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Abstract 

Adoptive immunotherapy with virus-specific T cells (VST) has demonstrated clinical 

efficacy in restoring antiviral immunity in immunocompromised patients. 

Epstein-Barr virus (EBV) is an extremely common herpesvirus (90% prevalence 

worldwide), that infects the majority of individuals during childhood or adolescence 

and thereafter establishes a lifelong latency in the host. In immunocompromised 

individuals, EBV can drive a malignant transformation of B cells due to the absence of 

circulating memory EBV-specific T cell surveillance. Transplant patients are 

particularly at risk of developing an aggressive EBV-induced lymphoma, and despite 

first line treatments the mortality rate remains high.  

The Scottish National Blood Transfusion Service has been involved in adoptive EBV 

VST therapy of EBV-associated lymphomas for over 20 years. Initial EBV VST 

products were manufactured from healthy donor leukapheresis using repeated 

stimulations with EBV-infected lymphoblastoid cell lines to induce expansion of EBV-

specific T cell clones. These therapies have treated over 200 patients with excellent 

safety and efficacy in tumour regression (>60% complete response rates). More 

recently, we developed a new manufacturing process by stimulating donor 

leukapheresis with EBV peptide pools, followed by isolation of responding memory 

EBV VST using cytokine capture selection, with further culture expansion. This study 

aimed to comprehensively compare EBV VST therapies manufactured from the two 

processes, with characterisation assays developed to assess quality, phenotype, 

functionality, migratory capacity and clonal repertoire of T cell products. Peptide-

derived VST demonstrated enhanced degranulation and cytokine production to a 

broad range of EBV latent antigens, as well as a dominant central memory phenotype, 

which may improve persistence and targeted tumour clearance in patients. Moreover, 

the peptide process had clear benefits in terms of process biosafety, reduced culture 

duration and massively higher yield of patient doses. 

Furthermore, the emergent severe acute respiratory syndrome coronavirus-2 (SARS-

CoV-2) outbreak at the beginning of this study allowed us to investigate SARS-CoV-2 

immune responses in individuals following natural resolution of primary infection. 

Natural killer cell frequency within peripheral blood mononuclear cells was 

significantly increased in individuals within 1-3 months convalescence compared to 

unexposed individuals. Convalescent donors had detectable CD4 and CD8 memory T 

cells populations to SARS-CoV-2 spike, nucleocapsid and membrane peptides 

whereas unexposed individuals showed no lymphocyte responses to the SARS-CoV-2 
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antigens. Interestingly, the frequency of SARS-CoV-2-specific T cells within the total T 

cell compartment decreased over time from symptoms resolution, indicating memory 

T cell responses of unvaccinated individuals after primary infection decline without 

antigen re-exposure. With detectable memory T cell populations, we were able to 

isolate SARS-CoV-2-specific T cells from donor blood using cytokine capture or T cell 

activation-induced marker selection. We further developed a culture protocol to 

rapidly expand a purified SARS-CoV-2 VST population with desirable central memory 

phenotype and broad SARS-CoV-2 antigen effector functionality. Given that disease 

severity has been associated with a reduced or dysfunctional T cell response, 

adoptive transfer of healthy donor SARS-CoV-2 VST may provide a potential 

treatment strategy. To this end, the peptide-mediated process developed for EBV was 

rapidly translated to manufacture an allogeneic bank of SARS-CoV-2 VST, with clinical 

products tested in a first-in-human trial for high-risk hospitalised patients. 

The development and clinical manufacture of two T cell therapies targeting very 

different viral diseases required comprehensive analytical testing to understand the 

potential functional mechanisms of these cell products. The extensive suite of 

characterisation assays developed was used to build a profile for antigen-specific T 

cell therapies, in order to evaluate the optimal characteristics for clinical efficacy.  
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Chapter 1 – Introduction 

1.1 Virus-specific T cells 

Historically, the absence of a clear role for the thymus led to various suppositions 

such as that size did indeed matter: infant deaths during surgery were attributed to a 

large thymus thought to obstruct breathing, and prior to the 1950s doctors suggested 

irradiation to reduce thymus size. Initial investigations into the role of the thymus in 

leukaemia pathogenesis demonstrated that thymectomy could protect mice from 

development of lymphocytic leukaemia (Miller, 1959), though tangential 

observations uncovered an immunological role. Neonatal thymectomised mice had 

significant peripheral and tissue lymphopenia, increased susceptibility to viral 

infections and remarkably did not reject allogeneic skin grafts from different mice 

and even rat strains (Miller, 1961). Further experiments in chickens led to the 

discovery that humoral and cellular immunity were mediated by two distinct cell 

types: Thymus-derived ‘T’ cells and Bursa-derived ‘B’ cells (Cooper et al., 1965, 

Cooper et al., 1966). Fortunately for alliteration continuity, Miller repeated such 

findings in mice demonstrating bone marrow was the equivalent site of production of 

B cells, and that specific antigens were required to activate thymus-derived cells to 

coordinate antibody production (Miller and Mitchell, 1968). 

Lymphocyte biology has long been at the forefront of immunology research, with six 

decades following their discovery leading to classification of an extensive set of 

different T cell subtypes. T cells are generally distinguished by expression of the 

major T cell receptor complex (Cluster of Differentiation 3 - CD3) and the principal 

co-receptors CD4 and CD8, with further classifications dependent on the stage within 

the T cell lifespan.  

1.1.1 T cell development 

As the major sites of lymphocyte development, the bone marrow and thymus are 

termed primary lymphoid organs. The thymus is populated by lymphoid progenitors 

originating from the bone marrow, which have potential to generate precursors of 

natural killer (NK) cells, dendritic cells (DC) and T cells. Early stages of T cell 

development require migration to and within distinct locations of the thymus 
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elegantly orchestrated by chemokine guidance, adhesion proteins, transcription 

factors and cytokine signalling. Upon migration and entry to the thymus via the 

cortical-medullary junction, the early progenitors interact with NOTCH1 ligand 

Delta1 expressed by thymic stromal cells which drives commitment towards the T 

cell lineage (Hosokawa and Rothenberg, 2021). These progenitors do not express CD4 

or CD8 co-receptors and are thus termed double negative (DN) thymocytes. Upon 

thymus entry, DN thymocytes upregulate chemokine receptor CXCR4 which binds 

chemokine ligand CXCL12 expressed by cortical thymic epithelial cells to facilitate 

retention within the cortex. Here, thymocytes undergo early development and begin 

gene rearrangement of the T cell receptor (TCR) locus. TCR are heterodimeric 

complexes formed of two chains: either alpha (α) and beta (β) chains or gamma (γ) 

and delta (δ) chains. T cells expressing γδ-TCR, designated γδ-T cells represent a very 

small subset of the T cell compartment which are termed unconventional since they 

target cells for killing based recognition of stress signals expressed on the cell surface 

instead of via antigen-specific binding. Though development of γδ-T cells involves 

intricate mechanisms of selection by the thymus as elegantly reviewed in (Pellicci et 

al., 2020), this section will instead provide a brief overview of the development of 

conventional αβ-T cells. 

Early development of DN thymocytes is categorised into four stages (DN1-4) of T cell 

lineage commitment, starting with DN1 thymocytes entry to the thymus as above.  

Initial rearrangements are made in the TCR-β chain in DN2 cells as they migrate 

towards the outer cortex (Kumar et al., 2018). A developmental checkpoint occurs at 

DN3, whereby cells which have failed to make successful β-chain rearrangements are 

arrested in the stage and soon die, whereas thymocytes that have rearranged a 

functional TCR-β chain progress to DN4 stage. Near the subcapsular region, assembly 

of a pre-TCR arrests further β-chain rearrangements and induces proliferation of the 

β-selected thymocytes. The DN4 cells then upregulate both CD4 and CD8, becoming 

double positive (DP) thymocytes and begin rearrangements of the α-chain locus. 

Successful α-chain rearrangements then allow low level expression of the αβ-TCR and 

CD3 complex on DP thymocytes. Thymic cortical epithelial cells or other medullary 

antigen-presenting cells (APC) then present peptides to the thymocytes through 

major histocompatibility complex (MHC) molecules in a complex at the cell surface 

termed peptide:MHC (pMHC). Any thymocytes with TCR unable to interact with 

pMHC undergo death by neglect apoptosis, whereas cells with TCR able to recognise 
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self-pMHC complexes receive survival signals, and therefore are positively selected 

for further maturation. Such positive selection interactions of the DP thymocyte with 

peptides bound to MHC class I or MHC class II determines development into a CD8 or 

CD4 single positive (SP) cell respectively. Furthermore, DP or SP thymocytes which 

recognise self-pMHC complexes with too high affinity undergo apoptosis, eliminating 

any potentially harmful self-reactive cells by negative selection. A small subset of CD4 

SP cells that experience strong TCR interactions with self-pMHC undergo a selection 

for development into regulatory T cells (Treg) which are crucial for mediating self-

tolerance (Owen et al., 2019). Cells which have survived positive and negative 

selection then complete final stages of maturation in the medulla whereby SP cells 

upregulate sphingosine 1-phosphate receptor (S1PR) which promotes chemotaxis 

into the bloodstream. Mature thymocytes therefore exit the thymus and enter the 

blood as naïve T cells, so-called as they have not yet encountered their specific 

antigen. A more detailed account of the current understanding of mechanisms and 

mediators involved in thymus T cell development is comprehensively reviewed in 

Ashby and Hogquist (2024), though is out of scope of the present study. 

1.1.2 Antigen presentation 

Naïve T cells migrate through the circulation and home to secondary lymphoid organs 

(SLO) including the spleen, lymph nodes and mucosal-associated lymphoid tissues. 

Entry of naïve T cells into lymphoid tissues is regulated by coordinated expression of 

various chemokines and adhesion molecules such as lymphoid homing receptor 

CD62L, through which T cells can adhere to the vascular endothelium of SLO or 

inflamed sites, and migrate through the endothelial venule wall via diapedesis 

(Rahimi and Luster, 2018). In SLO, naïve T cells then interact with APC to initiate 

adaptive immune responses. DC, and other professional APC such as macrophages, 

and B cells, are vital for the uptake of antigens which are efficiently processed into 

peptide fragments and loaded onto MHC molecules for presentation (Pishesha et al., 

2022). In this way, presentation of a wide range of foreign antigens or altered self-

peptides allows for detection of infection or cancer respectively.  

Intracellular or endogenous peptides are mainly presented on MHC-class I molecules, 

for which antigens must be processed into short peptides of approximately 8-10 

amino acids for efficient binding inside the binding pocket. In contrast, MHC-class II 

molecules which have an open binding groove can bind longer peptides of ~13-25 
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amino acid residues and mostly present exogenous peptides (Wieczorek et al., 2017). 

Importantly, identification of the best peptide sequences for viral antigens or 

neoantigens through MHC binding predictions is crucial for the design of personalised 

adoptive antigen-specific T cell therapies (Zajonc, 2020). 

1.1.3 T cell activation and antigen-specific T cell memory 

As naïve T cells migrate through SLOs, they transiently bind to each APC they 

encounter allowing sampling of a large number of MHC molecules for their cognate 

antigenic peptide. In the rare event the naïve T cell TCR does match to its recognised 

pMHC complex, conformational changes in cell adhesion molecules stabilise binding 

between APC and T cell to facilitate differentiation into antigen-specific T cells 

(Dustin, 2008). 

At least three types of signal are required to induce clonal expansion and 

differentiation of antigen-specific T cells. The first event to trigger T cell activation is 

engagement of TCR to pMHC along with either CD4 or CD8 co-receptor. In addition to 

this, co-stimulatory signals that promote T cell survival, and cytokines that signal 

differentiation into particular effector T cell subtypes are also essential. Co-

stimulatory molecules are dependent on the MHC molecules, in humans termed the 

human leukocyte antigen (HLA) system. Therefore an individuals’ HLA type 

determines which co-stimulatory molecules trigger survival signalling, with the most 

defined being B7 molecules expressed by APC (Chen and Flies, 2013). There are 

numerous T cell co-stimulatory receptors, with the most studied belonging to 

immunoglobulin (Ig) superfamily (including CD2, CD28, ICOS, and CD226); or tumour 

necrosis factor (TNF) superfamily (including CD27, CD30, CD137, and CD154). 

Upregulation of such receptors can be used as markers to identify antigen-specific 

activated T cells. 

Upon activation, naïve T cells produce interleukin (IL)-2, along with a higher affinity 

IL-2 receptor which mediates re-entry to the cell cycle and rapid proliferation to 

induce clonal expansion (Abbas et al., 2018). Typically, proliferation and 

differentiation into effector T cells takes 4-5 days, contributing to the lag period 

usually seen in primary viral infections. Naïve T cells then differentiate into various 

CD4+ or CD8+ effector T cell subtypes, somewhat dependent on APC-secreted 

cytokines determining lineage fate. Differentiation causes cleavage of CD62L which 
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allows the activated T cells to exit to SLOs to the peripheral bloodstream, with 

subsequent changes in adhesion molecules directing the migration to inflamed tissue 

sites. Antigen-specific memory T cells which then re-encounter their cognate antigen 

in the periphery can then induce effector functions, initiated through TCR-pMHC 

binding and formation of an immunological synapse with the ‘target’ cell. Effector 

functions are largely determined by the molecules produced as discussed further in 

section 1.3.1. In terms of antiviral responses, CD4+ ‘helper’ T cells function primarily 

by secreting cytokines such as interferon-gamma (IFN-γ), TNF-α, and IL-2, which 

activate other immune pathways. Effector CD8+ ’cytotoxic’ T cells elicit antiviral or 

antitumour responses through secretion of cytolytic enzymes that directly kill the 

target cell.  

1.1.4 Approaches to treat viral infections with adoptive T cell 
therapies 

Adoptive cell immunotherapy has long been explored in the treatment of both viral 

infections and cancers. Viral infection is a common complication following 

transplantation and dependent on the infection can rapidly become fatal without 

therapeutic intervention. Transplant patients have obvious risk of viral infection due 

to heavy iatrogenic immunosuppression they receive to prevent graft rejection, which 

correspondingly diminishes the ability to mount responses to invading pathogens. 

Even following tapering or cessation of immunosuppressive regimes, there is a 

significant delay in the recapitulation of the immune system post-transplant, and/or 

tolerance of an immature immune system suddenly exposed to active viral infection 

(Tomblyn et al., 2009, Leen et al., 2014). As such, transplant recipients can be at risk 

for severe viral complications even several years post-transplant. Since many viruses 

can hide latently and persist within the host throughout their lifespan, transplant 

patients are vulnerable to both primary infection by exogenous viruses (Boeckh et al., 

2005) and reactivation of endogenous latent viruses. Due to their high incidence and 

disease severity, the most clinically serious viruses able to reactivate in 

immunocompromised patients are cytomegalovirus (CMV), Epstein-Barr virus (EBV), 

human herpes virus-6 (HHV-6), adenovirus (ADV), BK virus and JC virus (Barrett and 

Bollard, 2015) . Further complicating this is the link between some viruses with an 

increased risk of cancers, particularly CMV and EBV which are endemic worldwide 

(Smith and Khanna, 2017). While pharmacological antivirals can halt lytic viral 

replication usually through inhibition of viral replication enzymes, they impair the 
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development of long-term virus-specific T cell immunity and consequently disease 

relapse frequently occurs following termination of treatment. Therefore adoptive 

cellular immunotherapy was pioneered in the post-transplant setting as an approach 

to treat virus-driven diseases, though advances in this field have extended 

applications to reset immune responses in various viral, malignant, and even 

autoimmune disorders (Weber et al., 2020, Han et al., 2024).  

Donor lymphocyte infusions (DLIs) are one of the earliest examples of adoptive 

immunotherapy (Barrett and Bollard, 2015). This approach utilised transplant donor 

peripheral blood, with the expectation that donor blood would contain an array of 

virus-specific memory T cells providing that the donor had prior exposure to the 

most common viruses. As such, since the transplant donor is already matched to the 

highest possible degree to the patient in question, this represented a resourceful 

strategy as prophylaxis alongside haematopoietic stem cell transplant (HSCT) to 

provide antiviral immunity. While DLI have demonstrated efficacy in controlling viral 

infections post-transplant, treatment was associated with high rates of infusion-

related toxicity (Hromas et al., 1994, Papadopoulos et al., 1994, Heslop et al., 1994, 

Porter et al., 1999). It is estimated approximately 10% of peripheral circulating T 

cells are antigen-naïve dependent on age and antigen exposure, whereas antigen-

specific T cells to any given virus are logs lower in number (Mackinnon et al., 1995, 

Bordignon et al., 1999). Therefore, the low frequency of virus-specific memory T cells 

is massively outnumbered by naïve alloreactive T cells able to target the host MHC 

and potentially induce life-threatening graft versus host disease (GVHD).  

Approaches then focused on the removal or inactivation of potential alloreactive T 

cells within DLI to improve the safety of this therapy. For this strategy, numerous 

groups co-cultured the transplant recipient and donor blood to create a mixed 

lymphocyte reaction (MLR). Any donor T cells which were stimulated by the recipient 

APC would then upregulate T cell activation markers including CD25, CD69, CD137, 

and HLA-DR. Such alloreactive T cells expressing one or more of the above activation 

markers can be selectively depleted from DLI using cell selection techniques 

approved for clinical use such as: fluorescence-activated cell sorting; magnetic bead 

cell separation (van Dijk et al., 1999, Fehse et al., 2000, Hartwig et al., 2006, Wehler et 

al., 2007, Nonn et al., 2008, Albon et al., 2013); marker-directed immunotoxins 

(Mavroudis et al., 1996, Solomon et al., 2002, Amrolia et al., 2003, Samarasinghe et al., 
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2010); or photodepletion (Chen et al., 2002, Guimond et al., 2002, Mielke et al., 2008, 

Bastien et al., 2010). While depletion methods can significantly reduce the numbers of 

alloreactive T cells to ~1-10% of all donor T cells depending on the depletion 

technique, even these small residual numbers were sufficient to induce clinical GVHD 

responses upon adoptive transfer in some cases (Solomon et al., 2005, Amrolia et al., 

2006, Mielke et al., 2011). Furthermore, these studies highlighted the frequency of 

circulating memory T cells specific for numerous viruses are thresholds lower than 

that of CMV-specific and EBV-specific T cells which usually dominate the memory T 

cell compartment (Schulze Lammers et al., 2022). Consequently, high doses of T cells 

were required to confer protection against a large spectrum of viruses and even 

following allodepletion these doses would likely exceed the GVHD threshold of 

alloreactive T cells (Leen et al., 2014). Therefore, since the ratio of alloreactive T cells 

to viral reactive T cells was considered too high using allodepletion techniques, 

subsequent strategies aimed to isolate and expand highly-specific virus-specific T 

cells (VST) for therapy.  

As a latent virus, CMV (which drives chronic infection and robust T cell memory 

responses in immunocompetent individuals) was the original candidate to test 

adoptive transfer VST therapy. Following assessment of functional efficacy in animal 

models, the first clinical study in humans was by transfer of donor CMV-specific VST 

to HSCT patients as prophylaxis (Riddell et al., 1992, Walter et al., 1995). For this, 

donor fibroblasts were infected with culture supernatant containing live CMV to 

establish feeder cell lines and further co-cultured with autologous peripheral blood 

mononuclear cells (PBMC). This allowed antigen presenting cells within the PBMC 

population to process CMV antigens released by the infected fibroblasts and present 

peptides in a class I / class II context to activate CMV antigen-specific T cells. After 7 

to 14 days, limiting dilution cloning was used to isolate T cells with CMV-specific 

cytolytic activity and cells were further expanded for 3-10 weeks in culture with 

frequent re-stimulations using irradiated CMV-infected fibroblasts. The resultant 

polyclonal CMV-specific T cell isolates were administered intravenously to HSCT 

patients as four infusions given weekly. Monitoring of patient peripheral blood 

samples throughout the trial showed poor CMV-specific T cell killing pre-infusion, 

however adoptive transfer of CMV VST rapidly reconstituted CMV-specific immunity 

even after the first infusion, which amplified and persisted for up to 12 weeks post-

infusion. This protected all recipients from CMV viremia and disease, which typically 
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has a high risk of rapidly causing significant morbidity/mortality in HSCT 

immunodeficient patients. Demonstration of clinical efficacy and safety of CMV-

specific T cell adoptive transfer has been evidenced in several phase I/II clinical trials, 

with further testing in phase III trials ongoing (Walti et al., 2023). Moreover, 

significant advances in techniques have allowed optimisation of the manufacturing 

processes, resource quality, allogeneic matching, generated VST products, and 

therapy delivery (Neill and Peggs, 2021). Such approaches will be reviewed in more 

detail in Section 1.3 and remains a focus of discussion throughout the present study. 

Importantly, the success of CMV-specific T cell immunotherapy motivated further 

interest in the use of other virus-specific T cells as treatment and prophylaxis for 

other chronic viral infections in immunocompromised patients. To this end, Epstein-

Barr virus was a major candidate for targeting by adoptive T cell therapy since it is 

involved in several potentially fatal diseases. 
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1.2 Epstein-Barr virus (EBV) 

Often described as an extremely “successful” virus, EBV establishes a persistent and 

usually asymptomatic infection in more than 90% of adults worldwide. As a member 

of the gammaherpesviridae family, its formal designation according to herpesvirus 

nomenclature is human herpesvirus-4 (HHV-4). Thought to have originated around 

12 million years ago (Ehlers et al., 2010), EBV has indeed been successful for a virus 

by evolving mechanisms to hide latently in humans, whilst not being fatal for the 

majority of hosts. Increasingly however EBV has been found to be involved in or 

causative of numerous human pathologies and it is likely the full extent as to how the 

virus affects us in health and disease is still poorly understood. As the first human 

virus identified able to induce tumourigenesis, EBV has been associated with 

numerous malignancies including Burkitt lymphoma (BL), diffuse large B cell 

lymphoma (DLBCL), gastric carcinoma (GC), Hodgkin lymphoma (HL), 

nasopharyngeal carcinoma (NPC), natural killer cell/T cell lymphoma (NKTL), and 

post-transplant lymphoproliferative disorder (PTLD). EBV can also cause many non-

malignant disorders including infectious mononucleosis (IM), chronic active EBV 

infection (CAEBV), haemophagocytic lymphohistiocytosis (HLH), acute cerebellar 

ataxia; and more recent convincing evidence suggests the virus is involved in 

numerous autoinflammatory diseases such as multiple sclerosis (MS) and systemic 

lupus erythematosus (SLE) (Damania et al., 2022). While even more pathologies have 

been suggested to be linked to EBV infection or immune responses against EBV 

(comprehensively reviewed in Zhang et al. (2021) and Huang et al. (2023)), the 

ubiquitous prevalence of the virus can make causality very difficult to prove, and as 

such evidence should be carefully validated in the understanding of clinical 

manifestations of this virus. 

1.2.1 EBV structure 

Like other members of the herpesviridae family, EBV is a DNA virus with a relatively 

large genome compared to other human viruses. The EBV virion consists of toroid-

shaped protein core wrapped with DNA, surrounded by an icosahedral nucleocapsid, 

protein tegument and viral envelope with external glycoprotein spikes (Straus et al., 

1993) as shown in Figure 1.1.  
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Figure 1.1 - EBV virion structure. 

EBV is made up of a toroid protein core with viral double-stranded DNA and is encapsulated within an 
icosahedral nucleocapsid, protein tegument and outer virion lipid envelope. 

The EBV genome is composed of linear, double-stranded DNA approximately 172 

kilobase pairs in length. EBV was the first herpesvirus to be completely sequenced, 

with strain B95-8 sequence derived from an individual with infectious mononucleosis 

published in 1984  (Baer et al., 1984). Subsequently, the Raji strain sequence was 

used to create a putative wild-type strain sequence by filling in the blank of a 12kb 

deletion of the B95-8 strain (Raab-Traub et al., 1980, Parker et al., 1990, de Jesus et 

al., 2003).  

Initially cloned and sequenced using EcoRI and BamHI restriction enzymes, open 

reading frames (ORF) were ordered according to fragment size (A-Z). Nomenclature 

of the open reading frames starts with the BamHI fragment, followed by L or R to 

indicate leftwards or rightward direction from the promoter, and finished with the 

frame number. For example, BALF2 encodes the second left reading frame of BamHI-

A fragment. The 84 EBV ORFs encode lytic and latent genes, with the majority of these 

genes translated into functional proteins. Lytic genes are subdivided into immediate-

early, early, and late genes, which are involved in viral replication and assembly 

named according to the BamHI nomenclature. Latency gene-encoded products are 

classified as Epstein-Barr nuclear antigens (EBNAs) or latent membrane proteins 

(LMPs). In addition, the genome encodes several non-coding functional RNAs 

including EBV-encoded RNAs (EBERs), and microRNAs. Both termini of the genome 

contain numerous tandem direct repeats that enable circularisation to form an 

episome within infected cells (Bankier et al., 1983).  
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1.2.2 EBV types 

Following sequencing of different isolates worldwide, it is currently widely accepted 

that EBV is classified into two main genotypes: EBV type 1 and EBV type 2. 

Phylogenetic analysis suggests the two types have arisen from a recombination event 

between an earlier EBV strain probably with another lymphocryptovirus within the 

last 100,000 years (McGeoch, 2001). Main differences between the strains occur in 

the EBNA-2 locus, with 70% homology at the gene level and 53% at the protein level, 

with the two EBNA-2 types easily distinguished by serum immunoblotting 

(Dambaugh et al., 1984). Additionally the variation in EBNA-2 is associated with 

differences in EBNA-3A, EBNA-3B, EBNA-3C and EBNA-LP genes between the two 

strains (Sample et al., 1990). Type 1, first isolated from an infectious mononucleosis 

patient (B95-8), is the most prevalent type worldwide, predominantly in Europe, 

North America, South America and Asia. Type 2 conversely, first isolated from a 

Burkitt lymphoma patient (AG876) is considerably rarer and predominant within 

Africa, Alaska and Papua New Guinea (Zimber et al., 1986). Co-infection with both 

EBV-1 and EBV-2 have been reported (Lung et al., 1991, Smith et al., 2019), as well as 

intertypic recombinants expressing the type 1 EBNA-2 with type 2 EBNA-3 gene 

products (Midgley et al., 2000, Yao et al., 1996). Technological advances have allowed 

sequencing of EBV genomes from over 600 individuals worldwide with different 

diseases or otherwise healthy ‘controls’ to investigate geographical/ disease 

associations (Correia et al., 2018, Xue et al., 2021). Interestingly, EBV-2 isolates have 

been shown to have markedly lower levels of divergence across the genome, whereas 

EBV-1 genomes harboured higher diversity particularly in latency genes suggesting 

different evolutionary rates between the subtypes (Kaymaz et al., 2020). The most 

well-known EBV strains that have been isolated and sequenced are outlined in Table 

1.1.  

While the EBV type variation has not been directly associated with EBV diseases, one 

report found EBV-1 was more likely to cause infectious mononucleosis than EBV-2 

(Crawford et al., 2006) though this was not corroborated in a similar study (Tierney 

et al., 2006). The most significant functional difference currently evidenced is the 

efficiency of EBV-1 to readily transform B cells into lymphoblastoid cell lines (LCL) in 

vitro compared to EBV-2 (Rickinson et al., 1987). While the exact mechanism of 

differential transforming ability between the strain types is unclear, type 1 EBNA-2 is 
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required for B cell entry to later stages of the cell replicative cycle (Gordon et al., 

1986), whereas a sequence variation in type 2 EBNA-2 results in greater EBNA-2 

inhibition by transcriptional repressor protein BS69 (Ponnusamy et al., 2019). 

Furthermore, type 2 strains have demonstrated greater efficiency to infect epithelial 

cells than type 1 strains through overexpression of lytic glycoprotein gp110 (Tsai et 

al., 2017). Therefore, downstream control of lytic and latent genes by EBNA-2 as a 

transcriptional regulator may influence tropism of infectivity between the two EBV 

types. 

EBV 
Type 

Strain Origin Disease Source Reference 

1 EBV-WT - - - de Jesus et al. (2003) 

1 B95-8 USA IM LCL Baer et al. (1984) 

1 Raji Nigeria BL LCL Parker et al. (1990) 

1 Akata Japan BL BL cell line Lin et al. (2013) 

1 Mutu Kenya BL BL cell line Lin et al. (2013) 

1 Daudi Kenya BL BL cell line Correia et al. (2018) 

1 C666-1 China NPC NPC biopsy Cheung et al. (1998) 

1 GD1 China NPC Saliva Zeng et al. (2005) 

1 GD2 China NPC NPC biopsy Liu et al. (2011) 

1 HKNPC1 Hong Kong NPC NPC biopsy Kwok et al. (2012) 

1 M81 Hong Kong NPC LCL Tsai et al. (2013a) 

1 HKNPC2-9 Hong Kong NPC NPC biopsy Kwok et al. (2014) 

1 K4123-Mi 
K4413-Mi 

USA 
USA 

Healthy 
donors 

sLCL Lei et al. (2013) 

1 NA19114 
NA19315 
NA19384 

Nigeria 
Kenya 
Kenya 

Healthy 
donors 

LCL Santpere et al. 
(2014) 

1 GC1 Korea GC GC cell line Song et al. (2015) 

1 YCCEL1 Korea GC GC cell line Kanda et al. (2016) 

1 60 strains UK, USA, Germany, 
Africa, Australia, China, 
Japan, Hong Kong 

BL, GC, 
HL, IM, 
NPC, 
PTLD 

LCL, sLCL, 
NPC 
biopsy, 
saliva 

Palser et al. (2015) 

2 AG876 Ghana BL LCL Dolan et al. (2006) 

2 Jijoye Nigeria BL BL cell line Correia et al. (2018) 

2 11 strains Kenya, Nigeria, Papua 
New Guinea, Australia 

BL, PTLD sLCL Palser et al. (2015) 

Table 1.1 – Published EBV genomes.  

Adapted from Young et al. (2016). BL, Burkitt lymphoma; GC, gastric carcinoma; HL, Hodgkin 
lymphoma; IM, infectious mononucleosis; LCL, lymphoblastoid cell cline; NPC, nasopharyngeal 
carcinoma; PTLD, post-transplant lymphoproliferative disorder; sLCL, spontaneous lymphoblastoid 
cell line.  
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1.2.3 EBV entry and replication 

Numerous EBV glycoproteins (gp) are involved in the entry of EBV into different cell 

types. Entry into B cells is facilitated by gp350/220 binding to its receptors either 

CD21 or CD35 on the surface of B cells (Ogembo et al., 2013). This initial attachment 

initiates endocytosis of the virion into the cytosol. Further attachment of EBV gp42 

with HLA class II on B cells results in a conformational change which allows the inner 

core machinery gp85/25 (also referred to as gHgL) and gp110 (also referred to as gB) 

to fuse to endocytic membranes. A recent study also demonstrated EBV was able to 

infect a subset of mature T cells that intrinsically expressed CD21 through a similar 

interaction with gp350 (Smith et al., 2020a), which may be the mechanism by which 

EBV can initiate the rarer T cell malignancies. Epithelial cells in contrast express low 

or undetectable levels of CD21, CD35 and HLA class II (Birkenbach et al., 1992). 

Attachment is instead thought to be mediated by complexes of gp85/25, gp110 and 

BMRF2/BDLF2 which bind with high affinity to various integrins expressed on 

epithelial cells (Xiao et al., 2008, Chesnokova et al., 2009). Without interaction with 

HLA class II, gp42 interferes with glycoprotein-integrin binding, inhibiting entry into 

epithelial cells (Sathiyamoorthy et al., 2016). Interestingly due to the binding of HLA 

class II with gp42, virions replicated within B cells have low expression of gp42 

enabling efficient infection of epithelial cells.  Conversely,  in virions produced within 

epithelial cells, the low levels of gp42 would be unaffected without HLA class II 

associations with relative levels of gp42 increasing with a demonstrated efficient 

capacity to infect B cells (Borza and Hutt-Fletcher, 2002). As such, gp42 is considered 

a determinant of tropism for EBV to infect different cell types. Entry of EBV into 

epithelial cells has been demonstrated by direct membrane fusion (Miller and Hutt-

Fletcher, 1992), lipid raft-dependent endocytosis and macropinocytosis (Wang et al., 

2015). Further reports have shown EBV is capable of infecting other cell types such as 

monocytes (Savard et al., 2000), smooth muscle cells (Magg et al., 2018), and neurons 

(Jha et al., 2015), though the extent to which this occurs in vivo is unclear. 

Following fusion, tegument proteins of the virus are dissolved allowing the capsid to 

be transported on microtubules to nuclear pores (Kieff, 1996). Subsequently released 

into the nucleus, the linear EBV genome circularises to form a covalently closed 

extrachromosomal episome wrapped in nucleosomes which can then proceed to lytic 

or latent states (Howley, 2022).  
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Figure 1.2 - EBV viral entry into B cells. 

EBV glycoprotein gp350/220 binds to the host B cell membrane CD21 or CD35 receptor. Further 
attachment of EBV gp42 to HLA class II on the B cell surface results in a conformational change 
that induces fusion of the inner core machinery gp85/25 and gp110 to fuse to endocytic 
membranes of the host cell. The EBV virion is uncoated and endocytosed within the host cell 
facilitating tegument degradation. The viral capsid is released into the cytoplasm and transported 
via microtubular-mediated transport to the nuclear membrane. The linear EBV genome is then 
transported through nuclear membrane pores into the nucleus. EBV can then enter either lytic 
replication via induction of EBV immediate-early genes BRLF1 and BZLF1, or enter viral latency in 
which EBV nuclear antigen EBNA-1 tethers the EBV genome to host chromosomes resulting in 
circularisation an episome. 

Adapted from (Damania and Pipas, 2009). 
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1.2.4 EBV primary infection 

The majority of immunocompetent individuals acquire EBV during early childhood 

via salivary contact, of which infections are usually asymptomatic or mild illnesses 

(Hislop et al., 2007). If exposure is delayed until adolescence or adulthood, a 

heightened T cell response to EBV can cause IM, a usually self-limiting, benign 

lymphoproliferative disease (Leung et al., 2024). There are two main theories 

regarding primary infection; either EBV first infects epithelial cells in the oropharynx 

where it replicates and then spreads to nearby resting naïve B cells, or EBV directly 

infects tonsillar resting naïve B cells within Waldeyer’s ring. Saliva contains EBV 

virions high in gp42 with a tropism for B cell infection (Jiang et al., 2006), which 

supports the former theory that the virus first replicates in a HLA class II negative 

epithelial cell. Conversely, a sensitive nested PCR method detected low levels of EBV 

in the blood of IM patients 3 weeks prior to symptom onset, at which high viral load 

was detected in both the blood and oral cavity, indicating B cells are the first cell type 

infected (Dunmire et al., 2015). While some infected B cells within the oropharynx 

then undergo lytic replication to produce infectious progeny, the majority become 

latent within memory B cells to evade immune surveillance (Kurth et al., 2000).  

1.2.5 EBV lytic replication 

Co-ordinated regulation of EBV lytic replication is required for viral spread from cell-

to-cell and host-to-host, with a 100-1000-fold amplification of EBV DNA within 24 

hours of lytic induction (Hammerschmidt and Sugden, 1988, Nagaraju et al., 2019). 

Lytic phase EBV-infected cells have rarely been detected in vivo, likely due to efficient 

host T cell responses against lytic antigens (Steven et al., 1997). Lytic EBV has been 

reported in oropharyngeal epithelial cells (Steven et al., 1997, Pegtel et al., 2004) and 

tonsillar plasma cells (Laichalk and Thorley-Lawson, 2005), allowing virion shedding 

into the saliva. Since lytic replication was only detected in antibody-secreting B cells 

but not in other B cell populations within the tonsils, it indicated lytic replication only 

occurs when infected naïve B cells differentiate to plasma cells (Crawford and Ando, 

1986, Laichalk and Thorley-Lawson, 2005). In this way, the EBV lytic cycle is 

primarily induced by B cell differentiation, though can also be triggered by stressors, 

immune suppression and local hypoxia (Kenney and Mertz, 2014). The temporal 

sequence of the EBV lytic cycle is classified into expression of viral immediate-early, 

early, and late genes. Functions of lytic and latent genes are outlined in Table 1.2.  



17 

– Introduction 
 

ORF Gene Product Function 

Immediate-Early Lytic 

BZLF1 Zta, ZEBRA Lytic cycle transactivator, oriLyt binding, regulate viral replication  

BRLF1 Rta, R Lytic cycle transactivator 

Early Lytic 

BALF2 EA DNA replication, ssDNA-binding protein, early antigen 

BALF5  DNA replication, DNA polymerase 

BBLF2/3  DNA replication, spliced primase helicase complex component 

BBLF4  DNA replication, helicase homolog 

BKRF3  DNA replication, uracil DNA glycosylase 

BMRF1 DPAP DNA replication, DNA polymerase accessory protein, mismatch repair 

core 

BSLF1  DNA replication, primase homolog 

BMLF1 Mta, SM DNA replication, mRNA export factor, late lytic gene transactivator 

BGLF4  DNA binding, EBV protein kinase, virion assembly 

BALF1  Immune evasion, BCL2 homolog anti-apoptosis 

BCRF1 vIL-10 Immune evasion, IL-10 homolog B cell proliferation, inhibit IFN-γ release  

BARF1  Immune evasion, decoy receptor to scavenge CSF-1  

BDLF3 gp150 Immune evasion, downregulate HLA expression 

BGLF5  Immune evasion, downregulate HLA expression 

BILF1  Immune evasion, downregulate HLA expression 

BNLF2A  Immune evasion, downregulate HLA expression 

Late Lytic 

BBRF1  Capsid protein, portal protein for DNA insertion 

BVRF1  Capsid protein, portal protein for DNA retention 

BALF3  Capsid protein, terminase component to cleave DNA concatemers 

BDRF1  Capsid protein, terminase component to cleave DNA concatemers 

BGRF1  Capsid protein, terminase component to cleave DNA concatemers 

BFLF1 UL32 Capsid protein, mediates DNA packaging into capsids 

BFRF1A  Capsid protein, mediates DNA packaging into capsids 

BCLF1 MCP Capsid protein, major capsid protein 

BDLF1 TRX2, mCP Capsid protein, triplex capsid protein 2, minor capsid protein 

BFRF3 SCP, VCA-p18 Capsid protein, small capsid protein, viral capsid antigen-p18 

BORF1 TRX1, mCPBP Capsid protein, triplex capsid protein 1, minor capsid-binding protein 

BFLF2  Capsid protein, nuclear egress complex component 

BBLF1 MyrP Tegument protein, myristoylated protein 

BDLF2  Tegument protein 

BGLF1  Tegument protein 

BGLF2 MyrPBP Tegument protein, myristoylated protein binding protein 
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BGLF4  Tegument protein, protein kinase 

BKRF3  Tegument protein 

BLRF2  Tegument protein 

BNRF1 MTP Tegument protein, major tegument protein, EBV translocation to nucleus 

BOLF1 LTPBP Tegument protein, large tegument protein binding protein 

BPLF1 LTP Tegument protein, large tegument protein, suppress TLR signalling 

BRRF2  Tegument protein 

BSRF1 PalmP Tegument protein, palmitoylated protein 

BVRF1  Tegument protein, portal plug 

BALF4 g110, gB Envelope glycoprotein, attachment and fusion 

BDLF2 BDLF2 Envelope glycoprotein, attachment and fusion 

BILF2 gp78 Envelope glycoprotein, unknown function 

BKRF2 gp25, gL Envelope glycoprotein, attachment and fusion 

BLLF1a/b gp350/220 Envelope glycoprotein, attachment and fusion 

BMRF2 BMRF2 Envelope glycoprotein, attachment and fusion 

BXLF2 gp85, gH Envelope glycoprotein, attachment and fusion 

BZLF2 gp42 Envelope glycoprotein, attachment and fusion, immune evasion 

BBRF3 gp44, gM Envelope glycoprotein, assembly and release 

BLRF1 gN Envelope glycoprotein, assembly and release 

Latency 

BKRF1 EBNA1 Survival, episomal maintenance and tethering to host chromosomes, viral 

DNA replication, latent gene transactivator, immune evasion through 

interference with MHC presentation 

BYRF1 EBNA2 Transformation, latent and cellular gene transactivator 

BERF1 EBNA3A Transformation, suppress B cell apoptosis, promote oncogenesis 

BERF2 EBNA3B Survival, tumour suppressor gene to regulate EBNA3A & 3C 

BERF3/4 EBNA3C Transformation, suppress B cell apoptosis and promote oncogenesis 

BWRF1 EBNALP Transformation, latent gene transactivator 

BHRF1 BHRF1 Immune evasion, BCL2 homolog anti-apoptosis 

BNLF1 LMP1 Survival & transformation, CD40 homologue promote B cell 

differentiation, TNFR signalling, suppress apoptosis, promote oncogenesis 

BNRF1 LMP2A Survival & transformation, BCR homologue promote B cell differentiation, 

suppress apoptosis, promote oncogenesis 

BNRF1 LMP2B Survival, tumour suppressor gene regulate LMP1 & 2A 

EBER1/2 EBER RNAs Non-coding RNAs,  

BART1 BART miRNAs Latent gene transactivator microRNAs, immune evasion 

BHRF1 BHRF1 miRNAs Latent gene transactivator, immune evasion 

Table 1.2 - EBV gene functions.  
Adapted from Hutt-Fletcher (2015) and Murata (2018). 



19 

– Introduction 
 

Immediate-early genes BZLF1 and BRLF1 are considered molecular switches 

between the latent and lytic phases of the EBV lifecycle. Expression of BZLF1 has been 

shown to be the first EBV gene upregulated upon stimulation of the B cell receptor 

(BCR), indicating the mechanism of B cell differentiation by turning on the EBV lytic 

switch (Bryant and Farrell, 2002, Ye et al., 2010). Encoding transcription factors, 

BZLF1 and BRLF1 function to activate their own and each other’s promoters (Zp and 

Rp respectively), as well as other early lytic genes required for viral DNA replication. 

BZLF1 protein also binds directly to the viral genome at the origin of lytic replication, 

termed oriLyt (Hammerschmidt and Sugden, 1988); and interacts with some of the 

core replication proteins thought to promote formation of the replication complex.  

Early lytic genes drive viral genome replication. Viral DNA synthesis is mediated by 

core replication complex components BALF2, BALF5, BBLF2/3, BBLF4, BKRF3, 

BMRF1 and BSLF1. Replication compartments formed within the nucleus from 

BMRF1 proteins allow segmentation of viral DNA synthesis from host DNA and 

histones (Sugimoto et al., 2011, Chiu et al., 2013). This causes a honeycomb-like 

morphology of the nucleus, with EBV replication compartments occupying 

approximately 30% of the nuclear volume during lytic amplification (Nagaraju et al., 

2019). Furthermore, mRNA transporter BMLF1 protein mediates synthesised DNA 

processing and translation essential for infectious virion production (Thompson et al., 

2016, Verma et al., 2016). Other early genes are indirectly involved in promoting EBV 

replication, through mechanisms including suppression of B cell apoptosis (BHRF1, 

BALF1); activation of B cell proliferation (BCRF1), and inhibition of pro-inflammatory 

cytokine signalling (BCRF1, BARF1). 

Late genes encode proteins required for virion assembly and have been functionally 

classified due to their ability to be transcribed in the absence of viral DNA synthesis. 

First, viral nucleocapsids are pre-formed from viral capsid proteins assembled in the 

nucleus. There are four structural capsid proteins: major capsid protein (MCP), minor 

capsid protein (mCP), small capsid protein (SCP), and minor capsid protein-binding 

protein; encoded by BCLF1, BDLF1, BFRF3, and BORF1 respectively. The capsid is 

formed of 12 penton and 150 hexon molecule complexes of MCP (Liu et al., 2020). 

Triplex complexes of SCP, mCP and mCPBP connect MCP hexons at distal tips 

assembling an icosahedral structure. Since lytic EBV replication produces long 

concatemers, the DNA must be processed and cleaved into linear genome units by 
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viral terminase complex proteins BALF3, BDRF1, and BGRF1 (Bloss and Sugden, 

1994, Chiu et al., 2014). The linear genomes are then packaged into the preformed 

capsids through portal complexes BBRF1 and BVRF1 (Sheaffer et al., 2001, Lebedev et 

al., 2007) mediated by packaging proteins BFLF1 and BFRF1A (Pavlova et al., 2013).  

Packaged nucleocapsids then bud through the nuclear membrane and are coated with 

the viral tegument. As well as being a major structural component, tegument protein 

BPLF1 also catalyses toll-like receptor (TLR) signalling intermediates, causing 

suppression of the TLR cascade as a mechanism of innate immune evasion (van Gent 

et al., 2014). Two further glycoproteins gM and gN, encoded by BBRF3 and BLRF2 

respectively, form complexes to mediate exocytosis of tegumented virions. Newly 

assembled virions within cytoplasmic vesicles are then released into extracellular 

space via exocytosis. 

1.2.6 EBV latency states 

While lytic replication proceeds in a small subset of oropharyngeal cells following 

primary infection to allow production of infectious progeny, the majority of infected B 

cells are thought to enter viral latency states. Several genes are associated with EBV 

latency including EBNA-1, EBNA-2, EBNA-3A/B/C, EBNA-LP, LMP1, LMP-2A/B, 

BHRF1, as well as EBV-encoded RNAs (EBERs) and numerous microRNAs (Howley, 

2022). Differential expression of these genes characterizes distinct latency states 

which are associated with different clinical pathologies as detailed in Table 1.3. 

Latency 

Type 

Latency Genes Associated 

Disorders EBERs 

 

EBNA1 EBNA2 EBNA3 

A/B/C 

EBNA 

LP 

LMP1 LMP2 

A/B 

BHRF1 

0 + - - - - - - -  

I + + - - - - - ? BL, GC 

II + + - - - + + ? HL, NPC, NKTCL 

III + + + + + + + + IM, PTLD, AIDS-

associated 

lymphoma 

Table 1.3 - EBV latency type gene expression and associated disorders. 

Adapated from Massini, Simer & Hohaus (2009). AIDS, acquired immunodeficiency syndrome; BL, 
Burkitt Lymphoma; EBER, Epstein-Barr virus-encoded ribonucleic acid; EBNA, Epstein-Barr virus 
nuclear antigen; GC, gastric carcinoma; HL, Hodgkin lymphoma; IM, infectious mononucleosis; 
NKTCL, NK T cell lymphoma, NPC, nasopharyngeal carcinoma; NPC, nasopharyngeal carcinoma; 
PTLD, post-transplant lymphoproliferative disorder. 
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A model for EBV latency originally proposed by Thorley-Lawson and Gross suggests 

EBV exploits the B cell differentiation pathway by switching between different 

latency programs as shown in Figure 1.3 to persist within the B cell compartment 

(Thorley-Lawson and Gross, 2004). Briefly, preferential infection of resting naïve B 

cells expressing all of the latency-associated genes (Latency III) promotes 

proliferation into activated B cell blasts as observed in IM and lymphomas in 

immunocompromised individuals. Since this profile of expressing all latency genes is 

very immunogenic, development of EBV lymphoblasts in immunocompetent 

individuals is readily controlled by host EBV-specific T cells. Blasts then migrate to 

lymphoid follicles and clonally expand within the germinal centre, resulting in a 

switch to a restricted latent gene expression profile (Latency II). Of these latency II 

genes, LMP-1 and LMP-2A are homologues for B cell stimulatory proteins CD40 and 

BCR respectively.  Through mimicry of foreign antigen B cell activation, this induces 

immunoglobulin gene rearrangements by somatic hypermutation and isotype 

switching, causing the blasts to differentiate into memory B cells. EBV-infected 

memory B cells then enter the peripheral blood which becomes the site of persistence 

and downregulate expression of all latency genes (Latency 0) to evade T cell 

detection. Infected memory B cells may later divide, returning to the germinal centre 

and upregulating EBNA-1 to allow a template of the viral DNA to be transferred to 

daughter B cells (Latency I), though as a normal feature of memory B cell homeostasis 

this is considered distinct from viral-driven lytic replication. Instead, lytic replication 

is thought to occur when infected memory B cells terminally differentiate into plasma 

cells, with resultant progeny virions able to infect nearby naïve B cells or epithelial 

cells.  

Supporting this model of colonisation of the B cell compartment as the reservoir for 

EBV persistence, ablative chemotherapy prior to HSCT removing host B cells but not 

epithelial cells has been shown to eradicate EBV from the body (Gratama et al., 1990). 

Furthermore, individuals with X-linked agammaglobulinaemia who lack mature B 

cells have no evidence of EBV infection or cellular immunity to EBV throughout their 

lifespan (Faulkner et al., 1999). Conversely, in individuals with X-linked 

hyperimmunoglobulin M syndrome that cannot form germinal centres and lack 

classical class-switched IgD-/CD27+ memory B cells, EBV was detected in non-

classical germinal centre-independent IgD+/CD27+ memory B cells (Conacher et al., 

2005). Furthermore, studies of IM patients reported lack of EBV+ cells within 



22 

– Introduction 
 

germinal centres, but detected large numbers of EBV+ blasts in extrafollicular 

locations (Niedobitek et al., 1992, Kurth et al., 2000). Therefore, some studies do not 

support this model of EBV latent persistence through the germinal centre reaction, 

however it is worth noting these reports are from patients with more rare clinical 

pathologies and therefore may reflect non-physiological settings forcing an atypical 

route of EBV infection. 

 

Figure 1.3 - Model of EBV latency programs in B cells. 

Adapted from Andrei et al. (2019) and Howley (2022). 



23 

– Introduction 
 

Although the exact mechanism and sites of latency within different health and disease 

contexts are not completely understood, the roles of latency genes have been 

extensively characterised. Initially, following primary infection of B cells, the BamHI 

W promoter (Wp) drives transcription of EBNA-LP and EBNA-2 (Mrozek-Gorska et 

al., 2019). Co-activation of EBNA-LP and EBNA-2 then regulate transcription of 

numerous viral and host cellular genes. Transactivation by EBNA-2 targets viral 

promoters BamHI C promoter (Cp) which drives upregulation of EBNA-1, EBNA-3A, 

EBNA-3B, EBNA-3C and BHRF1. EBNA-2 also transactivates the LMP1 promoter 

(LMP1p) responsible for LMP1 expression which is essential for B cell 

transformation. In addition, EBNA-2 also transcribes several cellular promoters 

including those of c-Myc, CD21 and CD23.  

Only expressed in the latency III program, both EBNA-3A and EBNA-3C act to inhibit 

the tumour suppressor proteins p14 and p16 through epigenetic modification 

(Skalska et al., 2010). Expression of EBNA-3A and EBNA-3C were essential for the 

establishment and maintenance of LCL growth in vitro, indicating these genes are 

required for the cellular transformational capacity driven by EBV (Maruo et al., 2011). 

Furthermore, EBNA-3A and EBNA-3C have been shown to epigenetically regulate 

pro-apoptotic protein BCL-2 interacting mediator of cell death (Bim) (Paschos et al., 

2009), which drives the c-Myc over-expression of infected lymphoblasts during BL 

pathogenesis (Bristol et al., 2024). Latent expression of BHRF1 encoding a BCL 

homologue further potentiates anti-apoptosis and immune evasion functions (Kelly et 

al., 2009). Although the EBNA-3 genes constitute a gene family, generation of 

recombinant viral mutants demonstrated that EBNA-3B was dispensable for B cell 

immortalisation (Tomkinson and Kieff, 1992) in contrast to EBNA-3A and EBNA-3C 

that were requisite for viral oncogenesis (Tomkinson et al., 1993). Infection with 

EBNA-3B knockout EBV resulted in aggressive tumour formation in humanised 

mouse models, and screening of DLBCL, HL and BL human biopsies identified EBNA-

3B silencing mutations (White et al., 2012). Furthermore, the infected B cells had 

significantly reduced secretion of T cell chemoattractant CXCL10 with concordant 

lack of T cell recruitment to EBNA-3B KO tumours, however this could be partially 

rescued by addition of CXCL10. Evidence of this gene having tumour suppression 

functionality was the first to be described for a tumour virus, and may represent an 

evolutionary adaptation to limit lymphoproliferative mortality to the host (Allday et 

al., 2015). Given that T cell interactions are essential for the germinal centre reaction, 
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and that EBNA-3B downregulates several genes upon entry to the germinal centre, it 

is further postulated EBNA-3B could be involved in switching to the latency II 

program (White et al., 2010). 

EBV induces expression of three latent membrane proteins (LMPs) in latency III or 

latency II cells: LMP-1, LMP-2A, and LMP-2B. These proteins are expressed at the cell 

surface and within intracellular perinuclear regions (Lynch et al., 2002). 

Differentiation of germinal centre B cells into memory B cells usually requires CD40 

activation by co-stimulatory molecule CD154 expressed on antigen-specific T cells. As 

a homologue of CD40, LMP-1 protein mimics cellular CD40 signal transduction in an 

antigen-independent manner, causing activation of multiple TNF receptor family 

intracellular signalling pathways. Constitutively expressed in variable forms of both 

the lytic and latent lifecycle, LMP-1 has diverse cellular functions to induce 

proliferation, survival, immune evasion and angiogenesis (Kieser and Sterz, 2015). 

Similarly, LMP-2A is a homologue of the B cell receptor (BCR) and mimics BCR-

mediated signal transduction required for memory B cell development. Conversely, 

LMP-2B is an isoform of LMP-2A but lacks the amino terminal domain required for 

intracellular signalling. Instead LMP-2B has been shown to negatively regulate 

LMP2A expression and function by preventing the switch from latent to lytic cycles in 

Akata cell lines (Rechsteiner et al., 2008). Both LMP-2A and LMP-2B have been 

extensively mutated within the EBV genome indicating they are not essential for viral 

latency (Howley, 2022). Concordantly, the LMP-2 proteins have been found to be 

dispensable to B cell transformation, though normal expression provides a significant 

growth advantage (Mancao and Hammerschmidt, 2007, Zhang et al., 2023). 

Expression of LMP-1 however has been shown to be critical for transformation of B 

cells in vitro (Dirmeier et al., 2003), and inducing tumour formation in animal models 

(Kulwichit et al., 1998, Zhang et al., 2012, Zhang et al., 2023). As such, LMP-1 is 

considered the principal EBV oncogene. All three proteins have also been detected in 

epithelial cell tumours (Smatti et al., 2018, Lin et al., 2018) indicating other oncogenic 

roles not associated with BCR mimicry. 

As the only gene expressed in all latency states except latency 0, EBNA-1 is essential 

for EBV persistence. Through direct binding to the viral episome at the origin of 

plasmid, termed oriP, EBNA-1 serves to tether viral DNA to the host chromosomes 

and enables their segregation during the S-phase of cellular mitosis. This is mediated 
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by modular structure of the EBNA-1 protein which contains several oriP DNA binding 

sites in the C-terminal domain, and positively charged amino acid sequences in the N-

terminal domain required for chromosome binding (Kanda et al., 2013). Recombinant 

viral mutants lacking the EBNA-1 gene were still able to immortalise B cells, however 

at very low frequency of several thousand-fold less efficiency of wild type EBV 

(Humme et al., 2003). Since EBNA-1 maintains EBV genomes as circular episomes, 

lack of EBNA-1 resulted in EBV genomic integration into host chromosomes, however 

the ability to stably express all viral latent proteins required for transformation was 

substantially limited. Furthermore, EBNA-1 mutants induced B cell growth similar to 

WT EBV at initial days post-infection, but by day 8 expression of EBNA-2 and MYC 

protein were significantly reduced and consequently the transformed cells did not 

survive past 2 weeks post-infection (Pich et al., 2019). Therefore, while EBNA-1 is not 

required for initial B cell transformation, it is critical for the continued maintenance 

of EBV latency. Additionally, glycine-alanine repeat sequences within the structure of 

EBNA-1 reduces translational efficiency which then interferes with EBNA-1 peptide 

presentation by MHC class I molecules (Apcher et al., 2010). This results in weak 

recognition of EBNA-1 by cytotoxic CD8+ T cells and as such allows EBNA-1 to 

mediate immune evasion in the more restricted latency states. 

Two small nuclear non-coding RNA molecules EBER1 and EBER2 are highly 

expressed in all EBV-infected cells at each stage of lytic or latent cycle, with 

approximately 5 million EBER transcript copies per cell (Lerner et al., 1981). As such, 

in situ hybridization of EBERs is currently the most sensitive technique to detect EBV 

infection in tissues (AbuSalah et al., 2020). Although abundantly expressed and 

shown to be confined to the nucleus (Fok et al., 2006), EBER functions remain 

incompletely defined. Studies investigating EBER knockout mutants have generated 

conflicting results, with reports demonstrating EBER expression was essential for 

transformation (Yajima et al., 2005, Wu et al., 2007), and others showing no 

differences between mutants and wild type EBV (Gregorovic et al., 2015, Pich et al., 

2019), though this may reflect different EBV cell lines used. Knockdown of EBER2 in 

B cells with type II EBV latency was shown to prevent binding of transcription factor 

PAX5 to terminal repeats of the latent EBV genome, with downstream upregulation of 

LMP expression (Lee et al., 2015). EBER knockouts however had equivalent LMP 

protein expression to wild type EBV (Pich et al., 2019), indicating potential roles as 
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guides for viral genome transcription can be carried out by other factors in absence of 

functional EBERs. 

While the majority of EBV latent proteins are highly immunogenic, viral microRNAs 

(miRNAs) can regulate viral and cellular gene expression without stimulating the host 

immune response. Currently 44 mature EBV miRNAs have been detected in EBV-

infected cells, encoded by BART1 and BHRF1 clusters. While numerous EBV miRNA 

targets have been identified, the cooperative regulation by miRNAs make it difficult to 

study individual miRNA functions. BART1 miRNAs have been shown to be 

downregulated in replicating cells and co-operatively prevent expression of IE lytic 

gene BZLF1 thereby maintaining EBV latency (Lin et al., 2015). BHRF1 cluster 

mutants failed to facilitate LCL transformation in vitro, thought to be due to BHRF1-

encoded miRNA acting on promoters of EBNA-LP and LMP1 genes to maintain latency 

(Poling et al., 2017). Furthermore, EBV miRNAs can inhibit T cell recognition and 

killing of infected cells through downregulation and/or inhibition of promoters for 

genes involved in peptide presentation, demonstrating direct mechanisms by which 

miRNAs contribute to EBV immune evasion (Albanese et al., 2016). 

Roles of the many EBV lytic and latency genes have been well defined, though how 

EBV mediates lifelong latency with limited morbidity in the vast majority of the 

population is incompletely understood. It is clear that epigenetic regulation, through 

numerous post-translation modification mechanisms, is critical in the co-ordinated 

control of viral and cellular gene product expression (Murata et al., 2021), as well as 

efficient hijacking of B cell metabolic pathways to orchestrate transition between 

latency programs and lytic reactivation (Müller-Durovic et al., 2024). It is also likely 

EBV has evolved mechanisms that utilise host innate and immune responses to 

maintain viral latency, which may be key to uncovering the aberrant host to immune 

interactions that lead to pathologies. 

1.2.7 Immune responses to EBV infection and reactivation 

Like other viral infections, induction of the innate immune response to EBV is 

triggered by intracellular pathogen recognition receptors (PRRs) capable of 

identifying various pathogen-associated molecular patterns (PAMPs) within the viral 

genome or transcribed gene products. An important PRR for double stranded RNA 

detection is RIG-I, which has been shown to recognise an RNA-polymerase III-
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transcribed EBER RNA intermediate during lytic replication and initiate a type I 

interferon response (Ablasser et al., 2009, Duan et al., 2015). Additionally, a major 

PRR for DNA viruses is interferon-γ-inducible protein-16 (IFI16) which activates the 

inflammasome within the cytoplasm of infected cells. Lytic EBV replication is rapidly 

detected by IFI16, and IFI16 co-localisation with the EBV genome in latently-infected 

cells is a key mediator in the switch from latent to lytic reactivation (Ansari et al., 

2013, Pisano et al., 2017). Furthermore, recognition of the EBV genome and induction 

of innate responses by numerous Toll-like receptors (TLRs) has been reported 

including TLR2, TLR3, TLR7 and TLR9 (Gaudreault et al., 2007, Iwakiri et al., 2009, 

Fiola et al., 2010, van Gent et al., 2014, Zheng et al., 2014).  

Upon inflammatory induction, key mediators of the innate cellular response include 

NK cells, invariant natural killer-T cells (iNKT), and γδ-T cells. Primary EBV infection 

induces a significant NK cell expansion which can lyse lytically infected cells, with the 

magnitude of NK cell response linked to disease severity of IM in numerous studies 

(Azzi et al., 2014, Williams et al., 2005, Balfour et al., 2013). EBV lymphoproliferative 

disorders have been reported in patients with inherited disorders specifically 

resulting in NK cell deficiency or abrogated NK cell responses, indicating NK cells are 

critical for EBV infection control (Parolini et al., 2000, van Montfrans et al., 2012, 

Orange, 2013, Salzer et al., 2013). Significant expansions of activated γδ-T cells have 

also been reported following EBV primary infection (Fujishima et al., 2007, Hassan et 

al., 1991, Farnault et al., 2013, Zhong et al., 2017). As a subset of unconventional T 

cells, γδ-T cells can elicit killing of viral-infected and cancer cells in an MHC-

independent manner, instead recognising various molecules related to cellular stress, 

metabolic dysfunction or inflammation. Expansion of γδ-T cells expressing the 

Vγ9Vδ2 receptor with strong EBV responses have been detected in approximately 

half of the general population, while the other half combat primary infection with NK 

cells alone; with no demographic or clinical factor currently identified to explain this 

polymorphism (Djaoud et al., 2017). Studies in vitro have demonstrated Vγ9Vδ2 T 

cells can recognise isopentenyl pyrophosphate (IPP) secreted by EBV+ cell lines, a 

phospho-antigen synthesised by stressed or transformed cells, though it is unclear if 

this is the mechanism of recognition during primary infection in vivo. Moreover, this 

Vγ9Vδ2 T cell population elicited significantly enhanced effector functionality to 

Daudi and Akata cell lines than other EBV-infected targets. This is thought to be due 

to polymorphisms in the Daudi and Akata genome that lack β2-microglobulin causing 
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downregulation of MHC class I molecules, therefore preventing MHC class I-specific 

inhibitory receptor triggering on γδ-T cells. This highlights fundamental differences 

in immune mediators between EBV strains, which may underpin the varied 

pathogenesis of EBV-associated diseases. Invariant NKT cells are a further subset of 

unconventional T cells able to induce cytotoxicity without peptide recognition. 

Patients with EBV-associated HL and NPC have been shown to have depleted 

frequency and functionally impaired iNKT, which suggests this subtype plays a role in 

the continued regulation of EBV reactivation as well as primary infection response 

(Yuling et al., 2009, Chung et al., 2013). 

Adaptive immunity to EBV is mediated by both humoral and cellular responses. 

Following primary infection, antibodies are generated against a wide range of EBV 

lytic antigens (Hinderer et al., 1999, Zeng et al., 1997, Sugimoto et al., 2011) including: 

p18 viral capsid antigen (VCA) (BFRF3 gene); p23 VCA (BLRF2 gene); p125 

membrane protein (BALF4 gene); p143 tegument protein (BNRF1 gene); p150 capsid 

protein (BCLF1 gene); DNA polymerase accessory protein (BMRF1 gene), DNA 

polymerase (BALF5 gene); early antigen (BALF2 gene); and ZEBRA (BZLF1 gene). 

Antibodies against EBV latent antigens are largely absent or undetectable in healthy 

carriers, except for EBNA-1 IgG which are detected throughout the host lifespan (Meij 

et al., 1999, Paramita et al., 2011). This highlights effective evasive strategies of EBV 

during latency stages to prevent development of latency-specific memory B cells. 

Clinical diagnostics are usually based on serum IgM and IgG levels against EBV VCA 

and EBNA-1. Anti-VCA IgM appear early in infection, usually disappearing after 4-6 

weeks, and anti-VCA IgG peak 2-4 weeks post-infection before contraction but persist 

through the host lifespan. Antibodies against EBNA-1 however aren’t detected in 

early stages, instead appearing a couple of months post-infection. Therefore, the 

presence of VCA IgM or IgG with absence of EBNA-1 IgG diagnoses a current or recent 

primary infection (Howley, 2022). Eventually, the serology profile reaches that of a 

healthy carrier: IgM anti-VCA-, IgG anti-VCA+, IgG anti-EBNA1+, IgG anti-EBNA2low/- 

which is stable long-term (Guerrero-Ramos et al., 2014). Antibodies against EBV 

envelope glycoproteins gH/gL, gp42 and gp350 able to neutralize infection of B cells 

and epithelial cells have also been reported in serum of healthy donor adults, which 

may be important for long-term control of EBV reactivations (Bu et al., 2019).  
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Although host EBV-specific CD8+ T cells are unable to eradicate the virus from the 

body, they are able to lyse EBV-infected cells recognised by presentation of viral 

antigen on the surface of infected cells by MHC class I molecules (Klein, 1994). The 

most robust CD8+ T cell responses upon primary infection are mounted against 

immediate-early and early lytic genes, though the response broadens to late and 

latent antigens with persistent infection (Hislop et al., 2002, Woodberry et al., 2005). 

A large amount of work has been done to define T cell responses during primary 

infection, though the majority of studies investigate symptomatic IM patients as these 

are easily identified as newly infected with EBV. Extremely high expansions of CD8+ 

cells specific to EBV lytic antigens have been reported in these patients, at 1-40% of 

the total CD8+ compartment (Catalina et al., 2001, Hislop et al., 2002, Pudney et al., 

2005, Abbott et al., 2013). However, since IM represents an atypical pathology, it 

likely does not reflect T cell responses for the vast majority who acquire EBV in early 

childhood without symptomatic presentation. There have been a number of 

longitudinal studies that have tracked EBV-seronegative individuals through 

seroconversion to investigate T cell responses to asymptomatic primary infection. 

Two studies in children demonstrated very limited expansion of EBV-specific T cells 

and total CD8+ numbers over the course of asymptomatic primary infection, even 

with high EBV viral load (Silins et al., 2001, Jayasooriya et al., 2015). A further study 

in university students identified several individuals undergoing silent infection, with 

viral load as high as seen in IM patients, but with no changes to overall T cell 

compartment and a low frequency of EBV-specific T cells detected (Abbott et al., 

2017). These results suggest only very small numbers of EBV-specific T cells are 

sufficient to both control EBV primary infection and develop into robust memory T 

cell responses without driving a substantial pathological response. 

T cell responses in long-term healthy carriers are largely directed to the EBNA-3 

antigens, although studies usually use LCLs to stimulate polyclonal T cell expansion in 

vitro which may bias the antigen-specific responses and therefore may not fully 

represent the frequencies within peripheral circulation (Murray et al., 1992). 

Nonetheless, there is a clear hierarchy of antigens that generate T cell responses, with 

EBNA-3 family as immunodominant and to a lesser extent EBNA-2 and LMP2, 

whereas EBNA-1 and LMP-1 have weak T cell responses. While the antigen specificity 

is also influenced by HLA type, the weak immune response to EBNA-1 and LMPs likely 

reflects an immune evasion strategy by which EBV is able to hide during the relevant 
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latency programs. Though EBV-specific T cell responses contract after primary 

infection, continued regulation of EBV-infected cells is attributed to a significant 

fraction (0.1-3%) of the circulating CD8+ memory T cell pool which is stable over the 

host lifespan (Hislop et al, 2007). The only virus that exceeds this memory T cell 

response in humans is CMV. Conversely, EBV-specific CD4+ T cell responses are 

approximately 10-fold lower than that of CD8+ T cells, and with specificity more 

broadly distributed across IE, E and L lytic antigens as well as the different latent 

antigens (Leen et al., 2001, Amyes et al., 2003, Long et al., 2011, Ning et al., 2011). The 

increased breadth of the EBV-specific CD4+ T cell response is thought to reflect the 

large range of antigens released by infected cells and processed by antigen-

presenting cells, as well as antigen presentation by infected B cells themselves (Leung 

et al., 2013, Howley, 2022).  Memory EBV-specific CD4+ T cells with a polyclonal 

repertoire are maintained throughout the host lifespan, with multifunctional effector 

responses through classic Th1 production of interferon-gamma (IFN-γ), tumour 

necrosis factor-alpha (TNF-α), and interleukin-2 (IL-2), primed ready to induce CD4 

helper functions (Long et al., 2011, Ning et al., 2011, Cárdenas Sierra et al., 2014). 

There have also been reports of CD4+ T cells with capacity to directly lyse EBV-

infected cells, so-called cytotoxic CD4+ T cells, though it is not known to what extent 

they play a role in the natural in vivo response to the virus (Long et al., 2005, Haigh et 

al., 2008, Choi et al., 2018).  

1.2.8 Role of EBV in lymphoma 

As previously discussed, EBV can be involved in a wide range of clinical conditions. 

EBV-associated diseases are broadly categorised into those of active lytic infection, 

autoimmune disorders, and malignancies (Damania et al., 2022, Huang et al., 2023). 

The role of EBV in epithelial cancers is out of scope of the current review which will 

focus on EBV lymphoproliferations, however pathogenesis of EBV+ epithelial 

transformations is comprehensively discussed by Low et al. (2023). How EBV is 

involved in autoimmune disorders is less clearly understood, though an interesting 

review by (Robinson et al., 2024) considers the current evidence and mechanistic 

theories. While clinical manifestations are clearly diverse; the diagnosis and 

classification of disease are largely determined by germinal centre expression of EBV 

lytic and/or latent antigens. Importantly, the EBV antigen expression as well as host 

immune responses are key in determining the optimal approaches for therapy. 
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For example, expression of the minimal spectrum of EBV latent antigens is considered 

the most difficult to treat because such associated lymphomas can develop in 

relatively immunocompetent individuals. It is suggested EBV-associated Burkitt 

lymphoma (BL) and Hodgkin lymphoma (HL) may arise from germinal centre B cells 

with latency I or II profile respectively, which get stuck in the cell cycle transition and 

consequently become malignant. The exact mechanism for this is currently unknown 

in HL, but it is inferred that high protein expression of LMP1 and LMP2 observed in 

all Reed-Sternberg cells (a clinical feature of HL) are involved in oncogenic 

transformation (Massini et al., 2009, Shannon-Lowe and Rickinson, 2019). EBV+ BL 

most frequently occurs in sub-Saharan Africa in regions endemic for malaria, where 

the higher number of germinal centre B cells responding to malaria may permit 

increased opportunity for chromosomal translocations within the c-myc oncogene 

(Münz, 2023). Consequent overexpression of c-myc is the major determinant of a 

highly proliferative BL phenotype, though EBV microRNAs expressed in latency I may 

drive enhanced anti-apoptotic signals increasing the potential for malignant 

transformation (Vereide et al., 2014). Furthermore, diffuse large B cell lymphoma 

(DBLCL) is the most common high-grade non-Hodgkin lymphoma globally, of which 

~10% are EBV+ tumours. EBV+ DLBCL is usually of latency type II within relatively 

immune competent individuals, although can present with latency III in elderly or 

more immunocompromised individuals (Bourbon et al., 2021). The interaction 

between DLBCL and EBV is still poorly understood, though mutations in EBNA-3B 

have been identified in some cases (White et al., 2012). As a tumour suppressor gene, 

this may lead to increased risk of lymphoma development. EBV infection can also 

induce many different types of highly aggressive NK cell or T cell lymphomas usually 

of type II latency, though factors resulting in an NK cell/ T cell reservoir for viral 

persistence in these rarer cases are still largely unclear (Damania et al., 2022). 

Why T cell immunity fails to control latency I or II tumour growth in these otherwise 

immunocompetent individuals is not fully understood, though clearly any arising 

tumours restricted to these few subdominant EBV antigens would have a competitive 

advantage through evasion of immune surveillance. Despite this, LMP-specific T cells 

are frequently detected in the blood of patients with latency II tumours (Chapman et 

al., 2001), though they can be at reduced frequency compared to healthy carriers. 

Numerous HLA alleles are associated with risk for the different EBV-associated 

malignancies, with implication that mutations in genes within the MHC region may 
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contribute to antigen-specific ‘holes’ in the T cell repertoire of such individuals 

(Taylor et al., 2015). The tumour microenvironment (TME) is also thought to play a 

major role in pathogenesis of these lymphomas. Particularly in HL patients, 

mechanisms have been observed whereby the TME inhibits immune infiltration 

(Chetaille et al., 2009, Barros et al., 2012), or recruits immunomodulatory cells which 

drive an immunosuppressive TME (Morales et al., 2014).  

Conversely, tumours expressing the numerous type III latency EBV antigens are 

highly immunogenic, generally susceptible to T cell control, and therefore typically 

only develop to severe lymphomas in those with a compromised immune system. 

1.2.9 Post-transplant lymphoproliferative disorder (PTLD) 

As mentioned above, EBV can induce severe immunoblastic lymphoproliferations in 

immunocompromised individuals. Transplant patients are particularly at risk of 

developing EBV-induced PTLD since they are iatrogenically immunosuppressed to 

prevent graft rejection. Without the protective memory EBV-specific CD8+ T cell 

response, a primary infection or reactivation of EBV can rapidly develop into serious 

pathologies. 

As an umbrella term for a spectrum of lymphoproliferative diseases developed 

following transplant, recent World Health Organisation (WHO) and International 

Consensus Classification (ICC) identifies six subclasses of PTLD characterised into 

two major types: non-destructive and destructive (Alaggio et al., 2022, Campo et al., 

2022). Non-destructive PTLDs are further sub-classified into plasmacytic hyperplasia, 

infectious mononucleosis-like PTLD and florid follicular hyperplasia. These are non-

malignant polyclonal lymphoproliferations with preserved lymph node architecture 

and are typically readily treated by reduction in immune suppression. Destructive 

PTLDs are more aggressive, and are subcategorised into polymorphic PTLD, 

monomorphic PTLD and classic Hodgkin lymphoma (cHL) PTLD dependent on lesion 

morphology and clonality. The different categories of PTLD and current typical 

clinical management is outlined in Table 1.4. 

 



33 

– Introduction 
 

Lesion Type EBV+ PTLD Category Clonality Typical Treatment 

Non-

destructive 

Plasmacytic hyperplasia  Polyclonal 

Most likely to respond to RIS or surgery. IM-like  Polyclonal 

Florid follicular hyperplasia Polyclonal 

Destructive  Polymorphic  Polyclonal May respond to RIS. Often requires 

rituximab with or without chemotherapy. 

Monomorphic (DLBCL, BL, T 

cell/ NK-cell lymphomas) 

Monoclonal May respond to rituximab alone. May 

require multi-agent chemotherapy. 

Classic HL  Monoclonal Requires multi-agent chemotherapy. 

Table 1.4 - Classification of EBV+ post-transplant lymphoproliferative disorders. 

Adapted from El-Mallawany and Rouce (2024). BL, Burkitt lymphoma; DLBCL, diffuse large B cell 
lymphoma; HL, Hodgkin lymphoma; IM, infectious mononucleosis; PTLD, post-transplant 
lymphoproliferative disorder; RIS, reduced immunosuppression.  

Data from various transplant registries indicates overall incidence of PTLD varies 

between 1-25% following solid organ transplant (SOT) (Peters et al., 2018, Allen and 

Preiksaitis, 2019, Mark et al., 2024, Tajima et al., 2024) and between 1-16% following 

HSCT (Dierickx and Habermann, 2018, Fujimoto et al., 2019, Lee et al., 2021, Lindsay 

et al., 2021). These varied ranges are dependent on a multitude of risk factors 

including: donor and recipient EBV serostatus, transplant type, immunosuppression 

conditioning regimen, recipient age, degree of HLA-mismatch between donor and 

recipient, and development of GVHD.  

The most significant risk for developing PTLD is in EBV-seronegative patients 

receiving an allograft from an EBV-seropositive donor and as such is more common in 

children (Kinzel et al., 2022). Paediatric EBV-seronegative patients have >70-fold 

increased risk of developing PTLD compared to that of EBV-seropositive children or 

adults (Cockfield, 2001, Dharnidharka et al., 2012). Interestingly reports have 

demonstrated maternal transfer of EBV-specific antibodies to infants which may 

protect against infection, however maternal antibody levels have found to decay 

within 6 months (Reynaldi et al., 2016). Therefore, it is suggested that EBV-

seropositive donors <6 months old should be considered seronegative, since the 

serostatus of these donors doesn’t reflect natural infection and have demonstrated 

negligible transmission of EBV to seronegative recipients (Mabilangan et al., 2020, 

Preiksaitis et al., 2024). This is an important exception when stratifying risk and 

donor selection for infant transplants, which are already so limited by size-matching 

constraints. Presence of other chronic viral infections such as cytomegalovirus and 
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hepatitis C are also risk factors for PTLD development (Lim et al, 2006). The type and 

intensity of immunosuppression post-transplant are independent risk factors, though 

assessment of particular immunosuppressive agents is challenging due to the 

common use of combination regimens. Regimes that include immunosuppressive 

agents that act against T cells confer a higher risk for EBV+ PTLD development, 

including T cell depleting antibodies and anti-thymocyte globulin (Landgren et al., 

2009, Hoegh-Petersen et al., 2011, Asleh et al., 2019, Fujimoto et al., 2019, Salas et al., 

2020).  In addition, increased risk of developing EBV+ PTLD has been associated with 

homozygous expression of HLA-A1 in both the transplant recipient (Kinch et al., 

2016) and organ donor (Zaffiri et al., 2020).  

PTLD arising in SOT recipients are typically of recipient origin, although in EBV-naïve 

recipients the virus is acquired from the EBV-seropositive allograft (Swinnen et al, 

2008). Tumours expressing type III latency are invariably of B-cell origin and develop 

in the first year post-transplant. The incidence of PTLD following SOT varies by the 

transplanted organ, with intestinal or pancreas transplants associated with highest 

risk (L'Huillier et al., 2019, Tajima et al., 2024).  

PTLD developing after HSCT usually results from transplant donor B cells and 

appears within the first 6–12 months post-transplant, when profound deficiencies of 

host EBV-specific T cells are seen. In PTLD patients resulting from HSCT 

transplantation, significantly higher incidence was associated with pre-conditioning 

regimens involving total body irradiation as opposed to those without, as well as 

having an HSCT graft from a non-HLA-matched sibling donor (Kinzel et al., 2022).  

1.2.10 Current treatments for EBV+ PTLD 

Currently the first-line therapy for PTLD is reduction of immunosuppression (RIS), 

which allows partial restoration of the host EBV-specific T cell functionality. This 

therapy can be successful in some cases, though is limited by the subsequent 

potential risk of inducing graft rejection. Reduced immunosuppression is most 

effective in non-destructive early lesions, which may regress with RIS alone (Tsai et 

al., 2001). Use of RIS as a strategy for PTLD following SOT has been associated with 

37% complete remission rate, a 17% relapse rate, and 32% incidence of graft 

rejection (Reshef et al., 2011). Therefore, if complete remission is not achieved within 

2-4 weeks of RIS, or if disease progression or graft rejection occurs within this 
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window, other treatment strategies must be employed (Zaffiri et al., 2020). 

Furthermore, for PTLD following HSCT, RIS may not be possible to due high risk of 

fatal GVHD (Al Hamed et al., 2020), and rarely results in sufficient recovery of EBV-

specific immunity to eradicate PTLD (Clerico et al., 2022). 

Secondary lines of treatment usually involve singular or combinatorial use of anti-

CD20 monoclonal antibody rituximab and chemotherapy regimens. Rituximab has 

demonstrated effective depletion of CD20+ B cells and as such can be used as a 

therapy for CD20+ PTLD. A large multicentre phase II trial of 148 CD20+ PTLD 

patients demonstrated 25% patients had sustained complete responses to rituximab 

monotherapy, and a further 37% achieved complete response with rituximab and 

subsequent chemotherapy (Trappe et al., 2017).  A recent long-term study of real-

world cohort patients receiving rituximab monotherapy out-with a trial setting 

demonstrated 38% complete response rate, with 87.5% of these patients sustaining 

disease-specific survival at 5 years follow-up (González-Barca et al., 2021). If 

complete response is not achieved with rituximab alone, current guidelines 

recommend four cycles of CHOP-21 chemotherapy (cyclophosphamide, doxorubicin, 

vincristine, and prednisone every 21 days) to clear any further malignant cells. 

Though combined rituximab with CHOP (R-CHOP) can be an effective therapy for 

CD20+ PTLD, chemotherapy is associated with significant toxicities, with a recent 

trial reporting 53% patients had CHOP-induced toxicity including grade 3/4 

infections and acute renal failure (Zimmermann et al., 2022). Furthermore, while 

CD20+ PTLD represents ~75% of all PTLD cases (Orjuela et al., 2011, Zimmermann 

and Trappe, 2013), patients with CD20- PTLD or who are relapsed/refractory to R-

CHOP have no current effective treatments (Atallah-Yunes et al., 2023). Surgery or 

radiotherapy can be utilised for the removal of localised PTLD tumours, though such 

cases are rare (Rossignol et al., 2015, Orlandi et al., 2021). 

Despite the current treatment options, mortality remains estimated at 30-50% due to 

complications of treatment and refractory disease, with significantly higher rates in 

PTLD patients with extra-lymphatic involvement, older patients and those with 

established GVHD (Styczynski et al., 2013, Kinzel et al., 2022). Importantly, while 

novel therapeutics are being explored, there is a paucity of late-stage clinical trials 

due to PTLD rarity and massive disease heterogeneity. Moreover, randomised 

controlled trialling of investigational therapies against established standard of care is 
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unethical due to the aggressive nature and high fatality of the disease, therefore 

introducing improvements in treatment efficacy is very challenging. 

1.2.11 Treatment of EBV+ PTLD with EBV VST 

Immunotherapy using VST was first clinically used as prophylaxis or treatment of 

EBV-positive PTLD in the mid-1990s within the HSCT transplant setting (Rooney et 

al., 1995, Rooney et al., 1998, Gustafsson et al., 2000). For this initial strategy, blood 

was taken from the HSCT transplant donor to generate EBV VST ex vivo, which were 

then administered to the transplant patient as VST infusions.  However, for PTLD 

patients resulting from SOT, EBV VST cannot be derived from the organ donor since 

there is generally no donor blood available. Therefore, EBV VST generated from the 

patient themselves were also investigated as an approach to treat PTLD in SOT 

recipients (Haque et al., 1998, Khanna et al., 1999, Savoldo et al., 2006). Patient-

derived, or autologous cell therapies have the clear benefit of reduced risk of immune 

reactions or rejection when delivered back to the patient as compared to donor-

derived allogeneic cell therapies. While autologous EBV VST therapy demonstrated 

tumour regression in some patients, the timescale to generate patient-specific EBV 

VST after diagnosis severely limited the potential delivery of this therapy, with many 

patients dying before infusion. Furthermore, the lengthy manufacture of autologous 

VST does not allow for the potential of this cell therapy as a prophylaxis, and high 

costs to generate patient-specific cells is impractical for scalable PTLD management. 

Additionally, it is more difficult or can be impossible to produce EBV VST from EBV-

seronegative individuals, and who are consequently at higher risk of developing PTLD 

following a transplant. Finally it can be very challenging to isolate and expand T cells 

from patients who have undergone iatrogenic immunosuppression. Therefore in the 

early 2000s several groups developed cell banks of EBV VST derived from “third-

party” otherwise healthy donors (i.e. not the transplant patient or recipient). Such 

allogeneic cell therapies could be manufactured and cryopreserved for long-term 

storage in liquid nitrogen, therefore allowing therapy delivery in an “off-the-shelf” 

manner rapidly following PTLD diagnosis. By making VST banks from a range of 

donors with wide-ranging HLA types, allogeneic cells with the best HLA match could 

be selected for each patient and thereby minimise risk of immune reaction to therapy. 

The first multicentre phase 2 trial for administration of third party EBV VST to treat 

PTLD after SOT showed overall patient response rates of 64% and 52% at 5 weeks 
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and 6 months, respectively (Haque et al., 2007). Since then, other clinical studies have 

replicated successful results of safety and efficacy using third-party donor EBV VST 

for the treatment of relapsed or refractory PTLD as outlined in Table 1.5.  

Reference EBV+ PTLD Patients Manufacturing 
Approach 

Responses TSAE 

Total HSCT SOT NT CR PR ORR 

Sun et al. 
(2002a) 

2 0 2 0 LCL ex vivo 
expansion 

1 1  75% None 

Haque et 
al. (2007) 

33 2 31 0 LCL ex vivo 
expansion 

14 3  52% None 

Barker et 
al. (2010) 

2 2 0 0 LCL ex vivo 
expansion 

2 0 100% None 

Uhlin et al. 
(2012) 

1 0 0 0 Multimer selection 
BMLF1 & LMP2 

1 0 100% None 

Vickers et 
al. (2014) 

10 6 4 0 LCL ex vivo 
expansion 

8 1 80% None 

Gallot et al. 
(2014) 

11 9 0 2 LCL ex vivo 
expansion 

3 1 44% None 

Chiou et al. 
(2018) 

10 0 10 0 LCL ex vivo 
expansion 

8 1 100% None 

Mika et al. 
(2019) 

1 1 0 0 LCL ex vivo 
expansion 

1 0 100% None 

Kazi et al. 
(2019) 

59 28 20 11 LCL ex vivo 
expansion 

23 12 59% None 

Prockop et 
al. (2020) 

46 33 13 0 LCL ex vivo 
expansion 

21 8 63% 1 
GVHD 

Jiang et al. 
(2022) 

3 3 0 0 EBV consensus 
peptides stimulation 
& CD137 selection 

3 0 100% None 

Bonifacius 
et al. 
(2023) 

24 14 5 5 EBNA1 & EBV 
consensus peptides 
stimulation & IFN-γ 
selection 

14 2 60% None 

Mahadeo 
et al. 
(2024) 

43 14 29 0 LCL ex vivo 
expansion 

12 10 51% None 

Wistinghau
sen et al. 
(2024) 

15 0 15 0 LMP1 & LMP2-
transduced LCL ex 
vivo expansion  

4 4 53% 1 
grade 
III CRS 
 

Table 1.5 – Clinical studies using third-party EBV VST therapy of relapsed/refractory EBV+ 
PTLD  

CR, complete response; CRS, cytokine release storm; GVHD, graft versus host disease; HSCT, 
haematopoietic stem cell transplant; LCL, lymphoblastoid cell line; NT, non-transplant; ORR, 
overall response rate; PR, partial response; SOT, solid organ transplant; TSAE, treatment-
associated serious adverse event. 
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1.2.12 Methods to generate EBV VST 

The initial method developed to generate EBV VST was by co-culture of EBV-

immortalised LCL that express a wide range of EBV latent and lytic cycle proteins, 

with the same donor PBMC. Repeated stimulation allows presentation of EBV 

antigens expressed on LCL to T cells within the PBMC population, driving ex vivo 

expansion of EBV-specific clones. Conventionally this requires 6-12 week long 

stimulations with irradiated LCL (to prevent LCL outgrowth in culture) to induce EBV 

VST expansion into clinically relevant numbers.  Once characterisation and functional 

evaluation is complete and when cultures are deemed sufficiently purified and 

specific for EBV, the products can be formulated into patient bagged doses and 

cryopreserved for long term storage in liquid nitrogen cell banks. The Scottish 

National Blood Transfusion Service (SNBTS) have generated two EBV VST banks 

using the LCL method. The first bank was made from 135 local Scottish donors and 

used to treat 74 patients in initial clinical studies (Haque et al., 1998, Haque et al., 

2001, Haque et al., 2002, Wilkie et al., 2004, Wynn et al., 2005, Haque et al., 2007, 

Haque et al., 2010). Following regulatory changes to white blood cell products due to 

the new variant Creutzfeldt-Jakob disease (nvCJD) outbreak in the UK, a second bank 

was made from 25 New Zealand donors at low risk of nvCJD. This bank is still in 

clinical use and has been issued to >100 relapsed or refractory PTLD patients under a 

Medicines and Healthcare Regulatory Agency (MHRA) ‘Specials’ license (Vickers et al., 

2014, Chiou et al., 2018, Kazi et al., 2019). 

As can be seen in Table 1.5, the LCL ex vivo expansion method is still widely used as 

the approach to manufacture EBV VST for adoptive transfer therapy. However, this 

method requires lengthy and complex cell culture and carries the risk of using a live 

virus in the supernatant to establish LCL lines. Therefore, other methods and 

techniques have been developed to manufacture antigen-specific T cells for 

therapeutic use. Other approaches for the derivation of EBV-specific T cells include 

DC antigen presentation with ex vivo expansion (Gerdemann et al., 2013, Withers et 

al., 2017), multimer selection (Uhlin et al., 2012) and cytokine capture selection (CCS) 

(Moosmann et al., 2010, Icheva et al., 2013). 

DC or other artificial APC can be loaded with peptides from the desired viral antigens, 

and used to present these antigens to relevant T cells for ex vivo expansion (Ngo et al., 

2014). While similar conceptually to the LCL ex vivo expansion process, use of non-
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infected or non-tumour cells as APC allows complete customisation of peptides, 

therefore making antigen-specific T cell products refined to individual peptide 

targets. This ability to tailor to antigens of choice has substantially progressed the 

development of T cell products specific to multiple viruses (Vasileiou et al., 2020). 

Adoptive transfer of multi-virus T cells offers a different approach by prophylactic 

administration to prevent the most common post-transplant viral infections (Dadwal 

et al., 2024).  

Multimer selection allows isolation of HLA-epitope specific T cells from a mixed blood 

cell source of an EBV-seropositive donor. While this is a rapid manufacturing method, 

it is restricted by HLA type and can be difficult in donors with low frequency of the 

particular epitope-specific T cells (Bollard and Heslop, 2016). Also, since currently 

multimers are mainly available for HLA class I antigens, lack of HLA class II multimers 

and hence inability to isolate CD4+ antigen-specific T cells may have consequences on 

therapeutic efficacy (discussed further in Section 1.3.1). 

Cytokine capture selection is another isolation methodology using peptides to 

stimulate PBMC from a seropositive donor (Campbell, 2003, Campbell et al., 2011). 

The functionally responsive antigen-specific memory T cells then secrete antiviral 

effector cytokines such as IFN-γ. These cytokine-secreting T cells can then be isolated 

by magnetic column enrichment. This method allows rapid purification of VST and a 

simpler isolation protocol through being unrestricted to HLA type. This approach also 

has the benefit in only selecting functionally active T cells capable of producing 

antiviral effector responses and therefore limits the potential for isolating 

functionally exhausted T cells in the cell product. SNBTS recently developed this 

technique to generate third party EBV VST for therapy using class I and class II-

restricted peptide pools covering sequences for 15 different EBV lytic and latent 

antigens. A post-selection culture process was then optimised to expand the EBV-

specific T cells isolated by CCS for up to 3 weeks to make clinically relevant numbers 

for therapy. Due to successful process optimisation and translation, a third bank of 

EBV VST was manufactured to GMP standards at SNBTS and has since been approved 

for clinical use in relapsed/refractory on a Specials compassionate use basis. Since 

the LCL and CCS approaches to EBV VST manufacture differ so much in methodology, 

it was the basis of this thesis to comprehensively compare processes and products in 

terms of factors important to adoptive cell therapy for PTLD patients. 
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1.3 Understanding what makes a good T cell therapy 

Advances in approaches for cell therapy manufacture should always be considered 

against the potential improvements to safety and efficacy of the product. Following 

successful trials showing safety of VST products, a key focus of investigation is to 

elucidate how the infused cells contribute to clinical outcome in some patients, but 

not in others. It is tempting to speculate that clinical outcome is largely dictated by 

heterogeneous disease and clinical management of PTLD patients, however the T cell 

products should also be explored as a differential factor. To compare therapies, a 

broad range of assays should be utilised to characterise cell status, health, function 

and purity, as well investigating fundamental aspects of T cell biology. This section 

will focus on understanding what makes an effective T cell therapy in the context of 

allogeneic adoptive transfer for viral driven and/or cancerous diseases. 

1.3.1 Roles of helper and cytotoxic T cells in adoptive transfer for 
viral diseases 

Antigen-specific T cells are broadly classified into CD4+ helper T cells and CD8+ 

cytotoxic T cells. CD4+ T helper (Th) cells are then further categorised into Th 

subpopulations based on the effector cytokines they secrete. Currently, major CD4 

subtypes include: Th1- important for intracellular antiviral and antibacterial 

immunity, Th2 - important for allergy responses and extracellular helminth 

infections; Th17 which mediate various antibacterial and antifungal responses and 

follicular helper (Tfh) cells which are important for maturation of B cell responses. 

Furthermore, regulatory T cells (Treg) also express CD4 and are crucial in controlling 

the immune response and mediating tolerance to self-antigens. A comprehensive 

analysis of the roles of different CD4 T cell subsets is reviewed in (Ruterbusch et al., 

2020), however the present study will focus on cytotoxic CD8+ and CD4 Th1 cells 

which drive antiviral and antitumour responses. 

The main role of cytotoxic CD8+ antigen-specific T cells is to directly lyse target 

virally-infected cells or tumour cells. Following antigen-MHC recognition by cognate 

TCR, CD8+ T cells secrete granules containing cytotoxic enzymes perforin and 

granzymes, a process known as degranulation. Perforin is a pore-forming protein 

creating holes in the target cell membrane, which then allows granzymes to enter the 

target cell and trigger it for apoptosis. In this way, CD8+ T cells elicit highly specific 
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target lysis by killing the cell from the inside and limiting damage to neighbouring 

cells. Both CD8+ and Th1 CD4+ T cells are defined by their effector functionality to 

secrete pro-inflammatory cytokines IFN-γ, TNF-α and IL-2.  

For the purposes of adoptive cell transfer to treat viral infections and/or tumours, it 

is clear that cytotoxic immune cells are crucial to effectively kill the targeted 

pathogenic cells. While CD4+ T cells have proven crucial to the support and survival 

of memory CD8+ virus-specific T cells in natural host responses (Novy et al., 2007), it 

is unclear whether CD4+ T cells are required to maintain clinical responses in 

adoptive T cell therapies. 

An initial study of gene-marked allogeneic EBV VST adoptively transferred to HSCT 

patients demonstrated both CD4+ and CD8+ populations of the infused T cells 

persisted and expanded in vivo up to 11 months (Heslop et al., 1996). In another 

study of VST adoptive transfer after HSCT, CMV-specific CD8+ T cell clones 

demonstrated poor persistence without additional CD4+ CMV-specific T cell helper 

responses (Peggs et al., 2003). Furthermore, in the SNBTS phase II trial testing third-

party EBV VST for refractory PTLD patients, a significantly higher number of patients 

had clinical responses lasting at least 6 months when infused with lines with a higher 

percentage of CD4+ T cells as compared to those containing <1% CD4+ T cells (Haque 

et al., 2007). These results loosely correlate a clinical benefit with the presence of 

CD4+ cells within adoptive T cell products, though without direct comparisons in 

trials the effect of CD4:CD8 content is hard to delineate. Interestingly, even cases 

where EBV VST products predominantly composed of CD4+ T cells (>50%), rather 

than CD8+ T cells, these have produced similarly effective clinical responses to the 

usual CD8-skewed T cell products (Leen et al., 2013, Prockop et al., 2020). No 

statistical correlations between CD4 to CD8 ratio were seen in these studies, though 

this was likely limited by small and heterogeneous patient cohorts. Whether the 

clinical responses seen in these cases was still principally driven by the few CD8+ T 

cells present in the products that then expanded in vivo, or whether the large 

numbers of infused CD4+ T cells indirectly mediated tumour killing is unclear. There 

is also the possibility that CD4+ T cells within these products were able to directly 

lyse target cells themselves as the lesser defined population of cytotoxic CD4+ T cells. 

While the exact roles by which adoptive transferred T cells elicit efficacious and 

prolonged tumour remission is still poorly understood, it is crucial to 
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comprehensively characterise the effector roles and capacities of CD4+ and CD8+ 

populations present in T cell products to track correlates of clinical responses. 

1.3.2 T cell memory and adoptive T cell persistence 

Increasingly in the field of T cell immunotherapy, clinical outcomes have been limited 

by recurrence relapse of the tumour a significant time after initial treatment. Central 

memory T cells have an established heightened capacity for proliferation compared 

to effector T cells which are further down the differentiation process. Therefore, it is 

often conjectured that central memory T cells would be the most desirable for 

adoptive transfer therapy due to the increased ability for clonal expansion and 

consequently longer persistence in the patient, therefore potentially preventing 

relapse. Supporting this model, adoptive transfer of CMV-specific T cells 

demonstrated improved survival and expansion in vivo following adoptive transfer to 

CMV+ macaques when derived from enriched central memory than effector memory 

cells (Berger et al., 2008). Improved engraftment and tumour response was also seen 

using central memory-derived CMV-specific T cells transferred into immunodeficient 

mouse models when compared to effector memory-derived cells (Wang et al., 2011). 

Another study demonstrated that sorted central memory antigen-specific T cells 

adoptively transferred to a melanoma mouse model had 3 log-fold higher expansion 

in the circulation at 21 days post-infusion than non-sorted controls (Kueberuwa et al., 

2017). In addition, the high proliferative capacity of central memory T cells also 

resulted in enhanced tumour clearance in melanoma transgenic mice compared to 

effector T cells which were far less successful in controlling large tumours (Klebanoff 

et al., 2005).  

While persistence of adoptive T cell therapies can be difficult to track in human trials, 

one clinical study used a retroviral vector to gene-mark EBV-specific T cells prior to 

allogeneic transfer to HSCT patients for prophylaxis of PTLD (Heslop et al., 2010). 

Gene-marked T cells were detected in 18/26 patients at 7 years post-infusion, with 

these cells maintaining anti-EBV functionality in LCL co-culture assays. While 

characterisation of the lines prior to infusion indicated 10-20% cells had central 

memory phenotype, the long-term persistence in vivo and sustained clinical 

responses indicate even a small number is sufficient to enter the memory pool and 

provide long-lived protection. Therefore, phenotypic characterisation needs to be 
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utilised to characterise central memory and effector populations in therapeutic T cell 

products to provide insights on potential functional persistence in patients. 

1.3.3 T cell trafficking, migration and infiltration 

Adoptive transfer of cellular therapies relies on the ability of the administered cells to 

reach and function within sites of disease. T cells, and lymphocytes in general, have 

sophisticated migratory mechanisms that are integral to their development, 

trafficking between peripheral blood and lymphoid organs, as well as extravasation 

into inflammatory tissue. These migratory and surveillance mechanisms are 

facilitated by expression of chemokine ligands and receptors. 

Chemokines are a family of chemotactic cytokines that are secreted at sites of 

inflammation, wound healing and tumour formation. They are recognised by 

chemokine receptors expressed on both innate and adaptive immune cells, thereby 

facilitating the migration of cells to sites of infection or injury and orchestrating the 

immune response and/or modulatory mechanisms. Chemokine ligands are classified 

into four subfamilies (CC, CXC, XC and CX3C) according to location of cysteine 

residues within their sequence (Murphy et al., 2000), which are crucial in forming the 

overall quaternary structure and ligand binding affinity to corresponding chemokine 

receptors. Chemokine receptors are 7-transmembrane G-protein coupled receptors 

(GPCRs) also classified into subfamilies based on the structure of the ligands they 

bind, with an additional family called ‘atypical’ chemokine receptors (ACKR) which 

are silent due to their inability to couple G proteins. In this way ACKRs are thought to 

modulate the signalling activating of nearby chemokine receptors by scavenging 

available chemokine, transporting chemokine through a polarised cell, and/or 

forming multimers with other chemokine receptors (Bonecchi and Graham, 2016).  

Chemokine ligand binding to receptor in most cases is not exclusive, as many 

chemokine receptors have high promiscuity of ligands they bind and equally 

chemokine ligands often bind multiple receptors. In addition, chemokine biology 

becomes very complex due to a multitude of factors which influence chemokine-

induced intracellular signalling pathways including: ligand binding affinity, cell type 

on which the chemokine receptor is expressed, potential formation of homo- or 

hetero-multimeric receptor structures, different G or other proteins, post-

translational modifications and whether surrounding tissue is inflammatory or in 
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homeostasis (Hughes and Nibbs, 2018). Overall, the high degree of complexity of 

parameters allows for an extremely sophisticated, time-coordinated and networked 

immune response. 

In context of the present study, it is clear infused EBV VST must be able to reach 

disease site(s) and sufficiently infiltrate into the PTLD tumour in order to achieve a 

clinical response. However not all PTLD patients achieve responses with EBV VST, 

therefore differential ability of the infused T cells to localise to the tumours should be 

considered. While clinical studies able to track transferred EBV VST within the 

patient between blood and tissues are lacking, we can infer potential chemotactic 

axes involved by investigating other EBV+ lymphomas. Such tumours have been 

reported to exhibit differential expression of chemokines and chemokine receptors 

dependent on EBV latency, which contribute to the overall tumour microenvironment 

and likely mediate the evasion of immune cell recruitment. 

For example, Reed-Sternberg cells of EBV+ HL tumours have been found to secrete 

chemokine ligands CCL17 (van den Berg et al., 1999, Beck et al., 2001) and CCL22 

(Maggio et al., 2002). The receptor for these ligands (CCR4) is expressed on T helper 

cells and regulatory T cells, and absent on effector cytotoxic CD8+ T cells, indicating a 

mechanism by which the tumour microenvironment simultaneously attracts 

immunomodulatory cells and evades anti-tumour responses (Marshall et al., 2004). 

Chimeric Antigen Receptor (CAR) T cells genetically modified to express CCR4 were 

found to show enhanced migration to HL tumour cells in vitro and improved 

migration to CD30+ engrafted tumours in SCID mice (Di Stasi et al., 2009). 

In EBV+ Burkitt lymphoma biopsies, tumour cells were found to have barely 

detectable expression of CCL17 compared to EBV+ LCL which had a high protein level 

of CCL17 (Kanamori et al., 2004). Expression of CCL17 was found to be induced by 

EBNA-LP in EBV-infected cell lines, and as such could be a further mechanism by 

which EBV latency III tumours do not evade T cell infiltration in immunocompetent 

individuals. In contrast, EBV+ BL lines secreted significantly higher concentrations of 

CCL3 and CCL22 compared to both EBV-uninfected B cells, and EBV+ latency III 

tumour cells (Miyauchi et al., 2011). High specific expression of these chemokines by 

BL tumours has been suggested as a potential EBV-induced immunosuppressive pro-

tumour strategy through recruitment and retention of regulatory T cells to the 
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tumour site. In addition, high expression of CCR1 but negligible levels of CCR2, CCR3 

and CCR5 have been observed in EBV+ LCLs and rare EBV latency III-expressing BL 

tumours as compared BL tumours expressing EBV latency I or II antigen profiles 

(Zvejniece et al., 2022). This suggests one or more of the EBV latency III genes 

induces B cell expression of CCR1, contributing to the immunogenic profile of EBV 

latency III cells. Furthermore, since the numerous chemokine ligands of CCR1 are 

abundantly secreted in SLO, potential migration of EBV+ latency III B cells to SLO may 

be involved in the disease pathogenesis and/or immune cell clearance of tumours in 

these locations. 

The human CCR5 receptor has famously been associated with HIV-1 entry into T cells 

following the observation that individuals with a 32-base pair loss-of-function 

deletion in the CCR5 gene (CCR5Δ32) renders these individuals resistant to HIV 

infection (Gupta et al., 2019). Though only reported in a relatively small cohort study 

(Bogunia-Kubik et al., 2007), the CCR5Δ32 mutation significantly correlated with fewer 

carriers exhibiting EBV reactivation post-HSCT (2/17 patients), compared to much 

higher incidence of EBV reactivation in those lacking the mutation (34/75 patients). 

Further to this, CCL3 and CCL4 (ligands of CCR5) have been found to be significantly 

upregulated in PTLD patient tumour cells induced by EBV LMP1, with markedly 

higher CCL3 concentration in patient plasma (Tsai et al., 2013b).  

Better understanding of the chemokine and receptor profile of manufactured EBV 

VST and target tumour cells may provide insight to mechanism by which adoptively 

transferred cells can elicit a profound anti-tumour response in PTLD patients. 

Additionally, specific upregulated chemokine ligands in other EBV+ tumours could be 

targeted using EBV VST with modified expression of particular chemokine receptors. 

1.3.4 T cell clonal repertoire  

Effective T cell responses to combat infection or malignant growth depend upon a 

highly diverse TCR repertoire able to recognise a wide range of antigens. Following T 

cell development in the thymus, the TCR repertoire is shaped by natural selective 

pressures and gradual immune senescence throughout the aging process (Porciello et 

al., 2022). In terms of chronic viral infections, repeated stimulation by different 

antigens as well as viral evasion mechanisms can select specific T cell clones for 

expansion, resulting in refinement of the TCR repertoire. Arguably it is likely the 
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presence and expansion of particular clonotypes that underpins the differences of T 

cell-mediated immunity between those able to naturally resolve infection versus 

individuals that progress to severe disease. Therefore, it is fundamental within the 

immunotherapy field to be able to analyse the TCR repertoire of immunocompetent 

and immunodeficient individuals and monitor longitudinal T cell dynamics upon 

disease pathogenesis and/or therapeutic interventions. 

Significant advances in sequencing and computational techniques in recent years 

have enabled analysis of the highly diverse and complex TCR repertoire. Since the 

complementary determinant region 3 (CDR3) of the TCRβ chain is unique to each 

clonal population, deep sequencing of this region can be used both to track specific T 

cell populations as well as measure T cell clonal diversity (Joshi et al., 2022). Obtained 

CDR3 sequences can be analysed by various bioinformatics algorithms to: match to 

known epitopes uploaded to TCR databases, measure sequence similarity to indicate 

shared pMHC specificity, and calculate entropy indices of diversity to measure the 

number of unique TCRs and their abundance within a repertoire (Chiffelle et al., 

2020). High-throughput bulk TCRβ sequencing has been validated to detect an 

individual TCR clonotype within a polyclonal T cell population with a limit of 

detection of about 1 in 100,000 (i.e. 0.001%) allowing sensitive recognition of rare 

clones (Robins et al., 2012). Such applications can be utilised to both monitor host T 

cells to any given antigen(s) in the context of health and disease and to track infused 

T cells incorporation into the patient immune repertoire.  

One study investigating transfer of autologous tumour-specific T cells to treat 

metastatic melanoma observed persistence of adoptive T cells at 40 days post-

infusion in 10/10 (100%) patients receiving polyclonal products, however only 2/10 

(18%) receiving monoclonal products (Chapuis et al., 2017). The enhanced 

persistence in polyclonal T cell populations was also associated with more patients 

achieving complete responses, indicating diverse clonal T cell populations expand 

more effectively in the patient repertoire for continued tumour remission. In a more 

recent study, Keller et al. (2019) used NGS to sequence the TCRβ chain to track a 

multi-virus VST product (targeting ADV, CMV, and EBV) delivered to 

immunocompromised HSCT patients. Though difficult to draw conclusions from a 

small cohort and differential viral diseases, higher T cell clonal diversity was 

associated with greater control of CMV viremia. This may suggest broad coverage of T 
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cell clones is beneficial for effective reconstitution of the patient repertoire and to 

prevent viral epitope or development of tumour escape clones. Furthermore, a 

positive correlation between repertoire diversity of autologous EBV VST therapy and 

long-term survival was observed in EBV+ NPC patients (Wang et al., 2021). A case 

study of an HSCT patient also showed increasing numbers of different CD4+ and 

CD8+ clonotypes in the peripheral blood up to 4 months following allogeneic EBV VST 

transfer with concurrent decline of EBV viremia, indicating reconstitution of diverse 

clones contribute to control of the viral reactivation (Lin et al., 2013).  

While these studies have indicated more clonally diverse T cell products have 

induced better therapeutic responses, it is likely the importance of clonal diversity is 

highly dependent on the disease context and immune evasion mechanisms by the 

particular virus/tumour. Therefore, TCR repertoire analysis should be utilised to 

build up a more complete understanding of how clonal diversity impacts on T cell 

therapy efficacy for different diseases. In the case of EBV-driven PTLD, it is also vital 

to characterise the dominant clonotypes required to target EBV+ latency III tumours 

in immunocompromised patients. 

1.3.5 T cell inhibition and exhaustion 

Following inflammatory signalling, activated T cells need to be downregulated once a 

pathogenic challenge has been overcome. Furthermore, whilst peptide-MHC complex 

stimulation efficiently orchestrates targeted inflammatory responses against 

malignant or pathogen-infected cells, responses must be tightly regulated to prevent 

inappropriate triggering of T cells causing bystander damage. Therefore, the immune 

system has evolved various mechanisms to keep T cell responses in check, namely the 

upregulation of immune inhibitory receptors (otherwise known as immune 

checkpoints) induced by chronic antigenic stimulation or inflammation. From current 

understanding, the most commonly recognised inhibitory receptors upregulated in 

activated T cells include cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), 

lymphocyte-activation gene 3 protein (LAG-3), programmed cell death protein 1 (PD-

1), T cell immunoglobulin and mucin domain-containing protein 3 (TIM-3) and T cell 

immunoreceptor with Ig and ITIM domains (TIGIT). 

LAG-3, also classified as CD223, is a transmembrane glycoprotein that binds canonical 

ligand MHC-class II, and has been suggested to bind additional ligands including 
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galectin-3 (Gal-3)(Kouo et al., 2015), fibrinogen-like protein 1 (FGL1)(Wang et al., 

2019), liver and lymph node sinusoidal endothelial cell C-type lectin (LSECtin)(Xu et 

al., 2014), α-synuclein preformed fibrils (α-syn PFF) and the TCR-CD3 complex. The 

cytoplasmic tail of LAG-3 contains highly conserved EP, KIEELE and FxxL amino acid 

sequences which exert inhibitory functions. The EP motif induces local acidification of 

the cytosol as well as sequestering of Zn2+ cations which causes tyrosine kinase p56 

(Lck) dissociation from CD4 or CD8 co-receptors, which prevents zeta-chain-

associated protein kinase (ZAP) 70 phosphorylation and ultimately limits TCR 

signalling (Guy et al., 2022). While an initial study indicated KIEELE was essential for 

blocking IL-2 production thereby inhibiting T cell proliferation (Workman et al., 

2002), a later study that deleted the KIEELE motif did not corroborate this finding 

(Maeda et al., 2019). Consequently, the role of the KIEELE motif, as well as the FxxL 

motif, is still undefined (Aggarwal et al., 2023). The LAG-3 pathway is terminated by 

the cleavage of the extracellular domain of LAG-3 by A disintegrin and 

metalloproteinase domain-containing proteins (ADAM) 10 and 17. The resultant 

product of LAG-3 shedding, soluble LAG-3 (sLAG-3) has been explored as potential 

biomarker of immune responses in the cancer setting, though there are conflicting 

reports on whether this leads to a better or worse prognosis (Li et al., 2018, Pan et al., 

2023, Malinga et al., 2022, Ueda et al., 2024).  

TIM-3 was first identified as an inhibitory receptor that regulates IFN-γ-producing T 

cells (Monney et al., 2002). However, it has also been shown to be expressed on 

regulatory T cells (Gao et al., 2012), NK cells (Ndhlovu et al., 2012), mast cells (Phong 

et al., 2015), macrophages, DC (Anderson et al., 2007), and B cells (Bod et al., 2023). 

As the name suggests, TIM-3 consists of an extracellular immunoglobulin variable 

domain and mucin stalk, and a transmembrane domain and cytoplasmic tail to 

transmit intracellular signalling. Ligands for TIM-3 including galectin-9 (Gal-9), 

phosphatidylserine (PtdSer), high mobility group box-1 (HMGB-1) and 

carcinoembryonic antigen-related cell adhesion molecule-1 (CEACAM-1); binding at 

different regions of the immunoglobulin domain to induce inhibitory functions (Wolf 

et al., 2020). In resting cells, TIM-3 resides within the cell membrane, and upon TCR 

stimulation is recruited to the immunological synapse (Clayton et al., 2014). Although 

inhibitory signalling motifs have not been fully elucidated, it is indicated that two 

tyrosine residues within the cytoplasmic tail (Tyr256 and Tyr263) mediate 

interactions with HLA-B-associated transcript-3 (BAT-3) which functions to recruit 
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Lck (Rangachari et al., 2012). Upon ligand binding, phosphorylation of Tyr256 and 

Tyr263 causes BAT-3 to dissociate from the TIM-3 cytoplasmic tail, thereby inhibiting 

Lck promotion of TCR signalling (Clayton et al., 2014). Furthermore, Src family 

tyrosine kinase (Src-FYN) also binds the cytoplasmic tail at the same region as BAT-3, 

and is thought to potentiate inhibitory signalling through competition of TIM-3 (Lee 

et al., 2011). TIM-3 can also be cleaved into soluble form (sTIM-3), which is again 

thought to be a regulatory mechanism of the inhibitory pathway (Möller-Hackbarth et 

al., 2013). 

TIGIT also consists of an extracellular immunoglobulin variable region, a 

transmembrane domain, and cytoplasmic tail which contains immunoreceptor 

tyrosine-based inhibitory (ITIM) and immunoreceptor tail tyrosine (ITT) motifs 

important for modulatory mechanisms (Yu et al., 2009). TIGIT is mainly expressed on 

lymphocytes including activated T cells, regulatory T cells, NK cells (Stanietsky et al., 

2009), and B cells (Xiao et al., 2020b); although recent data suggests TIGIT can be 

upregulated on innate immune cells in different disease contexts (Brauneck et al., 

2022, Yamada et al., 2023). Few ligands have thus far been identified to bind TIGIT, 

including highest affinity to poliovirus receptor (PVR, also classified as CD155); and 

with lower affinities to PVR ligands 2 (CD112) and 3 (CD113). In T cells, TIGIT is 

thought to exert inhibitory effects by competitively binding shared ligands with co-

stimulatory molecule CD226 (Jantz-Naeem et al., 2023). When bound to its associated 

ligands CD155 or CD122, CD226 activates to bind lymphocyte function-associated 

antigen-1 (LFA-1) (Shibuya et al., 1999), an integrin that facilitates T cell priming, 

migration and cytotoxicity (Gérard et al., 2021). Competitive ligand binding by TIGIT, 

as well as ability to directly bind CD226 in cis, prevents CD226 homodimerisation 

thereby inhibiting T cell co-stimulatory functions (Johnston et al., 2014). While 

intrinsic mechanisms of the ITIM and ITT motifs to deliver inhibitory signals within 

NK cells have been identified, T cells with TIGIT forms mutated at these motifs 

induced inhibitory effects similar to TIGIT WT indicating this domain is not essential 

for T cell inhibition (Banta et al., 2022). 

CTLA-4 is another inhibitory receptor with characteristic immunoglobulin variable-

like domain. As the name suggests it was discovered on cytotoxic T lymphocytes 

(Brunet et al., 1987), and is well-known to suppress immune responses through 

expression on activated T cells and regulatory T cells (Read et al., 2006, Jain et al., 
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2010). However, further reports of expression on NK cells (Lougaris et al., 2018, 

Stojanovic et al., 2014) and B cells (Yang et al., 2021), suggest CTLA-4 can also play a 

mediatory role on lymphocytes other than T cells. The inhibitory role on conventional 

T cells is mediated through competitive binding of CTLA-4 ligands to T cell co-

stimulatory receptor CD28 (Krummel and Allison, 1995). As described previously, 

following TCR-pMHC binding, co-stimulation through CD28 is required to fully 

activate T cells. Binding of CD28 to B7 molecules CD80 or CD86 expressed on APCs 

induces T cell production of anti-apoptotic protein Bcl-X (Boise et al., 1995) and T cell 

proliferation cytokine IL-2 (June et al., 1987) to promote antigen-specific T cell 

expansion. On naïve T cells CTLA-4 is sequestered within intracellular clathrin-coated 

vesicles and is rapidly trafficked to the cell membrane upon T cell activation 

(Lindsten et al., 1993). The extracellular domain of CTLA-4 has higher affinity to CD80 

and CD86 than that of CD28 and therefore can out-compete CD28 in co-stimulatory 

functions (Collins et al., 2002). Additionally, phosphorylation of the intracellular 

YVKM motif in the cytoplasmic tail of CTLA-4 induces recruitment of SH2-containing 

inositol 5’-phosphatase-2 (SHIP-2). While the direct role of SHIP2 in CTLA-4 

signalling is not fully understood, it is thought to induce dephosphorylation of the 

CD3 zeta chain and linkers for activation of T cells (LAT) to inhibit TCR-complex 

activation. Although numerous mechanisms for CTLA-4 intracellular signalling on 

downstream pathways have been suggested, repeatedly-tested chimera experiments 

have demonstrated CTLA-4-deficient T cells have the standard resting phenotype 

rather than a hyperactivated phenotype (Bachmann et al., 2001, Homann et al., 2006, 

Read et al., 2006, Chikuma and Bluestone, 2007, Friedline et al., 2009, Tai et al., 2012). 

Even under challenge with various viral stimuli, CTLA-4-deficient and wildtype T cells 

had identical TCR repertoire selection, antigen-induced clonal expansion, memory 

formation, effector functionality and maintained secondary responses (Homann et al., 

2006). This has caused debate as to the role and importance of CTLA-4 intracellular 

signalling, with evidence suggesting that CTLA-4 primarily elicits T cell inhibition in a 

cell-extrinsic manner (Walker, 2017). 

Programmed death-1 (PD-1), also known as CD279, similarly contains an 

extracellular immunoglobulin variable-like domain, transmembrane domain, and 

cytoplasmic domain containing two tyrosine signalling motifs (ITIM, and 

immunoreceptor tyrosine-based switch motif (ITSM)) that mediate inhibitory 

functions. Initially discovered to be preferentially expressed on apoptotic cells (Ishida 
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et al., 1992), subsequent studies by the same group found PD-1 expression was 

induced through antigen-stimulated signalling on T cells and B cells (Agata et al., 

1996). Though constitutively expressed on DN thymocytes during TCR 

rearrangements (Nishimura et al., 1996), inducible expression of PD-1 following 

activation has been reported on T cells, B cells, NKT cells, monocytes and DC. PD-1 

binds two known ligands, PD-L1 and PD-L2, further members of the B7 family. PD-L1 

is broadly expressed on many haematopoietic, non-haematopoietic, and malignant 

cell types, and is dependent on the inflammatory milieu for regulation (Boussiotis, 

2016). PD-L2 has three-fold higher affinity for binding PD-1 compared to PD-L1 

(Butte et al., 2007) and expression is limited to B cells, DC, macrophages and mast 

cells (Bardhan et al., 2016). Following T cell activation, PD-1 interactions with its 

ligands cause phosphorylation of the intracellular tyrosine motifs which induces 

recruitment of SHIP-2, with mutagenesis studies suggesting the ITSM motif is 

essential for inhibitory effects to the BCR (Okazaki et al., 2001) or TCR (Chemnitz et 

al., 2004). Engagement of SHIP-2 proximal to TCR-CD3 complexes inhibits major 

mediators of TCR signalling including CD3-zeta (CD3ζ), protein kinase-C-theta (PKC-

θ) and ZAP70. 

Signalling initiated by the different inhibitory receptors often overlaps with the same 

pathways, and therefore co-expression of these receptors can have an accumulative 

inhibitory effect. For example, CTLA-4 and PD-1 can both induce modulatory 

functions through inhibition of serine/threonine kinase Akt through targeting of 

different upstream mediators (Parry et al., 2005). Additionally, LAG-3 and TIM-3 can 

both cause dissociation of Lck from the CD4 and CD8 co-receptors to dampen 

downstream TCR signalling. While synergy in inhibitory pathways has been 

suggested as a potential redundancy mechanism, it is more likely the repertoire of 

negative regulators is vital to ensure a fine-tuned modulation of T cells to balance 

between infection/cancer control and development of autoimmunity disorders 

(Schnell et al., 2020). 

Due to the presence of alternative inhibitory receptors able to act by synergistic and 

disparate mechanisms, inhibitory receptors have been likened to operate by ‘volume 

control’, whereby overall inhibitory effect is dependent on the cumulative strength of 

inhibitory signals relative to activation signals within a certain timeframe (Rumpret 

et al., 2020). Several immune checkpoint blockade (ICB) monotherapies have been 
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tested in late-stage trials for various cancers as reviewed in (Coschi and Juergens, 

2023), however trials using combination ICBs have shown improved anti-tumour 

responses (Curigliano et al., 2021, Tawbi et al., 2022, Madariaga et al., 2023, Bishnoi 

et al., 2024). With combination therapies targeting multiple stimulatory/inhibitory 

receptors as well as the tumour microenvironment, it may be possible to reverse 

aspects of T cell exhaustion and regain endogenous effector T cell functionality 

(Schnell et al., 2020, Giles et al., 2023). 

The T cell exhaustion phenotype was first described in mice infected with chronic 

lymphocytic choriomeningitis virus (LCMV). This study identified activated T cells 

that persisted in the host but were unable to elicit effector functions, which the 

authors described as “Sisyphean CD8 T cells, engaged in a continual and ineffective 

effort much like the Greek king Sisyphus” (Zajac et al., 1998). A hierarchical model of 

T cell differentiation has been proposed, whereby at early stages of exhaustion loss of 

IL-2 production dampens T cell proliferative capacity, and at later stages, cells lose 

degranulative capacity, ability to produce TNF-α and finally IFN-γ (Wherry and 

Ahmed, 2004). Given the consequences of a loss of functionality, it is crucial to assess 

stages of T cell differentiation/exhaustion to determine whether a T cell therapy has 

sufficient capacity to induce therapeutic effector responses. To this end, expression of 

numerous inhibitory receptors coincident with functional assays should be 

investigated to profile exhaustion status of T cell therapies (Blank et al., 2019). 

1.3.6 Factors important to T cell therapy manufacture 

Alongside more advanced characterisation to assess the quality of cell therapies, 

there is continuous drive to improve the bioprocess manufacture of cellular products. 

Clinical manufacture of allogeneic T cell therapies requires generation protocols that 

are optimised for safety, quality, scalability, expense, and duration of production. All 

resources, materials, and processes must also be compliant to current Good 

Manufacturing Practice (GMP) standards as per the relevant UK regulatory body for 

production of Advanced Therapeutic Medicinal Products (ATMP).  

A major limiting factor for the generation of T cell therapies to treat viral infections is 

the requirement of large cell numbers for the treatment, usually around 1-2x107 

cells/kg for a patient dose, with several doses needed per regimen. In attempts to 

scale manufacture, bioreactors have been developed that provide mechanical stirring 
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and medium/ gas exchange to maximise cell proliferation in culture. While 

bioreactors have successfully cultured non-specific T cells, antigen-specific T cells 

have proven difficult to grow in these devices (Foster et al., 2004, Hollyman et al., 

2009). Such failures are attributed to the inability of antigen-specific T cells to 

consistently adapt in moving cultures, as well as the requirement of close interactions 

with APC to drive clonal outgrowth which is limited in large-scale bioreactor systems 

(Ganeeva et al., 2022). More recently, gas-permeable rapid expansion (G-Rex) culture 

vessels have been developed by Wilson-Wolf which significantly improve T cell 

expansion compared to standard culture flasks, as such currently dominate the 

market in T cell therapy production (Gagliardi et al., 2019, Gotti et al., 2022). In the G-

Rex flasks, cells rest on a large surface area silicone gas-permeable membrane at the 

base of the flask. This allows improved gas exchange and a greater volume of culture 

medium than the restricted depth in standard flasks, therefore providing more 

nutrients to the cells as well as diluting waste metabolites (Forget et al., 2016). 

Additionally, since the G-Rex flask is positioned vertically, the majority of media can 

be removed and replaced without disrupting the cells at the bottom of the flask. The 

G-Rex has been shown to expand cell populations from approximately 5x105 

cells/cm2 to 30x106 cells/cm2 in 1 to 10 days of culture without the need for splitting 

or medium replacement. Therefore, these flasks facilitate a simplified protocol with 

fewer cell manipulations, thereby improving the consistency of cell populations 

between cultures, limiting contamination risk, limiting T cell exhaustion due to 

excessive passaging. Advances in selection and culture systems have also resulted in 

improved integration of closed-process manufacture between platforms, which is 

vital for complex generation protocols. 

While the consideration of production costs in development of these salvage 

therapies for patients with no other treatment options is distasteful, it is of course 

crucial for the viability of adoptive cell therapy development. With state-of-the-art 

technology and advanced biology techniques come equivocally high costs for 

incorporation into cell therapy manufacturing. All materials and consumables used 

must be tested, validated and approved for clinical cell manufacture, and any final 

formulations validated for human administration. In addition to price of materials for 

the actual manufacture, there are considerable costs associated with use of clean 

room facilities, requirement for specialist translational and production scientists, and 

of the breadth of QC testing required for release of the final products for clinical use. 
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If, after years of development a cell therapy product is successfully manufactured, the 

cost of testing through clinical trials can be prohibitively expensive. Such challenges 

mean that very few ATMPs have been successfully translated from bench to bedside, 

often referred to as the “valley of death” in the cell therapy field (De Luca and Cossu, 

2023). To recoup the costs of development and manufacture, companies demand very 

high starting prices for these therapies, usually in the region of £50,000 to £500,000 

per patient treatment (Sainatham et al., 2024). Such prices can then restrict access to 

therapy between different healthcare systems, insurance and regional boards. 

Crucially, cell therapy manufacturing processes should be carefully refined to reduce 

costs and maximise cell yields, thereby driving down patient treatment prices. 

Therefore, in addition to comparison of our EBV VST products on the basis of quality 

and functional characterisation, the manufacturing processes will also be compared 

in cost-effectiveness to deliver multiple patient treatments.  

1.4 Aims of thesis 

It was the overall aim of this thesis to comprehensively profile virus-specific T cell 

therapies developed at SNBTS to characterise product identity, quality, and 

functionality. Manufacturing and characterisation processes were also evaluated in 

terms of safety, practicality and potential therapeutic benefits. 

Principal Areas of Investigation: 

(A) Molecular and Phenotypic Analysis 

Initial aims were to undertake a deep molecular and phenotypic analysis to compare 

EBV VST products derived from both LCL and peptide stimulation. Using flow 

cytometry and TaqMAN qPCR, VST were assessed for expression of lymphocyte 

markers, T cell memory markers, chemokine receptors, differentiation transcripts 

and senescence markers both at rest and upon antigen recall.  

(C) TCR Repertoire Analysis 

Due to differential antigenic stimulation, it was hypothesised there may be disparities 

in clonal selection, diversity and EBV specificity between T cells generated using the 

LCL versus CCS method. LCLs classically express mainly latent viral epitopes, whereas 
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EBV VST derived from LCL stimulation have been found by other groups to respond 

to epitopes predominantly on EBNA-3A, B and C proteins. Use of an EBV consensus 

peptide pool by the CCS method may generate T cells with different dominant 

responses. Therefore, bulk next-generation sequencing of TCRβ chain was used to 

dissect the clonal repertoire present in LCL-derived and CCS-derived VST products. 

Assessment of TCR clones and repertoire diversity allowed comparisons between the 

manufacturing processes, as well as evaluation of donor variation. In addition, 

identification of epitope-specific clones within products may indicate product 

suitability to target other EBV-related disorders where viral antigen expression is 

limited to subdominant proteins. 

(C) Functional Analysis 

Following the genetic and transcriptional profile, key factors involved in VST 

response were determined through T cell functional assays. To assess effector 

functions, T cells were tested in viral challenge assays to measure expression of 

degranulation markers, antiviral cytokines and T cell activation markers. 

Furthermore, ability to recognise and lyse infected target cells was evaluated using 

dose-escalation cytotoxicity assays. Products were also analysed for specificity to 

individual viral antigens, as well as off-target responses using the relevant functional 

assays.  

(D) Translation of Methods  

Using the manufacturing, phenotyping and functional assays developed in this study 

for EBV VST, it became an additional aim to test application of these methods to other 

virus-specific T cell products. Investigation of the translation of both generation and 

characterisation methods to different VST therapies allowed evaluation of the 

developed and validated protocols. 
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Chapter 2 – Materials & Methods 

2.1 General solutions and reagents 

Frequently used solutions throughout these studies and their composition are 

detailed in Table 2.1.  

Solution Components Concentration Supplier 

PE Buffer 

Dulbecco’s phosphate buffered saline 
(DPBS) 

 Gibco 

Ultrapure EDTA  [2.5mM] Invitrogen 

PEA Buffer 

Dulbecco’s phosphate buffered saline 
(DPBS) 

 Gibco 

Ultrapure EDTA [2.5mM] Invitrogen 

Human serum albumin (HSA) [0.5%] CSL Behrin 

CS6.66 Freezing 
Solution 

CryoStor CS10 freezing medium (10% 
DMSO) 

[66.6%] Stem Cell 
Technologies 

Plasma-Lyte 148 buffer [33.3%] Baxter 
Healthcare 

Table 2.1 - List of general solutions and their composition. 

All fluorescently conjugated antibodies used for flow cytometry assays are listed with 

clone and manufacturer details in Table 2.2. 

Marker Clone Conjugate 
Surface or 

Intracellular 
Supplier 

Annexin V A5 BV421 Surface BioLegend 

CCR1 KF10B29 APC Surface BioLegend 

CCR2 K036C2 BV421 Surface BioLegend 

CCR3 5E8 PE Surface BioLegend 

CCR4 L291H4 BV421 Surface BioLegend 

CCR5 J418F1 BV421 Surface BioLegend 

CCR6 G034E3 PE Surface BioLegend 

CCR7 G043H7 FITC Surface BioLegend 

CD2 REA972 PE-Vio770 Surface Miltenyi Biotec 

CD3 BW264/56 PE Surface Miltenyi Biotec 

CD3 REA613 FITC Surface Miltenyi Biotec 

CD38 REA572 PE-Vio770 Surface Miltenyi Biotec 

CD39 REA739 PE-Vio770 Surface Miltenyi Biotec 

CD4 VIT4 PerCP-Vio700 Surface Miltenyi Biotec 

CD4 VIT4 PE-Vio770 Surface Miltenyi Biotec 

CD4 VIT4 APC Surface Miltenyi Biotec 

CD8 REA734 VioGreen Surface Miltenyi Biotec 
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CD8 SK1 Alexa Fluor700 Intracellular BioLegend 

CD14 REA599 FITC Surface Miltenyi Biotec 

CD16 REA423 APC Surface Miltenyi Biotec 

CD19 REA675 PerCP-Vio700 Surface Miltenyi Biotec 

CD45 REA747 VioBlue Surface Miltenyi Biotec 

CD45RA T6D11 VioBlue Surface Miltenyi Biotec 

CD45RO UCHL1 PerCP-Vio700 Surface Miltenyi Biotec 

CD45RO UCHL1 APC Surface Miltenyi Biotec 

CD56 AF12-7H3 APC Surface Miltenyi Biotec 

CD62L 145/15 FITC Surface Miltenyi Biotec 

CD62L 145/15 VioBlue Surface Miltenyi Biotec 

CD107a REA792 PE Intracellular Miltenyi Biotec 

CD137 REA765 APC Intracellular Miltenyi Biotec 

CD154 REA238 PE Intracellular Miltenyi Biotec 

CD154 REA238 APC Intracellular Miltenyi Biotec 

CXCR3 G025H7 FITC Surface BioLegend 

CXCR4 12G5 PE Surface BioLegend 

CXCR5 J252D4 BV421 Surface BioLegend 

CXCR6 K041ES APC Surface BioLegend 

DRAQ7 N/A APC-Cy7 Surface BioLegend 

Granzyme B REA226 FITC Intracellular Miltenyi Biotec 

Granzyme B GB11 BV510 Intracellular BioLegend 

HLA-DR REA805 VioBlue Surface Miltenyi Biotec 

IFN-γ 4S.B3 eFluor450 Intracellular eBioscience 

IFN-γ REA600 VioBlue Intracellular Miltenyi Biotec 

IL-2 MQ1-17H12 PE-Cy7 Intracellular BioLegend 

LAG-3 11C365 BV421 Surface BioLegend 

NKG2C REA205 FITC Surface Miltenyi Biotec 

NKG2D 1D11 BV421 Surface BD Biosciences 

PD-1 REA1165 PE Surface Miltenyi Biotec 

Perforin dG9 BV711 Intracellular BioLegend 

PKH67 N/A FITC Surface Sigma-Aldrich 

TCR-αβ REA652 PE Surface Miltenyi Biotec 

TCR-γδ REA591 APC Surface Miltenyi Biotec 

TIM-3 F38-2E2 VioBright-FITC Surface Miltenyi Biotec 

TNF-α Mab11 PE Intracellular BioLegend 

TNF-α cA2 FITC Intracellular Miltenyi Biotec 

Table 2.2 - Flow cytometry antibody details. 

2.2 Generation of EBV VST 

2.2.1 Donors 

EBV VST lines were generated from donor material using both the LCL repeated 

stimulation method and peptide-mediated IFN-γ cytokine capture selection (CCS) and 

expansion method as detailed below. Source material for the LCL process 

manufacture was leukapheresis units from New Zealand regular blood donors (NZ 
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code, for therapeutic use due to low risk of CJD) which were supplied cryopreserved 

by the New Zealand Blood Service and transported to SNBTS Aberdeen for liquid 

nitrogen storage until clean room manufacture.  

For the peptide-mediated generation process, source material was either buffy coats 

from regular blood donors supplied by SNBTS (for development phase) or donor 

leukapheresis supplied by SNBTS Clinical Apheresis Unit (for manufacturing phase). 

Manufacture for this process was from fresh material (within 72 hours of donation) at 

SNBTS Jack Copland Centre. 

All donors were fully consented for use under sample governance 17~16. Donors 

were of known ABO and Rhesus blood groups, and pre-screened for EBV sero-

positivity. Donors were also required to screen negative for antibodies against 

hepatitis B virus (HBV), hepatitis C virus (HCV), human immunodeficiency virus 

(HIV), and human T-lymphotropic virus type I (HTLV1); as well as HLA-typed to 

choose a panel of donors that allowed maximal coverage of the population. 

2.2.2 HLA typing 

Peripheral blood samples were sent to SNBTS Haematology & Immunology labs at 

Royal Infirmary Edinburgh for HLA typing. Following extraction of DNA, HLA 

genotyping of donors was undertaken for HLA-A, B and DRB1 loci using Lifecodes 

HLA eRES SSO Typing kits (Immucor Inc, USA). 

2.2.3 EBV peptides 

EBV Consensus Peptivator peptide pools (Miltenyi Biotec) were used to isolate EBV 

VST by cytokine capture selection (see 2.2.5) and to test for functional reactivity of 

EBV VST products. These peptide pools consist of 43 MHC Class I and II-restricted 

peptides covering 15 EBV proteins: LMP1, LMP2A, EBNA1, EBNA2, EBNA3, EBNA4, 

EBNA6, BALF2, BRLF1, BMLF1, BMRF1, BNRF1, BZLF1, BLLF1, BXLF2. Peptides were 

15-mer sequences with 11 amino acid overlap. 

2.2.4 Generation of EBV VST by LCL stimulation  

Originally, EBV VST were manufactured by the Aberdeen SNBTS team from New 

Zealand donors using the LCL repeated stimulation method as outlined in (Vickers et 
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al., 2014). New Zealand donors were utilised due to the similar HLA distribution in 

the population, but with no risk of CJD present in the UK population. Briefly, an 

aliquot of frozen donor leukapheresis was thawed and infected with EBV B958 

supernatant, and cultured for 4-8 weeks until established into LCL. LCL were then 

irradiated (40 Gy) and co-cultured with remaining autologous donor leukapheresis to 

allow antigen presentation from LCL to mononuclear cells (MNC). Cells were co-

cultured at an initial ratio of [40:1] MNC to LCL, and at day 10 and weekly thereafter 

re-stimulated at [4:1] VST to LCL. Cultures were maintained in RPMI containing fetal 

bovine serum (FBS) [20%] and IL-2 [20 IU/mL] at a density of 1x106 cells/mL for 

approximately 2 months. Cultures were tested routinely after 6 stimulation rounds 

for a minimal specificity in a 4 hour chromium release cytotoxicity assay as described 

in (Wilkie et al., 2004), and upon satisfactory results (>10% specific target killing) 

were cryopreserved in HBSS containing HSA [10%] and DMSO [10%], at 50 or 

150x106 cells per bag for paediatric or adult doses respectively, and stored in vapour-

phase liquid nitrogen. Final product samples were required to pass bacterial, 

mycoplasma, viral and endoxotoxin testing as negative or not detected to be 

permitted for clinical use. Final product samples at harvest were also 

immunophenotyped for CD3, CD4, CD8, CD19, CD56, and viability (using 7-AAD) with 

a criteria of <2% CD19+ cells and >80% viability. This EBV VST bank was released for 

clinical use as an ATMP under an MHRA ‘Specials’ license since 2011. 

2.2.5 Generation of EBV VST by IFN-γ CCS & expansion 

A next-generation EBV VST bank was developed and manufactured by our group 

using a peptide-mediated IFN-γ selection & expansion method from UK donor 

leukapheresis. For this process, EBV sero-positive donors were pre-screened for T 

cell cytokine responses to EBV consensus peptides using flow cytometric intracellular 

cytokine assay whereby a minimum criterion >0.08% CD3+/ IFNγ+ was required for 

a donor to be taken forward to manufacture. Selected donors then gave a 

leukapheresis donation via the SNBTS Clinical Apheresis Unit, which was transferred 

fresh to SNBTS Jack Copland Centre for clean room manufacture. Leukapheresis 

product was volume adjusted with acid citrate dextrose (ACD-A) (Fresenius Kabi) and 

set up for cytokine capture selection (CCS) enrichment on the CliniMACS Prodigy 

automated cell processor (Miltenyi Biotec) to isolate IFNγ+ T cells responsive to EBV 

peptide stimulation. The CCS programme was set to run overnight with a 4 hour 
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antigen stimulation period followed by CCS labelling and selection as per 

manufacturer’s instructions. Non-target cells were then irradiated (40Gy) and co-

cultured with IFNγ+ target cells to allow continued co-stimulation by APC in culture 

without outgrowth of these non-target cells. Co-cultures were set up in G-Rex100M-

CS (closed-system) flasks in GMP TexMACS serum-free medium (Miltenyi Biotec) 

supplemented with GMP-grade IL-2 [200 IU/mL] (GE Healthcare) and expanded for 

17-18 days. At culture harvest, cells were washed and counted using EBV VST 

Trucount assay as outlined in 2.4.3. VST were then cryopreserved at 150x106 

cells/bag in [2:1] formulation of Plasma-Lyte 148 (Baxter Healthcare Ltd) to 

CryoStor10 (BioLife Solutions). Formulated bags were controlled rate frozen and 

stored in nitrogen vapour-phase tanks. Final product samples were required as above 

to pass bacterial, mycoplasma, viral and endotoxin testing as negative or not detected 

to allow for clinical use. 

2.3 Generation of SARS-CoV-2 VST 

2.3.1 Donors 

COVID-19 Convalescent Donors (CCD) were recruited from the local Scottish 

population through the SNBTS Convalescent Plasma Program to donate peripheral 

blood buffy coats for this study under sample governances 20~02 and 19~11. CCD 

were eligible to donate if they had a confirmed positive SARS-CoV-2 PCR test and 

were a minimum of 28 days after resolution of infection symptoms, as well as 

fulfilling the current criteria for whole blood donation. Uninfected Donors (UD - 

adults confirmed as having no evidence of COVID-19 symptoms at time of donation) 

were used to compare initial phenotyping and SARS-CoV-2 antigen T cell responses 

with CCD. All samples and donations were provided through informed consent. 

2.3.2 SARS-CoV-2 peptides 

SARS-CoV-2 Peptivator peptide pools (Miltenyi Biotec) containing 15-mer sequences 

with 11 amino acids overlap were used for VST isolation and subsequent VST 

reactivity responses.  

Initial research and development to isolate SARS-CoV-2 VST was done using manually 

mixed research-grade peptivators for SpikeWT, Nucleocapsid and Membrane (SC2-
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SNM) antigens. Research-grade peptides were reconstituted according to 

manufacturer’s instructions in DMSO/sterile water for injection mix (Miltenyi Biotec). 

In January 2021 a GMP-grade peptide pool was released covering selected 

immunodominant regions of Spike, Nucleocapsid, Membrane and Envelope proteins 

(SC2-Select) and therefore manufacturing of the SARS-CoV-2 VST bank proceeded 

using SC2-Select. GMP-grade peptides were reconstituted according to 

manufacturer’s instructions in sterile water for injection. Comparisons between SC2-

SNM and SC2-Select for VST isolation are made in Chapter 6. Table 2.3 shows a full 

list of SARS-CoV-2 peptivators used for VST isolation and their sequence coverage. 

SARS-CoV-2 

Peptivator 

GenBank 

Protein ID 

Sequence coverage 

SpikeWT QHD43416.1 Immunodominant regions: aa 304-338, 421-475, 492-

519, 683-707, 741-770, 785-802, 885–1273 

Nucleocapsid QHD43423.2 Complete sequence 

Membrane QHD43419.1 Complete sequence 

Select Not stated Immunodominant regions (9-22aa length) of SpikeWT, 

Nucleocapsid, Membrane, Envelope and non-structural 

proteins (63x MHC class I-restricted and 25x MHC class 

II-restricted) 

Table 2.3 - SARS-CoV-2 Peptivators used for VST isolation.  

All peptivator pools were supplied by Miltenyi Biotec and reconstituted to stock concentration of 
[0.6nmol/mL] as per manufacturer’s instructions. 

 

As SARS-CoV-2 variants evolved over the course of the pandemic, new peptides 

manufactured for variants of concern were released. Where possible (depending on 

dates of VST production), final product SARS-CoV-2 VST were tested for reactivity to 

these escape mutant peptides. A full list of SARS-CoV-2 peptivators used for final 

product VST reactivity testing is detailed in Table 2.4. 

SARS-CoV-2 

Peptivator 

GenBank 

Protein ID 

Sequence coverage 

SpikeWT QHD43416.1 Immunodominant regions: aa 304-338, 421-475, 492-

519, 683-707, 741-770, 785-802, 885–1273 

Spike S1  QHD43416.1 N-terminal S1 domain of Spike: aa 1-692  

Spikeα  B.1.1.7 lineage (alpha variant) covering mutations: 

deletion 69, deletion 70, deletion 144, N501Y, A570D, 

D614G, P681H, T716I, S982A, D1118H 
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Spikeβ  B.1.351 lineage (beta variant) covering mutations: D80A, 

D215G, 242 deletion, 243 deletion, 244 deletion, K417N, 

E484K, N501Y, D614G, A701V 

Spikeδ  B.1.617.2 lineage (delta variant) covering mutations: 

T19R, G142D, E156G, deletion 157, deletion 158, L452R, 

T478K, D614G, P681R, and D950N 

Spikeο  B.1.1.529/BA.1 lineage (omicron variant) covering 

mutations: A67V, H69 deletion, V70 deletion, T95I, 

G142D, V143 deletion, Y144 deletion, Y145 deletion, 

N211 deletion, L212I, insertion 214EPE, G339D, S371L, 

S373P, S375F, K417N, N440K, G446S, S477N, T478K, 

E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, 

D614G, H655Y, N679K, P681H, N764K, D796Y, N856K, 

Q954H, N969K, L981F 

Nucleocapsid QHD43423.2 Complete sequence 

Membrane QHD43419.1 Complete sequence 

Select Not stated Immunodominant regions (9-22aa length) of SpikeWT, 

Nucleocapsid, Membrane, Envelope and non-structural 

proteins (63x MHC class I-restricted and 25x MHC class 

II-restricted) 

Table 2.4 - SARS-CoV-2 Peptivators used for VST reactivity testing.  

All peptivator pools were supplied by Miltenyi Biotec and reconstituted to stock concentration of 
[0.6nmol/mL] as per manufacturer’s instructions. 

2.3.3 CCD buffy coat PBMC isolation 

CCD Buffy coats were used in both initial development of SARS-CoV-2 VST generation 

protocol (n=15) and later to screen for donors with minimum SARS-CoV-2 VST 

responses for use in full-scale manufacturing (n=108). Buffy coats were diluted [1:3] 

with PBS and added to tubes containing Ficoll-Paque (GE Healthcare). Tubes were 

centrifuged at 450g for 40 minutes and the resulting buffy layer extracted and 

washed. Isolated PBMC were then washed twice in PBS and counted for WBC 

concentration using DxH520 haemoanalyser. 

2.3.4 CCD leukapheresis collection 

Donors screened for using PBMC Screening assay in 2.7.2 with ≥0.08% CD3+/IFN-γ+ 

cells in response to SC2-Select peptide stimulation were recruited for full-scale bank 

manufacture to donate leukapheresis starting source material. Development VST 

lines were initially generated using commercially acquired leukapheresis from USA 
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donors (n=4) (Key Biologics) and GMP banked VST were manufactured using 

leukapheresis from UK donors (n=9) via SNBTS Clinical Apheresis Unit at Edinburgh 

Royal Infirmary. Leukaphereses were collected via standard 5L Optia process and 

suspended in ACD-A for use within 24-72 hours of collection.   

2.3.5 Isolation of SARS-CoV-2 VST by manual IFN-γ CCS 

Buffy coat PBMC or leukapheresis were plated at 5x106 WBC/mL/cm2 in standard 

corning plates and incubated overnight (16-18 hours) at 37°C, 5% CO2. The following 

morning, plates were stimulated with either SC2-SNM or SC2-Select peptides at 

[0.3nmol/mL] for 6 hours at 37°C, 5% CO2. Plates were subsequently harvested, 

washed, and counted using the MACSQuant10 analyser. Cells were then labelled with 

IFN-γ Catch Reagent (Miltenyi Biotec) at [100μL/ 107 cells] and incubated on ice for 5 

minutes. Cells were then diluted in TexMACS [100μL/ 106 cells] and incubated with 

gentle rotation at 37°C for 45 minutes. Tubes were then diluted [1:1] with cold PEA 

buffer to end the cytokine secretion reaction. Cell were washed and labelled with IFN-

γ-PE-conjugated antibody on ice for 10 minutes. Cells were washed and finally 

labelled with anti-PE microbeads for 15 minutes at 4°C. Following labelling, cells 

were washed and a small pre-sort sample taken. Remaining suspension was run 

through magnetic LS columns, whereby unbound cells were collected as the non-

target fraction and magnetically bound IFN-γ+ cells were collected as the target 

fraction. Following isolation, each pre-sort, non-target and target fraction was 

counted using MACSQuant10 and small sample was stained with the T cell memory 

phenotype panel in section 2.5.6 to analyse sorted populations. 

2.3.6 Isolation of SARS-CoV-2 VST by manual TNF-α CCS 

For comparison studies against VST isolation using IFN-γ CCS (the only commercially 

available GMP-grade CE-marked kit to isolate VST), SARS-CoV-2 VST were also 

isolated using a manual TNF-α CCS approach. For this plating, stimulation and CCS 

isolation was as per protocol for manual IFN-γ CCS isolation outlined in 2.3.5 except 

using TNF-α Catch Reagent and TNF-α-PE-conjugated antibody (both Miltenyi 

Biotec). 

2.3.7 Isolation of SARS-CoV-2 VST by manual CD154 bead sort 
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As a further comparison to VST isolation using cytokine capture selections in 2.3.5 

and 2.3.6, SARS-CoV-2 VST were also isolated using expression of T cell activation 

marker CD154. To this end, PBMC were plated and stimulated with peptides as per 

2.3.5. Prior to incubation, CD40 blocking antibody (Miltenyi Biotec) was added to cell 

suspension at [1µg/mL] to prevent CD154 downregulation on T cells induced during 

the stimulation by CD40+ APC interactions. Cells were then incubated for 6 hours at 

37°C, 5% CO2. Following stimulation, plates were harvested, washed, and counted 

using the MACSQuant10 analyser. Cells were subsequently re-suspended in cold PEA 

buffer [40μL/ 107 cells] and labelled with CD154-biotin-conjugated antibody 

(Miltenyi Biotec) at [10μL/ 107 cells] at 4°C for 15 minutes. Cells were subsequently 

washed, pellets re-suspended in cold PEA buffer [80μL/ 107 cells] and labelled with 

anti-Biotin microbeads (Miltenyi Biotec) at [20μL/ 107 cells] at 4°C for 15 minutes. 

Labelled cells were then washed and run through magnetic LS columns to sort into 

unbound negative fraction and magnetically bound CD154+ target fraction. As above, 

samples from pre-sort, negative and target fractions were counted and phenotyped 

for analysis. 

2.3.8 Isolation of SARS-CoV-2 VST by automated IFN-γ CCS  

For full-scale development and manufacture of SARS-CoV-2 VST bank, VST were 

isolated using a fully automated, closed-system IFN-γ CCS programme on CliniMACS 

Prodigy cell processor. To this end, leukapheresis material was counted using DxH 

520 haemoanalyser and 2x109 WBC taken for Prodigy isolation. Cells were diluted in 

ACD-A at 1x107 WBC/mL and added via closed heat seal to tubing set TS500 (Miltenyi 

Biotec) alongside required reagents for IFN-γ CCS programme: CliniMACS IFN-γ CCS 

kit, GMP-grade SC2-Select Peptivator, GMP-grade TexMACS medium, CliniMACS EDTA 

buffer (all Miltenyi Biotec) supplemented with HSA [0.5%] and saline (Baxter) 

supplemented with HSA [2.5%]. CCS was run overnight with delay to stimulation as 

per automated programme (stimulation incubation time 5 hours) and negative 

fraction and target fractions collected the following morning. Samples from the non-

target and target fractions were counted using SARS-CoV-2 Trucount assay (see 

section 2.4.4) on BD Lyric QC flow cytometer and phenotyped to analyse the sorted 

populations.  

2.3.9 SARS-CoV-2 VST culture optimisation 
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Non-target cells from the IFN-γ CCS assay were irradiated at 40 Gy and used as 

feeders for the IFN-γ+ target cells. Cultures were initially seeded at either 1×107 total 

cells per cm2 (200–400 non-targets: 1 target), or 3×106 total cells per cm2 (100 non-

targets: 1 target) in G-Rex culture vessels (Wilson Wolf). Cells were cultured in GMP-

grade TexMACS medium, and supplemented to determine culture optima using [200 

IU/mL] IL-2 (GE Healthcare), [155 IU/ml] IL-7 (Miltenyi Biotech), [2%] human AB 

Serum (SNBTS) or [2%] human platelet lysate (nLiven, Sexton Biotechnologies). As 

nLiven is not fully European GMP-compliant it was replaced with pathogen-

inactivated, xeno-protein-free GMP-compliant T-Liven (Sexton Biotech) for the scale 

up demonstrator VST products from leukapheresis. Cells were cultured for up to 28 

days with feeds every 3 to 4 days and cultures split as necessary to maintain a density 

of 0.5 to 3×106 T cells/cm2. At day 14, VST cultures from six donors were split to test 

feeder re-stimulation, where thawed irradiated non-target cells were added to 

cultured VSTs at (10 non targets: 1 VST) alongside a control culture with no feeder re-

stimulation. Samples were taken every 3 to 4 days for immunophenotyping with the 

lymphocyte panel as per 2.5.5. 

2.3.10 Validation of SARS-CoV-2 VST culture expansion protocol 

From results of optimisation experiments in Chapter 4, SARS-CoV-2 VST culture 

expansion was validated for development and bank manufacture as follows. Briefly, 

cultures were seeded at 3×106 total cells per cm2 (100 non-targets: 1 target) in 

closed-system G-Rex flasks in culture medium (GMP-grade TexMACS medium 

supplemented with [200 IU/mL] IL-2 and [2%] GMP-grade T-Liven). Cells were 

cultured for 14 days with feeds and splits at day 7 and 11 to maintain density of 1-

3x106 cells/cm2.  At day 14, cells were harvested, washed with saline supplemented 

with [2.5%] HSA and counted by TruCount (section 2.4.4) on BD Lyric flow 

cytometer. Samples were taken for phenotyping and VST reactivation responses 

using DC intracellular cytokine assay in section 2.7.5. Remaining VST were 

formulated at either 1x107 cells/mL in CS6.66 freezing solution into either vials 

(1mL/cryovial) or dose bags (15mL/cryobag) and cryopreserved for long-term 

storage in LN2.  

2.4 Cell enumeration  

2.4.1 Haemoanalyser counts 
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Starting source material PBMC or raw leukapheresis was counted using standard 

Sysmex or DxH520 haemoanalysers. Counts were made on neat cell suspension 

samples (unless haemoanalyser count was out of range) to minimise potential error 

by dilution. As basic flow analysers, concentrations of WBC, RBC, and granulocyte per 

µL were obtained on the basis of size and scatter properties (done by automated 

gating and analysis). 

2.4.2 Flow cytometry counts 

Use of a flow cytometry-based counting method allows more accurate enumeration of 

cultured cells which may have different shape/size to be accurately detected by 

automatic haemoanalysers. Furthermore, flow-based counting allows the ability to 

add in stains or antibodies to count particular cell populations. We utilised the BD 

Trucount™ tubes as a CE-certified counting method used in clinical diagnostic labs. 

2.4.3 EBV VST Trucount  

EBV VST in process controls and final product samples were enumerated using a 

Trucount assay. For this, 100µL cell suspension was added to a BD Trucount™ 

Absolute Counting Tube (BD Biosciences) and diluted with 500µL PE buffer. Viability 

dye DRAQ7 (1µL) was then added, ready for immediate acquisition on BD Canto or 

BD Lyric flow cytometers. Cell concentration was calculated as per 2.4.5. 

2.4.4 SARS-CoV-2 VST Trucount 

SARS-CoV-2 VST in process controls and final product samples were enumerated 

using a similar Trucount assay as in 2.4.3. The assays was slightly modified however 

to since the SARS-CoV-2 VST expansion process was a shorter duration (14 days) 

than EBV VST (18-20 days) which for some poor expansion lines resulted in residual 

RBCs present at harvest. Therefore, CD45 staining was incorporated as the most 

stable lymphocyte marker to ensure only lymphocytes were counted for final dosing 

formulation. To this end, 100µL cell suspension was added to a BD Trucount™ 

Absolute Counting Tube and diluted with 500µL PE buffer as above. Cells were then 

labelled with CD45-VioBlue antibody (Miltenyi Biotec) and incubated at RT for 5 

minutes. Viability dye DRAQ7 (1µL) was then added, ready for immediate acquisition 
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on BD Canto or BD Lyric flow cytometers. Cell concentration was calculated as per 

2.4.5. 

2.4.5 Trucount concentration calculation 

Trucount templates were gated as shown in Figure 2.1. Briefly, Trucount beads were 

gated on the basis of FSC/SSC properties. Cells were gated to exclude debris only on 

the basis of FSC/SSC properties, and subsequently gated on viable cells. 

 

Figure 2.1 – Flow cytometry Trucount gating strategy. 

To enumerate viable cell concentration using Trucount assays, analyses were initially gated on all 
cells and Trucount beads on the basis of forward and side scatter properties. Cells were then 
sequentially gated for viable cells: DRAQ7- cells for EBV VST; of CD45+ DRAQ7- for SARS-CoV-2 
VST. 

 

Cell concentration was then enumerated using the following calculation: 

[Cell count per uL] =
No. of viable cell events

No. of bead events
×

No. of beads per test (LOT specific)

Test volume (uL)
  

 

2.5 Surface marker flow cytometry assays 

Flow cytometry was used to characterise and phenotype populations present in cell 

samples. Samples were either stained with surface markers and analysed as fresh 

material, or subject to intracellular staining using cell fixation protocols as described 

in 2.7. 
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2.5.1 Surface marker staining 

Fresh or thawed VST were assessed for surface marker immunophenotyping of the 

multicolour flow cytometry panels outlined in Table 2.5. To this end, 2x106 cell 

samples were washed in PEA buffer and centrifuged at 300g for 5 minutes. Cells were 

re-suspended in 100µL PEA buffer and incubated at RT for 3 minutes with 5µL Fc 

Receptor blocking reagent to prevent non-specific binding. Antibody cocktails as 

according to the flow cytometry panels in Table 2.5 were added with relevant FMO 

controls and incubated at 4°C for 20 minutes. Samples were washed in PE buffer and 

centrifuged at 300g for 5 minutes. Cells were then re-suspended in 200µL PE buffer 

with 1µL dead cell stain DRAQ7 added prior to acquisition. Samples were acquired on 

MACSQuant10 Analyzer (Miltenyi Biotec)or LSR Fortessa (BD Bioscienses) recording 

80,000 events.  

Panel VioBlue VioGreen FITC PE PerCP-Vio700 PE-Vio770 APC 

Lineage  HLA-DR ― CD14 CD3 CD19 CD38 CD16 

Lymphocyte  NKG2D CD8 NKG2C TCR-αβ CD4 CD2 TCR-γδ 

T Cell Memory  CD45RA CD8 CD62L CD3 CD45RO CD4 CD56 

T Cell Exhaustion  LAG-3 CD8 TIM-3 PD-1 ― CD39 CD4 

Table 2.5 - Surface marker flow assays multicolour antibody panels. 

 

For full details of antibodies used in flow cytometry panels refer to Table 2.2. 

2.5.2 Thawing of cryopreserved VST for flow cytometry assays 

Cryopreserved samples of EBV VST, SARS-CoV-2 VST, bulk CD3+ and PBMC were kept 

for long term storage in liquid nitrogen tanks for assays where combined batched 

testing was optimal. To reconstitute cells, vials or bags were thawed in a water bath 

at 37°C until there were no visible crystals, and transferred to fresh conical tube. 

Samples were then slowly and gently diluted 1 in 10 with RT TexMACS medium. 

Tubes were then centrifuged at 275g for 8 minutes (acceleration 3, deceleration 3) 

and supernatant removed. Cells were re-suspended in fresh TexMACS medium and 

either taken directly for phenotyping analysis, or rested overnight prior to use in 

functional assays. 
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2.5.3 Initial gating strategy 

All flow cytometry analyses were subject to an initial gating strategy to gate on either 

lymphocytes for starting material or all cells for final product material (debris 

exclusion) on the basis of FSC/SSC properties. It was crucial for final product material 

to have an unbiased all cells gate to ensure any impurities/ contaminating cells in the 

products could be identified and quantified. This population was sequentially gated 

on singlets (doublet exclusion) using FSC-A vs FSC-H, and finally gating on viable cells 

(dead cell exclusion) by negative expression of dead cell dye (DRAQ7 or FVD 

eFluor780).  

 

Figure 2.2 - Flow cytometry initial gating strategy. 
All flow analyses were subject to initial gating to select either (A) lymphocytes in the starting 
material PBMC or (B) all cells for VST final products; and sequentially gated on singlets and live 
cells. 

2.5.4 Lineage gating strategy 

SARS-CoV-2 buffy coat-derived PBMC were analysed for WBC lineage markers as 

shown in Table 2.5. Viable singlet lymphocytes were gated as above, followed by 

gating as CD3+ T cells, CD14+ monocytes, CD16+ NK cells and CD19+ B cells.  
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Figure 2.3 - Flow cytometry lineage gating strategy. 
PBMC stained with the lineage flow cytometry panel were pre-gated on lymphocytes/ singlets/ live 
cells, followed by gating on CD3+ T cells, CD14+ monocytes, CD16+ NK cells and CD19+ B cells.  

2.5.5 Lymphocyte gating strategy 

Final product SARS-CoV-2 VST were analysed for lymphocyte markers as shown in 

Table 2.5. Viable singlet lymphocytes were gated as above, followed by analysis of 

expression of CD2+ T cells, TCRαβ+ T cells and TCRγδ+ T cells. Expression of NKG2C 

and NKG2D was also quantified to assess expression of these receptors on final 

product VST. 

 

Figure 2.4 - Flow cytometry lymphocyte gating strategy. 

VST stained with the lymphocytes flow cytometry panel were pre-gated on lymphocytes/ singlets/ 
live cells, followed by gating for CD2+ cells, TCRαβ+ cells, TCRγδ+ cells, NKG2D+ cells, and 
NKG2C+ cells. All gates were placed based on FMO controls. 

2.5.6 T cell memory gating strategy 

Source material, sorted target cells, and final products were analysed for T cell 

memory as per Table 2.5. Viable cells were initially assessed for frequency of T cells 

(CD3+/CD56-), NKT cells (CD3+/CD56+), NK cells (CD3-/CD56+) and B cells (CD19+). 

T cells were gated into subtypes: CD8 (CD8+/CD4-), CD4 (CD4+/CD8-), DP 

(CD4+/CD8+) and DN (CD4-/CD8-). Both CD4+ and CD8+ cells were then gated for 

subpopulations: naïve T cells (TNaive: CD62L+/CD45RA+), central memory T cells 

(TCM: CD62L+/CD45RO+), effector memory T cells (TEM: CD62L-/CD45RO+), 

terminal differentiated T cells (TEMRA: CD62L-/CD45RA+). 
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Figure 2.5 - Flow cytometry T cell memory gating strategy. 
T cell memory phenotyping using exemplar PBMC identified the following populations: NK cells 
(CD3-/CD56+), NKT cells (CD3+/ CD56+), CD4 T Cells (CD3+/ CD4+) and CD8 T cells (CD3+/ 
CD8+). Both CD4 and CD8 T cells were sequentially gated for memory subpopulations as follows: 
TNaive (CD62L+/ CD45RA+), TCM (CD62L+/CD45RO+), TEM (CD62L-/CD45RO+) and TEMRA 
(CD62L-/CD45RA+). 

2.5.7 T cell exhaustion gating strategy 

Final product EBV VST and SARS-CoV-2 VST were analysed for T cell exhaustion as 

shown in Table 2.5. Viable cells were gated into CD4+ and CD8+ T cells, followed by 

gating to assess the frequency of single or co-expressing T cell activation/inhibitory 

markers: LAG-3, PD-1 and TIM-3.  

 

Figure 2.6 - Flow cytometry T cell exhaustion gating strategy. 

VST stained with the lymphocyte flow cytometry panel were pre-gated on lymphocytes/ singlets/ 
live cells, followed by gating on CD4+ or CD8+ T cells. Both CD4 and CD8 compartments were 
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then analysed for single, dual or triple expression of markers LAG-3, PD-1 and TIM-3. All gates 
were set according to FMO controls. 

 

2.6 Chemokine receptor flow cytometry assays 

2.6.1 Chemokine receptor surface staining 

Fresh or thawed VST samples were counted and 1.2x107 viable cells taken for 

immediate chemokine receptor surface staining. Samples were centrifuged at 300g 

for 5 minutes. Pellets were then re-suspended in 600μL PEA buffer + 30μL Fc 

Receptor blocking reagent and incubated at RT for 3 minutes.  T cell subtype 

antibodies were initially added: CD4 PE-Vio770 (12μL) and CD8 VioGreen (12μL); 

and cell suspension then aliquoted into 12x FACS tubes at 50μL per tube (1x106 per 

tube). Single chemokine receptor antibodies (all BioLegend) were added per tube as 

detailed in Table 2.6, with an FMO control containing CD4/CD8 staining only.  

Tube Antibodies added 

1 – FMO Control CD8 VioGreen CD4 PE-Vio770 ― 

2 – CCR1 CD8 VioGreen CD4 PE-Vio770 CCR1 APC 

3 – CCR2 CD8 VioGreen CD4 PE-Vio770 CCR2 BV421 

4 – CCR3 CD8 VioGreen CD4 PE-Vio770 CCR3 PE 

5 – CCR4 CD8 VioGreen CD4 PE-Vio770 CCR4 BV421 

6 – CCR5 CD8 VioGreen CD4 PE-Vio770 CCR5 BV421 

7 – CCR6 CD8 VioGreen CD4 PE-Vio770 CCR6 PE 

8 – CCR7 CD8 VioGreen CD4 PE-Vio770 CCR7 FITC 

9 – CXCR3 CD8 VioGreen CD4 PE-Vio770 CXCR3 FITC 

10 – CXCR4 CD8 VioGreen CD4 PE-Vio770 CXCR4 PE 

11 – CXCR5 CD8 VioGreen CD4 PE-Vio770 CXCR5 BV421 

12 – CXCR6 CD8 VioGreen CD4 PE-Vio770 CXCR6 APC 

Table 2.6 - Chemokine receptor antibody cocktails. 

 

Tubes were incubated at 4°C for 20 minutes, and fixable viability dye (FVD, 

Invitrogen) working solution (500μL PE buffer + 0.5μL FVD eF780 per tube) added 

for a further 15 minutes at 4°C. Tubes were then washed with PE buffer, centrifuged 
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at 300g for 5 minutes, and re-suspended in 200μL/test PE buffer and ran on either BD 

LSR II or BD Canto flow cytometers at 80,000 events recorded. 

2.6.2 Chemokine receptor intracellular staining 

For development of the chemokine receptor profiling assay, chemokine receptors 

were also tested for expression by intracellular staining in case of potential 

intracellular receptor trafficking. For this, thawed VST were stained with CD8 

VioGreen and CD4 PE-Vio770 as per Table 2.6 at 4°C for 20 minutes, and FVD 

working solution added for a further 15 minutes at 4°C. Tubes were then washed 

with PE buffer, centrifuged at 300g for 5 minutes, and re-suspended in 500μL/test BD 

Cytofix/Cytoperm solution [1X] (BD Biosciences) at 4°C for 20 minutes. Tubes were 

washed with BD Perm Wash, centrifuged, and re-suspend in 100μL/test BD Perm 

Wash (BD Biosciences) with individual chemokine receptor antibodies as per Table 

2.6 added at 4°C for 20 minutes. Finally, cells were washed with PE buffer, 

centrifuged and re-suspended in 200μL/test PE buffer and run on BD Canto flow 

cytometer recording 80,000 events. Direct comparisons were made between samples 

only surface stained versus intracellular stained for chemokine receptor antibodies 

(n=8 donors). 

2.6.3 CCL2 uptake assay 

Fresh or thawed VST samples were also taken to assess uptake of fluorescently 

labelled chemokine CCL2. To this end, cells were plated in a 96-well plate at 

1x106/200uL/well in 2x wells for CCL2 uptake (TexMACS medium + fluorescent CCL2 

APC [25nM]) vs plated control (TexMACS medium only). Plates were incubated at 

37°C, 5% CO2 for 1 hour, with CD4 and CD8 antibodies as above added for the final 20 

minutes of incubation. Wells were subsequently harvested into tubes and washed 

with PE buffer. FVD working solution was added for 15 minutes at 4°C and tubes then 

centrifuged and re-suspended in PE buffer for flow cytometer acquisition as above. 

2.6.4 Chemokine receptor gating strategy 

Analysis of flow cytometry files was performed using FlowJo version 10.6.2 (TreeStar 

Inc). All analyses were subject to an initial gating strategy as shown in Figure 2.2 in 

which debris and doublets were excluded on the basis of forward and scatter 
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properties, and subsequently gated on live cells (FVD negative). Live cells were then 

gated on CD4+ T cells or CD8+ T cells. Gates for acquisition of chemokine receptor/ 

CCL2 expression were then placed according to FMO controls as shown in Figure 2.7 

for PBMC. Populations were then quantified using percentages corrected to FMO 

controls. 

 

Figure 2.7 – Flow cytometry chemokine receptor gating strategy. 

All flow cytometric analyses were subject to a sequential gating strategy of Cells/ Singlets/ Live to 
exclude debris, doublets and dead cells respectively. Live cells were then gated on either CD4+ or 
CD8+ cells and gates for chemokine receptors were then placed according to FMO controls. 
Exemplar staining for chemokine receptors CCR1, CCR2, CCR3, CCR4, CCR5, CCR6, CCR7, 
CXCR3, CXCR4, CXCR5 & CXCR6 are shown for stained PBMCs (red) in comparison to PBMC 
FMO controls (blue). 
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2.7 Intracellular cytokine release flow cytometry assays 

Flow cytometric intracellular cytokine release (ICR) assays were used to test 

functional responses of initial starting material T cell responses for donor screening, 

final product reactivity for both EBV VST and SARS-CoV-2 VST, and patient 

monitoring following SARS-CoV-2 VST infusion in the Phase I trial. Each assay 

involved an initial antigen stimulation followed by an intracellular staining protocol 

which are detailed below.  

2.7.1 PBMC EBV peptide screening 

Buffy coat-derived PBMCs or raw leukapheresis material were counted using DhX 

520 haemoanalyser and plated in TexMACS medium in a 24-well plate at 5x106 

WBC/mL/well for the following treatments: negative control, PMA/ionomycin 

positive control, and GMP EBV Peptivator consensus (Miltenyi Biotec). All peptide 

pools were used at [0.3nmol/mL], and cell activation cocktail (BioLegend) added to 

the positive control well at [1X]. Cells were stimulated for a total of 5 hours at 37 °C, 

5% CO2; with Brefeldin A (BioLegend) added at [5μg/mL] for the final 3 hours. 

Harvested wells were then stained with PBMC Screen A intracellular antibody panels 

as per Table 2.8. 

2.7.2 PBMC SARS-CoV-2 peptide screening 

Buffy coat-derived PBMCs or raw leukapheresis material were counted using DhX 

520 haemoanalyser and plated in TexMACS medium in a 24-well plate at 5x106 

WBC/mL per well with treatments: negative control, PMA/ionomycin positive 

control, Spike, Nucleocapsid, Membrane, Spike + Nucleocapsid + Membrane combined 

(SNM), and GMP SARS-CoV-2 Peptivator Select (Select). All peptide pools were used 

at [0.3nmol/mL], and cell activation cocktail (BioLegend) added to the positive 

control well at [1X]. Since SARS-CoV-2 peptides were reconstituted in DMSO/water to 

improve dissolution of more hydrophobic regions, the negative control well 

contained DMSO/water at the same volume as the peptide wells. Cells were 

stimulated for a total of 5 hours at 37 °C, 5% CO2; with Brefeldin A (BioLegend) added 

at [5μg/mL] for the final 3 hours. Harvested wells were then stained with PBMC 

Screen A & PBMC Screen B intracellular antibody panels as per Table 2.8. 
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2.7.3 EBV VST degranulation ICR assay 

Fresh or thawed EBV VST lines were counted using TruCount assay and plated in a 

48-well plate in TexMACS medium at 2.5x106 cells/mL/well. Plates were set up to 

test the following conditions: individual EBV antigen pepmixes BARF1, BMLF1, 

BMRF1, BRLF1, BZLF1, EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C, EBNALP, 

gp350/340, LMP1, LMP2 (all JPT); EBV consensus peptides (Miltenyi Biotec), positive 

control (PMA/ionomycin) and negative control (no antigen). Prior to antigen 

stimulation, degranulation marker antibody CD107a PE was added to all wells at 

2µL/well to allow staining throughout stimulation due to transient expression of this 

marker. Peptides were then added to respective wells as above at [1µg/mL] for JPT 

pepmixes or [0.3 nmol/mL] for Miltenyi Peptivators. Cells were stimulated for a total 

of 5 hours at 37 °C, 5% CO2; with Brefeldin A (BioLegend) added at [5μg/mL] for the 

final 3 hours. Harvested wells were then stained with EBV VST intracellular antibody 

panel as per Table 2.8. 

2.7.4 Generation of autologous DC for VST reactivation testing 

Monocyte-derived DC (DC) were generated from freshly isolated CD14+ monocytes. 

Briefly, monocytes were isolated from PMBC or leukapheresis using anti-CD14 

microbeads (Miltenyi Biotech) as per manufacturer’s instructions, resulting in highly 

purified (>90%) monocyte isolates. Cells were cultured at 37°C, 5% CO2 for 6 days in 

RPMI (Life Technologies) supplemented with [5%] AB serum, [2mM] Glutamax 

(Sigma-Aldrich), [20ng/mL] GM-CSF, and [15ng/mL] IL-4 (both Miltenyi Biotech). 

Media was replaced on days 2 and 4 of culture. After 6 days, cells were harvested 

using [1X] TrypLE (Life Technologies), counted and frozen in CryoStor10 freezing 

medium (Stem Cell Technologies) until required for VST stimulation. 

2.7.5 SARS-CoV-2 VST + DC co-culture ICR assay 

Final product SARS-CoV-2 VST lines were also assessed for functional reactivity using 

the ICR, however since these lines were highly CD4-skewed autologous DCs were 

added to allow antigen presentation. The day prior to VST harvest, autologous 

immature cryopreserved DC (refer to 2.7.4) were thawed and loaded with peptides 

[0.3nmol/mL] for 6 hours at 37°C, 5% CO2. All assays were tested with basic 

treatments: Spike WT, Nucleocapsid, Membrane, SNM, SARS-CoV-2 Select, positive 
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control (PMA/ionomycin) and negative control (DMSO/water). Where enough VST 

and DC were available, additional peptide stimulations included escape antigens 

Spike-alpha (B1.1.7 lineage), Spike-beta (B1.351 lineage), Spike-gamma (P.1 lineage), 

Spike-delta (B.1.617.2 lineage) and Spike-omicron (B1.1.529/BA.1 lineage); and non-

SARS peptides Adenovirus Hexon 5, EBV consensus, CMV pp65, and GAD65 (all 

Miltenyi Biotech). 

Poly I:C [20µg/mL] and PGE2 [1µg/mL] were added overnight to induce DC 

maturation. The following morning, DC were counted, phenotyped for maturity, and 

co-cultured with SARS-CoV-2 VST at [5 VST : 1 DC] in TexMACS medium in a 48-well 

plate at 2.5x105 DC + 1.25x106 VST per well. Cells were stimulated for a total of 5 

hours at 37 °C, 5% CO2; with Brefeldin A (BioLegend) added at [5μg/mL] for the final 

3 hours. Harvested wells were then stained with SARS-CoV-2 VST intracellular 

antibody panel as per Table 2.8. 

2.7.6 SARS-CoV-2 VST + LCL vaccinia virus co-culture ICR assay 

To assess SARS-CoV-2 VST responses to naturally processed SARS-CoV-2 antigen 

expressing cells we developed a collaboration with Professor Tao Dong’s group in 

Oxford, who had established a vaccinia-based vector system for transfection of target 

cells with SARS-CoV-2 antigens. Their assay used autologous LCL infected with 

recombinant vaccinia virus (VV) constructs expressing SARS-CoV-2 antigens. Vaccinia 

virus constructs were generated as outlined in (Yin et al., 2023). Briefly, a plasmid 

containing Wuhan strain SARS-CoV-2 spike gene was modified with a C-terminal 

FLAG epitope to allow tag tracing without interference to extracellular binding 

domains and to remove a homologous early transcription termination signal. 

Plasmids were further modified to incorporate gene mutations present in alpha, delta, 

and omicron Spike variants, as well as nucleocapsid and membrane proteins. Vaccinia 

virus vectors expressing Zika pre-membrane protein (prM) were also generated as 

specificity controls. Plasmids were then cloned and transfected in HEK293T cells, and 

purified by plaque selection. DNA isolated from VVs was then used to infect EBV LCL 

to allow LCL HLA-mediated surface presentation of naturally processed SARS-CoV-2 

or Zika prM proteins. SARS-CoV-2 VST were then co-cultured at [1:1] with the 

following LCL conditions: VV spike WT, VV spike delta, VV spike omicron, VV 

nucleocapsid, VV membrane, VV zika prM. Co-culture wells with VST + LCL stimulated 

with SARS-CoV-2 peptide pools (Miltenyi Biotec, as per Table 2.4) were included as 
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peptide response controls: spike WT, nucleocapsid and membrane. Co-cultures were 

then incubated at 37 °C, 5% CO2 for 6 hours and stained with Oxford cytokine panel as 

outlined in Table 2.7. We supplied all target LCL, antigens and VST cells, and the 

experimental work was undertaken in Oxford by Prof Dong’s team who supplied the 

resulting data for analysis. 

Panel BV421 Aqua BV711 AF488 PE PerCP-V700 PE-Cy7 APC APC-H7 

Oxford 

SC-2 VST 
CD8 Viability CD4 IFN-γ CD107a CD4 IL-2 TNF-α CCL4 

Table 2.7 - Oxford SARS-CoV-2 VST flow cytometry antibody panel. 

 

2.7.7 Intracellular cytokine staining 

Following antigenic stimulations detailed in sections 2.7.1 to 2.7.6, wells were 

harvested into FACS tubes and centrifuged at 300g for 5 minutes. Supernatants were 

removed, tubes washed with PEA buffer and centrifuged again at 300g for 5 minutes. 

Supernatants were then removed and cells re-suspended in 100µL PEA buffer + 5µL 

FcR blocking reagent at RT for 3 minutes to block unspecific antibody binding. 

Antibody cocktails were made up for surface markers (white) as outlined in Table 

2.8 and added to tubes for 20 minutes incubation at 4°C. Tubes were then washed 

with PEA buffer and centrifuged at 300g for 5 minutes. Cells were then re-suspended 

in 500µL PE buffer + 0.5µL Fixable Viability Dye (FVD) eFluor780 per tube and 

incubated at 4°C for 30 minutes. Tubes were then washed with PE buffer, centrifuged 

at 300g for 5 minutes, re-suspended in 500µL Cytofix/Cytoperm solution [1X] (BD 

Biosciences) and incubated at 4°C for 20 minutes. Tubes were washed with Perm 

wash [1X] (BD Biosciences) and centrifuged at 300g for 5 minutes. Antibody cocktails 

for intracellular markers (blue) as outlined in Table 2.8 were made up in Perm wash 

[1X] at antibody cocktail + 100µL Perm wash per test. Cells were then re-suspended 

in 100µL intracellular antibody cocktail/ Perm wash per test and incubated at 4°C for 

20 minutes. Finally tubes were washed with Perm wash, centrifuged at 300g for 5 

minutes, and re-suspended in 200µL PE buffer for acquisition on flow cytometer.  

Panel VB VG BV711 FITC PE PerCP-V700 PE-Cy7 AF700 APC 

Screen A IFN-γ CD8 ― CD3 TNF-α CD45RO IL-2 ― CD56 
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Screen B HLA-DR CD8 ― Gr B CD154 CD4 CD38 ― CD137 

EBV VST IFN-γ Gr B Perf TNF-α CD107a CD4 IL-2 CD8 CD154 

SC2 VST IFN-γ CD8 ― TNF-α CD3 CD4 IL-2 ― CD154 

Table 2.8 - Intracellular flow cytometry antibody panels. 
Surface marker antibodies are shaded white and intracellular marker antibodies shaded blue. 

 

EBV PBMC screening, and final product EBV VST degranulation ICR assays were 

analysed using a Fortessa LSR flow cytometer (BD Biosciences) recording up to 

100,000 events. All research and development samples for SARS-CoV-2 PBMC and 

VST assays were run on a MACSQuant10 Analyser (Miltenyi Biotec) within a 

derogated containment level III laboratory due to unknown risk at the time of 

potentially infectious material. For both EBV VST and SARS-CoV-2 clinical-grade 

GMP-manufactured VST generated in clean room for the banks, assays were run on a 

Lyric flow cytometer (BD Biosciences) managed under QC qualification. 

2.7.8 ICR assay gating strategy 

All flow cytometric analyses were subject to initial cell/ singlet/ viable cell gating as 

shown in Figure 2.2.  All intracellular flow cytometry assays were then pre-gated on 

CD4+ or CD8+ T cells, and then analysed for cytokine or activation marker expression. 

For this, intracellular cytokine or activation marker gates were set according to the 

no antigen negative control, and acquisition of marker in peptide stimulations 

quantified as percentage frequency as according to the gating strategy outlined in 

Figure 2.8. Multifunctional T cells were classified as T cells with co-expression of two 

or more cytokine or activation markers.  
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Figure 2.8 - Flow cytometry intracellular cytokine release and degranulation gating strategy.  
All analyses were subject to a sequential gating strategy of Cells/ Singlets/ Live to exclude debris, 
doublets and dead cells respectively. (A) For intracellular cytokine release analysis of antigen 
stimulated conditions, viable cells were gated on either all CD3+ T cells, CD4+ T cells or CD8+ T 
cells, and then analysed for positive expression of cytokines IFN-γ, TNF-α or IL-2 normalised to the 
negative control (no antigen stimulation) tube. To quantify co-expression of these three cytokines, 
the relevant T cell population was first gated on IL-2 positive or negative cells, with each IL-2 
population then quantified for co-expression of IFN-γ and TNF-α. (B) For degranulation analysis in 
response to antigen stimulation (red), gated CD3+ T cells, CD4+ T cells or CD8+ T cells were 
quantified for positive expression of degranulation markers perforin, granzyme B and CD107a 
according to the negative control (no antigen stimulation, blue) tube.   

 

2.8 Cytotoxicity assays 

2.8.1 EBV VST cytotoxicity assay 

To assess potency, cryopreserved EBV VST lines were thawed and rested overnight in 

TexMACS medium at 37°C, 5% CO2 and tested tangentially in a flow cytometric-based 

cytotoxicity assay within the same month (using same batch reagents and LCL targets 

where possible).  

HLA-matched and mismatched target LCL lines were labelled with PKH67 membrane 

dye (Sigma Aldrich) as per manufacturer’s guidelines then added to a 96-well plate in 

triplicate wells per condition in TexMACS medium. LCL were cultured with EBV VST 
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at the following effector to target [E:T] of 1:1, 5:1, 10:1 and 20:1; LCL only and T cell 

only were used as controls. Each well was plated at a final density of 1.1x106 total 

cells (target + effector) per well to ensure staining was consistent between different 

co-culture ratios. After incubation for 5 hours at 37°C, 5% CO2 cells were harvested 

and washed twice in Annexin V binding buffer (BioLegend) and labelled with Annexin 

V-BV421 at 4°C for 30 minutes. Plates were then washed in Annexin V binding buffer, 

centrifuged and wells re-suspended in PE buffer and DRAQ7 dead cell dye (both 

BioLegend). Plates were run with up to 100,000 events acquired on MACSQuant10 

Analyser (Miltenyi Biotec).  

2.8.2 EBV VST CD4+ sorted cytotoxicity assay 

To assess if the CD4+ T cell component within EBV VST lines had cytotoxic capacity, 

lines were sorted to highly enrich the CD4 cells and run in the cytotoxicity assay as 

before. To this end, EBV VST lines with higher CD4 content were thawed and rested 

overnight in TexMACS medium at 37°C, 5% CO2. The following morning, cells were 

counted and stained with the CD4 sorting panel at 4°C for 20 minutes. Cells were then 

washed and input to a standard Tyto cartridge and sorted for CD4+ CD3+ cells using 

the MACSQuant Tyto cell sorter (Miltenyi Biotec). Sorted fractions were collected and 

analysed for purity and cell count using the MACSQuant10 Analyser (Miltenyi Biotec).  

Unsorted, CD4+ sorted and CD4 non-target fractions were then all plated in a 96-well 

plate in TexMACS medium. Autologous EBV LCL and K562 (EBV negative cell line) 

were used as targets, co-cultured with the EBV VST at the following effector to target 

[E:T] ratios of 1:1, 5:1, 10:1 and targets only. Plates were then incubated for 5 hours 

at 37°C, 5% CO2 and stained for Annexin V and DRAQ7 as detailed in 2.8.1.  

2.8.3 EBV VST cytotoxicity assay data analysis 

Unlike all aforementioned flow cytometry analyses, this assay did not utilise the 

initial gating strategy in 2.5.3 to exclude dead cells since this was the output measure. 

Instead, cells were gated on positive expression of PKH67 to show only LCLs, and 

then analysed for Annexin V and DRAQ7 co-expression. Cytotoxicity was quantified as 

early apoptotic events (Annexin V+ /DRAQ7-) or late apoptotic/necrotic events 

(Annexin V+/DRAQ7+) to gate a total ‘dead’ population as per Figure 2.9. The 

frequency of total dead cells was normalised to LCL only wells to calculate the 
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percentage specific lysis at each [E:T] ratio. Evaluation of overall cytotoxic potency to 

compare between different VST lines was made by calculating the area under the 

curve of specific lysis over all [E:T] ratios from HLA-matched LCL targets. 

 

Figure 2.9 - Flow cytometry EBV VST cytotoxicity gating strategy. 

PKH67-labelled target cells (EBV LCL) were co-cultured with effector EBV VST at multiple ratios 
for 5 hours and subsequently stained with apoptosis/ dead cell markers Annexin V and DRAQ7. 
For gating, all events were initially gated on PKH67+ cells (target LCL) or PHK67- cells (EBV VST). 
PKH67+ target LCL were then gated to analyse the total live cells (Annexin V-/ DRAQ7-), and total 
dead cells (Annexin V single positive, DRAQ7 single positive, and Annexin V+/ DRAQ7+). Each 
target to effector ratio (bottom panels) were normalised to the baseline percentage dead cells in 
target only control samples (top panel) to measure the specific lysis induced by addition of EBV 
VST to target LCL. 

 

2.8.4 SARS-CoV-2 VST cytotoxicity assay 

Without appropriate SARS-CoV-2 infected cell lines to utilise in a cytotoxicity assay, 

we generated autologous EBV LCL which could then be loaded with SARS-CoV-2 

peptides to act as target cells for a killing assay. For this, LCL were generated by 

Epstein-Barr virus transformation as described previously, and maintained in RPMI 

1640 medium supplemented with [10%] FBS (R10) for 6-8 weeks in culture. Prior to 

the cytotoxicity assay, LCL were labelled with [0.5μM] carboxyfluorescein 

succcindimidyl ester (CFSE, ThermoFisher) and loaded with [1μM] SARS-CoV-2 

peptides at 37°C for 1 hour. LCL were then washed, counted and co-cultured with 

SARS-CoV-2 VST at the following effector to target [E:T] ratios 1:1, 2:1, 4:1, 8:1, and 

targets only. Unloaded LCL co-cultures with VST at the same [E:T] were included as 
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controls. Plates were then incubated for 6 hours at 37°C, 5% CO2 and stained with 

CD19-BV421 (BioLegend) and dead cell dye 7-AAD (eBioscience). Samples were then 

run on Attune NxT flow cytometer (software v3.2.1). This assay was performed by 

Yanchun Peng (Senior Research Associate) in the collaborating lab of Prof Dong at 

University of Oxford. 

2.8.5 SARS-CoV-2 VST cytotoxicity assay data analysis 

As above, the initial gating strategy was not applied to cytotoxicity assay analysis. 

Instead, cells were gated on CD19+ CFSE+ cells to show only LCL, and then quantified 

for 7AAD+ dead LCLs. The percentage specific lysis at each [E:T] ratio was calculated 

by correction to the no-peptide controls with the same [E:T] ratio. 

2.9 Mixed lymphocyte reaction immunogenicity testing 

Cryopreserved samples were sent to Alcyomics Ltd as part of a collaborative project 

assessing potential immunogenicity of cell therapies, initiated through the Northern 

Alliance Advanced Therapy Centres (NAATC). Alcyomics Skimune® assays used 

healthy volunteer (HV) blood samples and skin biopsies to test the immunogenicity of 

SARS-CoV-2 VST. Mixed lymphocytes reactions (MLR) were set up using irradiated 

HV PBMC with either SARS-CoV-2 donor VST or SARS-CoV-2 donor PBMC (positive 

control). MLR were co-cultured at [1:1] HV PBMC: SARS-CoV-2 donor VST or PBMC. 

After 7 days, samples were taken for assessment of T cell proliferation, cytokine 

luminex, and MLR cells further co-cultured with HV skin biopsies for GVHD testing. 

Each SARS-CoV-2 donor was tested against n=3 HV in triplicate wells, with minimal or 

no HLA matches. 

2.9.1 T cell proliferation assay 

Following 7 day MLR cultures, tritiated thymidine was added to each well for 16-18 

hours. Cells were then harvested onto a filter mat and counted using a β-scintillation 

counter to assess for [3H]-Thymidine uptake. 

2.9.2 Cytokine multiplex 

Culture supernatants were analysed using MSD Multi-Spot Proinflammatory panel 1 

V-Plex kit (Meso Scale Diagnostics) following manufacturer’s instructions. 
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Biomarkers included were IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13 

and TNF-α. 

2.9.3 Histology & GVHD analysis 

For the Skimune® assays, negative controls consisted of co-culture of HV PBMC and 

HV autologous skin, and HV skin in medium only. The positive control was HV skin 

incubated with SARS-CoV-2 donor PBMC. The assay endpoint was histopathological 

damage observed in the skin tissue caused by exposure to the PBMC or VST. For this, 

1x106 MLR cells were harvested and co-cultured with HV skin for a further 3 days. Co-

cultures were then formalin fixed, paraffin embedded, section and H&E stained. This 

was measured as skin grades (grades I to IV) according to the severity of the skin 

tissue damage observed as shown in Figure 2.10, adapted from (Lerner et al., 1974). 

 

Figure 2.10 - GVHD histology grading. 

Skin MLR culture histology was analysed for GVHD grading. Grade I was considered negative, with 
intact upper keratinocyte layer. Grade II refers to vacuolisation of the epidermis. Grade III shows 
severe damage of the epidermis layer, with initial separation of the epidermis and dermis layers. 
Grade IV refers to severe damage, with complete separation of the epidermis and dermis layer. 
Grade II or higher was regarded as a positive response. 

 

2.10 Taqman low density arrays 

2.10.1 RNA extraction 

Cryopreserved EBV-VST products derived from both the LCL method and IFN-γ CCS 

method were thawed, and total RNA extracted using Qiagen RNAeasy columns with 

DNASe incubation for elimination of genomic DNA. 
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2.10.2 cDNA synthesis 

For use in Taqman arrays, cDNA was synthesised from total RNA using SuperScript 

VILO reverse transcription kit (Invitrogen). 

2.10.3 TLDA qPCR 

Target cell cDNA [40ng] was diluted and mixed 1:1 with TaqMan Fast Advanced 

MasterMix and loaded onto a customized 384-well TaqMan Low Density Array 

(TLDA) card (Applied Biosystems) measuring a number of chemokine receptor, 

cytokine, transcription factors, senescence and CD marker genes. TLDA cards were 

run on an ABI Viia7 Real-time PCR System (Applied Biosystems). 

2.10.4 TLDA analysis 

Relative quantification of gene expression changes was determined using the 2-ΔΔCT as 

described in (Livak and Schmittgen, 2001). All genes from each sample were 

calculated for 2-ΔΔCT in relation to RPLPO housekeeper and normalised against naïve 

CD3+/CD62L+/CD45RO- T cells isolated from buffy coats (n=6) using FACS sorting. 

 

2.11 TCR Repertoire Analysis 

2.11.1 RNA extraction 

T cell TCR repertoire was assessed through another collaboration established with Dr 

Graeme Cowan’s group at the School of Biological Sciences, University of Edinburgh. 

Samples were taken from EBV VST & SARS-CoV-2 VST final products, and bulk T cells 

isolated using CD3 microbeads from matched donor PBMC as diversity controls. 

Samples were distributed into PCR tubes at 5x106 cells/tube and centrifuged at 500g 

for 5 minutes to pellet. Supernatant was aspirated and pellets stored at -40°C. RNA 

was subsequently extracted from thawed pellets using Quick-RNA MiniPrep Plus Kit 

(Zymo Research) according to manufacturer’s guidelines, with 15 minutes DNAse 

treatment at RT to minimize genomic DNA contamination. RNA was eluted into 30µL 

nuclease-free water. 
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2.11.2 cDNA synthesis for TCR-β amplification 

Synthesis of cDNA was optimised for TCRβ amplification and performed using the 

protocol outlined (Smith et al., 2020b) in which RNA was first added to BC1R primer 

[20µM] and incubated for 2 minutes at 72°C followed by 3 minutes at 42°C. Reactions 

were then set up for cDNA synthesis by incubating the RNA mix above with the 

following mastermix: [10µM] SmartNNN primer, [10mM] dNTP mix, [20mM] DTT, 

[100U/µL] SMARTscribe reverse transcriptase, [40U/µL] RNAse inhibitor and [5X] 

First strand buffer. The SMARTNNN primer allows cDNA synthesis with 5’ template 

switching and introduction of a unique molecular identifier to quantify cDNA 

molecules that have entered amplification and therefore prevent PCR amplification 

bias. Samples were incubated at 42°C for 45 minutes, followed by 70°C for 10 minutes 

to terminate the reaction. Samples were finally incubated with [5U/µL] Uracyl DNA 

Glycosylase at 37°C for 10 minutes to prevent exchange of unique molecular identifier 

sequences during subsequent amplification steps. 

2.11.3 TCR-β amplicon generation 

Following cDNA synthesis, two rounds of PCR amplification were set up to generate 

TCR-β variable region amplicons using nested TCR-βeta primers, Illumina-tagged 

indexed forward primers with SMART oligo sequence and Illumina-tagged reverse 

primers within the TCR constant region to ensure both forward and reverse indexing. 

Briefly, the first amplification was set up by adding 2µL cDNA used fresh from above 

to the following mastermix: [10µM] Smart_stepout 1 primer, [10µM] BC2R primer, 

[2X] Phusion Flash high fidelity mastermix and nuclease-free water. Samples were 

incubated at 98°C for 2 minutes; followed by 18 amplification cycles at 98°C for 5 

seconds, 68°C for 10 seconds and 72°C for 15 seconds. Samples were then incubated 

at 72°C for 4 minutes for final elongation. The second amplification was set up by 

adding 2µL of the first PCR product to the following mastermix: [10µM] P7-SMART-

Index, [10µM] P5-BCJ primer, [2X] Phusion Flash high fidelity mastermix and 

nuclease-free water. All primers used were custom generated DNA oligomers from 

IDT as detailed in Table 2.9. Second PCR products were then assessed for purified 

TCR-β amplification using gel electrophoresis against DNA ladder for size 

comparison, and then stored at -20°C prior to product pooling and purification using 

Monarch PCR Gel Extraction Kit (New England BioLabs) as per manufacturer’s 

instructions. 
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Step Primer  Application Sequence 

cDNA  

Synthesis 

BC1R cDNA 

synthesis 

CAGTATCTGGAGTCATTGA 

cDNA  

Synthesis 

SMART-NNN Template 

switch  

AAGCAGUGGTAUCAACGCAGAGUNNNNUNNNNUNNNNUCTTrG(3) 

PCR 1 Smart_stepout1 Nested 

forward 1 

CACTCTATCCGACAAGCAGTGGTATCAACGCAG 

PCR 1 

 

BC2R Nested 

reverse 1 

TGCTTCTGATGGCTCAAACAC 

PCR 2 

 

P7-SMART-Index Forward CAAGCAGAAGACGGCATACGAGATXXXXXXGGCGAAGCAGTGGTATCAACG

CAGAGT 

PCR 2 

 

P5-BCJ Reverse  AATGATACGGCGACCACCGAGATCTACACACACSTTKTTCAGGTCCTC 

Sequencing TCR_read1 Read 1 CGAG+ATCTACAC+ACACSTTKTTC+AGGTCCTC 

Sequencing TCR_read2 Read 2 GGCGAAGCAGTG+GTATCAACGCAGAGT 

Sequencing TCR&BCR Index Read Index ACTCTGCGTTGATACCACTGCTTCGCC 

Table 2.9 - Primers used for TCR repertoire sample preparation and sequencing. 

2.11.4 TCR-β next generation sequencing 

Purified PCR product libraries were assessed for quality and concentration using 

Nanodrop and submitted to GeneWiz for next generation sequencing. Submitted 

libraries were further QC analysed by GeneWiz for quality and concentration using 

Qubit assay and band size using TapeStation automated electrophoresis. Libraries 

were then sequenced on an Illumina MiSeq nano platform using custom read primers 

TCR_read 1, TCR_read2 and TCR&BCR Index with LNA modifications (Table 2.9). 

2.11.5 Repertoire sequencing analysis 

All sequencing analysis was performed by collaborating bioinformatics PhD student 

Catherine Sutherland. Paired reads were initially assembled from FASTQs with PEAR 

v0.9.6. UMI processing, error correction and VDJ assignment were carried out using 

RTCR v0.5.1 (Mamedov et al., 2013). Custom Python scripts were used to process the 

RTCR output with statistical analyses performed using the SciPy packages (Virtanen 

et al., 2020). Sequences sharing the same CDR3 were considered to form a single 

clonotype. For comparisons of diversity, repertoires were downsampled to the same 

number of UMIs. To identify TCR sequences of known specificity, CDR3s were queried 

against the down sampled Immune Epitope Database (IEDB) (Fleri et al., 2017) 

(accessed 13/12/2021) using TCRMatch v0.1.1(Chronister et al., 2021)  and against 
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VDJdb (Bagaev et al., 2020) (accessed 04/02/2022) by manual query. In both cases, 

only exact amino acid CDR3 matches were counted. Gliph2 was used to identify 

enriched amino acid motifs in the CDR3 region (Huang et al., 2020b). Clonal networks 

were visualised using Gephi v0.9 (Bastian et al., 2009). 

 

2.12 Oncogene array testing 

2.12.1 gDNA extraction 

To determine whether there were any harmful mutational changes in the T cells 

during the culture and expansion period, we tested start material and final product 

VST for a panel of oncogenes using a multiparameter panel. This testing was supplied 

by the Cancer Genetics section of the Oxford Regional Genetics Labs.  Genomic 

(gDNA) was prepared from leukapheresis PBMC and SARS-CoV-2 VST final products 

using PureLink™ Genomic DNA mini kit (Invitrogen) as according to manufacturer’s 

instructions. Briefly, samples were pelleted and re-suspend in PBS containing 

Proteinase K [2mg/mL] and RNAse A [2mg/mL] and incubated at RT for 2 minutes. 

Samples were then diluted in PureLink™ Genomic lysis/binding buffer and incubated 

at 55°C for 10 minutes to induce protein digestion. Ethanol was then added, and 

lysates run through a spin column with multiple washes to elute the purified genomic 

DNA. Due to ethical restrictions, oncogene genetic testing could only be made on 

commercial material, therefore COVID-19 convalescent donor commercial 

leukapheresis from USA donors (Key Biologics) bought for translational development 

of the SARS-CoV-2 manufacturing process were used as representative material for 

the SARS-CoV-2 VST bank. 

2.12.2 Oncogene array 

Samples were sent to an accredited lab for testing in a single nucleotide 

polymorphism (SNP) array for 50 cancer associated genes. To test oncogenic 

potential induced by the SARS-CoV-2 isolation and expansion protocol, the frequency 

of SNP in oncogenes outlined in Table 2.10 were compared between the 

leukapheresis starting material and the SARS-CoV-2 VST final product (to ensure 

analysis not affected by herited SNPs already present in the donor).  Parallel 

sequencing using a targeted hotspot strategy (Ion AmpliSeq cancer hotspot v2) was 

used to identify >95% variants in the listed genes. Analytical sensitivity was based on 
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coverage to a minimum depth of 500x, with sensitivity of the assay (% mutant 

detectable in VST gDNA in a background of starting source leukapheresis gDNA) 

between 5-10%. The oncogene array assay and analysis was performed by Oxford 

Molecular Haematology lab John Radcliffe Hospital.  

ABL1 BRAF EGFR FGFR1 GNAS IDH2 KRAS NPM1 PTPN11 SMO 

AKT1 CDH1 ERBB2 FGFR2 GNAQ JAK2 MET NRAS RB1 SRC 

ALK CDKN2A ERBB4 FGFR3 HNF1A JAK3 MLH1 PDGFRA RET STK11 

APC CSF1R EZH2 FLT3 HRAS KDR MPL PIK3CA SMAD4 TP53 

ATM CTNNB1 FBXW7 GNA11 IDH1 KIT NOTCH1 PTEN SMARCB1 VHL 

Table 2.10 - Genes tested in oncogene array 

 

2.13 Statistical analysis 

Statistical analyses were performed using Prism v9.4.1 (GraphPad) with specific tests 

detailed within figure legends. Each cohort dataset outlined below assumed normal 

data distribution of residuals in quantile-quantile plots. 

2.13.1 Comparison of LCL- versus peptide-derived EBV VST 

For analysis of LCL-derived EBV VST versus peptide-derived EBV VST in Chapter 3, 

the two groups were compared for individual parameters such as final product 

viability using unpaired t-tests where p<0.05 was considered statistically significant. 

For analyses within datasets with multiple parameters such as phenotypic analysis of 

different populations, or reactivity to different antigen conditions, the two groups 

were compared using unpaired two-tailed t-tests corrected for multiple comparisons 

(Holm-Šídák test) where p<0.05 was considered statistically significant. Correlations 

between functional marker expression and EBV VST line cytotoxicity were tested 

using computed Pearson correlation coefficients where p<0.05 was considered 

statistically significant with confidence intervals of 95%. 

2.13.2 Comparison of healthy donor versus COVID-19 
convalescent donors 

For analysis of healthy donor versus COVID-19 convalescent donor PBMC populations 

and peptide responses in Chapter 4, the two groups were compared using unpaired 

two-tailed t-tests with Holm-Šídák test for multiple comparisons. Response 
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comparisons between the three individual SARS-CoV-2 peptides (spike, nucleocapsid 

and membrane) were tested using repeated-measures one-way analysis of variance 

(ANOVA) with the Geisser-Greenhouse correction to assume equal variability of 

differences within donor lines. Correlation between intra-donor frequency of 

populations compared to other baseline characteristics were tested using computed 

Pearson correlation coefficients with confidence intervals of 95%. Intra-donor tests of 

optimised culture conditions effect on phenotype and functional parameters were 

made using paired two-tailed t-tests corrected for multiple comparisons with Holm-

Šídák method. 

2.13.3 Comparison of IFN-γ-, TNF-α- and CD154-isolated 

SARS-CoV-2 VST 

For analysis of IFN-γ-isolated, TNF-α-isolated and CD154-isolated SARS-CoV-2 VST in 

Chapter 5, intradonor comparisons for multiple parameters were tested using 

repeated measures one-way ANOVA, or two-way ANOVA for two categorical 

variables, with the Geisser-Greenhouse correction to assume equal variability of 

differences within donor lines. Correlation between intra-donor frequency of 

isolation marker subpopulations and donor characteristics were made using Pearson 

correlation coefficients with confidence intervals of 95%. Comparisons of CD4+ gated 

cells and CD8+ gated cells for functional responses were tested using paired two-

tailed t-tests corrected for multiple comparisons with Holm-Šídák method. 

2.13.4 Comparison of development versus banked SARS-
CoV-2 VST 

For comparison of manual-isolated versus Prodigy-isolated SARS-CoV-2 VST in 

Chapter 6, comparisons were made unpaired t-tests with Holm-Šídák method for 

multiple comparison correction. Correlations of banked SARS-CoV-2 VST expansion 

and phenotypic/ functional parameters were performed using Pearson correlation 

coefficients with confidence intervals of 95%. For analyses within datasets with 

multiple parameters such as phenotypic analysis of different cell populations, or 

reactivity to different antigen conditions, the two groups were compared using paired 

or unpaired two-tailed t-tests where relevant and corrected for multiple comparisons 

(Holm-Šídák test) with p<0.05 was considered statistically significant. 
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Chapter 3 – Comparison of LCL versus peptide 
generation of EBV-VST for therapy. 

3.1 Introduction and aims 

Adoptive transfer of donor T cells has been utilised as an immunotherapy for EBV-

driven PTLD patients for over twenty years. This chapter focuses on the history of 

EBV T cell therapy and addresses methodological/technological advancements made 

to improve manufacture and delivery of this clinical cellular therapy. 

VST were first successfully used in the mid-1990s to prevent or treat EBV-positive 

PTLD in patients who had received allogeneic HSCT (Rooney et al., 1995, Rooney et 

al., 1998, Heslop et al., 1996, Gustafsson et al., 2000). Note that at this time (and still 

commonly within the field) this cell therapy is referred to as ‘CTL’ for cytotoxic 

lymphocytes. However since generated products were not necessarily enriched for 

CD8+ T cells and could contain a substantial CD4+ component, nomenclature in this 

thesis will refer to the cells as VST. In these pilot studies, EBV VST were isolated from 

the HSCT donor since many patients would have already received cells from this 

matched individual. For this strategy, a leukapheresis donation from the transplant 

donor would be taken at the time of transplant to manufacture EBV VST which would 

then either be frozen and stored for potential use upon the transplant recipient 

developing PTLD, or given as a preventative prophylaxis. This approach however is 

largely not applicable for patients with PTLD resulting from SOT whereby the 

transplant donor is usually deceased and therefore there is no donor blood available. 

This is also an extremely expensive approach to therapy manufacture since 

development of PTLD only occurs in a subset of transplant recipients, with the 

prevalence being dependent on numerous risk factors including transplant type, 

immunosuppressive regimen, and EBV sero-status of both the transplant donor and 

recipient. Furthermore, it is prohibitively more challenging to make EBV VST from 

EBV-naïve transplant donors. 

In such cases, autologous EBV VST have demonstrated success in driving regression 

of tumours (Haque et al., 1998, Khanna et al., 1999, Savoldo et al., 2006). However the 

major drawback of autologous treatment with this therapy is the extensive time 

required to generate EBV VST, as using the original published method the 

manufacturing process takes 3 to 4 months. Although a variable malignant disorder 
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dependent on site of tumour, PTLD is generally a fast-growing tumour and therefore 

if blood samples are taken from the patient at time of diagnosis, due to the period of 

EBV VST generation the disease often proves fatal before a full dose of autologous 

EBV VST are ready to be administered. In addition, autologous T cell lines derived 

from EBV-associated lymphoma patients have been found to grow slower than lines 

derived from healthy donors, with requirement for more frequent mitogenic 

stimulation (Bollard et al., 2004). This is not surprising given these patients are either 

naturally immunocompromised individuals or iatrogenically immunosuppressed for 

transplant. As such, autologous VST generation may not be easily translated or even 

practicable for many PTLD patients, although Savoldo and colleagues reported the 

feasibility of generating suitable EBV VST lines from 33/35 (94%) SOT patients in 

their study (Savoldo et al., 2006). Irrespective of the potential to generate autologous 

lines, since manufacture of EBV VST requires a leukapheresis starting source material 

to provide sufficient cells to make a therapeutically relevant T cell dose, collection of 

such a large blood volume from a PTLD patient may be detrimental to the patient’s 

health and worsen disease progression. Therefore, numerous groups have 

investigated generation of EBV VST from ‘third-party’ allogeneic donors to assess the 

safety and practicality of manufacturing cryopreserved EBV VST banks for rapid ‘off 

the shelf’ delivery to PTLD patients on the basis of partial human leukocyte antigen 

(HLA) matching.  

Initial studies delivering allogeneic EBV VST to PTLD patients by Professor Dorothy 

Crawford’s group at the University of Edinburgh proved safe and efficacious and 

subsequently the SNBTS formed a collaboration to manufacture an allogeneic 

cryopreserved EBV VST bank for clinical use. The standard method for this 

manufacture was via repeated stimulation of EBV-specific T cell clones with an 

autologous EBV+ LCL allowing antigen presentation to drive expansion. SNBTS 

manufactured two EBV VST (generation 1 and 2) banks using this process and have 

recently manufactured a generation 3 bank with the newly developed methodology 

outlined in this chapter. The full history of the clinical use and scientific 

characterisation of EBV VST generated by SNBTS is detailed in Table 3.1.   
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Table 3.1 - Publications of allogeneic EBV VST manufactured by SNBTS. 

 

 

Clinical Papers 

EBV VST 
Bank 

Date Reference Total 
Patients 

HSCT 
Patients 

SOT 
Patients 

Response 
Rate 

Additional 
Information 

Gen 1  2001 Haque et al. 
Transplantation. 

1 0 1 100% Liver transplant 
patient 18 months 
old 

2002 Haque et al. 
Lancet. 

8 1 7 50% 4 paediatric, 4 adults 
with early polyclonal 
hyperplastic PTLD 

2005 Wynn et al. 
Lancet Oncol. 

1 1 0 100% 6 year old girl with 
CNS lymphoma 

2007 Gandhi et al. Am J 
Transplant. 

3 0 3 67% 3 adults with 
aggressive advanced 
monoclonal PTLD 

2007 Haque et al. 
Blood. 

33 2 31 52% 10 paediatric, 21 
adults 

2010 Haque et al. 
Transplantation. 

32 NA NA NA Long-term follow up 
of patients from 2007 
paper 

Gen 2 2014 Vickers et al. Br J 
Haematol. 

12 6 6 72.70% 8 paediatric, 4 adults 

2016 Naik et al. J 
Allergy Clin 
Immunol.  

5 0 0 25% Primary 
immunodeficiency 
disorder patients 

2018 Chiou et al. 
Pediatr 
Transplant. 

11 0 11 85.70% Paediatric long-term 
survival (up to 5 
years) 

2019 Kasi et al. 
haematologica. 

59 28 20 59% Long-term survival 
(up to 6 years) 

Scientific Papers 

EBV VST 
Bank 

Date Reference Characterisation No. Lines 
Tested 

Additional 
Information 

Gen 1 2004 Wilkie et al. J of 
Immunotherapy. 

Expansion, Phenotype, 
Cytotoxicity 

135 Tests effect of 
irradiating final 
product on 
cytotoxicity 

2009 McAulay et al. J of 
Immunology. 

Antigen specificity, TCR 
spectratyping 

24 Compares antigen 
specificity of lines 
infused in 2007 paper 
with clinical outcome 

2009 Vanhouette et al. 
Immunology. 

Phenotype, TCR clonality, 
Degranulation, Cytokines 

12 Tests clonality after 
each stimulation and 
mechanisms of killing 

Gen 2 2021 Cooper et al. Clin 
Exp Immunol. 

Expansion, Phenotype, Cytokines  6 Tests effect of flask, 
reagents, stimulation 
intensity and cell 
number on outcome 

Gen 3 2024 Cooper et al. 
Front Immunol. 

Expansion, Phenotype, TCR 
Clonality, Cytokines, Cytotoxicity, 
Degranulation, Antigen specificity 

18 Tests generation 2 vs 
generation 3 bank 
exemplar lines 
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In the first generation EBV VST bank, 135 donor T cell lines were generated by 

weekly stimulation by LCL co-culture and tested after each stimulation for 

cytotoxicity against autologous LCL versus non-specific K562 target cells (Wilkie et 

al., 2004). Following four stimulations the cytotoxicity against autologous LCL was 

generally high (30-50% lysis), however this was at comparable levels with 

cytotoxicity against K562 lines (40-70% lysis) indicating a non-specific killing 

response. This high level of killing against K562 lines may reflect a considerable 

population of NK cells, NKT cells, and/or γδ-T cells able to mediate unrestricted 

killing still present in cultures at earlier stimulation rounds, as indicated by the % 

CD56+ cells dropping from ~40% to <5% between one to four stimulations. 

Moreover, CD8+ T cells can elicit MHC-I-independent killing of tumour cells through 

activating receptor natural killer group 2 member D (NKG2D)-mediated cytotoxicity 

(Lerner et al., 2023). Therefore, agnostically activated CD8+ T cells earlier in culture 

may be driving a NKG2D-mediated cytotoxicity against tumour markers expressed on 

K562 cells, which are subsequently selected out during ongoing culture due to 

repeated antigen exposure driving an outgrowth of EBV-specific T cells. The majority 

of lines required 8-11 stimulations to generate T cells with specific cytotoxic response 

against the autologous LCL (>40% lysis) with negligible non-specific K562 killing 

(<20% lysis), following which cells were cryopreserved for therapy. Of the 135 donor 

lines generated, 107 passed the specific cytotoxicity release criteria for clinical use as 

allogeneic treatments, with the remaining 28 lines showing high killing of non-

specific target cells.  

This cell therapy was first used to treat an 18 month old combined liver and small 

bowel transplant patient who developed PTLD 9 months following transplantation 

(Haque et al., 2001). The patient was EBV seronegative prior to transplantation, 

however had positive IgG and IgM response to EBV viral capsid antigen upon 

diagnosis indicating a primary EBV infection. Though the EBV sero-status of the organ 

donor was unknown, it is likely EBV infection was contracted from the graft itself 

since PTLD primarily developed in the transplanted small bowel and lymph nodes. It 

is not uncommon for paediatric patients to be infected by the graft itself considering 

young children may not have encountered the virus and hence have not developed 

immunity, whereas transplant donors cannot always be chosen on the basis of EBV 

sero-status considering the prevalence is so high within the general population. 

Initially, the patient was withdrawn from immunosuppression (tacrolimus and 
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azathioprine) and treated with antiviral drug ganciclovir, immunoglobulin and 

corticosteroids. However this did not deter PTLD progression, and the patient 

exhibited symptoms of intestinal graft rejection meaning tacrolimus had to be 

restarted. While reduction in immunosuppression is still a first line modulation for 

PTLD, this case highlights the fine balancing act between allowing the host’s natural 

immunity to control PTLD tumours versus the inherent risk of graft rejection. The 

patient was then treated with a single infusion of EBV VST with 2 HLA class I-

restricted matches and 1 class II-restricted match at 1x106 cells/kg dosage. Within a 

week of EBV VST infusion, EBV viral load reduced to undetectable levels, PTLD 

tumours had regressed and the patient went into complete remission with no 

evidence of GVHD or infusion-related toxicity. 

Following efficacy and safety in this case study, an initial UK-wide phase I trial was 

carried out testing this 1st generation EBV VST bank in 8 patients (Haque et al., 2002). 

Two patients died rapidly from other causes after receiving only one or two EBV VST 

infusions, however EBV viral load had decreased following VST infusion suggesting 

some clinical effect. As discussed previously, PTLD is frequently an aggressive disease 

especially when involving multiple sites and consequently it is not uncommon in EBV 

VST trials for patients to die prior to receiving any or the full regimen of infusions. 

This can make evaluation of therapeutic efficacy and response rates challenging 

where there is debate amongst different trials, centres and/or clinicians on whether 

to include or exclude these patients from analysis. Of the 6 patients who received full 

EBV VST treatments: 3 had complete responses and went into remission; 1 had a 

partial response after two infusions and then declined further treatment with a PTLD 

resurgence 8 months later; and 2 patients did not respond to EBV VST infusions and 

died of progressive disease.  No obvious factors such as degree of HLA matching 

between donor and patient, VST phenotype or in vitro cytotoxicity was found to 

correlate with clinical response in this small study. Importantly all infusions were 

well tolerated with no indications of toxicity or GVHD. A further publication reported 

the use of this bank to treat three patients with aggressive advanced monoclonal 

PTLD following SOT, with 2/3 patients responsive to EBV VST therapy (Gandhi et al., 

2007). Interestingly, this paper demonstrated peaks in the systemic EBV viral load 

one hour following each VST infusion in all patients which was found to be of the 

tumour wild type virus origin (and not caused by B95.8 strain contamination of the 

EBV VST products) suggesting a transient release of EBV virions from lysed tumour 
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cells following VST infusion. Although one patient died from progressive PTLD-

induced respiratory failure within 11 days of therapy, this study was the first to 

report visualisation of male donor infused VST within the female patient tumour 

during autopsy visualisation, demonstrating the infused VST had migrated to PTLD 

site and infiltrated within the B cell lymphoma. Therefore, it was indicated this 

patient may have responded to EBV VST if treated earlier in disease course and 

received the full dosing regimen. 

A further case study reported the first effective treatment of an EBV+ brain tumour 

with EBV VST (Wynn et al., 2005). This case was an 8 year old non-transplant but 

immunocompromised patient with a primary central nervous system (CNS) EBV+ B 

cell lymphoma and high EBV viral load within the cerebrospinal fluid (CSF). The 

patient was initially treated with antiviral drugs and rituximab for four weeks, 

however the clinical condition deteriorated leading to a coma. The patient then 

received seven EBV VST infusions weekly, with neurological improvement seen by 

the third infusion when the patient regained consciousness and CSF EBV viral load 

dropped below levels of detection. Several months later the patient received a HSCT 

transplant from an EBV+ donor, leading to an EBV viral load resurgence in the CSF 

three months later. A further two infusions of EBV VST and rituximab was 

administered which rapidly regressed the tumour and EBV load, and the patient 

remained in long-term remission. Importantly, this study demonstrated the entry of 

activated VST into the brain with therapeutic effect, whereas rituximab has limited 

efficacy in CNS lymphomas due to poor penetrance of the blood brain barrier 

(Bromberg et al., 2019).  

EBV VST from this 1st generation bank then went on to be used in the first phase 2 

worldwide clinical trial using allogeneic EBV VST for treatment of PTLD.  This 

multicentre trial treated 33 EBV+ PTLD patients of ranging age, transplant type and 

PTLD site who had failed to respond to conventional treatments (Haque et al., 2007). 

This trial reported an overall response rate of 64% at 5 weeks and 52% at 6 months 

following EBV VST therapy. In one monitored patient infused T cells were still 

detected up to 6 months following administration. Interestingly, this trial found a 

positive association with patient response and the percentage of CD4+ T cells within 

the EBV VST products, whereby lines with <1%, 1-4.9%, or >5% CD4+ T cells had 

patient response rates at 6 months following treatment of 18% (n=12), 56% (n=9) 
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and 83% (n=12) respectively. In addition, this trial demonstrated better patient 

outcomes with increasing number of HLA matches between the patient and EBV VST 

donor. A long-term follow up study of the patients who had a complete response at 6 

months in the initial trial, showed that 86% had survived and were still in complete 

remission after 4 to 9 years, whereas only one patient had a PTLD relapse (Haque et 

al., 2010). Non-responder patients at 6 months all went on to receive further PTLD 

treatments, but survival rate was <40% within a year following VST treatment.  

Although this first generation EBV VST bank demonstrated an impressive safety 

profile, after 2005 cell banks developed in Europe in the context of research 

laboratories had to be abandoned since they were not manufactured according to 

Good Manufacturing Practice (GMP) principles. Therefore SNBTS undertook to 

manufacture a new GMP-compliant bank with funding from the Wellcome Trust. This 

was awarded a ‘Specials’ license by the UK Medical Healthcare Regulatory Authority 

(MHRA) in 2012 to supply EBV VST as an ATMP (Vickers et al., 2014). This second 

generation EBV VST bank was derived entirely from New Zealand healthy donors to 

minimise the risk of transmission of nvCJD. Due to the nvCJD outbreak in the UK in 

the 1980s and 90s, concerns were raised over transmissibility to blood products 

particularly with high leukocyte content (Regan and Taylor, 2002). To choose a panel 

of donors with maximal HLA coverage of class I and class II matches, simulations 

were made using HLA typing of 304 patients on the East of Scotland renal transplant 

waiting list and 200 New Zealand platelet apheresis donors. This analysis found that 

25 well-selected donors covered 85% of the patient population, however increasing 

panel size beyond this did not significantly increase coverage. Therefore, the new 

bank was made from 25 donors and manufactured as described previously. This 

report (Vickers et al., 2014) highlighted the operation of the second generation EBV 

VST bank, showing that within the first 21 months post-licensure 37 patient enquiries 

were received. Of these enquiries, thirteen patients died before EBV VST could be 

delivered, with a mean time of 6 days between enquiry through the initial patient 

request form and patient death. The authors noted delays to shipment were caused 

primarily by authorisation of treatment funding, as well as pre-testing cytotoxicity of 

the chosen best HLA match EBV VST line against PHA stimulated blasts derived from 

the patient blood samples to check for non-specific killing. To date (March 2025) 

SNBTS still supply EBV VST from this second generation bank, however as of 2010 

this pre-infusion cytotoxicity assay using patient cells is no longer carried out to 
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minimise delays to treatment. Although this report was not a formal measure of 

therapy efficacy, of the patients infused at the time of study 72.7% had a complete 

response. Of the non-responding patients, two had non-haematopoietic sarcoma-like 

tumours. Sarcomas are known to be able to down-regulate HLA expression (Berghuis 

et al., 2009), and may also differ in antigen expression compared to PTLD tumours 

thereby potentially limiting LCL-derived EBV VST to target these tumours. A further 

two patients who did not respond to EBV VST infusion did not have any HLA class II 

matches, which may further support the theory that CD4+ T cells within EBV VST 

products improve anti-PTLD responses. This study also reported the first patient to 

have side effects from infusion with EBV VST from either the first or second 

generation EBV VST banks, where the patient developed a rash within a day following 

VST infusion. This was thought to be a possible skin GVHD and resolved within 24 

hours following topical steroid and tacrolimus administration. At this time, other 

centres had also reported a few cases of mild transient skin GVHD following third 

party banked EBV VST (Doubrovina et al., 2012) and multi-virus VST (Leen et al., 

2013) infusions indicating this was a possible side effect in some cases. However the 

overall risk to benefit ratio for these advanced disease patients highlights the relative 

safety of this therapy.  

Lines from this second generation bank were also tested within the setting of patients 

with primary immunodeficiency disorders (PID) requiring HSCT that resulted in 

severe viral infections (Naik et al., 2016). In this multicentre study, SNBTS EBV VST 

were delivered to 4 paediatric PID patients following development of EBV 

lymphoproliferative disease, with only one patient responding to EBV VST therapy 

indicating the greater challenge in viral clearance within this patient group. 

A further study focusing on paediatric SOT patients refractory to conventional 

treatments demonstrated 80% complete response rate up to 5 years post VST 

therapy with no cases of GVHD or toxicities (Chiou et al., 2018). In this study, all non-

responding patients had late-onset PTLD (development of PTLD more than 12 

months following transplantation) which may indicate that the poor response to VST 

therapy reflects differing overall disease initiation, progression and prognosis as well 

as tumour cell antigen expression and immunogenicity of this patient group (Bollard 

et al., 2012).  
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The most recent long term follow-up study of 59 PTLD patients who received EBV 

VST from the second generation bank demonstrated overall response rate of 59%, 

with two cases of mild cutaneous GVHD noted (Kazi et al., 2019). Lower response 

rates were associated with HSCT patients (46%) compared to SOT (75%) or non-

transplant (64%) PTLD patients which likely reflects the poor clinical status and 

disseminated disease in HSCT PTLD patients. Interestingly, clinical response was 

higher in patients with PTLD in the CNS (67%) compared to patients without CNS 

disease (54%). However, this was likely biased by a higher number of CNS PTLD 

patients recruited earlier within the disease course due to unsuitability of first line 

treatment rituximab for this cohort. Association of improved response rates in 

patients receiving EBV VST with higher numbers of HLA class I and class II matches 

further supported the original observation of HLA matching correlating with efficacy 

by Haque and colleagues (2007).  

More recently, several optimisation approaches were made to improve the LCL 

manufacturing process in terms of cell product quality as well as conformation with 

current GMP (cGMP) regulations (Cooper et al., 2021). The manufacturing protocol 

was improved by reducing the LCL to T cell stimulation ratio from 5:1 to 1:1 as the 

number of LCL is often a limiting factor in how many T cells can be co-cultured at 

each stimulation round. This ratio also has effects such as increasing functionality of 

final product T cell antiviral cytokine production. In addition, culture expansion, 

phenotype and functionality of T cells was maintained when cultured in a xeno- and 

serum-free GMP-compliant culture medium thereby reducing risk of potential 

product contamination. Culture expansion was also significantly improved using gas-

permeable rapid expansion (G-Rex, Wilson Wolf LLC, USA) culture vessels compared 

to standard culture flasks (traditionally grown in T75 open cap flasks). The base of G-

Rex flasks has a silicone membrane resulting in a larger surface area for gas exchange 

than standard flask caps and the larger culture volume means that nutrients last 

longer necessitating less frequent medium exchanges. Due to the faster growth of VST 

under these improved conditions, cells reached the same level of EBV VST purity and 

specificity after an optimised 3-4 stimulation round protocol in G-Rex flasks as 

compared to 6-9 stimulation rounds necessary in standard flasks. Therefore, this has 

obvious advantages associated with a shorter culture duration including improved 

cell health, reduced risk of contamination from extensive manipulation steps and 

reduced resource consumption of staff and facility time. Furthermore, G-Rex flasks 
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are also supplied as fully closed-system for GMP manufacture further reducing 

potential for introduction of a contaminant. 

While considerable enhancements were made to modernise the LCL-derived EBV VST 

manufacturing process to cGMP standard, this approach still had challenges in terms 

of clinical manufacture, predominantly in the biosafety aspects of using live virus to 

generate LCL, long cultures to transform LCL lines, and the requirement of repeated 

LCL stimulation of T cells to make VST lines with sufficient specificity for EBV. Other 

techniques have been developed to isolate antigen-specific T cells including cytokine 

capture selection (CCS) first described by (Campbell, 2003). This technique was 

applied to the isolation of cytomegalovirus VST based on secretion of cytokines 

released in response to stimulation with CMV peptides (Rauser et al., 2004) and/or 

CMV lysate (Campbell et al., 2011). EBV VST have since been isolated from donor 

blood stimulated with EBV peptide pools followed by selection of interferon-gamma 

(IFN-γ)-secreting VST (Moosmann et al., 2010, Icheva et al., 2013, Kállay et al., 2018). 

This method provides a rapid isolation to administration approach (<36 hours), but 

the low frequency of circulating EBV VST (~0.1-1% of total T cells) yields sub-

optimally low numbers of IFN-γ+ target cells, restricting the dosing regimen. 

Protocols to generate cytomegalovirus VST have combined IFN-γ direct selection with 

a short culture to expand selected cells to clinically relevant numbers (Hammer et al., 

2005, Brestrich et al., 2009, Kim et al., 2018).  

Therefore, it was the aim of my Masters project in 2015 to investigate proof-of-

principle studies to isolate EBV VST from healthy blood donors using cytokine 

capture selection and combine this with a post-isolation culture system to assess 

ability to expand the IFN-γ+ target cells to clinically relevant numbers. The pilot 

research-scale tests using donor buffy coats indicated a substantial T cell expansion 

and development quickly progressed to process translation and full-scale clean room 

manufacture of a GMP-compliant 3rd generation EBV VST bank in my years as a 

research scientist following this. With multiple donor lines manufactured using this 

new process, it became the aim of my PhD to comprehensively characterise EBV VST 

derived from the peptide CCS process compared to previous LCL-derived EBV VST. 

For this comparative study, cryopreserved lines from the second-generation EBV VST 

bank (LCL-derived) versus the third-generation EBV VST bank (peptide-derived) 

were assessed for numerous parameters including product yield, phenotype, quality, 
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functionality, specificity and clonal diversity to evaluate the process and products for 

optimal T cell therapy (Cooper et al., 2024). In addition, since we have clinical 

response data for 102 patients treated with the second generation EBV VST bank 

from a recent audit, a secondary aim was to investigate any potential associations of 

clinical efficacy with product characteristics to understand what makes a desirable T 

cell profile for treating PTLD.  
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3.2 Generation of EBV VST by peptide-mediated cytokine 
isolation  

Treatment of EBV-induced lymphomas with therapeutic allogeneic EBV VST relies 

upon a fast, safe, and efficient manufacturing process that generates potent targeted 

products to ensure optimal patient responses and safety. The standard method in this 

field uses LCL as APC to drive differentiation of naïve T cells into EBV VST over 

numerous stimulation rounds. We investigated a new technique (Figure 3.1) to 

isolate the small pool of memory VST within peripheral blood of EBV seropositive 

donors using IFN-γ capture selection. Since this selection process isolates a small 

number of target cells (~1x106) as shown later in this section, we then developed and 

optimized a subsequent culture expansion process. Briefly, the IFN-γ+ target cells are 

co-cultured with non-target mononuclear cells from the leukapheresis isolation 

(irradiated to prevent outgrowth) to provide cell density support in culture, 

continued antigen presentation from the peptide-primed APC and co-stimulatory 

signaling. Cells are cultured for 18 days in closed-system G-Rex100M-CS flasks in 

TexMACS medium supplemented with IL-2 [200 IU/mL] to drive T cell expansion. 

Cells are harvested following 18 days expansion and formulated into patient doses for 

cryopreservation and long-term liquid nitrogen storage. 

 

Figure 3.1 - EBV VST generation by peptide-mediated IFN-γ isolation and expansion. 

The 3rd generation EBV VST bank manufactured by SNBTS was made using peptide-mediated 
IFN-γ isolation and expansion. For this, EBV sero-positive donor leukapheresis starting material 
was stimulated with GMP-compliant EBV consensus peptides (15-mer peptide pools with 11 amino 
acid overlap covering MHC class I and class II-restricted sequences of 15 lytic and latent EBV 
antigens) for 5 hours. Reactive IFN-γ-secreting memory EBV VST were then selected using a 
clinical grade IFN-γ capture system to isolate IFN-γ+ target cells through a magnetic column. All 
stimulation and isolation steps were carried using an automated closed-process CliniMACS 
Prodigy processor. The non-target cells from the isolation were then irradiated at 40 Gy and co-
cultured back with the IFN-γ+ target cells to provide continued co-stimulatory signalling and feeder 
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support in culture for the first several days before irradiated cells died off. Co-cultures were seeded 
in G-Rex closed-system flasks in TexMACS medium with IL-2 supplementation for up to 18-19 
days with medium additions at 1-2 times per week. At day 18 or 19, cells were harvested, washed 
and cryopreserved in CryoStor10: PlasmaLyte [2:1] freezing solution in bagged doses at 1.5x108 
cells/dose and controlled rate frozen for long term storage in liquid nitrogen vapour phase tanks. 

3.2.1 Screening donors for EBV peptide T cell responses 

For full-scale process translation, leukapheresis material from EBV sero-positive 

donors were acquired commercially from Key Biologics, USA and shipped fresh 

within 48-96 hours of apheresis collection. A total of seven Key Biologics 

leukapheresis USA donor runs (coded as EBVUSAD) were carried out to understand 

the kinetics of full-scale isolations and cultures, whereby 2x109 WBC per run were set 

up for a Prodigy CCS isolation. In tandem with the CCS isolation, MNC samples were 

taken to stimulate with the EBV peptides to quantify T cell responses using an 

intracellular cytokine screening assay. For the screen, flow cytometric analyses were 

gated on lymphocytes/singlets/live cells, followed by sub-gating on CD8+/IFN-γ+ 

cells where the IFN-γ+ gate was set according to a no antigen control as per 2.7.1. 

Although donors were selected based on confirmed IgG-positive serum antibody titre 

to EBV VCA, T cell responses in these donors to the EBV consensus peptides were 

variable. Figure 3.2A left panels shows exemplar flow cytometry plots of EBV peptide 

screen responses for donor EBVUSAD1 with a significant memory pool of CD8+/IFN-

γ+ cells (0.28% of total live lymphocytes) as compared to donor KBL6 where 

CD8+/IFN-γ+ cells were barely detectable (0.014% of total live lymphocytes). 

Following the Prodigy CCS isolation, small samples of the target cells were taken for 

enumeration and phenotypic analysis by flow cytometry (Figure 3.2A right panels). 

As can be seen, donor EBVUSAD1 had a distinct lymphocyte population surrounded 

by debris and some monocytes, which when gated had 87.9% viability, whereas 

lymphocytes within the target fraction of donor EBVUSAD6 were only 0.71% viable. It 

was hypothesised the lack of detectable CD8+/IFN-γ+ cells in donor EBVUSAD6 at 

screen was predictive of negligible live lymphocytes isolated in the IFN-γ CCS assay. 

To investigate this further, the mean frequency of CD8+/IFN-γ+ cells at EBV peptide 

screen is shown for all seven donors in Figure 3.2B. The donor frequency of 

CD8+/IFN-γ+ cells at EBV peptide screen was tested for correlation with the viable 

cell count of IFN-γ+ target cells isolated by Prodigy CCS (Figure 3.2C). Although not 

statistically significant (p=0.0547, R2=0.555), there was a trend of higher number of 

isolated live target cells with the higher frequency of peptide-reactive IFN-γ+ cells at 

screen. Both donors EBVUSAD3 and EBVUSAD6 which had 0.02% and 0.014% 
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CD8+/IFN-γ+ cells at screen respectively, isolated <5x105 viable cells. From these 

results, we decided to implement a minimum criterion of ≥0.1% CD8+/IFN-γ+ cells at 

EBV peptide screen for a donor to be taken forward with CCS isolation.  

 

Figure 3.2 - EBV peptide T cell responses in seropositive donors and IFN-γ isolation.  

Full-scale translation of the peptide CCS selection process utilised commercial leukapheresis 
starting material from EBV sero-positive donors EBVUSAD1-7. (A) Representative flow cytometry 
analysis shows EBV peptide screen T cell responses of donors EBVUSAD1 and EBVUSAD6 in the 
left panels where peptide reactive cells were gated as CD8+/IFN-γ+ cells normalised to no antigen 
negative controls. Flow analysis of the corresponding donor Prodigy CCS isolated IFN-γ+ cells in 
the right panels show initial gating of the lymphocyte population, followed by sequential gating of 
viable lymphocytes using dead cell stain DRAQ7. (B) The mean ± SEM frequency of CD8+/IFN-γ+ 
cells in EBV peptide screen assay is shown for all donors (n=7). (C) The donor frequency 
CD8+/IFN-γ+ cells showed no significant correlation with total number of isolated viable Prodigy 
CCS IFN-γ+ target cells. Statistical analysis was done by generating Pearson correlation 
coefficients, where p<0.05 was considered significant. 
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3.2.2 Isolated EBV peptide-specific T cells expand in culture 

All target cells were set up in co-cultures with irradiated non-target cells at [1:300-

600] to provide co-stimulatory signals and initial density support. Counts were taken 

twice weekly using Trucount tubes with addition of DRAQ7 to enumerate the total 

number of viable cells. The growth curves for all EBVUSA donor cultures are shown in 

Figure 3.3A, where the day 0 count is only the IFN-γ target cells and does not include 

the additional irradiated non-target cells. Isolation of cells from donors EBVUSAD3 

and EBVUSAD6 resulted in less than 5x105 target cells which subsequently failed to 

expand during the culture period between day 11 to 15. Interestingly, these two 

cultures show an initial peak in cell numbers at day 7, however this likely reflects that 

the irradiated non-target cells added at the start of co-culture have begun to die off 

between day 7 to 11 in this culture process. The fold expansion between day 0 target 

cells and day 18 or 19 harvested cells (Figure 3.3B) shows the five donors which had 

good growth expanded between 500-4000x fold over the culture period.  

 

Figure 3.3 - Peptide EBV VST process full-scale translation culture expansion.  

Following Prodigy CCS isolation, IFN-γ+ target cells were co-cultured with irradiated non-target 
cells and cultured in G-Rex100M closed system flasks in GMP TexMACS medium supplemented 
with IL-2 [200 IU/mL] for up to 19 days. (A) The total number of viable cells over the culture period 
is shown for each donor line. (B) The fold expansion between day 0 and day 18/19 harvest is 
shown for each donor line. 

Since there was a clear observation in EBVUSAD3 and EBVUSAD6 showing lack of 

detectable IFN-γ+ cells at the screening point, negligible viable target cells isolated 

and failure to yield any EBV VST in culture; it was decided to utilise the EBV peptide T 

cell response from the ICR assay as a pre-screen donor selection criterion. Peripheral 
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blood samples from prospective EBV seropositive donors were tested and only 

donors with sufficient EBV T cell responses were recruited for inclusion in 

manufacture of the EBV VST bank. This therefore prevented non-eligible donors from 

going through apheresis collection, as well as reducing potential manufacturing 

failures. 

3.2.3 Expansion of CD8+ central and effector memory cells 

Basic phenotypic analysis was performed throughout culture to investigate changes 

in different population dynamics. For the lymphocyte surface phenotype panel, cells 

were initially gated on mononuclear cells/singlets/live cells, followed by gating of 

CD3-/CD56+ NK cells, CD3+/CD56+ NKT cells and CD3+/CD56- T cells. T cells were 

then gated into CD4+ T cells or CD8+ T cells, and each subtype further divided by T 

cell differentiation status: CD62L+/ CD45RA+ naïve T cells (TNaive), 

CD62L+/CD45RO+ central memory T cells (TCM), CD62L-/CD45RO+ effector 

memory T cells (TEM), and CD62L-/CD45RA+ terminally differentiated effector 

memory RA+ T cells (TEMRA). Representative t-stochastic neighbour embedding (t-

SNE) dimensionality reduction analysis of these populations within the mixed blood 

leukapheresis starting source material of donor EBVUSAD1 is shown in Figure 3.4A. 

This analysis was then used to track changes in population frequencies from the IFN-

γ CCS process and throughout culture expansion as shown for representative donor 

EBVUSAD1 (Figure 3.4B). As can be seen, the non-target cells from isolation are 

comparable to the leukapheresis lymphocyte population compositions as would be 

expected from the residual cells remaining following the CCS process. The IFN-γ+ 

target cells however were largely composed of CD8 TEM and CD8 TEMRA cells, with a 

small population of CD4 TCM & TEM cells indicating a significant enrichment of 

antigen-experienced T cells, with negligible contaminating NK cells or naïve T cells. 

Over the culture period there was substantial expansion of the CD8 central memory T 

cell population which composed the majority of day 18 harvested cells, with small 

populations of CD4 and CD8 effector memory T cells. This indicates that while the 

selection process isolated highly activated T cells nearing terminal differentiation, the 

culture process drives an outgrowth of central memory CD8+ cells, while still 

supporting expansion of CD4 effector memory cells which may be beneficial for 

allogeneic VST therapy persistence. 
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Figure 3.4 - Phenotypic analysis of populations throughout the peptide process expansion. 

Flow cytometric surface marker phenotyping using t-stochastic neighbour embedding (t-SNE) 
dimensionality reduction analysis. (A) Exemplar leukapheresis starting material of EBVUSAD1 
identified the following lymphocyte populations: NK cells (CD3-/CD56+), NKT cells (CD3+/ CD56+), 
CD4 T Cells (CD3+/ CD4+) and CD8 T cells (CD3+/ CD8+). Both CD4 T cells and CD8 T cells 
were then sequentially gated for T cell memory subpopulations: TNaive (CD62L+/ CD45RA+), TCM 
(CD62L+/CD45RO+), TEM (CD62L-/CD45RO+) and TEMRA (CD62L-/CD45RA+). (B) Dynamics of 
these gated populations were shown from co-culture set up at day 0 to day 18 of culture. 

3.2.4 Expansion of peptide-specific effector T cells 

To measure EBV specificity, samples were taken throughout the culture period to test 

functional recall to EBV consensus peptide pools (Figure 3.5). For this, cells were 

stimulated as per the screen assay with peptides for 5 hours and assessed for 

induction of antiviral cytokines IFN-γ, TNF-α and IL-2 compared to no antigen 

negative controls. Flow cytometry analysis was used to gate into populations with 

singular cytokine expression, dual cytokine expression or triple cytokine expression 

as per gating strategy outlined in Figure 2.8.  
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Figure 3.5 - Functional analysis of populations throughout the peptide culture expansion. 

Flow cytometric intracellular cytokine staining using t-SNE dimensionality reduction analysis. The 
functional cytokine reactivity to 5 hour stimulation with EBV consensus peptide pools is shown for 
representative donor EBVUSAD1 at the leukapheresis screen pre-isolation (left panel), and at days 
7, 14 and 18 of the culture process. Cytokine sub-populations were gated into triple positive (IFN-
γ+/TNF-α+/IL-2+); dual positive (IFN-γ+/TNF-α+), (IFN-γ+/IL-2+), (TNF-α+/IL-2+); single positive 
(IFN-γ+), (TNF-α+), (IL-2+); and cytokine null (IFN-γ-/TNF-α-/IL-2-). 

The small pool of memory EBV VST identified at screening (leuk lymphocytes panel) 

is dual positive for IFN-γ+/TNF-α+ expression. Following Prodigy CCS isolation and 

culture initiation, at day 7 there is a relative mix of different cytokine subpopulations 

reactive to EBV peptide recall. By days 14-18 there was outgrowth of the IFN-

γ+/TNF-α+ dual positive and IFN-γ+/TNF-α+/IL-2+ triple positive T cell populations. 

Since IFN-γ+/TNF-α+/IL-2+ triple positive T cells were mainly found within the 

central memory population (Cooper et al., 2021), whereby IL-2 secretion mediates 

the high proliferative capacity of central memory cells in addition to the effector 

cytokines IFN-γ and TNF-α, this functional cytokine profile data supports the 

phenotypic outgrowth of TCM observed in Figure 3.4. Note, since the number of 

target cells from Prodigy CCS was limited (~106 cells), and the cells had just 

undergone antigenic stimulation for the isolation, cells could not be tested for 

functional reactivity at this time-point. Importantly this assay demonstrated the 

resultant T cells had high functional specificity to EBV peptides.  

3.2.5 Bank manufacture of EBV VST using peptide-mediated 
process 

Following successful process translation, a campaign of clean room manufacture 

generated EBV VST lines for clinical bank use from five UK donors. For this, donors 

were recruited through the clinical apheresis unit (CAU) at Royal Infirmary 

Edinburgh, where regular platelet donors with SNBTS viral testing history were 

selected on the basis of EBV sero-positivity and HLA coverage.  
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Prospective donors then provided peripheral blood samples which were tested for T 

cell responses to EBV peptides using the ICR screen assay developed in section 3.2.1. 

From this screening assay, 11/17 (64.7%) EBV sero-positive donors had sufficient 

(>0.1%) T cell responses to EBV peptides for VST manufacture (Figure 3.6A). The 

number of final product doses for all EBVUSA translational and EBVUK bank 

manufacturing runs are shown in Figure 3.6B, with no significant correlation seen 

between frequency of EBV peptide-reactive CD3+/IFN-γ+ cells at screen and final 

product dose yield (Figure 3.6C). 

 

Figure 3.6 - Peptide-derived EBV VST donor screen and final product dose yield.  

Screen and manufacture of peptide-derived EBV VST is shown for full-scale GMP translational 
lines (EBVUSA donors) and clean room banked lines (EBVUK donors highlighted in bold). (A) 
Initial ICCK screen identified 11/17 EBV sero-positive donors with sufficient T cell responses to 
EBV peptide stimulation. The red dotted line represents the minimum criterion of CD3+/ IFN-γ+ 
cells ≥0.1% for donor eligibility to manufacture. (B) The number of final product doses generated at 
1.5x108 cells/dose is shown for all manufactured donor lines. (C) No correlation was observed 
between frequency of EBV-reactive CD3+/ IFN-γ+ cells at screen and final product doses 
manufactured. Statistical analysis was done by generating Pearson correlation coefficients, where 
p<0.05 was considered significant. 
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Three process validation runs (EBVUKD2, EBVUKD5, EBVUKD6) and two clinical runs 

(EBVUKD9, EBVUKD10) from UK donors were performed, therefore making five 

clean room manufactured EBV VST lines. Table 3.2 outlines EBVUK banked VST 

donor demographics including sex, age, HLA type, EBV viral capsid antigen (VCA) IgG 

serum antibody titre (U/mL) and the percentage of EBV VST reactive to peptides at 

initial ICCK screen. 

Donor 
Code 

Sex Age 
Blood 
Group 

HLA EBV VCA 
IgG 

(U/mL) 

VST 
Screen 

(%CD3+/ 
IFNγ+) 

A* A* B* B* C* C* DRB1* DRB1* 

EBVUKD2 M 65 O+ 02:01 03:01 35:01 40:01 03:01 04:01 07:01 15:01 151 0.20% 

EBVUKD5 M 51 O- 01:01 03:01 07:01 08:01 07:01 07:01 03:01 13:01 74 0.10% 

EBVUKD6 M 40 O+ 02:01 02:01 08:01 27:01 01:01 07:01 01:01 03:01 128 1.90% 

EBVUKD9 M 61 O+ 24:02 30:02 18:01 39:06 05:01 07:02 03:01 15:01 750 0.20% 

EBVUKD10 M 53 O+ 01:01 03:01 07:02 51:01 07:02 14:02 07:01 15:01 750 0.10% 

Table 3.2 - Peptide EBV VST banked donor demographics. 

 

3.2.6 Peptide EBV VST bank characterisation testing 

Samples of final product harvested cells were taken for quality control (QC) testing to 

assess product identity and purity. Minimum criteria were set for product release, 

including viability ≥80%, CD3+ T cell ≥90% and CD3-/CD56+ NK cells ≤10%. All final 

products had >95% viability (Figure 3.7A), with negligible NK cells (Figure 3.7B). 

Some lines expanded a small CD3+/CD56+ NKT cell population (Figure 3.7C), 

however since these are still fundamentally T cells this was not an exclusion criterion 

for the product. All lines were highly purified for CD3+ T cells >97% (Figure 3.7D), 

and skewed to CD8+ T cells with small CD4+ populations (Figure 3.7E). 

Characterisation of T cell memory (Figure 3.7F) demonstrated negligible naïve or 

terminal differentiated effector memory RA (TEMRA) T cells; with most donors 

having an equal split of central memory (TCM) and effector memory (TEM) T cells. 
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Figure 3.7 - Peptide-derived EBV VST final product phenotype. 

Final product phenotypic characterisation of peptide-derived EBV VST is shown for full-scale GMP 
translational lines (EBVUSA donors) and clean room banked lines (EBVUK donors highlighted in 
bold). Total gated live lymphocytes were quantified for the percentage (A) viability (DRAQ7-), (B) 
NK cells (CD56+/CD3-), (C) NKT cells (CD3+/CD56+), and (D) T cells (CD3+). Within the gated 
CD3+ population, T cells were further subdivided for (E) CD4 to CD8 content, and (F) T cell 
memory subpopulations: TNaive (CD62L+/ CD45RA+), TCM (CD62L+/CD45RO+), TEM (CD62L-
/CD45RO+) and TEMRA (CD62L-/CD45RA+). Red dotted lines indicate a criterion for therapy, 
whereby final product viability ≥80%, NK cells ≤10% and T cells ≥90% for product release. 

 

Final product samples were also tested using a panel of QC assays for functionality 

and EBV specificity using the antigen recall assay. As described previously, harvested 

cells were stimulated with EBV consensus peptides and compared to non-antigen 

negative controls for 5 hours and further assessed for production of antiviral 

cytokines by intracellular flow cytometry staining. As can be seen, all lines had high 

expression of IFN-γ (Figure 3.8A) and TNF-α (Figure 3.8B) reactive to EBV peptide 

stimulation indicating high EBV specificity and ability to induce effector functionality 

upon antigen recognition. 
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Figure 3.8 - Peptide-derived EBV VST final product function. 

Final product functional characterisation of peptide-derived EBV VST is shown for full-scale GMP 
translational lines (EBVUSA donors) and clean room banked lines (EBVUK donors highlighted in 
bold). Harvested cells were stimulated with EBV peptides compared to negative no antigen controls 
and assessed for reactivity by quantifying the percentage (A) IFN-γ+ and (B) TNF-α+ cells. 

Altogether this data shows the peptide manufacturing process successfully generated 

five clean room EBV VST lines highly enriched for cytotoxic T cells, with high 

functional specificity towards EBV peptides. All products passed the release criteria 

and most lines had high yields demonstrating a robust process for EBV VST 

manufacture. 
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3.3 Comparison of LCL-derived versus peptide-derived 
EBV VST 

After successful manufacture of a new EBV VST bank using the peptide-mediated 

cytokine selection and expansion process, it was a major aim of this PhD to compare 

EBV VST products generated using both the peptide and original LCL process. Since 

SNBTS have a wealth of clinical data demonstrating efficacy of LCL-derived EBV VST 

products, it was crucial to ensure products made using the new peptide process were 

comparable to LCL-derived EBV VST to predict this therapy would also be safe and 

effective in PTLD patients. To allow the most accurate comparison, all subsequent 

assays were done using cryopreserved and thawed EBV VST samples from the second 

generation LCL-derived bank versus the third-generation peptide-derived bank.  

3.3.1 Comparison of LCL and peptide manufacturing processes 

A comparison of the two manufacturing processes to generate EBV VST is shown in 

Figure 3.9 . As detailed previously, the LCL process uses EBV B95-8 strain 

supernatant to infect donor B cells causing transformation into LCL lines (Figure 

3.9A). Since B cells can present antigen including endogenous EBV antigens, the LCL 

are irradiated and subsequently co-cultured with remaining donor leukapheresis, 

driving the differentiation of EBV-specific T cells, where 6-9 stimulation rounds are 

usually required in manufacture to generate a pure population of EBV VST final 

products.  

For the peptide-mediated method, leukaphereses from EBV sero-positive donors are 

stimulated with peptide pools (15-mers with 11 amino acid overlap) covering 15 lytic 

and latent MHC class I- and class II- restricted EBV protein sequences (Figure 3.9B). 

Memory EBV-specific T cells reactive to EBV peptides are then isolated using IFN-γ 

capture selection, and target cells are subsequently expanded for 3 weeks in culture. 
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Figure 3.9 - EBV VST generation processes comparison. 

(A) In the traditional LCL repeated stimulation process a portion of the donor mononuclear cells 
(MNC) are cultured in medium containing EBV strain B598 supernatant for four to six weeks to 
induce transformation of B cells into EBV-transformed lymphoblastoid cell lines (LCL) which 
express EBV antigens: EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C, EBNALP, LMP1, LMP2A, 
LMP2B, BMRF1, BMLF1, BNRF1, BZLF1, BLLF1, BALF2, BRLF1 and EBERs. These LCL are 
cryopreserved and thawed for co-culture with the remaining thawed donor MNCs over multiple 
stimulation rounds to allow EBV antigen presentation to T cells resulting in a pure EBV VST 
product after six to nine stimulation rounds. (B) For the peptide-mediated IFN-γ selection & 
expansion process MNC from EBV sero-positive donors are stimulated for 4 hours with EBV 
consensus overlapping peptide pools covering MHC restricted sequences for EBV antigens: 
EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C, LMP1, LMP2A, BMRF1, BMLF1, BNRF1, BZLF1, 
BLLF1, BALF2, BRLF1. Antigen-specific EBV memory T cells are isolated using IFN-γ cytokine 
capture selection. Non-targets from the selection are irradiated and co-cultured alongside the IFN-γ 
targets to provide co-stimulatory support and T cell expansion resulting in a pure EBV VST product 
in 18-19 days. 

The major differences between the two methods in terms of processing and bank 

manufacture are outlined in Table 3.3. Donors for each bank were healthy apheresis 

donors, recruited through the New Zealand Blood Transfusion Service for the LCL-

derived bank to provide similar HLA types to the Scottish population at time of nvCJD 

risk in the UK, versus through SNBTS for the peptide-derived bank. Leukapheresis 

from the New Zealand donors was cryopreserved and shipped to SNBTS Aberdeen as 

a frozen starting material for EBV VST generation, whereas starting material for the 

peptide-derived bank was required to be fresh for the Prodigy IFN-γ CCS isolation.  

B95-8 viral supernatant was used as the live EBV source to infect and establish LCL 

lines for each New Zealand donor, and therefore the lines may have been variable in 

their antigen expression and density between donors.  The peptide pools used for 
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peptide selection were standardised between donors, however since the peptides are 

HLA-restricted, this likely drove variation in presentation between donors with 

differential HLA alleles. The process duration was significantly longer taking 10-16 

weeks for the LCL process as compared to 19-20 days for the peptide process. Culture 

medium for the LCL process contained fetal bovine serum, whereas the peptide-

derived VST were grown in a GMP-grade xeno-free, serum-free medium. Cells were 

grown in standard open cap T25 and T75 flasks for the LCL process as compared to 

closed-system rapid expansion G-Rex100M-CS flasks for the peptide process. Finally, 

cells were frozen in human serum albumin with DMSO [10%] in Origen CryoStore 

bags into both adult and paediatric doses dependent on cell numbers at harvest for 

the LCL process. Since yield was generally high for the peptide process all bags were 

frozen down as adult doses (1.5x108 cells per dose) with the protocol for 

administration to give the volume required from the bag per kg body weight. These 

doses were cryopreserved in PlasmaLyte with CryoStor10 at a final DMSO 

concentration of [6.66%] in Miltenyi CryoMACS50 bags.  

PROCESS LCL REPEATED STIMULATION PEPTIDE SELECTION & EXPANSION 

DONORS NATIONALITY New Zealand  UK  
STARTING MATERIAL Frozen Leukapheresis Fresh Leukapheresis 
ANTIGEN SOURCE Donor-specific LCL (live virus) HLA-restricted peptide pools 
PROCESS DURATION 10-16 weeks 

(4-6 weeks LCL culture + 6-10 
weeks VST culture) 

19-20 days 
(1 day isolation + 18-19 days VST 
culture). 

VST CULTURE MEDIUM RPMI 1640 medium 
+ fetal bovine serum [20%] 
+ L-glutamine [2mM] 
+ IL-2 [20 IU/mL] 

GMP TexMACS medium 
+ GMP IL-2 [200 IU/mL] 

CULTURE VESSELS Corning T25 & T75 flasks Closed-system G-Rex100MCS flasks 
FEEDS Every 2-3 days throughout Days 0, 7, 10 or 11, 13 or 14 
FREEZING SOLUTION Human serum albumin + 

DMSO [10%] 
CryoStor10 + PlasmaLyte [2:1]  
(DMSO [6.66%]) 

FREEZING CONTAINER Origen CryoStore bags + 
cryovials for QC & stability 
testing 

CryoMACS50 bags 

BAGGED DOSES Adult 1.5x108 cells/bag 
(1x107 cells/mL x15mL) 
Paediatric 5x107 cells/bag 
(3.33x106 cells/mL x15mL) 
 

1.5x108 cells/bag 
(1x107 cells/mL x15mL) 
 

Table 3.3 - Differences in EBV VST manufacturing processes. 
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3.3.2 Improved yield and viability of EBV VST derived from 
peptide process 

Clinical manufacture of cell therapies requires a fast, scalable, simplified and cost-

effective generation protocol to be able to deliver treatments to patients. In an 

autologous setting it can provide multiple doses to the same donor and as an 

allogeneic product it can provide a bank of material for treatment of a large number 

of suitable recipients.  Since the LCL and peptide processes differ in generation 

approach, with multiple rounds of LCL co-culture leading to differentiation of naïve T 

cells and/or expansion of EBV memory subpopulations within the starting source 

leukapheresis versus an initial isolation of a subset of EBV memory cells followed by 

expansion respectively, comparison of the overall fold expansion of cells over the 

culture period is not relevant. The final product cell count actually cryopreserved per 

manufacturing run however provides the best means to compare yields between the 

two processes. As shown in Figure 3.10A, the peptide processes generated a 

significantly increased (p<0.0001) number of final product viable cells yielding a 

mean=93±24 doses from a single donor manufacturing run as compared to the LCL 

process (mean=9±1 doses). 

 

Figure 3.10 - Comparison of LCL-derived and peptide-derived EBV VST yield and viability. 

Manufacturing methods were compared for final product viability and cell yield at day of harvest 
prior to characterisation between LCL-derived (n=22) and peptide-derived (n=8) EBV VST. (A) 
Yield measured by number of adult patient doses (1.5x108 cells per dose) per manufacturing run 
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on left y-axis and total number of viable cells on right y-axis. (B) Viability was measured as 
percentage of cells negative by dead cell dyes (7-AAD for LCL manufacturing process and DRAQ7 
for peptide manufacturing process). Data is represented as mean ± SEM and statistical analysis 
performed using unpaired t-tests where ****p≤0.0001. 

Furthermore, the percentage of viable cells in final products was significantly higher 

(p<0.0001) in peptide-derived compared to LCL-derived VST (Figure 3.10B). This 

difference likely reflects the shorter culture duration of the peptide process, whereas 

the LCL process has longer culture and frequent antigenic stimulation which may 

drive T cell activation-induced cell death (AICD).  

3.3.3 Increased central memory phenotype in peptide-derived 
EBV VST 

To understand differences in cell identity, purity and phenotype, EBV VST products 

from the two processes were compared using a wide range of lymphocyte and T cell 

lineage and activation markers to comprehensively characterise the products. After 

gating on live singlet cells, both LCL-derived and peptide-derived products were 

highly enriched for CD3+ T cells, each containing a varied sub-population of 

CD3+/CD56+ NKT cells (Figure 3.11A). From a regulatory perspective, cell therapy 

products should have contaminating cells quantified and given a strict limit prior to 

product release. The peptide process isolated T cells based on IFN-γ secretion and 

since this is also a major cytokine secreted by NK cells there is potential to co-isolate 

activated NK cells. Given that NK cells function in an MHC-unrestricted manner, we 

sought to minimise potential off-target effects by establishing a release criterion for 

the peptide process of ≤10% CD56+/CD3- NK cells. Since the LCL process co-cultures 

uses irradiated LCL for antigenic stimulation, it is possible there could be some 

surviving B cells in final products. Though the cells are irradiated and therefore 

unable to proliferate, to ensure product safety the criteria for product release was set 

to ≤2% CD19+ B cells. As can be seen, final products from both processes contained 

negligible levels of NK cells or B cells (Figure 3.11A). Both processes generated T cell 

content which was highly enriched for CD8 T cells, however some donors from the 

LCL-derived process also contained a substantial CD4 population (Figure 3.11B). 

Both processes generated negligible DP or DN T cells. 

T cell memory profiling using surface markers (CD62L/CD45RA/CD45RO) within 

both CD8+ (Figure 3.11C) and CD4+ (Figure 3.11D) compartments revealed a 

significantly higher percentage of central memory T cells (TCM) in the peptide-
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derived VST. LCL-derived VST had significantly higher frequencies of effector 

memory (TEM) and terminal effector compared to peptide-derived in both CD8+ and 

CD4+ compartments, indicating VST generated by the LCL process are more 

differentiated with a concomitantly reduced proliferative potential. 

 

Figure 3.11 - Comparison of LCL-derived and peptide-derived EBV VST lymphocyte 
phenotype. 

Phenotyping products compared lymphocyte populations between LCL-derived (n=22) and 
peptide-derived (n=8) EBV VST. (A) Gated on the total viable cells, analyses were quantified for T 
cells (CD3+), NKT cells (CD3+/CD56+), NK cells (CD3-/CD56+) and B cells (CD19+). (B) Gated 
CD3+ T cells were then sequentially gated for T cell subtypes: CD8 T cells (CD8+/CD4-), CD4 T 
cells (CD4+/CD8-), double positive (DP) T cells (CD4+/CD8+) and double negative (DN) T cells 
(CD4-/CD8-). Within the (C) CD8 or (D) CD4 compartments, T cells were assessed for 
differentiation status as follows: naïve T cells (CD62L+/CD45RA+/CD45RO-), central memory T 
cells TCM (CD62L+/CD45RA-/CD45RO+), effector memory T cells TEM (CD62L-/CD45RA-
/CD45RO+) and terminal effector memory RA T cells TEMRA (CD62L-/CD45RA+/CD45RO-). All 
data is represented as mean ± SEM.  Statistical analysis was done using unpaired t-tests where 
*p≤0.05, **p≤0.01, ***p≤0.001.and ****p≤0.0001. 

 

3.3.4 Varied chemokine receptor profile between LCL- and 
peptide-derived EBV VST  

Administration of EBV VST are delivered to PTLD patients intravenously, therefore it 

is crucial the transferred T cells have the capacity to migrate to the PTLD tumour 

site(s) for effector functionality. To assess differences in T cell migratory potential, 

cells from each manufacturing approach were profiled for expression of key 

inflammatory chemokine receptors. Comparison at the transcriptional level using 
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Taqman Low Density Array (TLDA) as described in section 2.10 revealed LCL-

derived VST had significantly higher expression of CXCR6 than peptide-derived VST 

(Figure 3.12A). While there were no significant differences between groups for the 

other markers tested in the array, TLDA analysis indicated VST derived from both 

methods had high expression of CCR2 and CCR5. 

 

Figure 3.12 - Comparison of LCL-derived and peptide-derived EBV VST chemokine 
receptors. 

LCL-derived and peptide-derived EBV VST were compared for chemokine receptor expression. (A) 
Expression of CC- and CXC- chemokine receptors, transcription factors and inhibitory receptors 
was measured at the transcriptional level using Taqman Low Density Array (TLDA). ΔΔCT values 
were calculated using housekeeper gene RPLPO of VST normalised to CD3+/CD62L+/CD45RO- 
naive T cells isolated from buffy coat PBMC (n=6). Data is represented as mean ΔΔCT for each 
group. (B-C) Chemokine receptor expression was also assessed at the protein level using flow 
cytometry to quantify chemokine receptor expression within the CD8 and CD4 compartments 
respectively. All data is represented as mean ± SEM.  Statistical analysis was done using unpaired 
t-tests (Holm-Šídák for multiple comparisons) with *p≤0.05, **p≤0.01, ***p≤0.001.and ****p≤0.0001. 

Flow cytometry characterisation was also used to assess chemokine receptor 

expression at the protein level as described in section 2.6. For this analysis, 

cryopreserved VST were thawed, washed and labelled for CD4 and CD8 and for the 

following chemokine receptors: CCR1, CCR2, CCR3, CCR4, CCR5, CCR6, CCR7, CXCR3, 

CXCR4, CXCR5 and CXCR6 individually. For analysis, cells were initially gated on 
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viable singlet cells, and then into CD4+ or CD8+ T cells for expression of each 

individual chemokine receptor within each compartment. Chemokine receptor 

labelling indicated CD8+ cells in LCL-derived VST had significantly lower expression 

of CCR2 and CCR7, but higher expression of CXCR6 compared to peptide-derived EBV 

VST (Figure 3.12B). The CD4+ cell expression of CXCR6 was significantly increased 

in LCL-derived VST, as well as significantly lower expression of CCR6 than peptide-

derived EBV VST (Figure 3.12C). Since differences between the groups in antibody 

detected expression of CCR2, CCR7 and CCR6 was only seen in either CD8 or CD4 

compartments, the lack of differences in these receptors seen by TLDA may reflect the 

inability to distinguish between T cell subpopulations using this array. Since both 

TLDA and flow cytometry results showed an increased expression of CXCR6 in LCL-

derived EBV VST, this indicates a sustained significant difference of this receptor at 

the transcriptional and protein level. 

The flow cytometric analysis of chemokine receptors was performed on thawed, 

rested VST products, however it was also of interest to investigate changes in 

chemokine receptor expression upon viral challenge. To test this, intra-donor assays 

were set up as shown in Figure 3.13A where an EBV VST vial was thawed, and 

following a wash step, a sample of cells were taken for immediate analysis (0 hours), 

and the remaining cells were cultured for 5 hours in TexMACS medium with EBV 

peptide pools to stimulate antigen recall. A 5 hour culture in TexMACS medium only 

was included as a negative control. Samples were then taken from each (5h negative 

control and 5h EBV stim) for chemokine receptor labelling as before. For 

representative donor EBVUKD6, the intra-donor 5 hour culture time-point samples 

showed a decrease in expression of CCR2 and CXCR3, and an increase in CXCR4 and 

CXCR6 compared to the 0h rest sample. However since the 5 hour EBV stimulation 

and 5 hour negative control were equivalent in expression of all markers, these 

changes were likely an effect of culturing the thawed cells rather than induced by 

antigenic re-challenge. The same results were replicated between three other EBV 

donor VST lines (data not shown), and therefore it was decided to perform all 

remainder chemokine receptor profiling by flow cytometry on cells at rest since 5 

hour stimulation did not demonstrate any antigen-specific chemokine receptor 

modulation. 
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Figure 3.13 - Chemokine receptor expression at rest versus challenge. 

EBV VST were tested for changes in chemokine receptor expression at rest versus with viral 
challenge. (A) To this end, a donor EBV VST vial was thawed, washed and a sample taken for 
immediate (0h, at rest) staining of CD4, CD8, fixable viability dye (FVD) and chemokine receptors. 
The remaining thawed cells were cultured for 5 hours in TexMACS medium with addition of EBV 
peptide pools for antigen re-challenge versus a negative (no antigen) culture control.  (B) The 
percentage of CD8+ gated cells positive for chemokine receptors are shown for representative 
donor EBVUKD6 at 0h rest, 5h culture negative control and 5h EBV peptide stimulation. 
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3.3.5 Reduced expression of exhaustion markers in peptide-
derived EBV VST 

EBV VST final products were also assessed for expression of T cell activation/ 

inhibitory markers: PD-1, Tim-3 and Lag-3 by flow cytometry as outlined in section 

2.5.7. While there were no significant differences between the two groups in CD8+ 

cells there was a consistent trend to lower expression of all exhaustion markers in 

peptide-generated VST (Figure 3.14A). The LCL-derived CD4+ cells had a 

significantly higher percentage of Lag3+ and PD1+/Tim3+/Lag3+ triple positive 

populations (Figure 3.14B). While singular expression of Lag3+ suggests a highly 

activated state, co-expression of numerous inhibitory markers is more indicative of 

true T cell exhaustion (Baessler and Vignali, 2024), therefore suggesting 20-30% of 

CD4+ T cells expanded in the LCL process had exhaustion phenotype. Since presence 

of CD4+ T cells in EBV VST therapy has been indicated to increase adoptively 

transferred T cell persistence, a higher degree of CD4+ T cell exhaustion in LCL-

derived EBV VST may ultimately limit the longevity of support for CD8+ T cell 

function in these products. 

 

Figure 3.14 - Comparison of LCL-derived and peptide-derived EBV VST exhaustion. 

Final product VST were assessed for T cell exhaustion through singular and co-expression of 
markers PD-1, TIM-3 and LAG-3. Exhaustion marker expression within the (A) CD8 compartment 
and (B) CD4 compartment was compared between LCL-derived (n=6) and peptide-derived (n=6) 
EBV VST groups. All data is represented as mean ± SEM.  Statistical analysis was done using 
unpaired t-tests (Holm-Šídák for multiple comparisons) with *p≤0.05 and **p≤0.01. 
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3.3.6 Increased antiviral cytokine secretion in peptide-derived 
EBV VST 

As a measure of effector functionality, EBV VST were tested in a stimulation assay to 

assess intracellular cytokine release as outlined in section 2.7.3. To this end, EBV 

VST were thawed, washed and plated in TexMACS medium, with addition of EBV 

consensus peptivator to measure overall EBV reactivity and PMA/ionomycin to 

measure maximal T cell functional capacity. Treatments were incubated for 5 hours 

with a no antigen negative control, followed by surface staining for T cell markers and 

intracellular cytokines IFN-γ, TNF-α and IL-2. Representative flow cytometry analysis 

of donor EBVUKD6 VST shows the induced expression of these cytokines within 

viable CD3+ cells  upon stimulation with EBV peptide pools (VST + EBV consensus 

peptides) as compared to the negative control no antigen (VST only) and positive 

control VST + PMA/ionomycin (Figure 3.15A).  

To assess co-expression of multiple cytokines, flow cytometry analyses were gated 

based on multiple of singular expression of IFN-γ, TNF-α and/or IL-2 as outlined in 

Figure 2.8, corrected to negative controls. As shown in Figure 3.15B, the percentage 

IFN-γ+/TNF-α+ cells was significantly higher in peptide-derived VST (p<0.0001), 

whereas LCL-derived VST contained a significantly larger proportion (p<0.0001) of 

cytokine-null (IFN-γ/TNF-α-/IL-2-) cells upon EBV recall. Furthermore, the 

percentage of IFN-γ+/TNF-α+/IL-2+ cells in response to PMA/ionomycin was 

significantly higher (p=0.00024) in peptide-derived EBV VST indicating a more 

potent antiviral cytokine capacity as compared to LCL-derived EBV VST (Figure 

3.15C). Since the cytokine null population is negligible in both groups upon 

PMA/ionomycin stimulation, this indicates the EBV VST products generated do have 

functional capacity to secrete these cytokines. This implies the large cytokine null 

population in LCL-derived VST is not simply just a result of functional exhaustion. 

Instead, this may indicate the LCL-derived VST have specificity to other antigens 

expressed by LCL that are not included in the EBV consensus peptide pools used in 

recall testing, or further specificity to non-EBV epitopes.  
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Figure 3.15 - Comparison of LCL-derived and peptide-derived EBV VST antiviral cytokines. 

LCL-derived and peptide-derived EBV VST were compared for antiviral cytokine production upon 
stimulation. (A) Representative intra-donor flow cytometry analysis shows intracellular expression 
of antiviral cytokines IFN-γ, TNF-α and IL-2 following 5 hours stimulation with negative control no 
antigen (VST only), EBV consensus peptide stimulation (VST + EBV consensus peptides) or 
positive control (VST + PMA/ionomycin). The percentage of cytokine single expressing or co-
expressing subpopulations were compared between LCL-derived (n=6) and peptide-derived (n=6) 
EBV VST reactive to (B) EBV peptide stimulation and (C) PMA/Ionomycin stimulation. All data is 
represented as mean ± SEM.  Statistical analysis was done using unpaired t-tests (Holm-Šídák for 
multiple comparisons) with ***p≤0.001.and ****p≤0.0001. 

3.3.7 Enhanced degranulation effector functionality in peptide-
derived EBV VST 

Since generated EBV VST derived from both manufacturing methods were composed 

mostly of cytotoxic CD8+ T cells, lines were also assessed for CD107-mediated 

degranulation responses upon stimulation. As per the cytokine release assay above, 

VST were thawed, washed and plated in TexMACS for a 5 hour stimulation in the 

following conditions: no antigen negative control, EBV consensus peptides, and 

PMA/ionomycin positive control. Representative flow cytometry analysis of donor 
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EBVUKD6 VST shows the changes in intracellular expression of these markers upon 

stimulation with EBV peptides or PMA/ionomycin as compared to the no antigen 

negative control (Figure 3.16A). Comparisons between groups were made on the 

basis of percentage of CD107a+ T cells corrected to negative controls, whereas since 

granzyme B and perforin labelling gave a broader expression profile these markers 

were assessed for median fluorescence intensity (MFI) corrected to the negative 

control (cMFI) as outlined in Figure 2.8. Peptide-derived EBV VST had a significantly 

increased population of CD107a+ CD8 T cells (Figure 3.16B) as compared to LCL-

derived VST upon EBV peptide recall. Interestingly, peptide-derived VST also had a 

significantly higher population of CD107a+ CD4+ T cells whereas LCL-derived lines 

had negligible CD107a expression on CD4 T cells (Figure 3.16C). This may indicate 

peptide-derived CD4 VST have cytotoxic as well as helper functionality. While 

peptide-derived EBV VST trended towards higher cMFI of both granzyme B (Figure 

3.16D) and perforin (Figure 3.16E) in comparison to LCL-derived, this was not 

statistically significant. 

 

Figure 3.16 - Comparison of LCL-derived and peptide-derived EBV VST degranulation. 
LCL-derived and peptide-derived EBV VST were compared for antiviral cytokine production upon 
stimulation. (A) Representative intra-donor flow cytometry analysis shows intracellular expression 
of degranulation markers CD107a, granzyme B and perforin following 5 hours stimulation with 
negative control no antigen (VST only), EBV consensus peptide stimulation (VST + EBV 
consensus peptides) or positive control (VST + PMA/ionomycin). Comparisons between LCL-
derived (n=6) and peptide-derived (n=6) EBV VST reactive to EBV peptide were made for (B) the 
percentage of CD107a+ CD8+ T cells, (C) the percentage of CD107a+ CD4+ T cells, (D) cMFi 
Granzyme B and (E) cMFI perforin. All data is represented as mean ± SEM.  Statistical analysis 
was done using unpaired t-tests with **p≤0.01.and ****p≤0.0001. 
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3.3.8 Peptide-derived EBV VST demonstrate higher reactivity to 
EBNA antigens 

Since the antigen source used in the two manufacturing processes was different, in 

addition to evaluating overall responses using EBV consensus peptides described 

above, (see Figure 3.9), EBV VST were also investigated for specificity to individual 

EBV antigens. To test this, EBV VST lines were thawed, washed and plated in 

TexMACS medium, then treated with JPT PepMix™ peptide pools for the following 

EBV antigens: BARF1, BMLF1, BMRF1, BRLF1, BZLF1, EBNA-LP, EBNA1, EBNA2, 

EBNA3A, EBNA3B, EBNA3C, LMP1, LMP2 and gp350/340. JPT PepMix™ peptide pools 

were 15-mers with 11 amino acid overlap, spanning entire antigen sequences 

allowing HLA-independent evaluation of responses. Cells were stimulated with the 

with JPT PepMix™ peptide pools for 5 hours including negative (no antigen) and 

positive (PMA/ionomycin) controls as according to section 2.7.3. Following 

stimulation cells were surface stained with CD4 and CD8 antibodies, followed by 

intracellular staining of T cell effector molecules: CD107a, CD154, IFN-γ, IL-2 and 

TNF-α. Flow cytometry analyses initially gated on viable singlet cells followed by 

gating in CD4+ and CD8+ cells. The CD4 and CD8 compartments were then assessed 

for peptide-induced expression of the effector molecules compared to negative 

controls.  

Epitope sequences as well as peptide length of different antigens have differential 

binding capacity to MHC proteins, and therefore antigen processing can confer varied 

immunogenicity between CD4 and CD8 T cells. Therefore, analysis was performed to 

compare EBV antigen-specific responses between CD4 and CD8 T cells. To choose the 

best effector molecule to allow an unbiased comparison between CD4 and CD8 

activation in this assay, four EBV VST lines which had equivalent CD4:CD8 ratio were 

quantified for the frequency of CD4+ or CD8+ T cells positive for effector molecule 

production by PMA/ionomycin as an antigen-independent T cell stimulus (Godoy-

Ramirez et al., 2004). Comparison of effector molecules produced by PMA/ionomycin 

stimulation between CD4+ and CD8+ VST are shown in Figure 3.17. The percentage 

of CD107a+ cells was significantly higher (p= 0.010206) in CD8+ gated cells as 

compared to CD4+ gated cells, as might be expected since CD107a is a marker of T cell 

degranulation classically mediated by cytotoxic CD8+ T cells (Betts et al., 2003, Rubio 

et al., 2003, Aktas et al., 2009). Similarly, activation-induced CD154 expression was 

significantly increased on CD4+ gated cells than CD8+ gated cells, which again may be 
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expected as CD154 in primarily involved in priming of activated CD4 T cells (Graf et 

al., 1995, Mackey et al., 1998, Cron, 2003). The antiviral cytokines IFN-γ, IL-2 and 

TNF-α however have non-significant differences in activation-induced expression 

between CD4+ and CD8+ T cells. Since the frequency of IFN-γ+ cells between CD4+ 

and CD8+ T cells was more consistent than that of IL-2 and TNF-α which were more 

variable between the four intra-donor comparisons, IFN-γ expression was used going 

forward to compare antigen reactivity of VST CD4 and CD8 compartments.  

 

Figure 3.17 - Comparison of CD4 and CD8 T cell effector molecule production. 

EBV VST lines with nearly equivalent CD4:CD8 ratio (ranging 40-60% of each population, n=4) 
were compared for effector molecule production by CD4+ or CD8+ gated T cells in response to 
PMA/ionomycin. All data is represented as mean ± SEM.  Statistical analysis was done using 
paired t-tests to compare intra-donor CD4 versus CD8 effector responses where *p≤0.05 and 
***p≤0.001. 

Representative flow cytometry analysis of donor EBVUKD6 VST shows different 

reactivity to individual antigens between CD4+ and CD8+ gated T cells (Figure 

3.18A). Reactivity of CD8+ T cells demonstrated a conserved antigen reactivity 

mainly to BZLF1, EBNALP, EBNA3A and EBNA3C between LCL and peptide-derived 

VST. Peptide-derived VST however had significantly higher CD8+ reactivity to 

EBNA3A (p<0.0001) compared to LCL-derived EBV VST (Figure 3.18B). 
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Figure 3.18 - Comparison of LCL-derived and peptide-derived EBV VST antigen reactivity. 

EBV VST were assessed for antigen specificity by stimulation with individual EBV antigen pepmix 
pools followed by intracellular staining of reactive antigen-specific VST with effector markers. (A) 
Flow cytometric analysis of representative EBV VST donor EBVUKD6 shows IFN-γ+ reactive VST 
to EBV antigens, with positive control (PMA) and negative control (no ag). Individual antigen 
specificity was compared between the LCL-derived (n=8) and peptide-derived (n=7) EBV VST 
groups within (B) the CD8+ and (C) CD4+ compartments. Data is represented as mean ± SEM and 
statistical analysis was done using unpaired t-tests (Holm-Šídák for multiple comparisons) with 
**p≤0.01, and ****p≤0.0001. 
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Peptide-derived EBV VST also had significantly higher CD4+ cell reactivity compared 

to LCL-derived EBV VST for antigens EBNA1, EBNA2, and EBNA3A (Figure 3.18C). 

The overall EBV VST reactivity of total viable cells not segregated into CD4 and CD8 

compartments (Figure 3.19) demonstrated targeting towards EBNA antigens was 

significantly higher in peptide-derived than LCL-derived VST.  

 

Figure 3.19 - Comparison of LCL-derived and peptide-derived EBV VST total antigen 
reactivity. 

Total viable cells reactivity between LCL-derived (n=8) and peptide-derived (n=7) EBV VST were 
compared between lytic antigens (BARF1, BMLF1, BMRF1, BRLF1, BZLF1, gp350), EBNAs 
(EBNALP, EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C) and LMPs (LMP1, LMP2). Data is 
represented as mean ± SEM and statistical analysis was done using unpaired t-tests (Holm-Šídák 
for multiple comparisons) with *p≤0.05. 

 

3.3.9 Equivalent cytotoxic functionality of peptide- and LCL-
derived EBV VST 

As the gold standard assay for CD8+ T cell effector functionality, EBV VST generated 

by the two methods were assessed for cytotoxicity against EBV-infected target cells. 

For both first and second generation SNBTS EBV VST banks made by LCL stimulation, 

the final product functionality assay was to measure specific lysis to autologous LCL 

as infected targets (used to generate the lines) as LCL have EBV antigen expression 
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consistent with PTLD tumours. Since our EBV VST are given as an allogeneic therapy 

based on best HLA match between donor VST and patient, it was decided the most 

representative way to assess EBV VST in a cytotoxicity assay was to use best HLA-

matched LCL as the target cells. To investigate this, LCL-derived (n=6) and peptide-

derived (n=6) EBV VST were compared for specific lysis against both HLA-matched 

and HLA-mismatched EBV-presenting LCL targets with VST at increasing target to 

effector ratios. The number of HLA class I, class II and total matches between EBV VST 

lines and allogeneic LCL targets used in the study are outlined in Table 3.4. All 

cytotoxicity assays were performed within a two week period using the same 

reagents, and where possible the same donor LCL lines (whilst still allowing the 

maximal and minimal number of matches for HLA-matched and mismatched targets 

respectively) within the same day to minimise inter-assay variation. 

 
HLA-mismatched targets HLA-matched targets 

VST Line 
No. class I 

matches 

No. class II 

matches 

No. total 

matches 

No. class I 

matches 

No. class II 

matches 

No. total 

matches 

NZ200 0 0 0 4 2 6 

NZ294 0 0 0 3 2 5 

NZ026 0 0 0 3 2 5 

NZ666 0 0 0 5 2 7 

NZ806 0 0 0 3 2 5 

NZ873 0 0 0 4 2 6 

EBVUSAD1 0 0 0 5 2 7 

EBVUSAD2 0 0 0 3 2 5 

EBVUSAD4 0 0 0 3 2 5 

EBVUSAD7 0 0 0 3 2 5 

EBVUKD6 0 0 0 3 2 5 

EBVUKD9 0 0 0 4 2 6 

Table 3.4 - HLA matching between EBV VST and target cells for cytotoxicity assays. 

 

Each EBV VST line was co-cultured with HLA-mismatched and matched targets in 

triplicate wells for the following target (LCL) to effector (VST) ratios: 0.1:1, 1:1, 1:5, 

1:10, 1:20, and target only controls (Figure 3.20A). Following 6 hours co-culture, 

plates were stained with apoptosis marker annexin-V and dead cell stain DRAQ7. To 
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analyse target killing induced by VST, LCL pre-stained with PKH67 were gated and 

assessed for annexin V and/or DRAQ7 positive expression as % dead cells as shown 

for target only controls (top panels) and [1:1] target to effector ratio (bottom panels) 

in Figure 3.20B. Specific lysis at each ratio was normalised to baseline target cell 

death from target only controls (Figure 3.20C, left graph). The area under the curve 

(AUC) of HLA-matched target specific lysis was then calculated for a given VST 

product to allow a normalised comparison of cytotoxic ability and a single-figure 

value for cytotoxicity across a range of E:T ratios (Figure 3.20C, right graph). To this 

end, both LCL- and peptide-derived EBV VST demonstrated comparable cytotoxicity 

against infected targets (Figure 3.20D). To investigate if cytotoxic efficacy was 

dictated by HLA matching, each VST line cytotoxicity AUC was tested for correlation 

with the number of (Figure 3.20E) class I matches or (Figure 3.20F) total class I+II 

matches between EBV VST and allogeneic HLA targets. While there was a positive 

trend in increasing cytotoxicity with more HLA matches, no significant correlations 

were seen which may be due to the small sample number as well as the small range of 

number of HLA matches. 

Though cytotoxicity assays against infected or tumour cells lines are considered the 

gold standard assay for determining potency in CD8+ T cell therapies, these assays 

are not optimal for ATMP QC testing due to complex assay set up, non-standardized 

donor target cells, and potentially use of infected target cell lines which for EBV 

requires use of a biological containment level 2 controlled laboratory for segregation. 

Therefore as part of this cytotoxicity assay study, in tandem each EBV VST upon was 

also set up for a degranulation + cytokine release assay against EBV consensus 

peptides as described in sections 3.3.6-3.3.7 to investigate if any of these activation 

markers correlated with cytotoxic potency. As can be seen, the percentage of 

granzyme B+ (Figure 3.21A), perforin+ (Figure 3.21B), or CD107a+ (Figure 3.21C) 

cells in response to EBV peptide stimulation did not show a significant correlation 

with cytotoxicity against EBV-infected target cells. The percentage of multifunctional 

IFN-γ+/TNF-α+ cells reactive to EBV peptide stimulation however demonstrated 

significant positive correlation (p=0.008) with the EBV cytotoxicity against EBV-

infected target cells (Figure 3.21D). Therefore, we incorporated the percentage of 

IFN-γ+/TNF-α+ cells to EBV consensus peptides as a surrogate marker of LCL 

cytotoxicity for QC functionality testing of the peptide-derived EBV VST clinical bank 

manufacture. 
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Figure 3.20 - Comparison of LCL-derived and peptide-derived EBV VST cytotoxicity. 

LCL-derived and peptide-derived EBV VST was compared for cytotoxicity. (A) HLA-matched and 
mismatched EBV-infected cells (LCL) were used as targets over numerous target to effector ratios. 
(B) Cytotoxicity was measured as the percentage PKH67-labelled target cells positive for 
expression of annexin-V and/or DRAQ7. (C) Specific lysis of targets was quantified at each T:E 
ratio normalised to baseline death in target cell controls, and the area under the curve (AUC) of 
specific lysis of HLA-matched targets over all T:E ratios was calculated as a single value of overall 
cytotoxicity. (D) Overall cytotoxicity was compared between LCL-derived (n=6) and peptide-derived 
(n=6) EBV VST lines. Data is represented as mean ± SEM and statistical analysis was done by an 
unpaired t-test. Correlations were tested between cytotoxicity of EBV VST and (E) the number of 
class I and (F) total class I+II matches. Statistical analysis was done by generating Pearson 
correlation coefficients, where p<0.05 was considered significant. 
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Figure 3.21 - VST cytotoxicity by EBV-infected targets versus activation by EBV peptides. 

EBV VST lines (both LCL-derived and peptide-derived) were assessed for correlations between 
cytotoxicity against EBV-infected target cells and percentage of (A) Granzyme B+, (B) Perforin+, 
(C) CD107a+ and (D) IFN-γ+/TNF-α+ VST response to EBV peptide stimulation. Correlations were 
tested using computed Pearson correlation coefficients where p<0.05 was considered statistically 
significant. Each data point represents an individual donor EBV VST line (n=11), donor NZ873 was 
not included due to insufficient cells to run a cytotoxicity assay and intracellular cytokine release 
assay in tandem. 

3.3.10 EBV VST contain cytotoxic CD4+ T cells 

The majority of EBV VST lines generated by both LCL and peptide processes are 

largely skewed to CD8+ T cells, however some donor lines expand a significant CD4+ 

T cell population. One study reported association of better patient responses to EBV 

VST with higher CD4 content (Haque et al., 2007) and authors suggested this was due 

to the ability of helper CD4 T cells to activate transferred CD8+ T cells as well as 

provide pro-inflammatory signalling in the recipient. There is however also 

accumulating evidence of CD4+ T cells with MHC class II-restricted cytotoxic capacity, 

particularly within the context of viral infections (Cenerenti et al., 2022), and 

therefore it was hypothesised that CD4+ T cells within VST products could mediate 

direct target killing. To this end, EBV VST lines with sizeable CD4+ populations were 

sorted for CD4+ T cells and tested in a cytotoxicity assay against matched target LCL 

and compared to unsorted VST. Both unsorted and CD4-sorted VST were also co-
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cultured with K562 as EBV- HLA unmatched control target cells. As previously, target 

LCL and K562 were pre-labelled with PKH67, then co-cultured with VST at [1:1] and 

[1:10] target to effector ratios for 6 hours, and subsequently stained with CD4/CD8 

antibodies, annexin V, and DRAQ7 dead cell dye. Representative flow cytometry 

analysis is shown in Figure 3.22A. Analyses were first gated into PKH67- and 

PKH67+ populations (left plots). The PKH67- VST population was then quantified for 

CD4:CD8 ratio (middle plots). The PKH67+ target cells within each co-culture were 

then quantified for percentage of dead cells (annexin V+/ DRAQ7+, right plots).  

 
Figure 3.22 - EBV VST CD4-sorted cytotoxicity assay. 

CD4-sorted and unsorted EBV VST were compared for cytotoxicity against target cells (HLA-
matched EBV+ LCL and K562 EBV- controls). (A) Representative flow cytometry analysis shows 
gating of VST versus targets based on PKH67 expression (left plots). PKH67- VST were then 
quantified for the frequency of CD4+ and CD8+ T cells (middle plots). PKH67+ targets were 
assessed for % dead cells through positive expression of annexin V and/or DRAQ7 (right plots). 
Comparisons were made between co-cultures of targets with unsorted VST (top panel) versus 
CD4-sorted VST (bottom panel) (B) Unsorted and CD4-sorted VST were quantified for CD4+ T cell 
purity. (C) Specific lysis of targets was calculated at each T:E ratio normalised to baseline death in 
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target cell only controls. Comparisons were made between groups to assess the cytotoxic capacity 
of unsorted VST versus CD4-sorted VST, as well as specific killing of LCL versus K562 targets. 

Specific lysis was calculated as the percentage of dead target cells at each target to 

effector ratio corrected to the baseline cell death in target only control wells. The 

level of enrichment of CD4+ cells through the use of a MACSQuant Tyto cell sorter is 

shown in Figure 3.22B whereby unsorted donor EBVOX1 contained equivalent CD4+ 

and CD8+ populations, whereas sorted cells were high purified (>95%) for CD4+ T 

cells. The percentage target specific lysis was then compared between unsorted and 

CD4-sorted VST co-cultures (Figure 3.22C). Killing of target LCL was equivalent 

between the CD4-enriched VST and unsorted VST at ~40% specific lysis at 1:10 

target to effector ratio. Lysis of target K562 cells was significantly lower (p<0.0001) 

than LCL in both CD4-sorted and non-sorted VST at both co-culture ratios indicating 

the lysis of LCL was induced by antigen-specific recognition. Altogether this data 

suggests the enriched CD4-sorted VST had comparable ability to lyse target LCL to the 

mixed CD4/CD8 unsorted EBV VST which may indicate direct cytotoxic effector 

functionality of CD4+ EBV VST. It cannot be ruled out however that the specific lysis 

of LCL targets in the CD4-sorted VST was mediated by the residual CD8+ T cells in the 

enriched fraction, though given the frequency of CD8+ T cells was 2-3% of the total 

population it would be unlikely the numbers present would be sufficient to elicit 

equivalent specific killing as the unsorted VST. To investigate this further, future 

assays could look to further enrich CD4+ VST to a very high purity to ensure residual 

CD8+ T cells aren’t compensating the killing functionality. 

3.3.11 EBV VST are oligoclonal and express known EBV-
specific sequences 

In addition to evaluation of phenotypic characterisation and functional capacity to 

specific antigens, we wanted to determine the range of clones present within 

generated products to understand the T cell receptor (TCR) clonal repertoire 

diversity of T cell therapies, as this impacts on the potential breadth of response to 

PTLD. To assess clonal composition, EBV VST were sequenced for the TCR-β chain 

using a protocol adapted for unbiased bulk TCR sequencing of T cells expanded in a 

malaria infection model (Smith et al., 2020b). To get sufficient material for next 

generation sequencing, cDNA was synthesised using a protocol optimised for TCR-β 

amplification (Mamedov et al., 2013). For this, two rounds of PCR amplification were 

set up to generate TCR-β variable region amplicons using nested TCR-β primers, 
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Illumina-tagged indexed forward primers with SMART oligo sequence, and Illumina-

tagged reverse primers within the TCR constant region to ensure both forward and 

reverse indexing. Initially the protocol was optimised for 18 cycles of amplification in 

the first PCR, followed by 12 cycles of amplification in the second PCR. Second PCR 

products were assessed for TCR-β purity using gel electrophoresis against a DNA 

ladder for expected band size 575bp as shown in Figure 3.23A. During initial assay 

development, purified bands could be seen for EBV VST final product samples 

(samples 1-2 and 5-14 in Figure 3.23A), whereas samples of the peptide-derived 

Prodigy IFN-γ isolated target cells (3-4 in Figure 3.23A) failed to show bands. The 

IFN-γ isolated target samples were included in this TCR sequencing study with the 

aim of understanding if the peptide culture process induces expansion or selection of 

particular clones between initial isolation and final VST product. However, since even 

at full-scale the Prodigy IFN-γ capture selection only isolates ~1-5x106 cells, very few 

target cells could be taken for TCR sequencing analysis (~1-5x105 cells), and 

therefore the lack of TCR amplification in these samples likely reflects low cell 

numbers. Therefore, attempts were made to optimise the TCR-β amplification of 

these lower quality IFN-γ isolated target samples by testing the primary PCR reaction 

at 18 cycles, 22 cycles and 25 cycles, and the secondary PCR reaction at 12 cycles, 18 

cycles and 25 cycles. The only combination that showed optimised TCR-β 

amplification of IFN-γ isolated target samples was increasing the first PCR to 25 

cycles as shown in Figure 3.23B where faint bands can be detected in samples 17, 18, 

19 and 22 that had 25 (blue lines) as compared to 18 (orange  lines) PCR1 cycles. 

Therefore, all TCR sequencing samples were run at the optimised 25 cycles for the 

primary PCR reaction. No differences were seen after changing the number of cycles 

for secondary PCR reaction which was run as the standard 12 cycles. All PCR products 

were purified using a gel extraction kit and assessed for quality and concentration 

using a Nanodrop. Purified PCR products were then submitted to Genewiz for 

sequencing on an Illumina MiSeq nano-platform using custom read TCR primers and 

a read index primer. All sequencing analysis was then performed by collaborating 

bioinformatics PhD student Catherine Sutherland, to pair reads with TCR VDJ 

assignment and match complementary determining region-3 (CDR3) amino acid 

sequences to known TCR epitope databases. In-depth details of sequencing analysis 

and software/ databases used is outlined in section 2.11.5. 
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Figure 3.23 - TCRβ amplification optimisation. 

Samples were amplified for TCRβ variable region using two rounds of PCR and assessed for 
TCRβ purity using gel electrophoresis. (A) Initial amplicons were generated using 18 cycles of 
amplification in the first PCR, where samples 1-2 and 5-14 were EBV VST final products and 
samples 3-4 were peptide-derived IFN-γ isolated target samples which failed to show a purified 
band at ~575bp. (B) Comparisons were made to test 18 cycles versus 25 cycles of amplification in 
the first PCR to optimise band detection of lower quality samples where samples 17-22 were all 
peptide-derived IFN-γ isolated target samples. 

 

To assess differences in clonal diversity between EBV VST lines, T cell clonotypes 

were defined by sharing of the same CDR3 amino acid sequence and the proportion of 

each T cell product occupied by the top N number of clonotypes was quantified 

(Figure 3.24). Bulk T cells from donors were used as controls and showed highly 

diverse TCR repertoires, containing thousands of small clones. In contrast, EBV VST 

derived by either LCL or peptides were oligoclonal with individual repertoires 

dominated by either a single clonotype or between 10-100 clonotypes. As can be 

seen, one donor within each LCL-derived and peptide-derived groups generated EBV 

VST products with over 80% of the repertoire occupied by a top one clonotype, 

indicating monoclonal targeting of a single epitope. 
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Figure 3.24 - Comparison LCL-derived and peptide-derived EBV VST TCR repertoire 
composition. 

Comparison of TCRβ clonal repertoire composition between of LCL-derived EBV VST lines (n=18) 
and peptide-derived EBV VST lines (n=11). Stacked bars represent the proportion of the TCR 
repertoire occupied by the top n clones in that repertoire, where each bar represents a different 
donor. Pan T cells from unmatched donors (n=7) were used as bulk T cell diversity controls. 

The overall clonotype count outlined in Figure 3.25A demonstrated a significantly 

smaller number (p<0.0001) of clonotypes present in both LCL-derived and peptide-

derived VST as compared to bulk T cell controls. While peptide-derived VST indicated 

a more restricted clonotype count than LCL-derived VST, this was not statistically 

significant. The likelihood of a unique CDR3 sequence occuring by chance in the 

repertoire, or its generation probability (Pgen), was significantly lower in peptide-

derived compared to both LCL-derived VST or bulk T cells (Figure 3.25B). 

 

Figure 3.25 - Comparison LCL-derived and peptide-derived EBV VST clonotype count. 

(A) Clonotype counts for UMI size matched repertoires (9542 UMIs) were compared between LCL-
derived (n=18) and peptide-derived VST (n=11) and bulk T cells (n=7). Groups were compared 
using one-way ANOVA and Tukey’s post-hoc test.  (B) Generation probabilities for unique CDR3 
sequences from each repertoire were calculated using OLGA. CDR3 sequences with a generation 
probability of 0 were excluded. Groups were compared using Kruskal-Wallis with Dunn’s post-hoc 
test. 
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To assess the epitope specificities of EBV VST clonotypes, databases of known TCR: 

antigen binding were used to match the CDR3 sequences against previously recorded 

TCR epitopes. For this two TCR databases were queried: the Immune Epitope 

Database (IEDB) TCRMatch (Chronister et al., 2021) and VDJdb (Bagaev et al., 2020), 

where only exact matches to CDR3 amino acid sequences were included. As shown in 

Figure 3.26 a greater proportion of the repertoire in peptide-derived VST comprised 

sequences annotated as EBV-specific compared with LCL-derived VST and bulk T 

cells, though no statistical significance was seen between the groups. Sequences with 

a wide range of other known antigen-specificities were also identified including 

influenza A and SARS-CoV-2, however EBV-specific sequences comprised the greatest 

proportion of VST in both the IEDB (Figure 3.26A) and VDJdb (Figure 3.26B) 

databases.  Interestingly SARS-CoV-2 was second to EBV in the proportion of matches, 

however the EBV VST material used in this study was generated prior to emergence 

of SARS-CoV-2. 

 

Figure 3.26 - Comparison LCL-derived and peptide-derived EBV VST viral specificity. 

EBV VST TCR clonotype sequences were annotated with a wide range of antigen specificities by 
exact CDR3 amino acid match to recorded TCR: epitope entries in TCR databases (A) IEDB and 
(B) VDJdb. Groups were compared using Kruskal-Wallis with Dunn’s post hoc test. 
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CDR3 amino acid sequences were further assessed for matches to individual EBV 

gene epitope sequences within the VDJdb (Figure 3.27). Using this database TCR 

matching, both peptide-derived and LCL-derived EBV VST had highest matched 

sequences to BMLF1 as compared to the sequences for other epitopes present within 

the database: BRLF1, BZLF1, EBNA3A, EBNA3B, EBNA4, LMP1, and LMP2A. No 

significant differences of EBV antigen specificity were seen between LCL-derived or 

peptide-derived EBV VST groups. 

 

Figure 3.27 - Comparison LCL-derived and peptide-derived EBV VST EBV antigen 
specificity. 

EBV VST TCR clonotype sequences were annotated with EBV antigen specificities. Proportion of 
each VST repertoire with an EBV-specific CDR3 match in the VDJdb database, split by epitope 
gene. Groups were compared using unpaired t-tests (Bonferroni correction for multiple 
comparisons). 

Public (or shared) T cell responses to EBV have previously been observed in 

individuals with varying HLA types (Huisman et al., 2022). This study identified 97 

public CDR3 sequences from EBV-specific T cells expanded following peptide-MHC 

tetramer binding and isolation that were present in more than one individual. 

Therefore to explore such responses in EBV VST, matching was tested against the 97 

public sequences for EBV: BMLF1-GLC A*02 (9 sequences); BRLF1-YVL A*02 (9 

sequences); BZLF1-RAK B*08 (24 sequences); EBNA3A-FLR B*08 (7 sequences); 

EBNA3A-QAK B*08 (15 sequences); EBNA3A-RPP B*07 (3 sequences); EBNA3C-LLD 

A*02 (1 sequence); LMP2-CLG A*02 (5 sequences); and LMP2-FLY A*02 (24 

sequences). We identified 58 matched sequences, with 41 present in more than one 

sample (Figure 3.28). The most shared CDR3 sequences were specific to the BMLF1 

and LMP2 antigens found in 16/29 and 14/29 of all EBV VST lines respectively. These 
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public CDR3 sequences were of low abundance in individual repertoires, suggesting 

the majority of expanded responses are private to the donor. 

 

Figure 3.28 - Comparison LCL-derived and peptide-derived EBV VST public EBV CDR3 
sequences. 
CDR3 sequences from both LCL-derived and peptide-derived EBV VST were matched against 
previously identified public EBV-specific sequences by (Huisman et al., 2022). Bars represent the 
number of all EBV VST donor lines (n=29) which contained the public EBV CDR3 sequence colour 
coded to LCL-derived (grey, n=18) and peptide-derived (teal, n=11) VST. Samples were downsized 
to match the smallest EBV VST sample (31,233 UMIs). 
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Altogether the TCR sequencing data indicates EBV VST manufactured using both 

methods generate an oligoclonal T cell product, with substantial variation in CDR3 

clonotypes between different donors. 

3.4 Discussion 

Adoptive transfer of allogeneic EBV VST for treatment of post-transplant EBV-

induced lymphoma has been one of the pioneering T cell therapies to demonstrate 

clinical success. As technologies for antigen-specific T cell therapies advance in the 

field, characterisation is essential to understand the effects of different T cell 

generation methodologies. This chapter was focused on the comparison of EBV VST 

generated using standard LCL stimulation versus the more recent peptide-mediated 

selection and expansion using comprehensive profiling of phenotype, functionality, 

specificity and clonal composition. 

Generation of EBV VST has conventionally used EBV transformed LCL to drive 

expansion of EBV VST due to their strong antigen-presenting capacity and expression 

of co-stimulatory molecules. We have previously described establishment of EBV VST 

banks manufactured by LCL stimulation (Wilkie et al., 2004, Vickers et al., 2014) 

which has demonstrated long-term clinical efficacy in refractory or relapsed PTLD 

patients in multiple follow-up studies (Haque et al., 2007, Haque et al., 2010, Chiou et 

al., 2018, Kazi et al., 2019). 

A potential issue with the LCL process involves the biosafety risk around culture of 

LCL, which may continue to shed live EBV during expansion. While formalin fixation 

of LCL has been used to reduce biosafety risk (Hammer et al., 2007), serial passage of 

LCL is associated with accumulation of non-silent mutations which could induce non-

specific T cell responses (Tan et al., 2018). We introduced an alternative approach 

using EBV peptide pools for antigenic stimulation. Interestingly, although donors for 

this process were selected on the basis of EBV sero-positivity, our developed 

screening assay identified only 11/17 donors that had detectable T cell responses to 

EBV peptide pools. This may reflect the peptide sequences and/or HLA restriction of 

the EBV consensus peptide pools used, however given these peptides cover highly 

immunogenic EBV antigen epitopes and the HLA alleles within this donor group, the 

majority of donors would be expected to have specific T cells to these antigens. 

Another potential factor determining responsiveness may be donor age, since our 
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banked donors averaged 54 (range 40-65 years). Multiple population studies have 

reported that despite the frequency of tetramer+ EBV-specific T cells increasing with 

age, the frequency of IFN-γ-producing tetramer+ EBV specific T cells significantly 

decreases in older individuals (Ouyang et al., 2003, Khan et al., 2004). While 

numerous parameters can influence immune senescence, the dynamics of T cell 

expansions/contractions with age has been found to be largely dependent on 

persistent viral infections, particularly CMV (Khan et al., 2002, Sansoni et al., 2008, 

Lanfermeijer et al., 2021). Furthermore, although frequency of the T cell repertoire 

specific to CMV/EBV increases with age, the number of varying CMV clonotypes 

decreases, indicating a clonal refinement with age (Britanova et al., 2016). Therefore, 

older individuals may have selected out particular EBV antigen-specific T cell clones 

with less coverage of sequences utilised in the EBV consensus peptide pools. To 

generate allogeneic immune cell therapies, it is generally a good risk strategy to 

recruit active donors that already regularly donate blood products and as such have 

tracked viral and medical history. In this instance we already had data from 

numerous apheresis donors, allowing identification of a pool of donors known to be 

EBV sero-positive, whilst negative for mandatory blood-borne pathogens and from 

there selected donors with ranging HLA types. Given that apheresis collection is 

generally a 2-3 hour process, choosing regular apheresis donors may introduce 

accidental bias to a more aged population able to commit to the required time. While 

this is largely an anecdotal observation in this small cohort, it raises a potentially 

important issue for the strategy of donor selection as the T cell therapy field expands. 

Through combination of the peptide-induced IFN-γ selection of EBV VST followed by 

expansion using an entirely closed-system process and GMP-compliant reagents, we 

identified several practical advantages including reduced process manipulations, 

reduced hands-on time and shorter culture duration (see Table 3.5). Reducing the 

number of total manufacturing steps minimises risk to introduction of contaminants 

and affords benefits in terms of reducing staff hands-on time and clean-room facility 

costs, while automation also standardises processing for robust product manufacture. 

Additionally, we showed significantly improved viability in peptide-derived VST in 

comparison to LCL-derived VST which likely reflects the shorter culture duration. We 

also participated in a multicentre collaborative study run by Utrecht University and 

the Dutch Medicines Evaluation Board Despite to use a developed framework to 

estimate the cost to manufacture of cell therapies, comparing both EBV VST 
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manufacturing processes (Ten Ham et al., 2020, Ten Ham et al., 2021). Despite a high 

upfront cost of the peptide-mediated process, the ten-fold increase in treatment 

doses produced results in a more cost-effective manufacturing process compared to 

LCL manufacture. Moreover, the peptide process is a readily translatable platform to 

generate T cells targeting other antigens or viruses (Cooper et al., 2020). 

METHOD ADVANTAGES DISADVANTAGES 

LCL 
Repeated 
Stimulation 

• Established clinical response 
rate (60-90%). 

• VST recognise a broad range 
of EBV latent and lytic 
peptides. 

• Can derive VST from EBV 
seropositive and 
seronegative donors. 

• Low upfront reagents/ 
materials cost per 
manufacturing run 
(~£3,615). However low 
yield (mean=9 doses) gives 
a higher final cost per dose 
(£401). 

• Long protocol duration (8-12 
weeks), higher facility cost. 

• VST yield is limited by 
availability of high numbers 
of LCLs. 

• VST contain a smaller central 
memory T cell pool. 

• Multiple stimulation rounds 
entail many culture 
manipulations, higher 
personnel and facility cost. 

• Biosafety risk with use of live 
virus in LCL establishment. 

Peptide-
mediated 
IFN-γ 
Selection & 
Expansion 

• Shorter protocol duration 
(18 days), reduced facility 
cost. 

• All closed-process isolation 
and culture. 

• Improved viability and 
degranulation/ cytokine 
effector capacity. 

• Significantly greater yield per 
manufacturing process. 

• Can tailor process to a 
particular EBV antigen/ 
peptide mix. 

• Minimal manipulations, 
reduced personnel cost. 

• VST are restricted to 
recognition of consensus EBV 
peptide pools. 

• Restricted to EBV-seropositive 
donors for manufacturing. 

• IFN-γ selection protocol can 
isolate NK / NKT cells => 
require stringent final 
product release criteria. 

• High upfront reagents/ 
materials cost per 
manufacturing run 
(~£22,000). However high 
yield (mean=84 doses) gives 
a low final cost per dose 
(£262). 

Table 3.5 - Evaluation of EBV VST manufacturing processes. 

 

EBV VST from both processes demonstrated a highly enriched T cell product 

containing a majority of CD8+ cells with a small population of CD4+ cells. Importantly, 

peptide-derived VST were significantly skewed towards central memory. Conversely 

LCL-derived VST were more differentiated to effector memory, which may reflect 

repeated antigenic stimulation. Given the increased proliferation capacity of central 
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memory T cells, this may suggest peptide-derived VST will persist longer upon 

adoptive transfer (López-Cantillo et al., 2022). Tracking of gene-marked 

cytomegalovirus VST from purified central memory versus effector memory 

populations adoptively transferred to non-human primate macaques demonstrated 

persistence of TCM clones up to 344 days, whereas TEM clones failed to persist >7 

days post-infusion (Berger et al., 2008). Similarly, tumour-specific CD8+ cells skewed 

to TCM phenotype exhibited enhanced tumour clearance compared to TEM in 

adoptive transfer experiments in mice (Gattinoni et al., 2005) suggesting these T cells 

may be optimal for adoptive immunotherapy.  

EBV lymphomas are commonly diffuse with extranodal involvement in numerous 

sites including kidney, liver, lung, spleen, gastrointestinal tract and central nervous 

system (Al-Mansour et al., 2013). It is therefore crucial that peripherally infused EBV 

VST can migrate and infiltrate within these sites in a tumour-targeted manner. 

Chemokine receptor expression was largely consistent in both EBV VST products, 

however peptide-derived VST had significantly higher levels of CCR2 and CCR7. The 

CCR2 ligand CCL2 has been reported to be upregulated in EBV+ lymphoma lines 

(Miyauchi et al., 2011), therefore higher CCR2 expression indicates an increased 

capacity for peptide VST to migrate to and infiltrate within the tumour 

microenvironment (Viola et al., 2012). High expression of CXCR6 on LCL-derived VST 

is consistent with a previous study (Parsonage et al., 2012) where CXCL16 secretion 

from EBV+ nasopharyngeal carcinoma recruited CXCR6high T cells to the tumour site. 

While a genome-wide association study identified a positive correlation between LCL 

CXCL16 expression and EBV copy number (Houldcroft et al., 2014), it is not known if 

CXCR6 is required for effective trafficking of VST to EBV PTLD sites, or infiltration 

within the tumour through cellular contact and adhesion mechanisms (Chia et al., 

2023). Since EBV+ lymphomas secrete high quantities of CCL3, CCL4, CCL22 and 

CXCL10 compared to EBV- lymphoma lines (Miyauchi et al., 2011), the high 

expression of cognate receptors CCR5, CCR4 and CXCR3 on both EBV VST groups may 

indicate complementary/alternate axes of migratory mechanisms. To assess if any of 

these chemokine receptors are fundamental for chemokine-mediated migration 

towards PTLD tumours, transwell assays could be set up to track migration of EBV 

VST towards LCL with and without selective chemokine receptor antagonists. For 

example, small compound inhibitor ML339 has been found to selectively inhibit 

CXCR6 and could be used to understand whether the CXCL16-CXCR6 axis induces 
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recruitment of EBV VST towards different EBV+ tumour cells (Peddibhotla et al., 

2020). Generation of chemokine receptor knockout mice could also be made to 

investigate EBV VST trafficking, though due to the complementary or scavenging 

roles of some receptors dependent on ligand(s), it is complex to isolate any single 

mechanism in a biologically relevant context.  Furthermore, it would be interesting to 

assess ability of generated EBV VST to infiltrate diffuse as compared to solid tumours, 

however it is challenging with human viruses to develop animal models that 

recapitulate the viral-induced cell transformation and consequent tumour 

microenvironment. A recent study reported humanised HLA-A2 transgenic NSG mice 

injected with EBV B95-8 and subsequently treated with immunosuppressive drug 

tacrolimus attenuated T cell responses, and consequently induced higher blood/ 

splenic EBV viral load and tumour burden (Caduff et al., 2020). Induced lymphomas 

had higher transcriptional expression of EBNA-2, LMP-1 and LMP-2, though 

transcript levels of other EBV latency III genes were not reported. The induced 

lymphoproliferations were also associated with high serum levels of CD30 and IL-2, 

hallmark PTLD biomarkers (Haque et al., 2011, Hinrichs et al., 2011, Vase et al., 

2015), indicating this may be suitable to model immune-specific aspects of PTLD 

visualisation of localisation and invasion of adoptively-transferred T cells into 

lymphomas.  

In terms of functionality upon antigen recall, peptide-derived VST had increased 

CD107a expression and higher frequency of multifunctional cytokine-producing 

populations indicating these cells have enhanced degranulation and co-stimulatory 

effector functions. Functional cytokine reactivity to individual EBV antigens 

demonstrated peptide-derived VST had significantly higher EBNA3A responses than 

LCL-derived VST. Interestingly, peptide-derived VST showed high final product 

reactivity to EBNA-LP despite this peptide not being in the original EBV consensus 

peptides used for CCS isolation. This suggests there is either cross-reactivity in the 

consensus peptides used for isolation, or the pepmixes used in final product 

evaluation of specificity. Analysis of the amino acid sequence of EBNA-LP revealed 

high sequence homology between aa466-479 “RPRPPARSLREWLL" and peptides in 

the consensus pool (personal correspondence, Miltenyi Biotec) which may indicate 

the peptide stimulation for CCS isolated and expanded cross-reactive T cell clones to 

EBNA-LP. 
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Furthermore, while CD4+ T cells within peptide-derived VST had functional reactivity 

particularly to EBNA1, EBNA2 and EBNA3A; LCL-derived VST CD4+ T cells had 

negligible reactivity to any of the EBV antigens tested. This observation is further 

supported by LCL-derived VST CD4+ T cells showing significantly higher co-

expression of T cell inhibitory markers. Altogether these findings suggest up to a 

quarter of CD4+ cells expanded using the LCL process exhibit a T cell exhaustion 

profile with limited capacity to proliferate and release effector cytokines likely due to 

the repeated antigenic stimulation of this method. Peptide-derived VST however 

demonstrated considerable Th1 cytokine production upon antigen recall as well as 

expression of CD107a on a proportion of CD4+ T cells indicating potential capacity to 

degranulate. Investigating this further, peptide-derived VST lines sorted for CD4+ T 

cells showed equivalent cytotoxicity against HLA-matched LCL as the unsorted VST 

line controls (with ~50:50 CD4 to CD8 ratio). This suggests some peptide-derived 

VST CD4 T cells can directly induce killing of infected target cells. Cytotoxic CD4+ T 

cells have been observed in the context of some cancers and viral infections (Oh and 

Fong, 2021, Cenerenti et al., 2022, Malyshkina et al., 2023). In a large cohort study 

taking longitudinal samples of individuals before and after infectious mononucleosis 

(n=143), Granzyme B+ CD8 T cells are maintained up to two years following 

symptoms, whereas many individuals had a surge of Granzyme B+ CD4 T cells within 

the first 50 days of symptoms indicating CD4+ cells may have important cytolytic 

roles in primary EBV infection (Balfour et al., 2013). Other groups generating LCL-

derived EBV VST have reported cytotoxic CD4 clones with killing targeted towards 

specific EBNA1, EBNA2, and EBNA3A epitopes using in vitro assays (Long et al., 

2005). CD4 cytotoxicity was found to be MHC Class II-restricted and not mediated 

through Fas-ligand cytolytic pathways against both LCL (Sun et al., 2002b) and 

LMP1+ lymphomas (Choi et al., 2018). Instead CD4 cytotoxicity was dependent on 

granule exocytosis mechanisms, though granulysin has been suggested as the main 

mediator of CD4 cytolysis with lack of classical perforin or granzyme B expression 

(Sun et al., 2002b). Furthermore, multimer-isolated and expanded BHRF1-specific 

CD4+ T cell clones demonstrated HLA-DR*04:01-dependent BHRF1-restricted 

cytotoxicity of LCL targets (Landais et al., 2004). Although there is clear cytotoxic 

capacity, it is unknown in a therapeutic context if CD4+ EBV VST provide purely a 

helper role to CD8+ T cells, directly elicit killing of EBV infected cells or deliver mixed 

functionality. Likely this question is highly variable between cases, being largely 
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dependent on the disease, infected cell antigen presentation, patient to donor HLA 

matching, and therapeutic EBV VST line clone composition.  

The overall cytotoxicity against HLA-matched LCL targets was equivalent between 

LCL-derived and peptide-derived EBV VST. Since LCL-derived VST have already 

demonstrated anti-tumour efficacy in patient clinical studies, it was vital to ensure 

peptide-derived VST had ability to recognise sequences presented by actual virus-

infected cells in addition to the peptides they were generated against prior to their 

clinical use. These in vitro assays showed a trend whereby increasing numbers of HLA 

matches between VST and LCL was linked to increased cytotoxicity, as has been 

reported in improved patient outcomes with closer HLA matching (Haque et al., 2007, 

Kazi et al., 2019). Interestingly, cytotoxicity against EBV-infected target cells 

positively correlated with the percentage of IFN-γ+/TNF-α+ cells reactive to EBV 

peptides. This peptide antigen recall assay could therefore be used in a regulatory 

context to provide a suitable Quality Control as a surrogate assay to replace 

cytotoxicity assays which require culture of virus-infected target cells (Fraser et al., 

2024). Furthermore, use of EBV peptides to measure functional response should 

ensure a more standardised assay to compare inter-donor VST line potency as 

compared to cytotoxicity against allogeneic LCL with differential HLA matching. 

Analysis of the TCRβ repertoire showed substantial variation in clonotype size 

between VST, with certain isolates dominated by individual CDR3 sequences. In some 

products a large proportion of the repertoire was confirmed to contain sequences 

which are known to be EBV-specific in public databases. Many previously identified 

EBV-specific public CDR3 sequences were also identified although these were present 

at very low frequencies in most VST. However, matching is limited only to CDR3 

sequences covering BMLF1, BRLF1, BZLF1, EBNA3A, EBNA3C and LMP2 antigens as 

identified previously as public EBV-specific clones (Huisman et al., 2022), and 

therefore matching is underestimated due to lack of other EBV antigen sequences in 

such databases. The mean generation probability of sequences is also reduced in EBV 

VST compared with bulk T cells, suggesting that TCRs were not present purely by 

chance but appear to have been actively selected. The majority of the repertoire in 

EBV VST is comprised of a restricted number of highly expanded clonotypes, which 

are less commonly occurring and represent private EBV responses in the donor 

individuals.  
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Repertoire comparison between the differentially generated products demonstrated 

that both groups had comparable absolute number of clonotypes however peptide-

derived samples had lower generation probability than LCL-derived VST indicating 

the presence of more targeted cells using the peptide process. The repertoire of 

peptide-derived VST had a higher proportion of EBV-specific sequences (from public 

databases) than LCL-derived VST, possibly reflecting the different antigen sources 

used between the two methods. It is likely there is a significant overlap in the EBV 

consensus peptides used for stimulation and those used in the pMHC multimer 

experiments that contribute to TCR:epitope database curation. The range and density 

of antigens presented by LCL are likely to be more diverse and vary according to 

donor and HLA type (Arvey et al., 2012), potentially leading to greater inter-batch 

variability and more limited overlap with epitopes present in online databases.  

Interestingly, EBV VST from both processes had a small proportion of the repertoire 

that matched to influenza A virus (IAV) and severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) sequences. All sequenced EBV VST were manufactured 

prior to 2019 therefore the annotation of SARS-CoV-2 specific sequences found in this 

study may represent cross-reactivity with pre-existing immunity to other human 

coronaviruses (McNaughton et al., 2022) or sequence homology in some EBV, IAV and 

SARS-CoV-2 epitopes as reported in other samples from unexposed individuals 

(Mateus et al., 2020). 

While EBV VST from both groups had contained CDR3 sequences matching the 

majority of public EBV-specific epitopes, the proportion of each VST repertoire 

specific for each antigen was low. Using TCR database matching, antigen specificity 

was highest towards BMLF1. This data contradicts the functional reactivity to specific 

EBV antigen peptides which demonstrated EBV VST from both processes were mainly 

targeted towards EBNALP, EBNA3A, EBNA3C and BZLF1 antigens. Comparison 

between the two techniques to evaluate antigen specificity is limited to the HLA-

restricted EBV-specific epitope sequences uploaded to public TCR databases, whereas 

the JPT Pepmixes used for functional reactivity testing were protein-spanning 

overlapping peptides allowing HLA-independent assessment of antigen-specific 

response. Furthermore, JPT peptides cover sequences for the following antigens 

which have no CDR3 sequences currently uploaded to the VDJdb database: BARF1, 

BMRF1, EBNALP, EBNA2, EBNA3C and gp350/340. To this end it is hypothesised 
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TCRβ sequencing is underestimating true antigen (and overall EBV) specificity of the 

EBV VST products.  It is also not impossible that conserved sequences between EBV 

epitopes could facilitate cross-reactive T cell responses as has been reported for 

BMLF1280 epitope-specific T cells harbouring cross-reactive responses to BRLF1190 

and LMP2329 peptides (Cornberg et al., 2010). Use of multimers to bind and/or sort 

epitope-specific T cells in combination with the above antigen functional reactivity 

assay could be used to investigate potential cross-reactivity of clones within our EBV 

VST products. However, care should be taken for such analyses following 

demonstration of TCR transduced cells having ability to bind the specific tetramer but 

without a cytokine response to the peptide antigen, and conversely other transduced 

cells with high avidity for peptide recognition but unable to bind the specific tetramer 

(Lyons et al., 2006, Melenhorst et al., 2008, Wooldridge et al., 2009). This highlights 

the complexity of evaluating antigen specificity, and ideally a toolbox of techniques 

should be utilised to greater understand clones present in T cell immunotherapies. 

While the current study focussed on TCRβ sequencing and antigen functional 

reactivity, the wide range of donor HLA types within our banks would have made 

purchase of HLA-restricted EBV antigen multimers prohibitively expensive to allow 

practical utilisation of this technique.  

This study had numerous limitations. Precautions were taken to ensure as close a 

comparison as possible, such as completing entire assays within a restricted 

timeframe and by a single operator, use of identical LOT reagents, use of the same 

donor target cells where appropriate in cytotoxicity assays; however numerous 

parameters limit the ability of direct comparison. Namely, EBV VST products from the 

two processes were made from different donors incorporating HLA differences as 

well as geographical discrepancy (New Zealand versus UK) where cellular immunity 

may be influenced by differential EBV strains, environmental pressures and/or 

exposure to discrete pathogens. In addition, all assays were performed on post-thaw 

cells to best replicate the product administered to a patient. The relative date of each 

bank manufacture and the consequent length of storage in liquid nitrogen storage 

was significantly different between banks: NZ LCL bank was generated 2010-2014 

(10-13 years cryopreservation) and the UK peptide-derived bank was generated 

2019-2022 (1-4 years cryopreservation). While prolonged storage might be expected 

to affect product functionality, it should be noted that even some of the earliest NZ 

VST lines had extremely functional responses in these assays. This maintenance of 
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quality has been independently monitored in the SNBTS facility through a 

comprehensive stability programme, and furthermore these stored products are still 

used clinically with curative responses in patients. Nonetheless, regardless of 

duration spent in liquid nitrogen storage, the alternate times of manufacture 

ultimately introduces many other different parameters such as cryopreservation 

solutions, reagents for culture and washing of cells, plastics and consumables, and 

techniques for basic lab procedures such as cell counts. All such variables may 

influence the differences seen in cell expansion, phenotype and function; and 

therefore comparisons made do not distinguish the LCL method and peptide method 

as techniques but encompass the whole manufacturing processes incorporated 

around them. It was suggested during an MHRA guidance meeting to do intra-donor 

manufacture in tandem between LCL and peptide method, but using identical starting 

source, cGMP reagents, flasks, consumables, operators, and analytical techniques. 

While such experiments would allow a true comparison, we are no longer able to 

perform LCL manufacture due to restrictions regarding introduction of live virus 

within our new clean room facility.  

3.5 Chapter summary 

This study describes the development and implementation of a new manufacturing 

process to generate EBV VST for clinical use with significant benefits in terms of 

product yield, cost-effectiveness and closed/ automated processing compared to the 

historical process. EBV VST products derived from the new peptide process were 

comprehensively characterised in comparison to our previous LCL-derived EBV VST 

which have a well-established patient safety and efficacy profile. While clonal 

diversity and cytotoxicity was comparable, peptide-derived EBV VST demonstrated 

enhanced degranulation, cytokine production to a broad range of EBV latent antigens 

and had a dominant central / effector memory status which may improve persistence 

and targeted tumour clearance in EBV post-transplant lymphoma patients. All data 

from this comparison study was compiled for a dossier to apply for licensure of the 

peptide-derived EBV VST therapy which was subsequently approved by the MHRA 

for clinical use in 2023. The efficacy of these EBV VST products will be followed as 

they continue to be supplied on a compassionate basis under ‘Specials’ licence to 

patients world-wide. 
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Chapter 4 – Detection & isolation of SARS-CoV-2 
VST 

A brief foreword.  

I started my PhD in October 2019. The aims then were entirely for the EBV VST 

comparison study covered in Chapter 3, with lofty aspirations to engineer EBV VST 

with a chemokine receptor in attempt to improve infiltration into solid tumours. This 

part of the project unfortunately never came to fruition. I remember at the end of 

2019 it was prophesised the world was due some kind of global disaster, the more 

cynical among us predicting the start of World War 3 due to widespread political 

angst at the time. With the major 1918 Spanish flu pandemic 100 years prior, the 

outbreak of SARS-CoV-2 in 2019 has caused the widest infectious global health 

emergency of the 21st century. While for most people this led to a year or more of 

working from home and social distancing, researchers within the natural sciences all 

came together to focus on uncovering all aspects of SARS-CoV-2 virology, disease 

pathology, immune response, diagnostic testing and discovery of treatments. At 

SNBTS we had a unique opportunity to study COVID-19 immunity with the 

translational capacity to explore therapy development. I had a two week lock down 

before commencing work on testing donor blood for SARS-CoV-2 T cell responses 

with the aim to make a SARS-CoV-2-specific T cell therapy. This was certainly the 

busiest phase of my PhD and involved long hours of lone working until more lab 

members could return to work. As I write this four years later, like many who 

experienced personal loss and crisis from the pandemic and fallout thereafter, I find 

myself trying to forget these years as much as possible. On the whole the world has 

very much gotten “back to normal”, but as it happens the concept of “new normal” in 

fact denotes that life has never felt more different. Regardless, I feel incredibly 

fortunate to be one of the few PhD students that came out of lockdown with more 

data than I knew what to do with, not to mention thankful in many ways to be kept 

sane through the opportunity to work and for the rewarding feeling to contribute 

during this dark time. I never did make banana bread or attempt a jigsaw, but here 

instead are three chapters covering my research in chronological order of “the COVID 

years” (inevitably a chapter title in many later memoirs of my generation); that will 

hopefully be useful in our ongoing understanding of this disease, and how we address 

investigation of immune response and potential of immunotherapy for future viruses. 
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4.1 Introduction and aims 

4.1.1 Coronavirus outbreak 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is reported to have 

emerged in Wuhan within the Hubei province of China in December 2019 (Zhou et al., 

2020b, Wu et al., 2020). As a highly contagious novel respiratory virus emerging at 

the height of international travel to date, global spread was extremely rapid despite 

initial measures put in place for containment. Due to the relatively high morbidity and 

mortality rates of the resulting coronavirus disease 2019 (COVID-19), this disease 

was declared a public health emergency by the World Health Organisation (WHO) on 

March 11th, 2020. 

4.1.2 SARS-CoV-2 origin  

While the origin of SARS-CoV-2 is still debated at present, evidence suggests it is 

likely to have resulted from natural zoonotic transmission to humans. Numerous 

animals have found to be carriers and reservoirs for SARS-CoV-2 virus including bats, 

cats, ferrets, mink, pangolins and rabbits (Li et al, 2021), indicating their potential as 

the host reservoir. Genomic analysis  showed that Rhinolophus affinis bat 

betacoronavirus RaTG13 had greatest similarity to SARS-CoV-2 (~96% sequence 

homology, (Zhou et al., 2020b)), however it diverges in sequence for the spike 

receptor binding domain (RBD) indicating weaker binding affinity to human 

angiotensin converting enzyme 2 (ACE2) (Wan et al., 2020b) . Numerous pangolin 

coronaviruses however have high sequence homology in the spike RBD residues 

(Lam et al., 2020) indicating a closer vector, yet mortality was rapid in these infected 

pangolins and therefore they are not likely to be a long-term reservoir species for 

SARS-CoV-2 (Xiao et al., 2020a). The current favoured hypothesis is that SARS-CoV-2 

was transmitted from bats as intermediate hosts, to pangolins and then to humans, 

with natural selection of the spike protein for optimal ACE2 binding occurring as a 

natural evolutionary process either within pangolins or through human to human 

transmission (Andersen et al., 2020, Cascella et al., 2024). In addition, SARS-CoV-2 

contains a polybasic cleavage site with a leading proline insertion (PRRAR) at the 

junction of S1 and S2 subunits of spike protein, which in turn allow effective cleavage 

by furin and addition of O-linked glycans (Walls et al., 2020). These features are 
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unique to SARS-CoV-2 and equivalent polybasic cleavage sites have not been 

observed in related sarbecoviruses to date.  

The significance of these polybasic cleavage sites has been investigated 

experimentally in other viruses. More efficient cleavage of the MERS-CoV spike 

protein conferred ability of transmission of MERS-CoV from bats to humans 

(Menachery et al., 2020). Insertion of a furin cleavage site at the S1-S2 junction in 

SARS-CoV-1 enhanced cell-to-cell fusion however did not correspond with any change 

in infectivity (Follis et al., 2006). In avian influenza viruses, acquisition of polybasic 

cleavage sites within the hemagglutinin protein converts low pathogenicity strains to 

highly pathogenic strains (Nao et al., 2017). While the role in SARS-CoV-2 remains 

unclear, it suggests that these polybasic cleavage sites of spike protein may impact 

upon transmissibility and/or pathogenesis. Furthermore, O-linked glycosylation is 

hypothesised to create a mucin-like domain that can act as a shield and confer 

immune evasion mechanisms as seen in numerous other viruses (Bagdonaite and 

Wandall, 2018). Altogether these key features of sequence and protein structure 

likely offer evolutionary advantages with the consequence of improved transmission 

and/or pathogenesis, and therefore may explain why SARS-CoV-2 unlike previous 

betacoronavirus outbreaks escalated from localised epidemics to a global pandemic.  

The theory that SARS-CoV-2 could have been leaked from a lab in Wuhan has gained 

considerable attention, likely due to the political landscape at the onset of the 

pandemic, with some reports suggesting the genetic structure of SARS-CoV-2 cannot 

rule out a laboratory origin. The primary evidence against this theory is that 

collective attempts worldwide to culture SARS-CoV-2 in cell lines over the last four 

years have consistently shown that serial passage induces deletion of the furin 

cleavage site in the spike gene (Hoffmann et al., 2020a, Lau et al., 2020, Hale, 2021, 

Johnson et al., 2021, Lamers et al., 2021). Had SARS-CoV-2 been propagated in a lab 

prior to the pandemic outbreak, it would be expected that this furin cleavage site 

would have been deleted. However this site is intact in early isolates of SARS-CoV-2. 

Interesting insights from two recent editorials have suggested the only evidence 

which could prove a lab leak hypothesis would be actual laboratory records of 

handing the original or very closely related Wuhan strain (Alwine et al., 2023). 

Without such evidence this theory can only be disproved through long term 
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phylogenetic studies to track patterns in sequence evolution, similar to debunked 

theory that HIV was introduced through polio vaccine batch (The Lancet, 2023). 

4.1.3 SARS-CoV-2 structure 

Both SARS-CoV-1 and SARS-CoV-2 belong to a subgenus of betacoronavirus known as 

sarbecovirus (Kirtipal et al., 2020). Like other coronaviruses, SARS-CoV-2 is a 

positive-sense single-strand RNA virus. SARS-CoV-2 was first established in both 

human airway epithelial cell cultures (Zhu et al., 2020) and African green monkey 

kidney epithelial ‘vero’ cells (Kim et al., 2020b) allowing isolation for RNA extraction. 

Next Generation Sequencing revealed a 28-30kb genome encoding four structural 

proteins (Figure 4.1): spike (S), membrane (M), nucleocapsid (N) and envelope (E), 

as well as several non-structural and accessory proteins (Kim et al., 2020a).  

 

Figure 4.1 - SARS-CoV-2 virion structure. 
SARS-CoV-2 is made up of structural proteins: envelope (E), membrane (M) and spike (S); and 
viral ssRNA is encapsulated within nucleocapsid (N) protein. 

4.1.4 SARS-CoV-2 entry and replication 

The spike protein is located on the outer virion surface, and composed of the S1 

(amino-terminal) and S2 (carboxyl-terminal) subunits. The RBD of the S1 subunit can 

bind the human ACE2 receptor expressed on the host cell surface (Song et al., 2018, 

Jiang et al., 2020) and is the principal receptor for SARS-CoV-2 entry into human 

target cells. Numerous other adhesion molecules and co-receptors have been 

implicated in aiding viral entry including C-type lectins, CD26, CD147, integrins, 

heparin sulfate, neuropilin-1, sialic acid and vimentin; however at present none have 

been shown to support viral infection in the absence of the obligate receptor ACE2 

(Eslami et al., 2022). Initial viral attachment is followed by priming whereby furin 
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proteases cleave at the S1-S2 junction to conformationally separate the S1 and S2 

subunits (Vankadari, 2020, Essalmani et al., 2022). This exposes an S2 subunit site 

which is further cleaved primarily by host transmembrane serine protease 2 

(TMPRSS2) in nasal/ airway epithelial cells (Hoffmann et al., 2020b) or cathepsin L 

(CTSL) in cells where TMPRSS2 is absent (Zhao et al., 2022b). This results in full 

dissociation of the S1 & S2 subunits, and conformation transition of the S2 subunit to 

reveal a short 19 amino acid segment called the fusion peptide (FP) which binds to 

the host cell transmembrane and ultimately fuses the virus and cell membranes 

together (Papa et al., 2021). The formation of a fusion pore allows insertion of viral 

genomic RNA (gRNA) into the host cell cytosol for uncoating and subsequent 

replication (Figure 4.2) (Jackson et al., 2022).

 

Figure 4.2 - SARS-CoV-2 viral entry mechanisms. 

SARS-CoV-2 Spike protein subunit 1 (S1) binds to the host cell membrane ACE2 receptor. Host 
cell transmembrane serine protease (TEMPRS2) then cleaves spike at the S1-S2 junction to fully 
dissociate S1 and S2 subunits. This causes a conformation change in S1 subunit to expose the 
fusion peptide (FP) which fuses the host cell membrane allowing viral-host membrane fusion and 
viral RNA entry into the cytosol. Adapted from (Lamers and Haagmans, 2022) & (Le et al., 2023). 

Following viral entry, the positive-sense gRNA recruits host ribosomes to translate 

Open Reading Frames (ORF) 1a and 1b which encode non-structural proteins (NSP) 
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all involved in replication and transcription (

 

Figure 4.3) and constitute around 75% of the total SARS-CoV-2 genome (Wu et al., 

2020). Initial rapid release of nsp1 shuts down translation of host mRNA, which 

prevents cellular antiviral defence mechanisms including induction of type I 

interferon signalling (Thoms et al., 2020). Furthermore nsp3, nsp4 and nsp6 induce 

remodelling of the host endoplasmic reticulum to form double membrane vesicles 

(DMV), a hallmark motif of positive-strand RNA virus infection which can be 

visualised by electron microscopy (Angelini et al., 2013, Cortese et al., 2020). These 

vesicles act as replication organelles which both organize viral RNA synthesis, and 

shield the double-stranded RNA intermediates from detection by cytoplasmic PRR or 

TLR present on local innate immune cells (Malone et al., 2022). Therefore SARS-CoV-

2 demonstrates efficient initial strategies to evade innate immune responses and 

permit viral RNA synthesis. In addition, tomographic imaging has revealed nsp3 as a 

major constituent of a hexameric pore complex that spans DMV membranes which 

have been implicated in export of RNA to the cytosol (Wolff et al., 2020, Klein et al., 

2020). Structures resembling the nucleocapsid protein were detected on the cytosolic 
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side of the DMV pore complex, suggesting direct RNA encapsidation as it exits the 

DMV (Wolff et al., 2020). The other non-structural proteins assemble into replication-

transcription complexes, which act within DMV to initiate RNA replication primarily 

driven by nsp7, nsp8, nsp12, nsp13, nsp14 and nsp15 (Figure 4.4). This begins with 

replication of a full length antigenome gRNA to serve as a template, which directs 

synthesis of both further gRNA, as well as a nested set of subgenomic RNAs (sgRNA) 

of ORFs 2-9 encoding accessory proteins and structural proteins. Canonical 

transcription of eight sgRNA allows translation within the endoplasmic reticulum to 

be packaged into progeny virions.  

For assembly, viral RNA is coated with nucleocapsid proteins in the cytosol, which 

traffics to endoplasmic reticulum-golgi intermediate compartments (ERGIC) which 

are decorated with spike, membrane and envelope proteins (Hartenian et al., 2020). 

This newly formed virion then traffics to the Golgi apparatus for post-translational 

modification, including glycosylation to aid in viral attachment which is also thought 

to shield epitopes from the neutralizing antibody response (Watanabe et al., 2020, 

V'Kovski et al., 2021). While most enveloped viruses then egress via the biosynthetic 

secretory pathway, SARS-CoV-2 virions were found to exit the cell within deacidified 

lysosomes (Ghosh et al., 2020). At present it is unclear why SARS-CoV-2 hijacks 

lysosomes for extracellular release, however since a primary role of acidified 

lysosomes is intracellular pathogen degradation, SARS-CoV-2 disruption of lysosomal 

exocytosis is suggested as a strategy to evade immune clearance (Liang et al., 2022).  

Coronaviruses have evolved mechanisms to limit the transcriptional error associated 

with RNA viruses, whereby the mutational rate of most RNA viruses usually limit a 

genome size to ~15kb before such a deleterious mutation is accumulated that it 

would lead to collapse of the species (Sanjuán et al., 2010, Smith et al., 2014). 
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Figure 4.3 - SARS-CoV-2 viral replication. 

SARS-CoV-2 viral gRNA undergoes initial translation to recruit host cell ribosomes and transcribe 
of template RNAs. SARS-CoV-2 genome encoded polypeptides are translated to form non-
structural proteins involved in viral replication, transcription and host immune evasion roles; 
including double stranded RNA (dsRNA) processing, formation of double membrane vesicles and 
translation of subgenomic-RNAs (sgRNA). Translated structural proteins and accessory proteins 
are packaged for transit through the endoplasmic reticulum golgi apparatus intermediate 
compartments (ERGIC). Assembled virions are then released out of the cell via exocytosis. 
Adapted from (Jackson et al., 2022, Lamers and Haagmans, 2022, Malone et al., 2022) 

Through acquisition of proteins in the replication transcription complex that increase 

replication fidelity, coronaviruses have an improved ability to preserve genetic 

integrity increasing the survival of the species as a whole. All stages are tightly 

regulated including: template unwinding by nsp13; proofreading by nsp10, nsp12, 

nsp13 and nsp14; and RNA capping by nsp10, nsp13, nsp14, and nsp16 (Malone et al., 

2022). In addition, nsp15 is an endoribonuclease which shortens the poly-uridine 

sequences at the 5’ end of negative-strand RNA, to evade recognition by PRR MDA5 to 

again hinder the host innate type I interferon response (Hackbart et al., 2020). While 

a multitude of evolved mechanisms to regulate viral replication and immune evasion 

have been discovered, there are likely still numerous other functions by which SARS-

CoV-2 has such successful transmissibility and ultimately progression of infection. 
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Figure 4.4 - SARS-CoV-2 genome and protein functions. 

(A) SARS-CoV-2 genome structure. (B) ORF1a & 1b polypeptide sequence of non-structural 
proteins. (C) SARS-CoV-2 non-structural, structural and accessory proteins functions. Adapted 
from (Arya et al., 2021, Bai et al., 2022, V'Kovski et al., 2021, Yang and Rao, 2021). 
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4.1.5 SARS-CoV-2 infection and pathogenesis 

Like most respiratory viruses, SARS-CoV-2 is transmitted via respiratory droplets or 

aerosols, whereby infected individuals can shed viral particles even prior to symptom 

onset by just exhalation (He et al., 2020).  Initial infection of SARS-CoV-2 takes place 

within nasal mucosa cells or respiratory epithelial cells of the nose and upper 

respiratory tract (Parasher, 2021). Here the virus propagates, with a median 

incubation period of 4-5 days, during which individuals are highly infectious (Lauer et 

al., 2020, Li et al., 2020). Viral load peaks at symptom onset, where viral spread along 

ciliated cells of the conducting airways can cause the most common symptom (at least 

of the initial strain) of coughing, as well as sneezing, fever and fatigue (Sims et al., 

2005, Hoffmann et al., 2020b). A strong host innate interferon response, as seen in 

children, can sufficiently restrict viral replication at this stage with very mild clinical 

manifestation (Yoshida et al., 2022), whereas impaired type I interferon responses 

were associated with disease progression (Hadjadj et al., 2020).  

If the virus is not cleared by the aforementioned innate immune responses, infection 

can spread to the lower respiratory tract and ultimately the lung alveolar cells, also 

known as pneumocytes. Both in vitro data and animal models indicate SARS-CoV-2 

primarily infects alveolar type 2 (AT2) cells (Hou et al., 2020, Salahudeen et al., 2020, 

Youk et al., 2020, Ziegler et al., 2020), however alveolar type 1 (AT1) cells can also be 

infected (Ziegler et al., 2020). While AT1 cells cover the 95% of the alveolar surface 

area and are responsible for gas exchange, AT2 cells secrete surfactants which 

lubricate the lung and help to reduce alveolar surface tension during respiration 

(Zhao et al., 2022a). Infected pneumocytes respond by secreting an array of pro-

inflammatory cytokines including CCL2, CCL3, CXCL10, IFN-β, IFN-γ, IL-1, IL-6, IL-8, 

IL-12 and TNF-α (García, 2020). This acts to recruit immune cells such as neutrophils 

and T cells to the lung to kill virally infected cells, and in doing so contributes to 

inflammatory-induced lung injury. With immune-mediated apoptosis of the virally-

infected lung cells causing release of newly made virions to infect neighbouring cells, 

it should be appreciated clearance of infection from the lungs requires an army of 

immune cells to initiate a fine-tuned coordinated attack.  

Persistent inflammation-induced injury can lead to pulmonary pneumonia or acute 

respiratory distress syndrome (ARDS) in severe cases of COVID-19. Viral or 

inflammatory-induced death of both lung endothelial cells and epithelial cells 
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contributes to increased lung vascular permeability which impairs lung function and 

manifests as decreased blood oxygenation (Wang et al., 2020a, Zhou et al., 2020a). 

Histological examination of lung tissue of COVID-19 ARDS patients reveal diffuse 

alveolar damage (DAD) as a common pathology, whereby injury of the alveolar 

epithelial lining leads to leakage of plasma into the alveoli (Carsana et al., 2020, 

Menter et al., 2020). This is characterised by dying pneumocytes, intra-alveolar and 

interstitial oedema, formation of hyaline membranes and AT2 cell hyperplasia as they 

attempt to regenerate the alveoli. Hyaline membranes are made from fibrin-rich 

aggregates to seal the alveoli away from fluid accumulation, however this also 

restricts gas exchange. This formation of fibrin aggregates can also produce fibrin 

thrombi, which have been observed in the small arteries and veins of severe COVID-

19 patients (Cui et al., 2020, Klok et al., 2020, Lodigiani et al., 2020, Tang et al., 2020, 

Wichmann et al., 2020). Presence of fibrin thrombi, elevated levels of D-dimers 

produced upon fibrin degradation, and low platelet counts have been associated with 

severe or fatal outcomes of COVID-19 (Al-Samkari et al., 2020, Grasselli et al., 2020, 

Lippi et al., 2020, Zhou et al., 2020a). Furthermore, highly elevated plasminogen 

activator inhibitor 1 (PAI-1), an inhibitor of the fibrinolysis pathway, in the serum 

and lungs correlated to COVID-19 disease severity (Kang et al., 2020, Lopez-

Castaneda et al., 2021, Zuo et al., 2021, Toomer et al., 2023).  This increased inhibition 

of fibrin degradation, combined with overactivation of coagulation contribute to a 

dysregulated pro-thrombotic state which can then lead to pulmonary embolisms or 

complications in other organs such as arterial thrombosis, myocardial infarctions or 

ischemic strokes (Cascella et al., 2024).  

Multisystem disease or multi-organ failure has been reported in severe and critical 

cases of COVID-19. It is hypothesised the broad expression of ACE2 and TMPRSS2 

across tissue types could in part explain the wide-ranging clinical manifestations of 

COVID-19 (Zou et al., 2020, Prato et al., 2024). ACE2 is a key regulator of the Renin 

Angiotensin Aldosterone System (RAAS) in humans which acts to cleave Angiotensin I 

and Angiotensin II. Breakdown of these vasoconstrictive hormones is crucial to 

modulate blood pressure and osmolarity. Expressed in many tissues throughout the 

body including heart, kidney, lungs, respiratory tract and intestinal tract, gallbladder 

and testis (Hikmet et al., 2020), ACE2 regulation provides many protective roles 

particularly within the cardiovascular and renal system. Additionally, since 

Angiotensin II has pro-apoptotic and pro-fibrotic actions on lung epithelial cells (Li et 
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al., 2008, Simões e Silva et al., 2013, Samavati and Uhal, 2020), as well as macrophage 

activation and pro-inflammatory cytokine release (Gopallawa and Uhal, 2014, Banu et 

al., 2020); its degradation by ACE2 has a direct role in the prevention of lung injury 

and cytokine storm. Although SARS-CoV-2 spike receptor binding does not overlap 

with the ACE2 catalytic domain, viral entry has been shown to downregulate ACE2 

expression in the lung (Kuba et al., 2005, Yamaguchi et al., 2021, Lu et al., 2022) and 

gut (Triana et al., 2021), and therefore hypothesised as the likely  mechanism by 

which SARS-CoV-2 induces cell invasion and pathogenesis.  

4.1.6 COVID-19 clinical classification 

In the majority of individuals, SARS-CoV-2 infection is asymptomatic or causes mild 

illness, however approximately 20% of cases progress to severe disease. As of March 

2024, the latest National Health Institute update classifies the clinical spectrum of 

SARS-CoV-2 infection into five categories as outlined in Table 4.1.  

Disease Category Criteria 

Asymptomatic or 

pre-symptomatic 

infection 

Individuals with positive virologic test for SARS-CoV-2 but no symptoms 

consistent with COVID-19. 

Mild illness Individuals with any of the following symptoms: fever, cough, sore 

throat, fatigue, headache, muscle pain, nausea, vomiting, diarrhoea, 

loss of taste, loss of smell. 

Moderate illness Individuals with evidence of lower respiratory disease by clinical 

assessment or chest imaging, and an oxygen saturation measured by 

pulse oximetry (SpO2) ≥94% on room air at sea level. 

Severe illness Individuals with SpO2 <94% on room air at sea level, a ratio of arterial 

partial pressure of oxygen to fraction of inspired oxygen (PaO2 /FiO2 ) 

<300 mm Hg, respiratory rate >30 breaths/min, or lung infiltrates >50%. 

Critical illness Individuals with respiratory failure, septic shock, or multi-organ 

dysfunction. 

Table 4.1 - Clinical spectrum of SARS-CoV-2 infection and disease.  

Adapted from (NIH, Accessed March 2024.). 

While there has been vast and rapid progress to attempt to elucidate disease 

pathogenesis, there is still very limited understanding of how the immune response 

to infection is dysregulated in patients with severe disease. 



167 

– Detection & isolation of SARS-CoV-2 VST 
 

4.1.7 Immune response to SARS-CoV-2: the turbulence after the 
storm 

Given that SARS-CoV-2 infection, disease pathogenesis and immune response are 

intrinsically linked, some key immune mechanisms have previously been described. It 

is important however to understand the plethora of immune mediators involved and 

how dysregulation contributes to the central factor of COVID-19 disease severity: the 

cytokine storm. Whether the elevated levels of cytokines released during COVID-19 

are actually considered a ‘cytokine storm’ is still debated (Mehta and Fajgenbaum, 

2021), this is discussed in more detail in Chapter 7, however it is undeniable that 

systemic elevation of certain inflammatory cytokines are a prognostic factor of SARS-

CoV-2 disease pathogenesis. 

As discussed earlier, innate immune sensing of SARS-CoV-2 RNA within infected cells 

is initiated by PRRs and TLRs including MDA5 (Yin et al., 2021, Sampaio et al., 2021), 

TLR2 (Zheng et al., 2021),TLR3 (Mukherjee et al., 2021), TLR7(Jangra et al., 2021), 

TLR8 (Campbell et al., 2021),  triggering signalling cascades of cytokines in response 

to ligation, particularly type I/ III interferons and various chemokines. While it is 

unclear which are the first innate immune cells to traffic to the infected site, the 

initiation of IFN-I and chemokine secretion induces recruitment of DC, monocytes, 

macrophages, neutrophils, and NK cells; which further secrete chemokines to recruit 

adaptive immune cells to the lungs.  

Cytokine driven recruitment and activation of B cells is crucial to initiate an effective 

humoral response against SARS-CoV-2. Following primary exposure, most individuals 

seroconvert within 7-14 days, with SARS-CoV-2-specific antibodies persisting up to 

several weeks following viral clearance. The spike protein RBD is particularly 

immunogenic, and neutralising anti-RBD IgG can potently inhibit virus entry by 

blocking spike/ACE2 interactions (Ju et al., 2020, To et al., 2020, Dispinseri et al., 

2021). Some early studies reported that individuals with cross-reactive antibodies to 

other coronaviruses had significantly earlier, elevated and pro-longed antibody 

responses and surprisingly a more severe clinical course.  This was suggested as a 

mechanism of antibody-dependent enhancement (ADE) in which the cross-reactive 

antibodies failed to neutralise SARS-CoV-2, or even potentiated entry to Fc receptor-II 

positive cells. While there have been reports of spike neutralising antibodies able to 

induce ADE using in vitro assays (Liu et al., 2021b, Wang et al., 2022), isolated 
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infection-enhancing antibodies provided protection against SARS-CoV-2 infection 

using in vivo mouse and non-human primate models (Li et al., 2021). Although 

evidence of naturally occurring ADE in human SARS-CoV-2 infection is difficult to 

investigate clinically, at present the lack of clinical reports and animal model results 

would suggest that ADE is a rare phenomenon of in vivo infection or vaccine response 

(Yang and Xu, 2022, Nakayama and Shioda, 2023). Longevity and memory of antibody 

response to primary infection of SARS-CoV-2 will be addressed further in the 

discussion of this chapter, and following variant re-exposure or vaccines discussed 

further in Chapter 7. 

Emerging evidence at the start and throughout the pandemic indicated COVID-19 

severity was correlated with lymphopenia, where patients with progressive disease 

have been reported to have reduced numbers of peripheral blood T cells and NK cells 

(Chen et al., 2020, Liu et al., 2021a, Wan et al., 2020a, Wang et al., 2020c). Severe 

disease also features accumulation of naïve and/or exhausted memory T cells which 

have been associated with a systemic hyperinflammatory responses and poorer 

prognosis (Diao et al., 2020, García, 2020, Zhou et al., 2020c, Zheng et al., 2020b, 

Zheng et al., 2020a). Accordingly, protection in those able to clear the infection 

naturally is associated with strong CD4 and CD8 T cell responses to spike, 

nucleocapsid and membrane proteins of the virus (Cao, 2020, Manjili et al., 2020, Tay 

et al., 2020, Thieme et al., 2020). T cell responses to SARS-CoV-2 and their role in 

protection against disease are reviewed in more depth in Chapters 6 & 7. 

A quote from (Altmann D, ISCT conference): “immunology is impossible to 

comprehend; they invent a new cell type, factor or pathway every few days”. To date 

this has never been more apt as the study of SARS-CoV-2 immunology, particularly 

during initial phases of the pandemic when funding was paused and publishing was 

prioritised toCOVID-19 research. Many groups contributed to study the 

immunopathology of COVID-19, however often labs have a niche focus on a particular 

cell type, assay, model, technology or access to particular sample(s) which limits the 

ability to understand how all these observations fit together. Although it is difficult to 

create a full picture, there are numerous excellent reviews of SARS-CoV-2 

immunology including (Brodin, 2021, Lamers and Haagmans, 2022, Tay et al., 2020, 

Yang et al., 2020, Zhu et al., 2023). The wealth of reports identifying different immune 

cell irregularities in COVID-19 was out of the scope of the current review, however a 
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general overview of consistently observed key immunological features of severe 

COVID-19 is summarised in Figure 4.5. 

 

Figure 4.5 - Immunological features of severe COVID-19. 

Severe COVID-19 pathogenesis in the lung and systemic immunological characteristics. Healthy 
alveoli are formed of pneumocytes: alveolar type 1 (AT1) cells which mediate gas exchange, 
alveolar type 2 (AT2) cells which produce surfactant. SARS-CoV-2 primarily infects AT2 cells 
causing AT2 cell death, with severe COVID-19 alveoli lacking protective surfactant layer. Viral 
damage of surrounding AT1 cells, fibroblasts and vascular endothelial cells induces a dysfunctional 
inflamed endothelium with gap formation and fluid leakage into the alveolus, impairing respiration 
and gas exchange. Infected cells secrete chemokines and cytokines which recruit innate immune 
cells such as neutrophils, macrophages, DC and platelets; which initiate type I interferon signalling 
and coagulation pathways. Deposition of fibrin forms hyaline membranes, and activated platelets 
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and neutrophils forming neutrophil extracellular traps (NETs) promotes further fibrosis and 
thrombosis formation. Inappropriate hyperinflammatory response of elevated lung and systemic 
cytokines is associated with innate and adaptive immune cell dysfunction. Immune irregularities of 
neutrophil, dendritic cell (DC), monocytes/macrophages, natural killer (NK) cells, B cells and 
antibodies, and T cell responses, as well as elevated inflammatory cytokines are consistently 
evidenced across reports in severe COVID-19. Adapted from (Lamers and Haagmans, 2022, 
Rovito et al., 2022, Schultze and Aschenbrenner, 2021, Yang et al., 2020). 

Understanding of the dynamics between innate and adaptive immunity to SARS-CoV-

2, and why it goes wrong in some individuals but not others is at present poorly 

understood, however numerous mechanisms have been associated from SARS-CoV-1 

research. A mouse model of SARS-CoV-1 lethal infection showed Type 1 IFN signalling 

in the lungs within 6-24 hours post-infection was initiated by plasmacytoid DC and 

alveolar macrophages. This induced infiltration of inflammatory monocytes and 

macrophages that secreted high levels of IL-6, IL-1β, TNF-α and CCL2. At 6 days post 

infection, virus-specific T cells in the lungs had elevated expression of apoptosis 

markers which was rescued by neutralization of TNF-α indicating a direct or indirect 

mechanism by which TNF-α dampens the T cell response (Channappanavar et al., 

2016). Interestingly this group and others demonstrated a delayed initiation of Type 

1 IFN signalling caused inflammatory monocyte-macrophage accumulation, elevated 

proinflammatory cytokine levels, impaired T cell responses and resultant severe 

disease. Early Type 1 IFN signalling at 6-12 hours post-infection (prior to peak virus 

titres) had a protective effect in preventing lung immunopathology and mortality, 

indicating delayed expression of Type-1 IFN induces an inappropriate excessive 

inflammatory response (Haagmans et al., 2004, Kumaki et al., 2011, Channappanavar 

et al., 2016). Correspondingly, SARS-CoV-2 patients with critical disease have 

consistently been found to have significantly elevated levels of CCL2, IL-6, IL-10, and 

TNF-α which inversely correlated with low CD4 and CD8 counts (Chen et al., 2020, 

Diao et al., 2020, Hadjadj et al., 2020, Huang et al., 2020a, Lucas et al., 2020, Ronit et 

al., 2021), which again may suggest these pro-inflammatory cytokines promote T cell 

apoptosis thereby dampening the adaptive immune response. Elucidation of 

causative mechanisms in immune failure rather than effect or associations will be 

crucial to identifying targets for therapeutic intervention. With our current 

understanding of the science, the key areas for therapy targeting viral damage to 

prevent host hyperinflammatory intrinsic disease progression include: viral entry 

and replication, initiation of interferon signalling and lymphocyte dysfunction. 
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4.1.8 Chapter Aims 

At the time of undertaking this study (April to June 2020), with no vaccines or 

treatments yet available there was clear clinical need for effective treatments for high 

risk COVID-19 patients. With accumulating literature demonstrating a dysregulated T 

cell response in severe COVID-19 patients, and protective SARS-CoV-2 T cell memory 

associated with efficient viral clearance, it was hypothesised that adoptive transfer of 

healthy donor virus-specific T cell (VST) immunity may be an effective treatment 

approach. 

Adoptive transfer of VST has been used since the early 1990s to treat chronic 

refractory viral infections or reactivations in immunocompromised patients 

(Houghtelin & Bollard, 2017), and at SNBTS, we have proven clinical efficacy and 

safety data from treatment of over 200 patients with allogeneic HLA-matched 

Epstein-Barr VST in cases of refractory EBV-driven lymphoma post-transplant 

(Haque et al, 2007; Kazi et al, 2019). Just prior to the pandemic, we had completed 

development of a new platform to isolate EBV VST using Cytokine Capture Selection 

(CCS), with an optimised post-expansion protocol as outlined in Chapter 3. Since this 

process detects and isolates antigen-specific T cells on the basis of response to 

stimulation with peptides, it can be theoretically translated to investigate T cell 

responses to any antigen of choice. During the first wave of the pandemic, SNBTS was 

recruiting COVID-19 convalescent individuals to donate plasma as part of the national 

Convalescent Plasma (CP) programme to investigate CP as a potential therapeutic for 

COVID-19. As part of this process, we were also able to consent and recruit a cohort of 

COVID-19 convalescent donors to donate peripheral blood leukocytes from buffy 

coats to investigate the SARS-CoV-2 antigen specific T cell responses. The opportunity 

to study peripheral blood donated from individuals who were able to naturally clear 

their infection allows for the characterisation of T cells involved in protective 

immunity. To study antigen-specific responses we had access to peptide pools 

covering the SARS-CoV-2 spike, nucleocapsid and membrane proteins that were 

rapidly manufactured in early 2020 by Miltenyi Biotec. Since at this stage we did not 

know the exact pathogen classification of SARS-CoV-2 and potential for transmission 

by blood cells, all work was carried out within a derogated category III laboratory, 

with all handling of cells including flow cytometry labelling carried out within a Class 

II microbial safety cabinet, acquired on a quarantined flow cytometer. At collection, 
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samples were also sent to the National Microbiology Reference Unit within SNBTS for 

EuroImmun IgG testing which allowed us to compare SARS-CoV-2 T cell responses to 

antibody levels. In addition, peripheral blood cells from each donor were 

cryopreserved on day of collection for retrospective HLA typing by the SNBTS 

Histocompabitility and Immunogenetics (H&I) team. This study was testament to a 

huge collaborative effort between SNBTS departments to provide all supporting data 

to the T cell findings, and donor services teams who coordinated blood collections 

during these risky times. Particular recognition is made to the SNBTS clinical lead Dr 

Sharon Zahra who recruited, consented the donors and provided the relevant and 

appropriate details from their clinical records; as well as the principal study leads 

Professor John Campbell and Dr Alasdair Fraser who quickly conceptualised and 

secured approval/ funding for the research study.  

The aim of this chapter was to analyse the peripheral blood cell compartments of 

COVID-19 convalescent donors in comparison to uninfected donor controls and 

investigate the detection of SARS-CoV-2 antigen-specific T cells using an intracellular 

cytokine flow cytometry assay. Furthermore, we wanted to determine if SARS-CoV-2-

specific T cells could be isolated by cytokine capture selection and subsequently 

expanded in culture in order to develop a potential T cell therapy for COVID-19. 
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4.2 Detection of SARS-CoV-2 VST  

To investigate the immune responses in individuals who naturally recovered from 

infection with the first wave SARS-CoV-2 wild type strain, we obtained peripheral 

blood buffy coats collected from COVID-19 convalescent donors (CCD, n=15) within 

the local Scottish population between April to June 2020. Donors were 23 to 58 years 

old (median 49 years) and evenly split by sex (7 female, 8 male). Diagnosis and 

resolution of infection were confirmed by SARS-CoV-2 PCR, with donations collected 

between 34 and 56 days after resolution of symptoms (see Table 4.2 for infection 

details). In all cases, donors exhibited mild symptoms of COVID-19 infection and did 

not require hospital treatment. Uninfected donors (UD, n=17) with no evidence of 

COVID-19 symptoms or positive PCR testing during this period were used as 

comparison controls. 

4.2.1 Differences in immune subsets after COVID convalescence 

In the early months following SARS-CoV-2 outbreak, initial studies from Wuhan 

patient cohorts reported distinct changes in circulating immune cell subsets between 

healthy donors and patients with progressive disease. In particular, lymphopenia and 

reduced frequencies and overall number of CD4 T cells, CD8 T cells and NK cells in 

peripheral blood were consistently associated with severe COVID-19 in numerous 

studies (Chen et al., 2020, Zheng et al., 2020b, Qin et al., 2020, García, 2020).  

As there were fewer reports of immune subsets in asymptomatic or mild disease 

convalescent donors during that time, we phenotyped PBMC from CCD in comparison 

to UD to determine any differences in lymphocyte populations. PBMC were isolated 

from buffy coats using standard Ficoll gradient centrifugation and immediately 

analysed using the lymphocyte and lineage flow cytometric panels outlined in Figure 

2.3 and Figure 2.4. Gating on all cells, singlets and viable cells sequentially, the mean 

percentage of monocytes, NKT cells and T cells were similar between CCD and UD 

(Figure 4.6). The mean percentage of T cells with an activated phenotype (HLA-

DR+/CD38+), reported as elevated in other studies with moderate to severe disease, 

were not found to be significantly different between UD and CCD in this cohort of 

donors. NK cell frequencies were significantly elevated (p =0.0073) in CCD compared 

to UD, and the mean percentage of B cells in CCD was significantly lower than in UD 

(p=0.0003). 
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Figure 4.6 - Analysis of leukocyte subsets in CCD PBMCs.  

Buffy coat-derived PBMCs from COVID-19 convalescent donors (CCD, n=15) and uninfected 
donors (UD, n=17) were assessed for leukocyte subsets by flow cytometry. Data is represented as 
mean ± SEM. Statistical analysis to compare CCD and UD groups was done by unpaired t-tests 
with Holm-Sidak correction for multiple comparisons where p<0.05 was considered statistically 
significant. **p ≤ 0.01 and ***p ≤ 0.001. 

To investigate the distinct B cell and NK cell frequencies in CCD PBMC, correlations 

were tested with potentially linked donor parameters (Figure 4.7). In this study, age 

did not correlate with (A) NK cell or (B) B cell levels in CCD, though a significant 

correlation (Pearson correlation p=0.04, r=0.524) was identified between percentage 

of (C) B cells and SARS-CoV-2 antibody content. 

 

Figure 4.7 – CCD PBMC NK cell and B cell correlations. 

Pearson correlation tests of CCD parameters were used to investigate the relation between (A) 
percentage NK cells (CD56+/CD3-) and donor age, (B) percentage B cells (CD19+) and donor age, 
and (C) percentage B cells (CD19+) and SARS-CoV-2 serum antibody content (EuroImmun 
S/C). Statistical analysis was done by generating Pearson correlation coefficients, where p<0.05 
was considered significant. 

Within the T cell compartment (Figure 4.8) the percentage of CD4+ and CD8+ T cells, 

as well as DN and DP T cells remained unchanged between CCD and UD (A). In 

addition, analysis of co-expression of T cell memory markers CD62L, CD45RO, and 

CD45RA revealed no difference in CD4 and CD8 memory subpopulations between UD 

and CCD for either CD4+ T cells (B) or CD8+ T cells (C).  
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Figure 4.8 - Analysis of T cell subpopulations in CCD PBMCs. 

Buffy coat-derived PBMC from CCD (n=15) and UD (n=17) as above were analysed for (A) basic T 
cell subsets, and T cell memory subpopulations further quantified for (B) CD4+ T cells and (C) 
CD8+ T cells.  Data is represented as mean ± SEM. Significance was determined by unpaired t-
test with Holm-Sidak correction for multiple comparisons. DN double negative (CD4−/CD8−), DP 
double positive (CD4+/CD8+), TNaive (CD62L+/CD45RA+/CD45RO−), TCM central memory 
(CD62L+/CD45RA−/CD45RO+), TEM effector memory (CD62L−/CD45RA−/CD45RO+), TEMRA 
terminal effector memory CD45RA revertant (CD62L−/CD45RA+/CD45RO−). 

4.2.2 Optimisation of cytokine assay to detect SARS-CoV-2 
responses 

As outlined previously (section 2.7.1), an intracellular cytokine flow cytometric 

assay was developed to detect EBV VST in donor peripheral blood by stimulation with 

EBV consensus peptide pools. Research-grade SARS-CoV-2 individual peptide pools 

combining spike, nucleocapsid and membrane proteins became available by April 

2020, allowing testing of these peptides to detect antigen-specific responses within 

donor peripheral blood.  Since these peptide pools covered sequences of hydrophobic 

regions that are relatively insoluble (as outlined in section 2.3.2), reconstitution of 

the lyophilised peptides in DMSO was recommended with subsequent dilution in 

water. Initial correspondence from the peptide supplier indicated sterile 0.2µm filters 

may get blocked when filtering if reconstituted peptides are not completely dissolved. 

Since sterile filtration is required for downstream isolation of SARS-CoV-2 VST, intra-

donor comparative stimulation assays were set up to test the effect of filtration on 

VST cytokine responses. Additionally, since CCD buffy coats were generally released 

by SNBTS Blood Dispatch in the early afternoon, the 5-hour peptide stimulation with 

subsequent surface and intracellular staining protocol developed for EBV VST was 

practically and logistically challenging. Therefore initial experiments also tested 

peptide stimulation for 5 hours versus 16 hours as suggested as the window for 

cytokine secretion for VST (Campbell, 2003). To test these parameters, PBMC freshly 
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isolated from each donor buffy coat (n=3) were plated in medium at 5x106 

WBC/mL/well of a 24-well plate (2.5x106 WBC/cm2) in the conditions as shown in 

Figure 4.9A. 

Following stimulations, wells were harvested and stained with the intracellular 

cytokine flow cytometry panel as outlined in Table 2.8. For analysis, viable CD3+ 

cells were gated and assessed for expression of IFN-γ (frequency was calculated by 

normalising to the negative control). Unfiltered peptides (clear circles) and filtered 

peptides (black diamonds) were comparable in % CD3+/IFN-γ+ PBMC for each 

individual peptide and the pooled peptides together (Figure 4.9B), indicating sterile 

filtration did not block passage of peptide pools through the filter. No significant 

difference in the frequency of CD3+/IFN-γ+ PBMC was observed between 5-hour 

(black square) and 16-hour (clear triangle) peptide stimulations (Figure 4.9C), 

demonstrating antigen-specific T cells could be detected at both these time-points. 

Therefore for subsequent CCD PBMC screening assays, peptides were sterile filtered 

prior to use and cells were stimulated for 16 hours with peptides to allow an 

overnight incubation. This was advantageous in that buffy coats could be pre-

screened for a minimum SARS-CoV-2 VST detection level (≥0.08% CD3+/IFN-γ+ 

PBMCs responsive to S+N+M stimulation) prior to potential isolation of SARS-CoV-2 

VSTs by cytokine capture selection. Additionally, since both intracellular cytokine and 

cytokine capture selection assay require a minimal 5-hour stimulation followed by 2-

3 hour labelling protocols, the two cannot easily be done in tandem by one operator. 

Therefore the finalised workstream for a CCD buffy coat was basic phenotyping, 

CD14+ monocyte isolation (for downstream analysis), peptide screening plate set up, 

and CCS plate set up on day 0. Peptides could then be added to the screening plate at 

the end of day 0 for an overnight 16-hour incubation, with intracellular staining and 

flow analysis the following morning (day 1). During this time, the CCS plate was 

stimulated with peptides for 5 hours, and a go/ no go point prior to the CCS labelling 

and selection dependent on VST detection (Figure 4.10). 
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Figure 4.9 - SARS-CoV-2 peptide optimisation for VST detection. 

SARS-CoV-2 peptide pools covering sequences for individual proteins spike (S), nucleocapsid (N), 
membrane (M), and the three pooled together (S+N+M) were used to stimulate PBMC from CCD 
buffy coats for detection of antigen-specific T cell responses. (A) PBMCs from each donor (n=3) 
were plated to test the following conditions: unfiltered peptides for 5 hour stimulation; unfiltered 
peptides for 16 hour stimulation; filtered peptides for 5 hour stimulation; and filtered peptides for 16 
hours stimulation. Negative and positive controls (DMSO/water and PMA/ionomycin, respectively) 
were included for both 5 and 16 hour stimulation (however these do not require filtration). (B) No 
significant differences in percentage CD3+/IFN-γ+ PBMC were seen between unfiltered or filtered 
peptide pools. (C) No significant differences in percentage CD3+/IFN-γ+ PBMC were seen 
following 5 hour versus 16 hour peptide stimulations. Data is represented as mean ± SEM. 
Statistical analysis was performed using paired t-tests using the Holm-Šídák method for multiple 
comparisons where p<0.05 was considered statistically significant.  
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Figure 4.10 - CCD buffy coat experimental workstream. 

Upon arrival of CCD buffy coats, PBMCs were isolated and divided up for immunophenotyping, 
peptide screening plate setup, CD14+ monocyte bead isolation and CCS plate set up on day 0. 
SARS-CoV-2 were added to the peptide screening plate at end of day for an overnight 16 hour 
stimulation, with subsequent intracellular staining and sample acquisition the following morning. 
Also on the morning of day 1, the CCS plate was stimulated with S+N+M peptides for 5 hours. If 
VST were detectable (≥0.08%) in screening assay, CCS assay & culture set up could proceed. 

All CD14+ cell isolation, DC culture, freezing and DC phenotyping was performed by Dr Paul 
Burgoyne at SNBTS. 

4.2.3 SARS-CoV-2 VST are detectable in CCD PBMC population 

Using the optimised peptide stimulation and ICR staining protocol (4.2.2), PBMC 

from both CCD (n=15) and UD (n=17) buffy coats were screened for SARS-CoV-2 

peptide responses.  To this end, PBMC were stimulated with individual antigen 

peptide pools (spike, nucleocapsid or membrane) as well as the three pools combined 

(S+N+M). Following stimulation, cells were labelled with T cell and NK cell surface 

markers (CD3, CD4, CD8, CD56); intracellular cytokines (IFN-γ, TNF-α, IL-2) and 

activation markers (CD137, CD154) by multi-parameter flow cytometry. 

Representative flow analysis for exemplar UD and CCD stimulated with combined 

peptide pools, with gating applied from a negative control, showing the main markers 

with detectable responses (IFN-γ, TNF-α and CD154) is presented in Figure 4.11A. 

The frequency of SARS-CoV-2 VSTs in CCD calculated as CD3+/IFN-γ+ PBMCs 

positively correlated (Pearson correlation p=0.0381, r=0.5391) with SARS-CoV-2 

antibody level (Figure 4.11B). Interestingly, the percentage of SARS-CoV-2 VST in 

CCD was found to decline significantly over time (Pearson correlation p=0.0021, 

r=0.6275) (Figure 4.11C). The mean percentage of CD3+/IFN-γ+ cells, CD3+/TNF-α+ 

cells and CD4+/CD154+ cells was higher in CCD compared to UD for stimulation with 

each individual peptide pool and for the combined peptide pools (Figure 4.11D). 
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Figure 4.11 - PBMC responses to SARS-CoV-2 peptides.  

PBMCs derived from buffy coats were incubated with SARS-CoV-2 peptides (Spike + Nucleocapsid 
+ Membrane) for 5 hours and corrected against a no antigen control well for induced expression of 
cytokines and activation markers. (A) Representation of flow cytometric analysis from a healthy 
uninfected donor (UD, clear circles) and COVID-19 convalescent donor (CCD), note all flow 
analyses were gated on lymphocytes/ singlets / live cells and subsequently quantified for 
percentage CD3+/IFN-γ+ cells, CD3+/TNF-α+ cells and CD4+/CD154+ cells (see Figure 2.8 for 
gating strategy). The percentage of SARS-CoV-2 VSTs in the CCD PBMC population (i.e. 
CD3+/IFN-γ+ cells reactive to pooled S+N+M peptides) significantly correlated with (B) antibody 
titre at donation (p=0.0381, r=0.5391) and (C) days from resolution of symptoms to donation 
(p=0.0021, r=0.6275). Calculation was performed using Pearson correlation coefficient. EuroImmun 
serum content assay for SARS-CoV-2 antibody titre was performed by SNBTS NMRU. (D) Mean 
percentages of CD3+/IFN-γ+ cells, CD3+/TNF-α+ cells and CD4+/CD154+ cells for individual and 
pooled peptides compared between HD (n=17, clear circles) and CCD (n=15, orange circles). Data 
is represented as mean ± SEM. Statistical significance was determined using unpaired t-tests 
corrected for multiple comparisons using the Holm-Šídák method where *p≤0.05, **p≤0.01, 
***p≤0.001 and ****p≤0.0001. 
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Donor information including blood group, HLA type, days from COVID-19 symptoms 

onset to resolution, days from symptoms resolution to donation, SARS-CoV-2 

antibody level, and the percentage of SARS-CoV-2 VST detected using the intracellular 

cytokine pre-screen assay is collated in Table 4.2. 

 

Table 4.2 - Baseline characteristics and immune response of CCD. 

Donor information for the COVID-19 convalescent donors (CCD, n=15) investigated in this study 
includes: blood group, HLA type, number of days from COVID-19 symptoms onset to resolution of 
symptoms, number of days from symptoms resolution to buffy coat donation, SARS-CoV-2 
antibody level, and percentage SARS-CoV-2 VST detected in pre-screen assay.  Antibody level 
refers to Euroimmun assay values (>1.1 = positive). Percentage SARS-CoV-2 VST refers to the 
percentage CD3+/IFN-γ+ cells responding to combined S+N+M peptides. 
* Not consented for HLA typing. 
** No sample taken for HLA typing. 
NT: Not tested as insufficient DNA to type locus. 
All clinical donor information (blood group, symptoms, dates of infection, resolution) was collected 
by SNBTS lead clinician Dr Sharon Zahra. 
Following cDNA preparation from isolated PBMCs, HLA-genotyping was performed by SNBTS H&I 
laboratory for HLA-A, B and DRB1 loci using Lifecodes HLA eRES SSO Typing kits (Immucor Inc). 
EuroImmun serum content assay for SARS-CoV-2 antibody titre was done by SNBTS NMRU.  
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CCD T cell IFN-γ, TNF-α and CD154 responses to individual peptide pools (n=10) 

were compared using RM one-way ANOVA to determine whether there was a 

preferential response to particular SARS-CoV-2 antigens. While the mean percentage 

of CD3+/IFN-γ+ cells and CD3+/TNF-α+ cells was comparable between the three 

peptide pools, the CD4+/CD154+ response was significantly higher (p=0.042) to 

membrane peptides than to nucleocapsid peptides. Altogether, these data indicate 

there was no consistent preferential T cell cytokine response to one particular SARS-

CoV-2 antigen (Figure 4.12). 

 

Figure 4.12 - SARS-CoV-2 individual antigen response comparison. 

Mean percentages of CD3+/IFN-γ+ cells, CD3+/TNF-α+ cells and CD4+/CD154+ cells were 
compared for response to individual peptide pools: spike, nucleocapsid and membrane in CCD 
(n=10). Data is represented as mean ± SEM. Comparisons between the three antigens were made 
using RM one-way ANOVA with Geisser-Greenhouse correction where *p≤0.05, **p≤0.01, p≤0.001 
and **** p≤ 0.0001. 

Further dissection of the CCD cytokine response to SARS-CoV-2 peptide pools by 

gating on the Th, CTL and NK cell lymphocyte subsets indicates the IFN-γ response is 

primarily by CD4+ T cells (Figure 4.13A). The mean percentage of CD4+/IFN-γ+ 

PBMC was significantly higher than either CD8+/IFN-γ+ or CD56+/IFN-γ+ cells for 

each individual peptide pool and combined peptide pools. The percentage of 

CD8+/IFN-γ+ cells was significantly increased over CD56+/IFN-γ+ cells. Conversely 

the TNF-α response to pooled peptides demonstrated significantly higher 

CD56+/TNF-α+ cells than CD8+/TNF-α+ cells (Figure 4.13B). 
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Figure 4.13 - Th, CTL and NK cell responses to SARS-CoV-2 peptides. 

Gated lymphocyte subsets within CCD PBMC population were compared for Thelper cells 
(CD3+/CD4+, red triangles), cytotoxic T cells (CD3+/CD8+, blue triangles) and NK cells 
(CD56+/CD3-, orange triangles) responsive to SARS-CoV-2 peptide stimulation. Each subset is 
compared for (A) IFN-γ response and (B) TNF-α response. Data is represented as mean ± SEM. 
All significance was determined using RM one-way ANOVA with Geisser-Greenhouse correction 
where *p≤0.05, **p≤0.01, ***p≤0.001 and **** p≤ 0.0001. 

TNF-α+ cell frequencies here are generally higher for all three lymphocyte subsets, 

which may indicate TNF-α is a more important cytokine for antiviral responses to 

SARS-CoV-2, and therefore intracellular TNF-α secretion may be able to detect and 

isolate more SARS-CoV-2 VST. This is discussed further in Chapter 5. 

4.3 Isolation of SARS-CoV-2 VST  

4.3.1 Isolation of SARS-CoV-2 VST by IFN-γ capture selection 

Since peptide-responsive SARS-CoV-2 VST were detectable by intracellular IFN-γ 

secretion, it was next determined whether SARS-CoV-2 VST could be successfully 

isolated by IFN-γ capture selection. To this end, PBMC were plated overnight and 

stimulated the following morning for 5 hours with pooled S+N+M peptides. The IFN-γ 

CCS assay was performed as according to the manufacturer’s protocol, with 

subsequent non-target and isolated IFN-γ+ target fractions collected and analysed. 

The total number of VST within the IFN-γ+ target fraction was determined from CD3+ 
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cell counts on MACSQuant10 analyser, with a mean=8.2x105 ± 2x105 SEM (Figure 

4.14A). No significant correlation between the total number of CD3+ cells in IFN-γ+ 

target fraction versus the same donor’s pre-screen % CD3+/IFN-γ+ PBMC reactive to 

SNM peptides was seen, indicating the pre-screen detection assay is not entirely 

quantitative of CCS VST isolation yield (Figure 4.14B). 

 

Figure 4.14 - Isolated SARS-CoV-2 VST counts. 

SARS-CoV-2 VST reactive to pooled S+N+M peptides were isolated from CCD (n=12) using IFN-γ 
CCS assay. (A) Isolated IFN-γ+ target cells from CCS assay were counted for total number of 
CD3+ cells using MACSQuant10 analyser. (B) No significant correlation was observed between 
total number of CD3+ cells in the CCS-isolated IFN-γ+ target fraction, versus the % CD3+/IFN-γ+ 
PBMC from intracellular cytokine screening assay. Data is represented as mean ± SEM. Statistical 
analysis was performed by generating Pearson correlation coefficients, where p<0.05 was 
considered significant. 

4.3.2 Isolated SARS-CoV-2 VST have effector T helper phenotype 

Immediate surface phenotyping of a small portion of the positive fraction (IFN-γ+ 

target cells) following CCS isolation (Figure 4.15) revealed this fraction contained an 

equal ratio of monocytes to T cells (40.45 ± 2.1% and 37.11 ± 3.95% of total cells, 

respectively). There is also potential for NK cells to be selected on the basis of IFN-γ 

secretory response, however negligible NK cells (2.25 ± 0.71%) or NKT cells (0.26 ± 

0.09%) were isolated in response to the SARS-CoV-2 peptides. CD3+ T cells in the 

isolated fraction were a mix of CD4+ (53.02 ± 3.94%) and CD8+ (35.73 ± 3.23%) cells; 

where CD4+ T cells were predominantly effector memory (86.52 ± 3.44%) and CD8+ 

T cells showing a more differentiated phenotype at 42.1 ± 3.44% effector memory 

and 41.89 ± 4.2% terminal effector memory RA. 
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Figure 4.15 - Isolated SARS-CoV-2 VST phenotype.  

IFN-y+ target fractions following CCS isolation were immunophenotyped for frequency of the 
following populations: monocytes (CD14+);T cells (CD3+/CD56-); NK cells (CD56+/CD3+); NKT 
cells (CD3+/CD56+); CD4+ T cells (CD3+/CD4+); CD8+ T cells (CD3+/CD8+); DN T cells 
(CD3+/CD4-/CD8), DP T cells (CD3+/CD4+/CD8+); TNaive (CD62L+/CD45RA+/CD45RO−); TCM 
central memory (CD62L+/CD45RA−/CD45RO+); TEM effector memory 
(CD62L−/CD45RA−/CD45RO+); and TEMRA terminal effector memory CD45RA revertant 
(CD62L−/CD45RA+/CD45RO−). Data is represented as mean ± SEM. 

4.4 Expansion of SARS-CoV-2 VST for adoptive cell 
therapy 

Cytokine capture selection was effective in the enrichment of SARS-CoV-2 VST 

particularly of CD4+ effector memory T cells as demonstrated in section 4.2. Isolation 

of VST by CCS for therapeutic use is often a direct autologous or allogeneic CCS 

isolation with infusion of freshly isolated IFN-γ+ target cells into the patient. This 

strategy is beneficial in that the process duration is only 1-2 days, and cells are not 

cryopreserved with the subsequent caveat of cell death/ loss at product thawing. 

Importantly, since cells are not cultured or manipulated, this cell product would fall 

under Human Tissue Authority licensure making such a product simpler for clinical 

regulatory approval. Without cryopreservation however, any product 

characterisation and safety testing (enumeration, purity, phenotype, sterility, etc) 

must be performed rapidly to allow minimal hold time prior to patient infusion. A 

major drawback of this approach is the very low yield of VST from a CCS process, as 

confirmed in Figure 4.14, the mean number of SARS-CoV-2 VST following isolation 

was 8.2x105 cells (n=12). As a consequence, a single clinical CCS VST process could 

only be given to one patient, and as such the cost to patient treatment ratio is not 

economically feasible in most situations. Therefore, following the successful 

development of a post-isolation culture expansion process for EBV VST (see Chapter 



185 

– Detection & isolation of SARS-CoV-2 VST 
 

3), it was hypothesised isolated SARS-CoV-2 VST could also be expanded in culture to 

clinically relevant numbers.  

4.4.1 SARS-CoV-2 VST culture requires protein supplementation 

Initial attempts to expand SARS-CoV-2 VST in culture followed the protocol validated 

for EBV VST expansion – whereby CCS non-target cells were irradiated at 40 Gy and 

co-cultured with the isolated SARS-CoV-2 VST target cells in G-Rex flasks in TexMACS 

medium supplemented with IL-2 [200 IU/mL]. At day 7 of culture, cells were given a 

complete medium change and returned to culture. A substantial aggregation of dead 

cell/debris (which is not seen in EBV VST culture) was visually observed during these 

medium changes, and flow cytometry analysis confirmed a large accumulation of 

dead cells/debris by forward and side scatter properties (Figure 4.16A). Total cell 

counts over the culture duration (Figure 4.16B) indicated very poor culture 

expansion, with donors C19BC2 and C19BC4 crashing completely by days 21 and 15 

respectively. 

 
Figure 4.16 - Initial cultures without protein supplementation. 

Initial SARS-CoV-2 VST cultures (n=3) were set up in TexMACS medium supplemented with IL-2 
only as per protocol for EBV VST expansion. (A) Representative flow analysis for C19BC2 at day 7 
of culture period demonstrated a poor outgrowth of expanding VST (lymphocytes gate) and 
accumulation of dead cells/debris along left axis. (B) Total cell counts for each culture are shown 
over the culture period, where donors C19BC2 and C19BC4 died off completely by days 21 and 15 
respectively. 

Since similar studies of CMV VST report culture with protein supplementation 

(Rauser et al., 2004), subsequent SARS-CoV-2 VST cultures tested the use of standard 

culture protein supplement human AB serum (SNBTS) and commercial pathogen-

inactivated human platelet lysate n-Liven (Sexton). To compare these supplements, 
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donor cultures (n=2) were split equally into the three following culture conditions: 

TexMACS + IL-2 only, TexMACS + IL-2 + ABS and TexMACS + IL-2 + nLiven and 

monitored over 15 days. Growth curves testing the three conditions are shown for 

both donors C19BC5 (Figure 4.17A) and C19BC6 (Figure 4.17B). The fold expansion 

between day 0 seeding and day 15 culture (Figure 4.17C) was dramatically lower in 

the IL-2 only condition (79 ± 13.3 SEM) compared to medium supplemented with ABS 

(2090 ± 994 SEM) or nLiven which was the highest overall at (3402 ± 1784 SEM). 

One-way ANOVA tests could not be applied to compare the groups due to low sample 

number, however it is clear protein supplementation is needed for a high VST 

expansion. Flow cytometry analysis demonstrated equivalent phenotype of purified T 

cells between the protein supplementation conditions (data not shown), indicating 

ABS or nLiven do not induce preferential outgrowth of a non-T cell population. Since 

nLiven had the highest overall expansion and is available at GMP-grade, it was used 

for all subsequent cultures.  

 

Figure 4.17 - SARS-CoV-2 VST cultures protein supplementation. 

SARS-CoV-2 VST cultures (n=2) were divided equally for an intra-donor comparison to test the 
following medium supplementations: IL-2 only (clear circles), IL-2 + ABS (blue triangles), and IL-2 + 
nLiven (orange squares). Total CD3+ cell counts taken over 15 days culture are shown for donors 
(A) C19BC5 and (B) C19BC6. The calculated mean fold expansion between day 0 culture set up 
and day 15 (C) is shown for the three conditions. Data is represented as mean ± SEM. No 
statistical analysis was done due to low sample number. 

4.4.2 SARS-CoV-2 VST culture optimisation  

In addition to protein supplementation, other cytokine supplements have indicated 

benefits in T cell culture and support growth of particular phenotypes. In particular, 

addition of IL-7 and IL-15 have been reported to improve T cell expansion with 

increased retention of central memory T cells in polyclonal T cell culture (Shi et al., 
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2013), as well as improved yield and anti-tumour activity in CAR T cell culture (Zhou 

et al., 2019) and 4T1 mammary carcinoma-specific T cell culture (Cha et al., 2010). 

While IL-15 was not available for testing at time of this study, addition of IL-7 was 

tested for benefit in SARS-CoV-2 VST expansion. To investigate this, intra-donor (n=3) 

comparisons were made by setting up VST in the following supplementation 

conditions: IL-2 only; IL-2 + nLiven; IL-2 + IL-7; and IL-2 + IL-7 + nLiven. Cultures 

were counted at day 8 and compared for differences in phenotype. No statistical 

differences were found in the fold expansion between the different conditions 

(Figure 4.18A), although conditions with nLiven supplementation trended to 

increased expansion. Phenotypic analysis showed a consistently pure T cell 

(CD3+/CD56-) phenotype highly enriched for CD4+ TCM, with negligible NKT or NK 

cells between all conditions (B-D). Since IL-7 provided no obvious benefit in 

expansion or phenotype, it was not included in subsequent cultures. 

 

Figure 4.18 - SARS-CoV-2 VST culture IL-7 supplementation. 

SARS-CoV-2 VST cultures (n=3) were divided equally for an intra-donor comparison to test the 
following medium supplementations: IL-2 only (white), IL-2 + IL-7 (purple), IL-2 + nLiven (orange) 
and IL-2 + IL-7 + nLiven (navy). Comparisons were made for (A) fold expansion day 0 to day 8, (B) 
day 8 lymphocyte phenotype, (C) day 8 CD4+ memory status, and (D) day 8 CD8+ memory status. 
Data is represented as mean ± SEM. Comparisons between groups were performed using 
repeated measures one-way ANOVA with Geisser-Greenhouse correction, where p<0.05 was 
considered statistically significant. 
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4.4.3 Enhancing VST expansion by feeder re-stimulation 

Utilising these results for optimised culture medium (TexMACS + IL-2 + nLiven), after 

14 days in culture, expansion plateaued (Figure 4.19A), and an increased transition 

from central memory to effector memory phenotype by day 21 was observed 

(representative plot Figure 4.19C). In other studies, expansion of cytokine-selected T 

cells skewed towards a CD4+ line could be boosted by addition of a feeder re-

stimulation step (Chatziandreou et al., 2007, Mazza et al., 2010). To investigate this, 

irradiated autologous non-target cells (PBMC) not used for culture set up were 

cryopreserved and stored for use in subsequent feeder re-stimulation. At day 14, VST 

cultures were divided equally to test addition of thawed irradiated non-targets 

(feeder re-stimulation, FR) versus standard VST culture control. FR induced a 

subsequent two log expansion between day 14-21 (Figure 4.19B) in all VST cultures 

tested (n=5). In addition, when cultures were administered a FR at day 14, central 

memory phenotype was retained at day 21 (Figure 4.19C). Cultures were monitored 

throughout expansion to determine whether FR affected phenotype, but there were 

no significant differences in lymphocyte subsets (Figure 4.19D-E) or T cell memory 

status (Figure 4.19F-G) between cells harvested at day 14 or at day 21.  

Since this comparison data indicates equivalent phenotype at day 14 and day 21 FR, 

final products could be harvested for cryopreservation at either of these time-points. 

Harvest at day 21 FR would have the obvious benefit of 1-2 fold log expansion of VST, 

therefore substantially increasing the number of potential patient doses in full-scale 

manufacture. Conversely, this adds additional protocol steps, longer culture duration, 

and may be limited by the number of irradiated non-targets available from each 

donor. Through hypothesized scaling of yield from a full-scale manufacturing run 

(using leukapheresis starting material), it was estimated the number of cells 

harvested at day 21 (>200 doses at 1.5x108 VST per dose) would create more patient 

doses than is possible to freeze down at our facility due to lack of controlled rate 

freezer (Planer Ltd) and LN2 tank capacity. Therefore, it was decided to validate the 

manufacturing process with harvest at day 14 without FR. 
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Figure 4.19 - SARS-CoV-2 VST culture feeder re-stimulation.  

(A) Isolated SARS-CoV-2 VST from donors C19BC8-14 had a 2-3 log expansion over 21 day 
culture using an optimized culture expansion protocol. (B) VST cultures were split at day 14 to 
directly compare standard continuation in culture (control, grey circles) and re-stimulation with 
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autologous irradiated feeders (FR, blue triangles). (C) Representative culture C19BC9 by day 21 
without re-stimulation indicated some transition of CD4 TCM to CD4 TEM (Day 21 top panel). CD4 
CM phenotype was retained when cultures re-stimulated at day 14 with autologous irradiated 
feeders (Day 21 bottom panel). (D-G) Final product phenotype and T cell memory status was 
compared at both harvest time-points: Day 14 (grey circles) and Day 21 FR (blue triangles). Data is 
represented as mean ± SEM. No significant differences were observed using paired t-tests with 
Holm-Šídák correction for multiple comparisons. 

4.5 Characterisation of expanded SARS-CoV-2 VST 

Using the optimised culture protocol (supplementation with IL-2 + nLiven for 14 

days), cells were harvested and characterized for cell identity, phenotype and 

functional capacity.  

4.5.1 SARS-CoV-2 VST culture drives expansion of central 
memory CD4+ T cells 

Cultured cells harvested at day 14 (Figure 4.20A), were highly enriched for T cells 

(87.95 ± 2.99%) with minimal expansion of NK and NKT cells. T cells were 

predominantly CD4+ (77.86 ± 5.19%) with smaller proportion of CD8+ T cells (18.05 

± 4.4%). Both the CD4+ and CD8+ populations were heavily skewed towards central 

memory phenotype. Direct intra-donor comparison of populations between IFN-γ+ 

isolated target cells (as demonstrated in (Figure 4.15) and day 14 expansion showed 

significant differences in monocyte and T cell content, CD4+, CD8+, DN T cells, and 

memory subpopulations in both the CD4 and CD8 compartment (Figure 4.20B).  

These data demonstrate the developed culture expansion process supports an 

outgrowth of central memory CD4 cells, and removes contaminating monocytes and 

naïve T cells from the final product.  In particular, naïve T cells are of safety concern 

for patient infusion due to studies demonstrating naïve T cells but not memory T cells 

are responsible for inducing GVHD responses in mice (Anderson et al., 2003, Chen et 

al., 2004, Chen et al., 2007). In addition, expanded VSTs showed negligible co-

expression of T cell activation/ exhaustion markers PD-1 and Tim-3 in both the CD4 

and CD8 compartment (Figure 4.20C) suggesting the culture expansion had not 

induced an exhausted T cell phenotype. 
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Figure 4.20 - Expanded SARS-CoV-2 VST phenotype. 

(A)  Expanded SARS-CoV-2 VST at day 14 culture using the optimised expansion protocol were 
harvested and analysed for frequency of lymphocyte subsets, T cell subpopulation and T cell 
memory status. (B) Direct comparison of T cell subpopulations between day 0 isolated VST and 
day 14 expanded VST. Significance was calculated using paired t-tests with Holm-Šídák correction 
for multiple comparisons *p≤0.05, **p≤0.01, p≤0.001 and **** p≤ 0.0001. (C) Day 14 expanded VST 
were also characterised for single and dual expression of exhaustion markers PD-1 and Tim-3 
(orange) against isotype controls (black). All data is represented as mean ± SEM. 
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4.5.2 Development of a DC stimulation assay to assess SARS-
CoV-2 VST function 

To determine if the T cells expanded in culture were SARS-CoV-2-specific, cells 

harvested at day 14 of culture were tested for T cell functionality against SARS-CoV-2 

stimulus. Since expanded SARS-CoV-2 VST final products were heavily skewed 

towards CD4+ T cell lines, it was hypothesised effector functionality would primarily 

be to aid the immune response by production of antiviral cytokines. Although there 

are numerous reports of cytotoxic CD4+ T cells in chronic viral infections, cancers and 

autoimmune disorders (Cenerenti et al., 2022, Malyshkina et al., 2023), cytotoxicity of 

VST could not be tested in the present study due to lack of SARS-CoV-2 infected cells 

to use as targets.  Therefore to measure T cell cytokine production as a surrogate of 

function, expanded SARS-CoV-2 VST were tested for reactivity to various peptides 

using the intracellular cytokine assay.  

While expanded EBV VST (primarily CD8+ lines) show ability to cross-present 

peptide pools in the functional ICR assay without addition of APCs via T cell 

associated HLA Class I (see section 3.3.6), it was hypothesised the SARS-CoV-2 VST 

would require antigen presentation of peptides to activate the CD4+ cells. To test this, 

harvested SARS-CoV-2 VST were plated in TexMACS medium and stimulated with 

SARS-CoV-2 peptide pools (individual spike, nucleocapsid, membrane, and pooled 

S+N+M) as either direct addition of peptides to the VST, or by co-culture of 

autologous peptide pool-loaded DC with the VST. For this assay, CD14+ monocytes 

were isolated from the fresh PBMC donation and cultured for 6 days to generate 

immature DC which were then frozen and stored until use. The day prior to VST 

harvest, DC were thawed and loaded with peptides for 6 hours, then a maturation 

cocktail (as detailed in section 2.7.4) added overnight. The following morning loaded 

DC were washed, counted, phenotyped for maturity and co-cultured with the 

harvested SARS-CoV-2 VST at [10 VST: 1 DC]. All conditions were then stimulated for 

5 hours and stained with the intracellular cytokine and activation panel as outlined in 

Table 2.8. Representative flow analysis showing gated T cells (CD3+) IFN-γ response 

to stimulation with direct peptides and peptide-loaded DC is displayed in (Figure 

4.21A), negative controls used VST with either no antigen or unloaded DCs 

respectively. Non-SARS peptides (right panel) were included to measure specificity 

towards SARS-CoV-2. The mean percentage reactive VST for each SARS-CoV-2 peptide 

was compared for direct peptide and peptide-loaded DC (Figure 4.21B), where VST 
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reactive to pooled S+N+M was significantly higher using peptide-loaded DC 

(mean=41.5% ± 9 SEM) than direct peptide(mean=25.8% ± 7 SEM) stimulation 

(p=0.014). These results indicate addition of DCs for antigen presentation improves 

the SARS-CoV-2 VST reactivity to peptide stimulation, and therefore should be used to 

measure maximal functional potency in this assay.  

 

Figure 4.21 - VST reactivity to direct peptide versus peptide-loaded DC. 

Expanded SARS-CoV-2 VST were tested for functional reactivity to peptide stimulation by 
intracellular cytokine secretion assay. VST were stimulated by either by addition of peptides (direct 
peptides) or co-culture with peptide-loaded DC. (A) Flow cytometric representation of gated CD3+ 
cells IFN-γ response to either direct peptide or peptide-loaded DCs for the following SARS-CoV-2 
peptides: spike (S), nucleocapsid (N), membrane (M), pooled S+N+M (SNM). Glutamic acid 
decarboxylase 65 (GAD65), adenovirus (ADV) and Epstein-Barr virus (EBV) peptides were 
included as non-SARS peptide controls. Negative controls for VST stimulation with direct peptides 
and peptide-loaded DC were no antigen and unloaded DC respectively. (B) The percentage 
reactive VST (CD3+/IFN-γ+ cells) corrected to negative controls were compared between direct 
peptides (crosses) and peptide-loaded DC (circles) for the SARS-CoV-2 peptides, where each 
different colour represents a paired donor. Data is represented as mean ± SEM, and groups 
compared using paired t-tests with Holm-Šídák correction for multiple comparisons where *p≤0.05. 



194 

– Detection & isolation of SARS-CoV-2 VST 
 

4.5.3 SARS-CoV-2 VST are multifunctional 

SARS-CoV-2 VST reaction to SNM-DC stimulation was measured using multiple T cell 

functional markers. Representative flow analysis shows acquisition of the cytokines/ 

activation markers is differential based on pre-gating CD4+ or CD8+ cells within the 

overall VST product (Figure 4.22A). When gating on overall VST (CD3+), the highest 

frequency of cells reactive to SNM-DC stimulation was for markers IFN-γ, TNF-α, and 

CD154; with fewer cells expressing IL-2, CD107a or CD137 (Figure 4.22B).  

 

Figure 4.22 - Expanded SARS-CoV-2 VST functional markers. 

Expanded SARS-CoV-2 VST reactivity to stimulation with SNM-loaded DCs was confirmed with 
multiple T cell functional markers: IFN-γ, TNF-α, IL-2, CD107a, CD137 and CD154. (A) Flow 
cytometric analysis on either CD3/CD4+ or CD3/CD8+ cells for IFN-γ, TNF-α, CD154, CD107a and 
CD137 is shown for negative controls (VSTs Only, and VSTs + Unloaded DCs), and VST + SNM-
loaded DCs. (B) The percentage of cells expressing functional markers reactive to SNM-DC 
stimulation is shown for CD3+ gated T cells; and (C) compared within the CD4+ versus CD8+ 
gated compartments. Data is represented as mean ± SEM. Statistical significance was determined 
using paired t-tests corrected for multiple comparisons using the Holm-Šídák method where 
**p≤0.01 and **** p≤ 0.0001. 
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This high frequency of IFN-γ, TNF-α, and CD154 reactive VST was primarily by CD4+ 

cells, whereas CD8+ cells had significantly lower expression of these markers (Figure 

4.22C) indicating the CD8+ cells in these lines are less functionally active. This likely 

reflects the heavy skew of these products to CD4+ T cells, with many of the lines 

containing negligible CD8+ cells. Interestingly, the mean percentage of 

CD4+/CD107a+ and CD8+/CD107a+ cells was comparable at ~20% of total cells in 

the final product. This suggests some CD4+ cells within these lines may have the 

capacity for degranulation and therefore cytotoxic potential.  

As not all CD3+/TNF-α+ cells were reactive to SNM-DC stimulation (range 21-70%), 

the question remains regarding the other ~60% cells that are unreactive in SNM-DC 

in this assay? This could be due to multiple reasons: either the T cells are not SARS-

CoV-2 specific (and if so are they specific to another antigen?), they are specific to 

other SARS-CoV-2 proteins not covered by the SNM peptide pools used here, they are 

SNM-specific but functionally unreactive by way of the tested cytokines in this assay. 

Another likely possibility is underestimation of SNM reactivity caused by the 

limitations of this assay. Since time and resources were limited during development 

of the DC stimulation assay, few parameters could be optimised in these initial 

studies. This assay was further optimised in later stages as discussed in Chapter 6, 

which suggests the cytokine responses to peptide-loaded DC here may be 

underestimated by up to 50% of the reported value for each donor. 

4.5.4 SARS-CoV-2 VST functional reactivity to Spike, 
Nucleocapsid and Membrane  

The total T cell IFN-γ and TNF-α response to individual peptide pools spike, 

nucleocapsid and membrane for each donor VST are shown in Figure 4.23A and 

Figure 4.23B respectively. No predominant specificity to a particular antigen was 

consistent between the donors, as confirmed in the collated IFN-γ response of all 

donors showing equivalent reactivity to all antigens (Figure 4.23C).  

Although the total T cell population did not show predominance for any of the SARS-

CoV-2 antigen pools, the IFN-γ response was also assessed for the individual antigens 

gated on CD4+ T cells and CD8+ T cells specifically (Figure 4.23D). In CD4+ T cells, 

there was a similar response to each antigen (Figure 4.23E), but in CD8+ 
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compartment, the nucleocapsid peptide pool was clearly immunodominant, inducing 

the strongest response (Figure 4.23F). 

 

Figure 4.23 - Expanded SARS-CoV-2 VST reactivity to SARS-CoV-2 antigens. 

Expanded SARS-CoV-2 VST were assessed for reactivity against DC loaded with individual SARS-
CoV-2 peptide pools: Spike, Nucleocapsid and Membrane. Dominance of specificity to the antigens 
via (A) CD3+/IFN-γ+ and (B) CD3+/TNF-α+ cells is shown per donor. (C) The percentage 
CD3+/IFN-γ+ cells reactive to each antigen is compared for all donors (n=5, mean ± SEM). (D) 
Individual antigen responses within the CD4+ and CD8+ compartment is shown in representative 
flow plots for IFN-γ expression. IFN-γ reactivity for all donors (n=5, mean ± SEM) is compared 
between the individual antigens in both (E) CD4+ gated and (F) CD8+ gated cells. Significance 
determined using RM one-way ANOVA with Geisser-Greenhouse correction **p≤0.01). 

4.5.5 Negligible reactivity of SARS-CoV-2 VST to non-SARS 
peptides 

Expanded VST were also assessed for specificity by measuring reactivity to DC loaded 

with peptides of various non-SARS antigens: adenovirus (ADV), EBV and glutamic 

acid decarboxylase-65 (GAD65). ADV and EBV were included as peptide sequence 

controls to other common viruses. GAD65 is an autoantigen expressed by pancreatic 

beta cells involved in type 1 diabetes, therefore was included as a non-viral antigen 

control. VST reactive by IFN-γ (Figure 4.24A) and TNF-α (Figure 4.24B) release to 

stimulation with ADV, EBV and GAD65 were negligible in comparison to SARS-CoV-2 

SNM stimulation.  
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Figure 4.24 - Expanded SARS-CoV-2 VST reactivity to non-SARS peptides. 

Expanded SARS-CoV-2 VST were assessed for specificity by measuring reactivity to stimulation 
with DC loaded with non-SARS peptides. The percentage of (A) CD3+/IFN-γ+ cells and (B) 
CD3+/TNF-α+ cells reactive to GAD65-DC, ADV-DC, EBV-DC; and SARS-CoV-2 SNM-DC as 
comparator. Data is represented as mean ± SEM. Statistical significance was determined using RM 
one-way ANOVA with Geisser-Greenhouse correction where *p≤0.05. 

While only a few non-SARS peptides could be tested due to peptide availability during 

the study, these results indicate a high degree of specificity of the VST towards SARS-

CoV-2 and not just general peptide sequences.  

4.6 Discussion 

Following the outbreak of SARS-CoV-2, a speedy and collaborative global effort was 

centred on researching COVID-19 disease pathology, as well as identifying 

mechanisms of protective immunity. We had a unique opportunity to study SARS-

CoV-2 T cell responses in naturally recovered donors recruited through the 

convalescent plasma programme, were able to rapidly develop a process to isolate 

the SARS-CoV-2 VST from blood donations and expand in culture to therapeutically 

relevant numbers, and were one of the first globally to report this approach (Cooper 

et al, 2021).  

Initial reports during the pandemic indicated marked changes in immune 

compartments within the peripheral blood of patients with progressive/ severe 

COVID-19. Due to the time taken for individuals with asymptomatic or mild infection 
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to reach convalescence, we were one of the first groups in the UK to profile immune 

subsets in the peripheral blood of recovered individuals. To this end, buffy coat 

samples from fifteen convalescent donors were phenotyped for immune cell subsets 

and tested for lymphocyte responses to SARS-CoV-2 viral peptides. Though 

immunophenotyping of PBMC demonstrated broadly similar frequencies of different 

immune subpopulations compared to uninfected donors, CCD had a significantly 

reduced CD19+ B cell population. This was further supported by a significant positive 

correlation in frequency of B cells and SARS-CoV-2 antibody titre within donor 

peripheral blood. Reduced B cell frequency was observed in a similar study at 3-5 

weeks convalescence (Grifoni et al., 2020); and in a much larger cohort (n=95) where 

B cell lymphopenia was reported in both active COVID-19 infection, and recovered 

mild patients at two months convalescence (Orologas-Stavrou et al., 2020). 

Furthermore, a longitudinal immune profiling study demonstrated B cell frequency 

reduction persisted in convalescent donors at two months to eight months post 

infection, despite recovery in this timeframe of other immune subsets and overall 

lymphopenia (Kostopoulos et al., 2021). While anti-SARS-CoV-2 antibodies remained 

detectable throughout the study, it is suggested the B cell deficiency may indicate 

either B cell exhaustion or impairment of B cell development due to the 

hyperinflammatory response in SARS-CoV-2 infection. Other studies however did not 

observe any difference in B cell frequency between convalescent donors and healthy 

controls (Bonifacius et al., 2021, Kudryavtsev et al., 2021, Newell et al., 2021), 

however one group showed around half of their study participants had abnormally 

low B cell frequency and absolute count over 4-9 months post-infection (Pan et al., 

2021) without obvious distinction of clinical or demographic characteristics between 

the normal and low individuals (e.g. disease severity). Therefore, differences in B cell 

lymphopenia between studies may reflect unknown differences in patient cohorts 

from different waves within the pandemic (primary infection versus re-exposure), 

SARS-CoV-2 strain, or genetic/environmental factors affecting immune response 

between population demographics, as well as analytical techniques.  

Although we did not see any differences in overall T cell frequency or within CD4 and 

CD8 subpopulations, we did observe a significantly increased frequency of NK cells in 

convalescent donors compared to uninfected controls. This was also seen in 

convalescent donors between 1-5months post infection (Bonifacius et al., 2021, 

Koutsakos et al., 2021, Ryan et al., 2022), however others reported normal NK cell 
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counts in convalescent individuals (Orologas-Stavrou et al., 2020, Zheng et al., 2020b, 

Kratzer et al., 2021). More recently, individuals affected with long COVID, a long term 

post-acute syndrome with physical and neurological symptoms lasting up to months 

or years after infection resolution, have evidenced high levels of circulating NK cells 

(Galán et al., 2022). Contrasting results between groups may therefore reflect a bias 

towards individuals with (at the time of study) undiagnosed long COVID, as well as 

the aforementioned potential differences between cohorts. Nonetheless, the elevated 

levels of NK cells could indicate the importance of NK cell immunity in efficient innate 

clearance of SARS-CoV-2. Reduction of circulating NK cells has correlated with 

COVID-19 disease severity (Maucourant et al., 2020, Wang et al., 2020b, Wilk et al., 

2020, Zheng et al., 2020b). While this may just signify NK cell recruitment to the 

lungs, an increased frequency of circulating NK cells has also been directly associated 

with more rapid control of viral load in severe COVID-19 patients (Witkowski et al., 

2021) suggesting overall distribution and expansion of peripheral NK cells as a 

positive prognostic factor. While NK cell frequency generally increases with age 

(Brauning et al., 2022), we did not observe a correlation between peripheral NK cell 

frequency and age, likely reflecting the NK cell redistribution following acute 

infection. 

Through optimisation of a T cell stimulation and intracellular activation marker flow 

cytometry assay, we demonstrated convalescent donors generated a robust T cell 

response against the spike, nucleocapsid and membrane peptide pools. Use of this 

assay to detect SARS-CoV-2 responses provides benefits over the widely used IFN-γ 

enzyme-linked immunospot (ELISPOT) assay including the ability to delineate 

responses between different immune subpopulations, investigation of numerous 

effector cytokines or activation markers, and accurate quantification of rare cell 

populations. Additionally, use of SARS-CoV-2 whole recombinant proteins to 

stimulate T cells in an intracellular flow cytometry assay induced non-specific 

responses compared to using SARS-CoV-2 peptide pools which generated highly 

specific responses (Silva et al., 2021). This suggests that peptide pools are preferable 

for accurately detecting and quantifying antigen-specific T cell responses, and 

correspondingly we saw rare antigen-specific T cell populations with high specificity 

and sensitivity by flow cytometry using SARS-CoV-2 peptide pools. 
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Response to the individual and combined peptide pools of SARS-CoV-2 antigens were 

predominantly by CD4+ Th1 cells, with a distinctly smaller population of reactive 

CD8+ CTL. This may represent a contraction of the CTL clonal population following 

primary infection, and longitudinal analysis could be done to see if peripheral CD8 

SARS-CoV-2 memory T cell pool remains lower over time.  Similar studies measuring 

T cell responses to peptides by way of intracellular IFN-γ and TNF-α expression have 

also reported a CD4-mediated response, with lower frequency of SARS-CoV-2 reactive 

CD8+ T cells (Grifoni et al., 2020, Habel et al., 2020, Bonifacius et al., 2021, Law et al., 

2021, Simara et al., 2021). Interestingly, we saw a hierarchy of antigen-specific 

responses of membrane > nucleocapsid > spike, which was consistent across donors. 

Other studies (Grifoni et al., 2020, Thieme et al., 2020, Kroemer et al., 2022) have also 

reported highest frequencies of membrane-specific CD4+ T cells out of the three 

antigens. This may suggest a higher level of transcription of membrane than the other 

structural proteins in infected cells. Correspondingly, like SARS-CoV-1, membrane has 

is the most abundantly expressed structural protein of SARS-CoV-2, and is reported to 

form dimeric complexes with nuclecapsid and envelope that are essential for viral 

assembly (Zhang et al., 2022). Reactive NK cells producing TNFα in response to SARS-

CoV-2 peptide stimulation were observed in some individuals, characteristic of an 

adaptive NK cell-like population. This observation is investigated further in Chapter 7. 

Within our study, the overall frequency of T cells reactive to the pooled SARS-CoV-2 

peptides positively correlated to donor SARS-CoV-2 antibody titre. This indicates a 

link between T cell and humoral immunity within individuals able to naturally 

resolve the infection without serious illness, which has been replicated in other 

studies (Grifoni et al., 2020, Peng et al., 2020, Silva et al., 2021). Interestingly, the 

SARS-CoV-2 VST frequency was also found to decrease over time from resolution of 

symptoms, which was consistent with other reports of SARS-CoV-2 T cell reduction 

following primary infection in mild convalescent individuals (Simara et al., 2021, Ma 

et al., 2021) . In contrast, a group using ELISPOT responses to SARS-CoV-2 peptides 

indicated a slight increase in S1-specific and pooled SMN-specific T cell responses 

over time between 1-8 months post symptom onset, whereas antibody responses 

peaked at 1 month and then significantly declined (Sherina et al., 2021). The 

contrasting results may reflect differences in techniques to measure SARS-CoV-2 T 

cell responses, or the longer sampling duration compared to our study may have 

allowed for donor re-exposure. Extrapolation of our observation here is difficult 
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because it reflects inter-donor VST frequency over time, whereas longitudinal intra-

donor sampling should be done to more accurately indicate T cell memory dynamics 

following infection resolution. 

Asymptomatic infection at this time was estimated in approximately 31% of all SARS-

cases (Nishiura et al., 2020), therefore it is not implausible that some individuals 

within the control cohort could have been asymptomatically infected. However, SARS-

CoV-2 peptide-reactive T cells were not detectable in any of the uninfected donors 

tested, supporting the conclusion that these donors had not been exposed at the time 

of study. In addition, T cell responses to SARS-CoV-2 peptides have been reported in 

unexposed individuals (confirmed by SARS-CoV-2 spike S1 seronegativity) indicating 

cross-reactivity to other coronaviruses. C-terminal peptide pools covering the Spike 

S2 subunit exhibit high sequence homology to SARS-CoV-1 and other coronavirus 

strains 229E, NL63, OC43 and HKU1, particularly at MHC-II epitopes. Reactive T cells 

to S2 but not S1 peptides were observed in unexposed donors (Braun et al., 2020).  

Another study showed unexposed donor CD4+ T cell responses to spike, membrane, 

nsp4, nsp6 and nsp14 indicative of cross-reactive responses (Grifoni et al., 2020). 

Furthermore, patients with previous SARS infection from the 2003 outbreak, but not 

exposed to SARS-CoV-2, demonstrated T cell responses to SARS-CoV-2 nucleocapsid 

peptides indicating long-lived cross-reactive memory T cell responses between the 

two viruses (Le Bert et al., 2020). We did not observe any cross-reactive responses, 

however, while peptide pools covering the full sequence of nucleocapsid and 

membrane proteins were used, the spike peptide pool only consisted of select 

immunodominant regions which may not cover all conserved motifs to other 

coronaviruses. An assay using peptide pools excluding cross-reactive epitopes has 

since been validated with 95% accuracy in clinical trial to diagnose SARS-CoV-2 

exposure on the basis of T cell response (Titov et al., 2022).  

Using a GMP-compliant selection system, we were able to isolate SARS-CoV-2 

peptide-reactive VST on the basis of IFN-γ response. Consistent to screening that 

demonstrated a very low frequency of peripheral SARS-CoV-2 VST, the yield of 

isolated VST from a full buffy coat starting source material was <1 million cells. While 

direct selection of antigen-specific T cells and delivery to patients is a beneficial 

strategy for an autologous cell therapy in terms of only 1-2 day process duration, for 

use as an allogeneic therapy it would only allow delivery to one patient due to the low 
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yield. We therefore optimised a post-isolation culture process to expand SARS-CoV-2 

VST to allow generation of a therapy able to treat multiple patients. Growth of SARS-

CoV-2 VST in culture required supplementation with either human serum or protein 

supplement alternatives, we proceeded with a GMP-compliant platelet lysate (N-

Liven) as a more consistent and translatable reagent for cell therapy manufacture. 

Expansion of VST with N-Liven and IL-2 supplementation was found to peak at day 14 

of culture, however we showed re-stimulation with irradiated non-target cells 

cryopreserved from the original matched IFN-γ CCS isolation could induce a further 2 

log fold expansion by day 21 of culture. Since these ‘feeder’ cells were non-target 

PBMC stimulated with the SARS-CoV-2 peptides for CCS, it is likely they provide 

continued peptide presentation as well as co-stimulatory signalling to drive the 

subsequent antigen-specific T cell expansion. Through modelling to full-scale 

manufacture from a leukapheresis starting source material, we estimated an input of 

1 billion PBMC to our selection & expansion process would yield ~10 billion SARS-

CoV-2 VST by day 14 culture. This was more than sufficient for us to generate many 

patient doses for initial phase trialling (at 1.5x108 VST per dose) and therefore to 

keep a shorter manufacturing process with fewer manipulations we decided to make 

product harvest and formulation at day 14 without re-stimulation. With equivalent 

product phenotype at day 14 or day 21, feeder re-stimulation could be revisited if 

required to generate larger VST banks for late-stage clinical trials.  

Characterisation of cells harvested at day 14 demonstrated expansion of a highly pure 

T cell product, enriched for CD4 central memory T cells. This correlates closely with 

the CD4 predominant expanded populations produced in a similar methodology using 

spike, nucleocapsid, membrane and envelope peptide pools to pulse PBMC and allow 

ex vivo VST outgrowth for 10 days in culture (Keller et al., 2020).  Comparison of 

phenotype between day 0 isolated targets and after 14 days expansion shows the 

culture process supports the outgrowth of memory T cells, whereas monocytes, naïve 

T cells and terminal effector T cells contract under these culture conditions. While 

there was small proportion of cells positive for expression of activation marker PD1, 

co-expression of PD1 and Tim-3 indicative of T cell exhaustion (Baessler and Vignali, 

2024) was negligible therefore suggesting products were of high proliferative and 

functional capacity. This was further supported by development of a functional assay 

using peptide-pulsed autologous DC to co-culture with day 14 harvested VST, which 

showed potent product responses upon antigen recall. VST products re-stimulated 
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with pooled SARS-CoV-2 peptide-pulsed DC had high expression of antiviral cytokines 

IFN-γ and TNF-α, as well as significant upregulation of co-stimulatory receptor 

CD154. CD8+ cells within some of the donor products showed expression of 

degranulation marker CD107a indicating killing potential within these populations. 

Without access to a SARS-CoV-2 infected cell line, we could not assess direct ability 

for the generated VST products to elicit specific cell lysis, however this is something 

addressed in Chapter 6. Expression of multiple effector molecules however 

demonstrates VST are multifunctional and can induce activation of Th1 associated 

signaling pathways to initiate antiviral responses. Though antigen reactivity varied 

between donors, VST had relatively equal frequencies of T cells reactive to spike, 

nucleocapsid or membrane indicating products that target all three antigens. 

Interestingly CD8+ cells had consistently higher reactivity towards nucleocapsid 

compared to spike or membrane, indicating a clear immunodominance of this antigen 

in the CD8 compartment. This hierarchy of CD8+ predominance towards 

nucleocapsid was also identified in other studies (Lineburg et al., 2021, Nguyen et al., 

2021, Simara et al., 2021, Taus et al., 2022). Induction of CD8+ T cell responses 

directed towards nucleocapsid epitopes was observed particularly within HLA*B:07 

individuals (Lineburg et al., 2021, Nguyen et al., 2021), however we saw 

predominance towards nucleocapsid in all donors with expanded VST regardless of 

HLA*B allele expression. With multiple antigen targets to elicit antiviral effector 

functions, the expanded VST may have improved efficiency to clear SARS-CoV-2 

infection. Moreover, this represents a therapy less vulnerable to viral escape 

mechanisms through mutation of any one antigen. Treatments that are robust against 

mutational evolution are of importance considering the emergence of SARS-CoV-2 

variants of concern.  

This study has some limitations, namely the small cohort size of convalescent and 

uninfected donors tested. As discussed previously, donors were selected on the basis 

of confirmed SARS-CoV-2 mild or asymptomatic infection and convalescence, 

whereas other donor demographics such as age, sex, ethnicity, blood group, HLA type 

were indiscriminate within the cohort. Furthermore our study, like many others of 

this time period, was intrinsically biased in being only able to recruit health care 

workers, which may skew towards a healthier cohort with lack of co-morbidities 

compared to the general population. Additionally, comparison of overall immune 

subsets between convalescent and uninfected donors was made on the basis of 
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population frequencies, whereas absolute counts provide valuable diagnostic 

quantification of immune cell types that can be compared with standard ranges. For 

detection and isolation of antigen-specific T cells, research-grade peptides to spike, 

nucleocapsid and membrane were only available at this time. Additional viral 

antigens may reveal a fuller picture of the immune response to SARS-CoV-2, and 

therefore if other peptides become available these could be tested in our VST 

isolation method for a positive additive effect or possibly cross-reactive non-SARS-

CoV-2 T cell responses. Testing of the expanded SARS-CoV-2 VST in this study 

focussed on T cell phenotyping and functional assessment on the basis of antigen 

recall induced cytokine expression, however a wide range of characterisation and 

safety assays should be implemented for therapeutic evaluation. This is addressed 

during clinical manufacture of a SARS-CoV-2 VST bank in Chapter 6, as well as 

considerations for patient groups that may benefit from an adoptive SARS-CoV-2 T 

cell therapy. 

4.7 Chapter summary 

This chapter has characterised the SARS-CoV-2 memory T cell response within the 

peripheral blood of COVID-19 convalescent donors using viral peptide stimulation 

and intracellular flow cytometry detection of reactive T cells. SARS-CoV-2-specific T 

cells within the PBMC population were predominantly CD4 memory Th1 cells 

demonstrating the importance of this subset in effective disease resolution. Both the 

CD4 and CD8 memory pools recognised the SARS-CoV-2 spike, nucleocapsid and 

membrane peptides indicating broad antigen responses to virus. Additionally, SARS-

CoV-2 VST were isolated and expanded in culture from nine of the fifteen 

convalescent donors, yielding a 3-log expansion up to 1010 T cells within 14 days. 

Expanded cells were enriched for desirable central memory CD4 T cells, with 

negligible contamination of other cell types. The expanded VST had multifunctional 

production of effector molecules upon antigen recall, with high expression of antiviral 

Th1 cytokines and minimal evidence of T cell exhaustion. VST products functionally 

targeted all three SARS-CoV-2 antigens, with minimal reactivity to non-SARS antigens 

tested, and therefore may provide a highly specific immunotherapy less susceptible to 

viral mutational escape. Importantly we demonstrate the feasibility of generating 

many VST patient treatment doses for potential use in clinical trials to support SARS-

CoV-2 infections where the endogenous T cell response may be compromised. 
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Chapter 5 – Comparing mechanisms to isolate 
SARS-CoV-2 VST 

5.1 Introduction and aims 

Over a year following the outbreak of SARS-CoV-2, the resultant COVID-19 disease 

was reported to have been associated with over 3.9 million deaths worldwide (as of 

June 2021, WHO). The rapid development of safe SARS-CoV-2 vaccines and 

remarkable successes implementing vaccination programmes offered a glimmer of 

hope and began cessation of strict public health policies, with data suggesting 

vaccines protect 75-95% of individuals(dependent on vaccine and age group) against 

symptomatic COVID-19 disease (Pormohammad et al., 2021). While SARS-CoV-2 

transmissibility is not fully prevented by vaccination (Hodgson et al., 2021), it 

remains fundamental for the transition from this global pandemic to controllable 

endemic to find effective treatments for those most vulnerable. While numerous 

drugs that dampen down the hyperinflammatory response seen in severe stages of 

the disease have shown clinical efficacy (Zizzo et al., 2022), other therapeutics are in 

trials to regulate viral infection in mild to moderate disease stages to prevent a 

threatening dysfunctional inflammatory response. One such therapy being 

investigated by numerous groups to treat high risk/ immunocompromised patients is 

the adoptive transfer of SARS-CoV-2 VST in order to control disease and prevent 

aberrant T cell-driven cytokine response to the infection. 

The process used in Chapter 4 for isolating the very low frequency of SARS-CoV-2 VST 

from blood donations from convalescent donors is based on stimulation with SARS-

CoV-2 peptide pools (covering the spike, nucleocapsid and membrane proteins) and 

subsequent magnetic based selection of the responding VST secreting IFN-γ using CCS 

methodology (Campbell, 2003). Although CCS kits are only available at GMP 

manufacturing standard for IFN-γ, we and others have reported blunted SARS-CoV-2 

VST IFN-γ responses relative to other SARS-CoV-2 T cell effector markers (Bonifacius 

et al., 2021, Cooper et al., 2020, Peng et al., 2020, Sekine et al., 2020). 

All reported studies using a direct selection method to isolate SARS-CoV-2 VST have 

used IFN-γ CCS, again likely due to the GMP compliant standard of this reagent and 

automated CE-marked process for CliniMACS Prodigy selection (Bonifacius et al., 

2022, Leung et al., 2020, Chu et al., 2023, Cooper et al., 2020). However, there are 
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numerous alternative T cell effector markers that can be used to isolate antigen-

specific T cells depending on the T cell subset and function(s). In the case of classic 

anti-viral Th1 or cytotoxic T cells, the main cytokines produced in response to viral 

recognition are IFN-γ and TNF-α. Enrichment of TNF-α-secreting T cells using the 

same CCS protocol has been demonstrated to isolate a subset of HIV VST with 

enhanced cytotoxic capacity (Lichterfeld et al., 2004).  

Activation-induced marker CD137 (tumor necrosis factor receptor superfamily 

member 9) can also be used to isolate antigen-specific T cells with a simplified 

magnetic microbead protocol separated by surface expression of CD137. Clinical-

grade CD137 isolation kits are available and have been used to isolate CMV VST 

(Peggs et al., 2003, Feuchtinger et al., 2010) and adenovirus (ADV) VST (Feuchtinger 

et al., 2006) for adoptive transfer in allogeneic HSCT patients with CMV or ADV 

infection/reactivations respectively. In a study developing a multi-virus VST product 

specific to CMV, EBV, ADV and influenza, it was found upon incubation with peptide 

pools that IFN-γ production peaked at different times for each individual virus 

(Zandvliet et al., 2011). IFN-γ production following stimulation was maximal at 4 

hours in CMV & EBV VST, at 8-24 hours in ADV VST, and 4-48 hours in influenza VSTs. 

In contrast, CD137 surface expression peaked at 48 hours and was stable up to 96 

hours post-stimulation with the differential viral peptide pools. Isolation of multi-

virus VST with these peptide pools had equivalent viral antigen specificity and 

CD4:CD8 ratio for IFN-γ and CD137 selection, however CD137 selection was more 

efficient with a higher yield of targets. Therefore in applications requiring sorting of 

multiple antigen-specific T cell types, the CD137 approach may be optimal where 

kinetics of cytokine secretion are different between antigenic activations. In addition, 

CD137 selection has been used to isolate tumour-specific T cells by stimulation with 

tumour-associated antigens such as Wilms tumour antigen 1 (WT1) for 

immunotherapy (Wolfl et al., 2007). In the tumour setting, CD137 is predominantly 

expressed on activated CD8+ antigen-specific T cells (Ugolini and Nuti, 2021). There 

is conflicting evidence for use of CD137 selection to isolate different virus-specific 

CD4+ T cells (Watanabe et al., 2008, Wehler et al., 2008, Zandvliet et al., 2011). This 

likely reflects the viral antigen(s) in question and whether antigen-specific activation 

induces a CD4+ T cell CD137 upregulation. Our initial screening studies of COVID-19 

convalescent donor buffy coats indicated SARS-CoV-2 S+N+M peptide stimulation 

induced poor CD137 expression on responsive CD4+ T cells (see Chapter 4). 
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Another activation-induced marker, CD154, has been more commonly used for 

enrichment of antigen-specific CD4+ T cells. Also referred to as CD40 ligand (CD40L), 

CD154 is a member of the tumour necrosis factor receptor (TNFR) superfamily that 

exists as both a transmembrane homotrimeric protein complex, and as a soluble 

receptor. While the predominant cell type for expression of CD154 is activated CD4+ 

T cells, CD154 is also expressed on activated B cells, CD8+ T cells (Hermann et al., 

1995), platelets, monocytes, DC (Ma and Clark, 2009), eosinophils and natural killer 

cells. Although not currently available as a clinical or GMP-grade reagent, CD154 

enrichment kits have demonstrated efficient isolation of CMV VST (Frentsch et al., 

2005, Chattopadhyay et al., 2006), HIV VST (Chattopadhyay et al., 2006), and ADV 

VST (Bacher et al., 2013). Furthermore, CD154 selection has proven a successful 

protocol to enrich for rare WT1-specific CD4+ T cells allowing investigation into the 

lesser-studied tumour specific CD4 T cell responses (Schmied et al., 2015). Since 

CD154 expression is not biased to a particular CD4 cytokine-producing Th subset, 

CD154 selection has also been used to isolate bacterial (tetanus) and fungal (A. 

fumigatus, C. albicans) antigen-specific CD4+ T cells (Bacher et al., 2013). This study 

comparing CD154 enrichment of antigen-specific T cells between tetanus, A. 

fumigatus, C. albicans, CMV and ADV antigen stimulations showed expanded lines had 

recall cytokine reactivity expected of the subset, i.e. tetanus lines produced high levels 

of IL-4, IL-5 and IL-13 characteristic of Th2 cells, whereas C. albicans lines produced 

high levels of IL-17 and IL-22 typical of Th17 cells. Interestingly, upon antigen recall 

the enriched and expanded T cell lines for all antigens had highest reactivity by way 

of TNF-α production and CD154 expression, whereas IFN-γ production characteristic 

to Th1 responses was limited only to the CMV and ADV lines. This demonstrates the 

advantages of both CD154 and TNF-α selection methods in applications to enrich for 

the total population of antigen-specific CD4+ T cells with unbiased Th subsets. Our 

initial screening of convalescent donor T cell responses to SARS-CoV-2 peptides 

indicated using CD154 selection gave the highest frequency of antigen-reactive T cells 

(refer to Chapter 4), suggesting IFN-γ detection and selection may only be selecting a 

subset of the full population of SARS-CoV-2 VST. 

It was therefore the aim of this chapter to investigate different markers of SARS-CoV-

2 T cell memory response and compare isolation and expansion of SARS-CoV-2 VST 

based on these chosen selection markers.  
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5.2 Comparing markers for detection of SARS-CoV-2 VST 

The ability to detect and quantify virus-specific T cells is imperative to understanding 

mechanisms of cellular response and protection, as well as dysregulation to viral 

infections. The gold standard methodology for the detection of antigen-specific T cells 

is through staining with fluorochrome-conjugated peptide-MHC multimers which 

allow binding of the particular antigenic sequence to their cognate T cell antigen 

receptor. Since soluble peptide-MHC complexes have fast dissociation rates and low 

avidity to TCR, it is difficult to detect antigen-specific T cells using soluble peptide-

MHC monomers. Multimeric peptide-MHC complexes were therefore developed that 

can bind more than one cognate TCR and generate higher avidity and slower 

dissociation rates (Altman et al., 1996). While use of tetramers is more commonly 

reported, peptide-MHC dimers, pentamers and dextramers also have relevance in 

detection of antigen-specific T cells dependent on affinity and avidity of the TCR in 

question (Chang, 2021). Since multimer binding to TCR is independent of T cell 

activity, this is considered the most accurate method to detect and quantify all, even 

functionally inactive, antigen-specific T cells. However, HLA allele restriction limits 

the use of this approach in high-throughput screening of multiple individuals. Also in 

terms of detection of virus-specific T cells, the delineation into individual viral 

antigen peptide-MHC complexes adds additional cost and complexity that may 

obscure the overall responses to the virus. Other assays rely on functional responses 

to antigenic stimulation, thereby requiring a pre-incubation with peptide antigens, 

whole proteins or viral-infected cells and interaction with appropriate antigen-

presenting cells. Readouts of the T cell response can then be made by assaying cell 

proliferation, cytokine ELISPOT, intracellular cytokine release (ICR), or activation-

induced marker (AIM) expression.  

T cell proliferation assays are typically performed by antigen stimulation of 

peripheral blood cells for 4-7 days; followed by measurement of proliferation by 

either uptake of radiolabelled-thymidine using radioactivity beta counter (Di Blasi et 

al., 2020), or dilution of a membrane-bound proliferation dye such as 

carboxyfluorescein succinimidyl ester (CFSE) or less toxic dye CellTrace using flow 

cytometry (Ten Brinke et al., 2017). Indeed a T cell proliferation assay using 

incorporation of H3-thymidine following a 5 day PBMC stimulation with SARS-CoV-2 

peptide pools was validated for detection of SARS-CoV-2 VSTs (Chu et al., 2022). This 
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study reports assay specificity of 100% and sensitivity of 95.7% when comparing T 

cell response versus IgG (spike1) antibody titre of vaccinated and unvaccinated 

health care worker cohorts. To achieve assay specificity of 100%, the T cell 

proliferation index was set at a threshold based on the control cohort of 88 non-

vaccinated patients without evidence of SARS-CoV-2 infection, however this approach 

does not account for potentially exposed but asymptomatic individuals or individuals 

with cross-reactive immunity to other coronaviruses. However, there is a clear 

discrimination between vaccinated versus infected participants using this assay by 

comparing T cell proliferation to only spike peptide pools; or spike, nucleocapsid and 

membrane peptide pools respectively. In addition, the data extrapolated from these 

assays are limited since the assay by nature directly induces proliferation of the 

responding cells, and therefore the initial frequency or count of antigen-specific T 

cells in the original sample cannot be quantified (Poloni et al., 2023). These assays are 

however advantageous for applications requiring higher sensitivity such as for 

weakly immunogenic antigens due to the ability to amplify the T cell responses over 

an extended time. In this way, T cell proliferation for 7 days showed responses to S1 

and S2 subunits of spike in healthy seronegative individuals likely suggestive of 

weakly cross-reactive memory responses to seasonal coronaviruses, which was 

undetectable using an ELISPOT assay (Ogbe et al., 2021). 

ELISPOT assays are widely utilised across the field to detect T cell response to 

antigenic stimulation by production of a cytokine, most commonly IFN-γ. In this 

method, a monolayer of cells are plated in wells with membrane-bound IFN-γ 

antibody. Following antigenic stimulation, an enzyme-conjugated detection antibody 

and chromogenic substrate are added, inducing a precipitation of colour dots around 

a specifically stimulated cell (Leehan and Koelsch, 2015). Wells can then be analysed 

manually by light microscope or using an automated ELISPOT reader to quantify the 

number of spot-forming units (SFU). A study testing the use of commercial ELISPOT 

assay against Spike S1 and Nucleocapsid peptide pools (T-SPOT.COVID, Oxford 

Immunotec) demonstrated higher sensitivity  (98.4%) to detect infected participants 

compared to SARS-CoV-2 serology testing (82.8%) within 2-8 weeks following NAAT 

diagnosis (Kruse et al., 2021). ELISPOT assays can also measure dual cytokine 

secretion, such as the FluoroSpot SARS-CoV-2 assay detecting IFN-γ and IL-2 

response as a diagnostic tool with 92-96% sensitivity depending on patient cohorts 

(Mangsbo et al., 2021). While a limitation of ELISPOT assays using whole blood or 
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PBMC samples is the inability to delineate responses by particular cell types, pre-

depletion or enrichment techniques can be incorporated. Prior CD4 or CD8 depletion 

of PBMCs with IFN-γ ELISPOT indicated responses to Spike, Non-Structural 8 (NS8), 

Membrane and Nucleocapsid were dominated by CD8-depleted PBMC to infer 

responses mediated by CD4 T cells (Cassaniti et al., 2021). While a major advantage of 

ELISPOT assays are high sensitivity of detection at very low cell numbers (as low as 

200,000 PBMC), limitations include the inability to detect more than two cytokines, 

inability to further distinguish or phenotype different cellular subsets, and 

subjectivity in SFU threshold detection (Law and Watts, 2023).  

Flow cytometry-based stimulation assays with readouts of intracellular cytokine 

release (ICR) or T cell activation-induced markers (AIM) assays address the 

limitations associated with ELISPOT. Through multi-parameter panel design 

additional markers can be incorporated to identify T cell subsets including CD2, CD3, 

CD4, CD8, TCR-αβ, TCR-γδ and CD56, etc. Our group has also previously reported 

incorporation of T cell memory markers CCR7, CD45RA and CD45RO as a method to 

phenotype different memory T cell subpopulations and the cytokine responses to 

stimulation (Cooper et al., 2021). Combining phenotyping with intracellular cytokine 

staining means consideration must be given to choosing markers unaffected by cell 

activation, or fixation and permeabilisation steps of the protocol. Broad profiling of 

multiple cytokines can allow classification of responses to particular T cell subsets. 

While antiviral CD4 T cells are typically Th1, flow cytometry panels incorporating 

cytokines for Th2, Th9, Th17 and Tfh subsets have confirmed that SARS-CoV-2 

responses in peripheral blood are generally driven by Th1 effector cytokines IFN-γ, 

TNF-α and/or IL-2 (Rodda et al., 2021, Rodda et al., 2022). Spike-specific circulating 

Tfh cells were also reported to correlate with neutralizing antibody titre in 

individuals post-vaccination, with Tfh cell memory responses stable for up to a year 

(Rodda et al., 2021). While the majority of ELISPOT assays assess IFN-γ responses 

only, ICR assays of COVID-19 patients following peptide stimulation indicated IFN-γ 

as the dominant cytokine produced in CD8 T cells, whereas TNF-α responses were 

higher in CD4 T cells (Peng et al., 2020). Similarly, the frequency of peptide-

responsive CD4 T cells secreting TNF-α or IL-2 was higher than IFN-γ in convalescent 

individuals, whereas TNF-α and IL-2 responses were both negligible in the CD8 

compartment (Sekine et al., 2020). While another study confirmed higher frequency 

of  TNF-α-reactive than IFN-γ-reactive cells in both CD4 and CD8 subsets by ICR, 
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concentration of IFN-γ [pg/mL] secreted in response to SARS-CoV-2 peptide 

stimulation was 10x fold higher than TNF-α concentration when measured by 

Luminex (Bonifacius et al., 2021). This indicates more potent secretion of IFN-γ in 

peptide-reactive cells despite the lower number of cells producing IFN-γ. Our initial 

study into convalescent donor responses (summarised in Chapter 4) also confirmed a 

higher frequency of TNF-α than IFN-γ responses to SARS-CoV-2 peptides in CD4 and 

CD8 T cells (Cooper et al., 2020). While ICR assays are useful for quantifying 

frequency or absolute count of cytokine-secreting antigen-specific T cells, kinetics of 

production are complex and delineation into individual cytokines may underestimate 

the number of total activated T cells.  

Flow cytometric AIM assays can have advantages over ICR by using surface markers 

to detect antigen-specific T cells without the complexity/ timespan of intracellular 

staining. Numerous surface markers are upregulated on antigen-specific T cells upon 

TCR stimulation including CD69, CD107a, CD134, CD137, and CD154. Signalling of 

TCR particularly on CD8+ cells induces upregulation of CD69, the type II C-lectin 

receptor, whereby surface expression peaks at 16 hours post-stimulation. However 

CD69 can also be expressed on subsets of NK cells, B cells or Tregs and therefore for 

detection of antigen-specific T cells should be used in conjunction with another 

activation marker (Wu et al., 2019). Conversely, CD134 (also known as OX40) 

expression is limited to activated CD4+ T cells in humans that is tightly regulated by 

TCR signalling and CD28/ IL-2 and IL-4 co-stimulatory signalling (Redmond et al., 

2009). Expression of CD134 however peaks between 48-72 hours following antigen 

recognition and can be used to detect multiple Th subsets including Th1, Treg and Tfh 

cells.  As previously discussed, CD137 (also known as 4-1BB) is upregulated on 

antigen-specific T cells following binding to CD137L on APC during TCR activation. It 

is a useful AIM since upon antigenic stimulation as it induces survival signals and 

drives proliferation of activated T cells (Watts, 2005). With similar kinetics to CD69, 

CD137 expression peaks at  16-24 hours following activation, co-expression of CD69+ 

CD137+ is commonly used for CD8+ antigen-specific T cell detection assays (Wu et al., 

2019). A study investigating SARS-CoV-2 Spike-specific T cell responses observed 

intracellular staining of CD69+ CD137+ T cells was concordant with Th1 cytokine+ 

(IFN-γ, TNF-α and/or IL-2) cells (Altosole et al., 2023) indicating this as a surrogate 

assay for VST detection. Similarly in a study testing numerous AIM markers, the 

highest frequency of Spike-specific cells was detected using co-expression of CD69 & 
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CD137, whereas combinations including CD25 or CD134 did not identify the maximal 

number of reactive cells (Gatti et al., 2023). Spike-reactive T cells were also detected 

in more convalescent individuals using AIM CD69/CD137 co-expression (14/22 

subjects) compared to QuantiFERON IFN-γ ELISA (10/22 subjects) indicating a higher 

assay sensitivity with AIM. A further TNF superfamily member CD154 as described 

earlier is primarily expressed on activated CD4+ cells and to some extent on CD8+ 

cells, with peak surface expression at 6 hours following stimulation. This marker is 

usually co-expressed on T cells that produce large amounts of effector cytokines 

and/or have diverse cytokine profiles upon antigen recognition and therefore is 

useful for detecting different effector T cell subsets (Chattopadhyay et al., 2006). 

Given different AIM markers are often skewed to expression on either CD4+ or CD8+ 

cells, it is important to incorporate multiple AIM into analyses to understand the 

breadth of T cell subset responses. Combination of surface and intracellular staining 

protocols, with optimised assay durations for peak expression of markers, large flow 

cytometry panels with numerous AIM and cytokines can comprehensively delineate 

the multitude of functional, or more interestingly, dysfunctional SARS-CoV-2 T cell 

responses (Dan et al., 2021, Rydyznski Moderbacher et al., 2020). 

5.2.1 Optimal markers for VST responses to SARS-CoV-2 
peptides 

During the first wave of the pandemic, our initial screening using a combination of 

antigen-specific T cell markers including IFN-γ, TNF-α, IL-2 and CD154 on n=15 

convalescent donors indicated highest detection of SNM-reactive T cells using CD154 

expression (see Figure 4.11). Following from this initial study, numerous donors 

recruited through the convalescent plasma programme were screened for T cell 

responses to select optimal donors for SARS-CoV-2 VST bank manufacture. It was also 

important to continue testing responses with multiple markers and cytokines to 

understand the kinetics and different responses of circulating SARS-CoV-2 VST to 

emerging new variants as well as vaccines. Between August 2020-April 2021 a total 

of 109 donors were screened, with n=46 demonstrating detectable SNM-specific T 

cells using the intracellular staining assay as shown in Figure 5.1.  
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Figure 5.1 - CCD T cell responses to SARS-CoV-2 peptides in peripheral blood. 

Buffy coat-derived PBMCs were incubated with SARS-CoV-2 peptides (Spike + Nucleocapsid + 
Membrane) for 5 hours and corrected against an unstimulated control well for expression of T cell 
effector markers: IFN-γ, TNF-α, IL-2 and CD154. (A) All flow analyses were gated for lymphocytes/ 
singlets/ live cells/ CD3+ and subsequently gated for IFN-γ, TNF-α, IL-2 or CD154 expression. (B) 
The percentage of CD3+/IFN-γ+, CD3+/TNF-α+, CD3+/IL-2+ and CD3+/CD154+ cells reactive to 
SARS-CoV-2 peptides was compared for n=46 CCD. Statistical significance between groups used 
repeated measures one-way ANOVA with the Geisser-Greenhouse correction. (C) Further 
subdivision of SARS-CoV-2 peptide responses into CD4 T cells and CD8 T cells demonstrated 
TNF-α, IL-2 and CD154 peptide-specific expression was significantly higher in CD4+ cells than 
CD8+ cells. Data is represented as mean ± SEM. Statistical significance between CD4 and CD8 
responses were determined using paired t-tests, where p*<0.05 and p****<0.0001. 
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To identify SNM-reactive T cells within the PBMC population (Figure 5.1A), flow 

analyses were subject to initial gating of lymphocytes/ singlets/ live cells, followed by 

gating on CD3+ T cells. Gated T cells were then assessed for either IFN-γ, TNF-α, IL-2 

or CD154 expression by quantifying marker acquisition in SNM-treated sample minus 

the unstimulated (DMSO only) to control for DMSO in the peptide formulation. The 

calculated frequency of reactive T cells to SNM peptides for each marker (Figure 

5.1B) indicated the frequency of CD154-reactive T cells was significantly higher 

compared to all the cytokine-reactive cells (p<0.0001 each for IFN-γ, TNF-α and IL-2 

comparisons). IFN-γ was the lowest expressed marker on reactive T cells, with the 

IFN-γ-reactive T cell frequency significantly lower than TNF-α-reactive T cells 

(p=0.0249). To understand differential marker expression within T cell 

compartments, CD3+ T cells were sub-gated into CD4+ or CD8+ T cells to compare 

responses (Figure 5.1C). While the frequency of IFN-γ-reactive T cells was equivalent 

between CD4 and CD8 cells; TNF-α (p=0.0144), IL-2 (p<0.0001) and CD154 

(p<0.0001) expression was significantly higher on CD4+ compared to CD8+ T cells. 

This indicates that CD4 SARS-CoV-2-reactive T cells are the principal secretors of 

TNF-α and IL-2 cytokines and co-express CD154. 

The frequency of SARS-CoV-2 T cells in peripheral blood was also tested for 

correlations with other infection factors/ donor characteristics (Figure 5.2). To this 

end, the frequency of CD3+/IFN-γ+ (blue), CD3+/TNF-α+ (red), CD3+/IL-2+ (teal) 

and CD3+/CD154+ cells (yellow) cells was assessed for relationship with (A) SARS-

CoV-2 antibody titre, (B) days from symptoms resolution to donation, and (C) donor 

age. Although there was a significant positive correlation between the frequency of 

CD3+/IFN-γ+ SARS-CoV-2 VSTs and antibody titre was seen in the first wave donor 

cohort (n=15, p=0.0381, see Figure 4.11), this finding was not replicated in the later 

larger donor cohort. Furthermore, antibody titre did not correlate with SARS-CoV-2 

VST using any of the detection markers tested (Figure 5.2A). Similarly the days from 

resolution of symptoms to donation had a significant negative correlation with 

CD3+/IFN-γ+ SARS-CoV-2 VSTs in the first wave cohort (n=15, p=0.0021), however 

no correlations were observed in the current donor cohort for the detection markers 

tested (Figure 5.2B). Donor age also showed no associations with frequency of 

CD3+/IFN-γ+, CD3+/TNF-α+, CD3+/IL-2+ or CD3+/CD154+ SARS-CoV-2 VSTs 

(Figure 5.2C). 
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Figure 5.2 - SARS-CoV-2 T cell responses correlations with Ab titre, DFSR and donor age.  

Buffy coat-derived T cell responses to SARS-CoV-2 peptides (Spike + Nucleocapsid + Membrane) 
were assessed for associations with other donor or infection parameters. The frequency of SARS-
CoV-2 VSTs was measured for each marker: CD3+/IFN-γ+ (blue circles), CD3+/TNF-α+ (red 
triangles), CD3+/IL-2+ (teal triangles) and CD3+/CD154+ cells (yellow diamonds). Reactive T cell 
frequencies were tested for correlations against (A) antibody titre at donation measured by 
EuroImmun, (B) number of days from resolution of symptoms to donation, and (C) donor age. 
Calculation was performed using Pearson correlation coefficient. For each correlation test, the r 
value and p value are reported where p>0.05 was non-significant (ns). 

The change in correlations between the two donor cohorts may simply be due the 

different cohort sizes (n=15 versus n=46), however a number of variables may also 

be impacting the results. Firstly, in the first wave cohort where donor blood was 

collected between April to June 2020, it was highly likely these donors had been 

exposed to SARS-CoV-2 once. However, with the latter cohort collected between 

August 2020-April 2021, it is impossible to know the number of antigen re-exposures 

these donors may have had, or if they had an asymptomatic re-exposure close to their 

time of donation, which may lead to peak or contractions of T cell/ antibody 

responses. Additionally different variants emerged over 2020-2021 which may have 

affected the kinetics of T cell responses to the original SARS-CoV-2 peptide pools used 

in this assay.   
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5.3 Isolation of SARS-CoV-2 VST using differential 
marker expression 

Initial development of SARS-CoV-2 VST generation for potential therapeutic use was 

done using IFN-γ CCS and rapid culture expansion (see section 2.3.5) since IFN-γ CCS 

reagents are GMP-compliant and CE-marked for in vitro isolation of cells for clinical 

use. Given the screening data above actually suggests IFN-γ viral-specific T cell 

response is generally lower than that of TNF-α and CD154, isolation of SARS-CoV-2 

VST was also tested using these markers. For direct comparison studies, 

leukapheresis starting source material was stimulated for 5 hours with pooled SNM 

peptides, and following stimulation cells were equally divided into three to isolate in 

parallel by (1) IFN-γ CCS, (2) TNF-α CCS, and (3) CD154 standard magnetic bead 

enrichment. Note, leukapheresis was used at this stage of development to allow full-

scale manufacturing runs using the CliniMACS Prodigy, but since leukaphereses are 

such large white cell donations, plenty of residual WBC were available for use in 

research in these small-scale comparison studies. Ethics were in place to utilise this 

material from the donors. For the remainder of this chapter, groups are colour coded 

as follows: IFN-γ-isolated (blue), TNF-α-isolated (red) and CD154-isolated (orange). 

5.3.1 Optimisation of CD154 sort for SARS-CoV-2 VST 

The protocol for cytokine capture selection for IFN-γ and TNF-α is identical except for 

the use of the respective IFN-γ or TNF-α double-ended antibody catch matrices, and 

IFN-γ or TNF-α-conjugated microbeads for the labelling steps. Since CD154 is 

expressed at the cell surface, it can be used to isolate cells using the direct antibody-

conjugated microbead magnetic selection. To this end, after the 5 hour stimulation of 

donor leukapheresis cells with the pooled SNM peptides, a third of cells were taken 

for CD154 sorting and labelled with CD154-Biotin-conjugated antibody, followed by 

labelling with anti-Biotin microbeads. Overall, this procedure is similar to the CCS 

protocol, however does not include the initial 1 hour cytokine secretion and ‘catch’ 

step required for the CCS assay.  

Since activation-induced expression of CD154 on T cells is transient, with rapid 

internalisation, degradation or secretion (Yellin et al., 1994, Graf et al., 1995); 

protocols have suggested use of a CD40 monoclonal blocking antibody to stabilise 

surface expression of CD154 throughout the stimulation period (Frentsch et al., 2005, 
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Chattopadhyay et al., 2006). While all CD154 detection results in this and previous 

chapters have been by intracellular staining, where intracellular CD154 expression is 

stabilised by Brefeldin A; surface staining with CD154 had not yet been done. Since an 

adequate surface expression of CD154 is required for isolation of CD154+ cells, 

addition of the CD40 blocking antibody was tested for improved detection and 

isolation of CD154+ cells. To this end, PBMCs were divided equally into the following 

conditions: addition of CD40 blocking antibody (+ CD40) or without addition of CD40 

blocking antibody (control). Both conditions were then stimulated with SNM peptides 

for 5 hours, followed by labelling and isolation as according to the CD154 protocol 

(see section 2.3.7). A pre-sort sample was taken to compare detection of CD154 

surface expression. As can be seen by flow cytometric analysis of the pre-sort samples 

(Figure 5.3), CD154 surface expression was distinctly increased by blocking CD40 

(2.33% CD154+ T cells) compared to control (0.71% CD154+ T cells). 

 

Figure 5.3 - CD154 surface expression comparison. 

Donor C19UKD3 PBMCs were stimulated for 5 hours with SARS-CoV-2 SNM peptides in two 
conditions: with addition of CD40 blocking antibody (+CD40) or with no additions to the culture 
stimulation (control). Flow cytometric analysis following stimulation and labelling with CD154-Biotin-
SAPE shows surface expression of CD154 on CD3+ T cells between the two conditions. Analysis 
was subject to pre-sequential gating on lymphocytes/ singlets/ live / CD3+ cells. 

Following magnetic selection, small samples of the target fractions from each 

condition were taken for count and phenotypic analysis. Flow cytometric analysis 

reveals CD154+ targets isolated with the addition of CD40 during stimulation had 

increased frequency of lymphocytes, CD3+ cells and CD4+ cells as compared to the 

control (Figure 5.4). As well as improved purity, cell concentration quantified by the 

MACSQuant10 counting function indicated improved CD3+ cell yield as well as 

frequency in the CD40 blocking antibody treated condition.   
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Figure 5.4 - CD154 isolation optimisation targets comparison. 

Donor C19UKD3 flow analysis of CD154-isolated target cells. Top panels shows target of CD154 
isolation with no additions to the culture stimulation (control); versus bottom panels show targets of 
CD154 isolation where CD40 blocking antibody was added prior to culture stimulation to prevent 
downregulation of CD154 during the stimulation period (+ CD40).  

Given the improved detection and isolation of surface labelled CD154+ cells, addition 

of CD40 blocking antibody was used for all subsequent CD154 isolations. 

5.3.2 Comparison of IFN-γ-, TNF-α- and CD154-isolated target 
cells 

Intra-donor comparisons were made to test isolation of SARS-CoV-2 VST by the three 

different markers IFN-γ, TNF-α and CD154. While there was delay in getting reagents 

for CD154 isolations, the first three donors compared only IFN-γ versus TNF-α CCS. 

Donors and their sort comparisons for this chapter are listed in Table 5.1. 

Donor Sorts Tested 

C19USA2 IFN-γ vs TNF-α 

C19USA4 IFN-γ vs TNF-α 

C19UKD1 IFN-γ vs TNF-α 

C19UKD3 IFN-γ vs TNF-α vs CD154 

C19UKD6 IFN-γ vs TNF-α vs CD154 

C19UKD7 IFN-γ vs TNF-α vs CD154 

C19UKD8 IFN-γ vs TNF-α vs CD154 

C19UKD9 IFN-γ vs TNF-α vs CD154 

Table 5.1 – Intra-donor SARS-CoV-2 VST sort comparisons. 
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Following the labelling procedures, all conditions were sorted through magnetic 

columns to separate unbound non-target cells (negative fraction), and magnetically 

bound target cells (positive fraction), with samples taken for counts and flow 

cytometry to assess the individual fractions.  

Following magnetic separation, samples were taken to compare negative fraction and 

target cell fraction populations by flow cytometry. Due to very low cell numbers in 

the target fractions, post-sort cells were phenotyped and characterised using only one 

flow cytometry panel. Interestingly, based on scatter properties differences in 

monocyte and lymphocyte populations were observed between the different sorting 

markers. Using representative analysis from donor C19UKD7 for direct comparison 

(Figure 5.5A), CD154-isolated targets had a massively increased monocyte 

contamination compared to the IFN-γ-isolated and TNF-α-isolated targets. The 

frequency of lymphocytes was significantly higher (p=0.0138) in IFN-γ-isolated 

compared to CD154-isolated targets (Figure 5.5B – left panel). Conversely, the 

frequency of monocytes (middle panel) was significantly higher in CD154-isolated 

targets compared to both IFN-γ-isolated (p=0.0012) and TNF-α-isolated (p=0.0012) 

targets. In concordance to this result, the monocyte to lymphocyte ratio as calculated 

using percentage frequency (right panel) was significantly increased in CD154-

isolated targets than both IFN-γ-isolated (p=0.010) and TNF-α-isolated (p=0.00113) 

groups. Since the percentage frequency could be skewed by presence of different 

forward scatter low populations (likely debris/ dead cells/ or red blood cells – see 

Figure 5.5A), direct comparison of the lymphocyte and monocyte populations were 

also made using absolute counts (Figure 5.5C). The absolute count of lymphocytes 

(left panel) was significantly increased in TNF-α-isolated compared to IFN-γ-isolated 

(p=0.017) and CD154-isolated targets (p=0.049). CD154-isolated targets had a 

significantly higher absolute count of monocytes (middle panel) than both IFN-γ-

isolated (p=0.0078) and TNF-α-isolated (p=0.0107) targets. The monocyte to 

lymphocyte ratio as calculated using absolute count (right panel) was also 

significantly increased in CD154-isolated compared to IFN-γ-isolated targets 

(p=0.107) and TNF-α-isolated targets (p=0.011). Since the lymphocyte count is 

similar between the sorting methods, this supports that difference in frequencies and 

counts between the populations is due to heavy monocyte contamination in CD154 

isolations. 
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Figure 5.5 - Monocytes contamination in CD154 sorts. 

Target positive fractions for each VST isolation were analysed for lymphocyte and monocyte 
content by flow cytometry. (A) Representative flow analysis for donor C19UKD7 shows higher 
frequency (%T) and count (cells/µL) of gated monocytes in CD154-isolated targets compared to 
IFN-γ-isolated and TNF-α-isolated targets. Matched donor analysis (n=7) of lymphocytes, 
monocytes and lymphocyte: monocyte ratio is compared between groups as both percentage 
frequency (B) and absolute count (C). Data is represented as mean ± SEM. Comparisons between 
the three isolation groups were made using RM one-way ANOVA where *p≤0.05 and **p≤0.005. 

Within the gated viable lymphocyte population, analyses of lymphocyte and T cell 

markers were made using the gating strategy outlined in Figure 2.4 to identify CD3- 

CD56+ NK cells, CD3+ CD56+ NKT cells, and CD3+ CD56- T cells. T cells were then 

subgated for CD4+, CD8+, DP and DN T cells. Finally each CD4+ and CD8+ population 

was assessed for T cell memory as follows CD62L+ CD45RO- TNaive, CD62L+ 

CD45RO+ TCM, CD62L- CD45RO+ TEM and CD62L- CD45RO- TEMRA. Comparisons of 

population frequency between the three groups are shown in Figure 5.6.  
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Figure 5.6 - Isolated targets flow representative analysis. 

Representative flow gating analysis is shown for donor C19UKD7 of each IFN-γ-isolated, TNF-α-
isolated and CD154-isolated target fractions. Analyses were subject to initial gating on 
lymphocytes/ singlets/ live cells. Lymphocyte populations were then identified as follows: NK cells 
(CD3+ CD56-), NKT cells (CD3+ CD56+), T cells (CD3+ CD56-), CD4 T cells (CD3+ CD56- CD4+ 
CD8-), CD8 T cells (CD3+ CD56- CD4- CD8+), DP T cells (CD3+ CD56- CD4+ CD8+) and DN T 
cells (CD3+ CD56- CD4- CD8-). In addition, each CD4 and CD8 T cell population was analysed for 
T cell memory subpopulations as follows: TNaive (CD62L+ CD45RO-), TCM (CD62L+ CD45RO+), 
TEM (CD62L- CD45RO+) and TEMRA (CD62L- CD45RO-). 

Using this analysis, the mean population frequencies for all donors tested were 

compared between the groups in Figure 5.7. Of the total gated viable lymphocytes 

(A), overall percentages of CD45+ cells, NKT cells and NK cells were comparable 

between groups, however TNF-α-isolated targets had a significantly higher 

percentage (p=0.0167) of T cells compared to the IFN-γ-isolated targets. Of the CD3+ 

gated T cells (B), TNF-α-isolated targets had a significantly higher frequency of CD4+ 

T cells (p=0.048) compared to IFN-γ-isolated targets. Correspondingly, the percentage 

of CD8+ T cells was significantly lower (p=0.0205) in TNF-α-isolated targets than IFN-

γ-isolated targets.  Within the CD4 compartment (C), TNF-α-isolated targets had a 

significantly higher (p=0.0214) frequency of central memory T cells (TCM) than IFN-

γ-isolated targets. All other CD4+, and CD8+ (D) memory populations were similar 

between groups. These data indicate TNF-α isolation enriches for a purer population 
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of T cells skewed towards CD4+ central memory phenotype. This is not unexpected 

given the initial buffy coat T cell screening responses in Figure 4.13 demonstrate a 

higher frequency of TNF-α+ cells are CD4 cells than CD8 cells, whereas IFN-γ+ cells 

had a fairly equal CD4:CD8 ratio. While CD154-isolated targets also trend towards 

CD4 subtype (B) which is not unexpected considering the CD154 molecule is 

predominantly expressed on CD4+ cells compared to CD8+ T cells or other 

lymphocytes (Banchereau et al., 1994, Cron, 2003), no statistical significance 

compared to IFN-γ or TNF-α groups was found. This may be due to the smaller 

sample size of the CD154 group. 

 

Figure 5.7 - Isolated targets phenotype comparison. 

Gated viable lymphocytes of target samples were compared for the frequency of different 
phenotypic populations between IFN-γ-isolated (n=8), TNF-α-isolated (n=8) and CD154-isolated 
(n=5) groups. (A) Gating on total lymphocytes, groups were compared for CD45+ cells, T cells, 
NKT cells and NK cell frequency. (B) Gated T cells (CD3+) were then assessed for T cell subtypes: 
CD4, CD8, double positive (DP) and double negative (DN). Each CD4+ (C) and CD8+ (D) T cell 
population was further assessed for T cell memory populations: naïve (TNaive), central memory 
(TCM), effector memory (TEM), and terminally differentiated effector memory RA (TEMRA). Data is 
represented as mean ± SEM. Statistical significance was determined using RM one-way ANOVA 
with Geisser-Greenhouse correction where *p≤0.05. 

To evaluate sort efficiency between the different isolation methods, counts were 

performed on all pre-sort and post-sort samples. The total number of viable cells in 

the target fractions was compared between sorting methods for each individual 

donor (Figure 5.8A), with a trend towards an increased number of target cells by 

TNF-α isolation. Although TNF-α isolation trended towards higher percentage yield of 

viable target cells normalised to each sort input (Figure 5.8B) no statistically 
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significant differences were seen between the groups. Concurrent with manual 

isolations with for each marker, donor leukaphereses were also screened for IFN-γ, 

TNF-α and CD154 expression in response to SARS-CoV-2 peptide stimulation using 

the intracellular cytokine screening assay. No significant correlation was observed 

between the percentage of peptide-responsive cells (by expression of each marker) 

and the actual yield of cells isolated from each respective marker sorted population 

(Figure 5.8C). 

 

Figure 5.8 - IFN-γ-isolated, TNF-α-isolated and CD154-isolated targets yield comparison. 

(A) The total number of viable cells in target fractions from the different isolations (IFN-γ, TNF-α, 
and CD154) is shown for each individual donor. (B) The percentage yield was calculated dividing 
the total viable cell count in target fractions by the input count for each sort. Data is represented as 
mean ± SEM and groups compared using RM one-way ANOVA. (C) The percentage yield of target 
cells from all sorts was assessed for correlation with the frequency of SARS-CoV-2 peptide-
responsive cells within the leukapheresis starting material as determined using the intracellular 
cytokine screening assay. Statistical analysis was performed by generating Pearson correlation 
coefficients, where p<0.05 was considered significant. 

Finally, the different isolated target populations were compared for purity and 

enrichment efficiency. Since the antibody microbeads for each method were 

conjugated to a phycoerythrin (PE) fluorochrome (IFN-γ-PE, TNF-α-PE or CD154-PE), 

the frequency of PE+ cells was quantified in the pre-sort, post-sort non-target and 

post-sort target fractions. The percentage of PE+ lymphocytes in the target fraction 

(Figure 5.9A) was highest in IFN-γ isolations at mean=39.53±11.3%. In CD154 

isolations, the frequency of PE+ lymphocytes was significantly lower (p=0.0127) 

compared to IFN-γ indicating poorer enrichment using this marker. The absolute 

count of PE+ lymphocytes (Figure 5.9B) was comparable between the groups in both 

the non-target fraction and target fraction. Of note here, the count of PE+ 

lymphocytes in the non-target fractions for each sort were similar to the target 

fractions, showing many PE+ cells were not captured in the sorts. To measure this as 
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a percentage yield (Figure 5.9C), the absolute count of PE+ lymphocytes in the target 

fraction was divided by this count in both post-sort fractions (target + non-target). 

The mean percentage yield of PE+ lymphocytes was 49.13±12.8% and 52.37±10.4% 

for IFN-γ and TNF-α isolations respectively. CD154 isolations however had a 

significantly lower PE+ lymphocyte yield than both IFN-γ (p=0.025) and TNF-α 

(p=0.017) groups at a mean=7.5±4.9%. This indicates a much poorer enrichment 

efficiency in CD154 isolations with high counts of CD154+ cells remaining in the non-

target fractions, as well as poorer overall CD154+ cell purity in the target fractions. 

 

Figure 5.9 - IFN-γ, TNF-α and CD154 sort efficiency comparison. 

Magnetic bead isolations were made with each sorting marker (IFN-γ, TNF-α orCD154) antibody 
conjugated to a PE fluorochrome, therefore samples were analysed for PE+ lymphocyte expression 
to measure target cell purity. (A) Comparison of percentage of PE+ lymphocytes within the post-
sort target fraction was made between IFN-γ-isolated (n=8), TNF-α-isolated (n=8) and CD154-
isolated (n=5) groups. (B) The absolute count of PE+ lymphocytes was compared for all marker 
groups in both the post-sort target cell fraction, and the post-sort unbound non-target cell fraction. 
(C) The percentage yield PE+ lymphocytes was compared between groups where yield was 
calculated as PE+ lymphocyte count (targets/ (targets + non-targets)). Data is represented as 
mean ± SEM. Comparisons between groups were made using RM one-way ANOVA where 
*p≤0.05. 

5.3.3 Expansion of IFN-γ-, TNF-α- and CD154-isolated VST. 

As described previously, since the SARS-CoV-2 VSTs are a rare cell population and 

isolation recovers a very small number of target cells (~106 cells), these cells have to 

be expanded post-sort to generate therapeutically relevant numbers. Therefore, the 

IFN-γ-isolated, TNF-α-isolated and CD154-isolated target VST were subsequently 

expanded using the SARS-CoV-2 VST culture expansion protocol described in Chapter 

4. Briefly, isolated target cells were co-cultured with irradiated non-target cells from 

each sort in TexMACS medium supplemented with T-Liven [2%] and IL-2 [200 
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IU/mL] in G-Rex plates or flasks for 14 days, with feed and passage time-points at day 

7 and 11.   

Intra-donor direct comparisons of growth kinetics between IFN-γ-isolated, TNF-α-

isolated and CD154-isolated VST are shown in (Figure 5.10). The individual donor 

growth curves (Figure 5.10A) indicate a similar growth profile between IFN-γ-

isolated and TNF-α-isolated VST (n=4), however CD154-isolated VST show slightly 

improved growth curves (n=3).  The fold expansion between day 0 targets and day 14 

harvest (Figure 5.10B) was similar between groups, though TNF-α-isolated VST 

trended towards a lower fold expansion. Given the comparable harvest count 

between IFN-γ-isolated and TNF-α-isolated VST, this lower fold expansion likely 

reflects an initial higher TNF-α target lymphocyte count as demonstrated previously 

in Figure 5.5C. The fold expansion of all isolated targets was tested for correlation 

with the starting target cell count (Figure 5.10C), however starting number did not 

significantly relate to expansion scale. Overall no major differences in growth kinetics 

were seen between the different isolated VST. 

Expanded target VST from each isolation were assessed for differences in phenotype 

and function. Using the flow cytometry surface phenotyping assay; lymphocyte, T cell 

subtypes and T cell memory populations were quantified as outlined in Figure 2.4 

and Figure 2.5.  Intra-donor comparisons in population frequency were made, with 

representative donor C19UKD7 flow analysis at day 14 shown in Figure 5.11. All 

analyses were subject to initial gating on cells (debris excluded on basis of FSC/SSC), 

for singlets and viable DRAQ7- cells. Of note, IFN-γ-isolated VST contained larger 

populations of CD8+ T cells, and CD3- CD56+ NK cells, whereas TNF-α-isolated and 

CD154-isolated were much more enriched for CD4+ T cells. 
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Figure 5.10 - IFN-γ-isolated, TNF-α-isolated and CD154-isolated VST culture growth curves. 

SARS-CoV-2 target VST isolated by IFN-γ, TNF-α or CD154 expression were subsequently 
cultured for 14 days to drive VST expansion. (A) Intra-donor growth curves are shown for the 
different isolation methods of total viable cells from isolated targets at day 0 to day 14 culture 
harvest. (B) The fold expansion between day 0 targets and day 14 harvest was compared between 
the isolation groups. Data is represented as mean ± SEM and comparisons between groups made 
using RM one-way ANOVA. (C) The fold expansion in culture was tested for correlation with the 
absolute target cell count from each isolation. Statistical analysis was made by generating Pearson 
correlation coefficients.  

Population frequencies of day 14 expanded VST were compared between the 

different isolation groups in Figure 5.12. Of the total gated viable cells (Figure 

5.12A), groups were comparable showing high purity for CD45+ cells and T cells 

(CD3+ CD56-). The frequency of NKT cells (CD3+ CD56+) was also similar between 

the three isolation groups. Although there was no significant difference in NK cell 

(CD3- CD56+) frequency, two donors did have increased NK cell contamination in 

IFN-γ-isolated VST, probably because IFN-γ is an important anti-viral cytokine for NK 

cells (Sun et al., 2009). Within the gated CD3+ T cells (Figure 5.12B), the percentage 

of CD4+ T cells was significantly lower in IFN-γ-isolated VST compared to both TNF-
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α-isolated (p=0.0177) and CD154-isolated groups (p=0.0297).  Correspondingly, the 

frequency of CD8+ T cells was significantly higher in IFN-γ-isolated VST compared to 

TNF-α-isolated (p=0.0314) and CD154-isolated VST (p=0.02229).  The IFN-γ-isolated 

group also contained a significantly higher population of DP T cells (CD4+ CD8+) 

compared to TNF-α-isolated VST (p=0.0476). The frequency of DN T cells was 

comparably low between the groups.  

 

Figure 5.11 - Expanded VST flow cytometry representative analysis. 

Representative flow gating analysis is shown for donor C19UKD7 of each IFN-γ-isolated, TNF-α-
isolated and CD154-isolated VST expanded for 14 days in culture. Analyses were subject to initial 
gating on all cells/ singlets/ live cells. Lymphocyte populations were then identified as follows: NK 
cells (CD3+ CD56-), NKT cells (CD3+ CD56+), T cells (CD3+ CD56-), CD4 T cells (CD3+ CD56- 
CD4+ CD8-), CD8 T cells (CD3+ CD56- CD4- CD8+), DP T cells (CD3+ CD56- CD4+ CD8+) and 
DN T cells (CD3+ CD56- CD4- CD8-). In addition, each CD4 and CD8 T cell population was 
analysed for T cell memory subpopulations as follows: TNaive (CD62L+ CD45RO-), TCM (CD62L+ 
CD45RO+), TEM (CD62L- CD45RO+) and TEMRA (CD62L- CD45RO-). 

Within the CD4+ compartment (Figure 5.12C), all groups contained negligible naïve 

T cells (TNaive) and terminally differentiated effector memory RA T cells (TEMRA). 

All groups were skewed toward central memory (TCM) phenotype, with a small 

population of effector memory T cells (TEM). Similarly within the CD8+ gated 
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population (Figure 5.12D) all groups were comparable with an enrichment of TCM 

and TEM, and negligible TEMRA or naïve T cells in the day 14 expanded VST. 

 

Figure 5.12 - Comparison of expanded VST final products phenotype. 

VST expanded for 14 days in culture were compared for the frequency of different phenotypic 
populations between IFN-γ-isolated (n=8), TNF-α-isolated (n=8) and CD154-isolated (n=4) groups. 
(A) Gating on total lymphocytes, groups were compared for CD45+ cells, T cells, NKT cells and NK 
cell frequency. (B) Gated T cells (CD3+) were then assessed for T cell subtypes: CD4, CD8, 
double positive (DP) and double negative (DN). Each CD4+ (C) and CD8+ (D) T cell population 
was further assessed for T cell memory populations: naïve (TNaive), central memory (TCM), 
effector memory (TEM), and terminally differentiated effector memory RA (TEMRA). Data is 
represented as mean ± SEM. Statistical significance was determined using RM one-way ANOVA 
with Geisser-Greenhouse correction where *p≤0.05. 

Day 14 expanded VST were also analysed by flow cytometry for expression of 

chemokine receptors as outlined in Figure 2.7 to identify potential migratory 

mechanisms. The percentage expression of chemokine receptors tested on viable final 

product cells was compared between the isolation groups (Figure 5.13). Note, due to 

timeframe of these experiments only early donors were tested before addition of 

CD154 isolations to the study, therefore only IFN-γ-isolated and TNF-α-isolated 

groups were tested. Analyses were pre-gated on CD4+ (Figure 5.13A) and CD8+ 

(Figure 5.13B) cells to account for differences in CD4:CD8 ratio between IFN-γ-

isolated and TNF-α-isolated VST as described above.  CD4+ and CD8+ from both VST 

groups showed a consistently high level of expression (>50%) of CCR2, CCR4, CCR5, 

CXCR3, CXCR4 and CXCR6. Both groups also contained a small population of cells (10-

30%) with positive expression of CCR6 and CCR7. There was negligible expression of 

CCR1, CCR3 and CXCR5 in the VST tested. No significant differences were observed in 

chemokine receptor expression between the groups. Expression was also comparable 
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between CD4+ and CD8+ cells except for a slightly higher expression of CCR4 on CD4+ 

T cells.  

 

Figure 5.13 - Comparison of expanded VST final products chemokine receptor profile. 

SARS-CoV-2 VST expanded for 14 days were compared for chemokine receptor profile between 
IFN-γ-isolated (n=4) and TNF-α-isolated (n=4) VST groups. Using a flow cytometry surface staining 
assay, cells were subject to initial gating on cells/singlets/ viable cells. Cells were then gated on (A) 
CD4+ or (B) CD8+ T cells and analysed for expression of chemokine receptors: CCR1, CCR2, 
CCR3, CCR4, CCR5, CCR6, CCR7, CXCR3, CXCR4, CXCR5, and CXCR6. Data is represented 
as mean ± SEM and groups compared using paired t-tests with Holm-Šídák correction for multiple 
tests. 

Finally, day 14 expanded SARS-CoV-2 VST isolated using each marker were assessed 

for functionality using the DC stimulation assay described in Chapter 4. Briefly, DCs 

generated from each donor were loaded with SARS-CoV-2 peptides, and co-cultured 

with final product VST for 5 hours to stimulate T cell activation/ cytokine production 

as compared to unloaded DC controls. Cells were then harvested and stained for 

intracellular acquisition of activation marker CD154 and cytokines IFN-γ, TNF-α and 

IL-2. Comparisons of functional reactivity to different SARS-CoV-2 peptide 

stimulation between groups are summarised in Figure 5.14. To determine antigen 

specificity, VST were stimulated with individual SARS-CoV-2 peptides: spike, 

nucleocapsid or membrane. Functional reactivity was measured as % IFN-γ+ T cells 

(Figure 5.14A) or TNF-α+ T cells (Figure 5.14B) as normalised to unloaded DC 

controls. Both measures of reactive cells demonstrated a higher final product 

reactivity towards membrane, with lowest response to spike. This is concordant with 

previous observations of the early development SARS-CoV-2 VST lines generated 

from buffy coats in Chapter 4. No significant differences in antigen reactivity were 

observed between the different isolation methods, however CD154-isolated VST 

showed a trend towards lower reactivity to nucleocapsid and membrane peptides. 

This may be biased however due to lower sample size of donors tested for individual 
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antigens since C19UKD8 and C19UKD9 generated a limited number of DC available 

for the assay stimulations. Overall reactivity to pooled SARS-CoV-2 peptides (spike + 

nucleocapsid + membrane, SNM) was compared between the three isolation methods 

(C-D). The groups showed comparable expression of T cell effector markers IFN-γ, 

TNF-α, IL-2 and CD154 in response to SNM-loaded DC stimulation (Figure 5.14C). 

Co-expression of cytokines IFN-γ, TNF-α & IL-2 was also quantified as outlined in 

Figure 2.8, where all groups were skewed towards subpopulations IFN-γ+ TNF-α+ 

double positive, and IFN-γ+ TNF-α+ IL2+ triple positive (Figure 5.14D). These data 

indicate VST are multi-functional effector subpopulations with specificity slightly 

skewed towards membrane, and high overall SARS-CoV-2 reactivity. 

 

Figure 5.14 - Comparison of expanded VST final product functional reactivity. 

SARS-CoV-2 VST expanded for 14 days were compared for functional reactivity to SARS-CoV-2 
peptides (loaded to autologous DC for VST stimulations) between IFN-γ-isolated (n=8), TNF-α-
isolated (n=8) and CD154-isolated (n=4) groups. VST were tested for functional responses towards 
individual SARS-CoV-2 peptides: Spike, Nucleocapsid and Membrane, with reactive VST 
quantified as (A) % CD3+ IFN-γ+ cells and (B) CD3+ TNF-α+ cells. To measure reactivity to pooled 
SARS-CoV-2 peptides (SNM), each group was quantified for (C) total expression of IFN-γ, TNF-α, 
IL-2 and CD154; and (D) cytokine co-expression populations. All peptide-reactive cells were 
normalised to unloaded DC controls. Data is represented as mean ± SEM and statistical 
significance was determined using RM one-way ANOVA with Geisser-Greenhouse correction. 
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5.4 Clonal repertoire of IFN-γ-, TNF-α- and CD154-
isolated VST 

Through the cytometric profiling and functional testing outlined above, SARS-CoV-2 

VST isolated using the different markers showed similar antigen specificity and 

functional recall to SARS-CoV-2 pooled peptides, however there were some 

distinctions in T cell phenotype between the groups. 

To better elucidate the potential efficacy of these cells to clear natural infection upon 

patient infusion, it was the aim of this study to assess the T cell receptor (TCR) 

repertoire diversity of the differentially isolated SARS-CoV-2 VST. Initial reports have 

shown increased SARS-CoV-2 TCR clonal diversity in COVID-19 patients with mild 

disease as opposed to severe disease (Chang et al., 2021, Zhang et al., 2020) which 

may indicate a protective effect of a broad TCR repertoire. However it remains 

unknown if peptide-stimulated isolation and culture expansion techniques maintain a 

polyclonal T cell population or induces a target selection of specific T cell clones. 

Particularly, isolation using the different markers may be selecting for different 

clones. To this end, TCR-β chains of expanded SARS-CoV-2 VST were examined using 

next-generation sequencing and analysed for presence of dominant clones and clonal 

diversity. 

5.4.1 Clonal diversity of IFN-γ-, TNF-α- and CD154-isolated VST. 

Numerous studies have investigated TCR clonal diversity in COVID-19 patients, 

naturally convalescent donors and individuals pre- and post-vaccination. 

Asymptomatic and mild disease have been associated with more diverse TCR 

repertoire generation, whereas patients with severe disease have a significantly 

restricted TCRβ repertoire which is likely a consequence of COVID-induced 

lymphopenia (Chang et al., 2021, Jian et al., 2023, Kockelbergh et al., 2022, Niu et al., 

2020, Sidhom and Baras, 2021). Interestingly, in both asymptomatic/mild and severe 

disease, the peripheral blood TCR repertoire diversity increases during 

convalescence (Khoo et al., 2023, Shomuradova et al., 2020, Schultheiß et al., 2020). 

To assess repertoire diversity of expanded SARS-CoV-2 VST isolated using the 

different markers, total T cell final products were sequenced for the TCRVβ region 

and analysed for unique clonotypes as outlined in section 2.11. Pan T cells isolated 

directly from peripheral blood using CD3 microbead enrichment from donors 
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matched to the SARS-CoV-2 VST were used as high diversity controls. The count of 

specific clonotypes between CD3+ T cells and SARS-CoV-2 VST generated using IFN-γ, 

TNF-α or CD154 isolation are compared in Figure 5.15.  

 
Figure 5.15 - IFN-γ-, TNF-α- and CD154-isolated VST clonotype comparison. 

Sequencing of the TCR-Vβ region allowed comparison of clonal diversity between IFN-γ-isolated, 
TNF-α-isolated and CD154-isolated final product (day 14 expanded VST). Pan CD3 T cells from 
matched donor starting leukapheresis material was included as a high diversity control. (A) 
Stacked bars represent the proportion of the repertoire occupied by the top N clones in that 
repertoire. SARS-CoV-2 VST show restricted repertoire diversity compared to pan T cell controls 
however still retain a highly polyclonal repertoire. (B) Clonotype counts corrected for unique 
molecular identifier (UMI) size matching demonstrate all VST groups had significantly reduced 
diversity compared to pan T cells. Data is represented as mean ± SEM and statistical significance 
was determined using RM one-way ANOVA. (C) The proportion of each repertoire with an exact 
CDR3 amino acid sequence match specific to SARS-CoV-2 in databases TCRMatch and VDJdb 
was limited in both groups tested. Data is represented as mean ± SEM and statistical significance 
determined using RM two-way ANOVA. 
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The proportion of TCR repertoire comprised of a top 1, 10, 100, 1000 or >1000 

unique clonotypes for each donor is displayed in Figure 5.15A. As can be seen, each 

donor pan CD3+ T cell sample was highly diverse, with 60-80% of the repertoire 

composed of >1000 small clonotypes, and no single clonotype occupying more than 

1% of the repertoire. Each SARS-CoV-2 final product VST line generated by IFN-γ, 

TNF-α or CD154 isolation shows a restriction in repertoire diversity, however these 

lines are highly polyclonal with the vast majority of repertoire dominated by the top 

100-1000 clones. The clonotype count (Figure 5.15B), i.e. the number of unique 

CDR3 amino acid sequences in the sample was significantly higher in pan CD3+ T cells 

compared to IFN-γ VST (p=0.0028), TNF-α VST (p=0.0021) and CD154 VST (p=0.028) 

as expected, as the VST represent a selected subset. Using TCR antigen specificity 

databases to match CDR3 sequences (Figure 5.15C), a small proportion of the 

repertoire (<4%) matched SARS-CoV-2-specific CDR3 sequences by TCRMatch and 

negligible matches were found through VDJdb. The IFN-γ-isolated VST lines showed 

significantly higher database CDR3 sequence matches using TCRMatch than VDJdb.  

The similarity of TCR repertoire between samples was also tested to determine if 

many clones were shared between donors and/ or between sample type (Figure 

5.16). Clonotype overlap was mapped using pairwise Morista-Horn index to account 

for CDR3 species abundance, whereby a lower value (blue) indicates no sharing and 

higher index (yellow) indicates greater similarity. As can be seen, pan CD3+ T cells 

clustered at the top left show negligible overlap with any other samples, including 

donor-matched VST lines or the inter-donor CD3+ T cell samples. This likely reflects 

the highly diverse clonal repertoire of the pan T cells confirming their use as an 

appropriate diversity control. Thereafter, SARS-CoV-2 lines clustered for similarity 

within the matched donor treatments. C19USAD4 IFN-γ-isolated VST had high 

overlap with C19USAD4 TNF-α -isolated VST at 0.6 Morista-Horn index, and similarly 

C19UKD1 IFN-γ-isolated VST and C19UKD1 TNF-α -isolated VST had high similarity 

at 0.7 Morista-Horn index. Donor C19UKD6 also shows similarity to the differentially 

isolated lines but at a lower index than C19USAD4 & C19UKD1. Interestingly, within 

C19UKD6 lines IFN-γ-isolated and TNF-α -isolated VST showed equivalent similarity 

to TNF-α -isolated and CD154-isolated VST (~0.5 Morista-Horn index); whereas IFN-

γ-isolated and CD154-isolated VST had reduced similarity at 0.4 Morista-Horn index. 

This suggests IFN-γ and CD154 selection processes are more likely to enrich for 

different T cell clones. 
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Figure 5.16 - Clonotype overlap similarity between different marker isolations. 

Heat map of pairwise Morista-Horn Index size-matched individual repertoires of matched donor pan 
CD3 T Cells, and either IFN-γ, TNF-α, or CD154-isolated VST final product samples. Reads were 
downsized to 9542 UMIs to allow comparison between samples. Grouping is coloured on the y-axis 
either to sample type: CD3 cells (yellow), IFN-γ VST (brown), TNF-α VST (grey) and CD154 VST 
(pink); or by donor individual: C19USAD4 (aqua), C19UKD1 (green) or C9UKD6 (red). 

Another measure of clonal repertoire similarity was made by comparing the TRBV/ 

TRBJ gene usage overlap between samples (Figure 5.17). Again, samples were 

grouped into pan CD3 T cells at the top left, followed by SARS-CoV-2 VST lines 

grouped by donor. Using Manhattan distance, a value of 0 (burgundy) indicates 

identical usage of TRBV/ TRBJ gene combinations, whereas a distance >0 indicates 

increasing variation in gene combination overlaps. 
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Figure 5.17 - TRBV/TRBJ gene usage overlap between different marker isolations. 

Heat map of Manhattan distance matrix of unique TRBV/TRBJ gene combinations. A distance of 0 
demonstrates identical usage of TRBV/TRBJ gene combinations, therefore a small distance 
(burgundy) indicates greater similarity whereas a larger distance (blue) indicates less similarity 
between samples. Grouping is coloured on the y-axis either to sample type: CD3 cells (yellow), 
IFN-γ VST (brown), TNF-α VST (grey) and CD154 VST (pink); or by donor individual: C19USAD4 
(aqua), C19UKD1 (green) or C19UKD6 (red).  

Corresponding to the Morista-horn index, Manhattan distance of SARS-CoV-2 VST 

lines group in similarity within intra-donor lines rather than by isolation group. Using 

Manhattan distance, C19UKD6 has least similarity between TNF-α -isolated and 

CD154-isolated VST which contrasts with the Morista-horn index pair-wise 

comparisons. Interestingly, pan CD3+ T cells between donors have similar gene usage 

patterns (Manhattan distance 0.5) which contrasts with the Morista-horn comparison 

suggesting an entirely dissimilar CDR3 sequence repertoire between CD3+ samples.  
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5.4.2 Antigen specificity of IFN-γ-, TNF-α- and CD154-isolated 
VST. 

Further examination using TCR antigen specificity databases allowed identification of 

CDR3 sequences with known antigen specificity. Exact matches of CDR3 sequences to 

a range of viruses was compared between the differentially isolated SARS-CoV-2 VST 

(Figure 5.18). Using database IEDB TCRMatch (Figure 5.18A), the highest matched 

specificity for the VST lines was expectedly SARS-CoV-2 at 2-5% of the TCR 

repertoire. Additionally, a small proportion of sequences (0.2-1%) were also specific 

to Influenza A, whereas matches were negligible to the other viruses investigated.  

 

Figure 5.18 – Viral specificities of IFN-γ, TNF-α, and CD154 VST. 

Proportion of each repertoire specific to antigens from various viral sources as annotated by exact 
match to CDR3 amino acid sequences in (A) IEDB TCRMatch and (B) VDJdb databases. Data is 
represented as mean ± SEM and comparisons between IFN-γ, TNF-α, and CD154 VST groups 
made using RM one-way ANOVA. 
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A considerably smaller proportion of CDR3 sequences had matches using VDJdb 

(Figure 5.18B) with a comparably low proportion 0 .5-1% specific to SARS-CoV-2, 

CMV and Influenza A. No significant differences in repertoire specificity were 

observed between the VST isolation groups using either database matching. 

These databases were also used to assess VST specificities to individual SARS-CoV-2 

antigens (Figure 5.19). Matches to CDR3 sequences using the IEDB TCRMatch 

database (Figure 5.19A) were highest for ORF1ab and spike at ~1-4% of the 

repertoire. Low proportions (0.1-1%) of the repertoire showed specificity to 

membrane, nucleocapsid, and ORF7b; with negligible matches to the other SARS-CoV-

2 antigens investigated.  

 

Figure 5.19 – SARS-CoV-2 antigen specificities of IFN-γ, TNF-α, and CD154 VST. 

Proportion of each repertoire specific to individual SARS-CoV-2 antigens as annotated by exact 
match to CDR3 amino acid sequences in (A) IEDB TCRMatch and (B) VDJdb databases. Data is 
represented as mean ± SEM and comparisons between IFN-γ, TNF-α, and CD154 VST isolation 
groups made using RM one-way ANOVA. 
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As above, analysis using the VDJdb database (Figure 5.19B) had extremely low CDR3 

sequence matches, with only one donor line showing >0.1% of the repertoire specific 

to spike and nucleocapsid. 

Interestingly, dominance of specificity towards Spike in these lines does not 

correspond with the aforementioned functional reactivity data. Graphs comparing 

spike, nucleocapsid and membrane specificity are shown in Figure 5.20 using either 

(A) TCR repertoire IEDB TCRMatch specificity or (B) functional reactivity to peptide-

loaded DCs measured by the frequency of cytokine-producing cells. Although the two 

techniques can’t be directly compared, it is interesting to note the trend within each 

analysis differs such that specificity via repertoire matching is skewed to spike, 

whereas spike has the lowest frequency of functionally reactive cells compared to 

membrane and nucleocapsid. 

 

Figure 5.20 - Comparison of SARS-CoV-2 antigen TCR specificity versus functional 
reactivity. 

Comparison of VST lines clonal specificity versus functional reactivity to individual SARS-CoV-2 
antigens. (A) Repertoire specificity of CDR3 sequence matches using IEDB TCRMatch as shown 
in Figure 5.19 condensed to only Spike, Nucleocapsid and Membrane. (B) Frequency of 
functionally reactive cells to Spike, Nucleocapsid and Membrane by cytokine production as shown 
in Figure 5.14 condensed to only donors C19USAD4, C19UKD1, and C19UKD6 corresponding to 
the TCR sequencing data. 

5.5 Discussion 

Virus-specific T cells can be identified and isolated from mixed blood preparations 

using different techniques and detection markers. While fluorescently-conjugated 

MHC-multimers are the gold standard for binding exact MHC-restricted antigen 

epitopes, the requirement of HLA-specific reagents limits high-throughput 
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applications for VST detection. Instead, antigen stimulation assays are used to 

identify functionally reactive antigen-specific T cells via upregulation of a T cell AIM 

or effector cytokine. Though this may quantify the number of functional T cells in the 

isolate and act as a measure of potency, it will underestimate the total number of VST 

present. 

T cell activation markers or cytokines vary in expression depending upon T cell 

subset, antigen, memory recall and signalling pathways involved in effector 

responses. As discussed in Chapter 3, natural long-term protection to EBV infection is 

provided by a cytotoxic, degranulating CD8+ central memory EBV VST population, 

whereby IFN-γ or CD107a are prime markers for detection. Initial results assessing T 

cell responses to SARS-CoV-2 in convalescent donors presented in Chapter 4 

indicated CD4+ central and effector Th1 cells dominated within the circulation 

following primary infection. To identify and select multiple donors with wide-ranging 

HLA spread and good SARS-CoV-2 T cell responses for manufacturing a SARS-CoV-2 

VST bank, 109 COVID-19 convalescent donors were screened for response to SARS-

CoV-2 peptides. The process developed for this manufacture relies upon IFN-γ 

capture as it is the only GMP-compliant option and therefore basic screening could be 

done with T cell markers and IFN-γ alone. However it was clearly important to extend 

this isolation approach using other activation markers to assess whether the cultured 

isolates would have quantifiable improvements over the standard method. This 

research would also clarify whether there were changes in effector responses 

following re-exposure, vaccination or mutated SARS-CoV-2 variants. 

To this end, all convalescent donors were screened to detect IFN-γ, TNF-α- IL-2 or 

CD154-expressing cells reactive to stimulation with SARS-CoV-2 peptide pools. The 

frequency of CD154+ T cells was significantly higher than that of any of the cytokines 

tested, indicating a significant proportion of activated CD154+ VST do not secrete Th1 

cytokines. This may suggest some CD154+ VST have different effector functions or 

are more functionally exhausted at least in terms of cytokine production (Saggau et 

al., 2024). This may also reflect a difference in kinetics of cytokine granule formation 

and secretion in comparison to CD154 molecule upregulation. The latter hypothesis 

could be investigated by testing for IFN-γ, TNF-α, IL-2 and CD154 T cell expression 

over a time-course of 4-24 hours following SARS-CoV-2 peptide stimulation. This was 

out of scope for the current study whereby duration of stimulation was fixed at 5 
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hours as optimised for selection using the cytokine capture method. Interestingly, of 

the cytokines tested using this assay, the frequency of IFN-γ-expressing T cells was 

lower than TNF-α and IL-2-expressing T cells; indicating IFN-γ as a detection marker 

underestimates the total responsive VST pool. Further analysis of SARS-CoV-2 

peptide-reactive T cell populations, showed IFN-γ-reactive T cells had an equal 

CD4:CD8 ratio, whereas peptide-reactive TNF-α+ cells and IL-2+ cells were skewed to 

CD4 T cells, and CD154+ cells had the highest CD4:CD8 ratio. Interestingly, the 

frequency of peptide-reactive CD8 cells was comparable between all markers at 

approximately 0.1% of the total T cell population. This suggests the hierarchical 

frequencies of SARS-CoV-2 T cell responses as IFN-γ < TNF-α < IL-2 < CD154 is due to 

increased peptide-reactive CD4 cells detected by these markers.  

To investigate the viral-specific T cells by different marker reactivities further, intra-

donor comparison studies were done to isolate SARS-CoV-2 reactive VST within each 

donor by IFN-γ CCS, TNF-α CCS, and CD154 surface magnetic bead enrichment. Sorts 

were carried out in parallel to ensure the same conditions for source material and 

peptide stimulation. 

The T cell screening studies using an intracellular cytokine assay incorporated 

protein transport inhibitor Brefeldin A to allow accumulation of proteins 

intracellularly for detection. Surface expression of CD154 was also optimised for 

sorting purposes.  Addition of the CD40 blocking antibody prior to 5 hour stimulation 

with SARS-CoV-2 peptide pools was found to significantly increase surface CD154 

expression, and correspondingly to enrich for a higher frequency and total number of 

CD3+ lymphocytes in the CD154-isolated target cell population. This correlates with a 

study showing surface CD154 expression peaked at 6 hours and was rapidly 

degraded by 8 hours post-stimulation with Staphylococcus aureus enterotoxin B (SEB) 

alone, however stimulation with SEB + CD40 both increased the frequency of CD154-

expressing cells and stabilised expression from 6-12 hours post-stimulation 

(Frentsch et al., 2005).  

Comparison of the target cells immediately following isolation demonstrated a 

consistent higher monocyte to lymphocyte ratio in CD154-isolated targets compared 

to both IFN-γ-isolated and TNF-α-isolated targets. This was found to be due to a 

higher count (107) of monocytes contaminating the CD154 targets compared to IFN-
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γ-isolated and TNF-α-isolated which contained 105-106 monocytes in target fractions. 

Conversely lymphocyte count was relatively comparable at 105-106 lymphocytes 

between different sorted target fractions. In this analysis cells have been crudely 

classified as monocytes based on size and scatter gating. However, CD154 expression 

has been detected on blood-derived myeloid DC (Pinchuk et al., 1996) or 

plasmacytoid DC (pDC) (Kuwajima et al., 2006) following CD40 stimulation. This may 

indicate circulating blood-derived DC or pDC are specifically isolated in the CD154 

sorts by activation-induced CD40-CD154 interactions, or potentially monocytes are 

non-specifically bound to beads possibly through phagocytic mechanisms during the 

column isolation (Gu et al., 2014). To investigate this further, future studies should 

use a flow cytometric panel of monocyte or DC markers to characterise this 

population. Interestingly while present at a significantly lower frequency, a similar 

monocyte-sized population was also caught in the IFN-γ-isolated and TNF-α-isolated 

targets. This has also been reported by a group characterising IFN-γ-isolated SARS-

CoV-2 VST after CCS, whereby target fractions contained ~5% monocytes (CD11c+ 

CD14+ HLADR+) and 10-15% DCs (CD11c+ CD14– CD123low CD183+ HLADR+) (Chu 

et al., 2023). Therefore, it is unconfirmed whether this population is undergoing a 

peptide-specific response and is specifically isolated, or caught up as contamination 

in the magnetic sort process, and whether this reflects different mechanisms/ 

populations between the target groups. 

Phenotyping with lymphocyte markers demonstrated TNF-α sortied targets with 

highest CD3+ CD56- T cell purity compared to IFN-γ sorting. In addition, TNF-α 

targets had a significantly higher CD4 to CD8 cell ratio compared to IFN-γ targets. 

CD154 targets similarly had a comparable high CD4 to CD8 ratio, however lack of 

significant difference in statistical comparison test to IFN-γ targets is likely due to the 

smaller sample number of CD154 sorts. Within the CD4 compartment, frequency of 

central memory cells was also significantly increased in TNF-α targets compared to 

IFN-γ targets. Together these data indicate direct selection using TNF-α or CD154 

enrich for a CD4-skewed population, whereas IFN-γ CCS isolates a more equal 

distribution of CD4+ and CD8+ antigen-reactive cells which may be an important 

consideration when choosing sorting method dependent on the desired product 

phenotype. Despite a higher frequency of CD154 expression detected using the 

intracellular screening assay, yield of target cells was comparable between the 

different sorting markers. This suggests the CD154 sort using surface expression 
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optimised in this protocol is inefficient at isolating all the CD154-expressing SARS-

CoV-2 VST even with the addition of CD40. In every donor-matched sort except 

C19USAD3, TNF-α selection isolated the highest number of viable target cells, and 

although not statistically significant had the greatest target cell yield from initial 

input of marker-expressing cells. Purity of PE-labelled lymphocytes however was 

highest in IFN-γ targets compared to TNF-α and CD154 targets. This suggests 

although absolute yield is lower, purity is enhanced in IFN-γ CCS; illustrating the fine 

balance between purity and efficiency in rare cell enrichment. 

It is the strategy of numerous centres to do a direct selection of SARS-CoV-2 VST 

using IFN-γ CCS and deliver the immediate Prodigy-isolated target cells immediately 

as the patient therapy (Bonifacius et al., 2022, Leung et al., 2020, Chu et al., 2023). 

Given this process is limited by target cell yield, ranging between 1-3x106 VST per full 

scale manufacture, we developed a subsequent expansion protocol to allow 

generation of sufficient cells for multiple patient doses. In addition to inducing a 

1000x fold expansion of SARS-CoV-2 VST, the culture protocol supported T cell 

outgrowth and consequently resulted in a highly purified and specific VST final 

product in comparison to the IFN-γ CCS target cells at the start (refer to Chapter 4). 

Therefore, it was important to determine whether TNF-α and CD154-isolated targets 

had different growth capacity in standard culture, and whether the conditions 

preferentially selected for any particular T cell subpopulations. Growth kinetics were 

comparable between the different isolation groups, with a mean 1000-2000x fold 

expansion over the culture period. Interestingly, fold expansion did not correlate with 

the initial number of isolated targets which may reflect robustness of the culture 

system no matter how small the target fraction. However, this may also be indicative 

of unknown donor-specific variables as to why certain lines have relatively poor 

culture expansions even with good target isolation. This is investigated further in 

Chapter 6.  

Expanded SARS-CoV-2 VST final products were highly purified for T cells (>90%) 

between the different sorting groups. While not statistically significant, some donors 

final product VST from IFN-γ isolations had a small NK cell contamination (2-12%) 

that were not present in the matched donor TNF-α and CD154-isolated VST 

expansions. Since IFN-γ is an important antiviral cytokine produced by NK cells, NK 

cell co-isolation during IFN-γ CCS and survival in culture is a potential limitation of 
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this technique. IFN-γ-isolated products also had a considerable population of CD8+ T 

cells at ~10-20% of expanded VST. In contrast both TNF-α and CD154-isolated VST 

were highly purified for CD4+ T cells (95-100%) with negligible CD8+ T cells 

following culture expansion. All isolation approaches successfully expanded CD4+ 

and CD8+ VST highly skewed to central memory with some residual effector memory 

cells with negligible TEMRA or naïve T cells. The CD4 to CD8 ratio would likely be 

extremely important in the context of therapeutic strategy, whereby patients much 

earlier in infection may benefit from infusion with cytotoxic CD8+ SARS-CoV-2 VST to 

clear virally infected lung epithelial cells. However administration of enriched CD8+ 

VST in later progressive COVID-19 disease states may contribute to dysregulated 

inflammatory damage within the lungs and therefore be potentially harmful to these 

patients. Therefore the therapy approach, patient group targeted and therapeutic 

window should be carefully considered when choosing the SARS-CoV-2 VST selection 

method. While several human trials are underway infusing allogeneic CD4-skewed 

SARS-CoV-2 VST lines (Vasileiou et al., 2023, Martits-Chalangari et al., 2022, Leung et 

al., 2020, Chu et al., 2023) to at risk early stage COVID-19 patients with the hypothesis 

that helper Th1 mediation may re-set the balance in favour of conventional adaptive 

responses, the mechanism by which these cells may act is not yet known. Conversely 

other groups have developed SARS-CoV-2 VST products more equal in CD4:CD8 

(Papayanni et al., 2021, Papadopoulou et al., 2023, Bonifacius et al., 2022, Basar et al., 

2021); or  CD8-skewed (Keller et al., 2020, Durkee-Shock et al., 2022, Cochran and Li, 

2021). This emphasises the need for appropriate models of SARS-CoV-2 infection 

with characteristic lung inflammation to critically test the benefit and risk balance of 

CD4/CD8 composition in SARS-CoV-2 VST lines.  

SARS-CoV-2 VST final products showed a consistent pattern of chemokine receptor 

expression regardless of isolation approach. Each showed high expression of 

inflammatory chemokine receptors CCR2, CCR4, CCR5, CXCR3, CXCR4 and CXCR6 

(discussed in more detail in Chapter 6). While CD154-isolated VST lines were not 

analysed in this assay, IFN-γ and TNF-α-isolated VST lines were equivalent in their 

protein level chemokine receptor expression indicating the isolation method does not 

alter the potential T cell migratory or trafficking mechanisms and the culture method 

may encourage outgrowth of antigen-specific T cells with a particular chemokine 

receptor pattern. Similarly, functional recall testing to pooled SARS-CoV-2 antigens 

indicated equivalent cytokine production between the differentially isolated VST 
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lines. Individual antigen specificity testing showed no significant differences between 

the isolation groups, however the CD154-isolated VST had an incomplete dataset and 

may skew observed trends due to low sample size within this group. The lower 

reactivity to nucleocapsid and membrane antigens was also seen in the matched 

donor IFN-γ and TNF-α-isolated VST lines. To further elucidate any differences in 

effector functions between the isolation groups, more CD154-isolated VST should be 

tested for individual antigen reactivity. In addition, different Th subset cytokines of 

VST supernatants following SARS-CoV-2 peptide recall could be assessed using 

multiplex ELISA and would further elucidate potential effector functions. Since CD154 

can capture a broader range of antigen-specific CD4+ T cells, it would be interesting 

to test for IL-6 and IL-21 secretion since spike-reactive follicular helper (Tfh) cells 

have been reported in peripheral blood (Rodda et al., 2021). Also given the difference 

in CD8+ T cell content between the groups, it would be prudent to directly compare 

VST lines in degranulation and/or cytotoxicity assays against infected or antigen-

pulsed target cell lines. It is likely given the presence of CD8+ T cells in IFN-γ-isolated 

VST this group would exhibit increased cytolytic activity. However, it is not 

inconceivable that TNF-α or CD154-isolated VST may also have some cytolytic 

capacity even in absence of CD8+ T cells through potential cytotoxic CD4+ T cells. The 

ability to test these research VST lines in the cytotoxicity assay described in Chapter 6 

was out of scope of the present study. 

TCRVβ sequencing revealed equivalent clonal repertoire diversity between the 

groups, with all isolated and expanded SARS-CoV-2 VST composed of a highly 

polyclonal repertoire dominated by a top 100-1000 clonotypes. Due to the timeframe 

of this sequencing experiment, comparisons were limited by a lower sample number 

of donor-matched isolated VST. In particular only n=1 sample of CD154-isolated VST 

was available at the time of sequencing, and therefore consideration should be taken 

in the interpretation of this data. Previous studies have described a more diverse TCR 

repertoire of peripheral CD4+ T cells than CD8+ T cells (Qi et al., 2014, Li et al., 2016), 

therefore higher CD8+ content in IFN-γ-isolated VST could confer a slightly more 

restricted repertoire in T cells isolated using this method compared to TNF-α or 

CD154 isolation. Interestingly in the single donor-matched comparison of all 3 

isolations, IFN-γ-isolated VST and CD154-isolated VST showed the least overlap of 

clonotype sequences indicating a greater repertoire dissimilarity between these 

isolated T cells.  
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Matching of clonal sequences to IEDB TCRMatch indicated highest repertoire 

specificity to SARS-CoV-2 as compared to other common viruses, and individual 

SARS-CoV-2 antigen specificity to ORF1ab and Spike. Using the TCRMatch matches to 

SARS-CoV-2 antigens, CDR3 sequences present were highest for spike, whereas very 

low proportions of the repertoire (<1%) showed specificity for nucleocapsid or 

Membrane. This does not correspond with the functional reactivity of the same VST 

lines to DCs loaded with individual SARS-CoV-2 peptides, whereby 20-50% final 

product VST expressed cytokine in response to nucleocapsid or membrane 

stimulation, with fewer cells responsive to spike (~10%). The divergence in antigen 

specificity between the two techniques may reflect TCR database bias towards SARS-

CoV-2 spike sequences given the unparalleled investigation into Spike-specific T cell 

responses throughout and following vaccine development. As of October 2023, the 

IEDB database has listed 3006 spike, 789 nucleocapsid and 270 membrane human T 

cell epitope sequences. In addition, distinct variations in read matches were seen 

between the IEDB and VDJdb databases, which likely reflects different CDR3 

sequences between HLA alleles. Furthermore, these databases are largely biased 

towards peptides recognised by MHC-I restricted molecules. At the time of analysis 

(05/06/2023) IEDB had 170,396 MHC-I restricted and 5161 MHC-II restricted TCR 

sequences. Similarly in the VDJdb, 37,627 TCRβ sequences were MHC-I restricted, 

whereas only 1,725 were MHC-II restricted. Therefore it is likely since SARS-CoV-2 

VST lines are composed mainly of CD4+ T cells, matching to MHC-II restricted 

sequences will be limited on generalised databases. This suggests specificity may be 

underestimated using TCR sequencing matches, and the functional reactivity data 

may give a more accurate measure of T cell antigen specificity.  

5.6 Chapter summary 

This chapter has investigated using different markers to isolate activated virus-

specific T cells with evaluation of processes and products for an allogeneic cell 

therapy. To this end, intra-donor comparisons were made between IFN-γ, TNF-α and 

CD154 magnetic enrichment protocols to isolate peptide-reactive SARS-CoV-2 VSTs 

with subsequent rapid culture expansion. While the frequency of reactive SARS-CoV-2 

VST in PBMC was highest with CD154 expression, the overall VST yield from magnetic 

isolations and consequent fold expansion following culture were equivalent between 

the different marker isolations. Although final product clonal composition, phenotype 
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and functional recall to SARS-CoV-2 antigens were largely comparable between the 

groups, the major difference observed was a higher frequency of CD8+ T cells in IFN-

γ-isolated VST, whereas TNF-α and even more so CD154-isolated VST were highly 

purified for CD4+ T cells. In terms of cell therapy manufacture, CD154 enrichment is a 

simpler surface marker bead isolation that can be carried out on a standard 

automated CliniMACS Plus processor compared to the cytokine capture selection 

which requires a CliniMACS Prodigy processor with added cost and duration to the 

process. However with differences in VST populations isolated and expanded 

between the sorting markers, choice of sorting process should be determined by the 

therapeutic strategy and patient group targeted. Where a desired mechanism of 

action includes targeted cytotoxic functionality, IFN-γ CCS would be the optimal 

process for isolating SARS-CoV-2 VST. Or conversely if targeting COVID-19 patients 

with more progressive disease where CD8+ mediated cytotoxicity may be detrimental 

to disease resolution, TNF-α or CD154 isolation processes would be ideal for 

generating purified Th cells. Since CD154 is also expressed on multiple Th subsets, 

generation of a multi effector CD4+ SARS-CoV-2 VST product may be optimal by 

CD154 isolation, however this needs to be investigated further to fully characterise 

CD154-isolated SARS-CoV-2 VST subsets.  In summary, TNF-α and CD154 enrichment 

processes are useful alternative sorting methods to the widely used IFN-γ capture 

selection to isolate and expand SARS-CoV-2 VST purified for helper T cell subset, and 

may therefore be advantageous with better understanding of disease progression. 
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Chapter 6 – Manufacture of a GMP-compliant 
allogeneic SARS-CoV-2 VST bank 

6.1 Introduction and aims 

As time goes on since the outbreak of SARS-CoV-2, evolution of the virus, changes 

between primary infection versus re-infection responses, as well as ongoing 

vaccination programs, means we are still gaining valuable insights into aspects of 

SARS-CoV-2 immune protection and dysfunction. In addition to drugs targeting viral 

mechanisms of infection or progressive disease pathophysiology, numerous therapies 

conferring SARS-CoV-2-specific immunity to individuals at high risk of severe COVID-

19 have been investigated as preventative or intervention strategies.  

A major initial approach to COVID-19 therapy, particularly prior to availability of 

vaccines, was adoptive transfer of convalescent plasma (CP) containing SARS-CoV-2-

specific antibodies from naturally recovered donors. CP has now been trialled in 

numerous countries however results over whether CP actually confers any clinical 

efficacy in hospitalised COVID-19 patients is inconclusive (Klassen et al., 2021). While 

T cell dysfunction is still a consistent feature of COVID-19 immune dysregulation, 

inconsistent results of CP and vaccines to fully prevent infection suggest antibody 

responses alone are not sufficient to control the clinical course of moderate to severe 

disease in COVID-19. Interestingly, SARS-CoV-2-specific T cell responses have been 

observed in convalescent donors with confirmed PCR positive test, without 

detectable S1 IgG antibodies, indicating a disconnect between T cell and humoral 

immunity (Schwarzkopf et al, 2021). Importance of host SARS-CoV-2-specific T cell 

responses in providing protection suggests there may still be a role for T cell 

therapies to treat vulnerable patient groups. While adoptive transfer of SARS-CoV-2-

specific T cells could potentially exacerbate the aggressive inflammatory response of 

severe patients presenting with cytokine storm syndrome, it is the strategy of 

numerous groups to target adoptive transfer of allogeneic VST to high-risk 

hospitalised patients to clear infection in the early-moderate stages and prevent 

progression to severe systemic complications (Hanley et al., 2020). 

Methods to manufacture adoptive T cell therapies with anti-SARS-CoV-2 immunity so 

far fall into 3 main categories: peptide-pulsed APC stimulation and VST outgrowth 

(Basar et al., 2021, Durkee-Shock et al., 2022, Keller et al., 2020, Kim et al., 2021, 
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Martits-Chalangari et al., 2022, Papadopoulou et al., 2023, Papayanni et al., 2021, 

Vasileiou et al., 2023), CD45RA+ naïve T cell depletion (Ferreras et al., 2021), or 

direct selection of VST by CCS (Bonifacius et al., 2022, Chu et al., 2023, Cooper et al., 

2020, Leung et al., 2020).  

Depletion of CD45RA+ T cells has the advantage of providing immunity to numerous 

pathogens whilst removing alloreactive naïve T cells and is therefore highly beneficial 

as a prophylaxis for HSCT or cancer patients to prevent acute infection of numerous 

viruses. However, in the overall antigen-specific T cell population produced there is 

only a very small number of memory VST specific to any particular virus, and 

therefore this approach may be limited as a therapy against an active viral infection.  

Peptide-pulsed APC stimulation and VST outgrowth without a selection step is 

effective for maintaining a good VST yield, as well as ensuring process simplicity/ 

cost, however the lack of selection will impact on product specificity due to dilution 

by bystander leukocytes. Functional recall of ex vivo expanded SARS-CoV-2 VST (n=16 

donor lines) demonstrated SARS-CoV-2 peptide specificity of 10-16% within CD4+ 

cells and 4-6% within CD8+ cells (Vasileiou et al., 2023). Keller and colleagues report 

0-3% expanded VST expressing IFN-γ in response to individual antigen stimulation to 

SARS-CoV-2 membrane, nucleocapsid and spike peptides (Keller et al., 2020); and a 

further 5-25% responsive to pooled SARS-CoV-2 peptides measured as both IFN-

γ+/TNFα+ cells and CD107a+ cells (Durkee-Shock et al., 2022). A group using a 

similar protocol (SARS-CoV-2 peptide-pulsed APC ex vivo expansion for 3-4 weeks) 

reported a mean of 10% CD3+/ IFN-γ+ cells responsive to individual spike, 

nucleocapsid and membrane peptivator stimulation (Kim et al., 2021). A similar 

finding was observed in expanded SARS-CoV-2 VST both with and without 

glucocorticoid deletion, as potential strategy to provide corticosteroid resistance, 

with ~ 20% IFN-γ+ cells upon recall with SARS-CoV-2 pepmixes (Basar et al., 2021). 

Direct selection conversely allows isolation of highly purified antigen-specific T cells, 

however this is weighted against a low frequency of the desired antigen-specific T 

cells within the whole PBMC population. As corresponding to our findings other 

groups have confirmed similar yields of approximately 1-2x106 IFN-γ+ target cells 

responding to SARS-CoV-2 peptide pools from Prodigy CCS isolation (Bonifacius et al., 

2022, Chu et al., 2023, García-Ríos et al., 2022, Leung et al., 2020). As discussed in 
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Chapter 4, we developed a post-selection culture protocol which induced a mean 

1000x fold expansion in CCS IFN-γ+ target cells within 14 days, with expanded cells 

retaining functional potency and specificity. As of October 2023, there appears only 

one other reported study that combines CCS isolation with an expansion protocol to 

generate a SARS-CoV-2 VST product with clinically relevant numbers (Gil-Bescós et 

al., 2023). This approach however uses an initial 14 day culture period with SARS-

CoV-2 peptivator Select to expand peptide-reactive VST within the PBMC population, 

followed by an IFN-γ CCS at day 14 – essentially the reverse of our approach. While 

the absolute numbers of final product were not reported, the frequency of SARS-CoV-

2 reactive VST in PBMC population increased from 0.02 ± 0.01% at day 0, to 3.9 ± 

2.4% at day 14 expansion (n=9 donors). This allowed a very efficient IFN-γ CCS 

enrichment at day 14 with isolated products at 75.5 ± 11.0% IFN-γ+ target cells. This 

process would be particularly useful for generating SARS-CoV-2 VST from individuals 

with very low frequency SARS-CoV-2 responsive T cells at initial blood donation. 

Since our developed process induced sufficient yield for multiple patient doses, our 

centre proceeded to GMP manufacture a SARS-CoV-2 VST bank for clinical use. To this 

end, full scale development runs with commercial USA donor leukapheresis (n=4 

donors) as starting material were used to translate and validate the process within 

the clean room environment. COVID-19 convalescent UK donors screened with 

sufficient SARS-CoV-2 peptide T cell responses were then invited to donate 

leukapheresis for full GMP clean room manufacture (n=9 donors). Therefore, it was 

the aim of this chapter to summarise my work to assess process translation from 

research phase to GMP manufacture, with evaluation of product yield, phenotype and 

effector functionality. Also with high yields of VST, cells were available for more 

additional functional characterisation and safety testing. All data gathered from my 

investigations were used for an Investigational Medicinal Product Dossier to 

administer partially HLA-matched SARS-CoV-2 VST in a first in human phase I safety 

trial (DEFINE trial NCT04473053) for hospitalised COVID-19 patients. 

6.2 Research process translation to full-scale GMP 
manufacture 

Initial development of the process to generate SARS-CoV-2 VST was done on a 

reduced scale research protocol, using donor buffy coat as starting source material, 

and open process CCS isolation and culture methods to allow testing of multiple 
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conditions (as described in Chapter 4). Prior to clean room production of the SARS-

CoV-2 VST bank, full-scale development was done using leukapheresis starting source 

material to understand VST yield and product comparability when using automated 

CCS isolation and closed-process culture expansion. Since it was unethical to use a full 

leukapheresis donation for development purposes within the UK, commercial 

leukapheresis material with ethical consent for research use including genetic testing 

was acquired from USA donors with confirmed previous COVID-19 infection by PCR. 

Four USA donors were used for development runs. While USA donors could not be 

pre-screened for T cell responses to SARS-CoV-2 peptivator S+N+M peptide pools 

prior to apheresis, upon arrival the raw leukapheresis was screened using the SARS-

CoV-2 screen assay in tandem with the Prodigy CCS isolation. From the screening 

assay, donor C19USAD1 had insufficient CD3+/IFN-γ+ frequency as per our 0.08% of 

T cells threshold criterion for manufacture, therefore due to significant costs of 

Prodigy consumables this donor sample was not run on Prodigy isolation. Details of 

subsequent USA donor material used in translation are outlined in Table 6.1. 

Donor Sex Blood Group 

C19USAD2 M AB+ 

C19USAD3 M A+ 

C19USAD4 M O+ 

Table 6.1 – SARS-CoV-2 VST translation donor details. 

6.2.1 SARS-CoV-2 VST isolation using an automated closed-
system cell processor 

Since leukapheresis is highly enriched for leukocytes, full-scale manufacturing was 

made from raw leukapheresis material, unlike the buffy coats which required an 

initial PBMC isolation step. Therefore, upon shipment from the USA (approximately 

48-72 hours), the leukapheresis start material was volume adjusted with acid citrate 

dextrose (ACD-A), and immediately set up to run an IFN-γ CCS isolation on automated 

CliniMACS Prodigy cell processor.  Following the standard Prodigy CCS programme, 

target cells were collected and a small sample taken for count and phenotyping. The 

total number of Prodigy target cells for each donor is shown in Figure 6.1A, where all 

donors had consistent input leukapheresis WBC count. No significant correlation was 

seen between the number of CD3+ Prodigy CCS targets isolated versus the frequency 

of CD3+/IFN-γ+ cells in the leukapheresis screen assay (Figure 6.1B). The mean CCS 



254 

– Manufacture of a GMP-compliant allogeneic SARS-CoV-2 VST bank 
 

percentage yield of target cells from input WBC was comparable between Prodigy 

USA donors and previous manual CCS buffy coat isolations (Figure 6.1C). 

 

Figure 6.1 - Manual versus Prodigy IFN-γ isolated targets yield comparison. 

SARS-CoV-2 VST reactive to pooled S+N+M peptides were isolated from full-scale leukapheresis 
of COVID-19 convalescent USA donors (lilac squares, n=3) using automated Prodigy IFN-γ CCS 
assay. (A) Isolated IFN-γ+ target cells from CCS assay were counted for total number of CD3+ 
cells using MACSQuant10 analyser for each USA donor. (B) No significant correlation was 
observed between total number of CD3+ cells in the CCS-isolated IFN-γ+ target fraction, versus 
the % CD3+/IFN-γ+ PBMC from intracellular cytokine screening assay. Statistical analysis was 
performed by generating Pearson correlation coefficients, where p<0.05 was considered 
significant. (C) The CCS yield (no. of CD3+ CCS target cells/ no. of WBC input) was compared 
between Prodigy isolated USA donors (n=3) and manual isolated UK donors (from Chapter 4, 
burgundy circles, n=12). Data is represented as mean ± SEM. No significant differences were 
observed using unpaired t-tests. 

A small sample of positive fraction target cells from the prodigy CCS isolation were 

also phenotyped using the T cell surface phenotype panel as per Table 2.5. The target 

cell phenotype of Prodigy CCS isolations from leukapheresis was again compared to 

manual column CCS isolated targets from buffy coats (data from initial research phase 

in Chapter 4). As can be seen, the percentage of monocytes, CD3+ T cells, CD3+/CD56- 

NK cells and CD3+/CD56+ NKT cells was equivalent between Prodigy CCS targets and 

manual CCS targets (Figure 6.2A).  Of the gated CD3+ T cells (Figure 6.2B), there 

was a similar frequency of CD8+ and DP T cells, however a significantly (p=0.005) 

lower percentage of CD4+ T cells in Prodigy CCS targets compared to manual CCS 

targets. This likely reflects the significantly higher (p<0.0001) percentage of DN 

(CD4-/CD8-) T cells in Prodigy CCS targets than manual CCS targets. This observation 

may be due to the more intense stimulation and cell processing involved in 

automated Prodigy CCS. One feature of the automated prodigy CCS programme is 

leukapheresis cells are run through the magnetic column twice to optimize purity, 



255 

– Manufacture of a GMP-compliant allogeneic SARS-CoV-2 VST bank 
 

however this was not done for manual column isolations. Debris in particular was 

notably high in Prodigy CCS isolation (discussed in section 6.4.1) which is thought to 

be due to the automated closed processing and double column enrichment. Since T 

cells can downregulate CD4 and CD8 receptors upon significant or chronic activation 

(Xiao et al., 2007, Grishkan et al., 2013), the higher frequency of DN T cells may reflect 

the intense stimulation and processing through the magnetic column in this closed 

system. Within the CD4+ T cell population (Figure 6.2C), the frequency of memory 

subtypes were comparable between the two groups, however differences were seen 

within the CD8+ T cell population (Figure 6.2D). The frequency of central memory 

cells (CD8 TCM) was significantly higher (p=0.035) in Prodigy CCS targets than 

manual CCS targets, however with low effect size. The mean percentage of effector 

memory (CD8 TEM) was also significantly increased (p=0.0227) in Prodigy CCS 

targets than manual CCS targets, and consequently a reduced frequency (p=0.0145) 

of terminal effector cells (CD8 TEMRA) in Prodigy CCS targets than manual CCS 

targets. Again this suggests there are discrete phenotypic differences in targets 

isolated using the Prodigy CCS versus manual CCS protocol, however it should be 

noted there is unequal variance in the two groups due to a low sample size in the 

prodigy (n=3) versus manual (n=9) groups that may bias the statistical observations. 

 

Figure 6.2 - Manual versus Prodigy IFN-γ isolated targets phenotype comparison. 

Gated viable lymphocytes of target samples were compared for the frequency of different 
phenotypic populations between manual column CCS (n=9, burgundy circles) or automated 
Prodigy CCS (n=3, lilac squares) VST isolations. (A) Gating on total lymphocytes, groups were 
compared for monocytes, T cells, NKT cells and NK cell frequency. (B) Gated T cells (CD3+) were 
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then assessed for T cell subtypes: CD4, CD8, double positive (DP) and double negative (DN). 
Each CD4+ (C) and CD8+ (D) T cell population was further assessed for T cell memory 
populations: naïve (TNaive), central memory (TCM), effector memory (TEM), and terminally 
differentiated effector memory RA (TEMRA). Data is represented as mean ± SEM. Statistical 
significance was determined using unpaired t-tests where *p≤0.05 and *p≤0.0001. 

6.2.2 Culture expansion process translation: small-scale to large-
scale 

As in Chapter 4, Prodigy isolated targets were set up in co-culture with irradiated 

non-target cells and expanded in culture. Using the optimised culture protocol as per 

section 2.3.10, day 14 was chosen as the optimal day of product harvest to allow 

maximised expansion without need of a feeder re-stimulation step. The growth 

curves of USA donor full-scale development runs are shown in Figure 6.3A. The fold 

expansion between day 0 isolated CCS targets and day 14 cultures was not 

significantly different between Prodigy USA donors and previous manual CCS buffy 

coat isolations (Figure 6.3B), however there was considerable variation between 

USA donor cultures – in particular C19USAD4 demonstrated a 3000x expansion. 

 

Figure 6.3 - Full-scale development runs growth curves. 

(A) Full-scale development cultures demonstrated a 2-3 log expansion over 14 days using the 
validated SARS-CoV-2 VST culture protocol. (B) Fold expansion from day 0 targets to day 14 
harvested VST using the optimised protocol was compared between Prodigy-isolated USA donors 
(lilac squares) and manual-isolated UK donors (burgundy circles – C198BC8-14). Data is 
represented as mean ± SEM. No significant differences were observed using unpaired t-tests. 
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6.2.3 Comparison of SARS-CoV-2 VST from manual versus 
Prodigy isolations 

As shown above, there were some discrete differences in CCS targets between 

Prodigy versus manual isolations (see section 6.2.1). Day 14 expanded VST were 

therefore also compared for phenotype between Prodigy-isolated and manual-

isolated groups to see if these differences were maintained in the culture expansion 

process. No significant differences were seen in the frequency of monocytes, T cells, 

NK cells or NKT cells in the final products between Prodigy isolations than manual 

isolations (Figure 6.4A). Although there was a high frequency of DN T cells in the 

prodigy CCS target cells (Figure 6.2B), the frequency of CD4, CD8, DP and DN T cells 

was equivalent between the two groups in the final product expanded cells (Figure 

6.4B). This suggests either the DN T cells in Prodigy CCS targets did not expand in 

culture and were outcompeted by CD4+ and CD8+ T cell expansion; or that there was 

a transient downregulation of CD4 and CD8 receptors during the Prodigy CCS 

isolation, but receptor expression recovered during the culture process. Both CD4 

(Figure 6.4C) and CD8 compartments (Figure 6.4D) had comparable memory 

subpopulations between the two groups. Altogether these data suggest that the 

phenotypic differences of target cells between Prodigy and manual CCS is lost over 

the culture period demonstrating robustness in the protocol to favour central 

memory CD4 and CD8 T cell expansion. 

 

Figure 6.4 - Manual versus Prodigy VST final product phenotype comparison. 
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VST expanded for 14 days in culture were compared for the frequency of different phenotypic 
populations between manual column CCS (burgundy circles) or automated Prodigy CCS (lilac 
squares) isolations. (A) Gating on total lymphocytes, groups were compared for CD45+ cells, T 
cells, NKT cells and NK cell frequency. (B) Gated T cells (CD3+) were then assessed for T cell 
subtypes: CD4, CD8, double positive (DP) and double negative (DN). Each CD4+ (C) and CD8+ 
(D) T cell population was further assessed for T cell memory populations: naïve (TNaive), central 
memory (TCM), effector memory (TEM), and terminally differentiated effector memory RA 
(TEMRA). Data is represented as mean ± SEM. Statistical significance was determined using 
unpaired t-tests corrected for multiple comparisons with Holm-Šídák method test where *p≤0.05. 

Expanded SARS-CoV-2 VST were also compared for functional reactivity between 

Prodigy isolations versus manual isolations using the DC co-culture ICR assay 

outlined in section. Briefly, autologous DC were loaded with pooled SNM peptides and 

co-cultured with the day 14 expanded VST at [1 DC: 10 VST] for a 5 hour stimulation. 

Antigen recall was then assessed by flow cytometry intracellular expression of T cell 

effector cytokines IFN-γ, TNF-α, IL-2; and Th cell activation marker CD154 

normalised to unloaded DC controls. No significant differences were observed in the 

percentage of peptide-reactive IFN-γ+, TNF-α+, IL-2+ or CD154+ T cells between the 

two groups (Figure 6.5), indicating comparable effector functionality between 

Prodigy-isolated and manual-isolated VST. 

 

Figure 6.5 - Manual versus Prodigy VST functional reactivity comparison. 

SARS-CoV-2 VST expanded for 14 days from either manual CCS isolations (n=4, burgundy circles) 
versus Prodigy CCS isolations (n=3, lilac squares) were compared for functional reactivity to 
SARS-CoV-2 peptides. For this, autologous DC (generated by Dr Paul Burgoyne) were loaded with 
pooled SARS-CoV-2 Spike + Nucleocapsid + Membrane (SNM) peptides. SNM-loaded or unloaded 
DC controls were co-cultured with VST at [1 DC: 10 VST] for 5 hours and co-cultures subsequently 
stained for intracellular cytokines & activation markers. To measure VST reactivity to pooled SNM 
peptides, gated CD3+ T cells were quantified for expression of IFN-γ, TNF-α, IL-2 and CD154. All 
peptide-reactive cells were normalised to unloaded DC controls. Data is represented as mean ± 
SEM and tested for statistical significance using unpaired t-tests.  
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Altogether these data indicate there is no significant difference in fold expansion, final 

product phenotype and final product functional response between manual versus 

Prodigy-isolated VST. Therefore, these data demonstrate that the closed system 

automated isolation and culture approach scales equivalently to the established 

manual process and is suitable for full-scale VST production. 

6.3 Donor selection for SARS-CoV-2 VST bank 
manufacture 

As learnt from previous development and manufacture of the EBV VST bank using 

peptides and CCS, manufacture failure rate was greatly reduced by implementing a 

peripheral blood pre-screen assay to test T cell peptide responses. While all donors 

for this work were EBV-seropositive, not all had detectable EBV peptide T cell 

responses at donation, which was linked to poor yield at prodigy CCS isolation and 

subsequent failure to expand (Cooper et al., 2024). Therefore for this bank, a 

minimum threshold of 0.08% CD3+ IFN-γ+ cells reactive to EBV peptides in buffy coat 

pre-screen was considered sufficient for a successful EBV VST product manufacture. 

Given this experience, and combined with the observations in Chapter 4 that the 

frequency of SARS-CoV-2 VST in buffy coat PBMC showed a trend to decline over time 

from infection, it was deemed crucial to set a similar pre-screen threshold for a donor 

to be eligible for SARS-CoV-2 VST bank manufacture. 

6.3.1 Banked donors buffy coat SARS-CoV-2 T cell responses 

While SARS-CoV-2 T cell responses for the full cohort of screened buffy coat donors is 

discussed in Chapter 5, the frequency of CD3+ IFN-γ+ cells reactive to pooled SNM 

stimulation for the final SARS-CoV-2 VST banked donors is shown in Figure 6.6. All 

buffy coats were screened between August 2020 to April 2021, with a minimum 

criterion of >0.08% CD3+ IFN-γ+ cells to be detected prior to being contacted for 

donor consent for bank manufacture. As can be seen, while most donors have a 

frequency of 0.1-0.2% SNM-reactive T cells, two donors had >0.5% reactive SNM-

reactive T cells at time of buffy coat screening. 
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Figure 6.6 - Buffy coat donors IFN-γ responses to SARS-CoV-2 SNM peptides. 

Buffy coat PBMC peptide screening of T cell responses to SARS-CoV-2 pooled SNM peptides 
stimulation. A threshold of >0.08% CD3+ IFN-γ+ lymphocytes was set for a donor to be eligible for 
VST bank manufacture. The frequency of SNM-reactive T cells is shown for the final banked 
SARS-CoV-2 VST donors. 

With the rapid development and delivery of the SARS-CoV-2 vaccine program in the 

UK, by the time most bank donors were scheduled to donate leukapheresis they had 

received Spike-directed vaccines. Therefore, screening responses were compared 

between their initial buffy coat screen and later leukapheresis pre-screen in attempt 

to elucidate differences in natural virus versus vaccine T cell responses (Figure 6.7). 

For donor 1 the response to pooled SARS-CoV-2 peptides markedly increased from 

0.12% to 0.78% CD3+ IFN-γ+ cells between initial screen (29 days after virus 

infection natural resolution) and leukapheresis pre-screen (61 days after first dose of 

Pfizer vaccine). Interestingly, individual peptide responses showed Spike-reactive 

VST levels were slightly lower than that of Nucleocapsid and Membrane 

demonstrating the T cell response is not particularly oriented towards Spike antigen 

recognition despite a dose of Spike-targeted vaccine. Instead, the increase in response 

seen between time-points is more indicative of a recent community reinfection. 

Donor 2 however showed a decreased response to pooled peptides (0.52% to 0.29% 

CD3+ IFN-γ+ cells respectively) between initial screen (65 days after infection 

resolution) and leukapheresis pre-screen (99 days after second dose Pfizer vaccine). 

Donor 2 showed negligible T cell IFN-γ reactivity to Nucleocapsid at the latter screen, 

with more T cells reactive to Spike and Membrane which may indicate a re-

distribution of the peripheral SARS-CoV-2 memory T cell compartment after vaccine. 



261 

– Manufacture of a GMP-compliant allogeneic SARS-CoV-2 VST bank 
 

 

Figure 6.7 - Case studies of T cell virus versus vaccine responses. 

The frequency of SNM-reactive VST (CD3+ IFN-γ+ cells) in peripheral blood PBMC is compared 
between two time-points: initial buffy coat screen after natural virus infection resolution (top panel 
for each donor) and at leukapheresis pre-screen at indicated time after receiving spike-targeted 
vaccines (bottom panels for each donor).  

6.3.2 Donors selected for SARS-CoV-2 VST bank manufacture 

An initial 15 COVID-19 convalescent donors were consented to donate leukapheresis 

for SARS-CoV-2 VST bank manufacture. Donors C19UKD1 and C19UKD2 successfully 

generated SARS-CoV-2 VST using the clean room validated process, however these 

initial runs took place between December 2020 and January 2021 using S+N+M 

premium-grade peptide pools as used all throughout the development. In February 

2021, GMP-grade SARS-CoV-2 (SC-2) Select peptide pools were released by Miltenyi 

Biotec and therefore these were tested for use in the SARS-CoV-2 VST manufacturing 
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process. Donor C19UKD3 had a parallel clean room process to directly compare 

isolation with premium-grade S+N+M versus GMP-grade peptide pools. Since this 

intra-donor comparison demonstrated equivalent expansion, final product phenotype 

and functionality (data not shown), GMP SC-2 Select peptides were taken forward for 

the bank manufacture to ensure the process was fully GMP-compliant. C19UKD3 and 

all following donor VST banked were generated against GMP SC-2 Select peptides. 

Four donors (C19UKD4, C19UKD5, C19UKD11, C19UKD13) failed the clinical 

apheresis unit screening tests and therefore did not proceed to leukapheresis 

donation. The remaining nine donors were run in GMP clean room manufacture as 

per Table 6.2, in which they are colour coded according to final product yield (green 

=good yield, yellow = poor yield, orange=not sufficient product for inclusion in the 

bank). 

Donor Age 
Time of 

Infection 

~Days 

Infection 

to 

Donation 

Most 

Prevalent 

Variant 

Vaccine Status 

~Days 

Last 

Vaccine 

to 

Donation 

C19UKD3 30 Apr-20 299 Wild type Not vaccinated N/A 

C19UKD6 50 Oct-20 185 Wild type Single vaccinated (Pfizer) 66 

C19UKD7 59 Oct-20 213 Wild type Double vaccinated (Pfizer) 97 

C19UKD8 56 Oct-20 255 Wild type Double vaccinated (AstraZeneca) 37 

C19UKD9 49 Oct-20 290 Wild type Double vaccinated (AstraZeneca) 29 

C19UKD10 58 Jul-20 431 Wild type Double vaccinated 203 

C19UKD12 41 Jul-21 122 Delta Double vaccinated 91 

C19UKD14 25 Jun-21 178 Delta Double vaccinated 117 

C19UKD15 45 Jan-21 331 Alpha Triple vaccinated (Pfizer + 

Moderna) 

85 

Table 6.2 - SARS-CoV-2 VST banked donor infection and vaccination details. 

6.3.3 Leukapheresis screen of SARS-CoV-2 VST banked donors 

Donors selected on the basis of T cell peptide responses in initial 2020 buffy coat 

screening were consented for leukapheresis donation for potential inclusion in VST 

bank manufacture. Since the duration between initial buffy coat screen and 

leukapheresis donation was between 2-12 months, donors had a small volume of 
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peripheral blood taken one to two weeks prior to their scheduled leukapheresis, to 

re-test for peptides responses to ensure VST numbers hadn’t declined to undetectable 

levels.  All donors had sufficient peptide-reactive T cells (>0.08%) at peripheral blood 

testing. Donors that passed standard clinical apheresis screening on health, behaviour 

and blood counts then went ahead for 5L Optia leukapheresis collection. While 2x109 

WBC from leukapheresis was taken straight for Prodigy CCS isolation, residual cells 

were again screened for SARS-CoV-2 peptide responses to understand differences 

between peripheral blood PBMC and raw leukapheresis WBC responses. It was 

important to ensure peptide-reactive T cells were still detectable at sufficient level in 

unprocessed leukapheresis, or if these were insufficient, a PBMC isolation step may 

be required for the manufacturing process. As can be seen in Figure 6.8A, responses 

to Spike, Nucleocapsid or Membrane were highly variable between donors, with no 

consistent skewing towards any individual peptide (Figure 6.8B). Donor 

leukapheresis was also tested for responses to pooled SNM research-grade peptides 

used in initial development, versus GMP-grade SC-2 Select used for manufacture 

(Figure 6.8C). Although there trended towards higher responses to pooled SNM 

compared to GMP SC2 Select, this was not statistically significant (Figure 6.8D). 

 

Figure 6.8 - Leukapheresis screen response to different SARS-CoV-2 peptides. 
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Leukapheresis material from COVID-19 convalescent donors selected for SARS-CoV-2 VST bank 
manufacture was tested for responses to different SARS-CoV-2 peptides. The frequency of CD3+/ 
IFN-γ+ cells within the lymphocyte population for individual protein SARS-CoV-2 peptides: Spike, 
Nucleocapsid and Membrane is shown per donor (A) and as (B) mean ± SEM (n=9). Comparisons 
between groups were made using RM one-way ANOVA where *p≤0.05 was considered statistically 
significant. The frequency of CD3+/ IFN-γ+ cells within the lymphocyte population for mixed SARS-
CoV-2 peptides: pooled SNM (research-grade) and SARS-CoV-2 Peptivator Select (GMP-grade) 
for each donor (C) and as (D) mean ± SEM (n=9). Comparisons between groups were made using 
paired two-tailed T tests where *p≤0.05 was considered statistically significant. 

Comparison of T cell responses to the GMP SARS-CoV-2 peptides was made between 

the peripheral blood isolated PBMC (taken 1-2 weeks prior to leukapheresis 

donation) and unprocessed raw leukapheresis (Figure 6.9). All donors except for 

C19UKD8 and C19UKD15 demonstrated a reduction in peptide-reactive T cells in the 

raw leukapheresis compared to peripheral blood isolated PBMC (Figure 6.9A), which 

was a significant difference as mean of all donors (Figure 6.9B). Although there was a 

1-2 week gap between sampling points that may indicate a contraction in the VST 

population in this time, it is more likely the variation reflects the different processing 

and ultimately different population compositions of the blood samples.  

 
Figure 6.9 - Comparison of peripheral blood pre-screen and leukapheresis T cell responses. 

T cell responses to SARS-CoV-2 Peptivator Select were compared between peripheral blood 
isolated PBMC (two weeks prior to leukapheresis donation) and raw leukapheresis material. The 
frequency of CD3+/ IFN-γ+ cells within the lymphocyte population for the two samples are shown 
per donor (A) and as (B) mean ± SEM (n=9). Comparisons between groups were made using 
paired two-tailed T tests where **p≤0.01.  

6.4 SARS-CoV-2 VST bank manufacture 

Within 24 hours of collection, leukapheresis donations were set up for CliniMACS 

Prodigy CCS isolation with GMP SARS-CoV-2 Peptivator Select. The following 

morning, samples were taken from both IFN-γ+ targets and non-target fractions for 

counts using TruCount enumeration. Non-target cells were irradiated and co-cultures 
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set up at [100 Non-targets: 1 Target] in G-Rex100M-CS flasks for a 14 day culture 

expansion, with feeds and passage at days 7 and 11. Samples from IFN-γ+ targets at 

day 0 and day 14 expanded final product cells were phenotyped. Exemplar flow 

cytometry analysis of targets and final product samples between a ‘good’ expansion 

donor and a ‘bad’ expansion donor is shown in Figure 6.10. 

 

Figure 6.10 - Flow cytometry representative phenotype analysis of targets and final product. 

QC analysis of VST surface phenotype at day 0 isolated targets versus day 14 final product is 
shown for exemplar (A) ‘good’ expansion donor C19UKD7, as compared to (B) ‘poor’ expansion 
donor C19UKD9. 

6.4.1 SARS-CoV-2 VST banked donors Prodigy isolations 

Prodigy CCS isolations were analysed for successful selection of target VST on the 

basis of yield and enrichment purity. Enumeration of CCS IFN-γ+ target cells was 

made using Trucount assay counting the total number of viable cells (CD45+/ 

DRAQ7-). Total counts for each donor isolation are shown in (Figure 6.11A). No 

significant correlations were seen by the number of isolated target cells and the 

duration between first infection and leukapheresis donation (Figure 6.11B). In 
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addition, no correlations were observed between the number of isolated targets 

versus the frequency of peptide-reactive VST and peripheral blood pre-screen 

(Figure 6.11C) or leukapheresis screen (Figure 6.11D).  

 
Figure 6.11 - Banked VST Prodigy targets yield correlations. 

Samples of prodigy-isolated IFN-γ+ targets were taken for cell enumeration using TruCount assay. 
(A) The total number of CD45+/ DRAQ7- (viable WBC) is shown per donor. Correlations between 
target viable count were made between (B) the duration from first infection to leukapheresis 
donation, (C) the frequency of peptide-reactive VST at peripheral blood PBMC pre-screen and (D) 
the frequency of peptide-reactive VST in the leukapheresis screen. Calculation was performed 
using Pearson correlation coefficient. For each correlation test, the p value was reported where 
p>0.05 was non-significant. 

The phenotype of CCS isolated targets was analysed as outlined in Figure 6.10. Initial 

characterisation based on scatter properties demonstrated target cell composition 

was 10-20% lymphocytes (Figure 6.12A), 5-10% monocytes (Figure 6.12B), and 65-

80% dead cells/ debris (Figure 6.12D), demonstrating the relatively harsh effects of 

closed-system CCS isolation. The ratio of lymphocytes to monocytes and thereby 

overall targets lymphocyte purity discounting dead cells was variable between 

donors (Figure 6.12C). Within the viable lymphocyte population, target samples had 

variable frequencies of NK cells (Figure 6.12E) and NKT cells (Figure 6.12F) 
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between 0-15% between donors, but were largely enriched for T cells (Figure 6.12G) 

at 60-80% CD3+/ CD56- cells. Within the T cell population, most donor target cells 

were skewed toward CD4+ cells, however some donors had a more equal CD4:CD8 T 

cell ratio (Figure 6.12H). In terms of T cell memory (Figure 6.12I), targets were 

consistently enriched for effector memory (TEM), with small populations of terminal 

effector (TEMRA) and central memory (TCM), and negligible naïve T cells (TNaive). 

 

Figure 6.12 - Banked VST Prodigy IFN-γ targets phenotype. 

Samples of prodigy-isolated IFN-γ+ targets of banked VST manufacturing runs were taken for flow 
cytometry phenotyping. From ungated total events, (A) % lymphocytes, (B) % monocytes, (C) 
lymphocyte: monocyte ratio and (D) % dead cells/ debris is shown per donor. Within the viable 
lymphocyte population (gated lymphocytes/ singlets/ live), each donor was quantified for (E) % NK 
cells, (F) % NKT cells, and (G) T cells. Gated T cells were further assessed for (H) CD4: CD8 ratio 
and (I) T cell memory populations: naïve (TNaive), central memory (TCM), effector memory (TEM), 
and terminally differentiated effector memory RA (TEMRA). 
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6.4.2 SARS-CoV-2 banked donors culture expansion 

Following clean room culture expansion, final product cells were harvested and 

formulated into bagged patient doses (1.5x108 VST/dose) and cryopreserved for LN2 

VST bank storage. Most donors demonstrated a 3x log fold expansion over the 14 day 

culture, however donors C19UKD9 & C19UKD10 only achieved a 2x log fold 

expansion by final product (Figure 6.13A). The number of final product patient doses 

cryopreserved for clinical use was highly variable between donors (Figure 6.13B). 

Since a minimum of 4 bags was required for various final product testing procedures, 

donors C19UKD9 and C19UKD10 had insufficient doses to be included in the final VST 

bank. While donors C19UKD14 and C19UKD15 generated a significantly large 

number of product doses, Planer controlled rate freezer and liquid nitrogen tank 

capacity limited number cryopreserved for clinical use to 80 bags highlighting the 

physical practicalities of even large-scale manufacturing centres such as SNBTS. 

 

Figure 6.13 - Banked VST growth curves and final product yield. 

Growth kinetics of banked donors VST culture expansions. (A) Growth curves between day 0 
isolated targets and day 14 of culture expansion are shown for all donors. (B) The number of final 
product patient doses cryopreserved for clinical use (formulated at 1.5x108 VST per dose) was 
highly variable between donors.  

The total number of harvested final product VST was tested for manufacturing 

correlations (Figure 6.14). Day 14 VST count did not correlate with the duration 

between initial infection to leukapheresis donation (Figure 6.14A) or the number of 

target cells isolated by prodigy CCS (Figure 6.14B). Similarly, no relationships were 

observed with final product yield and frequency of peptide-reactive VST at the 

peripheral blood PBMC pre-screen (Figure 6.14C) or leukapheresis screen (Figure 

6.14D).  
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Figure 6.14 - Banked VST final product yield manufacturing correlations. 

Final product cells harvested following 14 days expansion were enumerated for CD45+/DRAQ7- 
viable cells using TruCount assay. Day 14 VST count was tested for correlations between (A) 
duration between first infection and leukapheresis donation, (B) Prodigy targets count, (C) 
frequency peptide-reactive VST at peripheral blood pre-screen, and (D) frequency of peptide-
reactive VST at leukapheresis screen. Calculation was performed using Pearson correlation 
coefficient. For each correlation test, the p value are reported where p>0.05 was non-significant. 

The final product yield was also assessed for correlation with prodigy target 

phenotype to understand if certain populations positively or negative impacted 

culture expansion (Figure 6.15). No significant correlations were observed with final 

product count and the frequency of lymphocytes, monocytes or dead cells/ debris in 

Prodigy target fractions (A-D). Similarly, no relationships were seen between final 

product yield and frequency of NK cells, NKT cells or T cells in the target population 

(E-G). A negative correlation was observed with day 14 VST count and frequency of 

CD4+ T cells in target fractions (H). Correspondingly there was a positive association 

between frequency of CD8+ T cells in the target fraction and final product yield (I). 

Finally, no correlations were observed with final product count and target fraction 

frequency of central memory, effector memory, or terminal effector memory (J-L). 

These data indicate VST yield is dependent on CD4 to CD8 content of the targets, 

whereby CD8+ T cells have greater capacity for expansion in our culture process. 
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Figure 6.15 - Prodigy IFN-γ targets phenotype to final product yield correlations. 

Final product yield was assessed for relationship with Prodigy IFN-γ targets phenotype. Day 14 
VST count was tested for correlation with target samples (A) % lymphocytes, (B) % monocytes, (C) 
lymphocyte to monocyte ratio, (D) % dead cells/ debris, (E) % NK cells, (F) % NKT cells, (G) % T 
cells, (H) % CD4+ T cells, (I) % CD8+ T cells, (J) % TCM, (K) % TEM and (L) % TEMRA. 
Calculation was performed using Pearson correlation coefficient. For each correlation test, the p 
value was reported where p<0.05 was considered statistically significant. 
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6.4.3 Elevated peptide-reactive NK cells in low expansion donors 

The frequency of NK cells within the target population isolated by CCS, though not 

statistically significant, trended towards an association with lower VST final product 

yield (Figure 6.15E). To further investigate this, the flow cytometry leukapheresis 

screen of SARS-CoV-2 peptide responses was retrospectively analysed to focus on NK 

cell responses. Flow analysis of all banked VST donors leukapheresis stimulated with 

SARS-CoV-2 peptivator select is shown in Figure 6.16A where analyses were gated 

on lymphocytes/singlets/live/IFN-γ+ cells. The whole IFN-γ-reactive population was 

then assessed for frequency of NK cells (CD56+/CD3-) versus T cells (CD3+/CD56-). 

As can be seen, in the donors which elicited a high expansion of SARS-CoV-2 VST in 

our manufacturing process coded in green (top panel) the IFN-γ-reactive population 

consisted primarily of T cells (ranging 56-6-87.1%) with negligible reactive NK cells 

(ranging 2.3-10.5%). Donors C19UKD6, C19UKD8 and C19UKD10 however had a 

considerable population of NK cells within the IFN-γ+ population (50.8-56.6%) which 

exceeded the frequency of peptide-reactive T cells (29.4-36.6%). Although the 

frequency of peptide-reactive NK cells within IFN-γ+ population did not significantly 

correlate with day 14 count of SARS-CoV-2 VST (Figure 6.16B), there is a clear 

observation that a large frequency of peptide-reactive NK cells was only present in 

the lower expansion donors. This observation may suggest an increased population of 

NK cells secreting IFN-γ within the leukapheresis material upon SARS-CoV-2 peptide 

stimulation may hinder T cell IFN-γ catch matrix staining or interfere with the 

microbead column selection in the CCS assay. Lack of statistical significance is likely 

due to donor C19UKD12 that had low expansion but also fewer IFN-γ+ NK cells, 

however it is not implausible for a different unrelated mechanism attributing a poor 

expansion in this donor. Ultimately more donors should be assessed to increase the 

dataset size to understand if this is a truly correlative phenomenon.  

To explore this further, retrospective analysis was done to compare the intra-donor 

NK cell response between their initial buffy coat screen to determine eligibility in 

terms of a minimum criteria of SARS-CoV-2 peptide-reactive T cells (done between 

September to December 2020) and their subsequent leukapheresis screen during VST 

manufacture (done between February to October 2021).  
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Figure 6.16 - SARS-CoV-2 peptide-reactive NK cells in low expansion donors. 

Donor leukapheresis screening revealed a large NK cell population expressing IFN-γ in response 
to SARS-CoV-2 peptides stimulation in donors that had low expansion in the SARS-CoV-2 VST 
manufacture. (A) Flow cytometry analysis of all bank manufacture donors leukapheresis screen. 
Analyses were gated on lymphocytes/ singlets/ live cells/ IFN-γ+ cells, and then total IFN-γ 
population reactive to SARS-CoV-2 peptide stimulation assessed for frequency of NK cells 
(CD56+/ CD3-) and T cells (CD3+/ CD56-). In all ‘good’ expansion donors coded in green (top 
panel) the frequency of peptide-reactive IFN-γ+ cells was made up by a majority of T cells, 
whereas ‘poor’ expansion donors coded in orange and red (bottom panel) had a considerable 
frequency of peptide-reactive IFN-γ+ NK cells. (B) The frequency of peptide-reactive IFN-γ+ NK 
cells (corrected to unstimulated negative controls) in the donor leukapheresis screen was tested for 
association with day 14 VST count. Calculation was performed using Pearson correlation 
coefficient, where p<0.05 was considered statistically significant. 
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Interestingly, the overall NK cell population (gated CD56+/CD3-) showed a marked 

downregulation of CD56 upon SNM peptide stimulation compared to the no antigen 

control in the buffy coat PBMC screen, whereas SARS-CoV-2 peptide stimulation did 

not affect NK cell frequency in the leukapheresis screen (Figure 6.17). 

 

Figure 6.17 - SARS-CoV-2 peptide stimulation CD56 downregulation. 

Flow cytometric analysis of SARS-CoV-2 (SC-2) peptide screens of initial buffy coat (done between 
September to December 2020) versus the same donor’s leukapheresis screen (February to 
October 2021). Analyses were pre-gated on lymphocytes/singlets/live. Above flow plots show CD3 
on x-axis versus CD56 on y-axis to gate on overall T cell population (CD3+) versus overall NK cell 
population (CD56+/CD3-). Buffy coat screen only included negative control (no antigen) and pooled 
SNM, whereas the leukapheresis screen included the additional SARS-CoV-2 Select peptides 
which were released in 2021 and used for manufacture. Donors C19UKD12-15 were not added to 
the analysis since buffy coat screens were not done for these donors. 
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Further interrogation of the NK cell population revealed the elevated frequency of 

IFN-γ-reactive NK cells present in the leukapheresis screen of poor expansion donors 

C19UKD6, C19UKD9 and C19UKD10 in response to SARS-CoV-2 peptide stimulation 

was not as prominent in the initial buffy coat screen (Figure 6.18). 

 
Figure 6.18 - SARS-CoV-2 peptide stimulation IFN-γ-reactive NK cells. 

Flow cytometric analysis of SARS-CoV-2 peptide screens of initial buffy coat (done between 
September to December 2020) versus the same donor’s leukapheresis screen (February to 
October 2021). Flow plots show CD56 on x-axis versus IFN-γ on y-axis to gate on IFN-γ-reactive 
NK cells (pre-gated on lymphocytes/singlets/live/NK cells). Buffy coat screen only included 
negative control (no antigen) and pooled SNM, whereas the leukapheresis screen included these 
two conditions plus the additional SARS-CoV-2 Select peptides which were released in 2021 and 
used for manufacture. Donors C19UKD12-15 were not added to the analysis since buffy coat 
screens were not done for these donors. 
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To quantify this, the frequency of IFN-γ-reactive NK cells was compared for the buffy 

coat PBMC screen of SNM peptides, the leukapheresis screen of SNM peptides and the 

leukapheresis screen of SARS-CoV-2 select peptides (Figure 6.19A). Note since SARS-

CoV-2 select peptides were not yet available during the PBMC screen, SNM response 

was used to compare responses between these time periods. IFN-γ-reactive NK cells 

to each individual SARS-CoV-2 peptide (Figure 6.19B) indicates slightly higher NK 

cell responses to Spike and Membrane as compared to Nucleocapsid.  

 

Figure 6.19 - IFN-γ-reactive NK cells response to SARS-CoV-2 peptides. 

Frequency of IFN-γ-reactive cells in responses to SARS-CoV-2 peptide stimulation. (A) Each donor 
frequency of IFN-γ+ NK cells within gated NK cell population is shown for buffy coat PBMC SNM, 
leukapheresis SNM and leukapheresis SARS-CoV-2 Select. (B) Each donor frequency of IFN-γ+ 
NK cells within gated NK cell population is shown for leukapheresis response to peptides: Spike 
(S), Nucleocapsid (N), Membrane (M), pooled SNM and SARS-CoV-2 Select. All peptide response 
frequencies are corrected to no antigen negative controls. 
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6.5 Characterisation of banked SARS-CoV-2 VST 

Final product SARS-CoV-2 VST banked for clinical use were subject to an extensive 

range of testing assessing product phenotype, functionality, clonal repertoire and 

safety to gather as much information as possible prior to potential use in a Phase I 

clinical trial. 

6.5.1 Banked SARS-CoV-2 VST phenotypic analysis 

To assess identity of final product populations, harvested cells were analysed for 

phenotype as outlined in Figure 6.10. Release criteria for inclusion in the bank were 

≥70% viability, ≥90% T cells and ≤10% NK cells. Frequency of final product 

populations for each donor is shown in Figure 6.20. To make distinctions between 

good and poor expansion donors, final product dead cells/ debris is shown here as 

the opposite of percentage viability. As can be seen in Figure 6.20A, poor expansion 

donor C19UKD9 & C19UKD10 are the only products exceeding 20% dead cells/ 

debris which maintained a characteristic smear across the left of the FSC/SSC axis 

compared to good expansion product. All donors passed the NK cell (Figure 6.20B) 

and T cell (Figure 6.20D) release criteria, however some donors had a small 

population of double positive CD3+/CD56+ NKT cells (0-20%) in the final product 

(Figure 6.20C). Most donor VST products were CD4-skewed (Figure 6.20E), 

however n=3 donors had CD8-skewed final products. All products were primarily 

composed of central memory T cells with a small population of effector memory T 

cells (Figure 6.20F). Naïve T cells and terminal effector T cells were negligible at final 

product harvest. 

To understand population expansions and contractions caused by the culture process, 

day 0 targets and final product phenotype were compared for each donor. All donors 

showed a reduction in the frequency of NK cells (Figure 6.21A) except poor 

expansion donor C19UKD9 (orange diamonds), indicating the culture process 

supported an outgrowth of NK cells in this donor which may have contributed to VST 

expansion failure. Contrastingly, NKT cell growth was relatively variable between 

donors (Figure 6.21B). The CD4+ cell compartment generally remained level or 

contracted, whereas correspondingly CD8+ cells expanded to some extent in all 

donors except C19UKD9 (Figure 6.21C-D). Central memory T cells (TCM) showed a 

consistent substantial expansion over the culture period (Figure 6.21E). Frequency 
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of effector memory T cells was reduced in the final product, and while this may be a 

population contraction it more likely reflects the significant outgrowth of central 

memory T cells (Figure 6.21F). Interestingly, C19UKD9 had the smallest TCM 

expansion of all donors which may indicate a poor central memory SARS-CoV-2 VST 

response in this donor which allowed space for NK cell expansion during culture.  

 

Figure 6.20 - Banked SARS-CoV-2 VST final product T cell phenotype. 

Final product samples of banked SARS-CoV-2 VST manufacturing runs were taken for flow 
cytometry phenotyping. From ungated total events, (A) % dead cells/ debris is shown per donor. 
Within the viable total cells population (gated lymphocytes/ singlets/ live), each donor was 
quantified for (B) % NK cells, (C) % NKT cells, and (D) % T cells. Gated T cells were further 
assessed for (E) CD4: CD8 ratio and (F) T cell memory populations: naïve (TNaive), central 
memory (TCM), effector memory (TEM), and terminally differentiated effector memory RA 
(TEMRA). Release criteria for final products were viability >70%, CD56+/CD3- NK cells <10% and 
CD3+ T cells >90%. 

6.5.2 Inhibitory marker expression correlates with poor expansion 

SARS-CoV-2 VST samples taken on day of harvest were also assessed for expression 

of markers associated with activation and exhaustion (PD-1, Tim-3 and LAG-3) to 

evaluate potential T cell exhaustion in the expanded product. The percentage of CD3+ 

gated T cells with positive expression of PD-1 is shown per donor (Figure 6.22A) 
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which demonstrated a significant negative correlation with final product day 14 VST 

yield (Figure 6.22B).  

 

Figure 6.21 - Population expansions from Prodigy targets to final product. 

Population expansion and contractions over culture are shown for each donor. Day 0 prodigy 
targets and day 14 final product were compared for frequency (A) NK cells, (B) NKT cells, (C) 
CD4+ T cells, (D) CD8+ T cells, (E) central memory T cells (TCM) and (F) effector memory T cells 
(TEM). 

Where possible samples were also analysed for co-expression of multiple inhibitory 

markers (PD-1, LAG-3 and TIM-3) as a more indicative measure of true T cell 

exhaustion (Baessler and Vignali, 2024). The percentage of cells in final product 

material with dual expression (LAG3+/PD1+, LAG3+/TIM3+, or PD1+/TIM3+) and 
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triple expression (LAG3+/PD1+/TIM3+) are shown per donor in Figure 6.23. Of the 

total T cell population (Figure 6.23A), poor expansion donor C19UKD10 had a high 

accumulation of total dual and triple positive inhibitory marker populations at >60% 

of all cells compared to 10-30% seen in other donors.  

 
Figure 6.22 - Banked VST final products PD1 expression. 

Final product samples of banked SARS-CoV-2 VST manufacturing runs were taken for flow 
cytometry phenotyping. (A) The frequency of PD1+ T cells the within final product (cells/singlets/ 
live/CD3+/PD1+) is shown for all banked donors. (B) The percentage of PD1+ T cells significantly 
correlated with final product day 14 yield. Calculation was performed using Pearson correlation 
coefficient, where p<0.05 was considered statistically significant. 

Sub-gating within the CD4 and CD8 compartments, it can be seen CD4+ cells (Figure 

6.23B) have a greater frequency of exhaustion marker positive cells, whereas CD8+ 

cells (Figure 6.23C) have a much lower level of total dual and triple positive 

inhibitory marker populations. Interestingly within the CD8 compartments, there is a 

higher frequency of LAG3+/TIM3+ dual positive cells, whereas LAG3+/PD1+ cells, 

PD1+/TIM3+ and LAG3+/PD1+/TIM3+ populations are negligible. This may indicate 

LAG-3 is more likely to be upregulated upon CD8+ cell exhaustion whereas exhausted 

CD4+ cells preferentially upregulate PD-1. Due to low cell numbers of the other poor 

expansion donor C19UKD9, these VST were not further analysed for expression of the 

three inhibitory markers. Without a full dataset, all correlations between final 

product yield and the different dual and triple expressing exhaustion marker 

populations were not statistically significant, however this may reflect the lack of data 

from both poor expansion batches C19UKD9 and C19UKD10 in the analysis.  
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Together these data suggest a relationship between VST exhaustion and poor culture 

expansion, particularly for PD-1 expression. While CD4+ T cells demonstrate an 

earlier exhausted phenotype than CD8+ T cells, this supports the previous 

observation that expansion capacity between donors is in part determined by CD4 

and CD8 composition, whereby CD8-skewed VST lines are more likely to have a large 

fold expansion.  

 

Figure 6.23 - Banked VST inhibitory markers co-expression. 

Final product samples of banked SARS-CoV-2 VST manufacturing runs were taken for flow 
cytometry analysis of inhibitory markers to analyse T cell exhaustion. (A) Total CD3+ T cells, (B) 
CD4+ T cells and (C) CD8+ T cells were analysed for the percentage of dual or triple expression of 
inhibitory markers LAG-3, PD-1 and TIM-3. Populations were defined as follows: LAG3+/PD1+ 
(black), LAG3+/TIM3+ (purple), PD1+/TIM3+ (pink) and LAG3+/PD1+/TIM3+ (orange). 

6.5.3 Banked SARS-CoV-2 VST chemokine receptor profile 

The expanded SARS-CoV-2 VST were also analysed for chemokine receptor 

expression as described in section 2.6. For this, harvested VST cultures were washed 

and stained at rest for CD4, CD8 and for the following chemokine receptors: CCR1, 

CCR2, CCR3, CCR4, CCR5, CCR6, CCR7, CXCR3, CXCR4, CXCR5 and CXCR6. For analysis, 

cells were initially gated on viable singlet cells, and then into CD4+ or CD8+ T cells for 

expression of each chemokine receptor within each compartment. Due to insufficient 

cell numbers for the chemokine receptor assay from poor expansion batches 

C19UKD9 and C19UKD10, only the final banked VST lines were included in analysis 

(Figure 6.24). The banked SARS-CoV-2 VST demonstrated high expression (mean > 

60% of cells) of CCR2, CCR4, CCR5, CXCR3 and CXCR4 suggesting a wide capacity of 

these cells to migrate to inflamed sites or lung-associated lymph nodes to target exert 

anti-SARS-CoV-2 effector functions. A minor proportion of VST (mean 10-30% of 
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cells) expressed CCR6, CCR7 and CXCR6; whereas there was negligible expression of 

CCR1, CCR3 and CXCR5. No significant differences were observed between CD4 and 

CD8 populations for expression of any of the chemokine receptors tested.  

 

Figure 6.24 - Banked VST final products chemokine receptor profile. 

Final product banked SARS-CoV-2 VST (n=7) were analysed for chemokine receptor profile. Using 
a flow cytometry surface staining assay, cells were subject to initial gating on cells/singlets/ viable 
cells. Viable cells were then gated on CD4+ or CD8+ T cells and analysed for expression of 
chemokine receptors corrected to FMO controls: CCR1, CCR2, CCR3, CCR4, CCR5, CCR6, 
CCR7, CXCR3, CXCR4, CXCR5, and CXCR6. Data is represented as mean ± SEM and 
comparisons of chemokine receptor expression between CD4+ and CD8+ gated T cells made 
using paired t-tests with Holm-Šídák correction for multiple tests. 

6.5.4 Banked SARS-CoV-2 VST functionality analysis 

All clean room manufactured SARS-CoV-2 VST products were tested for functionality. 

As described in Chapter 4, since SARS-CoV-2 VST were mainly CD4-skewed T cells, 

antigen recall was used as the principal functional assay to assess production of 

antiviral cytokines. The developed assay (section 2.7.5) co-cultured peptide-loaded 

DCs with VST at [1:5] at day 14 for 5 hours followed by intracellular staining to 

measure expression of cytokines IFN-γ, TNF-α, IL-2 and T cell activation marker 

CD154. Overall responses to SARS-CoV-2 select peptides (covering Spike, 

Nucleocapsid, Membrane and Envelope proteins) are shown in Figure 6.25.  The total 

CD3+ T cell population reactive to SARS-CoV-2 peptide stimulation (Figure 6.25A) 

had highest expression of functionality markers CD154 and TNF-α, with slightly 

reduced expression of IFN-γ. Expression of IL-2 was significantly lower than all other 

molecules tested. Comparison of CD4+ and CD8+ T cells (Figure 6.25B) 

demonstrated CD4+ T cells had significantly higher expression of all functional 
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markers. This indicates The CD4 population of VST products has higher capacity to 

generate cytokines in response the SARS-CoV-2 peptides tested in this assay. 

 

Figure 6.25 - Banked SARS-CoV-2 VST individual functional marker expression. 

Final product banked SARS-CoV-2 VST (n=7) were co-cultured with peptide-loaded DC to analyse 
antigen recall response to SARS-CoV-2 Peptivator Select compared to unloaded DC controls. 

Following antigen stimulation, cells were assessed for intracellular expression of IFN-γ, TNF-α, IL-2 

and CD154. (A) Total CD3+ gated SC-2 peptide-reactive VST were compared for expression of the 
individual functional markers. Comparisons between groups were made using RM one-way 
ANOVA where *p≤0.05 was considered statistically significant.  (B) Expression of individual 
markers was compared between CD4+ gated and CD8+ gated populations. Comparisons between 
groups were made using paired two-tailed T tests where * p≤0.05 and **p≤0.01.  
Autologous monocyte-derived DC used for this assay were generated and characterised by Dr 
Paul Burgoyne (SNBTS TCAT). 

To assess co-expression of multiple effector molecules, populations were gated based 

on multiple or singular expression of markers IFN-γ, TNF-α, IL-2 and CD154. As 

demonstrated for final product VST C19UKD3, stochastic neighbour embedding (t-

SNE) analysis was used to cluster populations based on functional marker expression 

(Figure 6.26A). Using the mean of all banked SARS-CoV-2 VST lines (Figure 6.26B), 

the majority of reactive cells triple positive (orange) for functional marker expression 

were CD154+/IFN-γ+/TNF-α+ at mean=30.6 ±2.7% of all cells. A small population of 

cells were single positive (purple) for CD154+ expression (mean=12.6 ±3.1%) whilst 

all other single positive populations were negligible (<5%). This indicates CD154 

expression is prolonged in this assay compared to cytokines which may have more 

transient expression. The mean percentage of overall populations with quadruple, 

triple, dual, singular or null expression (none) is shown in Figure 6.26C. As can be 

seen, the majority of SARS-CoV-2 peptide-reactive cells are multifunctional with 

quadruple (8.7%), triple (32.3%) or dual (10.9%) expression of functional markers. A 

significant proportion of cells (32 ± 5.6%) were negative for expression of all four 
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functional markers tested, indicating these cells were either not Th1 phenotype, 

functionally exhausted, or unreactive in this assay. 

 

Figure 6.26 - Banked SARS-CoV-2 VST are multi-functional. 

Final product banked SARS-CoV-2 VST (n=7) were co-cultured with peptide-loaded DC to analyse 
antigen recall response to SARS-CoV-2 Peptivator Select compared to unloaded DC controls. 

Following antigen stimulation, cells were assessed for intracellular expression of IFN-γ, TNF-α, IL-2 

and CD154. (A) Stochastic neighbour embedding analysis (t-SNE) was used to cluster populations 
based on co-expression or singular expression of functional markers as displayed for donor 
C19UKD3. (B) The percentage expression of each functional marker population is shown for mean 
± SEM for all banked SARS-CoV-2 VST lines (n=7). (C) The percentage of reactive VST 
expression quadruple, triple, dual, single or null expression (none) of functional markers is shown 
as the mean of all banked SARS-CoV-2 VST lines (n=7). 

Autologous monocyte-derived DC used for this assay were generated and characterised by Dr 
Paul Burgoyne (SNBTS TCAT).  



284 

– Manufacture of a GMP-compliant allogeneic SARS-CoV-2 VST bank 
 

 
Figure 6.27 - Banked SARS-CoV-2 VST antigen functional reactivity. 

Final product banked SARS-CoV-2 VST (n=7) were co-cultured with peptide-loaded DC to analyse 
antigen recall T cell functional reactivity through intracellular expression of CD154 to the following 
SARS-CoV-2 Peptivators: Spike WT, Spike alpha, Spike beta, Spike gamma, Spike delta, Spike 
omicron, Membrane, Nucleocapsid SNM mix, and SARS-CoV-2 Select. Peptivator conditions were 
normalised to unloaded DC controls. (A) Total CD3+ gated peptide-reactive VST were compared 
for the different SARS-CoV-2 antigens. Comparisons between groups were made using RM one-
way ANOVA where *p≤0.05 was considered statistically significant.  (B) The frequency of peptide-
reactive VST to each SARS-CoV-2 antigen was compared between CD4+ gated and CD8+ gated 
populations. Comparisons between groups were made using paired two-tailed T tests where * 
p≤0.05. 

Autologous monocyte-derived DC used for this assay were generated and characterised by Dr 
Paul Burgoyne (SNBTS TCAT). 

Using this assay, final product VST were also tested for reactivity to individual SARS-

CoV-2 antigens to assess T cell targeting. As above, VST were co-cultured with 

autologous DC loaded with the following peptides: Spike wild type (WT), Spike alpha, 

Spike beta, Spike gamma, Spike delta, Spike omicron, Membrane, Nucleocapsid. Mixed 

Spike + Nucleocapsid + Membrane (SMN), and SARS-CoV-2 Select. Since CD154 had 

the highest expression in both CD4 and CD8 compartments compared to the other 

effector molecules (Figure 6.26), this was used as the output measure to compare 

reactivity to the individual SARS-CoV-2 antigens. The escaped mutant Spike 
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peptivators were only available later during the pandemic after initial donors 

C19UKD3-C19UKD10 had already been manufactured. Therefore, VST responses to 

these peptivators could only be tested in later time-point donors: C19UKD12, 

C19UKD14 & C19UKD15. Predictably, data from these three donors had the highest 

mean percentage T cell reactivity of all the individual antigens to Spike omicron 

(Figure 6.27A) which was the most the abundant variant at the time of manufacture 

for these donors. However, there were no statistically significant differences in 

responses to the escaped Spike mutants likely due to small sample number (n=3 

donors). The frequency of T cells to Spike WT, Membrane and Nucleocapsid were 

similar with a hierarchical targeting S>M>N (respective means: Spike WT = 15.8 ± 

4.2%, Membrane = 12 ± 3.5%, Nucleocapsid = 7.4 ± 1.2%, n=7). The pooled SNM 

mixed stimulation had significantly higher reactivity than individual Nucleocapsid 

(p=0.040) and Spike WT (p=0.035). Similarly, the SARS-CoV-2 Peptivator Select, 

covering sequences for 88 MHC-restricted peptides (Class I & II) across the SARS-

CoV-2 genome, had a significantly higher T cell reactivity than individual Spike WT 

(p=0.38). T cell reactivity to individual and mixed peptide conditions were further 

analysed to compare responses between the CD4 and CD8 compartments (Figure 

6.27B). The percentage of cells reactive to SMN stimulation was significantly higher 

in CD4+ T cells compared to CD8+ T cells (p=0.033). While all other peptide 

conditions tested also trended higher reactivity in the CD4+ cells compared to 

negligible CD8+ T cell responses, this was not statistically different. Reactivity was 

also analysed for IFN-γ+, TNF-α+, and IL-2+ expression to limit bias in the effector 

molecule production between CD4 and CD8 subtypes, however these results verified 

negligible peptide reactivity in the CD8+ T cells (data not shown). Altogether this data 

highlights the VST generated using SARS-CoV-2 Select Peptivator were composed of T 

cell populations mainly targeted towards Spike and Membrane, with lesser 

Nucleocapsid-specific T cells being selected and/or expanded in the process. Since 

there is a slightly higher response between Select and SNM peptides, this suggests 

VST were reactive to other structural and non-structural SARS-CoV-2 proteins (such 

as envelope) that are included in the Select peptide pools (see Table 2.3). 

6.5.5 Banked SARS-CoV-2 VST cytotoxicity analysis 

Gold standard assays for measuring potency of virus-specific T cell therapies are 

usually to assess the ability of T cell induced cytotoxicity to target cells expressing 
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viral antigens. Though we could not access SARS-CoV-2 infected target cell lines to 

use in a cytotoxicity assay at this time, we established a collaboration with Oxford 

university through the lab of Professor Tao Dong, an international expert on virus-

specific T cell responses.  We sent COVID-19 convalescent donor leukapheresis 

samples to Professor Tao Dong’s lab at the University of Oxford with the aim of 

establishing donor-specific B cell lines (BCL) transduced with the ACE-2 receptor to 

allow SARS-CoV-2 entry and natural antigen processing by these B cell lines. 

Transduction of the BCL lines with ACE-2 was however not successful (data not 

shown) and instead cytotoxicity was tested against BCL pulsed with SARS-CoV-2 

peptides as the target cells. Co-cultures between effector SARS-CoV-2 VST and 

autologous pulsed target cells were set up at multiple ratios to measure dose-

dependent killing. To this end, B cell lines were made for each banked VST donor by 

standard EBV transformation using EBV supernatant culture of PBMC for 6 to 8 

weeks. Prior to co-culture set up, B cell lines were harvested and washed, and pulsed 

with or without SARS-CoV-2 Peptivator Select [1µM] for 1 hour. SARS-CoV-2 VST 

(effector) and autologous peptide pulsed B cells (targets) were then co-cultured at 

E:T ratios of 1:1, 2:1, 4:1 and 0:1 (B cell only controls) for 6 hours. All treatments 

were then harvested and stained with CD19 to identify B cells and dead cell marker 7-

AAD. Gating was performed whereby events were initially gated with a broad all cells 

gate (to exclude debris only), followed by gating on CD19+ B cell targets, and 

subsequently CD19+/7AAD+ to measure the percentage dead of the B cell population. 

The baseline death of B cell target only controls (Figure 6.28A top plots) is shown for 

both SARS-CoV-2 peptide pulsed B cells versus the B cells not pulsed with peptides. 

Each E:T ratio also contained VST co-cultured with SARS-CoV-2 peptide pulsed 

targets versus no peptide target controls as shown for C19UKD7 at [1:1] in Figure 

6.28A bottom plots. 

Analyses were made with the percentage dead in each E:T ratio of VST against SARS-

CoV-2 peptide-pulsed targets corrected to either the targets only control (Figure 

6.28 B-C) or corrected to the respective E:T ratio against unpulsed no peptide control 

targets (Figure 6.28D-E). Spike-specific bulk CD8+ T cells generated by the lab for 

use as assay positive controls were used to compare killing potential.  
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Figure 6.28 - Banked SARS-CoV-2 VST cytotoxicity potential. 

SARS-CoV-2 VST final products were tested in a cytotoxicity assay against autologous 
transformed B cell lines (BCL) pulsed with SARS-CoV-2 peptides [1µM] versus no peptide controls. 
Co-cultures were set up at numerous effector (VST) to target (BCL) ratios of [1:1], [2:1], [4:1], and 
BCL only [0:1] controls. Spike-specific CD8+ bulk cell effector lines isolated by the lab were used 
as positive killing controls. Co-cultures were incubated for 6 hours and subsequently stained with 
CD19 and dead cell marker 7-AAD. To measure target cell lysis, analyses were gated on all cells 
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followed by CD19+ to identify target cells. (A) CD19+ cells were subsequently gated for positive 
expression of 7-AAD to measure target cell death in target only controls (top plots) versus each 
effector to target ratio (shown as 1:1 in bottom plots). Duplicates were also set up to compare 
killing of target cells pre-loaded with SARS-CoV-2 peptides (left plots) versus unloaded peptide 
controls (right plots). Specific lysis of each E:T ratio measured corrected to the target only controls 
is shown for (B) each donor SARS-CoV-2 VST and bulk CD8+ T cell lines and (C) the mean ± SEM 
of SARS-CoV-2 VST donors (n=3). Specific lysis of each E:T ratio measured corrected to the no 
peptides controls is shown for (D) each donor SARS-CoV-2 VST and bulk CD8+ T cell lines and 
(E) the mean ± SEM of SARS-CoV-2 VST donors (n=3). Replicate wells could only be set up for 
donor CD19UKD6 (n=2), the other lines had insufficient cells for technical replicates. All assay 
procedure and acquisition of flow cytometry samples was performed by Dr Yanchun Peng at MRC 
Human Immunology Unit, University of Oxford, and subsequent data analysis performed myself. 

As can be seen, when corrected to the targets only control (Figure 6.28B) each SARS-

CoV-2 donor VST line induced between 5-15% specific lysis of targets, however no 

line induced a dose-dependent killing effect except for the bulk CD8 control line 

which elicited increased killing with increased effector CD8+ cells. The mean of SARS-

CoV-2 VST donor lines tested (n=3) demonstrated comparable specific lysis of targets 

across all E:T ratios when corrected to target only controls (Figure 6.28C). Analyses 

subject to correction against the no peptide B cell co-culture controls showed very 

variable cytotoxicity (Figure 6.28D) where numerous conditions had higher 

percentage of dead targets in the SARS-CoV-2 peptide pulsed targets compared to no 

peptides targets resulting in a negative specific lysis. The mean specific lysis 

compared to no peptide target controls showed a trend to lower killing with higher 

effector to target ratios (Figure 6.28E). The variability in specific target cell lysis 

between analyses corrected to different controls is difficult to extrapolate, and may 

reflect that the assay was not fully optimised. If using the no peptide pulsed target 

controls to quantify SARS-CoV-2-specific killing, the data suggest negligible 

cytotoxicity by the SARS-CoV-2 VST lines compared to CD8+ spike-specific T cell line. 

Target specific lysis by SARS-CoV-2 VST lines when corrected to the target cell only 

control wells ranged 5-15% indicating cytotoxic potential, however may also suggest 

SARS-CoV-2 VST killing the unpulsed B cell targets in a non-specific antigenic manner. 

Altogether the conflicting quantification dependent on controls used for analysis 

suggest inconclusive results which may reflect a lack of killing potential by these 

largely CD4-skewed SARS-CoV-2 VST lines. However true estimation of cytotoxicity is 

limited by using peptide-pulsed B cell targets instead of natural SARS-CoV-2 infected 

cells, and low sample/ replicate number.  
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6.5.6 Banked SARS-CoV-2 VST have polyclonal TCR repertoire 

As discussed in Chapter 5, SARS-CoV-2 VST products generated by different manual 

isolation methods were assessed for T cell receptor (TCR) clonal diversity and 

specificity using next generation sequencing. Bank manufactured SARS-CoV-2 VST 

were also analysed for clonal repertoire to investigate if the Prodigy automated CCS 

selection and subsequent closed culture expansion impacts the clones selected for.  

The clonal repertoire composition of Prodigy-isolated VST at day 14 harvest is shown 

in Figure 6.29A, with matched donor CD3+ pan T cells included as controls. As can be 

seen, the majority of the TCR repertoire for pan T cells is composed of >1000 clones 

demonstrating high diversity in the sequences obtained. Prodigy-isolated VST day 14 

products showed a restriction in TCR diversity, however all donors generated diverse 

polyclonal products with the majority of the repertoire dominated by a top 100 to 

1000 clones. Restriction in clonotype count (Figure 6.29B) was significant 

(p<0.0001) between pan T cell starting material (mean = 7556 ± 295 clones) and 

prodigy-isolated VST final products (mean = 2068 ± 281 clones). Furthermore, TCR 

antigen specificity databases TCRMatch and VDBJ were used to match SARS-CoV-2-

specific CDR3 sequences (Figure 6.29C). While final product VST showed 3-12% of 

the repertoire had SARS-CoV-2-specific sequences in TCRMatch database, there were 

negligible (<1%) SARS-CoV-2-specific sequence matches using VDBJ database. 

Comparison of Prodigy VST final products with matched donor VST expanded from 

manual isolations (manual IFN-γ, manual TNF-α, manual CD154; refer to Chapter 5) 

demonstrated similar clonotype count (Figure 6.30A) and the proportion of SARS-

CoV-2-specific sequence matches using TCRMatch (Figure 6.30B). These data 

suggest Prodigy automated isolation and closed system expansion has comparable 

clonal selection to the manually isolated and expanded VST.  
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Figure 6.29 - Banked SARS-CoV-2 VST clonotype composition. 
Sequencing of the TCR-Vβ region allowed comparison of Prodigy Day 14 VST and pan CD3 T cells 
from matched donor starting leukapheresis material. (A) Stacked bars represent the proportion of 
the repertoire occupied by the top n clones in that repertoire. SARS-CoV-2 VST show restricted 
repertoire diversity compared to pan T cell controls however still retain a highly polyclonal 
repertoire. (B) Clonotype counts corrected for UMI size matching demonstrate Prodigy VST had 
significantly reduced diversity compared to pan T cells. Data is represented as mean ± SEM and 
statistical significance was determined using paired t-tests. (C) The proportion of each repertoire 
with an exact CDR3 amino acid sequence match specific to SARS-CoV-2 in databases TCRMatch 
and VDJdb was limited in both groups tested. Data is represented as mean ± SEM and statistical 
significance was determined using paired t-tests. 

Bioinformatical analysis of sequencing results and TCR matching was performed by Dr Catherine 
Sutherland, Institute of Immunology & Infection Research, University of Edinburgh. 
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Figure 6.30 - Manual versus Prodigy isolated VST clonotype comparison. 

Matched donors C19USA4, C19UKD1 & C19UKD6 were compared for final product VST clonal 
repertoire between between manual IFN-γ, manual TNF-α, manual CD154 and Prodigy IFN-γ 
isolations. (A) Clonotype counts corrected for UMI size matching is compared between groups. (B) 
The proportion of each repertoire with an exact CDR3 amino acid sequence match specific to 
SARS-CoV-2 using TCRMatch database was compared between groups. All data is represented 
as mean ± SEM and tested for statistical significance using paired t-tests. 

Bioinformatical analysis of sequencing results and TCR matching was performed by Dr Catherine 
Sutherland, Institute of Immunology & Infection Research, University of Edinburgh. 

TCR antigen databases were further utilised to assess CDR3 sequence matches to a 

range of other viruses. Comparisons were made between pan CD3+ T cell starting 

material and the Prodigy-isolated SARS-CoV-2 VST final products to investigate 

selection of particular viral clones during the VST isolation and expansion process. 

Using the TCRMatch database (Figure 6.31A) sequences matches are highest for 

SARS-CoV-2 (range 2-12%), and negligible (<2%) to all viruses examined. 

Interestingly, SARS-CoV-2-specific sequences are similar between pan CD3 T cells 

(mean = 4.15 ± 0.1%) and prodigy VST (mean = 5.22 ± 1.3%) suggestive of limited 

SARS-CoV-2 clone enrichment between starting material and final product. Analysis 

using the VDBJ database (Figure 6.31B) has negligible sequences (<2%) matches for 

all viruses including SARS-CoV-2. There is however a marginal increased percentage 

of CMV-specific and EBV-specific sequences in pan CD3 T cells compared to the other 

viruses which is to be expected of these prevalent viruses within the human 

population. Although non-significant, the percentage of CMV-specific and EBV-specific 
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clones decreases in the prodigy VST which indirectly suggests a level of purification of 

SARS-CoV-2 specific clones during the manufacturing process. 

 

Figure 6.31 - Banked SARS-CoV-2 VST viral specificity. 

Proportion of each repertoire specific to antigens from various viral sources as annotated by exact 
match to CDR3 amino acid sequences in (A) IEDB TCRMatch and (B) VDJdb databases. Data is 
represented as mean ± SEM and comparisons between matched donor pan CD3 T cell starting 
material and Prodigy-isolated VST final products using paired t-tests. 

Bioinformatical analysis of sequencing results and TCR matching was performed by Dr Catherine 
Sutherland, Institute of Immunology & Infection Research, University of Edinburgh. 

Samples were also assessed for sequence matches specific to different SARS-CoV-2 

viral antigens (Figure 6.32). Again, the TCRMatch database showed a greater number 

of matches, with the highest proportion of final product VST matching ORF1 (3.2 ± 

1.2%) and Spike (1.9 ± 0.9%) specific sequences (Figure 6.32A). The frequency of 

SARS-CoV-2 antigen-specific sequence matches using the VDBJ database were all 
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<0.2% of the repertoire and as such not detectable using this database (Figure 

6.32B). 

 

Figure 6.32 - Banked SARS-CoV-2 VST antigen specificity. 

Proportion of each repertoire specific to various SARS-CoV-2 antigens as annotated by exact 
match to CDR3 amino acid sequences in (A) IEDB TCRMatch and (B) VDJdb databases. Data is 
represented as mean ± SEM and comparisons between matched donor pan CD3 T cell starting 
material and Prodigy-isolated VST final products using paired t-tests. 

Bioinformatical analysis of sequencing results and TCR matching was performed by Dr Catherine 
Sutherland, Institute of Immunology & Infection Research, University of Edinburgh. 

6.5.7 SARS-CoV-2 VST safety testing 

In addition to standard cell product safety testing such as viral, BactALERT, endotoxin 

and mycoplasma; manufactured SARS-CoV-2 were also tested in additional safety 

assays for immunogenic and tumourigenic potential. 



294 

– Manufacture of a GMP-compliant allogeneic SARS-CoV-2 VST bank 
 

To assess immunogenicity, samples were sent for mixed lymphocyte reaction (MLR) 

testing in a commercial Skimune® assay by Alcyomics®. In this assay, MLR co-

cultures were set up between SARS-CoV-2 VST with healthy volunteer (HV) PBMCs 

for 7 days. Each SARS-CoV-2 donor was tested for MLR against n=3 HV with minimal 

or no HLA matches (see Table 6.3). At day 7, samples were taken for assessment of T 

cell proliferation, cytokine production, and MLR cells further co-cultured with HV 

skin biopsies for GVHD responses.  

           No. of Matches 

Donors Ax Ay Bx By Cx Cy DRB1x DRB1y DQB1x DQB1y Class I Class II 

C19USA3 02:01 68:01 15:18 39:01 07:04 12:03 01:01 01:01 05:01 05:01   

HV2 02:01 68:01 13:02 51:01 06:02 15:02 01:91 15:01 05:01 06:02 2 2 

HV3 03:01 25:01 07:02 55:01 03:03 07:02 14:54 15:01 05:03 06:02 1 1 

C19USA4 02:01 32:01 27:05 35:03 02:02 04:01 01:01 16:01 05:01 05:02   

HV5 02:01 68:01 13:02 51:01 06:02 15:02 01:91 15:01 05:01 06:02 1 2 

HV6 03:01 25:01 07:02 55:01 03:03 07:02 14:54 15:01 05:03 06:02 0 1 

C19UKD1  01:01 24:02 38:01 57:01 06:02 12:03 01:01 14:01 05:01 05:03   

HV7 01:01 02:01 08:01 44:03 04:01 07:01 04:01 07:01 02:02 03:02 1 0 

HV8 02:01 11:01 15:01 44:02 03:04 15:01 04:01 04:01 03:02 01:03 0 0 

HV9 03:01 11:01 44:02 55:01 03:03 07:04 14:54 15:01 05:03 06:02 0 2 

C19UKD3 01:01 31:01 18:01 35:01 04:01 07:01 07:01 11:04 02:01 03:03   

HV10 01:01 02:01 08:01 44:03 04:01 07:01 04:01 07:01 02:02 03:02 3 3 

HV11 02:01 11:01 15:01 44:02 03:04 15:01 04:01 04:01 03:02 01:03 0 1 

HV12 03:01 11:01 44:02 55:01 03:03 07:04 14:54 15:01 05:03 06:02 1 0 

C19UKD7 02:xx 11:xx 18:xx 55:xx 03:xx 01:xx 01:xx 03:xx 02:xx 05:xx   

HV13 02:05 29:02 44:03 50:01 06:02 16:01 07:01 07:01 02:02 02:02 1 2 

HV14 01:01 02:01 08:01 44:02 05:01 07:01 03:01 13:02 02:01 06:04 1 2 

HV15 02:01 02:01 44:02 51:01 05:01 15:02 04:01 15:01 03:01 06:02 2 0 

C19UKD14 01:01 24:02 08:01 15:01 03:03 03:01 03:01 04:01 02:01 03:02   

HV16 02:05 29:02 44:03 50:01 06:02 16:01 07:01 07:01 02:02 02:02 0 2 

HV17 01:01 02:01 08:01 44:02 05:01 07:01 03:01 13:02 02:01 06:04 2 2 

HV18 02:01 02:01 44:02 51:01 05:01 15:02 04:01 15:01 03:01 06:02 0 2 

Table 6.3 - Mixed lymphocyte reaction co-cultures donor HLA matches. 

Each SARS-CoV-2 VST donor HLA type is shown shaded in grey. HLA matches with 
corresponding healthy volunteer (HV) donors used for mixed lymphocyte reaction co-cultures is 
shaded as light orange for low resolution match and dark orange as high resolution match. The 
total number of class I and class II HLA matches are quantified in the right-hand columns. 

T cell proliferation following the 7 day MLR co-culture was measured using a 

thymidine uptake assay. The counts per minute (cpm) is shown for SARS-CoV-2 

donor co-cultures with n=3 healthy volunteers in Figure 6.33. Each co-culture had 

triplicate wells, therefore each co-culture is grouped per HV donor (purple, navy or 
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light blue). HV autologous PBMC were included as a negative control to assess 

baseline T cell proliferation in autologous co-cultures. As can be seen, SARS-CoV-2 

donor PBMC had highest T cell proliferation of all tests, indicating the starting 

material contains alloreactive T cells causing T cell proliferation when mixed with HV 

donor PBMC.  

 

Figure 6.33 - Mixed lymphocyte reaction T cell proliferation. 

Starting source material (PBMC) and final product SARS-CoV-2 VST were thawed and tested in 
mixed lymphocyte reactions (MLR) with healthy volunteer (HV) PBMC for 7 day co-cultures. T cell 
proliferation in response to MLR co-culture was compared between each SC-2 donor PBMC, donor 
VST and autologous HV PBMC. Data is represented as mean ± SEM of three HV donor MLR tests, 
each with triplicate wells (n=9), where triplicates are grouped for each HV donor by colour (purple, 
navy or light blue). Comparisons between groups were made using RM one-way ANOVA with 
Geisser-Greenhouse correction where *p≤0.05, **p≤0.01, ***p≤0.001 and **** p≤ 0.0001. 

MLR set up and T cell proliferation assay was performed by Dr Shaheda Ahmed, Alcyomics®. 

All SARS-CoV-2 donor VST (except C19UKD1) induced a significantly lower T cell 

proliferation than the matched SARS-CoV-2 donor PBMC suggesting considerable 

antigen specificity of the VST products. Donors C19USAD4, C19UKD3 and C19UKD7 

VST had induced T cell proliferation comparable with the autologous co-culture 
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controls, indicating these lines have minimal alloreactivity potential. Interestingly, 

some MLR co-cultures have segmented T cell proliferation dependent on HV used in 

test. For example with the C19UKD14 MLRs, T cell proliferation was negligible with 

HV17 co-cultures compared to the other two HV donor tests. This likely reflects the 

higher number of both class I- and class II-restricted HLA matches between 

C19UKD14 & HV17, as compared to C19UKD14 with HV16 or HV18 (Table 6.3). 

Supernatants from the MLR co-cultures were also taken after 7 days to measure 

production of inflammatory cytokines using a multiplex cytokine assay. The 

concentration of cytokines produced is shown in pg/mL (Figure 6.34) for each HV 

co-culture with either SARS-CoV-2 donor PBMC (circles), SARS-CoV-2 VST final 

products (triangles) or autologous HV PBMC controls (squares). Each data point is 

coloured for the HV donor, where each point represents the mean of concentration of 

triplicate wells. Groups were quantified as the mean ± SEM of n=3 HV tests, and 

comparisons between SC-2 PBMC, SC-2 VST and autologous PBMC groups made by 

ANOVA. As can be seen, production of IL-10, IL-12p70, IL-13, IL-1b, IL-2, IL-4 and 

TNF-α was negligible in all MLR co-cultures. SARS-CoV-2 PBMC induced production of 

IFN-γ (~1000pg/mL) in most donor co-cultures tested, however limited IFN-γ 

accumulated in the SARS-CoV-2 VST or autologous PBMC co-cultures. Production of 

IL-6 was relatively high in most co-cultures tested ranging between 5,000-50,000 

[pg/mL], however the IL-6 concentration was comparable between SC-2 PBMC, SC-2 

VST and autologous PBMC groups indicating a nonspecific production of IL-6 

independent of HLA mismatches. In exception to this general finding, IL-6 secretion 

was not detected in C19UKD14 MLR co-cultures with any of the HV co-cultures tested 

which may suggest a technical failure for this multiplex assay. 
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Figure 6.34 - Mixed lymphocyte reaction cytokine multiplex. 

Mixed lymphocyte reaction co-cultures were set up for 7 days to test HV volunteer PBMC mixed 
with: SARS-CoV-2 donor PBMC (circles), SARS-CoV-2 donor VST (triangles) and autologous HV 
PBMC controls (squares). Supernatants from each MLR co-culture were analysed for cytokine 
concentration by luminex of pro-inflammatory cytokines IFN-γ, IL-10, IL-12p70, IL-13, IL-1b, IL-4, 
TNF-α and IL-6. Data is represented as mean ± SEM of three HV donor MLR tests (purple, navy or 
light blue; where each data point is the mean of n=3 triplicate wells). Comparisons between groups 
were made using RM one-way ANOVA with Geisser-Greenhouse correction. 

MLR set up and cytokine multiplex assay was performed by Dr Shaheda Ahmed, Alcyomics®. 
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Following the initial 7 day co-culture, MLR cells were harvested and further co-

cultured for 3 days with HV skin explants. Again, HV skin was co-cultured with both 

SARS-CoV-2 starting material PBMC and SARS-CoV-2 donor final product VST, as well 

as HV autologous PBMC and medium only for negative controls. Co-cultures were 

then formalin fixed, paraffin embedded, sectioned and H&E stained, with GVHD 

graded by histology as outlined in Figure 6.35. Grade I was considered a negative 

GVHD response, and Grades II-IV were positive responses with increasing severity. 

 

Figure 6.35 – Mixed lymphocyte reaction Skimune assay GVHD grading by histology. 

Exemplar histology readout to determine GVHD responses for negative skin response (Grade I) 
versus positive responses (Grade II, Grade II and Grade IV) according to the severity of the skin 
tissue damage observed. Grade I is considered negative, with intact upper keratinocyte layer. 
Grade II refers to vacuolisation of the epidermis. Grade III shows severe damage of the epidermis 
layer, with initial separation of the epidermis and dermis layers. Grade IV refers to severe damage, 
with complete separation of the epidermis and dermis layer.  

MLR, Skimune® assay, histology and analysis was performed by Dr Shaheda Ahmed, Alcyomics®. 

 

GVHD grading of skin explants for each SARS-CoV-2 donor is shown in Table 6.4. 

Since each SARS-CoV-2 donor was set up with MLRs with three HV donors, each with 

duplicate wells, the number of GVHD positive tests (grade II or higher) was quantified 

out of the total (n=6) wells. Where there were issues with insufficient cells fewer 

wells were plated, in which case results are listed as not done (ND). The percentage of 

GVHD positive wells was then calculated to allow comparison between donors and 

treatment groups.   
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C19USAD3 - Full Scale Development (SNM Peptides) 

  Class I Matches Class II Matches Test C19USA3 PBMC C19USA3 VST Medium  Autologous (HV) PBMC 
HV1 Not HLA typed 

well 1 III II I II 
well 2 III I I  ND 

HV2 2 1 
well 1 III I I I 
well 2 II I  ND  ND 

HV3 1 1 
well 1 I I I I 
well 2 I I I ND  

Total positive responses/ No. of tests 4/6 (66.7%) 1/6 (16.7%) 0/5 (0%) 1/3 (33.3%) 
C19USAD4 - Full Scale Development (SNM Peptides) 
  Class I Matches Class II Matches Test C19USA4 PBMC C19USA4 VST Medium  Autologous (HV) PBMC 

HV4 Not HLA typed 
well 1 III I I II 
well 2 III I I  ND 

HV5 1 2 
well 1 II I I I 
well 2 II I ND   ND 

HV6 0 1 
well 1 I I I I 
well 2  ND I I  ND 

 Total positive responses/ No. of tests 4/5 (80%) 0/6 (0%) 0/5 (0%) 1/3 (33.3%) 
C19UKD1 - Full Scale Development (SNM Peptides) 
  Class I Matches Class II Matches Test C19UKD1 PBMC C19UKD1 VST Medium Autologous (HV) PBMC 

HV7 1 0 
well 1 III III I I 
well 2 III III I  ND 

HV8 0 0 
well 1 II I I I 
well 2 II I I I 

HV9 0 2 
well 1 III II I II 
well 2 III III ND  I 

 Total positive responses/ No. of tests 6/6 (100%) 4/6 (66.7%) 0/6 (0%) 1/5 (20%) 
C19UKD3 - Banked (SARS-CoV-2 Select Peptides) 
  Class I Matches Class II Matches Test C19UKD3 PBMC C19UKD3 VST Medium Autologous (HV) PBMC 

HV10 3 3 
well 1 II I I I 
well 2 II I I  ND 

HV11 0 1 
well 1 II I I I 
well 2 III I I I 

HV12 1 0 
well 1 III II I II 
well 2 III II  ND I 

 Total positive responses/ No. of tests 4/5 (80%) 0/6 (0%) 0/5 (0%) 1/5 (20%) 
C19UKD7 - Banked (SARS-CoV-2 Select Peptides) 
  Class I Matches Class II Matches Test C19UKD7 PBMC C19UKD7 VST Medium Autologous (HV) PBMC 

HV13 1 2 
well 1 III I I I 
well 2 III I I II 

HV14 1 2 
well 1 II II I II 
well 2 III  ND I ND  

HV15 2 0 
well 1 II I I II 
well 2 II  ND ND  II 

 Total positive responses/ No. of tests 6/6 (100%) ¼ (25%) 0/5 (0%) 3/5 (60%) 
C19UKD14 - Banked (SARS-CoV-2 Select Peptides) 
  Class I Matches Class II Matches Test C19UKD14 PBMC C19UKD14 VST Medium Autologous (HV) PBMC 

HV16 0 2 
well 1 I I I I 
well 2 I I  ND ND  

HV17 2 2 
well 1 I I I I 
well 2 I I  ND ND  

HV18 0 2 
well 1 I I I I 
well 2 II I  ND ND  

 Total positive responses/ No. of tests (%) 1/6 (16.7%) 0/6 (0%) 0/3 (0%) 0/3 (0%) 
Table 6.4 - Mixed lymphocyte reaction skin explant GVHD testing results. 
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Representative images of skin sections following treatment with cells from MLRs of 

C19USAD3 PBMC, C19USAD3 VST, autologous HV PBMC or medium only are shown in 

Figure 6.36A. The mean percentage of GVHD positive responses was compared for 

the different treatment groups (Figure 6.36B) where each data point represents an 

individual SARS-CoV-2 donor with the percentage GVHD positive wells of n=6 wells 

as above. SARS-CoV-2 donor PBMC MLRs had a significantly higher percentage of 

GVHD positive responses than SARS-CoV-2 VST (p=0.0137) and the autologous PBMC 

(p=0.0133) and medium controls (p=0.008).  

 

Figure 6.36 – Mixed lymphocyte reaction Skimune assay GVHD positive responses. 

Each SARS-CoV-2 donor was set up in an MLR with HV skin biopsies for Skimune assay GVHD 
histology analysis. Skin explant MLR co-cultures tested HV cells with SARS-CoV-2 donor VST and 
SARS-CoV-2 donor PBMCs were as a positive immunogenic control. Further skin explant MLR co-
cultures tested autologous HV PBMC & medium only as negative controls. (A) Representative 
analysis of skin histology following Skimune assay for SARS-CoV-2 donor C19USAD3 with HV2. 
(B) The mean percentage positive GVHD response (Grade II or above) to all HV tests was 
compared between groups where each data point represents a single SARS-CoV-2 donor tested 
against n=3 HV each with duplicate wells. Data is represented as mean ± SEM of n=6 SARS-CoV-
2 donors and comparisons between groups made using RM one-way ANOVA with Geisser-
Greenhouse correction where *p≤0.05 and **p≤0.01. 

MLR, Skimune® assay, histology and analysis was performed by Dr Shaheda Ahmed, Alcyomics®. 

Since GVHD positive responses were consistently low between SARS-CoV-2 VST 

(mean = 18 ± 10.5%) and autologous control (mean = 27.7 ± 8.1%) MLR co-cultures, 

this indicates a very limited immunogenic potential of VST even for these assays 

where allogeneic co-cultures were set up with minimal or no HLA matches. 
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Interestingly, even autologous controls exerted GVHD responses in some cases, 

implying autologous PBMC have potential to cause low level skin damage perhaps 

driven by a difference in residential response between PBMC and skin cells.  

As well as immunogenicity, progression in the cell therapy field requires more 

comprehensive tumourogenicity testing, particularly for processes that involve 

culture expansion whereby cell culture has the potential to transform cells. To assess 

tumourogeneicity, we sent genomic (g) DNA samples to an accredited NHS molecular 

haematology oncology laboratory to test for 50 cancer associated genes in a short 

nucleotide polymorphism (SNP) array. Both starting material leukapheresis gDNA 

and final product SARS-CoV-2 VST gDNA were tested for each donor to determine if 

the VST isolation and culture expansion process was likely to induce upregulation of 

oncogenes. Due to ethical regulations, we could only perform genetic testing on the 

commercial USA donor material generated during the full-scale manufacturing 

translation phase. Results of SNP variants detected for C19USA donors (n=3) for the 

fifty cancer associated genes is outlined in Table 6.5.  

 
Leukapheresis Starting Material SARS-CoV-2 VST Final Product 

Donor Variant Frequency Variant Frequency 
C19USAD2 No variants detected No variants detected 

C19USAD3 

FBXW7: c.1727C>T p.(Thr576Met) 48% FBXW7: c.1727C>T p.(Thr576Met) 52% 
ATM: c.998C>T p.(Ser333Phe) 47% ATM: c.998C>T p.(Ser333Phe) 52% 
AKT1:c.138C>A p.(Asp46Glu) 52% AKT1:c.138C>A p.(Asp46Glu) 49% 
JAK3:c.2164G>A p.(Val722Ile) 51% JAK3:c.2164G>A p.(Val722Ile) 51% 

C19USAD4 No variants detected No variants detected 

Table 6.5 - Single nucleotide polymorphisms in oncogenes of SARS-CoV-2 VST. 

Sequence single nucleotide polymorphism (SNP) variants for 50 oncogenes: ABL1, AKT1, ALK, 
APC, ATM, BRAF, CDH1, CDKN2A, CSF1R, CTNNB1, EGFR, ERBB2, ERBB4, EZH2, FBXW7, 
FGFR1, FGFR2, FGFR3, FLT3, GNA11, GNAS, GNAQ, HNF1A, HRAS, IDH1, IDH2, JAK2, JAK3, 
KDR, KIT, KRAS, MET, MLH1, MPL, NOTCH1, NPM1, NRAS, PDGFRA, PIK3CA, PTEN, 
PTPN11, RB1, RET, SMAD4, SMARCB1, SMO, SRC, STK11, TP53, VHL. 

SNP array and analysis was performed Oxford Molecular Haematology laboratory at John Radcliffe 
Hospital, University of Oxford. 

As can be seen, no oncogene variants were detected in either the leukapheresis 

starting material or SARS-CoV-2 VST final product for donors C19USAD2 and 

C19USAD4. Coding mutations were present in four oncogenes tested for C19USAD3: 

FBXW7 (F-box/WD repeat-containing 7), ATM (ataxia telangiectasia mutated), AKT1 

(alpha serine threonine kinase 1) and JAK3 (janus kinase 3). However since these 
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variants were present at approximately 50% frequency this is indicative of 

heterozygous constitutional variants specific to the donor. In addition, since the same 

gene variants were detected at similar frequency in both the starting material 

leukapheresis and final product VST this suggests no change in variant expression 

during the isolation and culture expansion protocol. Therefore, data from these 

representative C19USA donors indicates the SARS-CoV-2 VST manufacturing process 

does not induce upregulation of the tested cancer associated genes and therefore risk 

of tumourogenicity is negligible using this assay. 

6.6 SARS-CoV-2 VST first in human trial to treat 
hospitalised patients with COVID-19 

All GMP manufactured SARS-CoV-2 VST banked for clinical use follow a stability 

program to ensure long term product stability and functionality. 

6.6.1 Phase I safety trial design  

Banked SARS-CoV-2 VST have been approved for use in a first in human phase I 

clinical trial (NCT04473053) to treat hospitalised patients with active COVID-19 

infection run by principal investigator Professor Kev Dhaliwal, University of 

Edinburgh. While the overall strategy of this therapeutic is to treat at risk 

immunosuppressed or compromised patients, to run through the phase I trial 

participants were required to be immunocompetent to assess safety of infused 

allogeneic SARS-CoV-2 VST. Full inclusion and exclusion criteria for participants to be 

included in the trial are outlined in Table 6.6. Briefly, participants had to be over the 

age of 16, not pregnant or breastfeeding, and with no current or history of severe 

cardiac, liver, or renal diseases. In addition, participants were excluded on the basis of 

haemoglobinopathies, severe diabetes mellitus or individuals on immune suppressive 

drugs or otherwise immunocompromised. To be included patients must have been 

COVID-19 positive within the last 14 days by PCR test, maintain oxygen saturations 

>92% prior to infusion, and must not have received any vaccination up to 3 weeks 

prior to infusion. While the trial became active in August 2022, the first two patients 

were infused in January and March 2023, and recruitment significantly dropped 

following this. This was mainly due to the cessation of mandatory COVID-19 testing 

within hospitals, combined with supplemental oxygenation rapidly becoming the first 
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line standard of care for COVID-19 patients, meaning any potential infected 

participants would be excluded on the basis of oxygen saturation levels. 

INCLUSION CRITERIA 
▪ Provision of informed consent. 
▪ Aged at least 16 years. 
▪ COVID-19 positive PCR test result within last 14 days. 
▪ Maintaining oxygen saturations of ≥92% at time of screening and for 24 hours prior to 

commencement of infusion. 
▪ If the patient is of child bearing potential, or is a male with a female partner with child 

bearing potential, the patient, and their partner(s), agree to use a highly effective method 
of contraception for 4 weeks following the date of the infusion.  Methods considered 
highly effective are those that achieve a failure rate of less than 1% per year when used 
consistently.  

EXCLUSION CRITERIA 
▪ Current or recent history, as determined by the Investigator, of severe, progressive, 

and/or uncontrolled cardiac disease (NYHA class IV), uncontrolled renal disease (eGFR <30 

mL/min/1.73 m
2
), severe liver dysfunction (ALT >5x ULN) or anaemia (Hb <80 g/L). 

▪ Women who are pregnant or breastfeeding. 
▪ Participation in another clinical trial of an Investigational Medicinal Product (CTIMP). 
▪ Known hypersensitivity to advanced therapy medical products (ATMP) or excipients. 
▪ Patients (or their partners) planning on donating sperm/eggs during the trial period. 
▪ Ongoing dialysis. 
▪ History of serious liver disease (Child Pugh score > 10). 
▪ Severe uncontrolled diabetes mellitus. 
▪ Concomitant use of treatments for COVID-19 that are not recognised as locally approved 

standard care. 
▪ In the Investigator’s opinion, patient is unwilling or unable to comply with trial 

intervention (e.g. IMP/ATMP administration plan), laboratory tests or other study 
procedures. 

▪ O
2
 saturations <92% on air at time of screening or during the 24 hours prior to infusion. 

▪ Individuals who are immunocompromised and/or immunosuppressed. 
▪ Individuals with haemoglobinopathies. 
▪ Patients who have received any vaccine (including COVID-19 vaccine) within the preceding 

3 weeks, or are due any vaccine within the 6 week trial follow up period following the 
infusion (it may be problematic to discriminate a reaction to a vaccine from 
signs/symptoms of the ongoing infection or a reaction to the SARS-CoV-2 VST).  

Table 6.6 – DEFINE First in human trial for SARS-CoV-2 VST participant criteria. 

Abbreviations: NYHA, New York heart association; eGFR, estimated glomerular filtration rate; ALT, 
alanine transaminase; ULN, upper limit normal; Hb, haemoglobin. 

Patients successfully recruited and consented to the trial were split into cohorts to 

test dose escalation as show in Figure 6.37. The proposed dosing regime for the 

study was a single dose of low dose (group 1 – 1.5x106 cells total), mid dose (group 2 

– 1.5x107 cells total), or full dose (group 3 – 1.5x108 cells total). Dose group 1 entailed 

treatment of n=3 participants with 3 weeks between each participant. Dose group 2 

entailed treatment of n=3 participants with a minimum of 3 days between patients. 
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Full dose group 3 required treatment of 5 participants with a minimum of 3 days 

between infusions. Data monitoring committee review and agreement to proceed to 

the next cohort was required between each dose group. 

 

Figure 6.37 - DEFINE First in human trial for SARS-CoV-2 VST dosing regime patient 
cohorts. 

The initial phase I DEFINE clinical trial to assess safety of SARS-CoV-2 VST was designed to 
incorporate numerous patient cohorts for dose escalation testing. Dose group 1 requires three 
participants at lowest dose (2x104 cells/kg) with three weeks between each participant. The data 
monitoring committee (DMC) will then review and decide to proceed to dose group 2 which 
requires three participants at middle dose (2x105 cells/kg) with a minimum of three days between 
patient infusions. Following DMC agreement to move to final cohort dose group 3, five participants 
will receive the full dose (2x106 cells/kg) again with a minimum of three days between infusions. 

6.6.2 SARS-CoV-2 VST product selection 

Upon enrolment into the trial, participants were HLA typed at the SNBTS 

Histocompatability & Immunogenetics laboratory within the Royal Infirmary 

Edinburgh. A SARS-CoV-2 VST product will be selected from the bank on the basis of 

best HLA matches – with class II matches preferentially selected due to the CD4+ 
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composition of most banked VST lines. If there is a case where a patient did not have 

any matches with any of the banked SARS-CoV-2 VST lines, the patient would be 

withdrawn from the trial. Additionally, it must be ensured that there is at least one 

HLA mismatch between patient and VST product to avoid the risk of transfusion-

associated GVHD (Rühl et al., 2009). The HLA type, blood group and age of all donors 

with SARS-CoV-2 VST products banked for clinical use is outlined in Table 6.7. 

VST Donor Age 
Blood 
Group 

HLA 

A* A* B* B* C* C* 
DRB1

* 
DRB1

* 
DQB1

* 
DQB1

* 

C19UKD3 30 O pos 1:01 31:01 18:01 35:01 4:01 07:01 7:01 11:04 02:01 03:03 

C19UKD6 50 O pos 11:01 29:02 40:02 51:01 01:02 02:02 01:01 15:01 05:01 06:02 

C19UKD7 59 O neg 02:01 11:01 18:01 55:01 03:01 05:01 01:01 03:01 02:01 05:01 

C19UKD8 56 O neg 1:01 24:02 8:01 15:01 3:03 7:01 3:01 4:01 02:01 03:02 

C19UKD12 41 O pos 2:01 26:01 15:01 27:05 2:02 3:04 4:08 11:01 03:01 03:01 

C19UKD14 25 O neg 1:01 32:01 7:02 
 

3:03 7:02 15:01 
 

6:02 
 

C19UKD15 45 O pos 1:01 11:01 8:01 35:01 4:01 7:01 4:01 7:01 02:02 03:01 

Table 6.7 - SARS-CoV-2 VST banked donor HLA types. 

HLA typing was performed by Dr Richard Battle, Histocompatibility & Immunogenetics, SNBTS. 

 

6.6.3 SARS-CoV-2 VST product administration 

Following selection of the most suitable SARS-CoV-2 VST product from the bank, VST 

were sent to Royal Infirmary of Edinburgh in a liquid nitrogen shipper. At the 

bedside, bags were thawed in a water bath and administered to the patient 

intravenously with a saline flush to ensure maximal recovery of cells from the tubing. 

Patients were monitored in hospital according to standard transfusion procedures for 

at least 48 hours post-administration with the expectation that any adverse 

transfusion related reaction may occur in that time period. Full patient monitoring 

will run for 6 weeks post-infusion, with daily recording of oxygen saturation levels for 

the first 21 days. Full details of patient monitoring assessments and testing time-

points are outlined in Table 6.8. Research samples taken to assess disease resolution 

and therapy efficacy include standard SARS-CoV-2 swab and viral load PCR and blood 

SARS-CoV-2 antibody testing, and blood plasma marker testing for inflammatory 

molecules and markers for disease resolution by diagnostic flow cytometry. 
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Activities 
Screening & 
Enrolment 

Day 0 
Baseline 

Day 1 Day 2 
Day 7 

(+/- 1 day) 
Day 14 

(+/- 1 day) 
Day 21 

(+/- 1 day) 
6 weeks 

(+/- 1 week) 

Clinical study procedures and assessments 

NEWS2 Score and WHO ordinal scale  
✓ ✓ 

✓

1
 

    

Vital signs  (SpO2, FiO2, RR, PR, 
temperature, blood pressure) 

✓ ✓ ✓ 
✓

1
 

    

Physical assessment  (baseline medical 
examination, height, weight) 

✓ 
       

Directed cardio-respiratory physical 
examination 

 
✓ ✓ 

✓

1
 

    

Cough symptom score  
✓ ✓ 

✓

1
 

  
✓*  

Child Pugh score ✓ 
       

Oxygen saturation via pulse oximeter
1
 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

 

Safety assessments 

Laboratory Safety Assessments
2
 ✓ 

✓

3
 ✓ 

✓

1
 ✓ 

 
✓ 

 

AE/SAE recording and assessment ✓ ✓ ✓ 
✓

1
 ✓ ✓ ✓ ✓ 

Graft Versus Host Disease check
4
 

       
✓ 

Research assessments 

SARS-CoV-2 viral load (saliva) ✓*   ✓*  

(+/- 1 day) 
✓*  

✓*  

SARS-CoV-2 nasal swab test ✓*   ✓* 

Day 2 & 4 
✓*  

✓*  

SARS-CoV-2 blood sample ✓*   ✓* 

Day 2 & 4 
✓*  

✓*  

SARS-CoV-2 VST tracking ICR assay
5
 ✓*   ✓* 

Day 2 & 4 
✓*  

✓*  

Plasma marker testing
6
 ✓*   ✓* 

Day 2 & 4 
✓*  

✓*  

Table 6.8 - SARS-CoV-2 VST therapy administration and patient monitoring time-points. 

1. Daily until day 21.   

2. Biochemistry – Urea, sodium, potassium, chloride, magnesium, bicarbonate, creatinine, 
C-reactive protein, ferritin, troponin; creatine kinase and estimated glomerular filtration rate; 
LFTs - Total bilirubin, alanine aminotransferase and aspartate aminotransferase; 
Haematology – full blood count (haemoglobin, haematocrit, red cell count, white cell count 
and differential white cell count (excluding eosinophils) and platelets);  

Coagulation - activated partial thromboplastin time, prothrombin time, fibrinogen. 

3. Samples to be taken pre-infusion and again 2-3 hours post infusion.  For pre-infusion 
sample results should be reported prior to commencement of infusion. 

4. Via phone call, participant asked whether they have any new symptoms such as skin 
rashes.  It can take up to 20-40 days post infusion for symptoms of TA-GvHD to become 
apparent. 

5. Only to be carried out on samples from participants receiving a target of 2x105 cells/kg 
(15x106 cells dose) and 2x106 cells/kg (150x106 cells dose). 

6. Plasma marker testing will include, for example, markers of inflammation and disease 
resolution. 

* This assessment will be desirable.  If the participant declines, the sample will not be taken and 
will not be considered a deviation. 
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6.6.4 Clinical trial patient results 

Patient enrolment for the SARS-CoV-2 therapy arm of DEFINE –evaluating therapies 

for COVID-19 phase I safety trial opened in January 2023. As of July 2025, two 

patients have been infused with SARS-CoV-2 VST at the lowest dose (1.5x106 cells) as 

detailed in Table 6.9. The SARS-CoV-2 VST infused for each patient was chosen based 

on best HLA match determined by SNBTS H&I team, selecting the VST batch with 

highest number of restricted HLA matches. In cases of multiple VST batches with 

equal number of restricted HLA matches, preference was given to either HLA class I 

or class II allele matches dependent on CD4/CD8 ratio of that VST product.  

 Patient Donor VST Infused 

 No. Infusion Date Gender Age Donor Code No. HLA Matches HLA Restricted Matches 

% 
CD4+ 

% 
CD8+ 

Low Dose 
1.5x106 

1 12 JAN 2023 Male 66 C19UKD8 5 restricted (7 total) A*01:01; A*24:02; B*08:01; C*07:01; DRB1*03:01 19.17 78.69 

2 22 MAR 2023 Female 78 C19UKD14 3 restricted (5 total) 

 
B*07:02, C*07:02, DRB1*15:01 72.13 26.84 

3        Not Done                

Mid Dose 
1.5x107 

4        Not Done                 

5        Not Done                 

6        Not Done                 

Top Dose 
1.5x108 

7        Not Done                 

8        Not Done                 

9        Not Done                 

10        Not Done                 

11        Not Done                 

Table 6.9 - DEFINE First in human trial for SARS-CoV-2 VST patient infusions. 

 

6.7 Discussion 

Numerous T cell therapies have now been developed and initiated testing in trials for 

a potential prophylaxis or treatment for COVID-19. All COVID-19 T cell therapies in 

clinical trials as of January 2025, are collated and detailed in Table 6.10 colour coded 

into three categories: SARS-CoV-2 VST manufactured using peptide-pulsed APC 

stimulation and VST outgrowth (blue), SARS-CoV-2 VST manufactured using selection 

methods (orange), and other types of T cell associated therapy (green). Trials now 

terminated are shaded in dark grey. Of the SARS-CoV-2 VST therapies manufactured 

using peptide-pulsed APC stimulation and outgrowth, QC characterisation 

demonstrates high T cell purity, with ranging specificity between products. 

Interestingly three of these trials (NCT04742595, NCT04401410 and NCT05447013) 

are testing CD4-skewed T cell therapies with negligible cytotoxic functionality, 

whereas the other two trials (NCT05141058 and NCT04765449) are testing CD8 T 
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cell products. Of the SARS-CoV-2 VST therapies manufactured using CCS, ours 

(highlighted in dark orange) is the only process that includes a post-selection culture 

expansion. While the lack of culture expansion after CCS has obvious advantages of 

being a very rapid manufacturing process (<48 hours) and being a minimally 

manipulated therapeutic product, our strategy to combine selection and culture 

expansion uniquely allows us provide much higher dose treatments and multiple 

doses for patients. Of course, at present it is currently unknown what would be an 

optimal T cell dose for COVID-19 therapy and is likely to be different between patient 

cohorts, however given these patients are not iatrogenically immune suppressed a 

higher dose may be required to permeate the host T cell compartment and provide 

sufficient numbers for therapeutic functionality. As shown by comparing the 

phenotypic characterisation of our Prodigy CCS target cells and final product, purity 

and specificity is not optimal without subsequent expansion. Enrichment of a rare T 

cell population is limited to 100-400x the initial frequency within the unselected 

blood starting source material. Therefore, our optimised culture process also has 

benefits in inducing further T cell enrichment, and drives expansion of desirable 

central and effector memory populations with high functional specificity and potency. 

This is further discussed throughout this section. 

Trial/Location Company/ PI Dose Patients Process  Phenotype Function Status 

NCT04406064 

Cincinnati, 

USA 

Adam Nelson ? Symptomatic COVID-19 

requiring oxygen or 

ventilation 

  Withdrawn due to steroid use for 

COVID prevents VST use in these 

patients, 0 patients enrolled 

NCT04742595 

Houston, 

USA 

Katy Rezvani ? COVID-19 

cancer 

patients with 

pneumonia 

Pepmix-pulsed PBMC 

(S, M, N, E, Aps, NSPs, 

ORFs) 

14 days expansion 

100-1000 FE 

CD4+ 60-75% 

CD8+ 20-40% 

TCM 10-20% 

S<N=M 

 

Specificity ~20% 

 

Recruiting, 

last update 

August 2023 

NCT04401410 

Houston, USA 

 

(ALVR109) 

AlloVir 

Premal Lulla 

4x107 

total 

Hospitalised 

patients with 

COVID-19 at 

high risk of 

ventilation 

Pepmix-pulsed PBMC 

(S,M,N,E, AP7, SNP4) 

10-16 days expansion 

 

15x banked lines 

CD3+ 94-

99.9% 

CD4+ 73.6-

97.1% 

CD8+ 2-23.2% 

NK <1% 

TCM 20-70% 

S<N<M<NSP4=AP

7 

Specificity 10-16% 

Cytotoxicity 10-

20%  

Alloreactivity <1% 

Terminated 

December 

2022 due to 

poor 

recruitment, 

4 patients 

enrolled 

NCT05447013 

Thessaloniki, 

Greece 

Anastasia 

Papadopoulo

u 

2x107/

m2 

Hospitalised 

patients with 

pneumonia & 

leukopenia 

Pepmix-pulsed PBMC 

(S,M,N,E) 

9-11 days expansion 

30x banked lines 

5-10x108 

CD3+ >90% 

CD4+ 60-90% 

CD8+ 0-40% 

TCM 27% 

S<M<N 

 

Cytotoxicity <10% 

Recruiting, 

last update 

November 

2022 

NCT05141058 

Washington, 

Baltimore, 

USA 

Michael 

Keller 

Catherine 

Bollard 

4x107/

m2 

Immunocomp

romised HSCT 

(prophylaxis) 

Peptide-pulsed PBMC 

(S,M,N,E) 

10 days expansion 

CD3+ >90% 

CD4+ 25-27% 

CD8+ 20-70% 

B cell 0-10% 

NK cell 0-5% 

M<S<N=Actin 

Specificity 22-75% 

Alloreactivity 0% 

Recruiting, 

last update 

September 

2022 

NCT04765449 

Philadelphia, 

USA 

(TVGN-489) 

Tevogen Bio 3x106/

kg 

Elderly and 

high risk 

COVID-19 

patients 

“primed and selected 

using APCS” 

peptides from COVID-

19 gene/ORF  

CD3+ CD8+ 

>95% 

Tetramer+ 

>60% 

Cytotoxicity >60% 

 

HLA-A*01:01 

>50% ORF1ab 

Completed, 

30 patients 

enrolled 
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NCT04457726 

Singapore 

 

Wing Hang 

Leung 

<1x106 

total 

Severe 

COVID-19 

CliniMACS IFN-γ CCS  

(SC-2 Select 

Peptivator) 

No expansion 

6x banked lines 

~1 million cells 

CD3+ 33-71% 

CD4+ 62-77% 

CD8+ 25-38% 

B cell 25-64% 

NK cell 2-4% 

TCM 12-35% 

Purity 20-74% 

 

Specificity ~15% 

 

Unknown, 

last update 

on 

recruitment 

July 2020 

NCT04762186 

Cologne, 

Germany 

Miltenyi  

Phillip Kohler 

5x103 

/kg 

Moderate 

COVID-19 

CliniMACS IFN-γ CCS  

(SC-2 Select 

Peptivator) 

No expansion 

4x banked lines 

~1 million cells 

CD3+ 30-40% 

CD4+ 30-40% 

CD8+ 50-60% 

NK <0.5% 

TCM <5% 

Mean purity 

33.3% 

 

Cytotoxicity ~40% 

 

Terminated 

September 

2022 due to 

poor 

recruitment 

NCT04896606 

New York, 

Wisconsin, 

USA 

 <2x106 

total 

Hospitalised 

mild to 

moderate 

COVID-19 

CliniMACS IFN-γ CCS  

(S,M,N Peptivators) 

No expansion 

Mean yield 1.7x106  

CD3+ ~50% 

CD4+ 27.78% 

CD8+ 5.34% 

B cell 7-20% 

NK cell 0-2% 

Specificity 30-40% 

 

Recruiting, 

last update 

March 2023 

NCT04473053 

Edinburgh, 

UK 

 

SNBTS 

Kev Dhaliwal 

1.5x108 

total 

Hospitalised 

COVID-19 

patients 

CliniMACS IFN-γ CCS  

(SC-2 Select 

Peptivator) 

14 days expansion  

7x banked lines 

Mean yield 9x109 

CD3+ >98% 

CD4+ 66% 

CD8+ 34% 

NK cell 0-4% 

TCM 55-90% 

Specificity 40-83% 

Cytotoxicity <10% 

Alloreactivity <1% 

Recruiting, 

last update 

November 

2023 

NCT04389385 

Kayseri, 

Turkey 

Mustafa Cetin  COVID-19 

patients with 

early stage 

NCV 

pneumonia 

Aerosol Inhalation of 

the Allogenic SARS-

CoV-2 VST-derived 

exosomes (not HLA-

matched) 

 Unknown status, last update May 

2020. 

NCT04834128 

Newcastle, 

UK 

TCB008 

TC Biopharm  Hospitalised 

high risk 

patients 

Allogeneic gamma 

delta T cells 

  Terminated due to current 

COVID-19 status in UK and 

trial involved parenterally 

administer IMP/ inpatient 

care. 0 patients enrolled. 

NCT04737161 

Stanford, 

USA 

Joe Hsu  High risk 

COVID-19 

DNR ARDs 

patients 

Allogeneic Treg   Withdrawn as funding not 

secured, 0 patients enrolled. 

NCT05027815 

Chapel Hill, 

USA 

Jeffrey 

Bluestone 

NIAID 

 

 COVID-19 

ARDS 

patients  

Allogeneic Treg   Terminated due to decrease 

in COVID-19 cases, 7 patients 

enrolled. 

Table 6.10 - Clinical trials of T cell therapies for COVID-19. 

Initial process translation from the research small scale isolation and expansion of 

SARS-CoV-2 VST using buffy coats in Chapter 4 was tested using leukapheresis as the 

starting material, automated Prodigy CCS for isolation, and closed-system large flasks 

for culture expansion. Commercial leukapheresis from USA COVID-19 convalescent 

donors was used for this development phase, however donors could not be tested for 

SARS-CoV-2 T cell responses ahead of collection and shipment to our centre for 

processing. Instead, the SARS-CoV-2 peptide T cell screening assay was run in tandem 

to the Prodigy CCS isolation in attempt to assess the efficiency of IFN-γ CCS 

enrichment on the prodigy. The yield of IFN-γ+ target cells from the CCS assay using 

Prodigy automated selection appeared markedly increased as compared to yield 

using the manual selection, although not statistically significant likely due to small 

sample size in the Prodigy group. While there was no apparent association between 
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the number of IFN-γ+ target cells from Prodigy CCS and the percentage of SARS-CoV-

2 peptide-reactive IFN-γ+ in the leukapheresis screen assay, it is likely the improved 

CCS yield in Prodigy selections reflects the overall higher input of leukapheresis WBC 

into the CCS assay which is needed for isolating such rare cell populations. 

Interestingly, phenotyping the isolated target cells revealed a significantly increased 

population of DN CD3+ T cells in the Prodigy CCS compared to manual CCS. 

Downregulation of CD4 or CD8 on the target T cells is likely due to a more intense 

stimulation and processing through the closed automated system column selection. A 

significantly reduced frequency of CD4+ T cells in the Prodigy targets further suggests 

the DN T cells are highly activated CD4 T cells transiently downregulate the CD4 

receptor. Target cells were then expanded for 14 days using the culture process 

optimised in Chapter 4, and with an initial higher number of target cells accordingly 

grown in larger closed-system G-Rex100M-CS flasks. The full-scale USA donor 

cultures elicited a 2-3 log expansion over 14 days, comparable to the fold expansion 

seen in research phase manual isolation cultures. Phenotyping the expanded cells 

following 14 days culture demonstrated final products were highly purified for T 

cells, with negligible NK cells or NKT cells. The CD4 population had increased to 80-

90%, with a small population of accompanying CD8 T cells and negligible DP or DN T 

cells, further supporting that the target cells were primarily CD4 T cells with a 

transient downregulation of CD4 receptor due to intense stimulation in the Prodigy 

CCS assay. Within both CD4 and CD8 subsets, cells were highly skewed to central 

memory phenotype demonstrating a consistent final product memory status between 

the research and full-scale process translation. Antigen recall testing using SARS-CoV-

2 SNM pooled peptide-loaded DC indicated a comparable functional Th1 response of 

the Prodigy-isolated final product cells. 

Since process translation demonstrated the Prodigy closed system isolation and 

expansion was suitable for full-scale manufacture, we rapidly initiated clean room 

manufacture of a SARS-CoV-2 VST bank. To select donors with the best SARS-CoV-2 T 

cell responses, buffy coats from n=109 COVID-19 convalescent donors were screened 

(data in Chapter 5), with n=46 donors showing detectable T cell responses to the 

SNM-pooled peptides. Donors with the highest frequency of CD3+/IFN-γ+ cells in the 

screen assay were approached for consent to donate leukapheresis for production of 

SARS-CoV-2 VST lines to be used in a clinical trial. Since donor buffy coat screening 

went on over numerous months (August 2020 to April 2021), and that we observed a 
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general decline in SARS-CoV-2 VST frequency over time since infection (see Chapter 

4), we implemented a secondary peripheral blood T cell screen between one to two 

weeks before the consented donor was scheduled to for leukapheresis collection. A 

minimum criterion of >0.08% CD3+/IFN-γ+ cells, as well as the standard apheresis 

screening tests was required for the donor to be eligible to donate leukapheresis for 

VST manufacture. Interestingly, comparison of donor T cell responses between their 

initial buffy coat screen in 2020 versus later screen prior to manufacture in 2021 

indicated responses to all three antigens were maintained, and not particularly 

directed toward spike even after one or multiple spike-targeted vaccines. Due to 

relaxation of public health policies beginning in summer 2021 in the UK, and 

unsurprisingly the emergence of new viral strain variants, it is not improbable that 

donors sustained SARS-CoV-2 T cell responses could have been due to community re-

exposure.  

The initial two donors were manufactured in clean room (C19UKD1 & C19UKD2) 

using SARS-CoV-2 SNM pooled peptides (premium-grade) as per all preceding 

process development runs, until new GMP-grade SARS-CoV-2 peptides (Peptivator 

SARS-CoV-2 Select) were released in February 2021. Differences between the peptide 

pools are detailed in Table 2.3; where the premium-grade peptides were individual 

pools with full coverage of the nucleocapsid and membrane protein, and 

immunodominant regions of the spike protein, and the GMP Peptivator Select pool 

was HLA-restricted for selected immunodominant regions of the whole SARS-CoV-2 

proteome (spike, nucleocapsid, membrane and envelope). Since differences between 

the premium-grade SNM versus GMP-grade select were considerable in terms of 

sequence, leukapheresis from the next donor for manufacture (C19UKD3) was split to 

undertake a parallel clean room process to directly compare isolation using the 

different peptide pools. Since the intra-donor comparison demonstrated equivalent 

expansion and final product characterisation/ functional potency, we converted all 

subsequent manufacture to use the GMP Select peptides to ensure full regulatory 

compliance for manufacture of an ATMP.  Nine donor manufacturing process were 

completed using the GMP peptides (C19UKD3, C19UKD6, C19UKD7, C19UKD8, 

C19UKD9, C19UKD10, C19UKD12, C19UKD14 & C19UKD15). Four donors (C19UKD4, 

C19UKD5, C19UKD11, C19UKD13) were consented however failed the clinical 

apheresis unit screening tests and so could not donate leukapheresis for the 

manufacturing process. Manufacturing of the bank took several months between 
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February 2021 to March 2022, and therefore as well as variables in donor age, sex, 

and time since natural SARS-CoV-2 infection, there was also high variation in 

vaccination status and the most prevalent SARS-CoV-2 variant at time of donation. 

Although donor characteristics and their SARS-CoV-2 T cell immunity are potentially 

quite variable due to timing of manufacture, ultimately due to the month long 

procedure (donor peripheral blood checks, VST 14 day expansion, freeze down and 

time-point 0 thaw stability testing) and that it is was not recommended in the SNBTS 

clean rooms to overlap manufacturing processes, the bank could not have been made 

any faster. This presents an interesting consideration for potential platform 

translation to future emerging viruses: even with extensive staff resourcing there will 

always be considerable lag period in manufacture of clinical-use virus-specific T cells 

to allow time for donor recruitment, supply of viral peptides of an appropriate 

standard, testing of peptide-induced T cell responses and optimisation/validation of 

all manufacturing and characterisation processes.  

Of the nine donor manufacturing products, two donors (C19UKD9 & C19UKD10) 

generated insufficient final product SARS-CoV-2 VST to be included in the clinical use 

bank (<3 patient bagged doses at 1.5x108 VST per dose). Since final product bags 

must be taken for additional safety testing such as BactAlert, endotoxin and post-

thaw stability, a minimum of four bags was required to have a dose available for 

patient use in clinical trial. Final product yield was variable between donors ranging 

from 2-225 doses, with some of the higher expansions generating too many cells for 

us to actually cryopreserve or store as doses for clinical use. An in-depth investigation 

of all donations, processing and characterisation data was undertaken to understand 

why some donors had relatively poor VST expansions in order to identify exclusion 

criteria to prevent future ‘manufacturing failures’. In addition to preventing financial 

waste through significant manufacturing costs and staff time, it is of primary 

importance to us as a public health body that donors do not undergo unnecessary 

procedures that are not entirely risk-free such as apheresis collection.  

While there were no obvious correlations between VST expansion and donor 

demographics, duration between infection and donation, or pre-screen VST 

frequency, a significantly elevated population of SARS-CoV-2 peptide IFN-γ-reactive 

NK cells was observed in three of the four low expansion donors. Comparison of the 

intra-donor reactivity to SARS-CoV-2 peptides between their initial buffy coat screen 
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in autumn-winter 2020, and their later leukapheresis screen in 2021 revealed an 

interesting NK cell response. The overall NK cell population (CD56+/CD3- cells) 

significantly decreased upon stimulation with SARS-CoV-2 SNM peptides compared to 

the no antigen control at the buffy coat screen, which did not occur in the later 

leukapheresis screen where NK cell population remained stable upon SARS-CoV-2 

peptides stimulation. These results may have captured a transient effect on the NK 

cell compartment of natural primary SARS-CoV-2 infection, whereby antigen re-

exposure even in these convalescent donors with a mild primary infection induced a 

substantial downregulation of CD56 on NK cells. By the time of the leukapheresis 

screening, it is likely these individuals may have had multiple re-exposures to SARS-

CoV-2 virus, and almost all had also been vaccinated, which appears to have re-

stabilised NK cell SARS-CoV-2 immunity (Lucas et al., 2021). Differences in the 

peptide-induced downregulation of CD56 may also be due to differences in blood 

subsets and processing between the buffy coat PBMC and leukapheresis samples, 

however it seems unlikely that such a large effect would be down to subset 

composition. Initial screening of the donor leukapheresis prior to manufacture 

demonstrated a substantial SARS-CoV-2 peptide-induced expression of IFN-γ in the 

low expansion donors. The frequency of NK cells positive for IFN-γ in these donors 

was higher in response to stimulation with pooled SNM peptides compared to the 

SARS-CoV-2 Select peptides indicating an increased NK cell reactivity to regions not 

covered in the SARS-CoV-2 Select peptide sequences. Further breakdown looking at 

individual antigen peptides in the leukapheresis screen showed a slightly higher 

frequency of IFN-γ-reactive NK cells in these donors to Spike and/ or membrane 

whereas there was a trend towards a lower response to Nucleocapsid, although there 

was degree of variability between donors. While the membrane-specific NK cells 

demonstrates immunity the natural virus, it would be interesting to see if continued 

exposure to spike-directed vaccines affects this altered NK cell immune response over 

time.  

Although NK cells usually elicit innate immune response in a transient antigen-

independent manner, CMV infection has been reported to induce expansion of NK 

cells with long-lived persistence and antigen response upon viral re-challenge 

mimicking an adaptive memory-like response (Gumá et al., 2006a, Sun et al., 2009). 

This memory NK cell population was observed up to a year following infection in CMV 

seropositive individuals and was characterised with positive expression of NKG2C, 
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lymphocyte maturation marker CD57, antibody-dependent cellular cytotoxicity 

marker CD16, IFN-γ secretion upon viral re-challenge and absence of inhibitory 

receptor NKG2A (Foley et al., 2012b). Interestingly, the presence of expansive 

NKG2C+ NK cells in healthy donor PBMC was specific to CMV seropositive donors, 

whereas this association was not observed for herpes simplex virus (HSV) or EBV 

serology status (Gumá et al., 2004, Hendricks et al., 2014), and is supported by a 

larger cohort study demonstrating no CMV seronegative donors (n=69) had 

expression of NKG2C+ NK cells. Furthermore a study investigating memory NK cells 

in the setting of HSCT transplantation showed the frequency and absolute counts of 

NKG2C+ NK cells significantly expanded up to a year following transplant only in 

cases where both the donor and recipient were CMV seropositive, or post-transplant 

CMV reactivation had occurred (Foley et al., 2012a). In cases where the donor was 

CMV seronegative, NKG2C+ NK cell frequency and absolute count remained 

undetectable throughout the time-course. This expansion in NKG2C+ NK cells in 

donor seropositive/ recipient seropositive cases but in the absence of detectable CMV 

viremia indicated low level subclinical latent CMV antigen stimulation was required 

to maintain persistence of this memory NK cell population. CMV seronegative 

recipients who received a HSCT graft from CMV seropositive donors had an increased 

expansion of NKG2C+ cells with higher IFN-γ functional responses at one year post-

transplant compared to grafts from CMV seronegative donors indicating a transfer of 

memory NK cell immunity. Epigenetic analysis revealed distinct methylation patterns 

of memory-like NK cells in CMV seropositive donors that mirrored effector cytotoxic 

T cells, and responses to CMV re-challenge in FcεRγ- adaptive NK cells (Schlums et al., 

2015). 

Expansion of NKG2C+ memory-like NK cells has also been reported following 

hantavirus (Björkström et al., 2011), chikungunya virus (Petitdemange et al., 2011), 

dengue virus (Petitdemange et al., 2016), and human immunodeficiency virus (HIV) 

(Gumá et al., 2006b, Zhou et al., 2015, Ma et al., 2017, Peppa et al., 2018) infection. In 

all these studies, NKG2C+ memory NK cells were only observed in CMV seropositive 

individuals. Although CMV seroprevalence is estimated at 78-88% of the general 

population globally (Zuhair et al., 2019), a large cohort study observed presence of 

NKG2C+ memory NK cells in around 30% of all CMV seropositive individuals 

(Schlums et al., 2015). This was found to be largely dependent upon CMV strain, with 

differential clonal expansion capacity of NKG2C+ NK cells in response to distinct UL40 
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peptide sequences (Hammer et al., 2018). Therefore current evidence suggests strain-

specific chronic CMV infection is essential for development of the NKG2C+ NK cell 

population capable of adaptive responses, and this population can further expand and 

elicit antiviral functionality in response to coinfection with a range of other viruses 

(Barnes et al., 2020).  

Interestingly, a few other groups have also observed adaptive NK cell responses 

following SARS-CoV-2 infection (Maucourant et al., 2020, Bergantini et al., 2021, 

Herrera et al., 2022). Maucourant and colleagues reported a significantly increased 

NKG2C+/CD57+ CD56dim NK cell population in severe COVID-19 patients during 

active infection compared to patients with moderate disease and healthy controls 

(Maucourant et al., 2020). Expansion of the NKG2C+ NK cell population in these 

COVID-19 patients (moderate and severe) was confined to CMV seropositive 

individuals, with no association with CMV viral load or CMV IgG titre, further 

supporting the theory that these memory NK cells originated following CMV infection 

however expanded in response to SARS-CoV-2 infection and not a CMV reactivation. 

Another study also observed a significantly higher frequency of NKG2C+/CD57+ 

adaptive NK cells in patients with severe COVID-19 compared to patients with mild or 

moderate symptoms during active infection (Bergantini et al., 2021). 

Herrera and colleagues also observed our findings of NK cells secreting IFN-γ in 

response to SARS-CoV-2 peptide stimulation in COVID-19 convalescent donors 

(Herrera et al., 2022). Responses to SARS-CoV-2 peptides were also variable between 

six donors investigated whereby two donors had a higher frequency of IFN-γ-reactive 

NK cells to spike peptides, and a further donor had IFN-γ-reactive NK cells only 

responsive to membrane peptides. Interestingly, one donor with a 5-20% IFN-γ-

reactive NK cells to the three SARS-CoV-2 peptides at 4 months post-infection, 

dropped to <3% for all three SARS-CoV-2 peptides at 9 months post-infection 

demonstrating a significant reduction in this donors’ SARS-CoV-2 NK cell immunity 

over convalescence. Further characterisation of the IFN-γ-reactive NK cells revealed a 

higher population of NKG2C+/CD57+ cells as compared to donors without SARS-CoV-

2-specific NK cell responses. The authors proposed the host pro-inflammatory 

environment during infection may induce a sustained NK cell activation via 

upregulation of HLA-E, which could lead to memory NK cells capable of recognising 

soluble-specific peptides through the NKCG2C receptor.  
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A recent study of responses to SARS-CoV-2 vaccines reported a substantial expansion 

of NKG2C+/CD16+/CD56dim NK cells up to 9 months following a second vaccination 

and one 1 month following a third ‘booster’ dose of the original Pfizer Comirnaty 

vaccine (Gentili et al., 2023). This population showed high CD107a and IFN-γ 

responses when stimulated with SARS-CoV-2 spike peptide-loaded APC, indicating an 

expansion of the memory NK cell population with anti-SARS-CoV-2 activity following 

vaccination. Importantly, they demonstrated these adaptive NK cells respond to the 

original Wuhan Spike peptide, as well as variants alpha, delta and omicron; indicating 

vaccination with mRNA sequence to the original Wuhan spike still confers memory 

NK cell recognition to the mutated variants.  

With our donors, variation in the number of vaccines received, time since last vaccine, 

and vaccine provider/formulation, it is difficult to distinguish responses to the 

natural virus versus the different vaccines. Certainly, some donors demonstrated 

adaptive IFN-γ-reactive NK cells in their initial buffy coat screen prior to vaccinations 

indicating an expansion of this subset in response to SARS-CoV-2 infection, and 

responses to peptides other than spike in their leukapheresis screen further indicates 

memory to the virus itself rather than just vaccine induced expansions. Furthermore, 

all the donors that exhibited SARS-CoV-2 peptide NK cell responses were CMV 

seropositive, whereas the two donors in our bank who were CMV seronegative did 

not have IFN-γ-reactive NK cells, supporting the theory that these cells originated 

after CMV infection rather than developing in SARS-CoV-2 infection, however a larger 

cohort size with more CMV seronegative individuals would be needed to confirm this 

hypothesis. Interestingly we don’t see this adaptive NK cell IFN-γ response to EBV 

peptides in screening or CCS isolation (see Chapter 3) indicating a potential role for 

the crossover of immunity between CMV and SARS-CoV-2.  In terms of choosing 

donors to manufacture SARS-CoV-2 VST, it would be simple to incorporate more NK 

cell markers such as NKG2C/ CD57/ CD16 into the peptide screening assay to define 

the presence of this adaptive NK population in donors, and further screen out donors 

where this population has IFN-γ response to SARS-CoV-2 peptides to prevent 

hindrance during the CCS assay. 

Additionally, phenotyping of the target cells isolated by Prodigy CCS revealed a 

significant correlation of increased final product yield with increasing frequency of 

target CD8+ cells. This suggests CD8 cells isolated from this process have higher 
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proliferative capacity than the SARS-CoV-2-specific CD4+ cells. This data could be 

utilised in the future for more sophisticated screening of donors prior to manufacture 

to minimise expansion failures by selecting donors with greater CD8+ T cell-specific 

responses to peptides. However biasing the selection of donors in this way would 

need to be weighted against understanding the desirable phenotype of T cells for 

therapy of the particular disease, which should ideally be investigated in preclinical 

models. Furthermore, phenotyping of the final product VST demonstrated a negative 

correlation between VST expansion and PD-1 expression on the day 14 expanded T 

cells. While expression of PD-1 alone is considered to be a marker of activation rather 

than exhaustion (Baessler and Vignali, 2024), this result suggests a link between lines 

with lower expansive capacity having a  highly activated T cell phenotype. While co-

expression of multiple inhibitory receptors (PD-1, LAG-3, and TIM-3) did not 

correlate with VST expansion, expression of these dual or triple-positive populations 

were considerably higher in final product CD4+ cells than CD8+ cells. This may reflect 

either two (not necessarily unrelated) phenomena, CD4+ SARS-CoV-2 VST are more 

rapidly exhausted following antigenic stimulation, or CD8+ SARS-CoV-2 VST are 

highly proliferative and consequently less likely to be affected by antigenic 

stimulatory exhaustion. Earlier exhaustion and lack of effector functionality of virus-

specific CD4+ T cells compared to CD8+ T cells has been reported during HIV 

infection (Kaufmann et al., 2007). 

While these three factors were associated with relatively low VST expansion, it is 

difficult to elucidate if these are linked or there may reflect independent mechanisms 

by which the SARS-CoV-2 VST failed to expand in our culture process. Unless another 

root cause can be determined for the differences in CD4/CD8 ratio in the CCS isolated 

targets, or the higher PD1 expression in some VST final products, only the presence of 

peptide-reactive NK cells at pre-screen could be incorporated as a criterion to screen 

out donors to prevent failed manufactures despite the lack of a clear mechanism 

underpinning this finding.  

Banked SARS-CoV-2 VST were also subject to numerous additional testing procedures 

to comprehensively characterise different parameters of T cell function and factors 

involved in allogeneic cell therapy infusion. Flow cytometric profiling of chemokine 

receptor expression demonstrated SARS-CoV-2 VST products had consistently high 

expression of CCR2, CCR4, CCR5, CXCR3 and CXCR4. SARS-CoV-2 infection induces 
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expression of CCL2, CCL5, CXCL1, CXCL9 and CXCL10 in airway vasculature and 

alveolar capillaries of the lung parenchyma (Alon et al., 2021). This is thought to be 

crucial for effector CD4+ and CD8+ T cells to successfully migrate through these 

vessels and enter the lamina propria via expression of CCR2, CCR4, CXCR3 and/or 

CCR5 for natural host immune resolution, thereby indicating intravenously infused 

therapeutic SARS-CoV-2 VST would be able to home to the lungs accordingly. CCR4 

expression has also been shown to be important in influenza-specific T cell responses, 

whereby infection induces lung DC imprinting of T cells to home to lung through high 

expression of CCR4. Adoptive transfer experiments in infected mice demonstrated 

lung DC activated CCR4 knockout T cells were unable to migrate to the lungs and mice 

continued to harbour high influenza viral load with corresponding decreased survival 

rates, whereas transfer of lung DC activated CCR4+ T cells efficiently resolved 

infection within 10 days (Mikhak et al., 2013). Both CCR4 and CCR5 have been found 

to be significantly upregulated on CD4+ and CD8+ T cells within the peripheral blood 

of COVID-19 patients with severe pulmonary complications compared to mild disease 

(Spoerl et al., 2021) indicating the importance of these receptors to mount a stronger 

T cell response directed to the lungs. Furthermore, positron emission tomography 

(PET) tracing of CD8+ cells in patients in response to early stage SARS-CoV-2 

infection revealed trafficking to the upper respiratory tract and both PLO and SLO 

was mediated by high expression of CXCR3 and CCR4 (Koenen et al., 2024). This 

suggests CXCR3+ and CCR4+ SARS-CoV-2 VST would have increased capacity to 

migrate from the circulation to the site of inflammation and into the peripheral 

tissues. While chemokine receptor profiling gives an indication of the migratory 

potential of T cell therapies, in vivo models should be tested to elucidate where cells 

actually traffic to following adoptive transfer in an inflamed disease host. 

To test the ability of SARS-CoV-2 VST to elicit effector functions upon antigen 

recognition, VST were co-cultured with autologous DC loaded with SARS-CoV-2 

peptides and analysed for expression of cytokines and activation markers. Final 

product VST had a high frequency of multifunctional effector T cells with 20-40% 

triple positive for CD154/ IFN-γ/ TNF-α, and 2-25% quadruple positive for CD154/ 

IFN-γ/ TNF-α/ IL-2 indicating a high specificity of these products to SARS-CoV-2 re-

challenge. Furthermore, VST had broad reactivity to membrane, nucleocapsid and the 

different spike variant peptides which indicates the therapy would be less susceptible 

to immune escape by viral mutational evolution. Cytotoxicity against autologous 
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SARS-CoV-2 peptide-loaded B cell targets indicated negligible (<5%) target cell 

specific lysis when compared to co-cultured VST + unloaded B cell controls. This 

slightly increased to 5-15% specific lysis if analysis was changed to use unloaded B 

cells only (no VST co-cultured) as the control which may suggest the VST elicit a low 

level killing of the B cell targets regardless of SARS-CoV-2 peptide loading, however 

the assays were not completely optimised in terms of small sample number, cell 

counts and thawing protocols. Also due to the timeframe of these assays with a 

collaborating lab, only the first three manufactured VST lines were sent for 

cytotoxicity analysis, all of which were highly skewed CD4+ T cell lines. Therefore 

killing assays should be repeated on the other banked VST lines, particularly donors 

C19UKD8, C19UKD12 and C19UKD15 which produced mainly CD8+ VST and hence 

should have a greater potential for direct cytolytic activity. 

Sequencing the TCR-Vβ region of generated SARS-CoV-2 VST products demonstrated 

a consistently polyclonal TCR repertoire between donors occupied by a top 100-1000 

T cell clones. Matched donor comparison of the fresh leukapheresis CD3+ FACS-

isolated pan T cells as expected had highly diverse repertoires of >10,000 clones, and 

therefore demonstrates our manufacturing process does indeed induce a selection of 

the TCR repertoire (albeit still very polyclonal in SARS-CoV-2 VST as compared to our 

manufactured EBV VST in Chapter 3 – this is discussed in more detail in Chapter 7). It 

was of interest to test if the TCR repertoire restriction already existed in target IFN-

γ+ cells and were therefore selected for at CCS isolation, or whether the two week 

culture expansion selects for particular clones. This question was investigated by 

testing the CCS target cells in comparison to day 14 final product, however since the 

CCS assay isolates so few target cells to take samples from, these samples failed to 

generate sufficient amplified TCR-β PCR products for gel extraction. With the total 

number of target cells ranging 1-2.5x106 cells from a full-scale leukapheresis Prodigy 

CCS isolation, likely all these target cells would be required for TCR-β amplification to 

ensure PCR products are of adequate quality for next generation sequencing, however 

this would leave no target cells available for the subsequent culture expansion. 

Theoretically two full-scale prodigy isolations per donor could be set up in tandem 

with one to manufacture and culture expand the clinical VST product, and the other to 

take target cells solely for clonotypic analysis however the cost implications to run 

duplicate Prodigy CCS isolations for multiple donors would be colossal. Use of TCR 

antigen databases to assess CDR3 sequence matching offers a supplementary 
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approach to assessing the clonal responsiveness of the final products. Tests indicated 

that a higher proportion of the VST repertoire was specific to SARS-CoV-2 epitope 

sequences compared to other common viruses tested, and a moderately higher 

specificity to ORF1a and Spike sequences compared to other SARS-CoV-2 antigens. 

This skewed specificity does not correspond to the aforementioned functional 

responses to antigen re-challenge which indicated higher reactivity to nucleocapsid 

or membrane peptides. As discussed in depth in Chapter 5, it is difficult to compare 

specificity between TCR epitope matching and functional reactivity to antigenic 

peptides, and as such data from both techniques should be taken into consideration 

for meaningful inference. However current analysis using TCR databases may be 

underestimating sequence matching due to biases towards more uploaded sequences 

for Spike, MHC-I restricted TCR, and sequences for particular HLA alleles. Equally 

functional reactivity in the peptide-loaded DC assay is limited by the range of SARS-

CoV-2 peptides tested, efficiency of DC to process and present these peptides in the 

assay timeframe, and does not identify T cells which may be SARS-CoV-2-specific but 

fail to demonstrate a functional response captured in this assay. Indeed this assay 

was entirely biased to detect only Th1 or CTL degranulation responses, and therefore 

other Th effector functionality cannot be ruled out. Expression of some cytokines that 

classify the different Th subsets are difficult to detect by flow cytometry, but could be 

assessed using transcriptional factor analysis. Cytokine secretion following antigen 

re-challenge could be measured by ELISA to detect potential differing antigen-specific 

Th responses, however this technique would not enable quantification of Th 

subpopulations within the T cell product. Also, with the requirement of APC to 

present peptides to VST it would be difficult to delineate cytokine secretions between 

cell types within the co-cultures using ELISA assays. Overall it is unlikely the isolated 

and expanded SARS-CoV-2 VST lines include T cells other than classic Th1 or CTL, 

however given the presence of follicular helper T cells has been reported to expand 

following COVID-19 infection, this should be investigated in future research. 

Potential immunogenicity of this allogeneic T cell product was measured using a 

mixed lymphocyte reaction whereby SARS-CoV-2 VST were co-cultured with 

allogeneic HLA-unmatched PBMC for seven days, and analysed for output parameters 

of T cell proliferation, inflammatory cytokine secretion and skin explant GVHD 

response by histology. All VST lines were tested against three healthy volunteers with 

limited HLA matching. In most of our banked SARS-CoV-2 donors, VST lines induced 
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comparable levels of T cell proliferation as the autologous healthy volunteer PBMC 

co-culture controls, indicating negligible alloreactivity in the VST products. While two 

donors had increased T cell proliferation compared to the autologous control, all 

donor VST lines induced significantly lower T cell proliferation than PBMC starting 

material demonstrating alloreactive lymphocytes are removed in our manufacturing 

process. Cytokine secretion in response to MLR was negligible for all cytokines tested 

in an inflammatory luminex array, except for a relatively high concentration of IL-6 

[5,000-50,000 pg/mL]. However IL-6 concentration was equivalent between 

allogeneic PBMC, allogeneic VST and autologous PBMC conditions indicating a non-

specific secretion of IL-6 in these co-cultures independent of HLA matching. 

Histological grading of skin explants in response to MLR co-cultures further 

supported the T cell proliferation results, where SARS-CoV-2 VST had low GVHD 

responses in comparison with the autologous PBMC controls, and this was 

significantly reduced compared to the same SARS-CoV-2 donor PBMC starting 

material. Interestingly in this assay, autologous PBMC MLR that were used as the 

negative controls did elicit a degree of GVHD response in ~20% of co-culture tests as 

compared to skin explants with medium-only controls. This may suggest the simple 

washing and processing of skin biopsies to set up the co-cultures is sufficient to incur 

cell damage or exposure to antigens or neoantigens which can then stimulate the 

PBMC to recognise their autologous skin cells as foreign. These results may also 

reflect the fact although the volunteers recruited to donate skin biospies were 

deemed ‘healthy’ in donor screening testing/ questionnaires, some may have had 

unknown underlying autoimmune conditions stimulating their PBMC to have an 

autoimmune response against self. Altogether these data indicate our isolated and 

expanded virus-specific T cell lines exert negligible immunogenic responses in this 

assay. The potential for allogeneic cell therapies with a high proportion of unspecific 

T cells to induce a potentially fatal patient GVHD response is a major concern that 

understandably deters willingness for their clinical use (Jiang et al., 2021, Moradi et 

al., 2023). Due to this, advances in technology to manufacture or process cell 

therapies, particularly in the case of HSCT and CART therapies have been made to 

limit the alloreactivity potential, such as pre-depletion of naïve T cells from the 

source material or various gene modifying or non-gene modifying techniques to 

remove αβ TCR T cells whilst maintaining desired therapeutic function (Lv et al., 

2023). Although a retrospective study of allogeneic EBV and multi-virus VST given to 

153 HSCT transplant patients demonstrated impressive safety profiles of VST with no 
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incidences of de novo acute GVHD even in cases where in vitro allo-HLA reactivity 

was present in VST lines (Melenhorst et al., 2010), the potential for alloreactivity will 

be dependent on manufacturing and cell product specific variables. As such there is a 

fundamental requirement for assays to test potential immunogenicity across different 

allogeneic cells therapies prior to patient delivery which is largely sorely lacking in 

the field. The Skimune® MLR assay delivered by Alcyomics® has previously 

demonstrated that testing for positive GVHD responses between PBMC from 

allogeneic HSCT grafts and recipient patient skin biopsies is predictive of GVHD 

outcomes following transplantation (Dickinson et al., 1998). This assay has been 

beneficial in showing the manufactured SARS-CoV-2 VST exert limited potential for 

skin GVHD pathologies even against unmatched recipients, whereas VST will only be 

delivered to patients with a minimum of one HLA match, with preference of matches 

based on the VST line CD4:CD8 ratio and restriction of the SARS-CoV-2 peptides used 

for manufacture. While the percentage of positive GVHD responses was low in all 

banked SARS-CoV-2 VST lines tested (mean=8.3%, n=3), comparisons between 

different SARS-CoV-2 donor products is limited by the disparity in both number of 

HLA matches between donors and healthy volunteers and immunodominance of 

particular HLA alleles/ alloreactive peptide sequences (Archbold et al., 2008).  

Additional safety testing for cell therapies other than contamination and 

immunogenic potential includes measure of oncogenicity. While the potential to form 

tumours is mainly a risk for stem cell based therapies, T cells are capable of a massive 

clonal expansion and therefore in the current landscape of cellular therapies should 

also be tested for tumourogenicity (Sato et al., 2019) though there is evidence that T 

cells are capable of enormous expansion without accumulation of genetic errors 

leading to mutagenesis (Soerens et al., 2023). Assessment through oncogene array 

demonstrated the SARS-CoV-2 VST lines analysed did not present SNP variants in any 

of the oncogenes tested indicating a limited oncogenic potential. Since ethical 

restrictions prevented this level of genetic testing to be done on our healthy donor-

derived material, we could only test representative VST lines manufactured from 

commercially acquired leukapheresis material which had ethical approval for genetic 

testing associated with each unit purchased. This reveals a major limitation in the 

field whereby so many cell therapies rely on healthy donor sources, and therefore 

ethically this safety test currently cannot be performed on each clinical product.   
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At the time of this study, there were no widely available animal models for SARS-CoV-

2 infection that accurately represented the natural disease pathogenesis of severe 

COVID-19, however numerous transgenic mouse models, ferret, hamster and non-

human primate are being developed and analysed for comparative human respiratory 

disease mechanisms (Dillard et al., 2023, Chen et al., 2024). Since the extensive 

profiling of banked SARS-CoV-2 VST lines have indicated a purified T cell product 

with desired memory status, SARS-CoV-2 specificity and favourable safety results 

from the suite of in vitro assays; supported by our clinical data of EBV VST in patients, 

this therapy was approved by the Medicines Health Regulatory Agency (MHRA) as a 

Clinical Trial Investigational Medicinal Product (CTIMP) in August 2022. To date, two 

high risk hospitalised patients have been infused with the lowest dose of SARS-CoV-2 

VST for this phase I safety trial, with no reported adverse events. Due to changes in 

mandatory testing for COVID-19, as well as more treatment and vaccination options 

available, recruitment to the trial has significantly slowed down. However, between 

August 2023 to January 2024, a total of 484 patients were screened but not eligible 

for participation in the trial due to: requirement of supplemental oxygen (n=221), 

unable to self-consent (n=137), had renal dysfunction (n=31), had cardiac 

dysfunction (n=18), or were immunocompromised (n=17). Of the eligible screened 

patients, participation in the trial did not go ahead due to: patient discharge within 48 

hours of screening (n=38), patient refused (n=15), or patient on end-of-life care 

(n=7). This shows that despite the significant decrease in number and severity of 

COVID-19 cases, there are still large numbers of infected patients in hospitals, 

however the vast majority of patients are not being recruited for cell therapy 

intervention due to being given supplemental oxygen. Given that supplemental 

oxygen has become a first line standard of care for COVID-19 patients with a 

saturated pulse oxygen <95% on room air at sea level, this rules out the majority of 

hospitalised infected patients. Therefore, a clinical trial amendment has been 

submitted as of May 2024 to change eligibility to include patients maintaining 

saturations at >92% on a minimum of 28% supplemental oxygen therapy which may 

increase trial recruitment. While the initial strategy was to validate SARS-CoV-2 VST 

safety in a generally healthy patient group, this raises an important issue in trial 

design for treatments of emerging viruses. The time taken to develop and 

manufacture the products and then gain approval to undertake a phase I clinical trial 

for a new infection will likely lag behind the general population reaching herd 

immunity. In the case of this particular product, the development and manufacturing 
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time was remarkably quick but the timing was such that the SARS-CoV-2 virus was 

already becoming attenuated in the population, retaining high infection rates but with 

fewer cases of severe or lethal disease. Therefore for potential future pandemic or 

endemic viral emergencies it may be prudent to target clinical trials to the likely final 

patient group intended, i.e. immunocompromised individuals, though this is 

understandably a more difficult route due to the inherent risks of immunotherapy for 

these individuals. 

6.8 Chapter summary 

This chapter has discussed the translation, clinical manufacture and first in human 

trial investigation of allogeneic SARS-CoV-2 VST for the treatment of COVID-19 

patients. From application of research protocols for the detection, isolation and 

expansion of SARS-CoV-2 VST from naturally COVID-19 convalescent donors 

developed in previous chapters, to collective efforts within a licensed institute for cell 

therapy manufacture allowing rapid translation of the process and clean room 

production of nine SARS-CoV-2 VST lines. While seven SARS-CoV-2 VST lines were 

banked for clinical use, two donors failed to expand sufficient T cells for banking by 

this process. Investigation revealed a memory NK cell population reactive to SARS-

CoV-2 peptides which investigation indicated had hindered the IFN-γ cell isolations in 

these donors. Furthermore, extensive characterisation and profiling of the banked 

SARS-CoV-2 VST lines utilised numerous collaborative investigations. Manufacture of 

SARS-CoV-2 VST produced mainly CD4 T cell lines with Th1 functional status 

determined by expression of multiple antiviral cytokines and CD4 activation markers. 

Some of the banked VST lines were CD8-skewed with similar functional cytokine 

response, however the cytotoxic potential of these lines has not yet been determined. 

Sequencing of the TCR-Vβ revealed a polyclonal TCR repertoire, and VST lines had 

broad functional reactivity to different SARS-CoV-2 antigens which may ensure 

efficacy against antigenic mutational escape. Finally, safety testing indicated 

negligible potential of immunogenic reactions or tumourogenic potential by VST 

product infusion. All this data was instrumental to support approval for a first in 

human trial for this therapy, which has been infused in two COVID-19 patients thus 

far. Continuation of this dose-escalation phase I trial to patient cohorts receiving 

higher doses will be required to demonstrate product safety, and patient monitoring 
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assays of infection course, inflammatory and immune responses may elucidate 

aspects of potential therapeutic functional mechanisms. 
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Chapter 7 – General Discussion 

7.1 Introduction 

Development of cell therapies has frequently been associated with the ‘valley of 

death’, an analogy which highlights the fact that complex products for rare diseases 

seldom make it through late-stage trials successfully. However, in recent years we are 

finally seeing a surge in cell therapies being authorised and licenced for clinical use. 

While this is largely due to increased investment to appropriately fund development 

through to clinical trials, increased success also reflects advances in manufacturing 

technology, regulatory infrastructure, product testing and pre-clinical models, 

standards of compliance for materials and processes, as well as improved application 

of complex cellular and genetic techniques. Within the immunotherapy field, CAR T 

cells and TCR-engineered T cells currently dominate focus due to the ability to make 

personalised products against natural or more intricately designed targets. However, 

with use of genetic modification and increasingly complex techniques comes 

increased risk of adverse events or manufacturing issues, therefore there is always 

need to simplify processes as much as possible. VST represent one of the more 

straight-forward cell therapies in this regard and due to early clinical successes have 

already built up a substantial safety and efficacy profile for the treatment of life-

threatening viral infections.  

It was the overall aim of this thesis to investigate an array of assays to 

comprehensively characterise VST therapies. This suite of quantitative analytic assays 

supported the development and refinement of protocols to generate virus-specific T 

cells, as well as constructing the preclinical profile of two novel SNBTS cell therapies 

that are now under clinical testing. Chapter 3 compared two methodologies for the 

clinical manufacture of EBV-specific VST; a long-established protocol using repeated 

autologous EBV+ LCL stimulations, and our newly developed EBV peptide-mediated 

isolation and expansion platform. Evaluation of processes and products was 

compared in the context of adoptive therapy of post-transplant EBV+ latency III 

lymphoproliferative disorders. Rapidly following outbreak of the emergent 

coronavirus pandemic, in Chapter 4 the peptide-based platform was used to detect 

and isolate T cells reactive to different SARS-CoV-2 proteins from COVID-19 

convalescent donors, and to develop a culture protocol for optimal VST expansion. 
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Chapter 5 compared alternative approaches to the IFN-γ mediated VST isolation 

process and assessed whether TNF-α or CD154 could be used as activation-induced 

markers for the isolation of SARS-CoV-2 VST. The final products generated by these 

different processes were compared to determine differences in phenotype, effector 

functions and population expansion. Finally, Chapter 6 amalgamated the research and 

developmental work of previous chapters to validate protocols for the clean room 

manufacture and QC characterisation of SARS-CoV-2 VST. Clinical products were 

cryopreserved and are currently under testing in a phase I clinical trial for high-risk 

hospitalised COVID-19 patients. This chapter will discuss the findings from these 

chapters in order to predict potential mechanisms EBV VST and SARS-CoV-2 VST 

function in their respective patient groups, as well as evaluate manufacturing 

methods and characterisation assays for use in cell therapy development. 

7.2 EBV VST for therapy of EBV lymphoma 

Given that allogeneic EBV VST have been utilised clinically by numerous centres for 

well over 20 years, we have built up a good clinical picture of responses within 

different patient groups. This therapy has proven safety and efficacy particularly in 

EBV+ PTLD patients and robust trials of larger cohorts have demonstrated a range of 

between 51-80% overall response rates (see Table 1.5).  PTLD represents a 

particularly diverse patient group, with widely varied factors that impact upon 

disease severity and rate of progression including: age, sex, prior EBV immunity, 

transplant type, level of HLA matching to the transplant donor, transplant 

immunosuppressive regime, site(s) of lymphoproliferation, tumour antigen 

expression, tumour morphology and presence of other infections. Therefore, the lack 

of response to EBV VST adoptive transfer seen in some patients is likely largely due to 

huge demographic and disease heterogeneity. Nonetheless the early clinical successes 

with this therapy have driven development of new techniques/technology to improve 

EBV VST product manufacture. We compared the established LCL stimulation 

method, a technique still used to manufacture the vast majority of current EBV VST 

therapies globally (see Table 1.5), with pooled EBV peptide-mediated isolation which 

is becoming a popular alternative approach to generate GMP-compliant EBV VST in 

the field.  
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7.2.1 Peptide- EBV VST have improved phenotype, functionality 
and viral specificity. 

Both the LCL and peptide methods generated expanded products that were highly 

enriched for T cells (>96% in all donor cultures generated), with negligible 

‘contaminating’ cell types. It is hugely important in cell therapy manufacture to have a 

high purity product to eliminate risk of other cells inducing off-target and/or 

unknown effects. Due to this, many ATMP are set a release criteria of >90% purity for 

the particular cell type which ensures any products not meeting this specification are 

not allowed for clinical use. However, it is worthwhile to initially focus on 

development of a culture process that consistently and reproducibly generates the 

desired cell type in order to reduce the risk of manufacturing failures in later stages 

of translation. As such, we have optimised the key reagents and conditions in our EBV 

VST protocols to robustly drive expansion of highly-enriched T cells. Both processes 

similarly generate predominantly CD8+ T cell products which is desirable for PTLD 

therapy to induce both anti-tumour and anti-viral functions. While final products 

from both processes generally contained a low percentage of CD4+ T cells, LCL-

derived EBV VST had a wider range of CD4 content, though this may reflect the bigger 

sample size of products analysed from LCL-derived compared to peptide-derived 

groups. Although statistically similar in this analysis, EBV VST from the peptide-

derived bank will be carefully monitored for response upon clinical use, given that 

previous reports have indicated that a higher CD4+ content is associated with 

improved efficacy (Peggs et al., 2003, Haque et al., 2007, Prockop et al., 2020). Ideally 

to investigate this, patient blood samples could be taken longitudinally pre- and post-

infusion of EBV VST and tracked for CD4+ expansions of both host and the 

transferred T cells through a mismatched HLA allele. Currently however, due to 

regulations of the Specials license under which we issue EBV VST for 

relapsed/refractory PTLD, we are unable to carry out patient monitoring assessments 

that could delineate these in vivo mechanisms. 

Notably, both CD4+ and CD8+ T cells within peptide-derived EBV VST were highly 

skewed towards a central memory phenotype compared to the effector phenotype 

demonstrated by the LCL-derived VST. As such, the smaller CD4+ percentage within 

peptide-derived T cell products may have negligible consequences on persistence if 

these cells have increased expansion capacity after adoptive transfer to the patient. 

Importantly, peptide-derived EBV VST also contain a sizeable population of effector T 
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cells which should drive immediate effector functions, though again it would be useful 

to be able to monitor patients to compare with the predominantly effector-biased 

LCL-derived products for any lag in clinical response. Certainly, cytotoxicity against 

allogeneic HLA-matched LCL using a 6 hour in vitro assay was comparable between 

VST generated by both processes, which indicates the peptide-derived products are 

not disadvantaged for rapid target-specific killing despite having a smaller effector 

population. It is of course difficult to compare the different LCL to VST ratios used in 

cytotoxicity assays to what might be in the clinical situation dependent on PTLD 

tumour(s) size and the level of patient lymphopenia. Nonetheless, peptide-derived 

VST demonstrated enhanced degranulation and production of effector Th1 cytokines 

upon EBV recall compared to the LCL-derived VST, suggesting increased functional 

capacity. This may be linked to a more exhausted phenotype of LCL-derived VST 

particularly within the CD4 compartment, which may limit cytokine secretion and 

helper cell signalling.  

Interestingly, peptide-derived VST exhibited CD4+ T cells with degranulation 

phenotype and cytotoxic capabilities in response to EBV peptide stimulation and 

demonstrated target-specific lysis of LCL when CD4+ T cells were sorted and used in 

cytotoxicity assay. These data suggest CD4+ T cells grown using the peptide process 

are able to directly lyse EBV+ target cells, though more lines should be tested in this 

assay to determine if this is a consistent feature between donors. Furthermore, in vivo 

experiments would be required to confirm if CD4+ cells with cytotoxic capacity 

actually perform this function to directly lyse EBV+ tumours upon adoptive transfer, 

or whether they act predominantly through Th1 effector functions. One mechanism to 

test this would be to look at blocking of IFN-γ, TNF-α, granzyme B or FasL with 

neutralising antibodies in the cytotoxicity assay to determine the role of each in CD4 

lysis of target cells. Given the aforementioned association of improved and 

maintained PTLD tumour remission with higher frequency of CD4+ T cells in the VST 

product (Haque et al., 2007), it would imply the transferred CD4+ T cells are 

providing a supplementary therapeutic role to classic CD8-mediated cytotoxicity. It 

may be the case however that cytotoxic CD4+ T cells are important for natural host 

responses to control EBV+ tumourigenesis via MHC class II-dependent cytotoxic 

pathways (Malyshkina et al., 2023). A recent study reported accumulation of 

cytotoxic CD4+ T cells in the spleen of transgenic mice following transfer of LMP1+ B 

cells, which were found to be primed by LMP1-induced expression of co-stimulatory 
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molecule CD70 (Choi et al., 2018). Adoptive transfer of purified splenic cytotoxic 

CD4+ T cells showed superior regression of LMP1+ lymphomas than CD8+ T cells 

which may implicate an essential role for cytotoxic CD4+ T cells in natural immunity 

to LMP1+ tumours. 

Finally, EBV VST derived from both processes contained an oligoclonal repertoire of T 

cells, with donor lines frequently dominated by 1-10 clones. By matching generated 

CDR3 sequences to that of TCR databases, clones were mainly directed to immediate-

early lytic proteins BMLF1, BRLF1 and BZLF1 and latent proteins EBNA3A, EBNA3C 

and LMP2. This was corroborated by functional reactivity of CD8+ T cells mainly to 

BRLF1, BZLF1, EBNA3A, EBNA3C and LMP2 and though not seen in the CDR3 

matching analysis, CD8+ functional response was very high to EBNALP in the vast 

majority of donor lines. Exact profiles of clonal repertoires are currently limited to 

previously identified public EBV-specific clones uploaded to TCR databases (Huisman 

et al., 2022), which should improve as more CDR3 sequences from different HLA 

types are added to public databases. Overall CD8+ functional reactivity to dominant 

antigen EBNA3A was markedly higher in peptide-derived VST, which suggests more 

clones are able to direct immediate lysis to EBNA3C+ PTLD tumours. Furthermore, 

CD4+ T cells within peptide-derived EBV VST also had enhanced functional reactivity 

to EBNA3A, as well as EBNA1 and EBNA2. With a higher frequency of clones able to 

mount effector responses to multiple dominant and subdominant EBV antigens, 

peptide-derived VST may enhance remission of tumour cells with differential antigen 

expression and prevent tumour evasion mechanisms. 

Overall, characterisation and functional profiling indicated peptide-derived EBV VST 

had a more desirable phenotype and enhanced effector capacity for a PTLD therapy 

when compared to LCL-derived EBV VST. Moreover, with a significantly shorter and 

simpler culture protocol, fewer manipulations and lack of use of an infectious agent; 

the peptide process presents numerous safety advantages for the product, facility and 

staff (see process comparison in Table 3.5). Of huge importance to cell therapy 

manufacture, the peptide process also generated a significantly greater yield of EBV 

VST than the LCL process which allows us to generate more treatments for the bank 

(used at 1.5x108 cells/dose x 4 doses per patient) than in other PTLD trials (O'Reilly 

et al., 2023). This has obvious advantages in making the therapy more cost-effective 
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and deliverable to many more patients from a single donor manufacturing process 

and also allows effective dosing that may prolong patient remissions.  

7.2.2 Suitability of EBV VST to target different EBV disorders. 

SNBTS holds an MHRA-approved Specials license to issue EBV VST (both LCL and 

peptide-derived) to relapsed/refractory PTLD patients. A major aim of this thesis was 

to compare antigenic targets between EBV VST to evaluate the suitability to treat 

PTLD. Building on the development and analysis of these clinical products is the 

question of whether the produced EBV VST could also target other EBV+ disorders.  

On the whole, EBV antigen specificity of the CD8+ T cells was similar between LCL-

derived and peptide-derived VST. Expanded VST lines were typically restricted to 

targeting BRLF1, BZLF1, EBNALP, EBNA3A, and EBNA3C. Interestingly, peptide-

derived lines contained significantly more EBNA3A-specific T cells than LCL-derived 

lines, which was unexpected considering EBNA3A is an immunodominant target for T 

cell responses (Murray et al., 1992). Though there was variability between donors 

which likely reflects different HLA alleles restricting presentation of particular 

epitope sequences, LCL-derived VST had a lower overall frequency of T cells specific 

to the EBV antigens tested. This may suggest specificity to other EBV lytic antigens 

not tested in this assay, though reports suggest LCL do not express high levels of lytic 

antigens. More likely this may reflect that LCL transformation can also induce the 

expression of cellular tumour-associated antigens, and therefore T cells generated 

against LCL may expand clones targeted to particular cellular antigen epitopes 

(Ozgyin et al., 2019). A third option could be the process expanded T cell clones not 

specific to EBV or LCL antigens, however this is not likely given the culture process 

comprises 7-12 rounds of LCL stimulation. The cytotoxicity data also does not 

support this theory since EBV VST expanded after several stimulations have strong 

cytotoxic specificity to LCL compared to control cell lines in this assay. Furthermore, 

since our assay to assess antigenic specificity is by way of cytokine or CD107a 

expression upon antigen recall, this may be underestimating the total specificity to 

the antigens tested based upon the cells’ functional capacity. A good way to overcome 

this limitation would be to directly measure antigen-specific epitopes by multimer 

staining, however this method was deemed impractical to resource all individual EBV 

antigen-specific multimers covering the wide range of HLA types in the present 

dataset, other approaches may include TCR sequencing. 
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It would be interesting to compare the two EBV VST products in terms of LCL cellular 

antigen-specific clones. Since the peptides used for the generation of EBV VST were 

purely against HLA-restricted EBV antigens, the expanded T cells are highly unlikely 

to target cellular antigens. On one hand, it may be useful to have anti-LCL clones in 

EBV VST therapies, since cellular antigens are rapidly upregulated within the five 

days of LCL immortalisation (Long et al., 2009), found to be induced in transformed 

cells by LMP1 (Choi et al., 2018). One interesting study generated polyclonal EBV VST 

against LCL in cultures containing acyclovir to prevent lytic antigen presentation, 

with some of the expanded T cell lines confirmed to lack specificity to latent EBV 

antigens, but still highly reactive to LCL (Linnerbauer et al., 2014). Transfer of these 

non-virion antigen-specific T cells to a PTLD-like tumour model (SCID mice injected 

with human LCL with subsequent xenograft lymphomas) had uncompromised anti-

tumour efficacy, indicating T cells targeted towards cellular antigens still provided 

therapeutic responses. In a clinical study of other EBV+ lymphomas, adoptive transfer 

of LCL-derived EBV VST was associated with increased peripheral blood T cell 

responses to MAGE, survivin and PRAME only in responding patients, suggesting 

responses against these tumour associated antigens (TAA) were important for 

therapeutic efficacy (Bollard et al., 2014). Although these studies indicate TAA on LCL 

can be specifically targeted by LCL-derived T cells, it is unclear to what extent such 

antigens induced by laboratory strain B95-8 are also expressed on patient PTLD 

tumours. Moreover, expression of TAA or patient-specific neoantigens may be highly 

variable between PTLD tumours dependent on tumour site, morphology and/or 

disease stage and therefore more difficult to standardise as targets for allogeneic cell 

therapy.  

Taking into account the overall antigen specificity, cytotoxicity and clonal repertoire 

data, the in vitro characterisation indicates suitability of both LCL-derived and 

peptide-derived EBV VST to target PTLD tumours. This is of course corroborated by 

substantial clinical evidence of complete responses maintained in many of our 

patients treated with LCL-derived EBV VST (Vickers et al., 2014, Chiou et al., 2018, 

Kazi et al., 2019). The peptide-derived EBV VST have been issued clinically since 2023 

to 19 patients to date, and although we don’t have long term data there are early 

indications of good clinical responses.  
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In addition, while results have shown adoptive transfer of EBV-specific T cells have 

been effective for PTLD patients, attempts to treat other EBV-related malignancies 

with EBV VST have so far been less efficacious. It was a supplementary aim of this 

study to consider whether the EBV VST lines generated could potentially target other 

latency EBV cancers. The mean CD8+ T cell specificity to restricted latency I or II 

antigens was low between both groups, however some donor lines had small 

populations (5-20%) of EBNA1, LMP1 or LMP2 reactive T cells. Furthermore, 

peptide-derived VST expanded significantly higher proportions of CD4+ cells specific 

particularly to EBNA1 and LMP1 than LCL-derived VST. Therefore, individual donor 

lines could have therapeutic potential against latency I or II tumours, and could even 

be sorted again by CCS or multimer selection to purify for only EBNA1, LMP1 and 

LMP2-specific VST.  

The majority of T cell therapy trials for latency II NPC patients have tested autologous 

LCL-derived EBV VST with modest clinical results (Li et al., 2022). Similar to our 

results, the LCL-derived EBV VST were found to contain dominant clones recognising 

lytic or latency III antigens, which may explain the limited anti-tumour response in 

NPC patients (Wang et al., 2021). A novel approach to generate EBV VST restricted to 

latency II antigens has been recently developed using an adenovirus-based vector to 

deliver EBNA1, LMP1 and LMP2 antigen expression (Smith et al., 2017, Huang et al., 

2017, Pender et al., 2018). The EBV VST products generated however have shown 

relatively low specificity to the latency II antigens, which is reflected in their limited 

clinical responses. Translation of our peptide-mediated CCS method with EBNA1 and 

LMP peptides may present a better approach to generate latency I or II EBV VST. In 

preliminary experiments I’ve investigated since my PhD studies, we have successfully 

isolated EBNA1/LMP-specific VST from healthy donors using this method, with very 

high specificity (40-80%) to these antigens, likely due to the isolation step (data not 

shown). This further shows the potential for translation of this method to generate T 

cells for other antigenic targets, and next steps plan to investigate development of 

VST targeted to subdominant EBV antigens to treat other EBV+ malignancies.  

7.3 SARS-CoV-2 VST for therapy of COVID-19 

Chapters 4-6 focussed on the generation of SARS-CoV-2 VST, from primary research 

and development to clean room manufacture and clinical trial. Such rapid translation 
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of a therapy from bench to bedside in just 2 years is the result of momentous effort 

and co-ordination of numerous teams across various disciplines in SNBTS. For this, 

COVID-19 convalescent donors were identified through the SNBTS convalescent 

plasma programme, with recruitment and buffy coat collection at multiple sites co-

ordinated through the donor services clinical team and blood processing teams. 

Donor buffy coats were HLA-typed by SNBTS Histocompatibility & Immunogenetics 

services and screened for mandatory pathogens and SARS-CoV-2 viral and antibody 

titres by SNBTS National Microbiology Reference Unit. Buffy coats were then assessed 

for SARS-CoV-2 T cell responses, and protocols developed for the isolation, expansion 

and characterisation of SARS-CoV-2 VST by myself and others within the 

development (TCAT DEV) team. The processes were rapidly translated to clean room 

manufacture and QC testing by TCAT GMP and Quality teams. All work was ensured 

for compliance within the ATMP regulatory framework, and Investigative Medicines 

Product Dossier (IMPD) and Investigators Brochure (IB) were compiled by the 

Regulatory team from data supplied by TCAT DEV. Finally, the clinical trial is being 

co-ordinated and managed by numerous hospital and clinical teams at the Royal 

Infirmary Edinburgh and University of Edinburgh. With limited clinical history for 

inference, much of the development was to optimise methods to isolate and expand 

SARS-CoV-2 VST, and utilise a plethora of characterisation testing to predict how 

SARS-CoV-2 VST might act after adoptive transfer to COVID-19 patients. 

7.3.1 Comparison of IFN-γ, TNF-α and CD154 for VST isolation. 

The rapid development of protocols to isolate and expand SARS-CoV-2 VST was made 

possible by the ability to translate the peptide-mediated EBV VST process to any 

suitable peptide antigens. Initial research studied T cell responses to peptide pools 

covering the whole sequences of SARS-CoV-2 Spike, Nucleocapsid, and Membrane 

proteins; with later development using a GMP-grade consensus HLA-restricted 

peptide pool covering immunodominant sequences of the whole viral proteome. 

Memory SARS-CoV-2 VST and correlated SARS-CoV-2 antibody titres in peripheral 

blood were observed in all convalescent donors as compared to those considered 

unexposed in the early months of the pandemic. We were one of the first groups in 

the UK to report the decline in peripheral blood SARS-CoV-2 VST frequency over time 

from the resolution of infection (Cooper et al., 2020), which is now a well-known 

feature of T cell immunity to SARS-CoV-2.  
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By looking at numerous T cell activation-induced markers (AIM), we saw the AIM 

with greatest expression upon stimulation with SARS-CoV-2 peptides was CD154, 

followed by TNF-α and IFN-γ. Currently the only clinically approved GMP-compliant 

isolation kit for use on the CliniMACS Prodigy is for IFN-γ, so we developed and 

translated the protocol for SARS-CoV-2 VST generation based on an initial IFN-γ 

isolation. The IFN-γ-isolated SARS-CoV-2 VST were expanded in an optimised 14-day 

culture protocol, with products eliciting functional responses upon antigen recall. 

However, since the frequency of SARS-CoV-2 VST in PBMC was significantly higher 

when using TNF-α or CD154 expression, it became a primary objective to investigate 

isolation and expansion of SARS-CoV-2 VST using these markers. 

To understand the effect of AIM choice on the isolated antigen-specific T cell profile, 

intra-donor experiments were performed to directly compare isolation by IFN-γ, 

TNF-α or CD154 magnetic bead selection. Analysis of the target cells immediately 

after isolation demonstrated both TNF-α-isolated and CD154-isolated were skewed 

towards CD4 phenotype with mixed memory populations, whereas IFN-γ-isolated 

had a different CD4 to CD8 ratio. The overall purity of CD3+/CD56- T cells was lower 

in IFN-γ isolates, likely because there was a slightly higher frequency of NKT cells and 

NK cells present using IFN-γ isolation. Interestingly, CD154 sorts were heavily 

contaminated with a population of large granular cells, identified through their side 

scatter profile. Since certain DC populations have been reported to upregulate CD154 

following CD40 stimulation (Pinchuk et al., 1996, Kuwajima et al., 2006), the 

contaminating cells may be DC caught up during the activation-induced CD40-CD154 

interactions in these sorts. This population was also present in target cells of the 

respective intra-donor IFN-γ or TNF-α isolations, though at a much lower frequency. 

Another group reporting IFN-γ Prodigy isolations of SARS-CoV-2 VST also had 

contaminating granular cells in their target fractions, with phenotypic 

characterisation indicating 5% monocytes and 10-15% DC (Chu et al., 2023). We 

would need to perform additional phenotyping of the target cells to corroborate this 

finding, however extensive characterisation of CCS target fractions is limited by the 

extremely low cell numbers yielded from the isolations. Such limitations should 

hopefully improve in the new wave of spectral cytometry able to characterise many 

parameters in the same multicolour panel, however sufficient cell numbers would 

still be required to label suitable controls.  
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All of the SARS-CoV-2 VST expanded for 14 days were highly enriched for T cells, 

including that of the CD154-isolates, demonstrating monocytes were not supported in 

the culture system. Expansion further enhanced the already high frequency of CD4+ T 

cells from TNF-α and CD154 isolations, with negligible CD8+ T cells in these products. 

While CD4+ T cells were also enriched over expansion from IFN-γ isolations to 

approximately 80% in final products, these cultures also contained a small population 

of CD8+ T cells as well as highly activated DP T cells. All expanded SARS-CoV-2 VST 

from the differential isolations were skewed towards central memory phenotype 

with a small population of effector memory T cells, demonstrating a robust culture 

protocol for supporting highly proliferative antigen-specific clones. Furthermore, 

SARS-CoV-2 from all experiment groups elicited multifunctional effector responses 

upon antigen recall through Th1 cytokine production. Due to a smaller sample size of 

CD154 isolated VST lines, only IFN-γ and TNF-α-isolated VST were compared for 

expression of chemokine receptors and TCR repertoire analysis. The chemokine 

receptor profile was equivalent between the two isolation approaches, with expanded 

SARS-CoV-2 VST demonstrating high expression of inflammatory chemokine 

receptors CCR2, CCR4, CCR5, CXCR3, CXCR4 and CXCR6. Clonal diversity and TCR 

matching to SARS-CoV-2-specific sequences in public databases was also comparable 

between the groups, with repertoire selection from the bulk T cell starting material, 

however maintaining a highly polyclonal repertoire in the expanded SARS-CoV-2 VST 

lines. While other studies have used IFN-γ CCS to isolate SARS-CoV-2 VST, it was the 

strategy of these trials to directly infuse the CCS targets into COVID-19 patients 

(Bonifacius et al., 2022, Leung et al., 2020, Chu et al., 2023), therefore at present there 

are no CCS-isolated, ex vivo expanded SARS-CoV-2 VST products reported with which 

to compare our data. 

Overall, the main effect of using these differential markers for isolation of SARS-CoV-2 

VST was the varied CD4 to CD8 ratio of T cell products that was maintained 

throughout the culture. The presence of CD8+ T cells in IFN-γ-isolated VST likely 

indicates these products will have cytotoxic functionality, whereas enriched CD4+ T 

cells in TNF-α and CD154 isolated lines may act only through Th cytokine production. 

All groups would need to be tested in a relevant cytotoxicity assay to confirm targeted 

cytolytic capacity against SARS-CoV-2 infected lung epithelial cells. CD8 content may 

have important indications on the therapeutic strategy for adoptive transfer, whereby 

patients with early infection may be more likely to benefit from infusion of VST able 



338 

– General Discussion 
 

to elicit direct cytotoxic clearance of infected cells in the lung. However, 

administration of cytotoxic T cells that contribute to inflammatory damage may be 

potentially harmful to patients with late-stage cytokine storm. Conversely, having 

some cytotoxic T cells may be required to fully clear infection and induce a 

therapeutic response, in which case isolation with TNF-α or CD154 would not 

generate appropriate VST lines. A number of human trials utilising SARS-CoV-2 VST 

for COVID-19 patient groups have been initiated and dependent on manufacturing 

approach VST products greatly differ in CD4 to CD8 ratio (Keller et al., 2020, Leung et 

al., 2020, Basar et al., 2021, Papayanni et al., 2021, Bonifacius et al., 2022, Durkee-

Shock et al., 2022, Martits-Chalangari et al., 2022, Chu et al., 2023, Papadopoulou et 

al., 2023, Vasileiou et al., 2023). Results from these trials should be carefully 

interpreted, especially in regard to patient disease context, to understand the 

therapeutic mechanisms (if any) of different T cell effector functions. Finally, although 

this direct comparison study was performed using SARS-CoV-2 peptides to stimulate 

activation markers for T cell isolation, the results may be translatable to development 

of other antigen-specific T cell therapies. Since it is clear TNF-α and CD154 are more 

likely to enrich CD4+ T cells, it may be a strategy where a product requires more CD4 

content, to potentially combine isolation markers to generate a mixed CD4/CD8 

product. Isolation of EBV VST is coincidentally a good example, with some donors 

generating expanded products almost entirely of CD8+ T cells, though previous 

clinical data suggests having a CD4+ population in the transferred T cell therapies 

increases longevity of the anti-tumour remissions. In this way, the approach to 

manufacture should be considered for ultimately deriving the most desired cell type 

to treat a particular disease/ patient group. By incorporating specific cell markers 

into an isolation process can optimally bias selection to a given population or subset 

capable of the preferred therapeutic functionality. 

Leaders in the field often advocate to start with the end in mind, where it is important 

to implement a strategy that prioritises the appropriate GMP-compliant methods and 

techniques right at the start of research and development. This hopefully ensures that 

the translation process is seamless and does not require re-validation of materials or 

processes. This approach substantially reduces the time taken to develop new cell 

therapies and helps in the context of delivering the most beneficial and practical 

therapy to the target patient group.   
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7.3.2 Predicting SARS-CoV-2 VST function in COVID-19 patients. 

Design of therapies for SARS-CoV-2 infection has focused on different approaches 

appropriate to the stage of disease. As shown in Table 4.1, SARS-CoV-2 infection is 

divided into four stages defined by clinical observations and increasing severity, each 

requiring distinct strategies for intervention (Toussi et al., 2023).   

Stage 0, prior to SARS-CoV-2 exposure, is the opportune window for prophylaxis in 

terms of vaccine administration as discussed in Chapter 4. Strategies in the initial 

years of the pandemic were to vaccinate the majority of the population to induce 

widespread immune protection in the majority of the population. This approach was 

adopted in order to protect the vulnerable members of the community (sometimes 

described as herd immunity). As time has progressed, it has been reported that SARS-

CoV-2 is now endemic globally, reducing the need to continue vaccination campaigns 

except for vulnerable groups. However as with influenza, the mutational rate of SARS-

CoV-2 has been high leading to emergence of mutated strains that initial vaccines may 

not protect against. As with the seasonal ‘flu jab’ the current strategy is to provide a 

yearly SARS-CoV-2 vaccine targeting the most common circulating strains at the given 

time, which can be offered to the elderly, immune-compromised individuals, and 

healthcare staff.  

For high-risk patients this may also be an ideal time-point for intervention with other 

prophylactic agents such as neutralising antibodies or antivirals balanced accordingly 

to the safety profile of the therapy. This is already a practiced strategy to prevent 

HSCT recipients from developing a fatal infection to common viruses by prophylactic 

administration of memory VST. A simple approach to conferring adoptive memory 

VST immunity has been transfer of healthy donor CD45RA-depleted leukapheresis 

products. This strategy was investigated following numerous longitudinal studies 

observing associations between higher naïve T cell content in HSCT allografts and 

risk of GVHD (Yakoub-Agha et al., 2006, Chang et al., 2009). This was supported by 

direct comparison studies using either sorting (Chen et al., 2007, Chérel et al., 2014) 

or transduction (Fernández et al., 2017) that demonstrated CD45RA- T cells had no 

alloreactivity compared to CD45RA+ cells in various in vitro and in vivo GVHD models. 

A comparison of two clinical studies comparing haematological malignancy patients 

who received CD3-depleted versus CD45RA-depleted allografts indicated occurrence 

of viraemia and associated disease of CMV and ADV, as well as incidence of acute 
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GVHD grade III-IV, was significantly reduced in CD45RA-depleted grafts (Triplett et 

al., 2018). To this end, Ferreras and colleagues developed a biobank of CD45RA-

depleted cells from numerous convalescent donors with good SARS-CoV-2 T cell 

responses using a CliniMACS Plus closed-system depletion and subsequent 

cryopreservation into multiple doses (Ferreras et al., 2021). Results from a Phase I 

safety clinical trial using this therapy as a single dose of either 1x105 cells/kg or 

1x106 cells/kg for COVID19+ patients with pneumonia or lymphopenia (n=9) 

reported no adverse events (Pérez-Martínez et al., 2021). A phase II randomised 

controlled trial is underway to compare CD45RA-depleted cell treatments against 

standard therapies to evaluate safety and efficacy in severe COVID19+ patients with 

pneumonia (García-García et al., 2021). While this initial trial is being tested for 

patients with greater disease severity for safety and ethical reasons, this approach 

has been flagged as of interest by clinicians for use in high-risk haematological 

malignancy patients due to the prospect of protection from multiple pathogens. As an 

additional benefit, because the manufacturing process involves minimal 

manipulation, this therapy can be licensed under a Human Tissue Authority licensed 

tissues and cells product instead of under ATMP regulations, making this approach 

require a less complex regulatory process (Al-Akioui Sanz et al., 2023). 

As an alternate approach, this study and those from other groups have developed 

targeted SARS-CoV-2 VST therapies for allogeneic transfer to either high-risk or 

severe disease state COVID-19 patients. Current SARS-CoV-2 VST therapies in clinical 

trials have been manufactured either using peptide-pulsed APC stimulation and 

outgrowth, or direct selection of VST by CCS. As shown in Table 6.10, the final 

product characteristics vary widely with differences in T cell purity, CD4 to CD8 ratio, 

contaminating cell types, overall SARS-CoV-2 specificity, individual SARS-CoV-2 

antigenic targets, and effector functionality (cytokine secretion and/or cytotoxicity). 

These trials are also targeting different patient cohorts with clinical doses ranging 

from 1x106 to 3x108 cells per adult dose. Therefore, it may be difficult to infer 

correlative factors beneficial to patient responses between the therapies, which is 

further hindered by the poor recruitment status and/or early termination of some of 

these trials. 

Nonetheless, it has been important to build a preclinical profile of our developed 

SARS-CoV-2 VST therapy to predict how we think it may function in patients. We 
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manufactured a cryopreserved bank of seven donor SARS-CoV-2 VST lines in the 

clean room, which were subsequently released for clinical use in a Phase I trial for 

high-risk hospitalised patients with SARS-CoV-2 infection. The SARS-CoV-2 VST 

products were predominantly skewed to high CD4 frequency, though this varied 

between donors and is likely reflective of the HLA-restricted peptides (rather than 

peptide pools) used for manufacture, as well as potential viral re-exposure selecting 

out particular clones in these immune competent individuals. Without an appropriate 

assay to estimate killing of virus-infected cells, infusion of VST products with different 

CD4 to CD8 content should be carefully monitored to understand which T cell effector 

functions are beneficial or potentially harmful to patients. Importantly, all banked 

VST lines exhibited central memory phenotype and limited exhaustion profile, 

indicating the cells may have prolonged responses and ability to clonally expand in 

patients, though previous reports of adoptive VST persistence is usually in the context 

of immunosuppressed patients (Haque et al., 2007, Heslop et al., 2010). Though the 

level of leukopenia may vary between COVID-19 patients, our target cohort are not 

under iatrogenic immunosuppression and therefore it is unclear without 

establishment of a lymphopenic niche whether the infused T cells would engraft long-

term in patients. However, given our manufacturing process was able to yield high 

numbers of functional SARS-CoV-2 VST and therefore we were able to formulate 

larger doses than many of the other trialled products, infusion of these cells should 

have better ability to infiltrate the host T cell compartment and overturn potential 

inappropriate host immune mechanisms. Our manufactured bank of SARS-CoV-2 VST 

had consistently high expression of CCR2, CCR4, CCR5, CXCR3, and CXCR4 which have 

been shown to be important for in vivo T cell trafficking mechanisms to lung 

parenchyma and lymphoid organs in SARS-CoV-2 infection (Alon et al., 2021, Koenen 

et al., 2024). Banked SARS-CoV-2 VST also had multifunctional effector cytokine and 

activation responses upon antigen recall, indicating the therapy should be able to 

migrate to appropriate disease sites and elicit targeted helper antiviral functions. 

Furthermore, broad VST responses across SARS-CoV-2 antigenic variants and the 

polyclonal TCR repertoire should render this therapy less susceptible to viral immune 

escape mechanisms. As the VST recognition included robust responses to conserved 

membrane, envelope and nucleocapsid antigens it ensures that the therapy does not 

become ineffective as new Spike mutants evolve. This means that there will be less 

necessity to re-manufacture the therapy with new peptide sequences. Finally, the 

negligible alloreactive responses in MLR GVHD assays likely reflect the product purity 
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for memory T cells and high specificity to SARS-CoV-2 antigens. This indicates the 

product has low potential for GVHD reactions even between donor and recipients 

with limited HLA matching. Along with demonstrable lack of oncogenic changes 

associated with the manufacture process confirmed using SNP testing, this confirms 

the therapeutic safety of this product in terms of limited immunogenic effects or 

potential to form tumours. As of April 2025, two patients have been infused with 

SARS-CoV-2 VST with no adverse events, though more patient testing with full doses 

are required to confirm product safety. 

While the concept of VST adoptive transfer to kill viral-induced tumours is relatively 

simple, the biggest unknown in use of such a therapy for COVID-19 is the result of 

adding highly functional effector T cells into the inflammatory disease context. Since 

one of the major safety concerns for T cell therapies in general is the risk of inducing 

cytokine release syndrome (CRS), the risk may be higher in patients with late-stage 

COVID-19 disease. Initial studies reported some severe COVID-19 patients presenting 

with a biphasic disease profile, whereby clinical deterioration began around 10 days 

following symptom onset despite a decreasing viral load within the upper respiratory 

tract. This led to the hypothesis that pathology in patients who progress to severe 

disease is driven by a hyperinflammatory response rather than direct viral damage, 

however whether COVID-19 represents a true cytokine storm syndrome is still 

debated (Mehta and Fajgenbaum, 2021). While many inflammatory cytokines are 

significantly elevated in severe COVID-19 patients, the actual circulating cytokine 

concentrations are approximately 100x-fold lower than other cytokine storm 

syndromes (Leisman et al., 2020). Even trials which have targeted critically ill COVID-

19 patients with immunomodulatory mesenchymal stem cell therapy (Lu et al., 2024), 

or cytokine removal with CytoSorb® absorbent devices (Becker et al., 2023) have 

modest responses compared to control cohorts, indicating that dampening the 

immune response alone is not sufficient to resolve disease in these patients. 

Furthermore, other cytokine storm disorders do not classically present with reduced 

T cell numbers or exhausted T cell functionality, which is a hallmark of severe COVID-

19. Therefore, while some opinions in the field hypothesise that adoptive T cell 

therapy with SARS-CoV-2 VST might be detrimental for COVID-19 patients with 

critical disease, there may still be a place for this therapy to protect high risk patients, 

or in the immunocompromised patient setting.  
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7.4 Evaluation of peptide-mediated selection & 
expansion method 

Development of a new process to generate EBV VST aimed to improve the product 

and utilise modern techniques, however the primary intention was to avoid the use of 

live virus and shorten and refine the cell therapy manufacturing process. Though 

various methodologies for making VST have been developed, we chose to utilise viral 

peptide-induced cytokine secretion and selection of antigen-specific T cells first 

described by Campbell (2003) as the optimal technique for production.  We also 

optimised a closed-culture expansion protocol to allow generation of therapeutically 

relevant numbers for dosing. In theory, this platform could be applied to make T cell 

therapies directed to any antigenic target so long as there are appropriate peptides 

available. This was rapidly evidenced by translating this process to generate SARS-

CoV-2 VST in Chapters 4-6. Following official global pandemic outbreak in March 

2020, we had access to SARS-CoV-2 peptide pools appropriate for APC processing and 

T cell recognition by April 2020, and the exemplar SARS-CoV-2 VST development 

products from fifteen COVID-19 convalescent donors were made by July 2020. As 

such, the development of two VST therapies against different viral targets allowed 

detailed evaluation of the peptide process and the subsequent VST products. 

7.4.1 Comparison of VST from novel primary infection versus 
latent infection. 

As discussed previously, we utilised a comprehensive suite of T cell characterisation 

approaches for both the EBV VST and SARS-CoV-2 VST produced using the peptide-

mediated selection and expansion protocol. Given the population of antigen-specific T 

cells following IFN-γ capture can be variable between peptide pools used, and 

between donors; this highlights that our developed culture protocol is robust in 

supporting expansion of particular T cell phenotypes. To fully understand the 

influence of process, peptide-derived EBV VST and SARS-CoV-2 VST final products 

were compared for differences in all parameters whereby identical characterisation 

assays were performed. 

Phenotypic analysis of lymphocyte, T cell subtypes and memory status is shown in 

Figure 7.1. Both EBV and SARS-CoV-2 VST products were highly purified for T cells, 

with negligible contaminating cells (Figure 7.1A). Three SARS-CoV-2 VST products 
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contained a small population (5-10%) of NK cells which appears higher than EBV 

VST, however this was not statistically different. This may reflect that SARS-CoV-2 is 

able to prime a peptide-specific response from adaptive NK cells (Barnes et al., 2020) 

as discussed in section 6.4.3 and therefore these cells can be caught up in the SARS-

CoV-2 peptide selection process and further expanded in culture. Within the T cell 

population (Figure 7.1B), EBV VST products were primarily CD8+ T cells, whereas 

SARS-CoV-2 VST were skewed towards CD4+ T cells. The CD4:CD8 content is likely 

dictated by the frequency of these antigen-specific cell types within the peripheral 

blood which can be variable with differential viral immune responses, as well as time-

course within the infection. In the case of SARS-CoV-2, initial reports indicated a 

balanced frequency of CD4 and CD8 SARS-CoV-2 specific T cells following primary 

infection and convalescence, however this ratio may change as individuals are 

repeatedly exposed over time to new viral variants and vaccines.  

Within both the CD4 (Figure 7.1C) and CD8 (Figure 7.1D) compartments, memory 

status was largely comparable except for a small increase in naïve T cells in SARS-

CoV-2 compared to EBV VST. While the frequency is low (<1% naïve T cells), infusion 

of SARS-CoV-2 VST should be carefully monitored for potential alloreactive 

responses. Other T cell products that were depleted to <1% alloreactive T cells still 

were sufficient to elicit a GVHD reaction (Qasim et al., 2017). Both VST products were 

heavily skewed to central memory phenotype, suggesting our developed culture 

process supports the expansion of this early proliferative memory population. 
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Figure 7.1 - Comparison of peptide-derived EBV and SARS-CoV-2 VST phenotype. 

Phenotyping products compared lymphocyte populations between EBV VST (n=8) and SARS-CoV-
2 VST (n=9) both derived using peptide-mediated selection and expansion process. (A) Gated on 
the total viable cells, analyses were quantified for T cells (CD3+), NKT cells (CD3+/CD56+), NK 
cells (CD3-/CD56+) and B cells (CD19+). (B) Gated CD3+ T cells were then sequentially gated for 
T cell subtypes: CD8 T cells (CD8+/CD4-), CD4 T cells (CD4+/CD8-), DP T cells (CD4+/CD8+) and 
DN T cells (CD4-/CD8-). Within the (C) CD8 or (D) CD4 compartments, T cells were assessed for 
differentiation status as follows: naïve T cells (CD62L+/CD45RA+/CD45RO-), TCM 
(CD62L+/CD45RA-/CD45RO+), TEM (CD62L-/CD45RA-/CD45RO+) and TEMRA (CD62L-
/CD45RA+/CD45RO-). All data is represented as mean ± SEM. Statistical analysis was done using 
unpaired t-tests where *p≤0.05 and ***p≤0.001. 

TCR repertoire analysis was also carried out within the same sequencing run allowing 

comparison between the peptide-derived VST products. Across all donor lines tested, 

SARS-CoV-2 VST consistently contained a more diverse TCR repertoire than EBV VST 

as shown in Figure 7.2. SARS-CoV-2 VST lines were highly polyclonal with the 

repertoire taken up by >1000 unique clones, whereas the majority of EBV VST 

repertoires were dominated by a top 10 expanded clones (Figure 7.2A). Clonotype 

count was higher (Figure 7.2B) in SARS-CoV-2 VST lines than EBV VST lines ranging 

between 1092-3596 and 122-633 respectively. The highly diverse repertoire of SARS-

CoV-2 VST here may reflect the fact that this T cell response is to a primary SARS-

CoV-2 infection given the donors in this group were recruited in the first years of 

outbreak. The immune response is therefore highly heterogeneous and clearly results 

in a very diverse T cell response. It is likely that continued re-exposure to the virus 

and/or vaccine would select out and expand the best clones for response, with the 

repertoire honing throughout the individual’s lifespan similar to that of influenza A T 
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cell immunity (Gil et al., 2015). This hypothesis could be tested by taking longitudinal 

samples to expand SARS-CoV-2 VST from a donor with repeated infections to assess 

changes in repertoire composition. The hypothesis is also demonstrated by the T cell 

repertoire seen in our EBV VST products. In this case EBV infection usually occurs 

early in life and remains dormant. Occasional reactivation of the virus drives a 

progressive refinement of the T cell response, resulting in an oligoclonal population 

of highly-specific and effective T cell clones seen in the final products. Preliminary 

studies have shown persistence of SARS-CoV-2-specific clones up to 15 months 

following primary infection (Gittelman et al., 2022) and after vaccinations (Ford et al., 

2024), but TCR diversity over time was highly variable between donors. Further 

studies investigating the SARS-CoV-2 TCR repertoire of long COVID-19 patients would 

be particularly interesting to identify potential T cell responses associated with the 

ongoing disease symptoms in these individuals.  

 

 

Figure 7.2 - Comparison of peptide-derived EBV and SARS-CoV-2 VST clonal repertoire. 

TCR-β sequencing was used to assess T cell repertoire diversity between EBV VST (n=8) and 
SARS-CoV-2 VST (n=9) both therapies derived using peptide-mediated IFN-γ selection and 
expansion process. (A) Stacked bars represent the proportion of the TCR repertoire occupied by 
the top n clones in that repertoire, where each bar represents a different donor. (B) Clonotype 
counts for UMI size matched repertoires (9542 UMIs) were compared between the groups. 
Statistical analysis was done using unpaired t-tests where ***p≤0.001. 

Similarly, it would be interesting to compare EBV VST clonal repertoire at primary 

infection, compared to the donor lines shown above which were mainly from middle 

aged donors with latent infection, to understand the clonal diversity of the initial EBV 

T cell response. The frequency of clones specific for EBV BMLF1 were found to be 
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incredibly stable intra-donor over time up to 15 years after initial testing, though 

initial testing was still in adults (Couturaud et al., 2023). It is clearly much more 

challenging to identify donors during EBV primary infection due to the mild/ 

asymptomatic presentation in the majority of individuals. Understanding differences 

in clonal response between standard primary EBV infection as compared to IM 

primary infection would be particularly useful given IM diagnosis is usually 

associated with heightened risk for development of further EBV pathologies. Overall, 

TCR sequencing of these two VST products together has allowed the perfect control 

for analysis to compare repertoire diversity and antigen specificity of T cells isolated 

and expanded by the same methodology but targeting different viruses. 

7.4.2 Robustness and ease of process translation to new viruses. 

While initially SARS-CoV-2 VST isolated by IFN-γ capture struggled to proliferate in 

the culture process developed for EBV VST expansion, the protocol was quickly 

optimised to support SARS-CoV-2 VST growth. Numerous variables were tested to 

optimise the culture protocol including different protein supplements, cytokine 

supplements in addition to IL-2 as per the original protocol, different seeding 

densities, and re-stimulating plateauing cultures with peptide-loaded feeder cells. 

From these comparison experiments, the only alteration from the EBV culture 

protocol implemented was the addition of platelet lysate (T-Liven PR™) into the 

culture medium (TexMACS medium with IL-2). Supplementation with T-Liven PR™ 

induced such a substantial increase in fold expansion that we found that day 14 was 

optimal for harvest to gain sufficient SARS-CoV-2 VST numbers for clinical use as 

cryopreserved patient doses. In the developed EBV VST protocol, expansion in 

TexMACS supplemented with IL-2 only generated optimal numbers for 

cryopreservation by day 18-19. Following manufacture of the SARS-CoV-2 VST bank 

we ran intra-donor comparison experiments to test the addition of T-Liven PR™ into 

the EBV VST process which did induce a higher fold expansion within the culture 

period (data not shown). In theory this could be applied to improve the EBV VST 

manufacturing process, however as discussed previously EBV VST generally grow to 

higher numbers than our facility is able to cryopreserve on a single harvest day due to 

controlled rate freezer limits even with IL-2 supplementation only. As for 

manufacture of all medicinal products, any simplification or removal of unnecessary 

materials is always beneficial to minimise any safety risks. T-Liven PR™ is a GMP-
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compliant platelet lysate, manufactured by pooling platelet units from approximately 

100 human donors. Though it undergoes a pathogen reduction step by electron beam 

irradiation reducing potential contaminating viruses to undetectable levels, CMV has 

the potential to propagate in human T cells and therefore could be amplified during 

our T cell expansion process.  Since pathogen reduction reduces CMV to ≤0.85 

genome equivalents (ge)/mL this is considered far too low a titre to infect cells in 

vitro (Ljungman, 2004). However since T-Liven PR™ was required for SARS-CoV-2 

VST expansion we further mitigated any risk by incorporating a CMV PCR test on the 

final products. This exemplifies the importance of tailoring relevant characterisation 

and safety testing around risks associated with the manufacturing process as 

discussed in section 7.5.1.  

Although we required very few modifications between processes for generating EBV 

and SARS-CoV-2 VST, it is likely growth kinetics of other antigen-specific T cells may 

be dependent upon the antigenic target, frequency/input of the T cells into culture, 

and stability of the population under stimulation and expansion. Therefore, for the 

platform to be effectively translated, culture conditions should be optimised to 

support the antigen-specific T cells of interest. The combination of flow cytometric 

analyses developed in this thesis to characterise the VST during expansion should 

make that process consistent and quantifiable.  

While IL-2 is the most commonly used growth factor in T cell culture as the minimal 

requirement to promote T cell proliferation, the concentration widely varies between 

protocols. A comparative study testing different IL-2 concentrations reported T cells 

grown in high dose IL-2 [600 IU/mL] had high proliferation and maximal secretion of 

IFN-γ, but had very low direct cytotoxic capacity (Besser et al., 2009). Conversely, in 

manufacture of autologous TIL therapies isolated from the patient’s own tumour, 

culture IL-2 concentrations of 3000-6000 IU/mL have been optimised to support TIL 

expansion (Jin et al., 2012, Shah et al., 2022).  This highlights the importance of fine-

tuning the IL-2 concentration depending on the application or desired T cell 

phenotype. Since over-proliferation of T cells may detrimentally impact effector 

functionality, consideration should be taken in protocols involving additive factors 

promoting T cell expansion. 
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Other commonly used cytokines in T cell culture include IL-4, IL-7, IL-15, and IL-21. 

Various combinations and concentrations of these cytokines have been shown to 

induce diverse effects on T cell viability, proliferative capacity, differentiation, and 

selection of particular T cell subsets dependent on the T cell culture system 

(Sudarsanam et al., 2022). One study investigating the optimal combinations reported 

the best condition for CD4+ T cell expansion was high IL-2 and high IL-7, with no IL-

15 supplementation, likely due to the critical role of IL-7 in promoting CD4+ T cell 

survival (Coppola et al., 2020). Supplementation with IL-15 has been shown to 

improve cultured T cell anti-tumour cytotoxicity and IFN-γ production, indicating this 

cytokine helps support T cell activation and effector functionality (Shi et al., 2013, 

Alizadeh et al., 2019, Zhou et al., 2019). Furthermore, addition of IL-21 to activated T 

cell cultures has been shown to retain memory stem T cells (TSCM) characterised as 

CCR7+/CD27+/CD45RA+/CD45RO-/CD95+ through activation of the STAT3 pathway 

(Alvarez-Fernández et al., 2016). Since sustained activation of STAT3 prevents the 

cleavage of CD27, CD45RA, CD62L and the IL-7Rα, IL-2 signalling continues the self-

renewal of this undifferentiated TSCM phenotype (Gattinoni et al., 2012). In this way, 

tailored culture supplements may also be able to drive expansion of a particular 

subtype of T cell optimised for the therapeutic target. 

Appropriate feeder cells may also be considered to provide support and co-

stimulatory signalling to T cells during culture. Typically, PBMC irradiated to prevent 

outgrowth are used as feeders due to the diverse co-stimulatory mechanisms enabled 

by the mixed blood cell populations present. We used the non-target PBMC following 

CCS stimulation since the monocytes, DC and B cells which act as APC within this 

fraction are still loaded with antigenic peptides and can provide continued 

presentation in culture during the early phase of expansion. However mixed blood 

feeder cells may increase the variability of effect to T cell culture phenotype. 

Interestingly, one study testing direct comparison of T cell cultures found presence of 

contaminating RBC significantly reduced T cell culture expansion, compared to 

cultures without contaminating RBC (Nelson et al., 2020b). Furthermore, addition of 

RBC was found to drive more T cells to differentiate into effector memory T cells, 

whereas more T cells in RBC absent cultures maintained a central memory 

phenotype. Some studies have also reported use of engineered or artificial feeder 

cells to support T cell culture (Dave et al., 2017, Xiao et al., 2018, Choi et al., 2021), 

though this approach imposes heightened regulatory scrutiny through use of 
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modified cells in a clinical cell therapy manufacture protocol in order to ensure that 

they are not carried over into the final drug substance / drug product. 

Should the process be translated to other antigens or viruses, other potential culture 

conditions to optimise include the basal medium, vessels or bioreactors, seeding 

densities, or further supplements that provide benefits to therapeutic T cell culture. 

There are now several GMP-compliant specialist T cell culture media available 

including TexMACS™, Immunocult™, CelThera™, CellGenix™ and Excellerate™, each of 

which may suitable for manufacture of T cell products.  

While we chose to use a selection process to isolate virus-specific T cells from 

seropositive individuals, there may be applications where adoptive transfer from 

seropositive donors would not be a safe strategy for therapy. Human 

immunodeficiency virus (HIV) for example is a category 3 pathogen that propagates 

in human CD4+ T cells and monocytes, and therefore isolation and expansion of HIV-

specific T cells from HIV seropositive individuals would be a safety risk both to the 

operator during the manufacturing process and also the final product. To this end, 

selection and culture techniques would not be suitable to make an HIV-targeting VST 

therapy, however protocols have been developed to use DC pulsed with HIV gag, pol 

and nef peptides to expand HIV VST from HIV-naïve donors (Patel et al., 2018). 

Powell and colleagues similarly expanded HIV VST from HIV-naïve donors through 

APC presentation of peptides, and further engineered the cells to secrete a broadly 

neutralising antibody against the HIV envelope to induce antibody dependent cellular 

cytotoxicity thereby combining innate and adaptive immune mechanisms for therapy 

(Powell et al., 2020). Further cell therapy approaches to treat HIV have been to 

generate CAR-T cells targeted against CD4 and HIV envelope (Mu et al., 2020, 

Namdari et al., 2020). While first generation HIV CAR T cell therapies demonstrated 

limited efficacy in clinical trials, advances in later generation CAR constructs in the 

adoptive T cells aim to address challenges seen in these early trials, such as viral 

escape and CAR T exhaustion (Jiang et al., 2021). One major challenge for HIV T cell 

therapies is that HIV can infect the infused T cell product (Cruz and Bollard, 2017, 

Campos-Gonzalez et al., 2023). To prevent this, gene editing techniques to disrupt or 

knock out the HIV co-entry receptor CCR5 have been used to develop HIV-resistant 

CAR T cells (Rothemejer et al., 2023). 
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7.5 Evaluation of characterisation assays for VST 
therapies 

The aim of this thesis was to comprehensively characterise the different T cell 

therapies using a suite of primarily flow-based assays qualified at the time of study, 

with a generous budget/ resource allocation compared to most labs. It could be 

postulated that not every assay utilised in this project is essential for profiling the T 

cell therapies, therefore this section will focus on evaluating the characterisation 

assays in the context of adoptive cell therapy manufacture. 

7.5.1 Determination of assays appropriate to product. 

If there was no restriction on resources, would it be beneficial to test manufactured T 

cell final products in assays for all cell types within a lineage? For example, a product 

made from blood as starting material would be functionally tested for all 

haematopoietic lineages to determine whether there is a potential for off-target 

effects. In an ideal world this would be good early data to ease certain safety 

concerns, however even with the impracticalities and high cost to perform so many 

supplemental assays, such tests may also fail to detect cell-specific functions induced 

by the disease context. Also, such high cell numbers are required to test each clinical 

batch for sterility, characterisation, potency, stability, and genetic abnormalities that 

this often limits the number of patient doses that can be manufactured. Therefore, it 

is important to consider the key relevant assays that will identify any safety risks of 

the cells tailored around the manufacturing process. For ATMP manufacture, current 

regulations state any product must be characterised in terms of identity, purity and 

potency. While the British Pharmacopoeia has published a guidance manual of ATMP 

T cell and NK cell characterisation assays suggested for product approval by the 

MHRA, this guide provides a wide range of assays to cover multiple T cell and NK cell 

therapies. Therefore many characterisation assays, such as transduction efficiency for 

CAR T cells, or phenotyping of NK cells is not applicable to the current VST therapies. 

As such, the strategy of broad spectrum characterisation is useful in initial 

development stages, however during product development/clinical translation, the 

range of assays should be refined to test the essential criteria specific for the therapy 

manufactured.  
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For instance, in the LCL method to make EBV VST, the major impurity of concern was 

the LCL themselves used in the co-culture stimulations. The manufacturing process 

was developed to prevent infusion of viable LCL with oncogenic potential by 

irradiation prior to T cell stimulation, rendering the cells unable to proliferate. While 

there may still be a residual danger in infusing large numbers of limited lifespan 

EBV+ LCL to immunosuppressed patients, a maximum limit of 2% CD19+ B cells was 

set as a release criterion for the LCL manufacture of EBV VST. Conversely, since the 

peptide process contained an isolation step, this already greatly reduced the potential 

for impurities within the product, and this was confirmed by the fact that the mean T 

cell content in both EBV- and SARS-VST was over 95%. One key consideration for this 

manufacturing method instead was what cells may be inadvertently carried along 

during a positive enrichment which could continue to expand during the culture 

period. As the antibody-conjugated beads used in the selection can potentially pick up 

any CD45+ leukocyte able to produce IFN-γ, cells other than VST could be co-isolated. 

Since NK cells mediate effector functions through secretion of IFN-γ and could 

therefore be caught up in the EBV peptide selection, we incorporated NK markers in 

the analysis panel to quantify NK cell contamination. Accordingly for the peptide 

manufacture for EBV VST, a maximum limit of 10% CD56+/CD3- NK cells was set as a 

criterion for product release, though all banked products tested were much lower 

than this. Interestingly, some COVID-19 convalescent donors were found to expand a 

population of adaptive memory-like NK cells reactive to SARS-CoV-2 peptide 

stimulation. As such the use of 10% maximal limit of NK cells was justified to ensure 

release only of SARS-CoV-2 VST products highly enriched for T cells. 

The main phenotypic difference between EBV and SARS-CoV-2 was the CD4 to CD8 

ratio of expanded VST. Since EBV VST are generated from a primarily antiviral CD8 T 

cell response, the final manufactured products contained predominantly CD8+ T cells 

and it is important to design functional assays that are appropriate to assess 

degranulation and cytotoxic effector functions of these cells to quantify the potency of 

the product. Two independent assays were used including expression of 

degranulation markers CD107a, perforins and granzymes in response to EBV peptide 

stimulation and specific lysis against HLA-matched virus antigen-expressing LCL. 

Stimulation in vitro with EBV peptides demonstrated that responses can be generated 

against processed viral-specific antigen sequences, whereas cytotoxicity against LCL 

verifies the T cells can recognise and kill viral-infected tumour cells. Combination of 
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these alternative targets could also be useful in investigating whether expanded T 

cells recognise cellular as opposed to viral antigens as discussed previously. 

Conversely, SARS-CoV-2 VST predominantly contained CD4+ T cells. To ascertain 

helper subtypes, T cells could be characterised for expression of effector cytokines 

and/or transcription factors. While ELISA-based assays are commonly used to 

quantify production of different cytokines by T cells stimulated with antigen, these 

methods are limited by inability to delineate which cell in the culture produced the 

cytokine(s). As such, intracellular cytokine staining is a superior approach to identify 

the potential multitude of different helper T cell subtypes within a population. 

Furthermore, since Th1 and CD8+ effector cells can both produce IFN-γ, TNF-α, and 

IL-2; intracellular cytokine staining can determine functional reactivity between 

CD4+ and CD8+ T cells in mixed CD4/CD8 lines. Combined profiling of T cell 

inhibitory markers and effector cytokine production is also vital for demonstrating 

that the T cell therapies generated have therapeutic potential and this can be 

confirmed by correlation with cytotoxic assays. We determined that combined IFN-γ 

and TNF-a expression correlated significantly with cytotoxicity and therefore 

cytokine profiling could be used as a surrogate for cytotoxicity in circumstances 

where conventional cytotoxicity assays are not available due to the lack of a suitable 

target cell. Quantification of cell therapy potency is a regulatory requirement and 

mechanism of action is rapidly becoming an essential criterion for cell therapies so 

that it can be demonstrated that a patient is not undergoing unnecessary risk by 

infusing an inert cell therapy. Moreover, intracellular staining assays allow the 

identification of CD4+ T cells expressing degranulation markers, and could therefore 

be the first step in indicating which T cell lines contain potential CD4+ cytotoxic T 

cells. Though we are keen to test the cytotoxic potential of SARS-CoV-2 VST in the 

research setting, the lack of relevant SARS-CoV-2 infected target cells signified the use 

of cytokine production in response to SARS-CoV-2 peptide-loaded DC as the more 

appropriate functional assay for this cell therapy. 

Phenotypic profiling also allowed us to characterise the memory status of VST 

products. While both expanded VST products contained negligible percentages of 

naïve T cells, it was useful to test SARS-CoV-2 VST as the novel cell therapy for 

alloreactive responses in a relevant immunogenicity assay (Dickinson et al., 1998). 

This model tested the allogeneic cell therapy with donor PBMC in an MLR with a 

quantitative assessment of GVHD using histological analysis of skin explants, along 
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with T cell proliferation and inflammatory cytokine production data. With the three 

different outputs for measuring the potential for adverse immunological reactions, 

this provided a comprehensive assessment of the potential for cells to drive 

alloreactive responses. While the PBMC donors were retrospectively HLA typed to 

calculate HLA matches in MLR cultures, this assay could be optimised by choosing 

donors beforehand based on particular HLA alleles. We tested our allogeneic cell 

therapy in this model based on minimal or no HLA matches to understand the worst-

case scenario, however the model could also be utilised in the choice of donor lines 

for any given patient as a predictive measure of any potential harmful effects, though 

this would slow down the administration of VST therapy. While our selection and 

expansion process clearly highly enriches for antigen-specific T cells, use of memory 

profiling and GVHD testing should be a fundamental requirement for characterisation 

during the development of allogeneic T cell therapies to ensure manufacturing 

processes generate low-risk cells for clinical use. 

7.5.2 Establishment of a profile to assess VST therapies. 

Assays currently required to provide an overall profile of cellular therapies fall into 

the following categories: identity, quality, functionality and safety. This study has 

identified and evaluated the main assays beneficial for characterising T cell therapies 

as shown in Table 7.1. Suitable parameters and techniques for quantitative or 

qualitative assessment should be chosen to most effectively answer each question or 

concern related to testing of cell therapies for clinical use. As a rapidly developing 

field, standards of quality testing are becoming more defined with guidelines being 

written for individual cell types (Capelli et al., 2023). As can be seen, this table only 

includes assays pertinent to testing non-modified T cell therapies, whereas CAR T 

cells or engineered TCR T cell therapies would require substantial additional testing 

to ensure safety following genetic modification. It will be fundamental to clarify which 

assays should be performed at different stages of development, versus which assays 

are essential to release every batch manufactured for clinical use as more cellular 

therapies are translated to the bedside. 
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Question Parameters(s) Assay(s) 

Identity 

What is the T cell purity? CD2, CD3 Flow cytometry 

What type of T cells are 
present? 

CD4, CD8, TCR-αβ, TCR-γδ Flow cytometry 

What contaminating cells 
are present? 

CD14, CD19, CD45, CD56, CD235a Flow cytometry 

Quality 

Are the cells healthy? 

Viability stains Imaging 

Dead cell dyes Flow cytometry 

Telomere length PCR 

What is the memory state? CCR7, CD45RA, CD45RO, CD62L Flow cytometry 

Are the cells exhausted? CTLA-4, LAG-3, PD-1, TIGIT, TIM-3 
Flow cytometry 
PCR 

Functional 

What are the antigen-
specific effector functions? 

Cytotoxicity against targets 
Flow cytometry 
51Chromium release 

Degranulation: CD107a, 
Granzymes, Perforin 

Intracellular flow cytometry 

Activation: CD28, CD137, CD154 Intracellular flow cytometry 

Cytokines: IFNs, TNFs, ILs 
Intracellular flow cytometry 
ELISA/ ELISPOT 

Will cells migrate to 
disease site? 

Chemokines and receptors: CCs, 
CCRs, CXCRs 

Flow cytometry 
PCR 

Chemotaxis assay Imaging 

What is the antigen 
specificity? 

Cytokines: IFNs, TNFs, ILs Intracellular flow cytometry 

TCRβ epitope matching Next generation sequencing 

 HLA-specific multimer analysis Flow cytometry 

Safety 

Are naïve T cells present? CCR7, CD45RA, CD45RO, CD62L Flow cytometry 

What is the immunogenic 
potential? 

T cell proliferation 
GVHD histology 
Inflammatory cytokines 

Flow cytometry 
Imaging 
ELISA 

What is the oncogenic 
potential? 

Cancer genes screen SNP array 

Are products 
contaminated? 

Endotoxin Endo-LISA 

Mycoplasma PCR 

Bacteria Bac-T/ALERT 

Viruses PCR 

Table 7.1 - T cell therapy characterisation assays. 
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7.6 Challenges & future directions in allogeneic VST 
therapies 

Substantial progress has been made to establish numerous approved VST cellular 

products for clinical use as equivalent or superior therapies to standardised 

pharmacological treatments. While in some diseases it has been easier to 

demonstrate adoptive VST efficacy, other disease contexts, particularly that of viral 

malignancies in relatively immunocompetent individuals, require more advanced 

approaches to therapy design. This section will discuss the major challenges currently 

in the field, and some of the innovative strategies in development to improve 

allogeneic VST therapy for poor prognostic indications.  

7.6.1 Alloreactivity and reducing immunogenic potential. 

The greatest benefit of allogeneic virus-specific T cells in adoptively transferring 

healthy donor immunity is also the biggest limitation of this therapeutic approach. 

Given that HLA molecules can be highly immunogenic, insufficient HLA matching can 

risk both infused T cell attack of the host (GVHD), as well as host attack of the grafted 

T cells causing rejection. The combination of TCR sequence specificity, functional 

antigen reactivity and skin explant GVHD testing within this study indicates a very 

low potential for alloreactivity of our VST therapies produced. The outcomes from 

this in vitro testing correlate well with the results from our long-term clinical use of 

LCL-derived EBV VST which have demonstrated lack of alloreactivity or adverse 

events associated with GVHD (Haque et al., 2007, Haque et al., 2010, Vickers et al., 

2014, Chiou et al., 2018, Kazi et al., 2019). Indeed, this reflects experience with EBV 

and other VST therapies from numerous centres, which have corroborated the safety 

of allogeneic VST in clinical trials (Leen et al., 2013, Withers et al., 2017, Nelson et al., 

2020, Prockop et al., 2020, Olson et al., 2021, Rubinstein et al., 2021).  

Nonetheless novel approaches are being investigated to prevent GVHD potential from 

allogeneic T cell products, including knockout of the αβ-TCR by CRISPR/Cas9 editing 

to generate CAR+ TCR- cells (Georgiadis et al., 2018, Stenger et al., 2020). Since 

transduction techniques generally don’t result in complete knock out efficiency, gene 

editing should be followed by subsequent selection or depletion strategies to ensure 

no residual αβ-TCR with GVHD potential are transferred to patients. In one case 

study, despite αβ-TCR depletion resulting in <1% αβ+ CAR T cells, transfusion into an 
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infant with relapsed refractory B cell acute lymphoblastic leukaemia resulted in a 

grade 2 skin GVHD after 9 weeks which was found to be due to expansion of CD3+ 

αβ+ CAR T cells (Qasim et al., 2017). This demonstrates the potential of even very low 

doses of alloreactive T cells to induce off-target effects and highlights the requirement 

for advances in cellular therapy alloreactivity testing.  

Conversely, the ability to eliminate all host alloreactive lymphocytes to prevent host 

rejection of the infused T cell therapy is unfeasible. Instead, advances have been made 

to knockout HLA molecules on the allogeneic T cell therapy, thereby preventing 

recognition by host alloreactive T cells. Such studies have generated gene-edited T 

cells lacking HLA class I, class II and/or TCR by knockout of β-2 microglobulin, class II 

transactivator (CIITA) and TCR alpha constant (TRAC) genes respectively (Ren et al., 

2017, Kagoya et al., 2020, Lee et al., 2020). As well as the regulatory complexities to 

manufacture genetically modified effector cells ‘invisible’ to the immune system, this 

approach may also be limited in clinical use due to the potential of HLA class I-

negative cells becoming targets for host NK cell lysis, unless T cell therapies could be 

modified to force expression of non-classical HLA class I molecules such as HLA-E 

(Gornalusse et al., 2017, Quach et al., 2023). An elegant alternative approach has been 

to make T cell therapies engineered to express a chimeric HLA accessory receptor 

that is able to kill host alloreactive T cells that engage with class I alloantigens (Quach 

et al., 2019, Ramos et al., 2020, Mo et al., 2021). This approach has been applied to 

generating EBV VST modified to express a CD30-targeted CAR, which allows the 

allogeneic EBV VST to kill alloreactive CD30+ T cells as well as CD30+ tumour cells 

(Quach et al., 2024). Such ‘rejection-resistant’ CD30 CAR EBV VST were protected 

from elimination in alloreactivity in vitro assays, and are being tested for safety in 

phase I trials for CD30+ HL patients. 

7.6.2  HLA restriction and improving donor to patient matching. 

Alongside having the potential to cause harmful immunogenic responses, insufficient 

HLA matching also limits the therapeutic potential of infused allogeneic VST 

therapies. It is very unlikely a donor VST product and the recipient match all 12 major 

surface HLA class I and II alleles, and therefore TCR within VST products will only be 

able to recognise viral peptides presented by shared HLA alleles. For this reason, VST 

banks should be manufactured from donors with diverse HLA types to allow greater 

chance of finding a VST line with both class I and class II matches to any given patient. 
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Our centre has shown in two clinical studies, patient complete responses to allogeneic 

EBV VST therapy significantly increases with higher number of HLA matches between 

the donor VST line and patient (Haque et al., 2007, Kazi et al., 2019). Simulation 

modelling indicated a panel of 25 well-chosen donors covered 85% of the UK patient 

population (Vickers et al., 2014). However, with the remaining population presenting 

rarer HLA types, increasing the donor panel did not increase the HLA coverage any 

further. While we manufactured the LCL-derived EBV VST bank from 25 donors, 

within the last 15 years of issuing there are still a few donor lines that have rarely 

been administered due to other lines having better matches for the patient. 

Furthermore, while the number of matches is important, there is a hierarchy in HLA 

presentation and therefore some HLA haplotypes are more important for matching 

than others, making the choice of the best donor cell therapy incredibly complex 

(Mangum and Caywood, 2022). HLA matching algorithms are usually made on the 

basis of impact on the outcome of HSCT which obviously infuses a mix of leukocyte 

populations. As T cell therapies are used more routinely, it may become pertinent to 

choose best HLA matches between donor and patient based on the product given, 

particularly in terms of CD4 to CD8 content of T cell lines. Where patients have been 

biopsied for tumour antigen expression, it could also become a more personalised 

approach to choosing T cell lines HLA matched to particular peptide targets.  

7.6.3 Overcoming tumour evasion and enhancing persistence. 

In addition to HLA recognition limiting the therapeutic potential of allogeneic T cell 

therapies, the disease context, immunosuppression regimen and/or tumour 

microenvironment can all render infused T cells ineffective. Numerous cases have 

reported administration of VST therapies with initial reduction in viral load and 

improved symptoms, however the limited persistence or functional inhibition of the 

infused T cells results in disease relapse (Brestrich et al., 2009). 

When severe viral infections arise following transplant, VST therapies are often given 

concurrently with immunosuppressive agents, and for many patients this 

management is required long-term to prevent organ rejection or allow efficient stem 

cell reconstitution (Barrett and Bollard, 2015). In particular, treatment with steroids 

such as glucocorticoids can induce T cell apoptosis (Herold et al., 2006), and 

treatment with calcineurin inhibitors such as cyclosporine A and tacrolimus inhibit T 

cell activation and pro-inflammatory cytokine production (Tsuda et al., 2012). 
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Numerous studies have demonstrated generation of allogeneic VST therapies gene 

edited to be resistant to various immunosuppressive drugs including glucocorticoids 

(Menger et al., 2015, Kaeuferle et al., 2020, Basar et al., 2020, Basar et al., 2021) and 

tacrolimus (De Angelis et al., 2009, Ricciardelli et al., 2013, Amini et al., 2021, Peter et 

al., 2022). Moreover, VST therapies with resistance to multiple immunosuppressive 

agents are under development to allow treatment of patients under combined 

immunosuppression regimens (Brewin et al., 2009, Chen et al., 2023, Lin et al., 2023). 

Many of these novel therapies are being tested in clinical trials to validate if the 

engineered T cells maintain functionality and resistance to immunosuppressive 

mechanisms long-term in diseased patients. These approaches mean that it is 

possible to consider using VST as a front-line treatment for viral-driven malignant 

diseases, rather than a second-line or rescue therapy in cases of refractory or 

relapsed disease, where control of the disease becomes more challenging. 

In addition to iatrogenic immune suppression limiting T cell responses, tumours also 

develop mechanisms to supress or inhibit the immune system. Tumour evasion 

mechanisms include inefficient presentation of tumour antigens to immune cells, 

selection of tumour cells that have mutated to lose expression of tumour antigens 

targeted by T cells and creation of a profoundly immunosuppressive tumour 

microenvironment via recruitment of immunomodulatory cells which inhibit pro-

immune cells. Strategies to overcome the tumour microenvironment have included 

genetic modification to generate VST therapies resistant to immunosuppressive 

molecules secreted by tumours such as TGF-β (Bollard et al., 2002). By development 

of a dominant-negative TGF-β receptor modified to delete the cytoplasmic signalling 

domain, generated LMP-specific T cells were resistant to TGF-β inhibition (Foster et 

al., 2008). A phase I study demonstrated such TGF-β receptor-modified LMP-specific 

T cells persisted for more than 4 years in HL patients with maintained clinical 

responses, with one patient showing complete remission 7 years after transduced 

LMP VST therapy who had previously only shown a partial response to the 

unmodified LMP-specific VST therapy (Bollard et al., 2018). Another approach to 

develop VST resistant to the inhibitory TME has been modification of TCR to induce 

production of IL-12 upon antigen recognition (Wagner et al., 2004). This inducible 

delivery of IL-12 improved pro-inflammatory Th1 and cytotoxic EBV VST responses, 

and improved monocyte and NK cell recruitment using in vitro assays (Dragon et al., 

2020). Similar attempts to modify T cells to improve signalling of other pro-
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inflammatory interleukins have been made for CAR T cells (Hurton et al., 2016, Shum 

et al., 2017, Shi et al., 2023, Nguyen et al., 2024, Steffin et al., 2025), that may be 

applicable to enhance function of VST therapies in particularly inhibitory TME 

contexts. While there is great promise of gene editing to enhance VST therapies, 

techniques should be developed that allow vector-free non-integrative modifications 

to facilitate the wider clinical application of these approaches. 

7.6.4 Combinatorial therapy and sensitization of tumours. 

Further to modifying the T cells themselves, other strategies have explored 

combination with pharmacological modulation to improve the efficacy of VST 

therapies. Histone deacetylase inhibitors (HDI) have been previously used to induce 

reactivation of HIV in order to diminish latent reservoirs, and are similarly being 

investigated for the potential to reactivate lytic EBV to make silent latency I or II 

tumours more therapeutically targetable. While various HDI compounds target 

different signalling pathways, the overall mechanism is to reduce chromatin 

suppression which usually binds the EBV episome to host chromosomes thereby 

maintaining viral latency. Sensitization of EBV+ BL tumours with numerous HDI has 

demonstrated effective induction of EBV lytic phase with upregulation of lytic 

antigens which then responded to ganciclovir antiviral treatment (Ghosh et al., 2012, 

Liao et al., 2025). Early trials testing HDI compounds indicated considerable toxicity 

or poor efficiency of viral reactivation, and therefore recent research has focussed on 

identifying non-toxic small molecules with high selectivity of EBV reactivation 

(Tikhmyanova et al., 2019). 

A particularly selective HDI demonstrated upregulation of immunogenic latency 

antigens EBNA2, EBNA3A, EBNA3C and LMP1 in BL tumours in vitro without 

significant lytic induction, (Dalton et al., 2020). The upregulation of latency III 

antigens persisted at least 7 days following removal of HDI, which rendered the BL 

tumours more susceptible to adoptively transferred EBV VST homing and killing in a 

mouse model, as compared to negligible T cell tumour killing in mice without prior 

HDI sensitization. Another in vivo model showed regression of EBV+ NPC tumours 

was improved with HDI-induced EBV reactivation, though clearance by T cells 

couldn’t be tested in the nude mice and was instead found to be mediated by tumour 

infiltrating macrophages (Novalić et al., 2017). Further preclinical studies will be 

needed to comprehensively test molecules to ensure they induce lytic or latency III 
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reactivation in all tumour cells, such as to prevent advantageous selection of latency I 

or II clones able to evade immune detection (Heslop, 2020). 

Other approaches to tumour sensitization have used checkpoint inhibitors to block 

tumour over-expression of inhibitory ligands. Treatment with PD-L1 blocking 

antibodies to sensitize EBV+ HL tumours has also been shown to alleviate T cell 

exhaustion and augment host anti-tumour responses (Younes et al., 2016), with 

promising clinical responses in a phase II trial (Armand et al., 2018). Similar results 

were seen using PD-L1 blocking antibodies to sensitize EBV+ DLBCL tumours prior to 

R-CHOP therapy with improved survival rates in a phase II clinical trial (Manos et al., 

2023). In this way, treatment with immune checkpoint inhibitors may alleviate the 

immunosuppressive tumour microenvironment to prevent induced exhaustion of 

infiltrating T cells, and may therefore be useful as a combinatorial therapy to 

potentiate the functional efficacy of adoptively transferred VST.  

7.7 Chapter Summary 

This chapter has reviewed how my project evaluated the development, testing and 

clinical manufacture of peptide-derived VST for both EBV and subsequently SARS-

CoV-2. This was an expansion of the originally-planned project whose scope was to 

compare the differences in final EBV-VST product from two different manufacturing 

approaches. The COVID-19 pandemic, while a huge block to many scientists, provided 

an unparalleled opportunity to utilise the developmental research from my project to 

generate a new VST product for SARS-CoV-2. Both VST products developed during my 

PhD studies have now been manufactured and released for clinical use. Rapid 

development of these allogeneic T cell therapies has reflected the expertise of SNBTS 

as a blood and tissues supplier, with unique understanding of the all the components 

required to manufacture and deliver ATMP for human trials. In addition to the 

considerations for cell manufacture, I developed a well-characterised and qualified 

suite of assays which were used to comprehensively analyse T cell phenotype and 

function and build a developmental profile of their therapeutic function. These assays 

were then refined and validated into QC assays required for QP release of final 

manufactured products. This platform can be applied generally to manufacture other 

antigen-specific T cell for therapy of viral or malignant disorders. Furthermore, the 

techniques and assays developed could be utilised to design more advanced 
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approaches to T cell therapy manufacture or broaden applicability to target harder to 

treat diseases. 
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