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Purpose of review

Drug allergy is an adverse drug reaction that is immune-mediated. Immune activation can occur when
drugs or haptens bind covalently to proteins and then act as antigens. The purpose of this review is to
summarize the recent data on the formation of hapten—protein complexes and to assess the importance of
these complexes in the generation of drug allergy.

Recent findings

The formation of hapten—protein complexes by drugs and their reactive metabolites has largely been
investigated using model proteins such as human serum albumin. Precise identification of the structure of
the hapten and the resulting modified residue(s) in the protein has been undertaken for a small number of
drugs, such as p-phenylenediamine, nevirapine, carbamazepine, B-lactams and abacavir. Some progress
has also been made in identifying hapten—protein complexes in the serum of patients with allergy.

Summary

Drug-specific T cells have been isolated from different patients with allergy. Formation of hapten—protein
complexes, their processing and antigen presentation have been implicated in the development of drug
allergy to p-phenylenediamine, sulfonamides and B-lactams. However, evidence also supports the pi
mechanism of immune activation wherein drugs interact directly with immune receptors. Thus, multiple
mechanisms of immune activation may occur for the same drug.
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The term drug allergy refers to an adverse drug
reaction that is immune-mediated. This term is
sometimes used interchangeably in the literature
with drug hypersensitivity; however, the Nomen-
clature Review Committee of the World Allergy
Organization defines hypersensitivity solely as the
‘symptoms resulting from drug exposure’ and
allergy as ‘hypersensitivity initiated by specific
immunological mechanisms’ [1]. In the majority
of cases, the clinical symptoms of drug allergy
involve skin reactions; however, fever and internal
organ involvement may also occur. The variety of
symptoms is diverse ranging from minor rashes to
severe, potentially fatal reactions, such as Stevens-
Johnson syndrome (SJS) and toxic epidermal nec-
rolysis (TEN). Any drug is potentially able to elicit
hypersensitivity reactions; however, antibiotics,
nonsteroidal anti-inflammatory drugs, contrast
media and anticonvulsants are among the most
prevalent. The risk of sensitization and the severity
of symptoms depend on drug administration (dose,
frequency of exposure, duration of exposure and
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route of administration) and on the individual
patient (age, sex, underlying disease, immune
history and immunogenetic disposition).

There is some evidence that drug allergy is caused by
a preexisting memory response to an infectious
agent which then cross reacts with the drug [2].
In a study [3] of 38 patients with drug reaction with
eosinophilia and systemic symptoms (DRESS), 76%
of the patients showed oligoclonal proliferation of
CD8+ T cells in response to viral antigens from
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Drug allergy

KEY POINTS

e Drugs can become immunogenic by covalent binding
to a protein forming a hapten—protein complex.

e Drug—protein complexes have been defected in patients
with allergy and can activate T cells.

e Soluble drugs can directly interact with immune
receptors fo activate T cells.

e The HLA genotype of an individual can dictate the way
in which a drug can cause allergy.

human herpes viruses, such as HHV-6, HHV-7 and
Epstein—Barr virus (EBV). However, in most cases of
allergy the drug initiates a de-novo immune
response.

T cells are activated by antigen presenting cells
(APCs) that acquire, process and present antigens
on human leukocyte antigen (HLA) molecules to
the T cell receptor. These antigens may be proteins
that are already present within the APC and after
processing are typically presented on HLA Class I
molecules to CD8 T cells. Extracellular proteins
may be taken up by the APC and after processing
are typically presented on HLA Class II molecules
to CD4 T cells. However, antigen presentation
alone is not sufficient to activate T cells. Effective
T cell activation requires additional costimulatory
signals from the APC. These costimulatory or
‘danger’ signals are usually provided by infectious
organisms, damaged cells and proinflammatory
cytokines. The ways in which drugs or reactive
metabolites provide danger signals are an active area
of research [4-7].

Three mechanisms have been put forward to
explain how drugs or chemicals (synthetic com-
pounds, dyes, fragrances, plant resins or pharmaceut-
ical drugs) initiate an immune response. First, the
hapten hypothesis states that drugs or chemicals are
too small to induce an immune response on their
own and become immunogenic after coupling with a
carrier protein to form a hapten-protein complex.
The drug or chemical is referred to as the hapten
and must bind irreversibly to proteins to induce the
immune response. To act as an antigen, the hapten-
protein complex requires antigen processing and
presentation. Second, the pi concept proposes that
drugs or chemicals interact noncovalently with
immune receptors. In most cases, this is the HLA
molecule but may also be the T cell receptor. Third,
the altered self-hypothesis proposes that binding of
the drug or chemical alters the normal repertoire of
peptide antigens presented by the HLA molecules
resulting in T cell activation.
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In many cases of drug allergy, the mechanisms
involved in immune activation are not fully under-
stood. The three possible mechanisms of immune
activation are not mutually exclusive and therefore
multiple mechanisms may be responsible for initiat-
ing the allergic reaction.

Formation of a hapten-protein complex requires
that the hapten be protein reactive. This is not
the case for many drugs (prohapten), but protein-
reactive intermediates may be generated during
drug metabolism. An understanding of the role of
hapten-protein complex formation in drug allergy
requires information on drug bioactivation or the
generation of reactive metabolites, how these reac-
tive metabolites bind to proteins, which proteins
are involved, whether these complexes are present
in tolerant individuals and individuals with allergy
and an understanding of the nature of the hapten—
peptide antigen to which the T cell responds. In
most allergic reactions, this information is incom-
plete. This review will summarize the recent data
on the formation of hapten-protein complexes
by the hair dye component p-phenylenediamine
(PPD), sultamethoxazole, nevairapine, carbameza-
pine, B-lactam antibiotics and abacavir and then
assess the importance of these complexes in the
generation of drug allergy.

The hair dye component, PPD, is associated with
allergic contact dermatitis. PPD is not directly active
but is oxidized into an unstable quinonediimine
intermediate, which forms dimers, trimers, and ulti-
mately a rearrangement product of the trimer, Ban-
drowski’s base. Both the quinonediimine and the
Bandrowski’s base have been shown to bind selec-
tively to cysteine residues in peptides and proteins,
including glutathione S-transferase pi (GSTD),
human serum albumin (HSA), haemoglobin and a
synthetic 21-mer peptide containing a single cys-
teine residue [8—12]. Although investigation of PPD
metabolism has been conducted in humans and
experimental animals, information on hapten-—
protein complex formation in vivo is noticeably
absent. PPD is known to penetrate the stratum
corneum of the skin, persisting for as long as 3 days
probably by binding to keratin, although this has
not been confirmed [reviewed by [13]]. Lympho-
cytes from tolerant individuals were stimulated by
Bandrowski’s base but not PPD, suggesting that
Bandrowski’s base -specific T cell responses are not
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responsible for PPD-mediated allergy. Lymphocytes
from PPD-allergic patients were stimulated with PPD
and PPD-modified HSA. However, analysis of T cell
clones confirmed that although the majority were
stimulated by PPD-modified HSA, a small pro-
portion of clones (12%) responded to the parent
drug [9-11,14]. To explore whether the protein
carrier or the hapten itself represented the major
antigenic determinant for T cell reactivity, responses
to PPD and 2,5-dimethyl-1,4-benzoquinonediamine
were compared. Both chemicals were able to bind
covalently to the same cysteine residues in the
21-mer peptide and GSTP. A strong PPD-specific
proliferative response was observed with lympho-
cytes from ten patients with allergy. In contrast,
a weak proliferative response to 2,5-dimethyl-1,4-
benzoquinonediamine was only detected in one
patient with allergy. This shows that the structure
of the hapten was critical to the lymphocyte
response in PPD patients with allergy [10]. Collec-
tively, these data suggest that both the hapten and
the pi mechanisms of T cell activation are involved
in allergic responses to PPD.

Sulfamethoxazole is a sulphonamide with antimi-
crobial activity that can cause skin reactions. The
drug is metabolized in liver, skin and immune cells
to a hydroxylamine by oxidation of the terminal
amine [15-20]. This metabolite undergoes spon-
taneous oxidation to liberate nitroso sulfamethox-
azole [21,22], which binds extensively to cysteine
residues on serum and cellular proteins [23-25]. The
availability of synthetic hydroxylamine and nitroso
metabolites has made it possible to explore path-
ways of drug-specific T cell activation. T cells iso-
lated from the blood and the skin of patients with
allergy were stimulated by the parent drug and the
nitroso metabolite. Importantly, individual T cell
clones can be activated specifically by sulfamethox-
azole or nitroso sulfamethoxazole. The parent drug
interacts directly with HLA or T cell receptors or
both, whereas the nitroso metabolite acts as a
hapten and activates T cells via covalent modifi-
cation of HLA bound peptides and non-HLA associ-
ated proteins [26—29]. Recently, we have shown in
cystic fibrosis patients with allergy to sulfamethox-
azole that the antigen-specific T cell response is
directed exclusively towards nitroso sulfamethoxa-
zole [29]. The reason for this difference in patient
groups is unclear.

Nevirapine hypersensitivity syndrome is character-
ized by fever, maculopapular rash, and in some
instances SJS, TEN and hepatitis. Several possible
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bioactivation pathways may contribute to nevira-
pine hapten-protein complex formation; direct
oxidation of nevirapine could lead to the formation
of reactive intermediates such as arene oxides
or a quinone methide; whereas sulphation of
12-hydroxyl nevirapine followed by the dissociation
of sulphate could also lead to the formation of
the quinone methide. These reactive intermediates
are electrophilic and have the potential to modity
nucleophilic residues in proteins. Identification of
two isomeric nevirapine mercapturates in the urine
of patients and rats has provided the evidence that
nevirapine undergoes bioactivation to arene oxide
and quinone methide intermediates in vivo [30-32].
Hapten-protein complex formation has been
studied in a number of in-vitro and in-vivo systems.
Nevirapine has been shown to bind to liver tissue
and plasma proteins in rats using '*C labeled drug
[33]. Incubation of human and rat skin with the
benzylic sulphate of nevirapine resulted in extensive
conjugate formation with hapten-protein com-
plexes of 25-60kDa [34"]. However, the structures
of these nevirapine hapten-protein complexes were
not determined. Nevirapine haptenic structures
have been identified by mass spectrometry when
the 12-sulfoxyl-nevirapine metabolite was incu-
bated in vitro with model proteins, such as HSA
and GSTP [35"]. Modifications of three histidine
residues (His146, His242 and His338) and one cys-
teine residue in HSA and a single-cysteine residue
in GSTP were identified. Although knowledge of
hapten-protein complex formation in model sys-
tems is helpful, identifying the formation of
hapten-protein complexes in patients is critical.
Isolation of HSA from serum samples of HIV-1
patients undergoing nevirapine therapy showed
modification of a single-histidine residue (His146),
the same residue identified by the in-vitro analysis
[35""]. The N-terminal valine in haemoglobin was
also modified in red blood cells from nevirapine-
treated patients [36]. It should now be possible to
investigate whether these hapten-protein com-
plexes can act as T cell antigens in patients with
nevirapine hypersensitivity syndrome.

Carbamazepine is a widely prescribed anti-
convulsant which causes severe allergic reactions,
such as hepatitis and SJS, in a small number of
patients. Carbamazepine is extensively metabolized
to over 30 metabolites. The most important
pathway involves formation of carbamazepine
10,11-epoxide followed by hydroxylation to carba-
mazepine 10,11-trans-dihydroxy [37]. Several inter-
mediates, including arene oxides, 10,11-epoxide,
iminoquinone, carbamazepine-O-quinone and
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9-acridine carboxaldehyde, have been proposed as
reactive species responsible for covalent binding to
proteins [38]. Hapten-protein complex formation
has been studied in a number of in-vitro systems. In
liver supersomes carbamazepine formed a hapten-
protein complex with CYP3A4 [39]. Using lysozyme
as a model protein, bioactivation of 3-hydroxy-
carbamazepine by myeloperoxidase led to covalent
binding to at least one tyrosine [37]. Formation of
hapten-protein complexes has also been detected
with carbamazepine 2,4-epoxide and 3-hydroxy-car-
bamazepine [37,40], carbamazepine-10,11-epoxide
formed adducts when incubated with glutathione
and human plasma [41,42] and 2-hydroxycarbama-
zepine and carbamazepine iminoquinone formed
glutathione and N-acetylcysteine-conjugates [43].
As yet, no studies on hapten—protein complex for-
mation have been carried out in patients with
carbamazepine allergy.

A number of studies have characterized T cell
responses in patients with carbamazepine allergy.
Peripheral blood mononuclear cells (PBMCs) from
patients with allergy proliferated upon stimulation
with carbamazepine, whereas PBMCs from tolerant
patients did not. Most carbamazepine-specific T cell
clones were CD4, but CD8 and double positive
CD4CDS8 clones were also isolated. Antigen recog-
nition was dependent on the presence of APCs for
some clones but not necessary for others. Some
clones showed limited cross-reactivity with closely
related carbamazepine metabolites, but no cross-
reactivity was seen with other anticonvulsants or
structural analogues [44-46]. These data suggest
that the pi mechanism is involved in T cell acti-
vation with carbamazepine, but do not rule out the
possibility that hapten—protein complexes can also
act as T cell antigens.

A strong HLA association between HLA-B*1502
and carbamazepine-induced SJS/TEN has been
established in Asian populations. The development
of allergy in these patients is critically dependent on
the T cell receptor such that only patients with T
cells carrying VB-11-ISGSY developed reactions [47].
T cell clones isolated from these patients were HLA-
B*1502 restricted, cytotoxic CD8 cells. Metabolism
of carbamazepine and intracellular antigen process-
ing were not required for T cell activation. Carba-
mazepine and carbamazepine-10,11-epoxide could
bind directly to the HLA-B*1502 molecule, showing
that the pi mechanism was responsible for carba-
mazepine allergy in these patients [48,49].

B-Lactam antibiotics are widely prescribed for bac-
terial infections and are a frequent cause of allergic
reactions. Formation of hapten-protein complexes
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with various B-lactam antibiotics occurs through
the nucleophilic opening of the p-lactam ring [50]
and results in hapten addition to lysine residues.

Most research on hapten-protein complexes
with B-lactams in humans and animals has ident-
ified albumin as the major target for B-lactams.
Novel mass spectrometric methods have allowed
us to define not only the precise haptenic structures,
but also the binding profiles in which a number of
different lysine residues were modified depending
on the dose and length of incubation. At low con-
centrations, different B-lactams appeared to selec-
tively target different lysine residues in HSA, with
noncovalent interactions positioning the drugs in
favourable orientations in the protein-binding
pocket to facilitate covalent binding. Thus, the
three-dimensional shape of the drug, as well as its
inherent chemical reactivity, determines the selec-
tivity of covalent binding. However, at high con-
centrations and with prolonged incubation,
multiple residues were modified by the different
B-lactams [51-53,54"].

Flucloxacillin was able to modify 10 lysine res-
idues, with Lys190 and Lys212 modifications being
the most reactive. Analysis of HSA isolated from the
serum of eight flucloxacillin-tolerant patients also
showed that modification of Lys190 and Lys212
occurred in all the patients, with up to nine other
modified lysine residues being detected. Hapten—
protein complex formation occurred with both
flucloxacillin and its 5-hydroxymethyl metabolite
[51]. Incubation of HSA with piperacillin resulted
in the formation of two distinct haptens, cyclized
piperacillin and a hydrolyzed form in which the
dioxopiperazine ring had undergone hydrolysis
[52]. Piperacillin modified up to 13 lysine residues
(out of 59 lysine residues) at high concentrations,
with Lys541 being the only residue reactive at
lower concentration. Four of these (Lys190,
Lys195, Lys432 and Lys541) were also detected in
plasma from four pipericillin treated, tolerant
patients. In addition to the hydrolyzed and cyclized
haptens of piperacillin, a further haptenic structure
was detected in patients’ plasma, which was derived
from the desethyl metabolite of piperacillin with a
hydrolyzed piperazine ring. Compared with piper-
acillin, benzylpenicillin targeted different lysine
residues at low concentrations: benzylpenicillin
and its rearrangement product, benzylpenicillenic
acid, modified Lys199 and Lys525, respectively,
whereas exposure to higher concentrations resulted
in up to 16 further lysine modifications. Fourteen
different modified lysine residues were identified on
HSA isolated from patients’ serum [53]. A slightly
different approach was taken by Ariza et al. [S5] in
which amoxicillin was incubated with human
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serum and then the modified protein identified as
HSA, transferrin and immunoglobulin. The hapten
was identified as amoxicilloyl on Lys190, Lys199
and Lys541 with higher concentrations eliciting
more extensive modification.

Unlike the penicillin class of B-lactams, mero-
penem and aztreonam contain a -lactam ring fused
to another ring that is different from the thiazoli-
dine rings present in penicillins. Thus, meropenem
and aztreonam formed complex and structurally
distinct haptenic structures with lysine residues
on HSA. Each drug modified Lys190, with less com-
mon modifications at Lys12, Lys199 and Lys 351 for
meropenem and Lys137, Lys432 and Lys541 for
aztreonam [54"].

A number of different groups have detected
antigen-specific T cell responses in patients with
B-lactams allergy. A consistent feature of these
responses is drug specificity; T cells with reactivity
to one antibiotic do not generally react to other
B-lactams [52,54"]. A hapten mechanism of T cell
activation has been demonstrated for a number of
B-lactams. PBMCs and T cell clones isolated from
pipericillin patients with allergy were stimulated
when pipericillin-albumin complexes were added
to cultures [54"]. Similarly, PBMCs from patients
allergic to benzylpenicillin were also stimulated
by hapten-albumin complexes. Responses to the
hapten benzylpenicillenic acid were greater than
those to benzylpenicillin, showing the important
role played by the precise chemical structure of the
hapten [53]. The mechanism by which flucloxacillin
activates T cells was dependent on the HLA restric-
tion of the response. Flucloxacillin was stably
presented on various HLA molecules, resistant to
extensive washing and dependent on antigen proc-
essing, suggesting a hapten mechanism in certain
individuals [56"]. However, in HLA-B*5701 positive
individuals, T cell reactivity was also independent
of antigen processing and could only occur in the
presence of soluble drug, indicating a pi mechanism
[S7"]. T cell responses to benzylpenicillin-HSA
can also be generated in healthy volunteers. CD4 T
cells underwent multiple rounds of stimulation
with hapten-HSA resulting in responses in 9 out
of 10 volunteers. Experiments performed on naive
(CD45RA+) and memory (CD45RO+) T cells showed
that these benzylpenicillin-specific CD4 T cells
belonged to the naive T cell subpopulation [58%].

An important point to note here is that hapten—
protein complexes have been detected in drug-
tolerant individuals [51]. This clearly shows that
the presence of a potential antigen alone is not
sufficient to cause allergy. The reasons why some
individuals and not others develop allergy is a major
unanswered question in the field.
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Abacavir is a nucleoside-analogue reverse transcrip-
tase inhibitor which is associated with severe allergic
reactions in treated individuals carrying the HLA-
B*5701 allele. Abacavir is extensively metabolized in
the liver, resulting in inactive glucuronide and car-
boxylate metabolites. Formation of the carboxylate
has been shown to proceed through a two-step
oxidation process, via a reactive aldehyde inter-
mediate. Hapten-protein complex formation has
been studied using HSA, GSTP and haemoglobin,
and abacavir-protein complexes have been ident-
ified in patients [S9-61]. However, the role of these
complexes in the development of drug allergy is
unclear. In 2012, a novel mechanism of immune
activation in drug allergy was proposed. This mech-
anism is the altered self hypothesis in which abaca-
vir sits in the F pocket of HLA-B*5701 and alters the
normal repertoire of peptide antigens bound by the
molecule [49,62-64]. T cells activated by this altered
peptide repertoire are thought to be responsible for
the allergic reaction.

Immune activation resulting in drug allergy can
occur in different ways. Most drugs act either by
direct interaction with immune receptors, namely
the pi mechanism, or by covalent binding to
proteins, namely the hapten hypothesis. Most
hapten-protein complex formation has involved
analysis of model proteins in vitro, but information
on patients’ samples is available for some drugs.
Furthermore, the precise structure of the hapten is
known to be critical for some drugs (summarized in
Fig. 1). Recent evidence suggests that the HLA
genotype of the individual may play a critical role
in determining which mechanism of immune
activation occurs.

Acknowledgements

Lee Faulkner is funded by the MIP-DILI project which is
supported by the European Community under the Inno-
vative Medicines Initiative (IMI) Programme through
Grant Agreement number 115336.

Conflicts of interest
There are no conflicts of interest.

Papers of particular interest, published within the annual period of review, have
been highlighted as:

m  of special interest

mm of outstanding interest

1. Johansson SG, Bieber T, Dahl R, et al. Revised nomenclature for allergy for

global use: report of the Nomenclature Review Committee of the World Allergy
Organization, October 2008. J Allergy Clin Immunol 2004; 13:832-836.

Volume 14 e Number 4 o August 2014

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



10.

11.

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

. Gentile |, Talamo M, Borgia G. Is the drug-induced hypersensitivity syndrome

(DIHS) due to human herpesvirus 6 infection or to allergy-mediated viral
reactivation? Report of a case and literature review. BMC Infect Dis 2010;
10:49-53.

. Picard D, Janela B, Descamps V, et al. Drug reaction with eosinophilia and

systemic symptoms (DRESS): a multiorgan antiviral T cell response. Sci
Transl Med 2010; 2: 46ra62.

. Sanderson JP, Naisbitt DJ, Park BK. Role of bioactivation in drug-induced

hypersensitivity reactions. AAPS J 2006; 8:E55-E64.

. Coulter EM, Farrell J, Mathews KL, et al. Activation of human dendritic cells by

p-phenylenediamine. J Pharmacol Exp Ther 2007; 320:885-892.

. Elsheikh A, Lavergne SN, Castrejon JL, et al. Drug antigenicity, immunogeni-

city, and costimulatory signaling: evidence for formation of a functional antigen
through immune cell metabolism. J Immunol 2010; 185:6448-6460.

. Zhang X, Sharma AM, Uetrecht J. Identification of danger signals in nevir-

apine-induced skin rash. Chem Res Toxicol 2013; 26:1378-1383.

. Picardo M, Cannistraci C, Cristaudo A, et al. Study on cross-reactivity to the

para group. Dermatologica 1990; 181:104-108.

. Coulter EM, Jenkinson C, Wu Y, et al. Activation of T-cells from allergic

patients and volunteers by p-phenylenediamine and Bandrowski's base.
J Invest Dermatol 2008; 128:897 -905.

Jenkinson C, Jenkins RE, Maggs JL, et al. A mechanistic investigation into the
irreversible protein binding and antigenicity of p-phenylenediamine. Chem
Res Toxicol 2009; 22:1172-1180.

Jenkinson C, Jenkins RE, Aleksic M, et al. Characterization of p-phenylene-
diamine-albumin binding sites and T-cell responses to hapten-modified pro-
tein. J Invest Dermatol 2010; 130:732-742.

Jahn S, Faber H, Zazzeroni R, Karst U. Electrochemistry/liquid chromatogra-
phy/mass spectrometry to demonstrate irreversible binding of the skin aller-
gen p-phenylenediamine to proteins. Rapid Commun Mass Spectrom 2012;
26:1415-1425.

Pot LM, Scheitza SM, Coenraads PJ, Bldmeke B. Penetration and haptenation
of p-phenylenediamine. Contact Dermatitis 2013; 68:193-207.

Sieben S, Kawakubo Y, Al Masaoudi T, et al. Delayed-type hypersensitivity
reaction to paraphenylenediamine is mediated by 2 different pathways of
antigen recognition by specific alphabeta human T-cell clones. J Allergy Clin
Immunol 2002; 109:1005-1011.

Cribb AE, Spielberg SP. Sulfamethoxazole is metabolized to the hydroxyla-
mine in humans. Clin Pharmacol Ther 1992; 51:522-526.

Cribb AE, Spielberg SP, Griffin GP. N4-hydroxylation of sulfamethoxazole by
cytochrome P450 of the cytochrome P4502C subfamily and reduction of
sulfamethoxazole hydroxylamine in human and rat hepatic microsomes. Drug
Metab Dispos 1995; 23:406-414.

Reilly TP, Lash LH, Doll MA, et al. A role for bioactivation and covalent binding
within epidermal keratinocytes in sulfonamide-induced cutaneous drug reac-
tions. J Invest Dermatol 2000; 114:1164-1173.

Roychowdhury S, Vyas PM, Reilly TP, et al. Characterization of the formation
and localization of sulfamethoxazole and dapsone-associated drug-protein
adducts in human epidermal keratinocytes. J Pharmacol Exp Ther 2005;
314:43-52.

Roychowdhury S, Vyas PM, Svensson CK. Formation and uptake of arylhy-
droxylamine-haptenated proteins in human dendritic cells. Drug Metab Dispos
2007; 35:676-681.

Sanderson JP, Naisbitt DJ, Farrell J, et al. Sulfamethoxazole and its metabolite
nitroso sulfamethoxazole stimulate dendritic cell costimulatory signaling. J
Immunol 2007; 178:5533-5542.

Cribb AE, Miller M, Leeder JS, et al. Reactions of the nitroso and hydro-
xylamine metabolites of sulfamethoxazole with reduced glutathione. Implica-
tions for idiosyncratic toxicity. Drug Metab Dispos 1991; 19:900-906.
Naisbitt DJ, Hough SJ, Gill HJ, et al. Cellular disposition of sulphamethoxazole
and its metabolites: implications for hypersensitivity. Br J Pharmacol 1999;
126:1393-1407.

Callan HE, Jenkins RE, Maggs JL, et al. Multiple adduction reactions of nitroso
sulfamethoxazole with cysteinyl residues of peptides and proteins: implica-
tions for hapten formation. Chem Res Toxicol 2009; 22:937-948.
Manchanda T, Hess D, Dale L, et al. Haptenation of sulfonamide reactive
metabolites to cellular proteins. Mol Pharmacol 2002; 62:1011-1126.
Naisbitt DJ, Farrell J, Gordon SF, et al. Covalent binding of the nitroso
metabolite of sulfamethoxazole leads to toxicity and major histocompatibility
complex-restricted antigen presentation. Mol Pharmacol 2002; 62:628—-637.
Schnyder B, Burkhart C, Schnyder-Frutig K, et al. Recognition of sulfamethox-
azole and its reactive metabolites by drug-specific CD4+ T cells from allergic
individuals. J Immunol 2000; 164:6647-6654.

Burkhart C, von Greyerz S, Depta JP, et al. Influence of reduced glutathione on
the proliferative response of sulfamethoxazole-specific and sulfamethoxazole-
metabolite-specific human CD4+ T-cells. Br J Pharmacol 2001; 132:623-
630.

Castrejon JL, Berry N, El-Ghaiesh S, et al. Stimulation of human T cells with
sulfonamides and sulfonamide metabolites. J Allergy Clin Immunol 2010;
125:411-418; e414.

Elsheikh A, Castrejon L, Lavergne SN, et al. Enhanced antigenicity leads to
altered immunogenicity in sulfamethoxazole-hypersensitive patients with cys-
tic fibrosis. J Allergy Clin Immunol 2011; 127:1543-1551; e1543.

Importance of hapten-protein complex formation Faulkner et al.

30.

31.

32.

33.

34.

Chen J, Mannargudi BM, Xu L, Uetrecht J. Demonstration of the metabolic
pathway responsible for nevirapine-induced skin rash. Chem Res Toxicol
2008; 21:1862-1870.

Wen B, Chen Y, Fitch WL. Metabolic activation of nevirapine in human liver
microsomes: dehydrogenation and inactivation of cytochrome P450 3A4.
Drug Metab Dispos 2009; 37:1557-1562.

Srivastava A, Lian LY, Maggs JL, et al. Quantifying the metabolic activation of
nevirapine in patients by integrated applications of NMR and mass spectro-
metries. Drug Metab Dispos 2010; 38:122-132.

Takakusa H, Masumoto H, Yukinaga H, et al. Covalent binding and tissue
distribution/retention assessment of drugs associated with idiosyncratic drug
toxicity. Drug Metab Dispos 2008; 36:1770-1779.

Sharma AM, Klarskov K, Uetrecht J. Nevirapine bioactivation and covalent
binding in the skin. Chem Res Toxicol 2013; 26:410-421.

Th|s study links the bioactivation of nevirapine by sulfotransferase in the skin with
the skin symptoms of hypersensitivity.

35.

Meng X, Howarth A, Earnshaw CJ, et al. Detection of drug bioactivation in
vivo: mechanism of nevirapine-albumin conjugate formation in patients. Chem
Res Toxicol 2013; 26:575-583.

This study investigates the chemical basis of nevirapine —protein complex forma-
tion using model proteins such as human serum albumin. Similar residues were
found to be modified when human serum albumin was isolated from the plasma of
patients with allergy.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Caixas U, Antunes AM, Marinho AT, et al. Evidence for nevirapinebioactivation
in man: searching for the first step in the mechanism of nevirapine toxicity.
Toxicology 2012; 301:33-39.

Lu W, Uetrecht JP. Peroxidase-mediated bioactivation of hydroxylated meta-
bolites of carbamazepine and phenytoin. Drug Metab Dispos 2008;
36:1624-1636.

Pearce RE, Lu W, Wang Y, et al. Pathways of carbamazepine bioactivation in
vitro. lll. The role of human cytochrome P450 enzymes in the formation of 2,3-
dihydroxycarbamazepine. Drug Metab Dispos 2008; 36:1637—1649.
Kang P, Liao M, Wester MR, et al. CYP3A4-Mediated carbamazepine (CBZ)
metabolism: formation of a covalent CBZ-CYP3A4 adduct and alteration of
the enzyme kinetic profile. Drug Metab Dispos 2008; 36:490-499.
Higuchi S, Yano A, Takai S, et al. Metabolic activation and inflammation
reactions involved in carbamazepine-induced liver injury. Toxicol Sci 2012;
130:4-16.

Pirmohamed M, Kitteringham NR, Guenthner TM, et al. An investigation of the
formation of cytotoxic, protein-reactive and stable metabolites from carba-
mazepine in vitro. Biochem Pharmacol 1992; 43:1675-1682.

Bu HZ, Kang P, Deese AJ, et al. Human in vitro glutathionyl and protein
adducts of carbamazepine-10,11-epoxide, a stable and pharmacologically
active metabolite of carbamazepine. Drug Metab Dispos 2005; 33:1920—
1924.

Pearce RE, Uetrecht JP, Leeder JS. Pathways of carbamazepine bioactivation
in vitro: Il. The role of human cytochrome P450 enzymes in the formation of 2-
hydroxyiminostilbene. Drug Metab Dispos 2005; 33:1819-1826.

Naisbitt DJ, Britschgi M, Wong G, et al. Hypersensitivity reactions to carba-
mazepine: characterization of the specificity, phenotype, and cytokine profile
of drug-specific T cell clones. Mol Pharmacol 2003; 63:732-741.

Wu Y, Farrell J, Pirmohamed M, et al. Generation and characterization of
antigen-specific CD4-+, CD8+, and CD4-+CD8+ T-cell clones from patients
with carbamazepine hypersensitivity. J Allergy Clin Immunol 2007; 119:973 -
981.

Lichtenfels M, Farrell J, Ogese MO, et al. HLA restriction of carbamazepine-
specific T-Cell clones from an HLA-A+31:01-positive hypersensitive patient.
Chem Res Toxicol 2014; 27:175-177.

Ko TM, Chung WH, Wei CY, et al. Shared and restricted T-cell receptor use is
crucial for carbamazepine-induced Stevens-Johnson syndrome. J Allergy Clin
Immunol 2011; 128:1266-1276.

Wei CY, Chung WH, Huang HW, et al. Direct interaction between HLA-B and
carbamazepine activates T cells in patients with Stevens-Johnson syndrome. J
Allergy Clin Immunol 2012; 129:1562-1569.

llling PT, Vivian JP, Dudek NL, et al. Inmune self-reactivity triggered by drug-
modified HLA-peptide repertoire. Nature 2012; 486:554 -558.

Batchelor FR, Dewdney JM, Gazzard D. Penicillin allergy: the formation of the
penicilloyl determinant. Nature 1965; 206:362—-364.

Jenkins RE, Meng X, Elliott VL, et al. Characterisation of flucloxacillin and 5-
hydroxymethyl flucloxacillin haptenated HSA in vitro and in vivo. Proteomics
Clin Appl 2009; 3:720-729.

Whitaker P, Meng X, Lavergne SN, et al. Mass spectrometric characterization
of circulating and functional antigens derived from piperacillin in patients with
cystic fibrosis. J Immunol 2011; 187:200-211.

Meng X, Jenkins RE, Berry NG, et al. Direct evidence for the formation of
diastereoisomeric benzylpenicilloyl haptens from benzylpenicillin and benzyl-
penicillenic acid in patients. J Pharmacol Exp Ther 2011; 338:841-849.
Jenkins RE, Yaseen FS, Monshi MM, et al. -Lactam antibiotics form distinct
haptenic structures on albumin and activate drug-specific T-lymphocyte
responses in multiallergic patients with cystic fibrosis. Chem Res Toxicol
2013; 26:963-975.

A detailed investigation of the haptenic structures formed by three B-lactams and
T cell responses in patients with allergy.

1528-4050 © 2014 Wolters Kluwer Health | Lippincott Williams & Wilkins

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

www.co-allergy.com 299



Drug allergy

55. Ariza A, Garzon D, Abanades DR, et al. Protein haptenation by amoxicillin: high
resolution mass spectrometry analysis and identification of target proteins in
serum. J Proteomics 2012; 77:504-520.

56. Monshi MM, Faulkner L, Gibson A, et al. Human leukocyte antigen (HLA)-

m  Bx57:01-restricted activation of drug-specific T cells provides the immuno-
logical basis for flucloxacillin-induced liver injury. Hepatology 2013; 57:727 -
739.

The first study to show detailed T cell responses in patients with drug-induced liver

injury.

57. Wauillemin N, Adam J, Fontana S, et al. HLA haplotype determines hapten or

m  pi T cell reactivity to flucloxacillin. J Immunol 2013; 190:4956-4964.

This study shows that the HLA genotype of the T cells determines the mechanism

of immune activation caused by the drug.

58. Nhim C, Delluc S, Halgand F, et al. Identification and frequency of circulating

m  CD4 [+] T lymphocytes specific to Benzylpenicillin in healthy donors. Allergy
2013; 68:899-905.

This study shows that benzylpenicillin-specific responses could be generated from

naive T cells in healthy volunteers.

300 www.co-allergy.com

59.

60.

61.

62.

63.

64.

Charneira C, Grilo NM, Pereira SA, et al. N-terminal valine adduct from the anti-
HIV drug abacavir in rat haemoglobin as evidence for abacavir metabolism to a
reactive aldehyde in vivo. Br J Pharmacol 2012; 167:1353-1361.

Grilo NM, Antunes AM, Caixas U, et al. Monitoring abacavir bioactivation in
humans: screening for an aldehyde metabolite. Toxicol Lett 2013; 219:59-
64.

Meng X, Lawrenson AS, Berry NG, et al. Abacavir forms novel cross-linking
abacavir protein adducts in patients. Chem Res Toxicol 2014; 27:524—
535.

Chessman D, Kostenko L, Lethborg T, et al. Human leukocyte antigen class
I-restricted activation of CD8+ T cells provides the immunogenetic basis of a
systemic drug hypersensitivity. Immunity 2008; 28:822-832.

Ostrov DA, Grant BJ, Pompeu YA, et al. Drug hypersensitivity caused by
alteration of the MHC-presented self-peptide repertoire. Proc Natl Acad Sci
USA 2012; 109:9959-9964.

Norcross MA, Luo S, Lu L, et al. Abacavir induces loading of novel self-
peptides into HLA-B%57:01: an autoimmune model for HLA-associated drug
hypersensitivity. AIDS 2012; 26:F21-F29.

Volume 14 e Number 4 o August 2014

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



