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Enhancing T cell immunotherapy through dosing of 

memory transcription factors 

By Alberto Gabriel Conti Negrin 

 

Summary 

T cell therapies hold promise for treating solid tumours, but their efficacy is limited by poor 

persistence of transferred cells. Previous strategies to enhance persistence often relied on 

enforcing constitutively activated, and hence potentially toxic or oncogenic, T cell states. In 

contrast, physiological immune responses are sustained by quiescent, self-renewing progenitor 

T cells that depend on the memory transcription factor BACH2. These cells maintain stem-like 

potential while giving rise to short-lived effector cells. Here, I show that quantitative control 

of BACH2 dosage governs the physiological continuum of stem and effector CD8+ T cell states, 

a principle that can be leveraged to engineer synthetic states with superior persistence and anti-

tumour activity. Under physiological conditions, BACH2 is precisely regulated in CD8+ T cells, 

with intermediate expression in memory and progenitor-exhausted subsets. Enforcing 

excessive levels of BACH2 locks cells in a quiescent state, disrupting the acquisition of effector 

functions necessary for tumour control. By contrast, low-dose BACH2 permits effector 

differentiation while preserving stem-like features, thereby enhancing persistence and 

therapeutic efficacy. Mechanistically, low-dose BACH2 partially restrains AP-1 occupancy at 

enhancers, attenuating highly AP-1–dependent genes without interfering with effector 

programmes. This dosage principle extends to other memory factors, as low-dose FOXO1 

expression also augments T cell responses in an analogous manner. Thus, memory factor 

dosage emerges as a key regulator of T cell fate, suggesting that quantitative tuning of gene 

expression can drive qualitative improvements in cancer immunotherapy. 
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1. Introduction 

1.1 A brief history of cancer immunotherapy 

Over the past decade, the advent of immunotherapies has transformed the treatment of cancer, 

marking a paradigm shift in the field of oncology. Yet, the concept of leveraging the immune 

system to combat cancer is far from new. Scientific observations hinting at the immune system's 

protective role against cancer, and its therapeutic potential, trace back to the late 19th century 

and even predate radiotherapy and chemotherapy1,2. In 1891, American surgeon and physician 

William B. Coley gathered several reports of tumour shrinkage following viral or bacterial 

infections and speculated that the immune reactions following those infections played a pivotal 

role in the observed regressions. This led him to develop a vaccine composed of heat-killed 

bacteria, now known as Coley’s toxins, with which he treated his own patients – sometimes 

with remarkable success by the standards of the time 3-5. Nonetheless, the unpredictable 

outcomes of the treatment, combined with a limited understanding of the immune system and 

the emergence of alternative approaches such as radiotherapy and chemotherapy in the early 

20th century, led to a decline in interest in cancer immunology and immunotherapy within the 

scientific community1,2. 

The field would have to wait several decades until experiencing renewed scientific interest. 

This came during the 1960s and 1970s, an era that marked a turning point in our understanding 

of the interplay between the immune system and cancer. Pivotal work carried out during this 

time showed that mice lacking a functioning immune system develop cancer more readily6-8. 

In addition, it was during this same period that several key immune cell types were first 

described, such as T cells9-11, dendritic cells (DCs)12 and natural killer (NK) cells13,14. 

Subsequent research throughout the late 20th century continued to highlight the importance of 

immunity in cancer and deepened our knowledge of the molecular mechanisms through which 

these cell subsets contribute to cancer suppression and killing15-19. 

It was not until the beginning of the 21st century when the discoveries underpinning our 

understanding of cancer immunity were finally translated into commercially available 

therapies. In the 1990s, for instance, Tasuku Honjo and James P. Allison described programmed 

death-1 (PD-1)20 and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)21, respectively, 

as key checkpoint receptors exploited by cancer to suppress immune responses. Their work 

laid the foundation for the development of immune checkpoint inhibitors targeting these 

pathways, which gained approval in the 2010s and have since become the standard of care for 
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several types of cancer. Furthermore, the advent of adoptive cell therapy (ACT), which uses 

immune cells as living drugs, represents another significant milestone in cancer treatment and 

have positively impacted the lives of tens of thousands of patients. 

1.2 The cancer immunity cycle 

Despite the early observations from Coley and other pioneers, the idea that the immune system 

plays a significant role in the emergence and persistence of cancer was met with scepticism for 

much of the 20th century. Nonetheless, it is now understood that several cell types within the 

innate and adaptive immune compartments are actively involved in detecting and targeting 

malignant cells, in a process referred to as the cancer immunity cycle (Fig. I-1)22,23. 

1.2.1 Release and presentation of cancer cell antigens 

Oncogenesis begins with the accumulation of genetic (e.g. somatic mutations) and epigenetic 

(e.g. aberrant gene expression or silencing) alterations within healthy cells. These alterations 

are critical for the start of the cancer immunity cycle as they can be recognised by the immune 

system and are broadly referred to as cancer or tumour antigens. Upon death of malignant cells, 

tumour antigens are released and captured by antigen-presenting cells (APCs), primarily DCs, 

for processing and presentation in the form of peptide fragments through major 

histocompatibility complex (MHC) surface molecules. Other soluble immunogenic factors are 

also released in the process, which activate APCs and induce the upregulation of co-stimulatory 

receptors necessary for mounting an adaptive immune response24. 

1.2.2 T cell priming 

Once APCs have captured and processed cancer neoantigens, they migrate to secondary 

lymphoid organs such as lymph nodes (LNs) where they present them to naïve T cells. When 

a T cell receptor (TCR) on a naïve T cell successfully recognises and binds to a complementary 

antigen displayed in the context of an MHC molecule by an APC, and sufficient co-stimulatory 

signals are present, the T cell becomes activated – this is known as T cell priming (discussed 

later). 

Upon priming, cluster of differentiation 4 (CD4)+ T cells can differentiate into various subsets, 

including helper T cells (Th)1, Th2, Th17, or regulatory T cells (Tregs), depending on the 

affinity and context of the interaction. Each of these subsets possesses specialised functions 

that contribute to the anti-tumour immune response in distinct ways25. Conversely, activated 
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CD8+ T cells (also known as cytotoxic T lymphocytes, CTLs) play a major role in direct 

targeting and killing of cancer cells. 

While the role of LNs in T cell priming during anti-tumour responses has been studied 

extensively over the past two decades26,27, an increasing volume of evidence has emerged in 

recent years highlighting the existence and importance of LN-like cell aggregates within solid 

tumours, termed tertiary lymphoid structures (TLS). The presence of TLS in tumours has been 

correlated with improved anti-tumour responses and is thought to enable in situ priming and 

expansion of T cells28,29. 

1.2.3 Tumour trafficking and infiltration of T cells 

In the context of secondary lymphoid organ priming, the recognition of an APC presenting a 

tumour antigen is followed by T cell migration to the tumour. This process starts by 

downregulating receptors such as CD62L and C-C chemokine receptor (CCR) type 7 (CCR7), 

which are required for accessing and remaining in secondary lymphoid organs. At the same 

time, activated T cells upregulate the expression of receptors necessary for mediating migration 

and infiltration towards altered tissues. These include chemokine receptors such as C-X-C 

chemokine receptor (CXCR) type 3 (CXCR3) and CXCR6, which respond to various 

chemokine ligands produced in affected tissues and induce T cell trafficking to those sites. 

Upon ligand binding, these receptors induce upregulation and activation of other receptors such 

as lymphocyte function-associated antigen 1 and very late antigen 4, which mediate tissue 

adhesion and infiltration into the tumour site30,31. 

1.2.4 Cancer cell recognition and killing by T cells 

Upon tumour infiltration, T cells initiate the process of identifying and eliminating malignant 

cells. CD4+ T cells act primarily through the release of effector molecules within the tumour 

microenvironment (TME) in response to tumour antigens presented by APCs. These molecules 

include cytokines such as interferon gamma (IFN-g), tumour necrosis factor (TNF) and 

interleukin (IL)-2, which support the activation and maintenance of several immune subsets 

and can also cause indirect tumour death25,32. In certain contexts, CD4+ T cells have also been 

observed to directly engage and target tumour cells33. In contrast, CD8+ T cells specialise in 

direct recognition and targeting of cancer cells34 (discussed later). The death of tumour cells 

releases additional tumour antigens, effectively restarting the cycle and promoting the anti-

tumour immune response22. 
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Figure I-1. The cancer immunity cycle. Visual representation of the different steps in the 

cancer immunity cycle, first conceived by Daniel S. Chen and Ira Mellman. Figure adapted 

from Chen, D. S. and Mellman I., Immunity, 2023. 
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1.3 Priming and activation of T cells 

The diverse roles played by distinct immune subsets within the TME have been, and still are, 

an active area of investigation. Among these, T cells are critical mediators of cancer immunity, 

contributing to the recognition and elimination of transformed cells through a variety of 

mechanisms. The process through which T cells become activated and acquire effector 

functions is central to cancer immunity. Unsurprisingly, it is also tightly regulated and requires 

coordinated signals from multiple cell types.  

1.3.1 Signal 1: recognition of tumour antigens 

The recognition of a tumour antigen presented by an APC is the first step in the activation and 

expansion in a naïve CD8+ T cell and is often referred to as ‘Signal 1’ during the process of T 

cell priming. This begins with APCs capturing tumour proteins, processing them into peptide 

fragments, and forming peptide-MHC (pMHC) complexes. These complexes are then 

displayed on the surface of APCs, where they interact with TCRs expressed by T cells.  

Two main classes of MHC molecules exist: class I (MHC I) and class II (MHC II). Typically, 

MHC I molecules are expressed on all nucleated cells and display peptides derived from the 

cell’s internal proteome. This provides the immune system with a mechanism to ‘monitor’ for 

the expression of viral or cancer-associated proteins across tissues. Conversely, MHC II 

molecules are expressed primarily on APCs and present peptides derived from captured 

extracellular proteins, such as those originating in pathogens or cancer cells. Notably, APCs 

can also present exogenous proteins through MHC I molecules via a process known as cross-

presentation. This is important because, since CD4+ T cells recognise peptides presented 

exclusively in the context of MHC II molecules, and CD8+ T cells interact only with MHC I 

molecules, cross-presentation enables APCs to prime CD8+ T cells against virus- or cancer-

derived antigens. 

Importantly, the type of tumour antigen presented by APCs will also shape the nature of the 

anti-tumour response. Tumour antigens are broadly categorised into two groups: tumour-

associated antigens (TAAs) and tumour-specific antigens (TSAs)35. TAAs derive from proteins 

present in both healthy and cancerous cells but are either aberrantly overexpressed or 

inappropriately expressed (e.g. re-expression of proteins unique to specific developmental 

stages) in cancer cells. In contrast, TSAs arise from aberrant protein alterations caused by 

mechanisms including somatic mutations, chromosomal rearrangements, or alternative 
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splicing. These alterations produce amino acid sequences unique to tumour cells, which is why 

TSAs are also referred to as neoantigens35. 

To elicit an anti-tumour response, the binding between a TCR and a pMHC complex must 

exhibit sufficiently high affinity. Since TAAs are derived from proteins present in healthy cells, 

there is a very limited repertoire of T cells capable of recognising them due to the elimination 

of self-reactive T cells during thymic maturation36,37. In contrast, the proportion of T cells 

expressing high affinity TCRs against neoantigens is much larger, making them highly 

immunogenic antigens and critical in the start of the cancer immunity cycle35. 

When an APC displaying a TSA interacts with a T cell bearing a TCR complementary for the 

displayed antigen, an immunological synapse is formed. This is a highly organised structure 

that facilitates the interaction of signalling molecules between the APC and T cell, initiating a 

complex signalling cascade that culminates in the activation and priming of the T cell.  The 

cascade is initially triggered by the spatial clustering of receptors, such as the TCR, and co-

receptors, such as CD4 or CD8. This clustering facilitates the recruitment of protein tyrosine 

kinases (PTKs), including lymphocyte-specific PTK (LCK), to the complex. LCK then 

phosphorylates immunoreceptor tyrosine-based activation motifs (ITAMs) located on the 

cytosolic tails of CD3 subunits within the TCR complex. This is followed by the recruitment 

of zeta-chain-associated protein kinase 70, which further activates other downstream adaptor 

proteins. The cascade ultimately culminates in the activation and translocation of transcription 

factors (TFs) that mediate T cell differentiation into effector subsets, including nuclear factor 

of activated T-cells (NFAT) and mechanistic target of rapamycin (mTOR), among others38. 

1.3.2 Signal 2: T cell co-stimulation 

The formation of a strong TCR-pMHC interaction is an essential step for T cell priming, but it 

is not the only one. Additional layers of regulation are necessary to prevent inappropriate 

immune responses against self-antigens. Notably, approximately 4% of all mature T cells are 

estimated to express self-reactive TCRs at any given time39. To achieve effective T cell 

activation, a second essential requirement is the presence of co-stimulatory signals, often 

referred to as ‘Signal 2’. 

APCs express molecules known as pattern recognition receptors, distributed both 

intracellularly and in the cell surface. These receptors recognise molecular structures 

characteristic of pathogens or apoptotic/damaged cells, generally referred to as pathogen-

associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) 
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respectively. Upon ligand binding, a cascade of intracellular signalling events is initiated that 

results in the upregulation of co-stimulatory receptors, including CD80 (also known as B7-1), 

CD86 (B7-2), on the surface of APCs40.  

During the formation of an immune synapse, CD80 and CD86 on APCs bind to the CD28 

receptor on T cells. This interaction triggers the phosphorylation of CD28 by PTKs, which 

subsequently recruit phosphoinositide 3-kinase (PI3K). PI3K generates phosphatidylinositol 

(3,4,5)-trisphosphate at the plasma membrane, leading to the recruitment of downstream 

effectors such as protein kinase B (Akt). Ultimately, Akt leads to the amplification and 

stabilisation of the signals initiated by the TCR-pMHC interaction through the activation of 

key regulators, including NFAT and mTOR38. In addition to CD28, other co-stimulatory 

receptors have been identified including CD40 ligand (CD40L), OX40, 4-1BB and CD27. 

In contrast to the function of co-stimulatory receptors, co-inhibitory receptors inhibit T cell 

activation and proliferation. A prime example is CTLA-4, which is expressed in T cells 

following activation, as well as in Tregs. CTLA-4 binds CD80/CD86 with higher affinity than 

CD28, preventing CD28-mediated co-stimulation while also inducing the expression of 

suppressive molecules such as indoleamine 2,3-dioxygenase (IDO). Other co-inhibitory 

molecules have also been identified, including PD-1, lymphocyte-activation gene 3 (LAG-3), 

T-cell immunoglobulin and mucin domain 3 (TIM-3), among others41. These receptors balance 

co-stimulatory signals and are implicated in the regulation of T cell priming and subsequent T 

cell activation and differentiation. 

A strong TCR-pMHC interaction involving a naïve T cell, in the absence of sufficient co-

stimulatory signalling, is characteristic of self-reactive T cells recognising self-antigens. Under 

such circumstances, T cells become tolerised and are unable to exert effector functions upon 

subsequent antigen encounter. This phenomenon, known as T cell anergy, is important to 

prevent unwanted activation from self-reactive T cells that have escaped thymic selection42,43. 

Co-stimulatory and co-inhibitory receptors in T cells have received considerable attention in 

the last decade, largely due to the clinical success of CTLA-4 and PD-1 antibody-based 

inhibitors and the incorporation of CD28 and 4-1BB intracellular domains in second- and third-

generation CARs. Nonetheless, the precise molecular mechanisms underlying their signalling 

pathways in different contexts remain unknown or are still being elucidated41. 

1.3.3 Signal 3: Cytokine signalling 
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Along with a strong TCR-pMHC interaction and sufficient co-stimulation, a third stimulus is 

required for optimal T cell activation: cytokine signalling, sometimes referred to as ‘Signal 3’. 

Without this third signal, T cells can fail to undergo effective activation and acquisition of 

effector functions44,45. The specific cytokine environment T cells are exposed to during 

priming, shaped in part by APCs, can dictate the type of T cell response or their differentiation 

trajectory. In the case of CD4+ T cells, the different cytokine milieu will result in differentiation 

into different Th subsets. For instance, Th1 differentiation is promoted by IL-12, Th2 by IL-4, 

and Th17 by IL-6 and IL-23. For CD8+ T cells, IL-12 and IFN-α/β have been shown to be 

important to sustain a strong and long-lasting response45,46. The specific molecular bases for 

Signal 3 are still being elucidated, and the use of cytokines for supporting immunotherapies 

such as ACT is becoming an increasingly relevant therapeutic strategy47,48. 

1.4 CD8+ T cells in the anti-tumour response 

The role of CD8+ T cells has long been recognised as pivotal for an effective anti-tumour 

immune response34. The existence of lymphocytes with cytotoxic properties was first observed 

in 1960 and shown to be CD8+ T cells during the 1970s11,49-51. Subsequent breakthroughs 

elucidated the specific mechanisms through which CD8+ T cells recognise foreign antigens, 

target malignant cells, and are regulated to prevent unwanted immune responses. These 

discoveries underpinned the translation of the first modern immunotherapies to the clinic, 

including immune checkpoint therapies (ICTs) and the use of systemic IL-2 administration for 

different cancer indications52,53. With the clinical traction gained by immunotherapies during 

the early 2000s, there has been heightened interest in understanding how CD8+ T cells are 

impacted by these immunotherapies, how anti-tumour responses are sustained in the long-term, 

and why not all patients benefit from these therapies to the same extent. 

1.4.1 CD8+ T cell-mediated killing 

Following effective priming by APCs, CD8+ T cells acquire a wide range of effector functions. 

Unlike naïve CD8+ T cells, a TCR-pMHC I interaction (Signal 1) with a target cell displaying 

a complementary antigen is sufficient to activate primed CD8+ T cells and engage their 

cytotoxic functions. During an anti-tumour response, this signal tends to come from a 

malignant cell presenting a neoantigen. 

A key mechanism of cytotoxicity is the release of cytotoxic granules. These consist of modified 

lysosomal vesicles containing effector proteins such as perforins and granzymes. In the absence 

of T cell activation, the conditions of these vesicles inhibit their activity, but upon antigen 
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recognition, the cytotoxic granules are delivered into the target cell. First, perforins create pores 

on the targeted cell, which cause direct damage while also acting as intercellular channels 

through which other cytotoxic molecules are delivered. Once in the target cells’ cytosol, 

granzymes induce apoptosis by activating caspases (e.g. caspase 3 activation mediated by 

Granzyme B) or inducing mitochondrial damage (e.g. mitochondrial damage mediated by 

granzyme A and B). Notably, direct CD8+ T cell cytotoxicity is specific towards the targeted 

cell and does not result in damage or death of bystander cells, nor of the T cell itself. 

Furthermore, engagement of the TCR induces synthesis of effector molecules, enabling CD8+ 

T cells to replenish the supply of cytotoxic granules and to kill multiple target cells in 

succession (a property referred to as ‘serial killing’)46,54.  

Another method of contact-mediated cytotoxicity occurs through the membrane-bound Fas 

ligand, which can interact with Fas receptor in target cells and induce apoptosis. In addition to 

inducing cancer apoptosis in certain contexts, this mechanism is also relevant in modulating 

the magnitude of clonal expansion following T cell priming55. 

CD8+ T cells also contribute to the anti-tumour response through the release of cytokines, 

including IFN-γ, IL-2 and TNF. IFN-γ is directly secreted to the extracellular medium and has 

pivotal roles in both anti-viral and anti-tumour responses, as it directly inhibits viral replication 

and induces upregulation of MHC I molecules for facilitating CD8+ T cells recognition. IL-2 

is also secreted by CD8+ T cells and functions as a key stimulus for the proliferation and 

survival of both conventional CD4+/CD8+ T cells and Tregs. Instead, TNF exists both as soluble 

and membrane-bound forms and can trigger apoptosis directly by interacting with TNF 

receptors in target cells. In addition to their direct roles in cancer cells and T cells, these 

cytokines also interact with multiple other cell types and orchestrate various aspects of the 

TME46. 

1.4.2  Differentiation states of CD8+ T cells 

Our understanding of the differentiation trajectory and subtypes of CD8+ T cells under different 

contexts has improved substantially over the past two decades, driven in part by the arrival of 

immunotherapies in the clinic. Nonetheless, it is worth noting that this remains a very active 

area of research, and that our appreciation of the specific subsets and mechanisms underlying 

their differentiation fates continues to evolve. 

Upon activation, CD8+ T cells differentiate into one of two major developmental branches56,57. 

The first one takes place in the context of acute viral infections or vaccinations where sufficient 
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stimulation and co-stimulation signals are available, where CD8+ T cells differentiate into 

either short-lived effector T cells (Teff) or memory precursor T cells (Tmp)58. Teff exert high 

levels of cytotoxicity but have limited differentiation plasticity and are generally considered 

short-lived. In contrast, Tmp are long-lived and, upon antigen clearance, can give rise to 

multiple other memory subsets. These memory cells provide durable protective immunity 

through their ability to give rise to a new wave of Teff upon renewed antigen stimulation59.  

Depending on their function and tissue distribution, two distinct types of memory T cells exist: 

circulating and resident memory T cells. Among the circulating memory cells, several subsets 

with often distinct but overlapping functions have been described, including stem cell memory 

(Tscm), central memory (Tcm) and effector memory (Tem) T cells58. Alternatively, Tmp can 

also migrate to distinct tissues and generate resident memory T cells, which are thought to 

acquire functional characteristics associated with long-term tissue residence and immune 

surveillance60. 

A distinct developmental trajectory is adopted by CD8+ T cells in the context of long-term TCR 

stimulation, such as chronic viral infections or tumours, referred to as T cell exhaustion. 

Exhausted T cells (Texh) are characterised by functional, phenotypic and epigenetic features 

distinct from those found in Teff or Tmp. First described in murine models of chronic 

infection61,62, it is now evident that Texh are ubiquitously found in both cancer and chronic 

viral infection settings in both mouse and humans63,64.  

How and when CD8+ T cells commit to the exhaustion differentiation pathway is not entirely 

understood. Nonetheless, recent findings suggest that key hallmarks of exhaustion during anti-

tumour immune responses appear within just hours of antigen encounter65. Two core features 

of Texh are the expression of the TF thymocyte selection-associated high-mobility group box 

protein (TOX), which is key in the establishment of Texh subsets66, and inhibitory receptors 

such as PD-167. Initially, this led to the assumption that Texh were non-functional, but this view 

has since been updated. T cell exhaustion is likely to be an epigenetic and functional 

programme that enables T cells to withstand long periods of TCR stimulation while maintaining 

moderate functionality and avoiding excessive immunopathology68,69. This is supported by 

evidence showing that Texh are actively involved in sustaining immunity against chronic 

infections or cancer, and preventing the establishment of a T cell exhaustion programme has a 

negative impact on the outcome of anti-tumour immune responses70. 

1.4.3 CD8+ T cell exhaustion 
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A key research focus over the past decade has been characterising the functional and 

phenotypic diversity found within the T cell exhaustion lineage. Initial observations highlighted 

that a Texh subset expressing T cell factor 1 (TCF1) was key for sustaining long-term anti-viral 

responses and constituted the primary responders to PD-1 blockade therapy71, a finding that 

has since been recapitulated in both viral and cancer settings72-77. Despite the absence of a 

unified classification system, evidence from different groups converged to a model where Texh 

subtypes exist along a spectrum with varying states of differentiation. These have been grouped 

in three major subsets: exhausted progenitor T cells (Tpex), intermediate exhausted T cells 

(Tint) and terminal exhausted T cells (Ttex) (Fig. I-2)56,57,78. 

Tpex constitutes the least differentiated cell subtype among Texh. They are characterised by 

the expression of TCF1, as well as other markers such as SLAM family member 6 (Slamf6) or 

CXCR5, and absence of the inhibitory receptor TIM-3. Notably, Tpex have attracted substantial 

interest due to their role in sustaining long-term anti-tumour responses. Multiple studies, both 

in mouse and humans, have found strong correlations between the abundance of Tpex and 

positive therapeutic outcomes in the context of both ICT and ACT75,76,79. This is thought to be 

due to their ability to ‘self-renew’, which enables them to maintain a Tpex pool during chronic 

stimulation settings while simultaneously giving rise to more differentiated effector subsets. 

This is why Tpex are often also referred to as ‘stem-like’ T cells.  

As their name suggests, Tint are considered to be an intermediate differentiation state between 

Tpex and Ttex. Unlike Tpex, they lack expression of TCF1, Slamf6 and CXCR5 and show 

intermediate levels of TIM-3. Tint also display expression of effector molecules such as IFN-g 

and granzymes, which suggests they have an important role in direct targeting of malignant 

cells. Nonetheless, this subset displays considerable heterogeneity, and differences in the 

strategies for defining and identifying it have made comparisons among distinct studies 

difficult. 

Lastly, Ttex are considered fully differentiated Texh subsets. As well as lacking TCF1, Slamf6 

and CXCR5, they express high levels of TIM-3 and other inhibitory molecules, as well as CD39 

and CD69. Ttex can also express some effector molecules such as granzymes, but to a much 

lower extent compared to Tint. Indeed, they may even contribute to immune suppression 

through the production of immunomodulators such as adenosine80. Conversely to Tpex, high 

abundance of Ttex is generally associated with poor anti-tumour responses and worse clinical  
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Figure I-2. Differentiation trajectory of exhausted CD8 T cells. Upon persistent 

stimulation (i.e. chronic viral infection or cancer), CD8 T cells enter an exhausted 

differentiation trajectory characterised by a spectrum of differentiation subsets. Commonly 

used markers for the identification of naïve and different CD8 exhausted T cell subsets in 

murine systems are shown. 
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outcomes. The Ttex differentiation state is considered short-lived, and the eventual fate of Ttex 

is likely to be deletion.  

The precise lineage relationship between different Texh subsets is still under debate. 

Nonetheless, clonal lineage tracking data suggest that Tpex can give rise to both Tint and Ttex 

(referred to as branched differentiation model), and that Tint may also give rise to Ttex (linear 

differentiation model)81,82. It is likely that these two differentiation models co-exist, and 

specific immune milieu and level of antigen stimulation within the TME may determine which 

of the two is more prevalent in any given context. It is also important to emphasise that Texh 

exist in a continuum of differentiation states rather than as clearly defined subsets, which makes 

the categorisation of specific phenotypes into pre-defined states challenging. 

The functional consequences of ICT in Texh has been an area of substantial debate. Early 

observations showing that PD-1 blockade reinvigorates Texh led to the hypothesis that this 

could be an effective strategy to reverse exhaustion. Nonetheless, it is now known this is not 

the case. T cell exhaustion is driven in part by chromatin and epigenetic changes that are not 

substantially altered upon PD-1 inhibition83. Rather, temporarily blocking PD-1 inhibitory 

signalling favours the differentiation of Tpex into Tint subsets with increased effector 

functions, leading to enhanced anti-tumour responses75,76,84. However, while reversible 

checkpoint inhibition has proven to be clinically transformative, long-term absence of these 

inhibitory signals can lead to a depletion of the Tpex pool and an increase in the proportion of 

Ttex. Indeed permanent knock-out (KO) of Pdcd1 (which encodes PD-1) in T cell-based ACT 

does not lead to substantial improved responses and may compromise the persistence of 

tumour-targeting T cells85,86. 

1.4.4 Transcriptional regulation during CD8+ T cell exhaustion 

The mechanisms governing how different Texh subsets function during anti-tumour responses 

are controlled by several key transcriptional regulators. At its core lays the balance between 

two opposing epigenetic programmes: one relating to long-term maintenance, memory and 

stemness; and a second one involving T cell activation and the acquisition of effector 

functions78,87. 

Tpex are adapted to sustain prolonged periods of antigen stimulation and maintain a stable cell 

pool. They achieve this through TFs that modulate the activation of effector-associated gene 

networks and favour long-term maintenance. Initially, exhaustion starts with the induction of 

nuclear factor of activated T cells (NFAT) and NFAT2 instigated via TCR signalling. This leads 
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to the expression of PD-1 and other inhibitory receptors that modulate the level of stimulation 

and facilitate maintenance of the Tpex pool; as well as upregulation of TOX66,67. In turn, TOX 

shapes the exhaustion epigenetic landscape, stabilising the expression of PD-1 and committing 

T cells to the exhaustion lineage88. Another important factor is forkhead box protein O1 

(FOXO1), a pioneer TF that directly regulates other key transcriptional Tpex regulators such 

as TCF1 and broad complex-tramtrack-bric a brac and Cap'n'collar homology 2 (BACH2)89. 

TCF1, a key marker of the Tpex subset, possess Tpex-stabilising properties through the 

induction of Eomesodermin and c-MYB, which silence the expression of genes involved with 

differentiation90. Similarly, BACH2 directly inhibits acquisition of Ttex features91,92. In 

addition, other factors that promote survival and maintenance, such as inhibitor of DNA 

binding 3 (ID3) and B cell lymphoma 2 (BCL-2), are also expressed in Tpex78. 

How the balance between Tpex and more differentiated Texh subsets is maintained during anti-

tumour responses in not entirely understood. Nonetheless, it is now known that transition to an 

effector and eventually a terminally differentiated state involves silencing of the mechanisms 

preventing the expression of genes associated with these states. For instance, downregulation 

of TCF1 and BACH2 is a key feature of Tint and Ttex differentiation90-92. This releases the 

activity of factors including activation protein 1 (AP-1) family members such as c-Jun and 

JunD; as well as other key factors including interferon regulatory factor 4 (IRF4), basic leucine 

zipper transcription factor (BATF) and B lymphocyte-induced maturation protein-1 (BLIMP-

1) 78. The target genes from these TFs promote effector functions and terminal differentiation, 

driving the transition from Tpex to other subsets. 

1.5 Adoptive T cell therapy 

The discovery of the cytotoxic properties of CD8+ T cells during the 1970s opened the doors 

to the possibility of leveraging their function therapeutically. At a similar time, IL-2 was 

identified as a key T cell growth factor playing an important role in promoting T cell survival 

and proliferation. This enabled the isolation, in vitro expansion and reinfusion of primary T 

cells for therapeutic purposes: an approach referred to as T cell-based ACT.  For the first time, 

ACT allowed medicine to directly harness the cytotoxic properties of CD8+ T cells and 

systematically direct it against cancer, adding a powerful new weapon to the arsenal of anti-

cancer therapies. Broadly, there are two classes of T cell-based ACT: tumour infiltrating 

lymphocyte (TIL) therapy, and lymphocytes with genetically engineered antigen receptors. 

1.5.1 TIL therapy 
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The general principle behind TIL therapy is that of using transplantable tumours as a source of 

tumour-specific lymphocytes93. This process starts with excision of the tumour mass and 

culture of the resulting fragments in high concentration of IL-2 for promoting T cell survival 

ex vivo. Subsequently, T cells undergo several rounds in vitro stimulation and expansion using 

IL-2, feeder cells, and activating antibodies that crosslink CD3 within the TCR complex. 

Finally, up to ~1011 expanded T cells can be obtained and reinfused into the patient, which can 

target both primary and metastatic tumour lesions. 

By the late 1980s, the first demonstrations of the clinical potential of TIL therapy were 

observed in a trial using TILs and systemic IL-2 delivery on metastatic melanoma patients, 

with 60% of the cohort showing regressions94. Later trials also showed that the use of 

lymphodepleting chemotherapy prior to TIL therapy improved the engraftment, expansion and 

persistence of adoptive T cells95. This likely occurs through the clearance of the endogenous 

lymphocytes, which leads to an increase in the availability of T cell growth factors accessible 

to the adoptive T cells96,97. Nonetheless, despite several examples of powerful responses 

induced by TIL therapy, the complexity and cost of the process, and the variability in 

therapeutic outcomes, have made clinical translation difficult. Optimisations in the methods for 

isolation and expansion of TILs have been occurring ever since the first trials, and the Food 

and Drug Administration (FDA) approved a TIL therapy (lifileucel, sold under the brand name 

Amtagvi) for the first time in 2024 for the treatment of unresectable or metastatic melanoma98. 

1.5.2 Genetically engineered antigen receptors 

Access to tumour-specific lymphocytes through cancer extirpation is a complex process and is 

limited only to resectable tumours. Nonetheless, peripheral T cells can be genetically 

engineered to express antigen receptors recognising tumour antigens of interest.  

One approach consists of editing T cells to express a transgenic TCR. This type of therapy, 

called TCR T cell therapy, enables engineered T cells to target known cancer-associated 

peptides displayed through MHC I receptors. Historically, identifying suitable TCR sequences 

to be used therapeutically has been challenging due to the vast array of existing TCR clones 

and the lack of suitable technologies. Nonetheless, several common cancer-associated peptides 

had been identified by the early 2000s, and the first evidence of cancer regression in a clinical 

setting using TCR T cell therapy came in 200699. 

TCR T cells can theoretically be used to target any intracellular protein through the MHC 

system. However, a major limitation of TCR T cell therapies is that TCR specificity is 
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determined not just by the sequence of the peptide presented via an MHC molecule, but also 

by the structure of the MHC molecule itself. In humans, MHCs are encoded by human 

leukocyte antigen (HLA) genes, which are among the most polymorphic genes in the genome. 

Consequently, a given TCR may recognise a peptide and form an immunological synapse when 

presented by the MHC of one individual, but not when presented from the MHC of a different 

individual. This phenomenon, known as HLA restriction, increases the diversity of peptides 

presented by a given population and maximises its likelihood of effectively responding to any 

potential pathogen, but also restricts the use of TCR T cell therapies to patients with a 

compatible HLA genotype46,100. Despite this challenge, work done over the past 20 years to 

identify TCRs specific to prevalent HLA alleles and to optimise the process of T cell editing 

and manufacturing have led to the first approval of a TCR T cell therapy (afamitresgene 

autoleucel) in 2024 for melanoma-associated antigen 4 (MAGE-A4)-positive advanced 

synovial sarcoma101. 

An alternative approach, pioneered in the 1980s, involves the use of chimeric antigen receptors 

(CARs). This type of receptors have an extracellular portion constructed by linking the light 

and heavy chains from the variable region of an antibody specific to an antigen of interest, 

referred to as single-chain variable fragment (scFv). The scFv is linked to intracellular domains 

derived from stimulatory or co-stimulatory signalling receptors through a transmembrane 

region. Once the scFv recognises an antigen on a target cell, clustering of CAR receptors 

occurs, emulating clustering of TCR receptors during the immune synapse and leading to 

downstream activation of stimulatory and co-stimulatory effector proteins102. CAR receptors 

can be designed to target any surface protein of interest regardless of a patient’s HLA genotype, 

making them a more versatile approach than transgenic TCRs. Initial CAR designs (‘first-

generation’ CARs) contained only a CD3ζ intracellular domain (part of the TCR complex). 

However, the addition of a second intracellular co-stimulatory domain from CD28 or 4-1BB 

(‘second-generation’ CARs) greatly improved their efficacy and propelled them into the 

clinic102. Since 2017, there have been several approvals by the regulatory agencies worldwide 

of CAR T cell therapies targeting either CD19 or B cell maturation antigen (BCMA) for various 

B cell malignancies, leading CAR T cell therapy to transform the treatment of haematological 

malignancies (Fig. I-3 and Table I-1)103,104. 
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Figure I-3.  The autologous CAR T cell therapy cycle. Diagram representing the 

autologous CAR T cell therapy cycle. First, patient blood gets obtained, from which T cells 

are isolated. Then, T cells are genetically engineered through the use of a viral vector 

encoding the CAR receptor to generate CAR T cells. CAR T cells are then expanded, 

characterised via flow cytometry and administered into the patient. 

 

  



18 
 

   

Trade 
name Generic Name Developer Target Indication Vector 

Type 
Costimulatory 

Domain 

Approval 
year 

(FDA) 

Kymriah Tisagenlecleucel Novartis CD19 ALL, R/R 
DLBCL LV 4-1BB 2017 

Yescarta Axicabtagene 
ciloleucel Kite (Gilead) CD19 

R/R 
DLBCL, 
PMBCL, 
FL 

GR CD28 2017 

Tecartus Brexucabtagene 
autoleucel Kite (Gilead) CD19 MCL, ALL GR CD28 2020 

Breyanzi Lisocabtagene 
maraleucel BMS CD19 R/R LBCL, 

FL, MCL LV 4-1BB 2021 

Abecma Idecabtagene 
vicleucel 

BMS / 
2seventy bio BCMA R/R MM LV 4-1BB 2021 

Carvykti Ciltacabtagene 
autoleucel 

J&J / Legend 
Biotech BCMA R/R MM LV 4-1BB 2022 

Aucatzyl Obecabtagene 
autoleucel 

Autolus 
Therapeutics CD19 ALL LV 4-1BB 2024 

Table I-1. Summary of approved CAR T cells (US, UK and EU). Information regarding 

all approved CAR T products in the US, UK and EU territories. BMS, Bristol Myer Squid; 

J&J, Johnson & Johnson; ALL, acute lymphoblastic leukemia; R/R, refractory or relapsed; 

DLBCL, diffuse large B cell lymphoma; PMBCL, primary mediastinal B cell lymphoma; 

FL, follicular lymphoma; MCL, mantle cell lymphoma; MM, multiple myeloma; LV, 

lentivirus; GR, gamma-retrovirus. 
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1.6 Improving T cell persistence in adoptive T cell therapy 

Both TIL and genetically engineered cell therapies have shown immense promise in the clinical 

setting. Nonetheless, limited T cell persistence following adoptive transfer has been a major  

challenge in both modalities. This is because T cells are exposed to long periods of antigen 
stimulation within the tumour, which promotes their differentiation into a Ttex state with 
limited effector functions and a short lifespan. Identifying strategies to extend the survival of 
adoptive T cells is hence of importance to the field105. 

1.6.1 Optimising T cell culture conditions 

Consistent with the impairment of anti-tumour function driven by terminal differentiation, the 

presence of less differentiated T cell populations within the starting infusion product is 

correlated with improved expansion and persistence of adoptive cells in pre-clinical and 

clinical settings75,79,106. In light of this, several approaches have been employed to improve the 

starting phenotype of T cells prior to ACT.  

One example is the use of biological or pharmacological interventions to ‘uncouple’ the ex vivo 

culture and expansion of lymphocytes (as part of the ACT treatment cycle) from effector and 

terminal differentiation. This can be particularly important in the context of TIL therapy, since 

the starting infusion material is derived from activated and antigen-experienced cells. For 

instance, using IL-7 and IL-15 during culture, as opposed to IL-2, results in T cells with a lower 

degree of differentiation107. Similarly, inhibitors of (AKT) and bromodomain inhibitors 

(disrupting the recognition of certain epigenetic marks by bromodomain-containing TFs) have 

been shown to restrain T cell differentiation without significantly compromising T cell 

expansion108-110. 

Another simple and cost-effective approach is that of reducing the expansion time of T cells 

prior to infusion. This may result in a lower number of lymphocytes in the infusion product, 

but the retention of a less differentiated phenotype results in an enhanced anti-tumour 

response111,112. Further, this can also reduce the treatment timelines for patients and, therefore, 

the cost of manufacturing. Nonetheless, despite the benefits and cost-effectiveness associated 

with optimising culture conditions, these approaches only yield transient improvements and do 

not address the acquisition of a Ttex state in vivo. 

1.6.2 Controlling the level of T cell stimulation 
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A different strategy involves pharmacological interventions to modulate the level of T cell 

activation after the cells have been adoptively transferred. An example of one such approach 

is the use of a drug-regulatable CAR receptor, which can be stabilised (ON) or destabilised 

(OFF) in vivo via the administration of a drug. The use of an ON/OFF regimen was shown to 

improve the function of the CAR T cells by preventing prolonged, uninterrupted periods of 

stimulation and providing ‘rest’ intervals during the anti-tumour response113. The same group 

achieved similar results using an intermittent regimen of the kinase inhibitor dasatinib, known 

to disrupt T cell stimulation signalling.  

As opposed to controlling the time of T cell stimulation, modulating the magnitude of the signal 

can also bear beneficial effects on the function of the T cells. For instance, multiple studies 

have shown that decreasing the affinity of the antigen receptor towards a specific antigen, or 

decreasing the number of ITAM motifs in the intracellular region of a CAR, can reduce the 

degree of terminal differentiation and have positive implications in the anti-tumour response114-

116. 

Notably, while these approaches are promising, their clinical translation can be difficult. 

Strategies relying on the use of exogenous drugs for modulating T cell function face challenges 

including identifying the right regimen of drug administration, any potential side effects of the 

exogenous molecules, and intrinsic differences in T cell differentiation states among patients. 

On the other hand, designing antigen receptors with optimal affinity requires a preceding 

understanding of what constitutes ‘optimal’ in each context. Indeed, it is likely that this depends 

on multiple factors such as the level of antigen expression in target cells and the level of CAR 

expression in the T cells. For these reasons, finding the right antigen affinity of a transgenic 

receptor can be a time-consuming process, which would need to be repeated for each specific 

antigen. 

1.6.3 Transcriptional regulators as targets for extending T cell persistence 

As previously described, T cell differentiation states play an important role in dictating their 

ability to engage effector functions in scenarios of chronic stimulation. Leveraging the 

transcriptional regulators that control these states, either by disrupting or activating key adaptor 

proteins, could be an attractive strategy for improving the persistence and anti-tumour activity 

of T cells. Importantly, such approaches could be widely applied across different cell therapy 

modalities and cancer targets. 
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Critically, the suppression of effector functions associated with Ttex differentiation is a key 

mechanism of T cell deletion and therapeutic failure in ACT. To address this, a number of 

groups have attempted the overexpression (OE) of different TFs with the aim of restoring high 

levels of T cell function. These include factors belonging to the AP-1 family, which drive the 

expression of genes involved in T cell proliferation and cytokine production. For instance, OE 

of the AP-1 members c-Jun or basic leucine zipper ATF-like transcription factor (BATF) have 

independently been shown to enhance CAR T cell function in various pre-clinical tumour 

models117,118.  

Similarly, other attempts have involved the use of TFs involved in mediating T cell survival 

and proliferation. This was the case in a study that overexpressed a constitutively active version 

of signal transducer and activator of transcription 5 (STAT5-CA) – the principal mediator of 

transcriptional changes resulting from IL-2 signalling – which resulted in significant 

enhancement of the proliferative ability and engraftment of anti-tumour T cells by rewiring the 

terminal T cell differentiation state119. A related approach includes enforcing the expression of 

proteins bearing naturally occurring T cell-associated oncogenic mutations, such as the fusion 

of caspase recruitment domain-containing protein 11 and phosphoinositide-3-kinase regulatory 

subunit 3 (CARD11-PIK3R3), which resulted in improved persistence and increased AP-1 

signalling120. 

Comparable results can also be obtained by disrupting the activity of negative regulators 

involved in antagonising stimulatory signals, which can favour the maintenance of T cell 

effector functions. For example, NR4A TFs have been shown to inhibit the function of AP-1 

factors and promoting the expression of inhibitory receptors. Consequently, triple KO of three 

NR4A TFs can result in improved persistence and anti-tumour responses in pre-clinical 

models121. Similarly, disruption of negative regulators of T cell effector differentiation such as 

REGNASE-1 or suppressor of cytokine signalling 1 (SOCS1) can increase the number of T 

cells acquiring effector states and improve therapeutic outcomes in several pre-clinical ACT 

tumour models122-124. 

The generalisability of these approaches together with the positive data emerging from 

numerous pre-clinical studies has led to its widespread adoption among biotech companies 

developing the next generation of T cell therapies. Nonetheless, recently they have also raised 

concerns over their potential to exacerbate immune-based toxicities and even promote 

oncogenic T cell states among adoptive T cells. This has most notably been exemplified via a 
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warning issued by the FDA over potential cases of T cell-derived malignancies following 

ACT125. While the number of cases remains low, the clinical impact of strategies relying on 

actively driving T cell activation is still unclear. Indeed, the biological mechanisms exploited 

in some of the above-mentioned studies involve oncogenic-associated genetic edits. For 

instance, aberrant STAT5 activation, the CARD11-PIK3R3 fusion and disruption of SOCS1 

have all been described in the context of cellular malignancy120,126,127. Therefore, the clinical 

risks and benefits of these approaches will need to be carefully evaluated in the coming years. 

1.6.4 Leveraging memory transcription factors for preventing terminal differentiation 

An alternative approach to actively promoting the acquisition of effector characteristics is 

instead that of delaying or preventing terminal differentiation. Memory factors are attractive 

candidates for this strategy, because they are associated with differentiation and maintenance 

of memory and Tpex states and are generally known to oppose T cell differentiation56. 

Recently, two groups independently showed that OE of the memory-associated TF FOXO1 

limits the degree of terminal differentiation in a pre-clinical model of tumour-targeting CAR T 

cells, thereby enhancing their anti-tumour immunity128,129. This strategy is promising because 

memory factors likely carry a lower risk of causing T cell hyperactivation, resulting in a 

potentially safer alternative to other previously used TFs. Furthermore, it is likely widely 

applicable to different T cell therapy modalities, regardless of the specific CAR or TCR 

receptor used. 

However, beyond FOXO1, efforts to harness memory factors remain limited. The FOXO1 

studies from Weber’s and Darcy’s laboratories, published in 2024, were the first to demonstrate 

the effective use of memory factors in enhancing CAR T cell function. Some prior reports 

showed modest improvements using the Tpex-associated factor TCF1, but attempts at 

replicating these findings have yielded mixed results128,130. Nonetheless, given the growing 

body of evidence highlighting the importance of preventing Ttex differentiation among 

tumour-specific T cells, this is an area that warrants further investigation. In this context, 

BACH2 is a transcription factor of particular significance, since previous studies (including 

our own) have highlighted its role maintenance of both memory CD8⁺ T cells and CD8⁺ Tpex 

during acute and chronic viral infections, respectively92,131. 

1.7 BACH2 
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The dynamics of cell differentiation and the balance between different cellular subtypes is 

dictated by the function of transcriptional regulators, responsible for activating and suppressing 

different genetic programmes. Over the past decade, BACH2 has emerged as a key TF with 

important roles in different cell types, particularly those of the innate and lymphoid immune 

lineages. 

1.7.1 The basic leucine zipper TF family 

BACH2 is a 92 kDa transcriptional repressor that belongs to the basic leucine zipper (bZIP) 

family of TFs, a large evolutionarily conserved group of transcriptional regulators implicated 

in a wide range of biological processes. bZIP TFs are characterised by two functional domains: 

a conserved basic DNA-binding region, and a less conserved leucine zipper (ZIP) domain. The 

ZIP domain consists of a series of leucine residues forming an α-helical structure that allows 

bZIP proteins to dimerise (either as homodimers or heterodimers), which is essential for their 

function as transcription factors132. As dimers, bZIP TFs bind to DNA sequences containing 

one of two core palindromic motifs: 12-O-Tetradecanoylphorbol-13-acetate (TPA) response 

element (TRE, 5’-TGASTCA-3’), or cAMP response element (CRE, 5’- TGACGTCA-3’)132.  

The dimeric nature of these factors contributes to their wide functional diversity. Different bZIP 

complexes with different DNA specificities can assemble based on the relative expression 

levels of individual members. This also enables individual non-functional monomers to form 

either activator or repressor complexes based on their specific partner. In humans, there are 53 

bZIP members belonging to 21 distinct subfamilies, including the AP-1, the MAF and BACH 

TFs132. 

1.7.2 The BACH subfamily 

BACH1 and BACH2 are the only two members of the BACH subfamily of TFs. Within 

immune subsets, BACH proteins display mutually exclusive patterns of expression: BACH1 is 

predominantly expressed in innate subsets, while BACH2 is primarily restricted to the 

lymphoid lineage133. BACH factors are the only known bZIP members containing bric-a-brac–

tramtrack–broad complex (BTB) domains, which enables protein-protein interactions and is 

involved in the recruitment of transcriptional co-repressors. In addition, both BACH members 

possess cysteine-proline motifs (six in BACH1, five in BACH2). These regions enable binding 

to haem and enable the transcriptional activity of BACH proteins to be tightly regulated by 

haem levels133. 
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The earliest known BACH-related gene ancestor is found in Ciona intestinalis, indicating its 

emergence predates the development of the adaptive immune system134. A second BACH-

related gene developed in jawed vertebrates, likely as a result of gene duplication, coinciding 

with the appearance of adaptive immunity135. Notably, the evolutionary timeline of the BACH 

protein pair – spanning both before and after adaptive immunity's emergence – mimics the 

mutually exclusive expression of BACH1 and BACH2 in innate and lymphoid cells 

respectively133. 

Functionally, BACH1 and BACH2 are well-established transcriptional repressors. For 

instance, in murine macrophages, MAFK (bZIP factor belonging to the MAF subfamily) 

interacts with NRF2 to activate haem oxygenase 1 (HO1, encoded by Hmox1)136. Under high 

levels of haem, haem binding to BACH1 triggers its nuclear export and degradation. 

Conversely, at low haem concentrations, BACH1 binds MAFK and blocks NRF2-driven 

transcriptional activity by competing for the same genetic loci as NRF2-MAFK.  

A similar mechanism has been described for BACH2 in lymphoid cells. By associating with 

AP-1 factors such as BATF, BACH2 can bind at the same loci as other AP-1 dimers and prevent 

their transcriptional activity (Fig. I-4)131,137,138. Like BACH1, the activity of BACH2 is also 

tightly regulated by its total availability. In T cells, BACH2 is differentially expressed among 

T cell subsets (see later), and phosphorylation at its S520 amino acid residue via TCR-mediated 

signalling leads to its nuclear export and degradation131. 

Beyond ‘passive’ inhibition of transcriptional activity through competition for target loci, the 

BTB domain characteristic of BACH members can also interact with co-repressors. This is 

exemplified by the ability of BACH2 to recruit histone deacetylase 3 (HDAC3), which in turn 

mediates epigenetic modifications resulting in transcriptional silencing of target genes139.  

1.7.3 BACH2 in T cell biology 

BACH2 has been found to be expressed in a number of lymphocyte subsets, including B cells, 

T cells and NK cells133. Initial studies investigating the role of BACH2 in B cell class switching 

led to the development of a Bach2–/– mouse140. The resulting animals displayed a spontaneous 

inflammatory disorder that resulted in a median lifespan of 4.5-6 months and were 

characterised by immune infiltration of eosinophils, macrophages and conventional CD4+ T 

cells in lung and gastrointestinal tissues, as well as elevated levels of serum auto-antibodies91. 

To elucidate the underlying cause of this inflammatory phenotype, a series of elegant 

experiments were conducted using Rag1-deficient animals (lacking B and T cells) reconstituted  
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   Figure I-4. Mechanism of action of BACH2. a, Diagram representing the mechanism of 

action of BACH2. In the absence of BACH2, AP-1 transcription factors are able to partner 

and activate the expression of genes associated with effector and terminal differentiation 

upon TCR stimulation (left). In contrast, when BACH2 is expressed at high levels, it 

disrupts AP-1-mediated gene expression by dimerising with other AP-1 factors and 

occupying AP-1 binding sites, therefore active as a passive repressor of expression (right). 

b, BACH2 and other AP-1 factors recognise the TRE DNA palindromic motif (5’-

TGASTCA-3’). The basic region within the bZIP domain of each partner in a dimer bind a 

similar ‘5’-TGAS-3’’ sequence. 
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with a mix of WT and Bach2–/– bone marrow-derived cells. A near-complete absence of thymic 

or splenic Tregs only in the Bach2–/– cell compartment was observed, suggesting an important 

cell-intrinsic role for BACH2 in both thymic and peripheral Treg development as the 

underlying cause of the observed inflammatory phenotype. This was further demonstrated 

through the recovery of a non-inflamed phenotype through the transfer of WT bone marrow 

cells containing CD4+ Tregs91. 

Beyond Treg development, research performed over the past decade has shown that BACH2 

also plays a crucial role in both CD4+ and CD8+ conventional T cell subsets. Functionally, 

through the inhibition of AP-1 signalling, BACH2 restrains activation of effector-associated 

genes.  

In CD4+ T cells, BACH2 regulates the expression of helper T cell cytokines such as IFN-γ, IL-

5, IL-4, IL-13 or IL-17A. For instance, following in vitro stimulation under peripheral Treg-

inducing conditions, naïve CD4+ T cells lacking Bach2 exhibit aberrant activation of gene 

expression programmes typically associated with helper T cell differentiation91,141,142. 

In CD8+ T cells, restraint of TCR-driven effector programmes plays a crucial role in the 

formation of immunological memory. As previously discussed, the process of T cell 

differentiation from naïve to more effector subsets is tightly regulated and dependent on antigen 

stimulation. The progressive differentiation model proposes that, over time, maintained TCR 

signalling induces changes in the expression of genes that mediate the differentiation process 

and acquisition of effector functions, many of which are driven by AP-1 factors. BACH2 

regulates this process by acting as a negative regulator of differentiation and TCR-driven 

signalling92,131,141. 

Mechanistically, Bach2 mRNA levels are highest in naïve CD8+ T cells, intermediate in 

memory subsets, and are nearly absent in fully differentiated effector cells. Through this graded 

expression pattern, BACH2 modulates TCR signalling across multiple T cell subsets 

differently, shaping the transcriptional response to antigen stimulation accordingly131,133. This 

regulatory mechanism helps preserve the lymphoid tissue homing and long-lived properties in 

the case of memory T cells, and the ‘self-renewal’ and functional properties in that of Tpex. 

Consequently, the lack of Bach2 in T cells responding to viral and bacterial infections leads to 

compromised acquisition of a central memory phenotype and caused an elevated rate of 

apoptosis and terminal differentiation compared to WT T cells131. This is consistent with an 

observed downregulation of anti-apoptotic factors in cells lacking Bach2, including BCL-2, 
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BCL-XL and myeloid cell leukaemia 1 (MCL1). As a result, Bach2–/– CD8+ T cells displayed a 

diminished capacity for controlling bacterial titres using a model antigen-specific in vivo model 

of L. monocytogenes infection, and a decreased level of clonal expansion in viral infection 

models131. 

Conversely, overexpression of BACH2 has been shown to promote the formation of memory 

and Tpex CD8+ T cells in various contexts, while abolishing Ttex differentiation92,131. This was 

evident from higher levels of expression of markers such as CD62L, in the case of acute 

infections, or TCF-1 and Slamf6, in the case of chronic stimulation models. Similarly, the levels 

of effector and Ttex markers, such as CD44, KLRG1 or TIM-3, were significantly 

downregulated in these same models, and lower levels of apoptosis were measured. BACH2-

overexpressing CD8+ T cells under chronic stimulation conditions also showed transcriptomic 

and epigenetic profiles resembling those observed in Tpex subsets. 

1.8 Leveraging BACH2 for improving T cell therapy in solid tumours 

The observations implicating BACH2 in the formation of Tpex and its role in preventing 

terminal differentiation - combined with growing appreciation over the past decade that poor 

T cell persistence and a tendency toward Ttex differentiation are major limitations in ACT - 

point to a compelling hypothesis: could BACH2 overexpression improve the persistence and 

functionality of tumour-specific CD8⁺ T cells? By inhibiting terminal differentiation and 

maintaining the defining features of the Tpex subset, BACH2-mediated transcriptional 

programming may enhance therapeutic efficacy and counteract the detrimental effects 

associated with terminal differentiation. The present work focuses on examining the hypothesis 

that ectopic expression of BACH2 can be leveraged to improve the performance of T cells in 

the context of ACT. 
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2. Material and methods 

2.1 Mice 

2.1.1 Experimental mice 

OT-I and Ptprca (CD45.1) congenic mice were sourced from the Jackson Laboratory. Tandem 

red fluorescent protein (RFP) Bach2 (Bach2tdRFP/+) reporter mice were generated as previously 

described and supplied by Tomohiro Kurosaki (Osaka University)143. 3xFLAG-tagged Bach2 

mice (BACH2FLAG mice) were generated as previously described and supplied by Richard A. 

Flavell (Yale School of Medicine)144. Wild-type (WT) C57BL/6 mice were acquired from 

Charles River Laboratories (Wilmington, MA, USA) and acclimatised for one week prior to 

any experiment. All experiments utilised 8–12-week-old mice, matched within groups for age 

and sex. Animals were housed within the Gurdon Institute Facility at the University of 

Cambridge's Biomedical Services (UBS). All procedures adhered to UK Home Office 

regulations under the project license PP2448972 and received approval from the University of 

Cambridge Animal Welfare and Ethics Review Board. 

2.1.2 Mice genotyping 

Mice were genotyped using Transnetyx® Inc. (Memphis, TN, USA) by collecting ear biopsies 

from mice, placing them in 96-well plates and posting them. Genotype results were confirmed 

72 hours following receipt of biopsies.  

2.2 Cell lines and cell culture reagents 

2.2.1 Adherent cell lines 

The murine melanoma cell line B16-F10 was obtained from the American Type Culture 

Collection (ATCC). The murine melanoma cell line B78Ch-ovalbumin-mCherry (B16-OVA) 

was generously provided by Prof M. Krummel (University of California, San Francisco). The 

murine colorectal adenocarcinoma cell line MC38-ovalbumin (MC38-OVA) was purchased 

from Vitro Biotech. Platinum-E retroviral packaging cell line (Plat-E) was purchased (Cell 

Biolabs). All cell lines were maintained in Dulbecco's Modified Eagle Medium (DMEM, 

Gibco) supplemented with 10% heat-inactivated foetal bovine serum (FBS) (Sigma), 100 U/ml 

streptomycin and penicillin antibiotics (Gibco), 2 mM glutamine (Gibco), 0.1 mM non-

essential amino acids (Gibco) and 1 mM sodium pyruvate (Gibco), termed DMEM complete 

medium (DCM). Cells were passaged by dissociating them using TrypLE dissociation reagent 
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(Gibco) following the manufacturer’s instructions, reseeding them in tissue culture-treated 

T175 flasks at an appropriate dilution using DCM and cultured at 37 ºC, 5% CO2. 

2.2.2 Primary cells 

Murine-derived primary splenocytes and T cells were cultured in Roswell Park Memorial 

Institute (RPMI) medium supplemented with 10% heat-inactivated FBS, 100 U/ml 

streptomycin and penicillin antibiotics (Gibco), 2 mM glutamine (Gibco), 0.1 mM non-

essential amino acids (Gibco) and 1 mM sodium pyruvate (Gibco), termed RPMI complete 

medium (RCM). Murine-specific anti-CD3 (clone 145-2C11, BioLegend) and anti-CD28 

(clone 37.51, BioLegend) were used for in vitro stimulation and co-stimulation of primary T 

cells. Human recombinant interleukin (IL)-2 (rhIL-2, PeproTech) was aliquoted and stored at 

–80 ºC prior to use. Cells were either used directly in experiments and analyses or cultured at 

37 ºC, 5% CO2. 

2.3 Tissue processing 

2.3.1 Spleens and lymph nodes 

Following sacrifice of experimental mice, spleens and tumour-draining lymph nodes were 

carefully dissected and transported into the laboratory in ice-cold phosphate buffered saline 

(PBS). The tissues were placed in 40 µm cell strainers (Falcon), mechanically dissociated using 

sterile plastic 5 ml syringe plungers and washed with PBS. Erythrocytes were lysed using ACK 

Lysing Buffer (Gibco) at room temperature for 3 minutes (splenocytes only). Samples were 

filtered through a 40 µm cell strainer, washed twice in PBS and resuspended in RCM. 

2.3.2 Tumours 

Following sacrifice of experimental mice, tumours were carefully dissected and transported 

into the laboratory in ice-cold PBS. The tumours were weighed and placed in 7 ml Bijou 

containers (Thermo Scientific Sterilin) containing 2 ml DCM with 20 µg/ml DNase I (Roche) 

and 1 mg/ml collagenase (Sigma). Tumour samples were finely cut using scissors and 

incubated at 37 ºC for 30 minutes for digestion. Following digestion, tumour samples were 

mechanically dissociated using sterile plastic 5 ml syringe plungers and washed twice with 

PBS. TILs were enriched using Lympholite®-M solution (Cedarlane) following the 

manufacturer’s instructions. Samples were washed twice in PBS and resuspended in RCM prior 

to analysis. For evaluating cytokine production, single-cell suspensions were resuspended in 

RCM containing either 20 ng/ml phorbol myristate acetate (PMA, Sigma) and 1 µg/ml 
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ionomycin (ION, Sigma), or 5 µg/ml anti-CD3; together with 5 µg/ml monensin (Sigma) and 

5 µg/ml brefeldin A (Sigma). 

2.4 Retroviral T cell transduction 

2.4.1 Construction of retroviral vector plasmids 

Murine stem cell virus (MSCV)-based backbone vectors, consisting of DNA plasmids 

containing a 5’ long terminal repeat (LTR) sequence, an MSCV Ψ+ RNA packaging signal, a 

3’ LTR sequence, an origin of replication and an ampicillin-resistance cassette, were used for 

all retroviral transductions. Coding sequences (CDSs) encoding the transgenes of interest were 

introduced between the 5’ and 3’ LTR regions, either by Gibson assembly or by commissioning 

the synthesis to an external supplier (VectorBuilder).  

Vectors used for the ectopic expression of BACH2 and of the constitutively active triple alanine 

FOXO1 mutein (FOXO1AAA) contained a single open reading frame (ORF) with the CDS of 

the transduction reporter Thy1.1 followed by a self-cleavage T2A motif and the CDS of murine 

BACH2 (CCDS51135.1) or FOXO1AAA, both tagged with a 3xFLAG tag at its corresponding 

N-termini. The three alanine mutations in FOXO1AAA correspond to T24A, S253A and S316A 

in the CDS of murine WT FOXO1 (CCDS17343.1)145. To achieve different doses of BACH2 

and FOXO1AAA, specific STOP-translational readthrough motifs (TRMs)146 were placed 

between the Thy1.1 and T2A sequences. Vectors used as ‘empty vector’ (EV) control contains 

an internal ribosome entry site (IRES) sequence followed by an ORF encoding Thy1.1. 

2.4.2 Production of retroviral particles 

Plat-E cells were used to produce retroviral particles following the manufacturer’s instructions 

from Mirus Bio. Briefly, ~1.1 x 107 Plat-E cells were seeded in DCM in a T175 flask (Thermo 

Fisher Scientific) ~24 hours prior to transfection to ensure a confluency of ~70% at the time of 

transfection. On the day of transfection, 6.3 µg pCL-ECO retroviral packaging plasmid 

(Addgene plasmid #12371) and 28.5 µg retroviral packaging plasmid of interest were mixed in 

3.2 ml serum-free OptiMEM medium (Gibco) containing 95 µl TransIT-293 transfection 

reagent (Mirus Bio). The resulting solution was incubated for 30 minutes at room temperature 

and added dropwise into Plat-E cells. Transfected Plat-E cells were incubated at 37 ºC, 5% 

CO2. The following day, Plat-E cell media was discarded, and 32 ml DCM were carefully 

added. 48 hours post-transfection, Plat-E cell supernatant containing retrovirus was harvested 
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and  stored at –80. DCM was then replenished and newly harvested 72 hours post-transfection 

for storage at –80 ºC. 

2.4.3 Murine T cell transduction 

Murine splenocytes from OT-I mice were isolated as previously described and incubated in 

RCM supplemented with 100 U/ml rhIL-2, 10 µg/ml anti-CD3 and 10 µg/ml anti-CD28 for at 

2 x 106 cells/ml, 37 ºC, 5% CO2 during 24 hours for inducing T cell activation and expansion. 

The following day, virus-containing supernatant (produced as previously described) was 

thawed and supplemented with 100 U/ml rhIL-2 and 8 µg/ml polybrene (Merck) and used for 

resuspending activated T cells at 1 x 106 cells/ml. Cells were plated in non-tissue culture-treated 

plates, span down at 2,000 g, 32 ºC for 2 hours and incubated a further 4 hours at 37 ºC, 5% 

CO2. Following incubation, cells were resuspended in RCM supplemented with 100 U/ml rhIL-

2 at 1 x 106 cells/ml and incubated at 37 ºC, 5% CO2 for at least 24 hours prior to any experiment 

or analysis to enable adequate levels of transgene expression. 

2.5 Flow cytometry and cell sorting 

Single-cell suspensions were washed twice in PBS and stained with Fixable Viability Dye 

eFluor 780 (Thermo Fisher Scientific) for 30 minutes protected from light at 4 ºC. Cells were 

washed twice in fluorescence-activated cell sorting (FACS) buffer (PBS, 0.5M 

ethylenediaminetetraacetic acid (EDTA), 2% FBS) and blocked with anti-mouse CD16/32 Fc 

block (BioXCell, clone 2.4G2) for 30 minutes protected from light at 4 ºC. For surface staining, 

a surface staining master mix containing all relevant antibodies at appropriate dilutions was 

prepared in FACS buffer with 10% Brilliant Stain Buffer Plus (BD Biosciences). Cells were 

washed twice in FACS buffer and incubated with the surface staining master mix for 30 minutes 

protected from light at 4 ºC. For intracellular staining, an intracellular staining master mix 

containing all relevant antibodies at appropriate dilutions was prepared in permeabilisation 

buffer with 10% Brilliant Stain Buffer Plus using either eBiosciences Foxp3/Transcription 

Factor Staining Buffer Kit (Invitrogen) for staining transcription factors, or BD 

Cytofix/Cytoperm Fixation/Permeabilisation Kit (BD Biosciences) for staining cytokines. 

Cells were washed twice in PBS and fixed using fixing solution from the corresponding kit for 

20 minutes protected from light at room temperature. Cells were then washed twice in the 

corresponding permeabilisation buffer and incubated with the intracellular staining master mix 

overnight protected from light at 4 ºC. Following staining, cells were washed twice with FACS 

buffer and resuspended in FACS buffer with 123count eBeads (Invitrogen) for absolute cell 
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counting. Stained samples were analysed using a 5-laser Cytek Aurora cytometer and data 

analysed using FlowJo v10 (Tree Star Inc.). Uniform Manifold Approximation and Projection 

(UMAP) visualisations were performed using the CyTOF workflow with a cofactor of 150 and 

0-to-1 scaling147. 

For cell sorting, cells were stained using surface staining as previously described. Cells were 

sorted into RCM supplemented with 50% FBS. Cell sorting was performed using MoFlo 

Astrios (Beckman Coulter) or BD Aria cell sorters. 

2.6 Adoptive T cell transfers 

B16-OVA or MC38-OVA cells passaged as previously described were harvested, counted and 

resuspended at a concentration of 1.25 x 106 cells/ml (B16-OVA) or 3 x 106 cells/ml (MC38-

OVA) in DMEM. WT C57BL/6 mice were anaesthetised by inhalation of 2% isoflurane and 

subcutaneously injected with 100 µl of the cell line suspension (1.25 x 105 cells/animal for 

B16-OVA or 3 x 105 cells/animal for MC38-OVA) into the flank and monitored for tumour 

growth during 12-14 days prior to any additional experimental procedures. Tumour-bearing 

mice were pre-selected and randomised into experimental groups before receiving 2.5 Gy 

(MC38-OVA-bearing mice) or 3.5 Gy (B16-OVA-bearing mice) total body X-ray irradiation. 

Later the same day or the following day, T cells derived from an OT-I spleen (OT-I T cells) 

transduced as previously described and rested for 48h in RCM supplemented with 100 U/ml 

IL-2 were harvested, counted and resuspended at 5 x 106 cells/ml in Hanks' balanced salt 

solution (HBSS, Gibco), before being intravenously injected using 100 µl/animal. Following 

administration of transduced OT-I T cells, tumour growth was monitored every 3-4 days using 

electronic callipers (tumour area and volume were calculated as length x width and length x 

width2, respectively). For analysis of tumour-infiltrating cells, tumours were dissected and 

processed 12-21 days after adoptive T cell transfer as previously described. 

2.7 Assessment of endogenous Bach2 expression 

Bach2tdRFP/+ reporter mice received subcutaneous injection of B16-F10 cells as previously 

described using B16-F10 cells (1.25 x 105 cells/animal). For analysis of lymphocytes in the 

spleen, lymph nodes, and tumour, tissues were dissected and processed 16 days after tumour 

inoculation as previously described. Staining and cell acquisition via flow cytometry was 

performed as previously described, avoiding fixatives or permeabilisation to retain intracellular 

RFP signal. 
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2.8 In vitro chronic stimulation assay 

2.8.1 Anti-CD3 plate coating 

To produce an anti-CD3-coated plate, murine-specific anti-CD3 (clone 145-2C11, BioLegend) 

was diluted at 1 µg/ml in PBS, and 100 µl/well of the suspension were transferred to a flat-

bottom tissue culture-treated 96-well plate. The plate was incubated at 37 ºC for >1 hour. 

Immediately before seeding the cells, the anti-CD3 solution was removed from the plate, and 

wells were washed twice with PBS. 

2.8.2 In vitro stimulation 

Murine OT-I splenocytes were isolated and transduced as previously described. The day 

following transduction, cells were harvested and resuspended in RCM supplemented with 100 

U/ml rhIL-2 at 1 x 106 cells/ml. The cells were then seeded into the anti-CD3-coated plate 

(chronic stimulation condition) or a non-coated plate (acute stimulation condition) at 200 

µl/well and incubated at 37 ºC, 5% CO2 for 48 hours. Following the 48-hour incubation, cells 

were harvested and resuspended again in rhIL-2-supplemented RCM and seeded in a new anti-

CD3-coated plate (chronic stimulation condition) or a non-coated plate (acute stimulation 

condition) for an additional 48 hours. For analysis of cytokine polyfunctionality following 

chronic or acute stimulation, cells were harvested, resuspended in RCM supplemented with 

rhIL-2, 5 µg/ml brefeldin-A and 5 µg/ml monensin and seeded into an anti-CD3-coated plate 

for 4 hours. Cells were then transferred to a new plate and stained for flow cytometry analysis 

or cell sorting as previously described. 

2.9 Proteomics analysis 

2.9.1 Proteomics sample preparation 

CD8+ T cells were transduced and subjected to chronic stimulation as previously described. 

Sorted cells were lysed in 80 µL of buffer containing 5% SDS, 10 mM TCEP, and 50 mM 

TEAB, followed by heating at 100 °C for 5 minutes and sonication with a BioRuptor (15 cycles 

of 30 s on/30 s off). The lysates were then treated with benzonase for 15 minutes at 37 °C, and 

protein concentration was determined using the EZQ Protein Quantitation Kit (Thermo Fisher 

Scientific) according to the manufacturer’s instructions. Proteins were alkylated by adding 

iodoacetamide to a final concentration of 20 mM and incubating for 1 hour at room temperature 

in the dark. Samples were then loaded onto S-Trap mini columns (ProtiFi) following the 

manufacturer’s guidelines, and proteins were digested with trypsin at a 20:1 protein-to-enzyme 
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ratio. Digestion was carried out at 47 °C for 2 hours. Resulting peptides were eluted from the 

columns, dried, and resuspended in 1% formic acid. 

2.9.2 Mass spectrometry 

Peptide samples were analysed using single-shot Data Independent Acquisition (DIA). For 

each run, 200 ng of peptide material was injected onto a C18 reverse-phase chromatography 

system (Vanquish, Thermo Scientific) and ionised by electrospray into an Astral Orbitrap mass 

spectrometer (Thermo Fisher Scientific). Chromatographic separation was performed using 

buffer A (0.1% formic acid) and buffer B (80% acetonitrile, 0.1% formic acid) under a gradient 

optimised for 30 samples per day. Peptides were resolved on an Aurora Ultimate column 

(IonOpticks), and data were collected in DIA mode. 

Each scan cycle included a full MS scan covering an m/z range of 380–980 with a resolution 

of 240,000, a custom automatic gain control (AGC) target of 500%, and a maximum injection 

time (IT) of 3 ms. This was followed by DIA MS/MS scans using isolation windows of 2 Th 

without overlap, spanning an m/z range of 150–2000. DIA spectra were acquired with an AGC 

target of 500% and a maximum IT of 3 ms, with normalised collision energy set to 25%. MS 

data were collected in profile mode, while DIA MS/MS events were recorded in centroid mode. 

2.9.3 Proteomics data analysis 

Raw mass spectrometry data were processed with Spectronaut (Biognosys, v19). Searches were 

performed against the mouse SwissProt/TrEMBL database (November 2023 release) using the 

directDIA workflow, with a 1% false discovery rate (FDR). Variable modifications included 

protein N-terminal acetylation and methionine oxidation, while carbamidomethylation of 

cysteine residues was specified as a fixed modification. Protein copy numbers were estimated 

using Perseus software following the approach described by Tyanova et al. and normalised to 

total protein mass per cell148. 

2.10 RNA sequencing and analysis 

2.10.1 RNA sequencing 

Intratumoral transduced OT-I T cells from Slamf6+ and Slamf6– compartments of B16-OVA-

bearing mice (CD45.1+ Thy1.1+ Slamf6+/–) following an adoptive T cell transfer experiment, 

or chronically stimulated transduced OT-I T cells (CD45.1+ Thy1.1+) following an in vitro 

chronic stimulation experiment, were sorted as previously described. All samples were 
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resuspended in 40 µl RNAlater Stabilization Solution (ThermoFisher), left at 4 ºC overnight 

and stored at -80 ºC until use. Total RNA was extracted using the RNeasy Plus Mini kit 

(QIAGEN) as per manufacturer’s instructions, and further downstream processing was 

outsourced to an external service provider (Novogene). In brief, the extracted RNA was used 

for complementary DNA (cDNA) library preparation using the SMARTer Universal Low Input 

RNA Kit (Takara). The quality and concentration of the resulting libraries was assessed, and 

high-quality samples of sufficient concentration were selected and sequenced using an Illumina 

NovaSeq 6000 instrument. 

2.10.2 Processing and analysis of RNA sequencing data 

The quality of the FASTQ files resulting from the RNA-seq workflow were checked using 

FastQC, and the reads were aligned to the GRCm38 Mus musculus genome assembly using the 

Spliced Transcripts Alignment to a Reference (STAR) RNA-seq read mapper. Differential 

expression analysis was performed using DESeq2 (v1.42.0) in R (4.3.2)149. Principal 

component analysis (PCA) was performed using variance stabilising transformed counts 

generated via DESeq2. Heatmaps of gene expression data were generated using the R package 

pheatmap (v1.0.12). Gene set enrichment analysis (GSEA) was performed using the R package 

fgsea (v1.28.0), using 10,000 permutations for statistical analysis. Additional analyses and 

visualisations were performed in R.  

2.11 ATAC-seq sequencing and analysis 

2.11.1 ATAC sequencing 

Genome-wide assay for transposase-accessible chromatin with sequencing (ATAC-seq) was 

performed on OT-I T cells transduced as previously described and subjected to chronic 

stimulation assays as previously described. Following the chronic stimulation assay, transduced 

cells (Thy1.1+) were sorted using FACS as previously described and processed following the 

protocol from Grandi et al. with minor modifications. In brief, 5 x 104 sorted cells were washed 

twice in PBS, lysed using ATAC lysis buffer (0.01% digitonin, 0.1% Tween-20, 0.1% Igepal, 

3mM MgCl2, 10 mM NaCl, 10 mM Tris-HCl pH 7.5) for 5 min on ice, and nuclei were pelleted 

by centrifugation (500 xg, 10 min, 4 ºC). Nuclei were incubated in a 50 µL transposition 

mixture composed of 2× TD buffer and 2.5 µL TDE1 transposase (Illumina Tagment DNA 

Enzyme and Buffer), with the addition of 0.01% digitonin and 0.1% Tween-20. The reaction 

was carried out at 37 °C for 30 minutes under gentle mixing. DNA was then isolated using the 

MinElute PCR Purification Kit (Qiagen). To prepare ATAC-seq libraries, the DNA was 
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amplified via PCR with the NEBNext High-Fidelity 2× PCR Master Mix (New England 

Biolabs) and indexed using custom i5/i7 primers. The resulting products were cleaned up with 

the QIAquick PCR Purification Kit (Qiagen), quantified using the NEBNext Library Quant Kit 

by qPCR, and normalised to 10 nM for equimolar pooling. Sequencing was performed by 

Novogene on an Illumina NovaSeq X Plus platform, generating 150 bp paired-end reads. 

2.11.2 Processing and analysis of ATAC-seq data 

FASTQ files sequencing reads were aligned to the Mus musculus reference genome 

(GRCm38/mm10) using Bowtie2. Reads mapping to mitochondrial DNA, unpaired fragments, 

or unmapped sequences were filtered out with Samtools. PCR duplicates were removed with 

Picard, and regions listed in the ENCODE blacklist were excluded. Peak calling was carried 

out using MACS2 with an FDR threshold of q < 0.01 and a consensus peak set was obtained 

by merging peaks from all samples with bedtools merge and retaining only those present in 

more than one sample. Differentially accessible regions were defined with DiffBind (q < 0.1, 

log2 fold change > 1). Enrichment profiles surrounding BACH2 binding sites were generated 

with deepTools (v3.5.6). 

2.12 CUT&RUN sequencing and analysis 

2.12.1 CUT&RUN sequencing 

OT-I T cells were isolated, transduced, and chronically stimulated as described previously. 

Transduced populations (Thy1.1+) were sorted by FACS and processed for Cleavage Under 

Targets & Release Using Nuclease (CUT&RUN) using the CUTANA ChIC/CUT&RUN Kit 

(EpiCypher) with slight protocol adjustments. For each reaction, 5 x 10⁵ cells were washed in 

buffer containing spermidine and protease inhibitors, then immobilised on pre-activated 

Concanavalin A (ConA) beads. Cells were permeabilised with 0.001% digitonin and incubated 

overnight at 4 °C with 1 μL Rabbit anti-JunB antibody (clone C37F9, Cell Signaling 

Technologies) in antibody buffer. The following day, pAG-MNase was added and incubated at 

room temperature for 10 minutes. Chromatin cleavage and release were initiated by CaCl₂ 

addition, followed by a 2-hour incubation at 4 °C. The reaction was stopped with buffer 

containing E. coli spike-in DNA. CUT&RUN DNA was purified using SPRIselect beads 

(Beckman Coulter) and quantified on a Qubit Fluorometer (Thermo Fisher Scientific). 
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Sequencing libraries were prepared using either the CUTANA CUT&RUN Library Prep Kit 

(EpiCypher) or the NEBNext Ultra II DNA Library Prep Kit for Illumina (New England 

Biolabs), following manufacturer protocols. Library quality was assessed with an Agilent 

TapeStation and D1000 ScreenTape (Agilent). Sequencing was performed on an Illumina 

NextSeq 2000 platform with 100 bp paired-end reads at the Peter MacCallum Cancer Centre 

Molecular Genomics Core. 

2.12.2 Processing and analysis of CUT&RUN data 

Raw CUT&RUN sequencing reads from mouse samples, which included E. coli K12-MG1655 

spike-in DNA, were processed using custom bash pipelines. Adapter removal and quality 

trimming were performed with BBDuk (bbmap v35.19) 

(https://github.com/BioInfoTools/BBMap), and read quality was assessed before and after 

trimming with FastQC (v0.11.5). Potential contamination and alignment rates to the E. coli 

spike-in were evaluated using FastQ Screen (v0.15.3) 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were then mapped to the 

Mus musculus GRCm38 (mm10) reference genome with Bowtie2, and alignment files were 

processed using SAMtools (v1.9) and Sambamba (v0.6.7). 

Normalization of BAM files was carried out using the CUT&RUN Greenlist approach. In this 

method, a curated set of high-confidence CUT&RUN regions (“greenlist”) served as an internal 

reference to minimise technical variation across samples. For each sample i, the total read 

signal within greenlist regions (Sᵢ) was calculated by summing per-base coverage across those 

intervals. A scaling factor was then derived as scaleᵢ = S̄ / Sᵢ, where S̄ represents the average 

greenlist signal across all samples. Normalised coverage tracks were generated by multiplying 

per-base values by the appropriate scaleᵢ. These adjusted tracks were output in both BigWig 

and bedGraph formats for downstream visualization and analyses. Signal enrichment around 

BACH2 binding sites was assessed using deepTools (v3.5.6). 

2.13 Human single-cell RNA sequencing analysis 

Published single-cell RNA sequencing (scRNA-seq) data from a human pan-cancer TIL dataset 

was obtained from a public repository63. Downstream analyses, including quality control, 

filtering, dimensionality reduction and clustering, were performed using Seurat (v5.1.0) in R 

(v4.3.2). Visualisations were performed using Scanpy (v1.9.1) in Python (v3.11.1). As per the 

author’s recommendations, a number of genes were excluded (‘blacklisted’ genes, including 

ribosome-protein-coding genes, proliferation genes and immunoglobulin genes) prior to the 



38 
 

analysis. Raw counts were subsequently normalised, scaled and transformed using the 

SCTransform workflow with regression of mitochondrial and cell cycle-associated genes. To 

generate UMAP visualisations, the first 25 principal components were used. Cluster 

annotations were performed manually according to signature genes in each cluster.  
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3. Chapter 1: BACH2 overexpression in tumour-specific CD8+ T cells 

3.1 Background 

Over the past decade, an expanding body of evidence has highlighted the pivotal role of CD8⁺ 

T cell differentiation in shaping the efficacy of anti-tumour responses in ACT. Increased rates 

of differentiation towards a terminally exhausted state – characterised by diminished effector 

function and limited proliferative capacity – have been consistently associated with suboptimal 

therapeutic outcomes. In contrast, the presence of the less differentiated, Tpex subset is strongly 

correlated with improved persistence and enhanced anti-tumour activity.  

BACH2 has been shown to play a key role in modulating the intensity of TCR-mediated 

signalling upon antigen stimulation, which in turn controls the rate of CD8+ T cell 

differentiation. Consequently, T cells lacking BACH2 are short-lived and have a high 

propensity to become terminally differentiated131. On the other hand, overexpression of 

BACH2 prevents Ttex formation and favours the acquisition of a Tpex phenotype92. These 

observations raise the question of whether genetically editing T cells to enforce BACH2 

expression could result in diminished Ttex differentiation, and consequently in improved anti-

tumour responses, in the context of ACT. 

3.2 Results 

3.2.1 Set-up of an in vivo solid tumour ACT model 

In order to test the hypothesis of whether overexpression of BACH2 can enhance the 

therapeutic outcome of tumour-specific CD8+ T cells, I first needed to establish an appropriate 

ACT model. T cell differentiation dynamics in the context of chronic stimulation have been 

studied extensively using both in vitro and in vivo settings. Nonetheless, the complexity of the 

TME – including the complex milieu of different cell types, cytokines and suppressive factors 

–  are challenging to recapitulate outside of a developing tumour. For this reason, establishing 

an in vivo model that could allow me to faithfully emulate these conditions became my initial 

priority. 

An ideal model is one that establishes an optimal compromise between faithfully recapitulating 

the conditions found in the ‘real world’ (e.g. a patient’s tumour) while at the same time enabling 

the execution and analysis of experiments with sufficient statistical power and within a 

reasonable timeframe (i.e. days or weeks, rather than months). This led me to the decision of 

using a syngeneic solid tumour mouse model. These models involve the use of a tumour-
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derived murine cell line, which can be inoculated into mice through various routes (e.g. 

subcutaneous injection, intravenous injection, intraperitoneal injection, etc…). Upon 

inoculation, cells become established and grow relatively rapidly, resulting in established 

tumours within 2-3 weeks. 

The B16-F10 tumour model is widely used within the field of cancer immunology121,150-153. 

Originally derived from a murine melanoma, this cell line can be inoculated subcutaneously 

into WT C57BL/6 mice, and the growth of the deriving tumours can be readily measured using 

callipers. To model an ACT setting, I used the B16-OVA cell line, a variant of B16-F10 that 

has been engineered to express the chicken-derived ovalbumin (OVA) protein. A fragment of 

this protein is processed and presented on the surface of tumour cells in the context of a pMHC 

complex, allowing recognition by T cells expressing the OT-I TCR (OT-I T cells). As a result, 

the adoptive transfer of OT-I T cells into B16-OVA-bearing mice serves as a preclinical model 

analogous to TIL or CAR T cell therapies used in cancer treatment. 

One of the key advantages of using syngeneic models is that, unlike other in vivo systems, the 

recipient mice do not need to be immunocompromised, as the tumour cells are not 

spontaneously rejected. This preserves the full spectrum of the host's immune system, allowing 

for a more physiologically relevant assessment of tumour growth and anti-tumour immune 

responses. Crucial immunological features are retained, including the complex cytokine milieu 

produced by various immune cell types within the TME, the presence of immunosuppressive 

populations such as tumour-associated Tregs, and endogenous T cells reactive to neoantigens, 

among others. 

Nonetheless, adoptive T cells generally engraft poorly in an immunocompetent host. This is 

because the available pool of cytokines and growth factors required for surviving and 

proliferating in the new host is limited due to competition with the endogenous immune system, 

and this is true both in murine models and in the clinical setting. This can be circumvented by 

transiently depleting the host’s immune system prior to undergoing ACT. In a clinical setting, 

patients undergo a cyclophosphamide and fludarabine chemotherapy regimen to achieve this. 

A similar result can be obtained in murine models employing whole-body sub-lethal irradiation 

prior to the adoptive transfer of tumour-specific T cells.  

To set up the ACT model, I first needed to determine the ideal dose of irradiation to use in ACT 

experiments to achieve transient lymphodepletion while preserving the safety and wellbeing of 

the animals. The great majority of published murine ACT studies rely on gamma-source 
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irradiators to achieve lymphodepletion, but I only had an X-ray-source irradiator at my 

disposal. Since a given dose of gamma or X-ray irradiation affects animals differently154, and 

since many published studies report only the dose – but not the source – of irradiation, I decided 

to experimentally determine the maximum tolerated dose (MTD) of irradiation for my own 

studies. I defined the MTD as the highest dose of irradiation that could be delivered to mice 

without any obvious impact in the health and wellbeing of the animals. Using this dose for 

ACT studies would maximise the likelihood of T cell engraftment and minimise the required 

number of adoptive T cells needed to observe a therapeutic response. 

To do this, I divided a cohort of WT mice into experimental groups (7 mice per group), each 

exposed to a different dose of irradiation ranging from 0 Gy to 5 Gy. Health and vitality 

indicators – such as mobility, activity, and attentiveness – were monitored daily for up to five 

weeks, a time estimated to be longer than a typical ACT experiment (Fig. 1-1a). If any mouse 

in a group showed early signs of health deterioration, the entire group was euthanised to prevent 

further adverse effects, and the corresponding dose of irradiation was deemed to exceed the 

MTD. 

Mice exposed to irradiation levels ranging from 2.5-3.5 Gy did not display any clinical 

symptoms for the duration of the study and showed comparable levels of vitality to mice that 

received no irradiation (0 Gy). Instead, mice exposed to 4 Gy, or 4.5 Gy, displayed piloerection, 

adopted a hunched position and showed reduced levels of mobility 14 days following 

irradiation, and a similar behaviour was observed in mice that received 5 Gy at day 7 post-

irradiation (Fig. 1-1b). Therefore, I determined the MTD to be 3.5 Gy and established that as 

the dose to be used in subsequent ACT studies. 

Next, I sought to confirm that a dose of 3.5 Gy was sufficient to enable visible therapeutic 

responses in an ACT model. WT mice received B16-OVA cells subcutaneously and were 

monitored every 2-3 days for tumour growth. Once established tumours had formed (tumour 

area of 20-25 mm2), mice were either exposed to either 3.5 Gy or no irradiation, and either 

treated with 0.5 x 106 OT-I T cells transduced with an EV control, or untreated (vehicle) (Fig. 

1-2a). In the absence of irradiation, administration of tumour-specific T cells to tumour-bearing 

mice had no effect on the tumour growth kinetics relative to the untreated group, indicating 

that the treatment was ineffective. Nonetheless, administering the same number of T cells to 

mice that had been exposed to a dose of 3.5 Gy a day prior led to a significant enhancement in 

tumour control (Fig. 1-2b). These data confirm that pre-conditioning with 3.5 Gy irradiation 



42 
 

 

 

  

  

Figure 1-1. Irradiation pre-conditioning enhances the therapeutic response of tumour-

specific T cells in vivo. a, Experimental schema. WT mice were exposed to different doses 

of irradiation ranging from 0 Gy (no irradiation) to 3.5 Gy and monitored daily. b, Tracking 

of animal clinical signs. Blue boxes indicate mice showed no adverse effects; grey boxes 

indicate at least one mouse in the group displayed adverse effects, leading to the removal 

of the group from the experiment. 
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Figure 1-2. Irradiation pre-conditioning enhances the therapeutic response of tumour-

specific T cells in vivo. a, Experimental schema. WT mice were subcutaneously injected 

with B16-OVA and tumour bearing-mice were exposed to either no irradiation (0 Gy) or 3.5 

Gy irradiation a day prior to intravenous administration of OT-I T cells. b, Tumour 

measurements of B16-OVA-bearing mice exposed to either no irradiation (0 Gy) or 3.5 Gy 

and treated with either vehicle control (no T cells) or 5x105 OT-I T cells. Statistical 

significance refers to differences in tumour area at the final day of the experiment. Data are 

representative of two independent experiments with five to eight mice per group. ns, non-

significant (P > 0.05); *, P < 0.05; **, P < 0.01; ****, P < 0.0001. One-way ANOVA with 

Dunnett’s multiple comparison correction (b). 
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enables a reliable therapeutic response following ACT. Moreover, they demonstrate that 3.5 Gy 

alone does not visibly affect tumour progression in this model. 

With the ACT model established, I next wanted to assess how easily intratumoral adoptive T 

cells could be studied in this system. The intratumoral compartment of a tumour can be 

analysed using flow cytometry, which enables quantification of the expression of a panel of 

proteins of interest at single-cell resolution. Nonetheless, in order to reliably study the effects 

of BACH2 overexpression in the phenotype of transferred T cells in an ACT model, it is 

necessary to distinguish these cells from both transferred cells not bearing the construct of 

interest (i.e. untransduced OT-I T cells) and the endogenous T cells population. To distinguish 

transduced from untransduced OT-I T cells, the DNA payloads used to engineer T cells 

throughout my experiments included a truncated Thy1 reporter (also known as CD90). While 

this marker is ubiquitously expressed in all T cells, both the OT-I T cells and the recipient 

tumour-bearing WT mice expressed the Thy1.2 allelic variant, while the reporter used in my 

construct was the Thy1.1 variant. Similarly, two congenically distinct CD45 alleles were used 

to distinguish T cells from donor mice (i.e. OT-I T cells), which expressed CD45.1; from those 

in the recipient mice, expressing CD45.2.  

To test this strategy, B16-OVA-bearing mice were irradiated with 3.5 Gy and treated with OT-

I T cells transduced with an EV. 14 days following ACT treatment, mice were euthanised and 

the tumours were dissected and processed into single-cell suspensions prior to flow cytometry 

staining. To identify the T cell compartment, I used a standard gating strategy, whereby live 

cells, singlet events and lymphocytes were selected based on live/dead stain and forward/side 

scatter signal. The CD8+ T cells could be reliably detected by selecting cells positive for both 

CD3 and CD8. As expected, CD45.1+ cells (i.e. adoptive OT-I T cells) were exclusively found 

within the CD8+ T cell compartment, and the transduction reporter Thy1.1 was expressed 

exclusively within CD45.1+ cells (Fig. 1-3). Therefore, through this gating strategy, 

endogenous CD8+ T cells (CD3+ CD8+ CD45.1–), untransduced adoptive OT-I T cells (CD3+ 

CD8+ CD45.1+ Thy1.1–) and transduced adoptive OT-I T cells (CD3+ CD8+ CD45.1+ Thy1.1+) 

can be readily distinguished. 

Together, these data confirm that the B16-OVA model, in combination with pre-conditioning 

irradiation, can be reliably used for evaluating the CD8+ T cell-mediated tumour responses in 

the context of ACT. With this system in place, I was now positioned to assess how ectopic 
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Figure 1-3. Transduced intratumoral adoptive T cells are readily detectable through 

flow cytometry. Representative gating strategy used for the identification of intratumoral T 

cells, including endogenous CD8+ T cells, untransduced OT-I T cells and transduced OT-I 

T cells. 
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 expression of BACH2 influences the differentiation, function, and therapeutic efficacy of 

tumour-specific CD8+ T cells in a physiologically relevant context. 

3.2.2 BACH2 overexpression enhances stemness and prevents Ttex differentiation in tumour-

specific T cells 

Having established a reliable in vivo solid tumour ACT model and confirmed the detectability 

of intratumoral T cells, I proceeded to analyse the impact of BACH2 overexpression in tumour-

specific T cells. Previous work by my laboratory and others had already validated both the use 

of the selected CDS and the expected phenotype of T cells ectopically expressing BACH2 

under conditions of chronic stimulation92,131. This groundwork allowed me to move to the in 

vivo setting from the outset. 

BACH2 overexpression was achieved via retroviral transduction using an MSCV-based vector 

(BACH2OE) encoding a single ORF comprising Thy1.1 and BACH2, separated by a self-

cleaving T2A motif (Fig. 1-4). Given that the 5’ LTR of MSCV vectors provides constitutive 

promoter activity, no additional promoter was included upstream of the Thy1.1-BACH2 

cassette. As control, an EV construct containing Thy1.1 alone was used. 

To test the impact of BACH2 overexpression in tumour-specific T cells, the previously 

established ACT model was employed. WT mice were subcutaneously injected with B16-OVA 

and tumour-bearing mice were irradiated (3.5 Gy) and administered with OT-I T cells 

transduced either with EV or BACH2OE. 12 days after T cell administration, mice were 

euthanised and tumours were dissected and analysed via high-parameter flow cytometry (Fig. 

1-5a). Initial analysis of intratumoral transduced OT-I T cells revealed substantial differences 

in the distribution of cells among T cell subsets. Unbiased analysis of the data via a clustering 

method distinguished both a stem-like cluster characterised by expression of TCF1 (Cluster 1) 

and two additional clusters lacking TCF1, likely representing more intermediate and terminally 

differentiated states (Cluster 2 and 3) (Fig. 1-5b). Cells transduced with EV displayed a broad 

range of phenotypes, with similar proportions between Cluster 1 and Clusters 2 and 3. In 

contrast, cells transduced with BACH2OE showed a significant bias towards Cluster 1, 

suggesting preferential retention of the Tpex phenotype under the conditions of chronic 

stimulation found intratumorally. 

As previously discussed, there is no universally accepted unified nomenclature system for 

categorising distinct exhausted subsets. Nonetheless, the expression of TCF1, Slamf6, and 

TIM-3 on antigen-experienced PD-1⁺ intratumoral T cells has been widely used to distinguish  
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Figure 1-4. Construct for overexpression of BACH2. Diagram depicting the different 

cassettes featured in the BACH2 overexpression vector (BACH2OE). LTR, long-terminal 

repeat; MSCV Psi+, Ψ RNA packaging signal. 
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between Tpex and Ttex populations. These markers were also used in my analyses to assess 

the presence of Tpex or Ttex subsets. 

In the EV group, only about one-third of PD-1⁺ OT-I T cells co-expressed the Tpex-associated 

markers TCF1 and Slamf6, while this was closer to 75% of PD-1⁺ OT-I T cells in the BACH2OE 

group (Fig. 1-5c). Meanwhile, around one-third of PD-1⁺ OT-I T cells in the EV group 

expressed the Ttex-associated marker TIM-3, whereas its expression was nearly absent in the 

BACH2OE group (Fig. 1-5d). This is consistent with the prior knowledge that overexpression 

of BACH2 enforces a Tpex phenotype, but this is the first time, to my knowledge, where this 

has been shown in intratumoral T cells. 

Further to TCF1 and Slamf6, other markers have also been associated with a Tpex phenotype. 

Namely, markers associated with a memory state, such as CCR7 and CD62L, are among those 

that have been reported to be upregulated in this subset (even if not as noticeably as TCF1 and 

Slamf6). Indeed, both of these markers show significantly increased levels of expression in 

cells of the BACH2OE group compared to EV on a per-cell basis (Fig. 1-5e). 

In all, these data confirm, that ectopic expression of BACH2 in tumour-specific T cells enforces 

a Tpex phenotype despite the high antigen density environment and prolonged stimulation 

period associated with the TME. These findings are in line with our prior knowledge regarding 

the function of BACH2 and its role in preserving stemness and memory in the context of 

chronic stimulation.  

3.2.3 BACH2 overexpression compromises the acquisition of effector functions and impairs 

ACT anti-tumour responses 

Next, I wanted to assess whether a reduction in terminal differentiation translates to a more 

favourable anti-tumour phenotype. To do this, I assessed effector and cytotoxic functions in 

tumour-specific T cells with and without BACH2 overexpression 12 days after OT-I T cell 

administration, focusing on markers such as CD44 and PD-1. I also assessed cytokine 

polyfunctionality by inducing pan-T cell stimulation following processing of tumour samples 

using PMA/ION in the presence of inhibitors of intracellular transport of the Golgi apparatus 

to prevent extracellular release of cytokines.  

When comparing the median fluorescence intensity (MFI) of CD44 and PD-1 between EV- and 

BACH2OE-transduced cells, I observed a significant decrease in the expression of both markers 

in the BACH2OE group relative to control (Fig. 1-6a). Furthermore, the expression of effector  
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Figure 1-5. BACH2 overexpression enforces a Tpex phenotype and prevents Ttex 

differentiation. a, Experimental schema. WT mice were subcutaneously injected with B16-

OVA and tumour bearing-mice were irradiated and administered with EV- or BACH2OE-

transduced OT-I T cells. b, UMAP visualisation of high-parameter flow cytometry data from 

transduced intratumoral OT-I T cells, and relative expression of indicated markers across 

the UMAP. The proportion of EV and BACH2OE cells assigned to each cluster and 

significant differences in proportion between groups is shown. c, Proportion of Slamf6+ 

TCF1+ transduced intratumoral OT-I T cells and representative flow cytometry plots. d, 

Proportion of TIM-3+ transduced intratumoral OT-I T cells and representative flow 

cytometry histogram plot. e, Normalised median fluorescence intensity (MFI) of CCR7 and 

CD62L in transduced intratumoral OT-I T cells and representative flow cytometry histogram 

plots. Data are representative of two independent experiments with five to eight mice per 

group. ns, non-significant (P > 0.05); *, P < 0.05; **, P < 0.01; ****, P < 0.0001. Unpaired 

two-tailed Student’s t test (c-e). Bars and error indicate mean ± SEM (b-d). Box indicates 

interquartile range, vertical line indicates median, and error bars indicate range (e). 
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molecules such as IFN-g and Granzyme B was significantly reduced upon BACH2 

overexpression (Fig. 1-6b-c). This suggests that, despite the reduction in terminal 

differentiation and a strongly sustained Tpex phenotype, high levels of BACH2 resulted in 

reduced – not increased – effector functions.  

I also decided to test how the BACH2OE phenotype impacted tumour control in vivo. For this, 

I used the same workflow as before; except this time tumour-bearing mice were not euthanised 

for analysis and were instead monitored every 2-3 days until a humane endpoint based on 

tumour size was met (this was considered to be an average length/width of 15 mm as per the 

project license under which the studies were performed). In addition, mice were randomised 

and grouped to ensure a similar average tumour size and tumour size distribution across 

experimental groups. 

As previously observed, mice treated with OT-I T cells transduced with EV displayed higher 

tumour control than mice that received no T cells. Nonetheless, contrary to my initial 

hypothesis and in line with the observed reduction in effector functions, mice transduced with 

BACH2OE exhibited worse anti-tumour responses compared to the EV control (Fig. 1-6d). 

Concordantly, the latter group also showed a worsened survival throughout the experiment due 

to faster tumour outgrowth (Fig. 1-6e).  

Collectively, these data show that BACH2 overexpression severely compromises the ability of 

CD8+ T cells to exert the cytotoxic and effector functions necessary to mount an effective anti-

tumour response. This is despite the fact that cells adopt a strong Tpex phenotype, which has 

traditionally been correlated with improved proliferative capacity and anti-tumour control. 

3.3 Discussion 

The data presented in this section address the initial hypothesis upon which my work is 

originally based: that ectopic expression of BACH2 improves the anti-tumour function of T 

cells in an ACT setting. The biological rationale underpinning this hypothesis assumed that, 

since terminal differentiation of T cells has been recognised to be a major reason for the short 

persistence (and in turn negative therapeutic outcomes) of T cell therapies, expression of a 

transcription factor known to prevent terminal differentiation would address this failure point 

and in turn lead to an improvement in ACT-mediated responses. Nonetheless, the results 

obtained here clearly and unequivocally indicate that this is not the case. 
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Figure 1-6. BACH2 overexpression compromises effector functions and impairs anti-

tumour responses. a, Normalised MFI of CD44 and PD-1 in transduced intratumoral OT-I 

T cells and representative flow cytometry histogram plots. b-c, Percentage of IFN-g+ TNF+ 

(b) and Granzyme B+ (c) cells in transduced intratumoral OT-I T cells following ex vivo 

stimulation with PMA/ION and representative flow cytometry plots. d-e, Tumour 

measurements (d) and survival (e) of B16-OVA-bearing mice treated with either Hanks' 

balanced salt solution HBSS (‘No cells’) or OT-I T cells transduced with EV or BACH2OE. 

Significant differences between EV and either ‘No cells’ or BACH2OE groups at the 

indicated day is shown (d). Data are representative of two independent experiments with 

five to eight mice per group. ns, non-significant (P > 0.05); *, P < 0.05; **, P < 0.01; ****, 

P < 0.0001. Unpaired two-tailed Student’s t test (c-e). Bars and error indicate mean ± SEM. 
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It is worth noting, however, that the data are supportive of the notion that BACH2 prevents 

terminal differentiation in the context of tumour-mediated chronic stimulation. The markers 

used to make this assumption – including TCF1, Slamf6 and TIM-3 – have been used widely 

to define and characterise Tpex and Ttex populations. Furthermore, the observed phenotype is 

in line with that observed in previous studies characterising the role of BACH2 during chronic 

stimulation, which strongly suggests these cells constitute a bona fide Tpex population. 

However, it is the second assumption in my initial hypothesis that may need to be revisited: 

that a reduction in Tpex differentiation would inexorably result in an improved anti-tumour 

response. As previously discussed, presence of Tpex and absence of Ttex in the tumour is 

correlated with improved anti-tumour responses, not just in the ACT setting but in other 

immunotherapy modalities as well78,79. Nonetheless, the relative proportion of subsets is only 

part of the whole picture. Tpex cells are characterised by their ability to generate more 

differentiated effector subsets with a higher degree of cytotoxic potential while maintaining a 

stable Tpex pool – a feature that has made this population also widely known in the field as 

‘stem-like’ T cells (see ‘Introduction’), and that is likely to be critical for the improved anti-

tumour responses associated with this subset. My results, on the other hand, point to a severe 

decrease in the proportion of cells with effector functions despite an expanded Tpex population. 

Therefore, it is likely that the ability to generate more differentiated effector cells is being 

actively inhibited in BACH2OE-transduced cells. 

There are two major conclusions I can draw from these observations. The first one is that 

BACH2 overexpression promotes Tpex differentiation but inhibits progression to more 

differentiated subsets. While this results in a reduction of Ttex cells – as originally anticipated 

and as demonstrated by my results – this also causes a reduction in intermediate effector 

subsets, too. In other words, high levels of BACH2 ‘lock’ T cells in a progenitor exhausted 

state, protecting them from terminal differentiation but simultaneously interrupting the 

acquisition of necessary functions to effectively fight tumours. 

While discouraging, this first conclusion is not completely unexpected. BACH2, as previously 

mentioned, acts as an inhibitor of TCR-mediated signalling by competing with AP-1 factors, 

which are involved in driving both T cell activation and Ttex differentiation. Indeed, previous 

reports from my group already indicated a reduction in the expression of IFN-g in BACH2 

overexpressing cells under conditions of acute stimulation131. What I did not know, however, 

was whether the exposure to a high antigen density environment over a prolonged period of 
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time, together with a blockade of inhibitory mechanisms associated with the Ttex state, would 

overcome this reduction in activation and result in a net-positive anti-tumour phenotype. This 

is not the case. 

The second conclusion is that, like in most of biology, T cell differentiation is a complex, highly 

regulated and dynamic process. Several reports have established a link between Tpex, the 

expression of BACH2 in the anti-tumour T cell compartment and positive therapeutic 

outcomes; and high levels of BACH2 mRNA in tumour samples are associated with improved 

anti-tumour responses likely because of this reason133,155. Yet, as my results show, enforced 

expression of this TF in tumour-specific T cells compromises the therapeutic outcomes of ACT. 

This somewhat paradoxical finding hints at the fact that the regulation of BACH2 in CD8+ T 

cells is dynamic in nature and may be important in maintaining the right balance of long-lived 

T cell survival and effector functions required for a durable anti-tumour response.  

This line of thinking raised important biological questions that led to the next section of my 

work: how is BACH2 is regulated in CD8+ T cells during physiological anti-tumour responses? 

And can a better understanding of the underlying expression dynamics of BACH2 during 

chronic stimulation provide insights into how to modify T cells for improved therapeutic 

outcomes in ACT? To my knowledge, these questions have never been addressed before, yet 

they may reveal, important insights into how to engineer T cells to achieve enhanced anti-

tumour responses. 
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4. Chapter 2: Quantitative control of BACH2 in CD8+ T cells 

4.1 Background 

The results obtained in the previous chapter strongly suggest that overexpression of BACH2 

locks T cells in a Tpex state, unable to acquire effector functions which, in turn, display a 

limited ability to mount effective anti-tumour responses. Nonetheless, BACH2 is an important 

factor in mounting successful long-term anti-tumour responses, such as those observed in the 

context of tumours or chronic viral infections. This conundrum led me to hypothesise that the 

regulation of BACH2 in CD8+ T cells is of crucial importance to ensure the right balance 

between long-term survival and anti-tumour cytotoxic activity.  

However, to date, a detailed analysis of how BACH2 is regulated in tumour-specific T cells 

has not been performed. For instance, whether BACH2 expression in intratumoral CD8+ T cells 

follows a binary distribution (i.e. either expressed or not expressed), or a more gradual 

expression pattern like in the case of naïve, memory and effector T cells in the context of acute 

stimulation, is not known. Similarly, whether different levels of expression of BACH2 are 

important in determining how T cells respond to given stimuli, such as TCR-driven stimulation, 

has never been studied in detail. Hence, I next decided to focus my efforts into elucidating how 

BACH2 activity is controlled in intratumoral T cells, with the conviction that a better 

understanding of its regulation dynamics may form the basis for a new strategy to enhance T 

cell persistence in the context of ACT. 

4.2 Results 

4.2.1 Intratumoral CD8+ T cells display gradated expression of BACH2 mRNA 

Previous reports already show that lack of BACH2 leads to unrestrained T cell differentiation. 

Similarly, cells in a terminally differentiated state express low levels of memory factors like 

BACH292,131. Nonetheless, an unanswered question (and the one I first sought to answer in this 

chapter) is how exactly BACH2 is regulated throughout T cell differentiation in intratumoral 

responses. For instance, does BACH2 expression remain high until a specific differentiation 

state is reached before being rapidly downregulated (i.e. binary expression pattern)? Or is 

BACH2 expression extinguished in a more gradual manner as differentiation progresses, as it 

occurs in the context of acute T cell stimulation (i.e. gradual expression pattern)? 

To start, I decided to leverage publicly available data from human TILs to study the expression 

of BACH2 in different subsets. To this end, I relied on a recent study that assembled a pan-



56 
 

cancer scRNA-seq atlas of CD8+ T cells from a wide range of cancer types and over 300 donors, 

arguably constituting the most comprehensive study of its kind to date63. During the analysis, 

the data were processed in a manner consistent with the authors’ guidelines to maximise 

consistency across studies and ensuring a high-quality output. In addition, labelling of different 

cell populations was performed using a similar criterion to that used in the original publication. 

Following data processing, the scRNA-seq data of CD8+ T cells were visualised through a 

UMAP plot with clusters labelled based on the transcriptomic profiles of the corresponding 

cells. Unsurprisingly, a wide span of phenotypes were observed, ranging from less 

differentiated CD8+ T cell populations, such as those expressing transcripts associated with 

naïve-like (naïve-like cluster) and memory-like (IL-7R and CCR7 clusters) T cells; to those 

displaying expression of transcripts linked with high differentiation states, such as terminally 

differentiated T cells (ENTPD1, which encodes for CD39) and T effector memory re-

expressing CD45RA (TEMRA, a terminally differentiated subset of T cells that express 

CD45RA)156,157 (Fig. 2-1a). 

The classification of different subsets of T cells in subsets based on their differentiation state 

provided a useful starting point for evaluating subset-specific expression of different markers 

by looking at the average signal of different clusters. Some markers, such as KLRG1 or TOX, 

displayed relatively sudden and rapid changes of expression across different clusters, while 

changes in the expression of markers like PDCD1 (encoding PD-1) were gradual. Interestingly, 

BACH2 mRNA expression corresponded to the latter category, following a gradual 

differentiation pattern (Fig. 2-1b). While its expression was highest in less differentiated 

subsets like naïve-like or memory-like clusters, it decreased gradually until reaching its 

minimum in TEMRA cells. 

According to these data, while cells in the lowest differentiation states express the highest level 

of BACH2, those in intermediate state (which also correspond to those exerting the highest 

degree of effector functionality) express intermediate levels of BACH2. This suggests that, like 

in the context of acute stimulation, BACH2 expression is tightly controlled throughout the 

distinct differentiation states of Texh. However, the resolution of scRNA-seq data can be 

limited, which can be a problem especially for lowly-expressed genes such as those encoding 

TFs.To expand upon this initial finding, I decided to utilise a transgenic mouse model to track 

the expression of Bach2 in different cell types: the Bach2tdRFP/+ mouse strain. In this strain, one 

of  



57 
 

 

  

 Figure 2-1. Intratumoral CD8+ T cells across various human cancers display a gradual 

expression pattern of BACH2 mRNA. a-b, UMAP plot visualization of CD8+ TILs from 

various human cancers (a) and relative expression of the indicated markers across different 

CD8+ T cell populations (b). 
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the two Bach2 alleles has been replaced with a knock-in RFP gene, while the second Bach2 

allele remains intact (Fig. 2-2a)143. This is a particularly versatile model for the study of 

BACH2 expression for three different reasons. The first one is that Bach2 is haplosufficient, 

meaning that a single copy of the gene produces enough protein to sustain its physiological 

functions158. This enables the use of this strain without confounding biases caused by the loss 

of one of the two alleles. Second, the detection of BACH2 in murine models is challenging 

even in naïve cells where BACH2 expression is the highest, because absolute protein levels are 

relatively low; and there is no commercially available anti-BACH2 antibody optimised for flow 

cytometry. And third, previous studies have confirmed that the expression of the RFP knock-in 

mimics reliably that of the endogenous Bach2 mRNA because since all of the native cis-

regulatory elements remain unaltered143. 

Bach2tdRFP/+ mice were subcutaneously injected with B16-F10 tumour cells with the aim of 

investigating the dynamics of BACH2 expression in peripheral and intratumoral CD8+ T cells. 

Tumour growth was monitored, and upon establishment of visible tumours, mice were 

euthanised and tumours, spleens, and draining LNs were harvested and processed for flow 

cytometric analysis. 

Using a panel of various surface markers, I was able to study RFP expression in CD8+ T cell 

subpopulations across different tissues. In the spleen and draining LNs, central memory 

(CD62L+ CD44–), effector memory (CD62L+ CD44+) and effector (CD62L– CD44+) T cells 

showed a pattern of RFP expression similar to that described in previous studies, with less 

differentiated central cells showing the highest level of expression, and effector cells the 

lowest131. The pattern continues if I extend the analysis to PD-1+ effector T cells, thought to be 

circulating cells that have experienced chronic antigen stimulation and therefore considered to 

be further in their differentiation trajectory159 (Fig. 2-2b-e). 

Notably, a similar pattern emerges when shifting to intratumoral CD8+ T cells. Among these, 

non-exhausted PD-1– T cells – broadly considered to be bystander T cells not actively engaging 

the tumour – showed the highest level of RFP expression. When focusing on more 

differentiated T cells within the PD-1+ TIM-3– compartment, a gradual decrease in the 

expression of RFP in different subpopulations defined by Slamf6 and CD69 becomes apparent, 

where Slamf6+ CD69– showed the highest RFP expression, followed by Slamf6+ CD69+, 

Slamf6– CD69+ and Slamf6– CD69– cells (Fig. 2-2f-g). Interestingly, this pattern resembles a 

proposed differentiation model by Beltra et al., where a similar differentiation order (from less 
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to more differentiated) within Texh is proposed (Slamf6+ CD69–  > Slamf6+ CD69+ > Slamf6– 

CD69 > Slamf6– CD69–)160. Lastly, terminally differentiated cells (marked by activation and 

Ttex markers CD69 and TIM-3) showed the lowest level of RFP expression. Overall, these 

results are consistent with the notion that BACH2 expression is regulated in a gradual manner 

throughout the differentiation trajectory of intratumoral Texh, with an expression pattern that 

is inversely correlated with the cell’s differentiation state. 

Upon observing the differential expression of BACH2 across functionally distinct T cell 

subsets, both in peripheral and intratumoral settings, I made an important realisation. As I have 

previously discussed, BACH2 counteracts TCR-driven expression of different genetic 

programmes associated with T cell activation and differentiation. Importantly, however, the 

BACH2 expression levels change across different T cells subsets. This dynamic regulation of 

BACH2 likely serves to fine-tune the degree of stimulation each T cell subset receives, aligning 

with its specific functional requirements. Notably, when looking at its expression in 

intratumoral T cells, neither the cells with the highest BACH2 expression (e.g., the PD-1– 

intratumoral population) nor those with the lowest levels (e.g., terminally differentiated 

TIM-3+ T cells) exhibit the greatest cytotoxic potential. Rather, the highest cytotoxic activity 

appears to reside within intermediate states: where BACH2 is expressed, but only at moderate 

levels.  

This led me to propose the following hypothesis: could engineering CD8+ T cells to express 

low but sustained levels of BACH2 be a viable strategy to protect tumour-specific T cells from 

terminal differentiation without compromising the acquisition of effector functions? After all, 

the ‘default’ expression level achieved through standard retroviral constructs relying on the 5’ 

LTR promoter (like in  BACH2OE) is likely supraphysiological compared to endogenous 

BACH2 levels. As a result, the balance between long-term immune cell persistence and the 

exertion of effector functions may become overly skewed toward the former during 

conventional BACH2 overexpression, and fine-tuning its expression may promote a more 

balanced state encompassing both persistence and cytotoxic functions. 

4.2.2 Low-dose expression of BACH2 preserves a stem-like phenotype without compromising 

effector functions in vitro 

The concept of modulating the level of expression of transgenes is hardly new in biotechnology. 

Applications for such technology vary widely, including controlling the delivery dose of 

biotherapeutics, optimizing molar ratios for improving the production of complex biologics  
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   Figure 2-2. Peripheral and intratumoral CD8+ T cell subsets display a gradual 

expression pattern of Bach2. a, Experimental schema. Bach2tdRFP/+ were subcutaneously 

injected with B16-F10 tumour cells, and following tumour establishment, different tissues 

were harvested for flow cytometric analysis. b-g, MFI of RFP expression and representative 

histograms, or RFP+ frequency, of the indicated CD8+ T cell subpopulations in the spleen 

(b-c), draining LNs (d-e) or tumour (f-g). 
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like antibodies, and reducing unwanted metabolic byproducts in engineered microbes during 

biofuel or biopharmaceutical production146,161,162. As a result, a wide range of methods to 

modulate transgene expression have been developed. 

With this in mind, I sought a strategy to fine-tune the expression of BACH2 that met three 

criteria. First, the approach needed to preserve the native structure of BACH2. Given that the 

function of BACH2 relies on complex interactions with other macromolecules (e.g. nuclear 

translocation, recognition and binding to target DNA sequences, interactions with protein 

partners such as co-repressors, etc…),  adding exogenous domains could interfere with one or 

more of these processes, introducing confounding variables and potentially compromising its 

biological activity. Second, the selected method needed to allow modulation of BACH2 

expression over a sufficiently broad range. Retroviral overexpression of a TF can lead to a level 

that are several-fold, or even orders of magnitude, higher than physiological amounts163. 

Therefore, in order to test my hypothesis, I decided to use an approach capable of reducing 

BACH2 expression by at least an order of magnitude relative to the ‘default’ 5’-LTR retroviral 

promoter. And third, I needed a method that was compact and simple to use. Large payload 

sizes can significantly impact retroviral titres and, in turn, the efficient of T cell transduction. 

Since the BACH2 CDS already spans over 2.5 kilobases (kbs), I avoided any method requiring 

the incorporation of large sequences (i.e. custom promoter sequences with additional synthetic 

TFs) in the retroviral vectors. Furthermore, approaches that depend on exogenous molecules 

to regulate transgene expression would be difficult to implement in vivo, where the 

pharmacokinetics properties of such molecules would complicate the control of transgene 

expression levels in adoptively transferred T cells. 

After carefully considering various approaches, I decided to adopt an elegant method 

developed by Sillibourne et al., called the STOP-translational readthrough motif (STOP-TRM) 

system146. The STOP-TRM system exploits the natural phenomenon of translational 

readthrough to modulate downstream transgene expression. This mechanism is based on the 

principle that, under specific conditions, a ribosome may bypass the termination signal (STOP 

codon) and continue translation. This can happen, for example, when short cis-acting sequences 

(as short as 6 bp) flanking the termination signals lead to near-cognate transfer RNAs 

competing with the release factors necessary to interrupt the process of translation, resulting in 

the insertion of additional amino acids. Instances of translational readthrough have been 

described in different natural contexts, including in human transcripts (e.g. LDHB gene, which 
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encodes lactate dehydrogenase b in humans), and can result in the translation of protein variants 

with expanded amino acid sequences and altered functions164.  

Critically, the efficiency of translation downstream of a STOP-TRM sequence is substantially 

reduced, and this is the feature that Sillibourne et al. exploited to turn this natural regulatory 

mechanism into a tool for synthetically controlling the expression levels of specific transgenes 

(Fig. 2-3). By testing multiple combinations of canonical STOP codons and TRMs, the authors 

found that different sequences bypassed translation termination to different extents. In this way, 

they constructed a library of STOP-TRM sequences capable of inducing a decrease in 

downstream transgene expression ranging from ~6-fold to ~140-fold relative to uninterrupted 

rates of translation. 

Sillibourne et al. implemented the STOP-TRM system to control the level of expression of 

transgenic IL-12 from CAR T cells. They did so by designing a retroviral vector containing a 

sequence for a CAR receptor, followed by a STOP-TRM, the self-cleavage peptide domain 

T2A, and IL-12. In this way, they produced CAR T cells expressing high levels of the CAR 

receptor (upstream of the STOP-TRM) but reduced levels of IL-12 (downstream of the STOP-

TRM), enabling them to prevent the IL-12-induced toxicity observed after in the same murine 

ACT model. Evidently, this method is not restricted to cytokines and is easily generalisable to 

any transgene of interest, including TFs. Therefore, the STOP-TRM system provides an 

approach to modulate the expression of BACH2 in a way that (I) preserves its native structure, 

that (II) enables downregulation of over an order of magnitude relative to conventional 

overexpression, and that (III) is compact (the total size of the STOP-TRM is only 9 bp) and 

simple to implement (it can be easily incorporated into the standard retroviral vectors I have 

been using up to this point). 

Therefore, I designed vectors for dosed expression of BACH2 (BACH2DE) based on the same 

backbone and sequence disposition as in BACH2OE (Fig. 1-4), with the addition of a STOP-

TRM sequence immediately upstream of the T2A self-cleavage motif. I decided to use two 

distinct STOP-TRMs which, based on Sillibourne et al. work, would result in a decrease in 

BACH2 expression of approximately 10- and 20-fold relative to the original dose – 

corresponding to expression levels of 10% and 5% of the original, respectively. I herein refer 

to these vectors as BACH2DE-10% and BACH2DE-5% (or BACH2DE collectively) (Fig. 2-4a). 

To validate that the BACH2DE vectors led to the expected reduction in BACH2 expression, I 

transduced CD8+ T cells with BACH2OE and BACH2DE vectors containing a 3xFLAG tag at  
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Figure 2-3. A STOP-translational readthrough motif (STOP-TRM) system can be used 

for controlling the expression of a transgene of interest. Generally, when a ribosome 

translates an mRNA, translation will be terminated upon reaching a STOP codon (left). 

However, if the STOP codon is followed by a TRM, translation is only partially suppressed, 

resulting in downstream translation occurring at lower levels of expression (right).  



65 
 

the N-terminus of BACH2. N-terminal tagging with 3xFLAG is unlikely to disrupt BACH2 

function, as mice harbouring this identical modification exhibit no reported physiological 

abnormalities and the data generated previously using BACH2OE also contained a BACH2 

tagged with an N-terminal 3xFLAG. Following transduction, cells were stained with a 

fluorochrome-conjugated anti-FLAG antibody to detect BACH2 expression via flow 

cytometry. I observed a clear signal corresponding with the anti-FLAG antibody only in cells 

transduced with BACH2OE, but not in EV-transduced cells. As anticipated, the signal from cells 

transduced with BACH2DE-10% and BACH2DE-5% was approximately 10- and 20-fold lower than 

that of BACH2OE, confirming the reliability of these vectors for subsequent experiments (Fig. 

2-4b). 

These data show that the STOP-TRM system enables dosing the expression of BACH2, but 

how these dosed levels compare to physiological levels of BACH2 remains an outstanding 

question. To answer this, I used BACH2FLAG mice, which carry a 3xFLAG tag at the N-

terminus of the endogenous BACH2 gene (identical to the tag incorporated in our BACH2 

expression constructs). This allowed a direct comparison of endogenous and vector-derived 

BACH2 by flow cytometry. CD8⁺ T cells from both BACH2FLAG and WT mice were transduced 

with EV, BACH2OE, or BACH2DE vectors and maintained under identical culture conditions 

(Fig. 2-4c). After 48 hours, all groups exhibited a central memory phenotype (CD44⁺ CD62L⁺), 

and any size differences were controlled by normalizing 3xFLAG fluorescence intensity to cell 

size (Fig. 2-4d). In BACH2FLAG mice, EV-transduced cells showed detectable 3xFLAG signal, 

reflecting endogenous BACH2 expression in central memory cells. Importantly, WT cells 

transduced with BACH2DE-5% vectors expressed 3xFLAG at levels comparable to endogenous 

BACH2 in BACH2FLAG central memory T cells, while BACH2DE-10% drove slightly higher 

expression and BACH2OE produced a much stronger signal (Fig. 2-4e). These results indicate 

that BACH2DE vectors achieve transgene expression close to physiological BACH2 levels in 

central memory T cells. 

To validate these findings using an alternative method, I quantified BACH2 protein levels by 

mass spectrometry. This analysis revealed that BACH2DE-transduced cells exhibited a total 

BACH2 copy number (endogenous + transgene) normalised to total protein that was similar to, 

or slightly higher than, that observed in central memory T cells (Fig. 2-4f). The modest 

differences between this measurement and our 3xFLAG flow cytometry results likely reflect 

that flow cytometry captured only transgene-derived BACH2, whereas mass spectrometry 
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 Figure 2-4.  Dosed expression of BACH2 can be achieved using a STOP-TRM system. 

a, Diagram depicting BACH2OE and BACH2 dosed expression (BACH2DE) vector designs. 

All vectors were constructed using the Thy1.1 CDS (transduction reporter), followed by a 

glycine-serine-glycine (GSG) linker, a STOP-TRM sequence, a T2A self-cleavage motif, 

and the Bach2 ORF (CCDS51135.1) tagged N terminally with a 3xFLAG (3xFLAGBACH2). 

Two distinct STOP-TRM sequences were used: TGA-CTAGCA (BACH2DE-10%) and TGA-

CAATTA (BACH2DE-5%). b, MFI of 3xFLAGBACH2 expression on CD8+ T cells transduced 

with BACH2OE , BACH2DE-10% and BACH2DE-5%. c, Diagram depicting experimental mice 

and vectors used. BACH2FLAG-derived cells contain a 3xFLAG tag at the 5’ terminus of 

endogenous Bach2 loci identical to that present in the BACH2OE and BACH2DE vectors. d, 

Representative flow cytometry plot of CD44 and CD62L expression levels of cultured 

transduced CD8+ T cells 48 hours post-transduction across all vectors. e, Normalised MFI 

of 3×FLAG–BACH2 in cells from either BACH2FLAG or WT mice transduced with the 

indicated vectors. 3×FLAG signal was adjusted to cell size to adjust for differences in cell 

size. The horizontal dotted line indicates the average normalised MFI of EV-transduced 

BACH2FLAG cells. f, Normalised BACH2 protein copy number in cells transduced with the 

indicated vectors, expressed relative to total cellular protein mass. Data are representative 

of two independent experiments. ns, non-significant (P > 0.05); *, P < 0.05; **, P < 0.01; 

****, P < 0.0001. Multiple unpaired two-tailed Student’s t test with Bonferroni correction  

(b). Horizontal line and error indicate mean ± SEM. 
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 quantified both endogenous and transgenic protein, in addition to employing a different 

normalization approach. 

Collectively, these data show that the STOP-TRM system can be reliably used to modulate the 

expression of BACH2 down to a range that is comparable to physiological TCM levels, 

potentially avoiding the effects of supraphysiological expression while avoiding complete loss 

of expression during effector differentiation. This method can therefore be used to test my 

hypothesis of whether low but sustained expression of BACH2 leads to improvements in the 

function of CD8+ T cells under conditions of chronic stimulation.  

4.2.3 Dosed expression of BACH2 protects CD8+ T cells from terminal differentiation without 

compromising their effector functions in vitro 

Once I validated that BACH2DE vectors enabled dosed expression of BACH2, I sought to test 

their functional consequence on T cell differentiation and effector functions. To do that, first 

started with basic in vitro experiments involving multiple rounds of persistent stimulation of 

transduced T cells. These assays, generally referred to as chronic stimulation, T cell exhaustion 

or T cell dysfunction assays, have been used widely before to study the transcriptional, 

metabolic and epigenetic features in Texh165,166.  

For my experiments, I decided to implement a protocol relying on an initial round of 

stimulation (part of the standard retroviral T cell transduction protocol), followed by two 

additional rounds of 48-hour stimulations, induced by seeding transduced CD8+ T cells in anti-

CD3-coated plates. As a control, I also seeded transduced cells in a non-coated plate and 

cultured them in identical conditions as those undergoing stimulation. I refer to these 

experimental groups as ‘acutely’ and ‘chronically stimulated, respectively (Fig. 2-5a). To 

confirm the effects of the chronic stimulation and evaluate the degree of T cell differentiation, 

I assessed the expression of PD-1 and TIM-3, both of which are known to be upregulated during 

prolonged periods of stimulation. A pilot test of the assay using EV-transduced CD8+ T cells 

showed, as expected, that chronically stimulated cells exhibited robust expression of PD-1 and 

TIM-3, whereas their levels were markedly reduced in the acute stimulation group (Fig. 2-5b). 

Next, I performed the experiment using OT-I T cells transduced with the EV, BACH2OE, 

BACH2DE-10%, and BACH2DE-5% constructs. Comparing the levels of  PD-1⁺ TIM-3⁺ cells 

across groups revealed that, consistent with my previous in vivo observations, BACH2OE 

significantly restricted the acquisition of terminal differentiation features compared to EV. 

Notably, even though BACH2 expression in BACH2DE groups was 10- to 20-fold lower  
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Figure 2-5. Chronic in vitro stimulation of CD8+ T cells induces the expression of Texh 

markers PD-1 and TIM-3. a, Experimental schema. Splenocytes were isolated from OT-I 

mice, stimulated for 24 hours and rested for an additional 24 hours. Subsequently, cells were 

under subjected to two rounds of 48-hour stimulation (chronic stimulation) or rested in 

culture in the absence of stimulation (acute stimulation). b, Representative Representative 

flow cytometry plots showing the expression of PD-1 and TIM-3 in EV-transduced OT-I 

cells following acute or chronic stimulation. 
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compared to in BACH2OE, cells transduced with BACH2DE vectors retained a phenotype 

comparable to BACH2OE-transduced cells, with a PD-1⁺ TIM-3⁺  frequency significantly lower 

relative to EV and only slightly higher than in BACH2OE (Fig. 2-6a). An inverted pattern of 

expression was observed in the memory-associated marker CD62L, which was significantly 

increased in BACH2OE and, to a lower extent, in BACH2DE cells, relative to EV-transduced 

cells (Fig. 2-6b).  

As part of the assay, I also evaluated features associated with acquisition of effector functions, 

such as cell size – correlated to forward scatter (FSC-A) – and secretion of effector cytokines 

following a 4-hour restimulation with anti-CD3. Interestingly, despite displaying reduced 

levels of terminal differentiation, acutely stimulated cells in BACH2DE groups displayed a 

comparable FSC-A relative to EV-transduced cells. This was not the case in BACH2OE cells, 

which displayed a lower FSC-A consistent with an impairment in activation-associated cell 

enlargement (Fig. 2-6c). In the same setting, BACH2OE-transduced cells, but not BACH2DE-

transduced cells, displayed a significantly lower level of expression in IFN-g and TNF relative 

to the EV group (Fig. 2-6d). When the same 4-hour restimulation was applied to chronically 

stimulated cells, all groups showed visibly decreased cytokine expression levels relative to 

acutely stimulated cells. In this context, EV and BACH2OE displayed a similar degree of 

cytokine expression. Nonetheless, cells in the BACH2DE-10% group showed a moderately higher 

level of cytokine expression, while this was even higher in BACH2DE-5% cells (Fig. 2-6d). 

Collectively, these data hint at notable functional differences between CD8+ T cells with high 

(BACH2OE), low (BACH2DE), and no (EV) ectopic BACH2 expression. While, like previously 

observed, BACH2OE protected transduced cells from terminal differentiation during chronic 

stimulation but at the expense of efficient acquisition of effector functions, cells in the 

BACH2DE displayed comparable levels of differentiation to the BACH2OE group while 

maintaining a similar degree of effector functions to the EV group. This data, therefore, suggest 

that fine-tuning the levels of expression of BACH2 could be an effective method to protect 

tumour-specific T cells from terminal differentiation without compromising effector functions. 

4.2.4 Dosed expression of BACH2 imposes a unique transcriptional state featuring both Tpex 

and effector characteristics in vitro 

To better understand how dosed expression of BACH2 affects CD8+ T cells, I decided to 

evaluate their transcriptional profile. For achieving this, I employed the previously described 

chronic stimulation assay on CD8+ T cells transduced with BACH2OE, BACH2DE-10%,  
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   Figure 2-6. Dosed expression of BACH2 protects in vitro CD8+ T cells from terminal 

differentiation without compromising their effector functions. a, Frequency of PD-1+ 

TIM-3+ OT-I T cells transduced with the indicated vectors following chronic stimulation 

and representative flow cytometry plots. b, Frequency of CD62L+ OT-I T cells transduced 

with the indicated vectors following chronic stimulation and representative flow cytometry 

histograms. c, FSC-A of OT-I T cells transduced with the indicated vectors following acute 

stimulation and representative flow cytometry histograms. The median FSC-A for EV-

transduced cells is indicated in the histogram for reference. d, Frequency of IFN-g+ TNF+ 

OT-I T cells transduced with the indicated vectors following a 4-hour anti-CD3-mediated 

restimulation of acutely stimulated cells in the presence of monensin and brefeldin-A. Data 

are representative of three independent experiments. ns, non-significant (P > 0.05); *, P < 

0.05; **, P < 0.01; ****, P < 0.0001. One-way ANOVA with Dunnett’s multiple comparison 

correction (a-e). Horizontal lines and error indicate mean ± SEM. 
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BACH2DE-5% and EV vectors, before sorting transduced cells (Thy1.1+) via FACS and 

analysing the enriched populations for bulk RNA-seq. 

Firstly, I employed a method of dimensionality reduction, called PCA, to visualise the overall 

differences in transcriptional profiles between groups. This method captures global variations 

in gene expression across samples and displays those differences through two unique 

dimensions (called principal components) that can be readily visualised. This revealed that 

BACH2OE, BACH2DE and EV cells encompassed unique transcriptional profiles, shown 

through the clustering of the different samples in three distinct groups (Fig. 2-7a). The first 

principal component (PC1), which explained most of the transcriptional variation in the 

experiment, highlighted stark differences between BACH2OE and the rest of the groups, while 

PC2 hinted at distinctions between BACH2DE and EV. Notably, BACH2DE-10% and BACH2DE-

5% clustered together in the PCA plot, indicating a high transcriptional similarity between these 

two groups. 

I then proceeded to examine the differences in the expression of individual genes using a 

heatmap plot displaying all differentially expressed genes (DEGs, q < 0.05, log2(FC) > 1) 

across all conditions, sorted into clusters using an unbiased clustering algorithm. Interestingly, 

the gene expression profile of BACH2DE cells did not reflect an ‘intermediate’ state between 

the profiles of BACH2OE and EV groups, as it may have been initially assumed. Rather, 

BACH2DE cells displayed some transcriptional programmes with high similarity to those found 

in EV cells, while others resembled those in BACH2OE cells, and others still appeared to be 

completely unique (Fig. 2-7b).  

In contrast with the EV group, BACH2DE-transduced cells induced a set of transcriptional 

changes that resembled those in BACH2OE (Cluster A, D and F), as well as a set of unique 

transcriptional programmes (Cluster C). Genes upregulated by both BACH2OE and BACH2DE 

relative to EV include critical Tpex-associated transcripts, such as Tcf7 (encoding TCF1), Id3 

(both in Cluster A) and Slamf6 (Cluster D). Similarly, both groups also showed a notable 

decrease in the expression of known BACH2 targets associated with terminal differentiation 

relative to EV, such as Prdm1 (encoding BLIMP-1), Entpd1 (CD39) and Havcr2 (TIM-3) 

(Cluster F). Among uniquely regulated profiles, BACH2OE (but not EV or BACH2DE) shown 

downregulation of genes associated with effector functions, including Ccr5, Gzma, Gzmc, 

Ccr2, Cxcr6 and Id2 (Cluster E). Other genes were exclusively upregulated by BACH2OE 
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condition, such as Dnmt1, Ccl22, Kit and Socs3 (Cluster B), and a different set upregulated 

only in the BACH2DE condition, such as Cd266, Il18 and Ly6a (Cluster C). 

Notably, many of the genes displayed are known to have AP-1 binding motifs and have been 

previously shown to bind BACH2 directly through chromatin immunoprecipitation sequencing 

(ChIP-seq) analysis performed in activated CD8+ T cells in a previous study (Fig. 2-7b). These 

include Cxcr6 and Ccr2, both of which have been shown to be bound by BACH2 in their 

corresponding promoter regions under physiological conditions131 (Fig. 2-7c). Interestingly, 

these represent two examples of effector-associated genes downregulated only in the context 

of high BACH2 expression (BACH2OE), but not when BACH2 is dosed (BACH2DE) as 

illustrated by the signal intensity of mRNA transcripts in each group. In the case of other genes, 

such as Havcr2, downregulation of mRNA expression happens instead at a similar rate in both 

BACH2OE and BACH2DE. 

Finally, I sought to compare how the overall transcriptomes in EV, BACH2OE and BACH2DE 

compared to reference Tpex and Ttex transcriptional signatures. To do this, I relied on GSEA 

– a method to estimate the degree of similarity between an RNA-seq dataset comparing two 

conditions and a pre-selected set of genes associated with a cellular state or phenotype of 

interest. Using DEGs identified in B16-OVA-derived OT-I Tpex in a different study as 

reference genes, the GSEA analysis showed that cells from BACH2OE, BACH2DE-10% and 

BACH2DE-5% exhibited a transcriptional profile that is significantly more similar to that of the 

reference Tpex signatures compared to EV75. Instead, when using Ttex DEGs as reference 

genes, I observed the opposite: that EV showed, in all cases, a higher degree of similarity than 

the remaining conditions to a terminally differentiated state (Fig. 2-7d). 

In summary, the transcriptional data observed here are consistent with the notion that dosed 

expression of BACH2 induces a unique transcriptional state consistent with a higher degree of 

retention of stemness-associated Tpex features following chronic stimulation, but without 

compromising the upregulation of effector-associated genes. Therefore, this suggests that a 

quantitative change in the expression of a transgene can lead to a qualitative functional 

difference, with implications for cell engineering strategies in therapeutic contexts such as 

ACT. 
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Figure 2-7. Dosed expression of BACH2 imposes a unique transcriptional state 

featuring both Tpex and effector characteristics in vitro. a, PCA plot displaying 

transcriptional differences between transduced with EV, BACH2OE, BACH2DE-10% and 

BACH2DE-5%. b, Heatmap displaying all differentially expressed genes (DEGs, q < 0.05, 

log2(FC) > 1) between EV, BACH2OE, BACH2DE-10% and BACH2 DE-10%. Z-score obtained 

normalizing gene expression by row and represented by colours. Black bars in the right-

hand side indicates genes bound by BACH2 based on chromatin immunoprecipitation 

sequencing (ChIP-seq) analysis from Roychoudhuri et al., 2016. c, Alignment plots 

displaying (from top to bottom) BACH2 ChIP-seq data and assay for transposase-accessible 

chromatin sequencing (ATAC-seq) performed in a previous study, and bulk RNA-seq data 

from EV, BACH2OE, BACH2DE-10% and BACH2DE-5% for Cxcr6, Ccr2 and Havcr2. d, 

Comparison between chronically stimulated OT-I T cells transduced with EV and 

BACH2OE, BACH2DE-10% and BACH2DE-5% through GSEA analysis using Tpex (left) or 

Ttex (right) DEGs as reference genes. NES, normalised enrichment score. 
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4.2.5 Partial attenuation of AP-1 binding enables BACH2DE to selectively regulate genes 

with high levels of AP-1-dependency 

Following the observation that dosed levels of BACH2 enable retention of certain stem-like 

characteristics without compromising the acquisition of effector functions, I sought to 

investigate the molecular mechanisms underpinning this phenotype. 

The prior RNA-seq analysis of EV-, BACH2OE- and BACH2DE-transduced cells revealed two 

clusters of genes that are of particular interest: Cluster E and Cluster F (Fig. 2-7b). Cluster E 

contained genes whose expression relative to EV was specifically suppressed under conditions 

of high BACH2 but not dosed BACH2 expression (downregulated only in BACH2OE-

transduced cells), whereas genes in Cluster F were downregulated under both high and dose-

optimised BACH2 expression (downregulated in both BACH2OE- and BACH2DE-transduced 

cells) (Fig. 2-8a). Therefore, I hypothesised that the identification differences between the 

regulatory elements in genes belonging to Cluster E and Cluster F may enable me to discern 

sequence-level determinants of gene regulation under conditions of high and low BACH2 

expression. 

To test this, I performed motif analysis in the promoter regions of genes in Cluster E and Cluster 

F (Fig. 2-8b). This analysis revealed that promoters of Cluster F genes were more highly 

enriched for bZIP motifs containing the AP-1 consensus TRE palindromic sequence 

(TGASTCA), including motifs associated with BATF, Jun-AP1, BATF, and JunB (Fig. 2-8c).  

Consistent with this, the frequency of TRE-containing bZIP motifs was consistently higher in 

Cluster F promoters compared to Cluster E, as well as to their genome-wide frequency across 

all promoters) (Fig. 2-8d). 

These findings suggest that genes in Cluster F are more dependent on AP-1–mediated 

regulation. Since BACH2 is known to regulate transcription primarily by binding to and 

sterically hindering TRE-containing motifs, it is likely this increased dependency in AP-1 

regulation makes genes in Cluster F more susceptible to BACH2-mediated suppression at 

lower doses. An additional determinant may be the density of TRE-containing motifs within a 

given locus, with promoters containing a higher “concentration” of these motifs functioning as 

high-affinity targets for BACH2 even at low expression levels. 

In addition to differences in the set of target genes, the prior transcriptomic analysis also 

revealed changes in the overall dose of expression of BACH2 target genes under different 

levels of BACH2 expression. This could represent an additional layer of mechanistic regulation 
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leading to distinct overall functional and phenotypic outcomes. To investigate how this may 

occur, I performed genome-wide measurement of chromatin accessibility and occupancy of the 

AP-1 transcription factor JunB in chronically stimulated CD8+ T cells transduced with vectors 

enforcing conventional high-dose overexpression and dose-optimised expression of BACH2.  

This analysis revealed that while chromatin accessibility at BACH2 binding sites was 

minimally altered by BACH2OE and BACH2DE, binding of the AP-1 factor JunB was 

substantially affected (Fig. 2-8e-f). Notably, BACH2OE resulted in substantial loss of JunB 

binding at BACH2 target sites, whereas BACH2DE resulted in only partial attenuation of JunB 

binding at these sites. This was apparent at known and putative enhancers of key genes 

associated with T cell effector differentiation and terminal differentiation including Ttc39c, 

Havcr2 and Entpd1, as well as other known BACH2 target genes. Consistent with the 

dampening of AP-1 binding, transcript levels reflected a graded expression mRNA expression 

of target genes, with BACH2DE typically yielding intermediate expression between EV and 

BACH2OE (Fig. 2-8g). 

In summary, these data suggest that AP-1 dependency at the gene regulatory level and the 

degree of occupancy of AP-1 factors such as JunB are an important determinant of the 

downstream functional consequences derived from dose-optimised BACH2 expression. 

Together, these findings provide mechanistic insight into how BACH2 regulates gene 

expression under low-dose conditions. 

4.3 Discussion 

Throughout this section, I have investigated the functional consequences of modulating the 

level of expression of BACH2 in CD8+ T cells under conditions of acute and chronic 

stimulation. This hypothesis originated from an initial observation in which different 

intratumoral T cell subsets displayed varying levels of expression of BACH2, suggesting a 

potential functional role in the regulation of its dose throughout the anti-tumour response. 

Both transcriptomic data from human samples and the Bach2tdRFP/+ mouse model were used to 

understand the dynamics of BACH2 expression in intratumoral CD8+ T cells. However, clear 

caveats exist with the methodology employed. For instance, none of the two methods took into 

account levels of protein BACH2 and instead relied on mRNA expression and a fluorescent 

reporter. In the case of the transcriptomic data, despite being a method that can enable detailed 

biological insights in many contexts, scRNA-seq can lack the resolution needed to accurately 

subdivide different subsets of a given cell type. This makes the technique more appropriate for  
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Figure 2-8. AP-1 motif enrichment and attenuated JunB binding are associated with 

sensitivity to repression by BACH2DE. a, Average normalised expression of genes 

belonging to Clusters E and F from the RNA-seq dataset shown in Fig. 2-7b. b, Schematic 

representation of TF motif enrichment analysis. Regions spanning ±2 kb from the 

transcriptional start site (TSS) of genes in Clusters E and F were analysed for motif 

enrichment. c, TF motifs significantly enriched near TSS of Cluster E and F genes (–log₂ p-

value > 5). d, Relative frequency of selected TF motifs within ±2 kb of Cluster E and F TSS, 

normalised against their occurrence near all annotated TSS across the mouse genome. e-f, 

JunB binding measured by CUT&RUN (e) and chromatin accessibility measured by ATAC-

seq (f) in chronically stimulated cells transduced with the indicated vectors, plotted relative 

to BACH2 binding peak centers. g, Alignments showing JunB occupancy and chromatin 

accessibility at representative loci in chronically stimulated cells transduced with the 

indicated vectors (left). Corresponding normalised RNA-seq log₂ fold changes for these 

genes are shown (right). 
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situations where different cell types need to be distinguished (i.e. T cells, macrophages, Tregs, 

NK cells, etc…), as opposed to different subsets (i.e. effector CD8+ T cells, memory CD8+ T 

cells, Tpex, Ttex, etc…). Furthermore, while the use of RFP as a reporter of Bach2 expression 

has several benefits (as described previously), its stability and turn-over rate differ from that of 

BACH2 – particularly considering how post-translational modifications driven by TCR 

signalling can influence its rate of degradation. 

Importantly, the overall direction of my doctoral research has been shaped not just by the 

biological questions at hand, but also by time and resource constraints. As such, I decided to 

focus on exploring the hypothesis that dosed BACH2 expression can be implemented in 

therapeutic applications, instead of characterising its role in physiological anti-tumour 

responses. Nonetheless, the latter certainly remains a relevant area of further research. Sorting 

techniques (e.g. FACS or magnetic sorting) in combination with methods for characterising the 

behaviour and levels of BACH2 in different subsets (e.g. proteomics, ChIP-seq, evaluation of 

binding partners, etc…) could be used to confirm the observations that different subsets display 

differences in BACH2 expression throughout the anti-tumour response, as well as to reveal the 

corresponding functional implications. 

One set of interesting findings from this Chapter are the insights into the mechanism 

underpinning the differences observed with BACH2 dosing. These revealed an increase in the 

frequency of AP-1 motifs within the promoter regions of genes regulated by dosed levels of 

BACH2, which could represent a plausible mechanism through which different genes are 

regulated in this system. However, it is important to acknowledge that the data presented herein 

does not conclusively show this is the case, as it is purely correlational in nature. Further 

experiment would be required to understand whether this is the case, as well as to quantify how 

the ‘concentration’ of BACH2 target sites in particular promoters affects its affinity towards 

such loci. The use of biochemical techniques such as electrophoretic mobility shift assays to 

measure the affinity of BACH2 towards DNA sequences with varying number of AP-1 motifs, 

or genetic engineering of T cells using reporter genes with multiple copies of BACH2 binding 

sites in its promoter region, could be interesting strategies to test this. 

It is also worth noting that, despite the wide use of in vitro chronic stimulation assays, there are 

likely important differences between this model and the exhausted phenotype of tumour-

specific T cells in vivo. In the in vitro model used here, activation is induced via antibody-

mediated cross-linking of CD3, which forms part of the TCR complex. While this mechanism 



82 
 

of activation attempts to emulate the TCR clustering that occurs when CD8+ T cells encounter 

tumour cells expressing a complementary pMHC, differences in the affinity and duration of the 

binding are likely to result in functional and phenotypic discrepancies. A clear example of this 

is the level of cytokine suppression in following restimulation of cells derived from in vitro 

versus in vivo assays in BACH2-overexpressing cells. As shown in prior data, in vivo-derived 

tumour-specific cells transduced with BACH2OE show minimal levels of cytokine secretion 

upon restimulation (Fig. 1-6b). Nonetheless, after using the same restimulation method in 

chronically stimulated cells, well over half of all BACH2OE cells produced cytokines at 

detectable levels (even if at lower levels than EV or BACH2DE cells) (Fig. 2-6d). Thus, it 

remains important to account for this caveat when interpreting data from these types of assays. 

To this end, I proceeded to evaluate how BACH2 dosing affects tumour-specific CD8+ T cells 

in an in vivo setting. The observation that stemness features can be retained without 

compromising effector functions are a promising indication that this could be a viable method 

for protecting T cells from the detrimental effects of terminal differentiation. This will be the 

main focus of the next chapter.  
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5. Chapter 3: BACH2 and FOXO1 dosing enhance anti-tumour responses 

in vivo 

5.1 Background 

Having identified a method to successfully modulate the dose of BACH2 and demonstrated 

that it preserves CD8+ stemness in the context of chronic stimulation without compromising 

effector functions, I moved to testing this setting in vivo. While the previously observed in vitro 

results are a promising, it is not guaranteed that the same phenotype will be maintained in an 

in vivo setting. For instance, the duration of stimulation within a tumour is days or weeks, and 

many other microenvironmental factors can play a role in T cells’ ability to maintain effector 

functions. More importantly, even if CD8+ T cells modified with dosed BACH2 did maintain 

a higher degree of stemness, the extent to which the overall anti-tumour response would change 

is uncertain. Hence, I will focus on elucidating whether (I) an improvement in the anti-tumour 

response is observed, and (II) what are the phenotypic and transcriptomic changes enforced by 

BACH2 dosing in an in vivo setting. A third question that will be addressed, relevant to the 

broader context of dosing memory-associated factors for improving T cell therapy responses, 

is whether the observed biological outcomes are relevant just to BACH2 or is an idea that can 

be expanded to other TFs.  

5.2 Results 

5.2.1 Low-dose expression of BACH2 enhances anti-tumour CD8+ T cell therapy responses 

in vivo 

To test whether dosed expression of BACH2 has an impact in CD8+ T cell-mediated anti-

tumour immunity, I relied on the previously optimised ACT model. B16-OVA cells were 

subcutaneously injected into the flanks of WT mice to induce tumour growth. In parallel, OT-I 

T cells were isolated and transduced with one of four different constructs: BACH2OE, 

BACH2DE-10%, BACH2DE-5% or EV. Once visible and established tumours had been formed, 

mice were irradiated using 3.5 Gy and treated with transduced OT-I T cells (Fig. 1-5a). Notably, 

while mice treated with BACH2OE-transduced T cells displayed a moderately worse tumour 

control compared to EV consistent with previous observations, mice treated with OT-I T cells 

expressing the BACH2DE-10%, BACH2DE-5% constructs showed a significant improvement in 

anti-tumour control (Fig. 3-1a-b). 
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Since both the phenomenon of terminal differentiation and the effects of ectopic BACH2 

expression are most likely cell-intrinsic, I hypothesised that the benefits of low-dose BACH2 

expression may be broadly applicable to other types of tumours. To test this hypothesis, I 

repeated the experiment using a different, yet still widely used, tumour model: MC38-OVA. 

Like B16-OVA, MC38-OVA is a murine-derived tumour cell line (colon adenocarcinoma as 

opposed to melanoma) expressing OVA and hence also recognised by OT-I T cells. Since 

MC38-OVA cells are known to be more susceptible to irradiation, a reduced dose to 2.5 Gy (as 

opposed to 3.5 Gy) was used based on prior optimisation performed by other members in my 

laboratory (data not shown). 

Using the MC38-OVA cell line and implementing the reduced irradiation dose, I repeated the 

experiment with the EV, BACH2DE-10%, BACH2DE-5%. Consistent with the results observed 

using the B16-OVA model, low-dose expression of BACH2 led to a significantly increased 

anti-tumour response as observed by a reduction in the final size of tumours (Fig. 3-1c-d). 

Notably, these results represent consistent and reproducible evidence that inducing low-dose 

expression of BACH2 in CD8+ T cells can enhance the efficacy of ACT. This not only suggests 

that protecting cells from terminal differentiation can have a real impact in the therapeutic 

efficacy of ACT and has important implications for the design of the next-generation of T cell 

therapies. 

5.2.2 Low-dose expression of BACH2 results in higher number of intratumoral T cells but 

does not affect the proportion of Tpex and Ttex  

Following the observation that dosing the expression of BACH2 improves anti-tumour 

immunity in in vivo models of ACT, I sought to understand its effect in the phenotype of 

transduced intratumoral OT-I T cells. To do this, I performed the ACT experiments as 

previously described, except treated tumour-bearing mice were sacrificed approximately three 

weeks following initial treatment for dissection and analysis of tumour tissues (Fig. 1-5a). 

Firstly, I wanted to determine whether there were any differences in the number of intratumoral 

OT-I T cells between different groups. To account for sample-to-sample variability caused by 

tumour size differences, I normalised the number of cells to the total mass of tumour dissected 

from each individual mouse. When gating on OT-I T cells with a Tpex phenotype (PD-1+ TIM-

3– TCF1+), I observed that cells in the BACH2OE group displayed a significant increase in the 

number of tumour-specific T cells that was several folds higher compared to the EV group (Fig. 

3-2a). Instead, when shifting the focus to more differentiated subsets such as Ttex (PD-1+ TIM- 
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Figure 3-1. Low-dose expression of BACH2 enhances anti-tumour CD8+ T cell therapy 

responses in vivo. a-b, Tumour volume of mice bearing B16-OVA after sublethal 

irradiation (3.5 Gy) and adoptive transfer of 0.5×106 transduced OT-I T cells (a), and tumour 

volumes at day 15-17 post-T cell transfer (b). c-d, Tumour volume of mice bearing MC38-

OVA after sublethal irradiation (2.5 Gy) and adoptive transfer of 0.5×106 transduced OT-I 

T cells (c), and tumour volumes at day 21 post-T cell transfer (d). ns, non-significant (P > 

0.05);  *, P < 0.05; **, P < 0.01; ****, P < 0.0001. One-way ANOVA with Dunnett’s 

multiple comparison correction (a-d). Points indicate average measurement at the indicated 

day (a, c), horizontal bars indicate mean (b, d), error bars indicate ± SEM.  
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3+ TCF1–), BACH2OE cells were nearly entirely absent, consistent with previous observations 

of high levels of BACH2 preventing differentiation (Fig. 3-2b).  

Interestingly, the number on intratumoral OT-I T cells from both BACH2DE groups was 

significant increased compared to EV, not just in Tpex, but also in the Ttex population (Fig. 3-

2a-b). This difference between the distribution of cells across subpopulations in BACH2OE and 

BACH2DE suggests that ectopic expression of modulated levels of BACH2 may enhance the 

persistence and/or expansion potential of intratumoral T cells without compromising 

differentiation into effector subsets, unlike high levels of BACH2. 

Following tumour excision and lymphocyte enrichment, part of the samples underwent a 4-

hour anti-CD3 stimulation to assess cytokine expression. Consistent with in vitro observations, 

cells transduced with the BACH2OE construct displayed an overall significantly lower 

frequency of cells expressing effector molecules compared to EV-transduced cells. On the other 

hand, there were no statistically significant differences between EV and either of the 

BACH2DE, reiterating the notion that dosed levels of BACH2 do not compromise acquisition 

of effector functions (Fig. 3-2c-d). Nonetheless, when evaluating relative numbers of 

transduced cytokine-expressing T cells per gram of tumour, both BACH2DE-10% and BACH2DE-

5% groups displayed a significantly higher number than EV consistent with an overall higher 

number of intratumoral OT-I T cells with retained effector functions (Fig. 3-2e). 

Next, I sought to study how dosing BACH2 expression affects the differentiation rate of Tpex 

and Ttex within the tumour. EV cells showed a balanced distribution between Tpex and Ttex, 

while overexpression of BACH2 at high levels curtailed T cell differentiation and led to almost 

all transduced cells retaining a Tpex phenotype. This is consistent with the results observed 

previously. However, when focusing on the BACH2DE-10% and BACH2DE-5% groups, the data 

diverged from what I expected based on prior in vitro assays. While previously the phenotype 

of BACH2DE-transduced cells was skewed towards a Tpex state, the results from the in vivo 

models suggests that the proportion of Tpex and Ttex cells remains minimally altered compared 

to EV (Fig. 3-2f).  

In conclusion, the data from the in vivo ACT models reveals two key insights about the effect 

of dosing BACH2 in anti-tumour CD8+ T cells. The first is that dosing BACH2 drives an 

increase in the number of intratumoral T cells with preserved effector function, which may well 

underpin the enhanced anti-tumour responses observed in the in vivo ACT models. The second 

observation is that, despite leading to a preserved Tpex phenotype in vitro, intratumoral T cells  
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  Figure 3-2. Low-dose expression of BACH2 results in higher number of intratumoral 

T cells but does not affect the proportion of Tpex and Ttex. a-b, Number of intratumoral 

transduced OT-I T cells per gram of tumour in the indicated groups, gated on Tpex (a) and 

Ttex (b) populations. c, Absolute difference in the frequency of intratumoral OT-I T cells 

transduced with the indicated vectors and normalised to EV, (co)-expressing the indicated 

number effector molecules (IL-2, Granzyme B, IFN-g and TNF) upon anti-CD3-mediated 

ex vivo restimulation. Pie charts represent the average cell frequency from each group that 

are expressing different number of effector molecules. Statistical significance represents 

differences compared to EV. c-d, Proportion of Granzyme B+ (c) and IFN-γ+ (d) 

intratumoral OT-I T cells transduced with the indicated vectors following ex vivo 4-hour 

restimulation and representative flow cytometry plots (d). e, Quantification of the absolute 

number of tumour-infiltrating transduced OT-I T cells per gram of tumour expressing the 

indicated effector molecule normalised to EV. Data are representative of three independent 

experiments. f, Quantification of TCF1 and TIM-3 frequency of expression in tumour-

infiltrating transduced PD-1+ OT-I T cells and representative flow cytometry plots. 

Statistical significance represents difference in frequency of TCF1+ TIM-3– cells with that 

of the EV population. Data in (e-f) were pooled from two independent experiments. ns, non-

significant (P > 0.05); *, P < 0.05; **, P < 0.01; ****, P < 0.0001. One-way ANOVA with 

Dunnett’s multiple comparison correction (a-f). Bars and error indicate mean ± SEM. 
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expressing low levels of BACH2 differentiated towards a Ttex state at approximately the same 

rate as EV-transduced cells. 

5.2.3 BACH2 dosing induces transcriptional changes in a subset-specific manner 

After observing that modulating BACH2 expression influenced the phenotype and abundance 

of tumour-specific T cells in vivo, I asked what transcriptomic differences would drive this 

phenotype and whether these could help clarify how BACH2 dosing affects cells at the 

mechanistic level. Furthermore, I hypothesised that the transcriptomic changes driven by 

BACH2 dosing may differ at different stages of differentiation. Thus, I decided to use the 

surface marker Slamf6, which has been previously reported to be a reliable surrogate marker 

indicating TCF1 expression, to sort subsets in a higher (Slamf6–, associated with an effector 

and Ttex phenotypes) and lower (Slamf6+) state of differentiation75.  

OT-I T cells transduced with EV, BACH2OE, BACH2DE-10% or BACH2DE-5% vectors were 

administered to mice bearing established B16-OVA tumours following irradiation, as 

previously described. After 18 days, mice were sacrificed, and tumour tissues were dissected 

and processed into single-cell suspensions. Subsequently, FACS was used to enrich for 

transduced Slamf6– and Slamf6+ OT-I T cells, resulting in 8 different experimental groups (EV, 

BACH2OE, BACH2DE-10% or BACH2DE-5%, with Slamf6– and Slamf6+ populations for each 

vector). Nonetheless, as previously observed, high levels of BACH2 restricts T cell 

differentiation, and thus too few cells were recovered for BACH2OE Slamf6–, forcing me to 

exclude this group form the experiment and limit subsequent analyses to 7 experimental groups 

(Fig. 3-3a). Once sorted, bulk RNA-seq was used to gather transcriptomic data of the different 

groups. 

Next, I aimed to identify the key transcriptional differences between groups that might explain 

the observed phenotypic variations. Hierarchical cluster analysis of DEGs revealed differential 

expression of genes among Slamf6+ and Slamf6– compartments (Fig. 3-3b-c). Both EV and 

BACH2DE Slamf6+ cells showed higher expression of genes associated with a Tpex cell 

phenotype when compared to Slamf6– cells, such as Id3 and Cxcr5 (Cluster A). Slamf6 was 

also included in the same cluster, consistent the use of Slamf6 expression during the enrichment 

of the different populations. However, BACH2DE cells showed transcriptional programmes that 

diverged from those observed in EV. Notably, I observed a subset of genes appearing to become 

downregulated upon Slamf6– differentiation in EV-transduced cells, which were instead 

retained in BACH2DE-transduced cells (Cluster B), including memory-associated genes such 
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as Klf3 and Tcf7. In addition, a smaller gene subset (Cluster C) showed similar levels of 

expression between EV Slamf6– cells and both BACH2DE Slamf6+ and Slamf6– cells, while a 

fourth set (Cluster D) included a group of genes either upregulated in Slamf6– cells across both 

EV and BACH2DE, or displaying a similar expression mean across all cell subsets. 

Notably, many of the identified DEGs between EV Slamf6+ and Slamf6– also showed changes 

in the BACH2DE-transduced Slamf6+ and Slamf6– cells, but at considerably lower scale. This 

is clear when comparing normalised counts in genes such as Tcf7 and Klf3. EV cells undergoing 

Slamf6+ to Slamf6– differentiation are known to lose expression of memory-associated genes 

like Tcf7 and Klf3, which is consistent with the observed reduction in normalised counts (Fig. 

3-3d). The same comparison in cells from both BACH2DE groups also show a noticeable 

decrease in normalised counts, but the magnitude of this change is far lower (and hence does 

not reach the significance threshold). 

In all, these data suggests that low-dose expression of BACH2 affects the transcriptional profile 

of CD8+ T cells in a subset-specific manner, leading to unique transcriptional profiles in 

Slamf6+ to Slamf6– populations compared to EV-transduced cells. Furthermore, transcriptional 

programmes generally associated with less differentiated Slamf6+, such as the expression of 

memory-associated genes, are maintained upon Slamf6– differentiation in cells ectopically 

expressing low levels of BACH2. This maintained expression of Slamf6+-associated 

programmes in more differentiated T cells may be key for the mechanism underlying the 

improved performance of anti-tumour responses observed previously. 

5.2.4 BACH2 dosing preserves Slamf6+ transcriptional features upon Slamf6– differentiation 

The observations that dosed expression of BACH2 preserves the expression of memory-

associated genes in Slamf6– cells to levels comparable to those found in Slamf6+ cells led me 

to investigate the overall transcriptional similarity between the two populations in cells 

transduced with EV and BACH2DE vectors. To do this, I used unbiased hierarchical clustering 

in a Pearson similarity matrix to compare the distribution of samples from different conditions 

(Fig. 3-4a). Slamf6+ and Slamf6– samples for all vectors were appropriately distributed at 

opposite halves of the matrix. Notably, EV Slamf6+ and Slamf6– groups displayed the lowest 

degree of similarity and were clustered at opposite ends of the matrix. On the other hand, 

Slamf6+ and Slamf6– samples transduced with BACH2DE clustered more closely and displayed 

an overall lower Pearson distance among them. Notably, as previously observed, there was high  
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Figure 3-3. BACH2 dosing induces subset-specific transcriptomic differences in 

Slamf6+ and Slamf6– populations. a, Diagram depicting experimental workflow. Tumour-

infiltrating OT-I T cells transduced with the indicated vectors were isolated from B16-OVA 

tumour-bearing mice 18 days post-T cell transfer and sorted via FACS into Slamf6+ and 

Slamf6– subsets for analysis via RNA-seq. Insufficient number of Slamf6– cells were 

obtained in mice treated with BACH2OE-transduced cells. b, Heatmap displaying the 

average log(normalised count), where replicate values within each gene were normalised 

from 0 to 1, in the indicated groups. Genes displayed correspond to all DEGs (q < 0.05, 

log2(FC) > 1) between Slamf6+ and Slamf6– in EV and BACH2DE. c, Violin plots displaying 

the distribution of values of the indicated populations in each of the clusters from (c). d, 

Normalised expression counts of Tcf7 and Klf3 from the indicated groups. q-values 

comparing normalised counts between Slamf6+ and Slamf6– in each condition are shown. 
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transcriptional similarity between BACH2DE-10% and BACH2DE-5%, and both groups appeared 

intermixed in the hierarchical ranking. 

The overall transcriptional similarity between Slamf6+ and Slamf6– populations in cells of the 

BACH2DE condition and the preservation of the expression certain memory-associated genes 

raises the question of whether controlled BACH2 expression allows Slamf6⁻ cells to maintain 

a transcriptional profile that more closely resembles that of Tpex cells than to their EV-

transduced counterparts. To answer this, I used GSEA to compare Slamf6– from EV and 

BACH2DE conditions using different Tpex gene sets. Notably, the transcriptome of Slamf6– 

cells transduced with both BACH2DE-10% and BACH2DE-5% showed a significant enrichment in 

Tpex-associated genes compared to Slamf6– cells. Moreover, this was true across a number of 

different publicly available gene sets, which have been derived from both tumour and chronic 

viral infectious models, and using different Tpex-associated markers during enrichment (e.g. 

TCF1, ID3, CXCR5) (Fig. 3-4b-c)73,75,167,168. 

Based on these observations, I decided to test whether differences at the protein level were 

observed in tumour-specific Slamf6– adoptive T cells reflective of a less differentiated 

phenotype within this population. The previously described B16-OVA model was used, with 

transduced OT-I T cells transferred a day after irradiation and analysed ~18 days following T 

cell transfer. Notably, several markers, including Ki67, CCR7 and CD62L, displayed a 

significantly higher MFI in both BACH2DE-10% and BACH2DE-5% cells in the Slamf6– 

population, despite displaying no differences in the Slamf6+ compartment (Fig. Fig. 3-4d).  

In conclusion, constitutive low-level BACH2 expression promote the maintenance of Slamf6+ 

transcriptomic features in Slamf6– cells. This similarity is reflected in lower Pearson correlation 

scores among samples from BACH2DE groups. Consistent with this, this population also 

showed a significantly higher enrichment of Tpex-associated genes in these populations 

relative to their EV counterpart and showed higher expression of memory-associated markers 

such as CD62L and CCR7 within the TME.  

5.2.5 Low-dose expression of FOXO1AAA enhances anti-tumour CD8+ T cell therapy 

responses in vivo 

Finally, to test whether the principles uncovered in this thesis are specific to BACH2 or could 

be generalizable to other TFs, I decided to expand the analysis to a new Tpex-associated TF: 

FOXO1. 
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  Figure 3-4. BACH2 dosing preserves Slamf6+ transcriptional features upon Slamf6– 

differentiation. a, Pearson similarity matrix illustrating Slamf6+ and Slamf6– populations 

from OT-I T cells transduced with the indicated vectors. b-c, Comparison between Slamf6– 

EV and Slamf6– BACH2DE-10% or BACH2DE-5% transduced OT-I  T cells sorted from B16-

OVA tumours using GSEA with signatures derived from terminally exhausted or progenitor 

exhausted CD8+ T cells (b) and normalised enrichment scores of multiple publicly available 

Tpex signatures (c). d, Comparison of the MFI (normalised to EV) in the indicated markers 

between Slamf6+ (top) and Slamf6– (bottom) in tumour-infiltrating transduced OT-I T cells, 

and representative flow cytometry histograms. ns, non-significant (P > 0.05); *, P < 0.05; 

**, P < 0.01; ****, P < 0.0001. One-way ANOVA with Dunnett’s multiple comparison 

correction (d). Bars and error indicate mean ± SEM. 
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Recently, Doan et al. and Chan et al. have independently shown that full overexpression of 

FOXO1 improves the anti-tumour responses in different CAR T cell models128,129. FOXO1 is 

related to BACH2, not just in that they are both involved in T cell memory differentiation, but 

also in the fact that FOXO1 directly binds the BACH2 locus and induces its expression. Indeed, 

part of the functions of FOXO1 are thought to be directly attributable to BACH289. Importantly, 

however, the function of FOXO1 is highly susceptible to its post-translational state: 

phosphorylation of three different residues (T24, S256 and S319 in humans; T24, S253 and 

S316 in mice), induced downstream of TCR signalling, halts FOXO1 translocation into the 

nucleus and prevents its function from being exerted145. Therefore, substituting the three sites 

with alanine residues (not susceptible to phosphorylation) to generate the triple-alanine mutant 

FOXO1AAA results in a constitutively active variant of FOXO1 that is permanently active. 

Prior work studying the function of FOXO1 in CD8+ T cells relied on FOXO1AAA 

overexpression and showed results similar to those observed with full BACH2 overexpression: 

while a Tpex-like phenotype is promoted, this occurs at the expense of acquisition of effector 

functions89. This was also demonstrated by Doan et al. and Chan et al., where they showed that 

full overexpression of FOXO1AAA disrupted anti-tumour immunity, despite the fact that full 

overexpression of the WT variant improved it. However, not much focus is placed on this 

seemingly paradoxical result, and while they mention the possibility of ‘dose’ as being an 

important factor, this is left as an open question. 

My hypothesis was that they are observing a phenomenon analogous to that seen in BACH2OE 

and BACH2DE, where the use of a FOXO1AAA overexpressing construct (FOXO1AAAOE) locks 

T cells in a Tpex state, while relying on a construct overexpressing the WT variant (FOXO1OE) 

provides the right balance between stemness and effector function. To test this hypothesis, I 

decided to modulate the expression of FOXO1AAA. If FOXO1AAAOE is too high a dose and 

causes Tpex locking of CD8+ T cells, perhaps constructs leading to dosed expression of 

FOXO1AAA (FOXO1AAADE) may result in a beneficial phenotype. 

Using the same BACH2OE and BACH2DE constructs, I replaced the CDS of BACH2 by that of 

FOXO1AAA, resulting in three new constructs: FOXO1AAAOE, FOXO1AAADE-10% and 

FOXO1AAADE-5%. I then transduced CD8+ T cells and stimulated them using the previously 

described chronic stimulation assay (Fig. 3-5a). Interestingly, I observed very similar results 

to those seen previously using BACH2. FOXO1AAAOE and FOXO1AAADE groups all showed a 
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similar degree of stemness when exposed to chronic stimulation as observed by the expression 

of CD62L as well as TCF1 and TIM-3, which was significantly higher than cells transduced 

with the EV group in all cases (Fig. 3-5b-c). Nonetheless, when testing their effector function, 

FOXO1AAADE cells displayed a comparable cytokine expression to EV, while this was 

substantially reduced in cells from the FOXO1AAAOE group (Fig. 3-5d). 

Since these results mirrored those obtained when using BACH2 in chronic stimulation assays, 

I hypothesised that dosing of FOXO1AAA could also enhance anti-tumour immunity. To test 

this, I treated B16-OVA-bearing mice with OT-I T cells transduced with EV, FOXO1AAAOE, 

FOXO1AAADE-10% and FOXO1AAADE-5%. Indeed, as observed using the BACH2 vectors, mice 

treated with T cells belonging to the FOXO1AAADE experienced a significantly improved 

control of tumour growth and enhanced survival compared to EV, while this was not the case 

for FOXO1AAAOE (Fig. 3-5e-g).  

Overall, these results suggest that the concept of TF dosing to improve T cell-mediated anti-

tumour responses may span beyond BACH2 and could be applicable to other memory-

associated factors. This also reflects the broader importance of protecting tumour-specific T 

cells from the effects of terminal differentiation while simultaneously enable an appropriate 

degree of effector differentiation. 

5.3 Discussion 

Throughout this final chapter, I have continued the line of enquiry that originated in the 

previous section, testing the ability of antigen-specific T cells expressing low levels of 

quiescent factors in controlling tumour growth. Previous observations revealed that dosed 

expression of these types of factors can promote stemness without compromising effector 

functions, a phenotype I hypothesised could improve the efficacy of T cell therapies. Indeed, 

the results presented here demonstrate that, at least in the OT-I T cell therapy model, that is the 

case. Moreover, improvements in anti-tumour responses have shown to be reproducible in two 

distinct tumour models: B16 and MC38. These two models are characteristically distinct – B16 

is generally considered an immunologically cold tumour, with high degree of Treg infiltration 

and elevated levels of immunosuppressive factors, while MC38 is more susceptible to 

immunotherapies such as cytokine treatment or immune checkpoint blockade. This suggests 

that dosing of memory factors is a generalisable approach and could be effective in tumours 

with different characteristics. 
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  Figure 3-5. Low-dose FOXO1AAA maintains a stem-like phenotype while preserving 

effector function in vitro and improves anti-tumour T cell therapy efficacy in vivo. a, 

Schematic of FOXO1AAAOE and FOXO1AAADE vectors. b-d, Frequency of CD62L+ 

chronically stimulated cells (b), TCF1⁺ TIM-3⁻ chronically stimulated cells (c), or IFN-γ⁺ 

TNF⁺ acutely stimulated cells after 4 hours of anti-CD3 restimulation in the presence of 

brefeldin A and monensin (d) from OT-I T cells transduced with the indicated vectors on 

day 4, with representative flow cytometry plots shown. e-f, Tumour growth in B16-OVA–

bearing mice following sublethal irradiation (3.5 Gy) and adoptive transfer of 0.5 × 106 OT-

I T cells transduced with the indicated vectors (e) and tumour volume at day 18 post-transfer 

(f). For mice that were euthanised, the last recorded tumour volume was carried forward 

into the group average. Tumour sizes are displayed until the time point when more than 20% 

of mice were still alive. g, Kaplan–Meier survival analysis of B16-OVA tumour-bearing 

mice from panel (e). Significant differences are shown between EV and either 

FOXO1AAADE-10% (blue) or FOXO1AAADE-5% (red). Data are representative of two 

independent experiments. ns, not significant (P > 0.05); *, P < 0.05; **, P < 0.01; ****, P < 

0.0001. Statistical tests: one-way ANOVA with Dunnett’s multiple comparison test (b-d, f), 

Kaplan–Meier log-rank Mantel–Cox test (e). Horizontal bars represent mean ± SEM. 
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Beyond two distinct tumour models, in this section I have tested a second memory factor: 

FOXO1. Like BACH2, FOXO1 is a well-characterised TF involved in memory differentiation, 

and full overexpression of the constitutively-active mutein FOXO1AAA had already been shown 

to compromise the expression of effector cytokines (similar to BACH2 overexpression). This, 

therefore, raises the possibility that the dosing strategy works beyond BACH2 and FOXO1 to 

other TFs. Two questions emerge from this notion, however: do BACH2 and FOXO1 rely on 

a convergent mechanism, or do they achieve the observed phenotypes through different 

pathways? And, if they worked through different mechanisms, would combining multiple TFs 

lead to a synergistic effect? Prior studies have shown that BACH2 is a direct target of FOXO1, 

and that part of its function depends on BACH289. Nonetheless, FOXO1 is also a pioneer TF, 

and it targets many other genes beyond BACH2169. It would be of interest to evaluate specific 

phenotypic and transcriptomic differences between dosing FOXO1 and BACH2. 

One interesting but unexpected finding from this chapter relates to the phenotype of transduced 

tumour-specific T cells in vivo. While in the previous chapter, cells transduced with BACH2DE 

vectors were able to retain a more stem-like phenotype in vitro upon chronic stimulation as 

characterised by lower expression of TIM-3 (a finding also observed with FOXO1AAADE in this 

chapter), phenotyping of cells derived from the in vivo setting did not show stark differences 

in the overall expression of TIM-3 or TCF1 across EV, BACH2DE-10% and BACH2DE-5%. One 

potential explanation could be that of the difference in the strength and duration of the 

stimulation – cells subjected to tumours in vivo get stimulated for long periods of time (up to 

~3 weeks) and are exposed to microenvironmental factors that may favour differentiation. This 

may cause cells lacking high levels of BACH2 to advance further in the effector differentiation 

trajectory than they may do in vitro. Nonetheless, this hypothesis cannot be corroborated with 

the existing data, and further investigation in the differences between anti-CD3-driven 

activation and stimulation in an intratumoral context would be warranted. 

Nonetheless, an observation consistent among both BACH2DE-10% and BACH2DE-5% is the fact 

that the transcriptional profile of Slamf6– cells exposed to dosed levels of BACH2 retains 

features characteristic of less differentiated Slamf6+ populations. I decided to use Slamf6 as a 

marker for degree of differentiation as it is widely acknowledged to strongly correlate with 

TCF1, one of the de facto markers identifying Tpex75. While I could have included other 

markers in the selection criteria (such as TIM-3), this could have made studying the distinction 

between different subsets more challenging, both technically for the increased number of 

populations and for the reduced number of cells; as well as conceptually due to the notion that 
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cell differentiation is a ‘spectrum’ rather than a selection of clearly distinct populations and 

further subdivision may blur differences among subpopulations. 

Overall, the work in this chapter has helped elucidate the potential of dosing memory factors 

as a novel strategy for enhancing the performance of tumour-specific T cells in an ACT setting. 

While data on the phenotype and transcriptomic profile of the cells upon memory TF dosing is 

useful to expand our understanding of what characteristics may enable T cells to clear tumours 

more effectively, a number of important elements remain to be elucidated, such as the specific 

mechanism through which this happens. The relevance of this work in the context of the 

existing work and literature on T cell therapy and memory factors, as well as potential areas of 

improvement and future work, will be discussed in the subsequent section. 
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6. Thesis Discussion 

6.1 Summary of key findings 

In this thesis, I present a novel and previously unexplored method for using memory-associated 

factors to enhance the persistence of tumour-targeting T cells in the context of ACT. As with 

many research-based projects that explore uncharted territory, my work began with a 

hypothesis informed by prior observations, which upon further experimentation, was refined 

to a new hypothesis that, eventually, proved to be correct.  Here, I summarise the key findings 

throughout the project and describe how my understanding of the influence of memory-

associated factors in T cell therapy evolved throughout the progression of my work. 

The project started upon multiple reported observations that Tpex, also commonly referred to 

as stem-like CD8+ T cells, were correlated with improved persistence and anti-tumour 

responses75,79. Previous work carried out by my laboratory, as well as other groups, had shown 

that BACH2, a transcriptional repressor associated with T cell memory differentiation and 

highly expressed in naïve and memory T cells, could enforce a Tpex phenotype92,131. Yet, to 

my knowledge, there had been no prior attempt at testing overexpression of BACH2 (or other 

memory-associated TFs) to improve anti-tumour responses in ACT. 

As such, Chapter 1 explores the hypothesis that BACH2 overexpression can promote a Tpex 

state and, consequentially, improve anti-tumour responses. After setting up and optimising a 

tumour ACT model by testing different doses of lymphodepleting irradiation prior to T cell 

administration, I treated tumour-bearing mice with antigen-specific T cells genetically edited 

via a conventional retroviral vector to overexpress BACH2. Data from these experiments 

showed that, indeed, high levels of BACH2 were sufficient to enforce a Tpex state in tumour-

targeting T cells while preventing terminal differentiation, as observed by high expression of 

the Tpex markers TCF1 and Slamf6. Nonetheless, contrary to initial expectations, the increased 

levels of BACH2 significantly disrupted the ability of these T cells to engage in effector 

functions like production of pro-inflammatory cytokines or expression of Granzyme B. 

Consequently, despite promoting a Tpex state and preventing terminal differentiation, 

heightened expression of BACH2 compromised in vivo anti-tumour responses. 

Undeterred, I decided to keep exploring BACH2 biology in tumour-specific T cells. In 

particular, I was intrigued by an apparent paradox resulting from my results in Chapter 1: the 

presence of Tpex  in tumours is associated with improved anti-tumour ACT responses, and 
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BACH2 is associated (even required) for Tpex differentiation; yet overexpression of BACH2 

worsened anti-tumour responses.  

Therefore, in Chapter 2, I delved into how BACH2 regulation occurs under physiological anti-

tumour responses, with the aim of better understanding how its expression pattern and dose 

influences T cell differentiation and acquisition of effector functions. An initial look at existing 

scRNA-seq data suggested an interesting idea: that BACH2 expression is ‘dosed’ across 

different T cell subsets, with potential indications for their function. Subsequent experiments 

using a murine transgenic model edited with a fluorescent reporter to track the expression of 

BACH2 in different cell states revealed a similar story: while bystander non-activated (PD-1–) 

cells expressed high levels of BACH2, cells in Tpex and effector states showed intermediate 

levels of expression. These observations led to a question that became the central theme of my 

doctoral work: what if, rather than using supraphysiological levels of BACH2 resulting from 

conventional retroviral transduction, I instead delivered a lower, more physiologically relevant 

dose? 

To do this, I employed the STOP-TRM system – a simple method for modulating the expression 

of transgenes of interest by employing a premature STOP codon followed by a TRM sequence 

and the payload of interest. Through this method, I was able to show that conventional BACH2 

overexpression leads to supraphysiological levels of BACH2 expression (referred to as 

BACH2OE), while dosed expression through the STOP-TRM system (referred to as BACH2DE) 

led to levels of BACH2 that are closer to physiological levels of expression.  

To test whether differences in quantitative levels of BACH2 lead to alterations in function, I 

subjected T cells expressing BACH2 at high or low doses to chronic stimulation assays. As 

expected, cells belonging to the BACH2OE group showed maintained stemness upon repeated 

antigen exposure relative to EV, but this was accompanied by a loss in effector functions such 

as production of IFN-γ. However, notably, while BACH2DE-transduced cells showed 

comparable levels of stemness to BACH2OE, they displayed no loss of effector function. These 

changes were also reflected at the transcriptional level, where BACH2DE-transduced cells 

displayed a transcriptomic signature with significant enrichment of Tpex-associated genes 

relative to EV. 

Motif enrichment analysis of  the sequences of genes differentially regulated BACH2DE and 

BACH2OE cells revealed a that dosed expression of BACH2 preferentially represses highly AP-

1-dependent genes with an increased concentration of AP-1 motifs near their TSS. 
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Furthermore, while high levels of BACH2 caused a stark reduction in the binding of the AP-1 

factor JunB near known BACH2-binding sites, dosed levels of BACH2 caused only partial 

displacement of AP-1 binding, likely resulting in changes in the levels of mRNA expression of 

the respective genes with potential downstream functional implications. 

Following these observations, I moved to testing this system in vivo throughout Chapter 3. 

Using the ACT model established in Chapter 1, I tested the ability of cells with dosed-optimised 

BACH2 expression to control tumour growth and found that cells transduced with both 

BACH2DE-10% and BACH2DE-5% vectors displayed superior anti-tumour immunity compared to 

EV or BACH2OE-transduced cells. This was also accompanied by an increase in the number of 

cells per gram of tumour of both Tpex and Ttex populations, though the balance of these was 

not altered relative to EV. Functionally, as observed in vitro, only BACH2OE but not BACH2DE 

compromised the production of effector molecules. At a transcriptional level, more 

differentiated BACH2DE Slamf6– retained higher expression of Tpex-associated genes 

compared to their EV counterpart. This was consistent with protein-level observations of Tpex 

markers, such as CCR7 and CD62L, being more highly expressed in BACH2DE Slamf6– 

relative to EV Slamf6– cells, indicating retention of at least some stem-like features in more 

differentiated states. 

Finally, I concluded my doctoral research by testing the concept beyond BACH2 with a well-

characterised TF: FOXO1. Like BACH2, FOXO1 is involved in memory and Tpex 

differentiation, and high levels of FOXO1 activity also promote stemness while restricting the 

acquisition of effector functions. I therefore employed the same system used previously to 

generate FOXO1 dosed-optimised vectors. Again, I observed maintenance of stem-like features 

without compromising effector functions, leading to enhanced anti-tumour responses in vivo. 

6.2 Limitations and future perspectives 

Before delving into a detailed discussion of the conclusions of this work, its repercussions and 

potential future directions of research, I’d like to first cover the strengths and limitations of the 

methodology used.  

The strength of the results and conclusions of any research depend highly on the strengths of 

the models used. For this reason, I have tried, as much as it was technically feasible, to use 

validated and well-described models, where both strengths and limitations are known and well-

understood. One such example is the use of cell lines expressing model antigens for ACT 

experiments. As explained in Chapter 1, a good model requires a compromise between fidelity 
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and practicality. The in vivo use of cell lines such as B16-OVA and MC38-OVA enable 

modelling of T cell responses during ACT in a context where I know T cells are actively 

recognising a tumour-specific antigen, while preserving an intact TME containing many types 

of immune and non-immune populations170. As this heterogenous mix of cell types, and the 

soluble factors they secrete into the TME, are likely to impact T cell signalling and 

differentiation, I believe these to be good models to assess T cell’s functional anti-tumour 

performance and a good compromise between technical feasibility and fidelity to a real-world 

disease setting. Notwithstanding, cell line-based models have clear limitations too, such as the 

lack the heterogeneity and varying levels of antigen expression characteristic of real tumours, 

but since the focus of this study has been primarily on the T cell compartment I believe these 

drawbacks to be of tolerable. 

Another approach of major relevance to the present thesis is the use of the STOP-TRM system 

to modulate the expression of payloads of interest. Since ensuring this tool works as originally 

described is pivotal for the interpretation of the conclusions, I’ve sought to independently 

validate it in various ways146. This includes multiple measurements of the expression of 

BACH2 and using two individual techniques (flow cytometry, proteomics). Furthermore, an 

additional layer of confidence in the results obtained comes from the use of two individual 

doses throughout the entirety of the study (BACH2DE-10% and BACH2DE-5%). In all results, both 

doses resulted in very similar functional and transcriptional outcomes, consistent with the 

expected similarity in transgene dose from both vectors.  

One limitation of the STOP-TRM system, however, is the restriction in the range of doses that 

can be produced. This is because the highest level of expression that can be achieved using this 

system results in a ~10-fold decrease in expression (based on MFI signal) compared to lack of 

a STOP codon146. This means that I have been unable to test any dose of BACH2 between those 

obtained by the BACH2OE and BACH2DE-10% vectors. Thus, whether a level of expression 

within this range would be better suited to maintaining appropriate T cell function in the context 

of ACT remains to be assessed.  

An alternative method to achieve dosed expression of transgenes of interest while providing a 

more flexible range of expression is the use of mutant IRES sequences. An IRES is a sequence 

that enables ribosome binding and translation initiation anywhere in an mRNA transcript and 

is routinely used for expressing multiple payloads in a polycistronic manner. While IRES 

enables a relatively high expression of multiple payloads of interest from a single transgenic 
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cassette, mutant versions of this sequence can be used to modulate the resulting dose of 

expression161. And unlike the STOP-TRM system, a wide range of mutations enables fine-

tuning the dose from close to 100% of the WT IRES version down to near complete lack of 

expression. Therefore, this system could be used to further examine the effect of different doses 

of BACH2 or other TFs more precisely and across a wider set of ranges. 

Two factors from the IRES system, however, led me to select STOP-TRMs to evaluate dosed 

expression of BACH2. The first one is the fact that IRES sequences are over 500 bp in length, 

increasing the overall size of the vectors with potential consequences with the production and 

concentration of viral particles used for T cell transduction. And the second factor is that, while 

the STOP-TRM system had been originally validated in primary T cells, this was not the case 

for the IRES mutants which had only been tested in immortalised cell lines146,161. 

One important additional consideration is that the in vivo models I have employed throughout 

this thesis make use of T cells with a transgenic TCR, specific for the model antigen OVA. 

Such a setup avoids having to modify T cells further with the addition of an antigen receptor, 

which would increase the size requirements of the vectors and complicate production of 

retroviral vectors. Nonetheless, the specific affinity of a TCR towards its target, as well as the 

abundance of the antigen of interest, can influence the degree of signal received by the T cell. 

This, in turn, can have consequences on its function and differentiation trajectory81,114. 

Therefore, whether the results obtained here apply more broadly to TCRs of different affinity, 

different levels of antigen exposure, or even other non-TCR antigen receptors, is an aspect that 

warrants further investigation. 

This is particularly relevant in the context of CAR T cell therapies. This type of therapies, as 

discussed during the introduction, involve modifying T cells with a synthetic antigen receptor 

composed by the fusion of an extracellular binding domain, usually derived from an antibody’s 

scFv, with an intracellular signalling structure containing signalling domains derived from 

natural stimulatory and co-stimulatory receptors. CARs have revolutionised the treatment of 

cancer and the use of immune cells as part of the therapeutic arsenal in cancer and autoimmune 

indications, but differences in the degree of antigen-driven signalling between CARs and TCRs 

have been shown to carry functional implications. For instance, CARs generally produce 

‘stronger’ signal when recognising an antigen than TCRs, which has shown to have a 

substantial impact in the rate of T cell differentiation and persistence in a clinical setting171. 

Therefore, while the overall mechanisms guiding T cell differentiation or acquisition of effector 
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functions is conserved among both TCR- and CAR-expressing T cells, it would be of interest 

to explore whether the results observed in our studies apply also to CAR T cell models and, if 

so, determine whether dose requirements between models changes as a consequence of 

signalling strength differences. 

The increase of T cell therapies in the clinical setting has also highlighted the importance of 

maintaining cells in a low state of differentiation during ex vivo manufacturing and 

expansion112,172. Indeed, while long culturing times can yield a higher number of gene-modified 

T cells through T cell proliferation, it is also correlated with a higher degree of differentiation 

and overall worse anti-tumour responses173. Furthermore, CARs have also been observed to 

induce a low but constant level of CAR-driven signalling even in the absence of an antigen. 

This phenomenon, known as tonic signalling, can exacerbate the loss of stemness and lead to 

reduced persistence upon administration into patients174. This raises the possibility that the 

expression of dose-optimised BACH2 could be beneficial, not just during the active anti-

tumour response, but also during prior manufacturing stages by preventing further 

differentiation without compromising proliferation. This is an idea that I have not formally 

tested in this thesis, but that would be of relevance for clinical translation. 

Finally, perhaps the most obvious limitation to clinical translatability pertaining to the models 

I have used is the lack of testing in human T cells. This stems primarily from a time constraint, 

as well as from the focus of my laboratory being primarily on mouse genetics and synthetic 

immunology using murine in vivo systems (though the group is gradually expanding to perform 

more human experimental work). Nonetheless, I believe it is highly likely the concept is 

reproducible and translatable to human T cells. Functionally, BACH2 and FOXO1 have been 

shown to play similar roles in both human and mice, which is also reflected by a high degree 

of sequence conservation (>90% sequence identity for both BACH2 and FOXO1)133,175,176. 

While I have been unable to test the concepts of TF dosing to extend the persistence and 

enhance the function of T cells in a CAR system or using human T cells, additional work does 

suggest these findings are translatable in these contexts. For instance, during the final stages of 

my doctoral research and the preparation of manuscripts for publication of the work, I became 

aware of two additional laboratories investigating the use of BACH2 for mitigating the effects 

of terminal differentiation in the context of human CAR T cells. Their findings (not yet 

published and available as preprints) are complementary to my work, showing similar 

principles to those presented here apply to human CAR T cells, as well as that BACH2 is 
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capable of mitigating the effects of CAR-driven tonic signalling177-179. As of the time of writing, 

three manuscripts (one prepared by our laboratory containing the data presented in this thesis, 

and two additional pieces of work from the aforementioned laboratories with data on human 

CAR T cell models) are being jointly considered for publication. 

In addition to the work on BACH2, recent published work on FOXO1 is consistent with my 

conclusions, as previously discussed in the Results section. These publications show that 

overexpression of FOXO1, but not the constitutively active mutein FOXO1AAA, improves anti-

tumour in a manner similar to that observed in my experiments128,129. Notably, these results 

were obtained also using human CAR T cell models.  

My hypothesis is that the principles behind the FOXO1-driven enhancement of CAR T anti-

tumour function are similar to those proposed here, though this cannot be confirmed with the 

data made available in those publications alone. Furthermore, the function of FOXO1 is known 

to be at least partially dependent on BACH289. This raises several interesting questions: are the 

observations from the FOXO1 publications directly dependent on BACH2? And would the 

same principle presented here apply to other Tpex-associated TFs not directly dependent on 

BACH2, such as ID3? Using a model permitting gene KO and transgene overexpression 

simultaneously (i.e. WT FOXO1 overexpression + BACH2 KO), as well as expanding the 

STOP-TRM system to other TFs, would constitute useful ways to answer these questions. 

Beyond the expansion of this work to other TFs, another aspect that I have not explored in my 

thesis is whether these principles can also be expanded to other cell types. Like in CD8+ T cells, 

immune subsets including CD4+ T cells, NK cells and Tregs display phenotypes analogous to 

terminal differentiation when exposed to excessive stimulation (i.e. loss of proliferative 

potential and function)180-183. And, like in CD8+ T cells, BACH2 also plays a role as a negative 

regulator of differentiation91,133,141,158,184-186. Therefore, this raises the possibility that dose-

optimisation of BACH2, or other TFs, can be employed therapeutically in a broader range of 

cell therapy contexts that go beyond CD8+ T cells. 

6.3 Proposed conceptual model 

The data gathered throughout this work, together with the current understanding of T cell 

biology and differentiation, have allowed me to formulate a model to explain how BACH2 

dosing alters the functions of T cells in the context of chronic stimulation, which I will 

summarise here. 



110 
 

The exposure of CD8+ T cells to sustained periods of stimulation, like in the context of anti-

tumour responses, induces their differentiation away from naïve or memory T cells and into 

states possessing effector functions. While it is practical to speak of these states as discrete 

subpopulations, in reality these should be thought of as a continuum of differentiation states. 

Along this spectrum, cells initially acquire potent effector functions but, as they progress 

further, approach terminally differentiated states characterised by reduced proliferative 

capacity, impaired cytotoxicity, and diminished effector molecule secretion. Importantly, this 

loss of function should not be considered pathological; rather, it likely represents an 

evolutionary safeguard against excessive or damaging immune responses. 

This differentiation trajectory is tightly regulated by networks of transcription factors that both 

promote and restrain effector programmes. Among these regulators, BACH2 functions 

primarily as a brake on differentiation. 

Here, I propose a model in which BACH2 functions as a cellular “thermostat” of 

differentiation, with its abundance dictating how far a CD8+ T cell can advance along the 

differentiation continuum. In this framework, BACH2 establishes a lower “floor” of 

differentiation that T cells cannot cross. Physiologically, this is consistent with the notion that 

BACH2 expression is gradually suppressed as T cells are exposed to antigen stimulation, 

enabling cells to progress further into effector states. Supporting this model, complementary 

work from my laboratory (currently in press) demonstrates an analogous effect occurring in 

the thymus, where BACH2 levels fine-tune signalling thresholds and thereby influence the 

stringency of negative selection in developing T cells. 

This framework would also explain the results obtained in this thesis. The high levels of 

BACH2 found in BACH2OE-transduced T cells ‘lock’ them in an undifferentiated state, 

preventing them from accessing phenotypes associated with acquisition of cytotoxic functions. 

In this case, the limit of differentiation is set prior to the loss of Slamf6 expression, yielding a 

high proportion of Slamf6+ cells. In contrast, lowering this threshold through dose-optimised 

BACH2 expression enables cells to advance to an effector state, while restraining them from 

becoming terminally differentiated and thus maintaining more functional phenotype. With the 

limit of differentiation being set beyond a Slamf6+ state, cells have now the capacity to advance 

into Slamf6– with high cytotoxic potential. Nonetheless, differentiation is constrained before 

full loss of stemness characteristics, yielding cells in a state that, while effector-like, retains 

some features of Tpex and effector populations. 
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Mechanistically, this appears to be achieved through two complementary processes: (i) a dose-

dependent bias in gene targeting, whereby lower BACH2 levels preferentially suppress genes 

more reliant on AP-1 activity; and (ii) partial displacement of AP-1 binding, reducing but not 

abolishing AP-1 occupancy. Together, these mechanisms provide a molecular explanation for 

how graded BACH2 expression calibrates the balance between effector differentiation and 

long-term persistence. 
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7. Conclusion 

In conclusion, my doctoral thesis demonstrates that precise control of the expression levels of 

quiescent factors like BACH2 and FOXO1 can enhance the anti-tumour function of CD8+ T 

cells in the context of ACT. While the overexpression of these factors using conventional 

methods that result in supraphysiological levels of expression lead to compromised acquisition 

of effector functions, fine-tuning their expression to yield more physiologically relevant levels 

enables retention of certain stem-like features while maintaining, or even improving, their 

cytotoxic potential. 

Importantly, I believe the implication of these findings go beyond the use of quiescent factors. 

As interest grows in armouring T cells with transcription factors, signalling modules, or 

synthetic circuits, our results emphasise that the therapeutic impact depends not simply on 

expression, but on identifying the optimal level of expression. The contrasting functional 

outcomes I observed with high versus dosed expression of BACH2 and FOXO1 suggest that 

many otherwise promising modifications may have been overlooked, not due to lack of activity, 

but because they were tested at non-ideal expression levels. 

But ultimately, these principles must apply beyond the field of T cell therapy itself. My work 

is rooted in the understanding that life is far too complex to rely on simple on/off switches or 

binary outcomes, and that dose must therefore be a critical mechanistic layer used to regulate 

many aspects of biology, not the least of which is something so critical as gene expression and 

cell differentiation. Looking ahead, I believe embedding systematic ‘dose-response’ readouts 

into synthetic biology studies and therapeutic development of cell and gene therapies could 

potentially let us uncover a new set of principles and produce a new generation of drugs that 

are currently beyond reach. 
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