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Immunotoxicology
Immunotoxicology is a research area within general toxicology. It investigates 
interactions of the immune system with xenobiotics (or metabolites thereof). 
Direct toxicity caused by these xenobiotics may often lead to immune 
suppression, resulting in immune dysregulation, increased resistance to 
infection or even tumor development. Indirect toxicity may be caused by a 
response of the immune system to e.g. a drug, its reactive metabolite or to 
drug-protein adducts. The subsequent drug-induced immune response may 
result in the development of allergy or auto-immunity. These drug-induced 
responses are a serious and challenging problem for both patients, physicians 
and pharmacological industry. Preclinical screening methods to predict 
such responses are mostly lacking, but essential to develop future clinical 
treatment methods 
To date, there is limited understanding of the underlying mechanisms that 
may cause immune mediated drug induced hypersensitivity responses. To 
determine the potential immunogenicity of a (new) drug, a better understanding 
of immune mechanisms is warranted in order to develop predictive screening 
tests. 

Adverse Drug Reactions
An adverse drug reaction (ADR) is defined by the world health organisation 
(WHO) as ‘An appreciably harmful or unpleasant reaction, resulting from an 
intervention related to the use of a medicinal product, which predicts hazard 
from future administration and warrants prevention or specific treatment, or 
alteration of the dosage regimen, or withdrawal of the product’ 1. An ADR can 
result in life threatening problems to patients 2. Furthermore, ADRs can cause 
enormous losses for pharmaceutical companies when a drug receives a black 
box warning or gets withdrawn from the market 3. 
Unfortunately, ADRs are often not recognized during preclinical safety testing 
(routine toxicity studies), due to the low incidence (approximately 1:1,000 to 
1:10,000 for type ‘B’ responses (see below)) and the relatively small amount 
of individuals involved in (pre)clinical testing of a new drug. In addition, they 
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are also hard to detect in animal models, which hampers the predictive value 
of these models for the human situation. As a result, most ADRs are generally 
not identified until a drug has been marketed for some time. Furthermore, 
ADRs are not always recognized as such by clinicians, and therefore often 
underreported 4. Strategies to predict these drug-induced adverse effects are 
lacking but highly warranted from a clinical point of view. 
Generally, ADRs are subdivided in six subtypes, namely A to F (table 1). This 
classification is based on the specific type of reaction and the associated 
symptoms 1,5–7. Of these ADRs, type B (or “bizarre”) ADRs are the least 
predictable and are therefore sometimes referred to as idiosyncratic (specific 
to an individual) ADRs (IADR). 
Type “B” ADRs can be divided into immune mediated and non-immune 
mediated reactions. Non-immune mediated reactions are generally a result of 
pharmacological intolerance. Immune mediated ADRs, also called immune-
mediated Drug Hypersensitivity reactions (IDHR), involve reactions related 
to the immune system. Resulting in e.g. sensitization of drug (or metabolite) 
specific T cells. IDHR are very complex phenomena, involving a wide variety of 
immune processes and many interacting processes 8–10. 

Type Features
A Dose-related Augmented Predictable

Common
Related to pharmacology
Low mortality

B Non dose-related Bizarre Unpredictable Uncommon
Not related to pharmacology

C Dose- and time-related Chronic Uncommon
Related to cumulative dose

D Time-related Delayed Uncommon
Dose-related (usually)
Occurs some time after drug use

E Withdrawal End-of-use Uncommon
Occurs soon after withdrawal of drug

F Failure of therapy Failure Common
Dose-related
Often due to drug interactions

Table 1: Classification of ADRs (adapted from 1,7)
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Classes of drugs that are shown to cause IDHR vary from non-steroidal anti-
inflammatory drugs (NSAIDs), antibiotics, anticonvulsants, anti-epileptics 
to anesthetics 11–13. Thus, IDHRs are observed with drugs of various 
pharmacological categories, and appear not to be linked to a specific 
application. 
As shown in Table 1, IDHR can manifest itself in various ways. However, the 
most common forms of IDHR are skin rashes, and hematological abnormalities, 
but may simultaneously result in internal injuries to the kidneys, the lungs 
or the liver. IDHRs that occur in the liver are usually described as immune 
or idiosyncratic drug induced liver injury (IDILI) 8,14–16. Skin rashes can vary 
from mild (e.g. maculopapular rash) to very severe or even life threatening 
events, e.g. toxic epidermal necrolysis (TEN). In addition, cells involved in 
the hematological system can be affected and cause clinical problems that 
may vary from agranulocytosis to anemia. IDHR in the liver may involve 
hepatocellular or cholestatic injury or combinations of both, which sometimes 
results in the need for liver transplantation 17.
As mentioned earlier, the etiology of clinically apparent IDHR is very complex 
and is thought to involve genetic as well as non-genetic factors like age, sex, 
underlying co-morbidities and polymorphisms in phase 1 or 2 metabolizing 
and detoxifying hepatic enzymes or specific drug transporters. Furthermore, 
cellular processes like mitochondrial (dys)function and inflammatory stress 
play an important role 4,22. Individual genetic differences of the (innate) 
immune system may also be of crucial significance in the development of 
IDHRs (Figure 1). For example, in recent years more has become known on 
the relation of the human leukocyte antigen (HLA) (the gene complex which 
codes for the major histocompatibility complex (MHC)) and specific IDHRs 23. 
It has been shown for several drugs that the occurrence of IDHR is strongly 
associated with specific HLA types. This has resulted in specific black box 
warnings and preliminary HLA type testing before susceptible individuals are 
allowed to use these specific drugs. 
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The immune response in IDHR
The immune system can eliminate unwanted external invaders like bacteria 
or viruses, but also internal factors like dying or malignant cells. It consists 
of two evolutionary distinct but, in higher vertebrates, interconnected parts 
known as the innate and adaptive immune system. The innate immune 
system recognizes highly conserved microbial structures like e.g. bacterial 
lipopolysaccharides (LPS) or double stranded RNA. Cells involved in the 
innate immune system include natural killer (NK) cells, macrophages and 
polymorphic nuclear (PMN) cells such as neutrophils. By recognizing these 
molecular structures, a fast but relatively non-specific immune response will 
occur that mostly results in the production and secretion of cytokines and 
chemokines, followed by recruitment of innate effector cells. This response is 
a very important effector mechanism and is able to rapidly clear a first wave 
of infection. 
Subsequently, the adaptive immune system will start to respond and antigen 
presenting cells (APC), like dendritic cells (DC) will be attracted to the site of 
inflammation where they will engulf e.g. a pathogen. After processing of a 
pathogen, the DCs will present antigens to specific T-lymphocytes that will 
then direct an immune response to the source of the antigen, the pathogen. 
Because T and B lymphocytes are the cells of the immune system that 
provide epitope specific antigen responses they are crucial in chemical-
induced allergies and autoimmunity. T helper (Th) cells are the key players 
in the adaptive immune response and cause the immune system to function 
more effectively. Th cells are divided into two distinct types based on their 
specific pathogenic response and specific cytokine production. Th1 responses 
are characterized by interferon-γ production and are mostly directed to 
intracellular pathogens. Th2 responses are characterized by the production of 
Interleukin (IL)-4 and 5 and are more effective against extracellular pathogens. 
Many investigations with regard to chemical-induced hypersensitivity reactions 
have focused on activation processes of these T cells and demonstrated the 
requirement of two activation signals, referred to as signal 1 and signal 2, 
similar to T-cell sensitization to regular protein-based antigen. 
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Signal 1 and 2 of the immune response

Signal 1 in the immune response is induced by T-cell receptor-MHC interaction 
whereby the antigen (e.g. a peptide, for instance conjugated by a drug, or its 
metabolite) is presented to T cells via MHC molecules on APC. Subsequently, 
the T cells will recognize specific drug-changed peptides (drug-protein 
adducts) and evoke an immune response. 
Signal 2, also called the costimulatory signal involves a range of interactions 
between receptor and ligand. The most crucial interactions in the initiation 
of T-cell responses are CD40 and B7 (e.g. CD80 and CD86) molecules on 
APC and CD40L, CD28 and CTLA-4 on T cells 24,25. Furthermore, also specific 
cytokines can be part of a costimulatory environment, but are also called 
signal 3. Signal 2 is decisive for T-cell sensitisation, since a T cell becomes 
anergic (or tolerant) when receiving only signal 1. 
It has been shown in many studies the last 20 years that this signal 1/signal 2 
paradigm also applies to most, if not all, allergic responses to chemicals. For 
instance, a role for costimulation has been demonstrated in chemical-induced 
adverse effect in animals, by using specific blocking studies (with specific 
monoclonal antibodies), genetically modified (knock-out) mice or flow 
cytometry analyses of costimulatory molecules. Costimulatory molecules 
like CD40L, CD80 and CD86 have been shown to be crucial in sensitization to 
several contact allergens like dinitrofluorobenzene (DNFB) 26–28, oxazolone 29, 
fluorescein isothiocyanate (FITC) 30 and also to drugs such sulfamethoxazole 
SMX 31, D-penicillamine, and phenytoin 32,33. Lack of costimulation prevents 
activation of T cells and subsequent effector responses (including antibody 
formation). 
It has also been shown that compounds can directly bind to MHC molecules 
(also referred to as the altered-self hypothesis). It is important to note that T 
cells are only able to recognize peptides, but will not react directly to chemicals 
such as drugs. For the immune system to recognize these chemicals, they 
need to bind to proteins forming so-called drug-protein adducts. 
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Hypotheses for the development of IDHR
Clearly, mechanistic steps in induction IDHR are similar to processes described 
for the immunization to low molecular weight compounds. These steps can 
include processes such as bio-activation of the drug, conjugation to proteins 
resulting in hapten-carrier formation, non-covalent interactions, induction of 
adjuvant signals, antigen presentation to lymphocytes, modulation of immune 
regulation or activation of (innate) effector mechanisms.
Several hypotheses that can explain the development of IDHR have been 
described previously 4,19,34–40. Most of these hypotheses include activation of 
both the innate and adaptive immune system in one way or another. It is likely 
that these hypotheses are not mutually exclusive and the major ones will be 
discussed below. 

The hapten hypothesis

Already in 1935, Landsteiner et. al. proposed that molecules smaller than 
1,000 Daltons will be unable to induce an immune response unless these 
molecules are bound to proteins forming drug-protein adducts 41. This 
principle forms the basis of the hapten hypothesis. It implies that compounds 
need to have the capacity to chemically interact with a protein and therefore 

it is generally believed that compounds need to be bio-activated, for instance 
by hepatocytes, keratinocytes or neutrophils. The drug-protein adduct formed 
can subsequently be taken up by APC, processed into peptides and presented 
to T cells in the context of MHC. The T cells will subsequently recognize the 
drug modified peptides as being foreign or ‘non-self’ and elicit an adaptive 
immune response (Figure 2). In this process the hapten recognition by T cells 
can be seen as signal 1 34,35. 
The formation of these haptens may also result in the release of so-called 
cryptic epitopes, i.e. parts of self-proteins that are normally hidden from the 
immune system and for which no tolerance exists 42. Furthermore, such neo-
antigens can be recognized irrespective of the hapten 42. 
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The pharmacological interaction (PI) hypothesis

An alternative hypothesis used to explain IDHR is the pharmacological 
interaction (PI) hypothesis. This hypothesis states that drugs themselves 
are able to form a reversible bond with the MHC and T-cell receptor 
resulting in an immune response 36. Here, there is no need for the drug to be 
processed by the APC or subsequent binding to proteins and drug-protein 
adduct formation. Similar to the hapten hypothesis, the binding with, and 
activation of the TCR will result in signal 1, but lacks signal 2 (Figure 3). The 
PI hypothesis was developed following the observation that T cells from 
patients sensitive to sulfamethoxazole were able to recognize (and react to) 
the drug itself or compounds/epitopes, rather than respond to a drug-protein 

Chapter 1 

Figure 2: The hapten hypothesis 
The reactive drug or reactive drug metabolite can bind to a protein. This modified protein can 
subsequently be taken up by an antigen presenting cell (APC), processed and presented to T cells 
through MHC T-cell receptor interaction. Recognition and processing of the antigen by the T-cell receptor 
leads to an immune response. In this model, co-stimulation is not mentioned (adapted from 35 ). 
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adduct 43. Similar results have now been observed for other drugs, including 
carbamazepine (CMZ) 44.

The danger hypothesis 

The danger hypothesis can be considered as a necessary extension of the 
hapten hypothesis. The necessity of a ‘danger’ signal for the induction of a 
proper immune response was first described by Matzinger et. al. 45,46. She 
stated that foreign proteins need the presence of an adjuvant in order to 
generate an immune response. This danger signal is for instance provided by 
cells that are damaged or stressed following e.g. drug exposure. Subsequently, 
this ‘danger’ signal is necessary for APCs to provide the correct costimulatory 
signal (signal 2) to the T cells (Figure 4).

Figure 3. The PI hypothesis 
A drug can bind directly the MHC-T-cell receptor complex. This leads to signal 1, resulting in an immune 
response towards the culprit drug (adapted from 35 ). 
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Figure 4. The danger hypothesis 
The modified protein is processed similar to the hapten hypothesis. In addition, stressed cells can 
produce danger signals (e.g. HMGB-1 or heat shock proteins) which can activate APCs. This will lead 
to subsequent upregulation of costimulatory molecules, leading to signal 2. Without a danger signal 
(no stressed cells or other inflammatory compounds) the response is tolerance towards the presented 
compound (adapted from 35).

Many of these danger signals consist of specific patterns, also called danger-
associated molecular patterns (DAMPs). Examples of DAMPs are LPS, 
adenosine triphosphate (ATP), hyaluronic acid or even injured or apoptotic 
cells. The latter process can result in secretion of proteins like high mobility 
group box 1 (HMGB1) or heat shock proteins (HSP) which can induce immune 
responses 47–49. DAMPs are generally recognized by highly conserved specific 
pattern recognition receptors (PRR), e.g. those of the Toll-like Receptor 
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(TLR) family 50. Drugs (or their reactive metabolites), may be able to locally 
induce cellular damage or stress, which in turn can cause e.g. mitochondrial 
dysfunction and a decrease in ATP levels. As a consequence, the cell releases 
e.g. pro-inflammatory cytokines that subsequently promote APCs to up-
regulate costimulatory molecules and influence the T-cell response. 
This has been described for paracetamol (APAP) where in vitro and in vivo 
administration results in damaged hepatocytes, which is caused by metabolite 
formation and binding to liver proteins. As a result, hepatocytes are damaged 
and stressed, which subsequently results in the release of DAMPs like HMGB-
1 and HSP, but also release of chemo- and cytokines that activate the innate 
immune system 49,51. 
As an addition to the danger hypothesis, inflammatory stress may also result 
in costimulatory signals. These are comparable to DAMPs and also called 
pathogen associated molecular patterns (PAMPs). Here it is thought that an 
underlying inflammation may be the cause of co-stimulation, resulting in signal 
2 52,53. Inflammatory responses to viral or bacterial infections, but also a sterile 
inflammation, involve many different immune cells including neutrophils 
or macrophages, but also common tissue cells like endothelial cells. The 
resulting cytokine or chemokine production that occurs in the affected cells 
can further aggravate this response by lowering the threshold for the immune 
system to respond to the drug 54,55. This may result in an immune response 
towards an otherwise unharmful pharmaceutical, or to structurally related 
compounds. 

When reviewing the hypotheses mentioned above and considering the signal 
1/signal 2 paradigm, it is highly likely that these are not mutually exclusive. 
Therefore, a more integrated approach is given in Figure 5, which includes 
most of the above-mentioned mechanisms. 
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Figure 5. Different pathways of IDHRs.
Drugs (or their reactive metabolites can be covalently bound to proteins (drug-protein adduct formation 
or haptenisation). These drug-protein adducts are subsequently presented via MHCII on APCs (signal 
1). Together with costimulation (caused by stressed cells, or bacterial/viral inflammation) (signal 2) 
will lead to T-cell activation and a following immune response leading to IDHR (Adapted from 34).
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Predictive models in IDHR testing 
As mentioned earlier, it is not expected that one single model will predict 
the induction of IDHR by (new) chemicals. Rather, a panel of experimental 
approaches (including in vitro, ex vivo and in vivo models) will be needed to 
predict the hazard of the sensitizing or possible adjuvant capacity of a (new) 
drug. A suggestion for these approaches is found in table 2. 
Interesting (future) options include proteomics (and other -omics) profiling 
of biological samples from drug-exposed individuals or animals, ideally along 
with detection of drug-adduct formation or specific T-cell responsiveness. 
Several in vitro approaches can be used in the R&D phase, for instance liver 
cell lines and 3D cultures to investigate drug metabolism and organ-specific 
responses, either or not in combination with immunostimulatory factors like 
TNF-α. Ex vivo models, e.g. precision cut liver tissue slices from human origin 
that contain also Kupffer cells may offer an important translational link to 
man.

Approach Experimental applications

Proteomics Protein profiling in biological samples following drug 
exposure
Drug protein adduct synthesis and analysis

In vitro 3D cell cultures of e.g. liver cells
Established liver cell lines
(liver) organoids
Co-culture (e.g. drug-primed DC’s with T cells)

Ex-vivo Precision cut tissue slices
Human T-cell bank (e.g. specific HLA types, drug specific 
T cells)

In vivo Drug exposure models (+/- danger or inflammatory signals)
Knock-out mice (e.g. TLR, CYP) 

Table 2. Experimental approaches for predictive models in IDHR research
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An innovative method employs DCs, incubated with drugs or drug-protein 
adducts, and co-cultured with T cells to determine drug-specific T-cell 
responses. This method would benefit from banks of human HLA-specified 
T cells from naïve healthy volunteers as well as IDHR patients suffering from 
IDHR and can be used to test presence of drug-reactive T cells and investigate 
associations with specific HLA types.
Finally, in vivo models, focused on systemic effects of drug exposure and 
using several different endpoints, may provide insight into the potential 
to cause sensitization or induce inflammation. In vivo studies also allow 
investigation of interaction of various organs with other organs (e.g. liver vs 
spleen, intestine vs liver) and with circulating immune cells. 
Together experimental in vivo and in vitro approaches may provide information 
to recognize the potential of pharmaceuticals to initiate immunosensitization. 
Except from a few examples 56, animals usually do not demonstrate clinical 
IDHR.

In vivo models in Immune mediated drug hypersensitivity

Several in vivo mouse models have been used to investigate DILI (table 3) and 
occasionally also IDHR 56. The use of these animal models has the advantage 
that all necessary cell types and pathways are available in the study. In these 
in vivo models, several processes like ‘danger’ and cell stress or underlying 
inflammation can be studied. The influence of metabolism, e.g. those of the 
CYP enzymes or glutathione (GST), can also be studied 4,57–59. For example, 
several of these in vivo models also include co-factors like LPS or TNF-α to 
mimic underlying inflammatory episodes as found in liver injury models 60–65. 
In addition, there may be specific influence of level and regimes of exposure. 
Furthermore, the role of different innate and adaptive immune cells that are 
involved or affected can be determined. 

Local lymph node assays

One of the most straightforward in vivo screening assays is the local lymph 
node assay (LLNA). The LLNA is used to test the skin sensitizing capacity of 
chemicals 78–82 In addition, the popliteal lymph node assay (PLNA) is used to 
determine the auto-immunogenic or immune-stimulating potential of many 
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xenobiotics 83–86. The PLNA is considered a promising tool to investigate the 
immune-stimulating capacity of drugs. As mentioned before, chemicals have 
to provide T cells with both signal 1 and signal 2 to initiate a proper immune 
response. In the case of the PLNA, signal 1 will be initiated by (neo)antigen 
presentation, and signal 2 will be provided by drug-induced costimulation, for 
instance as a result of cellular stress caused by a drug. The PLNA exists in 
several forms, including modified forms that have the capability to discriminate 
between adjuvant or sensitizing capacity of a chemical 83,84,87–94. 
In the LLNA, the test compound is applied to the skin, and the subsequent 
lymphocyte reaction in the lymph node draining the site of application is 
determined. In the primary or direct PLNA the test chemical is injected into the 
footpad of the hind paw of the animal. After 6 to 8 days the draining (popliteal) 
lymph node is removed and analyzed for several (immunological) parameters 
such as weight, histology and lymphocyte cell number. Usually, the other hind 
paw is injected with vehicle only and the associated lymph node is considered 
as control, but this is not possible for compounds that induce systemic 
immunotoxicity with concurring inflammatory responses in the control paw. 
In the secondary PLNA, animals are first sensitized (e.g. orally or by footpad 
injection) after which they are re-exposed to a suboptimal dose of the same 
chemical 94–96. Since these animals are already sensitized, a faster (memory) 
response (to be analysed e.g. in the PLN) will be evoked in about 4 to 6 days 
after challenge. 
A third form of the PLNA is the modified or reporter antigen PLNA (RA-PLNA). 
The introduction of reporter antigens, like the T-cell dependent trinitrophenyl-
ovalbumin or T-cell independent trinitrophenyl-Ficoll (TNP-OVA or TNP-Ficoll, 
respectively) is used to investigate the sensitizing versus irritating/adjuvant 
capacity of a chemical 89,97. As read-out parameter the RA-specific antibody 
isotype is determined. When a drug causes increased IgG formation to a non-
immunostimulating dose of TNP-OVA it has adjuvant activity. A drug that 
causes IgG formation to TNP-Ficoll must somehow induce specific T-cell help 
to a neo-antigen, for instance by forming a drug-protein adduct (as formation 
of IgG to TNP-Ficoll requires non-cognate T-cell help). 

1
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Furthermore, with the RA-PLNA (in particular with TNP-OVA) discrimination 
can be made between Th1 and Th2 type immune responses, based on the type 
of antibodies and cytokines that are produced by lymph node cells. The (RA-)
PLNA has been shown to be a very useful screening tool for the assessment 
of the sensitising potential of a drug and may be used as a first alert. However, 
the PLNA exposure route, which is particularly designed as a hazard ID test, is 
rather artificial when taking into account the human intake of pharmaceuticals 
that is generally orally 95. 
As mentioned earlier in vivo models using oral (drug) exposure which take 
the immune system into account are rather scarce 56,98–100. Importantly, 
these models are unique per compound, indicating idiosyncrasy also at 
the level of animal models. The results obtained with these models are 
however still valuable as they provide insight into the involvement of various 
immune processes with its parameters. Generally, in those in vivo studies 
compounds are administered either intraperitoneally (ip), subcutaneous (sc) 
or intravenously (iv). Our lab developed and optimized an oral exposure model 
combined with RA and readout parameters such as Ig isotype switching and 
delayed type hypersensitivity (DTH) responses 95. This oral model has been 
used in the experiments described in this thesis. 

Scope of this thesis
Probably none of the above mentioned different test systems can individually 
predict the occurrence of IDHR. Therefore, a more integrated testing strategy 
should be developed including testing the same compounds in several 
different experimental models (in vitro, in vivo, ex vivo). 
Such an approach will result in a panel of predictive biomarkers for IDHR. That 
can subsequently be used in the (preclinical) testing of new chemical entities. 

Chapter 1 
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Figure 6. Basic background principles of the TIPharma project
The TIPharma project intended to integrate and investigate several different disciplines (drug 
metabolism, toxicology and immunology). In all disciplines specific factors thought to be involved in 
IDHR formation were studied. 

The background of this project is presented in figure 6 and has been more 
or less the basis of two different research projects: the Top Institute Pharma 
(TIPharma) project ‘Towards novel translational safety biomarkers for adverse 
drug toxicity’ (D3-201) and the Innovative Medicines Initiative (IMI) project 
‘Mechanism-Based Integrated Systems for the Prediction of Drug-Induced Liver 
Injury’ (MIP-DILI). The aim of the TIPharma project was to develop in vitro 
screening tools, in vivo translational models and biomarkers to improve ADR 
hazard identification. The aim of the MIP-DILI project was to evaluate both 
available and innovative laboratory test systems, in particular in vitro methods 
to predict the hazard of drugs to cause DILI. In the MIP-DILI project in vivo 
models were employed to explore new pathways of DILI induction. In both 
projects, several drugs were selected based on their ability to induce either 
reactive metabolites, adduct formation or cause DILI, and then tested in a 
variety of different assays (i.e. in vivo, in vitro, ex vivo) to evaluate the best 
predictive parameters and models for DILI and IDHR. 
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The research described in this thesis was incorporated in the in vivo part of 
both projects and aimed to elucidate immunological mechanisms underlying 
iDILI and IDHR. Due to the complexity of our in vivo experiments and of 
course the limitation in animal usage, not all selected drugs could be used. 
An important criterion for applicability in oral route of exposure models is 
that drugs are soluble in a non-toxic solvent, in this case a solvent that by 
itself does not interfere with immune activation. 

Based on the above-mentioned prerequisites, we selected acetaminophen 
(APAP), diclofenac (DF), carbamazepine (CMZ) and ofloxacin (OFLX) for our 
experiments. 
APAP was mainly chosen for its well-described (dose-dependent) 
hepatotoxicity. At therapeutic doses, APAP is metabolized in the liver by 
cytochrome P450 enzyme (CYP2E1) to its main metabolite N-acetyl-p-
benzoquinoneimine (NAPQI). This is subsequently detoxified by glutathione-
s-transferase (GST) and excreted from the body. However, when APAP 
is overdosed, the high amount of formed NAPQI rapidly depletes the liver 
of GST and calcium homeostasis is disrupted. This results in binding of 
metabolites to specific hepatic mitochondrial or cytosolic proteins, cellular 
stress, local inflammation and liver toxicity 101–104. APAP-induced liver 
toxicity is accompanied with increases in numbers of NK, NKT, gamma delta 
T cells and Th17 cells and has features of the hapten as well as the danger 
hypothesis. 
DF is a widely used non-steroidal inflammatory drug (NSAID) that rarely 
induces severe hepatotoxicity. For this compound, direct toxic effects of DF 
or its metabolites on cells as well as hypersensitivity reactions are suggested. 
Like for APAP, for DF it was shown that several (reactive) metabolites are 
formed 105. These reactive metabolites are capable of binding to proteins 
forming drug-protein adducts, which in turn may induce a drug-specific 
immune response in a similar manner as described for the hapten hypothesis 
105–108. Formation of DF induced drug-protein adducts has been described 
for liver proteins from both rat and mouse in vivo experiments as well as 
in cultured hepatocytes 106,109–111. In addition, DF is known to cause serious 
irritation of the gastro-intestinal tract and stomach ulcerations at already 
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at low oral dose levels 112. This intestinal damage can result in systemic 
inflammation, e.g. by LPS leakage from the intestine cells. These responses 
linked well to the danger or inflammatory stress hypothesis. Furthermore, 
DF can also directly induce cytotoxicity in hepatocyte cells 113. Based on this 
information it is likely that DF may induce IDHR via different pathways. 
The anti-epilepticum CMZ has been shown to cause minor to very severe 
adverse reactions in both liver and skin (e.g. Stevens Johnson’s syndrome). 
For CMZ, the formation of reactive metabolites and adducts has been 
identified previously 68,76,114,115. For CMZ a clear link with the adaptive immune 
system has been described. Both CMZ and CMZ metabolite-specific T cells 
were identified in patients with established CMZ induced hypersensitivity 
reactions 116,117. In contrast to the other tested compounds, CMZ may be able 
to cause IDHR through pharmacological interactions 44.
Fluoroquinolones, like OFLX or trovafloxacin (TVX) are broad-spectrum 
antibiotics. IDHR induced by quinolones usually present as liver, skin 
or gastrointestinal adverse effects 118,119. For TVX, the increased risk for 
hepatotoxicity has been the reason for withdrawing this compound from the 
market. We used OFLX as an alternative that is still available at the market. 
Similar to CMZ, these quinolones induce specific T cells in patients showing 
hypersensitivity reactions 120, which suggests a role for the adaptive immune 
system. 

The above-mentioned drugs were used in several different experimental 
settings using oral exposure to identify whether we could identify adverse 
immune reactions and if so which parameters could be most useful to 
include in preclinical screening. 
Drugs causing IDHR are believed to have some form of adjuvant capacity. In 
chapter 2 we investigated the immune-adjuvant capacity of APAP, DF, CMZ 
and OFLX. An oral exposure model combined with the reporter antigen TNP-
OVA was used to determine T-cell-dependent RA-specific DTH responses 
and TNP-specific antibody production. In addition, genetic factors have been 
suggested to play a role in IDHR. Therefore, the DTH and antibody responses 
by DF and APAP were determined in two different mouse strains. 
Drug-protein adduct formation is thought to be of great importance for the 
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induction of an immune response against a compound. In chapter 3 an 
optimized method to measure NAPQI-mouse serum albumin (MSA) drug-
adducts in serum of APAP exposed animals is presented. In vivo samples 
were cross-referenced with chemically synthesized NAPQI-MSA and used to 
determine and quantify the levels of drug-specific adduct formation. 
The (innate) immune system plays an important role in the IDHR and in 
Chapter 4 we focussed on early (innate) immune effects in the spleen and 
liver. Here, mice were orally exposed to DF, CMZ, OFLX or APAP for a short 
period of time. Following oral exposure, the effect of each drug on several 
immune parameters was measured, while effects on the liver (histology, 
enzymes and chemokine expression) were also included. In the spleen, both 
innate (neutrophils, NK cells, chemokine expression) and adaptive (T-cell 
differentiation and APCs) immune parameters were determined. 
In order to identify the influence of T-cell help and neo-antigen formation 
due to drug exposure the same oral exposure model with TNP-Ficoll as RA 
was used in experiments with CMZ and DF and described in chapter 5. For 
both compounds the PLN responses, RA-specific antibody production and 
differentiation status of T cells was also included. In addition, a possible 
new read-out parameter was identified for drug induced T-cell responses in 
the mesenteric lymph nodes. 
Finally, in chapter 6 the relevance of the observed results in these experiments 
are summarized and discussed in the context of already existing (immuno-)
toxicological knowledge. 

Chapter 1 
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ABSTRACT

Immune-mediated drug hypersensitivity reactions are important causes 
of black box warnings and drug withdrawals. Despite the high demand for 
preclinical screening tools, no validated in vitro or in vivo models are available. 
In the current study, we used a previously described oral administration 
model using trinitrophenyl-ovalbumin (TNP-OVA) as an antigen to report 
immune adjuvating effects of the analgesic drug acetaminophen (APAP) 
and its nonhepatotoxic regioisomer 3’-hydroxyacetanilide (AMAP), the 
antibiotic ofloxacin (OFLX), the antiepileptic drug carbamazepine (CMZ), 
and the antidiabetic drug metformin (MET). Furthermore, APAP and AMAP 
were tested in a popliteal lymph node assay (PLNA) combined with TNP-
OVA as reporter antigen (RA). C3H/HeOuJ mice were dosed by oral gavage 
with diclofenac (DF), APAP, AMAP, OFLX, MET, or CMZ. On the first exposure 
day, the mice received an ip injection with TNP-OVA. Fifteen days later, they 
were ear challenged with TNP-OVA and delayed-type hypersensitivity (DTH) 
responses were assessed 24 h later. One week after challenge, the ear-
draining lymph node was removed and TNP-specific antibody-secreting cells 
were determined. DF, APAP, CMZ, and OFLX showed a significant increase in 
DTH responses to ear injection with TNP-OVA, whereas AMAP and MET did 
not. C57BL/6 mice were slightly less responsive to APAP and DF after oral 
gavage, and importantly both AMAP and APAP were negative in the RA-PLNA. 
The present work shows that the oral exposure model using RA and the RA-
PLNA may serve to screen the immune-adjuvant potential of new chemical 
entities during preclinical drug development. 

INTRODUCTION

Immune-mediated drug hypersensitivity reactions (IDHR) are among the most 
frequent reasons for failure of new drugs. IDHR may cause patients to be 
admitted to hospital with life threatening effects like drug-induced liver injury 
or toxic epidermal necrolysis. Unfortunately, due to their low frequency,
IDHR are often unnoticed until a drug has been marketed and used in the 
general population for some time 1,2. Clearly, there is a need for predictive 
models to test the sensitizing capacity of new drugs during early stages of 
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development. The etiology of IDHR is very complex. Low molecular weight 
drugs as such are generally not immunogenic, i.e., are unable to cause drug-
specific sensitization. However, these compounds or metabolites thereof may 
be able to bind to proteins to form drug-protein adducts or otherwise induce 
neoantigens, which can subsequently be presented to T cells by antigen-
presenting cells or recognized by B cells. In addition, costimulatory help 
that may arise from immune-adjuvant effects is indispensable for optimum 
immunization. The popliteal lymph node assay (PLNA) in its original version 
measuring increases in draining lymph node weight or cellularity upon sc 
footpad injection of a drug appears to enable prediction of a drug’s immune-
stimulating capacity 3,4. Addition of reporter antigens (RA) in the PLNA further 
improves this assay by allowing discrimination between the adjuvant (using 
trinitrophenyl-ovalbumin [TNP-OVA]) or sensitizing (using TNP-Ficoll) capacity 
of drugs 3,5. However, although the RA-PLNA can be used as a straightforward 
screening test for new compounds, chemicals are injected sc and induce a 
local response. Hence, this way excludes major influences of gastrointestinal 
and hepatic metabolism on the local response. Previous studies demonstrate 
the ability of an oral mouse model using RA to identify the immune-adjuvant 
or sensitizing capacity of drugs 6,7. In the current study, we extended these 
data by testing an additional selection of drugs in combination with TNP-
OVA as RA. As positive compounds, the analgesic drug acetaminophen 
(APAP), the antibiotic ofloxacin (OFLX), the nonsteroidal anti-inflammatory 
drug diclofenac (DF), and the antiepileptic drug carbamazepine (CMZ) 
were used. As control compound for APAP, its nonhepatotoxic regioisomer 
3’-hydroxyacetanilide (AMAP) and as an adverse drug reaction (ADR)-negative 
compound the antidiabetic drug metformin (MET) was selected. Although 
some IDHR have been reported for APAP, this compound was mainly chosen 
for its well-described adverse reactions in the liver. At therapeutic doses, 
APAP is metabolized by cytochrome P450 to N-acetyl-p-benzoquinoneimine 
(NAPQI) and subsequently detoxified by glutathione. When overdosed, NAPQI 
depletes the liver of glutathione, allowing binding of metabolites to hepatic 
proteins causing toxicity 8. The isomer of APAP, AMAP, has also been shown 
to form reactive metabolites. However, it does not induce liver toxicity and 
glutathione depletion to the extent APAP does and therefore was used as 
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control compound for APAP 9,10. DF is a widely used drug, which incidentally 
induces severe hepatotoxicity. This compound is capable to form drug-
protein adducts 11,12. Furthermore, being a nonselective cyclooxygenase (COX) 
inhibitor, DF can cause gastrointestinal irritation and ulceration, possibly 
resulting in an inflammatory environment. Moreover, DF has previously been 
tested in the (RA)-PLNA and oral models using either TNP-OVA or TNP-
Ficoll and is regarded as positive control compound in these models 7,13,14. 
Adverse reactions caused by CMZ involve the liver but are often also skin 
related. This compound has been shown to form reactive intermediates and 
drug-protein adducts 15–17. In addition, CMZ and CMZ metabolite-specific T 
cells have been identified in CMZ-sensitized patients 18,19. Fluoroquinolones, 
e.g., OFLX, exhibit gastrointestinal and skin-related side effects 20. As for 
CMZ, fluoroquinolones-specific T cells have also been observed in allergic 
patients 21. We have so far mainly used C3H/HeOuJ mice for the oral TNP-
OVA approach and furthermore found that BALB/c mice appeared to be less 
suitable. However, because an important readout parameter appeared to be 
T helper 1 (Th1)-dependent delayed-type hypersensitivity (DTH) responses, we 
compared the C57BL/6 strain, claimed to be biased toward cellular immune 
responses, with the C3H/HeOuJ strain, known to be biased toward humoral 
responses. The results described here show that the combination of an RA-
PLNA and an oral administration protocol using RA may be able to determine 
immune-adjuvant effects of new chemical entities and can be a useful tool in 
preclinical screening.

 
MATERIALS AND METHODS

Mice.

Four- to 6-week-old female C3H/HeOuJ (C3H) or C57BL/6JIco (B6) mice 
from Charles River (France and Germany, respectively) were used. Mice 
were specific pathogen free and maintained under barrier conditions 
in filter-topped macrolon cages with wood chip bedding at a mean 
temperature of 23 ± 2˚C, 50–55% relative humidity, and a 12-h light/dark 
cycle. Drinking water and standard laboratory food pellets were provided 
ad libitum. The experiments were conducted according to the guidelines 
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and with permission from the animal experiments committee of Utrecht 
University.

Chemicals.

Chemicals were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands) 
unless stated otherwise. TNP-OVA and TNP-bovine serum albumin (BSA) was 
obtained from Biosearch Technologies (Novato, CA, USA). All compounds for 
sc injection were dissolved in saline and compounds for oral administration 
were dissolved in distilled water (Aqua B. Braun, Melsungen, Germany). CMZ 
was dissolved in 1% carboxymethylcellulose in H2O.

Reporter antigen-popliteal lymph node assay. 

Naive B6 mice were injected sc into the hind footpad (toe-to-heel) with 
a freshly prepared mixture of APAP (0.3 or 1 mg) or AMAP (0.3 or 1 mg) 
together with a subsensitizing dose (10 µg) of TNP-OVA in 50 µl saline. 
Seven days after drug injection, mice were sacrificed by cervical dislocation 
and the popliteal lymph node (PLN) was removed and separated from 
adherent fatty tissue. PLNs were placed in ice-cold complete RPMI 1640 
supplemented with 2.5% fetal calf serum and 1% penicillin/streptomycin 
(RPMI/2.5%), and single-cell suspensions were prepared, washed, and 
resuspended in 0.5 ml RPMI/2.5%. Cell numbers were determined using 
a Coulter Counter (Beckman Coulter) and adjusted to 1x106 cells per ml.

Oral exposure protocols. 

C3H mice received OFLX, APAP, AMAP, CMZ, or MET by oral gavage (200 µl) 
in different regimens chosen using the maximum tolerable dose as 
described in the datasheet of the compounds and used in literature. OFLX 
was dosed at 100, 300, or 1000 mg/kg, MET was dosed at 50, 100, or 500 
mg/kg, and APAP and AMAP were administered at 30, 100, or 300 mg/kg 
for 7 consecutive days. CMZ was dosed 50 or 100 mg/kg for 7 days or at 
250 mg/kg on day 1 (Figure 1). 
To study strain differences, C3H mice and B6 mice received APAP (150 
mg/kg) for 7 days or a single dose (75 mg/kg) of DF on day 1 (Fig. 1). On 
the first day of drug exposure, mice were injected ip with a subsensitizing 



44

dose (10 µg in 200 µl saline) of TNP-OVA to assure systemic responses. 
Mice were challenged with TNP-OVA (10 µg in 20 µl saline) in the ear on 
day 15 to assess DTH responses. Ear thickness was measured under 
isoflurane anesthetics using a digital microcalliper (Mitutoyo, Japan).
One week after challenge, the mice were sacrificed by cervical dislocation. 
The auricular lymph node (ALN) was removed and separated from adherent 
fatty tissue. Single-cell suspensions of the ALN were made as described for 
the PLN. 

Figure 1. Oral exposure protocol to assess the immune-adjuvant capacity of drugs. 
The immunosensitizing capacity of DF, APAP, AMAP, OFLX, CMZ, and MET to TNP-OVA was assessed 
by treating C3H mice orally with the specified drugs. On the first day of exposure, mice were injected 
ip with TNPOVA (10 µg). After 15 days, mice were ear challenged with TNP-OVA. The same protocol 
was used to compare strains.

T-cell depletion. 

C3H mice were treated with DF or APAP according to the oral administration 
protocol described in Figure 1. In addition, mice received ip injections with 
250 µg T-cell depleting antibody (anti-CD3 clone 17A2) in 200 µl saline on 
days 13 and 14. The antibody was purified from culture supernatant using 
ammonium sulfate gradient on thiophilic agarose resin. 

ELISpot assay. 

ELISpot assay, to detect TNP-specific antibody-secreting cells, was 
performed as described previously 22. In brief, 5x105 cells were added to TNP-
BSA-coated Immobilon-P membranes (Immobilon polyvinylidene fluoride 
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transfer, Millipore, Etten-Leur, The Netherlands). After cell incubation (4 h, 
37˚C), alkaline phosphatase-conjugated immunoglobulin G1 (IgG1) or IgG2a 
antibodies (Southern Biotechnology Associates, Inc., Birmingham, AL) were 
added and incubated overnight. After several washing steps, membranes 
were stained with para-nitroblue tetrazolium (Sigma-Aldrich) and 5-brome-
4-chloro-3-indolylphosphate toluidine salt in dimethylformamide to visualize 
TNP-specific antibody spots. Spots were counted by sight by at least two 
independent observers. 

Statistical analysis. 

Multiple comparisons of group means were analyzed using one-way ANOVAs 
with Bonferroni as post hoc test. A value of p < 0.05 was considered significantly 
different compared with controls (Graphpad prism 4 for Windows, Graphpad 
software Inc.)

RESULTS

Neither APAP nor AMAP Stimulate Antibody Responses to TNP-OVA in the  

RA-PLNA.

The immune-adjuvant capacity of APAP and AMAP was examined in the RA-
PLNA using TNP-OVA as RA. Neither APAP nor AMAP was able to induce a 
significant increase in PLN cellularity (Figure 2A).

Figure 2. Immune-adjuvant capacity of APAP and AMAP. 
B6 mice were injected sc with 0.3 or 1 mg APAP or AMAP in the hind footpad together with a 
subsensitizing dose of TNP-OVA (10 µg). After 7 days, the PLN was removed, and subsequently lymph 
node cellularity (A) and the amount of IgG1 ASC (B) were determined.
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Figure 3. DTH response measured by ear swelling. 
C3H mice were orally treated with 30/100/300 mg/kg APAP/AMAP (A and B), 100/300/1000 mg/
kg OFLX (C), 50/100/500 mg/kg MET (D), or 50/100 mg/kg CMZ (E) for 7 consecutive days. 
DF (75 mg/kg) and 250 mg/kg CMZ were given only on day 1. Administration of the drug was 
performed by oral gavage and the RA by ip injection. At day 15, ear thickness was measured after 
which mice received a sc injection in the ear with TNP-OVA. After 24 h, ear thickness was measured 
again to determine the DTH response. *p < 0.05, **p < 0.01, and ***p < 0.001 significantly different 
compared with vehicle controls. 
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Furthermore, the amount of TNP-specific IgG1-producing antibody secreting 
cells (ASC) was not increased by either chemical (Figure 2B). The lack of a 
response to APAP and AMAP observed in the RA-PLNA indicates that the 
metabolizing capacity in the footpad is insufficient to detect the adverse 
immune effects of this compound in this assay.

APAP, CMZ, DF, and OFLX, but not AMAP and MET, stimulate CD3-Dependent 
TNP-OVA–Specific DTH responses

In contrast to the RA-PLNA, the described oral exposure model does take 
metabolism into account. Four compounds known to cause ADR and two ADR-
negative compounds were administered orally to C3H mice. To determine RA-
specific DTH responses, mice treated to drugs and TNP-OVA received a sc 
TNP-OVA injection into the ear. Twenty-four hours later, the increase in ear 
thickness was determined. 
Animals exposed to APAP showed a significant dose dependent increase in 
DTH responses (Figure 3A), whereas it’s nonhepatotoxic regioisomer AMAP 
did not cause an increase in DTH responses at any dose (Figure 3B). 

 

Figure 4. T-cell dependence of DTH responses measured by ear swelling. 
C3H mice received one dose of 75 mg/kg DF or 150 mg/kg APAP for 7 consecutive days. 
Administration of the drug was performed by oral gavage and the RA by ip injection. On day 13 and 14, 
T cells were depleted by ip injection with an anti-CD3 antibody. At day 15, ear thickness was measured 
after which mice received a sc injection in the ear with 10 µg TNP-OVA (20 µl total volume). After 24 h, 
ear thickness was measured again to determine the DTH response. *p < 0.05.
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Oral OFLX treatment showed a significant increase in the RA-specific DTH 
response after exposure to 300 mg/kg but not after exposure to 1000 mg/kg 
OFLX (Figure 3C). The negative compound MET did not induce a DTH 
response at any dose (Figure 3D), although the control group did have a 
high background response. Exposure to DF and the highest concentration of 
CMZ caused a significant increase in RA-specific ear swelling when 
compared with control animals (Figure 3E and 3F). T-cell depletion (using 
anti-CD3) resulted in a diminished DTH response in DF- or APAP-treated mice, 
which is indicative of the T-cell dependence of the DTH response measured 
(Figure 4). These results show that of the selection of compounds tested, 
only those linked to any kind of toxicity induce a T-cell dependent DTH 
response. 

Oral Exposure to Drugs May Result in TNP-OVA–Specific Antibody-Secreting 
Cells

Seven days after ear challenge with the RA, TNP-OVA-specific IgG1 antibody 
responses in the ALN were determined using the ELISpot assay. Exposure 
to APAP resulted in increases in RA-specific IgG1 ASC in some animals 
(Figure 5A), whereas AMAP exposure did not show changes in IgG1 levels 
(Figure 5B). Of all other compounds, only DF caused a significant increase 
in the amount of IgG1 ASC (Figure 5C–F).

Oral Administration of a Drug Induces Higher DTH Responses in C3H Mice 
Compared with B6 Mice

To compare RA-specific responses of different mouse strains, B6 mice and 
C3H mice were subjected to the oral model described in Figure 1. In C3H mice, 
the DTH response toward TNP-OVA was significantly increased compared 
with controls when mice were treated with either DF or APAP (Figure 6A). B6 
mice also displayed a DTH response toward the RA after oral administration 
of DF or APAP, but this response was not significant. Treatment with DF 
and APAP resulted in increased numbers of IgG1-secreting cells, which were 
only significant in B6 mice (Figure 6B). In contrast to the results described 
in Figure 5F and previous experiments (data not shown), exposure of C3H 
to DF in this experiment did not result in significantly increased numbers of 
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Figure 5. TNP-specific IgG1 ASC after oral pretreated with DF, OFLX, MET, CMZ, APAP, or AMAP in 
combination with TNP-OVA. 
C3H mice were treated with (A) APAP or AMAP (30/100/300 mg/kg), (C) OFLX (100/300/ 
1000 mg/kg), (D) MET (50/100/500 mg/kg), or (E) CMZ (50/100 mg/kg) on 7 consecutive days or 
DF (75 mg/kg) or CMZ (250 mg/kg) on day 1 by oral gavage. Mice were challenged with the RA on 
day 15. Seven days after challenge, mice were sacrificed and RA-specific IgG1 ASC were determined 
using ELISpot. ***p < 0.001.
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IgG1 secreting cells, which is indicative of the variability of this parameter. 
These results suggest that the strength of drug-induced responses are 
strain dependent.

Figure 6. RA-specific immune responses in different mouse strains. 
B6 and C3H mice were orally exposed to either DF (1 day, 75 mg/kg) or APAP (7 days, 150 mg/kg). 
After 15 days, the mice were sc challenged in the ear with the RA, and 24 h later, the DTH response was 
measured (A). One week after challenge, the ear-draining lymph node was removed and the amount of 
RA specific ASC was determined by ELISpot (B). **p < 0.01.
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DISCUSSION

In this study, the PLNA and a previously described oral sensitization model, 
both in combination with TNP-OVA as RA, have been used to test the immune-
adjuvant capacity of an additional selection of pharmaceuticals 3,4,7. Previously, 
it has been discussed that immunostimulation of TNP-specific responses in 
these models allows assessment of adjuvant or danger-inducing activity of 
(new) compounds. Of the pharmaceuticals used in this study, APAP, OFLX, 
DF, and CMZ, but not MET and AMAP, were clearly able to induce increased 
responses toward TNP evidenced in particular by moderate dose-dependent 
increases of DTH responses to TNP-OVA. Importantly, these responses were 
T-cell dependent and hence can be regarded as relevant DTH responses 23,24. 
In contrast to the DTH responses, TNP-specific antibody responses measured 
by ELISpot were less pronounced, and although the ELISpot as such is 
regarded a sensitive assay, the high variability of this assay hinders drawing 
clear conclusions.
The use of TNP-Ficoll as RA to register neoantigen-specific T cells or the 
inclusion of other readout parameters might be an improvement to the oral 
exposure model. Importantly, the use of an RA allows testing numerous drugs 
using the same readout system, but the presence of drug-specific (T-cell) 
responses remains undetermined. Of the compounds we tested here, OFLX, 
and CMZ have previously been shown to be able to induce drug-specific T 
cells in drug-sensitized humans 19,21,25,26. Isolated T cells from sensitized 
patients were stimulated with the culprit drug or its metabolite, resulting 
in the production of a specific set of cytokines secreted by these cells 27. 
Furthermore, the expression of certain T-cell activation markers like CD69 were 
found to be upregulated on T cells of sensitized patients when stimulated with 
the specified drug 28. In addition to the DTH and number of antibody-secreting 
cells, the production of cytokines or expression of T-cell activation markers 
after incubation of cells with drugs or their metabolites could be included 
as complementary parameters in the oral administration model. To identify 
effects caused by the drug itself or by metabolites thereof, mice could be 
challenged with proteins conjugated with the different compounds or their 
metabolites. The use of DF in this study was based on previous studies, and 
our results confirmed that this drug is able to induce robust DTH responses 
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toward the RA upon oral administration 7. However, the mechanism by which 
DF stimulates responses toward the RA is yet unknown. DF is able to increase 
cell numbers in the draining lymph node after sc injection into the footpad, 
despite the fact that metabolism is absent in the paw 5,6,13. Furthermore, 
incubation of isolated splenocytes or several hepatocyte cell lines with DF 
resulted in the induction cell death (data not shown and 29. This indicates that 
the parent compound is able to induce cell stress or inflammation, possibly 
attracting metabolizing macrophages. Whether glucurodination of DF by liver 
metabolism and the subsequent enterohepatic circulation of protein-coupled 
metabolites are also involved after oral exposures remains to be established. 
Furthermore, the direct pharmacological effects of oral exposure to DF might 
be of influence on the response. Recently, we have shown that DF stimulates 
the allergic response to peanut in a mouse model. In that study, we observed 
that DF, being a COX inhibitor, causes damage to the epithelial lining of the gut 
and the stomach, thereby possibly causing a local response 30. The immune-
adjuvant effects of APAP appeared to be dependent on the route of exposure. 
APAP was not able to enhance TNP-OVA responses in the RA-PLNA, but the 
compound showed a dose-dependent DTH response to TNP-OVA when used 
in the oral exposure model. This indicates that metabolism is required for the 
toxic effect of APAP, which is lacking in the paw. In line with this, APAP (up to 
2mM) was not able to induce direct cell death in H1G1 mouse hepatocytes 
(data not shown). AMAP did not induce a response in the RA-PLNA or the oral 
model, despite the fact that AMAP is also metabolized. Metabolites of AMAP 
and APAP have been shown to bind to different proteins in hepatocytes, with 
APAP derivatives binding to mitochondrial proteins and AMAP derivatives 
binding merely to cytosolic proteins 9,31,32. In addition, APAP is able to deplete 
mitochondrial glutathione and cause disruption of calcium homeostasis 
to a higher extent than AMAP 33. Apparently, the metabolites of APAP and 
AMAP are toxicologically different, resulting in their different adjuvant effects. 
Notably, AMAP has not been tested as a drug in the general population, and 
we can therefore not completely rule out the possibility of this compound to 
induce adverse reactions. However, in present experiments, it does not act as 
an adjuvant and is therefore considered a negative compound. Similar to DF, 
also OFLX was able to induce a response in the PLNA and also in a modified 
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lymph node assay using the ear-draining lymph node as readout 34. Therefore, 
this compound most likely does not require metabolism to become immune 
stimulating in the PLNA. In contrast to all other positive compounds studied, 
OFLX showed a higher DTH response at a dose of 300 mg/kg than after a 
dose of 1000 mg/kg. Similar results have been shown previously for DF and 
D-Pen in combination with TNP-Ficoll 7,35. This illustrates that determination 
of the correct dosing and duration of administration of the compound is of 
crucial importance in further exploration of this model. CMZ injection into the 
paw resulted in increased cellularity in the PLNA, indicative of an adjuvant 
capacity of this drug 36. CMZ is also metabolized after oral administration, 
and similar to DF and OFLX, both metabolites and the parent compound 
could act as immune adjuvant. As described previously, the dosing and 
subsequent challenge with TNP-OVA is very delicate, and this may be the 
reason of the high background DTH response observed after MET exposure 7. 
Consequently, these high background levels hamper the conclusions that can 
be drawn following oral administration of this compound. However, because 
no significant differences were observed between treatment groups, MET 
is regarded a negative compound. As shown in the present and in previous 
studies using the (RA)-PLNA or oral administration models, the mouse strain 
influences on the outcome of the experiments 7,36. When exposed to DF or 
APAP, B6 mice showed a DTH response but C3H mice showed higher DTH 
responses toward the same compounds. In contrast, the number of TNP-
specific antibody-secreting cells was higher in B6 compared with the number 
of antibody secreting cells in C3H mice. Although strain-specific responses 
have been found frequently in studies on drug-induced immune responses, it 
is remarkable that a strain claimed to be a typical Th1 responder shows higher 
antibody responses than typical Th2-responding C3H mice 37. In addition to 
effects due to genetic background, we have previously demonstrated that 
the chemical itself might be as important in determining the immunological 
outcome 38. For example, DF is capable of inducing intestinal damage 
and COX inhibition, and e.g., APAP in high doses results in liver damage. 
Although the doses for all compounds have been chosen carefully, possible 
pharmacological effects of the compounds should be taken into account 
when analyzing the data. 

2
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In conclusion, the present work shows that the oral exposure model using RA 
and the RA-PLNA may serve to screen the immune-adjuvant potential of new 
chemical entities during preclinical drug development.
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ABSTRACT

The formation of drug-protein adducts following the bioactivation of drugs to 
reactive metabolites has been linked to adverse drug reactions (ADRs) and is 
a major complication in drug discovery and development. Identification and 
quantification of drug-protein adducts in vivo may lead to a better understanding 
of drug toxicity, but is challenging due to their low abundance in the complex 
biological samples. Human serum albumin (HSA) is a well-known target of 
reactive drug metabolites due to the free cysteine on position 34 and is often 
the first target to be investigated in covalent drug binding studies. Presented 
here is an optimized strategy for targeted analysis of low-level drug-albumin 
adducts in serum. This strategy is based on selective extraction of albumin 
from serum through affinity chromatography, efficient sample treatment and 
clean-up using gel filtration chromatography followed by tryptic digestion 
and LC–MS analysis. Quantification of the level of albumin modification 
was performed through a comparison of non-modified and drug-modified 
protein based on the relative peak area of the tryptic peptide containing the 
free cysteine residue. The analysis strategy was applied to serum samples 
resulting from a drug exposure experiment in mice, which was designed to 
study the effects of different acetaminophen (APAP) treatments on drug 
toxicity. APAP is bioactivated to N-acetyl-p-benzoquinoneimine (NAPQI) in 
both humans and mice and is known to bind to cysteine 34 (cys34) of HSA. 
Analysis of the mouse serum samples revealed the presence of extremely 
low-level NAPQI-albumin adducts of approximately 0.2% of the total mouse 
serum albumin (MSA), regardless of the length of drug exposure. Due to the 
targeted nature of the strategy, the NAPQI-adduct formation on cys34 could 
be confirmed while adducts to the second free cysteine on position 579 of 
MSA were not detected.

INTRODUCTION

Drugs that are associated with adverse drug reactions (ADRs) and idiosyncratic 
drug reactions (IDRs) frequently possess the propensity for bioactivation 
and subsequent formation of drug-protein adducts 1. Although the exact 
mechanisms behind ADRs and IDRs still remain largely uncertain, drug-protein 
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adducts are suggested to be directly linked to selective organ toxicity and 
immune-mediated response 2–4. Elucidation of these mechanisms will lead to 
a better understanding of drug toxicity and may be achieved by identification 
of the target proteins of bioactivated drugs and their involvement in biological 
processes, such as inflammatory responses 1. However, the detection of drug-
protein adducts in vivo is extremely challenging since only minute amounts 
are present. Additionally, the low abundance of adducts in tissues and 
biofluids that possess a very wide dynamic range and a large excess of non-
adducted proteins further complicates their detection. Therefore, sensitive 
and selective analytical methodologies are needed for the analysis of drug-
protein adducts in complex biological samples.
Many target proteins of reactive drug metabolites have been identified from 
in vitro and in vivo animal experiments using global proteomics approaches, 
such as two-dimensional gel electrophoresis in combination with mass 
spectrometry (MS) detection 5. In such approaches, relevant protein spots 
are selected for further treatment based on autoradiography, in cases where 
radiolabeled drugs are used 6,7, or immuno-selective staining with antibodies 
raised against specific drugs 8,9. The selected protein spots are excised 
from the gel, in-gel digested and analyzed with liquid chromatography mass 
spectrometry (LC–MS) 9 or matrix-assisted laser desorption ionization 
(MALDI)-MS 6-8. Using immuno-blotting, 15 hepatic proteins, 12 of which 
are novel, were identified recently as likely targets of tienilic acid in rats 9, while 
a total of 64 protein targets (42 cytosolic and 24 microsomal) of radiolabeled 
thiobenzamide were identified in rat liver using phosphor imaging 6. 
Identification of the modification site, e.g., via detection of an adducted 
peptide in a proteomics-based strategy, would unambiguously confirm 
adduct formation to the identified protein, but this is often not achieved 
due to the low level of covalent binding 10 and the small amount of protein 
present in the gel spot. Additionally, detection of the adducted peptide would 
provide a means for quantification of the level of adduct formation, which 
could have important clinical and toxicological relevance 5.
In vitro experiments using trapping agents have shown that numerous 
reactive drug metabolites are reactive toward the thiol group in cysteines 11 

and many global proteomics approaches have identified human serum 
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albumin (HSA) as a protein target for covalent binding 1. This is due to the 
fact that HSA possesses an unpaired cysteine on position 34 (cys34) that 
is located on the surface of the protein and thus accessible to reactive drug 
metabolites, as can be seen in an image of the crystal structure (PDB ID: 
2BXB 12, created with Protein workshop 13 (Figure 1). Using this information, 
a targeted approach can be developed to investigate covalent binding to 
HSA. Such a targeted approach includes selective protein isolation, e.g., by 
affinity chromatography, prior to protein digestion and subsequent LC–MS 
analysis. This approach would provide the required selectivity and sensitivity 
for studying low-abundant proteins and their interactions 14,15.

  Figure 1. Crystal structure of Human Serum Albumin
(PDB ID: 2BXB 12, created with Protein workshop 13) indicating the position of cys34 and location of 
residue 579, which is a cysteine in MSA.

The increased sensitivity of targeted approaches may also be useful for 
monitoring of drug-protein adducts in clinical samples 16 where radiolabels 
or other distinct features for selective detection are not applicable. A limited 
number of examples of a targeted approach for the confirmation of in vivo 
adduct formation have been reported for drugs 17,18 and other xenobiotic 
compounds 10. In these studies, it was found that HSA, isolated from patient 
samples, was adducted at cys34 by nitrogen mustards 18 and N-acetyl-p-
benzoquinoneimine (NAPQI), the reactive metabolite of acetaminophen 
(APAP) 17.
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Covalent binding studies are an integral part of drug candidate evaluation in 
the pharmaceutical industry and may determine the fate of a lead compound. 
However, there is a need for advanced proteomics-based methodologies to 
study the relationship between drug-protein adducts and toxicity 19. 
The NAPQI-albumin adduct is perhaps the most well-known example of drug-
protein adduct formation and is therefore often used as a model adduct 20. 
Drug toxicity studies are generally performed in animal models, thus it is 
fortunate that the protein sequence and structure, i.e., disulfide bridges, of 
serum albumins are well conserved among various species 21,22. Nevertheless, 
it is important to note that small differences in the protein sequence may 
lead to different binding effects 23. Albumins of most species, including HSA 
and mouse serum albumin (MSA), contain the free cysteine on position 34. 
However, MSA represents a rather unique case because it also contains an 
additional free cysteine at position 579. Unfortunately, a crystal structure of 
MSA is not available, but, considering the fact that this cysteine is close to 
the C-terminus and the protein sequence is very similar to that of HSA, it is 
likely that this second free thiol in MSA is also accessible to reactive drug 
metabolites, see Figure 1 for the crystal structure of HSA.
In the here presented research, an analytical strategy was developed and 
optimized for identification and quantification of low-abundant drug-albumin 
adducts. The optimized strategy was subsequently applied to serum samples 
resulting from a drug exposure study in mice. In this study, the mice received 
a dose of APAP either for a single day or for seven consecutive days in order 
to study the kinetics of ADRs and determine whether there is a correlation 
with the formation of NAPQI-MSA adducts. 

MATERIALS AND METHODS

Chemicals and materials

Mouse serum albumin (MSA, ≥96%), bovine serum albumin (BSA, ≥98%), 
human serum albumin (HSA, 97-99%), acetaminophen (APAP, ≥99%), 
disodium hydrogen phosphate, sodium dihydrogen phosphate, potassium 
chloride, sodium chloride, Bradford reagent, guanidine HCl (GHCl), ammonium 
bicarbonate (ABC), HPLC standard peptide mixture, [Met5]Enkephalin acetate 
(≥ 95%, internal standard), dithiothreitol (DTT), iodoacetic acid (IAA), N-acetyl-
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p-benzoquinone imine (NAPQI) and ethanol (96%) were obtained from Sigma 
Aldrich (Schnelldorf, Germany). A synthetic version of the HSA peptide 
ALVLIAFAQYLQQC34PFEDHVK was kindly provided to us by R. Ekkebus 
(NKI, Amsterdam, the Netherlands). The HiTrap blue HP albumin affinity 
columns, prepacked with Blue Sepharose High Performance, (1 mL column 
volume) and NAP-25 gel filtration columns, prepacked with Sephadex G-25 
DNA Grade, (2.5 mL column volume) were purchased from GE Healthcare 
(Diegem, Belgium). Trypsin from bovine pancreas (EC 3.4.21.4) was supplied 
by Roche (Almere, The Netherlands). LC–MS analyses were performed with 
ULC-MS grade acetonitrile (ACN, 99.95%) and formic acid (FA, 99%) from 
Biosolve (Valkenswaard, The Netherlands). Purified water was provided by 
a Millipore Milli-Q unit (Amsterdam, The Netherlands). For the mouse oral 
exposure experiments, APAP was dissolved in distilled water (Aqua B. Braun, 
Melsungen, Germany).

Mouse study design

Four to six weeks old female C3H/HeN mice were purchased from Harlan 
(Venlo, The Netherlands). Mice were specific pathogen-free and maintained 
under barrier conditions in filter-topped macrolon cages with wood chip 
bedding at a mean temperature of 23 ± 2 °C, 50 - 55% relative humidity and 
a 12 h light/dark cycle. Drinking water and standard laboratory food pellets 
were provided ad libitum. The experiments were conducted according to the 
guidelines of, and with permission from, the animal experiments committee 
of Utrecht University. The C3H/HeN mice (n=8) received either a single dose 
or seven consecutive daily doses of 300 mg/kg APAP. This dose was chosen 
using the maximum tolerable dose as described in the datasheet of the 
compounds and as used in previous experiments 24. In both experiments, the 
control group consisted of eight mice that received the vehicle. The mice used 
in this study were part of a larger group (n=112) that showed little variation 
in weight (mean weight ± SD of 21.25 ± 1.179 g). 17-24 h following the last 
oral dose, blood was drawn by cheek pouch puncture and both plasma 
and serum was collected (Minicollect, Kremsmünster, Austria) for further 
analysis. Furthermore, a part of the liver was isolated, fixed in formalin and 
subsequently embedded in paraffin. 
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Alanine aminotransferase (ALAT) and aspartate aminotransferase (ASAT) 
levels were analyzed in plasma samples on the AU400® Chemistry System 
(Beckman Coulter Nederland B.V., Woerden, The Netherlands) at NOTOX B.V. 
(‘s-Hertogenbosch, The Netherlands). Plasma enzyme levels of APAP treated 
animals were compared to the combined control values obtained from both 
series of kinetics experiments. Multiple comparisons of group means were 
analyzed using one-way ANOVA with Dunnett’s as post test. A value of p<0.05 
was considered significantly different compared to the control values. Data 
was analyzed using Graphpad Prism version 5.00 for Windows (Graphpad 
Software, San Diego, CA, USA).

Optimization of sample preparation protocol

The conditions of the albumin affinity chromatography, gel filtration 
chromatography and freeze-drying steps were optimized using standard 
serum albumin solutions with varying concentrations in various buffers. Initial 
experiments were performed with BSA or HSA; selected experiments were 
repeated with MSA. Recoveries were determined based on the Bradford assay 
quantification results, which were obtained as follows. A series of calibration 
solutions of 0-1.4 mg/mL were prepared of the albumin standard used in the 
specific optimization experiment and in the appropriate buffer. The readout 
was performed in 96-well plates in which 10 µL of sample or calibration 
standard was added to 200 µL Bradford reagent, in duplicate. The plates 
were incubated at room temperature for 15-45 min before readout in triplicate 
at 595 nm using a Victor3 1420 Multilabel Counter plate reader from Perkin 
Elmer (Groningen, The Netherlands). The average absorbance of the triplicate 
measurements of the duplicate calibration samples was corrected for the 
blank and plotted against the concentration in mg/mL. The unknown protein 
concentrations of the samples were calculated using the linear regression 
equation obtained from the calibration curve.
LC–MS separation and detection conditions were optimized using a tryptic 
digest of standard MSA or NAPQI-MSA samples, prepared similarly as 
described in the next sections.
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Preparation of mouse serum and MSA standard samples

Ideally, 50 μL of serum from each control (n=8) and dosed (n=8) mouse was 
used for analysis. In some cases, a smaller volume of serum was obtained and, 
therefore, all serum samples were weighed to determine the available volume. 
The ≤ 50 μL portions of mouse serum were adjusted to the composition of the 
HiTrap binding buffer by dilution with 950 µL of 20 mM sodium phosphate,  
pH 7.0. Additionally, a 10 µM reference standard of MSA in binding buffer 
(n=8) was simultaneously prepared and received the same treatment as the 
serum samples.
Albumin was extracted from the mouse serum using HiTrap blue HP columns. 
The MSA reference standards underwent the same treatment in order to 
determine the recovery of MSA from the affinity column. The column was 
equilibrated with 10 column volumes of binding buffer followed by application 
of the sample. The unbound proteins were removed by washing the column 
with 10 column volumes of binding buffer. The bound MSA was eluted with 10 
mL of elution buffer, consisting of 20 mM sodium phosphate, 2.0 M sodium 
chloride, pH 7.0. The first 3 mL of the elution step, containing the bulk of the 
bound MSA, was collected and used for further treatment. The total protein 
content was determined by Bradford assay as described in the previous 
section. 
The purified MSA was buffer exchanged to denaturation buffer (2.0 M GHCl, 
50 mM ABC, pH 8.5) using NAP-25 gel filtration columns. An improved 
protocol was used to avoid further dilution of the sample while maintaining 
a high recovery. The columns were equilibrated with 25 mL of denaturation 
buffer before application of the 3 mL sample. The protein fraction was 
subsequently eluted by application of an equal volume (3 mL) of the same 
buffer thereby avoiding dilution of the sample. The samples were allowed to 
denature overnight at 4°C.
The following morning, the disulfide bridges in the MSA samples were reduced 
by the addition of a 50-fold molar excess (50 × total number of cysteines 
(36) × MSA concentration) of DTT and incubation at 50°C for 30 min. After 
reduction, the samples were allowed to cool down to room temperature and 
the resulting thiol-groups were alkylated with a 75-fold molar excess of IAA 
(1.5-fold excess over DTT) at room temperature and in the dark for 30 min. 
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Subsequently, a buffer exchange and desalting step was performed using the 
same NAP-25 protocol mentioned above, only now Milli-Q water was used for 
equilibration of the column and elution of the protein.
The samples were concentrated by freeze-drying for 6.5 h using a Centrivap 
concentrator (Labconco, Kansas City, MO, USA), which was kept at room 
temperature and was connected to an automatic freeze dryer (The VirTis 
Company Inc, Gardiner, NY, USA). The dried protein samples were either stored 
at -20°C until further treatment or directly redissolved in 250 µL of 50 mM 
ABC buffer, pH 8.4, followed by digestion. Tryptic digestion was performed 
overnight using optimized conditions as described elsewhere 25. In short, 
trypsin was added to the samples in a protein-to-enzyme ratio of 100:1 (w/w). 
The samples were subsequently incubated at 24°C overnight (~15 h) followed 
by the addition of FA to a final concentration of 0.1%. Finally, the internal 
standard was added to a final concentration of 31.5 µM and a final volume 
of 350 µL was obtained by the addition of digestion buffer. The samples were 
either analyzed immediately with LC–MS or stored at -20°C.

In vitro preparation of NAPQI-MSA adducts

To assess whether the cysteine 579 (cys579) residue in MSA is accessible to 
reactive drug metabolites and whether adduct formation can take place at this 
site, the NAPQI-MSA adduct was prepared in vitro according to the following 
protocol. Synthetic NAPQI (1 mg) was dissolved in 80 µL of DMSO and 30 µL 
of this solution, representing a 50-fold molar excess, was added to 3 mg of 
MSA reconstituted in 2.97 mL of a 10 mM phosphate buffered saline (PBS) 
buffer, pH 7.4. The adduct formation reaction was left to proceed at room 
temperature for 1 h before buffer exchange to PBS buffer. Five sequential 
gel filtration steps were performed in order to completely remove the excess 
NAPQI and prevent adduct formation to other cysteines after reduction of the 
disulfide bridges. From then on, the purified NAPQI-MSA received the same 
treatment as the mouse serum samples and was analyzed in triplicate.

LC–MS analysis

The digested MSA samples were analyzed with a 1200 series Rapid 

Resolution LC system coupled to a 6520 QTOF mass spectrometer (Agilent 
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Technologies, Amstelveen, The Netherlands), that was controlled by the 
Agilent Masshunter Workstation Acquisition software (version B.02.00).  
The tryptic peptides were separated on an Agilent XDB-C18 column 
(50 mm × 4.6 mm, 1.8 µm particles) that was protected by a C18 guard 
column (4 mm × 2 mm) from Phenomenex (Utrecht, The Netherlands). 
The LC–MS settings were based on a previously published method for the 
analysis of NAPQI-HSA digests 25 and slightly modified for NAPQI-MSA 
digests. In order to gain additional retention for the cys34 and cys579 
peptides, the mobile phases were changed to 2.5% ACN, 0.1% FA in water 
for eluent A and 2.5% water, 0.1% FA in ACN for eluent B. In addition, the 
gradient method was extended to a total runtime of 48 min. Gradient elution 
was performed by holding the % B at 0% for the first 5 min, followed by a 
linear increase to 40% B in 23 min. The column was then washed at 100% 
B for 7 min and re-equilibrated for the next run at 0% B for 13 min. The 
flow rate was set to 0.6 mL/min and the temperature of the thermostated 
column compartment was maintained at 40°C. 
Using an internal switch valve, the LC flow from 4-28 min was directed to the 
mass spectrometer, which was operated in 2 GHz, extended dynamic range 
mode. The electrospray ionization source was operated in positive mode 
(ESI+), the capillary voltage was set to 3500 V and nitrogen (99.9990%) was 
used as the drying (350°C) and nebulizer gas at a flow rate of 12 L/min and 
a pressure of 60 psig, respectively. Profile data was acquired at a rate of 
1.25 spectra/s in data-dependent mode where the most intense ion (m/z 
300-2000) was selected for fragmentation and subsequently excluded from 
fragmentation for 0.2 min. Fragmentation spectra of selected ions were 
recorded over an m/z range from 50 to 2000, at a rate of 1.03 spectra/s using 
a fixed collision energy voltage of 20 V and nitrogen as the collision gas. An 
aqueous blank sample and the HPLC peptide standard mixture (containing 
0.5 µg/mL of Gly-Tyr, Val-Tyr-Val, [Met5]enkephalin acetate, Leu-enkephalin 
and angiotensin II acetate) were analyzed after every sample run to check 
the stability of the LC–MS system throughout the sequence. These control 
samples were analyzed using a shorter method with a runtime of 22 min. 
During this method, the concentration B increased from 0-50% over the first 
7 min, was held constant at 100% B for 5 min, and finally held at 0% B for 10 
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min. Full-spectrum MS data (m/z 20-1500) was collected during the first 7 
min of the run at a rate of 1.03 spectra/s. The LC flow rate and ESI source 
conditions were the same as described above.

Data analysis

Peak extraction (using a 20 ppm half-width m/z window) and integration was 
performed with the Agilent Masshunter Qualitative Analysis software (version 
B.02.00). The peak areas were normalized to the peak area of the internal 
standard. The level of adduct formation was determined by the ratio between 
the peak area of the NAPQI-cys peptide divided by the total peak area of 
cys peptide (sum of all charge states of the carboxymethylated and NAPQI-
modified).

RESULTS AND DISCUSSION

Method development and optimization

Albumin is the most abundant serum protein, but only a very small 
percentage is modified by reactive drug metabolites. This means that in our 
mouse study the NAPQI-MSA adduct is extremely low abundant and, adding 
to this challenge, it is in the presence of a large excess of non-modified 
MSA. Furthermore, the NAPQI-modification represents a very small addition 
of only 149.07 Da to the large MSA protein molecule of 65.9 kDa and 
does not have a large effect on the protein characteristics. The difference 
between the two MSA species is, therefore, too small to achieve a separation 
using conventional techniques. For the analysis of NAPQI-MSA adducts in 
serum, a sample preparation and analysis methodology was developed and 
optimized in order to deal with the low abundance of the NAPQI-MSA adduct 
(Figure 2). The optimization of the various steps is discussed in some detail 
below.
The albumin, both NAPQI- and non-modified, was extracted from the mouse 
serum by albumin affinity chromatography using HiTrap cartridges. If 
available, a starting sample volume of 50 µL mouse serum was used that 
was adjusted to the HiTrap binding conditions by dilution with binding 
buffer. To determine the optimal dilution volume, different sample volumes 
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of 1.0-3.0 mL were evaluated, but significant differences in the recovery of 
BSA were not detected (69 ± 8%, n = 8). An application volume of 1.0 mL 
(recovery 71 ± 11%, n = 4) was chosen for use in the final protocol.
Regarding the elution volume, the bulk of HSA (> 90%) eluted within the first 
3.0 mL from the HiTrap cartridge, thus this was considered as the optimum 
elution volume. Finally, a different buffer system based on GHCl and ABC at 
pH 8.5 was also investigated for HiTrap binding and elution, but this led to a 
decreased recovery of <50%. 

Serum sample

Albumin affinity 
chromatography

Bradford assay

NAP-25 
gel filtration

Denaturation, 
reduction & 
alkylation

Freeze-drying

Tryptic digestionNAP-25 
gel filtration

LC-MS analysis, 
identification & 
quantification

 

Figure 2. Sample preparation and analysis strategy. 

The recovery of BSA and HSA from the HiTrap columns using the standard 
Sodium phosphate binding and elution buffers at pH 7.0 was comparable, 
87% and 90% (n=4), respectively. However, the recovery decreased over time 
with repetitive use of the columns. Therefore, new HiTrap columns were 
used for the mouse serum samples. Unfortunately, the binding of MSA to 
the HiTrap columns is less efficient 26, resulting in a recovery of 59 ± 9%  
(n = 16). The low recovery could easily be compensated by increasing the 
initial starting volume of 25 µL to 50 µL serum, when available. Although this 
also leads to a higher concentration of non-modified MSA in the final sample, 
the final concentration of NAPQI-MSA will theoretically be in the nanomolar 
range (after the freeze-drying step), assuming that ~0.1% of the total MSA 
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is modified by NAPQI. This concentration of NAPQI-MSA is well within the 
detectable range. 
The HiTrap albumin affinity step leads to a 60-fold dilution of the original  
50 µL of serum to 3 mL of purified albumin. To avoid further dilution and 
sample losses, the standard NAP-25 gel filtration protocol (application of 2.5 
ml of sample and elution with 3.5 ml buffer) was adapted for better alignment 
with the HiTrap elution step. Therefore, the total 3.0 mL of eluted sample 
from the HiTrap cartridges was applied to the gel filtration column and elution 
from this column was performed with 3.0 mL of buffer. Using a 1 mg/mL BSA 
solution in water, the recovery of this protocol was found to be above 90% and 
with two consecutive gel filtration steps the recovery was still above 85%. In 
order to counteract the 60-fold dilution and increase sensitivity, the effect of 
a freeze-drying step on protein stability and recovery was also investigated. 
After 6 h of freeze-drying and redissolving the dried protein in a volume of 250 
µL, a more than 10-fold concentration factor and a recovery of 94 ± 6% (n = 6) 
were achieved.  
The tryptic digestion and LC–MS conditions were optimized previously for 
NAPQI-HSA cys34 adducts with respect to protein coverage and peak area 
of the modified cys34 peptide 25. These optimized conditions also provided 
better results in the identification of MSA adducts and, thus, were applied in 
the current study. However, the peptides of interest containing the possible 
adduct formation sites resulting from the tryptic digestion of (NAPQI-)MSA, 
C34SYDEHAK and C579KDALA, are much shorter in length than the cys34 
peptide of HSA, ALVLIAFAQYLQQC34PFEDHVK. The cys579 peptide still 
contains a lysine, but this is not considered as a tryptic cleavage site due 
to the cysteine in the p2 position and aspartic acid in p1’, as is stated for 
the tryptic cleavage rules in the ExPASy database 27. This part of the MSA 
sequence was also never detected in any other form.
The relatively short carboxymethylated cys34 and 579 peptides from MSA 
showed little retention and co-eluted with the internal standard. Therefore, 
some adjustments to the LC-MS method were made for increased retention 
and separation of the peptides of interest. Additionally, several peptides 
were tested for use as an internal standard; [Met5]Enkephalin (YGGFM) was 
selected due to its favorable retention time of 18.8 min (peak 5). With this 
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optimized method, the C34(carboxymethyl)SYDEHAK (peak 1, tR 4.9 min) and 
C579(carboxymethyl)KDALA (peak 2, tR 11.4 min) could be separated and 
detected, see Figure 3. Furthermore, two peaks were observed for each NAPQI-
cys peptide adduct, which is most likely due to the formation of regioisomers 
17, (peaks 3 and 4, a and b in Figure 3).

Figure 3. LC–MS results from the analysis of a tryptic digest of NAPQI-MSA. 
The extracted-ion chromatograms (EICs) of the doubly-charged ions with m/z 505.69 (peak 1, 
C34(carboxymethyl)SYDEHAK), m/z 339.66 (peak 2, C579(carboxymethyl)KDALA), m/z 551.23 (peaks 
3a and b, C34(NAPQI)SYDEHAK) and m/z 385.19 (peaks 4a and b, C579(NAPQI)KDALA) are shown in 
black. In the background, a total ion chromatogram (TIC) is shown in grey. For purpose of clarity, 
different scales were used for the y-axis. Proposed structures of the regioisomeric adducts are shown 
in the top left corner.

Adduct quantification

Information about the level of albumin adduct formation present in the mouse 
serum is necessary in order to determine the effect of different drug exposure 
regimes in the two mouse studies. Ideally, quantification of the NAPQI-MSA 
adduct in the samples would be done at the protein level. However, since the 
resolution between MSA and NAPQI-MSA and/or the sensitivity were simply 
insufficient in MALDI-TOF MS and Orbitrap MS experiments (data not shown), 
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quantification could only be done at the peptide level where the NAPQI-
modified peptides are easily separated from the non-modified species. 
In order to achieve reliable quantification, an internal standard must be  
used 28. Given the large sequence homology between albumins, a tryptic cys34 
or cys579 peptide from another albumin with a slightly different sequence 
would be a good choice. Unfortunately, MSA is the only commercially available 
albumin with a free cys579 and yields a much shorter cys34 peptide than other 
albumin species. Another possibility would be absolute adduct quantification 
using a synthetically prepared NAPQI-cys34 peptide, as applied by Damsten 
et al. 17. Using a synthetic NAPQI-cys34 peptide, levels of 3-35 pmol/mL of 
NAPQI-HSA adducts in patient serum were detected. However, this approach 
requires a labeled reference peptide to be synthesized for each adduct, which 
can be a tedious process. An extra limitation for the preparation of reference 
adducts is the limited availability of reactive metabolites since NAPQI is the 
only one that can be obtained commercially.
Another evaluated option was the use of a MSA reference standard for external 
quantification of the NAPQI-MSA level in the mouse serum samples. This was 
accomplished by comparing the peak areas of five selected MSA peptides 
to the peak areas of the corresponding peptides in the tryptic digests of the 
purified mouse serum samples. This provides the total MSA concentration. 
Subsequently, a decrease in the peak areas of the non-adducted cys34 and 
579 peptides in both types of samples can be assumed to be a measure of 
the percentage of NAPQI-modified MSA in the mouse serum samples. The 
five reference peptides were selected from the MSA digest based on the 
following criteria: 1) not to contain cysteines in order to prevent problems 
with incomplete reduction and alkylation, 2) be well distributed over the 
chromatogram and the protein sequence, 3) no missed cleavages in or next to 
peptide in order to prevent inaccuracies due to incomplete digestion, 4) limited 
coelution with other peptides. All peptides were normalized to the internal 
standard to correct for changes of MS signal intensity over time. Using this 
strategy, the MSA concentration in the in vitro generated NAPQI-MSA samples 
could be determined accurately at 84 ± 14% of the actual concentration (n 
= 5 or 7). The adduct levels were predicted to be 40 ± 3% and 51 ± 13% for 
cys34 and 579, respectively. Unfortunately, when this strategy was applied 
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to the serum samples from the mouse study, it suffered from matrix effects 
most likely caused by the co-extraction of other serum proteins during the 
albumin affinity chromatography step and the biological variation. These 
phenomena result in high %RSD values making it problematic to accurately 
quantify adduct levels of 0.1%. 
Finally, it was decided to perform a relative quantification of the NAPQI-MSA 
adduct level within each sample without the use of any reference standard, 
thereby avoiding all disadvantages described above. This was done by 
determination of the relative ratio between the peak areas of all charge states 
of the NAPQI-cys peptide and that of the total cys peptide peak area, which is 
the sum of the NAPQI-cys and carboxymethylated-cys peptide. Hereby, it was 
assumed that the ionization efficiency of both forms of the cys peptides was 
similar. With this method, all samples could be subjected to quantification 
under the same conditions and low adduct levels could be determined. 

Analysis of in vitro NAPQI-MSA

In contrast to HSA, MSA contains a second free cysteine at position 579. No 
information was available about the accessibility of this cysteine for small 
molecules. By in vitro incubations of MSA with synthetic NAPQI under non-
denaturing conditions, it was shown that cys579 can also be modified with 
NAPQI (synthetic labeling efficiency 79 ± 1.3%), even to a higher extent than 
cys34 (55 ± 2.5%). If this adduct is also found in vivo, it could have implications 
for the extrapolation of drug toxicity effects in mice to human. For both the 
C34(NAPQI)SYDEHAK and C579(NAPQI)KDALA peptides, the formation of the 
later eluting regioisomer is strongly favored over the other.
Sequence analysis of the MS/MS spectra of the ions m/z 505.69 (tR 4.9 
min, C34(carboxymethyl)SYDEHAK) and m/z 551.23 (tR 12.9 min, C34(NAPQI)
SYDEHAK), (Figure 4a and b), confirms the presence of the NAPQI adduct on 
the cys34 position by the presence of an almost complete y-ion sequence. 
Characteristic ions of the doubly- (m/z 551.23) and triply-charged (m/z 367.83) 
C34(NAPQI)SYDEHAK peptide of the other regioisomer (tR 12.1 min) were 
observed, their intensity was insufficient for adequate MS/MS fragmentation. 
Due to the short length of the cys579 peptide, the MS/MS spectra of the 
C579(carboxymethyl)KDALA (tR 11.4 min, Figure 4 c) and C579(NAPQI)KDALA 
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Figure 4. 
MS/MS spectra of C34(carboxymethyl)SYDEHAK (a), C34(NAPQI)SYDEHAK (b), C579(carboxymethyl)
KDALA (c) and C579(NAPQI)KDALA (d).
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(tR 15.0 min, Figure 4d) are more challenging to interpret, but the presence of 
the NAPQI-cys adduct on position 579 could be confirmed from a partial b-ion 
sequence. The identification of the C579(NAPQI)KDALA peptides is further 
complicated by the adjacent elution of isobaric peptides (m/z 385.21, tR 14.1 
and 15.2 min) with the same charge state. However, the MS/MS spectra 
of these ions contain a fragment ion with m/z 147.11 characteristic of a 
C-terminal lysine (data not shown) and, thus, are distinctly different peptides. 

Histological and liver enzyme analysis

Hepatoxicity caused by oral exposure to APAP was determined by both 
histological analysis and plasma levels of the liver enzymes ALAT and ASAT. 
Blood flow in the liver runs from the portal area toward the central veins from 
which blood is subsequently transported to the inferior vena cava. Previous 
animal experiments showed that administration of APAP resulted in liver 
damage, indicated by the presence of necrotic areas around the central vein 
areas 29–32. Histological examination of the mouse livers from the current 
study showed similar necrotic centrilobular areas in the livers from mice 
orally exposed to APAP, which could be identified by minor cell swelling 
and loss of hepatic structure at this site, (Figure 5). Surprisingly, no clear 
differences in liver damage and necrotic areas were observed between the 
groups that received a single or seven consecutive exposures to APAP. 
In addition to the histological analysis, serum levels of the liver enzymes ALAT 
and ASAT were determined, (Figure 6). Serum biomarkers, such as ALAT 
and ASAT levels, are generally used to indicate the presence of liver injury 
following drug exposure 32–34. In our experiments, the level of ALAT in plasma 
was significantly increased in both the single and seven times exposed 
groups, which is indicative for APAP-induced liver damage. However, this 
effect was not observed for ASAT levels. Similar to the histological analysis, 
also no differences were observed between the single and multiple dosed 
groups in terms of liver enzymes. Several experiments have shown time 
dependent increases in liver enzyme levels following administration of APAP. 
However, there does not seem to be a clear relationship between ALAT en 
ASAT levels, as exemplified by several studies performed in animals 35,36 and 
humans 17,37. 
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Figure 5. Histological representation of liver. 
Mice were exposed orally to either a single or seven consecutive doses of acetaminophen. Within 24 
h of the last dose, a part of the liver was collected and paraffin embedded sections of the liver were 
stained with hematoxylin and eosin. Representative sections for controls (a) and APAP (b) treated 
animals are shown. PV: portal vein, CV: central vein (Magnification 4x).

A

PV

PV

PV

CV

CV

B

PV

CV
PV

CV

CV



78

Analysis of NAPQI-MSA in mouse serum samples
Finally, the optimized analysis and quantification strategy was applied to the 
serum samples from the mouse study. The one- and seven-day experiment 
each consisted of eight control mice and the same number of dosed mice, 
resulting in the collection of 16 serum samples for each experiment. Low- 
abundant NAPQI-MSA adducts to cys34 were detected in all of the serum 
samples collected from the dosed mice, of both the one-day and seven-
day experiment, (Figure 7). In the extracted ion chromatogram (EIC) of 
triply-charged C34(NAPQI)SYDEHAK (m/z 367.82 at 12.7 min, Figure 7a), a 
significant difference was observed between the control and dosed mouse 
serum sample. The other regioisomer of C34(NAPQI)SYDEHAK is also present 
at 12.1 min, albeit at a very low intensity. No difference was observed between 
control and dosed mice in the EICs of m/z 385.19, the expected m/z of the 
doubly-charged C579(NAPQI)KDALA (Figure 7b). Although the cys579 residue 
could be modified by NAPQI in vitro, this adduct was not detected in vivo. 
Reasons for this could be a preference for modification of cys34 by NAPQI in 
vivo, resulting in a lower modification level of cys579 and possibly insufficient 
abundance for detection, or a complete absence of cys579 modification.
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Figure 6. Serum levels of liver enzymes from animals orally exposed to vehicle or APAP. 
Mice were orally exposed to a single or seven consecutive doses of vehicle or APAP. Within 24 hours 
of the last oral dosing, serum and plasma was collected and ALAT (a) and ASAT (b) levels in plasma 
were determined (each bar represents the mean ± SEM of 8-16 (controls) or 3-8 (APAP) animals per 
group). *** p<0.001.
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The total MSA concentration in the final sample and in serum was calculated 
based on the results of the Bradford assay and the empirically established 
recoveries of MS after each of the sample preparation steps, see Table 1. 
Liver toxicity is the ADR associated with APAP overdose and changes in the 
serum albumin level could be a first indication of a disruption in liver function. 
However, the albumin levels in the APAP-dosed mice were not different from 
those of the control mice, nor were there significant differences detected 
between the one- and seven-day experiments.
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Figure 7. LC–MS results of a control (black trace) and APAP-dosed (grey trace) serum sample from 
the mouse study. 
EIC’s of m/z 367.82 (a) of the triply-charged C34(NAPQI)SYDEHAK and m/z 385.19 (b) representing the 
doubly-charged C579(NAPQI)KDALA peptide.

By application of the relative quantification strategy based on the tryptic cys34 
peptides, the NAPQI-MSA adduct levels detected in the dosed mouse serum 
samples of both the one- and seven-day experiment were found to be 0.20% 
and 0.21% of the total MSA concentration, respectively, which represents a 
final sample concentration of NAPQI-MSA in the nanomolar range (Table 1). 
As expected, the detected adduct levels are extremely low, but, due to the 
prolonged drug treatment, higher NAPQI-MSA adduct levels were expected 
in the seven-day experiment. Surprisingly, the detected adduct levels were 
similar for both mouse experiments, which is in good agreement with the 
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plasma levels of liver enzymes and histological liver analysis. A possible 
explanation of these results could be adaptation to the drug treatment after 
prolonged exposure. On the other hand, the liver function may have already 
been severely disrupted after a single high dose of APAP such that prolonged 
exposure on seven consecutive days did not lead to the formation of more 
NAPQI and subsequent NAPQI-MSA adducts than in the one-day experiment. 

The average NAPQI-MSA serum concentration was calculated to be 2.1 and 
1.8 nmol/mL serum for the one- and seven-day experiment, respectively. 
These levels are 50 to 700-fold higher than previously detected in patients 
after APAP overdose 17. This disagreement may have several causes, such as 
interspecies differences and the different methods used for quantification.
Furthermore, relatively high standard deviations were observed for the NAPQI-
MSA adduct levels. These may partly be due to variation caused by the sample 
preparation and analysis method, but mainly results from the individual 
biological variation between the eight mice in a treatment group.
Similar to humans, each mouse is genetically distinct and a mouse population 
may display the same variation in response as a human population 38,39 
This was also observed for the current experiment, as reflected by the 
physiological behavior of the mice as well as the detected NAPQI-MSA levels 
and standard deviations. On the other hand, great care should always be taken 
when extrapolating results from in vitro experiments to in vivo studies and 
from animal models to the human situation. The difference in covalent drug 
binding sites in vitro and in vivo, and between HSA and MSA may not be of any 
influence on the observed ADRs of the two species, but, when studying the 
mechanisms behind ADRs, a difference in number and absence or presence 
of drug binding sites on target proteins involved in human signaling pathways 
may influence the outcome significantly.
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CONCLUSION

The developed analytical strategy was successfully applied to mouse serum 
samples resulting from a drug exposure study and achieved detection and 
quantification of low-abundant drug-albumin adducts despite the presence 
of an excess of non-modified protein. As expected, the NAPQI-MSA adduct 
levels were extremely low, approximately 0.2% of the total MSA, but, due to the 
optimized strategy, the NAPQI-MSA concentration in the final samples was 
still in a detectable range. Additionally, the increased selectivity and sensitivity 
of the targeted methodology allows for confirmation and characterization 
of the NAPQI-MSA adduct in terms of localization of the adduct formation 
site. Another advantage of the examined identification and quantification 
approach is its generic nature, which permits application to different drug-
albumin adducts. 

ACKNOWLEDGEMENTS

The authors acknowledge the technical support provided by Dr. M. Stitzinger and 
M.H.M. van Tuyl, M.Sc. and the technicians of NOTOX BV (‘s-Hertogenbosch, 
The Netherlands) for measuring liver enzymes. This research was performed 
within the framework of project D3-201 “Towards novel translational safety 
biomarkers for adverse drug toxicity” of the Dutch Top Institute Pharma.

Calculated MSA values 
(average ± stdev, n = 8)

1 day 7 days
APAP Control APAP Control

Total mg MSA/mL serum 69.3 ± 5.3 64.3 ± 8.6 56.3 ± 9.9 47.0 ± 5.0

µM MSA final sample 60.3 ± 5.4 55.8 ± 7.8 57.7 ± 10.8 48.9 ± 5.5

% MSA modified by NAPQI 0.20 ± 0.12 0 0.21 ± 0.09 0

µM NAPQI-MSA final sample 0.12 ± 0.08 0 0.12 ± 0.07 0

nmol NAPQI-MSA/mL serum 2.1 ± 1.4 0 1.8 ± 1.0 0

Table 1. Summary of quantification results.
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ABSTRACT

The development of immune-dependent drug hypersensitivity reactions 
(IDHR) is likely to involve activation of the innate immune system to stimulate 
neo-antigen specific T cells. Previously it has been shown that, upon oral 
exposure to several drugs with immune-adjuvant capacity, mice developed 
T-cell dependent responses to TNP-OVA. These results were indicative of 
the adjuvant potential of these drugs. The present study set out to evaluate 
the nature of this adjuvant potential by focusing on early immune changes in 
the spleen, by testing several drugs in the same experimental model. Mice 
were exposed to one or multiple oral doses of previously-tested drugs: the 
non-steroidal-anti-inflammatory drug (NSAID) diclofenac (DF), the analgesic 
acetaminophen (APAP), the anti-epileptic drug carbamazepine (CMZ) or the 
antibiotic ofloxacin (OFLX). Within 24 h after the final dosing, early innate and 
also adaptive immune parameters in the spleen were examined. In addition, 
liver tissue was also evaluated for damage. Exposure to APAP resulted in 
severe liver damage, increased levels of serum alanine aminotransferase 
(ALT) and local MIP-2 expression. DF exposure did not cause visible liver 
damage, but did increase liver weight. DF also elicited clear effects on splenic 
innate and adaptive immune cells, i.e. increased levels of NK cells and memory 
T-cells. Furthermore, an increase in plasma MIP-2 levels combined with an 
influx of neutrophils into the spleen was observed. OFLX and CMZ exposure 
resulted in increased liver weights, MIP-2 expression and up-regulation of co-
stimulatory molecules on antigen-presenting cells (APC). The data suggested 
that multiple immune parameters were altered upon exposure to drugs known 
to elicit immunosensitization and that broad evaluation of immune changes 
in straightforward short-term animal models is needed to determine whether 
a drug may harbor the hazard to induce IDHR. The oral exposure approach as 
used here may be applied in the future as an immunotoxicological research 
tool in this type of evaluation.

INTRODUCTION

Immune-dependent drug hypersensitivity reactions (IDHR) are an important 
reason for black box warnings or even withdrawal of a drug from the market. 
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Unfortunately, due to their relatively rare occurrence, IDHR are often not 
noticed until a drug has been marketed for some time. Furthermore, their 
etiology is very complex and multiple inherent and environmental factors are 
known to contribute to the induction of IDHR 1. Because of the idiosyncratic 
nature of IDHR, available standard toxicity studies do not suffice to identify 
these drug reactions and, instead, a panel of more mechanism-oriented 
models and methods are most likely needed to identify a drug’s potential to 
induce IDHR.
The prevailing hypotheses related to IDHR include so-called hapten-protein 
formation of reactive drug metabolites 2–5 and the induction of cellular 
damage, leading to cellular stress and danger signals 6. The former may 
result in presentation of drug-metabolites in conjunction with MHC-peptide 
complexes, whereas the latter may cause cell stress-associated up-regulation 
of costimulatory signals on antigen-presenting cells (APC) and, thus, efficient 
antigen presentation and T-cell sensitization. We and others have previously 
shown that up-regulation of costimulatory signals, collectively representing 
signal 2, is a key process in drug-induced immune responses 6–12. To 
demonstrate the capacity of a drug to provide co-stimulatory adjuvant signals, 
the potential to stimulate adaptive immune responses to unrelated bystander 
antigens, such as trinitrophenyl-ovalbumin (TNP-OVA), can be determined 13–16. 
Recently, we have explored the immunosensitizing potential of several 
immunostimulating drugs using oral exposures in inbred mouse strains; it 
was found that a number of model drugs known to induce IDHR were able to 
stimulate T-cell-dependent immune reactions to TNP-OVA. Among these were 
acetaminophen (APAP), diclofenac (DF), carbamazepine (CMZ), ofloxacin 
(OFLX), D-penicillamine and nevirapine 17,18. In the current study, we set out 
to identify early immunological changes in the spleen in response to four of 
these previously tested drugs, namely APAP, DF, CMZ and OFLX. Using the 
same experimental set-up with oral dosing and a generally non-toxic dose 
(based on previous studies; see 18), this study showed that all used drugs 
induced a mild-to moderate stimulation of innate immune responses.
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MATERIALS AND METHODS

Mice

C3H/HeN mice (female, 4–6-weeks-of-age; n=8/treatment group) were 
purchased from Harlan (Venlo, the Netherlands). Mice were specific pathogen-
free and housed under barrier conditions in filter-topped macrolon cages with 
woodchip bedding in a facility maintained at 23 ± 2 °C, with a 50–55% relative 
humidity and a 12-h light/dark cycle. Drinking water and standard laboratory 
food pellets were provided ad libitum. Female mice were used since they are 
known to fight less and are, therefore, less stressed compared to male mice. 
All experiments were conducted according to the guidelines of, and with 
permission from, the Animal Experiments Committee of Utrecht University.

Chemicals

Chemicals used for oral administration were obtained from Sigma-Aldrich 
(Zwijndrecht, the Netherlands). All compounds used for oral administration 
were dissolved in distilled water. carbamazepine was dissolved in a 1% 
carboxymethylcellulose (CMC) solution in distilled water. Tissue culture 
reagents were purchased from Invitrogen Life Technologies (Paisley, 
Scotland) or Greiner Bio-one (Frickenhausen, Germany).

Oral exposure protocol

Mice received ofloxacin (OFLX), acetaminophen (APAP), carbamazepine 
(CMZ) or diclofenac (DF) by oral gavage, according to the dosing regimen 
depicted in Table 1. OFLX was given at a dose of 300 mg/kg; CMZ at a dose 
of 100 mg/kg; APAP at a dose of 300 mg/kg and DF at a single dose of 
75 mg/kg or seven doses of 10 mg/kg. The different regimens were chosen 
using the maximum tolerable dose, as described in the datasheet of the 
compounds and as used in previous experiments 11; thus, no dose–response 
experiments were performed here. To prevent severe stomach ulceration, the 
repeated exposures with DF were done using a relatively low dose. At 17–24 
h following the final oral dosing, blood was drawn (by cheek-pouch puncture) 
and both plasma and serum were collected for further analysis (Figure 1). 
Subsequently, the mice were euthanized by cervical dislocation. At necropsy, 
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a part of the liver was removed, snap-frozen in liquid N2, and stored at  
-80°C until further analysis. The spleen was removed in total and weighed 
immediately. Subsequently a part of the spleen was removed, weighed again 
and used for splenocyte isolation. The other part of the spleen was snap-
frozen in liquid N2 and stored at -80°C until further analysis.

Figure 1. Experimental protocol. C3H/HeN mice (n=8/group) were treated orally with either a single 
(dosing frequency 1x) or multiple doses (dosing frequency 7x) of DF, APAP, CMZ or OFLX. Within 24 h 
after the last oral dose, blood was drawn via cheek pouch puncture. Subsequently, the animals were 
euthanized and the liver and spleen were removed for analysis. 

Splenocyte isolation

A part of the spleen was made into a single cell suspension by first placing it 
into ice-cold complete RPMI 1640 supplemented with 2.5% fetal calf serum 
and 1% penicillin/streptomycin (RPMI/2.5%). Cells were mashed through 
a 70-µm cell strainer, red blood cells were removed by incubating the cells 

Drug Dosing frequency Dose (mg/kg) Dosing Volume (µL) vehicle

Diclofenac 1x 75 200 Distilled water
Diclofenac 7x 10 200 Distilled water
Acetaminophen 1x 300 300 Distilled water
Acetaminophen 7x 300 300 Distilled water
Carbamazepine 1x 100 300 1 % CMC
Carbamazepine 7x 100 300 1 % CMC
Ofloxacin 1x 300 200 Distilled water
Ofloxacin 7x 300 200 Distilled water

Table 1: oral dosing scheme
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with a hypotonic lysis buffer (0.16 M NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA 
pH 7.4) on ice for 1 min followed by a single wash with phosphate-buffered 
saline (PBS, pH 7.4). Cells were then washed twice with RPMI/2.5% and 
finally resuspended in ice-cold complete RPMI 1640 supplemented with 10% 
fetal calf serum and 1% penicillin/ streptomycin (RPMI/10%). Cell numbers 
were determined using a Coulter Counter (Beckman Coulter, Woerden, The 
Netherlands) and adjusted to 1x106 viable cells/ml. Total spleen cellularity 
was subsequently recalculated using counted cell numbers and the ratio 
between total spleen weight and the weight of the part used for splenocyte 
isolation. 

Flow cytometry

For flow cytometric analysis, aliquots of 2–5x105 cells were stained in 
FACS buffer (PBS containing 0.25% bovine serum albumin (BSA), 0.5 mM 
EDTA and 0.05% NaN3). Antibodies labeled with fluorescein isothiocyanate 
(FITC), R-phycoerythrin (RPE), perinidin chlorophyll protein (PerCP) or 
allophycocyanin (APC) were used to identify various immune subsets. 
After a pre-incubation with anti-CD16/CD32 (2.4G2) to block FcR (to inhibit 
non-specific binding), cells were incubated with the specific antibodies 
(at manufacturer recommended levels) for 30 min at 4°C in the dark, then 
fixed and stored in 0.4% formaldehyde until acquisition. Leukocytes were 
characterized using (antibodies obtained from eBioscience, San Diego, CA 
or BDPharmingen, Eerenbodegem, Belgium) as follows: T cells - CD4 (clone 
RM4-5)-PerCP, CD62L-APC (clone MEL-14), CD8 (clone 53-6.7)-FITC and 
CD44 (clone IM7)-PE; B-cells - CD19 (clone 1D3)-APC, CD86 (clone GL-1) 
-PerCP, CD80 (clone 16-10A1)-PE, MHCII (clone M5/114.15.2)-FITC; DC - 
CD11c (clone HL3)-APC, CD86 (clone GL-1)-PerCP, CD80 (clone 16-10A1)-PE; 
Neutrophils - CD11b (clone M1/70)-PE, Gr-1 (clone RB6-8C5)-FITC; and NK 
cells - CD49b (clone DX5)-APC, CD3 (clone 145-2C11)-PerCP Cy5.5. Data was 
acquired on a FACS Calibur (Becton Dickinson) flow cytometer and analysis 
was performed using Weasel software (v.3.0, Walter and Eliza Hall Institute 
of Medical Research, Melbourne, Australia). A minimum of 50,000 events/
sample was acquired. Back-gating was performed to determine purity of the 
different populations. Since the experiments were performed on different 
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days, inter-experimental variations in cell percentages may occur. Therefore, 
all drug-exposed groups are compared to their specific vehicle control group.

mRNA isolation and cDNA synthesis

RNA from spleen and liver was isolated by phenol chloroform extraction 
using RNA instapure (Eurogentec, Maastricht, the Netherlands). Purity and 
concentration of the RNA was determined spectrophotometrically using a 
nanodrop technique at absorbance wavelengths of 260 and 280 nm. RNA 
samples were then stored at -80°C until further analysis. Complementary 
DNA (cDNA) was synthesized using 66.7 mg/ml of RNA using a iScript 
cDNA synthesis kit (BioRad, Veenendaal, the Netherlands), according to 
manufacturer instructions. 

Reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR)

RT-qPCR was performed using the iCycler iQ system (BioRad) and amplification 
was performed using a IQTM SYBR Green super-mix (BioRad). Each PCR 
master-mix contained 100 nM forward and reverse primer (for sequences, see 
Table 2) and 0.3 ml RNAse-free water per sample. Reactions were amplified 
using the following thermal profile: 95°C for 3 min followed by 40 cycles of 
61°C for 15 s and 95°C for 45 s. For each sample, the expression of MIP-2 
mRNA was normalized for the Ct value of β-actin.

Serum MIP-2 analyses

Serum MIP-2 levels were determined by sandwich ELISA. In brief, half-
area plates were coated with 0.25 mg/ml rabbit anti-mouse MIP-2 (Koma 

Table 2. Primer sequences

protein Forward primer (5’-3’) Reverse primer (5’-3’)

MIP-2 AAAGTTTGCCTTGACCCTGAAG CAGTTAGCCTTGCCTTTGTTCAGT

β-actin ATGCTCCCCGGGCTGTAT CATAGGAGTCCTTCTGACCCATTC
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Bioscience, Seoul, Korea) in a 50 mM carbonate buffer (pH 9.6) and incubated 
overnight at 4°C. Thereafter, the plates were washed with PBS/0.01% 
Tween-20 (PBS-T) and non-specific binding was blocked by incubation with 
a PBS-T/1% bovine serum albumin (PBS-T/BSA) solution for 1 h at room 
temperature. After washing the wells with PBS-T, samples and standards 
were added to designated wells (in several dilutions in PBS-T/BSA) and 
the plates were incubated at room temperature for 2 h. Subsequently, the 
plates were again washed with PBS-T and the wells then received 0.125 mg/
ml biotinylated rabbit anti-mouse MIP-2 (Koma Biotech) diluted in PBS-T/
BSA for 1.5–2.0 h at room temperature. The plates were then washed with 
PBS-T and then the wells received streptavidin-poly-horseradish peroxidase 
(HRP; Sanquin, Amsterdam, the Netherlands) in PBS-T/BSA and the plates 
were again incubated for 30 min at room temperature. After a final wash with 
PBS-T, tetramethylbenzidine (TMB) substrate solution was added to each well 
for 10 min before the color reaction in each was stopped by addition of 2 
M H2SO4 stop solution. The absorbance in each well was then measured at  
450 nm on an Asys Expert 96 reader (Biochrom, Cambridge, UK). Levels of 
MIP-2 in each sample were calculated by extrapolation from the standard 
curve generated in parallel.

Liver enzymes 

Alanine aminotransferase (ALT) and alkaline phosphatase (ALP) were analyzed 
in plasma samples using an AU400 Chemistry System (Beckman Coulter 
Nederland B.V., Woerden, the Netherlands) at NOTOX B.V. (‘s-Hertogenbosch, 
the Netherlands). 

Statistical analysis

Multiple comparisons of group means were analyzed using one-way analysis 
of variance (ANOVA) with a Bonferroni post-hoc test. A p value <0.05 was 
considered significantly different when compared to controls or vehicle-
treated groups. All analyses were done using Prism 5 for Windows software 
(Graphpad Inc., San Diego, CA).
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RESULTS

Alterations on liver weight and morphology 

Systemic effects induced by drug administration were determined by 
measuring body weight, liver weight and liver morphology after single (1x) 
or multiple (7x) exposures. No changes in body weight were observed in 
the drug-exposed groups compared to vehicle-exposed control animals 
(data not shown), indicative of the absence of overt toxicity. Relative liver 
weight, however, was influenced by several of the compounds (Figure 2A). 
Multiple doses of DF and CMZ resulted in a significant increase in liver weight 
compared to vehicle-treated animals. Both single and multiple oral doses of 
OFLX significantly decreased relative liver weights when compared to values 
in the vehicle-treated controls. Exposure to APAP did not change the relative 
liver weight, but nevertheless clearly resulted in liver damage when compared 
to vehicle-treated controls. This damage was microscopically visible by 
a presence of necrosis around the central vein areas accompanied by cell 
swelling and loss of clear hepatic structure. There was no clear difference in 
liver damage between the groups receiving the single or seven doses of APAP 
(Figure 2B-D). None of the other drugs caused liver damage at the doses used 
(data not shown).

Changes in plasma liver enzymes

The liver enzymes ALT and ALP were measured in plasma of drug-exposed 
mice as an indication of liver damage (Table 3). Multiple dosing of APAP or 
CMZ and a single dose of OFLX resulted in significantly increased plasma 
levels of ALT when compared to vehicle-exposed controls. Remarkably, 
exposure to DF resulted in decreased plasma ALT levels. Plasma ALP 
levels were significantly decreased after the single dose of DF and after 
multiple doses of APAP or DF. Oral exposure to CMZ or OFLX did not 
change plasma ALP levels. 
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Changes in spleen weights and cellularity

The current study focused on the spleen as an important immune logical 
organ closely linked to the liver, and possibly involved in early phases of 
immunostimulating effects of drugs. A single dose of APAP or multiple doses 
of DF significantly increased relative spleen weight (Figure 3A), but exposure 
to CMZ or OFLX did not change in relative spleen weight. Multiple doses of DF 
and OFLX resulted in increased splenic cellularity. Exposure to APAP or CMZ 
did not alter the cellularity of the spleen (Figure 3B).

Chapter 4 

Figure 2. Relative liver weight and liver morphology following drug exposure. 
C3H/HeN mice (n=8/group) were treated orally with either a single or multiple doses of DF, APAP, 
CMZ or OFLX. Within 24 h following the final dose, the mice were weighed and sacrificed. The liver 
was isolated and weighed; a portion was fixed and embedded for morphological analysis. (A) Relative 
liver weight compared to body weight was determined. Vehicle- (open bars) and drug-exposed (black 
bars) animals. Values shown are the mean of the vehicle- or drug-exposed group ± SEM. *p<0.05, 
**p<0.01; value significantly different compared to respective vehicle-exposed group. (B–D) H&E 
staining performed on liver tissue of APAP- exposed mice. Portal areas (P) and central vein areas (C) 
are indicated.
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Figure 3. Relative spleen weight and cellularity. 
C3H/HEN mice (n=8/group) were exposed orally to vehicle (open bars) or either a single or multiple 
doses of DF, APAP, CMZ or OFLX (black bars). Within 24 h following the final oral administration, the 
mice were euthanized and their spleens isolated. (A) Relative spleen weight compared to body weight 
and (B) total spleen cellularity were determined. Values shown are the mean of the vehicle- or drug-
exposed group ± SEM. *<50.05, **p<0.01, ***p<0.001; value significantly different compared to vehicle 
controls.

Table 3. Plasma levels of liver enzymes

  ALT (U/L) ALP (U/L)

  vehicle drug vehicle drug

APAP 1x 35.60 ± 3.10 98.63 ± 31.15 243.50 ± 15.50 224.50 ± 12.50

APAP 7x 38.60 ± 1.80 88.53 ± 11.63 ** 219.13 ± 6.44 179.71 ± 9.61 **

DF 1x 44.50 ± 3.40 23.65 ± 1.22 *** 242.57 ± 3.35 98.17 ± 6.70 ***

DF 7x 38.90 ± 0.89 27.39 ± 1.34 *** 205.83 ± 6.64 109.43 ± 5.58 ***

OFLX 1x 42.15 ± 1.65 56.98 ± 3.23 ** 246.00 ± 4.86 256.57 ± 4.20

OFLX 7x 44.93 ± 2.45 45.30 ± 2.60 219.25 ± 5.24 226.25 ± 4.46

CMZ 1x 49.06 ± 3.02 52.06 ± 6.24 257.50 ± 2.75 254.20 ± 8.96

CMZ 7x 41.08 ± 1.30 53.06 ± 4.93 211.00 ± 3.43 207.57 ± 2.62
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Changes in MIP-2 and influx of neutrophils

Neutrophils are one of the innate immune players frequently shown to be 
involved in early immunotoxic insults. Since MIP-2 is an important chemokine 
involved in neutrophil attraction to sites of inflammation, we determined 
expression of MIP-2 in the spleen and the liver, serum levels of MIP-2 and 
subsequent percentages of neutrophils in the spleen. In the liver, a single dose 
of CMZ or OFLX already increased MIP-2 expression (Figure 4A). Single doses 
of DF or APAP increased MIP-2 expression in the spleen and significantly 
increased serum levels of MIP-2 when compared to vehicle-exposed 
controls. Single doses of OFLX and CMZ decreased MIP-2 expression in the 
spleen (Figure 4B) and serum levels of MIP-2 (Figure 4C), respectively. Only 
multiple doses of DF significantly increased the percentage of neutrophils 
(Gr-1+CD11b+) in the spleen (Figure 4D).

Drug-induced changes on various leukocyte subsets 

To explore the effect of selected drugs on leukocytes relevant to activation of 
both innate and adaptive immunity, the current study analyzed the presence of 
NK cells, dendritic cells (DC) and of subsets of T cells in the liver and spleen. 
We also analyzed changes in T-cell subsets in particular because they may 
reflect changes in innate immune responses. 

Changes in absolute number of NK cells in the spleen

Multiple doses of DF significantly increased the percentage of NK (CD3-

CD49b+) cells in the spleen, whereas multiple doses of OFLX or CMZ 
decreased the percentage of NK cells in the spleen (Figure 5A). The absolute 
number of these cells, using the cellularity of the spleen, was significantly 
increased by the multiple doses of DF, but not by multiple doses of APAP, 
OFLX, or CMZ (Figure 5B). Single doses of the drugs had no impact on either 
of these endpoints.
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Figure 4. MIP-2 expression in spleen in lever, MIP-2 levels in serum and percentage of neutrophils 
in the spleen. 
C3H/HEN mice (n=8/group) were treated orally with either vehicle (open bars) or a single or multiple 
doses of DF, APAP, CMZ or OFLX (black bars). At 17–24 h following the final dose, the mice were 
euthanized and parts of their (A) liver and (B) spleen were isolated and used for analysis of MIP-
2 RNA expression. Values <1 indicate decreased and those >1 indicate increased gene expression 
compared to controls. Values are represented as mean fold-increase [± SEM]. (C) Serum MIP-2 levels 
were determined using ELISA. (D) Percentages of neutrophils (Gr-1+CD11b+) in the spleen were 
determined using flow cytometry. Values represent the mean for the vehicle- or drug-exposed hosts ± 
SEM. *p<0.05, **p<0.01, ***p<0.001; value significantly different compared to vehicle controls.
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Figure 5. Percentages and absolute numbers of NK cells in the spleen. 
C3H/HEN mice (n=8/group) were exposed orally to either a single or multiple doses of DF, APAP, CMZ 
or OFLX. Within 24 h after the final oral administration, mice were euthanized and the (A) percentages 
and (B) absolute numbers of splenic NK cells (CD3-CD49b+) were determined by flow cytometry. 
Vehicle- (open bars) and drug- (black bars) exposed hosts. *p<0.05, **p<0.01; value significantly 
different compared to vehicle-exposed controls.

Changes of CD4+ and CD8+ T-cells in the spleen

The drug effects on proportions of CD4+ and CD8+ T cells as well as on their 
differentiation status, i.e. naïve (CD62L+CD44-), effector (CD62L+CD44+) and 
memory (CD62L-CD44+) was assessed. It appeared that the percentages of 
these subsets of T-cells were not or hardly affected, although some changes 
appeared statistically significant. For instance, APAP exposure did not result 
in changes in percentages of various T-cell subsets (Figure 6A and B), but a 
single dose of DF decreased the percentage of CD8+ T cells and not of any 
of the other T-cell subsets (Figure 6C). Multiple doses of DF appeared more 
effective and significantly decreased both CD4+ and CD8+ T-cell percentages, 
decreased the percentage of naive CD4+ T cells, but increased both CD4+ 
and CD8+ memory populations (Figure 6D). A single dose of OFLX did not 
change percentages of T-cell subsets (Figure 6E), whereas multiple doses of 
OFLX slightly increased CD8+ T-cell percentages (Figure 6F). A single dose 
of CMZ did not alter CD4+ or CD8+ T-cell percentages, but did increase the 
percentage of effector CD4+ T cells (Figure 6G). Multiple doses of CMZ 
again did not change the percentage of CD4+ or CD8+ T-cells. CMZ exposure 
increased the percentage of naive CD8+ T cells and decreased the percentage 
of effector CD8+ T cells (Figure 6H). So, of all the tested drugs, only CMZ and 
DF caused slight effects after a single dose. Upon multiple dosing, DF caused 
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Figure 6. Percentages of CD4+ and CD8+ T-cell numbers in spleen and relative T-cell subsets. 
C3H/HEN mice (n=8/group) were exposed orally to either a single or multiple doses of (A, B) APAP, (C, D) 
DF, (E, F) OFLX or (G, H) OFLX. Within 24 h following the final oral administration, mice were euthanized 
and absolute CD4+ and CD8+ T-cell numbers were determined in spleens of vehicle- (open bars) and 
drug- (black bars) exposed hosts. Percentages of naive (CD62L+CD44-), effector (CD62L+CD44+) and 
memory (CD62L-CD44+) within splenic CD4+ and CD8+ T-cells were also determined. Values represent 
means of the vehicle- or drug-exposed group ± SEM. *p<0.05, **p<0.01, ***p<0.001; value significantly 
different compared to vehicle controls.
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clear effects on various T-cell subsets, whereas the other drugs did not have 
any effect (APAP) or induced minor changes. Apparently, exposure to the 
investigated drugs caused at most minor changes in T-cell subsets at the time 
points analyzed.

All drugs affected expression of co-stimulatory molecules by APC

The effect of oral drug exposure on the percentage of APC, i.e. DC and B-cells 
in the spleen, was determined as well as their expression of co-stimulatory 
molecules. A single dose of OFLX and both a single and multiple doses of DF 
significantly increased the percentage of DC in the spleen. Exposure to a single 
dose of APAP or multiple doses of OFLX decreased splenic DC percentages 
(Figure 7A). APAP exposure decreased, whereas OFLX exposure increased, 
the expression of the co-stimulatory molecule MHC II on the DC (Figure 7B). 
One dose of APAP, DF or CMZ or multiple doses of OFLX decreased CD80 
expression by DC, whereas a single dose of OFLX significantly increased CD80 
expression on DC (Figure 7C). A single dose of APAP or CMZ significantly 
decreased the expression of CD86 decreased on DC. A single dose of OFLX 
and multiple doses of CMZ induced increased CD86 expression (Figure 7D). 
Oral exposure to DF significantly decreased the number of B-cells in the spleen 
(Figure 7E). Exposure to multiple doses of DF, OFLX or CMZ significantly 
upregulated the expression of MHC II by B-cells (Figure 7F). A single dose 
of APAP or DF and multiple doses of CMZ increased   CD80 expression on 
B-cells (Figure 7G) and repeated exposure to CMZ caused an increase in 
CD86 expression on B-cells (Figure 7H).

DISCUSSION

This study set out to describe drug-induced changes, with particular focus on 
early innate immune parameters. Previously, we have shown that several 
drugs known to cause IDHR, i.e. D-penicillamine, nevirapine, APAP, DF, OFLX 
and CMZ stimulate T-cell responses to TNP-OVA, used as a bystander antigen 
16–18. In addition, D-penicillamine and DF have been shown to stimulate non-
cognate IgG1 responses to the T-cell-independent antigen TNP-Ficoll. The 
latter is indicative of drug specific T-cell sensitization 14,16, which for OFLX, 
CMZ and DF matched with findings of specific T cells in drug-sensitized 

Chapter 4 



103

4

Figure 7. Expression of co-stimulatory molecules on APC. 
C3H/HEN mice (n=8/group) were exposed orally to vehicle (open bars) or a single or multiple doses 
of DF, APAP, CMZ or OFLX (black bars). Within 24 h after the final oral administration, mice were 
euthanized and the percentage of (A) dendritic cells (DC; CD11c+) and (E) B-cells (CD19+) in the spleen 
was determined using flow cytometry. Subsequently, expression of co-stimulatory molecules MHC II, 
CD80 and CD86 on DC (B–D, respectively) and B-cells (F–H, respectively) was determined using the 
mean fluorescent intensity (MFI) compared to that by cells from vehicle-exposed controls. Values 
represent means of the vehicle- or drug-exposed group ± SEM. *p<0.05, **p<0.01, ***p<0.001; value 
significantly different compared to vehicle controls.
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patients 3,19–22. Four of these previously-tested drugs were selected to test in 
this study for particular reasons, the main one being that they are all known to 
cause liver damage under certain conditions. APAP is well known for its clear 
liver damaging effect that is both dose- and metabolism-dependent 23–25. 
Furthermore, the formation of drug-protein adducts has been described for 
APAP 26. The widely-used nonsteroidal anti-inflammatory drug (NSAID) DF can 
induce rare but severe hepatotoxicity and also forms metabolites and 
subsequent drug-protein adducts 19,27. DF is also known to cause 
gastrointestinal inflammation that possibly influences immune responses 
induced by this drug. This may happen in a similar manner as DF influences 
the response to food allergens 28. The formation of metabolites and 
subsequent drug-protein adducts has also been described for the anti-
epileptic drug CMZ 29–31. In man, adverse reactions to CMZ also involve allergy-
like skin reactions, pointing towards involvement of specific T-cells 3,32. Based 
on the above-mentioned and other previous studies, we utilized the 
fluoroquinolone OFLX as a suspected IDHR-causing drug 33,34. Whether IDHR 
by fluoroquinolones depends on metabolism is not known; studies using 
trovafloxacin showed that toxic liver effects depended on co-exposure to 
microbial components such as lipopolysaccharide (LPS) that elicited tumor 
necrosis factor (TNF)-α. In addition, for several fluoroquinolones, drug-specific 
T cells as well as systemic immune derangements have been described in 
man 21. The chosen compounds therefore represented several classes of 
drugs commonly associated with IDHR, i.e. NSAIDS, anti-convulsants and 
antibiotics. We focused our analyses on the spleen, since it is an easily 
accessible organ to determine both innate and adaptive immune components, 
but more importantly because the spleen has a presumably central role in 
translating early innate organ-specific effects from, e.g. the liver or intestine, 
to IDHR-like systemic phenomena. Of note, to our knowledge, this is the first 
study to investigate multiple drugs in a similar experimental setup, possibly 
providing a set of shared parameters that can be included in future drug 
testing for IDHR. The present data showed that in all cases drug exposure 
related effects occurred in the spleen. However, effects of the drugs tested 
here were mostly mild but, nevertheless, did not point towards comparable 
changes in innate immunity. Clearly none of the drugs caused a clear change 
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in any of the T-cell subsets, which may be linked to the low damaging insult of 
the drugs at the dosing regimens, as used in this study. Previous studies 
showed that exposure to APAP resulted in formation of NAPQI-albumin 
adducts in serum 26. Nevertheless, this did not result in effects on T-cell 
subsets, possibly also suggesting that the time-course of this experiment 
might just be too short to elicit clear adaptive immune responses. In line with 
this, minor changes in the expression of co-stimulatory molecules on DC- or 
B-cells were only occasionally observed. In addition, we previously were able 
to detect delayed-type hypersensitivity (DTH) responses to TNP-OVA, elicited 
by the same drugs, on day 15 after the start of exposure 18. However, all drugs 
tested here induced varying changes in MIP-2 production and in the numbers 
of neutrophils and NK cells. The fact that changes were not consistent when 
all drugs were compared suggested to us that, indeed, individual drug classes 
may have additional requirements to elicit clear IDHR-inducing, i.e. 
inflammatory or adjuvant effects. Development of IDHR is a multi-factorial 
process involving dosing and timing regimens, route of exposure, factors 
related to ADME and various internal (e.g. immunological polymorphisms) 
and external environmental (e.g. microbe and diet-related) factors. Probably, 
adaptation or inclusion of one if not all of these factors is needed to induce 
IDHR-like effects. We obviously have chosen to use one specific mouse strain 
of one gender, i.e. female C3H/He, to circumvent variation due to genetic 
polymorphisms and based on previous experiments with reporter antigens 
16–18. Other groups used BALB/c of C57BL/6 mice, but never in a comparison 
study 35,36. The influence of dosing was demonstrated for CMZ by Higuchi et al 
36, who found increased levels of plasma liver enzymes and of various 
cytokines only after a specific dosing regimen, i.e. after four repeated doses 
of 400 mg/kg and an additional fifth challenge-like dose of 800 mg/kg. In our 
hands, higher doses of CMZ than the one used (100 mg/kg) caused strong 
sedative effects, resulting in long-lasting (up to 24 h) immobility of the animals 
(unpublished data). Higuchi et al. did not mention anything about this; 
however, because of these sedative effects, we were not able to increase the 
dose. The route of exposure may also be of importance. Others have 
demonstrated that intraperitoneal dosing of 80 mg/kg of DF can result in clear 
hepatic and immunological (i.e. cytokine level) changes 37. Repetitive oral 
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dosing of 75 mg/kg, however, resulted in severe stomach bleeding in mice 
(unpublished data). Therefore, we preferred to use the relatively low oral dose 
in the case of the 7-days exposure period. This dose, however, was sufficient 
to enhance food allergic responses in a mouse model for peanut allergy 28. 
This effect involved clear stress to the gut epithelium (e.g. flattening of 
epithelial cells) that may be relevant to current findings and possibly to human 
situations as well. Environmental factors, e.g. microbial products such as LPS 
or lipoteichoic acid (LTA) entering from the gut, may influence cellular and 
molecular processes, ultimately leading to additional cell stress. This, in turn, 
may elicit production of cytokines such as TNF-α, chemokines such as MIP-2 
and subsequent activation of first line-of defense cells, such as NK cells and 
neutrophils. The kinetics of these changes may vary per environmental factor, 
but it may also vary per drug 35,38–42. The experimental liver injury model using 
trovafloxacin is by far the best example demonstrating the need for co-
exposure of a drug with LPS or TNF-α 35,41,43. In that model, TNF-α appeared to 
be crucial and sufficient to trigger the hepatotoxicity caused by trovafloxacin. 
Possibly, co-exposure to TNF-α was also needed to cause clear immunotoxic 
liver damage in the case of OFLX. Regardless of the above-mentioned 
complicating factors, all drugs tested here showed effects that were indicative 
of involvement of the innate immune system that would fit with early stages 
development of IDHR. This includes early changes in the liver (in case of APAP 
and DF), changes in innate parameters (neutrophil influx, levels of neutrophil 
attracting chemokine MIP-2 or levels of NK cells) and in minor changes in 
expression of costimulatory molecules on APC. Exposure to APAP resulted in 
clear liver damage, but this did not result in increased numbers of neutrophils 
or NK cells in the spleen. It is well-known that the liver injury caused by APAP 
is accompanied by a local increase in numbers of neutrophils. The increase in 
MIP-2 levels in the spleen may just not be sufficient to deviate the neutrophils 
from the liver to the spleen. Also, the number of NK cells may have been 
changed in the liver instead of the spleen, as an influence of NK cells during 
APAP-induced hepatotoxicity has been described. Notably, when these cells 
were depleted, a reduction in APAP induced liver damage was observed 44. 
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CONCLUSIONS

Using a straightforward oral exposure set-up, our data showed for the first 
time that a number of defined classes of drugs known to be able to cause IDHR 
and/or liver toxicity induced subtle changes in innate immune parameters 
that together would be alarming enough to pursue more detailed follow-up 
immunotoxicity studies. This suggested to us that the inclusion of multiple 
immune parameters may serve as first biomarkers to determine the hazard of 
a drug to induce IDHR. As such, we conclude that a short-term oral exposure 
approach as used here would possibly fit in a test strategy to assess immune-
sensitizing drug effects. Clearly, such a strategy would include further studies 
to investigate the influence of additional factors (i.e. microbial components or 
dosing) on individual drugs.
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ABSTRACT

Immune-mediated drug hypersensitivity reactions (IDHR) may result from 
immuno-sensitization to a drug induced neo-antigen. They rarely occur in 
patients and are usually not predicted preclinically using standard toxicity 
studies. To assess the potential of a drug to induce T-cell sensitization, 
trinitrophenyl (TNP)-Ficoll was used here as a bystander antigen in animal 
experiments. TNP-Ficoll will only elicit TNP-specific IgG antibodies in the 
presence of non-cognate T-cell help. Therefore, the presence of TNP-specific 
IgG antibodies after co-injection of drug and TNP-Ficoll was indicative 
of T-cell sensitization potential. This TNP-Ficoll-approach was used here 
to characterize T-cell help induced by oral exposure to diclofenac (DF) or 
carbamazepine (CMZ). DF or CMZ was administered orally to BALB/c mice 
and after 3 w, the mice were challenged in a hind paw with TNP-Ficoll and 
a dose of the drug that by itself does only elicit a sub-optimal popliteal 
lymph node assay (PLNA) response. T-cell-dependent responses were then 
evaluated in paw-draining popliteal lymph nodes (PLN). Also, shortly after oral 
exposure, mesenteric lymph nodes (MLN) were excised for evaluation of local 
responses. Both drugs were able to increase PLN cellularity and TNP-specific 
IgG1 production after challenge. Both DF and CMZ stimulated CD4+and CD8+ 
T-cells and caused shifts of the subsets toward an effector phenotype. DF, 
but not CMZ, appeared to stimulate interferon (IFN)-γ production. Remarkably, 
depletion of CD8+, but not CD4+, T-cells reduced TNP-specific IgG1 production, 
and was more pronounced in CMZ- than in DF-exposed animals. Local 
responses in the MLN caused by DF or CMZ also showed shifts of CD4+ and 
CD8+ cells toward a memory phenotype. Together, the data indicate that oral 
exposure to CMZ and DF differentially induced neo-antigen-specific T-cell 
reactions in the PLNA

INTRODUCTION

Immune-mediated drug hypersensitivity reactions (IDHR) are very difficult to 
predict in pre-clinical standard toxicity studies. They are an important reason 
for black box warnings or withdrawal of drugs from the market. IDHR are 
generally idiosyncratic in nature as multiple environmental and inherent factors 
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contribute to their complexity 1–6. Due to this idiosyncrasy, IDHR are often not 
detected before market introduction and widespread human use of a drug. 
This complexity is further accentuated by the fact several hypotheses have 
been described for induction of IDHR 2,6,7. It has become clear that immuno-
sensitization to small molecule drugs mostly involves both neo-antigen 
formation (e.g. hapten–protein conjugation, cryptic epitopes, pharmacological 
interaction with, e.g. MHC–peptide complexes) and co-stimulatory signals 
that provide adjuvant activity for efficient T-cell sensitization. The adjuvant 
activity may for instance result from induction of an inflammatory reaction 
and may also be sufficient to induce sensitization of auto-reactive T-cells. 
Related to these important key mechanisms, a smart panel of in vitro and 
in vivo methods can possibly help to identify the potential of a drug to 
induce IDHR. Among these models are local lymph node assays, such as the 
popliteal lymph node assay (PLNA). Previously, we have shown the mouse 
PLNA combined with specific reporter antigens (RA) allows for discrimination 
between compounds that have co-stimulatory adjuvant activity, and 
compounds that produce neo-antigens including hapten–protein conjugates 
8,9. In this RA-PLNA-setup, a sub-sensitizing dose of the T-cell-dependent 
antigen trinitrophenyl-ovalbumin (TNP-OVA) or the T-cell-independent antigen 
TNP-Ficoll is subcutaneously co-injected into the hind footpad with the small 
molecule drug of interest 10–14. TNP-specific IgG responses to TNP-OVA are 
indicative of cognate T-cell help, and because a sub-sensitizing dose of 
TNP-OVA is used, this response depends on sufficient co-stimulatory help 
induced by the tested drug. The polysaccharide molecule TNP-Ficoll; however, 
cannot be presented to T cells, but by itself can activate B-cells to produce 
specific IgM antibodies and importantly the B cell response to TNP-Ficoll 
is susceptible to non-cognate T-cell help. This means that TNP-specific IgG 
responses to TNP-Ficoll depend on additional T cells that do not recognize 
TNP-Ficoll as antigen. Hence, IgG responses to TNP-Ficoll are indicative of 
non-cognate T-cell help, and of the presence of drug-induced neo-antigens. 
Although the RA-PLNA can be used as an easy and fast first-screening method 
for new compounds, it uses subcutaneous footpad injection, reflecting a 
local response to subcutaneous injection but excluding presumably relevant 
gastrointestinal or hepatic metabolism and other processes, such as local 
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immunoregulatory mechanisms. A previously described set-up using oral 
drug administration combined with TNP-OVA or TNP-Ficoll injection has 
shown that reporter antigens can indeed also be used combined with oral 
exposures. Furthermore, drugs that do not induce any IDHR did not induce 
immune responses in this model. Thus, showing the ability of this set-up to 
discriminate between immune sensitizing and non-sensitizing drugs 15–17. 
The current study set out to further evaluate how two IDHR-inducing drugs, 
diclofenac (DF) and carbamazepine (CMZ), modulate IgG responses to TNP-
Ficoll. Further, this study investigated the activation status of CD4+ and CD8+ 
T-cell responses following challenge with DF or CMZ. The non-steroidal-anti-
inflammatory drug (NSAID) DF is a widely used non-selective cyclooxygenase 
(COX) inhibitor that can occasionally induce severe hepatotoxicity, ulceration 
and gastrointestinal irritation. Metabolite formation has been described for 
this drug, resulting in protein-adduct formation 18–21. Conceivably, local irritation 
caused by DF can induce an intestinal and possibly systemic inflammatory 
environment, providing co-stimulatory signals that together with MHC 
presentation of protein-adducts may trigger specific T-cell sensitization 22–24. 
CMZ is an anti-epileptic drug that has been shown to cause liver toxicity, and 
also skin-related problems. Furthermore, the involvement of specific T-cells 
has been described 25, 26. Like DF, CMZ also has been shown to form reactive 
metabolites and protein-adducts 27–31. Further, in CMZ-sensitized patients, 
T cells have been identified that were able to react to both the culprit drug as 
well as its reactive metabolites 32. The results of the study showed that oral 
exposure to DF or CMZ stimulated IgG1 responses to TNP-Ficoll. Furthermore, 
these CD4+ and CD8+ T-cell reactions included shifts in differentiation status 
in the popliteal lymph nodes (PLN) and in the mesenteric lymph nodes (MLN) 
shortly after oral exposure. 

MATERIALS AND METHODS

Mice

Balb/c mice (female, 4–6-wk-old) were purchased from Charles River (Lyon, 
France). Mice were specific pathogen free and upon arrival maintained under 
barrier conditions in filter-topped macrolon cages with woodchip bedding 
held in a facility maintained at 23 ± 2°C, with a 50–55% relative humidity and 
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a 12 h light/ dark cycle. Drinking water and standard laboratory food pellets 
were provided ad libitum. All experiments were conducted according to the 
guidelines of, and with permission from, the animal experiments committee 
(IACUC) of Utrecht University. 

Chemicals

Chemicals used for oral administration or footpad challenge were obtained 
from Sigma-Aldrich (Zwijndrecht, the Netherlands). TNP-Ficoll was obtained 
from Biosearch Technologies (Novarto, CA, USA). DF for oral administration 
was dissolved in distilled water (Aqua B. Braun, Melsungen, Germany) and for 
footpad challenge in phosphate-buffered saline (PBS, pH 7.4). Carbamazepine 
for oral administration was dissolved in a 1% carboxymethylcellulose (CMC) 
solution in distilled water (Aqua B. Braun). Carbamazepine for footpad 
challenge was dissolved in a 25% PEG400 solution in distilled water. Tissue 
culture reagents were purchased from Invitrogen Life Technologies (Paisley, 
Scotland) or Greiner Bio-one (Frickenhausen, Germany).

Dose CMZ combined with TNP-Ficoll as reporter antigen

Mice received a subcutaneous injection into the hind footpad of 0.25, 0.5 
or 1mg CMZ combined with 10 µg TNP-Ficoll in a total volume of 50 µl. After 7 
days, the mice were euthanized by cervical dislocation and PLN were isolated 
for analysis (Figure 1A).

Oral exposure protocol using TNP-Ficoll as reporter antigen

Mice were exposed according to the protocol noted in Figure 1B). In brief, 
mice received oral doses of vehicle, a single dose of DF (75 mg/kg), or seven 
consecutive daily doses of CMZ (100 mg/kg). The different oral regimens 
were chosen using the maximum tolerable dose as described in the datasheet 
of the compounds provided by the manufacturer (Sigma-Aldrich, Zwijndrecht, 
the Netherlands) and as used in previous experiments 16, 17. On Day 21, all mice 
were challenged subcutaneously in the hind footpad with 0.5 mg/animal of 
DF or CMZ together with 10 µg TNP-Ficoll (in 50 µl total volume). One week 
following this challenge, the mice were euthanized and their PLN removed for 
further analysis. 
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CD4+ and CD8+ T-cell depletion

Mice were treated according to the oral protocol as described previously 
(Figure 1). In addition, they each received intraperitoneal injections with  
300 µg (in 200 µl saline) of αCD4 T-cell depleting antibody (clone GK1.5) on 
Days -2, 0 and 3, or αCD8 T-cell depleting antibody (clone YTS169) on Days 
-2 and 0. Each antibody had been purified from culture supernatants using 
ammonium sulfate gradients on thiophilic agarose resins. The concentrations 
used were determined previously to be capable of depleting CD4+ or CD8+ 
T-cells in Balb/c mice to at least 5% of normal levels (data not shown and 33).

DF and CMZ in short exposure protocol

Mice were exposed to the protocol described in Figure 1D. In brief, mice 
received oral doses of vehicle, a single dose of DF (75 mg/kg), or seven 
consecutive daily doses of CMZ (100 mg/kg). The different oral regimens 
were chosen using the maximum tolerable dose as described in the datasheet 
of the compounds provided by the manufacturer (Sigma) and as used in 
previous experiments 16,17. On Days 2, 5 and 8 following the first exposure, the 
mice were euthanized and their MLN removed for analysis. 

Cell isolation PLN

After isolation, PLN were separated from adherent fatty tissue and placed 
in ice-cold complete RPMI 1640 medium Invitrogen) supplemented with 
2.5% fetal calf serum (FCS; Greiner Bio-one) and 1% penicillin/streptomycin 
Invitrogen) (RPMI/2.5%). Single cell suspensions were prepared and cells 
were washed and re-suspended in 0.5 ml RPMI/2.5%. Cell numbers were 
determined using a Coulter Counter (Beckman Coulter, Woerden, and the 
Netherlands) and adjusted to 1x106 live cells/ml. 

Single cell preparation MLN

MLN were made into single cell suspensions by first placing them into 
ice-cold complete RPMI/2.5%. The tissues were mashed trough a 70µm 
cell strainer and washed once with RPMI/2.5%. Red blood cells were then 
removed by incubating the cells in lysis buffer (0.16 M NH4Cl, 10mM KHCO3, 
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0.1mM Na2EDTA [pH 7.4]) on ice for 1 min followed by a single wash 
with PBS. Cells were then washed several times with RPMI/2.5% and re-
suspended in RPMI/10% (RPMI 1640 supplemented with 10% FCS and 1% 
penicillin/streptomycin). Cell numbers were determined and adjusted to 
1x106 cells/ml. 

Figure 1. Experimental set-up. 
(A) BALB/c mice (n=6/group) were injected in the hind footpad with 0.25, 0.5 or 1mg CMZ 
combined with 10 µg TNP-Ficoll. After 7 days, the mice were euthanized and their PLN isolated for 
further analysis. (B) Mice (n=6–8 group) were orally exposed to 1 (75 mg/kg DF) or 7 consecutive  
(100 mg/kg CMZ) doses. On Day 21, the mice were challenged in the hind footpad with 0.5 mg/
animal of DF/CMZ together with 10 µg of TNP-Ficoll. One week following this challenge, all mice 
were euthanized and their PLN isolated for analysis. For experiments including T-cell depletion, 
mice received i.p. injections with 300 µg/200 µl saline of CD4+ T-cell depleting antibody on  
Days -2 and 0 for DF-exposed animals and on Days -2, 0 and 3 for CMZ-exposed animals.  
CD8+ T-cell depleting antibody was injected on Days -2 and 0 in both experiments. (C) Mice  
(n=6/group) were orally exposed to a single dose of DF (75 mg/kg) or seven consecutive doses of CMZ 
(100mg/kg). Two, five and eight days following the (first) oral dose, mice were euthanized and their 
MLN isolated for further analysis. 
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PLN cell restimulation and cytokine ELISA

PLN cell suspensions (in triplicate) at 1.5x105 cells in RPMI 1640/10% 
were seeded into 96-well culture plate and then incubated with 1 µg 
αCD3/ml and 1 µg αCD28/ml at 37 °C for 48 h. Acellular supernatant from 
each well was then collected and stored at -20°C until analysis. Levels of 
interferon (IFN)-γ or interleukin (IL)-4 in samples were then estimated using 
commercially available ELISA kits (eBioscience, San Diego, CA), according 
to the manufacturer instructions. The level of sensitivity of the kits was  
15 pg IFNγ/ml and 4 pg IL-4/ml. 

Flow Cytometry

For flow cytometric analysis, 2–5x105 cells were stained in FACS buffer (PBS 
containing 0.25% bovine serum albumin (BSA), 0.5mM EDTA and 0.05% 
NaN3) containing fluorescein isothiocyanate (FITC)-, R-phycoerythrin (RPE)-, 
perinidin chlorophyll protein (PerCP)-, or allophycocyanin (APC)-labeled 
antibodies (purchased from eBioscience or BD-Pharmingen, Eerenbodegem, 
Belgium). In brief, cells were first pre-incubated for 20 min at 4°C in FACS 
buffer containing aCD16/CD32 (2.4G2) to block Fc receptor binding. T-cell 
subsets were then characterized using anti-CD4-PerCP (clone RM4–5), 
-CD62LAPC (clone MEL-14), -CD8a-FITC (clone 53–6.7) and -CD44- PE (clone 
IM7) antibodies at manufacturer-recommended levels/ 2–5x105 cells and 
incubation on ice in the dark for 30 min. The cells were then fixed and stored 
in 0.4% formaldehyde until acquisition. Data were acquired on a FACS Calibur 
(Becton Dickinson, Breda, the Netherlands) and analysis was performed 
using Weasel (Walter and Eliza Hall Institute of Medical Research, Melbourne 
Australia). A minimum of 50 000 events/ sample was acquired.

Statistical Analysis

Multiple comparisons of group means were analyzed using a one-way 
analysis of variance (ANOVA) with a Bonferroni post hoc test. A p value 
<0.05 was considered significantly different compared with controls. All 
analyses were performed using Prism 5 for Windows software (GraphPad, 
San Diego, CA). 
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RESULTS

CMZ dose for footpad injection

The study here first determined the suboptimal dose to be used for CMZ 
footpad injection in combination with TNP-Ficoll. To that end, three doses of 
CMZ were tested in combination with TNP-Ficoll in naïve mice. A dose of 1mg 
CMZ significantly enhanced PLN cellularity and the amount of IgG1 antibody 
secreting cells (ASC) (Figure 2), but a dose of 0.5 mg appeared suitable as 
suboptimal challenge dose in future experiments. For DF, a suboptimal dose 
of 0.5 mg was used as determined previously 15,16. In the present work by the 
Nierkens group (performed in our laboratory), DF caused a nearly five-fold 
increase in IgG ASC after pre-exposure to DF when compared with after pre-
exposure to saline. This was comparable to the increase induced by 0.5 mg 
CMZ. 

Figure 2. Determination of suboptimal dose of CMZ. 
Mice (n=6/group) were injected in hind footpad with 0.25, 0.5 or 1mg CMZ together with 10 µg TNP-
Ficoll. After 7 days, mice were euthanized, PLN isolated and (A) PLN cellularity and (B) TNP-Ficoll-
specific IgG1 ASC were determined. Values shown are means ± SEM of vehicle- or drug-exposed 
group. **p<0.01, ***p<0.001; value significantly different vs. respective vehicle-exposed group.
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PLN Cellularity and TNP-specific antibody production

To examine the ability of DF or CMZ to induce neo-antigen specific T-cell 
activation, mice were treated (according to the protocol described in Figure 
1B) with a combined footpad challenge of the low-dose of the drugs together 
with TNP-Ficoll. Challenges with DF or CMZ were seen to significantly 
increase PLN cellularity in mice orally pre-exposed to the respective drug 
(Figure 3A). Importantly, challenges with DF or with CMZ also significantly 
increased the amount of TNP-specific IgG1 ASC, which is, considering 
the use of TNP-Ficoll, indicative of a presence of non-cognate T-cell help 
(Figure 3B). 

Cytokine production by restimulated PLN cells

PLN cells isolated after host challenge with the drugs and TNP-Ficoll were 
re-stimulated for 72 h with αCD3/αCD28 to investigate T-cell-specific cytokine 
production. The results indicate that PLN cells from DF-exposed, but not CMZ-
exposed, mice showed significantly increased IFN-γ production (Figure 3C). 
IL-4 production did not differ from control with cells obtained from any of the 
treatment groups (Figure 3D). 

Changes in differentiation status of PLN T cells

Both DF and CMZ challenge resulted in significant increases in CD4+ and CD8+ 
T-cell numbers in the PLN (Figure 3E and F). DF and CMZ did not change CD4+ 
T-cell levels as a percentage of total cells. However, DF challenge significantly 
reduced the percentage of CD8+ T-cells compared with controls, an outcome 
that was not observed in CMZ-challenged animals (Figure 4). Differentiation 
status within both these T-cell populations was analyzed by discriminating 
between naïve (CD62L+ CD44-), effector (CD62L+ CD44+) and memory (CD62L-

CD44+) T cells. The data revealed that DF exposure significantly increased 
percentages of effector CD4+ T-cells, and decreased those of memory CD4+ 

T-cells. The differentiation status of CD8+ T-cells was unaltered by DF. CMZ, on 
the contrary, significantly increased the percentages of effector CD8+ T cells 
and decreased those of memory CD8+ T-cells. The differentiation of CD4+ T 
cells remained unaltered in CMZ-treated mice (Figure 4). Naïve CD4+ T cells 
were neither changed in DF- nor in CMZ-treated mice.
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Figure 3. Cellularity, TNP specific IgG1, cytokine production, and amount of T-cells. 
Mice (n=6–8/group) were pre-exposed orally to a single dose of 75 mg/kg DF or seven consecutive 
doses of 100 mg/kg CMZ. After 21 days, mice were challenged in the hind footpad with the specific 
drug in combination with TNP-Ficoll. Seven days following this challenge, mice were euthanized, and 
PLN isolated. (A) PLN cellularity and (B) TNP-Ficoll-specific IgG1 cells were measured. (C) IL-4 and 
(D) IFN-γ levels were determined in isolated PLN cells following 48 h stimulation with aCD3/aCD28. 
Amounts of (E) CD4+ and (F) CD8+ T-cells. Values shown are means ± SEM of the vehicle- or drug pre-
exposed group. *p<0.05, **p<0.01 and ***p<0.001; values significantly different vs. respective vehicle 
pre-exposed group.
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Figure 4. Differentiation status of CD4+ and CD8+T-cells. 
Mice (n=6–8/group) were orally exposed to a single (75mg/kg DF) or seven consecutive (100 mg/
kg CMZ) doses. On Day 21, mice were challenged in hind footpad with 0.5 mg/animal of DF/CMZ 
together with 10 µg TNP-Ficoll. Seven days after the challenge, mice were euthanized and their PLN 
isolated for analysis. The percentages of CD4+ and CD8+T-cells and their subsequent differentiation 
status were determined. Naïve (CD62L+ CD44-), effector (CD62L+ CD44+) and memory (CD62L-CD44+) 
subsets within all PLN CD4+ and CD8+ T-cell populations were determined. Values represent means 
± SEM of the vehicle- or drug-exposed groups. *p<0.05, **p<0.01, ***p<0.001; value significantly 
different vs. vehicle controls.
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Changes in PLN cellularity and TNP-specific antibody production after T-cell 
depletion

Although DF and CMZ both activated CD4+ and CD8+ T cells, each drug 

appeared to influence these cells differently. Therefore, the study set out 
to investigate the import of CD4+ and CD8+ T cells on the immune response 

Figure 5. T-cell depletion. Mice (n=6–8/group) were exposed orally to a single dose of 75mg/kg 
DF or seven consecutive daily doses of 100 mg/kg CMZ. During oral administration, CD4+ and CD8+ 

T-cells were depleted by IP injection of αCD4+ or α CD8+ depleting antibodies. On Day 21, mice were 
challenged in the hind footpad with 0.5mg/animal of DF/CMZ together with 10 µg TNP- Ficoll. Seven 
days after the challenge, mice were euthanized and their PLN isolated for analysis. Percentages of 
naïve (CD62L+CD44-), effector (CD62L+ CD44+) and memory (CD62L-CD44+) subsets within all PLN 
CD4+ and CD8+T-cells were determined. Values shown are means ± SEM of vehicle- or drug-exposed 
groups. *p<0.05, **p<0.01, ***p<0.001; value significantly different vs. vehicle controls.
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induced by these drugs by specifically depleting these cell types during the 
oral exposure phase. Again, the amount of TNP-specific IgG1 ASC was found 
to be significantly increased following DF or CMZ challenge. Only depletion of 
CD8+ T cells appeared to prevent the induction of TNP-specific IgG1; depletion 
of CD4+ T cells did not affect this challenge response (Figure 5). In the case 
of CMZ, depletion of CD8+ T cells appeared more effective in preventing 
induction of TNP-specific IgG1. In all, the recall reaction to both drugs seemed 
to be predominated by CD8+ T cells. 

Changes in MLN T cells

Since we were curious to know whether DF or CMZ also induced early local 
effects upon oral exposure, we also investigated the differentiation status 

of CD4+ and CD8+ T cells in the MLN on Days 2, 5 and 8 following this oral 
administration. For this, naïve (CD62L+CD44-), effector (CD62L+CD44+) 
and memory (CD62L-CD44+) T-cell subsets were again discriminated. A 
single dose of DF significantly decreased the percentages of both CD4+ 
and CD8+ T cells in the MLN on Day 8 following oral exposure (Figure 6 and 
Supplementary Figure 1A). On Days 5 and 8, both CD4+ and CD8+ subsets 
displayed decreased effector and increased memory phenotypes. Naïve CD4+ 
and CD8+ cells remained unaltered after DF administration (Figure 6A and B) 
and Supplementary Figure 1(B)). Oral administration of CMZ did not alter CD4+ 
or CD8+ T-cell percentages in the MLN, but it significantly increased naïve, and 
decreased effector, CD8+ T-cells in the MLN after 8 days (Figure 6C and D) and 
Supplementary Figure 1C). 
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Figure 6. T-cells and activation status in MLN. Mice (n=6/group) were exposed orally to a single dose 
of 75mg/kg DF or seven consecutive doses of CMZ. Subsets of mice in each group were euthanized 
on Days 2, 5 and 8 following the first dose and subsequently MLN were isolated. The percentages of 
CD4+ and CD8+T-cells and their activation status were determined in (A) DF- or (B) CMZ-exposed hosts. 
Values shown are the means ± SEM of vehicle- or drug-exposed groups. **p<0.01, ***p<0.001; value 
significantly different vs. respective vehicle-exposed group.

DISCUSSION

The current study aimed to identify whether and what type of T cells were 
induced by DF and CMZ upon oral exposure. For this, TNP-Ficoll was applied 
as a reporter antigen to be used to identify specific T cells without the need 
to know their exact specificity. The results showed that challenge with DF 
or CMZ resulted in increased PLN cellularity and TNP-specific IgG1 ASC in 
drug pre-exposed animals. Also, the amounts of CD4+ and CD8+ T cells were 
increased in drug pre-exposed groups. Further, where DF administration 
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resulted in reduced CD8+ T-cell percentages and in shifts in differentiation 
status (memory–effector ratio) of CD4+ T cells, CMZ pre-exposure imparted 
similar effects on CD8+ T cells. Remarkably, responses induced by drugs 
seemed to be dependent on CD8+ T cells, as only depletion of these cells 
resulted in decreased IgG1 ASC. Notably, short-term local effects as observed 
in MLN caused by DF exposure showed a shift in differentiation of both CD4+ 
and CD8+ T cell subsets towards a memory phenotype, whereas CMZ exposure 
resulted in a similar shift but mostly in CD4+ T cells. It was shown previously 
that DF was able to induce both CD4+ and CD8+ T cells in the PLNA 23. However, 
when T-cell-deficient mice were used in the same setup, a minor PLN response 
was still observed, indicating that also a T-cell-independent component may 
be involved in immune responses to DF. In the present experiments, both T-cell 
subsets were not depleted simultaneously, but T-cell-independent innate cells 
(such as NK cells) may indeed be involved as it was recently observed that 
there was an increase in NK cells in the spleen upon oral exposure to DF but 
not to CMZ 34. Furthermore, a reduction in the percentages of CD8+ T cells was 
observed here. This suggested that possibly another (innate) immune cell 
type was increased, although which one in particular is not yet clear. Of note, 
the PLN cellularity varies sometimes between and even within experiments. 
The reason for this remains unclear but it was, apart from the relative 
irrelevance of cell numbers as an immune parameter, an important reason 
to use other immunologically more relevant parameters (such as e.g. ASC 
detection). Interestingly, upon footpad challenge we observed shifts in the 
differentiation status of CD4+ T cells in the PLN of DF exposed animals, and 
shifts in the differentiation status of CD8+ T-cells in the PLN of CMZ-exposed 
animals. Shortly after exposure, we observed similar shifts in both CD4+ and 
CD8+ T cells in the MLN after either DF or CMZ exposure. Apparently, different 
drugs are capable of affecting similar T-cell subsets shortly after exposure, 
but in time one or the other subset may become dominant. Regardless of this, 
CD8+ T cells seemed to more pivotal both in the case of DF and in that CMZ, 
although the effect of CD8+ T-cell depletion was more moderate for DF. In 
several previously described models for contact sensitivity or atopic contact 
dermatitis, it was also shown that CD8+ T cells predominated in the response to 
small molecules 32,35,36. Thus, though immune responses to contact sensitizers 
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differ from oral immune responses, CD8+ T-cell responses to small molecules 
seem to be important for both exposure routes. It was therefore remarkable 
that IgG1 responses were observed here as in others studies 23 outcomes 
which – according to general immunologic concepts – depended on 
CD4+ Th2-cell responses. Interestingly, in the present experiments, re-stimulated 
PLN cells isolated from DF-challenged mice showed increased production of 
the Th1 cytokine IFN-γ but not Th2 cytokine IL-4 (or IL-5; data not shown). At the 
moment, it remains unclear what is causing this apparent discrepancy, but 
somehow IgG1 responses seem to be dependent on CD8+ T cells and IFN-γ. 
The observation here of early changes in T cells in the MLN warrants further 
analyses of immune phenomena induced locally after oral exposure. Such 
has already been done so far DF in combination with sensitization to peanut 
proteins in a mouse model of food allergy; that study found indeed that DF 
caused early disrupting effects on epithelial cells and was able to stimulate 
sensitization to the peanut proteins 24. It may therefore be interesting to 
include gut-associated lymphoid tissue, including the MLN, as read-out 
parameters in future experiments. Clearly, both DF and CMZ may act as 
adjuvants 17. This adjuvant effect may result in an autoimmune response, an 
immune response towards a neo-antigen (e.g. a hapten-protein conjugate), or 
a combination of the two. The formation of drug-specific neo-antigens in the 
form of hapten–protein adducts following drug exposure is often suspected 
but cannot be easily detected with current methods 37,38. For both DF and CMZ, 
formation of multiple reactive metabolites has been described in different 
human and animal model systems 18,20,21,27–31,39. For newly developed drugs, 
metabolite formation and subsequent drug-adduct identification in vivo (e.g. 
in toxicity studies) remains a challenge. Therefore, the use of TNP-Ficoll is 
an interesting and helpful first screening tool in drug research to investigate 
these issues. The present study showed that the experimental approach used, 
i.e. combining oral exposure to drugs and footpad challenge with drug plus 
TNP-Ficoll, may help to further characterize underlying mechanisms of T-cell 
dependent responses upon oral exposure.
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SUPPLEMENTARY FIGURE with Chapter 5

Supplemental Figure 1. Gating strategy and phenotypes of T-cells in MLN
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Chapter 6

General Discussion
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IDHRs are a major problem in the development of drugs and affect both patients 
and pharmaceutical industry. At the moment, the current methods (e.g. 
standard toxicity testing) are not sufficient to preclinically predict the hazard 
or risk of IDHR by new chemical entities. The aim of the work presented in this 
thesis was to identify (new) predictive approaches that may help to predict 
IDHR. The experimental models that were used include read outs to detect 
adjuvant activity, T-cell involvement (DTH, TNP-Ficoll response and T-cell 
differentiation following drug exposure) and drug-adduct/hapten formation. 
Together, these read outs were matched to the prevailing hypotheses linked 
to IDHR. Notably, we applied different experimental settings but in all cases 
we used oral exposure protocols.
In chapter 2 it is shown that DF, APAP, OFLX and CMZ, all associated IDHR or 
DILI, but not the IDHR- or DILI-negative compounds MET and AMAP, induce a 
T-cell dependent DTH response towards the co-injected RA (TNP-OVA). This 
finding illustrates the adjuvant potential of IDHR- and DILI-inducing drugs. 
In chapter 3 we demonstrate the presence of NAPQI-MSA drug-adducts in 
serum of APAP exposed animals, supporting the idea that IDHR-drugs that 
possess adjuvant activity also may become antigenic. 
In chapter 4 a short-time oral exposure model was used and we found drug-
specific changes in numbers of innate immune cells (neutrophils, NK cells) and 
levels of IL-8/MIP-2. Furthermore, the drugs used in this study differentially 
affected T cells, DCs and B cells. In chapter 5 we used a similar oral exposure 
model as in chapter 2, but administration of CMZ or DF was combined with 
TNP-Ficoll as reporter antigen to determine the effect of T-cell help and neo-
antigen formation. Using this experimental set-up, we were able to identify 
DF- and CMZ-specific changes in the differentiation status of T cells in both 
PLNs and MLNs. 

As mentioned in the introduction, it is believed that IDHR-inducing drugs (or 
their reactive metabolites) are able to bind to proteins or peptides resulting in 
the formation of drug-protein adducts 1–4. These are subsequently presented 
to T cells and this can result in an immune response towards the drug 
(hapten hypothesis). However, it remains unclear whether (and which) drug-
protein adducts are actually formed and cause these immune responses. 
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From a practical point of view it is even more difficult to actually measure 
these adducts and determine whether these are indeed responsible for the 
sensitization of T cells. The association between protein binding of reactive 
metabolites and drug-specific immunosensitization, however, is still under 
debate as several drugs have been described that have reactive metabolites, 
which may bind to proteins, but do not cause IDHRs 5,6. In addition, by inducing 
innate immune processes, some drugs may also support sensitization to neo-
antigens not being drug-protein adducts, which fits to the danger hypothesis. 
In chapter 3, we describe a method to both identify and quantify NAPQI-MSA 
in serum following oral APAP administration. By cross-referencing NAPQI-
MSA in blood samples of drug-exposed animals to known concentrations 
of chemically synthesized NAPQI-MSA we were able to determine the levels 
of in vivo drug-specific adduct formation. A similar experimental design 
could be used to both identify and quantify drug-adduct formation following 
administration of other (new) drugs. However, in this approach it is important 
to first determine and subsequently produce reactive metabolites. This can 
be done in vitro by using e.g. liver microsomes or drug metabolising enzymes 
like GST or CYPs 7–9. Subsequently, these reactive metabolites can be coupled 
to HSA, MSA, or other proteins 10 and cross-referenced to samples from drug-
exposed animals or human individuals. In addition, chemically synthesized 
drug-protein adducts may also be used directly in the oral exposure models. 
Instead of challenging with the RA (TNP-OVA) to detect a DTH response, 
the drug-protein adduct could be injected in the ear. In addittion, also drug-
protein adduct specific B cell responses (ELISpot or antibodies in serum) can 
be determined. The synthesized drug-protein adduct may also be used in our 
in vitro assays e.g. to coat the membranes or plates used. A positive outcome 
in these assays may be considered an early alert of the sensitizing potential 
of the particular drug 11,12.

In several of our experiments we were able to determine T-cell effects, which 
are indicative of an adaptive immune response. The presence of (drug-
specific) T cells in humans has been described for several compounds like 
SMX, CMZ and OFLX and flucloxacillin 13–17. However, it has to be mentioned 
that these T cells were mainly observed in the context of DILI or drug-induced 
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skin reactions that are slightly different compared to systemic reactions. In 
our experimental oral model we focussed on IDHR, and therefore we generally 
did not investigate liver effects or DILI. We took a more systemic approach by 
investigating the spleen, blood, and specific draining lymph nodes. In addition, 
for several compounds, including CMZ, it has also been described that they 
are able to induce an immune response through pharmacological interaction 
(PI hypothesis) 18. Although we did not specifically check for this, we cannot 
rule out the possibility that for certain compounds this could also occur in our 
models.
Both CD4+ and CD8+ T-cell responses have been described to be important in 
drug-induced reactions. CD8+ T cells play a more pivotal role in the induction 
of drug-induced contact dermatitis 14,19,20 and both CD4+ and CD8+ were shown 
to play a role in the IDHR and DILI 17,21,22. Thus far it is not yet clear why certain 
drugs seem to preferentially induce CD4+ or CD8+ specific T-cell responses. In 
chapter 5, we observed a marked difference in CD4+ and CD8+ T-cell responses 
following DF or CMZ exposure. DF exposure resulted in increased effector 
CD4+ T cells in the PLN whereas CMZ administration resulted in increased 
effector CD8+ T cells. However, both compounds were capable of inducing 
increased RA-specific IgG1 antibody secreting cells (ASC). Thus, although 
different T-cell types were affected by different drugs, the outcome i.e. neo-
antigen formation and RA-specific IgG1 ASC, was similar. Interestingly, only 
when CD8+ T cells were depleted during the oral exposure period, we observed 
decreased RA-specific IgG1 ASC in both DF and CMZ exposed animals. This 
rather unexpected finding warrants further investigation. 
In chapter 2, we determined that the observed DTH response was indeed 
reliant on T-cells. However, here we did not investigate whether this response 
was dependent on CD4+ or CD8+ T-cells. It could be interesting to determine 
which T-cell type is most involved in this DTH response. Also, we did not 
specifically check for either CD4+ or CD8+ T cells in the ear draining lymph node 
or the spleen following challenge. With regard to the results from chapter 5, it 
could be worthwhile to include CD4+ and CD8+ T-cell responses as future read-
out parameters. In addition, depletion of these cells during oral administration 
(similar to the protocol from chapter 5) may be worth exploring. 
We have only determined T-cell responses in the spleen and MLN. However, 
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it would be very interesting to specifically investigate drug-induced effects 
on liver lymphocytes. Possibly also here differential CD4+ and CD8+ T-cell 
effects can be observed. Therefore, liver lymphocytes might be an interesting 
additional read-out parameter following oral exposure. 
From our current data it is clear that T-cell responses are involved in the drug-
induced responses. However, determining which specific T-cell type (CD4+, 
CD8+ or possibly both) is responsible for IDHR induction is subject of future 
investigation. 

The presence of danger signals resulting from drug exposure is one of the 
main explanations to describe the development of IDHR. As mentioned in the 
introduction, this danger is likely caused by (drug induced) stressed cells, or 
by inflammation. 
Initial cell damaging insults may be accompanied by local release of DAMPs. 
For instance the main metabolite NAPQI of APAP has been demonstrated to 
cause the release of DAMPs (HMGB-1, heat shock proteins, mitochondrial 
DNA) 23–26. Binding of these DAMPS to innate receptors (e.g. TLR) may result 
in the secretion of cytokines and chemokines, which subsequently leads to 
activation of both innate (neutrophils and monocytes) and adaptive immune 
cells. 
In our experiments (chapter 4) we have observed clear liver damage following 
APAP exposure. None of the other compounds showed liver damage at the 
doses tested. For DF, it was shown previously that exposure to low doses 
results in intestinal damage 27. For both compounds, this may thus result in 
subsequent local cellular injury and possibly local cell death. As a result, the 
release of DAMPs may be induced. Although none of the other compounds 
showed visible organ damage, this does not mean that they did not induce any 
damage (e.g mild cellular stress, release of DAMPs) at all in other tissues. We 
have selected the spleen as an easy accessible and easy to analyse organ, but 
in retrospective, it would have been better if target organs would have been 
studied that also relate to initial effects of drugs. For e.g. APAP, that should 
clearly be the liver (which we explored histologically) and its draining lymph 
nodes. In contrast, the gut and mesenteric lymph nodes may be important 
targets for DF.
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In our current research, we have not included investigations concerning the 
release of DAMPs. However, this may be a very interesting read-out parameter, 
which is relatively easy to incorporate in future experiments. HMGB-1 for 
example can be determined in blood samples of drug-exposed animals. 
Subsequently, the expression of this protein can be measured by PCR in e.g. 
(part of) the liver, the spleen or the intestine. In addition, HMGB-1 protein 
levels can also be investigated in specific tissue samples. A similar approach 
can be followed for other DAMPs. If some, (or all) of the above mentioned 
parameters turn out positive, this may be a sign that a drug is capable of 
inducing danger through cellular stress. 

As mentioned above, danger signals may lead to the activation of innate 
immune responses. In chapter 4, we showed that the selection of drugs 
tested in chapter 2 caused minor alterations in the spleen of various innate 
immune components (NK cells, neutrophils, IL8/MIP-2). In addition, these 
alterations do not necessarily point to overall similar changes for all drugs. 
Notably, these effects were all observed within a relatively short time-span 
following the first oral exposure (≤ 7 days), which is in line with the innate 
nature of these responses. 
For APAP-induced livery injury, the influence of neutrophils was investigated 
previously. However, both protective and aggravating effects of neutrophils 
on APAP induced hepatotoxicity has been described 25,28–32. This seemed to 
be dependent of the timing of neutrophil depletion (i.e. before or after APAP 
administration). When neutrophils were depleted prior to APAP administration, 
APAP-induced liver injury was reduced. However, when depletion followed 
APAP administration, the absence of neutrophils did not change APAP-induced 
liver injury 25,28–32. We observed increased neutrophils in the spleen following 
DF exposure. Furthermore, several of the compounds caused increased 
expression of MIP-2 in the spleen or the liver. Also, exposure to DF or APAP 
resulted in increased MIP-2 levels in serum. The (local) production of MIP-2 
and changes in the influx of NK and neutrophils found in our experiments 
should be a warning sign that a drug is capable of inducing some form of 
danger of inflammation. Whether this is caused by inducing (local) cell injury 
or cell death (e.g. APAP) or by secondary effects like intestinal damage (DF) 
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and LPS leakage may be subject of future research. 
In addition to cell stress, inflammation may also induce costimulation 
necessary for APCs to provide T cells with signal 2. It was described previously 
that co-administration of a drug with substances like LPS, TNF-α or poly  
I:C resulted in DILI-like phenomena 5, 33–42. In these experiments, exposure 
to the drug alone did not induce a response, but the presence of the  
co-factor was essential for DILI to occur. In the experiments described in 
chapters 4 and 5, some of the drugs showed minor or no effects on liver or 
innate responses. In these cases, the inclusion of co-factors might result in 
IDHR- or DILI-like phenomena. It would be interesting to investigate the impact 
of these inflammatory compounds (LPS, TNF-α, poly I:C or concanavalin A) on 
the experimental outcome of our oral models. Therefore, future experiments 
could be performed, where animals are injected with TNF-α, LPS or poly I:C. 
This may be done prior to oral administration of a drug to mimic an existing 
infection. Also these compounds can be administered during or following 
oral exposure to mimic a new inflammatory episode. As read out, the number 
of liver lymphocytes, innate responses, but also T-cell responses could be 
used as markers of an adaptive immune reaction towards a drug. 

In our oral exposure models, we indirectly demonstrated the involvement 
of danger-related innate immune activation. We did so by showing that all 
compounds were able to act as adjuvant in a TNP-OVA specific response 
(chapter 2). Previously, we have shown that this response to TNP-OVA 
depends on costimulation 43. Specific costimulatory molecules play an 
important role in the outcome of the immune response towards a drug 43,44. 
In chapter 4 we have determined the effect of oral drug exposure on the 
percentage of APCs (DCs and B cells) in the spleen, as well as the expression 
of specific costimulatory molecules on both these cell types. However, the 
obtained results were somewhat difficult to interpret as no clear relationship 
was found between the administered compound and the expression of 
costimulatory molecules on APCs. Also, the dosing regimens did not seem be 
related to the observed results. It is possible that the timing of sacrifice in the 
current experiments was not optimal (i.e. too early or too late) with respect to 
the dosing scheme to pick up significant effects of costimulatory molecules. 
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Therefore, for this short oral exposure model, it may be very worthwhile to 
repeat these experiments but in a more detailed kinetic setup following oral 
exposure to identify the peak of the (innate) response. Furthermore, drugs like 
APAP and DF that may cause liver and intestinal injury, respectively, may also 
induce a more pronounced response than other compounds such as OFLX 
and CMZ that may give more subtle effects. 
The use of depleting antibodies may be a possible method to more clearly 
identify the role of APCs (DCs or B cells) in IDHR. This has been done 
before with DCs in APAP exposed animals and resulted in exacerbated 
APAP induced liver injury. Furthermore, DCs from APAP-exposed animals 
showed a maturated phenotype, including the upregulation of costimulatory 
molecules 45. These results are in contrast to our observations. However, 
it should be noted that both dose (500 µg/g) and administration route (ip) 
were different from our experimental setup. Perhaps, a drug-induced effect 
on DCs may also occur with other compounds but it may also depend on 
the amount of organ (liver) specific damage induced by the drug. Regulatory 
effects of different costimulatory molecules can be determined by using 
blocking antibodies or even transgenic mice. These type of experiments 
were performed previously in the RA-PLNA studies, but also in other 
experimental set-ups 43, 46–50. Similar studies using antibodies that block co-
stimulatory molecules can be easily included in our oral exposure model 
using. Preferably, this blocking of co-stimulatory molecules is done during 
the oral administration phase, since it is likely that the co-stimulation plays 
an important role at that time. 
Overall, the experimental model(s) used described in this thesis do certainly 
allow further exploration of the danger hypothesis for IDHR in more detail.

Drugs can be administered through several different routes e.g. oral, 
dermal or rectal. Several studies testing (immunological) effects of drugs 
have used intraperitoneal, subcutaneous or intravenous injection of a 
compound 51–53. However, in our experimental design we have chosen to 
use oral administration of the drugs, as in our view this is generally the 
most relevant exposure route. The oral administration protocols used here 
have the major advantage that they address relevant organ systems such 
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as the gut and the liver. In addition, with oral exposure protocols effects 
on the gut immune system are also taken into account. As shown in  
chapter 2 the APAP the adjuvant capacity of this drug depends on the route 
of exposure. In these experiments we tested APAP in the RA-PLNA with 
TNP-OVA prior to oral exposure. In the RA-PLNA we did not observe any RA-
specific responses. However, following oral administration RA responses 
(DTH) are observed in APAP-exposed animals. It is very well possible that 
the lack of APAP metabolism following subcutaneous injection (RA-PLNA) 
is the reason for the lack of response observed in the RA-PLNA. Therefore, 
a response in the RA-PLNA will only be observed with chemicals that have 
direct adjuvant activity and do not need metabolic bioactivation (by e.g. 
CYPs). 
One prerequisite for oral administration is that the tested drugs need to 
soluble in water or another non-toxic solvent. It should be recognized that 
the solvent itself can also induce an unwanted (inflammatory) reaction 
and thereby disrupting or interfering with an adverse response towards the 
drug 54. This was one of the main reasons for selecting the drugs used in the 
current experiments, because they were all soluble in water or, for CMC, a 
carboxymethylcellulose solution. 
In several of the in vivo experiments, animals are fasted prior to administration 
of the drug. This is done for instance to influence metabolism. In studies 
presented in this thesis we have chosen not to do so to ensure that all 
processes as physiological as possible, but clearly incorporation of alterations 
(e.g. fasting, depleting GST or CYP activity) are easily applicable in the oral 
exposure model(s). Especially when the specific metabolizing enzyme is 
known (e.g. from in vitro studies) this enzyme can be specifically targeted 
during oral investigations. Several options for metabolite alterations are 
mentioned in Table 3 of the introduction. In humans it has been described 
that there are clear associations between certain HLA types and the  
induction of IDHR or DILI 22, 55. For mice and rats, MHC haplotype may also 
be responsible for different IDHR outcomes such as (drug) specific T-cell 
responses 56. Furthermore, care has to be taken with regard to selecting the 
most suitable mouse strain due to their genetic differences. 
The current research presented in this thesis has provided several 
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experimental approaches using oral drug exposure to predict the induction 
of IDHR. We used new predictive parameters (e.g. innate immune responses, 
CD4+ and CD8+ T-cell reactions) that may eventually be linked to predictive 
biomarkers. However, current approaches also allow to test for drug-
protein formation (including metabolism), and induction of cellular stress 
and inflammation (causing release of danger signals). But based on our 
findings we propose a possible testing strategy (Figure 1) for IDHR, based 
on the existing and presented in vivo models. Because they are linked to 
mechanisms and hypotheses outcomes may be translational to in vitro test 
system on one hand and to human risk assessment on the other hand. 
The strategy we propose starts with standard toxicity studies with inclusion 
of danger signals (e.g. expression of HMGB-1 in different organs). Various 
components of the innate immune system can also be taken into account 
during this standard toxicity studies (e.g. NK cells, MIP-2 production, and 
neutrophil influx). 
Next, the fast screening using the RA-PLNA will allow more detailed 
evaluation of the type immuno-stimulatory or immunosensitizing capacity 
of a compound. Subsequently, short oral exposure models as used in the 
present work enable to determine drug-induced danger signals in specific 
organs via relevant route of exposure. Since in a number of cases additional 
microbial factors (e.g. LPS) were key to the development of adverse 
effects inclusion of such factors should be considered in order to identify 
whether a reaction to a new compound is susceptible to the presence of 
such co-factors An important advantage of the oral models is the improved 
relevance to evaluate changes in spleen, liver and MLN and even intestine.
Finally, oral exposure using TNP-OVA and TNP-Ficoll could be used in which 
RA-specific responses can be measured. Furthermore, co-stimulation and 
T-cell responses can be studied using e.g. blocking or depleting antibodies. 
Ideally, in the future, also specific drug-protein adducts can be used in this 
strategy. 
In our current in vivo models, more drugs should be tested according to the 
proposed scheme mentioned in Figure 1. This way, all mechanisms involved 
are taken into account. These additional drugs should include drugs known 
to induce IDHR in human (e.g. trovafloxacin, amodiaquine and more drugs of 
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same category), but also drugs that do not induce IDHR (negative controls). 
The latter could be used to determine whether the proposed read-out 
parameters indeed prove to be robust and specific. Furthermore, the co-
exposure of drugs with inflammation (TNF-α, LPS, or viruses) can then be 
investigated in more detail. In addition, the involvement of risk factors like 
sex or autoimmune susceptible mouse strains may be an interesting new 
line of research. 
Subsequently, the translation to in vitro data and vice versa could be improved, 
as perhaps some of the in vivo observed parameters can also be found during 
in vitro research. When established that these results are indeed comparable, 
this may also reduce the amount of animal experiments. 
Lastly, in humans (patients suffering from IDHR) could be investigated 
retrospectively. If tissue or blood samples are available, these could be used 
for novel biomarker research, proteomics or transcriptomics. These future 
experiments could include some (or all) of the above suggested new read-out 
parameters (DAMPs, T cells, adduct formation). 

In conclusion, the current work describes several experimental approaches 
that can be used to predict the potential hazard of new drug entities to 
induce IDHR. In addition, the developed in vivo approaches can be used to 
explore several different mechanisms and working hypotheses involved in the 
induction of IDHR. 
The research presented in this thesis may therefore add substantially to a 
better understanding of IDHR and contribute to better predictive strategies in 
the future. 
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Nederlandse samenvatting
Op de bijsluiter van een medicijn staan altijd bijwerkingen vermeld. Deze 
ongewenste reacties (in het Engels: adverse drug reactions, of ADRs) tegen 
een medicijn komen niet vaak voor en zijn over het algemeen mild van 
aard. Echter, in een specifieke groep van gevoelige patiënten kan de reactie 
tegen een medicijn zo heftig zijn, dat dit levensbedreigend wordt. Wanneer 
een dergelijke reactie voorkomt, kan het gebeuren dat een medicijn een 
veiligheidswaarschuwing krijgt, of zelfs van de markt wordt genomen. 
Helaas worden ADRs vaak niet als zodanig herkend tijdens het gebruikelijke 
veiligheidsonderzoek. Dit komt omdat ze zeer weinig voorkomen, en de 
testgroepen dan ook te klein zijn. 
Het is dus van belang dat er goede testmodellen ontwikkeld worden die het 
ontstaan van deze ongewenste reacties tegen een (nieuw) medicijn kunnen 
voorspellen. 
Helaas wordt het ontwikkelen van voorspellende testmethodes bemoeilijkt 
door de grote verscheidenheid aan factoren die bij het ontstaan van ADRs 
een rol kunnen spelen. Bij voorkeur moeten testmodellen rekening houden 
met factoren die betrekking hebben op het medicijn zelf (zoals metabolisme, 
toxiciteit) en ook met factoren die betrekking hebben op de patiënt (zoals 
leeftijd, geslacht, genetische variabiliteit). Ook wordt gedacht dat het 
afweersysteem een belangrijke rol speelt bij het ontstaan van ADRs. Om 
deze reden worden dergelijke reacties ook wel immunologische medicijn 
overgevoeligheidsreacties genoemd (in het Engels: Immune-mediated drug 
hypersensitivity reactions, of IDHR) . 
Het doel van de experimenten beschreven in dit proefschrift is om te 
onderzoeken of er specifieke mechanismen van het immuun systeem zijn die 
het ontstaan deze IDHR kunnen verklaren en ingezet zouden kunnen worden 
in voorspellende testmodellen. 

Ons afweersysteem kan reageren op ongewenste indringers zoals 
bijvoorbeeld virussen of bacteriën, maar ook op medicijnen. Hoe het 
afweersysteem aangezet wordt om op medicijnen te reageren is nog niet 
duidelijk, vooral omdat het afweersysteem over het algemeen met name 
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reageert op eiwitten. Zo worden eiwitten, bijvoorbeeld afkomstig van 
bacteriën, door het afweersysteem herkend. Als er tegelijkertijd sprake is 
van een gevaarlijke situatie zal het afweersysteem reageren om de bacterie 
aan te vallen. De gevaarlijke situatie kan bijvoorbeeld veroorzaakt worden 
door een ontstekingsreactie waarbij stoffen vrijkomen uit beschadigde of 
geïnfecteerde cellen. Een voorbeeld van activatie van een afweerreactie is 
een vaccinatie.. Hierbij wordt een (deel van) de ziekteverwekker, een eiwit, 
toegediend. Daarnaast bevat een vaccin ook een hulpstof, ook wel adjuvant 
genoemd. Dit adjuvant zorgt in dit geval voor de ‘ontsteking’ en een goede 
activatie van het afweersysteem. 

Voor het herkennen van eiwitten zijn zogenaamde T lymfocyten (ook wel  
T cellen genoemd) cruciaal. Zij worden wel de dirigenten van het afweersysteem 
genoemd, vooral omdat ze zorgen dat andere immuuncellen gecoördineerd in 
de aanval gaan tegen ongewenste indringers. 
Belangrijk is dat de activatie van T cellen goed gecontroleerd is, vooral 
omdat het niet wenselijk is dat een agressief systeem als het afweersysteem 
zomaar op alle eiwitten reageert. Bijvoorbeeld, een ongewenst agressieve 
reactie op bijvoorbeeld pinda eiwit, kan dus een pinda allergie veroorzaken. 
Zo ‘zien’ T cellen eiwitten alleen wanneer ze aangeboden worden door 
speciale cellen, ook wel antigeen presenterende cellen (APC) genoemd. 
Deze APC nemen eiwitten, bacteriën of virussen op, breken ze af tot kleine 
stukken eiwit en presenteren deze stukken via speciale moleculen aan  
T cellen. Wanneer een T cel het gepresenteerde eiwit herkent zorgt dat voor 
een eerste stap in de activatie van de T cel. In figuur 5 van hoofdstuk 1 is 
deze presentatie weergegeven. Deze eerst stap wordt ook wel aangeduid als 
signaal 1. Maar signaal 1 alleen is niet voldoende om een T cel te activeren. 
Hiervoor is een extra costimulerend signaal nodig, wat ook wel signaal 2 
genoemd wordt. Dit signaal 2 komt in de T cel pas op gang komt wanneer 
specifieke moleculen op de APC een interactie aangaan met eenzelfde soort 
moleculen op de T cel. Om deze costimulerende moleculen op de APC tot 
expressie te brengen zijn signalen nodig die aangeven dat er ook een echt 
een gevaar is. Deze gevaarsignalen kunnen op verschillende wijze tot stand 
komen. Ze kunnen worden vrijgemaakt door cellen van het afweersysteem, 
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maar ze kunnen ook afkomstig zijn van beschadigde cellen of ongewenste 
indringers. Alleen wanneer een T cel zowel signaal 1 als signaal 2 ontvangt 
zal deze geactiveerd worden en een afweerreactie op gang brengen en 
deze op de juiste manier dirigeren. Zo zal over het algemeen geen reactie 
optreden tegen kraakbeeneiwitten omdat er geen gevaarlijk situatie is, terwijl 
in reumapatiënten door de een of andere reden toch een gevaarlijke situatie 
ontstaan is die geleid heeft tot signaal 2 in de T cellen. Hierdoor ontstaat 
dus een ongewenste reactie tegen lichaamseigen kraakbeen. Zonder een 
voldoende signaal zal de T cel niet optimaal of helemaal niet geactiveerd 
worden om een afweerreactie op gang te helpen.
Een van de door T cellen gedirigeerde cellen zijn B cellen. Wanneer T 
cellen dus voldoende geactiveerd zijn (signaal 1 + 2) kunnen ze vervolgens  
B cellen activeren. Deze B cellen zijn de cellen die eiwit specifieke antistoffen 
produceren. Deze antistoffen kunnen vervolgens helpen bij de afweerreactie 
het doden en verwijderen van de ongewenste indringers uit het lichaam. 

Zoals gemeld kunnen T cellen ook reageren op medicijnen. Echter, omdat  
T cellen alleen reageren op stukken van een eiwit en medicijnen (meestal) 
geen eiwitten zijn, is lang geleden (rond 1930) al vastgesteld dat kleine 
moleculen zoals medicijnen eerst binden aan (lichaamseigen) eiwitten. Als 
gevolg hiervan ontstaan zogenaamde medicijn-eiwit adducten die vervolgens 
dus wel gepresenteerd kunnen worden door APC en vervolgens dus ook 
signaal 1 in specifieke T cellen induceren. De vraag die daarna op komt, is 
waar signaal 2 door geïnduceerd wordt. De gedachte is dat signaal 2 in dit 
geval ontstaat doordat er ook een infectie of ontsteking gaande is. Immers, 
verdachte medicijnen worden vaak genomen door patiënten die al iets onder 
de leden hebben. Een andere oorzaak van signaal 2 kan ontstaan als gevolg 
van het feit dat medicijnen in het lichaam, met name de lever, ook afgebroken 
worden. Daarbij ontstaan afbraakproducten (metabolieten) die chemisch 
reactief zijn en daardoor schade kunnen berokkenen aan cellen. Door deze 
potentieel gevaarlijk situatie(s) zouden APC gestimuleerd worden om signaal 
2 af te geven aan T cellen. Van belang is hier te benadrukken dat signaal 2 
waarschijnlijk ook in geval van IDHR cruciaal is voor het ontstaan van de 
medicijn specifieke afweerreactie.
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Om te onderzoeken welke factoren van het immuunsysteem van belang zijn bij 
het ontstaan van IDHR is voor de in dit proefschrift beschreven experimenten 
gebruik gemaakt van verschillende diermodellen waarbij muizen oraal worden 
blootgesteld aan een medicijn. Hiervoor zijn 4 verschillende medicijnen 
als modelstoffen gebruikt, te weten: paracetamol (APAP, in het Engels 
acetaminophen), diclofenac (DF), carbamazepine (CMZ) en ofloxacine 
(OFLX). Deze stoffen zijn onder andere gekozen omdat bekend is dat ze ADRs 
kunnen veroorzaken, of omdat ze leverschade (kunnen) geven. 

In hoofdstuk 2 hebben we onderzocht of APAP, DF, CMZ en OFLX in staat 
zijn om een afweerreactie in gang te zetten. Omdat het waarschijnlijk 
is dat vooral signaal 2 van belang is hebben we een truc bedacht, waarbij 
we muizen inspuiten met een standaard en goed gekarakteriseerd eiwit, 
TNP-ovalbumine (TNP-OVA). De afweerreactie tegen TNP-OVA kunnen we 
vervolgens makkelijk vaststellen door de specifieke antistoffen te meten. 
De hoeveelheid ingespoten TNP-OVA is zo laag dat er geen afweerreactie 
optreedt zonder voldoende signaal 2. De medicijnen zijn oraal toegediend 
en op de eerste dag van toediening is ook TNP-OVA ingespoten. Na twee 
weken zijn de dieren opnieuw blootgesteld aan TNP-OVA om na te gaan of 
er een afweer is ontstaan. Dit is gedaan door de zwelling van muizenoren te 
meten nadat het TNP-OVA in het oor geprikt is. Dit is vergelijkbaar met het 
bepalen van allergische reactie in mensen. Daarnaast is ook een TNP-OVA 
specifieke antistof reactie waargenomen. Omdat er, zoals eerder beschreven 
voor muis en mens, vermoedelijk ook een genetische factor betrokken is bij 
het ontstaan van IDHR, zijn er 2 verschillende muizen stammen gebruikt. Uit 
deze experimenten bleek dat beide stammen verschillend reageerden op 
blootstelling aan DF en APAP. De ene stam gaf een hogere antistof reactie 
en de andere een hogere DTH reactie. Alles bij elkaar genomen geeft dit 
onderzoek aan dat alle 4 de medicijnen in staat zijn om de reactie tegen TNP-
OVA te stimuleren en dus ook om signaal 2 te stimuleren. Mogelijk dat deze 
medicijnen dus ergens in het lichaam schade veroorzaken. We weten uit de 
literatuur dat dit voor APAP in de lever gebeurt en voor DF in de darm.
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Zoals boven beschreven is, naast het stimuleren van signaal 2, ook de 
vorming van medicijn-eiwit adducten waarschijnlijk van groot belang bij 
het ontstaan van immuun gemedieerde overgevoeligheids reacties voor 
medicijnen. Deze medicijn-eiwit adducten zijn mogelijk aan te tonen in het 
bloed van dieren (of mensen) die aan een medicijn zijn blootgesteld. 
In hoofdstuk 3 beschrijven we, samen met collega onderzoekers van 
de Vrije Universiteit van Amsterdam, een analyse methode waarmee 
onderzocht kan worden of medicijn-eiwit adducten kunnen worden gemeten 
in het bloed van muizen (of mensen) die zijn blootgesteld aan een medicijn, 
in dit geval paracetamol. Hiervoor hebben we eerst het meest voorkomende 
metaboliet van paracetamol, N-acetyl-p-benzoquinoneimine (NAPQI), 
chemisch gebonden aan albumine, een eiwit dat in grote hoeveelheid 
aanwezig is in muizenserum (ook wel muizenserum albumine of MSA 
genoemd). Daarna is een chemische analyse methode opgezet die gebruik 
maakt van massaspectrometrie. Vervolgens is in monsters van muizen die 
paracetamol hebben gekregen gekeken of dit NAPQI-MSA ook was terug 
te vinden, en in welke hoeveelheden. Uit deze experimenten bleek dat het 
inderdaad mogelijk was om NAPQI-MSA te detecteren in het bloed van 
muizen die zijn blootgesteld aan paracetamol. Daarnaast hebben we ook 
kunnen kwantificeren hoeveel NAPQI-MSA er daadwerkelijk aanwezig was. 

Signalen die een gevaar aanduiden zouden een belangrijke eerste schakel 
zijn in het ontstaan van ADRs. Zoals al gemeld zijn ontstekingsreacties 
of beschadigde cellen vormen van gevaarlijke situaties. Omdat deze 
signalen volgens het idee betrokken zijn het ontstaan van IDHR is het 
vermoeden dat ze vroeg na blootstelling aan medicijnen al op kunnen 
treden. In hoofdstuk 4 hebben we muizen één of meerdere (7) doses van 
APAP, DF, CMZ of OFLX gegeven. Vervolgens is op de dag na de laatste 
blootstelling gekeken naar enkele vroege effecten in de milt. Uit deze 
experimenten bleek dat de verschillende medicijnen in staat zijn om 
verschillende reacties te veroorzaken. Vooral DF en APAP bleken in staat 
om specifieke ontstekingscellen (neutrofielen) aan te trekken naar o.a. de 
milt of de lever. Voor OFLX en CMZ was dit veel minder duidelijk. Ook leek 
het voor alle stoffen zo dat ze een specifieke T-cel reactie (geactiveerde 
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T cellen) konden veroorzaken.
In hoofdstuk 5 is vervolgens onderzocht of er ook T cellen ontstaan die 
specifiek gericht zijn tegen een medicijn. Een medicijn is alleen in staat om 
specifieke T cellen te stimuleren indien gekoppeld aan een eiwit. Daarom 
zouden we het liefst willen nagaan of een T cel reactie optreedt tegen het 
medicijn als het gekoppeld is aan bijvoorbeeld MSA (zie hoofdstuk 2). 
Echter, die medicijn-eiwit complexen zijn niet eenvoudig te maken, en zouden 
daarnaast voor ieder medicijn afzonderlijk gemaakt moeten worden. Daarom 
hebben we hiervoor een truc toegepast. In plaats van TNP-OVA hebben 
we nu TNP-Ficoll gebruikt. TNP-Ficoll is een suiker en is om die reden niet 
in staat specifieke T cellen te stimuleren. Echter, TNP-Ficoll is wel in staat  
B cellen aan te zetten tot productie van antistoffen. Deze antistofproductie is 
vervolgens wel weer gevoelig voor instructie van T cellen. Een verandering in 
antistofproductie geeft aan dat er T cellen geactiveerd zijn, die dan mogelijk 
specifiek zijn voor een medicijn-eiwit complex dat in het lichaam zelf gevormd 
is. Wat we in hoofdstuk 5 hebben aangetoond is dat de CMZ en DF in staat 
zijn de reactie tegen TNP-Ficoll te veranderen, een verandering die inderdaad 
afhankelijk bleek te zijn van de aanwezigheid van T cellen. Deze resultaten 
duiden erop dat CMZ en DF, en waarschijnlijk ook andere verdachte medicijnen, 
in staat zijn om T cellen direct te activeren. 

De resultaten beschreven in dit proefschrift geven aan dat het afweersysteem 
op meerdere niveaus (zowel op niveau van signaal 1 als van signaal 2) een 
belangrijke rol speelt bij het ontstaan van IDHR tegen medicijnen. Deze 
resultaten zijn dan ook een goede uitgangspositie voor verder onderzoek naar 
IDHR. Nu we beter weten welke onderdelen van het afweersysteem betrokken 
zijn bij het ontstaan van IDHR, kunnen we meerdere medicijnen gerichter gaan 
testen met de verschillende modellen. 
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vele uren in de sectie kamer doorgebracht om te helpen met weer een (veel te 
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Tetsuo Aida, our collaboration was interesting in many ways. I’m really happy 
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De studenten die ik heb mogen begeleiden. Aidan, Aida en Fleur. Jullie 
hebben stuk voor stuk bergen werk verzet. Ondanks dat dit (vooralsnog) geen 
publicaties heeft opgeleverd, zijn er dankzij jullie werk wel een veel vragen 
beantwoord….. en ook een hoop nieuwe ontstaan. Veel succes in jullie (al dan 
niet) wetenschappelijke carrière. 

Alle IRAS collega’s die ik in de loop der jaren heb gehad. Bedankt voor gewoon 
een praatje, gezelligheid bij congressen, lunch seminars, taart, Italiaanse 
bollen, de koffie en koekjes op woensdag en ijsjes eten als het mooi weer was. 
Een extra grote dankjewel voor Karin, Kamila en Maarke omdat ik altijd van 
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Evelyn en Ingrid, jullie aanwezigheid wordt vaak als vanzelfsprekend gezien, 
maar jullie zijn echt onmisbaar. Dank voor jullie oprechte interesse in alles, 
zowel werk als niet werk gerelateerd. Jullie hebben vermoedelijk al heel veel 
AIO’s zien komen en gaan, maar jullie zijn, en blijven gelukkig altijd een stabiele 
factor op het IRAS. 

Mijn collega AIO’s van het TIPharma project. Rachel, Mackenzie, Bram, Lisa, 
Jan-Simon, Linda en Sanja. Bedankt voor de gezelligheid tijdens onze project 
meetings. Daarnaast dank aan alle TIP en MIP-DILI project leiders voor de 
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De (administratieve) medewerkers en dierverzorgers van het GDL. Jan voor 
alle hulp en goed zorgen voor muizen, Helma, Jan Nico, Lea en Romy voor 
alle snelle werkprotocollen en de hulp als ik weer lastig was en haast had 
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met de bestellingen!, Fred, Harry en de DEC voor snel en prettig overleg en 
goedkeuring van alle experimenten.

Mijn collega’s bij Westburg, ik had niet gedacht dat het kon, maar ik heb 
een werkgever gevonden waar het net zo fijn is als bij het IRAS! 

Maaike, Marisa en Veronica, de Ex-IRAS meisjes (zoals ons WhatsApp 
groepje inmiddels heet). Jullie vriendschap is me zeer dierbaar en ik vind 
het echt bijzonder dat we nog steeds een paar keer per jaar afspreken om 
bij te praten. De gespreksonderwerpen zijn ietwat veranderd in de loop der 
jaren (zeker nu we allemaal een gezin hebben), maar het is er niet minder 
gezellig om. Ik hoop dat we deze traditie nog heel lang volhouden! 

Rogier, we begonnen samen als AIO bij Immunologie in het WKZ en het 
klikte meteen. We zijn inmiddels jaren verder, en ik vind het fijn dat we 
elkaar nog steeds spreken. Bedankt voor alle opbeurende woorden als ik 
het weer even niet zag zitten!  

Erica, in 1999 zijn wij als eerstejaars Biologen begonnen in Utrecht. We zijn 
inmiddels bijna 20 (!) jaar verder en wat is er in die tussentijd veel gebeurd. 
Bedankt dat ik altijd bij je terecht kon voor wat afleiding en kon ventileren 
over promotiestress en frustraties. Je weet als geen ander hoe leuk het is 
;-)..... En hoe heerlijk het is als het eindelijk echt af is!Ik kom snel weer bij 
je langs! 

Bas en Maaike, ‘postvriendjes’. Bedankt voor alle afleiding in de vorm 
van sushi dates, bbq’s, avonden slap ouwehoeren en andere gezelligheid. 
Maaike ontzettend bedankt voor het maken van de mooie lay-out. Ik ben 
heel blij dat ik me dankzij jou niet in Indesign heb hoeven verdiepen. 

Alle dames volleybalteams van Voleem waar ik gedurende mijn promotie-
periode heb gespeeld. Ik heb de afgelopen jaren in alle damesteams 
(in verschillende samenstellingen) gespeeld, en het was (en is!) overal 
even gezellig! Volleyballen is voor mij de perfecte afleiding na mislukte 
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experimenten, (schrijf)stress en gedoe. Het was/is heerlijk om me even 
lekker uit te leven op de bal en om verder nergens anders aan te hoeven 
denken dan een lekkere snoeiharde aanval of een heerlijk (kill)blok! Ik hoop 
nog jaren met jullie allemaal te kunnen ballen!!!

Sonja, we volleyballen al jaren en kennen elkaar al sinds meisjes A. Dit seizoen 
spelen we eindelijk weer eens in hetzelfde team en dat vind ik echt heel 
gezellig. Het is heel fijn een maatje te hebben om mee te sporten, kletsen, 
en volleyballen. Daarnaast weet jij ook hoe het is om naast het runnen van 
een gezin en je baan een promotieonderzoek af te ronden. Het is prettig 
mensen om je heen te hebben die snappen hoe het is. Ik vind het fijn dat je 
mijn paranimf wilt zijn. 

Mijn lieve schoonouders Alex en Ine. Jullie hebben me geïntroduceerd in de 
wereld van (voor mij althans) ‘raar’ eten. Bedankt voor jullie niet aflatende 
interesse in de voortgang van mijn proefschrift. Inmiddels heb ik gelukkig 
geleerd welke ingrediënten ik gewoon van m’n bord mag vissen en niet hoef 
op te eten. Ook de rest van mijn schoonfamilie, Olga en Rick (en Zoë en Tygo) 
en Alwin. Olga, ontzettend bedankt voor het ontwerpen van de prachtige 
omslag en de figuren uit H1. 

Karin en Laurens, ik ben inmiddels de kleinste van ons drieën, maar ondanks 
dat blijven jullie altijd mijn kleine zusje en broertje (dat is het voorrecht van de 
oudste zijn). Bedankt voor jullie interesse! Ik hoop dat jullie net zo trots zijn op 
mij, als ik op jullie. 

Lieve Papa en Mama, ondanks dat jullie wellicht niet altijd precies begrepen 
wat ik nu toch allemaal aan het onderzoeken was, waren jullie wel altijd 
geïnteresseerd. Gelukkig was dit onderwerp niet zo abstract als het eerste, 
maar het is af en toe toch wel moeilijk geweest om goed duidelijk te maken 
wat ik nou eigenlijk allemaal deed. Ik ben jullie ontzettend dankbaar voor 
jullie hulp. Vooral dat jullie tijdens de afrondende fase zoveel geholpen 
hebben met de jongens. Zonder jullie was het zeker niet (op tijd) gelukt. 
Vanaf nu kan ik in Prinsenbeek op visite komen om gewoon te kletsen en 
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koffie te drinken (en af en toe wat la Bohème bonbons te eten) en hoef ik 
me niet meer boven op te sluiten om te schrijven. Ontzettend bedankt voor 
alles!

Joop* en Jana*, Karel en Clara, jullie kwamen altijd fijne kopjes en knuffels 
brengen als ik ze even nodig had. Het is heel fijn zo’n ronkend balletje op 
schoot te hebben wat je dwingt om even rustig te blijven zitten.  

Lucas en Oscar onze twee lieve kleine mannen! Jullie laten me weer met 
verwondering naar de wereld kijken! Bedankt daarvoor. 

Lieve Erik gelukkig was jij tijdens al deze jaren het rustpunt thuis. Ik ben blij dat 
je dingen voor me kon relativeren. Het hele proces heeft genoeg frustraties 
opgeleverd, maar het is eindelijk af. Nu is het tijd voor mooie dingen! Ik vind 
je lief!
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