T-cells may vary across different TMEs, coupled with the growing body of research emphasizing

the beneficial role of Vδ1 T-cells in various cancers, these cells remain promising targets for

onco-immunotherapy and warrant further investigation.

1.3.1 Vδ1 characterisation

Canonical αβ T-cells are typically classified into four main functional states (Figure 1.8), and

these classifications have been extended to Vδ1 T-cells [145, 54, 45]. Vδ1 T-cells can be categor-

ised by their CD27 expression levels. Less cytotoxic, or naive Vδ1 T-cells exhibit higher CD27

expression compared to their more effector-like counterparts [54]. CD27lo/- Vδ1 T-cells are con-

sidered more cytotoxic, characterised by elevated levels of granzymes and perforin [54], higher

expression of CD69 [40] and reportedly greater IFN-γ production [45]. This CD27-based clas-

sification contrasts murine γδ T-cells, where CD27high cells are more cytotoxic, and CD27lo/-

are associated with tumour-promoting IL-17A production [146]. These distinctions, alongside

the little to no phylogenetic homology between murine and human γ chains, highlight the fun-

damental differences between human and murine Vδ1 T-cells suggesting that murine γδ1 T-cells

may not a suitable model for studying human Vδ1 T-cell biology.

With αβ T-cells, downregulation of CD45RA is indicative of a memory phenotype (Figure

1.8), however, within the Vδ1 T-cell compartment, CD45RA expression may only hold signi-

ficance primarily in inflammatory contexts such as cancer as opposed to in healthy contexts.

In healthy individuals, TCR focussing is associated with the downregulation of CD27 while re-

taining CD45RA expression [54], suggesting that CD45RA may not play a role in healthy Vδ1

memory cells. However, in NSCLC patients, an increased prevalence of CD27-CD45RA- Vδ1 T-

cells was associated with better prognoses [45], indicating that CD27-CD45RA- Vδ1 phenotype

may represent Vδ1 effector memory in the context of cancer.

While the majority of studies highlight the anti-tumoural capabilities of Vδ1 T-cells, a subset
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of human Vδ1 T-cells has demonstrated immunosuppressive roles in cancer, however this was

only observed in human breast cancer [48, 147, 148, 149]. Furthermore, IL-17A production and

negative correlations associated with human Vδ1 T-cell presence have been reported during HIV

infection [150, 151]. Despite this, the addition of TLR ligands has been shown to reverse the

immunosuppressive effect observed in breast cancer [48, 149]. Overall, these findings demonstrate

the potential of Vδ1 T-cell targeted therapies to benefit a wide range of cancers, though certain

tumours may require additional stimulation to fully harness their anti-tumour capabilities [67].

Figure 1.8: T-cell characterisation.

T-cell characterisation by CD27 or CCR7 and CD45RA expression, represented by a flow cytometric plot.

CD45RA+CD27+ represent naive T-cells, CD45RA-CD27+ represent central memory T-cells (Tcm),

CD45RA-CD27- represent effector memory T-cells (Tem), CD45RA+CD27- represent terminally differ-

entiated effector memory T-cells (Temra). Adapted from [145]. [This image was created using BioRender]

1.3.2 Blood vs tissue Vδ1 T-cells

Despite the majority of Vδ1 T-cells residing in tissue, the small Vδ1 T-cell subset in circula-

tion—where Vδ2 T-cells are the predominant γδ T-cell type within the periphery—has demon-

strated potential in controlling cancer progression. Interestingly, research indicates key differ-

ences in their phenotypes and mechanisms of recognition. Tissue-resident Vδ1 T-cells typically

express the tissue-resident memory marker CD103, which may also correlate with greater anti-

tumour properties in lung cancer [45]. Circulating-Vδ1 T-cells upregulate NCRs, in particular

NKp30 and NKp44, in response to IL-2 and TCR-stimulation [109]; whereas intraepithelial Vδ1

T-cells, isolated from healthy tissue of CRC patients, displayed greater NKp46 expression with

little to no NKp30 and NK44 expression [39]. Furthermore, tissue infiltrating Vδ1 T-cells re-

leased more INF-γ than peripheral-blood Vδ1 T-cells when cultured with ovarian tumour cells
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[56]. This may suggest that solid cancer cells are more susceptible to cytotoxic responses from

tissue-resident Vδ1 T-cells over peripheral blood Vδ1 T-cells. Despite these findings, circulating

Vδ1 T-cells express high levels of chemokine receptors, in particular CCR4 and CXCR5 [95], in-

dicating that circulating-Vδ1 may have chemokine-mediated infiltration capabilities where these

Vδ1 T-cells may undergo infiltration-dependent phenotypic changes resulting in the cytotoxic

response observed from tissue-infiltrated Vδ1 T-cells. This infiltration capability is supported

by the higher levels of cytotoxic Vδ1 T-cells in circulation observed in CRC patients with better

prognoses than patients with lower Vδ1 numbers [40]. Finally, ADCC, the cytotoxic mechanism

used by NK-cells mediated by the Fc receptor CD16, has been demonstrated by some γδ T-

cells. CD16 expression has however only been reported on blood-derived Vδ1 T-cells, suggesting

ADCC-mediated killing may not be a tissue-resident Vδ1 cytotoxicity mechanism [126, 152].

The site of Vδ1 tissue residency can also implicate its function. Vδ1 T-cells within the

gut display unique capabilites where their TCRs—mainly consisting of Vδ1 pairing with Vγ4

chains—can recognise organ-specific BTNL proteins [153]. Furthermore, as mentioned above,

only breast-resident Vδ1 T-cells have demonstrated IL-17A production in a cancer context and

thus can display a distinct phenotype and role within the TME.

1.4 Vδ1 T-cells as an onco-therapeutic target

Vδ1 T-cells were first identified in the late 1980s [154], and their therapeutic potential has

only recently gained attention. The Silva-Santos lab has developed DOT (Delta One T-cell)

cells, a cytokine-expanded allogeneic Vδ1-based therapy, for use as treatment for AML [155] as

well as a CD123 CAR T-cell approach [156]. Additionally, these DOT cells have demonstrated

cytotoxicity against CLL [50]. Other gene-engineered CAR-T therapies derived from expanded

Vδ1 T-cells have entered clinical trials, such as a therapy targeting relapsed/refractory B-cell

Non-Hodgkin Lymphoma (Clinical trial ID: NCT04735471). While both treatments have shown

promise in leukaemic indications, they rely on cell-based strategies which pose logistical chal-

lenges including high costs, labour-intensive production and difficulties in the transport and

storing of efficacious products [157]. Biologics, such as Vδ1-directed engagers, offer a potential

alternative. These could not only provide deeper insights into the therapeutic benefits of Vδ1-

targeted approaches, but also serve as a more cost-effective and accessible strategy, addressing

the manufacturability challenges associated with cell-based therapies.

The success of therapeutic engagers has already been demonstrated in Vδ2-targeted ap-

proaches. Companies such as ImCheck Therapeutics and Lava Therapeutics have developed
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strategies that effectively activate Vδ2 T-cells in situ for the treatment of both solid and haemat-

ological cancers [158]. Imcheck’s approach focuses on enhancing the availability of activated Vδ2

ligands in the system, whereas Lava’s strategy directly stimulates Vδ2 T-cells through their TCR.

Lava’s LAVA-1207 bispecific antibody not only activates Vδ2 T-cells directly, but also directs

them to PSMA expressing prostate cancer cells [159]. This bispecific approach provides a dual

advantage: it enhances the specificity of Vδ2 T-cell responses and artificially increases γδ T-

cell infiltration within the TME. Building on this success, similar bispecific strategies could be

explored for targeting Vδ1 T-cells, offering new avenues for therapeutic development.

1.4.1 Bispecific Antibodies for Vδ1-directed therapy

Therapeutic antibodies were initially developed on the immunoglobulin G (IgG) antibodies pro-

duced in situ by human plasma B-cells (Figure 1.9), with engineered variable regions designed

to bind a specific antigen, such as PD-1 and CTLA-4. This monospecific format of therapeutic

antibody is advantageous when the desired response involves the interaction with a single pro-

tein. For example, rituximab targets the B-cell-restricted protein CD20, facilitating antibody

dependent cellular cytotoxicity (ADCC) specifically against CD20-expressing cells, ensuring that

ADCC and other cytotoxic mechanisms would be directed toward cancerous B-cells [160].

Figure 1.9: IgG Antibody Structure.

Structure of an IgG antibody. V, variable region; C, constant region; H, heavy chain; L, light chain. [This

image was created using BioRender]

Bispecific antibodies, or engagers, are engineered to interact with the immune system while

utilising the cancer-specific approach of therapeutic antibodies. These bispecific molecules are
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engineered to bind two distinct proteins through their two variable regions, which differ in

specificity. The format of bispecific antibodies significantly influences their function, which led

to the development of various designs tailored to specific therapeutic effects (Figure 1.10). Some

formats have even modified the Fc receptor-binding region to either enhance or inhibit ADCC,

depending on the intended outcome.

Blinatumomab, the first bispecific T-cell engager (BiTE), exemplifies this approach by linking

two single-chain variable fragments (scFv). Each scFv targets a distinct antigen—CD3 on T-cells

and CD19 on cancer cells. A flexible linker between the scFv regions acts like a hinge, similar to

the design of monoclonal antibodies, enabling simultaneous binding. As discussed earlier, CD3-

engaging antibodies activate T-cells; in this case, the additional CD19-binding moiety directs

activated T-cells toward CD19-expressing cancer cells, facilitating a targeted immune response

[161].

Figure 1.10: Bispecific Format Examples.

A range of bispecific formats have been developed which can affect their resulting biological function.

Many bispecific antibodies are based on the classical IgG antibody format, and alter the position, size or

orientation of the different binding moieties. Non-IgG subtypes remove the constant regions of the typical

IgG, and link the two variable regions together, often with a flexible glycine-serine amino acid linker

sequence. Adapted from [162]. [This image was created using BioRender]

In 2022, Takeda Pharmaceutical Company acquired Adaptate Biotherapeutics and Gamma

Delta Biotherapeutics to advance the development of the first therapeutic Vδ1 engagers (Patent

ID PCT/GB2020/051959). Following the success of CD3 engagers, there was growing interest in

engineering these molecules as bispecific antibodies (Patent ID PCT/IB2021/057509). However,

the novel nature of Vδ1-directed engagers highlighted a significant gap in the literature regarding

their effects on Vδ1 T-cells and a comprehensive understanding of Vδ1 T-cell activation. To

address this, this thesis investigates CD19—an established cancer-associated antigen—as a proof-
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of-concept target to evaluate the potential advantages that Vδ1-directed bispecific antibodies

could bring to the cancer immunotherapy landscape.

1.4.2 CD19+ cancers as a target for a Vδ1-directed engager

CD19 is a B-cell-restricted transmembrane glycoprotein involved in the normal development of

B-cells, B-cell receptor (BCR)-mediated activation, and amplification of BCR signals during

B-cell selection in the bone marrow [163].

CD19 expression is restricted to B-cells and B-cell malignancies, making it an attractive

biomarker and therapeutic target. CD19 is expressed in 80% of ALL, 88% of B-cell lymphomas

and 100% of B-cell leukaemias [164]. In the case of Non-Hodgkin’s lymphoma (NHL) patients,

low doses of blinatumomab increased lysis of CD19+ B cells in the periphery as well as the bone

marrow and liver [161]. Furthermore, blinatumomab achieved high complete remission rates

in refractory B-precursor acute lymphoblastic leukaemia patients, however, 83% of patients

experienced grade 3 or higher adverse effects, including cyokine-release syndrome (CRS) [165].

In parallel, Vδ1 T-cells have gained attention for their potential against B-cell malignancies,

especially with CLL where the Vδ1 population is significantly elevated [166]. In addition to the

DOT cells [50] described above, polyclonal γδ cells engineered as CAR19 cells—γδ T-cells that

have been genetically engineered to express a chimeric antigenic receptor that binds external

CD19 (Figure 1.3D)—have also been investigated. These CAR19 cells increased specific lysis

of CD19+ cell lines and increased tumour shrinkage against NALM-6 tumours in mice [167].

Furthermore, Vδ1 cells from B-cell Chronic lymphocytic leukaemia (B-CLL) patients showed

selective recognition and activation against autologous B-CLL PBMCs but not healthy PBMCs,

with increased proliferation and cytokine production, including IFN-γ and TNF-α [127]. This

cytotoxicity correlated with ULBP3 expression on leukaemic B cells, and blocking of this NKG2D

ligand reduced the cytotoxic response. Interestingly, upregulation of ULBP3 with trans-retinoic

acid treatment maintained Vδ1 activity, suggesting potential therapeutic strategies for sustaining

responses [127].

The feasibility of bridging Vδ1 T-cells to CD19+ targets was demonstrated using an engager-

like biologic where NKG2D ligands were fused to an anti-CD20 scFv [168]. These ligands enabled

Vδ1-mediated killing of Raji cells, a CD19+ leukaemia cell line, whereas NKG2D ligands alone

were insufficient, indicating the necessity of bridging for stable immunological synapse formation.

This highlights the promise of Vδ1-directed engagers for CD19+ malignancies.

Building on this, the established CD19-binding moiety from Blinatumomab could be adapted

to a Vδ1 antibody to form a bispecific engager. This would allow for the exploration of Vδ1
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T-cell responses against CD19+ malignancies, opening new avenues for cancer immunotherapy.

Add how CD19 binding with blinatumomab and other CD19 antibodies affects B-cells - at

least CD19 ligands/CD19 signalling.

1.5 Summary

Cancer is a multifaceted disease that requires the development of many treatment options that

can accommodate a cancer’s inherent heterogeneity. Current cancer therapies are still not able

to maintain consistent disease-free survival rates as tumour evasion and immunosuppression

remain causes for relapse. Even in therapies that demonstrate success, treatment adverse effects

can severely affect the patient’s quality of life. Recent research of Vδ1 γδ T-cells highlight a

promising new approach to the current pitfalls in cancer immunotherapies. Their advantages

stem from their ability to function in an MHC-independent manner and their ability to recognise

a broad range of stress-related self-antigens which reduces their susceptibility to tumour immune

evasion. Furthermore, Vδ1 γδ T-cells have shown promise in recognizing and eliminating cancer

stem cells as well as being able to discriminate between healthy and cancerous cells which

facilitates the total eradication of the cancer whilst minimizing the risk of adverse damage to

healthy tissue. The research presented in this thesis aims to support the development of Takeda’s

Vδ1 engagers by generating a CD19 targeting Vδ1 engager as proof-of-concept for the treatment

of CD19 haematological malignancies with a Vδ1-modulating biologic.



Chapter 2

Hypothesis and Aims

2.1 Hypothesis

Vδ1 T-cells play a crucial role in the eradication of stressed and cancerous cells within the

body and have already demonstrated anti-tumour efficacy in onco-immunotherapeutic cell-based

therapies. Despite this, the need for cheaper, less labour-intensive drug generation and admin-

istration remains, making antibody-based treatments a desirable alternative to expedite the

development of Vδ1-targeted therapies. Accordingly, this study will explore the hypothesis that

Vδ1 engagers can target Vδ1 γδ T-cells to improve the overall immune response against haemat-

ological cancers by enhancing the cancer-directed Vδ1 γδ T-cell cytotoxic responses through the

involvement of co-receptors.

2.2 Aims

I will investigate my hypothesis in the following aims:

1. To design and validate a Vδ1 engager that can enhance the effector response against haemat-

ological cancer cells using CD19 as a target.

2. To identify co-receptors that enable the Vδ1 cytotoxic response to be directed at malignant

over healthy cells.

3. To investigate the mechanisms of how these co-receptors affect the Vδ1 response and how

Vδ1 engagers affect Vδ1 co-receptor function.
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Chapter 3

Methods

3.1 Antibody Design

Variable light (VL) and heavy chain (VH) sequences (table 3.1) from a proprietary anti-Vδ1

sequence (with a binding epitope of the variable delta 1 (Vδ1) chain as described in patents

PCT/GB2020/051959 and PCT/IB2021/057509) and a commercial CD3/CD19 engager (BPS

Bioscience) were implemented to form Vδ1/CD19 engagers in various formats: Bispecific T-cell

engager (BiTE), Knob-into-Hole (KIH) and Morisson Body (MB) (Fig 3.1 and tables 3.2 - 3.4).

Each VL and VH was also substituted for VL and VH sequences from an anti-RSV sequence

to create a control IgG arm. For ensuing assays using a CD3/CD19 engager, the scFv-scFv

bispecific antibody against human CD19 and human CD3 from Invivogen was used.
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Figure 3.1: Design of each bispecific antibody format.

VL refers to variable light chain; VH refers to variable heavy chain;CL refers to constant light chain;CH

refers to constant heavy chain.
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Table 3.1: Variable chain sequences used in Figure 3.1

Variable sequences VH sequence VL sequence

anti-Vδ1 TCR Proprietary to Takeda Proprietary to Takeda

anti-CD19 Q V Q L Q Q S G A E L V R

P G S S V K I S C K A S G

Y A F S S Y W M N W V K

Q R P G Q G L E W I G Q I

W P G D G D T N Y N G K

F K G K A T L T A D E S S

S T A Y M Q L S S L A S E

D S A V Y F C A R R E T T

T V G R Y Y Y A M D Y W

G Q G T T V T V S S

D I Q L T Q S P A S L A V S

L G Q R A T I S C K A S Q

S V D Y D G D S Y L N W

Y Q Q I P G Q P P K L L I

Y D A S N L V S G I P P R

F S G S G S G T D F T L N

I H P V E K V D A A T Y H

C Q Q S T E D P W T F G

G G T K L E I K

IgG control (anti-RSV) Q V T L R E S G P A L V K

P T Q T L T L T C T F S G

F S L S T A G M S V G W I

R Q P P G K A L E W L A

D I W W D D K K H Y N P

S L K D R L T I S K D T S

K N Q V V L K V T N M D

P A D T A T Y Y C A R D

M I F N F Y F D V W G Q

G T T V T V S S

D I Q M T Q S P S T L S A

S V G D R V T I T C S A S

S R V G Y M H W Y Q Q K

P G K A P K L L I Y D T S

K L A S G V P S R F S G S

G S G T E F T L T I S S L Q

P D D F A T Y Y C F Q G S

G Y P F T F G G G T K V

E I K

anti-CD3 Q V Q L Q Q S G A E L A R

P G A S V K M S C K T S G

Y T F T R Y T M H W V K

Q R P G Q G L E W I G Y I

N P S R G Y T N Y N Q K

F K D K A T L T T D K S S

S T A Y M Q L S S L T S E

D S A V Y Y C A R Y Y D

D H Y C L D Y W G Q G T

T L T V S S

D I Q L T Q S P A I M S A

S P G E K V T M T C R A S

S S V S Y M N W Y Q Q K

S G T S P K R W I Y D T S

K V A S G V P Y R F S G S

G S G T S Y S L T I S S M E

A E D A A T Y Y C Q Q W

S S N P L T F G A G T K L

E I K
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Table 3.2: BiTE-specific sequences used in Figure 3.1

BiTE-specific sequences Sequence

Heavy-Light Linker G G G G S G G G G S G G G G S

BiTE Linker G G G G S

His tag H H H H H H
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Table 3.3: KIH-specific sequences used in Figure 3.1

KIH-specific sequences Sequence

CL R T V A A P S V F I F P P S D E Q L K S G T A S V V C L L

N N F Y P R E A K V Q W K V D N A L Q S G N S Q E S V

T E Q D S K D S T Y S L S S T L T L S K A D Y E K H K V

Y A C E V T H Q G L S S P V T K S F N R G E C

Knob CH A S T K G P S V F P L A P S S K S T S G G T A A L G C L

V K D Y F P E P V T V S W N S G A L T S G V H T F P A

V L Q S S G L Y S L S S V V T V P S S S L G T Q T Y I C N

V N H K P S N T K V D K K V E P K S C D K T H T C P P

C P A P E L A G A P S V F L F P P K P K D T L M I S R T

P E V T C V V V D V S H E D P E V K F N W Y V D G V E

V H N A K T K P R E E Q Y N S T Y R V V S V L T V L H

Q D W L N G K E Y K C K V S N K A L P A P I E K T I S K

A K G Q P R E P Q V Y T L P P C R D E L T K N Q V S L

W C L V K G F Y P S D I A V E W E S N G Q P E N N Y K

T T P P V L D S D G S F F L Y S K L T V D K S R W Q Q G

N V F S C S V M H E A L H N H Y T Q K S L S L S P G K

Hole CH A S T K G P S V F P L A P S S K S T S G G T A A L G C L

V K D Y F P E P V T V S W N S G A L T S G V H T F P A

V L Q S S G L Y S L S S V V T V P S S S L G T Q T Y I C N

V N H K P S N T K V D K K V E P K S C D K T H T C P P

C P A P E L A G A P S V F L F P P K P K D T L M I S R T

P E V T C V V V D V S H E D P E V K F N W Y V D G V E

V H N A K T K P R E E Q Y N S T Y R V V S V L T V L H

Q D W L N G K E Y K C K V S N K A L P A P I E K T I S K

A K G Q P R E P Q V C T L P P S R D E L T K N Q V S L S

C A V K G F Y P S D I A V E W E S N G Q P E N N Y K T

T P P V L D S D G S F F L V S K L T V D K S R W Q Q G N

V F S C S V M H E A L H N H Y T Q K S L S L S P G K
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Table 3.4: MB-specific sequences used in Figure 3.1

MB-specific sequences Sequence

CL R T V A A P S V F I F P P S D E Q L K S G T A S V V

C L L N N F Y P R E A K V Q W K V D N A L Q S G N

S Q E S V T E Q D S K D S T Y S L S S T L T L S K A

D Y E K H K V Y A C E V T H Q G L S S P V T K S F

N R G E C

CH A S T K G P S V F P L A P S S K S T S G G T A A L G

C L V K D Y F P E P V T V S W N S G A L T S G V H

T F P A V L Q S S G L Y S L S S V V T V P S S S L G

T Q T Y I C N V N H K P S N T K V D K K V E P K S

C D K T H T C P P C P A P E L A G A P S V F L F P

P K P K D T L M I S R T P E V T C V V V D V S H E

D P E V K F N W Y V D G V E V H N A K T K P R E

E Q Y N S T Y R V V S V L T V L H Q D W L N G K E

Y K C K V S N K A L P A P I E K T I S K A K G Q P R

E P Q V Y T L P P S R D E L T K N Q V S L T C L V

K G F Y P S D I A V E W E S N G Q P E N N Y K T T

P P V L D S D G S F F L Y S K L T V D K S R W Q Q

G N V F S C S V M H E A L H N H Y T Q K S L S L S P

MB Linker G G G G G S G G G G S G G G G S

Heavy-Light Linker G G G G S G G G G S G G G G S
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3.2 Antibody Production

Antibody production was outsourced to FairJourney Biologics, where antibodies were produced

in an ExpiCHO-STM culture system for 14 days. Antibody titres were assessed with POROS

A (20µm). KIHs and MBs were initially purified with HiTrap MabSelect Sure Protein A and

BiTEs with HisTrap High performance column. A polishing step was conducted using size

exclusion chromatography (pSEC) where antibodies were loaded onto HiLoad 26/600 Superdex

200pg column. TCEP reduction was performed for KIHs before further purification of KIHs and

BiTEs by immobilized metal ion affinity chromatography (IMAC). All antibodies were desalted

into the formulation buffer 1x PBS + 100mM L-arginine pH6.5 – 6.7 and stored at -80◦C.

3.3 High Performance Liquid Chromatography (HPLC)

Antibody stability was validated using HPLC following incubation at 4◦C and 37◦C for 31

days. At Day 0, 1, 6, 14, 20 and 31 antibodies were prepared in HPLC buffer (50 mM sodium

phosphate pH 7.0, 200 mM potassium chloride) at 0.5mg/ml (or undiluted stock if antibody

concentration was less than 0.5mg/ml). 10ul of sample was injected into a BioResolve SEC

mAb 200Å, 2.5µm, 4.6x300mm column at 0.2ml/min using the Waters Alliance HPLC system.

The sample was measured at A280 for 30 minutes. Monomeric content was calculated using

Empower’s ApexTrack Integration method where all peaks up to 19 minutes were assessed and

the percentage of the monomeric peak was taken.

3.4 Cell Lines

Reh (CRL-8286, ATCC), Daudi cells (CCL-213, ATCC) and THP-1 cells (TIB-202, ATCC)

were cultured in RPMI-1640 (ATCC), modified to contain 2 mM L-glutamine, 10 mM HEPES,

1 mM sodium pyruvate, 4500 mg/L glucose, and 1500 mg/L sodium bicarbonate, with 10%

foetal calf serum (FCS). MEC-1 cells (ACC 497, DSMZ) were culture in McCoy’s 5A (Modified)

medium (Gibco) containing 20% FCS. Cells were maintained in culture for upto 6 weeks following

methods from ATCC and DSMZ, respectively.

3.5 Primary tissue collection

Human skin tissue samples, were commercially obtained from Tissue Solutions Ltd, whole blood

and fresh leukopaks from healthy donors, and PBMCs from healthy and CLL patients were

commercially obtained from Cambridge Bioscience, ensuring all samples were collected with
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informed donor consent and in compliance with ethical regulations for use in accordance with

consent given.

3.6 Whole Blood processing

Blood from whole blood collection was removed from its packaging and diluted 1:1 in PBS with

10% FBS. Samples were centrifuged in Ficoll-Paque (Ficoll® Paque Plus, Merck) in a volume

ratio of 1:1 for 20 minutes at 300g, without brake. The interphase buffy coat containing PBMCs

was collected in PBS with 10% FBS. Excess red blood cells were lysed from samples using RBC

lysis buffer (ThermoFisher), following manufacturer’s instructions.

3.7 Vδ1 expansion from skin

Isolation and Expansion . Skin tissue-resident Vδ1 T-cells were isolated and expanded fol-

lowing a protocol described previously: WO2020095058A1. In brief, skin samples that were neg-

ative for HIV I/II, HBV and HCV were biopsied and placed onto Tantalum coated reticulated

vitreous carbon scaffolds (also called grids) (Ultramet, California, USA) which were cultured

in G-Rex plates (Wilson Wolf) with isolation medium (AIM-V with phenol red, L-glutamine,

streptomycin and gentamycin (Gibco, 0870112DK), 1% Amphotericin B (Gibco, 15290-018),

5% CTS immune serum replacement (Gibco, A25961-02) and a cytokine supplementation of

IL-15, IL-2, IL-4 and IL-21) for 3 weeks with a media feed after 7 and 14 days. Cells to be

expanded after the 3-week isolation procedure were removed from the cell suspension in the

G-rex plates and were frozen at -80◦C before the expansion protocol. Cells were then cultured

in CellStack plates (Corning, 431123) with expansion medium (TexMACS Medium (Miltenyi,

130-097-196) with 5% CTS Immune Serum replacement, 1% Penicillin/Streptomycin and cy-

tokine supplementation), for 3 weeks with a media feed after 7 and 14 days. Before freezing cells

for long-term storage in liquid nitrogen, αβ T-cells were depleted from the cell suspension using

the CliniMACS TCRαβ Kit (Miltenyi) with the MultiMACS Cell24 Separator Plus (Miltenyi).

αβ and Vδ1 T-cell contents were assessed using flow cytometry (Method 3.23) to validate the

percentage of isolated Vδ1 cells.

Culturing . αβ-depleted Vδ1 cells are thawed into SKIN-R medium and cultured for 5-7

days with cytokine supplementation (described in WO2020095058A1) at Day 0 and Day 3. The

cells are removed from culture after 5-7 days using Accutase® solution for in vitro based assays.
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3.8 Vδ1 expansion from blood

Isolation and Expansion . Blood cells obtained by leukapheresis from healthy volunteers were

centrifuged to collect lymphocytes then red blood cells lysed (10X RBC Lysis Buffer, Gibco). αβ

T-cells were depleted (CliniMACS® TCRαβ Kit, Miltenyi) following manufacturer’s instruc-

tions. Remaining cells were cultured in complete OpTmizer in GREX 100M (WilsonWolf) for

17 days with confidential cytokine and an anti-CD3 mAb supplementation before harvesting.

Culturing . αβ-depleted Vδ1 cells are thawed into complete OpTmizer (A1048501) sup-

plemented and cultured for 1-3 days with IL-15 supplementation (concentration confidential)

before using in vitro based assays.

3.9 Binding Assay

Freshly thawed PBMCs, expanded Vδ1 T-cells and cell lines from culture were resuspended

in efluor780 solution and plated in a 96-well round bottomed plate (400,000 PBMCs/well and

35,000 cultured cells/well). Titrated engagers were added to the plated cells and incubated

for 30 minutes at 4°C. Surface-bound BiTE was detected using an anti-His-PE tag secondary

antibody and surface-bound KIH and MB was detected using anti-hIgG-AF647 followed by flow

cytometry (Method 3.23 and table 3.8).

3.10 Cell Trace Violet (CTV) Staining

Primary cell suspensions were centrifuged at 300g for 10 minutes, and cell lines cell suspensions

400g for 5 minutes before resuspending in CTV solution (diluted 1 in 10 000 in PBS). Cells

were incubated for 20 minutes at 37◦C before adding double the volume cell culture media and

incubating for a further 5 minutes at 37◦C. Cells were centrifuged and resuspended in cell culture

media in preparation for use in subsequent assays.

3.11 Primary B-cell isolation

Primary B-cells from healthy and CLL PBMCs were isolated using the Pan B cell isolation kit

(130-101-638, Miltenyi) following manufacturer’s instructions.
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3.12 Activation and Cytotoxicity assays with expanded Vδ1 T-

cells

CTV-stained cell lines, or primary B-cells were plated in a TC-treated 96-well round bottomed

plate (35,000 cells/well). Expanded Vδ1 T-cells were removed from culture and washed in

culture media (absent of cytokine supplementation), then added at a 1:1 ratio to the plated

target cells, followed by engager treatment titrated in Vδ1 culture media (absent of cytokine

supplementation). For 4-hour activation assays, anti-CD107a-PE was also added to wells at 1

in 100 at T0. Cells were cultured for 4 hours at 37°C, to detect surface Vδ1 TCR, CD107a

and 41BB, and cultured for 24 hours for 37°C to detect CD25 and live target cells, using flow

cytometry (Method 3.23 and table 3.9 and 3.10).

3.13 Vδ1 proliferation from PBMCs

PBMCs were thawed, stained with CTV and plated in ATCC modified RPMI with 10% FCS at

350,000 cells/well in a TC-treated 96-well round bottomed plate. Plated PBMCs were cultured

with engagers titrated in media for 7 days at 37°C. At day 6, anti- Vδ1-PE was added to each

well at 1 in 150 to improve the detection of Vδ1 cells following TCR stimulation. Vδ1, Vδ2,

αβ and NK (CD3-CD56+) cells were detected using flow cytometry (Method 3.23 and table

3.11). This assay was also conducted with the addition of a CD44 blockade antibody (MA4400,

Invitrogen) added at T0.

3.14 Vδ1 cytotoxicity from PBMCs

Following the Vδ1 proliferation setup, without CTV staining PBMCs, CTV-stained isolated

primary CLL B-cells (primary and MEC-1) were added at day 6 of culture and cultured for

another 24 hours before detecting live target cells using flow cytometry (Method 3.23 and table

3.12).

3.15 RNA expression analysis

RNA was sequenced from cell lysates using nCounter PanCancer IO360 Panel from Nanostring

following manufacturer’s instructions and differential RNA expression analysis was conducted

using Rosalind software. Cell lysates were collected following protocol from Nanostring (MAN-

10151-07) using Buffer RLT (Qiagen®, 79216) for primary isolated B-cells and iScript (BioRad,

170-8898) for cell lines from culture.
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3.16 B-cell Phenotyping

CD19+ cell lines from culture and isolated primary B-cells from PBMCs were phenotyped for

stress ligand expression using flow cytometry (Method 3.23 and table 3.13 - 3.18).

3.17 Vδ1 phenotyping assay

Freshly thawed PBMCs were plated in ATCCmodified RPMI with 10% FCS at 350,000 cells/well

in a TC-treated 96-well round bottomed plate. Plated PBMCs were cultured with 100pM

engager and with or without MEC-1 cells in media for 14 days at 37°C. 100pM engager and

MEC-1 cells were added at day 0 and added again after day 7. Cells were removed from culture

at day 0, 1, 3, 7, 10 and 14 to stain for CD3, Vδ1, CD27, CD45RA, NKG2D, DNAM-1, CD44,

LY-9, CD96, 2B4, NKp30, NKp44, NKp46, Fas-L, CD11a, CD2, ICAM-3, NKG2A, CD94, CD5,

PD-1, CTLA-4, CD28, ICOS, CD69, 41BB, CD25 and GZMB using flow cytometry (Method

3.23). 24 hours prior to removal from culture, anti-Vδ1-PE was added to each well at 1 in 150 to

improve the detection of Vδ1 cells following TCR stimulation. Intracellular staining of granzyme

B was conducted using the FoxP3 staining kit (00-5523-00, Invitrogen) following manufacturer’s

instructions. (see tables 3.19 - 3.24).

3.18 Cytokine Analysis

Supernatants from cytotoxicity assays were collected and assessed for cytokine presence using the

MSD U-plex assay (K151AEM-1, MesoScaleDiscovery) following manufacturer’s instructions.

3.19 Cytotoxicity Blockade

MEC-1 cells were stained with CTV, incubated with 10µg/ml blocking antibodies for MICA/B

(MAB13001, Biotechne), ULBP1 (AF1380, Biotechne), ULBP3 (AF1517, Biotechne), ULBP2/5/6

(MAB1298, Biotechne), LFA-3 (AF1689, Biotechne), PVR (MAB 25301, Biotechne), Nectin-1

(AF2880, Biotechne), Nectin-2 (337424, Biotechne), CD48 (947104, Biotechne), B7-H6 (605953,

Biotechne) for 45 minutes at 37°C and then washed with MEC-1 culture media. Following the

Vδ1 proliferation setup, pre-incubated MEC-1 cells, alongside anti-CD107a-PEVio770, were ad-

ded at day 7 of culture and cultured for 5 hours before detecting live target cells using flow

cytometry (Method 3.23 and table 3.25). At day 6, anti-Vδ1-PE was added to each well at 1 in

150 to improve the detection of Vδ1 cells following TCR stimulation.
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3.20 Magnetic-Activated Cell Sorting (MACS)

PBMCs were removed from culture and any adhered cells were removed from the cell culture

flasks using accutase (A1110501, Thermofisher). Cells were centrifuged for 10 minutes at 300g

and resuspended in MACS buffer (PBS pH 7.2, 0.5% bovine serum albumin (BSA), and 2 mM

EDTA) with biotin-conjugated antibodies specific to αβ TCR (130-113-537, Miltenyi), Vδ2 TCR

(130-111-008, Miltenyi), CD19 (130-113-644, Miltenyi) and CD14 (130-110-517, Miltenyi) (table

3.5).

Table 3.5: MACS depletion antibody conditions

Solution µl per 1e8 cells

MACS buffer 80

anti-αβ TCR-biotin 10

anti-Vδ2 TCR-biotin 2

anti-CD19-biotin 2

anti-CD14-biotin 5

Cells were incubated for 10 minutes at 4◦C then washed with MACS buffer before resus-

pending in MACS buffer and anti-biotin microbeads (130-105-637, Miltenyi) (table 3.6).

Table 3.6: MACS depletion microbead conditions

Solution µl per 1e8 cells

MACS buffer 80

anti-biotin microbeads 20

Cells were incubated for 15 minutes at 4◦C before washing in MACS buffer. Cells were

resuspended in 500µl/1e8 cells MACS buffer and added to LS columns (130-042-401, Miltenyi)

inserted into QuadroMACS™ Separator (Miltenyi) to deplete the microbead-labelled cells. Neg-

ative fraction was collected for Vδ1 T-cell isolation by fluorescence-activated cell sorting (FACS).
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3.21 Vδ1 T-cell isolation

MACS-sorted cells were stained with anti-Vδ1 TCR-PE (1 in 100) using flow cytometry methods

(Method 3.23) and resuspended in 500µl/2.5e7 cells MACS buffer. Propidium iodide (PI) (130-

093-233, Miltenyi) was added just prior to sorting. Live Vδ1 T-cells (PI− Vδ1+) were selected

for using BD FACSymphony™ S6 Cell Sorter and resuspended in 10% FBS ATCC RPMI to use

in subsequent assays.

3.22 Plate-bound recombinant ligand activation assay

MICA (1300-MA-050, Biotechne), MICB (1599-MB-050, Biotechne), ULBP1 (1380-ul-050, Bio-

techne), ULBP2 (1298-ul-050, Biotechne), ULBP3 (1517-ul-050, Biotechne), LFA-3 (10068-CD-

050, Biotechne), Nectin-1 (10697-N1-050, Biotechne), PVR (9174-CD-050, Biotechne), Nectin-

2 (9317-N2-050, Biotechne), and B7-H6 (AVI7144-050, Biotechne) recombinant ligands were

plated in PBS at 1µg/ml in TC-treated 96-well round bottomed plates at incubated at 4°C

overnight. Vδ1 T-cells were proliferated from PBMCs with 0pM and 100pM Vδ1/CD19 engager

for 7 days in 10% FCS ATCC modified RPMI and anti-Vδ1-PE was added at day 6 (1 in 200) to

label Vδ1 T-cells for FACS. Vδ1 T-cells were then isolated (Method 3.21). Recombinant ligand

solution was flicked out of the plates, and isolated Vδ1 T-cells were added to the plates (20,000

cells/well) in 10% FCS ATCC modified RPMI. Cells were cultured for 24 hours at 37°C and

stained for activation markers with flow cytometry (Method 3.23 and table 3.26).

3.23 Flow Cytometry

Cells were washed using PBS and stained with efluor780 viability marker (Invitrogen, 65-0865-

18) and blocked with FcR block (Miltenyi, 130-059-901) for 10 minutes at 4oC. This was followed

by cell surface marker staining for 15 minutes at 4oC before washing out and resuspending in

PBS. Stained cells were acquired using Miltenyi MACSQuant Analyzer 10/16 Flow Cytometer

or BD LSR Fortessa™ Cell Analyzer and data was analysed using FlowLogic v8.5 or FlowJo v10.

MFI was calculated as the median fluorescent intensity. Dead cells and doublets were excluded

from analyses. For PBMC experiments, Vδ1 T-cells were identified as CD3+ Vδ1+.

3.24 Statistical Analysis

Graphical representation of data and any statistical analysis was conducted using Graphpad

Prism 9. Specific statistical tests are detailed in appropriate figure legends. Statistical analysis
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was conducted in assays where all conditions within the assay utilised more than three biological

replicates.
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3.24.1 Flow Panels

3.24.1.1 Binding assay

Table 3.7: PBMC Binding flow panel

Target Fluorophore Dilution Catalogue number Supplier

Dead cell stain efluor780 1 in 1000 65-0865-18 Invitrogen

Vδ1 TCR PE 1 in 100 130-120-440 Miltenyi

CD3 BV650 1 in 25 317324 Biolegend

αβ TCR APC 1 in 50 130-113-535 Miltenyi

Vδ2 TCR Viogreen 1 in 50 130-111-016 Miltenyi

CD19 PEVio615 1 in 50 130-114-522 Miltenyi

CD20 PEVio615 1 in 50 130-111-347 Miltenyi

CD56 FITC 1 in 50 318304 Biolegend

His tag PE 1 in 50 130-120-718 Miltenyi

IgG AF647 1 in 200 109-607-008 JIR Labs

Table 3.8: Cell line and Isolated Vδ1 T-cell Binding flow panel

Target Fluorophore Dilution Catalogue number Supplier

Dead cell stain efluor780 1 in 1000 65-0865-18 Invitrogen

His tag PE 1 in 50 130-120-718 Miltenyi

IgG AF647 1 in 200 109-607-008 JIR Labs
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3.24.1.2 Activation with expanded Vδ1 T-cells assay

Table 3.9: 4hr Activation with expanded Vδ1 T-cells flow panel

Target Fluorophore Dilution Catalogue number Supplier

Dead cell stain efluor780 1 in 1000 65-0865-18 Invitrogen

Vδ1 TCR PEVio770 1 in 100 130-117-697 Miltenyi

Target cells CTV 1 in 10 000 C34571 Invitrogen

CD107a PE 1 in 100 130-111-629 Miltenyi

41BB BV650 1 in 25 309828 Biolegend
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3.24.1.3 Activation and cytotoxicity with expanded Vδ1 T-cells assay

Table 3.10: 24hr activation and cytotoxicity with expanded Vδ1 T-cells flow panel

Target Fluorophore Dilution Catalogue number Supplier

Dead cell stain efluor780 1 in 1000 65-0865-18 Invitrogen

Vδ1 TCR PEVio770 1 in 100 130-117-697 Miltenyi

Target cells CTV 1 in 10 000 C34571 Invitrogen

CD25 APC 1 in 50 130-113-284 Miltenyi

3.24.1.4 Vδ1 proliferation assay

Table 3.11: Vδ1 Proliferation flow panel

Target Fluorophore Dilution Catalogue number Supplier

Dead cell stain efluor780 1 in 1000 65-0865-18 Invitrogen

Vδ1 TCR PE 1 in 100 130-120-440 Miltenyi

PBMCs CTV 1 in 10 000 C34571 Invitrogen

CD3 BV650 1 in 25 317324 Biolegend

CD27 PerCPVio700 1 in 50 130-120-037 Miltenyi

αβ TCR APC 1 in 50 130-113-535 Miltenyi

Vδ2 TCR Viogreen 1 in 50 130-111-016 Miltenyi

CD19 PEVio615 1 in 50 130-114-522 Miltenyi

CD20 PEVio615 1 in 50 130-111-347 Miltenyi

CD56 FITC 1 in 50 318304 Biolegend
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3.24.1.5 PBMC Cytotoxicity assay

Table 3.12: PBMC cytotoxicity flow panel

Target Fluorophore Dilution Catalogue number Supplier

Dead cell stain efluor780 1 in 1000 65-0865-18 Invitrogen

Vδ1 TCR PE 1 in 100 130-120-440 Miltenyi

Target cells CTV 1 in 10 000 C34571 Invitrogen

CD3 BV650 1 in 25 317324 Biolegend

3.24.1.6 B-cell Phenotyping

Table 3.13: B-cell phenotyping flow panel 1

Target Fluorophore Dilution Catalogue number Supplier

Dead cell stain efluor780 1 in 1000 65-0865-18 Invitrogen

Nectin-2 APC 1 in 50 130-122-771 Miltenyi

MICA/B PerCPVio700 1 in 50 130-118-834 Miltenyi

TNFR1 PEVio770 1 in 50 130-127-484 Miltenyi

TRAILR2 PE 1 in 25 307406 Biolegend

TNFR2 FITC 1 in 50 130-119-777 Miltenyi

LFA-3 V423 1 in 50 130-128-544 Miltenyi
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Table 3.14: B-cell phenotyping flow panel 2

Target Fluorophore Dilution Catalogue number Supplier

Dead cell stain efluor780 1 in 1000 65-0865-18 Invitrogen

Nectin-1 APC 1 in 50 130-123-217 Miltenyi

CD86 VB515 1 in 50 130-116-165 Miltenyi

ICOSLG PEVio770 1 in 50 130-116-805 Miltenyi

CD44 PE 1 in 50 130-113-342 Miltenyi

ULBP2/5/6 AF405 1 in 25 FAB1298V Biotechne

Table 3.15: B-cell phenotyping flow panel 3

Target Fluorophore Dilution Catalogue number Supplier

Dead cell stain efluor780 1 in 1000 65-0865-18 Invitrogen

PD-L1 V423 1 in 50 130-127-200 Miltenyi

LY-9 APC 1 in 50 130-116-004 Miltenyi

CD48 PEVio770 1 in 50 130-106-469 Miltenyi

ULBP1 PerCP 1 in 25 FAB1380C Biotechne
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Table 3.16: B-cell phenotyping flow panel 4

Target Fluorophore Dilution Catalogue number Supplier

Dead cell stain efluor780 1 in 1000 65-0865-18 Invitrogen

PVR VB515 1 in 50 130-119-003 Miltenyi

CD19 PerCPVio700 1 in 50 130-113-648 Miltenyi

ULBP3 PE 1 in 25 FAB1517P Biotechne

CD5 PEVio615 1 in 25 130-110-996 Miltenyi

Table 3.17: B-cell phenotyping flow panel 5

Target Fluorophore Dilution Catalogue number Supplier

Dead cell stain efluor780 1 in 1000 65-0865-18 Invitrogen

Fas PE 1 in 50 130-113-004 Miltenyi

CD11a PerCPVio700 1 in 50 130-121-048 Miltenyi

Table 3.18: B-cell phenotyping flow panel 6

Target Fluorophore Dilution Catalogue number Supplier

Dead cell stain efluor780 1 in 1000 65-0865-18 Invitrogen

CD80 VBR720 1 in 50 130-128-249 Miltenyi

HLA-E PEVio615 1 in 50 130-117-551 Miltenyi

ICAM-3 Viogreen 1 in 50 130-115-210 Miltenyi
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3.24.1.7 Vδ1 Phenotyping

Table 3.19: Vδ1 phenotyping flow panel 1

Target Fluorophore Dilution Catalogue number Supplier

Dead cell stain efluor780 1 in 1000 65-0865-18 Invitrogen

Vδ1 TCR PE 1 in 100 130-120-440 Miltenyi

CD3 BV650 1 in 25 317324 Biolegend

CD27 PerCPVio700 1 in 50 130-120-037 Miltenyi

CD45RA BV570 1 in 25 304132 Biolegend

DNAM-1 Vioblue 1 in 50 130-123-522 Miltenyi

ICOS Viogreen 1 in 20 130-100-739 Miltenyi

2B4 FITC 1 in 50 130-099-039 Miltenyi

NKG2D PEVio770 1 in 50 130-111-646 Miltenyi

CD96 APC 1 in 50 130-118-337 Miltenyi
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Table 3.20: Vδ1 phenotyping flow panel 2

Target Fluorophore Dilution Catalogue number Supplier

Dead cell stain efluor780 1 in 1000 65-0865-18 Invitrogen

Vδ1 TCR PE 1 in 100 130-120-440 Miltenyi

CD3 BV421 1 in 25 317344 Biolegend

CD27 BV605 1 in 25 302830 Biolegend

CD45RA BV510 1 in 25 304142 Biolegend

PD-1 VB515 1 in 50 130-120-386 Miltenyi

CD2 PE-Cy5 1 in 25 300210 Biolegend

CD69 PEVio770 1 in 50 130-112-612 Miltenyi

Ly-9 APC 1 in 50 130-116-004 Miltenyi



67

Table 3.21: Vδ1 phenotyping flow panel 3

Target Fluorophore Dilution Catalogue number Supplier

Dead cell stain efluor780 1 in 1000 65-0865-18 Invitrogen

Vδ1 TCR PE 1 in 100 130-120-440 Miltenyi

CD3 BV421 1 in 25 317344 Biolegend

CD27 BV605 1 in 25 302830 Biolegend

CD45RA BV510 1 in 25 304142 Biolegend

Fas-L VB515 1 in 100 130-118-092 Miltenyi

CD11a PerCPVio700 1 in 50 130-121-048 Miltenyi

CTLA-4 PEVio770 1 in 50 130-130-455 Miltenyi

CD94 APC 1 in 50 130-098-976 Miltenyi
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Table 3.22: Vδ1 phenotyping flow panel 4

Target Fluorophore Dilution Catalogue number Supplier

Dead cell stain efluor780 1 in 1000 65-0865-18 Invitrogen

Vδ1 TCR PE 1 in 100 130-120-440 Miltenyi

CD3 BV650 1 in 25 317324 Biolegend

CD27 PEVio770 1 in 50 130-113-641 Miltenyi

CD45RA BV570 1 in 25 304132 Biolegend

CD28 V423 1 in 50 130-127-175 Miltenyi

ICAM-3 Viogreen 1 in 75 130-115-210 Miltenyi

CD44 FITC 1 in 25 338804 Biolegend

CD5 PEVio615 1 in 25 130-110-996 Miltenyi

NKG2A AF700 1 in 25 130-128-577 Miltenyi
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Table 3.23: Vδ1 phenotyping flow panel 5

Target Fluorophore Dilution Catalogue number Supplier

Dead cell stain efluor780 1 in 1000 65-0865-18 Invitrogen

Vδ1 TCR PE 1 in 100 130-120-440 Miltenyi

CD3 BV421 1 in 25 317344 Biolegend

CD27 PerCPVio700 1 in 50 130-120-037 Miltenyi

CD45RA BV570 1 in 25 304132 Biolegend

41BB BV650 1 in 25 309828 Miltenyi

CD25 PEVio770 1 in 50 130-114-541 Miltenyi

Granzyme B AF647 1 in 25 515406 Biolegend
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Table 3.24: Vδ1 phenotyping flow panel 6

Target Fluorophore Dilution Catalogue number Supplier

Dead cell stain efluor780 1 in 1000 65-0865-18 Invitrogen

Vδ1 TCR PE 1 in 100 130-120-440 Miltenyi

CD3 BV421 1 in 25 317344 Biolegend

CD27 PEVio770 1 in 50 130-113-641 Miltenyi

CD45RA BV570 1 in 25 304132 Biolegend

NKp44 VB515 1 in 50 130-120-361 Miltenyi

NKp30 PEVio615 1 in 25 130-112-434 Miltenyi

NKp46 APC 1 in 50 130-112-122 Miltenyi

3.24.1.8 Cytotoxicity Blockade assay

Table 3.25: Cytotoxicity blockade flow panel

Target Fluorophore Dilution Catalogue number Supplier

Dead cell stain efluor780 1 in 1000 65-0865-18 Invitrogen

Vδ1 TCR PE 1 in 100 130-120-440 Miltenyi

Target cells CTV 1 in 10 000 C34571 Invitrogen

CD3 BV650 1 in 50 317324 Biolegend

CD27 PerCPVio700 1 in 100 130-120-037 Miltenyi

Fas-L VB515 1 in 100 130-118-092 Miltenyi

CD25 APC 1 in 100 130-113-284 Miltenyi

CD107a PEVio770 1 in 100 130-111-622 Miltenyi
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3.24.1.9 Plate-bound recombinant ligand activation assay

Table 3.26: Plate-bound recombinant activation flow panel

Target Fluorophore Dilution Catalogue number Supplier

Dead cell stain efluor780 1 in 1000 65-0865-18 Invitrogen

Vδ1 TCR PE 1 in 100 130-120-440 Miltenyi

CD3 BV650 1 in 50 317324 Biolegend

CD27 PerCPVio700 1 in 100 130-120-037 Miltenyi

Fas-L VB515 1 in 100 130-118-092 Miltenyi

CD25 APC 1 in 100 130-113-284 Miltenyi

CD107a PEVio770 1 in 100 130-111-622 Miltenyi

41BB PEVio615 1 in 50 130-110-766 Miltenyi



Chapter 4

Results

4.1 Vδ1/CD19 Antibody Design and Selection

4.1.1 Antibody Design

As explored in the introduction, the format of a bispecific antibody can affect an antibody’s

function. To generate a bispecific antibody that can not only specifically bind to Vδ1 TCR and

CD19 but also enhance the Vδ1 effector cell capability, three different bispecific formats were

implemented in the pursuit of at least one format functioning in the desired way. The chosen

antibody designs were based on the bispecific T-cell engager (BiTE), Knob-into-Hole (KIH) and

Morrison Body (MB) formats. Resultingly, four Vδ1/CD19 antibodies, one BiTE, one KIH and

two MBs were generated (Figure 4.1).

Each bispecific antibody design utilised variable light, VL, and heavy, VH, amino acid se-

quences from a Takeda proprietary anti-Vδ1 TCR monoclonal antibody and the CD19 moiety

from a commercially available anti-CD3/anti-CD19 BiTE (Figure 4.1). These VL and VH se-

quences were appended to each bispecific antibody template sequence (see Chapter 3.1). A

monoclonal antibody (mAb) specific only to Vδ1 TCR was also generated to use as a control

engager in appropriate subsequent assays.

4.1.2 Antibody Validation

Once generated (see Chapter 3.2), the antibodies were validated for their stability in solution,

as well as their specific binding capacity to their intended targets. To ensure the antibodies

were stable enough to use in cell-based assays, monomer content was assessed over time using

high-performance liquid chromatography (HPLC) (Figure 4.2). Monomer content defines the

amount of antibody that is not fragmented (peaks post the monomer peak in a HPLC plot)

nor aggregated (peaks preceding the monomer peak in a HPLC plot), thus a high monomer

72
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Figure 4.1: Design of Vδ1/CD19 bispecific engagers.

Graphical representation of the three bispecific formats designed and generated to bind both Vδ1 TCR and

CD19. [This image was created using BioRender]

content that remains high over time indicates a stable antibody structure. The HPLC plots in

Figure 4.2 portray the antibody content in each sample. A ~19-minute buffer peak was observed

in all samples. The height of this peak varied between samples as dilution was required in

some samples due to higher stock concentrations. The KIH monomer peak was detected at

~12 minutes, the BiTE monomer peak at ~15 minutes, and the MB monomer peaks at ~13

minutes. KIH samples did not aggregate and showed little to no fragmentation. Despite BiTE

samples displaying some degree of aggregation, the monomer content remained above 90% for

up to 2 weeks at both 4◦C and 37◦C. The MBs, specifically Vδ1/CD19 MB (as opposed to

the CD19/Vδ1 orientated MB (Figure 3.1)), had a very low percentage of pure monomer due

to both aggregation and fragmentation. Excess aggregate can facilitate exaggerated antibody

function [169] and therefore could increase the antibody’s toxicity potential, indicating that the

Vδ1/CD19 MB may not be suitable for understanding Vδ1 effector responses to Vδ1 engagers.

Nevertheless, this antibody format, alongside the others, were still investigated in subsequent

assays.

For antibody validation, Vδ1 T-cells isolated and expanded from blood and skin were used

in subsequent in vitro assays (see method sections 3.7 and 3.8 for isolation protocols). The

resulting populations from these protocols were between 50 and 60% pure Vδ1 T-cells (Figure
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Figure 4.2: Vδ1/CD19 engager stability.

Top, Vδ1/CD19 engager composition from HPLC analysis prior to storage at -80◦C. Bottom, percentage

monomer of the Vδ1/CD19 bispecific antibodies, calculated following the integration of each peak, exclud-

ing the buffer peak at ~19 minutes, over time post thaw from -80◦C, incubated at 4◦C and 37◦C.

4.3). These populations were isolated using a negative-selection isolation technique. A positive

selection technique would have resulted in purer Vδ1 T-cell populations, however, this method

was avoided as a positive-selection protocol would utilise an anti-Vδ1 TCR antibody that could

stay bound to the TCR on the final Vδ1 T-cell population. Binding from this selection antibody

did not affect activation of Vδ1 T-cells for upto 48-hours (data not shown), however, this selection

antibody, whilst not interfering with activation could interfere with TCR and Vδ1 detection as

the selection antibody and the detection antibody are the same (Vδ1 TCR, Miltenyi, REA

format). Other anti-Vδ1 TCRs do exist, however, such antibodies historically interfere with

activation or may compete with the established Vδ1/CD19 engagers. Therefore, to ensure no



75

residual isolation antibodies remained attached to the Vδ1 T-cells, the negative selection method

was adopted.

Figure 4.3: Vδ1 T-cell purity following isolation protocols.

Left, Histogram from flow cytometric analysis of Vδ1 TCR+ cells following Vδ1 T-cell-specific isolation

and expansion protocol from a representative human skin donor. Right, Histogram from flow cytometric

analysis of Vδ1 TCR+ cells following Vδ1 T-cell-specific isolation and expansion protocol from a repres-

entative human blood donor. Unstained control samples are coloured in grey.

To validate their specificity, the antibodies were assessed for binding against expanded Vδ1

T-cells, CD19+ B-cell cancer lines and the Vδ1-CD19- cell line THP-1 (Figure 4.4 and 4.5).

Mono-cultured cells were incubated with the bispecific antibodies for 30 minutes at 4°C before

assessing surface-bound bispecific antibody using a secondary antibody and flow cytometry. All

Vδ1/CD19 bispecific antibodies, as well as the Vδ1 monoclonal antibody, were detected on the

surface of both skin-expanded and blood-expanded Vδ1 T-cells. All bispecific antibodies also

bound to the CD19+ cell lines Reh, MEC-1 and Daudi. This binding to CD19+ cells was not

observed from Vδ1 mAb which highlights the specificity of the Vδ1 binding moieties to only the

Vδ1 TCR. Additionally, none of the antibodies bound to the CD19- control cell line THP-1 cells,

suggesting no non-specific binding. Non-specific binding is crucial to identify so that subsequent

mixed cell-based assays can be interpreted assuming that the antibodies are interacting only

with their intended targets. Whilst not binding to Vδ1- and CD19- THP-1 T-cells, it would

have been beneficial to assess such binding with Vδ1 T-cells with its TCR knocked-out, as well

as CD19 KO MEC-1, Daudi and Reh cells for more conclusive results of non-specific binding.
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Figure 4.4: Representative histograms of Vδ1/CD19 engager binding.

Binding of Vδ1/CD19 engagers to skin expanded Vδ1 T-cells (representative donor from n=3), blood

expanded Vδ1 T-cells (representative donor from n=2) and CD19+ MEC-1 cells. Cells were cultured

alone with engagers for 30 minutes at 4oC before assessing for surface bound engager. KIH and MBs

binding was assessed with an anti-IgG secondary antibody, and BiTE binding was assessed with an anti-

His tag secondary antibody, all using flow cytometry. Concentration of engager in shown sample is

indicated in nM.
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The maximal binding observed to these cells interestingly varied (Figure 4.5). The reduced

binding observed to Reh cells over MEC-1 and Daudi cells is likely due to lower levels of CD19

expressed by Reh cells. This effect is explored later. The low maximal binding to the Vδ1 T-cells

(40 - 60 % cells detected bound to engager) may be due to a similar reason where the number

of TCRs available on the surface of these cells may not be in great enough numbers to detect

100% of cells binding. Furthermore, as the isolation and expansion process did not have yield

100% pure Vδ1 T-cell populations (Figure 4.3), the maximum possible Vδ1 T-cell binding could

only be upto 60%. This is highlighted by the bimodal peaks observed at the highest antibody

concentrations when binding to the Vδ1 cells and not by the cell lines (Figure 4.4). Due to these

unpure populations, an anti-Vδ1 TCR detection antibody should have been used to gate on these

populations first before assessing Vδ1 TCR binding of the bispecific engagers. Nevertheless, as

specific binding was consistently observed, these engagers were assessed in further functional

assays.
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Figure 4.5: Vδ1/CD19 engager binding.

Binding of Vδ1/CD19 engagers to skin expanded Vδ1 T-cells (n=3), blood expanded Vδ1 T-cells (n=2)

and CD19+ (Reh, MEC-1 and Daudi) and CD19- (THP-1) cell lines. Cells were cultured alone with

engagers for 30 minutes at 4oC before assessing for surface bound engager. KIH and MBs binding

was assessed with an anti-IgG secondary antibody, and BiTE binding was assessed with an anti-His tag

secondary antibody, all using flow cytometry. Error bars of Vδ1 graphs represent SEM, where for each

donor, values from two technical replicates were first averaged, and these per-donor averages were used

to calculate the fold change and plot the overall mean and SEM across all donors. Error bars of the cell

line graphs represent SD of two technical replicates.
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4.1.3 Vδ1 engager function

As all bispecific antibodies exhibited specific binding to Vδ1 T-cells and CD19+ cell lines, these

engagers were subsequently assessed in functional assays to identify the most effective biologically

functional engager.

4.1.3.1 TCR Downregulation

Figure 4.6: Vδ1/CD19 antibody-mediated TCR Downregulation.

Vδ1 TCR expression on skin expanded (n=3) and blood expanded (n=2) Vδ1 T-cells was assessed using

flow cytometry following treatment with Vδ1/CD19 antibodies and with or without the presence of CD19+

cell lines. Vδ1 T-cells were co-cultured with the indicated cell lines and incubated with the bispecific

antibodies for 4 hours before assessing residual surface-expressed Vδ1 TCR. Data is showing the fold

change MFI of surface Vδ1 TCR expression where raw MFI values from each treatment were normalised

to the MFI values from the media-treatment controls. Error bars represent the SEM. For each donor,

MFI values from two technical replicates were first averaged, and these per-donor averages were used to

plot the overall mean and SEM across all donors.

As with canonical αβ T-cells, the γδ TCR is downregulated and internalised from the cell

surface when it is engaged [170]. Accordingly, to validate that the Vδ1/CD19 engager is capable

of activating Vδ1 T-cells, antibody-mediated TCR downregulation was assessed from expanded

skin-derived (Figure 4.6A and 4.7) and blood-derived Vδ1 T-cells (Figure 4.6B and 4.7) co-

cultured with and without CD19+ tumour targets. These expanded and isolated Vδ1 T-cells were

incubated with the bispecific antibodies and cell lines for 4 hours before assessing residual surface-

expressed Vδ1 TCR by flow cytometry. TCR downregulation is indicated by the reduction of

surface Vδ1 TCR and thus reduction of surface staining with higher concentrations of Vδ1/CD19
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antibody treatments (Figure 4.7). Minimal to no TCR downregulation was observed when Vδ1

T-cells were treated alone; however, once in co-culture with CD19+ cells, the Vδ1 TCR was

downregulated following Vδ1/CD19 antibody treatment in a dose-dependent manner. The Vδ1

mAb also displayed little to no effect across all co-culture conditions. These minimal responses

could be due to the Vδ1 binding moiety only being able to sufficiently engage the TCR when

binding is stabilised through co-engagement with target cell-expressed CD19. This effect was

observed to similar degrees with both the skin-derived and blood-derived Vδ1 T-cells.

Figure 4.7: Representative histograms of Vδ1/CD19 antibody-mediated TCR Downregula-

tion.

Vδ1 TCR expression on skin expanded (representative donor from n=3) and blood expanded (representat-

ive donor from n=2) Vδ1 T-cells was assessed using flow cytometry following treatment with Vδ1/CD19

antibodies and with or without the presence of CD19+ MEC-1 cells. Vδ1 T-cells were co-cultured with

MEC-1 cells and incubated with the bispecific antibodies for 4 hours before assessing residual surface-

expressed Vδ1 TCR. Concentration of engager in shown sample is indicated in nM.

Notably, all bispecific antibody formats engaged and downregulated the TCR to a similar

extent, perhaps with the exception of the CD19/Vδ1 MB where less TCR downregulation was

observed. This particular MB form positions the Vδ1 binding moieties at the base of the Fc re-

gion, as opposed to the normal mAb configuration (Figure 4.1). This positioning may impair the

Vδ1 binding as the Vδ1-binding variable regions may not be able to interact with the TCR epi-
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tope in the most efficient manner. However, as all Vδ1/CD19 bispecific antibodies demonstrated

some level of TCR engagement, their functional capabilities were further investigated.

4.1.3.2 T-cell activation

To assess the ability of Vδ1/CD19 bispecific antibodies to activate Vδ1 T-cells, expression of the

canonical T-cell activation markers 41BB (Figure 4.8 and 4.9) and CD25 (Figure 4.10 and 4.11)

were assessed on skin-derived and blood-derived Vδ1 T-cells. These activation markers were

assessed following Vδ1/CD19 antibody treatment in Vδ1 T-cell co-cultures with and without

CD19+ tumour cell lines. Antibody-treated co-cultures were assessed after 4-hours to detect

surface 41BB expression on the Vδ1 T-cells, and after 24-hours to detect surface CD25 expression

on the Vδ1 T-cells using flow cytometry.

In response to Vδ1/CD19 antibody stimulation, both Vδ1 T-cell types upregulated 41BB

and CD25 in some but not all of the conditions. First, a response was only observed when co-

cultured with CD19+ malignant cells. This dependency on Vδ1 and CD19 presence reflects the

same dependency observed from the antibody-mediated TCR downregulation response. This

dependency highlights the importance of sufficient TCR stimulation for Vδ1 T-cell activation.

Furthermore, despite consistent binding and TCR engagement from all Vδ1/CD19 bispecific

antibodies, 41BB and CD25 were noticeably only consistently upregulated in response to the

BiTE antibody form. This emphasises the need for specialised antibody design to achieve the

desired response.

Additionally, CD25 was not upregulated on skin-derived Vδ1 T-cells in any condition where

upregulation was observed from blood-derived Vδ1 T-cells. Interestingly, at 6 hours post-BiTE

treatment—as opposed to 24 hours—CD25 upregulation could be observed from skin-derived

Vδ1 T-cells, and appeared to decline thereafter (Appendix 8.1). This early upregulation might

explain why CD25 levels appeared unchanged at 24 hours (Figure 4.10) as the cells may have

already downregulated CD25 by that time. These time-dependent differences in CD25 expres-

sion suggest that skin-derived and blood-derived Vδ1 T-cells may respond differently to BiTE

treatment, highlighting the importance of using relevant Vδ1 T-cell models for analysis. Other

Vδ1 T-cell models will be explored in subsequent sections.

To note, 41BB was assessed after 4 hours of antibody treatment whereas CD25 expression

was assessed after 24 hours. Therefore, it was decided to stain for CD25 within the 24-hour

cytotoxicity assay instead of the 4-hour 41BB and TCR downregulation assay. At the time of

running the cytotoxicity assay, it was also decided that the Vδ1 alone condition was unnecessary
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Figure 4.8: Vδ1/CD19 antibody-mediated 41BB upregulation.

41BB expression on skin expanded (n=3) and blood expanded (n=2) Vδ1 T-cells was assessed using flow

cytometry 4-hours following treatment with Vδ1/CD19 antibodies, co-cultured with and without CD19+

cell lines. Data is showing the fold change MFI of surface 41BB expression where raw MFI values from

each treatment were normalised to the raw MFI values from the media-treatment controls. Error bars

represent SEM. For each donor, MFI values from two technical replicates were first averaged, and these

per-donor averages were used to calculate the fold change and plot the overall mean and SEM across all

donors.

to conduct. Therefore, CD25 expression data on Vδ1 T-cells cultured alone was not collected.

This data absence was only realised during the consolidation of this thesis at which point mater-

ials were no longer available to repeat this experiment. Therefore, future work should validate

this CD25 response from Vδ1 T-cells alone.
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Figure 4.9: Representative histograms Vδ1/CD19 antibody-mediated 41BB upregulation.

Representative histograms of 41BB expression from skin-expanded (representative donor from n=3) and

blood-expanded (representative donor from n=2) Vδ1 T-cells assessed using flow cytometry 4-hours fol-

lowing treatment with Vδ1/CD19 antibodies, co-cultured with and without MEC-1 cells. Concentration

of engager in shown sample is indicated in nM.
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Figure 4.10: Vδ1/CD19 antibody-mediated CD25 upregulation.

CD25 expression on skin expanded (n=3) and blood expanded (n=2) Vδ1 T-cells was assessed using flow

cytometry 24-hours following treatment with Vδ1/CD19 antibodies, co-cultured with and without CD19+

cell lines. Data is showing the fold change MFI of surface CD25 expression where raw MFI values from

each treatment were normalised to the raw MFI values from the media-treatment controls. Error bars

represent SEM. For each donor, MFI values from two technical replicates were first averaged, and these

per-donor averages were used to calculate the fold change and plot the overall mean and SEM across all

donors.
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Figure 4.11: Representative histograms of Vδ1/CD19 antibody-mediated CD25 upregulation.

Representative histograms of CD25 expression from skin-expanded (representative donor from n=3) and

blood-expanded (representative donor from n=2) Vδ1 T-cells assessed using flow cytometry 24-hours fol-

lowing treatment with Vδ1/CD19 antibodies, co-cultured with and without MEC-1 cells. Concentration

of engager in shown sample is indicated in nM.
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4.1.3.3 Cytotoxicity

To assess whether Vδ1/CD19 antibody-mediated activation may result in greater cytotoxic cap-

ability, degranulation was measured as expression of CD107a on skin-derived and blood-derived

Vδ1 T-cells following Vδ1/CD19 antibody treatment in co-culture with and without CD19+ tu-

mour cell lines (Figure 4.12 and 4.13). CD107a, also known as LAMP-1 (Lysosomal-Associated

Membrane Protein-1), is a marker commonly used to assess degranulation resulting in granzyme

and perforin release from cytotoxic cells. Upon degranulation, vesicles containing these cyto-

toxic molecules merge with the cell membrane, exposing CD107a on the cell surface. Therefore,

the upregulation or increased surface expression of CD107a serves as an indicator of enhanced

degranulation and a proxy for cytotoxic activity. This ’surface-exposed’ CD107a was detected

using flow cytometry, 4-hours following treatment of the co-cultures (see method section 3.12

for protocol details).

Similar to the TCR downregulation and activation responses, stimulated Vδ1 T-cells alone

were unable to upregulate CD107a; a co-culture with CD19+ cancer cells was necessary to

induce a degranulation response, highlighting the importance of sufficient TCR engagement for

Vδ1 T-cell activation and cytotoxicity. CD107a upregulation was observed following Vδ1/CD19

engager treatment, however, only BiTE treatment, similarly to 41BB and CD25 measurements,

reliably induced a response compared to the other Vδ1/CD19 bispecific antibodies. This BiTE-

specific response suggests that the BiTE may be the most functional engager to enhance Vδ1

capabilities. It should be noted that the increased CD107a response from skin-derived Vδ1 T-

cells was less prominent than from blood-derived Vδ1 T-cells. Alongside the differential CD25

response, these activation results could suggest that blood- and skin-derived Vδ1 T-cells may

rely on different co-receptors and cytotoxicity mechanisms. These differences are explored later.

The engager-mediated degranulation response also corresponded to the remaining live target

cell population after 24 hours (Figure 4.14 and 4.15), where BiTE-treatment mediated a con-

sistent decrease in live CD19+ cancer cell numbers. The increased target cell death, alongside

increased Vδ1-specific CD107a expression suggests that BiTE treatment enhances the Vδ1 T-cell

cytotoxic capabilities.
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Figure 4.12: Vδ1/CD19 antibody-mediated CD107a upregulation.

CD107a expression on skin expanded (n=3) and blood expanded (n=2) Vδ1 T-cells was assessed using flow

cytometry 4-hours following treatment with Vδ1/CD19 antibodies, co-cultured with and without CD19+

cell lines. Data is showing the fold change MFI of surface-exposed CD107a where raw MFI values from

each treatment were normalised to the raw MFI values from the media-treatment controls. Error bars

represent SEM. For each donor, MFI values from two technical replicates were first averaged, and these

per-donor averages were used to calculate the fold change and plot the overall mean and SEM across all

donors.
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Figure 4.13: Representative histograms of Vδ1/CD19 antibody-mediated CD107a upregula-

tion.

Representative histograms of CD107a expression from skin-expanded (representative donor from n=3)

and blood-expanded (representative donor from n=2) Vδ1 T-cells assessed using flow cytometry 4-hours

following treatment with Vδ1/CD19 antibodies, co-cultured with and without MEC-1 cells. Concentration

of engager in shown sample is indicated in nM.
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Figure 4.14: Vδ1/CD19 engager-mediated enhanced Vδ1 cytotoxicity.

Remaining live cancer target cell events was assessed using flow cytometry following 24-hour culture with

skin expanded (n=3) and blood expanded (n=2) Vδ1 T-cells and Vδ1/CD19 engager treatment. Data

is showing fold change events of the remaining live indicated target cells in the co-culture. Each event

represents a single live target cell recorded on the flow cytometer. Fold change events represents the

raw live event numbers from each treatment normalised to the raw live event numbers from the media-

treatment controls. Error bars represent SEM. For each donor, values from two technical replicates were

first averaged, and these per-donor averages were used to calculate the fold change and plot the overall

mean and SEM across all donors.
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Figure 4.15: Representative flow plots of Vδ1/CD19 engager-mediated enhanced Vδ1 cyto-

toxicity.

Representative flow plots of live and dead populations of the indicated target cells after 24 hours of cul-

ture with blood-derived Vδ1 T-cells (representative donor from n=2) treated with 30nM of the indicated

Vδ1/CD19 bispecific antibody. Flow plots are displaying the live dead marker (x-axis, efluor780-A) against

forward scatter (y-axis, FSC-A). Live and dead populations are indicated with arrows.
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4.1.3.4 Proliferation

In response to CD3-engager treatment, peripheral T-cells undergo several activation processes,

one of which includes proliferation [171, 172, 173]. As the Vδ1 T-cell peripheral population

is small, increasing this population would be a beneficial response from Vδ1/CD19 engager-

treatment. Therefore, Vδ1 T-cell numbers were assessed from primary PBMC samples after

culture with Vδ1/CD19 antibody treatment over 7 days (Figure 4.16). Interestingly, despite

only the BiTE displaying functional activity thus far, all the bispecific formats induced Vδ1

proliferation; however, notably the BiTE-format remained the most efficacious treatment. This

effect is observed in the flow plots of these samples (Figure 4.17). Interestingly, both CD27

populations proliferated in all treatment conditions. Furthermore, the CD27+ populations from

all samples expressed higher levels of TCR compared to their CD27- counterparts, except for

the BiTE-treated where two populations of CD27- cells, based on TCR expression emerged.

Both BiTE-stimulated CD27- and CD27+ Vδ1 T-cell populations demonstrated a vast increase

in forward and side scatter, which can be indicators of increased T-cell activation and prolifer-

ation [174]. BiTE-stimulated cells may therefore be undergoing increased activation as well as

proliferation compared to the other formats. This response will be explored further later.

Figure 4.16: Vδ1/CD19 engager-mediated Vδ1 proliferation.

Vδ1 populations from PBMC cultures (n=3) were assessed using flow cytometry after treatment with

Vδ1/CD19 engagers for 7 days. Left, data is showing the percentage of live cells from whole PBMC

culture that are Vδ1 positive. Right, data is showing fold change events of Vδ1 T-cells. Each event

represents a single live Vδ1 T-cell recorded on the flow cytometer. Fold change events represents the

raw live event numbers from each treatment normalised to the raw live event numbers from the media-

treatment controls. Error bars represent SEM. For each donor, values from two technical replicates were

first averaged, and these per-donor averages were used to calculate the fold change and plot the overall

mean and SEM across all donors.
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Figure 4.17: Representative flow plots of Vδ1/CD19 engager-mediated Vδ1 proliferation.

Vδ1 populations from PBMC cultures (representative donor from n=3) were assessed using flow cytometry

after treatment with 30nM Vδ1/CD19 engagers for 7 days. Top panel is showing the CD27high (right,

red) and CD27low/- (left, blue) Vδ1 population gating following treatment of indicated antibodies, with the

events displayed as CD27 staining (x-axis) vs side scatter (SSC, y-axis). The middle panel is showing the

Vδ1 population gating of the same samples in the above panel, with the events displayed as CD3 staining

(x-axis) vs Vδ1 TCR staining (y-axis). The according CD27 populations have been coloured in these plots.

The bottom panel is showing the forward (x-axis) and side scatter (y-axis) of all the cells in the same

samples as the above panels with the CD27 high and low populations of Vδ1 T-cells coloured accordingly.
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4.1.4 Summary

Overall, these assays were used to validate the capacity of Vδ1/CD19 bispecific antibodies to

enhance Vδ1 T-cell function. All Vδ1/CD19 antibodies demonstrated binding to their specific

targets, which resulted in stable TCR engagement in expanded Vδ1 T-cells, as well as prolifer-

ation of primary PBMC-based Vδ1 T-cells. Despite all these engagers displaying functionality

in these assays, only the BiTE format mediated subsequent Vδ1 T-cell activation which led to

enhanced cytotoxicity against CD19+ malignant tumour cell lines. Therefore, the BiTE format

was chosen to be used in subsequent assays to investigate the remaining aims of this study. The

Vδ1/CD19 BiTE will henceforth be referred to as Vδ1/CD19 and/or the engager.
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4.2 Selected Vδ1/CD19 Engager Evaluation

To evaluate the selected Vδ1/CD19 engager, and to instill confidence in the decision, data from

the section above was consolidated and repeated with additional control conditions. This was

to provide a foundation for further understanding the function of this engager for investigating

the further aims of this study. An assessment of this chosen engager is summarised in a journal

article currently in review.

Thus far, both skin-derived and blood-derived Vδ1 T-cells have been utilised to validate

basic engager function; however, as the Vδ1/CD19 targets the haematological marker CD19,

further involvement of skin-derived Vδ1 T-cells was deemed unnecessary as blood-derived Vδ1

T-cells are more physiologically relevant. Therefore, results hereafter focus on blood-derived

Vδ1 T-cells, either cytokine-expanded or PBMC-based.

4.2.1 Binding

In addition to the binding observed in figure 4.5, binding of Vδ1/CD19 to PBMCs was assessed

(Figure 4.18A). The engager bound to PBMC-based Vδ1 T-cells as well as CD19+CD20+ B-

cells1. The engager did not bind to CD4+ cells which were used as a control cell type to assess

non-specific binding of Vδ1/CD19. The positive control CD3/CD19 engager, as expected, bound

to all three cell types as both Vδ1 and CD4 T-cells express CD3.

Binding EC50s of Vδ1/CD19 were lower than the CD3/CD19 engager which would suggest

that Vδ1/CD19 binds more efficiently to Vδ1 T-cells than the CD3 engager. Despite this Vδ1-

binding difference, the binding EC50s of Vδ1/CD19 and CD3/CD19 binding to CD19+ cells

were comparable. As the CD19-binding amino acid sequence used to generate Vδ1/CD19 was

taken from the CD3/CD19 engager, it is ideal that the efficiency of binding to CD19 remains

intact as it suggests that the Vδ1-binding sequence, did not interfere with the CD19 moiety

binding capacity. This comparability ensures confidence that the Vδ1 engager is interacting

with CD19+ target cells in an appropriate manner.

Control BiTEs were also used in this binding assay to further ensure that each binding

moiety of the Vδ1/CD19 engager was not affecting the overall binding capacity of the engager

to its intended targets. The control BiTEs generated substituted an anti-RSV sequence for

each binding moiety separately (see section 3.1 for more details). Both the Vδ1 and CD19

binding moieties of the Vδ1/CD19 engager were slightly less efficient, if not similarly efficient,

compared to the control BiTEs; however, the maximum binding capacity remained comparable.

1Engager binding to CD19 interfered with the flow cytometry detection of B-cells via the CD19 marker so an

anti-CD20 flow antibody was used in addition to an anti-CD19 antibody as a method to gate on B-cells.
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Figure 4.18: Selected Vδ1/CD19 engager specifically binds to Vδ1 and B-cells in PBMCs.

Binding of engagers to cells in vitro using flow cytometry after 30 minutes incubation at 4oC. (A) Binding

of Vδ1, CD19 and CD3 bispecific engagers in BiTE format to Vδ1+, CD19+CD20+ and CD4+ cells in

whole PBMC cultures (n=3). Error bars represent SEM. For each donor, values from two technical

replicates were first averaged, and these per-donor averages were used to plot the overall mean and SEM

across all donors. (B) Binding EC50s (nM) of Vδ1/CD19 and CD3/CD19 engagers to all cell types

assessed in (A) and in figure 4.5.

Therefore, this similar binding suggested that the Vδ1/CD19 engager was binding specifically,

and to a suitable degree to PBMC-based cells.

To note, the maximal binding of CD3/CD19 engager to CD4+ T-cells is likely to be greater

than the maximal binding observed to Vδ1 T-cells (Figure 4.18A), as this binding assay was

conducted in whole PBMCs, meaning that more of the CD3/CD19 engager would bind to the

more prevalent CD4+ T-cells. Furthermore, as mentioned above, the lower maximal binding

could be due to available epitope numbers on the cell surface. The nearly double difference in

maximal binding between the CD3 and Vδ1 engagers could highlight the greater numbers of

CD3 present on the surface of T-cells, where two CD3 subunits are expressed per TCR [175].

4.2.2 Engager-mediated Vδ1 activation and cytotoxicity

As explored in the previous section, the Vδ1 T-cell alone condition—without target cell co-

culture—was not efficient in downregulating the TCR and subsequently activating Vδ1 T-cells.

This observation was likely due to the lack of CD19 in the system that would enable stable

binding of Vδ1/CD19 to the TCR. Therefore, if a lack of CD19 affects engager capabilities,

perhaps increased levels of CD19 in the system could further enhance Vδ1/CD19-mediated

responses. The Vδ1 activation and enhanced cytotoxicity results in figures 4.6 - 4.14 utilised

Vδ1 T-cell co-cultures with different CD19+ cell lines. These cell lines expressed varying levels of

CD19 (Figure 4.19). Therefore to understand the effect of CD19 expression on engager function,

the results from figures 4.6 - 4.14 were consolidated to compare Vδ1 activation and cytotoxicity
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across the different co-culture conditions (Figure 4.20).

Figure 4.19: Cell line CD19 expression.

Reh, Daudi and MEC-1 cells were assessed for their levels of CD19 expression using flow cytometry.

Grey histograms represent the FMO control sample, and yellow histograms represent the samples stained

with an anti-CD19-PerCPVio700 flow antibody.

With an increase in target cell CD19 expression, TCR downregulation, activation marker

upregulation, and cytotoxicity were all improved. This supports the notion that Vδ1/CD19

is dependent on epitope availability to sufficiently engage the TCR. Of course this differential

response may not solely be due to CD19 expression as these target cells also express varied

cancer-associated stress ligand signatures (see next chapter for phenotyping). For example,

when cultured without the engager, Vδ1 T-cells differentially downregulated their TCRs in

response to the different target cell phenotypes (Appendix 8.2). Despite this response, the level

of engager-mediated activation—assessed by 41BB, CD107a and CD25—was not affected by the

baseline TCR downregulation observed (Appendix 8.2). This suggests that the CD19-mediated

engager binding is more likely to instigate these differential responses.
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Figure 4.20: Selected Vδ1/CD19 engager activates and enhances cytotoxicity of Vδ1 T-cells.

Vδ1 activation and cytotoxicity from blood expanded Vδ1 T-cells (representative donor from n=2) cultured

alone and with Reh, Daudi or MEC-1 cells with Vδ1/CD19 BiTE treatment where Vδ1 TCR, CD107a

and 41BB expression was assessed using flow cytometry after 4 hours of culture and CD25 expression

and remaining live target cells were assessed after 24 hours of culture. Expression data of each indicated

marker is presented as fold change MFI where raw MFI values from each treatment were normalised to

the raw MFI values from the media-treatment co-culture controls. Fold change events is presented fold

change events of the remaining live target cells in the co-culture. Each event represents a single live target

cell recorded on the flow cytometer. Fold change events represents the raw live event numbers from each

treatment normalised to the raw live event numbers from the media-treatment co-culture controls. Error

bars represent SD where two technical replicates were conducted.
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4.2.3 Engager-mediated Vδ1 proliferation

Figure 4.21: Selected Vδ1/CD19 engager induces proliferation of Vδ1 T-cells.

Proliferation of Vδ1 T-cells in whole PBMC cultures assessed by flow cytometry. (A) Top, Representat-

ive histogram of Vδ1 T-cells proliferation from whole PBMC culture after 7 days with and without 1nM

Vδ1/CD19 BiTE treatment, bottom, Representative histogram of CD27 expression from corresponding

Vδ1 populations. (B) Proliferation of Vδ1 T-cells from whole PBMC cultures (n=3) after 7 days treat-

ment with and without Vδ1/CD19 stimulation. Data is showing events where each event represents a

single live Vδ1 T-cell recorded on the flow cytometer.(C) Raw MFI of CD27 expression of corresponding

Vδ1 T-cells (corresponding donors are coloured accordingly) treated with Vδ1/CD19 engager (n=3).

To assess how the selected Vδ1/CD19 engager can induce Vδ1 T-cell proliferation, PBMCs

were cultured with Vδ1/CD19 for 7 days, similarly to figure 4.16. The engager consistently

induced proliferation of PBMC-based Vδ1 T-cells (Figure 4.21). Interestingly, Vδ1 proliferation

corresponded to an increase in CD27 expression (Figure 4.21). As high CD27 expression is a

marker of naive Vδ1 T-cells [54], in these healthy PBMC cultures, Vδ1/CD19-mediated TCR

stimulation may maintain a naive Vδ1 phenotype.

Additionally, the extent of Vδ1 proliferation correlated to the basal Vδ1 CD27 expression

profile (Figure 4.22) where greater basal CD27 expression suggested greater engager-mediated

Vδ1 proliferative capacity. These results support previous findings that demonstrate higher pro-

liferative capacity of CD27+ than CD27- Vδ2 T-cells [98]. Consequently, Vδ1/CD19-mediated

proliferation may be dependent on homeostatic Vδ1 CD27 status and individuals with higher

CD27 levels may have greater reactivity to Vδ1-engager stimulation. The relevance of CD27

and Vδ1 engager-stimulated Vδ1 T-cells will be examined in more detail in subsequent sections.
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Figure 4.22: Vδ1/CD19-mediated Vδ1 proliferation correlates to basal CD27 expression.

Engager-mediated proliferation (y-axis) correlates to the percentage of CD27+ PBMC-based Vδ1 T-cells

(CD27%P) at day 0 (n=11, where 1 donor was excluded from the linear regression model following ROUT

outlier identification) assessed by flow cytometry. Engager-mediated proliferation (y-axis) is presented as

the fold change of Vδ1 events, from the same PBMC donors, where fold change is calculated as Vδ1

events from Vδ1/CD19-treated PBMCs normalised to Vδ1 events from control engager-treated PBMCs

after 7 days in culture. Each event represents a single live Vδ1 T-cell recorded on the flow cytometer. A

linear regression model was used to calculate the correlation between basal CD27 expression and engager-

mediated Vδ1 proliferation where R=0.5 and p=0.02.

4.2.4 Engager-mediated PBMC-based Vδ1 cytotoxicity

In addition to the cytotoxicity observed from cytokine-expanded Vδ1 T-cells (Figure 4.20),

PBMC-based engager-stimulated Vδ1 T-cells were also assessed for cytotoxic capability (Figure

4.23). As the Vδ1 T-cell population makes up a small percentage of the PBMC composition,

a broader targeting CD3/CD19 engager was used here as a positive control where all CD3+

T-cells would be stimulated. In this assay, whole PBMCs were cultured for 6 days with engager-

stimulation prior to the addition of the CLL cell line MEC-1 (Figure 4.23A) or primary CLL

B-cells (Figure 4.23B). Co-cultures were then incubated for 24 hours before measuring the re-

maining live target cells. Thus far, a range of CD19+ cancers have been assessed as a target for

Vδ1/CD19 stimulated Vδ1 T-cells. CD19+ cell lines were used to do this as cell lines are often

used as cancer models for oncotherapeutic research. They provide an accessible and repeatable

system to assess drug mechanisms; however, due to the immortilisation process and large pas-

sage numbers, cell lines can tend to differ from the primary indication that they were designed

to model. This study utilises CD19+ cell lines for the same advantages, but also incorporated

primary cells where possible in response to the potential disadvantages.

This study aimed to investigate a range of CD19+ cancers whenever possible; however, where
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cell availability or time constraints were an issue, it was decided to focus on the one CD19+

indication, Chronic Lymphocytic Leukaemia (CLL). Thus in this particular experiment, only

CLL was investigated using primary CLL B-cells and the CLL cell line, MEC-1.

The Vδ1 T-cell engager enhanced the cytotoxicity of PBMC cultures against both the MEC-1

Figure 4.23: Vδ1/CD19 engager treatment enhances PBMC cytotoxicity against CLL cancer

cells.

Susceptibility of CLL B-cells to engager-treated PBMCs assessed by flow cytometry. (A) Healthy PBMCs

cultures (n=3) prestimulated for 6 days with Vδ1/CD19 and CD3/CD19 engagers were then assessed for

cytotoxic capability where MEC-1 cells were added to the PBMC cultures for 24 hours. Remaining live

target cells were assessed after the 24 hours of co-culture. Live target cells presented as percentage fold

change from live MEC-1 cells in non-prestimulated culture. Error bars represent SEM. For each donor,

cell numbers from two technical replicates were first averaged, and these per-donor averages were used to

calculate the percentage change to plot the overall mean and SEM across all donors. (B) Healthy PBMCs

cultures (n=1) prestimulated for 6 days with Vδ1/CD19 and CD3/CD19 engagers were then assessed for

cytotoxic capability where isolated primary CLL B-cells (n=4) were added to the PBMC cultures for 24

hours.Remaining live target cells were assessed after the 24 hours of culture. Live target cells presented as

percentage fold change from live CLL cells in non-prestimulated culture. Error bars represent SEM. For

each donor, cell numbers from two technical replicates were first averaged, and these per-donor averages

were used to calculate the percentage change to plot the overall mean and SEM across all donors.

cell line and primary CLL B-cells. As these are whole PBMC cultures, these data cannot prove

that the Vδ1/CD19-dose dependent enhanced cytotoxicity is solely due to engager-mediated

Vδ1 activation; however, it is unlikely that this increased cell death is due to toxicity from the

engager as direct treatment to MEC-1 cells alone did not result in increased cell death (Figure

4.24). However, it should be noted that binding to CD19 may instigate killing of target cells

with low cell viability (Appendix 8.3). Direct killing from CD19 binding has been documented
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from the therapeutic mAb Tafasitamab [176] though the mechanism is not fully understood and

therefore CD19 binding-associated cell death would require further investigation.

Figure 4.24: Vδ1/CD19 treatment does not induce MEC-1 cell death without Vδ1 T-cell

presence.

Remaining live MEC-1 cells following culture alone with specified engager treatment for 24 hours assessed

using flow cytometry. Bars indicate SD where two technical replicates were conducted. Each event

represents a single live MEC-1 cell recorded on the flow cytometer. Left, Live MEC-1 events. Right,

percentage of live MEC-1 cells identified using the dead cell dye efluor780.

As non-specific binding was previously assessed, it is likely that the enhanced PBMC cyto-

toxic response is Vδ1 specific. Using Vδ1 T-cells isolated from PBMCs to assess Vδ1/CD19-

mediated cytotoxicity would have been a more accurate assay to assess specific Vδ1 responses;

however, this was attempted unsuccessfully. The absolute numbers obtained from Vδ1 isolation

were very low due to the small fraction of the peripheral Vδ1 population alongside cellular loss

during FACS isolation. FACS isolation was successful during later studies (see Section 4.4.2.3),

however, fewer cell numbers were acceptable in such an assay whereas greater cell numbers were

required here for a suitable E:T and a full engager titration. As this assay method was unreli-

able, it was decided to conduct the cytotoxicity assay with whole PBMCs as to not potentially

waste the primary CLL PBMC samples. If more time was available, generating a more reliable

protocol to assess isolated Vδ1 cytotoxicity would have been preferred.

Although CD3/CD19 prestimulation resulted in a stronger cytotoxic response (Figure 4.23),

the enhanced cytotoxicity was comparable when normalised to the number of effector cells

present (Figure 4.25). Furthermore, Vδ1/CD19 treatment demonstrated a safer toxicity profile

(Figure 4.26). As discussed in the introduction, CD3 engagers are widely being investigated

to treat a range of malignant indications, following suit from the FDA-approved CD3/CD19
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Figure 4.25: Vδ1/CD19 treatment enhances cytotoxicity comparably to CD3/CD19 when

normalised to effector cell numbers

Data from figure 4.23, susceptibility of CLL B-cells to engager-treated PBMCs assessed by flow cytometry,

normalised to the number of engager-targeted effector cells. Left, PBMCs cultures (n=3) prestimulated

for 6 days with Vδ1/CD19 and CD3/CD19 engagers were then assessed for cytotoxic capability where

MEC-1 cells were added for 24 hours. Remaining live target cells were assessed after the 24 hours of

culture. Live target cells presented as percentage fold change from live MEC-1 cells in non-prestimulated

culture normalised to the E:T. Right, PBMCs cultures (n=1) prestimulated for 6 days with Vδ1/CD19

and CD3/CD19 engagers were then assessed for cytotoxic capability where isolated primary CLL B-cells

(n=4) were added for 24 hours. Remaining live target cells were assessed after the 24 hours of culture.

Live target cells presented as percentage fold change from live CLL cells in non-prestimulated culture

normalised to the E:T.

Error bars represent SEM. For each donor, cell numbers from two technical replicates were first averaged,

and these per-donor averages were used to calculate the normalised percentage change to plot the overall

mean and SEM across all donors.

BiTE, Blinatumomab. Despite this widespread interest, CD3 engagers struggle to find a balance

between efficacy and toxicity to the patient, often due to CRS. Therefore, to observe such

differences, healthy PBMCs were treated with a CD3/CD19 engager and the Vδ1/CD19 engager

over 7 days to compare resulting cell numbers and treatment-mediated cytokine release (Figure

4.26). As the Vδ1 population in PBMCs is smaller than the CD3+ (Figure 4.26A), the Vδ1/CD19

engager treatment specifically only targeted the small Vδ1 population, whereas the CD3/CD19

engager targeted and induced proliferation of a greater T-cell population (Figure 4.26A). Whilst

this broad T-cell targeting facilitated greater cytotoxic efficacy, it also resulted in an adverse

cytokine release profile where CD3/CD19 stimulation greatly increased GZMB, IFNγ, IL-10,

IL-17, Perforin and TRAIL, and decreased IL-2 in the absence of cancerous cells (Figure 4.26B).
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Figure 4.26: Vδ1/CD19 engager treatment targets Vδ1 T-cells allowing for controlled cyto-

toxic and proliferative response.

(A) Left, Representative flow plot of Vδ1 T-cell populations assessed by flow cytometry after 7 days

prestimulation with 1nM Vδ1/CD19 engager (top) and CD3/CD19 engager (bottom) treatment. Right,

Vδ1+ and CD3+ populations from the same PBMC cultures in 4.23A (n=3) following 7 days prestimu-

lation with Vδ1/CD19 and CD3/CD19 engager treatments, respectively. Error bars represent SEM. For

each donor, percentages from two technical replicates were first averaged, and these per-donor averages

were used to plot the overall mean and SEM across all donors. (B) Cytokine release profile from whole

PBMC cultures (n=8) following 7 days prestimulation with Vδ1/CD19 and CD3/CD19 engager treat-

ments. Concentrations calculated from MSD standards (Method 3.18). Paired wilcoxon non-parametric

statistical test performed against the RSV control-treated samples. Each asterisk (*) denotes a level of

significance: p < 0.05, p < 0.01, p < 0.001, and p < 0.0001. Error bars denote SD. (C) Events of

different cell populations in Vδ1/CD19-treated and CD3/CD19-treated PBMCs after 7 days in culture

assessed by flow cytometry. Each event represents a single live cell recorded on the flow cytometer. Error

bars represent SEM. For each donor, cell numbers from two technical replicates were first averaged, and

these per-donor averages were used to plot the overall mean and SEM across all donors.

Vδ1/CD19 stimulation importantly did not mediate overall IL-17 production (4.26B). IL-17

release is characteristic of pro-tumoural γδ T-cells [177] so the absence of IL-17 suggests that

Vδ1/CD19 engager-stimulated Vδ1 T-cells are not immunosuppressive and thus more likely to

facilitate an anti-tumour response, however, Vδ1-specific release of IL-17 and TGF-β should be

further investigated. CD3/CD19 prestimulation also affected the PBMC cell populations where

NK cells were greatly reduced (Figure 4.26C). Despite increased Vδ2 and αβ T-cells—that

express CD3—a decrease in NK cells could be detrimental to overall anti-tumour responses
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and general immune activity. Opposingly, a high fold increase in Vδ1 T-cell numbers (Figure

4.26A) did not facilitate an adverse cytokine release profile (Figure 4.26B) nor an adverse PBMC

composition (Figure 4.26C) but was still able to increase the cytotoxic potential of PBMCs

against MEC-1 and primary CLL cells (Figure 4.23). It should be noted that a statistically

significant decrease in TNFα was recorded following Vδ1/CD19 treatment, however, the absolute

decrease in TNFα was minimal and may not be as biologically relevant as the other differences

observed.

4.2.5 Summary

This study thus far aimed to develop a Vδ1 engager that specifically binds the Vδ1 TCR and the

haematological leukaemic marker CD19, which would subsequently enhance Vδ1 cytotoxicity

towards malignant CD19+ cells. The BiTE format of the Vδ1/CD19 engager demonstrated

ability to specifically bind both epitopes in individual cell cultures, as well as mixed co-cultures.

The engager sufficiently engaged the TCR when CD19 was present which resulted in Vδ1 T-cell

activation and subsequent cytotoxicity towards CD19+ target cells. Furthermore, the engager

was able to induce proliferation of PBMC-based Vδ1 T-cells, with available CD19 expressed by

healthy CD19+ B-cells. Overall, these results have satisfied the first aim of this study—outlined

in Chapter 2—to establish a Vδ1/CD19 engager that can be used to further investigate the

potential for Vδ1 engagers to treat haematological malignancies.
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4.3 Identification of Vδ1 receptors involved in cancer cell recog-

nition

This study aims to investigate how Vδ1 engagers can enhance the effector and anti-tumor func-

tions of Vδ1 T-cells through co-receptors. At this stage, a functional Vδ1 engager has been

successfully generated. The final objective of this study aims to explore the mechanisms by

which the engager enhances Vδ1 cytotoxicity, but before this can be done, how Vδ1 T-cells re-

cognize cancer cells must first be explored. As discussed in the introduction, the mechanisms by

which Vδ1 T-cells recognize stressed or malignant cells are not yet fully understood; therefore,

this results section aims to deepen the understanding of how Vδ1 T-cells recognise their targets

through co-receptors before further examining the effects of the engager.

4.3.1 Target cell phenotyping

The literature suggests that Vδ1 T-cells can distinguish between healthy and stressed or ma-

lignant cells. To evaluate their recognition of CD19+ B-cells, cytokine-expanded blood-derived

Vδ1 T-cells were cultured with both healthy and CLL B-cells, and the number of surviving tar-

get cells was measured. However, the resulting target cell counts from co-cultures with healthy

and CLL B-cells did not differ (Figure 4.27A), indicating that this Vδ1 T-cell model might

not effectively differentiate between healthy and cancerous B-cells. This inability may be due

to the cytokine stimulation during the Vδ1 T-cell expansion process, leading to high baseline

cytotoxicity that masks discrimination between cell types.

Interestingly, when treated with the engager, CLL B-cells showed greater susceptibility to

Vδ1 cytotoxicity over healthy B-cells (Figure 4.27B). In this setup, primary CLL B-cells, as well

as Nalm-6 and Reh cells, were killed more than healthy B-cells. The engager might enhance

Vδ1 T-cell cytotoxicity by promoting stress ligand recognition rather than relying on baseline

activity. This suggests that Vδ1 T-cells can differentiate between healthy and cancerous cells,

though further optimization using PBMC-based Vδ1 T-cells would have better explore this cap-

ability.

To investigate the different phenotypes and stress ligands that healthy and CLL B-cells may

be expressing to facilitate Vδ1 recognition, mRNA transcripts from healthy and CLL B-cells

were assessed using the nCounter technology from Nanostring (Figure 4.28). mRNA transcripts

of housekeeping genes and additional engineered transcripts were assessed as controls to ensure

the quality and reliability between samples (Appendix 8.4).
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Figure 4.27: CLL B-cells are more susceptible than healthy B-cells to Vδ1 cytotoxicity when

treated with Vδ1/CD19.

Susceptibility of B-cells to blood-derived cytokine-expanded Vδ1 T-cells assessed by flow cytometry. (A)

Remaining live primary B-cells after 24 hours culture with cytokine-expanded blood-derived Vδ1 T-cells.

B-cells were negatively isolated from healthy (n=4) and CLL (n=4) PBMCs. E:T (effector : target)

represents the ratio of Vδ1 T-cells to target B cells in each culture. Data is normalised to the number of

untreated B-cells from each individual donor. Error bars represent SEM. For each donor, cell numbers

from two technical replicates were first averaged, and these per-donor averages were used to calculate

the percentage live cells and plot the overall mean and SEM across all donors. (B) Remaining live

primary B-cells (left) and CD19+ cell lines (right) after 24 hours culture with cytokine-expanded blood

derived Vδ1 T-cells and 100pM Vδ1/CD19 engager treatment. Primary B-cells were negatively isolated

from healthy (n=4) and CLL (n=4) PBMCs. Vδ1 T-cells were added to target B cells at a 1:1 E:T.

B-cell susceptibility to Vδ1/CD19 engager treatment is represented by the number of remaining live target

cells from co-cultures treated with engager normalised to the number of remaining live target cells from

untreated co-culture from each individual donor. Error bars represent SD. Statistics by unpaired student’s

t-test, * indicates p < 0.05.

Differential expression analysis comparing healthy and CLL B-cell transcriptomes revealed

that CLL B-cells express higher levels of apoptotic genes, such as caspase 3 and caspase 8 (Figure

4.28A). This observation suggested that cancerous B-cells may be more susceptible to effector

cell-mediated apoptosis. Caspase 8, for instance, is activated in response to death receptor-

mediated cytotoxicity. Effector cells, such as Vδ1 cells, can express death ligands like Fas-L,

which can thus activate caspase 8 and subsequently activate caspase 3. This finding aligns

with the higher expression levels of TNFRSF1A and TNFRSF10B genes observed in CLL cells

(Figure 4.28B); these genes encode death receptors TNFR and TRAILR, which bind to effector

cell-produced TNF-α and TRAIL, respectively, to induce apoptosis. This greater expression

of apoptotic receptors further suggests that CLL B-cells may be more susceptible to effector

Vδ1-directed responses.
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Figure 4.28: Healthy and CLL B cells differentially express membrane-expressed and

apoptotic-associated genes.

Healthy versus CLL primary B-cell RNA expression differences assessed using Nanostring technologies.

(A) RNA expression levels of IDO, caspase 3 and caspase 8 genes from primary healthy (n=4, blue) and

primary CLL B cells (n=4, orange). An unpaired student’s t test was performed to calculate significance

p-values when comparing expression levels to those of healthy B cells. Each asterisk (*) denotes a level of

significance: p < 0.05, p < 0.01, p < 0.001, and p < 0.0001. Error bars represent SD. (B) Differentially

expressed genes of membrane-bound proteins from primary healthy (n=4) and primary CLL (n=4) B

cells represented as [log2(sample RNA counts) – average(log2(total RNA counts))] per gene, with greatest

differentially expressed genes ordered from top to bottom.

Other genes encoding cell surface-bound proteins were also more highly expressed in CLL

cells compared to healthy cells (Figure 4.28B). CD5, a marker frequently used to characterize

CLL B-cells [178], was expressed more in primary CLL B-cells. Furthermore, MICB expression

was elevated in CLL cells, suggesting a potential mechanism for activating Vδ1 cell cytotoxicity

via the activating receptor NKG2D. Despite expressing lower levels of the T-cell inhibitory gene

PD-L1, healthy B cells exhibited higher expression of another inhibitory ligand HLA-E, which

could regulate Vδ1 cytotoxicity. While other gene expression differences may also influence the
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differential Vδ1 T-cell response, this analysis primarily focused on proteins implicated in T-cell

or NK-cell effector cytotoxicity based on current literature.

The cell lines assessed above displayed differential responses to engager-stimulated cytokine-

expanded blood-derived Vδ1 T-cells (Figure 4.27B), where Nalm-6 and Reh cells were more

susceptible to treatment over primary cells as well as, interestingly, Daudi cells. To understand

and uncover proteins that may facilitate this differential response, these cancer cell lines were also

assessed for RNA expression (Figure 4.29). To note, the Daudi cells used in this experiment had

a low viability (Appendix 8.5). In hindsight, this experiment should have been repeated, thus

serious conclusions were not taken from this cytotoxicity experiment. Despite these suboptimal

conditions, the phenotypic differences observed when comparing these cells were confirmed later

with suitably viable cells (Figure 4.31). Whilst the setup for this cytotoxicity experiment was

essentially flawed, the proteins identified from these comparisons were later found to be of

interest. Therefore, it was deemed necessary to highlight these experiments to indicate the

thought-process.

Unfortunately, at the time of transcriptome analysis, the CLL cell line MEC-1 was not

available; however, four different CD19+ cell lines were assessed for RNA expression, and flow

cytometry analysis of all cell lines, MEC-1 inclusive, was later conducted to maintain continuity.

When comparing the overall RNA content of all cell types assessed, the primary cells, both

healthy and CLL B-cells, clustered separately from the cell lines assessed (Figure 4.29A). Fur-

thermore, Nalm-6 and Reh cells are both CD19+ models of acute lymphoblastic leukemia (ALL)

whereas Daudi cells are from Burkitt’s Lymphoma which was evident by separate clustering of

these two disease types (Figure 4.29A). The previously identified MICB and HLA-E were also

differentially expressed in the cell lines when compared to primary CLL and healthy B-cells (Fig-

ure 4.29B). The cell lines showed higher MICB and lower HLA-E expression, exaggerating the

CLL expression profile. This further highlights the potential roles of these ligands in Vδ1 T-cell

function. Differential expression was also observed of the indoleamine 2,3-dioxygenase gene IDO

(Figure 4.29B). IDO protein is a secreted ligand that has previously demonstrated regulatory

activity towards effector γδ T-cells [135], which could, in addition to HLA-E, represent potential

mechanisms for reduced Vδ1 cytotoxicity towards healthy B-cells over cancerous B-cells.

When comparing the differences between the ALL cell lines and primary B-cells, Reh and

Nalm-6 cells most notably expressed fewer genes for T-cell costimulatory proteins than healthy B-

cells (Figure 4.29C). This was interesting as it could suggest that T-cell-associated costimulatory

proteins could also be involved in the Vδ1 T-cell response. Of note, CD80 and CD86 (which
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Figure 4.29: Cancer B-cell lines and primary B cells differentially express genes encoding

for membrane-bound and costimulatory-associated proteins.

B-cell RNA expression differences assessed using Nanostring technologies. (A) MDS plot to represent

similarities between total RNA signatures from all healthy (n=4), primary CLL B cells (n=4) and CD19+

cell lines. (B) RNA expression levels of Vδ1 and NK receptor-related genes were assessed in primary

healthy B cells (n=4, blue), primary CLL B cells (n=4, orange), and three CD19+ cell lines: Daudi,

Nalm-6, and Reh (pink). RNA counts were normalized to housekeeping gene counts and subsequently

transformed using a log2 scale (log2[sample RNA counts]). A one-way ANOVA was performed to calculate

significance p-values when comparing expression levels to those of healthy B cells. Each asterisk (*)

denotes a level of significance: p < 0.05, p < 0.01, p < 0.001, and p < 0.0001. (C) Differentially

expressed genes of membrane-bound proteins (left) and costimulatory proteins (right) from primary healthy

(n=4), primary CLL (n=4) B cells and CD19+ cell lines represented as [log2(sample RNA counts) –

average(log2(total RNA counts))] per gene, with greatest differentially expressed genes ordered from top

to bottom. Error bars represent SD.

can bind to the regulatory CTLA-4 receptor as well as CD28), PD-L1 (CD274) and TNFRSF14

(which binds to the inhibitory receptors BTLA and CD160) could highlight potential mechanisms

for reduced Vδ1 cytotoxicity. Interestingly, the ligands, CD48, ICOSLG, and CD44, associated

with activatory receptors, were also expressed less in the cell lines suggesting that these cell lines

express other ligands that are sufficient to activate Vδ1 T-cells. The role of these proteins will

be explored in more detail later.

As Daudi cells did not appear to be affected by Vδ1/CD19 stimulated Vδ1 T-cells (Figure
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4.27B), differential transcriptomes between Daudi and the ALL cell lines may highlight essential

Vδ1 T-cell pathways (Figure 4.29C) 2. While there were few differences, it was notable that

ICAM3 and CD58 (LFA-3) were significantly less expressed in Daudi cells compared to Nalm-6

and Reh, suggesting an activatory role for ICAM-3 and LFA-3 on Vδ1 T-cell function.

All gene-expressions identified above were consolidated to provide a resource for the remainder

of this study (Figure 4.30A). Corresponding binding ligand/receptors were identified from the

literature and detailed alongside the consolidated gene-expression list. Additionally, to incor-

porate existing knowledge from the literature, other Vδ1 T-cell associated co-receptors were also

detailed (Figure 4.30B).

RNA sequencing can be useful to identify differential gene expression, however, the number of

RNA transcripts does not always correlate to expression of functional proteins. Therefore, ex-

pression of the identified proteins was assessed on the primary B-cells and cell lines using flow

cytometry (Figure 4.31). Despite significant transcriptome distinctions, the phenotypic differ-

ences between primary healthy and primary CLL B-cells were few on the protein level. LFA-3

expression and CD5 expression (Figure 4.31A) were the two most notable differences. LFA-3

is the ligand for CD2 which plays a role in T-cell activation by stabilising the immunological

synapse between the T-cell and target cell [179]. It is interesting that CLL B-cells may express

more LFA-3 than healthy B-cells as it suggests that CLL B-cells may facilitate Vδ1 T-cell activ-

ation through the LFA-3/CD2 pathway. Despite this, healthy B-cells still largely express LFA-3

so reactivity to varying levels of LFA-3 would need to be assessed further.

CD5 was only detected on the surface of CLL B-cells, and not healthy B-cells. Despite being

a CLL marker, CD5 could also indicate another mechanism for the increased cytotoxicity of Vδ1

T-cells. For example, target cell CD5 can bind CD5 on canonical T-cells, and if CD5 is not

bound by its ligands, T-cell CD5 will translocate to the immunological synapse with the TCR

to modulate TCR signalling [180]. Therefore, with greater CD5 expression on CLL cells, less

CD5 may be available to dampen TCR signalling, thus improving Vδ1 T-cell activation.

As the primary CLL differences were subtle, CD19+ cell lines may provide a more useful

model to highlight the role of other stress-ligands (Figure 4.31B). MEC-1 cells expressed nearly

all of the chosen ligands with the exception of the NKG2D ligands ULBP1 and ULBP3, the

DNAM-1 and CD96 ligands PVR and CD5, and TRAILR2. This greater stress ligand expres-

sion corresponded to increased susceptibility of MEC-1 cells to Vδ1 cytotoxicity, in the absence

2Whilst the viability of the Daudi cells was not acceptable in the cytotoxicity assay, the involvement of such

differentially expressed proteins are explored later in more suitable conditions.
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Figure 4.30: Identified co-receptors and corresponding ligands potentially capable of regulating

the Vδ1 cytotoxic response.

(A) Selected key ligand/receptors from differential expression analysis, triaged using suggested roles from

literature. (B) Other Vδ1 co-receptors and corresponding ligands that have been suggested to regulate

Vδ1 effector cytotoxicity in published literature.

of Vδ1/CD19 (Figure 4.32). To note, MEC-1 cells may therefore express a more exaggerated

phenotype of primary CLL B-cells, thus their use in subsequent assays, whilst informative, would

need to be followed up with primary cells to provide more accurate conclusions.

The minimal variations observed between healthy and CLL B-cells may indicate a potential
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Figure 4.31: CD19+ cell line protein expression validation of ligands potentially capable of

initiating Vδ1 cytotoxic response.

B-cell protein expression differences assessed using flow cytometry.(A) Expression of LFA-3 and CD5

on isolated primary healthy (blue, n=4) and CLL (orange, n=4) B-cells and CD19+ cell lines (pink)

presented as flow cytometry histograms (top) and percentage of cells expressing marker (bottom). An

unpaired student’s t test was performed to calculate significance p-values when comparing expression

levels to those of healthy B cells. Each asterisk (*) denotes a level of significance: p < 0.05, p < 0.01, p

< 0.001, and p < 0.0001. (B) Percentage of cells expressing the proteins from the list 4.30 presented in

a heat map of primary cells (left) and cell lines (right).

limitation in the method used to identify differential phenotypes. The underlying hypothesis

for this method was that CLL B-cells would express stress-related ligands that healthy B-cells

would not. Thus, a sample size of n=4 should have been sufficient to detect ligands that are

either completely expressed or absent. However, it appears that healthy B-cells also express

these ligands. Cancerous B-cells may alter their phenotypes in more subtle ways, but these

changes might only be apparent when compared to healthy B-cells from the same individual.

Therefore, any differences between healthy and cancerous B-cells may only be detectable through

within-patient comparisons. This individual shift in stress-related phenotypes could be what the

patient’s Vδ1 T-cells are responding to. Since cancerous B-cells can dominate the peripheral B-

cell population, it becomes challenging to distinguish in the lab between healthy and cancerous

cells from a patient’s blood sample. To distinguish these two B-cell types more accurately

and reliably, a larger sample size would have been necessary. A greater n number could have

highlighted dysregulated signatures in cancerous cells, with more significant variation in altered
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Figure 4.32: CD19+ cell line susceptibility Vδ1 cytotoxic response.

CD19+ Cell line susceptibility to Vδ1 T-cells assessed by flow cytometry. (A) Remaining live target

cells after 24 hours of culture with cytokine-expanded blood-derived Vδ1 T-cells presented as a percentage

of target cells cultured alone. (B) Remaining live target cells after 24 hours of culture with cytokine-

expanded skin-derived Vδ1 T-cells presented as a percentage of target cells cultured alone.

Bars represent SD with two technical replicates.

stress ligand expression as opposed to simply ’yes-or-no’ expression. Therefore, retrospectively

more donors should have been assessed but with the data available, both RNA and protein

expression patterns will be investigated further.

Overall, this list of potential ligands provided a useful resource to reference throughout the

project and will be referred back to in subsequent sections.

4.3.2 Vδ1 T-cell models

To identify Vδ1 T-cell co-receptors involved in the cytotoxic response, expression of the proteins

from figure 4.30 were assessed on all Vδ1 T-cell models used using flow cytometry (Figure 4.33).

See Appendix 8.6 for representative flow plots of these expression profiles. As explored in the

introduction, Vδ1 T-cells can be categorised into naive and effector phenotypes based on CD27

expression, where high CD27 expression indicates a more naive and less cytotoxic Vδ1 T-cell.

The CD27- and CD27+ 3 Vδ1 phenotypes were assessed from PBMC-based Vδ1 T-cells to invest-

igate which receptors corresponded to the effector and naive Vδ1 classifications (Figure 4.33A).

This analysis highlighted greater granzyme B expression from the CD27- Vδ1 populations, as

previously observed [54]. Additionally, greater expression of the typically activatory co-receptors

DNAM-1 and 2B4 was detected on the effector CD27- cells, alongside greater expression of the

typically regulatory co-receptors CD94 and CD5. It should be noted that CD5 and DNAM-1

3The Vδ1 T-cell subpopulations were gated on as CD27-/low and CD27high, as shown in figure 4.21, but for

ease in text, these subpopulations are also referred to as CD27- and CD27+, respectively.
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Figure 4.33: Protein expression by PBMC-based, blood or skin-derived Vδ1 T-cell popula-

tions.

Selected protein expression by the PBMC-based, blood and skin-derived Vδ1 T-cell populations used

throughout this study was assessed by flow cytometry. Error bars indicate SD. (A) Vδ1 T-cell phen-

otype from PBMCs (n=8) analysed as CD27+ and CD27- subpopulations. Left, comparing percentage of

CD27+ and CD27- Vδ1 T-cells expressing the specified proteins. Right, comparing MFIs of the specified

proteins as fold change of CD27+ to CD27- Vδ1 T-cells. Statistically significant MFI differences were

calculated using paired wilcoxon test where each asterisk (*) denotes a level of significance: p <0.05, p

< 0.01, p < 0.001, and p < 0.0001. (B) Phenotype of cytokine-expanded skin-derived and blood-derived

Vδ1 T-cells, presented as fold change MFI of specified protein expressed on blood-derived to skin-derived

Vδ1 T-cells. (C) Vδ1 phenotype of each Vδ1 T-cell model used, comparing the percentage of the specified

Vδ1 T-cells expressing the specified protein.

were not significantly differentially expressed, they trended towards greater expression on the

CD27- Vδ1 T-cells. More donors should be assessed to validate these differences. Overall, the

Vδ1 T-cell phenotype highlights how the effector Vδ1 T-cells may respond to stress ligands

with 2B4 whilst still maintaining self-regulatory capabilities with CD94 as to not contribute to

immune-driven pathology.

In addition to PBMC-based Vδ1 T-cells, phenotypes of the cytokine-expanded Vδ1 T-cells

were also assessed (Figure 4.33B and C). To understand the differences between the skin-derived

and blood-derived cytokine-expanded Vδ1 T-cells, the percentage of marker expression was

presented as fold change between the two Vδ1 T-cell models (Figure 4.33B). This analysis

highlighted that the skin-derived Vδ1 T-cells expressed greater levels of DNAM-1, 2B4 and

CD94 (similarly to the PBMC-based CD27- Vδ1 T-cells), as well as CD2, NKG2A and CD25.
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Despite the skin-derived Vδ1 T-cells displaying a more cytotoxic phenotype, the blood-derived

Vδ1 T-cells displayed greater basal cytotoxic capabilities than the skin-derived towards the

CD19+ cell lines (Figure 4.32). As explored in the introduction, tissue-resident Vδ1 T-cells

display greater cytotoxicity to solid tumour targets over blood-resident Vδ1 T-cells, which could

then imply that blood-derived Vδ1 T-cells are more equipped to respond to blood-based target

cells. This specialised capability may then be facilitated by the receptors CD44, CD96, CD5

and CD28 which are expressed more on the blood-derived Vδ1 T-cells (Figure 4.33B).

Whilst CD27- PBMC-based Vδ1 T-cells expressed greater DNAM-1, 2B4, CD94, CD5 and

granzyme B, and the expansion with cytokines and CD3 stimulation increased NKG2D, CD96,

NKp30, NKp46, Fas-L, ICAM-3, NKG2A, CD5, PD-1, ICOS, CD69 and 41BB levels (Figure

4.33C), the increased co-receptor expression of the cytokine-expanded Vδ1 T-cells suggests that

these co-receptors facilitate their greater cytotoxic potential and thus should be further explored.

4.3.3 Summary

B-cell transcriptomes and phenotypes were assessed to identify differentially expressed proteins

that corresponded to differing Vδ1 cytotoxic susceptibilities. Primary B-cells from healthy and

CLL-patients were included in this analysis, alongside CD19+ cell lines. The complementary

proteins that bind to the proteins identified from this analysis, as well as known γδ T-cell co-

receptors, were identified using literature search. Expression of these proteins was measured

on the primary PBMC-based and cytokine-expanded Vδ1 T-cells used previously in this study.

Phenotypic analysis revealed that Vδ1 T-cells express many of these co-receptors (Table 4.1)

which could facilitate the activation of Vδ1 cytotoxicity and enable differential responses towards

healthy and cancerous B-cells. The next sections will explore the role of these identified co-

receptors in the context of Vδ1/CD19 engager treatment.

4.4 Engager-mediated Vδ1 Cytotoxicity

4.4.1 Engager-mediated Vδ1 phenotype

This study has demonstrated increased cytotoxicity from PBMCs that were treated with the

BiTE Vδ1/CD19 engager (Figure 4.23). In this particular experimental design, the increased

cytotoxicity could be attributed to the increase in Vδ1 T-cell numbers that this model facilitates

(Figure 4.21). However, a greater Vδ1-to-target cell ratio does not necessarily mean increased

cytotoxicity as Vδ1 T-cell proliferation mediated by the other bispecific antibody formats (Figure

4.16) did not correspond to increased target cell death (Figure 4.34).
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Table 4.1: Identified co-receptors that may affect Vδ1 cytotoxicity

Vδ1 co-receptor Associated ligands

NKG2D ULBP1/2/3/5/6, MICA/B

DNAM-1 Nectin-2, PVR

CD44 Extracellular matrix components

CD96 Nectin-1, PVR

2B4 CD48

Fas-L Fas

CD11a (part of LFA-1) ICAM-3

CD2 LFA-3

NKG2A HLA-E

CD94 HLA-E

CD5 CD5

PD-1 PD-L1

CTLA-4 CD80, CD86

CD28 CD80, CD86

The increased Vδ1/CD19 engager-mediated cytotoxicity may therefore not only be attributed to

Vδ1 proliferation but also engager-mediated phenotypic changes of the Vδ1 T-cell. Accordingly,

changes in cell-surface expression of Vδ1 T-cells in whole PBMC cultures were assessed, using

flow cytometry, after 7 days with engager treatment (Figure 4.35 and 4.36). Results showed that

CD27+ Vδ1 T-cells significantly increased their expression of the typically activatory receptors

NKG2D, DNAM-1, CD96, CD2 and ICOS, and reduced expression of the inhibitory T-cell

receptor CTLA-4. This increased expression of activatory receptors and decreased expression of

CTLA-4 could improve sensitivity of the activatory receptors to their respective ligands which in

turn would facilitate Vδ1 activation. Interestingly, the inhibitory receptor PD-1 was upregulated,
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Figure 4.34: Engager-mediated PBMC cytotoxicity using different bispecific formats.

Cytotoxicity of PBMCs cultures (n=3) prestimulated for 7 days with different formats of Vδ1/CD19

engagers against MEC-1 cells where remaining live target cells was assessed after 24 hours of culture

using flow cytometry. Live target cells presented as percentage fold change from live MEC-1 cells in

non-prestimulated culture. Error bars represent SEM. For each donor, cell numbers from two technical

replicates were first averaged, and these per-donor averages were used to calculate the percentage change

and plot the overall mean and SEM across all donors.

though PD-1 has previously been associated with a more effector-like Vδ1 phenotype [100].

This could suggest that PD-1 upregulation occurs to regulate a more activated Vδ1 T-cell

in a similar vain to the CD94 and CD5 expressed on homestatic CD27- Vδ1 T-cells (Figure

4.33A). The increased cytotoxic capability and greater activatory receptor expression and PD-1

upregulation on the naive CD27+ Vδ1 T-cells following Vδ1/CD19 engager treatment suggests

that the engager may encourage Vδ1 maturation from a naive to effector state.

On the other hand, CD27- Vδ1 T-cells did not upregulate any receptors in response to

Vδ1/CD19 treatment in a normal setting. These cells instead downregulated the typically ac-

tivatory receptors 2B4, CD11a and CD2 (Figure 4.35). However, when activated with cancerous

cells in the culture, they increased expression of granzyme B (Figure 4.37).

It should be noted that after the 7-day priming of these PBMCs, some non-cancerous B-

cell death was observed in these cultures (data not shown). The observed cell death could be

attributed to a percentage of these B-cells expressing stress ligands due to the in vitro culture

conditions. However, to confirm whether these B-cells were healthy or stressed, additional

experiments should have been conducted, such as incorporating Annexin V and PI into the flow

panel to identify apoptotic cells.

The CD27- response differed from the CD27+ Vδ1 T-cells where engager stimulation perhaps
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Figure 4.35: Vδ1/CD19 engager treatment affects Vδ1 T-cell phenotype

CD27+ and CD27- Vδ1 T-cell phenotype after 7 days in whole-PBMC culture (n=8) treated with control

(RSV BiTEs) and 100pM Vδ1/CD19 engager assessed by flow cytometry. Expression of each surface

marker presented as averaged MFI values per donor. A paired student’s t test was performed to calculate

significance p-values when comparing expression levels to those of control treated PBMCs. Each asterisk

(*) denotes a level of significance: p < 0.05, p < 0.01, p < 0.001, and p < 0.0001.

primes or initiates maturation of CD27+ Vδ1 T-cells but have not induced a full effector phen-

otype, indicated by the increased levels of CD27 expression (Figure 4.38) alongside no marked

increase in granzyme B expression (Figure 4.37). Interestingly, Vδ1/CD19-treated CD27+ Vδ1

T-cells downregulated CD45RA (Figure 4.39) which could further support the idea that engager

treatment is priming the naive Vδ1 T-cells as decreased CD45RA suggests a memory-like T-cell

phenotype [54]. Vδ1 T-cells may therefore only fully mature into memory effector-like cells in

the presence of stressed or cancerous cells. This idea is supported by the phenotypic changes

observed from both CD27+ and CD27- Vδ1 T-cells when cultured with MEC-1 cells. These

Vδ1 T-cells display fewer engager-mediated changes than without MEC-1 cells (Appendix 8.7)

indicating that as these cells may be more effector-like—due to the cancerous cell presence—Vδ1

T-cells may need to maintain their co-receptor expressions whilst the target cells persist. It is

interesting that the intrinsic Vδ1 reactivity to cancerous over healthy cells is maintained with

engager-mediated Vδ1 TCR stimulation because like with canonical αβ T-cells, the naive Vδ1

T-cells may still require some level of co-stimulation. This co-stimulation may be provided by

the target cells for full activation where TCR stimulation alone may not be sufficient. The

observation that Vδ1 granzyme B release and CD27 downregulation is not occurring in a non-

cancerous setting is important, as the ability to maintain discrimination between healthy and
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Figure 4.36: Representative histograms of affected Vδ1 T-cell phenotype following Vδ1/CD19

engager treatment.

Co-receptor expression of CD27high (yellow) and CD27low/- (red) Vδ1 T-cell populations after 7 days in

whole-PBMC culture (representative donor from n=8) treated with 100pM Vδ1/CD19 engager assessed by

flow cytometry. Expression of indicated marker from control-treated (RSV BiTEs) samples is highlighted

in grey.

cancerous cells following engager treatment could help to minimise adverse responses.

These engager-mediated phenotypic differences may highlight receptors that are involved

in Vδ1 activation to allow the increase in cytotoxic function that was observed. The CD27+

Vδ1 changes suggested a primed Vδ1 T-cell phenotype in a healthy context, characterised by

CD45RA, NKG2D, DNAM-1, CD96, CD2, PD-1 and ICOS upregulation and CTLA-4 downreg-

ulation. The CD27- Vδ1 changes suggested a limiting of effector function in a healthy context

through the downregulation of 2B4, CD11a and CD2. The role of these receptors, potentially

as co-receptors to engager-mediated TCR stimulation, will be further investigated in the next

section to explore how engager-mediated TCR stimulation can enhance the Vδ1 effector capab-

ilities.
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Figure 4.37: Vδ1/CD19 engager treatment promotes granzyme B upregulation only in a

cancerous context.

CD27+ (yellow circles) and CD27- (red triangles) Vδ1 T-cell intracellular expression of granzyme B,

assessed by flow cytometry, after 7 days in whole-PBMC cultures (n=8) with and without MEC-1 cells,

treated with control (RSV BiTEs) and 100pM Vδ1/CD19 engager. Expression is presented as averaged

MFI values per donor. A paired student’s t test was performed to calculate significance p-values when

comparing expression levels to those of control treated PBMCs. Each asterisk (*) denotes a level of

significance: p < 0.05, p < 0.01, p < 0.001, and p < 0.0001.

Figure 4.38: CD27 expression on Vδ1 T-cells with Vδ1/CD19 engager treatment.

Vδ1 T-cell expression of CD27 over 14 days in whole-PBMC cultures (n=8) treated with control and

100pM Vδ1/CD19 engager and with and without MEC-1 cells, assessed by flow cytometry. 100pM of

engager and MEC-1 cells were added at day 0 and again after day 7. Expression is presented as averaged

MFI values of each donor. Error bars represent SEM, with one technical replicate.



121

Figure 4.39: CD45RA expression on Vδ1 T-cells with Vδ1/CD19 engager treatment.

CD27+ and CD27- Vδ1 T-cell expression of CD45RA over 14 days in whole-PBMC cultures (n=8)

treated with control and 100pM Vδ1/CD19 engager and with and without MEC-1 cells, assessed by flow

cytometry. 100pM of engager and MEC-1 cells were added at day 0 and again after day 7. Expression is

presented as averaged MFI values per donor. Error bars denote SEM, with one technical replicate.

4.4.2 Co-receptor role in engager-mediated Vδ1 function

4.4.2.1 Proliferation

During proliferation assay development, different culture conditions were assessed where differing

levels of proliferation were observed. Notably, Vδ1 T-cells seemed to proliferate well in PBMC

alone cultures treated with engager, where Vδ1 T-cells are presumably cross-linking with healthy

B-cells via CD19; but in co-cultures where Vδ1 T-cells would also be cross-linked to Nalm-6

cells, proliferation was reduced, and in co-cultures with MEC-1 cells, proliferation was greatly

increased (Figure 4.40). This differing proliferative response suggested that different target cell

phenotypes may facilitate or hinder Vδ1 engager-mediated proliferation of Vδ1 T-cells. When

exploring the phenotypic differences between healthy B-cells, Nalm-6 and MEC-1 cells, the

expression of CD44 and ICAM-3 varied, with Nalm-6 cells expressing considerably less CD44

and ICAM-3 (Figure 4.41). CD44 can bind to extracellular matrix components that in turn bind

to CD44 expressed on other immune cells; and ICAM-3 binds LFA-1. Interestingly, CD44 and

LFA-1 have previously been implicated in canonical T-cell immunological synapse stabilisation,

which can facilitate TCR-mediated activation [119]. This correlation of CD44 expression on the

target cell and the degree of engager-mediated proliferation does not indicate direct cause and

effect as these cells could be expressing other proteins that are also affecting this proliferative

response. Therefore, to investigate the potential role of CD44 within engager-mediated Vδ1

T-cell proliferation, PBMC cultures were cultured with Vδ1/CD19 and a CD44 neutralising

antibody for 7 days before measuring Vδ1 events (Figure 4.42).

The addition of the CD44 neutralising antibody considerably reduced the level of engager-

mediated Vδ1 T-cell proliferation. Increased proliferation was demonstrated by increased Vδ1
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Figure 4.40: Vδ1 T-cells proliferate to different extents depending on the co-culture.

Proliferation of PBMC-based Vδ1 T-cells cultured with Nalm-6 and MEC-1 cells, assessed by flow cyto-

metry. Left, Vδ1 T-cell events assessed from PBMC cultures (n=3) with and without Nalm-6 cells fol-

lowing 100pM Vδ1/CD19 engager treatment over 14 days. Events were normalised to control-treated

cultures. Right, Vδ1 T-cell events assessed from PBMC cultures (n=8) with and without MEC-1 cells

following 100pM Vδ1/CD19 engager treatment over 14 days. Events were normalised to control-treated

cultures. 100pM of engager and MEC-1 cells were added at day 0 and again after day 7.

Error bars represent SEM, with one technical replicate.

Figure 4.41: CD44 and ICAM-3 expression on MEC-1, Nalm-6 and healthy B-cells.

Flow cytometry histograms displaying CD44 and ICAM-3 expression on MEC-1, Nalm-6 and isolated

healthy B-cells.

events and reduced fluorescence from the proliferation dye CTV. In this assay design, the re-

sponse observed suggests that Vδ1 T-cell proliferation may at least in part be dependent on the

levels of functional CD44 within the immunological synapse. Further work would be required

to investigate this hypothesis as well as the potentially linked role of ICAM-3 and LFA-1 in the

immunological synapse. To note, an isotype control antibody should have also been utilised as
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Figure 4.42: Neutralising CD44 reduces engager-mediated Vδ1 proliferation.

Proliferation of Vδ1 T-cells after CD44 neutralisation assessed by flow cytometry. Left, Vδ1 T-cell

proliferation from whole PBMC cultures (n=6) after 7 days treatment with Vδ1/CD19 engager and none

(Media), low (0.3ug/ml) or high (30ug/ml) CD44 blockade. Paired wilcoxon non-parametric statistical

test performed against the media treated samples. Each asterisk (*) denotes a level of significance: p <

0.05, p < 0.01, p < 0.001, and p < 0.0001. Error bars represent SEM. For each donor, cell numbers

from two technical replicates were first averaged, and these per-donor averages were used to calculate

the fold change events and plot the overall mean and SEM across all donors. Right, Histogram depicts

CellTrace Violet (CTV) proliferation staining on 100pM Vδ1/CD19 engager treated Vδ1 T-cells from one

representative donor.

a negative control to improve the reliability of the observed response.
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4.4.2.2 Cytotoxicity

The role of co-receptors in engager-mediated Vδ1 cytotoxicity was investigated by blocking

the cancer-associated proteins on MEC-1 cells prior to their addition to Vδ1/CD19 engager-

prestimulated PBMC cultures. After 7 days of prestimulation, PBMC cytotoxic capability

Figure 4.43: MEC-1 cell cytotoxicity following blockade of cancer-associated ligands.

PBMCs cultures (n=6) prestimulated for 7 days with Vδ1/CD19 engager were assessed for cytotoxicity

where MEC-1 cells, blocked for specified stress ligands, were added and remaining live MEC-1 target

cells were assessed after 5 hours of co-culture using flow cytometry. Live target cells are presented as

percentage fold change from live MEC-1 cells in co-culture with PBMCs that were not prestimulated (but

still cultured for 7 days prior to the addition of MEC-1 cells). MEC-1 cells were blocked with 10µg/ml

blocking antibodies for NKG2D (MICA/B, ULBP1, ULBP3, ULBP2/5/6), DNAM-1 ligands (PVR and

Nectin-2), CD96 ligands (PVR and Nectin-1), LFA-3, CD48, B7-H6, ICAM-3, CD80, CD86, PD-L1 and

CD44. Left and Right graphs with specified blocking antibodies are separated for clarity of observing the

data. Error bars represent SEM with one technical replicate.

against blocked MEC-1 cells was assessed over a short 5-hour incubation (Figure 4.43). This

timeframe was chosen to minimize potential unknown effects from the neutralizing antibodies

and is consistent with previous studies [50, 127]. However, the short incubation likely limited

the assay window, making small changes in response to blocked ligands harder to detect. Ad-

ditionally, since whole PBMC cultures were used, responses from other cell types contributed

to the overall effect. This confounding factor is evident in the PD-L1 blockade, where MEC-1

cell death increased across all conditions compared to no blockade (Figure 4.43), likely due to

enhanced canonical effector T-cell activity. Thus, this assay was not optimal for exploring the

roles of individual ligands. Future work should focus on using isolated Vδ1 T-cells and knocking

out ligands in target cells to improve sensitivity.

Nevertheless, to investigate the Vδ1-specific response within this assay design, Vδ1 Fas-L

and CD107a were also measured from these cultures. Blockade of the ligands individually did

not reliably impact Vδ1 Fas-L and CD107a expression (Appendix 8.8 and 8.9), mimicking the

minimal cell death from individual blockade (Figure 4.43). However, when a combination of
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the ligands were blocked instead of individual blockade, MEC-1 cell death was reduced (Figure

4.44) and there was correspondingly reduced Vδ1 T-cell expression of Fas-L and CD107a (Figure

4.45). The CD27+ Vδ1 T-cells demonstrated a greater reduction in Fas-L expression than

their CD27- counterparts in response to ligand blockade, though not in response to Vδ1/CD19

treatment (Figure 4.45A). This data suggests that CD27+ Vδ1 T-cells may be able to perform

some cytotoxic functions via a Fas-mediated pathway in response to co-receptor stimulation and

irrespective of Vδ1 engager treatment. Constrastingly, CD107a expression did not change from

the CD27+ population (Figure 4.45B). Furthermore, a reduced CD107a expression was observed

from the CD27- Vδ1 T-cells in response to ligand blockade but only from the 1nM Vδ1/CD19

prestimulation condition (Figure 4.45B). This data suggests that Vδ1/CD19 treatment may

encourage CD27- Vδ1 T-cell cytotoxicity through degranulation.

Figure 4.44: MEC-1 cell death reduced by blockade of a combination of cancer-associated

ligands.

PBMCs cultures (n=6) prestimulated for 7 days with Vδ1/CD19 engager were then assessed for cytotox-

icity using flow cytometry where MEC-1 cells blocked for specified stress ligands were added and remaining

live target cells were assessed after 5 hours of co-culture. Live target cells are presented as percentage

fold change from live MEC-1 cells in co-culture with PBMCs that were not prestimulated (but still cul-

tured for 7 days prior to the addition of MEC-1 cells). MEC-1 cells were blocked with a combination

of 10µg/ml blocking antibodies for NKG2D (MICA/B, ULBP1, ULBP3, ULBP2/5/6), DNAM-1 ligands

(PVR and Nectin-2), CD96 ligands (PVR and Nectin-1), LFA-3, CD48 and B7-H6. Paired wilcoxon

non-parametric statistical test performed against the media treated samples. Each asterisk (*) denotes a

level of significance: p < 0.05, p < 0.01, p < 0.001, and p < 0.0001. Error bars represent SEM with one

technical replicate.

The reduced cytotoxicity observed when testing combined ligand blockade compared to in-

dividual blockade suggests that Vδ1 T-cells do not rely on a single stress ligand to function,
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Figure 4.45: Engager-treated Vδ1 T-cell cytotoxicity reduces with combined blockade of MEC-

1 ligands.

Cytotoxicity marker expression, (A) Fas-L and (B) CD107a, assessed by flow cytometry, on CD27- (red

triangles) and CD27+ (yellow circles) Vδ1 T-cells from combined ligand block in figure 4.44 compared to

non-blocked (media-treated) conditions, calculated as the difference in percentage (△%P) of Vδ1 T-cells

expressing Fas-L or CD107a. Paired wilcoxon non-parametric statistical test performed against the media

treated samples. Each asterisk (*) denotes a level of significance: p < 0.05, p < 0.01, p < 0.001, and p

< 0.0001. Bars represent SD with one technical replicate.

but instead respond to a range of stress ligands to appropriately target stressed or malignant

cells over healthy ones. Notably, this broad stress ligand dependency remained intact after

Vδ1/CD19 engager treatment. This maintained dependency lowers the risk of adverse effects

from Vδ1 engager therapy, as treated Vδ1 T-cells would still primarily target stressed and ma-

lignant cells.
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4.4.2.3 Activation

Activation of PBMC-based Vδ1 T-cells in response to the co-receptor ligands was also assessed

(Figure 4.46). In this assay, Vδ1 T-cells were isolated from both non-prestimulated and engager-

prestimulated PBMCs to be cultured with plate-bound ligands for 24 hours. Since only three

donors were assessed, statistical analysis was not performed; instead, the data was used to

observe numerical trends without drawing definitive conclusions.

When cultured with recombinant ligands for the activatory receptors NKG2D, DNAM-1,

CD96, CD2, and NKp30, isolated Vδ1 T-cells showed increased expression of 41BB, CD25,

Fas-L, and CD107a (Figure 4.46). Vδ1/CD19-prestimulated Vδ1 T-cells exhibited a reasonably

greater activation response compared to non-prestimulated cells, suggesting that Vδ1/CD19

treatment may enhance Vδ1 reactivity to these stress ligands. Notably, in CD27+ Vδ1/CD19-

prestimulated T-cells, only 41BB and CD25 were upregulated, while CD25, Fas-L, and CD107a

were more highly expressed in CD27- cells. Despite the proposed maturation of engager-treated

CD27+ Vδ1 T-cells, the activation profile suggests that CD27- Vδ1 T-cells may retain stronger

cytotoxic potential. Furthermore, as CD27+ Vδ1 T-cells did not upregulate the cytotoxicity

proxy markers of Fas-L and CD107a, but the CD27- population did, the primed CD27+ Vδ1

T-cells may still require further stimulation for enhanced cytotoxicity, for example, via TCR

stimulation. This could suggest that CD27- Vδ1 T-cells are less dependent on TCR stimulation

and perhaps more reliant on co-receptor engagement, though further work would be required.

Overall, the data indicates that Vδ1/CD19 treatment maintains stress ligand-dependent

activation, enabling Vδ1 T-cells to discriminate between healthy and stressed cells.

Figure 4.46: Engager-treated Vδ1 T-cells upregulate activation receptors in response to a

combination of plate-bound ligands.

Activation of FACS-sorted Vδ1 T-cells were assessed by flow cytometry staining for 41BB, CD25, Fas-L

and CD107a. PBMCs (n=3) were prestimulated for 7 days with 0pM or 100pM Vδ1/CD19 engager, Vδ1

T-cells isolated and then cultured with recombinant plate-bound stress ligands (NKG2D ligands, DNAM-1

ligands, CD96 ligands, LFA-3, B7-H6) for 24 hours. Bars represent SD, with one technical replicate.
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Vδ1 T-cell reactivity to the individual ligands was also assessed (Appendix 8.10). Inter-

estingly, CD44, ICAM-3, and LFA-3, which are known to stabilize the immunological synapse

in canonical T-cells, showed similar responses. However, since only three donors were evalu-

ated, these observations are speculative, and further investigation is needed to draw definitive

conclusions. Further experiments to explore the role of LFA-3 were also initiated (Appendix

8.11), however, time constraints limited the capacity to fully understand the involvement of

these proteins.

4.4.3 Summary

This study demonstrates that Vδ1/CD19 engager stimulation enhances the cytotoxicity of Vδ1

T-cells against CD19+ malignant cells The conclusions are summarised and illustrated in figure

4.47. In PBMC cultures without cytokine supplementation, increased cytotoxicity is attributed

to both the proliferation of Vδ1 T-cells and the phenotypic maturation of naive CD27+ Vδ1

T-cells (Figure 4.47B). Vδ1/CD19 treatment encouraged CD45RA, NKG2D, DNAM-1, CD96,

CD2, PD-1, and ICOS upregulation as well as CTLA-4 downregulation, indicating a priming of

naive Vδ1 T-cells. However, the persistence of CD27 suggests they were not fully effector-ready

in healthy contexts.

In contrast, in cancerous conditions, the downregulation of CD27 and upregulation of gran-

zyme B indicate a shift toward an effector Vδ1 phenotype with enhanced cytotoxic capacity

(Figure 4.47B). Importantly, even with engager stimulation, Vδ1 T-cells were able to regulate

their activation, reducing the risk of immune dysregulation. Moreover, engager-stimulated Vδ1

T-cells maintained stress ligand-dependent activation, which would allow for healthy cell dis-

crimination while potentially improving reactivity to stress ligands. These findings suggest a

controlled yet effective cytotoxic response from engager-stimulated Vδ1 T-cells, particularly in

malignant environments.
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Figure 4.47: Diagram to illustrate the current model of enhanced Vδ1 activation following

Vδ1/CD19 engager treatment.

(A) Short-term effects of Vδ1/CD19 engager treatment, resulting in TCR downregulation and activation

of Vδ1 T-cells, leading to enhanced cancer cell killing. (B) Longer term effects of Vδ1/CD19 treatment

in healthy (left) and cancerous (right) contexts. In the healthy setting, CD27 expression is maintained or

upregulated whilst CD45RA is downregulated. Activatory receptors are upregulated whilst granzyme B

expression remains low. Collectively this indicates an engager-mediated memory Vδ1 phenotype that is

primed for further activation. Proteins in green denote upregulation and orange indicate downregulation

in response to Vδ1/CD19 engager stimulation. In a cancerous context, CD27 and CD45RA are downreg-

ulated suggesting an effector memory Vδ1 phenotype which is supported by the increase in granzyme B

expression. CD27- effector Vδ1 T-cells may depend on the balance of signals fom co-receptor engagement

as well as TCR signalling to elicit a cytotoxic response. [This image was created using BioRender]



Chapter 5

Discussion

Vδ1 γδ T-cells have historically demonstrated oncostatic properties that highlight potential for

the next generation of cancer therapeutics. This thesis has explored the use of a novel Vδ1-

targeting engager to enhance the anti-tumoural immune response against CD19+ malignancies.

This Vδ1/CD19 engager activated, proliferated and enhanced the cytotoxic potential of Vδ1 T-

cells (Figure 4.47A). Engager-stimulation also matured naive Vδ1 T-cells into effector memory

cells that exhibited enhanced stress ligand reactivity with, importantly, maintained preferential

Vδ1 reactivity to cancerous over healthy cells (Figure 4.47B). The results here support the use

of Vδ1 engagers for the treatment of CD19+ malignancies, as well as highlighting their potential

for the treatment of other cancers. As the engager developed here was generated for research

purposes and as a tool for demonstrating proof-of-concept, there are several considerations

required to be explored prior to implementation into a functioning therapy. The following

discussion will first identify limitations in the study before exploring the relevance of this thesis’s

findings within key themes introduced in Chapter 1, alongside any areas that would need further

exploration to be able to utilise Vδ1-targeting engagers as a therapy.

5.1 Study Design Limitations

Despite yielding meaningful findings, certain experiments were constrained by limitations in

design or material availability. While some of these limitations were addressed within the Results

section in the context of the specific experiments, this section will provide a broader discussion

of the study’s limitations, particularly focusing on aspects that would require further attention

in order to support the development of Vδ1-based therapies.

As explored in the introduction, Vδ1 T-cells may become immunosuppressive in response to

TGF-β treatment. As TGF-β is a common cytokine within the TME, it is crucial to investigate

130
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its effects on Vδ1-based engagers. Understanding whether these cells are at risk of developing

immunosuppressive properties is essential for determining appropriate combination treatments

and identifying patient populations that may benefit from these therapies. It has been sugges-

ted that γδ T-cell-based engagers alone might not suffice to overcome the immunosuppressive

TME [181], whereas there may be more flexibility regarding a cell-based approach. For example,

Adicet Bio have developed an allogeneic CD27 CAR γδ cell-based therapy engineered to resist

TGF-β signals [182]. Accordingly, this study would have benefited from evaluating whether

Vδ1/CD19 engager therapy can protect Vδ1 T-cells from potential TGF-β–induced immun-

osuppression, for instance, by assessing the Vδ1 T-cell expression levels of TGF-β receptors and

immunosuppressive proteins such as PD-L1, IL-17A and IL-10 expression following Vδ1/CD19

treatment.

Additionally, it may have been valuable to investigate the signalling pathways within engager-

treated Vδ1 T-cells in greater detail. While some preliminary analysis was performed (Appendix

8.11), this study would have benefited from examining engager-treated Vδ1 T-cells from both

healthy and cancerous ex vivo models. For instance, although PBMCs from CLL patients were

used to study target cell phenotypes, investigating Vδ1 T-cells derived from CLL patient PBMCs

could have provided insights into how these cells, already exposed to the TME, would respond

to treatment. Comparing the Vδ1 T-cell responses from healthy and TME-exposed contexts

might have clarified their signalling dependencies and functional responses. Furthermore, this

approach could have identified potential immunosuppressive or immunosuppressed phenotypes

in Vδ1 T-cells before and after treatment, offering a more comprehensive understanding of their

behaviour under different conditions.

Further investigation of these signalling dependencies could help identify suitable patients

for treatment and potential combination therapies that might provide mutual benefits. The

observed increase in expression of activatory receptors following Vδ1/CD19 engager treatment

(Figure 4.35) suggests that these Vδ1 T-cells may require less stimulation to activate, potentially

due to a lowered activation threshold. This hypothesis was preliminarily explored using plate-

bound recombinant ligands to assess activation responses of treated Vδ1 T-cells (Figure 4.46).

While the experiment demonstrated cell activation, additional studies would be necessary to

determine how engager-treated Vδ1 T-cells respond to a mix of activatory and inhibitory signals.

Such research could clarify whether engager treatment enhances sensitivity to activatory signals

or offers protection against immunosuppressive signals, such as those mediated by PD-L1 and

HLA-E.

Furthermore, although this study investigated the role of co-receptors on engager-treated Vδ1
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T-cells, the contribution of additional TCR stimulation—via ligands beyond the engager—remains

an important area for future exploration. These additional signals could significantly influence

the overall activation of these cells. Understanding the specific target cell phenotypes required

for optimal activation of engager-treated Vδ1 T-cells would ensure more effective treatment

strategies and better patient outcomes.

The healthy cell-sparing assessment in this study demonstrated increased granzyme B ex-

pression in engager-treated Vδ1 T-cells following co-culture with MEC-1 cells, whereas no such

increase was observed in the absence of cancer cells (Figure 4.37). While this is a meaning-

ful finding, it would require further validation through direct measurements of healthy versus

cancerous B-cell killing. A straightforward approach would have been to use the already es-

tablished 7-day PBMC killing assay to compare the killing of CLL-isolated B cells with that of

healthy-isolated B cells. Although this experiment was not conducted due to time constraints,

it represents the minimum necessary step to substantiate the claim that Vδ1/CD19 engager

treatment does not induce healthy B-cell killing.

Finally, as this study is based entirely on in vitro and ex vivo models, future work should

focus on testing engager-based assays in more complex systems. Although murine Vδ1 T-cells

are not directly comparable to their human counterparts, recent advancements in humanized

mouse models have demonstrated more similar Vδ1 phenotypes [183]. These models provide a

promising starting point for investigating the findings of this study in an in vivo context.

5.2 Considerations for Vδ1 engagers as a therapy

5.2.1 Engager Format

Initial studies assessed the abilities of four different Vδ1/CD19 bispecific antibody formats to

bind, activate, proliferate and enhance cytotoxicity of isolated and PBMC-based Vδ1 T-cells

against CD19+ cell lines. Whilst all formats were able to bind and proliferate Vδ1 T-cells, only

the BiTE format was capable of enhancing Vδ1 T-cell activation and cytotoxicity.

Immunotherapeutic engagers have demonstrated efficacy in cancer-treating strategies, not

only in their ability to activate T-cells through CD3 engagement, but also due to increased

formation of immunological synapses (IS) between T-cell and target [184]. When canonical T-

cells form an IS, TCRs will accumulate or cluster at the centre of the interface of interaction [185]

(Figure 1.7). The strength of peptide-loaded MHC binding can affect TCR clustering which is
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suggested to initiate differing signals where more TCR clusters indicate a more mature IS capable

of T-cell activation [186]. The data presented here demonstrates that only the BiTE format is

capable of Vδ1 T-cell activation. Therefore, this BiTE-specific response could suggest that the

other formats, whilst able to engage the TCR, are not able to induce sufficient TCR clustering to

reach the threshold of activation. Bispecific antibodies have previously demonstrated improved

IS formation [187] and BiTEs have specifically been implicated in lytic IS formation due to the

increase in perforin and granzyme presence within the IS [184]. As only the Vδ1/CD19 BiTE

enhanced degranulation (Figure 4.12), perhaps only the BiTE format was capable of increasing

this lytic IS formation. Interestingly, the other formats were able to enhance Vδ1 proliferation,

however, this could suggest that initiation of the Vδ1 proliferation mechanism may rely on

limited TCR clustering and can thus also occur in the naive CD27+ Vδ1 T-cell population.

The structure of each bispecific format is hypothesised to affect the degree of TCR-clustering

within the IS. There are a number of differences that could affect the overall avidity of the

antibody to facilitate efficient binding. The most obvious difference between these engager

formats is their size, with the BiTE being a third of the size of the KIH, and a quarter of the

size of the MB (Tables 3.2-3.4). A smaller engager may simply ’fit’ into the IS more efficiently

to facilitate and perhaps stabilise the interactions of other proteins in the synapse. Additionally,

the BiTE utilises a flexible glycine-serine (GS) linker between each scFv (Table 3.2) which could

facilitate improved orientation of binding to both the TCR and CD19 within the IS [188].

The flexibility and geometry of the BiTE may provide an advantage over both the KIH and

MB formats. The lack of a GS linker, as well as the positioning of the KIH binding moieties may

be more restricted than the BiTE and therefore not conducive towards sufficient TCR clustering.

The MB employs an IgG structure (Figure 4.1), binding either Vδ1 TCR or CD19, connected

with a GS linker to two scFv regions binding either CD19 or Vδ1 TCR, respectively. Despite

the use of the flexible GS linker, the MB’s scFv binding moieties did not bind as effectively

as the MB’s IgG binding moieties (Figure 4.5). This was unexpected as it was hypothesised

that by increasing the valency—utilising two binding moieties per target instead of one—the

MB’s avidity to each binding target would improve. Instead, the scFv binding capabilities were

reduced, suggesting that when in a MB format, scFv avidity is reduced. Increasing the affinity

or avidity of either binding moiety in a bispecific antibody is thought to improve an engager’s

potency [188]. The MB orientation is also suggested to significantly limit CD3 engager potency

[189]. Therefore, the reduced MB avidity could reduce its capability to effectively engage and

cluster TCRs within the IS.

A GS linker of less than 12 amino acids in length have been proposed to form multimers [190,



134

191] due to a lack of separation between the fusion proteins [192]. This would suggest the BiTE

used here could form multimers which would increase its avidity and thus improve its efficacy in

TCR clustering. However, multimerisation has not been documented with Blinatumomab and

the Vδ1/CD19 BiTE bound to cells in a similar capacity to the CD3/CD19 engager, suggesting

that this BiTE is functioning as a monomer.

The finding that only the BiTE was biologically functional was surprising as other formats

have previously demonstrated efficacy with CD3 [193, 189]. This finding may highlight the

difference between canonical and Vδ1 T-cells, however, it may also indicate that the mechanism

of action that results in Vδ1 activation when binding the Vδ1 TCR may be more dependent on

the TCR clustering effect, over the downstream signalling that CD3-engagement initiates.

Overall, the differences between engager formats can significantly affect not only their man-

ufacturability but also their biological effects including both the initial binding downstream

biological activity which all determine the feasibility of the engager being developed into a ther-

apy. When comparing KIH and MB formats to the Vδ1/CD19 BiTE, only the BiTE could elicit

Vδ1 T-cell activation, however, this is not to say that other formats may not be suitable. For

example, the DART format (Figure 1.10) may be more stable than a BiTE format and provide

advantages during the manufacturing process due to additional linkers [194]. Furthermore, al-

ternative IgG formats, despite being larger than a BiTE have demonstrated ability to improve IS

formation [195] and could provide additional benefits such as improving drug half-life. Therefore,

further work would be required to determine which format would be most beneficial in regards

to pharmacokinetics and dynamics, which determines how long the engager may be required in

the system per dose to elicit the desired response. Further work in validating whether the BiTE,

in a Vδ1 context, functions through an IS-specific mechanism is also necessary to determine a

suitable size and geometry of the engager.

5.2.2 Implications of co-receptors for Vδ1-based therapies

This thesis has explored the involvement of co-receptors (Table 4.1) within the Vδ1 cytotoxic re-

sponse. Co-receptor expression was demonstrated on three different Vδ1 T-cell models in both

ex vivo and cytokine-expanded populations (Figure 4.33), where ex vivo CD27- Vδ1 T-cells

expressed greater DNAM-1, 2B4, CD94, CD5 and granzyme B than their CD27+ naive coun-

terparts; and cytokine-expansion increased NKG2D, CD96, NKp30, NKp46, Fas-L, ICAM-3,

NKG2A, CD5, PD-1, ICOS, CD69 and 41BB levels. Vδ1/CD19 engager treatment upregu-

lated the co-receptors NKG2D, DNAM-1, CD96, CD2, ICOS and PD-1 (Figure 4.35), placing
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this engager-stimulated phenotype in-between the basal CD27- cytotoxic Vδ1 T-cell and the

cytokine-expanded Vδ1 T-cell. Upregulation of such co-receptors corresponded to increased

cytotoxic capability (Figure 4.32, 4.23 and Figure 4.37), and combined blockade of such recept-

ors reduced Vδ1 cytotoxicity (Figure 4.44 and 4.45), highlighting the importance of co-receptors

in Vδ1 cytotoxicity. Similarly, the Vδ1 cell-therapy ’DOT cells’ demonstrate co-receptor involve-

ment as they upregulate NKG2D, exhibit DNAM-1 dependency, and express de novo NKp30 and

NKp44 alongside increased cytotoxic capacity [50, 155, 110]. Despite differing methods of stim-

ulation, these similarities between both DOT cells and Vδ1 engager-stimulated PBMC-based

Vδ1 T-cells suggest a common blood-resident Vδ1 mechanism, where co-receptor stimulation

may be essential for the maturation and/or capability of cytotoxic effector Vδ1 T-cells.

The importance of co-receptor engagement for Vδ1 cytotoxicity may also explain their in-

herent healthy cell sparing capabilities. The downregulation of co-receptors on CD27- Vδ1

T-cells following engager treatment (Figure 4.35) suggest that these co-receptors are used as

a mechanism for sensing target cells, and as no cytotoxicity was observed in this healthy con-

text (Figure 4.37), it would suggest that such signals were not sufficient to initiate a killing

response. Furthermore, the upregulation of co-receptors on CD27+ Vδ1 T-cells in the same con-

text (Figure 4.35) alongside their primed cytotoxic capability (Figure 4.23) suggest that these

upregulated co-receptors facilitate the priming of these cells to initiate a cytotoxic response when

sufficient signals (i.e. the addition of cancer cells) are present. Overall, these results highlight

a co-receptor-dependency for Vδ1 cytotoxicity and healthy cell sparing that is sustained with

Vδ1-specific engager treatment.

The differing responses of engager-treated CD27+ and CD27- Vδ1 T-cells suggest a vary-

ing dependency of these subpopulations on TCR and co-receptor stimulation to elicit specific

responses. First of all, the importance of co-receptors is observed in homeostatic Vδ1 T-cells

where there was increased basal expression of co-receptors on CD27- compared to CD27+ Vδ1

T-cells (Figure 4.33). Secondly, in a healthy context, TCR stimulation, via the engager, resulted

in upregulation of CD27+ co-receptors, where as the same TCR stimulation resulted in a down-

regulation of 2B4, CD2 and CD11a1 on the CD27- Vδ1 T-cell population (Figure 4.35). This

engager-treated CD27- Vδ1 phenotype could suggest a post-IS formation state where decreased

LFA-1 expression decreases after stimulation in canonical T-cells [196]. As the CD27+ Vδ1 T-

cells demonstrated a primed phenotype following engager treatment, it could suggest that these

cells rely on TCR stimulation to initiate differentiation and maturation, whereas the CD27-

1CD11a heterodimerises with CD18 to form LFA-1
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Vδ1 T-cells may instead utilise TCR signalling more in combination with the other co-receptor

signals within the lytic IS to elicit a cytotoxic response, provided signals are sufficient to surpass

the threshold of cytotoxic activation. These primed CD27+ Vδ1 T-cells can then perhaps utilise

their new co-receptor expression to induce cytotoxicity in the presence of respective stress lig-

ands (Figure 4.23), however, such primed cells were not as easy to activate to a cytotoxic state

as the pre-stimulated CD27- Vδ1 T-cells with plate bound stress ligands (Figure 4.46) suggest-

ing that these primed CD27+ Vδ1 T-cells may require higher levels of stimulation facilitated

through further TCR stimulation and/or more co-receptor signalling over time. This differential

mechanism of TCR involvement is supported by cytokine-expanded blood-derived Vδ1 T-cell

cytotoxicity not being affected by TCR blockade [113], highlighting that the effector Vδ1 T-cells

may rely on the balance of signals within the IS more than definitively requiring TCR signalling.

This TCR and co-receptor dependency, specifically cell-adhesion related co-receptors, is also

observed in canonical T-cell cytotoxicity, where CD2 and LFA-1 form part of the canonical

T-cell lytic IS with APCs as well as in lytic synapses formed with bispecific engagers that indir-

ectly signal through the TCR via CD3-engagement [119, 197]. Furthermore, cytokine-expanded

Vδ1 cytotoxicity against myeloma cells was also seen to be dependent on TCR, CD2, ICAM-

1, NKG2D and DNAM-1 signalling [111]. Interestingly, cytokine-expanded Vδ1 cytotoxicity

against CLL cells was dependent on CD2 but only when TCR stimulation was also impaired

[50], highlighting that TCR stimulation can add to the combination of signals within the IS for

effector Vδ1 cytotoxicity.

The data presented here also supports a similar theory previously proposed [109] where the

development of cytotoxic DOT cells requires TCR stimulation (via CD3 engagement) alongside

further differentiation into a cytotoxic product using cytokines [50]. Further investigation is

needed to fully understand the nuances between TCR and co-receptor signalling that drive

these differential responses, as well as how these mechanisms translate between naive versus

effector and blood-resident versus tissue-resident Vδ1 T-cells.

CD2 and LFA-1 have demonstrated a role in stabilising IS formation, and NK-cell associated

co-receptors may contribute to healthy cell discrimination by balancing the signals to reach the

threshold of activation. In addition to these co-receptors, Vδ1/CD19 engager-mediated prolif-

eration of Vδ1 T-cells was dependent on CD44 (Figure 4.42), however, as CD44 can bind CD44

on other cells via extracellular matrix components, it is unclear whether the engager-mediated

proliferative response was affected by Vδ1-expressed CD44 or CD44 expressed on other cells.

Canonical T-cells utilise CD44 in IS formation ([198, 199]) suggesting that neutralising CD44

on the surface of Vδ1 T-cells may have negatively impacted the IS necessary for proliferation.



137

CD44 may be more useful in Vδ1 stimulatory ISs over lytic ISs as CD44 dependency affected

the Vδ1 proliferative response which is more prominent in the CD27+ Vδ1 population that does

not form lytic ISs so readily as discussed above. If TCR stimulation is essential for Vδ1 matur-

ation and proliferation within CD27+CD44+ T-cells, it suggests potential interplay between the

Vδ1 TCR, CD27, and CD44, possibly within the immunological synapse, that warrants further

exploration.

Target cell-expressed CD44 may also impact Vδ1-expressed CD44 function within the IS

(Figure 4.40 and 4.41). This mechanism may occur if, through binding extracellular matrix

components, target cell expressed CD44 facilitates stable Vδ1-expressed CD44 presence within

the IS. This feedback mechanism could be disturbed in the presence of the CD44 neutralising

antibody and thus affect engager-mediated Vδ1 T-cell proliferation as the stimulatory IS may

not function appropriately. This suggested co-receptor involvement in the Vδ1 IS would need to

be explored further in the field to understand the necessity for CD2, LFA-1 and CD44 for Vδ1

T-cell activation for other Vδ1 T-cell based therapies. Further investigation would be required

to understand the specific role that CD44 has to play and whether CD44 is more important for

Vδ1 proliferation when expressed on the Vδ1 T-cell or external available CD44, particularly if

Vδ1-based therapies’ efficacy are relying on proliferative mechanisms.

Overall, Vδ1 based therapies must consider that co-receptor expression should be maintained

or encouraged to not only facilitate activation, but also to maintain healthy cell discrimination

and thus increasing efficacy whilst reducing the likelihood of adverse effects. This may impact

Vδ1-based therapy strategies as TCR stimulation as well as co-receptor engagement would need

to be ensured to choose patients that are likely to respond.

5.2.3 Therapy for cancer

This study highlights the use of a Vδ1 engager targeting CD19 as a proof of concept. While CD19

was the primary target in this work, this work supports targeting Vδ1 T-cells with antibody

engagers for cancer treatment and suggests exploring other TAAs for future development.

As discussed above, the overall avidity of an antibody binding to its target influences its

functionality. In addition to enhancing the affinity of each binding moiety, increasing the ac-

cessibility of one or both epitopes of a bispecific antibody can further boost its overall avidity

[188, 200]. Vδ1/CD19 engager function corresponded to CD19 expression and whilst it could

bind to isolated Vδ1 T-cells, the engager could not engage the TCR without a CD19 target

cell present (Section 4.2), suggesting that the Vδ1/CD19 engager’s avidity was facilitated and
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improved by increasing the CD19 levels in the system. This TAA-dose dependency has also

been observed with CD3 bispecific antibodies [201, 202, 203]. Whilst not necessarily surprising,

this TAA dependency may pose a potential issue for the function of Vδ1 T-cell engagers because

if the cancer manipulates the expression of the TAA then the therapy may become redundant.

For example, leukaemic B-cells have historically demonstrated CD19 downregulating resistance

mechanisms in response to CD19-specific treatments [204, 205]. There are strategies however

to overcome such an issue. As explored in the introduction, the best current strategy we have

for the successful treatment of cancer is to combine treatment strategies to fight the cancer

on multiple fronts, targeting the tumour’s heterogeneity as well as reducing the likelihood of

the cancer to develop any resistance mechanisms. Therefore, if Vδ1 T-cell engagers are utilised

in combination with other strategies targeting a different aspect of the tumour, the likelihood

of the cancer developing a TAA-related resistance mechanism would reduce. Furthermore, as

the Vδ1 engager demonstrated both proliferative capacity and the maturation of naive Vδ1 T-

cells, it is possible that treated Vδ1 T-cells could sustain an enhanced anti-tumour response if

healthy cells continue to express the TAA, such as CD19. As discussed in the introduction, co-

receptor-dependent cytotoxicity is less vulnerable to tumour resistance mechanisms compared

to MHC-dependent cytotoxicity, as it does not rely on the expression of a specific ligand within

the TME. Although the data suggest the maturation of effector memory Vδ1 T-cells following

engager treatment (Figure 4.39), further investigation is needed to assess the persistence and

effector function of Vδ1 T-cells in situ over time.

As the work here has provided support for the use of Vδ1 engagers in non-CD19 contexts,

other TAA binding moieties could be explored that are less susceptible to modification. The

development of tri-specific antibodies has identified an alternative mechanism by which one

would be able to target multiple TAAs in one engager [187], which could reduce the likelihood

of succumbing to tumour resistance mechanisms. For example, resistance to HER protein family-

directed therapies can occur following the upregulation of HER-3, therefore, targeting both of

these proteins may make it more difficult for the cancer to overcome the therapy [206].

Nonetheless, as long as these Vδ1 T-cell engagers are dependent on TAA expression, the

range of cancers that these engagers can be used to treat remains limited to tumours with

definable markers. Therefore, future development of such engagers may benefit from exploring

alternative bispecific moieties to direct Vδ1-specific engagers.

Accordingly, if Vδ1 engagers function similarly to the Vδ1/CD19 engager described here,

selecting patients for Vδ1 engager treatment would require sufficient expression of both the

TAA and CD27, as discussed above. Since new cancer therapies are often tested on patients
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who have relapsed or failed to respond to gold standard treatments like surgery, chemotherapy, or

checkpoint inhibition, further studies are necessary to understand how post-treatment cancers

may respond to Vδ1 T-cell engagers. For example, surgery and chemotherapy are known to

increase inflammation within the TME [9, 12], which can amplify immunosuppressive signals

from the tumour. Understanding the extent of the anti-tumour properties of stimulated Vδ1 T-

cells in these contexts will help determine whether these therapies are suitable for such patients

or if alternative strategies might be more effective.

Furthermore, while Vδ1/CD19 engager-treated Vδ1 T-cells rely on stress ligand expression

and exhibit PD-1 upregulation, the overall tumour signals must maintain a balance favouring ac-

tivation over inhibition. Although potentially less susceptible to immunosuppression than CD8+

T-cells as discussed in Chapter 1, Vδ1 T-cells are not invulnerable. Therefore, exploring the po-

tential for combining Vδ1-based therapies with strategies that enhance tumour immunogenicity

could prove beneficial.

The state of the tumour also influences the suitability of Vδ1-engager-based therapies, in-

cluding factors such as whether the tumour is classified as ”hot” or ”cold” and its mutational

burden. Cold tumours, which exhibit limited immune cell infiltration, are often resistant to

checkpoint inhibition [207]. In contrast, hot tumours are characterized by greater immune-cell

infiltration, including higher CD8+ T-cell presence, and generally respond more effectively to

checkpoint inhibitors [208]. If Vδ1-directed therapies can enhance tissue infiltration, the distinc-

tion between hot and cold tumours might become less critical. However, combining Vδ1 T-cell

therapies with approaches designed to improve tumour-immune infiltration warrants further

investigation.

Similarly, CD8-directed therapies are more effective in tumours with a high mutational bur-

den, as these tumours tend to express higher levels of neoantigens that stimulate T-cell activity

[208]. Since Vδ1 T-cells can respond to—though not dependent on—peptide-loaded MHC, future

studies should explore whether the effectiveness of Vδ1-directed therapies depends on these same

conditions. This research could clarify the circumstances under which Vδ1-engager therapies are

most likely to benefit patients.

Finally, as Vδ1 T-cells exhibit different properties depending on their residency within the

body (see Section 1.3.2), the development of Vδ1-based engagers would need to separately assess

the response on each Vδ1 T-cell subpopulation. For example, as breast cancer-associated Vδ1

T-cells have demonstrated IL-17 producing capabilities (see Section 1.3.1), combined treatment

with TLR ligands could be essential in restoring anti-tumoural capabilities to these Vδ1 T-cell

populations [48, 149]. Overall, as Vδ1-based therapies are only beginning to emerge in the



140

cancer treatment landscape, significant exploration is still required to discern which patients

could benefit most from these therapies.

5.2.4 Therapy for other indications

Whilst this thesis has focused on targeting cancer, the potential benefits of Vδ1 directed therapies

are not limited to oncology as these cells are involved in a variety of immune responses.

Vδ1 T-cells have demonstrated expansion in response to a range of infections [130]. For

example, individuals infected with CMV exhibit more differentiated CD27- T-cells [54], suggest-

ing that cytotoxic Vδ1 T-cells may play a role in the management of this infection. Therefore,

improved expansion and effector-like maturation using a Vδ1 T-cell engager could aid patients

that may be struggling to clear such viral infections.

Interestingly, CMV infection has recently also been associated with Vδ1 T-cell expansion in

patients with common variable immunodeficiency (CVID) [209]. CVID is a primary immun-

odeficiency disorder (PID) that presents with very low antibody levels within the body and

reduced and abnormal T-cells, resulting in greater susceptibility to infections [209]. Despite

this, CVID patients infected with CMV demonstrated functional γδ T-cell effector capabilities

[209]. Therefore, in combination with other therapies to aid the treatment of this complex dis-

ease, perhaps a Vδ1-targeting engager may provide some additional protection against infectious

agents to CVID patients providing the expansion of these cells. Furthermore, PIDs can be a

result of actin cytoskeleton defects which can affect the capacity for IS formation [210]. As the

Vδ1/CD19 engager may facilitate IS formation, this capability could be exploited in PIDs and

other diseases where Vδ1 T-cell IS formation is affected.

Despite the expansion of Vδ1 T-cells in HIV patients [211], their impact on HIV remains

unclear due to their ability to produce IL-17A. While IL-17A plays a crucial role in immune

responses against pathogens—and Vδ1 T-cells may help fulfil this role when IL-17-producing

CD4+ T-cells are suppressed [212]—Vδ1-derived IL-17A has also been shown to facilitate HIV

function [213]. Therefore, the application of a Vδ1-directed engager in this context requires

further investigation and careful justification, as it may not be suitable.

As discussed in Chapter 1, Vδ1 T-cells are abundant in the gut, and their populations are

often disrupted in individuals with irritable bowel disease (IBD). Notably, these gut-resident Vδ1

T-cells have shown a protective role in preventing damage to the gut epithelium, suggesting that

restoring the gut-resident γδ T-cell population could support IBD treatment [153]. This raises

the possibility that a Vδ1-based therapeutic engager, enhancing the proliferation and activation

of these cells, could provide an alternative approach to IBD therapy.



141

5.3 Summary

This study has explored the therapeutic potential of Vδ1-targeting engagers by developing and

evaluating a Vδ1/CD19 engager. While the engager demonstrated activity in vitro, further

studies are essential to assess its healthy cell-sparing capabilities and to validate its functionality

in more physiologically relevant in vivo models. Additionally, potential immunosuppressive and

immunosuppressed phenotypes of Vδ1 T-cells following engager treatment should be investigated

to confirm the suitability of such therapies.

The format of the engager plays a critical role in its functionality. While the BiTE format

used in this study may facilitate immunological synapse formation between Vδ1 T-cells and

target cells, further exploration of alternative formats is warranted. This work also highlights

the importance of TCR signalling in the maturation of peripheral naive Vδ1 T-cells. The balance

of co-receptor signalling appears to differ between naive and effector Vδ1 T-cells, where there

may be a lower threshold for activation with effector Vδ1 T-cells though additional study is

required to optimize cytotoxicity.

For the development into cancer therapies, TAA availability is crucial for engager function.

Limited TAA expression could lead to tumour resistance, emphasizing the need for careful

patient selection and a combination of therapeutic approaches. Additional criteria, such as

tumour type and TME must also be investigated, as certain TMEs may not support Vδ1 T-cell

activation, infiltration, or cytotoxicity.

Beyond oncology, Vδ1-specific engagers could potentially be applied to treat infectious dis-

eases and downstream sequalae of immunodeficiencies. However, the role of Vδ1 T-cells varies

significantly across cancer types and other indications, necessitating substantial investigation to

define their broader applicability.

Overall, while this study supports the development of Vδ1-based engagers as promising

therapeutic agents, further research is essential before they can be integrated into the oncologist’s

toolkit.
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Concluding Remarks

This thesis has explored the hypothesis that Vδ1-targeting engagers improve the overall immune

response against CD19+ malignancies, in order to support their general use in the treatment

of cancer. Whilst the work conducted is not extensive, the overall findings demonstrate that

the Vδ1/CD19 engager enhances Vδ1 anti-tumoural responses through the involvement of co-

receptors.

Various engager formats were explored where binding and TCR engagement were observed;

however, only the BiTE format successfully performed in initial biological functional assays.

The BiTE format may be more capable in enhancing Vδ1 anti-tumoural function due to its

suggested ability in facilitating IS formation. As Vδ1/CD19 BiTE function was dependent on

sufficient TAA expression, other bispecific formats also capable of improved IS formations are

worth investigating.

The BiTE Vδ1/CD19 engager was capable of specific stable binding to both the Vδ1 TCR

and CD19 which led to downregulation of the TCR, enhanced Vδ1 T-cell activation, proliferation

and cytotoxicity against CD19+ cancer cells. Various co-receptors and ligands were identified

to explain Vδ1 T-cell healthy cell sparing capabilities, though methods should be improved to

explore the nuances between healthy and cancerous discrimination more effectively.

Naive Vδ1 T-cells may rely on TCR stimulation to facilitate maturation into effector Vδ1

T-cells. Whereas, effector Vδ1 T-cells may depend more on co-receptor stimulation to elicit

a cytotoxic response, and importantly rely on the balance of signals within the IS to discrim-

inate between healthy and cancerous cells. Naive and effector Vδ1 T-cells may also rely on

co-receptors such as CD44 within the IS to facilitate proliferation. These responses were sug-

gested to be maintained in Vδ1/CD19-stimulated Vδ1 T-cells.

142
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Overall, this work supports the continued investigation of Vδ1 T-cell engagers as a prom-

ising approach for cancer treatment. Further research is crucial to determine whether engager-

mediated Vδ1 responses are consistent with primary healthy and cancerous cells, validated within

in vivo models, and applicable across a broader range of cancer types.
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[141] E. Batlle and J. Massagué, “Transforming growth factor-β signaling in immunity and

cancer,” Immunity, vol. 50, no. 4, pp. 924–940, 2019.

[142] G. Hu, P. Wu, P. Cheng, Z. Zhang, Z. Wang, X. Yu, X. Shao, D. Wu, J. Ye, T. Zhang,

et al., “Tumor-infiltrating cd39+ γ δ tregs are novel immunosuppressive t cells in human

colorectal cancer,” Oncoimmunology, vol. 6, no. 2, p. e1277305, 2017.

[143] R. Casetti, C. Agrati, M. Wallace, A. Sacchi, F. Martini, A. Martino, A. Rinaldi, and

M. Malkovsky, “Cutting edge: Tgf-β1 and il-15 induce foxp3+ γδ regulatory t cells in the

presence of antigen stimulation,” The Journal of Immunology, vol. 183, no. 6, pp. 3574–

3577, 2009.

[144] R. E. Beatson, A. C. Parente-Pereira, L. Halim, D. Cozzetto, C. Hull, L. M. Whilding,

O. Martinez, C. A. Taylor, J. Obajdin, K. N. L. Hoang, et al., “Tgf-β1 potentiates vγ9vδ2

t cell adoptive immunotherapy of cancer,” Cell Reports Medicine, vol. 2, no. 12, 2021.



160

[145] K. Odaira, S.-n. Kimura, N. Fujieda, Y. Kobayashi, K. Kambara, T. Takahashi, T. Izumi,

H. Matsushita, and K. Kakimi, “Cd27-cd45+ γδ t cells can be divided into two popula-

tions, cd27-cd45int and cd27-cd45hi with little proliferation potential,” Biochemical and

biophysical research communications, vol. 478, no. 3, pp. 1298–1303, 2016.

[146] G. Qu, S. Wang, Z. Zhou, D. Jiang, A. Liao, and J. Luo, “Comparing mouse and human

tissue-resident γδ t cells,” Frontiers in immunology, vol. 13, p. 891687, 2022.

[147] C. Ma, Q. Zhang, J. Ye, F. Wang, Y. Zhang, E. Wevers, T. Schwartz, P. Hunborg, M. A.

Varvares, D. F. Hoft, et al., “Tumor-infiltrating γδ t lymphocytes predict clinical outcome

in human breast cancer,” The Journal of Immunology, vol. 189, no. 10, pp. 5029–5036,

2012.

[148] G. Chabab, C. Barjon, N. Abdellaoui, L. Salvador-Prince, C. Dejou, H.-A. Michaud,

F. Boissière-Michot, E. Lopez-Crapez, W. Jacot, D. Pourquier, et al., “Identification of a

regulatory vδ1 gamma delta t cell subpopulation expressing cd73 in human breast cancer,”

Journal of leukocyte biology, vol. 107, no. 6, pp. 1057–1067, 2020.

[149] J. Ye, C. Ma, E. C. Hsueh, C. S. Eickhoff, Y. Zhang, M. A. Varvares, D. F. Hoft, and

G. Peng, “Tumor-derived γδ regulatory t cells suppress innate and adaptive immunity

through the induction of immunosenescence,” The Journal of Immunology, vol. 190, no. 5,

pp. 2403–2414, 2013.

[150] M. F. Chevalier, N. Bhatnagar, C. Didier, M. Lopez-Gonzalez, J. Pavie, D. Bollens,

C. Duvivier, L. Collias, C. Jung, D. Scott-Algara, et al., “γδ t-cell subsets in hiv con-

trollers: potential role of tγδ17 cells in the regulation of chronic immune activation,”

Aids, vol. 33, no. 8, pp. 1283–1292, 2019.

[151] G. S. Olson, S. W. Moore, J. M. Richter, J. J. Garber, B. A. Bowman, C. A. Rawlings,

M. Flagg, B. Corleis, and D. S. Kwon, “Increased frequency of systemic pro-inflammatory

vδ1+ γδ t cells in hiv elite controllers correlates with gut viral load,” Scientific Reports,

vol. 8, no. 1, p. 16471, 2018.
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Chapter 8

Appendices

8.1 Appendix 1

Figure 8.1: Antibody-mediated CD25 upregulation on skin-derived Vδ1 T-cells over time

CD25 expression on skin expanded (n=1) Vδ1 T-cells was assessed using flow cytometry following treat-

ment with a Vδ1/CD19 BiTE with Nal-6 cells. The Vδ1/CD19 BiTE used here utilised a different, though

similar, proprietary Vδ1 binding sequence. Data showing fold change MFI where raw MFI values were

normalised to Vδ1 T-cells alone treatment. Error bars represent SEM.
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8.2 Appendix 2

Figure 8.2: Cell line type affects baseline TCR downregulation but not activation of Vδ1

T-cells

Vδ1 activation and cytotoxicity from blood expanded Vδ1 T-cells (representative donor from n=2) cultured

alone and with Reh, Daudi or MEC-1 cells with Vδ1/CD19 BiTE treatment where Vδ1 TCR, CD107a

and 41BB expression was assessed using flow cytometry after 4 hours of culture and CD25 expression

and remaining live target cells were assessed after 24 hours of culture. Expression data presented as raw

MFI values.
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8.3 Appendix 3

Figure 8.3: Vδ1/CD19 antibody-mediated effects on CD19+ cell lines.

Remaining live CD19+ cells assessed by flow cytometry after culture alone with specified engager treatment

for 24 hours. Bars indicated SD from treatment replicates. Top, Live target events. Bottom, % Live target

cells identified using the dead cell dye efluor780.
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8.4 Appendix 4

Figure 8.4: Nanostring control gene transcripts are comparable between cell samples.

RNA levels of engineered (left) and housekeeping gene controls from primary healthy (n=4) and primary

CLL B cells (n=4) and CD19+ cell lines, presented as percentage of counts, assessed using Nanostring

Technologies.
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8.5 Appendix 5

Figure 8.5: Target cell viability in cytotoxicity assay with blood-derived cytokine-expanded

Vδ1 T-cells.

Cell viability of target cells cultured in the same conditions as figure 4.27, without Vδ1 T-cells. Cell

viability was calculated as the percentage of CTV+ cells from flow cytometry that were negative for the

viability efluor780 dye.
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8.6 Appendix 6

Figure 8.6: Representative histogram plots of co-receptor expression from Vδ1 T-cells from

untreated PBMCs

Vδ1 T-cell co-receptor expression from freshly thawed untreated PBMCs (representative donor from n=8)

displayed as CD27high (yellow) and CD27low/- (red) subpopulations. FMO staining for indicated marker

is highlighted in grey.
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8.7 Appendix 7

Figure 8.7: Vδ1/CD19 engager treatment affects Vδ1 T-cell phenotype

CD27+ and CD27- Vδ1 T-cell phenotype after 7 days in whole-PBMC culture (n=8) without (A) and with

(B) MEC-1 cells treated with control (RSV BiTEs) and Vδ1/CD19 engagers assessed by flow cytometry.

Expression of each surface marker presented as averaged MFI values per donor. A paired student’s t

test was performed to calculate significance p-values when comparing expression levels to those of control

treated PBMCs. Each asterisk (*) denotes a level of significance: p < 0.05, p < 0.01, p < 0.001, and p

< 0.0001.
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8.8 Appendix 8

Figure 8.8: Engager-treated Vδ1 T-cell Fas-L expression does not change with individual

blockade of MEC-1 ligands.

Fas-L expression on CD27- (red triangles) and CD27+ (yellow circles) Vδ1 T-cells from individual ligand

block (indicated in graph title) in figure 4.43 compared to non-blocked conditions (grey data points),

assessed by flow cytometry. Data expressed in raw MFI values and percentage of Vδ1 T-cells expressing

Fas-L.
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8.9 Appendix 9

Figure 8.9: Engager-treated Vδ1 T-cell CD107a expression does not change with individual

blockade of MEC-1 ligands.

CD107a expression on CD27- (red triangles) and CD27+ (yellow circles) Vδ1 T-cells from individual

ligand block (indicated in graph title) in figure 4.43 compared to non-blocked conditions (grey data points),

assessed by flow cytometry. Data expressed in raw MFI values and percentage of Vδ1 T-cells expressing

CD107a.
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8.10 Appendix 10

Figure 8.10: Engager-treated Vδ1 T-cells activate in response to combination of plate-bound

ligands.

MFI expression of activation markers on isolated Vδ1 T-cells following activation with plate bound recom-

binant ligands assessed by flow cytometry. Activation of FACS-sorted Vδ1 T-cells (n=3), prestimulated

for 7 days with 0pM or 100pM Vδ1/CD19 engager, after culture with recombinant plate-bound stress

ligands for 24 hours. 41BB, CD25, Fas-L and CD107a phenotype of Vδ1 T-cells following stimulation

from a combination of or individual recombinant plate bound ligands (NKG2D ligands, DNAM-1 ligands,

CD96 ligands, LFA-3, B7-H6), compared to a media-control condition containing no plate bound ligands

(grey data points). Left panels on each graph represent the unstimulated Vδ1 T-cells, and the right panels

represent the Vδ1/CD19 engager prestimulated Vδ1 T-cells, as shown in figure 4.46
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8.11 Appendix 11

Figure 8.11: Skin derived-Vδ1 T-cell cytotoxicity may be dependent on target cell associated

LFA-3.

Skin derived Vδ1 T-cells were assessed for cytotoxicity and activation using flow cytometry following

a culture with Nalm-6 cells that were incubated with an LFA-3 blocking antibody for an hour prior to

culture. A Remaining live Nalm-6 cells after 4 hours culture with cytokine-expanded skin-derived Vδ1 T-

cells (n=1). E:T (effector : target) represents the ratio of Vδ1 T-cells to target LFA-3-blocked Nalm-6 cells

in each culture. B Intracellular phosphorylated Zap70, surface TCR and CD107a expression was assessed

on cytokine-expanded skin-derived Vδ1 T-cells (n=1) after 2 hours of culture with LFA-3-blocked Nalm-6

cells. Vδ1 cytotoxicity was inhibited after LFA-3 was blocked on Nalm-6 cells prior to the addition of

skin derived Vδ1 T-cells. This inhibition was associated with reduced CD107a expression and lower levels

of intracellular phosphorylated Zap70. Zap70, a protein kinase phosphorylated after TCR stimulation

in canonical T-cells, is activated through TCR engagement and CD2 clustering. CD2 can cluster at

the immunological synapse by binding to LFA-3 on target cells. In this case, TCR downregulation was

unaffected by LFA-3 blockade, suggesting that the reduction in phosphorylated Zap70 may indicate CD2

clustering’s role in skin-derived Vδ1 T-cell cytotoxicity. This effect became more pronounced following

engager treatment, implying that LFA-3 may play a more significant role in engager-mediated cytotoxicity.

Future work is required to verify this role.
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