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Drug hypersensitivity (DH) reactions are clinically unusual because the underlying immune stimulations are not antigen-driven, but due to non-covalent drug-protein binding. The drugs may bind to immune receptors like HLA or TCR which elicits a strong T cell reaction (p-i concept), the binding may enhance the affinity of antibodies (enhanced affinity model), or drug binding may occur on soluble proteins which imitate a true antigen (fake antigen model). These novel models of DH could have a major impact on how to perform risk assessments in drug development. Herein, we discuss the difficulties of detecting such non-covalent, labile and reversible, but immunologically relevant drug-protein interactions early on in drug development. The enormous diversity of the immune system, varying interactions, and heterogeneous functional consequences make it to a challenging task. We propose that a realistic approach to detect clinically relevant non-covalent drug interactions for a new drug could be based on a combination of in vitro cell culture assays (using a panel of HLA typed donor cells) and functional analyses, supplemented by structural analysis (computational data) of the reactive cells/molecules. When drug-reactive cells/molecules with functional impact are detected in these risk assessments, a close clinical monitoring of the drug may reveal the true incidence of DH, as suppressing but also enhancing factors occurring in vivo can influence the clinical manifestation of a DH.
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INTRODUCTION

Drug hypersensitivity (DH) represents a substantial problem for certain drug classes such as beta-lactams, sulfanilamides and other antibiotics, anti-epileptics, radiocontrast media, and muscle relaxants (1). The symptoms of DH range from harmless exanthema to deadly anaphylaxis or Stevens Johnson syndrome (SJS)/toxic epidermal necrolysis (TEN). Some reactions are local, some systemic, some appear within minutes, and some after weeks. The underlying mechanisms are heterogeneous and diagnosis is cumbersome. Essentially, it is an iatrogenic disease, making DH a challenging medical condition.

For decades DH was explained by the hapten concept. This was developed more than 90 years ago by K Landsteiner and others, stating that small molecules like drugs or other chemicals are too small to function as an antigen for the immune system (2). Only if the drug acts as a “hapten,” meaning that it binds via covalent bonds stably to a protein and thus forms a larger drug-protein adduct, it functions as an antigen to which immune reactions may develop (3). An immune response develops if co-stimulation is provided, e.g., by some “toxic” effect of the drug (contact dermatitis model) (4).

This hapten concept has been well-established in immunology and has been validated by animal and in vitro experiments which have confirmed hapten-specific antibody and T-cell responses (3–6). The immune reactions to the drug-protein adducts include productive immunity (T cells, antibodies) or tolerance (induction of Tregs) (6, 7). When only the antigen without co-stimulation is provided, non-responsiveness may ensue (8). Thus, an essential, although not sufficient step in initiating immunity to small molecules appears to be antigen formation generated following a covalent link between the small compound and the protein.

However, various clinical and research findings have challenged an exclusive role of hapten-formation in DH (9–11). Alternative routes of immune stimulation by drugs have been proposed which may better explain the sometimes self-destructive nature of the clinical reactions in DH [summarized in Pichler (12)].

In brief, these unusual stimulations comprise (Figure 1):

• the p-i concept, where drugs bind to immune receptors such as the human leukocyte antigen (HLA) or T cell receptors (TCR) and induce an allo-like immune reaction (9, 16, 18–20). These reactions would explain the majority of delayed systemic DH.

• the enhanced affinity model, where drugs bind to pre-existing complementarity-determining regions (CDRs) of antibodies which bind surface structures on thrombocytes or erythrocytes. This enhances their affinity and effects, which may lead to drug-induced antibody-mediated blood cell dyscrasias (10, 13–15).

• the formation of a fake antigen, where the drug binds to soluble proteins like albumin, which can then cross-link preformed, surface-bound, drug-specific immunoglobin (Ig)E on mast cells causing anaphylaxis/acute urticaria (11). This is a recently proposed model and provides further explanation into DH reactions.
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FIGURE 1. The important role of non-covalent drug-protein interactions in eliciting DH. Three models of DH reactions: Fake antigen: the non-covalent drug-protein complexes imitates the true antigen complex (based on covalent bonds). The formation of fake antigens is quick and occurs in high quantities. It can interact and cross-link preformed drug-specific IgE and thus can overcome mast cell unresponsiveness (11). Enhanced affinity: antibodies with low affinity to cell surface proteins on blood cells are already present. A drug binds to such antibodies and thereby increases their affinity to the target structure. This can result in the elimination of blood cells (thrombocytes and erythrocytes) (10, 13–15). Pharmacological interaction of drugs with immune receptors like HLA and TCR (p-i). The drug binds to HLA, which makes these surface structures look like an allo-HLA allele and elicits a strong T-cell response. Binding to TCR stimulates in a similar allo/superantigen-like way. The stimulated T cells are polyspecific, cytotoxic and various late effects may occur (12, 16, 17).


All three types of DH are due to the non-covalent binding of drugs to proteins. Such reactions are normally ignored by the immune system. However, immune stimulations may occur when two parameters are fulfilled. First, the type of targeted protein is an immune receptor. It can be the TCR or the CDR region of antibodies, which may be directly involved in signaling and effector functions of the specific immune system. If the drug binds to the HLA-peptide complex, a T cell reaction is evoked, which imitates an allo-like stimulation (12, 16). Second, the sum of various non-covalent drug-interactions may allow a sufficiently affine drug-protein binding, which in turn stimulates an immune reaction by reactive T cells or other effector functions. These concepts and models have been extensively reviewed by ourselves and others (10, 12, 16, 21).

However, assessing risk for DH during drug development has always been difficult and there are no suitable animal models to predict DH. Therefore, confusion can ensue when a drug induces potential DH reactions during clinical trials. For example, one drug, which was not acting as a hapten pre-clinically, could elicit a potentially immune-mediated adverse reaction. Drug development was then stopped, the side effects were not analyzed or investigated further, and the opportunity to establish whether this was due to DH and the condition for the DH manifestation, was missed. Therefore, assessing the risk of DH whilst generating novel drugs and exploring DH as the cause of adverse reactions in patients is essential to enhance our understanding of DH and the off-target effects of novel drugs.

Here we review the current knowledge regarding the risk assessment of DH and discuss further considerations for the field.



HOW RELEVANT IS NON-COVALENT VS. COVALENT DRUG PROTEIN BINDING IN DH?

While the existence of DH due to non-covalent binding is well-accepted and patients and symptoms have been extensively described, the question is open, how frequent are non-covalent drug-protein bindings for DH: Is only a minority of DH caused by non-covalent binding, or is it the majority?

It is difficult to determine what kind of drug-protein bindings takes place in each case of DH (21): therefore one extrapolates from the investigation of a few patients to all, provided the drug or HLA is the same: e.g., if carbamazepine is found to bind to HLA-B*15:02 in SJS—one generalizes this finding to all SJS after CBZ in B*15:02. Similar data are available for a panel of drugs and DH-manifestations (22, 23). Since the data also show, that, when analyzed, binding was non-covalent, we postulate that p-i reactions are frequent and represent the dominant form of T-cell mediated DH. This conclusion is based on following observations:

• p-i stimulations comprise DH which show an HLA-association, since the binding of a drug to a certain HLA-allele—which is the cause for this link—is non-covalent (24–29). The list of such drugs is long (30);

• The immunological (16) and clinical features of DRESS and SJS/TEN (with and without HLA association) are suggestive for p-i, and where investigated, a p-i mechanism was found (30, 31). Thus, the majority of severe T cell mediated DH are due to p-i.

• The situation is less clear with maculopapular exanthems (MPE): these milder reactions have often no clear HLA-link: This, because the drug may bind with lower affinity to various HLA-alleles. Nevertheless, where investigated, they were p-i (32, 33).

• Pustular exanthems appear to have different origins: Some may appear together with DRESS or exanthems and involve p-i mediated T cell stimulations (34). But other forms of AGEP appear more rapidly (<4 days) and may be due to other mechanism (35).

The enhanced affinity model does also seem to be the most frequent in blood cell dyscrasias (10, 13–15). Interestingly, even when a drug which has the ability to bind by covalent means to its target protein (e.g., beta-lactams), the cause blood cell dyscrasias were often due to non-covalent bindings as revealed by the lability of binding (36).

The frequency for the fake antigen model is unknown. However, it is—at present—the most likely explanation for immediate (<10 min), IgE mediated degranulation of mast cells by a drug-protein complex; The formation of covalent binding take longer than the seconds/few minutes which pass between drug exposure and start of anaphylaxis symptoms; For some drugs (e.g., sulfamethoxazole) the drug must first be metabolized into a reactive compound before it could bind (3, 18, 19); this would require hours, but symptoms occur within minutes (11).



CHANGING THE RULES FOR RISK ASSESSMENT OF SYSTEMIC DH


Principles of Risk Assessment for DH

Risk assessment in immune-mediated adverse drug reactions (ADR) requires an understanding of how the immune system is initially stimulated by a drug, and how the effector functions are elicited. Questions to consider include:



Is the Drug Able to Form an Antigen?

If yes, then it could elicit the whole spectrum of immune reactions, namely antibody and T cell reactions (Gell & Coombs I-IV) if some co-stimulation is provided (3–5, 16, 17). This was a key concept in the longstanding risk assessment for DH. Focussing exclusively on hapten/covalent bindings and the subsequent immune reactions to it, ignored severe immune-mediated reactions that occurred mainly after exposure to non-hapten drugs (16).



Is DH the Consequence of an Abnormal Immune Stimulation by Non-covalent Interactions?

If yes, then one has to consider the following points:

i. The non-covalent drug-protein interactions are labile and reversible but still strong enough to occasionally transmit signals. Additional factors, like generalized T cell activation due to viral infections for example, may influence whether these non-covalent interactions effect function, or result in DH (16). Thus, a clinical evaluation is necessary to obtain the complete picture.

ii. P-i stimulations follow the rules of pharmacological interactions. The binding of the drug results in signaling, partial signaling, or no signaling. The signal could be blocked by competitive drugs, could be influenced by the orientation of the drug-binding, or could elicit an allosteric effect (37, 38) (Figure 2). Thus, the possible consequences of drug binding seem to exceed antigen-immune receptor interactions as observed in protein/peptide recognition.

iii. The clinical symptoms fall outside the normal, mostly focused and local immune stimulation. In contrast to antigen stimulation, where immune-regulatory mechanisms prevent inappropriate immune stimulations, uncommon and generalized symptoms to the unorthodox immune stimulation may appear (11).
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FIGURE 2. Interaction of sulfamethoxazole (SMX) with TCR. Shown are details of the specificity at the molecular level and the influence of drug orientation. The position in TCR signaling can differ from only a few atoms between similar drugs, highlighting the sensitivity of the immune interactions (39). (A) Sulfanilamide may bind to different regions of a TCR. Some of these binding sites were common/public (A1)—and its functional consequence is unclear. Other binding sites were unique for the SMX-specific TCR: TCR “H13” showed strong binding of SMX and 5 stimulatory compounds to the CDR2 (Vβ) [details see (37)]. The TCR “1.3” contained a prominent CDR loop of Vα, where all sulfanilamides tested bound (38). (B) Docking (autoDock and AutoDock Vina Software) of SMX and 11 other sulfanilamides showed a unique site in the CDR3 loop on TCR 1.3. The other 11 sulfanilamides bound as well: docking revealed that only SMX were able to bind in a functional orientation, allowing the NH2 end to interact with the HLA presented peptide. All other compounds tested were able to block SMX induced activation (Ca++ influx and proliferation) (38). (C) Inhibition of SMX induced proliferation by the non-stimulatory sulfanilamides; shown is the inhibition of SMX stimulation by SDZ (Sufadiazine); the stimulation of TCC 1.3 was measured by 3-H thymidine incorporation. Eleven sulfanilamides inhibited in a dose dependent way (ratio SMX: sulfanilamide: 1:8–8:1); the maximal inhibition was ca. 60–80%; all assays were done in non-toxic concentrations (below 250 microg/ml) [details see (38)].


Judging by the list itself, it becomes evident that it is not easy to include all these variables in a risk assessment for DH, mainly due to the seemingly unstable bindings.

Besides the above-mentioned points to consider, risk assessment for DH should also include the questions shown in Table 1.


Table 1. Demonstration of immune stimulatory potential of a new drug.

[image: Table 1]



Risk Assessment and Hapten Mechanism

Risk assessment for DH has recently been extensively reviewed by Hammond et al. (40). They describe different in silico and in vitro approaches in detail, including hapten and non-hapten drugs (see Box 1).


Box 1. Background/Terminology.

Hapten: Haptens are small molecules that elicit an immune response when bound stably (covalently) to a carrier protein.

Covalent bond: a chemical bond that involves the sharing of electron pairs between atoms. The hapten/drug-protein complex is called an adduct.

Non-covalent bindings involve various electromagnetic interactions between molecules or within a molecule. Non-covalent interactions involve electrostatic, π-effects, van der Waals forces, and hydrophobic effects. They are labile and reversible, but the sum of non-covalent forces can be substantial.

Antigen processing and drug-protein complexes: The drug-protein complex based on non-covalent bindings is disrupted by antigen processing in antigen processing cells (e.g., dendritic cells), which prevents formation of a new antigen for T cells: such labile complexes are unable to initiate an complete immune response. In contrast, the covalent bond between hapten/drug-protein is persisting antigen processing, and an immune reaction (which requires co-stimulation) to hapten-protein or hapten-peptide complexes can evolve.

Contact dermatitis: Application of haptens onto the skin can elicit a sensitization of T cells (CD4 and CD8) and a contact dermatitis, which is an inflammatory skin disease. Many of the contact allergens have also an irritating (toxic) effect (danger signal), which leads to activation of dendritic cells and thus provides co-stimulation. Thus, haptens have the ability to form antigens (drug-protein adducts) and may act co-stimulatory.

Allo-immune stimulation: The maturation process in the thymus leads to T cells in the circulation which react to foreign antigenic peptides in the context of self HLA molecules (HLA-restriction). But at least 10–25% of circulating T cells do directly react with certain foreign HLA molecules with peptides (=allo-HLA) as well. This phenomenon is called direct allo-recognition: it is a strong T cell activation and explains the acute transplant rejection and it‘s in vitro correlate, the MLR (mixed leukocyte reaction). The p-i stimulation is thought to imitate such an allo-immune reaction, and MPE, DRESS as well as SJS/TEN are thought to be the result of such aberrant immune stimulations with emphasis on proliferative CD4 and CD8 stimulations (MPE, DRESS) or mainly CD8/NK cell activations (SJS/TEN).


Proving the hapten features of a drug or drug metabolite has been the cornerstone of risk assessment for DH for years, and the formation of an antigen was considered essential. Many data on hapten features originate from contact dermatitis research, and reliable in vitro methods to identify the hapten characteristics of a drug have been elaborated upon (41, 42). The existence of a potential hapten feature of a systemically applied drug remains to be determined for contact dermatitis, and the fake-antigen model alike. In the latter, the original IgE might have been developed against the (covalent) drug-protein complex (the “true” antigen), whilst the fake antigen interacts with these preformed antibodies and causes degranulation (11).

Of note, hapten-protein adducts can induce complete immune reactions, including antibodies. But these are, even if IgE is involved, not automatically harmful, as long as the they form slowly and in low quantities (11). It has been suggested that symptoms of anaphylaxis appear only if the matching antibody can be stimulated by a rapidly formed fake antigen in large quantities (11). Consequently, when hapten and IgE generation are detected, an analysis of fake antigen formation would be required.

The enhanced affinity model also relies on preformed antibodies. However, here the specificity of the antibody is not directed to the drug-hapten adduct, but to surface structures of blood cells. Such antibodies may be modified by non-covalent drug interactions, leading to an enhanced affinity for the target structure (Figure 1). Therefore, screening for a hapten characteristic of these drugs is not constructive for such a mechanism.

Conversely, antigen formation is not required for T cell reactions following p-i (HLA, TCR). The occasional large magnitude T cell stimulations occur due to the allo-like nature of the p-i modification on the TCR/HLA complex (12, 16, 17, 43). Thus, the demonstration that a drug can act as a hapten and form hapten-protein adducts is relevant in contact dermatitis and the fake antigen model, but its role in other models of DH is unclear and possibly irrelevant.



Risk Assessment of p-i Stimulation of T Cells: Cell Culture Assays

The task of risk assessing of a new drug would be to detect relevant (stimulatory) drug binding due to non-covalent interactions with immune receptors like HLA and/or TCR. It has repeatedly been shown that human blood-derived PBMCs from drug naïve donors following a 2–6 weeks drug exposure can, under optimal conditions, result in outgrowth of drug-reactive T cell lines originating from the memory and naïve T cell pool (43, 44). This stimulation occurs with both hapten-like and non-hapten drugs (p-i). It is cumbersome and requires optimal cell culture conditions for T cell expansion, such as the addition of IL-2 and feeder cells (45–49).

The feasibility of this approach using drug-naive individuals was originally assessed using cell cultures stimulated with sulfamethoxazole, flucloxacillin, abacavir, allopurinol, oxypurinol, and antiepileptics and relied mostly on known blood donors expressing the risk allele (45–49). The outgrowth of drug reactive cells could be detected after 2–6 weeks by measuring cytokine secretion, upregulation of activation markers, or proliferation. Notably, similar effects could also be induced in cell cultures not expressing the risk allele, as the drug was bound to various HLA-proteins or TCR (46, 47, 49). Under these conditions, the outgrowth of cells seemed to require more time compared to cell cultures expressing the risk allele.

The immune receptor molecules are extremely heterogeneous, both in a population, as well as in individuals (with estimated >107 TCR). It is the highly diverse antigen-binding site of TCR or the peptide binding region of HLA where functionally relevant drug interactions may occur (22–26, 37, 38). Thus, only a few T cells may react to a single drug, and the outgrowth of such drug-reactive T cells requires time (weeks). If the specific binding molecules (e.g., an HLA-allele) are not included in the cell donor panel, one might miss a potential reactivity. Since one individual expresses >107 TCR but only 7–14 different HLA-alleles (of >105), one has to analyze >100 individuals with defined HLA to cover at least a substantial different part of HLA-alleles (40).

A research group from Liverpool intensively investigated the cell culture approach using a panel of HLA typed donors (40, 48, 49). They concluded, that a negative cell culture could mean a true lack of stimulation, an absence of presenting HLA in the selected blood donors, or unsuccessful stimulations (due to the experimental conditions). To enhance the detectability of the stimulation, certain modifications were proposed. It was proposed that dendritic cell (DC) stimulation or DC-enrichment might enhance reactivity (40). However, our data show that stimulation is possible without the involvement of DCs (43). Since certain HLA alleles are more often implicated in p-i HLA based T cell stimulations, blood donors that carry risk alleles (e.g., the B*15:02, B*57:01, or B*58:01) which are more commonly involved in DH can be selected (22–24). Also, the ethnicity of blood donors should be considered. The HLA-B*15:02 is important for carbamazepine-induced SJS in Southeast Asia, but is practically absent in blood donors of European origin. Thus, would have been missed using an only European cell panel. Of interest would be to investigate blood from donors, which previously had multiple drug hypersensitivity syndromes (MDH), as it should react to multiple drugs also in vitro (50).



Risk Assessment of p-i Stimulation of T Cells: Characterizing the Reaction

If drug stimulation is successful, the outgrowth of T cells can be further analyzed to define the drug-presenting HLA-allele, the TCR involved, cytokine production, cytotoxicity, and cross-reactivity. Such analyses in combination with docking studies may identify the potential drug binding site on the immune receptor (HLA or TCR), the affinity, and whether drug binding occurs in a functionally relevant location.

There are already some data available on p-i HLA or p-i TCR (37–39, 51). Over the years, a panel of TCR-HLA pairs involved in cell stimulation by different drugs, was obtained and partly characterized. Some of these unique drug reactive TCR were transfected into various permanently growing cell lines (52–54). A list of such TCR transfected cell lines mostly derived from DH patients is given in Table 2. Their further molecular analysis might be helpful to better understand the molecular interactions and define drug bindings as relevant.


Table 2. List of cell lines transfected with drug-reactive TCR.
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The crystal structure of abacavir in complex with the drug-binding pocket of HLA-B*57:01 unveiled a new mechanism for drug-specific T cell stimulation by altering the peptide presentation of drugs that can bind to the HLA inside the endoplasmic reticulum and replace the normally presented peptide (55–57). Therefore, molecular modeling and crystallography, in combination with functional assays, is a powerful tool to study DH reactions (37, 38, 51, 58).

The p-i TCR stimulations are less studied compared to p-i HLA. However, studies investigating these interactions indicated that these stimulations followed the rules of classical pharmacology e.g., drug-receptor interactions, but did not depend on antigen recognition: Various rules of T cell immunology were ignored. There was no HLA restriction, the immunogenic peptide was exchangeable, and the T cells showed high allorecognition (16, 17).

Two sulfamethoxazole (SMX) specific T cell clones (TCC 1.3 and H13) were investigated in detail (37, 38) (Figure 2). They originated from the same patient with DH (exanthema, hepatitis, nausea) to SMX. In H13 it could be shown with molecular modeling that the SMX binding exerted an allosteric effect on the configuration of the TCR, which bound 7-fold more affine to the HLA-peptide complex than the drug (37).

The TCR 1.3 bound SMX without via a dominant loop in the TCR (TCRVα3) (Figure 2) (38). Ca2+-influx to SMX occurred as early as 14 s after adding SMX to the TCC 1.3 and APC. Interestingly: the analysis revealed blocking of SMX stimulation by related, but not activating sulfanilamides, which could be traced back to the orientation of the sulfanilamide binding to the TCR (Figure 2B). Thus, even just analyzing two TCC from one individual by combining functional and computational data (e.g., using autoDock and AutoDock Vina Software) unveils large complexity of the drug effects toward TCR. It would not be surprising if we detected additional mechanisms contributing to T cell activation if more interactions were analyzed in detail.



In vitro Reactivity ≠ Drug Hypersensitivity in vivo

Computational and in vitro data only suggest that an immune reaction might be possible, they do not prove that a drug elicits a DH reaction. In reality, the in vitro data overestimates the DH risk. Regulatory mechanisms in vivo appear to suppress most of these reactions (59). For example, abacavir in B*57:01+ carriers elicited a reaction in vitro in 100% of the tested samples but occurred in vivo in only 53% (60, 61). Other drugs have a far lower penetrance (ca. 3% in CBZ and B*15:02) but regularly show a reaction in vitro.

At present, the details and extent of DH-suppressing regulatory mechanisms are unknown. In vitro risk assessment can deliver a signal, but the value of this signal needs to be verified by in vivo testing. Rigorous post-marketing surveillance is required and is an important tool to detect and differentiate true DH in relation to the immunological risk revealed by in vitro tests. It is also important for monitoring other risk factors that develop only in in vivo setting such as cases where a DH only manifests when the patient is exposed to a drug during an infection which causes massive immune stimulation (HIV, CMV, or EBV) (16).

Animal experiments have not been successful in predicting DH. However, models for DH using HLA and TCR transgenic mice have been recently developed (51, 59). These models are an important extension of the in vitro data and are ideal to understand the mechanisms of this particular DH and symptoms more in detail. But one or more animal models cannot grasp the vast possibilities of an endless number of drugs and their interaction with highly diverse immune receptors in the population.



Increased Affinity Model

When drug binding can increase the antibody affinity for the target structure and the reactive antibodies are already pre-formed, this can cause blood cell dyscrasia as a form of DH (Figure 1). For example, the antibodies in drug-induced immune thrombocytopenia are directed against platelet membrane glycoprotein IX or in hemolytic anemia against Rh blood cell surface sugars (10, 13–16). They are not drug-specific and the origin of these antibodies is unclear. They may be natural antibodies. Models of these are easy to construct simply from genetic data already available. These can serve as a basis for initial drug-Ig interaction in silico and further tests in vitro.

To optimize the risk assessment for such DH, one might also learn from previous patients and isolate and determine their antibodies. The drug-binding sites could be identified and models with the contact region of cell surface molecules could be generated. Based on these models a database of these antibody structures with binding sites could be established and be applied for drugs in development.



Fake Antigen Model

In the fake antigen model, the drug-reactive IgE may have been generated to the covalent drug-protein complex e.g., a beta-lactam binds to accessible peptide regions in the protein which carries a lysine group. This binding occurs first by non-covalent means, then by covalent bonds. This adduct formation is slow and stable and allows the generation of IgE antibodies to this drug protein adduct (11).

To form a fake antigen, the same beta-lactams bind to the same location, but only via non-covalent interactions. This interaction is fast (seconds to minutes) and can already be sufficiently affine to cross-link the previously formed IgE to beta-lactams, causing degranulation.

The difficulty of risk assessment in the fake antigen model is that many anaphylactic reactions presumably based on the fake antigen concept occur during the first encounter with the drug. To evoke a response, the drug reactive IgE must have been developed beforehand. But how can this be explained if the patient was not (knowingly) exposed to the drug before? We hypothesize it must be an antigen which is able to elicit IgE, but also able to react with the fake-antigen (non-covalent drug-protein complex). It is even possible that a completely unrelated structure elicits IgE antibodies, which cross-reacts with the drug-protein complex (a type of heterologous immunity). Fake antigen formation is a new concept and has not yet been considered in risk assessment but must certainly be considered. More data are needed to further develop or explain this model.




CONCLUSION

It is a challenge to address the risk assessment in DH, which is defined by pharmacologists as a “non-predictable,” Type B ADR (62). But by challenging the hapten model as the sole explanation for DH, a first step to improve the situation may have been made. We may now be closer to understanding these interactions, but the explanations are still complicated.

Non-covalent drug-protein binding is normally unstable, transient, and ignored by the immune system. The challenging task of risk assessing severe DH would be to detect these rather transient drug-protein bindings as a potential cause for DH.

We propose to combine

a) in vitro data (human cell cultures with drugs, defining drug interaction with different HLA-alleles, TCR, Ig structures, generation of drug-specific T-cell lines, functional analysis) with

b) computer-based docking data (drug interaction with HLA, TCR, Ig) and

c) clinical surveillance for risk assessment.

Common animal experiments are not helpful, as interactions causing adverse reactions are due to very specific, human immune receptors. There may be a limited role for gene-modified animals (expressing human HLA, human TCR (51, 59), but mainly for specific questions to proof a concept but not for risk assessment in general.

The risk assessment focussing on non-covalent drug-protein interactions is in its infancy. Investigating patients with prior DH and MDH may deliver insights into how drugs induce immune stimulations in real life. Molecular analysis of drug activation using TCR transfected cell lines (Table 2) may provide insights into common risk areas for drug binding and help to discriminate relevant from non-relevant drug-protein interactions in computer models.

Accurate risk assessment should be based on openly sharing of data of ADRs and investigational research by pharmaceutical companies, a practice which is not fully embraced. Moreover, it is important that academia and pharmaceutical industries combine their efforts to establish a database of clinical DH data and corresponding TCR, HLA, Ig, and of the involved drugs. Finally, not only data, but the courage to challenge and replace the outdated approach for DH risk assessment, is required.

One lesson learned from previous DH with defined risk factors is that the in vitro risk assessment overestimates the in vivo risk (60, 63). Regulatory mechanisms may prevent manifestations of clinical DHs (59), or cofactors which may enhance DHs (16), are not known and cannot be considered in in vitro models. A possible presentation of DH should be considered during surveillance of the drug and one should be prepared to perform immunological analysis and carefule documentation of the affected patients, if a side effect appears.

It is more satisfying to conduct research on the beneficial, rather than detrimental consequences, of a drug, like ADR. However, the great success of personalized medicine in DH prevention by identifying risk alleles, is allowing prediction of the unpredictable ADR (60, 63). Thus, in the future the analysis of a new drug should also include assessment of off-target effects of a drug, which includes potential interactions with highly polymorphous immune receptors.
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