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ABSTRACT 

β-lactam antibiotics are frequently involved in drug hypersensitivity reactions, mediated by 
T-cells, and predominantly causing injury to skin and liver. The significant challenge arises 
from the idiosyncratic nature of these reactions, as the antigens responsible for T-cell 
activation are yet to be determined. The covalent binding of β-lactam antibiotics to highly 
abundant circulating proteins has been well-defined. The hapten model of T-cell activation 
in drug hypersensitivity indicates these protein-adducts may be processed into drug-
modified peptides and presented to T-cells. Further, associations with risk HLA alleles for 
susceptibility to a reaction have been identified. Despite this evidence, the antigenic 
epitopes involved in the pHLA-TCR interaction has not been defined. The overall aim of this 
thesis was to investigate the role of β-lactam protein-adduct formation in T-cell activation in 
β-lactam hypersensitivity. 

To detect drug-modified proteins, anti-sera against piperacillin- and amoxicillin-modified 
proteins have been characterised. Synthetic drug-modified proteins have been successfully 
generated and characterised using mass spectrometry. Antibodies were investigated for 
their specificity, cross-reactivity and optimised use in immunological detection methods 
using the drug-modified proteins. A highly specific piperacillin antibody has been generated 
with no cross-reactivity with other β-lactam antibiotics, indicating the piperacillin side chain 
is the site of recognition for this antibody, rather than the β-lactam ring. An amoxicillin-
specific antibody has also been generated with limited cross-reactivity with piperacillin and 
ampicillin.  

Cystic fibrosis patients often undergo piperacillin therapy to help to achieve effective lung 
function; however, a higher incidence of hypersensitivity reactions have been identified in 
these patients. The chemical nature of piperacillin haptens involved in T-cell activation has 
been investigated in patients. PBMC were isolated to investigate the presence of memory 
drug-specific T-cells. Piperacillin-specific T-cells were characterised revealing the 
involvement of both CD8+ and CD4+ T-cells. A set of T-cell clones were activated in a 
processing-dependent manner indicating a hapten mechanism of T-cell activation. 
Piperacillin-modified protein has been identified in the sera of CF patients, with a dominant 
hydrolysed hapten occurring in hypersensitive patients. A weak T-cell response to this 
hapten has been detected in a patient. Further, piperacillin modification has been identified 
in patient immune cells using an anti-piperacillin antibody.  

Flucloxacillin and amoxicillin are both common culprits of idiosyncratic DILI showing 
significant associations to specific HLA class I alleles, HLA-B*57:01 (flucloxacillin) and HLA-
A*02:01 (amoxicillin), and HLA class II DRB1-15*01-DQB1-06*02 (amoxicillin). Drug-modified 
HLA-binding peptides have been generated using three sources including exosomal proteins 
from drug-treated hepatocytes, the naturally eluted HLA-B*57:01 immunopeptidome and 
HLA designer peptides. Peptides were purified and characterised using HPLC and mass 
spectrometric methods, respectively.  Amoxicillin-modified HLA peptide-specific T-cell 
responses have been identified in healthy donors and patients expressing the risk HLA alleles.  

Following on from the immunogenicity of HLA-A*02:01 binding peptides, the amoxicillin 
haptenation of naturally HLA class I immunopeptidome was investigated in healthy donors 
expressing the HLA-A*02:01. Multiple naturally presented HLA class I ligands containing 
characteristic fragment ions derived from amoxicillin were detected by mass spectrometry 
analysis, indicating they were amoxicillin-modified peptides. Of these 5 amoxicillin-modified 
short peptides have been sequenced manually, and sourced to naturally occurring proteins, 
providing further evidence for the hapten hypothesis. Amoxicillin modification occurred on 
both lysine and cysteine residues. No major shifts have been identified in the natural HLA 
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class I immunopeptidome in the presence of amoxicillin as seen with abacavir and HLA-
B*57:01. 

In this thesis, a mechanistic role of β-lactam haptenation and HLA associations have been 
addressed. β-lactam protein haptenation has been detected and characterised in vitro and 
in vivo, including the detection of drug-protein adducts in patients and the presence of 
naturally occurring drug-modified HLA peptides. Importantly, the immunogenicity of β-
lactam haptenation has been determined at the peptide level. Overall, these studies 
contribute to defining the pMHC-TCR interactions in β-lactam hypersensitivity, and provide 
a foundation for determining the antigenic epitopes involved in T-cell activation
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4 

 ADVERSE DRUG REACTIONS 

Drug treatment is used in the diagnosis, management, and prevention of disease. However, 

due to the biological effects of the drug, adverse reactions can occur upon drug 

administration. The World Health Organization (WHO) defined an adverse drug reaction 

(ADR) as “a response to a drug that is noxious, unintended or undesired, occurring at doses 

normally used for the prophylaxis, diagnosis or treatment of disease, or for modification of 

physiological function.” In 2000, Edwards and Anderson reviewed some of the terminology 

surrounding ADRs and, challenging the WHO definition, proposed their own definition as “an 

appreciably harmful or unpleasant reaction, resulting from an intervention related to the use 

of a medicinal product, which predicts hazard from future administration and warrants 

prevention or specific treatment, or alteration of the dosage regimen, or withdrawal of the 

product” (Edwards and Aronson, 2000). This more recent description accounts for minor 

adverse responses which may not be harmful or hurtful to the patient as opposed to only 

“noxious” responses. Also, the possibility of reactions to contaminants of medicinal herbs is 

considered, for example renal toxicity caused by aristolochic acids in traditional Chinese 

medicines (Xu et al., 2016), or to pharmacologically inactive excipients including skin 

eruptions caused by sodium benzoate, which is used in the preparation of amoxicillin-

clavulanate (Strauss and Greeff, 2015). 

ADRs represent a significant concern within the healthcare system due to the severity of 

symptoms. A 2004 study revealed that 6.5% of hospital admissions over a six-month period 

(2002-2003) were related to ADRs (Pirmohamed et al., 2004), while others have reported the 

prevalence of ADRs as over 8% in primary care settings (Insani et al., 2021) and 3.2% in 

hospitalized patients (Giardina et al., 2018). Indeed, a recent analysis of the WHO 

pharmacovigilance database declared that 1.3% of ADRs were fatal. ADRs also pose a major 

threat to the pharmaceutical industry in regards to problems during drug development, post-
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marketing drug withdrawal, and consequently financial burdens. Between 2002 and 2011, 

19 drugs were withdrawn in the EU, with the majority of ADRs related to the cardiovascular 

system (McNaughton et al., 2014).   

The widely used classification, initially proposed by Rawlins and Thompson, divides ADRs into 

two categories: Type A (pharmacological) and Type B (idiosyncratic). The majority of ADRs, 

approximately 80%, are Type A reactions which are dose-dependent and related to the 

known pharmacological effect of the administered drug (Waller, 2011). Overdosing or off-

target activity of the drug is fundamental to type A reactions (Pichler and Hausmann, 2016). 

For instance, acetaminophen (APAP)-induced liver toxicity is a common Type A reaction 

caused by excessive use of the drug i.e. overdosing. On the other hand, anti-cancer drugs are 

among those with the potential to cause unwanted toxicities through an exaggerated 

pharmacologic response of the drug. To destroy tumours, the primary mode of action of anti-

cancer drugs is to inhibit replication of DNA thus killing cells undergoing mitosis; however, 

this mechanism is not specific to tumour cells, and therefore other cells can be targeted. 

Such example includes the targeting of immune cells resulting in unintended 

immunosuppression (Hacker 2009). Since these reactions are a result of the intended 

therapeutic mechanisms of the drug they are considered predictable, and can be reversible 

by reducing the dose or completely withdrawing the drug (Ring and Brockow, 2002). 

Type B ‘idiosyncratic’ reactions represent drug hypersensitivity reactions (DHRs) which 

account for approximately 10-15% of ADRs (Schrijvers et al., 2015). Although they are less 

common than Type A reactions, DHRs have a high mortality rate as they are unpredictable 

from the known pharmacological activity of the drug (Kaufman, 2016). To date, DHRs remain 

a significant challenge for patients and the healthcare/pharmaceutical industries as the 

underlying mechanisms are not well understood.  
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1.1.1 DRUG HYPERSENSITIVITY  

1.1.1.1 CLASSIFICATION 

The classification of DHRs is divided into two categories: immune mediated (allergy) and non-

immune mediated (pseudoallergy). Allergy is defined as an ‘inappropriate’ or exaggerated 

immune response to the exposure of low-weight chemicals, resulting in diverse clinical 

manifestations such as anaphylactic shock or injury to targeted organs (Pallardy and Bechara, 

2017). The majority of allergic reactions affect the skin while other symptoms are much less 

frequent. For instance, only around 10% of allergic reactions will manifest as anaphylaxis 

(Waller, 2011). Pseudoallergy refers to reactions which do not involve an antigen-specific 

immune response therefore do not involve immunoglobulins (Igs) or T-cells. As indicated by 

the name, pseudoallergy often results in similar manifestations to true allergic reactions. To 

illustrate, red man syndrome caused by vancomycin manifests as erythematous rash caused 

by histamine release from mast cells, mimicking an allergic reaction. However, these 

reactions are distinguishable from allergic reactions based on the absence of IgE mediation  

(Shuto et al., 1999) or without the need of prior chemical exposure for the reaction to occur 

(Bohm et al., 2018).  

The original Gell and Coombs classification subdivides DHRs into four categories, Type I-IV, 

according to their immune pathophysiology (Figure 1.1). Type I–III are immediate or rapid 

reactions occurring within 24 h, which are mediated by antibodies and can manifest clinically 

as urticaria or anaphylaxis. In contrast, Type IV is a non-immediate reaction in which 

antibodies are not the main effectors in the disease pathology. Rather, Type IV DHRs are 

mediated by T-cells. 
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Figure 1.1 – Drug hypersensitivity reactions are classified into four categories (I-IV). Type I reactions 

involve IgE activation of mast cells and subsequent histamine release causing inflammation of tissues. 

Type II is a cytotoxic response initiated by IgG/IgM complement activation. Type III is mediated by 

immune complex formation between antibodies and soluble antigens which activate neutrophils and 

complement system. Type IV, also known as delayed-type hypersensitivity is mediated by T-cells.  

Sensitised T-cells are re-stimulated by an antigen initiating the activation of effector T-cells and 

macrophages. 
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1.1.1.1.1 TYPE I 

Type I reactions are mediated by IgE which is produced by plasma cells in response to an 

allergen. IgE interacts with the high affinity cell surface FcεRI receptors on mast cells and 

basophils, forming an antigen binding site. IgE-mediated mast cell activation induces 

degranulation resulting in the release of vasoactive substances such as histamine, which 

causes inflammation. Type I reactions include food and pollen allergies (Kubo, 2018). 

1.1.1.1.2 TYPE II 

Type II reactions are mediated by IgG and IgM which cause cytotoxicity. The interaction of 

these antibodies with cell surface antigens results in cell damage by complement system 

activation, and lysis or phagocytosis of cells. Autoimmune hemolytic anaemia is classified as 

a Type II hypersensitivity reaction. 

1.1.1.1.3 TYPE III 

Type III reactions also involve IgG and IgM and the activation of the complement system. 

Rather than binding to antigens on the surface of cells, immune complexes are formed 

between the antibodies and soluble antigens in the circulation and deposited in tissues. Cells 

undergo phagocytosis or are lysed by neutrophils causing tissue damage. Type III reaction 

occurs with serum sickness (Justiz Vaillant et al., 2021b). 

1.1.1.1.4 TYPE IV 

In contrast to the previous types, Type IV reactions are non-immediate occurring at least 48 

hours and up to 45 days after antigen exposure, therefore are also known as delayed-type 

hypersensitivity (DTH) or T-cell mediated hypersensitivity. Significantly, Type IV reactions are 

mediated by antigen-specific T-cells rather than antibodies. The response is elicited by 

sensitized T-cells meaning they have previously encountered the antigen. Generally, drug-

associated antigens are presented to specific T-cells by major histocompatibility complex 
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(MHC) found on antigen presenting cells (APCs). Re-exposure of the same antigen leads to T-

cell activation and the secretion of effector molecules including cytokines. As a result, tissue 

damage occurs. The T-cell subset and effector mechanism involved can differ allowing these 

reactions to be further subdivided into four categories as done so by Pichler (Table 1.1). Type 

IVa is a T-helper type 1 (Th1) response with monocytic inflammation whereas Type IVb is a 

T-helper type 2 (Th2) response with eosinophilic inflammation. Cytotoxic CD8+ T-cells and 

helper CD4+ T-cells mediate the cell death in Type IVc and lastly, a T-cell response causing 

neutrophilic inflammation is evident in Type IVd (Pichler, 2003). 

Although different types of DHRs have been classified, it is important to note that there is 

likely to be an overlap between each type meaning patients might show symptoms from 

each, and also each drug may show interindividual variability (Demoly et al., 2014). 

Table 1.1 - Classification of Type IV hypersensitivity reactions. Further categorisation of Types IV a-d 
based on T-cell subset and effector molecules involved. 

 
T-cell 
Type 

T-cell 
effector 
molecule 

Pathomechanism Clinical manifestation 

IVa Th1 Interferon 
gamma (IFN-
γ) 

Inflammation of 
monocytes 

Eczema 

IVb Th2 Interleukin-4 
(IL-4) and 
interleukin-5 
(IL-5) 

Inflammation of 
eosinophils 

Maculopapular exanthema, Drug 
reaction with eosinophilia and 
systemic symptoms 

IVc Cytotoxic 
T-cells 

Granzyme B, 
perforin and 
FasL 

Cell death 
mediated by 
CD8+/CD4+ T-
cells 

Maculopapular exanthema, 
Stevens-Johnson syndrome/toxic 
epidermal necrolysis 

IVd T-cells Interleukin-8 
(IL-8) and 
CXCL8 

Inflammation of 
neutrophils 

Acute generalized exanthematous 
pustulosis 
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1.1.2 DELAYED-TYPE HYPERSENSITIVITY REACTIONS 

Thus far, it is apparent drug allergy can occur via multiple mechanisms. This thesis focuses 

solely on the mechanisms underlying T-cell mediated DHRs therefore this topic will be 

discussed in further detail.  

T-cell mediated DHRs have multiple clinical manifestations and can involve different organs 

systems including the skin, liver, and kidneys. It remains unknown why certain organs are 

targeted over others however it is possible the skin is more susceptible to drug reactions due 

to the large vascular network and abundance of dendritic cells (DC) and macrophages that 

survey the local environment for signs of stress and antigenic material (Malissen et al., 2014), 

while the liver has a primary role in detoxification of chemicals. Skin sensitisation is a 

common manifestation of other type IV delayed reactions including allergic contact 

dermatitis (ACD), which occurs in response to contact allergens including 

dinitrochlorobenzene (DNCB) and trinitrophenol (TNP) (Landsteiner and Jacobs, 1935). 

Similar to drug allergy, the haptenation of small molecules causes an immune response in 

which T-cells are the primary effector cells (Coulter et al., 2010). However, the major 

difference is the severity and idiosyncratic nature of allergic drug reactions making their 

occurrence extremely rare while ACD is less severe, manifesting majorly as a localised rash 

and has a prevalence of 20% in the European population (Mraz, Geisler, and Bonefeld 2020). 

1.1.2.1 CUTANEOUS REACTIONS 

Cutaneous reactions vary in appearance and severity. While more than half of cutaneous 

ADRs may present as a mild cutaneous reaction known as maculopapular rash (Modi et al., 

2019), a proportion of cutaneous reactions are deemed more serious and are potentially 

fatal. These are known as severe cutaneous adverse reactions (SCAR) and include Stevens-

Johnson syndrome/toxic epidermal necrolysis (SJS/TEN), drug reaction with eosinophilia and 
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systemic symptoms (DRESS), and acute generalized exanthematous pustulosis (AGEP) (Cho 

and Chu, 2017).  

1.1.2.1.1 MACULOPAPULAR EXANTHEMA 

Maculopapular exanthema (MPE) is typically skin eruptions of both flat and raised lesions 

with a diameter of approximately 1 to 5 mm known as macules and papules respectively, 

which often merge forming a patch or plaque. This condition distributes symmetrically and 

bilaterally effecting the face, neck, upper trunk and limbs, and may occur alongside a fever 

(Crisafulli et al., 2019). MPE studies have demonstrated the presence of CD4+ and CD8+ T-

cells in drug-induced cutaneous eruptions, particularly in the dermo-epidermal junction and 

epidermis of the skin (Pichler et al., 2002, Yawalkar, 2005). Several drugs were involved in 

the development of these eruptions including amoxicillin, carbamazepine and cefazoline. 

Moreover, sulfamethoxazole-specific T-cells generated from a patient who developed a skin 

eruption following sulfamethoxazole therapy have been shown to cause keratinocyte death  

(Schnyder et al., 1998). This combined evidence suggests immune involvement for the basal 

cell vacuolisation and keratinocyte death seen in drug-induced MPE (Justiniano et al., 2008). 

Consistent throughout literature, CD4+ T-cells are the dominant effector cells in MPE (Hari 

et al., 2001, Pichler, 2000, Ye et al., 2017) as they are present in higher numbers compared 

to CD8+ T-cells. Further, clinical MPE symptoms can occur in the almost absence of CD8+ T-

cells showing that CD4+ cells are adequate to trigger this reaction. Activation of CD8+ T-cells 

predominantly appears to be typical with more severe reactions such as bullous drug 

exanthems or those causing liver injury (Hari et al., 2001). Delving deeper into the 

immunopathophysiology of MPE, high levels of interleukins (IL), namely IL-4 and IL-5, are 

secreted demonstrating a Th2 response as shown in Table 1.1, however it is evident that 

some CD4+ T-cells exhibit a cytokine pattern representative of a Th1 response including high 

interferon-γ (IFN-γ) secretion, and also a cytotoxic response with both CD4+ and CD8+ T-cells 

responsible for perforin-mediated keratinocyte death and granzyme B secretion (Pichler, 
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2000). Th1 chemokine receptors are upregulated in MPE with high expression of CXCR3 on 

skin T-cells and peripheral blood CD4+ T-cells. Moreover, an increase in skin homing 

chemokine receptors namely CCR6, CCL20 AND CCL27 is evident in patients (Castan et al., 

2017). These findings indicate the skin-homing Th1 CD4+ T-cells mediate MPE. Although the 

symptoms are unpleasant, MPE is usually resolved in 1 to 2 weeks by withdrawing the 

causative drug. 

1.1.2.1.2 DRESS 

Drug reaction with eosinophilia and systemic symptoms (DRESS) is a serious, multi-organ 

condition characterized by a high fever, skin eruption, haematologic abnormalities as well as 

mucosal and internal organ involvement. A regiSCAR study analysis attempted to establish 

the features of DRESS symptoms in 117 hospitalized patients; skin eruption was present in 

all patients with 79% experiencing an eruption which covered over 50% of the body surface 

area. A polymorphous rash including pustules or blisters appeared to be a frequent skin 

eruption, accompanied with facial oedema. Eosinophilia was the most common 

haematologic abnormality in patients (95%), as indicated by the name, followed by atypical 

lymphocytes (67%) confirming immune involvement. Over half the cases affected two or 

more of the internal organs. Overall, the liver appears to be the main internal target in DRESS 

followed by the kidneys and lungs (Kardaun et al., 2013). Approximately 50 drugs have been 

shown to cause DRESS. Carbamazepine, an antiepileptic drug, appears to be the most 

frequently cause of DRESS followed by allopurinol, an anti-gout drug (E L omairi et al., 2014). 

Allopurinol is known to cause DRESS notably with greater kidney involvement in comparison 

to carbamazepine (Kardaun et al. 2013), therefore those with underlying kidney problems 

may be at greater risk. Other risk drugs include dapsone and sulfonamides (Choudhary et al., 

2013). Distinctly, DRESS has an extreme delayed onset often 2 to 8 weeks after the initial 

exposure to the causative drug. Although the immunopathogenesis is not entirely clear, 

drug-specific CD4+ and CD8+ T-cells are present in the skin and circulation of DRESS patients 
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following administration of the drug, including carbamazepine and lamotrigine (Naisbitt et 

al., 2003a, Naisbitt et al., 2003b). Alongside this, enhanced replication of herpes viruses by 

culprit drugs have been reported, including human herpesvirus (HHV) 6 and 7 and the 

Epstein–Barr virus (EBV). As well as this, expansion of activated CD8+ T-cells directed against 

the virus have been identified (Khan, 2012, Picard et al., 2010). This reveals an association 

between DRESS and viral reactivation, possibly caused by cross-reactivity of viral and drug-

specific T-cells (Choudhary et al., 2013).  

1.1.2.1.3 SJS/TEN 

Stevens-Johnson syndrome/toxic epidermal necrolysis (SJS/TEN) is a life-threatening skin 

condition characterised by epidermal necrosis resulting in the epidermis-dermis separation, 

mucosal erosions and lesions, and often accompanied with a fever. SJS and TEN are classed 

as a spectrum of disease based on severity, with SJS patients having 10% or less total skin 

detachment whereas more severe detachment of 30% or more is considered as TEN. Similar 

to DRESS, internal organs may be involved including the liver or oral cavity and eye 

involvement, which is more common in SJS (Khan 2012). SJS/TEN is predominantly drug-

induced; common culprits include antibiotics, non-steroidal anti-inflammatory drugs, 

allopurinol and antiepileptic drugs (Harr and French, 2010). Literature suggests cytotoxic 

immune involvement whereby keratinocyte-death is mediated by the secretion of granulysin 

and FAS-ligand from cytotoxic T-cells and natural killer (NK) cells (Harris et al., 2016). 

1.1.2.2 IDIOSYNCRATIC DRUG INDUCED LIVER INJURY 

Drug-induced liver injury (DILI), also referred to as hepatotoxicity, is an ADR causing liver 

dysfunction or abnormal liver serology (Giordano et al., 2014). The major metabolic function 

of the liver makes it highly susceptible to direct drug-induced damage. In fact, adverse 

hepatic events are more likely to occur with drugs that are majorly metabolized in the liver 

(Corsini and Bortolini, 2013). In brief, hepatoxicity is majorly caused by the formation of drug-
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reactive metabolites which cause direct toxicity to cells, or the formation of drug-protein 

adducts. DILI is generally classified as either dose-dependent and predictable (intrinsic) or 

idiosyncratic with a complex dose relationship (Kuna et al., 2018). The former refers to 

reactions such as acetaminophen (APAP)-toxicity which has been studied extensively 

(Davidson and Eastham, 1966, Jollow et al., 1973, Mazaleuskaya et al., 2015). It is widely 

understood that APAP is oxidized to a reactive intermediate N-acetyl-p-benzoquinone mine 

(NAPQI) by the microsomal P-450 system, which under therapeutic dose is detoxified and 

eliminated by glutathione (GSH) conjugation. In APAP overdose cases, GSH is depleted, 

therefore the excess NAPQI reacts with cysteine residues in cellular proteins, leading to 

APAP-protein adducts. The binding of APAP to proteins in the mitochondria induces oxidative 

stress and subsequent cell necrosis (Jaeschke et al., 2014). On the other hand, idiosyncratic 

DILI accounts for approximately 10-15% cases of acute liver injury (Kullak-Ublick et al., 2017). 

The significant challenge is due to the lack of preclinical in vivo evidence of hepatotoxicity in 

idiosyncratic DILI drugs, meaning pathogenesis of idiosyncratic DILI is a lot more obscure. It 

is possible that co-stimulatory innate signaling is augmented by mitochondrial injury causing 

oxidative stress and/or drug-induced inhibition of pumps that are responsible of exporting 

bile, resulting in the build-up of antigenic determinants at the site of tissue injury (Verma 

and Kaplowitz, 2009). Moreover, drug-specific T-cells are observed in patients with 

idiosyncratic DILI caused by flucloxacillin and amoxicillin-clavulanate (Monshi et al., 2013, 

Kim et al., 2015b) providing evidence of immune involvement. DILI is one of the most 

common causes of drug withdrawal and a significant cause of drug attrition during clinical 

development. Notably, eight hepatoxic drugs were withdrawn 1997 to 2016 including 

lumiracoxib and sitaxentan (Shan and Ju 2019). More recently, Fasigiliam (TAK-875), a 

potential type 2 diabetes mellitus drug, was withdrawn during clinical trials due to signs of 

DILI including hepatocellular necrosis and an increase of liver enzymes in rat serum such as 

alanine aminotransferase (ALT) which is a marker of liver damage (Otieno et al., 2018). The 
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incidence rate of DILI is unascertained and likely to be misjudged due to under-reporting of 

cases and the global lack of consistent criteria for the diagnosis (Verma and Kaplowitz, 2009). 

A 3-year French population-based study determined that 13.9 in 100,000 patients developed 

hepatic ADRs annually (Sgro et al., 2002). Furthermore, a Drug Induced Liver Injury Network 

(DILIN) study with 899 DILI patients demonstrated that a range of therapeutic classes such 

as antibiotics, herbal and dietary supplements and cardiovascular agents are implicated in 

DILI. Overall, antimicrobial agents accounted for the most cases (45%) (Chalasani et al., 

2015). Amoxicillin-clavulanate was the most common antibiotic involved in idiosyncratic DILI 

followed by isoniazid, which both imposed a higher risk in elderly individuals. 

The pattern of DILI presents as hepatocellular, cholestatic or mixed which can be identified 

biochemically using the “R ratio” correlating to the elevation of ALT in comparison to alkaline 

phosphatase (ALP) elevation. Elevations in liver enzymes ALT and ALP are indicative of liver 

tissue damage hence their use as markers in liver function tests. The pattern of damage can 

also be identified histologically from liver biopsies. Despite the possibility of 18 histological 

patterns of damage as reported by DILIN, the analysis of 249 biopsies revealed that there are 

five dominant histological patterns of damage in patients with suspected DILI including acute 

or chronic hepatitis, acute or chronic cholestasis or cholestatic hepatitis, with 83% of the 

biopsies having at least one of these patterns (Marrone et al., 2017). 

1.1.2.2.1 HEPATITIS PATTERN 

The hepatitis pattern refers to hepatocellular injury including hepatocyte necrosis. Since ALT 

is produced in hepatocytes an elevation of this enzyme is a very specific marker of 

hepatocellular injury. A hepatocellular pattern of injury is therefore identifiable by an ALT 

elevation 2 to 5 times above the upper limit of normal (ULN) and/or an R value ≥ 5. Some 

drugs may be more likely to cause one pattern of liver injury over another, for example 

isoniazid is associated with hepatocellular injury resembling viral hepatitis (Haque et al., 



16 

2016). Hepatocellular DILI is most associated with acute liver failure and consequently has a 

higher mortality rate in comparison to the other patterns of liver injury. It is difficult to 

determine the severity of liver damage from the level of ALT as there is a poor association 

between the increase of ALT and the degree of liver damage. To compensate, the presence 

of jaundice can be used to predict mortality in patients with hepatocellular DILI. According 

to Hy’s law, hyperbilirubinemia ≥ 3 times ULN is indicative of severe toxicity and a 10% 

mortality risk when present with increased aspartate aminotransferase (AST) and ALT, and 

the exclusion of other causes (Verma and Kaplowitz 2009). Other causes may include acute 

viral hepatitis (A, B and C) which is determined by Ig testing.  

1.1.2.2.2 CHOLESTASIS PATTERN 

A retrospective study consisting of 96 DILI patients revealed that 20-40% of cases have a 

cholestatic pattern of injury (Bjornsson et al., 2013) which is characterized by a bile flow 

impairment causing an accumulation of bile components in the liver or blood. Cholestatic 

DILI is identifiable by ALP levels that are ≥ 2 times ULN or an R value ≤ 2 and conjugated 

hyperbilirubinemia. Bilirubin is the degradation product of haemoglobin and is conjugated 

to glucuronic acid in the liver which is usually excreted in bile to the small intestine 

(Fernandez-Murga et al., 2018). The accumulation of bile components in drug-induced 

cholestasis supports the previously mentioned hypothesis that the function of transporters 

located at the canalicular membrane are impaired or downregulated by toxic moieties. 

Cellular stress and death are triggered in hepatocytes as a response to the accumulation of 

bile acid resulting in inflammation and tissue damage. It is also proposed that an adaptive 

nuclear receptor sensor-dependent response is initiated to counteract the high bile acid level 

in the hepatocytes, also resulting in cell injury (Fernández-Murga et al. 2018). 
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1.1.2.2.3 MIXED INJURY PATTERN 

As suggested by the name, a mixed pattern of injury shows evidence of both hepatocellular 

and cholestatic damage therefore an R value between 2 and 5 is indicative of a mixed pattern 

of injury as both ALT and ALP enzyme levels are elevated (Marrone et al. 2017). Notably, 

older patients appear more susceptible to a mixed pattern of injury compared to younger 

patients (Sundaram and Bjornsson, 2017). In a mixed pattern injury it is interpreted 

histologically that there is more cholestatic damage present than hepatocellular injury, 

however patterns of damage can vary over time meaning hepatic injury may develop into 

cholestatic injury (Fisher et al., 2015). Perhaps the detection of a mixed pattern of injury is 

an indication of this transition rather than an independent initial pattern of liver injury. 
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 CELLULAR MEDIATORS OF DHRS 

The immune system is essential for homeostasis and providing protection to an organism 

against disease, harmful substances and foreign bodies known as pathogens. As an overview, 

the immune system functions by recognizing between “self” and “non-self”. By definition, an 

immunogen is ‘a substance that stimulates an immune response’, and an antigen is ‘a 

substance that interacts with high affinity with immunological receptors’ (Pichler et al., 

2011). In the context of DHRs, parent drugs or reactive metabolites/adducts are recognised 

by immunological receptors triggering the immune system, thus can be considered drug-

associated antigens. 

1.2.1 THE INNATE IMMUNE SYSTEM 

The innate immune system is responsible for the first, rapid response to a disturbance of 

tissue homeostasis caused by invading pathogens and allergens. Innate immune defences 

consist of specialized cells from lymphoid and myeloid lineage and non-haematopoietic cells 

such as epithelial cells, and are present in almost all mammalian tissues (Gasteiger et al., 

2017). Broadly, innate immune cells express pattern recognition receptors (PRRs) that 

interact with molecular structures found in pathogens known as pathogen-associated 

molecular patterns (PAMPs) and non-microbial damage-associated molecular patterns 

(DAMPs), activating pro-inflammatory cytokines and chemokines to eliminate the pathogen. 

PAMPs are essential for the survival of a pathogen therefore their motifs are unlikely to 

change. This is advantageous for the innate immune system as PRRs are germline-encoded 

therefore lack the somatic recombination which occurs in antigen-receptors in adaptive 

immunity (Akira et al., 2006, Gasteiger et al., 2017). Nonetheless, in recent years it has been 

evident that innate immune cell reactivity is enhanced following a primary immune response 

proposing the innate immune system to exhibit adaptive characteristics (Martin 2014). PRRs 

comprise of Toll-like receptors (TLRs), nucleotide-binding oligomerization domain-like 
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receptors (NLR), RIG-1-like receptors (RLR) and C-Type lectin receptors (CLR). TLRs are the 

most broadly studied PRRs and are prominently expressed on innate immune cells including 

DCs and macrophages, either on the cell surface (TLRs 1, 2, 4, 5 and 6) or intracellularly (TLRs 

3, 7, 8, 9). Components of the bacterial cell wall or bacterial/viral nucleic acids are 

responsible for the activation of TLRs. Due to the intracellular domain with IL-1 receptor (IL-

R1) homology, TLRs activate the same adaptor molecules as IL-R1 such as MyD88. A 

downstream signalling cascade activates transcription factors including nuclear factor-κB 

(NF-κB) and thus the production of cytokine- and chemokine-induced inflammation. 

Activation of TLR-3, -4, -7 and -9 produces type I interferons which assist in the NK cell 

effector functions, increased phagocytosis and the promotion of antigen presentation (Akira 

et al., 2006, Akira and Takeda, 2004, Ivashkiv and Donlin, 2014). Importantly, the innate 

immune system is a prerequisite for the adequate activation of the adaptive immune system. 

Integral to the association between innate and adaptive immune systems is the role of innate 

immune cells in the presentation of antigens to T-cells.  

1.2.1.1 MONOCYTES 

Monocytes are mononuclear leukocytes which circulate in the blood and spleen, and 

recognize danger signals via PRRs. Monocytes are distinct from polymorphonuclear cells 

(PMNs) and NK cells, and contribute to innate immunity through antigen presentation, 

phagocytosis, chemokine secretion and expansion in response to infection and injury. 

Human circulating monocytes are a heterogeneous population which differ in their 

trafficking pathways and their surface antigen expression of CD14 and CD16. CD14 is a 

lipopolysaccharide (LPS) receptor complex component and a coreceptor of TLR4, while CD16 

is a FcγRIII immunoglobulin receptor. The most abundant circulating monocyte subset 

(~80%-90%) is the classical, larger CD14++CD16- monocytes, herein referred to as CD14+ 

monocytes. CD14+ monocytes are highly phagocytic and have a higher potential to migrate 

to sites of injury than other monocytes evident by their high expression levels of chemokine 
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receptors (Kapellos et al., 2019). Following proliferation in the bone marrow, recruitment of 

CD14+ monocytes to inflammation sites is mediated by the chemokine receptor CCR2. 

CD14+CD16++ (non-classical monocytes) express a lower level of CD14 and high level of CD16 

relative to CD14 thus will be referred to as CD16+ monocytes. Accounting for ~10% of 

circulating population of monocytes, CD16+ monocytes lack CCR2 expression and instead are 

activated in a CX3CR1-dependant manner in response to fractalkine (CX3CL1) (Kapellos et al., 

2019). These cells are perceived to be classical monocytes that have matured under the 

control of Nur77 and have a role in patrolling the blood vessel endothelium. An inflammatory 

role of CD16+ monocytes is evident from the secretion of IL-10 and tissue necrosis factor-α 

(TNF-α). It is worth noting that the expression of CD14 in CD16+ monocytes can vary owing 

to a third subset, CD14++CD16+ monocytes, also known as intermediate monocytes (Chiu 

and Bharat, 2016, Serbina et al., 2012, Taylor and Gordon, 2003). Each subset of monocytes 

has a distinct MHC class II presentation pathway which is regulated by cytokines. 

Intermediate monocytes express the highest amount of MHC class II molecules and 

particularly high levels of human leukocyte antigen (HLA)-DR in comparison to the other 

subsets, proposing their importance in antigen presentation. 

Importantly, monocytes are precursors for tissue DCs and macrophages. CD14+ and CD16+ 

monocytes are differentiated to DCs in vitro, when cultured with granulocyte-macrophage 

colony-stimulating factor (GM-CSF) and IL-4 (Sallusto and Lanzavecchia, 1994, Sanchez-

Torres et al., 2001) which has been implemented in naïve T-cell priming assays for the 

immunogenicity investigation of compounds (Gibson et al., 2017). Randolph et al. used a 

monocyte transendothelial trafficking model to show that CD16+ monocytes are more 

predisposed to become migratory DCs in comparison to other circulating monocytes. In 

response to zymosan, a phagocytic particulate, CD16 aids the survival of these cells. 

Moreover, the expression of CD16 on monocytes and their migration is induced by 
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transforming growth factor beta-1 (TGF-β1) (Randolph et al., 2002), which is also required 

for DC differentiation (Felker et al., 2010). 

1.2.1.2 DENDRITIC CELLS 

DCs were discovered in 1973 from murine spleen studies (Steinman and Cohn, 1973) and 

have since been found to have an integral role in the initiation and regulation of a primary 

immune response, linking innate and adaptive T-cell dependant immunity. Ultimately 

mature DCs are characterized by their high expression of MHC class II molecules and a 

complement receptor CD11c thus are professional APCs involved in processing and 

presenting antigens to T-cells. Distinct from other APCs, DCs have a unique ability to activate 

naïve T-cells (Patente et al., 2018). Immature DCs are specialized for the phagocytic capture 

of antigens, although they are unable to efficiently form peptide-MHC II complexes due to 

the lack of endosomal acidification. DC maturation is initiated when immature DCs detect 

PAMPs or DAMPs in peripheral tissues as previously described. This maturation stimulus 

activates the endocytic system henceforth enabling the formation of peptide-MHC II 

complexes. Subsequently mature DCs migrate to secondary lymphoid organs for antigen 

presentation and thus T-cell activation (Steinman, 2012, Trombetta et al., 2003). Mature DCs 

drive naïve CD4+ T-cells differentiation into multiple subsets including Th and regulatory T-

cells (Tregs) in a cytokine-dependent manner. Intriguingly, DCs are capable of cross-

presentation in which exogenous antigens are presented on MHC class I molecules to CD8+ 

T-cells (Patente et al. 2018).  

1.2.1.3 MACROPHAGES 

Macrophages are also members of the mononuclear phagocyte family of the innate immune 

system and are derived from monocytes following their encounter with antigens and tissue 

recruitment. Macrophages are involved in the phagocytosis of pathogens and their 

subsequent destruction, along with the activation of other immune cells. The activation of 
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macrophages is dependent on the microenvironment, resulting in varied phenotypes. 

Predominantly, macrophages are polarized towards an M1 phenotype in a classical 

activation which is mediated by the secretion of pro-inflammatory cytokines by immune cells 

such as IFN-γ. M1 macrophages are typically involved in Th1 immune responses. M2 

macrophages, derived from IL-4 and IL-13, do not have a direct role in pathogen destruction, 

rather they are involved in growth factor production as well as initiating and maintaining a 

Th2 immune response (Leopold Wager and Wormley, 2014). As well as circulating 

macrophages, tissues possess resident macrophages which are responsible for the site-

specific detection of pathogen infiltration and tissue protection, including liver-resident 

Kupffer cells and skin-resident Langerhans cells (Chiu and Bharat, 2016). Differing from skin-

resident dendritic cells which are found in the dermis, Langerhans cells are present in the 

epidermis of skin which migrate to the lymph nodes for the transportation of antigens to 

naïve T-cells. For this reason, Langerhans cells are the major APCs initiating skin sensitisation 

in ACD (Tuchinda and Gaspari 2010). Overall, macrophages have a definitive role in the 

processing of proteins and presentation of peptides to T-cells in an adaptive immune system 

response. 

1.2.1.4 GRANULOCYTES 

Granulocytes are phagocytes which are capable of internalising and destroying pathogens 

following antigen recognition by PRRs, thus are involved in the first line of defence of the 

immune system. They are also known as polymorphonuclear leukocytes as they possess a 

multi-lobular nucleus. Granulocytes are the most abundant leukocytes of the immune 

system and because of this they are often used as the primary indicator of infection and 

inflammation. Granulocytes consist of neutrophils, eosinophils, basophils, and mast cells. 

Neutrophils represent the majority of granulocytes and have a distinct role in protection 

against bacterial and fungal pathogens. This activity is exerted via the release of toxic 

granules or the formation of neutrophil extracellular traps. Additionally, the involvement of 
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neutrophils in the adaptive immune system is of interest. Neutrophils are capable of 

activating DCs for antigen presentation as well as regulating B-cells and T-cells (Kalyan and 

Kabelitz, 2014). While resting neutrophils are not believed to have antigen presentation 

capabilities, MHC class II and costimulatory molecules which are involved in T-cell signalling 

are upregulated on neutrophils in the presence of cytokines, enabling the activation of T-

cells (Lin and Lore, 2017). Interestingly, neutrophils have a role in the inflammation in allergic 

cutaneous reactions following their recruitment to the skin (Oyoshi et al., 2012).  

1.2.1.5 NATURAL KILLER CELLS 

NK cells are large granular lymphocytes which target aberrant or stressed cells such as virus-

infected or tumorigenic cells, and exhibit cytolytic activity causing cell death similar to CD8+ 

cytotoxic T-cells. In humans, NK cells are identified as CD3-CD56+ cells and represent 5 -15% 

of human peripheral blood mononuclear cells (PBMCs). They are present in most tissues 

including the liver, accounting for 20-30% of total hepatic lymphocytes. Of common 

lymphoid progenitor origin, NK cells develop in the bone marrow along with the thymus and 

liver. Development entails the maturation and formation of specific germ-line encoded 

receptors (Paul and Lal, 2017). Upon receptor-ligand binding, secretory lysosomes present in 

NK cells become polarized and fuse with the plasma membrane where they release cytotoxic 

proteins perforin and granzyme into the target cell membrane, resulting in cell death. 

Mature NK cells express HLA class I inhibitory receptors for at least one HLA class I subset, 

such as HLA-A or HLA-B. This contributes to the tolerance of NK cells by inhibiting their 

cytolytic activity through the phosphorylation of immunoreceptor tyrosine-based inhibitory 

motifs and the subsequent SHP-1 and SHP-2 activation when bound to MHC class I surface 

molecules. Since this expression is downregulated in NK target cells, these receptors are less 

engaged therefore this inhibitory signal is diminished and thus contributes to NK cell 

activation (Moretta et al., 2002). NK cells also express cell activating receptors such as CD16 

which is involved in antibody-mediated cytotoxicity. Other ligands recognised by NK cells 
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include MHC class I chain related (MIC) molecules, MICA and MICB, which are expressed by 

virally infected or malignant cells. NK cells also express natural cytotoxicity receptors (NCR), 

NKp46, NKp44 and NKp30, that are involved in direct cytotoxicity of tumour cells responding 

to tumour-associated ligands including B7-H6. NCR cross-linking results in the secretion of 

TNF and IFN-γ by NK cells, which stimulates the maturation of DCs and thus contributes to 

an adaptive response. Along with this, NCRs are responsible for NK cell secretion of pro-

inflammatory cytokines (Ferlazzo and Morandi, 2014, Topham and Hewitt, 2009). 

1.2.2 THE ADAPTIVE IMMUNE SYSTEM 

An inadequate innate immune response against a pathogen results in the initiation of an 

adaptive immune response. The synergy between the two arms of the immune system is 

evident in the previous section, however the distinct characteristics of the adaptive immune 

system include antigen-specificity and immunologic memory. An adaptive immune response 

occurs via specific immune receptors which recognize an antigen. In comparison to the 

immediate innate immune response, adaptive immunity occurs several days after antigen 

exposure. Upon subsequent exposure of the same antigen, the immune response is more 

rapid due to the clonal expansion of memory cells. Overall, adaptive immunity is mediated 

B-cells and T-cells. 

1.2.2.1 B-CELLS 

B-cells originate in the bone marrow and are derived from haematopoietic stem cells. The 

major role of B-cells is humoral-immunity  (Marshall et al., 2018). Briefly, mature B-cells enter 

the circulation from the bone marrow, expressing a cell-surface antibody receptor which is 

specific for an antigen. B-cell receptors directly interact with circulating antigens. Upon 

recognition of an antigen, B-cells differentiate into effector or memory cells. Effector B-cells 

are known as plasma cells which have a short-life span and secrete soluble antibodies which 

share the same antigen-specificity as the membrane-bound receptor on the B-cell. Memory 
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B-cells have a much longer life span and are activated rapidly upon re-exposure to the 

antigen (Marshall et al., 2018). 

1.2.2.2 T-CELLS 

T-cells are involved in a cell-mediated immune response, and thus are a major component 

of this thesis. Naïve T-cells mature in the thymus and are precursors for effector and memory 

T-cells. The most distinctive feature of a T-cell is a cell surface receptor known as the T-cell 

receptor (TCR) which mediates T-cell activation.  Also present on the surface is a glycoprotein 

which is either CD8 or CD4 and thus is used to distinguish between the major T-cell subsets, 

CD8+ cytotoxic T-cells and CD4+ helper T-cells. The differentiation of naïve T-cells (T0) into 

effector cells and their expansion following antigen exposure, also known as naïve T-cell 

priming, is dependent upon signalling from cytokines in the priming environment (Figure 

1.2). 
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Figure 1.2 – Naïve T-cell differentiation and mature T-cell subsets. Activated naïve T-cells (T0) 
differentiate into effector cells which are either CD8+ cytotoxic T-cells or CD4+ helper T-cells 
depending on the cytokine microenvironment. Different subsets of CD4+ helper T-cells exist with 
different effector functions. 
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1.2.2.2.1 CYTOTOXIC T –CELLS (CD8+) 

Naïve CD8+ T-cells recognise antigens presented by MHC class I molecules which are found 

on almost all nucleated cells and subsequently differentiate into CD8+ cytotoxic T-cells 

(Schluns et al., 2000). The role of CD8+ T-cells is to monitor all cells for the invasion of 

pathogens and as the name implies, exert cytotoxicity towards target cells. Cell death by 

CD8+ T-cells can result from the secretion of cytokines or direct cell-cell contact. Stimulation 

of the TCR on CD8+ T-cells triggers the production and secretion of pro-inflammatory 

cytokines IFN-γ and TNF-α. These cytokines induce apoptosis of target cells by enhancing 

MHC class I presentation of antigens via transcription activation or the expression of Fas via 

caspase activation. Direct cell contact involves cytolytic molecules perforin, granzyme B and 

Fas ligand. While perforin and granzyme B are intracellularly synthesised and secreted from 

CD8+ T-cells into target cells, Fas ligand is a transmembrane protein which exerts its cytotoxic 

activity by binding to Fas receptor on target cells. Interestingly, CD8+ T-cells exhibit 

protective mechanisms to ensure cell death mediated by cytolytic molecules is target-cell 

specific including the storage of these molecules in lysosomes and their controlled exocytosis 

(Andersen et al., 2006). The presence of these cytolytic molecules in drug-induced reactions 

including bullous skin reactions as mentioned previously, indicates the involvement of CD8+ 

T-cells in Type IV hypersensitivity. Furthermore, the level of these molecules is associated 

with the severity of a reaction (Posadas et al., 2002). Indeed, granulysin is an important 

cytolytic molecule released from CD8+ T-cells as it is a key mediator of keratinocyte death in 

SJS/TEN, with the level of granulysin in skin reactions correlating to disease severity (Chung 

et al., 2008).  

1.2.2.2.2 HELPER T-CELLS (CD4+) 

Naïve CD4+ T-cells recognise antigens presented by MHC class II molecules which are 

normally found on professional APCs, and differentiate into effector CD4+ T-cells. In general, 
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CD4+ T-cells function by secreting cytokines which aid other immune cells, including CD8+ T-

cells, in the destruction of infected cells along with inducing immune suppression, hence the 

name “helper”. Unlike CD8+ T-cells, different types of CD4+ effector cells exist which differ 

in their cytokine profiles (Figure 1.2). 

Th1 and Th2 are the two major subsets which were initially discovered and considered the 

only subpopulations of helper T-cells (Mosmann and Coffman, 1989). The differentiation of 

Th1 cells occurs in the presence of IL-12 and IFN-γ. Following antigen uptake, APCs secrete 

IL-12 which subsequently triggers the secretion of IFN-γ by NK cells (Luckheeram et al., 2012). 

Th1 cells have a role in cell-mediated immune responses and have been deemed the 

“quintessential cell type” involved in Type IV hypersensitivity reactions (Raphael et al., 2015). 

They are characterised by their secretion of IFN-γ and TNF-β which enhances the destruction 

of intracellular pathogens by macrophages. Th2 are differentiated by IL-4 and have a role in 

humoral-mediated immune responses (Figure 1.2). Secreting IL-4, -5 and -13, Th2 cells 

stimulate B-cells therefore enhance antibody production in antibody-mediated immunity. 

Furthermore, Th2 cells have a role in the pathogenesis of diseases, including asthma (Kaiko 

et al., 2008). 

In more recent years, the T-helper cell subset was developed to include additional cells. A 

microenvironment of IL-6 with the addition of TGF-β or TNF-α differentiates naïve CD4+ T-

cells into Th17 and Th22 cells, respectively (Figure 1.2). Th17 cells secrete the pro-

inflammatory cytokine IL-17 which interacts with receptors expressed on various tissues. IL-

22 is secreted by both Th17 and Th22 suggesting that these cells have a protective role 

against tissue injury, including the liver (Zenewicz et al., 2007). Particularly relevant to this 

thesis, circulating and skin-resident piperacillin-specific Th22 cells have been discovered in 

patients, indicating their involvement in hypersensitivity caused by β-lactam antibiotics 

(Sullivan et al., 2018). Th9 cells are generated from the presence of TGF-β and IL-9, and 
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predominantly secrete IL-9 (Figure 1.2) which has been linked to parasitic immunity and the 

augmentation of inflammation in diseases such as inflammatory bowel disease (Kaplan et al., 

2015, Neurath and Kaplan, 2017, Ye et al., 2015). Tregs are differentiated in the presence of 

IL-2 and are characterized by their immunoregulatory function. Immune suppression 

mediated by Tregs involves anti-inflammatory cytokines such as IL-10 and TGF-β, as well as 

the high expression of co-inhibitory receptors including PD-1 which suppresses T-cell 

activation, constituting an additional regulatory pathway (Jubel et al., 2020, Raphael et al., 

2015). Recently, Tregs have been postulated as a key determinant of DHRs (Naisbitt et al., 

2020). Follicular helper T-cells (Tfh) secrete IL-4 and enhance the maturation of B-cells and 

the production of antibodies thus are involved in humoral immunity. Moreover, these cells 

have been shown to regulate IgE-mediated allergic immune responses (Kobayashi et al., 

2017). 

Lastly, contrary to the general belief that CD4+ T-cells solely assist CD8+ T-cells in the 

destruction of target cells, an unusual type of CD4+ T-cells which exhibit direct cytotoxic 

activity have been identified. This subset is known as CD4+ cytotoxic T-cells and is majorly 

differentiated from Th1 cells. CD4+ cytotoxic T-cells can produce cytotoxic cytokines such as 

IFN-γ and TNF-α, and lyse cells in an MHC class II-dependent manner (Appay et al., 2002, 

Brien et al., 2008). 
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 MAJOR HISTOCOMPATIBILITY COMPLEX 

In humans, human leukocyte antigen (HLA) and major histocompatibility complex (MHC) are 

used interchangeably to describe a group of genes coding for transmembrane glycoproteins 

which recognize foreign antigens, and therefore have a role in immune-mediated, 

autoimmune and infectious diseases. MHC molecules have an integral role in an adaptive 

immune response as they are responsible for the cell surface presentation of peptides to the 

appropriate T-cells for antigen recognition and therefore the surveillance of cells and 

surrounding tissues. The invasion of a foreign body will be presented as a “non-self” peptide 

which initiates a T-cell clonal expansion. It is important to note that self-peptides are also 

naturally presented on the MHC molecules, however these do not activate T-cells under 

normal physiological conditions.  

MHC molecules can be divided into two major groups in humans: Class I (HLA-A, -B, -C) and 

Class II (HLA-DR, -DP, -DQ). While both classes are involved in antigen presentation, there is 

variation in which peptides they bind, which T-cells they target, and thus the overall type of 

immune response that is provoked. MHC class I molecules are expressed on the surface of 

all nucleated cells. Typically, peptides derived from naturally occurring intracellular proteins 

are presented on MHC class I molecules to CD8+ T-cells, however the processing of invaded 

viral proteins will also result in the class I presentation of viral-peptides to virus-specific 

cytotoxic T-cells. On the other hand, MHC class II molecules are exclusively on the surface of 

professional APCs such as DCs, and activate CD4+ T-cells instructing an effector cell response 

(Hewitt, 2003, Matzaraki et al., 2017, Wieczorek et al., 2017b). 

1.3.1 STRUCTURE  

MHC class I and class II complexes are heterodimers consisting of proteins encoded in the 

MHC locus on the short arm of chromosome 6 (6p21.3). A similar fold structure is shared 

between the molecules, both possessing four extracellular domains (Figure 1.3). Membrane-
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proximal domains have an Ig-fold which supports the peptide-binding cleft. In both classes, 

the peptide-binding cleft is conformed from two of the membrane-distal domains, which are 

assembled as two α-helices and a curved β-pleated sheet underneath. An important 

structural difference between the MHC class I and II is that the origin of the domains differs 

as both domains in MHC class I are generated from a heavy α-chain (HC) namely α1 and α2 

whereas in MHC class II there is an α-chain and β-chain (α1 and β1). Additionally, MHC class 

I molecules possess a β2-microglobulin (β2M) chain which is non-covalently bound. 

Importantly, MHC class II molecules possess an open-ended peptide binding-groove 

therefore can accommodate peptides longer in length in comparison to MHC class I 

molecules (Wieczorek et al., 2017b). 
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Figure 1.3 – Structure of MHC class I and class II molecules.  MHC class I molecules are heterodimers 

consisting of an alpha “heavy chain” (α1, α2, α3) which is membrane bound, and a soluble β2-

microglobulin. MHC class I peptides are usually 8-10 amino acid residues in length with anchor 

residues at P2 and PΩ (c-terminus of peptide). MHC class I peptides are recognized by the CD8+ T-cell 

receptor which is made up of 2 alpha subunits. MHC class II molecules are heterodimers consisting of 

membrane-bound alpha and beta chain, each with 2 subunits. MHC class II molecules have an open-

ended binding groove thus accommodate peptides much longer in length (usually 12-25 amino acid 

residues). MHC class II peptides contain more than 2 anchor residues that are usually at P1, P4, P6/7 

and P9 which fit into binding pockets of the MHC class II binding groove. MHC class II peptides are 

recognized by the CD4+ T-cell receptor which is made up of 2 alpha subunits.     
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1.3.2 ANTIGEN PROCESSING AND PRESENTATION  

In the MHC class I pathway, endogenous proteins undergo processing by proteasomes in the 

cytoplasm (Figure 1.4). Multiple types of proteasomes exist. Generally, the proteasome is a 

cylindrical shaped-multimeric complex consisting of a catalytic core (20S proteasome) which 

is enclosed by regulatory particles (19S) at either end. Ubiquitinated proteins pass through 

the proteasome and undergo deubiquitination. Digested proteins are released into the 

cytosol as peptides which are usually around 2 to 25 residues in length (Jensen, 2007). 

Peptides are translocated into the endoplasmic reticulum (ER) lumen through a 

heterodimeric transporter associated with antigen processing (TAP) which comprises of two 

ATP-hydrolysed subunits (TAP1 and TAP2). TAP can transport peptides of 9 to 40 amino acids 

in length (Bhasin and Raghava, 2004), therefore in the ER further trimming of the longer 

peptides occurs by enzymes including ER aminopeptidase associated with Ag processing-1 

(ERAAP-1). This generates peptide antigens with high affinity for the MHC class I binding 

groove. Before peptides are loaded, MHC class I loading complex formation occurs which 

involves MHC class I molecules, TAP and several chaperone proteins including calnexin, 

ERp57, calreticulin and tapasin. Calnexin and ERp57 facilitate MHC class I heavy chain folding 

and oxidation, and the formation of the heavy α-chain/β2m dimer of the complex which 

subsequently interacts with calreticulin (Leone et al., 2013, Jensen, 2007). Peptides are 

loaded onto the binding cleft with the assistance of TAP and tapasin. Tapasin is a 

transmembrane protein which joins TAP to the class I molecule and stabilizes the peptide-

MHC class I complex (pMHC-I). ER chaperones are released from the stabilized pMHC which 

is then translocated to the cell surface via Golgi apparatus. The bound MHC class I peptide is 

extracellularly presented for CD8+ to T-cells for recognition (Leone et al., 2013, Jensen, 

2007). 
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Figure 1.4 – MHC class I antigen processing and presentation. MHC class I molecules are assembled 

in the ER and form an MHC class I loading complex with chaperone proteins. Endogenous proteins 

undergo proteolytic digestion into cleaved peptides by proteasomes in the cytoplasm. Peptides are 

transported into the ER via TAP where they are further cleaved by ERAAP into smaller peptides. 

Peptides with high affinity for MHC class I are loaded onto the binding cleft with the assistance of the 

chaperone proteins. MHC class I molecules with bound peptide are transported to the surface of the 

cell via Golgi apparatus for the presentation of the antigen.  
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In the MHC class II pathway, α-chain and β-chain fold to form a complex in the ER which is 

stabilized by invariant chain (Ii) at the peptide-binding groove (Figure 1.5). The MHC class II 

complex is then translocated via the Golgi apparatus to the late endosomal MHC class II 

compartment (MIIC). Proteases, cathepsin S and cathepsin L, facilitate the cleavage of Ii in 

the MIIC (Rocha and Neefjes, 2008, Wieczorek et al., 2017b). MHC class II antigen 

presentation and thus an immune response is inhibited in the absence of cathepsin activity 

(Riese and Chapman, 2000). The residual portion of Ii is a peptide that remains bound at the 

MHC class II binding groove known as class-II associated invariant chain peptide (CLIP). 

Exogenous proteins undergo endocytosis and are cleaved into peptides by cathepsins in 

lysosomes. Following this, peptide loading is facilitated by an MHC class II-like molecule, HLA-

DM, resulting in the dissociation of CLIP in exchange for a high-affinity MHC class II peptide. 

This loading is regulated by HLA-DO. Peptide-MHC class II complex (pMHC-II) is transported 

to the cell surface membrane of APCs for the presentation of peptides to CD4+ T-cells (Rocha 

and Neefjes, 2008, Wieczorek et al., 2017b, Couture et al., 2019). 
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Figure 1.5 – MHC class II antigen processing and presentation. Exogenous proteins undergo 

endocytosis and are cleaved into peptides by cathepsins in the lysosome. MHC class II molecules are 

assembled in the ER and stabilized with invariant chain, followed by transportation via Golgi apparatus 

to the late endosomal MIIC. Cathepsins cleave invariant chain into CLIP. With the assistance of HLA-

DO and HLA-DM, CLIP is dissociated from the binding cleft and replaced with high affinity MHC class 

II peptides. MHC class II molecules with bound peptide are transported to the surface of the cell for 

antigen presentation. 
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1.3.3 THE IMMUNOPEPTIDOME 

The immunopeptidome refers to the entirety of peptides associated with MHC molecules. 

Immune peptides are divided into two classes as per the MHC molecules. The peptides 

presented by MHC class I molecules are mostly protein fragments from endogenous proteins 

which have undergone proteolytic digestion. MHC class I peptides are typically 8-10 amino 

acids in length but can be up to 12 amino acids. On the other hand, MHC class II peptides are 

mostly derived from exogenous proteins which have undergone endocytosis and subsequent 

protease digestion. These peptides are 10-25 amino acids in length (Wieczorek et al., 2017). 

HLA genes are the most polymorphic genes in humans. The allelic diversity of the HLA gene 

cluster contributes to the complexity of the immunopeptidome as it is the peptide binding 

pockets of the MHC molecules which are highly polymorphic, hence the variation in peptide 

repertoires. Indeed, over 10,000 HLA allelic forms exist within an individual expressing a total 

of 14 allotypes (six class I and eight class II) (Caron et al., 2015). Each specific HLA allele 

consists of a distinct peptide binding groove which is known as the HLA binding motif. The 

two α-helices are positioned in such a way that a groove is formed in-between them with 

individual pockets for peptide binding. Each pocket has an affinity for preferential amino 

acids therefore peptides will bind to the groove based on complementary interactions, 

including hydrogen bond formation between the peptide backbone and the MHC molecule 

side chains, and the pockets of the MHC binding groove peptide side chains which are known 

as anchor residues (Johansen et al., 1997). The position of the anchor residues in a peptide 

varies between MHC class I and MHC class II. Anchor residues of MHC class I peptides are 

typically found at positions 2 (P2) and the C-terminal residues (PΩ) whereas MHC class II 

peptides possess typical anchor residues at P1, P4, P6, and P9 (Caron et al., 2015). The 

binding affinity of a peptide to the MHC is dependent upon particular amino acids at these 

positions, which varies between HLA alleles. For instance, the HLA-A*02:01 has a high affinity 

for peptide with leucine at P2 and valine at  PΩ (van Hateren et al., 2017). 
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 T-CELL ACTIVATION 

The activation of T-cells occurs via three main signalling pathways namely signal 1, 2 and 3. 

Briefly, signal 1 is the specific interaction between the TCR and antigenic peptides presented 

on the MHC molecule of APCs. In addition to TCR signalling, signals 1 and 2, also known as 

co-signals, contribute to the overall function and regulation of T-cells, and are non-antigen 

specific (Figure 1.6). 

Co-signalling (Signal 2) is required for full T-cell activation following TCR signalling. Co-

signalling includes both co-stimulatory signalling molecules which contribute to a T-cell 

response and co-inhibitory signalling molecules which contribute to T-cell inhibition (Chen 

and Flies, 2013).  Signal 3 is the third signal required for T-cell activation. This ‘danger signal’ 

 

Figure 1.6 – Activation of T-cells by three signalling pathways. T-cells are activated by three main 

signalling pathways. Signal 1 involves the interaction between the TCR and a peptide bound to the 

MHC molecule on APCs. Signal 2 includes co-stimulatory signalling between costimulatory receptors 

on T-cells and co-stimulatory molecules on APCs. Signal 3 involves the release of cytokines from APCs 

which bind to cytokine receptors on T-cells.   
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is provided by cytokine signalling molecules released from APCs, including DCs, upon antigen 

interaction (Curtsinger et al., 1999). In terms of DHRs, the antigen can be an immunogenic 

drug, reactive metabolite and/or drug-associated peptide which will be discussed in detail in 

section 1.5. 

1.4.1 SIGNAL 1 

The significance of the initial interaction between MHC molecules, the antigen and the TCR 

(pMHC-TCR) is consistent throughout most DHR studies. TCRs are composed of α and β 

chains which form a heterodimer that interacts with CD3 subunits (δ/γ/ε/ζ) via hydrophobic 

interactions. pMHC-TCR engagement occurs on the α and β chains, particularly with loop 

structures known as complementary determining regions (CDRs). CDR3 loops have a 

selective interaction with the peptide alone, while CDR2 mostly interacts with the MHC itself. 

CDR1 loops interact with both MHC and peptide (Carter et al., 2019). CD3 subunits are not 

directly involved in antigen recognition but are signal-transducing as they contain single 

immunoreceptor tyrosine-based activation motifs (ITAMs). The initial event following pMHC-

TCR interaction is the phosphorylation of ITAMs mediated by lymphocyte protein tyrosine 

kinase (Lck), which triggers a downstream signalling cascade. The CD45 receptor on T-cells 

regulates the activity of Lck and other Src family of kinases (Hwang et al., 2020). Co-

receptors, CD8 and CD4, have a prominent role in enhancing TCR signalling as they are 

responsible for the recruitment of Lck to the pMHC-TCR complex, forming a pMHC-TCR-

CD4/8 complex which stabilises the pMHC-TCR interaction (Li et al., 2013).  

1.4.2 SIGNAL 2 & SIGNAL 3 

T-cell activation is influenced by professional APCs and the T-cell environment, which 

involves co-signalling receptors and ligands (signal 2) and cytokine signalling (signal 3). In the 

absence of these signals, T-cells will essentially become inactive.  
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1.4.2.1 CO-SIGNALLING 

Co-signalling molecules are expressed on the surface of T-cells and interact with co-signalling 

ligands which are present on APCs. These molecules cannot activate T-cells alone but are 

integral to naïve T-cell fate. CD28 is a well-characterised co-receptor which is inherently 

expressed on naïve T-cells. In humans, the majority of CD4+ T-cells (95%) express the CD28 

co-receptor while only around 50% of the CD8+ T-cell population express CD28 (Mou et al., 

2014, Magee et al., 2012, Chen and Flies, 2013). Early studies revealed that T-cell anergy 

occurred when CD28 activity was inhibited using anti-CD28 antibodies (Harding et al., 1992), 

highlighting its importance in T-cell activation. The pathways of CD28 are indeed complex 

since its activity can be both co-stimulatory and co-inhibitory. One of the most important co-

stimulatory signals is the CD28/B7 pathway. CD28 interacts with two co-stimulatory ligands, 

B7-1 (CD80) and B7-2 (CD86), which are expressed on the surface of APCs. CD28/B7 signalling 

promotes IL-2 production therefore is vital for T-cell growth and survival (Chen and Flies, 

2013, Sperling et al., 1996). Another costimulatory molecule is the leukocyte integrin LFA-1, 

which recognises CD54 (ICAM-1) on APCs, particularly DCs. This pathway majorly stimulates 

the migration of T-cells through the endothelium to the site of inflammation (Gizinski, Fox, 

and Sarkar 2010). Co-signalling ligands, including CD86 and CD54, are used as biomarkers for 

in vitro skin sensitisation tests (Piroird et al., 2015), indicating their importance in mediating 

T-cell activation in delayed hypersensitivity reactions. Other co-stimulatory molecules 

include ICOS, CD46 and OX40. Several signal 2 molecules negatively control T-cell responses 

through inhibitory pathways, such as cytotoxic T lymphocyte associated protein 4 (CTLA-4) 

and programmed death-1 (PD-1). Interestingly, CTLA-4 interacts with the same ligands as 

CD28 (B7-1 and B7-2) however, the CTLA-4/B7 pathway down-regulates the proliferation of 

T-cells via IL-2 production inhibition, suppressing the immune response (Greenfield et al., 

1998). In the past decade, great interest has surfaced surrounding co-signalling pathways. 

Indeed, regulation of co-signalling pathways has enabled a breakthrough in cancer 
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immunotherapies (Callahan and Wolchok, 2013). In DHR studies, the manipulation of co-

signalling pathways has influenced the priming of naïve T-cells to drugs. The priming of drug-

specific T-cells is increased when co-inhibitory pathways are downregulated, including the 

CD28/CTLA4 pathway (Gibson et al., 2017).  

1.4.2.2 CYTOKINE SIGNALLING 

Cytokine is a general term to describe small, cellular-secreted molecules with a dominant 

role in intercellular communication. Cytokines can be classified in numerous ways; they can 

be grouped depending on the cells which they are produced and/or their main function i.e., 

cytokines produced by leukocytes which target other leukocytes are “interleukins”. 

Alternatively, they can be grouped on whether they are pro-inflammatory of anti-

inflammatory. The cytokine milieu is extremely complex as signalling pathways often overlap 

in a network. Contributing to this is the pleiotropic and redundant activity of cytokines. This 

means an individual cytokine can act on more than one cell type, meanwhile different 

cytokines can induce the same effects. Overall, initial cytokine signalling often results in a 

cascade production of cytokines. While cytokine production is common amongst many cell 

populations, T-helper cells and macrophages are the main source of cytokines. The function 

of major cytokines in their differentiation of T-cells was discussed in section 1.2 therefore to 

summarise, cytokine signalling influences activation of APCs including DCs and the 

differentiation and phenotype of T-cells, as well as the development of effector and memory 

functions of T-cells. Upon TCR interaction with an antigen, signal 3 is required to elicit a 

sufficient immune response (Curtsinger and Mescher, 2010, Tisoncik et al., 2012, Zhang and 

An, 2007). In the context of DHRs, cytokine interactions have been shown to have direct 

involvement in a reaction. In SJS/TEN, Fas-FasL interaction in keratinocytes contribute to the 

extreme epidermal necrolysis (Viard et al., 1998). Moreover, increased levels of cytokines 

and upregulation of cytokine receptors have been identified in skin lesions, blister fluid and 

PBMCs of patients who have developed severe cutaneous reactions to drugs (Caproni et al., 
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2006, Posadas et al., 2002). Importantly, drug-specific T-cells detected in patients express 

distinct cytokine profiles including T-cells specific to β-lactam antibiotics (Sullivan et al., 

2018). 

 MODELS OF DHRS 

The exact mechanism in which T-cells are activated by drugs is not fully defined, and is 

complicated by the different binding interactions of drugs. In addition to the presence of T-

cells specific to drugs, models have been developed to define the pathways of T-cell 

activation by compounds involved in DHRs, which revolve around antigen processing and 

antigen presentation. A battery of in vitro assays is used in DHR research to assess these 

pathways. This includes the kinetics of TCR engagement which can be measured by TCR 

internalisation and Ca2+ mobilization. Further, the requirement of antigen processing and 

presentation can be explored using glutaraldehyde fixation of APCs to block intracellular 

antigen processing mechanisms, and APC drug-pulsing to investigate whether a compound 

is covalently (or tightly) bound to the MHC for antigen presentation. T-cell responses in the 

presence of a compound are measured by proliferation or cytokine secretion to postulate 

which pathway is involved. Currently, three main pathways have been proposed for the 

activation of T-cells: the hapten model, the pharmacological interaction (p-i) model and the 

altered peptide repertoire model (Figure 1.7). However, which takes precedence is still 

viewed differently amongst drug hypersensitivity experts.  
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Figure 1.7 - Models of T-cell activation in DHRs. Three pathways of T-cell activation in drug 

hypersensitivity exist. The hapten model explains the covalent binding of drugs (such as 

penicillins) to proteins which are intracellularly processed to drug-haptenated peptides and 

subsequently presented on the MHC as antigens for TCR interaction. In the pharmacological 

interaction (p-i) model, drugs including sulfamethoxazole (SMX) can interact directly with 

TCR via non-covalent binding and without the requirement of antigen processing. In the 

altered peptide repertoire model, abacavir sits in the F-pocket of the MHC binding groove 

resulting in the binding of unconventional peptides. Abacavir can bind HLA ligands 1) 

intracellularly or 2) on the cell surface, which are presented to the TCR as neoantigens.   
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1.5.1 HAPTEN  

The earliest proposed pathway is the hapten hypothesis discovered in 1930s (Landsteiner 

and Jacobs, 1935) using skin sensitisers and has since been described as the classical 

explanation for DHRs. The term hapten describes low molecular weight compounds which 

are incapable of initiating an immune response alone however when covalently bound to 

circulating proteins, they form an antigenic determinant which can activate T-cells. A drug is 

considered a prohapten if its derived metabolite covalently binds to proteins and becomes 

antigenic, as seen with sulfamethoxazole and its metabolite, nitroso-sulfamethoxazole 

Further, the formation of covalent coordinate bonds with haptens provides a non-classical 

hapten mechanism of T-cell activation. This phenomenon is best described in metal-induced 

contact allergy, where metal atoms form complexes with electron-rich species. Nickel is a 

well-known contact allergen which has been shown to bind to proteins and stimulate nickel-

specific T-cells via this non-classical hapten mechanism (Thierse et al., 2004). 

Overall, the hapten hypothesis assumes that  protein-adducts are endogenously processed 

into drug-modified peptides and subsequently the drug-modified peptides are presented by 

MHC molecules on the surface of APCs as de novo antigens, which can stimulate antigen-

specific T-cells (Pichler et al., 2011).  

1.5.1.1 EVIDENCE 

β-lactam antibiotics are often used as model haptens in DHRs. Piperacillin- and 

benzylpenicillin-human serum albumin (HSA) specific-T-cell clones have been identified 

which do not respond in the presence of fixed APCs or proteasome inhibitors, demonstrating 

the requirement of antigen processing for T-cell activation (Bechara et al., 2019, Meng et al., 

2017b). Furthermore, the importance for covalent binding of β-lactam antibiotics in T-cell 

activation is confirmed by the activation of piperacillin-specific T-cell clones in the presence 

of drug-pulsed APCs (Meng et al., 2017b) and the binding of benzylpenicillin to cellular 
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proteins in DCs (Bechara et al., 2019). The involvement of drug haptenation of proteins in T-

cell activation has been demonstrated directly through the detection of patient T-cells that 

are responsive towards drug-HSA adducts (Bechara et al., 2019, Meng et al., 2017b), and 

synthetic drug-haptenated peptides (Azoury et al., 2018, Brander et al., 1995, Tailor et al., 

2020a). Haptenic metabolites such as nitroso-sulfamethoxazole can activate T-cells in a 

processing-dependent manner. However, this metabolite also forms covalent bonds with 

nucleophilic amino acid residues in peptides already associated with MHC molecules 

expressed on the surface of APCs, which complicates the delineation of pathways of drug-

specific T-cell activation (Naisbitt et al., 1999, Castrejon et al., 2010). This concept also 

applies to the penicillins since benzylpenicillin-specific T-cell clones have been shown to be 

activated in a processing-independent manner despite their susceptibility to haptenation 

(Padovan et al., 1996). For this reason, there are limitations to using antigen processing-

blocking assays to distinguish between the hapten and p-i pathways. Pharmacological 

interaction (p-i)  

Challenging the requirement for antigen processing and the covalent binding of drugs to 

proteins for the elicitation of a T-cell response, Pichler et al. proposed the p-i concept (Zanni 

et al., 1998). This novel concept suggests that drugs can activate immune cells through a 

direct and reversible interaction with immune receptors, TCR or MHC, thus mimicking the 

classical pharmacological interaction between a drug and a non-immunological receptor 

(Pichler, 2002). The p-i concept justifies DHRs to chemically inert drugs such as iodinated 

contrast media, which can cause positive skin reactions upon the first exposure and within a 

few hours of administration (Kanny et al., 2005) therefore bypassing the T-cell kinetics of a 

classic primary response which would usually take place over several days. Moreover, this 

concept explains the previously obscure mechanisms of T-cell activation by parent drugs 

including sulfamethoxazole, carbamazepine, allopurinol, lidocaine and lamotrigine, which do 

not conform to the hapten concept.  
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1.5.1.2 EVIDENCE 

Sulfamethoxazole-specific T-cell responses are observed with fixed APCs but not with 

sulfamethoxazole-pulsed APCs, collectively indicating that sulfamethoxazole can activate T-

cells in a processing-independent manner, without binding covalently to a peptide or an 

immune receptor (Schnyder et al., 1997, Depta et al., 2004). Sulfamethoxazole-induced T-

cell responses are abrogated in the absence of APCs and exhibit MHC-restriction suggesting 

that sulfamethoxazole interacts with the MHC rather than directly activating the TCR, 

however this remain unclear. Similar observations of processing-independent activation of 

specific T-cells and labile binding have been observed with carbamazepine, allopurinol and 

its metabolite oxypurinol (Wu et al., 2007, Yun et al., 2014). Interestingly, carbamazepine 

can activate T-cells in the absence of APCs suggesting a direct TCR interaction. Furthermore, 

the downregulation of the TCR and the influx of Ca2+ which is indicative of TCR engagement 

have been observed rapidly in sulfamethoxazole-, lidocaine- and allopurinol/oxypurinol-

specific T-cells clones following drug exposure. This is inconsistent with the kinetics of 

antigen processing, which usually requires 4-6 hours (Zanni et al., 1998, Yun et al., 2014). 

Overall, it is still unknown whether drugs bind first to HLA or the TCR but both receptors are 

clearly involved since the responses are HLA restricted (Wei et al., 2012, Ogese et al., 2015). 

It is important to note that T-cell activation by a drug may not be restricted to a sole 

mechanism. This phenomenon is best described with sulfamethoxazole-induced 

hypersensitivity since T-cells are activated by both p-i and hapten pathways as discussed 

(Schnyder et al., 2000, Castrejon et al., 2010).   

1.5.2 ALTERED PEPTIDE REPERTOIRE 

The altered peptide hypothesis arose following the report of HLA-B*57:01 restricted T-cells 

in abacavir-induced hypersensitivity (Chessman et al., 2008), and is based on the structural 

elucidation that a drug can bind directly to the pockets of the MHC binding groove. This 
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binding changes the conformation and chemistry of the binding groove, and subsequently 

the repertoire of peptides which are presented. It is worth emphasizing that the peptides 

presented have not been defined as drug-modified peptides as seen in the hapten pathway. 

Rather, they are self-peptides that would not usually be presented by that particular HLA 

allele, as a shift in the preferred amino acid residues occurs to accommodate the HLA with a 

bound drug. Drug-HLA binding may occur in the ER prior to intracellular loading or on the cell 

surface after a pMHC complex is formed (Illing et al., 2012). The altered peptide repertoire 

is considered a third independent model of DHRs (Mallal and Phillips, 2012, Ostrov et al., 

2012b), however this has been challenged in literature and rather viewed as a branch of the 

p-i model (Pichler, 2019). More recently, Bailey et al (2021) proposed a view on the altered 

peptide repertoire model as the mechanism of haptenation causing an alteration of the 

proteome which results in an altered repertoire of peptides, perhaps due to the altered 

digestion mechanisms (Bailey et al., 2021).  

1.5.2.1 EVIDENCE 

To date, abacavir is the only drug reported to activate T-cells via this pathway. Novel HLA-

B*57:01 peptides have been identified in the presence of abacavir, with no change in the 

nature of peptides presented by closely related haplotypes HLA-B*57:03 or HLA-B*58:01 

which are not associated with abacavir-induced hypersensitivity. The presence of abacavir 

results in a shift in PΩ residues of HLA-B*57:01 presented peptides from the usual 

tryptophan and phenylalanine to smaller residues including leucine, isoleucine and valine, 

which accommodate the confined space in the F-pocket caused by the bound abacavir (Illing 

et al., 2012, Ostrov et al., 2012b).    

 

 

 



48 

 DRUG-PROTEIN ADDUCTS 

1.6.1 DISCOVERY OF DRUG-PROTEIN ADDUCTS 

Advanced mass spectrometry (MS) methods have facilitated the identification of the protein 

carriers responsible for drug-adduct formation and the haptenic structures that attach to the 

proteins. A multimethod approach is used to detect drug-protein adducts in biological 

samples and relies heavily on the sensitivity and reliability of instrumentation and detection 

method. 

1.6.1.1 SAMPLE ISOLATION 

Applying proteomic methods to biological sources such as blood is analytically challenging 

due to the complex nature of the samples. For instance, the Plasma Proteome Database 

(http://www.plasmaproteomedatabase.org/) has reported over 10,000 proteins that make 

up the human plasma proteome. In plasma and serum samples a few proteins are present in 

high abundance. For example, albumin is highly abundant protein which alone contributes 

to approximately 50-55% of the total protein content (Pernemalm et al., 2019, Bellei et al., 

2011), meaning that the majority of plasma proteins are present in low abundance causing 

their detection to be even more difficult. Furthermore, the amount of modified protein is 

expected to be much less than unmodified proteins.  

For efficient characterisation of a drug-protein adduct, proteins of interest must be detected 

and isolated from a sample prior to MS analysis.  Traditional methods used for the separation 

of proteins in a complex mixture involve electrophoresis and chromatography which are 

based on chemical properties including molecular mass, charge or hydrophobicity.  

1.6.1.1.1 SDS-PAGE 

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) is used traditionally 

in proteomic laboratories for the simple and universal separation of proteins. Briefly, 

electrical current is applied to the gel causing ions to migrate along the gels based on their 

http://www.plasmaproteomedatabase.org/
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molecular mass (Zhou, 2003). Protein separation by SDS-PAGE has enabled the identification 

of many drug-proteins adducts including the early studies of sulfamethoxazole-adducts 

(Cribb et al., 1996) and APAP-adducts (Pumford et al., 1990), and in more recent studies the 

discovery of flucloxacillin-adducts (Waddington et al., 2020b). While this method remains 

efficient, two-dimensional gel electrophoresis offers an enhanced protein separation and 

higher resolution profiling by also separating the mixture by charge (isoelectric point) 

(Magdeldin et al., 2014). 

1.6.1.1.2 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY  

Reversed-phase high performance liquid chromatography (RP-HPLC) is the most applied 

chromatography method for the separation of proteins (Mitulovic and Mechtler, 2006). This 

highly reproducible technique separates proteins based on their hydrophobicity through the 

use of a hydrophilic, polar mobile phase which transports the sample and a hydrophobic 

stationary phase such as C18 or C4 columns which binds proteins. HPLC fractionation is used 

to isolate a protein or peptide of interest. Affinity chromatography methods can be used to 

isolate or deplete proteins in biological samples. Protein depletion is often used in studies 

where the protein of interest is a low abundant protein therefore the high abundant proteins 

are depleted to concentrate the residual proteins. Indeed, affinity chromatography has been 

shown to remove 98% albumin and 80% of Ig from human plasma (Greenough et al., 2004). 

HSA is often isolated from biological samples in drug-protein adduct detection studies using 

an anti-HSA affinity cartridge (Meng et al., 2016, Ariza et al., 2014, Jenkins et al., 2009, Meng 

et al., 2017b) since HSA is deemed the preferential carrier for many drugs, which will be 

discussed in more detail in section 1.6.2. 

1.6.1.1.3 DRUG-PROTEIN ADDUCT SYNTHESIS 

Alternatively, synthetic drug-protein conjugates have been synthesised for in vitro studies 

for the detailed analysis of the mechanism and chemical nature of the adduct. Developed 
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models include HSA and glutathione S-transferase pi (GSTP) which are bound to drug 

following incubation (Meng et al., 2011, Meng et al., 2017b, Yip et al., 2017). The 

manipulation of incubation conditions can be used to determine the chemical nature of the 

adducts. Furthermore, proteomics methods can be developed and validated using these 

synthetic conjugates, which have shown to reproducible in ex vivo samples (Meng et al., 

2017).  

1.6.1.2 MASS SPECTROMETRIC METHODS 

MS is heavily relied on in proteomics and is recognized as the most valuable analytical tool 

for the detection of drug-protein adducts. MS facilitates the accurate mass identification and 

quantification of analytes in a complex mixture. The principle of MS is to introduce an ion 

source to molecules in compounds so they become ionized and can be separated in the mass 

analyser based on their mass-to-charge ratio (m/z) (Murayama et al., 2009). Two major 

approaches exist for the analysis of proteins using MS, defined as ‘top-down’ and ‘bottom-

up’. 

1.6.1.2.1 BOTTOM-UP 

A bottom-up approach is the indirect identification or characterisation of a protein, also 

known as ‘shotgun proteomics’ (Figure 1.8). The protein of interest undergoes proteolytic 

digestion to release peptides which are fractionated and analysed using MS (Zhang et al., 

2013b). Reduction, alkylation and enzymatic digestion steps are incorporated into the 

sample preparation following protein isolation and enrichment/depletion for peptide 

identification. Prior to digestion, reducing agents such as dithiothreitol (DTT) are used to 

cleave the disulfide bonds which are stabilizing the final structure of the proteins. Alkylating 

agents such as iodoacetamide (IAM) are then used to prevent the disulfide bonds reforming, 

and thus the overall structure reforming (Suttapitugsakul et al., 2017). Trypsin is the gold 

standard for protein digestion, which cleaves lysine and arginine amino acids at the C-
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terminal, unless followed by proline (Walmsley et al., 2013). Protein digestion techniques 

include in solution digestion i.e. direct digestion of the whole protein sample, or in-gel 

digestion whereby the protein sample is first separated using SDS-PAGE and the protein of 

interest band is isolated from the gel for digestion. Prior to MS analysis, various sample clean-

up methods are completed to remove any unwanted salts or detergents, including C18 resin 

tip clean-up. 

 

 

 

Figure 1.8  – Bottom-up MS method for the detection and characterisation of drug-protein adducts. 
Full proteins are digested into peptides by enzymes. Peptides are introduced into the MS and can be 
analysed using non-targeted discovery methods or targeted methods. Precursors are selected and 
fragmented in the MS/MS stage for peptide identification and the detection of drug modification.  
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1.6.1.2.2 TOP-DOWN 

In a top-down approach, proteolytic digestion steps are omitted and instead the intact 

protein is introduced into the mass spectrometer (Figure 1.9). Direct ionization of the intact 

protein allows the molecular weight to be determined from the m/z ratio therefore the 

protein can be identified. Further to this, the in-source fragmentation of the whole protein 

provides full sequence coverage and thus full protein characterisation.  

 

 

 

Figure 1.9 – Top-down MS method for the detection and characterisation of drug-protein adducts. 
Intact proteins are introduced into the MS without prior digestion. Selected proteins are fragmented 
in MS/MS for protein identification and mapping of drug modification. 
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The advantage of top-down approach over bottom-up is the higher recovery rate. Not all 

peptides are fully recovered in the bottom-up approach therefore information is lost. For 

this reason, top-down is particularly useful for the detection of post-translational 

modifications (PTMs) and their localization which may be missed in unrecovered sequences 

using bottom-up approaches (Catherman et al., 2014), and can also can overcome errors 

when identifying the origin of tryptic peptides (Kim et al., 2016a). 

1.6.1.2.3 DISCOVERY  

High-resolution mass spectrometry (HRMS)-based methods is the typical proteomic 

workflow for the identification of covalent protein modifications, particularly liquid 

chromatography coupled to tandem MS, known as LC-MS/MS. In the discovery stage, a 

quadruple time-of-flight (QTOF) instrument is often used. Non-targeted LC-MS/MS involves 

an initial ion scan in the first quadrupole (Q1), namely enhanced product ion (EPI) mode, 

which selects ions with the highest abundance in the sample. Precursor ions are then 

introduced into Q2 where they are subjected to collision-induced dissociation (CID) 

producing fragmented product ions (Allen and McWhinney, 2019). Fragments are detected 

in Q3 based on their m/z. Some ions may obtain multiple charges allowing the detection of 

longer fragments which may otherwise be out of range for the mass detector. Fragmentation 

of proteins and peptides has allowed the in-depth characterisation of drug-protein adducts 

including their molecular structure, amino acid targets and precise binding sites as well as 

the chemical reactivity of drug-protein adducts (Nunes et al., 2019, Hammond et al., 2014). 

Targeted analysis of drug-protein adducts can be performed using multiple reaction 

monitoring (MRM). MRM scanning mode searches for precursor ions with a predefined m/z 

in Q1 and known fragmentation ions in Q3, making this method highly sensitive and rapid 

for peptide identification (Yang and Lazar, 2009). MRM methods are often used for 

quantification but can be particularly useful for the targeted detection of known drug 

modifications.  
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Precursor and fragmentation ions can be theoretically calculated from the molecular weight 

of both protein/peptides and the mass addition of a drug. For instance, β-lactam-modified 

protein adducts can be identified using MRM methods. Theoretical tryptic modified peptides 

can be calculated using missed cleavage criteria in databases and tools, including the ExPASy 

“peptide mass” calculator (https://web.expasy.org/peptide_mass/). Missed cleavages are 

common in PTMs (Perchey et al., 2019) including β-lactam modifications, as they bind lysine 

residues which is usually a cleavage site for trypsin. Therefore, peptides identified with a 

non-terminal lysine are likely to have a modification. Further targeted analysis is achieved 

using defined characteristic fragmentation ions of β-lactams. The most often used MRM Q3 

transition is a m/z of 160 which corresponds to the thiazolidine ring of the structure that is 

cleaved in-source (Meng et al., 2017). Following data acquisition, β-lactam-modified 

peptides are usually sequenced manually, also known as de novo sequencing. The reason for 

this method is the lack of software available to account for the in-source fragmentation of β-

lactams, which can result in neutral losses on amino acids. Firstly, the precursor mass of a 

drug-modified peptide is generated as described above, and then fragmentation ions are 

annotated depending on the site of cleavage. The most dominant fragments are generated 

from the cleavage of the peptide bond at either the N-terminal or the C-terminal of the 

amino acid and are labelled as b-ions or y-ions, respectively (Figure 1.10). Further prefix is 

added to the ion label depending on which amino acid was cleaved in the sequence i.e., an 

N-terminal cleavage of the first amino acid in the peptide sequence would be referred to as 

the b1-ion. In the mass spectrometer, neutral loses are common therefore b-/y-ions may also 

be present with lower masses. Ideally, “ladders” are formed between the b-/y-ions to allow 

for the peptide sequence to be identified (Cleveland and Rose, 2013). Along with the 

characteristic drug fragmentation ions mentioned previously, the b-/y-ions can also exist 

with a mass addition of the intact drug (Figure 1.10) or a partial addition of a cleaved portion 

https://web.expasy.org/peptide_mass/
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of the drug. The partial loss of a drug molecule makes analysing drug-modified peptides by 

de novo sequencing even more challenging.  

1.6.1.3 IMMUNOCHEMICAL METHODS 

Drug-protein adducts can be detected using immunoassays such as the enzyme-linked 

immunosorbent assay (ELISA) and Western blot, which involve the recognition of a specific 

epitope by an antibody. ELISA is a practical screening tool since it can be performed in multi-

well plates (i.e. a 96-well plate) meaning different protein samples or antibodies may be used 

simultaneously. Moreover, it provides quantitative results for detected adducts. Western 

blot is a qualitative technique that requires gel electrophoresis therefore coupling with SDS-

PAGE is an efficient approach for the separation and detection of proteins. Additionally, the 

 

Figure 1.10 – Manual sequencing of drug-modified peptides using LC-MS/MS. Chemical scheme 
showing fragment cleavage sites of a peptide (ASSAKQR) derived from HSA and the m/z of each 
fragment. Red arrows indicate C-terminal cleavage (y-ions) and blue arrows indicate N-terminal 
cleavage (b-ions). Ions are numbered according to which amino acid in the sequence was cleaved. 
Drug-modified peptides produce ions with mass addition of the drug, depending on the binding site. 
For example, amoxicillin-modified ASSAKQR will produce some b and y ions with a mass addition of 
+365 as highlighted in purple.  
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detected protein of interest can be directly excised from the gel and further characterised 

using MS methods as discussed.  

While antibodies against particular proteins exist such as anti-HSA, this does not exclude the 

detection of unmodified proteins. For this reason, the drug moiety is the required target for 

antibody detection. In this respect there are limitations to the immunochemical detection of 

drug-protein adducts including the discovery of novel drug-protein adducts where the 

specific molecular target is unknown, or a commercial antibody which is produced for a drug 

class which share similar structures resulting in cross-reactivity. Importantly, anti-drug 

antibodies have previously been raised in vivo against an immunogen for the specific 

detection of a drug-protein adduct (Waddington et al., 2020, Yuan et al., 2007), and also in 

this thesis (Chapter 2). 

1.6.2  DRUG-PROTEIN ADDUCTS IMPLICATED IN DHRS 

To date, many classes of drugs have been studied and used to describe the role of protein 

haptenation in DHRs. Haptenation is dependent upon chemical reactivity, for example the 

interaction between electrophilic chemicals and nucleophilic moieties on proteins. The 

nature of protein carriers can be dependent upon the route of administration and tissue 

targets therefore varying between circulating, intracellular and tissue-specific proteins. 

1.6.2.1 Β-LACTAM ANTIBIOTICS 

β-Lactam antibiotics are prescribed for a wide range of bacterial infections and are 

considered the most frequent cause of DHRs (Torres and Blanca, 2010). Research to improve 

the understanding of β-Lactam-induced hypersensitivity is imperative due to the detrimental 

effects for susceptible patients, along with the challenges faced by healthcare providers and 

pharmaceutical industries. β-Lactams have been shown to target the skin, liver, and kidney 

in the event of an adverse reaction (Tune, 1997, Eckstein et al., 1993, Kim et al., 2016b). 

Indeed, 30% of patients prescribed multiple courses of piperacillin have been reported to 
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develop reactions including maculopapular rashes (Burrows et al., 2007), while amoxicillin-

clavulanate and flucloxacillin are deemed two of the most common causes of DILI (Björnsson, 

2017). Immediate reactions to β-Lactams have been reported, evident by the presence of 

circulating drug-specific IgE and IgG in patient plasma and PBMC cultures (Blanca et al., 1988, 

Amali et al., 2017, Baldo et al., 1995), which is suggestive of a type I, II or III DHR. 

Furthermore, circulating and tissue-resident β-Lactam-specific T-cells have been discovered 

in patients and healthy donors (Azoury et al., 2018, El-Ghaiesh et al., 2012b, Kim et al., 2015a, 

Monshi et al., 2013) indicating a delayed T-cell mediated response.   

β-lactam antibiotics possess a cyclic amide which is susceptible to nucleophilic attack by 

nucleophiles on proteins, thus are highly reactive with proteins. It is proposed that β-Lactams 

preferentially bind to extracellular proteins as opposed to cellular proteins, particularly HSA 

(Meng et al., 2017b). Indeed, HSA adducts with flucloxacillin, piperacillin and amoxicillin have 

been discovered in patient’s blood and in vitro (Meng et al., 2016, Ariza et al., 2014, Jenkins 

et al., 2009, Meng et al., 2017b). It has been reported that penicillin-specific T-cells in 

patients are activated by penicilloylated-HSA (Brander et al., 1995) and more recently 

piperacillin-HSA adducts have been shown to activate patient T-cells (Meng et al., 2017). MS 

studies have revealed that β-Lactams preferentially bind to lysine residues in a concentration 

and time-dependent manner. Selective modification of lysine residues in vitro is consistent 

with those detected in patient plasma, including piperacillin modifications on Lys190, Lys195, 

Lys432 and Lys541, and flucloxacillin modifications on Lys190 and Lys212 (Jenkins et al., 

2009, Whitaker et al., 2011). This has led to the generation of T-cell stimulatory peptides 

(Azoury et al., 2018). The analysis of benzylpenicillin-treated patient plasma detected the 

binding of benzylpenicillin at fourteen different sites and similar findings are observed with 

synthetic benzylpenicillin-HSA bioconjugates (Nhim et al., 2013, Meng et al., 2011), 

confirming the reproducibility of drug-protein conjugates in in vitro T-cell assays. Although 

β-lactams share the same core structure, there is a lack of cross reactivity between β-lactam-
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specific T-cells this is likely due to the binding at different protein sites or due to the distinct 

side chains between the antibiotics, generating distinct antigenic determinants.  

Delving further into this characterisation, drugs can form more than one hapten. In recent 

years, Meng et al. (2017) discovered two distinguishable piperacillin-HSA adducts with the 

drug moiety present in cyclized and hydrolysed forms. One of the adducts possessed an 

intact 4-ethyl-2,3-dioxopiperazine ring of the piperacillin structure (cyclized) whereas on the 

other this ring had been hydrolysed, providing evidence that the environment in which 

adduction occurs has an effect on the hapten-protein complex. Due to the identification of 

drug-protein adducts, the synthetic HSA-drug T-cell model is extensively used to delineate 

the haptenic activation of T-cells in DHRs. 

1.6.2.2 NITROSO-SULFAMETHOXAZOLE  

Sulfamethoxazole-hypersensitivity can affect multiple organs including injury to the skin, 

liver, or kidney. Reactive metabolites of sulfamethoxazole bind to protein thiols (Naisbitt et 

al., 1999) therefore they are capable of forming the antigenic determinants that are likely 

implicated in the DHR. Defining the mechanism is more difficult for a prohapten since the 

metabolite is not readily available and an in vitro metabolizing system does not exist. 

However, in some cases the reactive metabolites have been successfully synthesised. 

Sulfamethoxazole oxidation generates two oxidative metabolites, sulfamethoxazole-

hydroxylamine and the previously mentioned nitroso-sulfamethoxazole (Cribb and 

Spielberg, 1992). Early studies confirm nitroso-sulfamethoxazole protein adducts in human 

plasma (Meekins et al., 1994) and cellular models (Manchanda et al., 2002, Summan and 

Cribb, 2002, Reilly et al., 2000). While the presence of the drug-modification was confirmed 

here, the exact haptenic structure was not characterised. Nitroso-sulfamethoxazole adducts 

have been detected with Ig and albumin in mouse serum models and cysteine capping 

revealed that nitroso-sulfamethoxazole interacts with cysteine residues in mouse serum 
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albumin (MSA) (Cheng et al., 2008). Later LC-MS/MS analysis has revealed that nitroso-

sulfamethoxazole forms multiple adducts with proteins. An N-hydroxysulfinaminde-HSA 

adduct has been detected with the modification on Cys34. Nitroso-sulfamethoxazole also 

forms adducts with human glutathione S-transferase pi (GSTP), as well as sulfinamide and N-

hydroxysulfinaminde adducts. Interestingly, GSTP is modified on Cys47 residue exclusively. 

Further protein adducts have been detected with GSH and synthetic peptides containing 

cysteine residues (Callan et al., 2009). Recently, Tailor et al. (2019) discovered novel HSA-

adducts on lysine and tyrosine residues including a Schiff base adduct and arylazoalkane 

adduct, and unlike any previous studies a sulfamethoxazole-lysine adduct was detected in 

patient sera.  

1.6.2.3 NITROSO-DAPSONE 

Nitroso-dapsone is a sulfone antibiotic used for the treatment of infectious diseases 

including leprosy. While the majority of patients are tolerant, a small proportion develop a 

severe reaction known as Dapsone-hypersensitivity syndrome which has similar clinical 

manifestations to DRESS (Kosseifi et al., 2006). Like sulfamethoxazole, dapsone undergoes 

bioactivation to form a dapsone-hydroxylamine metabolite which can be further oxidised to 

a protein-reactive nitroso metabolite. Skin cells are capable of metabolizing dapsone and 

subsequent protein haptenation has been detected in normal human epidermal 

keratinocytes (NHEK), normal human dermal fibroblasts (NHDF) and PBMC (Reilly et al., 

2000, Vyas et al., 2006, Bhaiya et al., 2006), indicating the involvement of protein-adducts in 

cutaneous reactions. Immunocytochemical analysis revealed adduct formation is exclusive 

to intracellular proteins of NHEKs, as no protein adducts are detected on the cell surface 

(Roychowdhury et al., 2005). In recent years, nitroso-dapsone protein adducts have been 

characterised using a synthetic metabolite. Nitroso-dapsone reacts with GSH forming two 

detectable adducts, a sulfonamide and an N-hydroxysulfonaminde adduct. Furthermore, 

nitroso-dapsone reacts with cysteine residues, particularly on Cys34, on MSA forming the 
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sulfonamide adduct (Alzahrani et al., 2017). In this study, T-cell clones have been generated 

to dapsone and its metabolite using mouse models which has revealed that nitroso-dapsone-

specific T-cells are activated via the hapten pathway, whereas dapsone-specific T-cell clone 

activation is dependent upon the p-i mechanism.  

While the importance of drug-protein haptenation in DHRs is not to be dismissed considering 

the detection and generation of hapten-specific T-cell clones in patients, the question 

remains why not all individuals who are administered the culprit drugs are susceptible to a 

reaction. The presence of drug-protein adducts is not enough to elicit an immune response 

in some individuals evident by the detection of HSA adducts in tolerant patients (Jenkins et 

al., 2009; Meng et al., 2017). Other factors are currently being explored including 

immunoregulatory pathways and HLA associations. 
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 IDENTIFICATION OF DRUG-ASSOCIATED HLA LIGANDS 

Genome wide association studies (GWAS) have depicted that certain HLA alleles increase an 

individual’s susceptibility to DHRs (Table 1.2). In 2002 the relationship between the 

expression of the HLA-B*57:01 allele and the diagnosis of abacavir hypersensitivity emerged 

(Hetherington et al., 2002, Mallal et al., 2002), whereby the abacavir-specific CD8+ T-cell 

activation is restricted to HLA-B*57:01-antigen presentation. Since this report, HLA-B*57:01 

screening has been shown to identify patients who are susceptible to a reaction prior to 

abacavir treatment. While screening has a 100% negative predictive value, the positive-

predictive value is less (49.7%), meaning not all patients carrying the HLA-B*57:01 allele will 

have a DHR to abacavir (Mallal et al., 2008). Despite not having a similar structure to abacavir, 

flucloxacillin-induced liver injury is also associated with HLA-B*57:01 with an odds ratio (OR) 

of 80.6. Since it is estimated that only 1 in 500-1000 carriers will develop DILI with 

flucloxacillin treatment, using genetic screening to predict a DHR in this case would not be 

as effective for patient treatment or costs due to the high false-positive rates (Daly et al., 

2009). Another significant association is between HLA-B*15:02-carbamazepine-induced SJS 

with high prevalence in Asian populations, particularly the Han Chinese population (Chung 

et al., 2004). Genetic testing for this association holds a 100% negative-predictive value and 

a positive-predictive value of 93.6%. Interestingly, a further study has concluded that this 

allele had no relation with other carbamazepine-induced hypersensitivity reactions including 

MPE and hypersensitivity syndrome (HSS) (Hung et al., 2006), showing HLA associations can 

also be reaction-specific. The discovery of these associations has led to the development of 

in vitro assays to define the mechanisms underlying drug-HLA associations. 
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Table 1.2 – HLA associations with DHRs. GWAS have identified risk alleles associated with DHRs to 
specific drugs. Associations are categorised by risk allele, the implicated drug and the manifestions, 
including DILI, hypersensitivity syndrome (HSS), SJS/TEN, and MPE. 

HLA allele Drug 
Reaction 

 type 
References 

A*02:01 
Amoxicillin-
clavulanate 

DILI (Lucena et al., 2011) 

A*31:01 Carbamazepine 
HSS, 
SJS/TEN, 
MPE 

(Genin et al., 2014, 
McCormack et al., 2011, 
Ozeki et al., 2011) 

A*33:03 Ticlopidine DILI 
(Hirata et al., 2008, Nicoletti 
et al., 2017) 

B*13:01 Dapsone HSS 
(Zhang et al., 2013a, Min et 
al., 2019) 

B*15:02 Carbamazepine SJS/TEN 
(Chung et al., 2004, Man et 
al., 2007, Alfirevic et al., 
2006) 

B*38 
Sulfamethoxaz
ole 

SJS/TEN (Lonjou et al., 2008) 

B*57:01 
Abacavir 

HSS 

 

(Mallal et al., 2002, Saag et 
al., 2008, Hetherington et al., 
2002) 

 

Flucloxacillin DILI (Daly et al., 2009) 

B*58:01 Allopurinol SJS/TEN 
(Hung et al., 2005, Lonjou et 
al., 2008, Tassaneeyakul et 
al., 2009) 

DRB1*1501/ 
DQB1*0602/DRB5*0101-
/DQA1*0102 

Lumiracoxib DILI (Singer et al., 2010) 

DRB1*15:01/ DRB5*01:01/ 
DQB1*0602 

Amoxicillin-
clavulanate 

DILI 
(Hautekeete et al., 1999, 
Stephens et al., 2013, Lucena 
et al., 2011)  

DQB1*0201 Isoniazid DILI  (Sharma et al., 2002) 
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The identification of peptide epitopes presented by MHC is crucial to the understanding of a 

cellular immune response. The critical epitope in DHRs has not yet been defined since 

structural studies investigating pMHC-TCR interactions are limited. Challenges are faced due 

to the highly polymorphic nature of HLA coding genes particularly at TCR contact sites, 

reducing peptide-binding specificity thus allowing the binding of a multitude of peptides. 

Moreover, the diverse TCR repertoire of drug-specific T-cells facilitates polyclonal T-cell 

activation in response to the culprit drug. Nevertheless, immunopeptidomics has rapidly 

integrated into DHR research field and advanced our understanding of mechanisms 

underlying HLA-drug associations. To date, no natural drug-modified HLA ligands have been 

reported to activate drug-specific T-cells in DHR patients, although progress has been made. 

Two major approaches including naturally presented drug-HLA ligands and the “designer” 

HLA ligands can be used to define drug-specific T-cell responses.  

1.7.1 NATURALLY PROCESSED HLA-LIGANDS 

Briefly, the identification of natural HLA-peptides involves the immunoaffinity capture of 

naturally processed pMHC from cell lines expressing the HLA allele of interest, and the 

subsequent dissociation of peptides from the MHC binding cleft. Following RP-HPLC 

fractionation, the peptide repertoire is identified using LC-MS/MS. Prior incubation of cell 

lines with drug will allow for the identification of novel drug-associated HLA ligands.  

Using this method, the novel HLA-B*57:01 peptides have been identified in the presence of 

abacavir, with no change in the nature of peptides presented by closely related haplotypes 

HLA-B*57:03 or HLA-B*58:01 which have not been associated with abacavir hypersensitivity. 

Consistent in literature, the presence of abacavir results in a shift in the PΩ residues of HLA-

B*57:01 presented peptides. Tryptophan and phenylalanine residues are typical PΩ residues 

of these peptides, however smaller residues including leucine, isoleucine and valine 

accommodate the confined space in the F-pocket caused by the bound abacavir (Illing et al., 
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2012, Ostrov et al., 2012). Similar studies have been attempted for carbamazepine. Initial 

studies reported that similar peptides are bound to HLA-B*15:02 in the presence and 

absence of carbamazepine and concluded that the p-i concept was most appropriate to 

explain this DHR (Yang et al., 2007). This has now been challenged by the report of a shift in 

the peptide repertoire due to carbamazepine, favouring smaller residues at P4 and P6 and 

increase of hydrophobic residues at several positions (Illing et al., 2012). Unlike abacavir, 

carbamazepine did not alter the P2 or PΩ anchor residues and the shifts were subtler, 

nevertheless the same pathway of T-cell activation could apply. More recently, it has been 

discovered that flucloxacillin-modified peptides are naturally processed and presented by 

HLA-B*57:01 on immune cells (Waddington et al., 2020b). This seminal work introduced 

multiple pathways by which flucloxacillin is presented including the intracellular processing 

of drug haptenated-proteins which are subsequently loaded onto the HLA as drug 

haptenated-peptides, or the direct binding of flucloxacillin to the presented HLA ligand. 

Despite the challenges in detecting drug-modified HLA ligands including the low abundance 

of drug-modification, peptide identification, and complicated pathways involved in the 

presentation of drug-modified peptide, novel HLA-B*57:01 peptides were successfully 

identified in the presence of flucloxacillin for the first time, which has provided a platform to 

assess the immunogenicity of flucloxacillin-haptenated HLA peptides and their role in 

flucloxacillin-induced liver injury.   

1.7.2 DESIGNER HLA LIGANDS 

Alternatively, reverse engineering of the previous approach has been used to design and 

synthesise drug-modified peptides with HLA-binding motifs for use in T-cell models. 

‘Designer’ peptide studies have successfully identified immunogenic T-cell epitopes, initially 

reported by the Weltzien group using synthetic benzylpenicillin-modified HLA-DRB1*04:01 

binding peptides (Padovan et al., 1997b). Such T-cell responses revealed that activation was 

dependent on the site-specific modification of the peptide backbone. Expanding on this, 
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drug-haptenated candidate peptides have been generated from drug-protein conjugates 

including benzylpenicillin-haptenated peptides synthesised from benzylpenicillin-HSA 

conjugates (Azoury et al., 2018). Peptides were designed around HLA-binding predictions and 

shown to stimulate naïve T-cells in healthy donors, demonstrating immunogenicity.  
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 THESIS AIMS 

The hapten model of T-cell activation in DHRs defines the formation of drug-protein adducts 

post-administration as the cause of an adverse reaction. The covalent binding of β-lactam 

antibiotics to highly abundant circulating proteins has been well-defined, while genetic 

studies have revealed the association of specific HLA alleles in β-lactam-hypersensitivity. 

Despite this, the critical epitope derived from the drug-protein adducts which is responsible 

for eliciting an immune response remains obscure. The overall aim of this thesis is to better 

the understanding of the pMHC-TCR interactions in β-lactam hypersensitivity, and enhance 

the detection of the β-lactam-derived antigens involved. The following aims will be explored. 

1. Characterise the specificity of anti-sera against amoxicillin and piperacillin for the 

detection of drug-modified proteins using immunological/proteomic methods. 

2. Generate piperacillin-protein adducts with a distinct chemical nature to investigate 

their role in piperacillin hypersensitivity. 

3. Develop a workflow for the generation of drug-modified HLA-binding peptides to 

investigate the HLA association of T-cell activation in DILI at the peptide level.   

4. Investigate the HLA class I immunopeptidome and its association with amoxicillin 

through the study of naturally eluted HLA peptides and the identification of 

alterations to the peptide repertoire or peptide haptenation following amoxicillin 

treatment.  
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 INTRODUCTION 

Antibodies are glycosylated proteins produced by B-lymphocytes (B-cells) which mediate the 

humoral immune system. Since their first report as antigen-binding molecules, when 

protection against diphtheria toxin was discovered (Llewelyn et al., 1992), they have been 

well defined in terms of their adaptive immunity. While the recognition of antigens by 

antibodies as a defence mechanism shares a cognate concept to the TCR-antigen recognition, 

their specificity and roles are quite distinct. Antibodies act as both antigen receptors on the 

membrane of B-lymphocytes and circulating molecules. Briefly, upon recognition of an 

antigen by a specific surface-receptor antibody, soluble antibodies with the same specificity 

are released from differentiated B-lymphocytes to circulate in the plasma or 

mucosal/interstitial fluid systems of tissues, with a role in eliminating microbes (Abbas, 

2018). Human antibodies are members of the immunoglobulin (Ig) super-family. Igs are Y-

shaped with a core structure of an Fc region and Fab regions consisting of two identical light 

chains (LCs) and two identical heavy chains (HCs), connected by disulfide bonds (Figure 2.1). 

Within these chains are variable (V) or constant (C) domains made up of around 110 amino 

acids in length (Schroeder and Cavacini, 2010). Variable regions from both the LC and HC 

come together to form an antigen binding site which is complementary to the recognised 

antigen. C domains are not involved in antigen binding, rather they mediate effector 

functions via interaction with Fc receptors on immune cells such as plasma proteins or NK 

cells (Dai et al., 2017), highlighting the interconnectivity of the innate and adaptive immune 

system. Antigen-recognition sites are extremely variable amongst different B-cell clones and 

are responsible for the specificity of an antibody to its antigen; this accounts for the extreme 

diversity of antigens detected by antibodies. Further, antibodies exhibit high binding 

affinities to antigens due to this high specificity, indeed much greater than that of the TCR-

antigen complex. 



69 

 

Igs are classified into five isotypes with distinct roles, based on the five types of C domains 

that exist namely A, D, E, G and M (Abbas, 2018). IgG is a monomer with two antigen binding 

sites and is the most abundant serum antibody (9.0 mg/mL). IgG mostly functions as a 

secondary immune response and is involved in complement system activation. IgG also has 

particular importance in neonatal immunity. IgM is a pentamer also involved in complement 

 

Figure 2.1 – The conserved structure of human antibodies.  All antibodies exhibit a Y-shaped structure 
with Fc and Fab regions, made up of two identical heavy chains (blue) and light chains (purple). Chains 
are connected by disufide bonds with an additional hinge connected the Fc and Fab regions. The Fc 
region is constant between antibodies while the variable domain in the Fab region consists of the 
antigen binding site, responsible for the diversity of antigens recognised.  
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activation but is dominantly produced in a primary immune response. Monomeric IgA is the 

second most abundant serum antibody but also exists in a dimeric form which is the major 

antibody present in mucosal membranes, therefore has important role in mucosal immunity. 

The function of IgD is less well understood, but it is a known B-cell receptor therefore is 

thought to have a role in lymphocyte differentiation (Abbas, 2018). While IgE is the least 

abundant serum antibody, it has a defined role in allergic reactions (Justiz Vaillant et al., 

2021a).  

Indeed, allergic reactions to drugs can be mediated by Igs, including Type I hypersensitivity 

reactions to β-lactam antibiotics. The presence of β-lactam-specific IgE has been identified 

in allergic patients and can be used as an in vitro test to eliminate other hypersensitivity 

reactions (Harle and Baldo, 1990, Fontaine et al., 2007, Mayorga et al., 2016). While IgE 

production is an immediate immune response therefore does not provide evidence of a T-

cell mediated response, this does confirm that β-lactams are acting as antigens within the 

body which are recognized by antibodies. This concept can be applied in laboratory-based 

immunoassays such as immunoblotting or ELISA for the detection of β-lactam antigens, 

which have not yet been fully defined. In general, immunoassays depend on the reaction 

between a specific antibody (primary) and antigen (Darwish, 2006). A secondary antibody 

with a chemical label is used to bind the Fc portion of the bound primary antibody, therefore 

is not specific to the antigen-binding site eliminating any binding competition with the target. 

A substrate is used to react with the chemical label and thus produce a detectable signal, 

indicating specificity (Figure 2.2). To detect drug-protein adducts using immunoassays, a 

specific antibody which reacts with the drug is required. Previously anti-sulfamethoxazole 

and anti-dapsone antibodies have been generated to explore protein haptenation by 

sulfonamide antibiotics. Early studies demonstrated the haptenation of sulfamethoxazole 

metabolites in human liver microsomal proteins using the Cribb anti-SMX antibody (Cribb et 
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al., 1996), which has been used in further studies to demonstrate the covalent binding of 

sulfamethoxazole metabolites on the cell surface of immune cells (Naisbitt et al., 1999). 

Following this, extensive protein modification by sulfamethoxazole and dapsone in 

keratinocytes including NHEKs and HaCat cells has been detected (Roychowdhury et al., 

2005, Reilly et al., 2000). In this chapter, anti-piperacillin and anti-amoxicillin antibodies have 

been fully characterised to determine their use in detecting the β-lactam protein 

haptenation using immunological/proteomic-associated methods. 

 

 

Figure 2.2 – Brief overview of antibody-based detection methods. 1) Immobilized antigen on a 
surface such as a nitrocellulose membrane in a Western blot technique, 2) Primary antibody binds 
specific antigen epitope, 3) Secondary antibodies with a conjugated chemical label bind to Fc region 
of primary antibody for detection, 4) Detectable signal is developed using a substrate which reacts 
with a chemical label.  
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 AIMS 

The major aim of this chapter was to develop an in vitro system for the detection of proteins 

modified by the β-lactam antibiotics piperacillin and amoxicillin for proteomic methods. β-

lactam protein adducts, particularly HSA, have been characterised in patients using MS 

methods however there are limitations including the low abundance of drug-modified 

proteins and the lack of mass spectrometry software available to detect modification by β-

lactams. For this reason, antibody-based detection methods were developed using novel 

anti-drug antibodies. To fully characterise the β-lactam antibodies the following aims were 

included: 

1. The generation and characterisation of synthetic drug-protein adducts using MS. 

2. Determine the sensitivity and specificity of the antibodies using synthetic drug-

protein adducts. 

3. Optimise the conditions required for the use of the antibody for in vitro assays. 

4. Investigate the cross-reactivity of the antibodies with structurally similar drugs. 
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 METHODS 

2.3.1 ANTI-SERA PRODUCTION 

Custom antibodies were externally produced using the polyclonal programme (speedy 28-

day) by Kaneka Eurogentec S.A, Belgium. Briefly, high titre antibody was raised in rabbits 

against ovalbumin (OVA)-drug conjugates (generated by Dr Xiaoli Meng) to eliminate cross 

reactivity with HSA in human samples. Polyclonal antibody was supplied as serum following 

bleeds at day 7, 10 and 18 according to supplier protocols       

(https://www.eurogentec.com/en/custom-antibodies). 

2.3.2 GENERATION AND PURIFICATION OF DRUG-PROTEIN CONJUGATES 

Drug-protein conjugates for in vitro studies were generated using HSA (>97% lyophilized 

powder; Sigma-Aldrich, St. Louis, MO, USA) as the protein carrier. Drugs were purchased 

from Sigma-Aldrich with the exception of amoxicillin (Gold Biotechnology, St. Louis, MO, 

USA). Phosphate (PO4) buffer (13.08 mM KH2PO4, 62.27 mM K2HPO4; Sigma-Aldrich, St. Louis, 

MO, USA) was used for all drug-HSA incubations at pH 7.4 excluding the hydrolysed 

piperacillin-HSA incubation which was adjusted to pH 10.0 using 10 M NaOH. Incubations 

were prepared at a 100:1 drug to protein molar ratio using equal volumes of 1 mM HSA (66 

mg/mL) and 100 mM of drug (weight respective of the molecular weight of each drug - Table 

2.1). Incubations were performed for 24 hours at 37°C. Control samples of HSA and OVA 

(ImjectTM, Thermo Scientific, Waltham, MA, USA) were prepared under the same incubation 

conditions alongside the drug-protein incubations. Drug-HSA incubations were purified and 

concentrated using centrifugal filters with a 10 kDa molecular weight cut off (Amicon Ultra; 

Merck Millipore Ltd, Cork, IRL). Removal of free (unbound) drug and buffer exchange was 

performed by consecutive washes of phosphate buffered saline (PBS) centrifuged at 4000 x 

g, 4°C for 10-30 minutes to obtain a final concentrated sample of drug-HSA conjugate.  

https://www.eurogentec.com/en/custom-antibodies
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Table 2.1 – Molecular weight of drugs and quantity required for drug-protein incubations. Drug-
protein incubations were performed at 100:1 molar ratio. 100 mM drug solutions were made 
respective of the molecular weight (g/mol) of each drug. 

 

2.3.3 PROTEIN QUANTIFICATION 

Proteins were quantified using the Bradford assay. Bovine serum albumin (BSA) (Sigma-

Aldrich, St. Louis, MO, USA) standards were prepared in PBS at known concentrations ranging 

from 0.2-2 mg/mL. Protein samples were diluted in PBS if highly concentrated. Standards and 

samples were aliquoted in triplicate (5 μL/well) into a Nunc 96-well flat-bottom plate 

(Thermo Scientific, Waltham, MA, USA). Bradford reagent (Sigma-Aldrich, St. Louis, MO, USA) 

was added to each well (200 μL/well) and developed for 10 minutes. Absorbance was read 

at 595 nm (Varioskan; Thermo Scientific, Waltham, MA, USA) using Skanit Software. Protein 

concentration was determined using the BSA standard curve (R2 > 0.95). 

2.3.4 MASS SPECTROMETRY 

Protein samples were digested prior to MS analysis. Firstly, samples were reduced using 10 

mM Dithiothreitol (DTT; Sigma-Aldrich, St. Louis, MO, USA) for 20 minutes and then alkylated 

with 55 mM iodoacetamide (IAM; Sigma-Aldrich, St. Louis, MO, USA) for a further 20 

minutes. Samples were incubated with sequencing grade modified trypsin (Promega, 

 

Drug 

 

Molecular Weight (g/mol) 

 

Amount required for 100 mM (mg/mL) 

Piperacillin 539.5 53.95 

Amoxicillin 387.4 38.74 

Flucloxacillin 475.9 47.59 

Benzylpenicillin 356.4 35.64 

Clavulanic acid 237.3 23.73 

Ampicillin 371.4 37.14 
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Madison, WI, USA) at 1:200 μg ratio (trypsin: protein) overnight at 37°C. Sample clean-up 

was performed using 10 μL C18 ZipTips (Merck Millipore, Burlington, MA, USA). ZipTips were 

equilibrated by washing 3 times with acetonitrile (ACN; MS grade, Fisher Scientific, 

Loughborough, UK) followed by 5 washes with 0.1% formic acid (FA; VWR, Radnor, PA, USA). 

Sample was slowly aspirated and dispensed 20 times to allow peptides to bind to C18 resin. 

Washes (x5) with 0.1% FA were repeated. Samples were eluted in 10 μL 70% ACN/ 0.1% FA 

and vacuum dried in a speed vac (Eppendorf, Hamburg, Germany) for 30 minutes, or until 

dried. Samples were resuspended in 2% ACN/ 0.1% FA and transferred to 200 μL fixed insert 

vials (VWR, Radnor, PA, USA) for LC-MS/MS analysis. Samples were analysed by an AB Sciex 

TripleTOF 6600 instrument. Samples were delivered into the mass spectrometer by 

automated in-line reversed phase liquid chromatography, using an Eksigent NanoLC 400 

System (AB Sciex, Framingham, MA, USA) mounted with a trap and analytical column (15 cm 

X 75 µm). A NanoSpray III source was fitted with a 10 µm inner diameter PicoTip emitter 

(New Objective, Littleton, MA, USA). A gradient of 2–50% ACN /0.1% FA (v/v) over 90 min 

was applied to the column at a flow rate of 300 nL/min. Spectra were acquired automatically 

in positive ion mode using information dependent acquisition, using mass ranges of 400–

1600 Da in MS and 100–1400 Da in MS/MS. Up to 25 MS/MS spectra were acquired per cycle 

using a threshold of 100 counts per s, with dynamic exclusion for 12 s and rolling collision 

energy. Data was analysed using theoretical drug-modified HSA peptide masses derived from 

online available software (https://web.expasy.org/peptide_mass/). Peptides were manually 

sequenced and drug modification was confirmed manually by the identification of 

characteristic fragmentation ions of drugs which are discussed in the results section. 

2.3.5 SDS-PAGE 

Protein separation was performed using SDS-PAGE. A polyacrylamide gel (10%) was made as 

per manufacturer’s instructions (32.6% ProtoGel, 25.7% ProtoGel resolving buffer (National 

Diagnostics, Atlanta, GA, USA), 0.1% N,N,N′,N′-Tetramethylethylenediamine (TEMED; Sigma-

https://web.expasy.org/peptide_mass/
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Aldrich, St. Louis, MO, USA) and 0.1% ammonium persulfate (APS; Sigma-Aldrich, St. Louis, 

MO, USA) in deionised water). Protein samples were prepared to a final concentration of 1 

μg/μL in 4 x Laemmli loading buffer (25% glycerol (VWR, Radnor, PA, USA), 100 mM Tris (pH 

6.8) (National Diagnostics, Atlanta, GA, USA), 2.6% SDS (Sigma-Aldrich, St. Louis, MO, USA), 

1.3% bromophenol blue (w/v) (VWR, Radnor, PA, USA), 5% mercaptoethanol (Sigma-Aldrich, 

St. Louis, MO, USA)) and boiled at 95°C for 10 minutes. Seeblue 2 protein marker (Invitrogen, 

Waltham, MA, USA) was loaded onto the first lane of the gel and subsequently 10 μg of 

protein sample was loaded onto additional lanes of the gel. Gels were run at 30 mA per gel 

for ~1 hour or until the sample had migrated the length of the gel.  

2.3.6 COOMASSIE BLUE STAINING 

For protein band visualisation, SDS-polyacrylamide gels were fixed in 40% methanol/ 7% 

acetic acid (Fisher Scientific, Loughborough, UK) for 1 hour. Gels were stained overnight using 

Coomassie blue dye (0.08% Coomassie brilliant blue (VWR, Radnor, PA, USA) in 1.6% 

phosphoric acid (Riedel-de Haen), 8% ammonium sulphate (Sigma-Aldrich, St. Louis, MO, 

USA) and 10% methanol (Fisher Scientific, Loughborough, UK). Destaining was performed for 

1 minute using 25% methanol/ 10% acetic acid. Gels were stored in 25% methanol if 

required. 

2.3.7 WESTERN BLOT 

For epitope detection, SDS-polyacrylamide gels were transferred onto 0.45 μM nitrocellulose 

membrane (Amersham Plc, Amersham, UK) by electroblotting at 250 mA for 1 hour. The 

nitrocellulose membrane was blocked for 2 hours at room temperature using blocking buffer 

(10% non-fat dry milk blocking buffer (Bio-Rad, Hemel Hempstead, UK) in Tris/saline/Tween 

(TST) buffer (150 mM NaCl, 10 mM Tris-HCl, 0.05% Tween 20, pH 8.0)). The custom anti-sera 

against drug (Kaneka Eurogentec S.A, Belgium) was used as the primary antibody in 

experiments. The nitrocellulose membrane was incubated with anti-drug primary antibody 



77 

at varying dilutions in blocking buffer for a minimum of 16 hours at 4°C. Nitrocellulose 

membrane was washed 4 x 4 minutes in TST and incubated in horseradish peroxidase anti-

rabbit secondary antibody (Dako, Glostrup, Denmark) at a 1:5000 dilution in blocking buffer 

for 1 hour at room temperature. TST washes were repeated (4 x 4 minutes) and signal was 

detected by enhanced chemiluminescence (Western Lighting, Perkin Elmer, Boston, USA) on 

autoradiography film (Amersham Plc, Amersham, UK) or a ChemiDoc imaging system (Bio-

Rad, Hemel Hempstead, UK). 

2.3.7.1 DOT BLOTTING 

Protein samples were prepared in PBS to a final concentration of 1 μg/μL. 1 μg of protein 

was dotted directly onto a nitrocellulose membrane and allowed to dry. Dotting of protein 

was repeated 10 times on the same spot until a final 10 μg of protein was added to the 

membrane. The nitrocellulose membrane was subjected to the same methods described in 

section 2.3.7.  

2.3.8 ELISA 

Protein samples were coated onto 96-well ELISA plates (Nunc MaxiSorpTM, Fisher Scientific, 

Loughborough, UK) at 0.1 µg/well and incubated overnight at 4°C. Wells were washed 5 x 

PBS/Tween (0.1%) with soaking (~ 1 minute) during each wash step. Wells were blocked with 

blocking buffer (1 mg/mL BSA in PBS; Sigma-Aldrich, St. Louis, MO, USA) for 2 hours at room 

temperature. Anti-drug primary antibody was added to wells at varying dilutions in blocking 

buffer and incubated for a minimum of 16 hours at 4°C. Wells were washed with 5 x 

PBS/Tween (0.1%) with soaking (~ 1 minute) during each wash step and incubated in 

horseradish peroxidase anti-rabbit secondary antibody (Dako, Glostrup, Denmark) at a 

1:5000 dilution in blocking buffer for 2 hours at room temperature. Wells were washed a 

further 5 times as before, followed by 2 x PBS washes. Signal was developed using 2,2'-azino-

bis(3-ethylbenzothiazoline-6-sulphonic acid) substrate solution (ABTS tablet (10 mg; Sigma-



78 

Aldrich, St. Louis, MO, USA), 0.05 M phosphate-citrate buffer (Sigma-Aldrich, St. Louis, MO, 

USA), pH 5.0, 0.007% Hydrogen peroxide (Sigma-Aldrich, St. Louis, MO, USA)) for 15 minutes. 

Stop solution (1% Sodium dodecyl sulfate; Sigma-Aldrich, St. Louis, MO, USA) was added 

directly to substrate solution and signal was detected at 405 nm (Varioskan; Thermo 

Scientific, Waltham, MA, USA) using Skanit Software.  

2.3.8.1 HAPTEN INHIBITION 

For hapten inhibition ELISA, methods were repeated as in section 2.3.8 with an additional 

step of incubating anti-drug primary antibody with free drug prior to incubation with coated 

wells. Drugs (100 μM, 10 μM, 1 μM) were and incubated with primary antibody for 2 hours 

on a rocker at room temperature. The incubation drug mixture was added to wells following 

blocking.  
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 RESULTS 

2.4.1 MASS SPECTROMETRIC CHARACTERISATION OF PIPERACILLIN-MODIFIED HSA 

Synthetic drug-protein conjugates were generated to validate the detection of piperacillin-

modified proteins using the custom anti-drug antibodies. Piperacillin was conjugated to HSA 

at 100:1 molar ratio (drug: protein) and characterised using bottom-up proteomics. Two 

forms of piperacillin adduct, cyclised and hydrolysed, piperacillin-HSA were produced. 

Conjugates were analysed by MS and peptide sequences were identified manually using b 

and y ions while piperacillin modification was confirmed using characteristic piperacillin 

fragmentation ions including m/z of 160, 333 and 143 or 106 (Figure 2.3).  

 

 

 
 

Figure 2.3 – Characteristic fragmentation ions of hydrolysed and cyclised piperacillin-HSA. 
Piperacillin undergoes in-source fragmentation in a mass spectrometer which produces a series of 
ions with a distinct m/z. These characteristic fragmentation ions were used to manually confirm drug-
modification of peptides. Cyclised piperacillin is identified by an ion at m/z 143 (green) while 
hydrolysed piperacillin is identified by an ion at m/z 106 (purple).   

 

Piperacillin modification was detected on several lysine residues of HSA (Table 2.2). MS 

analysis of piperacillin-HSA generated in phosphate buffer at pH 7.4 identified tryptic 

HSA HSA
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peptides from HSA with a mass addition of 517, indicating the binding of an intact piperacillin 

molecule thus the formation of cyclised piperacillin-HSA.  

Table 2.2 – Piperacillin modifications detected on lysine residues of HSA. Tryptic digest of 
piperacillin-HSA incubations revealed modifications of cyclised and/or hydrolysed piperacillin at 
several lysine residues. (x) confirms modification of the peptide/lysine residue detected. 

Peptide Lysine Cyclised Hydrolysed 

AFAKAWAVAR  212 x 

 

ASSAKQR 195 

 

x 

KYLYEIAR 137 

 

x 

ATKEQLK 541 

 

x 

FKDLGEENFK 12 x x 

KQTALVELVK 525 x x 

LAKTYETTLEK 351 x 

 

NLGKVGSK 432 x x 

DAHKSEVAHR 4 x 

 

LDELRDEGKASSAK 190 x x 

VFDEFKPLVEEPQNLIK  378 x x 

 

 

Representative MS/MS spectra of the peptides LDELRDEGKASSAK, KQTALVELVK and 

LAKTYETTLEK with the mass addition of piperacillin (+517 Da) which were detected as 

precursor ions were annotated (Figure 2.4). The spectra demonstrate the presence of the 

characteristic piperacillin fragmentation ions (m/z of 160 and 333), along with the highly 

abundant ion detected at m/z of 143 which confirms the presence of cyclised piperacillin 

(Figure 2.4). 
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Figure 2.4 – Characterisation of cyclised piperacillin-HSA adducts formed in vitro. Representative 
MS/MS spectra of piperacillin modification on tryptic peptides derived from HSA. (A) Triply charged 
peptide LDELRDEGKASSAK modified with cyclised piperacillin at Lys190. (B) Triply charged peptide 
KQTALVELVK modified with cyclised piperacillin at Lys195. (C) Triply charged peptide LAKTYETTLEK 
modified with cyclised piperacillin at Lys351. Peptide fragments are indicated by b and y ions. 
Characteristic piperacillin fragment ions 333 m/z and 160 m/z are highlighted in green, along with 
characteristic cyclised piperacillin fragment 143 m/z. b and y ions which have a piperacillin mass 
addition are annotated with green arrows. [CPIP] indicates a cyclised piperacillin modification, (*) 
indicates modification site.  
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MS analysis of the adducts formed in phosphate buffer altered to pH 10 revealed tryptic HSA 

peptides with a mass addition of 535 Da corresponding to a hydrolysed piperacillin molecule 

(Table 2.2). Representative MS/MS spectra of the peptides ATKEQLK, FKDLGEENFK and 

KYLYEIAR identified as precursor ions with the mass addition of hydrolysed piperacillin show 

the characteristic fragmentation ions of piperacillin (m/z of 160, 333) (Figure 2.5). The ion at 

143 m/z was not detected, rather a highly abundant ion at 106 m/z is present which is a 

fragment derived from hydrolysed piperacillin. 
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Figure 2.5 – Characterisation of hydrolysed piperacillin-HSA adducts formed in vitro. 
Representative MS/MS spectra of piperacillin modification  on tryptic peptides derived from HSA. (A) 
Triply charged peptide ATKEQLK modified with hydrolysed piperacillin at Lys541. (B) Triply charged 
peptide FKDLGEENFK modified with hydrolysed piperacillin at Lys12. (C) Triply charged peptide 
KYLYEIAR modified with hydrolysed piperacillin at Lys137. Peptide fragments are indicated by b and 
y ions. Characteristic piperacillin fragment ions m/z of 333 and 160 are highlighted in purple, along 
with characteristic hydrolysed piperacillin fragment 106. b and y ions which have a piperacillin mass 
addition are annotated with purple arrows. [HPIP] indicates a hydrolysed piperacillin modification, 
(*) indicates modification site. 
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2.4.2 ANTI-PIPERACILLIN ANTIBODY 

Antibodies were raised against piperacillin-OVA conjugates in two individual rabbits to 

generate two antibodies referred to as 1461 and 1462 in this chapter. The aim of this chapter 

was to determine the use of the antibodies for the rapid detection of piperacillin-protein 

adducts. Immunoassays were developed and optimised in house to fully investigate the 

reactivity of the antibody. 

2.4.2.1 WESTERN BLOT ANALYSIS 

To determine specificity of the anti-piperacillin antibodies and the optimal conditions for 

Western blot analysis, dot blotting was used initially. Specificity was assessed for both 

hydrolysed and cyclised piperacillin-HSA using a serial dilution of the antibody, as well as 

cross reactivity with OVA and HSA. As expected, both antibodies strongly recognised OVA 

even at the lowest concentration (1:200,000) (Figure 2.6). No signal was detected with HSA 

at concentrations up to 1:10,000. Both antibodies recognised the two piperacillin conjugates 

in a concentration-dependent manner from 1:2000 to 1:40,000, while no signal was detected 

at higher dilutions. Visually, a greater signal intensity was seen with anti-piperacillin 1461 in 

comparison to anti-piperacillin 1462 thus this antibody was chosen for further investigation. 

Based on these results, a 1:10,000 dilution was chosen for the optimal concentration in 

Western blot as no major difference between the intensity of 1:10,000 and 1:2000 was 

observed, while no cross reactivity with HSA was evident at 1:10,000. Initially, proteins were 

quantified using the Bradford assay and then the normalised proteins were separated by 

SDS-PAGE (Figure 2.7 - A). Similar results were seen using the antibody in Western blot as 

strong responses were observed to OVA and both piperacillin-HSA conjugates, but no 

response was observed with HSA (Figure 2.7 -A ). 
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To investigate the cross reactivity of the anti-piperacillin 1461 with compounds of similar 

structures, Western blot was performed with other available β-lactam-HSA conjugates. No 

cross reactivity was observed with flucloxacillin-, amoxicillin-, and benzylpenicillin-HSA 

conjugates using a 1:10,000 antibody dilution (Figure 2.7 - B). All drugs contain the β-lactam 

ring/thiazolidine ring structures (Figure 2.7 – highlighted in green), suggesting the antibody 

 

 

 

Figure 2.6 – Dot blot to detect specificity of anti-piperacillin 1461 and 1462 and to determine 
optimal concentration for Western blot analysis. Specificity was assessed for both hydrolysed 
piperacillin-HSA (H-PIPHSA) and cyclised piperacillin-HSA (C-PIPHSA) using a serial dilution of the 
antibody (1:2000-1:200,000), as well as cross reactivity with OVA and HSA. Both antibodies recognised 
H-PIPHSA and C-PIPHSA in a concentration-dependent manner from 1:2000 to 1:40,000. Cross 
reactivity was observed with OVA. Anti-piperacillin 1461 gave stronger responses than 1462. Optimal 
concentration for Western blot analysis was deemed as 1:10,000 to avoid non-specific binding with 
HSA. 
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is not reacting with this moiety. Compared to dot blot, the signal was less intense for 

piperacillin-HSA in Western blot, therefore for future experiments a higher concentration of 

1:5000 should be used. 

 

 

 

Figure 2.7 – Detection of piperacillin-HSA with anti-piperacillin 1461 and cross reactivity with other 
drug-HSA haptens using Western blot analysis. Proteins were separated using SDS-PAGE (A) and 
Western blot was performed with anti-piperacillin 1461 at a concentration of 1:10,000 (B) Hydrolysed 
piperacillin-HSA (HPIP) and cyclised piperacillin-HSA (CPIP) were detected in Western blot along with 
OVA. No cross reactivity was detected with amoxicillin (AX)-, flucloxacillin (FLU)-, and benzylpenicillin 
(BP)-HSA. Chemical structures of the drug haptens are displayed to show structural similarities or 
differences. β-lactam ring/thiazolidine ring structure is highlighted in green. The 4-ethyl-2,3-
dioxopiperazine ring of piperacillin (highlighted in purple) is suspected to be involved in recognition 
by the antibody and be responsible for the specificity. 
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2.4.2.2 ELISA 

2.4.2.2.1 HAPTEN SENSITIVITY AND SPECIFICITY 

Consistent with Western blot, both antibodies recognised OVA and the piperacillin-

conjugates in ELISA (Figure 2.8). Slight cross reactivity with HSA was observed at all 

concentrations but at a much lower intensity than OVA or the piperacillin-HSA conjugates. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.8 – Detection of piperacillin-HSA conjugates with anti-piperacillin antibodies using ELISA.  
Hydrolysed piperacillin-HSA (H-PIPHSA) and cyclised piperacillin-HSA (C-PIPHSA) was detected with 
(A) anti-piperacillin 1461 and (B) anti-piperacillin 1462 at concentrations from 1:20,000 to 1:200. OVA 
was detectable with both antibodies. Low signals were detected for HSA for both antibodies at all 
concentrations.   
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Higher absorbance values were observed between anti-piperacillin 1461 and the hydrolysed 

hapten, and anti-piperacillin 1462 and the cyclised hapten. Overall, anti-piperacillin 1461 

reacted with the conjugates at a comparable intensity as OVA in comparison to 1462 which 

only resembled the intensity to OVA at the highest concentration (1:200). To confirm this 

greater sensitivity, statistical analysis was performed between the two antibodies. A 

statistically significant difference was observed with the anti-piperacillin 1461 for both 

hydrolysed and cyclised haptens at 1:20,000 and 1:2000 (Figure 2.9) therefore was chosen 

for further ELISA studies.  

 

 

 

Figure 2.9 – Comparison of the anti-piperacillin antibodies for the detection of piperacillin-
modification in ELISA.  A student’s t test was used to compare the level of detection for (A) hydrolysed 
piperacillin-HSA and (B) cyclised piperacillin-HSA, between anti-piperacillin 1461 and 1462 (p values 
marked as ***; ≤ 0.001, **; ≤ 0.01, *; ≤ 0.05). Anti-piperacillin 1461 gave significantly higher signals 
to both conjugates at concentrations 1:2000 and 1:20,000. No significant differences in detection 
were observed between 1461 and 1462 at a concentration of 1:200.  
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To optimise signal and investigate saturation, a wider antibody titration experiment was 

performed with 1461. A concentration-dependent signal was observed for the piperacillin-

conjugates, while the signal for OVA and HSA remained relatively consistent regardless of 

concentration (Figure 2.10).  At a dilution of 1:2000, the greatest intensity for the piperacillin-

HSA conjugates was observed with similar intensities for both conjugates. Moreover, this 

was the only concentration to show similar absorbance values as OVA therefore was deemed 

the optimal working concentration for the detection of piperacillin-proteins adducts in future 

experiments.  

2.4.2.2.2 HAPTEN INHIBITION AND CROSS REACTIVITY 

The site of recognition was investigated using a competitive antigen in the form of free drug. 

The signal of piperacillin conjugate detection was diminished in a concentration-dependant 

 

 

Figure 2.10 – Antibody titration to detect the optimal concentration of anti-piperacillin 1461 for the 
detection of piperacillin-modified proteins in ELISA. A concentration-dependent response is 
observed with antibody detection of hydrolysed piperacillin-HSA (H-PIPHSA) and cyclised piperacillin-
HSA (C-PIPHSA) detection using an antibody concentration range from 1:20,000 to 1:2000. Strongest 
responses are seen at 1:2000 with similar signal intensity to OVA.  
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manner when the antibody (1:2000) was incubated with free piperacillin (Figure 2.11), 

however the signal was not fully abrogated with concentrations up 100 µM. Prior incubation 

of 1461 with other structurally similar compounds was performed to further elucidate the 

site of recognition. A slight decrease in signal intensity is observed with the structurally 

related compounds. However, in comparison to the piperacillin signal at the same 

concentration (100 µM), the inhibition was to a lesser extent therefore the majority of these 

compounds were not highly cross reactive with the antibody. Interestingly, the signal for 

hydrolysed piperacillin-HSA was noticeably diminished with ampicillin binding, but not for 

the cyclised piperacillin-HSA hapten. 

 
 

Figure 2.11 – Hapten inhibition of anti-piperacillin 1461 and cross reactivity of structurally-related 
compounds using ELISA. Incubation of anti-piperacillin 1461 (1:2000) with piperacillin (1-100 µM) 
prior to use in ELISA diminished the detection of both hydrolysed piperacillin-HSA (H-PIPHSA) and 
cyclised piperacillin-HSA (C-PIPHSA). Prior incubation with structurally related compounds including 
amoxicillin (AX), flucloxacillin (FLU), benzylpenicillin (BP), clavulanic acid (CA) and ampicillin (AMP) at 
100 µM slightly decreased the signal for piperacillin-HSA detection, more so with the detection of H-
PIPHSA when competing with ampicillin.   
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2.4.3 MASS SPECTROMETRIC CHARACTERISATION OF AMOXICILLIN-MODIFIED HSA 

Amoxicillin was conjugated to HSA at a drug: protein molar ratio of 100:1 and characterised 

using MS/MS as per the piperacillin-HSA conjugates. Peptide sequences were identified 

manually using b and y ions while amoxicillin modification was confirmed using characteristic 

fragmentation ions including m/z of 160, 217 and 349 (Figure 2.12).  

 

 
 

Figure 2.12 – Characteristic fragmentation ions of amoxicillin-HSA. Amoxicillin undergoes in-source 
fragmentation in a mass spectrometer which produces a series of ions with a distinct m/z, including, 
160, 217 and 349. These characteristic fragmentation ions were used to manually confirm amoxicillin-
modification of peptides.  

Several HSA tryptic peptides were identified in phosphate buffer with a mass addition of 365 

Da, indicating an amoxicillin modification. Accordingly, several lysine residues have been 

shown to be modified by amoxicillin including lysine 195, 541 and 212 (Table 2.3). 
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Table 2.3 - Amoxicillin modifications detected on lysine residues of HSA. Tryptic digest of amoxicillin-
HSA incubation revealed modifications of amoxicillin at several lysine residues. (x) confirms 
modification of the peptide/lysine residue detected. 

Peptide Lysine Amoxicillin 

AFAKAWAVAR  212 x 

ASSAKQR 195 x 

KYLYEIAR 137 

 

ATKEQLK 541 x 

FKDLGEENFK 12 x 

KQTALVELVK 525 x 

LAKTYETTLEK 351 x 

NLGKVGSK 432 

 

DAHKSEVAHR 4 

 

LDELRDEGKASSAK 190 x 

VFDEFKPLVEEPQNLIK  378 

 

 

Representative MS/MS spectra of the peptides ASSAKQR, ATKEQLK and AFKAWAVAR with 

the amoxicillin mass which were selected as precursor ions were annotated (Figure 2.13). 

Peptide sequences were identified manually using b and y ions (annotated in blue). 

Characteristic amoxicillin fragmentation ions with m/z of 160, 217 and 349 (annotated in red) 

were identified along with b and y ions with the addition of amoxicillin. 
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Figure 2.13 – Characterisation of amoxicillin-HSA adducts formed in vitro. Representative MS/MS 
spectra of amoxicillin modification on from tryptic peptides derived from HSA. (A) Doubly charged 
peptide ASSAKQR modified with amoxicillin at Lys195. (B)  Doubly charged peptide ATKEQLK modified 
with amoxicillin at Lys541. (C) Triply charged peptide AFKAWAVAR modified with amoxicillin at Lys212. 
Peptide fragments are indicated by b and y ions. Characteristic amoxicillin fragment ions 349 and 160 
are annotated in red, along with b and y ions which have an amoxicillin modification. [AX] indicates 
amoxicillin modification, (*) indicates the position of the amoxicillin mass addition. 
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2.4.4 ANTI-AMOXICILLIN ANTIBODY 

Antibodies were raised against amoxicillin-OVA conjugates in two individual rabbits to 

generate two antibodies referred to as 106 and 107 in this chapter. Anti-amoxicillin 

antibodies were characterised for their use in in vitro systems.  Immunoassays were 

developed and optimised in house to fully investigate the reactivity of the antibody for the 

detection of amoxicillin-protein adducts. 

2.4.4.1 WESTERN BLOT ANALYSIS 

A dot blot was performed to initially determine if the antibodies were specific to amoxicillin-

HSA and to determine optimal concentrations for Western blot. Using a serial dilution of both 

antibodies (1:2000 to 1:20,000), signal was detected to amoxicillin-HSA with both antibodies 

in a clear, concentration-dependent manner (Figure 2.14). Amoxicillin-HSA was detected 

with antibody concentrations as low as 1:100,000, albeit weak signals. Comparable with the 

anti-piperacillin antibodies, the strongest responses were observed with OVA at all 

concentrations, however no cross reactivity was detected with HSA alone. The strongest 

signal to amoxicillin-HSA was observed with both antibodies at a 1:2000 dilution. Both 

antibodies were further investigated in Western blot since there were no major signal 

differences detected when using the dot bot.  
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Following protein separation by SDS-PAGE, a 1:10,000 dilution was used to detect amoxicillin 

modification in Western blot and investigate cross reactivity with structurally-related 

haptens which were available at 100:1 molar ratios, piperacillin-HSA and flucloxacillin-HSA 

(Figure 2.15).  As per the dot blot, strong signal intensities were observed to amoxicillin-HSA 

in Western Blot. Indeed, both anti-amoxicillin 106 and 107 displayed specificity to 

piperacillin-HSA conjugates. This signal was weak using anti-amoxicillin 106 and a significant 

stronger signal was detected with amoxicillin-HSA. However, the anti-amoxicillin 107 

 

Figure 2.14 – Dot blot to detect specificity of anti-amoxicillin 106 and 107, and to determine optimal 
concentration for Western blot analysis.  Specificity was assessed for amoxicillin-HSA (AXHSA) using 
a serial dilution of both antibodies, as well as cross reactivity with OVA and HSA. Both antibodies were 
specific to OVA and AXHSA but did not cross react with HSA. Strongest responses were seen at 
antibody concentrations of 1:2000 and responses were detectable at concentrations down to 1:100K.  
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response to piperacillin-HSA conjugates was as strong as that of the amoxicillin-HSA 

response. A weak response could also be detected with flucloxacillin-HSA and anti-

amoxicillin 107.  

 

 

 
 
 

Figure 2.15 – Detection of amoxicillin-HSA with anti-amoxicillin antibodies, and cross reactivity with 
other drug haptens using Western blot analysis. (A) Proteins were separated using SDS-PAGE (left) 
and anti-amoxicillin 106 detected OVA and amoxicillin-HSA (AX) at a concentration of 1:10K (right). 
Weak cross reactivity with observed with piperacillin-HSA conjugates and anti-amoxicillin 106. (B) 
Proteins were separated using SDS-PAGE (left) and anti-amoxicillin 107 detected OVA and amoxicillin-
HSA (AX) at a concentration of 1:10K (right). Strong cross reactivity to piperacillin-HSA conjugates 
(HPIP and CPIP) was observed with anti-amoxicillin 107. 
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2.4.4.2 ELISA 

2.4.4.2.1 HAPTEN SENSITIVITY AND SPECIFICITY 

ELISA was performed with the anti-amoxicillin antibodies to determine and compare their 

reactivity quantitatively. Amoxicillin-HSA was detected with both antibodies at 

concentrations up to 1:20,000, although low signals were detected at this concentration in 

comparison to OVA detection (Figure 2.16).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.16 – Detection of amoxicillin-HSA with anti-amoxicillin antibodies using ELISA. Amoxicillin-
HSA (AXHSA) was detected with (A) anti-amoxicillin 106 and (B) anti-amoxicillin 107 at concentrations 
from 1:20,000 to 1:200. OVA was detectable with both antibodies. At 1:200/1:2000 strong signals 
were evident for both antibodies. HSA was detected with higher antibody concentrations. 
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Stronger signals were observed at 1:2000 and even more so at 1:200 for both antibodies, 

however at higher antibody concentrations a weak response to HSA was also observed which 

was not seen at 1:20,000. Statistical analysis was performed to compare the sensitivity of the 

antibodies. While no significant signal difference was apparent between the antibodies at a 

dilution of 1:200, lower concentrations of 1:2000 and 1:20,000 revealed anti-amoxicillin 106 

was significantly more sensitive for the detection of amoxicillin-HSA (Figure 2.17). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2.17 – Comparison of the anti-amoxicillin antibodies for the detection of amoxicillin-
modification in ELISA. (A) Chemical structure of amoxicillin and covalent bond formation with HSA at 
the open β-lactam ring. (B) A student’s t test was used to compare the sensitivity of anti-amoxicillin 
106 and anti-amoxicillin 107 for use in ELISA with p values marked as ***; ≤ 0.001. Anti-amoxicillin 
106 was significantly more sensitive for the detection of amoxicillin-HSA at concentrations of 1:2000 
and 1:20,000. 
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To determine the optimal concentration of anti-amoxicillin 106 for amoxicillin-HSA 

detection, a wider range antibody titration was used from 1:20,000 and 1:2000 (Figure 2.18). 

As expected, the greatest signal was observed with OVA at all concentrations but contrary 

to the previous ELISA experiment, no cross reactivity was detected with HSA. While 

increasing the concentration of antibody increased the levels of response to amoxicillin-HSA, 

the absorbance level was not equivalent to OVA at any concentrations as seen with the anti-

piperacillin antibody. Nonetheless, the maximum signal was detected at 1:2000.  

2.4.4.2.2 HAPTEN INHIBITION AND CROSS REACTIVITY 

Drug-hapten specificity was interrogated using competitive hapten inhibition to investigate 

the site of recognition of anti-amoxicillin 106. Initial experiments revealed some cross 

reactivity with HSA at 1:2000, therefore hapten inhibition was performed at 1:5000.  The 

signal of amoxicillin-HSA was completely eliminated when the antibody was incubated with 

free amoxicillin prior to use in ELISA, even at concentrations as low as 1 µM (Figure 2.19). 

 

 

Figure 2.18 – Antibody titration to determine the optimal concentration of anti-amoxicillin 106 for 
the detection of amoxicillin-HSA in ELISA. A concentration-dependent response is observed between 
antibody and amoxicillin-HSA (AXHSA) detection using an antibody concentration range from 1:20,000 
to 1:2000. Strongest responses are seen at 1:2000.  

 

1:20000 1:15000 1:10000 1:7500 1:5000 1:2000

0.0

0.1

0.2

0.3

Anti-amoxicillin 106
Optimal concentration

Antibody concentration

A
b

s
o

rb
a
n

c
e
 (

4
0
5
n

m
)

HSA

OVA

AXHSA



100 

Incubating the antibody with other structurally similar compounds including piperacillin, 

flucloxacillin, and benzylpenicillin, clavulanic acid at 100 µM did not have major effects on 

the reaction between amoxicillin-HSA and anti-amoxicillin antibody. However, the signal was 

greatly reduced upon the incubation of ampicillin, revealing that a structural entity shared 

between amoxicillin and ampicillin is likely the antibody epitope.  

 
 

Figure 2.19 – Hapten inhibition of anti-amoxicillin 106 and cross reactivity of structurally-related 
compounds using ELISA. (A) Incubation of anti-amoxicillin 106 (1:5000) with amoxicillin prior to use 
in ELISA diminished the detection of amoxicillin-HSA (AXHSA). No significant signal differences were 
observed with piperacillin (PIP) flucloxacillin (FLU) and benzylpenicillin (BP), clavulanic acid (CA) at 
100µM. Upon the incubation of ampicillin, the signal was greatly reduced showing the antibody 
recognises a structure shared between the drugs. (B) Chemical structures of close-related drugs used 
for the hapten inhibition experiment. 
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 DISCUSSION 

Advanced mass spectrometry has facilitated the detection of drug-protein adducts in 

patients. While these methods are reliable and well-established, there are limitations 

including the low abundance of drug-modified proteins and the lack of software available to 

identify modification by β-lactams due to their in-source fragmentation in the mass 

spectrometer. Moreover, in clinical settings a routine method for the rapid detection of drug-

protein adducts is attractive. In this chapter, antibodies have been characterised for the 

detection of specific β-lactam-protein conjugates using immunoassays. 

While a β-lactam specific antibody is available commercially, previous studies have shown 

that this anti-BP antibody recognizes the thiazolidine structure which is conserved amongst 

the commonly used β-lactam antibiotics such as piperacillin, amoxicillin, benzylpenicillin, 

thus strong cross reactivity is observed (Dr Xiaoli Meng – personal communication). For the 

detection of drug-protein adducts formed by individual β-lactams it is essential to have anti-

drug antibodies that are specific for the side chain of each β-lactam, or a unique moiety of 

the drug. In the group, anti-drug antibodies have been generated using a drug bound to a 

carrier protein. HSA is the most abundant plasma protein and often the main target for β-

lactam conjugation. However, using HSA as a carrier protein in the host would most likely 

result in an immunogenic response against the protein itself, thus this would not be useful 

for the detection of drug-modification specifically. For this reason, OVA was chosen as the 

carrier protein due to low sequence homology with HSA. Using the ExPASy Sim alignment 

tool (Swiss Institute of Systems Biology; https://web.expasy.org/sim/) the sequence 

homology between HSA and OVA is determined as 22% (41 residue overlap). As a 

comparison, HSA and BSA share a sequence homology of 76%.  
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2.5.1 CHARACTERISATION OF DRUG-MODIFIED HSA CONJUGATES 

Drug-HSA conjugates were produced to validate the use of the custom anti-drug antibodies 

for in vitro assays. Phosphate buffer was used for drug-protein incubations at physiologically 

relevant pH (7.4) for both cyclised piperacillin-HSA and amoxicillin-HSA. However, previous 

studies have identified two piperacillin haptens in vivo and in vitro whereby 

one hapten possessed an intact 4-ethyl-2,3-dioxopiperazine ring of the piperacillin structure 

(cyclised) whereas on the other this ring had been hydrolysed (Whitaker et al., 2011). For 

this reason, the pH of the phosphate buffer was altered to more alkaline conditions (pH 10) 

to increase hydrolysis and therefore favour the production of hydrolysed piperacillin-HSA.  

MS was used to detect drug modification and characterise the site-specific binding on HSA. 

LC-MS/MS is a well-established method for the characterisation of proteins and small 

molecules including drugs. Characterisation of β-lactams alone can be performed directly 

without major sample preparation requirements due to their low molecular weight. 

However, the direct analysis of drug-modified proteins is not feasible for HRMS due to the 

macromolecular nature of proteins, for example HSA has a molecular weight of 66 kDa in 

comparison to amoxicillin with a molecular weight of 365.4 Da. For this reason, a bottom-up 

proteomics approach was used to generate tryptic peptides of HSA. Theoretical masses of 

drug-modified peptides have been calculated using publicly available protein cleavage 

software (https://web.expasy.org/peptide_mass/). It has been well defined that β-lactams 

preferentially bind to lysine residues (Jenkins et al., 2009, Meng et al., 2017), therefore 

search parameters included missed lysine cleavages to identify drug modification, which 

would otherwise undergo cleavage by trypsin. Drug modification detection is reliant on 1) a 

parent ion with the mass addition of the drug i.e. a drug-modified HSA tryptic peptide and 2) 

drug characteristic fragmentation ions in the MS/MS spectra. The most abundant 

fragmentation ion of β-lactams is often detected at 160 m/z corresponding to a cleaved 

thiazolidine ring. The presence of ions at 160 and 333 m/z confirmed piperacillin modification 

https://web.expasy.org/peptide_mass/
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of HSA. Further fragmentation ions at 143 or 106 m/z were used to distinguish between the 

cyclised and hydrolysed piperacillin-HSA haptens (Figure 2.3). Indeed, some traces of the 

cyclised hapten were detected in the hydrolysed hapten sample and vice versa. This was 

expected since hydrolysis of the 4-ethyl-2,3-dioxopiperazine ring is reversible (Whitaker et 

al., 2011). Characteristic fragmentation ions at m/z of 160, 217 and 349 (Figure 2.12) 

confirmed the modification of amoxicillin.  

2.5.2 DETECTION OF DRUG-HSA CONJUGATES 

The recognition of a specific epitope by an antibody is the principle of immunoassays. The 

antibodies were incorporated into immunoassays to assess their ability to specifically detect 

piperacillin or amoxicillin in in vitro systems. Western blot was chosen for initial visual 

confirmation of specificity for drug-protein adducts. Subsequently, ELISA was chosen as 

a practical screening tool to provide quantitative results for drug-protein adduct detection. 

A dot blot was performed prior to Western blot as a straightforward and rapid detection of 

antibody specificity and effectiveness, as well as determining an optimal primary antibody 

concentration for the Western blot. Dot blots are a lot less time consuming than Western 

blot however for complex samples, such as cell lysate, protein separation by SDS-PAGE would 

be essential therefore Western blot was performed. 

2.5.2.1 ANTI-PIPERACILLIN SPECIFICITY FOR PIPERACILLIN-HSA  

Both anti-piperacillin antibodies were specific to the two piperacillin-HSA conjugates up to 

concentrations of 1:40,000 in the dot blot (Figure 2.6). Sensitivity of both antibodies greatly 

decreased at concentrations above 1:10,000. Visually, anti-piperacillin 1461 produced the 

strongest signals at each concentration thus this antibody was chosen for Western blot due 

to its higher specificity for piperacillin-HSA. While a 1:2000 dilution produced the strongest 

signal, a weak signal was produced for HSA initially suggesting that a high antibody 

concentration may result in a false positive result from non-specific HSA binding. Guides 
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were drawn for each ‘dot’ to ensure the sample was concentrated in the same position. It is 

possible the indentation to the membrane resulted in the antibody accumulating in the 

grooves and not being removed in washes, thus causing a background signal. With that being 

said, a sufficiently strong signal was produced at 1:10,000 without any non-specific binding 

of HSA or background therefore this concentration was chosen as optimal. In Western blot 

the dot blot results were reproduced, successfully detecting the piperacillin-HSA conjugates 

without any cross reactivity to HSA (Figure 2.7). Antibodies were further investigated for 

their use in ELISA. Initial specificity tests deemed both antibodies reactive to the piperacillin-

HSA conjugates. Specificity for piperacillin-HSA conjugates was statistically stronger with 

anti-piperacillin 1461 compared to 1462, which mirrored the Western blot data. 

Interestingly, anti-piperacillin 1461 showed the greatest specificity for the hydrolysed hapten 

whereas anti-piperacillin 1462 was more specific for the cyclised hapten. While this was not 

further investigated in this chapter, this difference in specificity could be useful for the future 

detection of different haptens in patients seen in Chapter 3. For anti-piperacillin antibodies, 

response to HSA was seen across all concentrations in ELISA. With that being said, the level 

of binding was much less than that of OVA and the drug-HSA conjugates therefore this could 

potentially be background or because the ELISA is more sensitive in detecting lower affinity 

binding than the Western blot.  

2.5.2.2 ANTI-AMOXICILLIN SPECIFICITY FOR AMOXICILLIN-HSA 

Regarding the anti-amoxicillin antibodies, the dot blot determined that both were specific 

for amoxicillin-HSA, with no reactivity to HSA. A clear antibody-concentration dependent 

specificity was evident with dilutions from 1:200,000 to 1:200 (Figure 2.14). Anti-amoxicillin 

antibodies are deemed more sensitive to their respective drug-HSA conjugates in 

comparison to the anti-piperacillin antibodies, with signals detected up to 1:100,000, albeit 

these signals were weak. The intensity of amoxicillin-HSA signal between the anti-amoxicillin 

antibodies was not visually significant to deem one more specific than the other therefore 
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both antibodies were validated for Western blot. A 1:10,000 dilution was used for Western 

blot, as this gave a strong signal for amoxicillin-HSA without any cross reactivity with HSA. 

However, upon investigation of cross reactivity with other drug-HSA conjugates, both 

antibodies were specific for cyclised and hydrolysed piperacillin-HSA but not flucloxacillin-

HSA (Figure 2.15). Indeed, the level of cross reactivity of 107 to piperacillin-HSA was 

comparable to the level of reactivity of amoxicillin-HSA. This indicates the epitope which anti-

amoxicillin antibodies is binding to is shared between amoxicillin and piperacillin which will 

be discussed later. Investigation of specificity using ELISA revealed that anti-amoxicillin 

antibodies had comparable specificity for amoxicillin-HSA at the highest concentration 

(1:200). Upon statistical analysis, anti-amoxicillin 106 was significantly more specific at lower 

concentrations (1:2000, 1:20,000). Some cross reactivity with HSA occurred using the ELISA. 

This was only observed at high concentrations (1:200) for anti-amoxicillin antibodies, 

suggesting at this concentration the antibody is binding non-specifically.  

From this specificity investigation, it is evident all four anti-drug antibodies produced were 

generated against the haptenic portion of the OVA conjugates. While the antibodies react 

with OVA alone as expected, no cross reactivity with HSA was apparent except for low 

reactivity in ELISA with anti-piperacillin 1461. High reactivity with the drug-HSA conjugates 

and not HSA indicates the antibody epitope is structurally related to the drug. For the 

successful detection of drug modification in future experiments, anti-amoxicillin 106 

dilutions of 1:10,000 will be used for Western blot and for ELISA 1:5000. A higher 

concentration of anti-piperacillin 1461 for Western blot is recommended due to the low 

signal intensity with 1:10,000, especially when analysing more complex samples such as cell 

lysate. Further, a 1:2000 dilution will be used for ELISA however due to the low cross 

reactivity with HSA even at low antibody concentrations, an HSA background control is 

recommended for quantitative analysis.  
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2.5.2.3 CROSS REACTIVITY WITH Β-LACTAM ANTIBIOTICS 

Reactivity of the other β-lactam-HSA conjugates with the antibodies were investigated in an 

attempt to determine the antibody epitope as well as the use of the antibodies in detecting 

a specific drug. β-lactams consistently possess a β-lactam ring and a thiazolidine ring, along 

with a variable side chain. Anti-piperacillin 1461 did not react with amoxicillin-, 

benzylpenicillin-, or flucloxacillin-HSA in Western blot, suggesting the binding site was not 

related to the β-lactam ring/thiazolidine ring moiety (Figure 2.7 - highlighted in green). 

Rather, this indicates the antibody is recognizing the 4-ethyl-2,3-dioxopiperazine structure 

(Figure 2.7 - highlighted in purple) which is exclusive to piperacillin. Clearly, the anti-

piperacillin antibody recognises both hydrolysed and cyclised haptens thus the conformation 

of the binding site is not disrupted by the hydrolysis of this ring. In ELISA, prior incubation of 

anti-piperacillin 1461 with whole piperacillin diminished the signal in a dose-dependent 

manner, indicating piperacillin is accommodating the antibody binding site. No significant 

inhibition was detected using the other drugs, except for ampicillin. Indeed, piperacillin is a 

piperazine derivative of ampicillin therefore cross reactivity is not entirely unprecedented. 

Ampicillin and piperacillin share aromatic ring structure (Figure 2.20); however, this does not 

explain the lack of cross reactivity with other drugs containing an aromatic ring such as 

benzylpenicillin and amoxicillin. Absolute confirmation of binding-sites would require further 

experiments such as X-ray crystallography (Peng et al., 2011). 

The cross reactivity of anti-amoxicillin antibodies with both piperacillin-HSA conjugates in 

Western blot indicates the binding epitope is a moiety shared amongst the drugs. While the 

β-lactam ring is inherently reactive hence it is often targeted by proteins, the side chain has 

also been deemed immunologically relevant in allergic reactions and cross-reactivity 

(Chaudhry et al., 2019). Both piperacillin and amoxicillin contain aromatic rings that protrude 

from the molecule which is likely the site of recognition of anti-amoxicillin (Figure 2.20). 

Flucloxacillin-HSA was weakly detected with anti-amoxicillin 107 in Western blot, however 
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due to the low intensity of the signal this could have been non-specific binding of the 

antibody. In ELISA, hapten inhibition with amoxicillin itself completely abolished binding of 

amoxicillin-HSA to the antibody 106, even at concentrations as low as 1 µM, confirming the 

antibody is highly specific for the amoxicillin structure. Indeed, ampicillin greatly diminished 

the signal, which also has an exposed aromatic side chain (Figure 2.20), providing more 

evidence that this side chain is the antigenic determinant for this antibody. Interestingly, no 

major piperacillin inhibition was evident in ELISA with the anti-amoxicillin antibody as per 

the Western blot, especially not to the degree which whole amoxicillin inhibited the 

amoxicillin-HSA detection. A possible reason for this could be the that piperacillin has 2 side 

chains, therefore the aromatic ring may not always be exposed due to the conformation of 

the drug. 

 

Figure 2.20 – Chemical structures of piperacillin, amoxicllin, flucloxacillin, benzylpenicillin, and 
ampicillin derived from PubChem. Structures are generally conserved between the β-lactams apart 
from the variable side chain which protrudes from the main structure (highlighted in a green box). 
Ampicillin and amoxicillin have almost identical side chains which is likely the site of recognition for 
the amoxicillin antibody.  

Piperacillin Amoxicillin

Flucloxacillin Benzylpenicillin Ampicillin
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In this chapter, anti-drug antibodies have been characterised for the future analysis of drug 

modification in cellular systems and patient samples. In chapter 3, the anti-piperacillin 1461 

antibody has been used to detected and localise piperacillin-binding in patient APCs. The 

antibodies can be used to aid the investigation of currently unanswered questions, including 

the definition of the exact antigenic epitope responsible for piperacillin and amoxicillin 

hypersensitivity. Using the antibodies as a preparative tool for the MS characterisation of 

modified cellular proteins will overcome the difficulty of detecting the less abundant drug-

modified proteins in samples using MS. This includes the in-gel digestion of drug-modified 

proteins following confirmation of drug-modification using Western blotting or the 

immunoaffinity capture of drug-specific peptides using the approaches described in chapter 

5 with the addition of anti-drug immunoaffinity columns. Indeed, an anti-flucloxacillin 

antibody has been used previously in the group to detect flucloxacillin-modified proteins in 

human hepatocyte-like cell lines (HepG2 and HepaRG) and the localisation of flucloxacillin 

binding in these cell lines (Waddington et al., 2020b). Further to this, the anti-drug antibodies 

would be used for the detection of drug-modification in patient samples such as serum for 

high throughput screening of drug-protein binding, as seen with anti-infliximab antibody to 

detect serum infliximab levels (Kharlamova et al., 2020).   
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 INTRODUCTION 

Piperacillin is a β-Lactam antibiotic that is often administered to patients with cystic fibrosis 

(CF) for the treatment of recurrent respiratory infections. Since the late 1900s a high 

incidence of adverse reactions to β-Lactam antibiotics has been reported, which is greater in 

CF patients (2.6-32%) than non-CF patients (>5%) (Pleasants et al., 1994). Early clinical studies 

revealed that the highest rate of adverse reactions in CF patients involved piperacillin (Stead 

et al., 1985, Pleasants et al., 1994, Wills et al., 1998), with one study reporting that out of 

62% of patients (total 121) who developed an adverse reaction to β-lactam antibiotics, 50.9% 

of those reactions were caused by piperacillin (Koch et al., 1991). Most piperacillin 

hypersensitivity reactions in CF patients are non-immediate which occur more than 48 hours 

after drug administration or immediately when commencing a subsequent course (Casimir-

Brown et al., 2021). Adverse reactions to piperacillin usually manifest as skin reactions, with 

symptoms including fixed drug eruptions, morbilliform rash and fever (Romano et al., 2002) 

but can also affect liver function. In extreme cases, reactions can develop as more severe 

skin reactions such as acute generalized exanthematous pustulosis (AGEP) or drug reaction 

with eosinophilia and systemic symptoms (DRESS), or overlapping features of both (Cabanas 

et al., 2014, Kim et al., 2016b, Burrows et al., 2007). Diagnosis of severe ADRs involves a 

comprehensive history check. While skin tests such as skin prick or intradermal tests are used 

for DHRs, they have been shown to have low sensitivity in piperacillin hypersensitive patients 

with CF (Whitaker et al., 2011). For accurate diagnosis of drug hypersensitivity, a drug 

provocation test is usually required where a patient is rechallenged with the drug in a 

controlled medical environment (Aberer et al., 2003). The delayed onset nature of 

piperacillin-induced ADR is indicative of a Type IV, delayed reaction which is mediated by T-

cells. In this instance, T-cell mediated responses can be investigated as patients will have 

developed adaptive immunity whereby piperacillin-specific memory T-cells will undergo 

expansion upon re-exposure of piperacillin. Indeed, it has been demonstrated that PBMC are 
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specifically stimulated by piperacillin in hypersensitive patients (Whitaker et al., 2011). 

Additionally, circulating piperacillin-specific T-cells have been identified and characterised in 

hypersensitive patients (El-Ghaiesh et al., 2012b). Cytokine profiling of T-cell clones revealed 

activation is majorly mediated by Th2 cytokines including IL-4, IL-5 and IL-13 (El-Ghaiesh et 

al., 2012) and IL-22 (Sullivan et al., 2018). Despite this, Th1 cytokines such as IFN-γ have also 

been also secreted from piperacillin-stimulated T-cells (Sullivan et al., 2018).  

Piperacillin is small molecular drug therefore is postulated to be incapable of eliciting an 

immune response itself. As mentioned in the previous chapter, the cyclic amide β-Lactam-

ring is characteristic of β-Lactam antibiotics. This ring is highly reactive thus undergoes 

nucleophilic attack by nucleophilic amino acid residues in proteins resulting in an irreversible 

drug modification. In the previous chapter, HSA modification with piperacillin resulted in the 

formation of two distinct haptens namely cyclised piperacillin-HSA and hydrolysed 

piperacillin-HSA (Figure 3.1). Consistent with published studies, the 4-ethyl-2,3-

dioxopiperazine ring structure of piperacillin remained intact in the cyclised piperacillin-HSA 

structure whereas this ring has undergone hydrolysis in hydrolysed piperacillin-HSA (Meng 

et al., 2017).  

 

 
 

Figure 3.1 – Chemical structures of piperacillin-HSA haptens. Piperacillin covalently binds to HSA 
forming two distinct haptens, cyclised and hydrolysed piperacillin-HSA. Cyclised piperacillin refers to 
the binding of an intact piperacillin molecule. Hydrolysed piperacillin refers to binding of a piperacillin 
molecule which has a hydrolysed 4-ethyl-2,3-diooxopiperzine ring. 
 

HSA

Cyclised Piperacillin-HSA Hydrolysed Piperacillin-HSA

HSA
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LC-MS/MS studies have revealed that β-Lactam antibiotics preferentially bind to lysine 

residues in a concentration and time dependent manner. Selective modification of lysine 

residues in vitro is consistent with those detected in DHR patient’s plasma, including 

piperacillin modifications on Lys190, Lys195, Lys432, and Lys541.  

Based on the hapten hypothesis of T-cell activation, it is believed the haptenation of 

piperacillin with proteins is driving the T-cell response in hypersensitivity reactions however 

this has not been fully confirmed. While piperacillin-HSA adducts have been identified, the 

question remains what the exact antigenic determinant is that is interacting with the TCR of 

piperacillin-specific T-cells. Further, since two hapten structures are formed, it is possible 

one hapten may be responsible rather than both therefore investigation into the reactivity 

of the chemical nature of distinct piperacillin-HSA haptens is required.  
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 AIMS 

Two distinct piperacillin-HSA haptens have been discovered in human serum therefore based 

on the hapten hypothesis, these are postulated to be responsible for an immune reaction. 

Identifying the culprit of piperacillin hypersensitivity could lead to a prediction method for 

patient susceptibility. Therefore, the overall aim of this chapter was to investigate the 

antigenic determinant which is driving the DHR using PBMCs from a patient with piperacillin 

hypersensitivity. This includes: 

1. The generation and characterisation of piperacillin-specific T-cell clones from a 

hypersensitive patient. 

2. The synthesis and isolation of hydrolysed- and cyclised-piperacillin-HSA haptens. 

3. Investigating the reactivity of piperacillin-specific T-cell clones with each piperacillin-

HSA haptens. 
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 METHODS 

3.3.1 REPEATED METHODS 

• Synthetic piperacillin-HSA synthesis (section 2.3.2) 

3.3.2 HUMAN SUBJECT 

Patient samples were obtained from the Regional Cystic Fibrosis Unit at St. James’s 

University Hospital, Leeds, UK. Ethical approval was obtained from the Leeds local Research 

Ethics Committee, and informed written consent was obtained. A material transfer 

agreement was established for the transfer of samples from Leeds to Liverpool  to conduct 

the mechanistic investigations.  

3.3.3 T-CELL CLONING 

3.3.3.1 CELL CULTURE MEDIA 

PBMC and T-cells were cultured in R9 media. R9 medium was made using RPMI (Roswell Park 

Memorial Institute) 1640 (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% pooled 

heat inactivated human blood type AB serum (Innovative Research, Novi, MI, USA), 2mM L-

glutamine (Sigma-Aldrich, St. Louis, MO, USA), Penicillin-streptomycin solution (100 μg/mL 

Penicillin, 100 U/mL Streptomycin; Sigma-Aldrich, St. Louis, MO, USA), 25mM HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid; Sigma-Aldrich, St. Louis, MO, USA), 25 μg/mL 

transferrin (Sigma-Aldrich, St. Louis, MO, USA).  

F1 media was used for the generation and culture of immortalised autologous EBV-

transformed B-cell lines. F1 media was made using RPMI 1640 (Sigma-Aldrich, St. Louis, MO, 

USA) supplemented with 10% pooled foetal calf serum (FCS) (Invitrogen, Waltham, MA, 

USA), 2mM L-glutamine (Sigma-Aldrich, St. Louis, MO, USA), Penicillin-streptomycin solution 

(100 μg/mL Penicillin, 100 U/mL Streptomycin; Sigma-Aldrich, St. Louis, MO, USA), 25 mM 

HEPES (Sigma-Aldrich, St. Louis, MO, USA).  
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3.3.3.2 PBMC ISOLATION 

Blood samples were received or collected by the University of Liverpool Clinical Research 

Team under ethical approval. Whole blood was obtained in 9 mL Vacuette Heparin Blood 

tubes (Greiner Bio-One, Kremsmünster, Austria) using a safety blood collection set (21g x 

19cm; Greiner Bio-One, Kremsmünster, Austria). In a class II microbiological safety cabinet, 

25 mL blood was slowly layered onto 20-25 mL Lymphoprep density gradient medium (Axis-

Shield, Dundee, Scotland) in a 50 mL falcon tube (Greiner Bio-One, Kremsmünster, Austria) 

using a 50 mL syringe and kwill (VWR, Radnor, PA, USA). Falcon tubes were centrifuged at 

2000 RPM (acceleration 3, brake 0) for 25 minutes at room temperature. Without agitating 

the tubes, the buffy coat was transferred into a new 50 mL falcon tube using a 3.5 mL Pasteur 

pipette (Greiner Bio-One, Kremsmünster, Austria). Tubes were topped up to 50 mL with 

Hanks’ Balanced Salt Solution (HBSS; Sigma-Aldrich, St. Louis, MO, USA) and centrifuged at 

1800 RPM (full acceleration and full brake) for 15 minutes at room temperature. Supernatant 

was discarded and PBMC pellets were pooled into one tube containing 50 mL HBSS. A final 

centrifugation was performed using standard centrifugation conditions; 1500 RPM, full 

acceleration and full brake, 10 minutes at room temperature. PBMCs were resuspended in 

R9 medium and counted using 0.4% trypan blue (Sigma-Aldrich, St. Louis, MO, USA) on a 

haemocytometer, for further assay.  

3.3.3.3 GENERATION OF EBV-TRANSFORMED B-CELLS  

EBV-transformed B-cells were used as APCs in T-cell assays. The virus was isolated using 8 

mL cell culture supernatant from B95.8 cell line (European Cell Culture Collection) which was 

centrifuged and filtered using a 0.22 μm filter (Thermo Scientific, Waltham, MA, USA). PBMCs 

(5x106) were resuspended in 5 mL supernatant supplemented with 1 μg/mL Cyclosporine A 

(CSA; Sigma-Aldrich, St. Louis, MO, USA) to prevent T-cell growth and cultured at 37°C, 5% 

CO2 for 24 hours in a 20 mL universal tube (Greiner Bio-One, Kremsmünster, Austria), with a 

loosely fitted lid for gaseous exchange. Cells were centrifuged, resuspended in 2 mL F1 
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medium/CSA and seeded into 4 wells of a 24-well plate (Nunc; Thermo Scientific, Waltham, 

MA, USA) at different volumes: 1 mL, 0.5 mL and 2 x 0.25 mL for optimal cell density/CSA 

inhibition. F1 medium/CSA was added to a final volume of 1 mL/well and cultured for 4 

weeks. F1 medium/CSA was replaced twice a week for 3 weeks and fed with F1 only for the 

final week. Transformed cells (grown into clumps) were transferred to a T25 cell culture flask 

(Nunc; Thermo Scientific, Waltham, MA, USA) for expansion. EBV-transformed B-cells were 

fed with F1 twice a week and passaged when required.  

3.3.3.4 GENERATION OF T-CELL LINES  

PBMCs from patients were seeded in a 48-well plate (Nunc; Thermo Scientific, Waltham, MA, 

USA) at 1x106/well in R9 medium. Optimal drug or drug-conjugate concentrations were pre-

determined in PBMC proliferation assays. Drugs or drug-conjugates were added to the well 

at 2x concentration at a 1:1 volume ratio (final test concentrations are reported in the 

results). T-cell lines were cultured at 37°C, 5% CO2 for 14 days and fed on day 6 and 9 with 

R9 medium supplemented with 10 IU/mL IL-2 (PeproTech EC, London, UK). Confluent wells 

were split into 2 wells when required. After the culture period, drug antigen enriched bulks 

were harvested, and serial diluted for the generation of drug-specific T-cell clones, or 

cryopreserved for future use. 

3.3.3.5 CELL CRYOPRESERVATION AND THAWING 

PBMC/T-cell lines were cryopreserved at 5-10x106 cells in 1.7 mL cryovials (Alpha 

Laboratories, Hampshire, UK). Cells were resuspended in 500 μL R9 medium, followed by the 

dropwise addition of 500 μL freeze mix (80% pooled human AB serum/20% DMSO). Cryovials 

were frozen at 80°C in Nalgene Mr. Frosty container (Thermo Scientific, Waltham, MA, USA) 

for 24 hours and then transferred to liquid nitrogen for storage. To thaw, cryovials were 

removed from storage and allowed to almost defrost in a 37°C water bath. Cells were 
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transferred into R9 media in a new tube, immediately centrifuged as per previous standard 

conditions and the supernatant discarded.  

3.3.3.6 SERIAL DILUTION OF T-CELL LINES FOR T-CELL CLONE GENERATION 

Enriched T-cell lines were resuspended in R9 medium at 1x104 cells/mL. A serial dilution 

stimulation cocktail (15x106 irradiated donor PBMC, 5 μg/mL PHA (phytohemagglutinin; 

Cambio Ltd, Cambridge, UK) and 10 IU/mL IL-2 was prepared in 30 mL R9 medium per 

condition. Three conditions were used for the serial dilution and the volume of enriched 

bulks were added accordingly to achieve 0.3 cells/well, 1 cell/well and 3 cells/well when 

seeding. The serial dilution cocktails were plated in 96-well U-bottom plates (3 

plates/condition; Nunc, Thermo Scientific, Waltham, MA, USA) at 100 μL/well. Cells were 

cultured at 37°C, 5% CO2 for 14 days, and fed on day 5 and then every 2 days with R9 medium 

supplemented with IL-2 (10 IU/mL). On day 14, volumes were reduced to 80 μL/well. A 

restimulation cocktail (1x106/mL irradiated donor PBMC, 10 μg/mL PHA and 28 IU/mL IL-2) 

was prepared and added to the 96-well plates (50 μL/well). Culturing and feeding were 

continued while confluent wells (indicated by yellow medium/cell pellet) were split into 2-

wells of a new 96-well U-bottom plate, and then subsequently expanded into 4 wells when 

required. Clones were tested for specificity when fully expanded.   

3.3.3.7 T-CELL PROLIFERATION ASSAY USING [3H]-THYMIDINE 

Two wells of clones were combined, washed with HBSS (Sigma Aldrich, St Louis, MO, USA) 

by centrifugation (1500 RPM, 5 minutes) and transferred to 4 wells of a new 96-well U-

bottom plate (50 μL/well). Autologous EBV-transformed B-cells were irradiated for 20 

minutes, washed in HBSS, and resuspended in R9 (0.2x106/mL). 50 μL of EBV-transformed B-

cells were added to the wells (1x104/well). Drug or drug-conjugates were added to 2 out of 

4 wells at 2x optimal concentration (100 μL/well). 100 μL R9 medium or conjugate control 

was added to the remaining 2 wells as a negative control. Testing plates were incubated at 
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37°C, 5% CO2 for 48 hours. For the final 16 hours of incubation, 0.5 µCi/well [3H]-thymidine 

(Morovek Biochemicals, Brea, CA) was added. Cells were harvested onto glass fibre filter 

mats (Perkin Elmer, Waltham, MA, USA) and washed with 3 x distilled water using a TomTec 

Harvester 96 Mach III (Tomtec Imaging Systems GMbH, Unterschleissheim, Germany) 

coupled with a Dymax 5 pump (Charles Austen Pumps Ltd, Surrey, UK). Filter mats were dried 

in a fan assisted oven (SciQuip, Shropshire, UK) at 80°C for 15 minutes and then sealed with 

MeltiLex scintillator sheets (Perkin Elmer, Waltham, MA, USA) in a sample bag using a Wallac 

1495-021 Microsealer (Perkin Elmer, Waltham, MA, USA). A MicroBeta 2450 microplate 

counter (Perkin Elmer, Waltham, MA, USA) was used to measure mean scintillation counts 

per minute (CPM). [3H]-thymidine incorporation into T-cell division was used as a measure 

of proliferation and thus drug antigen specificity. Specificity was determined using 

stimulation index (SI) which was calculated as average of treated wells/average of untreated, 

control wells. The threshold for drug-specific T-cells was an SI of 2 or above.  

3.3.3.8 EXPANSION OF DRUG-SPECIFIC T-CELL CLONES 

Drug-specific T-cell clones remaining in the 96-well plates (Nunc; Thermo Scientific, 

Waltham, MA, USA) were combined and resuspended in 330 μL R9 medium and transferred 

into single wells in a 48-well plate for expansion. A restimulation cocktail (irradiated PBMCs 

(1.5x106/mL) in R9 medium supplemented with 10 μg/mL PHA and 10 U/mL IL-2) was added 

to the wells (330 μL) and cells were cultured at 37°C, 5% CO2 for 24 hours. On day 2, wells 

were topped up with 330 μL R9 supplemented with IL-2 (10 U/mL). Cells were 

expanded/maintained in culture for 2 weeks and media was replaced 3 times per week.  

Confluent wells were split when required and subject to further testing/cryopreservation 

when expanded into 4 wells or more.  
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3.3.4 T-CELL CHARACTERISATION 

3.3.4.1 FLOW CYTOMETRIC PHENOTYPING OF T-CELLS 

Drug-specific T-cells were identified phenotypically as either CD4+ or CD8+ using antibodies 

conjugated to fluorophores which were analysed by flow cytometry. T-cells (5x104) were 

transferred into FACS tubes (BD Biosciences, Oxford, UK) in 50 μL FACS buffer (HBSS 

supplemented with pooled 10% FCS and 0.02% sodium azide) and incubated with 2 μL of 

mouse monoclonal FITC-conjugated anti-CD4/ 0.5 μL PE-conjugated anti-CD8 (BD 

Biosciences, Oxford, UK) for 20 minutes on ice in the dark. Anti-CD4 or anti-CD8 only controls 

were prepared, along with an unstained control sample using the addition of FACS buffer to 

T-cells without antibody. Cells were washed with 500 μL FACS buffer and centrifuged at 1500 

RPM for 5 minutes. Supernatant was discarded and cells were resuspended in 200 μL FACS 

buffer and analysed on BD FACS CANTO II (BD Biosciences, Oxford, UK). Flowing Software 

(Turku Bioscience, Turku, Finland) was used to analyse the mean fluorescence of stained cells 

vs unstained in dot plots. 

3.3.4.2 DOSE RESPONSE T-CELL PROLIFERATION ASSAY 

T-cell clones were washed with HBSS and resuspended in R9 medium at a cell concentration 

of 1x106/mL. 50 μL of T-cell clones were transferred to 96-well U-bottom plate in triplicates 

per condition. Irradiated EBV-transformed B-cells (0.2x106/mL) were plated into each well in 

50 μL R9 medium (1x104/well). A range of drug concentrations were made up in R9 medium 

at 2x final desired concentration and 100 μL was plated into desired wells. 100 μL of R9 was 

used in place of drug for a negative control and 100 μL 20 μg/mL PHA was added to positive 

control wells. Test incubation conditions and proliferation measurements were repeated as 

per first testing.  
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3.3.4.3 APC PULSING ASSAY 

The requirement for the formation of a covalently modified drug-protein adduct for T-cell 

activation was investigated by pulsing APCs with drug antigen. Autologous EBV-transformed 

B-cells were incubated with drug (pulsed) and without drug (unpulsed) for 16 hours then 

washed to remove any free drug and irradiated for 20 minutes. T-cell clones were plated in 

96-well U-bottom plates (Nunc; Thermo Scientific, Waltham, MA, USA) in triplicate per 

condition (50 μL; 5x104/well). T-cell clones were co-cultured with drug-pulsed EBV-

transformed B-cells (50 μL; 1x104/well), unpulsed EBV-transformed B-cells with the addition 

of soluble drug (100 μL/2x concentration), unpulsed EBV-transformed B-cells without soluble 

drug, or without EBV-transformed B-cells (T-cells, drug, media only). All wells were made to 

a final volume of 200 μL with R9 medium where necessary. Standard testing incubation 

conditions and proliferation measurements were used.  

3.3.5 IMMUNOFLUORESCENCE MICROSCOPY OF ANTIGEN PRESENTING CELLS 

EBV-transformed B-cells were cultured in the presence of 2 mM piperacillin and adhered to 

a 4 well μ-slide (ibidi, Gräfelfing, Germany) using Cell-Tak (Corning; Sigma-Aldrich, St. Louis, 

MO, USA) according to manufacturer instructions. Cells were washed with PBS (Phosphate-

Buffered saline; pH 8.0) and fixed using 4% paraformaldehyde (PFA; Sigma Aldrich, Sigma-

Aldrich, St. Louis, MO, USA) at 4°C for 30 minutes. Negative control wells were included using 

untreated EBV-transformed B-cells. PFA was replaced with permeabilization buffer (0.0004% 

Tween 20, 0.025% Trition-X-100, PBS) for a further 30 minutes. Cells were incubated with 

BSA (Sigma-Aldrich, St. Louis, MO, USA) blocking buffer (5% in permeabilization buffer) at 

room temperature for 1 hour, followed by an overnight incubation of polyclonal rabbit anti-

piperacillin antibody from Chapter 2 (1:2000 dilution in blocking buffer) at 4°C. Wells were 

washed with permeabilization buffer and goat anti-rabbit IgG conjugated-secondary 

antibody (1:1000 dilution; Alexa Fluor 488, Thermo Scientific, Waltham, MA, USA) was added 

for 1 hour in the dark at room temperature. Wells were washed with PBS and stained with 
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Hoechst (1:5000; DAPI 352, Thermo Scientific, Waltham, MA, USA) for nuclear staining and 

phalloidin (1:250; Alexa Fluor 568, Thermo Scientific, Waltham, MA, USA) for actin staining. 

Unstained wells were included. Imaging microscopy was performed using a Zeiss Axio 

Observer Microscope with Apotome (5x and 40x oil objective). 

3.3.6 MASS SPECTROMETRIC METHODS 

A QTRAP 5500 hybrid quadrupole-linear ion trap mass spectrometer (Sciex) by automated 

in-line LC (U3000 HPLC System, 5 mm C18 nano-precolumn and 75 µm X 15 cm C18 PepMap 

column; Dionex) via a 10-mm inner diameter PicoTip (New Objective) was used to analyse 

samples. Samples were reconstituted in 2% acetonitrile (ACN)/0.1% formic acid (v/v). A 

gradient from 2% ACN/0.1% formic acid (v/v) to 50% ACN/0.1% formic acid (v/v) in 70 min 

was applied at a flow rate of 280 nL/min. Multiple reaction monitoring (MRM) transitions 

specific for drug-modified peptides were used to identify the presence of drug-modified HSA 

peptides (Table 3.1). For Q1, theoretical masses of tryptic HSA peptides with a missed lysine 

cleavage were identified and m/z of possible peptides were calculated. A mass addition of 

the appropriate hapten was added to the theoretical peptide masses (+517 Da for cyclised, 

+535 for hydrolysed) (Table 3.1). For Q3, characteristic fragmentation ions were used as 

previously discussed. The standard 160 m/z (cleaved thiazolidine ring) was used to identify 

piperacillin modification. An ion at 106 m/z was also included in Q3 for the same peptides to 

identify hydrolysed piperacillin. Unit resolution was used for MRM transitions (Q1 and Q3) 

to enhance accuracy. Collision energy were optimized in a previous study (as per 

communication – Dr Xiaoli Meng). MRM survey scans were used to confirm the presence or 

absence of a drug-modified peptide.  
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Table 3.1 – MRM transitions for piperacillin-modified tryptic peptides of HSA. A targeted MRM 
approach was used to identify piperacillin-modified tryptic peptides of HSA in serum, using the peptide 
mass with the addition of cyclised piperacillin (+517) or hydrolysed piperacillin (+535) in Q1 with 
different charge states, and a characteristic fragmentation ion in Q3. Collision energy  for each peptide 
were optimised (minimum: 25.11, maximum 45.32). 20 ms dwell time was applied for each transition. 

 

Peptide (+ mass addition of drug) 
Q1 

 

Q3 

2+ 3+ 4+ 

AFKAWAVAR (+535 amu) 777.8 518.9 N/A 160/106 

AFKAWAVAR (+517 amu) 768.8 512.9 N/A 160 

ASSAKQR (+535 amu) 641.7 428.1 N/A 160/106 

ASSAKQR (+517 amu) 632.7 422.1 
N/A 

160 

ATKEQLK (+535 amu) 676.7 451.5 
N/A 

160/106 

ATKEQLK (+517 amu) 667.7 445.5 
N/A 

160 

DEGKASSAK (+ 535 amu) 714.2 476.5 
N/A 

160/106 

DEGKASSAK (+ 517 amu) 705.2 470.5 
N/A 

160 

EQLKAVMDDFAAFVEK (+ 535 amu) N/A 792.6 594.7 160/106 

EQLKAVMDDFAAFVEK (+517 amu) N/A 786.6 590.2 160 

FKDLGEENFK (+ 535 amu) 881.3 587.9 
N/A 

160/106 

FKDLGEENFK (517 amu) 872.3 581.9 
N/A 

160 

KQTALVELVK (+ 535 amu) 832.4 555.2 
N/A 

160/106 

KQTALVELVK (+517 amu) 823.4 549.2 
N/A 

160 

KVPQVSTPTLVEVSR (+ 535 amu) 
N/A 

725.6 544.5 160/106 

KVPQVSTPTLVEVSR (+517 amu) 
N/A 

719.6 540 160 

KYLYEIAR (+ 535 amu) 795.8 530.8 
N/A 

160/106 

KYLYEIAR (+517 amu) 786.8 524.9 
N/A 

160 
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LAKTYETTLEK (+ 535 amu) 916.4 611.2 458.6 160/106 

LAKTYETTLEK(+517 amu) 907.3 605.2 454.1 160 

LDELRDEGKASSAK (+ 535 amu) 
N/A 

685.2 514.2 160/106 

LDELRDEGKASSAK (+517 amu) 
N/A 

679.2 509.6 160 

LKCASLQK (+ 535 amu) 741.7 494.8 
N/A 

160/106 

LKCASLQK (+517 amu) 732.7 488.8 
N/A 

160 

NLGKVGSK (+ 535 amu) 669.3 446.5 
N/A 

160/106 

NLGKVGSK (+517 amu) 660.3 440.5 
N/A 

160 

VGSKCCK (+ 535 amu) 687.2 458.5 
N/A 

160/106 

VGSKCCK (+517 amu) 678.2 452.5 
N/A 

160 

VTKCCTESLVNR (+ 535 amu) 
N/A 

667.9 501.2 160/106 

VTKCCTESLVNR (+517 amu) 
N/A 

661.9 496.7 160 

YKAAFTECCQAADK (+ 535 amu) 
N/A 

733.2 550.2 160/106 

YKAAFTECCQAADK (+517 amu) 
N/A 

727.2 545.7 160 

DAHKSEVAHR (+ 535 amu) 842.8 562.2 
N/A 

106/106 

DAHKSEVAHR (+517 amu) 833.8 556.2 
N/A 

160 

HPYFYAPELLFFAKR (+ 535 amu) 
N/A 

812 609.3 106/106 

HPYFYAPELLFFAKR (+517 amu) 
N/A 

806 604.8 160 

LKECCEKPLLEK (+ 535 amu) 
N/A 

694.6 521.2 106/106 

LKECCEKPLLEK (+517 amu) 
N/A 

688.6 516.7 160 
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 RESULTS 

3.4.1 GENERATION AND CHARACTERISATION OF PIPERACILLIN-RESPONSIVE CLONES 

PBMCs were isolated from a piperacillin hypersensitive patient, lymphocyte transformation 

test (LTT) positive patient (clinical details of the reaction provided in Whitaker et al. (2011)). 

PBMC were stimulated with piperacillin to generate and characterise a drug-enriched T-cell 

line. The T-cell line was serially diluted into 1 cell per well to generate piperacillin-responsive 

T-cell clones of the same population. T-cell populations were expanded via IL-2/PHA 

stimulation and tested for specific responses to piperacillin at an optimal concentration of 2 

mM. An SI of ≥2 was considered as a significant T-cell response. A total of 300 out of the 408 

T-cell clones tested responded to piperacillin with an SI >2, thus were deemed drug-

responsive (Figure 3.2 – A). Around a third of the clones (108) that were strongly responsive 

clones to piperacillin (SI >9) were expanded for further testing. Piperacillin-responsive clones 

were tested with a range of piperacillin concentrations (0-2 mM) showing that the clones 

were stimulated to proliferate in a dose-dependent manner. Figure 3.2B show results from 

4 representative clones (39, 142, 198 and 309). As expected, strongest responses were 

observed at 2 mM which were statistically significant in comparison to the no drug control. 

SI as high as 106 were observed upon second testing. Some clones proliferated vigorously 

even at the lowest tested concentration of 0.25 mM (represented: 142 and 309), while for 

others no proliferative responses were observed at this concentration (represented: TCC 39 

and 198). A piperacillin dose of 2 mM was chosen as the optimal concentration for further 

assays. Consistent for all clones, no proliferative response was seen when clones were tested 

for cross reactivity with flucloxacillin at its optimal concentration (1 mM). 
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Figure 3.2 - Piperacillin-responsive T-cell clones from a piperacillin-hypersensitive patient. T-cell 
clones (5x104/well) were co-cultured with autologous EBV-transformed B-cells (1x104/well) with the 
addition of piperacillin (final 2 mM) or R9 medium (negative control) for 48 hours. Proliferative 
responses were measured using [3H]-thymidine incorporation, recorded as mean CPM of duplicate 
wells. SI was calculated using treated/untreated CPM for each clone. Specific responses to piperacillin 
were confirmed with an SI of 2 and above (red line). (B) A piperacillin dose-response second test (0-
2mM) was performed on expanded clones in triplicates, as well as cross reactivity with the structurally 
related flucloxacillin (1 mM). A student’s t test was used to statistically compare treated wells of the 
optimal concentration 2mM with control wells (p values indicated as * ≤ 0.05; ** ≤ 0.01 and *** ≤ 
0.001). 
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The presence of T-cell surface markers was investigated using flow cytometry to characterise 

the phenotype of the piperacillin-responsive clones. The majority of the clones were CD4+ 

(79%), fewer clones were CD8+ (8%) or double positive (8%). A group of a mixed population 

of T-cells were excluded from further studies (Figure 3.3) 

 

Figure 3.3 – Phenotype of piperacillin-responsive T-cell clones determined using flow cytometry. T-
cells (5x104) were incubated with anti-CD4+/FITC and anti-CD8+/PE fluorophore conjugated 
antibodies before washing and analysis using a flow cytometer. (A) Parameters used to determine 
phenotype of T-cells including gating of T-cell population and unstained control. (B) T-cell populations 
were identified as CD4, CD8 or CD4CD8 (double positive). 
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3.4.2 ASSESSMENT OF HAPTEN PATHWAY IN T-CELL ACTIVATION 

The requirement of antigen processing for T-cell activation was investigated using APCs (EBV-

transformed B-cells) pulsed with piperacillin for 16 hours followed by free drug removal from 

the supernatant and co-culture with T-cells. A total of 80 T-cell clones were tested with 

pulsed APCs, 1 T-cell clone was excluded from the study due to viability. Three representative 

T-cell clones have been chosen to display the array of T-cell activation which was observed 

(Figure 3.4). T-cell clones were deemed pulse positive if SI was greater than 2 with pulsed 

APCs compared to the control, and greater than the SI of the no APCs condition. 20 out of 79 

T-cell clones proliferated in the presence of piperacillin-pulsed APCs without soluble drug 

therefore were deemed pulse positive, as represented by TCC 131.   

 

 

 

Figure 3.4 – Assessment of antigen processing requirement for T-cell activation. APCs (EBV-
transformed B-cells) were pulsed with soluble piperacillin (2 mM) for 16 hours and washed three times 
before co-culture with T-cells. T-cells (5x104/well) were incubated with drug-pulsed APCs (1x104/well), 
unpulsed APCs with soluble drug, or soluble drug in the absence of APCs for 48 hours. For the final 16 
hours, [3H]-thymidine was added to the co-culture (0.5 μCi/well). Cells were harvested and [3H]-
thymidine incorporation was measured. Proliferative responses were recorded as mean CPM of 
triplicate wells. A student’s t test was used to statistically compare treated wells (with different APC 
conditions) with control wells (p values indicated as *** ≤ 0.001, **** ≤ 0.0001). 
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The remaining clones were deemed pulse-negative, only proliferating in the presence of 

soluble drug. Of these, two sets of T-cell clones were evident. 18 T-cell clones, represented 

by TCC 258, only proliferated in the presence of soluble drug with APCs which was 

determined by an SI greater than 2 for soluble drug with APCs as well as an SI less than 2 for 

drug-pulsed APCs and no APCs conditions. Interestingly, 41 T-cell clones were shown to 

proliferate with and without APCs (determined by an SI greater than 2 for the no APCs 

condition with an SI less than 2 for the drug-pulsed APCs condition), indicating self-

presentation. 

An overall summary of the results obtained from the characterisation of piperacillin-specific 

T-cells are provided in (Table 3.2). Responses with piperacillin-HSA will be discussed in 

section 3.4.4.1.  

Table 3.2 - Characterisation of piperacillin-responsive T-cell clones. Piperacillin-responsive T-cell lines 
were characterised for proliferation in the presence of piperacillin (SI), their cross-reactivity with 
piperacillin-HSA (PIP-HSA), phenotype, and their mechanism of T-cell activation using drug-pulsing.  

Clone 
ID 

SI with PIP 
(2 mM) - 1st 

Test 

SI with PIP (2 
mM) - 2nd Test 

SI with PIP-
HSA (2 mg/mL) 

Phenotype 
Pulse 

positive 
NO 
APC 

2 16.3376328 5.727231 N/A CD4 N/A N/A 

3 13.0954781 28.11506 N/A CD4 N/A N/A 

4 10.2605789 34.63273 N/A CD4 N/A N/A 

9 45.3716475 10.22346 N/A CD4 NO YES 

10 24.4039756 4.641409 N/A CD4 N/A N/A 

13 18.1219944 19.48002 N/A CD4 N/A N/A 

14 21.5918955 0.582178 N/A CD4CD8 N/A N/A 

16 13.8746159 7.691937 N/A CD4 N/A N/A 

25 11.5211716 46.10702 4.055403 CD4 N/A N/A 

27 19.40839985 33.86568 N/A CD4 N/A N/A 

29 33.58287796 52.3099 N/A CD4 N/A N/A 

36 27.15171289 43.04895 N/A CD4 N/A N/A 

39 12.32857543 106.002 1.192052 
2 

populations 
N/A N/A 

41 27.72366288 21.31313 N/A CD4 N/A N/A 

42 18.298782 5.4479 N/A CD4 N/A N/A 

44 16.24145455 23.30805 N/A CD4 N/A N/A 

47 15.28738466 94.59003 N/A 
2 

populations 
N/A N/A 
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50 12.63823305 21.55232 N/A CD4 N/A N/A 

51 20.77774838 53.00258 N/A 
2 

populations 
N/A N/A 

54 12.7053016 43.40466 N/A CD4 N/A N/A 

74 14.42615558 24.19856 2.672056 CD4 YES NO 

76 26.42803802 21.24904 N/A CD4 N/A N/A 

79 26.04409814 27.83859 1.117793 CD4 N/A N/A 

82 10.12600589 17.74693 0.966658 CD4 NO NO 

88 14.2533532 51.81437 4.600959 CD4 NO YES 

93 13.02037002 18.14077 2.004162 CD4 YES NO 

96 40.10477699 70.14852 1.213604 CD4 N/A N/A 

97 13.08701889 18.75136 6.392839 CD4 NO YES 

98 14.10204691 54.56455 12.84208 CD4 NO YES 

99 14.47534822 41.8855 10.90313 CD4 NO YES 

100 12.88138708 63.35617 11.2 CD4 NO YES 

101 9.219443236 46.27831 1.148943 CD4 NO NO 

106 15.79114681 106.2707 18.72827 CD4 N/A N/A 

107 15.23100075 46.20995 N/A CD4 NO YES 

112 21.0104712 44.82302 4.767761 
2 

populations 
NO YES 

114 14.85138004 27.33769 1.922916 
2 

populations 
NO YES 

120 9.068860759 13.12484 18.4819 CD8 YES NO 

122 15.02580999 13.96822 0.935354 CD4 YES NO 

123 19.00401482 23.05185 N/A CD4 NO NO 

124 12.55023923 32.66082 11.28725 CD8 YES NO 

125 15.56942889 49.75343 2.53989 CD4 NO NO 

126 20.38461538 61.08894 1.49937 CD4 NO NO 

127 13.50821182 56.58219 3.427368 CD4 NO YES 

131 20.7260223 46.63345 1.32139 CD4 YES NO 

134 13.03275088 26.95479 1.230532 CD4 NO YES 

135 10.9279552 65.68232 8.31786 CD4 YES NO 

140 18.08787177 27.98976 N/A CD8 NO YES 

141 11.22323612 35.72518 1.337623 
2 

populations 
YES NO 

142 19.4725481 68.2932 4.70884 CD4 NO YES 

147 18.22592965 46.24874 N/A CD4 NO YES 

149 9.272913944 0.56663 N/A CD4 NO YES 

150 9.192086055 2.13195 N/A CD8 NO NO 

156 17.03393295 9.83709 1.556244 CD4 NO NO 

157 19.91925747 50.73641 0.986706 CD4 NO YES 

158 12.16091954 24.85138 1.399794 CD4 NO YES 

159 17.47273226 32.90362 N/A CD8 NO NO 

160 12.51600402 15.33849 1.767091 CD4 YES NO 
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165 18.05861582 68.6769 N/A CD4 N/A N/A 

167 1.712008895 N/A 11.94251 N/A YES NO 

171 29.14106754 0.821805 N/A CD4 NO YES 

173 19.9609319 0.425617 N/A CD4 NO YES 

179 11.66027732 56.048 N/A CD4 NO YES 

180 26.68437623 N/A N/A N/A N/A N/A 

182 11.30338213 16.25991 3.76618 
2 

populations 
NO YES 

189 10.09964243 6.262419 1.325 CD4 YES NO 

190 17.04337778 58.85537 7.018643 CD4 YES NO 

191 11.82545924 36.04693 N/A CD4 NO YES 

192 9.782597403 84.75339 1.183035 CD4 NO YES 

195 32.31015862 19.5271 1.292399 CD4 NO NO 

197 9.707382925 24.33568 0.473621 CD4 NO YES 

198 10.48762776 23.04934 1.111365 
2 

populations 
NO NO 

203 15.16010562 0.855455 0.925051 CD4 NO NO 

204 11.59520639 8.574217 N/A CD4 NO NO 

207 9.621560921 7.654686 1.194924 CD4 N/A N/A 

210 13.93405601 37.67615 4.437158 
2 

populations 
NO YES 

212 9.681496599 28.9664 8.938789 CD4 NO NO 

213 9.013112258 72.71697 3.355234 
2 

populations 
YES NO 

214 12.94391221 24.90909 1.256693 CD4 NO NO 

221 11.1298952 5.966298 N/A CD4 NO YES 

222 9.585502661 52.92622 N/A CD4 NO NO 

228 10.01838283 41.75615 N/A CD8 N/A N/A 

229 11.46953764 78.17587 N/A 
2 

populations 
NO NO 

235 25.13375981 25.84066 1.717915 CD4CD8 NO YES 

243 1.183900732 N/A 2.884637 N/A N/A N/A 

246 5.344159301 N/A 7.903893 N/A N/A N/A 

247 14.47216197 3.71188 1.005241 CD4 NO YES 

255 9.080053548 71.69723 3.775229 CD4CD8 NO YES 

258 9.607217873 75.59617 10.51765 CD4 YES NO 

260 18.68087774 70.29133 N/A CD4 NO YES 

261 9.697663551 56.55681 7.663413 CD4 YES NO 

267 9.121036927 12.45128 2.022498 CD8 NO YES 

268 11.03495146 29.51121 3.705849 CD4 NO YES 

270 41.07216495 45.6912 3.774991 CD8 NO YES 

274 21.17049927 74.23414 6.611799 CD4 NO YES 

275 10.08800823 2.74004 1.287438 
2 

populations 
NO NO 

278 19.48113647 53.10571 8.214006 CD4CD8 NO YES 
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282 25.12231183 27.64838 3.215962 CD4 NO YES 

289 20.35864136 31.568 1.956371 CD4 NO YES 

293 10.39826551 27.38728 N/A CD4 YES NO 

296 17.39300101 13.58502 N/A CD4 YES NO 

299 10.04150852 57.89031 1.271564 CD8 YES NO 

306 14.05756436 21.74202 1.723218 CD4 YES NO 

307 13.86390169 21.14343 4.069345 CD4 NO YES 

308 13.65324963 85.29692 5.347373 CD4 NO YES 

309 14.81395926 35.4589 5.895147 CD4CD8 NO YES 

311 10.83533312 33.85517 3.579572 CD4CD8 N/A N/A 

312 12.49166296 48.95613 N/A CD4 NO NO 

318 11.71747212 89.6661 3.392826 CD4 YES NO 

320 9.955501222 0.950726 N/A CD4CD8 NO YES 

338 15.35023732 2.663821 1.300696 CD4 N/A N/A 

  



132 

 

3.4.3 INVESTIGATION OF PIPERACILLIN-ADDUCTS IN PATIENTS 

Piperacillin-specific T-cell activation occurred with drug-pulsed APC (in the absence of 

soluble drug) indicating that stimulation of certain T-cells is dependent on the formation of 

a drug protein/peptide adduct. For this reason, the presence of piperacillin-protein adducts 

in CF patients undergoing piperacillin therapy was investigated.  

Using the list of MRM transitions for piperacillin-modified tryptic peptides (Table 3.1), 

piperacillin-modified HSA adducts were detected in the serum of four piperacillin 

hypersensitive patients (P23, P59, P32, P40). Lysine 541 was a dominant site for piperacillin 

binding evident by the detection of piperacillin-modified tryptic peptide, ATKEQLK. A 

piperacillin-HSA adducts with a hydrolysed 4-ethyl-2,3-dioxopiperazine ring (hydrolysed 

piperacillin-HSA; highlighted in green) was the most abundant adduct formed in the serum 

of all piperacillin hypersensitive patients (Figure 3.5 – A). In contrast, cyclised piperacillin-

HSA (highlighted in red) was only detected in one hypersensitive patient, with little to no 

cyclised adduct detected in the others. In comparison, three non-hypersensitive CF patients 

were analysed for the presence of piperacillin-adducts. Piperacillin-modified HSA was 

detected in the serum of all three donors. Interestingly, both hydrolysed and cyclised forms 

were abundantly detected in all tolerant patients (Figure 3.5 – B). The intensity of doubly 

charged hydrolysed piperacillin-modified ATKEQLK was comparable between hypersensitive 

and non-hypersensitive patients.  
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3.4.4 INVESTIGATION OF PIPERACILLIN-ADDUCTS IN A CELLULAR MODEL 

Immunofluorescence was used to investigate piperacillin protein binding in autologous 

patient EBV-transformed B-cells using the anti-piperacillin antibody which was validated for 

piperacillin specificity in Chapter 2. Stains, phalloidin and Hoechst, were used to detect 

cellular components. F-actin (red) and nucleus staining (blue) was observed at similar 

intensity in treated vs untreated cells. An Alexa fluor 488 conjugated anti-rabbit antibody 

was used to specifically bind the rabbit anti-piperacillin antibody, to detect piperacillin 

modification. Extensive piperacillin protein modification could be visualised in EBV-

transformed B-cells following treatment with 2 mM piperacillin indicated by an increase in 

signal of green Alexa fluor 488 (Figure 3.6). Evidently, green staining was not present in non-  

 

Figure 3.5 – Detection of piperacillin-HSA adducts in hypersensitive CF patients and tolerant CF 
patients. HSA was identified with a piperacillin modification on lysine residues in the serum of 
patients. Modification of tryptic peptide ATKEQLK (K541) was compared between hypersensitive 
patients (A) and non-hypersensitive patients (B). Both hydrolysed and cyclised forms of haptens 
were detected in the serum.  
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treated cells confirming this detection was specific to piperacillin. The majority of piperacillin 

binding appeared to occur on intracellular proteins, however an accumulation of piperacillin  

is also present on the cell surface.  

 
 

Figure 3.6 – Immunofluorescence staining of patient APCs treated with piperacillin. Piperacillin 
protein modification in APCs was visualised using anti-piperacillin antibody. Overlay images are 
displayed to show localisation of all stains together (top row), as well as individual stains. 
Piperacillin (488 nm, green) is observed in EBV-transformed B-cells following treatment (2 mM), 
which is undetectable in untreated cells. F-actin (568 nm, red) and nucleus (361 nm, blue) are 
visualised in both untreated and treated cells.  
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3.4.5 TRANSLATION OF PIPERACILLIN-ADDUCTS TO T-CELL ASSAYS 

Since piperacillin binding has been detected in APCs and piperacillin-HSA adducts were 

detected in patients, it is possible this protein modification is responsible for the T-cell 

response in piperacillin hypersensitive patients. Piperacillin-HSA conjugate was synthesised 

and characterised as described in Chapter 2 for T-cell assays.  Firstly, piperacillin-responsive 

T-cells clones were tested for cross reactivity with synthetic piperacillin-HSA at a non-toxic 

concentration (2 mg/mL) determined in previous studies and in a PBMC proliferation assay 

(data not shown). 38 piperacillin-specific clones proliferated in the presence of piperacillin-

HSA with an SI of 2 or above (Figure 3.6 - A). Interestingly, one T-cell clone (TCC 167) which 

was non-responsive to piperacillin, showed high reactivity with piperacillin-HSA suggesting 

specificity to the conjugate alone. Four representative clones (TCC 142, 106, 120, 309) were 

shown to display significant T-cell responses to piperacillin-HSA in comparison to the HSA 

control. (Figure 3.6 - B). Piperacillin-HSA responsive clones involved both CD8+ and CD4+ T-

cells, and also included clones that responded and did not respond in piperacillin APC pulsing 

experiments.  
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Figure 3.6 – Reactivity of piperacillin-specific T-cells with synthetic piperacillin-HSA adducts. (A) 
Piperacillin-specific T-cell clones (5x104/well) were co-cultured with autologous EBV-transformed B-
cells (1x104/well) with the addition of piperacillin-HSA (PIP-HSA; 2 mg/mL) or HSA (2 mg/mL; negative 
control) for 48 hours. For the final 16 hours, [3H]-thymidine was added to the co-culture (0.5 μCi/well). 
Cells were harvested and [3H]-thymidine incorporation was measured. Stimulation index (SI) was 
calculated using treated/untreated CPM for each clone. Reactivity to PIP-HSA was confirmed with an 
SI of 2 and above (red line). (B) Proliferative responses were recorded as mean CPM of triplicate wells. 
A students’ t test was used to statistically compare treated wells with control HSA wells (p values 
indicated as ** ≤ 0.01 and *** ≤ 0.001). 
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Further investigation into T-cell responses to the specific piperacillin-HSA adducts were 

attempted by enriching patient PBMC with either hydrolysed or cyclised piperacillin-HSA 

conjugates prior to generation of clones. However, the generation of piperacillin conjugate 

T-cell clones proved difficult. For this reason, piperacillin-specific clones were tested for 

specificity of isolated cyclised and hydrolysed piperacillin-HSA adducts. Two T-cell clones 

were available for testing. While TCC 135 did not respond to either of the adducts (Figure 

3.7), TCC 106 exhibited a weak specific response to the hydrolysed piperacillin-HSA adduct 

(HPIP). No proliferative response was seen to the cyclised piperacillin-HSA adduct (CPIP).  

  

 

Figure 3.7 – Reactivity of piperacillin-specific T-cells from a hypersensitive patient with isolated 
piperacillin-HSA adducts. (A) Piperacillin-specific T-cell clones (5x104/well) were co-cultured with 
autologous EBV-transformed B-cells (1x104/well) with the addition of isolated hydrolysed PIP-HSA 
(HPIP) and cyclised PIP-HSA (CPIP) (2 mg/mL) or HSA (2 mg/mL; negative control) for 48 hours. For the 
final 16 hours, [3H]-thymidine was added to the co-culture (0.5 μCi/well). Cells were harvested and 
[3H]-thymidine incorporation was measured. Proliferative responses were recorded as mean CPM of 
duplicate wells. Proliferative responses were measured in triplicate using [3H]-thymidine assay. A 
students’ t test was used to statistically compare treated wells with control wells (p values indicated 
as * ≤ 0.05; NS indicating no significance).  
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 DISCUSSION 

Piperacillin-responsive T-cell clones were isolated from a CF patient who had experienced a 

hypersensitivity skin reaction while taking piperacillin, confirming that primed T-cells were 

generated in the patient upon drug exposure. All clones responded to piperacillin in a dose-

dependent manner. Clones responded at low concentrations (0.25 mM) and all clones 

demonstrated the highest response at 2 mM. Strong proliferative responses at low 

concentrations indicate the strong reactivity of the patient T-cells. Previous LTT study 

revealed PBMC from tolerant patients were not stimulated to proliferate with piperacillin 

(7.5 μM to 4 mM) (Whitaker et al., 2011), showing here that administration of non-toxic 

doses in hypersensitive patients can elicit an immune reaction. Aggressive proliferative 

responses were identified with clones exhibiting stimulation indexes up to 106 which is 

extremely strong in comparison to the threshold of 2 used to identify a drug-responsive clone 

in T-cell studies (El-Ghaiesh et al., 2012). No proliferative responses were observed when 

piperacillin-responsive clones were incubated with flucloxacillin which also has a reactive β-

lactam ring/thiazolidine ring. No cross reactivity demonstrates that these clones are specific 

to piperacillin and suggests that another component of the drug, aside from this shared 

moiety, may be responsible for the TCR recognition of the drug. Phenotypic characterisation 

revealed a heterogenous population of piperacillin-specific T-cells in this patient, which is 

consistent with previous studies  (El-Ghaiesh et al., 2012). The majority of T-cells were CD4+ 

suggesting a helper T-cell response, however CD8+ and double positive (CD8+/CD4+) cells 

were also identified therefore a cytotoxic response is involved in the development of skin 

rash in this patient. The classification of T-cells has been attributed to disease pathogenesis; 

CD4+ T-cells are associated with maculopapular exanthems where CD8+ T-cells are likely to 

cause bullous cutaneous reactions mediated by cytotoxic molecules (Pichler et al., 2002). The 

dominant CD4+ response seen in this patient may partly explain why the adverse event did 

not develop into symptoms of AGEP, DRESS or SJS/TEN. As of yet no HLA association has 
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been discovered as a risk factor for piperacillin-induced hypersensitivity however the 

presence of both CD4+ and CD8+ T-cells insinuate the involvement of both MHC class I and 

class II molecules.   

It is well established that T-cell activation in DHRs can occur via different pathways which 

have been defined as hapten, pharmacological interaction (p.i) and altered peptide models. 

Activation of piperacillin-specific T-cells has been postulated to occur through the hapten 

pathway in previous studies (El-Ghaiesh et al., 2012, Meng et al., 2017). In the hapten 

hypothesis, a drug-modified protein is processed by APCs by proteolytic digestion producing 

drug-modified peptides which are then presented on the cell surface as pMHC complexes to 

T-cells. The role of adduct formation in the activation of the T-cell clones generated in this 

patient was investigated using an APC pulsing assay. The assay involves the incubation of 

autologous APCs with piperacillin. The cells are then extensively washed prior to co-culture 

with T-cells. The principle of this study is that piperacillin molecules covalently bound to APCs 

will not be removed and thus will be presented either directly or indirectly to T-cells, leading 

to T-cell activation. In contrast, non-covalently bound drugs will be removed in wash steps 

and T-cell signals will be abrogated if the activation is dependent only on the parent drug 

interacting reversibly with MHC bound peptides. T-cell clones generated from the same 

patient exhibited different dependencies of activation adding to the complexity of depicting 

the exact pathway of piperacillin-specific T-cell activation in a hypersensitive patient. A set 

of piperacillin-specific T-cell clones were responsive with pulsed APCs showing processing-

dependent activation and the covalent binding of piperacillin to MHC molecules. For other 

clones, the proliferative response was abrogated with pulsed EBV-transformed B-cells 

suggesting soluble antigen was required for activation. Interestingly, a set of T-cell clones 

were activated in the presence of soluble drug alone without APCs suggesting that the drug 

is interacting directly with the low levels of HLA class II molecules expressed on T-cells (Brown 

et al., 1984, Lanzavecchia et al., 1988) and/or the TCR (Pichler, 2002). The slightly stronger 
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response observed in the presence of EBV-transformed B-cells indicates that APCs may 

enhance the T-cell response but are not necessary for the activation of this set of clones. This 

suggests direct non-covalent interaction between drug molecules and immune receptors 

may be involved (p.i concept) (Schnyder et al., 1997). Activation of T-cell clones with drug-

pulsed APCs may imply a hapten mechanism of T-cell activation. However, previous studies 

have shown that T-cell activation following drug haptenation can be processing-independent 

(i.e., the hapten binds directly to peptides embedded within HLA molecules) (Schnyder et al., 

2000, Castrejon et al., 2010). For this reason, an APC pulsing assay alone does not entirely 

distinguish between the hapten and p.i model, therefore further hapten studies were 

performed. 

In Chapter 2, piperacillin modification of HSA was detected in vitro. Therefore, ex vivo hapten 

studies were performed using serum from CF patients undergoing piperacillin therapy. In 

total, 4 patients had a history of piperacillin hypersensitivity and 3 patients were tolerant to 

piperacillin. An MRM MS method was used to isolate piperacillin-modified tryptic peptides 

derived from HSA where a precursor ion with a specific m/z is selected in the first quadrupole 

(Q1) correlating the mass of the tryptic HSA peptide and the mass addition of either cyclised 

or hydrolysed piperacillin, followed by a characteristic fragment of the hapten produced in 

the third quadrupole (Q3). Indeed, piperacillin-HSA adducts were detected in both tolerant 

and hypersensitive patients at comparative levels (Figure 3.5), this is consistent with previous 

studies (Whitaker et al., 2011).  Similar to the in vitro study, a fragmentation ion derived from 

the hydrolysed piperacillin hapten (106 m/z) was used to distinguish between cyclised and 

hydrolysed piperacillin-HSA. Closer examination of the two distinct piperacillin-HSA haptens, 

revealed that both adducts are present in tolerant patients based on the spectral intensity, 

whereas the hydrolysed piperacillin hapten is the dominant adduct occurring in piperacillin 

hypersensitive patients.  
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To interrogate piperacillin hapten formation at the cellular level, immunofluorescence 

studies were performed using patient EBV-transformed B-cells which were used as 

autologous APCs in T-cell studies. Since the anti-piperacillin antibody was characterised as a 

highly specific piperacillin antibody in the previous chapter, this was used to confirm the 

piperacillin modification of cells. A fluorescent-conjugated secondary antibody was used to 

bind the primary antibody which was bound to piperacillin. Immunofluorescent staining of 

APCs reveals the binding of piperacillin in immune cells after 24 hours of incubation. This is 

consistent with MS studies showing the formation of piperacillin adducts in patients who 

developed hypersensitivity 1 day after the initiation of piperacillin therapy (Meng et al., 

2017a). Visually, an extremely high accumulation of piperacillin is present in APCs. The 

washing of the cells prior to incubation indicates this to be covalent binding of piperacillin to 

proteins. As well as intracellular protein modification, piperacillin was visualised on the 

cellular membrane, confirming piperacillin is present on the surface of APCs. Coinciding with 

the APC pulsing data, this indicates that piperacillin is binding to proteins which are 

processed into piperacillin-modified peptides and presented as antigens to T-cells. For this 

reason, the immunogenicity of piperacillin-adducts in patient T-cells was investigated using 

synthetic piperacillin-HSA adducts. Following conjugation, free drug was removed using MW 

cut-off spin filters to ensure only covalently bound piperacillin remained prior to incubation 

with T-cells. A set of the piperacillin-specific clones responded to piperacillin-HSA exhibiting 

specificity for the conjugate as well as soluble drug. Overall, no distinct mechanism could be 

attributed to the recognition of the piperacillin-HSA, since both CD4+ and CD8+ T-cells were 

involved and responded to piperacillin-HSA with similar reactivity. Interestingly, one clone 

that was previously deemed non-specific to piperacillin, responded to the piperacillin-HSA 

conjugate suggesting this T-cell had previously encountered a haptenic antigen. As discussed, 

piperacillin has been shown to form multiple haptenic structures therefore cyclised and 

hydrolysed piperacillin-HSA were prepared and used to determine if one hapten was 
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responsible for interacting with TCR rather than both, thus hypothesising that the difference 

in drug structure determined the antigenic epitope. One T-cell clone responded to the 

hydrolysed hapten but not the cyclised hapten or unmodified HSA, showing preliminary data 

that this hapten could be the antigenic determinant however much more work is needed to 

confirm this.  

In conclusion, it is evident that piperacillin hypersensitivity is mediated by T-cells which are 

heterogenous in terms of phenotype and function.  A specific anti-piperacillin antibody was 

used to visualize the binding of piperacillin in immune cells, which collectively with the APC 

pulsing data proves piperacillin is taken up into APCs, is binding intracellularly and is 

presented on MHC to T-cells for activation (hapten hypothesis). Moreover, this data 

contributes to previous studies on the formation of β-lactam-protein adducts causing 

immunogenicity (Meng et al., 2017, Bechara et al., 2019). Cyclised or hydrolysed-hapten 

specific T-cell clones are yet to be generated despite numerous attempts. Potential reasons 

for this could be the viability of patient cells which were stored for long periods or over-

culture of cells due to growth problems causing the cells to lose specificity over time. 

Moreover, difficulties arise in isolating pure forms of the different haptenic structures as 

hydrolysis is a reversible reaction. Therefore, the haptens are interchangeable and it is 

difficult to determine which forms of antigens are exactly presented to T-cells.  

 

 

 

 

 

 



143 

CHAPTER 4  - THE GENERATION OF DRUG-MODIFIED HLA-BINDING 

PEPTIDES TO INVESTIGATE HLA ASSOCIATIONS OF β-LACTAM-

INDUCED LIVER INJURY 

 Introduction ................................................................................................ 145 

 Aims ........................................................................................................... 148 

 Methods ..................................................................................................... 149 

4.3.1 Repeated methods ....................................................................................................... 149 

4.3.2 Generation of drug-modified peptides ........................................................................ 149 

4.3.2.1 Identification of drug-associated ligands............................................................. 149 

4.3.2.2 Drug-peptide incubations .................................................................................... 150 

4.3.2.3 General HPLC and MS methods ........................................................................... 151 

4.3.3 Human Subjects ............................................................................................................ 151 

4.3.4 Naïve T-cell priming ...................................................................................................... 152 

4.3.4.1 Magnetic separation of PBMC ............................................................................. 152 

4.3.4.2 DC generation ...................................................................................................... 153 

4.3.4.3 Co-culture ............................................................................................................ 153 

4.3.5 HLA blocking ELIspot assay ........................................................................................... 154 

 Results ........................................................................................................ 155 

4.4.1 Peptide design and rationale ........................................................................................ 155 

4.4.1.1 Exosomal protein fractions in hepatocytes ......................................................... 155 

4.4.1.2 Naturally eluted HLA-B*57:01 peptide ................................................................ 157 

4.4.1.3 HLA Designer peptides......................................................................................... 159 

4.4.2 Modified peptide synthesis .......................................................................................... 163 

4.4.2.1 Amoxicillin-modified peptide derived from an exosomal protein in hepatocytes 

(SLLEPSVK[AX]I) ..................................................................................................................... 163 

4.4.2.2 Flucloxacillin-modified naturally eluted HLA-B*57:01 peptide 

(HSATQK[FLU]EHGW) ............................................................................................................ 171 

4.4.2.3 Amoxicillin-modified HLA class I and Class II designer peptides .......................... 177 



144 

4.4.3 Immunogenicity of drug-modified peptides ................................................................ 184 

4.4.3.1 Immunogenicity of amoxicillin-modified peptide derived from an exosomal protein 

in hepatocytes (SLLEPSVK[AX]I) using healthy HLA-A*02:01 donors .................................... 184 

4.4.3.2 Immunogenicity of naturally eluted HLA-B*57:01 flucloxacillin-modified peptide 

(HSATQK[FLU]EHGW) in patients .......................................................................................... 188 

4.4.3.3 Immunogenicity of amoxicillin-modified HLA designer peptides (AX-KP2/AX-KP3) .. 

  ............................................................................................................................. 190 

 Discussion ................................................................................................... 192 

4.5.1 Ligand identification ..................................................................................................... 193 

4.5.2 Peptide design .............................................................................................................. 194 

4.5.3 Peptide production ....................................................................................................... 196 

4.5.4 Peptide immunogenicity .............................................................................................. 200 

 

 

  



145 

 INTRODUCTION 

DILI is one of the most common adverse drug reactions (ADRs) which can result in liver failure 

or fatality. Flucloxacillin and amoxicillin-clavulanate are amongst the drugs most frequently 

involved in DILI, with amoxicillin-clavulanate having the overall highest association in DILI 

registries worldwide (Suzuki et al., 2010). After amoxicillin-clavulanate, flucloxacillin is the 

UK’s second most causative drug for drug-induced jaundice (Hussaini et al., 2007). Risk 

factors for both antibiotics include female sex and age, as well as repeated antibiotic course 

and daily high doses for amoxicillin-clavulanate and flucloxacillin, respectively (Fairley et al., 

1993, Garcia Rodriguez et al., 1996, Lucena et al., 2006, Olsson et al., 1992). While the 

mechanisms of DILI remain obscure, there is mass evidence showing ADRs to flucloxacillin 

and amoxicillin-clavulanate are mediated by the immune system. Characteristic of delayed-

typed (Type IV), both drugs result in delayed onset liver injury (Hautekeete et al., 1995, Wing 

et al., 2017). Moreover, studies have identified flucloxacillin- and amoxicillin-responsive T-

cells in DILI-patients and confirmed that T-cell activation of drug-specific clones occurs via 

the hapten mechanism (Kim et al., 2015b, Monshi et al., 2013, Yaseen et al., 2015).  

Genome wide association studies (GWAS) have revealed that liver injury induced by 

flucloxacillin and amoxicillin-clavulanate is associated with certain HLA allele expression in 

individuals. HLA-B*57:01 is a genetic risk factor for flucloxacillin-induced liver injury which is 

the strongest drug-gene interaction for DILI  (Daly et al., 2009). Experimental evidence for 

this association is seen with the successful priming of flucloxacillin-responsive T-cells from 

volunteers expressing HLA-B*57:01 (Wuillemin et al., 2013, Monshi et al., 2013), which have 

similar expression of chemokine receptors and secretion profiles as flucloxacillin-specific 

CD8+ T-cells identified in DILI patients. Additionally, the activation of the flucloxacillin-

responsive CD8+ T-cells is restricted by HLA-B*57:01 and anti-HLA class I blocking antibody, 

providing evidence for the requirement of MHC class I interaction with flucloxacillin-derived 
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antigens and TCR (Monshi et al., 2013). Amoxicillin-clavulanate-induced liver injury is 

associated with class I HLA-A*02:01, as well as class II HLA-DRB1*15:01, -DRB5*01:01 and -

DQB1*06:02 (Hautekeete et al., 1999, Lucena et al., 2011). Correlating to this is the restricted 

activation of CD8+ and CD4+ T-cell clones in the presence of anti-HLA class I and II blocking 

antibodies, respectively (Kim et al., 2015b). Amoxicillin-specific T-cells have been shown to 

not cross react with clavulanate, suggesting amoxicillin is capable of activating T-cells alone. 

Interestingly, the majority of clavulanate-specific T-cells were CD4+ whereas in one patient 

most amoxicillin-specific T-cells were CD8+ suggesting HLA class I activity.  

The prediction of drug hypersensitivity remains the principal challenge in the field. Previous 

chapters described the haptenation of the β-lactams to proteins and their activation of T-

cells via the hapten mechanism, therefore we can postulate that drug-modified proteins play 

a role in the development of β-lactam hypersensitivity in patients. T-cell models for drug-

protein adducts exist which have been successful in identifying whether a modification of a 

protein can elicit an immune response (Brander et al., 1995, (Meng et al., 2017b).  However, 

this does not define the critical epitope in DHRs, since the whole protein-adduct is not 

presented by MHC to T-cells. For this reason, T-cell interaction must be explored and defined 

at the peptide level. Currently, structural studies investigating pMHC and TCR interactions 

are limited. Challenges are faced due to the highly polymorphic nature of HLA coding genes 

particularly at TCR contact sites, reducing peptide-binding specificity. This allows for the 

binding of a multitude of peptides. Moreover, the diverse TCR repertoire of drug-specific T-

cells facilitates polyclonal T-cell activation in response to the culprit drug. Nonetheless, 

progress has been made. In early studies, hapten-peptide epitopes were derived from ‘model 

haptens’ including trinitrophenol (TNP) which is associated with allergic contact dermatitis 

(ACD). TNP-peptide conjugates were shown to selectively interact with MHC class I molecules 

in mice (H-2Kb) and stimulate cytotoxic T-cells. The role of peptide binding motifs was 

investigated using TNP-modified H-2Kb octamers which demonstrated a link between 
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peptide-MHC binding affinity and T-cell reactivity (Martin et al., 1992, Ortmann et al., 1992). 

More recent studies using ‘designer’ peptides have successfully identified immunogenic T-

cell epitopes in benzylpenicillin allergy studies, using synthetic benzylpenicillin-modified 

HLA-DRB1*04:01 binding peptides  (Padovan et al., 1997). Three peptides (EAYAKAASAAAA, 

EAYAAAKSAAAA and EAYAAAASAKAA) were designed with the defined HLA class II anchor 

residues and a lysine residue at different positions of the peptide sequence for 

modification. Donors with a history of benzylpenicillin allergy, presenting with 

benzylpenicillin-specific IgE antibodies and expressing HLA-DR alleles including 

DRB1*04:01 were used for T-cell generation. T-cell proliferation could be seen in response 

to the modified-peptide. Such T-cell responses revealed that activation was dependent on 

the site-specific modification of the peptide backbone (Padovan et al., 1997). Expanding on 

this, drug-haptenated candidate peptides have been generated from drug-protein 

conjugates including benzylpenicillin-haptenated peptides synthesised from benzylpenicillin-

HSA conjugates (Azoury et al., 2018). These peptides were designed around HLA-binding 

predictions and shown to stimulate naïve T-cells in healthy donors. A limitation to this 

peptide model, which is based entirely on “design” is that it is not based on a natural protein 

source, therefore its translation into the human proteome is restricted. Overall, the 

combined knowledge of β-lactam protein haptenation, antigen presentation by HLA 

molecules, and HLA associations can be used to investigate flucloxacillin- and amoxicillin-DILI 

at the pMHC level.   
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 AIMS 

HLA associations of amoxicillin- and flucloxacillin-DILI have been determined in 

pharmacogenetic studies, however the mechanistic role of the HLA associations in T-cell 

activation has not been fully defined. Naturally occurring drug-modified peptides have been 

identified on the surface of APCs (HLA peptides), while drug-modified proteins have been 

identified in exosomes secreted from primary human hepatocytes. The overall aim of this 

chapter was to develop a method to generate synthetic drug-modified HLA-binding peptides 

from these sources as well as designer HLA peptides to investigate their immunogenicity. 

This included the following objectives: 

1. Use computational methods to design or rationally choose a final peptide 

sequence to generate candidate peptides for flucloxacillin and amoxicillin 

modification.  

2. Generation and analysis of amoxicillin- and flucloxacillin-modified peptides 

using HPLC and mass spectrometry. 

3. Preparation and purification of drug-modified peptides for T-cell assays. 

4. Assessment of the immunogenicity of drug-modified peptides using T-cell 

assays. 
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 METHODS 

4.3.1 REPEATED METHODS 

• T-cell cloning (section 3.3.3) 

4.3.2 GENERATION OF DRUG-MODIFIED PEPTIDES 

This chapter focuses on the method development for the generation of drug-modified HLA-

binding peptides for immunogenicity studies, therefore the detailed methods for drug-

modified peptide production are discussed in both the methods and the results (section 

4.4.2).   

4.3.2.1 IDENTIFICATION OF DRUG-ASSOCIATED LIGANDS 

Three approaches have been used within the group to identify drug-associated ligands to 

define drug-specific T-cell responses (Figure 4.1). Two of the approaches revolve around 

peptides which are derived from naturally occurring proteins. 

 

 
   

 
  

Figure 4.1 – Schematic of three sources used to identify drug-associated ligands. Drug-modified HLA 
peptides/proteins have been discovered from naturally eluted immunopeptidome of drug-treated 
APCs and exosomal fractions derived from drug-treated human hepatocytes. A reverse engineering 
method has been used to “design” drug-modified HLA peptides for immunogenicity studies.   

Identification of drug-
associated ligands
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The third approach is based solely on computational methods and the incorporation of 

known HLA associations in DHRs. From these sources, peptide sequences have been chosen 

for drug modified HLA-binding peptide studies. The rationale for the peptides chosen for 

synthesis in this chapter are discussed in full in section 4.4.1. 

4.3.2.2 DRUG-PEPTIDE INCUBATIONS 

Briefly, synthetic peptides (95% purity; Synpeptide Ltd, Shanghai, China) were purchased 

with the Fmoc (fluorenylmethoxycarbonyl)-protecting group at the amino terminus to 

prevent the non-specific binding of drugs in subsequent reactions. Fmoc peptide-drug 

incubations were performed for the binding of drug to reactive lysine residues of peptides 

according to the final optimised conditions listed (Table 4.1). The process of optimisation of 

these final conditions are discussed in the results section. 

Table 4.1 - Final optimised drug-peptide incubation conditions for drug-modified peptide synthesis. 
Drug-peptide incubation conditions were optimised including drug amount, solution, incubation time. 
The process of optimisation of these final conditions are discussed in the results section. 

 

Peptide ID (Source) 

Drug-peptide incubation conditions for drug modification 

Drug Molar Ratio 

(drug: 

peptide) 

Solution Time 

(Hours) 

Temperature 

(°C)  

SLLEPSVKI (Exosomal 

protein in drug-treated 

exosomes) 

Amoxicillin 50:1 70% 

ACN/30% 

H2O 

48 37 

HSATQKEHGW (Naturally 

eluted from drug-treated 

HLA-B*57:01 cells) 

Flucloxacillin 20:1 70% 

ACN/30% 

H2O 

24 37 

ALAAKEAV (HLA-A*02:01 

designer peptide) 

Amoxicillin 50:1 70% 

ACN/30% 

H2O  

48 37 
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4.3.2.3 GENERAL HPLC AND MS METHODS 

Analytes were acidified to 0.1% trifluoroacetic acid (TFA) and loaded onto a C18 Kinetex 5 

µm column (Phenomenex, Macclesfield, UK) coupled with an Agilent 1200 HPLC at λ214. The 

following HPLC gradient was applied over 30 minutes: (minutes, %B; 0, 2; 20, 75, 20.10, 98; 

25, 98; 25.10, 2; 30, 2) with solvent A as 0.1% TFA and solvent B as ACN/0.1% TFA. The 

modified peptide peak was identified through a series of HPLC experiments to identify 

candidate peptide peaks. Candidate peptide peaks were manually fractionated according to 

their retention time. Fractions were pooled from several HPLC runs and dried in a SpeedVac 

concentrator (Eppendorf, Hamburg, Germany). Once dried, samples were weighed and 

resuspended to 1 mM (based on amount (mg) and theoretical molecular weight of peptide 

with drug mass addition). Drug-modified peptide was incubated with piperidine at a 10:1 

molar ratio in 70% ACN/30% H2O for 24 hours at 37°C to remove the Fmoc-protecting group. 

The incubation was subjected to the same HPLC conditions and fractionation to purify the 

deprotected drug-modified peptide. Detection of the drug-modified peptide peak was 

analysed using LC/MS-MS. Samples were resuspended in 0.1% FA/ 2% ACN and loaded onto 

an AB Sciex TripleTOF 5600 or QTRAP 5500 mass spectrometer for analysis. Data were 

analysed using AB Sciex PeakView 1.2 and drug-modified peptides were manually sequenced 

and annotated with the peptide sequence, modified amino acids, and characteristic 

fragmentation ions of the drug. 

4.3.3 HUMAN SUBJECTS 

Samples from healthy genotyped donors were obtained from the Cell Archive of HLA-typed 

Healthy Volunteers study. Donors with the specific HLA-type were chosen for this study. DILI 

patients were identified through the Pharmacogenetics of Drug-Induced Liver Injury group 

(DILIGEN). Patient samples were obtained following recruitment to the Hypersensitivity 

study (HYST) . Ethical approval for the study was obtained from the Liverpool local Research 

Ethics Committee, and informed written consent was obtained from all participants.  
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4.3.4 NAÏVE T-CELL PRIMING 

4.3.4.1 MAGNETIC SEPARATION OF PBMC 

PBMC from HLA*02:01-positive healthy human donors were used to assess the T-cell 

immunogenicity of the amoxicillin-modified SLLEPSVKI peptide (SLLEPSVK[AX]I). PBMC were 

isolated from the blood of 3 donors following the protocol in section 3.3.3.2 and resuspended 

in ice cold MACS (magnetic assisted cell sorting) buffer (500 mL HBSS supplemented with 

2.5g BSA (Sigma-Aldrich, St. Louis, MO, USA) and 2 mL EDTA (Sigma-Aldrich, St. Louis, MO, 

USA). This was followed by separation of CD14+ monocytes and naïve T-cells using antibody-

conjugated magnetic beads (Miltenyi Biotech, Bergisch Gladbach, Germany). First, PBMC 

were incubated with CD14 beads (200 µL/108 cells) for 15 minutes at 4°C. Cells were 

centrifuged at 1500 RPM for 10 minutes at 4°C (Standard wash step used throughout the 

protocol) and resuspended in MACS buffer (500 µL/108 cells). MACS LS column (Miltenyi 

Biotech, Bergisch Gladbach, Germany) was equilibrated using 3 x 1 mL washes of MACS 

buffer.  Cells were passed through the column attached to a magnetic plate, followed by an 

additional 500 µL MACS buffer which was used to wash out the tube. Non-CD14 cells (flow 

through) were collected in a 50 mL falcon tube. Column was washed using 3 x 3 mL MACS 

and removed from the magnetic plate. 5 mL MACS buffer was added to the column and 

CD14+ cells were removed from the column using a plunger, into a 50 mL falcon. Second, 

non-CD14+ cells were washed and resuspended in MACS buffer (40 µL/107 cells) and 

incubated with pan T-cell isolation kit (30 µL/107 cells; Miltenyi Biotech, Bergisch Gladbach, 

Germany) and anti-biotin beads (20 µL/107 cells; Miltenyi Biotech, Bergisch Gladbach, 

Germany) for 15 minutes at 4°C. The magnetic separation protocol was repeated as previous. 

CD3+ cells (whole T-cell populations) were collected in flow through, while CD3- cells were 

retained on the column. CD3+ cells were washed and resuspended in MACS buffer (70 µL/107 

cells) and incubated with CD25 microbeads (10 µL/107 cells; Miltenyi Biotech, Bergisch 

Gladbach, Germany) and CD45RO microbeads (20 µL/107 cells; Miltenyi Biotech, Bergisch 
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Gladbach, Germany) for 15 minutes at 4°C. The magnetic separation protocol was repeated 

as previous. Naïve T-cells (flow through) were collected in 50 mL falcon and frozen for later 

use, while T-regs (CD25) and memory T-cells (CD45RO) were retained on the column, which 

were then discarded.  

4.3.4.2 DC GENERATION 

DCs were generated from the CD14+ monocytes which were cultured in 6-well plate (4x106 

cells/well; Nunc; Thermo Scientific, Waltham, MA, USA) with a cocktail of 800 IU/mL IL-4 

(PeproTech EC, London, UK) and 800 IU/mL GM-CSF (granulocyte-macrophage colony-

stimulating factor; PeproTech EC, London, UK) over 7 days. On day 7, DCs were loaded with 

unmodified (50 µM) or amoxicillin-modified (50 µM) SLLEPSVKI peptide for 6 hours followed 

by maturation with 1 µg/mL LPS (lipopolysaccharide; Sigma-Aldrich, St. Louis, MO, USA) and 

25 ng/mL TNF-α (Tumour Necrosis Factor alpha; PeproTech EC, London, UK) overnight. 

Matured DCs were harvested using a cell scraper (Gilson, Middleton, WI, USA), washed by 

centrifugation at standard conditions and resuspended in R9 (1.6x105 cells/mL) for co-

culture. 

4.3.4.3 CO-CULTURE 

Naïve T-cells were thawed and washed in R9 using standard centrifugation. Cells were 

resuspended in R9 (4x106 cells/mL). Naïve T-cells (2x105 cells/well; 24-32 wells per condition 

depending on the availability of naïve T-cells) were co-cultured with either unmodified or 

amoxicillin-modified peptide pulsed DCs (8x103) for 14 days. T-cells were then restimulated 

with a fresh batch of autologous DCs loaded with the unmodified or amoxicillin-modified 

peptide. T-cell proliferative responses were evaluated through the addition of 3[H]-thymidine 

incorporation for the final 16 h of the experiment as described in section 3.3.3.7. T-

Test/ANOVA was used for statistical analysis. 
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4.3.5 HLA BLOCKING ELISPOT ASSAY 

The ELISpot (Enzyme-Linked Immune-Spot) assay was used to measure the secretion of IFN-

γ from T-cells as a marker of T-cell activation. Multiscreen-IP 96-well filter plate (0.45 μM; 

Merck Millipore, Burlington, MA, USA) was pre-wetted with 70% ethanol (15 μL/well), 

followed by 5 washes of sterile water (200 μL/well). IFN-γ reagent kit was purchased from 

Mabtec AB (Nacka Strand, Sweden). Coating antibody was diluted 1:200 in HBSS (according 

to manufacturer’s instructions) and added to each well of the ELISpot plate (100 μL/well), 

followed by an incubation for 24 hours at 4°C. Excess antibody was removed and wells were 

washed with HBSS x 5 (200 μL/well), followed by blocking with R9 media (200 μL/well) for 30 

minutes at room temperature. 50 μL irradiated autologous EBV-transformed B cells (1x104 

cells/well) were incubated with HLA class II blocking antibodies, including individual HLA-DQ, 

-DR, and DP antibodies and isotype controls (5 μg/mL; BD Biosciences, Oxford, UK), at 37°C, 

5% CO2 for 30 minutes. 50 μL drug modified peptide-specific T-cells (5x104 cells/well) and 

100 μL 2x drug-modified peptide concentration (10 μM final) were co-cultured with the 

autologous EBV-transformed B cells in the ELIspot plate. 50 µL PHA (10 μg/mL) and 50 μL 

media were added to control wells. Plates were incubated at 37°C, 5% CO2 for 48 hours. 

Wells were washed with PBS/0.5% FBS x 5 (200 μL/well) and incubated with 100 μL detection 

antibody (1 μg/mL; PBS/0.5% FBS) for 3 hours at room temperature. PBS/0.5% FBS washes 

were repeated followed by the incubation of streptavidin-ALP (1:1000, 100 μL/well) for 2 

hours at room temperature. PBS/0.5% FBS (Invitrogen; Waltham, MA, USA) washes were 

repeated, and filtered (0.45 μM) BCIP/NBT-Plus substrate solution was added (100 μL/well) 

for 15 minutes at room temperature, in the dark. The reaction was stopped by rinsing wells 

under tap water to remove substrate. Once washed, plates were dried overnight at room 

temperature. Analysis of plates was performed using an AID ELISpot reader (Oxford 

Biosystems Abingdon, Oxfordshire, UK). Each spot was representative of IFN-γ secretion.  
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 RESULTS 

4.4.1 PEPTIDE DESIGN AND RATIONALE  

Peptides were designed with the aim of binding to specific HLA-alleles and undergoing drug 

modification by incorporating HLA binding motifs and including reactive residues 

respectively, for the stimulation of T-cells. The approach used for each peptide is discussed 

in detail below. 

4.4.1.1 EXOSOMAL PROTEIN FRACTIONS IN HEPATOCYTES 

In studies conducted elsewhere in our laboratory, primary human hepatocytes were cultured 

with amoxicillin, flucloxacillin, nitroso-sulfamethoxazole and isoniazid. The drug-protein 

adducts secreted in exosomes have been characterised by MS in this study (Ogese et al., 

2019). A summary of the β-lactam-modified proteins identified can be found in Table 4.2. 

Both amoxicillin- and flucloxacillin-modified HSA has been detected in exosomes, at 

numerous lysine residues. Modification exclusive to amoxicillin was also found on human 

transcription factor SOX30 and human apolipoprotein E. 

Table 4.2 - Exosomal proteins modified with amoxicillin and flucloxacillin. Peptide sequences were 
identified by MS/MS analysis of digested protein lysates from exosomes with flucloxacillin [FLU] and 
amoxicillin [AX] modification. Proteins were identified using the UniProt database (Ogese et al., 2019).  

Peptide ID Protein Source 

SVK[AX]IETK Human transcription factor SOX30 (SOX30_Human, O94993) 

LDELRDEGK[AX]ASSAK Human serum albumin (ALBU_HUMAN, P02768) 

K[AX]VEQAVETEPEPELR Human apolipoprotein E (APOE_Human, P02649) 

ATK[FLU]VEQAVETEPEPELR Human serum albumin (ALBU_HUMAN, P02768) 

 LDELRDEGK[FLU]ASSAK Human serum albumin (ALBU_HUMAN, P02768) 

 KQ[FLU]TALVELVK Human serum albumin (ALBU_HUMAN, P02768) 
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Peptides containing the drug‐modified residues identified on the exosomal proteins in this 

study were aligned to relevant HLA binding epitopes, to generate candidate peptides to 

assess the immunogenicity of the detected drug-modification. To do this, protein sequences 

were expanded to include 10 amino acids in both directions from the modified residue, and 

these sequences were entered into the NetMHCpan-4.0 server to search for potential MHC 

class I epitopes. DILI as a result of amoxicillin and flucloxacillin treatment are associated with 

the class I alleles HLA-A*02:01 and HLA‐B*57:01. Therefore, these alleles were selected to 

assess potential peptide epitopes for all four modified proteins. Peptide epitopes were 

selected for study if they scored less than 0.5 on the NetMHCpan-4.0 server (indicating high 

binding affinity) and only if the modified residue fell within the anchor motifs. No peptide 

epitopes met this selection criteria for HLA‐B*57:01. However, strong binding epitopes for 

HLA‐A*02:01 were identified for the amoxicillin‐modified SOX30 transcription factor protein 

(SLLEPSVKI ‐ NetMHCpan-4.0 score = 0.047) and the amoxicillin‐modified apolipoprotein E 

protein (FLAGCQAKV ‐ NetMHCpan 4.0 Score = 0.128). Both epitopes contained a modified 

lysine in position 8 falling within the position 2 (P2) and C-terminal (PΩ) anchors for HLA‐

A*02:01; however, the apolipoprotein peptide sequence also contained a central cysteine 

residue. Free cysteines cause difficulty during peptide synthesis due to the oxidation of the 

thiol groups, resulting in disulfide bridge formation (Wiedemann et al., 2020). Peptide 

dimerization during synthesis resulting in low product yield and multiple oxidation states 

would complicate synthesis and assay variability. As such, the amoxicillin‐modified peptide 

epitope for HLA‐A*02:01, (SLLEPSVK[AX]I) derived from SOX30 was the only epitope that met 

suitable criteria for immunogenicity studies (Figure 4.2). Therefore, was chosen for synthesis 

and further studies. 
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Figure 4.2 - SLLEPSVKI peptide design rationale. (A) The tryptic peptide identified in exosomal 
proteins is underlined in blue with the SOX30 amino acid sequence expanded to include 10 amino 
acids in either direction of the modified lysine underlined in red. (B) The HLA‐A*02:01 9-mer binding 
epitope is highlighted in orange labelled with the anchor residues in purple. Lysine residue was 
included for amoxicillin (AX) modification labelled in red. The NetMHCpan-4.0 binding score for this 
peptide was 0.047.  
 

4.4.1.2 NATURALLY ELUTED HLA-B*57:01 PEPTIDE 

Dr James Waddington, an ex-Liverpool PhD student characterised the MHC-peptides eluted 

from the binding cleft of flucloxacillin-treated C1R-B*57:01 APCs to assess 

the naturally expressed HLA-B*57:01 immunopeptidome (Waddington et al., 2020). Here, 

HLA-presented peptides modified by flucloxacillin were sequenced using de novo sequencing 

and are summarised in Table 4.3. Using NCBI Blast searches, the protein sources of these 

peptides were identified. Three flucloxacillin-modified peptides were derived from the MHC 

molecule itself, in particular the alpha chain (1B57_HUMAN, P18465). Flucloxacillin was also 

shown to modify human elongation factor 1-alpha 1 (EF1A1_HUMAN, P68104). Further to 
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this, three flucloxacillin-modified peptides were sequenced which could not be identified 

using the human proteome database therefore were determined as spliced peptides. 

Table 4.3 – Flucloxacillin-modified peptides eluted from flucloxacillin-treated C1R-B*57:01 cells. The 
sequence of naturally presented flucloxacillin-modified HLA-B*57:01 peptides, and their identified 
protein sources (Waddington et al., 2020). 

Peptide ID Protein Source 

HSATQK[FLU]EHGW Unknown 

HTAHIAC(O3)K[FLU]FA Human elongation factor 1-alpha 

(EF1A1_HUMAN, P68104) 

VSDHEATLR[FLU]C(O3)WA MHC alpha chain (1C04_HUMAN, P30504) 

LFDPTNC(SO2SH)K[FLU]MN Unknown 

LFDPTNC(O3)K[FLU]MN Unknown 

ISDHEATLR[FLU]C(O3)WA MHC alpha chain (1B57_HUMAN, P18465)  

TAAQIQRK[FLU]W MHC alpha chain (1B57_HUMAN, P18465)  

 

Although all the peptides were naturally eluted from the HLA-B*57:01 binding cleft, it was 

not feasible to synthesise all of them, therefore theoretical studies were used to measure 

the binding affinity of these peptides to HLA-B*57:01, and thus determine the most suitable 

for synthesis and in vitro studies. Peptides containing cysteine residues were excluded for 

the same reasons mentioned previously, therefore two peptide sequences remained; 

HSATQKEHGW and TAAQIQRKW.  Using NetMHCpan-4.1, the two remaining peptides were 

scored for their binding affinity to HLA-B*57:01 and both were considered strong binders 

(SB) scoring below 0.5 (Table 4.4). Theoretically, TAAQIQRKW was a stronger binder than 

HSATQKEHGW with scores of 0.012 and 0.115, respectively. However, the central position of 
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the lysine residue in HSATQKEHGW was more favourable for TCR contact sites therefore this 

peptide was chosen for synthesis. 

Table 4.4 – NetMHCpan-4.1 binding predictions of naturally eluted flucloxacillin-modified peptides 
to HLA-B*57:01. Computational methods have been used to predict binding affinity of peptides to the 
risk HLA allele. %Rank=rank of predicted binding score compared to set of random natural peptides, 
bind level is based on %rank; SB=Strong binder (%rank = <0.5%). 

  

4.4.1.3 HLA DESIGNER PEPTIDES  

For HLA class I peptides, firstly the length of peptide was chosen as 9-mer peptide which was 

designed around the class I HLA-A*02:01 binding motif. The SYFPEITHI database was used to 

determine anchor residues for this HLA allele (Figure 4.3– A). Leucine (L) and Valine (V) were 

chosen as anchors at P2 and PΩ, respectively. Similar to the Padovan study (Padovan et al., 

1997), a poly-alanine backbone was used, however some residues were substituted with 

glutamic acid to improve solubility as the binding of amoxicillin would increase 

hydrophobicity of the peptide. A lysine residue was selected for amoxicillin modification and 

placed in a central location for TCR contact sites (Figure 4.3 – B). Initially, four peptides were 

designed with alternating lysine residues between positions 4-7 for site specific modification 

of amoxicillin (Figure 4.3 – C). Using NetMHCpan 4.1, the % rank was used to compare the 

predicted binding against a set of random natural peptides. All peptides scored below 0.5% 

therefore were considered strong binders. Indeed, the lower the %rank the higher the 

binding affinity (Figure 4.3 - D). Further binding predictions using other methods listed on 

IEDB website (https://www.iedb.org/) were performed for confirmation (Table 4.5).  

NetMHCpan 4.1 HLA-B*57:01 binding predictions 

Peptide ID % Rank Bind Level 

HSATQKEHGW 0.115 SB 

TAAQIQRKW 0.012 SB 
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Figure 4.3 - Design of peptides with the HLA-A*02:01 binding motif for amoxicillin modification. (A) 
Screenshot of SYFPEITHI database search for HLA-A*02:01 binding motif showing preferred amino 
acids and anchor residue positions. (B) Rationale for residues and positions in the designer ALAKAEAEV 
peptide. (C) Further peptides were designed with alternative placement of lysine residues. (D) 
Peptides were scored for their binding affinity to HLA-A*02:01 using NetMHCpan-4.1. Peptides with a 
% rank lower than 0.5% were considered strong binders. 
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For further confirmation, the IEBD consensus (http://tools.immuneepitope.org/mhci/) 

prediction with a recommended cut-off of 1.0 for MHC class I molecules, deemed two of the 

four peptides high binders (Table 4.5). The SYFPEITHI database (http://www.syfpeithi.de/) 

scored all the peptides as strong binders with a threshold of >20. Finally when sequences 

were finalised, peptides were purchased with an Fmoc-protecting group which is used in the 

synthesis of peptides (Fmoc-solid phase synthesis). Usually this is removed when the peptide 

sequence is complete, however for this study it was feasible to have the Fmoc attached to 

the N-terminal on peptides to prevent non-specific binding, as β-lactams can also bind at this 

position. 

Table 4.5 – Search parameters for HLA-A*02:01 binding affinity of peptides. The predictive binding 
affinity of peptides to HLA-A*02:01 displayed as IEDB consensus percentile rank and SYFPEITHI score. 

 

The same approach was used to design HLA class II peptides with the HLA-DRB1*15:01 

binding motif to investigate the HLA class II association with amoxicillin-DILI (Tailor et al., 

2020). Peptide length was increased to 12 amino acids in comparison to the HLA-A*02:01 

binding peptide as HLA class II alleles can accommodate larger peptide lengths, with the poly-

alanine backbone consistent with the previous HLA class II designer peptides (Padovan et al., 

1997). Residues were also substituted with glutamic acid to improve solubility. The SYFPEITHI 

database was used to determine anchor residues for this HLA allele (Figure 4.4 – A).  

Peptide ID 
NetMHCpan-4.1  

%Rank 

IEDB consensus 
percentile rank 

SYFPEITHI 
(>20) 

ALAKAEAEV 0.141 0.8 28 

ALAAKEAEV 0.135 0.4 29 

ALAAEKAEV 0.234 1.5 28 

ALAAEAKEV 0.317 1.8 25 

http://tools.immuneepitope.org/mhci/
http://www.syfpeithi.de/
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Leucine (L), Phenylalanine (F) and Isoleucine (I) were chosen as anchors at position 1, 4 and 

7, respectively, while lysine (K) was placed within the binding motif for amoxicillin 

modification. The first peptide was designed for amoxicillin modification in the position after 

the first anchor residue (Figure 4.4 – B), herein referred to as KP2. A further three peptides 

were designed with alternating lysine residues between the first and last anchor residue 

namely KP3, KP5 and KP6 (Figure 4.4– C).  

 

 

 

Figure 4.4 - Design of peptides with the HLA-DRB1*15:01 binding motif for HLA class II assocation 
study in DILI. (A) Screenshot of SYFPEITHI database search for DRB1*15:01 binding motif showing 
preferred amino acids and anchor residue positions. (B) Rationale for residues and positions in the 
designer EAALKAFAAIAE peptide (KP2) with lysine in position 2 from the first anchor residue (L - 
position 1). (C) Further peptides were designed with alternative placement of lysine residues, 
positions 3 (KP3), 5 (KP2) and 6 (KP6). 
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4.4.2 MODIFIED PEPTIDE SYNTHESIS 

Unmodified peptides were purchased with an N-terminal Fmoc-protecting group from 

SynPeptide Ltd. The overall process of generating drug-modified synthetic peptides was 

divided into 4 steps: 1) incubation of drug with Fmoc-protected peptide for site-specific drug 

modification at different molar ratios to determine optimal concentration, 2) purification of 

protected-, drug-modified peptide in the drug-peptide mixture using HPLC, 3) confirmation 

of drug-modification using LC-MS/MS and manual sequencing and 4) removal of the Fmoc-

protecting group following the confirmation of the drug-modified protected peptide, for use 

in T-cell assays. In this chapter, three drug-modified peptides discussed in the previous 

section were synthesised. One designer HLA class I peptide was selected for synthesis. 

4.4.2.1 AMOXICILLIN-MODIFIED PEPTIDE DERIVED FROM AN EXOSOMAL PROTEIN IN HEPATOCYTES 

(SLLEPSVK[AX]I) 

4.4.2.1.1 MODIFICATION AND PURIFICATION OF PROTECTED MODIFIED PEPTIDE 

The peptide was incubated with amoxicillin at a 50:1 molar ratio and a 1:1 volume ratio to 

saturate the peptide and maximise binding. To isolate amoxicillin-modified peptide, the 

products from the drug-peptide incubation were separated using RP-HPLC. Initially, a 

succession of HPLC runs were performed to optimise the conditions required for amoxicillin-

modification (Figure 4.5). Firstly, unmodified Fmoc-protected peptide and amoxicillin were 

injected alone to determine their retention time and peak profile (Figure 4.5 – A & B). The 

unmodified protected peptide produced a clean HPLC trace with a single peak at a retention 

time of 15.7 minutes (highlighted in blue). Amoxicillin was eluted from the column at a much 

earlier retention time than the peptide and formed multiple products in solution (highlighted 

in red), which increased in number and intensity over time. Overall, the chemical structure 

of β-lactam antibiotics is unstable and the formation of degradation products in aqueous 

solutions is familiar (Olivares et al., 2018).   
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Figure 4.5 – Optimisation of amoxicillin modification and purification of Fmoc-SLLEPSVK[AX]I using 
RP-HPLC. Peptides-drug incubations were loaded onto a Phenomenex C18 Kinetex 5µm column and 
analysed using an Agilent 1200 HPLC at λ214. (A) Unmodified Fmoc-SLLEPSVKI peptide alone at 5mM 
concentration. (B) Amoxicillin (AX) alone at 250mM concentration. (C) Fmoc-SLLEPSVKI incubated with 
amoxicillin after 5 minutes highlighted with amoxicillin peaks and the unmodified Fmoc-protected 
peptide peaks. (D) Fmoc-SLLEPSVKI incubated with amoxicillin after 4 hours, highlighted with the 
amoxicillin-modified Fmoc-peptide peak. (E) Fmoc-SLLEPSVKI incubated with amoxicillin after 24 
hours, highlighted with the amoxicillin-modified Fmoc-peptide peak. (F) Fmoc-SLLEPSVKI incubated 
with amoxicillin after 48 hours, highlighted with the amoxicillin-modified Fmoc-peptide peak. (G) 
Fmoc-SLLEPSVK[AX]I alone after purification and collection. Some amoxicillin dimer modified peptide 
is observed.  
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A previous study has identified the degradation products of amoxicillin including amoxicillin 

penicilloic acid and diketopiperazine amoxicillin (Nagele and Moritz, 2005). Based on this and 

the visual interpretation of the peak profile over time these peaks were attributed to the 

degradation products of amoxicillin, therefore were excluded for further analysis. Following 

this, the drug-peptide incubation was injected at different time points throughout the 

incubation period to determine the optimal incubation time to produce the highest yield of 

amoxicillin-modified peptide. Amoxicillin and unmodified peptide were detected in the 

sample after 5 minutes, but no further products were detected up to 4 hours (Figure 4.5 – 

C). After 24 hours, an analyte was detected immediately after the unmodified peptide 

(highlighted in orange), which was exclusive to the drug-peptide incubation thus suggestive 

of a novel, modified product (Figure 4.5 – D). It was also observed that the unmodified 

peptide peak reduced in intensity over time while this novel peak increased in intensity, 

indicating the peptide was conjugated to amoxicillin (Figure 4.5 – E & F). After 48 hours, the 

novel analyte was present in greater intensity than the unmodified peptide therefore was 

fractionated for MS analysis (Figure 4.5 – G).  

4.4.2.1.2 MASS SPECTROMETRIC DETECTION OF PROTECTED MODIFIED PEPTIDE 

Using LC-MS/MS, the total ion chromatogram (TIC) was used to detect a precursor [m/z]2+ of 

786.9 at a retention time of 25.1 minutes. This precursor ion correlated to the mass of the 

Fmoc-protected peptide with a mass addition of 365 ([M]*= 1572), indicating an amoxicillin 

modification. For further confirmation, the MS/MS spectrum was analysed and sequenced 

(Figure 4.6). The spectrum revealed b and y ions corresponding to the amino acid sequence 

of the peptide which are annotated with a blue arrow. Fragments resulting from the loss of 

water and ammonia from the amino acids are present. Characteristic fragmentation ions of 

amoxicillin were present annotated with a red outline. This included a peak at 160 m/z 

indicative of the cleaved thiazolidine ring from the amoxicillin molecule.  
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Further, the peak at 349 m/z is indicative of the whole cleaved deamidated amoxicillin 

molecule, confirming that the peptide had been successfully modified with amoxicillin. The 

presence of y ions with a mass addition of 365 (*) show the site-specific modification of 

amoxicillin on the lysine residue. A peak at 179 m/z which corresponds to a product ion of 

Fmoc, indicated that the peptide was still protected (Figure 4.6). 

4.4.2.1.3 DEPROTECTION AND CONFIRMATION OF FINAL MODIFIED PEPTIDE 

Following the confirmation of the drug-modified protected peptide, the Fmoc-protecting 

group was removed from the peptide for use in T-cell assays. An incubation with piperidine 

at a 10:1 molar ratio in 70%ACN/ 30%H2O for 24 hours to remove the Fmoc protecting group 

was performed and the sample was further purified using HPLC (Figure 4.7 – A). The 

deprotected modified peptide was detected at a retention time of 12.5 minutes (highlighted 

in green). Since Fmoc is significantly hydrophobic, it was expected that the deprotected 

modified peptide would have an earlier retention time than the protected. Two subsequent, 

smaller peaks were present in the piperidine mixture which were likely to be amoxicillin-

dimerised peptide or some remaining Fmoc-protected peptide. Upon MS/MS analysis of the 

major peak following fractionation (highlighted in green), a precursor [m/z]2+ of 450.8 was 

detected at a retention time of 17.2 minutes, which corresponded to the mass of amoxicillin-

modified peptide with a loss of Fmoc (SLLEPSVK[AX]I). Similarly, to the protected peptide 

fraction, the MS/MS spectrum revealed characteristic fragments of amoxicillin (m/z 160 and 

349) (Figure 4.7 – B). The presence of b and y ions confirmed the peptide sequence. Some 

fragmentation ions were present with the mass addition of amoxicillin (+365, *) and a loss of 

an amino group. A fragment ion with an m/z of 732.39 reveals a partial mass addition of 

amoxicillin without the thiazolidine ring (-160). No ion was detected at an m/z of 179 further 

confirming the removal of Fmoc from the peptide was successful.    
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During the purification of the final SLLEPSVK[AX]I, a second product with lower intensity and 

longer retention time was still present indicating further reaction was occurring with the 

amoxicillin-modified peptide (Figure 4.8 – A). Fractionation and MS/MS analysis revealed this 

as the peptide with a mass addition of two amoxicillin molecules (+730) producing an 

amoxicillin-dimer modified peptide. Along with confirming the peptide sequence, 

fragmentation analysis showed the presence of y ions with the mass addition of the 

amoxicillin-dimer (Figure 4.8 - B). A characteristic fragmentation ion of amoxicillin-dimer is 

observed at a m/z of 555.1, corresponding to the amoxicillin-dimer with a loss of thiazolidine 

moiety and an ammonium molecule. The standard characteristics fragmentation ions of 

amoxicillin were present also (outlined in red). 
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4.4.2.2 FLUCLOXACILLIN-MODIFIED NATURALLY ELUTED HLA-B*57:01 PEPTIDE 

(HSATQK[FLU]EHGW) 

4.4.2.2.1 MODIFICATION AND PURIFICATION OF PROTECTED MODIFIED PEPTIDE 

The optimal incubation conditions of flucloxacillin and peptide were determined at a 20:1 

molar ratio, for 24 hours. Injecting the unmodified Fmoc-HSATQKEHGW alone produced a 

single peak (highlighted in blue) (Figure 4.9 - A). In comparison to amoxicillin, flucloxacillin 

had a much longer retention time and was initially stable in solution resulting in a single 

dominant drug peak at 18.6 minutes (highlighted in red) (Figure 4.9 - B). Similar to amoxicillin, 

flucloxacillin degraded over time forming multiple products after 24 hours in solution (Figure 

4.9 - C), therefore these products were excluded from further analysis. After 5 minutes, 

flucloxacillin and unmodified peptide were detected in the incubation mixture, however no 

new products were detected at this time point (Figure 4.9 - D). After 4 hours, several products 

were formed. While the majority of peaks were attributed to flucloxacillin degradation, two 

novel peaks were detected at 12.7 minutes (highlighted in orange) and 14.0 minutes 

(highlighted in green) (Figure 4.9 - E). After 24 hours these peaks were present at greater 

intensities along with further flucloxacillin degradation (Figure 4.9 - F), therefore both 

suspected fractions were collected for MS analysis.   
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Figure 4.9 - Optimisation of flucloxacillin modification and purification of Fmoc-HSATQKEHGW using 
RP-HPLC. Peptide-drug incubations were loaded onto a Phenomenex C18 Kinetex 5µm column and 
analysed using an Agilent 1200 HPLC at λ214. (A) Unmodified Fmoc-HSATQKEHGW peptide alone at 
5mM. (B) Flucloxacillin alone at 100mM (C) Flucloxacillin degradation products after 24hrs. (D) Fmoc-
HSATQKEHGW incubated with flucloxacillin after 5 minutes highlighted with flucloxacillin peaks and 
the unmodified Fmoc-protected peptide peaks. (E) Fmoc-HSATQKEHGW incubated with flucloxacillin 
after 4 hours, highlighted with the flucloxacillin-modified Fmoc-peptide peak. (F) Fmoc-HSATQKEHGW 
incubated with flucloxacillin after 24 hours, highlighted with the flucloxacillin-modified protected-
peptide peak in green. 
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4.4.2.2.2 MASS SPECTROMETRIC DETECTION OF MODIFIED PROTECTED PEPTIDE 

LC-MS/MS analysis confirmed that the peak highlighted in green in Figure 4.9 was the 

flucloxacillin-modified peptide. In this fraction, a precursor [m/z]2+ of 928.9 at a retention 

time of 11.5 minutes was detected which correlates to the mass of the Fmoc-protected 

peptide with a mass addition of 453 ([M]*= 1856.5), indicating modification with 

flucloxacillin. The MS/MS spectrum was analysed and sequenced for further confirmation 

(Figure 4.10). The peptide was protected by Fmoc group as indicated by the peak at 179 m/z. 

The spectrum revealed b and y ions corresponding to the amino acid sequence of the peptide 

which are annotated with a blue arrow. Fragments resulting from the loss of ammonia from 

the amino acids are present in the spectra. Characteristic fragmentation ions were present 

in low abundance however b and y ions with a mass addition of a whole flucloxacillin 

molecule (+454) confirmed the peptide was modified at the lysine residue (annotated in 

green). Again, some peaks were unidentifiable using manual sequencing. The identification 

of the orange peak (Figure 4.9) has not yet been determined however flucloxacillin modified 

peptide was not identified. 
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4.4.2.2.3 DEPROTECTION AND CONFIRMATION OF FINAL DRUG-MODIFIED PEPTIDE 

Following an incubation with piperidine at a 10:1 molar ratio in 70% ACN/ 30% H2O for 24 

hours to remove the Fmoc-protecting group, the sample was re-loaded onto the C18 column 

and further purified using HPLC. Deprotected flucloxacillin modified-peptide 

(HSATQK[FLU]EHGW) was detected at a shorter retention time than the protected peptide, 

at a retention time of 11.9 minutes (Figure 4.11 – A). A small amount of protected peptide 

was detectable in the sample; however, based on the HPLC trace the final modified peptide 

product in high purity was achieved after further purification. This major peak (highlighted 

in green) was subjected to MS analysis. As expected, a triply charged precursor ion at 545.1 

m/z was detected corresponding to the deprotected peptide with flucloxacillin modification 

at lysine residue (Figure 4.11 – B). MS/MS analysis confirmed flucloxacillin modification by 

the presence of characteristic flucloxacillin fragments (160, 454 m/z). The precursor ion itself 

was detected in the MS/MS spectra suggesting the collision energy could have been higher 

to fully dissociate the precursor ion. Whole peptide was detected with a partial addition of 

flucloxacillin due to a cleaved thiazolidine ring (-160) and a mass loss of a whole flucloxacillin 

molecule (-454).  
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4.4.2.3 AMOXICILLIN-MODIFIED HLA CLASS I AND CLASS II DESIGNER PEPTIDES 

4.4.2.3.1 MODIFICATION AND PURIFICATION OF PROTECTED MODIFIED PEPTIDE 

One designer HLA class I peptide was selected for production, ALAAKEAEV. The peptide was 

incubated with amoxicillin at a 50:1 molar ratio and a 1:1 volume ratio. Peptide-drug 

incubations were subjected to HPLC separation as previous. The unmodified Fmoc-protected 

peptide was eluted at a retention time of 12.7 minutes, highlighted in blue (Figure 4.12 - A). 

The major product of amoxicillin in solution was eluted around 4.5 minutes followed by 

multiple degradation products highlighted in red, as seen previously (Figure 4.12 - B). 

Injection of the peptide-drug incubation after 1 hour did not result in any obvious difference 

in the peak profile (Figure 4.12- C). After 4 hours of incubation, a small amount of a novel 

product was detected directly after the unmodified peptide at a retention time of 13.6 

minutes (highlighted in orange) (Figure 4.12 - D), which increased in intensity over time while 

the unmodified peptide peak decreased in intensity (Figure 4.12 -E & F). Over the incubation 

period, the peaks detected between 0 and 10 minutes increased greatly, thus were 

attributed to amoxicillin degradation products. After a 24-hour incubation, a second novel 

peak was detected around 14 minutes (highlighted in green). Poor peak separation was 

observed between these two peaks thus a double peak was formed. The novel peaks were 

collected for MS analysis.   
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Figure 4.12 - Optimisation of amoxicillin modification and purification of Fmoc-ALAAK[AX]EAEV 
using RP- HPLC. Peptide-drug incubations were loaded onto a Phenomenex C18 Kinetex 5µm column 
and analysed using an Agilent 1200 HPLC at λ214. (A) Unmodified Fmoc-ALAAKEAEV peptide alone at 
5mM prior to incubation. (B) Amoxicillin (AX) alone at 100 mM prior to incubation. (C) Fmoc-
ALAAKEAEV peptide incubated with amoxicillin after 1 hour highlighted with amoxicillin peaks and the 
unmodified Fmoc-protected peptide peaks. (D) Fmoc-ALAAKEAEV incubated with amoxicillin after 4 
hours. (E) Fmoc-ALAAKEAEV incubated with amoxicillin after 24 hours, highlighted with the modified 
Fmoc-peptide peaks. (F)  Fmoc-ALAAKEAEV incubated with amoxicillin after 48 hours, highlighted with 
the modified Fmoc-peptide peaks. Amoxicillin-dimer peptide is highlighted in green peak, confirmed 
using semi-preparative HPLC (data not shown). 
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4.4.2.3.2 MASS SPECTROMETRIC DETECTION OF MODIFIED PROTECTED PEPTIDE 

MS/MS analysis of the novel peak highlighted in orange in Figure 4.12 revealed a doubly 

charged precursor ion at 745 m/z, which correlates to Fmoc-protected peptide ([M]=1123) 

with a mass addition of amoxicillin (+365). Amoxicillin fragments (m/z 349, 160) further 

confirmed amoxicillin-modification, as well as amoxicillin-modified b and y ions (annotated 

in red). Modification of these ions also indicated amoxicillin modification was site specific to 

the lysine residue as intended. Confirmation of the whole peptide sequence was achieved by 

b and y ion sequencing. The presence of characteristic fragment ion of Fmoc moiety (179 

m/z) proved the peptide was still protected in this fraction. Analysis of the peak highlighted 

in green has identified this as the peptide modified with amoxicillin-dimer, similar to the 

previous amoxicillin-modified peptide. This was determined based on the mass identified 

using by semi-preparative HPLC (data not shown).  
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4.4.2.3.3 DEPROTECTION AND CONFIRMATION OF FINAL DRUG-MODIFIED PEPTIDE 

The confirmed amoxicillin-modified protected peptide was collected and incubated with 

piperidine at a 10:1 molar ratio in 70% ACN/ 30% H2O for 24 hours to remove the Fmoc-

protecting group, as previously described. Following incubation samples were subjected to 

MS/MS analysis. Deprotected drug-modified peptide (ALAAK[AX]EAV) was detected around 

20.2 minutes (Figure 4.14 -A). A doubly charged ion at 633.8 m/z was detected as an 

abundant precursor ion and so chosen for MS/MS analysis (Figure 4.14 - B). The 2+ ion 

corresponds to the unprotected peptide ([M]=901) with a mass addition of amoxicillin 

(+365). As per the previous peptides, amoxicillin modification and peptide sequence were 

confirmed using characteristic fragments (160, 349 m/z) and b/y ions, respectively. MS/MS 

spectrum reveals the presence of an amoxicillin-modified ion with the full peptide sequence 

which had lost a portion of the amoxicillin molecule (-159 m/z) which corresponds to the 

cleavage of thiazolidine ring (Figure 4.14 – B).  

A similar approach was adopted by Dr Arun Tailor to synthesis HLA class II amoxicillin-

modified peptides, because of this the methods are not described in detail (Tailor et al., 

2020).  
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4.4.2.3.4 HPLC METHOD OPTIMISATION 

Initial attempts to generate peptides in this chapter used 70% ACN (in water) to dissolve 

peptides as there was an issue with peptide solubility when using water alone. However, 

based on previous experiments it is clear that this solvent condition resulted in a lot of drug 

degradation products. Therefore, in an attempt to overcome the reoccurring drug 

degradation problem, different incubation solutions were selected for investigation.  

Optimisation of incubation solutions was performed using the HLA class I designer peptide 

incubation with amoxicillin and compared using HPLC experiments (Figure 4.15).  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.15 – Further method optimisation of the generation drug-modified peptides using 
amoxicillin and Fmoc-ALAAKEAEV in RP-HPLC. Drug-peptide incubations were performed in either 
70%ACN/H20, H20 alone, sodium carbonate buffer or 70%ACN/H20 with the addition of 4-
methylmorpholin to compare the effect of the incubation solution on drug degradation and drug-
modified peptide yield. The optimal solution for minimal drug degradation and maximum product 
yield was the addition of 4-methylmorpholin to ACN and water. 



184 

Using water alone for incubation slightly decreased the degradation, although many peaks 

were still detected between 0 and 10 minutes (Figure 4.15 – B). The cleanest trace was 

produced using a sodium carbonate buffer however the formation of drug-modified peptide 

was greatly decreased. Finally, the addition of 4-methylmorpholin to ACN and water, 

reduced the amount of degradation products formed while not affecting the yield of drug-

modified peptide (Figure 4.15 – B). Subsequent incubations will be performed using this 

incubation solution. 

4.4.3 IMMUNOGENICITY OF DRUG-MODIFIED PEPTIDES 

Optimised incubation and production conditions in the previous sections were used to 

produce sufficient material for in vitro T-cell assays. The final deprotected modified peptides 

were purified, fractionated and pooled from several HPLC runs until a weighable amount was 

produced (>3 mg). Concentrations of drug-modified peptides were determined using the 

weight of final, dried sample and the calculated mass of the modified peptide. To investigate 

whether these drug-modified peptides act as an antigen, naïve T-cell priming assays and T-

cell cloning were performed in an attempt to generate peptide-responsive T-cells. 

4.4.3.1 IMMUNOGENICITY OF AMOXICILLIN-MODIFIED PEPTIDE DERIVED FROM AN EXOSOMAL PROTEIN 

IN HEPATOCYTES (SLLEPSVK[AX]I) USING HEALTHY HLA-A*02:01 DONORS 

Since this peptide was designed using the HLA-A*02:01 binding motif, an initial approach 

utilising PBMC from HLA-A*02:01 positive drug-naïve healthy volunteers was developed for 

immunogenicity studies. Naïve T-cells isolated from three HLA-A*02:01 positive donors were 

co-cultured with autologous monocyte-derived dendritic cells that had been pulsed with 

either unmodified (50 µM) or amoxicillin-modified SLLEPSVKI peptide (50 µM), derived from 

the transcription factor protein SOX30, for 2 weeks. The primed T-cells were then 

restimulated with a second batch of peptide-loaded dendritic cells prior to detection of 

proliferation using [3H]-thymidine. Naïve T-cells from the amoxicillin-modified peptide-

primed cultures were stimulated to proliferate when restimulated with the amoxicillin- 
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modified peptide (Figure 4.16). Each dot in the dot plot represents a well of naïve T-cells. In 

contrast, no proliferative response was observed in similar experiments across all donors 

using dendritic cells pulsed with the unmodified peptide or medium control. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.16 – Immunogenicity of amoxicillin-modified SLLEPSVKI using HLA-A*02:01 healthy donors. 
Naïve T-cells from 3 HLA-A*02:01+ human donors were co-cultured with unmodified or amoxicillin-
modified peptide-pulsed monocyte-derived dendritic cells at a 25:1 ratio/well (24-32 wells per 
condition) for 14 days. Cultures were restimulated with a fresh batch of autologous peptide loaded 
dendritic cells for 48 hours. Proliferation was measured using [3H]-thymidine. Each data point 
represents proliferative T-cell responses in a single well of a 96-well plate. A student’s T-test/ANOVA 
was used for statistical analysis between the modified and control group(s). ***; P < 0.0001. 
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The second approach to generate peptide-specific T-cell clones utilising PBMC from HLA-

A*02:01 positive drug-naïve healthy volunteers was attempted for characterisation studies. 

Expanded T-cell clones from three HLA-A*02:01 positive donors were tested with amoxicillin-

modified SLLEPSVKI peptide (40 µM). Significant T-cell responses (SI ≥ 2) were observed in 

two of the three donors (Figure 4.17). A total of six amoxicillin-modified SLLEPSVKI-

responsive T-cell clones were generated across two donors, with three T-cell clones 

identified in each. Noticeably, the strongest responding clones were generated to Donor 1 

with SI’s of 12, 3.2 and 3.0 (Figure 4.17). Clonal expansion of peptide-specific T-cell clones 

was unsuccessful.  
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Figure 4.17 – T-cell cloning to SLLEPSVK[AX]I in HLA-A*02:01 positive donors. PBMCs were isolated 
and enriched with SLLEPSVK[AX]I (40 μM). Enriched bulks were serially diluted for the generation of 
responsive T-cell clones from a single precursor cell which were expanded using cytokine stimulation. 
T-cell clones (5x104/well) were co-cultured with autologous EBV-transformed B-cells (1x104/well) with 
the addition of SLLEPSVK[AX]I (40 μM) or R9 medium (negative control) for 48 hours. For the final 16 
hours, [3H]-thymidine was added to the co-culture (0.5μCi/well). Cells were harvested and [3H]-
thymidine incorporation was measured. Proliferative responses were recorded as mean CPM of 
duplicate wells. SI was calculated using treated/untreated CPM for each clone. Specific responses to 
modified were confirmed with an SI of 2 and above (red line). 
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4.4.3.2 IMMUNOGENICITY OF NATURALLY ELUTED HLA-B*57:01 FLUCLOXACILLIN-MODIFIED 

PEPTIDE (HSATQK[FLU]EHGW) IN PATIENTS 

PBMC from a flucloxacillin-DILI patient were isolated and incubated with flucloxacillin-

modified HSATQKEHGW to enrich the population of antigen-responsive T-cells. These T-cell 

lines were serially diluted to generate T-cell clones deriving from a single precursor cell. 61 

T-cell clones were expanded and tested for specificity to flucloxacillin-modified 

HSATQKEHGW peptide (40 µM). The highest SI observed for a T-cell clone was 1.5, however 

no significant T-cell responses (SI ≥ 2) were detected at this peptide concentration (Figure 

4.18 - A). T-cell lines were also generated to the parent drug to investigate cross-reactivity of 

the flucloxacillin-responsive T-cells with the flucloxacillin-modified HLA-B*57:01 peptide. 

1/73 clones responded to flucloxacillin (1 mM) with a SI of 2.3 (Figure 4.18 - B) thus this T-

cell clone (TCC 35) was expanded for further testing. Further specificity tests were performed 

using a range of flucloxacillin concentrations from 0-2 mM. A dose-dependent response was 

observed in response to flucloxacillin, with complete toxicity witnessed at 4 mM (Figure 4.18 

- C). Specificity for flucloxacillin was confirmed as the clone did not respond in the presence 

of amoxicillin. TCC 35 was tested with flucloxacillin-modified HSATQKEHGW peptide (40 µM), 

however no cross reactivity was observed with the modified peptide.  
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Figure 4.18 - T-cell cloning to flucloxacillin and flucloxacillin-modified HSATQKEHGW in a 
flucloxacillin-hypersensitive patient. PBMCs were isolated and enriched with (A) flucloxacillin-
modified HSATQKEHGW (40 μM) or (B) flucloxacillin (1 mM). T-cell clones (5x104/well) were co-
cultured with autologous EBV-transformed B-cells (1x104/well) with the addition of flucloxacillin-
modified HSATQKEHGW (40 μM) or flucloxacillin (1 mM), or R9 medium (negative control) for 48 
hours. Proliferation was measured using [3H]-thymidine, recorded as mean CPM of duplicate wells. SI 
was calculated using treated/untreated CPM for each clone. Specific responses to were confirmed 
with an SI of 2 and above (red line). (C) A flucloxacillin (FLU) dose response test was performed in 
triplicate on a flucloxacillin-responsive clone as well as cross reactivity test with flucloxacillin-modified 
HSATQKEHGW (40 μM) and amoxicillin (1.5 mM).  A students’ t test was used to statistically compare 
treated wells of the optimal concentration (2 mM) with control wells (p values indicated as ** ≤ 0.01). 
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4.4.3.3 IMMUNOGENICITY OF AMOXICILLIN-MODIFIED HLA DESIGNER PEPTIDES (AX-KP2/AX-KP3) 

T-cell cloning to amoxicillin-modified DRB1*15:01 designer peptides has been performed in 

collaboration with Dr Arun Tailor (ex-PDRA at University of Liverpool) using PBMC from an 

amoxicillin-clavulanate-DILI patient expressing the HLA class II risk allele, HLA-DRB1*15:01-

DQB1*06:02. While other peptides were synthesised and investigated (Tailor et al., 2020), in 

this chapter only KP2 and KP3 peptides have been included. Using amoxicillin-modified KP2 

and KP3 peptides (5 µM), a total of four amoxicillin-modified DRB1*15:01-peptide-specific 

CD4+ T-cells clones were generated (Figure 4.19 - A). Specific T-cell clones were expanded 

for further characterisation including an HLA restriction study. A dose-dependent 

proliferative response at low concentrations was shown with amoxicillin-modified KP2 and 

KP3 peptides, with significant proliferation occurring at 1 µM and 10 µM (Figure 4.19 – B). 

No response was significant below 1 µM. Clones had previously been tested against the 

unmodified peptides, however no proliferation was observed (data not shown). Assessing 

HLA class II activity of peptide-specific T-cells, T-cell activation to amoxicillin-modified KP3 

peptide was abrogated in the presence of HLA class II antibody, specifically the HLA-DQ 

antibody, measured by the secretion of IFN-γ (Figure 4.19 – C).  
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Figure 4.19 – T-cell cloning to HLA class II amoxicillin-modified peptides, KP2 and KP3. (A) T-cell 
proliferative responses were measured using [3H]-thymidine, as mean CPM of duplicate wells. SI was 
calculated for specificity using treated (modified-peptide (5 μM)/untreated CPM (SI of 2 and above -
red line). (B) A dose response test was performed on modified-KP2/KP3 clones (0-10 μM). A students’ 
t test was used to statistically compare treated wells (2 mM) with control wells (p values; ** ≤ 0.01, 
*** ≤ 0.001, **** ≤0.0001). (C) Amoxicillin-modified peptide-specific clones were incubated with the 
drug-modified peptides or medium control and APCs in the presence of HLA-class II blocking 

antibodies for 48h. All experiments conducted in triplicate. IFN- secretion was visualized by ELIspot. 
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 DISCUSSION 

The prediction of drug hypersensitivity remains the principal challenge in the field. Liver 

injury caused by β-lactam antibiotics, predominantly flucloxacillin and amoxicillin, remains a 

serious health concern due to the elusive mechanisms driving the DHR. Much progress has 

been made to define an immunological role for the onset of β-lactam-induced tissue injury. 

It has been postulated that the covalent binding of these drugs to proteins, and more so their 

derived peptides, trigger a specific T-cell response. While unpredictability surrounds β-

lactam hypersensitivity, a major development in this area has been made by the discovery 

of genetic HLA associations which may be used to identify an individual’s susceptibility to 

developing a reaction. Pharmacogenetic studies have revealed that flucloxacillin-induced 

liver injury has significant association with the HLA-B*57:01 allele (Daly et al., 2009). HLA-

A*02:01, as well as class II alleles including HLA-DRB1*15:01-DQB1*06:02 are associated 

with amoxicillin-clavulanate-induced liver injury (Hautekeete et al., 1999, Lucena et al., 

2011). Supporting evidence for this includes immunological studies where HLA restrictions 

have been demonstrated in T-cell models (Monshi et al., 2013). Whilst these T-cell models 

exist for parent drugs and whole protein-adducts, they do not define the response at the 

peptide level. For this reason, the functional epitopes remain unspecified and cannot be used 

in T-cell assays as a predictive tool for flucloxacillin- and amoxicillin-induced liver injury. In 

this chapter, a method has been developed to generate synthetic drug-modified peptide 

epitopes to incorporate into a T-cell model, and to investigate the mechanistic link of HLA 

associations at the peptide level. Synthetic drug-modified peptides have been generated 

using three different approaches to fully explore epitope specificity, and have been designed 

or selected based on the known HLA associations of DILI caused by flucloxacillin (HLA-

B*57:01) and amoxicillin (HLA-A*02:01, HLA-DRB1*15:01-DQB6:01). Two of the peptides 

originated from natural proteins in cellular sources, while the others are based on theoretical 

HLA binding motifs alone.  
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4.5.1 LIGAND IDENTIFICATION 

The initiation of this study involved the identification of naturally occurring proteins or 

peptides which had undergone haptenation with a β-lactam antibiotic in a cellular system. 

Firstly, amoxicillin-modified SLLEPSVKI, was designed from the drug-modified human 

transcription factor SOX30 in exosomes derived from amoxicillin-treated hepatocytes. It is 

possible that hepatic protein-drug adducts are processed by dendritic cells and presented as 

drug-modified peptides to T-cells which could target the liver. Exosomes are extracellular 

vesicles which facilitate intercellular communication, the transportation of macromolecules 

between cells, and have been proposed to be functional drug vectors (Edgar, 2016). 

Supporting this is the identification of amoxicillin-adducts in exosomes from B-cells, which 

are believed to be transported as antigens for an immune response (Sanchez-Gomez et al., 

2017). The identified tryptic peptide sequence was not a strong binder for HLA-A*02:01, the 

allele of investigation, therefore a candidate peptide was generated from the protein source 

containing the lysine residue which was modified with amoxicillin in the exosomes, and the 

HLA anchor residues from the actual protein sequence. While this peptide wasn’t identified 

experimentally, the sequence of amino acids is still a part of the whole protein sequence, 

therefore remains relevant to the human proteome. Secondly, the flucloxacillin-modified 

peptide HSATQKEHGW was derived from the elution of natural peptides from the HLA-

B*57:01 peptide-binding cleft. Almost 3,000 HLA-B*57:01-binding peptides were discovered 

in APCs treated with flucloxacillin, of which approximately 30 were modified with 

flucloxacillin (Waddington et al., 2020). This low abundance of drug-modified peptides and 

lack of software for sequencing these peptides proves difficult in identifying drug-modified 

peptide sequences. Nonetheless, several flucloxacillin-modified peptides were sequenced. 

Of particular interest was the HSATQKEHGW peptide. The protein source of this peptide 

could not be identified from the human proteome database; therefore, it was postulated to 

be a spliced peptide. Previous studies have determined that a significant portion, around 
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30%, of the MHC class I immunopeptidome is produced by proteasome-catalysed peptide 

splicing (PCPS) (Faridi et al., 2018, Liepe et al., 2016). Indeed, CD8+ T-cells which recognized 

spliced peptides have been discovered in mice (Platteel et al., 2017, Platteel et al., 2016). 

These drug-modified spliced peptides could potentially lead to β-lactam hypersensitivity. 

This made this peptide an ideal candidate for immunogenicity studies, along with synthesis 

factors. Finally, HLA-A*02:01- and HLA-DRB1*15:01-binding peptides were designed based 

on known binding motifs of these alleles, with alternating lysine residues for variable 

modification sites. The aim of this work was to develop a T-cell model to investigate the TCR 

interaction with different sites of amoxicillin modification. As well as investigating the 

immunogenicity of the HLA class I and II-binding peptides without the need for protein 

studies.  

4.5.2 PEPTIDE DESIGN 

The design of the peptides was based on their affinity to bind to HLA alleles and nucleophilic 

residues that covalently bind to drugs. The antigenicity of a peptide is linked to the stability 

and affinity of that peptide binding to the MHC (Rasmussen et al., 2016). Peptide binding 

studies have defined the peptide binding motif of many HLA alleles, revealing that certain 

amino acids are favourable at certain positions of the peptide which dock into binding groove 

pockets, especially P2 and PΩ for MHC class I ligands, and P1, P4, P6 and P9 for MHC class II 

ligands (Hsu et al., 2012, Sidney et al., 2008). Accordingly, anchor residues were incorporated 

into the peptide design to enhance the binding affinity of a peptide to the HLA, which was 

then predicted and scored using peptide binding databases such as The Immune Epitope 

Database (IEDB; www.iedb.org/) or NetMHCpan (www.cbs.dtu.dk/services/NetMHCpan/). 

While this is a useful tool to design novel HLA-binding peptides, binding predictions for drug-

modified peptides may generate many false positive/negative HLA binders. Since HLA 

binding algorithms are based on unmodified peptides, this does not account for a bound 

drug at the HLA binding cleft. Indeed, drug-modification can alter the conformation of the 

http://www.iedb.org/
http://www.cbs.dtu.dk/services/NetMHCpan/
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peptide structure thus changing its binding affinity to the HLA molecule. For this reason, 

binding affinity of drug-modified peptides to HLA alleles using binding prediction algorithms 

could be misleading. To overcome this, in vitro binding assays should be performed to 

provide confirmation that peptides bind to their associated HLA allele. Such an assay could 

be an HLA competition refolding assay. Briefly, unfolded recombinant HLA heavy chain, 

folded β2m, a fluorescent reference HLA-binding peptide and peptide of interest are 

incubated followed by size-exclusion chromatography. Fluorescent signal of reference 

peptide is measured and the binding affinity of peptide is calculated using the ratio of label 

in the protein complex vs free peptide (Hassan et al., 2015). Considering the length of the 

peptide, MHC class I molecules generally accommodate 8-10-mer peptides with the optimal 

binding of 9-mer peptides. MHC class II molecules can accommodate much longer peptides, 

usually up to 25 amino acids in length (Wieczorek et al., 2017), due to their open-ended 

binding groove. For drug modification, a reactive residue was incorporated into the peptide 

sequence. Lysine residues are used for β-lactam binding due to the known reactivity of lysine 

with the β-lactam ring. If other drugs were involved in this study, alternative residues would 

have been included such as cysteine residues for the binding of nitroso-sulfamethoxazole. 

The position of a drug modification has been shown to influence a T-cell response (Padovan 

et al., 1997b, Tailor et al., 2020a), therefore where possible its placement was deliberate and 

TCR binding preferences were conferred. Based on this the HLA class I peptides were 

designed with a central lysine residue for optimal TCR contact. An exception for this was in 

the design of the exosomal peptide SLLEPSVKI. It was not possible for the lysine residue to 

accommodate a central position without comprising the HLA-A*02:01 binding motif or the 

natural protein sequence, nonetheless the lysine residue was still within the HLA binding 

motif. Chemically synthesised peptides have a free N-terminal which is more reactive than 

the ε-amino groups of lysine residues. Consequently, an N-terminal Fmoc-protection group 

was used to ensure site-specific binding of the drug. Lastly, the sequence of HLA designer 
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peptides was designed around the chemistry and solubility of the peptide. The residual 

positions of the designer peptides were filled with alanine due to its relative inertness. Since 

the anchor residues were also hydrophobic, the overall peptide was hydrophobic. In an 

attempt to counteract this, some positions were substituted with hydrophilic glutamic acid 

to increase peptide solubility. However, a high proportion of glutamic acid residues would 

increase the chance of hydrogen bonds crosslinking in solution. Moreover, hydrophobicity 

of drug molecules that could change the solubility of peptides such as amoxicillin also had to 

be considered.   

4.5.3 PEPTIDE PRODUCTION 

The incubation of a reactive drug with lyophilized peptide allows the chemical reaction to 

occur between the targeted residue and the reactive moiety of the drug from which the 

products are separated and purified using RP-HPLC. Three drug-modified peptides were 

successfully produced in this chapter. To this point, one HLA class I peptide has been selected 

for production. These results show that β-lactam antibiotics modify lysine residues of 

peptides in vitro. MS was used to analyse drug-peptide conjugates and the MS/MS spectra 

were analysed using manual sequencing. MS/MS allows for the identification of a protein or 

peptide through a series of fragmentation ions including such as b and y ions. Each ion 

represents an amino acid or a sequence of amino acids which can be identified using known 

amino acid masses. Drug modification of peptides was confirmed using characteristic drug 

fragmentation ions, as well as the mass addition of drugs on b/y ions. As discussed previously, 

amoxicillin and flucloxacillin undergo fragmentation (Figure 4.20) in such a way that a 

“fragmentation pattern” is formed similar to proteins and peptides. All drug-modified 

spectra contained a fragmentation ion of 160 m/z corresponding to the thiazolidine ring of 

the β-lactam structure which subject to neutral loss from the whole molecule during MS/MS 

fragmentation. In addition to this, the presence of unique drug fragments provides 

confidence that the peptide is modified by a specific β-lactam. Not all drug fragments were 
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detected, this could be due to the amount of collision energy applied in MS/MS. The 

presence of an ion of 349 m/z corresponds to the amoxicillin molecule with the loss of 

ammonia. The loss of ammonia is a common occurrence in a mass spectrometer known as a 

neutral loss whereby the fragmentation of a precursor ion results in one fragment retaining 

all of the charge and the other a neutral fragment. The whole cleavage of flucloxacillin was 

identified by an ion of m/z 454. Overall, drug-modified peptide spectra were generated with 

a combination of peptide fragment ions, drug fragment ions and peptide-drug fragment ions.  

 

 
 

Figure 4.20 – Characteristic fragmentation ions of amoxicillin and flucloxacillin. Amoxicillin and 
flucloxacillin undergo in-source fragmentation in a mass spectrometer which produces a series of ions 
with a distinct m/z. These characteristic fragmentation ions were used to manually confirm drug-
modification of peptides.  

 

The production of drug-modified peptides is not standardized for all drugs or peptides due 

to the differences in their chemical properties therefore the purification process for each 

was uniquely optimised. A succession of HPLC experiments was performed using a gradient 

method under different conditions such as molar ratios and incubation times to assess how 

the compounds behave in solution and to maximise the yield of drug-modified peptide. Using 
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a HPLC time-course was an efficient way to assess if a chemical reacts or degrades over time. 

Distinct profiles were obtained for the drug and peptide separately, as well as the drug-

peptide mixture to identify the drug-modified peptide peaks for fractionation. Analytical 

HPLC was used to identify the fractions containing the drug-modified peptides which were 

subsequently subjected to MS analysis. While analytical LC can provide a qualitative and 

quantitative analysis, using this method to purify and collect sufficient yields of product was 

extremely time consuming. Since the aim of this work was to synthesis and isolate drug-

modified peptides for T-cell assays rather than analyse all of the compounds in the drug-

peptide mixture, semi-preparative HPLC-MS methods would have been more feasible for the 

production of drug-modified peptides in high quantities, where the target compound could 

be detected and collected simultaneously. Moreover, preparative columns are much larger 

in diameter with higher flow rates than analytical columns therefore larger volumes of 

samples can be used which would produce greater yields of peptide in less time.   

Challenges in peptide production significantly revolve around peptide stability and side 

reactions. With poor solubility, peptides are not modifiable nor are they of any use for in 

vitro assays. Ideally, incubations are performed in buffers to control the pH environment. 

However, some peptide samples were not compatible with buffers therefore had to be 

reconstituted with organic solvents for incubations such as ACN. This can affect HPLC analysis 

since the composition of the mobile phase in the gradient system and the diluent of the 

sample must be compatible for optimal peak shape and retention time. For some HLA-

binding peptides it is tolerable to replace hydrophobic residues for more hydrophilic residues 

to increase solubility. However, in some cases this can reduce the binding affinity of the 

peptide to the MHC therefore is counterproductive for a model based on HLA-binding. 

Another consideration was the side reactions that occur with both drugs and residues; β-

lactams can modify the N-terminus of a peptide and although an N-terminal protection group 

can prevent this as discussed, it had to be removed via an extra HPLC purification step for T-
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cell assays, which increased labour time and decreased the yield. Moreover, β-lactams 

yielded an array of degradation products. Regarding the production, this caused a more 

complex peak profile which made the isolation of the drug-modified peptide more 

problematic. Drug dimerization also added to the complexity of purification. This occurred 

extensively with amoxicillin. Indeed, peptides modified with an amoxicillin-dimer were 

detected (Figure 4.8 & Figure 4.12). The side chain of amoxicillin contains an amino group 

which can readily react with the β-lactam ring of another amoxicillin molecule (Lu and Feng, 

2007), alike the reaction which occurs with the amino group of the lysine residue and the β-

lactam ring. As a result of this the mass addition on the peptide precursor was doubled 

meaning it had a mass addition of 730 Da rather than 365 Da which is the mass of a single 

amoxicillin molecule (Figure 4.8). Furthermore, a dimer-specific fragment ion of 555 m/z was 

detected by MS/MS confirming the presence of dimer with the loss of a thiazolidine ring and 

ammonia. Finally, incubation conditions were optimised in an attempt to reduce the 

degradation or polymerization of the drugs as a mean to reduce the complexity of the 

reaction mixture which aids the purification of novel drug-modified products. The optimal 

incubation condition for cleaner reaction and greater product yield was a composition of 

ACN, water and the addition of 4-methylmorpholine. Methylmorpholine is a base which is 

often used in peptide synthesis as a weak base (Caporale et al., 2018). The ɛ-amino group of 

lysine is normally positively charged at pH 7 due to its significantly high pKa (10.5), which 

makes the amino group effectively less nucleophilic. Addition of methylmorpholine 

neutralises this positive charge, rendering a free amino group which is more nucleophilic 

thus will have increased reactivity with β-lactam ring. Accordingly, a higher yield of 

amoxicillin-modified peptide is produced (Figure 4.15). With a stronger base, hydrolysis of β-

lactam ring would be dominant therefore is not recommended. Regarding peptide reactivity, 

it is difficult to control oxidation status of susceptible residues such as tryptophan thus it is 

likely that oxidation products were formed with the C-terminal residue of HSATQKEHGW. 
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4.5.4 PEPTIDE IMMUNOGENICITY 

For haptenated proteins to trigger an immune response, they are taken up by APCs, 

processed into haptenated peptides, and presented to T cells in an HLA-restricted manner. 

Drug-modified peptides were used to explore the immunogenicity of the specific epitopes 

which were identified in the natural elution of HLA-B*57:01-binding peptides and exosomal 

proteins in drug-treated hepatocytes, as well as a predictive tool for HLA susceptibility. Naïve 

T-cells from three HLA-A*02:01 healthy donors were primed to an amoxicillin-modified 

peptide containing HLA-A*02:01 anchor residues. Restimulation of primed T-cells with 

peptide-loaded autologous DCs resulted in a significant proliferative response in all 3 donors. 

In contrast, the unmodified peptide subjected to the same extraction protocol did not 

activate the patient T-cells. From this it is evident that naïve T-cells are interacting with the 

HLA-A*02:01-binding peptide modified with amoxicillin. Interestingly, amoxicillin was 

present on a residue close to the C-terminal which is not a typical site for TCR interaction. 

Due to the bulky aromatic nature of amoxicillin it is possible the structure protrudes into the 

TCR contact site. This could be confirmed using structural analyses. Overall, amoxicillin is 

considered a major culprit of DILI in which hepatocytes are implicated, however the reason 

for hepatocyte death is unknown. These data demonstrate that the adducts generated in 

hepatocytes which can be transported to dendritic cells through exosomes trigger antigen-

specific T-cell responses, and provide a foundation to explore in more detail the relationship 

between expression of specific HLA alleles and the development of DILI. At this stage, the 

flucloxacillin-modified HSATQKEHGW has not been confirmed as immunogenic. However, 

this result remains inconclusive as only one patient was tested during this study. To fully 

assess this, in future studies, a cohort of flucloxacillin-hypersensitive patients will be used for 

T-cell cloning, along with a naïve T-cell priming approach using HLA-B*57:01-positive donors. 

Currently, the protein origin of the naturally eluted HSATQKEHGW remains unidentified thus 

has been depicted as a spliced peptide. Taking this into consideration, it is possible that an 
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immunogenic epitope is seen in the unspliced peptide precursor hence the lack of reactivity. 

Additionally, the generation of a flucloxacillin-modified peptide naturally eluted from HLA-

B*57:01 peptide provides a translation between naturally occurring drug-modified MHC 

peptides and synthetic drug-modified peptides which are reproducible for T-cell assays. 

Lastly, amoxicillin-modified HLA designer peptides were produced for T-cell models. HLA 

class II-peptide-specific CD4+ T-cells have been identified in amoxicillin-clavulanate-DILI 

patients. Importantly, the role of the HLA risk allele was investigated in the T-cell activation 

of peptide-specific T-cells using anti-HLA class II blocking antibodies and IFN-γ as a marker of 

reactivity. Indeed, activation of T-cells was shown to be HLA-class II restricted. Since this 

patient was positive for both risk alleles, DRB1*15:01/DQB1*06:02, subclasses of HLA class 

II antibodies were used to determine which allele the peptide was interacting with. T-cell 

activation was restricted to HLA-DQ, but not HLA-DR or -DP. While the peptide was designed 

around the HLA-DRB1*15:01 binding motif, anchor residues are shared between this motif 

and that of HLA-DQB1*06:02 meaning there is likely overlap in the peptide repertoire 

presented, therefore this HLA-DQ restriction is not surprising. Interestingly, T-cell activation 

was not restricted by HLA-DR blocking antibodies. Human T-cell clones have been previously 

shown to express HLA-DR molecules (Brown et al., 1984, Lanzavecchia et al., 1988) therefore 

can function as APCs. Here, this suggests that the T-cell clones are self-presenting the peptide 

for T-cell activation without the need for APCs.  A limitation to this study is that only the EBV-

transformed B-cells were blocked with HLA class II antibody prior to co-culture. To confirm 

the T-cells are involved in self-presentation, T-cells should also be incubated with blocking 

antibodies prior to drug-modified peptide exposure. Nonetheless, this data reveals an 

immunogenic amoxicillin-modified HLA class II epitope. The immunogenicity of amoxicillin-

modified HLA-A*02:01-binding peptides is yet to be investigated due to difficulties in the 

generation of patient T-cells and EBV-transformed B-cells. Ongoing work includes the 

recruitment of three amoxicillin-DILI patients and the production of the remaining drug 



202 

modified peptides which will be used to investigate drug-modification location and pMHC-

TCR contact sites. To conclude, our data provide a detailed method development for the 

generation of drug-modified HLA-binding peptides which can be used as a T-cell model for 

immunogenicity and HLA-susceptibility (Figure 4.21).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.21 – The process of drug-modified peptide synthesis and characterisation. The generation 
of synthetic drug-modified peptides is described in four steps. (1) The Fmoc-protected peptide is 
incubated with drug for covalent binding. A drug like amoxicillin is bound to a lysine residue in a 
peptide through an amide linkage. (2) The drug-peptide mixture is purified using a succession of HPLC 
experiments, and the suspected drug-modified peptide is fractionated. (3) The collected sample is 
analysed using LC-MS/MS to confirm successful drug-modification. Peptides are identified using de 
novo sequencing thus drug-characteristic fragments are used to identify successful drug-modification. 
The N-terminal Fmoc-protection group is confirmed by a peak with m/z at 179. (4) The peptide is 
deprotected using reagents like Piperidine which removes the N-terminal Fmoc protection group.  
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 INTRODUCTION 

The amoxicillin modification of proteins in serum and in vitro has been studied extensively. 

Ariza et al detected the in vitro amoxicillin haptenation of serum proteins including HSA, Igs 

and transferrin which are described as the main protein targets for amoxicillin (Ariza et al., 

2012). The mechanism of protein haptenation by amoxicillin has been fully characterised 

with the covalent interaction between the β-lactam ring moiety and the side chains of amino 

acids identified as the major target (Ariza et al., 2012, Garzon et al., 2014). The relationship 

of this binding interaction in DHRs lies in hypothesis that these drug-modified proteins are 

processed by APCs and presented as peptide antigens to T-cells. Indeed, Meng et al detected 

the presence of amoxicillin-protein adducts in the serum of patients who developed drug-

induced liver injury (DILI) upon amoxicillin treatment (Meng et al., 2016). Further, APC 

pulsing studies with amoxicillin have revealed that antigen processing and presentation by 

HLA molecules is required to activate amoxicillin-reactive T-cells (Kim et al., 2015). To this 

point, progress has not been made in defining the association between amoxicillin 

haptenation and the presentation of natural HLA peptides to T-cells. The immunopeptidome 

encompasses the total peptides associated with HLA molecules. Peptides are naturally 

presented on all nucleated cells, which are constantly under immune surveillance by T-cells. 

Under immune homeostasis, these “self” peptides do not elicit an immune response. HLA 

molecules are highly polymorphic; in fact, the HLA complex is encoded by the most 

polymorphic genes in the entire human genome. Over 13,000 alleles exist in the human 

population expressed by the Class I and Class II loci. HLA-A locus alone has over 200 known 

alleles. In turn, this means that the diversity of the natural peptides which are presented by 

the entire HLA system is extreme (Williams, 2001). This is further complexed by the 

differential effects of proteasomal processing of proteins, which can result in a variety of 

peptides depending on cleavage sites and peptide splicing, as well as mutations such as 

amino acid substitutions. This level of complexity occurs even before the introduction of 
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foreign entities such as drugs. Due to this, it is impossible to define a single peptide from the 

entire HLA system which is responsible for immune activation in drug hypersensitivity, and 

having said that a sole culprit is unlikely to exist. Nevertheless, genetic associations of 

individual HLA alleles have narrowed the search in identifying those which are antigenic in 

hope to better understand the repertoires recognised by T-cells.  

Traditionally, the binding affinity of a peptide to an HLA allele is predicted using biochemical 

binding experiments of synthetic peptides. Importantly, the limitation of these methods is 

the lack of true endogenous processing and translocation of peptides (Abelin et al., 2017). 

MS-based immunopeptidomics has facilitated the identification of naturally processed HLA 

peptides presented on HLA molecules from tissues and cells, thus is a powerful approach for 

true antigen discovery. These peptide elution studies have enabled the characterisation of 

HLA peptides from different classes and alleles, which are used in databases for theoretical 

HLA binding predictions. The seminal work of Hunt et al. in 1992 involving the isolation of 

peptide-HLA complexes (pHLA) from cell lines using immunoprecipitation followed by the 

dissociation of peptides from the complex (Hunt et al., 1992), remains the gold standard 

approach used today. While in this early study only 200 peptides were detected from a total 

of 108 cells and only a few of which were sequenced, peptide recovery has massively 

increased due to advances in mass spectrometers and software. For instance, high-resolution 

accurate mass (HRAM) instruments can recover over 6000 peptides from 108 cells at a 1% 

false discovery rate (FDR) (Ritz et al., 2016). MS-based immunopeptidomics is used in the 

development of peptide vaccines against pathogens, such as tuberculosis (Bettencourt et al., 

2020) and extensively in cancer research for the discovery of cancer neoantigens and thus 

the eradication of cancerous cells (Bassani-Sternberg, 2018, Bettencourt et al., 2020). Of 

relevance, MS-based immunopeptidomics has also been used to predict HLA peptides with 

post-translational modifications including phosphorylated HLA class I peptides (Solleder et 

al., 2020). Influentially, the incorporation of HLA peptide elutions into drug hypersensitivity 
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research transcended into the discovery of a novel T-cell activation pathway, the abacavir 

altered peptide repertoire hypothesis. Abacavir is a nucleoside reverse transcriptase 

inhibitor (NRTI) used to treat human immunodeficiency virus (HIV) (Mallal et al., 2002). 

However, approximately 5% of patients receiving this treatment develop abacavir 

hypersensitivity syndrome (AHS) (Mallal et al., 2002). HLA-B*57:01 has been linked to 

development of AHS and can be used for genetic screening prior to abacavir administration 

(Mallal et al., 2002).  Since this, the mechanism of AHS has been defined with the elution of 

peptides from the HLA-B*57:01 binding cleft revealing novel peptides which are presented 

to T-cells in the presence of abacavir (Illing et al., 2012, Norcross et al., 2012, Ostrov et al., 

2012a). Here, shifts were observed in the PΩ residues due to abacavir accommodating the 

F-pocket of the HLA-B*57:01 binding cleft. Similar studies have been attempted for 

carbamazepine however it has not been shown to alter the anchor residues and the shifts in 

other positions were more subtle than seen with abacavir (Illing et al., 2012). As mentioned 

previously, liver injury caused by amoxicillin is associated with both HLA class I and class II 

alleles (Lucena et al., 2011). The previous chapter used theoretical HLA class I and class II 

binding peptides to show that the manipulated modification of these peptides with 

amoxicillin induced a T-cell response. The interaction of amoxicillin with the natural class I 

HLA-A*02:01 immunopeptidome, and whether the amoxicillin modification of naturally 

presented HLA-A*02:01 peptides is occurring is yet to be seen.  
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 AIMS 

Previous studies have shown that abacavir is capable of altering the immunopeptidome, 

which is thought to play a role in abacavir hypersensitivity. Due to the HLA-A*02:01 

association with amoxicillin-clavulanate-DILI, the covalent binding of amoxicillin to the HLA-

A*02:01 immunopeptidome may be responsible for the initiation of a T-cell response in 

patients expressing this allele. The overall aim was to determine the peptide repertoire of 

cells presenting the HLA-A*02:01 allele in the presence of amoxicillin. To achieve this, the 

following aims were addressed:  

1. The generation of an HLA class I antibody in large quantity for immunoaffinity 

capture of HLA class I peptide complexes. 

2. The culture of APCs (EBV-transformed B-cells or C1Rs) expressing HLA-A*02:01, the 

risk allele associated with amoxicillin-DILI, in the presence and absence of 

amoxicillin. 

3. The elution of HLA class I peptide complexes from the cells using established 

immunopeptidomics methods. 

4.  Investigation of the natural peptides presented by HLA class I, with focus on HLA-

A*02:01, using MS and bioinformatics tools.  
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 METHODS 

5.3.1 HUMAN SUBJECTS  

Samples from a healthy genotyped donor (HLA-A*02:01/HLA-A*02:01, HLA-B*07:02/HLA-

B*40:01, HLA-C*03:04/HLA-C*07:02) were obtained from the Cell Archive of HLA-typed 

Healthy Volunteers study. Ethical approval for the study was obtained from the Liverpool 

local Research Ethics Committee, and informed written consent was obtained from all 

participants.   

5.3.2 CELL CULTURE 

W6/32 mouse hybridoma cell line (Sigma-Aldrich, St. Louis, MO, USA) was cultured for the 

production of anti-HLA-ABC IgG2a. W6/32 hybridomas were cultured in T175 flasks (Nunc; 

Thermo Scientific, Waltham, MA, USA) using F1 media at 37°C, 5% CO2. When confluency 

was reached (3-9x105 cells/mL), supernatant was collected following centrifugation of cells 

(4000 RPM, 20 minutes, 4°C) and stored at -20°C until required. EBV-transformed B-cells 

were used as APC in this study. PBMC were isolated from HLA-A*02:01-homozygous healthy 

donor and transformed into immortalised EBVs as described in Section 3.3.3.3. EBV-

transformed B-cells were grown in multiple T175 flasks (Nunc; Thermo Scientific, Waltham, 

MA, USA) using F1 media at standard incubation conditions to obtain a final cell number of 

1x109 per condition. Cells were treated with 1.5 mM amoxicillin (Gold Biotechnology, St. 

Louis, MO, USA) for 48 hours. Cells were pelleted by centrifugation (1500 RPM, 10 minutes, 

room temperature), snap frozen in liquid nitrogen and stored at -80°C until required.  

5.3.3 PAN-HLA-CLASS I ANTIBODY PURIFICATION  

W6/32 hybridoma (Sigma-Aldrich, St. Louis, MO, USA) culture supernatant was combined to 

a final volume of 5 L and filtered using 0.45 μM nitrocellulose membrane (Sarstedt, 

Nümbrecht, Germany). Supernatant was adjusted to pH 8 using 10 M NaOH. Anti HLA-ABC 

IgG2a antibody was purified using affinity capture. 5 L of supernatant was passed through a 
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PAS (Protein A Sepharose; Repligen, Waltham, MA, USA) affinity column. Column was 

washed with filtered PBS and antibody was eluted using 10 mL 0.1 M citric acid. Eluent was 

collected into a fresh 15 mL tube (Greiner Bio-One, Kremsmünster, Austria) followed by 2mL 

of PBS which was used to wash the column. Eluent was adjusted to pH 8 using 1 M Tris and 

centrifuged at 4000 RPM for 30 minutes at 4°C in Amicon Ultra centrifugal filters (Sigma-

Aldrich, St. Louis, MO, USA). Buffer exchange was performed by repeated PBS washes until 

antibody was concentrated. Antibody was quantified using the Nanodrop 1200 

spectrophotometer (Thermo Scientific, Waltham, MA, USA) at A280.  

5.3.3.1 VALIDATION 

HLA class I binding of the purified anti-HLA class I antibody was assessed using FACS 

(fluorescence activated cell sorting). Cells (105) were incubated with 4 µL W6/32 anti-HLA 

class I antibody stock at 10 mg/mL for 30 minutes at room temperature in FACS tubes (BD 

Biosciences, Oxford, UK). Cells were washed with FACS buffer (HBSS supplemented with 

pooled 10% FCS and 0.02% sodium azide), centrifuged for 5 minutes at 1500 RPM and 

resuspended in 100 µL FACS buffer. Cells were incubated with 5 µL (1:20) PE-conjugated 

secondary anti-mouse IgG (BD Biosciences, Oxford, UK) in the dark for 30 minutes. Cells were 

washed with FACS buffer, centrifuged for 5 minutes at 1500 RPM and resuspended in 200 µL 

FACS buffer. Cells were analysed using a BD FACS CANTO II (BD Biosciences, Oxford, UK) and 

Flowing Software (Turku Bioscience, Turku, Finland).  

5.3.4 PREPARATION OF IMMUNOAFFINITY RESIN FOR PEPTIDE ELUTION 

Poly-Prep Chromatography column (BioRad, Hemel Hempstead, UK) was conditioned using 

10% acetic acid (MS grade; Fisher Scientific) to clear loose polymer. PAS was separated from 

ethanol storage and washed with 10 column volume (CV) PBS. 10 mg of anti-HLA class I 

antibody (W6/32) was diluted in 15 mL PBS and bound to 1 mL PAS beads end-over-end for 

1 hour at room temperature. After incubation, anti-HLA class I (W6/32) antibody conjugated 
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to PAS was returned to column where PBS/unbound antibody was allowed to flow through. 

Resin was washed with 10 CV borate buffer (pH 8) followed by 10 CV freshly-made 0.2 M 

triethanolamine (pH 8.2; Sigma-Aldrich, St Louis, MO, USA) to equilibrate the column. 

Antibody was cross-linked to beads passing ~25 mL of 40 mM DMP in 0.2 M triethanolamine 

(Sigma-Aldrich, St Louis, MO, USA) over the column until a meniscus formed over the resin. 

Resin was incubated for 1 hour at room temperature followed by a 10 CV wash of 0.2 M Tris 

(pH 8) to terminate cross-linking. Unbound antibody was removed with 10 CV 0.1 M citrate 

buffer (pH 3) and washed with 10 CV 0.1 M PBS. A pre-column was also prepared using 0.5mL 

of PAS resin without antibody.  

5.3.5 IMMUNOAFFINITY CAPTURE OF HLA CLASS I PEPTIDE COMPLEXES 

Cells pellets (1x109; treated and untreated) were resuspended in 2x lysis buffer (1% IGEPAL 

630, 100 mM Tris (pH 8), 300 mM NaCl and protease inhibitors (complete protease inhibitor 

cocktail; Roche, Basel, Switzerland). Lysis buffer was diluted to 1x concentration with 

deionised water and cells were incubated end-over-end for 45 minutes at 4°C. Lysates were 

ultra-centrifugated (40,000 RPM) for 40 minutes and passed through the pre-column 

containing unconjugated PAS. HLA class I peptide complexes were captured using the 

antibody-conjugated PAS column. Immunoaffinity columns were washed consecutively with 

10 CV of 4 buffers (Buffer 1: 0.005% (w/v) IGEPAL, 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 5 

mM EDTA, L pepstatin A, buffer 2: 50 mM Tris-HCl pH 8, 150 mM NaCl, buffer 3: 50 mM Tris-

HCl pH 8, 450 mM NaCl, buffer 4: 50 mM Tris-HCl pH 8). HLA-bound complexes were eluted 

from PAS in 5 CV 10% acetic acid and centrifuged at 13,000 RPM for 10 minutes. Supernatant 

was collected for HPLC fractionation. 

5.3.6 HPLC FRACTIONATION OF HLA CLASS I PEPTIDE COMPLEXES 

Samples were manually loaded onto a monolithic C18 column (100 x 4.6 mm Onyx, 

Phenomenex, Macclesfield, Cheshire, UK) connected to an Agilent 1260 HPLC. Sample 
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loading was performed for 6 minutes in 0.1% TFA at 2 mL/min. Samples were ran using a 

gradient mobile phase (Buffer A: 0.1% TFA and buffer B: 80%ACN/0.1%TFA) and a 

wavelength detection of 215nm to separate HLA peptides, MHC heavy chain and β2M. 

Samples were fractionated in 1-minute time slices up to 27 minutes (Table 5.1). 

Table 5.1 – HPLC gradient method for separation of HLA-bound peptides. 

Time %A %B Flow (mL/min) Pressure (bar) Wavelength 
(nm) 

Fraction 
trigger 

0 98 2 2 400 215 

Time-based 
with 1-

minute time 
slices 

0.25 85 15 2 400 215 

4.25 70 30 2 400 215 

12.25 60 40 2 400 215 

22.25 55 45 2 400 215 

24.25 1 99 2 400 215 

26.25 0 100 2 400 215 
Off 

32.25 98 2 2 400 215 

35 98 2 2 400 215  

 

5.3.7 MASS SPECTROMETRIC ANALYSIS OF HLA CLASS I PEPTIDES 

HPLC fractions of HLA peptides were pooled and vacuum dried in a SpeedVac at 30°C until a 

volume of ~10 µL remained. 2 µL of each solution was analysed using an Ultimate 3000 

RSLC™ Nano system (Thermo Scientific, Hemel Hempstead) coupled to an Orbitrap Fusion™ 

mass spectrometer (Thermo Scientific, Hemel Hempstead). The sample was loaded onto the 

trapping column (Thermo Scientific, PepMap100, C18, 300 μm X 5 mm), using partial loop 

injection, for seven minutes at a flow rate of 4 μL/min with 0.1% (v/v) FA. The sample was 

then resolved on the analytical column (Easy-Spray C18 75 µm x 500 mm 2 µm column) using 

a gradient of 97% A (0.1% formic acid) 3% B (99.9% ACN 0.1% formic acid) to 60% A 40% B 

over 30 minutes at a flow rate of 300 nL/min (60-minute Program). MS scans were conducted 

in the Orbitrap at a resolution of 60,000 with a mass range of 350-1400 m/z, peaks were 

identified with a signal intensity of greater than 1e3 and either charge states +2 to +5 or +1 

with a m/z of <600Da. HCD fragmentation occurs in the ion trap at a collision energy of 32. 
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Upon the detection of the amoxicillin fragment ion at m/z 359.0853 +/-0.3 Da with a relative 

intensity of greater than 15% of the base peak a secondary MS2 was triggered for the parent 

ion in the Orbitrap at a collision energy of 30, at a resolution of 30,000. The AGC target was 

set to 5e4 and a maximum fill time of 300 ms. A dynamic exclusion time of 20 seconds was 

implemented to prevent the reanalysis of abundant ions. 

5.3.8 PEPTIDE REPERTOIRE ANALYSIS 

LC-MS/MS data were searched against the reviewed human proteome (UniProt/SwissProt 

2020), using PEAKS Studio 8.5 (Bioinformatics Solution Inc, Waterloo, Canada). Data were 

refined using default parameters, and PEAKS DB searches performed with the following 

parameters: Parent Mass Error Tolerance 10 ppm, Fragment Mass Error Tolerance 0.1 Da, no 

enzymatic restriction, Variable modifications – methionine oxidation (+15.99), asparagine 

and glutamine deamidation (+0.98), amoxicillin modification of lysine (+356.06, 

incorporating a neutral loss of 159.04 on fragmentation). The maximum number of variable 

PTMs per peptide was 3. FDR was estimated with decoy-fusion. Sequences annotated with 

amoxicillin were considered valid if they contained the diagnostic 160.04 ion. Amoxicillin-

modified HLA peptides were also manually identified using characteristic fragment ions of 

m/z at 160.04 and 349.06; diagnostic ions indicative of the presence of a covalently linked 

amoxicillin molecule. Manual annotation of MS/MS spectra was performed to identify the 

peptides and subsequent NCBI Blast searches were used to identify the native protein 

sources. For HLA class I peptide repertoire analysis, identifications to the target database at 

a 5% PSM FDR were exported from PEAKS Studio for further processing using R scripts. 

Briefly, duplicated sequences were first removed, and processed peptide sequences were 

used for both length distribution and amino acid motif analysis. Seq2logo was used to 

generate sequence motifs using R scripts. For comparison between amoxicillin treated and 

control samples, peptide sequence lists derived from each treatment group were combined 

and unique/shared peptide sequences lists from control were processed using R scripts. 
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 RESULTS 

5.4.1 ASSESSMENT OF HLA CLASS I BINDING OF THE PURIFIED ANTIBODY 

The capture of HLA class I peptides requires a specific antibody which recognises the HLA 

class I molecule. Prior to peptide elution studies, the anti-HLA class I antibody was purified 

from W6/32 cells and was analysed for HLA class I specificity using flow cytometry. Two cell 

lines were chosen for investigation (Figure 5.1); C1R cells transfected with known HLA class I 

genes including HLA-A*02:01 and HLA-B*57:03 and healthy donor derived EBV-transformed 

B-cell lines homozygous for the class I HLA-A*02:01 allele.  

 

 

MHC class I expression was compared against unstained C1R-A*02:01 cells as well as C1R 

parental cells which lack high HLA expression (C1Rs express endogenous low levels of HLA-B 

and HLA-C) and are not transfected with any HLA class I allele. The purified antibody 

successfully detected the HLA class I expression on the surface of HLA class I-expressing C1R 

 

 

Figure 5.1 – Assessment of the HLA class I binding activity of the anti-HLA class I antibody purified 
from W6/32 cells. C1R and EBV cells (105) with known HLA class I surface expression were used to 
determine the specificity of the purified W6/32 anti-HLA class I antibody. HLA class I expression was 
detected on all cells, in comparison to C1R parental cells which are not transfected and unstained C1R-
A*02:01 cells.  
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and EBV cells. The highest HLA class I expression was evident in the EBV-transformed B-cell 

lines, validating their use in this chapter. Overall, this confirmed the validity of using this 

antibody in HLA class I peptide elution studies.  

5.4.2 HPLC FRACTIONATION OF HLA CLASS I PEPTIDES 

RP-HPLC methods have been optimised for the separation and fractionation of HLA peptides 

from MHC molecules following peptide elutions (Figure 5.2).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.2 – Separation of HLA eluate using RP-HPLC and fractionation method. (A) Hydrophilic 
peptides are first detected, followed by a β2M peak, hydrophobic peptides and lastly MHC heavy 
chain. (B) Fractionation is used to collect peptides (purple/pink) separately from β2M (green) and 
MHC heavy chain (blue) which are then pooled for MS analysis.  
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Following validation of the anti-HLA class I antibody, HLA class I elution was performed using 

a PAS immunoaffinity column crosslinked with the antibody. Soluble pHLA complexes were 

directly isolated from HLA-A*02:01-homozygous EBV-transformed B-cells which had been 

incubated in the absence (control) and presence of 1.5 mM amoxicillin (treated) for 48 hours, 

using acid. RP-HPLC fractionation was used to separate dissociated HLA peptides from the 

HLA complex which were then pooled according to the fraction plate map (Figure 5.2). In 

both the control sample and treated samples, hydrophilic peptides are first eluted using a 

C18 gradient, between 4 and 16 minutes (Figure 5.3). Followed by a distinct β2M peak 

around 17 minutes.  

Next, hydrophobic peptides are eluted. Lastly, a large peak is detected correlating to the 

heavy α-chain. A slight shift in retention time is observed between treated samples which 

could possibly be a result of column temperature variation. Peptide pools were manually 

  

Figure 5.3 – Fractionation of HLA peptides eluted from HLA-A*02:01-expressing EBV-transformed B-
cells in the (A) absence and (B) presence of amoxicillin. Following acid elution, samples were injected 
directly onto a C18 column and separated by RP-HPLC. Peaks were detected using an absorbance of 
215nm and fractionation was performed in one-minute time slices. (B) Signals were overlaid for the 
three amoxicillin elutions performed.  
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adjusted to account for any shift in retention time so no fraction of β2M or heavy chain was 

included.  

5.4.3 INVESTIGATING THE HLA CLASS I IMMUNOPEPTIDOME 

5.4.3.1 PEPTIDE REPERTOIRE ANALYSIS 

HLA peptides were isolated from untreated EBV-transformed B-cells which were derived 

from an HLA-A02:01-homozygous donor for peptide repertoire analysis. A total of 2909 

peptides were identified from the natural HLA class I immunopeptidome. 2679 of the 

peptides identified were 7-14 amino acids in length (Figure 5.4). However, peptides shorter 

or longer than this were also present. Overall, more than half of the peptides were identified 

as 9-mers (53.9%) which is typical for HLA class I peptides.  

 

 

Along with length, HLA class I peptides presented by a specific allele are typically 

characterised by their anchor residues at P2 and PΩ, therefore the sequence motif was 

compared between peptides in this data set (Figure 5.5). Interestingly, a shift in the most 

 

Figure 5.4 – The length of peptides eluted from HLA-A*02:01-homozygous donors using an anti-HLA-
class I antibody.  The majority of eluted peptides were 7-14 amino acid residues long in the control 
sample. The most abundant peptide length was 9mer peptides.  
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abundant residue at P2 was evident between peptide length sets. Indeed, leucine was the 

most abundant residues in 9-mers, whereas the most abundant P2 residue was proline in 8-

mers and glutamic acid was more common in this position in 10- and 11-mers. The most 

abundant residue at PΩ was leucine followed by valine, which was shared amongst all 

peptide length sets. 

 

 

 
 

Figure 5.5 – Peptide sequence motif analysis of the natural HLA class I immunopeptidome in HLA-
A*02:01-homozygous cells. Peptides eluted from HLA-A*02:01-homozygous EBV cells contain 
abundant P2 anchor residues as E, P and L, and L and V as abundant PΩ anchor residues for 8-11-mers.  
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Based on this sequence analysis, HLA binding motifs were searched against publicly available 

HLA ligand data (https://services.healthtech.dtu.dk/service.php?NetMHCpan-4.1),  

revealing that peptides were indeed eluted from HLA-A*02:01, as well as HLA-B alleles 

(Figure 5.6). The majority of 9-mer peptides contained the HLA-A*02:01 binding motif which 

prefers leucine at P2 and leucine or valine at PΩ. 

 

5.4.4 THE HLA CLASS I IMMUNOPEPTIDOME IN THE PRESENCE OF AMOXICILLIN 

Previous studies have identified changes in the C1R-B*57:01 immunopeptidome in the 

presence of abacavir, which is a risk allele of abacavir-hypersensitivity. Due to the association 

of the HLA-A*02:01 with amoxicillin-induced liver injury, the HLA class I immunopeptidome 

from an HLA-A*02:01-homozygous donor was interrogated in the presence of amoxicillin. 

HLA peptides were eluted and isolated from EBV-transformed B-cells which were cultured 

with amoxicillin for 48 hours (n=3) (Figure 5.3 - B). Firstly, comparative analysis was 

performed between the three data sets of peptides presented by amoxicillin-treated cells to 

interrogate the diversity of the immunopeptidome. Considerable difference was observed in 

the number of unique peptides between data sets; the highest number of unique peptides 

identified in a treated data set was 771 while the lowest was 362 (Figure 5.7 – A). 

Interestingly, the majority of peptides identified were unique to each data set with only 

 

Figure 5.6 – NetMHCpan-4.1 Motif viewer of HLA-A*02:01, HLA-B*40:01 and HLA-B*07:02. The 
peptide sequence motif of three alleles expressed in the donor from the NetMHCpan-4.1 software 
(https://services.healthtech.dtu.dk/service.php?NetMHCpan-4.1). 

HLA-A*02:01 HLA-B*40:01 HLA-B*07:02

https://services.healthtech.dtu.dk/service.php?NetMHCpan-4.1
https://services.healthtech.dtu.dk/service.php?NetMHCpan-4.1
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minor overlaps between the data. Overall, only 16 of total peptides were shared amongst all 

three sets of eluted peptides. 

In each data set most peptides were less than 14 amino acids in length (Figure 5.7 – B). 

Consistently between data sets, 9-mer peptides were the most abundant unique peptides 

presented by amoxicillin-treated cells (Figure 5.7 – C).  

 

Figure 5.7 – Analysis of the HLA class I immunopeptidome in the presence of amoxicillin. The 
immunopeptidome was compared between three treated data sets. (A) Total number of unique 
peptides in each data set which were not identified in control group. Peptides were identified as 
unique to treatment and also unique between replicates. (B) Unique peptides with 14 amino acids or 
less. (C) Comparison of peptide length between 3 peptide elutions from 3 cell sets incubated with 
drug. No major difference in peptide length was identified between replicates.    
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Sequence motif analysis was performed on the three data sets for 8-11-mer peptides as 

these were the top 4 most abundant peptide lengths. The most abundant P2 anchor residue 

was variable between data sets and also peptide lengths, shifting between proline, glutamic 

acid and leucine (Figure 5.9). In two of the treated samples, proline was the most abundant 

P2 residues in 9-mer peptides, making up 36% of the total unique peptides in both data sets. 

However, in the final treated sample only 8% of total peptides had proline at P2. Rather, 

leucine was the most abundant at this position (46%). Across all data sets leucine was the 

most abundant PΩ residue in 8-11-mer peptides, followed by valine (Figure 5.9). Particularly 

in 9-mer peptides the percentage of peptides with leucine in PΩ ranged from 65%-74%.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



221 

 

 
 

Figure 5.8 - Peptide sequence motif analysis of the natural HLA class I immunopeptidome in HLA-
A*02:01-homozygous cells in the presence of amoxicillin. The binding motif of 8-11-mer peptides 
were compared between 3 amoxicillin-treated replicates. Peptides eluted in the presence of 
amoxicillin contain abundant P2 anchor residues as E, P and L for 9-11-mer peptide. Variability 
occurred for P2 anchor residues for 8-mer peptides. L and V were revealed as abundant PΩ anchor 
residues for 9-11-mers. 
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5.4.5 COMPARATIVE ANALYSIS OF TREATED VS UNTREATED PEPTIDE REPERTOIRE 

Peptides eluted from amoxicillin-treated cells were combined (n=1698) for comparison to 

peptides identified eluted from untreated cells. Firstly, sets were compared for unique 

peptides. In total, 2098 peptides were identified in the untreated control group which were 

not eluted in the treated groups, while 887 eluted peptides were determined as unique to 

amoxicillin treatment (Figure 5.9). Of all peptides, 811 were shared therefore were not 

considered unique to a treatment group.   

 

Figure 5.9 – Comparison of the natural HLA class I immunopeptidome in HLA-A*02:01-homozygous 
cells, in the presence and absence of amoxicillin. Peptides eluted from amoxicillin-treated cells were 
combined for comparison to the control group. (A) Peptides were considered for uniqueness to 
treated and non-treated data sets. 2098 unique peptides were identified in the control group while 
887 peptides were unique to drug treatment. 811 peptides were shared between treated and non-
treated. (B) Comparison of peptide length between 3 peptide elutions from 3 cell sets incubated with 
drug. No major difference in peptide length was identified between replicates.    
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5.4.5.1 PEPTIDE LENGTH 

Overall, peptide length abundance was conserved between treatment groups. The number 

of 9 to 11-mers was slightly increased with amoxicillin treatment, however no major changes 

in peptide length were determined (Figure 5.9 – B). 

5.4.5.2 ANCHOR RESIDUES 

To investigate any alterations to the HLA-A*02:01 peptide repertoire in the presence of 

amoxicillin, the binding motif of 9-mer peptides were compared between control and 

amoxicillin-treated groups. 9-mer peptides were chosen as these were the most abundant 

peptide length naturally occurring in APCs, and importantly most 9-mer peptides eluted in 

the untreated control contained the HLA-A*02:01 binding motif (Figure 5.10). The top 3 most 

abundant amino acids, glutamic acid, leucine and proline, were consistent between control 

and treatment groups. Interestingly, a slight change in amino acids were observed at P2 as 

the most abundant amino acid residue shifted between control and treatment groups. In the 

presence of amoxicillin, a slight decrease in the abundance of leucine (32% to 27%) at P2 is 

observed with an increase of glutamic acid (24%-27%) at this position. However, no obvious 

shift in repertoire at PΩ was observed with amoxicillin treatment, with levels of leucine 

abundance remaining similar to the untreated control (Figure 5.10). 
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5.4.5.3 THE PROTEOME 

The protein sources of peptides presented in control and amoxicillin-treated samples was 

interrogated in terms of molecular function, biological process, protein class, pathway and 

cellular component using Panther 16.0 Classification system (http://www.pantherdb.org/), 

to determine if amoxicillin manipulates the whole proteome resulting in an altered peptide 

repertoire. Overall the major class of proteins processed in HLA class I-expressing cells were 

 

 

Figure 5.10 – Comparison of anchor residues P2 and PΩ of HLA class I eluted 9-mer peptides in the 
absence and presence of amoxicillin. Sequence motif analysis revealed three abundant P2 residues 
E, L and P consistent between control and treated sets, with a slight shift from L to E in the presence 
of amoxicillin. The PΩ residue did not change between control and treated peptides.  
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nucleic acid metabolism proteins (Figure 5.11 – Protein Class) and protein modifying 

enzymes. The major molecular function of these proteins was determined as binding (Figure 

5.11 – Molecular function). Overall, no obvious changes in the proteome were identified 

between untreated and amoxicillin-treated samples within these parameters.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.11 – Overall proteome analysis of protein sources of HLA class I presented peptides and 
comparison between treatment groups. Using Panther 16.0 Classification system, categories of 
protein sources of peptides unique to treatment groups were determined including molecular 
function, biological process, protein class, pathway and cellular component. No obvious changes in 
proteome were identified in the presence of amoxicillin. 
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5.4.6 IDENTIFICATION OF NATURAL ELUTED AMOXICILLIN-MODIFIED HLA-BINDING PEPTIDES 

The amoxicillin modification of peptides which are naturally presented in an HLA-A*02:01-

homozygous individual was investigated. A total of 32 peptides indicating amoxicillin 

modification have been identified from peptides eluted from cells expressing the risk allele 

(Table 5.2). Modification of amoxicillin was interpreted by manual ion extraction using the 

characteristic fragmentation ions of amoxicillin including m/z 160, 217 and 349. 

Table 5.2 - Amoxicillin-modified peptides eluted from HLA class I expressing-cells. Manual 
interpretation of MS/MS spectra revealed 32 suspected amoxicillin-modified peptides. Modified and 
unmodified peptide mass was calculated from the precursor m/z and charge. Diagnostic ions used to 
identify peptides in each spectrum are listed. 5 peptides have been manually sequenced.  

Fraction m/z z Modified 
peptide 

mass 

Theoretical 
unmodified 

peptide mass 

Diagnostic ions 
(m/z) 

Sequence 
ID known  

1 709.298 2 1416.596 1051.496 160, 217, 349 No 

1 681.263 2 1360.526 995.426 160, 349 No 

1 756.267 2 1510.534 1145.434 160, 217, 349 No 

1 718.799 2 1435.598 1070.498 160, 217, 349 No 

1 463.541 3 1387.623 1022.523 160, 217, 349 No 

1 694.807 2 1387.614 1022.514 160, 217, 349 No 

1 727.367 2 1452.734 1087.634 160, 349 No 

2 535.804 2 1069.608 704.508 160, 349 Yes 

2 535.7826 2 1069.5652 704.4652 160, 349 Yes 

2 499.562 3 1495.686 1130.586 160, 349 No 

2 464.791 2 927.582 562.482 160, 349 No 

2 536.256 2 1070.512 705.412 349 No 

2 535.675 2 1069.35 704.25 160, 349 No 

2 696.787 2 1391.574 1026.474 160, 349 No 

2 717.89 2 1433.78 1068.68 160, 349 No 

3 760.774 2 1519.548 1154.448 349 No 

4 838.3198 2 1674.6396 1309.5396 160, 349 Yes 

4/9 509.251 2 1016.502 651.402 160, 349 No 

4 759.79 2 1517.58 1152.48 349 No 

5 522.285 2 1042.57 677.47 160, 349 No 

6 353.5425 3 1057.6275 692.5275 160, 349 Yes 

6 367.23 3 1098.69 733.59 160, 349 No 

6 520.795 2 1039.59 674.49 349 No 

6/7 459.536 3 1375.608 1010.508 160, 349 No 

7 521.7821 2 1041.5642 676.4642 160, 349 Yes 

7 536.237 2 1070.474 705.374 160, 217, 349 No 

8 489.768 2 977.536 612.436 160, 349 No 
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8 396.123 2 790.246 425.146 160, 349 No 

9 739.288 2 1476.576 1111.476 160, 217, 349 No 

9 717.89 2 1433.78 1068.68 349 No 

9 759.79 2 1517.58 1152.48 349 No 

9 739.288 2 1476.576 1111.476 160, 217, 349 No 
 

 

Of these, 5 peptides have been manually sequenced and the protein sources identified (Table 

5.3). Amoxicillin modification was confirmed using 1) a precursor ion with a mass addition of 

amoxicillin (+365.1) and 2) product ions produced in MS/MS correlating to the characteristic 

amoxicillin fragments and/or b and y ions with an amoxicillin mass addition. 

Table 5.3 – Manually sequenced amoxicillin-modified peptides eluted from HLA class I-expressing 
cells. Five short peptides with characteristic amoxicillin ions have been identified using de novo 
sequencing, with amoxicillin binding site determined. NCBI Blast searches confirmed sequences were 
relevant to naturally occurring proteins. 

Fraction m/z z Scan 

time 

Peptide ID Protein 

P2 535.7826 2 28.03 182LLDLEC(+365.1)187 P0C604|OR4A8_HUMA

N 

P2 535.8040 2 27.13 276 FK(+365.1)IQGL281 P49023|PAXI_HUMAN 

P4 838.3198 2 27.39 325NEIDAGVC(+365.1)EE

MT336 

Q16877|F264_HUMAN 

P6 353.5425 3 23.09 112APNK(+365.1)C(O2)E11

7 

O95428|PPN_HUMAN 

P7 521.7821 2 29.07 2032LEDS(+365.1)LT2037 Q9P0X4|CAC1I_HUMAN 

 

In the second peptide pool (P2), a doubly charged precursor ion at 535.7826 m/z was 

detected at 28.03 minutes. MS/MS analysis revealed characteristic fragmentation ions of 

amoxicillin (m/z 160, 349) (Figure 5.12). Sequencing of b and y ions identified a peptide 

sequence of LLDLEC with a mass addition of amoxicillin (365.1) possibly at the cysteine 
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residue. Also, in the second peptide pool (P2), a precursor ion at 535.804 m/z also with a 

double charge was found at 27.13 minutes. MS/MS fragmentation correlated to the peptide 

FKIQGL with an amoxicillin mass addition at the lysine residue (Figure 5.13). A doubly charged 

precursor ion at 838.3198 m/z was detected in the fourth peptide pool (P4) at a retention 

time of 23.10, which upon fragmentation identified the peptide NEIDAGVCEEMT with a 

cysteine modified by amoxicillin (Figure 5.14). In peptide pool 6 (P6), MS/MS analysis of a 

triply charged ion at 353.5425 m/z detected at 23.096 minutes identified as the peptide 

APNKCE which contained a lysine modification of amoxicillin, as well as oxidation at the 

cysteine residue (Figure 5.15). Finally, in peptide pool 7 (P7) at 29.07 minutes, a doubly 

charged precursor ion at 521.7821 m/z was chosen for MS/MS analysis. Sequencing of b/y 

ions revealed the peptide LEDSLT with a serine modification (Figure 5.16).  
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Using the peptide sequences, the protein sources have been identified by NCBI blast 

searches using the human proteome database (UniProt 2020) (Table 5.3). The proteins 

identified revealed functions in catalytic activity, transporter activity or regulating molecular 

function. Two cellular membrane proteins paxillin (PAXI_HUMAN) and papilin 

(O95428|PPN_HUMAN) have been identified from amoxicillin-modified peptides FKIQGL 

and APNKCE, respectively. Amoxicillin-modified NEIDAGVCEEMT originates from 6-

phosphofructo-2-kinase/fructose-2,6-bisphosphatase-4 (PFK-2/FBPase-2; F264_HUMAN) 

which is an enzyme responsible for the synthesis and degradation of the glycolysis-regulating 

molecule fructose 2,6-biphosphate (fru-2,6-P2) (Rider et al., 2004). Amoxicillin-modified 

LEDSLT has been identified as a peptide from voltage-dependent T-type calcium channel 

subunit alpha-1I (Q9P0X4|CAC1I_HUMAN), which control the calcium influx in cells. 

Amoxicillin-modified LLDLEC has been sourced to the olfactory receptor 4A8. Olfactory 

receptor genes have been linked to the HLA complex as they are expressed in telomeric 

region of the HLA complex on chromosome 6 (Ehlers et al., 2000).  
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 DISCUSSION 

Amoxicillin-clavulanate is the most frequent cause of idiosyncratic DILI which has been 

attributed to a delayed-type DHR due to the late onset and the presence of drug-specific T-

cells (Bjornsson, 2017, Kim et al., 2015a). Despite this, little is known regarding the 

mechanisms responsible for the reactions therefore they remain difficult to predict. Genetic 

association studies between HLA alleles and drug-induced reactions have improved the 

predictability in some cases; genetic screening prior to certain drug treatments has been 

implicated, such as HLA-B*57:01 screening for abacavir treatment (Mallal et al., 2008). 

However, for majority of drugs that are known to be associated with HLA alleles, the positive 

predictive values are too low to be used economically in clinical screening. To date, T-cell 

models using parent drug or whole protein-conjugates have been used to define the 

interaction of amoxicillin with HLA and the pathway of T-cell activation. In amoxicillin-

clavulanate-DILI patients, T-cell activation occurs with amoxicillin-pulsed APCs which is 

reduced when antigen processing mechanisms are inhibited (Kim et al., 2015a, Yaseen et al., 

2015). This indicates a hapten pathway of T-cell activation whereby amoxicillin is covalently 

bound to proteins, which are then processed and presented by HLA molecules on the surface 

of APCs. Supporting this is the identification of amoxicillin-modified serum proteins in 

patients (Meng et al., 2016, Ariza et al., 2014). Amoxicillin-clavulanate-DILI is associated with 

HLA-A*02:01 and also the class II allele, HLA-DRB1*15:01-DQB1*06:02 (Lucena et al., 2011). 

Previously in chapter 4, we have shown that amoxicillin-modified HLA-DRB1*15:01-

DQB1*06:02 binding peptides activate patient T-cell clones in an HLA class II restricted 

manner. The previous chapter also provided evidence that naïve T-cells from healthy donors 

who are homozygous for HLA-A*02:01 can be primed and stimulated by synthetic 

amoxicillin-modified peptides with HLA-A*02:01 binding motifs. Indeed, amoxicillin-specific 

T-cells that have been identified in patients have been characterised as CD8+ T-cells (Kim et 

al., 2015a) which interact with HLA class I molecules. Therefore, investigation into the HLA 
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class I association has been performed in this thesis. To do this, the immunopeptidome has 

been isolated from EBV-transformed B cells derived from HLA-A*02:01-homozygous healthy 

donors in both the absence and presence of amoxicillin. Established methods for the 

isolation of HLA peptides include two main techniques, mild acid elution (MAE) or 

immunoaffinity purification (IP). Typically, MAE has been reported to yield a high level of 

contaminants i.e. non-HLA associated peptides, thus making the detection of low-abundant 

HLA peptides more difficult (Caron et al., 2015). Here, HLA class I peptides have been isolated 

from cell lysates by HLA IP. Briefly, pHLA complexes are captured using an anti-HLA class I 

(HLA-A, B, C) antibody. Based on previous methods developed in the group (Waddington et 

al., 2020) each elution (109 cells) required 10 mg of antibody which would not be feasible to 

purchase for large scale elution studies. For this reason, the large-scale culture of W6/32 

lymphoblastoid hybridoma cells which secrete anti-HLA class I antibody into the supernatant 

was performed. From this, the antibody was purified from the supernatant using a PAS 

column and acid elution. Quantification of the antibody revealed that 5 L of supernatant 

yielded approximately 50 mg of antibody, therefore this method was proven extremely cost-

effective. Specificity of the antibody for HLA class I was confirmed by flow cytometry using 

available APC with HLA expression including EBV-transformed B cells from genotyped human 

donors and a C1R B-cell lymphoblastoid cell line transfected with the allele of interest or 

other class I alleles. Following the capture of the pHLA complexes, acid elution was used to 

dissociate the complex from the antibody. HLA class I molecules consist of a heavy α-chain 

and a β2M which is also dissociated by low pH (Purcell et al., 2019), therefore a further 

fractionation step is incorporated using RP-HPLC to avoid contamination of these 

components and increase sensitivity during MS analysis (Figure 5.3). The HLA 

immunopeptidome consists of hydrophilic and hydrophobic peptides thus these were eluted 

at different retention times using a C18 gradient, with hydrophilic peptides eluting before 

the β2M peak and hydrophobic peptides eluting after. Peptides were fractionated in one-
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minute time slices and pooled following each HPLC run for MS analysis. In this chapter, over 

4000 naturally processed HLA class I ligands eluted from EBV-transformed B-cells were 

identified by MS. The first aim was to characterise the natural HLA class I immunopeptidome 

from an HLA-A*02:01-homozygous individual. Firstly, regarding the length of peptides, most 

peptides were between 8 and 11 amino acids, with the typical length of peptides overall 

being 9-mers. This classical length of HLA class I peptides is consistent throughout literature 

(Wieczorek et al., 2017). In the HLA class I processing pathway, proteins undergo proteolytic 

digestion followed by the transportation of protein fragments to the ER by TAP. In the ER 

further trimming of peptides can occur by ERAAPs, allowing the shorter peptide fragments 

to be presented (Jensen, 2007). However, the peptide repertoire was not limited to these 

lengths, as shorter and longer peptides were also present at lower abundance. TAP has been 

reported to be capable of transporting longer peptides into the ER (Bhasin and Raghava, 

2004) therefore it is possible that longer peptides have been transported into the ER and 

bypassed cleavage by ERAAPs. Additionally, longer HLA class I peptides have been shown to 

bind to HLA class I molecules by bulging from the binding cleft (Tynan et al., 2005, Hassan et 

al., 2015), providing an explanation for this detection of non-canonical class I peptides. 

Secondly, the amino acid composition of peptides was analysed as this confers the binding 

affinity of a peptide to HLA molecules. HLA class I peptides contain two anchor residues at 

P2 and PΩ which are responsible for the interaction between the peptide and pockets of the 

HLA binding grove (Wieczorek et al., 2017). In this individual the HLA class I peptide binding 

motif has been defined as predominantly glutamic acid, proline or leucine at P2 and leucine 

or valine at PΩ. Regarding the HLA-A*02:01 binding motif, leucine has been defined as a 

typical P2 residue, while leucine and valine are the typical residues at the C-terminal position 

(Drijfhout et al., 1995, Sidney et al., 2001). Indeed, the majority of 9-mer peptides eluted 

from HLA-A*02:01-homozygous donor contained the HLA-A*02:01 binding motif in 

accordance with these previous studies. The dominant presence of glutamic acid at P2 in 10-
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11-mers does not appear to be common HLA-A*02:01 anchor residue as aliphatic and 

hydrophobic residues are favoured at this position demonstrated by previous studies from 

cell lines (Sidney et al., 2001), therefore these peptides likely derive from the HLA-B alleles 

expressed in this individual (Figure 5.6). 

A previous study has identified changes in the peptide repertoire eluted from HLA-B*57:01 

in the presence of the drug abacavir which is involved in DHRs (Illing et al., 2012), therefore 

the HLA-A*02:01 repertoire was hypothesised to be altered by amoxicillin. For this reason, 

the next aim was to interrogate the HLA-A*02:01 immunopeptidome in the presence of 

amoxicillin. EBV-transformed B-cells were incubated with amoxicillin at 1.5 mM as 

concentrations between 1-2 mM have been shown to activate T-cells (Ariza et al., 2020). 

Peptides were eluted from these cells and comparison to the untreated control was 

performed. Unfortunately, only one control sample was available at the time of study, 

however the treated groups (n=3) were combined for analysis. In total, over 800 peptides 

were identified in the presence of amoxicillin which were not present in the control data set. 

This could suggest that peptides which are not normally presented by these cells, are now 

presented in the presence of amoxicillin. However, the number of control samples vs treated 

samples as well as the variability between each peptide elution must be considered in this 

instance. Amoxicillin did not alter the length of peptides eluted from the HLA class I 

immunopeptidome, with the majority of eluted peptides remaining as 9 amino acids in 

length as per the untreated control. Overall, no obvious major shifts were identified in the 

binding motifs of the total peptide set. Closer examination of the 9-mer peptides which 

displayed high abundant HLA-A*02:01 anchor residues in the control, revealed a slight shift 

in the preferred amino acid at P2, with a hydrophobic amino acid replaced by a hydrophilic 

one in the presence of amoxicillin. Certainly, this type of change could alter pHLA binding 

due to the hydrophobic interactions between anchor residues and the HLA binding pockets 

(Wieczorek et al., 2017). Moreover, the shift implies that HLA class I presentation may be 
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deviating from the natural presentation of HLA-A*02:01 peptides to the presentation of HLA-

B*40:01 peptides in this individual. Previously it has been identified that the direct 

interaction of abacavir with HLA binding pockets of HLA-B*57:01 can accommodate different 

peptide side chains which would not usually be accommodated, thus altering the nature of 

peptides presented on the HLA binding cleft (Illing et al., 2012). It is possible that amoxicillin, 

with a basic amino group on the side chain, could be interacting directly with peptides 

containing the acidic glutamic acid at P2, explaining the shift between the control and treated 

data set. With that being said, the shift here occurred at a much lesser extent than that of 

HLA-B*57:01 and abacavir which currently dominates the evidence for the altered peptide 

repertoire hypothesis. Further, no major conclusions can be made based on the lack of 

control replicates, therefore further investigation including more replicates and statistical 

analysis is ongoing to conclude this shift as significant.  

The final aim was to identify naturally occurring amoxicillin-modified HLA peptides. Indeed, 

this chapter reveals cellular evidence for the covalent binding of amoxicillin to natural HLA 

class I binding peptides in an individual expressing the risk HLA allele for amoxicillin-

clavulanate-DILI. This data indicates amoxicillin-modified peptides are being presented by 

class I HLA molecules to T-cells, which mediate the DHR. From this, it is hypothesised that 

amoxicillin is 1) modifying proteins which are engulfed by APCs and processed into 

amoxicillin-modified peptides which are transported to the HLA binding cleft for 

presentation and/or 2) directly binding to naturally presented HLA peptides already on the 

binding cleft. A total of 32 peptides indicating amoxicillin modification have been identified 

from peptides eluted from cells expressing the risk allele (Table 5.2), determined by the 

presence of amoxicillin fragmentation ions (Figure 5.17). 
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Figure 5.17 – Characteristic fragmentation ions of amoxicillin. Amoxicillin undergoes in-source 
fragmentation in a mass spectrometer which produces a series of ions with a distinct m/z, including, 
160, 217 and 349. These characteristic fragmentation ions were used to manually confirm drug-
modification of peptides.  
 

Manual sequencing of peptide spectra has determined 5 peptide sequences so far (Table 

5.3). Sourcing these peptides to their proteins, amoxicillin was found covalently bound to 

peptides derived from  five different proteins including two membrane associated proteins 

namely paxillin which is found in most tissues and has an integral role in cellular focal 

adhesions, thus is involved in cell signalling and migration (Lopez-Colome et al., 2017), as 

well as papilin an extracellular matrix (ECM) protein with metalloendopeptidase activity. 

Three proteins which were modified by amoxicillin were of particular interest, PFK-2/FBPase-

2, human olfactory receptor 4A and voltage-dependent T-type calcium channel subunit 

alpha-1I. Amoxicillin modification of PFK-2/FBPase-2 was identified on a cysteine residue at 

position 332. As mentioned, PFK-2/FBPase-2 regulates Fru-2,6-P2. Fru-2,6-P2A is involved in 

T-cell metabolism (Clem et al., 2021) thus has a role in energy generation for T-cell activation. 

Interestingly, the tyrosine residue at position 337 of PFK-2/FBPase-2 is a known binding site 

of Fru-2,6-P2 (https://www.uniprot.org/uniprot/O60825). For this reason, it is hypothesised 

that the binding of amoxicillin, a small molecule, in such close proximity can interrupt the 

binding site of Fru-2,6-P2 and effect normal metabolic activity, leading to immune disruption.  

Secondly, not only are olfactory receptors genes closely related to the HLA gene region, it has 

217

349
160

Amoxicillin

https://www.uniprot.org/uniprot/O60825
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been previously determined that there is a link between HLA alleles and the human proteins 

they present, depending on their gene ontology. HLA-A*02:01, along with HLA-C*02:02 and 

HLA-C*15:02, have been suggested to preferably present peptides derived from membrane 

proteins and receptor signalling proteins, including those involved in olfactory receptor 

signalling (Karnaukhov et al., 2021) providing further evidence that the peptides eluted in 

this chapter are HLA-A*02:01-binding peptides. Furthermore, this could imply amoxicillin is 

covalently binding to peptides already presented on the HLA binding cleft. Thirdly, 

modification of a voltage-dependent T-type calcium channel subunit alpha-1I could result in 

disruption of immune regulation since the calcium signalling is essential for immune cell 

function, particularly T-cell effector functions (Feske, 2013). Amoxicillin modification was 

identified on the lysine residues of two of the peptides, consistent with previous amoxicillin-

protein haptenation data (Ariza et al., 2012, Garzon et al., 2014, Meng et al., 2016). 

Structurally lysine residues have a nucleophilic primary amine at the end of its side chain and 

the β-lactam ring is a highly reactive electrophile, readily available for nucleophilic attack 

(Ariza et al., 2014).  In addition to this, two proteins displayed modification of amoxicillin at 

cysteine residues. Cysteine is one of the most highly reactive residues in proteins due to its 

thiol group and has been reported to be a main culprit for the protein adduction of drugs 

involved in hypersensitivity reactions, dapsone (Alzahrani et al., 2017) and nitroso-

sulfamethoxazole (Cheng et al., 2008), however it is much less reported to be involved in β-

lactam protein reactivity. Having said that, amoxicillin reaction with the Cys34 residue of HSA 

has been reported previously using in vitro peptides (Ariza et al., 2012) therefore is not 

unprecedented. The identification of naturally eluted amoxicillin-modified peptides confirms 

that amoxicillin is interacting with peptides presented in HLA-A*02:01-positive individual 

thus is accessible for TCR recognition and subsequent T-cell activation. 

Overall significant progress has been made in this chapter to contribute to the evidence for 

the association of HLA class I risk allele in amoxicillin-clavulanate-DILI at a cellular level. For 
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future research, limitations to this study should be considered. Primary cells isolated from 

humans, PBMC in this instance, express up to six HLA class I alleles. Using an anti-HLA class I 

antibody, presents a limitation in analysing a single HLA allele. The shared anchor residue 

preferences between alleles provides a challenge in distinguishing between HLA peptides. 

Currently, HLA-A2 antibody is in production using BB7.2 hybridoma cells, which was not 

available at the time of study. Initially, investigation was to be performed using C1R cells 

transfected with the HLA-A*02:01 allele, however due to poor cell growth and the 

diminishing of MHC expression during passaging of cells this was not feasible. The 

optimisation in producing these single allele cell lines is currently ongoing within the group. 

With that being said, the advantage of using APCs derived from a true HLA-A*02:01-

homozygous individual over transfected C1Rs is the physiological relevance to true drug-

pHLA interactions in humans. Also, the C1R cell line naturally expresses levels of HLA-B and 

HLA-C alleles (Purcell et al., 2019), therefore the use of this cell line does not entirely 

eradicate the interference of other HLA alleles. Importantly, the majority of the 9-mer 

peptides eluted in this study and so, the overall majority of peptides, were HLA-A*02:01-

binding peptides based on their binding motifs which matches the publicly available data 

(Figure 5.6). Attempts were made to compare the binding affinities of the peptides to the 

allele of interest between control vs treated group computationally, however no trends 

could be identified. Limitations on using computational methods for MHC binding is that they 

are typically based on in silico models therefore are not entirely accurate, and also do not 

account for drug incorporation. Significant challenges arise in methods identifying naturally 

processed HLA ligands. Identifying peptide sequences is generally performed using search 

engines such as PEAKS and Mascot that provide accurate and efficient peptide ID from 

samples with known enzymatic digestion. However, despite the understanding that proteins 

are processed into peptides for HLA presentation, the exact mechanism of proteolysis is 

elusive, not to the mention the existence of multiple proteases and peptidases. Therefore, 
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data are searched without any enzymatic specificity of cleavage, causing difficulties in 

identifying peptides. Furthermore, in comparison to the whole antigen source, i.e. the 

processed protein, HLA bound peptides are only present in low abundance, complicating 

their detection and identification (Purcell et al., 2019). Regarding drug modification, a 

notable challenge in the elution of drug-modified peptides is determining where the 

modification occurred relevant to the cells. To assess this further investigation would be 

required including the blocking of antigen processing or reducing the drug incubation time, 

bypassing the time required for proteasomal processing. Here, the presence of drug-

modified HLA peptides would indicate direct binding to peptides on the cleft, rather than the 

processing of haptenated proteins. The detection of β-lactam modification on peptides is 

further complicated by the partial losses from drug molecules, meaning parts of the β-lactam 

structure is often loss from the peptide during in-source fragmentation. While sequences 

were interpreted computationally using PEAKS software, many drug-modified peptides were 

not identified due to the neutral loss of modification missed by search engines therefore 

manual interpretation of MS/MS spectra was incorporated using characteristic amoxicillin 

fragments. While this was successful for few peptides sequenced in this chapter, 27 known 

peptides have not been sequenced which may provide critical information for HLA-A*02:01 

association with amoxicillin hypersensitivity. Indeed, some of the sequenced peptides were 

much shorter in length than typically expected for HLA class I peptides, however this could 

be attributed to the binding of small molecule accommodating the HLA binding cleft. 

Calculating the theoretical mass of the peptides identified with an amoxicillin-modification 

reveals much larger peptides are present also (Table 5.2). Further work for peptide 

identification includes the MS analysis of synthetic peptides of the identified sequences to 

confirm the peptide ID. For example, ion fragmentation patterns from naturally eluted 

peptides and the synthetic ones can be aligned to confirm absolute sequences. Additionally, 

it is not possible to predict whether a modified peptide is capable of binding to an HLA 
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molecule and interacting with T-cells using current binding prediction algorithms as they do 

not account for the actual drug molecule and its conformation within the binding cleft, which 

could be the reason for a T-cell activation. Therefore, future work involves an affinity binding 

assay to determine the binding affinity of drug-modified peptides to HLA-A*02:01 and the 

incorporation of X-ray crystallography studies to explore the fine structural interaction 

between the identified amoxicillin peptides, HLA molecules and the TCR.  

As a whole, this chapter investigates the association between amoxicillin and the HLA class I 

molecules at a cellular level. Preliminary data suggests amoxicillin could cause a shift in the 

peptide repertoire presented by HLA class I molecules, for which the investigation is still 

ongoing. Novel amoxicillin-modified HLA class I peptides have been eluted from APCs derived 

from individuals homozygous for the amoxicillin-clavulanate-DILI risk allele HLA-A*02:01. 

This confirms that amoxicillin is either covalently binding to proteins which undergo antigen 

processing in immune cells or is directly binding to peptides which are already presented on 

the HLA class I binding cleft. 
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CHAPTER 6  - FINAL DISCUSSION 

Drug hypersensitivity is a complex adverse drug reaction (ADR) which represents a major 

concern worldwide. Patients and healthcare systems are implicated by the severity of the 

disease; extreme symptoms such as drug-induced liver injury (DILI) or severe cutaneous 

adverse reactions (SCAR) are life-threatening and require hospital admission resulting in a 

high demand on healthcare providers (Pirmohamed et al., 2004). While this is the primary 

concern surrounding drug hypersensitivity reactions (DHRs), the pharmaceutical industry is 

also implicated as off-target toxicity of drugs is not normally identified until after clinical 

trials. For this reason, adverse reactions are still the leading cause of post-marketing 

withdrawal. The significant challenge of DHRs arises from the idiosyncratic nature of the 

reactions, therefore it is difficult or impossible to predict whether adverse symptoms or 

fatality to a drug will occur in an individual prior to administration. The use of diagnostic tests 

in vivo and in vitro has been well established to determine causality when a DHR has been 

identified. According to the EAACI Drug Allergy Interest Group (DAIG), the majority of centres 

evaluating non-immediate β-lactam allergy routinely use in vivo tests including patch tests, 

skin tests and drug-provocation tests (DPT) (Torres et al., 2019). In non-immediate reactions 

to piperacillin, skin tests have been shown to give negative results where intradermal tests 

are positive  (Whitaker et al., 2011), showing the importance of using a combination of 

diagnostic tests. In vitro tests are less used as routine tests clinically in comparison to in vivo 

tests  (Torres et al., 2019). However, in vitro techniques are available including lymphocyte 

transformation tests (LTT) and ELISpot assays. LTT measures the proliferation of lymphocytes 

in response to the drug and ELISpot is used to measure cytokine release from lymphocytes 

or drug-specific T-cells, as shown in chapter 4. IFN-γ ELISpot has been shown to provide the 

most positive drug tests (77%) during the acute phase of a skin reaction when compared with 

IL-4 ELISpot and LTT (Polak et al., 2013).  Overall, the underlying mechanisms of DHRs and 

reasons for the interindividual variability of tolerance to a drug are obscure, therefore DHRs 
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are still occurring. To date, it is known that DHRs are mediated by the immune system (El-

Ghaiesh et al., 2012, Ostrov et al., 2012, Pallardy and Bechara, 2017, Torres et al., 2006, Yun 

et al., 2016). The primary focus of our research group is delayed-type hypersensitivity 

reactions including β-lactam hypersensitivity. Thus far, extensive research has shown that T-

cells are the mediators of these reactions.  

 T-CELL EVIDENCE IN ΒETA-LACTAM HYPERSENSITIVITY 

The in vitro generation of T-cell clones has led to the detection and characterisation of β-

lactam-specific T-cells in patients experiencing DILI or cutaneous reactions. Amoxicillin-

clavulanate and flucloxacillin are the most frequently reported β-lactam antibiotics 

associated with DILI. In these cases, liver injury is predominantly cholestatic or mixed pattern 

of cholestatic/hepatocellular injury with typical symptoms being jaundice or in extreme cases 

vanishing bile duct syndrome (Bjornsson, 2017). Both amoxicillin- and flucloxacillin-specific 

T-cells have been identified in DILI patients. Amoxicillin-specific CD4+ T-cells appear to be 

most frequently involved in amoxicillin-DILI, however the presence of CD8+ has been 

associated with hepatocellular pattern of injury (Kim et al., 2015b). Flucloxacillin-specific T-

cells were also characterised as CD4+ and CD8+ in patients, with the majority of T-cells in 

HLA-B*57:01 patients identified as CD8+ (Monshi et al., 2013). Both amoxicillin- and 

flucloxacillin-specific T-cells in DILI patients express chemokine receptors CCR4, CCR9 and 

CXCR3 (Kim et al., 2015b, Monshi et al., 2013), which have identified roles in liver 

disease/inflammation including T-cell liver homing and migration (Wang and Zhang, 2019, 

Oo et al., 2010, Eksteen et al., 2004). Cutaneous DHRs manifest as MPE, or more severe 

reactions such as SJS/TEN, DRESS and AGEP. In CF patients, cutaneous reactions are most 

frequently reported with piperacillin (Koch et al., 1991). Indeed, circulating and skin-resident 

piperacillin-specific CD4+ and CD8+ T-cells have been identified in patients who experienced 

piperacillin-induced MPE (El-Ghaiesh et al., 2012b, Jenkins et al., 2013, Sullivan et al., 2018). 
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Further, skin-derived amoxicllin-specific T-cells are present in MPE patients following 

amoxicllin treatment (Yawalkar et al., 2000). Overall, these studies show that β-lactam-

induced MPE is majorly mediated by CD4+ T-cells, and by Th2 cytokines including IL-4, IL-5 

and IL-13 (El-Ghaiesh et al., 2012) which also contribute to other skin conditions such as 

atopic dermatitis (Brandt and Sivaprasad, 2011). Certainly, in this thesis a T-cell response was 

demonstrated in a piperacillin-hypersensitive CF patient; ~74% of total T-cell clones 

produced from this patient were specific to piperacillin with extreme proliferation profiles 

(SI up to 106), indicating the extremity of symptoms developed in patients.  

 FACTORS IMPLICATED IN ΒETA-LACTAM HYPERSENSITIVITY   

Despite the extensive T-cell evidence in DHRs, a significant question remains of what is 

provoking the T-cell response in susceptible individuals. Patient- and drug-related 

associations to T-cell mediated DHRs have been explored in this thesis in an attempt to 

identify risk factors which could aid the prediction of an ADR.  

6.2.1 DRUG-PROTEIN ADDUCTS 

The primary focus of this thesis was to investigate the role of β-lactam-protein binding for a 

greater understanding of what is initiating T-cell activation in β-lactam hypersensitivity. 

While there is a broad range of β-lactam antibiotics, the investigation involved three 

common culprits of DHRs; amoxicillin, piperacillin and flucloxacillin. Indeed, the covalent 

binding of drugs to proteins encapsulates one of the three hypotheses of T-cell activation in 

DHRs, the hapten model (Weltzien et al., 1996). β-lactam antibiotics are one of the most 

studied drugs in terms of hapten-related DHRs; mostly due to the well-defined and highly 

reactive interaction between the β-lactam ring and amino acid residues in proteins, as well 

as the penicillins being the antibiotic most frequently reported for DHRs in clinical settings 

(Jourdan et al., 2020). Furthermore, β-lactam-specific T-cells are activated in the presence of 

drug-pulsed APCs and in an MHC-restricted manner; thus, T-cell activation is occurring via 
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the hapten pathway (Kim et al., 2015a, El-Ghaiesh et al., 2012a, Monshi et al., 2013). This 

indicates drug-protein adducts are undergoing proteasomal processing into peptides in APCs 

which are presented as an antigen on MHC and recognised by the TCR. β-lactams have been 

found to modify major human proteins such as HSA (Ariza et al., 2012, Garzon et al., 2014, 

Jenkins et al., 2009, Whitaker et al., 2011), yet the immunogenic role of these adducts 

remains to be seen. A major aim in drug hypersensitivity field is to define biomarkers which 

could be used to predict a reaction. Biological samples are frequently used in clinical 

proteomics for biomarker discovery in disease. However, in plasma/serum, where β-lactam 

protein adducts have been detected, there are only a few high abundant proteins such as 

HSA (50-55% of total serum) while only 1% of the protein content contains the low abundant 

proteins (Bellei et al., 2011). Not only this, modified proteins are also present in lower 

abundance than native proteins; indeed, level of piperacillin modification on Lys541 residues 

of HSA ranged from 2.6 to 4.8% (Meng et al., 2017a). This presents a challenge in identifying 

low abundant β-lactam-specific proteins within the complex matrix using MS which may be 

responsible for T-cell activation. While high abundant protein depletion methods exist, there 

is risk of removing proteins of interest in the process (Bellei et al., 2011). For this reason, 

anti-sera against specific β-lactams were characterised to validate immunological detection 

methods for β-lactam modification (Chapter 2). The aim of this chapter was to generate a 

workflow to detect β-lactam modification which combined immunological and MS methods, 

as well as a rapid-detection method which could be used for β-lactam biomarkers in clinical 

samples. Indeed, the antibodies generated in this study successfully detected β-lactam 

modification which was consistent with MS data with no or limited cross reactivity with other 

β-lactam antibiotics. Overall, this will aid the detection of amoxicillin or piperacillin-modified 

proteins in future studies including immunopeptidomics studies. Assuredly, the anti-

piperacillin antibody was used to localise cellular, covalent piperacillin binding in immune 

cells. 
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Furthermore, an interesting conclusion from this chapter is that the immune recognition site 

for the anti-piperacillin antibody is suspected to be 2,3-dioxopiperazine ring of piperacillin, 

based on the negative cross reactivity with most β-lactams. Given the shared function of 

antigen-specific recognition between antibodies and TCR, it is hypothesised that this site may 

also be involved in T-cell activation. As well as this, two piperacillin-HSA adducts have been 

detected in vitro and in vivo, distinguished by the hydrolysis of the 2,3-dioxopiperazine ring, 

therefore the implication of the chemical nature of the 2,3-dioxopiperazine ring on T-cell 

activation was investigated in Chapter 3. Piperacillin-HSA with the hydrolysed 2-3-

dioxopiperazine ring appears to be the major HSA adduct in hypersensitive patients. 

Immunofluorescence using the anti-piperacillin antibody revealed the intracellular 

accumulation of piperacillin in patient APCs, as well as the membrane-bound modification. 

This provides a visual confirmation for the covalent adducts processed in immune cells of 

patients and their subsequent presentation on the cell surface. Translating these adducts to 

a T-cell model has proved difficult, however the significant T-cell reactivity to the hydrolysed 

piperacillin-HSA and not cyclised piperacillin-HSA in a patient who has experienced 

piperacillin hypersensitivity has provided a foundation to further investigate the role of this 

hapten in DHRs. 

6.2.2 IDENTIFICATION OF HLA-ASSOCIATED ANTIGENS 

The incorporation of parent drugs into T-cell models is a well-defined method in drug 

hypersensitivity research, however this provides little knowledge on the critical epitopes 

involved in the T-cell interaction. Given the difficulty in using model β-lactam-protein 

adducts in  Chapter 3, the mechanistic role of β-lactam modification was investigated at the 

peptide level in Chapter 4 and Chapter 5. Additionally, the mechanisms underlying HLA 

associations of these reactions were addressed. HLA genotypes can increase an individual’s 

susceptibility to developing an idiosyncratic adverse reaction to a drug (Alfirevic and 

Pirmohamed, 2010). Genome wide association studies (GWAS) have defined risk factors 
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between certain HLA alleles and their associated drugs. A hallmark HLA-drug association is 

that of HLA-B*57:01 and abacavir, which has a 100% negative predictive value and 50% 

positive predictive value for immune-mediated hypersensitivity reactions (Mallal et al., 

2002). Generally, pharmacogenetic testing is not a routine clinical test for drug 

hypersensitivity, however, HLA-B*57:01 screening for abacavir has proved to be economical 

and has significantly reduced the risk of a reaction due to the high positive predictive value 

that has not been observed with any other drugs. The mechanistic link between the two has 

also been demonstrated in immunopeptidomics studies, revealing abacavir alters the 

peptide repertoire of HLA-B*57:01, but not closely related alleles HLA-B*57:03 and HLA-

B*58:01 (Ostrov et al., 2012a, Mallal et al., 2008), as well as T-cell studies showing CD8+ T-

cell activation is HLA-B*57:01 restricted in AHS patients (Chessman et al., 2008). 

Significant HLA associations have been found for β-lactam antibiotics. Amoxicillin-

clavulanate-liver injury is associated with both class I and Class II alleles, HLA-A*02:01 

(OR=2.3) and HLA-DRB1*15:01-DQB1*06:02 (OR=2.8) (Lucena et al., 2011), while 

flucloxacillin-induced liver injury is associated with HLA-B*57:01 (OR=80.6) (Daly et al., 

2009). The mechanistic role of the HLA associations in T-cell activation was addressed in 

Chapter 4. Native β-lactam-modified proteins have been identified in exosomes derived from 

drug-treated hepatocytes, while modified peptides have been detected in the naturally 

eluted HLA-B*57:01 immunopeptidome from drug-treated cells. The immunogenicity of 

these drug-modified epitopes was investigated using synthetic peptides which contained the 

binding motif of the relevant HLA. For the first time a mechanistic association was identified 

between HLA-A*02:01 and amoxicillin-induced T-cell activation in drug hypersensitivity. A 

significant T-cell response in homozygous HLA-A*02:01-positive donors was evident upon 

the restimulation of primed naïve T-cells with the amoxicillin-modified HLA-A*02:01 peptide 

derived from a naturally-occurring exosomal protein in hepatocytes, while no T-cell response 

occurred in the presence of unmodified peptide. Several conclusions can be made from these 
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data; firstly, an amoxicillin-modified antigenic epitope initiating signal 1 in drug 

hypersensitivity has been defined. Secondly, the amoxicillin modification of the peptide was 

based on a true site-specific modification of a protein occurring in hepatocytes. This provides 

physiologically relevant evidence that amoxicillin modification of proteins in hepatocytes can 

elicit an immune response, therefore is likely implicated in onset of liver injury. The presence 

of this immunogenic drug-modified epitope in exosomes which has a role in the 

transportation of amoxicillin-protein adducts (Sanchez-Gomez et al., 2017) suggests that the 

amoxicillin-modified proteins formed in hepatocytes could potentially be transported to DCs 

for T-cell activation. Thirdly, amoxicillin-modified HLA-A*02:01 peptides can be presented on 

immune cells of HLA-A*02:01-positive individuals for T-cell activation, providing in vitro 

evidence that the GWAS association is directly involved in the disease pathogenesis. This 

chapter also introduced the designer HLA-peptide model used to interrogate the HLA class I 

and II associations with amoxicillin-DILI, with the aim to characterise T-cells derived from DILI 

patients and investigate the location of amoxicillin modification on HLA binding peptides. We 

have successfully defined HLA class II risk allele-peptide antigens which activate CD4+ T-cells 

in an amoxicillin-DILI patient (Tailor et al., 2020b), showing the HLA class II restriction of T-

cell activation. Further amoxicillin-DILI patients have been recruited for the immunogenicity 

investigation of HLA class I designer peptides. The generation of amoxicillin-modified HLA-

A*02:01-designer peptides has been optimised, with one peptide successfully produced and 

the others under production. Overall, T-cell models using drug modified HLA-binding 

peptides can be used to predict immunogenicity of an epitope as well as HLA susceptibility 

in drug hypersensitivity. The immunogenicity of the naturally occurring HLA-B*57:01 peptide 

is yet to be determined due to difficulties in the production of flucloxacillin-modified peptide 

and limited patient availability. Multiple factors including high amount of by-products, a low-

yield of drug-modified peptides and multi-steps of purification have made production of 

drug-modified peptides extremely challenging. In particular, no universal method can be 
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applied to every peptide due to the unique property of individual peptide, e.g. peptide 

solubility and hydrophobicity. To generate sufficient quantity of products for T cell assays, 

optimisation on both reaction conditions and purification methods is required, which was 

very time-consuming. In total, three synthetic drug-modified peptides have been successfully 

produced in this thesis for T-cell models.  

Chapter 4 provided a rationale to elute peptides from the HLA class I binding cleft of APCs 

derived from the HLA-A*02:01-positive donors, with the aim to investigate and characterise 

the natural immunopeptidome in the presence of amoxicillin. In Chapter 5, novel amoxicillin-

modified peptides have been eluted from the HLA binding cleft, following the incubation of 

HLA-A*02:01 donor derived EBV-transformed B-cells (APCs) with amoxicillin for 48 hours. 

Multiple naturally presented HLA class I ligands containing characteristic fragment ions 

derived from amoxicillin were detected by MS analysis, indicating they were amoxicillin-

modified peptides. Identification of the peptide sequences and protein sources of these 

ligands by proteomics software (e.g. PEAKs) was not successful probably due to the complex 

neutral loss of amoxicillin molecule during MS/MS fragmentation. However, the sequence of 

5 short amoxicillin-modified peptides was identified after carefully manual de novo 

sequencing and searching the human proteome in Uniprot. The presence of amoxicillin-

modified peptides after 48 hours suggests the drug-protein adducts are being took up by 

APCs and are cleaved into peptides containing the drug modification, which is presented as 

an antigen on MHC. It is also possible that amoxicillin can directly bind to those peptides that 

have been already presented by HLA on the cell surface. Nevertheless, the detection of 

amoxicillin-modified peptides presented by HLA-class I molecules provided further evidence 

that the hapten pathway of T-cell activation is likely to be involved in amoxicillin 

hypersensitivity. Interestingly, no major conclusions can be made regarding changes in the 

HLA-A*02:01 peptide repertoire in the presence of amoxicillin as seen with abacavir and HLA-



253 

B*57:01 which depicts the altered peptide repertoire (Illing et al., 2012, Ostrov et al., 2012); 

however, this research is still ongoing.  

 FUTURE RESEARCH CONSIDERATIONS 

6.3.1 IMMUNE REGULATION OF T-CELL ACTIVATION  

This thesis focused majorly on signal 1 of T-cell activation i.e. the interaction between the 

TCR and pMHC. However, as mentioned at the beginning of this thesis other signals are 

involved in T-cell activation which regulate whether a specific antigen will be met with 

immune tolerance or an immune response following TCR recognition. These signals 

encompass the “danger model” first introduced by Matzinger (Gallucci et al., 1999) 

conveying the ability of endogenous signals caused by cellular stress or necrosis to stimulate 

immune responses, which are not reflected under normal physiological conditions. Overall, 

danger signals associated with drugs arise from oxidative stress, haptenation, and drug-

induced tissue/cell necrosis (Lavergne et al., 2009). Stress-induced signals caused by disease 

state is also a factor of danger signalling, which could explain the increased incidence of 

piperacillin hypersensitivity in CF patients (Pleasants et al., 1994). Indeed, the administration 

of antibiotics implies a patients’ health is already compromised. For instance, introducing 

sulfamethoxazole into pre-existing danger conditions associated with disease, such as the 

presence of endotoxins in bacterial infections or IFN-γ induced by viral infections, has been 

shown to enhance sulfamethoxazole-adduct formation in human APCs (Lavergne et al., 

2009). Further elaborating on the implication of immune tolerance/intolerance in drug 

hypersensitivity, studies have incorporated co-stimulatory and co-inhibitory pathways into 

drug-hapten T-cell models. Abrogation to the immune checkpoint pathways, CTLA-4 and PD-

1, enhances the naïve T-cell priming of drug-antigen, while the addition of Tregs expressing 

the immune checkpoint inhibitor receptors diminished T-cell response (Gibson et al., 2017, 

Gibson et al., 2014). Future work in β-lactam hypersensitivity would investigate these 
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predisposed factors in the onset of a reaction, as well as the dysregulation of CTLA-4/PD-1 

pathways in the activation of β-lactam-hapten-specific T-cells. 

6.3.2 PROTEASOMAL PROCESSING 

Currently, most studies focus on T-cell activation as the cause of drug hypersensitivity. Whilst 

it is well-established that T-cells are the mediators of the symptoms experienced in a 

hypersensitivity reaction, perhaps T-cell activation is a consequence of dysregulation in 

mechanisms prior to T-cell involvement, rather than the cause. Collectively in this thesis, it is 

confirmed that β-lactam-modified peptides are associated with the MHC and that unique 

peptides are identified in the presence of drug (Chapter 5) and also that β-lactam-modified 

peptides can initiate T-cell activation (Chapter 4), yet β-lactam-protein adducts are present 

in both tolerant and hypersensitive patients (Chapter 3) therefore their presence alone is not 

directly leading to T-cell activation. This data could indicate that different antigens from the 

same drug-protein adducts are formed in patients vs tolerant individuals, hypothesising that 

immunogenicity is determined during antigen processing and presentation. The processing 

and presentation of antigens is a complex mechanism involving high selectivity of peptides 

and dependent on functional proteins and several factors, which could be implicated in drug 

hypersensitivity. Although drug-modified proteins are present in both tolerant and 

hypersensitivity patients, there is probably some selectivity in the processing and 

presentation process, leading to presentation of specific drug-modified peptides. The 

proteasome present in the cytosol of APCs is involved in the initial cleavage of proteins for 

the generation of MHC peptides as a result of a nucleophilic attack on the peptide bond. The 

transport of peptides to the ER is dependent on TAP, followed by the further cleavage of 

peptides by ERAAP. Perhaps the processing mechanisms in patients are differing causing the 

generation of antigenic peptides which would not usually be presented. This could be 

enzymatic-related causing different cleavage sites. Certainly, in MS studies a post-

translational modification at a certain residue can result in a missed cleavage for proteolytic 
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activity of a protease, causing a different sequence of peptides to be produced (Dunphy et 

al., 2021). Indeed, dysregulation of proteasomal processing machinery is associated with 

several diseases including cancer and Parkinson’s (Bandola-Simon and Roche, 2019, Chen et 

al., 2016). Further, functional proteasomal activity has been shown to decline with age, 

which is also linked to a higher risk of DILI with β-lactam antibiotics (Chalasani and Bjornsson, 

2010). A few considerations in drug hypersensitivity could include: 1) the direct modification 

of proteasomal processing components since β-lactam antibiotics are shown to accumulate 

in patient cells where antigen processing occurs (Chapter 3). One pathway that could be 

altered is the ubiquitin-proteasome pathway (UPP) in which ubiquitin covalently binds 

preferentially to lysine residues of proteins for their degradation signalling (Figure 6.1). 

Importantly, protein-ubiquitin structures differ depending on the extent of ubiquitin 

modification which in turn determines the fate of a protein (Sadowski and Sarcevic, 2010); 

thus, the covalent modification of β-lactams at this site could alter the binding of ubiquitin 

and in turn disrupt the pathway, producing unusual peptides 2) besides peptide processing, 

proteasomes have advanced roles in immune regulation including cytokine production and 

T-cell differentiation (immunoproteasomes) and T-cell selection in the thymus 

(thymoproteasomes) (Groettrup et al., 2010). Dysregulation to proteasomes could therefore 

cause immune dysregulation. While no reports of proteasomal dysregulation in DHRs are 

known, reasons for dysfunction could be undiscovered patient-specific genetics including 

proteasome polymorphisms or mutations which have been shown to cause other diseases 

such autoinflammatory CANDLE syndrome (PSMB8 mutation) (Gomes, 2013), or perhaps due 

to activity of the drug. Indeed, a recent report of SJS caused by bortezomib, a proteasome 

inhibitor, has emerged (Choi et al., 2021). Interestingly, β-lactam derivatives have been 

reported as novel proteasomal inhibitors in oncology drug discovery research (Imbach et al., 

2007) suggesting the β-lactam ring could interact directly with proteasomes.  
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Overall, antigen processing and presentation pathway is a major area that needs to be 

further explored in drug hypersensitivity research. 

 

 

 

 

 

Figure 6.1 – Hypotheses of the dysregulation of ubiquitin-proteasomal processing due to drug-
modification.  Briefly, under normal circumstances multiple ubiquitin (UB) can bind to proteins which 
determines the processing fate of the protein. Usual peptides are produced which are recognised as 
“self”. The binding of drug in a position where ubiquitin would usually bind changes the fate of protein: 
either missed cleavages by the proteasome resulting in unusual peptides where 1) different peptide 
sequences are presented or 2) drug-modification remains on peptide, or proteins are not processed 
leading to accumulation of drug-modified proteins in APCs causing immune stress and disruption.  
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The most significant challenge in drug hypersensitivity research is the prediction of a 

reaction. The primary aim of this thesis was to contribute to the identification of antigenic 

determinants of β-lactam antibiotics which could be used as a marker for the prediction of 

T-cell activation prior to drug administration. Significant progress has been made including 

the identification and characterisation of antigenic drug-protein conjugates and drug-

modified HLA-binding peptides. Moreover, HLA association studies have confirmed the 

importance of the pHLA-TCR interaction in DHRs. The use of a ‘designer’ peptide model is a 

promising advancement for antigen discovery in drug hypersensitivity research. Adaptations 

to this model using naturally occurring proteins or peptides provides a physiologically 

relevant basis for prediction. Furthermore, epitope identification facilitates the potential use 

for tetramers in drug hypersensitivity, which can be used to determine the frequency of 

naïve T-cells specific to a HLA which is related to the extent of an immune response (Moon 

et al., 2007). Models to predict idiosyncratic reactions of covalent binding drugs are highly 

required to prevent the off-target activity of drugs post-marketing. Overall, contribution has 

been made to defining the pHLA-TCR interaction in DHRs at the antigen level. 
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