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Immune-mediated (IM) adverse drug reactions (ADRs) are an
underrecognized source of preventable morbidity, mortality,
and cost. Increasingly, genetic variation in the HLA loci is
associated with risk of severe reactions, highlighting the
importance of T-cell immune responses in the mechanisms of
both B cell–mediated and primary T cell–mediated IM-ADRs.
In this review we summarize the role of host genetics, microbes,
and drugs in IM-ADR development; expand on the existing
models of IM-ADR pathogenesis to address multiple
unexplained observations; discuss the implications of this work

in clinical practice today; and describe future applications for
preclinical drug toxicity screening, drug design, and
development. (J Allergy Clin Immunol 2015;136:219-34.)
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Adverse drug reactions (ADRs) are sources of major burden
to patients and the health care system, and 50% of such
reactions are preventable.1-8 The majority of ADRs are predict-
able based on the on-target pharmacologic activity of the drug
(Fig 1).2,4-7,9,10 Up to 20% of all ADRs are not readily antici-
pated based on pharmacologic principles alone and, until
recently, were considered ‘‘idiopathic’’ and ‘‘unpredictable.’’
We now know that these reactions stem from specific off-
target drug activity and include the immune-mediated (IM)
ADRs, as well as off-target pharmacologic drug effects, such
as those seen in patients with non–IgE-mediated mast cell acti-
vation syndrome (Fig 1).11 IM-ADRs encompass a number of
phenotypically distinct clinical diagnoses that comprise both
B cell–mediated (antibody-mediated, Gell-Coombs types I-III)
and purely T cell–mediated (Gell-Coombs type IV) reactions.
The clinically relevant T cell–mediated drug reactions have
been classified into delayed exanthema without systemic
symptoms (maculopapular eruption), contact dermatitis, drug-
induced hypersensitivity syndrome/drug reaction with eosino-
philia and systemic symptoms (DRESS)/hypersensitivity
syndrome, Stevens-Johnson syndrome (SJS)/toxic epidermal
necrolysis (TEN), acute generalized exanthematous pustulosis,
fixed drug eruption, and single organ involvement pathologies,
such as drug-induced liver injury and pancreatitis. Allelic vari-
ation in the genes that encode the MHC family of proteins is
often associated with risk of T cell–mediated drug hypersensi-
tivity reactions in certain populations (Table I).12-69

This review focuses on the purely T cell–mediated drug
hypersensitivity reactions, although the same principles and
models likely apply to B cell–mediated reactions as well.12,70,71

Here we provide an overview of the data supporting current
models of T cell–mediated drug hypersensitivity reactions, pro-
pose a new model of drug hypersensitivity that expands on the ex-
istingmodels to include the role ofmicrobial pathogen exposure in
the generation of drug-specific T-cell responses, and discuss the
implications for clinical practice and drug safety, design, and
development.

OVERVIEW OF THE T-CELL IMMUNE RESPONSE,

THE ab T-CELL RECEPTOR, AND MHC
Duringmaturation in the thymus, developing T cells undergo the

sequential processes of positive and negative selection to generate a
functional repertoire composed of a subject-specific, HLA-
restricted subset of the total possible repertoire encoded by the T-
cell receptor (TCR) genes. Engagement of the TCR by the
appropriate peptide-MHC ligand results in T-cell clonal prolifer-
ation and differentiation into effector and memory phenotypes
(Fig 2, A). A subset of the memory population, termed effector
memory T (TEM) cells, is characterized by the expression of the
cellular marker CD45RO and lack of expression of the lymph
node homing receptor CCR7.72 This allows these cells to maintain
surveillance in the tissue site of the initial antigen encounter, which
is often the site of pathogen re-exposure. Because these cells
require fewer costimulatory signals for activation and retain the
ability to secrete proinflammatory cytokines (TNF-a, IL-2, and
IFN-g) and cytotoxic peptides, they are equipped and poised at stra-
tegic anatomic sites to initiate a swift immune response at reen-
counter with pathogen-specific antigens.72-79 Contact with
peptide-MHC is mediated by the ab TCR, which is composed of
2 polypeptide chains that each contain a variable region (Va and
Vb). The distal residues of these variable sequences comprise 6
complementarity-determining regions (CDRs) that engage
peptide-MHC on the surface of the target cell. The CDR1 and
CDR2 loops mediate contact with the MHC binding groove a-he-
lices,whereas theCDR3 loopsmediate themajority of peptide con-
tacts and thus display the greatest degree of sequence variability in
the TCR gene.80 The majority ofMHC sequence diversity is found
among amino acids in the binding groove that mediate peptide
binding to the MHC. This polymorphism is presumably the legacy
of selection pressure to confer immunity against a myriad of infec-
tious pathogens.81,82 Subjects who are heterozygous at the HLA
loci will express a more diverse array of MHC proteins, thereby
increasing the diversity of peptides presented to T cells. Theoreti-
cally, this will increase the probability that a pathogen will be
recognized and elicit an immune response.83-87

IMMUNOPATHOGENESIS OF DRUG

HYPERSENSITIVITY: ESTABLISHED MODELS
The role of T cell–mediated immune responses in the

pathogenesis of many IM-ADRs has been firmly established.
However, the specific molecular mechanisms that underpin these
reactions have been elucidated in only a handful of cases. This is
in contrast to the numerous reported associations among HLA
alleles and drug-specific hypersensitivity reactions (reviewed in
White et al88 and Pavlos et al12). Three nonmutually exclusive
models that describe how a small-molecule pharmaceutical might
elicit T-cell reactivity have been developed, namely the hapten/
prohapten model, the pharmacologic interaction (p-i) model,
and the altered peptide repertoire model (Fig 2, B).

In the hapten/prohapten model the offending drug or a reactive
metabolite of the drug binds covalently to an endogenous protein
that then undergoes intracellular processing to generate a pool of
chemically modified peptides. When presented in the context of
MHC, these modified peptides will be recognized as ‘‘foreign’’ by
T cells and elicit an immune response that might also include a B
cell–mediated antibody response.89-92 Examples of IM-ADRs
that are associated with hapten modification of endogenous pro-
teins include the binding of penicillin derivatives to serum
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