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Abstract
Definition of the relationship between drug protein adduct formation (haptenation) and development of immunological
adverse drug reactions (drug hypersensitivity) has been an area of active research for over 80 years. The hapten hypothesis
which states that “immunogenicity of low molecular weight organic chemicals is dependent on modification of self-
proteins,” evolved from Landsteiner and Jacob’s discovery of a correlation between the reactivity of dinitro-halogenated
benzenes and their sensitization potential. The hypothesis rapidly evolved to encompass drugs that often require metabolic
activation to generate electrophilic, protein-reactive intermediates. As tissue culture methods advanced, the importance of
drug hapten-specific T-cells in the disease pathogenesis was defined. This led to a plethora of studies describing the uptake
and processing of drug(metabolite) protein adducts by antigen presenting cells, and the subsequent surface display of hapten-
modified peptides in the context of MHC molecules. Although the pathway of hapten-specific T-cell activation is now well
established, several questions need to be addressed: first, what is the nature of the hapten-modified peptides displayed by
MHC? Second, how many of these peptides stimulate T-cells?; third, what are the critical protein modifications involved in
T-cell activation; and finally, what is the role of hapten-specific T-cells in the iatrogenic disease? These questions will
become increasingly important as more and more targeted covalent binding inhibitor drugs are approved for human use. In
this review, we provide a brief synopsis of hapten research and then describe the approaches used by Pharma and academia
to study hapten covalent binding and the role of drug protein adducts in the activation of human T-cells.
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Drug hypersensitivity reactions

Drug hypersensitivity reactions constitute type B reactions,
meaning they are not predictable based on the primary
pharmacology of the drug, but instead are dependent on
specific genetic (e.g., HLA alleles, which encode antigen
presenting proteins) and environmental (e.g., disease) fac-
tors, and are influenced by the status of an individual’s
immune system (i.e., immune regulatory thresholds).
Adverse events can arise at therapeutic or subtherapeutic
dosing regimens. Despite being rare, drug hypersensitivity
reactions represent a major impediment in both the clinical

and pharmaceutical sectors, as adverse events are not pre-
dictable during preclinical testing and predisposing factors
are only discovered once the drug has been marketed. They
present numerous hindrances across the clinical spectrum as
they pose a serious threat to both the patients’ health and
compliance often resulting in hospitalization or the pro-
longation of the patients stay in hospital [1]. Most drug
hypersensitivity reactions exhibit a delay in their initial
onset, with sudden symptomatic reoccurrence upon
rechallenge [2]. Mechanistic studies strongly implicate a
role for the adaptive immune system, namely CD4+ and
CD8+ T-cells, in the disease pathogenesis.

There are two chemical pathways (hapten or pharmaco-
logical interaction [PI] pathway) for drug-(metabolite)
T-cell activation. These pathways are differentiated based
on the nature of the interaction of the drug(metabolite) with
their cellular target. According to the hapten concept, a
drug(metabolite) binds covalently to protein, and drug(me-
tabolite)-modified peptides derived from the conjugate
associate with antigen presenting cell MHC proteins before
stimulating T-cells. Generation of drug(metabolite)-
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modified peptides is brought about through the enzymatic
infrastructure within antigen presenting cells. Protein
degradation results in large numbers of peptides (approx.
8–30 amino acids in length), some of which contain the
adducted hapten, that interact with MHC class I or II pro-
teins [3]. The MHC proteins then migrate to the cell surface
and display peptides to the extracellular environment. If the
hapten-modified peptide is distinguished by a T-cell as a
“foreign entity” TCR engagement and a downstream T-cell
response with the secretion of a variety of soluble mediators
is instigated (Fig. 1; left hand side). In contrast, the PI
concept proposes that T-cells are activated when a drug(-
metabolite) binds directly (non-covalently) to MHC pro-
teins or peptides already embedded in the MHC peptide
binding cleft. In this case, antigen processing within antigen
presenting cells to generate peptide sequences is not needed
for T-cell activation as peptides are displayed naturally by
surface MHC molecules. According to the PI concept,
T-cells are triggered through their T-cell receptor after
receiving signals from either the drug (e.g., carbamazepine)
and MHC bound peptide [4, 5] (Fig. 1: right hand side). The
drug and peptide structures available for T-cell engagement
are very similar according to the hapten and PI concept (the
only difference being the nature of the drug-peptide binding
interaction) and this explains the cross reactivity sometimes
observed between drugs and drug haptens. An alternative PI

concept pathway has been described with one drug, aba-
cavir. Abacavir binds endogenously deep within the MHC
peptide binding cleft before peptide binding. This alters the
peptides displayed by the MHC protein for T-cell receptor
engagement (Fig. 1: center) [6–8]. A detailed discussion of
the PI concept, originally described by Pichler and co-
workers [9], is beyond the scope of this article; however, the
implications of direct drug HLA binding is the subject of
several reviews [10–13].

A brief synopsis of hapten research

The term hapten derives from the Greek word “haptein”,
meaning “to fasten.” Below we provide a brief history of
hapten research with reference to drug hypersensitivity
reactions, highlighting significant advances in the field, and
then discuss the tools available to detect drug protein and
drug peptide adducts with increasing sensitivity. Also
mentioned are key translational studies using immune cells
from patients with drug hypersensitivity to describe the
importance of adduct formation in clinically-relevant
adverse events.

The origins of the hapten hypothesis dates back to stu-
dies conducted in the 1930s by Landsteiner and Jacobs.
Using dinitrohalogenated benzenes the authors were able to

Fig. 1 Models of drug-specific T-cell activation. LHS) Hapten model:
The drug or metabolite covalently binds to cellular protein, which
undergoes intracellular processing. Modified peptides are loaded onto
MHC for subsequent display on the cell surface (TCR exposed to drug
and peptide). CENTRE) PI-model (1): Drug associates with

intracellular MHC before peptide binding resulting in the loading of a
non-native peptide into the binding groove (TCR exposed to peptide
alone). RHS) PI-model (2): Drug associates directly with MHC bound
peptide on the cell surface (TCR exposed to drug and peptide)
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successfully sensitize guinea pigs and show that the extent
of sensitization directly correlated with the electrophilicity
of the halogen leaving group and protein adduction. Hence,
the authors were able to hypothesize that sensitization to
low molecular weight chemicals was dependent on protein
conjugation [14]. The term hapten was originally defined as
“a compound of less than 1000D that instigates immune
reactions when conjugated to a protein via formation of a
covalent bond” [15]. The concept was applied to drugs in
the 1960s when researchers began to characterize the
covalent interaction of β-lactam antibiotics with off-target
proteins [16–18]. All β-lactam antibiotics contain a β-lactam
ring joined to a 5- or 6-membered ring. Stress on the central
structure of the drug results in opening of the β-lactam ring.
The molecule is then susceptible to nucleophilic attack by
amino acid residues in proteins [19, 20]. Unlike the
β-lactam antibiotics, the majority of drugs are not directly
reactive. As such metabolic activation, resulting in forma-
tion of chemically-reactive metabolites (e.g., epoxide, qui-
none and nitroso derivatives), is believed to be the initiating
event in many forms of drug hypersensitivity reactions
[21–24]. Halothane hepatitis represents the best example
where metabolic activation has been shown to be directly
involved in the disease pathogenesis. In the 1980’s Kenna
and co-workers demonstrated that drug exposure results in
the production of anti-drug antibodies and presumably
T-cells against the trifluoroacetyl chloride metabolite, which
binds covalently to lysine residues in proteins [25–27].
Derivatives of halothane that undergo lower levels of
metabolism (i.e., enflurane, isoflurane) were found to form
fewer protein adducts and hepatic reactions are largely
eliminated [28]. A series of 18 drug protein conjugation
papers from the 1980’s by Park and co-workers explored
the relationship between metabolic activation and detox-
ification in adduct formation, and the levels of protein
conjugation needed for immune activation in experimental
animals [29–46]. These studies demonstrated that a
threshold level of binding was required for immune
recognition, but when the level of modification exceeded
this threshold, the protein was directed towards degradation
and immune activation was not observed. Around the same
time, Ashby and Baillie introduced and discussed the con-
cept of structural alerts with reference to carcinogenicity
and immune-mediated adverse drug reactions, respectively
[47, 48]. In the 1990’s Baillie’s team published a succession
of “glutathione-trapping” papers that utilized the ability of
glutathione to bind to electrophilic drug metabolites to
characterize the nature of adduction reactions that occur in
physiological conditions, often in the presence of drug
metabolizing systems [49–54]. The term structural alert is
still used widely today in medicinal chemistry to mitigate
the risk of a molecule causing an adverse event [55]. The
1990’s saw a plethora of functional studies with immune

cells from hypersensitive human patients to demonstrate
that haptens including reactive drug(metabolites) must bind
covalently to proteins to stimulate specific T-cells. Fried-
mann explored the sensitization of human subjects against
the chemical sensitizer dinitrochlorobenzene and defined
the underlying mechanism of T-cell activation to the hapten
[56–59]. The group of Weltzien conducted elegant studies
with contact sensitizer- and penicillin-modified HLA bind-
ing peptides to show (i) the fine specificity of the hapten
peptide complex MHC binding interaction and (ii) the
importance of hapten positioning in the peptide sequence
for T-cell activation [60–67]. Naisbitt and co-workers syn-
thesized reactive nitroso drug metabolites for incorporation
in cell culture assays to explore the relationship between
drug antigenicity and immunogenicity [68–70]. These stu-
dies identified a threshold level of drug metabolite protein
binding required for in vitro T-cell activation and demon-
strated that drug-modified proteins released from dead/
dying cells were potent immunogens. Through collabora-
tion with Pichlers’ drug allergy team in Switzerland, drug
metabolite hapten-specific T-cells were detected in patients
with hypersensitivity and characterized in terms of pheno-
type, function, and pathways of T-cell activation [71–75].
The 1990’s also saw evolution of Polly Matzinger’s danger
theory [76] to explain the importance of innate immune
signaling in the development of a pathogenic T-cell
response, and around the turn of the century Park and
Uetrecht applied this concept to immunological drug reac-
tions [21, 77]. Drug-dependent danger theory states that the
formation of reactive drug metabolites and protein hapte-
nation results in cell stress and promotes the release of
damage-associated molecular patterns that activate the
innate immune system, disrupting the regulatory network
and promoting adaptive immune responses to a drug. As the
century progressed Uetrecht utilized in vitro and in vivo
models to show (i) the importance of peroxidase metabo-
lism of drugs in the generation of protein adducts and (ii)
the role of the drug-primed innate immune response in
adverse drug reactions [78–85]. A European ban on animal
testing for new cosmetic ingredients was implemented in
2009 (Cosmetic legislation, Regulation (EC) No. 1223/
2009). This prompted a research drive for in vitro alter-
natives that predict sensitization. In the context of this
discussion, haptenation of skin proteins was defined as the
key biological event in skin sensitization, and Aleksic and
Gerberick developed a peptide reactivity assay to quantify
the covalent binding of directly reactive and metabolite-
generated haptens to lysine and cysteine amino acids
[86–89]. The simple binding assay was found to have a
sensitization prediction accuracy of 80–90%, when com-
pared with rodent local lymph node assay sensitization data
[90]. Martin and collaborators used an increased knowledge
of drug-protein conjugation to help improve in vitro cell
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culture assays that predict the immunogenicity of hapteneic
compounds [91]. To overcome the intrinsic toxicity of
hapteneic compounds, antigen presenting cells were (i)
pulsed with high concentrations of hapten for short time
periods, and (ii) exposed to haptens pre-conjugated to car-
rier proteins such as human serum albumin. Ground-
breaking work by Meng in 2017 found that the level of
β-lactam antibiotic albumin modification that activated
T-cells was equivalent to the levels formed in hypersensi-
tive and tolerant patients, which indicates that threshold
levels of drug protein conjugate are formed in all patients
[92]. Hence, the propensity to develop drug hypersensitivity
is dependent on factors other than the level of conjugate
formation per se. In the last 5 years, researchers have
focussed on the characterization of MHC-bound hapten
peptide conjugates displayed naturally by antigen present-
ing cells. The evolution of immunopeptidomics as a dis-
cipline led to the development of technologies and methods
to elute peptides from MHC and characterization of the
MHC bound repertoire. It was then down to researchers
with knowledge in hapten chemistry to apply these methods
to identify the “needle in the haystack”, peptides with
hapten modification. In this respect, Park and Norcross both
characterized flucloxacillin-modified peptides eluted from
HLA-B*57:01 [93, 94], the HLA protein strongly asso-
ciated with flucloxacillin-induced liver injury [95], and
responsible for presentation of flucloxacillin haptens to
CD8+ T-cells [96]. Alongside these analytical studies,
methods have been established to synthesize designer
hapten-modified HLA binding peptides. Studies with peni-
cillin-, amoxicillin- and nitroso dapsone-modified peptides
[97–99] have shown (i) that the peptides bind with a degree
of selectivity to HLA proteins identified in genetic asso-
ciation studies, (ii) the position of the hapten modification is
important for stimulating T-cells, and (iii) that haptens and

the hapten concept is relevant (alongside the PI concept) for
adverse reactions associated with expression of a specific
HLA allele. As we move towards the middle of the 2020’s,
the race is on to study the immunogenicity of naturally-
eluted hapten-modified peptides. This will help researchers
investigate whether modification of specific source proteins
impacts on the development and severity of tissue injury,
and tissue selectivity of an adverse event. Figure 2 provides
a timeline highlighting key research showing the impor-
tance of haptenation in immune activation and the devel-
opment of drug hypersensitivity. Table 1 utilizes some of
the most studied drug haptens to highlight key milestones in
the verification of haptenated peptides as critical antigenic
determinants in drug hypersensitivity reactions.

Drug-protein adduct detection during drug
development and in academic studies

There are numerous assays available throughout the drug
development cascade which can be used to assess the extent
and the capacity of a given asset to form adducts with
biological macromolecules. It is noteworthy that none of
these available assays directly correlate to the capacity of a
compound to elicit toxicity, though they do permit identi-
fication of the qualitative, and to some degree quantitative,
nature of the adduction chemistry pertinent to a given
compound. The utility of the assays also depend on their
place in drug discovery; high throughput, lower cost assays
are useful early in development, where they can serve to aid
in candidate optimization/selection. Other assays help
inform translational aspects of risks. On the whole, (and as
is often applicable in preclinical drug development), outputs
of a single assay or endpoint rarely are “show stopping” by
themselves. When considering the impact of results in later

Fig. 2 Timeline of hapten research and discovery
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stages (go/no go decisions), integration of the various
characteristics of a drug, in addition to hazard identification
as defined by assays can inform decision making in a
weight of evidence context. Compounding liabilities (both
those related to covalent binding and other mechanisms)
arising predominantly from an in vitro battery of assays to
generate a drugs score in terms of safety (especially within
the realm of drug-induced liver injury) has been a theme
developed over the last decade or so [100–103] The study
of protein adduction in hypersensitivity reactions also
extends into the realm of investigative science. A key goal
of academic work within the field is to determine how
adduction chemistry contributes to formation of antigenic
determinants which ultimately drive antibody and the
pathogenic T-cell responses responsible for the clinical
manifestation in a patient. Over the last decade progress has
continued to have been made toward this goal, with appli-
cation of sophisticated methods within this inter-
disciplinary space.

Structural alerts and in silico de-risking activities

Structure-activity relationships are one of the fundamentals
of pharmacology and over the course of 5 decades, the work
of several visionary toxicologists translated this to geno-
toxicity and then to applications in sensitization/toxicity.
Due to space limitations only a fraction of the great con-
tributions to this field can be overviewed.

Landmark studies of Miller and Miller identified various
compounds amenable to carcinogenicity-conferring bioac-
tivation [104, 105]. Comprehensive listing of bioactivation
pathways of structures to electrophilic (toxic) reactive
metabolites in drug toxicity followed in the 1980s, linking
the concept to bioactivation to more direct lines of drug
toxicity [106]. Work of Ashby and others codified sub-
structures with respect to Ames mutagenicity tests
[107, 108], local lymph node assays [109] and later tox-
icophores for idiosyncratic liver injury [110, 111]. The
corroboration of structural alert presence (alongside other
key factors) to clinical toxicity was evaluated in a note-
worthy review of the 200 most commercially successful
small molecular weight drugs circa 2009 [55]. Two themes
are clear from this review. Firstly, the presence of structural
alerts and the ability of compounds to form reactive meta-
bolites does appear to be over-represented in drugs that
cause clinical toxicity. Secondly, the presence of a structural
alert absolutely does not preclude a drug from becoming
successful (over half of compounds reviewed contained at
least one) [55]. Compilation of expert knowledge on these
substructural liabilities has led to the emergence and pro-
liferation of in silico screening tools which permit pre-
synthetic iterative design. The first of these softwares was
Derek for windows, first developed in the 1980s [112], andTa
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this field has proliferated, yielding a range of rule based
predictive systems for structure-activity relationship to
toxicity, including well know systems such as the OECD
QSAR Toolbox [113], and Toxtree [114].

Structural alerts are useful to predict the type of reactive
metabolites and thus the mode of covalent binding behavior
one might expect from a compound. However, there are
nuances to this; the presence of structural alerts can be tri-
vialized by competing metabolic pathways or the molecule
may simply not undergo certain expected bioactivation
pathways due to enzyme substrate selectivity and the structure
of the drug. Thus, where the structural alert is detected and
cannot be circumvented by structural modifications due to
loss of pharmacological activity or alteration to other critical
parameters, emphasis is placed upon verifying that the rele-
vant reactive metabolites are indeed formed.

The relevance of structural alerts to drug hypersensitivity
is not straightforward. As illustrated well in [55], context is
critical and the interrelation between chemical, pharmaco-
kinetic and pharmacodynamic properties of a compound are
all determinants of compound specific factors at play in
hypersensitivity reactions. This, coupled with the incom-
plete resolution on antigenic determinants that drive
hypersensitivity for many drugs, make it exceedingly dif-
ficult to deliver a clear composition of structural alerts that
are most relevant to drug hypersensitivity.

Enzyme inactivation/mechanism-based inhibition

Where bioactivation is concerned, one might propose that
proximity of formation to potential targets may be an
important determinant of which proteins are adducted. The
enzymes which confer bioactivity can be considered the
most proximal targets in many cases, and this notion is
ratified with mechanism-based inhibition assays. Aside
from the potential for drug-drug interactions and altered
disposition of compound itself, adduction of CYP enzymes
may be immunogenic and may lead to breakdown of tol-
erance to the endogenous enzyme as seen with halothane
[115]. For an excellent review outlining these assays and
their utility in safety prediction, the authors refer to [116].

However, support for the indirect promotion of the
immunogenicity of CYP proteins through their adduction
has been provided through the identification of antibodies
directed against the native enzyme. A classic example of
which is observed with tienilic acid, with this drug forma-
tion of a thiophene reactive metabolite is linked to the high
degree of adduction (and thus MBI) of CYP2C9 [117].
Anti-CYP2C9 directed autoantibodies were detected in sera
of patients who were hypersensitive to tienilic acid
[118, 119] (which cross reacted to rat derived CYP2C11
[120]). Other drugs for which an autoantibody response
directed against the enzyme responsible for catalysis of

reactive metabolite formation occurs include isoniazid
(CYP2E1, CYP2C9, and CYP3A4) [121], and hydralazine
(CYP1A2) [122]. The series of studies on halothane (the
administration of which exhibits an association of auto-
antibodies to native CYP2E1 [115] by Kenna and others
represented an important step in the holistic understanding
of idiosyncratic liver injury. These studies linked the gen-
eration of reactive metabolites, downstream formation of
covalent adducts to intracellular proteins, verification of
adaptive immune response directed against respective
adduct-dependent antigens, and clinical status of patients
[123–128].

Though MBI is typically considered in the context of
liver enzymes (particularly CYPs), this concept could the-
oretically be extended to other metabolizing enzymes. For
example, neutrophil myeloperoxidase (MPO) has been cited
as a key enzyme involved in metabolic activation of mul-
tiple drugs including sulfonamides, amodiaquine, hydrala-
zine and clozapine [129–132]. Although the capacity for
metabolism within neutrophils is dwarfed by hepatic
metabolism, it is thought to be important for localized
reactive metabolite generation, and provides an explanation
for the formation of extra-hepatic adducts with metabolites
too unstable to escape the liver [133]. Extra-hepatic meta-
bolism and subsequent adduct formation may provide a
source of antigen for the adaptive immune system. In this
respect, early studies report the presence of anti-neutrophil
cytoplasmic, anti-MPO and anti-nuclear (specific for the
nuclei of neutrophils)-specific antibodies in drug-induced
lupus, agranulocytosis and cutaneous hypersensitivity
reactions [133–142]. Though not studied in great detail,
antigen presenting cell peroxidase-catalysed and keratino-
cyte flavin mono-oxygenase/peroxidase-catalysed metabo-
lism of sulfamethoxazole has been shown to result in the
formation of a reactive nitroso metabolite that targets
intracellular proteins for adduction [143–149]. The forma-
tion of reactive sulfamethoxazole metabolites locally results
in dendritic cell maturation, the provision of antigens (drug-
protein adducts) for T-cell activation and stress signaling
when generated in excess [143, 150–152].

From the perspective of bioactivation of a parent drug to
a reactive metabolite, the link between MBI and adaptive
immune responses illustrates one does not always have to
look far from the source of bioactivity to find potentially
immunologically relevant covalent binding. A key question
that remains to be addressed comprehensively from a drug
hypersensitivity point of view is just how immunogenic
CYP- or MPO-derived conjugates are.

Nucleophilic trapping

For several decades, nucleophilic trapping assays have
featured in the drug discovery cascade, serving to identify
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the reactive electrophilic species which might be respon-
sible for covalent binding of a drug. The premise of these
experiments is simple: since highly reactive electrophilic
species often exist transiently (usually for brief periods of
time in between bioactivation and their adduction) and are,
therefore, often not stable enough to be characterized
through typical analytical methods. The identity of such
species can be disclosed through the provision of a surro-
gate target for the covalent binding chemistry. These
in vitro test systems generally consist of 3 fundamental
components in the incubation stage: (i) the study drug, (ii)
an abundant, readily detectable nucleophile, and (iii) a
metabolizing system for bioactivation of drug to potential
reactive metabolites (such as cofactor fortified S9 fraction,
microsomes, or hepatocytes derived from human or pre-
clinical species). These systems are relatively simple to set
up and are amenable to high throughput screening using
LC-MS/MS platforms.

The classic and most common nucleophile used for these
experiments is glutathione. Glutathione is a triamino acid
peptide which is present endogenously at high concentra-
tions within the liver, its physiological role has been char-
acterized as a detoxification agent, serving to competitively
“mop up” electrophilic species generated intracellularly and
thus minimise the covalent binding burden on critical pro-
teins. It behaves as a soft nucleophile and thus is best suited
for detection of soft electrophiles. Typically, in MS/MS
analysis, a characteristic neutral loss can be seen of 129
Daltons from conjugates, which corresponds to the γ-glu-
tamyl moiety [153].

Trapping nucleophiles can be selected based on elec-
trophiles they may preferentially interact with, due to their
distinct chemical behaviors such as relative hardness/soft-
ness [154]. As range of other nucleophiles are utilized in
trapping assays, including cysteine, N-acetylcysteine,
N-acetyl lysine, and 2-mercaptoethanol in addition to glu-
tathione for soft electrophile detection, and cyanide, semi-
carbazide, methoxylamine and DNA bases for hard
nucleophiles. Further variations on these trapping agents
which enable quantitation of adduct formation within the
assay include radiolabelled nucleophiles ([35 S] cysteine
and [14 C]KCN) as outlined in [155, 156], fluorescent
variants such as dansylated glutathione [157] and peptides
containing single nucleophilic amino acid targets [86].

Trapping assays are effective for the high throughput
requirements of early drug discovery, and as such feature
commonly in the small molecular weight compound
development paradigm. They have been performed for a
great number of agents, as exemplified well by the eva-
luation of glutathione trapping of using a single platform for
190 drugs [103]. Trapping assays have also been used to
great effect in numerous investigative studies for resolution
of the identity of electrophilic species that may form

haptens. In our laboratory, glutathione trapping assays
(alongside a quenching effect of addition of excess glu-
tathione in functional T-cell assays) have featured in linking
reactive metabolites to the mechanism of antigenicity for
numerous drugs, with a notable series being the sulfona-
mide derivatives [158–161]. Overall, glutathione trapping
assays serve in some way as a bridge between the theore-
tical chemistry of structural alerts and the practical reali-
zation that a tangible, potentially toxicologically relevant
adduct may be formed, through either the intrinsic covalent
binding properties or formation of a reactive metabolite by a
compound.

Protein adducts

Further resolution of the adduction chemistry of a com-
pound can be provided through the study of covalent
binding to model proteins. Typical examples include glu-
tathione S-transferase pi and human serum albumin. Both of
these proteins are abundant in vivo and thus can both serve
within in vitro and in vivo systems. The adduction chem-
istry of these proteins can be used to study the nature and
density of covalent binding of a compound to a macro-
molecular structure, thus embodying a stepping stone
between the simplistic trapping experiments outlined above
and the adduction to proteins which form the critical anti-
genic determinants of a hypersensitivity reaction.

Two approaches are employed in the study of covalent
binding of proteins. These are referred to as “top-down” and
“bottom up” [162]. As applied to the study of adduction
chemistry the “top down” approach consists of investigating
intact proteins in their native vs adducted form as an input
into a mass spectrometer. The opposite “bottom up”
approach entails an initial digestion of proteins by proteo-
lytic enzymes prior to input, thus generating peptide fin-
gerprints of proteins which can be specifically scrutinized
for adducts through various mass spectrometer modes
(product ion, precursor ion, and MRM modes) [163].

Human serum albumin is one of the best studied model
proteins in this regard. It is the most abundant protein in
human sera, and makes up around 50–60% of all proteins
within total plasma [164]. It is therefore an ideal protein to
study due to its abundance, relative accessibility for in vitro
and ex vivo studies in terms of necessary sampling. A
dedicated review on albumin biomonitoring detailing typi-
cal assay set up, sample preparation and analysis is outlined
in [165]. With regards to drug hypersensitivity reactions, the
study of β-lactam antibiotic adduction a great example of
the utility of human serum albumin. This class of drug
typically exhibits direct covalent binding by virtue of its
pharmacologically relevant β-lactam ring undergoing an
atypical acylation reaction; modification at the various
lysine residues of albumin is observed. The dose and time
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dependence of the promiscuity of lysine modification by
β-lactam antibiotics is readily apparent as seen both in vitro
and in vivo with flucloxacillin [166], benzylpenicillin [167],
piperacillin [92, 168], meropenem and aztreonam [169],
amoxicillin and clavulanic acid [170]. With piperacillin and
benzylpenicillin, synthetic albumin conjugates were shown
to elicit T-cell responses with ex vivo rechallenge of drug
responsive T-cell clones derived from hypersensitive
patients, just as soluble drug in a lymphocyte transformation
test was. This illustrated the relevance of HSA adducts as
antigenic determinants of hypersensitivity [98, 168]. Further
evaluation of the modified peptide sequences has also been
studied in a number of cases, providing further resolution
on the identity of modified sequences which serve as critical
antigenic determinants [98]. In 2017, Meng et al. [92]
defined the hapten threshold for piperacillin albumin con-
jugate T-cell activation in patients and in vitro T-cell assays.
Importantly, the level of adduct formation in tolerant and
hypersensitive patients was similar, and in all cases,
exceeded the threshold for T-cell activation. This shows that
additional factors are necessary to translate the antigen
signal into an effector T-cell response.

Radiometric covalent binding studies

Covalent binding studies have long been considered the
gold standard for assessment of drug discovery with regards
to evaluating the capacity for, distribution of, and extent of
which, covalent binding can take place. A key aspect of
these assays is that they are amenable to both in vitro and
in vivo studies. Through the various formats they exist in,
radiometric studies can be used to study the covalent
binding propensity generated via bioactivation of a com-
pound within microsomal and hepatocyte preparations
across species e.g., rat and human [171], and can also be
used within in vivo studies to provide insight into covalent
binding with the additional context of biodistribution. The
(classic) output of such assays is a quantitative determina-
tion of total protein adduction in equivalent pmol of drug
per mg of protein in the system [172]. These assays have
been subject to important discussions in the field of reactive
metabolites and their related toxicity for over two decades.

For several decades prototypical compounds known to
cause toxicity were studied, and when considered in isola-
tion the toxicity and bioactivation qualities were shown to
be associated in a dose dependent fashion. However, inter-
compound discrepancies in equivalent total covalent bind-
ing burden required to elicit toxicity made assigning a cri-
tical threshold of covalent binding required for toxicity an
impossible task. In the absence of a “perfect” answer to the
quantification of such a threshold, a key development for
the field was the pragmatic approach of assigning a target
for drug development. The first example of this was

provided by Baillie et al., where the authors proposed a
50pmol per mg protein as a target for the covalent binding
of development candidates across their standardized cova-
lent binding study cascade, and identified that >200 pmol
was a particularly undesirable threshold [172]. The impor-
tance of contextually qualifying any risks that covalent
binding liabilities indicate was duly pointed out by the
authors with factors such as anticipated daily drug dose/total
exposure, detoxifying metabolism pathways and the risk/
benefit across potential therapeutic indications acknowl-
edged to play a role in impact of findings. An analysis of
>200 marketed compounds focusing on drug-induced liver
injury liabilities provided correlative insight that the com-
bination of high daily dose (>100 mg/day) and high cova-
lent binding within in vitro human liver microsomes was
highly predictive of clinical drug-induced liver injury [103].
Calculation of an estimated covalent binding burden (based
on in vitro covalent binding data and drug dose/pharma-
cokinetic parameters) was utilized alongside a panel of
in vitro mechanistic toxicity assays within another group for
assessment of idiosyncratic toxicity [102]. The downside of
such studies is the requirement for radiolabelled material
and the associated costs. This has meant that such studies
are not high throughput, and are typically done at later
stages of discovery such as lead optimization. Therefore, the
placement of such assays does limit their potential mitiga-
tive value. In this light, it is notable that covalent binding
assays were excluded from the default early hepatotoxic
signal decision tree proposed by [103], indication was
provided that Merck no longer routinely conduct covalent
binding studies for all drug projects [173], and covalent
binding was omitted as a parameter in another cumulative
predictive tool for risk in early development [101]. As
outlined in [155], these assays are often conducted fol-
lowing candidate selection at the preclinical stage of drug
development, at which point the chemistry of the selected
compound are often “baked in”. Covalent binding studies
do have their place within drug development and can serve
to address key questions when the resource allocation is
justified. As a conventional bioanalytical tool, in vivo
radiolabelling experiments in one guise or another are a
stalwart of the drug development process (autoradiography
has existed within drug development for over half a cen-
tury) [174]. The information gleaned from studies with
radiolabelled compound is important for understanding
ADME properties and therefore is routinely generated.

From adductomics to the characterization of
MHC binding, hapten-modified peptides

The principle of adductomics involves the quantification of
covalent adducts bound to tissues, thereby typifying the
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electrophilic characteristics of a drug or its reactive meta-
bolites [175]. Throughout everyday life humans are exposed
to reactive physiochemical agents with both endogenous
and exogenous origins [176]. Electrophilic haptens are
commonly formed through metabolism of molecules, which
in the case of drugs yields intermediates with the potential
to irreversibly modify proteins. Adductomics, including the
methods outlined above and below, attempts to enumerate
the totality of adduct formation at nucleophilic locales
characterizing human exposure to an antigen. One key
example of a drug class with the facility to form drug-
protein adducts is the β-lactam antibiotics. These drugs
contain a cyclic amide ring making them rife for nucleo-
philic attack by nucleophiles present on proteins such as
albumin. LC-MS analysis of β-lactam antibiotic binding
characteristics expose their ability to bind favorably to
lysine residues, in both a time and concentration dependent
fashion. Indeed, such modifications present similar to those
identified in the patient plasma i.e., piperacillin modification
at Lys 190, 195, 432, and 451 and flucloxacillin modifica-
tion at Lys 190 and 212 [166, 168]. Advances in mass
spectrometric techniques has resulted in the characterization
of a range of drug haptenated sequences on model proteins
(e.g., piperacillin [169, 177], flucloxacillin [93], SMX-NO
[178], and nevirapine [179]), alongside identification of
favorable drug binding sites. As the sensitivity of new mass
spectrometers increased there has been a drive to char-
acterize peptides displayed naturally on the surface of
antigen presenting cells by MHC molecules. A new dis-
cipline of immunopeptidomics has evolved from pioneers in
the field. Major breakthroughs include the discovery of
novel viral antigens, antigens displayed selectively by
tumor cells and neoantigens involved in autoimmune dis-
ease [180–183].

In the context of drug hypersensitivity, immunopepti-
domics was first used to define the pathway for abacavir-
specific CD8+ T-cell activation. When abacavir hypersen-
sitivity reactions were first observed in the clinic, the for-
mation of a hapten aldehyde metabolite and subsequent
protein conjugation was believed to be responsible for
immune cell activation [184, 185]. However, this was dif-
ficult to reconcile with in vitro studies characterizing the
selective activation of CD8+ T-cells with the parent com-
pound [186–191]. To complicate the field further, activation
of several CD8+ T-cells with abacavir was shown to be
dependent on antigen processing [191, 192]; as such, the PI
concept could not be used to explain the pathway of T-cell
activation. In 2012, a model was put forward stating that
abacavir bound with exquisite selectivity deep within the
HLA-B*57:01 peptide binding cleft, effectively altering the
structural space for peptide binding [6–8]. This model
helped to explain why abacavir hypersensitivity is only
observed in individuals expressing HLA-B*57:01 [193] and

abacavir only activates CD8+ T-cells (abacavir is the only
drug causing hypersensitivity reactions that doesn’t activate
CD4+ and CD8+ T-cells). Illing et al. utilized mass
spectrometry to characterize the peptides displayed by
HLA-B*57:01 in the presence and absence of abacavir.
Abacavir haptenated peptides were not observed; however,
when antigen presenting cells were exposed to the drug, an
alternative array of peptides were presented on the surface
by HLA-B*57:01 [7]. These class I binding peptides ter-
minated in small aliphatic amino acids (I, L, V) in com-
parison to the canonical HLA-B*57:01 peptides which
terminate in larger chain aromatic residues (W, F, P). This is
because abacavir reduces the chemical space within HLA-
B*57:01 that permits the binding of aromatic amino acids in
the absence of the drug. With these findings, the authors
proposed that the altered peptide repertoire would be mis-
construed as foreign by CD8+ T-cells, initiating a T-cell
response and the adverse event [7, 8, 194, 195], Recently,
this same approach has been used to explore the kinetic
profile of individual peptides displayed by HLA-B*57:01
and their dependence on abacavir exposure [196].

In recent years, researchers with knowledge of hapten
chemistry have adopted the same mass spectrometry
approach to search for and identify flucloxacillin-modified
peptides displayed by HLA-B*57:01 on the surface of
antigen presenting cells [93, 94]. Flucloxacillin was selected
as a study paradigm as liver injury associated with flu-
cloxacillin exposure is seen commonly in patients expres-
sing HLA-B*57:01 [95], the same HLA associated with
abacavir hypersensitivity. Multiple naturally presented
flucloxacillin-haptenated peptides were identified from cell
lines expressing HLA-B*57:01. These haptenated HLA-
B*57:01 bound peptides were displayed (i) through antigen
processing of flucloxacillin-modified intracellular proteins,
and (ii) direct binding of flucloxacillin to peptides already
displayed by B*57:01 on the surface of antigen presenting
cells. These findings are exciting in numerous ways. First,
the approach can be applied to other hapteneic drugs and
metabolites to define the diversity of modified peptides
displayed by HLA proteins. Second, the approach can be
applied to HLA proteins with different amino acid anchor
residues to determine whether the hapten is displayed pre-
ferentially at specific positions in the peptide sequence.
Third, the data lay the foundations to discover critical
protein targets involved in the adverse event. Finally, the
identity of natural hapten peptide adducts displayed by
antigen presenting cells will aid strategies to synthesize
peptides for use in functional assays with T-cells from
hypersensitive patients.

In vitro immunological assays using T-cells among other
cellular components isolated from the venous blood of a
healthy donor or, in some cases, a patient who has experi-
enced a hypersensitivity reaction, are among the gold
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standard of methods to elucidate the cellular pathophysiol-
ogy of adverse reactions. These assays range from stimu-
lating peripheral blood mononuclear cells (that contain
drug-specific memory T-cells) from a hypersensitive patient
with particular drug-(metabolite) and measurement of pro-
liferation, cytokine release or cytotoxicity [197–199], to
generating memory T-cells from healthy donors through the
naïve T-cell priming assays [200–202]. Furthermore,
drug(metabolite)responsive T-cell clones can be generated
from responsive peripheral blood mononuclear cell cultures
and characterized to define the nature of immune response
(cytokine profile and cell surface markers), pathways of
T-cell activation and cross-reactivity with related drug(-
metabolite) structures [189, 203–205].

While immunological and proteomic assays together
offer a greater understanding of the mechanism of the drug
hypersensitivity reaction, the role of each of these aspects in
tandem represents somewhat of a juxtaposition given the
distinct nature of these techniques. Nonetheless, strides
have been made in recent years to attempt to bridge this
chasm. As discussed above, the introduction of piperacillin
hapten-modified human serum albumin into T-cell in vitro
assays has been pivotal in confirming T-cell antigenicity
towards drug-modified proteins. Similarly, benzylpenicillin-
modified albumin induced CD8+ T-cell reactivity in drug
naïve donors, albeit to a lesser degree than the free drug
itself [206], suggesting that a lower precursor frequency
exists within a CD8+ T-cell repertoire compared to a
CD4+ [207]. The design and synthesis of drug-modified
peptides for incorporation into T-cell studies represents an
exciting prospect with the potential to map specific anti-
genic peptides susceptible to modification by the drug in
question. However, this process is not without its issues.
Firstly, in terms of solubility it is difficult to replicate the
exact peptide characterized from a drug-modified protein
during M/S analysis. Often when amino acid residues are
altered to enhance the solubility of the synthetic peptide this
bears a knock-on effect on the peptide’s affinity for the
MHC in question, triggering a vicious cycle of solubility vs
binding strength which is counterproductive. Next, the
peptide must be reconstituted correctly to undergo HPLC
analysis, which upon collection must be dried then dis-
solved adequately for introduction into T-cell assays. In
most cases DMSO or a solvent of similar properties would
be utilized, however these are difficult to incorporate into
cell assays, thereby affecting the concentration ranges
available for use. Naturally, one distinct drawback is the
yield of peptide obtained following the modification of
target amino acids with the drug-(metabolite). Such draw-
backs once again affect the potential to screen designer
peptides at sufficient concentrations to obtain a complete
dataset, given that purchasing copious quantities is not
commercially viable. Lastly, in vitro modification of

synthetic peptides gives rise to the potential for side chain
reactions to occur which can firstly affect the stability and
quality of the modified peptide, but also may alter the
reactivity of T-cells towards this antigen. These include
N-terminal modifications, with beta-lactams being the main
culprits, and oxidation reactions usually at cysteine and
methionine, but also histidine, tyrosine, tryptophan and
phenyalanine. C-terminal modification at aromatic residues
has also been noted with highly reactive compounds.
Finally, β-lactam antibiotics are known to undergo dimer-
ization or in some cases trimerization which can make
characterization troublesome. Despite these difficulties, in
recent years several studies have managed to synthesize
HLA binding drug hapten-modified designer peptides for
functional studies. The group led by Pallardy used benzyl-
penicillin-modified albumin and synthetic HLA binding
peptides containing relevant amino acid sequences from
albumin to illustrate that CD4+ T-cells from healthy
donors displayed a degree of specificity towards the indi-
vidual peptides [207]. Furthermore, two of the penicillin
haptenated peptides induced T-cell responses in hypersen-
sitive patient PBMC, thereby confirming the role of drug-
peptide conjugates in the adverse event [207]. Continuing
this trend, we have developed a strategy to synthesize
amoxicillin- and nitroso dapsone-modified peptides that
bind to specific HLA class I and II proteins associated with
adverse events. HLA class I ligands (9 mers) and class II
ligands (12–15 mers) were designed by incorporating
appropriate HLA binding motifs into a poly-alanine peptide.
A reactive amino acid (cysteine, lysine, and arginine) was
inserted within different positions to generate positional
derivatives. Glutamic acid or aspartic acid was also included
to improve peptide solubility. In silico prediction of the
binding affinity of all designer ligands to a specific HLA
was performed using the MHC binding prediction tool at
www.iedb.org. Amoxicillin 12-mer peptide adducts, with
the drug bound to lysine, interacted with HLA-
DRB1*15:01 and DQB1*06:02 (both components of the
risk haplotype) to activate CD4+ T-cell clones from
patients with drug-induced liver injury. T-cells were not
activated with unmodified peptides subjected to the same
extraction and purification procedure or with structural
variants containing the hapten at different locations in the
peptide sequence [208]. The nitroso dapsone-modified
peptides synthesized, with the drug bound to cysteine,
were shorter and designed to interact with HLA-B*13:01.
CD8+ T-cells from patients with dapsone hypersensitivity
syndrome were activated with the hapten-modified, but not
unmodified peptides, and the T-cell response was again
restricted to the HLA risk allele [209]. These data provide a
framework for synthesis and assessment of naturally HLA
eluted hapten-modified peptides and for structural studies
defining hapten HLA peptide interactions.
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Where haptenation is intentional; targeted
covalent inhibitors

Targeted covalent inhibitors that act on target proteins via a
covalent mechanism have revolutionized oncology and now
are also emerging for non-cancer indications, e.g., antivirals
and autoimmune diseases. In contrast to reversible inhibitors
that require continues systemic drug exposure to achieve
sustained pharmacodynamic effect, targeted covalent inhibi-
tors can provide exceptional potency that may translate to
lower doses and reduced off-target effects, but also distinct
pharmacodynamic profiles and extended efficacy resulting
from the inhibition of a target under nonequilibrium kinetics
[210]. For example, ibrutinib (1; Fig. 3), a BTK inhibitor
approved for the treatment of several B-cell malignancies
including chronic lymphocytic leukemia (CLL) and mantle
cell lymphoma, exhibited high potency through covalent
binding to a cysteine residue (Cys481) adjacent to the ATP-
binding site in BTK [211]. Following the success of ibrutinib,
the next generation of BTK inhibitors such as acalabrutinib
(2) and zanubrutinib (3) have been designed to improve the
safety and efficacy. Importantly, targeted covalent inhibitors
can mitigate the development of drug resistance resulting
from mutation of a binding site. Afatinib (4) and osimertinib
(5) are representative targeted covalent inhibitors used for the
treatment of non-small-cell lung cancer (NSCLC). These
therapeutics irreversibly inhibit EGFR kinase activity by
forming a covalent bond with Cys797 in the ATP-binding
pocket and consequently overcoming resistance to reversible
TKIs in lung cancer patients with the acquired T790M/L858R
EGFR mutation [212, 213]. An additional important advan-
tage of targeted covalent inhibitors is the inhibition of targets
with shallow, undruggable binding sites. For example,
KRAS, long viewed as “undruggable,” has now been targeted
in tumors including NSCLC, pancreatic and colorectal cancer
bearing the specific mutant allele KRASG12C [214–216].
Screening of small molecules that covalently bind to
KRASG12C led to the discovery of multiple highly potent
and selective covalent inhibitors for the treatment of various
solid tumors, for example, Sotorasib (AMG510, 6) and
Adagrasib (MRTX849, 7) [217–221]. Through a cysteine-
reactive ligand screen, Boike et al. have identified a covalent
ligand, EN4 (8) that targets Cys171 of MYC, a major onco-
genic transcription factor frequently amplified in most human
cancers. MYC has often been considered “undruggable” as
there are no obvious binding pockets or druggable sites for
pharmacological interrogation [123]. The development of
site-specific covalent inhibitors for these “undruggable” tar-
gets has opened novel ways and an exciting era of covalent
drug development.

Recently, proteolysis-targeting chimeras (PROTACs)
that enhance the degradation of disease-related proteins of
interest have been recognized as new therapeutics in drug

discovery. By forming a ternary complex between the
protein of interest and E3 ligase, PROTACs facilitate ubi-
quitination and subsequent degradation of target proteins
[222]. These bifunctional molecules offer several benefits
over direct inhibition of protein of interest by small-
molecule inhibitors, including reduced systemic drug
exposure due to their high potencies, improved selectivity,
and the complete inhibition of protein of interest and the
downstream signaling cascades [223]. Covalent PROTACs
that covalently bind to either the protein of interest and/or
E3 ligase are expected to benefit from the advantages
associated with targeted covalent inhibitors [223, 224], for
example, targeting those “undruggable” proteins of interest.
A PROTAC, LC-2 (9) based on a Adagrasib warhead and a
VHL E3 ligase ligand was shown to efficiently induce
KRASG12C degradation and suppresses MAPK signaling
in KRASG12C cell lines [225]. To further improve the
efficacy and sustainability of protein degradation, both
irreversible and reversible covalent E3 ligase recruiters have
been explored [226, 227]. Compared to their noncovalent
analogues, these covalent PROTACs exhibit equal or
greater target degradation efficacy due to more favorable
PK properties [224].

Despite their potential benefits, targeted covalent inhi-
bitors and covalent PROTACs are counter-balanced by
safety concerns regarding the covalent modification of both
on-target and off-target proteins. Targeted covalent inhibi-
tors therapies are generally better tolerated than cytotoxic
agents due to their high target selectivity. However, they
often cause skin reactions, diarrhea, and, to a lesser extent,
hepatotoxicity which impairs a patient’s quality of life. For
patients with an adverse event, withholding, reducing or
permanently discontinuing treatment is recommended,
depending on severity or persistence of the reaction; per-
manent discontinuation poses a dilemma if the tumour is
responsive to the targeted covalent inhibitors. The adverse
reactions associated with targeted covalent inhibitors appear
to be dose-limiting and are likely to be caused by either
inhibition of wild-type target proteins or covalent binding to
off-target proteins. For example, the use of ibrutinib is
associated various adverse reactions including rash, diar-
rhea, bleeding, and atrial fibrillation, leading to dis-
continuation of ibrutinib in >20% of patients administered
with the drug [228]. The causative mechanisms for these
adverse reactions are not fully understood but may be due to
the inhibition of both on-target and alternative kinases, e.g.,
EGFR [229, 230]. To minimize off-target inhibition of
alternative kinases, acalabrutinib (3) and zanubrutinib (4)
have been designed to improve overall safety profiles.
Unfortunately, the dermatological adverse reactions
appeared to be similar to those observed with ibrutinib
[231]. Some dose-limiting adverse reactions can be mana-
ged by closely monitoring the dose-response associated
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with efficacy and safety, thus creating a therapeutic window
that may decouple efficacy from toxicity, leading to
improved patient treatment.

However, some serious idiosyncratic adverse reactions
associated with targeted covalent inhibitors are immune-
mediated reactions that can lead to significant mortalities.
Dermatological reactions are probably the most frequent
immune-mediated reactions associated with targeted cova-
lent inhibitors. The pathogenesis of targeted covalent

inhibitor-induced immunotoxicity is yet to be determined,
the excessive infiltration of lymphocytes (CD4+ and
CD8+) in skin lesions detected in patients administered
with either BTK of EGFR inhibitors suggested targeted
covalent inhibitors are potentially involved in activating the
immune system [231, 232]. Targeted covalent inhibitors can
form covalent adducts with both target and off-target pro-
teins, which can be processed and presented by antigen
presenting cells as haptenated HLA ligands, leading to
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activation of hapten specific T cells. It is also possible tar-
geted covalent inhibitors can impair the proliferation and
functions of different T cell population, indirectly or
directly modulating immune responses. Some evidence also
indicates that targeted covalent inhibitors and PROTACs
can increase MHC class I presentation, leading to enhanced
T cell activation [233, 234]. The observed greater and more
severe toxicity associated with concurrent programmed
death-ligand (PD-1/L1) plus osimertinib further confirms
the important role of targeted covalent inhibitor-specific
immune responses in these reactions [235]. The fear of
potential immune-mediated reactions associated with this
class of drugs has been an obstacle of covalent drug dis-
covery. As no animal models are available for testing the
potential immune reactions associated with targeted cova-
lent inhibitors, developing predictive in vitro systems
incorporating functional drug antigens, genetics of the
susceptible patients and factors that modulate immune
function is urgently needed to identify those candidates with
high risk of immunogenicity at early stages of drug
discovery.

Perspectives

An important question to address is how the distinct intra-
cellular targets of adduction may contribute to the capacity
of an adduct to be immunogenic. As demonstrated by the
contingency of pharmaceuticals with a covalent binding
mechanism of action, and their recent resurgence into the
limelight, covalent binding is not always undesirable and
even relatively high levels are not preclusive to the devel-
opment of a successful compound without such liabilities.
As indicated above, the threshold level of covalent binding
necessary to elicit an adverse event may differ between
prototypical compounds. This indicates that the qualitative
nature of covalent binding is important in determining the
quantitative threshold for toxicity. Another relevant obser-
vation in this regard is one of the recognized shortcomings
of using glutathione as a trapping agent – this molecules’
putative endogenous role is to serve as fodder in detox-
ification, and thus preserve the integrity of other proteins.
Thus, one might propose that electrophilic species which
target glutathione potently, are likely to be better tolerated
than those which are not quenched by an equivalently large
endogenous pool of protective nucleophiles.

For some time, it has been speculated that mapping the
human proteome in terms of which proteins are critical to
direct toxicity will be fruitful. In the context of hypersen-
sitivity reactions there is precedence for both a role of signal
1 (antigenicity) and signal 2 (adjuvanticity) with regards to
the role of covalent binding (and associated toxicity) in the
governance of whether a reaction will occur in an individual

[271]. How the adductome resulting from covalent binding
translates to perturbation of the immunopeptidome is
directly linked to antigenicity, whilst the toxicological
mechanisms derived from adduction-imposed protein dys-
function/cellular stress, and any activation of pattern
recognition receptors will contribute to the adjuvanticity.

Hapten theory, and in particular, the relationship between
adduct formation and development of an adverse reaction, has
been studied for over 80 years. Significant progress has been
made throughout the decades: as we move forward, exploration
of the immunogenicity of naturally MHC eluted hapten-
modified binding peptides will shed light on the critical pro-
teins involved in drug hypersensitivity. However, the hapten
story does not end there. With new drugs entering the market,
each with their individualized binding characteristics, there will
work for researchers to perform for many decades to come.
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