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Drug-induced adverse reactions are common and normally classified as type A

reactions, owing to the pharmacologic action of the drug, or type B reactions,

which comprise idiosyncratic and immune-mediated side effects that are not

predictable [1]. Drug hypersensitivity reactions (drug allergy) account for about

1/7 of adverse drug reactions. They can manifest themselves in a great variety of

diseases, some of which are severe [2–5]. The most common allergic reactions

occur in the skin and are observed in approximately 2% to 3% of hospitalized

patients [6–8].

Drug hypersensitivity and other immune reactions are frequently classified

according to Gell and Coombs into four categories that reflect a distinct immune

mechanism, explaining the heterogeneous clinical presentation [9]. Type I

reactions are caused by the formation of drug/antigen-specific IgE. These IgEs

are cytophilic and bind to high-affinity Fc-IgE receptors on mast cells and

basophils. Cross-linking of these receptors leads to the liberation of various

mediators, eliciting symptoms such as urticaria, anaphylaxis, rhinitis, and

bronchoconstriction. Type II reactions are based on IgG-mediated cytotoxic

mechanisms, accounting mainly for blood cell dyscrasias such as hemolytic

anemia and thrombocytopenia. Type III reactions are immune complex–mediated

and may, via involvement of complement activation and stimulation of Fc-IgG

receptor-expressing inflammatory cells, lead to vasculitis. Type IV reactions are

mediated by T cells, causing so-called ‘‘delayed hypersensitivity reactions,’’ the

most typical example being contact dermatitis or delayed skin tests to tuberculin.

This classification has been helpful in clinical practice but has its limitations,

because it was established before a detailed analysis of T-cell subsets and

functions was available. Immunologic research has revealed that all four types

of reactions require an involvement of T cells, which provide help by generating

cytokines acting as switch factors for immunoglobulin isotype switch [10].

Moreover, T cells have been found to differ in the cytokines produced, which
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results in distinct pathologies [11]. Th1-type T cells activate macrophages by

secreting large amounts of interferon-g, drive the production of complement-

fixing antibody isotypes, and are costimulatory for proinflammatory responses

(tumor necrosis factor, IL-12) and CD8+ T-cell responses. Th2 T cells secrete the

cytokines IL-4, IL-13, and IL-5 [11,12], which promote B-cell production of IgE

and IgG4, macrophage deactivation, and mast cell and eosinophil responses.

CD8+ T cells can produce similarly polarized patterns of cytokines. Newer

textbooks of immunology have considered this development and subdivided

delayed hypersensitivity reactions into type IVa, IVb, and IVc reactions, which

correspond to Th1, Th2, and cytotoxic reactions [12].

Drug hypersensitivity reactions were always considered typical examples of

these hypersensitivity types, being able to cause type I, II, III, and IV reactions

[13]. On the other hand, many drug-induced hypersensitivity reactions did not

seem to fit into the older Gell and Coombs classification. For example, the Gell

and Coombs classification did not account for bullous or pustular skin eruption or

hepatitis, because cytotoxic T-cell mechanisms were not yet known, and the

regulation of neutrophils by T cells was not yet investigated. The ignorance in the

field, the unpredictable and sometimes bizarre nature of the adverse reaction, and

the fact that animal models did not exist (or were not published by the

pharmaceutical companies) made drug hypersensitivity a neglected area of

research, particularly in North America [14].

During the last few years, the author’s group has tried to clarify some issues in

this rather enigmatic field. We investigated particularly the role of T cells in drug

hypersensitivity and asked two main questions: (1) how do T cells recognize

drugs, and (2) is there a relationship between T-cell function and the clinical

presentation? Our results were surprising and, initially, seemed to contradict pre-

vailing dogmas [15]. On the other hand, the clinical data illustrate well that drug

allergies are the great imitators of disease. This review focuses mainly on T-cell

reactions to drugs, an area of research where the most progress has been made.
T-cell recognition of drugs

The hapten and prohapten concept

The recognition of small molecules, such as drugs, by B and T cells is usually

explained by the hapten concept. Haptens are chemically reactive small mole-

cules (mostly <1000 D) that are able to undergo a stable covalent binding to a

larger protein or peptide [16–21]. This modification of a protein or peptide is

thought to make the small molecule immunogenic (Fig. 1). By itself, it is too

small to elicit an immune response. Cell-bound or soluble immunoglobulins can

recognize the hapten–carrier complex directly, and an immunoglobulin-based

response can develop. T cells recognize a peptide fragment of the hapten–carrier

complex, which is generated by intracellular processing of the complex and

presented to T cells by MHC molecules (Fig. 1). A typical hapten is penicillin G,



Fig. 1. Hapten and prohapten concept and noncovalent drug presentation to T cells. Drugs are haptens

if they can bind covalently to molecules, whether they are soluble or cell bound (eg, penicillin G).

They can even bind directly to the immunogenic MHC/peptide complex on antigen-presenting cells,

either to the embedded peptide or to the MHC molecule itself. The chemical reactivity of haptens leads

to the formation of many distinct antigenic epitopes, which can elicit humoral and cellular immune

responses. Examples of a B-cell –mediated immune response are anaphylaxis (IgE) and hemolytic

anemia and thrombocytopenia (IgM/IgG). T-cell–mediated immune responses include exanthema

(maculopapular, bullous, and pustular) and hepatitis, nephritis, pancreatitis, and interstitial pneumonia.

Other drugs are prohaptens, meaning that they require metabolism to become haptens (chemically

reactive). The metabolism leads to the formation of a chemically reactive compound (eg, from

sulfamethoxazole [SMX] to the chemically reactive form SMX-NO). It may lead to modification of

cell bound or soluble proteins by the chemically reactive metabolite, similar to a real hapten.
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which tends to bind covalently to lysine groups within soluble or cell-bound pro-

teins, thereby modifying them and eliciting B- and T-cell reactions [20,21]. It is

also possible that the hapten binds directly to the immunogenic peptide presented

by the MHC molecule. In this situation, no processing is required [20,22] (Fig. 1).

Alteration of the MHC molecule directly is also possible, but data in the

mouse model using trinitrophenol (TNP) suggest that this is less frequent, be-

cause most T-cell clones generated to TNP recognize the peptide together with

the hapten but not the hapten-modified MHC molecule [23]. This feature of a

hapten, namely, the possibility of binding to many proteins or peptides, may

explain the great heterogeneity of immune reactions to it, resulting in a great

variety of clinical symptoms (Fig. 1) [24].

Many drugs are not chemically reactive but can still elicit allergic side effects.

The prohapten hypothesis tries to reconcile this phenomenon with the hapten

hypothesis. A drug that is not chemically reactive, per se, may become reactive

upon metabolism [18,19,21,25–29] (Fig. 1). Sulfamethoxazole is a prototype of

such a prohapten [26]. By itself, it is not chemically reactive; it gains immuno-

genicity by intracellular metabolism. A cytochrome p450-dependent metabolism

leads to the production of sulfamethoxazole-hydroxylamine, which can easily be

transformed to the highly reactive sulfamethoxazole-nitroso by (extracellular)

oxidation. This chemically reactive compound can bind covalently to proteins/

peptides (Fig. 1) [26–28]. The resulting clinical presentation may be as variable

as the effects of haptens, if the hapten is generated extracellularly in different

parts of the body. Indeed, sulfamethoxazole is known to cause many different

diseases affecting many organs. These side effects are mediated by antibodies or

T cells. On the other hand, the transformation of the prohapten to the reactive

hapten may occur only in the liver, causing hepatitis, which is most likely true for

tienilic acid [29].

The p-i concept

Recently, the author and his colleagues elaborated a third possibility, namely, a

pharmacologic interaction of drugs with immune receptors (p-i concept, Fig. 2)

[30–36]. We found that chemically inert drugs, unable of covalently binding to

peptides or proteins, could directly activate certain T cells if they happened to

bear T-cell receptors that could interact with the drug. This model does not

require biotransformation to a chemically reactive compound. It has been

elaborated by in vitro studies using T-cell clones specific for drugs such as

sulfamethoxazole, lidocaine, mepivacaine, celecoxib, lamotrigine, carbamaze-

pine, and p-phenylendiamine [30–40]. The p-i concept relies on various findings.

First, glutaraldehyde-fixed antigen-presenting cells, unable to process, can still

present the drug and stimulate specific T cells [30]. Second, the formation of the

reactive metabolite of sulfamethoxazole (sulfamethoxazole-hydroxylamine) can

be inhibited by adding glutathione (see Fig. 1). If the reactive metabolite were the

‘‘real’’ antigenic substance, this treatment should have reduced the reactivity. In

contrast, it actually enhanced the reactivity of T cells, suggesting that the inert



Fig. 2. Pharmacologic interaction with immune receptors, the p-i concept. Drugs are often designed to

fit into certain proteins/enzymes to block their function. Some drugs may also happen to bind into

some of the available T-cell receptors. Under certain conditions (see text), this drug–T-cell receptor

interaction may lead to an immune response of the T cell with a ‘‘fitting’’ T-cell receptor (1). For a full

T-cell stimulation by such an inert drug, an interaction of the T-cell receptor with the MHC molecule is

required (2). This type of drug stimulation (1 + 2) results in an exclusive T-cell stimulation.
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drug but not the reactive metabolite was recognized [35]. Third, covalently bound

drugs are stably bound to the carrier molecule and are not washed away. In

contrast, chemically inert, labile-bound drugs are removed by a simple washing

step [30–32,34,37–39]. Fourth, a drug-reactive T-cell clone reacts to the drug

within seconds, before metabolism and processing can take place [31].

The full stimulation of T cells by inert drugs is MHC dependent, implying that,

for a complete stimulation of the T cell, the T-cell receptor needs to interact with

the drug and the MHC molecule. Nevertheless, the extent of MHC dependence

for T-cell stimulation depends on the affinity of the T-cell receptor for the drug. If

the T-cell receptor is widely cross-reactive, such that it reacts with a wide panel of

related sulfonamide structures, the affinity for the original drug might be

relatively low, and optimal stimulation would rely on the interaction with an

exactly fitting MHC allele. In contrast, if the T-cell receptor reacts in a highly

specific manner with a single molecule only, the affinity for it may be rather high,

and different MHC alleles would be sufficient to serve as a scaffold to

supplement the stimulation [32,41,42]. In agreement with this peculiar nature

of drug-specific immune responses is the observation that, in the same individual,

T-cell responses to a certain drug can be observed that are restricted by either

HLA DR or DQ molecules [43].
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Variability of the clinical manifestation of a drug hypersensitivity reaction

The clinical manifestations of drug hypersensitivity depend on various factors:

� The chemical or structural features of a drug, as well as its metabolism, are

crucial factors in the type of reactions it will elicit, whether it is immuno-

genic by the hapten/prohapten or p-i mechanism (Figs. 1 and 2).
� The genetic background of the affected individual, in addition to pharma-

cogenetic, immunogenetic, and hormonal factors, can affect the immune

response. Tissue-specific genes might also be involved.
� The specificity and function of the drug-induced immune response, which is

not only directed to the drug but also to some protein antigens, will affect the

clinical manifestations.

Effects linked to chemical reactivity versus structural features

Haptens are primarily immunogenic owing to their chemical reactivity. They

modify peptides and make them more or newly immunogenic. In contrast,

chemically inert drugs are immunogenic based only on their structural features

that enable them to interact with immune receptors (certain T-cell receptors and

possibly MHC). These structural features have never been considered in the

development of a drug [44] but may account for a substantial portion of

unforeseen side effects, because many drugs seem to be able to interact with

the T-cell receptor directly [30,32,37–40,45].

The clinical symptoms elicited by drugs that are immunogenic by their

chemical or structural features may differ. A haptenlike drug (eg, amoxicillin)

can alter many different proteins, either soluble or cell bound, and can even

modify different MHC molecules and their embedded peptides directly (see

Fig. 1). These distinct antigenic determinants can stimulate T and B cells and

elicit more or less all types of immune reactions. Indeed, the classic drugs that act

as haptens, namely, the penicillins, are reported to cause different antibody-

mediated diseases, such as anaphylaxis or hemolytic anemia, but also various

T-cell–mediated reactions, such as maculopapular exanthema, drug-induced

hypersensitivity syndrome, acute generalized exanthematous pustulosis (AGEP),

Stevens-Johnson syndrome, and even toxic epidermal necrolysis.

Whether the labile noncovalent binding of a drug to proteins is sufficient to

make it immunogenic for B cells is unclear, but this mechanism seems unlikely

for most small drugs. Heparin may be an exception, causing antibody-mediated

thrombocytopenia without covalent binding to the gpIIIb/IIa on thrombocytes

[46]. If the drug acquires immunogenicity only by its ability to fit into some

of the available T-cell receptors, the immune reaction is naturally restricted to

an exclusive T-cell response. Consistent with this hypothesis is the observation

that certain drugs (similar to nickel) appear to elicit mainly T-cell reactions,

whereas B-cell reactions appear to be exceedingly rare or are not reported.

Carbamazepine is known to elicit maculopapular exanthema and drug hypersen-
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sitivity syndromes (two typical T-cell–mediated diseases) but not anaphylaxis.

As outlined previously, some drugs, such as sulfamethoxazole or p-phenylendi-

amine, might be immunogenic by both mechanisms, and a hapten-based as well

as a p-i pathway–based immune response may occur together in the same

individual [34,39].

Effects linked to genetic factors

It is well known that certain drugs elicit preferentially a certain pattern of

disease. For example, antiepileptics (carbamazepine, phenytoin, lamotrigine) can

elicit a rather severe reaction called drug hypersensitivity syndrome (also called

anticonvulsant hypersensitivity syndrome or DRESS, drug-induced eosinophilia

with systemic symptoms) [45,47,48]. A similar symptomatology can also be

induced by other drugs, in particular, allopurinol, sulfasalazine, certain quinolone

derivatives, or abacavir. It is tempting to speculate that this severe symptomatol-

ogy is caused by some peculiar features of these drugs, either a particular

metabolism or a highly immunogenic presentation in a certain tissue. In this

context, it is interesting that abacavir reactions are highly associated with the

presence of the HLA-B*57 allele, suggesting that, in this disease, this HLA lo-

cus (or a very close gene) is involved in the reaction [49]. Recently, it was

reported that in Han-Chinese the appearance of Stevens-Johnson syndrome and

toxic epidermal necrolysis after carbamazepine therapy is strongly linked to

HLA-B*1502 [50].

On the other hand, for most haptens, such as amoxicillin or sulfamethoxazole,

no association with immunogenetic or pharmacogenetic phenotypes has been

found. These drugs do not need a special metabolism to become immunogen-

ic and bind as haptens most likely to many different peptides and proteins,

which contain the relevant binding amino acid (ie, lysine or cysteine) in an ac-

cessible position.

Other genes have also been suggested to be important for the localization,

type, and strength of the hypersensitivity reaction [21,51]. The polymorphism in

the tumor necrosis factor promoter region may have a role in the severity of the

reaction [51]. In addition, the genetic polymorphism of metabolizing enzymes

(eg, of certain cytochrome p450 enzymes or of N-acetyltransferase) may

contribute to the generation of chemically reactive or toxic compounds, which

cause or contribute to the development of hypersensitivity [21,51]. Still unknown

is the role of tissue-specific genes, which lead to the manifestation of an immune

response in a particular organ.

Effects linked to specificity

In the p-i concept, T cells are primed and selected by immune recognition of

protein/peptide antigens in the thymus and peripheral lymphoid organs. It is

logical to assume that such a T cell has additional specificities and possibly

already a committed function, which might be important for the clinical

manifestation and type of drug hypersensitivity.
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Cross-reactivity of drug-specific T cells

General features

Most drug-specific T cells express the abT-cell receptor [38,39,42,45,52,53].
CD4+ and CD8+ T cells can be activated, with highly heterogeneous functions

[45,53]. In some instances, an oligoclonal T-cell reaction to the drug has been

observed in vitro [22]. Nevertheless, the vast majority of drug-specific T cells

show a heterogeneous T-cell receptor repertoire if TCRb are analyzed and when

the CD3-binding region is sequenced [33,42,43].

It is surprising that exotic ‘‘antigens’’ such as drugs can react with so many

different T cells and function as antigen. Perhaps, a small drug might fit into

many different T-cell receptors of an individual, and the T-cell receptor repertoire

would not be a limiting factor for the development of an immune response to a

drug. This concept that it is not the T-cell receptor repertoire but the control of

T-cell responses that is crucial in preventing drug hypersensitivity is supported by

the following clinical observations:

Altering the immune status, for example by a viral infection (Epstein-Barr

virus or HIV), leads to a high incidence of hypersensitivity reactions, most

likely by overcoming the normal tolerance mechanism to the drug. Be-

cause such patients have positive skin tests and lymphocyte transformation

tests to the drug, the reaction appears to be drug specific and is not an

‘‘unspecific’’ epiphenomenon of the viral infection [54].

Certain drug allergies occur mainly in woman, similar to autoimmune

diseases, suggesting that similar control mechanisms are not functioning

optimally in drug allergy and autoimmunity [55].

The author and others have observed that a previous drug hypersensitivity

reaction enhances the risk of a further drug allergy to a chemically distinct

compound, and that 10% of patients with drug hypersensitivity reactions

react with more than one structurally distinct compound [56–58]. Some

individuals seem to be particularly susceptible to drug hypersensitivity, and

previous drug hypersensitivity is a major risk factor for further allergies.

Cross-reactivity with structurally related compounds

The author and his colleagues have analyzed in detail the ability of drug-

specific T-cell clones raised against sulfamethoxazole, lidocaine, penicillin G,

and quinolones to recognize structurally related compounds (22, 33, 58,

D. Schmid, unpublished data, 2004). In the sulfamethoxazole model, the com-

plete sulfanilamide core structure is always required to elicit cross-reactivity to

other anti-infectious sulfonamides. The presence of a sulfonamide (SO2-NH2)

structure, as found in furosemide or celecoxib, is not sufficient to stimulate T-cell

clones originally stimulated by sulfamethoxazole; conversely, celecoxib-stimu-
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lated T cells do not recognize sulfamethoxazole [33,40,43]. On the other hand, if

the sulfanilamide core structure is present, certain T-cell clones tolerate large

alterations of the side chain of related antibiotics, whereas other T cells react

exclusively with sulfamethoxazole itself [33]. Interestingly, some T-cell clones

recognize sulfamethoxazole, which binds in a labile way to MHC, and sulfame-

thoxazole-NO, stably interacting with the MHC–peptide complex [34]. This

observation implies that the same T-cell receptor can be stimulated by a hapten

(sulfamethoxazole-NO) or directly by the inert drug (sulfamethoxazole).

Similar data have been obtained for lidocaine, a local anesthetic of the amide

type. There was no cross-reactivity with ester compounds, but there was

reactivity with bupivacaine and mepivacaine [59]. Cross-reactivity of amoxicil-

lin- or penicillin G–specific T-cell clones to various cephalosporins in vitro was

never observed, even if the same side chain was present [22], whereas high cross-

reactivity with different penicillins was observed. These in vitro data suggest that

T cells recognize primarily the core structure and, to a variable degree, the side

chain. In contrast, an exclusive side-chain reactivity has been reported for IgE

[60]. This observation suggests that the cross-reactivity of T cells and B cells

differs. The advice to be given to a patient with clearly T-cell–mediated reactions

does not have to be as strict as for a patient with IgE-mediated anaphylaxis,

in which symptoms elicited owing to the same side chain but a different core

(penicillin or cephalosporin) have been reported [60].

Drug–peptide cross-reactivity of drug-specific T-cells

The real specificity of drug-specific T-cell clones is still enigmatic. Peripheral

blood T cells are selected in the thymus based on their ability to recognize

peptides, and the author and his colleagues have observed that drug-specific

T cells frequently are stimulated by alloantigens as well [41,42,61]. This drug and

peptide specificity might be relevant for drug-induced autoimmune disease and

might be the mechanism by which the development of a drug allergy alters the

body’s tolerance to some autoantigens [61]. In the mouse model with TNP, it

was shown that under certain circumstances an immune response to a hapten-

modified peptide may also be directed to the unmodified peptide [23]. We

observed that human T-cell clones raised from a patient with drug allergy in an

autologous mixed leukocyte reaction reacted with one autologous allele but also

were able to recognize the second drug-modified allele [61]. This observation

suggests that an immune response to a drug may break the tolerance to an

unrelated protein and direct a response to an autoantigen.
Innate immunity and cofactors for drug hypersensitivity

The primary sensitization to a drug most likely happens in the lymph nodes.

It requires a sensitization phase of at least 3 to 5 days, most likely dependent on

the available amount of T cells with ‘‘fitting’’ T-cell receptors. Clinical symptoms
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after the first encounter often develop at day 8 to 10 of treatment, but, in previously

sensitized individuals, a re-exposure can cause symptoms on the first day.

To develop an effective immune response, the innate immune system needs to

be involved and activated, providing important signals to activate resting T cells

[62,63]. The activation of these cells can occur via special TOLL-like receptors

on antigen-presenting cells, such as monocytes/macrophages and dendritic cells,

to which products of bacteria can bind [62]. Their engagement may stimulate the

expression of costimulatory molecules and cytokine production, facilitating an

antigen-specific T-cell response.

Similar mechanisms are probably involved in the initiation of a drug-specific

immune response [64,65] but are not yet deciphered. The factors enhancing

unspecific immunity might be provided by the drug itself or by a drug metabolite.

If the drug metabolism of the affected individual leads to a slightly toxic/irritative

metabolite, this toxic effect may activate an antigen (drug)–presenting dendritic

cell by an unknown mechanism. The drug or drug metabolite might be

recognized by a T cell, and a hypersensitivity reaction might evolve. This mecha-

nism would combine pharmocogenetic dispositions with immunogenetic aspects.

The pharmacogenetic disposition may be an enhanced production of a certain

metabolite to activate the innate immune system, whereas the immunogenetic

background of the individual may explain the involvement of the specific

immune system (T-cell repertoire, eventually MHC allele). This dichotomy

would also explain why the analysis of a single genetic factor is often disap-

pointing in drug hypersensitivity research.
Drug-induced maculopapular, bullous, and pustular exanthema

The most frequent manifestations of drug allergy are cutaneous reactions

[5–8]. These reactions comprise a broad spectrum of clinical and distinct his-

topathologic features, some appearing within hours after drug intake, such as the

immediate-type reactions (eg, urticaria and angioedema), and others appearing

in a delayed fashion after 6 hours to 10 days (eg, maculopapular, bullous, and

pustular exanthemas).

Immunohistology of maculopapular exanthema

The immunohistology of maculopapular exanthema shows a superficial,

mainly perivascular, mild-to-moderate mononuclear cell infiltrate with some

eosinophilia. The mononuclear cell infiltrate consists mainly of CD3+ T cells

with a predominance of CD4+ T cells. CD4+ T cells are mainly located in the

perivascular dermis, whereas CD4+ and CD8+ T cells are found at the

dermoepidermal junction zone in equal numbers close to keratinocytes at the ba-

sal cell layer, which undergo hydropic degeneration [64–69].

The infiltrating T cells are activated. They express the a-chain of the IL-2

receptor, HLA-DR, and adhesion molecules such as the leukocyte function–
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related antigen 1 (LFA-1) and L-selectin. Among the resident cells, endothelial

cells are activated and express various adhesion molecules, such as E- and

P-selectin, platelet endothelial cell adhesion molecule 1, and intercellular adhe-

sion molecule 1 (ICAM-1) [67,68]. Interestingly, MHC class II molecules are

also found on cells of the epidermis on the residual CD1a+ dendritic cells and on

the majority of the keratinocytes of the basal cell layer, which also express

ICAM-1 [24,67,68].

CD4-mediated cytotoxicity in maculopapular exanthema

Dead keratinocytes can be found throughout the epidermis, predominantly

close to the epidermal junction zone [24,68]. Many of these cells show hydropic

degeneration and are close to the infiltrating T cells expressing perforin and

granzyme B [68]. Perforin and granzyme B control cell-mediated cytotoxic

reactions [70] as they are released during granule exocytosis and kill other cells in

a contact-dependent way. Double immunostaining for cytotoxic molecules and

CD4 or CD8 indicate that both cell types may have cytotoxic potential [68].

Perforin-containing T cells are also found in the blood of patients with drug

eruptions [30,71,72] and in cells eluted from positive patch test reactions [73].

Moreover, drug-specific CD4+ T cells kill autologous keratinocytes presenting

the drug in vitro [71]. In maculopapular exanthema, cytotoxic T cells (CD4 more

than CD8) contribute to the characteristic features of interface dermatitis, such as

vacuolar alteration and keratinocyte death, by a perforin/granzymeB–dependent

killing mechanism (Fig. 3).

IL-5 in maculopapular exanthema

Drug-specific T cells also orchestrate skin inflammation through the release

and induction of different cytokines and chemokines [65,74]. Drug allergic

reactions are mainly acute reactions and are not associated with an atopic

predisposition. The T cells exhibit a heterogeneous cytokine profile, including

type 1 (IFN-g) and type 2 (IL-4, IL-5) cytokines [35,49,75,76], suggesting that

Th1 and Th2 cells infiltrate the skin [72,77].

An enhanced production of IL-5 by drug-specific T cells is a frequent finding

in different forms of drug allergies [45,78] and is of particular importance. This

cytokine is known to regulate the growth, differentiation, and activation of

eosinophils, which frequently are increased in various forms of drug allergies and

can be found in the serum during the acute stage [79,80]. The recruitment and

activation of eosinophils may be enhanced further by the expression of the

chemokines eotaxin and RANTES in lesions of maculopapular exanthema

[65,81].

Bullous exanthema

The formation of bullae is an ominous sign and requires careful clinical

supervision, because it may be a precursor of a severe hypersensitivity reaction



Fig. 3. Immunohistologies of three representative drug exanthemas (maculopapular, bullous exanthema, and patch test reaction of a patient with AGEP). The

immunohistologies reveal infiltration of CD4 (in all three) and CD8 (mainly in bullous and pustular reactions) cells of the dermis and epidermis. These cells express

perforin and granzyme G and, to a variable degree, FasL. Strong IL-8 staining is found in pustular eruption, and high IL-5 and eotaxin in maculopapular and bullous

exanthema. For details, see the text and [24]. CD4 T-cells in epidermis (white arrows); CD8 T-cells in epidermis (black arrows).
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(Stevens-Johnson syndrome or toxic epidermal necrolysis). Some bullous exan-

themas remain relatively mild. Their immunohistology is actually similar to

maculopapular exanthema, because both lesions involve T-cell infiltration, MHC

upregulation on keratinocytes and immigrating T cells, and IL-5 expression in the

lesions [66]. The decisive difference in bullous exanthema is a higher percentage

of perforin-positive CD8+ T cells in the dermis and particularly in the epidermis.

Previous work has shown that these CD8+ T cells are killer cells. When they were

eluted from the skin of patients with amoxicillin-induced bullous skin reactions,

they could kill other cells after mitogen stimulation [52,77]. These CD8+ killer

T cells may cause formation of bullae, because such cells kill not only MHC class

II-bearing keratinocytes but also resting keratinocytes that express MHC class I,

which means that more cells are potential targets of the cytotoxic attack.

Toxic epidermal necrolysis

The most severe forms of drug-induced bullous skin diseases are Stevens-

Johnson syndrome and toxic epidermal necrolysis. The histology of toxic

epidermal necrolysis is distinct from that of maculopapular exanthema. Many

dead keratinocytes are found, but only scarce cell infiltration is seen. This

histology is hard to reconcile with a killing process that depends on T-cell–

target cell contact, as is true for perforin/granzymeB–mediated cytotoxicity.

Indeed, it has been proposed that the apoptosis of keratinocytes occurs owing to

FasL, a soluble molecule of the TNF family that binds to keratinocytes via Fas,

which functions as a so-called ‘‘death receptor’’ [75,76]. On the other hand, a

recent study of patients with toxic epidermal necrolysis revealed a high amount of

lymphocytes in the early bullae, which were CD8+ and had some natural killer

cell– like features, whereas later in the disease, monocytes were present [82].

These cytotoxic CD8+ T cells express abT-cell receptors, are partly CD56+, and

kill via perforin/granzymeB but not via the Fas-mediated pathway at this stage of

the disease [82,83]. The recently proposed treatment of patients with toxic

epidermal necrolysis with anti-Fas antibody containing immunoglobulin prepa-

rations [82] is controversial and has not been confirmed, which also refutes a

dominant role of FasL-mediated killing in this disease [84].

Systemic drug reactions in drug hypersensitivity syndromes

The maculopapular rashes are normally seen as benign, self-limited diseases.

This may indeed be true for the more erythematous, not papular reactions, which

are short lasting (<48 hours) and often negative in skin or lymphocyte transfor-

mation tests. On the other hand, in a prospective study of patients with more

severe forms of maculopapular exanthema, the author and his colleagues found

that approximately 25% of these patients had a transient elevation of liver

enzymes (ALAT/ASAT) [66]. This liver injury was associated with a substantial

activation of CD8+ T cells in the circulation, or an enhanced presence of CD8+

T cells in the affected skin. This observation illustrates that drug hypersensitivity
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reactions are often systemic diseases, and cutaneous manifestations may only be

the tip of the iceberg. Patients with exanthemas should undergo a physical

examination defining the extent of cutaneous or mucosal involvement (Table 1),

and patients with severe forms should undergo laboratory tests to define the

severity of the reaction and the involvement of internal organs. One should screen

for the strength of the immune reaction (reflected in the presence of activated

lymphocytes and indirectly in the amount of eosinophilia in the circulation) and

the involvement of internal organs (level of transaminases or creatinine, Table 1)

[24]. Signs of liver or kidney involvement would be a strong argument to avoid

use of the suspect drug in the future, even when only a moderate rash is seen on

the skin. C-reactive protein is elevated in certain forms of hypersensitivity

reactions (eg, interstitial lung or kidney diseases), but I have also observed

normal levels of C-reactive protein in severe generalized drug hypersensitivity

reactions affecting the skin, mucosa, and liver, indicating that it is not a marker of

severity in all types of reactions.

Some drugs, in particular, anticonvulsants, dapsone, sulfamethoxazole, sulfa-

salazine, allopurinol, and minocycline, are known to cause a severe systemic

disease in some patients, with fever, lymph node swelling, hepatitis, and various

forms of exanthemas [37,38,45,47,48,85–89]. More than 90% of these cases

have eosinophilia, and activated T cells are often found in the circulation, similar

to acute HIV or generalized herpes virus infections. This syndrome has many

names. The most frequently used are drug (or anticonvulsant) hypersensitivity

syndrome (DHS) or drug-related eosinophilia with systemic symptoms (DRESS)

[42,90]. Patients with this syndrome have a massive immune stimulation with

many activated T cells in the circulation. The T cells can react with the parent

compound and sometimes with some metabolites. They can secrete high amounts

of IL-5, but in carbamazepine and lamotrigine hypersensitivity syndrome, the

reactive T-cell clones secrete high levels of IFN-g [37,38,45]. The clinical

presentation resembles a generalized viral infection, such as an acute Epstein-

Barr virus infection, but is distinguished by prominent eosinophilia. A peculiar
Table 1

Clinical and laboratory investigations in drug-induced exanthema

Clinical findings Laboratory tests

Extent and type of exanthema

(infiltration, bullae, pustules)

pain of skin, Nickolsky sign

Eosinophilia ( > 1000–1200/ml)a, atypical
(activated) lymphocytes in the circulation (>2%)a

Involvement of mucous membranes CRP elevation

Systemic symptoms (malaise, fever), ALAT/ASAT (increase >2–3x)a

lymphadenopathy, hepatosplenomegaly Additional investigations depend on clinical signs

of liver, kidney, lung, pancreas involvement

(eg, urine analysis, creatinine)

Abbreviations: ALAT/ASAT, alanine transaminase/aspartate transaminase; CRP, creative protein.
a The cut-off values of the laboratory parameters are estimates and are not based on prospective

studies. Severe reactions can develop in the absence of these signs.
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feature of this syndrome is its long-lasting clinical course despite withdrawal of

the causative drug. There may also be persistent intolerance to other chemically

distinct drugs, leading to flare-up reactions months after stopping the initial drug

therapy. Recently, it has been shown that, in many patients with this syndrome,

human herpes virus 6 DNA can be found during the third or fourth week of the

disease (but not before), followed by a rise of antibodies to human herpes virus 6

[86,88]. Other reports document a reactivation of a cytomegalovirus infection

[89]. Similar to HIV infection, in which T-cell activation can also enhance virus

production, the drug-induced massive immune stimulation may somehow reac-

tivate these lymphotropic herpes viruses, which subsequently replicate and

possibly contribute to the chronic course and persistent drug intolerance in this

peculiar disease.

Drug-induced hepatitis, nephritis, interstitial lung disease, pancreatitis, or

isolated fever can also be the only symptom of a drug allergy. Sometimes,

eosinophilia helps to distinguish a peculiar drug reaction from other diseases and

suggests a T-cell–mediated process, because these cells are the main source of

the eosinophil-stimulating cytokine IL-5 [35,45,78].

Acute generalized exanthematous pustulosis

Acute generalized exanthematous pustulosis is a rare disease with an estimated

incidence equal to that of Stevens-Johnson syndrome and toxic epidermal

necrolysis combined [76,91]. It is caused by drugs in more than 90% of cases

(mainly, aminopenicillins, sulfonamides, and diltiazem). Its clinical hallmark is

the presence of myriads of disseminated sterile pustules in the skin (Fig. 3).

Patients have fever and massive leukocytosis in the blood, sometimes with

eosinophilia [40,92]. The involvement of T cells has been suggested by a positive

patch test reaction to the causative drug [90], which resembles the morphology of

the original reaction with formation of pustules [40,93].

Immunohistology of the acute lesion reveals intraepidermal pustules, which

are filled with neutrophilic leukocytes and surrounded by activated, HLA-DR-

expressing CD4+ and CD8+ T cells. In contrast to maculopapular or bullous

exanthema, the keratinocytes do not express MHC class II molecules but show an

elevated expression of the neutrophil-attracting chemokine IL-8 (CXCL-8).

Surprisingly, even the T cells migrating into the epidermis express IL-8 [40].

Analysis of sequential patch test reactions at 48 to 96 hours suggests that drug-

specific T cells emigrate first, cause formation of vesicles by killing keratino-

cytes, and then recruit neutrophilic leukocytes into the vesicles, which are

transformed to pustules [93]. In vitro analysis of drug-specific T-cell clones

obtained from the blood or patch test lesions confirmed the high IL-8 production

of drug-specific CD4+ T cells, whereas those from patients with other drug

reactions had no or only moderate IL-8 production [40]. In addition, the T cells

produce high levels of granulocyte–monocyte colony-stimulating factor

(GM-CSF), which is probably important for survival of the neutrophilic leuko-

cytes in the pustules. Because this T-cell function leads to a particular pathology
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with infiltration of neutrophils, which is clearly different from Th1- or Th2-

associated pathologies, it might be considered a separate T-cell reaction.

Subclassification of type IV reactions

Drug hypersensitivity reactions are a highly interesting topic of immunologic

research. The cause of the disease is often known. The eliciting drug is often

harmless and does not normally cause any damage or inflammation, implying

that the inflammation seen is caused only by the immune response to the drug.

The immune-mediated pathomechanism is closely related to the clinical presen-

tation. Drug hypersensitivity reactions can serve as a model for various types of

allergic/immune reactions and have been classified as type I to IV reactions

(Fig. 4) [9]. Identical mechanisms are involved in infectious or autoimmune dis-

eases, which emphasizes the importance of drug hypersensitivity as a model for

other diseases, sometimes of unknown origin.

Research by the author and others has revealed that different T-cell functions

in drug hypersensitivity lead to distinct clinical presentations, suggesting that the

type IV reaction, which comprises cellular but not antibody-mediated reactions,

can be further subclassified. The subclassification proposed in Fig. 4 considers

the distinct cytokine production by T cells and incorporates the well-accepted

Th1/Th2 subclassification of T cells. It includes the cytotoxic activity of both

CD4 and CD8 T cells and emphasizes the participation of different effector cells,

such as monocytes and CD8 T cells, eosinophils (IVb), T cells themselves (IVc),

or neutrophils (IVd), which at the end are the cells causing the inflammation and

tissue damage.

Type IVa reactions correspond to Th1-type immune reactions and are

characterized by the activation of monocytes. The T cells promote it by IFN-g
secretion and possibly other cytokines (eg, TNF, IL-18). An in vivo correlate

would be the granuloma formation owing to tuberculin in tuberculosis or skin

tests to tuberculin, but also other reactions involving monocyte activation. These

Th1 cells are also known to activate CD8 cells, which might explain the common

combination of IVa and IVc reactions.
Fig. 4. Revised Gell and Coombs classification of drug reactions. Drugs can elicit all types of immune

reactions. Actually, all reactions are T-cell regulated, but the effector function relies mainly on

antibody-mediated effector functions (type I– III) or more T-cell/cytokine–dependent functions

(type IVa to IVd). (Scheme adapted from Janeway CA, Travers P, Walport M, Shlochik M. Immuno-

biology. New York: Garland Publishing; 2001; with permission.) Type IVa reactions correspond to

Th1 reactions with high IFN-g/TNF-a secretion and involve monocyte/macrophage activation. Often,

one can see a CD8 cell recruitment (type IVc reaction). Type IVb reactions correspond to eosinophilic

inflammation and a Th2 response with high IL-4/IL-5/IL-13 secretion. They are often associated with

an IgE-mediated type I reaction. Type IVc cytotoxic reactions (by CD4 and CD8 cells) rely on

cytotoxic T cells themselves as effector cells. They seem to occur in all drug-related delayed

hypersensitivity reactions. Type IVd corresponds to a T-cell –dependent, sterile neutrophilic

inflammatory reaction. It is clearly distinct from the rapid influx of neutrophils in bacterial infections

and seems to be related to high CXCL-8/GM-CSF production by T cells (and tissue cells).



W.J. Pichler / Immunol Allergy Clin N Am 24 (2004) 373–397390
Type IVb reactions correspond to the Th2 cellular immune response and use

the eosinophil as an effector cell of inflammation. High production of the Th2

cytokine IL-5 leads to an eosinophilic inflammation. In addition, IgE production

by IL-4/IL-13 is boostered. An in vivo correlate might be an eosinophil-rich

maculopapular exanthema, but also infestations with nematodes or an allergic

inflammation of the bronchi or nasal mucosa (asthma and rhinitis).

In type IVc reactions, T cells themselves act as effector cells. They emigrate to

the tissue and can kill tissue cells such as hepatocytes or keratinocytes in a

perforin/granzymeB–dependent manner. Such reactions occur in most drug-in-

duced delayed hypersensitivity reactions, such as maculopapular or bullous skin

diseases, as well as neutrophilic inflammations (AGEP) and contact dermatitis.

In type IVd reactions, the concept that T cells cause neutrophilic inflammation

as well is rather new. A typical example would be AGEP. Such IL-8 (and GM-

CSF)–producing T cells recruit neutrophils and prevent apoptosis of these

inflammatory cells. Some of these T cells do not produce IFN-g or IL-4/IL-5.

They are clearly distinct from Th1 or Th2 T cells and may represent a T-cell

subset with a unique function (P. Schörli et al, unpublished data, 2004). These

mechanisms might also be important in other MHC-associated, chronic auto-

immune diseases such as psoriasis and Behc�et’s disease, which are not classifiable

by the Th1 or Th2 scheme [94].

Overlapping T-cell functions in drug hypersensitivity

The immune system has evolved different strategies to combat real or assumed

aggressors. The different types of immune responses are determined by various

factors, such as the type of antigen (virus, bacteria, fungus), its uptake into the

antigen-presenting cell, the stimulation of dendritic and other antigen-presenting

cells via different TOLL-like receptors or a certain cytokine milieu, the process-

ing of the antigen, and its presentation on MHC class I or II. Consequently, the

evolving immune reactions follow certain rules and can be dissected based on

different pathways into different T cell regulated responses.

The natural immune response often uses different effector pathways simulta-

neously and sequentially to achieve an optimal and effective defense. Even the

immune response to simple protein antigens, such as pollen allergens, frequently

relies on antibody (type I; IgE) and cellular responses (type IVb, eosinophils),

both regulated by Th2 T cells. Nevertheless, these protein-specific immune

reactions follow certain predictable rules.

The bizarre nature of some drug hypersensitivity reactions is most likely

explained by the fact that drug reactions do not follow the ‘‘normal’’ rules of

immune responsiveness to protein antigens and appear contradictory to prevailing

concepts elaborated with protein antigens. In drug allergy, antigen processing can

be bypassed, many different antigenic determinants can be formed in one indi-

vidual, different MHC molecules can serve simultaneously as presenting struc-

tures for the same antigen (drug), and the inert drug itself as well as a metabolite

with haptenlike characteristics could be the target structures of the immune
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response in a single individual. Drugs frequently stimulate different immune

functions simultaneously. Indeed, it is not unusual that in drug hypersensitivity, a

Th2-dependent IgE/IVb reaction and a cytotoxic immune reaction with CD4 and

CD8 T cells occur simultaneously.

As shown in Figs. 4 and 5, in AGEP, different T-helper cell functions (IVb,

IVc, and IVd) occur simultaneously, because some patients have a neutrophilia

and eosinophilia in the blood. Beside neutrophilic pustules, a massive eosinophil

recruitment into the tissue can sometimes be observed, and vesicles are formed

owing to cytotoxic activity of T cells [40,93]. IL-5 and IL-8–secreting T cells as

well as T-cell–mediated cytotoxicity are found in such reactions. A similar

overlap of various immune reactions can occur in maculopapular exanthema, in

which patients have IL-5–secreting and cytotoxic T cells together and may even

have drug-specific IgE detectable by skin tests or serology [95].
Fig. 5. Schematic representation of overlapping immune functions. The clinical symptomatology of

diseases is often complex and can be traced back to various immune functions. These immune

mechanisms may occur together or sequentially and lead to different forms of drug hypersensitivity

reactions (or phenotypically related diseases, shown in italics). Type IVc reactions can occur in

association with all other reactions, leading to maculopapular (IVc and IVb), bullous (IVa and IVc),

and pustular exanthema (IVc and IVd). Type IVa reactions involve monocyte activation and are often

associated with a CD8 cell activation. Maculopapular reactions are a combination of cytotoxic CD4

cell and IVb reactions (eosinophils), and bullous skin reactions can be seen as combinations of IVa,

sometimes IVb, and IVc reactions.
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These considerations have an impact on clinical practice. They are important

for drug hypersensitivity testing. One should consider a drug hypersensitivity

reaction if the patient has a bizarre clinical presentation that is not compatible

with an infectious cause.
Outlook: a chance to learn from the immune-mediated side effects of

drugs

Drug hypersensitivity reactions can be seen as unintended experiments of the

treating physician [24]. What can we learn from such experiments? Do we

actually take the chance to learn from them? Two obvious aims of a better

understanding of hypersensitivity reactions would be (1) to improve the treatment

of patients with these drug-induced side effects, remembering that these are

actually iatrogenic diseases; and (2) to prevent these side effects by predicting the

immunogenicity of a drug during its development.

The finding that drugs can directly interact with T-cell receptors (p-i concept)

may open new possibilities for specific interventions in immune-mediated

diseases. The p-i concept implies that each of the millions of different antigen-

specific T-cell receptors could be a potential target of a drug therapy by

stimulating or blocking the T cell. The sometimes massive and even lethal im-

mune stimulation seen in drug hypersensitivity teaches us that such interactions

between the drug and the T-cell receptor can be extremely powerful. In addition,

this interaction can mediate its effect by a variety of mechanisms.

In contrast to usual treatments of immune-mediated diseases, which are always

directed to suppress or enhance the overall immune system in an unspecific way,

the p-i concept opens the theoretical possibility of suppressing or enhancing a

specific immune response by a certain T cell in a highly focused way (actually

similar to a vaccination). Drugs could be designed to interact with a certain target

cell by binding to its unique T-cell receptor. What we need to achieve this rather

futuristic goal is a better knowledge of the structural interplay of the drug with the

T-cell receptor, and an understanding of the role of MHC molecules in these

reactions and the relationship of T-cell receptor structure to its peptide specificity.

Eventually, the study of drug hypersensitivity may open a new promising area of

research, combining immunology with pharmacology in an unexpected way.
Summary

Immune reactions to drugs can elicit many different diseases involving

multiple organ systems. These hypersensitivity reactions involve drug-specific

CD4+ and CD8+ T cells and antibodies and different effector cells. Drug-specific

T cells can be detected in the circulation and in the affected tissue. They recog-

nize drugs via their b–T-cell receptors in a major histocompatibility complex

(MHC)–dependent way. Drugs are stimulatory for T cells if they bind covalently
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to peptides (haptens), or if the drug has structural features allowing it to interact

with certain T-cell receptors directly. The later concept is new and has been

termed pharmacologic interaction with immune receptors (p-i concept). It leads

to an exclusive T-cell reaction.

Immunohistochemistry and functional in vitro studies of drug-reactive T cells

from patients with distinct forms of exanthema reveal that these cells exert

distinct functions that lead to different clinical phenotypes. In maculopapular

exanthema, perforin and granzyme B–positive, CD4+ T cells kill activated

keratinocytes, whereas a large number of cytotoxic CD8+ T cells in the epidermis

is associated with the formation of vesicles and bullae. Drug-specific T cells also

orchestrate inflammatory skin reactions through the release of various cytokines

(eg, interleukin [IL]-5, interferon-g, and chemokines [eg, IL-8]). Depending on

the particular function of the drug-activated T cells, a specific clinical presenta-

tion may evolve (eg, bullous or pustular exanthema). Taken together, these data

allow further subclassification of delayed type hypersensitivity reactions (type IV

according to Gell and Coombs) into T-cell reactions, which, through the release

of certain cytokines and chemokines, preferentially activate and recruit mono-

cytes (IVa), eosinophils (IVb), or neutrophils (IVd). Moreover, cytotoxic func-

tions by CD4+ or CD8+ T cells (type IVc) appear to be involved in all type

IV reactions.
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