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Abstract
Acute myeloid leukaemia (AML) is a highly aggressive haematological ma-

lignancy for which allogeneic stem cell transplantation (alloSCT) remains the
most effective curative therapy. Durable disease control relies on the graft-versus-
leukaemia (GvL) effect, where donor-derived T cells eradicate residual leukaemia.
Despite over 60 years of clinical use, the identity and dynamics of GvL-specific T
cells remain poorly defined, with limited investigation into the early post-alloSCT
bone marrow, at a time when relapse risk is greatest.

Using a high-risk, GvL-enriched patient cohort, novel methodological platforms
were developed to overcome the limited viability and proliferative capacity of
early post-alloSCT bone marrow, enabling the detection and characterisation
of rare T cells specific to minor histocompatibility antigens (miHAs). Across
complementary approaches, multiple GvL clonotypes recognising miHAs were
detected at frequencies as low as 0.01% and shown to persist for years across
marrow and blood compartments. Importantly, four clonotypes were identified
from bone marrow directly ex vivo, providing unambiguous evidence for their
presence in vivo. Phenotypic profiling showed that T cells expressing a TCR
previously found to be enriched in GSTZ1-responsive T cells had a Th1-polarised
central memory phenotype consistent with long-term surveillance. Functional
testing also validated a TCR clonotype enriched in METTL22-responsive CD4+ T
cells as mediating selective HLA-DR-restricted recognition of the patient-derived
variant.

These findings establish that GvL immunity can be detected in the marrow
within the first year post-alloSCT, persists long-term despite extreme rarity and
includes CD4+ T cell subsets with durable effector potential. By expanding
the catalogue of validated GvL responses and providing a framework for their
detection in the bone marrow, this work advances the understanding of the
cellular basis of GvL to inform future developments within the field of transplant
immunology.
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1. Introduction

1.1 Acute Myeloid Leukaemia

Acute Myeloid Leukaemia (AML) is an aggressive haematological malignancy

characterised by the uncontrolled clonal proliferation of poorly differentiated myeloid

precursors within the bone marrow. The disruption of normal haematopoiesis by

AML leads to bone marrow failure, manifesting clinically as fatigue, shortness of

breath, easy bruising and recurrent infections. AML most commonly arises de novo

but can also evolve from a pre-existing haematological disorder or as a consequence

of prior exposure to chemoradiotherapy. The clinical course of AML is rapidly

progressive, and without treatment, universally fatal [1, 2].

Accounting for the majority of adult acute leukaemia cases, AML has an

estimated incidence of 3-5 cases per 100,000 individuals annually worldwide. The

incidence of AML rises markedly with age, with the median age at diagnosis being

reported as >65 years. Globally, the annual burden of AML has been rising due to

both increased population age and the rise of secondary leukaemias as a consequence

of the use of cytotoxic chemotherapy in the treatment of other malignancies [3, 4].

The classification of AML has undergone significant refinement over the last few

decades, transitioning from the morphology-based systems with set thresholds for

the presence of myeloid blasts, such as the historical French-American-British (FAB)

approach, to molecularly-informed frameworks that reflect advances in genomics

and disease biology [5–7]. This shift reflects a change in the paradigm, in that AML

is understood not as a single disease entity but instead represents a biologically

diverse group of clonal myeloid neoplasms with diverse genetic drivers and clinical

trajectories.

Two principal classification systems are currently widely used in both research

and clinical settings, the International Consensus Criteria (ICC) and the fifth edition

of the World Health Organisation (WHO) classification (Figure 1.1) [6, 7]. While

they differ in specific criteria and nomenclature, they share several key principles

and provide a structured framework for the categorisation and description of AML.

2



1. Introduction

Figure 1.1: Summary of ICC and WHO Fifth Edition classifications of
AML. Subtypes marked with ”*” require ≥20% blasts to be defined as AML. MDS =
Myelodysplastic Syndrome. MPN = Myeloproliferative Neoplasm.

A central feature of both systems is the prioritisation of recurrent genetic

abnormalities as primary diagnostic criteria. These include gene fusions such as

RUNX1 ::RUNX1T1, rearrangements in genes such as KMT2A, and mutations

in NPM1 or TP53. In cases where these defining molecular lesions are present,

the traditional blast threshold for AML diagnosis, typically ≥ 20% blasts, may

be lowered or waived entirely. For cases which lack defining genetic features,

classification is instead based on morphological and lineage-specific characteristics.

Both systems also incorporate the clinical context in which AML arises, as it

has prognostic relevance and is considered in conjunction with genetic features

in forming a final diagnostic classification. In addition to de novo AML, further

subcategories are defined for therapy-related AML (t-AML) and AML evolving

from an antecedent myeloid neoplasm, such as myelodysplastic syndromes (MDS) or

myeloproliferative neoplasms (MPN). These latter categories are frequently grouped

3



1. Introduction

under the umbrella term of secondary AML and are associated with adverse risk

and inferior clinical outcomes.

One AML subtype of particular note is acute promyelocytic leukaemia (APL),

which is classically defined by the PML::RARA fusion gene arising from t(15;17).

Due to its unique molecular pathogenesis, presentation and curability with targeted

therapy, APL is classified separately from other AML subtypes and is therefore

typically excluded from general discussions of AML [8].

1.2 Prognostic Stratification in AML

In parallel to diagnostic classification, AML is also stratified by risk of relapse

and overall survival. The most widely used prognostic framework in adult AML

is the European LeukemiaNet (ELN) categorisation, recently revised in 2022 [9].

This divides patients into three risk groups (favourable, intermediate and adverse)

based on the presence of specific gene mutations, chromosomal rearrangements and

karyotypic abnormalities at time of diagnosis (Figure 1.2).

These genetic risk groups are associated with distinct differences in treatment

outcomes. In a large prospective cohort of 1,637 adults with de novo AML, the

complete remission (CR) rate was 84% in the favourable group, compared to 68% in

the intermediate and 44% in the adverse groups. Corresponding disease-free survival

(DFS) rates at 5 years were 44%, 21% and 6%, with overall survival (OS) rates of

48%, 22% and 7% respectively (Figure 1.3) [10]. Notably, patients with secondary

AML are frequently assigned to the adverse-risk category under ELN criteria, owing

to the high prevalence of adverse cytogenetic features such as complex or monosomal

karyotypes and recurrent mutations in genes including TP53, ASXL1 and RUNX1.
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Risk Category Genetic Abnormality
t(8;21)/RUNX1 ::RUNX1T1

inv(16) or t(16;16);CBFB ::MYH11
NPM1  mutation without FLT3 -ITD

In-frame bZIP CEBPA  mutation
FLT3 -ITD

t(9;11)/MLLT3 ::KMT2A
Other cytogenetic or molecular abnormalities not classified as favourable or adverse

t(6;9)/DEK ::NUP214
Other KMT2A rearrangements

t(9;22)/BCR ::ABL1
t(8;16)KAT6A ::CREBBP

inv(3) or t(3;3)/GATA2 ,MECOM
MECOM  rearrangement

-5, del(5q), -7, -17, abn(17p)
Complex or monosomal karyotype

ASXL1 , BCOR , EZH2 , RUNX1 , SF3B1 , SRSF2 , STAG2 , U2AF1  or ZRSR2  mutations
TP53  mutations (variant allele frequency ≥10%)

Favourable

Intermediate

Adverse

Figure 1.2: 2022 European LeukemiaNet risk classification by genetics at
initial diagnosis. Complex karyotype = ≥ 3 unrelated chromosomal abnormalities.
Monosomal karyotype = two or more distinct monosomies, including loss of X or Y.

Figure 1.3: Disease-free and overall survival of patients classified by ELN 2022
criteria. Adapted from Mrózek et al., Leukemia (2023) [10]

In addition to these static diagnostic features, measurable residual disease

(MRD) has emerged as a dynamic and independent predictor of relapse and

long-term outcome.

MRD can be assessed through multiple methodologies, including multipara-

meter flow cytometry to detect leukaemia-associated immunophenotypes (LAIPs),

quantitative PCR (qPCR) for fusion transcripts or mutant alleles, or increasingly,

next-generation sequencing-based methods. Common targets for MRD monitoring
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include NPM1 mutations and fusion transcripts such as RUNX1 ::RUNX1T1 [11–13].

Persistent MRD following induction or consolidation therapy is associated with a

significantly increased risk of relapse, even among patients with otherwise favourable-

risk genetics. As a result, MRD status is increasingly used alongside ELN-defined

genetic risk to dynamically guide and refine treatment decisions for patients with

AML.

Together, the integration of ELN-defined genetic risk and MRD assessment forms

the basis of contemporary AML prognostication. These tools underpin current

risk-adapted treatment strategies and are widely employed in both routine practice

and in clinical trial design.

1.3 Treatment Strategies in AML

The treatment landscape for AML has undergone significant evolution, driven by

advances in molecular profiling, prognostic classification and drug development.

Current treatment approaches are increasingly tailored not only to disease char-

acteristics, but also to patient-specific factors including age, performance status

and the presence of comorbidities. This balance of risk is of critical importance in

the choice of therapy, where the benefits of treatment must be carefully balanced

against its toxicities.

The therapeutic approach to AML is typically divided into two phases. The first

of these is induction, which aims to achieve complete disease remission, and the

second is consolidation, intended to eradicate residual disease and prevent relapse.

For fit patients considered eligible for intensive therapy, the standard induction

regimen remains “7+3”, which combines seven days of cytarabine with three days

of anthracycline, most commonly daunorubicin. Despite being introduced in the

1970s, this regimen serves as the benchmark against which novel approaches are

evaluated [14, 15]. Alternative regimens include FLAG-Ida (fludarabine, cytarabine,
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granulocyte-colony stimulating factor (G-CSF), and idarubicin), which is used

in select high-risk or refractory settings, and CPX-351 (liposomal daunorubicin

and cytarabine) [16]. The latter is approved for secondary AML, where it shows

improved outcomes compared to conventional 7+3 [17]. Nonetheless, no single

regimen has replaced 7+3 as a standard first-line approach for younger patients

with de novo AML.

In addition to conventional chemotherapy, targeted therapies are increasingly

being incorporated into frontline AML induction for patients with certain genetically

defined subtypes. For example, the addition of FLT3 inhibitors, such as midostaurin

and quizartinib, has been shown to improve outcomes in patients harbouring FLT3

mutations, and is now standard of care in this setting [18, 19].

Another agent used in combination with induction chemotherapy is gemtuzumab

ozogamicin (GO), an anti-CD33 antibody-drug conjugate. GO has demonstrated

survival benefits when added to chemotherapy in a number of patient populations,

particularly those with favourable or intermediate-risk genetics. Its benefit is most

pronounced in core-binding factor positive AML, which is characterised by the

presence of t(8;21) or inv(16) [20].

For patients deemed unfit for intensive chemotherapy, commonly due to advanced

age or comorbidity, lower-intensity regimens are preferred. The most widely used

approach is the combination of venetoclax, a BCL-2 inhibitor, with a hypomethylat-

ing agent (HMA), such as azacitidine or decitabine. This regimen has demonstrated

superior outcomes compared to HMA monotherapy and is now standard of care

in this setting [21–23]. In frailer individuals who cannot tolerate combination

therapy, HMA monotherapy or alternative low-dose chemotherapy regimens remain

an option, often delivered with palliative intent.

The expanding breadth of AML therapy includes several novel targeted agents

beyond FLT3 and CD33-directed therapies. IDH1 and IDH2 inhibitors, ivosidenib
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and enasidenib, are approved for patients with the respective mutations and are being

explored in combination with chemotherapy, HMAs and venetoclax-based regimens

[24–28]. Menin inhibitors, targeting leukaemias with KMT2A rearrangements or

NPM1 mutations, are currently under active clinical evaluation, alongside many

other novel therapies [29, 30]. These developments are continually reshaping

treatment algorithms and expanding options for patients who relapse or are ineligible

for intensive standard-of-care treatment with conventional chemotherapy.

Following successful induction, patients proceed to consolidation therapy, which

is necessary to achieve a reasonable chance of a durable remission or cure. The

choice of consolidation therapy is guided primarily by the genetic risk of the AML

and its response to induction.

For patients with favourable-risk disease, chemotherapy-based consolidation

remains standard. This typically consists of intermediate- or high-dose cytarabine

administered over up to four cycles [31].

For patients at a higher risk of relapse, allogeneic haematopoietic stem cell

transplantation (alloSCT) offers the most effective long-term disease control. The

indications, mechanisms and clinical outcomes of alloSCT are discussed in the

following sections.

1.4 Core Principles of Immunology in Allogeneic
Haematopoietic Stem Cell Transplantation
(alloSCT)

Immunology is an immensely broad and complex field, encompassing diverse innate

and adaptive mechanisms of host defence. A comprehensive overview is far beyond

the scope of this work, but as alloSCT relies fundamentally on the recognition of

peptide-HLA complexes by donor T cells, a concise outline of antigen presentation

and T cell biology is warranted (Figure 1.4).
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Figure 1.4: HLA class I and class II presentation to T cells. Simplified schematic
demonstrating mechanistic differences between HLA class I and class II presentation.
APC = Antigen-Presenting Cell. β2M = β-2 Microglobulin.

1.4.1 The Major Histocompatibility Complex

The major histocompatibility complex (MHC) encodes the human leucocyte antigens

(HLA) on chromosome 6. HLA molecules are highly polymorphic glycoproteins that

are inherited en bloc as haplotypes from each parent. Their primary function is the

presentation of peptides to T cells, allowing for immune surveillance.

HLA molecules are broadly classified into two groups. Class I molecules, which

comprise HLA-A, -B and -C, are expressed on nearly all nucleated cells and present

to CD8+ T cells. Structurally, class I HLA is composed of a heavy α chain and

an invariant light chain of β-2 microglobulin (β2M) which stabilises the class I

molecule. Class I HLA molecules possess a closed-ended peptide-binding groove

that accommodates short peptides of around 8-12 amino acids [32].

HLA class II molecules, comprising HLA-DP, -DQ and -DR, are structurally

distinct, consisting of two chains, α and β, which present antigen to CD4+ T

cells. The expression of class II HLA is more restricted, being limited at steady
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state to professional antigen-presenting cells (APCs) and haematopoietic cells,

including leukaemic blasts.

The α chains exhibit limited polymorphism, whereas β chains are highly poly-

morphic and dictate the majority of peptide-binding diversity. The peptide-binding

groove of class II is open at both ends, allowing for the binding of longer peptides,

typically 12-25 amino acids in length, with flanking residues that extend beyond the

groove. This open architecture allows considerable flexibility in the repertoire of

presented peptides and facilitates more complex interactions between peptide-HLA

and the T cell receptor (TCR) [33, 34].

1.4.2 Antigen Processing and Presentation

The processing pathways that generate peptides for HLA binding and presentation

also differ between class I and II.

HLA class I molecules primarily sample the intracellular proteome. Class I

peptides are derived from endogenous proteins, degraded by the proteasome into

short fragments. These fragments are then transported into the endoplasmic

reticulum (ER) by the transporter associated with antigen processing (TAP),

trimmed by ER aminopeptidases such as ERAP1/2 and stabilised within a peptide-

loading complex that includes tapasin, calreticulin and Erp57. Only high-affinity

peptides form stable complexes with the class I HLA, which are then trafficked to

the cell surface as peptide-HLA [35].

Class II HLA molecules are canonically associated with the presentation of

exogenous antigens. This occurs through the capture of extracellular material

through a number of mechanisms that include macropinocytosis, receptor-mediated

endocytosis and phagocytosis, delivering proteins to endosomal and lysosomal

compartments for degradation into shorter peptide fragments.

The formation of class II peptide-HLA occurs through a different process. Class

II αβ heterodimers are assembled with the invariant chain (Ii), which occupies
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the peptide-binding groove and traffics the complex into the endocytic pathway.

Degradation of Ii leaves the class II invariant peptide (CLIP) fragment in the groove,

which is subsequently exchanged for higher-affinity peptides through the action of

HLA-DM. Although this exogenous pathway represents the classical paradigm, it is

clear that a substantial fraction of class II-bound peptides derive from endogenous

sources. Cytosolic proteins can access class II loading compartments through

mechanisms such as autophagy or recycling. This flexibility enables APCs or

leukaemic blasts to present both self and exogenous peptides, expanding the range

of CD4+ T cell surveillance [36, 37].

1.4.3 T Cell Effector Function

The biological consequences of antigen presentation occur as a result of the effector

activities of CD8+ and CD4+ T cells. In both lineages, recognition is mediated

by the TCR, with the assistance of co-receptors. The most important of these

co-receptors are the eponymous CD8, which binds HLA class I, and CD4, which

binds HLA class II. These co-receptors stabilise the TCR-peptide-HLA interaction

at the immunological synapse and also recruit the tyrosine kinase Lck, mediating

downstream activation [38].

CD8+ T cells recognise class I peptide-HLA complexes and act as cytotoxic

effectors. Their effector mechanisms include perforin-granzyme release, Fas-FasL

interactions, as well as the secretion of pro-inflammatory cytokines such as interferon

gamma (IFNγ) and tumour necrosis factor alpha (TNFα). In addition, CD8+ T

cells can also induce alternative forms of target cell death, including ferroptosis

and pyroptosis. Though historically understood as exclusively cytotoxic, increasing

evidence suggests greater effector heterogeneity, with subsets displaying distinct

cytokine profiles. In alloSCT, the classical cytotoxic programme remains the

dominant and most studied effector mechanism [39, 40].
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CD4+ T cells recognise class II peptide-HLA complexes and whilst they have

traditionally been viewed as “helper T cells,” their roles are considerably broader.

Upon activation, naïve CD4+ T cells differentiate into specialised subsets according

to the environmental context.

The type 1 helper (Th1) lineage, induced by interleukin-12 (IL-12) and governed

by the transcription factor T-bet, produces IFNγ, interleukin-2 (IL-2) and TNFα.

These cytokines activate innate immune effectors, upregulate antigen presentation

and provide support for CD8+ T cell-mediated cytotoxicity. Th1 immunity is

consistently associated with effective control in the malignant setting, although

its role in alloSCT is not well defined [41].

Type 2 helper (Th2) responses are dependent on GATA3, and result in the

production of interleukin-4 (IL-4), interleukin-5 (IL-5) and interleukin-13 (IL-13).

These cytokines promote humoral B cell responses and eosinophil recruitment. Their

functions are overall less relevant to GvL, although in some contexts their action

has been associated with AML control [42, 43].

Type 17 helper (Th17) cells are dependent on RORγt and STAT3. They

secrete interleukin-17 (IL-17) and interleukin-22 (IL-22) and are instead associated

with neutrophil recruitment and tissue inflammation. Though well recognised as

key mediators of graft-versus-host disease (GvHD), their precise contribution in

leukaemia control is uncertain [44].

Regulatory T cells (Tregs) are marked by FoxP3 and high CD25 and unlike

the above subsets act to limit immune activation through mechanisms including

suppressive cytokines and CTLA-4-mediated modulation of co-stimulation.

Other lineages, such as T follicular helper (TFH), type 9 helper (Th9) and type

22 helper (Th22) further illustrate the diversity of CD4+ T cell differentiation [45].

Finally, CD4+ T cells are not confined to helper or regulatory functions. They

are capable of acquiring cytotoxic potential, expressing perforin and granzyme and

directly killing HLA class II-positive targets. Though once considered atypical, they

are now increasingly recognised in cancer responses [46, 47].
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1.5 AlloSCT as a Therapeutic Strategy in AML

AlloSCT is a key consolidation strategy and represents the most effective curative

option for many patients, particularly those at increased risk of relapse. Although

alloSCT is used in the treatment of a number of malignant and non-malignant

haematological conditions, AML remains the most common indication for alloSCT,

accounting for approximately 40% of all adult transplants performed in Europe and

North America [48, 49].

Early clinical attempts at transplantation in the mid-20th century demonstrated

the potential of donor-derived marrow to reconstitute haematopoiesis following

the use of myeloablative chemoradiotherapy. These initial trials were limited by

high rates of treatment-related mortality, due to graft rejection, infection and the

toxic effects of GvHD [50, 51]. Though it was initially viewed as a method to

restore healthy haematopoiesis following the ablative effects of cytotoxic therapies,

over time, growing clinical and experimental evidence led to the recognition of the

immunological contribution of the graft itself. This is known as the graft-versus-

leukaemia (GvL) effect, where donor immune cells mediate anti-leukaemic activity

[52].

Despite ongoing advances in transplant and supportive care, alloSCT remains

a complex and high-risk intervention. Its success depends on achieving a delicate

balance between disease eradication and immune tolerance, or the competing effects

of GvL and GvHD. Understanding how this balance is shaped, through transplant

strategy and the biology of the immune response, is essential to optimising the

outcomes of patients undergoing alloSCT for AML.

1.5.1 Clinical Indications and Patient Selection

AlloSCT remains the most effective post-remission therapy for patients with AML.

However, as it is associated with significant toxicities, the decision to proceed to
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transplantation hinges on the careful evaluation of both disease- and patient-specific

factors, as the potential benefits of relapse prevention must be balanced against the

risks of transplant-related morbidity and mortality.

AlloSCT is therefore generally reserved for fit patients who would be considered

unlikely to achieve a durable remission or cure with chemotherapy alone.

The ELN recommends consideration of an alloSCT in the first complete remission

(CR1) when the estimated relapse risk without transplantation exceeds 35-40% [9].

This threshold is typically met in patients with intermediate- or adverse-risk AML,

though risk estimation can be further refined with the incorporation of additional

biomarkers and early treatment response dynamics. In these higher-risk groups,

transplantation in CR1 has consistently been associated with reduced relapse

incidence and improved relapse-free survival in both prospective and registry-

based studies [49, 53–55].

In contrast, the ELN does not routinely recommend alloSCT in CR1 for patients

with favourable-risk disease. Treatment response, and in particular, the presence of

MRD does however, play an important role in transplant selection. The detection

of MRD following induction or consolidation is a powerful independent predictor of

relapse across all risk groups and would strengthen the case to proceed to alloSCT

to reduce relapse risk [11, 12, 56]. Conversely, patients who achieve sustained MRD

negativity may be appropriate candidates for chemotherapy-based consolidation,

even in the context of higher baseline genetic risk [57].

Importantly, the risk of relapse alone does not determine transplant eligibility.

AlloSCT carries a substantial risk of non-relapse mortality (NRM), which may offset

its curative potential, particularly in patients with lower-risk disease or limited

physiological reserve. Even in otherwise fit individuals, NRM rates may reach

10-20%. Tools such as the Haematopoietic Cell Transplantation-Comorbidity Index

(HCT-CI) are routinely used to estimate this risk and guide clinical decision-making

14



1. Introduction

[58, 59].

The option of alloSCT can also be deferred in select patients, particularly those

with lower estimated relapse risk or those who are likely to respond to salvage

chemotherapy. In such cases, a delayed transplant at first relapse or in second

remission remains a viable strategy [60].

Ultimately, the selection of patients to undergo alloSCT reflects a personalised

synthesis of diagnostic risk, treatment response, fitness for transplant and patient

preference. This integrated approach aims to identify those most likely to derive

long-term benefit from alloSCT whilst avoiding unnecessary toxicities in those who

are unlikely to benefit.

1.5.2 Donor Selection and HLA Matching

The selection of a suitable donor represents a fundamental determinant of outcome

in alloSCT, with direct implications for engraftment, immune reconstitution, GvHD

risk and overall survival. Historically, only a minority of patients had access to a

suitable donor, but this landscape has evolved substantially due to global donor

registries, the refinement of HLA typing technologies and the use of alternative

donor platforms. As a result, nearly all patients now have access to a graft source [61].

At the heart of donor selection lies HLA compatibility, which serves as the

primary immunological barrier to transplantation. Donor T cell recognition of

mismatched recipient HLA can elicit potent alloreactive responses, manifesting

clinically as GvHD, with primary graft failure occurring when the response is

in the reverse direction.

To minimise these immunological complications, allele-level HLA matching at

five loci (HLA-A, -B, -C, -DQB1 and DRB1) is now standard for donor selection.

Transplants using fully matched, 10/10 donors are consistently associated with the

lowest rates of GvHD, superior engraftment and improved long-term survival [62, 63].
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However, not all HLA mismatches confer equal clinical risk. Certain HLA

mismatches, depending on the alleles involved and their immunogenicity, may be

considered “permissive”. These permissive mismatches are associated with relatively

low immunogenicity, a reduced likelihood of triggering harmful alloreactive responses

and in some cases can confer transplant outcomes approaching those of fully matched

pairs. A well-characterised example of this is the HLA-DPB1 locus, which is not

routinely included in standard 10/10 matching. Mismatches within the same T cell

epitope (TCE) group are considered permissive given their immunologic similarity,

and are associated with improved outcomes when compared to non-permissive

mismatches that span different TCE groups [64, 65].

In clinical practice, the choice of donor source is shaped not only by immunolo-

gical compatibility but by logistical considerations such as donor availability and

the urgency of transplant. Where feasible, there is a clear hierarchy of preference

for donor source. The optimal donor source remains an HLA-identical sibling, or

matched sibling donor (MSD). Siblings offer the highest probability of 10/10 HLA

matching due to shared parental haplotypes. Transplants from MSDs are associated

with superior outcomes across patient populations. However, only a minority of

patients, around 25-30%, will have a suitably matched sibling [66].

For the remainder, international donor registries are used to identify a matched

unrelated donor (MUD). When a 10/10 HLA match is achieved, a MUD transplant

provides outcomes comparable to those of MSDs, albeit with a modest increase

in GvHD risk [67]. Donor identification through these registries may be time-

consuming, and is particularly limited for individuals from ethnically diverse

backgrounds, where underrepresentation remains a significant barrier [68].

For patients lacking a matched sibling or unrelated donor, haploidentical trans-

plantation has become an increasingly viable option. Haploidentical donors, typically

parents, children or half-matched siblings, share only one HLA haplotype with the

recipient. These transplants were historically associated with high rates of graft
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failure and severe GvHD, but the incorporation of post-transplant cyclophosphamide

(PTCy) has revolutionised the safety of these transplants, making this approach

widely adopted across transplant centres [69].

Finally, where haploidentical donors are unavailable or unsuitable, umbilical

cord blood (UCB) offers a further graft source. UCB is immunologically naïve

and more tolerant of HLA mismatching without the same degree of GvHD risk.

However, this advantage is offset by low cell doses, delayed engraftment and a higher

risk of early infectious complications [70].

Where multiple potential donors are available, additional biological and clinical

factors are considered to refine donor selection. Donor age is a key consideration,

with younger donors being associated with lower rates of chronic GvHD and

improved overall survival. Donor-recipient sex mismatching, particularly when

female multiparous donors are used for male recipients, has been associated with

increased chronic GvHD risk [71]. Cytomegalovirus (CMV) serostatus mismatch,

especially where a CMV-negative donor is used for a CMV-positive recipient, confers

a heightened risk of viral reactivation and therefore adverse outcomes. This risk

has been partially mitigated with the introduction of CMV-targeted prophylactic

agents such as letermovir [72]. Finally, while ABO incompatibility does not preclude

transplantation, major mismatches can lead to delayed erythroid engraftment or

haemolytic complications [73].

1.5.3 Transplant Conditioning

Prior to the infusion of haematopoietic stem and progenitor cells, patients first

undergo conditioning with chemotherapy, with or without radiotherapy. This serves

a dual purpose in both eliminating residual leukaemia and providing sufficient

immunosuppression to enable donor engraftment. Commonly used conditioning

agents include alkylating agents such as busulfan, cyclophosphamide and melphalan,

as well as fludarabine, a purine analogue with potent lymphodepleting properties.
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Total body irradiation (TBI) remains part of some regimens, particularly in cases

with extramedullary disease [74].

In some settings, in vivo depletion of donor T cells is also incorporated into

conditioning. This includes antithymocyte globulin (ATG), a polyclonal infusion of

T cell-depleting antibodies, and alemtuzumab, a monoclonal anti-CD52 antibody

[75]. These agents contribute to GvHD prevention but may delay post-alloSCT

immune reconstitution.

Conditioning regimens are broadly divided into myeloablative (MAC) and

reduced intensity (RIC) approaches, reflecting their degree of marrow ablation

and reliance on GvL for disease control.

MAC regimens induce irreversible pancytopenia requiring stem cell rescue. They

offer maximal cytoreduction that directly contributes to disease control, but at the

cost of a higher NRM. MAC regimens are generally favoured in younger, fit patients

with high-risk AML, particularly those with active disease at time of alloSCT. In

contrast, RIC regimens deliver less intensive cytotoxic therapy with a lower NRM

but are more reliant on GvL, allowing alloSCT to be extended to patients who

would not tolerate MAC protocols [76, 77]. The optimal balance between the relapse

risk and toxicity for these two approaches remains the subject of ongoing clinical

investigation.

1.5.4 Immunosuppression and Graft-versus-Host Disease
(GvHD)

The success of alloSCT hinges not only on achieving durable donor engraftment,

but on the controlled modulation of immune responses in the post-transplant

period. Central to this is the prevention and management of GvHD, a major

immunological complication arising from donor T cell recognition of recipient

tissues as foreign. GvHD remains a leading cause of NRM following alloSCT and

imposes a significant burden on long-term morbidity. It is expected that 30-50%
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of patients will experience acute GvHD with around 40% of long-term survivors

being affected by chronic GvHD [78, 79].

Acute GvHD is defined as occurring within the first 100 days post-alloSCT and

primarily affects the skin, liver and gastrointestinal tract, whereas chronic GvHD

occurs after this timeframe and can involve any organ system, often mimicking

autoimmune or fibrosing disorders. Known risk factors for the development of

GvHD include HLA mismatch, increased age, gender or ABO mismatches, and the

use of peripheral blood stem cell grafts [80].

Following engraftment, a further phase of pharmacological immunosuppression

is required to prevent GvHD. Standard prophylactic regimens involve a calcineurin

inhibitor (such as cyclosporine or tacrolimus), in combination with methotrexate

or mycophenolate mofetil [81].

In haploidentical and MUD transplants, PTCy has become a widely adopted

strategy. PTCy selectively depletes proliferating alloreactive T cells whilst sparing

tolerogenic regulatory populations, and has been shown to reduce the incidence

of GvHD without adversely affecting relapse risk [69, 82].

Tapering of immunosuppression typically begins between 60 and 100 days

post-transplant in the absence of active GvHD. When GvHD occurs despite

prophylaxis, the first-line therapy for both acute and chronic GvHD remains systemic

corticosteroids. However, steroid-refractory GvHD is common and associated with

poor outcomes. Second-line therapies include ruxolitinib, a JAK2 inhibitor, or

extracorporeal photopheresis [83, 84].

The depth and duration of immunosuppression must be carefully balanced.

Excessive immunosuppression increases susceptibility to infection and relapse,

whereas insufficient suppression heightens GvHD risk. Modern strategies have

substantially reduced the incidence and severity of GvHD but must be carefully

tailored to support timely immune recovery.
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1.6 Immune Reconstitution Following AlloSCT

The recovery of immune competence following alloSCT is a prolonged, multi-

phased process that determines susceptibility to infection, the balance between

GvL and GvHD and ultimately long-term survival. Compared to innate myeloid

compartments, which usually normalise within weeks, adaptive immune recovery is

slower and more variable. In particular, T cells show the most delayed reconstitution,

both in number and function and their recovery trajectory is a major determinant

of post-transplant outcome [85].

T cell reconstitution occurs through two overlapping but biologically distinct

pathways. In the early weeks following transplantation, peripheral homeostatic ex-

pansion predominates, driven by passenger mature donor-derived T cells transferred

in the graft. These cells undergo cytokine- and antigen-driven proliferation in a

profoundly lymphopenic, post-conditioning environment, generating an oligoclonal

repertoire [86, 87]. This thymus-independent mechanism is predominant during the

first 6 months, given the delay to thymopoiesis. Thymic-dependent lymphopoiesis

then progressively contributes to the T cell pool, producing novel and phenotypically

naïve T cells with a diverse TCR repertoire. This process is essential for long-term

immune competence but is highly sensitive to multiple factors, including age, cell

source, conditioning and concurrent immunosuppression [87–89].

T cell subsets reconstitute in distinct patterns post-alloSCT. CD4+ T cells

reconstitute more slowly than CD8+ T cells, and delayed CD4+ recovery is a

consistent predictor of opportunistic infection, viral reactivation, relapse and

inferior survival [90].

In T cell-replete grafts, numbers of conventional CD4+ T cells may begin to

rise within one to two months, but normalisation often takes up to a year. There

are major differences in CD4+ T cell reconstitution based on the cell source of

the donor graft. Peripheral blood stem cell grafts generally result in faster CD4+

reconstitution than bone marrow grafts [88, 90]. Early CD4+ reconstitution is also
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highly affected by the choice of conditioning. As an example, T cell-depleted grafts,

such as those which use in vivo depletion with ATG, result in extreme delays of

reconstitution, where patients can take up to 2 years to fully recover [91, 92].

Tregs, which maintain immune homeostasis and promote self-tolerance typically

comprise 4-10% of the circulating CD4+ population in healthy adults. The

proportion of Tregs returns to normal within 6 weeks post-alloSCT, and it has been

suggested that Treg reconstitution is primarily achieved by homeostatic peripheral

expansion [93, 94]. High numbers of Tregs in the graft and early post-alloSCT

period are negatively correlated with GvHD [95, 96]. Over the following months,

Treg populations vary between individuals, reflecting differences in clinical context.

As an example, the use of sirolimus, common in haploidentical transplantation,

promotes Treg expansion [97].

The recovery of CD8+ T cells begins earlier than that of CD4+ T cells, with an

inverted CD4:CD8 ratio being a common feature of the early post-alloSCT period.

CD8+ T cell reconstitution is detectable within the first month and most patients

reach normal circulating CD8+ levels by approximately 10 months [89, 98]. This

fast CD8+ reconstitution is a result of efficient peripheral expansion of effector

memory cells. Unlike CD4+ T cells, CD8+ counts are more variable, fluctuating in

response to microbial events and viral reactivation [99]. CMV plays an important

role, with a substantial portion of the post-alloSCT CD8+ repertoire dedicated to

CMV control, and a markedly faster reconstitution in patients receiving grafts from

CMV+ donors [100–102].

Several non-classical T cell lineages display distinct reconstitution kinetics and

clinical associations. γδ T cells, which express the γδ TCR instead of the conven-

tional αβ TCR, comprise around 5% of the T cell population in healthy individuals.

γδ T cells lack CD4 and CD8 co-receptors and mediate HLA-independent innate

immunity through recognition of phosphoantigens, lipids and stress-induced ligands

[103]. Although their precise role in GvL and GvHD has not been fully elucidated,
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high levels of γδ T cells post-alloSCT are associated with improved leukaemia-free

survival, reduced rates of infection, and reduced relapse rates in the absence of

GvHD [104, 105]. γδ T cells typically recover early, within 1-2 months post-alloSCT,

with similar dynamic changes in response to the clinical context [106].

Invariant NKT (iNKT) cells are another rare, innate-like subset with potent im-

munomodulatory properties. They express a semi-invariant αβ TCR that recognises

lipid antigens presented by CD1d. iNKT cells also reconstitute rapidly, reaching

normal values within 1 month post-alloSCT [107]. High numbers of iNKT cells

have been associated with protection against GvHD and relapse [108–110].

An important parallel measure of immune reconstitution is donor chimerism,

which refers to the proportion of haematopoietic and immune cells in the recipient

that are derived from donor cells. Full donor chimerism denotes 95-100% donor-

derived cells, whereas mixed chimerism indicates the persistence of a measurable

recipient-derived population [111]. Mixed chimerism can be stable or progressive,

with falling levels of donor chimerism often heralding impending graft rejection

or relapse. In the T cell compartment, persistent mixed chimerism in the early

post-alloSCT period may reflect delayed immune reconstitution and is variably

associated with increased rates of relapse [112, 113].

1.7 Evidence for the Graft-versus-Leukaemia (GvL)
Effect

The long-term efficacy of alloSCT in AML is fundamentally dependent on the GvL

effect. Rather than serving solely as a means for haematopoietic rescue following

conditioning, the donor graft acts as a potent immunological agent capable of

recognising and eradicating leukaemic cells.

A substantial body of clinical and experimental evidence has established GvL as

the principal mediator of durable remission post-transplant. This section examines

the origins of this concept and the major strands of evidence that continue to define
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its biological and therapeutic significance.

1.7.1 The Link Between GvL and GvHD

The earliest evidence for the GvL effect in humans emerged from clinical observations

in the 1970s, where investigators noted a striking inverse correlation between the

occurrence of GvHD and relapse following alloSCT. In a series of landmark studies,

patients with acute leukaemia who developed chronic GvHD were found to relapse

less frequently than those who did not, despite experiencing higher non-relapse

mortality due to GvHD itself [114, 115]. These findings suggested that donor-derived

alloimmunity, while deleterious in the form of GvHD, might simultaneously mediate

beneficial anti-leukaemic activity.

Over the following decades, this relationship has been repeatedly recapitulated

in large observational analyses. Both acute and chronic GvHD have been associated

with lower relapse rates in a range of haematological malignancies [116, 117]. The

strength of the GvHD-GvL association does appear to vary by clinical context and

disease. In patients with chronic myeloid leukaemia (CML) and acute lymphoblastic

leukaemia (ALL), this correlation is particularly pronounced, with the presence

of chronic GvHD conferring a marked reduction in relapse risk. In AML, this

relationship is somewhat less robust but remains both statistically and clinically

significant [118]. Notably, these associations are more consistently observed in

patients transplanted in complete remission, suggesting that GvL may be most

effective in settings of low disease burden.

Further indirect evidence for the GvL effect comes from comparisons between

syngeneic and allogeneic transplantation. Patients receiving syngeneic grafts from

identical twins (in whom donor T cells are immunologically tolerant and incapable

of enacting GvHD) experience consistently higher relapse rates than those receiving

matched sibling allografts, despite comparable disease risk and pre-transplant
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conditioning [52]. This supports the concept that alloreactivity is a key determinant

of sustained disease control.

Although GvHD and GvL frequently co-occur, they are not inextricably linked.

There are many documented instances of patients achieving a durable remission

in the absence of clinically apparent GvHD, particularly in the context of donor

lymphocyte infusions (DLI) administered for post-transplant relapse [119, 120].

These cases provide proof of principle that selective GvL is possible, even if it

currently is not reliably achieved.

1.7.2 T Cell Depletion (TCD)

Efforts to reduce the incidence of GvHD through T cell depletion (TCD) have

inadvertently provided some of the strongest evidence for the existence of GvL.

Across both ex vivo and in vivo approaches, the consistent consequence of TCD

in the alloSCT setting for AML has been a substantial increase in relapse risk,

underscoring the indispensable role of donor T cells in post-transplant disease

control.

The increased incidence of leukaemia relapse associated with TCD alloSCT

was first noted in a prospective clinical trial in the 1980s involving 40 patients

with leukaemia. This study utilised ex vivo antibody-mediated depletion of donor

T cells from the graft prior to infusion. Although the difference did not reach

statistical significance, relapse was more than three times as frequent in the TCD

group compared to the control arm [121]. Subsequent larger retrospective analyses

demonstrated a consistent two- to threefold increase in relapse among patients

receiving TCD grafts, compared to those receiving unmodified transplants [52, 122].

A similar pattern has been observed in patients receiving in vivo T cell depletion,

using serotherapeutic agents such as ATG or alemtuzumab. While these agents
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effectively reduce the incidence of chronic GvHD, they have also been associated

with impaired GvL and higher rates of relapse. Retrospective analyses have reported

a relapse rate of 35% in patients receiving alemtuzumab compared with 19% of

those receiving standard GvHD prophylaxis [123].

1.7.3 Reduced Intensity Conditioning (RIC)

The clinical success of RIC regimens offers further evidence for the capacity of the

GvL effect to mediate durable disease control in AML. By design, unlike MAC, RIC

delivers cytotoxic chemotherapy at doses that are insufficient to reliably eradicate

leukaemia. The achievement of long-term remission in this setting therefore provides

direct evidence for the therapeutic potency of GvL [124].

This principle was first demonstrated in early studies of transplantation in older

or comorbid patients, where durable remissions were observed despite substantial

dose reductions in conditioning. Initial concerns that reducing conditioning would

lead to unacceptably high relapse rates were assuaged following early studies demon-

strating that long-term survival was still achievable, even in this frailer cohort [125].

Subsequent comparative analyses between RIC and MAC have consistently

shown that while relapse rates are higher after RIC, there was no overall survival

difference between the two groups. This was due to the increased relapse rate of

RIC being compensated by a reduced treatment-related mortality (TRM). In fact,

when patients were transplanted in complete remission, the outcomes for RIC were

superior, with comparable relapse rates but lower TRM, indicating that in the

context of low disease burden, GvL can compensate for reduced cytoreduction [126,

127].
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1.7.4 Donor Lymphocyte Infusions (DLI)

The clinical activity of DLI provides some of the most direct evidence for GvL

in AML. DLI involves the infusion of lymphocytes from the original stem cell

donor into the recipient after alloSCT, most commonly for treatment of overt or

molecular relapse. As no cytotoxic agents are administered at the time of infusion,

any anti-leukaemic effect can be attributed to the immunological activity of the

donor lymphocytes.

The ability of DLI to induce durable remissions was first demonstrated in the

1990s for the treatment of CML, with subsequent extension of its use to acute

leukaemias [128]. In larger analyses of patients with AML relapsing after alloSCT,

DLI achieved sustained remission in a subset of patients, with outcomes most

favourable when given for molecular or early relapse. In a cohort of 399 patients

taken from the European Society for Blood and Marrow Transplantation (EBMT),

the estimated survival at 2 years was 9% for patients who did not receive DLI, and

56% for those receiving DLI in the context of low-burden disease [129, 130].

In addition to its role as salvage therapy, DLI has also been employed in

prophylactic (administered in remission, when MRD-negative) and pre-emptive

(administered when MRD-positive) strategies to augment GvL activity in AML.

Both strategies have shown improved survival when compared to DLI given at overt

relapse, attributed to intervention at a stage of low disease burden, where GvL is

most effective [131–133].

Beyond demonstrating the existence of GvL, DLI highlights the potential to

uncouple its beneficial effects from GvHD. While GvHD is a frequent complication,

its incidence can be mitigated through the use of escalating-dose schedules, and

durable molecular remissions have been achieved without clinically significant GvHD,

providing proof-of-principle that selective GvL is achievable [129, 134, 135].
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1.7.5 Post-AlloSCT Immune Evasion

Many cases of post-alloSCT relapse occur as the AML acquires the capacity to

evade immune recognition and destruction. The mechanisms by which AML is

able to achieve this immune escape are now increasingly well-defined and their

very existence supports the powerful selective pressure exerted by GvL from donor-

derived immunity [136].

The most clearly characterised mechanism of post-transplant immune escape is

genomic loss of the mismatched HLA haplotype after haploidentical transplantation.

This phenomenon occurs in around 30% of patients relapsing after haploidentical

alloSCT and is mediated by acquired uniparental disomy of chromosome 6p [137].

Although first described in haploidentical transplants, similar losses of mismatched

HLA are reported in MUD transplants, where focal deletions or mutations in both

class I and class II HLA genes have been identified at relapse [138, 139].

In other patients, the evasion of GvL through loss of HLA-mediated antigen

presentation can occur through transcriptional silencing rather than structural loss.

Post-alloSCT relapsed AML samples have demonstrated marked downregulation of

HLA class II genes and their transcriptional regulators, with expression of class II

HLA at relapse being up to 12 times lower than paired samples at diagnosis [140,

141]. Notably, given selective pressure on both class I and class II pathways, this

supports roles for both CD8+ and CD4+ T cell-mediated responses in GvL.

AML relapse is frequently accompanied by upregulation of inhibitory ligands

on AML blasts, including PD-L1 and B7-H3, alongside the downregulation of

co-stimulatory ligands such as CD80 and CD86. This phenotype was associated

with functional T cell exhaustion and diminished cytotoxicity [141]. Finally, AML

is also able to remodel its metabolic environment to suppress T cell-mediated

surveillance. Examples of this include the expression of arginase II, which impairs

T cell proliferation, and indoleamine 2,3-dioxygenase 1, which suppresses effector T

27



1. Introduction

cells and promotes immunosuppressive Treg differentiation [142, 143].

1.8 Identification of GvL Responses

An ongoing question in the field of alloSCT is the nature of GvL antigens. Identifying

these targets is not only essential for understanding the biology of GvL, but also

for developing strategies to separate its beneficial effects from the morbidity of

GvHD. Knowledge of the precise antigens involved could inform donor selection,

allow real-time tracking of anti-leukaemic immunity and facilitate the development

of targeted cellular therapies [144, 145].

1.8.1 Methods for GvL Antigen Discovery

The earliest insights into GvL-specific immunity in humans came in the early 1990s,

when donor-derived cytotoxic T cells were cloned from the peripheral blood of

post-alloSCT patients and tested for reactivity against recipient-derived target cells

[146, 147]. Although much of this work took place in the context of GvHD or

shared GvL/GvHD responses, it revealed that certain antigens, such as HA-1 and

HA-2, were also expressed on AML blasts and could mediate clinically significant

anti-leukaemic effects [148].

Approaches that proceed in this manner, starting with a functionally relevant

GvL effector T cell population and working backwards to identify the cognate

peptide-HLA, are referred to as forward immunology.

Forward immunological approaches face several challenges. The first is isolating

a meaningful T cell population, which is to say one that is clonally expanded,

functionally relevant and leukaemia-reactive. Once such a population is identified,

the next task is to define the peptide-HLA complex it recognises. Historically,

this has been achieved through cDNA library screening of recipient-derived cell

lines, linkage analysis or genome-wide association studies of single nucleotide
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polymorphism (SNP) variation. More recently, combinatorial pipelines have begun

to streamline antigen discovery, exemplified by approaches such as CANTiGEN,

which integrates positional scanning peptide library data with cancer proteomic

databases to predict peptide–HLA ligands for orphan TCRs [149].

Regardless of approach, mapping the peptide-HLA in this manner is technically

challenging and labour-intensive [150]. Full characterisation also requires identi-

fication of the cognate TCR, which can be achieved by a number of sequencing

approaches [151].

Reverse immunological discovery takes the opposite route, beginning with a set

of candidate peptides and testing whether donor-derived T cells recognise them.

This approach does not require the prior isolation of a reactive T cell population and

is therefore well-suited for systematic high-throughput screening of large antigen

repertoires. Prediction of these peptides draws on multiple techniques. Genomic and

transcriptomic analysis can highlight non-synonymous SNPs, insertion-deletions or

structural variants mismatched between donor-recipient pairs as well as genes that

are selectively expressed in leukaemia [152, 153]. In silico algorithms are also used,

either in the prediction of potential epitopes themselves, such as SNEP, or to further

filter peptides using HLA-binding algorithms, such as NetMHCpan [154, 155].

Immunopeptidomics can provide empirical confirmation of peptide present-

ation by eluting and sequencing peptides bound to HLA molecules on AML

blasts [156, 157].

Predicted peptides are then tested for immunogenicity. This has been performed

functionally, often via peptide-pulsed target cells, but other techniques are also

employed [158]. Large-scale DNA-barcoded peptide-MHC multimer libraries have

been used to screen thousands of peptides in parallel [159, 160].

Despite numerous technological advances, the number of molecularly defined,

clinically validated GvL antigens remains small. Most studies rely on peripheral

blood sampling and focus on class I HLA-restricted antigens. Overcoming these
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limitations will be essential for improving the landscape of GvL targets.

1.8.2 Tumour-Derived Antigens in AML

Tumour-derived antigens encompass a heterogeneous group of targets generated

through mutation, altered gene expression or abnormal processing restricted to

cancer cells. Although these antigens can also be recognised in the autologous

setting, they remain relevant to GvL as donor-derived immunity can mount a

response against them post-alloSCT [161].

Tumour-associated antigens (TAAs) are non-mutated self-proteins that are

absent or expressed at low levels in normal tissues but aberrantly expressed or

overexpressed in AML. They may be lineage-restricted or oncofoetal antigens

re-expressed during malignant transformation.

One of the most studied TAAs in AML is WT1, a zinc finger transcription factor

that is essential during embryogenesis, but in adults is normally expressed only at

low levels in a few tissues, including kidney podocytes and haematopoietic stem cells.

In AML, WT1 can be overexpressed by 10- to 1000-fold compared with normal

tissues, driving subsequent immune recognition [162, 163]. Therapies targeting

WT1 have been shown to demonstrate anti-leukaemic effects both in the context of

peptide vaccination and engineered WT1-specific T cells [164–166].

Another well-characterised example is PR1, a peptide derived from neutrophil

elastase and proteinase-3, both of which are highly expressed in AML [167]. PR1-

targeted strategies have also shown in vivo anti-leukaemic efficacy [164, 168].

While TAAs benefit from relatively broad applicability across AML patients, as

self-antigens, they are subject to both central and peripheral tolerance. Effective

T cell responses against them may therefore require an appropriate inflammatory

context or high antigen loads. Additionally, low-level expression in normal tissues

carries risks of off-target toxicities, underscoring the importance of careful target
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selection [169].

Neoantigens are peptides generated by somatic mutations that are unique

to cancers and, by definition, absent from normal tissues. In AML, the overall

mutational burden is low relative to most solid tumours, severely limiting the pool

of potential targets [170]. Nevertheless, recurrent mutations in leukaemia driver

genes have been shown to generate shared neoantigenic epitopes.

One of the most promising examples are neoantigens derived from mutations in

NPM1, an oncogenic driver present in approximately 30% of adult cases. NPM1

mutations most commonly involve alterations in the C-terminus that generate a

novel nuclear export signal, resulting in a unique peptide sequence that is absent

from the wild-type protein. Studies have demonstrated presentation of this mutant

C-terminal peptide by HLA class I and recognition by CD8+ T cells [171, 172].

Moreover, NPM1-specific T cell responses have been detected in both autologous

and post-alloSCT settings [173].

Another illustrative example is the CBFB-MYH11 fusion gene found in core-

binding factor AML with inv(16) or t(16;16). This fusion transcript encodes a novel

junctional region that is absent from the normal proteome and peptides spanning

this breakpoint have been shown to elicit T cell responses in the in vitro setting [174].

Tumour-exclusive expression of neoantigens minimises the risk of off-target

toxicities, but their clinical utility is constrained by the rarity of recurrent, im-

munogenic mutations in AML, inter-patient HLA diversity as well as immune

evasion. Neoantigens derived from driver genes may represent more stable and

therapeutically relevant targets [175].

Non-canonical antigens represent an emerging and diverse category within cancer

and AML immunology, arising from atypical genomic and proteomic processes.

These include aberrant splicing-derived peptides, such as those generated by exon

skipping or intron retention that create novel junctional epitopes [176]; post-

translationally modified peptides, including phosphopeptides, that modulate TCR
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recognition [177]; and peptides derived from endogenous retrotransposons, arising

from de-repression of normally silenced genomic sequences such as from human

endogenous retroviruses [178]. Although these antigens expand the potential GvL

antigen repertoire, they remain at an early stage of translational development, with

few candidates that have been validated in the clinical setting of AML, let alone

post-alloSCT [179].

1.8.3 Allorecognition

Allorecognition describes the process by which donor T cells respond to self-peptides

presented in the context of non-self HLA molecules. Because donor thymic selection

occurs only against self-HLA, the donor T cell repertoire is not tolerised to novel

peptide-HLA combinations encountered post-alloSCT. Recognition may be mediated

by direct contact with polymorphic residues of the non-self HLA, or by engagement

of self-peptides bound within its groove. It is this allorecognition that drives GvHD

and rejection in the solid organ transplantation setting [180, 181].

As previously discussed, in the alloSCT setting, extensive HLA matching is

employed to reduce the number of novel peptide–HLA complexes introduced at

transplantation, thereby minimising the risk of uncontrolled alloresponses. HLA

mismatches still occur however, such as in permissive HLA mismatches in MUD

transplantation and in haploidentical transplantation, which introduces an entire

non-shared haplotype. This mismatched haplotype markedly broadens the landscape

of potential T cell targets, and is thought to contribute both to the potent

graft-versus-leukaemia effects observed in haploidentical transplants and to the

elevated risk of graft-versus-host disease that requires mitigation by additional

immunosuppression such as PTCy [82, 182].

Despite its likely importance in alloSCT, allorecognition has been less systemat-

ically studied here than in solid organ transplantation. Historically, the catastrophic
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consequences of HLA mismatching discouraged mechanistic dissection, reinforcing

a focus on prevention through matching strategies. However, with haploidentical

transplantation now widely adopted, there is increasing interest in characterising how

allo-HLA restricted recognition contributes to GvL and how it might be modulated

to limit GvHD [69].

1.8.4 Minor Histocompatibility Antigens (miHAs)

Minor histocompatibility antigens (miHAs) are peptides derived from polymorphic

proteins in the human proteome that differ between individuals due to germline

genetic variation. These variations most commonly arise from non-synonymous

SNPs but can also result from small insertion-deletions or splice variants. A miHA

mismatch occurs when the donor and recipient differ at such a locus, leading to

the presentation of a peptide in the recipient that is absent in the donor.

In the post-alloSCT setting, these mismatches can be recognised as foreign by

donor T cells. This can mediate GvL when the miHA is expressed on malignant

haematopoietic cells, but can also cause GvHD if expressed in non-haematopoietic

tissues [183]. Haematopoietically-restricted miHAs are therefore of particular

interest as they offer the potential for selective GvL without off-target toxicities.

HA-1, encoded by HMHA1, remains the most extensively characterised miHA

and a prototype for the clinical translation of miHA-targeted immunotherapy. It

is a 9-mer peptide that is presented by HLA-A*02:01 or A*02:06, with expression

largely confined to haematopoietic cells, including AML blasts, and minimal or

absent expression in non-haematopoietic tissues [184]. HA-1-specific T cells have

undergone extensive functional and clinical testing. In vitro, they are able to lyse

HA-1-positive AML blasts [185, 186]. In HLA-matched but HA-1-mismatched

transplant settings, HA-1-specific T cells can emerge after DLI, with responses

temporally associated with AML remission [148]. A multicentre study of more than
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800 patients demonstrated that mismatches in the graft-to-host direction of HA-1

were significantly associated with a reduced risk of AML relapse [187].

Several translational strategies have targeted HA-1, including phase I/II clinical

trials of HA-1-specific T cell infusions and TCR gene transfers, each demonstrating

safety, immunogenicity and preliminary signals of efficacy [188, 189].

Recent high-throughput, reverse immunological approaches have expanded the

catalogue of molecularly defined GvL miHAs to several hundred antigens. The vast

majority of these are HLA class I-restricted, with far fewer class II-restricted miHAs

identified. Only a minority of these antigens have been functionally validated, and

an even smaller set, primarily those with haematopoietically restricted expression

have been evaluated clinically [152, 153].

Examples of candidate class II-restricted miHAs include LB-PIP4K2A and

LB-ECGF, but technical challenges such as the promiscuity of the class II peptide

groove, the lack of a strict peptide length constraint, the influence of flanking

peptide residues and the complexity of CD4+ T cell assays have limited their

characterisation [190, 191].

Although most molecularly-defined GvL antigens to date are presented by HLA

class I molecules and recognised by CD8+ T cells, there is increasing evidence that

class II-restricted CD4+ T cell responses play an important role in mediating durable

anti-leukaemic immunity [40, 192, 193]. In contrast to class I, class II expression

is normally restricted to professional APCs and haematopoietic cells, offering the

theoretical advantage of more selective targeting of leukaemia and limiting off-target

toxicity [194]. Overcoming the current barriers to class II GvL antigen discovery

will be a key step in fully defining the GvL repertoire and exploiting the therapeutic

potential of CD4+-mediated responses.

Though the expansion of the miHA repertoire is an important advance, there is a

pressing need for prospective validation of candidate antigens. Most reported correl-

ations between miHA mismatching and clinical outcome derive from retrospective or
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observational datasets, which may capture statistical associations without proving

mechanistic or functional relevance. Furthermore, many putative GvL-associated

miHAs have not been tested for natural processing, stable presentation or in vivo

relevance. Without further study, it remains uncertain which miHAs genuinely

drive GvL in vivo, let alone which would prove to be consistently safe, immunogenic

and clinically effective.

1.9 Translational Potential of GvL Antigen Dis-
covery

The discovery and validation of molecularly defined GvL antigens and their cognate

TCRs has direct clinical implications that extend beyond mechanistic insight.

Validated GvL antigens could potentially inform donor selection, which currently

focuses on HLA matching. Various studies have investigated whether mismatches

in confirmed miHAs can predict clinical outcome with conflicting results. One

study, which examined six known miHAs, found no significant change in relapse

rates when mismatched. However, mismatching was associated with reduced overall

survival due to GvHD [195]. Conversely, two larger studies covering 24 antigens

and more than 1000 patients reported that mismatching for one or more miHAs,

whether haematopoietically restricted or ubiquitously expressed, was associated

with longer relapse-free survival, although for some antigens, this benefit was only

observed in the presence of active GvHD [187, 196].

The predictive accuracy of such approaches currently remains limited, partly

due to the limited number of miHAs interrogated to date and the confounding

effects of GvHD. Broadening the repertoire of characterised antigen targets and

delineating the contribution of selective GvL antigens could substantially refine

predictive algorithms for GvL and GvHD, thereby enabling more precise donor

selection.
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The identification of antigen-specific TCR sequences enables longitudinal track-

ing of GvL clonotypes. This monitoring could complement MRD assays and

measurements of donor engraftment to inform post-alloSCT responses by providing

a direct readout of the anti-leukaemic immune repertoire, where a decline in GvL

clonotype abundance could precede molecular relapse. Detection of waning GvL

activity could enable timely intervention, such as withdrawal of immunosuppression,

DLI or maintenance chemotherapy [197]. As an example, in a study of 327 miHA-

mismatched patients, peptide-MHC multimers were used to identify T cells specific

for 15 miHAs, with the detection of antigen-specific T cell populations being

correlated with improved relapse-free survival [196].

Finally, validated GvL antigens, particularly those with a broad HLA restriction,

high population mismatch frequency and haematopoietically restricted expression,

can be attractive targets for selective immunotherapy. Trials of adoptive transfer of

HA-1-specific cells and peptide vaccination for WT1 have already been discussed

(section 1.8), but further expansion of the antigen repertoire could broaden the

range of therapeutically actionable targets capable of inducing selective GvL.

1.10 Previous Studies Within Our Laboratory of
GvL in AML patients

The work contained within this chapter was performed by previous lab members

Connor Sweeney and Gerda Mickute and presented within their DPhil theses [198,

199].

Previous work in the laboratory employed a reverse immunological approach to

identify novel GvL responses in a cohort of 12 patients with AML who achieved

sustained remission with alloSCT. Full clinical details for these patients are provided

within the appendix (Figure A.1 - A.5). These patients were selected on the basis

of clinical characteristics associated with a low likelihood of long-term remission
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using chemotherapy alone, thereby maximising the probability of detecting a potent

GvL response (Figure 1.5a).

a

b

c

Figure 1.5: Summary of approach used to identify novel GvL responses. a.
Overview of criteria used in selection of ”GvL-enriched” patient cohort. b. Filtering
steps used to generate candidate peptide library of mismatched patient-donor variants. c.
Experimental schema demonstrating functional screening of candidate peptide library.
Data generated by Connor Sweeney [198].

Of the 12 patients, ten patients underwent reduced-intensity conditioning,

and seven experienced pre-transplant relapse necessitating salvage chemotherapy.

Notably, one patient relapsed early post-alloSCT (3 months) but achieved remission

after treatment with DLIs. At the time of analysis, all patients had sustained

durable remission for 7-13 years (8-13 years of follow-up). To preferentially enrich

for GvL over GvHD, patients were selected for minimal GvHD, with only two
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experiencing acute GvHD greater than grade 1 or chronic GvHD more severe than

mild.

To identify putative GvL antigens, the 12 patient-donor pairs underwent a

multi-step filtering strategy (Figure 1.5b). Whole-exome sequencing of donor DNA,

patient AML cells and healthy patient cells was first used to identify protein-

encoding mismatches, the vast majority (98.7%) of which were germline. These

were then restricted to transcriptionally active variants using bulk RNA sequencing

of AML cells, generating a library of peptides spanning the relevant polymorphic

regions. In silico HLA-binding prediction, with NetMHCpan 4.0 and NetMHCIIpan

3.0, was subsequently applied to select peptides with the highest predicted affinity

(top 0.5%) for either class I or class II HLA molecules [200, 201]. This process

yielded a candidate peptide library for functional screening with cryopreserved

post-alloSCT peripheral blood mononuclear cells (PBMCs) collected 2-7 years

after transplantation.

Screening was performed using a cultured IFNγ ELISpot assay (Figure 1.5c).

Patient PBMCs were cultured with peptide pools to preferentially expand antigen-

specific T cells, then tested for activation using IFNγ ELISpot. Positive peptide

pools were deconvoluted to individual peptides, and antigen-specific T cells were

subsequently isolated via IFNγ-Catch assays and analysed by 10x Genomics single-

cell RNA sequencing with V(D)J enrichment to identify their TCR sequences.

Using this approach, 22 antigen-specific T cell responses were identified, all

targeting non-synonymous, mismatched SNPs (Appendix Figure B.1).

One of these antigens, peptidylarginine deiminase 4 (PADI4), was selected for

further validation due to its expression being largely restricted to the haematopoietic

compartment, thereby minimising the risk of off-target effects. The cognate PADI4

TCR was introduced into third-party T cells, and its function was evaluated

in a number of key contexts.
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Figure 1.6: Functional validation of the PADI4-specific TCR a. Schematic of
activation assays utilising transgenic PADI4-expressing cell lines. b. Flow cytometry
analysis of CD4+ and CD8+ PADI4 T cells showing activation only in response to patient
PADI4 with correct HLA-DP. c. Schematic of live-cell imaging assay using GFP+ target
cells. d. Quantification of GFP+ target cell growth showing inhibition only for patient
PADI4-expressing cells. e. Schematic of dendritic cell cross-presentation assays with
primary AML lysate. f. Flow cytometry analysis of CD4+ and CD8+ PADI4 T cells only
in response to dendritic cells loaded with lysate from AML expressing patient PADI4.
Data generated by Gerda Mickute [199]
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First, cancer cell lines were used to confirm both physiological antigen present-

ation and T cell activation. Monomac-1 (AML) and Boleth (B lymphoblastoid)

cells, expressing the relevant restricting HLA-DP allele and engineered to express

the PADI4 variant protein, elicited specific activation of transgenic PADI4 T cells

in response to endogenously processed peptide (Figure 1.6a and b). This response

was both SNP-specific and HLA-specific. Second, the PADI4 T cells exerted a

growth-inhibitory effect on these target cells (Figure 1.6c and d). Finally, although

autologous AML blasts from the patient were not available, blasts from other AML

patients carrying the relevant PADI4 SNP and restricting HLA-DP allele were

used. In this setting, direct activation or cytotoxicity against AML blasts was not

observed, but activation occurred when AML lysate was processed and presented

by monocyte-derived dendritic cells (Figure 1.6e and f). This indicates that while

direct presentation by AML may be insufficient in this experimental system, PADI4-

specific responses could still be engaged via professional antigen-presenting cells,

with cross-presentation potentially contributing to GvL activity.

1.11 Thesis Aims

As described above, our laboratory previously established a high-throughput pipeline

for the identification of putative GvL antigens in late post-alloSCT peripheral blood

samples.

Despite compelling evidence for GvL, the composition, frequency and phenotype

of GvL T cells in the early post-alloSCT bone marrow remains poorly defined. The

bone marrow serves as both the anatomical niche of leukaemia stem cells and an

important reservoir for memory T cell responses, making it a critical compartment

in which to interrogate GvL immunity [202, 203]. The early post-alloSCT period is

widely considered the most clinically crucial window for GvL activity, coinciding

both with the highest risk of AML relapse and occurring in closest proximity to
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the antigenic challenge of AML, when residual malignant cells and their associated

antigens are most likely to be encountered by donor-derived T cells [197, 204].

We hypothesise that rare GvL clonotypes are established early in the marrow

but are missed by standard approaches. Targeting this compartment not only

addresses a critical biological question but also capitalises on the available material,

as the majority of remaining cryopreserved samples from the GvL-enriched cohort

are BMMNCs collected within the first 12 months post-alloSCT.

The overarching aim of this thesis is to adapt and extend the existing discovery

framework from the peripheral blood to the biologically and clinically relevant early

bone marrow compartment, to detect, isolate and characterise GvL-reactive T cell

responses, with the following objectives:

1. To optimise in vitro culture protocols for early post-alloSCT BMMNCs to

balance T cell expansion, functional capacity and repertoire diversity.

2. To apply these optimised methods to the GvL-enriched cohort, aiming to

identify both novel and previously described GvL responses from the early

bone marrow.

3. To define and validate candidate GvL T cell responses, by utilising single-cell

transcriptomics to pair TCR identity with transcriptional phenotype and by

conducting functional validation using TCR-engineered transgenic T cells.

4. To explore alternative strategies, including ex vivo approaches, to identify

rare GvL clonotypes and confirm their in vivo persistence without prior in

vitro expansion.

5. To characterise the persistence, phenotype and transcriptional states of

identified GvL T cells during the first year post-alloSCT to inform models of

early GvL surveillance.

41



2
Materials and Methods

Contents
2.1 Sample Collection, Processing and Ethical Approval . 43
2.2 Cell Culture . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.2.1 Polyclonally-Stimulated T Cell Culture . . . . . . . . . 44
2.2.2 Antigen-Stimulated T Cell Culture . . . . . . . . . . . . 44
2.2.3 Joint APC and T Cell Culture . . . . . . . . . . . . . . 44
2.2.4 Culture of HEK 293T Cells . . . . . . . . . . . . . . . . 45

2.3 Flow Cytometry and Sorting of T Cells . . . . . . . . . 45
2.4 TCR Repertoire Analysis . . . . . . . . . . . . . . . . . 46
2.5 IFNγ, IL-2 and IL-4 ELISpot . . . . . . . . . . . . . . . 47
2.6 IFNγ, IL-2 and IL-4 Cytokine Catch Assays . . . . . . 48
2.7 T Cell Subset Analysis . . . . . . . . . . . . . . . . . . . 48
2.8 Analysis of Public Datasets . . . . . . . . . . . . . . . . 49
2.9 Isolation and Identification of Antigen-Specific T Cells

through Functional Testing . . . . . . . . . . . . . . . . 50
2.9.1 Sorting of IFNγ-Positive T Cells . . . . . . . . . . . . . 50
2.9.2 Sorting of T Cells Following Joint APC-T Cell Culture . 50
2.9.3 Preparation and Sequencing of Single-Cell Libraries . . 50
2.9.4 Processing and Analysis of 10X Single-Cell Data . . . . 51

2.10 MHC Binding Predictions . . . . . . . . . . . . . . . . . 52
2.11 Production of Transduced Primary T Cells . . . . . . . 53

2.11.1 Construction of Recombinant pHRsin Plasmid . . . . . 53
2.11.2 Lentiviral Plasmid Production . . . . . . . . . . . . . . 54
2.11.3 Lentiviral Production . . . . . . . . . . . . . . . . . . . 55
2.11.4 T Cell Transduction and Culture . . . . . . . . . . . . . 55
2.11.5 FACS Sorting of Transduced T Cells . . . . . . . . . . . 56

2.12 Functional Testing of Transgenic T Cells . . . . . . . . 56
2.12.1 Expansion of Target Cells from Frozen PBMCs . . . . . 56
2.12.2 T Cell Activation Assays . . . . . . . . . . . . . . . . . . 56

2.13 Ex vivo Single-Cell T Cell Sequencing . . . . . . . . . . 57
2.13.1 Sorting and Fixation of T Cells from Frozen BMMNCs 57
2.13.2 Cell Barcoding and cDNA Library Preparation . . . . . 58
2.13.3 Preparation and Sequencing of Ex Vivo Single-Cell Libraries 58
2.13.4 Processing and Analysis of Parse Evercode Single-Cell Data 59

2.14 Data Analysis and Visualisation . . . . . . . . . . . . . 60

42



2. Materials and Methods

2.1 Sample Collection, Processing and Ethical
Approval

Post-alloSCT peripheral blood and bone marrow samples were obtained with

informed consent under ethically approved studies HaemBio (REC 17/SC/0572)

and COSI (REC 19/NW/0135). Healthy blood or bone marrow samples were

obtained with informed consent from the MARCH study (REC 17/YH/0382) or

NHS Blood and Transplant (non-clinical issue account T255).

Samples were processed immediately via Ficoll density gradient separation for

isolation of mononuclear cells (MNCs). Briefly, fresh blood or BM was diluted

in phosphate-buffered saline (PBS) at a 1:1 ratio. The blood/BM-PBS solution

was layered on top of Ficoll-Paque (Sigma-Aldrich) at a 2:1 ratio, followed by

centrifugation at 400G with minimal acceleration and no brake. The MNC fraction

was collected and washed twice with PBS. Samples were either used immediately or

cryopreserved in a solution of heat-inactivated foetal bovine serum (HI-FBS) with

10% dimethyl sulfoxide (DMSO) and stored in liquid nitrogen.

2.2 Cell Culture

Unless otherwise stated, cells were cultured in sterile-filtered T cell media: RPMI-

1640 (Gibco) with 5% heat-inactivated human AB serum (Sigma-Aldrich), 1%

sodium pyruvate (Sigma-Aldrich), 1% MEM non-essential amino acids (Gibco), 1%

GlutaMAX (Gibco), 1% HEPES buffer (Sigma-Aldrich), 1% penicillin/streptomycin

(Sigma-Aldrich) and 0.1% β-mercaptoethanol (Gibco). Cells were cultured under

sterile conditions at 37°C with 5% CO2, passaged every 2-3 days and where possible

maintained at a concentration of 1-2 million cells/ml in a 24-well tissue-culture-

treated plate (Corning) with 1-2 ml per well.

Cell counting and viability assessments were performed using the NucleoCounter

NC-3000 automatic cell counter (ChemoMetec) with Solution 13 – Acridine Orange

and 4’,6-diamidino-2-phenylindole (DAPI).
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For the thawing of frozen samples, samples were incubated in a 37°C water

bath until almost entirely thawed and then diluted dropwise with 1 ml of HI-FBS.

Samples were subsequently washed with media prior to downstream applications.

Where cell culture conditions were being tested or optimised, specific cell culture

supplements are outlined in their respective figures. Cell culture protocols that

are repeatedly used are outlined below:

2.2.1 Polyclonally-Stimulated T Cell Culture

Following thaw, cells were cultured in T cell media supplemented with 1000 units/ml

of IL-2 (PeproTech), 10 ng/ml of IL-15 (PeproTech) and anti-CD3/CD28-conjugated

magnetic Dynabeads (Gibco) at a 1:1 bead-to-cell ratio. From day 3 onwards, cells

were passaged in T cell media supplemented with 10 ng/ml of IL-7 (Bio-Techne)

and 10 ng/ml of IL-15. Dynabeads were magnetically removed on day 5.

2.2.2 Antigen-Stimulated T Cell Culture

Following thaw, cells were cultured in T cell media supplemented with 25 ng/ml

of IL-7 and 2 µg/ml each of the peptides of interest. Peptides were synthesised at

crude purity (GenScript), reconstituted in DMSO and stored at -80°C until use.

From day 3 onwards, cells were passaged in T cell media supplemented with 1,800

units/ml of IL-2.

2.2.3 Joint APC and T Cell Culture

At thaw, cells were instead diluted and washed with X-VIVO 15 media (Lonza).

Cells were resuspended in X-VIVO 15 supplemented with 2000 IU/ml of granulocyte-

macrophage colony-stimulating factor (GM-CSF, R&D Systems), 1000 IU/ml of

IL-4 (R&D Systems) and 100 ng/ml of FLT3L (R&D Systems). Cells were plated at

a concentration of 0.5 million cells/ml in 96-well U-bottomed plates with a volume
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of 200 µl/well. On day 1, cells were passaged with X-VIVO 15 supplemented with

20 µM R848 (InvivoGen), 200 ng/ml of LPS (InvivoGen), 20 ng/ml of IL-1β (R&D

Systems) and 2 µg/ml each of the peptides of interest.

On Day 2 and every 2-3 days following, cells were passaged in sterile-filtered R10

media: RPMI-1640 with 10% heat-inactivated human AB serum, 1% GlutaMAX,

1% HEPES buffer, 1% penicillin/streptomycin. This R10 media is supplemented

with 20 IU/ml of IL-2, 20 ng/ml of IL-7 and 20 ng/ml of IL-15.

2.2.4 Culture of HEK 293T Cells

HEK 293T cells were taken from frozen lab stocks. Cells were cultured in DMEM

(Gibco) with 10% HI-FBS, 1% GlutaMAX, 1% sodium pyruvate and 1% penicil-

lin/streptomycin. Cells were cultured in tissue-culture-treated T75 flasks (Corning)

and passaged on confluency. Cells were dissociated with 3 ml of Trypsin-EDTA

0.25% with phenol red (Gibco).

2.3 Flow Cytometry and Sorting of T Cells

Antibodies used for all flow cytometry analyses and sorting experiments are listed

in the appendix (Figure B.2). Data analysis was performed using FACSDiva v9.0

and FlowJo v10.10.0.

Frozen samples were thawed as previously described in section 2.2, then resus-

pended in FACS buffer: IMDM with 10% HI-FBS and 20 µg/ml of DNAse (Thermo

Fisher). Samples were then filtered through a 70 µm cell strainer, centrifuged at

350G for 10 minutes and resuspended in Trustain-FcX block (BioLegend) at 1:100

dilution in PBS (Trustain-PBS). After a 10-minute incubation, the cells were surface

stained with CD3 (PECy7), CD4 (APC) and CD8 (FITC) for a further 30 minutes.

Cells were then washed and resuspended in FACS buffer with DAPI.
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For analysis alone, cells were acquired on a BD Fortessa X20. Cell sorting was

performed on a Sony MA900 with a 100 µm nozzle. Following exclusion of dead

cells and doublets, live CD3+ cells were sorted into FACS buffer. Post-sort T cell

purity was confirmed by re-analysis of sorted cells.

2.4 TCR Repertoire Analysis

RNA was first extracted from up to 1 million T cells utilising the Qiagen RNeasy

Mini kit. TCR repertoire library preparation was undertaken utilising the Takara

SMART-Seq Human TCR kit with Unique Molecular Identifiers (UMIs) according to

manufacturer instructions. The RNA input amount was 10 ng with a corresponding

18 PCR1 cycles and 20 PCR2 cycles.

TCR libraries were purified using double-sided selection with NucleoMag Clean

Up and Size Select Beads (Takara Bio). Library quality was assessed using the

High Sensitivity DNA Bioanalyzer kit (Agilent) and quantified using the Qubit

dsDNA High Sensitivity Assay kit (Thermo Fisher) prior to pooling.

Next-generation sequencing (NGS) was performed at the Weatherall Institute

of Molecular Medicine sequencing facility using an Illumina NextSeq Mid-Output

500/550 v2.5 kit with 150 bp paired-end reads. Demultiplexing and FastQ generation

was undertaken using Illumina BaseSpace Sequence Hub. Preprocessing, UMI-

based error correction, assembly and clonotype calling were performed utilising

the Cogent NGS ImmuneProfiler v1.5 pipeline. UMI-collapsed clonotypes were

used for downstream analysis with further normalisation via data downsampling to

ensure a comparable number of UMI-corrected reads per sample across different

timepoints. Both TCRα and TCRβ chains were used in calculations of diversity.

Chord diagrams were generated using Cogent NGS ImmuneViewer v1.0.
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2.5 IFNγ, IL-2 and IL-4 ELISpot

96-well plates with polyvinylidene fluoride (PVDF) membranes (Merck Millipore)

were activated with 70% ethanol, washed with PBS and coated with 10 µg/ml of

coating antibody: either anti-IFNγ (1-D1K, Mabtech), anti-IL-2 (MT2A91/2C95,

Mabtech) or anti-IL-4 (IL4-1, Mabtech). Plates were incubated overnight at 4°C

and subsequently washed with PBS and blocked with warm T cell media for 3 hours.

Prior to ELISpot testing, T cells were rested for 24 hours in cytokine-free

T cell media prior to plating. 200,000 cells/well were used, suspended in T

cell media. Phytohaemagglutinin (PHA) was used as a positive control at a

concentration of 10 µg/ml. DMSO was used as a negative control at a concentra-

tion of 1%. CD8+ T cell-targeted Cytomegalovirus (CMV)/Epstein-Barr Virus

(EBV)/Influenza (Flu) peptide pools (CEF, Mabtech) and CD4+ T cell-targeted

CMV/EBV/Flu/Tetanus/Adenovirus peptide pools (CEFTA, Mabtech) were used

at a concentration of 2 µg/ml for each peptide. Peptides of interest were used at 2

µg/ml. Each condition was tested in duplicate or greater.

ELISpot plates were developed after 20 hours of incubation at 37°C. The plates

were washed with PBS/0.05% Tween (Sigma) and subsequently incubated with

1µg/ml of biotinylated antibody solution: anti-IFNγ (7-B6-1, Mabtech), anti-IL-2

(MT8G10, Mabtech) or anti-IL-4 (IL4-II, Mabtech). Each antibody was diluted in

PBS/0.5% bovine serum albumin (BSA, Sigma-Aldrich) and sterile-filtered.

After a 4-hour incubation at room temperature, the plates were washed with

PBS/0.05% Tween. Avidin-peroxidase conjugate (Vector Laboratories) was then

applied to the wells with a 1-hour incubation. The plates were then washed with

PBS/0.05% Tween followed by PBS alone prior to the application of 3-amino-9-

ethylcarbazole (AEC, Sigma-Aldrich) substrate.

AEC substrate was prepared using the following mixture, sterile-filtered through

a 0.45 µm filter: an AEC tablet dissolved in 2.5 ml of dimethylformamide (DMF),

43.7 ml of deionised water, 3.5 ml of 0.1M acetic acid, 280 µl of 3M sodium acetate
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and 25 µl of 30% hydrogen peroxide. The AEC substrate was applied to the wells

for 3 minutes prior to washing with water.

Plate analysis was performed using an AID Multispot Reader with their bespoke

ELISpot Reader 7.0 software.

2.6 IFNγ, IL-2 and IL-4 Cytokine Catch Assays

T cells were rested for 24 hours in cytokine-free T cell media prior to functional

testing. Cells were pulsed with 10 µg/ml of peptide and incubated at 37°C for 6

hours. PHA was used as a positive control and DMSO as a negative control

as previously described.

Following incubation with peptide, the cells were washed with cold buffer

(PBS/0.5% BSA/2mM EDTA), centrifuged at 4°C and 300G for 10 minutes,

resuspended in Cytokine Catch reagent (Miltenyi) and incubated on ice for 5

minutes. Warm T cell media was then added to the cells, followed by a cytokine

secretion period of 45 minutes at 37°C under intermittent agitation. Cells were then

washed further with cold buffer, centrifuged as previously described and resuspended

in Trustain-PBS. After 10 minutes, the cell suspension was incubated with either

IFNγ, IFNγ with IL-2 or IFNγ with IL-4 detection antibodies in conjunction with

surface staining for CD3 (PE-Cy7), CD4 (APC) and CD8 (FITC) for 30 minutes at

4°C in the dark. Cells were then washed, resuspended in FACS buffer with Hoechst

33342 (Thermo Fisher) and acquired with a BD Fortessa X20.

2.7 T Cell Subset Analysis

Cells were washed, resuspended in Trustain-PBS and incubated at room temperature

for 10 minutes. This is followed by staining with Live/Dead Fixable Aqua (Thermo

Fisher) at a 1:500 dilution for 15 minutes. Cells were washed and surface stained

for CD25 (BUV395), CD4 (BUV563), CD3 (BUV805), CD127 (BV421), CCR7
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(BV650), CCR6 (BV785), CD28 (FITC), CXCR3 (PE), CCR4 (PE-Cy7), CD45RA

(APC) and CD8 (APC-Cy7) for 15 minutes.

Cells were then fixed and permeabilised with eBioscience Foxp3/Transcription

Factor Fixation/Permeabilisation solutions (Thermo Fisher) as per manufacturer

instructions. This was followed by intracellular staining for FOXP3 (PE-Cy5)

for 30 minutes.

Cells were then washed, resuspended in PBS and acquired on a BD Fortessa X50.

2.8 Analysis of Public Datasets

Protein expression across healthy tissues was assessed using data from the publicly

available Human Protein Atlas (HPA) [205, 206]. Protein expression levels were

retrieved from the Tissue Atlas module, which integrates immunohistochemistry

data generated from tissue microarrays. Semi-quantitative protein expression scores

were derived from staining intensity and the fraction of immunoreactive cells, as

evaluated by expert pathologists using validated antibodies.

Gene expression data for healthy tissues was obtained from the HPA Consensus

Expression Dataset [205, 207], which integrates RNA-seq data from multiple sources.

Expression values were pre-analysed and reported as normalised transcripts per

million (nTPM).

Gene expression data for AML and healthy haematopoietic cells was derived

from the BloodSpot database [208, 209]. Pre-processed consensus log2 expression

values were used for all comparisons. AML datasets included gene expression

profiles from the BEAT-AML [210], TARGET-AML [211], TCGA [212] and MILE

studies [213]. Expression data from healthy haematopoietic cell subpopulations was

obtained from the HemaExplorer database [214].
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2.9 Isolation and Identification of Antigen-Specific
T Cells through Functional Testing

2.9.1 Sorting of IFNγ-Positive T Cells

Post-alloSCT samples were thawed and cultured for at least 12 days using the

previously described antigen-stimulated T cell culture method. Cells were rested for

24 hours in cytokine-free media, and a cytokine catch assay for IFNγ was performed

as previously described. IFNγ+ and IFNγ- fractions were sorted using a Sony MA900.

2.9.2 Sorting of T Cells Following Joint APC-T Cell Culture

Post-alloSCT samples were thawed and cultured utilising the previously described

joint APC and T cell culture method and then rested for 24 hours in cytokine-

free media. Cells were pooled, resuspended in R10 media at a concentration of 1

million cells/ml and then stimulated with 2 µg/ml of anti-CD28 (BD Biosciences),

2 µg/ml of anti-CD49d (BD Biosciences) and 2 µg/ml of peptide. Immediately after

stimulation, cells underwent initial surface staining for CD40L (BUV805), CD107a

(BV421), CD107b (BV421) and 4-1BB (BV650), followed by Golgi blockade with

2 µM Monensin after an hour. Following an 8-hour incubation, cells were washed,

kept on ice, and resuspended in TruStain-PBS followed by staining with Live/Dead

Fixable Aqua at a 1:500 dilution for 15 minutes. Cells were washed, followed by

surface staining for CD8 (FITC), CD3 (APC) and CD4 (APC-Cy7) for 30 minutes.

Cell sorting was performed utilising a BD FACSDiscover S8 with a 100 µm nozzle.

2.9.3 Preparation and Sequencing of Single-Cell Libraries

Single-cell whole transcriptome and V(D)J libraries were generated utilising the 10X

Genomics Gel-Beads-in-Emulsion-X (GEM-X) Single-Cell 5’ v3 system according

to manufacturer instructions.

In brief, up to 20,000 cells were loaded into a 10X Chromium GEM-X chip,

with GEM generation and barcoding run on a Chromium X. Following reverse
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transcription and GEM cleanup, cDNA was amplified via 12-17 cycles of PCR

dependent on input cell number.

Whole transcriptome libraries were generated from cDNA utilising Library

Construction Kit C with sequencing indexes taken from Dual Index Kit TT

Set A. V(D)J libraries were generated from cDNA following an initial V(D)J

enrichment with the Chromium Single-Cell Human TCR Amplification kit, followed

by library construction as above. Quality control and quantification during and

following library preparation was undertaken using the Agilent High Sensitivity

DNA Bioanalyzer and the Qubit dsDNA High Sensitivity Assay.

Pooled library sequencing was provided by Novogene UK, a commercial vendor.

Libraries were sequenced to a depth of 20,000 reads/cell for whole transcriptome and

5,000 reads/cell for V(D)J. Sequencing was performed on the NovaSeq X platform,

with 75bp paired-end reads and 10% PhiX.

2.9.4 Processing and Analysis of 10X Single-Cell Data

Single-cell whole transcriptome and V(D)J data was received as demultiplexed

FASTQ files from Novogene UK. Joint whole transcriptome and V(D)J analysis

was performed utilising CellRanger v8.0.1 software. The ‘multi’ command was used,

with the Homo sapiens reference genome GRCh38. This pipeline aligns and filters

sequencing reads, counts barcodes and UMIs, and performs paired clonotype calling

on the V(D)J libraries. Cell calls from the V(D)J dataset are discarded if they are

not simultaneously called in the whole transcriptome data. Data from the same

patient was aggregated using the CellRanger ‘aggr’ command.

Using the 10x Loupe v8.0.0 software, quality control filtering was undertaken,

including only cells with >1000 UMIs/cell, 500-7000 genes/cell and <10% mitochon-

drial transcripts. K-means clustering was performed within the Loupe platform.

Subsequent analysis was performed within a Python 3.12.1 environment. Scanpy

v1.11.1 was used to perform Leiden clustering, UMAP visualisation and differential
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gene expression. Statistical significance in differential gene expression was performed

in Scanpy utilising the Wilcoxon Rank-Sum test with the Benjamini-Hochberg

correction for false discovery rate (FDR). Gene expression heatmaps were generated

using Scanpy, utilising normalised Z scoring.

Automated cell annotation was performed using the CellTypist v1.6.3 package,

using the Immune_All_Low v2 dataset, which comprises immune sub-populations

combined from 20 tissues in 18 studies [215]. Comparison of TCR clonotypes

with known public TCRs was performed using the Immunarch v1.0 package, cross-

referencing against the publicly available VDJdb [216, 217].

2.10 MHC Binding Predictions

HLA class II binding predictions were performed using two state-of-the-art al-

gorithms to evaluate the binding affinities of potential METTL22-derived epitopes

to donor HLA-DR alleles. All possible 15-mer peptide windows from the 20-mer

METTL22-1 peptide were analysed using both tools. Predictions were conducted

against the four HLA-DR alleles expressed by the donor (HLA-DRB1*04:01, HLA-

DRB1*15:01, HLA-DRB4*01:03 and HLA-DRB5*01:01) as they would have been

the alleles present during functional screening.

The first of these algorithms, MixMHC2pred v2.02, was executed in no-context

mode to avoid incorporating flanking sequence information which would have

been absent in the prior functional testing [218, 219]. The second algorithm was

NetMHCIIpan 4.0 which was run using default parameters [155]. In both cases, the

percentile rank score was taken as the primary output metric.
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2.11 Production of Transduced Primary T Cells

2.11.1 Construction of Recombinant pHRsin Plasmid

The strategy for lentiviral plasmid construction is taken from Gerda Mickute’s

thesis and is outlined in Figure 2.1 [199]. The pHRsin plasmid map is outlined

in the appendix (Figure B.3)

Figure 2.1: Strategy for generation of recombinant pHRSin transfer plasmid.
Example growth curve for paired PBMC and BMMNC samples utilising antigen-stimulated
culture from the prior GvL pipeline for a single patient.

The α and β variable regions of METTL22 Clonotypes 1,2 and 5 were codon-

optimised and synthesised by Twist Bioscience with 20-30 bp overhangs for plasmid
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assembly. The plasmids pHRsin-SFFV-mCherry-TCRαConstant and pHRsin-SFFV-

1G4 were taken from frozen laboratory stocks.

The pHRSin-SFFV-mCherry-TCRαConstant plasmid was linearised using BamHI-

HF(NEB) and NotI-HF (NEB) and gel purified using the QIAquick Gel Extraction

Kit (Qiagen), generating a mTCRαConstant-Backbone fragment. The pHRsin-

SFFV-1G4 plasmid was used to amplify a mTCRβConstant-P2A fragment us-

ing custom primers (forward: GAAGATCTACGTAACGTGACACCAC, reverse:

CGGGGTTTTCCTCCACATCT) and Q5 High-Fidelity DNA Polymerase (NEB).

The mTCRβConstant-P2A fragment was gel-purified as previously described.

For each clonotype, the TCRαVariable fragment, TCRβVariable fragment,

mTCRβ-P2A fragment and mTCRαConstant-Backbone fragment were joined via

Gibson assembly using the NEBuilder HiFi DNA Assembly Kit (NEB).

The assembly product was transformed into NEB 10-β Competent E. coli via

heat shock, with a 1-hour outgrowth in NEB 10-beta/Stable Outgrowth Medium

followed by overnight culture in Luria-Bertani (LB) medium with ampicillin selection

at 30°C. Small-scale plasmid purification was performed using the QIAPrep Spin

Miniprep Kit (Qiagen) with plasmid sequence confirmation via Nanopore sequencing

performed by commercial vendor Plasmidsaurus.

2.11.2 Lentiviral Plasmid Production

Sequence-confirmed pHRsin transfer plasmids were re-transformed into NEB 10-β

competent E. coli expanded as above. The control pHRSin-SFFV-PADI4 plasmid

was taken from laboratory stocks that were originally purified by Gerda Mickute.

For pMDG (VSV-G envelope) and Q8.91 (viral packaging) plasmids, frozen glycerol

stocks of transformed E. coli were expanded.

Large-scale plasmid purification was performed using the NucleoBond Xtra Midi

Kit (Macherey-Nagel) as per manufacturer instructions with sequence confirmation

via Nanopore sequencing as above.
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2.11.3 Lentiviral Production

HEK 293T was cultured and passaged as outlined in section 2.2. The day prior

to transfection, HEK 293T cells were seeded in 6-well plates, with 1 million cells

per well at a concentration of 0.5 million cells/ml.

A transfection master mix was prepared, containing per well: 100 µL of OptiMEM

Medium (Thermo Fisher), 1 µg of pHRsin, 0.25 µg of pMDG and 0.5µg of pQ8.91.

After thorough pipette-mixing, 4.5 µl/well of Turbofectin (OriGene) was added

directly to the liquid, followed by a 30-minute incubation at room temperature.

The completed transfection master mix was then applied dropwise to the HEK

293T with gentle agitation, followed by a 48-hour culture period.

The viral supernatant was harvested, followed by centrifugation at 250G to

remove debris. Lentivirus was used immediately for T cell transduction.

2.11.4 T Cell Transduction and Culture

48 hours prior to transduction, PBMCs were sourced from healthy donors as

described in section 2.1. Following isolation, they were resuspended in T cell media

supplemented with 1000 IU/ml of IL-2, 10 ng/ml of IL-15 and anti-CD3/CD28-

conjugated magnetic Dynabeads at a 1:1 bead-to-cell ratio. Additionally, a RetroNectin-

coated plate was prepared. In brief, 24-well, non-treated, flat-bottomed plates

(Corning) were coated with 300 µl/well of 25 µg/ml of RetroNectin solution (Takara

Bio) and refrigerated.

For the transduction, the RetroNectin solution was removed, wells blocked

with PBS/2% BSA and washed with PBS. 3 ml of viral supernatant was then

applied to each well and virus was bound via centrifugation at 2000G at 4°C for 90

minutes. Following centrifugation, the viral supernatant was removed, and 1 million

pre-stimulated PBMCs were applied at a concentration of 0.5 million cells/ml.

Spinoculation onto RetroNectin-bound virus was performed at 450G for 1 minute.

Transduced cells were passaged every 2-3 days in T cell media with cytokines as

above, with removal of Dynabeads at 3 days post-transduction.

55



2. Materials and Methods

2.11.5 FACS Sorting of Transduced T Cells

At least 5 days following transduction, T cells were sorted to enrich for transduced T

cells expressing a murine TCR constant region. Cells were washed and resuspended

in Trustain-PBS for a 10-minute incubation. Cells were subsequently surface stained

for CD3 (PE-Cy7), CD4 (APC), CD8 (FITC) and mTCRβ (BV711) for 30 minutes

at room temperature. Cells were washed and resuspended in FACS buffer with

DAPI. Live, CD3+, mTCRβ+ cells were sorted using a Sony MA900 with a 100 µm

nozzle.

2.12 Functional Testing of Transgenic T Cells

2.12.1 Expansion of Target Cells from Frozen PBMCs

For use as target cells in peptide-pulsed activation assays, cells were expanded from

frozen PBMCs using an adapted joint APC and T cell culture. Cells were thawed

and cultured as stated in section 2.2, however, Day 1 stimulation was performed

using activating UltraLEAF Purified anti-CD3 (OKT3, BioLegend) and anti-CD28

in place of peptide.

2.12.2 T Cell Activation Assays

Transduced effector T cells and expanded target cells were washed and rested in

cytokine-free T cell media for 24 hours prior to experimental setup.

For conditions involving HLA-blockade, cells were incubated with anti-HLA

antibodies for 2 hours at 37°C. These antibodies were: anti-HLA-I (W6/32,

BioLegend), anti-HLA-II (Tu39, BioLegend), anti-HLA-DP (B7/21, AbCam), anti-

HLA-DQ (Tu169, BioLegend) and anti-HLA-DR (L243, BioLegend).

Target cells were plated into V-bottomed 96-well plates, with 200,000 cells

per well, and pulsed with peptide at a default concentration of 2 µg/ml unless

otherwise stated. PHA was used as a positive control and DMSO as a negative
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control, as previously stated. Effector cells were then plated onto target cells at

a 1:2 effector-to-target ratio. Cell mixes were then co-stimulated with 2 µg/ml

of anti-CD28 and 2 µg/ml of anti-CD49d, with initial surface staining for CD40L

(BUV805), CD107a (BV421), CD107b (BV421) and 4-1BB (BV650). After 1

hour of co-culture, 2 µM Monensin was added for Golgi blockade, followed by

a further 8-hour co-culture period.

At the end of the 9-hour co-culture, cells were washed and resuspended in

Trustain-PBS for 10 minutes, followed by staining with Live/Dead Fixable Aqua

at a 1:500 dilution for 15 minutes. Cells were washed, and further surface-stained

for mTCRβ (BV711), CD8 (FITC), CD3 (AF700), CD4 (APC-Cy7) and CD69

(APC) for 15 minutes at room temperature. Cells were subsequently fixed and

permeabilised using the BD Cytofix/Cytoperm Fixation and Permeabilisation Kit

according to manufacturer instructions. Cells were then intracellularly stained for

PD-L1 (BUV395), 4-1BB (BV650), OX40 (BB700), CD25 (PE) and IFNγ (PE-Cy7)

for 30 minutes at 4°C, washed, resuspended in PBS and acquired with a BD Fortessa

X50.

2.13 Ex vivo Single-Cell T Cell Sequencing

2.13.1 Sorting and Fixation of T Cells from Frozen BMMNCs

Frozen BMMNC samples were thawed and live, CD3+ cells sorted as outlined in

section 2.3. Fixation was carried out utilising the Parse Biosciences Evercode Cell

Fixation v3 kit. In brief, post-sort samples were transferred into Protein Lo-Bind

Tubes (Eppendorf), centrifuged at 450G for 10 minutes at 4°C, resuspended in

Pre-Fixation Master Mix and filtered through a 70 µm cell strainer. Cell Fixative

Master Mix and Cell Permeabilisation Solution were then added to the sample,

followed by Stop Buffer. Once fixed and permeabilised, cells were again centrifuged

at 450G for 10 minutes, resuspended in Cell Storage Master Mix and then stored at

-80°C prior to barcoding.
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2.13.2 Cell Barcoding and cDNA Library Preparation

Cell barcoding was performed using the Parse Biosciences Evercode TCR Mega

Kit as per manufacturer recommendations.

To generate more than 1,000,000 barcodes, the Evercode TCR Mega Kit utilises

multiple rounds of in situ split-pool combinatorial barcoding. In brief, fixed

and permeabilised cells are loaded onto a 96-well barcoding plate. In Round 1

barcoding, RNA is reverse transcribed using oligo-dT and random hexamers tagged

with sample-specific barcodes. These cells are then pooled, and then loaded into

the Round 2 barcoding plate, where a second well-specific barcode is ligated. A

similar pooling and ligation occurred in Round 3 barcoding, which incorporates

a further biotinylated barcode.

Following Round 3 barcoding, cells are split into 16 sublibraries and lysed. Sublib-

raries are processed in parallel and recombined during pre-sequencing library pooling.

Biotinylated cDNA was then captured utilising magnetic streptavidin beads.

cDNA libraries are then amplified using a template-switching adapter. Size selection

was performed utilising AMPure XP (Beckman Coulter), with quality control using

the Agilent High Sensitivity DNA Bioanalyzer and the Qubit dsDNA High Sensitivity

Assay as previous.

2.13.3 Preparation and Sequencing of Ex Vivo Single-Cell
Libraries

Amplified cDNA is then split for the preparation of whole transcriptome and

TCR libraries.

For whole transcriptome library preparation, cDNA is fragmented, followed by

end-repair, A-tailing and adapter ligation. The fourth, sublibrary-specific barcode

is incorporated during amplification using the UDI Plate – WT.

For TCR library preparation, cDNA underwent two targeted PCR amplifications

of the V(D)J segment, where the first incorporates sequencing adapters and the

second incorporates the fourth, sublibrary-specific barcode using the UDI Plate – EC.
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Pooled library sequencing was performed by Novogene UK. Libraries were

sequenced to a depth of 20,000 reads/cell for whole transcriptome and 5,000

reads/cell for V(D)J. Sequencing was performed on the NovaSeq X platform with

10% PhiX and 150 bp paired-end reads. The cycle configuration was 242-8-8-

58 and read 1 of the whole transcriptome library was data-trimmed in house

at Novogene UK to 64bp.

2.13.4 Processing and Analysis of Parse Evercode Single-
Cell Data

Single-cell gene expression and TCR data was received as data-trimmed FASTQ

files from Novogene UK, demultiplexed into 16 sequencing sublibraries.

Initial processing was performed by the Parse Split-Pipe pipeline v1.5.1. First,

an indexed reference genome was created using Split-Pipe’s ‘mkref’ function on

the Homo sapiens genome assembly GRCh38.

Gene expression data from each sublibrary was then individually processed with

Split-Pipe. The Split-Pipe ‘all’ function was used for pre-processing, alignment,

molecule information extraction and generation of a count matrix. This resulted

in gene expression data that was demultiplexed further into sample-specific gene

expression libraries. Gene expression data was then used in conjunction with

the TCR analysis module of the ‘all’ function for immune-specific alignment and

clonotype detection.

Upon analysis of all sublibraries, the Split-Pipe ‘comb’ function was used to

aggregate cells into individual sample-specific libraries for downstream analysis.

Cell clustering, UMAP generation, differential gene expression, automated

cell annotation and annotation of public TCRs were performed as described

in section 2.9.

Gene signature enrichment analysis was performed utilising Scanpy. The

Reactome TCR Signalling Signature (REACTOME_TCR_SIGNALING) was

downloaded from mSigDB and comprises canonical TCR signalling components

such as ZAP70 and LCK [220, 221]. The gene signature for neo-antigen specific
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anti-tumour T cells was taken from transcriptional profiling of tumour-infiltrating

lymphocytes reported by Rosenberg et al. [222]. AUCell scoring was performed

utilising the AUCell v1.24.0 package run in R v4.3.2. Gene sets for AUCell scoring

were selected based on curated literature-derived signatures including marker genes

from CellTypist [215], Azimuth [223] and transcriptomic studies of CD4+ T cell

polarisation [224] or differentiation state [225]. Statistical significance was tested

utilising the Wilcoxon Rank-Sum test with the Benjamini-Hochberg correction for

multiple comparisons. Full details of genes used for enrichment analysis and AUCell

scoring are outlined in the appendix Figure B.4.

2.14 Data Analysis and Visualisation

Experimental schematics were generated using BioRender. Flow cytometry analysis

and representative plots were generated in FlowJo v10.10.0. Basic data analysis

and presentation was conducted with GraphPad Prism v10.4.0. Where graphs with

error bars are shown, this represents the mean value (M ) ± standard deviation

(SD). Plasmid design and map generation were performed in SnapGene v8.1.
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3.1 Overview

The initial experimental workflow that was used to isolate the 22 putative GvL

antigens utilised exclusively peripheral blood samples from the late (2-7 years)

post-alloSCT period. These experimental techniques had not previously been

successfully performed on BMMNCs from the early (≤12 months) post-alloSCT

period and as such, this chapter focuses on developing and validating methods

for use in this setting.

In contrast to the late post-alloSCT peripheral blood, use of the early post-

alloSCT bone marrow from the high-risk cohort poses a number of challenges.

Logistically, given the invasive nature of the BM aspirate procedure, the

availability of BMMNC samples is limited by the number of timepoints sampled and

is constrained further by the volume of aspirate and therefore cell number taken.

In addition to this, the early post-alloSCT period is complicated by delayed T cell

recovery as a result of conditioning, ongoing immunosuppressive therapy and other

patient-specific factors [226–228]. Given the considerable numbers of candidate

peptides that need to be screened, these methods must generate large numbers of

cells for testing and utilise screening approaches that are both efficient and scalable.

The first part of this chapter therefore focuses on culturing methods that would

successfully expand T cells from these early BMMNC samples, ensuring that the

culturing process maintained both functional competence and the diversity of the

TCR repertoire. The remainder of this chapter explores strategies that attempt to

enhance our ability to detect potential GvL T cells. This was undertaken through

trials of culture-based enrichment and through alternative readouts for assessing T

cell activation.
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3.2 Development of a Polyclonally-Stimulated Cul-
ture Method for the Expansion of T cells
from BMMNCs

Previous attempts in our laboratory to culture BMMNCs utilising the original

antigen-stimulated T cell culture (outlined in section 2.2) were unsuccessful, with

the cells failing to expand with a progressive reduction in viability when compared

to PBMCs taken from the same patient (Figure 3.1).

Figure 3.1: The prior antigen-stimulated culture method failed to expand
BMMNCs. Example growth curve for paired PBMC and BMMNC samples utilising
antigen-stimulated culture from the prior GvL pipeline for a single patient. Data generated
by Connor Sweeney.

Though the discrepancy between the performance of PBMC and BMMNC

cultures in previous experiments could be attributed to the absence of antigen-

specific T cells in the tested BMMNC samples, given the prior non-viable cultures,

limited cell stocks and the high numbers of candidate peptides to be tested (an

average of 406 peptides per patient-donor pair), it was clear that the original

antigen-stimulated method would be insufficient for the needs of this project.

The first priority, therefore, was to establish a culturing method that would be

reliably able to expand T cells from post-alloSCT BMMNCs to a sufficient degree
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that would allow for downstream testing. Unfortunately, the literature on culturing

T cells from BMMNCs is limited, and in the post-alloSCT setting is essentially

absent, necessitating the development and optimisation of a novel method.

Rather than attempting modifications to the antigen-stimulated approach, it was

instead theorised that a polyclonally-stimulated culture method may be required,

where broader T cell activation could drive proliferation and survival through

paracrine signalling or T cell-T cell help. Two new culturing methods were therefore

tested against a cytokine-only culturing method (named for work performed by

Connor Sweeney, CS), on both PBMC and BMMNC samples from post-alloSCT

patients taken from the first 12 months post-transplant (Figure 3.2a). Each vial was

thawed and divided into three equal aliquots for parallel testing with each method.

The first of these two methods (Transduction-Like, TL) was adapted from a T

cell expansion protocol used in the Vyas lab for lentiviral transduction of PBMCs.

The second of these, (Cieri-Herda, CH) was an adapted approach from two papers

focused on expanding T cells from BMMNCs in a non-alloSCT setting. Both these

methods utilise superparamagnetic anti-CD3/anti-CD28 Dynabeads to provide

simultaneous TCR and co-stimulatory activation (Figure 3.2b) [229, 230].

Both the polyclonally-stimulated TL and CH cultures expanded well across

all the early post-alloSCT timepoints in samples derived from both PBMCs and

BMMNCs. This is in stark contrast to the CS method, which recapitulated earlier

experiments with the antigen-stimulated method and universally resulted in cell

death following thaw (Figure 3.2c).

As the MNC samples used in the expansion trials were not CD3-selected prior

to cryopreservation, flow cytometry was used to assess the percentage of CD3+ cells

at various timepoints over the culture period (Figure 3.2d). Though the starting

percentage of CD3+ cells was low and variable at thaw (M = 21.4%, SD = 17.5%),

this increased markedly over the course of the culture duration so that CD3+ cells

comprised almost all cells by day 17 (M = 95.7%, SD = 6.5%). This enrichment
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a

b
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d

Figure 3.2: Head-to-head testing of culture methods for the expansion of
post-alloSCT BMMNCs. a. Simplified schema showing samples used and experimental
structure. b. Summary of cytokines and stimulation used for each culturing method in
addition to routine culture maintenance. c. Growth curves showing total cell number fold
change at each timepoint compared to Day 0 for each of the culturing methods (Day 0 =
thaw). d. Graph showing the change in CD3+ cells represented as a percentage of all live
cells for TL and CH methods. e. Graph showing fold change of CD3+ cell number from
thaw to Day 17 utilising all samples tested. p value calculated using paired Wilcoxon test.
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suggests that the culture conditions both promote T cell expansion and selectively

favour T cell survival over non-T cell populations.

It is worth noting that the starting percentage of CD3+ cells in BMMNCs taken

from 3 and 6 months (M = 5.81%, SD = 2.45%) was significantly lower than in

PBMCs taken from equivalent timepoints (M = 40.7%, SD = 15.9%, p = 0.038).

This discrepancy did however equalise by the 12-month timepoint within this tested

cohort. Additionally, in all cultures, there was a reduction in absolute cell number

between thaw and day 3, which was accompanied by an increase in overall cell

viability. This is likely to represent the loss of cells that were compromised by thaw

combined with the non-proliferation of CD3- cells.

Overall, when considering the aggregate fold change of CD3+ cells for all samples

between the TL and CH methods, there was no statistically significant difference

(Figure 3.2e). As a result of this, given the laboratory’s shared experience with the

TL protocol and its overall lower reagent cost, the TL protocol was taken forward

for further experimentation.

3.3 Assessing the Effect of the Polyclonally-Stimulated
Culture on TCR Repertoire

Having established a method that would reliably expand T cells from BMMNC

samples, the next step was to ensure that these expanded T cells would remain

suitable for use in screening for GvL responses.

The TCR repertoire has previously been shown to become altered over the

course of cell culture, even in cases with a polyclonal stimulation [231, 232]. A direct

assessment of the TCR repertoire was therefore undertaken, in order to ascertain

whether the polyclonally-stimulated culture method would maintain sufficient TCR

repertoire diversity to allow for broad and effective functional screening.

66



3. Culture and Screening Methods for Post-AlloSCT Bone Marrow T Cells

Four BMMNC samples from the early post-alloSCT period were selected for

assessment and the TCR repertoire assessed at two timepoints (Figure 3.3a). Firstly,

at thaw, and secondly, at day 12 of the polyclonally-stimulated culture. Day 12

was selected as a representative timepoint at which downstream functional testing

would occur, to balance the need for sufficient expansion whilst avoiding late-stage

culture effects. As with the prior use of the polyclonally-stimulated culture, all four

of the samples successfully expanded following thaw, with enrichment of the CD3+

cell fraction (Figure 3.3b).

a

b

Figure 3.3: Assessment of TCR repertoire following polyclonally-stimulated
culture. a. Simplified schema showing samples used and experimental structure. b.
Absolute cell numbers and CD3+% plotted over the course of the polyclonally-stimulated
culture.
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For the purposes of TCR library preparation, initial attempts were made to

generate TCR libraries from thawed samples following magnetic selection for CD3

(data not shown). This, however, was unsuccessful due to the low cell viability

(50.4 – 69.3%) and therefore poor RNA integrity. FACS sorting for live, CD3+ cells

was therefore undertaken at thaw prior to RNA purification.

Cell sorting was not necessary for the day 12 timepoint, given the high percentage

of CD3+ cells and excellent viability in culture (>95% in all cases).

TCR libraries were prepared utilising 5’-rapid amplification of cDNA ends (5’-

RACE), with UMIs, which then underwent next-generation sequencing (NGS).

This strategy was selected for a number of reasons that aim to improve sens-

itivity and fidelity.

By using universal 5’ primers rather than pools of variable region-specific primers,

the method avoids multiplex PCR. This mitigates primer-specific amplification bias

which is further eliminated via UMI-based correction collapsing PCR duplicates.

Additionally, given the increased sensitivity compared to multiplex PCR, the

required RNA input amount is much reduced, which is particularly relevant in

the context of BMMNCs at thaw, where CD3+ cell quantity and quality are both

particularly low. Finally, the method captures full-length TCR sequences which

allows for precise clonotype identification which is of particular importance for

the assessment of repertoire complexity [233].

As 5’-RACE with UMIs does not include cell barcoding, to robustly compare

TCR repertoires across samples and timepoints, careful normalisation was required.

As the number of live CD3+ cells at thaw was variable between samples, the

analysis of TCR diversity was normalised to both input cell number and RNA

amount. Following sequencing, samples which were sequenced more deeply were

downsampled to ensure parity across timepoints.

It was possible to derive a number of diversity metrics from analysis of these

libraries (Figure 3.4). The total number of clonotypes detected, normalised to cell
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input, at day 12 was higher in all four samples when compared to thaw. There are

multiple explanations for this difference. Firstly, it could be due to the expansion

of low frequency clonotypes that are pushed over the limit of the assay’s detection.

Secondly, at thaw, many T cells may be in a functionally quiescent, low-mRNA

state. As the culture process involves polyclonal T cell activation, this could push

more clonotypes into a transcriptionally active state where TCR mRNA is more

freely available. Finally, the improved viability, cell number and RNA integrity

likely contributed to clonotype detection.

Though the total number of detected clonotypes was of a comparable order of

magnitude in three out of the four samples, this is not the case for the sample from

patient OX829. This is likely to be a consequence of the sample characteristics at

thaw. This sample had the lowest viability and cell number of all samples tested,

and this likely led to under-sampling bias and therefore an artificially reduced

clonotype count.

To assess skewing of the TCR repertoire, the Shannon equitability index was

calculated for each sample. This is a metric which represents the evenness of the

repertoire, normalised to population size [234]. In each case, the Shannon equitability

index was not significantly different between samples tested at thaw and post-

expansion, suggesting that the repertoire does not become skewed over the course

of the culture period. This indicates that no dominant clones disproportionately

outcompeted others during culture. This maintenance of repertoire evenness is of

paramount importance for avoiding selection bias and allowing for the screening of

a broad range of TCR clonotypes during functional screening.

In summary, it appears that the polyclonally-stimulated culture does not

adversely affect the TCR repertoire. This, in conjunction with the reproducible

expansion of T cells using the culture, provides a basis upon which large numbers

of TCR-diverse T cells for downstream GvL screening could be expanded.
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a

b

Thaw Day 12

Figure 3.4: The polyclonally-stimulated culture does not adversely affect TCR
repertoire. a. Example chord diagrams used as a visual representation of diversity.
Here, the TCRβ repertoire at pre-and post-expansion for OX979. Outer arcs on the
bottom of the diagram represent V segments, and arcs on the upper diagram represent J
segments. Chord widths represent the pairing frequency. b. Graphs demonstrating total
TCR clonotypes normalised to cell number and Shannon equitability index for samples
pre- and post-expansion. p value calculated using 2-way ANOVA with Sidak correction
for multiple comparisons.
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3.4 Trialling Sequentially-stimulated Cultures to
Screen for Antigen-Specific T Cells

Generating a viable pool of T cells from a frozen BMMNC sample is only the first

step in screening for GvL antigens. To identify T cell responses to the peptide

library, these cells must be capable of mounting a detectable level of activation

during functional screening. In addition to this, unlike the prior antigen-stimulated

culture method, a polyclonal stimulation would not result in the enrichment of

antigen-specific T cells.

As a result of this, the next objective was to determine firstly whether T cells

retained their ability to activate in response to peptide following the polyclonally-

stimulated expansion, and secondly to assess whether a sequential enrichment for

antigen-specific T cells was feasible.

Based on this rationale, the polyclonally expanded T cells were sequentially

stimulated with the intent to enrich for antigen-specific T cells via preferential

proliferation (Figure 3.5a).

Comparative IFNγ ELISpot could then be performed before and after the

sequential stimulation, utilising spot-forming ability to assess activation potential

and as a surrogate measure for the enrichment of antigen-specific T cells. IFNγ

ELISpot was chosen to maintain consistency with the prior pipeline, and for its

high throughput and high sensitivity, enabling rapid parallel testing of large peptide

pools using limited patient material.

To maximise the probability of having antigen-specific T cells in the initial culture

pool, screening was performed for viral-specific responses, utilising commercially

available pooled viral peptides. The CEF pool comprises a panel of short peptides

derived from CMV, EBV and influenza that are restricted to common class I

HLA alleles and therefore is designed to stimulate CD8+ T cell responses. The

CEFTA pool, contains longer peptides from CMV, EBV, influenza, tetanus and

adenovirus and is optimised for presentation by class II HLA molecules to drive
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a b

c

d e

Figure 3.5: Trialling a sequential stimulation following the polyclonally-
stimulated culture a. Simplified schema demonstrating samples used and experimental
structure. Highlighted area indicates subset of experiments contributing to data in this
figure. b. Absolute cell number of each sample plotted over the course of the initial
polyclonally-stimulated culture. c. Growth curves for each sample during the sequentially-
stimulated culture, showing respective performance of each stimulant. (Day 13 = day
of sequential stimulation). d. Graph demonstrating mean viability across all samples
for each stimulant used in the sequential stimulation. e. Graph showing absolute fold
change of cells over the sequential stimulation utilising all samples. p value calculated
using Kruskal-Wallis test.
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CD4+ T cell responses. Together, these pools provide broad HLA coverage across

the population and serve as reliable positive controls for detecting pre-existing

antiviral T cell immunity.

CEF/CEFTA-reactive T cells are expected to be present at high frequencies,

even in the post-alloSCT setting [235, 236]. This made the use of CEF/CEFTA

peptides suitable for proof-of-concept validation. This strategy, however, does not

permit the assessment of the method’s ability to detect low-frequency antigen-

specific T cell responses.

Unfortunately, a suitable experimental model that would guarantee the presence

of these responses in the post-alloSCT BMMNC setting could not be identified.

Spike-in systems were considered, where transgenic T cell clones of a known

specificity could be added to test sensitivity, however this would not faithfully

recapitulate the behaviour of thawed early post-alloSCT T cells in culture due to

differences in cell viability, differentiation state and polarisation.

Four BMMNC samples from within the first 6 months post-alloSCT and one

healthy donor PBMC sample were selected for assessment. These patients were

chosen based on confirmed clinical exposure to one of these viruses, as assessed by

a positive viral-specific PCR titre, as well as having an HLA type that is covered

by the commercial CEF/CEFTA pools.

These samples were then cultured using the polyclonally-stimulated method

(Figure 3.5b), demonstrating a reproducible expansion consistent with previous

experiments. As anticipated, the healthy donor PBMCs expanded to a greater

extent than samples derived from post-alloSCT BMMNCs, by five- to ten-fold by

the end of the 12-day period.

The samples were then sequentially stimulated with the CEF/CEFTA peptides.

DMSO was used as a negative control, and anti-CD3/CD28 Dynabeads (at a 1:2

bead-to-cell ratio) provided a high-strength polyclonal stimulation that acted as

a positive control (Figure 3.5c).
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Several key observations emerged concerning the growth of these cells over the

sequentially-stimulated culture period (days 13-24).

Firstly, compared to other conditions, BMMNCs stimulated by Dynabeads grew

at a reduced rate. This was accompanied by a marked decrease in viability in the

initial period following stimulation (Figure 3.5d). As the cells were cultured with

only IL-7 initially, compared with IL-7 and IL-15 for the remainder of the culture

period, some of this decrease in viability could be due to a lack of cytokine support.

However, the difference between the Dynabeads-stimulated cultures compared with

DMSO or CEF/CEFTA instead suggests an alternate mechanism, which in the

context of the strong polyclonal stimulation that Dynabeads provide is likely to

represent T cell over-activation with activation-induced cell death [237].

Secondly, the CEF/CEFTA-stimulated BMMNC conditions marginally outgrew

the unstimulated DMSO conditions although this difference was not statistically

significant (p > 0.999). One possible explanation for this minor difference could be

the activation of CEF/CEFTA-reactive T cells, resulting in increased proliferation.

Finally, the growth of the healthy donor PBMC sample in this sequentially-

stimulated phase was unexpectedly reduced compared to the BMMNC samples,

regardless of stimulation used. The reasons for this are unclear but could be

attributed to proliferative exhaustion following the extensive expansion during the

polyclonal phase.

IFNγ ELISpot was performed at day 12, prior to the sequential stimulation, and

day 24, at the end of the sequentially-stimulated culture period (Figure 3.6).

All BMMNC samples were able to mount a positive response to CEF/CEFTA

following the polyclonal stimulation (in grey), signifying that the polyclonally-

stimulated culture does maintain the activation potential of CEF/CEFTA-reactive

cells. Interestingly, there does not appear to be a direct correlation between a

sample’s growth kinetics, when stimulated by CEF/CEFTA in the sequential-

stimulation phase, and a sample’s spot-forming ability.
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Figure 3.6: Sequential activation and culture with peptide results in reduced
spot-forming ability at IFNγ ELISpot. a. Simplified schema demonstrating samples
used and experimental structure. Highlighted area indicates subset of experiments
contributing to data in this figure. b. Example ELISpot wells, taken from the post-
polyclonal ELISpot performed on OX3432. c. IFNγ ELISpot results for each sample.
Pre-Stimulation results are ELISpots taken at Day 12 of polyclonally-stimulated culture.
Remaining conditions are taken from ELISpot at end of sequentially-stimulated culture
period. ELISpot results are displayed as a maximum of 6000 SFU/million cells for
readability. d. Graph showing aggregate response of all BM samples to CEF/CEFTA at
IFNγ ELISpot, grouped by their stimulation in culture. p value calculated using Friedman
test followed by Dunn’s Test for multiple comparisons.
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For all Dynabeads-stimulated conditions (in red), spot-forming ability is sub-

stantially reduced when compared to all other conditions, including in response

to activation by PHA. This suggests that in addition to activation-induced cell

death that there is an element of T cell exhaustion or anergy from repetitive and

strong in vitro TCR stimulation [238, 239].

Surprisingly, despite the increased growth observed in the CEF/CEFTA-stimulated

cultures, the ability of these cells to spot-form in response to a further expos-

ure to CEF/CEFTA is significantly reduced when compared to both the post-

polyclonal timepoint (p = 0.033) and the unstimulated DMSO cultures (p =

0.0018, Figure 3.6d).

While definitive enrichment of CEF/CEFTA-specific T cells over the course

of the sequentially-stimulated culture could not be assessed using the current

experimental methods, it is clear that the sequential stimulation negatively impacts

the ability of these cells to activate again.

This emphasises that proliferation is not a good surrogate for functionality, and

points towards a T cell-overstimulation analogous to, but less marked than, the effect

in conditions stimulated with Dynabeads. These findings imply that a sequential

in vitro stimulation would hamper attempts to isolate functional antigen-specific

responses and is therefore unsuitable for GvL response detection. It is, however,

certainly possible that a longer period of rest prior to stimulation, or a weaker

stimulation, could mitigate this effect. Although directed TCR repertoire analyses

could have provided direct insights into antigen-specific enrichment, these were not

pursued given the overarching observation of diminished T cell activation potential.

In contrast, IFNγ ELISpot results from a prolonged unstimulated culture (the

DMSO condition, in blue) result in comparable spot-forming ability when compared

to the initial post-polyclonal IFNγ ELISpots (p = 0.32). This suggests that following

the initial polyclonal stimulation, that T cells are able to proliferate for extended

periods whilst maintaining the capacity for activation upon encountering antigen.
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While IFNγ ELISpot enabled rapid and high-throughput screening for antigen-

specific responses, as a bulk method, it does not allow for the direct isolation and

therefore characterisation of reactive T cells. To address this, the prior pipeline

utilised the IFNγ-Catch assay, a flow-based cytokine capture approach which

therefore assesses activation at a single-cell resolution. Additionally, the method

does not require fixation and therefore allows for the sorting of live, activated cells,

preserving their transcriptomic integrity for downstream single-cell RNA sequencing.

To assess if the sequential stimulation had a similarly detrimental effect on

the ability to identify antigen-specific cells using the IFNγ-Catch assay, the as-

say was run on two of the expanded BMMNC samples and the healthy donor

PBMCs (Figure 3.7).

Due to the stringent time constraints that are inherent to the assay workflow,

unfortunately only two BMMNC samples could be processed concurrently.

In a manner comparable to the IFNγ ELISpot results, BMMNC samples that

had been sequentially-stimulated with CEF/CEFTA (in green), demonstrated a

reduced percentage of IFNγ+ cells following re-stimulation with peptide, compared

to the unstimulated DMSO cultures (in blue).

PHA-induced IFNγ responses were more variable. Though IFNγ release in

response to PHA was consistent between culture conditions in patient OX3248,

this was not the case for patient OX3432, where the CEF/CEFTA sequentially-

stimulated condition showed reduced IFNγ production. It is therefore unclear if

the functional impairment seen in the sequentially-stimulated cultures is antigen-

specific or reflects a global loss of cytokine competence.

Regardless, these findings reinforce the conclusion that the sequential stimulation

impairs T cell functionality, corroborating the IFNγ ELISpot data.

In conclusion, these results collectively suggest that the current protocol for

a sequential stimulation imposes significant functional constraints on T cell re-

sponsiveness, and that proliferation in culture is not a guarantee of subsequent
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a

b

c

DMSO PHA CEF/CEFTA

Figure 3.7: Sequentially-stimulated culture with peptide does not improve
percentage of IFNγ+ cells at cytokine release assay. a. Simplified schema
demonstrating experimental structure. Highlighted area indicates subset of experiments
contributing to this figure. b. Example gating strategy shown here for CD8+ cells from
patient OX3432 which have been sequentially stimulated in culture with DMSO. IFNγ+

gate set based on negative DMSO control. c. Graphs demonstrating results of IFNγ
release assays for 3 samples following sequentially-stimulated culture. Percentage of IFNγ+

cells are shown as a proportion of total CD4+ and CD8+ cells respectively.
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functionality. Though further optimisation is possible, such as through reducing

the intensity of stimulation or extending rest phases, a single polyclonal stimulation

at thaw appears to be sufficient to maintain a pool of functionally active T cells

with which to undertake downstream screening.

3.5 Assessing T Cell Differentiation State over
the Course of the Polyclonally-Stimulated
Culture

Having selected the polyclonally-stimulated culture as a starting point for screening

post-alloSCT BMMNC samples, to better understand the nature of the T cells

expanded using these conditions and to refine our strategy for GvL antigen screening,

further immunophenotypic characterisation was undertaken. Multiparameter flow

cytometry was performed on the four BMMNC samples and the PBMC sample

across three timepoints over the course of the prior culture period (Figure 3.8a).

The panel was designed to assess the expression of canonical T cell markers for

differentiation and functional polarisation (Figure B.5). Antigen experience was

assessed on the basis of CD45RA and CCR7, and effector polarisation on surface

expression of CXCR3, CCR4, CCR6, FOXP3, CD25 and CD127.

Gaining insight into the T cell differentiation state of the culture could inform

the timing of functional screening as well as offer direction for the design of other

forms of functional screening beyond IFNγ release.

The distribution of T cell subsets at thaw for the healthy donor PBMCs was

compared to established adult reference ranges (Figure 3.8b) [240]. Though the

majority of subsets were within the expected range, there was a reduction in

the naïve compartment of CD8+ cells (11.2% vs 14.0-62.0%) with an associated

expansion of the effector memory compartment (46.2% vs 9.0-33.9%). The clinical

background of the healthy donor was not made available, however these findings
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b

a

Figure 3.8: Overview of the CD4+ and CD8+ T cell phenotypes over the course
of the polyclonal expansion. a. Simplified schema demonstrating samples used and
experimental structure. Highlighted area indicates subset of experiments contributing to
this figure. b. Frequency of the TNaïve (CD45RA+, CCR7+), TCM (CD45RA-, CCR7+),
TEM (CD45RA-, CCR7-) and TEMRA (CD45RA+, CCR7-) cells in the CD4+ and CD8+

populations. The 4 BMMNC samples are shown as an aggregate and the mean frequency
displayed. Day 0 = thaw; Day 12 = at end of polyclonal expansion; Day 24 = at the end
of the sequential stimulation with DMSO.
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would be consistent with changes seen in either older adults or CMV+ patients

with associated immune-skewing [241].

The interpretation of results for the post-alloSCT BMMNCs is more challenging,

as prior work in the post-alloSCT setting is focused on T cell subsets within the

peripheral blood [236, 242], and work in the bone marrow is focused on healthy

adults [243]. Overall, the T cell differentiation state of these samples at thaw is

comparable to the findings in the peripheral blood of CMV+ post-alloSCT patients,

who have been shown to have expanded CMV-directed TEM and TEMRA populations

with a corresponding reduction in the naïve compartment.

Figure 3.9: Overview of CD4+ effector phenotypes over the course of the
polyclonal expansion. Frequency of the TNaïve, Th1 (CXCR3+, CCR6-, CCR4-), Th2
(CXCR3-, CCR6-, CCR4+), Th17 (CXCR3-, CCR6+, CCR4+), and Treg (FOXP3+,
CD25+, CD127lo) subsets represented as proportion of total CD4+ cells. Untyped and
transitional cells not shown. Day 0 = thaw; Day 12 = at end of polyclonal expansion;
Day 24 = at the end of the sequential stimulation with DMSO.

Over the course of the culture period, there is an expected overall advancement in

T cell antigen-experience. For the post-alloSCT BMMNCs, the proportion of TEMRA

cells rises for CD4+ T cells (9.2% to 31.8% to 41.2%) and to a lesser extent in CD8+

T cells (60.2% to 62.0% to 66.4%). This observation is likely to be multifactorial.

It is in keeping with the strong TCR stimulation provided by the initial polyclonal

stimulation driving the cells towards terminal differentiation. Additionally, the

cytokine milieu may be contributing. For CD8+ T cells in particular, the use of
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IL-15 in culture is likely to contribute to the outgrowth of the TEMRA fraction.

The effector memory compartment similarly rises from thaw to day 12 but

appears to contract between day 12 and 24 (47.2% to 52.3% to 20.6% in CD4+ and

30.4% to 36.0% to 28.0% in CD8+). This is particularly relevant when considering

the functional readout of IFNγ secretion as TEM cells robustly and persistently

produce IFNγ in response to repeat TCR stimulation, in contrast to TEMRA cells,

which demonstrate a comparatively reduced capacity to secrete IFNγ [244].

The effector polarisation of the CD4+ fraction also varies over the culture period

(Figure 3.9). From the results shown, however, it is not possible to draw conclusions

as to whether this is due to the preferential expansion, or the alteration of their

phenotype in culture. Regardless, the culture conditions appear to be Th2-polarising,

with the Th2 percentage rising slowly over the period of culture from 49.7% at

thaw, to 65.9% at day 12 and finally 79.7% at day 24. This is somewhat surprising,

as the IL-7 and IL-15 used in culture should promote survival and expansion but

have minimal roles in instructing effector polarisation. However, in the absence of

other polarising cytokines, such as IL-12, T cells in vitro have been shown to default

to a Th2-like phenotype [245, 246]. Whether these cells represent fully polarised

Th2 effectors or a more transitional Th2-like phenotype that exists as an artefact

of in vitro culture is unclear without deeper cell phenotyping.

The proportion of Th1 cells peaks at day 12 (2.51% at thaw, to 13.7% at day

12, to 3.1% at day 24). As the Th1 subset is the largest producer of IFNγ amongst

CD4+ cells, it also suggests that the yield of IFNγ ELISpot would be higher at day

12 when compared with later in the culture period. These findings raise questions

regarding the optimal timing and modality of GvL response screening. In the

case of IFNγ-based readouts, they suggest that functional screening would be best

performed earlier in the culture period, rather than following a prolonged expansion.
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3.6 Trialling IL-2 and IL-4 Cytokine Secretion
Assays to Screen for Antigen-Specific T cells

Having observed the shifts in CD4+ T cell polarisation and antigen experience over

the course of the polyclonally-stimulated culture, one of the prevailing concerns was

that utilising IFNγ as a marker of activation would underestimate antigen-specific

responses, especially in the context of the emerging Th2 fraction.

To address this limitation, cytokine secretion assays for IL-2 and IL-4 were

trialled to determine whether this could enhance the sensitivity of screening beyond

IFNγ alone. IL-2 was chosen as a broad early marker of T cell activation, especially

in CD4+ cells that are not fully polarised, as may be the case in our culture system.

IL-4 was further selected as a Th2-specific cytokine, that has been demonstrated to

play roles in AML control both in vitro and in humanised mouse models [42, 43].

To explore if screening for IL-2 and IL-4 secretion would improve on IFNγ

secretion alone, four further post-alloSCT samples were thawed, cultured for 12

days by the polyclonally-stimulated method and then tested for reactivity to

CEF/CEFTA using ELISpot for IFNγ, IL-2, IL-4 or a combination of IFNγ, IL-2

and IL-4 together Figure 3.10. The individual assays would enable the quantification

of IL-2 and IL-4-secreting cells while the multiplexed condition would assess if using

the three cytokines in tandem would increase the overall detection of antigen-

reactive cells compared to the prior IFNγ ELISpot alone.

Of the different conditions tested, the IFNγ ELISpot consistently provided

the strongest and most consistent signal across all donors in response to both

PHA and to CEF/CEFTA.

The individual IL-2 and IL-4 results were variable between samples, but overall

much lower than IFNγ ELISpot alone. Based on responses to PHA, the incidence of

IL-2-secreting cells was between 3- to 12-fold lower than IFNγ-secreting cells. IL-4

responses were similarly lower, and in the case of patient OX2328, IL-4 responses

were undetectable in the IL-4 ELISpot.
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Figure 3.10: Screening for IL-2 and IL-4 release through ELISpot do not
improve on IFNγ alone. ELISpot results for 4 BMMNC samples expanded via a
polyclonally-stimulated culture. Each graph represents a single sample and each colour
represents the cytokines screened for at ELISpot (Multiplexed utilises IFNγ, IL-2 and
IL-4 antibodies).

Only two patients, OX3432 and OX2328 had a positive response to CEF/CEFTA.

This patient cohort was not preselected for exposure to these viruses or restricting

HLA and these responses are likely to simply be absent in the other two patients.

Surprisingly, the IFNγ ELISpot also outperformed the multiplexed combined-

cytokine ELISpot. There are a number of possible explanations for this. Firstly,

it may be that the majority of IL-2-secreting activated cells also co-secrete IFNγ,

resulting in redundancies in signal-capture between these cytokines. Biologically,

the intersection between IL-4 and IFNγ production would be unusual, however.

Alternatively, there are experimental reasons such as spatial competition for antibody

binding on the limited surface area of the ELISpot plate, or the cytokine capture
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effect, where antibody-mediated capture of IL-2 would prevent paracrine IL-2-driven

signalling and dampen overall cytokine release. Regardless of the explanation, the

results suggest no benefit in multiplexing in this context. Similarly, as cell numbers

are a limiting factor for functional screening, running multiple separate ELISpots

does not appear to be a viable strategy.

When considering ELISpot, it appears that IFNγ as a sole functional readout

appears to be the most sensitive of the assays, despite the prior observation of

Th2-skewing or advanced differentiation. Additionally, there was an unexpected

mismatch between the prior phenotypic evidence of Th2-skewing and the lack of IL-4

secretion. This could suggest that the cells in our culture system characterised as

Th2 based on surface marker expression (CXCR3-, CCR4+, CCR6-) may not truly

reflect stably polarised, cytokine-competent Th2 effectors but may instead represent

transient or partially polarised phenotypes. Alternatively, this could reflect the

experimental design, where a secretion window of 0-20 hours was assessed. As IL-4

secretion only peaks after 24 hours, this could have led to a relative underestimation

of activating IL-4-producing cells [247].

Cytokine Catch assays for IL-2 and IL-4 were performed on the samples for

OX3432 and OX2328 to assess if they corroborated the prior ELISpot results Fig-

ure 3.11. Given the overlap between the limited fluorophores that were commercially

available for the IL-2, IL-4 and IFNγ, the Cytokine Catch assays were tested in

parallel configurations as IFNγ alone, IFNγ with IL-2 and IFNγ with IL-4.

As with the ELISpots, IFNγ secretion was detected most reliably in the IFNγ-

only condition. Unexpectedly, the background IFNγ signal in the DMSO condition

was elevated in the dual-staining panels. The cause for this elevated background

is not clear but could reflect non-specific antibody capture or non-specific T cell

activation by the Cytokine Catch reagents themselves when used in combination.

Regardless, this makes the detection of truly positive responses more challenging.
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a IFNɣ Only IFNɣ/IL-2 Dual Stain IFNɣ/IL-4 Dual Stain

b

Figure 3.11: Staining for IL-2 and IL-4 release through Cytokine Catch assays
do not improve on IFNγ alone. a. Example FACS plots taken from Cytokine Catch
assays from OX3432 stimulated by CEF/CEFTA utilising IFNγ only, IFNγ with IL-2
and IFNγ with IL-4 antibodies respectively. b. Summary results of cytokine release
assays demonstrating percentage of CD4+ or CD8+ cells secreting IFNγ, IL-2 and IL-4,
as measured in the different Cytokine Catch assay conditions. The cytokine secreted is
indicated on the left of the panel, and the different Cytokine Catch assay conditions are
delineated by colour.

IL-2 secretion was essentially undetectable, including during stimulation with

PHA. This is not in keeping with the IL-2 ELISpot results. This discrepancy is

likely due to differences in the methodology. Whereas ELISpot assesses the total

accumulated secretion of IL-2 from 0-20 hours post-stimulation, the Cytokine Catch

assay captures only surface-bound cytokine over a 45-minute period, 6 hours post-

activation and may therefore not capture the IL-2 secretion that would be expected

at this timepoint, which would be on the rise and typically occurs in transient bursts.

Additionally, as the Cytokine Catch assay requires surface binding and retention, it

may underestimate the highly soluble and rapidly internalised IL-2. The sensitivity

of the flow-based Cytokine Catch assay could therefore be limited both by duration
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of cytokine secretion, and the threshold of secretion required for a positive response.

When assessing IL-4 production, there was little difference in the percentage of

activated cells between conditions stimulated by PHA, CEF/CEFTA and DMSO.

This suggests both a high level of background signal that renders the results difficult

to interpret, as well as a lack of positive responses that may be due to the low

abundance of IL-4. Similarly, the kinetics of the Cytokine Catch assay are not ideal

for the detection of IL-4 release and these results therefore do not aid in clarifying

the nature of the previously described Th2 phenotype seen in culture.

Finally, overall there were very few cells that were IFNγ/IL-2 double-positive

or IFNγ/IL-4 double-positive. Given the lack of overall responses to IL-2 and IL-4

it is difficult to comment whether this is a true finding or a result of the methodology.

Taken together, despite our initial reservations, the addition of IL-2 or IL-4

did not enhance the ability to detect antigen-reactive cells when compared to

IFNγ-based functional screening. Though it would be possible to trial alternate

experimental approaches, including longer incubation windows, to improve on and

broaden the readouts for T cell activation, the IFNγ ELISpot and IFNγ Cytokine

Catch were selected as appropriate assays to carry forward to sample screening.

3.7 End of Chapter Discussion

Taken together, the experiments presented in this chapter establish a reproducible

method for expanding T cells from early post-alloSCT BMMNCs utilising a

polyclonally-stimulated culture. These expanded T cells retain both TCR repertoire

diversity and activation potential, providing a suitable pool of cells that enable

functional screening from the small starting pool of T cells that is typical of

this clinical setting. The early post-alloSCT period is a critical window for

immune surveillance and no prior published system has enabled functional screening

in this manner.
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Attempts were made to enrich for antigen-specific responses via sequential

stimulation. Though conceptually appealing, this resulted in loss of functionality,

emphasising the importance of carefully selecting the magnitude of T cell stimulation

to balance proliferation and functional integrity.

The polyclonally-stimulated culture was further interrogated through multi-

parameter flow cytometry. This revealed a phenotypic skewing over the culture

period towards more antigen-experienced cells as well as the generation of a Th2-like

population, which may be an artefact of the culture conditions, which lack polarising

cytokines. With this in mind, attempts to broaden functional screening to the

secretion of IL-2 and IL-4 were undertaken, without a clear benefit when compared

to IFNγ alone.

The key limitation of the current study was the use of CEF/CEFTA peptides,

as it was not possible to identify an experimental system that would guarantee

the presence of low-frequency T cell responses that are present in vivo in the

tested post-alloSCT BMMNCs.

So though the method appears sufficient in the detection of higher frequency viral

responses, it is not clear whether it would be equally successful in the GvL setting.

There is no clear consensus in the field as to the reported incidence of GvL-reactive

T cells, with frequencies varying widely depending on the antigen, timepoint, clinical

background and techniques used in identification. Selective GvL responses, however,

are considered to constitute only a small fraction of the total T cell repertoire, with

frequencies as low as <0.1% being reported in many studies [40, 248, 249].

It may be that further optimisation may be required for the detection of rarer

GvL-reactive T cells. This could involve alternate culture methods, where T cell

enrichment could occur, or during the functional screening itself. IFNγ ELISpot

has been chosen given the ability to screen sensitively in a high-throughput manner.

Though it was not possible to improve on utilising IFNγ as our functional readout,

it is inherently biased towards Th1 and cytotoxic clones, and the ability to resolve

very low-frequency responses is limited. Other modalities for the identification of
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antigen-specific T cells, such as flow-based activation-induced marker (AIM) assays,

which are expanded upon in later sections, or peptide-MHC multimer staining

could be used for the detection of rare cells, but these methods would come at a

significant cost in terms of throughput and would be better suited for a narrower

and targeted peptide screening than what is currently envisioned.

An additional concern is raised by the changes in T cell phenotype that occur

over the course of the culture period. Given ongoing changes in T cell antigen

experience and polarisation, it raises questions as to the overall validity of the

experimental model.

Though a cell’s TCR sequence and antigen-specificity would not be affected,

it is clear that there are substantial changes that occur in overall gene expression.

These changes would mask in vivo cell states, and therefore whole transcriptome

analysis of cells that are generated by this expansion will need to be interpreted

with caution. If it is possible, however, to identify TCR clonotypes that are relevant,

the stability of the TCR over the course of the culture could allow us to directly

analyse these cells if they are detectable ex vivo.

In addition to its use for the identification of putative GvL responses from the

early post-alloSCT BMMNCs, the polyclonally-stimulated T cell expansion may

have applications in other settings. Most antigen discovery platforms rely on testing

on PBMCs. This culture protocol opens up access to bone marrow-resident T cells,

which may demonstrate different antigen-specificities or functional phenotypes.

The polyclonally-stimulated expansion facilitates the in vitro expansion of T cells

from what is a sparse and immunologically compromised setting, and in addition to

interrogating the bone marrow, with optimisation, it could be expanded for use in

other lymphopenic settings, such as in hypoplastic marrow disorders or in other

post-chemotherapy settings.

In conclusion, the work presented in this chapter establishes a reproducible

method for T cell expansion and functional screening from early post-alloSCT bone
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marrow. While certain limitations do remain, particularly in the detection of low-

frequency responses and phenotypic changes in culture, the polyclonally-stimulated

method offers a scalable method for functional T cell screening. This method not

only facilitates the screening of candidate GvL peptides in our cohort but could

have broadly applicable uses in exploring the bone marrow T cell compartment.
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4.1 Overview

Having established the polyclonally-stimulated culture and IFNγ ELISpot as a

method for screening early post-alloSCT BMMNCs for GvL responses, the next

step was to apply the pipeline to the high-risk, GvL-enriched patient cohort.

This chapter begins by detailing the application of the pipeline to two patients

(OX717 and OX747) who were both previously shown to exhibit putative GvL

responses that were detected in late peripheral blood samples. These patients

were selected to increase the likelihood of detecting antigen-specific T cells. These

attempts, however, did not result in the identification of any positive responses

from the early post-alloSCT bone marrow.

To explore if these negative results were a methodological limitation rather than

a true absence of antigen-specific T cells in the early post-alloSCT bone marrow,

the polyclonally-stimulated culture was used on a late peripheral blood sample

from patient OX747 at a timepoint where GvL responses were previously detected.

This was chosen as an internal positive control to validate the sensitivity of the

polyclonally-stimulated approach and enable direct comparison to the previous

antigen-stimulated method. Further investigation into the differences between these

two culture methods was undertaken with bulk TCR sequencing.

Subsequent testing identified a candidate GvL response against a peptide derived

from METTL22, which was isolated using an IFNγ-Catch assay and fluorescence-

activated cell sorting in conjunction with single-cell TCR and whole transcriptome

sequencing via the 10x Genomics platform. Bulk TCR sequencing was then employed

on serial samples to longitudinally track these putative antigen-specific clonotypes.

The chapter concludes with the functional validation of the identified METTL22-

reactive TCRs, employing lentivirally transduced, TCR-engineered T cells to confirm

antigen reactivity and specificity.
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4.2 Applying the Polyclonally-Stimulated Method
to the GvL-Enriched Cohort

To conserve limited patient material, the polyclonally-stimulated method was

initially applied to a single BMMNC sample from the GvL-enriched cohort, taken

at 9 months post-alloSCT from patient OX717.

This selection was based not only on sample availability, but also on the prior

detection of putative GvL responses in the late peripheral blood. These samples were

considered more likely to harbour antigen-specific T cell responses when compared

to patients in whom no responses had been detected at late timepoints.

In total, 149 peptides were identified by the reverse immunological pipeline

and had previously undergone screening in the peripheral blood of patient OX717

at 5.5 years post-alloSCT. At that time, putative GvL responses were detected

against two overlapping peptides (RHOT2-1 and RHOT2-2) that encompass the

same non-synonymous SNP in RHOT2. All 149 peptides from the original library

were subsequently used for screening of the bone marrow sample (Figure 4.1a).

Following thaw, the sample expanded robustly, growing from a day 3 nadir of

1.9 million cells to more than 21 million cells at day 12 (Figure 4.1b). Similarly,

the CD3+ fraction rose from 17.8% of live cells at thaw to 90.2% at the end of

the expansion (Figure 4.1c). These results recapitulated those observed during the

development of the method, confirming the reproducibility of the T cell expansion

and enrichment seen in a polyclonally-stimulated culture.

After the expansion, cells were rested in cytokine-free media to reduce non-

specific activation and then tested via IFNγ ELISpot (Figure 4.1d). As in previous

ELISpot assays, PHA, DMSO and CEF/CEFTA were used as controls. The

previously identified RHOT2 peptides were tested individually, and the remaining

147 peptides were tested in pools of 20-25 peptides.
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a

b

d

Patient​​
Timepoint 

Post-
AlloSCT

Sample 
Type

Alloreactive 
Peptides Previously 

Identified

Total Peptides in 
GvL Pipeline 

Library to Screen

OX717 9 months BM RHOT2 149

c

Figure 4.1: Applying the screening method to patient OX717. a. Table
describing sample characteristics. b. Growth curve demonstrating absolute cell count
over course of polyclonally-stimulated culture. c. Description of CD3+% as a proportion
of all live cells assessed by flow cytometry pre- and post- culture. d. IFNγ ELISpot
results. RHOT2-1 and RHOT2-2 refer to two separate peptides spanning the same SNP
in RHOT2. Pools comprise 20-25 peptides each. ELISpot results are displayed as a
maximum of 5000 SFU/million cells for readability.
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Other than a positive response to PHA, there were no responses above back-

ground to any of the six peptide pools or to the RHOT2 peptides.

Rather than drawing firm conclusions from a single tested sample, the polyclonally-

stimulated approach was extended to four additional BMMNC samples taken from

3-12 months post-alloSCT from a second patient, OX747. Patient OX747 similarly

had putative GvL responses detected at 6 years post-alloSCT in the peripheral

blood. These were responses against three different non-synonymous SNPs, in

DOCK8, METTL22 and DCAF13. For METTL22, there were two overlapping

peptides (METTL22-1 and METTL22-2) encompassing the same non-synonymous

SNP. The peptide library for screening totalled 252 candidate peptides (Figure 4.2a).

Patient​​
Timepoint 

Post-
AlloSCT

Sample 
Type

3 months

6 months

9 months

12 months

OX747 BM

Alloreactive 
Peptides Previously 

Identified

Total Peptides in 
GvL Pipeline 

Library to Screen

DOCK8

METTL22

DCAF13

252

a

b c

Figure 4.2: Applying the polyclonally-stimulated culture to patient OX747.
a. Table describing sample characteristics for timepoints tested. b. Growth curve
demonstrating absolute cell count over course of polyclonally-stimulated culture. c.
Description of CD3+% as a proportion of all live cells assessed by flow cytometry pre-
and post- culture.

Reassuringly, all four BMMNC samples expanded robustly following the poly-

clonal stimulation (Figure 4.2b), with a corresponding enrichment in the CD3+%

over the expansion period (Figure 4.2c). The 3-month and 6-month samples did

95



4. Applying Stimulated T Cell Culture for the Identification of GvL T Cells

not expand as greatly, likely as a product of both a lower starting cell number

and a lower starting CD3+% (8.6% and 9.0% respectively, compared to 24.3% and

31.9% for the 9-month and 12-month samples).

For the IFNγ ELISpot, DOCK8, METTL22-1, METTL22-2, and DCAF13

peptides were tested individually, and the 248 other peptides were tested in ten

pools of 20-25 peptides (Figure 4.3). As was the case with the previous patient,

no responses above background were detected apart from the expected positive

control response to PHA.

Figure 4.3: IFNγ ELISpot results for patient OX747. IFNγ ELISpot results for the
four samples and timepoints tested. METTL22-1 and METTL22-2 refer to two separate
peptides spanning the same SNP in METTL22. Pools comprise 20-25 peptides each.
ELISpot results are displayed as a maximum of 5000 SFU/million cells for readability

Following the absence of detectable positive responses during the testing of

a total of 5 BMMNC samples spread across two patients, the potential causes

for this were carefully examined.

Firstly, it was certainly possible that no antigen-reactive cells of interest were

present in the early post-alloSCT bone marrow. Though putative GvL responses
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were detected in the late peripheral blood of these patients, little is known about

the kinetics of these responses and there is no guarantee the same responses are

present in this setting. In the 3-6 month window, the presence of antigen-specific

T cells is expected to be minimal due to reconstitution being dominated by the

homeostatic peripheral expansion of passenger T cells, with limited antigen-driven

activity. Similarly, though the timing of T cell reconstitution is patient-specific

and context-dependent, ongoing immunosuppression, delayed thymopoiesis and

incomplete haematopoietic recovery would be expected to impair the emergence of

antigen-experienced T cells in the 6-12 month post-alloSCT period [227, 250, 251].

Secondly, in contrast to the prior antigen-stimulated method, which utilised a

peptide-driven expansion phase that would selectively enrich for antigen-reactive

T cells, the polyclonally-stimulated method applies a single round of non-specific

stimulation prior to IFNγ ELISpot. Though previous work in chapter 3 suggests

that these T cells would be maintained at similar relative frequencies in the

repertoire, this could substantially limit the detection of rarer clones given the

concurrent expansion of bystander and naïve populations. As a result of this,

the sensitivity of this approach may be insufficient for identifying low-frequency

T cells, particularly in the context of the early post-alloSCT where the relevant

clones may not yet have expanded.

Finally, though the activation potential of viral-reactive T cells was shown to

be maintained in prior experimentation with the polyclonally-stimulated method,

this was not explicitly demonstrated in GvL T cells, whose ex vivo phenotype and

responsiveness in culture may differ markedly.

For these reasons, rather than proceeding to screen further patients within the

cohort, a direct assessment was undertaken to determine whether the polyclonally-

stimulated method could detect GvL-reactive responses in a PBMC sample from a

late timepoint where responses had previously been detected.
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4.3 Comparative Screening Using Polyclonally-
Stimulated and Antigen-Specific Cultures

To assess the methodology of the polyclonally-stimulated method in a more granular

fashion, it was applied to a peripheral blood sample from patient OX747 taken

at 6 years post-alloSCT. This was the timepoint where GvL responses against

DOCK8, METTL22 and DCAF13 peptides had previously been detected. This

sample was therefore chosen to serve as an internal positive control, allowing for

a direct comparison between the polyclonally-stimulated and antigen-stimulated

culture methods. In doing so, this provided a means of evaluating the relative

sensitivity of the polyclonally-stimulated method for detecting antigen-specific GvL

responses.

In order to account for inter-experimental variability, a single vial of 6-year

post-alloSCT peripheral blood from OX747 was thawed, split in half, and then

cultured concurrently with either the polyclonally-stimulated or antigen-stimulated

culture methods (Figure 4.4a).

As expected, the polyclonally-stimulated and antigen-stimulated methods per-

formed very differently over the course of the culture period. In terms of absolute

cell number, the polyclonally-stimulated expansion rose from 3.3 million cells at

thaw to 51.2 million cells at day 12, compared to the 6.1 million cells at day 12 of

the antigen-specific stimulation (Figure 4.4b). Similarly, the CD3+ fraction of the

polyclonally-stimulated culture was larger, with the percentage of CD3+ cells rising

from 53.9% of live cells to 93.8% at day 12, compared with the 77.6% seen in the

antigen-stimulated culture (Figure 4.4c). The lower CD3+ percentage observed in

the antigen-stimulated culture primarily reflects the reduced expansion of CD3+ cells,

which, when compared against the CD3- fraction appears proportionally diminished.

Taken together, the polyclonally-stimulated method resulted in a ten-fold greater

number of CD3+ cells at day 12 when compared to the antigen-stimulated method.
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a

b

d

c

Figure 4.4: Previously detected responses in late peripheral blood are present
following antigen-stimulated, but not polyclonally-stimulated culture. a.
Simplified schema showing experimental structure. b. Growth curve demonstrating
absolute cell count comparing polyclonally-stimulated and antigen-stimulated culture.
c. Description of CD3+% as a proportion of all live cells assessed by flow cytometry at
thaw and at Day 12. d. IFNγ ELISpot results following either polyclonally-stimulated or
antigen-stimulated culture. METTL22-1 and METTL22-2 refer to two separate peptides
spanning the same SNP in METTL22. Pools comprise 20-30 peptides each.
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At the end of the culture period, cells from both culture conditions were assessed

by IFNγ ELISpot (Figure 4.4d). Given the limited overall cell number of the antigen-

stimulated culture, screening was restricted to targeted testing of the previously

identified GvL peptides, rather than the full peptide library.

Consistent with the earlier findings of the early post-alloSCT bone marrow, the

polyclonally-stimulated culture yielded no detectable responses against any peptide.

In contrast, the antigen-stimulated culture demonstrated substantial responses

against both METTL22 peptides. METTL22-1 elicited 1550 SFU/million cells (SD

= 63.6) and METTL22-2 elicited 1275 SFU/million cells (SD = 185).

Several additional observations warrant discussion. Despite prior detection of

responses against DOCK8 and DCAF13 in this patient, neither peptide elicited a

response in this assay. Importantly, when originally identified, the response against

DOCK8 was of equivalent intensity to METTL22, while the DCAF13 response was

even greater, highlighting that their subsequent absence was not attributable to

weaker baseline immunogenicity. As the sample used here was an aliquot from the

same blood draw in which the original responses were identified, this emphasises

the inherent stochasticity and variability in T cell sampling and detection across

these cryopreserved vials. Additionally, given that high-frequency TCR clonotypes

would be more likely to be found across multiple sample vials, this lends further

credence to the low starting frequency of our cells of interest.

Secondly, aside from the expected response to PHA, the only other detectable

signal was a weak response to the CEF/CEFTA viral peptide pool, which produced

a response approximately threefold above background. Importantly, this response

was observed in the antigen-specific culture without any prior expansion with

CEF/CEFTA peptides, indicating the presence of pre-existing CEF/CEFTA-reactive

T cells at sufficient frequency to be detectable under these conditions. In contrast, no

such response was detected in the parallel polyclonally-stimulated culture, suggesting

that these virus-specific T cells were not of sufficiently high frequency to be detected

in the presence of global T cell proliferation. This result mirrors prior testing in the
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peripheral blood by Connor Sweeney, where a CEF/CEFTA response was detected

at a similar magnitude [198].

These findings provide evidence that the polyclonally-stimulated culture method

was unable to detect antigen-specific GvL responses that are readily seen following

the antigen-stimulated expansion.

While the polyclonally-stimulated culture did result in a significantly higher total

number of CD3+ T cells for functional testing, this came at the expense of sensitivity.

The most likely explanation is that the antigen-stimulated expansion increased

the relative frequency of rare, antigen-specific GvL clones to levels above the

threshold of detection, whereas in the polyclonal culture these same clones remained

obscured within the background of actively proliferating bystander cells. An

additional possibility is that polyclonal stimulation imposed a degree of functional

impairment, reducing the capacity of GvL T cells to respond even if present.

Taken together, these results emphasise the limited utility of the polyclonally-

stimulated method alone in detecting these low-frequency GvL responses. Future

approaches would therefore need to balance enrichment of our T cells of interest

with maintaining a requisite degree of stimulation that maintains the survival of

these cells.

4.4 METTL22 as a Candidate Minor Histocom-
patibility Antigen

Having identified patient-specific responses against METTL22, its expression was

examined to evaluate its potential immunological relevance in the post-alloSCT

setting. Expression across both healthy tissues and haematopoietic compartments

was assessed through the interrogation of public datasets.
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Protein expression profiling using immunohistochemistry data from the Human

Protein Atlas (HPA) demonstrated positive staining across a broad range of tissues,

with no marked enrichment in the haematopoietic system (Figure 4.5a) [205, 206].

a

b

Figure 4.5: Expression of METTL22 across tissues. a. Semi-quantitative protein
expression scores for METTL22 across healthy tissues taken from the Human Protein
Atlas (HPA) [205, 206]. Scoring reflects analysis of staining intensity and proportion of
stained cells in immunohistochemistry data evaluated by expert pathologists. b. mRNA
expression levels of METTL22 in healthy tissues taken from the HPA Consensus dataset,
expressed as normalised transcripts per million (nTPM) [207].

mRNA expression analysis using the HPA Consensus dataset similarly demon-

strated widespread expression of METTL22 (Figure 4.5b) [205, 207].

Although protein expression scoring is semi-quantitative and dependent on

operator interpretation, antibody performance and histological quality, several

tissues such as the liver or smooth muscle, demonstrate marked discrepancies

between mRNA and protein levels. This reflects well-known post-transcriptional

regulatory mechanisms.
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Gene expression within the haematopoietic compartment and AML was further

assessed using publicly available microarray and RNA-sequencing datasets via the

BloodSpot platform (Figure 4.6) [208, 209].

Four separate AML datasets were surveyed from the BEAT-AML, TARGET-

AML, TCGA and MILE studies [210–213]. Across all four AML datasets, METTL22

was consistently expressed at a detectable level, though this was lower for the BEAT-

AML and TARGET-AML datasets, this may reflect methodological differences,

where these datasets were sourced from RNAseq whereas the remainder were

sourced from microarray data.

Figure 4.6: Gene expression of METTL22 in AML and healthy haematopoiesis.
Gene expression shown as log2-transformed consensus expression values. AML datasets in
red include BEAT-AML, TARGET-AML, TCGA and MILE studies [210–213]. Healthy
subpopulations in green are derived from the HemaExplorer dataset [209]. HSC =
Haematopoeitic stem cell. CMP = Common myeloid progenitor. GMP = Granulocyte-
monocyte progenitor. MEP = Megakaryocyte-erythroid progenitor. NK = Natural killer.

Taken together, this data shows that METTL22 is not haematopoietically

restricted. It may, however, still act as a GvL antigen despite its ubiquitous

expression, potentially through selective antigen processing and presentation of

class II HLA within the haematopoietic compartment. Alternatively, METTL22-

specific T cell responses may also target non-malignant host tissues, acting as a

joint GvL/GvHD response.
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4.5 Isolation and TCR Sequencing of METTL22-
specific T cells

As the TCR sequences mediating METTL22-specific responses had not previously

been identified, isolation of these cells was undertaken using an IFNγ-Catch assay

in conjunction with single-cell sorting and 10x Genomics-based methods.

This strategy enables the retrieval of TCRα/β sequences for downstream ap-

plications, including functional validation through activation or cytotoxicity assays.

Furthermore, knowledge of these sequences could be used in conjunction with bulk

sequencing to refine our previous assessments of the differences in clonal enrichment

between the polyclonally-stimulated and antigen-stimulated cultures by progressing

from functionality to true TCR clonotype analysis.

Cells from the antigen-stimulated culture (as performed in section 4.3) were

rested for 24 hours in cytokine-free medium and then re-stimulated separately

with METTL22-1 and METTL22-2 peptides. Following a 45-minute cytokine

secretion period, IFNγ-producing cells were labelled using the IFNγ-Catch assay

and sorted (Figure 4.7a).

To maximise cell retention, IFNγ+, CD3+ T cells were sorted irrespective of

CD4/CD8 status, although surface expression for both markers was simultaneously

assessed during flow cytometry.

Stimulation with either METTL22-1 or METTL22-2 resulted in a notable global

increase in IFNγ fluorescence across the entire CD3+ population compared to the

DMSO control. This likely reflects either paracrine activation of bystander cells or

non-specific capture of secreted IFNγ on non-activated cells from the culture milieu.

Due to this change in background fluorescence, sorting gates for IFNγ+ and IFNγ-

populations were set individually for each condition on the basis of the fluorescent

intensity of the background population. Notably, METTL22-1 induced a higher

degree of IFNγ expression than METTL22-2, in agreement with the differential

response observed in the prior IFNγ ELISpot.
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b

a

DMSO METTL22-1 METTL22-2

Figure 4.7: Isolation of METTL22-reactive T cells utilising IFNγ Catch
assay. a. Gating strategy for the sorting of IFNγ+ and IFNγ- T cells following an
antigen-stimulated stimulation. Numbers on plots display percentage of parent population.
Headings on the final three flow plots outline stimulation used at IFNγ-Catch assay.
Due to low cell yield, CD3+ T cells were sorted as a bulk population without further
subdivision into CD4+ or CD8+ subsets. b. Summary analysis of flow cytometry data,
showing the percentage of CD4+ and CD8+ cells which express IFNγ in response to
stimulation by peptides METTL22-1, METTL22-2 and DMSO.
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In both stimulated conditions, CD4+ T cell activation exceeded that of CD8+

cells, suggesting a predominance of CD4+-driven responses (Figure 4.7b). It is

unclear to what extent the observed CD8+ activation represents true antigen-specific

stimulation rather than background activation, however this can be further clarified

through downstream transcriptomic profiling.

Following cell sorting, TCR and whole transcriptome library preparation was

undertaken for IFNγ+ and IFNγ- fractions for cells stimulated by METTL22-1

and METTL22-2 (n = 2,382). By concurrently analysing gene expression and

TCR data, V(D)J calling accuracy was improved by excluding cell barcodes that

were not simultaneously called in both modalities, mitigating the risk of V(D)J

overcalling. Additionally, analysis of the IFNγ- fraction provides a background for

the identification of enriched clones and activation-specific transcriptional states.

Unfortunately, given the lower cell number sorted for the IFNγ+ fraction for

METTL22-2, the quality of the cDNA library was insufficient to carry forward and as

such only conditions stimulated by METTL22-1 underwent full library preparation

and sequencing. While it cannot be entirely excluded that distinct TCRs may

preferentially recognise peptides with differing N- or C-terminal overhangs, the

most plausible explanation is that METTL22-1 and METTL22-2 stimulate the

same clonotypes, with the reduced responsiveness to METTL22-2 reflecting weaker

peptide-HLA binding. Consequently, the IFNγ+ fraction stimulated by METTL22-1

was deemed likely to be representative for the characterisation of antigen-specific

clonotypes.

Analysis of the TCR repertoire within the IFNγ+ fraction revealed a skewed

TCR repertoire, consistent with clonal expansion in response to stimulation by

METTL22 peptide (Figure 4.8).

Eight clonotypes were present at a frequency of greater than 2% within the

IFNγ+ population, together comprising 46.1% of the total repertoire. In contrast,

these same clonotypes were either undetectable (Clonotypes 1, 5 and 8), or present
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b

a
Clonotype

Frequency in 
IFNγ +ve 

Fraction (%)

Frequency in 
IFNγ -ve 

Fraction (%)

Fold Enrichment 
Between Negative 

and Positive 
Fractions

TCRa CDR3 
Sequence

TCRb CDR3 
Sequence

1 13.23 CAAILQGAQKLVF CSARTHSDEAFF
2 9.92 1.70 5.8 CAFAISNYQLIW CSAIVGTGVFDEQFF
3 5.25 0.50 10.5 CAVNFGNEKLTF CSARASQGDTQYF
4 4.86 0.10 48.6 CAASYTGFQKLVF CASTDTSGDTEAFF
5 4.28 CAVEAEGQNFVF CSASGGGAPGELFF
6 3.31 1.90 1.7 CLVGASLNDYKLSF CASSGPGELFF
7 3.11 0.10 31.1 CAASHLQGAQKLVF CASSLMGQGLQPQHF
8 2.14 CAVGNSGNTPLVF CASSSGGYSVVFF

Sum of Unpaired and 
Low Frequency 53.89 95.70

Figure 4.8: Eight enriched TCR clonotypes were identified in the IFNγ+

fraction of cells stimulated by peptide METTL22-1. a. Table outlining the high
frequency clonotypes identified in the IFNγ+ fraction with their degree of enrichment and
their CDR3 sequences. Low frequency clonotypes are defined here as <2% of the total
repertoire. b. Visual representation of clonotypes isolated. Each large bar represents
all T cell clones identified from the IFNγ+ and IFNγ- fractions. Y-axis represents the
percentage of all sequenced cells. The grey portion of each bar represents the sum of all
low frequency clonotypes and clonotypes without fully paired TCRα and TCRβ chains.
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at a lower frequency in the IFNγ- fraction, which was predominantly comprised of

low frequency clonotypes. The extent of enrichment of clonotypes detectable in

both fractions was variable, with fold-change ranging between 1.7-fold and 48.6-fold.

Clonotypes exhibiting high enrichment in the IFNγ+ fraction are more likely to

represent bona fide antigen-specific T cell responses to METTL22. In particular,

Clonotypes 1, 5 and 8 were of particular interest as they are absent in the IFNγ-

fraction altogether. Conversely, Clonotype 6, which was only modestly enriched

at 1.7-fold, may represent a non-specifically activated or bystander population.

However, as the peptide-stimulated culture system is itself designed to promote the

expansion of METTL22-specific cells, even these clonotypes with minimal differential

abundance should not necessarily be discounted outright. Functional validation

remains of paramount importance in the confirmation of definitive antigen specificity.

Comparison of these TCR sequences against publicly available TCR databases

confirmed that all these sequences were private, which is consistent with a T cell

response against a minor histocompatibility antigen in this clinical context [216].

Having identified a selection of expanded clones within the METTL22-reactive

IFNγ+ fraction, the next step was to investigate their transcriptional phenotype,

both to elucidate their effector function, as well as further inform which of these

clonotypes should be prioritised for downstream functional validation.

4.6 Transcriptional Profiling of METTL22-specific
T cells

To investigate the phenotypic identity of the METTL22-specific T cells, tran-

scriptomic analysis was performed on the paired whole transcriptome libraries

generated from the sorted IFNγ+ and IFNγ- populations. This approach enabled

the integration of TCR clonotype and gene expression data, allowing for the mapping

of antigen-specific clones onto discrete transcriptional states.
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Dimensionality reduction was performed on log-normalised gene expression data

using principal component analysis (PCA) followed by unbiased clustering via

k-means, chosen given the overall modest cell number. This process demarcated

six transcriptionally distinct clusters, which were visualised on UMAP plots (Fig-

ure 4.9a). Clusters were annotated post hoc on the basis of canonical marker gene

expression of the majority of cells within each cluster [215, 223].

The majority of cells fell into three dominant clusters: conventional CD4+ T

cells, CD8+ TEM/TEMRA and CD8+ TNaïve/TCM. Two smaller clusters comprised

double-negative T cells and an unclassified group that did not map clearly to

a defined T cell lineage. Finally, there was a clearly demarcated population of

activated cytotoxic CD4+ T cells.

In order to validate these annotations, expression of CD4 and CD8A was

visualised using violin plots (Figure 4.9b). As expected, CD4 transcript expression

was restricted to the CD4+ T cell and activated cytotoxic CD4+ clusters. However,

expression within these clusters was heterogeneous and in some cells appeared low or

undetectable. CD4 is a low-abundance transcript that can be downregulated during

T cell activation and effector differentiation [252]. Furthermore, transcript drop-out,

particularly in the case of low-expression genes, is a well-recognised limitation of

droplet-based single-cell RNA-seq platforms such as the 10x Chromium platform

used here, arising from inefficient capture and amplification [253].

CD8 expression was similarly restricted to the CD8+ TEM/TEMRA and CD8+

TNaïve/TCM clusters.

To further support these functional annotations, the expression of a curated

panel of functional and differentiation-associated genes was projected onto the

UMAP (Figure 4.9c). Markers associated with naïve and memory-like states, TCF7,

LEF1 and IL7R were most highly expressed in the CD8+ TNaïve/TCM cluster.

Cytotoxic markers NKG7, GZMB and PRF1 were highly expressed in both the

CD8+ TEM/TEMRA cluster and the activated cytotoxic CD4+ cluster. This activated

cytotoxic CD4+ cluster also showed high expression of effector molecules, such as
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a

b

c

Figure 4.9: Single cell transcriptomics for all sorted T cells from patient
OX747 a. UMAP plot derived from transcriptomic profiles of both IFNγ+ and IFNγ-

cells (n = 2382) following dimensionality reduction and clustered via K-means. Clusters
annotated post hoc via expression of canonical marker genes. b. Violin plots demonstrating
log-normalised expression of CD4 and CD8 for each cluster as outlined above. Where
appropriate, each box represents the mean with interquartile range. c. UMAP plots
displaying log-normalised expression (colour-scale) for selected T cell marker genes.
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IFNG and FASLG, alongside co-stimulatory and activation markers TNFRSF

(OX40) and CD40LG, consistent with a transcriptionally activated state.

To examine the relationship between functional activation and transcriptional

state, IFNγ+ and IFNγ- cells were overlaid onto the UMAP (Figure 4.10). IFNγ+

cells were disproportionately enriched in the activated cytotoxic CD4+ cluster, and

to a lesser extent, within the conventional CD4+ cluster. Interestingly, not all cells

that were sorted into the IFNγ+ fraction have detectable IFNγ transcripts, lending

credence to our previous hypothesis of background capture of IFNγ on the surface

of non-activated cells during the IFNγ-Catch assay.

Figure 4.10: Distribution of IFNγ+ and IFNγ- T cells. UMAP plots demonstrating
distribution of IFNγ+ and IFNγ- T cells coloured by IFNγ status.
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The eight clonotypes that were enriched in the IFNγ+ fraction were mapped

onto the UMAP and coloured by their annotated cluster (Figure 4.11a). All of

these clonotypes were CD4+ restricted, consistent with the higher proportion of

activated CD4+ cells during the IFNγ-Catch assay.

Clonotypes 1 and 5, which were both highly enriched and absent in the IFNγ-

population, were localised entirely within the activated cytotoxic CD4+ cluster. This

contrasts with the remainder of the clonotypes, which were more largely scattered

within the conventional CD4+ cluster.

To explore the molecular signatures that underpinned the distinct activated cyto-

toxic CD4+ cluster, differential gene expression analysis was performed, comparing

Clonotypes 1 and 5 with all other cells (Figure 4.11b).

This analysis revealed a total of 578 significantly differentially expressed genes

(p < 0.05 and |log2 Fold Change| >2). Among the differentially expressed genes

were non-coding RNAs and broadly expressed transcripts with limited interpretive

value in T cell biology.

Downregulated genes included TCF7, CCR7, KLF2 and IL7R, indicative of

transition away from a naïve phenotype to a more differentiated effector phenotype.

Upregulated genes included genes associated with a cytotoxic effector profile –

such as IFNG, PRF1, FASLG and GZMB – and genes associated with T cell

co-stimulation or activation – such as TNFRSF9, CD40LG, IL2RA, CD70 or LAG3.

It is unclear, however, to what extent this cytotoxic phenotype reflects the in

vivo phenotype of these T cells. The use of exogenous, unopposed IL-2 throughout

the antigen-stimulated culture, in combination with TCR activation, can itself drive

effector differentiation and cytotoxic gene expression [254].

Together, this signature indicates a robust cytotoxic effector program with

evidence of recent activation. This further supports the relevance of Clonotypes 1

and 5 as bona fide METTL22-specific T cells.
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a

b

Figure 4.11: Clones 1 and 5 are transcriptionally distinct and sit in an activated
CD4 cytotoxic cluster. a. UMAP plots demonstrating distribution of TCR clonotypes
of interest that were enriched in the sorted IFNγ+ cell fraction. Cells are coloured by
their annotated cell type. b. Volcano plot demonstrating differentially expressed genes for
clonotypes 1 and 5 compared against all other cells. Significantly differentially expressed
genes (p<0.05 and |log2FC|) are highlighted in colour with genes of interest annotated.
Statistical testing was performed utilising the 10x Loupe platform, using a variant negative
binomial exact test with the Benjamini-Hochberg FDR correction.
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4.7 Bulk Repertoire Sequencing of OX747

To further assess the frequency of METTL22-specific TCR clonotypes beyond

the single-cell context, bulk TCR sequencing was performed on cultured T cells

from patient OX747.

This complementary approach would allow for a more direct and quantitative

assessment of the abundance of these clonotypes across culture conditions, inde-

pendent of their activation potential.

Bulk TCR sequencing was performed on both the antigen-stimulated and

polyclonally-stimulated cultures derived from 6-year post-alloSCT peripheral blood

(as performed in section 4.3). As previously described in section 2.4 and section 3.3,

this was performed utilising 5’-RACE followed by NGS, with UMI-corrected

read counts serving as a proxy for clonotype frequency. As the cell and RNA

input was equivalent across conditions, further normalisation with downsampling

was not required.

By focusing on the eight enriched TCR clonotypes within the IFNγ+ fraction, it

was possible to evaluate their frequency relative to the broader repertoire in both

the culture conditions and therefore assess their divergence over the culture period

(Figure 4.12a). Although ideally, this analysis would have extended to the ex vivo

TCR repertoire at thaw, this was not feasible given the limited cell numbers and

the decision to prioritise functional screening over baseline profiling.

As expected, all eight clonotypes were detectable in the antigen-stimulated

culture, where these clones had originally been identified, with frequencies from

0.31% to 7.61%. However, in keeping with the limitations of bulk RNA sequencing,

pairing of the TCRα and TCRβ chains could not be directly established.

Notably, save for Clonotypes 3 and 8, the frequency of each clonotype’s TCRα

and TCRβ chains was discordant. This was most striking in Clonotype 2, where

its TCRα was detected at a frequency of 0.82% and its TCRβ at 7.36%.
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b

a

Inferred TCRα 
Frequency (%)

Inferred TCRβ 
Frequency (%)

Inferred TCRα 
Frequency (%)

Inferred TCRβ 
Frequency (%)

1 13.23 1.46 0.47
2 9.92 0.82 7.36 0.00204 0.02375
3 5.25 0.91 1.25
4 4.86 0.87 2.37
5 4.28 0.10 0.53
6 3.31 7.61 3.76 0.00131 0.00043
7 3.11 1.50 0.68
8 2.14 0.42 0.31 0.00015 0.00043

Clonotype
Frequency in 

IFNγ +ve 
Fraction (%)

Antigen-Stimulated Culture Polyclonally-Stimulated Culture

c

Figure 4.12: IFNγ-enriched clonotypes detected in late peripheral blood fall
below limits of detection in a polyclonally-stimulated culture. a. Description
of the inferred TCRα and TCRβ clonotype frequencies from bulk sequencing of antigen-
stimulated and polyclonally-stimulated culture of late peripheral blood from patient OX747.
Inferred frequency calculated utilising fraction of all UMI-collapsed reads sequenced. b.
Graph depicting number of TCR clonotypes detected via bulk sequencing from a 1
million cell aliquot of antigen-stimulated and polyclonally-stimulated cells. c. Shannon
equitability indices of the antigen-stimulated and polyclonally-stimulated repertoires. p
value is calculated via Student’s t test.

Several factors could account for this discordance. Firstly, this could reflect

alternative TCRα pairing. Unlike TCRβ, which is subject to strict allelic exclusion

during early thymic development, the TCRα locus instead undergoes successive

recombination without enforced allelic exclusion, permitting expression of dual

TCRα chains in a subset of mature T cells [255, 256]. Indeed, single-cell sequencing

for Clonotype 2, revealed expression of an alternate TCRα chain, supporting

this explanation.

Secondly, one of the detected chains may be utilised in one or more other

TCRs of differing specificity, in that the apparent imbalance at sequencing reflects

contributions from unrelated clonotypes sharing that chain.

Thirdly, as clonotype frequency is inferred from UMI-collapsed read count,

differences in initial mRNA abundance between TCRα and TCRβ transcripts could
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lead to frequency discrepancies.

Finally, technical biases in mRNA capture and amplification can occur. Despite

the use of UMIs to control for PCR bias, SmartSeq-based approaches remain sensitive

to transcript length and GC content, particularly during reverse transcription, which

can result in chain-specific dropout or preferential amplification. Despite these

limitations, bulk TCR sequencing offers a powerful and high-throughput method

for tracking known TCR clonotypes within large populations of cells. However, the

observed frequency discrepancies reinforce the value of single-cell-based methods

for high-confidence clonotype calling with αβ chain pairing.

Unexpectedly, only Clonotypes 2, 6 and 8 remained detectable following the

polyclonally-stimulated culture. Interestingly, the skewed TCRα/TCRβ ratio was

consistent for both Clonotypes 2 and 6, suggesting a reproducible feature to these

clonotypes’ pairing dynamics or technical performance. As both the polyclonally-

stimulated and antigen-stimulated cultures originated from the same vial split in

half, this suggests that these missing clonotypes likely exist at frequencies below

0.00014%, based on the rarest detected clonotype. It is possible that increasing

sequencing depth could result in the identification of the remaining clonotypes.

However, sampling was already performed to a depth of 1 in 700,000, based on a

starting input of 1,000,000 cells, making deeper analysis unlikely to yield additional

benefits. This suggests that the absence of detection reflects true biological rarity,

rather than insufficient technical resolution.

Although it is not possible to determine whether individual clonotypes expanded

to equal extents during the polyclonally-stimulated culture, data presented in

chapter 3 has shown that the overall repertoire diversity remains stable over the

culture period. This supports the hypothesis that the initial frequency of these GvL

clonotypes is extremely low, being both consistent with and lower than the reported

incidences of <0.1% seen in some studies [40, 249, 257]. These findings echo earlier
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concerns raised during the development of the polyclonally-stimulated method and

emphasise the importance of selective enrichment for GvL clonotypes during culture.

In keeping with these observations, the number of distinct clonotypes detected

in the polyclonally-stimulated culture was almost double the number detected

in the antigen-stimulated expansion (Figure 4.12b). Furthermore, the Shannon

equitability index confirmed a significantly lower diversity in the antigen-stimulated

culture compared to the polyclonal expansion (Figure 4.12c). This suggests that

irrelevant clonotypes are retained at high levels in the polyclonally-stimulated

method, hampering the detection of desired GvL T cell responses, where a focused

expansion is more valuable than broad maintenance of diversity.

Inferred TCRα 
Frequency (%)

Inferred TCRβ 
Frequency (%)

Inferred TCRα 
Frequency (%)

Inferred TCRβ 
Frequency (%)

Inferred TCRα 
Frequency (%)

Inferred TCRβ 
Frequency (%)

Inferred TCRα 
Frequency (%)

Inferred TCRβ 
Frequency (%)

1
2 0.0071 0.1300 0.0092 0.1463 0.0068 0.0598 0.0002 0.0054
3
4
5
6 0.0046 0.0030 0.0076 0.0028 0.0149 0.0073
7
8

Clonotype
3 months post-alloSCT 6 months post-alloSCT 9 months post-alloSCT 12 months post-alloSCT

Figure 4.13: Clonotypes 2 and 6 are detectable through bulk sequencing of
polyclonally-stimulated early Bone Marrow. Description of the inferred TCRα and
TCRβ clonotype frequencies from bulk sequencing of polyclonally-stimulated cultures
of early BM from patient OX747. Inferred frequency calculated utilising fraction of all
UMI-collapsed reads sequenced.

Bulk TCR sequencing was also applied to the polyclonally-stimulated bone

marrow cultures from 3, 6, 9 and 12-month post-alloSCT from patient OX747

(Figure 4.13). As with the polyclonally-stimulated peripheral blood, most of the

eight enriched clonotypes were not detected at any of the bone marrow timepoints.

Clonotype 2 was consistently detected at a low frequency across all four timepoints,

while Clonotype 6 was present from 6-12 months. In both cases, the previously

observed TCRα to TCRβ frequency imbalance was maintained.

Taken together, these findings suggest that any approach aiming to identify

GvL-reactive T cells will likely require pre-enrichment before functional screening.
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Additionally, the persistence of Clonotypes 2 and 6 across multiple timepoints and

both peripheral blood and bone marrow compartments strengthens the case for

prioritising their functional validation in future assays.

4.8 Developing a Strategy for Functional Valid-
ation of METTL22-specific T cells

Having identified candidate METTL22-reactive TCR clonotypes through single-cell

sequencing and characterised their clonal dynamics through bulk approaches, the

next objective was to functionally validate their antigen specificity. This step is

essential to confirm that these TCRs are not merely present within the activated

IFNγ+ fraction but were in fact directly responsible for METTL22 recognition.

Successful functional validation required three key components: firstly, the

generation of transgenic T cells expressing our clonotypes of interest. Secondly, the

identification of appropriate target cells which would be able to present METTL22

in the context of the correct restricting HLA. Finally, the development of a robust

and sensitive in vitro activation assay.

As it was not logistically feasible to simultaneously test all eight clonotypes

identified in the IFNγ+ single-cell fraction, three clonotypes were selected for

validation. In the context of the prior data, Clonotypes 1 and 5 were prioritised based

on their exclusive localisation within the transcriptionally-defined activated cytotoxic

CD4+ cluster and their complete absence from the IFNγ- fraction. Clonotype 2

was chosen not only as the second most frequent clone, but due to its repeated

detection across multiple post-alloSCT bone marrow and peripheral blood samples,

suggesting sustained in vivo relevance.

The generation of transgenic T cells was performed using a lentiviral transduction

strategy. Briefly, a recombinant pHRSin lentiviral transfer plasmid encoding

the codon-optimised METTL22-specific TCRα and TCRβ chains was synthesised

as outlined in section 2.11, and all constructs were sequence-confirmed prior to
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use. Murine constant regions were utilised in order to minimise mispairing with

endogenous TCR chains and to facilitate downstream detection using antibodies

against the murine TCRβ [258].

Lentivirus was generated via transient transfection of HEK 293T cells with the

pHRSin transfer construct and associated packaging plasmids. Viral supernatant

was harvested and used to transduce activated PBMCs from healthy donors, with

spinoculation performed onto RetroNectin-bound virus to enhance transduction

efficiency (Figure 4.14). Following transduction, cells were expanded and sub-

sequently sorted for mTCRβ expression to generate a high-purity transgenic T

cell population for functional testing.

b

a

Figure 4.14: Generation of METTL22 TCR transduced T cells. a. Outline of
TCR insert within pHRSin Lentiviral plasmid. Full plasmid map available in appendix
(Figure B.3). b. Simplified experimental schema showing method for generating TCR
transgenic T cells.

Determining the restricting HLA allele was essential for the selection of a suitable

target cell population for co-culture. METTL22-1 and METTL22-2 peptides were
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designed as 20-mer peptides, with the donor incorporating a variant non-synonymous

A to T substitution (Figure 4.15).

The predominance of CD4+ cells in the activated IFNγ-secreting fraction

during IFNγ-Catch assay suggested class II HLA restriction. Additionally, prior

experimental data during the initial use of the GvL pipeline by Connor Sweeney

included dedicated functional HLA-blocking studies during IFNγ ELISpot of

cultured peripheral blood from late post-alloSCT (Figure 4.15b).

b

a
Peptide

"Patient" Amino Acid 
Sequence (Reference)

"Donor" Amino Acid 
Sequence (Variant)

METTL22-1  LELGAGTGLASIIAATMART LELGAGTGLTSIIAATMART
METTL22-2 AGTGLASIIAATMARTVYCT AGTGLTSIIAATMARTVYCT

METTL22-1 METTL22-2

Figure 4.15: Previous HLA restriction studies of METTL22-specific responses
in patient OX747. a. Description of METTL22-1 and METTL22-2 20-mer peptides
derived from the “patient” and “donor” variants. Amino acid substitutions distinguishing
the two sequences are highlighted in red. b. HLA-blocking studies performed during
IFNγ ELISpot of cultured peripheral blood from patient OX747, stimulated by either
METTL22-1 or METTL22-2. Bars represent mean spot forming units with the standard
error. The DMSO condition is an unstimulated condition with no METTL22 peptide and
no antibody blockade. Data and figure generated by Connor Sweeney [198].

Antibody-mediated blockade of HLA-DR resulted in the abrogation of positive

responses to both METTL22-1 and METTL22-2. In contrast, blockade of HLA-I,

HLA-DQ or HLA-DP had no effect. Interestingly, pan-HLA-II blockade, either

alone or in combination with HLA-I blockade, was sufficient to repress responses to
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METTL22-2, but not METTL22-1. This discrepancy is likely attributable to the

higher levels of activation seen consistently with METTL22-1 and the comparatively

reduced efficacy of the pan-HLA-II antibody Tu39 relative to the HLA-DR-specific

antibody L243. Taken together, these findings strongly supported an HLA-DR-

restricted presentation of METTL22.

To narrow down the specific restricting HLA-DR allele, patient and donor

HLA-types were compared (Figure 4.16a). Patient OX747 received a haploidentical

alloSCT transplant and had established 100% donor chimerism at all sampled

timepoints. As the METTL22-specific response was detected via peptide-pulsed

haematopoietic cells, it is reasonable to assume that antigen presentation occurred

in the context of donor-derived HLA class II. The full complement of donor HLA-

DR alleles included DRB1*04:04, DRB1*15:01, DRB4*01:03 and DRB5*01:01. Of

these, only DRB1*04:04 and DRB4*01:03 were shared between donor and patient

and therefore be capable of acting as clinically relevant presenting HLA on the

surface of the patient’s AML to mediate GvL.

To further refine the likely restricting allele, two independent in silico HLA

class II binding prediction tools, MixMHC2pred and NetMHCIIpan, were utilised

(Figure 4.16b). Sliding 15-mer frames from the METTL22-1 sequence were assessed

against all donor HLA-DR alleles. The percentile rank score (% Rank Score) was

used as the primary output metric, with conventional thresholds defining strong

binders as having a %Rank Score of <2% and weak binders as <10%.

Neither algorithm predicted strong binding of any 15-mer to any allele. MixMHC2pred

predicted weak binding to DRB1*04:04, DRB1*15:01 and DRB5*01:01, while

NetMHCIIpan predicted only DRB5*01:01 as a weak binder.

Though both tools did agree that the GTGLASIIAATMART 15-mer peptide

was the most likely presented fragment, the predictions across algorithms were

only partially concordant, with no clear single HLA-DR proving to be the likely

restricting allele.

121



4. Applying Stimulated T Cell Culture for the Identification of GvL T Cells

b

a
First Allele Second Allele First Allele Second Allele

HLA-A *01:01:01:01 *31:01:02 *01:01:01:01
HLA-B *51:01:01 *40:01 *51:01:01
HLA-C *03:04:01 *06:02:01 *15:02/10/62 *06:02/83/70/30

HLA-DRB1 *04:04:01 *13:02:01 *04:04:01 *15:01
HLA-DRB3 *03:01
HLA-DRB4 *01:03 *01:03
HLA-DRB5 *01:01:01
HLA-DQB1 *03:02:01 *06:04:01 *06:02:01 *03:02:01
HLA-DPB1 *10:01 *03:01:01/*104:01 *10:01 *04:01:01

Patient Donor
Locus

%
R

ank Score

Figure 4.16: In silico assessment of patient-specific METTL22 peptide
presentation. a. HLA typing of both patient and donor. HLA loci not listed are
not routinely typed in clinical practice. Absent alleles are shaded in grey and shared
alleles in green. b. Heatmaps showing predicted HLA class II binding of overlapping
15-mer peptides derived from the METTL22-1 sequence, using MixMHC2pred v2.0.2 and
NetMHCIIpan 4.0. Values indicate the %Rank score (lower = stronger predicted binding)
for each peptide-HLA combination.

These inconsistencies are reflective of the known limitations in HLA class II

binding predictions, which include variability in the alignment of a peptide’s binding

register, a lack of model training data and the inherent promiscuity of the open

class II binding groove. Given the equivocal nature of these computational results

and the potential for underrepresentation of minor histocompatibility antigens in

model training datasets, the decision was made to not rely on these algorithms for

allele selection. Instead, an inclusive approach was adopted that would functionally
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screen all donor-derived HLA-DR alleles as candidates.

Several strategies were considered for achieving comprehensive HLA-DR coverage.

One option was to use single-HLA-expressing cell lines, which would allow for the

unambiguous determination of HLA-restriction [259]. This approach however, would

require parallel testing with four separate target cell lines, and was considered

logistically infeasible.

A second possibility was to leverage existing HLA-typed cell lines that coincident-

ally expressed the donor HLA-DR alleles of interest. In practice, however, the limited

availability of class II HLA-typed cell lines in public repositories, in conjunction with

the promiscuity of peptide-HLA class II binding, made this approach unreliable [260].

Ultimately, autologous patient material was selected as the optimal target cell

source. This strategy would ensure expression of all relevant HLA-DR alleles

without the inclusion of any irrelevant alleles. Ethical constraints precluded

the immortalisation of patient samples, such as through the generation of EBV-

transformed lymphoblastoid cell lines, and in vitro expansion of cryopreserved

patient PBMCs was therefore undertaken to generate a pool of target cells for

functional screening.

Finally, to optimise conditions for a robust activation assay, a validated PADI4-

specific TCR was employed in conjunction with healthy donor PBMCs expressing

the relevant restricting allele, HLA-DPB1*04:01. This system provided a well-

characterised positive control with which to assess our culture parameters and

readouts, prior to testing the METTL22-specific TCRs. A 9-hour co-culture duration

was selected to capture early activation whilst limiting non-specific activation and

delayed marker downregulation.

Following co-culture, activation of transduced T cells, defined by mTCRβ

expression, was assessed by flow cytometry using a panel of eight activation-

induced markers: 4-1BB, CD40L, CD107a/b, OX40, CD25, CD69, IFNγ and

PD-L1 (Figure 4.17.
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b

c

a

DMSO PADI4 DMSO PADI4b

Figure 4.17: Optimising a T cell activation assay utilising PADI4-specific
transgenic T cells. a. Gating strategy for the identification of live transgenic CD4+

and CD8+ T cells during a 9-hour co-culture activation assay. Transduced T cells are
identifiable through fluorescent staining of the murine TCRβ constant chain. b. Flow
cytometry plots for transgenic CD4+ cells gated as above. Each column represents either
cells stimulated with either DMSO or PADI4 peptide respectively. Positive gates set
based on DMSO controls.
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Of these markers, OX40 and PD-L1 were not appreciably upregulated compared

to background at this timepoint, consistent with prior reports showing that expres-

sion of these markers typically peaks beyond 24 hours post-stimulation [261, 262].

These markers were therefore not taken forward in future experimentation.

Although CD69 was clearly upregulated in response to PADI4, its high baseline

expression in DMSO controls complicates interpretation. In CD4+, mTCRβ+

cells, CD69 expression increased from a background level of 22.5% to 84.3% upon

stimulation with PADI4. However, CD8+, mTCRβ+ cells exhibited a higher baseline

of CD69 expression of 46.7%, consistent with CD69 classically being more expressed

within the CD8+ subset. It is unclear why the background level of CD69 expression

is so high, but this may in part reflect residual activation from the transduction

process, which involves potent stimulation via anti-CD3 and anti-CD28 during

T cell expansion.

With these considerations, 4-1BB, CD40L, CD107a/b, CD25 and IFNγ were

selected as the most robust and interpretable readouts for downstream functional

validation of METTL22-specific TCRs.

4.9 Functional Validation of Putative METTL22-
specific TCRs

Following the development of a strategy for TCR validation, this approach was

applied to the three candidate clonotypes that were identified in previous analyses:

Clonotypes 1, 2 and 5. Each clonotype was individually expressed in transgenic

T cells generated via lentiviral transduction of healthy donor PBMCs. In parallel,

cryopreserved PBMCs from patient OX747 were thawed and expanded for use

as target cells (Figure 4.18a).

These target cells were then pulsed with either patient-derived METTL22-

1 and METTL22-2 peptides in combination, or the equivalent donor-derived

variants. T cell activation was assessed as previously outlined in section 4.8,

utilising multiparametric flow cytometry following a 9-hour co-culture period.
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a

b

Figure 4.18: T cells transduced with Clonotype 1 and 5 activate in response
to METTL22 peptide. a. Experimental schema for functional validation of METTL22-
specific T cells. b. Summary of flow cytometry data assessing activation of mTCRβ+
transgenic T cells following 9-hour co-culture with target cells from patient OX747, pulsed
with either patient or donor METTL22 peptides respectively. CD4+ and CD8+ cells are
displayed separately. Each coloured bar represents a single activation marker.
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This allowed for a direct evaluation of antigen specificity and functional compet-

ence for each clonotype, with a particular emphasis on distinguishing recognition

of patient-specific METTL22 peptides, which would be presented by the patient’s

AML, rather than the recognition of shared donor sequences.

Of the three clonotypes tested, Clonotype 1 was the only one to exhibit specific

activation in response to patient-derived METTL22 peptides (Figure 4.18b). In

response to patient METTL22, CD4+ T cells from Clonotype 1 demonstrated

clear upregulation of all five activation markers 4-1BB, CD40L, CD107a/b, CD25

and IFNγ. In contrast, no appreciable activation was observed in response to the

donor peptides, with levels comparable to the DMSO control, confirming strict

specificity for the patient variant.

Activation was largely limited to CD4+ T cells, with CD8+ T cells showing only

modest upregulation of activation markers in response to patient peptide. While

reduced expression of CD40L and CD25 would be expected in CD8+ cells, the

similarly low levels of CD8-associated markers such as 4-1BB and CD107a/b suggest

the importance of the CD4 co-receptor in facilitating efficient TCR signalling in

this context. These findings are consistent with both the increased activation of

CD4+ cells seen at IFNγ-Catch and the transcriptional identity of Clonotype 1 as

mapping on to an activated cytotoxic CD4+ subset.

Clonotype 5, which was within the activated cytotoxic CD4+ cluster, exhibited

clear activation toward METTL22-derived peptides. However, in contrast to

Clonotype 1, this activation occurred in response to both patient- and donor-derived

METTL22 peptides, with no appreciable difference in magnitude between conditions.

As before, activation in CD4+ T cells was greater than in CD8+ T cells, but

this disparity was less marked here than in Clonotype 1.

The lack of allelic discrimination for Clonotype 5 suggests that the polymorphism

that distinguishes the patient and donor METTL22 peptide does not discernibly

affect TCR recognition.

127



4. Applying Stimulated T Cell Culture for the Identification of GvL T Cells

Given that the target cells were derived from post-transplant patient PBMCs

under conditions of confirmed 100% donor chimerism, all HLA molecules presenting

in this assay were donor derived. The observed dual reactivity can therefore not

be explained by allorecognition arising from HLA mismatches. This data instead

suggests that Clonotype 5 recognises a self-antigen, raising questions regarding the

physiological relevance and validity of this response.

One possible explanation is that the METTL22 peptide recognised by Clonotype

5 is not naturally processed and presented in vivo. The initial selection of peptides

utilised in silico HLA-binding predictions which did not incorporate features of

antigen processing, intracellular localisation or proteasomal cleavage. It is therefore

entirely possible that the identified 20-mer peptide is not endogenously presented

at the cell surface, and that Clonotype 5’s reactivity reflects engagement with an

artefactual epitope that is not encountered under physiological conditions.

An alternative explanation is that Clonotype 5 does recognise a self-antigen, but

in a manner that is physiologically tolerated in vivo, such as due to mechanisms of

peripheral tolerance or insufficient co-stimulation. In contrast, the in vitro conditions

used for lentiviral transduction and activation include a number of stimulants that

may artificially lower the activation threshold. Under such permissive conditions,

self-reactive TCRs that would ordinarily remain quiescent could exhibit overt

activation. Additionally, the concentration of peptide used in this assay (2µg/ml,

or 1.04 nmol), likely exceeds physiological levels, potentially enabling activation

that would not occur during endogenous antigen presentation. It is conceivable

that lower concentrations could reveal selective recognition of the patient variant,

although this interpretation remains speculative.

Finally, it is conceivable that Clonotype 5 was a previously naïve T cell in vivo,

which acquired partial effector function over the course of the in vitro expansion

protocol. This explanation, however, is less likely given the short culture duration of

12 days and the fact that cells were only subject to a single round of antigen-specific

stimulation.
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Despite its high clonal abundance and persistence across multiple post-alloSCT

timepoints, Clonotype 2 failed to exhibit any detectable functional reactivity to

METTL22 peptides in this assay system. Neither CD4+ nor CD8+ T cells showed

appreciable upregulation of activation markers relative to the DMSO background,

indicating a lack of peptide-specific activation.

The most likely explanation for this is that Clonotype 2 recognises an unrelated

antigen, and that its original presence within the IFNγ+ fraction during single-cell

profiling reflects bystander activation, either within the original culture milieu or

as a paracrine phenomenon during the IFNγ-Catch assay.

This highlights the importance of functionally validating candidate TCRs,

particularly in the context of activation-based screening, non-specific labelling

of bystander clones can lead to the identification of false-positives.

Additionally, Clonotype 2 was not enriched within the transcriptionally-defined

activated cytotoxic CD4+ cluster but instead mapped to a broader CD4+ T cell

population. This supports the added value of utilising gene expression to refine

clonotype prioritisation and suggests that the phenotype of candidate TCR clono-

types may help discriminate true antigen-specific responses from non-specifically

activated T cell populations.

Given these experimental findings, subsequent functional assays focused solely

on Clonotype 1. To evaluate its antigen sensitivity, a peptide titration was next

performed, spanning five orders of magnitude from 10-4 to 10 µg/ml (Figure 4.19a).

Clonotype 1 exhibited a dose-dependent activation profile in response to patient

peptide, with detectable expression of activation markers at concentrations as low as

10-2 µg/ml. Among CD4+ T cells, CD40L and IFNγ expression reached an apparent

plateau at ≥1 µg/ml, while 4-1BB, CD107a/b and CD25 appeared to demonstrate

continued dose responsiveness across the tested range. This differential pattern is

consistent with the concept of graded TCR signalling thresholds, where different

activation markers are induced at different levels of stimulation [263].
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b

a

Figure 4.19: Peptide titration and HLA-blocking studies for Clonotype 1. a.
Graphs demonstrating activation of mTCRβ+ T cells following 9-hour co-culture with
target cells from patient OX747 pulsed with varying concentrations of patient or donor
METTL22 peptides. Each graph represents a single activation marker. b. Summary of
HLA blocking studies. Prior to the 9-hour co-culture and activation assay, target cells
were incubated with HLA-blocking antibodies for 2 hours, prior to being loaded with
2µg/ml of patient METTL22-1 and METTL22-2 peptides. The DMSO condition included
neither HLA-blocking antibodies nor METTL22 peptides.
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CD8+ T cells showed lower overall levels of activation, consistent with earlier

findings, but did display appreciable upregulation of classical CD8+-associated

markers 4-1BB and CD107a/b at higher peptide concentrations.

Importantly, no activation was observed in response to donor-derived METTL22

peptide at any tested concentration, further confirming that Clonotype 1 selectively

recognises the patient-specific variant.

To confirm the HLA restriction of Clonotype 1, a panel of HLA-blocking

antibodies was employed during the activation assay, where transgenic T cells

were stimulated with patient-derived METTL22 peptides. Antibodies targeting

pan-HLA-I, pan-HLA-II, HLA-DP, HLA-DQ and HLA-DR were tested individually,

in addition to an unstimulated DMSO condition (Figure 4.19b).

Blockade of HLA-DR resulted in the complete abrogation of Clonotype 1

activation across all tested activation markers, indicating a strict requirement

for HLA-DR-mediated antigen presentation. Though this is most visible in the

CD4+ T cell compartment, this is also the case for CD8+ T cells, where the low

levels of activation seen in other conditions falls to background levels.

Interestingly, blockade of pan-HLA-II did also appear to reduce activation, but it

was substantially less effective than the HLA-DR specific antibody, consistent with

prior reports of low efficacy of the Tu39 antibody in functional assays in section 4.8.

These findings reinforce the conclusion that Clonotype 1 is CD4+ dependent,

HLA-DR restricted and selectively reactive to the patient-specific METTL22 peptide

variant.

4.10 End of Chapter Discussion

This chapter described the systematic application and evaluation of a polyclonally-

stimulated culture combined with an IFNγ ELISpot assay for the detection of GvL

responses post-alloSCT. Whilst the method was effective at expanding T cells from

early post-transplant bone marrow samples, it failed to detect any antigen-specific
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responses in either of the patients tested from the high-risk GvL-enriched cohort.

This was the case even when testing peripheral blood from late post-alloSCT

timepoints where known GvL responses had previously been detected.

In contrast, the previously established antigen-stimulated culture method suc-

cessfully identified METTL22-specific responses in the peripheral blood of patient

OX747. This led to the identification and subsequent functional validation of a CD4+

TCR clonotype which was allele-restricted, patient-specific and HLA-DR-restricted.

Collectively, these comparative experiments clearly demonstrated that although

the polyclonally-stimulated method yields a higher total number of CD3+ cells,

it lacks the sensitivity required to detect low-frequency, antigen-specific T cells.

This is likely due to the proliferation of irrelevant bystander cells. This limitation

was supported not only by the absence of functional responses in polyclonally-

stimulated samples but by direct TCR repertoire analyses utilising bulk sequencing,

where relevant clonotypes fell below the limit of detection following a polyclonal

stimulation.

The ongoing inability to detect antigen-reactive clonotypes in the early post-

alloSCT marrow highlights a challenging clinical and experimental context. This

could reflect a true biological absence, technical limitations with the methods

used in their detection, or both.

The early post-alloSCT period is complicated by ongoing immunosuppression

and the delayed dynamics of immune reconstitution. Early T cell repopulation is

dominated by the peripheral expansion of pre-existing memory cells, with delayed

emergence of de novo thymic output and limited antigen-driven clonal selection in the

first 12 months post-alloSCT, complicating efforts to isolate rare, antigen-specific

GvL T cells during this window [227, 250].

There are also intrinsic limitations in the current approaches to isolate antigen-

reactive T cells from the early post-alloSCT period. Given the apparent rarity of

such cells, targeted enrichment is essential to raise them above the threshold of

detection. However, our prior antigen-stimulated cultures were incompatible with
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early post-alloSCT BM samples due to poor survival and proliferation post-thaw.

Antigen-specific expansion remains essential, but would benefit from additional

strategies such as cytokine modulation, feeder cell support or the use of professional

antigen-presenting cells [264, 265].

Given the intent to screen hundreds of possible candidate peptides, approaches

such as multimer-based screening remain logistically unfeasible. Alternate strategies,

such as T cell library methods, which expand naïve T cells, are very sensitive but

address a different question and do not capture the antigen-experienced populations

most relevant to the early post-alloSCT setting [266].

Among the candidate peptides tested, METTL22 emerged as a putative minor

histocompatibility antigen. METTL22 (Methyltransferase-Like 22) belongs to the

diverse methyltransferase-like family of proteins. The 33 members of the vertebrate

METTL family have a broad range of substrates and roles, but they all share

a highly conserved seven-β-strand (7BS) catalytic domain [267]. METTL22 is a

lysine methyltransferase which currently has one experimentally validated target to

date, the DNA-binding protein Kin17 [268]. Methylation of Kin17 by METTL22

impairs the ability of Kin17 to bind to chromatin and therefore promotes its

localisation in the cytoplasm.

Though little is known as to the targets and biological functions of METTL22,

it has been implicated in the differentiation of embryonic stem cells (ESCs) to

haematopoietic stem cells (HSCs). Knockdown of METTL22 in zebrafish has been

shown to reduce the expression of Runx1 and c-myb during HSC development, key

transcription factors in HSC emergence. Knockdown of METTL22 in human umbil-

ical cord blood similarly resulted in a phenotypic reduction in HSC number [269].

However, for minor histocompatibility antigens, functional importance is not

a prerequisite for immunogenicity. Immunological relevance instead depends on

factors such as differential expression, the immunogenicity of the polymorphism

between patient and donor, and the ability to undergo intracellular processing and
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HLA presentation.

The identification of METTL22 as a candidate minor histocompatibility antigen

and the validation of Clonotype 1 as a patient-specific TCR prompts broader reflec-

tion on the methods used for the identification and validation of potential GvL TCRs.

Though the use of IFNγ-Catch, cell sorting and single-cell sequencing was

instrumental in isolating Clonotype 1, there are clear methodological limitations.

The detection of the functionally inert Clonotype 2, despite its high abundance

and presence in the activated IFNγ+ fraction, highlights the potential for artefactual

capture of irrelevant T cells, underscoring the importance of robust downstream

validation. Encouragingly, the integration of transcriptomic data with TCR

clonotype, appears to be a good strategy for prioritising clonotypes for validation.

The reactive Clonotypes 1 and 5 both were located within a transcriptomically

distinct cluster of activated cytotoxic CD4+ cells, suggesting that transcriptomic

context may improve the predictive yield of functional screening.

Conversely, the detection of Clonotype 5, a TCR that was not specific for

patient-derived METTL22, raises questions as to the physiological validity of the

in vitro screening system given its apparent recognition of a potential self-antigen.

The pipeline used to identify candidate GvL peptides does not account for antigen

processing or presentation, and the activation assays rely on peptide-pulsed targets,

lentivirally-transduced effectors and artificial co-culture conditions with activating

cytokines and antibodies. While these conditions facilitate this initial screening,

they may overestimate functional relevance and they should be considered a starting

point for more stringent and physiologically representative validation.

It is also possible that the apparent dual reactivity of Clonotype 5 reflects a

difference in sensitivity rather than true lack of specificity, with activation by the

donor peptide occurring only at supraphysiological concentrations. If selective

responses to the patient peptide were to occur at low or intermediate concentrations,

the relevance of this TCR cannot be excluded outright.
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Clonotype 1 was validated as an allele-specific, HLA-DR-restricted TCR in this

experimental setting. Further studies could aim to define the exact restricting

HLA-DR allele, such as through the use of cell lines engineered to express a single

HLA [259]. If the restricting HLA allele is shared between patient and donor, this

would support the physiological plausibility of this TCR’s activity post-transplant.

Confirming that METTL22-derived peptides are naturally processed and presen-

ted is also critical. This would require the careful selection of appropriate target

cells which co-express the relevant HLA-DR allele and the correct METTL22 SNP.

Systems overexpressing METTL22 in appropriate cell lines, such as those used for

the validation of the PADI4 TCR in section 1.10, could serve this purpose. Ideally,

these experiments would then be extended to the original patient AML, though

sample availability is very limited. AML immunopeptidomics may also provide

supportive evidence, although such analyses are often limited by sensitivity [157].

The in vitro transcriptional phenotype of Clonotype 1 resembles that of a

cytotoxic CD4+ T cell, marked by the high expression of cytotoxic markers such

as GZMB, IFNG and PRF1. While some of this phenotype may reflect culture

conditions, particularly the effects of IL-2, cytotoxic CD4+ T cells have been

increasingly recognised in tumour immunity. Although their role in GvL responses

post-alloSCT has still not been established, these findings raise the possibility that

CD4+ cytotoxicity may contribute to AML control in the post-transplant setting

[254, 270, 271].

The widespread expression of METTL22 across haematopoietic and non-haematopoietic

tissues, at both the mRNA and protein levels, raises potential concerns for off-target

effects.

Clonotype 1 is, however, HLA-DR-restricted, and HLA class II molecules are

generally restricted to APCs and haematopoietic cells in non-inflammatory settings.

This may confer tissue specificity, even when targeting a widely expressed antigen,

though the risk of on-target, off-tissue effects remains [194].
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Studies have shown that purified CD4+ donor lymphocyte infusions can mediate

GvL in the absence of GvHD, highlighting the crucial role of class II-restricted

responses in the therapeutic setting [192].

It is certainly possible that Clonotype 1 could represent a shared GvL/GvHD re-

sponse rather than a GvL-specific response and further work using non-haematopoietic

target cells or in vivo models will be required to assess potential toxicity. Notably,

clinical trials of miHA-targeted therapy have focused on class I-restricted antigens

[40]. The METTL22 TCR therefore offers a potential avenue to extend GvL

immunotherapy into the class II space.

In conclusion, these findings highlight both the promise and limitations of

culture-based screening approaches for the identification of rare, antigen-specific T

cells in the post-alloSCT setting. Despite the successful validation of a METTL22-

specific TCR using these techniques, the failure of the polyclonally-stimulated

culture to detect known responses in conjunction with TCR repertoire sequencing

reveals a critical bottleneck in the detection of GvL responses in the patient setting.

Without targeted enrichment, the relevant clonotypes remain below the threshold

of detection, with frequencies ≤0.1%.

Overcoming this challenge will require orthogonal strategies that do not rely

solely on bulk expansion and enhance sensitivity for low-frequency T cells. The

following chapter explores these next steps, applying both modified culture systems

and ex vivo approaches to interrogate these rare T cell responses in early post-

transplant samples.
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5.1 Overview

The early post-alloSCT bone marrow presents a particularly challenging setting

for the detection of putative GvL T cell responses. Clonotypes of interest exist at

extremely low frequencies, and conventional in vitro expansion strategies have been

limited by poor cell survival and the non-specific proliferation of irrelevant clones. To

address these challenges, this chapter investigates several complementary approaches

to enhance the detection of GvL responses from the early post-alloSCT bone marrow.

First, modified in vitro culture systems were employed. These incorporated an

antigen-specific stimulation in combination with either enhanced cytokine support

or professional antigen-presenting cells. These adaptations aimed to support the

selective expansion of low-frequency, antigen-reactive T cells and successfully enabled

the re-identification of previously isolated GvL clonotypes.

In parallel, an orthogonal ex vivo single-cell approach was used to detect known

GvL-associated clonotypes directly from primary patient bone marrow, without the

effects of prior in vitro culture. This method leveraged a high-throughput platform

to overcome the low frequency of target T cell populations. This enabled both

the confirmation of in vivo persistence and true transcriptional phenotyping of

these putative GvL T cells. While this approach was limited to the interrogation

of pre-characterised TCRs, it provided critical insight into their presence and

transcriptional profile in the in vivo setting.

5.2 Trialling Cytokine-Supported Protocols with
Delayed Polyclonal Stimulation

To investigate whether alternative approaches in culture could simultaneously

allow for the survival and enrichment of antigen-specific bone marrow-derived T

cells, two complementary approaches were explored: firstly, the use of enhanced
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cytokine regimens during antigen stimulation, and secondly, the use of a delayed

polyclonal stimulation to act as a “rescue” to rapidly expand cells following an

initial period of enrichment.

Three distinct cytokine-based culture strategies were tested over the course of

the initial 10-day antigen-stimulation phase (Figure 5.1a). The CS method, used in

previous experiments, served as a baseline. A second “polyclonal-like” condition

utilised the same cytokines as the prior polyclonally-stimulated cultures (IL-2, IL-7

and IL-15), designed to support broad T cell survival and expansion. The third

condition introduced sustained high-dose IL-2, adapted from protocols designed to

expand antigen-specific T cells from tumour-infiltrating lymphocytes [264].

Four cryopreserved post-alloSCT bone marrow samples were selected for analysis

(Figure 5.1b). Two samples (from patients OX717 and OX747) were from the high-

risk GvL-enriched cohort who had previously exhibited T cell responses to predicted

peptides. These patients were included to assess whether low-frequency, GvL-

reactive clones could be selectively expanded using these approaches. However,

given that these antigen-specific clones had not been empirically confirmed to

be present in this context, the existence of reactive T cells within the starting

cryopreserved sample could not be guaranteed.

The remaining two samples (OUH501 and OUH570) were selected based on

previously documented IFNγ ELISpot responses to CEF/CEFTA viral peptides

following a polyclonally-stimulated culture. These served as a functional control

cohort where the presence of antigen-reactive cells could be guaranteed, albeit at a

higher frequency than our target population. This therefore provided a means to

assess whether any observed limitations with expanding the GvL-targeted cultures

were attributable to methodological constraints rather than the intrinsic absence of

antigen-specific cells.
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a

b

d

c

Figure 5.1: Alternative antigen-stimulated methods with a polyclonal “rescue”
do not allow for expansion of early post-allograft bone marrow. a. Graphic
outlining the three separate cytokine mixes for the initial antigen stimulated culture.
b. Simplified experimental schema demonstrating samples used and workflow. “GvL
Enriched” samples are from the high-risk cohort and are stimulated by their respective
putative GvL peptide pools. “Viral-Reactive” samples are samples which have had
a previous positive response to CEF/CEFTA at IFNγ ELIspot following a polyclonal
expansion. Timepoint listed in brackets. c. Growth curves for the initial antigen-
stimulated culture. Each graph is a sample, and each colour a condition. d. Growth
curves for the subsequent polyclonal “rescue.” Individual samples were pooled following
the initial antigen-stimulated culture given low cell number.
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Following stimulation with the relevant peptide pools under each of the three

cytokine regimes, total cell counts were monitored over the 10-day period (Fig-

ure 5.1c). Across all samples and conditions, the total absolute cell number

declined substantially over time. This trend was anticipated, given that the

antigen-stimulated cultures are designed to selectively support the proliferation of

antigen-specific T cells at the expense of non-specific T cells and non-T lymphoid

populations, which would lack survival signals.

Importantly, no consistent differences in cell number were observed between the

three cytokine regimens at this stage, indicating that none conferred a selective

advantage under antigen-specific stimulation.

Unexpectedly, the kinetics of cell loss were comparable between the GvL-enriched

and viral-reactive samples, despite prior evidence of robust, high-frequency viral

responses in the latter. This observation suggests that even relatively abundant

antigen-specific T cells within the post-alloSCT bone marrow may fail to appreciably

proliferate under these early culture conditions, or remain present at such low

absolute numbers that minor proliferative increases do not translate into a discernible

change in overall culture growth.

Given the low cell yields from each of the three cytokine regimens, conditions

were pooled by patient prior to the polyclonal “rescue” with CD3/CD28 stimulation

(Figure 5.1d). This step aimed to assess whether a stronger polyclonal stimulus

could recover proliferative capacity following a period of antigen-specific priming,

during which antigen-reactive T cells would, in theory, have been selectively enriched

relative to the total culture.

Polyclonal stimulation resulted in modest proliferative recovery in only one

sample, OUH501. However, even in this case, total cell numbers did not exceed the

original input over the subsequent two-week culture period. The remaining three

samples showed a continual and progressive decline in cell counts, indicating that

the delayed polyclonal stimulation was insufficient to restore T cell expansion in
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this phase.

Taken together, these findings demonstrate that neither alternative cytokine

support nor a delayed polyclonal stimulation is sufficient to drive meaningful

expansion of bone marrow-derived T cells from post-alloSCT patients.

The inclusion of viral-reactive samples, where antigen-specific T cells are

known to be present, further supports the interpretation that this is a generalised

impairment of the post-transplant T cell compartment, requiring alternate strategies

for their survival and expansion.

5.3 Utilising a Joint APC-T cell Culture Method
on the GvL-Enriched Cohort

A joint APC-T cell co-culture method, adapted from a PBMC culturing method

from the Bhardwaj laboratory, was subsequently applied to a sample from the GvL-

enriched cohort [265]. This method was developed and optimised by Maria Barbanti

for use with early post-alloSCT bone marrow samples, and as such data regarding

its validation and optimisation is not presented here. This approach combined

staged cytokine support and adjuvant stimulation to first promote the maturation

of professional antigen-presenting cells prior to T cell-directed stimulation with

peptide antigens and pro-survival cytokines (Figure 5.2a).

This approach was applied to a BMMNC sample obtained 12 months post-

alloSCT from patient OX885 (Figure 5.2b). This patient had previously been

identified as harbouring two putative GvL T cell responses targeting peptides

in GSTZ1 and WASHC4, as detected in peripheral blood samples taken at 4

years post-alloSCT.

During the 27-day culture period, an initial contraction in total cell number was

observed, followed by a delayed expansion commencing at approximately 3 weeks

(Figure 5.2c). Relative to other applications of this protocol, this represented a

delay of approximately 7 days in the onset of proliferation, potentially reflecting
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Figure 5.2: A joint APC-T cell culture method allows for the expansion of early
post-alloSCT BMMNCs from patient OX885. a. Graphic describing cytokines and
stimulants used in joint APC-T cell culture method. b. Characteristics of sample tested.
c. Growth curve demonstrating absolute cell count over course of culture period. d.
Description of CD3+% as a proportion of all live cells assessed by flow cytometry at thaw
and end of culture period. d. Phenotypic distribution of CD3+ T cells based on CD4 and
CD8 expression assessed at flow cytometry. GM-CSF = Granulocyte-monocyte colony
stimulating factor. FLT3-L = FMS-like tyrosine kinase 3 ligand. R848 = Resiquimod.
LPS = Lipopolysaccharide. IL-1β = Interleukin-1β
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a comparatively lower starting frequency of antigen-specific T cells, requiring a

prolonged expansion to reach detectable levels.

Flow cytometric analysis demonstrated a substantial enrichment of CD3+ T

cells, increasing from 18% at thaw to 98.3% of live cells by day 27, indicating

successful expansion of the T cell compartment from the early post-alloSCT marrow

utilising this method (Figure 5.2d). Interestingly, the proportions of CD4+, CD8+

and double-negative T cells shifted markedly over the course of the culture. This

shift was not observed in four prior applications of this culture system performed

by Maria Barbanti (not shown), but may reflect CD4 downregulation in the context

of chronic activation or alternatively, the preferential expansion of unconventional

T cell subsets [252]. The application of single-cell gene expression analysis in

downstream experimentation does, however, provide a means to clarify the identity

of these populations.

At the end of the culture period, cells were restimulated with DMSO, GSTZ1

or WASHC4 peptide to assess antigen-specific activation. Rather than relying

on cytokine-secretion assays such as the IFNγ-Catch, activated CD3+ cells were

identified and sorted based on the expression of CD40L and 4-1BB (Figure 5.3).

This combination was chosen on the basis of previous optimisation experiments

(performed by Maria Barbanti, data not shown), which identified these markers

as optimal for detecting early activation across both CD4+ and CD8+ subsets.

To enhance activation, the stimulation assay included co-stimulatory antibodies

against CD28 and CD49d. A key limitation of this assay, however, is the degree of

background activation observed in the absence of peptide. In the DMSO control,

1.86% of CD3+ cells fell within the CD40L+ and 4-1BB+ activation gate. Peptide-

stimulated conditions yielded only marginally higher frequencies, with 1.98% for

GSTZ1 and 1.91% for WASHC4. Although downstream single-cell TCR sequencing

enables the exclusion of non-specifically activated clonotypes, the modest differences

from background observed at the flow cytometry level present challenges when

attempting to screen multiple samples or multiple peptides.
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DMSO GSTZ1 WASHC4

Figure 5.3: Gating strategy for activation-induced marker based sorting of
OX885. Example flow plots demonstrating gating strategy used in the sorting of activated
cells based on expression of CD40L and 4-1BB. The CD3 gate was set broadly to capture
activated cells in which CD3 expression is downregulated. The second row demonstrates
three separate conditions, where each condition was stimulated by DMSO (negative
control), GSTZ1 peptide or WASHC4 peptide.

To overcome the limitations imposed by background activation and to definitively

identify antigen-specific T cell clonotypes, single-cell TCR and gene expression

sequencing was performed on sorted CD3+ cells that were CD40L+ or 4-1BB+

from each peptide-stimulated condition.

Background clonotypes, interpreted as reflecting non-specifically activated or

bystander cells, were defined based on recurrence across multiple activated fractions,

their presence in the activated DMSO-stimulated fraction or their enrichment

within non-activated fractions.

Following the exclusion of these background clonotypes, a single dominant

clonotype remained within the GSTZ1-stimulated activated fraction, designated

as GSTZ1-Clone 1 (Figure 5.4a). This clonotype accounted for 33.7% of the

activated cell population.

Notably, GSTZ1-Clone 1 was identical at the nucleotide level to a previously

characterised GSTZ1-reactive TCR clonotype detected in peripheral blood from

the same patient at 4 years post-alloSCT (Figure 5.4b). GSTZ1-Clone 1 was
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a

b

Figure 5.4: The same GSTZ1 and WASHC4-reactive TCR clonotypes are
detected in the early bone marrow and late peripheral blood of patient OX885.
a. Single cell TCR repertoire analysis of activated and non-activated fractions stimulated
by GSTZ1 and WASHC4. GSTZ1 Clone 1 and WASHC4 Clone 1 are both TCR clonotypes
that were previously identified in the late peripheral blood of patient OX885. Background
clonotypes represent a combination of low frequency clonotypes and non-specifically
activated clonotypes shared across multiple activated fractions. b. Visual schematic
outlining timepoints and methods by which the same TCR clonotypes were identified in
patient OX885.

also detected at a low frequency (0.04%) within the non-activated fraction of the

WASHC4-stimulated condition, consistent with its baseline prevalence in the culture

milieu. Its lack of enrichment in the WASHC4-activated fraction supports the

specificity of its response to GSTZ1.

This analysis was repeated for the WASHC4-stimulated activated fraction.

Similarly, a single non-background clonotype was identified, designated as WASHC4-

Clone 1, which accounted for 1.48% of the activated CD3+ population. This
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clonotype also exactly matched a previously characterised WASHC4-reactive TCR

from the peripheral blood at 4 years post-alloSCT.

The identification of these two antigen-specific clonotypes, each matching

previously characterised peripheral blood TCRs, highlights two key principles.

Firstly, their presence in the bone marrow at 1 year post-alloSCT demonstrates their

early post-transplant establishment. Secondly, the persistence of these clonotypes

over at least a three-year period supports their potential physiological relevance

with implications for long-term antigen-specific immune surveillance.

To characterise the phenotypic identity of the GSTZ1- and WASHC4-reactive

T cell clonotypes, single-cell gene expression data from all sorted populations

were jointly analysed and visualised using UMAP embedding following unsuper-

vised clustering with the Leiden algorithm (Figure 5.5a). T cell identities were

subsequently assigned using CellTypist without majority calling, resulting in per-

cell annotation across clusters.

The dataset comprised a number of transcriptionally distinct T cell subsets,

including CD8+ TEM/TEMRA cells, CD8+ TNaïve/TCM cells, cycling T cells and γδ

T cells. Additional minor and transitional populations with limited cell numbers

were aggregated into a general “Other” category.

To validate the robustness of these automated annotations, the expression of

a curated panel of T cell identity and effector genes was visualised across the

annotated subsets (Figure 5.5b).

This analysis confirmed expected expression patterns across subsets. CD4,

TBX21, IFNG and IL12RB2 were enriched in the type 1 helper T cell cluster. The

CD8+ TNaïve/TCM cluster showed high expression of homing and stemness-associated

genes including CCR7, SELL, LEF1 and TCF7, whereas CD8+ TEM/TEMRA cells

were enriched for cytotoxic effector genes GZMB, PRF1 and GNLY along with

cytotoxic regulator NKG7. Cycling T cells were marked by proliferative markers

PCNA and MKI67 and the remaining large subset, γδ T cells, was marked by
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Figure 5.5: Single cell transcriptomics for all sorted T cells from patient OX885.
a. UMAP plot of gene expression following Leiden clustering from all FACS-sorted
populations from patient OX885 (GSTZ1-activated, GSTZ1-non-activated, WASHC4-
activated, WASHC4-non-activated). n = 32003. Cell annotation performed on a per-cell
basis, utilising CellTypist without majority calling. b. Heatmap showing the scaled gene
expression of selected genes across the annotated T cell subsets. Gene expression values
are normalised and presented as Z scores.
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strong expression of TCR constant genes TRGC1, TRGC2 and TRDC along

with cytotoxic effectors.

These single-cell annotations align with the earlier flow cytometric findings of

CD4+ T cell depletion with a corresponding increase in the double-negative fraction.

These double-negative T cells are shown here to be transcriptionally consistent with

γδ T cells, clarifying their identity.

The spatial distribution of GSTZ1-Clone 1 and WASHC4-Clone 1 was projected

onto the same UMAP embedding (Figure 5.6). Both clonotypes were exclusively

localised to the type 1 helper T cell cluster, suggesting that the T cells that mediate

these antigen-specific responses are CD4+ T cells with a Th1-polarised phenotype.

b

Figure 5.6: The GSTZ1 and WASHC4-reactive clones are Th1-polarised CD4+

cells. UMAP plots demonstrating localisation of GSTZ1-Clone 1 and WASHC4-Clone
1 within the broader single-cell transcriptional landscape. Cells are coloured by their
transcriptionally annotated cell type.

This contrasts with the previously described METTL22-Clonotype 1, which

exhibited a transcriptional profile which was consistent with a cytotoxic CD4+

phenotype. The observed phenotypic differences may reflect underlying variation

between these patients and samples, or alternatively, the influence of the culture
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conditions. While the METTL22 clones were expanded under unopposed IL-2, which

can promote cytotoxic differentiation, the GSTZ1 and WASHC4 cultures included

IL-7 and IL-15, which could support Th1 polarisation and memory potential over a

cytotoxic phenotype [254, 272].

Together, these findings demonstrate that the joint APC-T cell co-culture is a

viable strategy for the recovery and characterisation of antigen-specific T cells from

early post-alloSCT bone marrow, albeit constrained by high background activation

during flow cytometric assays. Further refinements aimed at reducing non-specific

activation could expand the utility of this platform and reduce the reliance on

single-cell sequencing to disentangle relevant TCR clonotypes. The detection of

GSTZ1- and WASHC4-specific TCR clonotypes at both 12 months and 4 years

post-alloSCT supports the early establishment and long-term persistence of putative

GvL responses. These results underscore the potential for longitudinal tracking of

clonotypes across compartments and timepoints and provide further support for

the physiological importance of these T cells in immune surveillance.

5.4 High-Throughput Single-Cell Analysis of Post-
AlloSCT Bone Marrow

In addition to the culture-based approaches employed to interrogate the post-

alloSCT bone marrow, a parallel ex vivo strategy was undertaken. This approach

was designed to confirm the in vivo presence of putative GvL T cell clones previously

identified in vitro, therefore ensuring that these clonotypes were not artefacts of

prolonged stimulation that were expanded in culture. Moreover, ex vivo profiling

enables a more accurate assessment of the transcriptional and phenotypic landscape

of these T cells, preserving signatures of antigen experience and lineage polarisation

without the confounding effects of cell culture.
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The principal technical challenge inherent to these ex vivo approaches is the

inability to functionally enrich for antigen-specific GvL T cells. To resolve TCRα/β

pairing and clonal identity, a single-cell based approach is required. Given the low

inferred frequencies of GvL-reactive clones based on prior bulk TCR sequencing,

this would necessitate a single-cell platform capable of capturing and processing

very large numbers of cells in a scalable and cost-efficient manner.

Conventional droplet-based single-cell platforms, such as those developed by

10x Genomics, incur a relatively high cost when generating paired gene expression

and TCR libraries, at approximately £0.10 to 0.20 per cell. While effective for

moderate cell numbers, such as those used in earlier in vitro experiments, these

costs become prohibitive when scaled to the hundreds of thousands of cells required

to detect rare clonotypes with sufficient sensitivity.

To overcome this limitation, a novel combinatorial indexing method was em-

ployed, the Parse Evercode platform. In contrast to bead-in-emulsion-based systems,

this approach relies on fixation and permeabilisation of cells followed by multiple

rounds of in situ split-pool barcoding, enabling the generation of unique cell barcodes

without the use of microfluidic systems. Crucially, this method dramatically reduces

per-cell library preparation costs, to approximately £0.002 per cell, therefore

enabling high-throughput profiling of these rare T cell populations across large cell

volumes.

A total of 11 samples from six patients in the GvL-enriched cohort were selected

for high-throughput single-cell analysis (Figure 5.7a). Patient selection was guided

by sample availability, cryopreserved cell counts, and most critically, the prior

identification of putative GvL TCRs in the peripheral blood at later timepoints

[198]. Importantly, with the exception of the PADI4-specific response (section 1.10),

these TCRs were identified on the basis of their enrichment within IFNγ+ fractions

following expansion and peptide stimulation, but their peptide specificity had not

been formally confirmed through downstream functional testing. As such, they
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should be considered candidate GvL TCRs pending definitive validation.

a

b

Patient Timepoint 
Post-AlloSCT

Number of 
Alloreactive 

TCRs Identified 
in Late PB

Number of Cells 
Reported at 

Cryopreservation

Number of Cells     
Post-Thaw

Number of 
Live/CD3+ Cells 

Post-Sorting

Number of Cells 
Post-Fixation

OX289 6 months 20 4,500,000 1,960,000 59,800 53,400
3 months 20,000,000 11,240,000 29,300 12,210
6 months 15,000,000 9,420,000 134,400 72,000

12 months 15,000,000 12,130,000 328,500 272,000
3 months 10,000,000 4,970,000 8,500 4,000
6 months 15,000,000 5,690,000 103,100 69,000
9 months 19,000,000 7,120,000 183,200 94,500

OX866 11 months 3 18,000,000 7,020,000 510,000 333,000
3 months 18,000,000 10,910,000 73,000 45,600

12 months 20,000,000 9,980,000 212,100 132,800
OX1149 3 months 3 9,300,000 4,460,000 200,640 98,000

Total 163,800,000 84,900,000 1,842,540 1,186,510

OX628 3

OX747 8

OX885 3

Figure 5.7: High-throughput ex vivo single-cell analysis of post-alloSCT bone
marrow using the Parse EverCode method. a. Simplified schema demonstrating
experimental workflow. b. Summary of sample characteristics and cell processing metrics
demonstrating cumulative cell losses from thaw to fixation.

Samples were thawed and immediately subjected to fluorescence-activated cell

sorting to isolate viable CD3+ T cells. This was followed directly by chemical fixation

and permeabilisation. Post-permeabilisation, cells were stored at -80°C prior to

pooled combinatorial barcoding. There were substantial cell losses at each key

processing step, but as anticipated, these were greatest during thawing and sorting

(Figure 5.7b). These losses reflect the combined effects of low post-thaw viability

and the low proportion of CD3+ cells characteristic of post-alloSCT bone marrow.

The recovery of live CD3+ post-sort ranged from 0.3% to 7.3% of thawed

input cells with an aggregate yield of 2.2%. Fixation-associated cell losses were

comparatively modest, with sample retention ranging from 41.7% to 81.3% with
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an aggregate retention of 64.4%. Notably, samples with larger initial cell inputs

tended to exhibit higher overall retention, likely reflecting more efficient pelleting

during the multiple centrifugation steps required during cell preparation.

Following fixation, cells underwent reverse transcription and three rounds of in

situ barcoding. Barcoded cells were then distributed into 16 sublibraries for cell lysis,

cDNA capture, and amplification. These sublibraries demonstrated the expected

size distribution with minimal evidence of degradation (Figure 5.8a). However, a

prominent early peak was observed in cDNA traces, consistent with primer-dimer

formation. Given the relative novelty of the Parse Evercode platform and the

limited overall experience with this platform, this finding was discussed with the

Parse Biosciences Research and Development team. The early peak was deemed

non-inhibitory to downstream reactions and would be expected to be removed

during subsequent size selection. Accordingly, all cDNA sublibraries progressed to

gene expression and TCR library preparation without further modification.

Gene expression libraries were synthesised without complication and displayed

appropriate size distributions, with final concentrations ranging from 47.0 to 80.8

ng/µl. In contrast, TCR libraries, although of the correct expected size, displayed

markedly low concentrations (1.53 to 3.32 ng/µl), insufficient for standard next-

generation sequencing protocols.

Efforts to re-amplify the TCR libraries from remaining cDNA yielded similarly

low concentrations. This issue was therefore re-escalated to Parse Biosciences,

where extensive internal investigation revealed that the early primer-dimer peak

had inadvertently been incorporated into the first round of TCR-specific PCR

amplification. Although this non-specific product was not itself amplified during the

second round of TCR-targeted PCR, given the use of nested TCR-specific primers,

its presence effectively diluted the pool of bona fide TCR template, thereby lowering

the final TCR library concentration. Furthermore, the contaminating product was

removed during downstream size selection and was therefore not detected in the

final library traces, masking the underlying cause of low library yield.
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a

b
Patient Timepoint 

Post-AlloSCT
Cell Number Entering 

Barcoding
Cell Number After 

Barcoding
Number of Cells 

Detected at Single Cell 
Sequencing

OX289 6 months 53,400 31,504 22999
3 months 12,210 7,203 5080
6 months 72,000 42,478 34870

12 months 272,000 160,471 105697
3 months 4,000 2,360 282
6 months 69,000 40,708 28242
9 months 94,500 55,752 34084

OX866 11 months 333,000 196,459 129118
3 months 45,600 26,902 7802

12 months 132,800 78,347 69133
OX1149 3 months 98,000 57,817 47123

Total 1,186,510 700,001 484,430

OX628

OX747

OX885

Median Transcripts/Cell 5002
Median Genes/Cell 2176
Mean Reads/Cell 33821
Sequencing Saturation 0.426
Barcode 1 (RT) > Q30 0.946
Barcode 2 > Q30 0.959
Barcode 3 >Q30 0.965
cDNA > Q30 0.915

c d

Figure 5.8: Single-cell library quality control and cell recovery metrics. a.
Representative Bioanalyzer traces from two sublibraries from cDNA synthesis, complete
gene expression libraries and TCR libraries, demonstrating size distribution of library
products. b. Summary of cell recovery throughout the barcoding and sequencing pipeline
for individual samples. Number of cells detected at single-cell sequencing reflects high-
confidence transcriptome and TCR barcode calls. c. Summary table of quality metrics
across all sublibraries. d. Log-scaled barcode rank plot showing transcript counts (UMIs)
per cell barcode.
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Following protocol optimisation and the removal of the primer-dimer peak

prior to targeted TCR amplification, sublibraries of sufficient concentration were

generated, pooled and successfully sequenced via multiplexed next-generation

sequencing.

Further cell losses occurred during barcoding, library preparation and sequencing.

A total of 1,186,510 fixed cells were input into the barcoding workflow, with 700,001

cells recovered post-barcoding but prior to cell lysis, corresponding to a retention

of 59.0%. Following library preparation and sequencing, a total of 484,430 high-

confidence cell barcodes were detected, yielding a final cell recovery rate of 26.3%

across the entire Parse Evercode workflow, from sorted cell input to sequenced

output (Figure 5.8b). This retention rate is consistent with previously reported

benchmarks for the Parse Evercode platform [273].

Sequencing of the pooled sublibraries yielded over 16.3 billion reads, with a

mean depth of 33,821 reads per cell (Figure 5.8c). The median transcript count

per cell was 5,002, and a median of 2,176 genes per cell were detected. Although

the overall sequencing saturation was relatively modest at 42.6%, barcode rank

profiling revealed a well-defined inflection between true cell-containing barcodes and

background, indicating that most recoverable cells had already been captured

at the current sequencing depth (Figure 5.8d). Additional sequencing would

therefore be unlikely to substantially increase cell yield, though it would be expected

to improve transcriptome coverage and enable more sensitive detection of low-

abundance transcripts.

Collectively, these metrics confirm the successful generation of high-quality, high-

throughput single-cell transcriptomic and TCR libraries from ex vivo post-alloSCT

bone marrow.
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5.5 Dissecting the Reconstitution of the T Cell
Repertoire in the Post-AlloSCT Period

In parallel to targeted efforts to identify putative GvL TCRs, the high-throughput

Parse platform enabled the generation of a large paired-chain TCR dataset spanning

six post-alloSCT patients, including three who underwent longitudinal sampling.

While most studies in this setting focus exclusively on TCRβ sequences to define a

clonotype, the availability of paired-chain data here allows for a more granular as-

sessment of the post-alloSCT repertoire and of the dynamics of T cell reconstitution.

To evaluate antigen specificity, both the TCRα and TCRβ chains were cross-

referenced against the VDJdb database to annotate clonotypes with known epitope

reactivity (Figure 5.9) [216].

Figure 5.9: Annotation of ex vivo TCR repertoires. Graphs demonstrating the
distribution of annotated and unannotated clonotypes for TCRα and TCRβ chains across
individual patient samples and timepoints. The left pie chart for each sample and chain
represents the proportion of each repertoire that was annotated successfully by VDJdb.
The right pie chart displays the predicted antigen specificity of the annotated TCR chains,
with colours indicating the antigen source. TCRs annotated as Homo sapiens correspond
to known neoantigens, tumour-associated antigens, or autoantigens.
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Consistent with the limited coverage of known TCR-peptide interactions in

existing reference datasets, the majority of clonotypes remained unannotated. Across

all samples, only 8.3% of clonotypes could be matched to a known antigen, ranging

from 0.0% to 18.9% by sample. Interestingly, the annotation rate was higher

in TCRα chains (13.7%) compared to TCRβ chains (3.5%), likely reflecting the

increased combinatorial diversity and privacy of TCRβ sequences.

The majority of annotated clonotypes were directed against viral epitopes, with

CMV-specific sequences accounting for 61.7% of annotations. This dominance may

partially reflect biases in VDJdb and similar TCR-epitope databases, which are

dominated by MHC class I-restricted responses to common viral epitopes, but is

also consistent with previous reports demonstrating that CMV-specific TCRs can

comprise over half the circulating CD8+ T cell pool by 12 months post-alloSCT [102].

Smaller fractions of annotated sequences targeted EBV, influenza or coronavirus

antigens. A minority of clonotypes matched epitopes derived from Homo sapiens,

though it is not possible to determine the functional significance of these TCRs

from database annotation alone.

To investigate the persistence, emergence and turnover of TCRs following

alloSCT, the top five most abundant clones were tracked as paired TCRα/β

clonotypes across all available timepoints in the three patients with longitudinal

samples (Figure 5.10).

In patient OX628, the dominant clonotypes at 3 months collectively comprised

over 30% of the total repertoire, reflecting the oligoclonal nature of early T cell

reconstitution [228, 251]. All five of these clonotypes remained detectable at

later timepoints, with 3m-4 notably persisting within the top five clonotypes

throughout the first year. The remaining four clonotypes declined substantially

over time, together representing only 1.5% of the repertoire at 12 months. One

of these persistent early clonotypes, 3m-5, was CMV-specific, consistent with the

well-documented longevity of CMV-reactive memory T cells in the post-alloSCT

setting [102, 274].
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3 months 6 months 9 months
1 0.1120 0.0057 0.0032
2 0.0682 0.0002 0.0042
3 0.0422 0.0148 0.0054
4 0.0422 0.0265 0.0266
5 0.0276 0.0043 0.0023 CMV

1 0.0049 0.0811 0.0219
2 0.0032 0.0656 0.0150
3 0.0000 0.0627 0.1140
4 0.0032 0.0269 0.0260 Influenza
5

1
2 0.0000 0.0181 0.0645
3
4
5

Epitope

Same Clone as 6m-3

Same Clone as 3m-4

Frequency at:

6 
months

12 
months

Top Clonotypes

3 
months

Same Clone as 6m-1

Same Clone as 3m-4

Same Clone as 6m-4

6 months 9 months
1 0.0216 0.0199 CMV
2 0.0173 0.0030
3 0.0157 0.0051 CMV
4 0.0076 0.0003
5 0.0054 0.0020

1
2 0.0043 0.0105 CMV
3 0.0016 0.0071
4 0.0032 0.0054
5 0.0022 0.0051 CMV

Epitope

Same Clone as 6m-1

Top Clonotypes

6 
months

9 
months

Frequency at:

3 months 12 months
1 0.0957 0.0065
2 0.0217 0.0087
3 0.0130 0.0004
4 0.0130 0.0000
5 0.0130 0.0000

1 0.0000 0.0571
2 0.0000 0.0483
3 0.0000 0.0243
4 0.0000 0.0239
5 0.0000 0.0215 CMV

3 
months

12 
months

Top Clonotypes Frequency at:
Epitope

OX628

OX747

OX885

Figure 5.10: Longitudinal tracking of dominant TCR clonotypes. Top 5
clonotypes for patients with multiple assessed timepoints (OX628, OX747 and OX885)
were ranked by abundance at each timepoint. Lineage tables display the frequency
of each of these clonotypes across timepoints, with shared clones indicated. Epitope
annotations were assigned by cross-referencing with VDJdb. Corresponding stacked area
plots illustrate the relative contribution of each clonotype over time. The 3-month sample
for OX747 was excluded given the low total cell recovery at this timepoint (n = 282).
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At 6 months, four new dominant clonotypes emerged. Most were already

detectable at low frequency at 3 months, suggesting early establishment followed

by a later expansion. The exception to this was 6m-3, which was not detected

earlier and likely represents a newly established clonotype. Among the remaining

clonotypes, 6m-4 was annotated as influenza-specific, indicating expansion of virus-

specific cells beyond CMV.

By 12 months, the top clonotypes were largely maintained from the 6-month

timepoint, with 12m-2 notably expanding after 3 months to reach prominence.

The 3-month sample from patient OX747 was excluded due to low total cell

recovery (n = 282), which led to an unrepresentative and highly skewed repertoire.

In contrast to OX628, the top five clonotypes at both 6 and 9 months from

patient OX747 accounted for less than 8% of the repertoire, indicating a more

polyclonal and evenly distributed T cell population.

Despite this, the TCR repertoire was clearly enriched by CMV-specific responses.

The most abundant clonotype at both 6 and 9 months was CMV-directed, as

were three additional top-five clones. All dominant clonotypes were present at

both timepoints, demonstrating clonal stability. Although their relative frequencies

fluctuated over time, the consistent presence of these virus-specific clones reinforces

the importance of CMV-specific memory in shaping post-alloSCT T cell landscapes.

Unlike the previous patients, patient OX885 exhibited a highly dynamic clonal

trajectory. At 3 months, the top five clonotypes accounted for 15.6% of the

total repertoire. By 12 months, two of these (3m-4 and 3m-5) had declined to

undetectable levels, while the other three clones persisted only at low frequencies,

together totalling 1.5% of the repertoire.

Strikingly, all five dominant clonotypes at 12 months were not detected at 3

months, indicating substantial clonal replacement. Among these new clones, 12m-5

was also annotated as CMV-specific. This turnover pattern reflects the delayed

establishment of new clones in the post-alloSCT period but may also be accentuated
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Figure 5.11: TCR repertoire diversity over time. Bar plot showing the Shannon
diversity index of paired TCR clonotypes in patients OX628, OX747, and OX885 across
serial timepoints post-alloSCT.

by the longer interval of 9 months between sampling.

Across all three patients, TCR repertoire diversity, as measured by the Shannon

diversity index, increased over time (Figure 5.11), consistent with the transition

from early oligoclonal reconstitution towards a more diverse, polyclonal repertoire.

This pattern reflects the expected course of T cell recovery post-alloSCT, with

initial homeostatic proliferation of donor-derived memory T cells followed by gradual

thymus-dependent generation of de novo T cells [226, 251, 275].

These longitudinal analyses highlight substantial inter-patient heterogeneity in T

cell clonal recovery post-alloSCT. Some clonotypes are established early and persist

throughout the first year, while others undergo contraction or are replaced entirely.

Still others emerge only at later timepoints, reflecting delayed expansion or thymus-

dependent repertoire renewal. CMV-specific clonotypes featured prominently in

all patients, emphasising the central role of CMV-specific immunity in shaping

early post-alloSCT T cell repertoires.

The dynamic and individualised nature of these clonal trajectories likely reflects

differences in clinical context, including infectious challenges, conditioning, graft

composition and immunosuppression. These findings reinforce the importance

of longitudinal tracking in understanding post-transplant immune reconstitution.

Though many dominant clonotypes lacked known antigen specificity, future advances
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in TCR-epitope inference, including machine learning approaches such as GLIPH2,

DeepTCR or NetTCR2.0, could elucidate their functional relevance and deepen

understanding of T cell responses in the post-alloSCT setting [276–278].

5.6 Detection and Profiling of GvL T cells in the
Early Post-AlloSCT Bone Marrow

Building on the repertoire-wide observations presented in the previous section,

the next step was to investigate whether putative GvL T cell clonotypes, which

had been previously identified through functional assays using late post-alloSCT

peripheral blood samples, could also be detected in the ex vivo dataset from the

early post-alloSCT bone marrow. This analysis would assess whether these clones

were established early post-alloSCT, and confirm they were not artefacts of in vitro

expansion. To address this, a targeted search was performed within the single-cell

TCR libraries generated from the Parse Evercode dataset, focusing specifically

on the full-length, paired TCRα and TCRβ sequences previously assigned to GvL

TCRs on a per-patient basis.

Candidate GvL clonotypes, previously identified in the late peripheral blood

(by Connor Sweeney [198]), were successfully detected in two patients: OX289

at 6 months post-alloSCT and OX885 at 12 months (Figure 5.12a). For patient

OX289, RNF123-Clone 1 and FTSJ3-Clone 1.1 were identified, and for OX885,

GSTZ1-Clone 1 and WASHC4-Clone 1. Notably, the OX885 clonotypes matched

those independently identified in section 5.3 through in vitro functional screening of

this same timepoint, providing strong orthogonal cross-validation across these

two methodologies.

Although the observed frequencies of these clones were low, ranging from

0.013% to 0.10%, they were consistent with estimates derived from prior bulk

TCR sequencing and align with the lower range of reported GvL-reactive T cell

frequencies in the literature [40, 249, 257]. No GvL clonotypes were detected in
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a

b

Patient Timepoint 
Post-Allo

Lower Limit of 
Clonotype 

Detection (%)

Known GvL 
TCRs Present 
at Timepoint?

Targeted 
Peptide

Clonotype 
ID

Clonotype 
Frequency (%)

RNF123 1 0.10
FTSJ3 1.1 0.067

3 months 0.017
6 months 0.16

12 months 0.012
3 months 4.7
6 months 0.054
9 months 0.034

OX866 11 months 0.0052 No
3 months 0.043 No

GSTZ1 1 0.082
WASHC4 1 0.013

OX1149 3 months 0.048 No

OX289 6 months 0.034 Yes (2)

OX628 No

OX747 No

OX885
12 months 0.013 Yes (2)

Figure 5.12: Four previously identified TCR clonotypes are detected in the
early bone marrow using ex vivo TCR sequencing. a. Table summarising results
of ex vivo TCR sequencing of post-alloSCT bone marrow at various timepoints. The
lower limit of clonotype detection was defined utilising the lowest-abundance TCR clone
identified in each sample. Known GvL TCRs refer to putative TCRs identified previously
through functional screening of late peripheral blood. Clonotypes highlighted in green
reflect identified TCRs that are identical to previously identified clones from the late
peripheral blood. b. Visual schematic outlining timepoints and methods by which the
same TCR clonotypes were identified in patients OX289 and OX885.
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the remaining four patients nor in the 3-month sample from OX885. However, it

remains unclear whether this absence reflects genuine biological absence or technical

limitations. In this context, the effective limit of detection, which extends as low

as 0.0052%, is defined by the lowest confidently called TCR within each dataset,

and clonotypes below this threshold may have simply evaded capture.

Crucially, the four identified clonotypes were identified directly from ex vivo

material, in the absence of any exogenous antigen or cytokine stimulation. This

provides unambiguous evidence for their presence in vivo. Furthermore, their

detection at these early post-alloSCT timepoints, several years prior to their original

identification in the peripheral blood, suggests that GvL clones are established early

in the post-alloSCT period with their persistence lending further credence to their

physiological relevance (Figure 5.12b).

To characterise the transcriptional phenotype of the GvL clonotypes identi-

fied in the early post-alloSCT bone marrow, paired single-cell gene expression

data was analysed.

In patient OX289, a total of 22,999 cells were recovered and visualised using

UMAP projection (Figure 5.13a). Cell annotation was performed using the Cell-

Typist classifier without majority voting, in order to preserve within-cluster cell

heterogeneity [215]. The subset distribution was dominated by CD8+ TEM/TEMRA

cells, with CD4+ TNaïve/TCM also present at substantial, but lower, levels (Fig-

ure 5.13b). Regulatory and γδ T cells were detected at frequencies consistent with

published reports, and the overall reversal of the CD4:CD8 ratio is in keeping with

immune reconstitution at this 6-month post-alloSCT time point [93, 106, 228].

The validity of these annotations was confirmed through Z score-normalised

expression of canonical marker genes, which aligned well with the annotated

identities (Figure 5.13c).

Despite the detection of RNF123-Clone 1 (n = 3) and FTSJ3-Clone 1.1 (n =

2), the low number of clonotype-assigned cells in this sample precluded statistically
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Figure 5.13: Transcriptional characterisation of cells at 6-months post-alloSCT
from patient OX289. a. UMAP projection of single-cell gene expression from patient
OX289 (n=22999). Cell annotation performed utilising CellTypist without majority
voting. b. Bar plot showing the relative frequency of each annotated subset, expressed as
a proportion of all cells. c. Heatmap displaying Z score normalised expression of selected
marker genes across annotated T cell subsets.
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robust analysis of differential gene expression or gene set enrichment. Nevertheless,

projection of these cells onto the UMAP revealed that RNF123-Clone 1 localised

within the CD4+ TNaïve/TCM subset, while FTSJ3-Clone 1.1 resided within the CD8+

TEM/TEMRA compartment (Figure 5.14). These localisations are concordant with the

phenotypes originally assigned during the functional screening of peripheral blood.

Figure 5.14: Localisation of alloreactive clonotypes for patient OX289. UMAP
projections demonstrate the distribution of individual cells belonging to putative GvL
clonotypes (RNF123-Clone 1 and FTSJ3-Clone 1.1) within the broader single-cell
transcriptional landscape. Cells are coloured by their transcriptionally annotated subtype.

The TEM/TEMRA phenotype of FTSJ3-Clone 1.1 supports its classification as an

antigen-experienced, functionally active GvL clone. In contrast, the transcriptional

annotation of RNF123-Clone 1 is more ambiguous. As it has localised to a CD4+

TNaïve/TCM cluster, this transcriptional state may reflect either a truly naïve, antigen-

inexperienced cell or a central memory cell that has undergone antigen priming,

and without further investigation its functional relevance remains unresolved.

The 12-month post-alloSCT bone marrow sample from patient OX885 yielded

69,134 cells, including six cells corresponding to GSTZ1-Clone 1 and a single cell
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assigned to WASHC4-Clone 1. Cell type annotation again identified a spectrum

of subsets (Figure 5.15a). As in patient OX289, CD8+ TEM/TEMRA cells were

the dominant population, but the proportion of CD4+ TNaïve/TCM cells was

comparatively lower despite the later timepoint (Figure 5.15b). In this patient,

this pattern may plausibly have been influenced by the clinical context, where

sufficiently low donor chimerism to require DLI may have perturbed the normal

trajectory of immune reconstitution.

Canonical marker expression supported these annotations (Figure 5.15c). Both

GSTZ1-Clone 1 and WASHC4-Clone 1 were annotated as CD4+ TNaïve/TCM cells

(Figure 5.16a).

To further assess the phenotype of the identified GvL clonotypes, per-cell gene

enrichment scores were calculated for two predefined transcriptional signatures

(Figure 5.16b). The first was a proximal TCR signalling module curated from the

Reactome pathway database, comprising genes such as CD3E, ZAP70, LCK and

LAT [221]. This signature showed widespread enrichment across the T cell landscape,

with maximal expression in CD8+ TEM/TEMRA clusters, likely representing active

antiviral effector responses. The clusters harbouring GSTZ1-Clone 1 and WASHC4-

Clone 1 showed moderate enrichment for this signature, suggesting these clones

may have undergone recent TCR engagement.

The second signature, defined by Rosenberg et al., encompassed a compos-

ite activation and exhaustion program derived from neoantigen-specific tumour-

infiltrating lymphocytes, including PDCD1, IFNG, TOX and TBX21 [222]. The

greatest enrichment of this signature was in a small subset of CD8+ TEM/TEMRA

cells and in the Treg cluster. Given the presence of canonical Treg genes within

the signature, such as CTLA4, ENTPD1, ICOS and ITGAE, this is not surprising.

The GvL clonotypes did not score highly for this signature, a result that may reflect

both their non-exhausted memory status and the contextual limitations of using

tumour-derived, neoantigen-specific T cell signatures to assess alloantigen-specific

CD4+ T cells in the bone marrow.
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Figure 5.15: Transcriptional characterisation of cells at 12-months post-
alloSCT from patient OX885. a. UMAP projection of single-cell gene expression
from patient OX885 (n = 69134). Cell annotation performed utilising CellTypist without
majority voting. b. Bar plot showing the relative frequency of each annotated subset,
expressed as a proportion of all cells. c. Heatmap displaying Z score-normalised expression
of selected marker genes across annotated T cell subsets.
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Figure 5.16: Phenotypic localisation and transcriptional signature enrichment
of alloreactive cells from patient OX885. a. UMAP projections demonstrating
distribution of GSTZ1-Clone 1 and WASHC4-Clone 1 within the broader single-cell
transcriptional landscape. Cells are coloured by their transcriptionally annotated cluster.
b. Gene signature enrichment scores visualised across the UMAP using single cell AUCell
scoring for the Reactome TCR Signalling Signature [221], which comprises canonical TCR
signalling components, and the T cell signature defined by Rosenberg et al. derived from
neoantigen-reactive tumour-infiltrating lymphocytes [222].
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As the most abundant GvL clonotype, GSTZ1-Clone 1 was further interrogated

using AUCell scoring against curated gene sets representing T cell differentiation

states and CD4+ polarisation programs (Figure 5.17, with full gene lists available

in appendix Figure B.4). Compared to all other CD4+ T cells, GSTZ1-Clone 1

cells were significantly enriched for both TCM and Th1-associated transcriptional

profiles. No enrichment was observed for Th2, Th17, Treg, CD4+ cytotoxic or

exhaustion-associated programs. This suggests that GSTZ1-Clone 1 represents a

Th1-polarised central memory population, a phenotype associated with antigen-

experience, long-term persistence and sustained effector potential.

Although the small number of recovered putative GvL cells limits definitive

phenotypic characterisation, their detection in this setting provides strong evidence

for their bona fide establishment in the early post-alloSCT bone marrow. Moreover,

the transcriptional profiles of several clonotypes, including localisation to effector or

memory compartments and enrichment for TCR signalling programs, are consistent

with prior antigen experience. Together, these findings support the physiological

relevance of these persistent GvL clonotypes, suggesting that long-lived, antigen-

experienced T cells may contribute to durable GvL surveillance in the post-alloSCT

setting.
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Figure 5.17: GSTZ1-Clone 1 comprises Th1-polarised central memory cells. a.
Violin plots showing AUCell enrichment scores for T cell differentiation state. GSTZ1-
Clone 1 cells are shown in blue with individual cells overlaid as dot plots. All other CD4+

T cells are shown gold, without dot overlays for visual clarity. b. Violin plots showing
AUCell enrichment scores for T cell polarisation and exhaustion-associated transcriptional
programs. Statistical significance was calculated utilising the Wilcoxon Rank-Sum test
with the Benjamini-Hochberg correction for multiple comparisons.
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5.7 End of Chapter Discussion

This chapter utilised complementary in vitro and ex vivo methodologies for the

identification and characterisation of antigen-specific T cell responses in the early

post-alloSCT bone marrow, a setting complicated by T cell scarcity and fragility.

The failure to expand even high-frequency, virus-specific T cells under a range of

cytokine conditions highlights a generalised impairment in post-alloSCT T cell

proliferation, extending beyond the GvL-reactive context.

In addition to enabling targeted searches for known GvL clonotypes, the high-

throughput single-cell profiling undertaken here provides a broader view of the

composition of T cells repopulating the bone marrow in the first year post-alloSCT.

In the two samples analysed in detail, the overall subset distribution, including

the dominance of CD8+ TEM/TEMRA cells and the reversal of the CD4:CD8 ratio,

align with published reports of post-alloSCT recovery ([87, 228]). Whilst these

observations support models of immune reconstitution, they represent only a fraction

of the available dataset. Single-cell data was generated using 11 samples from 6

patients, and a more systematic analysis of this larger cohort could yield a richer

understanding of how bone marrow T cells reconstitute over time. Such analyses

could complement existing studies of peripheral blood reconstitution and provide a

deeper understanding of the post-alloSCT immune landscape. This context helps to

frame the interpretation of candidate GvL clonotypes, which must be understood

within the background of this dynamic and heterogeneous immune recovery.

Four GvL-associated clonotypes, originally identified in the late post-alloSCT

peripheral blood, were successfully detected directly from the bone marrow of two

patients via high-throughput single-cell sequencing, at frequencies ranging from

0.01% to 0.1%. Though one of these clonotypes was from the CD8+ compartment

(FTSJ3-Clone 1.1), the remainder were CD4+ T cells. For one of these patients

(OX885) two TCR clonotypes (GSTZ1-Clone 1 and WASHC4-Clone 1) were

independently identified using a joint APC-T cell co-culture system, providing
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robust orthogonal validation. Single-cell transcriptomic profiling revealed that

GSTZ1-Clone 1 exhibited a Th1-polarised, central memory transcriptional signature,

consistent with prior antigen exposure and long-term immunological persistence.

Taken together with prior peripheral blood findings, this data provides strong

evidence that long-lived, antigen-experienced GvL T cells are established early post-

alloSCT and may persist for years across blood and bone marrow compartments.

These observations support a model in which GvL surveillance is maintained not

only by CD8+ cytotoxic T cells, but by long-lasting conventional CD4+ responses

with helper or memory-like function. This is consistent with the evolving paradigm

in which both subsets play important roles in GvL control, and raise the possibility

that HLA class II-restricted T cells could mediate selective anti-leukaemic effects

due to limited expression of class II outside the haematopoietic compartment [140,

141, 193].

Despite these insights, each platform presented specific methodological con-

straints, predominantly reflecting the rarity of GvL T cells and the dual challenge

of identifying unknown TCRs and their cognate antigens in an unbiased fashion.

The APC-T cell co-culture system offered a viable strategy for supporting the

survival, expansion and enrichment of relevant T cells from the post-transplant

bone marrow. Whilst this enabled sufficient expansion for downstream testing,

the use of activation-induced marker assays to isolate peptide-responsive T cells

was hindered by substantial background activation. Although it is possible to

discriminate potential antigen-specific clonotypes from this activated pool using

single-cell TCR sequencing, the cost and labour-intensiveness of this approach

currently preclude its use outside of targeted screening of a few selected antigens.

Technical refinements, such as the titration of co-stimulation, the incorporation

of more selective activation markers or the development of alternate functional

readouts may help to reduce non-specific signal and increase scalability.
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The ex vivo single-cell strategy enabled the unbiased recovery of T cells at

scale using the Parse Evercode platform. Whilst this method allowed for the

high-throughput interrogation of over 400,000 single T cells, it was inherently

limited to the detection of previously characterised GvL clonotypes, as the absence

of functional readouts and paired antigen information restricts its capacity to

identify novel GvL responses.

Additionally, the rarity of GvL-reactive T cells, even in this enriched cohort,

means that biologically relevant clonotypes may remain undetected due to stochastic

dropout or by having frequencies below the limits of assay detection.

Though a minority of clonotypes could be annotated to known epitopes via

cross-referencing with VDJdb, the majority lacked linked antigen data. Nonetheless,

the resulting, large-scale dataset offers a valuable potential future resource for

TCR-epitope inference. As predictive algorithms such as GLIPH2, DeepTCR and

NetTCR2.0 continue to improve, reanalysis of this dataset may enable identification

of novel TCR-peptide interactions or convergent motifs shared across patients

[276–278].

While the identification of four GvL clonotypes in the ex vivo bone marrow is

a significant advance, the low number of recovered antigen-specific T cells limits

downstream functional interpretation. Future approaches might include the use of

large-volume marrow sampling, combined with a targeted enrichment specific to

these TCRs, such as through the use of peptide-MHC multimers, allowing for the

selective isolation of rare GvL-reactive T cells prior to single-cell sequencing [249,

279].

Although their transcriptional signatures suggest prior antigen priming, par-

ticularly for GSTZ1-Clone 1, transcriptional state alone cannot confirm antigen

specificity or effector potential.

No functional validation has yet been directly performed on the TCR clonotypes

that were identified in ex vivo analyses. Whilst their independent detection
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through orthogonal approaches at multiple timepoints supports their physiological

importance, definitive validation will require experimental confirmation. A logical

next step would be the re-expression of these GvL TCRs in healthy donor-derived T

cells via lentiviral editing as described in previous chapters. This could be followed

by activation or even killing assays against patient-derived targets. Such validation

would provide definitive evidence for antigen specificity and effector potential.

From a translational perspective, the absence of significant GvHD in the patients

in whom these clonotypes were detected suggests that, at the low frequencies

observed, they were not associated with overt deleterious host reactivity. However,

this does not establish that the same TCRs would be safe if transferred at higher

numbers in the setting of TCR-engineered cellular therapy. A critical requirement

for translation is the selective induction of GvL without GvHD, and this cannot

be assumed from the transcriptional profile alone. Additionally, though the

transcriptional profile of the original cells may offer insight into GvL control,

the behaviour of a TCR is not dictated solely by the phenotype of the cell in which

it was originally isolated, since engineered TCRs can be expressed in diverse cellular

subsets.

Clonotypes such as GSTZ1-Clone 1, whose persistence, memory-associated

features and non-exhausted transcriptional profile are supportive of a role in GvL

immunity, should therefore be regarded as candidates for further study rather than

as potential therapies. Rigorous functional testing will be needed to confirm their

anti-leukaemic activity and their safety profile.

In parallel, longitudinal tracking of these clonotypes in blood and bone marrow

may provide novel biomarkers for immune surveillance, ultimately enabling patient

stratification and dynamic monitoring of GvL competence post-transplant, though

this application will also require prospective validation to determine its predictive

value.

174



5. Alternative Approaches to Identify Post-AlloSCT Bone Marrow GvL T Cells

In conclusion, the work presented in this chapter demonstrates the feasibility

of detecting rare, antigen-experienced GvL T cells from early post-alloSCT bone

marrow using integrated in vitro expansion and high-throughput ex vivo profiling.

Whilst technical limitations persist, the persistence and transcriptional phenotype

of these identified clonotypes strongly support their biological relevance. These

findings advance our understanding of the early post-alloSCT T cell landscape and

offer further basis for the mechanistic exploration of GvL.
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6.1 Overview

AlloSCT remains the most effective curative therapy for AML in patients with

adverse risk disease, yet relapse remains the leading cause of mortality. The GvL

effect, mediated by donor-derived T cells recognising patient-specific or AML-

associated antigens, plays a central role in maintaining durable post-transplant

remission. Several important gaps continue to limit the understanding and clinical

exploitation of this response. A comprehensive, experimentally validated catalogue

of endogenously processed and presented GvL targets is still lacking. The antigenic

and contextual determinants that separate GvL from GvHD remain poorly charac-

terised, and the relative contributions of effector compartments beyond conventional

cytotoxic CD8+ cells remain poorly quantified. Moreover, most human studies have

focused on peripheral blood, with little work addressing bone marrow-resident T

cells during the first post-transplant year, when relapse risk is highest and GvL

may be most crucial.

The work presented in this thesis set out to address two challenges in this field.

Firstly, the technical limitations that have hindered the isolation and characterisation

of rare antigen-specific T cells from early post-alloSCT bone marrow. Secondly,

the absence of systematic, longitudinal, compartment-spanning data linking early

marrow clonotypes to their persistence in later blood samples. Culture-based

enrichment, functional testing, bulk and single-cell sequencing and high-throughput

transcriptomics were integrated to develop a sensitive methodological framework

for identifying, validating and characterising these cells.

A polyclonally-stimulated culture method was developed that was capable of

reliably expanding T cells from cryopreserved early post-alloSCT bone marrow

samples, overcoming the poor viability and lack of proliferation that had limited

earlier antigen-specific expansion attempts. While this approach reliably enriched

for CD3+ cells and maintained TCR repertoire diversity, it was insufficiently

sensitive to detect very low-frequency GvL-reactive clonotypes, which required
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targeted enrichment to reach the threshold for detection. This highlighted the

compromise between yield and specificity that is required when interrogating rare

T cell populations.

Using antigen-specific stimulation of later peripheral blood samples, a CD4+

TCR clonotype targeting a patient-specific METTL22 variant was identified and

functionally validated, demonstrating strict HLA-DR dependence, representing,

alongside the PADI4-specific TCR studied in prior, unpublished work by the Vyas

lab (section 1.10, [198]), one of the few functionally validated class II-restricted

GvL TCRs.

An APC-T cell co-culture system was subsequently applied to early post-alloSCT

bone marrow, in combination with AIM-based FACS enrichment, to recover GSTZ1

and WASHC4-specific T cells expressing TCRs that had previously been detected

in the late peripheral blood. These clonotypes were independently confirmed

through high-throughput ex vivo single-cell profiling, which also identified clonotypes

previously shown to be enriched in T cells reactive to two additional GvL miHAs.

This platform enabled clonotypic identification and phenotypic annotation without

the confounding effects of culture, confirming the low but true in vivo frequency of

these clones, demonstrating that certain GvL clonotypes are established within the

first year post-alloSCT and persist for years across compartments. Integration of

transcriptomic data further revealed that the ex vivo phenotype of GSTZ1-specific T

cells was consistent with Th1-polarised central memory, highlighting long-lived CD4+

populations as potential key contributors to durable GvL surveillance alongside

cytotoxic CD8+ effectors.

The sections that follow discuss these findings within the broader context of

post-alloSCT immunology, considering their implications for the dynamics of GvL

immunity, the methodological challenges of detecting GvL-reactive clones, the

diversity of GvL effector phenotypes in vivo and the translational potential of GvL
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for therapeutic and diagnostic applications.

6.2 Dynamics of Immune Reconstitution and GvL
Immunity

Analysis of the early post-alloSCT bone marrow revealed a number of TCR repertoire

features that were broadly consistent with established models of immune reconstit-

ution. In samples with longitudinal sampling, TCR repertoire diversity increased

progressively over time, and the most abundant clonotypes seen were frequently

virus-specific, particularly CMV, reflecting the well-documented dominance of CMV-

specific immunity in shaping the post-alloSCT immune landscape and influencing

the breadth of subsequent repertoire recovery [100–102].

Within this background of viral dominance, rare GvL-reactive clonotypes were

detected directly ex vivo in bone marrow as early as six months post-alloSCT.

The identification of GSTZ1-, WASHC4-, and RNF123-specific CD4+ clonotypes

in this setting represents a novel finding in a field dominated by CD8+-mediated

responses identified in the peripheral blood. The persistence of these clonotypes

across years and compartments is highly suggestive of physiological significance.

The presence of long-lived CD4+ clonotypes also aligns with the increasing evidence

that demonstrates the capacity of CD4+ subsets to mediate durable anti-tumour

immunity albeit in the solid tumour setting [46, 47]. These putative GvL clones

have not yet been comprehensively functionally validated, and demonstrating they

are able to effectively recognise endogenously processed and presented peptide in a

specific manner will be crucial.

Given that immune reconstitution at six months post-alloSCT remains incom-

plete, especially for the slower-to-recover CD4+ compartment, the ontogeny of

these GvL T cells remains uncertain [90].
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In patient OX289, GvL clonotypes were detectable at six months, raising the

possibility that they were transferred with the graft, and maintained via homeostatic

peripheral expansion. The clinical efficacy of DLI in the wider setting, where durable

remissions can be achieved through adoptive transfer of donor T cells, supports

a donor origin for at least some GvL cells [129, 130]. It is also plausible that

these reflect donor-derived memory T cells that, though originally primed against

unrelated antigens, cross-react with patient-specific GvL epitopes [280].

Within the GvL-enriched cohort, post-DLI GvL-reactive T cells were not detec-

ted. Patient OX866 experienced an early post-alloSCT relapse which was treated

to a durable remission with salvage chemotherapy and DLI, and despite assessment

of the post-DLI marrow with ex vivo high-throughput single-cell approaches, no

corresponding GvL clone was seen, although assay sensitivity cannot exclude

their presence.

In contrast, the delayed appearance of certain clonotypes suggests a possible

contribution from de novo thymopoiesis, highlighting two potential sources of GvL

immunity. In patient OX885, GvL clonotypes were only detectable at 12 months,

but not three months, raising the question of whether they arose via thymic output,

or whether they were present but undetected. Importantly, the apparent absence of

these clonotypes at early timepoints cannot be assumed to represent true biological

absence, as low cell input numbers and assay sensitivity may have caused these

cells to fall below the thresholds of detection.

These findings also emphasise the technical limitations inherent to screening the

early post-alloSCT bone marrow. T cell numbers are low, restricted by conditioning,

immunosuppression and the biology of T cell reconstitution [227, 228]. With

the functional methods used here, detection was constrained to previously defined

antigens due to low cell numbers, and TCR detection was limited to known sequences,

severely narrowing and biasing the search for GvL responses. Additionally, at this

timepoint, diversity of the TCR repertoire is lower, potentially further narrowing

the experimental remit.
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While the ex vivo frequencies of GvL clones were not established in the late

peripheral blood, ascertaining this would be a prudent next step. The relative

comparative ease with which these clones were identified in the late peripheral

blood does suggest a higher frequency, however. Direct quantification of ex vivo

frequencies at this later timepoint could establish if these GvL clones become

immunodominant in the fully reconstituted host.

These factors highlight a balance between the clinical importance of interrogating

early timepoints and the substantial technical challenges of doing so. It is not clear

whether experimental efforts to identify GvL responses are best directed at these

early timepoints, or at later intervals, where it is experimentally less challenging

and long-lived responses can be detected.

Despite these caveats, the recovery of rare, persistent CD4+ GvL clonotypes

in the early marrow provides important evidence for the timing and durability

of anti-leukaemic immunity post-alloSCT. It suggests that GvL surveillance can

be established early, and that long-lived CD4+-mediated responses can occupy

a stable and relevant niche despite the dominance of viral-specific clonotypes.

The low frequencies of these cells (at 0.01-0.1%) demonstrate that scarcity does

not necessarily preclude relevance. This principle echoes broader immunological

observations of pathogen-specific responses that rare T cell populations can be stably

maintained, expand upon encountering antigen and provide effective protective

immunity [281, 282].

Should the detection of these clones at early timepoints become relevant in

the prediction of relapse, this may be challenging given the depth required to

detect them reliably. Establishing whether the presence or absence of early GvL

clonotypes predicts outcome will require larger, longitudinal cohorts and a more

diverse catalogue of GvL responses, addressing their utility as biomarkers of durable

remission. Future studies could also aim to clarify the ontogeny of these cells by

combining longitudinal sampling in patients to track T cell clones during immune

reconstitution combined with donor repertoire analyses, determining whether these
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T cells are graft-derived or thymically generated.

6.3 Identification of Rare GvL-Reactive T Cells

The detection of rare, antigen-specific GvL T cell populations in the post-alloSCT

setting presents substantial methodological challenges. The low starting frequency

of these cells, low viability and limited cell numbers available from bone marrow

aspirates necessitate the use of a discovery platform that is both highly sensitive

and selective.

In this work, four main approaches were employed, each with distinct advantages

and drawbacks.

Polyclonally-stimulated T cell culture, whilst yielding high numbers of expanded

cells, lacked targeted enrichment and produced cultures dominated by T cells

of irrelevant specificities.

Antigen-specific stimulation, in contrast, did allow for enrichment of T cells of a

desired specificity using late PBMC samples, but did not function in the setting of the

early post-alloSCT bone marrow, where cryopreserved samples underwent early cell

death following thaw. Notably, many trials with this approach also failed to recover

even abundant virus-specific T cells from the early bone marrow, pointing to a more

generalised defect in proliferative capacity in the early post-alloSCT compartment.

Co-culture of autologous APCs with T cells allowed sufficient stimulation for

survival whilst mediating enrichment of antigen-specific cells. However, this method

was hampered by high levels of background activation, resulting in difficulties in

disentangling physiologically relevant GvL responses from non-specific background.

Finally, high-throughput ex vivo profiling provided an unbiased means of

capturing TCR clonotypes directly, but the inability to infer cognate antigens from

unknown TCR sequences restricted this approach to previously defined clonotypes,

precluding the discovery of truly novel responses. Should there be significant

advances in TCR antigen-prediction, straightforward ex vivo sequencing could in
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future provide a powerful means to uncover novel GvL responses.

These approaches exemplify the tension between throughput and specificity, a

broader theme common to antigen discovery across cancer immunology. Compu-

tational and multimer-based screens provide high throughput at the expense of

physiological fidelity, as only a small fraction of predicted or enriched candidates

prove to be immunogenic. Immunopeptidomics offers a physiologically derived

catalogue of presented epitopes but suffers from high input requirements, technical

noise, under-sampling of low-affinity peptides and a persistent validation bottleneck.

Reverse immunological approaches, while valuable, are inherently uncoupled from

physiological function, and therefore require rigorous functional validation [283, 284].

Lower-throughput, functional assays, such as the cultured IFNγ ELISpot,

are more physiologically faithful but lack scalability. A central limitation of

current functional discovery platforms is that they operate under highly permissive

conditions, where peptide abundance and co-stimulatory signals are optimised to

maximise sensitivity. These conditions are invaluable for detection but provide little

insight into how TCRs behave in vivo, where antigen density, stromal interactions,

inhibitory checkpoint engagement and the cytokine milieu all vary considerably.

This limitation is particularly evident in the solid tumour setting, where many

T cells identified as antigen-specific ex vivo prove to be exhausted or anergic in

situ [285, 286]. Multimodal single-cell approaches that couple antigen specificity

with cell phenotype, such as with the identification of GSTZ1-specific T cells as a

non-exhausted Th1-polarised TCM population, will be crucial to bridge this gap.

The net consequence across all these methods remains that only a minority

of candidate antigens prove to be naturally processed, presented and capable of

eliciting robust T cell activation. The paramount importance of functional validation

can be seen in the identification of METTL22 clonotypes, where only one of three

TCRs tested was able to activate specifically in response to the patient’s SNP.
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The small number of validated antigens and clonotypes recovered here is therefore

partially a reflection of the wider field but also the methodology used.

The initial reverse immunological pipeline used to generate the peptide library

used to screen for responses in the GvL-enriched cohort will not have generated an

exhaustive list of candidates. The use of whole genome and exome sequencing to

identify mismatches is limited by sequencing depth, and is restricted only to peptide-

coding differences, and therefore would not screen for tumour-associated or cryptic

antigens. Additionally, the in silico algorithms used at the time, NetMHCpan 4.0

and NetMHCIIpan 3.0, are imperfect, especially in the context of class II, and only

the highest-affinity binders were selected for screening [201, 284]. These have since

been updated and could yield further undiscovered GvL responses.

Combinatorial pipelines that integrate in silico prediction with immunopeptidom-

ics can further help refine and prioritise candidates, further improving the selection

of candidate peptides.

In summary, while the approaches used here enabled the identification of a

number of rare GvL-reactive T cell clones, they also highlight the intrinsic limitations

of current methods. Overcoming these barriers will require the development of

discovery platforms that combine the sensitivity necessary to detect low-frequency

populations with the specificity to distinguish genuine GvL responses from back-

ground. This reflects a fundamental challenge across cancer immunology, in that

rare physiologically relevant T cells are embedded within a vast repertoire, and only

a minority of predicted candidates withstand the scrutiny of functional validation

[287, 288].

6.4 Phenotypic and Functional Heterogeneity of
GvL T cells

T cells reactive to five GvL antigens were recovered and validated across the

different methodological approaches, offering the opportunity to investigate their
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transcriptional phenotype.

The METTL22-specific clonotype represented an activated population of CD4+

T cells with robust cytotoxic activity. METTL22-Clonotype 1 was able to recognise

a patient-specific SNP presented on HLA-DR and its transcriptional phenotype

was enriched for cytotoxic markers NKG7, GZMB, PRF1 and effector molecules

such as IFNG and FASLG. However, the conditions under which this clonotype was

recovered skew interpretation. The clonotype was first expanded in a cytokine-rich

environment with high-dose IL-2 and repeated stimulation, conditions known to

bias CD4+ differentiation towards cytotoxic effector function [254]. As such, the

cytotoxic phenotype demonstrated in vitro may not accurately reflect behaviour

in vivo, where antigen density is lower and cytokine support limited. While the

METTL22 clone demonstrates that these cells are able to differentiate into potent

cytotoxic effectors, whether this occurs physiologically is uncertain.

Two further clonotypes, reactive to GSTZ1 and WASHC4, were also initially

identified through culture-based approaches. These CD4+ cells displayed a mature

Th1-polarised effector profile but again, the culture conditions likely accentuated

differentiation.

Unlike the in vitro conditions, the recovery of GSTZ1 and WASHC4-specific

CD4+ T cells from the ex vivo single-cell sequencing captures the phenotype of

these cells as they exist in the marrow. Although limited by small sample numbers,

these observations offer insight into the physiological states of these GvL T cells.

Among the ex vivo identified clones, GSTZ1 was the most robustly recovered,

with sufficient cell numbers to allow for basic phenotypic annotations. GSTZ1-

specific T cells expressed a Th1-polarised transcriptional programme, matching

the effector function identified in the in vitro work. However, these cells were

less differentiated ex vivo, harbouring a central memory phenotype. This implies

that while GSTZ1-specific T cells are antigen-experienced, they retain proliferative

potential and long-term persistence, rather than being terminally committed to

effector differentiation. This poised state may underpin their ability to provide
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durable surveillance and prevent relapse, as seen in the patient from which these

cells were isolated.

The ex vivo recovery of CD4+ clones reactive to WASHC4 and RNF123, although

at much lower frequencies, reinforces the credibility of class II-restricted GvL T cells,

even if their effector functions remain to be defined. Regardless, their presence across

timepoints and compartments suggests that CD4+-mediated immune surveillance

may be a consistent and increasingly recognised feature of GvL.

The FTSJ3-reactive clonotype represented a more conventional GvL response.

Identified as a CD8+ TEM/TEMRA subset, these cells conformed to the established

model of alloantigen-specific CD8+ cytotoxicity. Their presence validates the

contribution of canonical effectors, and though it was the sole CD8+ effector,

this is unsurprising as only four of the 22 previously identified GvL responses

were not CD4+-mediated, limiting the range of surveyed CD8+ responses in the

ex vivo dataset. Together, these findings reinforce that both CD4+ and CD8+

compartments contribute to GvL and highlight that CD4-restricted clonotypes may

be an underappreciated arm of this immunity.

The prominence of CD4-restricted clonotypes in this work aligns with the

growing importance of CD4+-mediated immunity in immuno-oncology. CD4+ T

cells can act as active and versatile anti-tumour effectors, mediating tumour control

through a number of mechanisms that include direct cytotoxicity, recruitment of

alternate effectors and reshaping the tumour microenvironment [289, 290]. Though

CD4+ T cells are known to be important in GvL, the mechanism by which they

control leukaemia is not yet fully elucidated.

GSTZ1, WASHC4 and RNF123 are all ubiquitously expressed proteins that are

not enriched within the haematopoietic system [205–207]. Recognition of these

antigens might be expected to precipitate GvHD, however, this was not observed in

the clinical course of these patients. As HLA class II expression in steady state is

largely confined to professional APCs and the haematopoietic compartment, GvHD

186



6. Discussion

target tissues may be spared from CD4+ T cell recognition [191, 194]. In this way,

class II-restricted responses against widely expressed proteins can, in principle,

mediate selective GvL without concomitant systemic GvHD, although it is unclear

if this extends beyond this physiological setting, where these putative GvL cells are

present at low frequencies.

Regardless, the functional impact of these clonotypes is ultimately determined

by their in vivo context. AML blasts can evade GvL by escaping recognition,

such as through downregulation of class II HLA, or by impairing T cell effector

function via inhibitory interactions that drive exhaustion or anergy [140, 291].

Both mechanisms mean that T cells which appear potent in vitro may fail to

exert clinically relevant effects in vivo.

These considerations highlight the added value of coupling antigen-specificity

with transcriptional profiling. Whereas loss of HLA-mediated antigen presentation

would render T cells ineffective irrespective of their state, phenotypic profiling

can distinguish whether T cell clones retain non-exhausted, memory-like features

consistent with durable GvL, or instead represent exhausted or anergic remnants. For

example, in this work, the identification of GSTZ1-reactive T cells as a non-exhausted

Th1-polarised TCM phenotype supports their potential role as bona fide effectors.

Extending paired analyses across additional antigens will be key in discriminating

durable GvL mediators from ineffective bystanders, and therefore prioritising which

clonotypes represent the most promising candidates for further exploration.

Future work could build on these observations by moving beyond transcriptional

signatures alone. Should larger numbers of GvL T cells be isolated, further insight

could be gained through the use of deeper sequencing or multi-omic approaches

that integrate chromatin accessibility and surface proteomics, providing a higher-

resolution view of the differentiation states that underpin durable GvL. Additionally,

spatial studies of bone marrow trephine biopsies could be used to define how these

T cells are positioned relative to AML and the microenvironment, interrogating the
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interactome and clarifying whether supportive niches drive GvL T cell persistence.

Comparative studies across larger cohorts will also be needed to establish whether

particular T cell populations recur consistently, and whether the predominance of

CD4+-restricted responses observed here is generalisable.

Together, these findings underscore that GvL immunity is both phenotypically

diverse and context-dependent. The key challenge is to disentangle which clonotypes

represent durable effectors, paving the way to gaining a deeper understanding of

GvL and selectively harnessing these responses for therapeutic use.

6.5 Translational Applications of Validated GvL
Responses

In addition to clarifying the underlying biology, the identification and validation

of molecularly-defined GvL antigens and their cognate TCRs can potentially be

leveraged for clinical benefit.

Previous studies examining limited panels of miHAs have yielded conflicting

results on whether miHA mismatching predicts relapse outcomes, with an association

between increased mismatching and the incidence of GvHD [187, 195, 196]. One

of the main pitfalls of these studies is that in the selection of miHAs covered, all

but three were HLA class I-restricted, and were not pre-selected on the basis of

GvL exclusivity. The use of validated, GvL-reactive class II-restricted antigens,

such as GSTZ1, alongside haematopoietically-restricted antigens, could generate

a selective panel of mismatches that could predict durable GvL whilst avoiding

prohibitive GvHD. A broader catalogue of validated responses will be essential if

donor selection is to progress beyond HLA-matching alone.

This work has demonstrated that defined clonotypes can be recovered as early

as six months post-alloSCT and persist across years and compartments at low,
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but detectable frequencies. These features make them potential candidates as

biomarkers for relapse surveillance, allowing for the direct measurement of the

abundance of protective GvL clonotypes alongside conventional MRD monitoring,

thereby assessing both anti-leukaemic immunity and disease burden. A decline

in protective clones could therefore act as an early signal of impending relapse,

allowing for early clinical interventions such as DLI or maintenance chemotherapy.

The identification of these selective GvL responses could also potentially shape

therapy. CD4+ DLIs have previously been shown to be able to enhance donor

chimerism and promote GvL in the absence of GvHD [192]. Though historically

DLI infusion products do not undergo filtering for T cells of known phenotypes

or specificities, it is possible that future DLIs could be refined by enriching for

central memory T cells or validated antigen-specific clonotypes, improving their

capacity to promote durable remission.

Additionally, though transgenic miHA-specific T cells have been used with class

I-restricted antigens, such as HA-1 and WT-1, the class II space has not yet been

explored in the context of AML [166, 188]. Given the restricted tissue expression

of class II, T cell therapies do not necessarily need to be limited to targeting

haematopoietically-restricted or leukaemia-associated antigens, widening the pool

of potential targets.

Regardless, a key limitation for translation is the need to account for popu-

lation frequencies of antigen-HLA combinations. No matter how well-validated

an individual TCR-antigen pair, their applicability is restricted to the fraction

of patients carrying these mismatches. Overcoming this will require prioritising

investigation of common HLA alleles and polymorphisms, assembling a broad panel

of validated TCRs to broaden coverage. While limited by scale and constrained by

rarity, detailed characterisation of individual GvL TCRs can nonetheless provide a

foundation for developing practical strategies for improving post-alloSCT outcomes.
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6. Discussion

6.6 Concluding Remarks

The work outlined in this thesis demonstrates that rare GvL-reactive clonotypes

can be detected in the early post-alloSCT bone marrow and persist across years

and compartments, establishing them as genuine in vivo responses rather than

artefacts of culture. Their predominance within the CD4+ compartment, with

transcriptional states consistent with Th1-polarised central memory, highlights a

durable and underappreciated role for CD4+ T cells in GvL surveillance alongside

conventional CD8+ cytotoxicity.

The methods employed underscore the challenges of recovering and validating

such rare populations, with each platform requiring a balance between sensitivity,

specificity, and scalability. Nevertheless, the persistence and phenotype of validated

clones extend our understanding of the diversity of GvL immunity and contribute

to the growing catalogue of clinically relevant minor histocompatibility antigens.

190



Appendices

191



A
Supplementary Clinical Data

192



A. Supplementary Clinical Data

Pa
tie

nt
 ID

G
en

de
r

A
ge

 a
t D

ia
gn

os
is

E
LN

 2
02

2 
G

en
et

ic
 R

is
k

C
yt

og
en

et
ic

s
M

ut
at

io
ns

 in
 R

ec
ur

re
nt

ly
 M

ut
at

ed
 G

en
es

O
X2

89
F

52
In

te
rm

ed
ia

te
N

or
m

al
M

P
L,

 P
A

R
P

4,
 S

H
2B

3,
 S

M
C

1A
O

X6
07

F
50

In
te

rm
ed

ia
te

N
or

m
al

N
P

M
1,

 F
LT

3 
IT

D
, D

N
M

T3
A

, T
E

T2
O

X6
28

M
50

Fa
vo

ur
ab

le
N

or
m

al
N

P
M

1,
 D

H
X

15
, I

D
H

2,
 M

E
D

2
O

X6
90

F
29

A
dv

er
se

47
, X

X
, +

21
A

S
X

L1
, I

D
H

2,
 K

M
T2

C
, R

U
N

X
1

O
X7

17
M

16
Fa

vo
ur

ab
le

In
v(

16
)

K
R

A
S

O
X7

47
F

48
In

te
rm

ed
ia

te
46

, X
X

, a
dd

(3
)(q

21
), 

ad
d(

5)
(q

3?
4)

FL
T3

 IT
D

, C
U

X
1,

 K
M

T2
D

O
X8

02
F

48
In

te
rm

ed
ia

te
N

or
m

al
D

N
M

T3
A

O
X8

66
M

51
In

te
rm

ed
ia

te
46

, X
Y

, t
(5

;1
1;

9)
FL

T3
 IT

D
, A

S
X

L2
, K

M
T2

C
, W

T1
O

X8
85

F
42

In
te

rm
ed

ia
te

N
or

m
al

FL
T3

 IT
D

 C
B

L,
 S

TA
T5

B
 

O
X9

93
M

59
In

te
rm

ed
ia

te
N

or
m

al
A

S
X

L2
, C

E
B

P
A

, C
U

X
1,

 K
M

T2
C

, R
IT

1
O

X1
09

8
F

60
In

te
rm

ed
ia

te
N

ot
 k

no
w

n
FL

T3
 IT

D
, D

N
M

T3
A

, K
IT

O
X1

14
9

M
41

Fa
vo

ur
ab

le
47

, X
Y

, +
4

N
P

M
1,

 ID
H

1,
 K

IT

Figure A.1: Baseline characteristics of the GvL-enriched Cohort. The ELN
2017 genetic risk was determined according to cytogenetic and molecular genetic features
of disease at diagnosis [9]. M = Male. F = Female. FLT3 ITD = FLT3 internal tandem
duplication.

193



A. Supplementary Clinical Data

Pa
tie

nt
 

ID
Fi

rs
t-L

in
e 

C
he

m
ot

he
ra

py
R

ef
ra

ct
or

y/
 

R
el

ap
se

d 
D

is
ea

se

S
al

va
ge

 
C

he
m

ot
he

ra
py

D
is

ea
se

 S
ta

tu
s 

at
 T

ra
ns

pl
an

t
D

on
or

 T
yp

e
C

on
di

tio
ni

ng
R

el
ap

se
S

al
va

ge
 

Tr
ea

tm
en

t
D

on
or

 L
ym

ph
oc

yt
e 

In
fu

si
on

s
C

lin
ic

al
 

S
ta

tu
s

O
X2

89
D

A
 (x

1)
-

-
C

R
1

M
at

ch
ed

 S
ib

lin
g

R
IC

 F
lu

/M
el

-
-

-
A

liv
e 

   
(1

2 
ye

ar
s)

O
X6

07
D

A
 (x

1)
; D

A
 +

 L
es

ta
ur

tin
ib

/P
la

ce
bo

 (x
1)

; 
H

iD
A

C
 +

 L
es

ta
ur

tin
ib

/P
la

ce
bo

 (x
1)

-
-

C
R

1
M

at
ch

ed
 S

ib
lin

g
R

IC
 F

lu
/M

el
 w

ith
 P

TC
y

-
-

-
A

liv
e 

   
(1

3 
ye

ar
s)

O
X6

28
D

A
 (x

1)
; D

A
 +

 E
ve

ro
lim

us
/P

la
ce

bo
 (x

1)
; 

H
iD

A
C

 +
 E

ve
ro

lim
us

/P
la

ce
bo

 (x
1)

M
ol

ec
ul

ar
 

R
el

ap
se

FL
A

G
-Id

a 
(x

1)
M

or
ph

ol
og

ic
al

 
C

R
2

12
/1

2 
M

U
D

R
IC

 F
lu

/M
el

/A
le

m
-

-
Y

es
 (x

3,
 fr

om
 1

1 
m

on
th

s)
 - 

Fo
r f

al
lin

g 
do

no
r c

hi
m

er
is

m
A

liv
e 

   
 

(1
2 

ye
ar

s)

O
X6

90
D

A
 (x

1)
; D

A
 +

 E
ve

ro
lim

us
/P

la
ce

bo
 (x

1)
; 

H
iD

A
C

 +
 E

ve
ro

lim
us

/P
la

ce
bo

 (x
1)

-
-

C
R

1
M

at
ch

ed
 S

ib
lin

g
M

A
C

 B
u/

C
y 

w
ith

 P
TC

y
M

or
ph

ol
og

ic
al

 
R

el
ap

se
 (1

1 
ye

ar
s)

V
en

/A
za

 (x
4)

 to
 

2n
d 

A
llo

S
C

T
-

A
liv

e 
   

  
(1

3 
ye

ar
s)

O
X7

17
D

A
 (x

1)
; D

A
 +

 G
O

 (x
1)

; H
iD

A
C

 (x
2)

M
ol

ec
ul

ar
 

R
el

ap
se

FL
A

G
-Id

a 
(x

1)
M

R
D

 P
os

iti
ve

11
/1

2 
S

ib
lin

g
M

A
C

 
Th

io
te

pa
/B

u/
Fl

u/
A

TG
-

-
-

A
liv

e 
   

  
(1

2 
ye

ar
s)

O
X7

47
D

A
 (x

2)
-

-
C

R
1

H
ap

lo
id

en
tic

al
 S

ib
lin

g,
 

af
te

r f
ai

le
d 

M
U

D
R

IC
 C

y/
Fl

u/
TB

I
-

-
-

A
liv

e 
   

  
(1

2 
ye

ar
s)

O
X8

02
D

A
 (x

1)
; H

iD
A

C
 (x

2)
-

-
C

R
1

M
at

ch
ed

 S
ib

lin
g

R
IC

 F
lu

/M
el

 w
ith

   
   

   
  

P
T-

M
TX

-
-

-
A

liv
e 

   
  

(1
2 

ye
ar

s)

O
X8

66
D

A
 (x

1)
R

ef
ra

ct
or

y 
D

is
ea

se
FL

A
G

-Id
a 

(x
2)

C
R

M
at

ch
ed

 S
ib

lin
g

R
IC

 F
lu

/M
el

M
or

ph
ol

og
ic

al
 

R
el

ap
se

 (3
 m

on
th

s)
FL

A
G

-Id
a 

(x
1)

; 
FL

A
 (x

1)
Y

es
 (x

3,
 fr

om
 7

 m
on

th
s)

 - 
Fo

r r
el

ap
se

A
liv

e 
   

  
(1

1 
ye

ar
s)

O
X8

85
D

A
 (x

2)
; H

iD
A

C
 (x

1)
M

or
ph

ol
og

ic
al

 
R

el
ap

se
FL

A
G

-Id
a 

(x
1)

C
R

2
11

/1
2 

M
U

D
R

IC
 F

lu
/M

el
/A

le
m

-
-

Y
es

 (x
2,

 fr
om

 1
 y

ea
r) 

- F
or

 
fa

lli
ng

 d
on

or
 c

hi
m

er
is

m
A

liv
e 

   
  

(1
1 

ye
ar

s)

O
X9

93
D

A
 (x

2)
; H

iD
A

C
 (x

1)
M

or
ph

ol
og

ic
al

 
R

el
ap

se
FL

A
G

-Id
a 

(x
1)

C
R

2
11

/1
2 

M
U

D
R

IC
 F

lu
/A

m
sa

cr
in

e/
   

   
A

ra
-C

/B
u/

A
TG

M
or

ph
ol

og
ic

al
 

R
el

ap
se

 (7
 y

ea
rs

)
V

en
/A

za
 (x

8)
Y

es
 (x

2 
fro

m
 8

 y
ea

rs
) -

 F
or

 
re

la
ps

e
A

liv
e 

   
  

(9
 y

ea
rs

)

O
X1

09
8

D
A

 (x
1)

R
ef

ra
ct

or
y 

D
is

ea
se

FL
A

G
-Id

a 
(x

1)
C

R
12

/1
2 

M
U

D
R

IC
 F

lu
/A

m
sa

cr
in

e/
   

  
A

ra
-C

/B
u/

A
TG

M
or

ph
ol

og
ic

al
 

R
el

ap
se

 ( 
7 

ye
ar

s)
V

en
/A

za
 (x

6)
Y

es
 (x

3 
fro

m
 9

 y
ea

rs
) -

 F
or

 
re

la
ps

e
A

liv
e 

   
  

(9
 y

ea
rs

)

O
X1

14
9

D
A

 +
 G

O
 (x

1)
; D

A
 (x

1)
; H

iD
A

C
 (x

2)
M

ol
ec

ul
ar

 
R

el
ap

se
FL

A
G

-Id
a 

(x
1)

M
R

D
 P

os
iti

ve
M

at
ch

ed
 S

ib
lin

g
R

IC
 B

u/
C

y 
w

ith
   

   
   

  
P

T-
M

TX
-

-
-

A
liv

e 
   

  
(8

 y
ea

rs
)

Figure A.2: Treatment summary for GvL-enriched cohort. Number of
chemotherapy cycles in brackets next to regime. Number of years post-alloSCT in
brackets in clinical status. Please refer to abbreviations for individual chemotherapeutic
agents
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Figure A.3: GvHD, immunosuppression and chimerism data from the GvL-
enriched Cohort. Timepoint of immunosuppression cessation is outlined in brackets.
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Patient A A B B C C
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Figure A.4: Class I HLA typing for the GvL-enriched cohort.
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Figure A.5: Class II HLA typing for the GvL-enriched cohort.
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Patient Timepoint 
post-alloSCT Gene Peptide ID Patient Peptide Sequence Donor Peptide Sequence CD4/CD8 

Response
NAGPA 1 ALAFLLLISIAANLSLLLSR ALAFLLLISTAANLSLLLSR CD8
RNF123 1 EVQDCLKQLMMSLLQLYRFS EVQDCLKQLMMSLLRLYRFS CD4
LLGL2 1 GYSPSLHILAIGTRSGAIKL GYSPSLRILAIGTRSGAIKL CD4
ENDOD1 1 VATFPVYTMVAIPIVCKD VATFPVYTMGAIPIVCKD CD8

1 PPLYRQRYQFIKNLVDQHEP PPLYRQRYQFVKNLVDQHEP
2 PLYRQRYQFIKNLVDQHEPK PLYRQRYQFVKNLVDQHEPK
1 VSRPELLRESISAFLVPMPT VSRPELLREGISAFLVPMPT
2 TDRALQNKSISAFLVPMPTP TDRALQNKGISAFLVPMPTP

LRR1 1 EPPVDICLSKAISSSLKGFL EPPVDICLSKANSSSLKGFL CD4
FTSJ3 1 GETGMFSLSTIRGHQYATY GETGMFSLCTIRGHQYATY CD8
LGALS8 1 MNYVSKRLPFAARLNTPMGP MNYVSKSLPFAARLNTPMGP CD4

1 ITVQTVYVQHLITFLDRPIQ ITVQTVYVQHPITFLDRPIQ
2 QTVYVQHLITFLDRPIQMCC QTVYVQHPITFLDRPIQMCC

PGLS 1 PGLISMFSSSQELGAALAQL PGLISVFSSSQELGAALAQL ND
1 TQRSVLLCKVVGARGVGKSA TQRSVLLCKVVGACGVGKSA
2 KVVGARGVGKSAFLQAFLGR KVVGACGVGKSAFLQAFLGR

DOCK8 1 APISLSSFFNVSTLEREVTD APISLSSFFSVSTLEREVTD CD4
1 LELGAGTGLASIIAATMART LELGAGTGLTSIIAATMART
2 AGTGLASIIAATMARTVYCT AGTGLTSIIAATMARTVYCT

DCAF13 1 VPREYVRALNATKLERVFAK VPREYIRALNATKLERVFAK ND
1 GQKSPRFRRVSCFLRLGRST GQKSPRFRRVTCFLRLGRST
2 RFRRVSCFLRLGRSTLLELE RFRRVTCFLRLGRSTLLELE
1 LTISLLDTFNLELPEAVVFQ LTISLLDTSNLELPEAVVFQ
2 ISLLDTFNLELPEAVVFQDS ISLLDTSNLELPEAVVFQDS
1 WRVRIALALKGIDYETVPIN WRVRIALALKGIDYKTVPIN
2 VRIALALKGIDYETVPINLI VRIALALKGIDYKTVPINLI
1 DRAEKFNRGIRKLGITPEGQ DRAEKFNRGIRKLGVTPEGQ
2 EKFNRGIRKLGITPEGQSYL EKFNRGIRKLGVTPEGQSYL
1 LHRDKALLKRLLKGMQKKRP LHRDKALLKRLLKGVQKKRP
2 KALLKRLLKGMQKKRPSDVQ KALLKRLLKGVQKKRPSDVQ

RNH1 1 AASCEPLASVLRAKLTSRSS AASCEPLASVLRAKPTSRSS CD4
SLC26A6 1 GAGPDPLRLHGHLPVRTSCP GAGPDPLRLRGHLPVRTSCP CD4

OX289

OX628

OX717

OX747

6 years

6 years

5.5 years

6 years

5 yearsOX802

OX866

OX885

OX993

OX1149

HENMT1

ACADS

LITAF

RHOT2

METTL22

CD4

6 years

4 years

2 years

1 year

COA6

CD4

CD4

CD4

ND

CD4

CD4

CD4

CD4

CD4

PADI4

GSTZ1

WASHC4

DENND6B

Figure B.1: Summary of alloreactive responses identified in the late peripheral
blood Mismatched amino acid between patient and donor peptide sequences highlighted
in red. ND = not determined.
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Target Fluorochrome Parameter Clone Supplier Dilution
4-1BB BV650 405-670/30 4B4-1 BD 1:50
CCR4 PE-Cy7 561-780/60 L291H4 BioLegend 1:200
CCR6 BV785 405-780/30 G034E3 BioLegend 1:50
CCR7 BV650 405-670/30 G043H7 BD 1:25
CD107a BV421 405-450/50 H4A3 BioLegend 1:250
CD107b BV421 405-450/50 H4B4 BioLegend 1:250
CD127 BV421 405-450/50 A019D5 BioLegend 1:50
CD25 BUV395 355-379/28 M-A251 BD 1:100
CD25 PE 561-585/15 BC96 BioLegend 1:25
CD28 FITC 488-530/30 CD28.2 BD 1:100
CD3 BUV805 355-812/34 SK7 BD 1:100
CD3 PE-Cy7 561-780/60 HIT3A BD 1:100
CD3 AF700 640-730/45 OKT3 BioLegend 1:100
CD4 BUV563 355-580/30 SK3 BD 1:100
CD4 APC 640-670/30 OKT4 BioLegend 1:200
CD4 APC-Cy7 640-780/60 OKT4 BioLegend 1:100
CD40L BUV805 355-812/34 TRAP1 BD 1:200
CD45RA APC 640-670/30 HI100 BioLegend 1:50
CD69 APC 640-670/30 FN50 BioLegend 1:50
CD8 APC-Cy7 640-780/60 SK1 BD 1:100
CD8 FITC 488-530/30 SK1 BioLegend 1:100
CXCR3 PE 561-585/15 G025H7 BioLegend 1:100
FOXP3 PE-Cy5 561-670/30 PCH101 ThermoFisher 1:100
IFNg PE-Cy7 561-780/60 B27 BD 1:50
mTCRb BV711 405-710/50 H57-597 BD 1:80
OX40 BB700 488-695/40 ACT35 BD 1:50
PDL1 BUV395 355-379/28 29E.2A3 BD 1:200

Figure B.2: List of antibodies used during flow cytometry.
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Figure B.3: Recombinant pHRSin vector map.
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Geneset 
Name Genes

Reactome CD3D, CD3E, CD3G, CD247, LCK, FYN, ZAP70, LAT, LCP2, GRAP2, PLCG1, ITK, 
VAV1, RAC1, NCK1, NCK2, MAPK1, MAPK3

Rosenberg CXCL13, PDCD1, LAG3, HAVCR2, TOX, CTLA4, ENTPD1, LAYN, TNFRSF9, 
CD38, GZMB, PRF1, IFNG, EOMES, TBX21, ICOS, HLA-DRA, ITGAE, CD69, IL7R

TNaive SELL, CCR7, TCF7, IL7R, LEF1, BACH2, MAL, TCF7L2

TCM CCR7, IL7R, TCF7, SELL, CD28, LTB, TRAC

TEM GZMK, GZMA, CCL5, IL32, PRDM1, CXCR3, IFNG, CD69

TEMRA GZMB, PRF1, GNLY, KLRG1, CX3CR1, ZEB2, TBX21, B3GAT1 (CD57)

Th1 TBX21, IFNG, STAT1, CXCR3, IL12RB2, CD40LG, IL2, TNF

Th2 GATA3, IL4, IL5, IL13, CCR4, STAT6, IL2RA, CCR8, MAF

Th17 RORC, IL17A, IL17F, IL23R, STAT3, CCR6, IL21, BATF, AHR, KLRB1

Treg FOXP3, IL2RA, CTLA4, ENTPD1, IKZF2, TGFBR2, TIGIT, TNFRSF18, LRRC32

Cytotoxic CD4 GZMH, PRF1, GZMA, GNLY, EOMES, FGFBP2, RUNX3, ITGB1, CD4

Exhaustion PDCD1, LAG3, HAVCR2, TIGIT, CTLA4, TOX, ENTPD1, EOMES, NR4A1, BATF

Figure B.4: Summary of gene sets used during AUCell scoring.
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b

c

a

Figure B.5: T cell subset analysis. Example flow cytometry plots of healthy donor
PBMCs demonstrating gating strategy for T cell subset analysis. Gating determined
utilising FMOs on the same sample. a. Initial gating for CD4+ and CD8+ cells followed
by antigen experience. b. Gating strategy for Tregs, starting from CD4+ cells. c. Gating
strategy for Th1, Th2 and Th17 effector polarisation, starting from of CD4+ cells.
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Patient Peptide TCR Clone CDR3 TCRa CDR3 TCRb
NAGPA 1 CVVDFYTSGTYKYIF CSARDREAAGYGYTF
RNF123 1 CALIPTGGGNKLTF CSARLAHSGTNTGELFF

1.1 CAVGAYSSASKIIF CASRDRGSGANVLTF
1.2 CAVGAYSSASKIIF CSGGWGPNTGELFF
2 CAVGHFSSRSSGSARQLTF CASSLKVGVDSSYNEQFF

1.1 CAGLDDKIIF CASSDPISGRGDEQFF
1.2 CAVAGSNYQLIW CASSDPISGRGDEQFF
1 CAESPSDGQKLLF CASSLRQGISPEQFF

2.1 CAVEETSGSRLTF CASSLRQGISPEQFF
2.2 CAVEETSGSRLTF CASSERQGITEAFF
3.1 CAVSGTGANSKLTF CASSDPISGRGDEQFF
3.2 CAVSGTGANSKLTF CASSFGGGAWNEQFF
1.1 CALRHKAAGNKLTF CSASGPEKLFF
1.2 CAALFDGGSQGNLIF CSASGPEKLFF
2 CASRGLAGETQYF CAVIPNSGYALNF
3 CALRGRNQGGKLIF CSARLSSGGGYEQFF
1 CLVVPVYNQGGKLIF CASSSGTSGMGETQYF
2 CILRDVGGSEKLVF CSAKGLENQPQHF

1.1 CVVNKATSGTYKYIF CSARDREAAGYGYTF
1.2 CVVNKATSGTYKYIF CSARLAHSGTNTGELFF
1.1 CAGHQIQGAQKLVF CASSYSGMNTEAFF
1.2 CAGANNNARLMF CSVTPGGGVNTEAFF
1.3 CAVSAGGTSYGKLTF CASSQVLRGEQYF
1 CAAILQGAQKLVF CSARTHSDEAFF
2 CAFAISNYQLIW CSAIVGTGVFDEQFF
3 CAVNFGNEKLTF CSARASQGDTQYF
4 CAASYTGFQKLVF CASTDTSGDTEAFF
5 CAVEAEGQNFVF CSASGGGAPGELFF
6 CLVGASLNDYKLSF CASSGPGELFF
7 CAASHLQGAQKLVF CASSLMGQGLQPQHF
8 CAVGNSGNTPLVF CASSSGGYSVVFF
1 CALSERPYGGATNKLIF CASSERRTQPAYEQYF

2.1 CALPAGNTPLVF CASSLTGGNYGYTF
2.2 CAVRGQAGTALIF CASSLTGGNYGYTF

GSTZ1 1 CAARRVDNNNDMRF CASGLAQPQHF
1 CIVRVAVTNAGKSTF CASRYYSADTQYF
2 CAVSGVLTGGGNKLTF CASSEGTVSNQPQHF
1 CATDEAAGNKLTF CASKRESLATGELFF
2 CAAMYSGGGADGLTF CASSTQGQAYEQYF
3 CAARGGSNYKLTF CASSTGGEQYF
4 CATKGGNNRLAF CASSAWTGETGYTF
5 CAATRAGGTSYGKLTF CAWSVLAGVSQYF
1 CAASIATDKLIF CASSWRGQGEGYTF
2 CVVTGGANNLFF CASSEAGEWTQYF

3.1 CILVEGNEKLTF CASRLGGRTTEAFF
3.2 CGADVQGSQGNLIF CASRLGGRTTEAFF

SLC26A6

LLGL2

HENMT1

ACADS

LRR1

ENDOD1

FTSJ3

LITAF

METTL22

PADI4

WASHC4

RNH1

OX1149

OX289

OX628

OX747

OX866

OX885

Figure B.6: Summary of previously identified TCRs used during ex vivo high
throughput screening.
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