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Abstract 

Type IV drug hypersensitivity reactions are mediated by the adaptive immune response and often 
delayed in nature. Pharmacogenomic risk factors can influence predisposition and strong correlations 
between the carriage of specific human leukocyte antigen (HLA) alleles and therapeutic compounds 
have been identified following genome-wide association studies (GWAS). The activation of T-cells is 
known to play a fundamental role within hypersensitivity manifestation due to the severity of adverse 
drug reactions (ADRs) associated. Recently, vancomycin has been linked with the development of drug 
reaction with eosinophilia and systemic symptoms (DRESS). Vancomycin is a naturally occurring 
glycopeptide antibiotic typically used as a ‘drug of last resort’ to combat severe, life threatening 
bacterial infection and remains the gold standard treatment option. DRESS is archetypal of a delayed-
type drug hypersensitivity reaction and studies have now shed light on an association between 
vancomycin-induced DRESS and HLA-A*32:01 expression, indicating involvement of the adaptive 
immune system within reaction pathogenesis and a potential role for the activation of T-cells. Hence, 
we aimed to assess the intrinsic immunogenic potential of vancomycin and structurally related 
glycopeptide antibiotics, teicoplanin and daptomycin, using in vitro cell culture platforms and healthy 
donor models to evaluate the phenotypic and functional characteristics of drug-specific T-cells.  

In vitro priming assays detected vancomycin-responsive T-cells within peripheral blood mononuclear 
cell (PBMC) cultures of 7/10 donors positive for HLA-A*32:01 and 1/10 healthy donors negative for HLA-
A*32:01, indicating preferential interaction between vancomycin and the associated risk allele. 
Vancomycin-responsive T-cell clones (TCCs) exclusively expressed a CD8+ phenotype and were 
successfully generated in 3/3 healthy donors expressing HLA-A*32:01. Upon vancomycin rechallenge, 
TCCs secreted Th1 (IFN-γ) and Th2 cytokines (IL-13) alongside cytolytic molecules, granzyme B and 
perforin. Proliferative responses to vancomycin were inhibited following MHC class I blockade and 
unaffected following fixation of antigen presenting cells (APCs) with glutaraldehyde, suggesting 
interactions between vancomycin and T-cell receptor (TCR) hinge upon HLA class I presentation, with T-
cell responses evoked by direct, non-covalent binding, consistent with the pharmacological interaction 
(p-i) concept. Certain vancomycin-responsive TCCs displayed cross-reactivity with teicoplanin, mirroring 
the pattern of contraindication observed within clinical settings between structurally similar 
glycopeptide compounds. Studies focusing on the phenotype and functionality of vancomycin-response 
T-cells in vancomycin hypersensitive patients demonstrated the utility of the lymphocyte 
transformation test within the diagnosis of vancomycin hypersensitivity. Furthermore, the isolation of 
CD4+ drug-responsive T-cells from hypersensitive patients further implicates immune modulation 
within vancomycin-induced DRESS. TCCs generated were functionally similar to those generated within 
healthy donor studies, although activation was observed to ensue in a HLA class II-restricted manner. 
Teicoplanin-specific TCCs were generated from healthy volunteers expressing HLA-A*32:01 and 
pathways of T-cell activation and HLA restriction were defined. Teicoplanin-reactive TCCs exclusively 
expressed a CD8+ phenotype and exhibited a processing independent HLA class I-restricted mechanism 
of activation. Cross-reactivity was demonstrated with the lipoglycopeptide daptomycin within 
proliferation assays and cytokine/cytolytic molecule release (IFN-γ, IL-5, IL-13, granzyme B, perforin and 
FasL) was observed. These data suggests teicoplanin, like vancomycin, is intrinsically immunogenic and 
capable of activating T-cells, which may play a role in the pathogenesis of teicoplanin-induced DRESS. 

The study of immunometabolic pathways as an early maker for drug-specific T-cell activation revealed 
a flux towards a glycolytic state accommodates cellular energetic requirements for vancomycin-specific 
T-cell activation. Acute vancomycin exposure induced a dose-dependent and drug-specific glycolytic 
shift, with cross-reactivity between structurally similar glycopeptide antibiotics detected. TCCs with 
prior specificity for vancomycin were found to exhibit glycolytic switching after exposure to teicoplanin, 
for which T-cell responses have been implicated within the pathogenesis of immune-mediated ADRs.  
Notably, glycolytic activation of TCCs was observed to be HLA restricted, as exposure to HLA-DR 
blockade attenuated the glycolytic flux with TCCs remaining in a quiescent state. In summary, these 
studies demonstrate the utility of metabolic readouts within the functional characterisation of T-cells 
involved in hypersensitivity reactions to further elucidate patterns of reactivity alongside early 
drug/HLA mediated TCR triggering.  
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To conclude, this study implicates T-cell involvement in vancomycin-induced DRESS and a preferential 
interaction between vancomycin and HLA*32:01. Functional assays focusing on healthy donor 
responses to vancomycin and teicoplanin have eluded to the intrinsic immunogenic potential of both 
glycopeptide compounds, with complex patterns of T-cell cross-reactivity observed. Studies conducted 
using vancomycin hypersensitive patient PBMC suggest participation of drug-reactive CD4+ T-cells 
within vancomycin hypersensitivity, although further work will be required to fully determine the role 
of CD8+ T-cells within DRESS pathogenesis. Furthermore, energetic readouts in the form of glycolysis 
measurement have applications towards studying both the chemical and molecular basis of drug-
specific T-cell activation and further assay development may provide a greater understanding of 
metabolic factors that influence the propensity to suffer from drug hypersensitivity reactions.
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1.1 The immune system. 

The immune system incorporates complex physiological processes with the fundamental role 

of protecting the host from harmful foreign bodies such as bacteria, viruses and chemicals 

(Schultz and Grieder, 1987). A key feature of the immune system is the ability to constantly 

monitor for the presence of environmental agents within the body. This dynamic process is 

known as immunosurveillance and hinges on the hosts capability to recognise and discriminate 

‘self’ from ‘non-self’ antigens with dysregulation leading to the development of autoimmune 

diseases such as rheumatoid arthritis and Systemic Lupus Erythematosus (Lorenz et al., 2001). 

This intricate system is comprised of innate and adaptive immunity with the response often 

coordinated in a synergistic manner. 

White blood cells, essential for innate and adaptive immune responses, originate in either the 

thymus or bone marrow. The innate response acts as the first line of defence against foreign 

antigens and immediately transpires following infection incorporating both hematopoietic and 

non-hematopoietic derived cell types such as dendritic cells (DCs), natural killer (NK) cells, 

mast cells, eosinophils, macrophages and neutrophils (Chaplin, 2010, Balato et al., 2009, 

Jonsson and Yokoyama, 2009). Such responses typically present on the skin in addition to 

manifestations within respiratory and gastrointestinal tracts mediated by epithelial cells at the 

protective barrier of the host (Schleimer et al., 2007). Adaptive immunity, sometimes referred 

to as ‘acquired’ immunity, is a more recent evolutionary adaptation of the hosts defence 

system and is unique to higher vertebrates (Litman et al., 2010). Unlike innate immunity, the 

adaptive response is delayed and possesses greater complexity and plasticity. This highly 

specific response requires the activation of lymphocytes and can be defined, rather 

simplistically, as either cell-mediated (T-cells) or antibody-mediated (B-cells) (Clark and 

Kupper, 2005). This work will focus on the cellular components comprising the adaptive 

immune response. 
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1.1.2 Adaptive immunity. 

The cellular components and systematic processes of both the innate and adaptive immune 

response are not mutually exclusive and instead possess the capacity for complementation to 

sustain effective immunological clearance (Turvey and Broide, 2010). However, distinct points 

of divergence do exist. In contrast to innate immunity, the acquired response is an antigen-

dependent process and is activated when the innate response is unable to provide sufficient 

protection to the host against pathogenic invasion (Parish and O'Neill, 1997). The high degree 

of specificity associated with adaptive immunity contributes to the lag time observed between 

initial antigenic exposure and effector function (Bonilla and Oettgen, 2010). Cells of the 

adaptive response are proficient at distinguishing between “self” and “non-self” antigens in 

addition to possessing immunological memory function. This unique capacity for memory 

allows for a more rapid and enhanced response following re-exposure to the same antigen 

(Kaech et al., 2002). The cellular constituents implicated produce either a cell-mediated or 

antibody mediated (humoral) response to infection. Lymphocytes are the chief instigators of 

both cell-mediated and humoral immunity and can be classified as T lymphocytes or B 

lymphocytes although various sub-classes exist. 

1.1.2.1 T lymphocytes. 

The importance of the thymus for T-cell development and selection was initially proposed in 

1969, in which optimal microenvironment conditions were identified for differentiation and 

maintenance of regulatory function (Nishizuka and Sakakura, 1969). Following development 

and selection towards specific groups of differentiated lymphocytes, T-cells are ideally suited 

to a prominent role within cell-mediated responses due to their ability to recognise specific 

antigen moieties displayed on antigen presenting cells (APCs) (Kaech et al., 2002). Stimulation 

is achieved following interactions between antigenic peptides, APCs and the T-cell receptor 

(TCR) leading to proliferation and expansion of effector and helper populations that 



19 
 

coordinate a highly specialised response against non-self-antigens. Cells expressing the CD4 

co-receptor (CD4+) are commonly referred to as helper T-cells while cells expressing the CD8 

co-receptor (CD8+) are known as cytotoxic T-cells (Ahmed et al., 1988, Cerottini et al., 1970). 

However, effector function of both major groups is not absolute as empirical evidence exists 

demonstrating the cytotoxic capabilities of CD4+ T-cells (van de Berg et al., 2008). 

1.1.2.2 T helper cells. 

T helper (Th) cells express the CD4+ co-receptor and are a crucial cellular component of the 

hosts defence system. Function is ubiquitous throughout the adaptive immune response and 

they possess a high degree of versatility. This is evidenced by their ability to assume multiple 

functional roles such as promotion of antibody secretion and the activation of macrophages 

and cytotoxic T-cells (Vinuesa et al., 2005). The Activation of Th cells involves the presentation 

of antigenic peptides on major histocompatibility complex (MHC) class II molecules, expressed 

on the surface of APCs, to the TCR (Doyle and Strominger, 1987). Following stimulation and 

activation, Th cells are unique in their ability to polarize and differentiate into distinct Th cell 

subsets to maintain effective cellular immunity.  

Upon stimulation of antigen naïve Th cells, commonly denoted as Th0 cells, differentiation 

commences towards either a Th1 or Th2 subclass (Mosmann et al., 1986). These two subgroups 

are functionally dissimilar and possess many non-overlapping traits that contribute towards a 

CD4+ response (Swain, 1995). In terms of functional roles within the immune response the Th1 

subclass is most proficient in clearing both viruses and pathogenic material (Sacks and Noben-

Trauth, 2002), with Th2 cells being more involved within humoral immunity and orchestrating 

effector function against parasites such as helminth infections (Anthony et al., 2007).  

The dichotomy between the Th1 and Th2 subclass becomes apparent when observing the 

conditions necessary for polarisation. Differentiation of uncommitted Th cells to the Th1 subset 

is dependent on polarising signals provided by IL-12 and IFN-γ (Hsieh et al., 1993). In contrast, 
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polarisation to Th2 cells is primarily driven by IL-4 and  IL-10 (Swain et al., 1990). Preceding the 

aforementioned conditions necessary for successful polarisation of Th cells, a paradigm exists 

between Th1 and Th2 subsets in which the concept of detached lineages has been evidenced 

(Romagnani, 1997). ‘Master’ transcriptional factors have now been identified in the form of T-

bet (Tbx21) and GATA-3 that both regulate and drive transcription towards a Th1 or Th2 lineage, 

respectively (Szabo et al., 2000, Zheng and Flavell, 1997). Lineage direction is dependent on 

initial cytokine-mediated signalling via the signal transducer and activator and transcription 

(STAT) pathway. It has been suggested that members of that STAT family, specifically STAT4 

and STAT1,  induce differentiation toward a Th1 lineage (Afkarian et al., 2002, Thierfelder et 

al., 1996) whereas STAT6 induces Th2 specific lineage differentiation (Kaplan et al., 1996). 

However, this may be viewed as an over simplistic narrative due to inherent plasticity between 

Th subsets. 

Functionally, Th1 cells play a crucial role within immune responses against fungi, bacteria and 

protozoa aided by their ability to secrete macrophage activating IFN-γ in addition to pro-

inflammatory cytokines such as IL-2, IL-6, IL-12 and tumour necrosis factor α (TNF-α) (Murphy 

and Reiner, 2002). Conversely, cells expressing a Th2 phenotype are associated with the 

secretion of cytokines including IL-4, IL-5, IL-6, IL-9 and IL-13 to facilitate antibody-mediated 

immune responses against allergens, bacteria and other toxins (Mosmann and Coffman, 

1989). Primordial studies proposed, somewhat controversially, the involvement of Th1 cells 

within cytotoxic CD8+ responses in which priming occurs in the absence of inflammation 

(Bennett et al., 1998, Ridge et al., 1998, Schoenberger et al., 1998). These findings were initially 

viewed as paradoxical due to the functionally dissimilar nature of Th cells in regard to 

downstream effector function. CD4+ T-cells have now been described as an essential precursor 

to CD8+ mediated effector memory function, even under conditions supportive of an 

independent CD8+ response following infection (Janssen et al., 2003, Shedlock and Shen, 

2003). Interestingly, both positive and negative feedback exists within this paradigm of 
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polarisation. Indeed, the presence of Th1 polarizing and effector cytokines will actively 

suppress functionality of the Th2 phenotype and simultaneously drive differentiation further 

in the direction of the Th1 subclass (Fiorentino et al., 1991). This phenomenon is also consistent 

with polarising signals associated with the Th2 phenotype.  

Th17 cells were first described by Harrington et al. in 2005 in which signature cytokines, such 

as IL-17A and IL-17F, were found to be associated with a specific CD4+ mediated T-cell 

response (Harrington et al., 2006). These findings gave credence to the recognition of Th17 cells 

as distinct subset and provided the initial challenge to the previously accepted Th1/Th2 

paradigm proposed by Mosmann and Coffman (Mosmann et al., 1986). The activation of Th17 

cells and associated effector cytokines is believed to be in response to extracellular bacterial 

or fungal infection for which both Th1 and Th2 responses are deemed inadequate (Weaver et 

al., 2006). In line with the generation of other Th cell subsets, Th17 development and 

differentiation is driven by a myriad of transcriptional factors. The case has been made for the 

involvement of the Rorc gene from which the transcriptional regulators RORα4 and RORγt are 

encoded. Studies have alluded to the synergic relationship between both RORα4 and RORγt in 

which co-expression drives IL-17 production (Yang et al., 2008, Ivanov et al., 2006). However, 

in isolation this is not sufficient for full development of the Th17 program with other regulators 

of transcription such as hypoxia inducible factor α (HIF-1α) and STAT3 found to be involved 

(Dang et al., 2011, Durant et al., 2010). Interestingly study of these transcriptional regulators, 

specifically STAT3, has advanced understanding of the role of Th17 within autoimmune 

responses. Aberrant STAT3 signalling and by extension increased Th17 activity has now been 

found within the tissues of individuals presenting with both Crohn’s disease and multiple 

sclerosis (Lovato et al., 2003, Frisullo et al., 2006).
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More recently, Th22 cells have been described. These cells are typically pro-inflammatory and 

were initially observed within peripheral blood monocular cells (PBMC) of healthy individuals 

and later found to be capable of skin infiltration (Eyerich et al., 2009). Indeed, recent work has 

characterised the involvement of skin-resident Th22 cells within drug hypersensitivity, 

specifically relating to adverse events associated with β-lactam antibiotics (Sullivan et al., 

2018). Th22 cells can be defined by secretion of IL-22 in addition to TNF-α and unlike other Th 

subsets these populations lack common co-secretion factors such as IFN-γ, IL-4 and IL-17 

(Trifari et al., 2009). Whilst Th17 cells are also capable of IL-22 secretion, the signature cytokine 

profile of Th22 cells is unique in their capacity for exclusive IL-22 secretion in the absence of IL-

17, a phenomenon not reciprocated (Duhen et al., 2009). In recent years alternative 

classification systems have been proposed, such as categorisation based on immune function 

and chemokine receptor profiles (Spits et al., 2013). It is perhaps understandable that 

unilateral agreement has not been achieved due to the inherent plasticity of these cell types 

ultimately making definitive classification problematic. A full summary of the polarising 

conditions necessary for Th cell differentiation and associated effector cytokines for each Th 

subset can be viewed in Figure 1.1. 
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1.1.2.3 Regulatory T-cells. 

Regulatory T-cells (Tregs) represent another branch of the CD4+ T-cell response. These 

heterogeneous populations may be natural or inducible and are both derived from activation 

of the Foxp3 transcriptional regulator (Hori et al., 2003). Tregs are traditionally characterised 

by the expression of CD25+ on the cellular surface in addition to co-expression of both CTLA-

4 and CD127+ (Sakaguchi et al., 1995, Read et al., 2000, Seddiki et al., 2006). However, 

empirical evidence now suggests these surface markers are not entirety specific to Treg 

populations and may be transiently expressed on the surface of all activated T-cells. 

Figure 1.1. Summary of the polarising conditions necessary for naive CD4+ expressing T helper cell 
differentiation into helper cell subsets and effector cytokine secretion patterns of Th1, Th2, Th17, 
Th22, Th9 and ThF cells. 
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Classically, Tregs are tasked with maintaining self-tolerance and they play an integral role in 

suppressing immune function arising from the activation of Th cells (Sakaguchi et al., 1995). 

The suppressive activity of Tregs first requires TCR mediated activation. To this end, in vivo 

mouse studies have shown the immunosuppressive function of Tregs to be highly antigen-

dependent (Thornton and Shevach, 1998). It is thought that optimal suppression occurs at the 

point both the Treg and the cognate supressed effector cell have a similar specificity for the 

same antigen, although evidence exists that Th cell suppression may still occur when antigen 

avidity varies (Tang et al., 2004). An important characteristic of Tregs within tolerogenic 

pathways is their ability to recognise self from non-self-antigens. Interestingly, initial studies 

in mice reported reactivity to self-peptides (Takahashi et al., 1998), although more recent work 

analysing an extended pool of TCR repertoires involved in Treg activation found preferential 

recognition of self-peptides (Pacholczyk et al., 2007). 

1.1.2.4 Cytotoxic T lymphocytes. 

Cytotoxic T lymphocytes, commonly referred to as CTLs, are produced in the thymus and can 

be characterised by expression of the CD8+ co-receptor. These cells are predominantly 

recognised for their effector function following stimulation via MHC class I antigen 

presentation and play a leading role within cytotoxic responses to viruses, intracellular 

pathogens and bacteria and possess the capacity for tumour surveillance (Castelli et al., 2000). 

CD8+ expressing CTLs can exist as naïve, effector or memory T-cells with each physiological 

state dependent on both the degree of maturation and prior exposure to antigenic 

determinants. Cell surface markers, specifically co-stimulatory and chemokine receptors, have 

been identified and enable classification of CTLs based on phenotypic properties. This has 

proven particularly useful for the determination of naïve, effector and memory populations, 

arising from elevated expression of phenotypic markers such as CD45RA, CD45RO, CD28 and  

CCR7 (Sobao et al., 2001, Tomiyama et al., 2002, Champagne et al., 2001). 
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The elicitation of cytotoxic T-cell responses hinges upon the action of effector CD8+ expressing 

populations. Functionally speaking, CTLs are involved in the destruction of infected cells via 

apoptotic or granzyme B releasing pathways. Effector CD8+ T-cells can be categorised 

according to cytokine secretion and distinct subpopulations have now been described (Tc1 and 

Tc2). Both Tc1 and Tc2 cells have been found to predominantly favour the release of cytotoxic 

granules such as perforin which results in the formation of pores within the cell membrane, 

allowing serine proteases (granzymes) to flood infected cells and cleave proteins critical for 

viral expansion. This process, performed following the activation of procaspase-10 by 

granzyme B, culminates in cellular destruction via apoptosis of target cells (Sad et al., 1997, 

Brunner et al., 2003, Barry and Bleackley, 2002). Proteoglycans such as serglycin have been 

shown to aid the delivery of cytotoxic molecules into target cells (Figure 1.2), with studies 

clearly demonstrating that serglycin-deficient CTLs are associated with defective granzyme B 

storage and delivery (Grujic et al., 2005). CTLs are also known to exert their cytotoxic effects 

via direct activation of extrinsic apoptotic pathways in which the secretion of FasL by activated 

CTLs and subsequent interaction with FAS receptors results with initiation of the caspase 

cascade (Brunner et al., 2003).   

The downstream cytotoxic action of CTL has now been implicated within the development of 

adverse drug reactions, and specifically within hypersensitive responses to therapeutic 

compounds. Indeed, blister fluid derived from patients presenting with Stevens-Johnson 

syndrome has eluded to the presence of CD8+ CTLs (Le Cleach et al., 2000). Furthermore, 

additional study within this area has now identified CD8+ drug-specific CTLs within blister fluid 

following exposure and subsequent hypersensitive responses to both carbamazepine 

and  trimethoprim-sulfamethoxazole (Bigby, 2001). 
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1.1.2.4 Dendritic cells. 

DCs belong to the mononuclear phagocyte system and possess antigen presentation 

capabilities (Guilliams et al., 2014). Mature DCs are present in tissues that surround protective 

barriers such as the skin, whereas in their immature state DCs can be found within the 

bloodstream. DCs are responsive against pathogen invasion and express multiple pattern 

recognition receptors (PRRs) such as TLR4, necessary for their innate immune function (Basset 

et al., 2003). However, they are widely considered to be professional APCs and possess a 

stellate morphology which promotes their ability for antigenic presentation to naïve T-cells via 

MHC molecules (Steinman and Cohn, 1973, Steinman and Witmer, 1978). Interestingly, DCs 

are unique in their ability to prime naïve T-cells to foreign antigens and do so in an extremely 

efficient manner. One particular study revealed that between 1000 and 3000 naïve T-cells 

could be successfully primed from just a single DC (Banchereau and Steinman, 1998). 

Figure 1.2. Schematic displaying the action of cytotoxic T-cells relating to the destruction of virus-
infected cells, mediated by the release of cytolytic and cytotoxic molecules such a perforin and 
granzyme B. 
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Monocytes expressing CD14+ can undergo the reversible process of differentiation to DCs of 

an immature state in response to signalling from IL-4 and GM-CSF (Sallusto and Lanzavecchia, 

1994). Immature DCs are typically activated in response to inflammation induced by cellular 

stress and necrotic signalling. For activation to occur, danger signals are required from 

pathogen-associated molecular patterns (PAMPs) or damage associated molecular patterns 

(DAMPs), typically provided by molecules such as lipopolysaccharide (LPS) and TNF-α which 

are now widely deployed within in vitro assays to provide external stimuli and propagate 

conditions conducive to T-cell activation (Watts, 1997, Shi et al., 2003). Once mature, DCs are 

effective in antigen capture through pathways of micropinocytosis or receptor-mediated 

endocytosis (Sallusto et al., 1995). The migratory capacity and homing ability of DCs in 

response to innate immune signalling and prior inflammation is enhanced post antigen 

capture, enabling the selective targeting of tissues. In this way, DCs can assume the role of 

messengers between these two complex physiological systems and bridge the gap between 

innate and adaptive immunity.  As a consequence, the activity of DCs are a pivotal component 

of immune responses to drugs, allergens and chemicals for which effector T-cell function can 

induce unwanted adverse effects, such as tissue damage, but is ultimately dictated by initial  

innate signalling and prior inflammatory cascades. 
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1.2. Adverse drug reactions. 

1.2.1 Definition of an adverse drug reaction (ADR). 

According to The World Health Organisation (WHO) an ADR is defined by “a response to 

a drug which is noxious and unintended, and which occurs at doses normally used in man for 

the prophylaxis, diagnosis, or therapy of disease, or for the modifications of physiological 

function” (WHO, 1969). This definition is often confused with an adverse drug event (ADE), an 

umbrella term describing any untoward occurrence that may present during treatment with a 

pharmaceutical product but does not necessarily have a causal relation to the treatment 

(WHO, 2005). These two definitions diverge when comparing the contributing factors to the 

adverse event or reaction. ADRs can manifest independently of correct prescription and 

dosage whereas ADEs may arise from the inappropriate application of a drug, independent of 

known pharmacological interactions. 

1.2.2 Classifying adverse drug reactions. 

The clinical manifestation of an ADR can be generally placed within the bounds of two distinct 

categories. Reactions intrinsically augmented by drug dosage (type A) are predictable and 

directly relate to the pharmacological characteristics of the compound (Royer, 1997). 

However, idiosyncratic or “bizarre” reactions (type B) are unpredictable in nature and are 

often unrelated to a drugs primary pharmacology (Edwards and Aronson, 2000). Other 

classifications include chronic (type C), delayed (type D), withdrawal (type E) and treatment 

failure due to drug interactions (type F) (Edwards and Aronson, 2000).  

Type A reactions are referred to as “on-target” events and account for the vast majority of 

cases with over 70% of ADR related hospital admissions resulting from these predictable dose-

dependent adverse effects (Einarson, 1993). Although these reactions are common, mortality 

rates are generally low and management strategies are simple and effective. Indeed, reducing 

dosage or withdrawing the culprit drug is often a successful approach along with consideration 
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for the impact of concomitant treatment options (Edwards and Aronson, 2000). The 

anticoagulant, Warfarin, is archetypal of a type A inducing compound due to the severity of 

ADRs suffered dependent on drug dosage. Warfarin administration is associated with severe 

ADRs such as bleeding and haemorrhage, with the drug cited as a major cause of ADR that 

leads to hospitalisation (Pirmohamed et al., 2004). 

Drugs that induce type B reactions act in an “off-target” manner with adverse effects induced 

following the modulation of other targets. These reactions are rare and far more sporadic than 

type A reactions, only accounting for approximately 10-15% of all adverse reactions (Ju and 

Uetrecht, 2002). In contrast, mortality rates associated with type B reactions are relatively high 

in view of difficulties when predicting and preventing adverse effects (Lazarou et al., 1998). 

Due to their inherent unpredictability these reactions are termed idiosyncratic which refers to 

their specificity in susceptible individuals within clinically tolerated dose ranges (Uetrecht, 

2007). An interesting aspect is the involvement of the adaptive immune response within these 

idiosyncratic reactions. ADRs facilitated by the host’s adaptive immune system are described 

as drug hypersensitivity reactions or simply, drug allergies (Demoly and Hillaire-Buys, 2004). 

This response is multi-faceted and involves interactions between drug-specific T lymphocytes, 

antigenic complexes and IgE antibodies with genetic aetiologies contributing to predisposition 

also known to play a role (Riedl and Casillas, 2003). This work will predominantly focus on type 

B reactions, mediated by the adaptive immune response. 

1.2.3 Drug hypersensitivity reactions. 

Hypersensitivity reactions are categorised as either allergic or non-allergic responses to a drug. 

Non-allergic reactions (pseudoallergic idiosyncratic responses) are often referred to as 

anaphylactoid reactions and clinical features can be indistinguishable from allergic responses 

(Farnam et al., 2012). One popular hypothesis attributes these non-allergic reactions to the 

release of inflammatory cytokines from mast cells and basophils mediated by the innate 
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immune response (Abraham and Arock, 1998, Buonomo et al., 2010). A classic example of 

pseudoallergic hypersensitivity is the onset of red man syndrome in response to treatment 

with the glycopeptide antibiotic vancomycin (Sivagnanam and Deleu, 2003).  

Allergic drug hypersensitivity reactions exhibit an immunological origin. These reactions are 

mediated by the adaptive response and are best defined by a “state of altered reactivity in 

which the body reacts with an exaggerated immune response to a foreign substance” 

(Roujeau, 2005). Immune-related idiosyncratic reactions can range from mild symptoms such 

as skin rash or mild elevation of liver enzymes (alanine transaminase) to potentially fatal 

conditions including Stevens-Johnson syndrome/toxic epidermal necrolysis (SJS/TEN) and 

acute liver failure (Carr and Pirmohamed, 2018). Drugs that induce hypersensitivity via this 

route interact with the adaptive immune system in a complex manner and patterns of 

activation are generally poorly understood despite considerable recent advancements. 

Therefore, it is of paramount importance to further expand our understanding of the 

underlying chemical and molecular mechanisms for immune-mediated drug interactions to 

decipher individual susceptibility.  

1.2.4 Classifying drug hypersensitivity. 

The traditional classification system for describing drug hypersensitivity reactions was 

originally proposed by Gel and Coombs in 1963. This pioneering system underpins much of the 

basis for our understanding of the pathophysiological mechanisms involved in the onset of 

immune-mediated hypersensitivity and incorporates four distinct categories of drug allergy 

(Figure 1.3). Type I allergic reactions are perhaps the most unambiguous in nature regarding 

the clear-cut link between the innate immune system and their immunopathological 

characteristics. These reactions primarily originate from the binding of immunoglobulin E (IgE) 

antibodies to mast cells and basophils. Resultant degranulation induces the release of the pro-

inflammatory mediators, histamine and leukotriene, leading to the presentation of immediate 
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and delayed symptoms respectively. Certain β-lactam antibiotics are known to promote 

hypersensitivity via this route giving rise to clinical manifestations such as anaphylaxis (Torres 

et al., 2003). 

Type II drug hypersensitivity reactions are synonymous with antigen-antibody interactions and 

mediated by the production of the chemoattractant, anaphylatoxin. The ensuing mobilization 

of polymorphonuclear leukocytes induces tissue injury via the release of neutrophilic enzymes. 

This cytotoxic reaction is dependent upon the interaction of IgM or IgG antibodies and can be 

described as a ‘deleterious’ reaction in which the host is protected from foreign antigens.  The 

mechanisms that comprise Type II hypersensitivity are complicit in the development of several 

conditions affecting blood vessels, collectively known as vasculitis. In contrast to Type II 

reactions in which antigen-antibody interactions are tissue based, Type III hypersensitivity 

involves the formation of antigen-antibody complexes within the blood. These reactions are 

typically IgM mediated and antigen-antibody complexes accumulate inside glomerular and 

pulmonary membranes. Following complex deposition within the basement membrane, the 

cellular basis for hypersensitivity follows a similar pattern to that of Type II hypersensitivity in 

which the recruitment of polymorphonuclear leukocytes promotes tissue damage via 

activation of the complement cascade (Rajan, 2003). 

Type IV hypersensitivity reactions are antibody independent and clinical manifestations are 

delayed in nature with symptoms typically presenting between 2-28 days following exposure 

to the culprit drug (Jacysyn et al., 2001). Several factors can affect the time-course of the 

reaction such as previous sensitisation to the drug, with adaptive immune responses heavily 

implicated. Indeed, the activation of T-cells is now known to play a fundamental role within 

the development of Type IV hypersensitivity. Reactions are provoked following presentation 

of drug antigens by APCs, stimulating a T lymphocyte response and resulting in the release of 

effector cytokines which can lead to contact dermatitis in the form of skin eruptions (Krasteva, 
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1993). Due to their abundance, drug-induced Type IV hypersensitivity reactions can be further 

divided into four subgroups, resulting from distinct variances in basic pathophysiology and the 

effector cells involved.  

Although the Gel and Coombs classification system is still accepted within the majority of 

immunological fields, questions have surfaced regarding its validity when applied to specific 

compounds and physiological processes. Applied to hypersensitivity reactions mediated by the 

adaptive response the system can be viewed as an oversimplification due to the complex 

nature of antigenic interactions and T-cell involvement. This is evident in the case of the β-

lactam antibiotics in which a degree of overlap can be observed in their ability to induce both 

anaphylaxis (Type I) and contact dermatitis (Type IV). Such constraints of the traditional 

system do not account for plasticity and crossover analogous with immunological function. 

Moving forward it will be necessary to improve upon the system, specifically within the 

context of Type IV reactions, to better define immune-mediated drug hypersensitivity and 

ultimately aid predictive strategies.  

 

 

 

 

 

 

 

Figure 1.3. Overview of Type I –Type IV drug hypersensitivity reactions according to the Gel and Coombs 
classification system, as defined by reaction pathogenesis and effector molecules.  
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1.2.5 Immediate and delayed-type drug hypersensitivity. 

The time course between drug treatment and the onset of clinical symptoms can provide 

mechanistic insight into the nature of hypersensitivity reaction experienced. Within a clinical 

setting, drug hypersensitivity reactions can be classified as either immediate or delayed-type 

responses to drug that have diverging pathophysiological characteristics (Demoly et al., 2014). 

Hypersensitivity that presents in an immediate fashion typically occurs within 1 hour following 

treatment with the culprit drug and are associated with the onset of conditions such as 

anaphylaxis, urticaria and angioedema (Schrijvers et al., 2015). In contrast, clinical symptoms 

typical of delayed-type drug hypersensitivity reactions commonly manifest over an 

exaggerated time frame of between days and weeks following drug administration (Hausmann 

et al., 2010). Disease states analogous with delayed-type hypersensitivity are known to target 

vital organs, primarily affecting the function of both the skin and liver. The manifestation of 

severe cutaneous adverse reactions (SCARs) and drug-induced liver injury (DILI) is consistent 

with the pathogenesis of delayed-type hypersensitivity and can contribute towards high 

mortality rates of between 20-30% in extreme cases (Husain et al., 2013). The clinical 

manifestations of both cutaneous drug reactions and DILI will be discussed at greater length 

in Section 1.2.8.  

A myriad of mechanistic factors underpin the physiological differences observed between the 

onset of immediate and delayed-type drug hypersensitivity. The accelerated response shown 

with immediate type reactions is thought to be caused by the rapid sensitisation of mast cells 

and subsequent release of cytokines within minutes of drug exposure, facilitated by IgE 

antibodies produced by B-cells within the adaptive immune response (Galli and Tsai, 2012). 

Delayed-type hypersensitivity reactions are also mediated by the adaptive response and 

specifically by the activation of T-cells (Naisbitt et al., 2003a). The T-cell response comprises 

multiple cellular and molecular processes including priming, activation and proliferation that 
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leads to a delayed response (Zikherman and Au-Yeung, 2015). Indeed, the commitment of 

effector T-cells to a drug antigen takes place less than 1 hour following antigenic exposure, 

whereas a naïve T-cell requires 20 hours of continuous signalling for commitment (Iezzi et al., 

1998). However, the process of T-cell priming, along with proliferation and differentiation can 

require approximately 5-7 days (Ortiz et al., 1997), with in vitro experiments suggesting a time 

period of 8 days for naïve to T-cell priming to model compounds such as nitroso-

sulfamethoxazole (SMX-NO) (Faulkner et al., 2016b). On this basis, the rationale for the rapid 

onset of hypersensitivity following rechallenge with the culprit drug is clear. Conventional rate-

limiting steps of the T-cell response can be bypassed, and the presence of drug-primed 

memory T-cells allow for a swifter response that may be of greater severity than the initial 

adverse reaction (Sousa-Pinto et al., 2016). 

1.2.6 Epidemiology and risk factors of drug hypersensitivity. 

There are several factors to consider when determining the risk to an individual such as those 

directly relating to the culprit drug itself and factors surrounding the specific characteristics of 

susceptible patients. Well characterised risk factors that are unilateral in their propensity for 

ADRs include advancing age and gender, with females displaying greater predisposition 

(Schöpf et al., 1991, Sharma et al., 2008, Gurwitz and Avorn, 1991). For this work, individual 

risk factors relating to type B drug hypersensitivity will be considered.  

Correlation has been observed between the degree of drug exposure and prevalence of drug 

hypersensitivity reactions. In 2003 a noteworthy study found the topical application of the 

contact sensitizer, neomycin, exhibited a dose-dependent relationship with T-cell mediated 

hypersensitivity (type IV) inducing contact allergies in the form of skin allergies such as eczema 

(Jensen et al., 2003). Evidence also suggests that lower therapeutic doses (< 10 mg/day) are 

generally safer and reduce the risk of immune-mediated adverse reactions (Uetrecht, 1999). 

The route of administration has also been shown to impact predisposition. Orally administered 
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drugs, due to the absence of contact sensitization, are generally considered a safer alternative. 

Empirical evidence for this phenomenon exists in the case of penicillin, which was withdrawn 

from topical formulations due its contact sensitizing properties in favour of the orally 

administered route we are familiar with today (Idsoe et al., 1968). 

Patients already presenting with disease states is another predisposing factor requiring careful 

consideration. The increased frequency of drug hypersensitivity reactions has been linked to 

several different patient populations suffering with specific disease states. Instances include 

the relationship between cystic fibrosis and hypersensitivity induced by piperacillin (Whitaker 

et al., 2012) with parallels also drawn between the use of drugs, such as carbamazepine and 

abacavir, for the treatment of epilepsy and human immunodeficiency virus (HIV) respectively. 

The aforementioned examples are indicative of disease-hypersensitivity reactions, and in the 

case of HIV pathogenesis relating to hypersensitivity is associated with aberrations within 

immunological regulation caused by the viral infection, leading to glutathione depletion and 

impaired drug detoxification (Phillips and Mallal, 2007).  

A patients previous clinical history of hypersensitivity is often a prelude to further incidences 

of drug hypersensitivity reactions. This factor of predisposition is largely observed within the 

setting of polypharmacy in which drugs sharing structural similarities are used as secondary 

and tertiary treatment options, inducing further hypersensitivity due to unpredictable cross-

reactivity between therapeutics (Romano et al., 2005). This has been shown in β-lactam 

antibiotics within the penicillin family, such as anaphylaxis, in which chemically-related side 

chains between cephalosporin and imipenem analogues display patterns of cross-reactivity 

(James and Gurk-Turner, 2001).  Therefore, previously employed treatment strategies should 

be reviewed to minimise the risk of successive hypersensitive manifestations.  
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1.2.7 Pharmacogenomic risk factors. 

A multitude of pharmacogenomic factors have recently been linked with an individuals 

propensity to present with drug hypersensitivity. Indeed, strong correlation of specific 

genotypic characteristics, in the form of human leukocyte antigen (HLA) associations, have 

been identified following genome-wide association studies (GWAS) in a plethora of drugs 

known to induce hypersensitivity (Pavlos et al., 2012). The genetic associations uncovered 

have assisted our ability to understand the nature of drug-HLA interactions and consequently 

aid efforts to predict with the aim of screening potentially susceptible individuals prior to 

treatment.  

The HLA complex itself is the human equivalent of the MHC and encodes genes that determine 

allelic expression. This complex represents the most polymorphic genetic system in humans 

and expression frequency of specific HLA haplotypes can vary between different ethnic groups 

(Williams, 2001). In terms of function, proteins encoded by specific HLA alleles are capable of 

presenting peptides to T-cells for the elicitation of effector responses. The HLA regions that 

encode both HLA class I and II genes are tightly linked and are universally located on 

chromosome 6 (position 6p21) in humans (Shiina et al., 2009). HLA class I genes can be 

categorised as classical (HLA-A, HLA-B and HLA-C) or non-classical (HLA-E, HLA-F and HLA-G). 

Structurally, HLA class I complexes contain a peptide binding groove consisting of two α chain 

(α1 and α2) with additional interaction with β-2 microglobulin. Conversely, HLA class II genes 

and can be subdivided into HLA-DR, HLADP, and HLA-DQ genes and although the class II 

complexes encoded share the heterodimeric structure of its class I counterpart, these 

molecules can be structurally characterised by a non-covalent linkage of both of both α and β 

(α1 and β1) chains within the peptide binding cleft (Bodmer, 1987, Williams, 2001).  

The nucleoside reverse transcriptase inhibitor abacavir, employed for the treatment of HIV, is 

a prime example of HLA association being utilised for pre-treatment genetic screening (Mallal 



37 
 

et al., 2008). Expression of the HLA-B*57:01 risk allele has been shown to be a key determining 

factor for predisposition to abacavir hypersensitivity syndrome (AHS), with one study 

reporting positive predictive values of 55% and negative predictive values of 100% (Mallal et 

al., 2002). The case of abacavir represents an important milestone for prediction centred on 

HLA association in terms of both sensitivity and specificity along with economic viability 

relating to the cost-effective nature of screening (Ruiz-Iruela et al., 2016). However, it is 

important to understand that while genetic associations can prove useful when determining 

susceptibly, a degree of caution must be applied when studying HLA interactions. This is in 

part due to the multifaceted nature of drug hypersensitivity from a genetic standpoint, 

reinforced by the fact that only a select few drug-HLA associations are currently screened for 

with the notable exceptions of abacavir, carbamazepine and allopurinol (Hung et al., 2005, 

Chung et al., 2004). A summary of the most extensively studied HLA-associated drug 

hypersensitivity reactions can be viewed in Table 1.1.   
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Table 1.1. Panel of immune-mediated drug-HLA associations and clinical manifestations elucidated from 
GWAS study.  

Drug Class HLA allele Reaction Reference 

Abacavir Nuceloside reverse 
transciptase inhibitor 

B*57:01 

 

AHS (Mallal et 
al., 2002) 

Carbamazepine Anticonvulsant B*15:02 
A*31:01 

 

SJS/TEN 
HSR/MPE 

 

(Chung et 
al., 2004, 

Hung et al., 
2006) 

Allopurinol Xanthine oxidase 
inhibitor 

B*58:01 

 

SJS/TEN 

 

(Hung et al., 
2005) 

 

Dapsone Suflone B*13:01 

 

Dapsone 
hypersensitivity 

syndrome 

(Zhang et 
al., 2013) 

Vancomycin Glycopeptide antibiotic A*32:01 DRESS (Konvinse et 
al., 2019) 

Flucloxacillin β-lactam B*57:01 

 

DILI (Daly et al., 
2009) 

Amoxacillin-
clavulante 

β-lactam DRB1*15:01 DILI (Lucena et 
al., 2011) 

Ticlopadine Antiplatelet A*33:03 

 

DILI (Hirata et 
al., 2008) 

Lamotrigine Phenytriazine A*31:01 
B*15:02 

SJS/TEN 

 

(McCormac
k et al., 
2012) 

Phenytoin Anticonvulsant B*15:02 SJS/TEN 

 

(Man et al., 
2007) 
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1.2.8 Clinical manifestations of drug hypersensitivity. 

Drug hypersensitivity reactions can induce physiological aberrations in multiple organ systems 

yielding disease states of varying severity. Reactions are widely documented to induce disease 

states related to skin, heart, kidney, lungs, and liver function. The skin is the most commonly 

targeted organ for drug-induced hypersensitivity, accounting for over 95% of all 

hypersensitivity reactions presented in clinic (Thong and Tan, 2011). Approximately 2-3% of all 

ADRs observed in hospitalised patients are attributed to these cutaneous based 

hypersensitivity reactions with around 5% of cases leading to potentially life-threatening 

outcomes (Marzano et al., 2016). The skin is explicitly prone to reactions of this nature, arising 

from basic physiological factors that increase the likelihood of immune-mediated adverse 

events. Greater surface area and vasculature facilitates the interaction between immune cells 

of the adaptive response present within the blood (Ardern-Jones and Friedmann, 2011). This 

heightens the skins susceptibility to T-cell mediated events that commonly manifest as rashes 

or eruptions, for which symptom reporting is reliable and consistent within patients due to the 

visible nature of the reaction (Uetrecht and Naisbitt, 2013).  

1.2.8.1 Maculopapular exanthema. 

Maculopapular exanthema (MPE) is the most common clinical manifestation of 

hypersensitivity, accounting for over 95% of all cutaneous events (Bigby, 2001).  MPE typically 

presents as either papular eruptions or erythematous macular eruptions on the trunk of 

hypersensitive patients. Other symptoms can include low-grade fever along with severe 

itching, known as pruritus (Ardern-Jones and Friedmann, 2011). The vast majority of MPE 

cases arise from drug-induced hypersensitivity and well-characterised culprit drugs include 

sulfonamides, anticonvulsants  and penicillins (Ardern-Jones and Friedmann, 2011). 

The time-course for symptom development is of delayed fashion and typically occurs between 

7-14 days following initial exposure and can persist for up to 2 weeks after withdrawal of the 
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culprit drug (Yawalkar, 2005). The cellular basis for the pathophysiology of MPE involves 

mediation via a drug-specific CD4+ T-cell response (Hertl and Merk, 1995). The cytotoxic 

response of CD4+ T lymphocytes facilitates the secretion of cytolytic molecules such as IL-5, 

IFN-γ, perforin and granzyme B required for the activation of cell death pathways and the 

destruction of basal keratinocytes (Ye et al., 2017, Posadas et al., 2000, Pichler et al., 2002).  

1.2.8.2 Acute generalized exanthematous pustulosis. 

Morphologically, acute generalized exanthematous pustulosis (AGEP) is characterised by the 

presence of small, pinhead sized non-follicular pustules supported by an erythematous base 

that typically originates in flexural areas before becoming more widespread and reaching the 

trunk and extremities (Roujeau et al., 1991). In addition to the development of an acute rash, 

symptoms commonly include fever and pruritus which present between 24-48 hours after 

treatment (Sidoroff et al., 2007). Although considered more severe than MPE, the incidence 

on AGEP is less common and only affects 1-5 patients in every million each year (Sidoroff et 

al., 2001) with 90% of cases related to drug-induced reactions (Szatkowski and Schwartz, 

2015). 

In vitro study shows the pathophysiology of AGEP constitutes a T-cell mediated response and 

a clear Type IV allergic reaction. Culprit drugs include a number of antibiotics such as the 

sulfonamides, penicillins and antifungal agents (Feldmeyer et al., 2016). Drug-specific CD4+ 

and CD8+ T-cells are both implicated and facilitate the secretion of the IL-8 chemokine along 

with corresponding CXCL-8 ligands (Kabashima et al., 2011, Britschgi and Pichler, 2002). T-cell 

mediated chemokine secretion promotes an innate response and subsequent neutrophil 

recruitment gives rise to the classic histopathologic features of AGEP such as the formation of 

neutrophil rich sterile pustules on the epidermis (Schaerli et al., 2004).  
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1.2.8.3 Drug reaction with eosinophilia and systemic symptoms. 

The term drug reaction with eosinophilia and systemic symptoms  (DRESS) was first coined by 

Bocquet and colleagues in 1996 and can be described as a form of drug-induced 

hypersensitivity syndrome with idiosyncratic tendencies (Bocquet et al., 1996). DRESS 

encompasses a wide range of clinical features which are not solely limited to cutaneous based 

reactions and can be prevalent within multiples organ systems, often targeting the liver 

(Sullivan and Shear, 2001). Cutaneous manifestations of DRESS are typically characterised by 

both urticarial and maculopapular eruptions along with facial oedema and erythroderma 

(Eshki et al., 2009). DRESS can be differentiated from other cutaneous manifestations of 

hypersensitivity, such as MPE and AGEP, by the recruitment and involvement of eosinophils. 

Therefore it stipulates that eosinophilia is a distinguishing haematological trait of DRESS along 

with more generic associated symptoms such as fever, pruritus and leukocytosis (Cacoub et 

al., 2011). One particular study had speculated that cutaneous-based reactions are present in 

over 70% of cases (Peyrière et al., 2006), however it should be noted that acute liver failure 

accounts for the majority of deaths attributed to DRESS (Amante et al., 2009). 

The incidence of DRESS can be difficult to accurately determine due to frequent misdiagnosis 

arising from the vast array of clinical manifestations and the degree of convergence with 

similar cutaneous based adverse events. Studies have approximated the incidence of DRESS 

to be somewhere between 1 in 1000 and 1 in 10,000 exposures and consequences can be life-

threatening, illustrated by a relatively high mortality rate of 10% (Chen et al., 2010, Chiou et 

al., 2008). The reaction itself is consistent with delayed-type hypersensitivity with symptoms 

typically presenting anywhere between 2 - 8 weeks after exposure to the offending drug 

(Walsh and Creamer, 2011). The pathogenesis of onset from an immunological perspective is 

still relatively  poorly understood although eosinophil recruitment and the ensuing 

propagation of inflammatory cascades has been linked to IL-5 secretion (Choquet-Kastylevsky 

https://pubmed.ncbi.nlm.nih.gov/?term=Bocquet+H&cauthor_id=9069593


42 
 

et al., 1998), mediated by the activation of drug-specific CD4+ and CD8+ T-cells of the adaptive 

immune system.   

Classes of therapeutics frequently associated with DRESS include sulfonamides, 

anticonvulsants and antivirals such as nevirapine. The pathomechanisms of DRESS are 

multifaceted and genetic factors are known to contribute towards predisposition, specifically 

polymorphisms of HLA alleles that influence interactions at the immunological synapse 

(Pirmohamed et al., 2015). The anticonvulsant carbamazepine is a model example, for which 

expression of the HLA-B*15:02 and HLA-A*31:01 risk alleles increase susceptibility to DRESS 

(McCormack et al., 2011, Chung et al., 2004). However, these reactions are not unequivocally 

associated with DRESS alone, with overlap observed with other SCAR related disease states. 

More recently, the HLA-A*32:01 allele has been associated with vancomycin-induced DRESS 

(Konvinse et al., 2019). One interesting phenomenon implicated in the pathogenesis of DRESS 

is the possibility of viral reactivation. This has been evident for human herpes viruses 6 and 7 

(HHV-6 and HHV-7) in addition to EBV and cytomegalovirus (Shiohara and Kano, 2007), with 

some postulating that the skin may be the major immunological active site for reactivation 

(Hashizume et al., 2013). Indeed, many cutaneous manifestations of DRESS appear to develop 

from the collegial interaction between both drug-specific CD4+ and virus-specific CD8+ T-cells 

(Niu et al., 2015). 

1.2.8.4 Stevens-Johnson syndrome and toxic epidermal necrolysis. 

SJS and TEN represent the most serious delayed-type hypersensitivity reactions, primarily 

targeting the skin. Clinical manifestations of SJS are considered milder in nature, however 

progression to TEN is often observed in the absence of intervention while overlap exists within 

simultaneous presentation of both SJS-TEN (Bastuji-Garin et al., 1993). The incidence of these 

life-threating cutaneous reactions is extremely rare, with recent figures estimating SJS and TEN 
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affect 8 and 2 patients per million each year respectively, while there are approximately 1.5 

cases of SJS-TEN per million each year (Hsu et al., 2016).  

Common clinical features include skin lesion in the form of erythematous and livid macules, 

accompanied by ocular mucosa in over 90% of cases (Revuz et al., 1987). The two disease 

states only differ in the degree of skin detachment. Indeed, the extent and severity of skin 

coverage can be used as a diagnostic tool for discrimination between SJS and TEN. The 

presentation of SJS can be characterised by less than 10% coverage of the skin with flat lesions 

on an erythematous base, whereas TEN comprises over 30% skin coverage and more critically, 

full detachment of epidermal sheets from the dermis (Roujeau, 1994). Logically, it follows that 

SJS-TEN overlap accounts for skin and body coverage between 10-30% (Bastuji-Garin et al., 

1993). The degree of variance observed in clinical characteristics is reflected in patient 

outcomes, with SJS associated with 10% mortality (Pavlos et al., 2012, Gomes and Demoly, 

2005) and TEN shown to be linked with a markedly high mortality rate of between 25-35% 

(Harr and French, 2010). The vast majority of SJS-TEN cases are drug-induced, with a myriad 

of causative agents implicated over the years. Classes of therapeutics routinely identified as 

culprit drugs include sulfonamides (cotrimoxazole), non-steroidal anti-inflammatory drugs 

(ibuprofen and naproxen), antibiotics (cephalosporins and penicillins), anticonvulsants 

(carbamazepine, phenytoin, lamotrigine) and xanthine oxidase inhibitors such as allopurinol 

(Kikuchi and Okazaki, 1978, Sharma et al., 2008, Lin et al., 2014, Roujeau et al., 1995, Halevy 

et al., 2008).  

Genetic association between the expression specific HLA alleles and SJS-TEN development has 

been demonstrated in certain ethnic groups. A landmark study by Chung et al. found a strong 

association in Han Chinese populations between the HLA-B*15:02 risk allele and SJS following 

exposure to carbamazepine (Chung et al., 2004). This study, in which 100% of SJS patients were 

found to express the risk allele now forms the basis for FDA recommended genetic screening 
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of Han Chinese and other Asian populations prior to treatment (Ferrell and McLeod, 2008). 

Until now the mechanistic basis for the onset of SJS-TEN had been poorly defined. The 

pathogenesis, ultimately leading to epidermal necrolysis, is now understood to be associated 

with immune-mediated hypersensitivity. Immunopathogenesis is thought to be MHC-I 

restricted (Wei et al., 2012) with both Fas ligand (FasL) and  perforin/granzyme B pathways 

implicated in keratinocyte cell death following T-cell activation (Abe et al., 2003). Presentation 

of the culprit drug on keratinocytes induces the secretion of pro-inflammatory cytokines, 

specifically IFN-γ, and cytolytic molecules such as granzyme B and perforin resulting in an 

augmented apoptotic response mediated the FasL pathway (Viard-Leveugle et al., 2013, Nassif 

et al., 2004). Programmed keratinocyte cell death and ensuing cytotoxic responses have been 

evidenced by elevated levels of FasL, IFN-γ, perforin/granzyme B and granulysin detected in 

the blister fluid of patients presenting with SJS-TEN (Posadas et al., 2002).  The clinical 

manifestations associated with SCARs are illustrated below (Figure 1.4). 

Figure 1.4. Illustration detailing the clinical manifestations and associated pathways of cytotoxic and 
cytolytic molecule release involved within the pathogenesis of Type IV drug hypersensitivity reactions 
(MPE, DRESS, AGEP and SJT/TEN). 

cytokine  of drug hypersensitivity reactions, encompassing MPE, DRESS, AGEP and SJS/TEN 

displaying the action of cytotoxic T-cells relating to the destruction of virus-infected cells, mediated by 
the release of cytotoxic and cytotoxic molecules such a perforin and granzyme B. 
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1.2.8. Drug-induced liver injury. 

DILI can concomitantly manifest alongside cutaneous reactions, such as MPE and DRESS, or 

exclusively perturb hepatocyte function (Lee et al., 2013). The prevalence of DILI i accounts for 

over 9% of all ADRs with many cases unreported due to sporadic diagnosis (Lazarou et al., 

1998). Consequently, incidence can vary with estimates ranging from 1 in 10,000 to 100,000 

cases following exposure (Pirmohamed et al., 2004). Manifestation is typically cholestatic or 

hepatocellular in nature and approximately 50% of all acute liver failures are attributed to DILI 

(Lee, 2013), prompting concern for drug developers  resulting from idiosyncratic hepatic injury 

(Andrade et al., 2006). 

The liver is the primary metabolic active site within the body and responsible for toxin removal, 

processes that render the organ vulnerable to hepatotoxicity (Remmer, 1970). Drug 

metabolizing enzymes present within the liver, specifically the cytochrome P450 (CYP450) 

family, facilitate phase-1 xenobiotic drug metabolism and the generation of hepatotoxic 

reactive metabolites (Boelsterli, 2002, Spahn-Langguth and Benet, 1992). Both CD4+ and CD8+ 

drug-responsive T-cells have been detected in the blood of patients presenting with DILI 

following treatment with flucloxacillin and isoniazid (Monshi et al., 2013, Usui et al., 2017), 

while in vitro priming of T-cells in healthy volunteers expressing specific HLA risk alleles has 

also proven successful (Kim et al., 2015, Yaseen et al., 2015). Although exact pathomechanisms 

of T-cell mediated hepatocyte destruction are poorly understood, the identification 

predisposing genetic factors may facilitate prediction. More recently, HLA associations 

between ticlopidine (HLA-A*33:03), flucloxacillin (B*57:01) and minocycline (HLA-B*35:02) 

have been linked to the development of idiosyncratic DILI (Hirata et al., 2008, Daly et al., 2009, 

Urban et al., 2017), however low predictive values negate the economic viability of screening 

programmes. 
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1.2.9 Management of ADRs. 

The management of ADRs ideally comprises multiple components, such as correct and timely 

diagnosis, preventative screening and additional treatment regimens. In the case of mild and 

moderate SCAR related disease states, such as AGEP, reactions are not considered life-

threatening and cessation of adverse events have been known to occur even after continued 

administration of the causative agent (Fernández et al., 2009). Similarly, when considering 

disease management of other mild reactions (MPE) adverse events have been known to 

spontaneously resolve after approximately 15 days following withdrawal of the offending drug 

(Szatkowski and Schwartz, 2015). Therefore, preferred treatment strategies for mild disease 

typically involve the immediate withdrawal of the offending drug, with prompt cessation 

drastically improving prognosis (Santiago et al., 2010). With regards to diagnosis, prompt 

identification of the culprit drug is critically important and due to the serious nature of more 

severe SJS-TEN reactions, gold standard diagnostic procedures such as systematic drug 

rechallenge are unsuitable. Methods such as skin patch testing show sufficient sensitivity 

(50%) for both MPE and AGEP (Balachandran et al., 2002), but when applied to SJS-TEN 

sensitivity is limited with studies suggesting positive results are observed in just 10% of SJS-

TEN cases (Wolkenstein et al., 1996). Instead, in vitro assays and specifically lymphocyte 

transformation tests (LTTs) are deployed with greater success. Moreover, in the case of SJS-

TEN induced by anticonvulsants, such as carbamazepine and phenytoin, 50% sensitivity has 

been reported (Karami et al., 2016). When applied to SCARs, therapeutic intervention often 

centres around symptom management, while corticosteroids are deployed on occasion with 

limited success (Roujeau and Stern, 1994). 
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1.3 Diagnostic approaches to determine drug hypersensitivity. 

1.3.1 In vivo diagnosis. 

Diagnosis of hypersensitivity and the identification of offending medications is of critical 

importance for patient safety and to ensure positive outcomes regarding treatment regimes. 

Although imperfect due to the complexity of immunologically mediated reactions, diagnostic 

tests play a central role in mitigating against re-exposure to culprit drugs and further 

hypersensitivity. Additionally, proper diagnosis can help to inform clinicians as to the source 

of undesirable adverse events in settings where polypharmacy is common, allowing for the 

recommencement of efficacious treatment. However, the diagnostic tools currently available 

and utilised by clinician’s lack many essential ideological components such as proper 

standardisation across various drug classes and correct stratification of risk coupled to a 

patient’s clinical history. Current in vivo diagnostic approaches for the detection of 

hypersensitivity, combined with need for improved procedures to predict or circumvent 

hypersensitivity at an earlier stage are explored below. 

Although not adept at deciphering between immune and non-immune mediated 

hypersensitive responses, drug provocation remains the gold standard to identify offending 

treatments, in addition to determining an individuals tolerance (Aberer et al., 2003). Within 

the context of IgE mediated reactions, for which clinical manifestations are immediate, drug 

rechallenge possesses an exquisitely high negative predictive value of 100%, although 

sensitivity reduces when applied to more severe reactions of delayed aetiology after 

rechallenge with just a single dose (Copaescu et al., 2021, Hjortlund et al., 2012, Bousquet et 

al., 2008). Nevertheless, due to the clinical severity of some delayed, immune mediated 

adverse reactions such as DRESS and SJS/TEN this diagnostic procedure carries inherent risk to 

the patient. Obvious drawbacks become apparent when considering cytostatic agents for 

which approximately 30% of patients suffer severe reactions following provocation and this is 
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further exemplified in the case of the general anaesthetic halothane in which a staggering 51% 

mortality rate has been reported after rechallenge yielded a positive result (Madrigal-

Burgaleta et al., 2019, Mushin et al., 1971). As such, drug provocation is often contraindicated 

when applied to potential life-threatening reactions and only deployed during situations in 

which the considerable risk is outweighed by benefit, typically during immunotherapy (Rive et 

al., 2013, Trubiano and Phillips, 2013). In summary, although exhibiting high levels of 

specificity for the isolation of adverse agents during polypharmacy the need for safer 

alternative diagnostic tools is demonstrably clear.  

Although lacking the sensitivity and specificity of drug provocation, skin testing represents a 

more cautious diagnostic approach for the identification of immunogenic compounds and is 

associated with a reduced risk to patient safety. Patch testing is one such method and involves 

incubation with the suspected allergen at therapeutically relevant doses for between 24-28 

hours on a small ‘patch’ of skin (Pichler and Tilch, 2004). In vivo patch testing is typically 

performed approximately 4-6 weeks after the cessation of delayed-type hypersensitive 

responses and can be deployed for the detection of MPE, DRESS, AGEP and SJS/TEN with some 

success and relatively high specificity (Phillips et al., 2019, Barbaud et al., 2001). Unfortunately, 

a negative patch test cannot rule of drug allergy and sensitivity can vary substantially with each 

drug class applied to each clinical manifestation, with antiepileptic’s and β-lactam antibiotics 

found to provide greater utility in terms of detection (Johansen et al., 2015). 

Additional in vivo diagnostics that target the skin, often supplementary to both drug 

provocation and patch testing, include skin prick and intradermal testing. Prick testing is the 

primary method for detecting immediate allergy mediated by IgE antibodies and is considered 

to be minimally invasive. Soluble allergen extracts are taken up by a needle and applied directly 

to the skin and ‘pricking’ ensures a small amount of the culprit allergen is introduced to the 

epidermis. Prick testing is limited to soluble drugs at high non-irritating concentrations for the 
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detection of immediate responses, with histamine typically used as a positive control (Phillips 

et al., 2019, Heinzerling et al., 2013). However, it has now been suggested that sensitivity can 

be improved for drugs such as vancomycin when concentrations are increased to threshold 

levels to induce initial irritation (Konvinse et al., 2016). 

Intradermal testing is utilised as an auxiliary tool when previous skin-based testing yields a 

negative result and possesses increased relevance for the diagnosis of delayed-type 

hypersensitivity (Brockow et al., 2002). These tests are more specialised and performed on the 

volar surface of the forearm with the allergen in question injected intradermally to form a 

small bleb on the surface of the skin. Clinicians can interpret a positive result when erythema 

at the site of injection exceeds 5 mm when compared to baseline levels (Empedrad et al., 

2003). As responses to the culprit allergen are often delayed, reading is performed up to 1 

week after injection (Brockow et al., 2013). Although considered to be more sensitive than 

prick testing, intradermal testing possess greater risk to patient safety due to its more invasive 

nature and is associated with an increased risk of anaphylaxis and viewed by some as 

potentially harmful when applied to reactions carrying SCAR phenotypes such as SJS/TEN and 

DRESS (Makris et al., 2010, Watts, 2017). The balance between test sensitivity and patient risk 

is a common theme that runs throughout skin-based diagnostic tools, with issues surrounding 

dose standardisation across multiple drug classes, drug stability and dilution as well as the 

potential for serious adverse reactions thrown in for good measure. Consequently, due to the 

invasive nature and often inconclusive results given by in vivo tests it is imperative these tests 

are used in conjugation with a multitude of in vitro diagnostic assays complemented with a 

detailed clinical history to successfully diagnose compound hypersensitivity reactions. 
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1.3.2 In vitro assays. 

1.3.2.1 Lymphocyte transformation test. 

The LTT is the most widely used in vitro assay for the detection of both immediate and delayed-

type hypersensitivity. This assay has been long established and is a sensitive indicator of 

immune activation, achieved by measuring the proliferation of T-cells after the stimulation of 

bulk cultures (Figure 1.5). On a technical level, an LTT involves the exposure of PBMC, isolated 

from the blood of patients with suspected hypersensitivity, with the compound of interest for 

a period of 6-7 days (Pichler and Tilch, 2004). The guiding principle of the assay is that T-cells 

previously sensitised to the culprit drug will proliferate upon re-exposure. This is most 

commonly measured by 3[H]-thymidine incorporation assays in which the radioactive isotope 

(3H) is taken up by dividing T-cells in a dose-dependent manner and can be used as a reliable 

indicator of cell proliferation (Luque et al., 2001, Pichler and Tilch, 2004). Other methods for 

the detection of T-cell sensitisation to relevant antigens include carboxyflourescein diacetate 

succinimidyl ester (CFSE) or surface marker upregulation e.g. CD69 and CD25, however such 

methods are more suited to the diagnosis of immediate reactions and therefore sensitivity in 

terms of a delayed response is often compromised (Koponen et al., 1986). 

It has been shown that individuals who do not exhibit drug allergy will not provide proliferative 

T-cell responses after exposure and this information can be a useful control when testing the 

immunogenic potential of novel compounds within LTT assays (Naisbitt et al., 2003a). 

However, what constitutes a positive LTT result can vary and sometimes be controversial. 

Proliferative values obtained are universally reported as stimulation index (SI) given by the 

average proliferation of drug treated cultures/average proliferation of control cultures, for 

which an SI > 2 is generally considered as positive. Although this can differ depending on the 

drug of interest, for example positive responses to β-lactam antibiotics are classified as 

positive with a SI > 3 (Porebski et al., 2011). Interestingly, proliferation is often found to be 
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enhanced at just a single drug concentration, potentially related to the diverse mechanistics 

involved within drug/TCR binding and reinforces the need for dose titration to achieve the 

appropriate level of sensitivity (Pichler, 2002). 

Due to the delayed nature of many hypersensitivity reactions LTT assays are generally 

performed after a minimum interval of 3 weeks after initial exposure and clinical manifestation 

in order to ensure the elimination of free, circulating culprit drugs from the blood (Porebski et 

al., 2011). Contradictory to this, patients presenting with SCARs such as SJS/TEN have been 

observed to produce heightened proliferative LTT responses after 1 week which then 

diminishes throughout the recovery phase, with optimal responses detected after the 

resolution phase (> 5 weeks) in DRESS reactions (Kano et al., 2007, Polak et al., 2013). 

Therefore, due to the heterogeneity of such reactions it can be concluded that the time lapse 

between symptomatic ADRs and proliferative measurement depend on the nature of clinical 

presentation and should be managed on case-by-case basis.  

In terms of sensitivity, LTTs can vary with drug class and have a broad reported range of 

between 27% and 74% with specificities reported as high as 85% (Porebski et al., 2013, Nyfeler 

and Pichler, 1997). These in vitro assays are more suited to delayed-type reactions as opposed 

to immediate reactions which are more analogous with in vivo skin-based testing as previously 

described, with studies reporting a 10-15% reduction in terms of sensitivity when applied to 

in vitro based proliferative assays (Luque et al., 2001). In summary, LTT assays are well 

established and still possess enormous clinical relevance over 50 years from inception. Used 

in parallel with in vivo testing, the LTT can provide sensitive readouts to determine delayed-

type hypersensitivity and identify culprit drugs during polypharmacy. Nevertheless, the assay 

would benefit from harmonisation between both protocols and concordant readout 

interpretation across the multitude of drugs implicated in causing hypersensitivity. 
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1.3.2.2 Enzyme-linked immunospot assay. 

Often used to compliment diagnosis given by the LTT, the enzyme-linked immunospot 

(ELISpot) assay is adept at quantitatively determining cytokine and cytotoxic molecule release 

from drug activated T-cells. This may be useful as both a marker of hypersensitivity to culprit 

drugs and for the identification of pathomechanisms involved in the reaction (Roujeau et al., 

1985). Similarly to the LTT, ELISpot assays are performed using PBMC isolated from patients, 

incubated with the drug of interest for a shorter period of 48 h.  Upon activation, T-cells are 

Figure 1.5. Visual representation of the LTT. PBMC from hypersensitive patients are exposed to the 
compound of interested for 6 days before proliferative measurement of lymphocyte transformation 
using thymidine incorporation assay.  

 

6 days 
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known to secrete a plethora of drug and reaction-specific cytokines such as IFN-γ, IL-5, IL-13, 

IL-22 to name a few, in addition to granzyme B, perforin, granulysin and FasL as mediators of 

cytotoxic and cellular death pathways (Khalil et al., 2008, Sachs et al., 2002, Porebski et al., 

2013). Technical aspects of the assay centre on the release and presence of cytokines within 

the cell supernatant and subsequent binding to polyvinylidene difluoride (PVDF) membranes 

pre-coated with the target cytokine. Detection antibodies conjugated to enzymes, typically 

alkaline phosphatase (ALP), produce spots representative of cytokine release following binding 

to an enzyme-activated substrate. Advantages of cytokine release assays include the ability to 

provide mechanistic insight into reactions within a short time frame, for example high levels 

of IL-5 secretion can be indicative of DRESS reactions due to its involvement in eosinophil 

recruitment (Choquet-Kastylevsky et al., 1998, Kouro and Takatsu, 2009). In terms of readout, 

the activation of drug-specific T-cells is given by the number of spot forming units (SFU) and a 

major drawback of the assay is the lack standardisation applied between clinicians and 

researchers as to the threshold for a positive response. Accepted levels of background 

secretion can also be problematic in addition to the significant cost implications and specialist 

expertise required for assay development.  

1.3.2.3 In vitro T-cell assays. 

To detect the immunogenic potential of low molecular weight compounds in vitro T-cell 

priming assays have proven to be a useful tool for the detection of de novo responses to 

compounds implicated in hypersensitivity reactions. These assays may be applicable to pre-

clinical screening programmes in which novel therapeutics with potential immune liabilities 

can be identified at an early stage and validation of such assays would be invaluable to drug 

development and by extension, patient safety. Initial versions of the assay involved long-term 

PBMC culture (4 weeks) and repeated stimulation of cultures with drug, irradiated autologous 

APCs and IL-2 culminating in a proliferative readout given by 3[H]-incorporation after drug 
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rechallenge for a period of 48 h, with SMX-NO deployed as a model immunogen (Engler et al., 

2004). More recent iterations of priming-based techniques, initially theorised for applications 

within the detection of chemical allergens and contact hypersensitivity, incorporate 

monocyte-derived dendritic cells (Mo-DC) matured for 7-8 days in the presence of LPS and 

TNF-α. Following cytokine-induced maturation, Mo-DCs are co-cultured with naïve T-cells and 

the antigen of interest for a further 8-14 days before rechallenge with fresh Mo-DCs and drug 

antigen. This is followed by a final incubation of 48 h and de novo naïve T-cells responses 

measured by proliferative assays such as 3[H]-incorporation or CFSE (Faulkner et al., 2012). 

These studies describe the cellular composition necessary for successful and reproducible 

priming of naïve T-cells to the model allergen, SMX-NO. Further work has validated the assay 

for studying the mechanistics of primary T-cell responses in genotyped healthy donors to 

compounds displaying HLA class I restriction such as carbamazepine, flucloxacillin and 

oxypurinol (Faulkner et al., 2016b).   

Although adept at providing consistent readouts regarding primary T-cell responses to 

chemically reactive model stimulants (SMX-NO) and contact sensitizers such as 

paraphenylenediamine and Bandrowski’s base, problems are encountered when considering 

many drug-specific responses, specifically pertaining to those sharing  HLA class II genetic 

associations (Gibson et al., 2015, Faulkner et al., 2012). This reported lack of sensitivity could 

be attributed to a variety of factors, but perhaps most significantly due to the signal intensity 

of drug-specific T-cells essentially being masked by populations with a reduced avidity for the 

antigen, owing to the high diversity of TCR repertoires present within mixed polyclonal 

cultures (Nikolich-Zugich et al., 2004). Of late, progress has been made towards attempting to 

solve the lack of sensitivity associated with conventional priming assays in the context of 

primary drug-specific T-cell responses. The T-cell multi-well assay (T-MWA) allows for an 

increased number of experimental replicates and unlike the traditional priming assay, only 

requires a single stimulation with Mo-DCs and as a consequence may possess utility for high-
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throughput immunogenic screening (Ogese et al., 2020). Although the T-MWA is susceptible 

to many of the limiting factors previously described, the assay has shown promise in detecting 

both primary responses to model immunogens and enhancement after checkpoint blockade 

(Ogese et al., 2020). Moreover, the assay has shown capacity for the detection of drug-specific 

naïve T-cell responses to glycopeptide antibiotic, vancomycin, for which causal HLA class II 

associations have been reported (Ogese et al., 2021, Nakkam et al., 2020). However, it must 

be said that a positive assay result should be interpreted with a degree of caution due to the 

inherent nature of the assay set up in which regulatory T-cells are often depleted and 

subsequent regulatory function, be it co-inhibitory or co-stimulatory, is impeded. Therefore, 

assays of this type serve to answer a singular question; does the compound possess intrinsic 

immunogenic potential? Further assay development would be required to adequately predict 

if such artificially provoked primary responses manifest in vivo under physiological conditions.  

To circumvent the issue of background ‘noise’ resulting from the heterogeneity of mixed pre-

cursor T-cell populations and to study the pathomechanisms of drug-specific responses it 

would be advantageous to elucidate these primary responses at the single cell level. T-cell 

cloning assays can be used to assess the immunogenic potential of suspect compounds, but 

also allow for the characterisation of any drug-specific T-cell responses identified. Cloning 

assays involve initial bulk priming of PBMC to the compound of interest followed by serial 

dilution of T-cells to achieve a seeding density of just a single cell per well.  Upon mitogen 

driven expansion of drug-responsive T-cell clones, the presence of single, homogenous TCRs 

among clonal populations with identical repertoires for specific antigens enable further 

functional analysis to reveal unique features relating to the antigenic determinant and also the 

presence of cross-reactivity with related antigens (Beeler and Pichler, 2006).  

Other important facets of functional T-cell based assays used for characterisation of a drug-

specific T-cell responses include cytokine release assays (ELISpot), HLA blockade, phenotyping 
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in addition to assays to determine routes of TCR stimulation (Kim et al., 1985). Drug-specific 

T-cell clones have been detected in patients and healthy donors to a myriad of compounds 

with HLA class I (e.g. abacavir, vancomycin and carbamazepine) and HLA class II associations 

(e.g. isoniazid and coamoxiclav) in addition to drugs with no known genetic associations such 

as sulfamethoxazole (SMX) (Bell et al., 2013, Ogese et al., 2021, Naisbitt et al., 2003a, Usui et 

al., 2017, Ariza et al., 2020, Farrell et al., 2003).  Importantly, these assays show increased 

sensitivity compared to other commonly used in vitro T-cell assays, as demonstrated in the 

case of atabecestat in which initial LTT assays performed on patient PBMC failed to detect the 

presence of drug-responsive precursor T-cells. Conversely drug-specific T-cell clones have 

been successfully generated and subsequent characterisation has implicated the compound 

in drug-hepatic injury (Thomson et al., 2021). Despite this increased sensitivity, T-cell cloning 

assays can be laborious, costly, and labour intensive, notwithstanding the heightened risks of 

infection and exhaustion of T-cell cultures due to repeated stimulation over a long period of 

time (> 2 months). 
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1.4. Antigenic stimulation: Tolerance or hypersensitivity? 

The induction of elicitation or tolerogenic responses to antigens, was traditionally described 

via the self/non-self model of recognition. This rather simplistic model formed the basis for 

our understanding of both central and peripheral tolerance for over two decades, in which 

two distinct iterations explained the historical theories of antibody induction within models 

derived from the concept of antigen-sensitive cells. Lederberg and colleagues initially 

proposed that stem cells incapable of antigen recognition develop into mature antigen-

sensitive inducible cells and that subsequent cellular accumulation with non-self specificity 

leads to discriminative function (Lederberg, 1959). Later, it was postulated that every antigen-

sensitive cell possesses an inherent ability to become inducible and form antibodies, with this 

only occurring following interaction between antigen-sensitive cells and carrier antibodies in 

which a conformational change induces a second signal dictating the initiation of tolerance or 

an immune response (Bretscher and Cohn, 1970). More recently, a conceptual switch away 

from inducible antigen-sensitive cells and towards the theory of danger signalling has 

transformed our understanding of the complexities relating to tolerogenic pathways. First 

described by Polly Matzinger, the ‘danger hypothesis’ attempts to predict tolerance or 

elicitation by considering both the propagation and nature of primary, secondary and tertiary 

signals (Matzinger, 1994). The intricacies of each signal within the context of immune 

tolerance or ensuing hypersensitive/allergic responses to drugs and chemical allergens is 

explored in detail below.  

1.4.1 Signal 1. 

In this section we will consider danger signalling pertaining to T-cell stimulation that results in 

either activation or immune tolerance to antigens recognised as ‘self’. Put simply, signal 1 

refers to the recognition of cognate antigens by the TCR via interactions with major MHC 

complexes at the immune synapse (Grakoui et al., 1999). Within populations of resting T 
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lymphocytes, signal 1 is perpetually ‘switched off’ and although still fundamental to the 

activation of naïve precursor T-helper cells (Th0) the importance of signal 1 as a determining 

factor per ipsum has been called into question (Guerder and Matzinger, 1992). Although not 

acceptable as the sole parameter for T-cell activation, genetic analysis and specifically the 

genetic diversity that exists among HLA alleles has been exploited to aid prediction of 

compound hypersensitivity. Indeed, for drugs such as abacavir and carbamazepine strong 

associations have been elucidated with carriage of HLA-B*57:01 and HLA-B*15:02 respectively 

(Mallal et al., 2002, Chung et al., 2004), with genetic screening now in place to combat the 

incidence of hypersensitive responses (Ruiz-Iruela et al., 2016).  

Whilst allelic expression of specific HLA complexes can be a uniquely sensitive tool for 

prediction and provides an exceptionally high degree of negative predication in the case of 

abacavir (100%) (Mallal et al., 2008), the vast majority of individuals expressing a known a HLA 

‘risk’ allele do not progress to a hypersensitive state when administered with a culprit drug. In 

short, while formation of the MHC/drug/TCR complex clearly plays a role within the specificity 

such responses, it does not exclusively account for the nature i.e. a tolerogenic response or 

the stimulation of immune receptors. This phenomena indirectly gives credence to need for 

additional signalling necessary for complete T-cell activation and downstream effector 

function. 

1.4.2 Signal 2. 

Contemporary models of naïve T-cell activation have widely established the need for a 

secondary signal that can determine tolerance or immune activation, coinciding with the 

presence of signal 1 (Lenschow et al., 1996, Cunningham and Lafferty, 1974). Signal 2 

comprises a multitude of pleotropic co-signalling pathways and acts similarly to a rate-limiting 

step within tolerogenic pathways in which stimulation of any remaining autoreactive T-cells is 

tightly controlled to prevent autoimmune outcomes (Fife and Bluestone, 2008). The 
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interactions between ligands and cognate receptors present on the surface of APCs 

determines the threshold for positive or negative signalling exerted on T-cells, resulting in the 

activation of costimulatory or co-inhibitory pathways (Huppa and Davis, 2003). Co-inhibition 

acts to dampen immunological responses and tip the balance in favour of immune tolerance 

via stimulation of pathways such as programmed cell death protein 1 (PD-1), cytotoxic T 

lymphocyte associated protein-4 (CTLA-4) and to a lesser extent T-cell immunoglobulin mucin-

3 (TIM-3). Subsequent ‘switching  off’ of signal 2, even proceeding initial interactions between 

drug antigens and MHC/TCR complexes results in T-cells remaining quiescent and entering an 

inactive state referred to as anergy (Sharpe and Abbas, 2006).  

The activation of co-stimulatory molecules combined with the propensity of T-cells to reach 

thresholds necessary for elicitation centres on the CD28/B7 paradigm (Lenschow et al., 1996). 

First described by Linsley et al. the CD28/B7 system comprises the dominant co-stimulatory 

pathway and describes ligation of CD28 co-receptors. These molecules are constitutively 

expressed by naïve helper CD4+ and CD8+ cytotoxic T-cells by both B7-1 and B7-2 on the 

surface of immature and activated APCs (Linsley et al., 1990, Rudd et al., 2009). In this section, 

B7-1 and B7-2 will be referred to as CD80 and CD86 respectively. Other immune receptors that 

exist outside the classical CD28/B7 paradigm that contribute towards co-stimulation include 

interactions between CD2 and signalling lymphocytic activation molecules (SLAM) in addition 

to CD40L and lymphocyte activating 3 (LAG-3) (Schwartzberg et al., 2009, Guo et al., 1996, 

Sierro et al., 2011). Interestingly, recent work has eluded to the synergetic relationship 

between co-signalling molecules in order to fine tune responses to a specific antigen. For 

example, activation of CTLA-4 pathways may directly or indirectly lower B7 expression on APCs 

via mechanisms such as transendocytosis of CD80/CD86 within T-cells, thus reducing 

bioavailability of co-stimulatory molecules on the surface of APCs (Qureshi et al., 2011). 

Conversely, mechanisms of B7 down-modulation, mediated by CTLA-4, can act indirectly 

following the release of cytokines such as IL-10 or TGF-β (Wing et al., 2008). A schematic 
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overview of the co-signalling pathways that lead to both co-stimulatory and co-inhibitory 

outcomes, and by definition tolerance or triggering of an immune cascade, can be viewed in 

Figure 1.6. 

Due to the physiological significance of signal 2 in terms of danger signal propagation and T-

cell activation, therapeutics targeting specific co-inhibitory molecules have been developed. 

To this end, the application of immune-checkpoint inhibitors, specifically CTLA-4, PD-1 and PD-

L1 have proven efficacious within oncotherapy treatment due to their inherent ability to 

effectively eliminate the regulatory capacity mediated by co-signalling pathways and incite T-

cell responses with anti-tumour capabilities (Okazaki and Honjo, 2007, Lee et al., 2019). 

However, treatment with checkpoint inhibitors have recently been associated with immune-

mediated adverse events due to the inherent immune liabilities possessed, attributed to a 

lowering of the threshold needed for elicitation of T-cell responses (Postow et al., 2018). This 

has been demonstrated in patients presenting with hypersensitivity to previously tolerated 

drugs such as iodinated contrast media following completion of immunotherapy with PD-L1 

(Hammond et al., 2021). This is further complemented by previous in vitro work, in which 

blockade of inhibitory signalling pathways (PD-1/CTLA-4) was found to enhance T-cell priming 

to model stimulatory antigens such as SMX-NO (Gibson et al., 2017, Gibson et al., 2014).
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Additionally, danger signals can directly influence signal 2 propagation and induce responsive 

T-cell states originating from endogenous sources such as damage-associated molecular 

patterns (DAMPs), released from necrotic cells after drug interaction, or intracellular heat 

shock proteins (Tsan and Gao, 2004, Uetrecht, 1999). Exogenous danger signalling is often 

attributed to the release of LPS from invading bacteria, termed pathogen-associated 

molecular patterns (PAMPs) (Kumar et al., 2011). 

1.4.3 Signal 3. 

If tolerance is not imposed and co-stimulatory pathways are favoured following antigen 

recognition by TCRs an ensuing T-cell response occurs, mediated by the release of cytokines 

or soluble material such as heat shock proteins e.g. HSP60 (Curtsinger and Mescher, 2010, 

Moré et al., 2001). Such responses account for signal 3, and the secretion of polarising 

cytokines that determine effector T-cell differentiation and function contribute to many of the 

Figure 1.6. Pathways of co-stimulation and co-inhibition. Signal 1 can be characterised between 
MHC, antigen and TCR, and can determine the specificity of drug-specific T-cell responses, whereas 
signal 2 propagation ultimately determines nature of such response e.g. tolerogenic action or 
progression to hypersensitive disease states.  
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clinical manifestations associated with delayed type IV hypersensitive disease states when 

danger signalling becomes excessive. For example, IL-5 secretion is associated with the onset 

of DRESS reactions due to its intrinsic property to mediate eosinophil recruitment (Choquet-

Kastylevsky et al., 1998). In addition, T-cells releasing cytolytic molecules such as IL-8, perforin, 

granzyme B and FasL have been linked to the development of severe SJS/TEN (Viard-Leveugle 

et al., 2013, Nassif et al., 2004, Yoshikawa et al., 2020). 

1.5 Pathways of T-cell activation. 

1.5.1 The hapten hypothesis. 

Sufficient danger signalling leads to signal 1 propagation and interaction at the immunological 

synapse between allergens, MHC complexes, peptides and the TCR. However, various routes 

of drug-specific signal 1 activation exist (hapten hypothesis, pharmacological interactions and 

altered peptide mechanisms) and it is important to consider each independent pathway within 

the context of specific immunogenic peptides or antigens implicated in hypersensitivity. For 

the purpose of this work MHC complexes will be referred to as HLA due to the focus on routes 

of immune stimulation after drug exposure in humans. 

Low molecular weight compounds (< 1000 Da) were initially hypothesised to be inert due to 

their size. Such compounds were thought to be incapable of sensitising the immune system 

and activating immunological receptors. The original hypothesis for the development of 

antigenicity was proposed following an early landmark study by Landsteiner and Jacobs, who 

postulated that the formation of a hapten-carrier conjugate would enable immune-cell 

activation after exposure to small molecule therapeutics (Landsteiner and Jacobs, 1935). 

Although ground-breaking at the time, more evolved contemporary models now pinpoint the 

formation of HLA-peptide complexes, in which small molecules bind native HLA peptides in a 

covalent manner. For example, derivatives of penicillin have been shown to covalently modify 

lysine residues of serum albumin (Schneider and De Weck, 1965). Recognition of covalently 
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bound ‘hapetenised’ proteins by the TCR is essential for aberrant responses to drug-modified 

peptides now identified as foreign. For this to occur, drug antigens of low molecular weight 

have to be taken up, processed by MHC peptides and displayed on the surface of APCs (Aiba, 

1998, Martin and Weltzien, 1994).  

Examples of drugs that induce T-cell stimulation following the formation of HLA binding drug-

modified peptides include β-lactam antibiotics such as flucloxacillin, amoxicillin and 

piperacillin arising from the inherent susceptibility of the β-lactam ring to nucleophilic attack 

at positions containing cyclic amides (Waddington et al., 2020, Meng et al., 2016, Meng et al., 

2017). It has been suggested that β-lactam antibiotics preferentially bind to extracellular 

proteins such as human serum albumin (HSA) and recently this has been demonstrated with 

the discovery that piperacillin-HSA adducts possess the ability to activate T-cells isolated from 

the PBMC of patients presenting with piperacillin hypersensitivity (Brander et al., 1995). 

Alternatively, some haptenic drugs have their chemical reactivity conferred through 

bioactivation, typically achieved through drug metabolism via cytochrome P450 (CYP) 

enzymes (Griem et al., 1998). This concept is commonly referred to as the pro-hapten 

hypothesis, for which the reactive metabolites of SMX provides a classical example. SMX itself 

remains chemically inert. However, upon intracellular metabolism via CYP2C9 present within 

the liver, SMX undergoes bioactivation to SMX-NO from sulfamethoxazole-hydroxylamine 

intermediates (Sanderson et al., 2007). The former is a highly reactive metabolite capable of 

covalent binding with MHC peptides and producing antigenic determinants involved in the 

elicitation of T-cell responses.
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1.5.1 The pharmacological interaction concept. 

More recently, additional models of T-cell stimulation through more direct routes that bypass 

innate involvement have been proposed, namely the pharmacological interaction with 

immune receptors (p-i) concept (Pichler, 2002, Pichler, 2005). The p-i concept represents a 

diversion away from the widely accepted theory that the immunogenic potential of drugs 

could be predicted solely by protein reactivity and ability to form protein-hapten carriers. 

According to this concept, drugs incapable of bioactivation or covalent interaction can still bind 

to HLA peptides and/or the TCR in a non-covalent fashion. Stimulation of T-cells via this route 

is reversible and can be enhanced by further interaction with the HLA-bound peptides, 

however it has been suggested that activation may occur independently from peptides 

presented on the surface of the HLA complex (Pichler, 2003).   

Although the phenomena of direct, processing independent mechanisms of immune 

stimulation can be viewed as contradictory to the delayed nature of archetypical type IV 

hypersensitive responses, a plethora of in vivo and in vitro immunological evidence exists that 

is compatible with pharmacological interactions being superfluous to the time-consuming 

process of peptide binding. Firstly, it must be considered that memory T-cells possess an 

inherently reduced threshold for activation after interaction with cognate antigens. This 

reinforces the notion that hapten and prohapten antigens are associated with the  

sensitisation of naïve T-cells due to an increased threshold for stimulation and resistant 

properties, whereas memory T-cells are more susceptible to direct stimulation that can occur 

rapidly and thus rule out any involvement of peptide processing pathways (Pichler, 2005, Zanni 

et al., 1998).  

Clinical findings have described hypersensitive responses to iodinated contrast media upon 

primary exposure, with initial sensitisation phases and additional re-exposure not required 

(Brockow et al., 2009). Furthermore, compound-specific HLA-dependent T-cell clone (TCCs) 
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have been identified in patients administered with chemically inert drugs, as shown with 

carbamazepine, lamotrigine and SMX (Naisbitt et al., 2003a, Naisbitt et al., 2003b, Pichler, 

2002). In vitro study detailing the ability of drug-specific TCCs to proliferate after APC 

processing capabilities are inhibited following fixation with glutaraldehyde, combined with an 

abrogated response following aldehyde-fixed APC and drug removal, provides further 

evidence for processing independent pathways of T-cell activation (Schnyder et al., 1997, 

Zanni et al., 1998). 

1.5.3 The altered peptide repertoire model. 

Novel mechanisms of HLA-peptide mediated T-cell activation have now been elucidated, 

specifically the altered peptide repertoire or ‘altered self’ model. Within the context of 

aberrant T-cell stimulation and downstream susceptibility to hypersensitive responses, the 

altered peptide model refers to conformational alterations of self-peptides within the antigen 

binding pocket induced by drug-HLA interactions, and ultimately results in a revised peptide 

configuration presented by HLA molecules, now recognised as ‘non-self’ following 

immunosurveillance (Ostrov et al., 2012). The vast majority of experimental evidence that 

exists for this model is based on interactions between the nucleoside reverse transcriptase 

inhibitor, abacavir, and the HLA-B*57:01 allele in which predisposition to abacavir 

hypersensitivity syndrome is heavily implicated with a high degree of sensitivity with regards 

to prediction (Illing et al., 2012, Norcross et al., 2012, Mallal et al., 2008). As drug antigens bind 

to the HLA region in a non-covalent manner to induce a T-cell response this model can be 

viewed as an appendage to the p-i concept. In the well documented case of abacavir, non-

covalent binding between unmodified drug and HLA-B*57:01 is confined to the F-pocket of 

the antigen-binding cleft, typically containing a carboxy-terminal tryptophan and 

phenylalanine (Illing et al., 2012). Highly specific and dose-dependent drug binding induces 

modifications within the arrangement of anchoring peptides, with isoleucine and leucine 
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residues now present within the HLA-B*57:01 peptide motif resulting in the generation of 

relevant immunogenic neo-antigen peptides capable of driving polyclonal CD8+ T-cell 

stimulation (Norcross et al., 2012).  

Furthermore, recent in vitro work detailing T-cell responses to abacavir and multiple analogues 

in healthy donors expressing HLA-B*57:01 has suggested perturbation of native HLA peptides 

is essential for T-cell stimulation (Thomson et al., 2019). In addition, a dual mechanism of T-

cell activation has been proposed in which abacavir can stimulate T-cells either by direct 

interactions with HLA molecules and subsequent induction of HLA: TCR interaction or by the 

alteration of HLA binding peptides after initial abacavir exposure (Bell et al., 2013). A summary 

of the 3 pathways of T-cell activation can is shown below (Figure 1.7). 

Figure 1.7. Recognised pathways of T-cell activation. After antigenic exposure, T-cells can be activated 
by 3 distinct mechanisms.  (1) Covalent binding between low molecular weight compounds e.g. SMX-
NO and MHC peptides. (2) Direct, non-covalent interaction between compounds e.g. carbamazepine 
(CBZ) and HLA molecules. Drugs can also directly stimulate via TCR interaction only. (3) Drug (e.g. 
abacavir) binding to HLA complexes can induce conformational changes within self-peptides found in 
antigen binding pockets, resulting in a revised peptide configuration presented by HLA molecules. 
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1.6 Metabolic routes of T-cell activation. 

To maintain cellular function within immune populations, either in quiescent or activated 

states, adenosine 5’-triphosphate (ATP) production and subsequent energy availability is 

absolutely fundamental. The metabolic pathways that ultimately result in ATP production to 

quench cellular energetic requirements are hugely complex and comprise a myriad of aerobic 

and anaerobic pathways such as glycolysis, the tricarboxylic acid (TCA) cycle, oxidative 

phosphorylation and fatty acid β-oxidation (Pearce and Pearce, 2013). Adaptable and 

reprogrammable metabolic characteristics are a prerequisite to enable immune cells to meet 

energy demand under transient conditions and importantly, contribute towards regulatory 

function (Pearce et al., 2013). Interconnectivity and plasticity between ATP producing 

metabolic pathways is well documented and recent work has implicated and correlated 

metabolic changes within immune cells and functional modulation, leading to the 

development of an emerging new field, coined ‘immunometabolism’.  

1.6.1 Glycolysis. 

In order to provide a constant supply of ATP under anaerobic conditions, glycolysis is the 

metabolic pathway of choice. Glycolytic pathways represent an immediate energy source for 

cellular components to perform essential metabolic function, which essentially involves the 

conversion of glucose to pyruvate. First described by Embden, Meyerhof and Parnas, glycolysis 

takes place within the cell cytoplasm following a series of enzyme-catalysed reactions and 

ultimately results in the transfer of inorganic phosphates between glycolytic intermediates 

and adenosine diphosphate (ADP) to form ATP. However in the context of cellular activation, 

considering carcinoma cells as a prime example, cells become prone to a metabolic shift away 

from the conventional route of anaerobic ATP production due to the large amounts of energy 

required for growth and differentiation, thus heightening demand for glucose uptake. Instead, 

the terminal glycolytic end product under anaerobic conditions, pyruvate, undergoes further 
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reduction to lactate in an aerobic process referred to as the Warburg effect (Warburg, 1925, 

Warburg et al., 1927). This phenomenon was later supplemented by studies describing how 

certain subsets of proliferating tumour cells utilise ATP generated solely from glycolysis, due 

to its immediacy, even accounting for oxygen abundance and the presence of functional 

mitochondria (Crabtree, 1929). This anaerobic process of ATP production, now widely known 

as the Crabtree effect, relies on fermentation instead of classical respiration and is far less 

efficient per molecule of glucose but is crucially associated with an increased rate of ATP 

production (Pfeiffer and Bonhoeffer, 2002). This physiological process has been exploited to 

study drug-induced mitochondrial dysfunction with liabilities towards DILI, for which the 

Crabtree effect can be circumvented in both HepG2 and HepaRG cell lines following 

substitution of glucose-based media for galactose, thus forcing reliance on oxidative 

phosphorylation (OXPHOS) and enabling detection of mitochondrial toxins (Marroquin et al., 

2007, Kamalian et al., 2018).  

Another exciting avenue is the measurement of glycolysis as an energetic determinant of 

immune activation, for example when studying T-cell responses to cognate antigens (van der 

Windt et al., 2016a). In vitro study of glycolytic parameters is possible by measurement of the 

extracellular acidification rate (ECAR) of cell culture medium containing activated T-cells, with 

proton release a useful marker of lactate excretion following pyruvate conversion (Wu et al., 

2007). Interestingly, studies have begun to reveal the different metabolic characteristics 

associated with T-cell populations e.g. effector T-cells vs naïve T-cells, with energetic 

preferences often relating to their specific role within tolerogenic mechanisms or immune 

clearance.
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1.6.2 Oxidative phosphorylation. 

When considering OXPHOS in isolation, the abundant source of ATP needed for efficient 

cellular metabolism becomes clearly evident. Indeed, OXPHOS is responsible for the vast 

majority of cellular ATP production under quiescent conditions, accounting for approximately 

24 – 28 molecules of ATP per molecule of glucose following progression through glycolysis and 

the TCA cycle. Unlike glycolysis, OXPHOS itself takes place fully within the confines of the 

mitochondria and is a highly aerobic process. Mechanistically, OXPHOS comprises of a series 

of redox reactions resulting in the transfer of electrons between protein complexes, 

collectively known as the electron transport chain.  

Oxygen functions as the terminal electron acceptor in this process and gains a proton to 

produce a single molecule of water. In this way the electron transport chain and OXPHOS 

thereafter, possesses oxygen sensing capabilities and contributes towards both the generation 

of reactive oxygen species (ROS) and crucially, oxygen consumption (Chandel et al., 1998, 

Doege et al., 2005). This knowledge has been utilised in terms of assay development, 

specifically pertaining to measurement of the oxygen consumption rate (OCR) as an indicator 

of mitochondrial reparation using bioenergetic analysis and provides utility for the detection 

of drugs (e.g. leflunomide) and toxins (Bacillus cereus) able to induce mitochondrial 

dysfunction (Jones et al., 2021, Decleer et al., 2018). The energy requirement from OXPHOS is 

known to be imperative for the propagation of both innate and adaptive signalling pathways 

such as DAMPs and mitochondrial-derived molecules, specifically mitochondrial reactive 

oxygen species (Zhou et al., 2011). In fact, there is now accumulating evidence suggesting that 

mitochondria represent the ‘hub’ of the immune system and subsequent immunological 

signalling pertaining to a plethora of immune subsets. This has now been particularly well 

defined in the case of antigen-specific T-cell activation (Sena et al., 2013).
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Revisiting immune-cell activation, for which glycolysis has been described as a critical 

determinant for proliferative responses, it can be useful to consider the energetic processes 

implicated within T-cell stimulation to highlight the involvement and synergy of metabolic 

pathways. In addition to glycolysis and the immediate supply of energy provided for 

proliferative function, OXPHOS and aerobic mitochondrial respiration has been identified as a 

requirement for optimal T-cell activation and ensuing expansion (Sena et al., 2013). This is in 

part due to OXPHOS providing an abundant source of ROS. This dependence for both pathways 

of metabolism is evident in the case of graft versus host disease when applied to bone marrow 

transplantation, during which alloreactive T-cells simultaneously exhibit elevated levels of 

OXPHOS and glycolysis, in contrast to the predominantly glycolytic nature of proliferating bone 

marrow cells (Gatza et al., 2011).  

Additionally, other pathways have been implicated within immune-cell activation. In the case 

of T-cells, fatty acid oxidation and lipid metabolism has been shown to perform a critical 

function following the propagation of activation signalling within CD4+ and CD8+ T-cells 

(Michalek et al., 2011, Pearce et al., 2009). This is clearly evident during the transition between 

quiescent naïve T-cells and effector T-cells for which energy demand is increased to enable 

both rapid proliferation and cytokine secretion. Multiple phenotypic characteristics make this 

possible, namely expression of membrane transport proteins such as CD36 on the cell surface 

facilitating the entry of fatty acids into the T-cell membrane for β-oxidation within the 

mitochondria to support transient metabolic requirements (Couturier et al., 2019). 

1.6.3 Naïve T-cell activation. 

When quiescent, circulating naïve T-cells have a long lifespan and prior to antigenic stimulation 

energetic demand is reduced and basal metabolic needs are met via glucose and glutamine 

oxidation within the mitochondria to yield ATP in an OXPHOS-dependent manner (Bental and 

Deutsch, 1993). Metabolic precursors with the capacity for oxidation, such as essential 
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nutrients, are only consumed at minimal rates throughout the resting phase, to allow basic 

homeostatic function and general housekeeping (Jones and Thompson, 2007). Glucose has 

been shown to be particularly important for the synthesis of oligosaccharides. Furthermore, 

the oxidation of CO2 for the production of ATP and allows naïve T-cells to maintain a greater 

amount of steady-state intermediates that are suitable precursors for macromolecule 

synthesis arising from lymphocyte transformation toward glycolytic pathways (Hume et al., 

1978). Extracellular signalling provides chemical-based instructions for naïve T-cells to 

maintain and perpetuate this metabolic phenotype and the cessation of extrinsic signalling 

leaves cells unequipped for glucose uptake and ultimately results in apoptosis or cell atrophy 

(Rathmell et al., 2000). Cytokines are also involved in maintaining metabolic homeostasis 

within populations of resting naïve T-cells. Indeed, studies focusing on the role of IL-7 have 

shown that deletion results in both size reduction and a failure to sustain basal levels of 

glycolytic flux (Rathmell et al., 2001, Jacobs et al., 2010). 

Metabolic differences between quiescent naïve T-cells expressing either CD4+ or CD8+ co-

receptors have been described. This is particularly applicable when considering transcription 

factors implicated within energetic regulation. Resting, drug naïve T-cells expressing a CD8+ 

phenotype are dependent on sirtuin 1, an NAD dependent histone deacetylase responsible for 

maintaining the structural integrity of Fox01 and allows for sustained OXPHOS in resting CD8+ 

clonal populations (Jeng et al., 2018).  Conversely, studies focusing on the activity of CD4+ 

expressing naïve T-cells have identified key modulatory nodes, such as Akt and STAT5, 

responsible for early metabolic programming in the form acute energetic switching and 

increased rates of both OXPHOS and glycolysis of following TCR stimulation (Jones et al., 2019).  

The activation of naïve T-cells from their inherent resting and naïve state requires a form of 

metabolic reprogramming in which fuel sources are readily available to cope with the 

energetic demands of T-cell expansion. Mechanistically, T-cells exit the naïve phase following 
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engagement between cognate antigenic peptides, presented on the surface of APCs by MHC 

molecules, and the TCR, with additional costimulatory signalling provided by CD28 (Harding et 

al., 1992). Numerous signalling cascades are linked to T-cell progression from naïve to 

activated states following antigenic stimulation, with specific growth factors such as IL-2 

heavily implicated in both signal propagation and transcriptional activation (Beadling et al., 

1994). Indeed, IL-2 has been shown to promote signalling through a myriad of pathways 

involved in T-cell activation including PI3K-Akt, ERK/MAPK, NF-КB and mTOR pathways (Prasad 

et al., 1993, D'Souza et al., 2008).  

The cumulative effect of these physiological processes results in the upregulation of aerobic 

glycolysis, reinforced by studies describing impaired proliferation under conditions limiting the 

activity of glucose transporters such as GLUT1 (Macintyre et al., 2014). Therefore, it can be 

said that increased glucose uptake and metabolism is the principle metabolic adaption of 

activated T-cells. Revisiting the co-stimulatory signalling necessary for full T-cell activation 

after initial peptide/MHC/TCR interaction, extrinsic signalling mediated by CD28 has been 

identified as the primary regulator of GLUT1 expression and by extension is critical for glucose 

import and metabolism (Frauwirth et al., 2002). Additional studies have revealed the 

significant role of the PI3K-Akt-mTOR axis for the rapid increase in GLUT1 expression in 

activated T-cells to aid glucose trafficking into T-cells to meet energetic demand and facilitate 

proliferation (Wieman et al., 2007). Although the activation of naïve T-cells is characterised by 

a fuel pathway switch to glycolysis, de novo ATP generation using mitochondrial OXPHOS has 

been suggested to be contributing source of cellular energy. This has been evidenced in studies 

evaluating the effect of the mitochondrial ATP synthase inhibitor, oligomycin, which have 

subsequently shown that blockade of early activation markers of T-cell expansion result in 

‘blunted’ proliferation following TCR ligation with cognate antigens (Chang et al., 2013).
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1.6.4 Effector T-cells. 

After clonal expansion has been initiated and quiescence ‘exit’ has been achieved, T-cells 

undergo further metabolic adaptation to enable effector programming. The metabolic profiles 

involved correspond to downstream functional properties that are directly influenced by 

differentiation to specific effector T-cell subsets. Both CD4+ and CD8+ expressing T-cells can 

rapidly acquire effector functions and are heavily involved in steering immune responses 

towards destructive outcomes that typically result in the killing of infected cells, often 

mediated by the secretion of inflammatory and cytotoxic molecules (Kaech et al., 2002).  

Effector cells perform overlapping functions and display high levels of plasticity, that when 

examined simplistically can be distinguished by phenotypic expression of either CD4+ or CD8+ 

co-receptors. In terms of immune function, CD8+ effector T-cells recognise antigens presented 

on all nucleated cells in the context of MHC class I and can be characterised by secretion of 

cytotoxic and cytolytic molecules. Conversely, CD4+ effector T-cells, referred to Th cells, 

recognise antigens presented on the surface of professional APCs in the context of MHC class 

II and exhibit cytokine secretion patterns that have applications within regulation, memory 

and also provide signalling for the direction and activation of CD8+ mediated cytotoxic 

responses (Seder and Ahmed, 2003).  

Although much focus has been placed on the energetic requirements for metabolic switching 

as T-cells exit the naïve state and become activated, metabolism is thought to not only support 

T-cell activation, but to also determine the specificity of T-cell responses (Wang and Green, 

2012). As a result, metabolic reprogramming is now known to be vital prerequisite for the 

decision making that governs differentiation into specific effector T-cell subsets. Key nutrients 

involved in regulating the differentiation of activated T-cells include glucose and glutamine, 

with added input from mTOR signalling pathways. Firstly, glutamine assists with leucine 

retention in an indirect manner through the LAT1-CD98 heterodimer, prompting activated T-
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cells to differentiate into either Th1, Th2, Th17 or CD8+ expressing effector T-cells (Sinclair et 

al., 2013). In addition, both glutamine and leucine have routinely been shown to activate 

mTORC1 (Yang et al., 2013, Sinclair et al., 2013, Nakaya et al., 2014), so it is believed the 

nutrient availability can regulate differential and co-stimulatory function by facilitating  

metabolic fluxing to effector subtypes following exit from quiescence. Furthermore, 

glutaminolysis, the metabolic process by which T-cells can convert glutamine into 

intermediates for TCA cycle entry, has been shown play an important role within Th 

differentiation, specifically targeting Th17 cells (Johnson et al., 2018). Other studies have 

suggested that glutaminolysis, together with the ability of this metabolic process to generate 

α-ketoglutarate, plays a prominent part within the initial programming of Th1 cells (Klysz et al., 

2015). 

Subclasses of effector T-cells possess different thresholds for activation and are associated 

with divergent physiological in vivo traits that are of relevance when studying the 

immunometabolic profiles for CD4+ and CD8+ T-cells. Proliferative potential, as well as the 

tendency for clonal expansion, in response to antigenic stimulation are perhaps the most 

prominent differences between CD4+ and CD8+ effectors. CD8+ expressing T-cells proliferate 

more rapidly upon initial activation and develop effector function after migration to the site 

of infection (Seder and Ahmed, 2003). These cells rely on glycolytic function under glucose rich 

conditions to keep pace with increased energy demand that is not only associated with 

regeneration of metabolic nutrients for oxidation but has also been shown to be supportive of 

cytokine synthesis (Delgoffe and Powell, 2015, Chang et al., 2013). Concordant with the 

metabolic pathways associated with the activation of naïve T-cells, effector T-cell function 

hinges around a switch to Warburg metabolism due to the energetically expensive nature of 

rapid proliferation and downstream effector function. This is illustrated by the reduced 

doubling time (< 8 h) of virus-specific CD8+ expressing T-cells in response to viral antigens 

during times of infection (De Boer et al., 2003). Recently, nicotinamide has been identified as 
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a potential therapeutic target for conditions associated with hyperactive T-cell responses. In 

an elegant study, nicotinamide was found to increase glycolysis while simultaneously 

inhibiting mTORC1 and the production of effector cytokines, thus uncoupling activation from 

effector function in CD8+ T-cells (Agliano et al., 2022).  

1.6.5 Memory T-cells. 

Following sufficient effector T-cell responses and removal of the offending antigen, the vast 

majority of expanded CD8+ expressing effectors die (90-95%). Any remaining cells are present 

at low, stable levels as memory CD8+ T-cells that do not require professional antigen 

presentation and can be recalled rapidly following antigen re-exposure (Murali-Krishna et al., 

1998). Difficulties have been encountered when studying the function of memory T-cells 

expressing a CD4+ phenotype, owing to reduced proliferation and low precursor frequencies 

present in the blood after antigen exposure and immune clearance (Foulds et al., 2002). 

Instead, the memory activity of CD4+ T-cells have been traditionally studied within the context 

of a ‘memory phenotype’ as functional traits can be deduced by the expression of specific 

surface markers, such as CD62 and CD44 (Bingaman et al., 2005). Put simply, CD8+ memory T-

cells are long lived and can be described as antigen experienced with a greater capacity for 

clonal expansion than CD4+, when considering the rapid nature of recall responses to a 

secondary antigenic encounter. 

The immunometabolic profiles that govern the ability for swift proliferative responses of 

memory populations after secondary exposure have been widely studied in recent years and 

a number of physiological and mechanistic determinants have now been defined. Co-

stimulatory molecules have been shown to ‘prime’ mitochondria for recall responses and 

studies focusing on the action of CD28 have observed elevated levels of spare respiratory 

capacity within bioenergetic profiles of activated cells (Klein Geltink et al., 2017). During times 

of quiescence, circulating antigen experienced T-cells possess the ability to quickly reacquire 
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effector function and re-engage with aerobic glycolysis by way of Warburg metabolism 

(Gubser et al., 2013). This transition is characterised by a rapid, more efficient uptake of 

glucose in addition to increased rates of mitochondrial fatty acid oxidation (FAO) by memory 

T-cells that are long-lived and quiescently programmed but sustain a primed state for antigen 

rechallenge (O'Sullivan et al., 2014). 

When evaluating metabolic variations between CD4+ and CD8+ T-cells, different subsets 

exhibit different energetic signatures. For example, in vitro studies have used bioenergetic 

analysis to elucidate metabolic shifts within populations of antigen-specific T-cells. One 

particular study, performed by the Francis lab, demonstrated visible metabolic adaptations 

between CD4+ and CD8+ expressing peptide-specific T-cell clones (TCCs). Analysing ECAR as 

an indicator of glycolysis, both CD4+ and CD8+ T-cells displayed a glycolytic flux after 

stimulation with CD3 and CD28 activating antibodies (αCD3/28). Contrary to the physiological 

and metabolic characteristics discussed earlier, CD4+ T-cells were observed to possess greater 

glycolytic potential with CD8+ TCCs more dependent on mitochondrial OXPHOS for overall 

metabolism and cytokine secretion (Jones et al., 2017). Other markers of glycolytic activity, 

such as GLUT1 and Hexokinase II, have been analysed by immunoblot and indicated enhanced 

expression in populations of CD4+ T-cells following artificial stimulation (Macintyre et al., 

2014, Marko et al., 2010, Jones et al., 2017). These studies utilise antigen-specific TCCs to 

measure energetic profiles after both artificial (αCD3/28) and peptide-induced stimulation but 

cannot be viewed as indicative of true memory T-cells responses due the absence of initial T-

cell priming to the antigen of interest. 

Much of the current literature relating to the metabolic conditions needed to permit memory 

T-cell expansion upon rechallenge with cognate antigens is almost exclusively limited to the 

activity of CD8+ expressing populations. A landmark study by Gubser et al. first described an 

immediate-early ‘glycolytic switch’ in CD8+ memory populations, with effector memory cells 
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additionally associated with rapid IFN-γ production after TCR mediated activation (Gubser et 

al., 2013). Importantly, studies of this type have phenotypically defined populations of CD8+ 

memory T-cells via expression of CD45RO+ surface markers and have also elucidated signalling 

pathways implicated within early metabolic shifts. During conditions supportive of rapid 

effector function, signalling through costimulatory CD28 molecules was found to be rapamycin 

insensitive, in contrast to the activation of both naïve and effector T-cells. Instead, these cells 

are more reliant upon the Akt signalling pathway and it has been suggested that this 

characteristic is imprinted on lymphocytes after differentiation and can determine the 

glycolytic potential of recall responses (Gubser et al., 2013). In terms of the machinery involved 

within regulatory function, some studies have pointed towards the activity of mTORC2-

dependent signalling within regulatory mechanisms of CD8+ T-cell memory cell differentiation 

(Pollizzi et al., 2015, Zhang et al., 2016).   

When accounting for the metabolic phenotype of regulatory pathways that govern CD8+ 

memory T-cell development, mitochondrial respiratory capacity has been deemed as a critical 

determinant. Studies in mice undertaken by van der Windt et al. first showed the requirement 

for a substantial spare respiratory capacity in CD8+ memory T-cells using mitochondrial stress-

based assays. This was shown to be a key feature within oxidative metabolism and cytokines, 

such as IL-15, were identified to regulate spare respiratory capacity of CD8+ T-cells by 

promoting mitochondrial biogenesis (van der Windt et al., 2012). Furthermore, enzymatic 

expression of master regulators involved within FAO, specifically carnitine palmitoyl 

transferase (CPT1a), were also found to be of paramount importance when defining the spare 

respiratory capacity of CD8+ memory T-cells, thereby indicating the involvement of FAO for 

CD8+ mediated recall responses after antigenic rechallenge. More recently this theory has 

been challenged and importance of CPT1a and FAO for memory T-cell differentiation has been 

questioned. Genetic studies using etomoxir, which acts to inhibit the rate-limiting step of FAO, 

found that CPT1a mediated FAO was a dispensable process for the generation and function of 
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CD8+ memory T-cells and instead a greater emphasis on oxidative metabolism has now been 

proposed (Raud et al., 2018).  

Differentiation of CD8+ T-cells to effector and memory function has universally been shown to 

be synonymous with an initial commitment to proliferation. When studying discrepancies 

between subsets various models have been proposed that rest on, firstly, the threshold for 

activation signalling and secondly, the accumulation of these signals. Indeed, CD8+ expressing 

effector memory cells have been associated with a reduced threshold for activation, although 

both CD4+ and CD8+ subsets have been shown to commit to proliferation after brief periods 

of stimulation (Kaech et al., 2002). This phenomenon may explain why CD8+ memory T-cells 

have a greater capacity for clonal expansion than CD4+. The idea that accumulative early 

signalling can lead to threshold activation and downstream effector function is pertinent for 

the development of therapeutics that target the immune system, such as vaccines, as acute 

exposure to immunotherapy agents can induce long-lasting T-cell signalling and activation 

even after cessation of treatment. This has been demonstrated when stimulating CD8+ T-cells 

for time-points as low as 2 hours. In these studies, naïve and memory CD8+ responses to 

cognate antigens were found to facilitate several cycles of cellular division indicating an early 

commitment to proliferation resulting from early signal transduction can be sustained for long 

periods (van Stipdonk et al., 2001, Kaech and Ahmed, 2001). Moreover, this has been further 

illustrated in the case of co-stimulatory molecules as the mere presence of CD28 or 4-1BB 

during activation has been found to modulate the metabolic profiles of memory T-cells after 

activation signalling had long been removed (Krause et al., 1998, Menk et al., 2018b). Work 

has also been undertaken to study the metabolic programme within populations of terminally 

exhausted CD8+ T-cells, with a recent in vivo study focusing of tissue-infiltrating lymphocytes 

in mice suggesting stimulation with IL-10 can promote OXPHOS and revitalise exhausted T-

cells, restoring effector function in the process (Guo et al., 2021). Further understanding of the 

mechanisms that underpin sustained activation and the exact signalling pathways implicated 
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will be crucial to the efficacy of immunotherapy in addition to enhancing T-cell priming after 

vaccine administration. A summary of the metabolic pathways involved within the activation 

of naïve, effector and memory T-cells can is illustrated below (Figure 1.8). 

Figure 1.8. Metabolic pathways implicated in the activation of naïve, effector and memory T-cells 
following antigenic stimulation.  
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1.7 Glycopeptide antibiotics. 

Glycopeptide antibiotics have been deployed for over 50 years to combat bacterial infection. 

Their discovery and clinical development represented a significant advancement for the 

treatment of infections caused by Gram-positive bacteria, such as methicillin-

resistant Staphylococcus aureus (MRSA) and Clostridium difficile (Anstead et al., 2014, 

Venugopal and Johnson, 2012). The inception of glycopeptide antibiotics revolutionised the 

field of medicine and now enabled the treatment of bacterial infection that had since 

developed resistance to sulfonamides and penicillins that were initially developed in the 1930s 

and routinely used thereafter. Although highly efficacious, glycopeptides are reserved for 

severe, life-threatening infections. Therefore, these compounds are often referred to as a 

‘drug of last resort’, with glycopeptides such as vancomycin ideally administered after all 

treatment regimens have been exhausted due to the plethora of contraindications associated 

and the elevated risk of adverse events.  

This class of antibiotic are derived from actinomycetes, which are generally Gram-positive 

filamentous bacteria with aerobic function and are credited with the development of 

approximately 70% of all antibiotics developed for human use (Bérdy, 2005).  Mechanistically, 

these drugs are hugely efficacious due to their ability to inhibit peptidoglycan synthesis which 

provides structural integrity for the formation of the bacterial cell wall. This mode of action is 

also highly specific and can be targeted to individual peptide sequences only found within the 

bacterial cell wall (L-aa-D-aa-D-aa) and therefore, in theory, glycopeptides are only 

selectively toxic (Reynolds, 1989). Drug interaction with unique peptide sequences takes place 

by way of hydrogen bonding and as a result it is now thought that glycopeptides are able to 

exert their inhibitive effects by way of steric hindrance. (Reynolds, 1989). The majority of 

glycopeptides follow a similar structural pattern which can be typically defined by the 
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presence of either a tricyclic or tetracyclic heptapeptide scaffold that can vary by the degree 

of glycosylation or presence of a lipophilic side chain comprising fatty acids (Butler et al., 2014). 

1.7.1 Naturally occurring glycopeptide antibiotics. 

First generation glycopeptide antibiotics are large, structurally complex drugs consisting 

entirely of natural products and have been developed using a wide variety of actinomycete-

derived bacteria. Vancomycin and teicoplanin are the most widely used and prototypic of 

naturally occurring glycopeptides (Binda et al., 2014). Vancomycin, produced from 

Amycolatopsis orientalis, was initially developed and introduced into the clinic in 1958 by Eli 

Lilly. The drug has been recommended as a first-line treatment agent and remains the ‘poster 

child’ for glycopeptide use arising from its remarkably high efficacy for the treatment of Gram-

positive infection, specifically MRSA (Watanakunakorn, 1982). Clinical studies have reported 

effectiveness of between 70-75% amongst critically ill MRSA patients at optimal intravenous 

loading doses of 10-20 mg/kg (Flannery et al., 2021, Mei et al., 2019, Huang et al., 2018). 

Although conforming to the general structural pattern of most glycopeptides, vancomycin 

possess unique characteristics both within its chemical structure and mode of action. 

Vancomycin acts to prevent the second stage of bacterial cell wall synthesis by inhibiting the 

formation of the phosphodisaccharide-pentapeptide lipid complex (Anderson et al., 1965). It 

does so by direct, high affinity binding to bacterial peptides containing D-alanyl-D-alanine at 

the carboxyl terminus (Perkins, 1969). Ingeniously, by binding to bacterial peptide motifs and 

inducing mutations within target enzymes, vancomycin is able to eliminate common pathways 

of antibiotic resistance (Yim et al., 2014). According to the classification system initially 

proposed in 1999 by Nicolaou and colleagues, for which 5 distinct glycopeptide subclasses 

(Type I – Type V) are described based on structural traits, vancomycin is classified as a Type I 

glycopeptide, owing to the presence of valine, asparagine and glutamine residues surrounding 

its heptapeptide core (Figure 1.8) (Nicolaou et al., 1999).  
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Teicoplanin, produced from Actinoplanes teichomyceticus, was first discovered in 1978 but 

only introduced into European clinical settings in 1988, which in terms of the ‘golden age’ of 

antibiotic development represents a fairly contemporary addition (Binda et al., 2014). 

Teicoplanin is often described as vancomycin’s ‘sister’ antibiotic due to its close structural 

alignment and similar mode of action with regards to peptidoglycan inhibition (Somma et al., 

1984). The presence of a fatty acid residue in place of a sugar moiety (Figure 1.9) is a unique 

feature of teicoplanin that is not replicated in other non-synthetic glycopeptides and for this 

reason, teicoplanin has been classified as a Type IV glycopeptide (Nicolaou et al., 1999). 

Moreover, the addition of a fatty acyl side the molecule that exhibits hydrophobic chemical 

properties has been hypothesised to aid function and enhance activity of the drug by allowing 

stable anchorage at peptide target sites and facilitate strong intramolecular interactions (Allen 

and Nicas, 2003).  

Like vancomycin, teicoplanin is naturally occurring and is associated with a similar spectrum 

of antibacterial activity, but crucially has been shown to display increased potency against 

certain bacterial isolates such as Enterococcus, Streptococcus and Staphylococcus (Van 

Bambeke, 2006, Jeya et al., 2011). Furthermore, some studies have eluded to an increased 

potency of between 2 – 8 fold against Enterococci, potentially arising from preferential 

interaction between teicoplanin and peptidoglycan precursors within the bacterial peptide 

motif (Cynamon and Granato, 1982, Fainstein et al., 1983). Large scale clinical trials and 

subsequent meta-analysis comparing the comparative efficacy and safety of vancomycin and 

teicoplanin revealed similar levels of efficacy, with an estimated 75% of patients in matched 

treatment groups displaying clinical responses to teicoplanin (Wood, 1996). When compared 

to vancomycin, the optimal dosage of teicoplanin is substantially lower, with between 6 – 12 

mg/kg recommended (Wilson et al., 1994). Teicoplanin possesses greater versatility in terms 

of administration, with therapeutic intervention by either intravenous bolus or intramuscular 

injection suitable and effective. Crucially, teicoplanin has been found to be more tolerable 
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among patient groups and therefore, by extension, associated with a reduced incidence of 

ADR. Indeed, some studies have reported ADR frequencies of 10%, which still poses a 

significant risk to patient safety but is considerably lower than vancomycin, which has an 

estimated incidence of around 22% (Davey and Williams, 1991, Wood, 1996). Further 

examples of naturally occurring glycopeptides include β-avoparcin (Type II), ristocetin A (Type 

III), actaplanin A (Type III) and complestatin (Type V). 

Alternative antibiotics have been developed for the treatment of Gram-positive bacterial 

infection that are closely related to the glycopeptide family. One such example is daptomycin, 

a naturally occurring cyclic lipopeptide with bactericidal activity produced by Streptomyces 

roseosporus. Daptomycin was introduced under the trade name cubicin in 2003 amid the rise 

of vancomycin and teicoplanin resistant strains of MRSA and differs from conventional 

glycopeptides by the absence of a heptapeptide core in addition to the presence of a lipophilic 

Figure 1.9. Chemical structure of widely used naturally occurring glycopeptide antibiotics (vancomycin 
and teicoplanin) and naturally occurring lipopeptide antibiotics (daptomycin) for the treatment of severe 
Gram-positive bacterial infection. 

Vancomycin
MW = 1449.3 g/mol

Teicoplanin
MW = 1709.4 g/mol

Daptomycin
MW = 1619.709 g/mol
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chain (Streit et al., 2004). The addition of a lipophilic decanoyl side chain to the molecule 

(Figure 1.8) contributes to the drugs novel mode of action, during which daptomycin’s lipid 

‘tail’ inserts into the bacterial cell membrane, inducing depolarisation and membrane 

permeability in addition to the inhibition of bacterial RNA and DNA synthesis (Silverman et al., 

2003).  

Studies examining the in vitro potency of daptomycin have indicated exceptionally high 

proficiency when applied to MRSA and methicillin-susceptible clinical isolates, with certain 

groups reporting > 99.9% bacterial cell death after just 1 h exposure to clinically relevant doses 

of between 4 – 12 mg/kg (Fuchs et al., 2002). Consequently, daptomycin represents an 

efficacious and viable option, particularly for the treatment of Streptococci infection. Usage 

has been enhanced by the negligible levels of antibiotic resistance historically detected in both 

clinical and in vitro study, although more recently resistant clinical isolates have been 

identified arising from mutation within clinical MRSA strains (Silverman et al., 2001, Roch et 

al., 2017).  

1.7.2 Adverse drug reactions associated with glycopeptide antibiotics. 

As with many highly potent treatment agents utilised against severe infection, there is the 

potential for adverse outcomes following administration. These unwanted side effects can 

take place immediately after drug use or can be of a delayed nature, following mediation from 

the adaptive immune system and involvement of T lymphocytes. For this reason, in addition 

to the rapid rise of β-lactam antibiotic usage, many glycopeptides antibiotics have been 

consigned to ‘drug of last resort’ status. However, both naturally occurring and semi-synthetic 

glycopeptides still routinely deployed within clinical settings for severe, life threatening MRSA 

infection and also during specific cases in which hypersensitivity to β-lactam antibiotics has 

been observed.
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1.7.2.1 Non-immune mediated reactions. 

Perhaps the most common example of ADR induced by glycopeptide exposure is red man 

syndrome (RMS), predominantly associated with vancomycin and characterised by the 

degranulation of mast cells and basophils. RMS is typically infusion related and provides a 

classic example of pseudoallergic hypersensitivity as common clinical manifestations, such as 

an erythematous rash and pruritus, are indicative of symptoms often attributed to immune-

mediated reactions (Davis et al., 1986). Estimates as to the incidence of RMS after vancomycin 

infusion wildly varies dependent on the infection status of the individual. Large cohort studies 

have suggested a prevalence of between 3.7% and 47% in patients suffering severe bacterial 

infection, with other analysis indicating a staggering 90% of individuals defined as healthy 

volunteers present with RMS after vancomycin exposure (Wazny and Daghigh, 2001, 

Sivagnanam and Deleu, 2003). One hypothesis that potentially explains this disparity is the 

innate release of histamine in infected individuals, which in turn reduces the impact of 

vancomycin on both mast cells and basophils (Wallace et al., 1991).  As a result, the symptoms 

of RMS can often be relieved by a simple treatment course of antihistamines, with pre-

treatment often the preferred course of action (Sahai et al., 1989). Fortunately, symptoms in 

the vast majority of patients are mild, to the extent many cases will go unreported via self-

diagnosis.  

This reaction itself is of an anaphylactoid nature, which simply refers to the involvement of 

non-IgE mediators. Symptoms manifest rapidly, appearing less than 1 hour after initial doses 

of vancomycin, with some reports indicating onset between 4 – 10 minutes post infusion 

(Wilson, 1998). Although, delayed onset has been noted in a small cohort of patients infused 

with vancomycin for longer periods in excess of 7 days, after previous toleration of the drug 

(Renz et al., 1999). In recent times, RMS has been reclassified as vancomycin flushing 

syndrome, although other glycopeptide antibiotics have since been postulated to be capable 
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of eliciting such reactions. Teicoplanin has been evaluated as a culprit drug for the onset of 

RMS, due to it structural similarities to vancomycin and inherent ability to aid degranulation 

of mast cells and basophils. However, clinical data is limited for the induction of RMS isolated 

to teicoplanin exposure, although the disease can be amplified during combination therapy 

after sequential administration of both drugs, indicating potential cross-reactivity (Khurana 

and de Belder, 1999). Other, less common, adverse events have been reported after 

glycopeptide exposure including nephrotoxicity, ototoxicity, neutropenia and 

thrombocytopenia, with these conditions not requiring a modulation of immune function or 

the presence of drug-reactive T-cells (Rybak et al., 1990, Traber and Levine, 1981, Gerstein et 

al., 2018).   

1.7.2.2 Immune mediated reactions. 

The second route of anaphylactoid-based hypersensitivity to glycopeptide antibiotics is from 

anaphylaxis. This condition is a serious, Type I immune reaction and mediated by IgE 

antibodies, with the bulk of supporting data that exists pertaining to vancomycin due to its 

perpetual usage over the past 50 years (Chopra et al., 2000). Anaphylaxis presentation after 

vancomycin infusion is rare and the exact incidence is not well established, although one 

particular study has suggested anaphylaxis directly contribute to an estimates 10% of all 

hypersensitivity reactions attributed to vancomycin (Minhas et al., 2016). Perhaps 

unsurprisingly for an immune-mediated reaction, the greatest risk factor for vancomycin-

induced anaphylaxis is prior exposure to vancomycin itself, with true drug hypersensitivity 

reactions typically not manifesting after single culprit drug exposure due the requirement for 

drug-specific immune cells. Interestingly, in the case of anaphylaxis to vancomycin, case 

reports have actually identified disease onset and the presence of drug-specific IgE antibodies 

after first exposure to vancomycin either administered orally or via intravenous infusion 

(Baumgartner et al., 2017, Knudsen and Pedersen, 1992). Detectable clinical manifestations of 
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anaphylaxis occur rapidly, often within 2 minutes post vancomycin infusion, and a multitude 

of symptoms have been reported including angioedema, pruritus, hypertension and urticaria 

(Minhas et al., 2016, Chopra et al., 2000).  

More recently, vancomycin has been associated with the onset of delayed-type IV immune 

mediated hypersensitivity reactions. DRESS represents a prominent example and has been 

strongly correlated with vancomycin exposure. DRESS is rare condition affecting anywhere 

between 1 in 1000 and 1 in 10000 people following drug exposure and is an archetypal of 

SCAR. Symptoms include skin rash, eosinophilia, and renal impairment in addition to multiple 

organ failure, with the lung, liver and kidneys often targeted (Webb and Al-Mohammad, 2016, 

Blumenthal et al., 2012). Due to its severe nature with regards to organ involvement, 

vancomycin-induced DRESS has been associated with a high mortality rate of up to 10%, 

although more contemporary analysis has estimated mortality to be as low as 2% (Kardaun et 

al., 2013). Nevertheless, vancomycin still poses a significant risk to patient safety and has been 

found to be responsible for the bulk of DRESS reactions attributed to antibiotic use, accounting 

for around 40% of all DRESS cases caused by antibiotic deployment (Wolfson et al., 2019).  

The development of DRESS associated with vancomycin is a relatively new concept, with only 

23 confirmed cases reported as of 2017 (Wilcox et al., 2017). However, this figure is now 

outdated, with clinically defined cases more prevalent arising from more extensive research 

focus. Indeed, recent studies have identified a genetic association between vancomycin 

administration and expression of HLA-A*32:01 within patient cohorts presenting with 

vancomycin-induced DRESS (Konvinse et al., 2019). Due to the widespread use of vancomycin 

since the 1950s it is clear that these reactions are not a new phenomenon, instead challenges 

with diagnosis due to the delayed nature of onset (2-6 weeks) and wide range of symptoms, 

have probably contributed to either misdiagnosis or no diagnosis altogether (Huang et al., 

2020).
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1.8 Thesis aims and objectives. 

The primary aim of this thesis was to investigate the intrinsic immunogenicity of glycopeptide 

antibiotics implicated within drug hypersensitivity reactions. To achieve this, in vitro T-cell 

assays were deployed to study the immunological aetiology of hypersensitivity reactions 

induced by vancomycin, teicoplanin and daptomycin within healthy donor models and 

hypersensitive patients. Within this thesis, a focus was placed on the study of individuals 

positive for expression of the HLA-A*32:01 allele, recently associated with vancomycin-

induced DRESS, with functional assays performed to define T-cell involvement. A secondary 

aim of this work was to develop a functional assay for the measurement of bioenergetic 

changes within T-cell populations following antigenic stimulation, with these assays 

subsequently utilised to further study the activity of vancomycin-responsive TCCs and 

elucidate potential routes of cross-reactivity. The specific aims of this thesis were as follows; 

1) To assess preferential interaction between vancomycin and HLA-A*32:01 using in vitro T-

cell priming assays and donors positive and negative for risk allele carriage.  

2) To characterise the phenotype and function of vancomycin-specific TCCs generated from 

healthy donors expressing HLA-A*32:01.  

3) To investigate the immunogenic potential of structurally similar glycopeptide antibiotics, 

such as teicoplanin and daptomycin, using diagnostic T-cell assays (LTT) and naïve T-cell 

priming assays. 

4) To characterise the phenotype and function of teicoplanin-specific TCCs generated from 

drug naïve healthy donors positive for HLA-A*32:01 carriage.  

5)  To develop a functional bioenergetics assay capable of detecting metabolic changes within 

populations of activated T-cells and subsequently study glycolysis as an early maker for drug-

specific T-cell activation.
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2.1 Acquisition of reagents, drugs and chemicals. 

PBMC isolation and T-cell separation  

Lymphoprep; STEMCELL™ Technologies (Cambridge, UK). 

Magnetic cell separation apparatus, columns and antibody-conjugated beads (CD8+, CD14+, 

pant-T, CD25+, CD45RO+, CD45RA+); Miltenyi Biotec (Surrey, UK).  

Immune cell phenotyping 

Conjugated fluorophores for use in flow cytometry (CD4 APC/FITC/PE, CD8 PE, CD3 APC); BD 

Biosciences (Oxford, UK).  

Antibodies 

Pan Class I purified mouse anti-human HLA-ABC (isotype, IgG2; clone, W6/32), LEAF™ purified 

isotype control (isotype, IgG1; clone, MOPC-21), Ultra-LEAF™ purified isotype control (isotype, 

IgG2; clone, MOPC-173); Biolegend (Cambridge, UK). 

Pan Class II purified NA/LE mouse anti-human HLA-DR, DP, DQ (isotype, IgG2; clone, Tu39), 

Purified NA/LE mouse anti-human HLA-DR (isotype, IgG2; clone, G46-6); BD Biosciences 

(Oxford, UK). 

Anti-human CD3 monoclonal functional grade antibody (clone, OKT3), Anti-human CD28 

monoclonal functional grade antibody (clone, CD28.2); Thermo Fisher Scientific (Altrincham, 

UK). 

Multiscreen® filter plates for ELISpot; Merck (Dorset, UK). 

ELISpot kits containing coating and biotinylated antibodies (IFN-γ, IL-5, IL-10, IL-13, IL-17, IL-

22, Granzyme B and perforin); Mabtech (Nacka Strand, Sweden). 
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Conjugated alkaline phosphatase (ALP) antibodies for ELISpot detection and 5-Bromo-4-

chloro-3-indolyl phosphate and nitro blue tetrazolium dye (BCIP-NBT) substrate solution; 

Mabtech (Nacka Strand, Sweden). 

Fas ligand ELISpot kit (Coating and detection); Abcam (Cambridge, UK). 

Cytokines and growth factors 

Recombinant human IL-2, human IL-4, recombinant human GM-CSF, recombinant TNFα; 

Peprotech (London, UK). 

Lipopolysaccharides (LPS) from Escherichia coli, Cyclosporine A (CSA); Merck (Dorset, UK). 

Foetal Bovine Serum (FBS); Thermo Fisher Scientific (Altrincham, UK). 

Human AB Serum; Merck (Dorset, UK). 

Proliferation assays 

Tritiated [3H]-methyl thymidine (5 Ci/mmol), Moravek (California, USA). 

Meltilex wax scintillator sheets, sample bags, and printed glass fibre filter mats; Perkin-Elmer 

(Waltham, USA). 

Cell culture 

Corning® T25 and T75 flasks; Merck (Dorset, UK). 

Nunc™ 6, 12, 24, 48 and 96-well plates, Cell scrapers; Thermo Fisher Scientific (Altrincham, 

UK). 

0.45 µM and 0.22 µM pore size membrane filters; Merck (Dorset, UK).
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Drugs, stimulants and chemicals 

Vancomycin hydrochloride from Streptomyces orientalis, teicoplanin, carbamazepine (CBZ), 

amoxicillin, piperacillin, phytohemagglutinin-L (PHA) from Phaseolus vulgaris; Merck (Dorset, 

UK). 

Daptomycin; accord (NHS, UK). 

Flucloxacillin; CP Pharmaceuticals (Wrexham, UK). 

Roswell Park Memorial Institute (RPMI)-1640, human holo-transferrin, L-glutamine, Hanks 

balanced salt solution (HBSS), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

buffer, bovine serum albumin (BSA) penicillin-streptomycin, ethylenediaminetetraacetic acid 

(EDTA), sodium azide, glutaraldehyde, glycine, and dimethyl sulfoxide (DMSO); Merck (Dorset, 

UK). 

Bioenergetics 

Seahorse 96-well cell culture plates, Seahorse xFe96 sensor cartridge, Seahorse XF calibrant 

solution, Seahorse XF base medium; Agilent (Cheshire, UK). 

Mitochondrial inhibitors (oligomycin, Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 

(FCCP), antimycin A, rotenone); Merck (Dorset, UK). 

Sodium pyruvate, L-glutamine, D-glucose, 2-deoxy-D-glucose (2-DG); Merck (Dorset, UK). 

Corning® Cell-Tak™ cell and tissue adhesive; Merck (Dorset, UK).
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2.2 Medium and buffers. 

R9 - 1 L RPMI-1640, 100 µg/ml penicillin, 100 U/ml streptomycin, 12.5 mg/ml transferrin, 25 

mM HEPES buffer, 2 mM L-glutamine,  10% human AB serum.  

F1 – 1 L RPMI-1640, 100 µg/ml penicillin, 100 U/ml streptomycin, 10% FBS, 25 mM HEPES 

buffer, 2 mM L-glutamine. 

HBSS - As purchased from Merck. 

FACS buffer - 90% HBSS, 10% FBS, 0.2 mg/ml sodium azide. 

MACS buffer - 500 ml HBSS, 2 mM EDTA, 5 µg/ml BSA. 

Freezing medium - 80% FBS, 20% DMSO. 

Seahorse assay medium – Glucose free Dulbecco’s modified eagle medium (DMEM), 2 mM L-

glutamine, 2 mM sodium pyruvate.
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2.3 Isolation of peripheral blood mononuclear cells from venous blood. 

Whole venous blood was collected using vacutainer heparinised tubes from healthy 

volunteer’s naïve for drug exposure or patients presenting with hypersensitivity. Peripheral 

blood mononuclear cells (PBMCs) were isolated from fresh blood using density centrifugation, 

during which whole blood was layered onto an equal volume of lymphoprep (1:1 ratio) and 

then centrifuged for 25 mins at 2000 rpm with no brake applied. The resulting ‘buffy coat’, 

comprising the lymphocyte layer, was carefully removed by gentle resuspension using a 

Pasteur pipette and transferred to a fresh 50 mL tube. The newly transferred lymphocyte layer 

was then washed in HBSS, following centrifugation at 1800 rpm for 18 mins. Supernatant was 

discarded and cell pellets were resuspended in 2 mL HBSS and then pooled into a single 50 mL 

tube. Resuspended cells were washed again in HBSS and centrifuged at 1500 rpm for 10 mins. 

Finally, cells were resuspended in 30 mL R9 cell culture medium and 10  µL of cell suspension 

was stained with trypan blue (0.2% w/v) using a 1:5 dilution and  counted on a Leica DME 

microscope (Lecia Microsystems, Milton Keynes, UK) using a Neubauer haemocytometer. The 

overall cell viability was determined using trypan blue exclusion, in which uptake of trypan by 

cells indicated a permeabilized membrane and was indicative of cell death, with viabilities > 

95% typically achieved.  

Viable, freshly isolated PBMCs were then utilised in functional T-cells assays, described below, 

or cryopreserved for use at a later date. For optimal cryopreservation, 1x107 cells/mL were 

suspended in equivalent volumes of R9 cell culture medium and freezing medium (80% FBS, 

20% DMSO). The complete mixture of cells, R9 and freezing medium was then transferred in 

1 mL aliquots (1x107 cells) into 1.8 mL cryovials before being placed inside isopropanol filled 

Mr frosty containers, which allow for a freezing rate of -1 °C/min when placed inside a -80 °C 

freezer for optimal cryopreservation. After 24 h, cells were removed from the Mr frosty 

container at -80 °C and transferred to either a -150 °C freezer, or in specific cases liquid 
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nitrogen was used as an alternative (-195 °C). Upon thawing, cryopreserved cells were washed 

by centrifugation (1500 rpm, 10 mins) in excess R9 medium to remove DMSO and then 

resuspended at the required volume for immediate use, with viability typically ranging 

anywhere between 60-90%.  

2.4 Positive and negative selection of T-cell subsets. 

For many of the assays detailed in this section, whole PBMC represented a starting point for 

which separation into its fractional immune cell and T-cell components was necessary. This 

process was performed by magnetic activated cell sorting (MACS) with the combined use of 

antibody conjugated superparamagnetic microbeads, specific for T-cell markers, and a 

separator comprising a ferromagnetic sphere within an LS column. Briefly, heterogeneous 

immune cell populations were incubated with antibody conjugated microbeads specific for 

markers expressed by the desired T-cell population. After incubation, microbeads are washed 

off and tagged cells are then filtered through an LS column, and the desired population is 

Figure 2.1. PBMC isolation from venous blood. Blood was collected from healthy volunteers or 
patients with confirmed hypersensitivity and PBMCs were isolated using a density centrifugation 
protocol. PBMCs were then quantified and either utilised within in vitro assays or cryopreserved for 
future use. 
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either retained by the column (positive selection) or expelled from the column after plunging 

(negative selection). The full separation methodology from whole PBMC to the subsets 

required for functional T-cell assays, such as memory and naïve cells, are described in detail 

below. 

Whole PBMC were isolated from venous blood, as described in Section 2.3. Following 

resuspension in R9 medium, cells were centrifuged at 1500 rpm for 15 mins at room 

temperature (RT). Supernatant was discarded and PBMCs were resuspended in 800 µL MACS 

buffer per 108 cells and 200 µL CD14+ microbeads per 108 cells (300 µL maximum) , and then 

incubated for 15 mins at 4 °C. After incubation and subsequent tagging of cells expressing the 

CD14+ co-receptor, cells were washed in MACS buffer (15 mL/108 cells) and centrifuged for 8 

mins at 4 °C. MACS buffer was then added to the LS column for the purpose of pre-washing 

prior to the introduction of tagged cells. After completion, cells were resuspended in MACS 

buffer (500 µL/108 cells) and added to the column and allowed to drain through, with cells 

tagged for CD14+ positively selected for remaining bound by magnetic force and subsequently 

plunged into a collection tube after the addition of 5 mL MACS buffer. Cells negatively selected 

for (CD14 -ve) flowed through the LS column, with both fractions counted and either 

cryopreserved, cultured or further separated into more distinct T-cell fractions.  

The remaining fraction of CD14 -ve cells were then subjected to further MACS separation to 

deplete undesired cell types such as B-cells, natural killer cells, granulocytes and monocytes 

to produce a pure T-cell population. This was achieved with the use of Pan-T antibody cocktail 

which excludes non-relevant populations by exclusively containing biotin-conjugated 

antibodies specific to a panel expressed by non-T-cells, including CD11b, CD16, CD20, CD56, 

and CD66. In short, 40 µl MACS buffer was added per 107 CD14 -ve cells, in addition to a Pan-

T biotin cocktail (40 µl/107 cells) and incubated for 10 mins at 4 °C. Following incubation, MACS 

buffer and anti-biotin microbeads were added to the cells (30 µl and 20 µl/107 cells 
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respectively) and incubated for a further 15 mins at 4 °C. Tagged cells were then centrifuged 

for 10 mins 4 °C after the addition of 1.5 mL MACS buffer per 107 cells. Following centrifugation 

and removal of unbound conjugated antibodies, tagged cells were resuspended in MACS 

buffer, and drained through a pre-washed LS column as previously described before being 

quantified. Cells that were positively selected for remained in the column (CD3 –ve/ non-T-

cells) were cryopreserved due to their utility when generating B-cell lines, with  negatively 

selected for cells passing through the column (CD3 +ve) subjected to further MACS separation. 

In order to deplete regulatory T-cells, populations expressing CD25+ were removed by positive 

selection in conjunction with the use of CD25+ microbeads. Briefly, CD3 +ve populations were 

centrifuged at 1500 rpm for 10 mins at 4 °C and following the removal of supernatant, 70 µl 

MACS buffer and 10 µl of CD25+ microbeads were added to the cells and incubated for 15 

mins at 4 °C. Cells were then washed with MACS buffer, resuspended and passed through the 

LS column as previously described and T-cells possessing regulatory function and expression 

of CD25+ were positively selected for and either discarded or cryopreserved. Cells negatively 

selected for (CD25 –ve) were then subject to further separation produce naïve or memory T-

cell population. However, it is important to note that other T-cell subtypes will also express 

CD25+, so although the vast majority of regulatory T-cells are depleted, small but potentially 

significant populations of both resting and activated memory T-cells are also likely to removed.  

Finally, acquisition of the remaining T-cell populations (CD45RA+ naïve and CD45RO+ memory) 

were facilitated by CD45RO microbeads, with remaining populations deemed to possess a 

naïve state by process of elimination. 20 µl CD45RO microbeads per 107 cells were added to 

the remaining population of CD25 –ve cells and incubated for 15 mins at 4 °C. The remaining 

steps in the positive selection process remain consistent with the methodology previously 

described, with CD45RO+ memory cells bound within the LS column and CD45RA+ naïve cells 

present as flow through after negative selection. Populations of both CD45RA+ naïve and 
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CD45RO+ memory cells were then counted and immediately deployed within T-cell assays or 

cryopreserved, as described in Section 2.3. 

2.5 Differentiation and maturation of CD14+ monocytes to dendritic 
cells. 

Dendritic cells (DCs) assume the role of professional antigen presentation and play a pivotal 

role within T-cell priming assays. Following the acquisition of CD14+ monocytes by MACS 

separation and the positive selection process, a 6 day culture protocol was initiated during 

which monocytes were exposed to cytokines and growth factors that facilitate both 

phenotypic and functional changes. CD14+ expressing monocytes, either fresh or from 

cryopreserved stocks, were cultured for 6 days (37 °C, 5% CO2) in R9 cell culture medium (3 

mL/well) supplemented with GM-CSF (800 U/ml) and IL-4 (800 U/ml) to drive differentiation 

to a DC phenotype.  On days 2 and 4, cells were supplemented with a further 3 mL of medium 

containing GM-CSF and IL-4, at the concentrations previously stated. Finally, on day 6 DCs were 

exposed to maturation factors (LPS, 1 µg/ml; TNF-α, 25 ng/ml) via the removal of 3 mL cell 

culture medium containing GM-CSF and IL-4 and subsequent addition of 3 mL R9 

supplemented with LPS and TNF-α maturation factors. Flow cytometry and staining for 

classical DC markers, such as CD40, CD80 and CD86 could be utilised at this point to validate 

successful DC maturation.
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2.6 PBMC toxicity assays. 

In order to determine maximal drug concentrations that would not inhibit mitogen driven 

proliferation, toxicity assays were undertaken on healthy donor PBMC. Toxicity assays were 

typically performed on the PBMC of 3-5 healthy donors to account for any inter-individual 

variably that may arise after exposure to the compound of interest. PBMC were isolated, as 

described in Section 2.3, resuspended in R9 medium, and transferred in triplicate cultures into 

a 96-well U-bottomed plate (100 µL/well) at a seeding density of 1.5x105 cells/well. Graded 

concentrations of drug at twice the desired final concentration were added to the plate in 

triplicate, with the addition of R9 medium in isolation used to determine basal levels of 

proliferation for comparative reference. Drug treated cultures were incubated for 24 h (37 °C, 

5% CO2) before PHA (10 µg/mL) was added to every well of the assay plate in promote non-

specific cell proliferation. Cells were incubated for a further 48 h in the presence of PHA before 

being pulsed with tritiated [3H]-thymidine (0.5 µCi/well) for an additional 16 h. Following the 

final incubation, plates were harvested onto printed fibreglass filter mats using a cell harvester 

(Harvester 96 Tomtec; Tomtec Imaging Systems GMbH, Unterschleissheim, Germany) and 

dried at 80 °C in an oven. Once dried, fibre glass mats were heat sealed inside Wallac sample 

bags with MeltiLex melt on scintillator sheets using a Wallac 1495-021 Microsealer (Perkin 

Elmer, Waltham, MA, USA). Radioactivity incorporated within the DNA of proliferating PBMC 

was detected and quantified using a MicroBeta 2450 microplate counter (Perkin Elmer, 

Waltham, MA, USA) and readout were given by counts per minute (cpm). It is important to 

note that this assay only provides indirect measure of drug toxicity within PBMC cultures and 

toxicity is assumed by a cells inability to proliferate. This format may prove problematic when 

attempting to determine toxic concentrations of compounds that exert their mechanisms of 

action by directly inhibiting cellular proliferation. In such cases, viability assays that measure 

cell death may be more applicable. 
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2.7 Lymphocyte transformation test. 

PBMC from hypersensitive patients or healthy volunteers were isolated from fresh venous 

blood by density gradient centrifugation as previously described. PBMC were diluted in R9 cell 

culture medium to achieve a seeding density of 1.5x106 cells/mL and a volume of 100 µL 

(1.5x105 cells) was transferred into a U-bottomed 96 well-plate in triplicate, cell numbers 

depending. Graded concentrations of drug (100 µL) were added to each well at twice the 

desired final concentration. The addition of R9 cell culture medium was used as a negative 

control and the inclusion of conditions in which PBMC were exposed to PHA (10 µg/mL) 

represented a positive control for the assay by way of detecting non-specific lymphocyte 

transformation. PBMC were incubated with the drug of interest, and both negative and 

positive controls, for a period of 6 days (37 °C, 5% CO2). On day 6, [3H]-thymidine was added 

to each assay condition at a concentration of 0.5 µCi/well, and incubated for a further 16 h (37 

°C, 5% CO2). On day 7, plates were harvested as previously described and readouts were given 

by cpm. Data was analysed by calculation of a stimulation index (SI) given by: (average cpm 

cultures dosed with drug) / (average cpm cultures treated with medium). 
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2.8 T-cell multi-well assay. 

The T-cell multi-well assay (T-MWA) was developed from initial iterations of the T-cell priming 

assay, as described in Section 1.3.2.3. Traditional T-cell priming assays assess the intrinsic 

ability for a de novo immune response to a drug in healthy, compound-naïve individuals, with 

this assay format crucially requiring two separate batches of mature autologous DCs (Faulkner 

et al., 2012). Conversely, the T-MWA is a miniaturised version of the original T-cell priming 

assay and allows for a greater number of replicates owing to the requirement for a single batch 

of mature DCs. This assay interrogates the antigenicity of a compound and the propensity to 

elicit a naïve T-cell response whilst giving a sensitive indication of pre-cursor frequency (Ogese 

et al., 2020). 

Following the differentiation and maturation of monocyte-derived DCs, performed according 

the protocol described in Section 2.5, mature, adherent DCs were harvested using a cell-

scraper. Cells were then centrifuged at 1500 rpm for 5 mins to remove any remaining cytokine 

milieu, before resuspension in R9 medium and quantification. Naïve T-cells, separated 

according to the MACS protocol as previously described, were counted and co-cultured with 

DCs over multiple replicates in a 96-well U-bottomed plate, achieving a total volume of 200 

µL/well. The composition of each well within the assay entailed 2x105 naïve T-cells, 1x104 DCs 

and the drug of interest. Plates were then cultured for 12 days (37 °C, 5% CO2) to allow for 

sufficient naïve T-cell priming, facilitated by mature DCs, and expansion of subsequent drug-

specific pre-cursors. After the 12 day priming period plates were thoroughly washed in R9 cell 

culture medium (3x) to exclude both cytokine milieu and more importantly, soluble drug. 

Following the completion of washing and drug removal, wells were rechallenged with either 

R9 medium for the purpose of a basal proliferative control, or rechallenged with drug to assess 

the degree of naïve T-cell priming via a proliferative response. Rechallenged plates were 

incubated for 48 h (37 °C, 5% CO2) before being pulsed with tritiated [3H]-thymidine (0.5 
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µCi/well) for a further 16 h. Plates were then harvested according to the protocol described in 

Section 2.6. The readout, interpreted via cpm values, was then analysed to investigate the 

propensity for de novo naïve T-cells responses to the culprit drug, in addition to the degree of 

naïve T-cell priming.  

2.9 Long-term stimulation of PBMC cultures. 

To assess a drugs ability to interact with immunological receptors and stimulate T-cells in non-

sensitised individuals, repetitive stimulation of PBMC cultures was performed in order to 

detect primary responses to the antigen in question. The assay described was developed and 

optimised from the protocol first described by Engler et al. and has potential utility when 

investigating preferential drug interactions with specific HLA haplotypes. Cryopreserved PBMC 

isolated from HLA-typed healthy individuals were cultured in a 96-well plate at 2x105 cells/well 

in R9 cell culture medium containing the relevant antigen and IL-2 (50 U/mL), achieving a total 

well volume of 200 µL. On day 3, cultures were supplemented with 100 µL fresh R9 medium 

containing IL-2 (50 U/mL) after removal of an equivalent volume. Restimulation of PBMC 

cultures was performed on day 7 and weekly thereafter, with cells exposed to a cocktail of 

irradiated autologous PBMC (5x104/well), drug and IL-2 (50 U/mL). After 3 weeks, PBMC 

cultures were washed in R9 cell culture medium (x5) to ensure the removal of soluble drug 

and then rechallenged with irradiated autologous PBMC (103/well) and either the drug of 

interest or R9 medium control to assess basal levels of stimulation. PBMC cultures were 

incubated with the restimulation cocktail for 48 h (37 °C, 5% CO2) and pulsed with tritiated 

[3H]-thymidine (0.5 µCi/well) for the final 16 h of incubation and harvested as previously 

described. Proliferation was given by cpm values and results were expressed as cpm in 

individual culture wells.
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2.10 Generation of Epstein-Barr virus transformed B-cells. 

To conduct functional T-cell assays assessing the degree of T-cell stimulation after drug 

exposure, access to sufficient numbers of autologous antigen presenting cells (APCs) that are 

both donor specific and possess the capacity for sustained growth and long term culture are 

an important prerequisite. To this end, autologous immortalised B-lymphoblastoid cell lines 

with the potential for antigen presentation were generated. These cells lines were generated 

via the transfection of B-cells from the donor of interest with the Epstein-Barr virus (EBV). In 

order to generate these EBV-transformed autologous B-cell lines, 10 mL (106 cells) of confluent 

B9-58 cells (primate cell line with the capacity for EBV production) were centrifuged at 1500 

rpm for 10 mins and the resulting supernatant was passed through a 0.22 μM filter. 

Approximately 5 mL of filtered supernatant was then incubated overnight (37 °C, 5% CO2) with 

5x106 PBMC or fractions of CD3 –ve populations, in addition to F1 medium supplemented with 

CSA (1 µg/mL). Following 24 h incubation, cells were centrifuged at 1500 rpm for 5 mins and 

after removal of supernatant resuspended in F1 medium further supplemented with CSA (1 

µg/mL) and plated into a 24-well plate. From this point on, cells were supplemented with fresh 

F1 containing 1 µg/mL CSA on a bi-weekly basis for a period of 3 weeks. After 3 weeks, T-cells 

were successfully depleted due to the selective toxicity of CSA and EBV-transformed 

autologous B-cell cultures were maintained with fresh F1 medium only. Following rapid 

expansion of cultures, cells were transferred into T25 and then T75 flasks and maintained with 

F1 medium approximately twice per week or when confluency exceeded 1x106 cells/mL.
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2.11 Generation of drug-specific T-cell clones. 

To study and characterise unique features and mechanistics of drug-specific T-cell responses 

in both healthy donors and hypersensitive patients, it was necessary to study the nature of 

such responses on a unicellular level by conducting T-cell cloning experiments generated from 

drug exposed bulk PBMC population. Drug-specific T-cell clones (TCCs) could be enriched in 

the PBMC of hypersensitive patients, or induced in the PBMC of healthy donors following 

incubation with the relevant compound. Bulk PBMC populations were seeded at 1x106 

PBMC/well with the drug of interest in a 48-well flat-bottomed plate and incubated (37 °C, 5% 

CO2) for a 14 day period. On days 6 and 9, PBMC cultures were supplemented with fresh R9 

medium (approximately 30% volume replaced) containing IL-2 (200 U/mL) in order to promote 

and facilitate the expansion drug-specific T-cells.  

On day 14 and following completion of bulk cultures, T-cells were enriched for either CD4+ or 

CD8+ expressing populations by MACS separation with the use of CD8+ microbeads. MACS 

separation of bulk T-cell populations was performed via incubation with CD8+ microbeads (20 

µL/107 cells) and MACS buffer (80 µL/107 cells) for 15 mins at 4 °C, with the remaining steps 

concordant with the MACS separation protocol previously described. For the generation of 

feeder cells to promote CD4+ and CD8+ T-cell growth, allogenic PBMC were isolated by density 

gradient centrifugation as previously described and irradiated for 20 mins to inhibit any 

proliferative potential, but importantly still allowing short term presentation of allogenic HLA 

peptides to aid stimulation. Irradiated allogenic PBMC (5x105 cells/mL), T-cells, IL-2 (200 U/mL) 

and PHA (5 µg/mL) were diluted in R9 medium to produce a restimulation ‘master mix’. T-cells 

were serially diluted in 35 mL R9 medium to 3, 10 and 30 cells/mL. The combined stock solution 

was then plated into a 96-well U-bottomed plates in 100 µL volumes and therefore resulting 

in 0.3, 1 and 3 T-cells per well. This was done to achieve an average of 1 cell/well for the 

generation of pure monoclonal populations. Cultures were incubated for 5 days (37 °C, 5% 
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CO2) and maintained with fresh R9 medium supplemented with IL-2 (200 U/mL) every 2 days 

thereafter for 14 days. 

After the 14 day incubation period, cultures were further restimulated with freshly isolated 

allogenic PBMC (5x105 cells/mL) diluted in R9 medium supplemented with IL-2 (400 U/mL), 

and PHA (10 µg/mL) and 50 µL of complete restimulation mix was added to each well to assist 

mitogen driven expansion of T-cell cultures. Cultures were then maintained every 2 days as 

previously described and plates were visually inspected for clonal expansion, with well-

growing cultures identified by the formation of large, yellow cell pellets transferred into 2 wells 

of a separate 96-well plate. After expansion, confluent TCCs were split once more into 4 wells 

and maintained twice per week with R9 medium supplemented with IL-2 (50 U/mL) for a 14 

day period until a reduction in growth rate was observed. If necessary, clones occupying the 

original plate were repetitively restimulated up to 3 times as previously described, depending 

on the levels of clonal expansion.  

After 14 days, volumes of ‘picked’ clones were reduced to 100 µL and 2 of the 4 wells were 

pooled and transferred in 50 µL aliquots (x4) to a new 96-well U-bottomed plate for the 

conduction of testing. Autologous EBV-transformed B-cells were irradiated for 20 min and 

resuspended in R9 to remove cells from F1 medium before being transferred to the assay plate 

in 50 µL aliquots (2x105 cells/mL). Testing was performed over 4 wells in duplicate conditions, 

with 100 µL R9 medium added to two wells (negative control) and 100 µL drug at twice the 

desired final concentration added to the other two wells of the assay plate. Test cultures were 

incubated for 48 h (37 °C, 5% CO2) and pulsed with tritiated [3H]-thymidine (0.5 µCi/well) for 

the final 16 h of incubation to allow incorporation into cellular DNA and harvested as 

previously described. SI vales were calculated according to the methodology detailed in 
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Section 2.7, and clones exhibiting an SI > 1.5 were subject to further mitogen driven expansion 

to enable functional study of compound-specific TCCs. 

Figure 2.2. Generation of TCCs from bulk PBMC populations.  Bulk PBMC cultures were seeded at 
1x106 PBMC/well with graded drug concentrations and incubated for 14 days. T-cells were enriched 
for CD4+ or CD8+ expressing populations by MACS separation and transferred to 96-well U-bottomed 
plates (1 T-cell/well average) with irradiated allogenic PBMC (5x104 cells/well) and R9 medium 
supplemented with IL-2 (200 U/mL) and PHA (5 µg/mL). After sufficient clonal expansion test cultures 
rechallenged with the compound of interest or R9 medium only, in the presence of irradiated 
autologous APCs (1x104 cells/well). Testing was performed over 4 wells in duplicate conditions and 
cultures were incubated for 48 h and pulsed with tritiated [3H]-thymidine (0.5 µCi/well) for the final 
16 h of incubation. 
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2.12 Confirmation of TCC specificity via dose-response analysis. 

Once clones were deemed to show specificity during initial testing and sufficient mitogen 

driven expansion of clonal populations had taken place, it was necessary to confirm these TCCs 

as drug-responsive at graded concentrations of the target compound. This was to ensure both 

true specificity to the compound and also to verify the expansion of monoclonal T-cell 

populations, as expansion of polyclonal populations would often mask any detectable 

proliferative response. Drug-specific TCCs were washed in R9 medium, to exclude IL-2, and 

resuspended at 5x105 cells/mL. Autologous EBV-transformed B-cells were irradiated as 

previously described and resuspended in R9 to exclude F1 medium, at 2x105 cells/mL. Test 

cultures were set up within a 96-well U-bottomed plate in triplicate to allow for statistical 

analysis. Each condition consisted of TCCs (5x104 cells), EBV-transformed B-cells (1x104 cells) 

and graded concentrations of drug added in 50 µL aliquots, 4x the desired final concentration 

to assess dose dependency. PHA (10 µg/mL) was included to verify the viability and 

proliferative potential of cultures (positive control), with the addition of R9 medium in 

isolation providing an indication of basal proliferative levels. Drug-treated cultures were 

incubated for 48 h (37 °C, 5% CO2) and subjected to [3H]-thymidine incorporation (0.5 µCi/well) 

as previously described.  

2.13 Fixation of antigen presenting cells. 

To investigate the processing dependency of drug-specific TCCs, mechanisms of antigen 

presentation by APCs were assessed by fixation assays incorporating the use of 

glutaraldehyde. Glutaraldehyde is a powerful fixative agent and forms a protective covalent 

ring around the surface of APCs (Schnyder et al., 1997). This effectively inhibits the kinetic 

actions of the cell by preventing drug uptake and processing capabilities, whilst maintaining 

cellular structural integrity. First, autologous EBV-transformed B-cells (2x106/mL) were 

washed with HBSS to remove FBS from the cells and subsequently resuspended in 1 mL HBSS. 
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APCs were then pulsed with 25% glutaraldehyde for 30 seconds and thoroughly mixed to 

ensure sufficient distribution and cell fixation. After 30 seconds, the cell suspension containing 

glutaraldehyde was then quenched by the incorporation of 1 M glycine for a further 45 

seconds, facilitating glutaraldehyde reduction and elimination from the suspension after 

binding has taken place. Quenched EBV-transformed B-cells were then thoroughly washed in 

R9 medium (3x) to exclude any residual glutaraldehyde and resuspended in R9 medium at 

2x105 cells/mL before being irradiated for 20 mins, alongside non-fixed autologous EBV-

transformed B-cells. The assay was the performed with TCCs (5x104 cells) exposed to either 

fixed or non-fixed APCs (1x104 cells) in both the presence and absence of drug within 96-well 

U-bottomed plates. Testing of proliferative responses was then conducted by [3H]-thymidine 

incorporation as previously described. 

2.14 APC pulsation assays. 

Pulsation assays are typically performed in parallel with glutaraldehyde fixation to elucidate 

processing mechanisms associated with APCs after drug exposure. EBV-transformed B-cells 

(1x106 cells) were cultured in 24-well flat-bottomed plates and pulsed with optimal 

concentrations of drug antigen for multiple time-points, typically ranging between 10 mins 

and 24 h, although the exact number of conditions was often dependent upon the number of 

drug-specific TCCs available. After pulsing, APCs were thoroughly washed (5x) with HBSS to 

remove unbound soluble drug before resuspension in R9 medium and subsequent 20 min 

irradiation. Drug-specific TCCs (5x105 cells) were then co-cultured with irradiated pulsed 

autologous EBV-transformed B-cells (1x104 cells) in a 96-well U-bottomed plate, with non-

pulsed EBV-transformed B-cells also included for consistency and treated with soluble drug to 

provide a positive control. Drug pulsed APC/TCC co-cultures were incubated for 48 h (37 °C, 

5% CO2) and subjected to [3H]-thymidine incorporation (0.5 µCi/well) as previously described.
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2.15 MHC blocking assays 

Major histocompatibility complex (MHC) blocking antibodies were used to assess the 

dependence of drug-specific TCCs for specific human leukocyte antigen (HLA) complexes and 

can help elucidate HLA restricted T-cell activation by proliferative blockade. Drug-specific TCCs 

(5x104 cells) were co-cultured in a 96-well U-bottomed plate with irradiated (20 min) 

autologous EBV-transformed B-cells (1x104 cells) to achieve a total well volume of 100 µL. 

Cultures were then incubated with 50 µL HLA blocking antibodies (HLA-ABC, HLA-DR, DP, DQ, 

HLA-DR; 10 µg/mL) prior to drug exposure for 1 h to pre-emptively block T-cell self-

presentation. After 1 h, R9 medium (negative control) or 50 µL soluble drug was added to the 

co-culture at 4x the final concentration and cells were incubated for 48 h (37 °C, 5% CO2). 

Cultures were then pulsed with tritiated [3H]-thymidine (0.5 µCi/well) for an additional 16 h 

and proliferation after HLA blockade was determined by scintillation counting as previously 

described. Replicates without exposure to HLA blocking antibodies were also included to 

provide reference for antigen-specific proliferative responses and both IgG1 and IgG2 isotypes 

were also incorporated. 

2.16 Enzyme-linked immunospot assay. 

Antigen-specific cytokine release from drug-specific TCCs was assessed using an enzyme-

linked immunospot (ELISpot) assay. This enabled the detection of T-cells secreting specific 

cytokines of interest, using a pre-determined panel of cytokines and cytolytic molecules. T-

cells were washed in R9 medium to exclude any cytokine milieu and diluted to 5x105 cells/mL 

after resuspension. Drug-specific TCCs (5x104 cells) were co-cultured in a 96-well U-bottomed 

plate, either in singlet or duplicate wells, with irradiated (20 min) autologous EBV-transformed 

B-cells (1x104 cells) to achieve a total well volume of 150 µL. The relevant compound was then 

added at 4x the desired concentration in 50 µL aliquots and drug exposed cultures were 

incubated for 24 h (37 °C, 5% CO2). On the same day, Protein Binding Immobilon-P Membrane 
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96-well Multiscreen® filter plates were activated by the addition of 35% ethanol solution (60 

secs) before being thoroughly washed (5x) with 200 µL distilled water. Activated Multiscreen® 

filter plates were then coated with 100 µL of capture antibody (IFN-y, IL-5, IL-10, IL-13, IL-17A, 

IL-22, perforin, granzyme B and FasL) diluted in sterile HBSS according to the manufactures 

instructions (Mabtech, Nacka Strand, Sweden). Coated plates were then incubated for 24 h at 

4 °C.  

On day 1, ELISpot plates pre-coated for the cytokines of interest were washed thoroughly (5x) 

with 200 µL HBSS to remove any remaining capture antibodies, before being blocked at RT 

with 200 µL R9 cell culture medium containing 10% human AB serum for 2 h. After blocking, 

co-cultures of T-cells, EBV-transformed B-cells and drug were transferred (200 µL volume) into 

corresponding wells of the pre-coated ELISpot plate and incubated for a further 24 h (37 °C, 

5% CO2). On day 2, cells were discarded and ELISpot plates were washed (5x) with 200 µL HBSS. 

Detection antibodies, conjugated with biotin, corresponding to the cytokines of interest were 

diluted in HBSS supplemented with 0.5% FBS according to the manufactures instructions, 

which may vary between cytokines (e.g. 1/1000 dilution or 1/500 dilution). 100 µL of 

biotinylated antibody solution was added to each well of the assay plate and incubated for 2 

h at RT. Following incubation, plates were washed (5x) with 200 µL HBSS and 100 µL of 

streptavidin conjugated alkaline phosphatase (strep-ALP) was added to each well and plates 

were incubated for 1 hr at RT. Sterile filtered (0.45 µM) BCIP-NBT substrate solution was added 

to each assay well following the removal of strep-ALP and further washing of the plate (5x; 

HBSS). During the development process, plates were incubated at RT for 15-20 mins in the 

dark to allow colorimetric reaction to occur. Throughout development, wells were visually 

inspected for spot formation at regular intervals to prevent saturation and subsequent 

overdevelopment. Following assay completion, cessation of the reaction was achieved by 

washing plates with an excess of cold water. Developed ELISpot plates were dried overnight 
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and spots were imaged and quantified the following day using an AID ELISpot reader (Cadima 

Madical, Stourbridge, UK). 

Figure 2.3. ELISpot assay for the detection and quantification of cytokine release. Cytokine release 
was determined after drug exposure for IFN-γ, IL-5, IL-10, IL-13, 1L-17A, 1L-22,  granzyme B, perforin 
and FasL using activated Immobilon-P Membrane 96-well Multiscreen® filter plates pre-coated for 
cytokines of interest. Secretion profiles were studied after 48 h incubation (37 °C, 5% CO2) with drug 
and ELISpot plates were developed according to the manufactures instructions. Quantitative 
analysis of cytokine release was determined by assessment of spot formation with the use of an AID 
ELISpot reader. 
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2.17 APC mismatch assays. 

The expression of specific HLA alleles can be a critical determinant of susceptibility to 

hypersensitive T-cell mediated responses. To provide insight into the dependence of T-cell 

responses for HLA alleles of interest, APC mismatch assays were performed using panels of 

allogenic EBV-transformed B-cells previously genotyped for HLA expression. In this way, HLA 

alleles of interest could be incorporated into T-cell assays to determine the existence of HLA 

restricted drug-specific T-cell responses. 

EBV-transformed B-cell lines were generated from genotyped PBMC cultures, as previously 

described in Section 2.10. Panels of allogenic EBV-transformed B-cells, typically from between 

15-20 donors expressing a variety of HLA alleles, were centrifuged at 1500 rpm for 5 mins and 

resuspended in F1 medium to facilitate the removal of FBS. Cells were then counted, irradiated 

for 20 mins and diluted to achieve a concentration of 2x105 cells/mL. Drug-responsive TCCs 

were removed from culture plates (5x105 cells) and co-cultured with a panel of allogenic EBV-

transformed B-cells (1x104 cells) in a 96-well U-bottomed plate with optimal concentrations 

of the drug of interest for 48  h (37 °C, 5% CO2). In cases where TCCs had been confirmed to 

have the capacity for self-presentation, sub optimal drug concentrations were applied. 

Cultures were then pulsed with tritiated [3H]-thymidine (0.5 µCi/well) for an additional 16 h 

and proliferation was determined by scintillation counting as previously described. 

2.18 Flow cytometry. 

Fluorescence-activated cell sorting (FACS) analysis was used to determine cellular phenotypes 

of drug-specific TCCs via analysis of distinct physical traits. These characteristics are 

distinguished by surface marker expression, which in turn could be elucidated with the 

application of stains consisting of fluorophores conjugated to specific antibodies of interest. 

Typically, combinations of fluorophores, and by extensions multiple variations of surface 

marker expression, were analysed for each T-cell clonal population. Consequently, 
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compensation controls were a pre-requisite in order to avoid emission spectra overlap. All 

FACS analysis described in this section was performed using a FACS-Canto II instrument, 

integrated with FACS DIVA operating software (BD Biosciences), with phenotypic analysis 

carried out using Flowing 2 software. 

2.18.1 CD4+/CD8+ T-cell phenotyping. 

Phenotyping of T-cells to determine CD4+/CD8+ expression was performed using fluorophore 

conjugated CD4/CD8 antibodies (BD Biosciences), and experiments were conducted according 

to the manufacturer’s instructions. Briefly, 50-100 µL of cell suspension, confluency 

depending, were stained with conjugated fluorophores (FITC, 3 µL; APC, 3 µL; PE, 0.5 µL) for 

20 mins at 4 °C. Following incubation, stained T-cells were washed with 2 mL FACS buffer and 

centrifuged at 1500 rpm for 10 min at 4 °C. Supernatant was discarded and cells were then 

resuspended in 100-200 µL of either FACS buffer or 4% paraformaldehyde (PFA) solution if cell 

fixation was required for analysis at a later date. 

2.18.2 CD3 downregulation assays. 

To explore the time points at which markers of drug-specific T-cell activation are detectable, 

extracellular CD3 expression was studied as a biomarker for TCR activation. Co-cultures of TCCs 

(5x104 cells/well) and autologous EBV-transformed B-cells (1x105 cells/well) were pulsed with 

drug for multiple time points (48 h, 24 h, 4 h, 2 h, 1 h, 30 min, 10 min, 5 min) in 96-well U-

bottomed plates. Following incubation of the final time point, the drug exposed cell 

suspensions were transferred to FACS tubes and stained with 5 μL anti-CD3 antibody for 15 

mins 4 °C. Stained cells were washed in FACS buffer to remove unbound antibody and 

resuspended in 4% PFA and stored at 4 °C. Both unstained and untreated cultures were set up 

in parallel for comparison and samples were analysed using a FACS-Canto II instrument, as 

previously described. Reduced CD3 (APC) fluorescence intensity, was indicative of 

downregulation and drug-specific T-cell activation.  
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2.18.3 Chemokine receptor analysis. 

Chemokine receptor analysis (CRR) analysis of TCCs was performed using a standard panel of 

antibody conjugated fluorophores (CXCR3, CCR5, CCR1, CCR4, CCR9, CCR8, CCR6, CLA, CXCR6, 

E-cad, CXCR1, CCR2, and CD69). 50-100 µL of cell suspension were stained in separate FACS 

tubes with 3 μL of each antibody, with care taken to avoid emission spectra overlap (APC, PE, 

FITC). Incubation, washing and resuspension was performed in line with the methodology 

previously described. The resulting emission spectra was analysed using Flowing 2 software 

spectral shifts between stained and unstained controls were converted to produce an output 

of mean fluorescence index (MFI).  

2.19 Mitochondrial Stress Test assay. 

Mitochondrial stress-based assays were used determine specific parameters of oxidative 

phosphorylation (OXPHOS) and mitochondrial function of drug-specific TCCs after acute 

stimulation. These assays involve the sequential injection of mitochondrial toxins such as 

oligomycin, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) and combination of 

rotenone and antimycin-A. The aforementioned compounds act to target and inhibit 

complexes involved within OXPHOS and therefore isolate fuel pathway dependency for 

specific bioenergetic parameters, such as basal respiration, ATP-linked respiration, maximal 

and reserve capacities in addition to any respiration not facilitated by mitochondrial sources. 

All assays described were performed using the Seahorse XFe96 Analyzer, with analysis and 

visualization conducted using Wave® XF software. 

One day prior to assay commencement, the Seahorse XFe96 cell culture microplate was coated 

with 25 µL Corning® Cell-Tak™ cell and tissue adhesive solution as a concentration of 22.4 

µg/mL, diluted in sterile filtered NaHCO3 (pH 8.0). Coated microplates were incubated at RT 

for 1 h before being washed with (x2) with sterile water and stored at 4 °C overnight. On the 

same day, the Seahorse xFe96 sensor cartridge was hydrated with 200 μL Seahorse XF 



115 
 

calibrant solution and incubated overnight at 37 °C. Autologous EBV-transformed B-cells for 

acute injection within the assay were irradiated for 20 min, resuspended in F1 cell culture 

medium and incubated in flasks overnight (37 °C, 5% CO2). 

On the day of the assay, the pH of Seahorse XF base medium was adjusted to 7.4 and the 

coated cell culture microplate was brought up to RT, prior to cellular addition. Seahorse XF 

base medium (pH 7.4) was supplemented with glucose (25 mM), L-glutamine (2 mM) and 

sodium pyruvate (1 mM). Mitochondrial inhibitors were then diluted to the desired 

concentrations (oligomycin, 2 µM; FCCP, 0.75 µM; antimycin A, 1 µM; rotenone, 1 µM) in 

supplemented Seahorse XF base medium, with serial dilution dependent upon relevant 

injection ports (Port A, x8, Port B, x9; Port C, x10; Port D, x11). Drug-specific TCCs were 

harvested from culture plates, counted and resuspended in Seahorse XF base medium. Cells 

were then transferred into coated Seahorse XFe96 cell culture microplates in 50 µL aliquots 

(3x105/cells/well) and centrifuged at 1500 rpm for 2 mins to facilitate adherence. Cell culture 

microplates containing adhered T-cell cultures were then incubated in the absence of CO2 for 

1 h at 37 °C. Irradiated EBV-transformed B-cells were counted, centrifuged and diluted in 

Seahorse XF base medium to 2x106/mL. Diluted mitochondrial inhibitors were then added to 

the injection cartridge (25 µL per injection port) along with irradiated EBV-transformed B-cells 

(5x104 cells) and unadulterated Seahorse XF base medium for control purposes. Whilst T-cells 

were incubating, the injection cartridge was calibrated and well volumes of the assay plate 

were then increased to 175 µL. Following successful calibration, the assay plate was inserted 

into the Seahorse XFe96 Analyzer and energetic readouts, specifically the oxygen consumption 

rate (OCR) and extracellular acidification rate (ECAR), were taken from T-cell populations after 

exposure via acute injection to mitochondrial inhibitors. As T-cells were counted and plated 

on the same day of the assay, normalisation to protein was deemed unnecessary due to the 

inability of T-cells to proliferate within these time points. Energetic parameters were then 

analysed using the Seahorse XF Cell Mito Stress Test Report Generator. 
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2.20 Glycolysis Stress Test assay. 

The Glycolysis Stress Test was deployed to determine the parameters of glycolytic function in 

monoclonal drug-specific T-cell populations after activation with cognate antigens. This assay 

represents the gold standard for measuring cellular glycolytic flux after acute stimulation and 

addresses key components of glycolysis, such as glycolytic capacity, glycolytic reserve, as well 

as acidification present form alternative non-glycolytic sources. The assay was performed 

using the Seahorse XFe96 instrument, via direct measurement of the acidification rate and 

subsequent interpretation to an ‘extracellular acidification rate’, referred to as the ECAR value. 

Analysis and visualization was undertaken using Wave® XF software and in depth study of the 

parameters of glycolytic flux was performed using the Seahorse XF Cell Glycolysis Stress Test 

Report Generator. 

Seahorse XF base medium was supplemented with L-glutamine (2 mM), otherwise, assay 

preparation, EBV-transformed B-cell preparation and T-cell seeding within Seahorse 96-well 

cell culture microplates was performed according to the methodology previously described. 

Injection ports within the Seahorse XFe96 sensor cartridge were loaded with 25 mM D-glucose 

(Port A), 5x104 EBV-transformed B-cells (Port B), the drug of interest (Port C) and 25 mM 2-DG 

(Port D) in 25 µL aliquots. Conventional Glycolysis Stress Test assays utilise the ATP synthase 

inhibitor, oligomycin, for which acute injection abrogates mitochondrial ATP production and 

shifts all energy production to glycolysis. The assay described in this section deviated from 

traditional methodology via the substitution oligomycin for soluble drug, thus allowing for the 

detection of any glycolytic flux directly imposed by relevant compounds. Additionally, a final 

injection of the glucose analogue, 2-deoxyglucose (2-DG), is a universal component of the 

assay and acts to competitively inhibit hexokinase II and induce glycolytic blockade, confirming 

ECAR shifts observed within the assay run are due to elevated levels of glycolysis.
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2.21 HLA genotyping. 

HLA genotyping of healthy donors or patients was performed using PBMC or EBV-transformed 

B-cell lines, if generated. DNA was purified from 5x106 lymphocytes using a QIAamp® DNA Mini 

Kit (Qiagen, Hilden, Germany) according to the manufactures instructions and DNA 

quantification was performed using a NanoDrop. Full classical HLA typing (HLA-A, HLA-B, HLA-

C, HLA-DRB1, HLA-DRB345, HLA-DQA1, HLA-DQB1, HLA-DPA1, HLA-DPB1) at 3x resolution by 

the Histogenetics laboratory (Histogenetics, Ossining, NY) after shipment of purified DNA 

samples (200 µL) on dry ice (-109 °C). 

2.22 Statistical analysis. 

Statistical analysis was performed using GraphPad Prism 9.0 software. For the evaluation of T-

cell responses for which data was normally distributed, such as dose response and toxicity 

assays, a student’s t-test was performed. For data sets not normally distributed, comprising 

multiple donors and conditions, specifically T-cell priming assays (T-MWA) and functional T-

cell assays, statistical analysis was performed using a Mann-Whitney U test. For both tests, 

*p< 0.05 was considered to be the universal threshold of significance, with **p< 0.01, 

***p<0.001 and ****p<0.0001 also applied to determine greater degrees of significance.  

2.23 Figure creation. 

All chemical structures were produced using Chemdraw professional 16.0. Graph construction 

was performed exclusively using GraphPad Prism 9.0 software. Figures, diagrams and tables 

were generated using BioRender® software (Publication licence, FR23IE6C0F). 

2.24 Funding sources. 

This work was performed with funding from a BBSRC/GSK Industrial Partnership award (Grant 

Number BB/R008108/1). The project also received core funding from the MRC Centre for Drug 

Safety Science (Grant Number G0700654). The conduction of HLA genotyping on vancomycin 
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3. In vitro priming and characterisation of vancomycin-specific 

T-cells from healthy donors expressing HLA-A*32:01. 
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3.1 Introduction. 

Type IV hypersensitivity reactions can be mediated by the adaptive immune response, 

specifically influenced by the activation of T-cells (Naisbitt et al., 2003a). The T-cell response 

encompasses multiple cellular and molecular processes including priming, activation and 

proliferation that lead to aberrant immune function of a delayed nature (Zikherman and Au-

Yeung, 2015). Accordingly, the clinical manifestations associated with such reactions typically 

present anywhere between 2-28 days following exposure to the culprit drug (Jacysyn et al., 

2001, Justiz Vaillant et al., 2022). Drug reaction with eosinophilia and systemic symptoms 

(DRESS) is a classic example of delayed-type hypersensitivity. However, DRESS reactions are 

often associated with a longer period of onset (2-8 weeks) between drug administration and 

disease manifestation (Walsh and Creamer, 2011, Santiago et al., 2010). DRESS encompasses 

a wide range of features, with clinical signatures often surfacing within multiples organ 

systems such as the liver, in addition to more established cutaneous based reactions 

commonly associated with cell-mediated hypersensitivity (Sullivan and Shear, 2001). Although 

rare, DRESS reactions are linked with relatively high levels of mortality when compared to 

other drug-induced hypersensitive disease states, such as maculopapular exanthema and 

acute generalized exanthematous pustulosis, with a mortality rate of approximately 10% 

(Chen et al., 2010). Importantly, DRESS can be distinguished from other, more prevalent, 

cutaneous manifestations by the recruitment and involvement of eosinophils within reaction 

pathogenesis, with symptoms such as fever, pruritus and leukocytosis also reported (Cacoub 

et al., 2011). Unfortunately, it can be problematic to accurately determine exact incidence of 

DRESS arising from the broad range of clinical manifestations and the degree of convergence 

with near indistinguishable cutaneous based adverse events, further highlighting the 

importance of distinguishing haematological traits, such as eosinophilia, within diagnosis. 
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Disease pathogenesis in terms of immune modulation remains relatively poorly understood, 

with biomarkers of DRESS development limited to the emergence of IL-5 as a key phenotypic 

marker arising from its involvement within pro-inflammatory cascades and eosinophil 

recruitment (Choquet-Kastylevsky et al., 1998). Earlier studies have addressed the potential 

role of cytokine activity and immune involvement within DRESS, suggesting pathogenesis may 

be linked to activation of drug-specific CD4+ and CD8+ T-cells (Mauri-Hellweg et al., 1995). 

Viral reactivation has also been associated with DRESS pathogenesis. Indeed, the activation of 

CD8+ antiviral T-cells has been observed in DRESS patients following viral cascades involving 

human herpes viruses 6 and 7 (HHV-6 and HHV-7) and cytomegalovirus (Niu et al., 2015, 

Shiohara and Kano, 2007, Musette and Janela, 2017). 

Vancomycin is a first generation glycopeptide antibiotic routinely used for the treatment of 

severe infection caused by Gram-positive bacteria. The drug is typically recommended as a 

first-line treatment agent and remains the gold standard for glycopeptide use, arising from its 

remarkably high efficacy for the treatment of methicillin-resistant Staphylococcus aureus 

(MRSA) and Clostridium difficile (Watanakunakorn, 1982). Whilst conforming to many 

chemical traits associated with other glycopeptide drug classes (described in Section 1.7.1), 

vancomycin possesses distinct characteristics, both within its chemical structure and mode of 

action. Functionally, the drug acts to block bacterial cell wall synthesis via the inhibition of 

phosphodisaccharide-pentapeptide lipid complex formation  (Anderson et al., 1965). This is 

made possible by direct, high affinity binding to bacterial peptides containing D-alanyl-D-

alanine at the carboxyl terminus (Perkins, 1969). 

Extensive study into the link between vancomycin exposure and DRESS reactions has now shed 

light on a specific human leukocyte antigen (HLA) association, indicating involvement of the 

adaptive immune system and potential role for the activation of T-cells. DRESS reactions 

attributed to vancomycin exposure were initially postulated to result from variation within 
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HLA class I loci due to reaction severity, with cytotoxic CD8+ T-cell involvement likely 

implicated. Indeed, a genome wide associated study (GWAS) undertaken in 2019 revealed a 

genetic association between vancomycin-induced DRESS and carriage of HLA-A*32:01 

(Konvinse et al., 2019). In this landmark study, 19/23 (82.6%) of individuals presenting with 

probable vancomycin-induced DRESS were positive for HLA-A*32:01 expression following 

genetic analysis in the form of HLA typing. Additionally, in silico molecular docking studies have 

suggested preferential binding in the absence of HLA peptides, indicating potential T-cell 

activation aligned with the pharmacological interaction (p-i) concept (Pichler, 2002). Although 

consisting of a relatively low sample size, these data suggest that in populations with European 

ancestry, for which carriage of HLA-A*32:01 equates to 6.8%, 1/5 individuals positive for risk 

allele expression will progress to DRESS onset following vancomycin exposure within a 4 week 

period. However, such studies fail to address the issue of low positive prediction (20%) thereby 

making genetic screening, such is the case with abacavir (55%), economically and clinically 

unviable (Mallal et al., 2008). Although the pharmacogenomic link seems promising, more 

extensive research is required to further define the pathophysiological mechanism of 

vancomycin-induced DRESS and role of T-cells in the context of a hypersensitive response. 

In order to elucidate the role of T-cells within the pathogenesis of vancomycin induced-DRESS 

and investigate the nature of interactions between vancomycin and HLA-A*32:01, our study 

will utilize mechanistic and functional T-cell assays. Specifically, immunogenicity was 

determined via the study of de novo primed T-cell responses using the recently developed T-

cell multi-well assay in conjugation with a peripheral blood mononuclear cell (PBMC) biobank 

of HLA-typed healthy donors for the delineation of preferential T-cell interaction with HLA-

A*32:01 (Ogese et al., 2020, Alfirevic et al., 2012). Such assays provide insight regarding a 

compounds immunogenic potential and propensity for a de novo response under optimal 

culture conditions, replicating specific cellular compositions necessary for successful T-cell 

priming in vivo (Faulkner et al., 2012). Furthermore, T-cell cloning assays were conducted using 
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PBMC isolated from drug naïve healthy donors expressing HLA-A*32:01 to study vancomycin-

specific T-cell responses at the unicellular level in order for functional, phenotypic and 

mechanistic assessment with an emphasis placed on the study of cross-reactivity with 

structurally-related glycopeptide antibiotics.  

3.2 Aims. 

1) To investigate the intrinsic immunogenicity of vancomycin in healthy donors positive and 

negative for HLA-A*32:01 expression via the assessment of de novo primed T-cell responses. 

2) To generate vancomycin-specific T-cell clones (TCCs) from healthy donors with HLA-A*32:01 

carriage, by serial dilution.   

3) To elucidate and characterise phenotype and function of vancomycin-specific TCCs within 

the context of cytokine profiles, pathways of activation and cross-reactive potential. 

3.3 Results. 

3.3.1 PBMC proliferation assays reveal direct toxicity of vancomycin. 

To determine the concentrations at which immune cell cultures display toxicity to vancomycin, 

toxicity assays were performed on PBMC isolated from 6 healthy donors assessing proliferative 

inhibition after [3H]-thymidine incorporation and mitogen driven stimulation at graded 

concentrations of vancomycin (Figure 3.1). The toxicity profiles observed after exposure to 

vancomycin in PBMC cultures varied between donors with drug toleration observed up to and 

including 2 mM concentrations in 3/6 donors (Figure 3.1). PBMC cultures isolated from 2 PBMC 

donors (Donors 2 and 5) exhibited toxicity at 2 mM, with vancomycin tolerated at a 1 mM 

dosage after proliferative assessment following mitogen driven stimulation and drug 

exposure. Dose-dependent PBMC toxicity was observed in donor 6 at concentrations 

exceeding 100 µM. 
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3.3.2 HLA haplotypes of individuals utilised within healthy donor studies for the 

assessment of glycopeptide antibiotic immunogenicity. 

To assess the intrinsic immunogenicity of glycopeptide antibiotics, such as vancomycin, 

teicoplanin and daptomycin, in vitro T-cell assays were deployed using healthy donor models 

to study memory, de novo and drug-specific T-cell responses. For the conduction of healthy 

donor studies, a HLA-typed PBMC biobank was utilised to identify healthy individuals positive 

and negative for HLA*32:01 expression. In total, 33 healthy donors were studied (15 

HLA*32:01 negative vs 18 HLA*32:01 positive) within the present experimental chapter and 

Chapter 4. Classical HLA genotypes, performed at 3x resolution (HLA-A, HLA-B, HLA-C, HLA-

DRB1 and HLA-DQB1) and the relevant in vitro T-cell assays for which each healthy donor used 

can be viewed in Tables 3.1 and 3.2, below.

Figure 3.1. Thymidine incorporation assay to measure proliferative inhibition induced by vancomycin in mitogen 
stimulated PBMC cultures (n=6). Separate PBMC cultures (1.5x105 cells/well) were exposed, in triplicate, to graded 
concentrations of vancomycin (0-2000 µM) for 24 h (37 °C, 5% CO2). Proliferation was then induced by mitogen 
driven stimulation following the addition of PHA (10 µg/mL) to every well of the assay plate. Cells were incubated 
for a further 48 h in the presence of PHA before being pulsed with tritiated [3H]-thymidine (0.5 µCi/well) for an 
additional 16 h. Proliferative responses were detected by way of radioactivity incorporation within cellular DNA 
and interpreted as counts per minute (cpm). 
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3.3.3 PBMC proliferation and cytokine-based assays reveal no immunogenic 

preference in favour of HLA-A*32:01 in healthy donors. 
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It was important to study the specificity of vancomycin for the associated risk allele, achieved 

through the use of a HLA-typed PBMC biobank and assessment of PBMC proliferation and 

cytokine secretion following vancomycin exposure. Diagnostic LTT assays conducted on 

healthy donors with and without expression of HLA-A*32:01 revealed no discernible 

difference in lymphocyte proliferation after exposure to graded concentrations of vancomycin 

(Figure 3.2). 1/5 donors positive for HLA-A*32:01 expression exhibited a dose-dependent 

proliferative response to vancomycin (Figure 3.2B). However, identical results were observed 

within PBMC cultures negative for HLA-A*32:01, with 1/5 healthy donors displaying a dose-

dependent proliferative response to vancomycin (Figure 3.2A). In all PBMC cultures (n=10) the 

addition of PHA induced non-specific lymphocyte proliferation.  

Cytokine secretion was also studied in healthy donors both positive and negative for HLA-

A*32:01 carriage. Analysis of IFN-γ release, detected with the use of Enzyme-linked 

immunospot (ELISpot) assays, revealed no preferential cytokine release within the PBMC 

cultures either with or without carriage of HLA-A*32:01 (Figure 3.3). Weakly positive IFN-γ 

release was detected within the PBMC of 2/5 healthy donors (HD-16, HD-19) known to express 

the HLA-A*32:01 risk allele. Similar results were obtained when studying IFN-γ secretion in 

PBMC cultures from donors negative for HLA-A*32:01, for which 2/5 healthy donors (HD-4, 

HD-5) were found to secrete IFN-γ after exposure to graded drug concentrations. All PBMC 

cultures (n=10) were positive for cytokine release after stimulation with PHA. 

Figure 3.2. A) Lymphocyte transformation test (LTT) assessing proliferative responses to vancomycin in healthy 
donors negative for HLA-A*32:01 expression. PBMC from healthy volunteers negative for HLA-A*32:01 
expression (n=5) were isolated by density gradient centrifugation and diluted in R9 cell culture medium to achieve 
a seeding density of 1.5x106 cells/mL. PBMC were plated at 1.5x105 cells/well in triplicate cultures and exposed 
to graded concentrations of vancomycin (0-1000 µM). The addition of PHA (10 µg/mL) represented a positive 
control for the assay for the detection of non-specific lymphocyte transformation. Cultures were incubated for 6 
days (37 °C, 5% CO2) before pulsation with tritiated [3H]-thymidine (0.5 µCi/well) for an additional 16 h. 
Proliferative responses were detected by radioactivity incorporation and interpreted as cpm. B) LTT assessing 
proliferative responses to vancomycin in healthy donors positive for HLA-A*32:01 expression. Lymphocyte 
transformation was assessed via LTT assay and conduced on healthy donor PBMC expressing HLA-A*32:01. 
Proliferative responses to vancomycin were determined by [3H]-thymidine incorporation as previously described.  
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3.3.4 In vitro priming assays suggest preferential interaction between 

vancomycin and HLA-A*32:01. 

To investigate interactions between vancomycin and HLA-A*32:01, in vitro priming assays 

were deployed incorporating both naïve T-cells (Figure 3.4) and whole PBMC (Figure 3.5, 3.6). 

To investigate the intrinsic immunogenic potential of vancomycin in healthy donors positive 

and negative for HLA-A*32:01 expression, recently developed T-cell multi-well assays were 

performed.  Additionally, the ability to prime HLA-typed PBMC cultures after repetitive drug 

simulation was assessed. 

 

Figure 3.3. LTT assay assessing cytokine release after vancomycin exposure in healthy donor PBMC negative (n=5) 
and positive (n=5) for HLA-A*32:01 expression. HLA-typed PBMC from healthy volunteers positive and negative  for 
HLA-A*32:01 expression (n=10) were isolated by density gradient centrifugation and diluted in R9 cell culture 
medium to achieve a seeding density of 5x106 cells/mL. PBMCs were plated at 5x105 cells/well in singlet cultures and 
exposed to graded concentrations of vancomycin (0-1000 µM) or PHA (10 µg/mL) for 48 h (37 °C, 5% CO2). IFN-γ 
secretion was determined by ELISpot assay. Spot formation was indicative of cytokine release and developed ELISpot 
plates were imaged using an AID ELISpot reader. 
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Figure 3.4. Assessment of naïve T-priming to vancomycin in HLA-A*32:01 negative and positive donors using the 
T-cell multiple well assay (T-MWA). Naïve T-cells (1x105) from 3 HLA-A*32:01 negative and 3 HLA-A*32:01 positive 
donors were incubated with 8x103 autologous dendritic cells and vancomycin (0.5 mM) for 14 days (37 °C, 5% CO2). 
Free drug was removed by extensive washing with R9 medium and cells were rechallenged with either medium or 
vancomycin (0.5 mM) for 48 h before pulsation with tritiated [3H]-thymidine (0.5 µCi/well) for an additional 16 h. 
Proliferative responses were detected by radioactivity incorporation and interpreted as cpm values. Stimulatory 
index (SI) values were calculated as average cpm drug treated well / average cpm media treated wells. Degree of 
naïve T-cell priming to vancomycin was interpreted as; negative response (SI < 1.5), weak response (1.5 > SI < 2.5), 
moderate response (2.5 > SI < 4) or strong response (4 > SI < 10). Statistical significance was determined using a 
Mann-Whitney U test (**p< 0.01, ***p< 0.001, ****p<0.0001). 
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T-MWA analysis, incorporating drug naïve T-cells and autologous mature dendritic cells (DCs), 

was employed to study both the intrinsic immunogenic potential of vancomycin in addition to 

the extent of naïve T-cell priming in healthy donors positive and negative for HLA-A*32:01 

expression (Figure 3.4). Vancomycin-specific T-cell activation was observed after proliferative 

study following drug rechallenge in 3/3 healthy volunteers positive for expression of the HLA-

A*32:01 allele, when compared to rechallenge with R9 cell culture medium only (HD-16, HD-

21 and HD-22). In these individuals, > 20% of responding wells, in which successful naïve T-cell 

priming was achieved, exhibited ‘moderate’ (SI = 2.5 - 4) proliferative responses after 

vancomycin rechallenge. Interestingly, in naïve T-cell cultures generated from healthy donor 

PBMC negative for HLA-A*32:01 expression, statistically significant naïve T-cell priming after 

drug rechallenge was observed in 2/3 healthy donors. When considering overall naïve T-cell 

priming in both groups, approximately 60% of naïve T-cells from donors positive for HLA-

A*32:01 carriage were successfully primed to vancomycin compared with 34.6% of naïve T-

cells in healthy donors without HLA-A*32:01 expression. 

PBMC from HLA-A*32:01 positive (n=10) and negative (n=10) donors were assessed for de 

novo proliferative responses to vancomycin after long-term restimulation over a period of 4 

week followed by drug rechallenge (Figure 3.5, 3.6). Vancomycin-responsive T-cells were 

detected within PBMC cultures in 7/10 donors positive for HLA-A*32:01 expression (HD-19, 

HD-25, HD-26, HD-27, HD-28, HD-29 and HD-31) and 1/10 healthy donors negative for HLA-

A*32:01 (HD-2). From a statistical standpoint, 4/10 donors with risk allele carriage exhibited 

significant T-cell priming after repetitive stimulation, compared with 0/10 healthy donors 

negative for risk allele expression.
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Figure 3.5. Long-term stimulation of PBMC cultures with vancomycin in healthy donors negative for HLA-A*32:01 
expression (n=10). 2x105 cryopreserved PBMC (HLA-typed) isolated from HLA-A*32:01 negative healthy donors 
were cultured in a 96-well plate with R9 cell culture medium containing vancomycin (0.5 mM) and IL-2 (50 U/mL). 
Following supplementation of cultures on day 3 with fresh medium containing IL-2, PBMC cultures were 
restimulated on day 7 and weekly thereafter during which each well of the assay plate was exposed to a cocktail 
containing irradiated autologous PBMC (5x103/well), vancomycin (0.5 mM) and fresh IL-2. After 4 weeks, 
restimulated PBMC cultures were washed 5 times in cell culture medium to remove free soluble drug and then 
rechallenged with irradiated autologous PBMC (5x103/well) in addition to either vancomycin (0.5 mM) or medium 
for 48 h before pulsation with tritiated [3H]-thymidine (0.5 µCi/well) for an additional 16 h. Proliferative responses 
were are expressed as cpm values in individual culture wells and statistical significance was determined using a 
Mann-Whitney U test. 
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Figure 3.6. Long-term stimulation of PBMC cultures with vancomycin in healthy donors positive for HLA-
A*32:01 expression (n=10). 2x105 cryopreserved PBMC (HLA-typed) isolated from HLA-A*32:01 positive healthy 
donors were cultured in a 96-well plate with R9 cell culture medium containing vancomycin (0.5 mM) and IL-2 
(50 U/mL). Following supplementation of cultures on day 3 with fresh medium containing IL-2, PBMC cultures 
were restimulated on day 7 and weekly thereafter during which each well of the assay plate was exposed to a 
cocktail containing irradiated autologous PBMC (5x103/well), vancomycin (0.5 mM) and fresh IL-2. After 4 weeks, 
restimulated PBMC cultures were washed 5 times in cell culture medium to remove free soluble drug and  
rechallenged with irradiated autologous PBMC (5x103/well) in addition to either vancomycin (0.5 mM) or medium 
for 48 h before pulsation with tritiated [3H]-thymidine (0.5 µCi/well) for an additional 16 h. Proliferative responses 
interpreted as cpm values for individual culture wells and expressed as cpm drug-treated and medium-treated 
wells. Statistical significance was determined using a Mann-Whitney U test (*p< 0.05, **p< 0.01).  
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3.3.5 Generation of vancomycin-specific TCCs from healthy donors expressing 

HLA-A*32:01. 

For the generation of vancomycin-specific TCCs from healthy donor PBMC, 3 healthy donors 

positive for HLA-A*32:01 expression were selected for T-cell cloning studies and subsequent 

functional analysis. Classical HLA-typing, encompassing HLA-A, HLA-B, HLA-C, HLA-DRB1 and 

HLA-DQB1 was performed at 3x resolution and is displayed for each healthy donor utilised 

within this section (HD-18, HD-32 and HD-33). PBMC from HD-18, HD-32, and HD-33 were 

observed to be heterozygous for HLA-A*32:01 expression (Table 3.3). Carriage of other HLA 

class I alleles, including HLA-A*01:01, HLA-A*31:01 and HLA-A*03:01, respectively, were 

detected within the HLA-A region. Expression of additional HLA types of interest included 

homozygous expression of HLA-B*57:01, present within the PBMC of HD-33, and heterozygous 

expression of HLA-DRB*01:01 for HD-18.  

 
 
 

 
 

Vancomycin-responsive TCCs were successfully generated in 3/3 healthy donors expressing 

HLA-A*32:01 following the analysis of initial monoclonal test cultures (Figure 3.7). Following 

CD8+ T-cell enrichment, large numbers of drug-specific TCCs were generated in 2 healthy 

donors (HD-32 and HD-18). Remarkably, a total of 103 vancomycin-specific TCCs were initially 

generated from a total of 216 test cultures within CD8+ enriched bulk populations generated 

from the PBMC of HD-18.  

Table 3.3. HLA expression from quantified DNA isolated from PBMC in 3 healthy donors. Classical HLA typing 
(HLA-A, HLA-B, HLA-C, HLA-DRB1 and HLA-DQB1) was performed at 3x resolution by the Histogenetics laboratory 
after initial DNA isolation via QIAamp® DNA Mini Kit and quantification by NanoDrop. 
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Figure 3.7. Generation of vancomycin-specific TCCs from PBMC enriched for CD4+ and CD8+ T-cells in healthy 
donors expressing HLA-A*32:01 by serial dilution. Bulk PBMC cultures were seeded at 1x106 PBMC/well with 
graded concentrations of vancomycin (0.1-0.5 mM) and incubated (37 °C, 5% CO2) for 14 days. T-cells were enriched 
for CD4+ or CD8+ expressing populations by MACS separation and transferred to 96-well U-bottomed plates (1 T-
cell/well average) with irradiated allogenic PBMC (5x104 cells/well) and R9 medium supplemented with IL-2 (200 
U/mL) and PHA (5 µg/mL). Serial dilution protocol was performed as previously described, with test cultures 
rechallenged with vancomycin (0.5 mM) or R9 medium only, in the presence of irradiated autologous EBV-
transformed B-cells (1x104 cells/well). Testing was performed over 4 wells in duplicate conditions and cultures were 
incubated for 48 h (37 °C, 5% CO2) and pulsed with tritiated [3H]-thymidine (0.5 µCi/well) for the final 16 h of 
incubation. Readouts were initially interpreted as cpm and converted SI values given by; [average drug treated 
wells / average control wells]. SI values for each test culture were interpreted as either weak (1.5 > SI < 2.5), 
moderate (2.5 > SI < 4), strong (4 > SI < 10) or extreme (SI > 10). 
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Initial test cultures, generated from the PBMC of HD-18 and displaying proliferative responses 

at singular vancomycin concentrations (0.5 mM) were expanded by mitogen driven 

stimulation for dose-response analysis. A panel of representative TCCs exhibited dose-

dependent proliferative responses after exposure to graded drug concentrations (Figure 3.8). 

To further confirm drug specificity, proliferative responses were assessed following exposure 

to graded concentrations of carbamazepine (Figure 3.9). Treatment with the structurally 

unrelated compound produced no proliferative effect in vancomycin-specific TCCs. In both 

assays, the addition of PHA successfully induced non-specific proliferation of drug-specific 

TCCs.

Figure 3.8. Proliferative response of vancomycin-specific TCCs at graded drug concentrations (n=4). TCCs (5x104 
cells) were co-cultured with autologous EBV-transformed B-cells (1x104 cells) and either vancomycin (0-1 mM), 
R9 medium or PHA (10 µg/mL). Cells were incubated for 48 h before pulsation with tritiated [3H]-thymidine (0.5 
µCi/well) for 16 h. Proliferation was determined by [3H]-incorporation and interpreted as cpm values. Statistical 
significance was determined using a student’s t-test (***p<0.001, ****p<0.0001). 
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3.3.6 Phenotypic, functional and cross-reactive characterisation of vancomycin-

responsive TCCs generated from healthy donors expressing HLA-A*32:01. 

Vancomycin-responsive TCCs generated from the PBMC of healthy donor HD-18 (HLA-A*32:01 

positive) were assessed for phenotypic and functional characteristics. Clonal populations 

deemed positive (SI > 1.5) for drug-specificity following dose-response assays were further 

expanded by repetitive mitogen driven stimulation to produce confluent test cultures for 

viable functional study.

Figure 3.9. Proliferative response of vancomycin-specific TCCs at graded concentrations of carbamazepine 
(n=4). 5x104 TCCs were co-cultured with autologous EBV-transformed B-cells (1x104 cells) and either 
carbamazepine (0-250 µM), R9 medium or PHA (10 µg/mL). Cells were incubated for 48 h before pulsation with 
tritiated [3H]-thymidine (0.5 µCi/well) for 16 h. Proliferation was determined by [3H]-incorporation and 
interpreted as cpm values.   
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Figure 3.10. A) Phenotypic characterisation (CD4+/CD8+) using a panel of representative vancomycin-specific 
TCCs (n=12). T-cells with predetermined specificity for vancomycin were stained with 3 μL anti-CD4 (APC) and 0.5 
μL of anti-CD8 (PE) for 15 mins at 4 °C.  Stained cells were washed in FACS buffer to remove unbound antibody and 
resuspended in 4% PFA. Unstained cultures were set up in parallel for comparison and samples analysed using a 
FACS-Canto II instrument integrated with FACS DIVA operating software. Phenotypic analysis was carried out using 
Flowing 2 software. Gating of lymphocyte populations was performed on unstained cultures and 104 events were 
analysed. B) Chemokine receptor expression analysis of CD8+ vancomycin-specific TCCs (n=5). TCCs were stained 
with chemokine receptor conjugated antibodies for CXCR3-APC, CCR5-PE, CCR1-PE, CCR4-PE, CCR9-APC, CCR8-FITC, 
CCR6-APC, CLA-FITC, CXCR6-PE, E-Cad-PE, CXCR1, CCR2-APC and CD69-FITC. Surface marker expression was 
assessed as previously described and interpreted as mean fluorescence index (MFI). 
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Phenotypic analysis of vancomycin-responsive TCCs generated from HLA-A*32:01 positive 

healthy donor PBMC (HD-18) revealed an overwhelmingly dominant CD8+ expressing 

phenotype (Figure 3.10A). Of a total of 94 drug-specific TCCs studied for surface marker 

expression, 78 TCCs were pure clonal populations and positive for expression of the CD8 co-

receptor. In total, 24 TCCs from CD8+ enriched T-cell cloning experiments displayed mixed 

populations, in reference to the presence of either dual CD8+ expressing populations or 

double positive CD4+ and CD8+ expressing populations. Pure CD8+ TCC populations were 

further utilised for functional T-cell assays described in greater detail below. No pure CD4+ 

populations were observed from the large panel of TCCs phenotyped.  Chemokine receptor 

expression analysis of vancomycin-response TCCs was performed on 5 dose-responsive CD8+ 

expressing populations (Figure 3.10B).  Universally, TCCs expressed high levels of CXCR3 and 

CCR4 following phenotypic study and MFI analysis. Furthermore, CCR1, CCR6, CCR8, CCR5, 

CCR2, CXCR1, CLA, E-Cad and CD69 were all expressed at reduced levels. Additionally, CCR9 

was expressed at moderately high levels in 4/5 TCCs profiled for chemokine receptor 

expression analysis. 

Representative vancomycin-specific TCCs (n=3) were profiled for secretion of both cytokines 

and cytolytic molecules by ELISpot, after exposure to graded drug concentrations (Figure 

3.11A). Cytokine secretion profiles pertaining to TCC-1, TCC-2 and TCC-3 followed a similar, 

distinct pattern. Dose-dependent Th1 cytokine (IFN-γ) secretion was observed alongside the 

release of the Th2 cytokine (IL-13), with IL-5 production absent. Additionally, cytolytic 

molecules, such as granzyme B, perforin and FasL were also found to be released after 

vancomycin rechallenge. PHA successfully induced non-specific cytokine and cytolytic 

molecule secretion across the full panel of TCC assessed.
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Figure 3.11. A) Cytokine secretion profile of vancomycin-specific TCCs (n=3) determined by ELISpot readout. TCCs 
(5x104 cells) were co-cultured with autologous EBV-transformed B-cells (1x104 cells) and either graded 
concentrations of vancomycin (0.1 and 0.5 mM), R9 medium or PHA (10 µg/mL). Cytokine release was determined 
for IFN-γ, IL-5, IL-13, granzyme B, perforin and FasL using activated Immobilon-P Membrane 96-well Multiscreen® 
filter plates pre-coated for cytokines of interest. Secretion profiles were studied after 48 h incubation (37 °C, 5% 
CO2) with vancomycin and ELISpot plates were developed according to the manufactures instructions. B) 
Quantitative analysis of cytokine release from vancomycin-responsive TCCs (n=3). Spot formation was analysed 
using an AID ELISpot reader and cytokine secretion was interpreted as spot forming units (sfu). 
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Figure 3.12. A) HLA restriction of vancomycin-specific TCCs (n=3). CD8+ expressing TCCs (5x104 cells/well) were 
co-cultured with autologous irradiated APCs in triplicate and either HLA Class I (10 µg/mL), HLA Class II (10 µg/mL) 
or corresponding IgG1 and IgG2 isotype controls (10 µg/mL) for 1 h (37 °C, 5% CO2). Blocked cultures were treated 
with vancomycin (0.5 mM) or R9 cell culture medium for 48 h before pulsation with tritiated [3H]-thymidine (0.5 
µCi/well) for 16 h. Proliferation was determined by [3H]-incorporation and interpreted as cpm values. Statistical 
significance was determined using a Mann-Whitney U test (*p< 0.05, **p< 0.01, ****p<0.0001). B) Activation 
pathways of vancomycin-responsive CD8+ TCCs (n=3). Autologous APCs (2x106) were pulsed with vancomycin (0.5 
mM) for 16 h before washing to remove unbound drug or fixed with glutaraldehyde (25%, 1 µL) for 30 secs and 
quenching with glycine (1 M, 1 mL) for 45 secs. TCCs were incubated for 48 h (37 °C, 5% CO2) with either fixed APCs 
and vancomycin (0.5 mM) or pulsed APCs (1x104). Proliferation was determined by [3H]-incorporation and 
interpreted as cpm values after 16 h incubation (0.5 µCi/well). 
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The presence of HLA restricted T-cell activation was determined through HLA blockade (Figure 

3.12A). Representative CD8+ TCCs generated from the PBMC of healthy donor HD-18 (TCC-10, 

TCC-11 and TCC-12) were treated with a panel of anti-HLA blocking antibodies. Proliferation 

of CD8+ expressing TCCs was uninfluenced following HLA class II blockade, when compared to 

basal proliferative responses to corresponding isotype controls after stimulation with optimal 

stimulatory concentrations of vancomycin. In each TCC assessed, proliferative responses to 

vancomycin were inhibited following MHC class I blockade, indicative of MHC class I restricted 

activation. Although to a reduced extent, drug-responsive TCCs were observed to still possess 

the capacity for proliferation in 2/3 TCCs after exposure to vancomycin in the absence of 

autologous antigen presenting cells (APCs). Following exposure of TCCs to pulsed APCs (16 h) 

no proliferative response was observed following co-culture with vancomycin-specific TCCs 

(Figure 3.12B). Conversely, after APC fixation and subsequent inhibition of peptide processing, 

vancomycin-responsive T-cells were capable of proliferation following treatment with a co-

culture of glutaraldehyde-fixed APCs and vancomycin.  

To assess the existence of preferential interactions between vancomycin-specific TCCs and 

HLA-A*32:01 within the context of a proliferative response following drug exposure, a panel 

of EBV-transformed B-cells (APCs) were utilised in T-cell assays (Figure 3.13). The APC panel 

deployed to study the importance of HLA-A*32:01 for vancomycin-specific T-cell proliferation 

consisted of 14 heterologous APCs expressing a range of HLA alleles (Table 3.4).  Stimulation 

of TCCs was induced in the presence of heterologous APCs positive for heterozygous HLA-

A*32:01 expression (Donors 1-9) and autologous APCs. Stimulation was also observed across 

multiple TCCs following exposure to vancomycin and heterologous APCs negative for HLA-

A*32:01 expression (Donors 12, 13 and 14).
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In order to investigate the potential for cross-reactive T-cell responses between CD8+ 

expressing vancomycin-reactive TCCs and structurally related glycopeptide antibiotics, 

proliferation after exposure to vancomycin, teicoplanin and daptomycin was assessed by 

radioactive thymidine incorporation (Figure 3.14). Surprisingly, only 3/6 TCCs (50%) that 

displayed initial specificity for vancomycin were found to be dose-responsive after additional 

exposure. 4/6 TCCs displayed additional reactivity with teicoplanin, with TCCs 17, 18 and 22 

Figure 3.13. APC mismatch assay to determine interactions of vancomycin-specific TCCs with heterologous APCs 
positive and negative for HLA-A*32:01 (n=14). Vancomycin-responsive TCCs (n=5), generated from the PBMC of 
healthy donor HD-18 (HLA-A*32:01), were co-cultured with vancomycin (0.1 mM) and either irradiated autologous 
APCs or heterologous APCs expressing a range of similar and dissimilar HLA alleles. Exposure to R9 cell culture 
medium only in place of drug was used for negative control purposes and co-cultures were incubated for 48 h (37 
°C, 5% CO2) before pulsation with tritiated [3H]-thymidine (0.5 µCi/well) for an additional 16 h. Proliferative 
responses were detected by radioactivity incorporation and interpreted as cpm values. 
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producing strong proliferative responses after exposure to teicoplanin. One TCC (TCC-20) was 

found to be cross-reactive with both teicoplanin and daptomycin, with moderately strong 

proliferative responses observed in each instance.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.14. Proliferative cross-reactive study of CD8+ vancomycin-specific TCCs (n=6) generated from healthy 
donor PBMC positive for HLA-A*32:01 expression (HD-18) with structurally related glycopeptide antibiotics. 
TCCs (5x104 cells) were co-cultured with irradiated autologous EBV-transformed B-cells (1x104 cells) and either 
vancomycin (0-1000 µM), teicoplanin (0-1000 µM), daptomycin (0-1000 µM) or R9 cell culture medium only. 
Cultures were incubated for 48 h (37 °C, 5% CO2) before pulsation with tritiated [3H]-thymidine (0.5 µCi/well) for 
a further 16 h. Proliferation was determined by [3H]-incorporation and interpreted as cpm values. Statistical 
significance was determined using a student’s t-test (*p<0.5, **p<0.01, ***p< 0.001, ****p<0.0001). 
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3.4 Discussion. 

Hypersensitive disease states to otherwise tolerable and efficacious therapeutics is a major 

cause for concern, relevant for drug development, clinicians and patients alike. The 

involvement of the adaptive response arising from immune modulation, and culminating in 

drug hypersensitivity targeting tissues (skin) and organs (liver) in small fractions of patients 

has long been established. As such, retrospective analysis in the form of GWAS studies have 

now elucidated the expression of specific HLA alleles as important contributing factors of 

susceptibility, with HLA implication further reinforcing the scope for involvement of the 

adaptive, cell-mediated immune response. However, prediction hinging solely on HLA 

association has proven problematic, with matters complicated by the sheer volume of allelic 

variants (>30,000) present within the human genome (Deshpande et al., 2022). Moreover, the 

multifaceted nature of T-cell mediated drug hypersensitivity is further illustrated by the simple 

fact that only a select few drug-HLA associations possess economic and physiological viability 

when applied to genetic screening prior to treatment, with the notable exceptions of abacavir, 

carbamazepine and allopurinol (Mallal et al., 2008, Chung et al., 2004, Hung et al., 2005). 

The recent discovery of HLA-A*32:01 carriage as susceptibility factor within stratified patient 

groups presenting with vancomycin-induced DRESS further substantiates adaptive immune 

involvement within disease pathogenesis, arising from HLA implication in addition to the 

delayed nature of clinical manifestation post exposure (Konvinse et al., 2019). The high 

frequency of HLA-A*32:01 carriage within populations of European ancestry (6.8%) underpins 

the scale of issue, specifically when combined with high levels of vancomycin administration 

within clinical settings. Although pathomechanisms of immune activation were yet to be 

delineated within initial studies, it has been suggested that vancomycin may be capable of 

activating drug-specific T-cells either by direct or indirect interactions with HLA-A*32:01 

encoded proteins. As aforementioned, further interrogation as to the nature of drug-HLA 
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interactions via in silico molecular docking study revealed that vancomycin may interact with 

the HLA peptide binding cleft with greater affinity in the absence of peptides present of the 

surface of HLA proteins (Konvinse et al., 2019). These preliminarily findings insinuate that 

vancomycin, due to its HLA class I association, may activate CD8+ T-cells, acting as a peptide 

mimetic in the process. 

To investigate the existence of preferential binding between vancomycin and HLA-A*32:01 our 

study utilised PBMC from an established HLA-typed biobank in order to determine if allelic 

expression was a critical determinant for lymphocyte transformation, naïve T-cell priming and 

long-term PBMC stimulation. LTT assays conducted on HLA-typed PBMC from healthy donors 

positive and negative for HLA-A*32:01 carriage revealed no detectable variability in 

proliferative lymphocyte transformation after exposure to vancomycin, with each subgroup 

exhibiting a positive LTT result  in 20% of individuals tested (Figure 3.2). LTT assays are the 

most widely used in vitro technique for the detection of delayed-type hypersensitive 

responses to culprit compounds in hypersensitive patients, typically deployed to elicit memory 

T-cell responses following concomitant therapy. These assays involve exposure of PBMC, 

isolated from the blood of patients with suspected hypersensitivity, to the compound of 

interest for  6-7 days (Pichler and Tilch, 2004). Therefore, it is perhaps unsurprising that these 

assays were inconclusive for the detection of preferential interaction between HLA-A*32:01 

and vancomycin due to the use of PBMC from drug naïve healthy donors and not 

hypersensitive patients, for which circulating drug-specific T-cells would elicit memory 

responses after drug rechallenge. The short time-course of the assay, initially developed for 

the detection of memory T-cell responses, may be insufficient for the induction of de novo 

primary T-cell responses. This has been evidenced by studies suggesting a minimum time 

period of 7-14 days for successful T-cell priming culminating in proliferative function (Ortiz et 

al., 1997, Faulkner et al., 2016a). 
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For the assessment of naïve T-cell priming after vancomycin exposure, T-MWA experiments 

were conducted utilising co-cultures of naïve T-cells, autologous DCs and vancomycin (Figure 

3.4). A more recent iteration of the conventional T-cell priming assay, the T-MWA allows for 

larger groups of experimental replicates and importantly only requires a single stimulation 

with autologous DCs, therefore possessing utility for high-throughput immunogenic screening 

(Ogese et al., 2020, Faulkner et al., 2012). Naïve T-cell priming was achieved in all 3 healthy 

donors positive for HLA-A*32:01 expression, with proliferative responses identified in > 50% 

of vancomycin exposed wells. Crucially, significant naïve T-cell priming was also achieved 2/3 

donors without HLA-A*32:01 expression, indicating vancomycin may also be capable of 

stimulating T-cells following antigen presentation by other HLA complexes.  

To further explore the drugs propensity for immune activation, PBMC from 10 HLA-A*32:01 

positive and 10 HLA-A*32:01 negative healthy donors were cultured and repetitively 

restimulated with vancomycin, IL-2 and irradiated autologous PBMCs to facilitate antigen 

presentation, for a 4 week period. Here, we show that vancomycin may indeed have a binding 

preference for either HLA-A*32:01 or specific peptides present within the HLA-antigen binding 

cleft (Figure 3.5, 3.6). This assay format, adapted from Engler et al., may be associated with 

greater sensitivity for the detection of de novo T-cell responses due to the incorporation of 

bulk PBMC cultures containing all components of the immune milieu (Engler et al., 2004). 

Specifically, this may relate to the inclusion of regulatory T-cells for which utility has already 

been demonstrated when applied to priming assays utilising whole purified T-cell (CD3+) 

populations (Hammond et al., 2022).  

Initial GWAS findings suggest an association between vancomycin-induced DRESS and HLA-

A*32:01 and potentially implicate a CD8+ T-cell response within DRESS pathogenesis due to 

their HLA class I restricted nature (Konvinse et al., 2019). To further investigate this 

relationship, vancomycin-specific TCCs were generated from healthy donors positive for HLA-
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A*32:01 expression in order to determine the exclusivity of vancomycin-mediated CD8+ T-cell 

activation and to determine the phenotypic and functional characteristics of vancomycin-

responsive T-cells. To achieve this, pathways of activation and antigen presentation were 

assessed along with cross-reactivity using structurally similar glycopeptide antibiotics. Of the 

donors utilised for the conduction of T-cell cloning, HLA-typing revealed expression of 

additional HLA types of interest including homozygous expression of HLA-B*57:01 (HD-33) and 

heterozygous expression of HLA-DRB*01:01 (HD-18) for which genetic associations with 

abacavir and nevirapine-induced hypersensitivity have previously been identified (Mallal et al., 

2002, Vitezica et al., 2008).  

Drug-reactive T-cells were successfully generated from CD8+ enriched populations in 2/3 

donors (HD-32 and HD-18) positive for risk allele expression (Figure 3.7). TCCs were confirmed 

as dose-responsive and vancomycin-specific following mitogen driven clonal expansion and 

exposure to graded concentrations of vancomycin and carbamazepine. Although vancomycin-

responsive TCCs were detected in 2/3 donors, it remains unclear as to why drug-specific clonal 

populations were unable to be generated from HD-33. All donors were heterozygous for HLA-

A*32:01 expression, however differences may exist between immunoregulatory components 

for which differential co-inhibitory expression may represent a plausible explanation.  

A panel of TCCs from HD-18 were further assessed within phenotypic and functional T-cell 

assays after stimulation with vancomycin at graded concentrations only marginally surpassing 

physiological relevance. Indeed, proliferative responses to vancomycin were detected at 

concentrations < 100 µM, with several studies suggesting plasma concentrations between 10 

- 20 µM are capable of eliciting pharmacological effects in patients treated with vancomycin 

(Tunkel et al., 2004, Wysocki et al., 2001). TCCs ubiquitously expressing a CD8+ phenotype 

additionally expressed high levels of CXCR3 (Figure 3.10), a chemokine receptor abundant on 

effector T-cells with functional roles within trafficking and migration to peripheral tissues and 
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the induction of Th1-type inflammation (Groom and Luster, 2011). Expression of CCR4+ was 

also detected. This chemokine receptor is typically associated with CD4+ memory T-cell 

function, specifically pertaining to the migration of Th2 cells. Although rare for CD8+ 

expressing T-cells, CCR4+ T-cells have previously been characterised for cytokine secretion 

(IFN-γ, IL-2 and IL-4) within populations of CD8+ memory T-cell subsets (Kondo and Takiguchi, 

2009).  

Analysis of cytokine profiles from a representative panel of vancomycin-responsive TCCs 

revealed secretion of both Th1 (IFN-γ) and Th2 (IL-13) related cytokines in addition to the 

release of cytolytic and cytotoxic molecules such as perforin, granzyme B and FasL (Figure 

3.11), likely involved within disease pathogenesis (Yang et al., 2018). Surprisingly, within the 

limited panel of TCCs assessed, IL-5 secretion was not detected. IL-5 has been shown to be a 

key mediator of DRESS, due to its prominent role within eosinophil recruitment (Choquet-

Kastylevsky et al., 1998). Within this study no drug-reactive TCCs expressing a CD4+ phenotype 

were generated, although previous work has suggested a potential role for vancomycin-

responsive TCCs with cytokine secretion profiles also elucidated, however mechanistic and 

functional roles within antigen presentation have yet to be characterised (Ogese et al., 2021). 

Vancomycin is a complex therapeutic compound, with a molecular weight (1449 kDa) notably 

larger than low molecular weight compounds (< 1000 kDa) typically associated with 

immunogenicity and the induction of hypersensitive disease states. As aforementioned, due 

to the substantial size of the drug, which may mirror the weight of certain HLA class I binding 

peptides, its possible vancomycin may displace HLA peptides. This has previously been 

suggested by molecular docking studies indicating preferential binding in the absence of HLA-

bound peptides on the surface of APCs (Konvinse et al., 2019). Therefore, to uncover 

mechanisms of vancomycin-mediated T-cell activation it was important to determine 
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pathways of antigen presentation and processing and the requirement, if any, for covalent 

binding ultimately leading to T-cell stimulation and proliferative function.  

Firstly, to elucidate mechanisms of antigen presentation, HLA blockade was studied after 

exposure to vancomycin and autologous APCs. Abrogated proliferative responses observed 

after HLA class I blockade suggest HLA class I restricted T-cell activation by vancomycin (Figure 

3.12). This result neatly aligns with studies assessing T-cell responses to abacavir, for which 

HLA class I associations have also been identified and CD8+ T-cells activated following antigen 

presentation (Thomson et al., 2020). To determine pathways of antigen processing, TCCs were 

cultured with either drug pulsed or glutaraldehyde-fixed APCs. Following APC-drug pulsation, 

no proliferative response was detected after washing and removal of weakly bound drug from 

the HLA binding groove (Schnyder et al., 2000). However, after APC fixation with 

glutaraldehyde and inhibition of processing pathways and drug uptake, TCCs were capable of 

stimulation following vancomycin exposure (Figure 3.12). These data indicate that vancomycin 

activates CD8+ T-cells via HLA class I presentation in a processing independent and non-

covalent manner, aligned with the p-i concept (Pichler, 2002). T-cell activation was also 

observed in the presence of heterologous APCs without HLA-A*32:01 expression. Indeed, 

vancomycin-responsive TCCs were found to proliferate when co-cultured with APCs expressing 

various HLA-A alleles, suggesting vancomycin is capable of complexing with multiple HLA 

molecules (Figure 3.13). To further investigate this possibility, it will be necessary to study 

vancomycin-specific T-cell responses using transfected B-cells, such as C1R cell lines, for which 

expression is limited to HLA-A*32:01 in isolation. Such studies, already characterised for HLA-

B*57:01 expression with respect to abacavir-mediated T-cell activation (Chessman et al., 

2008), would contribute to our understanding of any interactions of preference between 

vancomycin, HLA-A*32:01 and T-cell receptors. 
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Teicoplanin and daptomycin are glycopeptide antibiotics used for the treatment of Gram-

positive bacterial infection and often deployed as auxiliary treatment options following initial 

adverse responses to vancomycin. In this study, we investigated potential cross-reactivity 

between vancomycin–responsive T-cells and structurally-related glycopeptides. Within the 

panel of TCCs assessed, 4 TCCs exhibited cross-reactivity with teicoplanin, while 1 TCC 

displayed cross-reactive proliferative responses with both teicoplanin and daptomycin (Figure 

3.14). Surprisingly, loss of specificity to vancomycin in cross-reactive TCCs was also observed. 

Exact reasoning for this is unclear, although variations within activation thresholds somewhat 

provide rationale. Logically, due to the close-structural relation, specifically the presence of a 

heptapeptide scaffold, cross-reactivity is entirely plausible. This is amplified when considering 

the existence of numerous case studies reporting clinical cross-reactivity in patients 

sequentially administered with vancomycin and teicoplanin, ultimately manifesting in severe 

cutaneous adverse reaction (Kwon et al., 2006, Hsiao et al., 2010). To further elucidate the 

molecular basis for the observed cross-reactive responses between vancomycin, teicoplanin 

and daptomycin, modelling studies with a focus on shared TCR homology will be key to our 

understanding, as demonstrated with carbamazepine and its structural analogues in relation 

the development of Stevens-Johnson syndrome (Pan et al., 2019).  

In summary, this study suggests that vancomycin preferentially primes both naïve T-cells and 

healthy donor PBMC positive for carriage of HLA-A*32:01, for which strong associations with 

vancomycin-induced DRESS have now been established. These interactions have now been 

characterised to hinge upon HLA class I presentation, with T-cell responses evoked by direct 

pharmacological interactions. Stimulation has been found to be associated with a plethora of 

cytokine and cytolytic molecule release potentially involved within DRESS pathogenesis, with 

clinical cross-reactivity now replicated within in vitro assays. Additional study assessing the 

intrinsic immunogenic potential of both teicoplanin and daptomycin will be required to further 
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understand patterns of cross-reactivity and interactions between glycopeptide antibiotics and 

HLA-A*32:01.
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4. Investigating the immunogenic potential of teicoplanin and 

daptomycin in drug-naïve donors expressing HLA-A*32:01. 
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4.1 Introduction. 

Glycopeptide antibiotics are routinely used for the treatment of serious Gram-positive 

bacterial infection and are often viewed as invaluable weapon in the armoury of clinicians 

when applied to therapeutic intervention involving β-lactam antibiotic resistant bacterial 

strains such as methicillin-resistant Staphylococcus aureus (MRSA) and Clostridium difficile 

(Campoli-Richards et al., 1990). Since development, treatment outcomes have drastically 

improved for infections typically affiliated with the development of antibiotic resistance to 

compounds such as sulfonamides and penicillins. Most glycopeptide antibiotics are associated 

with a similar spectrum of activity, with potency demonstrated against specific ‘hard to treat’ 

bacterial isolates including Enterococcus, Streptococcus and Staphylococcus strains (Van 

Bambeke, 2006).  Although referred to as a ‘drug of last resort’ and typically administered after 

exhaustion of alternative treatment regimens, glycopeptide antibiotics still remain the gold 

standard for treatment of severe infection. Moreover, both naturally occurring (vancomycin) 

and semi-synthetic glycopeptide compounds (teicoplanin and daptomycin) still lead the way 

as preferred treatment options with the vast majority of clinician’s decades from inception.  

The spread of resistance to vancomycin and other naturally occurring glycopeptides has 

established the need for a new, more chemically malleable compounds. As a consequence of 

this, teicoplanin, produced from Actinoplanes teichomyceticus, was developed for clinical use 

in 1984. Crucially, this compound formed the structural basis for the inception of more 

contemporary semi-synthetic glycopeptide antibiotics routinely used today. Teicoplanin is a 

first generation naturally occurring glycopeptide antibiotic that exerts its anti-bacterial 

properties in a similar fashion to vancomycin, during which peptidoglycan inhibition is 

achieved by direct high affinity binding of the drug to bacterial peptides at the carboxyl 

terminus (Perkins, 1969). However, disparities become apparent when considering the 

chemical traits of the drug, some of which have been hypothesised to aid function and 
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enhance anti-bacterial activity. Specifically, presence of a fatty acid residue in place of a sugar 

moiety is a unique feature of teicoplanin, allowing for stable anchorage at peptide target sites 

(Allen and Nicas, 2003, Nicolaou et al., 1999).  

In addition to being associated with increased efficacy against some β-lactam resistant 

bacterial strains, teicoplanin has been found to be more tolerable among patient groups and 

as a consequence has been linked with a reduced incidence of adverse drug reaction (ADR) 

following drug administration (Davey and Williams, 1991). Although the incidence of ADR 

associated with teicoplanin use is considerably lower when compared with vancomycin (13.9% 

vs 21.9%), the drug still constitutes a significant risk to patient safety (Wood, 1996). When 

considering clinical presentation, teicoplanin administration has now been associated with 

both pseudoallergic responses of an immediate nature, such as red man syndrome, in addition 

to classical delayed-type hypersensitive disease states such as drug reaction with eosinophilia 

and systemic symptoms (DRESS) (Ben Romdhane et al., 2018, Khurana and de Belder, 1999). 

Case studies have emerged reporting incidences of cross-reactivity between vancomycin and 

teicoplanin within the context of hypersensitive responses to both compounds after 

sequential administration. Moreover, the phenomenon of clinical cross-reactivity observed 

between glycopeptide compounds specifically relates the onset of teicoplanin-induced DRESS 

following initial vancomycin hypersensitivity (Kwon et al., 2006, Hsiao et al., 2010). 

Daptomycin, although not formally a member of the glycopeptide family, bares close 

structural relation and was developed from Streptomyces roseosporus for the treatment of 

Gram-positive bacterial infection. Daptomycin is a cyclic lipoglycopeptide, and was more 

recently developed to combat the rise of vancomycin and teicoplanin resistant strains of 

MRSA. Similarly to teicoplanin, daptomycin can be characterised by the presence of a lipophilic 

chain but crucially studies have shown the drug to be well tolerated among stratified patient 

groups with incidences of reported immune-mediated hypersensitivity limited to anaphylaxis 
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(Fowler et al., 2006). Furthermore, within the context of DRESS presentation daptomycin has 

yet to be formally implicated. 

As outlined in greater detail within Chapter 3, a recent genome-wide association study (GWAS) 

has identified a genetic link with vancomycin-induced DRESS and expression of HLA-A*32:01 

in European populations (Konvinse et al., 2016). Furthermore, adaptive immune involvement 

within the pathogenesis of vancomycin-induced DRESS has now been characterised for CD8+ 

T-cell function with preliminary studies modelling disease pathogenesis in healthy donors 

eluding to an MHC class I-restricted mechanism of activation hinging on non-covalent 

pharmacological interactions between drug and HLA proteins. Vancomycin may evoke T-cell 

activation by way of ‘peptide mimicking’, on account of its high molecular weight closely 

resembling that of HLA class I peptides. Additionally, in vitro T-cell studies assessing 

proliferative function have demonstrated cross-reactivity between teicoplanin and 

daptomycin with vancomycin-responsive T-cells generated from healthy donor peripheral 

blood mononuclear cells (PBMC) positive for HLA-A*32:01 expression (Ogese et al., 2021). 

Following on from the complex clinical and in vitro cross-reactive patterns previously 

documented, the aim of the present study was to determine the intrinsic immunogenic 

potential of both teicoplanin and daptomycin in addition to further exploring patterns of cross-

reactivity between structurally similar glycopeptide antibiotics. This was explored by the 

assessment of each drugs propensity to evoke T-cell responses in healthy donors positive for 

expression of HLA-A*32:01, associated with vancomycin-induced DRESS. To achieve this, in 

vitro T-cell priming assays were coalesced with T-cell cloning experiments, using PBMC isolated 

from drug naïve healthy donors expressing HLA-A*32:01. Glycopeptide-specific T-cell 

responses were studied at the unicellular level in order for functional, phenotypic and 

mechanistic assessment.
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4.2 Aims. 

1) To investigate the intrinsic immunogenicity of teicoplanin and daptomycin in healthy donors 

positive for HLA-A*32:01 expression using diagnostic T-cell assays in addition to the 

assessment of de novo primed T-cell responses. 

2) To generate teicoplanin and daptomycin-specific T-cell clones (TCCs) from healthy donors 

with HLA-A*32:01 carriage, by serial dilution.   

3) To determine phenotype and characterise functional traits pertaining to the activation of 

glycopeptide-responsive TCCs from healthy donors. 

4) To further explore patterns of cross-reactivity between structurally-related glycopeptide 

antibiotics.
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A 

B 

4.3 Results. 

4.3.1 PBMC proliferation assays show direct toxicity of teicoplanin. 

Firstly, to determine concentrations at which PBMC cultures exhibit toxicity to teicoplanin and 

daptomycin, toxicity assays were performed on healthy donor  PBMC cultures (n=4) assessing 

proliferative potential after mitogen driven stimulation at graded drug concentrations of 

teicoplanin and daptomycin (Figure 4.1). 

 

 

 

 

Figure 4.1. Thymidine incorporation assay to measure proliferative inhibition induced by teicoplanin and 
daptomycin in mitogen stimulated PBMC cultures isolated from healthy donors (n=4). Separate PBMC cultures 
(1.5x105 cells/well) were exposed, in triplicate, to graded concentrations of teicoplanin (0-2000 µM) or daptomycin 
(0-2000 µM) for 24 h (37 °C, 5% CO2). Proliferation was then induced by mitogen driven stimulation following the 
addition of PHA (10 µg/mL) to every well of the assay plate. Cells were incubated for a further 48 h in the presence 
of PHA before being pulsed with tritiated [3H]-thymidine (0.5 µCi/well) for an additional 16 h. Proliferative 
responses were detected by radioactivity incorporation and interpreted as counts per minute (cpm). B) 
Proliferative inhibition of PBMC after teicoplanin exposure (n=4). Proliferative inhibition was assessed within 
PBMC cultures following mitogen driven stimulation as previously described. Overall trend across each donor after 
teicoplanin exposure at graded concentrations is displayed.  
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In each of the 4 donors for which PBMC toxicity was assessed, daptomycin was well tolerated 

at concentrations of 500 µM and below (Figure 4.1). At concentrations exceeding 1 mM 

toxicity was induced by daptomycin, specifically within PBMC cultures isolated from donors 2 

and 4. Teicoplanin was observed to induce toxicity at concentrations exceeding 250 µM. This 

dose-dependent toxicity was universally observed within PBMC cultures isolated from all 

healthy donors (n=4), after proliferative assessment following mitogen driven stimulation and 

drug exposure. 

4.3.2 PBMC proliferation assays reveal lymphocyte proliferation after 

teicoplanin exposure in HLA-A*32:01 healthy donors. 
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Immunogenicity assays conducted on HLA-typed PBMC taken from individuals positive for 

HLA-A*32:01 expression revealed detectable differences within lymphocyte proliferation after 

exposure to each compound for a 6 day period (Figure 4.2). 2/5 HLA-A*32:01 positive healthy 

donors exhibited a dose-dependent proliferative response to teicoplanin (HD-16 and HD-18), 

with elevated proliferation also observed at one concentration (100 µM) in HD-17 (Figure 

4.2A). Although proliferative increases were observed it must be noted that statistical 

significance was not achieved. Conversely, after exposure to graded concentrations of 

daptomycin positive lymphocyte transformation was not observed. Moreover, 0/5 healthy 

donors displayed a proliferative effect after stimulation with daptomycin, with proliferation 

unchanged when compared to baseline values (Figure 4.2B). In all PBMC cultures (n=10) the 

addition of PHA successfully induced non-specific lymphocyte transformation.  

4.3.3 Teicoplanin and daptomycin induce naïve T-cell priming in healthy donors 

with HLA-A*32:01 carriage. 

To investigate the intrinsic immunogenic potential of both teicoplanin and daptomycin, in 

addition to the ability of glycopeptide compounds to interact with the HLA-A*32:01 allele, in 

vitro priming assays were deployed incorporating naïve T-cells and professional antigen 

presenting cells in the form of autologous dendritic cells (DCs). It was necessary to study the 

specificity of teicoplanin and daptomycin for a potentially relevant risk allele, achieved through 

the use of a HLA-typed PBMC biobank and assessment of naïve T-cell priming to investigate 

capacity for induced de novo T-cells responses utilising recently developed T-cell priming 

Figure 4.2. A) Lymphocyte transformation test (LTT) assessing proliferative responses to teicoplanin in healthy 
donor PBMC positive for HLA-A*32:01 expression (n=5). PBMC from healthy volunteers positive for HLA-A*32:01 
expression (n=5) were isolated by density gradient centrifugation and seeded at 1.5x105 cells/well in triplicate 
cultures and exposed to graded concentrations of teicoplanin (0-1000 µM). The addition of PHA (10 µg/mL) was 
used for a positive control for the assay for the detection of non-specific lymphocyte transformation. Cultures 
were incubated for 6 days (37 °C, 5% CO2) before pulsation with tritiated [3H]-thymidine (0.5 µCi/well) for an 
additional 16 h. Proliferative responses were detected by radioactivity incorporation and interpreted cpm. B) LTT 
assessing proliferative responses to daptomycin in healthy donor PBMC positive for HLA-A*32:01 expression. 
Lymphocyte proliferation was assessed via LTT assay and conducted on healthy donor PBMC expressing HLA-
A*32:01. PBMC were seeded at 1.5x105 cells/well in triplicate cultures and exposed to graded concentrations of 
daptomycin (0-1000 µM). Proliferative responses to vancomycin were determined by [3H]-thymidine 
incorporation as previously described.  
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assays allowing for multiple replicates. After proliferative study, following initial priming and 

drug rechallenge, teicoplanin was observed to successfully induce significant naïve T-cell 

priming in 1/5 (20%) healthy donors (HD-21) positive for expression of HLA-A*32:01, when 

compared to rechallenge with R9 cell culture medium only. 

 

 

Figure 4.3. Assessment of naïve T-priming to teicoplanin in HLA-A*32:01 positive healthy donors (n=6) using the 
T-cell multiple well assay (T-MWA). Naïve T-cells (1x105) from 6 HLA-A*32:01 positive donors were isolated and 
incubated with 8x103 autologous dendritic cells and teicoplanin (0.25 mM) for 14 days (37 °C, 5% CO2). Free drug 
was removed from each well by extensive washing with R9 medium and cells were rechallenged with either medium 
or optimal stimulatory concentrations of teicoplanin (0.25 mM) for 48 h before pulsation with tritiated [3H]-
thymidine (0.5 µCi/well) for an additional 16 h. Proliferative responses were detected by way of radioactivity 
incorporation and interpreted as cpm values. Statistical significance was determined using a Mann-Whitney U test 
(*p< 0.05, ****p<0.0001). 
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When studying de novo naïve T-cell responses to daptomycin a similar pattern emerged 

(Figure 4.4). Statistically significant naïve T-cell priming was again observed in 1/5 (20%) 

healthy donors (HD-21) positive for expression of HLA-A*32:01 following drug rechallenge (0.5 

mM).

Figure 4.4. Assessment of naïve T-priming to daptomycin in HLA-A*32:01 positive healthy donors (n=6) using the 
T-MWA. Naïve T-cells (1x105) from 6 HLA-A*32:01 positive donors were isolated and incubated with 8x103 
autologous dendritic cells and daptomycin (0.5 mM) for 14 days (37 °C, 5% CO2). Free drug was removed from each 
well by extensive washing with R9 medium and cells were rechallenged with either medium or daptomycin for 48 
h before pulsation with tritiated [3H]-thymidine (0.5 µCi/well) for an additional 16 h. Proliferative responses were 
detected using radioactivity incorporation interpreted as cpm values. Statistical significance was determined using 
a Mann-Whitney U test (*p< 0.05, **p<0.01, ****p<0.0001). 
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4.3.4 Generation of teicoplanin and daptomycin-specific TCCs from healthy 

donors expressing HLA-A*32:01. 

For the generation of teicoplanin and daptomycin-responsive TCCs, healthy donors utilised for 

T-cell cloning experiments were identical to donors studied within T-cell cloning experiments 

in Chapter 3 (HD-18, HD-32 and HD-33). This was for consistency when studying vancomycin, 

teicoplanin and daptomycin-specific T-cell responses for which full donor HLA genotype has 

previously been stated (Table 3.3). 

Teicoplanin-responsive TCCs were generated in 3/3 donors expressing HLA-A*32:01 following 

analysis of initial monoclonal test cultures (Figure 4.5). Clonal populations generated from 

CD8+ enriched T-cells proliferated to a greater degree (HD-33, HD-32; SI > 40) and with greater 

frequency (HD-18; 118/216 TCCs SI > 1.5) than CD4+ enriched. Although initial test cultures 

performed using CD4+ enriched T-cells inferred specificity for teicoplanin, the presence of 

drug-specific T-cells displaying dose-dependent specificity to teicoplanin was restricted to 

monoclonal populations enriched for CD8+. After expansion of TCCs generated form CD4+ 

enriched populations, TCCs were found to be unresponsive to the drug in question following 

confirmatory dose-response tests. Teicoplanin-responsive TCCs, exclusively expressing a CD8+ 

phenotype, from donor HD-33, were further expanded by repetitive mitogen driven 

stimulation for additional functional characterisation. In contrast, T-cell cloning experiments 

to daptomycin yielded negative results (Figure 4.6). When studying T-cell responses to 

daptomycin in the same healthy volunteers positive for HLA-A*32:01 carriage, drug specific T-

cells exhibiting dose-dependent proliferative responses to daptomycin were absent across all 

3 donors.
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Figure 4.5. Generation of teicoplanin-specific TCCs from PBMC enriched for CD4+ and CD8+ T-cells in healthy 
donors (n=3) expressing HLA-A*32:01. Bulk PBMC cultures were seeded at 1x106 PBMC/well with teicoplanin (0.25 
mM) and incubated (37 °C, 5% CO2) for 14 days. T-cells were enriched for CD4+ or CD8+ expressing populations by 
MACS separation and transferred to 96-well U-bottomed plates (1 T-cell/well average) with irradiated allogenic 
PBMC (5x104 cells/well) and R9 medium supplemented with IL-2 (200 U/mL) and PHA (5 µg/mL). Serial dilution 
protocol was performed as previously described, with test cultures rechallenged with teicoplanin (0.25 mM) or R9 
medium only, in the presence of irradiated autologous EBV-transformed B-cells (1x104 cells/well). Testing was 
performed over 4 wells in duplicate conditions and cultures were incubated for 48 h (37 °C, 5% CO2) and pulsed 
with tritiated [3H]-thymidine (0.5 µCi/well) for the final 16 h of incubation. Readouts were initially interpreted as 
cpm and converted SI values given by; [average drug treated wells / average control wells]. SI values for each test 
culture were interpreted as either weak (1.5 > SI < 2.5), moderate (2.5 > SI < 4), strong (4 > SI < 10) or extreme (SI > 
10). 
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Figure 4.6. Generation of daptomycin-responsive TCCs from PBMC enriched for CD4+ and CD8+ T-cells in healthy 
donors (n=3) expressing HLA-A*32:01. PBMC cultures were seeded at 1x106 PBMC/well with daptomycin (0.5 mM) 
and incubated (37 °C, 5% CO2) for 14 days. T-cells were enriched for CD4+ or CD8+ expressing populations by MACS 
separation and transferred to 96-well U-bottomed plates (1 T-cell/well average) with irradiated allogenic PBMC 
(5x104 cells/well) and R9 medium supplemented with IL-2 (200 U/mL) and PHA (5 µg/mL). Serial dilution protocol 
was performed as previously described, with test cultures rechallenged with daptomycin (0.5 mM) or R9 medium 
only, in the presence of irradiated autologous EBV-transformed B-cells (1x104 cells/well). Testing was performed 
over 4 wells in duplicate conditions and cultures were incubated for 48 h and pulsed with tritiated [3H]-thymidine 
(0.5 µCi/well) for an additional 16 h. Readouts were interpreted as cpm and converted SI values given by; [average 
drug treated wells / average control wells]. SI values for each test culture were interpreted as weak (1.5 > SI < 2.5), 
moderate (2.5 > SI < 4), strong (4 > SI < 10) or extreme (SI > 10). 
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T-cell cloning experiments were also conducted using bulk PBMC cultures initially primed to 

carbamazepine (CBZ), for which alternative HLA association has been documented (Hung et 

al., 2006). These experiments were performed in parallel with cloning studies incorporating 

teicoplanin and daptomycin and were used to provide a negative control across the same 

panel (n=3) of healthy donors. Minimal numbers of weakly responsive (1.5 > SI < 2.5) of CBZ-

specific TCCs were identified following initial specificity testing. Clonal populations were 

further tested for dose-dependent proliferative T-cell responses at graded drug 

concentrations, with no TCCs exhibiting dose-dependent or indeed any proliferative response 

to CBZ after further examination. 

4.3.5 Phenotypic and functional characterisation of teicoplanin-responsive TCCs 

generated from healthy donors expressing HLA-A*32:01. 

Teicoplanin-responsive TCCs generated from the PBMC of healthy donor HD-33 (HLA-A*32:01 

positive) were assessed for phenotypic and functional characteristics. Functional analysis was 

performed on TCCs generated from this particular donor due to the magnitude of SI values 

associated and degree of clonal expansion following repetitive mitogen driven stimulation, 

enabling viable functional study resulting from confluent test cultures. Clonal populations 

deemed positive (SI > 1.5) for drug-specificity after initial proliferative assessment were 

further studied for drug-specific T-cell responses after exposure to graded concentrations of 

teicoplanin (Figure 4.7A). Additionally, phenotypic analysis via study of surface marker 

expression (CD4+/CD8+) was performed on a representative panel of TCCs positive for dose-

dependent proliferative response to teicoplanin (Figure 4.7B).
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Figure 4.7. A) Proliferative response of TCCs generated from HD-33 (A*32:01 positive) graded concentrations of 
teicoplanin concentrations (n=6). TCCs (5x104 cells) were co-cultured with autologous EBV-transformed B-cells 
(1x104 cells) and teicoplanin (0-1000 µM) Cultures were incubated for 48 h before pulsation with tritiated [3H]-
thymidine (0.5 µCi/well) for 16 h. Proliferation was determined by [3H]-incorporation and interpreted as cpm 
values. Statistical significance was determined using a student’s t-test (**p<0.01, ***p< 0.001, ****p<0.0001). B) 
Phenotypic characterisation (CD4+/CD8+) of representative teicoplanin-specific TCCs (n=6). T-cells with 
predetermined specificity for vancomycin were stained with 3 μL anti-CD4 (APC) and 0.5 μL of anti-CD8 (PE) for 15 
mins at 4 °C.  Stained cells were resuspended in 4% PFA and samples analysed using a FACS-Canto II instrument 
integrated with FACS DIVA operating software. Phenotypic analysis was carried on 104 events using Flowing 2 
software. 
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A representative panel of TCCs demonstrated strong dose-dependent proliferative responses 

after exposure to graded drug concentrations up to and including 500 µM, with strong toxicity 

subsequently observed at 1 mM concentrations (Figure 4.7A). This pattern was reproducible 

across all 6 TCCs assessed for dose-dependent proliferation. Phenotypic analysis of 

teicoplanin-responsive TCCs generated from HLA-A*32:01 positive healthy donor PBMC (HD-

33) revealed a dominant CD8+ expressing phenotype (Figure 4.7B). 

 

 

 

Figure 4.8. HLA restriction of teicoplanin-specific TCCs (n=3). CD8+ expressing TCCs (5x104 cells/well) were co-
cultured with autologous irradiated EBV-transformed B-cells in triplicate and either HLA Class I (10 µg/mL), HLA 
Class II (10 µg/mL), HLA-DR (10 µg/mL) or corresponding IgG1 and IgG2 isotype controls (10 µg/mL) for 1 h (37 °C, 
5% CO2). Blocked cultures were treated with optimal stimulatory concentrations of teicoplanin (0.25 mM) or R9 
cell culture medium for 48 h before pulsation with tritiated [3H]-thymidine (0.5 µCi/well) for 16 h. Proliferation was 
determined by [3H]-incorporation and interpreted as cpm values. Statistical significance was determined using a 
Mann-Whitney U test (***p< 0.01, ****p<0.0001). 
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After pre-treatment of both autologous EBV-transformed B-cells and teicoplanin-specific T-

cell co-cultures with a panel of HLA blocking antibodies, proliferation following drug exposure 

was assessed in 3 representative TCCs expressing CD8+ phenotype (Figure 4.8). Proliferation 

of TCCs was unaffected following class II blockade (HLA-DP, HLA-DQ and HLA-DR) when 

compared with T-cell responses in the absence of blockade. However, proliferation was 

observed to be fully attenuated in the presence of MHC class I (HLA-A, HLA-B and HLA-C) 

blocking antibodies. Proliferative responses in line with basal responses after teicoplanin 

exposure were elicited after exposure to IgG1 and IgG2 isotype controls 

 

 

 

 

 

Figure 4.9. Activation pathways of teicoplanin-responsive CD8+ TCCs (n=3). Irradiated autologous EBV-
transformed B-cells (2x106) were pulsed with teicoplanin (0.25 mM) for 1 h and 24 h before washing to remove 
unbound drug or fixed with glutaraldehyde (25%, 1 µL) for 30 secs before quenching with glycine (1 M, 1 mL) for 
45 secs. TCCs were incubated for 48 h (37 °C, 5% CO2) with both fixed APCs and teicoplanin or pulsed APCs (1x104 
cells/well). Proliferation was determined by [3H]-incorporation and interpreted as cpm values after 16 h incubation 
(0.5 µCi/well). Statistical significance was determined using a Mann-Whitney U test (*p< 0.01, ****p<0.0001). 
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Autologous EBV-transformed B-cells pulsed with teicoplanin at multiple time-points (1 h and 

24 h) did not induce detectable proliferation after 48 h co-culture with teicoplanin-specific 

TCCs (Figure 4.9). After fixation of EBV-transformed B-cells with glutaraldehyde and blockade 

of antigen processing pathways, teicoplanin-responsive T-cells demonstrated proliferative 

capacity after treatment with a co-culture of fixed EBV-transformed B-cells and optimal 

stimulatory concentrations of teicoplanin. Interestingly, TCCs were still observed to proliferate 

above background levels without the presence of autologous EBV-transformed B-cells and 

antigen presentation, although the magnitude of proliferation was considerably lower when 

compared to proliferative readouts incorporating EBV-transformed B-cells together with 

soluble drug. Cytokine secretion analysis within the same panel of TCCs revealed IFN-γ release 

in 3/3 TCCs following EBV-transformed B-cell fixation and teicoplanin exposure (Figure 4.10).

 

 

 

 

 

 

 

 

 

Figure 4.10. Enzyme-linked immunospot (ELISpot) profile after fixation of EBV-transformed B-cells (TCCs; n=3). 
Autologous EBV-transformed B-cells (2x106) were fixed with glutaraldehyde (25%, 1 µL) for 30 secs before 
quenching with glycine (1 M, 1 mL) for 45 secs. TCCs (5x104) were incubated for 48 h (37 °C, 5% CO2) with fixed 
EBV-transformed B-cells and soluble drug or teicoplanin only. Cytokine release was determined for IFN-γ using 
activated Immobilon-P Membrane 96-well Multiscreen® filter plates pre-coated for the cytokine of interest and 
ELISpot plates were developed according to the manufactures instructions. 
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Figure 4.11. A) Cytokine secretion profile of teicoplanin-specific TCCs (n=3) determined by ELISpot readout. TCCs 
(5x104 cells) were co-cultured with autologous EBV-transformed B-cells (1x104 cells) and either teicoplanin (0.25 
mM), R9 medium or PHA (10 µg/mL). Cytokine release was determined for IFN-γ, IL-5 IL-13, IL-17, IL-22, granzyme 
B (GB), perforin and FasL using activated Immobilon-P Membrane 96-well Multiscreen® filter plates pre-coated for 
cytokines of interest. Secretion profiles were studied after 48 h incubation (37 °C, 5% CO2) with teicoplanin and 
ELISpot plates were developed according to the manufactures instructions. B) Quantitative analysis of cytokine 
release from teicoplanin-responsive TCCs (n=3). Spot formation was analysed using an AID ELISpot reader and 
cytokine secretion was interpreted as spot forming units (sfu). 
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Representative CD8+ teicoplanin-specific TCCs (n=3) were profiled for secretion of both 

cytokines and cytolytic molecules by ELISpot, after exposure to singular drug concentrations 

in addition to R9 medium and PHA (Figure 4.11). Cytokine secretion profiles pertaining to TCC-

3, TCC-7 and TCC-8, for which phenotype and function have previously been characterised, 

followed a similar pattern. Th1 cytokine (IFN-γ) release was observed in addition to the 

secretion of Th2 cytokines (IL-13 and IL-5). Upon activation with teicoplanin, a complete 

absence of Th17 (IL-17) and Th22 (IL-22) related cytokines was observed. Additionally, cytolytic 

molecules, such as granzyme B, perforin and FasL were also found to be released after 

teicoplanin rechallenge, with granzyme B release detected at high levels in 3/3 TCCs (sfu > 

100). PHA successfully induced non-specific cytokine and cytolytic molecule secretion across 

the full panel within each TCC assessed, with the exception of IL-17 and IL-22. 

 

4.3.6 Teicoplanin-responsive TCCs generated from HLA-A*32:01 healthy donors 

display complex patterns of cross-reactivity with structurally-related 

glycopeptide antibiotics. 

For the investigation of potential cross-reactivity between teicoplanin-responsive TCCs and 

structurally related glycopeptide compounds such as vancomycin and daptomycin, 

proliferation was assessed after drug rechallenge (Figure 4.12). This was conducted in a panel 

of TCCs generated from a single healthy donor with HLA-A*32:01 carriage with previous 

characterisation of phenotype and function (HD-33). As expected, memory T-cell responses to 

the culprit drug (teicoplanin) were associated with a high degree of proliferation. However, 

3/3 TCCs displayed significant proliferative cross-reactivity with the lipoglycopeptide, 

daptomycin, at graded drug concentrations. No cross-reactive T-cells were detected after 

rechallenge with vancomycin. Statistical significance was determined for each compound at 

maximal stimulatory concentrations.
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Figure 4.12. Proliferative cross-reactive study of CD8+ teicoplanin-specific TCCs (n=3) generated from healthy 
donor PBMC positive for HLA-A*32:01 expression (HD-33) with structurally related glycopeptide antibiotics. TCCs 
(5x104 cells) were co-cultured with irradiated autologous EBV-transformed B-cells (1x104 cells) and either 
teicoplanin (250-1000 µM), vancomycin (250-1000 µM), daptomycin (250-1000 µM) or R9 cell culture medium only 
(0 µM). Cultures were incubated for 48 h (37 °C, 5% CO2) before pulsation with tritiated [3H]-thymidine (0.5 
µCi/well) for a further 16 h. Proliferation was determined by [3H]-incorporation and interpreted as cpm values. 
Statistical significance was determined using a student’s t-test (***p< 0.001, ****p<0.0001). 
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4.4 Discussion 

Over the past 50 years glycopeptide antibiotics have consistently demonstrated utility for the 

effective treatment of serious Gram-positive bacterial infections, with usage specifically 

pertinent for therapeutic intervention against β-lactam antibiotic resistant bacterial strains 

such as MRSA and Clostridium difficile (Campoli-Richards et al., 1990).  As a direct result of the 

increased potency of glycopeptide compounds, the emergence of unwanted and sometimes 

severe side-effects in the shape of ADRs have become increasingly common, with some studies 

reporting that more traditionally used naturally occurring glycopeptide compounds such as 

vancomycin account for 40% of all DRESS cases arising from antibiotic usage (Blumenthal et 

al., 2019). Furthermore, although less well documented, studies have now implicated 

teicoplanin within DRESS pathogenesis (Ben Romdhane et al., 2018, Ebrahimpour et al., 2017). 

This may be aligned with prevalent and sustained administration by clinicians owing to the 

familiarity associated with such compounds when treatment regimens are initialised. 

However, efforts have more recently transitioned to the development of safer glycopeptide 

antibiotics with superior pharmacokinetic properties (Binda et al., 2014).  

The new generation of glycopeptide compounds are typically semi-synthetic and encompass 

derivatives of teicoplanin, with the core structure of the molecule often incorporated due to 

its advantageous kinetic properties arising from the presence of lipophilic side chains (Ashford 

and Bew, 2012). However, vancomycin is still seen by many as the ‘flagship’ glycopeptide, with 

strong genetic associations now documented between incidences of vancomycin-induced 

DRESS and carriage of HLA-A*32:01 (Konvinse et al., 2019). Moreover, such associations point 

towards involvement of the adaptive immune response within DRESS pathogenesis, further 

reinforced by studies elucidating T-cell involvement (Chapter 3). Indeed, interactions between 

vancomycin and immunological receptors that induce stimulation have now been 

characterised to hinge upon HLA class I presentation, with CD8+ T-cell responses evoked by 
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direct pharmacological interactions (Ogese et al., 2021). Cross-reactive responses have now 

been identified between vancomycin and structurally-related glycopeptide antibiotics such as 

teicoplanin and daptomycin. Such cross-reactivity with teicoplanin has primarily been 

documented within isolated clinical case studies, with severe cross-reactive hypersensitive 

responses observed after previous vancomycin hypersensitivity and subsequent teicoplanin 

administration (Hsiao et al., 2010). Additionally, as detailed in Section 3.4, in vitro T-cell assays 

have recently elucidated complex patterns of proliferative cross-reactivity between 

vancomycin-reactive TCCs and both teicoplanin and daptomycin, even when initial drug 

specificity has been lost. 

To investigate the intrinsic immunogenic potential of cross-reactive glycopeptide compounds 

in addition to the role of HLA-A*32:01 within glycopeptide-induced immune stimulation, a 

variety of PBMC and T-cell based assays were performed. To date, limited in vitro work has 

been carried out exploring the activity of glycopeptide antibiotics such as teicoplanin and 

daptomycin. PBMC toxicity assays assessing proliferative inhibition after drug exposure and 

mitogen stimulation revealed that daptomycin was well tolerated at 1 mM, with toxicity and 

proliferative inhibition detected for teicoplanin at dosage exceeding 250 µM (Figure 4.1). Such 

assays provide valuable information regarding the toxicity of test compounds and inform on 

suitable dosage, with the aim of evoking maximal T-cells responses before toxicity is induced. 

The optimal drug concentrations of teicoplanin (250 µM) and daptomycin (500 µM) used in 

vitro do not directly correlate with the concentrations found at therapeutic doses within the 

blood. Approximately 10-20 µM is typically required within blood plasma to exert on-target 

pharmacological effects in patients when applied to glycopeptide antibiotics (Tunkel et al., 

2004, Wysocki et al., 2001). Although the optimal dosage regarding in vitro use of glycopeptide 

compounds in this study is approximately 10-20 fold higher than therapeutic concentrations, 

previous preliminary studies within the group have shown that glycopeptides are capable of 

activating T-cells at much lower, more therapeutically relevant doses of between 5-50 µM.  
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To evaluate the potential for glycopeptide-induced stimulation of PBMC cultures LTT assays 

were performed for which positive lymphocyte transformation was identified in 2/5 healthy 

donors positive for HLA-A*32:01 expression after exposure to teicoplanin (Figure 4.2). These 

data suggests, albeit weakly, potential involvement of HLA-A*32:01 for glycopeptide-induced 

immune stimulation. To further investigate the role of HLA-A*32:01 and existence of 

preferential allelic interaction within the context of diagnostic assays it would necessary to 

explore the induction of T-cell responses within the PBMC of healthy donors negative for HLA-

A*32:01 carriage. The presence of positive lymphocyte transformation in healthy drug naïve 

donors potentially supports the notion that glycopeptide compounds, due their size, are 

capable of acting as peptide mimetics. It is entirely possible that the observed lymphocyte 

stimulation may manifest in a non-specific manner during which large complex glycopeptide 

compounds assume to role of superantigens with stimulatory potential and immunoreactive 

properties (Li et al., 1999). 

T-cell priming assays incorporating naïve T-cells and professional antigen presenting cells in 

the form of autologous DCs were used to assess the inherent immunostimulatory potential of 

teicoplanin and daptomycin (Figure 4.3, 4.4). Studies were conducted in HLA-typed donors 

(HLA-A*32:01 positive), with significant priming observed in 1/5 donors after rechallenge with 

either teicoplanin or daptomycin. The detection of naïve T-cell responses after initial priming 

with teicoplanin or daptomycin suggests these compounds possesses immunogenic potential. 

Consequently, progression to T-cell cloning experiments was deemed necessary to investigate 

the nature of T-cell responses to both teicoplanin and daptomycin. To explore the possibility 

of preferential interaction of both teicoplanin and daptomycin with HLA-A*32:01 more in 

depth study will be required during which primed naïve T-cell responses are induced within 

individuals positive and negative for allelic expression. Additionally, repetitive PBMC 

stimulation and proliferative measure upon rechallenge would represent a logical next step 
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due to high throughout capabilities allowing for study of an extended panel of donors with 

and without HLA-A*32:01 carriage (Engler et al., 2004). 

Teicoplanin-reactive TCCs were successfully generated from CD8+ enriched populations in 3/3 

donors positive for HLA-A*32:01 expression and T-cells were confirmed as drug-responsive 

following exposure to graded drug concentrations (Figure 4.5). The ability to generate drug-

specific T-cells with high avidity for teicoplanin upon drug rechallenge gives credence to T-cell 

involvement within teicoplanin-induced DRESS reactions, aligned with reports of severe 

clinical cross-reactivity with vancomycin for which T-cell involvement has already been 

determined (Miyazu et al., 2016, Ogese et al., 2021). Although initial specificity testing eluded 

to the presence of teicoplanin-specific TCCs from bulk populations enriched for CD4+ 

expressing T-cells, only TCCs positive for CD8+ expression with true teicoplanin specificity were 

generated in this study (Figure 4.7). To explore potential reasoning for this it is important to 

consider that proliferation data pertaining to ‘CD4+’ TCCs are from populations merely 

enriched for CD4+ T-cells, but not phenotyped at this early point in the study. TCCs are only 

phenotyped for expression of CD4+ or CD8+ co-receptors after a confirmatory dose-

dependent response analysis yields a positive result in relation to the compound of interest 

(teicoplanin). Therefore, as 100% CD4+/CD8+ separation is not obtained using magnetic beads 

(positive selection), it is entirely plausible that cells proliferating within CD4+ enriched 

populations may actually display a CD8+ phenotype and vice versa. In addition to this, TCCs 

generated in populations enriched for CD8+ gave a substantially higher stimulatory index, 

indicative of true proliferative responses to drug. Nevertheless, dose-response tests 

performed on potential ‘CD4+’ teicoplanin-specific TCCs after mitogen driven expansion 

yielded a negative result before phenotyping was conducted.
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The ability to generate teicoplanin-responsive TCCs from individuals negative for HLA-A*32:01 

carriage will be crucial to our understanding of the relationship between teicoplanin and the 

HLA-A*32:01 haplotype, in terms of any preferential binding. To answer this question and to 

investigate the specificity of teicoplanin for HLA-A*32:01, further T-cell cloning experiments 

with a focus on healthy donors negative for HLA-A*32:01 carriage will need to be performed 

and ultimate comparison made between T-cell responses utilising TCCs acquired from 

individuals with and without allelic expression. However, at this point it should be stated that 

currently there is no genetic association between teicoplanin and HLA-A*32:01 expression. It 

should also be pointed out that when considering the physiological relevance of HLA 

expression, such allelic associations are not sole critical determinants of disease pathogenesis 

after drug exposure. In addition to prediction with regards to glycopeptides such as 

vancomycin (20% PPV), this has been clearly demonstrated in the case of abacavir for which 

approximately 50% of individuals with HLA-B*57:01 carriage will not progress to abacavir 

hypersensitivity reaction (Konvinse et al., 2019, Mallal et al., 2008). This phenomenon could 

be due a myriad of contributing factors, with the concept of immune dysregulation now a 

burgeoning avenue of interest currently being explored within the field of 

immunopharmacology (Hammond et al., 2022, Naisbitt et al., 2019). Additionally, ongoing 

work involving the recruitment of teicoplanin hypersensitive patients positive and negative for 

HLA-A*32:01 expression will be a focal point moving forward in order to delineate T-cell 

involvement within the pathogenesis of teicoplanin-induced DRESS.   

Analysis of cytokine profiles from a representative panel of CD8+ expressing teicoplanin-

reactive TCCs generated from HD-33, revealed secretion of both Th1 (IFN-γ) and Th2 (IL-13 and 

IL-5) related cytokines in addition to the release of cytolytic and cytotoxic molecules such as 

perforin, granzyme B and FasL (Figure 4.11). This is consistent with cytokine profiles relating 

to TCCs generated from HLA class I associated compounds, such as abacavir (Monshi et al., 

2013). The release of cytokines with cytotoxic action have been linked with DRESS 
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pathogenesis, with immunohistochemical studies specifically implicating IFN-γ, IL-5, granzyme 

B and FasL with ceftriaxone-induced DRESS following skin biopsy examination (Hansel et al., 

2017). Furthermore, IL-5 secretion has historically been used as a biomarker for DRESS onset 

due to its prominent role within eosinophil recruitment (Choquet-Kastylevsky et al., 1998). 

Mechanistic study of CD8+ expressing representative teicoplanin-responsive TCCs generated 

form HLA-A*32:01 donors suggest a processing independent mechanism of immune activation 

that hinges on drug presentation by direct interactions with HLA class I molecules (Figure 4.8, 

4.9). The observed direct pharmacological interactions with MHC complexes is consistent with 

the p-i concept of T-cell activation (Pichler, 2002), with findings concordant with previous 

mechanistic studies relating to T-cell responses after vancomycin exposure for which large 

glycopeptide compounds have been postulated to possess the capacity to mimic and displace 

HLA binding peptides (Chapter 3.4). 

TCCs exhibited cross-reactivity with the cyclic lipoglycopeptide, daptomycin, at graded drug 

concentrations (Figure 4.12). The observed proliferative T-cell cross-reactivity between CD8+ 

teicoplanin-specific TCCs generated from healthy drug naïve individuals (HLA-A*32:01 

positive) to daptomycin emphasises the complex patterns of cross-reactivity demonstrated 

between glycopeptide antibiotics. Cross reactive T-cell responses may be explained by the 

structural resemblance between teicoplanin and daptomycin, specifically the integration of a 

hydrophobic lipid chain within their respective chemical structures, as illustrated in Chapter 

1.7.1 (Nicolaou et al., 1999, Silverman et al., 2003). The detection of proliferative cross-

reactive T-cell responses to daptomycin, observed across teicoplanin and vancomycin-

responsive TCCs accentuates the issues encountered with daptomycin-specific TCC 

generation, as daptomycin is clearly capable of T-cell stimulation. Nevertheless, drug-reactive 

TCCs were consistently evasive following the conduction of large-scale multi-donor T-cell 

cloning experiments. Reciprocal cross-reactive T-cell responses have been reported in Chapter 

3 between vancomycin-specific TCCs and teicoplanin. Interestingly, cross-reactive T-cell 
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responses were absent after exposure of teicoplanin-specific TCCs to vancomycin. From a 

structural standpoint vancomycin contains a heptapeptide chain that crucially comprises of a 

disaccharide, composed of vancosamine and glucose, substituted for the fatty acid lipid tail 

found on both teicoplanin and daptomycin molecules. This potentially explains why some 

teicoplanin-specific T-cells are capable of proliferative responses when exposed to daptomycin 

but not vancomycin.  

One particular approach to explore the nature of glycopeptide-induced cross-reactive T-cell 

responses involves the study of metabolic parameters of immune activation, such as glycolysis, 

which may provide greater sensitivity for the determination of T-cell activation thresholds 

upon drug presentation and subsequent clonal activation. However, to determine the 

specificity of teicoplanin for HLA-A*32:01, further cloning experiments focusing on individuals 

negative for HLA-A*32:01 expression will need to be conducted in addition to in silico 

molecular docking studies and potential GWAS analysis with an emphasis on patients 

presenting with clinically defined teicoplanin-induced DRESS. Supplementary genetic study 

and functional T-cell investigation following HLA-glycopeptide binding will be a necessity to 

elucidate full pathways of glycopeptide cross-reactivity alongside the extent of preferential 

interactions with HLA-A*32:01. This line of enquiry will help to ultimately predict potential 

susceptibility to severe cross-reactive and life-threatening immune stimulation and enhance 

patient safety following glycopeptide antibiotic administration.
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5. Characterisation of the phenotype and functionality of T-cells 

in patients presenting with vancomycin hypersensitivity. 
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5.1 Introduction. 

Immune-mediated hypersensitivity to otherwise efficacious and well tolerated therapeutic 

compounds have been characterised to a multitude of drug classes. These include β-lactam 

antibiotics, sulfonamides, and anticonvulsants, with the involvement of adaptive responses 

and specifically T-cells well defined in healthy donors and patients alike (Alzahrani et al., 2017, 

Bell et al., 2013, Solensky, 2003, Naisbitt et al., 2003a, Naisbitt et al., 2001). Vancomycin, 

amongst other glycopeptide compounds has more recently entered the equation, providing 

cause for concern among clinicians and patients due to widespread deployment for severe 

Gram-Positive bacterial infection. The potential for adverse outcomes is often synonymous 

with exposure to highly potent treatment regimens against severe infection. These unwanted 

and often unpredictable adverse events can either occur immediately after drug 

administration or clinical manifestations can be delayed in nature following mediation from 

the adaptive immune system and involvement of T-cells (Pavlos et al., 2015). These 

compounds have been implicated within the pathogenesis of severe cutaneous adverse 

reactions (SCARs), with a growing body of evidence now suggesting a causal link between 

vancomycin administration and clinical manifestation of drug reaction with eosinophilia and 

systemic symptoms (DRESS) syndrome (Littlehales et al., 2018, Hewitson, 2019).  

DRESS is archetypal of delayed-type hypersensitivity, with clinical presentation typically 

manifesting between 2-8 weeks post exposure to the offending drug  (Bocquet et al., 1996). 

Disease progression can impact multiple organ systems such as the kidneys and liver, with 

clinical manifestations characterised by the development of eosinophilia often combined with 

symptoms including fever, pruritus and leukocytosis (Sullivan and Shear, 2001, Cacoub et al., 

2011). Although the delayed nature of onset points towards immune modulation, disease 

pathogenesis remains relatively poorly understood from an immunological perspective. Thus 

far, adaptive involvement has been implicated with the emergence of IL-5 as a key phenotypic 
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marker of DRESS arising from involvement within both pro-inflammatory cascades and 

eosinophil recruitment (Choquet-Kastylevsky et al., 1998). Furthermore, it has been 

postulated that cytokine release and immune involvement within DRESS pathogenesis most 

likely arises following the activation of drug-specific CD4+ and CD8+ T-cells (Mauri-Hellweg et 

al., 1995). Viral reactivation and CD8+ T-cell dysregulation has also been implicated within 

DRESS pathogenesis (Musette and Janela, 2017). The involvement of viral-specific T-cells is 

now widely accepted as a potential cause of DRESS, with delayed antiviral CD8+ T-cell 

responses observed in DRESS patients infected with  human herpes viruses 6 and 7 (HHV-6 and 

HHV-7) and cytomegalovirus (Descamps et al., 2001, Seishima et al., 2006). Culprit drugs 

implicated within DRESS are diverse, although disease onset arising from the administration 

of glycopeptide compounds now contribute to widespread prevalence. Indeed, vancomycin 

has been outlined as the culprit drug in 40% of DRESS cases arising from the use of antibiotics 

(Blumenthal et al., 2019). 

Only recently has further investigation between vancomycin exposure and DRESS 

manifestation eluded to the possibility of genotypic involvement. In 2019, Konvinse and 

colleagues first reported a genetic association shared among individuals presenting with 

clinically diagnosed vancomycin-induced DRESS. More specifically, a genome-wide association 

study (GWAS) suggested a strong association between expression of the HLA-A*32:01 allele 

and vancomycin-induced DRESS in European populations (Konvinse et al., 2019). Although 

vancomycin-induced adverse events have previously been reported and can actually be a 

common occurrence, the vast majority of incidences can be characterised as ‘pseudo’ allergic 

reactions arsing immediately following rapid infusion resulting in mast cell degranulation and 

histamine release, typically manifesting as red man syndrome (Sivagnanam and Deleu, 2003). 

However, this study represents the first of its kind to suggest human leucocyte antigen (HLA) 

involvement and by extension implicate adaptive immune pathways and potential T-cell 

mediation.
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Previous work has elucidated the role of T-cells within vancomycin-induced DRESS, although 

currently this has been limited to healthy donor models, as detailed in Chapter 3.  Interactions 

between vancomycin and T-cells have now been characterised to hinge upon HLA class I 

presentation, with T-cell responses evoked by direct, non-covalent pharmacological 

interactions. Furthermore, stimulation was observed to be associated with a multitude of 

cytokine and cytolytic molecule secretion, with clinical cross-reactivity now replicated within 

in vitro assays (Ogese et al., 2021). Moving forward, an emphasis must be placed on 

characterising the immunopathomechanisms of vancomycin-mediated T-cell activation from 

a position of greater physiological relevance, achieved through isolation of drug-specific T-cells 

from patients presenting with confirmed vancomycin hypersensitivity.    

To further determine the cross-reactive tendency of glycopeptide antibiotics within 

polypharmic clinical settings, translational approaches must be employed studying T-cell 

responses in vancomycin hypersensitive patients after exposure to other, widely used, 

glycopeptide antibiotics. To this end, studies performed by Nakkam et al. have attempted to 

profile cross-reactivity within ex vivo experiments using peripheral blood mononuclear cells 

(PBMC) isolated from patients with ‘probable’ vancomycin-induced DRESS. In this study, for 

which IFN-γ release was assessed as a marker of immunological cross-reactivity, cytokine 

secretion was observed in 13-27% of patients after exposure to teicoplanin and telavancin 

respectively, with culprit drug exposure expectedly inducing a dose-dependent response in all 

patients (Nakkam et al., 2020). Interestingly, HLA-typing among patients (HLA-A*32:01)  

displaying cross-reactive responses revealed shared expression of a HLA class II haplotype, 

with virtual docking analysis suggesting potential HLA-DQ interaction within immunological 

cross-reactivity (Nakkam et al., 2021). 

In order to examine the role of T-cells within DRESS pathogenesis, our work will focus on the 

isolation of vancomycin-specific T-cells from the peripheral blood of vancomycin 
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hypersensitive patients, in addition to exploring immunological pathways of vancomycin-

mediated T-cell activation. Initially, assessment will be made with regards to the utility of first 

line diagnostic assays, such as the lymphocyte transformation test (LTT), for the detection of 

immune stimulation and subsequent diagnosis of hypersensitivity attributed to vancomycin 

exposure. Additionally, following the conduction of T-cell cloning experiments it will be 

valuable to study pathways of T-cell activation and the presence of HLA-restriction to elucidate 

preferential interactions between drug and MHC, alongside the phenotypic and functional 

features of CD4+ and CD8+ T-cells within DRESS manifestation. 

5.2 Aims. 

1) To assess the sensitivity of diagnostic assays, evaluating lymphocyte proliferation (LTT) and 

cytokine secretion (IFN-γ), for the detection of vancomycin-mediated immune stimulation 

within PBMC cultures isolated from patients presenting with suspected vancomycin 

hypersensitivity.  

2) To generate vancomycin-specific T-cell clones (TCCs) from vancomycin hypersensitive 

patients positive for HLA-A*32:01 carriage, by serial dilution.   

3) To examine phenotypic and functional characteristics of vancomycin-responsive TCCs 

isolated from vancomycin hypersensitive patients for comparison with healthy donor models 

and association with DRESS pathogenesis. 

4) To determine the cross-reactive potential of CD4+ and CD8+ vancomycin-responsive TCCs 

generated from hypersensitive patients expressing HLA-A*32:01. 
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5.3 Results. 

5.3.1 Diagnostic LTT assays detected positive lymphocyte transformation in 

vancomycin hypersensitive patients following drug rechallenge. 

PBMCs were isolated from the venous blood of vancomycin hypersensitive patients by density 

gradient centrifugation before cryopreservation, as described in Section 2.3. Diagnostic LTT 

assays were conducted using cryopreserved PBMC of 9 patients presenting with suspected 

vancomycin hypersensitivity. Proliferative lymphocyte transformation for each individual 

following vancomycin rechallenge is documented in Table 5.1. 

 

 

Patient 
No. 

Control  
(cpm) 

Vanc 
(cpm) 

Maximal    
SI 

Dose (µM) SI > 1.5 Intensity  

1  312       15410 49.40 500 Y Extreme  
2 278 174 0.63 N/A N No response  
3 1186 4442 3.75 100 Y Moderate  
4 1041 1954 1.88 100 Y Weak  
5 4497 7191 1.60 500 Y Weak  
6 1549 2476 1.60 500 Y Weak  
7 2960 50118 16.93 500 Y Extreme  
8 445 16563 37.22 500 Y Extreme  
9 333 20119 60.36 1000 Y Extreme  

 

Diagnostic LTT assays conducted on the cryopreserved PBMC cultures of 9 vancomycin 

hypersensitive patients revealed positive proliferative lymphocyte transformation (SI > 1.5) in 

8/9 individuals tested (Table 5.1). Additionally, extreme proliferative responses (SI > 10) were 

detected in 4/9 patients (1, 7, 8, and 9). Across the individuals assessed, 5/8 patients exhibiting 

positive lymphocyte transformation produced maximal SI values at vancomycin 

concentrations of 500 μM.

Table 5.1. Maximal stimulatory index (SI) and average counts per minute (cpm) values following conduction of 
LTT assays in vancomycin hypersensitive patients (n=9). Diagnostic LTT assays were performed according to the 
protocol described in Section 2.7. PBMCs were exposed to graded vancomycin concentrations (0 – 1000 μM) and 
maximal SI values are given by [average maximal cpm drug treated wells / average cpm control wells]. SI > 1.5 were 
deemed to be positive and values for each test culture were interpreted as either weak (1.5 > SI < 2.5), moderate 
(2.5 > SI < 4), strong (4 > SI < 10) or extreme (SI > 10). 
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Figure 5.1. LTT assay profiling cytokine release after vancomycin, teicoplanin or daptomycin exposure in 
vancomycin hypersensitive patient PBMC (n=8). PBMC from vancomycin hypersensitive patients were isolated 
by density gradient centrifugation and diluted in R9 cell culture medium to achieve a seeding density of 5x106 
cells/mL. PBMC were plated at 5x105 cells/well in singlet cultures and exposed to graded concentrations of 
vancomycin (0-500 µM), teicoplanin (0-500 µM), daptomycin (0-500 µM or PHA (10 µg/mL) for 48 h (37 °C, 5% 
CO2). IFN-γ secretion was determined by enzyme-linked immunospot (ELISpot) assay. Spot formation was 
indicative of cytokine release and developed ELISpot plates were imaged using an AID ELISpot reader. 
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In addition to studying lymphocyte transformation after vancomycin exposure using 

proliferative readouts, cytokine secretion was also studied in a panel of hypersensitive 

patients (Figure 5.1). In total, 8/9 patients initially tested for proliferative responses after 

vancomycin rechallenge (Table 5.1) were further examined for IFN-γ release, due to low PBMC 

yields associated with patient 9. Cumulatively, IFN-γ secretion was detected in 7/8 patients 

presenting with vancomycin hypersensitivity after vancomycin rechallenge at concentrations 

of 100 and 500 μM. Due to limitations regarding cell numbers, arising from small volumes of 

venous blood received for the majority of patients, cross-reactivity to structurally similar 

glycopeptides was only studied in 3 patients (patients 1, 2 and 8). Cross-reactive IFN-γ 

responses were not observed across each donor tested following exposure to daptomycin. 

However, 2/3 patients tested for cross-reactivity with teicoplanin (patients 1 and 8) produced 

a positive result. In all PBMC cultures (n=8) the addition of PHA successfully induced non-

specific lymphocyte transformation. 

5.3.2 Vancomycin-responsive TCCs can be successfully generated from the 

PBMC of hypersensitive patients. 

Certain vancomycin hypersensitive patients, for which diagnostic LTT assays had previously 

been performed (Figure 5.1), were further studied using T-cell cloning experiments. Individuals 

were selected for functional analysis according to inclusion criteria that was predominantly 

contingent on sample availability, specifically PBMC confluency and viability. As a result, a total 

of 6 vancomycin hypersensitive patients were identified for progression within T-cell cloning 

assays (Figure 5.2) due to the abundance of cryopreserved PBMC associated with each 

individual, sufficient for bulk PBMC culture and Epstein-Barr virus (EBV)-transformed B-cell 

generation.
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After testing monoclonal test cultures enriched for CD4+ or CD8+ T-cells for proliferative 

responses to vancomycin, potential drug-specific TCCs were identified in 4/6  patients (Figure 

5.2). Following CD4+ T-cell enrichment, large numbers of drug-specific TCCs were generated 

Figure 5.2. Generation of vancomycin-specific TCCs from PBMC enriched for CD4+ and CD8+ T-cells in vancomycin 
hypersensitive patients by serial dilution (n=6). Bulk PBMC cultures were seeded at 1x106 PBMC/well with graded 
concentrations of vancomycin (0.1-0.5 mM) and incubated (37 °C, 5% CO2) for 14 days. T-cells were enriched for 
CD4+ or CD8+ expressing populations by MACS separation and transferred to 96-well U-bottomed plates (1 T-
cell/well average) with irradiated allogenic PBMC (5x104 cells/well) and R9 medium supplemented with IL-2 (200 
U/mL) and PHA (5 µg/mL). Serial dilution protocol was performed as previously described, with test cultures 
rechallenged with vancomycin (0.5 mM) or R9 medium only, in the presence of irradiated autologous EBV-
transformed B-cells (1x104 cells/well). Testing was performed over 4 wells in duplicate conditions and cultures were 
incubated for 48 h (37 °C, 5% CO2) and pulsed with tritiated [3H]-thymidine (0.5 µCi/well) for the final 16 h of 
incubation. Readouts were initially interpreted as cpm and converted SI values given by; [average drug treated wells 
/ average control wells]. SI values for each test culture were interpreted as either weak (1.5 > SI < 2.5), moderate 
(2.5 > SI < 4), strong (4 > SI < 10) or extreme (SI > 10). 
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Patient 1 (CD4+)

Total=216

98.15%  No response
1.85%  Weak (1.5 > SI < 2.5)

Patient 2 (CD4+)

Total=96

46.88%  No response
8.33%  Weak (1.5 > SI < 2.5)
2.08%  Moderate (2.5 > SI < 4)
22.92%  Strong (4 > SI < 10)
19.79%  Extreme (SI > 10)

Patient 3 (CD4+)

Total=240

93.75%  No response
4.17%  Weak (1.5 > SI < 2.5)
1.25%  Strong (4 > SI < 10)
0.83%  Moderate (2.5 > SI < 4)

Patient 1 (CD8+)

Total=240

98.33%  No response
1.67%  Weak (1.5 > SI < 2.5)

Patient 2 (CD8+)

Total=144

98.61%  No response
0.69%  Weak (1.5 > SI < 2.5)
0.69%  Strong (4 > SI < 10)

Patient 3 (CD8+)

Total=240

92.92%  No response
4.58%  Weak (1.5 > SI < 2.5)
1.25%  Strong (4 > SI < 10)
0.83%  Moderate (2.5 > SI < 4)
0.42%  Extreme (SI > 10)

Patient 4 (CD4+)

Total=32

3.13%  Weak (1.5 > SI < 2.5)
96.88%  No response

Patient 5 (CD4+)

Total=96

83.33%  No response
6.25%  Weak (1.5 > SI < 2.5)
1.04%  Moderate (2.5 > SI < 4)
6.25%  Strong (4 > SI < 10)
3.13%  Extreme (SI > 10)

Patient 6 (CD4+)

Total=120

92.50%  No response
6.67%  Weak (1.5 > SI < 2.5)
0.83% Strong (4 > SI < 10)

Patient 4 (CD8+)

Total=42

100.00%  No response

Patient 5 (CD8+)

Total=120

83.33%  No response
6.67%  Weak (1.5 > SI < 2.5)
2.50%  Moderate (2.5 > SI < 4)
6.67%  Strong (4 > SI < 10)

0.83%  Extreme (SI > 10)

Patient 6 (CD8+)

Total=120

93.33%  No response
5.00%  Weak (1.5 > SI < 2.5)
4.67% Moderate (2.5 > SI < 4)

from patient 2, with > 50% of TCCs tested (96) exhibiting specificity for vancomycin after drug 

rechallenge. Furthermore, in the same patient approximately 20% of TCCs displaying initial 

specificity were categorised as ‘extreme’ responders (SI > 10). Additionally, considerable 

numbers of potential vancomycin-responsive were observed in both CD4+ and CD8+ enriched 

test cultures generated from patients 3, 5 and 6 (Figure 5.3). Following analysis of test cultures, 

a degree of variability can be observed within the number of TCCs generated for specificity 

testing. This is clearly evident for patient 4, for which low numbers of between 32-42 TCCs 

were examined for drug specificity, compared with more substantial test cultures associated 

with patients 1  and 3 (200+). Patient ID numbers directly correspond to patients assessed by 

LTT in Section 5.3.1. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. Index of stimulation analysis of initial TCC test cultures generated from vancomycin hypersensitive 
patients (n=6). SI values were given by [average cpm drug treated wells / average control wells]. Test cultures 
displaying SI values > 1.5 were deemed to be drug-specific TCCs. SI values for each test culture were interpreted 
and categorised as either no response (SI < 1.5), weak (1.5 > SI < 2.5), moderate (2.5 > SI < 4), strong (4 > SI < 10) or 
extreme (SI > 10). 
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Following the generation of vancomycin-specific TCCs from the PBMC of vancomycin 

hypersensitive patients it was essential to confirm HLA allele expression via genetic analysis in 

order to establish connections between disease pathogenesis and HLA carriage. Classical HLA-

typing was performed at 3x resolution by the HistoGenetics laboratory (New York, USA) on 

DNA isolated from patient PBMC (patients 1-6). HLA typing was conducted on patient samples 

for which PBMC stocks were sufficient to facilitate T-cell cloning experiments.  

 

 
 

 

 

 

 

 

 

HLA genotyping analysis of 6 patients with confirmed vancomycin hypersensitivity, for which 

T-cell cloning experiments were conducted, revealed expression of the HLA-A*32:01 risk allele 

in 5/6 patients (Table 5.2). All patients with HLA-A*32:01 carriage were observed to be 

heterozygotes, with patient 6 representing the only individual without risk allele expression. 

Notably, HLA-DRB1*15:01 was found to expressed in patient 2, for which large numbers of 

responsive vancomycin TCCs have been generated.

Table 5.2. HLA expression from quantified DNA isolated from PBMC in 6 vancomycin hypersensitive patients. 
Classical HLA typing (HLA-A, HLA-B, HLA-C, HLA-DRB1, HLA-DQB1, and HLA-DPB1) was performed at 3x resolution 
by the Histogenetics laboratory after initial DNA isolation via QIAamp® DNA Mini Kit and quantification by 
NanoDrop. 
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Initial test cultures, generated across 6 patients and displaying proliferative responses at 

singular vancomycin concentrations (0.5 mM) were expanded by mitogen driven stimulation 

for dose-response analysis. A panel of representative TCCs generated from patient 2 exhibited 

strong proliferative responses after exposure to graded vancomycin concentrations (Figure 

5.4A). Statistical analysis was performed after exposure to optimal vancomycin dosage (500 

μM), with all 12 TCCs assessed displaying statistically significant proliferative responses. 

Although, strong stimulation was achieved within each clonal population assessed at 

concentrations of 100 μM, indicating vancomycin may be capable of activating T-cells at low 

drug concentrations. Surprisingly, Only 2 TCCs generated from the PBMC of patient 3 produced 

dose-dependent proliferative responses to vancomycin, with a dosage of 1000 μM inducing 

statistically significant stimulation in each case (Figure 5.4B). Due to practical issues with clonal 

expansion (see Covid-19 impact statement), many TCCs exhibiting initial vancomycin 

specificity (Figure 5.2) could not be assessed for graded proliferative responses and therefore 

were excluded from the study.

 

Figure 5.4. A) Proliferative response of vancomycin-specific TCCs generated from patient 2 at graded drug 
concentrations (n=12). TCCs (5x104 cells) were co-cultured with autologous EBV-transformed B-cells (1x104 cells), 
generated from the PBMC of patent 2, and either vancomycin (0-1000 μM) or R9 medium. Test cultures were 
incubated for 48 h before pulsation with tritiated [3H]-thymidine (0.5 µCi/well) for 16 h. Proliferation was 
determined by [3H]-incorporation and interpreted as cpm values. Statistical significance was determined using a 
student’s t-test (**p<0.01, ***p<0.001, ****p<0.0001). B) Proliferative response of vancomycin-specific TCCs 
generated from patient 3 at graded drug concentrations (n=2). TCCs (5x104 cells) were co-cultured with 
autologous EBV-transformed B-cells (1x104 cells) and either vancomycin (0-1000 μM) or R9 medium. Cultures were 
incubated for 48 h before proliferative measurement, performed as previously described. Statistical significance 
was determined using a student’s t-test (*p<0.05, ***p<0.001). 
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5.3.3 Phenotypic and functional assessment of vancomycin-responsive TCCs 

generated from hypersensitive patients expressing HLA-A*32:01. 

 

 

 

 

 

 

Total TCC Phenotyped Pure CD8+ Population Pure CD4+ Population Mixed Population N/A

23 0 23 0 0
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Unstained TCC

Patient 2
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Phenotypic analysis of vancomycin-responsive TCCs generated from a HLA-A*32:01 positive 

hypersensitive patient (patient 2) revealed an overwhelmingly dominant CD4+ expressing 

phenotype (Figure 5.5). Of a total of 23 drug-specific TCCs studied for surface marker 

expression, all 23 TCCs were pure clonal populations and positive for expression of the CD4+ 

co-receptor. Pure CD4+ TCCs populations were further utilised in functional T-cell assays, 

described in greater detail in this section. No CD8+ expressing or mixed populations were 

observed in the panel of TCCs phenotyped from patient 2. Conversely, TCCs generated from 

patient 3 with confirmed vancomycin specificity expressed a CD8+ phenotype (Figure 5.6). 

Although, phenotypic analysis suggests that mixed T-cell populations may be present. 

 

 

 

 

 

 

 

 

 

Figure 5.6. Phenotypic characterisation (CD4+/CD8+) of responsive TCCs generated from patient 3 (n=2). T-cells 
were stained with 3 μL anti-CD4 (FITC) and 0.5 μL of anti-CD8 (PE) for 15 mins at 4 °C.  Stained cells were washed 
in FACS buffer and resuspended in 4% PFA. Samples were analysed using a FACS-Canto II instrument integrated 
with FACS DIVA operating software and phenotypic analysis was carried out using Flowing 2 software. Gating of 
lymphocyte populations was performed on unstained cultures and 104 events were analysed.  

 

Figure 5.5. Phenotypic characterisation (CD4+/CD8+) of a panel of representative vancomycin-responsive TCCs 
generated from patient 2 (n=16). T-cells with predetermined specificity for vancomycin were stained with 3 μL 
anti-CD4 (APC) and 0.5 μL of anti-CD8 (PE) for 15 mins at 4 °C.  Stained cells were washed in FACS buffer to remove 
unbound antibody and resuspended in 4% PFA. Unstained cultures were set up in parallel for comparison and 
samples were analysed using a FACS-Canto II instrument integrated with FACS DIVA operating software. 
Phenotypic analysis was carried out using Flowing 2 software. Gating of lymphocyte populations was performed 
on unstained cultures and 104 events were analysed.  
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To aid functional T-cell study of clones generated from vancomycin hypersensitive patients, it 

was necessary to determine the drug concentrations at which vancomycin activates T-cells. To 

explore minimum thresholds relevant for activation, 3 representative TCCs generated from 

patient 2 were assessed for dose-dependent proliferative responses across an extended range 

of vancomycin concentrations (Figure 5.7). Statistically significant proliferative T-cell 

responses were observed across each clonal population after exposure to high drug 

concentrations. However, 3/3 TCCs were also found to be stimulated at vancomycin 

concentrations as low as 50 μM.  

 

 

 

 

Figure 5.7. Proliferative dose-response analysis vancomycin-specific TCCs generated from patient 2 at extended 
drug concentrations (TCCS; n=3). TCCs (5x104 cells) were co-cultured with autologous EBV-transformed B-cells 
(1x104 cells) and vancomycin (0-1000 μM). Drug treated cultures were incubated for 48 h before pulsation with 
tritiated [3H]-thymidine (0.5 µCi/well) for 16 h. Proliferation was determined by [3H]-incorporation and interpreted 
as cpm values. Statistical significance was determined at each concentration using a student’s t-test (*p<0.05, 
**p<0.01, ***p<0.001). 
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Patient 2
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. Cytokine secretion profile determined by ELISpot readout of vancomycin-specific TCCs (CD4+; n=5) 
generated from patient 2. TCCs (5x104 cells) were co-cultured with autologous EBV-transformed B-cells (1x104 
cells) and vancomycin (0.5 mM), R9 medium or PHA (10 µg/mL). Cytokine release was for IFN-γ, IL-5, IL-10, IL-13, 
IL-17, IL-22, granzyme B (GB), perforin and FasL using activated Immobilon-P Membrane 96-well Multiscreen® filter 
plates pre-coated for cytokines of interest. Secretion profiles were studied after 48 h incubation with vancomycin 
(37 °C, 5% CO2). 
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5 representative CD4+ TCCs generated from patient 2 with confirmed vancomycin specificity 

were profiled for cytokine and cytolytic molecule release by ELISpot, after exposure to optimal 

(0.5 mM) drug concentrations (Figure 5.8). Interestingly, detection of CD4+ related cytokines 

(IFN-γ, IL-5, IL-10, IL-13 and IL-22) was simultaneously observed alongside the secretion of 

cytotoxic associated molecules such as granzyme B, perforin and FasL. PHA successfully 

induced non-specific cytokine and cytolytic molecule secretion across the full panel, with the 

exception of IL-17, within each TCC assessed. Due to severe limitations regarding the 

confluency of vancomycin-responsive T-cell cultures generated from patient 3, only IFN-γ 

secretion was assessed (Figure 5.9). TCCs (TCC-208 and TCC-172) expressing a CD8+ phenotype 

and exhibiting dose-dependent proliferative responses to vancomycin, were found to secrete 

IFN-γ after 48 h exposure to vancomycin at graded concentrations (0.1 and 0.5 mM). TCC-172 

was associated with definitive dose-dependent IFN-γ secretion, although IFN-γ above 

background levels could was only visual at 0.5 mM concentrations in the case of TCC-208. 

Similarly, PHA was observed to induce non-specific cytokine release in both clonal populations 

assessed.

Figure 5.9. IFN-γ release determined by ELISpot readout of vancomycin-specific TCCs (CD8+; n=2) generated from 
patient 3. TCCs (5x104 cells) were co-cultured with autologous EBV-transformed B-cells (1x104 cells) and 
vancomycin (0.1 and 0.5 mM), R9 medium or PHA (10 µg/mL). Cytokine release was determined across duplicate 
wells for IFN-γ as previously described and according to the manufactures instructions. 

 

. TCCs (5x104 cells) were co-cultured with autologous EBV-transformed B-cells (1x104 cells) and vancomycin (0.5 
mM), R9 medium or PHA (10 µg/mL). Cytokine release was for IFN-γ, IL-5, IL-10, IL-13, IL-17, IL-22, granzyme B 
(GB), perforin and FasL using activated Immobilon-P Membrane 96-well Multiscreen® filter plates pre-coated for 
cytokines of interest. Secretion profiles were studied after 48 h incubation with vancomycin (37 °C, 5% CO2). 
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Figure 5.10. A, B) Chemokine receptor expression analysis of vancomycin-specific TCCs generated from patient 2 
(TCCs; n=3). TCCs were stained with 3 μL chemokine receptor conjugated antibodies for CXCR3-APC, CCR5-PE, 
CCR1-PE, CCR4-PE, CCR9-APC, CCR8-FITC, CCR6-APC, CLA-FITC, CXCR6-PE, E-Cad-PE, CXCR1, CCR2-APC and CD69-
FITC for 15 mins at 4 °C.  Stained cells were washed in FACS buffer to remove unbound antibody and resuspended 
in 4% PFA. Unstained cultures were set up in parallel for comparison and samples analysed using a FACS-Canto II 
instrument integrated with FACS DIVA operating software and phenotypic analysis was carried out using Flowing 2 
software. Gating of lymphocyte populations was performed on unstained cultures and 104 events were analysed. 
Surface marker expression interpreted as mean fluorescence index (MFI). 
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Chemokine receptor expression analysis of vancomycin-response TCCs isolated from patient 2 

was performed on 3 CD8+ expressing populations (Figure 5.10). Mean fluorescence index 

(MFI) was given by the mean fluorescence of stained samples minus the mean fluorescence of 

unstained samples, visually represented for a panel of chemokine receptors in Figure 5.9B. 

Universally, MFI analysis revealed TCCs expressed high levels of CXCR3, CCR4 and CCR9. 

Additionally, across the 3 TCCs profiled CCR6 and CCR8 were found to be expressed at 

moderately high levels. Furthermore, CCR1, CCR2, CXCR1, CXCR6 and E-Cad were all expressed 

at reduced levels. 

 

 

 

 

 

 

 

 

 

HLA restricted T-cell activation was determined through HLA blockade (Figure 5.11). In 5/5 

CD4+ TCCs assessed, proliferative responses to vancomycin were inhibited following HLA-DR 

blockade. T-cell proliferation was unaffected following HLA class I blockade when compared 

to proliferative responses following vancomycin exposure, in the absence of HLA blocking 

antibodies.

 

Figure 5.11. HLA restriction of vancomycin-specific TCCs (n=3) isolated from vancomycin hypersensitive patient 
2. CD4+ expressing TCCs (5x104 cells) were co-cultured with autologous irradiated APCs in triplicate and either HLA 
Class I (10 µg/mL), HLA Class II (10 µg/mL), HLA-DR (10 µg/mL) or corresponding IgG2 isotype controls (10 µg/mL) 
for 1 h (37 °C, 5% CO2). Blocked cultures were treated with graded  vancomycin concentrations (0.2 mM and 0.5 
mM) or R9 cell culture medium for 48 h before pulsation with tritiated [3H]-thymidine (0.5 µCi/well) for 16 h. 
Proliferation was determined by [3H]-incorporation and interpreted as cpm values. Statistical significance was 
determined using a Mann-Whitney U test (*p< 0.05, **p< 0.01).  

 

 

No Block Isotype II MHC I HLA-DR

0

1000

2000

3000

4000

5000

TCC-3

3
-H

 P
ro

lif
e

ra
ti
o

n
 (

c
p

m
)

✱✱

✱

N
o B

lo
ck

Is
oty

pe 
II

M
H
C
 I

H
LA

-D
R

0

1000

2000

3000

4000

5000

TCC-6

3
-H

 P
ro

lif
e

ra
ti
o

n
 (

c
p

m
)

✱

✱

N
o B

lo
ck

Is
oty

pe 
II

M
H
C
 I

H
LA

-D
R

0

5000

10000

15000

TCC-45

3
-H

 P
ro

lif
e

ra
ti
o

n
 (

c
p

m
)

✱✱

✱

N
o B

lo
ck

Is
oty

pe 
II

M
H
C
 I

H
LA

-D
R

0

1000

2000

3000

4000

5000

TCC-58

3
-H

 P
ro

lif
e

ra
ti
o

n
 (

c
p

m
) ✱✱

✱

N
o B

lo
ck

Is
oty

pe 
II

M
H
C
 I

H
LA

-D
R

0

1000

2000

3000

4000

TCC-70

3
-H

 P
ro

lif
e

ra
ti
o

n
 (

c
p

m
)

✱

✱
0.2 mM 

0.5 mM 



202 
 

After exposure of vancomycin-specific TCCs to drug-pulsed antigen presenting cells (APCs), no 

proliferative response was observed (Figure 5.12). However, after APC fixation and blockade 

of antigen processing, vancomycin-responsive T-cells were capable of statistically significant 

proliferative responses after exposure to a co-culture of glutaraldehyde-fixed APCs and 

vancomycin. Additionally, across the panel of TCCs, T-cell stimulation was found to be 

hampered by the absence of autologous APCs. 3/3 TCCs displayed a strong proliferative 

response after treatment with vancomycin and autologous APCs. 

 

 

 

Figure 5.12. Activation pathways of vancomycin-responsive CD4+ TCCs (n=3) generated from patient 2. 
Autologous APCs (2x106 cells) were pulsed with vancomycin (0.5 mM) for 1 h and 24 h before washing to remove 
unbound drug or fixed with glutaraldehyde (25%, 1 µL) for 30 secs prior to quenching of the reaction with  glycine 
(1 M, 1 mL) for 45 secs. TCCs were incubated for 48 h (37 °C, 5% CO2) with either fixed APCs and vancomycin (0.5 
mM) or pulsed APCs (1x104 cells). Parallel conditions were included for the determination of proliferative T-cell 
responses, using TCCs co-cultured with and without autologous APCs. Proliferation was determined by [3H]-
incorporation and interpreted as cpm values after 16 h incubation (0.5 µCi/well). Statistical significance was 
determined using a Mann-Whitney U test (**p< 0.01, p****<0.0001). 

 

 

 

A
uto

lo
gous 

A
P
C

N
o A

P
C

1 
h P

uls
ed

 A
P
C

24
 h

 P
uls

ed
 A

P
C

Fix
ed

 A
P
C

0

1000

2000

6000

7000

8000

TCC-44

3
-H

 P
ro

lif
e

ra
ti
o

n
 (

c
p

m
)

✱✱

✱✱✱✱

A
uto

lo
gous 

A
P
C

N
o A

P
C

1 
h P

uls
ed

 A
P
C

24
 h

 P
uls

ed
 A

P
C

Fix
ed

 A
P
C

0

5000

10000

15000

TCC-75

3
-H

 P
ro

lif
e

ra
ti
o

n
 (

c
p

m
)

✱✱

✱✱✱✱

✱✱

A
uto

lo
gous 

A
P
C

N
o A

P
C

1 
h P

uls
ed

 A
P
C

24
 h

 P
uls

ed
 A

P
C

Fix
ed

 A
P
C

0

2000

4000

6000

8000

TCC-93

3
-H

 P
ro

lif
e

ra
ti
o

n
 (

c
p

m
)

✱✱

✱✱

✱✱

Media Vancomycin (0.5 mM)



203 
 

5.3.4 Determining the cross-reactive potential of CD4+ and CD8+ vancomycin-

responsive TCCs generated from hypersensitive patients expressing HLA-

A*32:01. 

 

 

Figure 5.13. Proliferative cross-reactive study of CD4+ vancomycin-specific TCCs (n=16) generated from 
hypersensitive patient 2 with structurally-related glycopeptide antibiotics. TCCs (5x104 cells) were co-cultured 
with irradiated autologous EBV-transformed B-cells (1x104 cells) and either vancomycin (0-500 µM), teicoplanin (0-
500 µM), daptomycin (0-500 µM) or R9 cell culture medium only. Test cultures were incubated for 48 h (37 °C, 5% 
CO2) before to pulsation with tritiated [3H]-thymidine (0.5 µCi/well) for 16 h. Proliferation was determined by [3H]-
incorporation and interpreted as cpm values. Statistical significance was determined using a student’s t-test (***p< 
0.001, ****p<0.0001). 
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To investigate the potential for cross-reactive T-cell responses between CD4+ and CD8+ 

expressing vancomycin-reactive TCCs generated from hypersensitive patients with 

structurally-related glycopeptide antibiotics, proliferation after exposure to vancomycin, 

teicoplanin and daptomycin was assessed by radioactive thymidine incorporation (Figure 5.13 

and 5.14). No cross-reactivity with either teicoplanin or daptomycin was observed in a panel 

of 16 CD4+ expressing vancomycin-responsive TCCs isolated from patient 2 (12 representative 

TCCs shown). Although, each TCC assessed proliferated in the presence of vancomycin, with 

statistically significant proliferative responses detected at optimal stimulatory concentrations 

(Figure 5.13). Conversely, in the small panel of 2 CD8+ TCCs generated from patient 3 assessed 

for cross-reactivity T-cell responses, 1/2 TCCs (TCC-208) were found to be cross-reactive with 

teicoplanin at graded concentrations of between 100 µM and 500 µM (Figure 5.14). Cross-

reactivity with daptomycin was not observed. Surprisingly, proliferative responses to 

vancomycin were not detected in each clonal population generated from patient 3. 

 

 

Figure 5.14. Proliferative cross-reactive study of CD8+ vancomycin-specific TCCs (n=2) generated from 
hypersensitive patient 3 with structurally-related glycopeptide antibiotics. TCCs (5x104 cells) were co-cultured 
with irradiated autologous EBV-transformed B-cells (1x104 cells) and either vancomycin (0-1000 µM), teicoplanin 
(0-1000 µM), daptomycin (0-1000 µM) or R9 cell culture medium only. Test cultures were incubated for 48 h (37 
°C, 5% CO2) prior to pulsation with tritiated [3H]-thymidine (0.5 µCi/well) for an additional 16 h. Proliferation was 
determined by [3H]-incorporation and interpreted as cpm values. Statistical significance was determined using a 
student’s t-test (*p< 0.05). 
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5.4 Discussion. 

In this chapter, vancomycin-specific TCCs were successfully generated from the PBMC of 2 

hypersensitive patients positive for carriage of the HLA-A*32:01 risk allele, strongly associated 

with vancomycin-induced DRESS. Both CD4+ and CD8+ drug-specific TCCs displaying dose-

dependent proliferative responses to vancomycin were isolated from hypersensitive patients 

and characterised for phenotypic and functional traits in order to further examine the role of 

T-cells within DRESS pathogenesis following vancomycin exposure. Previously, we have 

already eluded to the nature of interactions between vancomycin and CD8+ TCCs generated 

from healthy donors expressing HLA-A*32:01, for which activation was observed to hinge 

upon HLA class I presentation and T-cell responses induced by direct non-covalent 

pharmacological interactions (Ogese et al., 2021). 

Although useful as a preliminary model for studying immune-mediated disease pathogenesis, 

studies of greater physiological relevance are required to confirm T-cell involvement in 

addition to uncovering pathomechanisms of immune stimulation. The use of PBMC isolated 

from patients with confirmed hypersensitivity to immunogenic compounds is widely 

considered to be the gold standard for mapping disease pathogenesis and isolating T-cell 

participation. This has been demonstrated for a range of compounds, such as those known to 

target the skin and liver through immune modulation. Indeed, studies characterising the role 

of drug-specific lymphocyte responses following exposure to β-lactam antibiotics and 

anticonvulsants provide classical examples for the use of PBMC isolated from hypersensitive 

patients. Consequently, effector T-cell functions have now been heavily implicated within the 

reaction pathogenesis of both carbamazepine and flucloxacillin-induced hypersensitive 

disease states, for which manifestations include maculopapular exanthema and drug-induced 

liver injury (Naisbitt et al., 2003a, Monshi et al., 2013). 
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Individuals with suspected vancomycin hypersensitivity were initially assessed via LTT assay to 

confirm culprit drug status of vancomycin. Proliferative diagnostic assays geared toward the 

detection of immune stimulation successfully identified vancomycin as a key contributor to 

hypersensitivity in 8/9 patients assessed (Table 5.1). Optimal dosage for the elicitation of T-

cell responses to vancomycin were consistent with stimulatory concentrations necessary for 

the activation of vancomycin-specific T-cells generated from drug naïve healthy donors, as 

described in Chapter 3, with 500 µM sufficient for lymphocyte transformation in more than 

60% of vancomycin hypersensitive patients. These data suggest alignment between activation 

thresholds required for vancomycin-mediated immune stimulation in T-cell populations 

isolated from both healthy donors and hypersensitive patients. LTT assays are typically used 

for initial diagnostic assessment of immunogenic compounds and are particularly useful during 

polypharmacy, with the detection of memory T-cell responses to offending compounds usually 

a sensitive indicator of culprit drug exposure (Pichler and Tilch, 2004). Therefore, this study 

further demonstrates the proficiency of the LTT for the measurement of memory responses 

applied to vancomycin-induced lymphocyte transformation in small cohort of hypersensitive 

patients. 

Notably, in the limited number of patients studied for cross-reactive lymphocyte 

transformation, 2/3 patients presenting with vancomycin hypersensitivity were found to 

cross-react with teicoplanin following analysis of IFN-γ secretion (Figure 5.1). The use of IFN-γ 

as a maker for immune activation hinges upon its role as a cytotoxic differentiation signal and 

can be a more sensitive indicator of memory a T-cell responses than proliferative 

measurement (Maraskovsky et al., 1989). The presence of cross-reactivity between 

structurally related glycopeptide antibiotics is not new phenomenon, with numerous clinical 

case studies eluding to the development of teicoplanin-induced DRESS following initial 

vancomycin hypersensitivity (Kwon et al., 2006, Hsiao et al., 2010).
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Due to limitations associated with studying hypersensitive patients, such as heavy reliance on 

sufficient volumes of venous blood for PBMC isolation, mechanistic study was unable to be 

performed on the full complement of patients, for which initial diagnostic LTT assays were 

conducted. A total of 6 hypersensitive patients were assessed for initial vancomycin specificity 

of TCCs generated by serial dilution (Figure 5.2). Drug-reactive T-cells with specificity at 

singular vancomycin concentrations were successfully identified in 4/6 patients. However, 

only TCCs generated from 2 patients were confirmed as dose-responsive and vancomycin-

specific following mitogen driven clonal expansion and exposure to graded drug 

concentrations.  It is interesting that considerable numbers of vancomycin-specific TCCs were 

generated from patient 2, for which LTT assays yielded a negative result. One possibility for 

this outcome may be due to a lower precursor frequency of drug-specific T-cells within the 

peripheral blood of this patient, potentially arising from an increased interval between 

hypersensitive manifestation and sample collection. 

A myriad of factors could potentially explain the lack of true drug-specific TCCs generated from 

the majority of patients with confirmed hypersensitivity. Firstly, it is important to stress that 

preliminary work in the field has suggested that only 20% of individuals with HLA A*32:01 

carriage will develop DRESS after vancomycin administration (Konvinse et al., 2019). Secondly, 

due to the laborious nature of T-cell cloning, serial dilution experiments were not conducted 

across each patient within a parallel time frame. IL-2 signalling induces T-cell exhaustion, 

therefore it is possible that variations within IL-2 activity with the cell culture system used 

between patients may have exhausted potential drug-specific T-cells and prevented 

proliferative measurement (Liu et al., 2021). Furthermore, the characterisation of drug-

specific TCCs generated to a number of patients was significantly interrupted by the Covid-19 

pandemic, as many potential vancomycin-reactive TCCs were cryopreserved and lost drug 

specificity upon restimulation. 
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To further examine HLA involvement within the pathogenesis of vancomycin-induced DRESS, 

it was important to correlate HLA expression in specific patients with the capacity for clonal 

generation. Importantly, HLA genotyping revealed all 4 patients for which vancomycin-

responsive TCCs could be isolated were heterozygous for HLA-A*32:01 expression (Table 5.1). 

Delving further into the genotypic traits of patients assessed within the cohort, it is also worth 

noting that 8/9 patients presenting with vancomycin hypersensitivity were found to be 

positive for HLA-A*32:01 carriage. This finding, indicating that approximately 88% of 

vancomycin hypersensitive patients express a shared risk allele,  further substantiate analysis 

performed by Konvinse et al. suggesting that 82.6% of patients presenting with vancomycin-

induced DRESS express HLA-A*32:01 (Konvinse et al., 2019). Large numbers of vancomycin-

responsive TCCs expressed a CD4+ phenotype (Figure 5.5). This is unusual for a reaction with 

strong HLA class I association, with interactions typically eliciting CD8+ T-cell responses during 

the development of systemic drug hypersensitivity reactions, such as DRESS (Chessman et al., 

2008). The immunological nature of DRESS manifestation is thought to be predominantly 

mediated by CD8+ T-cells and is often accompanied by viral reactivation (60% of cases), 

typically by viruses of the herpes group (Tohyama et al., 2007). This has now been confirmed 

by the identification of CD8+ EBV-specific T-cells in the tissues of DRESS patients (Picard et al., 

2010). The identification of CD8+ TCCs generated from a single patient (3) is more aligned with 

DRESS pathogenesis, for which reaction severity has been attributed to a ‘spreading’ of CD8+ 

dominant T-cell repertoires (Niu et al., 2015). 

Due to insufficient clonal expansion, detailed cytokine profiling could not be performed on 

CD8+ expressing TCCs with vancomycin specificity. Instead, cytokine analysis was performed 

on a representative panel (n=5) of CD4+ vancomycin-specific TCCs (Figure 5.8) Interestingly, 

detection of CD4+ related cytokines (IFN-γ, IL-5, IL-10, IL-13 and IL-22) was simultaneously 

observed alongside the secretion of cytotoxic associated molecules such as granzyme B, 

perforin and FasL (Maraskovsky et al., 1989). Although CD4+ helper T-cells are traditionally 
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associated with the release of Th1 and Th2 cytokines, there is often a degree of plasticity 

between the cytokine secretion profiles of CD4+ and CD8+ T-cells. This phenomenon was 

initially described in murine models, for which new subsets of CD8+ T-cells were proposed 

(TC1 and TC2) with the capacity to secrete Th1-like cytokines (IFN-γ) and Th2-like cytokines 

such as IL-4, IL-5 and IL-10 (Sad et al., 1995). Furthermore, previous work characterising T-cell 

responses to vancomycin have reinforced this inherent plasticity, as CD8+ vancomycin-specific 

TCCs generated from healthy donors were observed to secrete both Th1-like cytokines and 

Th2-like cytokines such as IFN-γ, IL-5 and IL-13 (Ogese et al., 2021). Additional phenotypic 

analysis revealed chemokine receptor expression within TCCs isolated from hypersensitive 

patients was concordant healthy donor studies, with CXCR3 and CCR4 highly expressed (Figure 

5.10), indicative of Th1-type inflammation following T-cell trafficking and migration to 

peripheral tissues (Groom and Luster, 2011).  

To investigate mechanisms of antigen presentation and the conditions necessary to facilitate 

CD4+ T-cell activation after subjection to vancomycin, proliferative responses after HLA 

blockade were assessed (Figure 5.11). T-cell responses were universally nullified following 

HLA-DR blockade suggesting vancomycin is capable of activating CD4+ T-cells in a HLA class II-

restricted manner. This result juxtaposes any pre-determined importance of HLA class I 

dependence, for which HLA-A*32:01 interaction has been deemed crucial within DRESS 

pathogenesis. Indeed, recent exploration of glycopeptide cross-reactivity have now suggested 

a common HLA class II haplotype amongst patients displaying cross-reactivity to teicoplanin, 

with alternate models of glycopeptide-induced T-cell activation being postulated, including 

antigen cross-presentation within the context of class II HLA molecules (Nakkam et al., 2021). 

Furthermore, mechanistic study of antigen processing implicated within the activation of CD4+ 

TCCs firmly suggests vancomycin activates CD4+ T-cells in a processing independent and non-

covalent manner (Figure 5.12). This is consistent with the pharmacological interaction (p-i) 
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concept and previous mechanistic study involving TCCs generated from healthy donor PBMC 

positive for HLA-A*32:01 carriage (Pichler, 2002, Ogese et al., 2021). 

Surprisingly, in the large panel of vancomycin-responsive TCCs (n=16) assessed for cross-

reactivity with teicoplanin and daptomycin in terms of a proliferative readout, TCCs only 

displayed specificity for vancomycin (Figure 5.13). The lack of any apparent specificity to both 

daptomycin and teicoplanin in this patient does not necessarily confirm the absence of any 

interaction between these structurally similar glycopeptides. The immunological basis for the 

presence or absence of cross-reactive T-cell responses between immunogenic compounds can 

be complex. One logical explanation may involve inter-individual variability within the 

expression of co-inhibitory markers, therefore facilitating an elevated threshold required for 

T-cell activation (Muraille et al., 1995). It is also important to stress that clinical cross-reactivity 

and contraindication, specifically between vancomycin and teicoplanin, is still a rare 

occurrence and as such is not routinely observed within each patient. However, a single 

vancomycin-responsive TCC generated from patient 3 was found to cross-react with 

teicoplanin, even after initial vancomycin specificity was lost (Figure 5.14). Previous research 

into the patterns of reactivity between glycopeptide antibiotics within HLA-A*32:01 positive 

individuals presenting with vancomycin-induced DRESS has eluded to a shared HLA class II 

haplotype amongst cross-reactive patients following ex vivo study. Furthermore, in silico 

molecular docking analysis has suggested preferential binding to HLA-DQ alleles within 

individuals exhibiting cross-reactivity cytokine activity with teicoplanin (Nakkam et al., 2020). 

Therefore, it would be interesting to assess HLA restricted activation of cross-reactive TCCs to 

further elucidate any HLA-DQ involvement. 

To summarise, this study demonstrates the utility of T-cell assays, such as the LTT, within the 

diagnosis of vancomycin hypersensitivity, both in terms of cytokine release and proliferative 

readouts. The isolation of drug-responsive T-cells from hypersensitive patients further 
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implicates immune modulation within vancomycin-induced DRESS, for which both CD4+ and 

CD8+ T-cells are involved within disease pathogenesis. Characterisation of CD4+ TCCs suggests 

HLA class II involvement with T-cell responses evoked by direct non-covalent pharmacological 

interactions, with the capacity for the secretion of cytokines (IL-5) and cytotoxic molecules 

(FasL) known to be linked with DRESS manifestation. Moving forward, it will be necessary to 

further study and characterise CD8+ T-cell responses to vancomycin within hypersensitive 

patients to aid understanding of possible of HLA class I-restricted T-cell activation. Once 

achieved, the overarching aim should be to stratify patients susceptible to aberrant cross-

reactive immune responses following sequential therapy with structurally related 

glycopeptide antibiotics. 
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6.1 Introduction. 

The adaptive immune system has consistently been implicated within the pathogenesis of 

hypersensitivity reactions to a multitude of drug classes including β-lactam antibiotics 

sulfonamides, and anticonvulsants (Solensky, 2003, Naisbitt et al., 2003a, Naisbitt et al., 2001). 

T-cell activation has long been established as a key determinant within cell-mediated (Type IV) 

hypersensitive responses of a delayed nature. Ensuing effector functions, often resulting in 

the release of cytotoxic molecules and subsequent tissue damage, are known to depend on 

various signalling pathways that promote T-cell activation. Pleiotropic signalling pathways 

involved within the activation of T-cells can neatly align with the ‘danger hypothesis’, first 

described by Polly Matzinger in which a duo of conditions (signal 1 and signal 2) must be met 

for activation and initiation of effector T-cell responses in favour of tolerance (Matzinger, 

1994). However, the metabolic phenotypes that underpin the initiation and propagation of 

danger signalling are poorly defined. 

More recently, research focus has shifted towards characterising energetic pathways that 

underpin immune-cell activation, such as glycolysis and oxidative phosphorylation (OXPHOS), 

in an attempt to define the essential metabolic phenotypes necessary to support adenosine 

triphosphate (ATP) production, rapid cellular growth and proliferative function. Furthermore, 

the activation of T-cells from inherent resting and naïve states requires a form of metabolic 

reprogramming in which fuel sources are readily available to cope with energetic demands of 

clonal expansion. Antigen presentation evokes T-cell activation via interactions between drug, 

antigen presenting cells (APCs), displaying major histocompatibility complexes (MHC), and the 

T-cell receptor (TCR). Studies have now demonstrated that ensuing CD4+ and CD8+ T-cell 

effector functions are dependent on glycolysis (Jones et al., 2017, van der Windt et al., 2013). 

This form of metabolic reprogramming has been described as an immediate-early ‘glycolytic 

switch’ when applied to both de novo and memory T-cell responses (Gubser et al., 2013). 



214 
 

However, such studies have almost entirely focused on basal metabolic differences between 

CD4+ and CD8+ expressing T-cell populations. Additionally, such studies have profiled 

energetic changes after both artificial (αCD3/28) and peptide-induced stimulation and 

therefore cannot be interpreted as true memory T-cell responses to cognate antigens. 

Therefore, elucidation of the metabolic traits and fuel dependence that governs the activation 

of drug-specific T-cells will provide mechanistic insight into the conditions necessary for recall 

responses comprising a memory phenotype within the context of hypersensitive T-cell 

responses to immunogenic compounds.  

The emerging field of immunometabolism, defined by the study of adaptable and 

reprogrammable metabolic characteristics, has led to development of numerous assays 

predominantly geared towards profiling energetic changes within the cellular components of 

immune populations (van der Windt et al., 2016a). To examine fuel pathway dependency, 

specifically pertaining to OXPHOS as a measure of mitochondrial respiration, stress-based 

assays utilising potent mitochondrial toxins have been deployed with some success for 

measuring the bioenergetic properties associated with T-cell activation (van der Windt et al., 

2016a). The assays rely on mitochondrial complex inhibition, achieved by acute injection of 

oligomycin, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) and a 

combination of antimycin A/rotenone. The aforementioned mitochondrial toxins act to 

sequentially inhibit specific parameters of OXPHOS whilst shunting respiration towards 

available metabolic avenues, allowing for the isolation of the energetic parameters implicated 

within cellular development and activation (Gu et al., 2021). This is interpreted as a rate of 

oxygen consumption (OCR). Furthermore, stress-based assays have already identified specific 

bioenergetic features, such as mitochondrial respiratory capacity, as critical regulators of CD8+ 

T-cell development for which both OXPHOS and fatty acid oxidation have been recognised as 

preferential fuel pathways (van der Windt et al., 2012). Following recent advances in relation 
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to the immunometabolic profiles of artificially stimulated T-cells, fuel sources derived from 

glycolytic processes have been identified as a key marker of activation (Gubser et al., 2013). 

However, there is a current unmet requirement for the application of glycolysis stress-based 

assays for the study of early T-cell activation following acute drug stimulation, with particular 

relevance for the activation of drug-specific T-cells of a monoclonal nature when applied to 

the pathomechanisms of hypersensitive disease states.  

The primary focus of this work was to develop an assay capable of detecting both non-specific 

and drug-specific markers of T-cell activation, through measurement of the glycolysis fuel 

pathway and with the use of the Seahorse XFe96 Analyzer. These assays enable measurement 

of the extracellular acidification rate (ECAR), which is subsequently interpreted as a function 

of glycolysis. In addition, access to a fully functional and optimised assay system would allow 

for in depth study of the metabolic signatures associated with the drug-specific activation 

process of vancomycin-reactive T-cell clones (TCCs) previously generated from healthy donors 

and patients expressing HLA-A*32:01. Moreover, due to the sensitive nature of fuel pathway 

analysis when compared to conventional proliferative and cytokine-based T-cell readouts, the 

delineation of cross-reactive potential between structurally related glycopeptides antibiotics, 

such as teicoplanin, will be assessed and form an integral part of the workflow. Relating back 

to hypersensitivity, development of such assays with the capacity for sensitive glycolytic 

measurements as an early marker of drug-specific T-cell activation would ultimately provide 

auxiliary support when screening for compounds with immunogenic potential.
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6.2  Aims. 

1) To optimise mitochondrial and glycolysis stress-based assays for use with drug-specific TCCs 

generated in vitro and incorporate the use of model stimulants for the detection of glycolytic 

switching.  

2) To profile the energetic requirements necessary for the activation of vancomycin-specific 

TCCs following acute stimulation and to confirm responses are concordant with proliferative 

and cytokine-based readouts in terms of dose-responsiveness, drug-specificity and human 

leucocyte antigen (HLA) restriction. 

3) Analysis of energetic profiles to determine the cross-reactive nature of structurally similar 

glycopeptides after acute stimulation of TCCs.
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6.3 Results. 

6.3.1 Optimisation of stress-based assays for use with mitochondrial inhibitors, 

non-adherent drug-specific TCCs and autologous antigen presenting cells. 

In order to determine the concentrations at which immune cell populations display toxicity to 

specific mitochondrial inhibitors relevant for stress-based assays (oligomycin, FCCP, antimycin 

A and rotenone), toxicity assays were performed on peripheral blood mononuclear cells 

(PBMC) isolated from healthy donors (Figure 6.1). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Thymidine incorporation assay to measure proliferative inhibition induced by mitochondrial 
inhibitors in PBMC cultures isolated from healthy donors.  Separate PBMC cultures (1.5x105 cells/well) were 
exposed, in triplicate, to graded concentrations of oligomycin, FCCP, antimycin A and rotenone for 24 h (37 °C, 5% 
CO2). Proliferation was then induced by mitogen driven stimulation following the addition of PHA (10 µg/mL) to 
every well of the assay plate. Cells were incubated for a further 48 h in the presence of PHA before being pulsed 
with tritiated [3H]-thymidine (0.5 µCi/well) for an additional 16 h. Proliferative responses were detected by way of 
radioactivity incorporation and interpreted as counts per minute (cpm). Statistical significance was determined 
using a student’s t-test (*P<0.05, **p< 0.01, ***p<0.001). 
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Toxicity profiles of mitochondrial inhibitors varied between each compound when assessed 

using PBMC from healthy donors. Concentration ranges were determined following extensive 

literature evaluation and graded dosage was employed for each compound to encompass both 

maximal and minimal concentrations of relevance for optimisation of mitochondrial stress test 

assays. Both FCCP (0 - 2 µM) and rotenone (0 - 0.2 µM) were tolerated by PBMC cultures and 

did not display detectable toxicity of any statistical significance. Conversely, oligomycin 

induced PBMC toxicity when cultures were exposed to high concentrations (5 µM) and toxicity 

was also detected after exposure to antimycin A at concentrations of 0.5 µM and 2 µM.  
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Basal OCR and ECAR measurements correlated with an increased seeding density of TCCs, with 

3x105 cells providing the highest and most viable energetic readout (Figure 6.2A). Acute 

injection of 3x105 T-cells with oligomycin was shown to be optimal at 2 µM, while FCCP 

exhibited optimal activity at 0.75 µM (Figure 6.2B). A combination of rotenone (1 µM) and 

antimycin A (1 µM) successfully brought mitochondrial respiration to a halt. Acute injection of 

irradiated autologous APCs at titrated concentrations (1x104, 2.5x104 and 5x104) induced no 

alteration within basal OCR and ECAR readouts (Figure 6.3A). Additionally, at equivalent 

seeding densities no detectable OCR changes were observed in cultures of drug-specific TCCs 

(3x105 cells) after subjection to mitochondrial toxicants (Figure 6.3B). 

 

 

 

 

 

 

 

 

Figure 6.2. A) Basal OCR and ECAR measurements of TCCs. Drug-specific TCCs were harvested and resuspended in 
Seahorse XF base medium, diluted at 2x106/mL, 4x106/mL and 6x106/mL. Cells were transferred to a Seahorse 
XFe96 cell culture microplate at seeding densities of at 1x105, 2x105 and 3x105 T-cells per well. Basal OCR and ECAR 
readings were recorded by the Seahorse XFe96 Analyzer over a 96 min period without acute injection of stimulants 
or mitochondrial inhibitors. B) Mitochondrial stress test with titrated concentrations of mitochondrial inhibitors. 
T-cells were harvested and resuspended in Seahorse XF base medium and 3x105 cells were transferred to a to 
Seahorse XFe96 cell culture microplate. Mitochondrial stress tests were performed with varying concentrations of 
inhibitors for optimisation purposes. Specifically, concentrations of oligomycin (omy) and FCCP were titrated 
between 1-2 µM and 0.25-0.75 µM respectively. 

 

A

B

0 20 40 60 80 100
0

20

40

60

80

100

Acute APC Injection (OCR)

Time (minutes)

O
C

R
 (

p
m

o
l/
m

in
)

Media/APCs

0 20 40 60 80 100
0

10

20

30

40

50

Acute APC Injection (ECAR)

Time (minutes)

E
C

A
R

 (
m

p
H

/m
in

)

Media/APCs

Control APCs (1x104) APCs (2.5x104) APCs (5x104)

0 20 40 60 80 100
0

100

200

300

400

Mito Stress Test

Time (minutes)

O
C

R
 (

p
m

o
l/
m

in
)

Control APCs (1x10
4
)

Media/
APCs Omy FCCP Rot/AA

0 20 40 60 80 100
0

100

200

300

400

Mito Stress Test

Time (minutes)

O
C

R
 (

p
m

o
l/
m

in
)

Control APCs (2.5x10
4
)

Media/
APCs Omy FCCP Rot/AA

0 20 40 60 80 100
0

100

200

300

400

Mito Stress Test

Time (minutes)

O
C

R
 (

p
m

o
l/
m

in
)

Control APCs (5x10
4
)

Media/
APCs Omy FCCP Rot/AA

0 20 40 60 80 100
0

100

200

300

400

Mito Stress Test

Time (minutes)

O
C

R
 (

p
m

o
l/
m

in
)

Control APCs (1x10
4
)

Media/
APCs Omy FCCP Rot/AA

0 20 40 60 80 100
0

100

200

300

400

Mito Stress Test

Time (minutes)

O
C

R
 (

p
m

o
l/
m

in
)

Control APCs (2.5x10
4
)

Media/
APCs Omy FCCP Rot/AA

0 20 40 60 80 100
0

100

200

300

400

Mito Stress Test

Time (minutes)

O
C

R
 (

p
m

o
l/
m

in
)

Control APCs (5x10
4
)

Media/
APCs Omy FCCP Rot/AA

0 20 40 60 80 100
0

100

200

300

400

Mito Stress Test

Time (minutes)

O
C

R
 (

p
m

o
l/
m

in
)

Control APCs (1x10
4
)

Media/
APCs Omy FCCP Rot/AA

0 20 40 60 80 100
0

100

200

300

400

Mito Stress Test

Time (minutes)

O
C

R
 (

p
m

o
l/
m

in
)

Control APCs (2.5x10
4
)

Media/
APCs Omy FCCP Rot/AA

0 20 40 60 80 100
0

100

200

300

400

Mito Stress Test

Time (minutes)

O
C

R
 (

p
m

o
l/
m

in
)

Control APCs (5x10
4
)

Media/
APCs Omy FCCP Rot/AA



220 
 

 

 

 

6.3.2 Phytohaemagglutinin (PHA) and CD3 activating antibodies are suitable 

model compounds and induce a glycolytic state in populations of drug-specific 

TCCs. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. A) Basal OCR and ECAR measurements of TCCs after acute injection of irradiated autologous APCs. 
Drug-specific TCCs were harvested and resuspended in Seahorse XF base medium, diluted at 6x106/mL and 
transferred to a Seahorse XFe96 cell culture microplate at a seeding density of 3x105 T-cells per well. Basal OCR 
and ECAR readings were recorded by the Seahorse XFe96 Analyzer after acute injection of titrated APC 
concentrations (1x104, 2.5x104 and 5x104 cells). Mitochondrial stress test with titrated concentrations of 
irradiated autologous APCs. TCCs were resuspended in Seahorse XF base medium and 3x105 cells were 
transferred to a to Seahorse XFe96 cell culture microplate. Mitochondrial stress tests were performed via acute 
injection with oligomycin (2 µM), FCCP (0.75 µM) and antimycin A/rotenone (1 µM), following an initial injection 
of APCs at titrated concentrations (1x104, 2.5x104 and 5x104 cells). 

 

Figure 6.4. OCR and ECAR measurements of TCCs after acute injection of model stimulants. Drug-specific TCCs 
were resuspended in Seahorse XF base medium and transferred to a Seahorse XFe96 cell culture microplate in 
quadruplicate culture conditions at a seeding density of 3x105 T-cells per well. Cells were then exposed to either 
PHA (10 µg/mL), αCD3 (10 µg/mL), αCD3/CD28 (10 µg/mL and 20 µg/mL) or Seahorse XF base medium only, via 
acute stimulation following the completion of 3 basal measurements. OCR (pmol/min) and ECAR (mpH/min) 
readouts were recorded by the Seahorse XFe96 Analyzer over a 96 min period. 
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Following acute simulation of TCCs, PHA induced non-specific T-cell activation characterised 

by immediate augmentation of ECAR by 70%. Although stimulation with PHA resulted in 

detectable increases within OCR values, this was limited to 30% of the initial basal readout. 

Similar results were also observed following direct TCR stimulation using anti-CD3 (αCD3). 

However, OCR increases, although detectable, were less pronounced and ECAR ‘switching’ was 

observed over an extrapolated time-period. The addition of anti-CD28 (αCD28) did not alter 

the energetic profile of TCCs compared with the use of αCD3 in isolation (Figure 6.4). 
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In each monoclonal drug-specific T-cell population, acute injection with PHA and αCD3 did not 

alter the mitochondrial stress profile in terms of augmentation, when compared to control 

conditions comprising of Seahorse XF base medium. Surprisingly, in 2/3 TCCs the addition of 

both PHA and αCD3 to the assay system resulted in reduction of maximal OCR values following 

sequential mitochondrial inhibition (Figure 6.5A). Further analysis of the functional 

parameters of mitochondrial respiration revealed that after acute stimulation with PHA and 

αCD3 there was no detectable or statistically significant changes within basal respiration, 

maximal respiration, spare respiratory capacity, or ATP production, when compared against 

the medium control (Figure 6.5B). 

6.3.3 Model stimulants facilitate a transition towards glycolytic fuel pathways in 

glycolysis stress-based assays. 

To assess the metabolic switching of T-cells to glycolytic fuel pathways, glycolysis stress assays 

were conducted. Such assays incorporate the glycolytic inhibitor, 2-deoxyglucose (2-DG), to 

verify glycolysis usage. Firstly, it was necessary to confirm the ability of 2-DG to inhibit immune 

stimulation (PBMC) and T-cell mediated cytokine release to validate glycolysis shutdown. 

Proliferative study of healthy donor PBMC cultures following exposure to graded 

concentrations of the 2-DG and mitogen driven stimulation resulted in potent inhibition of 

PBMC proliferation (Figure 6.6A). Proliferation of PBMC cultures from 2/3 healthy donors was 

found to be completely inhibited at concentrations of 2 mM, although in healthy donor 3 (HD-

3) statistically significant proliferative blockade was not induced until exposure at 5 mM 

concentrations. ELISpot assays incorporating drug-specific TCCs (amoxicillin, dapsone and 

Figure 6.5. A) Mitochondrial stress test after acute injection of model stimulants (TCCs; n=3). Cells were 
resuspended in Seahorse XF base medium and 3x105 cells were transferred to a to Seahorse XFe96 cell culture 
microplate. Mitochondrial stress tests were performed via acute injection with oligomycin (2 µM), FCCP (0.75 
µM) and antimycin A/rotenone (1 µM), following an initial injection of either PHA (10 µg/mL), αCD3 (10 µg/mL) 
or Seahorse XF base medium (control). B) Parameters of mitochondrial respiration. Basal respiration, maximal 
respiration, spare respiratory capacity and ATP production were calculated using Wave™ Software and The 
Agilent Seahorse XF Cell Mito Stress Test report generator. Data shown is for a representative TCC (TCC-1) after 
acute stimulation with model compounds. Statistical significance was determined using a Mann-Whitney U test, 
in which a result of P<0.05 was deemed to be of statistical significance. 
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flucloxacillin) revealed depleted IFN-γ secretion after exposure of TCCs to both drug and 2-DG 

(Figure 6.6B). Reduced cytokine secretion after 2-DG exposure was most prominent in 

populations of TCCs with specificity for dapsone. 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 6.6. A) Thymidine incorporation to measure the effect of 2-DG on proliferation in PBMC cultures from 
healthy donors (n=3).  Triplicate PBMC cultures (1.5x105 cells/well) were exposed to graded concentrations of 2-
DG (0-50 mM) for 24 h (37 °C, 5% CO2). Proliferation was induced by mitogen drive stimulation following the 
addition of PHA (10 µg/mL). PBMCs were incubated for a further 48 h before pulsation with tritiated [3H]-thymidine 
(0.5 µCi/well) for 16 h. Proliferative responses were interpreted as cpm and statistical significance was determined 
using a student’s t-test (*P<0.05, **p< 0.01, ***p<0.001). B) Cytokine release from drug-specific TCCs after 
exposure to 2-DG. Drug-specific TCCs (5x104 cells) were co-cultured with irradiated autologous EBV-transformed 
B-cells (1x104 cells), 2-DG (25 mM), cognate drug antigens [amoxicillin (amox); 2 mM, dapsone (DDS); 200 µM, 
flucloxacillin (flu); 1 mM) and either R9 medium or PHA (10 µg/mL)] for respective negative and positive controls. 
Cytokine secretion (IFN-γ) was measured after 48 h incubation (37 °C, 5% CO2) by ELISpot. 
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Figure 6.7. A) Glycolysis stress test incorporating acute exposure to PHA in drug-specific TCCs. 3x105 cells were 
transferred to a Seahorse XFe96 culture microplate. TCCs were sequentially exposed to D-glucose (25 mM), APCs 
(5x104), PHA (10 µg/mL) or Seahorse XF base medium followed by a final injection of 2-DG (25 mM) Data is shown 
for a representative TCC and statistical significance was determined using a student’s t-test (*P<0.05, **p< 0.01, 
***p<0.001, ****p<0.0001). B, C) Glycolytic parameters and energetic shifting following acute injection of PHA. 
Maximal ECAR values after PHA-induced stress and the metabolic potential of drug-specific TCCs were calculated 
using Wave™ Software and the Agilent Seahorse XF Cell Glycolysis Stress Test report generator. Data is shown for 
5 representative TCCs. 
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Glucose injection successfully increased ECAR values to basal levels of glycolytic function and 

exposure to autologous irradiated APCs did not result in any detectable energetic changes. 

Glycolysis stress test assays assessing the utility of PHA for ECAR-dependent T-cell activation 

exhibited elevated ECAR (mpH/min) levels within 10 min post exposure in each of the 5 TCCs 

studied. PHA induced statistically significant increases in both ECAR and OCR levels, however 

the impact on ECAR was substantially higher with a 63% elevation detected compared to basal 

levels of glycolytic function (Figure 6.7A). These data were translatable in the 5 drug-specific 

clonal T-cell populations analysed when applied to increased ECAR levels following PHA-

induced stress. Greater metabolic potentials were observed when compared with baseline 

values taken after glucose injection but prior to PHA exposure (Figure 6.7B). Metabolic 

phenotyping of 5 TCCs revealed a distinct shift from a quiescent state towards a more 

energetic and glycolytic state upon mitogen driven T-cell activation (Figure 6.7C). 

Similar, but not identical, results were observed after stimulation of 3 drug-specific clonal 

populations with αCD3. ECAR dependence was again found to be favoured over OCR following 

acute stimulation with αCD3 antibodies in the glycolysis stress test assay system (Figure 6.8A). 

Once more, acute injection of D-glucose enabled TCCs to acquire optimal basal ECAR levels 

and rates of glycolytic function with exposure to APCs not inducing any detectable changes 

within the energetic profile. ECAR levels following αCD3-induced stress and the overall 

metabolic potential of TCCs were found to be increased compared to baseline and medium 

controls. However, further analysis only detected significance in 2/3 TCCs pertaining to αCD3-

induced stress and 1/3 TCCs when considering overall metabolic potential (Figure 6.8B). Again, 

analysis of the metabolic phenotypes of these cellular populations via the amalgamation of 

both OCR and ECAR values before and after stimulation with αCD3 revealed a similar shift from 

quiescent and inactivated states towards a more energetic and glycolytic state upon TCR 

mediated activation (Figure 6.8C). 
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Figure 6.8. A) Glycolysis stress test incorporating acute exposure to αCD3 in drug-specific TCCs. 3x105 cells were 
transferred to a Seahorse XFe96 culture microplate. TCCs were sequentially exposed to D-glucose (25 mM), APCs 
(5x104), αCD3 (10 µg/mL) or Seahorse XF base medium followed by a final injection of 2-DG (25 mM) Data is shown 
for a representative TCC and statistical significance was determined using a student’s t-test (*P<0.05, **p< 0.01, 
***p<0.001). B, C) Glycolytic parameters and energetic shift following acute injection of αCD3. Maximal ECAR 
values after αCD3-induced stress and the metabolic potential of drug-specific TCCs were calculated using Wave™ 
Software and the Agilent Seahorse XF Cell Glycolysis Stress Test report generator. Data is shown for 3 
representative TCCs. 
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6.3.4 Activation of vancomycin-reactive TCCs shows dependence for glycolysis 

in a dose-dependent and drug-specific manner. 

Vancomycin-reactive TCCs generated via serial dilution from healthy donor PBMC (HLA-

A*32:01 positive) were assessed for basal levels of cytokine secretion (IFN-γ) and proliferation 

after 48 h drug exposure (Figure 6.9). 3 representative CD8+ expressing TCCs were observed 

to release IFN-γ (Figure 6.9A) and proliferate in a dose-dependent manner after drug exposure 

at optimal stimulatory concentrations (Figure 6.9A). Within both assay systems, the addition 

of PHA was shown to induce strong, non-specific T-cell responses. 

 

 

 

 

 

 Figure 6.9. A) Cytokine release from vancomycin-specific TCCs. 5x104 TCCs were co-cultured with autologous  EBV-
transformed B-cells (1x104 cells) and either vancomycin (0.5 mM), R9 medium or PHA (10 µg/mL). Cytokine 
secretion (IFN-γ) was measured after 48 h incubation (37 °C, 5% CO2) by ELISpot. B) Proliferative response of 
vancomycin-specific TCCs. 5x104 TCCs were co-cultured with autologous EBV-transformed B-cells (1x104 cells) and 
either vancomycin (0-1 mM), R9 medium or PHA (10 µg/mL). Cells were incubated for 48 h before pulsation with 
tritiated [3H]-thymidine (0.5 µCi/well) for  16 h. Proliferation was determined by [3H]-incorporation and interpreted 
as cpm values. Statistical significance was determined using a student’s t-test (*P<0.05, **p< 0.01, ***p<0.001). 
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The activation of TCCs previously generated from healthy donors expressing the HLA-A*32:01 

risk allele and with pre-determined specificity for vancomycin was observed to be a highly 

glycolytic process (Figure 6.10). 

 

 

Figure 6.10. Glycolysis stress test incorporating acute exposure of PHA and vancomycin (TCCs; n=3). TCCs were 
sequentially exposed to D-glucose (25 mM), APCs (5x104), PHA (10 µg/mL) or vancomycin (0.5 mM) followed by a 
final injection of 2-DG (25 mM).  
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In glycolysis stress test assays assessing populations of vancomycin-reactive TCCs, PHA was 

found to induce elevated ECAR levels after acute injection, inferring transition to a glycolytic 

state after mitogen exposure and non-specific monoclonal activation (Figure 6.10). 3/3 drug-

specific TCCs (TCC-106, TCC-133, TCC-143) exhibited glycolytic switching after acute exposure 

to autologous irradiated APCs and optimal concentrations of vancomycin (0.5 mM). Treatment 

with 2-DG successfully reversed the ECAR dependence observed, indicating that glycolysis was 

the primary metabolic pathway measured (Figure 6.10). These data were translatable as ECAR 

increases and glycolytic switching after vancomycin exposure was observed to be concordant 

with both IFN-γ secretion (Figure 6.9A) and proliferative responses (Figure 6.9B) within the 

same drug-specific TCC populations. Statistical analysis was performed at optimal vancomycin 

concentrations (0.5 mM) previously determined for use within in vitro assays. 

Due to high levels of clonal expansion, one vancomycin-reactive TCC (TCC-143) was further 

assessed for the presence of both dose-dependent and drug-specific energetic responses to 

vancomycin and structurally unrelated compounds (Figure 6.11). Following D-glucose injection 

and activation of basal glycolytic function, vancomycin exposure resulted in a dose-dependent 

increase between 0.1 and 0.5 mM concentrations within the ECAR readout (Figure 6.11A). This 

response was found to be saturated at 1 mM, concordant with proliferative responses 

determined through [3H]-incorporation assays after stimulation at graded concentrations of 

vancomycin up to a dosage of 1 mM, in addition to cytokine release assays (6.11C, D). 

Importantly, for the validity of the assay when assessing vancomycin-specific energetic 

responses, acute exposure to a structurally unrelated drug (CBZ) at optimal dosage induced 

no detectable change within the ECAR readout and produced no effect on the energetic profile 

(6.11C). Once more, these data neatly aligned with proliferative responses of vancomycin-

specific TCCs when tested for cross-reactivity with CBZ at graded drug concentrations (6.11C).
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Figure 6.11. A) Glycolysis stress test at graded concentrations of vancomycin (TCC-143). 3x105 cells were 
transferred to a Seahorse XFe96 culture microplate. TCCs were sequentially treated with to D-glucose (25 mM), 
APCs (5x104) and either vancomycin (0.1, 0.5 and 1 mM) or Seahorse XF base medium followed by a final injection 
of 2-DG (25 mM). B) Glycolysis stress test assessing energetic response to a structurally unrelated compound 
(TCC-43). TCCs (3x105 cells) were consecutively exposed to D-glucose (25 mM), APCs (5x104) and either 
carbamazepine (100 µM) or Seahorse XF base medium before inhibition with 2-DG (25 mM). C) Proliferative 
responses to vancomycin and CBZ (TCC-143). 5x104 TCCs were co-cultured with irradiated autologous APCs 
(1x104 cells) and either vancomycin (0-1000 µM), CBZ (0-200 µM) or R9 medium. Proliferation was determined 
by [3H]-incorporation and interpreted as cpm values following 48 h incubation and 16 h pulsation with tritiated 
[3H]-thymidine (0.5 µCi/well). D) Cytokine release from vancomycin-specific TCCs at graded concentrations 
(TCC-143). 5x104 TCCs were co-cultured with autologous EBV-transformed B-cells (1x104 cells) and either 
vancomycin (0.1 and 0.5 mM), R9 medium or PHA (10 µg/mL). IFN-γ release was detected after 48 h incubation 
by ELISpot. 
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To assess APC functionality, the ability of Epstein-Barr virus (EBV)-transformed B-cells to 

present drug antigens and subsequent elicitation of energetic responses were assessed within 

the glycolysis stress test assay system. TCCs (CD8+) generated from healthy donor PBMC 

positive for HLA-A*32:01 expression with previously characterised specificity for vancomycin 

(Chapter 3) were analysed after exposure to vancomycin at low dosage in the presence and 

absence of autologous irradiated APCs (Figure 6.12). Following acute stimulation with both 50 

µM and 100 µM concentrations of vancomycin, T-cell activation was observed to possess 

greater glycolytic dependence denoted by elevated ECAR values immediately after acute drug 

injection in the presence of APCs, when compared to the Seahorse XF base medium control in 

place of APC subjection. At lower drug concentrations (50 µM), the departure from inactive 

states of basal glycolytic metabolism was more pronounced, to the extent composite 

stimulation with vancomycin and medium only (- APC) produced no detectable alteration 

within cellular metabolic states due to the absence of T-cell activation altogether.

Figure 6.12. A) Glycolysis stress test to determine APC functionality within the activation of vancomycin-
specific TCC (TCC-106). Drug-reactive TCCs generated from healthy donor PBMC (HLA-A*32:01 positive) with 
pre-determined specificity for vancomycin were harvested and transferred to a Seahorse XFe96 culture 
microplate (3x105 cells/well). TCCs were sequentially injected with to D-glucose (25 mM), APCs (5x104) or 
Seahorse XF base medium only. Following injection with D-glucose +/- EBV-transformed B-cells, TCC cultures 
were exposed to low, titrated concentrations of vancomycin (50 µM and 100 µM) or an alternative acute 
injection of Seahorse XF base medium. OCR (pmol/min) and ECAR (mpH/min) readouts were recorded by the 
Seahorse XFe96 Analyzer over a 122 min period. ECAR values shown for representative drug-specific TCC after 
stimulation with vancomycin. 
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6.3.5 TCCs with vancomycin specificity display HLA restricted activation and 

cross-reactive potential with structurally similar glycopeptides. 

To corroborate the observed glycolytic responses of TCCs after vancomycin exposure with HLA 

dependency and to confirm the glycolytic stress test possesses utility when applied to the 

detection of responses requiring antigen presentation, HLA blockade within drug-specific 

populations was assessed (Figure 6.13). 

 

 

 

Figure 6.13. A) Glycolysis stress test in TCCs assessing energetic response to vancomycin after HLA-DR blockade. 
3x105 cells were transferred to a Seahorse XFe96 culture microplate and blocked with HLA-DR antibodies (10 
µg/mL) for 1 h. TCCs were sequentially treated with to D-glucose (25 mM), APCs (5x104) and either vancomycin 
(0.5 mM) or medium followed by a final injection of 2-DG (25 mM). B) Proliferative responses to vancomycin after 
HLA-DR blockade. TCCs (5x104) were co-cultured with irradiated autologous EBVs (1x104) and either HLA Class I (10 
µg/mL), HLA-DR (10 µg/mL) or corresponding IgG2 isotype controls (10 µg/mL) for 1 h. Blocked cultures were 
treated with vancomycin (0.5 mM) or medium for 48 h before pulsation with tritiated [3H]-thymidine (0.5 µCi/well) 
for 16 h. Proliferation interpreted as cpm values. Statistical significance was determined using a Mann-Whitney U 
test (*p< 0.05, **p< 0.01). Data is shown for representative vancomycin-specific TCCs (n=3) generated from 
autologous PBMC of a patient presenting with vancomycin-induced DRESS and expressing HLA-A*32:01. 
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3/3 CD4+ expressing TCCs generated from a vancomycin hypersensitive patient (illustrated 

within Chapter 5.3) displayed abrogated ECAR responses after HLA-DR blockade and 

vancomycin exposure, when compared to TCCs conventionally assessed in the absence of 

blockade (Figure 6.13A). These data, for which presentation via HLA-DR is suggested to be 

necessary for the induction of a glycolytic response, are concordant with HLA-DR restricted 

proliferative responses to vancomycin in a panel of TCCs generated from the same patient 

(Figure 6.13C). 

 

 

 

 

 

 

 

 

 

 

 



234 
 

 

 

 

 

A representative panel of TCCs generated from healthy donor PBMC expressing HLA-A*32:01, 

initially primed and exhibiting dose-dependent specificity for vancomycin at graded drug 

concentrations (0-1000 µM), were tested for cross-reactivity with teicoplanin. Each clonal 

population (TCC-106, TCC-133 and TCC-143) expressed CD8+ surface markers (described in 

Chapter 3) and displayed graded proliferative responses to vancomycin but not teicoplanin, 

with PHA inducing a non-specific proliferative effect in all populations (Figure 6.14A). These 

findings were complemented following assessment of cytokine secretion for which IFN-γ 

secretion was detected after TCCs were exposed to optimal concentrations of both 

vancomycin and PHA, with no cytokine activity present after stimulation with teicoplanin 

(Figure 6.14B). Interestingly, cross-reactivity was detected when profiling the energetic 

parameters of T-cell activation after acute exposure to vancomycin and teicoplanin (Figure 

6.14C). Immediate ECAR escalation was observed with vancomycin treatment but also 

following injection with teicoplanin in 3/3 TCCs profiled for cross-reactivity, with 2-DG inducing 

energetic blockade. Furthermore, activation of TCC-106 displayed a greater dependence for 

glycolysis after acute stimulation with teicoplanin, despite the absence of cross-reactive 

responses within conventional proliferative and cytokine-based assays.

Figure 6.14. A) Proliferative cross-reactivity study of vancomycin-specific TCCs generated from healthy donor 
PBMC positive for HLA-A*32:01 expression (n=3). 5x104 TCCs were co-cultured with irradiated autologous EBV-
transformed B-cells (1x104 cells) and either vancomycin (0-1000 µM), teicoplanin (0-1000 µM) or PHA (10 µg/mL). 
Cultures were incubated for 48 h (37 °C, 5% CO2) prior to pulsation with tritiated [3H]-thymidine (0.5 µCi/well) for 
a further 16 h. Proliferation was determined by [3H]-incorporation and interpreted as cpm values. B) Assessment 
of glycopeptide cross-reactivity by cytokine release. 5x104 TCCs were co-cultured with autologous EBV-
transformed B-cells (1x104 cells) and either vancomycin (0.25 and 0.5 mM), teicoplanin (0.25 and 0.5 mM), R9 
medium or PHA (10 µg/mL) and IFN-γ release was detected after 48 h incubation by ELISpot. C) Glycolysis stress 
test after acute injection of vancomycin or teicoplanin. 3x105 cells from each clonal population were harvested 
and transferred to a Seahorse XFe96 culture microplate. TCCs were sequentially treated with to D-glucose (25 
mM), APCs (5x104) and either vancomycin (0.5 mM), teicoplanin (0.25 mM) or Seahorse XF base medium followed 
by a final injection of 2-DG (25 mM). 
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6.3.6 Surface marker expression can delineate activation of vancomycin-specific 

TCCs at time points relevant for metabolic switching. 

Vancomycin-reactive TCCs generated from the PBMC of patients positive for HLA-A*32:01 

expression were assessed for CD3 downregulation after stimulation with vancomycin at time 

points correlating with glycolytic activation. Reduced CD3 (APC) fluorescence intensity was 

indicative of downregulation and drug-specific T-cell activation (Figure 6.15). 

 

 

 

 

Figure 6.15. A) CD3 downregulation of drug-specific TCCs after vancomycin treatment. 5x104 T-cells with 
predetermined specificity for vancomycin were pulsed with optimal stimulatory concentrations (0.5 mM) at 
multiple time points (48 h, 24 h, 4 h, 1 h, 30 min, 10 min and 5 min) or R9 cell culture medium only. Activated 
cultures from a representative TCC (TCC-75) were then stained with 5 μL anti-CD3 (APC) antibody for 15 mins at 4 
°C.  Stained cells were washed in FACS buffer to remove unbound antibody and resuspended in 4% PFA. Samples 
were analysed using a FACS-Canto II instrument integrated with FACS DIVA operating software and phenotypic 
analysis was carried out using Flowing 2 software. B) CD3 downregulation after vancomycin exposure (TCCs; n=4). 
CD3 downregulation was interpreted as a % between control and drug exposed cultures. Unstained and untreated 
cultures were set up in parallel for comparison and samples were analysed using a FACS-Canto II instrument 
integrated with FACS DIVA operating software and phenotypic analysis was carried out using Flowing 2 software to 
calculate CD3 downregulation (%) of each TCC after pulsation with either vancomycin or medium for multiple time 
points. 
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After drug pulsation and staining, CD3 expression was found to be downregulated at each time 

point (Figure 6.15A). Within the panel of TCCs assessed (n=4), this trend was mirrored with 

varying degrees of vancomycin-induced CD3 downregulation observed (Figure 6.15B). 

Importantly, CD3 downregulation was detected at time points between 5-10 min post drug 

pulsation in each population. Assays studying the effect of transient vancomycin exposure on 

proliferation were conducted on drug-responsive TCCs generated from healthy donor PBMC 

(HLA-A*32:01). Similar results were across the panel of TCCs tested (n=3), with time points as 

low as 5 min capable of inducing a statistically significant proliferative effect, although T-cell 

responses were deemed to be optimal at time points between 2 h and 24 h (Figure 6.16).

 

 

 

 

 

 

 

 

 

 

 

Figure 6.16. Proliferative responses to vancomycin after transient exposure (TCC; n=3). 5x104 TCCs were co-
cultured with irradiated autologous EBV-transformed B-cells (1x104 cells) in triplicate cultures and pulsed with 
either vancomycin (0.5 mM) or R9 cell culture medium in parallel at multiple time points (48 h, 24 h, 4 h, 1 h, 2 h, 
30 min, 10 min and 5 min) and incubated (37 °C, 5% CO2). Pulsed TCC cultures were then thoroughly washed (5x) in 
R9 medium to exclude free drug from the assay and cultured for a further 48 h before pulsation with tritiated [3H]-
thymidine (0.5 µCi/well) for 16 h. Proliferation was determined by [3H]-incorporation and interpreted as cpm values. 
Cpm values for 3 clonal populations were averaged for each time point studied. Statistical significance was 
determined using a student’s t-test (*p<0.05, **p< 0.01, ****p<0.0001). 
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6.4 Discussion 

Empirical evidence now exists detailing metabolic switching to both glycolysis and Warburg 

metabolism following the activation of resting, memory and naïve T-cells, with intrinsic 

differences now apparent between the metabolic activities of CD4+ and CD8+ expressing T-

cells following TCR stimulation (Cao et al., 2014, Jones et al., 2017). This has been evidenced 

by a marked upregulation of glycolytic precursors within glucose metabolism as circulating 

lymphocytes exit quiescence following antigen exposure due to the immediate requirement 

of metabolic precursors to support rapid growth and clonal expansion (Frauwirth et al., 2002, 

Bauer et al., 2004). Applications towards utilising metabolic signatures, such as glycolytic 

switching, after stimulation as an early marker for drug-specific memory T-cell responses 

would aid detection of potentially immunogenic compounds. Indeed, utility has now been 

demonstrated when determining the presence of both memory and cross-reactive metabolic 

responses to glycopeptide antibiotics such as vancomycin and teicoplanin, for which drug-

specific T-cells have successfully been generated (Ogese et al., 2021, Gardner et al., 2022). 

In order to delineate the presence of metabolic adaptation that underpins the ability of drug-

specific TCCs to enter a glycolytic-like state, it was necessary to optimise and develop assays 

capable of measuring the energetic parameters of T-cell activation following acute stimulation. 

Earlier studies attempting to address this issue have focussed on the development of basic 

mitochondrial stress test assays for application for T-cell bioenergetic measurement, with 

these assays providing initial starting points with regards to optimisation for T-cell seeding and 

mitochondrial inhibitor concentrations (van der Windt et al., 2016a). Oligomycin is a potent 

competitive inhibitor of the F0
 subunit that forms part of the ATP synthase complex implicated 

within electron transport and energy production through OXPHOS (Shchepina et al., 2002). In 

these studies, oligomycin was only found to induce toxicity within PBMC cultures at elevated 

dosage not deemed to be of physiological or experimental relevance within the context of T-
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cell inhibition. Additionally, strong toxicity was detected in PBMC cultures after exposure to 

antimycin A followed by mitogen-induced proliferation (Figure 6.1). This is unsurprising, due 

to role of antimycin A within OXPHOS blockade and its ability to inhibit electron flow through 

Complex III combined with the known dependence of PBMCs for OXPHOS to support 

proliferative function (Ma et al., 2011, Nelson et al., 2021).  

For the purpose of this study, a delicate balance had to be struck between sufficient T-cell 

seeding densities capable of detecting changes within immunometabolic profiles with a high 

degree of sensitivity, and exhausting drug-specific primary T-cell cultures. To this end, T-cell 

seeding densities of 3x105 cells/well were deemed to provide near-optimal basal energetic 

readings (OCR and ECAR) whilst preventing depletion of test cultures, thus enabling thorough 

bioenergetic analysis of single, monoclonal populations (Figure 6.2). The use of immortalized 

cells, such as the HepG2 cell line, for bioenergetic assessment have been more extensively 

studied and optimised for use at vastly reduced cellular concentrations due to their 

intrinsically higher metabolic activity and adherent properties, although the application of 

such cell lines have predominantly been evaluated within the context of mitochondrial toxicity 

screening (Kamalian et al., 2018, Kamalian et al., 2015). EBV-transformed B-cells have been 

shown to be proficient at antigen presentation culminating in the elicitation of cytotoxic T-cell 

responses (Ramadan, 2008). As a result, incorporation of APCs within the assay system for the 

measurement of energetic parameters associated with T-cell activation represented a key 

component of the assay development process. APCs were exposed to gamma irradiation to 

inhibit proliferation whilst retaining functionality in terms of antigen presentation and acutely 

injected within the assay at similar ratios described in the conduction of conventional T-cell 

and functional based assays (Naisbitt et al., 2003a). Importantly, the addition of APCs to the 

assay systems induced no effect on either the basal energetic readout or mitochondrial stress 

profile (Figure 6.3). This indicated successful target cell adherence and the presence of an 

isolated T-cell energetic readout following direct contact with both oxygen and hydrogen 
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sensitive fluorophores, absent involvement or energetic contribution from acute APC 

exposure.  

Building on the notion that an immediate-early ‘glycolytic switch’ facilities metabolic 

reprogramming when applied to both de novo and memory T-cell responses, we hypothesised 

that glycolytic measurement could be used as a sensitive indicator of drug-specific T-cell 

activation. Furthermore, it was anticipated that patterns of clonal reactivity could be 

elucidated using an energetic readout. Various assays systems exploring the existence of 

alternative activation markers have previously shown utility when detecting T-cell activation, 

such as the application of Ca2+ influx assays detailing T-cell reactivity with abacavir (Adam et 

al., 2012). To aid detection of drug-specific T-cell responses manifesting as a visible ‘switch’ 

between metabolic pathways, positive controls in the form of model compounds with well-

defined stimulatory properties were introduced and optimised for using mitochondrial and 

glycolysis stress assays (Figure 6.4). Firstly, PHA isolated from phaseolus vulgaris was shown 

to induce a strong fluxing towards glycolytic dependence in preference to OXPHOS, as 

expected of the transition between T-cells in quiescent and activated states. Indeed, PHA 

activates human T-cells in a non-specific manner to induce a proliferation and is widely 

deployed within functional T-cell assays for validation purposes (Ceuppens et al., 1988).  

To examine and model T-cell activation it was useful to assess energetic function after 

stimulation with compounds possessing greater physiological relevance. As a consequence, 

both CD3 and CD28 activating antibodies were studied in isolation and cooperatively to 

elucidate the impact of TCR mediated stimulation on the activation profile of drug-specific 

TCCs. CD3 and CD28 are typically amalgamated within functional assays attempting to induce 

polyclonal T-cell activation and cellular expansion. In vitro applications attempt to mimic both 

signal 1 and signal 2 interactions typically provided through interplay between the APC and 

TCR for which an activation threshold is determined (Trickett and Kwan, 2003). Interestingly, 



240 
 

integration of both CD3 and CD28 activating antibodies revealed no discernible energetic 

advantage when compared to the activity of anti-CD3 in isolation. From this it can be deduced 

that fuel pathway dependence, for which glycolysis was implicated, was influenced by the 

presence of signal 1 but not signal 2. In this way, glycolytic switching measured within the 

assay system was sensitive to interactions between antigen and TCR, mimicked by the addition 

of anti-CD3, but not to any co-stimulation provided by anti-CD28 for which T-cell survival 

would be promoted and a proliferative effect induced (Boise et al., 1995). Co-stimulation is 

necessary for proliferative output but signalling is not instantaneous, with some studies 

suggesting proliferative commitment of naïve T-cells requires a minimum of 6 hours (Kaech et 

al., 2002). Therefore, it is plausible that the current assay set up, for which energetic readouts 

are taken over a 1-2 hour timeframe is insufficient to capture the metabolic pathways involved 

within co-stimulatory signalling. This is further evidenced by the parallel proliferative study of 

TCCs after drug pulsation and subsequent removal (Figure 6.16), for which readouts suggest 

proliferative commitment and by extension sufficient co-signalling, is optimal at 2-4 hours. 

These findings neatly align with studies suggesting the duration of antigen: TCR stimulation is 

critical determinant of the co-stimulatory requirements of T-cells, for which a lowering of the 

threshold may manifest (Kündig et al., 1996). 

For more detailed evaluation of the bioenergetic phenotypes induced by model stimulants and 

more importantly the activity of immunogenic compounds associated with hypersensitive 

disease states such as the glycopeptide antibiotics, glycolysis stress assays were developed. 

These assays deviated from traditional methodology via the substitution of oligomycin for 

soluble drug, thus allowing for the detection of any glycolytic flux directly imposed by relevant 

compounds. To assess glycolytic function, it was important to incorporate controls capable of 

confirming the induction of glycolysis. As a result, a final injection of the glucose analogue, 2-

DG, was deployed following successful optimisation within both proliferative and cytokine-

based assays for which inhibitive properties were demonstrated (Figure 6.6). 2-DG acts to 
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competitively inhibit hexokinase II and induce glycolytic blockade, confirming ECAR shifts 

observed within the assay are due to elevated levels of glycolysis (Pajak et al., 2019). After 

thorough assessment via glycolysis stress assays and detailed analysis of the metabolic 

parameters associated with the activation of drug-specific TCCs, both non-specific (PHA) and 

TCR mediated (αCD3) were deemed to be suitable model compounds with PHA possessing 

somewhat greater utility when applied to profiling T-cell responses following stimulation, 

perhaps due to its less targeted nature that may represent a ‘scatter gun’ approach to T-cell 

activation (Figure 6.7, 6.8). 

To complement the existing body of work detailing fuel dependency after artificial stimulation, 

for which the metabolic pathways of glycolysis and OXPHOS have been consistently 

implicated, we wanted to determine if ECAR measurement, and by extension glycolytic 

induction, could be used as a metabolic signature of vancomycin-specific T-cell activation (van 

der Windt et al., 2012, Gubser et al., 2013). The drug itself has recently been associated with 

the onset of DRESS reactions in individuals expressing the HLA-A*32:01 allele and recent 

studies have elucidated the role of CD8+ T-cells within the pathogenesis of such reactions, 

perhaps unsurprising for a reaction associated with HLA Class I phenotype (Konvinse et al., 

2019, Ogese et al., 2021). Vancomycin-reactive TCCs expressing CD8+ phenotypes generated 

from healthy donor PBMC (HLA-A*32:01 positive) with predetermined drug-specificity 

(detailed in Chapter 3) were found to exhibit metabolic switching accentuated by an increased 

dependence for glycolysis after acute vancomycin exposure (Figure 6.9). Furthermore, the 

energetic changes detected with stress-based assays were found to dose-dependent and drug-

specific, concordant with assays performed in parallel detailing proliferative responses and 

cytokine release (Figure 6.11). This was important for validation of the assay and provided 

affirmation that; (1) the energetic readout is influenced by the number of interactions 

between vancomycin and the TCR, as proven by dose-dependency (2) the observed glycolytic 

response was vancomycin-specific and not caused by cellular stress, as indicated by the 
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absence of any detectable response following the addition of a structurally unrelated 

compound.  

It was necessary to confirm the presence of functional antigen presentation within the 

glycolysis stress test to verify both physiological relevance and provide a degree of 

synchronization between metabolic readouts and in vitro T-cell assays.  We have 

demonstrated that at low concentrations of vancomycin APCs are required for the activation 

of CD8+ expression T-cells (Figure 6.12). It is important to note that the functionality of APCs 

within the assay system was only detectable at drug concentrations situated around the 

minimum threshold of activation. This is likely due to expression of MHC Class I on the surface 

of vancomycin-specific TCCs facilitating self-presentation at higher drug concentrations, thus 

making the role of APCs redundant (Neefjes et al., 2011). Additionally, blockade of HLA-DR in 

vancomycin-specific TCCs generated from DRESS patients (HLA-A*32:01 positive) and 

expressing CD4+ surface markers resulted in abrogation of glycolytic dependence after 

vancomycin exposure (Figure 6.13). Therefore, antigen presentation capable of eliciting 

energetic responses to vancomycin is has been successfully modelled with HLA interactions 

clearly visible, adding to the functional relevance of the assay. However, to reinforce HLA 

involvement within the real-time measurement of bioenergetic parameters, further study will 

be required focusing on HLA Class I blockade in order to provide full alignment between the 

glycolytic dependence and association with HLA Class I and HLA Class II restricted T-cell 

activation. By extension, it will also be prudent to study any metabolic discrepancies that may 

exist between CD4+ and CD8+ expressing TCCs with drug-specificity, with the overarching aim 

connecting metabolic signatures to the unique phenotypic characteristics of both helper and 

cytotoxic T-cell responses implicated within hypersensitivity.  

Most significantly, cross-reactivity between structurally similar glycopeptide antibiotics was 

detected when analysing energetic responses in populations of TCCs absent of any cross-



243 
 

reactive potential when considering proliferative and cytokine readouts (Figure 6.14). In this 

case, TCCs with prior specificity for vancomycin were also found to exhibit glycolytic switching 

after exposure to teicoplanin, for which T-cell responses have also been implicated within the 

pathogenesis of teicoplanin-induced DRESS reactions (Gardner et al., 2022). The close 

structural relationship shared between compounds, specifically the presence of heptapeptide 

scaffold, potentially explains the cross-reactivity observed when focusing solely on activation 

measured by the induction of glycolysis (Cynamon and Granato, 1982). However, it is intriguing 

that this ‘energetic’ cross-reactivity is not translatable within conventional T-cell assays. This 

suggests that although interactions between drug, HLA molecules and the TCR (signal 1) are 

clearly visible in the form of metabolic readout, co-stimulatory function (signal 2) is lacking. 

Therefore, quiescence exit is not fully achieved and T-cells will not progress to a proliferative 

state following initial activation (Bretscher, 1999). These data again support the use of 

metabolic dependency as a measure of T-cell activation for which greater sensitivity can be 

acquired. Additionally, the presence of activation illustrated by a metabolic switch that does 

not progress to proliferative commitment is conformation of initial interaction between 

structurally related glycopeptides at the immune synapse and potential evidence for peptide 

mimetic properties.  

Finally, it was important to corroborate the immediacy of the observed metabolic traits that 

signify T-cell activation with surface marker expression at time points relevant for the 

glycolysis stress test assay. CD3 was found to be downregulated after stimulation with 

vancomycin at time points correlating with glycolytic activation (Figure 6.15). The CD3 surface 

receptor, specifically when downregulated, can be used as a reliable maker of T-cell activation 

following drug: TCR ligation (Liu et al., 2000, Boyer et al., 1991). As a result, downregulation of 

such surface markers suggest T-cells are capable of activation after momentary drug exposure. 

Furthermore, transient exposure at energetically relevant time points to vancomycin followed 

by drug removal has been shown to induce a proliferative effect in populations of drug-specific 



244 
 

TCCs. This phenomenon has previously been illustrated when studying the impact of co-

stimulation, for which the presence of either CD28 or 4-1BB during activation has been found 

to modulate the metabolic profiles of memory T-cells after activation signalling had long been 

removed (Krause et al., 1998, Menk et al., 2018a). Moving forward, due to the limitations 

associated with the generation and expansion of drug-specific T-cells this assay would most 

likely be optimised for the incorporation of PBMCs, with the objective of immunogenic 

screening using glycolysis as an early maker of immune-cell activation.
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7. General discussion. 
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7.1 The escalating problem of adverse drug reactions. 

Adverse drug reactions (ADRs) are typically defined by the development of aberrant and 

undesirable effects suffered post drug administration, with clinical presentation ranging from 

mild to severe. Although rare, the manifestation of severe ADRs are a major cause of both 

morbidity and mortality with the negative effect on individual patient outcomes universally 

understood. When extrapolated this contributes to a significant burden on healthcare systems 

throughout the world. Initially, it was thought that approximately 8% of all hospital admissions 

in the UK are attributed to ADRs accounting for up to 4% of hospital bed capacity in some 

regions (Chan et al., 2016, Pirmohamed et al., 2004). Updated prospective analysis now 

suggests the issue is growing as ADR prevalence now accounts for 16.5% of total admissions 

(Osanlou et al., 2022). This bestows a huge economic burden on healthcare services, with 

annual projections for the cost to the NHS at £466m (Pirmohamed et al., 2004). This figure 

may be substantially higher due to discrepancies when reporting ADRs combined with the 

rising number of clinically confirmed cases, with updated projections illustrating the 

magnitude of the issue at a cost to NHS England in excess of £2bn annually (Hazell and Shakir, 

2006, Osanlou et al., 2022). 

The vast majority of ADRs are potentially preventable and can inhibit the effectiveness of 

treatment strategies by limiting therapeutic intervention (Rommers et al., 2007). Various 

strategies have been deployed to combat the ever growing issue of ADR prevalence. 

Pharmacovigilance has been a valuable tool and involves the both recording and monitoring 

of potentially harmful drugs at the post-marketing stage and ultimately aims to identify and 

prevent instances of ADR (Aronson, 2017). This can lead to the withdrawal of licensed drugs 

from the commercial market, although the attrition of potentially efficacious drugs is an area 

of concern and can be problematic for patients, clinicians and drug developers. A recent 

systematic review identified 462 drugs withdrawn post-marketing between 1953 and 2013 
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with hepatotoxicity cited as the most common adverse effect (Onakpoya et al., 2016). 

Candidate drug attrition during clinical development leads to substantial financial implications. 

In 2001 the overall cost of drug discovery and development for a single drug was estimated at 

$804m, with more recent evaluations placing this figure closer to $1bn (Kola and Landis, 2004). 

This amplifies the need for a greater understanding of the underlying cellular and molecular 

mechanisms associated with ADRs, which will be imperative during the initial phases of drug 

development, in addition to continuous clinical assessment during post-marketing drug 

surveillance.  

ADR manifestations can be predictable (Type A) and dose-dependent, with adverse events 

relating to a drugs known pharmacology. Conversely, Type B reactions are more problematic 

due to their idiosyncratic nature and off-target effects, with immune-modulation often cited 

as a route cause. Indeed, drug allergy has become a focal point for many research groups and 

immune-mediated drug hypersensitivity, encompassing T-cell involvement, has been isolated 

as a causal factor in numerous ADRs such as abacavir and carbamazepine-induced 

hypersensitivity syndromes (Chessman et al., 2008, Naisbitt et al., 2003a). This is further 

evidenced by the successful isolation of drug-specific T lymphocytes from both peripheral 

venous blood and blister fluid located at reaction epicentres within hypersensitive patients 

(Naisbitt et al., 2005, Nassif et al., 2002). 

Over the years the field of drug hypersensitivity has been transformed by the discovery of 

certain genetic aetiologies shared by individuals presenting with a variety of clinical 

manifestations associated with immune-mediated ADRs. As previously discussed, abacavir 

represents the most prominent example with genetic screening for the identification of HLA-

B*57:01 expression now common clinical practice as a direct result of exceptionally high 

positive prediction values (Mallal et al., 2002, Mallal et al., 2008). Furthermore, immunological 

mechanisms for the elicitation of HLA class I-restricted drug hypersensitivity have been 



248 
 

elucidated and can be defined by specific modes of T-cell activation, such as the 

pharmacological interaction concept (p-i), hapten/prohapten hypothesis and the altered 

peptide repertoire model (Pichler, 2002, Landsteiner and Jacobs, 1935, Illing et al., 2012). The 

association between shared HLA expression among hypersensitive cohorts is a dynamic area 

of study. Contemporary GWAS analysis has identified potential genetic-based causal risk 

factors on an almost yearly basis, as shown by the recent discovery of HLA associations 

between infliximab and green tea-induced liver injury and expression of HLA-B*39:01 and HLA-

B*35:01 respectively (Bruno et al., 2020, Hoofnagle et al., 2021). Although HLA analysis can be 

a useful predictive tool for determining susceptibility, it is also clear that progression of 

hypersensitive disease states is multi-factorial, arising from contributing genetic, regulatory, 

environmental and drug-specific factors (Naisbitt et al., 2019). 

7.2 The role of the adaptive immune system within DRESS reactions 
induced by glycopeptide antibiotics. 

Recently, vancomycin administration has been linked to drug reaction with eosinophilia and 

systemic symptoms (DRESS) reactions in individuals expressing HLA-A*32:01, with positive and 

negative predictive values of 20% and 80% respectively (Konvinse et al., 2019). Although such 

findings provide a springboard for the detailed study of drug/HLA interactions and mechanistic 

insight into vancomycin-induced stimulation of immunological receptors, several questions 

remain unanswered. For example, why do only 20% of HLA-A*32:01 individuals exposed to 

vancomycin progress to DRESS and which underlying auxiliary immunological characteristics 

determine susceptibility? In this thesis, we successfully elucidated the mechanistic and 

functional roles of drug-specific T-cells within vancomycin and teicoplanin-induced DRESS 

using healthy donor and hypersensitive patient models, in addition to determining the 

specificity of vancomycin for HLA-A*32:01. One intriguing avenue encompassed within this 

study was the assessment of cellular energetic parameters, such as glycolysis, to explore cross-

reactive T-cell responses via alternative metabolic routes. This arm of the study may provide 
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greater sensitivity for the determination of T-cell activation thresholds upon antigen 

presentation and enable further examination of the interplay between vancomycin and 

teicoplanin at the immunological synapse within the context of T-cell mediated DRESS 

pathogenesis. 

Initial studies investigated vancomycin’s propensity for immune stimulation by way of de novo 

responses following repetitive drug stimulation of PBMC cultures. This was achieved by 

utilising PBMCs from an established HLA-typed biobank (Alfirevic et al., 2012). Vancomycin 

preferentially interacted with HLA-A*32:01. Although possessing greater physiological 

relevance, these studies complement in silico molecular docking analysis performed by 

Konvinse and colleagues which predict vancomycin binding within antigen cleft residues of  

HLA-A*32:01 with greater affinity than closely related HLA types not associated with 

vancomycin-induced DRESS, such as HLA-A*29:02 (Konvinse et al., 2019). To further 

investigate the specificity of vancomycin for HLA-A*32:01, additional study prioritising x-ray 

crystallography and HLA peptide elution, proceeded by incorporation within functional T-cell 

assays, will be required.  

Following the conduction of in vitro priming studies to assess preferential interaction between 

vancomycin and HLA-A*32:01, we strived to determine immunological pathways of 

vancomycin-mediated T-cell activation. Throughout this work, an emphasis was placed on 

studying how drug antigens can activate immunological receptors and stimulate downstream 

effector function. As described in Chapter 3, interactions between vancomycin and CD8+ T-

cells have now been characterised to hinge upon HLA class I presentation, with T-cell 

responses evoked by direct non-covalent pharmacological interactions. Furthermore, 

stimulation has been found to be associated with a plethora of cytokine and cytolytic molecule 

release potentially involved within DRESS pathogenesis and clinical cross-reactivity with 

teicoplanin has been now replicated within in vitro assays (Choquet-Kastylevsky et al., 1998, 
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Hsiao et al., 2010). One way by which large, structurally complex glycopeptide antibiotics may 

differ from conventional modes of drug-induced T-cell activation is by their potential role as 

peptide mimetics, as suggested by preliminary studies indicating preferential HLA binding in 

the absence of native peptides (Konvinse et al., 2019). Within these studies, high affinity 

binding between vancomycin and HLA-A*32:01 was not predicted when native peptides, 

eluted from HLA-A*32:01, occupied the antigen-binding cleft. Indeed, due to its large 

molecular weight, peptide binding is potentially redundant as vancomycin has been shown to 

interact with HLA-A*32:01 with greater affinity in the absence of peptides present within the 

antigen binding cleft. By extension, it can be postulated that vancomycin may possess 

superantigenic properties in a similar way to some disease-causing bacterial proteins and 

subsequently activate T-cells in a non-specific manner, as previously demonstrated via the 

stimulation of naïve T-cells isolated from healthy donors without expression of HLA-A*32:01 

(Li et al., 1999). 

As previously stated, not all individuals carrying HLA-A*32:01 will progress to hypersensitive 

disease states, such as DRESS, following vancomycin exposure. This notion is amplified by T-

cell cloning experiments demonstrating successful vancomycin-specific T-cell generation in a 

single healthy donor. Therefore, it is essential to revisit the overbearing question that has 

eluded pharmacologists regarding the interplay and importance of individual factors of 

susceptibility supplementary to classical HLA involvement. One emerging theme increasingly 

acknowledged in recent times lies within the dynamics of immunoregulation (Naisbitt et al., 

2019). Crucially, intrinsic inter-individual differences exist between within pleiotropic 

signalling cascades, impacting the propensity for either co-stimulation or co-inhibition in 

response to compounds with immune liabilities. In hypersensitive individuals, co-stimulation 

will be favoured over tolerogenic mechanisms reducing the necessary threshold for T-cell 

stimulation (Matzinger, 2007). Conversely, hypersensitive progression can be influenced by 

regulatory breakdown of specific co-inhibitory ‘checkpoints’, such as PD-L1 and CTLA-4, 
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located at the interface between the CD28 and the B7 family (Wing et al., 2008, Wing and 

Sakaguchi, 2010, Teft et al., 2006). A pertinent example for the impact of immunoregulatory 

breakdown is the development of severe hypersensitivity after concomitant exposure to 

previously tolerated doses of amidotrizoate and the PD-L1 blocker, atezolizumab (Hammond 

et al., 2021). Such manifestations are almost certainly due to a ‘removal of the brakes’ within 

the context of aberrant T-cell activation and function, which may show strong utility within 

oncological settings due to enhanced T-cell antigenicity and anti-tumour activity. This further 

highlights the ongoing risk of drug hypersensitivity from uncontrolled T-cell responses 

following exposure to immunogenic compounds (Korman et al., 2006). 

The observation of proliferative cross-reactivity between vancomycin specific T-cell clones 

(TCCs) generated from HLA-A*32:01 positive healthy donors and teicoplanin aligned with case-

studies reporting severe hypersensitive responses within treated sequentially with both 

compounds (Kwon et al., 2006). Although teicoplanin is widely viewed a safer alternative to 

vancomycin, the drug is also implicated within the development of ADRs (Wood, 1996). 

However, the role of specific immunological receptors within reactions of a delayed nature are 

still poorly defined. Our in vitro studies explore the fundamental question regarding the 

intrinsic immunogenic potential of teicoplanin, specifically regarding the compounds ability to 

stimulate T-cells in a way affiliated with DRESS pathogenesis. Unsurprisingly, due to its close 

structural relation with vancomycin, teicoplanin was found to activate CD8+ TCCs in an 

identical manner to vancomycin, with T-cell responses elicited through a processing 

independent and MHC class I-restricted mechanism (Gardner et al., 2022). Furthermore, the 

role of T-cells within the pathogenesis of teicoplanin-induced DRESS syndrome was illustrated 

following the identification of cytotoxic and DRESS related cytokines, such as IL-5, following 

drug exposure. Indeed, the ubiquitous nature of IL-5 secretion within specific delayed 

hypersensitivity reactions, may provide justification for inclusion within diagnostic T-cell 

assays, such as the lymphocyte transformation test (LTT), as a DRESS specific marker. This 
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could be used in conjunction with an individual’s clinical phenotype to achieve greater 

sensitivity and provide a more targeted approach for the identification of DRESS-associated 

compounds. However, it is important to note that LTT assays have the potential to indicate a 

false negative test, as hypersensitive manifestations may be associated with drug-specific T-

cells localised to the skin (Pichler and Tilch, 2004). Moreover, some compounds, such as 

certain cystic fibrosis transmembrane conductance regulator (CFTR) modulators, need to be 

metabolised in the liver to before any immunogenic properties are observed (van der Meer et 

al., 2021). This can be problematic for the detection of memory T-cell responses to the culprit 

drug. 

The observed cross-reactivity between teicoplanin-responsive TCCs generated from HLA-

A*32:01 positive healthy donors and daptomycin, but not vancomycin, further highlights the 

complexities of interactions between glycopeptide antibiotics. Reciprocal cross-reactivity 

between structurally similar compounds is often observed, as illustrated between TCCs 

generated to both dapsone and its metabolite, nitroso-dapsone (Zhao et al., 2021). As such, it 

is surprising this trait is absent when studying glycopeptides, compounded with experiments 

consistently failing to generate drug-specific TCCs to daptomycin. As discussed in Section 4.4, 

a possible explanation for cross-reactivity with daptomycin may rest with the compounds 

increased structural alignment with teicoplanin, specifically the presence of a hydrophobic 

lipid chain (Reynolds, 1989). At this juncture, when assessing the potential involvement of HLA 

complexes regarding the observed cross-reactive responses, it is important to state that 

currently there is no genetic association between teicoplanin or daptomycin with HLA-

A*32:01. Although highly preliminary, these data may warrant further consideration with 

respect to clinical ADR reporting after exposure to daptomycin following initial vancomycin or 

teicoplanin hypersensitivity. However, a greater body of in vitro and clinical evidence will be 

necessary to determine the scope for any potential GWAS analysis including teicoplanin or 

daptomycin. 
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In order to validate the functional role of T-cells within vancomycin-induced DRESS, illustrated 

with in vitro and allele positive healthy donor models, vancomycin hypersensitive patients 

were recruited to the study. Initial diagnostic assays (LTT) assessing memory T-cell responses 

to vancomycin in patients with suspected vancomycin-induced DRESS revealed positive 

lymphocyte proliferation in 8/9 individuals recruited. Based on our initial readouts for a cohort 

of vancomycin hypersensitive patients, LTT assays are deemed highly sensitive for the 

detection of memory responses applied to vancomycin-induced lymphocyte proliferation. 

Standardisation of the LTT for the detection of vancomycin-induced DRESS is a research goal 

shared by multiple groups. A preliminary study suggested LTT conduction alongside HLA typing 

and flow cytometry, for the detection of DRESS specific markers within activated PBMC 

cultures, may show promise for successfully diagnosing vancomycin hypersensitivity with a 

greater degree of sensitivity (Krummenacher, 2020). 

The successful isolation of drug-responsive T-cells from vancomycin hypersensitive patients 

further implicates immune modulation within vancomycin-induced DRESS manifestations, for 

which both CD4+ and CD8+ T-cells were shown to be involved in disease pathogenesis. Our 

functional studies, predominantly focusing of the action of CD4+ TCCs, suggests HLA class II 

involvement with T-cell responses evoked by direct non-covalent pharmacological 

interactions, with the capacity for the secretion of cytokines (IL-5) and cytotoxic molecules 

(FasL) known to be linked with DRESS manifestation (Choquet-Kastylevsky et al., 1998). 

Detailed analysis of HLA genotyping pertaining to vancomycin hypersensitive patients, for 

which drug-specific TCCs were generated, seemingly reinforces genotypic involvement due to 

the shared expression of HLA-A*32:01 among hypersensitive individuals. The volume of CD4+ 

TCCs generated and HLA-DR restricted nature of clonal activation was a key finding in this 

study and is consistent with studies indicating DRESS onset hinges upon a Th2-mediated 

pathophysiology (Krummenacher, 2020). It is also poignant that large number of vancomycin-

specific TCCs could be generated from a patient, in which expression of HLA-DRB*15:01 was 
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also detected. Significantly, haplotypes of HLA-DRB*15 alleles have recently been observed to 

be enriched in DRESS patients (n=94), further substantiating HLA involvement within drug-

induced DRESS manifestations (Onuora, 2022). Furthermore, genetic analysis has now 

successfully identified numerous transcriptomic biomarkers implicated within the 

pathogenesis of DRESS reactions. Within these studies, RNA sequencing analysis of PBMC 

taken from DRESS patients has suggested a panel of biomarkers may provide high sensitivity 

(100%) and specificity (85-100%) for the identification of culprit drugs within cohorts 

presenting with antibiotic-associated DRESS. Specific biomarkers of interest include STAC, 

GPR183, CD40, CISH, CD4, and CCL8, with the study of these transcriptomic markers of 

potential relevance for the diagnosis of vancomycin-induced DRESS, alongside diagnostic T-

cell assays (Teo et al., 2022). 

Weak cross-reactivity was observed in a singular monoclonal T-cell population after 

teicoplanin exposure. However, it is plausible that cross-reactive T-cell responses may be more 

prevalent following continued proliferative study of a greater number of test cultures. Earlier 

analysis of cross-reactivity patterns within HLA-A*32:01 positive vancomycin-induced DRESS 

patient groups hinted at the possibility of a shared HLA-DQ haplotype among individuals 

susceptible teicoplanin hypersensitivity (Nakkam et al., 2020). These studies have shed light 

on potential modes of alternative HLA interaction beyond HLA-A*32:01 and have now 

specifically implicated both HLA-DQA1:01:01 and HLA-DQB1:05:03 within the induction of 

cross-reactive immunogenic responses to teicoplanin and other semi-synthetic glycopeptide 

antibiotics such as telavancin (Nakkam et al., 2021). To stratify patient susceptible to 

hypersensitive resurgence after rechallenge with structurally similar glycopeptide compounds, 

it would firstly be useful to determine the allelic frequency of both HLA-DQ alleles among 

various populations and ethnic groups, allowing for initial conclusions to be drawn regarding 

the likelihood of potential ‘risk’ allele status. Additionally, it is possible that detailed genetic 

analysis of larger patient cohorts could help identify specific risk alleles implicated within 
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cross-reactivity and aid the implementation of preventative measures, specifically relating to 

safer therapeutic options during treatment regimens targeted at clearing severe bacterial 

infection.  

7.3 Glycolytic measurement can be used as an accurate marker for drug-
specific T-cell activation. 

Within the field of drug hypersensitivity there is an ever-increasing need to identify additional 

factors of susceptibility. The transition away from HLA as a singular focal point of prediction is 

required to achieve a more personalised approach to therapeutic intervention and drug safety. 

This is clearly evident based on a number of findings. Firstly, due to the limited number of 

compounds for which HLA screening is viable and secondly, because drugs with even the 

strongest HLA-based predictive models, such as abacavir, fail to explain why > 50% of 

individuals with risk allele carriage (HLA-B*57:01) fail to progress to hypersensitive disease 

states (Mallal et al., 2002, Mallal et al., 2008). In keeping with the theory that additional 

susceptibility factors must be elucidated, the present study aimed to explore T-cell energetics 

in response to immunogenic compounds to determine the potential involvement of metabolic 

phenotypes within drug-specific T-cell responses. 

For the first time, this study has identified cellular dependency for specific metabolic pathways 

following stimulation with cognate drug antigens. CD8+ vancomycin-reactive TCCs generated 

from healthy donor PBMC (HLA-A*32:01 positive) were found to exhibit metabolic switching, 

evidenced by an increased dependence for glycolysis after acute vancomycin exposure. 

Additionally, blockade of HLA-DR in vancomycin-specific TCCs generated from vancomycin 

hypersensitive patients (HLA-A*32:01 positive) resulted in reduced glycolytic dependence 

after vancomycin exposure. As such, antigen presentation capable of eliciting energetic 

responses to vancomycin have been successfully modelled with clearly visible HLA 

interactions, further adding to the functional relevance of the assay system developed. 
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Significantly, the application of such assays towards the sensitive measure of drug/TCR 

interaction was validated by the detection of energetic cross-reactivity between structurally 

similar glycopeptide antibiotics in populations of TCCs absent of any cross-reactive potential 

when studying proliferative and cytokine readouts. 

The importance of unique metabolic signatures, such as initial glycolytic reprogramming, for 

the activation and progression of T-cell responses have now been well defined (Gubser et al., 

2013, van der Windt et al., 2013, van der Windt et al., 2016b, Vander Heiden et al., 2009). The 

actionable process of T-cell activation is energetically costly due to exponential demand arising 

from rapid proliferative function and relatively short doubling time, specifically in the case of 

virus-specific T-cells (De Boer et al., 2003). Empirical evidence firmly points towards elevated 

glucose uptake the induction of early-immediate glycolytic switch, necessary to keep pace with 

energetic demand of T-cell activation (MacDonald, 1977, MacDonald and Cerottini, 1979, 

Gubser et al., 2013). More recently, the role of glycolytic metabolism within T-cell activation 

has been further affirmed for a variety of cellular responses, most notably when studying graft-

versus-host disease for which elevated and sustained levels of glycolysis have been associated 

with allogenic T-cell responses (Nguyen et al., 2014, Assmann et al., 2021) Simultaneously, it 

has long been recognised that immune activation and ensuing proliferative T-cell responses 

are heavily implicated within the pathogenesis of drug hypersensitivity reactions. Over the 

years this has been clearly demonstrated for a multitude of compounds with contrasting 

pathways of activation (altered peptide, p-i and hapten) such as abacavir, carbamazepine and 

nitroso-dapsone (Adam et al., 2014, Naisbitt et al., 2003a, Zhao et al., 2019). In each case, 

aberrant and overexuberant T-cell responses following the commencement of danger 

signalling combined with immunoregulatory breakdown typically leads to the release of 

effector cytokines and subsequent tissue damage, synonymous with clinical manifestation 

(Merk, 2005). With respect to fuel pathway dependence following immune stimulation, it 

follows that the cellular glycolytic potential of drug-reactive T-cells may govern the degree of 

https://ashpublications.org/blood/article/124/21/2419/95749/Allogeneic-T-Cells-Utilize-Glycolysis-As-the?utm_source=TrendMD&utm_medium=cpc&utm_campaign=Blood_TrendMD_0
https://ashpublications.org/blood/article/124/21/2419/95749/Allogeneic-T-Cells-Utilize-Glycolysis-As-the?utm_source=TrendMD&utm_medium=cpc&utm_campaign=Blood_TrendMD_0
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proliferative and functional response, if not ultimately the nature of such responses. Indeed, 

it is possible that this phenomenon may underpin cellular fate, either towards elicitation and 

hypersensitive progression or in favour of tolerance if fuel requirements for full activation are 

unmet.  

Distinct genotypic characteristics may impact upon an individuals ‘energetic’ predisposition 

for which activation or tolerance may be favoured following formation of a stable immune 

synapse and appropriate co-signalling. These inter-individual differences, originating from 

fundamental transcriptomic variation have been suggested to account for discrepancies within 

human T-cell activation thresholds (Ye et al., 2014). Similarly, underlying genetic traits 

potentially favouring heightened expression of enzymes involved within glycolysis and 

associated with elevated energetic states, may also act as a checkpoint and dictate progression 

from states of early-activation to proliferation and subsequent effector function. A deeper 

understanding of the interplay between the molecular and energetic events that determine 

the fate of stimulated T-cells will be crucial to uncovering additional factors of susceptibility to 

hypersensitivity, for which HLA involvement is now known to be one of many potential 

contributing factors.
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7.4 Alternative assay systems with potential relevance for the study of 
drug hypersensitivity reactions. 

Currently, a host of assay systems are commercially available with direct application for 

glycolysis detection and measurement. These assays can be energetics-based (Seahorse XF 

assays), during which metabolic changes can be measured in real-time, or rely on the detection 

and quantification of an array of glycolytic pre-cursors and end products as an output of 

glycolytic function, specifically in relation to lactate production and glucose uptake. When 

deployed, such assays could provide greater insight towards defining fuel pathway 

dependency in addition to any metabolic plasticity involved within pathways of T-cell 

activation. Importantly within the context of T-cell mediated hypersensitivity, sensitive 

determination of the metabolic parameters that facilitate immune stimulation will shed light 

on specific activation thresholds, known to be a rate limiting step for T-cell responses after 

antigenic encounter (Adam et al., 2011). 

When considering bioenergetic readouts pertaining to T-cell activation after acute stimulation, 

progression within the field has led to the development of numerous assays systems with 

application for real-time glycolysis measurement. Initial assays were heavily reliant on stress-

based measurement and injection of mitochondrial toxins to elucidate glycolytic dependence, 

with an emphasis on extracellular acidification detection and indirect assessment of glycolytic 

function (Gubser et al., 2013). In recent times, these assays have been streamlined to solely 

focus on acute T-cell activation, namely the Agilent Seahorse XF Hu T Cell Activation Assay Kit. 

These more contemporary iterations importantly allow for calculation of a proton efflux rate, 

which can subsequently be correlated with rates of lactate production for more direct and 

physiologically relevant glycolytic readout (Brooks, 2018).  

Additional assay systems have been developed that show utility for accurate lactate 

quantification and, by extension, glycolytic induction. The presence of extracellular lactate can 
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be reliable indicator of T-cell proliferation. Studies have now confirmed an intricate correlation 

between lactate production and proliferative T-cell expansion in response to in vitro 

stimulation with CD3/CD28 costimulatory molecules, found to be concordant with more 

traditional proliferative measures, such as [3H] thymidine incorporation (Grist et al., 2018). 

Although assays exist with the ability to accurately detect extracellular lactate production for 

the purpose of glycolysis measurement, translational approaches to T-cell activation are still 

poorly defined.  Commercially available colorimetric assay kits with the capacity for detecting 

end products of lactic acid fermentation rely on enzyme-mediated release of L-lactate to serve 

as gauge for glycolytic function (TeSlaa and Teitell, 2014). To a similar extent, assays deployed 

to directly measure glucose uptake as a precursor for glycolysis have proven effective for the 

measurement of glycolytic metabolism and elucidation as to the role of glucose transporters 

(GLUT), such as GLUT1 within metabolic pathways (Kido et al., 2020).  To date, the application 

of such assays towards T-cell activation and function are limited, almost certainly due to the 

relative success of real-time energetic platforms with successful optimisation for a number of 

T-cell subsets now well-defined after artificial or peptide-induced stimulation (Jones et al., 

2017, Menk et al., 2018a). Further ground will need to be broken within the field of 

immunometabolism for effective translatability of applications towards drug-specific T-cell 

activation, with an emphasis on correlating bioenergetically relevant thresholds of immune 

activation with expression of specific early activation markers, such as CD69 and CD25 

(Shipkova and Wieland, 2012).
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7.5 The future of immunometabolism for the detection of drug 
hypersensitivity. 

The field of immunometabolism is still in its infancy. The bioenergetics of immune cells, both 

during quiescence and following stimulation, can provide insight into mechanisms 

underpinning physiological function and more importantly how metabolic signatures can be 

altered to support transient cellular requirements. Progress to this end has already identified 

fundamental metabolic differences between CD4+ and CD8+ expressing T-cells, specifically the 

presence of a glycolytic flux upon stimulation weighted in favour of T helper cells (Jones et al., 

2017). This is certainly applicable to the field of drug hypersensitivity, for which the 

immunometabolic study of drug-specific T-cells may provide an alternative route of 

investigation for differential patterns of T-cell activation. There is clearly untapped potential 

regarding the incorporation of immunometabolic assays within diagnosis and prediction of 

drug hypersensitivity. To fully establish bioenergetic analysis with applications towards 

screening for potential susceptibility, a number of key events need to be determined. Firstly, 

following T-cell stimulation, it will be crucial to correlate the intensity of glycolytic indication 

with distinct, separate markers of co-stimulation and to further delineate glycolytic 

dependence with respect to both the initiation and propagation of danger signalling. 

Furthermore, due to the arduous nature of generating drug-specific T-cells and experimental 

limitations associated with primary cultures, an emphasis must now be placed on assay 

transformation, specifically focusing on the incorporation of PBMC cultures. Rigorous 

coordinated approaches will be necessary to the confirm physiological associations between 

activation signalling and metabolic output in greater depth, however once overcome will lay 

the groundwork for the development of next generation diagnostic screening with the aim of 

supplementing or even superseding more traditional, long established methods such as 

lymphocyte transformation.
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7.6 Concluding remarks. 

To conclude, our data implicates T-cell involvement in vancomycin-induced DRESS. In terms 

of functional studies, healthy donor work utilising PBMC with risk allele expression provided 

a suitable model for the elucidation of molecular interactions and downstream effector 

functionality of vancomycin-specific TCCs, with a degree of homology observed with parallel 

studies conducted following the recruitment of vancomycin hypersensitive patients. 

However, further work will be required to fully determine the role of CD8+ T-cells and 

associated mechanisms involved within DRESS pathogenesis. Energetic readouts represent a 

valuable addition, with applications towards studying both the chemical and molecular basis 

of drug-specific T-cell activation. Importantly, due to their heightened sensitivity, these 

assays may shed light upon an individuals propensity to suffer from adverse events and 

provide deeper understanding of the interplay and balance between co-signalling pathways, 

after which cellular fate assumes tolerance of elicitation. Finally, this may uncover hidden 

physiological traits of idiosyncrasy that could go some way to deciphering inter-individual 

differences, which has consistently proven to be a major hurdle for the diagnosis and 

prediction of drug hypersensitivity. 
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