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Side-effects to drugs are common. They are usually
classified as type A reactions if they are related to
the pharmacologic activity of the drug, and type B
reactions if unrelated to its pharmacologic activity.
Immune-mediated side-effects are type B reactions
and account for ~1/7 of all drug-related side-effects
(1). However, their frequency is highly dependent
on the type of the drug. Some drugs are notorious
for their allergic side-effects (i.e., some antibiotics
and antiepileptics), while other drugs are seldom
related to allergies.

The diagnosis of drug allergy is difficult for vari-
ous reasons: the clinical manifestations of drug aller-
gies are very heterogeneous. Drug-allergic reactions
are now the great imitators of diseases, causing
symptoms similar to infectious, autoimmune, or
superantigen-triggered diseases. When no skin
symptoms are present, drug-induced allergic reac-
tions, like hepatitis or interstitial lung diseases, are
surely underdiagnosed. Moreover, viral infections,
such as those of HIV or Epstein-Barr virus (EBV),
may be crucial cofactors in eliciting symptoms (2, 3).

There are no reliable tests generally available to
diagnose drug allergy and to pinpoint the relevant
drug. The great number of different drugs able to
elicit side-effects limits the capacity to have stand-
ardized tests prepared for each compound, even if
one omits metabolites. Skin test systems have been
systematically developed for penicillin hypersensitiv-
ity only, but they are tailored to detect IgE-mediated
allergies, and are not standardized to detect other
types of drug-induced immunologic side-effects.
Moreover, the presence of minor or more general
cross-reactivity limits the relevance of these tests (4).

Finally, the pathophysiology of most drug-related
side-effects is unknown. Only a few drug allergies
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are IgE-mediated. How the sensitization to the
drug occurs, to what extent T cells are involved,
and how the various disorders are related to the
symptoms of drug allergy are still unknown. The
classification of drug allergies based on the scheme
of Gell & Coombs (5) is helpful for some drug-
related side-effects, but the most common side-
effect of drugs, exanthema (rash), as well as some
of the most severe side-reactions (toxic epidermal
necrolysis, Stevens-Johnson syndrome, and hyper-
sensitivity reactions involving internal organs), is
not explained by this subclassification.

For the practical approach to a patient with
suspected drug allergy, a schematic differentiation
between different forms of drug interactions with
the immune system is advisable (Table 1). This
subdivision of “‘real” drug allergies, nonallergic
hypersensitivities, autoimmune diseases, and
pharmacologic interference by drugs with immune
cell functions is useful for diagnostic procedures
and helpful in advising patients to avoid further
symptoms. Thus, in “real” drug allergies, care has
to be taken that structurally similar compounds
are avoided in case of possible immunologic
cross-reactivity. In contrast, in nonallergic hyper-
sensitivity reactions, pharmacologic activities such
as inhibition of prostaglandin synthesis, but not
structural similarities, have to be taken into
account.

Immunogenicity of drugs for T cells

The involvement of drug-specific antibodies in some
drug-allergy disorders, such as anaphylaxis, urti-
caria, angioedema, and hemolytic anemia, is well
known. In contrast, the role of drug-specific T cells
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Table 1. Interaction of drugs with immune system

Table 2. Evidence of T-cell participation in drug allergy

Example
Specific
Immune reaction to the drug itself (“real” drug Penicillins, sulfonamides
allergy)

Induction of autoimmune response D Penicillamine,

procainamide

Unspecific

IgE (type 1)-like symptoms without evidence of
sensitization (nonallergic hypersensitivity)

Interference with immune cell activation, signal
transduction

Acetylsalicylic acid

Cyclosporin A

has long been controversial. Two main reasons may
explain this neglect of T cells in drug allergy:

1) T cells were thought to recognize peptides, but
not haptens or drugs. According to the hapten-
carrier model, T cells can recognize the carrier
molecule, but not the hapten itself, while
antibodies are specific to the hapten (6).

2) Although ample evidence exists that T-cell
infiltrates are present in various allergic skin
lesions, the function of these lesional T cells was
not understood (7, 8).

However, clinical experience and laboratory data
indicate that T cells participate in various drug-
allergic reactions (Table 2). Moreover, recent data
have convincingly shown that naturally occurring or
synthesized, nonpeptidic, low-molecular-weight sub-
stances are recognized by T cells (9). Both o+ and
0+ T cells are involved in the recognition of these
so-called nonpeptide antigens, which are presented
by MHC- or MHC-like (CD1) molecules (9-11).
These nonpeptide antigens can be subclassified by
structure as lipids, prenylpyrophosphates, sugars,
metals, or drugs. It is thought that the recognition of
some of these nonpeptide antigens is important for
the natural immune reaction to pathogens, since
prenylpyrophosphates produced by mycobacteria
and recognized by Y3+ T cells might steer the
immune response toward a Th1-like phenotype (12).

The direct recognition of haptens by T cells has
been convincingly shown by the work of Weltzien
et al. (13, 14). They directly coupled trinitrophenol
(TNP) to immunogenic peptides which are pre-
sented by MHC class I or II molecules. These
hapten-modified peptides (but not the unmodified
peptides) were recognized by TNP-specific T cells
obtained from mice sensitized to TNP. The
immunogenicity of the hapten depended on its
position within the immunogenetic peptide: T-cell
clones (TCC) which recognized the hapten in a
central position within the immunogenic peptide
(i.e., position 5 in a nine-amino-acid [aa]-long
peptide) were hapten-specific, and the sequence of

226

Clinical symptoms such as contact dermatitis, exanthema, hepatitis, etc.
with no evidence of formation of drug-specific antibodies

Positive lymphocyte transformation and epicutaneous {patch) skin tests

Formation of T-cell-dependent antidrug antibodies (IgE, 1gG)

Drug-specific T-cell lines and clones

the immunogenic peptide was irrelevant to T-cell
recognition. However, if the hapten bound to an
amino acid at the aa positions 1, 2, or 9 of the
approx. 9-aa-long peptide, then the T-cell receptor
(TCR) corecognized the amino acid of the peptide.
In most instances, hapten recognition was MHC-
restricted (15, 16).

Chemically reactive and nonreactive drugs

In general, drugs are small compounds and are
thought to act immunologically like haptens. Their
immunogenicity is thus related to their ability to
bind to proteins. Examples of such chemically
reactive drugs are B-lactams and sulfonamides, two
of the most frequently sensitizing drugs, which are
reactive either per se (B-lactams) or after drug
metabolism (sulfonamides) (17-22).

Penicillin G (pen G) and its derivatives, as well as
the cephalosporins, share the same nuclear structure,
the P-lactam ring. Early studies showed that the
B-lactam ring spontaneously opens under physio-
logic conditions so that its carbonyl moiety can form
an amide linkage, mainly to the e-amino groups of
proteins. Thereby is formed the penicilloyl group,
which can act as an immunogen (19-21). Other
conjugations occur by degradation of penicillin to
penicillenic or penicilloic acid, which forms disulfide
bonds with sulfidryl groups of cysteine (minor anti-
genic determinants) (23).

Penicillins are also recognized by T cells (24, 25).
Both CD4+ and CD8+ TCC can be generated by
penicillins, and a certain level of cross-reactivity has
been demonstrated (26, 27). This cross-reactivity
on the T-cell level may explain symptoms to various
types of penicillins, even if no antibodies are
involved. Recently, it was even shown that in vitro
synthesized peptides, modified by penicilloyl, are
recognized by pen G-specific TCC (28). This
underlines the concept elaborated with TNP
(13, 14) that drug reactions are mainly directed to
hapten-modified peptides.

One has, however, to consider that most drugs
are not chemically reactive and thus not able to
bind covalently to proteins. They might gain chem-
ical reactivity only after drug metabolism. Such a
pathway is relatively well analyzed with sulfona-
mides (29-32): a major pathway of sulfamethoxa-
zole (SMX) metabolism is N-acetylation of the




aromatic part of the molecule. One responsible
enzyme, N-acetyltransferase 2 (NAT2), has a poly-
morphic effect on various substrates, including
SMX, with differences in the quantity of the
enzyme accounting for “slow” and “fast™ acetylator
phenotypes (32). An additional metabolic pathway
leads to the highly reactive hydroxylamine and
nitroso derivatives. As shown by several research
groups, these intermediate products are toxic
and/or immunogenic (29-32). Persons with a slow
acetylator phenotype produce an increased amount
of hydroxylamines and nitroso compounds, which
are chemically highly reactive and thus able to form
new antigens; namely, hapten-carrier complexes.
This might explain why the slow acetylator pheno-
type is a risk factor for the development of SMX
hypersensitivity reactions (33).

However, the important role of drug metabolism
is hard to reconcile with the low incidence of drug
allergies in the liver, the main drug-metabolizing
organ in the body. The reason for the low incidence
of drug-induced allergic hepatitis is unclear. The
liver may represent an immunologically privileged
site, as infiltrating T cells may undergo apoptosis
(34, 35). Nevertheless, this does not explain why
most drug-related symptoms occur in the skin,
where the generation of such reactive SMX inter-
mediates has never been shown.

Direct, metabolism-independent drug
presentation

We recently elaborated a new model of drug
recognition by already activated T cells. We call it
the direct, metabolism-independent model of T-cell
stimulation by drugs. It postulates drug binding to
the MHC-peptide complex and to the TCR as to
other pharmacologic receptors. Thus, no covalent
binding is required for presentation. This concept
relies on the following findings.
Glutaraldehyde-fixed antigen-presenting cells
(APC) can present SMX to specific, CD4+ and
CD8+ TCC. Fixation does not interfere with the
ability to present (preprocessed) peptides, indicat-
ing that the presenting MHC structures are still
functional. However, fixation abrogates protein
processing, as tetanus toxoid (TT) cannot be pre-
sented to TT-specific T-cell lines. The SMX-specific
clones proliferate, secrete cytokines, and are even
able to kill autologous target cells (36). Recently,
we extended these observations by evaluating the
kinetics of TCR downregulation after interaction
with MHC-matched/unmatched APC and the drug.
We found a rapid downregulation of TCR (within
20-30 min) by incubating the drugs with the MHC-
matched APC and TCC (37). Moreover, an incre-
ment of intracellular Ca®* was seen immediately

Role of T cells in drug allergy

after drug addition to APC and TCC. These data
demonstrate for the first time a direct involvement
of TCR in drug recognition and rule out the
possibility that a pharmacologic stimulation of T
cells (i.e., via CD2) (38) causes the proliferation.
The ability of fixed APC to present the chemically
nonreactive drug SMX or lidocaine to TCC, and
the rapidity of TCR signaling are strong arguments
against the need of antigen processing and drug
metabolism for drug recognition by TCC.

Binding of a drug such as SMX or lidocaine to
the MHC complex appears to be rather labile, as
pulsing of APC (incubation of APC with the drug,
followed by a washing step) was not possible. That
simple washing could remove the drug from the
MHC-peptide complex indicates noncovalent bind-
ing. The nature of this unstable drug binding of
SMX to the MHC-peptide complex is still unclear.
It may be similar to the reversible binding of SMX
to its natural substrate, the enzyme dihydropter-
oate synthase, which occurs via van der Waals and
hydrogen bonds (39).

To some extent, this model of direct, metabolism-
independent drug presentation resembles the recog-
nition of gold or NiSO, by T cells (40, 41). However,
these data on drug-specific recognition were
obtained with activated T cells. It remains to be
determined whether drug recognition is similar for
primary sensitization. Actually, the association of
SMX hypersensitivity with the pharmacogenetic
background of the subject (33, 42) makes it likely
that drug metabolism and covalent binding are still
important. Thus, the following two possible path-
ways of drug presentation by APC may be outlined
(Fig. 1).

Pathway A might always be required to start a
drug allergy; it relies on covalent binding. Reactive
drugs or drugs which become reactive after metab-
olism in the liver bind covalently to proteins, which
are processed and presented as ‘“haptenated”
(drug-modified) peptides. This model might apply
to chemically reactive compounds such as penicil-
lins or to SMX, which is metabolized to a reactive
intermediate in the liver.

In pathway B, SMX and lidocaine may also
interact with the TCR and MHC without prior
metabolism or protein binding and processing.
These and other chemically nonreactive com-
pounds bind - in a rather labile way — directly to
membrane-associated proteins such as TCR and
MHC (but also to other structures).

Clinical impact of direct, metabolism-
independent drug presentation

The direct, metabolism-independent model of drug
presentation not only has major implications for
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reactive drug «

nonreactive drug

drug metabolism
covalent direct, noncovalent
binding to binding to
membrane soluble intracellular membrane
protein MHC class I or 11
processing of
drug-modified
protein
presentation of presentation of
drug-modified peptides drug
on MHC [ or II on MHC I or Il /peptide complexes

\ T-cell stimulation /

Fig. 1. Schematic presentation of drug-specific recognition. Drugs can be classified into reactive or nonreactive compounds.
Nonreactive compounds can become reactive upon drug metabolism. Reactive drugs covalently bind to proteins, which are
modified, processed, and presented on MHC class I or II molecules. Direct binding to immunogenic peptide is also possible.
Nonreactive drugs may not be metabolized, but may bind directly and noncovalently to MHC class I or II molecules. Preactivated
T cells can specifically recognize these drugs together with the restricting MHC molecules. These drug-specific T cells are activated,

secrete cytokines, proliferate, and may also have cytotoxic functions.

our understanding of “antigen recognition” by T
cells but also has great clinical impact. It may
explain the following peculiar features of drug
allergy:

1) One such feature is the manifestation of drug
allergy in organs without active drug metabolism,
such as the skin; although some cells in the skin
may have a limited ability to metabolize
xenobiotics, and some metabolizing enzymes
such as myeloperoxidase are found in many cells
(43), an activity of the various cytochrome p450
enzymes in the skin has not yet been demon-
strated. Only these p450 enzymes, and not the
more ubiquitous myeloperoxidase, appear to be
relevant to generation of reactive metabolites.

2) The disappearance of drug-allergy-related symp-
toms rapidly after stopping drug therapy argues
against covalent binding of a drug to its carrier
protein, since the modified proteins would be
expected to have a longer half-life (i.e., 14 days
for albumin), and symptoms should thus persist
longer (36). Thus, the rapid resolution of
symptoms after stopping drug therapy indicates
that noncovalent drug-binding to MHC-peptide
complexes and recognition by T cells is relevant
to clinical symptoms. Such labile reactions may
account for most drug-induced, transitory skin
rashes. In contrast, if symptoms persist longer,
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recognition of covalently modified proteins may
be involved. Indeed, some rare, drug-induced
side-effects such as severe hypersensitivity
syndromes show a characteristic persistence of
symptoms long after stopping therapy (44, 45).
In these cases, the immune reaction might be
directed to covalently modified proteins. Inter-
estingly enough, these hypersensitivity reactions
show liver involvement (hepatitis), implying that
the drug is presented in an immunogenic way in
the organ where the reactive metabolites are
generated. Thus, the rather rare liver involvement
in drug allergy might indicate recognition of
covalently bound drugs and suggest the presence
of a more dangerous and persistent reaction.

3) It is well known that certain drug allergies occur

more frequently in association with generalized
viral infections; in particular, EBV and HIV
infections. The reason for this has remained
controversial. Enhanced T-cell activation during
viral infections and altered drug metabolism in
HIV infection have been implicated (46, 47).
Our model of direct drug presentation by MHC
molecules gives rise to an additional explanation
(36, 48). During viral infections, expression of
MHC molecules on various cell types in the
tissue, i.e., keratinocytes in the skin, is stimulated,
probably by elevated interferon-gamma (IFN-y)
levels. This would allow enhanced, direct binding



of drugs to these molecules and thus boost drug

presentation. Reactive T cells would be stimu-

lated in the tissue and lead to the allergic
symptoms.

4) Although a great variety of drugs can cause drug-
allergic reactions, only a few are notorious for
frequently causing allergies. Given that drug
allergies rely on T-cell recognition of the drug,
certain features might be elaborated to indicate
the sensitizing potential of a drug:

e Actually, only those drugs might be prone to
induce drug allergy that are somehow able to
interact with the MHC-peptide complex and
the TCR. This might require certain structural
features of a drug, features which need to be
further elaborated.

e A further aspect might be a structural
similarity between chemically reactive,
peptide-bound metabolites and nonmeta-
bolized drugs, presented in a different,
noncovalent way, since probably the same T
cell reacts with the covalently/noncovalently
bound drug.

e Moreover, since most drug-reactive T cells
bear the o-TCR, a similarity to their usual
T-cell antigens, namely, amino acids, might
aid recognition (compare the structure of
penicillins).

Functional properties of drug-specific
T cells

In recent years, various groups have succeeded in
generating drug-specific TCC. They were specific to
B-lactams, SMX, and lidocaine (49-51) and served
better to characterize the T-cell immune response to
drugs. In many respects, the data showed a similarity
between drug- and peptide-specific TCC, but a few
findings were peculiar and might be distinguishing
features of drug-specific TCC.

Phenotype and restriction

Most drug-specific TCC were CD4+; but every
cloning procedure revealed also drug-specific
CD8+ clones. All afp+ TCC tested were HLA
class I or class II restricted (25, 27, 28, 49, 50).
About 5% of the drug-specific CD4+ TCC were
HLA-DR-restricted, but not allele-restricted.
This means that also allogeneic, HLA-DR-
mismatched APC could present the drug (16, 52).
Interestingly, two Y8+ TCC specific for lidocaine
could be detected as well (50). This illustrates that
nonphosphorylated small molecules can also be
recognized by y8+ T cells and suggests that not
only af+ T cells are involved in certain drug
allergies.

Role of T cells in drug allergy

Oligoclonality

Several infections such as those of HIV, EBV, and
mycobacteria have revealed an outgrowth of T cells
bearing certain aff+ or Y9+ TCR families (12, 53,
54). However, the specificity of this oligoclonal
outgrowth was shown only for a few diseases (12).
A stimulation of certain TCR Vf families was also
detected in drug-stimulated cultures, but not in
parallel-analyzed protein (TT)-stimulated PBMC
(27, 49, 50). Both SMX and lidocaine triggered an
outgrowth of TCR VB17-bearing cells (27, 50).
However, in the case of SMX, cloning did not
reveal a majority of drug-specific VB17+ clones
(36). In the case of lidocaine, continuous in vitro
stimulation resulted in a monoclonal outgrowth of
one TCRVB17+ clone which was indeed lidocaine-
specific (50). Interestingly, VB17+ T cells were also
found preferentially in nickel-allergic subjects (55,
56). An outgrowth of certain TCR Vf families in
penicillin-allergic subjects could be correlated to a
limited cross-reactivity of these cells to other
B-lactams (27).

Cytokines

Cytokine release in primary cultures of PBMC of
drug-allergic subjects was measured 5 days after
stimulation with drugs or TT. PBMC activated with
SMX and lidocaine, but not pen G, secreted large
amounts of interleukin (IL)-5 and little or no
detectable IL-2, INF-y, and IL-4 (49, 50, 57). An
upregulation of IL-5 was never seen in TT-driven
cultures, but was dominant in various other drug
stimulations (e.g., carbamazepine, phenytoin).
Cytokine release by drug-specific TCC upon PMA/
ionomycin stimulation confirmed the different
pattern of SMX/lidocaine- and penicillin-specific
clones (25, 50, 57). Pen G-specific clones showed a
ThO- or Thl-like cytokine pattern with high
amounts of IFN-y (25). Expression of high IL-5
levels in patients with drug allergy may explain the
frequently observed eosinophilia in patients with
drug allergy, because IL-5 is the main differentia-
tion factor for eosinophils (58).

Cytotoxicity

Some drug-allergic side-effects, such as hepatitis or
bullous exanthema, may reflect a drug-specific
cytotoxic T-cell response. CD8+ cell lines gener-
ated in the skin lesions of subjects with bullous
exanthems were cytotoxic upon TCR cross-linking
(59, 60). The analysis of TCC of a patient with SMX
allergy revealed cytotoxic potential even after drug
stimulation: both CD4+ and CD8+ TCC lyzed
autologous target cells in an MHC-restricted way
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(36). This killing appears to be perforin-mediated
(48). Such a cytotoxic mechanism may be dominant
in the most common drug-induced side-effect,
namely, morbilliform rash (48). It would represent
a novel pathway of drug allergy, extending the
hitherto used Gell & Coombs (5) classification to
a fifth type, namely, drug-induced 7-cell-mediated
cytotoxicity.

Superantigen-like T-cell stimulation by drugs

The type of drug recognition and the characteriza-
tion of drug-specific T cells are reminiscent of
certain features of superantigen presentation (61,
62). Presentation and stimulation by superantigens
and drugs share the following features. Both are
presented in a processing-independent pathway, as
they bind from the outside to the MHC-peptide
complex. Both stimulated T cells of the CD4+ and
CD8+ phenotype, and certain donors show an
oligoclonal outgrowth of T cells bearing certain
TCR VB chains. An HLA-DR allele-independent
recognition of drugs by TCC, which is typical of
superantigens, was found in 5% of our clones (52).
Additionally, we detected a high frequency of
alloreactivity in drug-specific TCC compared to
peptide/protein-specific clones (unpublished data).
However, in contrast to superantigens, drugs fail to
stimulate PBMC from nonsensitized subjects.
Drugs are far smaller compounds than superanti-
gens, and the stimulation is seldom as strong as a
superantigen stimulation. Thus, drugs may stimu-
late T cells in a way intermediate between super-
antigen and peptide stimulation.

Cross-reactivity of drug-specific TCC

Only limited in vivo data are available to determine
whether one subject allergic to one drug will
tolerate another compound. Antibodies to B-
lactams can react with the core structure, resulting
in cross-reactivity to several f-lactams; some appear
to react preferentially with the B-lactam side-chain,
causing cross-reactivity to cephalosporins (4, 63).
To investigate the molecular cross-recognition by
T cells, we tested T-cell lines (TCL) and TCC
specific to various B-lactams from several donors
with related substances. We found at least two
patterns of drug recognition. On the one hand, we
found outgrowth of drug-specific T cells, which
react to pen G only, but fail to recognize ampicillin
or amoxicillin. They appear to recognize the core
structure together with side-chains. On the other
hand, certain subjects mount a rather broadly
reactive T-cell response, able to react with different
B-lactams. These TCL might recognize predomi-
nantly the core structure; namely, the B-lactam and
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thiazolidine ring structure. None of the TCC tested
showed cross-reactivity to cephalosporins (27, 28).
Interestingly enough, the rather monospecific TCC
stemmed from cultures with a rather oligoclonal
TCR VB chain expansion in primary stimulations.
Thus, our data suggest that the outgrowth of T cells
bearing a certain TCR VP may be a sign of a
limited cross-reactivity (27).

In a further study, we tested the ability of clones
specific to lidocaine to respond to 20 chemically
closely related local anesthetics and their metabo-
lites. We found all clones to be highly specific to
the presence of the acid amine, as they did not
recognize local ester anesthetics. One clone showed
a broader cross-reactivity, allowing us to propose a
model of which structural requirements are needed
for TCR recognition of local anesthetics (64).

Conclusion

T-cell recognition of drugs plays a decisive role in
immunologic and clinical features in drug allergy.
This recognition is probably essential in all drug-
related side-effects, T cells acting either as helper
cells providing essential cytokines (i.e., IL-4 for IgE
switch or IL-5 for eosinophilia) or as mediators of
symptoms such as rash (i.e.,, by infiltration of
cytotoxic CD4+ T cells in the skin). Future direc-
tions in drug-allergy diagnosis and prevention
should take into account this long neglected role
of drug-specific T cells. New and reliable test
systems have to be developed to detect drug-
specific T cells in drug allergy. Moreover, since
most drug allergies are not mediated by IgE alone,
it seems advisable not to focus solely on IgE-
mediated allergy, but also to take into account the
role of T cells in allergic side-effects during the
process of drug development.
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