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Chapter 1

In the last decade there have been major developments in the field of therapeutic 

monoclonal antibodies. At this point over thirty different therapeutic monoclonal 

antibodies have been approved by the FDA. These therapeutics are used for the treatment 

of cancer, auto-immune diseases and cardiovascular diseases. The majority of the 

patients respond very well to the treatment, however in some patients the therapeutic 

gets recognized by the patients’ immune system. This leads to antibody formation against 

the therapeutic, which has been linked to clinical non-response in these patients. 

Recognition by the immune system 

Our immune system protects us against the pathogens we are exposed to every day. 

It consists of the interplay between the innate and the adaptive immune system. The 

innate immune system is the first line of defense and consists of the complement 

system and broadly recognizing pattern recognition receptors on innate immune cells 

such as macrophages and neutrophils. If the innate immune system fails to clear the 

pathogen swiftly, the adaptive immune system is activated. Upon the first encounter 

with a pathogen, the adaptive immune system develops immunological memory against 

this specific pathogen allowing it to respond more rapidly upon a second round of 

antigen exposure. The adaptive immune system consists of B and T cells each expressing 

its own antigen specific receptor. T cells proliferate and differentiate in response to 

antigen presentation to the T cell receptor (TCR) by antigen presenting cells. B cells 

recognize pathogens directly via their B cell receptor (BCR) and proliferate, maturate and 

differentiate upon target binding. Moreover, activated B cells produce antibodies with 

the same specificity as their BCR leading to neutralization of the pathogen and facilitating 

its clearance.1 

Immunoglobulins

To be able to respond to all different types of pathogens, B cells require a large variation 

in BCR’s. Every BCR contains two heavy and two light chains, both consisting of a constant 

and a variable domain. The heavy chain variable region consists of a single variable (V), 

diversity (D) and joining (J) segment, which are combined during V(D)J recombination2,3. 

In total there are ~40 V segments, ~25 D segments and ~6 J segments which can be 

combined to form a great variety of heavy chains. The light chain can be formed by 

recombination of either the kappa gene, in which ~40 V segments can be combined with 

one of ~5 J regions, or the lambda encoding region consisting of ~30 V regions and ~4 J 

regions (figure 1).4 

V(D)J recombination leads to an enormous variation between BCR’s. This diversity is 

even further increased by random nucleotide incorporation in the joining regions during 

recombination and by a process called somatic hyper mutation.5 Somatic hyper mutation 
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Antigen binding can not only induce affinity maturation of the BCR, but it can also 

initiate isotype switching. In naive cells all antigen receptors expressed by B cells are of 

the IgM and IgD isotype.7 However, after antigen recognition, rearrangement in the heavy 

chain coding region can lead to the expression of IgG, IgGA or IgE. The class of antibody 

produced in an immune response depends of the type of antigen the body is exposed 

to and the microenvironment of the B cell. IgA is mainly produced to protect mucosal 

surfaces, while IgE is involved in anti-parasitic immune responses and allergy.8;9 The IgG 

isotype consists of four subtypes numbered according to the frequency in peripheral 

blood. IgG1 is mainly produced against bacterial pathogens; IgG2 is often directed against 

polysaccharides on bacterial surfaces.10  IgG3 is made as a response against viruses and 

IgG4 is produced after long term exposure to allergens.11;12 

is initiated after antigen binding and is a process in which small changes in the form of 

single nucleotide exchanges, deletions and duplications are introduced in the variable 

region of the BCR. Due to these small changes a large variety of B cells is made, each 

recognizing the same antigen with different binding affinities. B cells recognizing the 

antigen with the highest affinity are selected for outgrowth and survival.6 

Figure 1: V(D)J recombination. The great variation between antibodies is, among other mechanisms, 
the result of V(D)J recombination. The two heavy chains consist of a variable (V), diversity (D) and 
joining (J) segments. Both light chains are formed by recombination of a V and a J segment.  
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Effector functions of immunoglobulins 

The production of antibodies can trigger several downstream effector mechanisms. 

Antibodies can activate complement by binding to the C1 complex via their Fc tails.13 

Activation of the complement system ends in the formation of the membrane attack 

complex leading to lysis of the target cell.14  Next to that, complement factors can opsonize 

pathogens facilitating phagocytosis, and induce the release of anaphylatoxins, thereby 

promoting inflammation. IgG1, IgG3 and to a lesser extent IgG2 are able to activate the 

complement system, in contrast to IgG4 which is unable to activate the complement 

system.

Antibodies can also bind to Fc receptors via their Fc tail leading to activation of 

macrophages, monocytes, myeloid cells and dendritic cells. Activation of these receptors 

can lead to phagocytosis, endocytosis, antibody mediated cellular toxicity and cytokine 

release.15 Binding of Fc receptors also plays a role in the clearance of immune complexes.16 

IgG1 and IgG3 are able to bind Fc receptors. IgG2 and IgG4 can also bind, but with a lower 

affinity.17

IgG4 is considered an odd antibody, not only is it limited in its effector functions, but 

it is able to exchange half molecules in vivo, leading to bispecific antibodies. Because of 

their bispecificity IgG4 antibodies are unable to cross-link identical antigens resulting in 

the formation of small immune complexes.18-20 Even though in general the percentage of 

IgG4 in serum is low, it has been described that in some immune responses IgG4 can be 

the main subclass produced.21;22 

Therapeutic monoclonal antibodies

When the development of monoclonal antibodies evolved, soon these antibodies were 

also developed for therapeutic purposes. Because of their specific targeting and powerful 

effector mechanisms to remove unwanted agents, monoclonal antibodies are considered 

very good therapeutics. In 1986, the first FDA approved monoclonal antibody was OKT3 

which was used to prevent transplant rejection.23 OKT3 was a mouse monoclonal antibody 

and one of the major problems in the clinic was immunogenicity. All patients treated with 

OKT3 developed anti-drug antibodies (ADA) against the therapeutic and these antibodies 

were linked to loss of clinical response.24 It was assumed that this immunogenicity 

could be reduced by making therapeutic monoclonal antibodies that resembled human 

antibodies more closely. Therefore, a lot of effort was taken to humanize therapeutic 

monoclonal antibodies.

Humanization of monoclonal antibodies

The first step in the humanization process of therapeutic monoclonal antibodies was 

the development of chimeric antibodies (figure 2) of which the constant domain is fully 
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human whereas the variable region is murine. One example of a chimeric therapeutic 

antibody is infliximab, an anti-TNF agent used for the treatment of auto-immune diseases 

such as Rheumatoid arthritis (RA) (figure 3). For infliximab, reported immunogenicity 

numbers vary between 8-61%.25-31 The development of ADA is linked to lower infliximab 

levels and clinical non-response.26;28-30 

Later, humanized antibodies were developed; here the murine framework sequences 

around the complementarity determining regions (CDR’s) are replaced with human 

sequences and only the CDR’s are murine. One example of humanized therapeutic 

monoclonal antibodies is natalizumab, a monoclonal antibody directed against α-4 

integrin, which is used for the treatment of multiple sclerosis. Despite humanization 

of the antibody, immunogenicity against natalizumab is found in 4-11% of the treated 

patients.32-36 

As techniques developed further, this enabled the production of fully human antibodies 

using phage display or humanized mice. Two examples of fully human antibodies are 

golimumab and adalimumab, both anti-TNF antibodies used for the treatment of auto-

immune diseases (figure 3). The hope was that these fully human antibodies would not 

elicit an immune response in patients. However, for both golimumab and adalimumab, 

immunogenicity has been reported. Although little data are available for golimumab, ADA 

were detected in two studies in 6.5-8.0% of the treated patients.37;38 For adalimumab 

immunogenicity was reported in 1-44% of adalimumab treated patients.39-42 As was 

found with other therapeutic proteins, ADA production is linked to lower adalimumab 

serum levels and reduced clinical response.

Next to fully human monoclonal antibodies, the development of other types of 

therapeutic proteins is emerging, hoping to reduce immunogenicity and increase 

specificity. Examples are certolizumab, a PEGylated Fab fragment directed against TNF and 

Figure 2: Humanization of monoclonal antibodies. The first monoclonal antibodies available 
for treatment were murine antibodies. Immunogenicity was a major problem in the treatment 
with these antibodies, which led to the development of antibodies with increased homology with 
human antibodies. Chimeric antibodies have a human (gray) constant domain, and a murine (black) 
variable region. In humanized antibodies only the CDR regions of the antibody are of murine origin. 
Currently, also fully human monoclonal antibodies are available for treatment.  



General introduction

15

Chapter 1

etanercept, a fusion protein between TNF receptor II and the Fc part of an IgG antibody 

(figure 3). For both drugs ADA formation has been described. Against certolizumab, ADA 

have been found in 5.1-8.1% of the patients, and for etanercept reports vary between 

0-16%.43-47

The production of ADA against therapeutic antibodies has not only been linked 

to reduced clinical efficacy, but also is associated with increased frequency of clinical 

side effects. For example, several recent papers suggest a possible link between 

immunogenicity and increased risk of tromboembolic events.48-50 Together this indicates 

that immunogenicity of therapeutic monoclonal antibodies is of clinical importance.

There is a large variation in the prevalence of immunogenicity as reported in different 

studies. This can be explained by differences between patients groups, co-medication, 

timing of sampling, length of follow-up and drug dosing. Also the different types of assays 

used for detection of ADA will greatly influence the results as further discussed below. 

Figure 3: The five anti-TNF agents available for the treatment of rheumatoid arthritis. Infliximab 
is a chimeric antibody of which the variable domain is murine (black), while the constant domain 
is human (gray). Adalimumab is a fully human antibody. Etanercept is a fusion protein between a 
human IgG Fc tail and the TNF receptor. Golimumab is also a fully human antibody and certolizumab 
is a humanized Fab fragment which is PEGylated (light gray).

Assessment of immunogenicity

Many different assays are available for the measurement of ADA.51-54 A commonly used 

assay is a bridging ELISA. In this assay format specific ADA in the test sample crosslink 

the drug which is used both for coating and detection. Another assay often used for 

ADA detection is an antigen binding test (ABT).29;55;56 In both mentioned assays drug 

interference is a major complicating factor in the detection of ADA against therapeutic 

antibodies. Often the presence of drug levels in patient sera leads to false negative results 

in these assays.55 In assays that are sensitive for drug interference ADA are only detected 

in case the amount of ADA produced exceeds drug levels. Since most patients are 

continuously treated with therapeutic monoclonal antibodies, drug interference often 

leads to an underestimation of ADA production. Immunogenicity data should therefore 
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always be interpreted in context of the assay used for ADA measurement. It is important 

to realize the discrepancy between the ADA levels produced in the patients and the ADA 

detected by the different assays. Drug interference also complicates investigation of the 

kinetics of the immune response against therapeutic monoclonal antibodies. Using an 

assay less sensitive for drug interference would lead to more reliable results. 

Factors influencing immunogenicity

Patient related factors

There are many different factors that are thought to influence the immunogenicity of 

therapeutic proteins.53;57-59 First, the genetic background of patients will make some 

patients more prone than others to develop ADA. For anti-TNF agents it was shown that 

patients developing ADA against their first anti-TNF agent are more likely to develop ADA 

against the second anti-TNF agent, suggesting that there is an intrinsic factor in these 

patients contributing to the immune response against therapeutic proteins.53;60 Until 

now, only a single paper on genetic variation and immunogenicity of anti-TNF agents was 

described. In this paper a correlation between IL-10 genotype and antibody production 

against adalimumab is shown, but a causal relation was not further investigated.61 It can 

be expected that MHC restriction might also predispose some patients for ADA production 

as described below. Collecting data on patient genetics and ADA formation is difficult due 

to large patient numbers required for this type of research to reach statistical power.  

In addition, the immune status of the patient is thought to influence ADA formation. 

Patients with a highly active immune system are thought to have an increased risk for 

ADA development. This is supported by various reports that ADA producing patients 

show higher baseline disease activity and elevated levels of inflammation markers.62;63

Treatment strategy

The treatment regimen is thought to influence ADA formation as well. It was reported that 

in case of infliximab, higher dosing reduces immunogenicity. 25 Furthermore, the route of 

administration seems to be important, since intravenous (IV) administration is thought to 

be less immunogenic compared to intra muscular or subcutaneous (SC) treatment.64-67 In 

contrast to this, a study comparing SC and IV administration of abatacept (a fusion protein 

between the IgG1 Fc tail and CTLA-4) showed a mild increase in immunogenicity in the IV 

treated patients.68 Other studies suggest that the risk of immunogenicity increases with 

prolonged treatment.59 

Also the use of co-medication with immunomodulators has been linked to reduced 

immunogenicity. For azathioprine, mercaptopurine, hydrocortisone, and methotrexate it 

was described that co-treatment is linked to lower frequency of ADA formation in either 

RA of Crohns disease (CD) patients treated with anti-TNF agents.25;26;56;69;70 
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Product related factors

Product related factors can also influence the immunogenicity of a therapeutic protein. 

First, the presence of B or T cell epitopes in the therapeutic protein will increase their 

immunogenic potential, as will be discussed more extensively below. Amino acid 

sequence differences between the therapeutic and endogenous protein may increase 

immunogenicity. Structural alteration of the therapeutic protein, such as aggregation, has 

been described to increase the risk of an immune reaction.71-73 The same is true for small 

particles present in therapeutics.71 These aggregates and particles may be introduced 

during the production and purification process of the therapeutic protein. It has been 

suggested that glycosylation of the therapeutic protein can influence the immunogenic 

potential.74 

Target related factors

Therapeutic antibodies form immune complexes (IC) with their targets in vivo. It appears 

that the type of IC formed between a therapeutic monoclonal antibody and the target 

protein influences ADA formation. The formation of large IC might enhance uptake of 

the therapeutic antibody by antigen presenting cells. Large IC can also directly crosslink 

BCR’s leading to T cell independent B cell activation. Aggregates in the therapeutic can 

resemble immune complexes and induce immune activation in a similar fashion.75 In 

case of anti-TNF agents there are reports on IC formation between TNF and some of 

the known anti-TNF agents.76;77 These studies show that adalimumab and infliximab can 

form large complexes with TNF of respectively 4,000 kDa and 14,000 kDa.  In contrast, 

etanercept only forms small IC complexes with a maximal size of 300 kDa (consistent with 

a 1:2 TNF: etanercept complex). In concordance with these data, immunogenicity against 

etanercept was only reported in few studies whereas others found low or no levels of 

ADA. 

T cell epitopes

After phagocytosis of therapeutic proteins by antigen presenting cells, the protein is 

digested into peptides which can be presented via MHC molecules. Once the peptide 

is loaded, MHC is transported to the cell surface, where it can bind to specific T cell 

receptors (TCR) and induce proliferation of antigen specific T cells. Depending on the 

peptides available on the therapeutic protein and the HLA type of the patient, antigen 

presentation is more or less efficient.  

To investigate the role of T cell epitopes in the immune response against therapeutic 

proteins different approaches can be used. First, in silico methods are used to identify 

T cell epitopes by the prediction of binding affinities of peptides to common HLA types.78 

Next to this, proliferation assays are used to test which peptides are able to induce  
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T cell proliferation in vitro. Furthermore linkage studies can indicate whether certain HLA 

alleles are linked to ADA formation. 

Notwithstanding the fact that various groups are setting up systems to investigate  

T cell epitopes, little published data are available on T cell epitopes in anti-TNF agents, 

One study identified a T cell epitope associated with the G1m1 allotype, which is able 

to induce T cell proliferation in healthy donors with a different allotype.79 In case of 

adalimumab, which is of the G1m1 allotype, this would suggest that patients with a 

G1m1 allotype are less likely to produce ADA against adalimumab. This is contradicted by 

a study by Bartelds et al showing increased immunogenicity in patients with the G1m1 

allotype.60 

Theoretically, knowing which peptides of a therapeutic protein result in T cell 

proliferation gives the opportunity to modify the protein to reduce immunogenicity. 

However, in case of anti-TNF the removal of T cell epitopes might not be cost-effective, 

since many alternative drugs are available and patients can easily switch to a different 

anti-TNF agent. However, increasing the knowledge on T cell epitopes will help the further 

development of in silico prediction tools and pre-clinical in vitro proliferation assays. 

These tools could be very valuable in reducing immunogenicity in a next generation of 

therapeutic proteins. 

B cell epitopes

Mapping the binding sites of ADA on therapeutic proteins will enable the identification 

of B cell epitopes involved in immunogenicity. For golimumab and certolizumab no data 

are available on the immunogenic epitopes. For infliximab, one  study shows that the 

immunogenic region of infliximab lies within the F(ab’)2 region.80 Another study by 

Kosmac et al confirmed these results and performed experiments using linear peptides 

of the F(ab’)2 region to identify the precise B cell epitope. Unfortunately they did not 

succeed in this, suggesting that the immunogenic epitope is only present on correctly 

folded infliximab.81

Until now there are no data available for adalimumab on the identification of B cell 

epitopes. However, different assays for the detection of ADA use adalimumab F(ab’)2 

for detection, indicating that the immunogenic region lies within the F(ab’)2 region of 

adalimumab. For etanercept, ADA have been described to be non-neutralizing, but the 

exact binding epitope has not been investigated.43;82-85 

Identification of the precise epitopes involved in ADA binding could potentially allow 

their elimination from the therapeutic protein or shielding of these epitope using PEG 

groups or HIS tags.86;87 Of course such alterations would only be possible when small 

numbers of immunogenic epitopes are involved and they are located outside the antigen 

binding domain to avoid destruction of target binding. 
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ADA: neutralizing or binding antibodies?

There are two possible mechanisms by which the formation of ADA against therapeutic 

monoclonal antibodies can influence treatment efficacy. First, neutralizing ADA can block 

the binding of the therapeutic to its target. Second, ADA may form immune complexes 

with the therapeutic antibody, leading to increased clearance and reduced half life of the 

therapeutic. It is currently unknown which of these mechanisms is most important in 

clinical non-response to therapeutic antibody treatment. 

For infliximab, two different studies show that at least part of the antibodies formed 

against infliximab have neutralizing capacity.80;81 In case of adalimumab, no such data are 

available yet.

The size of IC formed determines their fate. Large IC will activate complement and 

will be rapidly cleared in the liver whereas small IC are not efficiently cleared and stay 

in circulation. Rojas et al. published a study investigating IC formation of infliximab in 

cynomolgus monkeys.88 They injected these monkeys with infliximab and a labeled 

polyclonal anti-infliximab serum obtained from immunized rhesus monkeys and studied 

the size and clearance of the in vivo formed IC between infliximab and anti-infliximab 

antibodies. They observed the formation of IC of two different sizes, the largest being 

670 kDa in size. As expected, the larger IC were more rapidly cleared from the circulation. 

Another study followed the formation of IC in three infliximab treated patients during 

infusion.89 In two of these patients only small IC were formed, while in the last patient 

large IC were found. This last patient also developed a severe infusion reaction. This 

suggests that the size of IC formed between ADA and infliximab varies between patients. 

For adalimumab no such data are available. 

 

The treatment of rheumatoid arthritis patients with adalimumab

In this thesis we investigate the role of immunogenicity against adalimumab in the 

treatment of rheumatoid arthritis (RA) patients with this therapeutic monoclonal 

antibody. RA is a systemic inflammatory disease that affects approximately 1% of the 

western population.90 The disease is characterized by chronic synovitis which can result in 

destruction of cartilage and bone, leading to functional disability, joint damage, decreased 

quality of life and shortened life expectancy.91 Part of the RA patients are treated with 

adalimumab, and in these patients the immunogenicity has been extensively linked to 

lower serum drug levels and reduced clinical response.30;39

Scope of this thesis

A variety of studies have been focusing on the clinical aspects of immunogenicity of 

adalimumab, in this thesis we focus on the immunological aspects. The role of IgG4 
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in the immune response against adalimumab is elucidated in chapter 2. In chapter 3 

a novel assay for the detection of ADA against adalimumab is described, in which ADA 

can be measured in the presence of high drug levels. In chapter 4 this assay is used 

for the measurement of ADA in a cohort of 99 adalimumab treated RA patients during 

three years of treatment. This gives a more complete overview of the kinetics of the 

anti-adalimumab response. Chapter 5 describes that all antibodies against adalimumab 

are neutralizing, providing for the first time a mechanism by which ADA formation leads 

to clinical non-response. In chapter 6 we describe the production of human monoclonal 

antibodies against adalimumab, which are derived from patient peripheral blood. We 

study their affinity and the effect of the different affinities in various assay formats. 

Chapter 7 contains a general discussion and a summary of the results.
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AbstrAct

A substantial part of rheumatoid arthritis (RA) patients is chronically treated with 

adalimumab. Some of these patients produce antibodies against adalimumab, which 

correlate with lower serum drug levels and reduced clinical response. Long term exposure 

to antigens may result in antigen specific IgG4 production as was demonstrated in studies 

on prolonged exposure to antigens such as different allergens, Factor VIII and IFN-β. 

Here, we investigate whether long term treatment of RA patients with the therapeutic 

monoclonal antibody adalimumab leads to the production of specific IgG4 antibodies. 

We developed radio immunoassays to detect total IgG or IgG4 against adalimumab and 

applied these in a cohort of 271 consecutive RA patients during three years of adalimumab 

treatment. In 32% of the 271 patients antibodies against adalimumab were detectable. 

IgG4 antibodies were detected in 29% of the patients. The proportion IgG4 of total IgG 

against adalimumab varies widely between patients, and IgG4 was found to contribute 

significantly to the anti drug antibody (ADA) response in some patients. In the immune 

response against adalimumab in adalimumab-treated RA patients a considerable part 

of the ADA is IgG4. Although IgG4 is often considered to be harmless due to its lack of 

effector function, neutralization of adalimumab by IgG4 antibodies will lead to a reduced 

clinical response.
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IntroductIon

In human serum of Caucasian adults about 4% of total IgG is of the IgG4 isotype.1 IgG4 

is considered an odd antibody in the sense that it is the only IgG antibody that is unable 

to activate complement and it has a low affinity to Fcγ receptors.2;3 Furthermore, IgG4 

is able to exchange half molecules in vivo, leading to bispecific antibodies that do not 

cross-link, and therefore result in the formation of small immune complexes.4-6 Because 

of the limited potential to trigger immunological effector functions and its tendency to 

form small immune complexes, IgG4 is thought to have lesser effect on the clearance of 

antigens and play a limited role in inflammation. 

Even though in general the percentage of IgG4 is low in serum, for some immune 

responses it has been described that antigen-specific IgG4 is the main antibody isotype 

produced. Already in the 1970’s it was shown that chronic antigen exposure to grass 

pollen and bee venom results in the predominant formation of IgG4.1;7 Increased allergen 

specific IgG4 is associated with a beneficial response to specific allergen immunotherapy 

in allergic patients.8;9

Chronic treatment of patients with biological agents, such as Factor VIII, interferon 

(IFN)-β or therapeutic monoclonal antibodies can be considered as long-term exposure 

to protein antigens. IgG antibody formation against biologicals is frequently reported and 

for some biologicals IgG4 production has been described. For example, in hemophilia 

A patients treated with Factor VIII it has been shown that antibody formation leads to 

clearance of Factor VIII and non-responsiveness to treatment. In this immune response 

IgG1 and IgG4 were most prominently produced.10;11 Also prolonged exposure to IFN-β, 

in multiple sclerosis patients leads to development of IgG4 antibodies.12 For the immune 

response against therapeutic monoclonal antibodies, it has been shown that antibodies of 

the IgG4 isotype are formed, but longterm measurements on this subject are lacking.13-15 

Adalimumab is a, fully human IgG1, therapeutic monoclonal antibody directed 

against TNF which is used for treatment of different inflammatory diseases such as 

Rheumatoid Arthritis (RA), Ankylosing Spondylitis and Crohns disease.16;17 Patients are 

chronically treated with high doses (40 mg every other week) of adalimumab.  Even 

though adalimumab is fully human, IgG antibody production against adalimumab has 

been described. Importantly, antibody production was found to be linked to lower serum 

drug levels and reduced clinical responsiveness.18-22 

Here, we study the relative contribution of IgG4 to total anti-drug antibody (ADA) 

production against adalimumab and development of anti-adalimumab IgG4 antibodies 

over time. To this end, we tested longitudinal samples of a cohort of 271 adalimumab 

treated RA patients on the presence of IgG4 ADA, total ADA and adalimumab levels 

during three years of treatment.
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MAterIAls en Methods

Patients

The prospective observational cohort study consisted of 272 consecutive RA patients 

treated with adalimumab at the Department of Rheumatology of the Jan van Breemen 

Research Institute | Reade, Amsterdam as described previously by Bartelds et al 18. Data 

and sera were available of 271 patients. The number of serum samples per patient varies 

between two and eleven. All patients fulfilled the American College of Rheumatology 1987 

revised criteria for RA, and fulfilled the criteria of the Dutch consensus statement on the 

initiation and continuation of TNF blocking therapy in RA.23 Patients were treated either 

with adalimumab and concomitant DMARD therapy or with adalimumab monotherapy. 

All patients used adalimumab 40 mg subcutaneously every other week. In patients with 

an inadequate response as judged by the treating rheumatologist, the dosing frequency 

of adalimumab could be increased to 40 mg per week. The study was approved by the 

Medical Ethics Committee of the Slotervaart Hospital and Reade. All patients gave written 

informed consent. 

Measurement of adalimumab concentration

Functional adalimumab levels were measured by enzyme linked immunosorbent assay 

(ELISA) as described previously.24 Briefly, TNF was indirectly coated via a monoclonal 

antibody against TNF and adalimumab binding was detected using biotinylated 

adalimumab specific rabbit anti-idiotype antibodies. Results were related to a titration 

curve of adalimumab in each plate. The lowest level of detection was 0.002 mg/l.

Measuring ADA by antigen binding test (ABT)

The test was essentially carried out as described before.25;26 For short, antibodies were 

captured using protein A sepharose and ADA were detected using 125I labeled adalimumab 

F(ab’)2 diluted in Freeze buffer (Sanquin).27 Antibody levels were compared to a reference 

serum and expressed in arbitrary units (AU). Patients were considered positive for ADA 

if at one or more time points ADA were above the cut-off of 12 AU.24 The cut-off was 

determined as 6 SD above the average signal measured for a panel of 100 rheumatoid 

arthritis patients that were not yet treated with an anti-TNF therapeutic antibody. In 

contrast to previous studies on the immunogenicity of adalimumab from our institute18;24 

patients were considered positive for anti-adalimumab regardless of the serum levels of 

adalimumab. We chose this definition in order to be able to compare the results for the 

different assays, but emphasize that this definition is not based on clinical practice.



IgG4 production against adalimumab during long term treatment of RA patients 

33

Chapter 2

Production of anti-IgG4 coupled sepharose

CNBr-activated Sepharose TM 4B (GE Healthcare, Chalfont St. Giles, UK) was incubated in 

1 mM HCL (pH 3.0) for 15 minutes. After washing three times with H2O containing 0.1 M 

NaHCO3 and 0.5 M NaCl (pH 8.5) (coupling buffer) monoclonal anti-IgG4 (Sanquin) (100 

µg MH164-1/100 mg sepharose) was added and incubated for 4 hours at 4°C in coupling 

buffer. Afterwards the samples were washed three times with 0.5 M glycine (pH 8.5) and 

then incubated for 2 hours with an excess of 0.5 M glycine (pH 9.0) in coupling buffer. 

Afterwards the sepharose was washed three times in acidic (acetate buffer pH 4.0) and 

basic (borate buffer pH8.0) conditions and then rebuffered into PBS containing 0.01 M 

EDTA, 0.05% NaN3, 0.3% BSA.

Measuring IgG4 antibodies against adalimumab

The method used for measuring IgG4 antibodies was similar to the measurement of 

total ADA with one alteration. Instead of using 1 mg Sepharose-immobilized protein A, 1 

mg of anti-IgG4 coupled sepharose was used. Patients were said to be positive for IgG4 

anti-adalimumab if IgG4 measurement was above the cut-off of 19 AU determined as 

described before.28

Purification of total IgG4

Total IgG4 was purified from patients serum using anti-IgG4 coupled sepharose as 

described before.28

results And dIscussIon:

Measurement of IgG and IgG4 antibodies to adalimumab

In this study, two assays were used to study IgG4 production in the immune response 

against adalimumab: the protein A antigen binding test (ABT) and the IgG4 ABT. Using 

purified IgG4, we have shown that both assays are able to detect IgG4 ADA equally well 

and that units from both assays are comparable (figure 1A) 28. However, the cut off of the 

IgG4 ABT is higher compared to the prot A ABT (19 AU vs 12 AU). 

Relation between total ADA and IgG4 ADA

Total IgG and IgG4 ADA were measured in all available patient serum samples during 

the three years of follow-up using the prot A ABT and IgG4 ABT. In 62 patients both total 

IgG and IgG4 ADA was found. Twenty-five patients were positive for total IgG, but not 

for IgG4 and 17 patients were positive for IgG4 and negative for total IgG This result can 

be explained by previous experiments in which we have shown that the IgG4 ABT is less 
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sensitive for drug interference, especially in the presence of high levels of adalimumab 

(above 0.5 µg/ml).28

Figure 1B shows the correlation of all positive serum samples in either one or both 

assays. IgG4 anti-adalimumab levels were well correlated with total IgG production against 

adalimumab (pearson’s test r=0.9520, p<0.0001). The data suggest that a substantial part 

of the ADA produced is of the IgG4 subtype. Eighty-nine patient samples from 65 patients 

only tested positive in the prot A ABT, and ADA levels (median and 25-75 percentile: 27 AU 

(14-48)) were significantly lower compared to samples that were positive in both assays 

(median and 25-75 percentile: 84 AU (24-574)) (p<0.0001, Mann-Whitney test). IgG4 may 

either be absent in these samples or simply below the detection limit of the assay. Of 

these 65 patients single positive in the prot A ABT, 47 patients developed IgG4ADA at 

other time points during adalimumab treatment.

Arbitrary units as measured in the prot A ABT and IgG4 ABT are comparable and IgG4 

to adalimumab is detected equally well in both assays. However, an odd discrepancy in 

the lower area of the correlation graph can be observed. First, 78 patient samples were 

Figure 1: correlation between total AdA and IgG4 AdA against adalimumab. A) Purified IgG4 
from patients serum, measured in both the prot A ABT and the IgG4 ABT. b) The correlation of anti-
adalimumab antibodies measured in the prot A ABT and IgG4 ABT. All positive data of a cohort of 
271 patients during three years of treatment are plotted. All negative measurements were plotted 
as 1AU. The line shows the levels at which all antibodies are of the IgG4 subtype. IgG4 significantly 
correlated with total IgG (r=0.9520, P<0.0001). c) The correlation of total ADA and IgG4 antibodies 
against adalimumab in all sera with undetectable adalimumab levels (r=0.9448, P<0.0001)
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only positive in the IgG4 ABT. Also in these samples, IgG4 ADA levels (median and 25-

75 percentile: 32 AU (27-44)) were significantly lower than in double-positive samples 

(median and 25-75 percentile: 72 AU (36-300)) (p<0005, Mann-Whitney test). Second, in 

samples with low or intermediate ADA levels, IgG4 levels appear to be higher than total 

IgG levels, which is by definition impossible. Both observations can be explained by the 

difference in susceptibility for drug interference between the prot A ABT and IgG4 ABT.

To estimate what percentage of total anti-adalimumab IgG consists of IgG4, we 

focused on the samples with no detectable adalimumab levels, since in these samples 

the influence of the difference in drug interference is expected to be limited. Figure 1C 

shows the correlation between total ADA levels and IgG4 ADA levels in all patient sera 

with undetectable adalimumab. Indeed the majority of IgG4 positive, total IgG negative 

can be explained by the presence of adalimumab in the patient’s serum. In the two 

remaining points the detection of IgG4 might be the result of high levels of immune 

complexes in these patients which can be partly detected in the IgG4 ABT, but not the prot 

A ABT. Furthermore, figure 1C shows that the contribution of IgG4 to the total amount 

of adalimumab specific IgG in these sera is substantial but varies widely (median: 38%; 

25-75 percentile: 21-67%). Unpublished data suggest that the remaining IgG produced is 

mainly of the IgG1 isotype and that IgG2 and IgG3 are only produced in very low numbers.

It would be very interesting to link the percentage of IgG4 in patients to adalimumab 

levels in the serum or clinical outcome in these patients. However, because of the 

difference if drug interference between the two assays the percentage if IgG4 is 

overestimated in samples with high adalimumab titers. Therefore these type of analyses 

can not be performed using the data presented here.

longitudinal analysis of IgG4 production during adalimumab treatment

The IgG4 response is considered to be a delayed response against an antigen, since 

prolonged exposure to the antigen is required to reach high titers of IgG4 as for example 

shown for IgG4 against bee venom. 

Here, we investigated the relative contribution of IgG4 to total IgG against adalimumab 

in time during three years of treatment. To exclude drug interference that may hamper the 

analysis we studied this in nine patients in which adalimumab levels were undetectable 

for several consecutive time points (figure 2). Different patterns in the timing of IgG4 

formation could be observed when analyzing longitudinal samples. In two patients the 

percentage of adalimumab specific IgG4 increased over time (figure 2A) as reported 

for different allergens.29 In four patients the development of adalimumab specific IgG4 

coincided with total IgG to adalimumab and in these patients the percentage of IgG4 

was stable over time (figure 2B). In three patients the percentage IgG4 decreased in time 

(figure 2C). 



Chapter 2

36

A

B

C

D



IgG4 production against adalimumab during long term treatment of RA patients 

37

Chapter 2Figure 2D shows the percentage of adalimumab specific IgG4 after 28 and 56 weeks 

of treatment of the nine patients described above. We observed a wide variation in the 

relative contribution of IgG4 to total adalimumab specific IgG and the course of the IgG4 

response. After 28 weeks, 0-66% of total adalimumab specific IgG consisted of IgG4 and 

at 52 weeks the contribution of anti-adalimumab IgG4 was either increased or decreased, 

varying from 0 to 85%. This variation in adalimumab specific IgG4 was not correlated with 

total IgG4 concentration in these sera (data not shown), suggesting that the variation in 

IgG4 ADA was not due to intrinsic differences within the patients leading to more or less 

IgG4 production in general. 

The longitudinal analysis of anti-adalimumab IgG4 in relation to total IgG to 

adalimumab showed that there is also variation in the timing of IgG4 production against 

adalimumab. Some of the patients test positive for IgG4 after 16 weeks of treatment 

with adalimumab, while others only start producing detectable amounts of IgG4 after 52 

weeks of treatment. The observation that the proportion of IgG4 antibodies may diminish 

in time is somewhat unusual and differs from what has been described previously for 

various allergens.1;29 

Although it is not completely known yet what factors induce class switching to IgG4, 

it can be speculated that the immunological context of the patients and/or intensity of 

treatment (dosing and frequency) may play a role in class switching of anti-adalimumab 

antibodies to IgG4. Therefore, one of the explanations of the difference in IgG4 response 

between adalimumab treated patients and allergic patients might be that patients on 

adalimumab treatment receive adalimumab 40 mg every two weeks, while patients 

receiving allergen specific immunotherapy for allergy against for example grass pollen 

allergies receive 20 µg of allergen twice a week. 

Together these data indicate that a large part of the ADA producing patients produce 

IgG4 against adalimumab. The timing at which patients start to produce as well as the 

percentage of IgG4 produced varies widely between patients. Also the course of the IgG4 

response varies substantially between patients.  

Because of the limiting ability of IgG4 to trigger immunological effector functions 

and tendency to form small immune complexes, IgG4 antibodies are presumed to be 

Figure 2: longitudinal analysis of total AdA and IgG4 AdA against adalimumab Long term total 
ADA, IgG4 ADA and adalimumab measurements in nine patients with undetectable adalimumab 
levels at multiple consecutive time points. The solid line indicates the cut off of prot A ABT (12 AU) 
and the dashed line indicates cut off of the IgG4 ABT (19 AU). A) In two patients the percentage 
IgG4 increased in time b) in four the percentage IgG4 was stable and in c) three the percentage 
IgG4 decreased in time. d) Percentage IgG4 of total adalimumab specific IgG after 28 and 52 weeks 
of treatments in all nine patients in which adalimumab levels were undetectable at several time 
points.
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harmless and even thought to have a regulatory or protective effect against complement 

induced damage.29 We have previously shown, using the same patient cohort, that 

antibody formation against adalimumab is linked with lower levels of functional drug 

levels and diminished clinical response. Here we show that a large portion of these 

antibodies consists of IgG4, suggesting that in this case IgG4 is not simply an innocent 

bystander.18 Even though IgG4 is unable to activate complement and has a low affinity for 

Fc receptors, these antibodies may still be able to compete with TNF for the binding to 

adalimumab and thereby neutralizing the drug resulting in clinical non-response.
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AbstrAct

Production of anti drug antibodies (ADA) in adalimumab treated RA patients is associated 

with reduced serum adalimumab levels and less clinical response. However, most current 

assays to measure ADA are unable to detect ADA in complex with adalimumab. Thus, ADA 

is only measured if antibody production exceeds drug levels in the serum, meaning that 

ADA formation is underestimated. The aim of this study is to develop a method to detect 

ADA in presence of drug. A pH-shift-anti-Idiotype Antigen binding test (PIA) was used 

to enable ADA measurement in presence of adalimumab. ADA-adalimumab complexes 

were dissociated by acid treatment and addition of excess rabbit anti-idiotype Fab before 

neutralization. Rabbit anti-idiotype Fab blocks reformation of ADA-drug complexes by 

competing with patient ADA for adalimumab binding. Released ADA are measured by an 

antigen binding test (ABT). The PIA enabled detection of ADA in presence of large excess 

of adalimumab and was used to measure ADA in 30 adalimumab treated rheumatoid 

arthritis (RA) patients during the first 28 weeks of treatment. It revealed ADA in 21 out 

of 30 tested patients, while the ABT detected ADA in only 5 patients. Indicating that an 

immunogenic reaction towards adalimumab is present in the majority of adalimumab 

treated patients. 
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IntroductIon

The introduction of therapeutic monoclonal antibodies has given a major boost to the 

treatment of several diseases such as rheumatoid arthritis (RA), multiple sclerosis and 

Bechterew disease.1-5 Therapeutic antibodies are known to induce an immune response 

in part of the treated patients leading to formation of anti drug antibodies (ADA). The 

production of ADA has been described for several monoclonal antibodies available for 

the treatment of RA (adalimumab, infliximab), Crohn’s disease (infliximab), multiple 

sclerosis (natalizumab) and plaque psoriasis (adalimumab).6-10

ADA have been detected in 17% of 121 adalimumab treated RA patients within the 

first 28 weeks of treatment. Production of ADA is associated with low drug levels and 

reduced clinical response.7 However, in currently used assays ADA detection is only 

possible if the production of ADA exceeds the amount of drug present in patients’ serum 

due to the formation of ADA-adalimumab complexes.11 Hence, drug interference will lead 

to an underestimation of the number of patients producing ADA. Therefore the ability to 

measure ADA in the presence of adalimumab will provide a better insight in the immune 

response against adalimumab. Antibodies against adalimumab have been described to 

become undetectable upon continuation of treatment.7 This could be the result of drug 

interference, but it is tempting to speculate that prolonged exposure to the drug might 

induce tolerance. To discriminate between these two an assay which is able to detect 

ADA in the presence of adalimumab is needed. Furthermore, such an assay might allow 

preclinical testing of new monoclonal antibodies without the need of long wash-out 

periods.

Various groups have reported methods to overcome drug interference. Most of these 

assays are based on acid dissociation of ADA-drug complexes followed by neutralization 

in the presence of solid phase bound antigen.12-17 Here we present a pH-shift–anti-

idiotype (PIA) method where re-association of complexes is prevented by addition of 

excess fluid phase Fab fragments of rabbit anti-idiotype antibodies that compete with 

patient antibodies for binding to adalimumab. The result is an assay which is able to 

detect ADA present in the circulation in the form of immune complexes. Using this assay 

we observed that the majority of RA patients treated with adalimumab develop ADA.

 

MAterIAls And Methods

Patient material

Sera were obtained in the first 28 weeks of treatment from the first thirty consecutive 

patients of a prospective observational cohort as previously described by Bartelds et 
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al.7 All patients had a disease activity score in 28 joints (DAS28) of ≥3.2 and fulfilled the 

American College of Rheumatology 1997 revised criteria for RA. Despite earlier treatment 

with two disease-modifying anti-rheumatic drugs (DMARDs), including methotrexate, all 

patients had active disease at the start of adalimumab treatment. This was according 

to the Dutch consensus statement on the initiation and continuation of TNF blocking 

therapy in RA.18 All patients used 40 mg adalimumab every other week by subcutaneous 

injections. In patients with an inadequate response, dose was increased to 40 mg every 

week. The study was approved by the ethics committee of the BovenIJ Hospital, the 

Academic Medical Center/University of Amsterdam, Slotervaart Hospital and the Jan van 

Breemen Research Institute |Reade, Amsterdam 

Production of adalimumab F(ab’)2

To produce adalimumab F(ab’)2 fragments, 10 µg/ml pepsin (Boehringer, Mannheim, 

Germany) was incubated with 1 mg/ml adalimumab overnight (o/n) at 37°C in 0.1 M 

sodium citrate pH 3.5. Afterwards the F(ab’)2 fragments were dialyzed against phosphate 

buffered saline (PBS). Undigested adalimumab was removed by incubation with 

sepharose-immobilized protein A (GE healthcare, Chalfont St. Giles, UK). 

Generation of adalimumab specific polyclonal rabbit anti-idiotype antibodies

Rabbits were injected intramuscularly every four weeks with 1 ml adalimumab F(ab’)2 

(0,1 mg/ml in PBS) using montanide as adjuvans. After four boosts the rabbits were bled 

and serum was collected. Antibodies were purified from the serum using sepharose-

immobilized protein A (GE healthcare). To remove antibodies to F(ab’)2 framework 

determinants the purified antibodies were passed three times over a human IgG-

sepharose column (50 mg Nanogam (Sanquin, Amsterdam, the Netherlands) coupled to 

2.5 gram sepharose). 

Production of rabbit anti-idiotype Fab fragments

Purified rabbit anti-idiotype antibodies were treated with pepsin as described above for 

adalimumab. Twenty mg of rabbit-anti-idiotype (0.55 mg/ml) was incubated with pepsin 

(5 µg/ml) (Boehringer). To make monovalent Fab fragments, the F(ab’)2 was reduced by 

incubation with 10 mM dithioerythritol for 30 minutes. Subsequently free thiol groups 

were blocked with 20 mM N-ethyl-maleinimide and Fab fragments were purified using 

size exclusion chromatography.

Biotinylation 

Antibodies were biotinylated by incubation of 10 mg antibody with 6.3 mg Sulfo-NHS-LC-

Biotin (Thermo scientific, Rockford, USA) in 0.1M NaHCO
3. After two hours of incubation 
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at room temperature (RT) biotinylated antibodies were dialyzed against PBS.

Measurement of adalimumab concentration

To measure adalimumab levels Maxisorp ELISA plates were coated (o/n) at RT with 

100 µl 2 µg/ml monoclonal anti-TNF-7 (Sanquin) in PBS. After five times washing with 

PBS/0.02% Tween (PT), plates were incubated for one hour at RT with recombinant 

TNF (0.01 µg/ml) (Strathmann Biotech HmbH, Hannover, Germany) diluted in high 

performance ELISA buffer (HPE, Business Unit reagents, Sanquin). Next, the plates were 

washed and incubated for one hour with patient serum which was serially diluted in 

HPE. Subsequently, the plates were washed with PT and incubated for one hour with 

biotinylated adalimumab specific rabbit anti-idiotype (0.25 µg/ml in HPE). After washing 

with PT streptavidin-poly-HRP (Sanquin) (1:25,000 in HPE) was added for one hour at 

37°C. After washing the ELISA was developed with 100 µg/ml tetramethylbenzidine in 

0.11 M sodium acetate (pH 5.5) containing 0.003% (v/v) H
2O2. The reaction was stopped 

with 2M H2SO4. Absorption at 450 nm was measured with an ELISA reader (Multiskan; 

Titertek, Elfab Oy, Finland). Results were related to a titration curve of adalimumab in 

each plate. The lowest level of detection was 0.002 mg/l. 

Measuring ADA by antigen binding test (ABT)

The test was essentially carried out as described before.19 One micro liter of serum 

diluted in PBS/0.3% bovine serum albumin (BSA) (PA buffer) was incubated o/n with 1 

mg Sepharose-immobilized protein A (GE healthcare, Chalfont St. Giles, UK) in a final 

volume of 800 µl. Subsequently the samples were washed with PBS 0.005% Tween and 

specific ADA binding was detected by o/n incubation with 20.000 dpm (approximately 1 

ng) 125I labeled F(ab’)2 adalimumab diluted in Freeze buffer (Sanquin). Unbound label was 

removed by washing, and protein A bound radioactivity was measured. When binding was 

more than 25 % of the input, sera were further titrated. Antibody levels were compared 

to a standard serum containing ADA levels and expressed in arbitrary units (AU). One AU 

corresponds to approximately 12 ng.

In vitro generation of ADA-adalimumab complexes

Rabbit anti-idiotype or patient serum containing ADA was incubated at RT in PA buffer 

with different amounts of adalimumab to induce complex formation. After two hours the 

samples were measured in the ABT or PIA

 pH-shift-anti-Idiotype ABT (PIA)

30 Microliters of 1:30 diluted (in PA buffer) patient serum was mixed with 30 µl of 0.1 M 

glycine-HCl (pH 2,5). After 30 minutes at RT 30µl of rabbit anti-idiotype Fab (67 µg/ml) 
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was added. Then the pH was neutralized by addition of 6 µl of 1M Tris. ADA levels were 

measured in the ABT.

Sucrose gradients 

Sera were analysed by isokinetic sucrose gradient centrifugation.20 Sucrose gradients (5-

32.9%, w/v, sucrose; Merck) were prepared in PBS, pH 7.4 containing 5 mM EDTA and 

0.1% Tween (PET). 100µl serum or 500 AE of patient ADA was diluted in 200 µl PET and 

layered onto the sucrose gradient. The gradients were centrifuged in a Beckman swing out 

rotor type SW 41 at 36.000 rpm for 16 hours at 20°C. Fractions of 500 µl were collected 

and ADA levels were detected using the ABT and the PIA. IgG levels were determined by 

ELISA. Briefly, Maxisorp ELISA plates were coated o/n with 1 µg/ml Sheep-anti-human 

IgG (SH16-1) (Sanquin) in PBS. For detection 1µg/ml biotinylated monoclonal anti human 

IgG (MH16-1) (Sanquin) in HPE was used. Afterwards bound MH16-1 was detected using 

steptavidin-poly-HRP as described above.

results

Drug interference in ABT for ADA measurement.

To assess the drug tolerance of the ABT for ADA detection, a model system was set up 

using polyclonal rabbit anti-idiotype antibodies against adalimumab. Increasing amounts 

of adalimumab (0-24 ng; corresponding to a serum concentration of 24 µg/ml) were 

incubated with rabbit anti-idiotype in a volume of 50 µl and tested in the ABT. Figure 

1A shows that adalimumab dose-dependently interfered with the measurement of 

rabbit anti-idiotype. Addition of as little as 6 ng adalimumab completely inhibited rabbit 

anti-idiotype detection. A control monoclonal antibody (infliximab) did not influence 

adalimumab binding (data not shown). 

The pH-shift-anti-Idiotype ABT (PIA) has higher drug tolerance

To increase drug tolerance, ADA-adalimumab complexes were dissociated by pre-treating 

sera with low pH. Reformation of complexes was prevented by addition of an excess of 

rabbit anti-idiotype Fab before neutralization. To test the drug tolerance of the PIA, in 

vitro complexes were generated by incubating increasing amounts of rabbit anti-idiotype 

with 24 ng adalimumab. As shown in figure 1B, rabbit anti-idiotype was measured dose-

dependently in the ABT and addition of 24 ng adalimumab abrogated detection. Addition 

of rabbit anti-idiotype Fab without acid treatment recovered part of the signal, while the 

PIA enabled detection of a larger part of the ADA in the presence of adalimumab in a 

dose dependent matter. Detection of rabbit anti-idiotype in the absence of adalimumab 
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Figure 1: the PIA enables measurement of rabbit 
anti-idiotype in the presence adalimumab. A) 
Detection of 50 ng of rabbit anti-idiotype against 
adalimumab in the presence of increasing 
amounts of adalimumab. b) Detection of 
rabbit anti-idiotype in the ABT (closed circles). 
The detection of rabbit anti-idiotype after acid 
treatment (closed diamonds) and detection of 
rabbit anti-idiotype in the presence of 24 ng 
adalimumab in the ABT (open circles), in the 
ABT in the presence of rabbit anti-idiotype 
Fab (open diamonds) and the PIA (triangles). 
c) Detection of 27 ng rabbit anti-idiotype in 
the absence of adalimumab (open circles) or 
presence of either 6 ng (closed circles) or 24 ng 
(closed squares) adalimumab in the PIA with 
increasing amounts of rabbit anti-idiotype Fab.

is not altered in the PIA. 

We investigated how much rabbit-anti-idiotype Fab is required to prevent re-

association of complexes. As shown in figure 1C acid dissociation without the addition 

of rabbit anti-idiotype Fab fragments does not allow the measurement of ADA, while 

the addition of 2 µg/ml rabbit anti-idiotype Fab enables maximum recovery. As to be 

expected, the amount of Fab needed depends on the amount of drug present in the 

samples (figure 1C). In the absence of adalimumab the recovery of rabbit-anti-idiotype 

is not influenced by the amount of Fab added. We decided to use 2 µg/ml in further 

experiments. 

Increased drug tolerance in patient samples

To investigate whether the PIA enables detection of patient ADA in complex with 

adalimumab, a clinical serum sample with no detectable adalimumab and high ADA levels 

A B

C
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as measured in the ABT was used. This serum was spiked with 24 µg/ml adalimumab to 

generate in vitro complexes, resulting in complete elimination of the signal in the ABT 

(figure 2). Similar to the model with rabbit anti-idiotype, a large part of the signal is 

recovered by measurement in the PIA. When 11 different ADA-positive and adalimumab-

negative sera were tested in the PIA without the addition of drug, recovery of ADA varied 

between 37% and 330% when compared with the ABT.

Detection of ADA in 30 adalimumab treated RA patients

Sera obtained from thirty RA patients during the first 28 weeks of adalimumab treatment 

were tested in the PIA. To determine the cut-off of the PIA, ADA levels were measured 

in sera obtained from these patients before start of adalimumab treatment. From these 

thirty RA patients in total 53 pretreatment samples were tested, either obtained two weeks 

before or directly before the start of treatment. The cut off of the PIA was determined 

at 2.7% binding (mean+3xSD). Addition of 5 µg/ml adalimumab to pretreatment sera 

did not affect these results (data not shown). Next we tested serum samples obtained 4, 

16 and 28 weeks after start of therapy. Figure 3A shows a representative example. This 

patient showed average adalimumab levels which increased over time. In the ABT no 

ADA were detected. In the PIA ADA were detected after 16 and 28 weeks of treatment. 

During 28 weeks of follow-up, ADA were detected in five patients using the ABT (17%). 

With the PIA ADA were detected in 21 patients (figure 3B). Figure 3B also shows that over 

time not only the number of patients positive for ADA increased over time, but that ADA 

levels increased as well. These results indicate that the majority of patients treated with 

adalimumab developed ADA in the first 28 weeks of treatment. Repeated measurements 

(in duplicate) of all samples collected after 16 or 28 weeks of treatment revealed identical 

results.

Figure 2: Patient AdA can be detected in the 
presence of adalimumab in the PIA. Detection 
of patient ADA in the ABT (closed circles) and 
detection of patient ADA in the presence of 24 ng 
adalimumab in the ABT (open circles and the PIA 
(triangles).
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The PIA allows the detection of ADA in complex.

To show that the PIA enables ADA measurement which is present in complex with 

adalimumab, sera were fractionated by sucrose gradient centrifugation and fractions 

were tested in the ABT and the PIA. Figure 4A shows a gradient loaded with serum from 

a patient on adalimumab treatment with ADA and no detectable adalimumab levels. 

Measurement of ADA in the ABT revealed a single peak at the position where monomeric 

IgG is sedimenting. Surprisingly, ADA detected by the PIA revealed a shoulder at a higher 

molecular weight, indicating the presence of complexes between ADA and adalimumab. 

Analyzing serum from another patient with high levels of adalimumab marginally positive 

in the ABT and strongly positive in the PIA we observed that all ADA activity had a 

substantial higher sedimentation velocity (figure 4B). This shows that the ADA detected 

with the PIA are present in the serum as complexes.

dIscussIon 

In general, assays for ADA detection are disturbed by the presence of drug. Various 

groups have developed assays to overcome drug interference. Most of them are based 

Figure 3: the majority of rA patients treated with 
adalimumab produce AdA in the first twenty-
eight weeks of treatment. A) Longitudinal data of 
adalimumab levels (triangles), ADA levels in the PIA 
(closed circles) and the ABT (open circles) in a single 
patient. b) ADA levels measured in 30 RA patients 
in the first 28 weeks of adalimumab treatment. The 
dotted line represents the cutoff (2.7% binding) of the 
PIA. 

A B
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on acid dissociation and neutralization in the presence of solid phase drug.12-17 Here we 

present a study in which we combine acid treatment with the addition of liquid phase 

rabbit anti-idiotype Fab to prevent re-formation of ADA-adalimumab complexes. In our 

experience low pH treatment without the addition of Fab fragments does not enable 

measurement of ADA in the presence of drug. During the development of the PIA we 

observed that the use of intact IgG-anti-idiotype leads to a high background since intact 

rabbit IgG binds to protein-A-sepharose. Also F(ab’)2 fragments did not work, either 

because some F(ab’)2 fragments still bind to protein A or because of the ability of the 

F(ab’)2 to crosslink between protein A bound adalimumab from the patient serum and 

the labeled adalimumab F(ab’)2 used for detection. Only by using Fab fragments we 

succeeded in measuring ADA in the presence of drug. 

A potential problem concerns the use of protein A. Protein A binds IgG1, IgG2, IgG4 and 

only subfractions of other Ig classes and subclasses. Using Ig class and subclass-specific 

monoclonal antibodies we have analyzed the incidence of ADA of the various classes. 

We observed only IgG1 and IgG4 antibodies. Remarkably no IgM antibodies were found. 

This could be due to the low affinity of IgM which might not enable catching labeled 

adalimumab F(ab’)2 from the fluid phase. It could also be the result of wrong timing of 

the samples. It is to be expected that IgM-ADA formation will be an early phenomenon. 

In this early phase the immune response is probably not capable of clearing all drug from 

the circulation. Therefore IgM-ADA will probably be present in complexes, although IgM 

might lead to formation of larger complexes which are swiftly removed from circulation. 

Therefore it would be interesting to look at a PIA with anti-IgM sepharose in the early 

phase of treatment.

Figure 4: PIA enables AdA measurement while in complex. A) ADA measured in a sucrose gradient with serum 
of a patient with 10344 units of ADA in the ABT and no detectable adalimumab levels. b) ADA measured in the 
different fractions of a sucrose gradient with patient serum with 16 units of ADA in the ABT, 920 units in the PIA 
and 11.8 µg/ml adalimumab.

A B



A novel method for the detection of antibodies to adalimumab in the presence of drug 

53

Chapter 3

Because the acid treatment might damage ADA we were interested in the recovery 

of ADA activity after PIA treatment. We observed a large variation in recovery ranging 

from 37-330% We propose that this is due to two different mechanisms with opposite 

effects. First, the acid treatment likely damages part of the ADA which will lead to a less 

than 100% recovery. Second, the more than 100% recovery is probably the result of 

complexes present in these patients. This notion is supported by the results shown in 

figure 4A where an adalimumab-negative serum was shown to contain complexes. The 

presence of varying amounts of complexes makes it extremely difficult to estimate the 

damage to ADA by the treatment. However we are encouraged by the fact that the acid 

treatment has not resulted in any false-negative results in thirty patients tested in the 

PIA. Furthermore, these results indicate that the detection of drug levels is inhibited by 

the presence of high levels of ADA.

Also, it should be noted that the recovery of ADA is not complete. For in vitro 

generated complexes with rabbit-anti-idiotype as well as human ADA recoveries are 

often less then 100% which means that PIA still underestimates ADA production. One 

possible explanation for this incomplete recovery is that the rabbit anti-idiotype Fab is 

not covering all possible epitopes. However, the recovery of ADA in (the same) rabbit 

anti-idiotype was not complete either (figure 1B). Another possibility is that, as discussed, 

the procedure might partially damage the ADA. Finally it is possible that pH 2.5 is not 

sufficient to dissociate all complexes.

In the PIA the addition of 2 µg of rabbit anti-idiotype Fab was sufficient to detect ADA 

in the presence of at least up to 24 ng of adalimumab in the PIA. This is comparable with 

a concentration of 24 µg/ml in patient serum. In our experience such high adalimumab 

concentrations are rare in patient serum hence this amount of anti-idiotype Fab should 

suffice for the majority of sera. Sera of RA patients before treatment were negative in 

this assay. Within 28 weeks of treatment the majority of RA patients became positive in 

the PIA. 

To be sure that we were not measuring an artifact we did a number of extra controls. 

First we tested if the presence of adalimumab after start of treatment results in false 

negative results in the assay. Therefore all sera obtained before start of treatment were 

tested in the presence of 5 µg/ml adalimumab, they all remained negative. Next we 

reasoned that if ADA were present in sera with high levels of adalimumab, these should 

have a higher sedimentation rate than IgG. Therefore the ADA activity measurable in the 

PIA should sediment faster in an ultracentrifuge than IgG. Indeed we found that the ADA 

measured in the PIA sediment as a di- or trimer of IgG, in agreement with an earlier study 

where we analyzed immune complexes formed by infusion of 99Tc-labeled infliximab in 

patients with ADA to infliximab 21. So we are left with the notion that within 28 weeks the 

majority of RA patients develop antibodies to the idiotype of a fully human antibody. It 
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will be interesting to find out whether the 30% PIA-negative patients will become positive 

at a later stage. Alternatively these patients are negative because they clear immune 

complexes faster. 

Our ultracentrifuge experiments also revealed that even a serum containing high levels 

of ADA (10,000 U/ml equals about 120 µg/ml of anti-adalimumab) and no measurable 

adalimumab, contained complexes (figure 4A). This indicates that, as was to be expected, 

ADA interferes with the measurement of adalimumab. 

We are left with the question what the clinical significance is of ADA detected with 

PIA. We showed earlier that ADA levels strongly correlated with clinical efficacy of 

adalimumab in a variety of diseases.7;9;22  In those studies ADA were measured in the ABT. 

We now show that the majority of these ADA-negative patients do make ADA but not 

sufficient to clear or neutralize all adalimumab. Further studies should reveal whether the 

presence of such “hidden” ADA is relevant for the efficacy of adalimumab. The presence 

of “hidden” ADA is correlated with a minor reduction in adalimumab levels (data not 

shown). Figure 3B suggests that in time “hidden” ADA levels increase in frequency as 

well as in magnitude. Moreover our data show that the majority of patients treated with 

adalimumab are chronically exposed to (small) immune complexes. It is interesting to see 

what the clinical consequences to this exposure are.

In conclusion, the PIA allows the study of the antibody response against adalimumab 

in the presence of adalimumab. Therefore it will enable long term follow up of ADA 

production in order to study tolerance induction in patients while on adalimumab 

treatment. Moreover application of the PIA might relieve the necessity to include long 

wash-out periods in preclinical testing of new monoclonal antibodies.
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ABSTRACT 

Therapeutic monoclonal antibodies are effective drugs for many different diseases. 

However, the formation of anti drug antibodies (ADA) against a biological can result in 

reduced clinical response in part of the patients. Measurement of ADA in the presence 

of (high) drug levels is difficult due to drug interference in most assays, including the 

commonly used antigen binding test (ABT). We recently published a novel method which 

enables the measurement of complexed antibodies against adalimumab (an anti-TNF 

antibody) in the presence of drug. Here we use this pH-shift-anti-Idiotype Antigen binding 

test (PIA) to measure ADA in a group of 99 rheumatoid arthritis (RA) patients treated up 

to three years with adalimumab. Fifty-three out of ninety-nine RA patients produce ADA. 

In 50 of these PIA positive patients, ADA could be detected within the first 28 weeks 

of treatment. Patients in which ADA could be detected in the PIA after 28 weeks of 

treatment were more prone to declining adalimumab levels (< 5µg/ml) (p<0.01) and high 

ADA levels which could be detected in the ABT (p<0.05) at later time points. We observed 

transient ADA formation in 17/53 patients. Our data show that ADA develop early in 

treatment. However, levels that completely neutralize the drug may be reached much 

later in treatment. Furthermore, we show that the PIA has a predictive value to indicate 

which patients are at risk to develop clinical non-response due to immunogenicity. Also, 

we show that in part of the patients ADA formation is transient.
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INTRODUCTION

The introduction of therapeutic monoclonal antibodies has given a major boost to 

the treatment of different diseases such as inflammatory bowel disease, ankylosing 

spondylitis, multiple sclerosis and rheumatoid arthritis (RA).1-6  In many cases these 

biological agents have proven to be very successful in clinical practice. However, in some 

patients clinical benefit diminishes in time, due to the formation of anti-drug antibodies 

(ADA) as described for adalimumab, infliximab and natalizumab.6-10

In case of adalimumab, the formation of ADA has been extensively studied and 

linked to lower adalimumab serum levels and loss of clinical response.4;7;8;11-14 In these 

studies, the reported frequency of ADA detection varies between 0.7% and 31.4%. The 

large variation in frequencies found in these studies may be caused by differences in 

patient groups, time of follow-up, timing of blood withdrawal, co-medication and drug 

dosing. In addition, different assay formats used for the measurement of ADA will also 

greatly affect results. Most studies on ADA formation use assays which are sensitive for 

drug interference, therefore leading to false negative results for ADA in the presence of 

adalimumab and an underestimation of ADA formation. 

Moreover, in previous studies using our standard antigen binding test (ABT), which 

is sensitive for drug interference, some patients appeared to be transiently positive for 

ADA. This might indicate that some people develop tolerance against adalimumab, as 

has been previously described for Factor VIII.15 However, the disappearance of these 

antibodies is most often accompanied by an increase of adalimumab levels, which makes 

it impossible to distinguish between patients in which ADA truly disappear over time, 

and false negative results due to drug interference. To obtain insight into transient ADA 

formation and to enable the study of tolerance induction in these patients an ADA assay 

is needed that does not suffer from drug interference.

Recently, we reported such a novel assay for the measurement of ADA: the pH-

shift-anti-Idiotype Antigen binding test (PIA). The assay is based on acid dissociation of 

adalimumab-ADA complexes and prevention of reformation by addition of excess rabbit 

anti-idiotype Fab upon neutralization. This allows for the measurement not only of “free” 

or excess ADA, but also of so-called “complexed” ADA in the presence of adalimumab 

(≤ 24 µg/ml). Detection of ADA using PIA in a small group of 30 adalimumab treated 

RA patients revealed ADA formation in 21 of these patients in the first half year of 

treatment.16 

Here we tested three year follow-up samples of 99 adalimumab treated RA patients 

to investigate the time course of ADA formation and to study the frequency and clinical 

significance of complexed ADA. In addition, PIA measurements allow us to study potential 

tolerance induction in these patients.
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MATeRIAlS AND MeThODS

Patients

Sera were obtained in the first three years of adalimumab treatment from the first 99 

consecutive RA patients of a prospective observational cohort as previously described.7 

All patients had a disease activity score in 28 joints (DAS28) of ≥3.2 and fulfilled the 

American College of Rheumatology 1987 revised criteria for RA. Despite earlier treatment 

with two disease-modifying anti-rheumatic drugs (DMARDs), including methotrexate, all 

patients had active disease at the start of adalimumab (Abbott, Illinois, USA) treatment. 

This was according to the Dutch consensus statement on the initiation and continuation 

of TNF blocking therapy in RA.17 All patients used 40 mg adalimumab every other week 

by subcutaneous injections. In patients with an inadequate response, as judged by 

the treating rheumatologist, dose could be increased to 40 mg every week. Blood was 

withdrawn just prior of an adalimumab injection. The study was approved by the ethics 

committee of the Slotervaart Hospital and the Jan van Breemen Research Institute | 

Reade.

Production of adalimumab F(ab’)2 and rabbit anti-idiotype Fab fragments

Adalimumab F(ab’)2 fragments and rabbit anti-idiotype Fab fragments, were prepared as 

described before. 16

Generation of adalimumab specific polyclonal rabbit anti-idiotype antibodies

Rabbits were injected intramuscularly every four weeks with 1 ml adalimumab F(ab’)2 

(0.1 mg/ml in PBS) using montanide as adjuvant.16 After four boosts the rabbits were 

bled and serum was collected. Antibodies were purified from the serum using sepharose-

immobilized protein A (GE healthcare, Chalfont St. Giles, UK). To remove antibodies to 

F(ab’)2 framework determinants the purified antibodies were passed three times over a 

human IgG-sepharose column (50 mg Nanogam (Sanquin, Amsterdam, the Netherlands) 

coupled to 2.5 g sepharose).

Measurement of adalimumab concentration

Adalimumab levels were measured by enzyme linked immunosorbent assay (ELISA) as 

described previously.16 For short, TNF was indirectly coated via an anti-TNF antibody and 

adalimumab binding was detected using biotinylated adalimumab specific rabbit anti-

idiotype antibodies. Results were related to a titration curve of adalimumab in each 

plate. The lowest level of detection was 0.002 mg/l.
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Measuring ADA by antigen binding test (ABT)

The test was essentially carried out as described before.16;18 In short, antibodies were 

captured using protein A sepharose and ADA were detected using 125I labeled F(ab’)2 

adalimumab diluted in Freeze buffer (Sanquin). Antibody levels were compared to a 

standard serum containing ADA levels and expressed in arbitrary units (AU/ml). Patients 

were said to be positive for ADA if at one time point ADA were above the cut off of  

12 AU/ml. All baseline samples were below the cut off of 12 AU/ml.

pH-shift-anti-idiotype antigen binding test (PIA)

Thirty micro liter of patient serum diluted 1/30 in PA buffer (PBS/0.3% bovine serum 

albumin) was mixed with 30 μl of 0.1 M glycine–HCl (pH 2.5). After 30 minutes incubation 

at room temperature 30 μl of rabbit anti-idiotype Fab (67 μg/ml diluted in PA) was added. 

Then the pH was neutralized by addition of 30 μl of 0.2 M Tris. ADA levels were measured 

in the ABT. Cut-off was determined to be 48 AU/ml, based on the measurements in all 

available pre-treatment sera of the 99 patients (145 sera) (mean+3xSD). All baseline sera 

were below the cut-off in the PIA.

Statistical analyses

To reveal differences between groups we used the independent sample T test, Mann-

Whitney U or Chi square as appropriate. For estimating the proportion of patients 

positive in the PIA or ABT we used a log rank test. For calculation of the predictive value 

of the PIA a Chi square test was used. The threshold for significance was set at p < 0.05. 

ReSUlTS

Patients

In this study we have followed the first 99 consecutive patients of a cohort of RA 

patients during 3 years of adalimumab treatment. The median follow-up was 156 weeks 

(interquartile range 40-156 weeks) and in total 58 patients completed the three year 

follow-up. Forty-one patients dropped out of the study, of which 16 due to treatment 

failure, 14 due to adverse events, while the remaining 11 stopped treatment due to other 

reasons such as relocation (n=5), unwillingness to participate (n=3) or loss to follow-up 

(n=3).

Within six months 54% of the patients develop ADA.

In 54% of the patients ADA were detected at least once by PIA during three year follow-

up. Figure 1A shows the number of patients testing positive or negative at the different 
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time points in the PIA. In figure 1B the cumulative percentage of ADA positive patients is 

shown for the PIA and the for drug interference-sensitive ABT.16;19 The PIApicks up ADA in 

more patients (54% vs 29%) and at an earlier time point. (log rank test p<0.0005). 

Furthermore, measurements with the PIA show that 51/53 patients (94%) producing 

ADA already do so in the first 28 weeks of treatment (figure 1B). Using the standard ABT, 

many patients appear to start making ADA at later time points. However, the present 

results imply that this refers a point in time when ADA production exceeds adalimumab 

Figure 1: long term measurements of ADA in a group of 99 RA patients. A) The number of patients 
in which ADA can be detected in the PIA (gray) or ADA negative patients (white) and the number of 
missing data (black) at the different time points during three years of follow-up. B) The cumulative 
percentage of patients positive for ADA in the PIA (dotted line) and the ABT (black line) during three 
years of adalimumab treatment.

A

B
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levels, since only in that case can ADA be measured in the ABT.20 

We divided patients into three groups: patients negative for ADA at all time points in 

both assays, patients with “complexed ADA” (negative in the ABT at all time points but 

positive in the PIA at least once), and patients positive for “free ADA” (positive in the ABT 

at least once). All but two patients positive for free ADA were also positive for complexed 

ADA, as may be expected. These two patients were positive in the ABT at a single time 

point, but never in the PIA, probably because both had low levels of ADA that were 

below detection level of the PIA. Baseline characteristics for the three groups described 

above as well as the total patient population are shown in Table 1. Baseline CRP and 

DAS28 were statistically lower in patients without ADA compared to patients with ADA. 

Furthermore, ADA negative patients and patients with complexed ADA had a significantly 

higher frequency and dose of concomitant methotrexate usage. Also methotrexate dose 

was lower in free ADA positive patients compared to patients with complexed ADA.21;22 

 

 
total patient 
population 
n=99

ADA 
negative 
n=44

“Complexed 
ADA”  
n=26

ADA 
positive 
n=29

demographics  

age, mean (SD), y 54 (11) 53 (10) 55 (12) 54 (13)

sex, female n (%) 78 (79) 33 (75) 19 (73) 26 (90)

disease status  

disease duration, median (IQR) y 10 (5-17) 8 (3-16) 12 (5-23) 12 (6-15)

rheumatoid factor positive, n (%) 76 (77) 34 (77) 20 (77) 22 (76)

anti-ccp positive, n (%) 82 (83) 37 (84) 23 (89) 28 (97)

erosive disease, n (%) 80 (81) 32 (73) 22 (85) 26 (90)

ESR, median (IQR), mm/h 22 (11-49) 21 (9-42) 22 (12-40) 36 (12-68)

C-reactive protein, median (IQR), mg/L 14 (6-30) 9 (4-20)# 16 (8-22) 22 (8-53)#

DAS28, mean (SD) 5.2 (1.4) 4.9 (1.5)# 5.0 (1.1) 5.6 (1.3)#

(co) medication  

prior DMARDs, mean (SD) 3.2 (1.3) 3.1 (1.3) 3.4 (1.3) 3.2 (1.2)

prior biologics, n (%) 24 (24) 7 (16) 7 (27) 10 (35)

methotrexate use, n (%) 67 (68) 39 (89)*# 15 (58)* 13 (45)#

methotrexate dose, median (IQR), mg/wk 22.5 (15-25) 25 (15-25)# 22.5 (20-25)^ 10 (7.5-22.5)# ^

prednisone use, n (%) 35 (35) 14 (32) 9 (35) 12 (41)

prednisone dose, median (IQR), mg/d 5 (5-10) 5 (4-10) 7.5 (5-10) 7.5 (5-10)

Table 1: Demographic and Clinical Characteristics at Baseline 
* p=0.007 (Fisher’s Exact) 
# CRP: p=0.006; DAS28: p=0.040; MTX use: p<0.001; MTX dose: p=0.006 (Mann-Whitney U, Fisher’s 
Exact, independent sample T test) 
^ p=0.012 (Mann-Whitney U)
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Clinical relevance of ADA measured in the PIA

Twenty-two out of 70 ABT-negative patients (thus either without ADA or having complexed 

ADA only) reached sustained remission (DAS<2.6) during the follow-up period. In contrast, 

none of the 29 patients with free ADA did (p<0.001; figure 2A). Comparing PIA positive 

and PIA negative patients does not reveal a statistically significant difference in the 

number of patients reaching sustained remission (figure 2B). To further investigate this, 

PIA positive patients were subdivided into patients with both free and complexed ADA 

(PIA and ABT positive n=27), and patients with only complexed ADA (PIA positive, ABT 

negative n=26) (figure 2C). Patients with both free and complexed ADA were less likely to 

reach sustained remission, compared to PIA-negative patients (p<0.01) and patients with 

only complexed ADA (p<0.001). There was no significant difference in clinical response 

between ABT negative patients and patients with complexed ADA (p=0.4).

Predictive value of PIA measurements for future treatment failure

We investigated whether the presence of complexed ADA will eventually result in a 

stronger immune response capable of clearing adalimumab and leading to the presence 

of free ADA which can be detected in the ABT. Therefore we looked at all patients negative 

in the ABT after 28 weeks of treatment, who completed a minimal follow-up of 40 weeks 

(n=63) (figure 3A). These patients were divided into PIA-wk28 negative (n=38) and  

PIA-wk28 positive (n=25) patients based on measurements at t=28 weeks. In 3/38 of 

B

Figure 2: The relationship between ADA 
formation in either the ABT or the PIA 
and clinical response. The percentage of 
patients who reached sustained remission 
(DAS28<2.6) for patients with or without 
ADA at at least one timepoint during follow-
up as measured in the ABT (A) and PIA (B) 
or patients with free and complexed ADA 
(PIA and ABT positive), only complexed ADA 
(PIA positive, ABT negative) or no ADA (PIA 
negative) during three years of treatment 
(C).

A

C
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the PIA-wk28 negative patients free ADA can be detected in the ABT during subsequent 

follow-up. In contrast, 9/25 of the PIA-wk28 positive patients developed free ADA in at 

least one available serum (p<0.01). This shows that PIA-wk28 positive patients have an 

increased chance of developing free ADA, which can be detected in the ABT (figure 3B).

We also investigated whether PIA-wk28 positive patients have an increased chance of 

having low adalimumab trough levels (< 5µg/ml), as detected in the last available serum. 

As shown in figure 3C, 9/25 of the PIA-wk28 positive patients have low adalimumab 

levels at the end of treatment, while only 4/38 of PIA-wk28 negative patients have low 

Figure 3: The predictive value of measuring ADA in the PIA after 28 weeks of treatment. A) Flow 
chart of the 99 patients in which the predictive value of measuring ADA in the PIA after 28 weeks 
was investigated. B) The percentage of patients in which free ADA are detected during follow-up 
in PIA positive and negative patients after 28 weeks of treatment. C) The percentage of patients 
having low adalimumab levels (< 5µg/ml) at the end of treatment in PIA positive and negative 
patients, as measured after 28 weeks of treatment.

A

B C
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adalimumab levels (p<0.05). This suggests that PIA-wk28 positive patients have a higher 

chance of having low functional adalimumab levels at the last available serum sample.

Transient ADA production 

Using the ABT for the detection of ADA we have observed transient ADA production 

in 11 of the 99 patients studied here (4 representative patients shown in figure 4A-B). 

Antibody formation was considered to be transient if ADA measurements were above 

the cut off at any time point during treatment and negative at the last available time 

Figure 4: The course of adalimumab levels and ADA levels as measured in the ABT and the PIA 
in single patients. All values below the cut-off of 12 AU/ml in the ABT or 48 AU/ml in the PIA are 
plotted as 5 AU/ml. A) Two representative patients with transient ADA production measured in the 
ABT and PIA. B) Two examples of patients with transient ADA production measured in the ABT and 
persistent ADA positivity in the PIA. C) Two examples of patients negative in the ABT and transiently 
positive in the PIA.

C

A

B
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point. This disappearance of ADA in the ABT is often accompanied by an increase of drug 

levels (n=10). Since the ABT is sensitive for drug interference, the ABT did not enable us 

to determine whether the disappearance of ADA was the result of a transient immune 

response, or the effect of false negative results due to drug interference. Measurements 

using the PIA show that in only four of these patients the ADA response is confirmed to 

be truly transient (two representative examples shown in figure 4A). In the remaining 

six patients ADA levels are being masked by increased drug levels (n=6) (representative 

figures shown in figure 4B). In two of these patients this might be explained by dose 

increase. The last patient was only weakly positive (12 AU/ml) in the ABT and no ADA 

were detected using the PIA (not shown). 

The PIA also revealed transient ADA formation in thirteen patients in which no 

antibodies were detected in the ABT (figure 4C). There is no clear link between dose 

increase in some patients and transient ADA production. Furthermore, in an additional 

five patients we observed a severe drop in ADA levels (> 66% decrease of ADA). Although 

ADA levels stayed above the cut off of 48 AU/ml during the period of follow-up, it might 

be expected that in these patients eventually ADA levels decrease below the cut off (data 

not shown). In total these data show that in 17/53 patients producing ADA, this antibody 

response is transient as measured in the PIA. 

Figure 5: Model for the clinical effect of ADA development. We propose that ADA development 
only results in clinical non-response if it results in low functional adalimumab levels.
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DISCUSSION

Here, we present long-term data on ADA levels measured in the PIA in a group of 99 

adalimumab treated RA patients and show that 53/99 patients produce ADA against 

adalimumab. We show that complexed ADA measured only in the PIA, are not linked 

to a reduction in clinical response, while ADA measured in the ABT are. Due to drug 

interference, the ABT can only detect ADA if adalimumab levels are low. Hence, it 

seems that the most important variable governing clinical response is the adalimumab 

concentration (figure 5). However, in patients who continue to make high levels of 

complexed ADA, functional adalimumab levels drop, eventually allowing for the detection 

of ADA in the ABT and leading to a loss of clinical response. 

Although not directly linked to reduced clinical response, ADA measurement using the 

PIA might provide a predictive tool for development of free ADA and loss of therapeutic 

levels of adalimumab. We find that in 94% of the patients positive in the PIA, ADA can 

be detected within the first 28 weeks of treatment. The detection of ADA in the PIA at 

28 weeks of treatment is indicative for a future decline of adalimumab levels (<5µg/ml) 

due to potentially increased ADA production. PIA measurements after 28 weeks might 

provide insight into which patients are at risk of developing free ADA.

It would be very interesting to see whether there is a link between HLA types and ADA 

formation. Such a correlation has been described for the immunogenicity of factor VIII 

used for the treatment of hemophilia patients.23;24 Some HLA types might have a higher 

affinity for adalimumab peptides leading to more efficient peptide presentation and ADA 

formation in these patients. 

Our results suggest that many patients have complexed ADA. Unpublished data 

from our group show that these are present in form of small immune complexes, 

which suggests that many patients are continuously exposed to large numbers of small 

immune complexes. We can only speculate what the effect of these complexes might be 

in clinical practice. On the one hand, small immune complexes might block FcγR, being 

too small to signal efficiently yet binding stronger than monomeric IgG. In this respect, 

it is interesting that a similar mechanism has been suggested for IVIG which contains 

dimeric IgG25. On the other hand, in systemic lupus erythematosus and serum sickness, 

long term exposure to small immune complexes leads to an increased risk of type III 

hypersensitivity reactions. A recent paper has shown a link between ADA production and 

increased risk on trombo-embolic events.26 It would be interesting to study whether this 

is correlated to the presence of small immune complexes in these patients. 

Our data also shows transient ADA production in 17/53 patients that were ADA 

positive.  The median length between the first ADA positive serum sample and the first 

ADA negative there after was 50 weeks (range 12-114 weeks). Due to the large drop-out 

numbers and the extended time of ADA formation in transiently positive patients we 
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were not able to study the clinical relevance of transient ADA formation. Investigation 

of transient ADA production in more detail might allow us to investigate the possibility 

to induce tolerance as described for factor VIII.27 In factor VIII treatment, tolerance 

induction is achieved by long term exposure to high levels of factor VIII (~ 15µg/kg 

every twelve hours (Bonn protocol)).15 However, because of the differences in dosing 

between adalimumab (40 mg every other week) and factor VIII (1.5-7.5 µg/kg every 

2-3 days, depending on disease severity) such an immune tolerance induction protocol 

might be difficult to achieve for adalimumab treatment. Moreover due to the possibility 

of switching towards other types of biological agents, the need of tolerance induction 

against adalimumab might be limited compared to factor VIII. 

A previous study by Maini et al. has shown that increased dosing of infliximab leads 

to reduced immunogenicity, suggesting that high levels of drug might induce tolerance 

in these patients.3 However an alternative explanation for these results could be that, in 

patients receiving high drug dosing, the presence of residual drug levels might interfere 

with the detection of anti-infliximab antibodies. It would be very interesting to measure 

antibodies in these samples using an anti-infliximab PIA to confirm whether high dosing 

indeed reduces immunogenicity of therapeutic monoclonal antibodies.

In conclusion, this study which follows ADA formation measured by the PIA in 99 RA 

patients shows that the clinical relevance of measuring ADA in the PIA is limited, although 

it does have a predictive value. Importantly, PIA measurements give insight in the 

immune response against adalimumab because it is able to detect ADA in the presence 

of adalimumab. It reveals that 94% of the patients who produce ADA develop these 

antibodies in the first half year of treatment. Measurements with the PIA also allow the 

study of transient ADA formation, which we found in 32% of the ADA positive patients. 

Moreover, these data underline the importance of the quantity of an ADA response. 

Only the formation of high levels of ADA leads to low functional adalimumab levels and 

reduced clinical response.
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AbstrAct  

Worldwide millions of patients are treated with therapeutic monoclonal antibodies. 

These biological therapeutics can be immunogenic, resulting in anti drug antibody 

(ADA) formation which leads to loss of response. Fully human biologics such as the anti-

TNF antibody adalimumab are considered to be weakly immunogenic, but we recently 

detected anti-drug antibodies (ADA) in more then half of the treated rheumatoid arthritis 

(RA) patients within 28 weeks of treatment. Here we unravelled the mechanism by which 

ADA lead to loss of response by investigating the full specificity of the repertoire of anti-

adalimumab antibodies. The specificity of the repertoire of anti-adalimumab antibodies in 

a cohort of 50 ADA-positive RA patients was elucidated. Therefore, inhibition experiments 

using TNF and patient derived anti-adalimumab monoclonal antibodies were performed. 

The antibody response against adalimumab is highly restricted: Fab fragments of a single, 

monoclonal antibody specific for the idiotype of adalimumab inhibited 98.65% (25th-75th 

percentiles: 98.25- 99.90) of the total anti-adalimumab reactivity in sera of 50 different 

ADA-positive RA patients. Furthermore, we found that the anti-adalimumab response is 

confined to the TNF binding region of adalimumab, thereby neutralizing its therapeutic 

efficacy. In line with this restricted specificity, we observed small immune complexes in the 

circulation of ADA-forming patients. The humoral immune response against adalimumab 

is highly restricted and limited to the idiotype of the therapeutic antibody. All antibodies 

result in functional neutralization of the drug, thereby providing a mechanism in which 

ADA formation leads to clinical non-response.
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IntroductIon

The use of therapeutic monoclonal antibodies has revolutionized the treatment of many 

diseases. In recent years, millions of patients have been successfully treated with these 

biological agents. However, long term treatment with therapeutic monoclonal antibodies 

can induce anti drug antibody (ADA) formation that is associated with lower drug levels 

and clinical non-response.1-4 The mechanism in which the formation ADA hampers clinical 

response is still unknown. We hypothesize two possible mechanisms. First, administration 

of a drug to patients producing ADA leads to the formation of immune complexes which 

might result in accelerating clearance of the drug. Second, neutralizing ADAs might block 

the binding of the drug to its target.5 

The TNF blocking therapeutic antibody adalimumab is widely used in different 

inflammatory diseases, such as Rheumatoid Arthritis (RA), Ankylosing Spondylitis and 

Crohn’s disease.6-8 Part of the patients which are chronically treated with adalimumab 

generate antibody responses against this therapeutic monoclonal antibody which are 

linked to low functional drug levels and reduced clinical response.3;9-14 The percentage 

of patients developing ADA is underestimated in these studies since in all standard 

assays the measurement of ADA is hampered by the presence of the drug itself. Recently, 

we developed a novel assay enabling measurement of anti-adalimumab antibodies in 

the presence of drug.15 Using this assay we have showed that more then half of the 

adalimumab-treated RA patients produce ADA in the first 28 weeks of treatment. In most 

of these patients however this does not lead to clinical non-response, since only 22% of 

patients fail treatment at this time point. To obtain a better insight in the mechanisms 

by which ADA formation influences treatment efficacy and safety, more knowledge 

is required on the specificity and the immunological consequences of ADA against 

adalimumab.  

According to the anti-idiotype theory presented by Niels Jerne in the 1970’s the 

variable region of a given antibody contains several distinct sites (idiotopes) that together 

form the idiotype, against which a variety of anti-idiotypic antibody molecules can be 

formed.16;17 Idiotopes may be located at the actual antigen binding site of the recognized 

antibody, and may also include variable region sequences outside of the antigen binding 

site. Depending on the idiotopes recognized, anti-idiotype antibodies may or may not 

block the interaction of the antibody with its target antigen. 

In this study we unravel the mechanism by which the ADA response against adalimumab 

leads to clinical non-response. We do so by studying the diversity of epitopes involved in 

the antibody response against adalimumab and to which extent these are located on the 

antigen binding part of adalimumab, thus blocking binding to TNF. 
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MAterIAls And Methods

Patients

For the isolation of B-cells, citrated blood was collected from an adalimumab (Abbot, 

Illanois, USA) treated patient with Ankylosing Spondylitis and known high titers of ADA. 

This patient reponded very well at the strat of adalimumab treatment but shows increased 

disease activity after two months. After a total of five months of treatment adalimumab 

therapy was discontinued. The patient did not suffer from any adverse events. For this 

study, blood, containing 2690 AE of ADA and no adalimumab, was withdrawn two weeks 

after ceasing therapy.  The study was approved by the local ethics committee.10

For the inhibition studies, some sera of patients from the observational cohort of 

adalimumab-treated ADA RA patients were used, but mainly adalimumab treated patients 

send in to our diagnostics department.3;9 Of these patients send in to our diagnostic 

department no further clinical data are available.

Bridging ELISA for the measurement of ADA

Measurements of ADA in the bridging ELISA were essentially carried out as described 

before.18 Maxisorp ELISA plates (NUNC) were coated overnight  with 100 µl 0.5 µg/ml 

adalimumab in PBS. After washing 5 times with PBS-Tween (PT), plates were incubated with 

samples of interest (diluted appropriately in HPE, Sanquin, Amsterdam, the Netherlands). 

Subsequently the plates were washed and incubated for 1 hour with biotinylated 

adalimumab (5 ng/ml in HPE). After washing streptavidin-poly-HRP (Sanquin) (1/10,000 

in High Performance ELISA buffer (HPE)) was added for 20 minutes for detection. After 

washing with PT the ELISA was developed with 100 µg/ml tetramethylbenzidine (TMB) in 

0.11 M sodium acetate (pH 5.5) containing 0.003% (v/v) H
2O2. The reaction was stopped 

with 2M H2SO4. Absorption at 450 nm was measured with a ELISA reader (Multiskan; 

Titertek, Elfab Oy, Finland). Results were related to a titration curve of adalimumab in 

each plate. The lowest level of detection was 0.001 mg/l. To demonstrate the specificity 

a similar ELISA was performed using infliximab (Remicade®) immobilized on microtiter 

plates and biotinylated infliximab as conjugate. For the inhibition experiments using Fab 

fragments of anti-adalimumab 1.2 the test was essentially carried out as described above 

with slight modifications. Here, all incubation steps were performed in PTG buffer (PBS, 

0.2% gelatin, 0.02% Tween 20) and the conjugate was pre-incubated for two hours with 

Fab fragments of anti-adalimumab 1.2.

 

Isolation, proliferation and identification of adalimumab specific single B-cells 

Peripheral blood mononuclear cells (PBMC’s) were isolated from citrated blood using 

a Percoll gradient (Amersham Pharmacia Biotech, Uppsala, Sweden). B-cells were 
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immunomagnetically isolated using anti-CD19 Dynabeads and DETACHaBEAD (Invitrogen, 

Paisley, UK), according to the manufacturers instructions. Afterwards memory B-cells 

were iolated by FACS sorting (BD FACSAria II) using anti-CD19-PerCP-Cy5 (BD Biosciences, 

San Jose, USA), anti-CD27-PE (BD Bioscience). To aim for maximal antigen specificity two 

fluorescently labeled adalimumab Fab fragments were used (AF-488 labeled adalimumab 

Fab fragments ((Invitrogen) labeled according to the manufacturers instructions) and 

biotinylated-adalimumab Fab fragments combined with streptavidin-APC (BD Bioscience)). 

Isolated B-cells were seeded 0.5 cell per well in 96 well flat bottom plates. Cells were 

cultured for 14 days in 200 µl Iscove’s modified Dulbecco’s medium (IMDM) (Lonza, Basel, 

Switzerland) containing 10% FCS (Bodinco, Alkmaar, The Netherlands), 100 U/ml penicillin 

(Invitrogen), 100 µg/ml streptomycin (Invitrogen), 50 µM β-mercaptoethanol (2-ME) 

(Sigma-Aldrich), 20 µg/ml human apo-transferrin ((Sigma-Aldrich), depleted for human 

IgG with protein A sepharose (GE healthcare)), 1 ng/ml IL-1β, 50 U/ml IL-2, 0.3 ng/ml TNF, 

0.5 µg/ml R848 (Alexis, Lausanne, Switzerland) in the presence of 1.105 irradiated (50Gy) 

CD40L-expressing EL4-B5 cells.19 After 14 days, supernatants were tested for specific anti-

adalimumab production in a bridging ELISA.

Production of recombinant human antibodies

RNA was isolated from wells containing antigen specific B-cells using Trizol (Peqlab, 

Erlangen, Germany). cDNA synthesis and RACE PCR were performed using the Clontech 

SMART cDNA synthesis kit (Clontch, Mountain view, USA, cat 634914). RACE PCR 

products for VL and VH were treated with T4 DNA polymerase and cloned into pcDNA3.3 

(Invitrogen) expression vectors containing ligation-independent cloning sites followed by 

the constant domains of the human Kappa and human IgG1 allotype f genes, essentially 

as described before.20 Expression vectors were used for transient transfection of HEK293F 

cells with 293fectin and OptiMEM (Invitrogen), using the Freestyle HEK293F expression 

system (Invitrogen) according to the instructions supplied by the manufacturer.

Competition ELISA with recombinant monoclonal antibodies 

Maxisorp ELISA plates were coated o/n with 0.5 µg/ml adalimumab in PBS. The binding 

of biotinylated anti-adalimumab 1.1 and anti-adalimumab 1.2 was analysed after pre-

incubation of the coat with increasing amounts of unlabeled anti-adalimumab 1.1 and 

anti-adalimumab 1.2. All incubations were performed in HPE. After washing streptavidin-

poly-HRP (Sanquin) (1:10.000 in HPE) was added for twenty minutes, after which the 

ELISA was developed using TMB as described above.

Antigen binding test, inhibited by human monoclonal antibodies or rTNF 

F(ab’)2 and Fab fragments were generated as described before.15 The antigen-binding 
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test (ABT) was described before.15;21 One micro liter of serum diluted in PBS/0.3% bovine 

serum albumin (BSA) (PA buffer) was incubated o/n with 1 mg Sepharose-immobilized 

protein A (GE healthcare, Chalfont St. Giles, UK) in a final volume of 800 µl. Subsequently 

the samples were washed with PBS 0.005% Tween and specific ADA binding was detected 

by o/n incubation with 20.000 dpm (approximately 1 ng) 125I labeled F(ab’)2 adalimumab 

diluted in Freeze buffer (Sanquin). Unbound label was removed by washing, and protein 

A bound radioactivity was measured. Binding of patient antibodies to 125I-labeled 

adalimumab F(ab’)2 was inhibited by pre-incubation of the label with increasing amounts 

of Fab fragments of recombinant anti-adalimumab 1.2 or with rTNF (Strathmann, 

Hannover, Germany). 

TNF bioassay

104 TNF responsive endothelial cells (ECRF-24 cells) 22 were seeded in a 96 wells plate 

in IMDM containing 5% FCS (Bodinco), 100 U/ml penicillin, 100 µg/ml streptomycin, 50 

µM 2-ME, 20 µg/ml human apo-transferrin (Sigma-Aldrich). After 24 hours of incubation 

the samples containing TNF, adalimumab and Fab fragments of monoclonal antibody 

were added. Supernatants were harvested after 24 hrs incubation and tested for IL-8 

concentration by ELISA.23

  

Sucrose gradients

Sera were analysed by isokinetic sucrose gradient centrifugation.24 Sucrose gradients (5-

32.9%, w/v, sucrose; Merck) were prepared in PBS, pH 7.4 containing 5 mM EDTA and 

0.1% Tween (PET). 100µl serum or 500 AE of patient ADA was diluted in 200 µl PET and 

layered onto the sucrose gradient. The gradients were centrifuged in a Beckman swing out 

rotor type SW 41 at 36.000 rpm for 16 hours at 20°C. Fractions of 500 µl were collected 

and ADA levels were detected using the ABT and the PIA. IgG levels were determined by 

ELISA. Briefly, Maxisorp ELISA plates were coated o/n with 1µg/ml Sheep-anti-human IgG 

(SH16-1) (Sanquin) in PBS. For detection 1 µg/ml biotinylated monoclonal anti human 

IgG (MH16-1) (Sanquin) in HPE was used. Afterwards MH16-1 binding was detected using 

poly-HRP and TMB as described above.

results

Isolation and characterization of anti-adalimumab producing B-cells 

In order to investigate the mechanism by which ADA lead to clinical non-response we 

first wanted to study the number of epitopes involved in the immune response against 

adalimumab. Therefore we obtained adalimumab-specific monoclonal antibodies. 
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B

D

Figure 1: Anti-adalimumab 1.1 and anti-
adalimumab 1.2 compete for binding  to 
adalimumab A) The detection of increasing 
amounts of anti-adalimumab 1.1 and anti-
adalimumab 1.2 in a bridging ELISA for the 
measurement of anti-adalimumab and a bridging 
ELISA for the measurement of anti-infliximab.  
b) Increasing amounts of anti-adalimumab 1.2 Fab 
inhibit binding of adalimumab specific ADA in patient 
serum but not infliximab specific ADA tested in the 
ABT. c) Titration of biotinylated anti-adalimumab 
1.1 and anti-adalimumab 1.2 in the absence or 
presence of 12.5 µg/ml unlabeled anti-adalimumab 
1.1 or 12.5 µg/ml unlabeled anti-adalimumab 1.2.  
D) Inhibition of biotinylated anti-adalimumab 
by non-biotinylated anti-adalimumab is dose-
dependent.

C
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Using these antibodies as a tool in subsequent inhibition studies we aimed at mapping 

the anti-adalimumab response. To obtain anti-adalimumab antibodies, adalimumab-

specific B cells were isolated from an adalimumab-treated patient were sorted by flow 

cytometry. Six positive clones (as tested my measuring supernatant in the bridging ELISA 

were obtained from the CD27+ B-cell population, from which RNA was extracted (see 

table S1). Two antibodies were recombinantly expressed leading to two IgG1 monoclonal 

antibodies designated anti-adalimumab 1.1 (originally identified as an IgG1 antibody) 

and anti-adalimumab 1.2 (originally identified as an IgG4 antibody). Both monoclonal 

antibodies underwent extensive somatic hypermutation and originated from different 

precursor B-cells (see table S2). Both monoclonal antibodies specifically bound to 

adalimumab and neither showed cross-reactivity with infliximab (another therapeutic 

anti-TNF monoclonal antibody) (figure 1A). 

The antibody response to adalimumab in RA patients is restricted to the idiotype

We investigated how representative these two antibodies are for the total antibody 

repertoire found in patients sera. First, an inhibition study was carried out with serum 

A B

C

Figure 2: binding of serum AdA of fifty patients 
to adalimumab is inhibited by anti-adalimumab 
1.2. A) Ten patient sera containing ADA against 
adalimumab were inhibited by the addition of 
increasing amounts of anti-adalimumab 1.2 Fab 
in the ABT. Results were normalized to the binding 
percentage of the non-inhibited sample. Binding 
was significantly (p<0.0001) inhibited by the 
addition of 2 µg Fab fragments (paired t-test). b) 
Five representative patients sera containing ADA 
are inhibited by Fab fragments of anti-adalimumab 
1.2 as tested in the bridging ELISA. Again binding 
was significantly (p<0.0001) inhibited by the 
addition of 2 µg Fab fragments (paired t-test). 
c) The percentage inhibition in the total of 50 
patients tested in either the ELISA or ABT (mean 
and standard deviation: 98.52 ± 0.99).
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from the patient that served as B cell donor for the generation of recombinant antibodies. 

Remarkably, in an antigen binding test (ABT) specific for anti-idiotype antibodies, Fab 

fragments of anti-adalimumab 1.2 prevented 99% of the adalimumab specific reactivity 

from binding to radiolabeled adalimumab F(ab’)2 (figure 1B), showing that the total 

antibody response in this patient is directed against the same region as anti-adalimumab 

1.2. In line with this finding, binding of either biotinylated anti-adalimumab 1.1 or 1.2 

to adalimumab could be dose-dependently inhibited by unlabeled anti-adalimumab 1.1, 

as well as anti-adalimumab 1.2 (figure 1C/D), indicating that both antibodies bind to 

overlapping epitopes on adalimumab. In contrast, binding of anti-infliximab antibodies to 

infliximab F(ab’)2 was not influenced by addition of anti-adalimumab 1.2 Fab fragments 

(figure 1B). Next, nine other anti-adalimumab positive patients were tested in the same 

assay (figure 2A).  In all cases, the antibody response to adalimumab could be inhibited 

for at least 98% by anti-adalimumab 1.2 Fab. This indicates that a single monoclonal Fab 

fragment is able to inhibit all anti-idiotype antibodies present in patient sera, suggesting 

that the entire ADA response in these patients is directed against the same or overlapping 

epitopes of adalimumab. 

In a larger group of 40 different patients, a similar inhibition assay was carried out using 

a bridging ELISA that also allows detection of antibodies against the constant region of 

adalimumab. Pre-incubation of the conjugate with Fab fragments of anti-adalimumab 1.2 

again inhibited the signal 94-99% (figure 2B), while pre-incubation with irrelevant human 

IgG Fab fragments had no effect (data not shown). Thus, the antibody response in sera 

of in total fifty anti-adalimumab positive patients tested either in the ABT (10 patients) 

or the bridging ELISA (40 patients), could be inhibited for 94-99% (median: 98·65%; 

25th-75th percentiles: 98·25- 99·90) (figure 2C) by a single monoclonal antibody (anti-

Figure 3: the binding of 
adalimumab to tnF can be 
neutralized by anti-adalimumab 
1.2. In response to 1 ng of TNF 
ECRF-24 cells produce IL-8 in 
the linear range of the titration 
curve. Both adalimumab and 
infliximab neutralize TNF, thereby 
preventing IL-8 production 
(p<0.0001 (adalimumab); 
p=0.0001 (infliximab). Anti-
adalimumab 1.2 rescues IL-8 
production in the presence of 
adalimumab (p<0.0001), but 
not infliximab (n=3). Results 
represent mean and SEM (error 
bars). P values are calculated 
using an unpaired t-test.
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adalimumab 1.2). This demonstrates that the antibody response against adalimumab is 

highly restricted. The vast majority of the antibodies bind to overlapping epitopes.

All antibodies against adalimumab are neutralizing

We next investigated whether anti-adalimumab 1.2 was directed against the TNF-binding 

region of adalimumab using a TNF bio-assay (figure 3). In response to TNF ECRF-24 cells 

produce IL-8 which, as expected, can be inhibited by addition of adalimumab or infliximab 

(figure 3). Addition of an excess of anti-adalimumab 1.2 Fab fragments prevented 

inhibition of TNF-induced IL-8 production by adalimumab showing that anti-adalimumab 

1.2 neutralizes the effect of adalimumab, while the inhibitory effect of infliximab was not 

affected (figure 3). In the absence of adalimumab, the recombinant monoclonal antibody 

had no agonistic or antagonistic effect on the ECRF-24 cells (see figure S1). 

All tested anti-adalimumab positive patient sera were able to neutralize adalimumab 

Figure 4: Antibodies against adalimumab are neutralizing antibodies. Binding of monomeric 
ADA and anti-adalimumab 1.2 to radiolabeled adalimumab F(ab’)2 were significantly inhibited by 
increasing amounts of TNF (p<0.005 as calculated using a paired t-test).

activity in the TNF bioassay, showing that in all patients at least part of the ADA are 

neutralizing. To investigate which fraction of the polyclonal response is neutralizing we 

performed an ABT in which radiolabeled adalimumab F(ab’)2 was pre-incubated with 

increasing amounts of TNF. The presence of ADA-drug complexes in serum may lead to 

false-positive results due to cross-linking of radiolabeled adalimumab F(ab’)2 to complex-

derived adalimumab by the homotrimeric TNF (for cartoon see figure S2). To circumvent 

this, we fractionated sera of six patients with high anti-adalimumab levels on sucrose 

gradients to separate the free monomeric ADA from ADA-drug complexes as we described 

before.15 TNF dose-dependently inhibited the binding to radiolabeled adalimumab 

F(ab’)2 of anti-adalimumab, derived from six patient sera as well as monoclonal anti-
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adalimumab 1.2 (figure 4). These data clearly show that the humoral immune response 

against adalimumab in all tested patients is restricted to the TNF binding region of 

adalimumab. 

The restricted immune response against adalimumab leads to small immune complexes

An antibody response against a very restricted immunogenic region, as we describe here 

for adalimumab, is expected to result in formation of small immune complexes which 

might not be efficiently cleared from the circulation. We recently described a new assay 

which is able to measure anti drug antibodies in complex with adalimumab, enabling 

us to analyze the size of adalimumab/anti-adalimumab complexes in sera of patients.15 

To this end we fractionated ADA positive patient sera with difference levels of ADA and 

adalimumab, collected just prior to the next administration of adalimumab, on sucrose 

gradients and measured which fractions contained adalimumab/anti-adalimumab 

Figure 5: the restricted immune response 
against adalimumab leads to the formation 
of small immune complexes.  ADA 
measured in sucrose gradient fractions 
of three representative patient sera. The 
measurements of marker proteins albumine 
(66 kD, fraction 17), IgG (150 kD, fraction 13), 
and C1q (410 kD, fraction 1) revealed the 
complexes all being the size of dimers. Top 
of the gradient is to the right of the figure.

complexes. This revealed the presence of small immune complexes in all fourteen 

patients tested. The results of three representative patients are shown in figure 5. In 

some patients adalimumab/anti-adalimumab complexes can be detected next to free 

uncomplexed anti-adalimumab, while in other patients all anti-adalimumab antibodies 

are present in small immune complexes. The measurement of marker proteins in the 

different fractions suggests that these complexes are no larger than IgG  dimers. To aim for 

maximal separation of monomeric IgG and small immune complexes, sucrose gradients 

were run at 20°C. Under these conditions, larger immune complexes may have end up 

at the bottom. However, additional experiments using sucrose gradients centrifuged at 

4°C did not reveal any larger complexes (data not shown). Thus, the restricted antibody 

response against adalimumab leads to the formation of small circulating immune 
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complexes, which can be detected in patients that receive adalimumab therapy.

dIscussIon

Antibody formation against adalimumab is increasingly being recognized as a major 

cause of treatment failure. However, until now the mechanism in which ADA effects 

treatment efficacy is not yet elucidated. We propose two possible mechanisms. First the 

formation of immune complexes between ADA and therapeutic antibody may lead to 

increased clearance of the drug, resulting in suboptimal dosing of the drug. Second, the 

antibodies may be functionally neutralizing, thus directly affecting treatment efficacy. 

Here we show that in the case of adalimumab virtually all antibodies against adalimumab 

are neutralizing and that the ADA response is very restricted leading to the formation 

of small immune complexes. Since small immune complexes are thought to clear slowly 

suggesting that the effect of ADA formation on treatment efficacy is probably mainly 

dependent on neutralization of the drug. This implicates that for adalimumab routine 

measurements of binding antibodies will be sufficient without requirement to test for 

their neutralizing capacity. In light of these data, it would be very valuable to determine 

if the antibody response against human therapeutic antibodies is always restricted to 

the idiotype and to analyze if the immune response against humanized and chimeric 

monoclonal antibodies is less restricted.

In light of these new data showing that all antibodies are neutralizing, it might seem 

contradictory that only part of the ADA producing patients lose responsiveness. However, 

we hypothesise that clinical response is dependent on the maginitude of the immune 

response. Low ADA levels might not alter clinical response of patients since here only 

al small portion of the adalimumab is neutralized. Therefore these patients would still 

have sufficient drug levels to respond to treatment. Only in patients which produce high 

levels of ADA, the majority or all adalimumab is neutralized leading to non response to 

treatment.

Yet another mechanism by which ADA could interfere with effectiveness of the 

therapeutic monoclonal antibody is in case ADA bear an “internal image” of the antigen. 

Previous studies by others have shown that an antigen bound by a particular antigen 

combining region (idiotype) of an antibody may be functionally mimicked by a secondary 

anti-idiotype antibody that binds to the same region of that idiotype. For therapeutic 

antibodies this holds the risk that anti-idiotype antibodies against the therapeutic antibody 

may resemble the target protein and in case of adalimumab therefore react with the TNF-

receptor. This could be detrimental for the effectiveness of the therapeutic monoclonal 

antibody. However, the anti-idiotype monoclonal antibodies against adalimumab that 
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we isolated and subsequently cloned showed no effect at all on the TNF-receptor as 

we tested in a TNF bio-assay (figure S1). Reactivity of anti-idiotype antibodies against 

adalimumab with the TNF receptor can only be expected if adalimumab binds to the 

exact same region on TNF as the TNF receptor does. 

Knowledge of the mechanism by which ADA interfere with drug efficacy can be 

important for clinical purposes. For instance, the restrictive nature of the response against 

adalimumab can be explained by either one major immunogenic idiotope in adalimumab 

or steric hindrance when all antibodies are binding to idiotopes in close proximity to 

each other on the idiotype of adalimumab. It would be interesting to investigate this 

further and identify the precise immunogenic B-cell epitopes of adalimumab. Eventually 

this could lead to the production of less immunogenic variants of adalimumab. Of course 

alterations might subsequently lead to the introduction of new immunogenic epitopes or 

loss of function of the therapeutic antibody. 

The presence of large amounts of small immune complexes may have clinical 

consequences. On the one hand, it might be expected that clinical consequences of small 

immune complexes are limited, because of little complement activation and Fc-gamma 

receptor triggering. On the other hand, the existence of long lasting small immune 

complexes may raise the risk of type III hypersensitivity reactions, as occurring in diseases 

as serum sickness and SLE. A recently published paper shows an increased incidence of 

severe venous and arterial tromboembolic events in patients that produce ADA against 

adalimumab.25 It would be interesting to investigate whether the presence of these 

immune complexes leads to serious side effects. In this light, our previous finding that 

most patients make antibodies against adalimumab, even at levels that do not preclude 

full neutralization, gain new importance.15 It is likely that in most patients small circulating 

immune complexes are chronically induced. 

In conclusion the following picture emerges. After repeated treatment with 

adalimumab, the majority of patients develop ADA. The antibodies are hyper mutated 

and of the IgG1 and IgG4 isotype. The antibody response is very restricted to the idiotype 

region of adalimumab. All antibodies neutralize adalimumab function and give rise to 

small immune complexes which can be detected in the circulation of patients that are 

being treated with the therapeutic antibody. Depending on the magnitude of the immune 

response the clinical effect might be limited if only a small portion of the adalimumab is 

neutralized. However, if high levels of ADA are produced all adalimumab is neutralized 

leading to clinical non-respons.
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Figure s1: neither anti-adalimumab 1.1 
nor anti-adalimumab 1.2 have a direct 
agonistic or antagonistic effect on the tnF 
receptor. The level of IL-8 secretion was 
not significantly altered after incubation 
of ECRF-24 cells with 2 µg/ml anti-
adalimumab1.1 or anti-adalimumab 1.2 
in the absence or presence of 1 µg/ml 
TNF. Results are expressed as percentage 
IL-8 production as compared to the non 
inhibited condition (100%). 

Figure s2: the presence of immune complexes influenced the 
inhibition experiments using tnF. In the inhibition experiments 
using TNF the presence of ADA-drug complexes in serum may 
lead to false positive results due to cross-linking of radiolabeled 
adalimumab F(ab’)2 to complex-derived adalimumab by the 
homotrimeric TNF. 

suppleMentAry dAtA

supplementary table I): the ch and cl usage of the different anti-adalimumab producing 
b-cells. 192 CD27+ B-cells and 192 CD27- B-cells were sorted and seeded as a single cell per well. 
After 14 days of culture the supernatants of six anti-adalimumab positive wells (all in the CD27+ 
population) were tested for the presence of kappa or lambda light chains and the presence of 
adalimumab specific IgG1 or IgG4 antibodies. *Recombinantly expressed as anti-adalimumab 1.1. 
**Recombinantly expressed as an IgG1 antibody, anti-adalimumab 1.2.

sample name light chain heavy chain

  11C3ADA* Kappa IgG1

    10B2ADA** Kappa IgG4

10A6ADA Kappa IgG1

11E1ADA Kappa IgG1

12B7ADA Lambda IgG1

11D1ADA Lambda IgG1
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 Heavy chain  Light chain

Antibody V gene d gene J gene cdr3 r s V gene J gene cdr3 r s

1.1 V1-03*01 D2-02*01/03 J4*02 15 16 4 V1(D)-33*01 J4*01 8 6 0

1.2 V1-02*02 D2-15*01 J5*01/02 18 9 7 V1-12*01/02 J1*01 9 6 2

supplementary table II): Anti-adalimumab 1.1 and anti-adalimumab 1.2 are derived from 
different precursor cells and are extensively hyper mutated. V(D)J usage of anti-adalimumab 
1.1 and anti-adalimumab 1.2, the CDR3 length and the number mutations leading to amino acid 
replacements (R) or silent mutations (S). 
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AbstrAct

The production of anti drug antibodies (ADA) in auto-immune patients treated with 

adalimumab severely diminishes treatment efficacy. We have previously shown that the 

binding specificity of the antibody response to adalimumab is very restricted and directed 

against the TNF binding region. Here we investigate whether this restricted response is the 

result of outgrowth of a limited number of B-cell clones or multiple clones with the same 

specificity. By producing eleven different adalimumab specific monoclonal antibodies 

derived from two patients we show that the immune response against adalimumab 

is a broad response involving multiple B-cell clones each using different combinations 

of V(D)J segments. We investigated the affinity of the different monoclonal antibodies 

and studied how the affinity influences the detection of antibodies in various assays. 

We show that the influence of affinity varies between different assays. The bridging 

ELISA depends on the affinity of the monoclonal antibody while there is no correlation 

between measurements in the antigen binding test (ABT) and the affinity. This can partly 

be explained by the bivalent interaction possible in the ABT.
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IntroductIon

The introduction of therapeutic monoclonal antibodies has given a major boost to the 

treatment of Rheumatoid Arthritis (RA) patients. However, part of the patients develops 

an immune response against the therapeutic resulting in the formation of anti drug 

antibodies (ADA). The formation of ADA has been linked to lower serum drug levels and 

reduced clinical response.1-7 ADA formation can influence treatment efficiency via two 

possible mechanisms. First the formation of ADA can lead to enhanced clearance of the 

drug. Second, the formation of neutralizing antibodies can prevent the therapeutic from 

binding to its target.

In case of adalimumab, a fully human anti-TNF agent, recent data indicate that 

essentially all ADA, as measured in the bridging elisa or in the antigen binding test, are 

directed against the TNF binding region of adalimumab, resulting in neutralization of the 

drug.8 We have shown before that more than half of the adalimumab treated RA patients 

develop ADA. Only when ADA levels exceed drug levels, antibody production leads to 

clinical non-response (manuscript in preparation). Together these data show that the 

magnitude of the immune response determines the clinical significance of ADA formation. 

A minor ADA response will result in neutralization of only part of the adalimumab leaving 

sufficient functional drug. 

The observation that the vast majority of ADA against adalimumab are neutralizing 

suggests that the immune response against adalimumab is very restricted, targeting one 

or a set of epitopes that overlap the TNF binding site on adalimumab. This is confirmed by 

inhibition experiments showing that a single monoclonal antibody against adalimumab 

completely prevents binding of ADA in 50 different patient sera.8 The most likely 

explanation of this restriction is that only limited numbers of B-cell clones participate in 

the ADA response. To investigate this hypothesis we have cloned the antibody specific 

sequences of 16 patient-derived adalimumab specific B-cells. We have expressed 11 

of these fully human monoclonal antibodies in HEK293 cells to confirm the previously 

observed restriction of the binding site. In addition, we determined the affinity of the 

obtained monoclonal antibodies and investigated the effect of affinity and binding-

specificity on the different assays available for the detection of ADA.

MAterIAls And Methods 

Patients

Monoclonal ADA were derived from two adalimumab (Abbot, Illinois, USA) treated 

patients: Patient 1 was treated for Ankylosing Spondylitis, patient 2 was treated for RA. 
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Both patients had high titers of ADA as detected in the ABT (2960 AU/ml and 8570 AU/ml, 

respectively). Of both patients informed consent was obtained. The study was approved 

by the local ethics committee.1;9

Generation of F(ab’)2 and Fab fragments 

F(ab’)2 and Fab fragments were generated using pepsin, and subsequent reduction 

and alkylation with dithioerythritol and N-ethylmaleinimide respectively, as described 

before.10

Bridging ELISA for the measurement of ADA

Measurement of ADA in the bridging ELISA was essentially carried out as described 

before.8 In short, ELISA plates were coated with adalimumab and after addition of the 

ADA containing sample, ADA binding was detected using biotinylated adalimumab and 

streptavidin-poly-HRP. The specificity of the monoclonal antibodies for adalimumab was 

demonstrated by using a bridging ELISA with another therapeutic anti-TNF monoclonal 

antibody, infliximab (Remicade®), as a coat and conjugate (detection limit 1 ng/ml of 

anti-infliximab). 

Isolation, proliferation and identification of adalimumab specific single B-cells 

Antigen specific B-cells were isolated and cultured as described before.11 In short, PBMC’s 

were isolated using a Percoll gradient and B-cells were isolated using anti-CD19 beads. 

Antigen specific memory cells were sorted using two differently labeled adalimumab Fab 

fragments and anti-CD27 and sorted single cell per well or seeded 0.5 cells per well. Cells 

were cultured in the presence of CD40-ligand expressing cells and a cytokine cocktail. 

After 10-14 days the supernatants were tested for the presence of ADA using the bridging 

ELISA.

Production of recombinant human antibodies

RNA was isolated from wells positive in the bridging ELISA using Trizol (Peqlab, Erlangen, 

Germany). cDNA synthesis and 5’-RACE PCR were performed using the Clontech SMART 

cDNA synthesis kit (Clontch, Mountain view, USA, cat 634914). RACE PCR products for 

VL and VH were cloned into pcDNA3.3 or pcDNA3.1 (Invitrogen, Paisley, UK) expression 

vectors together with the constant domains of the human Kappa, Lambda and human 

IgG1 allotype f genes, essentially as described before.12 In some cases an additional 

nested PCR was performed to obtain the VL and VH sequences. Expression vectors were 

used for transient transfection of HEK293F cells with 293fectin and OptiMEM (Invitrogen), 

using the Freestyle HEK293F expression system (Invitrogen) according to the instructions 

supplied by the manufacturer. 
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Affinity measurement of monoclonal antibodies

Adalimumab Fab was fluorescently labeled with DyLight 488 amine reactive dye (Pierce/

Thermo Scientific). Unreacted dye was removed by repeated dilution/concentration 

using Amicon Centriprep centrifugal filter devices (Millipore, Billerica, MA, US) until no 

dye could be detected anymore in the filtrate. The average degree of labeling (DOF) was 

1.8 molecule dye/molecule Fab.

Serial four-fold dilutions of anti-adalimumab monoclonal antibody (0.05 – 1000  

ng/ml) were incubated with a fixed concentration of  63 pg/ml (1.25 pM) of adalimumab 

Fab-DyLight 488 (ada-Fab-488) in PBS containing 0.1 mg/ml intravenous immunoglobulin 

(Nanogam, Sanquin, The Netherlands) that was exposed to daylight for 2 days to remove 

any residual fluorescence activity.  Measurements were also carried out at 31 pg/ml 

(0.625 pM) for anti-adalimumab 2.2 and 2.12. Samples were equilibrated at 25 oC for up 

to 4 days before analysis. 

Samples (1000 μl) were applied using a thermostatted autosampler (25 oC) to a 

Superdex 200 HR 10/300 column (GE Healthcare, Uppsala Sweden), which was connected 

to an HPLC system ÄKTAexplorer HPLC system (GE Healthcare, Uppsala Sweden). Elution 

profiles of ada-Fab-488 were monitored by measuring the fluorescence (excitation/

emission 488/525 nm) with a Prominence RF-20Axs on-line fluorescence detector 

(Shimadzu, Kyoto, Japan). The column was equilibrated in PBS. Molecular weight 

estimations were based on the elution profile of the monomeric and dimeric IgG fractions 

of the intravenous immunoglobulin present in each sample, which were monitored by 

measuring the absorbance at 214 nm. 

To calculate dissociation constants, fluorescence at 13 or 17 ml, corresponding to 

the peak maxima of bound or free ada-Fab-488, respectively, were plotted against the 

concentration of anti-adalimumab antibody (molar concentration of the number of Fab 

arms) and a 1:1 binding model was fitted to the data using Microcal Origin software. 

Biotinylation 

Antibodies and Fab fragments (100 µg) were biotinylated by incubation with 60 µg Sulfo-

NHS-LC-Biotin (Thermo scientific, Rockford, USA) in 0.1 M NaHCO3. After 2 h of incubation 

in the dark at room temperature (RT) biotinylated antibodies were dialyzed against PBS.

Competition ELISA with recombinant monoclonal antibodies 

Maxisorp ELISA plates were coated o/n with 100 µl 0.5 µg/ml adalimumab in PBS. The 

binding of biotinylated monoclonal antibody was analyzed after incubation of the coat 

with increasing amounts of different unlabeled monoclonal antibodies or as control an 

irrelevant human monoclonal antibody (Cetuximab (Erbitux, Merck Serono, Darmstadt, 

Germany). All incubations were performed in high performance ELISA buffer (HPE) 
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(Sanquin). Binding of biotinylated antibody was detected using streptavidin-poly-HRP as 

described before.8

Antigen binding test

The test was essentially carried out as described before.13 One micro liter of serum 

diluted in PBS/0.3% bovine serum albumin (BSA) (PA buffer) was incubated o/n with 1 mg 

Sepharose-immobilized protein A (GE healthcare, Chalfont St. Giles, UK) in a final volume 

of 800 µl. Subsequently the samples were washed with PBS 0.005% Tween and specific 

ADA binding was detected by o/n incubation with 20.000 dpm (approximately 1 ng) 125I 

labeled F(ab’)2 or Fab of adalimumab diluted in Freeze buffer (Sanquin). Unbound label 

was removed by washing and protein A bound radioactivity was measured. 

TNF bioassay

104 TNF responsive endothelial cells (ECRF-24 cells)14 were seeded in a 96 wells plate 

in IMDM containing 5% FCS (Bodinco), 100 U/ml penicillin, 100 µg/ml streptomycin,  

50 µM 2-ME, 20 µg/ml human apo-transferrin (Sigma-Aldrich). After 24 hours of 

incubation the samples containing TNF, adalimumab and Fab fragments of monoclonal 

antibody were added. Supernatants were harvested after 24 hrs incubation and tested 

for IL-8 concentration by ELISA.15

  

Nucleotide sequence analysis

The nucleotide analysis was performed using JOINSOLVER.

results

The anti-adalimumab response is a polyclonal response

To obtain the sequences of the VH and VL chain of various anti-adalimumab antibodies, 

antigen specific memory B-cells that were isolated from peripheral blood of two ADA 

positive patients, were cultured single cell per well for 10-14 days. Supernatants were 

screened for ADA production and RNA was extracted from ADA positive wells. After the 

production of cDNA the IgG specific sequence was amplified, sequenced and expressed 

in HEK293 cells. This resulted in sequences of three monoclonal antibodies from the first 

patient and thirteen monoclonal antibodies from the second patient. All recombinant 

monoclonal antibodies tested positive in the anti-adalimumab bridging ELISA and 

specificity of the antibodies for adalimumab was confirmed in a similar assay using 

infliximab as coat and detection (data not shown). The usage of the V(D)J segments was 

determined using JOINSOLVER and listed in table 1. IGHV1 genes were the predominantly 
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used for the heavy chains. For the light chains, J4 segments and V3-20 segments were 

most frequently used. Partly this can be explained by a bias in our methods in favor of 

kappa antibodies. The majority of the antibodies underwent extensive somatic hyper 

mutation. All the monoclonal antibodies used different combinations of V(D)J segments 

indicating that they originated from different precursor B-cells. This shows that the ADA 

response in these patients is very diverse.

Heavy chain Light chain

Patient
Anti
body

Isotype V gene D gene J gene CDR3 R S V gene J gene CDR3 R S

1 1.1 IgG1 V1-03*01 D2-02*01/03 J4*02 15 16 4 V1(D)-33*01 J4*01 8 6 0

1 1.2 IgG4# V1-02*02 D2-15*01 J5*01/02 18 9 7
KV1-

12*01/02
J1*01 9 6 2

1 1.3 IgG1* V1-18*01 D1-14*01 J4*02 13 15 4 KV1(D)-39*01 J2*01 9 3 9

2 2.1 IgG1# V1-03*01 D3-09*01 J4*02 13 16 15 KV3-20*01 J4*01 9 8 5

2 2.2 IgG4# V1-69*06 D3-10*01/02 J6*02 21 15 9 KV1(D)-33*01 J4*01 9 10 11

2 2.3 IgG4 V4-31*03 D6-13*01 J3*02 16 21 5 KV1(D)-39*01 J2*01 9 7 8

2 2.4 IgG1# V1-03*01 D3-16*01/02 J3*01 10 19 7 KV3-20*01 J4*01 9 8 3

2 2.5 IgG4 V4-59*08 D6-13*01 J3*02 17 16 11 V1(D)39*01 J4*01 9 14 9

2 2.6 IgG1# V4-39*01/02 D1-26*01 J4*02 10 14 6 KV3-20*01 J2*01/02 8 9 2

2 2.7 IgG1# V4-34*01 D1-26*01 J3*02 20 5 1 KV4-1*01 J2*01 9 2 2

2 2.8 IgG4# V1-69*06 D6-19*01 J5*02 11 21 2 KV3-20*01 J4*01/02 9 9 5

2 2.9 IgG1# V3-48*03 D2-21*02 J6*02 17 23 9 KV1-33*01 J4*01 9 13 6

2 2.10 IgG4# V1-03*01 D2-21*02 J5*02 11 15 6 KV3-20*01 J4*01 9 9 4

2 2.11 N.D. V1-69*01 D6-19-01 J4*02 13 14 8 KV1-33*01 J4*01 9 5 5

2 2.12 IgG4# V1-18*01 D2-21*01R J6*02 11 25 10 LV3-25*03 J1*01 10 18 6

2 2.13 IgG1 V3-48*03 D5-5*01 J3*02 15 9 1 LV3*25*03 J3*02 12 6 2

Specificity of monoclonal antibodies

We were able to express eleven of the above described monoclonal antibodies in large 

enough quantities to investigate their binding affinity and specificity.  First we confirmed 

that the monoclonal antibodies obtained here compete with each other for the binding of 

table 1: All monoclonal antibodies are derived from different precursor b-cells. V(D)J usage of 
the different monoclonal antibodies, the CDR3 length and the number of mutations leading to 
amino acid replacements (R) or silent mutations (S). *This antibody was originally found as an 
IgG1 antibody and for further experiments expressed as an IgG4 antibody. #These antibodies were 
originally identified as either IgG1 or IgG4 antibodies, and expressed as IgG1 antibodies. The original 
isotype of anti-adalimumab 2.11 was not determined (N.D.) due to limited amount of supernatant.
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adalimumab. Therefore binding of biotinylated anti-adalimumab to coated adalimumab 

was inhibited with all the other monoclonal antibodies. An example was shown in figure 

figure 1A which shows that all antibodies can inhibit binding of anti-adalimumab 2.4 to 

adalimumab with some variation in the efficiency of inhibition. The variation in inhibition 

might be explained by differences in affinity between the monoclonal antibodies (further 

discussed below). The experiments confirmed that each monoclonal antibody can 

Figure 1: All monoclonal antibodies compete with anti-adalimumab 2.4 and tnF for the binding 
to adalimumab. A) Binding of biotinylated anti-adalimumab 2.4 to adalimumab was inhibited 
by the addition of unlabeled monoclonal anti-adalimumab antibodies. The control monoclonal 
antibody cetuximab did not inhibit binding. b) In response to 1 ng of TNF ECRF-24 cells produce 
IL-8 in the linear range of the titration curve. Adalimumab can neutralize TNF, thereby preventing 
IL-8 production. 0.1 µg of all antibodies (except anti-adalimumab 2.4) was sufficient to completely 
restore IL-8 production in the presence of adalimumab. Results represent mean and SEM (error 
bars).

A

B



Functional analysis of the anti-adalimumab response using patient-derived monoclonal antibodies

103

Chapter 6

compete with all other antibodies for the binding to adalimumab (data not shown). All 

antibodies could prevent binding of adalimumab to TNF as tested with the TNF-sensitive 

ECRF cell line (figure 1B). Thus, all antibodies are neutralizing. In initial experiments, 

anti-adalimumab 2.4 seemed unable to neutralize adalimumab. However, a higher 

concentration of anti-adalimumab 2.4 could restore IL-8 production (data not shown).

Affinity measurement of anti-adalimumab monoclonal antibodies

To determine the affinity of the obtained monoclonal antibodies a fixed concentration 

of fluorescently labeled adalimumab Fab fragments was incubated with different 

concentrations of the monoclonal antibodies. The samples were incubated until 

equilibrium was reached, after which the amount of bound and free adalimumab Fab was 

determined using size exclusion chromatography. An example of elution profiles is given 

in figure 2A (anti-adalimumab 2.6). To calculate dissociation constants, the peak maxima 

Figure 2: determination of the affinity of the different monoclonal antibodies. A) The affinity of 
anti-adalimumab 2.6 was determined by incubation of labeled adalimumab Fab fragments with 
different amounts of monoclonal antibody (0.013-13.333 nM). After equilibrium was reached the 
amount of bound and free adalimumab Fab was measured using size exclusion chromatography. 
(Larger IC appear left on the graph) b) To determine the affinity of the monoclonal antibodies the 
amount of free adalimumab Fab was plotted against the concentration of anti-adalimumab 2.6. c) 
A list of the affinities of the different monoclonal antibodies. All measurements are performed in 
duplcate unless otherwise reported.

A

B

C
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free ada-Fab-488 was plotted against the concentration of anti-adalimumab antibody 

and a 1:1 binding model was fitted to the data (an example shown in figure 2B). The 

affinities of all monoclonal antibodies are listed in figure 1C. The affinities vary between 

0.6 pM and 77 nM. There was no link between the number of hyper mutations in the 

sequence and the affinity of the antibodies (data not shown).  

Next we investigated whether the difference in inhibition potential in figure 1 was 

the effect of the different affinities of the monoclonal antibodies. Indeed there was a 

correlation between the affinity of the monoclonal antibodies and their inhibitory 

A B

Figure 3: the measurement of AdA in the bridging elIsA is influenced by the affinity of the 
antibodies. A) The measurement of the eleven monoclonal antibodies in a bridging ELISA for the 
detection of ADA against adalimumab. b) The EC50 values of the measurement of the monoclonal 
antibodies in the bridging ELISA correlate with the affinity of the monoclonal antibodies (r=0.91; 
p<0.0005; n=3, error bars mean and SEM). The grey dot represents the measurement of anti-
adalimumab 2.1. 

Figure 4: Measurement of the different monoclonal antibodies in the Abt is influenced by 
the affinity of the antibodies. A) A dose response curve of the detection of 11 monoclonal 
antibodies in the ABT using labeled adalimumab F(ab’)2 for detection. b) The EC50 value of the 
ABT measurements do not correlate with affinity of the monoclonal antibodies (spearman r=0.58; 
p<0.06; n=3, error bars mean and SEM).

A B
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potential in the competition experiment (data not shown (Spearman r=0.80 p<0.005)).

 

Influence of affinity on ADA measurements

To find out how affinity of the monoclonal antibodies influences their detection, we 

tested the monoclonal antibodies in the bridging ELISA and the ABT. In the bridging ELISA 

ADA crosslink adalimumab on the solid phase with labeled adalimumab in solution. 

There is a large variation in the detection of the different monoclonal antibodies (figure 

3A). Remarkably, some monoclonal antibodies reach a lower plateau. Figure 3B shows 

that there is a good correlation between the half maximal effective concentration (EC50) 

and affinity of the antibodies (Spearman r=0.91; p<0.0005). In case of anti-adalimumab 

2.1 (grey dot in graph) the EC50 is higher than would be expected based on the affinity of 

the monoclonal antibody. Experiments using Biacore suggest that this can be explained 

by a low on-rate (kon) value of anti-adalimumab 2.1 (data not shown).

In addition to the bridging ELISA, we also measured the monoclonal antibodies in the 

antigen binding test commonly used in our department. In this assay ADA are bound 

to sepharose-coupled protein A and detected using radiolabeled adalimumab F(ab’)2. 

Again, a large variation in response was observed for the eleven monoclonal antibodies 

that were tested (figure 4A). Surprisingly in the ABT there was no significant correlation 

between the EC50 values and the affinity of the monoclonal antibodies, although a clear 

Figure 5: Monovalent detection of 11 
monoclonal antibodies in the Abt increases 
the effect of affinity on the detection of AdA. 
A) A dose response curve of the detection 
of monoclonal anti-adalimumab antibodies 
in the ABT using adalimumab Fab fragments 
for detection. b) The EC50 values in the Fab 
fragment ABT correlate with the affinity of 
the monoclonal antibodies (spearman r=0.73; 
P=0.011 n=3, error bars mean and SEM). c) 
The fold difference in EC50 values between the 
measurement of the monoclonal antibodies in 
the ABT using F(ab’)2 and Fab label.

A B

C
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trend could be observed (figure 4B (Spearman r=0.58; p=0.06)). To investigate whether 

this could be explained by a difference in preference between monoclonal antibodies 

to engage in a bivalent interaction, we repeated the measurements using radiolabeled 

adalimumab Fab for detection (figure 5a). There is a significant correlation between EC50 

values in the Fab ABT and the affinity (figure 5B; Spearman r=0.73; P=0.011). Comparing 

EC50 values of the F(ab’)2 ABT and the Fab ABT shows that all antibodies have a lower 

EC50 value in the F(ab’)2 ABT (figure 5C) suggesting that all antibodies bind adalimumab 

F(ab’)2 with an higher avidity compared to Fab. This suggests that all antibodies can bind 

bivalently, so with two Fab arms at the same time, to adalimumab. However, the increase 

in avidity differs between antibodies.

dIscussIon

Previously we have shown that in ADA positive patients all antibodies are directed against 

the same small region on adalimumab, since the polyclonal antibody response in patients’ 

sera could be inhibited by a single monoclonal antibody against adalimumab. This finding 

was extended using the larger panel of mAbs described in this paper. The sequences of 

the monoclonal antibodies are the result of different V(D)J rearrangements, showing that 

they derived from different precursor B-cells. This suggests that the antibody response 

against adalimumab results from outgrowth of multiple B-cell clones all recognizing the 

same or overlapping regions on the adalimumab molecule. From our data it is impossible 

to extract the number of different B-cells involved in the immune response against 

adalimumab, because of the limited number of sequences obtained. For other immune 

responses, such as the antibody response against tetanus toxoid, it has been described 

that as many as 100 different B-cell clones can be involved.16 It would be very interesting 

to obtain more adalimumab specific sequences and investigate the number of B-cells 

involved in an immune response with restricted antibody binding as described here. 

However, it is possible that we have a selection in this system. It might be expected that 

high affinity antibodies are easier to sort antigen specifically and these cells are easier 

detected in the bridging ELISA used to screen the supernatants after culture. This might 

also explain why the majority of antibodies presented here bind adalimumab with high 

affinity (range 0.6 pM and 77000 pM). To get a better insight of the affinity of the total 

anti-adalimumab response, similar experiments as shown in this paper should be done 

with polyclonal antibodies derived from patient sera. However, there is a chance that 

the free antibodies that are present in patient sera are also no good representation of 

all antibodies produced. It can be expected that the antibodies with highest affinity are 

bound to adalimumab and cannot be detected or are cleared form the circulation. 
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The majority of antibodies presented here have kappa light chains, which is the result 

of a selection in our system. Studying the different V segments used in our monoclonal 

antibodies shows that the majority of monoclonal antibodies use heavy chain V segments 

of the V1 family. For the light chain J4 segments and V3-20 segments are commonly used. 

However, from 16 monoclonal antibodies it is difficult to draw conclusions on V D or J 

segments usage in the whole antibody response. Presently we try to confirm this V(D)J 

restriction on the total ADA response using mass spectrometry analyses of purified ADA 

from different patients and comparing this with V(D)J distribution on the total antibody 

pool from the same patient. 

Previous data from our group have shown that the immune response against 

adalimumab mainly consists of IgG1 and IgG4 antibodies11 which is supported by the 

present data, since all but one monoclonal ADA found were originally identified as IgG1 

and IgG4 antibodies. Comparing the affinity of the monoclonal antibodies that were 

originally identified as IgG4 with the IgG1 monoclonal antibodies suggests that IgG4 

antibodies have a higher average affinity (median (range) IgG1; 138.5 (2.6-77000) IgG4; 

9.33 (0.64-115)). This is in contradiction to the antibody responses against tetanus toxoid 

and hepatitis B antigen for which it has been suggested that IgG4 antibodies have lower 

affinity compared to IgG1 antibodies.17-19 It would be interesting to further investigate this 

on the polyclonal ADA response or other immune responses. 

Next to accelerating clearance of adalimumab and neutralization of the drug, ADA 

could interfere with the effectiveness of adalimumab treatment in case the ADA bear 

an “internal image” of TNF. Others have shown that an antigen bound by an antigen 

combining region (idiotype) of an antibody may be mimicked by a secondary anti-idiotype 

antibody. In case of adalimumab this would mean that ADA could functionally mimic TNF 

and therefore induce signaling via the TNF receptor. In figure 1B we show that some 

monoclonal antibodies restore IL-8 production to more than 100%. It would be interesting 

to see whether these monoclonal antibodies are able to induce IL-8 production in the 

absence of TNF and adalimumab. 

Our data clearly show that the affinity of ADA can greatly influence their detection, 

depending on the type of antigen binding required for detection. The ABT using 

adalimumab F(ab’)2 fragments for detection allows for bivalent interactions therefore 

limiting the effect of affinity of ADA measurement. This was confirmed by the experiments 

using adalimumab Fab fragments for detection in which there is an effect of affinity on 

detection. In case of ADA detection in the bridging ELISA, two monovalent interactions 

are necessary to allow detection. This might explain why there is a better correlation 

between affinity and EC50 values in this assay. 

It would also be very interesting to study the type of immune complexes formed between 

the different monoclonal antibodies and adalimumab. Previous data have shown that 
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only small immune complexes between ADA and adalimumab can be detected in patient 

sera.8 Immune complex data using these monoclonal antibodies would provide insight 

into whether only small immune complexes are formed in these patients or whether all 

larger immune complexes are cleared from the circulation. Also we observed a lower 

plateau in the bridging ELISA for the detection of some of the monoclonal antibodies, it 

would be nice to see whether we could correlate this with antibodies that preferably bind 

with both Fab arms to the same antibody.

In summary, here we present 16 human monoclonal antibodies against adalimumab all 

obtained from different precursor B-cells, showing that the restricted binding specificity 

of anti-adalimumab antibodies is the effect of the outgrowth of multiple B-cell clones. 

Moreover we measured the affinity of 11 of the monoclonal antibodies and show how 

affinities influence the measurement of ADA in different assays available.
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Anti-TNF treatment has given a major boost to the treatment of different auto-immune 

diseases.1-5 Most patients on anti-TNF agents benefit from treatment. However, part 

of the patients develops anti-drug antibodies (ADA) against the therapeutic. In case of 

infliximab and adalimumab ADA formation has been linked to lower serum drug levels 

and a reduced clinical response.6-15 In this thesis various aspects of the antibody response 

against adalimumab were investigated.

Clinical non-response to anti-TNF treatment

Two types of non-response to anti-TNF therapy have been described; patients in whom 

response to treatment was not observed from the start of treatment (primary non-

responders) and patients losing response in time (secondary non-responders). It is 

suggested that in primary non-responders disease is TNF independent, while secondary 

non-responders lose clinical response due to the formation of ADA. In clinical practice 

the definition of primary and secondary non-responders has not been standardized yet. 

We propose defining primary non-responders as patients not responding to treatment 

despite sufficient drug levels. Secondary non-responders are patients that do not 

respond to treatment due to diminished serum drug levels (possibly due to the formation 

of ADA).13

Defining primary and secondary non-responders based on the mechanism will be 

helpful in the clinic. Recent studies show that the reason for non-response to a first 

TNF inhibitor has implications for the clinical response to a second anti-TNF agent.16;17 

RA patients with antibody formation against a first anti-TNF agent (secondary non-

responders) had a clinical response to the second anti-TNF agent that did not differ from 

anti-TNF naive patients. In contrast, primary non-responders to the first anti-TNF agent 

responded significantly worse to treatment with a second anti-TNF agent compared to 

either anti-TNF naive patients or patients with ADA formation against their first anti-TNF 

agent. This suggests that determining immunogenicity can be helpful for clinicians to 

decide on the appropriate follow-up of therapy. 

Measuring ADA 

The reported percentage of ADA producing patients varies greatly between different 

studies. This can partly be explained by differences in patient groups, treatment strategies, 

length of follow-up and co-medication. Moreover, the type of assay used for ADA 

detection can also greatly influence results.18-20 One major issue in the detection of ADA 

is drug interference. Since patients are continuously exposed to high levels of drug, drug 

interference will often lead to false negative results and therefore an underestimation of 

ADA formation. Most data available on the immunogenicity of adalimumab are generated 

using assays that are sensitive for drug interference such as the antigen binding test (ABT) 
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and the bridging ELISA.

In chapter 3 we describe the pH-shift-anti-Idiotype Antigen binding test (PIA) which 

allows for detection of ADA against adalimumab in the presence of drug. In chapter 4 

we use this novel assay to measure ADA in a cohort of 99 consecutive RA patients which 

are treated with adalimumab. Results show that the majority of adalimumab treated 

patients develop ADA (53%), but that only high levels of ADA lead to clinical non-response 

(Figure 1). 

In chapter 6 we investigated the effect of affinity of ADA on their measurement 

in different assays. In this chapter we show that in the bridging ELISA affinity greatly 

influences ADA detection. In contrast, the ABT is much less influenced by affinity. This 

can be explained by the fact that two monovalent interactions are required for ADA 

detection in the bridging ELISA since both the catching and the detecting antibody should 

be bound by a single Fab arm of the ADA. In contrast, in the ABT only a single interaction 

enables detection. We compared radiolabeled adalimumab Fab and adalimumab F(ab’)2 

fragments for detection in the ABT and observed decreased binding to Fab while using 

the same amount of ADA. This suggests that all antibodies have higher binding avidity in 

a bivalent interaction. In case of the Fab-ABT there is a correlation between affinity and 

ADA detection. This indicates that the effect of affinity is dependent on the assay used 

Figure 1: The level of ADA production determines the clinical effect. If only low levels of ADA (black) 
are produced, small amounts of immune complexes are formed between the drug (grey) and the 
ADA. The majority of drug is unbound and still functional. As ADA formation increases, the amount of 
ADA-drug complexes increases. Eventually all drug is present in the form of immune complexes and 
free ADA are present. The ability to detect ADA is dependent on the assay used.
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for ADA detection. In patients sera ADA of different affinities will be present, probably the 

average affinity will determine the signal in the different assays. 

Isotypes involved in the immune response against adalimumab

We found that IgG1 and IgG4 are the main isotypes involved in the antibody response 

against adalimumab (unpublished data, chapter 2). This is confirmed in chapter 5, in 

which 15 out of 16 of the human monoclonal antibodies against adalimumab that we 

produced originated from the IgG1 or IgG4 isotype. The isotype of the last monoclonal 

antibody could not be determined because of lack of sufficient supernatant. Since IgG4 

has been linked to long term antigen exposure and RA patients are chronically treated 

with adalimumab, it is not unexpected to find IgG4 as a major isotype in the immune 

response against this drug.21 In chapter 2 we describe an ABT to specifically detect 

adalimumab specific IgG4 (IgG4-ABT). The IgG4-ABT appeared to be more resistant to 

drug interference than the regular ABT (that detects total adalimumab specific IgG) 

which makes it very difficult to calculate the relative contribution of IgG4 to the total 

IgG response against adalimumab. In samples in which drug interference is expected to 

be limited (because of undetectable adalimumab levels) the percentage IgG4 was highly 

variable between patients. In addition, the kinetics of IgG4 production varied between 

the patients that we studied: in some patients the percentage IgG4 increased in time, 

while in other patients the percentage IgG4 was stable or decreased. Since IgG4 has 

little effector function and is known to form small immune complexes (IC), it would be 

interesting to link the percentage IgG4 produced to clinical response. 

Further research should reveal whether the high levels of IgG4 as found in chapter 2 

are a hallmark of the immune response against adalimumab or other anti-TNF agents. 

Since the absence of TNF may induce a more tolerant micro-environment and IgG4 is 

considered an immunotolerant antibody, anti-TNF therapy might promote switching 

towards IgG4. In concordance with this, IgG4 production in the immune response against 

infliximab has been described.22 However, also in case of long term exposure to other 

types of antigen such as factor VIII and natalizumab (a therapeutic antibody against α4-

integrin) IgG4 has been described to play a dominant role.23;24 

Currently, mainly IgG1 and IgG4 production against adalimumab is detected. However 

we have occasionally found low levels of IgG2 and IgG3 (unpublished data). Also it should 

be expected that IgM would be produced against adalimumab. However, until now 

there are no data available on this. This could be because IgM antibodies are usually 

low affinity and therefore difficult to detect in the assays available for ADA detection. In 

addition, detection of IgM may be challenging because IgM is formed early in the immune 

response when ADA production is expected to be low therefore drug interference will 

most probably be a serious problem in the detection of IgM ADA. Setting up an assay that 
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detects low affinity IgM in the presence of high drug levels would allow the study of the 

role of IgM in immunogenicity of adalimumab. 

Kinetics of the immune response

As described above, standard assays to detect ADA against adalimumab are influenced 

by drug interference. Since drug levels may vary during treatment, it is difficult to study 

antibody formation over time. To obtain a better insight in the kinetics of the immune 

response against adalimumab we used the PIA to measure antibodies against adalimumab 

in longitudinally collected samples of RA patients during long term treatment as described 

in chapter 4. We show that 94% of the patients that develop ADA at a certain time point 

during three years of treatment produce ADA within the first 28 weeks of treatment 

(t=28). Patients positive for ADA in the PIA at t=28 are at increased risk of free ADA (which 

can be detected in the standard ABT) and low functional adalimumab levels (<5 µg/ml) 

compared to ADA negative patients in the PIA. This indicates that it might be clinically 

beneficial to measure ADA in the PIA after 28 weeks of treatment to identify the patients 

that are at risk for clinical non-response due to the formation of ADA against adalimumab. 

The long term immunogenicity data obtained by the PIA also show that in 17 of the 

53 ADA producing patients ADA disappear in time, pointing at a transient antibody 

response in these patients. Further investigation of the clinical relevance of transient 

ADA production is difficult due to the length (mean length 50 weeks) of transient ADA 

production and the large number of patients that dropped out of our cohort. It would be 

interesting to identify factors that influence continuous ADA formation in some patients 

and transient ADA production in other patients. This could lead to the induction of 

tolerance in patients as described for factor VIII treatment.25 This type of research might 

not be cost-effective because of the availability of several anti-TNF agents. In the clinic 

this allows physicians to switch patients to another anti-TNF agent. 

A study by Maini et al. has suggested a link between increased dosing of infliximab and 

reduced frequency of ADA formation.26 This suggests that high drug dosing might induce 

tolerance in these patients. However, another explanation for these results would be 

that, in patients with high drug dosing, the presence of high residual drug levels hampers 

ADA detection. ADA measurements using the PIA would allow distinguishing between 

drug interference and tolerance induction.

Measuring ADA in an assay which allows the detection of ADA in the presence of drug 

would also be very useful in the earlier stages of drug development. This would yield a 

better understanding of ADA production and the kinetics of this immune response and 

therefore might provide a better insight in dose optimization and appropriate treatment 

regimens. 
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Neutralization or clearance?

Little data are available on the mechanism by which ADA formation leads to clinical non-

response. Two possible mechanisms were proposed; first ADA can prevent the drug from 

binding to its target, thereby neutralizing its function. Second the formation of IC can lead 

to increased clearance of the drug. In chapter 5 we show that in case of adalimumab ADA 

are directed against the TNF-binding region and that all antibodies are able to neutralize 

adalimumab function. We also show that in many patients’ sera small immune complexes 

(IC) can be detected. Results from chapter 4 suggest that these IC can be detected in 

patients’ sera over long periods of time. Together these data suggest that neutralization 

of the drug is an important mechanism by which ADA formation against adalimumab 

results in clinical non-response.

To our knowledge, adalimumab is the only therapeutic monoclonal antibody of which 

such data are available. It might be expected that in case of humanized or chimeric 

antibodies (such as natalizumab and infliximab, respectively) the immune response is 

more diverse since there are more immunological foreign epitopes present. This might 

lead to the formation of larger IC and therefore enhanced clearance of the drug may be 

the most important mechanism for clinical non-response to these drugs.

The finding that all ADA against adalimumab are neutralizing also suggests that 

the quantity of the ADA formed determines their clinical relevance. Low levels of ADA 

neutralize only a fraction of the adalimumab present in the patient, leaving sufficient 

amounts of functional drug to benefit from treatment. In contrast, in patients with high 

ADA production, all adalimumab is neutralized leading to clinical non-response. These 

results emphasize that in case of adalimumab, it would be sufficient to detect functional 

adalimumab levels to predict the reason of non response.27

Immune complexes

In chapter 5 we show that only small IC can be detected in patients’ sera. However, it is 

impossible to conclude whether only small IC are formed. It might be that in vivo larger 

IC are formed as well that are rapidly cleared from the circulation. In the present study 

only samples were available that were taken just prior to the next administration of 

adalimumab. Two weeks after the last adalimumab injection, large IC may be cleared 

already. The formation of IC in vitro using the human monoclonal antibodies described in 

chapter 6 would provide more insight in the possible size of IC formed in vivo. In addition, 

taking multiple blood samples with short time intervals of patients just after adalimumab 

injection would allow the investigation of the formation and clearance rate of IC in vivo 

as previously described for infliximab.28

Further research on IC formation between adalimumab and ADA would contribute 

to understanding their clinical effect. On the one hand, permanent exposure to small IC 
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leads to a kind of pro-inflammatory state by low-level stimulation of effector mechanisms. 

Recently ADA formation has been linked to increased frequency of thrombo-embolic 

events which indicates that IC might be harmful for these patients.29  On the other hand, it 

can be hypothesized that small IC have a beneficial, anti-inflammatory effect. For dimers 

of IgG, in particular those present in intravenous immunoglobulin, it has been suggested 

that they may act as antagonists in FcγR -mediated processes.30 

The immune response against adalimumab is polyclonal

In chapter 5 we show that a single monoclonal antibody against adalimumab can compete 

with the entire ADA response of 50 different patients. From these data it is impossible 

to conclude whether this is the result of one dominant immunogenic epitope present on 

adalimumab or whether steric hindrance prevents binding of ADA to epitopes in close 

proximity of each other. 

In chapter 6 we describe the production of 11 human derived monoclonal antibodies 

against adalimumab. As discussed above, all these antibodies were fully neutralizing 

adalimumab and competed with each other for the binding to adalimumab, indicating 

that the antibody response against adalimumab is restricted to the TNF-binding 

region. Studying the V(D)J segments of a total of 16 monoclonal antibodies showed 

that all antibodies were the result of different V(D)J recombination, indicating that 

they originated from different precursor B-cells. This indicates that the restricted anti-

adalimumab response is the result of the outgrowth of multiple B-cell clones, showing 

that the response is polyclonal. It is however impossible to estimate the number of B-cell 

clones involved based on these data. For the immune response against tetanus toxoid it 

has been described that as many as 100 different B-cell clones are involved in the immune 

response.31 High throughput sequencing of adalimumab specific B-cells would indicate 

whether a restricted response such as the immune response against adalimumab is also 

the result of such a broad outgrowth of B-cell clones. 

The study of V(D)J segment usage also shows that there is some restriction in the usage 

of V1 segments for the heavy chain and V3-20 and J4 segments usage for the light chain. 

Confirmation of this restriction would be possible by purification of ADA from patients 

sera and analyses of V(D)J segments by protein sequencing using mass spectrometry. 

Internal image

Theoretically, ADA formation can not only influence treatment efficacy by neutralizing 

adalimumab or increasing clearance of the drug. Another mechanism would be when 

ADA bear an “internal image” of the antigen. Previous studies by others have shown that 

an antigen bound by the idiotype of an antibody may be mimicked by the idiotype of a 

secondary antibody directed against the idiotype of the primary antibody. In case of anti-
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TNF treatment this would mean that the ADA might mimic TNF and therefore interact 

with the TNF receptor. This is only possible if adalimumab and the TNF receptor bind to 

the same epitope on TNF. If this were the case this could be detrimental for the patients. 

In chapter 5 we show that two of the monoclonal antibodies that we produced against 

adalimumab are unable to react with the TNF receptor. So, apparently these antibodies 

are no internal image of TNF. It would be very interesting to investigate whether one of 

the other monoclonal antibodies described in chapter 6 is able to bind the TNF receptor. 

Preliminary data as shown in chapter 6 suggest that some of the monoclonal antibodies 

may have an activating effect on the TNF receptor. We observed increased IL-8 production 

upon incubation of TNF dependend endothelial cells with TNF and adalimumab in the 

presence of some of the monoclonal antibodies. Additional experiments in which these 

cells are incubated with the monoclonal antibodies in the absence of TNF and adalimumab 

would provide more insight.

In the seventies of last century Niels Jerne hypothesized the presence of an anti-

idiotype network: the idiotype of a novel produced antibody would be recognized 

as immunologically foreign leading to anti-idiotype antibodies that may be 

immunosuppressive by dampening the primary antibody response. In case of adalimumab 

this would mean that there would be anti-idiotype antibodies produced against the ADA. 

This is a tempting theory that would provide an explanation for the transient antibody 

response that we observed in some patients. However, the broadness of the immune 

response against adalimumab on a genetic level argues against the presence of an anti-

idiotype network that dampens the immune response. If many different idiotypes are 

involved this would indicate that the number of secondary antibodies necessary for this 

would be very large.

Conclusion

In conclusion the following picture emerges. Upon repeated exposure to adalimumab, 

the majority of RA patients develop ADA against the biological within the first 28 weeks 

of treatment. The antibody response is polyclonal and mainly consists of the IgG1 and 

IgG4 isotype. In one third of the patients ADA formation is transient. The formation of 

ADA results in the formation of ADA-drug complexes. Small IC, the size of dimers, stay 

in circulation and can be detected in patient sera overtime. All antibodies are directed 

against the idiotype of adalimumab and result in functional neutralization of the drug. 

Depending on the amount of ADA produced, there are clinical consequences. Low ADA 

levels do not influence treatment efficacy because there is still sufficient functional 

adalimumab in the serum. In contrast high ADA production results in neutralization of all 

adalimumab and therefore clinical non-response.
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English summary

Therapeutic monoclonal antibodies are effective drugs for many different diseases. 

However, in part of the patients the therapeutic monoclonal antibody is recognized by 

the patients’ immune system, leading to the formation of antibodies against the drug. The 

production of these anti-drug antibodies (ADA) has been linked to lower functional drug 

levels and reduced clinical response. One of these drugs is adalimumab, a fully human 

monoclonal antibody directed against TNF which is used for the treatment of different 

auto-immune diseases such as rheumatoid arthritis (RA). Previously a variety of studies 

have focused on the clinical aspects of immunogenicity of adalimumab, in this thesis we 

focused on more immunological aspects of this immune response. 

In chapter 2 we have investigated the role of IgG-subclasses in the immune response 

against adalimumab. Although IgG4 represents a minor fraction of total serum IgG, long 

term exposure to antigens has been previously described to result in antigen-specific 

IgG4 production. Therefore it may be expected that long term exposure to adalimumab 

might lead to the production of specific IgG4 antibodies. To investigate this we measured 

total ADA and IgG4 ADA in a cohort of 271 consecutive RA patients during 3 years of 

treatment. Results show ADA production in 32% of the patients and IgG4-ADA in 29% 

of the patients. The proportion of IgG4 of total IgG against adalimumab varies between 

patients and in some patients we found that a significant part of the antibodies is of the 

IgG4 subtype.

In the detection of ADA drug interference is a major complication. In most assays 

ADA can not be detected while in complex with adalimumab. Therefore ADA can only 

be detected if ADA production exceeds drug levels in the patients’ serum, leading to 

an underestimation of ADA production. In chapter 3 we describe a novel assay for the 

detection of ADA which allows measurements in the presence of high drug levels. The 

pH-shift-anti-Idiotype Antigen binding test (PIA) is based on acid dissociation of ADA-

drug complexes and on blocking the reformation of these complexes by addition of an 

excess of rabbit anti-idiotype-f(ab) before neutralization. Afterwards released ADA can be 

detected in the regular antigen binding test (ABT).

In chapter 4 we use the PIA for the detection of ADA in a group of 99 adalimumab-

treated RA patients during 3 years of treatment. We detected ADA in 53 patients. In 50 

of these patients ADA could already be detected within the first 28 weeks of treatment. 

Patients in which ADA could be detected in the PIA after 28 weeks of treatment were 

more prone to have low adalimumab levels (<5µg/ml) (p<0.01) and high ADA levels which 

could be detected in the antigen binding test (ABT) (p<0.05) at later time points. The PIA 

measurements also revealed transient ADA formation in 17/35 ADA producing patients. 

Chapter 5 describes a study in which we investigated the mechanism by which ADA 
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formation leads to clinical non-response. Here we investigated the specificity of ADA in 

a cohort of 50 ADA producing RA patients. Inhibition experiments using patient derived 

anti-adalimumab monoclonal antibodies showed that a single antibody could compete 

with 98.65% (25th–75th percentiles: 98.25–99.90) of the ADA response in these patients. 

This shows that the immune response against adalimumab is highly restricted. In line 

with this restricted response we could detect small immune complexes in the circulation 

of patients. Further inhibition experiments using TNF showed that the restricted anti-

adalimumab response is directed against the TNF binding region of adalimumab. This 

suggests that all ADA are able to neutralize adalimumab, thereby providing a mechanism 

by which ADA formation leads to clinical non-response. 

We further investigated whether the restricted ADA response was the effect of 

outgrowth of a single B-cell clone or multiple B-cell clones. Therefore we produced a 

total of 16 human monoclonal antibodies against adalimumab derived from two different 

patients. In chapter 6 we show that all antibodies are from different combinations of V(D)J 

segments. Furthermore, we determined the affinity of 11 of these monoclonal antibodies 

and studied how the affinity influences their detection of ADA in different assays. We 

found that the influence of affinity is variable between different assays depending on the 

type of binding necessary for ADA detection. 

In total the following picture emerges. Upon repeated adalimumab exposure part 

of the patients start to produce ADA. The antibody response is polyclonal and consists 

mainly of antibodies of IgG1 and IgG4 isotype. In the majority of ADA positive patients 

ADA are already produced within the first 28 weeks of treatment and in part of the 

patients antibody production is transient. All antibodies are directed against the idiotype 

of adalimumab and result in functional neutralization of the drug. 
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nEdErlandsE samEnvatting

Therapeutische monoklonale antistoffen zijn effectieve medicijnen die gebruikt worden 

voor de behandeling van veel verschillende ziekten. Echter, in een gedeelte van de 

patiënten worden deze medicijnen herkend door het immuunsysteem, wat leidt tot 

de productie van anti-drug antistoffen (ADA). Deze ADA-productie is gecorreleerd aan 

lagere functionele medicijnspiegels en een verminderde klinische respons. Een van deze 

monoklonale antistoffen is adalimumab, een geheel humane monoklonale antistof gericht 

tegen TNF. Adalimumab wordt gebruikt voor de behandeling van auto-immuun ziekten 

zoals reumatoïde artritis (RA). Er zijn eerder studies verschenen waarin de klinische 

aspecten van de immunogeniciteit van adalimumab zijn onderzocht. Dit proefschrift zal 

zich vooral richten op de immunologische aspecten van deze immuunrespons.

In hoofdstuk 2 hebben we de rol van IgG4 in de immuunrespons tegen adalimumab 

onderzocht. Eerder onderzoek heeft aangetoond dat langdurige blootstelling aan een 

antigeen kan leiden tot antigeen specifieke IgG4 productie. Daardoor is het misschien te 

verwachten dat langdurige blootstelling aan adalimumab leidt tot de productie van IgG4 

antistoffen. Om dit te onderzoeken is er in een cohort van 271 adalimumab behandelde 

RA patiënten gedurende 3 jaar, totaal ADA en IgG4 ADA gemeten. De resultaten laten 

zien dat 32% van de patiënten ADA maakt tegen adalimumab en dat 29% IgG4-ADA 

produceert. Het aandeel IgG4 van de totale ADA tegen adalimumab varieert per patiënt. 

Ook wordt aangetoond dat bij een deel van de patiënten er een significant deel van de 

antistoffen IgG4 is.

Bij het meten van ADA is “drug interference” een complicatie. In het merendeel van de 

methoden kunnen ADA niet gemeten worden als deze gebonden zijn aan adalimumab. 

Omdat patiënten voortdurend behandeld worden met adalimumab, wordt daardoor de 

ADA productie vaak onderschat. 

In hoofdstuk 3 beschrijven we een nieuwe methode voor het meten van ADA in de 

aanwezigheid van hoge adalimumab spiegels. De pH-shift-anti-Idiotype Antigen binding 

test (PIA) is gebaseerd op een zure dissociatie stap. Het toevoegen van een overmaat 

anti-idiotype-fab fragmenten voorkomt het opnieuw vormen van de ADA-adalimumab-

complexen tijdens de daarop volgende neutralisatie stap. Vervolgens kunnen de vrije 

ADA gedetecteerd worden in de reguliere antigeen bindings test (ABT). 

In hoofdstuk 4 hebben we de PIA gebruikt om ADA te meten in een groep van 99 

adalimumab behandelde RA patiënten gedurende de eerste 3 jaar van behandeling. In 53 

van deze patiënten hebben we ADA gemeten. In 50 van deze patiënten was het mogelijk 

om ADA al te meten tijdens de eerste 28 weken van de behandeling. Patiënten die na 

28 weken positief waren in de PIA hadden een verhoogde kans op lage adalimumab 

spiegels (<5µg/ml) (p<0.01) en hoge ADA levels die gedetecteerd kunnen worden in de 
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ABT (p<0.05) later tijdens de behandeling. De metingen met de PIA laten ook transiente 

antistof productie zien in 17 van de 53 ADA producerende patiënten. 

hoofdstuk 5 bevat een studie waarin het mechanisme dat er voor zorgt dat ADA 

vorming leidt tot klinische non-respons wordt onderzocht. Hier is de specificiteit van de 

ADA onderzocht in een cohort van 50 ADA producerende RA patiënten. Remmingsproeven 

met een humane monoklonale antistof afkomstig uit een patiënt laten zien dat een 

enkele antistof kan competeren met 98.65% (25–75 percentiele: 98.25–99.90) van de 

totale antistof respons. Dit laat zien dat de anti-adalimumab respons zeer gerestricteerd 

is. Deze gerestricteerde respons leidt tot de vorming van kleine immuuncomplexen die 

meetbaar zijn in het bloed van patiënten. Remmingsproeven met TNF laten zien dat de 

gerestricteerde anti-adalimumab respons gericht is tegen het TNF bindende gedeelte 

van adalimumab. Dit suggereert dat alle ADA adalimumab kunnen neutraliseren. Dat 

verklaart waarom de vorming van ADA leidt tot klinische non-respons. 

Verder hebben we onderzocht of de restricte ADA response het effect is van uitgroei 

van een enkele B-cel kloon of meerdere B-cel klonen. Hiervoor zijn uit de B cellen van 

twee patiënten 16 monoklonale antistoffen tegen adalimumab geïsoleerd. In hoofdstuk 

6 laten we zien dat alle antistoffen het resultaat zijn van verschillende combinaties van 

V(D)J segmenten. Daaruit blijkt dat de anti-adalimumab respons polyklonaal is. Verder 

hebben we de affiniteit van 11 van deze monoklonale antistoffen bepaald en is onderzocht 

hoe de affiniteit van deze antistoffen hun meting in verschillende assays beïnvloedt. We 

zien  dat de affiniteit de meting van ADA beïnvloedt in een gedeelte van de assays. De 

grootte van het effect van de affiniteit is afhankelijk van het type binding dat nodig is om 

de ADA te kunnen meten. 

Concluderend: In dit proefschrift wordt aangetoond dat na langdurige blootstelling 

van patiënten aan adalimumab een deel van de patiënten ADA maakt. De antistof 

respons is polyklonaal en bestaat gedeeltelijk uit IgG4 antistoffen. Het merendeel van 

de patiënten produceert al antistoffen in de eerste 28 weken van de behandeling en een 

deel produceert maar tijdelijk antistoffen. Alle antistoffen zijn gericht tegen het idiotype 

van adalimumab en leiden tot neutralisatie van adalimumab.
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samEnvatting voor niEt-ingEwijdEn

In de afgelopen jaren is er een nieuw soort medicatie ontwikkeld voor de behandeling 

van reumapatiënten, de zogenaamde biologicals. Het merendeel van de reumapatiënten 

dat met deze medicijnen behandeld wordt, reageert hier goed op. Bij een deel van de 

patiënten worden deze medicijnen echter door het lichaam herkend als lichaamsvreemd. 

Het lichaam reageert daarop door het immuunsysteem te activeren, waardoor er 

antistoffen worden gevormd. Deze antistoffen zijn eiwitten die geproduceerd worden 

door cellen van het immuunsysteem. Deze eiwitten binden specifiek aan de biologicals. 

Door het maken van antistoffen tegen biologicals reageert de patiënt minder goed op de 

behandeling (verminderde klinische respons).

Adalimumab (Humira) is een van de biologicals die wordt gebruikt voor de behandeling 

van reuma en andere auto-immuunziekten. Uit eerder onderzoek is gebleken dat 17-

28% van de patiënten antistoffen maakt tegen adalimumab. Het maken van deze 

zogenaamde anti-drug antistoffen (ADA) leidt tot lagere adalimumab spiegels  in het 

bloed en uiteindelijk tot het niet reageren op behandeling. Echter, in het merendeel 

van deze onderzoeken zijn de ADA gemeten met een methode waarin de aanwezigheid 

van adalimumab leidt tot vals negatieve resultaten. Omdat reumapatiënten continu 

behandeld worden met adalimumab, zorgt dit voor een onderschatting van de frequentie 

en hoeveelheid antistoffen die gevormd worden door de patiënten. 

Tijdens het onderzoek beschreven in dit proefschrift hebben we een methode 

ontwikkeld om ADA te kunnen meten in de aanwezigheid van adalimumab. Op deze 

manier kunnen we een beter beeld krijgen van de afweer reactie tegen adalimumab. We 

laten zien dat vergeleken met eerdere studies een veel groter percentage (53%) van de 

reumapatiënten ADA maakt tegen adalimumab. Ook bleken patiënten meer ADA aan te 

maken dan er oorspronkelijk werd gedacht. Dat is van belang omdat de hoeveelheid ADA 

die de patiënt maakt bepaalt of de patiënt reageert op de behandeling, hoe meer ADA 

hoe minder de patiënt op de behandeling reageert. Bovendien zien we dat een gedeelte 

van de patiënten na verloop van tijd stopt met het maken van ADA tegen adalimumab. 

Verder laten we zien dat patiënten verschillende antistoffen tegen adalimumab 

maken. Van deze antistoffen hebben we onderzocht tegen welk gedeelte van adalimumab 

ze gericht zijn. Het onderzoek toont aan dat alle ADA aan het zelfde gedeelte van 

adalimumab binden. Daarnaast blijkt dat dit gedeelte precies het functionele gedeelte 

van adalimumab is. Dit betekent dat patiënten die antistoffen maken niet reageren op 

adalimumab behandeling doordat de antistoffen voorkomen dat adalimumab zijn functie 

uit kan oefenen. Ons onderzoek toont aan dat patiënten die behandeld worden met 

biologicals regelmatig onderzocht moeten worden op de aanwezigheid van ADA en op de 

hoeveelheid geneesmiddel in het bloed.
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CurriCulum vitaE

Pauline van schouwenburg (Leiden, 9 juni 1984) studeerde tussen 2002 en 2007 

biomedische wetenschappen aan de Universiteit van Amsterdam. Voor het behalen van 

haar bachelordiploma in 2005 heeft zij een korte stage gelopen bij de afdeling moleculaire 

genetica van het Nederlands Kanker Instituut (NKI). Tijdens haar master moleculaire 

biologie en bio-informatica aan de Universiteit van Amsterdam liep zij opnieuw stage 

op dezelfde afdeling van het NKI. Tijdens deze stage deed ze onderzoek onderleiding 

van Dr J Hilkens en werkte aan de identificatie van nieuwe genen die betrokken zijn bij 

borstkanker. Haar tweede stage liep zij op de afdeling Bloedcel research van Sanquin onder 

leiding van M de Boer en Prof. A Verhoeven. Hier deed zij onderzoek naar copy nummer 

variatie van complement factor 4 en het effect daarvoor op eiwit levels en eiwit functie. 

In 2007 behaalde zij haar masterdiploma en na een jaar roeien op landelijk niveau begon 

zij in augustus 2008 met haar promotie op de afdeling Immunopathologie van Sanquin. 

Tijdens haar promotie deed zij onderzoek naar de immunogeniciteit van monoklonale 

therapeutische antistoffen onder leiding van Dr. D Wouters, Dr. G Wolbink and Prof. L 

Aarden. Momenteel is ze bezig om subsidie aan te vragen om in Oxford onderzoek te 

kunnen doen naar variaties in het Hepatitis C virus en hoe deze verschillen de effectiviteit 

van verschillende behandelingen beïnvloeden.
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dankwoord

Eigenlijk is het traditie om de avond voor je boekje naar de drukker gaat je dankwoord 

nog te moeten schrijven. Maar goed, iedereen die mij maar een beetje kent zal het niet 

verbazen dat ik nu (ruim een maand voor dat moment) alvast aan mijn dankwoord begin. 

Als eerste wil ik graag alle patiënten bedanken die mee hebben gewerkt aan dit onderzoek. 

Zonder jullie was het niet gelukt dit onderzoek te doen. 

 

Lieve Diana, mijn co-promotor, het is gek om me nu te realiseren dat toen ik begon, jij 

in ongeveer dezelfde fase van je promotie zat als ik de afgelopen maanden. Ik heb de 

afgelopen jaren ontzettend veel van je geleerd, niet alleen wetenschappelijk, maar ook 

op sociaal gebied. Als ik het niet meer zag zitten, kwam je altijd met een praktisch plan 

om de dingen toch voor elkaar te krijgen, vaak precies wat ik nodig had. Dank je wel dat je 

altijd nauw bij mijn project betrokken bent gebleven, ook al groeide je eigen complement 

club steeds verder. Ik vind het leuk dat ik altijd jouw eerste (AIO) zal blijven. 

Lucien, mijn promotor, gedurende de afgelopen 4 jaar heb je me enorm veel geleerd, 

en me veelvuldig uitgedaagd om mezelf verder te ontwikkelen en kritisch te kijken. Dank 

je wel hiervoor en ook voor al je hulp en vertrouwen in de komende stappen in mijn 

carière.

Gertjan, mijn co-promotor, ik heb genoten van je enorme enthousiasme gedurende 

de afgelopen jaren. Ook al waren we het niet altijd eens, na een flinke discussie kwamen 

we er altijd wel uit. Dank je voor je kritische blik en het steeds weer plaatsen van ons 

onderzoek in een klinisch kader.

Simone, mijn paranimf, ik kan met zekerheid zeggen, zonder jou was mijn boekje lang 

niet zo mooi geworden. Dank je wel voor je tomeloze inzet, de gigantische berg proeven 

die je hebt verzet, de gezellige praatjes als ik weer eens geen zin had om te schrijven 

en natuurlijk de vele blikjes cola. Ik ben blij dat we elkaar na mijn promotie zeker zullen 

blijven zien. 

Theo bedankt voor de vele discussies in de laatste periode van mijn promotie toen 

je steeds meer betrokken raakte bij de biologicals groep. Ik vond de nieuwe blik op ons 

onderzoek erg verfrissend. Marieke, altijd enthousiast en betrokken op de momenten 

dat dat nodig was. Dank je wel voor het helpen toen het niet lukte met kloneren. Ook 

bedank voor het meedenken over een nieuwe plek in engeland. Ik heb erg gelachen op 

jouw commentaar op foto’s van engelse groepsleiders “Deze heeft een hele gekke rode 

neus, die lijkt wel dronken, daar ga je niet naar toe hoor.” 

Lotte, wat vet dat we het uiteindelijk toch voor elkaar hebben gekregen om 
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monoklonalen te maken. Er waren momenten dat ik geen idee meer had hoe we het 

voor elkaar moesten krijgen, maar gelukkig waren we het er dan altijd over eens “laten 

we maar gewoon wat proberen”. Wat een super gevoel toen we uiteindelijk de eerste 

positieve welletjes hadden en we uiteindelijk onze eerste monoklonalen in handen 

hadden. Bedankt, niet alleen voor de samenwerking, maar vooral ook voor de gezelligheid 

en de goede gesprekken gedurende de afgelopen jaren. 

Het maken van de monklonalen was ook zeker niet gelukt zonder de samenwerking met 

Rob en Esther. Bedankt voor het kloneren van een gedeelte van de monoklonalen, maar 

ook voor het delen van de protocollen zodat we het nu ook zelf kunnen. Also many thanks 

for Onno, Gestur, Helga, Ellen and Lucy, for always answering all our questions about 

single cell culturing, PCRs and protein expression. Martin, bedankt voor alle hulp met 

sequencen. Erik en Floris, dank jullie wel voor het sorten van onze cellen. Els, dank je wel 

voor het opzetten van het kweeksysteem.Ik ben blij dat al deze prettige samenwerkingen 

uiteindelijk heeft geleid tot een mooie publicatie. Niels: jou monoklonalen komen er nog 

wel.

Margret, Anna en met name Charlotte, dank jullie wel voor de samenwerking aan 

de meer klinische kant van mijn proefschrift. Jullie waren altijd bereid te helpen met 

baseline tabellen, patieten gegevens en het helpen met papers, dank jullie wel!

Ik wil graag ook de rest van de biologicals groep bedanken: Desiree, Dorte, Henk, 

Margreet, Marianne, Mieke, Roeland en Steven en de rest van de monoklonale 

therapeutica afdeling. Henk en Kim, bedankt voor de prettige samenwerking en het het 

steeds weer doormeten van enorme cohorten. Henk: bedankt voor het altijd mogen 

“lenen” van al jullie spullen, maar pipetteren met een repeteerpipet doe je toch echt het 

best met twee handen. Anouar en Hong, de studenten op dit project, bedankt voor jullie 

bijdrage aan het onderzoek. Sorry voor al de keren dat ik geen tijd voor jullie had, maar ik 

hoop dat jullie het ondanks dat naar jullie zin hebben gehad op onze afdeling.

De andere mede AIO’s: Lotte, Laura, Gerben, Anouk, Mischa, Iwan, Mateusz, Sonja, 

Mieke, Femke, Martine, Peter-Paul en Richard, bedankt voor de gezelligheid beneden. 

Als je met zijn alle in hetzelfde schuitje zit is er altijd een luisterend oor. Ik zal de vele 

grappen, groffe opmerkingen en practical jokes zeker missen. Ik ga jullie, de kerstboom 

en de lelijke souvenirs wel missen straks. 

Ook de rest van de afdeling wil ik graag bedanken: Anja, Angela, Bouke, Dorina, Ellen, 

Flávia, Gerard, Gijs, Gwen, Hanny, Ingrid, Irma, Jilian, Judith, Judith, Jolanda, Josine, 

Laura, Linda, Maria, Marja, Mieke, Miranda, Ninotska, Piet, Pleuni, Remco, Rishi, Rob, 

Ruchira, Sacha, Shabnam, Susanne, Suzanne, Tamara, Tineke, Theresa, Yuri en Wouter. 

Bedankt voor jullie enorme hoeveelheid gezelligheid, maar ook de behulpzaamheid elke 

keer als ik wat kwam vragen. Anneke bedankt voor je input op de lay-out. Rob, bedankt 

voor je hulp bij het aanvragen van subsidie voor het onderzoek in Oxford. Kaoutar en 
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vooral Fatima, bedankt met alle hulp omtrent het regelen van alle promotie dingen. 

Martine, Laura en Simone, ik vind het echt super leuk dat we elkaar tegenwoordig ook 

(zeer) regelmatig zien buiten werk. Jammer dat ik straks waarschijnlijk een hele hoop 

avondjes stappen, middagjes shoppen of avondjes met wijntjes of cocktails zal moeten 

missen, maar ik weet zeker dat ik jullie wel kan overtuigen om naar Oxford te komen om 

daar cocktails te komen drinken.   

Dan de mensen achter de schermen hebben meegewerkt aan mijn promotie (afleiding 

is ook belangrijk!). Allereerst mijn bootmakkers (BALdadig!), Elke, Lotte, Tahira, Lisanne, 

Irene, Emmie, Maud, Jocelyn en Marije. Met jullie kan ik altijd lachen, en het is altijd 

gezellig tijdens onze BALdadige activiteiten. Vijf jaar geleden werden we met zijn alle 

als team bij elkaar gegooit en ik had toen nooit gedacht dat we zo’n lol zouden hebben 

en dat het vijf jaar later nog steeds zo gezellig zou zijn. Lot, ik vrees dat je binnenkort 

alleen moeten gaan “sporten”, maar Irene en Maud willen vast wel doorgaan met de  

“altenatieve trainingen” op de dinsdag avond.

Tonnie, met jou en Erik is er altijd wat te beleven. Sorry voor alle keren dat ik er niet bij 

kon zijn of weer eens geen tijd had om iets te gaan ondernemen. Ik baal ervan dat ik niet 

de kans heb gehad jullie op te zoeken in Curaçao de afgelopen maanden, maar ik vind 

het heel erg tof dat jullie net op tijd terug zijn om bij mijn promotie te kunnen zijn. De 

komende jaren moeten we elkaar maar regelmatig opzoeken en dat weekendje weg moet 

er nu toch ook echt van gaan komen! Tonnie: echt cool dat je nu ook gaat promoveren.

Lieve familie de Wit, bedankt voor jullie interesse en vooral de gezelligheid in de afgelopen 

jaren tijdens een avondje spelletjes doen, een dinertje of een Sinterklaasviering. 

Merel en Mirte, mijn twee oudste vriendinnetjes, bedankt voor al jullie steun in de loop 

der jaren. Jullie waren er niet alleen tijdens mijn promotie, maar vooral ook in de periode 

ver daarvoor. Ik heb een hele hoop aan jullie de danken. Mir en natuurlijk ook Thijs, 

bedankt voor alle gezellige avondjes, de super vakanties in Afrika en alle goede adviezen. 

Meer, bedankt voor je relativeringsvermogen, de vakanties, de gezelligheid en de goede 

adviezen waar je soms zelf van schok “Jeetje, dat is echt goed advies van mij”. Ik ben 

super blij dat jij tijdens mijn promotie naast me staat, en ik verheug me nu al op de berg 

goede grappen die je hebt voorbereid om de zenuwen onder controle te houden (ik voer 

de druk nog even op, paranimf zijn is niet makkelijk).

Lieve mama, ik weet zeker dat je vol trots naar dit boekje zal kijken, ook al is dat hardop 

zeggen inmiddels lastig, vaak zegt de expressie in je gezicht genoeg. Ik vind het heel 
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jammer dat aanwezig zijn op de dag zelf er niet meer in zit, maar ik weet dat je aan me 

zal denken en ik zal je missen.

Lieve papa, dank je wel dat je me altijd steunt, wat ik ook beslis. Dank je wel voor je 

enorme vertrouwen en enorme interesse. Ik vind het fijn om te zien hoe je de laatste 

jaren bent opgebloeid en steeds gelukkig bent geworden, zeker nu met Liesbeth. Ook 

bedankt voor jullie hulp om de laatse dingen voor mijn proefschrift af te ronden.

Lieve Jelle, in het begin zei ik nog “pas maar op, straks ga ik nog eerder promoveren dan 

jij”, ik mijn best gedaan, maar het is net niet gelukt. Dank je wel voor al je hulp en de af 

en toe broodnodige afleiding. Dank je wel voor je geduld in de laatste maanden en de 

opbeurende woorden als ik het echt niet meer zag zitten. Ik kan het alleen maar met je 

eens zijn: We zijn een goed team.
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