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ABSTRACT: 

Penicillin refers to a group of beta-lactam antibiotics that are the first-line treatment for a range of 

infections. However, they also possess the ability to form novel antigens, or neoantigens, through 

haptenation of proteins and can stimulate a range of immune-mediated adverse reactions – 

collectively known as drug hypersensitivity reactions (DHRs). IgE-mediated reactions towards 

these neoantigens are well studied, however, IgE-independent reactions are less well understood. 

These reactions usually manifest in a delayed manner as different forms of cutaneous eruptions or 

liver injury consistent with priming of an immune response. Ex vivo studies have confirmed the 

infiltration of T cells into the site of inflammation, and the subsets of T cells involved appear 

dependent on the nature of the reaction. Here, we review the evidence that has led to our current 

understanding of these immune-mediated reactions, discussing the nature of the lesional T cells, 

the characterisation of drug-responsive T cells isolated from patient blood, and the potential 

mechanisms by which penicillins enter the antigen processing and presentation pathway to 

stimulate these deleterious responses. Thus, we highlight the need for a more comprehensive 

understanding of the underlying genetic and molecular basis of penicillin-induced DHRs.

Keywords: penicillin, beta-lactam, drug allergy, hypersensitivity, T cell, HLA

INTRODUCTION

Penicillins are one of the most widely used classes of essential antimicrobial drugs (1) and are a 

first-line treatment against a broad array of bacteria, including commonly encountered 

Streptococcus pneumoniae and Staphylococcus aureus. Penicillins (also termed penams), such as 

Amoxicillin (AX) and Flucloxacillin (Flux), are a sub-group of beta-lactam (β-lactam) antibiotics, 

which are defined by the core penam structure consisting of a five-membered ring fused to the 

four-membered β-lactam ring (Figure 1a) (2). This structure, which resembles the D-Ala-D-Ala A
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motif of cell wall precursors (Figures 1b), facilitates competitive binding within the active site of 

bacterial peptidases (penicillin-binding proteins) involved in peptidoglycan cell wall synthesis (2). 

The irreversible binding is mediated by a conserved active site serine, which performs a 

nucleophilic attack on the carbonyl of the β-lactam ring (3).

The discovery of Benzylpenicillin (BP) revolutionised the treatment of bacterial diseases and 

provided a foundation for the synthesis of numerous antimicrobial agents used in modern 

medicine. Yet, the tremendous benefit experienced by most individuals prescribed these 

antibiotics is contrasted by a range of clinically diverse adverse drug reactions (ADRs) in a subset 

of recipients (8-11.5%)(4-6).Adverse reactions to penicillins include 1) non-immune mediated 

reactions such as vascular hyperpermeability (7), and 2) immune-mediated ADR, or drug 

hypersensitivity reactions (DHRs)(8). DHRs are categorised based on their underlying immune-

related mediators (e.g. IgE antibody production, proinflammatory cytokines [interferon- IFN, 

interleukin (IL)-4] and chemokine [IL-8] release) and resulting clinical presentation of symptoms 

(e.g. anaphylaxis and skin rash severity/extent) (9,10) (Table 1).

Whilst the manifestations of immediate DHRs due to penicillin exposure are clinically and 

mechanistically well-defined (such as thedegranulation of IgE-primed mast cells [reviewed in 

(11)]), delayed DHRs are less well characterised. 

Here, we review the current understanding of delayed β-lactam-induced DHRs and the role of T 

cells in their aetiology, focusing on the involvement of specific T cell subtypes that drive 

immunopathology and the underlying molecular events that stimulate their activation.

CLASSIFICATION OF ADVERSE DRUG REACTIONS

An ADR is defined as a “noxious and unintended” response to a therapeutic dose of a drug (12) 

and can be categorised based on predictability, the time of onset, and the underlying mechanisms 

driving pathology.

Predictability

ADRs are categorised into two types of reactions based on predictability. Type A represents the 

vast majority of ADRs, which involve predictable side effects associated with drug pharmacology 

and are often described as an exaggeration of a drug’s intended effect. However, Type B reactions A
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are considered unpredictable, are less well understood, and are often immune-mediated DHRs 

(13). 

Onset time

Type B reactions are segregated into immediate (typically minutes to <1 hour) or delayed (>1 

hour) reactions based on onset time following drug administration (14). Regarding penicillin-

induced DHRs, immediate reactions that result in anaphylaxisare usually mediated by drug-

specific IgE (11) and typically occur within an hour of exposure (15,16). In contrast, penicillin-

induced delayed reactions, known as delayed-type hypersensitivity (DTH) reactions, can manifest 

anywhere between 1 hour to a few days after drug administration (17,18). 

Pathological mechanisms

DHRs are further delineated based on their underlying pathological mechanisms. B cell-mediated 

reactions constitute type I, II and III reactions, whilst T cell-mediated delayed reactions are 

classified as type IVa-d reactions (Table 1) (9) based on distinct pathological mediators; IVa – 

macrophage/monocyte activation, IVb – eosinophil activation, IVc – cytotoxic T cell activation, 

IVd – neutrophil activation (10). Delayed penicillin hypersensitivity most commonly manifests as 

maculopapular exanthema (MPE), which can be classified as IVa, IVb or IVc (19,20).

T CELLS AND ADVERSE REACTIONS TO PENICILLINS

αβT cells can be divided into two main subsets, CD4+ and CD8+ T cells, and are activated through 

their highly specific T cell receptors (TCRs). T cell-mediated immunity can be invoked upon 

recognition of foreign or non-self peptides (e.g. viral) presented by the Human Leukocyte Antigen 

(HLA) molecules of an antigen presenting cell (APC). 

Activation of T cells by penicillins in DHRs is thought to occur due to the ability of penicillins to 

covalently modify proteins to form neoantigens, which have not been previously encountered by 

the immune system. This may give rise to novel self-derived peptides either directly through the 

covalent modification of a residue within a displayed peptide, or via alteration of the expression or 

processing of the source protein. 

Detection of penicillin-specific T cells A
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T cells undergo a process known as clonal expansion upon activation and they release cytokines 

for downstream immune activation. Proliferation of lymphocytes in response to penicillin was 

observed as early as the 1960s (21,22). Lymphocyte transformation into mitotically active cells, 

was reported to occur spontaneously in in vitro cultures from patients during the acute phase of 

reaction, but not in healthy controls or non-allergic or recovered patients. Transformation was also 

observed on stimulation with penicillin at a higher rate in samples from allergic patients than in 

healthy subjects (22). Modern-day lymphocyte transformation tests (LTTs) generally detect 

proliferation by the measurement of 3H-thymidine uptake of dividing cells or dilution of 

Carboxyfluorescein Diacetate Succinimidyl Ester (CFSE) staining by flow cytometry (23,24). As 

for other drugs, sensitivity and specificity of LTT for diagnosis of penicillin DHRs varies across 

studies, and can be influenced by clinical stage and nature of the DHR (25,26). For example, 

across 3 studies, LTT for DHR to BP and AX showed sensitivity and specificity ranges of 62.5%-

75% and 85-100% respectively (27-29). 

More recently, IFN ELISpot has been established as one of the key diagnostic tests to show drug-

specific T cell involvement in suspected DHRs (18,30). Rozieres et al.compared the capability of 

both LTT and IFN ELISpot to identify circulating AX-specific lymphocytes in peripheral blood 

mononuclear cells (PBMCs) of AX-DTH patients (n=22). They showed that the IFN ELISpot 

assay exhibited a higher sensitivity, detecting AX-specific lymphocytes in 91% of AX-DTH 

patients, as compared to 68% via LTT (29). Alternatively, Granzyme B ELISpot assays  have been 

used to evaluate the presence of cytotoxic cells (31,32). Of note, it is recommended by Mayorga et 

al., as part of theENDA/EAACI Drug Allergy Interest Group, that a combination of LTT and 

ELISpot assays should be conducted for a robust evaluation (23).

Whilst the ELISpot assay is highly sensitive for the detection of drug-responsive T cells, flow 

cytometry techniques have been critical in the characterisation of T cell phenotypes in both in 

vitro expanded T cells and directly ex vivo (33). Furthermore, obtaining biopsies for direct 

immunohistochemical investigations has provided information about the immune cell populations 

infiltrating the area of inflammation (34,35). Combinations of in vitro and in vivo techniques  are 

now routinely used to detect, isolate and characterise the T cells involved (Table 2) in different 

clinical phenotypes of penicillin-induced DHRs (36). Through characterisation of cell types, 

migration behaviour, and cytokine signature, researchers have highlighted potential roles for 

various cytokines (e.g. C-X-C chemokine ligand [CXCL] 10 and IL-4) and receptors (e.g. C-C A
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chemokine receptor [CCR] 4 and CCR9) in the pathology of penicillin-induced DHRs (37-39) 

(Table 3).Indeed, more broadly across DHR in vitro investigations have not only revealed  

cytokine signatures and roles for T regulatory cells and dendritic cells in disease pathology (40-

43), but led to recommendation of their manipulation for enhanced diagnostic readouts (23).

Penicillin-induced cutaneous adverse drug reactions 

Cutaneous adverse drug reactions (cADRs) range from mild, non-life-threatening reactions 

presenting as a rash, to potentially fatal conditions such as AGEP, DRESS, and Stevens-Johnson 

syndrome (SJS)/toxic epidermal necrolysis (TEN) (39,44-48). As summarised in Table 3, the 

majority of T cell studies have included patients experiencing MPE that clinically presents as 

widespread, raised skin lesions occurring 24-48 hours after drug administration (49).

BP, AX, Flux and piperacillin-reactive T cell lines and clones isolated from MPE patients are 

predominantly from the CD4+ T cell compartment (55-100% of T cell clones identified using 

various strategies [1-10 patients per study]; Table 3) (30,50-54). Further phenotyping of CD4+ T 

cell clones using immunoassays including flow cytometry, ELISpot or commercially available 

cytokine-detection kits (e.g. Bio-Plex Pro™ (55)) revealed a heterogeneous immunoprofile, 

mostly composed of Th2 cytokines (IL-4, IL-5 and IL-13) (30,51,52,54-57), and to a lesser extent 

Th1 cytokines (IFNγ, IL-2) (30,54). The mix of both Th1 and Th2 cytokine profiles and the 

detection of eotaxins fits well with the understanding that these are vital regulators of eosinophil 

maturation and recruitment, consistent with MPE pathology (57,58). Interestingly, during an acute 

phase reaction, a high prevalence of blood-derived CD8+T cells (~55-75% of total T cells) were 

detected in patient PBMCs who experienced AX- or AX in combination with clavulanic acid 

(AC)-induced angioedema and generalised erythema (59). Furthermore, these cells were releasing 

proinflammatory cytokines and cytotoxic molecules (i.e. IFNγ, tumour necrosis factor (TNF), 

perforin, granzyme B) that have been shown elsewhere to directly contribute to keratinocyte 

apoptosis and epidermal lesions (60).

Immunohistochemical examination of inflamed skin from patients experiencing penicillin-induced 

MPE and acute generalized exanthematous pustulosis (AGEP) showed perivascular infiltration of 

mainly CD4+ T cells (60-70% total T cells), where no blistering of the skin was present 

(35,39,50,59,61). A distinct feature in AGEP however, is the release of IL-8 that might play a role 

in neutrophil recruitment to the site of lesion (39). Infiltrating CD4+ T cells have also been shown A
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to express upregulated levels of HLA-DR (late activation marker) in 80-100% of the total CD4+ T 

cell population (Yawalkar et al.: 9 controls, 3 penicillin-hypersensitive patients; Britschgi et al.: 4 

controls, 2 penicillin-hypersensitive patients) (39,57). Moreover, enhanced expression of skin-

homing markers such as cutaneous lymphocyte-associated antigen (CLA), CCR10, and C-X-C 

motif chemokine receptor (CXCR) 3 on infiltrating T cells are commonly detected across the 

spectrum of penicillin-cADRs (59,62,63). These receptors are fundamental in the recruitment of T 

cells to the dermis where the corresponding ligands are produced, including CXCL9 for CXCR3 

and C-C chemokine ligand (CCL)27 for CCR10 (38,59,64). 

In contrast, infiltrating T cells in bullous skin lesions (i.e. blistering skin) caused by AX and BP 

are predominantly from the CD8+ T cell compartment (74-90% of CD3+ T cells) (34). Supporting 

CD8+ T cell responses in bullous reactions (i.e. SJS and TEN), T cell clones from the same 

patients released elevated levels of proinflammatory cytokines IL-2 and IFNγ, which promote the 

release of perforin, granzyme B and FasL that cause keratinocyte apoptosis (65,66).

Thus, despite the overlap of the cytokines underlying these different pathologies, phenotypic 

differences appear to align to the dominant T cell subsets involved – CD4+ T cells in MPE, and 

CD8+ T cells in SJS/TEN. Why biases towards either CD4+ or CD8+ T cells evolve, leading to 

these distinct pathologies, remains poorly understood. Further investigation into site-specific and 

resident immune cells and APCs (e.g. Langerhans versus dermal dendritic cells) may aid 

delineation. 

Drug-induced liver injury

Penicillins can also cause drug-induced liver injury (DILI), an umbrella term used to describe 

toxic hepatitis or hepatotoxicity associated with drugs. The pattern of DILI can be biochemically 

determined though the alteration of alanine aminotransferase or alkaline phosphatase levels in 

patient serum (67). Penicillin- DILI typically manifests within 1-3 weeks post-drug administration 

and usually presents as cholestatic, or mixed cholestatic and hepatocellular injury (75% of total 

DILI patients), where there is both impaired function of hepatocytes and damaged liver cells 

(68,69). The most commonly reported penicillins that induce DILI are AC (AC-DILI) (69,70) and 

Flux (Flux-DILI) (71-75).

The first report of T cell involvement in DILI was published by Bauer and Bircher, where drug-

specific T cells against BP and AX were detected from DILI-patient PBMCs (76). The A
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immunoprofile of DILI-associated T cells was further characterised by the Naisbitt group 

following outgrowth of Flux-specific CD4+ and CD8+ T cell clones (n=4 and n=35, respectively) 

from PBMCs of Flux-DILI patients (37). Moreover, DILI-associated T cell clones have been 

reported to express high levels of the liver-homing receptors, CCR2 and CCR9 (77,78). The 

CCR9+ T cells were also shown to migrate towards CCL25 (CCR9 ligand) in transwell migration 

assays (2- to 4-fold change migration against no ligand control) (37,77). This effect was also 

observed in a follow-up study by the same group focused on AC-DILI patients. Here, AX-specific 

CD4+ and CD8+ T cell clones (n=40 and n=65, respectively) also demonstrated upregulation of 

CCR9 (79). Finally, immunohistopathological interrogation of liver biopsy from a Flux-DILI 

patient displayed infiltration by CD3+ CD8+ T cells, corresponding to the proposed involvement of 

CD8+ T cells in Flux-DILI pathology (80). 

ACTIVATION OF T CELLS BY SMALL MOLECULE DRUGS

The prevailing hypothesis as to how small molecule drugs can stimulate T cell responses is that 

the drug (or a metabolite) associates with self-peptide-HLA (pHLA) complexes to generate 

structurally novel complexes that can be recognised by T cells. Three main models for how drugs 

might be incorporated have been proposed; 1) the pharmacological interaction with immune 

receptors (p.i) concept, 2)the hapten/prohapten concept and 3) the altered peptide repertoire 

concept.To date, no evidence for large-scale changes in peptide repertoire (altered repertoire) as 

described for the anti-retroviral drug abacavir (81) has been published for penicillins. Therefore, 

we focus on evidence for penicillin presentation via the p.i and the hapten/prohapten concepts. 

Pharmacological interaction with immune receptors concept

The p.i concept stipulates that a drug (e.g. carbamazepine, allopurinol and sulfamethoxazole) 

interacts with an immune receptor (such as the pHLA) in a non-covalent, labile manner to induce a 

T cell response (82-84). In vitro investigations demonstrated that activation of drug-specific T 

cells was abrogated when pulsed APCs (incubation of APC with the drug before washing at 

physiological pH) were used for stimulation suggesting that the interaction between drug and 

pHLA is labile (82). Consequently, no de novo antigen processing is required, and response to the 

drug-pHLA complex is immediate (Figure 2, pathway 4) (85).Alternatively, it has also been 

proposed that drugs (e.g. sulfamethoxazole) can interact with the TCR itself, altering recognition A
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of the pHLAcomplex (86,87). Interestingly, Fluxhas been proposed to employ a p.i. mechanism of 

presentation by HLA instead of peptide ligand haptenation (88-90), as discussed in detail below 

(Influence of HLA polymorphisms).

Hapten/Prohapten concept

Unlike the p.i concept, haptens form a covalent bond with the carrier protein, and physiological 

washing steps do not abrogate T cell activation (Figure 2) (51,91). Penicillins are known to 

preferentially bind to free amines, including lysine residues of proteins, and can generate multiple 

novel antigenic determinants (56,90,92). However, these stable neoantigens can only be 

recognised by T cells after antigen processing and presentation of the haptenated peptide by the 

HLA, unless haptenation occurs directly at the cell surface (Figure 2, pathways 1 and 2) (54,93). 

In contrast, other small molecules, such as the antimicrobial agent Sulfamethoxazole, are inert in 

their native forms and gain hapten-like properties via metabolism. These molecules are termed 

‘prohaptens’. 

Penicillin Haptens

The reactivity of penicillins is engendered by the spatially constrained β-lactam ring, which can be 

the target of nucleophilic attack by free amine groups, leading to the opening of the four-

membered ring and formation of thepenicilloyl adduct on lysine residues and free amine moieties 

(94). Spontaneous conversion of penicillin into penicillenic and penicilloic acid may enable 

modifications at cysteine residues, but these adducts are considered minor determinants (95-97). 

The highly abundant serum protein, human serum albumin (HSA), is a long-studied target of 

penicillin modification. In early studies, high-performance liquid chromatography (HPLC) 

coupled with protein sequencing via Edman degradation of tryptic peptides defined three lysine 

residues within HSA that were subject to modification by BP (98,99). More recent investigations 

have capitalised on tandem mass spectrometry to identify individual peptide species within a 

complex mixture to define sites of modification in proteins such as HSA. This approach has 

enabled the identification of lysine modification by diverse penicillins both ex vivo (HSA isolated 

from patient blood) or in vitro (Table 4) (56,90,92,100-102). Alternatively, drug-specific 

antibodies have been utilised to detect penicillin haptenation of proteins (usually coupled with 2D 

gel electrophoresis), although this approach lacks the ability to define the precise site of 

haptenation within the protein sequence (103-105). Crucially, the isolation of haptenated HSA 

from the blood of patients undergoing antibiotic therapy confirms that haptenation of proteins by A
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penicillins occurs under physiological conditions (52,56), thus haptenated proteins may be a 

source of drug-modified neoepitopes for T cells. 

T CELL ACTIVATION BY PENICILLIN

Early studies by Padovan et al. provided direct evidence for the involvement of covalently 

modified penicilloyl neopeptides in the activation of BP-specific T cells in vitro(106,107). 

Utilising CD4+ BP-specific T cell clones expanded from the PBMCs of four penicillin 

hypersensitive patients, and immortalised autologous Epstein–Barr virus (EBV)-transformed B 

lymphoblastoid cell lines, they showed that metabolically active APCs were required to induce 

activation (measured by proliferation) of some, but not all, T cell clones (106). Furthermore, the 

ability of HSA-BP conjugates to invoke CD4+ T cell activation suggests a requirement for antigen 

processing competent APCs and an ability to present penicillin modified peptide(s) originating 

from proteins of the extracellular milieu (Figure 2, pathway 2) (52,93,108). Compellingly, 

synthetic penicilloyl peptides, designed to bind the expressed HLA class II molecules, also 

induced CD4+ T cell proliferation, confirming that responses can be stimulated by covalently 

modified peptides (93,107).

To date, the majority of studies have focused on penicillin responses from the CD4+ T cell 

compartment as these cells commonly dominate the drug-expanded T cell population in studies of 

penicillin hypersensitivity (51,54,61,93,108). However, drug-responsive CD8+ T cell clones have 

also been observed (34,59,109), suggesting that penicilloyl peptides may be presented via both 

HLA class I and II pathways. Haptenation of proteins in the intracellular compartment is 

supported by the identification of modified proteins in lysates of cells cultured in protein-free 

medium containing a biotinylated AX-analogue (AX-B) (Figure 2, pathway 1) (110). Interestingly, 

AX-B, and more recently native AX and Flux, were shown to not only haptenate intracellular 

proteins but toalso be exported to target cells in exosomes or carrier vesicles for peptide 

presentation (Figure 2, pathway 3) (105,111). Consistent with the provision of antigen from 

intracellular sources, CD8+ T cell responses can be significantly inhibited when the HLA class I 

processing and presentation pathway is impeded through treatment with a proteasome inhibitor 

(MG132) (112).
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RISK FACTORS

Influence of HLA polymorphism

Whilst variants of co-stimulatory molecules CD40 and CD40L have been implicated as risk 

factors in penicillin DHRs(113), the impact of HLA polymorphism has received a high level of 

scrutiny in the broader field of DHR research revealing numerous associations between DHRs and 

specific HLA alleles (114-117). These associations suggest that in some instances the ability of the 

causative drug to interact with the HLA is allotype specific, or at least augmented. HLA molecules 

are highly polymorphic with around 17,000 HLA class I and 7,000 HLA class II alleles identified 

to date (118). Polymorphisms often map to the anchor pockets of the binding cleft that dictate 

peptide-binding specificity (A, B, C, D, E, F pockets for HLA class I, and P1, P4, P6 and P9 

pockets for HLA class II) (119). In the case of HLA-associated DHR, it is thought that these 

polymorphisms also dictate the ability of, or increase the potential for, the causative drug to 

interact with the HLA, as has been shown for abacavir and HLA-B*57:01 (81).

Identification of specific HLA alleles as genetic risk factors for DHRs has involved both targeted 

sequencing of the HLA and genome-wide association studies (GWAS), frequently prompting in 

vitro investigations. Although associations between penicillin DHRs and specific HLA are less 

apparent than those for drugs such as carbamazepine (HLA-B*15:02) (120,121) and abacavir 

(HLA-B*57:01) (122,123), associations between DILI induced by certain penicillins and a range 

of HLA have been observed (116) (Table 5). The strongest of these associations was identified in 

a genotyping and GWAS study that implicated HLA-B*57:01 in Flux-DILI (odds ratio (OR) of 

80.6 and negative predictive value of 99.99%) (124). In vitro relevance was reported by Monshi et 

al. where the majority of T cell clones obtained from Flux-DILI HLA-B*57:01+ patient PBMCs 

were CD8+ (n=35/38)(37). Notably, these DILI-patient-derived T cell clones also expressed liver-

homing receptors CCR4 and CCR9 that aid migration to the site of inflammation (77,125). 

The immunomechanism utilised by Flux is under debate. Multiple studies have demonstrated T 

cell responses towards Flux-pulsed APCs in PBMCs derived from Flux-DILI HLA-B*57:01+ 

patients (37,88), Flux-naïve HLA-B*57:01+donors(37) and Flux-naïve HLA-B*57:01-donors(89). 

Furthermore, like other penicillins, Flux has been shown to form stable haptenic structures in vitro 

and in vivo(30,90), suggesting that haptenated peptides form the antigenic determinants in Flux-

DILI. However, it has been observed that most Flux-specific T cell lines generated from Flux-A
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naïve HLA-B*57:01+ healthy donors did not recognise Flux-pulsed APCs, implying that the 

antigenic determinant recognised by some T cells was labile (i.e. p.i concept) (88,89). 

Furthermore, T cell clones generated from Flux-naïve HLA-B*57:01+donors could be activated 

immediately after Flux addition (<5 mins) (89). Together, these findings suggest heterogeneity in 

the mode of interaction of Flux and HLA molecules that necessitates further study into: 1) the 

possible role of initial non-covalent interactions between Flux and its target that catalyses 

haptenation (126) and 2) pH of the target microenvironment (i.e. lysine residues) that might 

influence this reaction (127), in order to understand the molecular basis of the association of Flux-

DILI with HLA-B*57:01.

To date, GWAS and genotyping reports have identified several different HLA allotypes as risk 

factors for AX-DILI. The two most prominent allotypes, HLA-A*02:01 and HLA-DRB1*15:01, 

were speculated as potential risk factors in American, European, Spanish, and Scottish populations 

(summarised in Table 5, with associated single nucleotide polymorphism [SNP]) (128-131). 

Mechanistic studies by Kim et al. showed that AX could induce proliferation of AX-specific CD8+ 

and CD4+ T cells in DILI patients who were HLA-A*02:01+ (n=4/7) and HLA-DRB1*15:01+ 

(n=1/7). Activation of both AX-specific CD8+ and CD4+ T cell clones could be inhibited when 

APCs were treated with pan HLA class I or II antibodies, respectively (79). In contrast, another 

GWAS study postulated that the HLA-A*33:01 allele (SNPs rs114577328 and rs72631567) might 

predispose patients to AX-DILI (OR 2.7 and 1, p=2.4x10-8 and 9.8x10-9, respectively) (132). In a 

separate genotyping study, HLA-A*30:02 was significantly higher in the AX-DILI cohort (OR 

6.7, p=5x10-8) (133). The less compelling associations between penicillin ADR and specific HLA 

allotypes may reflect the vast range of potential modification sites of human proteins (~6% lysine) 

contributing modified peptide ligands to diverse HLA molecules (134).

Cystic fibrosis

Cystic fibrosis (CF) is an autosomal recessive disorder caused by a mutation in the CF 

transmembrane conductance regulator (CFTR) gene (135). The mutation consequently leads to 

protein misfolding impairing an individual’s mucociliary clearance ability. Build-up of viscous 

mucus forms an extremely conducive environment for bacteria to thrive, therefore CF patients are 

often chronically infected with Staphylococcus aureusand Pseudomonas aeruginosa(136). As a 

result, penicillin therapy, comprised of piperacillinin combination with Tazobactam, has become 

the cornerstone of CF treatment (137). Unfortunately, penicillin-hypersensitivity is three to six A
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times more prevalent in CF patients when compared to patients receiving microbial treatment for 

other ailments (138,139). Amongst these reactions, piperacillin-induced DTH (30-50% of ADRs 

in CF patients) usually manifests as MPE, AGEP and DRESS (140-142).

In a study of 28 piperacillin-hypersensitive CF patients, excluding patients on oral steroids, 

Whitaker et al. demonstrated expansion of piperacillin-responsive T cells from PBMCs in 76% of 

patients (56). Further investigations conducted by El-Ghaiesh et al. showed that piperacillin-

specific T cells clones (n=414) from five CF patients were mainly of the CD4+ T cell phenotype 

(CD4+: 55-100%, CD8+: 0-45%, CD4+CD8+ double positives: 0-12%) (51). This prompted a series 

of studies, which reported a consistent dominance of CD4+ T cell expansion (79-92% of all 

clones) (30,52,62), the characterisation of which revealed a dominant Th2 immunoprofile, 

secreting significantly higher levels of IL-4, IL-5 and IL-13 when compared to controls 

(30,51,52,56,62). Interestingly, Sullivan et al. presented novel evidence showing that piperacillin-

specific Th22 T cell clones (producing IL-22 and not IL-17), can be expanded from piperacillin-

hypersensitive CF patient PBMCs (62). This finding is particularly interesting as Th22 cells 

express CCR4 and CCR10, both skin-homing receptors that might be key regulators of the MPE 

pathology (143). The cutaneous nature of many penicillin-induced DTHs, in conjunction with the 

role of IL-22 in other cutaneous diseases (i.e. atopic dermatitis and psoriasis) (144-146), suggests 

that Th22 T cells warrant further investigation in penicillin-induced cADR progression. 

Desensitisation of piperacillin-hypersensitive patients has shown success rates of 100% and 55% 

in those who experience immediate and non-immediate reactions, respectively (147,148). 

However, the mechanisms of desensitisation have not been fully elucidated in this context and 

need to be explored in detail.

COMMENTS AND CONCLUSION

Understanding penicillin hypersensitivity has proven to be extremely complex, involving both 

humoral and cellular immune components. Whilst testing for penicillin-specific IgE in patients is 

relatively straightforward; evaluating if an individual might experience a T cell-mediated response 

is complicated and requires more detailed investigation. Although the dominant T cell subsets in 

various penicillin-induced DHRs can be defined, the underlying causes of these reactions and the 

molecular targets are yet to be fully explained. Furthermore, not all of these reactions are A
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persistent, and patients can be de-labelled as allergic to penicillin (149). Hence prediction of who 

may experience a penicillin-induced DHR, and if so, in what form, remains clinically obscure. As 

the formation of penicillin-haptenated proteins can occur either intracellularly or extracellularly, 

there is potential to invoke activation of different T cell subsets that paint distinct clinical pictures. 

Whilst the breadth of potential haptenation sites in the human proteome may generate a diverse 

range of neopeptides enabling these reactions across HLA backgrounds. Thus, the question may 

be – “why don’t more people experience these reactions?”. Whether dampening of responses by 

regulatory T cells (40,150) or biases towards particular TCR sequences (151,152) shape reaction 

susceptibility, as suggested in adverse responses to other drugs, is worthy of further investigation. 

Understanding these factors and defining the precise targets of penicillin-responsive T cells, 

represent the next hurdles to unravelling the mechanisms of these complex reactions.  
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TABLES

Table 1.Hypersensitivity reaction manifestations and immune mediators. (Adapted from Pichler 

2003 (10)). 

Table 2. Workflow for detection and characterisation of penicillin-specific T cells.

Table 3.Immunoprofiling of penicillin-specific T cells.

Table 4.Penicillin modification sites identified through mass spectrometry analysis of trypsin 

digested HSA after in vitro incubation or ex vivo from patient serum.

Table 5.Reported associations between penicillin-induced ADRs and HLA genes.

FIGURE LEGENDS

Figure 1: Molecular structures of penicillins. a) The core structure of penicillin, also known as a 

penam, consists of a β-lactam ring fused with a thiazolidine ring that resembles b) D-Ala-D-Ala, 

the natural substrate of penicillin-binding protein. c) The penam forms the core of various 

penicillins extracted from the list of essential medicine curated by the World Health Organisation 

(WHO) (1).

Figure 2: Schematic representation of the generation of HLA-peptide complexes. Whilst 

penicillins, such as benzylpenicillin (pictured), can haptenate preformed HLA class I (1a) or class 

II (2a)-peptide complexes directly on the cell surface to induce T cell activation, intracellular (1b) 

and extracellular (2b) haptenation of proteins can also occur. Intracellular proteins that undergo 

proteasomal degradation (1c) typically furnish HLA class I ligands, which are transferred into the 

endoplasmic reticulum (ER) via the transporter associated with antigen processing (TAP) (1d) for 

loading onto HLA class I molecules. Novel peptides presented by HLA class I can invoke CD8+ T 

cell activation (1e). On the other hand, proteins haptenated within the extracellular milieu can be 

phagocytosed and degraded in the endosomal compartment (2c) for HLA class II loading. Novel 

peptides traversing this pathway can invoke CD4+ T cell activation. More recently, it has been 

shown that intracellularly haptenated proteins (3a) can be exported in exosomes (3b) to target cells 

providing a novel source of haptenated peptides. Furthermore, flucloxacillin is also proposed to 

interact with pHLA in a labile fashion (p.i. concept) (4). 
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Table 1. Hypersensitivity reaction manifestations and immune mediators. (Adapted from 

Pichler 2003 (10)).  

Reaction Symptom/Diagnosis Immune Mediators Cell Type 

Type I Urticaria, anaphylaxis IgE 

B cells 
Type II Blood cell dyscrasia IgG and Fc receptor 

Type III Vasculitis 
IgG, complement proteins or 

Fc Receptor 

Type IV 

a Eczema, dermatitis, MPE IFNγ, TNF 

T cells 

b DRESS, MPE IL-4, IL-5, IL-13, eotaxins 

c DILI, SJS/TEN, MPE 
Granzyme B, perforin,  

Fas ligand 

d AGEP GM-CSF, IL-8 (CXCL8) 

 

AGEP, acute generalized exanthematous pustulosis; DRESS, drug reaction with eosinophilia 

and systemic symptoms; DILI, drug-induced liver injury; GM-CSF, granulocyte-macrophage 

colony-stimulating factor; IFNγ, interferon-γ; Ig, immunoglobulin; IL, interleukin; MPE, 

maculopapular exanthema; SJS/TEN, Stevens-Johnson syndrome/toxic epidermal necrolysis; 

TNF, tumour necrosis factor.  
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Table 2. Workflow for detection and characterisation of penicillin-specific T cells. 

Assay type Description References 

Diagnostic evaluation of 

drug-specific T cells 

LTT  

 

 

(24,27,28,30,34,37,39,

50-

57,59,62,76,79,89,92,9

3,106-109,153-156) 

 

IFN ELISpot  

 

(30,37,51,56,62,79,89,

93,108,112,153) 

 

In vivo tests 

 

Drug provocation test, Intradermal test, 

Patch test, Skin prick test, Skin test 

 

(36) 

Generation of T cell lines 

or clones 

Lines: Stimulation of PBMCs with drug 

 

 

 

(30,34,37,39,50-

52,54,56,62,79,89,93,1

06-108,112,155) 

 

Clones: Serial dilution of penicillin-

responsive T cells 

 

(30,34,37,39,50-

52,54,56,62,79,89,106,

107,155) 

 

Characterisation Mechanism for penicillin-specific T cell 

activation 

 labile/covalent interaction  

 antigen processing requirements  

 HLA restriction  

 

 

(52,54,89,112) 

(54,93,108,112) 

(79,106) 

 

Immunophenotyping techniques  

 Flow cytometry  

 ELISA  

 ELISpot 

 

(30,34,59,79) 

(39,53,155) 

(39,51,112) A
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ELISA, Enzyme-linked immunosorbent assay; ELISpot, Enzyme-linked immune absorbent 

spot; IFNinterferon-γ; LTT, Lymphocyte transformation test; PBMC, Peripheral blood 

mononuclear cell; TCR, T cell receptor 

 

TCR repertoire  

 V staining  

 

(50,52,54,106,155) 
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Table 3. Immunoprofiling of penicillin-specific T cells. 

Drug(s) DHR Cases Onset time Immunoassays T cell subtypes Immunoprofile Reference 

Amp SJS 1 25 days LTT with MTT  IFNγ (157) 

Amp, BP Severe erythema 

multiforme, fever, 

malaise, 

blistering 

2 delayed 5-7 days Immunohistochemistry, FC 

analysis of lesional 

epidermis, LTT, 

proliferation assay, ELISA 

CD8
+
 > CD4

+
 IL-2, IFNγ 

(CD8+ T cell 

clones, n=7).  

IL-4 (CD4+ T 

cell clone, n=1), 

HLA-DR 

(34) 

Amp, 

Piperacillin 

MPE 2 1 day Immunohistochemistry CD4
+
 > CD8

+
 HLA-DR (35) 

Amp, AX, 

AC, BP 

SJS 2 2-3 days LTT CD4
+
   (109) 

Amp, BP, 

Penicillin V 

BP-

hypersensitivity 

4  LTT, proliferation assay, FC CD4
+
 > CD8

+
  (106) 

Amp, AX, 

BP, Flux 

Exanthema, fever, 

oedema, urticaria 

7  LTT, ELISA, FC CD4
+
 (62-90%), 

CD8
+
 (10-38%) 

 (155) 

AX MPE, Lyell's 

syndrome 

23 delayed 

(positive 

skin patch 

test) 

6-48 hours LTT, IFNγ ELISpot  IFNγ (29) 

MPE 11 controls 

(negative 

skin patch 

test) 
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Anaphylaxis 15 

immediate 

<30 minutes 

AC MPE 1 3 days Scratch-patch, 

immunohistochemistry, 

LTT, ELISA, FC 

CD4
+
/CD45RO

+
 

(2/3), 

CD8
+
/CD45RO

+
 

(1/3) 

HLA-DR, CD45, 

perforin, IL-5, 

TNFα 

(50) 

AX, AC 

 

 

 

 

MPE, 

angioedema 

3 9-54 hours Drug-provocation, 

immunohistochemistry, 

LTT, FC 

CD8
+
 (dominant 

during reaction), 

CD4
+
 

HLA-DR, CLA, 

granzyme B, 

CXCL9, CCL27, 

CXCR3, CCR10 

(59) 

AX MPE 4 7-8 days LTT   (154) 

 10 healthy 

controls 

 

5 tolerant 

controls 

AX, AC AGEP,  2 4-36 hours Immunohistochemistry, 

LTT, ELISA, ELISpot 

CD4
+
 (60-70%),  

CD8
+
 (30-40%) 

HLA-DR, CD25, 

IL-4, IL-5, IFNγ, 

RANTES 

(CCL5), GM-

CSF, IL-8, 

CXCR1  

(39) 

Non-AGEP (drug 

not specified) 

4 controls  

AC MPE, pneumonia, 

skin infection, 

arthritis 

3 3-10 days Immunohistochemistry, LTT  IL-5, eotaxin, 

RANTES 

(CCL5), MCP-3 

(57) 
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 9 controls  

AX 4 MPE, 1 

erythema 

exsudativum 

multiforme 

5  LTT, 17‐ plex bead‐ based 

immunoassay (BioRad) 

 Baseline 

secretion: CCL2, 

CCL4, IL‐ 6  

(p<0.05) 

PBMC 

stimulation:  

IL‐ 5, IL‐ 13, 

IFNγ, TNFα and 

GM‐ CSF 

(55) 

 5 controls 

AX, AC MPE 13  Quantitative real-time PCR, 

immunohistochemistry 

CD4
+
, CD8

+
 TNF, IFNγ, 

CCR6, CCL20, 

and CCL27; 

Skin: CXCR2, 

CXCL9 and 

CXCL10;  

Blood: CXCR3  

 

Peripheral blood: 

CCR10 

 

Skin: CCL20, 

CXCL9, 

CXCL10, 

CCL27 

(38) 

MPE induced by 

non-penicillins 

14   

 26 drug 

tolerant 

controls 
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Both: TNFα, 

IFNγ, perforin, 

granzyme B, 

CXCR3, CCR6 

AX, BP DILI 1 4 weeks LTT   (76) 

AX, BP Morbilliform 

exanthema 

12 <2 weeks LTT, proliferation assay   (27) 

 6 controls  

AX, AC, 

Cloxacillin, 

Penicillin V 

Exanthema 4 >6 hours FC  CLA  

(median=20.4 vs 

9.4) (p<0.001). 

HLA-DR 

(63) 

 10 healthy 

controls 

 

 8 tolerant 

controls 

 

AC DILI 7 2-39 days LTT, IFNγ ELISpot, FC CD4
+
 > CD8

+
 > 

CD4
+
/CD8

+
 

IFNγ, perforin, 

granzyme B, 

FasL, IL-17, 

IL-22, 

CCR4,CCR9, 

CXCR3 

(79) 

BP Urticaria, 

angioedema, 

MPE, diarrhoea, 

fever, shortness 

of breath, 

10  LTT, ELISA, FC CD4
+
 (16 clones) > 

CD8
+
 (3 clones) 

BP: IL-4, IL5 > 

IFNγ; BP-HSA: 

IFNγ > IL-4, IL-

5; both: IL-2, 

IFNγ, TNFα 

(54) 
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generalised 

pruritus 

 

BP Immediate facial 

swelling, 

erythematory rash 

2 Immediate LTT   (92) 

 8 controls  

BP Healthy 10  LTT, IFNγ ELISpot CD4
+
/CD45RA

+
 IFNγ (108) 

BP Anaphylaxis, 

exanthema, 

angioedema, 

Urticaria, 

dyspnoea, 

generalised 

pruritus, drug 

fever 

5 

immediate 

 LTT, IFNγ ELISpot CD4
+
/CD45RA

+
 IFNγ (93) 

Urticaria, drug 

fever, exanthema 

2 delayed 

 33 controls 

BP, AX Urticaria (2), 

angioedema, 

anaphylaxis (29) 

31 

immediate 

<60 minutes LTT   (28) 

urticaria (12), 

MPE (7) 

19 delayed 9-48 hours 

 28 controls  A
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BP, Amp MPE, immediate 

asthmatic reaction 

4  LTT, proliferation assay 

ELISA, FC 

CD4
+
 (85-95%) > 

CD8
+
 (5%-15%) 

L-selectin (53) 

 10 controls 

BP, Amp BP-

hypersensitive 

2  LTT, proliferation assay, 

ELISA, FC 

CD4
+
 (2 clones) IL-4 (107) 

BP Exanthema, 

urticaria, 

anaphylaxis 

6  LTT CD4
+
 L-selectin (156) 

 6 healthy 

controls 

BP  7 healthy  IFNγ ELISpot, 

IFNγ/granzyme‐ B 

fluorospot assay 

CD8
+
 IFNγ,  

granzyme B 

(112) 

Flux, AX, 

BP, 

Piperacillin 

Flux-DILI 6 

(4/6 HLA-

B*57:01+) 

3-4 weeks LTT, IFNγ ELISpot, FC, 

chemotaxis assay 

Patient: CD8
+
 (35 

clones) > CD4
+
 (10 

clones) 

Drug naïve: CD8
+
 

IFNγ, FasL, 

perforin, 

granzyme B, 

CCR2, CCR4, 

CCR9, CXCR3 

(37) 

6 tolerant 

controls 

 

3 HLA- 

B*57:01+ 

drug naïve 

 

Flux  9 Healthy, 

Flux-

naïve,  

HLA-

 LTT, IFNγ ELISpot, FC CD8
+
 > CD4

+
 IFNγ, CD107a (89) 
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B*57:01+ 

 8 Healthy, 

Flux-

naïve,  

HLA-

B*57:01-

controls 

Piperacillin PIP-

hypersensitive 

4  LTT, IFNγ ELISpot, FC, 

chemotaxis assay 

Blood:  

84.25% CD4
+
, 

15.75% CD8
+
 

Inflamed skin: 

85.5% CD4
+
, 

14.5% CD8
+
 

IFN, IL-13, IL-

22, granzyme B, 

CCR4, CCR5, 

CCR8, CCR10, 

CXCR3, CXCR6 

(62) 

 4 controls 

Piperacillin MPE, fever, 

urticarial 

eruptions, flu-like 

symptoms 

28 2-11 days Immunohistochemistry, 

LTT, IFNγ ELISpot 

CD4
+
 > CD8

+
 IFNγ, IL-13,  

gramzyme B, IL-

1, IL-6, TNF, 

MIP-1 

(56) 

 9 tolerant 

controls 

 

 

AGEP, acute generalized exanthematous pustulosis; Amp, Ampicillin; AC, Amoxicillin and Clavulanic Acid; AX, Amoxicillin; BP, 

Benzylpenicillin; CCL, C-C chemokine ligand; CCR, C-C chemokine receptor; CLA, Cutaneous lymphocyte-associated antigen; CXCL, C-X-C 

chemokine ligand; CXCR, C-X-C chemokine receptor; DILI, drug-induced liver injury; ELISA, Enzyme-linked immunosorbent assay; ELISpot, 

Enzyme-linked immune absorbent spot; FasL, Fas ligand; FC, Flow cytometry; Flux, Flucloxacillin; GM-CSF, granulocyte-macrophage colony-A
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stimulating factor; HSA, human serum albumin; IFNγ, interferon-γ; IL, interleukin; LTT, lymphocyte transformation test; MCP, monocyte 

chemoattractant protein; MIP, macrophage inflammatory proteins; MPE, Maculopapular exanthema; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide; PBMC, peripheral blood mononuclear cell; SJS, Stevens–Johnson syndrome; TNF, tumour necrosis factor 
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Table 4. Penicillin modification sites identified through mass spectrometry analysis of trypsin digested HSA after in vitro incubation or ex vivo 

from patient serum. 
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Amoxicillin Benzylpenicillin Flucloxacillin Piperacillin 

Lysine Position Peptide 
Patient 

serum 
In vitro 

Patient 

serum 
In vitro 

Patient 

serum 
In vitro 

Patient 

serum 
In vitro 

4 DAHK*SEVAHR 
       

f 

12 FK*DLGEENFK 
 

b d d 
   

f 

137 K*YLYEIAR b b d d e 
  

f 

159 RHPYFYAPELLFFAK*R 
  

d d 
   

 

162 YK*AAFTECCQAADK 
 

b 
 

d 
 

e 
 

f 

190 LDELRDEGK*ASSAK a,b a,b, c d d e e b, f f 

195 ASSAK*QR 
  

d d e e b, f f 

199 LK*CASLQK b a, b, c d d e e 
 

f 

212 AFK*AWAVAR 
 

b, d d e e 
 

f 

351 LAK*TYETTLEK b a, b, c d d e e 
 

f 

378 VFDEFK*PLVEEPQNLIK 
   

d 
   

 

432 NLGK*VGSK b a, b, c d d e e b, f f 

436 VGSK*CCK 
 

b 
 

d 
   

 

475 VTK*CCTESLVNR 
 

b 
 

d 
   

 

525 K*QTALVELVK b b d d e e 
 

f 

541 ATK*EQLK b a, b, c d d e e b, f f 

545 EQLK*AVMDDFAAFVEK 
 

a, c d d 
 

e 
 

f 
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Table 5. Reported associations between penicillin-induced ADRs and HLA genes. 

Drug ADR 

Type of study 

- (Subclass) 

Gene association  

OR P-value 

PPV 

(%) 

NPV 

(%) Reference HLA SNP 

Flux 

 

DILI 

 

Patient HLA 

genotyping 

B*57:01  80.6 9.0×10
-19

 0.12 99.99 (124) 

GWAS B*57:01 rs2395029 45 8.7×10
-33

   

Flux DILI Patient HLA 

genotyping 

B*57:01  36.62 2.67x10
−97

   (158) 

B*57:03 19.77 0.001 

GWAS B*57:01 rs2395029 35.48 5.7x10
−97

   

Flux DILI Mechanistic B*57:01/B*58:01   8.97×10
19

   (37) 

BP, AX Anaphylaxis GWAS - 

Spanish 

DRA/DRB5 rs7754768 0.64 1.6×10
-6

   (159) 

rs9268832 0.64 4.9×10
-6

   

rs7192 0.65 7.4×10
-6

   

rs2227139 0.65 7.7×10
-6

   

rs2213586 0.66 1.2×10
-5
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rs2213585 0.66 1.4×10
-5

   

DRA rs7195 0.66 1.7×10
-5

   

rs8084 0.68 1.7×10
-5

   

AC DILI Patient HLA 

genotyping - 

Belgian 

DRB1*15:01-

DRB5*01:01-

DQB1*06:02 

  <0.0005   (160) 

DRB1*15:01   <0.003   

DRB5*01:01   <0.003   

DQB1*06:02   <0.0005   

AC 

 

DILI GWAS - 

Combined 

DRB1*15:01-

DQB1*06:02 

rs9274407 3.1 4.8×10
-14

   (128) 

 

 

 

rs9267992 3.1 6.8×10
-13

   

rs3135388 2.8 3.5×10
-11

   

A*02:01 rs2523822 2.3 1.8×10
-10

   

Patient 

genotyping - 

Combined 

DQB1*06:02  3.3 1.4×10
-6

   

A*02:01  2.2 2×10
-6

   

A
cc

ep
te

d 
A

rt
ic

le



 

This article is protected by copyright. All rights reserved 

AC 

 

 

 

DILI 

 

 

 

Patient HLA 

genotyping - 

Spanish 

 

 

 

A*30:02  6.7 5×10
-5

   (133) 

 

 

 

B*18:01  2.9 0.22   

DRB1*15:01  2.6 0.06   

DQB1*06:02  2.8 0.03   

A*30:02-B*18:01  5.3 0.026   

DRB1*15:01-

DQB1*06:02 

 3 0.014   

AC 

 

DILI 

 

Mechanistic - 

European 

 

A*02:01      (79) 

 DRB1*15:01-

DQB1*06:02 

     

AC 

 

DILI 

 

Patient HLA 

genotyping - 

European 

DRB1*15  2.29 0.002   (129) 

 DRB1*07 (protective)  0.18 0.0011   

AC 

 

DILI 

 

Patient HLA 

genotyping - 

Scottish 

 

DRB1*15:01  9.25 2.5×10
-6

   (130) 

 DRB1*15:01-

DRB5*01:01-

DQA1*01:02-

 35.54 < 10
-8
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DQB1*06:02 

AC 

 

 

 

 

 

 

 

 

DILI 

 

 

 

 

 

 

 

 

Patient HLA 

genotyping - 

DILI - 

Spanish 

 

DRB1*15   0.025   (131) 

 

 

 

 

 

DQB1*06   0.035   

DRB1*07 (protective)   0.005   

DQB1*02 (protective)   0.01   

Patient HLA 

genotyping - 

Hepatocellular 

injury – 

Spanish 

DRB1*15  2.31 0.002   

DQB1*06  2.32 0.001   

DRB1*07 (protective)  0.37 0.003   

DQB1*02 (protective)  0.39 0.003   

Patient HLA 

genotyping - 

Jaundice - 

Spanish 

 

DRB1*15   0.009   

DQB1*06   0.009   

DRB1*07 (protective)   0.006   

DQB1*02 (protective)   0.01   

AX Urticaria Mechanistic - 

European, 

DRB1*03:01      (161) 

DRB1*15:01/15:02      A
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Leicester 

AX, Flux DILI GWAS - 

European 

A*33:01 rs114577328 2.7 2.4 × 10
−8

   (132) 

A*33:01 rs72631567 1 9.7 × 10
−9

   

 

AX-Clav, Amoxicillin and clavulanic acid; AX, Amoxicillin; BP, Benzylpenicillin; DILI, Drug-induced liver injury; Flux, Flucloxacillin; 

GWAS, genome-wide association study; NPV, negative predictive value; OR, Odds ratio; PPV, positive predictive value; SNP, single nucleotide 

polymorphism. Note: SNPs are single nucleotide variants in an individual’s genome then can be used as genetic markers when they are in 

linkage disequilibrium. 
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