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Abstract

Adverse drug reactions are a significant health care burden. Immune-mediated adverse drug 

reactions (IM-ADRs) contribute a disproportionately high amount of that burden. Variation in 

human leukocyte antigen (HLA) genes has emerged as a potential pre-prescription screening 

strategy for the prevention of previously unpredictable IM-ADRs. Immunopharmacogenomics 

combines the disciplines of immunogenomics and pharmacogenomics and focuses on the effects 

of immune-specific variation on drug disposition and IM-ADRs. In this review, we will present the 

latest evidence for HLA associations with IM-ADRs, ongoing research into biological 

mechanisms of IM-ADRs, and translation of clinical actionable biomarkers for IM-ADRs, with a 

focus on T-cell-mediated adverse drug reactions.

Introduction

Adverse drug reactions (ADRs) are estimated to be the 4–6th leading cause of death, are the 

cause of 3–6% of inpatient admissions, and cost up to $136 billion annually in the United 

States (US).1–3 ADRs may be caused by predictable effects based on pharmacologic activity 

(type A) or off target, typically immune-mediated effects independent of pharmacologic 

activity (type B) (Figure 1). Type B or immune mediated-ADRs (IM-ADRs) comprise 

approximately 20% of all ADRs, but are considerably more costly than pharmacologically 

predictable ADRs.4 IM-ADRs can be classified according to primary immune cell 
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involvement, including B-cell mediated (antibody mediated, Gell-Coombs type I-III) and T-

cell-mediated (delayed hypersensitivity, Gell-Coombs type IV) reactions. Historically, type 

A ADRs are considered predictable and type B ADRs unpredictable, but recent research has 

made prediction and prevention of IM-ADRs possible.

Immunogenomics is a broad scientific discipline focused on variation in immune-specific 

genes. Immunogenomics has facilitated a comprehensive catalogue of strong genomic 

associations with immune-mediated diseases and IM-ADRs.5 These typically manifest as 

associations with HLA alleles since HLA alleles capture the amino acid sequence and thus 

specific binding and signal transduction capacity of major histocompatibility complex 

(MHC) molecules. Immunogenomics also deals with the interplay of diseases and IM-ADRs 

with other immune-related genetic variation such as killer immunoglobulin-like receptors 

(KIRs), T-cell receptors (TCRs), and B-cell receptors (BCRs), as well as expression levels 

for immune-related molecules such as cytokines and chemokines.

Immunopharmacogenomics combines the disciplines of immunogenomics and 

pharmacogenomics. Pharmacogenomics focuses on the influence of genomic and other 

“omic” variation on drug response and ADRs. Immunopharmacogenomics focuses on the 

effects of immune-specific “omic” variation on drug disposition and development of the next 

generation of immunotherapy. Immunopharmacogenomics has the potential to predict and 

prevent IM-ADRs, including possibly catastrophic severe cutaneous adverse reactions 

(SCARs). Immunopharmacogenomics also has the potential to facilitate selection and 

monitoring of immunotherapy in autoimmunity and cancer, to predict and prevent reactions 

to antigenic foods, and to contribute to our understanding of autoimmune disease and 

transplant rejection, which could lead to new therapies.6 In this review, we will present the 

latest evidence for the prediction of IM-ADRs with a focus on T-cell-mediated IM-ADRs. 

We will also discuss progress in ongoing research into biological mechanisms of IM-ADRs. 

Finally, we will provide examples and perspectives on translational success stories such as 

implementation of genetic screening to prevent IM-ADRs.

Immune-mediated adverse drug reactions

Drug reactions that occur within one hour of dosing are called immediate ADRs. These can 

include dose independent reactions, which in their severest form manifest as anaphylaxis 

characterized by cardiovascular collapse, airway constriction, angioedema and urticarial rash 

or dose-related non-IgE mediated mast-cell activation. These reactions can present very 

similar to IgE-mediated reactions but are inconsistent in their onset and reproducibility and 

do not intensify with time. The mechanism of one form of non-IgE mediated mast cell 

activation associated with drugs such as opioids, fluoroquinolones and neuromuscular 

blocking agents has been recently elucidated to be secondary to activation of a specific G-

protein coupled receptor (MRGPRX2) only present on mast cells and dorsal root ganglia.7 

Immunity to IgE-mediated ADRs will wane over time. For instance, about 10% of patients 

per year will lose skin test reactivity to penicillin. The most common manifestation of 

allergic drug reactions are mild delayed cutaneous reactions that include both urticarial and 

maculopapular exanthems.8 The most severe IM-ADRs are classified as SCARs, which 

typically have multi-organ involvement and constitute three major T-cell-mediated 
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syndromes.9 These include drug reaction with eosinophilia and systemic symptoms 

(DRESS), acute generalized exanthematous pustulosis (AGEP), and Stevens-Johnson 

syndrome (SJS)/Toxic epidermal necrosis (TEN). The most common SCARs are SJS, TEN, 

and DRESS with a global prevalence of 1/1,000,000, 7/1,000,000, and 4/10,000, 

respectively.10–13 More than 100 drugs have been associated with SCARs but the most 

common offending drugs for SCARs include allopurinol, aromatic anticonvulsants, 

antimicrobials, antiretrovirals, and oxicam nonsteroidal anti-inflammatory drugs.14

Stevens-Johnson syndrome/Toxic epidermal necrosis

SJS/TEN is the most severe IM-ADR with a mortality rate up to 50 percent.9 SJS/TEN risk 

is increased in patients who carry specific class I HLA alleles and may also be increased in 

patients with underlying co-morbidities and drug exposures such as in HIV, cancer and 

systemic lupus erythematosus (SLE).15,16 Clinical features include a prodrome of fever, sore 

throat and eyes (mucosal involvement) followed by blister formation, epidermal necrosis and 

sloughing and often secondary internal organ involvement. Mucocutaneous involvement and 

full thickness epidermal necrosis is a typical pathological feature of SJS/TEN. SJS and TEN 

represent a spectrum of disease defined primarily by total body surface area (TBSA), where 

SJS is diagnosed for affected TBSA less than 10%, SJS/TEN for 10–30% and TEN for more 

than 30%. The severity of SJS/TEN can be predicted from clinical characteristics using the 

validated measure SCORTEN.17 Long term complications of SJS/TEN are a source of 

significant disability and include scarring, blindness, and psychiatric illness. Clinical 

management of SJS/TEN consists primarily of cessation of offending medication, aggressive 

supportive care in a tertiary critical care center (usually a burn unit), early evaluation by 

subspecialists of all SJS/TEN-involved organ systems, and long term follow-up and 

management of SJS/TEN complications.18 Treatment for SCARs does not include a 

treatment guideline, highlighting the inadequacy of available evidence-based treatment 

regimens.19,20 Systemic corticosteroids continue to be a mainstay of treatment but there is 

the potential for more directed therapies that antagonize the effect of granulysin or TCR 

engagement. There is a need for evidence-based approaches to guide therapeutic 

intervention in SJS/TEN beyond aggressive supportive care.18

The first open-label randomized controlled clinical trial of 96 patients with probable or 

definitive SJS/TEN that had a positive treatment outcome was recently published that 

compared the TNF-alpha antagonist etanercept with corticosteroids.21 In this study 

etanercept decreased the overall mortality rate and the median time to healing significantly 

was shorter for etanercept versus corticosteroids (14 versus 19 days respectively, p=0.010). 

Etanercept was associated with significantly lower cytokine concentrations in blister fluid 

and plasma (TNF-alpha and granulysin) and a two-fold increase in the regulatory T cells 

(Treg) population. This study suggests promise for TNF-alpha antagonists in the treatment 

of SJS/TEN, particularly when utilized early in disease. It also highlights the need for 

comparative data with other drugs such as cyclosporine which has been shown to have an 

efficacy benefit in smaller observational studies.
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Drug reaction with eosinophilia and systemic symptoms

In contrast with SJS/TEN, DRESS presents without skin detachment and mucocutaneous 

involvement. The mortality rate of DRESS is approximately 10 percent and symptoms as 

well as later complications may mimic viral illness, including lymphadenopathy, 

pneumonitis, encephalitis myocarditis, and nephritis.22 DRESS is characterized by fever, 

hematologic abnormalities (eosinophilia, atypical lymphocytosis), internal organ 

involvement, and a non-specific rash of varying severity.23 The onset of DRESS typically 

occurs 2–8 weeks after drug initiation and long term autoimmune sequelae are common, 

including type 1 diabetes, thyroiditis, and SLE.24

Other immune-mediated adverse drug reactions

Other T-cell mediated delayed IM-ADRs include abacavir hypersensitivity syndrome (HSN). 

Occuring in 5–8% of patients within the first 6 weeks of abacavir treatment, HSN is 

characterized by fever, malaise, GI and respiratory symptoms, and a generalized rash. IM-

ADRs can also present as organ specific manifestations such as pancreatitis and drug-

induced liver injury (DILI). DILI is a rare but life threatening hepatic failure accounting for 

7–15% of the cases of acute liver failure in Europe and the US.25,26 Agranulocytosis 

involves a severe, life threatening decrease in white blood cell count and can be induced 

with antithyroid drugs in an HLA-dependent manner.27 Erythema multiforme majus (EMM) 

is a severe bullous disorder with raised lesions affecting less than 10% TBSA.28,29 This 

disorder can mimic SJS/TEN but is distinct in that erythema multiforme is associated with 

infections causes, such as herpes simplex virus (HSV) and Mycoplasma pneumoniae, rather 

than drug exposure. A significant proportion of cases diagnosed as SJS/TEN have detectable 

M. pneumoniae antibodies.28,30 SJS/TEN with eye involvement is more common in children 

with concurrent M. pneumoniae or HSV infection. Mycoplasma-induced rash and mucositis 

is a term that has been coined to highlight the disproportionate mucous membrane 

involvement that is seen in the M. pneumonia-associated phenyotype of EMM.

Emerging IM-ADRs have been observed with the recently approved immune checkpoint 

inhibitors ipilimumab, nivolumab, and pembrolizumab.31 These agents are used in the 

treatment of metastatic melanoma, head and neck cancer, lung cancer, bladder and kidney 

cancer, and lymphoma. Although mild immune reactions have been observed to occur in up 

to 50% of patients (typically after 3–6 months of treatment), an increasing number of severe 

IM-ADRs, such as fatal myositis, are being recognized with these agents.32 Severity of 

checkpoint inhibitor-induced IM-ADRs correlates with the improved tumor response and 

patient survival, underscoring the need to manage these toxicities to maximize drug benefit.
33

Predicting Immune-Mediated ADRs: Genetic Associations with IM-ADRs

The HLA region has emerged as a preventive screening strategy for immune-mediated 

disease and IM-ADRs. HLA alleles are highly polymorphic and contain over 8000 class I 

and over 3000 class II β-chain variants with the most variability mapping to peptide-binding 

grooves.34 Variation in HLA is critical to prevent allograft rejection and plays a critical role 

in determining susceptibility to infection and autoimmune disease. A wealth of HLA alleles 
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have been previously associated with immune-mediated phenotypes and, within the genome-

wide association study (GWAS) catalogue, more phenotype associations have been 

identified in the HLA region than any other region of the genome.5,35 Immune response is 

modulated by the HLA system and amino acid sequences of each HLA molecule determine 

peptide binding and antigen presentation to T-lymphocytes.36 Class I MHC molecules 

(HLA-A, -B, and -C) are present on all nucleated cells and activate CD8+ cytotoxic 

lymphocytes. Class II MHC molecules (HLA-DP, -DQ, and –DR) are present only on 

antigen presenting cells, such as B cells, dendritic cells, and macrophages, and active CD4+ 

helper T lymphocytes. Since four digit HLA alleles characterize the amino acid sequence of 

class I and II MHC molecules, extremely strong associations with immunologic disease and 

IM-ADRs is common, even when limited case number are available.23,24 HLA allele 

associations not only have potential for clinical prediction and diagnosis of IM-ADRs, but 

also provide valuable insights into immunopathology.

HLA allele associations with IM-ADRs

One of the earliest examples of HLA-associated IM-ADRs was with abacavir HSN, for 

which a strong association was observed with HLA-B*57:01.37,38 The presence of at least 

one HLA-B*57:01 allele is necessary for the HSN reaction to occur, although the HLA-
B*57:01 allele is not sufficient to predict HSN. Since 2008 screening for HLA-B*57:01 

prior to abacavir prescription has been considered part of guideline based HIV practice in 

the developed world. Subsequently, HLA-B*15:02 was observed to be strongly associated 

with carbamazepine-induced SJS.39 In this study, 100% of patients (44/44) with 

carbamazepine-induced SJS had the HLA-B*15:02 allele compared to only 3% of control 

patients (3/101), resulting in an odds ratio of 2504 and p value of 3.13×10-27. These results 

illustrate the commonly observed strength of HLA associations with IM-ADRs despite 

limited case numbers, for which as few as 6 cases would have been sufficient to define this 

association. Similarly, HLA-B*57:01 was found to be a major determinant of drug-induced 

liver injury due to flucloxacillin (odds ratio=80.6, p=9.0×10−19) in a GWAS that included 

only 51 cases.40

Carbamazepine is associated with a number of IM-ADRs, including SJS/TEN, 

maculopapular erythema, and DRESS. The HLA-B*15:02 association is specific to 

carbamazepine-induced SJS/TEN, although other HLA alleles with B75 serotypes, most 

commonly HLA-B*15:21, but also HLA-B*15:08 and HLA-B*15:11, have been associated.
41,42 HLA-B*15:02 has also been much more weakly associated with IM-ADRs to other 

aromatic amine anticonvulsants, including oxcarbazepine, phenytoin, and lamotrigine.43 The 

HLA-B*15:02 association with carbamazepine-induced SJS has been observed in Asian 

populations where the allele frequency is relatively high, but this allele is rare in Europeans. 

The HLA-B*31:01 allele has been associated with carbamazepine-induced SJS in Europeans 

in several studies.44–47 This example illustrates the strong influence of race/ethnicity on 

HLA associations and the unique challenges that race presents when implementing HLA 

alleles as predictors of IM-ADRs.

HLA allele associations with IM-ADRs and their characteristics are summarized in Table 1 

and Supplementary Table S1. A notable example is the association of HLA-B*58:01 with 
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SJS/TEN and DRESS induced by allopurinol, a xanthine oxidase inhibitor used for gout and 

hyperuricemia.48 This association has been observed in both Asian and European 

populations and the risk of allopurinol-induced SCAR is influenced by clearance of 

allopurinol’s main metabolite oxypurinol. However the negative predictive value of HLA-
B*58:01 is 100% in Southeast Asians alone, and HLA-B*58:01 explains only 60% of 

allopurinol SCAR in other races.49,50 Other IM-ADRs associated with HLA alleles include 

dapsone hypersensitivity and HLA-B*13:01, amoxicillin-clavulanate-induced DILI and 

several HLA alleles (both risk and protective) and antithyroid-induced agranulocytosis and 

the HLA-B*38:02-HLA-DRB1*08:03 haplotype.51–58

Challenges for Genetic Association Studies of IM-ADRs

The rarity of SCARs presents challenges for the study of IM-ADR risk factors as well as 

evidence-based treatment of IM-ADRs. The prevalence of SCARs makes prospective studies 

difficult and underscores the need for research and clinical networks to drive research, 

implementation, and evidence based treatment guidelines.18 Despite recent advance in 

understanding of mechanisms for SCARs, diagnosis and management continue to rely 

heavily on clinical case definitions and causality assessments supported by histology and 

laboratory results.59 IM-ADRs have a wide variety of clinical presentations, but no universal 

system exists to organize reactions into phenotypes. Classifications of reactions are often 

defined based on clinical observation such as time course (immediate versus delayed onset), 

a reaction after single or multiple dose, and organ involvement (isolated, single organ versus 

systemic, multiple organ involvement). IM-ADRs can be classified according to those with 

and without immunologic memory or based on mechanisms, such as with IgE-mediated and 

T-cell mediated hypersensitivity. Further research has the potential to improve phenotype 

classifications of IM-ADRs using biological data and emerging tests to re-taxonomize these 

reactions. Patient-derived induced pluripotent stem cells (IPSCs) have been proposed as a 

means of determining patient-specific drug hypersensitivity. This procedure would be akin 

to the basophil activation test for IgE-mediated ADRs, which has been used to identify 

sensitized patients for multiple drugs, including antibiotics, anesthetics and chemotherapy.60 

Such advancements would address challenges related to phenotyping of IM-ADRs.

Emerging data suggests that interactions between HLA variation and other genomic 

variation play a critical role in IM-ADR development. This constitutes both a challenge for 

IM-ADR research and an opportunity to understand immunopathogenesis and discover non-

HLA biomarkers. For instance, phenytoin-associated SCARs are associated with HLA-
B*15:02 but are also increased by CYP2C9 loss of function alleles.61,62 These alleles reduce 

activity of the drug metabolizing enzyme CYP2C9, which is primarily response for 

phenytoin metabolism. Similarly, both CYP2B6 poor metabolizer genotypes and multiple 

HLA alleles have been associated with nevirapine-induced SCARs.63 These examples 

illustrate the influence of drug clearance and pharmacokinetics on the development of IM-

ADRs. Allele by gene interactions have not only been observed in genes coding for drug 

metabolizing enzymes. SJS/TEN secondary to nevirapine is influenced by the interaction of 

HLA-C*04:01 with variation in the endoplasmic reticulum aminopeptidase 2 gene (ERAP2).
64 Considering these observations, future investigations of genomic influences on IM-ADRs 

will need to consider non-HLA variation.
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The highly polymorphic nature of the HLA region presents technical difficulties in HLA 

typing and significant expense and expertise is required to directly sequence HLA loci with 

four digit resolution. Rapidly available single allele tests are available for HLA-B*57:01, 

including sequence-specific oligonucleotide (SSO) assays, quantitative polymerase chain 

reaction (qPCR), and monoclonal antibody assays (identifying B17 serogroup alleles HLA-
B*57:01, HLA-B*57:02, HLA-B*57:03, and HLA-B*58:01) and requiring confirmation 

with another assay).65 Although designed for HLA-B*57:01, this technology can be applied 

to other alleles. Because the HLA region is characterized by high linkage disequilibrium, a 

small number of single nucleotide polymorphisms (SNPs) can be used to tag the majority of 

HLA alleles.66,67 Consequently, HLA alleles are frequently imputed from SNP-level data 

due to the widespread availability of GWAS data and the large cohorts that can be 

interrogated without further expense. Although the accuracy rate is high (up to 98%), the 

reduced accuracy in class II alleles and diverse race/ethnic groups make clinical 

implementation of this data unlikely. The reduced accuracy in non-Caucasian populations 

underscores the limited availability of appropriate reference panels of HLA alleles and the 

need to accumulate immunogenomic data in diverse populations.

Understanding Immune-Mediated Drug Toxicities: Mechanisms of IM-ADRs

Proposed Mechanisms of IM-ADRs

Drugs that induce IM-ADRs are usually small molecules, which are too small to induce an 

immunogenomic response directly. Three major mechanisms have been proposed to describe 

how these small molecules elicit T-cell mediated immune responses and cause IM-ADRs 

(Figure 2). IM-ADRs can follow one of these mechanisms but likely include a combination 

of these mechanisms and/or other undescribed mechanisms. The hapten/prohapten model 

supposes that covalent bonds are formed between drugs and endogenous proteins and 

modified peptides are processed by APCs and presented on the MHC, resulting in a T-cell 

response.68 The pharmacological-Interaction (p-i) model stipulates that the drug forms a 

direct non-covalent bond to stimulate immune receptors such as MHC or TCR.69 The p-i 

model does not require antigen processing and could thereby explain how T-cell stimulation 

can occur immediately and after a single exposure to certain agents. In the altered peptide 

repertoire binding model, the drug non-covalently binds to the MHC, altering the MHC 

binding cleft so that an altered repertoire of self-peptides are recognized and presented on 

the MHC. Abacavir hypersensitivity is thought to follow the altered peptide repertoire 

binding model, based on the crystal structure of abacavir bound to HLA-B*57:01 and 

synthetic or self-peptides that was solved by two independent groups.70,71

Immunopathogenesis of SCARs

The immunopathogenesis of drug-induced SCARs is incompletely understood. SCARs are 

T-cell mediated drug hypersensitivity reactions that mechanistically may be explained by 

non-mutually exclusive models including heterologous immunity in predisposed patients. 

The strong associations between MHC class I and II variation suggest that CD8+ and CD4+ 

T-cells immune response forms the basis of these syndromes.38,39,48 However, in up to 20% 

of SJS/TEN cases the causative drug is unidentified and, in many cases, drugs that are 

implicated in SJS/TEN do not yet have an associated HLA risk allele.
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SJS/TEN is primarily mediated by granulysin-producing cytotoxic CD8+ T cells, natural 

killer (NK) cells, and natural killer T (NKT) cells (Figure 3).72,73 Cytotoxic T-cells, NK 

cells, and NKT-cells, have been isolated from the blister fluid from patients with SJS/TEN, 

from inflamed skin biopsies during acute IM-ADRs, and after intradermal administration of 

offending drugs in patients with a history of IM-ADRs.72–74 Furthermore, circulating T-cells 

from patients with IM-ADRs have been shown to response to the offending agent ex vivo.
75,76 As granulysin is a key mediator of keratinocyte death and SJS/TEN severity, serum 

granulysin levels may prove a useful prognostic indicator as well as a potential drug target.
21,77 Much of the focus in SJS/TEN is on effector memory CD8+ T-cell responses, but 

suppressor immune responses such as those conferred by Tregs play a key role in immunity 

in the skin. Treg cells are diminished in early SJS/TEN and augmenting Treg cell responses 

could provide complimentary or alternative treatments.18,21 Extensive research suggests that 

SJS/TEN is bolstered by an imbalance of effector/autoreactive and regulatory immune 

responses.

The immunopathogenesis of DRESS is thought to be mediated by both CD4+ and CD8+ 

effector T-cells, by reactivation of human herpes viruses (HHV), and by expansion of 

CD4+FoxP3+ T-cells.23,78,79 Reactivation of HHV, including HHV6,Epstein-Barr virus, and 

cytomegalovirus often occurs during acute and recovery phase DRESS, although the process 

by which this viral reactivation contributes to DRESS pathogenesis is under investigation. It 

is unclear whether viral replication is the result of general immune dysfunction or if this 

replication contributes to the development of DRESS. Virus-specific T-cell responses are 

likely to contribute to the prolonged and relapsing disease as well as multi-organ 

involvement in DRESS.80 Interestingly, autoimmune diseases often occur after the 

resolution of DRESS. The most common of these is autoimmune thyroid disease, which has 

been recently independently associated with HHV6 infection.81,82

Heterologous Immunity Models

Adaptive immunity has evolved to generate polyspecific TCRs capable of recognizing 

various epitopes in order to combat antigenic diversity. This ability to recognize multiple 

microbial epitopes with the same TCR is termed heterologous immunity.80,83 Heterologous 

immunity has been proposed as a potential mechanism of IM-ADRs such that prior exposure 

to a pathogen elicits a response from a cross-reactive effector memory T-cell when the 

offending drug is administrated. The heterologous immunity model could potentially 

explains why so many IM-ADRs have HLA allelic associations with 100% negative 

predictive value (NPV) but a low positive predictive value (PPV), since the HLA allele is 

necessary but not sufficient to trigger the IM-ADR. For some IM-ADRs, disease 

manifestation may occur within 1.5 days of drug exposure.84 Yet drug re-exposure is 

typically followed by rapid and enhanced toxicity.85 Heterologous immunity might also 

explain the diverse clinical phenotypes, widely variable latency periods, and immunologic 

memory characteristic of IM-ADRs. Using this model, one might predict IM-ADRs based 

on carriage of HLA allele combined with past pathogen exposure or existing T-cell 

repertoires.
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Approaches to determine IM-ADR mechanisms

HLA associations with IM-ADRs have provided key insights into immunopathogenesis and 

allowed the development of models for T-cell mediated IM-ADRs. Carriage of an HLA is 

generally necessary but not sufficient to induce an IM-ADR and the low PPVs indicate that 

there are additional causative factors that can be identified. Identification of these factors is 

important for understanding of IM-ADR mechanisms as well as guiding pharmacogenomics 

screening to avoid IM-ADRs. Surface plasmon resonance experiments using site-directed 

mutagenesis have been fruitful in determining the nature of HLA-B*15:02-carbamazepine 

and HLA-B*57:01-abacavir drug binding.70,71,86,87 In some cases, the association of 

multiple HLA alleles can provide clues regarding critical amino acid residues in HLA 

binding clefts.88 More recently, in silico approaches have been employed to model drug 

binding affinities and to simulate and predict immunogenicity of new therapeutic agents. 

Other emerging approaches include TCR and BCR sequencing, HLA expression studies, and 

experiments interrogating the role of the microbiome in the immunopathogenesis of SCARs.
18

Next generation TCR sequencing has emerged as an experimental approach to determine 

immunologic mechanisms as well as biomarkers for drug-induced SCARs. TCR clonotypes 

are produced by random somatic rearrangements of Vβ, Dβ, Jβ, Vα, and Jα genes on the β- 

and α-chain variable domains, which recombine to form the complimentary determining 

region 3 (CDR3), which recognizes an antigen.89 TCR β-chain DNA quantification and 

CDR3 characterization indicate early T-cell activation and clonal expansion in response to 

antigens.90,91 Clonotypic analysis can be used to measure disease-associated T-cells, 

evaluate expression profiles of pathogenic T-cells, and determine correlations between TCR 

clonotypes and disease severity.92 In studies of carbamazepine-induced SJS/TEN, T-cells 

from patients with HLA-B*15:02-associated carbamazepine SJS/TEN carried a shared 

CD8+ T-cell clonotype bearing a common CDR3 sequence not found in controls.86,93,94 

This data suggests that development of immune-mediated ADRs can be dependent on the 

presence of both an HLA allele and a specific TCR clonotype. However, such clonotypic 

restriction was not observed in one study of HLA-B*58:01-restricted allopurinol-induced 

SJS/TEN.95 Although clonotypic analysis is a potential strategy for early diagnosis of 

immunologic processes, these approaches could be challenging due to the lack of knowledge 

of the specificity of these approaches and the rare presence of antigen-driven T-cells in the 

peripheral blood preceding and following the acute drug reaction.

Preventing Immune-Mediated Adverse Drug Reactions: Opportunities for 

Clinical Implementation with IM-ADRs

Clinical applications of immunopharmacogenomic biomarkers include the a priori exclusion 

of potentially allergic patients, re-classification of patients previously thought to be allergic, 

and identification of patients yielding potential benefit from desensitization procedures.96 

HLA alleles have emerged as potentially powerful immunopharmacogenomic biomarkers 

for the prevention of previously unpredictable, immune-mediated diseases. Alleles that 

predict drug IM-ADRs may supplement limited clinical utility of in vivo biomarkers such as 

skin testing, which is unavailable for the majority of drug allergens and for which results 
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may have unclear predictive values.97 HLA alleles are now genotyped to guide drug 

treatment and prevent IM-ADRs, moving personalized medicine toward reality. However, 

recent proceedings of an investigator-driven SJS/TEN meeting highlighted the need to 

broaden discoveries related to implementation of immunopharmacogenomic testing across 

diverse populations and causative drugs.18

Abacavir-induced HSN

A flagship example for implementation of genetic testing to prevent HLA-associated drug 

reactions is abacavir and HLA-B*57:01. Discovered in 2002, the HLA-B*57:01 biomarker 

is now recommended by multiple guidelines to avoid abacavir HSN in carriers of the HLA-
B*57:01 allele.98–100 HLA-B*57:01 screening prior to abacavir is one of the few 

pharmacogenomic tests supported by a randomized controlled trial (RCT).98 HLA-B*57:01 
screening prior to abacavir is supported by a 100% NPV, high PPV (55%) and hence a low 

number needed to test (<30) to prevent one case of true immunologically-mediated abacavir 

HSN. Structural and biochemical science further support this by defining the specificity of 

binding between HLA-B*57:01 and abacavir, which fails to interact with closely-related 

HLA alleles differing by only 2 amino acids. The accurate identification of true 

immunologically-mediated abacavir HSN using skin patch testing, which was used as a co-

primary endpoint in the PREDICT-1 HLA-B*57:01 licensing study, also supports the 

specificity of HLA-B*57:01 for true immunologically-mediated abacavir HSN. The success 

of HLA-B*57:01 translation into clinical practice was highly dependent on the fact that 

abacavir is used by a small contingent of physicians treating HIV, making education and 

implementation more straightforward. The reduction in HSN and the increase in the use of 

abacavir in the armamentarium for HIV is a success story for personalized medicine. The 

success of a priori pharmacogenomic screening for abacavir highlights the importance of 

accurate HLA genotyping and IM-ADR phenotyping, a high NPV and PPV, adequate 

provider education, and rigorous evidential support. HLA-B*57:01 testing to prevent 

abacavir-induced HSN provides a model whereby prospective immunopharmacogenomic 

screening may help to reduce potentially fatal immunologic reactions.

Negative Predictive Value, Positive Predictive Value and Number Needed to Treat

A major reason for the success of HLA testing with abacavir is that it only occurs in 

individuals with the allele, giving the test a 100% NPV. The 100% NPV, coupled with the 

55% PPV, indicates that the allele is necessary but not sufficient to incite the IM-ADR. A 

high NPV is of paramount importance to the physician, as this excludes the possibility of the 

reaction based on the absence of the HLA allele. A low NPV (less than 100%) limits the 

clinical utility of the biomarker. In addition, 55% of patients with HLA-B*57:01 who are 

exposed to abacavir will develop HSN, giving this test an unusually high PPV for an HLA 

allele associated with an IM-ADR. Other HLA-associated ADRs have much lower PPVs 

(≤8%) or NPVs (<100%) making screening less practical. The identification of other factors 

predisposing patients to the IM-ADRs is necessary for effective clinical implementation.

The low incidence of IM-ADRs and the low PPV means that many patients would need to be 

tested to prevent a single incident and many patients would have potentially useful 

treatments withheld due to being HLA positive. In the case of flucloxacillin-induced DILI, 
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almost 14,000 patients would need to be screened to prevent a single incident. In such cases, 

implementation of HLA biomarkers is impractical due to a low NPV, PPV, and/or number 

needed to treat (NNT). The success of HLA-B*57:01 testing to prevent abacavir HSN is an 

exception, since only 13 patients need to be tested to prevent one clinically-diagnosed HSN 

reaction and only 30 patients need to be tested to prevent one case of true immunologically-

mediated abacavir HSN. For many commonly used drugs such as antibiotics, the PPV is too 

low to use HLA as a screening test. In the future, HLA may have utility in combination with 

functional and other assays to aid in the diagnosis when multiple drugs or antibiotics are 

dosed concurrently.

Race-based implementation

Frequencies of HLA alleles differ substantially between populations.101 For instance, 

carriage of HLA-B*57:01 is essentially non-existent in many African populations but is as 

high as 11.2% in Southern Ireland and 17.8% in Sri Lanka. The common carriage rate of 

IM-ADR-associated HLA alleles in certain populations and the low frequency of IM-ADRs 

in non-carriers suggests that HLA screening need not be implemented in all populations. For 

instance, although HLA-B*58:01 is considered a genetic marker for allopurinol-induced 

SCARs in multiple populations worldwide, screening for HLA-B*58:01 before allopurinol 

is recommended by the American College of Rheumatology only for those with advanced 

renal failure and/or for high-risk populations such as persons of Southeast Asian ancestry 

where the NPV is 100%.102,103 Implementation of HLA alleles in preventing IM-ADRs has 

been met with much more enthusiasm in Asian countries where there is higher prevalence of 

pertinent alleles paired with use of key drugs such as aromatic anticonvulsants.104–106 

Genotyping HLA-B*15:02 for new users of carbamazepine in Singapore has reduced the 

number of associated SJS/TEN cases from 18 per year to 1 case in the 4 years since 

implementation.

The association of HLA-B*15:02 with carbamazepine-induced SJS/TEN was initially 

discovered among Han Chinese in Taiwan and subsequently validated in other regions in 

Southeast Asian including Hong Kong, Malaysia, and Thailand.107–111 The US Food and 

Drug Administration (FDA) recommends HLA-B*15:02 testing prior to initiation of 

carbamazepine in high risk populations, namely those with Southeast Asian ancestry. In 

Taiwan, HLA-B*15:02 screening for carbamazepine in combination with restricted off-label 

use of carbamazepine has resulted in dramatic decreases in the incidence of carbamazepine-

associated IM-ADRs. Similar programs have been successfully implemented in other parts 

of Southeast Asia. However, differences in allele frequencies have resulted in a relatively 

weak association in other populations such as Asian Indians, Koreans, Japanese and 

European groups.112–115 As reviewed above, the HLA-B*31:01 allele has been associated 

with carbamazepine-induced SJS in several populations, including Europeans and Japanese, 

illustrating the unique challenges that race presents when implementing HLA alleles as 

predictors of IM-ADRs.44–46,116 The differential clinical utility of HLA testing by race/

ethnicity requires that patients know their ancestry accurately, which may be difficult in 

countries where admixture is common, such as in the US.
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Threshold of evidence for genetic testing

A critical factor in translation of HLA testing to clinical practice is the endorsement by 

general medical guidelines. HLA-B*57:01 testing to prevent abacavir HSN was supported in 

several guidelines, which has facilitated widespread use of genetic testing in routine HIV 

care.98–100 Several other HLA screening tests have received support from specialty 

organizations such as the Clinical Pharmacogenetics Implementation Consortium (CPIC), 

but have not received support from relevant general medical guidelines.47,61,117 The 

endorsement of guidelines to support HLA testing is ultimately needed for widespread 

implementation, but relies on the availability of rigorous clinical trials evidence. While there 

are multiple reasons why HLA screening for abacavir has met with implementation success, 

a major reason is that it was possible to feasibly power a clinical trial to confirm the utility 

of HLA-B*57:01 screening for abacavir. This RCT was possible due to the high prevalence 

of abacavir HSN, the high NPV and PPV of HLA-B*57:01 screening, and the high carriage 

rate of HLA-B*57:01 in HIV treatment populations in the developed world where abacavir 

was being used. Screening for other IM-ADRs are typically supported by retrospective case 

control studies evaluations rather than an RCT, which is viewed as the gold standard 

methodological design to establish new treatments.118 However, the logistical, ethical and 

statistical barriers for RCTs are particularly difficult in pharmacogenomic research, 

considering sample size requirements to prove clinical benefits among genotype groups, the 

necessity of assessing interactions, and requirements for replication. A RCT for personalized 

medicine can be seen as a contradiction in terms, in so much as employing a randomized 

treatment structure to a treatment that is meant to be tailored to an individual.119

RCTs have traditionally been applied to support new drugs or new indications for drug 

treatment, but evidence supporting most contraindications to drug use, and currently-used 

genetic tests is not derived from RCTs.120,121 Since drugs being evaluated for HLA 

screening are not newly approved and not being used for a newly approved indication, an 

alternative threshold of evidence for implementation may be warranted. Cost effectiveness of 

HLA PGX testing has been proposed as a logical threshold of evidence for implementation. 

The experiences of the drug regulatory authority of Singapore, the Health Sciences 

Authority (HSA), are illustrative of these challenges and opportunities in implementation. 

Using an incremental cost effectiveness ratio of US $50,000 per quality-adjusted life year, 

HLA-B*15:02 testing to prevent carbamazepine-related IM-ADRs was considered cost 

effective whereas HLA-B*58:01 testing to prevent allopurinol-related IM-ADRs was not.
122,123 In addition, multiple alternative drugs are available to treat epilepsy or neuropathic 

pain in place of carbamazepine, but cost effective options are not as abundant for 

allopurinol. Based on these and other considerations, the HSA and Singapore Ministry of 

Health require HLA genetic testing in new patients treated with carbamazepine but not with 

allopurinol.124 HLA-B*58:01 testing for new patient on allopurinol could be considered in 

patients with other pre-existing risk factors such as renal impairment. Neither HLA 

screening test is supported by a RCT, but genotyping HLA-B*15:02 for new users of 

carbamazepine in Singapore has reduced the number of associated SJS/TEN cases from 18 

per year to 1 case in the 4 years since implementation. In other countries such as the US, 

HLA typing may already be available from bone marrow or organ transplant records, 

eliminating the cost burden associated with genotyping. Existing HLA types provide an 
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opportunity to use electronic medical records for clinical decision support when new 

prescriptions are ordered for drugs with HLA-associated IM-ADRs.

Conclusions and Future Directions

IM-ADRs and particularly SCARs have considerable short and long-term mortality that 

poses a burden disproportionate to its prevalence. Although much progress has been made in 

IM-ADR research, many opportunities remain for predicting, preventing, and understanding 

IM-ADRs. The reason for low PPVs with so many IM-ADRs and the factors that combine 

with HLA alleles to elicit IM-ADRs are still largely unclear. Also unclear are the reasons for 

the tissue specificity of these reactions and the fact that they occur so rapidly yet show 

evidence of immunologic memory. The wealth of biological data generated from “omics” 

approaches has the potential to provide answers to some of these questions as well as to re-

taxonomize IM-ADRs based on pathogenic mechanisms (Figure 4). Inadequate treatment 

regimens for SCARs remain a fruitful area of research with potentially paradigm shifting 

treatments such as use of genetically engineered T-cells on the horizon.

For a given T-cell mediated IM-ADR, one of the most important first steps is the 

identification of the correct HLA allelic association, which triggers downstream research 

with regard to mechanisms insights and genetic screening. Ultimately, understanding IM-

ADR mechanisms will be informative for translating preventive strategies that maximize 

clinical utility of screening and for identifying new therapeutic targets. Large effect sizes and 

near perfect NPVs make these biomarkers potentially translatable into preventive medicine 

and clinical care. Other important factors for implementation include accurate genotyping 

and phenotyping, patient and provider education, cost effectiveness of screening, and the 

availability of evidence-based guideline recommendations. Because of the low prevalence of 

IM-ADRs, large global networks will likely be required to facilitate research, translation, 

and novel therapeutic interventions that are generalizable across diverse populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
ADRs can be classified as either Type A (on target effects) or Type B (off target effects). 

Both types of ADRs can exhibit concentration dependent relationships with development 

and severity of the ADR. Type A reactions relate to the known primary therapeutic action of 

the drug (e.g. bleeding related to warfarin) whereas Type B reactions relate to mechanisms 

not directly related to the drugs intended pharmacological action. Off target reactions can 

occur without a direct immunological effect and have an immunological phenotype (e.g. 

non-IgE mediated mast-cell activation with fluoroquinolones.7 Off target reactions can also 

be immune-mediated, associated with immunological memory, and either dose dependent 

(T-cell-mediated reactions as in abacavir hypersensitivity) or non-dose dependent (IgE-

mediated recognition and amplification of small amounts of antigen as in penicillin 

anaphylaxis). ADME indicates absorption, distribution, metabolism, and excretion; ADR, 

adverse drug reaction; HLA, human leukocyte antigen; PD, pharmacodynamics; PK, 

pharmacokinetics; PKC, protein kinase C; VKORC1, vitamin K epoxide reductase.
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Figure 2: 
Proposed immunopathogenesis for T-cell-mediated ADRs: a) the hapten/prohapten model 

stipulates that drugs form covalent bonds with endogenous peptides, which are processed by 

antigen-presenting cells, presented on MHC molecules, and trigger a T-cell response; b) the 

pharmacological-interaction model proposes that a drug binds directly to receptors such as 

TCR or HLA triggering an immune response; c) the altered peptide repertoire model 

stipulates that the drug forms noncovalent bonds within the MHC binding pocket, altering 

the MHC such that endogenous peptides bind and trigger an immune response. HLA 

indicates human leukocyte antigen; MHC, major histocompatibility complex; TCR, T-cell 

receptor.
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Figure 3: 
Pathogenic mechanisms for drug-induced SJS/TEN and DRESS. SJS/TEN primarily 

involves the epidermis. The drug likely interacts with HLA protein on keratinocytes, which 

act as antigen presenting cells to active CD8+ cytotoxic T-cells. Drug-specific CD8+ 

cytotoxic T-cells accumulate within blisters and release perforin and granzyme B that kills 

keratinocytes. CD8+ T-cells, NK cells, and NKT cells are also triggered to secrete 

granulysin, which is cytotoxic and the most powerful mediator of keratinocyte death. 

DRESS primarily involves the dermis. DRESS is characterized by a lymphocytic infiltrate of 

T-cells into the dermis and release of TNF-alpha and IFN-gamma. DRESS is also associated 

with replication of human herpesviruses, which have an unclear role in pathogenesis. APC 

indicates antigen presenting cell; CTL, cytotoxic lymphocyte; DC, dendritic cell; DRESS, 

drug reaction with eosinophilia and systemic symptoms; NK, natural killer cell; NKT, 

natural killer T-cell; SJS, Stevens-Johnson Syndrome; TCR, T-cell receptor; TEN; toxic 

epidermal necrolysis.
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Figure 4: 
Integrated “omics” approaches to drive personalized medicine in IM-ADRs. Approaches for 

prevention and treatment of IM-ADRs will include multiple omics platforms that link 

genomic, epigenomic, transcriptomic, metabolomic and other biological data. There is an 

opportunity to leverage this comprehensive “omic” data to estimate disease risk, facilitate 

rapid and accurate diagnosis, and predict the safety and efficacy of therapeutic interventions. 

Aggregation of this data is also likely to garner critical insights into the pathogenesis of IM-

ADRs and lead to novel therapeutic interventions.
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