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Proteins are large biomolecules that exert many different functions in organisms. For 
example, antibodies protect the body from invading pathogens,1 enzymes catalyze chemical 
reactions and assist with the formation of new molecules,2 messenger proteins transmit 
signals between cells to coordinate biological processes (e.g. cytokines3 and receptors4), 
structural proteins provide support for cells (e.g. collagen5), and transport and storage 
proteins bind and carry atoms and molecules within cells and throughout the body (e.g. 
ferritin6). Proteins exist in widely differing sizes, structures and concentrations. It is 
estimated that there may be 100,000 different proteins7 and that an average human cell 
contains 10 billion individual proteins.8 They are considered to be the work-horses of the 
human body: “Genes provide the instruction manual for biological processes, but it is the 
proteins they create that turn those instructions into reality” (Neil Savage).7 
 

Proteins are constructed from well-defined building blocks called amino acids. Amino acids 
contain a primary amine group (-NH2), a primary carboxyl group (-COOH) and a side chain    
(-R group). Human DNA encodes 20 different amino acids, from which all peptides and 
proteins are constructed. The amine and carboxyl groups of amino acids are covalently 
coupled via peptide bonds to form linear polymers: the primary structure. Short polymers 
are called peptides, while longer polymers are considered proteins (the boundary between 
those is debated, but usually considered in the order of 30-50 amino acids). The linear 
polymer can be locally folded into regularly repeating structures which are stabilized by 
hydrogen bonds: the secondary structure. The most common local structures are the α-helix 
and β-sheet. These local structures are distinctly oriented within a protein, stabilized by 
different interactions such as salt bridges, hydrogen bonds, hydrophobic interactions and 
disulfide bonds. These interactions determine the overall shape of the protein: the tertiary 
structure. Finally, different tertiary structures can assemble into large protein complexes: 
the quaternary structure.9 

The tertiary (or quaternary) structure of a protein is its functional 3D structure. Globular 
proteins are (roughly) spherically shaped and have a hydrophobic interior and hydrophilic 
exterior. They are thus often water-soluble and act mostly as enzymes, messengers or 
transporter molecules, e.g. immunoglobulins. Fibrous proteins often have a limited amount 
of different amino acids with repeats, and are shaped like rods or wires. They are typically 
inert and water-insoluble and function as structural proteins, e.g. collagen. Membrane 
proteins have a (partially) hydrophobic exterior and are associated with the cell membrane, 
e.g. ion channels and receptors. Intrinsically disordered proteins are proteins with no 
defined shape, or proteins with only discrete domains of well-defined conformation.10,11 
Intrinsically disordered proteins often fold (partially) upon binding with a ligand and they 
exert many different functions.12 Examples of different proteins can be seen in Figure 1.1. 
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Figure 1.1: Structures of several different proteins: The IgG antibody, the enzyme phenylalanine 
peroxidase which consists of four subunits, the growth hormone bound to its receptor, and the actin 
filament, a structural protein. Pictures are copied from the U.S. National Library of Medicine.13 
 

Proteins are flexible biomolecules that undergo conformational changes due to their 
interactions with ions or other molecules.14 Structural changes are thus necessary to exert 
their biological functions. However, incorrect structural changes can also lead to disease. 
This could have genetic causes, but could also happen spontaneously. For example, the 
transition from α-helix to β-sheet structures exposes hydrophobic amino acid residues to 
the outside and promotes protein aggregation, which causes e.g. Alzheimer’s disease.15 The 
transition from a random coil to β-sheet induces protein aggregation, which causes e.g. 
Huntington’s disease.16 Recently, it was shown that atherosclerosis is also caused by 
aggregation of misfolded proteins in macrophages, which diminishes their ability to clear 
the plaque that is lining the arteries.17 

Although the basic structure of a protein consists of amino acids, many proteins contain 
additional molecular functionalities. Post-translational modifications (PTMs) are attached to 
proteins during or after protein synthesis to change or add functionality to the protein. 
Common PTMs are phosphorylation,18,19 glycosylation,20,21 acetylation22 and methylation.23 
Post-translational modification can also involve the formation of disulfide bonds24 or 
cleavage of the amino acid chain.25 One protein-coding gene can result in many different 
functional proteins due to PTMs, this collection of modified proteins is called the 
proteoform.26 Much of the complexity of the biological machinery occurs thus due to 
protein variation rather than due to a high number of different genes.27 Changes in the 
proteoform have been linked to several diseases and could thus serve as biomarker for 
detection and monitoring of disease. For example, a decline of phosphorylation of cardiac 
troponin I (cTnI) was associated with heart failure28 and glycosylation of tau protein was 
associated with oxidant stress and neuronal dysfunctioning in Alzheimer disease.29 

Not only the changing structure of proteins can cause diseases, also increased or decreased 
amounts of proteins can be indicative of certain conditions and diseases. For example, 
increased levels of chorionic gonadotropin are a reliable indication of pregnancy,30 
increased cardiac troponin concentration is a good biomarker for myocardial infarction,31 
and low levels of ferritin are a good indication of iron-deficiency anemia.32 
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The great diversity and specific functions of proteins also make them suitable for use as 
therapeutics. Already in the 1920’s, purified insulin from animals was injected in humans to 
treat diabetes. Development of therapeutic human insulin took another 60 years, because 
reproducible production of human proteins for use as treatment is a complicated process. 
Due to their large size, production of proteins needs to be performed in living organisms 
such as bacteria. The era of human therapeutic proteins started in the 1970’s with two 
major discoveries. In 1974, Cohen and Boyer showed that DNA from eukaryotes could 
successfully be replicated and transcribed in bacteria,33 paving the way for large-scale 
protein production. In 1975, Köhler and Milstein discovered that monoclonal antibodies 
(mAbs) could efficiently be produced by fusing myeloma cells and antibody-producing B-
cells from the spleen,34 making large-scale production of identical proteins possible.  

In 1982, human insulin was the first recombinantly produced protein approved for 
therapeutic use.35 This was a great improvement for diabetic patients, because the animal 
insulin could induce immune reactions.36 Other widely used recombinant proteins are for 
example Somatropin (recombinantly produced growth hormone), used to treat children and 
adolescents with idiopathic short stature,37,38 and recombinant human clotting factor VIII, 
used for treatment of hemophilia A, a hereditary disease caused by FVIII deficiency which 
leads to hemorrhages.39 Recombinant protein production can also be used to develop 
vaccines. For example, recombinantly produced hepatitis B surface antigen is used to 
prepare vaccines against hepatitis B, an infectious disease that causes both acute and 
chronic liver infections, which can lead to liver cirrhosis and cancer.40,41 

Genetic engineering allows specific modification of proteins to alter their properties. Next to 
native human insulin, several analogs have been made, which are specifically developed to 
better mimic glycemic control in healthy humans. For example, several fast-acting insulin 
analogs are produced by modification of 1-2 amino acids, which prevents formation of 
multimers.42,43 These analogs are rapidly absorbed and mimic the quick rise in insulin levels 
after a meal. Also, several long-acting insulin analogs were produced by modification of a 
few amino acids, promoting hexamer formation,44 or by conjugation of insulin to a fatty acid 
to promote albumin binding.45 These long-acting analogs are effective up to 24 hours, which 
resembles the baseline insulin production of healthy people.  

Genetic engineering is also used to create new proteins suitable for use as therapeutic 
proteins in humans. Injection of human proteins in animals leads to an immune response in 
the animal, yielding antibodies that specifically target the human protein. However, these 
animal-derived therapeutic antibodies suffer from rejection in humans. In 1988, the group 
of Greg Winter reported a method to humanize antibodies that were produced by 
animals,46 making them suitable for therapeutic use. Subsequently, a diverse range of 
proteins has been engineered, based on the ‘standard’ IgG antibody. Firstly, chimeric 
antibodies were developed, in which the constant part of the antibody is human-derived 
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and the variable part murine (± 67% human sequence). In humanized antibodies only the 
complementarity determining region (CDR) is kept murine, while the rest of the antibody 
has a human-derived sequence (± 99% human sequence). Fully human antibodies are 
produced using phage-display or cell-free extracts (100% human sequence).47 Furthermore, 
some antibodies have been conjugated to drugs to form antibody-drug conjugates (ADCs), 
which are mainly used for specific delivery of anti-cancer drugs.48 Moreover, several 
therapeutic proteins have been developed by coupling Fab-fragments to polyethylene glycol 
(PEG) chains,49 or receptors that are coupled to Fc-domains of human antibodies.50 An 
overview of different types of therapeutic antibodies can be seen in Figure 1.2.  

In 2015, the first patents of therapeutic antibodies expired. This opened the market for 
introduction of biosimilars, defined as “biological products that are highly similar to an 
already approved biological product, and have been shown to have no clinically meaningful 
differences from the reference product”.51 In contrast to small-molecule drugs such as 
aspirin, biosimilars are allowed to have small differences from the reference product. Due to 
their production in living organisms it is not possible to make an exact copy of an existing 
therapeutic antibody. For example, the first approved biosimilar of a therapeutic antibody, 
CT-P13, has small differences in basicity and glycosylation when compared to the reference 
product.52 The introduction of biosimilars further expands the amount of therapeutic 
proteins, introducing new challenges concerning development and treatment, but also 
introducing major cost savings due to increased competition on the market.  

 

 
Figure 1.2: Therapeutic antibodies. Left: structure of an IgG antibody with its different regions. The Fc 
part (fragment, crystallizable) plays a role in modulating immune cell activity. The Fab part 
(fragment, antigen-binding) contains antigen-binding sites. The CDR (complementary-determining 
regions) consist of specific amino acids that bind to the antigen. Right: different therapeutic 
antibodies based on the IgG’s structure. Dark blue: animal sequence, light blue: human sequence. 
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Measurement of therapeutic proteins can yield valuable information. For example, 
therapeutic insulin is widely used to treat diabetes, but for effective treatment, insulin levels 
should be regulated very tightly. Too high levels of insulin lead to hypoglycemia, which can 
cause clumsiness and confusion (mild cases), but also loss of consciousness and even death 
(severe cases). Measurement of both native insulin and the different insulin analogs could 
therefore be valuable in certain forensic cases.53 Both insulin and growth hormone have 
anabolic properties and are therefore abused by athletes to increase muscle mass. Assays 
for measurement of these proteins are thus valuable as doping tests.54 Furthermore, 
measurement of therapeutic proteins can be performed to optimize the therapy. Treatment 
with therapeutic proteins is very expensive,55 while up to 40% of patients do not respond 
optimally to this therapy due to various causes.56 Moreover, the majority of patients has 
drug concentrations below or above the therapeutic range due to improper dosing regimens 
or fluctuating disease intensity.57,58 Measurement of therapeutic drug levels could be used 
to optimize dosing regimens patient-specifically and to determine causes of non-response, 
and is therefore a valuable tool in personalized medicine.  

 
 

Due to the vital role of proteins in all physiological processes, measurement of proteins in 
blood holds great promise for detection and monitoring of certain conditions or diseases. 
Both changing concentrations of proteins and presence of abnormal proteins could serve as 
biomarkers, as mentioned above. Furthermore, treatment with therapeutic proteins could 
diminish or cure diseases and this therapy could be optimized by measuring drug levels. To 
do this, it is of vital importance to have methods for accurate quantification of these 
proteins in biological fluids. To quantify molecules in highly complex mixtures such as 
biological fluids, very specific selection and/or detection of the analyte is needed.  

In 1956, the existence and function of antibodies was discovered by Berson and Yalow, 
which marked a revolution in biology and medicine. They noticed that injection of cattle 
insulin in humans could trigger the human immune response, leading to production of 
antibodies which bound specifically to the cattle insulin.36 They used this discovery to 
develop the first radioimmunoassay (RIA) for measurement of cattle insulin in 1959.59 This 
was done by purification of insulin antibodies from subjects treated with cattle insulin and 
radioactive labeling of insulin with iodine-131. Separation of insulin-antibody complexes and 
unbound insulin was performed using paper chromato-electrophoresis. One year later, 
Yalow and Berson published a method for quantification of human insulin in plasma.60 RIA’s 
are quantitative and highly sensitive assays, but the radioactivity involved in these assays is 
an important safety concern, limiting its widespread use.  
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In 1971, a new immunoassay was introduced by Engvall and Perlmann: the enzyme-linked 
immunosorbent assay (ELISA).61-63 In this assay, a ligand that binds specifically to the analyte 
of interest is bound to a surface, after which material containing the analyte is added. This is 
followed by addition of an antibody against the analyte which is coupled to an enzyme. 
Upon addition of a substrate, the enzyme catalyzes formation of a light-emitting substance. 
Between all the aforementioned steps, it is critical to perform elaborate washing steps to 
remove unbound and nonspecifically bound compounds. Development of the ELISA was a 
great step towards widespread use of quantitative assays for proteins. However, the need 
for harvesting antibodies from human or animal sources hampered assay development, 
because large quantities were not available and the antibodies were polyclonal. When 
Köhler and Milstein developed their method for efficient production of monoclonal 
antibodies in 1975,34 the door for efficient and large-scale immunoassay development was 
opened. Monoclonal antibodies did not suffer much from lot-to-lot variability and increased 
the sensitivity of the assays significantly. Introduction of the first chemiluminescent 
immunoassay by Schroeder and colleagues in 197664 further improved the sensitivity. Since 
then, ELISAs have been widely used for measurement of proteins. 
 
In 1986, genetic engineering of beta-galactosidase led to the development of a new assay: 
the cloned enzyme donor immunoassay (CEDIA).65 The beta-galactosidase protein was split 
in two pieces, an enzyme acceptor (EA) and an enzyme donor (ED), which are both 
enzymatically inactive, but spontaneously associate to form enzymatically active proteins. 
The ED is coupled to the analyte of interest. The ED-coupled analyte competes with the 
native analyte for binding to an analyte-specific antibody. Upon binding to the antibody, the 
ED cannot assemble with the EA, inhibiting formation of the active enzyme. The signal 
generated by the substrate is directly proportional to the amount of analyte in the patient's 
blood. A big advantage of CEDIA over ELISA assays is that they are much easier and faster to 
perform, they generate a linear dose response curve and have lower limits of detection.66 
 
The before-mentioned RIA, ELISA and CEDIA assays all require the incorporation of a label 
for detection. In parallel, different label-free immunoassays were also developed. In 1970, 
Eckman el al. developed an immunonephelometric assay for human serum transferrin.67 
This assay detects a change in light scattering due to formation of immune complexes upon 
addition of an antibody directed against transferrin. Nephelometric analysis was further 
improved by Lizana and colleagues by addition of polyethylene glycol (PEG) to the sample, 
which enhanced the immunological reaction.68 In 1979, Spencer and Price reported the first 
immunoturbidimetric assays.69,70 Immunoturbidimetric assays rely on the formation of 
insoluble antigen-antibody complexes. The formation of these immune complexes changes 
the turbidity (haziness) of the sample, which can simply be detected by measuring light 
absorption of the sample. A great advantage of these label-free methods is increased speed, 
making them suitable for high-throughput analysis in clinical laboratories. Examples of three 
different immunoassays can be seen in Figure 1.3. 
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Immunoassays have gained an important role in protein quantification nowadays. 
Advantages of immunoassays are high sensitivity, high-throughput and ease of use. 
However, an important limitation of immunoassays is a lack of specificity due to several 
sources of interference,71 e.g. interference of antibodies to the analyte, cross-reactivity of 
molecules similar to the analyte and unspecific binding of other molecules in the plasma. 
For example, it was shown that autoantibodies against circulating cardiac troponin I (cTnI) 
interfere with ELISAs for measurement of cTnI,72 that steroid hormone immunoassays suffer 
from cross-reactivity with compounds that have similar structures,73 and that immunoassays 
for detection of antibodies suffer from nonspecific binding of other antibodies, both by 
increased levels of human IgGs74 and by presence of human anti-mouse antibodies 
(HAMAs).75 Moreover, traditional immunoassays offer no possibilities for multiplexing and 
development time for one assay is long and costly. For use in research, some immunoassays 
that allow multiplexing are available, however, not yet for use in health care. The need for 
quantitative assays is thus much greater than the rate of development.76 Thousands of 
possible protein biomarkers have been discovered in proof-of-concept studies which all 
require validation in follow-up experiments with good quantitative assays.77 Also, new 
therapeutic proteins are constantly emerging. The current situation is thus severely limiting 
protein research and alternative methods are needed for protein quantification. 
 

 
Figure 1.3: Schematic representation of three immunoassays: the enzyme-linked immunosorbent 
assay (ELISA), the cloned enzyme donor immunoassay (CEDIA) and the immunoturbidimetric assay. 
 

During the past decade, liquid chromatography coupled to mass spectrometry (LC-MS) has 
emerged to possibly overcome the flaws related to immunoassays. Both are established 
techniques, but they were not suitable for analysis of biomolecules for a long time. 
Chromatography, separation of different compounds by using two different phases, was 
first reported in 1905 by Mikhail Tsvet, who separated several plant pigments using calcium 
carbonate as adsorbent and petrol ether/ethanol mixtures as eluent.78 During the 1940s and 
1950s, chromatography techniques improved substantially due to Martin and Synge, who 
developed the principles and basic techniques of partition chromatography.79,80 After this, 
many chromatography techniques were developed, including liquid chromatography (LC).  

9 
 

The principle of mass spectrometry (MS), separation of ions based on their mass-to-charge 
ratio, was first applied by J.J. Thomson in 1913.81 MS underwent rapid technical 
developments and became a widely used analytical technique in the physical and chemical 
sciences, but only for small molecules. In the 1980s, both electrospray ionization (ESI) and 
MALDI (matrix-assisted laser desorption ionization) were developed, very soft ionization 
techniques suitable for measurement of large (bio) molecules.82 During the 1990s, the use 
of MS for biomolecules grew tremendously, initially within research and pharmaceutical 
industry, but later also within clinical laboratories.  
 
By combining LC and ESI-MS (LC-MS), the sample containing the analyte of interest is mixed 
with a liquid solvent (mobile phase). This is pumped through a column containing a solid 
adsorbent material (solid phase). Each component in the sample interacts differently with 
the mobile and solid phase, causing different retention times for the components. The 
different compounds will then elute separately from the column, after which they are 
ionized and vaporized before going into the mass spectrometer. Here the ions can be 
selected highly specifically based on their mass-to-charge ratio, using electrical and 
magnetic fields. In the case of tandem mass spectrometry (MS/MS), the ions of interest are 
first selected, then fragmented, and subsequently specific fragment ions are selected for 
detection. This is done to increase specificity of the assay.83 
 
LC-MS/MS has become a widely used technique in routine clinical laboratories due to fast 
method development, good precision and accuracy, the ability to multiplex panels of 
analytes and improved specificity compared to immunoassays.84 It is the method of choice 
for quantitative analysis of small molecules, such as steroid hormones85,86 or metabolites 
generated by inborn errors of metabolism.87,88 LC-MS/MS is now also increasingly studied 
and applied for the analysis of peptides and proteins in clinical samples.89 It was shown that 
LC-MS/MS assays for protein quantification are specific, precise, multiplex-able, and 
translatable across laboratories and instrument platforms.90,91 LC-MS/MS has been used 
extensively in ‘shot-gun proteomics’, analysis of many proteins in highly complex mixtures, 
for discovery of novel biomarkers. This has led to the discovery of many different 
biomarkers and multi-biomarker profiles.83,92 However, clinical validation of such multi-
marker profiles is very difficult due to the exponentially increasing potential error83 and 
none have currently been implemented for clinical use. Alternatively, measurement of 
known proteins could be done with LC-MS/MS (‘targeted proteomics’). With this technique, 
accurate quantitation of specific proteins is done by optimizing the assay specifically for 
those proteins. Also, isotopically labeled internal standards (IS) are added to the samples to 
correct for differences during sample preparation and measurement, allowing more 
accurate quantification. The IS should resemble the analyte as much as possible, except for 
incorporation of heavy isotopes (13C, 15N, D). Several targeted protein LC-MS/MS assays 
have been successfully developed and validated for clinical use, e.g. for parathyroid 
hormone,93,94 thyroglobulin95 and insulin.96 
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Despite its great promise, clinical implementation of LC-MS/MS methods for proteins is 
developing much slower than for small molecules, which can largely be attributed to lack of 
sensitivity and limited mass range of the analyzers. The detection sensitivity of LC-MS/MS 
systems had increased 10-20 fold between 2005-2010, while sensitivity in biological 
matrices typically only improved 2-6 fold during that time.83 This indicates that machine 
performance is not the major limiting factor for increased sensitivity. Biological matrices are 
highly complex mixtures containing many differing compounds. Blood serum contains 60-80 
g/L proteins with widely varying concentrations, extending to at least 9 orders of 
magnitude.97 Thousands of different proteins are present in blood.98 Albumin and 
immunoglobulins represent more than 90% of the protein mass, while many proteins that 
are potentially interesting biomarkers are present in much lower concentrations (mg/L, μg/L 
or even ng/L). When analyzing small molecules with LC-MS/MS, proteins can easily be 
removed by protein precipitation, but this is not a viable approach if the analyte of interest 
is also a protein. More selective sample preparation techniques are thus needed to clean-up 
the sample. Additionally, sensitivity of LC-MS/MS assays for proteins is limited due to the 
large size of proteins, which induces splitting of the MS signal by formation of multiple 
charge states. Typical LC-MS/MS systems that are used in clinical laboratories have limited 
mass range, making measurement of large intact proteins impossible. Furthermore, 
synthesis of isotopically labeled proteins is difficult. These challenges must be overcome to 
make LC-MS/MS applicable for accurate quantification of (therapeutic) proteins.  
 
To overcome the limited mass range of LC-MS/MS analyzers, enzymatic digestion of the 
sample could be done before analysis. This technique is called bottom-up proteomics and is 
widely used for measurement of proteins. Usually, trypsin is added to the protein sample, 
which cleaves the protein next to an arginine or lysine. From this range of peptides a 
signature peptide has to be selected, which is unique for the protein of interest.99 The 
peptide is then quantified with the use of a stable isotope labeled internal standard peptide, 
as a representation of the intact protein concentration; this procedure is called protein 
cleavage coupled with isotope dilution mass spectrometry (PC-IDMS).100 With this technique 
it is very important to identify a peptide that is unique for the proteins of interest. However, 
without any enrichment of the protein of interest or the signature peptide the sensitivity of 
this method is still very low.  
 

To improve sensitivity of protein LC-MS/MS assays, immunoaffinity techniques for selective 
enrichment of the analytes are employed to capture the analyte of interest.101,102 
Advantages of both immunoassays and mass spectrometry assays are thereby combined. 
These assays are referred to as mass spectrometric immunoassays (MSIA) and are highly 
promising to combine high sensitivity with high selectivity.103 Immunoenrichment can be 
done by coupling a ligand that interacts specifically with the analyte of interest to an on-line 
column,104,105 magnetic particles76,106 or pipet tips containing a micro column.107-109  
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The combination of immunoaffinity and LC-MS/MS can be implemented in several ways. 
Firstly, an extra purification step of the signature peptide during PC-IDMS can be added, by 
capture with an anti-peptide-antibody; this technique is called Stable Isotope Standards and 
Capture by Anti-Peptide Antibodies (SISCAPA).99,104 PC-IDMS SISCAPA is very selective and 
sensitive, but this method contains many different steps which could all be sources of 
variation. Those should all be investigated thoroughly in order to develop a reproducible 
and accurate LC-MS/MS method. Secondly, the protein of interest itself could selectively be 
enriched from the biological matrix using immunoaffinity. This can be combined with PC-
IDMS (SISCAPA) to improve sample purity.  
 
Alternatively, recent advances in high-resolution MS (HRMS) instruments offer great 
potential for quantification of large proteins, eliminating the need for enzymatic digestion 
employed in bottom-up proteomics.110,111 HRMS instruments have a large mass range and 
the measurements are based on full scan data collected with very high resolution. 
Advantages of HRMS compared to LC-MS/MS are better specificity due to the high 
resolution, greatly simplified assay method development, and the possibility to measure 
molecules with poor fragmentation or too extensive fragmentation.89 The measurement of 
intact proteins, also called top-down proteomics, enables the analysis of complete 
proteoforms since all (co-occurring) PTMs are present.112 A disadvantage of measuring large 
proteins is that many different charge states are formed, which decreases the sensitivity of 
the HRMS assay.  

There are several options to increase sensitivity of HRMS assays. Firstly, large proteins can 
be cut in smaller pieces, but not so small as with bottom-up proteomics: middle-down 
proteomics covers this ‘grey area’ between small peptides and large proteins. Middle-down 
analysis has for example been used for measurement of monoclonal antibodies and can be 
done by digestion with different enzymes such as IdeS113 and Sap9.114 Advantages of middle-
down proteomics are decreased sample complexity, excellent sequence coverage and 
reduced artifact introduction compared to conventional bottom-up proteomics, but 
covering a lower mass-range than top-down proteomics.114 Secondly, background signal 
could be reduced as much as possible to increase sensitivity of HRMS assays. This can be 
achieved by highly selective enrichment of the protein of interest using immunoenrichment. 
Thirdly, decreasing the flow of the mobile phase could also improve sensitivity. This was for 
example shown for quantification of the therapeutic antibody infliximab using LC-MS/MS: 
by incorporation of micro flow instead of regular flow, the lower limit of quantification 
decreased 2-3 fold.106 

Recently, it has been achieved to make full-length isotopically labeled proteins that can 
serve as internal standards.115 This further enables the development of top-down and 
middle-down proteomics. A combination of immuno-enrichment of the target protein 
combined with HRMS measurements is therefore a promising technique for intact protein 
quantification.  
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The development of protein drugs and assays for protein measurements are great examples 
of technological advancements that have been made during the past century. In 2008, the 
US Food and Drug Administration (FDA) had approved assays for measurement of 205 
unique proteins in plasma, and an additional 62 assays for measurement of peptides, PTM’s, 
protein complexes, autoantibodies against endogenous proteins and blood cell proteins.116 
The increased knowledge of the human body and the advanced technological abilities to 
analyze aspects of the human body have led to a greatly increased quality of healthcare, 
which in turn has led to an enormously increased quality of life and life expectancy. For 
example, the average life expectancy world-wide has increased from 53 years in 1960 to 72 
years in 2015.117 In the Netherlands, the life expectancy in this period has increased from 73 
to 82 years.117 

With the improved health care, health care costs have also dramatically increased. From 
1995 to 2014, health expenditure per capita world-wide has more than doubled from $461 
to $1059.118 In the Netherlands, these costs have increased from $2262 to $5694.118 
However, these costs are not only due to the increased amount of available medical care, 
leading to increased quality of life. The huge amount of tests and treatments available have 
also led to an avalanche of unnecessary medical care. In 2009, 30% of health care costs in 
the USA ($750 billion) were wasted.119 Too high prices, administration and fraud accounted 
for almost half of this waste, but the biggest amount of money was wasted on unnecessary 
health care services ($210 billion), inefficiently delivered services ($130 billion) and missed 
prevention opportunities ($55 billion).119  

The advances in biomedical knowledge, drugs, and procedures have dramatically increased, 
causing an enormous technological push. However, the healthcare industry is lagging behind 
on efficient operating systems and has much to learn from the best practices in other 
fields.119 Schwartz et al. reported that during the course of only one year, 25-42% of 
Medicare patients (USA) received at least one of 26 tests and treatments that had no 
benefit or were even harmful to the patient.120 One explanation for this is that the 
healthcare system suffers from informational obstruction: the enormous amount of new 
discoveries are not effectively applied to regular care. Also, doctors are more concerned 
about doing too little than doing too much,121 leading to unnecessary tests and treatments 
being done. Furthermore, the health care system is based on activity-based assessment 
rather than patient-outcome-based assessment.122 For example, in the case of laboratory 
medicine, which operates as a cost-per-test service, the focus is on the quality of analytical 
performance, volume of activity and cost of delivery, rather than delivering results that 
enable clinicians to improve their decisions and thus patients’ outcomes.122 

On the other hand, the huge technological advancements have not yet led to the expected 
results to improve health care. Over the past 20 years, the number of research grants and 
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publications related to ‘biomarkers’ have increased dramatically: billions of dollars have 
been invested and the number of publications has increased from 1000/year in 1990 to 
5000/year in 2010.92 The rapid improvements in mass spectrometry technology have led to 
publication of huge numbers of candidate biomarkers using shot-gun proteomics, perhaps 
up to 25% of all human proteins.123 However, few major new disease biomarkers have been 
implemented in clinical care. The rate at which new tests for protein measurements are 
approved by the FDA has even slightly declined over the past 15 years, with on average ±1.5 
new tests per year.92 Moreover, a survey conducted among clinical chemists showed that 
60% of the tests cleared by the FDA since 1993 are performed in only 25% of laboratories 
and that 50% was not familiar with the clinical utility of 45% of these tests.92 These numbers 
show that assay development and approval does not necessarily translate into clinical 
application and that there are fundamental problems during assay development and 
implementation. Firstly, many studies do not ask the appropriate clinical questions or do not 
use appropriate samples.92 Secondly, most biomarker studies are only proof-of-concept 
studies which explore the association of a disease with the new potential biomarker, which 
usually tend to overestimate the clinical performance of a diagnostic assay.124 Adequate 
verification studies to test biomarker candidates in large and well-described patient 
populations are lacking, which is probably due to the huge money and time investment 
related to this,125 or due to a lack of good quantification assays for the proteins of interest. 
Thirdly, essential information about clinical studies is often not reported, which limits the 
identification, critical appraisal and replication of studies.126 

To increase the quality of healthcare and the value of laboratory testing, clinical reports 
have to be improved. This can be done by implementation of the Standards for Reporting 
Diagnostic Accuracy (STARD).126 Furthermore, the delivery of healthcare has to be shifted 
from an activity-based service to an outcome-based service.122,124 The evaluation of 
laboratory tests differs from therapeutic interventions because medical testing usually 
doesn’t improve health outcomes directly. Laboratory testing is usually part of a complex 
clinical pathway where test results are used to guide decisions concerning follow-up tests or 
treatments, which will eventually determine the final health outcomes for the patients.124 
Therefore, test evaluation should also consider all the consequences of clinical decisions 
that are guided by the test results. The value proposition model for laboratory test 
evaluation, published by Price and colleagues, describes five essential components that 
should be analyzed during test evaluation and implementation:122,124 (1) Analytical 
performance of the test should be evaluated, which includes analytical sensitivity and 
specificity, limit of detection and quantification, range, linearity, imprecision and accuracy. 
(2) Clinical performance should be evaluated, which is the ability of a laboratory assay to 
detect patients with a certain disease using e.g. positive and negative predictive values. 
These proof-of-concept studies should show that a biomarker fulfils a clinical need, e.g. only 
producing positive values for patients with a specific cancer type and negative values in 
patients with other cancer types. (3) Clinical effectiveness of the test should be evaluated, 
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by testing the ability of an assay to improve health outcomes that are relevant to the 
individuals being tested, e.g. in randomized controlled trials (RCTs). (4) Cost-effectiveness of 
a newly introduced test should be evaluated. This does not only include the costs of the test 
itself, but all the consequences of the change in the clinical pathway that are induced, 
including other tests that may be avoided and changes in morbidity and mortality of the 
patient. (5) Finally, the broader impact of using the medical test should be evaluated. This 
refers to all other consequences of testing, e.g. social, psychological, legal, ethical, societal 
and organizational consequences. These five components should be evaluated in a cyclical 
approach to select the study designs that provide the best evidence for medical and policy 
decisions124 (see Figure 1.4). 

 

Figure 1.4: Cyclical framework for evaluation of in vitro medical tests. This framework illustrates that 
the key components of the test evaluation process are driven by the purpose and role of using a test 
in the clinical pathway. Figure based on 124. 

 
To implement such an integrated approach for medical test evaluation, all the relevant 
stakeholders that represent the various clinical disciplines, individuals and organizations 
involved in policymaking, purchasing and delivering healthcare should be involved:122 
Patients, carers (including family and health care professionals), provider organizations, 
purchasers of healthcare services (including government and insurers), policymakers and 
laboratory medicine professionals. Those laboratory medicine professionals have important 
tasks in the adoption of the value proposition model for a medical test, e.g. demonstrating 
how implementation of this test benefits all the stakeholders and delivering the quality of 
service to meet those objectives.  

15 
 

The value proposition for laboratory medicine should describe how decision making in 
clinical care should be guided, what the process of the care delivery should look like and 
what are the resources required to deliver that care.122 It is a practical tool for the 
application of Evidence-Based Laboratory Medicine,127 for which the following 15-point 
checklist is proposed by Price and colleagues:122  
 
1. The unmet clinical need. This includes definition of the problem and the impact 

on clinical, operational and economic outcomes. 
2. Patient population that will benefit. This includes e.g. gender, age and setting in 

which the problem arises. 
3. Identity of the test and its properties. This includes the test name and the basic 

pathology with which it is associated, reference intervals or clinical decision cut-
off values, biological variation and expected analytical performance. 

4. Test intervention utility. This includes screening, diagnosis, prognosis, risk 
stratification and/or monitoring. 

5. Expected outcomes. This includes clinical, process and/or resource utilization. 
6. Location where test is performed. This includes laboratory and/or point of care 

setting. 
7. Quality of evidence available. This includes results from formal trials, 

observational studies, systematic review and meta-analysis. 
8. Part(s) of the care pathway in which the test will be used.  
9. Stakeholders involved in delivering and receiving the care identified in the care 

pathway. This includes the potential beneficiaries.  
10. Benefits to each stakeholder in relation to the outcomes identified above.  
11. Potential limitations and risks associated that might be associated with 

introduction of the test, and a proposed mitigation strategy. This could be 
relevant to all of the stakeholders and may cover clinical, operational and 
economic outcomes. 

12. Resource/activity contributed by each of the service lines involved in the care 
pathway with and without the test intervention. 

13. Statement of the reimbursement received for delivering the care pathway with 
and without (before and after) the test intervention. 

14. A proposed implementation plan including the metrics for monitoring 
appropriate adoption.  

15. Summary of the value proposition in two sentences: the key messages. 
 
In conclusion, appropriate use of health care services, including laboratory medicine, can 
greatly improve the clinical pathway due to clinical, operational and economic benefits. 
Collaboration in multidisciplinary teams is highly important for this. The cyclical framework 
for evaluation of in vitro medical tests (see Figure 1.4) and the value proposition model as 
shown above can be used to achieve these goals.  
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This introductory chapter showed that proteins exert many different and important 
functions in the human body and could therefore serve as biomarkers for detection, 
monitoring and treatment of diseases. To do this, accurate quantification of proteins in 
biological fluids is pivotal and can be done with widely varying assays. It is important that 
those assays are thoroughly evaluated, both before and during application in the clinic, to 
ensure that their implementation has added clinical value. This thesis describes the 
development and evaluation of different protein quantitation assays for use in health care 
and focuses thereby on two different proteins: the therapeutic antibody infliximab which is 
used for treatment of chronic inflammatory diseases, and the peptide hormone hepcidin 
which regulates iron homeostasis. 
 
Chapter 2 describes a comparison of four different ELISAs for quantification of infliximab, a 
therapeutic antibody against tumor necrosis factor alpha (TNFα). Three commercially 
available kits were obtained and implemented on an automated analyzer in our clinical lab. 
Analytical validation of these assays was performed using plasma samples spiked with 
different infliximab concentrations. Assay comparison was done by measuring 30 patient 
samples with these three assays and with the in-house ELISA of Sanquin Diagnostics, the 
reference lab in the Netherlands for measurement of infliximab levels. Subsequently, the 
ELISA showing the best results during this validation procedure was implemented in our 
clinical laboratory for routine measurements of infliximab. 
 
Chapters 3 and 4 describe the use of this infliximab ELISA assay in clinical practice. Infliximab 
levels were measured in patients suffering from inflammatory bowel disease (chapter 3) and 
rheumatic diseases (chapter 4). These patients were then switched to infliximab biosimilar, 
which emerged on the Dutch market in 2015 after patent expiration of infliximab innovator. 
This was the first therapeutic antibody experiencing patent expiration, so there was little 
experience with these type of drugs. Therefore, these patients were monitored at three 
time-points after switching to the biosimilar during approximately twelve months, to 
determine safety and effectiveness of the biosimilar. 
 
In chapter 5, two different novel assays for quantification of all anti-TNFα proteins were 
explored, because different ELISAs are needed for all the different anti-TNFα drugs that are 
on the market (currently five). Here, infliximab was used as a model protein. The first assay 
was based on size-exclusion chromatography (SEC). For this, fluorescently labeled TNFα was 
added to plasma containing infliximab, after which the immune complexes were separated 
from unbound TNFα using SEC. The second assay was a competitive immunoassay. For this, 
biotin-labeled TNFα was coated to a streptavidin-coated surface, after which fluorescently 
labeled infliximab and unlabeled infliximab were added. Potential clinical suitability was 
analyzed by determining sensitivity and reproducibility of the assays.  

17 
 

In chapter 6, development of an LC-MS/MS method for quantification of the peptide 
hormone hepcidin is described. Hepcidin is the key regulator of iron homeostasis and is thus 
a promising biomarker for e.g. iron-related disorders and guidance of iron therapy. Different 
LC-MS/MS assays are available for quantification of hepcidin, but standardization and 
clinical application are lacking. In this chapter, we optimized an LC-MS/MS assay based on 
existing literature by eliminating matrix effects, which heavily influenced quantification in 
the low-concentration range. Cut-off values for identification of patients with iron deficiency 
anemia and anemia of chronic disease were determined by ROC-curve analysis.  
 
Chapter 7 describes the potential clinical value of hepcidin measurements. Samples from 
anemic patients were analyzed using both classic and novel markers for iron status.   Novel 
parameters included hepcidin and the Thomas plot, in which hemoglobinization of 
reticulocytes (RET-He) was plotted against the ratio of the soluble transferrin receptor and 
the logarithm of ferritin (sTfR/log(ferritin)). Added value of the novel parameters in 
diagnosis and treatment of anemia was determined by comparing classification of the 
patient samples between classic and novel parameters, and by determining the ability of 
both classic and novel parameters to predict response to iron therapy. 
 
The epilogue reflects on the implementation and value of protein quantification in clinical 
laboratories by describing a value proposition for anti-TNFα measurements.   
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Background 
Therapeutic drug monitoring (TDM) of infliximab (IFX, Remicade) can aid to optimize 
therapy efficacy. Many assays are available for this purpose. However, a reference standard 
is lacking. Therefore, we evaluated the analytical performance, agreement and clinically 
relevant differences of three commercially available IFX ELISA kits on an automated 
processing system. 

Methods 
The kits of Theradiag (Lisa Tracker Infliximab), Progenika (Promonitor IFX) and apDia 
(Infliximab ELISA) were implemented on an automated processing system. Imprecision was 
determined by triplicate measurements of patient samples on five days. Agreement was 
evaluated by analysis of thirty patient samples and four spiked samples by the selected 
ELISA kits and the in-house IFX ELISA of Sanquin Diagnostics (Amsterdam). Therapeutic 
consequences were evaluated by dividing patients into four treatment groups using cut-off 
levels of 1, 3 and 7 μg/mL and determining assay concordance.  

Results 
Within-run and between-run imprecision were acceptable (≤12% and ≤17%, respectively) 
within the quantification range of the selected ELISA kits. The apDia assay had the best 
precision and agreement to target values. Statistically significant differences were found 
between all assays except between Sanquin Diagnostics and the Lisa Tracker assay. The 
Promonitor assay measured the lowest IFX concentrations, the apDia assay the highest. 
When patients were classified in four treatment categories, 70% concordance was achieved. 

Conclusions 
Although all assays are suitable for TDM, significant differences were observed in both 
imprecision and agreement. Therapeutic consequences were acceptable when patients 
were divided in treatment categories, but this could be improved by assay standardization.  
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In the past decade, therapeutic monoclonal antibodies targeting tumor necrosis factor alpha 
(TNFα) have revolutionized the management of chronic inflammatory diseases, such as 
inflammatory bowel diseases and rheumatoid arthritis. Anti-TNFα drugs like infliximab (IFX, 
Remicade) have proven to be effective for the induction and maintenance of remission in 
patients with Crohn’s disease (CD) and ulcerative colitis (UC) that do not respond to 
conventional immunosuppressive therapy. However, primary nonresponse or loss of 
response during treatment can occur in ~40% of patients.1,2 There are several reasons for 
this lack of response. An important drawback of therapeutic antibodies is the formation of 
anti-drug-antibodies (ADA), which bind to the paratope of IFX to form immune complexes.3,4 
The immune complexes reduce exposure of the drug and increase its clearance, resulting in 
diminished IFX trough concentrations and inferior clinical outcome.5-10 Secondly, lack of 
response can be due to non-immune related factors such as high body mass index (BMI) or 
high disease burden, which increase drug clearance. Pharmacodynamic factors are a third 
cause of non-response, for example due to the (re)activation of inflammation by alternative 
pathways.11 Finally, lack of response could be due to a wrong diagnosis.  

In current clinical practice, dose intensification of IFX is often the first choice of treatment 
optimization when loss of response occurs. Other options such as adding 
immunosuppressive co-medication, changing to a different TNFα inhibitor, changing to a 
different class of immunosuppressive drug or surgical intervention are also considered. 
Bearing in mind the different mechanisms that cause loss of response during IFX therapy, 
this general treatment strategy is usually inefficient and could delay adequate treatment. 
Moreover, biologicals like IFX are very expensive and thus a burden on healthcare costs. The 
recently performed COIN study showed that the use of TNFα inhibitors was the main cost 
driver for inflammatory bowel disease (IBD) patients, comprising 64% and 31% of all 
healthcare costs for CD and UC patients, respectively.12  

Treatment of individual patients can be optimized by determining the cause of non-
response, which can be done by measuring IFX trough concentrations and presence of 
antibodies-to-infliximab (ATI). It has been shown that IFX concentrations correlate well with 
clinical response, clinical remission and mucosal healing.5,7,8,13 Recently, an optimal 
therapeutic window of 3-7 μg/mL has been reported for IFX:13-17 concentrations below 3 
μg/mL are related to diminished response and concentrations higher than 7 μg/mL showed 
no extra benefit. Therapeutic drug monitoring (TDM) could be primarily based on IFX 
concentrations, since they correlate well with clinical response and remission.7,8,18 If very 
low IFX concentrations are found (e.g. <1 μg/mL), measurement of ATI levels is indicated to 
determine whether a patient will benefit from dose intensification (no ATI) or from 
switching to a different TNFα inhibitor (ATI present). It has been shown that application of a 
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In the past decade, therapeutic monoclonal antibodies targeting tumor necrosis factor alpha 
(TNFα) have revolutionized the management of chronic inflammatory diseases, such as 
inflammatory bowel diseases and rheumatoid arthritis. Anti-TNFα drugs like infliximab (IFX, 
Remicade) have proven to be effective for the induction and maintenance of remission in 
patients with Crohn’s disease (CD) and ulcerative colitis (UC) that do not respond to 
conventional immunosuppressive therapy. However, primary nonresponse or loss of 
response during treatment can occur in ~40% of patients.1,2 There are several reasons for 
this lack of response. An important drawback of therapeutic antibodies is the formation of 
anti-drug-antibodies (ADA), which bind to the paratope of IFX to form immune complexes.3,4 
The immune complexes reduce exposure of the drug and increase its clearance, resulting in 
diminished IFX trough concentrations and inferior clinical outcome.5-10 Secondly, lack of 
response can be due to non-immune related factors such as high body mass index (BMI) or 
high disease burden, which increase drug clearance. Pharmacodynamic factors are a third 
cause of non-response, for example due to the (re)activation of inflammation by alternative 
pathways.11 Finally, lack of response could be due to a wrong diagnosis.  

In current clinical practice, dose intensification of IFX is often the first choice of treatment 
optimization when loss of response occurs. Other options such as adding 
immunosuppressive co-medication, changing to a different TNFα inhibitor, changing to a 
different class of immunosuppressive drug or surgical intervention are also considered. 
Bearing in mind the different mechanisms that cause loss of response during IFX therapy, 
this general treatment strategy is usually inefficient and could delay adequate treatment. 
Moreover, biologicals like IFX are very expensive and thus a burden on healthcare costs. The 
recently performed COIN study showed that the use of TNFα inhibitors was the main cost 
driver for inflammatory bowel disease (IBD) patients, comprising 64% and 31% of all 
healthcare costs for CD and UC patients, respectively.12  

Treatment of individual patients can be optimized by determining the cause of non-
response, which can be done by measuring IFX trough concentrations and presence of 
antibodies-to-infliximab (ATI). It has been shown that IFX concentrations correlate well with 
clinical response, clinical remission and mucosal healing.5,7,8,13 Recently, an optimal 
therapeutic window of 3-7 μg/mL has been reported for IFX:13-17 concentrations below 3 
μg/mL are related to diminished response and concentrations higher than 7 μg/mL showed 
no extra benefit. Therapeutic drug monitoring (TDM) could be primarily based on IFX 
concentrations, since they correlate well with clinical response and remission.7,8,18 If very 
low IFX concentrations are found (e.g. <1 μg/mL), measurement of ATI levels is indicated to 
determine whether a patient will benefit from dose intensification (no ATI) or from 
switching to a different TNFα inhibitor (ATI present). It has been shown that application of a 
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treatment algorithm, using IFX and ATI concentrations, efficiently optimized treatment and 
was cost-effective in comparison to empiric therapy optimization.11,17,19,20  

Assays that measure IFX levels accurately and precisely are a prerequisite for successful 
TDM. IFX concentrations can be determined with different techniques, for example enzyme-
linked immunosorbent assay (ELISA),21-23 radio-immunoassay (RIA)9 or a homogeneous 
mobility shift assay (HMSA).24 As these assays have different designs, use different detection 
antibodies and respond differently to interfering substances like anti-drug antibodies or 
rheumatoid factor, heterogeneity in outcome is likely. Moreover, standardization of IFX 
assays is lacking and there is no gold standard available.  

A few studies have been performed to compare different quantification assays for IFX.10,23,25-

27 The overall conclusion is that there is good correlation between the assays, but there are 
systematic differences due to the lack of standardization. The above-mentioned studies 
mostly compare one commercial kit with in-house developed assays. To our knowledge, no 
reports have been published that simultaneously evaluate multiple commercially available 
kits. Moreover, the two most-studied in-house assays from Sanquin Diagnostics 
(Amsterdam, the Netherlands) and the Laboratory for Pharmaceutical Biology (KU Leuven, 
Belgium) have been changed since the last comparison studies,28,29 so these previous 
studies are not up to date anymore. 

In response to the growing interest in TDM in recent years, several ELISA kits for 
quantification of IFX have been developed. However, an analytical comparison of these 
assays is lacking. Another practical issue is that clinical laboratories often perform these 
assays using automated ELISA processors instead of performing the assay manually. An 
advantage of automated ELISA processors is that inter-technician and possibly even inter-
lab differences could be diminished if the same machines are used. However, protocols for 
automated processors are often different from those for manual handling as provided by 
the manufacturer. Also, protocols between processors can differ. To our knowledge, no 
reports have been published on the analytical performance of IFX assays when performed 
on an automated ELISA processor. Validation and comparison of these assays is thus crucial 
before they are used for clinical decision-making based on a predefined therapeutic 
window.  

In this study, we selected three commercially available ELISA kits for quantification of IFX: 
the established Lisa Tracker Infliximab assay (Theradiag) and Promonitor IFX assay 
(Progenika) and the recently launched Infliximab ELISA (developed by the Laboratory for 
Pharmaceutical Biology, KU Leuven, distributed by apDia). After implementation on a DSX 
automated ELISA processor, analytical performance of the assays was determined. Also, 
agreement to each other and the in-house method of Sanquin Diagnostics (Amsterdam, the 
Netherlands) and concordance in patient classification was determined to evaluate the 
clinical consequences of assay differences. 
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Patient samples were obtained from CD and UC patients on IFX therapy for whom IFX 
trough levels were requested by their physician as part of regular medical care. Blood 
samples were collected immediately before infusion of a new IFX dose. Samples were 
centrifuged and the serum was split in two aliquots: one aliquot was sent to Sanquin 
Diagnostics (Amsterdam, the Netherlands) for measurement of IFX concentration21 and 
results were anonymized afterwards; one aliquot was anonymized and stored at -30°C until 
further use. Spiked citrated plasma samples were prepared using a fresh frozen plasma unit 
(Sanquin Blood Supply, Amsterdam, the Netherlands) and a vial of Remicade (Janssen 
Biologics, Leiden, the Netherlands). Note: both serum and plasma can be used to measure 
infliximab concentrations.30-32 Four different IFX concentrations were obtained by serial 
dilution: 10, 5.0, 2.5 and 0.5 μg/mL.  

The Lisa Tracker Duo Infliximab (Theradiag, Croissy Beaubourg, France), Promonitor IFX 
(Progenika Biopharma SA, Derio, Spain) and Infliximab ELISA (apDia, Turnhout, Belgium) 
were implemented on a DSX 4-Plate ELISA Processing System (DYNEX Technologies, 
Chantilly, VA, USA) using Dynex Deep Well Strips for sample dilution. Implementation of the 
assays on the ELISA processing system was done in close collaboration with the 
manufacturers. The Lisa Tracker protocol on the DSX platform was identical to the protocol 
for manual handling, but extra washing steps were implemented for the apDia and 
Promonitor assays. More detailed information about the kits and protocols can be found in 
Table 2.1. 

Within-run and between-run imprecision of the ELISA kits were determined using patient 
samples at three levels by triplicate measurements on five different days, in accordance 
with the EP15 protocol.33,34 Serum samples from three patients with known IFX 
concentrations (measured by Sanquin Diagnostics) were selected and slightly diluted with 
citrated plasma to 5.0, 2.5 and 0.5 μg/mL to obtain different samples in a clinically relevant 
concentration range. The samples were stored in five aliquots at -30°C and thawed at room 
temperature before use. 

Agreement of all assays was investigated by measuring four spiked plasma samples (10, 5.0, 
2.5 and 0.5 μg/mL) and thirty patient serum samples by the selected kits and by Sanquin’s 
IFX assay. For the spiked samples, agreement of the assay concentrations to the target 
values was calculated. Assay comparison was done by Passing and Bablok regression 



2

28 
 

treatment algorithm, using IFX and ATI concentrations, efficiently optimized treatment and 
was cost-effective in comparison to empiric therapy optimization.11,17,19,20  

Assays that measure IFX levels accurately and precisely are a prerequisite for successful 
TDM. IFX concentrations can be determined with different techniques, for example enzyme-
linked immunosorbent assay (ELISA),21-23 radio-immunoassay (RIA)9 or a homogeneous 
mobility shift assay (HMSA).24 As these assays have different designs, use different detection 
antibodies and respond differently to interfering substances like anti-drug antibodies or 
rheumatoid factor, heterogeneity in outcome is likely. Moreover, standardization of IFX 
assays is lacking and there is no gold standard available.  

A few studies have been performed to compare different quantification assays for IFX.10,23,25-

27 The overall conclusion is that there is good correlation between the assays, but there are 
systematic differences due to the lack of standardization. The above-mentioned studies 
mostly compare one commercial kit with in-house developed assays. To our knowledge, no 
reports have been published that simultaneously evaluate multiple commercially available 
kits. Moreover, the two most-studied in-house assays from Sanquin Diagnostics 
(Amsterdam, the Netherlands) and the Laboratory for Pharmaceutical Biology (KU Leuven, 
Belgium) have been changed since the last comparison studies,28,29 so these previous 
studies are not up to date anymore. 

In response to the growing interest in TDM in recent years, several ELISA kits for 
quantification of IFX have been developed. However, an analytical comparison of these 
assays is lacking. Another practical issue is that clinical laboratories often perform these 
assays using automated ELISA processors instead of performing the assay manually. An 
advantage of automated ELISA processors is that inter-technician and possibly even inter-
lab differences could be diminished if the same machines are used. However, protocols for 
automated processors are often different from those for manual handling as provided by 
the manufacturer. Also, protocols between processors can differ. To our knowledge, no 
reports have been published on the analytical performance of IFX assays when performed 
on an automated ELISA processor. Validation and comparison of these assays is thus crucial 
before they are used for clinical decision-making based on a predefined therapeutic 
window.  

In this study, we selected three commercially available ELISA kits for quantification of IFX: 
the established Lisa Tracker Infliximab assay (Theradiag) and Promonitor IFX assay 
(Progenika) and the recently launched Infliximab ELISA (developed by the Laboratory for 
Pharmaceutical Biology, KU Leuven, distributed by apDia). After implementation on a DSX 
automated ELISA processor, analytical performance of the assays was determined. Also, 
agreement to each other and the in-house method of Sanquin Diagnostics (Amsterdam, the 
Netherlands) and concordance in patient classification was determined to evaluate the 
clinical consequences of assay differences. 

29 
 

Patient samples were obtained from CD and UC patients on IFX therapy for whom IFX 
trough levels were requested by their physician as part of regular medical care. Blood 
samples were collected immediately before infusion of a new IFX dose. Samples were 
centrifuged and the serum was split in two aliquots: one aliquot was sent to Sanquin 
Diagnostics (Amsterdam, the Netherlands) for measurement of IFX concentration21 and 
results were anonymized afterwards; one aliquot was anonymized and stored at -30°C until 
further use. Spiked citrated plasma samples were prepared using a fresh frozen plasma unit 
(Sanquin Blood Supply, Amsterdam, the Netherlands) and a vial of Remicade (Janssen 
Biologics, Leiden, the Netherlands). Note: both serum and plasma can be used to measure 
infliximab concentrations.30-32 Four different IFX concentrations were obtained by serial 
dilution: 10, 5.0, 2.5 and 0.5 μg/mL.  

The Lisa Tracker Duo Infliximab (Theradiag, Croissy Beaubourg, France), Promonitor IFX 
(Progenika Biopharma SA, Derio, Spain) and Infliximab ELISA (apDia, Turnhout, Belgium) 
were implemented on a DSX 4-Plate ELISA Processing System (DYNEX Technologies, 
Chantilly, VA, USA) using Dynex Deep Well Strips for sample dilution. Implementation of the 
assays on the ELISA processing system was done in close collaboration with the 
manufacturers. The Lisa Tracker protocol on the DSX platform was identical to the protocol 
for manual handling, but extra washing steps were implemented for the apDia and 
Promonitor assays. More detailed information about the kits and protocols can be found in 
Table 2.1. 

Within-run and between-run imprecision of the ELISA kits were determined using patient 
samples at three levels by triplicate measurements on five different days, in accordance 
with the EP15 protocol.33,34 Serum samples from three patients with known IFX 
concentrations (measured by Sanquin Diagnostics) were selected and slightly diluted with 
citrated plasma to 5.0, 2.5 and 0.5 μg/mL to obtain different samples in a clinically relevant 
concentration range. The samples were stored in five aliquots at -30°C and thawed at room 
temperature before use. 

Agreement of all assays was investigated by measuring four spiked plasma samples (10, 5.0, 
2.5 and 0.5 μg/mL) and thirty patient serum samples by the selected kits and by Sanquin’s 
IFX assay. For the spiked samples, agreement of the assay concentrations to the target 
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analysis35 using the patient samples. The best fit and Pearson coefficient of determination 
(R2) were calculated. Agreement was furthermore determined by Bland–Altman plots, in 
which the average values of two assays is plotted on the X-axis and the difference between 
two assays on the Y-axis.36 To determine whether a bias between two methods was present, 
a Wilcoxon signed rank test was used. A p-value <0.05 was considered statistically 
significant. When a sample’s measured concentration was larger than the assay’s limit of 
quantification, it was left out during analysis. Data analysis was performed using Microsoft 
Excel (Microsoft Office Professional Plus 2010) and Analyze-it version 2.22. 

 

Table 2.1: Specifications and protocols of three commercially available ELISA kits for quantification of 
infliximab. 

  Lisa Tracker Promonitor apDia 
assay range   0.1 - 8 μg/mL 0.035 - 14.4 μg/mL  0.5 - 12 μg/mL 
within-run imprecision ≤5.4% ≤4.5% ≤5.05% 
between-run imprecision ≤13.6% ≤4.3% ≤12.7% 
    
no. calibration standards 5 6 6 
calibration levels  0 - 8 μg/mL 1 - 72 ng/mL 0 - 120 ng/mL 
calibration curve 4PL 4PL quadratic 
duplicate calibration required no yes yes 
       
sample dilutiona 

 
1:101 

(10+1000 μL) 
1:200 

(5+995 μL) 
1:100 

(10+990 μL) 
sample volume 100 μL 100 μL 100 μL 
sample incubation 60 min at RT 60 min at RT 60 min at 37°C 
wash 1 3 x 300 μL 3 x 200 μL 3 x 300 μLc 
conjugated antibody volume 100 μL 100 μL 100 μL 
conjugated antibody incubation 60 min at RT 60 min at RT 30 min at 37°C 
wash 2 3 x 300 μL 3 x 200 μLb 3 x 300 μLc 
conjugate volume 100 μL    
conjugate incubation 30 min at RT    
wash 3 3 x 300 μL    
substrate volume 100 μL 50 μL 100 μL 
substrate incubation 15 min at RT 15 min at RT 10 min at 37°C 
stop solution volume 100 μL 50 μL 50 μL 

RT = room temperature  
4PL = 4-parameter logistic non-linear regression (sigmoid fit) 
a sample dilution as used in our validation studies 
b adapted to 5 x 200 μL on the DSX 
c adapted to 4 x 300 μL on the DSX 
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To determine the implications of analytical assay differences on treatment, four categories 
were defined based on infliximab trough concentrations: 

- Low (<1 μg/mL): Determine whether antibodies-to-infliximab are present. 
- Sub-therapeutic (1-3 μg/mL): Dose escalation could be considered. 
- Therapeutic (3-7 μg/mL): Desired therapeutic range. 
- High (>7 μg/mL): Dose de-escalation could be considered. 

The therapeutic cut-off levels of 3.0 and 7.0 μg/mL were chosen in accordance with the 
values reported by Vande Casteele et al.16,17,37  We furthermore used Sanquin’s cut-off value 
of 1 μg/mL for determining ATI concentrations. Patients were classified in one of the 
categories for each assay and concordance was calculated. The 3 and 7 μg/mL cut-off levels 
were also used to evaluate the bias between assays as found by Passing and Bablok 
regression analysis. 

 

Within-run imprecision and between-run imprecision of the selected ELISA kits were 
determined by repeated measurements of patient samples (see Table 2.2). Within-run 
imprecision was acceptable for all assays (≤ 16%). Between-run imprecision was also 
acceptable (≤ 17%), except for the high concentration sample measured by the Lisa Tracker 
(21%). However, the measured concentration was in this case higher than the quantification 
range of the assay (measured: 8.6 μg/mL, upper limit of quantification (ULOQ): 8.0 μg/mL) 
so this result cannot be trusted and was left out of further analysis. The apDia infliximab 
ELISA has the lowest and most consistent imprecision of the three kits (within-run: 1.9-6.1%, 
between-run: 6.0-7.1%).  

Comparison of the infliximab ELISAs was done by measuring both spiked samples and 
patient samples with the selected ELISA kits. The results of the four spiked plasma samples 
are depicted in Table 2.3. The Lisa Tracker could not quantify the sample containing 10 
μg/mL infliximab as it exceeded its ULOQ of 8 μg/mL. The apDia assay showed the best 
agreement to the target value (96-108%) as compared to the other assays.  

Furthermore, thirty patient samples containing IFX were measured with all three assays. The 
resulting concentrations were compared to each other and to the results obtained from 
Sanquin using Pearson correlation, Bland-Altman plots, a paired samples t-test and Passing-
and-Bablok regression. The correlation between all assays was good (R2 = 0.93-0.98). The 
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To determine the implications of analytical assay differences on treatment, four categories 
were defined based on infliximab trough concentrations: 

- Low (<1 μg/mL): Determine whether antibodies-to-infliximab are present. 
- Sub-therapeutic (1-3 μg/mL): Dose escalation could be considered. 
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were also used to evaluate the bias between assays as found by Passing and Bablok 
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(21%). However, the measured concentration was in this case higher than the quantification 
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Passing and Bablok regression lines and Bland-Altman plots show that the bias between the 
assays is usually proportional rather than fixed (see Figure 2.1 and Figure 2.2). No 
statistically significant difference was observed between the Lisa Tracker assay and the 
assay from Sanquin Diagnostics (p = 0.5399, see Figure 2.1A). The Promonitor assay 
measured lower concentrations than Sanquin’s assay (p = 0.0010, Figure 2.1B) while the 
apDia assay measured higher concentrations than Sanquin’s assay (p = <0.0001, Figure 
2.1C). These differences are also found when the kits are directly compared to each other 
(Figure 2.1 D-F). The largest bias was found between the Promonitor assay and the apDia 
assay (1.32 μg/mL as determined by Bland-Altman analysis; p<0.0001). Overall, the 
Promonitor assay measured the lowest and apDia the highest IFX concentrations. 

To determine the clinical effect of analytical differences between the assays, the patient 
samples were divided into four treatment categories using cut-off levels of 1, 3 and 7 
μg/mL.16,17,37 This resulted in 70% concordance, meaning that 70% of patients would be 
classified in the same category by all assays. The clinical cut-off levels of 3 and 7 μg/mL are 
also shown in the Passing and Bablok graphs (see Figure 2.1). This shows that discordance 
between assays generally grows with higher IFX concentrations, which reflects the 
proportional bias between the assays. 

 

Table 2.2: Imprecision of three commercially available ELISA kits for quantification of infliximab (IFX) 
after implementation of the assays on an automated processor, as determined by triplicate 
measurements on five days (EP15 protocol). cv= coefficient of variation.  

 Lisa Tracker Promonitor apDia 
  low middle high low middle high low middle high 
mean IFX concentration (μg/mL) 0.66 3.0 8.6a 0.46 2.1 4.5 0.68 2.8 5.9 
within-run imprecision (cv) 5.7% 7.5% 16% 10% 10% 12% 6.1% 1.9% 2.4% 
between-run imprecision (cv) 12% 7.5% 21% 11% 11% 17% 6.3% 7.1% 6.0% 
a level is outside the assay’s concentration range (0.1-8 μg/mL) 

 

Table 2.3: Concentrations of infliximab-spiked plasma samples (μg/mL), as measured by Sanquin 
Diagnostics and three commercially available ELISA kits. Agreement to the target values is given 
between brackets. 

spiked Sanquin Lisa Tracker Promonitor apDia 
10.0  8.5 (85%) >8 (n.d.) 9.7 (97%) 10.8 (108%) 
5.0  5.9 (118%) 5.9 (118%) 4.6 (92%) 5.1 (102%) 
2.5 1.7 (68%) 1.7 (68%) 1.3 (52%) 2.4 (96%) 
0.5 0.5 (100%) 0.4 (80%) 0.3 (60%) 0.5 (100%) 
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Figure 2.1: Comparison of three ELISA kits for quantification of infliximab and the in-house method of 
Sanquin Diagnostics by Passing and Bablok regression using patient samples (Promonitor: n=30, 
apDia: n=27, Lisa Tracker: n=23). Passing and Bablok regression: fat line; 95% confidence intervals: 
dotted lines; therapeutic cut-off levels of 3 and 7 μg/mL: dashed lines. Concentrations are expressed 
in μg/mL. P-values are calculated using the Wilcoxon signed rank test. 
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Figure 2.1: Comparison of three ELISA kits for quantification of infliximab and the in-house method of 
Sanquin Diagnostics by Passing and Bablok regression using patient samples (Promonitor: n=30, 
apDia: n=27, Lisa Tracker: n=23). Passing and Bablok regression: fat line; 95% confidence intervals: 
dotted lines; therapeutic cut-off levels of 3 and 7 μg/mL: dashed lines. Concentrations are expressed 
in μg/mL. P-values are calculated using the Wilcoxon signed rank test. 
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Figure 2.2: Bland-Altman plots of the three ELISA kits for quantification of infliximab and Sanquin 
Diagnostics’ in-house ELISA (concentrations shown in μg/mL). 
 

35 
 

During recent years, the potential of therapeutic drug monitoring (TDM) to improve 
infliximab (IFX) therapy has been shown. By determining IFX trough concentrations therapy 
can be efficiently optimized. There are different assays available for measuring IFX levels, of 
which ELISAs are most commonly used. This study determined the analytical performance of 
three commercially available ELISA kits on an automated processor. Furthermore, a 
comparison study was done. Ideally, a gold standard method is included in a comparison 
study. Since such a reference technique is not available, we chose to compare the 
automated ELISA kits to an assay that has been used for several years in clinical practice: the 
in-house method of Sanquin Diagnostics. 

Three patient samples were used to determine imprecision of the selected commercially 
available ELISA kits. The sample concentrations were chosen to cover a clinically relevant 
range. We showed that all commercially available ELISA kits have acceptable analytical 
performance (imprecision < 17%) when performed on an automated processor. Sanquin’s 
internal control with a target of 2.0 μg/ml, that they use in every run, has a coefficient of 
variation of 10% (data collected during 8 months routine performance; non-published data) 
which is comparable to the values obtained in this study. 

The fact that the apDia assay had the lowest and most consistent imprecision might be due 
to its (nearly linear) quadratic calibration line, which is different from the more established 
Lisa Tracker and Promonitor assays which use sigmoid fits (see Figure 2.3). A sigmoid fit is 
common for ELISAs, but an important drawback is that the imprecision increases near the 
limits of quantification. Small changes in OD could then lead to large differences in 
concentration, which could in turn lead to different treatment strategies. This may be solved 
by performing the analysis in several sample dilutions. However, this is more laborious and 
expensive and is therefore undesirable for TDM, so this hypothesis was not tested in this 
study.  

 
Figure 2.3: Calibration lines of three ELISA kits for quantification of infliximab (duplicate sample 
measurements for Promonitor and apDia). 
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Figure 2.2: Bland-Altman plots of the three ELISA kits for quantification of infliximab and Sanquin 
Diagnostics’ in-house ELISA (concentrations shown in μg/mL). 
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To determine whether the analytical performance of the ELISA kits on an automated 
processor is similar to manual handling, we compared the calculated imprecision to the 
imprecision specified in the package inserts. The imprecision found in this study was lower 
for the apDia assay, similar for the Lisa Tracker and higher for the Promonitor assay than 
specified by the manufacturers (see Table 2.1). It has to be noted that imprecision of the 
Promonitor assay has only been tested in one sample dilution while the package insert 
recommends two different sample dilutions (1:200 and 1:10). However, we chose the high 
sample dilution (which is also higher than for the Lisa Tracker (1:101) and the apDia assay 
(1:100)) so it is unlikely that the higher imprecision is caused by matrix effects. Perhaps 
further protocol optimization of the Promonitor assay for a DSX 4-Plate ELISA Processing 
System could be done. Nevertheless, we showed that all tested commercially available 
ELISA kits have acceptable analytical performance when performed on an automated 
processor.  

Four spiked samples were measured by the four ELISA assays to determine agreement to 
the target values. The apDia assay showed the best agreement to the target values 
compared to the other assays. This suggests that the apDia assay is most accurate. However, 
the samples were measured only once and the number of samples is small, which is a 
limitation of this study. Moreover, the samples measured by Sanquin were treated 
differently due to transport and measurement on a different platform, which may have 
influenced the accuracy of this assay.  

Few studies have been done to compare different infliximab assays. The in-house assay of 
Sanquin is being used for several years now, while the commercially available assays have 
entered the market more recently. Therefore, more literature is available on Sanquin’s assay 
than on the ELISA kits. To our knowledge, no literature is yet available on the comparison of 
the apDia assay, which was only released last year, and no previous studies compared 
multiple commercially available ELISA kits to each other. In literature, correlation between 
different assays has been reported to be good,23,25,26 which was confirmed in this study     
(R2 ≥ 0.93). In this study, no statistically significant bias between the Lisa Tracker assay and 
the Sanquin assay was found. This is in contrast to an earlier study by Vande Casteele et al.23 
who found a correlation of 0.83 where Sanquin measured lower IFX concentrations than the 
Lisa Tracker. A comparison study by Ruiz-Argüello et al. showed that Sanquin measured 
significantly higher concentrations than the Promonitor assay,25 which was also observed in 
our study. The study by Ruiz-Argüello et al. also showed that the Promonitor assay had very 
little deviation from the expected spiked concentrations. Our study shows that the three 
other assays measure higher IFX concentrations than the Promonitor kit and suggests that 
the apDia assay measures the most accurate values. However, in our study all kits were 
implemented on an automated processor instead of performed manually, as described in 
the package inserts. This may have influenced the assay’s results.  
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The recently released apDia kit has not been compared to other IFX assays yet. However, 
the apDia kit is based on the in-house IFX assay from the Laboratory for Pharmaceutical 
Biology, KU Leuven (Belgium) and makes use of the same MA-IFX6B7 detection 
antibody.29,38 The afore-mentioned study by Vande Casteele et al. showed similar results for 
the Leuven assay and Sanquin’s assay,23 while we found higher concentrations for the apDia 
assay in comparison to Sanquin. Correlation between these assays was excellent however. 
This could be explained by the fact that both the Leuven assay and Sanquin’s assay have 
been modified since the comparison study of Vande Casteele in 2012. Sanquin Diagnostics 
reported in December 2013 that they reevaluated their infliximab analysis and currently 
measure approximately 30% lower infliximab levels.28 Moreover, the research by Vande 
Casteele et al. was performed with polyclonal anti-infliximab antibodies,23 while they now 
use the monoclonal anti-infliximab antibody MA-IFX6B7, which is also used in the apDia 
kit.29,38 To our knowledge, no comparison studies have been published using the most 
recent versions of these assays. Since therapeutic drug monitoring of IFX is increasingly 
being applied in hospitals, using general cut-off values for therapy optimization, new assay 
comparison studies are pivotal. This is especially important since assay standardization is 
still lacking. 

Analytical differences between assays do not necessarily lead to clinically relevant 
differences if therapeutic drug monitoring is applied. To evaluate whether patients would be 
treated differently if their infliximab concentrations were measured by different assays, we 
defined four different treatment categories based on infliximab concentrations. For this we 
used the previously reported therapeutic window of 3–7 μg/mL.16,17,37 Low IFX 
concentrations may be due to immunogenicity, so the presence of antibodies-to-infliximab 
should be tested. For analysis of ATI, a cut-off of 1 μg/mL was chosen in accordance to the 
procedure at Sanquin (at higher IFX concentrations, ATI analysis is hampered by drug 
interference). When a different ATI assay is applied, this cut-off value may change. 
However, we believe that these cut-offs give a realistic indication of assay concordance. 

The Passing and Bablok graphs show that all assays are discordant to each other around the 
therapeutic cut-off levels of 3 and 7 μg/mL, except for the Lisa Tracker assay and Sanquin.  
Discordance is larger at the 7 μg/mL cut-off value than at 3 μg/mL, which results from the 
proportional bias observed between most assays. When therapeutic window cut-off levels 
of 3 and 7 μg/mL were applied to all assays and 1 μg/mL was used as a cut-off for ATI 
testing, 70% of all patients were classified equally by all assays. We think that 70% 
concordance is an acceptable number, considering the lack of assay standardization. There 
are many factors that cause concordance to be <100% even for the same assay, for example 
within- and between-run imprecision, which are tested in this study, but also inter-
technician and inter-lab imprecision. However, patient numbers in this study are small; a 
large-scale study has to be performed to confirm these results. 
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This study showed that all three infliximab kits have acceptable analytical performance and 
could thus be used for therapeutic drug monitoring. The apDia assay had the best precision 
and agreement to target values of the three commercially available ELISA kits. The 
Promonitor assay, the Lisa Tracker and Sanquin’s assay measure significantly lower 
concentrations than the apDia assay. Therefore, it is important to assess the performance of 
your infliximab ELISA and care should be taken if cut-off values are applied for TDM as long 
as assay standardization is lacking and no gold standard is available. 

 

I would like to thank Truus Buijssen, Mira van den Broek and Dorine Biermann for helping 
me with the execution and implementation of the ELISA kits. 
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Background 
Infliximab biosimilars have become available for treatment of inflammatory bowel disease 
(IBD). However, data showing long-term safety and effectiveness of biosimilars in IBD 
patients are limited. Therefore, we prospectively studied the switch from infliximab 
innovator to biosimilar in an IBD cohort with 12 months follow-up to evaluate safety and 
effectiveness. 

Methods 
Adult IBD patients from two hospitals treated with infliximab innovator (Remicade) were 
switched to infliximab biosimilar (Inflectra) as part of routine care, but in a controlled 
setting. Blood samples were taken just before the first, second, fourth  and seventh infusion 
of biosimilar. Infliximab trough levels, antibodies-to-infliximab (ATI), CRP and ESR were 
measured and disease activity scores were calculated.  

Results 
Our cohort consisted of 133 IBD patients (64% CD, 36% UC). Before switching we found 
widely varying infliximab levels (median 3.5 μg/mL). ATI were detected in eight patients 
(6%). Most patients were in remission or had mild disease (CD: 82% UC: 90%). After 
switching to biosimilar, 35 patients (26%) discontinued therapy within twelve months, 
mostly due to higher disease activity (9%) or adverse events (9.8%). Adverse events included 
general malaise/fatigue (n = 7), arthralgia (n = 2), skin problems (n = 2) and infusion 
reactions (n = 2). However, most of these patients discontinued due to subjective reasons. 
No differences in IFX levels, CRP, and disease activity scores were found between the four 
time points (p ≥ 0.0917).  

Conclusions 
We found no differences in drug levels and disease activity between infliximab innovator 
and biosimilar in our IBD cohort, indicating that biosimilars are safe and effective. The high 
proportion of discontinuers were mostly due to elective withdrawal or subjective disease 
worsening.   
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Inflammatory bowel disease (IBD) is characterized by chronic inflammation of the 
gastrointestinal tract, with two main subtypes: Crohn’s disease (CD) and ulcerative colitis 
(UC). IBD patients often experience disease flares and significantly decreased quality of 
life.1,2 The introduction of biological therapies two decades ago revolutionized the 
treatment of moderate to severe IBD.3 Two years ago, a new landmark in IBD treatment was 
set with the introduction of the first biosimilars. Biosimilars are highly similar to the 
innovator biologics, but much cheaper. 

In 2015, the patent of infliximab (IFX), the first anti-tumor necrosis factor (TNFα) biological, 
expired and two infliximab biosimilars entered the market: Inflectra and Remsima (both 
CTP-13). Registration studies in patients with rheumatoid arthritis (RA) and ankylosing 
spondylitis (AS) showed that IFX innovator (Remicade) and IFX biosimilar (CTP-13) had 
comparable pharmacokinetics, efficacy, safety and immunogenicity4-7 and that it was safe to 
switch from IFX innovator to biosimilar.8,9 Treatment approval was extrapolated to include 
all indications approved for treatment with the innovator, which also includes IBD. 
However, data on the use of biosimilars in IBD patients are still scarce and many healthcare 
professionals and patients are yet to be convinced. Several concerns have been raised:10 the 
different dosing (5 mg/kg in IBD and 3 mg/kg in rheumatic disorders), the use of different 
concomitant immunosuppressive medication (which is more common and different in 
rheumatic diseases than in IBD), and the potentially different mechanism of anti-TNFα 
biologics in rheumatic conditions and IBD.11-13  

There are currently only a few studies available that show data of IBD patients who were 
treated with a biosimilar. Moreover, these studies often have a limited amount of patients, 
limited information about drug levels and anti-drug-antibodies, and often only show short-
term data. Therefore, we prospectively studied the switch from infliximab innovator to 
biosimilar in a large cohort of IBD patients with a 1 year follow-up to evaluate long-term 
safety and effectiveness.  

 

All adult IBD patients treated with infliximab in Máxima Medical Center (Veldhoven, the 
Netherlands) and Elkerliek hospital (Helmond, the Netherlands) were included. Patients 
were switched from innovator Remicade (Janssen, Leiden, the Netherlands) to biosimilar 
Inflectra (Hospira, Lake Forest, Illinois, USA) as part of routine care. In both hospitals the 
same switching protocol was used. All patients received a letter from their 
gastroenterologists which described that the infliximab treatment changed from Remicade 
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to Inflectra, a different brand, and that studies showed that these drugs are highly similar. 
Essentially, patients were switched to biosimilar unless there were severe doubts. In these 
rare cases, the physician gave the patient a thorough explanation of the biosimilar concept, 
which could persuade them to switch. All patients agreed to this change in treatment.  

The switch was performed in a controlled setting (see Figure 3.1): blood samples were taken 
just before the first infusion (T0), and after the second (T1), fourth (T2) and seventh (T3) 
infusion of Inflectra. These time points reflect the patient’s status just before and after the 
switch and after approximately six and twelve months. The following parameters were 
measured in blood: IFX trough levels, antibodies to infliximab (ATI, only if IFX <0.5 μg/mL), C-
reactive protein (CRP) and erythrocyte sedimentation rate (ESR). Concomitantly, disease 
activity scores were determined. Since the switch was done as part of routine care, actions 
could be taken as a consequence of the measured IFX levels if necessary. For example, 
patients with high ATI levels were switched to a different therapy, and patients who had 
undetectable IFX levels and deep sustained remission (stop criterion defined by the Dutch 
gastroenterologist’s society14) discontinued IFX therapy.  

IFX levels were measured in-house using the Infliximab ELISA kit (apDia, Turnhout, Belgium) 
on an automated ELISA processing system.15 We found that this assay is suitable for 
measurement of both innovator and biosimilar IFX (see Figure 3.2). ATI were only measured 
when IFX was <0.5 μg/mL. During the first part of the study, samples were sent to Sanquin 
Diagnostics (Amsterdam, the Netherlands),16 while during the second part of the study ATI 
were measured in-house using the anti-Infliximab ELISA kit (apDia, Turnhout, Belgium). 
Validation studies showed that there was good correlation between these assays.17 

 
Figure 3.1: Study design of the switching protocol from infliximab innovator (Remicade, R) to 
infliximab biosimilar (Inflectra, I). Blood samples were taken at four different time points, from which 
different parameters were determined. IFX = infliximab, ATI = antibodies to infliximab, CRP = C-
reactive protein, ESR = erythrocyte sedimentation rate. 
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Figure 3.2: Comparison of infliximab concentrations measured by the apDia Infliximab ELISA for 
plasma samples spiked with Remicade (infliximab innovator) and Inflectra (infliximab biosimilar). 

 

Validated disease activity scores were calculated to determine the disease activity. For CD 
patients the Crohn's disease activity index (CDAI) was used.18 The Truelove-Witts disease 
activity index (TWDAI) was used for UC patients.19  

Firstly, data were analyzed with the Shapiro-Wilk test to determine if it was normally 
distributed. This was not the case, so non-parametric statistical analysis was used. 
Comparison of infliximab, CRP and ESR levels between the four time points was done using 
Friedman analysis. If Friedman analysis returned a statistically significant difference, the 
Wilcoxon signed rank test was subsequently used to analyze differences between all time-
points in pairs. For comparison of the disease activity scores, the score at T0 was compared 
to the average score after switching to biosimilar therapy. This was done using the Wilcoxon 
Mann-Whitney test. P-values <0.05 were considered statistically significant. 

 

Our cohort consisted of 133 IBD patients, of which approximately two-third had CD and one-
third had UC. They had been receiving infliximab innovator therapy for a median of 52 
months before switching to the biosimilar. Half of the patients received concomitant 
immunosuppressive therapy (48%), of which thiopurines were most common. More details 
can be found in Table 3.1. 
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Table 3.1: Demographics of our IBD cohort. Data are represented as [n (%)] or [median (IQR)].         
IQR = interquartile range. 

Characteristics Crohn's disease ulcerative colitis 

Sex     
- Female 52 (60%) 22 (46%) 
- Male 34 (40%) 25 (52%) 

Age (years) 41 (29-51) 49 (42-60) 
Infliximab dose (mg) 400 (300-400) 400 (300-400) 
Interval (weeks) 8 (6-8) 8 (8-8) 
Duration infliximab therapy (months) 53 (33-74) 50 (35-65) 
Immunosuppressive comedication     
- none 46 (54%) 22 (47%) 
- thiopurines 33 (39%) 22 (47%) 
- corticosteroids 4 (5%) 2 (4%) 
- thiopurine + corticosteroid 1 (1%) 1 (2%) 
- methotrexate 1 (1%) 0 (0%) 

Before switching to biosimilar therapy, the patients’ status on innovator therapy was 
determined (T0). We found widely varying IFX levels, ranging from undetectably low to very 
high (see Figure 3.3). The median IFX level of the whole cohort was 3.5 μg/mL (3.7 μg/mL for 
CD patients and 2.9 μg/mL for UC patients). The proposed therapeutic range for IBD 
patients is 3-7 μg/mL.20-23 If we apply this range to our cohort, 40% of all CD patients had 
levels within the therapeutic range, whereas 27% of the UC patients reached adequate 
levels. In both populations, 21% had high IFX levels (> 7 μg/mL). Low IFX levels (< 3 μg/mL) 
were found in 39% of the CD patients, 9% had even undetectably low levels (< 0.5 μg/mL). 
For UC patients we found that 52% had low IFX levels, 21% had undetectably low levels.  

Antibodies-to-infliximab (ATI) were measured in eighteen patients. Ten patients (four CD, six 
UC patients) had no detectable ATI, while eight patients (four CD, four UC patients) had 
detectable ATI. Two of these eight patients (one CD, one UC patient) had very high ATI levels  
(> 880 au). Infliximab therapy was discontinued in patients with very high ATI. Therapy was 
continued for the patients with low ATI levels, since it was shown that ATI can be transient 
and thus not necessarily have negative influence on the therapy.24,25  

CRP levels were elevated for 25 patients (19%). Disease activity scores at T0 were available 
for 65 CD patients (76%) and 29 UC patients (60%). The great majority of patients was in 
remission or had mild disease (82% of CD patients and 90% of UC patients). The rest, a 
minority, had moderate disease (see Figure 3.4, T0). No patients had severe disease activity. 
No statistically significant correlation could be found between drug levels and disease 
activity scores. 
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Figure 3.3: Trough levels of infliximab (IFX) and antibodies-to-infliximab (ATI) of our IBD cohort 
before switching to IFX biosimilar (T0). Data are split into Crohn’s disease (bottom left) and ulcerative 
colitis (bottom right). The proposed therapeutic range of 3-7 μg/mL is depicted with the light grey 
rectangle. The percentage of patients with IFX levels within, below or above the therapeutic range 
are indicated. ATI levels are indicated with yellow, orange and red bars. 

 

To determine effectiveness and safety of infliximab biosimilar, we first analyzed if there 
were differences in IFX levels, CRP and disease activity scores between IFX innovator and 
biosimilar. Dose and frequency were never changed between T0 and T1. Also during the rest 
of the study, patients stayed on the same dose and frequency during the study, apart from a 
few exceptions. Median IFX levels varied from 3.5 to 4.2 μg/mL, median CRP levels varied 
from 1.4 to 2.0 mg/L. Both were not statistically significantly different between the four 
time points (IFX: p = 0.4106 and CRP: p = 0.0981, see Figure 3.5). Disease activity scores 
before and after switching were also not statistically significantly different (CDAI: p = 0.5657 
and TWDAI: p = 0.7609). This is supported by Figure 3.4, which shows that the amount of 
patients that had no/low disease activity and patients that had moderate disease activity 
were comparable between the four time points.  

After switching to biosimilar therapy, patients were monitored at three time points during 
the first year. The therapy was discontinued by 35 patients (26%) in total, 23 CD patients 
(26%) and 13 UC patients (27%). Approximately half of those patients used concomitant 
immunosuppressive medication, which is similar to the whole population. Most patients 
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Figure 3.3: Trough levels of infliximab (IFX) and antibodies-to-infliximab (ATI) of our IBD cohort 
before switching to IFX biosimilar (T0). Data are split into Crohn’s disease (bottom left) and ulcerative 
colitis (bottom right). The proposed therapeutic range of 3-7 μg/mL is depicted with the light grey 
rectangle. The percentage of patients with IFX levels within, below or above the therapeutic range 
are indicated. ATI levels are indicated with yellow, orange and red bars. 
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biosimilar. Dose and frequency were never changed between T0 and T1. Also during the rest 
of the study, patients stayed on the same dose and frequency during the study, apart from a 
few exceptions. Median IFX levels varied from 3.5 to 4.2 μg/mL, median CRP levels varied 
from 1.4 to 2.0 mg/L. Both were not statistically significantly different between the four 
time points (IFX: p = 0.4106 and CRP: p = 0.0981, see Figure 3.5). Disease activity scores 
before and after switching were also not statistically significantly different (CDAI: p = 0.5657 
and TWDAI: p = 0.7609). This is supported by Figure 3.4, which shows that the amount of 
patients that had no/low disease activity and patients that had moderate disease activity 
were comparable between the four time points.  

After switching to biosimilar therapy, patients were monitored at three time points during 
the first year. The therapy was discontinued by 35 patients (26%) in total, 23 CD patients 
(26%) and 13 UC patients (27%). Approximately half of those patients used concomitant 
immunosuppressive medication, which is similar to the whole population. Most patients 



50 
 

discontinued due to higher disease activity or adverse events (see Table 3.2). The majority 
discontinued biosimilar therapy due to adverse events (9.8% of the cohort). The most 
common adverse event was general malaise and/or fatigue (n = 7). Other adverse events 
were arthralgia (n = 2), skin problems (n = 2), infusion reaction to the first biosimilar infusion 
(n = 2), anaphylactic response to biosimilar infusion (n = 1) and suspected delayed allergic 
reaction (n = 1). Furthermore, twelve patients (9% of the cohort) experienced higher disease 
activity. In the majority of cases, complaints about higher disease activity were not 
objectified with higher disease activity scores or increased CRP (n = 8). Increased disease 
activity was only objectified in two patients. In two cases, patients also had high disease 
activity on infliximab innovator therapy. Lastly, five patients (3.8% of the cohort) 
discontinued biosimilar therapy because they were in remission, one patient temporarily 
stopped IFX therapy because she was expecting labor and two patients accidently received 
innovator instead of biosimilar. 

 
Figure 3.4: Disease activity scores for Crohn’s disease patients (left) and ulcerative colitis patients 
(right) before switching to infliximab biosimilar (T0) and at the different time points after switching 
to biosimilar (T1-T3).  
 
 

Table 3.2: Characteristics of the patient group who discontinued biosimilar therapy. Percentages are 
calculated with respect to the whole population (n=133). 

Reason drop-out n (%) 
probably 

switch-related 
possibly 

switch-related 
not 

switch-related 
higher disease activity 12 (9.0%) 2 8 2 
adverse events 13 (9.8%)    

- infusion reaction   1   
- delayed allergic response   1   
- general malaise/tired    7  
- arthralgia    2  
- skin problems    2  

antibodies to infliximab 2 (1.5%)   2 
in remission 5 (3.8%)   5 
other 3 (2.3%)   3 
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Figure 3.5: Infliximab (IFX) and C-reactive protein (CRP) concentrations for all patients before 
switching to biosimilar (T0) and after switching to IFX biosimilar therapy (T1-T3). The box and whisker 
plots show the median IFX values, interquartile range and total range. 

 
Different follow-up strategies were applied for the patients who stopped biosimilar therapy. 
The majority of discontinuers (63%) was switched back to infliximab innovator therapy. Four 
patients (11% of discontinuers) switched to vedolizumab (Entyvio; Takeda Pharmaceuticals, 
Osaka, Japan), an anti- α4β7 integrin antibody. Nine patients (26% of discontinuers) 
discontinued biologics therapy completely because they were in remission (n = 5), because 
they already had complaints while receiving infliximab innovator (n = 2),  because they had 
high ATI levels (n=1) or because they were expecting labor (n = 1). 

At T0, eight patients had detectable ATI. After switching, only two of these patients stayed 
on biosimilar therapy during the first twelve months (2% of continuers); one continued to 
have detectable ATI, while ATI disappeared for the other. The other six patients with 
detectable ATI at T0 discontinued biosimilar therapy during the first twelve months after 
switching to biosimilar (17% of discontinuers). Three of these patients discontinued 
biosimilar because they were in remission, one was switched to vedolizumab and two were 
switched back to infliximab innovator therapy. The relative risk (RR) of discontinuing 
biosimilar therapy for patients with detectable ATI before switching was 3.2 (95% CI 1.9 – 
5.4) compared to patients with no ATI before switching. This indicates that patients with 
autoimmune response to IFX have a statistically significantly higher risk on therapy 
discontinuation.  

Three patients developed ATI after switching to biosimilar therapy. One of these patients 
had a low ATI level after the first infusion of biosimilar, but they disappeared after the 
second infusion. The second patient experienced an allergic reaction to the first biosimilar 
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infusion, after which we found a high ATI level. The third patient had continuously 
undetectable IFX levels, but only detectable ATI during the last measurement, indicating 
that the immune response against IFX was recently triggered.  

 

 

The use of infliximab biosimilars could greatly reduce treatment costs of IBD patients. 
Infliximab biosimilars are highly similar to infliximab innovator but less expensive (estimated 
up to 40%) due to competition in the market.24 However, data demonstrating its clinical 
safety and effectiveness in real-life IBD patients are still limited and further studies are 
needed to support the use of infliximab biosimilar in IBD patients (reviewed in 26,27). 
Therefore, we switched our IBD cohorts receiving IFX innovator to biosimilar as part of 
routine care, but in a controlled setting, using therapeutic drug monitoring (TDM).  

In our study, we first determined the patients’ status at IFX innovator therapy. Despite 
(empiric) therapy optimization by the gastroenterologists, a broad range of IFX levels was 
found. Approximately one-third of the patients had concentrations within the proposed 
therapeutic range of 3-7 μg/mL.20-23 Most patients had IFX levels below this therapeutic 
range, for UC patients this was even half the population (52%). However, we also found that 
the majority of our patients was in remission or had low disease activity. No correlation 
between IFX levels and disease activity was found. A possible explanation for this is that our 
cohort did not include patients with high disease activity. Also, TDM was already applied on 
a part of this cohort two years ago,28 which ‘dilutes’ the concentration-activity relationship.  

Antibodies to infliximab (ATI) were detected in eight patients (6% of the total cohort). This 
number is somewhat lower than usually reported in literature for IBD patients.24,29,30 This 
could be due to our gastroenterologists’ policy to sometimes perform TDM as part of 
routine care, especially when a patient has higher disease activity. This could make this 
population slightly biased towards lower disease activity or lower number of patients with 
detectable ATI. However, some studies do not report IFX and/or ATI levels at all,30-32 which 
makes comparison difficult. 

Six of the eight patients who had detectable ATI at T0 discontinued biosimilar therapy within 
the first 12 months. We found that patients with detectable ATI before switching had a 
relative risk of 3.2 for discontinuation of biosimilar therapy compared to patients with no 
ATI. This indicates that patients with autoimmune response to IFX have a statistically 
significantly higher risk on therapy failure. It was shown that antibodies to IFX innovator are 
highly similar to antibodies to the biosimilar,33,34 so these patients would probably also have 
experienced therapy failure if they would have stayed on innovator therapy.  

53 
 

No statistically significant differences in drug levels, disease activity scores or inflammation 
marker CRP were found between IFX innovator and biosimilar. This indicates that safety and 
effectiveness of the biosimilar are good and that switching from IFX innovator to biosimilar 
is feasible. However, 26% of patients in our cohort discontinued biosimilar therapy, which 
was mostly due to adverse events (9.8% of the cohort) or higher disease activity (9.0% of the 
cohort). Higher disease activity was objectified in only two patients (1.5% of the whole 
cohort). The high amount of patients discontinuing biosimilar therapy with non-objectified 
lack of effectiveness or general malaise could be explained by the low threshold that was 
applied to switch back to innovator therapy for the first biosimilar switch in our hospital. 
Patients were easily put back on innovator treatment if they had complaints that could 
possibly be switch-related due to the lack of experience with biosimilars in clinical practice. 
Objective measurement of disease activity using questionnaires is not yet part of routine 
care in our hospitals and was thus unfortunately not always applied before making the 
decision to discontinue biosimilar therapy. Besides, the novelty of biosimilars could induce 
the nocebo effect in patients (disease worsening due to negative expectations), so disease 
worsening is not necessarily due to a lack of effectiveness. This is a drawback of nondouble-
blinded studies and we believe this is an important cause of finding such high numbers of 
biosimilar discontinuation.  

Another important reason for discontinuation is the occurrence of adverse events (9% of 
the population). Increased fatigue, skin problems and arthralgia were most commonly 
mentioned by patients. These could possibly be switch-related, but also be induced by the 
nocebo effect. There was one patient (0.8% of the cohort) who experienced an infusion 
reaction, which is similar to other studies. Infusion reactions reported in literature were 
6.9% in the PROSIT-BIO study,31 2% in the NOR-SWITCH29 and none in the study by 
Arguëlles-Arias et al. and Smits et al.32,35 

Five patients (3.8%) discontinued biosimilar therapy because they experienced deep 
sustained remission and met the STOP criteria.14 Several studies showed that most patients 
who discontinue anti-TNFα therapy while  in deep sustained remission continue to be in 
remission,26,36,37 especially when patients have undetectable IFX levels before 
discontinuation.37 Three of our five patients who discontinued IFX maintained remission, 
while the other two experienced mild disease worsening. None of the patients restarted IFX 
therapy; four are taking different medication and one is medication-free. 

The number of dropouts in our study is higher than usually reported in literature. In the 
NOR-SWITCH study, the only randomized double-blind trial available, 1.2% of patients 
discontinued biosimilar therapy due to lack of effectiveness and 3.0% due to adverse events 
within the first 12 months.29 However, the double-blind setup of the NOR-SWITCH study 
excludes possible bias caused by the nocebo effect. In our study both patient and 
gastroenterologist knew about the switch from innovator Remicade to biosimilar Inflectra. 
This could explain the higher drop-out rate in our study. Moreover, all patients included in 
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the NOR-SWITCH study were in remission at the start of the study, while only 84% of our 
patients had no/mild disease activity. Several other switch-studies report similar numbers of 
patients who discontinue biosimilar treatment to the NOR-SWITCH study,31,32,35,38 though it 
has to be noted that the duration of all these studies was shorter than twelve months. 
However, there are also several switch-studies which reported similar numbers of patients 
that discontinued biosimilar therapy as our study.39,40 These switch studies were performed 
in real-life cohorts and reported that a significant amount of patients discontinued due to 
elective withdrawal or subjective disease worsening. 

In conclusion, we found no differences in drug levels and disease activity between infliximab 
biosimilar and innovator in our IBD cohort, indicating that the biosimilar is safe and 
effective. A relatively high proportion of patients discontinued biosimilar therapy within the 
first year, but this is probably due to the non-blinded setup of our study and the fact that a 
real life cohort was monitored rather than a well-defined and pre-selected population, 
which induces the nocebo effect. Switching to biosimilar and performing TDM as part of 
routine care can optimize IFX therapy efficiently and make it more cost-effective. 

 

 

I would like to thank Mira van den Broek and Dorine Biermann for performing all the 
infliximab and ATI measurements. 
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Background 
Applying therapeutic drug monitoring (TDM) as an objective tool to monitor the switch from 
infliximab (IFX) innovator to biosimilar in our diverse rheumatic cohort in daily clinical 
practice. 

Methods 
All rheumatic patients on IFX treatment (Remicade) and ≥18 years were switched to 
biosimilar (Inflectra) as part of routine care, but in a controlled setting. Patients were 
monitored by taking blood samples just before the first infusion of IFX biosimilar (T1), and 
after the second (T2), fourth (T3) and seventh (T4) infusion of biosimilar. T4 reflects the 
patients’ status after ± 12 months. IFX trough levels, antibodies-to-infliximab (ATI), C-
reactive protein (CRP), erythrocyte sedimentation rate (ESR) and validated disease activity 
scores (if possible) were measured.  

Results 
Our population consisted of 27 patients with 7 different rheumatic diseases who had 
received IFX innovator for 143 (58-161) months (median (IQR)). Half of the patients (52%) 
received concomitant immunosuppressives. We found widely varying IFX levels, with only 
56% within the proposed therapeutic range of 1-5 μg/mL. One patient had very high ATI 
levels (> 880 au/mL) and two had low ATI levels (≤ 30 au/mL). After switching to IFX 
biosimilar, 7 patients (26%) discontinued the therapy, partially due to subjective reasons. No 
difference in IFX levels, CRP levels and disease activity scores was found between the four 
time points (p ≥ 0.2460). 

Conclusions 
No pharmacokinetic or clinical differences were found between IFX innovator and biosimilar 
in our diverse rheumatic cohort. TDM is a helpful tool to monitor patients switching from 
IFX innovator to biosimilar.  
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Infliximab (IFX), a therapeutic antibody against tumor necrosis factor alpha (TNFα), has been 
successfully used to treat patients suffering from inflammatory disorders for many years. It 
is very effective in those who did not respond well to conventional immunosuppressive 
medication. Although the majority of patients does well on IFX therapy, non-response or 
loss of response is common.1 This can be due to different reasons, e.g. the formation of 
antibodies-to-infliximab (ATI), inadequate dosing or pharmacodynamic problems. Moreover, 
IFX therapy is expensive and thus a burden on healthcare costs.  

In February 2015, the patent of IFX innovator (Remicade) expired and much cheaper IFX 
biosimilars (CTP-13, brand names Inflectra and Remsima) entered the market. Registration 
studies in rheumatic populations showed comparable pharmacokinetics, efficacy, safety and 
immunogenicity for IFX innovator and biosimilar, both on short- and long-term.2-7 However, 
data from daily, more diverse clinical practice is still scarce.  

Therapeutic drug monitoring (TDM) is widely advocated in literature to optimize IFX 
therapy, and can serve as an objective tool to monitor patients who are switched from IFX 
innovator to biosimilar.8 In many hospitals, including ours, this is not yet routine practice 
though. In this study, we used TDM of IFX to monitor the switch of IFX innovator to 
biosimilar in our diverse rheumatic cohort to register their clinical performance.  

 

All patients from the Department of Rheumatology of Máxima Medical Center on Remicade 
treatment and ≥18 years were included. The switch to biosimilar Inflectra was introduced as 
part of routine care. All patients agreed to this change in treatment after being informed by 
their rheumatologist. The switch was done in a controlled setting: blood samples were taken 
just before the first infusion (just before switch; T1), and after the second (just after switch; 
T2), fourth (±6 months after switch; T3) and seventh (±12 months after switch; T4) infusion 
of Inflectra. IFX trough levels, ATI, C-reactive protein (CRP), erythrocyte sedimentation rate 
(ESR) and validated disease activity scores (if possible) were measured at these time points.  

IFX levels were measured using an Infliximab ELISA kit (apDia, Turnhout, Belgium), which 
was implemented on an automated ELISA processor in our lab.9 When a patient’s IFX 
concentration was <0.5 μg/mL, ATI were determined by the in-house ELISA of Sanquin 
Diagnostics (Amsterdam, the Netherlands).10  
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The first measurement (T1) was immediately before switching to IFX biosimilar and reflected 
the patients’ status at IFX innovator therapy. IFX levels ranged from very low to very high 
(see Figure 4.1, black columns). Three patients had IFX levels >12 μg/mL (upper limit of the 
assay). Five patients had IFX concentrations <0.5 μg/mL, of which one patient had very high 
ATI (>880 au/mL), two had low ATI levels (≤30 au/mL) and two had no detectable ATI. IFX 
therapy was immediately discontinued for the patient with very high ATI. Therapy was 
continued for the two patients with low ATI levels, since it was shown that these can be 
transient and thus not necessarily have negative influence on the therapy.11,12 

Figure 4.1: Infliximab levels of our rheumatic cohort on infliximab innovator (“I”, T1, black) and after 
switching to infliximab biosimilar (“B”, T2-T4, grey). The proposed therapeutic range (1-5 μg/mL) is 
depicted with the grey rectangle. Antibody’s to infliximab (ATI) are depicted with stars above the 
columns; a big star indicates high ATI levels, small stars indicate low ATI levels. 

Disease activity was monitored by measuring CRP and ESR and calculation of disease activity 
scores. CRP or ESR levels were elevated for nine patients (six patients had both elevated). A 
slight negative correlation of CRP with IFX levels could be observed, but this was not the 
case for ESR and IFX levels. DAS28 scores were calculated for fourteen patients, ASDAS 
scores for five patients. Median DAS28 and ASDAS values were 2.6 and 1.8, respectively. No 
correlation between disease activity scores and IFX levels could be observed, but there was 
association between disease activity scores and CRP and ESR levels.  

After switching to IFX biosimilar, patients were monitored three times during the first year. 
The therapy was discontinued by seven patients (26%), which happened mostly during the 
first six months after switching. Characteristics of these patients can be found in Table 4.2. 
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For rheumatoid arthritis patients, DAS28 scores were calculated using the ESR value, the 
visual analogue scale and the swollenness/tenderness of 28 joints. For ankylosing spondylitis 
patients, ASDAS scores were calculated using the amount of back pain, duration of morning 
stiffness, peripheral pain/swelling, the patient’s global health and CRP value.  

Infliximab, CRP, ESR levels and disease activity scores were compared between the different 
time points using non-parametric Friedman analysis, the Wilcoxon signed rank test and the 
Wilcoxon Mann-Whitney test. 

 

Our cohort of rheumatic patients receiving IFX innovator consisted of 27 patients. All were 
switched to the biosimilar as part of routine care. Our population suffered from different 
rheumatic diseases and had been using IFX innovator for many years. Half of the patients 
received immunosuppressives (see Table 4.1).  

 
Table 4.1: Demographics of our rheumatic cohort. Data are represented as [number (percentage)] or 
[median (interquartile range)]. 
Sex [n (%)]   

Male 10 (37%) 
Female 17 (63%) 

Age (years) 60 (48-68) 
Indication [n (%)]   

rheumatoid arthritis (RA) 14 (52%) 
psoriatic arthritis (PsA) 5 (19%) 
ankylosing spondylitis (AS) 4 (15%) 
spondylo artritis (SpA) 1 (3.7%) 
psoriasis (PsO) 1 (3.7%) 
polyarthritis with ulcerative colitis 1 (3.7%) 
periferal artritis with ulcerative colitis 1 (3.7%) 

IFX dose (mg) 300 (300-400) 
Interval (weeks) 7 (6-8) 
Immunosuppressive comedication   

Methotrexate 13 (48%) 
Azathioprine 1 (3.7%) 

Duration IFX therapy (months) 143 (58-161) 
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The first measurement (T1) was immediately before switching to IFX biosimilar and reflected 
the patients’ status at IFX innovator therapy. IFX levels ranged from very low to very high 
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therapy was immediately discontinued for the patient with very high ATI. Therapy was 
continued for the two patients with low ATI levels, since it was shown that these can be 
transient and thus not necessarily have negative influence on the therapy.11,12 

Figure 4.1: Infliximab levels of our rheumatic cohort on infliximab innovator (“I”, T1, black) and after 
switching to infliximab biosimilar (“B”, T2-T4, grey). The proposed therapeutic range (1-5 μg/mL) is 
depicted with the grey rectangle. Antibody’s to infliximab (ATI) are depicted with stars above the 
columns; a big star indicates high ATI levels, small stars indicate low ATI levels. 

Disease activity was monitored by measuring CRP and ESR and calculation of disease activity 
scores. CRP or ESR levels were elevated for nine patients (six patients had both elevated). A 
slight negative correlation of CRP with IFX levels could be observed, but this was not the 
case for ESR and IFX levels. DAS28 scores were calculated for fourteen patients, ASDAS 
scores for five patients. Median DAS28 and ASDAS values were 2.6 and 1.8, respectively. No 
correlation between disease activity scores and IFX levels could be observed, but there was 
association between disease activity scores and CRP and ESR levels.  
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The therapy was discontinued by seven patients (26%), which happened mostly during the 
first six months after switching. Characteristics of these patients can be found in Table 4.2. 
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Only one patient had undetectable levels of IFX, while three had IFX levels above the 
therapeutic range. Three patients used immunosuppressive co-medication. Interestingly, 
one of these patients developed high ATI levels. Two patients experienced high disease 
activity after switching to the biosimilar, which indicates lower response to the biosimilar 
than to the innovator, or subjective increase in disease activity. For one of these patients 
this was objectified (DAS28 increased from 2.3 (T1) to 4.5 (T2) to 6.3 at (T3)), but for the 
other patient there was no DAS28 score measured before discontinuation. However, this 
patient had already reported higher disease activity on IFX innovator treatment. One patient 
discontinued IFX biosimilar due to suspected vasculitis. This could be switch related, 
however, this patient had already high drug levels on IFX innovator therapy. In one case, 
hyperventilation occurred during the first infusion of the biosimilar. This could be related to 
the switch but could also a subjective response. In three cases discontinuation was not 
switch-related (2x different disease, 1x high ATI to IFX innovator).  

 
Table 4.2: Characterization of the patients who discontinued biosimilar therapy. 

Disease Co-medication Infliximab 
(μg/mL) 

ATI 
level 

Drop-out switch 
related 

Reason drop-out 

PsA none 1.1 n.a. Possibly related hyperventilation 
PsA none 1.7 n.a. Not related different disease 
PsA methotrexate > 12 n.a. Possibly related suspected vasculitis 
RA methotrexate 1.0 n.a. Not related different disease 
RA none 6.4 n.a. Probably related higher disease activity (DAS28 

increased from 2.3 to 6.3) 
PsO methotrexate < 0.5 >880 Not related high ATI level 
SpA none > 12 n.a. Not related higher disease activity, but not in 

remission with Remicade either 
 

Infliximab levels before switching (T1) were no predictor of subsequent failure of switching. 
The median IFX level of patients who continued biosimilar therapy (2.0 μg/mL, IQR 1.3 – 2.9) 
was not different from patients who discontinued biosimilar therapy (1.4 μg/mL, IQR 1.1 – 
10) (p = 0.1819). ATI levels were also no predictor of switch failure, both patients with low 
ATI levels at T1 successfully continued biosimilar therapy. 

IFX levels were very constant for some patients, while they varied between the four time 
points for others (see Figure 4.1). Median IFX levels were not statistically significantly 
different at the four time points (p = 0.3487, see Figure 4.2). One patient with low ATI at T1 
had also continuously low ATI levels after switching to the biosimilar. The other patient with 
low ATI at T1 had a prolonged dosing interval at T1; after switching to the biosimilar, drug 
levels increased to > 0.5 μg/mL (see patient 4 in Figure 4.1). None of the patients developed 
ATI after switching to the biosimilar. CRP and disease activity scores were not significantly 
different at the four time points (DAS28: p = 0.4779, ASDAS: p = 0.3916, CRP: p = 0.2460, see 
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Figure 4.2). It has to be noted that there were very few data points for the ASDAS scores 
though. ESR levels were significantly higher at T3 than at T1 (p = 0.0056) and T2 (p = 0.0077), 
although median ESR levels did not show much variation (see Figure 4.2). Disease activity 
scores, CRP and ESR did not correlate with IFX levels. However, both CRP and ESR were 
associated with disease activity scores: patients with elevated CRP or ESR had higher disease 
activity scores than patients with normal CRP or ESR (p ≤ 0.0173, except for ESR versus 
ASDAS, for which p = 0.0593). 

 

 

Figure 4.2: Infliximab concentrations, DAS28 scores, ASDAS scores, CRP and ESR values on IFX 
innovator (T1, black) and after switching to IFX biosimilar (T2-T4, grey). Boxplots show the median 
values, interquartile range and total range. 
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In this study, therapeutic drug monitoring (TDM) was used as a tool to monitor patients who 
were switched from infliximab innovator to biosimilar. Despite (empiric) optimization of IFX 
therapy by our rheumatologists, we found a broad range of IFX concentrations, ranging from 
very high to very low. In literature, a therapeutic range between 1-5 μg/mL has been 
suggested.13 Only 56% (15 patients) in our cohort had IFX levels within this range. Also, one 
patient with very high ATI and two patients with low ATI were identified. This shows that 
TDM can aid to further optimize IFX therapy, also in patients who seem clinically stable and 
have received IFX for a long time. When patients have higher disease activity, TDM aids to 
optimize therapy efficiently. Patients with low IFX levels (< 1 μg/mL) and no or low ATI levels 
could receive dose escalation to achieve therapeutic levels, while patients with high ATI 
levels should be switched to a different anti-TNFα drug. Patients with high IFX levels (> 5 
μg/mL) could be switched to a different drug. If patients feel well while they have high IFX 
levels, they could receive dose reduction, since this reduces costs while clinical efficacy is 
maintained.14-16 Complete discontinuation of anti-TNFα therapy while maintaining remission 
is possible for some, but not for all patients.17-19  

Upon switching to IFX biosimilar, no significant differences in drug levels and disease activity 
scores were observed. This is in accordance with recent literature. However, one-quarter of 
our patients discontinued biosimilar therapy during the first year after switching. This 
happened mostly during the first six months after switching. These numbers are similar to 
those reported in literature.18-20 All switch studies we found reported that discontinuation of 
biosimilar therapy was partly due to subjective reasons, which could be due to the “nocebo 
effect” (disease worsening due to negative expectations). In our study, this was probably 
the case for one or two patients, which is not as much as reported in other studies. The 
nocebo effect could be reduced by routinely performing TDM and measurement of disease 
activity scores can serve as an objective tool to diminish this effect.  

A noticeable difference between our switch study and those reported in literature20-23 is 
that we had very few patients with ATI. This could be due to the fact that our population 
was receiving IFX innovator for the longest time, leading to a selection bias in favor of 
pharmacologically stable patients.  

In conclusion, we found that TDM is a helpful tool to monitor patients switching from 
innovator infliximab to biosimilars and we believe thus that TDM should always guide dosing 
of IFX therapy. No differences in drug levels and disease activity scores were observed 
between IFX innovator and biosimilar in our small but diverse cohort of patients with 
rheumatic diseases. Switching to biosimilar and performing TDM can make IFX therapy 
much more cost-effective. 
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infliximab and ATI measurements. 

 

1. The frequency of anti-infliximab antibodies in patients with rheumatoid arthritis treated in routine 
care and the associations with adverse drug reactions and treatment failure. Rheumatol Oxf Engl. 
2013 Jul;52(7):1245–53.  

2. Park W, Hrycaj P, Jeka S, Kovalenko V, Lysenko G, Miranda P, et al. A randomised, double-blind, 
multicentre, parallel-group, prospective study comparing the pharmacokinetics, safety, and efficacy of 
CT-P13 and innovator infliximab in patients with ankylosing spondylitis: the PLANETAS study. Ann 
Rheum Dis. 2013 Oct;72(10):1605–12.  

3. Yoo DH, Hrycaj P, Miranda P, Ramiterre E, Piotrowski M, Shevchuk S, et al. A randomised, double-
blind, parallel-group study to demonstrate equivalence in efficacy and safety of CT-P13 compared 
with innovator infliximab when coadministered with methotrexate in patients with active rheumatoid 
arthritis: the PLANETRA study. Ann Rheum Dis. 2013 Oct;72(10):1613–20.  

4. Park W, Lee SJ, Yun J, Yoo DH. Comparison of the pharmacokinetics and safety of three formulations 
of infliximab (CT-P13, EU-approved reference infliximab and the US-licensed reference infliximab) in 
healthy subjects: a randomized, double-blind, three-arm, parallel-group, single-dose, Phase I study. 
Expert Rev Clin Immunol. 2015;11 Suppl 1:S25-31.  

5. Yoo DH, Racewicz A, Brzezicki J, Yatsyshyn R, Arteaga ET, Baranauskaite A, et al. A phase III 
randomized study to evaluate the efficacy and safety of CT-P13 compared with reference infliximab in 
patients with active rheumatoid arthritis: 54-week results from the PLANETRA study. Arthritis Res 
Ther. 2015;18:82.  

6. Park W, Yoo DH, Miranda P, Brzosko M, Wiland P, Gutierrez-Ureña S, et al. Efficacy and safety of 
switching from reference infliximab to CT-P13 compared with maintenance of CT-P13 in ankylosing 
spondylitis: 102-week data from the PLANETAS extension study. Ann Rheum Dis. 2016 Apr 26;  

7. Yoo DH, Prodanovic N, Jaworski J, Miranda P, Ramiterre E, Lanzon A, et al. Efficacy and safety of CT-
P13 (biosimilar infliximab) in patients with rheumatoid arthritis: comparison between switching from 
reference infliximab to CT-P13 and continuing CT-P13 in the PLANETRA extension study. Ann Rheum 
Dis. 2016 Apr 29;  

8. Gils A. Combining Therapeutic Drug Monitoring with Biosimilars, a Strategy to Improve the Efficacy of 
Biologicals for Treating Inflammatory Bowel Diseases at an Affordable Cost. Dig Dis Basel Switz. 
2017;35(1–2):61–8.  

9. Schmitz EMH, van de Kerkhof D, Hamann D, van Dongen JLJ, Kuijper PHM, Brunsveld L, et al. 
Therapeutic drug monitoring of infliximab: performance evaluation of three commercial ELISA kits. 
Clin Chem Lab Med CCLM FESCC. 2015 Nov 20;  

10. Wolbink GJ, Vis M, Lems W, Voskuyl AE, de Groot E, Nurmohamed MT, et al. Development of 
antiinfliximab antibodies and relationship to clinical response in patients with rheumatoid arthritis. 
Arthritis Rheum. 2006 Mar;54(3):711–5.  

11. Vande Casteele N, Gils A, Singh S, Ohrmund L, Hauenstein S, Rutgeerts P, et al. Antibody response to 
infliximab and its impact on pharmacokinetics can be transient. Am J Gastroenterol. 2013 
Jun;108(6):962–71.  

12. Ungar B, Chowers Y, Yavzori M, Picard O, Fudim E, Har-Noy O, et al. The temporal evolution of 
antidrug antibodies in patients with inflammatory bowel disease treated with infliximab. Gut. 2014 
Aug;63(8):1258–64.  

13. Wolbink GJ, Voskuyl AE, Lems WF, de Groot E, Nurmohamed MT, Tak PP, et al. Relationship between 
serum trough infliximab levels, pretreatment C reactive protein levels, and clinical response to 
infliximab treatment in patients with rheumatoid arthritis. Ann Rheum Dis. 2005 May;64(5):704–7.  



4

66 
 

In this study, therapeutic drug monitoring (TDM) was used as a tool to monitor patients who 
were switched from infliximab innovator to biosimilar. Despite (empiric) optimization of IFX 
therapy by our rheumatologists, we found a broad range of IFX concentrations, ranging from 
very high to very low. In literature, a therapeutic range between 1-5 μg/mL has been 
suggested.13 Only 56% (15 patients) in our cohort had IFX levels within this range. Also, one 
patient with very high ATI and two patients with low ATI were identified. This shows that 
TDM can aid to further optimize IFX therapy, also in patients who seem clinically stable and 
have received IFX for a long time. When patients have higher disease activity, TDM aids to 
optimize therapy efficiently. Patients with low IFX levels (< 1 μg/mL) and no or low ATI levels 
could receive dose escalation to achieve therapeutic levels, while patients with high ATI 
levels should be switched to a different anti-TNFα drug. Patients with high IFX levels (> 5 
μg/mL) could be switched to a different drug. If patients feel well while they have high IFX 
levels, they could receive dose reduction, since this reduces costs while clinical efficacy is 
maintained.14-16 Complete discontinuation of anti-TNFα therapy while maintaining remission 
is possible for some, but not for all patients.17-19  

Upon switching to IFX biosimilar, no significant differences in drug levels and disease activity 
scores were observed. This is in accordance with recent literature. However, one-quarter of 
our patients discontinued biosimilar therapy during the first year after switching. This 
happened mostly during the first six months after switching. These numbers are similar to 
those reported in literature.18-20 All switch studies we found reported that discontinuation of 
biosimilar therapy was partly due to subjective reasons, which could be due to the “nocebo 
effect” (disease worsening due to negative expectations). In our study, this was probably 
the case for one or two patients, which is not as much as reported in other studies. The 
nocebo effect could be reduced by routinely performing TDM and measurement of disease 
activity scores can serve as an objective tool to diminish this effect.  

A noticeable difference between our switch study and those reported in literature20-23 is 
that we had very few patients with ATI. This could be due to the fact that our population 
was receiving IFX innovator for the longest time, leading to a selection bias in favor of 
pharmacologically stable patients.  

In conclusion, we found that TDM is a helpful tool to monitor patients switching from 
innovator infliximab to biosimilars and we believe thus that TDM should always guide dosing 
of IFX therapy. No differences in drug levels and disease activity scores were observed 
between IFX innovator and biosimilar in our small but diverse cohort of patients with 
rheumatic diseases. Switching to biosimilar and performing TDM can make IFX therapy 
much more cost-effective. 

67 
 

I would like to thank Mira van den Broek and Dorine Biermann for performing all the 
infliximab and ATI measurements. 

 

1. The frequency of anti-infliximab antibodies in patients with rheumatoid arthritis treated in routine 
care and the associations with adverse drug reactions and treatment failure. Rheumatol Oxf Engl. 
2013 Jul;52(7):1245–53.  

2. Park W, Hrycaj P, Jeka S, Kovalenko V, Lysenko G, Miranda P, et al. A randomised, double-blind, 
multicentre, parallel-group, prospective study comparing the pharmacokinetics, safety, and efficacy of 
CT-P13 and innovator infliximab in patients with ankylosing spondylitis: the PLANETAS study. Ann 
Rheum Dis. 2013 Oct;72(10):1605–12.  

3. Yoo DH, Hrycaj P, Miranda P, Ramiterre E, Piotrowski M, Shevchuk S, et al. A randomised, double-
blind, parallel-group study to demonstrate equivalence in efficacy and safety of CT-P13 compared 
with innovator infliximab when coadministered with methotrexate in patients with active rheumatoid 
arthritis: the PLANETRA study. Ann Rheum Dis. 2013 Oct;72(10):1613–20.  

4. Park W, Lee SJ, Yun J, Yoo DH. Comparison of the pharmacokinetics and safety of three formulations 
of infliximab (CT-P13, EU-approved reference infliximab and the US-licensed reference infliximab) in 
healthy subjects: a randomized, double-blind, three-arm, parallel-group, single-dose, Phase I study. 
Expert Rev Clin Immunol. 2015;11 Suppl 1:S25-31.  

5. Yoo DH, Racewicz A, Brzezicki J, Yatsyshyn R, Arteaga ET, Baranauskaite A, et al. A phase III 
randomized study to evaluate the efficacy and safety of CT-P13 compared with reference infliximab in 
patients with active rheumatoid arthritis: 54-week results from the PLANETRA study. Arthritis Res 
Ther. 2015;18:82.  

6. Park W, Yoo DH, Miranda P, Brzosko M, Wiland P, Gutierrez-Ureña S, et al. Efficacy and safety of 
switching from reference infliximab to CT-P13 compared with maintenance of CT-P13 in ankylosing 
spondylitis: 102-week data from the PLANETAS extension study. Ann Rheum Dis. 2016 Apr 26;  

7. Yoo DH, Prodanovic N, Jaworski J, Miranda P, Ramiterre E, Lanzon A, et al. Efficacy and safety of CT-
P13 (biosimilar infliximab) in patients with rheumatoid arthritis: comparison between switching from 
reference infliximab to CT-P13 and continuing CT-P13 in the PLANETRA extension study. Ann Rheum 
Dis. 2016 Apr 29;  

8. Gils A. Combining Therapeutic Drug Monitoring with Biosimilars, a Strategy to Improve the Efficacy of 
Biologicals for Treating Inflammatory Bowel Diseases at an Affordable Cost. Dig Dis Basel Switz. 
2017;35(1–2):61–8.  

9. Schmitz EMH, van de Kerkhof D, Hamann D, van Dongen JLJ, Kuijper PHM, Brunsveld L, et al. 
Therapeutic drug monitoring of infliximab: performance evaluation of three commercial ELISA kits. 
Clin Chem Lab Med CCLM FESCC. 2015 Nov 20;  

10. Wolbink GJ, Vis M, Lems W, Voskuyl AE, de Groot E, Nurmohamed MT, et al. Development of 
antiinfliximab antibodies and relationship to clinical response in patients with rheumatoid arthritis. 
Arthritis Rheum. 2006 Mar;54(3):711–5.  

11. Vande Casteele N, Gils A, Singh S, Ohrmund L, Hauenstein S, Rutgeerts P, et al. Antibody response to 
infliximab and its impact on pharmacokinetics can be transient. Am J Gastroenterol. 2013 
Jun;108(6):962–71.  

12. Ungar B, Chowers Y, Yavzori M, Picard O, Fudim E, Har-Noy O, et al. The temporal evolution of 
antidrug antibodies in patients with inflammatory bowel disease treated with infliximab. Gut. 2014 
Aug;63(8):1258–64.  

13. Wolbink GJ, Voskuyl AE, Lems WF, de Groot E, Nurmohamed MT, Tak PP, et al. Relationship between 
serum trough infliximab levels, pretreatment C reactive protein levels, and clinical response to 
infliximab treatment in patients with rheumatoid arthritis. Ann Rheum Dis. 2005 May;64(5):704–7.  



68 
 

14. Baraliakos X, Heldmann F, van den Bosch F, Burmester G, Gaston H, van der Horst-Bruinsma IE, et al. 
Long-term efficiency of infliximab in patients with ankylosing spondylitis: real life data confirm the 
potential for dose reduction. RMD Open. 2016;2(2):e000272.  

15. Plasencia C, Kneepkens EL, Wolbink G, Krieckaert CLM, Turk S, Navarro-Compán V, et al. Comparing 
Tapering Strategy to Standard Dosing Regimen of Tumor Necrosis Factor Inhibitors in Patients with 
Spondyloarthritis in Low Disease Activity. J Rheumatol. 2015 Sep;42(9):1638–46.  

16. Pascual-Salcedo D, Plasencia C, Jurado T, Valle LG del, Sabina P, Diego C, et al. Dose-Tapering Of TNF 
Inhibitors in Daily Rheumatology Practice Enables the Maintenance of Clinical Efficacy While 
Improving Cost-Effectiveness. J Pharmacovigil [Internet]. 2015 Aug 5 [cited 2017 Apr 12]; Available 
from: https://www.esciencecentral.org/journals/dosetapering-of-tnf-inhibitors-in-daily-
rheumatology-practice-enables-the-maintenance-of-clinical-efficacy-while-improving-
costeffectiveness-2329-6887-1000172.php?aid=58635 

17. Ghiti Moghadam M, Vonkeman HE, Ten Klooster PM, Tekstra J, van Schaardenburg D, Starmans-Kool 
M, et al. Stopping Tumor Necrosis Factor Inhibitor Treatment in Patients With Established 
Rheumatoid Arthritis in Remission or With Stable Low Disease Activity: A Pragmatic Multicenter, 
Open-Label Randomized Controlled Trial. Arthritis Rheumatol Hoboken NJ. 2016 Aug;68(8):1810–7.  

18. Tanaka Y, Takeuchi T, Mimori T, Saito K, Nawata M, Kameda H, et al. Discontinuation of infliximab 
after attaining low disease activity in patients with rheumatoid arthritis: RRR (remission induction by 
Remicade in RA) study. Ann Rheum Dis. 2010 Apr 1;69(7):1286–91.  

19. den Broeder AA, van Herwaarden N, van der Maas A, van den Hoogen FHJ, Bijlsma JW, van 
Vollenhoven RF, et al. Dose REduction strategy of subcutaneous TNF inhibitors in rheumatoid arthritis: 
design of a pragmatic randomised non inferiority trial, the DRESS study. BMC Musculoskelet Disord. 
2013 Oct 24;14:299.  

20. Nikiphorou E, Kautiainen H, Hannonen P, Asikainen J, Kokko A, Rannio T, et al. Clinical effectiveness of 
CT-P13 (Infliximab biosimilar) used as a switch from Remicade (infliximab) in patients with established 
rheumatic disease. Report of clinical experience based on prospective observational data. Expert Opin 
Biol Ther. 2015 Nov 7;0(0):1–7.  

21. Gentileschi S, Barreca C, Bellisai F, Biasi G, Brizi MG, Stefano RD, et al. Switch from infliximab to 
infliximab biosimilar: efficacy and safety in a cohort of patients with different rheumatic diseases. 
Expert Opin Biol Ther. 2016 Oct 2;16(10):1311–2.  

22. Tweehuysen L, van den Bemt B.J.F., van Ingen I.L., de Jong A.J.L., van der Laan W.H., van den Hoogen 
F.H.J., den Broeder A.A. Clinical and Immunogenicity Outcomes after Switching Treatment from 
Innovator Infliximab to Biosimilar Infliximab in Rheumatic Diseases in Daily Clinical Practice [Internet]. 
ACR Meeting Abstracts. [cited 2017 Feb 16]. Available from: http://acrabstracts.org/abstract/clinical-
and-immunogenicity-outcomes-after-switching-treatment-from-innovator-infliximab-to-biosimilar-
infliximab-in-rheumatic-diseases-in-daily-clinical-practice/ 

23. Benucci M, Gobbi FL, Bandinelli F, Damiani A, Infantino M, Grossi V, et al. Safety, efficacy and 
immunogenicity of switching from innovator to biosimilar infliximab in patients with 
spondyloarthritis: a 6-month real-life observational study. Immunol Res. 2016 Jul 23;  

  

69 
 

  



68 
 

14. Baraliakos X, Heldmann F, van den Bosch F, Burmester G, Gaston H, van der Horst-Bruinsma IE, et al. 
Long-term efficiency of infliximab in patients with ankylosing spondylitis: real life data confirm the 
potential for dose reduction. RMD Open. 2016;2(2):e000272.  

15. Plasencia C, Kneepkens EL, Wolbink G, Krieckaert CLM, Turk S, Navarro-Compán V, et al. Comparing 
Tapering Strategy to Standard Dosing Regimen of Tumor Necrosis Factor Inhibitors in Patients with 
Spondyloarthritis in Low Disease Activity. J Rheumatol. 2015 Sep;42(9):1638–46.  

16. Pascual-Salcedo D, Plasencia C, Jurado T, Valle LG del, Sabina P, Diego C, et al. Dose-Tapering Of TNF 
Inhibitors in Daily Rheumatology Practice Enables the Maintenance of Clinical Efficacy While 
Improving Cost-Effectiveness. J Pharmacovigil [Internet]. 2015 Aug 5 [cited 2017 Apr 12]; Available 
from: https://www.esciencecentral.org/journals/dosetapering-of-tnf-inhibitors-in-daily-
rheumatology-practice-enables-the-maintenance-of-clinical-efficacy-while-improving-
costeffectiveness-2329-6887-1000172.php?aid=58635 

17. Ghiti Moghadam M, Vonkeman HE, Ten Klooster PM, Tekstra J, van Schaardenburg D, Starmans-Kool 
M, et al. Stopping Tumor Necrosis Factor Inhibitor Treatment in Patients With Established 
Rheumatoid Arthritis in Remission or With Stable Low Disease Activity: A Pragmatic Multicenter, 
Open-Label Randomized Controlled Trial. Arthritis Rheumatol Hoboken NJ. 2016 Aug;68(8):1810–7.  

18. Tanaka Y, Takeuchi T, Mimori T, Saito K, Nawata M, Kameda H, et al. Discontinuation of infliximab 
after attaining low disease activity in patients with rheumatoid arthritis: RRR (remission induction by 
Remicade in RA) study. Ann Rheum Dis. 2010 Apr 1;69(7):1286–91.  

19. den Broeder AA, van Herwaarden N, van der Maas A, van den Hoogen FHJ, Bijlsma JW, van 
Vollenhoven RF, et al. Dose REduction strategy of subcutaneous TNF inhibitors in rheumatoid arthritis: 
design of a pragmatic randomised non inferiority trial, the DRESS study. BMC Musculoskelet Disord. 
2013 Oct 24;14:299.  

20. Nikiphorou E, Kautiainen H, Hannonen P, Asikainen J, Kokko A, Rannio T, et al. Clinical effectiveness of 
CT-P13 (Infliximab biosimilar) used as a switch from Remicade (infliximab) in patients with established 
rheumatic disease. Report of clinical experience based on prospective observational data. Expert Opin 
Biol Ther. 2015 Nov 7;0(0):1–7.  

21. Gentileschi S, Barreca C, Bellisai F, Biasi G, Brizi MG, Stefano RD, et al. Switch from infliximab to 
infliximab biosimilar: efficacy and safety in a cohort of patients with different rheumatic diseases. 
Expert Opin Biol Ther. 2016 Oct 2;16(10):1311–2.  

22. Tweehuysen L, van den Bemt B.J.F., van Ingen I.L., de Jong A.J.L., van der Laan W.H., van den Hoogen 
F.H.J., den Broeder A.A. Clinical and Immunogenicity Outcomes after Switching Treatment from 
Innovator Infliximab to Biosimilar Infliximab in Rheumatic Diseases in Daily Clinical Practice [Internet]. 
ACR Meeting Abstracts. [cited 2017 Feb 16]. Available from: http://acrabstracts.org/abstract/clinical-
and-immunogenicity-outcomes-after-switching-treatment-from-innovator-infliximab-to-biosimilar-
infliximab-in-rheumatic-diseases-in-daily-clinical-practice/ 

23. Benucci M, Gobbi FL, Bandinelli F, Damiani A, Infantino M, Grossi V, et al. Safety, efficacy and 
immunogenicity of switching from innovator to biosimilar infliximab in patients with 
spondyloarthritis: a 6-month real-life observational study. Immunol Res. 2016 Jul 23;  

  

69 
 

  



70 
 

 

71 
 

  



70 
 

 

71 
 

  



72 
 

Background 
The amount of therapeutic proteins directed to the same target, e.g. tumor necrosis factor 
alpha (TNFα), is vastly increasing. Quantification with ELISAs requires the use of different 
assays for each therapeutic protein, also those directed to the same targets (e.g. infliximab 
and adalimumab). Therefore, two novel assays for quantification of anti-TNFα proteins were 
developed and analyzed to determine their suitability for clinical use. 

Methods 
Two assays were explored for quantification of infliximab (IFX), an anti-TNFα antibody. The 
first assay was based on size-exclusion chromatography (SEC). For this, fluorescently labeled 
TNFα was added to plasma containing IFX, after which the immune complexes were 
separated from unbound TNFα using SEC. The second assay was a competitive 
immunoassay. For this, biotin-labeled TNFα was coated to a streptavidin coated micro 
columns, after which fluorescently labeled IFX and unlabeled IFX were added.  

Results 
The SEC assay using the Yarra SEC-3000 column (Phenomenex) could separate all 
compounds well and quickly. However, the assay was not reproducible due to column 
degeneration and thus not suitable for repeated analysis. For the competitive immunoassay, 
TNFα bound well to the micro columns and IFX bound well to TNFα, but elution proved to 
be difficult and reproducibility and sensitivity were limited. 

Conclusions 
Both the SEC assay and the competitive immunoassay were easy to execute and showed 
potential promise for quantification of all anti-TNFα proteins. However, assay optimization 
should be done to make them suitable for quantitative high-throughput analysis. 
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Antibodies, or parts of antibodies,1 have emerges as good therapeutics because of their high 
specificity and binding affinity for their target antigens. They also have good 
pharmacokinetic stability in the body, with half-lives ranging from 1-3 weeks for different 
therapeutic proteins.2,3 Currently, already 98 therapeutic antibodies are approved and 
marketed for therapeutic use, and several hundreds are being tested in clinical trials.1 These 
therapeutics are not all directed to different targets. At the moment, there are five different 
therapeutic proteins that bind to tumor necrosis factor α (TNFα): infliximab, adalimumab, 
golimumab, etanercept and certolizumab pegol. Moreover, the patents of infliximab, 
adalimumab and etanercept have currently expired and biosimilars of these drugs are 
entering the market, increasing the amount of anti-TNFα proteins even further.  

Traditionally, proteins are measured with immunoassays. Sandwich ELISAs (enzyme-linked 
immunosorbent assays) are regarded to be the best because they are most sensitive and 
robust.4,5 These assays use an enzyme-labeled antibody directed specifically against the 
therapeutic protein of interest. Different ELISAs are thus needed for measurement of 
different proteins, which means that five different ELISAs are needed for the five different 
anti-TNFα proteins. This induces extra costs and effort, both during development and 
execution of the assays, and leads to standardization issues.  

To develop and assay with which all anti-TNFα drugs could be measured, the common 
characteristic of these drug could be used: the highly specific binding to TNFα. One 
technique that is suitable for such a general anti-TNFα assay is size-exclusion 
chromatography (SEC). SEC separates molecules based on their hydrodynamic radius using a 
column that contains pores of a well-defined size and that does (ideally) not interact with 
the analytes of interest, for example silica6 or ethylene-bridged hybrid (BEH)7 particles 
functionalized with diols. When TNFα is added to samples containing an anti-TNFα drug, 
large complexes are formed, which can be separated from unbound TNFα using SEC. 
Measurement of the proteins can be done with different detectors, for example UV, 
fluorescence or multi-light scattering detectors.8 SEC is widely used to monitor protein 
aggregation, which may impact the safety and the efficacy of clinical products.9-11 Rispens 
and colleagues showed that SEC could also be used to measure binding affinities of 
therapeutic proteins and their targets.12 Moreover, Wang and colleagues showed that this 
technique has great potential for clinical use, by developing an assay in which fluorescently 
labeled TNFα is added to samples containing infliximab (IFX), after which the IFX-TNFα 
immune complexes were separated from non-bound TNFα using SEC.13  

Another possible format for a general anti-TNFα assay is a competitive immunoassay. A 
competitive immunoassay is based upon the competition of a fixed amount of labeled 
ligand and a variable amount of unlabeled ligand for binding to a limited number of target 
proteins. With increasing concentrations of unlabeled ligand, less labeled ligand can bind to 
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the target protein, leading to a decreased signal. Many competitive immunoassays have 
been developed for clinical use, e.g. for steroid hormones,14,15 vitamins16 and small-
molecule drugs.17 These are all small molecules that are not suitable for classical ELISA 
assays. However, these assays are very simple to perform and are therefore very suitable for 
routine clinical use. The strong antibody-antigen interaction of anti-TNFα proteins and TNFα 
may also suitable for such an assay. Therefore, two different assays were developed and 
analyzed to determine their suitability for infliximab quantification for clinical use: a SEC-
based assay and a competitive immunoassay (see Figure 5.1).  

 
Figure 5.1: Schematic representations of the assays that were explored for infliximab quantification. 
Infliximab is represented in blue, TNFα in orange, Alexa Fluor 488 in red, and biotin in purple. 

 

Before the assays could be developed, TNFα was recombinantly expressed in E.coli and 
purified using Ni-affinity chromatography, based on the methods of Hoffmann et al.18 The 
pET-SUMO-TNFα vector was kindly provided by dr. Pfeiffer.18 The vector was transformed 
into NiCo21(DE3) cells for protein purification and Nova Blue Cells for sequencing. The DNA 
of two Nova Blue colonies was extracted using a QIAprep Spin Miniprep Kit (QIAGEN 
Benelux B.V., Venlo, The Netherlands) following the standard procedure. Sequencing was 
performed by StarSEQ GmbH (Mainz, Germany), which confirmed the presence of the pET-
SUMO-TNFα vector in the E. coli. 
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One NiCo21(DE3) colony was grown in 30 mL Lysogeny Broth (LB-Miller) overnight at 37°C, 
250 rpm. The 30 mL culture was upscaled to a 1.5 L culture using ZYP-505 medium (15 g 
peptone, 7.5 g yeast extract, 2 mM MgSO4, 375 μL 4000x trace metals, 1.5 mL anti-foam 
solution, 30 mL 50x 505, 75 mL 20x NPS and 375 μL 100 mg/mL kanamycin in water) and 
incubated at 37°C, 130 rpm until the OD600 reached a value of 4.3. Then, isopropyl-β-D-
thiogalactopyranoside (IPTG) was added to induce protein expression (final concentration 1 
mM). The cell suspension was incubated overnight at 18°C, 130 rpm, after which the cell 
suspension reached an OD600 of 7.9. The cells were harvested by centrifugation (10,000 g, 10 
min, 4°C) in a Sorvall Evolution Centrifuge with an SLC-300 rotor (Thermo Fisher Scientific, 
Landsmeer, The Netherlands), flash-freezed using liquid nitrogen and stored at -80°C. 

The transformed bacteria were thawed at room temperature and dissolved to a 92 g/L 
concentration in basis buffer (50 mM Na2HPO4, 300 mM NaCl, 10 mM imidazole, 5 mM 
MgCl2 in water, pH 7.55). Then, 200 μL 100x DNAase was added and the bacteria were lysed 
using an EmulsiFlexC3 High Pressure Homogenizer (Avestin) at 15.000 psi for two rounds. 
Cell debris was removed by centrifugation using a Sorvall Evolution Centrifuge with SA300 
rotor (40,000 g, 45 min, 4°C). The supernatant was applied to a Ni-loaded column (His-Bind 
resin, Novagen) which was ran overnight, and subsequently washed using wash buffer (basis 
buffer + 0.1% Triton-X-100) and basis buffer, respectively. The His-SUMO-TNFα was eluted 
using 30 mL elution buffer (1 mM EDTA in PBS, filtered). Cleavage of the His-SUMO tag was 
done by adding the solution to a dialysis membrane (MWCO 3 kDa, Spectra Laboratories), 
together with 1 mM EDTA and 330 μL 2 μg/mL SUMO hydrolase19, and dialyzed against 2L 
dialysis buffer (10 mM imidazole, 50 mM Na2HPO4, 0.3 M NaCl) overnight at 4°C during 
continuous stirring. To remove the His-SUMO tag, the solution was added to a Ni-column. 
The flow-through was collected and the TNFα concentration was measured with a 
Nanodrop ND-1000 UV-VIS spectrometer (Thermo Fisher Scientific) using absorption of 280 
nm light and an extinction coefficient ε of 21555 M-1 in water. To analyze protein content, 
samples from each purification step were loaded on an SDS PAGE gel (4-20% Mini-
PROTEAN® TGX™ Precast Protein Gel, BioRad), and subsequent staining with Coomassie 
Blue G-250 dye. This showed that the His-SUMO-TNFα had eluted with high purity from the 
first Ni-loaded column (see Figure 5.2A, EL 1), but some of the His-SUMO part seemed to be 
present in the flow through (see Figure 5.2A, FT 2) during the second Ni-column.  

To try to further purify the sample, size-exclusion chromatography was performed. Firstly, 
the protein was concentrated using Amicon Ultra-4 Centrifugal Filter units (MWCO 10 kDa, 
Millipore) centrifuged multiple times at 4°C and 4000 rpm using a Sorvall Legend XTR 
centrifuge (Thermo Fisher Scientific). Subsequently, the samples were centrifuged 10 
minutes at 13400 rpm, and filtered using a Pall Acrodisc syringe filter (PALL, 32 mm 0.2 μm 
Supor membrane). The samples were loaded onto a Superdex 75 column (GE Healthcare), 
that was equilibrated with elution buffer (1 mM EDTA in PBS) and connected to an 
ÄKTApurifier with UV detector (GE Healthcare). To analyze which fractions contained TNFα, 
elution fractions A7-B1 were loaded onto an SDS PAGE gel (4-20% Mini-PROTEAN® TGX™ 
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Precast Protein Gel, BioRad) that was run at 200V for 30 minutes. All fractions still contained 
multiple bands, so the fractions with the highest protein concentration (B3-B10, see Figure 
5.2B), were pooled. The protein solution was then concentrated to 7 mg/mL using Amicon 
Ultra-4 Centrifugal Filter units (MWCO 10 kDa, Millipore) and further analyzed to determine  
purity and mass of the synthesized TNFα using liquid chromatography and high-resolution 
mass spectrometry using an Acquity UPLC I class binary solvent manager and Sample 
Manager-FL and a Xevo G2 QToF from Waters (Milford, MA, USA). The five highest peaks in 
the mass spectrum were deconvoluted using MaxEnt1 software, employing a resolution of 
0.1 Da/channel.  

The LC chromatogram did not show any additional compounds besides TNFα (see Figure 5.3, 
left), in contrast to the gel, indicating high sample purity. The deconvoluted mass spectrum 
confirmed the presence of only TNFα monomers (see Figure 5.3, right). In physiologic 
environments, TNFα forms non-covalently linked homotrimers,20,21 but those are broken 
apart due to the denaturing conditions of both SDS PAGE analysis and mass spectrometry. A 
final yield of 70 mg TNFα was obtained (47 mg/L culture), which was determined by 280 nm 
light absorption with the Nanodrop ND-1000 UV-VIS spectrometer. 

 

 

Figure 5.2: Purification of recombinantly expressed TNFα. (A) SDS-PAGE gel showing the purification 
process of His-SUMO-TNFα, using a Ni-column. (B) SDS-PAGE gels showing different fractions (B3-
B10) collected during the purification process of TNFα using size-exclusion chromatography. 
Molecular mass His-SUMO-TNFα = 31 kDa, TNFα = 17.4 kDa, molecular mass His-SUMO tag = 13.5 
kDa (but typically runs slowly). Molecular masses represented by the ladders are in kDa. WCL= whole 
cell lysate, SN = supernatant, FT1 = flow through of the first Ni-column, W+T = wash with Triton, W-T 
= wash without Triton, EL1 = elution of the first Ni-column, Hlase = sample with SUMO hydrolase 
added, FT2 = flow through of the second Ni-column, EL2 = elution of the second Ni-column.  
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Figure 5.3: Total ion current chromatogram (left), mass spectrum and deconvoluted mass spectrum  
(right) of synthesized TNFα. Expected molecular weight TNFα: 17350.52 Da.  

 

Fluorescent labeling of infliximab and TNFα was done with Alexa Fluor 488 N-
hydroxysuccinimide (NHS) ester (Thermo Fisher Scientific, Landsmeer, The Netherlands). 
Similar procedures were applied for labeling of infliximab and TNFα. For infliximab, 1000 μL 
10 mg/mL infliximab (Janssen Biologics, Leiden, The Netherlands) and 66.7 μL of 5 mg/mL 
Alexa Fluor 488 NHS Ester were incubated in a dark Eppendorf tube for 1 hour at 300 rpm 
(molar ratio IFX to dye = 1:7). For TNFα, 250 μL 7 mg/mL synthesized TNFα, 76.9 μL of 5 
mg/mL Alexa Fluor 488 NHS Ester and 673.1 μL PBS were added to a dark Eppendorf tube 
and incubated 1 hour at 500 rpm (molar ratio TNFα:dye = 1:6). Unconjugated Alexa Fluor 
488 NHS Ester was removed by a PD-10 desalting column (GE Healthcare).  

The concentration of proteins and dye was determined in triplicate by measuring absorption 
using a Nanodrop ND-1000 UV-VIS spectrometer. For the proteins, absorption at 280 nm 
was measured; for Alexa Fluor 488, absorption at 495 nm was measured. For infliximab, 42 
μM protein and 94 μM Alexa Fluor 488 were obtained (2.2 fluorescent labels per infliximab 
molecule on average). For TNFα, 50 μM protein and 28 μM Alexa Fluor 488 were obtained 
(0.56 fluorescent labels per TNFα monomer, and thus 1.7 per homotrimer on average). The 
labeled infliximab was diluted to 2 mg/mL and stored at -30°C until further use. The labeled 
and unlabeled TNFα was diluted to 7 mg/mL and stored at -80°C until further use. 

 

Labeling of TNFα with biotin and desthiobiotin was done using the exact same procedures. 
For this, 100 μL 0.4 mM TNFα was mixed with 100 μL 0.4 mM Biotin N-hydroxysuccinimide 
ester (Sigma Aldrich, St. Louis, Missouri, USA)) or EZ-Link™ NHS-Desthiobiotin (Thermo 
Fisher Scientific, Landsmeer, The Netherlands) and incubated 1 hour at room temperature 
with continuous rotation (300 rpm). The reactions were quenched by addition of 300 μL of 
10 mM Tris-HCl pH 8. Unreacted (desthio)biotin was removed by application of the sample 
to a PD MiniTrap G-25 size exclusion column (MWCO 5000), equilibrated with 8 mL PBS. The 
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Precast Protein Gel, BioRad) that was run at 200V for 30 minutes. All fractions still contained 
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Figure 5.2: Purification of recombinantly expressed TNFα. (A) SDS-PAGE gel showing the purification 
process of His-SUMO-TNFα, using a Ni-column. (B) SDS-PAGE gels showing different fractions (B3-
B10) collected during the purification process of TNFα using size-exclusion chromatography. 
Molecular mass His-SUMO-TNFα = 31 kDa, TNFα = 17.4 kDa, molecular mass His-SUMO tag = 13.5 
kDa (but typically runs slowly). Molecular masses represented by the ladders are in kDa. WCL= whole 
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Figure 5.3: Total ion current chromatogram (left), mass spectrum and deconvoluted mass spectrum  
(right) of synthesized TNFα. Expected molecular weight TNFα: 17350.52 Da.  
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labeled TNFα was eluted with 1 mL PBS. The number of (desthio)biotin molecules per TNFα 
was determined by measurement with high-resolution mass spectrometry, as described 
above. The chromatograms showed a broad peak, which consisted of multiple compounds. 
For biotin-labeled TNFα, the sample consisted of ± 35% unlabeled monomers, ± 55% 1x 
labeled monomers and ± 10% 2x labeled monomers (see Figure 5.4). For desthiobiotin-
labeled TNFα, the sample consisted of ± 20% unlabeled monomers, ± 45% 1x labeled 
monomers, ± 30% 2x labeled monomers and ± 5% 3x labeled monomers (see Figure 5.5).   

 
Figure 5.4: Total ion current LC chromatogram (left), mass spectrum and deconvoluted mass 
spectrum (right) of biotinylated TNFα. Three compounds are co-eluting in the main peak: native TNFα 
(expected mw: 17350.52 Da), 1x biotinylated TNFα (expected mw: 17576.82 Da) and 2x biotinylated 
TNFα (expected mw: 17803.12 Da).  

 
Figure 5.5: Total ion current LC chromatogram (left), mass spectrum and deconvoluted mass 
spectrum (right) of desthiobiotinylated TNFα. Three compounds are co-eluting in the main peak: 
native TNFα (expected mw: 17350.52 Da), 1x desthiobiotinylated TNFα (expected mw: 17546.77 Da), 
2x desthiobiotinylated TNFα (expected mw: 17743.02 Da) and 3x desthiobiotinylated TNFα (expected 
mw: 17939.26 Da). 

 

Quantification of IFX with size-exclusion chromatography (SEC) was done by addition of 
fluorescently labeled TNFα (TNF-488) to plasma containing IFX, and measurement using SEC 
and fluorescence detection. Four different size-exclusion columns were compared to select 
the one with the best separation of the different compounds as fast as possible. The 
selected columns were the Yarra 3u SEC-3000 (Phenomenex, Torrance, CA, USA), KW403-4F 
(Shodex, Tokyo, Japan), Asahipak GS-520 HQ (Shodex, Tokyo, Japan) and Acquity UPLC 
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Protein BEH 200Å SEC column (Waters, Milford, USA). The efficiency of the columns was 
derived from the columns’ retention time, peak width, tailing factor and number of plates. 
This was determined by measurement of uridine, a small hydrophilic molecule used to 
determine maximum retention of SEC columns.22 For this, 1 μL of 1 mg/mL uridine solution 
was injection onto the columns, and absorption at 280 nm was measured.  

Subsequently, the columns’ separation capacity of IFX bound to TNF-488 (IFX-TNF-488), 
unbound TNF-488 and unconjugated Alexa Fluor 488 (Alexa-488) was determined. For this, a 
fresh frozen plasma unit (Sanquin Blood Supply, Amsterdam, The Nederlands) was spiked 
with infliximab (Janssen, Leiden, the Netherlands) at different concentrations: 20, 10, 5.0, 
2.5, 1.3 and 0.63 μg/mL. After addition of 2 μL TNF-488 to 100 μL spiked plasma and 900 μL 
PBS, 25 μL of sample was injected onto the columns and fluorescence was measured 
(exitation: 495 nm, emission: 519 nm). Column suitability was considered good if the 
compounds were baseline separated and retention times were acceptable (≤15 min).  

The mobile phase, phosphate buffered saline (PBS), was run at 0.35 mL/min for the Yarra 
and KW403-4F columns, at 0.6 mL/min for the Asahipak column and at 0.25 mL/min for the 
Acquity column during uridine analysis and at 0.175 mL/min during IFX analysis. 
Measurements were done using an LC-20AD HPLC, SIL-20A auto sampler, SPD-M20 diode 
array detector and RIC-10A fluorescence detector (Shimadzu, Kyoto, Japan). 

The competitive immunoassay was developed by using Mass Spectrometric Immunoassay 
(MSIA) Disposable Automation Research Tips (D.A.R.T.’s) that contained micro columns 
coated with streptavidin (Thermo Fisher Scientific, Landsmeer, The Netherlands). These 
MSIA D.A.R.T.’s were coupled to a Finnpipette Novus i, which was put on an adjustable 
pipette stand, both kindly provided by Thermo Fisher Scientific. Incubation of compounds 
with the micro columns in these tips was done by repeated up and down pipetting of the 
different solutions. These solutions were added to different wells of a polypropylene 96-well 
microplate (Greiner Bio-One).  

First, the micro columns were washed with 200 μL PBS, followed by coupling of 5 μg 
(desthio)biotin-labeled TNFα (± 35 minutes), and again washed with 2x200 μL PBS. Then, 
400 μL sample containing infliximab was added (± 40 minutes), after which the micro 
columns were washed with 2x200 μL high-pH PBS (pH 9.0) and 3x200 μL MilliQ, respectively. 
Elution of infliximab was done with 200 μL 0.2 M glycine buffer, pH 2.6 (± 2 minutes). 
Fluorescence intensity of the samples was measured using a spectrophotometer (initial 
experiments; excitation: 490 ± 5 nm, emission: 510–600 nm) or a Tecan Safire2 plate reader 
(final experiments; excitation: 490 ± 10 nm, emission: 520 ± 10 nm). Coupling efficiency of 
TNFα and IFX was determined by measuring fluorescence intensity of the samples before 
and after coupling. Sensitivity and reproducibility of the assay were tested by measuring 
three different infliximab concentrations (2, 6, 10 μg/mL) in duplicate on three days. 
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Four different columns for aqueous SEC were compared to determine which was most 
suitable for our assay (see Table 5.1). Analysis of uridine showed similar results for all but 
the Asahipak column, which had longer retention times, broader peaks and smaller number 
of plates. Analysis of blood plasma spiked with IFX and fluorescently labeled TNFα (TNF-488) 
showed complete separation of all compounds for the Yarra and Acquity columns, but not 
for the other two columns (see Figure 5.6). The Yarra and KW403-4F columns both had 
acceptable retention times, enabling run-times of 15 minutes. From this it was concluded 
that the Yarra column was most suitable for the IFX assay.  

Table 5.1: Characteristics of four different size-exclusion columns given by the manufacturer (column 
material, particle size, dimensions and exclusion limit) and determined by uridine analysis (retention 
time, peak width, plate number and tailing factor). 

Column  
Column material, 

particle size, 
dimensions 

Exclusion 
limit 

Retention 
time (min) 

Peak width 
(50%) 

Plate 
number 

Tailing 
factor 

Yarra SEC-3000 
(Phenomenex) 

Silica, 3 μm,  
4.6 x 300 mm 

700 kDa 11.6 0.131 43674 1.18 

KW403-4F          
(Shodex) 

Silica, 3 μm,  
4.6 x 300 mm 

600 kDa 11.2 0.127 43224 1.17 

Asahipak GS-520 HQ 
(Shodex) 

PVA, 7 μm,  
7.5 x 300 mm 

300 kDa 21.1 0.523 9023 1.12 

Acquity UPLC Protein BEH 
200Å SEC (Waters) 

Silica, 1.7 μm,  
4.6 x 300 mm 

450 kDa 14.5 0.158 46423 1.13 

 
Subsequently, samples with different IFX concentrations were measured using the Yarra 
SEC-3000 column. With increasing IFX levels, the IFX-TNF-488 peaks increased, while the 
TNF-488 peaks decreased (see Figure 5.7A). The peaks corresponding to Alexa-488 were 
similar in all measurements. The peak areas of the immune complexes and unbound TNF-
488 were plotted against the log(IFX) concentration (see Figure 5.7B). Five-parameter 

logistic (5PL) curves were fitted using a non-linear least squares algorithm: . 

The excellent fits indicate that the SEC assay was suitable for IFX quantification. However, 
after repeatedly measuring plasma samples on the SEC column, the signal quality 
dramatically decreased due to column deterioration, resulting in peak broadening (see 
Figure 5.8, left). Column performance was dramatically decreased from 43000 to 6000 
plates (see Figure 5.8, right). Different strategies were applied to regenerate the column 
(turning it backwards, injection of DMSO, flushing with 0.5 M Na2SO4 and 20% methanol), 
but this could barely restore its performance. It was therefore concluded that measurement 
of plasma without sample pretreatment was not feasible for repeated quantification of IFX. 
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Figure 5.6: Comparison of four size-exclusion columns for their capacity to separate infliximab bound 
to fluorescently labeled TNFα (first major peak), free fluorescently labeled TNFα (second major peak) 
and unconjugated Alexa-488 dye (third major peak) (excitation: 495 nm, emission: 519 nm). 

 

 
Figure 5.7: Quantification of infliximab with size-exclusion chromatography and fluorescently  
labeled TNFα (TNF-488) using the Yarra SEC-3000 column. Peak areas of infliximab conjugated to 
TNF-488 (IFX-TNF-488) decrease with smaller infliximab concentrations, while the unbound TNF-488 
concentrations increase. Peak areas of the unconjugated dye (Alexa-488) remain stable. This is 
visualized with chromatograms (A) and peak area values (B). For Alexa-488, a linear fir was done. 
Five parameter logistic (5PL) curves were fitted for IFX-TNF-488 (a=13890, b=1.321, c=2793, 
d=280200, m=1322) and TNF-488 (a=-39900, b=-1.525, c=11.82, d=291100, m=0.8832). 



5

80 
 

Four different columns for aqueous SEC were compared to determine which was most 
suitable for our assay (see Table 5.1). Analysis of uridine showed similar results for all but 
the Asahipak column, which had longer retention times, broader peaks and smaller number 
of plates. Analysis of blood plasma spiked with IFX and fluorescently labeled TNFα (TNF-488) 
showed complete separation of all compounds for the Yarra and Acquity columns, but not 
for the other two columns (see Figure 5.6). The Yarra and KW403-4F columns both had 
acceptable retention times, enabling run-times of 15 minutes. From this it was concluded 
that the Yarra column was most suitable for the IFX assay.  

Table 5.1: Characteristics of four different size-exclusion columns given by the manufacturer (column 
material, particle size, dimensions and exclusion limit) and determined by uridine analysis (retention 
time, peak width, plate number and tailing factor). 

Column  
Column material, 

particle size, 
dimensions 

Exclusion 
limit 

Retention 
time (min) 

Peak width 
(50%) 

Plate 
number 

Tailing 
factor 

Yarra SEC-3000 
(Phenomenex) 

Silica, 3 μm,  
4.6 x 300 mm 

700 kDa 11.6 0.131 43674 1.18 

KW403-4F          
(Shodex) 

Silica, 3 μm,  
4.6 x 300 mm 

600 kDa 11.2 0.127 43224 1.17 

Asahipak GS-520 HQ 
(Shodex) 

PVA, 7 μm,  
7.5 x 300 mm 

300 kDa 21.1 0.523 9023 1.12 

Acquity UPLC Protein BEH 
200Å SEC (Waters) 

Silica, 1.7 μm,  
4.6 x 300 mm 

450 kDa 14.5 0.158 46423 1.13 

 
Subsequently, samples with different IFX concentrations were measured using the Yarra 
SEC-3000 column. With increasing IFX levels, the IFX-TNF-488 peaks increased, while the 
TNF-488 peaks decreased (see Figure 5.7A). The peaks corresponding to Alexa-488 were 
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dramatically decreased due to column deterioration, resulting in peak broadening (see 
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Figure 5.6: Comparison of four size-exclusion columns for their capacity to separate infliximab bound 
to fluorescently labeled TNFα (first major peak), free fluorescently labeled TNFα (second major peak) 
and unconjugated Alexa-488 dye (third major peak) (excitation: 495 nm, emission: 519 nm). 

 

 
Figure 5.7: Quantification of infliximab with size-exclusion chromatography and fluorescently  
labeled TNFα (TNF-488) using the Yarra SEC-3000 column. Peak areas of infliximab conjugated to 
TNF-488 (IFX-TNF-488) decrease with smaller infliximab concentrations, while the unbound TNF-488 
concentrations increase. Peak areas of the unconjugated dye (Alexa-488) remain stable. This is 
visualized with chromatograms (A) and peak area values (B). For Alexa-488, a linear fir was done. 
Five parameter logistic (5PL) curves were fitted for IFX-TNF-488 (a=13890, b=1.321, c=2793, 
d=280200, m=1322) and TNF-488 (a=-39900, b=-1.525, c=11.82, d=291100, m=0.8832). 
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Figure 5.8: Deterioration of the size-exclusion column due to repeated injections of blood plasma, 
inducing peak broadening. (A) Chromatograms of plasma samples containing infliximab, 
fluorescently labeled TNFα and unconjugated dye (19th and 64th injection). (B) Measurement of 
uridine indicated that column efficiency dropped from 43.000 plates to 6.000 plates after 
measurement of 71 plasma samples. 

 

The second assay explored for quantification of infliximab was a competitive immunoassay, 
using fluorescently labeled infliximab (IFX-488) and pipette tips containing micro columns 
coated with streptavidin, to which biotinylated TNFα was coupled. Coupling of IFX to these 
micro columns was successful, with 86% IFX-488 binding to the pipette tips on average (see 
Figure 5.9).  

 

 
 

Subsequently, many different methods were tested to elute IFX from the pipette tips. 
Firstly, 0.4% trifluoroacetic acid (TFA) in 33% acetonitrile (ACN) was used, which was 
described by Thermo Fisher as a suitable elution solution for their mass spectrometric 
assay.23 However, this immediately quenched the fluorescence of the Alexa Fluor 488 dye, 
making it unsuitable for this fluorescent immunoassay. Secondly, a milder elution technique 
was tested, using desthiobiotin-labeled TNFα for coupling and biotin for elution. 

Figure 5.9: Coupling efficiency of infliximab to the 
TNFα-coated pipette tips. Fluorescence intensity of 
fluorescently labeled infliximab (1, 3 and 6 μg/mL) 
was measured before and after capture onto the 
pipette tips. 
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Desthiobiotin is lacking the tetrahydrothiophene and binds weaker to streptavidin than 
biotin (Kd, biotin  = 10-15, Kd, desthiobiotin = 10-11), so it was hypothesized that elution could be 
done with an excess of biotin.24 Binding of desthiobiotinylated TNFα to the columns was 
successful, as was the coupling of IFX to TNFα. However, addition of biotin could not elute 
IFX. Thirdly, 0.2 M glycine buffers with varying pH (7.5 – 2.7) were tested. Fluorescence 
intensity remained very stable in these glycine buffers, even at low pH (see Figure 5.10, left). 
Also, glycine buffer with pH 2.7 could efficiently elute IFX from the pipette tips (see Figure 
5.10, right). This buffer was thus incorporated in the competitive immunoassay. 
 

 

Figure 5.10: Suitability of glycine buffers with different pH for the elution of fluorescently labeled 
infliximab from TNFα-coated micro columns. (A) Stability of Alexa Fluor 488 dye conjugated to IFX in 
PBS (pH 7.4) and glycine buffer with different pH after 10 minutes-incubation. (B) Capacity of PBS and 
glycine buffer with different pH to elute fluorescently labeled infliximab from the micro columns. 

 
IFX binding efficiency in plasma was investigated by spiking different concentrations IFX-488 
in PBS and plasma. Linear curves were observed for both PBS and plasma (see Figure 5.11A). 
Fluorescence intensity of the plasma samples was relatively high for low IFX-488 
concentrations, and relatively low for high IFX-488 concentrations. This suggests that the 
plasma induces both background signal and signal quenching.  However, after binding, 
washing and elution of IFX-488, highly similar signals were found for PBS and plasma (see 
Figure 5.11 B), indicating that binding efficiency of IFX to TNFα-coated pipette tips was not 
influenced by the plasma. Finally, competition was introduced by adding both IFX-488 and 
IFX to plasma, which was added to the TNFα-coated pipette tips. This resulted in increased 
sample fluorescence with increasing IFX concentrations, as expected (see Figure 5.11 C). 
However, the sensitivity was quite low and results were not very reproducible. After elution 
of IFX and IFX-488 from the tips, sensitivity and reproducibility of the assay decreased even 
further (see Figure 5.11 D). To optimize the assay, the amount of IFX-488, the volume of 
elution buffer and the elution time were investigated, but this did not yield a sensitive and 
reproducible competition assay either. It was therefore concluded that a competitive 
immunoassay using fluorescence detection was not suitable for anti-TNFα quantification. 
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done with an excess of biotin.24 Binding of desthiobiotinylated TNFα to the columns was 
successful, as was the coupling of IFX to TNFα. However, addition of biotin could not elute 
IFX. Thirdly, 0.2 M glycine buffers with varying pH (7.5 – 2.7) were tested. Fluorescence 
intensity remained very stable in these glycine buffers, even at low pH (see Figure 5.10, left). 
Also, glycine buffer with pH 2.7 could efficiently elute IFX from the pipette tips (see Figure 
5.10, right). This buffer was thus incorporated in the competitive immunoassay. 
 

 

Figure 5.10: Suitability of glycine buffers with different pH for the elution of fluorescently labeled 
infliximab from TNFα-coated micro columns. (A) Stability of Alexa Fluor 488 dye conjugated to IFX in 
PBS (pH 7.4) and glycine buffer with different pH after 10 minutes-incubation. (B) Capacity of PBS and 
glycine buffer with different pH to elute fluorescently labeled infliximab from the micro columns. 

 
IFX binding efficiency in plasma was investigated by spiking different concentrations IFX-488 
in PBS and plasma. Linear curves were observed for both PBS and plasma (see Figure 5.11A). 
Fluorescence intensity of the plasma samples was relatively high for low IFX-488 
concentrations, and relatively low for high IFX-488 concentrations. This suggests that the 
plasma induces both background signal and signal quenching.  However, after binding, 
washing and elution of IFX-488, highly similar signals were found for PBS and plasma (see 
Figure 5.11 B), indicating that binding efficiency of IFX to TNFα-coated pipette tips was not 
influenced by the plasma. Finally, competition was introduced by adding both IFX-488 and 
IFX to plasma, which was added to the TNFα-coated pipette tips. This resulted in increased 
sample fluorescence with increasing IFX concentrations, as expected (see Figure 5.11 C). 
However, the sensitivity was quite low and results were not very reproducible. After elution 
of IFX and IFX-488 from the tips, sensitivity and reproducibility of the assay decreased even 
further (see Figure 5.11 D). To optimize the assay, the amount of IFX-488, the volume of 
elution buffer and the elution time were investigated, but this did not yield a sensitive and 
reproducible competition assay either. It was therefore concluded that a competitive 
immunoassay using fluorescence detection was not suitable for anti-TNFα quantification. 
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Figure 5.11: Quantification capabilities of the competitive immunoassay. (A+B) Fluorescently labeled 
infliximab (infliximab-488) was spiked at three different concentrations in blood plasma and PBS 
buffer. The fluorescence intensity of these samples and a blank sample was measured (A) directly 
after spiking and (B) after capture to the TNFα-coupled pipette tips and elution using 0.2 M glycine 
buffer at pH 2.7. (C+D) Fluorescence intensity measured after performing the competitive 
immunoassay using a fixed amount of infliximab-488 and varying concentrations of unlabeled 
infliximab spiked in plasma. The fluorescence intensity was measured (C) after capture of infliximab 
and (D) after elution of infliximab from the TNFα-coupled pipette tips. Points are displayed as 
average ± standard deviation. 

 

The three most commonly used assays for quantification anti-TNFα drugs and anti-drug-
antibodies (ADA) are ELISAs, RIAs and HMSAs.25 RIAs and HMSAs are fluid phase assays, 
while ELISAs are solid phase assays. Advantages of measuring therapeutic proteins and ADA 
in a fluid phase assay are increased drug-tolerance because only one free Fab fragment is 
needed for detection of the drug26 and increased sensitivity due to limitation of wash 
steps.27 Addition of an acid-dissociation step before analysis could make those assays even 
more drug-tolerant (in ADA assays) or ADA-tolerant (in drug assays).13,28 An advantage of 
ELISAs is that they are generally easier to perform. However, a disadvantage of ELISAs is that 
different assays are needed for measurement of each therapeutic protein and ADA.  
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A novel technique for quantification of therapeutic antibodies is mass spectrometry (MS). 
Several MS assays have recently been developed for quantification of IFX.29-31 Those assays 
have shown to be robust, sensitive and highly selective. LC-MS/MS analysis is performed 
more and more in routine clinical laboratories, however, measurement of proteins with this 
technique is still limited. Therefore, we explored two different assay types that are 
potentially suitable for clinical measurement of all anti-TNFα drugs and ADA: one assay 
based on size-exclusion chromatography (SEC) and one competitive immunoassay.  

To develop the SEC assay and the competitive immunoassay, TNFα and IFX were labeled 
with different compounds using N-hydroxysuccinimide (NHS) chemistry. NHS ester-activated 
compounds are widely used for crosslinking and react with primary amines to form stable 
amide bonds. Coupling of the labeling compounds is mainly done on lysine residues or the 
N-terminus, but reaction with tyrosines, serines and threonines is also possible.32,33 The 
coupling of the labels occurs nonspecifically and could potentially disrupt antigen-antibody 
binding. However, it is assumed that only lysine residues react with the NHS-activated 
compounds and there are no lysines present in the binding site of TNFα-IFX in both 
proteins.21 TNFα-IFX-binding should thus not be interrupted, which was confirmed by the 
rapid and tight binding of TNFα and IFX.  

The fluorescent labeling of TNFα required for this assay could induce standardization issues. 
Labeling should be done in large batches and comparison between different batches should 
be done if this assay would be applied for routine clinical use. However, labeling of 
antibodies with enzymes such as horseradish peroxidase is also required for many 
immunoassays used in the clinic, so it is expected that this does not impose large problems. 
Moreover, HSMA assays are currently also used for clinical application, which employ similar 
fluorescent labeling of TNFα as in our study.13 

Development of the SEC assay was started by comparing different columns that could be 
suitable for protein separation. Analysis of uridine showed that the Asahipak column had 
longer retention times, wider peak width and a smaller number of plates than the other 
columns. This could be explained by its larger particle size (7 μm) in comparison to the other 
columns (≤ 3 μm), inducing reduced column efficiency.11 The Acquity column had the 
smallest particle size (≤ 1.7 μm), though it did not show significant differences in 
performance in comparison to the Yarra and KW403-4F columns (see Table 5.1). The small 
particle size of the Acquity column did induce high system pressure, so lower flows were 
used than for the other columns. This could have reduced the efficiency of the Acquity 
column. 

Analysis of plasma spiked with IFX and TNF-488 showed that the Yarra and Acquity columns 
could completely separate all compounds, while the other two did not (see Figure 5.6). The 
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Yarra and Acquity columns also showed some peak splitting for the IFX-TNF-488 immune 
complexes, while the other two did not. It was shown by Liang and colleagues that one 
TNFα homotrimer can bind three IFX molecules.21 Also, one IFX molecule can bind two TNFα 
molecules with its two identical Fab fragments. Immune complexes of different sizes could 
thus be formed, which may or may not be separated by the SEC columns, depending on 
their resolution. The difference in peak splitting between the different columns could thus 
be explained by differences in resolution of the column in the >150 kDa mass-range. The 
Yarra column had the highest reported exclusion limit (700 kDa), which explains the highest 
peak splitting of the immune complex. However, the KW403-4F had the second-highest 
exclusion limit (600 kDa) and did not show peak-splitting of the immune complexes, while 
the Acquity column with an exclusion limit of 450 kDa did. It is currently unknown if the size 
of the immune complexes has clinical consequences. This could be investigated by using a 
SEC column with high resolution and a high exclusion limit. 

When plasma containing different IFX concentrations was spiked with TNF-488, dose-
response curves with excellent correlation were found (see Figure 5.7). The S-shaped dose-
response curve and sensitivity of the SEC assay (< 1 μg/mL) were similar to the 
characteristics of most ELISAs34 and similar to the work of Wang and colleagues.13 This 
indicated that the SEC-fluorescence assay was suitable for IFX quantification. However, 
repeated measurements of plasma samples dramatically decreased the signal quality (see 
Figure 5.8, left) and column regeneration was not possible. To ensure high-quality and 
reproducible measurements, the column would have to be replaced at least every 50 
injections (if not more often), which would make this assay too expensive and not suitable 
for clinical use. It may be possible to regenerate the SEC column if it is cleaned after every 
10 injections for example, but this still highly limits clinical application.  

Deterioration of the column could be prevented by incorporation of a sample preparation 
step, to remove the majority of plasma components before SEC analysis is done. Many 
different options are available for this, for example depletion of albumin,35 extraction of 
IgG’s using protein A / protein G,29,36 or specific extraction of anti-TNFα proteins using 
TNFα.23 The MSIA DART’s which were used for the competitive immunoassay could be 
suitable for this. To successfully implement such a sample preparation step, it is pivotal to 
incorporate mild washing and elution steps that do not denature the anti-TNFα proteins, 
since they should still be able to bind to the fluorescently labeled TNFα afterwards. Addition 
of a sample preparation step would make the assay much more complicated and also more 
expensive, but this would be necessary for clinical use. Thorough validation of such an assay 
would have to show whether reproducibility and sensitivity are sufficient for clinical use. 

Existing competitive immunoassays are usually for quantification of small molecules,14-17 but 
the strong antibody-antigen interaction of anti-TNFα proteins and TNFα may also be 
suitable for such an assay. 

87 
 

Development of the competitive immunoassay was done by immobilizing biotinylated TNFα 
to streptavidin-coated micro-columns, to which IFX was subsequently bound. The binding of 
TNFα and IFX was very successful, but finding a solvent to efficiently elute the proteins was 
quite difficult. Coupling of desthiobiotin-labeled TNFα to the columns and elution with 
excess biotin did not work. Possibly, multivalent binding of TNFα to the micro columns could 
be so strong, that addition of biotin could not remove the TNFα. However, HRMS analysis of 
biotinylated TNFα showed that a TNFα homotrimer should have only two biotin labels on 
average, so multivalency effects are not expected to be very strong.  

Elution could successfully be done by using 0.2 M glycine buffer with pH 2.7 (see Figure 
5.10). However, sensitivity of the assay was quite low and results were not very 
reproducible (see Figure 5.11). Reproducibility may be increased by using different elution 
solvents, or by measuring the left-over fluorescence of the sample rather than the 
fluorescence of the bound IFX. To increase sensitivity of the assay, different detection labels 
could be used. ELISAs commonly use chemiluminescence for signal detection, for example 
horse-radish peroxidase (HRP). Upon addition of the substrate tetramethylbenzidine (TMB), 
HRP converts this quickly to TMB diimine, which emits a blue color. The enzymatic reaction 
greatly enhances the signal, and thus the sensitivity of the assay. 

The capture of anti-TNFα proteins by TNFα could be employed in different quantitative 
assays. We showed that a quantitative SEC assay is potentially promising, but not without 
incorporation of a sample preparation step. Different options could be investigated for this. 
We furthermore showed that a competitive immunoassay works in principle for anti-TNFα 
proteins and TNFα, but reproducibility and sensitivity are insufficient for clinical use. 
Different detection methods could be investigated to determine whether this could improve 
the assay. 
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Background 
Targeted quantification of protein biomarkers with liquid chromatography – tandem mass 
spectrometry (LC-MS/MS) has great potential, but is still in its infancy. Therefore, we 
elucidated the influence of charge state distribution and matrix effects on accurate 
quantification, illustrated by the peptide hormone hepcidin. 

Methods 
An LC-MS/MS assay for hepcidin, developed based on existing literature, was improved by 
using 5 mM ammonium formate buffer for the LC mobile phase A and as elution solution for 
solid phase extraction (SPE) to optimize the charge state distribution. After extensive 
analytical validation, focusing on interference and matrix effects, the clinical consequence of 
this method adjustment was studied by performing ROC-curve analysis in patients with iron 
deficiency anemia (IDA, n = 44), anemia of chronic disease (ACD, n = 42) and non-anemic 
patients (n = 93). 

Results 
By using a buffered solution during sample preparation and chromatography, the most 
abundant charge state was shifted from 4+ to 3+ and the charge state distribution was 
strongly stabilized. The matrix effects which occurred in the 4+ state were therefore 
avoided, eliminating bias in the low concentration range of hepcidin. Consequently, 
sensitivity, specificity and positive predictive value for detection of IDA patients with the 
optimized assay (96%, 97% and 91%, respectively) were much better than for the original 
assay (73%, 70% and 44%, respectively). 

Conclusions 
Fundamental improvements in LC-MS/MS assays greatly impact the accuracy of protein 
quantification. This is urgently required for improved diagnostic accuracy and clinical value, 
as illustrated by the validation of our hepcidin assay.  
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Proteins and peptides constitute a diverse collection of biomolecules involved in almost all 
physiological processes, and are thus excellent potential biomarkers for the diagnosis and 
monitoring of diseases. Hundreds of potential protein biomarkers have already been 
established,1 which all need to be clinically validated with reliable quantification methods. 
Traditionally, protein quantification is done by ligand binding assays such as enzyme-linked 
immunosorbent assays (ELISAs). However, these methods have important limitations, such 
as limited dynamic range, non-specific binding, and cross-reactivity very long and costly 
development times.2 This severely limits clinical application of protein biomarkers.  

In recent years, liquid chromatography – tandem mass spectrometry (LC-MS/MS) has 
emerged to possibly overcome the flaws related to immunoassays. LC-MS/MS has become a 
widely used technique in routine clinical laboratories and is the method of choice for 
quantitative analysis of small molecules such as steroid hormones,3 due to fast analysis 
times, the ability to multiplex panels of analytes and, most importantly, improved specificity 
compared to immunoassays.4 It is now also increasingly studied and applied for the analysis 
of peptides and proteins in clinical samples.5 However, implementation of LC-MS/MS 
methods for proteins is developing much slower than for small molecules. The large size of 
proteins and complexity of the matrix complicates quantitative analysis. For example, 
sensitivity is limited due to reduced selectivity during sample preparation, and due to 
reduction of the MS signal by formation of multiple charge states. These challenges must be 
overcome to make LC-MS/MS applicable for the accurate quantification of proteins. 

A proposed biomarker for improved diagnosis of iron-related disorders is the peptide 
hormone hepcidin, which regulates the body’s iron homeostasis.6,7 It controls iron influx 
from cells into the blood through interaction with the transmembrane protein ferroportin.6 
Its expression is downregulated during anemia and hypoxia7 and upregulated during iron 
overload and inflammation.8 Hepcidin is also a possible biomarker for progression of chronic 
kidney disease (CKD)9 and guiding iron supplementation.10 Both immunoassays11-13 and MS 
assays are available for the quantification of hepcidin, with LC-MS/MS assays being most 
common.14-21 However, major differences in hepcidin concentration have been found 
between those assays,22,23 hindering the standardization of hepcidin measurements in 
clinical practice. Differences between immunoassays and MS assays may be explained by 
the interference of shorter hepcidin fragments which can also interact with immunoassays, 
while those are not detected by MS.22 However, significant differences have also been 
found between different MS methods,22,23 which may be explained by different internal 
standards, variable charge state distributions or matrix effects. A fundamental 
understanding of these phenomena in the quantification of hepcidin and protein biomarkers 
in general via LC-MS/MS is missing. In this study, we developed an LC-MS/MS method for 
hepcidin, in which we elucidated the influence of charge state distribution and matrix 
effects on accurate quantification.   
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LCMS grade water, acetonitrile, methanol and formic acid (FA) 99% were purchased from 
Biosolve Chimie (Valkenswaard, Netherlands). Ammonium formate was obtained from 
Sigma Aldrich (Zwijndrecht, Netherlands). Ammonia solution 25% was from Merck 
(Darmstadt, Germany). Rabbit serum was from Gibco, purchased via Fisher Scientific 
(Landsmeer, Netherlands). Isotopically labeled phenylalanine ([13C9,15N]-phenylalanine) was 
bought from Anaspec INC (Fremont, USA). Oasis HLB μElution 96-well Solid Phase Extraction 
sample preparation plates and a Positive Pressure-96 Processor were from Waters (Milford, 
MA, USA). Commercially available hepcidin was obtained from Peptides International 
(Louisville, Kentucky, USA). 

Before developing our LC-MS/MS method for quantification of hepcidin, we synthesized 
hepcidin (sequence N’ – DTHFPICIFCCGCCHRSKCGMCCKT – C’) and an isotopically labeled 
internal standard (IS) using Fmoc based solid phase peptide synthesis.24 To make the IS, two 
[13C9,15N]-phenylalanines were incorporated to obtain a mass difference of 20 Da. Peptide 
synthesis was performed on an Intavis Mulptipep RSI peptide synthesizer using a Fmoc-
Thr(tBu) TentaGel R PHB resin (0.20 mmol/g, Rapp Polymere GMbH, Tübingen). All amino 
acids were dissolved to a concentration of 0.5 M in N-methyl-pyrrolidone (NMP), only the 
[13C9,15N]-phenylalanine was dissolved at 0.28 M. The coupling cycle of normal amino acids 
was 2x30 minutes, and for [13C9,15N]-phenylalanine 1x90 minutes. After the final 
deprotection, the peptides were washed and cleaved from the resin using two resin 
volumes of 92.5/2.5/2.5/2.5 of TFA/water/triisipropylsilane/ethane dithiol (EDT), which was 
incubated for three hours. The cleaved peptides were then precipitated by titration in 45 mL 
diethylether (-30°). After storage at -30°C for 60 minutes, the peptides were pelleted, air 
dried and dissolved in 25 mL 30/70/0.1 of acetonitrile (ACN)/MilliQ /trifluoroacetic acid 
(TFA). The TFA was added first to improve solubility, since hepcidin’s solubility was reported 
to be poor.16,25 

After lyophilization, the peptides were dissolved at 10 mg/mL in 30/70/0.1 ACN/MilliQ/TFA 
and filtered. The filtered solution was purified using a Waters Atlantis T3 OBD preparative 
column (5 μm, 19x150 mm) on a Shimadzu LC-8A system (Shimadzu, Kyoto, Japan). The 
mobile phases (A: MilliQ + 0.1% TFA, B: ACN + 0.1% TFA) were ran at a flow of 2 mL/min, 
using a gradient ranging from 30-35% B in 10 minutes. Mass analysis was done by a LCQ 
Deca XP MAX mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) and 
fractions were collected using a Gilson prep FC fraction collector (Gilson Inc., Middleton, WI, 
USA). Collection m/z for hepcidin were 933.5 and 1399.7 Da, collection m/z for the IS were 
939.9 and 1409.8 Da. After lyophilization, 18 mg purified reduced hepcidin (13% yield) and 
17 mg purified reduced IS (12% yield) were obtained. 
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To form the four disulfide bridges, a glutathione redox couple was added to the reduced 
peptides. Addition of glutathione facilitates fast folding kinetics and good folding 
efficiency.16,25 It was shown by Dekan and coworkers that only a small amount of 
glutathione is needed to convert hepcidin with a non-native fold into hepcidin with the 
native-fold, indicating that the native fold is thermodynamically favored.26 The reduced 
purified peptides and glutathione were dissolved in 30/70 of ACN/ MilliQ (pH 7.6) and put in 
5 mL Eppendorf Protein LoBinding tubes (Eppendorf, Hamburg, Germany) to incubate for six 
hours at 37°C in a shaking incubator. The reaction was then quenched by adjusting the pH to 
2.4 using TFA and the solution was lyophilized.  

The folded hepcidin and IS were dissolved as described before. The reaction mixture was 
purified using a very flat gradient to exclude misfolded hepcidin, possible synthetic 
diastereomers, or hepcidin with less disulfide bridges: the first minute, isocratic elution at 
10% B was employed, followed by a gradient of 10-38% B in 28 minutes. The collection m/z 
were 930.8 and 1395.7 Da for folded hepcidin and 936.9 and 1404.7 Da for the folded IS. 
The purified peptides were then put in 5 mL Lo-binding Eppendorf tubes and lyophilized. 
Hepcidin and IS stock solutions of 1 mg/mL were made by dissolving the dried peptides in 
water + 0.1% formic acid (FA). In total, 2.5 mg folded and purified hepcidin (1.8% total yield) 
was obtained and 2.1 mg folded and purified IS (1.5% total yield) was obtained. 

Several tests were performed to verify that the correct compounds were made and that 
they were pure. First, synthesized hepcidin was compared with commercially available 
hepcidin (Peptides International Inc, Louisville, USA) using UPLC and high resolution MS 
measurements (Acquity UPLC I class binary solvent manager and Sample Manager-FL and a 
Xevo G2 QToF from Waters (Milford, MA, USA)). To assess purity of the samples, the peak 
areas of UPLC chromatograms of synthesized hepcidin and IS were analyzed (see Figure 6.1). 
Except for the main peaks (retention time 2.22 minutes), a small shoulder (retention time 
1.99 minutes) and a small extra peak (retention time 4.50 minutes) were observed. For 
hepcidin, the total peak area of these three peaks was 22263, of which 20354 (91%) 
corresponded to the main hepcidin peak. For the IS, the total peak area was 40085, of which 
38339 (96%) corresponded to the main IS peak.  

 
Figure 6.1: Total ion current chromatograms of synthesized hepcidin and  internal standard (overlay). 
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To form the four disulfide bridges, a glutathione redox couple was added to the reduced 
peptides. Addition of glutathione facilitates fast folding kinetics and good folding 
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measurements (Acquity UPLC I class binary solvent manager and Sample Manager-FL and a 
Xevo G2 QToF from Waters (Milford, MA, USA)). To assess purity of the samples, the peak 
areas of UPLC chromatograms of synthesized hepcidin and IS were analyzed (see Figure 6.1). 
Except for the main peaks (retention time 2.22 minutes), a small shoulder (retention time 
1.99 minutes) and a small extra peak (retention time 4.50 minutes) were observed. For 
hepcidin, the total peak area of these three peaks was 22263, of which 20354 (91%) 
corresponded to the main hepcidin peak. For the IS, the total peak area was 40085, of which 
38339 (96%) corresponded to the main IS peak.  

 
Figure 6.1: Total ion current chromatograms of synthesized hepcidin and  internal standard (overlay). 
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To assess the mass of the synthesized compounds, high-resolution mass spectrometry 
measurements were done and compared to commercially available hepcidin (see Figure 
6.2). The mass spectra were deconvoluted using the MaxEnt3 function of the MassLynx 
software. The deconvoluted mass of synthesized and commercial hepcidin were the same 
(2792.1 Da), while the mass of the IS was 20 Da more (2812.1 Da), as expected.  

To evaluate the 3D structure of hepcidin further, circular dichroism (CD) measurements 
were performed with synthesized and commercial hepcidin. It is expected that a different 
disulfide connectivity gives rise to a different 3D structure, which should be visible with CD. 
Both peptides were dissolved to a concentration of 72 μM in phosphate buffered saline 
(PBS) and measured in triplicate on a Jasco J-815 CD spectrometer (Jasco, Easton, MD, USA) 
at 25°C in a quartz cuvette with a path length of 1 mm. The spectra of commercial and 
synthetic hepcidin looked highly similar to each other and to the CD spectra published by 
Nemeth et al.27,28 and Luo et al.29, indicating that the correct 3D structure of hepcidin was 
obtained. (see Figure 6.3). These spectra with a minimum at 200–205 nm represent a 
peptide structure consisting partially of β-sheet and partially of random coil. The IS was 
synthesized using the same procedures, and the LC retention time of hepcidin and IS were 
the same, so it was assumed that the 3D structure for the IS was also correct. 

 

Figure 6.2: High-resolution mass spectra with 3+, 4+, 5+ and 6+ charge states (left) and deconvoluted 
mass (right) of commercially available hepcidin (A) synthesized hepcidin  (B) and  synthesized internal 
standard (C). 
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Figure 6.3: Circular Dichroism (CD) spectrum of synthesized and commercially available hepcidin. 

 

Working solutions of the synthesized hepcidin and IS were made at concentrations of 100 
μg/mL and 1 μg/mL in water + 0.1% formic acid (FA), respectively. Calibrator and quality 
control (QC) samples were made by spiking hepcidin working solution in rabbit serum, 
which was shown to be a clean non-human matrix for hepcidin quantification.15,16 Separate 
dilution series were made for calibrator and QC samples. Calibrators contained 250, 125, 50, 
25, 10, 2.5, 1 and 0 ng/mL hepcidin, QC samples contained 100, 20 and 5 ng/mL hepcidin. 
Solutions were divided in 0.2 mL aliquots and stored at -80°C in polypropylene tubes. 

Firstly, we developed an LC-MS/MS method based on existing literature.14-20 Hepcidin was 
first extracted from serum or plasma by solid phase extraction (SPE).16,18 Patient samples 
were centrifuged for 15 minutes at 13700xg and 200 μL supernatant was transferred to a 
micro centrifuge tube. Patient, QC and calibrator samples were spiked with 10 μL IS working 
solution and 100 μL 0.1% FA in water. After quick vortex mixing, the samples were applied 
to the wells of an Oasis HLB μElution 96-well SPE plate, conditioned with 350 μL methanol 
and water. The wells were washed with 200 μL water, 5% NH4OH, and again water. Elution 
was performed with 100 μL of 90/10/0.1 methanol/water/FA. Finally, 100 μL 0.1% FA in 
water was added to the eluted samples. Solutions were pushed through the SPE plate using 
a Positive Pressure-96 Processor using a pressure of ~5 psi.  

Liquid chromatography was performed with an Acquity Ultra Performance LC system 
(Waters, Milford, MA, USA). Samples were kept at 10°C during analysis. 20 μL of sample was 
injected onto an Acquity UPLC BEH C18 column, 2.1x100 mm, 1.7 μm (Waters, Milford, MA, 
USA) which was kept at 45°C. After injection, the needle was cleaned with 300 μL strong 
needle wash (67/33/0.1 of ACN/water/FA) and 700 μL weak needle wash (100/0.1 of 
water/FA). Mobile phase A consisted of 0.1% FA in water, mobile phase B of 0.1% FA in 
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acetonitrile. The mobile phases were run at 0.3 mL/min using the following gradient: 0-0.5 
min, 10% B; 0.5-3.5 min, ramped to 40% B; 3.5-3.6min, ramped to 90% B; 3.6-4.6 min, 90% 
B; 4.6-4.7 min, ramped to 10% B; 4.7-6.0 min, re-equilibrate at 10% B. 

Mass analysis was performed using a Xevo TQ-S mass spectrometer (Waters, Milford, MA, 
USA). Capillary voltage was set to 1.5 kV, cone voltage to 72 V and source offset to 60 V. The 
desolvation temperature was 650°C, desolvation gas 800 L/h, cone gas 150 L/h and 
nebulizer gas 7.0 bar. The collision gas flow was 0.15 mL/min and collision voltage 30 V. The 
4+ charge states of hepcidin and IS were selected in the first quadrupole. For quantification, 
the b3 ion (first three amino acids on the N-terminus) was used. M/z transitions for the 
quantifier ions were 697.9 > 354.0 (hepcidin) and 702.7 > 354.0 (IS).  

Several changes were made to assay 1 to improve quantification of hepcidin. As an 
alternative to acidified water, we implemented a buffered solution of 5 mM ammonium 
formate at pH 3 as mobile phase A. This buffered solution was also used during sample 
preparation instead of acidified water (both before application of samples to the SPE plate 
and after elution). The capillary voltage was increased to 2.0 kV and collision energy to 34 V. 
The 4+ charge state was selected for quantification (m/z transitions 930.0 > 354.0 for 
hepcidin and 936.7 > 354.0  for the internal standard). 

Five validation runs were performed on five days to determine linearity, imprecision and 
limits of detection (LOD) and quantification (LOQ). In every batch, calibrators were 
measured in duplicate, while QC samples and blank rabbit serum were measured five times 
(“5x5 experiment”). The calibration curve was derived from the response (peak area 
hepcidin/peak area IS) using 1/X weighted linear least-squares regression. The regression 
equation from the calibration samples was used to calculate the measured concentration 
for all samples. Linearity was determined by performing linear regression on all calibration 
samples, according to the CLSI-EP6 protocol.30 Imprecision of the assays was determined by 
the 5x5 experiment using the QC samples. Inter- and intra-day imprecision were calculated 
using ANOVA, according to the CLSI-EP15 protocol.31 The LOD was calculated as 

. The LOQ was determined as , with σ the standard 

deviation, according to the ICH guidelines.32 Additionally, a dilution series of low hepcidin 
concentrations in rabbit serum was made (1.0, 0.5, 0.25 and 0.125 ng/mL) and measured in 
triplicate for verification of the LOQ. Bias and imprecision were calculated for these low 
hepcidin levels, and accepted if the bias was between 80-120% and imprecision was < 20%, 
according to the CLSI-EP17 protocol.33 

Recovery was determined by preparing nine blank rabbit serum samples, which were spiked 
afterwards with hepcidin and IS to contain the same amount as the QC samples before 
preparation (100, 20, 5 ng/mL hepcidin, 50 ng/mL IS). The recovery was calculated as 
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. Matrix effects were determined by direct infusion of 

hepcidin or IS in the MS, while six prepared patient samples with low native hepcidin were 
injected on the LC system. Interferences (signal enhancement or suppression) at the 
retention time of hepcidin were considered relevant matrix effects. 

Heparin gel samples (BD Vacutainer, BD, Vianen, The Netherlands) from different patient 
categories were collected, based on the lab parameters defined in Table 6.1: subjects with 
normal iron status, iron deficiency anemia (IDA), and anemia of chronic disease (ACD, 
including chronic kidney disease (CKD)). All adult patients whose blood was analyzed in our 
hospital were included. Left-over plasma of these patients was collected and stored at -
20°C. Collection of samples was not timed. The collection procedure was in agreement with 
the hospital’s medical ethical procedures. Median values and quartiles were determined for 
the different patient groups. ROC curves were made using statistical software package SPSS. 
Area under the curve (AUC) and optimal cut-off points for IDA and ACD samples were 
determined from the ROC curves. These cut-off points were used to calculate positive 
predictive values (PPV) and negative predictive values (NPV) for IDA and ACD patients with 
both assay 1 and assay 2.  

 

First we developed an LC-MS/MS method based on previously reported protocols. In our 
hands, sample preparation by hydrophilic-lipophilic balanced (HLB) reversed-phase SPE16,18 
worked better than mixed-mode anion exchange20 and mixed-mode weak cation 
exchange.17,34 Recovery of hepcidin and IS using the HLB SPE method was 50-70%, see Table 
6.1, which is comparable to literature values.16,19 Linearity of the LC-MS/MS assay was 
excellent (R2 = 0.9992). Within-day imprecision was ≤ 5.6% and between-day imprecision 
was ≤ 5.7%, indicating good reproducibility. The LOQ was 1 ng/mL. Full validation results can 
be found in Table 6.2. However, determination of matrix effects revealed interferences for 
both hepcidin and IS in the MRM traces of the 4+ charge states in some patients (results of 
one representative patient are displayed in Figure 6.5), indicating that the method was at 
least not reliable in the low-concentration range. These interferences were not present in 
the 3+ and 5+ charge states, indicating that these would probably be more reliable for 
quantification. 
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Table 6.1: Selection criteria for the patient categories to clinically validate the LC-MS/MS assays for 
hepcidin quantification. CRP = C-reactive protein; eGFR = estimated glomerular filtration rate. 

Category CRP  
(mg/L) 

hemoglobin  
(mmol/L) 

eGFR  
(mL/min/1.73 m2) 

ferritin  
(μg/L) 

  male female  male female 
Normal <6 ≥8.5 ≥7.5 >60 40-300 30-250 
Iron deficiency anemia (IDA) <6 <8.5 <7.5 >60 <15 <15 
Anemia of chronic disease (ACD) >20 <8.5 <7.5 not selected >400 >300 

 

 

Table 6.2: Analytical validation results of the originally developed LC-MS/MS assay (assay 1) and the 
improved LC-MS/MS assay (assay 2). 

  Assay 1 (original method) Assay 2 (optimized method) 
  5 ng/mL 20 ng/mL 100 ng/mL 5 ng/mL 20 ng/mL 100 ng/mL 
within-day imprecision (cv) 1.9% 2.3% 5.6% 2.2% 1.9% 4.8% 
between-day imprecision (cv) 4.3% 3.1% 5.7% 7.0% 8.1% 10% 
recovery hepcidin 60% 58% 52% 47% 46%  53% 
recovery internal standard 66% 69% 62% 66% 68% 74% 
linearity (R2) 0.9992 0.9971 
LOD calculated 0.38 ng/mL 0.20 ng/mL 
LOQ calculated 1.2 ng/mL 0.61 ng/mL 
LOQ dilution series 1.0 ng/mL 0.50 ng/mL 

cv = coefficient of variation, LOD = limit of detection, LOQ = limit of quantification 
 

 

To improve accurate quantification of hepcidin, we investigated the influence of different 
mobile phases on the charge state distribution. With acidified methanol as mobile phase B 
the charge state distribution changed heavily with hepcidin concentration: lower charge 
states were more abundant with higher hepcidin concentrations (more 3+ than 5+, see 
Figure 6.4, left), while charge state distribution was almost constant using acidified 
acetonitrile (see Figure 6.4, middle). Methanol as mobile phase B was thus discarded. 
Secondly, we implemented a buffered mobile phase A (5 mM ammonium formate pH 3.0), 
which shifted almost 100% of the hepcidin to the 3+ charge state (see Figure 6.4, right). This 
stabilized the charge state distribution and eliminated the matrix effects observed for the 4+ 
charge state, so we adapted the buffered mobile phase A in assay 2. Thirdly, 5 mM 
ammonium formate pH 3.0 was used for sample dilution during sample preparation. Finally, 
MS settings were optimized for the 3+ charge state: the capillary voltage was increased to 
2.0 kV and the collision energy was increased to 34 V. 
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Validation of the optimized LC-MS/MS method showed excellent linearity (R2 = 0.9971). 
Within-and between-day imprecision were ≤ 4.8% and ≤ 10%, respectively. Recovery of 
hepcidin did not change significantly with the use of a buffered solution during sample 
preparation. The LOQ of the optimized assay was improved to 0.5 ng/mL. More validation 
details can be found in Table 6.2. Matrix effects with buffered mobile phase A were 
diminished for all charge states in general, but interferences in the 4+ charge state of 
hepcidin were still visible (see Figure 6.5). No matrix effects were observed for 3+ charge 
state, which was selected for quantification.  

 

 

Figure 6.4: Charge state distribution of hepcidin with different mobile phases A (MPA) and mobile 
phases B (MPB) in spiked samples (top) and in patient samples (bottom). (A) Mobile phases A and B 
were 0.1% FA in water and 0.1% FA in methanol; (B) Mobile phases A and B were 0.1% formic acid 
(FA) in water and 0.1% FA in acetonitrile (original LC-MS/MS assay); (C) Mobile phases A and B were 
5 mM ammonium formate in water pH 3.0 and 0.1% FA in acetonitrile (optimized LC-MS/MS assay). 
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Figure 6.5: Matrix effects measured in one patient for the 3+, 4+ and 5+ charge states during direct 
infusion of hepcidin (top) and internal standard (IS, bottom), with two different mobile phases A: 
water + 0.1% formic acid (left) and ammonium formate pH 3.0 (right). Mobile phase B was 0.1% 
formic acid in acetonitrile. Retention times of hepcidin and internal standard are indicated with black 
rectangles. Emerging peaks in those rectangles indicate the matrix effects. 

 

Hepcidin levels were measured in 179 patient samples to clinically validate the LC-MS/MS 
assays: 44 samples from IDA patients, 42 from ACD patients and 93 from people with 
normal hemoglobin levels and iron status (“normal”), see Table 6.3. Age of ACD patients was 
higher when compared to IDA patients and normal patients, due to inclusion of dialysis 
patients in the ACD group. Also, the ACD group had more males than in the other groups. 
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Table 6.3: Characteristics of collected patient samples for clinical evaluation of the hepcidin assay. 
Age, hemoglobin, ferritin, MDRD and CRP for ACD patients are displayed as median (range). CRP and 
MDRD for IDA patients and normal subjects were defined as ≤6.0 and >60, respectively. IDA = iron 
deficiency anemia; ACD = anemia of chronic disease; CRP = C-reactive protein; eGFR = estimated 
glomerular filtration rate. 

patients n 
sex  

(male) 
sex 

(female) 
age  

(years) 
CRP 

(mg/L) 
hemoglobin 

(mmol/L) 
eGFR (mL/ 

min/1.73 m2) 
ferritin 
(μg/L) 

IDA 44 36% 64% 48 (18-89) ≤6.0 6.8 (2.6-8.0) >60  9.0 (3.0-18) 
normal 93 42% 58% 48 (20-90) ≤6.0 8.7 (7.6-10.9) >60  93 (34-339) 
ACD 42 64% 36% 70 (36-93) 61 (12-422) 6.2 (4.0-8.2) >60 (3.0->60) 640 (319-3249) 

 

Overall, correlation of hepcidin levels measured by both assays was good (R2 = 0.9036, see 
Figure 6.6A, left). However, significant discrepancies between the assays can be seen in the 
low-concentration range (see Figure 6.6A, right). Samples from IDA patients had significantly 
lower hepcidin levels when measured with assay 2 than with assay 1 (median assay 2: < 0.5 
ng/mL, median assay 1: 5.1 ng/mL, see Figure 6.6B) (p < 0.0001). Additionally, variation in 
hepcidin levels for IDA patients was much lower with assay 2 than assay 1. Differences in 
hepcidin levels between the optimized and original assays were also observed in normal 
samples (median assay 2: 7.1 ng/mL, median assay 1: 11 ng/mL, p = 0.0001). ACD samples 
had similar hepcidin levels with assay 2 and 1 (median: 43 ng/mL and 47 ng/mL, 
respectively, p = 0.7047). Discrepancies between both assays are thus prominent in the low-
to-normal concentration range. 

ROC curves were made to determine cut-off values for our assays in order to distinguish IDA 
and ACD samples (see Figure 6.6C). The optimal cut-off point for IDA samples with assay 1 
was 10.3 ng/mL, corresponding to a sensitivity of 73% and a specificity of 70%. With assay 2, 
the optimal cut-off point for IDA samples was 1.0 ng/mL, corresponding to a sensitivity of 
96% and a specificity of 97%. The optimal cut-off point for ACD samples with assay 1 was 
19.0 ng/mL, corresponding to a sensitivity of 93% and a specificity of 80%. With assay 2, the 
optimal cut-off point for ACD samples was 15.7 ng/mL, corresponding to a sensitivity of 88% 
and a specificity of 87%. Positive and negative predictive values (PPV and NPV) were 
calculated using these cut-off points. The most notable difference between both assays was 
the PPV for IDA, which was much higher for assay 2 (91%) in comparison with assay 1 (44%). 
The PPV for ACD patients was also higher for assay 2 (69%) than for assay 1 (59%). The NPVs 
showed only little difference between both assays (see Table 6.4). Only a small difference is 
thus observed for discrimination of ACD samples between both assays, but great 
improvements in sensitivity, specificity, positive and negative predictive values can be seen 
for discrimination of IDA samples with the improved LC-MS/MS assay.  
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Figure 6.6: Hepcidin concentrations in patient samples. (A) Comparison between assay 1 and assay 2 
(blue diamonds: IDA patients, red squares: normal iron status, green triangles: ACD patients). (B) 
Hepcidin concentrations (median + interquartile range) for the different groups (IDA, normal or ACD) 
for both assays. (C) ROC curves for determination of IDA and ACD from the collected patient samples 
for both assays. IDA = iron deficiency anemia, ACD = anemia of chronic disease. 
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Table 6.4: Clinical characteristics of the original LC-MS/MS assay 1 and improved LC-MS/MS assay 2. 
IDA= iron deficiency anemia, ACD= anemia of chronic disease. 

 Properties Assay 1 Assay 2 
Cut-off point IDA 10.3 ng/mL 1.0 ng/mL 
sensitivity IDA 73% 96% 
specificity IDA 70% 97% 
positive predictive value IDA 44% 91% 
negative predictive value IDA 89% 98% 
      
Cut-off point ACD 19.0 ng/mL 15.7 ng/mL 
sensitivity ACD 93% 88% 
specificity ACD 80% 87% 
positive predictive value ACD 59% 69% 
negative predictive value ACD 97% 96% 

Targeted quantification of proteins with LC-MS/MS is developing quickly, but accurate 
measurement of proteins in routine clinical laboratories is still in its infancy (reviewed in 35). 
The different LC-MS/MS methods described for quantification of the clinically important 
biomarker hepcidin vary considerably from each other,22,23 hampering their use in clinical 
practice. Besides harmonization and standardization,23 thorough method development 
could reduce errors and variability between MS methods. Charge state distribution and the 
selection of charge states for accurate quantification are key to accurate protein 
quantification.  

During assay development, different solvent mixtures can lead to different charge state 
distributions of peptides and proteins.36 However, most studies reporting hepcidin 
quantification with LC-MS/MS did not investigate solvent dependency. Here we 
demonstrate that the choice of mobile phases greatly influences the charge state 
distribution of hepcidin. When acidified methanol was used as mobile phase B, the 5+ 
charge state was more abundantly detected than with acidified acetonitrile. This could be 
due to the difference in proton affinity between these solvents (PAMeOH = 754 kJ/mol vs. 
PAACN = 779 kJ/mol).36 Interestingly, the charge state distribution was strongly dependent on 
the peptide concentration in acidified methanol, which was not the case for acidified 
acetonitrile. Acidified acetonitrile is thus favored as mobile phase B due to the induction of 
lower charge states and concentration-independent charge state distribution. When 
combining acidified acetonitrile as mobile phase B with 5 mM ammonium formate as mobile 
phase A, almost 100% of hepcidin was present in the 3+ charge state. This effect could again 
be explained by the difference in proton affinity between formate and water 
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(PAformate = 1444 kJ/mol vs.  PAH2O = 697 kJ/mol). The combination of acidified methanol and 
ammonium formate was not tested. The presence of only one charge state leads to a higher 
and more reproducible signal, which would assumingly lead to a more accurate 
quantification method. The use of ammonium formate is thus favored over using plain 
(acidified) water. To our knowledge, the use of buffered solutions for liquid chromatography 
is usually not applied for protein quantification. We showed here that this could have great 
benefit by stabilizing and minimizing charge state distribution. 

Matrix effects are caused by co-eluting matrix components that influence the ionization of 
the analytes and affect the reproducibility and accuracy of an LC-MS/MS assay.37 It is 
therefore crucial that matrix effects are evaluated for all analytes and charge states of 
interest. This has not yet been reported for hepcidin. We found that interference occurred 
for the 4+ charge states of hepcidin and IS in some patients, but not for the 3+ and 5+ 
charge states (Figure 6.5). These interferences were detected in the majority of patients, but 
neither in all patients, nor for both hepcidin and IS. It is thus not possible to correct for this 
interference. Therefore we recommend using the 3+ charge state for hepcidin 
quantification. 

To clinically validate our LC-MS/MS methods, hepcidin levels were measured in materials 
from 179 patients. We found significant discrepancies between the assays in the low-
concentrations range. Hepcidin levels in IDA patients were significantly lower and showed 
much less variation when measured with the optimized LC-MS/MS assay. These effects were 
also seen for patients with normal iron status, but less pronounced. The observation that 
hepcidin levels were higher and much more diverse with assay 1 could be explained by the 
matrix effects we found for the 4+ charge states of hepcidin and IS. In the optimized assay 
these matrix effects were avoided by using the 3+ charge states for hepcidin and IS, leading 
to lower and much more consistent hepcidin values in IDA patients. This led to a dramatic 
increase in the sensitivity, specificity and positive predictive value to distinguish IDA samples 
from non-anemic patients with normal iron status (“normal”) and ACD patients. This shows 
that stabilizing and minimizing charge state distribution can have a huge impact on an LC-
MS/MS assay’s accuracy and its clinical value.  

The median hepcidin level in normal patients was 7.1 ng/mL (IQR: 4.2 – 12 ng/mL) as 
measured with the optimized LC-MS/MS assay. This is slightly lower than the hepcidin levels 
reported in literature, where mean/median values range from 8.2 till 20 ng/mL for healthy 
people.16,17,19,20,38 With assay 1, the median hepcidin level of normal patients was 11 ng/mL, 
which is more similar to literature values. However, we showed that these concentrations 
were falsely elevated due to matrix effects. This is arguably an improvement on previous 
methods that either did not17-20 or partially15,16 investigated matrix effects on patient 
hepcidin. Moreover, to our knowledge, matrix effects of the internal standard have never 
been reported. We show that the matrix effects of the IS and hepcidin can differ, and should 
therefore be taken into account when comparing different methods. 

107 
 

We found significantly lower hepcidin levels for IDA patients (median: <0.5 ng/mL) and 
significantly higher levels for ACD patients (median: 43 ng/mL) than for normal patients 
(median: 7.1 ng/mL). Cut-off values for identifying IDA and ACD were determined by our 
study to be 1.0 and 15.7 ng/mL, respectively. It has to be noted though that IDA and ACD 
were defined using the classical parameters ferritin and CRP; other (novel) parameters for 
determination of iron status such as transferrin saturation were not accounted for in this 
case. Therefore, these cut-off points and added clinical value of our optimized LC-MS/MS 
assay will have to be validated in a population with known disease, as determined by 
multiple parameters and confirmed by a physician.  

In summary, we showed by rigorous analytical and clinical validation of an LC-MS/MS assay 
for quantification of hepcidin, that charge state control and matrix effects elimination are 
crucial for the clinical value of the assay. We showed that for hepcidin this can be achieved 
by using 5 mM ammonium formate as mobile phase A. This greatly enhanced the accuracy 
of hepcidin quantification in the low-concentration range, and allowed discrimination of IDA 
patients with high sensitivity, specificity and positive predictive value. This shows that 
control of protein charge distribution and matrix effects is a prerequisite for accurate 
quantification of protein biomarkers with LC-MS/MS and should thus always be evaluated 
during method development.  
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Background 
Anemia in developed countries is mostly caused by iron deficiency anemia (IDA) and anemia 
of chronic disease (ACD). Differentiating between those can be difficult using classic 
parameters. Therefore, we investigated added value of novel iron-related parameters in the 
classification and therapy of anemia. 

Methods 
Adult anemic patients were included. Half of the patients were classified and treated using 
classic parameters (Classic group), and the other half using the novel parameters RET-He, 
RPI and sTfR (Modern group). Measurements were done at baseline (T1) and after 
approximately 8 and 16 weeks (T2, T3). Hepcidin levels were measured at a later time-point. 
Firstly, response to iron therapy was compared between the Classic and Modern groups. 
Secondly, it was determined whether baseline levels of CRP, ferritin, hepcidin, RET-He and 
sTfR could predict response to iron therapy. Thirdly, classification of anemic patient samples 
between classic and novel parameters was compared by constructing Thomas plots (RET-He 
versus sTfR/log(ferritin)) and a hepcidin-plot (RET-He versus hepcidin).  

Results 
In total, samples from 57 patients were suitable for analysis. Nineteen had received iron 
therapy and follow-up measurements. Response to iron therapy was faster for patients in 
the Modern group than the Classic group. The predictive value of response to iron therapy 
was not statistically significant for baseline levels of CRP (p = 0.906), ferritin (p = 0.187), 
hepcidin (p = 0.096) and RET-He (p = 0.060), but it was for sTfR (p = 0.024). Classification of 
patients with classic parameters showed better agreement to the hepcidin-plot than to the 
Thomas plot. Also, the hepcidin-plot showed better separation of IDA and ACD patients. 

Conclusions 
Novel parameters showed better predictive value of response to iron therapy than classic 
parameters. The hepcidin-plot could better separate IDA and ACD patients than the Thomas 
plot, which may increase its clinical value. In case of undecided classification using classic 
parameters, the hepcidin-plot could be used to distinguish between IDA and ACD.  
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Anemia, a condition in which the number of red blood cells or their oxygen-carrying capacity 
is insufficient to meet physiologic needs,1 is a frequently occurring disease with a global 
prevalence of 32.9% in 2010.2 Symptoms include weakness, fatigue and cardiac problems.3 
Moreover, anemic children may suffer from mental and motor development issues4,5 while 
anemic elderly have increased risk of hospitalization, disability and mortality6. There are 
many different causes of anemia. The most prevalent causes world-wide are iron-deficiency 
anemia (IDA, most common), hookworm, sickle cell disorders, thalassemia, schistosomiasis 
and malaria.2 In developed regions such as western Europe, IDA and anemia of chronic 
disease (ACD) are most common.2,7 IDA is caused by a lack of iron in the diet or by iron 
malabsorption. ACD is caused by an activated inflammatory response and is characterized 
by inadequate production of erythropoietin (EPO), inhibition of erythroid progenitor cell 
proliferation in the bone marrow and decreased iron uptake and distribution through the 
body.8,9 IDA results thus from depleted iron stores and can readily be treated with oral iron 
therapy, while ACD results from impaired iron mobilization and should be treated with EPO 
and/or intravenous iron therapy. 

Differentiating between different causes of anemia can be difficult, especially in patients 
with early IDA or combined IDA + ACD.7,10 To determine the underlying cause of anemia, 
analysis of the mean corpuscular volume (MCV) and ferritin is common practice in the 
Netherlands.11 Optionally, analysis of C-reactive protein (CRP), serum iron, transferrin, 
estimated glomerular filtration rate (eGFR), vitamin B12, folic acid and reticulocytes are 
performed to further differentiate the cause of anemia.11 In case of a suspected 
hemoglobinopathy, Hb-electrophoresis, Hb-chromatography and/or DNA-tests should be 
done. However, MCV was found to have bad discriminating power between different causes 
of anemia.12 Also, ferritin and transferrin are affected by the acute phase response, leading 
to falsely elevated ferritin and diminished transferrin levels.12 It is thus desirable to have 
additional parameters that can better discriminate between different causes of anemia. 

Several additional parameters have been suggested which could lead to a better 
discrimination between IDA and ACD. Here we refer to these as ‘novel parameters’. One of 
these novel parameters is the soluble transferrin receptor (sTfR). sTfR is formed by 
proteolytic cleavage of the membrane-bound transferrin receptor, which is present on all 
iron-requiring cells. It reflects the total body’s transferrin receptor concentration, which is 
inversely associated to iron availability. In contrast to ferritin and transferrin, it is not 
influenced by inflammation.13 sTfR, and especially the ratio between sTfR and the logarithm 
of ferritin (sTRF index) was proposed as a good indicator for IDA.14,15 Secondly, the 
hemoglobin content of reticulocytes (RET-He) has been proposed as an early marker of 
functional iron-deficiency.16 Reticulocytes are young erythrocytes that circulate for 1-2 days 
in the blood before becoming mature erythrocytes17 and reflect thus the amount of 
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erythrocyte hemoglobinization that has recently been established. A third novel parameter 
is hepcidin, a peptide hormone that functions as the key regulator of iron homeostasis. It 
controls iron flux from cells into the blood through interaction with the transmembrane 
protein ferroportin.18 Its expression is downregulated during anemia and hypoxia19 and 
upregulated during iron overload and inflammation9 (see Figure 7.1). Hepcidin is thus also 
an acute-phase responder9,19 and correlates significantly with ferritin,20 but due to its rapid 
response (significant changes within a few hours after a trigger21,23), it should have added 
diagnostic value compared to ferritin. The most promising applications of hepcidin 
measurements are to diagnose hereditary hemochromatosis (HH), IDA and the combined 
state of IDA + ACD, and to predict response to oral iron therapy.24 

 

 
Figure 7.1: Regulation of iron efflux from cells is done by hepcidin, a peptide hormone produced by 
the liver. Upon binding to ferroportin, the iron-exporting transmembrane protein ferroportin is 
degraded and iron efflux is limited. Production of hepcidin is downregulated in case of hypoxia and 
diminished erythropoiesis, which is the case in iron deficiency anemia (left). Production of hepcidin is 
upregulated in case of high iron stores and inflammation, which is the case in anemia of chronic 
disease (right). Figure based on 25. 
 

Thomas and Thomas designed a diagnostic plot to differentiate between different causes of 
anemia, in which the RET-He is plotted against the sTfR/log(ferritin).26,27 This ‘Thomas-plot’ 
depicts the balance between iron demand (represented by the RET-He) and iron supply 
(represented by sTfR index) in patients with an iron-related anemia and can be divided in 
four quadrants (see Figure 7.2). Data points in quadrant 1 suggest normal red cell 
hemoglobinization, which is mostly seen in patients with ACD and cancer-related anemia. 
Data points in quadrant 2 could indicate various conditions: iron supply is reduced but 
erythrocyte hemoglobinization is still sufficient (e.g. in nonanemic patients with latent ID); 
normal hemoglobinization has started shortly after starting iron therapy while iron stores 
are still depleted; or hyperproliferative erythropoiesis due to e.g. hemolysis or pregnancy. 
Data points in quadrant 3 are typical for IDA: reduced iron supply and depleted iron stores 
causing functional ID. Patients with data points in quadrant 4 have replete iron stores but 
functional ID, which is mostly seen in anemia with infection or chronic inflammation (IDA + 
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ACD). Alternatively, it was suggested that hepcidin could replace the sTfR/log(ferritin) ratio 
in the Thomas-plot. Hepcidin correlates significantly with ferritin but is a real-time marker, 
and could thus have added value in classification.28,29 
 

 
Figure 7.2: Thomas-plot. Diagnostic plot for identifying the underlying cause of anemia. ACD: anemia 
of chronic disease, IDA: iron deficiency anemia, RBCs: red blood cells. Figure based on 28. 
 

Diagnosing patients correctly and quickly is important to provide the best treatment to cure 
anemia. The gold standard for determining iron-deficiency anemia is a bone marrow 
staining. However, this procedure is highly invasive and suffers from subjective 
interpretation.30,31 Having one (or more) biochemical parameters that could predict a 
patient’s response to iron therapy would therefore be highly valuable. Several studies have 
been done to investigate the predictive value of various parameters for determining 
response to iron therapy. For example, several studies showed that baseline levels of the 
classic parameters CRP32 and ferritin33 could predict hematopoietic response to oral iron 
therapy, while other studies showed that they had no predictive value and that novel 
parameters RET-He34 and sTfR35 were better predictors. For hepcidin, contradicting results 
were found, ranging from no predictive value36 to very good predictive value for oral iron 
therapy.37,38  

Novel iron parameters are thus indicated to better differentiate between different causes of 
anemia and to better predict response to oral iron therapy. However, more research is 
needed to confirm this. Therefore, samples from adult anemic patients were collected, in 
which both classic and novel parameters were measured, to determine the added value of 
novel iron-related parameters in the classification and therapy of anemia. 
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which both classic and novel parameters were measured, to determine the added value of 
novel iron-related parameters in the classification and therapy of anemia. 
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Adult patients who were seen by a physician Internal Medicine of the Catharina hospital for 
analysis of anemia were included. Anemia was defined as Hb levels < 8,5 mmol/L (males) or 
< 7,5 mmol/L (females). Patients were randomized 1:1 in two groups: Classic and Modern. In 
both groups, both classic and novel parameters were measured (see Table 7.1), but the 
novel parameters were blinded to the physician for the Classic group, and classification was 
done as usual. For patients in the Modern group, novel parameters were available to the 
physician (except hepcidin), and a classification of anemia was given by a laboratory 
specialist. The physician, who included patients in this study, was blinded on forehand to 
the assignment of patients to the groups. After the first visit (T1), follow-up visits were 
planned after ± 8 and 16 weeks (T2 and T3, respectively). For all time-points, two extra 
serum samples were taken and stored in the freezer (initially at -20°C, prolonged storage at 
-80°C) to perform hepcidin analysis at a later time-point. Written consent was obtained 
from all patients included. This study was approved by the Central committee on research 
involving human subjects and was registered as CCMO clinical trial number NL0082.060.14.  

 
Table 7.1: Relevant parameters available for determining the underlying cause of anemia in the 
patients assigned to the Classic group and patients in the Modern group, including reference values 
for adults (males: m, females: f) as established and used in our laboratory. 

 Classic Modern Reference range 
Hb (hemoglobin) x x ≥8.5 (m) or ≥7.5 (f) mmol/L 
CRP (C-reactive protein) x x ≤6 mg/L 
MCV (mean corpuscular volume) x x 80-100 fL 
eGFR (estimated glomerular filtration rate) x x ≥60 mL/min/1.73m2 
ferritin x x 30-400 (m) or 13-200 (f) μg/L 
transferrin x x 2.15-3.65 (m) or 2.5-3.8 (f) g/L 
transferrin saturation x x 20-15% (m) or 15-50% (f) 
reticulocytes x x 30-120 nL-1 
folate x x >10.4 nmol/L 
vitamin B12 x x 140-700 pmol/L 
MMA (methylmalonic acid) x x ≤430 nmol/L 
RET-He (reticulocyte hemoglobin content)  x >1770 pmol 
sTfR (soluble transferrin receptor)  x <5 mg/L 
sTfR/log(ferritin)  x >3.2 (normal CRP) 

>2.0 (elevated CRP) 
RPI (reticulocyte production index)  x < 2 
Thomas-plot  x See RET-He and sTfR/log(ferritin) 
Hepcidin   1.0-15.7 ng/mL 
Advice by laboratory specialist  x n.a. 
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Analyses performed and reference ranges as used in our hospital can be found in Table 7.1. 
All serum samples were tested for ferritin, vitamin B12, and folate on the Cobas e601 
Immunochemistry Analyzer (Roche Diagnostics, Almere, the Netherlands). Ferritin was 
measured using a sandwich immuno-chemiluminescent method, while vitamin B12 and 
folate were measured using a competitive immuno-chemiluminescent method. Creatinine, 
transferrin, sTfR and CRP were determined in heparin plasma on the Cobas 501 (Roche 
Diagnostics). Blood counts and RET-He were performed using the XE-5000 automated 
hematology analyzer (Sysmex, Etten-leur, the Netherlands). From these measurements, the 
MDRD and sTfR/log(ferritin) and transferrin/log(ferritin) ratios were calculated. 

Hepcidin levels were measured at a later time-point using an in-house developed liquid LC-
MS/MS method, as described in chapter 6. Shortly, samples were prepared using 
hydrophilic-lipophilic balanced (HLB) reversed-phase solid-phase extraction (SPE) and then 
diluted 1:1 with 5 mM ammonium formate pH 3.0. Twenty microliter of sample was injected 
onto an Acquity UPLC BEH C18 column, 2.1x100 mm, 1.7 μm which was connected to an 
Acquity Ultra Performance LC system (both Waters, Milford, MA, USA). The mobile phases 
(A: 5mM ammonium formate pH 3.0, B: 0.1% formic aced in acetonitrile) were run at 0.3 
mL/min using an elution gradient of 10-40% B. Mass analysis was performed using a Xevo 
TQ-S mass spectrometer (Waters, Milford, MA, USA), using the 3+ charge states of hepcidin 
and IS, which were fragmented to the b3 ions (m/z transitions 930.0 > 354.0 for hepcidin 
and 936.7 > 354.0  for the internal standard).  

 
Classification of anemic patient samples between classic and novel parameters was 
compared by performing retrospective analysis. During treatment, half of the patients was 
diagnosed based on classic parameters only, while the other half was diagnosed on novel 
parameters. For comparing classic and novel parameters, it is desired to know classification 
based on both classic and novel parameters for all patients. Therefore, anemic samples from 
all patients were first classified independently by three researchers (2 laboratory experts), 
using the classic parameters. If there were differences, the classification with the most votes 
was chosen. The following markers were used to determine the most likely classification: 

- Iron-deficiency anemia (IDA): normal CRP, low or low-normal ferritin, low transferrin 
saturation, normal or high transferrin concentration. 

- Anemia of chronic disease (ACD): elevated CRP, low transferrin saturation, normal or 
high ferritin, low or normal transferrin. 

- Hemoglobinopathy or thalassemia: low MCV, ferritin >100 μg/L and transferrin 
saturation >25%. 

- Increased hemolysis: elevated reticulocytes. 
- Vitamin B12 or folate deficiency: high MCV, low vitamin B12 and elevated MMA levels, 

or low folate levels. 
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For comparison between classic and novel parameters, only samples classified as ‘IDA’, 
‘ACD’ or ‘undecided’ by classic parameters were used. Firstly, Thomas plots were 
constructed by plotting the RET-He versus the sTfR/log(ferritin) ratio. To clarify the 
localization of the patients in the Thomas plots, baseline and follow-up measurements were 
compared. Also, the effect of iron therapy on localization within the plots was investigated 
by plotting the change in localization for all patients who received iron therapy.  

The four quadrants of the Thomas plot indicate the following classification (see Figure 7.2): 

1) ACD: RET-He >1.77 + sTfR/log(ferritin) <3.2 (normal CRP) or <2 (elevated CRP) 
2) Latent or restoring IDA or increased erythropoiesis: RET-He >1.77 + sTfR/log(ferritin) 

>3.2 (normal CRP) or >2 (elevated CRP) 
3) classic IDA: RET-He <1.77 + sTfR/log(ferritin) >3.2 (normal CRP) or >2 (elevated CRP) 
4) IDA + ACD: RET-He <1.77 + sTfR/log(ferritin) <3.2 (normal CRP) or <2 (elevated CRP) 

 
To determine the possible added value of hepcidin over ferritin, a hepcidin-plot was 
constructed, by replacing the sTfR/log(ferritin) ratio by hepcidin. The IDA cut-off of 1 ng/mL 
was used, as established for our hepcidin assay in chapter 6. For all cut-off levels in the 
Thomas plot and hepcidin-plot, uncertainty margins were depicted, which were based on 
the established measurement uncertainties for the assays in our lab. These were 5% for the 
RET-He, 10% for the sTfR/log(ferritin) and 10% for hepcidin. 

Treatment and classification were compared between classic parameters and the Thomas 
plot and hepcidin-plot by counting matching and mismatching classifications and 
treatments. Here it was assumed that (latent) IDA patients should receive oral iron therapy, 
while ACD or ACD+IDA patients should receive intravenous iron therapy. 

 
Prospective analysis was done to analyze response to iron therapy. Only patients for which 
all parameters were complete at baseline (T1) were used. All patients who received iron 
therapy and had at least one follow-up measurement (T2 and/or T3) were analyzed. Firstly, 
Hb increase after iron therapy was compared between patients in the Classic group and the 
Modern group, to determine if patients in the Modern group have a faster or more 
pronounced Hb increase. Secondly, baseline levels of five parameters (CRP, ferritin, 
hepcidin, RET-He and sTfR) were analyzed to determine their predictive value for response 
to iron therapy. Cut-off values for these parameters were determined by the laboratory’s 
cut-off values used to determine IDA: 6 mg/L for CRP, 30 μg/L for ferritin, 1770 pmol for 
RET-He, 5 mg/L for sTfR, and 1.1 ng/mL for hepcidin (1.0 ng/mL + 10% cv). For each 
parameter, patients were divided in two groups: one with levels below the cut-off, one with 
levels above the cut off. For both groups, the average increase in Hb after iron therapy was 
calculated. A student’s t-test was used to determine if Hb levels were statistically 
significantly different between the two groups (p < 0.05). 
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In total, 96 anemic patients were included by the physician, of which eight patients did not 
give consent. For 31 patients, hepcidin measurements were not available at baseline (T1), 
leaving a cohort of 57 patients suitable for analysis (29 male and 28 female)). The average 
age was 66.3 ± 17.5 years and the average hemoglobin (Hb) level was 6.8 ± 0.9 mmol/L. For 
29 patients, follow-up measurements (T2 and/or T3) were available, of which nineteen had 
received iron therapy after the first visit (sixteen oral, three intravenous). Of these nineteen 
patients, eight patients were diagnosed and treated based only on classical parameters, 
while eleven were diagnosed and treated using also the novel parameters RET-He, sTfR, 
sTfR/log(ferritin) and RPI. A schematic of patient inclusion and sample selection can be seen 
in Figure 7.3. In total, 95 samples were collected for all 57 patients, of which 77 samples 
were from patients in anemic state.  

 
Figure 7.3: Flow-chart showing patient inclusion and selection. Hepcidin measurements were done at 
a later time-point and only samples in which hepcidin was measured were selected for analysis. From 
the patients who received iron therapy, some were diagnosed and treated based on classic iron 
parameters only (classic), and some were diagnosed and treated using also novel iron parameters 
RET-He, sTfR, sTfR/log(ferritin) and RPI (modern). 
 

A total of 77 samples from patients in anemic state were analyzed to determine added value 
of modern parameters in the classification of anemia. First, the samples were analyzed using 
only classic parameters, which resulted in the following diagnoses: 31% undecided, 31% IDA, 
22% ACD, 7% thalassemia, 5% B12/folate deficiency, 4% hemolysis. The majority of patient 
samples could thus not be classified or were classified as IDA. The second most prevalent 
classification was ACD. Samples classified as B12/folate deficient, thalassemia and hemolysis 
were excluded from further analysis, leaving a total of 66 samples for further analysis (T1, 
T2 and T3 measurements).  
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Different cut-off values for sTfR/log(ferritin) have been established for patients with normal 
and elevated CRP.27 Therefore, two separate Thomas plots were constructed (see Figure 
7.4). All patients classified as iron-deficient using classic parameters were depicted in 
quadrant 2 and 3 in the Thomas plots. The majority of these patients were in quadrant 3, 
indicating classic IDA, while four of these patients were in quadrant 2, indicating latent IDA, 
restoring from IDA after iron therapy or increased erythropoiesis. Interestingly, a lot of 
patients were found in quadrant 1 of the Thomas plots, despite having normal CRP levels 
(n=16). All these patients could not be classified using classic parameters. Other patients 
with undecided classification based on classic parameters were mainly found in quadrant 2. 
Patients classified as ACD by the classic parameters were divided over all four quadrants of 
the Thomas plot, of which most of these patients were found in quadrant 1, indicating 
classic IDA. However, it has to be noted that most patients were located very close to the 
cut-off levels and within the uncertainty margins of the assays. 

 

 
Figure 7.4: Thomas plots for all anemic patients classified as IDA (blue), ACD (orange) or undecided 
(green) with classic parameters. Two separate plots were made for normal CRP (left) or elevated CRP 
(right). The RET-He cut-off level is 1.77, the sTfR/log(ferritin) cut-off levels are 3.2 (for normal CRP) 
and 2.0 (for elevated CRP). Assay imprecision is depicted with dotted lines (5% cv for RET-He and 10% 
for sTfR/log(ferritin). Classification of patients in the four quadrants is as follows: (1) ACD, (2) 
latent/restoring IDA or increase erythropoiesis, (3) classic IDA, (4) IDA + ACD.  
 

To further elucidate the classification of patients in the four quadrants of the Thomas plots, 
samples were split according to the time of sampling (baseline or follow-up measurement). 
Figure 7.5 shows that for patients with elevated CRP, follow-up measurements were mainly 
found in quadrant 3, very close to the cut-off levels. For patients with normal CRP, the 
majority of T1 measurements were found in quadrant 3, while the majority of follow-up 
measurements were found in quadrant 1. The shift from bottom-right to upper-left could be 
caused by iron therapy, causing repletion of iron storage and normalization of reticulocyte 
hemoglobinization.  
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Figure 7.6 shows the change in localization in the Thomas plot for all patients who received 
iron therapy, which indeed confirmed a general shift from bottom-right to upper-left. Only 
four patients did not show this upper-left shift in localization after therapy (depicted in 
bright red). Two patients did initially experience an upper-left shift from T1 to T2, but then 
shifted back to the bottom-right from T2 to T3. This was also reflected in the Hb, which first 
increased and then decreased again for these patients. One patient first experienced a 
bottom-right shift, followed by an upper-left shift, which was reflected in the Hb that first 
decreased and then increased again. Only one patient experienced a bottom-right shift 
despite an increased Hb of 0.3 mmol/L. However, this could be explained by a decreased 
CRP and ferritin, which leads to an increased sTfR/log(ferritin) ratio. 
 

 
Figure 7.5: Thomas plots for all anemic patients, as in Figure 7.4, but data are now split according to 
time of sampling: at T1 (baseline) or during follow-up (T2/ T3).  
 
 

 
Figure 7.6: Effect of iron therapy on localization of patients within the Thomas plot. The shift in 
localization as a result of receiving iron therapy is depicted using arrows. Patients who did not show 
a shift from bottom-right to upper-left are depicted in red. 
 



7

120 
 

Different cut-off values for sTfR/log(ferritin) have been established for patients with normal 
and elevated CRP.27 Therefore, two separate Thomas plots were constructed (see Figure 
7.4). All patients classified as iron-deficient using classic parameters were depicted in 
quadrant 2 and 3 in the Thomas plots. The majority of these patients were in quadrant 3, 
indicating classic IDA, while four of these patients were in quadrant 2, indicating latent IDA, 
restoring from IDA after iron therapy or increased erythropoiesis. Interestingly, a lot of 
patients were found in quadrant 1 of the Thomas plots, despite having normal CRP levels 
(n=16). All these patients could not be classified using classic parameters. Other patients 
with undecided classification based on classic parameters were mainly found in quadrant 2. 
Patients classified as ACD by the classic parameters were divided over all four quadrants of 
the Thomas plot, of which most of these patients were found in quadrant 1, indicating 
classic IDA. However, it has to be noted that most patients were located very close to the 
cut-off levels and within the uncertainty margins of the assays. 

 

 
Figure 7.4: Thomas plots for all anemic patients classified as IDA (blue), ACD (orange) or undecided 
(green) with classic parameters. Two separate plots were made for normal CRP (left) or elevated CRP 
(right). The RET-He cut-off level is 1.77, the sTfR/log(ferritin) cut-off levels are 3.2 (for normal CRP) 
and 2.0 (for elevated CRP). Assay imprecision is depicted with dotted lines (5% cv for RET-He and 10% 
for sTfR/log(ferritin). Classification of patients in the four quadrants is as follows: (1) ACD, (2) 
latent/restoring IDA or increase erythropoiesis, (3) classic IDA, (4) IDA + ACD.  
 

To further elucidate the classification of patients in the four quadrants of the Thomas plots, 
samples were split according to the time of sampling (baseline or follow-up measurement). 
Figure 7.5 shows that for patients with elevated CRP, follow-up measurements were mainly 
found in quadrant 3, very close to the cut-off levels. For patients with normal CRP, the 
majority of T1 measurements were found in quadrant 3, while the majority of follow-up 
measurements were found in quadrant 1. The shift from bottom-right to upper-left could be 
caused by iron therapy, causing repletion of iron storage and normalization of reticulocyte 
hemoglobinization.  

121 
 

Figure 7.6 shows the change in localization in the Thomas plot for all patients who received 
iron therapy, which indeed confirmed a general shift from bottom-right to upper-left. Only 
four patients did not show this upper-left shift in localization after therapy (depicted in 
bright red). Two patients did initially experience an upper-left shift from T1 to T2, but then 
shifted back to the bottom-right from T2 to T3. This was also reflected in the Hb, which first 
increased and then decreased again for these patients. One patient first experienced a 
bottom-right shift, followed by an upper-left shift, which was reflected in the Hb that first 
decreased and then increased again. Only one patient experienced a bottom-right shift 
despite an increased Hb of 0.3 mmol/L. However, this could be explained by a decreased 
CRP and ferritin, which leads to an increased sTfR/log(ferritin) ratio. 
 

 
Figure 7.5: Thomas plots for all anemic patients, as in Figure 7.4, but data are now split according to 
time of sampling: at T1 (baseline) or during follow-up (T2/ T3).  
 
 

 
Figure 7.6: Effect of iron therapy on localization of patients within the Thomas plot. The shift in 
localization as a result of receiving iron therapy is depicted using arrows. Patients who did not show 
a shift from bottom-right to upper-left are depicted in red. 
 



122 
 

In the Thomas plots, we noticed that many samples were located very close to the cut-off 
points, especially for patients with elevated CRP. If patients were localized within the 
uncertainty range of the assay used to determine the cut-off, this may lead to different 
classification of patients, complicating classification and limiting its clinical value. It was 
suggested that the sTfR/log(ferritin) ratio could be replaced by hepcidin.28 For construction 
of this hepcidin-plot, only the 1 ng/mL cut-off for hepcidin was used, since no separate 
hepcidin cut-off values were determined for patients with normal and elevated CRP (see 
Figure 7.7). In the hepcidin plot, quadrants were switched horizontally: patients with 
(latent/restoring) IDA were now depicted on the left, while (IDA +) ACD patients were 
depicted on the right. The lower limit of quantification of the hepcidin assay is 0.5 ng/mL 
(see chapter 6), which explains the large amount of data points on the same line. The 
hepcidin-plot resulted in better separation of IDA patients than in the Thomas plot: only one 
patient was located within the uncertainty range of the hepcidin cut-off value, while seven 
patients were located within the uncertainty range of the sTfR/log(ferritin) ratio. When 
classification based on classic parameters was compared to the hepcidin-plot, two IDA 
patients and one ACD patient were classified in the IDA+ACD quadrant. In the Thomas plot, 
ACD patients were distributed over all four quadrants, indicating that classification of the 
hepcidin-plot agrees better with classification using classic parameters.  

 
Figure 7.7: Hepcidin-RET-He plot in which the sTfR/log(ferritin) ratio is replaced with hepcidin, for all 
anemic patients classified as IDA (blue), ACD (orange) or undecided (green) with classic parameters. 
The RET-He cut-off level  is 1.77, the hepcidin cut-off level is 1.0. Assay imprecision is depicted with 
dotted lines (5% cv for RET-He and 10% for hepcidin). Classification of patients in the four quadrants 
is as follows: (1) ACD, (2) latent/restoring IDA or increase erythropoiesis, (3) classic IDA, (4) IDA+ACD. 
 

Diagnosing the underlying cause of anemia correctly and quickly is important to determine 
the best treatment for patients. IDA patients should receive oral iron therapy, while patients 
with symptomatic ACD or combined IDA + ACD would benefit more from EPO and 
intravenous iron therapy. When comparing classic parameters with novel parameters, 
comparison in treatment consequences should thus also be evaluated. Patients localized in 
quadrants 2 and 3 in the Thomas plot and hepcidin-plot are assumed to benefit from oral 
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iron therapy, while patients localized in quadrants 1 and 4 should benefit from EPO and 
intravenous iron therapy. In Table 7.2, classification and treatment consequences based on 
either classic or novel parameters were compared. When the Thomas plot was compared to 
classic parameters, 78% of the patients would receive the same therapy, while 22% of the 
patients would not. For the hepcidin-plot, 93% of treatments were the same as with classic 
parameters, while 7% were not. The main difference between the Thomas-plot and the 
hepcidin-plot was the classification of ACD patients, which were almost 100% matching for 
classic parameters and hepcidin-plot, but only 50% matching for classic parameters and the 
Thomas plot. 
 
Table 7.2: Comparison of classification and treatment consequences between classic and novel 
parameters. Matching treatment procedures (oral or intravenous iron) are marked green, while 
mismatching treatments are marked red. 

 
 

 
In our cohort, nineteen patients received iron therapy and had follow-up measurements 
available, of which eight were in the classic group and eleven in the modern group (note: 
classified without hepcidin). Response to iron therapy was first compared between patients 
in the Classic group and the Modern group. We found no statistically significant differences 
in Hb level between the Classic and Modern group at all three time-points (see Figure 7.8). 
In both the Classic group and the Modern group, Hb levels were statistically significantly 
higher at T3 than at T1 (p = 0.030 and p = 0.041, respectively). In the Modern group, Hb 
levels were also statistically significantly higher at T2 than at T1 (p = 0.025). This was not the 
case for the Classic group (p = 0.141), suggesting that the response to iron therapy was 
faster in patients who were diagnosed and treated using novel iron parameters.  

Next, it was investigated whether baseline levels of CRP, ferritin, RET-He, sTfR and hepcidin 
could predict the response to iron therapy (both oral and intravenous). The average Hb 
change in patients was determined for concentrations below and above the IDA cut-offs for 
these parameters (see Figure 7.9). CRP showed no predictive value: Hb change was highly 
similar in patients with low and high baseline levels of CRP (p = 0.906). Patients with low 
ferritin, hepcidin and RET-He levels at baseline showed larger increase in Hb concentration 
than patients with high levels, although this was not statistically significant (ferritin p = 
0.187, hepcidin p = 0.096, RET-He p = 0.060). Only sTfR levels were predictive for response 
to iron therapy: patients with high sTfR levels showed statistically significantly higher Hb 
increase after iron therapy than patients with low sTfR levels (p = 0.024). 
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Figure 7.8: Hemoglobin levels of patients who received iron therapy at baseline (T1), after ± 8 weeks 
(T2) and after ± 16 weeks (T3). Hemoglobin concentrations are displayed as average ± standard 
deviation. * = p < 0.05 
 

 
Figure 7.9: Change in hemoglobin concentration after iron therapy for patients with hepcidin, CRP, 
ferritin, RET-He and sTfR levels below and above the specified cut-off levels for determination of IDA 
(see Table 1). Data are displayed as average + standard deviation. * p < 0.1, ** p < 0.05. 
 
 
 

To determine added value of novel iron-related parameters for classification of anemia, a 
clinical trial was set-up. Unfortunately, patient inclusion went very slowly, resulting in only 
88 included patients (at least 300 were planned based on power calculations). Also, sample 
collection for post-hoc hepcidin measurements did not go smoothly, which resulted in only 
57 patients for which hepcidin could be measured at baseline. Nevertheless, analysis was 
performed to try to determine added value of novel parameters. 
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The widely accepted gold standard for iron deficiency classification is iron staining of a bone 
marrow biopsy.39 However, the invasive nature of this procedure severely limits its use, and 
biochemical markers are normally used for classification of anemia. Depending on the 
chosen set of diagnostic markers, classification can be different. To compare classic and 
novel parameters, Thomas plots and a hepcidin-plot were constructed. Classification of IDA 
patients showed very good agreement between classic parameters and the Thomas plots. 
However, patients classified as ACD using classic parameters were scattered over all four 
quadrants of the Thomas plot, and all were very close to the cut-off values, mostly even 
within the uncertainty ranges of the assays. This limits the clinical value and could indicate 
that the sTfR index cannot discriminate well between IDA and ACD. Alternatively, an 
important parameter for ACD classification with classic parameters is CRP, so it is also 
possible that CRP is not a reliable marker for distinguishing ACD patients, as it is a non-
specific marker of acute phase response. 

A high amount of patients with normal CRP was found in the ACD quadrant of the Thomas 
plot. We found that the majority of these samples were from follow-up measurements and 
that most of these patients had received iron therapy. In case of successful iron therapy 
(rise in Hb), an upper-left shift in the Thomas plot is expected and this is also exactly what 
was observed in Figure 7.6. This could also explain the presence of some patients in 
quadrant 2: hemoglobinization after iron therapy had already normalized, but iron stores 
were still not repleted. This indicates that the Thomas plot could provide misleading results 
when follow-up measurements are analyzed while unaware of this, leading to classification 
of ACD while the patient is restoring from anemia due to iron therapy. However, the 
Thomas plot could thus be valuable for evaluation of a patient’s response to iron therapy. It 
has to be taken into account though, that changing levels of CRP and ferritin strongly 
influence localization in the Thomas plot. A decreasing CRP and ferritin could cause a right-
shift on the x-axis while a patient is actually recovering, as shown by one of our patients. 
Several patients did not show an upper-left shift in the Thomas plot after iron therapy, 
which correlated with decreasing Hb levels. It is unknown how the therapy was 
administered to those patients at that time. Bad compliance, delayed start of therapy or 
other adverse events could probably explain the decreased Hb. 

In the hepcidin-plot, better separation between IDA and ACD samples was obtained than in 
the Thomas plot. Patients classified as ACD with classic parameters were also classified as 
ACD or IDA+ACD with the hepcidin-plot, except one. This could indicate that hepcidin is a 
better marker for discrimination between IDA and ACD. In our previous study (see chapter 
6), patients with ACD were identified with hepcidin levels > 15.7 ng/mL. It remains to be 
determined if samples with hepcidin levels between 1-15.7 ng/mL should be classified as 
ACD or ACD + IDA. We also showed in chapter 6 that patients with hepcidin < 1.0 ng/mL 
were classified as IDA, while the hepcidin-plot showed that a selection of these patients had 
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Figure 7.8: Hemoglobin levels of patients who received iron therapy at baseline (T1), after ± 8 weeks 
(T2) and after ± 16 weeks (T3). Hemoglobin concentrations are displayed as average ± standard 
deviation. * = p < 0.05 
 

 
Figure 7.9: Change in hemoglobin concentration after iron therapy for patients with hepcidin, CRP, 
ferritin, RET-He and sTfR levels below and above the specified cut-off levels for determination of IDA 
(see Table 1). Data are displayed as average + standard deviation. * p < 0.1, ** p < 0.05. 
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normal hemoglobinization of erythrocytes (quadrant 2). This was also found by Thomas et 
al., who showed that there was no difference in hepcidin levels between classic IDA and 
latent IDA patients.28 A larger study should be performed to investigate this population. 
However, in both cases (IDA and latent IDA), treatment should be done with oral iron 
therapy, so there are no treatment consequences. Another advantage of the hepcidin-plot 
in comparison to the Thomas plot is that only two parameters need to be measured, instead 
of three, which makes interpretation less complicated.  

 
Analysis of Hb levels before and after iron therapy showed that patients who were treated 
based on novel iron parameters (but not hepcidin) showed faster increase in Hb than 
patients who were treated based only on classic parameters. This suggests that the novel 
parameters allow the physician to prescribe therapy that is better suitable to these patients. 
However, patient numbers are limited. In total, nineteen patients were analyzed, from 
which sixteen patients had received oral iron therapy and three had received intravenous 
iron therapy. It was thus not possible to separately analyze oral and intravenous therapy. 
Results should thus be interpreted with caution, especially for intravenous iron therapy.  

Investigation of CRP, ferritin, RET-He, sTfR and hepcidin baseline levels showed that only 
CRP had absolutely no value for predicting response to iron therapy. This is in contrast to 
the findings of Iqbal et al.32 and Singh et al.40 However, their study populations were very 
different than ours since those only included patients with chronic disease, which may 
explain the different findings. We furthermore found that low ferritin, hepcidin and RET-He 
levels at baseline showed some predictive value. This is confirmed by the studies of Chuang 
et al. which confirmed the stronger predictive value for RET-He than for ferritin or CRP 
levels,34 and the study by Bregman et al.38 which showed that hepcidin had higher predictive 
value than ferritin. However, they were all not significant in our study, except sTfR, which 
had statistically significant predictive value for response to iron therapy.  

The difference in Hb levels between the patient with baseline levels below and above the 
specified cut-offs was similar for hepcidin and sTfR, while only the sTfR levels were 
statistically significantly different. This is due to the low number of patients; the group 
patients with hepcidin levels above the cut-off consisted of only three patients, while the 
group patients with sTfR levels above the cut-off consisted of only four patients. It is thus 
expected that hepcidin also has good predictive value, but that we could not show this due 
to the limited amount of patients included. It is advised to repeat this study with larger 
patient numbers. In that case, it would also be possible to analyze predictive values of 
parameters separately for oral and intravenous therapy. At the moment, it is assumed that 
the predictive values calculated are only valid for oral iron therapy, since our study included 
very few patients with intravenous therapy.  
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When classic and novel parameters were compared, we showed that the use of hepcidin 
instead of sTfR/log(ferritin) in the Thomas plot resulted in better separation of IDA and ACD 
patients, which may increase its clinical value. In case of undecided classification using 
classic parameters, the hepcidin-plot could thus be used to distinguish between IDA and 
ACD. Prediction of response to iron therapy could not be done with classic parameters CRP 
and ferritin. The novel parameters RET-He, hepcidin and sTfR all showed better predictive 
value, but only sTfR was statistically significant. However, patient numbers in this study 
were limited and more research should be done to generate stronger evidence. 
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To increase the quality of healthcare and the value of laboratory testing, evaluation has to 
be shifted from an activity-based service to an outcome-based service.1,2 Test evaluation 
should consider all the consequences for all the stakeholders related to implementation of a 
test. The value proposition model for laboratory medicine offers guidance for this.1 Anti-
TNFα proteins have been on the market for almost two decades and are widely used for 
treatment of chronic inflammatory diseases. Recently, it has become clear that therapeutic 
drug monitoring (TDM) of anti-TNFα proteins provides great potential to optimize 
treatment, which is also shown in Chapter 2, 3 and 4 of this thesis. However, TDM of anti-
TNFα therapeutics is not routinely performed in clinical care yet. Therefore, we describe a 
value proposition that may aid in the implementation of measurement of anti-TNFα 
proteins in routine health care. 
 

Treatment with anti-TNFα proteins is very expensive,3 and a large proportion of patients 
does not show adequate clinical response to this expensive treatment. This can be due to 
various reasons,4 namely the formation of anti-drug-antibodies (ADA), increased clearance 
of the drug, an ongoing inflammatory response without TNFα or a wrong diagnosis. This 
makes empiric therapy optimization, often done by dose escalation, inefficient. Also, the 
majority of patients does not receive doses that lead to trough levels within the proposed 
therapeutic range (see Figure 8.1). Patients with high drug levels are at risk of side effects 
such as serious infections,5,6 while too low drug levels increase the risk on ADA formation 
and loss of response.7 Therefore, a means to optimize this therapy patient-specifically is 
desperately desired. 
 

 
Figure 8.1: Infliximab (IFX) and antibodies-to-infliximab (ATI) trough levels of inflammatory bowel 
disease patients. The proposed therapeutic range of 3-7 μg/mL is depicted with the light grey 
rectangle. The percentage of patients with IFX levels within, below or above the therapeutic range 
are indicated. ATI levels are shown with yellow, orange and red bars. (Figure copied from chapter 3). 
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All patients who receive anti-TNFα therapy could benefit from this personalized therapy. 
Five different anti-TNFα proteins are currently available: infliximab, a chimeric IgG 
monoclonal antibody (mAb); adalimumab, a fully human mAb; golimumab, also a fully 
human mAb; etanercept, a fusion protein of TNF receptor 2 with an IgG1 Fc domain; and 
certolizumab pegol, a PEGylated Fab fragment. Several of these original drugs (also called 
reference products or innovator drugs) have experienced patent expiration, which has led to 
introduction of biosimilars on the market. A biosimilar is defined by the USA Food and Drug 
Administration (FDA) as a biological product that is highly similar to and has no clinically 
meaningful differences from a reference product.8 Currently, biosimilars are available for 
infliximab and etanercept. Biosimilars of adalimumab are expected on the market end 2018. 
The anti-TNFα drugs are prescribed for the following indications: (pediatric) Crohn’s disease, 
(pediatric) ulcerative colitis, rheumatoid arthritis, ankylosing spondylitis, psoriatic arthritis 
and plaque psoriasis. Note: not all drugs are prescribed for all indications in all countries.  
 

Many different tests are available for quantification of anti-TNFα proteins in serum/plasma. 
Usually, enzyme-linked immunosorbent assays (ELISAs) are used. Other available tests are 
for example homogeneous mobility shift assays (HMSA)9,10 and mass spectrometry (MS) 
based assays.11-13 An advantage of the HMSA and MS assays is that they can measure both 
the anti-TNFα proteins and anti-drug antibodies (ADA), and they can potentially measure all 
anti-TNFα proteins with the same assay. However, they are currently less suitable for 
routine clinical use due to the need of expensive analyzers and specialized personnel. 
Therefore, ELISAs are almost always used in clinical laboratories. In case of quantification 
with ELISAs, different assays are needed for all the different anti-TNFα proteins, except for 
biosimilars, which can be measured with the same assays as the innovator biologics (see 
chapter 3). Multiple ELISAs are available for each anti-TNFα protein. It has to be noted that 
there is no standardization, so different assays may yield different drug concentrations.14 To 
our knowledge, there are currently no quick and quantitative point-of care tests available. 
 
In our lab, several commercially available ELISA kits for measurement of infliximab (IFX) 
were compared to each other (see chapter 2). ELISAs kits can be implemented on an 
automated ELISA processor, so little hands-on time is required. We found that the apDia IFX 
ELISA had the best performance with a within-run imprecision of ≤ 6.1%, a between-run 
imprecision of ≤ 7.1% and good accuracy (80% < X < 120%) for all tested levels. It was also 
shown that the apDia IFX ELISA measures higher levels than the in-house ELISA of Sanquin 
Diagnostics, the Lisa Tracker assay and the Promonitor assay. This has to be taken into 
account when dosing is adjusted using a therapeutic range. Depending on the assay used, 
the therapeutic range may need to be (re)defined. 
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The therapeutic range for anti-TNFα therapies depends on the anti-TNFα drug administered, 
on the prescribed dose and on the disease type. Most research towards therapeutic ranges 
has been done for infliximab and adalimumab in inflammatory bowel disease (IBD) patients. 
Recently, an international team of experts reached consensus on therapeutic trough levels 
for IBD patients to obtain clinical remission, which were 3-8 μg/mL for infliximab and 5-12 
μg/mL for adalimumab.15 However, these ranges may vary for different disease phenotypes 
or treatment endpoints, such as fistulizing disease or to achieving mucosal healing.15  

 

Therapeutic drug monitoring (TDM) of anti-TNFα drug levels can be applied as reactive TDM 
or as proactive TDM.16,17 Reactive TDM includes measurement of trough drug levels and 
ADA in response to active disease and is done to guide treatment changes. Routine 
proactive TDM includes measurement of trough drug levels and ADA to guide ongoing 
maintenance treatment, regardless of clinical status. Recent evidence furthermore showed 
that higher IFX levels during the start of treatment are also associated with improved clinical 
outcome,18 but reference values are lacking. TDM should be based on drug and ADA levels 
and on clinical response. Mitrev et al. recently proposed treatment algorithms for both 
reactive and proactive TDM (see Figure 8.2 and Figure 8.3).15 

 
Figure 8.2: Proposed treatment algorithm for reactive TDM in inflammatory bowel disease (IBD). 
Figure reprinted with permission from 15. 
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Figure 8.3: Proposed treatment algorithm for proactive TDM in inflammatory bowel disease (IBD). 
Figure reprinted with permission from 15. 

 

A dramatic decrease in the amount of patients with supra-therapeutic and sub-therapeutic 
anti-TNFα trough levels is expected by proactive monitoring and application of appropriate 
dose adjustment. This could potentially lead to less side-effects and immunization. Also, 
patients who developed anti-drug antibodies (ADA) are detected faster and therapy can be 
adjusted accordingly. By reactive monitoring, the cause of disease worsening could be 
detected, leading to faster therapy optimization. This, in turn, will potentially lead to 
increased quality of life for the patients, and less money wasted on inappropriate therapies. 

In both cohort studies19,20 we found that ±1/3 of patients had supra-therapeutic IFX levels, 
±1/3 had therapeutic IFX levels and ±1/3 had sub-therapeutic IFX levels. Half of the patients 
with sub-therapeutic levels had no detectable ADA, one-third had low ADA levels and 15% 
had high ADA levels. Moreover, 5% of patients with low drug levels were in deep sustained 
remission and could stop anti-TNFα treatment. This indicates that both reactive and 
proactive TDM could improve treatment for the majority of patients. Treatment 
optimization does not necessarily lead to cost reduction (although this could be the case, as 
shown by several studies),21-25 but it will make anti-TNFα therapy more cost efficient by 
providing better care for the individual patient and thus more health gained per euro spent. 
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Currently, measurement of drug and ADA levels is done in routine clinical labs or dedicated 
labs specialized in anti-TNFα measurements, such as Sanquin Diagnostics (Amsterdam, the 
Netherlands). Quick and quantitative point-of-care tests will probably become available in 
the future. Those could also be suitable for anti-TNFα therapy monitoring, if they include 
ADA measurements and after appropriate clinical performance studies have been done. 
 

Currently, implementation of reactive and proactive TDM for anti-TNFα drug is debated in 
literature. Recently, a study by Mitrev and colleagues showed that an international panel of 
experts supported the implementation of both reactive and proactive TDM in the clinic.15 
Many retrospective and observational studies showed that anti-TNFα drug trough levels 
correlate with clinical outcomes.26-36 Several observational studies showed that the majority 
of patients does currently not receive treatment within the proposed therapeutic range19,20 
indicating that the majority of patients could benefit from TDM. Furthermore, both 
simulation studies21,22 and randomized controlled trials23-25 showed that optimizing anti-
TNFα therapy using TDM leads to better clinical outcomes and is more cost-effective than 
empiric dose-escalation for patients who lose response to anti-TNFα therapy.  
 
However, studies by Feuerstein et al.16 and Vande Casteele et al.17 showed that the number 
of studies specifically aimed at comparing TDM vs. no TDM in IBD patients, are very scarce. 
The quality of the direct evidence is thus low. Only one randomized controlled trial (RTC)23 
and three observational studies33,37,38 in patients with IBD showed that reactive TDM was 
superior to empirical dose escalation or switching therapies. No RCTs or comparative 
observational study have been performed to evaluate the role of routine proactive TDM for 
achieving remission. Indirect evidence can be derived from a one RCT (the TAXIT trial25), in 
which the therapy for all IBD patients was first optimized to obtain trough levels within the 
therapeutic range, after which they were randomized to receive proactive TDM or no TDM 
during one year. This trial showed that there was no difference between TDM and empiric 
therapy optimization, however, all patients already received optimized therapy.  
 

Clinical effectiveness: The majority of patients will receive better treatment than they 
currently are due to personalized and more efficient treatment optimization. 

Cost-effectiveness: It is expected that treatment costs for anti-TNFα will remain similar, or 
costs could potentially decrease. Anti-TNFα therapy will become more cost efficient by 
providing better care for the individual patient. More efficient treatment optimization could 
furthermore reduce costs. 
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Broader impact: Better treatment of patients could lead to an increased quality of life, for 
example being better able to work and being more socially active. Regular monitoring could 
also reassure patients that they are well taken care off. This could reduce stress, which 
could positively impact disease activity. For patients with supra-therapeutic levels, hospital 
visits can be saved. The hospital can use its scarce resources for other activities. 
 

Stakeholder Role  Potential benefits 
Pharmaceutical 
companies 

Developing and selling anti-TNFα 
therapies. 

Selling more efficient anti-TNFα 
therapies. 

Health insurers Providing reimbursement for anti-
TNFα therapies. 

Reimbursement is spent on more 
appropriate therapies. 

Hospital Buying anti-TNFα therapies. Resources are used more effectively, 
potentially leading to higher patient 
satisfaction.  

Pharmacy Drug compounding and providing 
guidance regarding therapy safety  
and therapy adjustments. 

Contributing to personalized care and 
guarding patient safety. 

Patient Receiving anti-TNFα therapy. Receiving personalized anti-TNFα 
therapy. Depending on the health care 
system, a patient may have lower costs 
in case of dose de-escalation. 

Diagnostics 
companies 

Selling tests for measurement of anti-
TNFα drug levels and ADA. 

Selling more tests for measurement of 
anti-TNFα drug levels and ADA. 

Clinical/ 
diagnostic lab 

Measuring anti-TNFα drug levels and 
ADA. 

Contributing to personalized care.  

Physician Evaluating a patient’s disease activity 
and prescribing medication. 

Contributing to personalized care. 

 
 

Pharmaceutical companies could potentially experience decreased sales. Depending on the 
reimbursement system, clinical labs could experience higher costs by performing more 
tests. These costs could be compensated by decreased treatment costs. If patients have to 
pay (part of) therapy costs, they may have to pay more. 
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 Without intervention With intervention 

Pharmaceutical 
company 

Selling anti-TNFα therapies. Same as before. 

Physician  Meets patients for regular 
check-ups which includes some 
lab analysis. 

Anti-TNFα drug level measurement 
should be arranged before meeting 
patients for regular check-ups and drug 
levels should be analyzed to determine 
whether dose adjustment or switching 
is desirable. 

Pharmacy  Drug compounding and 
providing guidance regarding 
therapy safety and therapy 
adjustments. 

Same as before + checking/providing 
more dose adjustments due to TDM. 

Clinical lab No role. Measuring anti-TNFα drug levels and 
ADA. 

 
 

Introduction of TDM for anti-TNFα therapies leads to more laboratory testing to determine 
drug levels and ADA, leading to higher costs for testing. Depending on the reimbursement 
system, this could lead to higher costs for the laboratory. However, costs for performing 
TDM are much lower than for the anti-TNFα therapy itself. It is expected that these higher 
costs could be compensated by the optimized therapy resulting from TDM, which could 
potentially lead to lower amounts of anti-TNFα therapies being administered, less hospital 
visits and higher quality of life for the patients. The anti-TNFα therapy will be more cost 
efficient by providing better care for the individual patient and thus more health gained per 
euro spent. 
 
 

Proactive routine measurement of anti-TNFα drug levels could be combined with already 
existing routing check-ups for patients 1-2 times a year. Additionally, reactive TDM should 
always applied when a patient experiences increased disease activity, to determine the 
cause of this. Monitoring can be done by first determining the current status: what drug 
levels and disease activity do patients currently have and what are the therapy costs? After 
some time, e.g. 12 months, this status should be determined again. 
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Proposed implementation plan: 

Without intervention With intervention 

Patients receive anti-TNFα therapy 
periodically. Once or twice a year, blood is 
withdrawn from which routine lab tests are 
performed. This is followed by an 
outpatient visit to the physician, where the 
results are discussed and a routine medical 
checkup is performed. Afterwards, the 
standard anti-TNFα dose is administered 
again.  
 
If a patient has increased disease activity, 
empiric therapy optimization is done, which 
usually starts with increasing the anti-TNFα 
dose. 

Patients receive anti-TNFα therapy 
periodically. Once or twice a year, blood is 
withdrawn just before administration of the 
anti-TNFα drug, from which routine lab tests 
are performed and anti-TNFα and ADA levels 
are measured. This is followed by an 
outpatient visit to the physician, where the 
results are discussed and a routine medical 
checkup is performed. If necessary, anti-
TNFα dose adjustment is done.  
 
If a patient has increased disease activity, 
therapy optimization is guided by anti-TNFα 
trough levels and ADA. 

 
 

Both reactive and proactive routine monitoring of anti-TNFα drug levels could lead to 
optimized anti-TNFα treatment and faster treatment optimization. This personalized care 
improves the patient’s quality of life and the health gain per euro spent. 

  

 

I would like to thank Volkher Scharnhorst, Daan van de Kerkhof, Maarten Broeren and Luc 
Derijks for their valuable feedback on this chapter. 
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Proteins exert many different specific functions in the human body, for example protection 
of the body from invading pathogens, catalyzing chemical reactions, transmitting signals, 
providing structural support, and transportation and storage of ions and molecules. 
Therefore, they are highly suitable for detection, monitoring and treatment of diseases. 
Measurement of proteins for clinical use should be done with assays that can accurately 
quantify these proteins in biological fluids. There are many different assays available for 
protein quantitation. Traditionally, ELISAs (enzyme-linked immunosorbent assays) are 
mostly used, but LC-MS (liquid chromatography – mass spectrometry) assays are currently 
gaining importance. For successful implementation of protein quantitation assays in health 
care, it is pivotal that these assays are thoroughly evaluated, both before and during use in 
the clinic. This thesis describes the development and evaluation of different protein 
quantitation assays for use in health care and focuses thereby on two proteins: the 
therapeutic antibody infliximab (part I) and the peptide hormone hepcidin (part II).  
 
PART I: Measurement of therapeutic antibodies 
 
Therapeutic antibodies are antibodies which are specifically designed to target one protein 
in the body for treatment of diseases. Infliximab is directed against tumor necrosis factor α 
(TNFα), a pro-inflammatory protein, and is used for treatment of chronic inflammatory 
disorders. Measurement of therapeutic antibodies is usually done with ELISAs and should be 
applied to optimize these treatments efficiently and patient-specifically.  
 
First, comparison of four different ELISAs for quantification of infliximab was done. Three 
commercially available kits from Theradiag, Progenika and apDia were implemented in our 
clinical lab. Analytical validation of these assays showed that apDia’s assay had the best 
precision and agreement to target values. Assay comparison, which also included the ELISA 
of Sanquin Diagnostics (Amsterdam), showed statistically significant differences in infliximab 
levels between all assays, except between Sanquin Diagnostics and Theradiag’s assay. The 
best performing assay, which was apDia’s assay, was implemented in our clinical laboratory. 
Subsequently, infliximab measurements were done in all patients suffering from rheumatic 
diseases and inflammatory bowel disease. These patients were then switched to infliximab 
biosimilar, which emerged on the Dutch market in 2015 after patent expiration of the 
‘original’ infliximab. Monitoring of these patients during ± 12 months showed no differences 
in drug levels and disease activity between infliximab innovator and biosimilar in both 
cohorts, indicating that biosimilars are safe and effective. Approximately one-quarter of 
both cohorts discontinued biosimilar therapy during these 12 months, but this was mostly 
due to elective withdrawal or subjective disease worsening. 
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Also, two novel assays for quantification of anti-TNFα proteins were developed and 
analyzed to determine their suitability for clinical application, using infliximab as a model 
protein. For the first assay, fluorescently labeled TNFα was added to samples containing 
infliximab, after which the samples were analyzed by size-exclusion chromatography (SEC). 
The SEC assay could separate all compounds well and quickly. However, the assay was not 
reproducible due to fast column degeneration. The second assay was a competitive 
immunoassay, for which biotin-labeled TNFα was coated to a streptavidin-coated surface, 
followed by addition of fluorescently labeled infliximab and unlabeled infliximab. TNFα and 
infliximab bound well to the surface, but elution proved to be difficult and reproducibility 
and sensitivity were limited. Both the SEC assay and the competitive immunoassay showed 
potential promise for quantification of anti-TNFα proteins, but assay optimization should be 
done to make them suitable for quantitative high-throughput analysis. 
 

PART II: Measurement of the biomarker hepcidin 
 
Hepcidin is a peptide hormone produced in the liver. It controls the efflux of iron from cells 
into the blood and is the key regulator of iron homeostasis. It is therefore a highly promising 
biomarker for iron-related disorders and guidance of iron therapy. Due to the small size of 
hepcidin, development of ELISAs is much more difficult, while development of mass 
spectrometry (MS) assays is much easier than for large proteins. Different MS-based assays 
exist, but standardization and clinical application are lacking. Therefore, we developed and 
analyzed an LC-MS/MS assay based on existing literature, which appeared to suffer heavily 
from matrix effects in the low-concentrations range. This assay was improved by using a 
buffered mobile phase A to stabilize the charge state distribution. Selection of the 3+ 
instead of the 4+ charge state furthermore eliminated the matrix effects. Consequently, 
sensitivity, specificity and positive predictive value for detection of iron-deficient patients 
with the optimized assay (96%, 97% and 91%, respectively) were much better than for the 
original LC-MS/MS assay (73%, 70% and 44%, respectively).  
 
The potential clinical value of hepcidin measurements was investigated by analyzing 
samples from anemic patients in which both classic and novel markers for iron status were 
measured. Classic parameters included CRP and ferritin. Novel parameters included 
hepcidin, the Thomas plot (hemoglobinization of reticulocytes (RET-He) versus soluble 
transferrin receptor (sTfR) / log(ferritin)), and the hepcidin-plot (RET-HE versus hepcidin). 
Despite the limited amount of patients in this study, we found that response to iron therapy 
was faster in patients treated based on novel parameters than in patients treated based on 
classic parameters and that baseline levels of sTfR could predict a patient’s response to iron 
therapy. Furthermore, the hepcidin-plot showed better agreement to classic parameters 
than the Thomas plot and also better separation of iron-deficient patients from non-iron 
deficient patients, suggesting that hepcidin could indeed be a valuable biomarker. 
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Eiwitten hebben veel verschillende specifieke functies in het menselijk lichaam, bijvoorbeeld 
bescherming tegen pathogenen, katalyse van chemische reacties, signaaloverbrenging, het 
bieden van structurele stevigheid, en transport en opslag van ionen en moleculen. Daarom 
zijn ze zeer geschikt voor detectie, monitoring en behandeling van ziektes. Het meten van 
eiwitten voor gebruik in de gezondheidszorg moet gedaan worden met methodes die deze 
eiwitten accuraat kunnen kwantificeren in biologische vloeistoffen. Hiervoor zijn 
verschillende methodes beschikbaar. ELISAs (enzyme-linked immunosorbent assays) worden 
traditioneel het meest gebruikt, maar LC-MS methodes (vloeistofchromatografie met 
massaspectrometrie) zijn steeds meer in opkomst. Voor succesvolle implementatie van 
eiwitkwantificeringsmethodes in de gezondheidszorg is het cruciaal dat deze methodes 
grondig geëvalueerd worden, zowel voor als tijdens gebruik in de kliniek. Dit proefschrift 
beschrijft de ontwikkeling en evaluatie van verschillende eiwitkwantificeringsmethodes voor 
gebruik in de gezondheidszorg en focust hierbij op twee eiwitten: het therapeutisch 
antilichaam infliximab (deel I) en het peptidehormoon hepcidine (deel II). 
 
DEEL I: Het meten van therapeutische antilichamen 

Therapeutische antilichamen zijn antilichamen die specifiek ontworpen zijn om aan eén 
eiwit te binden voor behandeling van ziektes. Infliximab bindt aan tumornecrosefactor α 
(TNFα), een ontstekingseiwit, en wordt gebruikt voor de behandeling van chronische 
ontstekingsziekten. Het meten van therapeutische antilichamen wordt meestal gedaan met 
ELISAs en kan toegepast worden voor efficiënte en patiënt-specifieke therapieoptimalisatie . 
 
Als eerste zijn vier verschillende ELISAs voor kwantificering van infliximab vergeleken. Drie 
commercieel verkrijgbare kits van Theradiag, Progenika en apDia zijn geïmplementeerd in 
ons klinisch lab. Analytische validatie van deze kits liet zien dat apDia’s test de beste precisie 
en overeenkomst met doelwaarden had. Methodevergelijk, waarbij de ELISA van Sanquin 
Diagnostiek (Amsterdam) ook was meegenomen, toonde statistisch significante verschillen 
in infliximabconcentraties aan tussen alle testen, behalve tussen Sanquin en Theradiag. De 
beste test, die van apDia, is geïmplementeerd in ons klinisch laboratorium. Vervolgens zijn 
infliximabmetingen gedaan bij alle patiënten met reumatische aandoeningen en 
inflammatoire darmziekten. Deze patiënten zijn toen geswitcht naar infliximab biosimilar, in 
2015 op de Nederlandse markt verschenen door het aflopen van het patent van de 
‘originele’ infliximab. Monitoren van deze patiënten gedurende ± 12 maanden toonde aan 
dat de medicijnspiegels en ziekteactiviteit in beide cohorten niet verschillend waren tussen 
de originele infliximab en de biosimilar. Dit geeft aan dat biosimilars veilig en effectief zijn. 
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Een kwart van beide cohorten stopte met de biosimilar tijdens deze 12 maanden, dit kwam 
meestal doordat patiënten wilden stoppen of door subjectieve toename in ziekteactiviteit.  
 
Ook zijn er twee nieuwe methodes voor kwantificering van anti-TNFα eiwitten ontwikkeld 
en geanalyseerd, waarbij infliximab als modeleiwit is gebruikt. Voor de eerste methode is 
fluorescent gelabelde TNFα toegevoegd aan monsters die infliximab bevatten, gevolgd door 
analyse zijn met gelpermeatiechromatografie (GPC). De GPC methode kon alle moleculen 
goed scheiden, maar was niet reproduceerbaar door degradatie van de kolom. De tweede 
methode was een competitieve immunoassay, waarbij biotine-gelabelde TNFα aan een 
oppervlak met streptavidine gebonden werd, waarna ongelabeled en fluorescent gelabeled 
infliximab toegevoegd werd. TNFα en infliximab bonden goed aan het oppervlak, maar 
elutie was lastig en de reproduceerbaarheid en sensitiviteit van deze methode slecht. Beide 
methodes moeten geoptimaliseerd worden voordat klinisch gebruik mogelijk is.  
 
DEEL II: Het meten van de biomarker hepcidine 

Hepcidine is een peptidehormoon dat de uitstroom van ijzer vanuit cellen naar het bloed 
controleert en is daarmee de belangrijkste regulator van ijzer-homeostase. Het is daarom 
een veelbelovende biomarker voor ijzer-gerelateerde aandoeningen en sturing van ijzer-
therapie. Doordat hepcidine zo klein is, is ontwikkeling van ELISAs veel moeilijker, maar 
ontwikkeling van massaspectrometrie (MS) methodes makkelijker dan voor grote eiwitten. 
Er zijn verschillende MS-methodes beschikbaar, maar standaardisatie en klinische 
toepassing ontbreken. Daarom hebben we eerst een LC-MS/MS methode gebaseerd op 
bestaande literatuur ontwikkeld en geanalyseerd, die veel last bleek te hebben van 
matrixeffecten in het lage concentratiegebied. Deze methode was verbeterd door gebruik 
van een gebufferde mobiele fase A, die de ladingsverdeling stabiliseerde. Selectie van de 3+ 
in plaats van de 4+ ladingstoestand elimineerde de matrixeffecten. Dit leidde tot een betere 
sensitiviteit, specificiteit en positief voorspellende waarde voor detectie van patiënten met 
ijzergebrek met de geoptimaliseerde methode (96%, 97%, 91%, respectievelijk) ten opzichte 
van de originele LC-MS/MS methode  (73%, 70%, 44%, respectievelijk). 
 
De potentiële klinische meerwaarde van hepcidinemetingen is onderzocht door monsters 
van anemische patiënten te analyseren, waarin zowel klassieke als nieuwe markers voor 
ijzerstatus bepaald waren. Klassieke markers waren o.a. CRP en ferritine. Nieuwe markers 
waren hepcidine, de Thomas plot (hemoglobinisatie van reticulocyten (RET-He) versus 
serum transferrinereceptor (sTfR) / log (ferritine)), en de hepcidine-plot (RET-He versus 
hepcidine). Reactie op ijzertherapie was sneller bij patiënten behandeld op basis van nieuwe 
markers dan bij patiënten behandeld op basis van klassieke markers. De sTfR concentratie 
kon de reactie van een patiënt op ijzertherapie voorspellen. Verder toonde de hepcidine-
plot betere overeenkomst met klassieke markers dan de Thomas-plot, en had deze een 
betere scheiding van ijzer-deficiënte patiënten en niet-ijzer-deficiënte patiënten, wat 
suggereert dat hepcidine inderdaad een bruikbare biomarker kan zijn. 
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steeds samen zouden zijn. Bedankt voor al je vertrouwen in mij, en alle vrijheid en steun die 
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deze jaren. Ik ben erg blij met ons leven samen, en ik hoop dat dit altijd zo zal blijven. 
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