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Introduction

Parts of this chapter were published as:
Bakker JA, Bierau J, Drent M. Therapeutic regimens in interstitial lung disease guided by
genetic screening: fact or fiction? Eur Respir J 2007;30:821-822.
Bakker JA, Drent M, Bierau J. Relevance of pharmacogenetic aspects of mercaptopurine
metabolism in the treatment of interstitial lung disease. Curr Opin Pulm Med 2007;13:458463.
Bierau J, Lindhout M, Bakker JA. Pharmacogenetic significance of inosine triphosphatase.
Pharmacogenomics 2007; 8:1221-1228.
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Introduction
Purines and pyrimidines belong to a class of heterocyclic compounds, containing both
carbon and nitrogen atoms in its ring structures. Purines are nine-atom heterocyclic
molecules, pyrimidines contain six atom rings (Figure 1.1).

purine

Figure 1.1

pyrimidine

Basic chemical structures of purines and pyrimidines.

The nature of the atoms and side groups attached to the ring structures define the
known purine and pyrimidine bases, nucleosides and nucleotides as is shown in Figure
1.2 for purines.

Figure 1.2

Molecular composition of purine base, nucleoside and nucleotide.

Purines and pyrimidines are of utmost importance for the maintenance of (human)
life: purine and pyrimidine derivatives, nucleosides and nucleotides serve as building
blocks for the nucleic acids RNA and DNA and play a major role in the cellular
metabolism1. Table 1.1 shows the purine and pyrimidine constituents of DNA and RNA.
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Purine and pyrimidine derived nuclosides present in RNA and DNA.
Nucleoside (RNA)

Deoxynucleoside (DNA)

Purine
Adenine

Adenosine

Deoxyadenosine

Guanine

Guanosine

Deoxyguanosine

Cytosine

Cytidine

Deoxycytidine

Pyrimidine
Uracil
Thymine

Uridine
(deoxy)Thymidine

One of the most prominent cellular functions is the supply of high-energy phosphate
esters (e.g. adenosine triphosphate, ATP) in phosphate transfer reactions, which are
essential for the regulation of metabolism. Adenosine diphosphate (ADP) has a
regulatory function in several enzymatic processes, e.g. oxidative phosphorylation2.
Cyclic purine nucleotides, cyclic adenosine monophosphate (c-AMP) and cyclic
guanosine monophosphate (c-GMP), are involved in signal transduction: an example
hereof is the regulation of platelet aggregation by c-AMP3. Furthermore purine and
pyrimidine mono-and diphosphate carbohydrates, like CMP-acetylneuraminic acid and
UDP-galactose are required for the synthesis of macromolecules like glycoproteins and
glycolipids4. Nucleotides are also part of several (co)enzymes like coenzyme A and
flavin adenine dinucleotide (FAD).
It is clear that metabolism of purine and pyrimidine compounds needs to be tightly
regulated to keep a balance between synthesis and demand of these compounds.
Disturbances in the balance of these compounds will lead to disregulation of many
cellular processes. Examples are inherited metabolic disorders of purine and
pyrimidine metabolism and (acquired) derailed nucleotide metabolism in cancer cells5.
The eminent role of purines and pyrimidines in cellular processes made them an
interesting target for drug development, resulting in several classes of synthetic purine
and pyrimidine analogues. These synthetic analogues are activated and metabolised
along the same pathways as naturally occurring purines and pyrimidines and interfere
with normal metabolism. This is the main reason that these compounds are used as
therapeutics in a broad spectrum of diseases, in Table 1.2 an arbitrary selection of
synthetic purine and pyrimidine analogues used as therapeutics is shown6.
It is apparent that a genetic defect in one of the enzymes involved in the metabolism
of purine or pyrimidine compounds may result in an altered response to purine or
pyrimidine derived medication. The study of alterations in the metabolism of
therapeutic drugs is known as pharmacogenetics. This topic will be discussed
underneath in general and in more detail in the section on thiopurines and their
metabolism.
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Table 1.2

Selection of synthetic purine and pyrimidine analogues and their therapeutic application.
Disease

Purine analogue
Inflammatory bowel disease
6-mercaptopurine, azathioprine,

Interstitial lung disease

6-thioguanine

Organ transplantation
Leukemia
Atopic dermatitis

Cladribine (2’-Chloro-2’-deoxyadenosine)

Haematological malignancies

Didanosine (2’,3’-dideoxyinosine)

Acquired immune deficiency (HIV)

Abacavir

Acquired immune deficiency (HIV)

Pyrimidine analogue
5-Fluorouracil
Gemcitabine (2’,2’-difluorodeoxycytidine)

Colon and breast cancer
Lung and pancreatic cancer
Solid tumours

Cytarabine (arabinosyl cytosine)

Haematological malignancies

Azidothymidine

Acquired immune deficiency (HIV)

Lamivudine (3TC)

Acquired immune deficiency (HIV)

Emtricitabine (FTC)

Acquired immune deficiency (HIV)

Purine and pyrimidine metabolism
Metabolism of purine and pyrimidines is an intricate network of biosynthesis,
interconversion and degradation, which is tightly regulated by positive and negative
feedback mechanisms. The aim of this regulation is to fulfill the demand of the
organism for nucleotides, indispensable for replication and metabolic activity.
The central metabolite in purine metabolism is inosine-5’- monophosphate (IMP); this
nucleotide is synthesised de novo in a sequence of 11 reactions, starting with the
pyrophosphorylation of α-D-ribose-5-phosphate, catalysed by phosphoribosyl
pyrophosphate synthase (PRPPS). The purine de novo synthesis (PDNS) reaction
sequence is outlined in Figure 1.3.
PDNS is highly dependent on high energy phosphates: 4 reactions are ATP driven. In
addition 2 reactions in this sequel are dependent on the folic acid cycle. The enzyme
adenylosuccinate lyase (ADSL), responsible for the release of fumarate from
aminoimidazole succinylcarboxamide ribonucleotide (AICAR), is a bifunctional enzyme
and also active in the purine interconversion route where it is involved in the synthesis
of adenosine-5’-monophosphate (AMP) from succinyl-AMP.
PNDS is controlled by feedback regulation of the first two steps by the products of the
PDNS, AMP, guanosine-5’-monophosphate (GMP) and IMP. In addition pyrimidine
nucleotides also inhibit PNDS, in order to maintain the balance between purine and
pyrimidine nucleotides.

Figure 1.3 Purine de novo synthesis route.
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Purine interconversion is the conversion of IMP, to either AMP or GMP (Figure 1.4).
From these compounds the purine (deoxy)trinucleotides are synthesised, the building
blocks for DNA and RNA, respectively.

Figure 1.4

Purine interconversion route.

AMP is synthesised in two steps: IMP is converted to succinyl-AMP by
adenylosuccinate synthase (ASS). Subsequently the succinyl moiety is spliced off by ADSL
and AMP is generated. GMP is synthesised by conversion of IMP by inosinemonophosphate dehydrogenase (IMPDH) to xanthosine-5’-monophosphate (XMP),
from which GMP is synthesised by guanosinemonophosphate synthase (GMPS). The
majority of IMP is converted to AMP, which is reflected in the higher concentrations of
the adenine nucleotides compared to the guanine nucleotides in cells. The balance
between adenine and guanine nucleotides is achieved by feedback inhibition through
AMP and GMP on the first enzymes in the interconversion route, AAS and IMPDH
respectively. Furthermore ATP is essential for GMP synthesis and GTP is necessary for
AMP synthesis, this so called ‘reciprocal substrate relation’ is a second regulator in the
balance between adenine and guanine nucleotide synthesis.
The precise physiological role of ITPase in purine metabolism is unclear. In theory
ITPase maintains homeostasis of IMP, the key compound in purine metabolism, by
catalyzing the pyrophosphohydrolysis of ITP. However, no metabolic or clinical
consequences of the accumulation of intracellular ITP are known. About 1% of the
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general (western) population is deficient for ITPase, and because of the lack of a
clinical phenotype it is assumed to be a benign condition7-9.
A third mechanism to maintain purine nucleotide balance is the salvage pathway. As is
shown in Figure 1.5 purines are degraded to hypoxanthine, guanine and adenine
respectively by the action of different enzymes. These end-products can be recycled by
hypoxanthine-guanine phosphoribosyl transferase (HGPRT) and adenine
phosphoribosyl transferase (APRT) into IMP, GMP and AMP respectively using
phosphoribosyl pyrophosphate (PRPP) as the phosphoribosyl donor.

Figure 1.5

Purine degradation route.
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The purine nucleotide pool in proliferating cells is maintained by the PNDS, in resting
and non-nucleated cells the balance in the purine nucleotide pool is fully dependent on
the salvage route.
Pyrimidine synthesis and metabolism differs greatly from purine nucleotide formation:
first the pyrimidine ring is synthesised and subsequently attached to the ribose group.
Because the focus is on purine metabolism, pyrimidine metabolism will not be further
discussed. In the context of this thesis it is noteworthy to mention that the balance of
purine and pyrimidine metabolism and synthesis is achieved by PRPP and purine
nucleotides.

Pharmacogenetics
The way an organism, a person or an organ responds to medication depends on a
complex of factors, including uptake, bioavailability, activation, deactivation,
metabolism and clearance of the drug and its (deactivated) metabolites (Figure 1.6).

prodrug

prodrug

activation

1-20 %

drug

activation

degradation

active
metabolites

80-99 %

activation

0-20%

prodrug

prodrug
activation

drug

activation

~ 0%
activation

1-20 %
activation

active
metabolites

drug

actieve
metabolites

No effect

No effect
degradation

~ 100 %

degradation

80-99 %

inactivated metabolites

inactivated metabolites

Figure 1.6

degradation

active
metabolites

inactivated metabolites

B

C

drug

Adverse reactions
Toxicity
Crisis
Death

inactivated metabolites

A

80-100 %
activation

D
Interplay between activation, degradation (deactivation) and therapeutic effect of drugs: panel
A: normal situation; panel B: impaired degradation, resulting in overreaction on therapy; panel
C: defective activation, resulting in non responsiveness; panel D: impaired activation of
prodrug, non responsiveness.
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It is apparent that a disturbance of these factors will give an altered reaction to the
medication, resulting in unwanted, uncomfortable or dangerous effects related to the
use of the drug. These adverse drug reactions (ADR) are defined by the World Health
Organisation (WHO) as: 'any noxious, unintended, and undesired effect of a drug that
occurs in humans for prophylaxis, diagnosis, or therapy' 10. Apart from non-genetic
reasons, like (acquired) anatomical problems or un-controlled bacterial intestinal
environment and drug-drug interactions, a significant number of ADRs is caused by
genetic factors. Today inadequate response to a number of drugs is known to be
caused by genetic polymorphisms. This concept is neatly outlined in a number of
reviews11-15. As a result of the sequencing of the human genome, more information has
become available about the way genes are organised and what their function is
assumed to be. This new knowledge boosted pharmacogenetic research and resulted
in a better understanding of the way drugs are handled by the human organism.
Besides monogenic traits with pharmacogenetic consequences, like dihydropyrimidine
dehydrogenase deficiency (DPD), pharmacogenetics revealed the role of multiple
genes and their corresponding proteins, in the metabolism of medication15. Although
there are still many unanswered questions, several authors predict a prominent role
for pharmacogenetics as the way towards personalised medicine. In their opinion, the
response to medication can be predicted from the genetic make-up of a person16-18.
Nowadays, the first steps in this regard are set: DPD pheno- and/or genotype of a
patient is determined before the start of 5-Fluorouracil (5-FU) therapy in cancer to
avoid fatal ADR19; CYP subclass genotyping is used to predict the response on often
prescribed medications12,20. Pre-treatment screening for TPMT pheno- and genotype
before commencing thiopurine is introduced as common clinical practice in several
countries21-23. Although at present screening for TPMT ‘only’ accounts for 40% of the
expected ADR in thiopurine therapy, the benefits for the patient and the health care
system are already outreaching the costs for screening24,25.
It may be imminent that in the near future more and more patients will be treated on
guidance of their genetic makeup, thereby avoiding eventual life threatening ADR.

Thiopurines
Thiopurines are synthetic purines where the hydrogen atom at the 6 position in the
ring is substituted by a sulphur group. Soon after their development in the 1950s by
Gertrude Elion and George Hitchings, thiopurines found their application in clinical
medicine. Three of these compounds are used as drugs for the treatment of a number
of diseases : 6-mercaptopurine (6-MP, Purinethol®), the prodrug of 6-MP, azathioprine
(AZA, Imuran®), and 6-thioguanine (6-TG, Lanvis®); the structures of these compounds
are shown in Figure 1.7.
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6-MP

Figure 1.7

6-TG

azathioprine

Commercially available thiopurine drugs.

AZA is widely used in the treatment of (auto)immune diseases, like inflammatory
bowel disease (IBD), rheumatoid arthritis (RA), sarcoidosis, systemic lupus
erythematosis (SLE), dermatological diseases and, before the introduction of more
efficient drugs, in organ transplantation. 6-MP is routinely used in childhood acute
lymphoblastic leukemia (ALL) and in case patients show allergic reactions due to the
protective imidazole group in AZA. 6-TG is used in acute myeloid leukemia (AML) and
ALL6. After activation 6-TG directly enters the guanine nucleotide pathway, therefore
its immediate myelotoxicity is much greater than 6-MP and careful dosing of 6-TG is
recommended.

Metabolism of thiopurines
The metabolism of thiopurines follows the same pathways as the natural occurring
purines, with one addition: deactivation of thiopurines by thiopurine-Smethyltransferase (TPMT). In Figure 1.8 the current knowledge of thiopurine
metabolism is outlined26.
Not all enzymes are ubiquitously expressed throughout the organism, which means
that the extent of thiopurine metabolism depends on the cell type. Erythrocytes
exhibit TPMT, inosine triphosphatase (inosine triphosphate pyrophosphohydrolase,
ITPase), adenosine deaminase (ADA), purine nucleoside phosphorylase (PNP) and
HGPRT activities, whereas nucleated cells also have purine-5’-nucleotidase (5'-NT),
IMPDH, GMPS, xanthine oxidase (XO) and nucleotide kinase activities. The highest
expression of XO is found in endothelial cells and liver. It is reported that systemic XO
activity is highly dependent on external stimuli like metabolic stress27.
As with natural purines, thiopurine handling depends on activation, deactivation,
metabolism and intracellular thiopurine nucleotide equilibrium. To activate AZA, the
prodrug of 6-MP, the imidazole group is removed, either by non-enzymatic
degradation or, most probably, through glutathione-S-transferase (GST) activity.
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A study with cultured HUVEC cells showed a decrease in glutathione concentrations
after incubation with AZA, incubation with 6-MP did not alter the glutathione
concentration28.
The next step in thiopurine metabolism is the activation of 6-MP or 6-TG by HGPRT to
the corresponding nucleotide monophosphates, thioinosine-5’-monophosphate (TIMP)
and thioguanosine-5’-monophosphate (TGMP) respectively .
TGMP is further activated by mono- and diphosphate kinases and ribonucleotide
reductase to thioguanosine-5’-triphosphate (TGTP) and thiodeoxyguanosine-5’triphosphate (TdGTP) respectively, which are incorporated in RNA and DNA. TIMP
needs further (inter)conversion through IMPDH and GMPS to generate TGMP.
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26

Generally accepted metabolism of thiopurines .

IMPDH is the rate-limiting enzyme of the interconversion of IMP to GMP, thereby
regulating the necessary balance of adenine and guanine nucleotides inside the cell.
The knowledge of the role of IMPDH in thiopurine metabolism is merely based on the
inhibition of IMPDH by the immunosuppressant mycophenolic acid (MPA). This results
in accumulation of TIMP, and, as is assumed, methyl-TIMP (MTIMP), a potent inhibitor
of PDNS29. Recently a study was reported where a mutation in the promoter of
IMPDH1 resulted in resistance to thiopurine therapy, thereby illustrating the
importance of IMPDH in thiopurine therapy30.
The way GMPS plays a role in thiopurine metabolism is unknown. It can be predicted
that a diminished activity of this enzyme will results in less efficacy of 6-MP and AZA.
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If the response on 6-MP or AZA is less than expected, and the patient is committed to
the therapy, 6-TG can be used instead. Although studies show that the way 6-MP and
6-TG exert their therapeutic action is somewhat different (see section on therapeutic
action of thiopurines).
Deactivation is an important tool for an organism to control the concentrations of
active and potentially toxic metabolites. In thiopurine metabolism several enzymes are
involved in deactivation: 5'-NT, TPMT, PNP, XO and guanosine deaminase (GAD)26.
Purine 5'-NT is active in nucleated cells like leucocytes, and therefore is an important
regulator of thiopurine nucleotide concentrations in replicating cells31. Compared to
pyrimidine 5'-NT the activity of purine 5'-NT in erythrocytes is negligible and will not be
of importance for erythrocyte thiopurine metabolism.
Since the introduction of thiopurines in medicine, the role of the enzyme TPMT is the
most extensively studied in thiopurine metabolism32. TPMT catalyses the transfer of a
methyl group from a methyl donor (S-adenosyl methionine, SAM) to the sulphur atom
of the thiopurine compound, 6-MP or 6-TG. Introduction of the methyl group at this
position will deactivate the thiopurine molecule, most probably due to an alteration of
the tautomeric configuration of the molecule. About 10-15% of thiopurines entering
the circulation are deactivated by TPMT, so it is obvious that a deficiency, or even a
lowered activity, of TPMT will have major consequences. The flux towards TGMP,
catalysed by IMPDH and GMPS, will increase and results in enhanced intracellular
concentrations of thioguanine nucleotides33.
There is general agreement on the methylation of 6-MP and 6-TG by TPMT, but there
is less consensus on the methylation of thiopurine nucleotides. In particular TIMP is
thought to be methylated by TPMT because of the presence of MTIMP in extracts of
cells that have been incubated with thiopurines. This was presented in earlier work on
the characterisation of human TPMT34,35, although later publications from other groups
provided an alternative explanation for the presence of MTIMP. In an experiment
published by Tay et al. MTIMP was detected in Ehrlich tumour cells after incubation
with methylthioinosine (MMPR)36,37. This suggests that MTIMP originates from
thioinosine (TI), rather than form TIMP. TI is formed through 5'-NT mediated
phosphohydrolysis of TIMP. TPMT will methylate TI, which is phosphorylated by
adenosine kinase (AK), resulting in MTIMP28,38.
As is shown in Figure 1.8 PNP and XO are essential for the degradation of thiopurine
nucleosides and bases to the metabolic end product 6-TU. It is estimated that
degradation by XO accounts for over 80% of thiopurine metabolism of 6-MP
administered. The role of polymorphisms XO was recently described by Hawwa et al.,
but unfortunately they performed no functional studies39. Most functional information
of the role of XO until now is derived from reports on the use of allopurinol as comedication with thiopurines. Allopurinol is a suicide inhibitor of XO, forcing all the 6MP to be handled by TPMT and IMPDH. This will result in high intracellular
concentrations of thioguanine nucleotides and methylated thiopurines40.
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The exact role of ITPase in thiopurine metabolism is still unclear, it is evident that
thioinosine-5’-triphosphate (TITP) is hydrolyzed by ITPase41. Whether TITP accumulates
in patients with partial ITPase deficiency is unknown. ITPase activity lowering
polymorphisms in the ITPA gene are reported to be associated with ADR, although
other reports cannot confirm these findings39,42-45.
Although little is known on PNP involvement in thiopurine metabolism it is considered
to be of importance. A lowered activity will result in high concentrations of thiopurine
nucleosides and nucleotides, which are substrates for TPMT, resulting in abnormal
concentrations of methylated compounds.
The function of guanine deaminase is thought to be minor, it is important when 6-TG is
used as medication.

Therapeutic action of thiopurines
As is outlined above thiopurines need to be metabolised in several steps before they
can exert their cytotoxic effect. 6-MP and 6-TG both are converted to thioguanine
(deoxy)nucleotides (TGNs) and incorporated into RNA and DNA. Once incorporated
into DNA these aberrant TGNs are responsible for the delayed cytotoxic action of
thiopurines, causing DNA-protein interactions, due to the active sulphur group,
interstrand cross-links and chromatide breaks46.
The therapeutic efficacy of 6-MP is augmented further through its metabolite
6-MTIMP, this methylated nucleotide is a strong inhibitor of phosphoribosyl
pyrophosphate amidotransferase, the first enzyme of the PNDS. This has several
metabolic consequences. First there is depletion of the endogenous purine pool, e.g.
ATP and GTP, having its effect on cellular processes depending on purine nucleotides.
It will result in inhibition of cell growth: tumour cells treated with 6-MP were arrested
in the late G1 + S phase of the cell cycle47. A second effect, related to the PDNS
inhibition, is the increased availability of phosphoribosyl pyrophosphate (PRPP).
Increased PRPP concentrations will favour the conversion of 6-MP to 6-TIMP by
HGPRT, and the subsequent toxic thionucleotides48. Furthermore the excess of PRPP
will give an increase in pyrimidine synthesis, thereby altering the purine-pyrimidine
nucleotide balance inside the cell. This will result in unbalanced growth and inhibition
of cell growth.
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Drug interactions in thiopurine metabolism
Like all drug metabolising pathways thiopurine metabolism can be altered by the
products formed or competing drugs.
As already stated in the section on thiopurine metabolism the use of concomitant MPA
or allopurinol will result in either the accumulation of TIMP and methylated analogues.
In the case of allopurinol there will also be an aberrant increase in thioguanine
nucleotides, resulting in myelotoxicity.
The use of combination therapies consisting of 6-MP or AZA and mesalazine
(5-Aminosalicylate, 5-ASA) resulted in higher concentrations of TGNs after 4 weeks.
Myelotoxicity rates were higher than in patients on thiopurine monotherapy49. TPMT
is inhibited by 5-ASA and its acetylated metabolite, Ac-5-ASA. In addition there is
information on inhibition of TPMT by sulfalazine, aspirin and other benzoic acid
derivatives6.

Objective of this thesis
Despite five decades of research there is still a lack in our knowledge of the
metabolism of thiopurines and the way thiopurines exert their therapeutic efficacy.
Considering the knowledge available we formulated a number of questions we wanted
to be answered.
The first question, chapter 2, regarded the deactivation of thiopurines by TPMT,
especially how 6-MTIMP is formed. This compound inhibits purine de novo synthesis at
the level of the first step and therefore is an important metabolite in thiopurine
metabolism. Is MTIMP generated directly by methylation of TIMP or are other
mechanisms involved?
The measurement of thiopurine end metabolites is still cumbersome and only methods
with limited analytical power are described. Therefore, our second goal was to
establish and validate a method for the measurement of thiopurine metabolites using
ultra performance liquid chromatography combined with tandem mass spectrometry
and is described in chapter 3.
In chapter 4 the clinical consequences in a patient with a TPMT activity lowering
polymorphism and thiopurine therapy are highlighted.
Measurement of the enzyme ITPase and its application in thiopurine therapy was the
third objective of this study. More specifically the following questions were addressed
in chapter 5: can dried blood spots be used as medium for the measurement of ITPase
and if applicable, is the stability of the enzyme sufficient for retrospective
measurement?
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The influence of polymorphisms in ITPA are well described, on the other hand much
less is known about the kinetic properties of the proteins originating from these
polymorphisms. The handling of TITP by ITPase has not been described before, either
for the wild type protein nor for the polymorphisms. The results of the experiments
are described in chapter 6
There are some indications that ITPase, ITPA, or both are involved in the immune
response. This assumption was studied in a group of patients with interstitial lung
diseases and the results are described in chapter 7.
Acknowledgement: Figures 1.3-1.5 were used with permission from McGraw-Hill.
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Abstract
Detoxification of xenobiotic compounds is a common defense mechanism to prevent
the accumulation of toxic compounds. Thiopurine-S-methyltransferase (TPMT) is one
of the methyltransferases involved in methylation of thiol containing heterocyclic
compounds, e.g. the thiopurines. Thiopurines are widely used in the treatment of
inflammatory disorders and polymorphism in thiopurine metabolizing enzymes like
TPMT cause serious adverse events.
To explore the methylation of the various thiopurinebases, -nucleosides and
-nucleotides by TPMT, incubation studies were performed. Enzyme sources were
recombinant human TPTMT, erythrocyte lysates and cell cultures of MOLT-3 cells. As
methyl donor both unlabeled and tritium labeled S-adenosyl methionine (SAM) were
used in these studies.
Results of these studies showed that, as expected, 6-mercaptopurine and
6-thioguanine were methylated by all enzyme sources. 6-thioinosine-5’monophosphate on the other hand was methylated by hrTPMT, but not in erythrocyte
lysates. In MOLT-3 cultures we detected MTIMP after incubation with 6-MP.
Incubation of MOLT-3 cells with 6-TG clearly showed the formation of the consecutive
thioguanine nucleotides. Only a modest amount of MTGMP was present. Incubation
with 6-MMP showed no formation of 6-MTIMP, hereby excluding the
phosphoribosylation of 6-MMP by HGPRT.
Studies on the methylation of thiopurinenucleotides in cells from patients with
different defects in (thio)purine metabolizing enzymes or with specific inhibition of
pathways are needed to further elucidate the way thiopurines are metabolized.
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Introduction
Purines and pyrimidines are heterocyclic compounds essential for mammalian life:
precursors of RNA and DNA, involved in signal transduction, essential co-factors in
enzyme reactions and other indispensable functions. Purine metabolism is a complex
network of enzymes catalyzing de novo synthesis, salvage, degradation and
interconversion of purines bases, nucleosides and nucleotides. Defects in enzymes
involved in this network result in inborn errors of metabolism with a broad spectrum
of clinical symptoms and metabolic disturbances1. So far defects in all purine
metabolizing pathways are described and are detectable by metabolite analysis,
enzyme activity measurement, mutation analysis or combinations of these techniques.
Deactivation of exogenous metabolites is an important in vivo defense mechanism to
control the concentrations of potentially toxic compounds. Thiopurines, substituted
analogs of purines, are widely used as antimetabolites for the treatment of leukemia,
organ rejection and inflammatory disorders2. Their efficacy and safety depends highly
on the routes involved in the activation, degradation and deactivation of these
compounds3. Thiopurines are activated and metabolized by the enzymes of the
degradation, salvage and interconversion routes of purine metabolism. In addition
thiopurine bases are deactivated by the enzyme thiopurine S-methyltransferase
(TPMT)4,5. In replicating cells, a high TPMT activity will result in a reduced availability of
the activated metabolite 6-thioinosine-5’-monophosphate (TIMP) for the
interconversion to the active compounds, the thioguanine nucleotides, and in higher
concentrations of therapeutically inactive, but nevertheless toxic, methylthiopurinenucleotides6. Reduced TPMT activity will increase the concentrations of thioguanine
nucleotides to toxic limits in replicating cells7.
The only recognized role of TPMT in mammalian metabolism is to deactivate thiol
containing purine (like) compounds into less active, and supposedly less toxic,
metabolites8. In aqueous ecosystems TPMT is involved in the detoxification of
selenium-containing compounds. Whether TPMT is involved in selenium metabolism in
man is unclear, although the high affinity for selenium containing purines suggests an
active role of the enzyme in this context9.
TPMT is thought to be involved not only in the deactivation of thiopurine bases, but
also in the methylation of thiopurine nucleosides and nucleotides. Although this is
generally accepted, little is known about the selectivity of TPMT towards the
thiopurine-nucleosides and -nucleotides10. The limited studies on this subject report
the substrate specificity of these compounds for human TPMT (hTPMT), which was
either purified from human tissue or obtained by an yeast expression system10,11. It is
apparent that this presumed selectivity for thiopurinenucleotides will influence the
bio-availability of these compounds and hence efficacy of the therapy.
To obtain more insight in the role of TPMT in deactivation of thiopurine metabolites a
number of experiments were started. First the substrate specificity of hTPMT towards
different thiopurine bases, nucleosides and nucleotides was characterized, using
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recombinant human TPMT (rhTPMT) and hTPMT from lysed erythrocytes as the
enzyme source. Experiments were repeated with loading of cultured MOLT-3 cells
during a fixed period with thiopurines. (Methyl)Thiopurine nucleotides were measured
using HPLC-UV detection, with the aid of the appropriate separation conditions.

Materials and methods
Recombinant human TPMT from an E. coli expression system, full length protein (245
aa), was obtained from Abcam (Cambridge, United Kingdom). Thiopurine bases,
nucleosides and nucleotides were obtained from Sigma (Zwijndrecht, the Netherlands)
or from Jena Bioscience (Jena, Germany). Methylated thiopurine-bases, - nucleosides
and –nucleotides and 14C-6-mercaptopurine were obtained from Jena Bioscience (Jena,
Germany). Adenosyl Methionine,S-(methyl 3H) (3H-SAM) was purchased from Perkin
Elmer (Waltham, MA, USA). Ultra-pure acetonitril was purchased from Biosolve
(Valkenswaard, the Netherlands) All other chemicals were of the highest quality and
purchased from Sigma (Zwijndrecht, the Netherlands).

Incubation experiments
Conditions for incubations of the different substrates with hrTPMT were identical to
the conditions used for the measurement of TMPT activity in lysed red blood cells:
samples were preincubated with the substrate. After 3 minutes the methyldonor SAM
or 3H-SAM was added and the incubation prolonged to 1 hr. The reaction was stopped
with ice-cold 10% HClO4. After neutralization the sample was ready for HPLC
separation. Molt-3 cells were cultured and incubated with the different substrates and
(un)labeled SAM during 4 and 24 hrs. Cells were washed with medium and isolated.
Intracellular thionucleotides were measured in perchloric acid extracts.

Separation of (methyl)thiopurine bases, nucleosides and nucleotides
Separation of 6-TG from 6-MTG (AMMP) was achieved using a reversed-phase
Nucleosil 100-5-C18 column, 250 mm×4.6 mm, particle size 5 µm (Bischoff
Chromatography, Leonberg, Germany). The HPLC system (Shimadzu, ‘s-Hertogenbosch,
The Netherlands) consisted of a system controller (SCL-10A), a binary pump (LC-10AD),
an autosampler (SIL-10AD) and a DAD detector (SPD-M10A). The mobile phase
consisted of 0.1% acetic acid (Solvent A) and 100% acetonitrile (solvent B). The
components were separated using the following gradient: 0 to 15.0 min, 88% A; 20.0
to 25.0 min, 50% A; 29.0 to 35.0 min 88% , flow rate 1.0 ml/min. Column temperature:
21˚C. 50 µl sample was injected into the HPLC system and AMMP was detected at 290
nm. For the detection of the radioactive labeled compounds a flow scintillation
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analyzer (FSA) Radiomatic 625 TR (PerkinElmer, Groningen, the Netherlands) was
coupled in series to the HPLC system.
6-MP / 6-MMP, 6-TIMP / 6-MTIMP and 6-TGMP / 6-MTGMP were analyzed as
described before12.
Separation of (methyl)thiopurinenucleotide di- and triphosphates was performed on a
PerkinElmer Series 200 HPLC system (PerkinElmer, Groningen, the Netherlands)
Separation was achieved using a PartiSphere SAX column (4.6 x 125 mm, 5 µm,
Whatman International Ltd, Maidstone, United Kingdom) protected by the appropriate
guard cartridge and maintained at 21˚C. The mobile phase consisted of 9 mM
ammonium dihydrogen phosphate, pH 3.5 (solvent A) and 325 mM ammonium
dihydrogen phosphate and 500 mM potassium chloride, pH 4.4 (solution B). Separation
was achieved using the following gradient: 0 to 2 min, 100% A; 2 to 12 min, 20% A; 12
to 17 min, 10% A; 17 to 47 min, 10% A; 47 to 48 min, 100% A; 48 to 58 min, 100% A.
The flow rate was 1.0 ml/min; injection volume 50 µl. The detector was set at the
maximal absorbance wavelength for 6-TITP and 6-MTITP, 322 nm and 292 nm
respectively. 6-TGTP and 6-MTGTP were detected at 341 nm and 309 nm respectively.
Data acquisition and handling was performed by using Totalchrom software (PerkinElmer, Groningen, the Netherlands) except for the quantification of 6-TG and 6- AMMP
which was performed by using Class-VP software (Shimadzu, ‘s-Hertogenbosch, the
Netherlands). External standards with known concentrations of the components of
interest were used to determine the retention times of the different metabolites and
to calculate the activity of TPMT by relative peak areas. All experiments were
performed in duplicate.

Results
From the results of the incubation experiments of various thiopurine derivatives with
rhTPMT we confirmed that 6-MP and 6-TG were substrates for the enzyme, the
calculated kinetic parameters were in line with earlier published values (Table 2.1).
Table 2.1

Kinetic properties of hrTPMT for 6-MP and 6-TG.
Substrate
6-MP

6-TG

Km (µM)

Vmax (nmol/mg/min)

Km (µM)

Vmax (nmol/mg/min)

ref

323

2.32

603

1.72

Present study

320

n.d.

200

n.d.

[13]

300

n.d.

550

n.d.

[11]

383 ± 7

14.95 ± 0.15

557 ± 10

18.0 ± 0.3

[9]

10.6 ± 1.3

48 ± 3

18.1±3.4

55 ± 5

[10]

34.9 ± 6.7

122.8 ± 16.9

[14]

15.2 ± 0.3

19.2 ± 1.0

[15]
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The results of the incubation experiments with the other thiopurine derivatives, e.g.
6-thioinosine and 6-TIMP were not consistent and we repeated the incubations with
tritium labeled SAM as the methyl donor. We could confirm transfer of the tritium
label to the different substrates (Table 2.2). The compounds were separated with HPLC
and the retention times were confirmed by non-labeled standards, detected by UV
detection, coupled in series with a flow scintillation analyzer.
Table 2.2

3

Incorporation of H-methyl label in thiopurine compounds by RHTPMT.
Label incorporated (%)

Compound

Product

6 hr

24 hr

6-MP

6-MMP

10.2 ± 0.40

15.3 ± 0.95

6-TG

6-MTG

8.9 ± 0.25

16.7 ± 1.55

TIMP

6-MTIMP

11.3 ± 0.64

16.4 ± 0.57

6-TI

6-MTI

11.4 ± 0.64

16.3 ± 0.62

We repeated this experiment by incubating MOLT-3 cells over 24 hours with 6-TI, 6-MP
and 6-MMP, together with tritium labeled SAM. Incubation with 6-TI showed
formation of 6-MP and 6-MTIMP, the latter compound could be detected through the
transfer of the 3H-methyl group from SAM. Incubation with 14C-6-MP resulted in the
formation of 6-MTIMP, both the 3H and 14C label were detected at the retention time
of 6-MTIMP, 6-MMP was not found in the intracellular extracts. From the incubation
experiment with 6-MMP we could confirm that 6-MMP enters the cell and stays
unchanged. No changes in the pattern of intracellular thiopurine metabolites were
detected.
When a full (methyl)thionucleotides profile was analyzed, 4 hours after addition of
6-MP to the cell culture 6-TIMP and 6-MTIMP were detectable. Using 6-TG as a
substrate 6-TGMP, 6-TGDP and 6-TGTP (ratio 12:4:1) were detectable after 4 hours of
incubation (Figure 2.1). Only a modest amount of 6-MTGMP was detectable after
4 hours.
We also tested human erythrocyte lysates with the different substrates: we could only
confirm the S-methylation of 6-MP and 6-TG, 6-TIMP was not methylated. In theory
MTIMP can be generated from the phosphoribosylation of 6-MMP by HGPRT. To test
this hypothesis we incubated 6-MP and 6-MMP with PRPP in an erythrocyte lysate
under conditions used for HGPRT activity measurement. As expected 6-MP was
converted to TIMP, but with 6-MMP as substrate no product was generated.
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TGTP

Thionucleotide profile in molt-3 extracts after loading with 6-TG (lower trace); upper trace
standards TGMP, TGDP, TGTP Rrespectively. Chromatographic conditions are described in the
methods section.

Discussion
The ways thiopurines exert their effect is still not fully understood. The original idea of
using thiopurines as drugs in cancer therapy was that these compounds would act as
purine antimetabolites through the incorporation of (deoxy)thiopurinenucleotides of
guanine into RNA and DNA, thereby inhibiting further replication. A second effect
which was observed was the inhibition of the purine de novo synthesis (PNDS) by the
methylated thiopurinenucleotides formed in vivo. Methyl-thioinosine-monophosphate
(MTIMP) was identified as the inhibitory compound, although earlier reports also
named methylthioinosine as the responsible metabolite to inhibit PNDS16,17. In general
it is assumed that MTIMP is generated by the action of TPMT on TIMP. Our
experiments with rhTPMT and labelled 3H-SAM show that MTIMP is synthesised in
vitro from TIMP. We could also confirm the formation of MTIMP in MOLT-3 cells after
incubation with 6-MP. In erythrocyte lysates no methylation of TIMP occurred. The
reason why TIMP was not methylated in erythrocyte lysates remains unsolved. From
the results from the incubation of rhTPMT with 3H-SAM it is clear that the transfer of
the methyl group is as efficient to 6-MP as to TIMP (Table 2.2).
In intact cell systems other enzymes will play an additional role in thiopurine
metabolism. Nucleated cells have high purine 5'-Nucleotidase (5-NT) activity: this
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enzyme has a high affinity for TIMP, which will be degraded to thioinosine by the
action of 5-NT18. As reported earlier thioinosine is a substrate for TPMT and
methylthioinosine will be formed9. Results from experiments in endothelial cells show
that methylthioinosine is readily converted to MTIMP. The authors suggest the action
of adenosine kinase (AK) responsible for this conversion19. Our results also confirm
methylation of 6-TI by hrTPMT (Table 2.2). Earlier studies on TPMT suggest the
existence of another thiol methyltransferase, ‘alkyl thiol methyltransferase’. This
microsomal enzyme showed overlapping characteristics with TPMT8.
Currently experiments are planned to further elucidate the methylation of thiopurines.
By using inhibitors of enzymes involved in (thio)purine metabolism more insight can be
gained regarding the fate of thiopurines in mammalian metabolism.
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Abstract
Thiopurines are used as anti-inflammatory drugs in a broad spectrum of diseases,
therapy monitoring is of importance because of the clinical consequences of high
intracellular concentrations of thiopurine nucleotides. The measurement of thiopurine
degradation products is not routinely performed in thiopurine therapy, although this
can give important information on drug efficacy.
Sophisticated techniques like UPLC-tandem mass spectrometry are excellent tools to
measure metabolites in biological fluids. Using stable isotope dilution techniques a
method was developed for the quantitative determination of thiopurine metabolites in
urine and plasma of patients treated with thiopurines.
All compounds showed excellent linearity and recovery, both in urine and plasma.
Stability of 6-TU, 6-MP and 6-TG in urine was insufficient, concentrations decreased
>50% over a 3 week period; the methylated compounds 6-MMP and 6-MTG were
stable. In plasma all compounds were stable over a period of 3 months. Intra assay
variation was within 5%, both in urine and plasma. Inter assay variations for the
thiopurines in urine were unsatisfactory for the above mentioned decay over time, for
the methylated compounds the inter assay variation varied from 22% for low
concentrations (0.3 µmol/l) to 4% for the control sample with concentrations of
3 µmol/l. Plasma inter assay varied between 4 and 15%.
In control samples thiopurine metabolites were not detectable. In urine and plasma
from patients treated with thiopurine medication the method was used to quantify the
thiopurine metabolites.
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Introduction
Thiopurines are a class of drugs used for the treatment of patients suffering from a
wide variety of diseases. Today they are the standard steroid sparing therapy in
(systemic) inflammatory diseases like Crohn's disease, colitis ulcerosa and
sarcoidosis1,2. Furthermore they are used as therapeutics in lymphatic proliferative
diseases and, although to a lesser extent nowadays, to avoid rejection in organ
transplantation3 .
The metabolism of thiopurines is a complex network of activation and degradation.
Genetic factors influence how thiopurines are handled: metabolites accumulate or are
converted into less efficient or more toxic compounds4,5. It is apparent that
measurement of the different (classes of) compounds is important to fully understand
the pathway and to detect disturbances in thiopurine handling6. In a clinical setting,
measurement of thiopurine derivatives has two objectives. The first one is the
detection and quantification of the active compounds, the thiopurine nucleotides; the
second objective is the quantification of the thiopurine metabolites, either to detect
increased degradation or to ascertain therapy compliance.
Measurement of thiopurine nucleotides is mainly part of the therapeutic drug
monitoring (TDM) protocol7. The goal is to monitor the levels of the active, i.e. toxic,
thionucleotides in order to avoid undesired adverse drug reactions (ADR). These
reactions can be either the formation of an excess of active metabolites or nonresponsiveness to therapy. The majority of methods used for the measurement of
intracellular thionucleotides are HPLC based methods. In these procedures the
phosphate groups are removed from the thionucleotides, either by acid hydrolysis or
enzymatically, and the remaining thionucleosides and thiobases are separated and
quantified by HPLC8-10. The general drawback of these methods is that they measure
the 'total' amount of thioguanine or mercaptopurine and their methylated forms. To
be able to determine the true intracellular (methyl)thionucleotide content a more
sophisticated separation method is needed, using either ion exchange chromatography
or ion-pair reversed phase LC separation11. The long separation times and the very low
concentrations of the individual intracellular (methyl)thionucleotides makes these
methods not suitable for routine TDM purposes.
The measurement of the degradation products of thiopurines has not become
common practice, although the measurement of these compounds can give important
information on the efficacy of therapy and pharmacokinetic properties12,13. Recently a
revised HPLC method for the determination of 6-mercaptopurine and other thiopurine
metabolites in plasma and erythrocytes was published14.
We describe the development and validation of a ultra-performance liquid
chromatography tandem mass spectrometry method for the determination of
thiopurine end-products in biological fluids, requiring minimum amounts of sample
and less sample preparation.
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Materials and methods
Patients
Urine, plasma and erythrocytes were obtained from patients on thiopurine therapy in
the frame of TDM. Samples were used according to the “Code for proper use of human
tissue” as formulated by the Dutch Federation of Medical Scientific Societies.

Chemicals
Thiopurine bases and nucleosides were obtained from Sigma (Zwijndrecht, the
Netherlands) or from Jena Bioscience (Jena, Germany). 6-thiouric acid (6-TU),
13
C1-6-thiouric acid (13C1-6-TU) and 13C1-6-mercaptopurine (13C1-6-MP) were synthesised
by SyMO-Chem (Eindhoven, the Netherlands). 6-Methyl-D3-mercaptopurine
(6-D3-MMP) was obtained from C/D/N Isotopes Inc (Pointe-Claire, Quebec, Canada).
Tris(2-carboxyethyl)phosphine (TCEP) was obtained from Sigma (Zwijndrecht, The
Netherlands). LCMS-grade acetonitril, methanol and water were purchased from VWR
(Amsterdam, the Netherlands). All other chemicals were of the highest quality and
purchased from Sigma (Zwijndrecht, the Netherlands).

Sample preparation
To 50 µl sample, either urine, plasma or a mixture of standards in water, an equal
volume of a mixture of stable isotope labelled internal standards (concentrations
~ 3 µM) was added. Reduction of protein bound thiopurines was achieved using 100 µl
25 mM TCEP in 50 mM ammoniumformiate (pH 6.3) as the reducing agent. After the
addition of 300 µl ice cold acetonitrile / 0.1% Formic acid / 0.025% TFA (v/v/v) the
mixture was vigorously vortexed. After centrifugation 400 µl supernatant was
evaporated to dryness under nitrogen at room temperature. The residue was dissolved
in 150 µl 0.2 M ammoniumformiate pH 4.0 and 2 µl was injected into the UPLC using
full loop injection.

Ultra performance liquid chromatography
Separation of the compounds of interest was achieved using an Acquity ULPC system
equipped with an Acquity HSS T3 column, 100 * 2.1 mm, particle size 1.8 µM (Waters,
Milford, MA). Mobile phases were as solvent A 0.01 M Ammoniumformiate (pH 4.00)
and as solvent B methanol / 0.01 M Ammoniumformiate (pH 4.0) (60/40, v/v).
A gradient program (see Table 3.1) was used to achieve sufficient retention of the
compounds of interest. Run to run time was 18 minutes.
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Gradient program used for separation of thiopurine metabolites.

Time (min)

Flow (ml/min)

%A

%B

0.45

98

2

2

0.45

98

2

6

0.45

60

40

7

0.45

0

100

8

0.45

0

100

10

0.45

98

2

Initial

Tandem mass spectrometry conditions
Mass spectrometry experiments were performed using a Micromass Quattro Premier
XE Tandem Mass Spectrometer (Waters, Milford, MA). The mass spectrometer was
used in the multiple reaction mode (MRM), both in electrospray ionisation (ESI)
positive and negative mode. Desolvatation temperature was 450°C, source
temperature 130°C. Capillary voltage setting was 0.5 kV, cone and collision settings for
the different compounds are shown in Table 3.2. Nitrogen gas was used both as
desolvatation and cone gas, flows were 800 l/h and 50 l/h, respectively. Argon was
used as collision gas for MRM and daughter ion scans (flow 0.15 ml/min, pressure
2.8 * 10-3 bar). Settings of the mass spectrometer for detection of the compounds of
interest and internal standards used are shown in Table 3.2. Resolution parameters for
the compounds of interest (LM1HM1) and internal standards (LM2HM2) were set to 12
in both positive and negative mode.
Table 3.2

Mass spectrometer settings for detection and quantification of thiopurine metabolites.

Compound

mode

parent

daughter

Cone

collision

CV

DT

m/z

m/z

V

V

kV

sec
0.1

6-thio-urinezuur

neg

182.9

140.1

35

15

0.25

13

neg

184.1

141

35

15

0.25

0.1

6-thioguanine

pos

167.8

150.7

40

19

3.5

0.005

6-methyl-thioguanine

pos

181.8

133.8

40

20

3.5

0.005

6-mercaptopurine

pos

152.7

118.9

40

20

3.5

0.005

13

pos

153.7

119.9

40

20

3.5

0.005

6-methyl-mercaptopurine

pos

166.8

151.8

40

22

3.5

0.005

6-D3-methyl-mercaptopurine

pos

169.8

151.6

30

25

3.5

0.005

C1-6-thiourinezuur

C1-6-mercaptopurine

Cone: Cone voltage; collision: Collision cell voltage ; CV : capillary voltage ; DT : dwell time ; mode : detection
mode
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Linearity and recovery
All compounds were added to water and three different urine and plasma samples to
establish linearity in the expected range of 0-5 µM. For quantification stable isotope
labelled internal standards were used, for 6-TG and 6-MTG we used 13C1-6-MP and
6-D3-MMP respectively as internal standards. Recovery of the compounds of interest
was deduced from the slope of the calibration curves. The limit of detection (LOD) was
determined in water at a signal to noise ratio (S/N) of 3, for the limit of quantification
the lower limits were determined in urine and plasma samples at S/N of 10.

Intra- and inter-assay variability
The intra-assay variation was determined by 10 consecutive analysis of spiked plasma
and urine samples, samples were spiked with low (0.3 µmol/l), medium (1.2 µmol/l)
and high (3.0 µmol/l) concentrations of thiopurine metabolites. The inter-assay
variation was determined by measuring the spiked urine and plasma samples on 10
consecutive days.

Results
Chromatography
Baseline separation for the compounds of interest was achieved within 8 minutes,
using the gradient conditions listed in Table 3.1. In Figure 3.1 a chromatogram of a
standard solution of thiopurine metabolites is shown.

Linearity
Concentrations of the thiopurine metabolites were linear up to 10 µM, either in water,
plasma and urine (R2>0.99). Recoveries were 100 ± 5% for the compounds measured
using this method. In Figure 3.2 the addition curves for 6-TU in urine and plasma are
shown. The curves for the other compounds were comparable (data not shown).

Precision/accuracy
Intra- and inter-assay variations for the plasma samples at the different concentrations
were between 2.8 and 4.8 % for all compounds for the low concentrations and
between 1.8 and 3.7 % for the high concentrations. Intra-assay variation in urine was
comparable to plasma. In urine only the methylated thiopurines were stable, and
showed a reasonable inter-assay variation. Inter-assay variations for thiopurines could
not be established. In Table 3.2 the intra- and inter-assay variations for 6-TU, 6-MP
and 6-MMP in plasma and urine are shown.
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intra_plasma
thioms20100419_23 Sm (Mn, 2x3)

2: MRM of 7 Channels ES+
181.8 > 134
3.08e6

100

6-MMP and IS-6MMP

%

6-MTG

6-MP and IS-6-MP

6-TG
6-TU and IS-6-TU (ESI-neg)

0

1.00

Figure 3.1

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

5.50

6.00

6.50

7.00

7.50

Time

LC-MSMS chromatogram of thiourine metabolites. Experimental conditions are described in
the methods section.

6-Thiouric acid

6.0

plasma

y = 0.9637x + 0.0923

urine

y = 0.9725x + 0.06

5.0

measured µM

4.0

3.0

2.0

1.0

0.0
0.0

1.0

2.0

3.0

added µM

Figure 3.2

Addition curves for 6-TU in urine and plasma.

4.0

5.0

6.0
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Table 3.2

Intra- and inter-assay variation (%) for 6-TU , 6-MP and 6-MMP in urine and plasma.

Matrix

6-TU

6-MP

6-MMP

Intra

Inter

Intra assay

Inter

Intra

inter

Plasma low

4.8

9.6

2.8

14.9

3.2

5.2

Plasma medium

4.2

8.9

3.6

6.4

2.8

6.9

Plasma High

1.8

5.6

1.9

7.3

3.7

4.7

Urine low

3.6

59

3.5

48

2.9

22

Urine medium

4.1

28

2.7

43

3.3

6.7

Urine High

2.3

51

2.1

n.d.

2.8

3.7

LOD/LOQ
The limit of detection (LOD) of the different compounds was established after
dissolving the compounds in water and injection of the solutions. As mentioned earlier,
a S/N ratio of 3 was used for the calculation of the LOD. The limit of quantification
(LOQ) was established by adding the compounds of interest it plasma and urine
samples. LOQ was set at S/N ratio 10. The LOD and LOQ for the different compounds
are shown in Table 3.3.
Table 3.3

Limits of detection and quantification of thiopurine metabolites.

Compound

LOD (nmol/l)

LOQ (nmol/l)
Urine

Plasma

6-thiouric acid

30

200

100

6-mercaptopurine

30

200

100

6-thioguanine

30

200

100

6-methylmercaptopurine

10

75

50

6-methylthioguanine

10

75

50

Sample stability
Plasma and urine samples were spiked with 6-TU, 6-MP, 6-TG, 6-MMP and 6-MTG and
used as control samples for metabolite sample stability, samples were divided into 500
µl aliquots and stored at -20°C. In plasma all metabolites were stable over a period of
2 months when the samples were stored at -20°C. In urine methylated thiopurines,
6-MMP and 6-MTG were stable, the thiopurine metabolites with a reactive sulfhydrylgroup, 6-TU, 6-MP and 6-TG were very unstable. Within 3 weeks the concentrations of
6-MP and 6-TG decreased to 10% of the original concentrations. The decrease of 6-TU
was ~50%. Addition of EDTA and acidification of the urine before storage did not
prevent the degradation of the sulfhydryl metabolites.
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Thiopurine metabolites in patient samples
Urine and plasma samples from patients treated with thiopurine medication were
analysed with the above described method. In urine 6-TUA and 6-MP were present in
concentrations ranging from 0.2 µM to 30 µM, depending on dose and co-medication.
6-MMP, 6-TG and 6-MTG were only present in trace amounts. In plasma 6-TUA and
6-MP were detectable, with maximum concentrations of 1 µM for 6-TU and 1.5 µM for
6-MP. It must be taken into account that the plasma samples were random samples.
The other metabolites were below the limit of detection. In control samples, both
urine and plasma, we could not detect thiopurine metabolites.

Discussion
The introduction of liquid chromatography tandem mass spectrometry (LC-MSMS) in
clinical laboratory medicine has overcome a lot of the drawbacks of the earlier
separation and detection methods15. One of the cornerstones of a reliable LC-MSMS
method is the availability of stable isotope labelled standards, as was recently shown
by our group in a report on the quantitative determination of amino acids in body
fluids16.
HPLC with UV-detection is currently the standard method for the determination of free
and total thiopurine metabolites in urine and plasma14,17. These methods have their
drawbacks and the results must be interpreted carefully6,18. Because of the relative low
specificity of UV detection, we developed a stable isotope dilution based LC-MSMS
method for the quantification of thiopurine bases and nucleosides in urine and plasma.
From the results obtained with our method it can be concluded that the thiopurine
bases and corresponding nucleosides can easily be detected and quantified in urine
and plasma. Recoveries, both in urine and plasma, were within acceptable limits. Limits
of quantification, using the conditions described above, were set at 200 nmol/l, both in
plasma and urine, although limits of determination of 50 nmol/l for 6-MP were easily
attainable. As was expected, thiopurine metabolites were not detectable in samples
from patients who did not receive thiopurine therapy. In patients with inflammatory
diseases using thiopurines as an anti-inflammatory drug, the metabolites were easily
detected. From our results on the stability of the thiopurine bases and nucleosides we
concluded that the sulfhydryl compounds were unstable in urine. Sulfhydryl groups are
reactive and prone to oxidation and reactions with other reactive groups19. A similar
phenomenon we have experienced with the measurement of free homocysteine in
urine (data not shown). In plasma the sulfhydryl compounds are mainly protein bound
to other sulfhydryl compounds in the protein (cysteine-groups) and can be liberated by
reduction of the S-S bond by TCEP. Although thiopurines are cleared from the
circulation within 3-4 hours after administration, they are detectable in low
concentrations in plasma. It is apparent that only a part of the administered 6-MP is
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absorbed in the gastrointestinal tract. 80% of the circulating 6-MP is metabolised to
6-TU and only 25% of the dose is effectively absorbed in the intestine and will enter
the activation, deactivation or degradation pathways2
In conclusion we have developed a simple and fast method for the determination of
thiopurine bases and nucleosides in biological fluids. Furthermore this method can be
used for monitoring therapy compliance to thiopurine therapy using urinary 6-TU as a
biomarker.
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Abstract
Immunomodulator therapy with the thiopurine analogues azathioprine (AZA) or
6-mercaptopurine (6-MP) is commonly prescribed for maintenance of remission in
inflammatory bowel disease (IBD).
Ten to twenty-five percent of patients have to withdraw from AZA or 6-MP due to
adverse events that are partly explained by the relative activity of the drug
metabolizing enzymes. Most of the potential major adverse events (myelosuppression,
hepatotoxicity and pancreatitis) are well known. Pulmonary toxicity is rare but severe
and may lead to respiratory insufficiency and even death. We describe a case of a
young woman with ulcerative colitis (UC) who developed respiratory symptoms and
fever combined with nodular densities and ground glass areas in both lungs on CT
scan. An infection was ruled out and the diagnosis azathioprine induced pneumonitis
was made. The drug was stopped and within one week her fever and respiratory
symptoms resolved. Clinicians should be alert to this serious adverse event when
treating patients with thiopurines.
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Introduction
The thiopurines azathioprine (AZA) and 6-mercaptopurine (6-MP) are frequently used
as immunomodulating drugs in inflammatory bowel disease (IBD) patients. In both
Crohn's disease (CD) and ulcerative colitis (UC) thiopurines have proven to be
efficacious as maintenance therapy and are steroid sparing, nevertheless up to 20% of
patients have to discontinue therapy because of adverse events1–3. These adverse
events can be divided in two categories: dose dependent reactions which are the
direct result of altered activity of one of the drug metabolizing enzymes thiopurine-Smethyltransferase (TPMT), xanthine oxidase (XO) or inosine triphosphate
pyrophosphatase (ITPase) and subsequently formation of an excess of potentially toxic
metabolites and secondly dose independent allergic or hypersensitivity reactions4. The
first category side effects are well known and include myelosuppression,
hepatotoxicity and general symptoms like malaise and nausea. The dose independent
idiosyncratic reactions are less frequent and include symptoms like fever, rash,
arthralgias and pancreatitis5. Severe pulmonary toxicity is rare. We describe a case of a
young woman with ulcerative colitis and an allergic pneumonitis on AZA and review
the current literature.

Case report
Our patient is a 40-year-old female known with left-sided ulcerative colitis since 2007.
Her other medical history is unremarkable. She was initially treated with
mesalazine/beclomethason diproprionate enemas and oral mesalazine 3 g daily.
Because of a refractory disease with frequent stools and rectal blood loss,
sigmoidoscopy was performed and showed a distal (0–25 cm) ulcerative colitis Mayo
score 3. Biopsies showed no CMV and infectious colitis was ruled out with a stool
culture. A course of oral corticosteroids (starting dose 40 mg, gradually tapered) was
started combined with azathioprine (AZA) (2 mg/kg) and mesalazine was discontinued
at that point. Monitoring of complete blood count, liver enzymes and lipase was
performed according to protocol one week, two weeks and one month after the start
of thiopurine therapy and no abnormal values were found. Five weeks after starting
prednisone (current dose 10 mg) and AZA she developed fever, dry cough and
shortness of breath. At that time she had no abdominal complaints. An initial course of
antibiotics did not improve her symptoms. Physical examination revealed a tachycardia
but lung sounds were clear, no skin rash was present. Laboratory results showed a
decreased white blood cell count (2.4×109/l) and hemoglobin concentration
(5.4 mmol/l). Platelets were normal. C-reactive protein was 103 mg/l (normal value
<10 mg/l). Liver enzymes including aminotransferases were increased (AST 60 U/l;
normal value <30 U/l, ALT 64 U/l; normal value <35 U/l). TPMT activity in erythrocytes
was decreased: 0.28 μmol/mmol Hb/h (reference 0.43±0.07). DNA-analysis revealed
*1/*3C TPMT genotype compatible with intermediate TMPT enzyme activity.
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Chest X-ray was normal, but an additional CT-scan revealed multiple nodular densities
surrounded by ground glass areas in the apical part of both lungs (Figures 4.1 and 4.2).
Subsequently a bronchoscopy with bronchoalveolar lavage was performed. The lavage
fluid mainly contained lymphocytes and macrophages and all cultures were negative.
Specific tests for viruses, fungi, mycobacteria, Pneumocystis jiroveci, Legionella
pneumophilia and ricketsiae were also negative and the diagnosis azathioprineinduced pneumonitis was made. AZA was discontinued three days after onset of fever,
prednisone was continued in the current dose of 10 mg and tempered and stopped
two weeks later. Within four days after admission to the hospital her fever resolved
and respiratory symptoms decreased. Leukocyte count returned to normal within two
weeks after discontinuation of AZA. She was not treated with intensified prednisone
dosage because no hypoxemia was present. One month later she had recovered
completely. Mesalazine was restarted as maintenance therapy for the ulcerative
colitis. So far no flares have occurred.

Figure 4.1

Normal chest radiogram.

AZA induced pneumonitis

Figure 4.2
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High resolution CT scan of chest shows confluencing.

Discussion
We report a case of lung toxicity of AZA in a young patient with UC. This side effect is
only incidentally reported in literature but can be severe and even lethal. Our patient
developed pulmonary symptoms five weeks after the initiation of AZA. Cessation of
the thiopurine resulted in rapid improvement of symptoms. Most cases of pulmonary
toxicity attributed to AZA were reported in patients after renal allograft
transplantation. The largest series was published in 1984 by Bedrossian et al. regarding
seven patients with diffuse alveolar damage and usual interstitial pneumonitis taking
AZA after kidney transplantation. Four of the seven patients died of adult respiratory
distress syndrome6,7. Diffuse alveolar hemorrhage due to severe AZA induced
myelosuppression was also described8. During the last 35 years seven cases of
pulmonary toxicity in IBD patients on immunosuppressive therapy with thiopurines
have been described (Table 4.1).
The majority of the patients were treated with AZA, only one paper reports the use of
6-MP. Most of the IBD patients with reported lung toxicity were men (86%; 6 M/1 F).
Four patients had CD and three patients were diagnosed with UC. Median age was 41
years (range 18–71). Interestingly the white blood cell count was normal or increased
in most cases in contrast to our patient who had a leucopenia due to decreased
activity of the TPMT enzyme.
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Patients with *1/*3C TPMT genotype inherit one wild type allele and one mutant allele
and have intermediate TPMT enzyme activity. The risk of acute or delayed
myelosuppression (mainly leucopenia) is increased in these patients and warrant strict
blood monitoring and possibly dose adjustment of AZA or 6MP.
Table 4.1

Cases pulmonary toxicity thiopurines in IBD patients.

(ref)

Author

UC / Age /

AZA /

CD

6MP

sex

Dosage

Interval between Concommitant

WBC

start therapy and medication

(x10 /l)

9

symptoms
Rubin

13

Krowka

14

9

Nagy

CD

20/M AZA

4 months

Prednisone

CD

35/M AZA

125 mg

4 months

Prednisone

15,5

UC

41/M AZA

150 mg

10 year

Olsalazine,

4,4

(1,8 mg/kg)
10

Ananthakrishnan CD

66/M First AZA, 50 mg

methylprednisolone
4 weeks

later 6MP

Prednisone,

8,4

Infliximab 3 months
before

CD

71/M AZA

100 mg

4 weeks

UC

43/F

AZA

100 mg

3 weeks

UC

18/M AZA

100 mg

Prednisone, infliximab, >20
cyclosporine

Katsenos

12

Prednisone
Mesalazine

The time interval between initiation of thiopurine therapy and the beginning of
pulmonary symptoms and fever is in most cases one to four months but can even be
years. Nagy et al. published in 2007 a case of a 41-year old man with UC who
developed severe pulmonary disease related to AZA ten years after starting treatment.
Despite discontinuation of AZA the interstitial inflammation was progressive and
resulted in acute respiratory distress syndrome (ARDS)9. The largest case series of
pulmonary toxicity during AZA/6-MP treatment in IBD patients was published in 2007.
Three patients with IBD, two with CD and one with UC were described. They all had a
longstanding history of IBD (4–12 years). In all patients AZA was started because of a
flare under mesalamine maintenance or inability to taper corticosteroids. The starting
dose was 50 mg in one patient and 100 mg in the two other patients. Pulmonary side
effects started within four weeks after initiation of thiopurine therapy and symptoms
were similar to the symptoms in our patient. Two patients required mechanical
ventilation because of progressive hypoxemia despite additional treatment with
intravenous corticosteroids. Rechallenge with 6-MP after initial allergic reaction to AZA
led to severe pulmonary and systemic disease requiring mechanical ventilation in a
66-year old man with CD. In two patients open lung biopsy was performed revealing
usual interstitial pneumonitis with diffuse alveolar damage and bronchiolitis obliterans
organizing pneumonia (BOOP)10. Our patient was using mesalazine before starting
treatment with AZA. The possibility of mesalazine hypersensitivity in our patient is

AZA induced pneumonitis
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unlikely since the drug was discontinued more than one month before the onset of the
respiratory complaints and reintroduced without any problems after discontinuation
of AZA. A wide variety of pulmonary manifestations besides (opportunistic) infections
and drug-induced reactions is described in IBD patients. Pulmonary vasculitis, chronic
bronchitis and bronchiolitis, fibrosing alveolitis or eosinophilic pneumonia should be
considered as differential diagnosis in IBD patients presenting with dyspnea, cough or
fever11. The acute onset of complaints, quick recovery after discontinuation of AZA and
no infectious etiology found, clearly favours AZA-induced pneumonitis in our patient.
Our case highlights a potentially life-threatening side effect of thiopurine therapy.
Interestingly a dose dependent drug reaction (myelosuppression) and an idiosyncratic
reaction (pneumonitis) occurred simultaneously in this same patient. This has not been
reported before. Clinicians should be aware of the possibility of a severe pulmonary
adverse reaction besides opportunistic infections when patients present with
pulmonary symptoms, fever and abnormalities on chest X-ray or CT-scan. A careful
evaluation for potential infectious etiologies including bronchoscopy and
bronchoalveloar lavage should first be performed. AZA or 6-MP should be discontinued
immediately when lung toxicity is suspected. Clinical improvement is observed in most
cases after cessation of thiopurine therapy. Corticosteroids should be considered as
additional treatment in severe cases especially if hypoxemia is present.
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Abstract
Inosine triphosphatase (ITPase) is one of the enzymes involved in thiopurine
metabolism. Polymorphisms in the ITPA gene, resulting in a decreased activity of
ITPase, are associated with adverse drug reactions during thiopurine therapy.
Measuring ITPase activity is therefore of utmost importance. We compared
measurement of ITPase activity in fresh erythrocyte lysates and eluates of dried blood
spots (DBS). Upon storage up to 2 years at room temperature a fast decrease of ITPase
activity in DBS was observed. The residual activity declined from 70% of the activity
measured in fresh erythrocyte lysate 3 days after spotting to ~5% of after 2 years.
Patients with an activity lowering polymorphism in the ITPA gene could still be
detected in DBS after longer periods of storage at room temperature, using DBS of
patients with a normal wild type activity, which were stored over the same period as
reference. However, routine determination of ITPase activity in fresh erythrocyte
lysates is preferred.
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Introduction
Thiopurines are used as cytotoxic drugs in the treatment of a variety of autoimmune
mediated and lymphoproliferative diseases, e.g. inflammatory bowel disease (IBD),
rheumatic diseases, dermatological conditions, sarcoidosis and childhood acute
lymphatic leukemia (ALL)1. The metabolism of thiopurines is a complex network of
activation and deactivation, a tight balance being essential for therapeutic efficacy and
avoidance of adverse drug reactions (ADR)2-4.
One of the enzymes involved in thiopurine metabolism is inosine triphosphatase
(ITPase). ITPase catalyses the conversion of inosine-5’-triphosphate (ITP) and
deoxyinosine-5’-triphosphate (dITP) into the respective monophosphate esters. A
concise outline of this pathway is shown in Figure 5.1A. The ITPA gene is a polymorphic
gene5. The effects of these polymorphisms on ITPase activity varies, as some have no
influence, others result in a very low enzyme activity in the homozygous state.
Deficiency of ITPase results in accumulation of intracellular ITP. Under normal
physiological conditions ITPase deficiency does not lead to a clinical phenotype, so far
it is considered a benign condition6,7.
In the last decade more insight has become available on the significance of ITPase in
thiopurine metabolism. There is an increasing number of reports on the occurrence of
ADR in combination with polymorphisms in the ITPA gene8,9. Recently we
demonstrated that ITPase can hydrolyze 6-thioITP (TITP), the triphosphate which is
formed through the phosphorylation of 6-thioinosine monophosphate (TIMP) by the
intracellular mono- and diphosphate kinases10. This implies that ITPase is involved in
thiopurine homeostasis (Figure 5.1B). In addition, it is generally assumed that
thiopurine-S-methyltransferase (TPMT) is capable of methylating 6-thioITP, resulting in
the formation of methyl-6-thioITP (MTITP). The clinical symptoms associated with
accumulation of TITP and MTITP to cytotoxic levels are flu-like symptoms, rash and
pancreatitis9,11.
ITP
NDPK

6-TITP
NDPK

ITPase

NMPK
Adenine-nucleotides

ITPase
6-TIDP

IDP

NMPK
IMP

Guanine-nucleotides

6-MP

6-TIMP

6-TG-nucleotides

HGPRT

A
Figure 5.1

B

Role of ITPase in purine metabolism (simplified scheme), panel A physiological metabolism,
panel B thiopurine metabolism. Abbreviations used:
HGPRT: hypoxanthine-guanine
phosphoribosyl transferase, IM/D/TP: inosinemono/di/triphosphate, ITPase: inosine
triphosphatase, 6-MP: 6-mercaptopurine, NM/DPK: nucleotide mono/diphosphate kinase,
6-TG: 6-thioguanosine, 6-TIM/D/TP:6-thioinosinemono/di/triphosphate.
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In erythrocytes a relatively high activity of ITPase is present and therefore it is easily
measured in erythrocyte lysates5. However, shipment of blood samples, both national
and international, is subject to tight regulations and sometimes very cumbersome. For
ease of transportation the use of dried blood spots (DBS) can be advocated. This urged
us to study the feasibility of dried blood spots as a possible material for ITPase
measurement.
In neonatal screening programs DBS are in use since the early 70’s, phenylalanine
being the first analyte measured in DBS12. In the following years the application of DBS
was extended by measuring other metabolites and more complex molecules like
steroids and thyroid hormones. In addition DBS proved to be suitable for enzyme
diagnostics, particularly for lysosomal storage disorders13. Jacomelli et al. reported the
use of DBS to measure enzymes involved in purine metabolism14. Recently Tomkova et
al. described a capillary electrophoresis method for the determination of ITPase
activity in DBS, proposing the use of DBS for routine measurement of ITPase activity15.
We compared the ITPase activity in fresh erythrocyte lysates with the ITPase activity in
DBS stored over longer periods, using samples from patients having a normal genotype
and patients carrying activity lowering polymorphisms in the ITPA gene.

Materials and methods
IMP, ITP, hypoxanthine, hemoglobin and DTT were purchased from Sigma
(Zwijndrecht, The Netherlands). Perchloric acid was purchased from J.T. Baker
(Deventer, The Netherlands). MgCl2, K2CO3 and (NH4)H2PO4 and (NH4)2HPO4 were
purchased from Merck (Amsterdam, The Netherlands). Tetrabutylammonium
bi-sulphate (TBS) and Trizma® base (Tris) were purchased from Fluka (Zwijndrecht, The
Netherlands). Methanol (HPLC-grade) was purchased from Biosolve (Valkenswaard,
The Netherlands). Ultrapure water was prepared in house (Advantage system,
Millipore, Etten-Leur, The Netherlands) and used for the preparation of all solutions.

Samples
DBS were made from EDTA anticoagulated blood samples obtained for routine
diagnostic purposes shortly after receipt of the sample. Blood was spotted onto
newborn screening (NBS) cards and stored at room temperature. Erythrocyte lysates
were made as previously described16,17. Lysates were stored at -80°C prior to analysis.

ITPase assay
The ITPase assay was performed as previously described with minor modifications for
the measurement in DBS16,17. DBS were incubated with 700 µl 100mM Tris solution
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pH 8.5 during 30 min at room temperature. The DBS eluate was transferred to a
reaction vial and centrifuged for 10 min at 11.000 ×g. 165 µl of the eluate was used to
measure ITPase activity. All measurements were performed in duplicate. Reaction
conditions were as described previously for fresh erythrocyte lysates16,17.
Chromatographic separations were performed using an ion-pair reversed phase
protocol (phosphate buffer 0.5 mM pH 7.0 with TBS) on an Alliance binary HPLC
system (Waters, Etten-Leur, The Netherlands) coupled with a Jasco 2077 multiwavelength UV/Vis detector (De Meern, The Netherlands)16. Data were sampled and
analyzed using Totalchrom data acquisition and handling software (Perkin Elmer,
Groningen, The Netherlands).

Determination of DBS haemoglobin concentration
Hemoglobin (Hb) in fresh erythrocyte lysates was measured using a Coulter LH 750
hematology analyzer (Beckman Coulter, Woerden, The Netherlands). Hemoglobin in
DBS lysates was measured using a Cary 50 Bio UV-Vis spectrophotometer, equipped
with a Cary 50 MPR plate reader unit (Varian Scientific Instruments, Middelburg, The
Netherlands). 110 µl DBS eluate was diluted with 220 µl 100mM Tris buffer pH 8.5 and
the Hb concentration in the DBS lysate was measured in triplicate and the absorbance
at 416 and 640 nm was recorded. Corrected readings were used to calculate the Hb
concentration against a calibration curve of hemoglobin in 100 mM Tris pH 8.518.

Results
The stability of ITPase activity in DBS was studied in the following experiment. Freshly
drawn EDTA anticoagulated blood samples were divided in two portions. The first
portion was used to isolate erythrocytes. The second portion was spotted onto NBS
cards. The ITPase activity measured in erythrocyte lysates was set at 100%. For a
period of 45 days the ITPase activity in DBS was measured at regular intervals.
Immediately after spotting and drying the ITPase activity in DBS was 70% of the activity
measured in erythrocyte lysates. The ITPase activity declined to 10-20% within
2 months after spotting (Figure 5.2).
ITPA is a polymorphic gene, and hence there is a great diversity in ITPase activity in the
general population5,17. Carriers of polymorphisms are easily identified by measuring
ITPase activity in fresh erythrocyte lysates16. To test the possibility to discriminate
between Wt ITPase activity and carriers of known polymorphisms using DBS, we
measured the ITPase activity in DBS in patients with known genotypes. DBS between
165 and 910 days old were tested, using DBS of Wt patients spotted at the same time
as reference (Figure 5.3). Table 5.1 shows that the relative activity in both the
polymorphic DBS and the wild type DBS is comparable, and that carriers of enzyme
activity lowering polymorphisms could be detected.
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Figure 5.2

ITPase activity in DBS of healthy controls during time, expressed as percentage of the activity
in fresh erythrocyte lysate.
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Evaluation of influence of storage time at room temperature on ITPase activity in DBS of
randomly selected patients with normal ITPase activity and genotyped patients. Relative
ITPase activity is calculated as a percentage of the ITPase activity in fresh erythrocyte lysates.
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Table 5.1

ITPase activity in DBS correlated to DNA polymorphism and time after spotting.

DNA polymorphism
Wt
c.94C→A
Wt
c.94C→A
Wt
c.94C→A / c.94C→A
Wt
c.94C→A / c.94C→A
Wt
IVS2+21A→C
c.94C→A / c.94C→A
Wt
c.94C→A / IVS2+21A→C
Wt
c.94C→A
Wt
c.94C→A
Wt
c.94C→A
Reference range

Lysate activity
Days after spotting
DBS activity
Rel. activity
(mmol/mmol Hb/hr)
(mmol/mmol Hb/hr)
(%)
4.46
165
0.87
19.5
2.36
165
0.34
14.5
4.18
180
0.65
15.5
1.44
180
0.16
11.2
3.71
185
0.22
5.8
0.03
185
0.03
88.1
4.96
250
0.38
7.6
0.04
250
0.04
106.5
7.80
335
1.05
13.1
2.00
335
0.15
7.6
0.03
335
0.04
125.4
4.38
360
0.9
9.0
0.26
360
0.08
31.1
5.21
550
0.36
6.8
2.44
550
0.22
9.0
4.79
760
0.31
6.5
1.90
760
0.14
7.2
4.61
910
0.14
3.1
1.19
910
0.05
4.1
3.0 – 11.0

Discussion
From the results of our experiments it is obvious that measurement of ITPase activity
in DBS is not as straightforward as supposed by Tomkova et al.15. The activity of ITPase
in freshly prepared DBS is less than 70% of the lysate activity. Furthermore the
decrease of activity in DBS is fast. Within 3 days after spotting the relative activity has
declined to 30%. This hampers the use of DBS for the determination of ITPase activity
as on the average ordinary mail delivery will take 2 – 3 days. In the case of patients
with an activity of ITPase in fresh erythrocyte lysate at the lower end of the reference
range, which in our laboratory is 3.0 - 11.0 mmol IMP/mmol Hb/hr (based on Wt
genotype), the measured activity in the DBS will easily decrease to intermediate
values. Given the fact that intermediate values of ITPase are associated with ADR, it is
obvious that using DBS may result in erroneous interpretation9,19,20. This may lead to
suboptimal dosing of thiopurine medication.
Although the difference between normal and low activities still can be made, the older
the DBS gets, the more difficult it will be. As can be seen from Table 5.1 patients
homozygous for the c.94C→A polymorphism are still easily detected, because of the
very low ITPase activity, both in fresh erythrocyte lysate as well as in DBS. However,
more specifically the difference between intermediate values, due to heterozygousity
for ITPA polymorphisms, and normal activities will not be apparent. An accompanying
control DBS might overcome this problem, although one must be aware that ~10% of
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the Caucasian population is heterozygous for an ITPase activity lowering
polymorphism5.

Conclusion
The results of our experiments demonstrate that ITPase activity can be measured in
DBS without technical difficulties. We have demonstrated that immediately after
spotting there was already a 30% loss of ITPase activity in DBS, which declined further
and very rapidly to 30% residual activity in three days. The idea of DBS is to provide
convenient mail order diagnostics. Considering the fact that regular (inter)national
mail delivery requires 2-3 days at the minimum, reliable diagnostic measurement in
DBS does not seem realistic. Therefore we strongly advocate measurement of ITPase
activity in fresh erythrocyte lysates.
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Summary
The role of inosine triphosphatase (ITPase) in adverse drug reactions associated with
thiopurine therapy is still under heavy debate. Surprisingly little is known about the
way thiopurines are handled by ITPase. We studied the effect of ITPA polymorphisms
on handling of inosine triphosphate (ITP) and thioinosine triphosphate (TITP) to gain
more insight in this phenomenon.
Human erythrocyte ITPase activity was measured by incubation with ITP, using
established protocols and the generated IMP was measured using ion pair RP-HPLC.
Molecular analysis of the ITPA gene was performed to establish the genotype. Kinetic
parameters were established for the 2 common polymorphisms, both for ITP and TITP
as substrates, using the above mentioned protocol.
Both ITP and TITP are substrates for ITPase and enzyme activities are for these
substrates comparable. Substrate binding is not altered in the different ITPA
polymorphisms. It is shown that the velocity of pyrophosphohydrolysis is compromised
when the c.94C>A polymorphism is present, both in the heterozygous or homozygous
state.
TITP is handled by ITPase in a similar way as ITP, which implies that TITP will
accumulate in cells of patients with an ITPase deficiency, resulting in adverse drug
reactions on thiopurine therapy. In carriers of ITPA polymorphisms the matter is more
complex and the development of ADR may depend on additional, epigenetic, factors.

ITPA polymorphisms and ITPase kinetic properties
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Introduction
Thiopurines are purine anti-metabolites, widely used as anti-inflammatory agents.
These compounds are activated and degraded by the enzymes of the purine pathways
for activation, interconversion and degradation. One of the enzymes involved in this
metabolism is inosine triphosphatase (ITP pyrophosphohydrolase; ITPase; EC 3.6.1.19).
As is shown in Figure 6.1 ITPase is part of the inosine nucleotide cycle. The exact role of
ITPase in mammalian metabolism is still unclear. Primarily ITPase plays an important
role in the homeostasis of non-canonical purine nucleotides, in addition it is generally
considered as a house keeping gene1,2. Deficiency of ITPase results in the intracellular
accumulation of inosine triphosphate (ITP)3. The clinical consequences of this
phenomenon are unknown as it is not related to overt pathology4.
6-MTG
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6-TG

6-MMP

HGPRT

TPMT
HGPRT
6-MP

GMPS
IMPDH
6-TXMP
6-TIMP
NMPK

6-TGMP
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6-TGDP
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NDPK
6-TITP

NMPK
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6-TGTP
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Figure 6.1

Concise scheme of thiopurine metabolism in mammals.
GMPS: Guaninemonophosphate synthase; HGPRT: Hypoxanthine-guanine phosphoribosyl
transferase; IMPDH: Inosinemonophosphate dehydrogenase; ITPASE: Inosine
triphosphatase; 6-MMP: 6-Methylmercaptopurine; 6-MP: 6-Mercaptopurine; 6-MTG: 6Methylthioguanine; ND/MPK: Nucleotide mono/diphosphatase kinase; 6-TG: 6-Thioguanine;
6-TGM/D/TP:
6-Thioguanine/di/triphosphate;
6-TIM/D/TP:
6-Thioinosinemono/di/
triphosphate; 6-TU: 6-Thiouric acid; 6-TX: 6-Thioxanthine; 6-TXMP: 6-Thioxanthosinemonophosphate.

We recently showed that 6-thio-inosinetriphosphate (TITP) is a substrate for human
erythrocyte ITPase1. It is assumed that on thiopurine medication a diminished activity
of ITPase leads to adverse drug reactions (ADRs), caused by the proposed undesired
accumulation of TITP, and consecutively therapy failure5. At present the role of ITPA
nucleotide polymorphisms in thiopurine induced ADRs is under debate and
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contradicting results have been published. In patients suffering from inflammatory
bowel disease (IBD), the reported ADR associated with thiopurine therapy reported are
pancreatitis, flu-like symptoms, leucopenia, rash and hepatotoxicity and appear to be
associated with the c.94 C>A polymorphism5-7. The g.IVS2+21 A>C polymorphism was
reported to be associated with thrombopenia8. Other studies in (paediatric) IBD and
renal transplant populations did not reveal any side effects correlated to ITPA
polymorphisms, as was reported in a meta-analysis of studies on ITPA polymorphisms
and thiopurine toxicity9-11. However, the populations in the above mentioned studies
differ greatly and the number of patients included in each study is limited, therefore
not allowing definitive conclusions on the association of ITPA polymorphisms and
ADR12. Moreover, only very little mechanistic data are available on ITPase, providing
insight in the binding and handling of its substrates, hereby making interpretation of
the conclusions from the different studies even more difficult13,14. Recently the crystal
structure of the enzyme was elucidated and the implications of the c.94C>A
polymorphism in substrate handling predicted15.
One of our major research topics is to elucidate the role of ITPase in thiopurine
metabolism. From this perspective we studied the effect of the two common ITPA
polymorphisms on the handling of ITP and TITP by human erythrocyte ITPase. In this
study we established reference values for the different polymorphisms for the natural
substrate ITP. In addition, we compared the pyrophosphohydrolysis of TITP in relation
to that of ITP for these polymorphisms. For better understanding of these values the
kinetic parameters for the pyrophosphohydrolysis, both for ITP and TITP, were
determined for the different ITPA polymorphisms. This study is the first to establish
TITP kinetics of human erythrocyte ITPase and the effect of polymorphisms in the ITPA
gene on the kinetic properties of ITPase.

Materials and Methods
Materials
Recombinant human ITPase from an E. coli expression system, full length protein, 195
amino acids (#AAH10138), was obtained from Abnova (Bioconnect, Huissen, The
Netherlands). Thiopurinenucleotides were obtained from Sigma (Zwijndrecht, the
Netherlands) or Jena Bioscience (Jena, Germany). Ultra-pure acetonitril was purchased
from Biosolve (Valkenswaard, the Netherlands). All other chemicals were of the
highest grade and purchased from Sigma (Zwijndrecht, the Netherlands).
HPLC separations were performed on a Supelcosil LC-18 S column (Sigma, Zwijndrecht
the Nethterlands), using an Alliance Separation system (Waters, Etten-Leur, the
Netherlands) coupled to a Jasco Multi-Wavelength detector (Jasco Benelux, IJsselstein,
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The Netherlands). Data were analysed with the aid of Totalchrom data acquisition and
handling software (Perkin-Elmer, Groningen, the Netherlands).
Hemoglobin content of erythrocyte lysates was measured using a Coulter LH-750
hematology analyzer (Beckman Coulter, Mijdrecht, The Netherlands).

Patients
Samples of patients referred to our laboratory for preventive pharmacogenetic testing
of thiopurine-S-methyltransferase (TPMT) and ITPase were used in this study. The
study was performed under local ethical standards on the use of patient samples for
research.

Measurement of erythrocyte ITPase activity and kinetic parameters
Assays of ITPase activity in erythrocytes were performed as described earlier16,17.
Briefly, erythrocytes were isolated after centrifugation. Saline washed erythrocytes
were lysed with ice-cold water (1:4, v/v) and the lysate was stored at -80oC until ITPase
measurement. Lysates were stable for >3 years and could withstand 3-4 thaw-freeze
cycles before the ITPase activity dropped (data not shown). The erythrocyte lysate was
incubated with ITP, MgCl2 and DTT in Tris-HCl buffer (pH 8.5) for 30 minutes at 37oC.
The end product, inosine monophosphate (IMP), was measured using ion-pair
reversed-phase chromatography with UV-detection at 254 nm16. Activity was
calculated using an external standard method and normalised to haemoglobin (Hb)
concentration. For the determination of the kinetic parameters for ITP and TITP the
same method was used, with the exception of a slight modification of the solvent
system and detection wavelength (320 nm) for the quantification of the thioinosine
nucleotides. All kinetic experiments were performed in triplicate on three different
samples per genotype.

ITPA genotyping
Genomic DNA was extracted from buffy coats using the Qiagen FlexiGene DNA kit
(Qiagen, Venlo, The Netherlands) and the automated DNA isolation robot Autogenflex
3000 (Westburg, Leusden, The Netherlands).
Exon 2 of the ITPA gene and flanking intronic regions were amplified by PCR using
primers ITPA2F-CTTTAGGAGATGGGCAGCAG and ITPA2R-CACAGAAAGTCAGGTCACAGG.
PCR mix (10 µl) consisted of 1x Amplitaq Gold Mastermix (Applied Biosystems,
Nieuwerkerk a/d IJssel, The Netherlands), 8% glycerol and 200 nM of each primer. PCR
conditions were 40 cycli and and Tan of 60°C. The resulting 241 bp PCR product was
bidirectional sequenced using the ABI Big Dye Terminator Cycle Sequencing Ready
Reaction kit and the ABI3730 Genetic Analyzer (Applied Biosystems, Foster City, CA).
Functional polymorphisms c.94 C>A (p.P32T) (NCBI rs1127354) and g.IVS2+21 A>C
(NCBI rs7270101) were determined using DNA variant analysis software Mutation
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Surveyor® with genomic NCBI reference sequence NC_000020. All sequences were
evaluated by two independent laboratory experts.

Results

activity (mmol IMP/mmol Hb/hr)

In total, 160 patients were fully characterized for ITPase activity and ITPA gene
polymorphisms. The distribution of the ITPase activity in erythrocyte lysate for the
different genotypes is shown in Figure 6.2. From this distribution it is apparent that
there is a certain overlap in the activities measured in the different polymorphisms. No
overlap was observed for the c.94 CA / g.IVS2+21 AC and c.94 AA / g.IVS2+21 AA
genotypes, which both had significantly lower enzyme activities (p<0.001 with all other
genotypes).
In our cohort of patients we identified two other, so far unknown, mutations. One
point mutation, c.97 T>C, is located near the frequently occurring and activity lowering
c.94 C>A polymorphism. In the individual heterozygous for this new mutation, the
ITPase activity is decreased to values as detected in c.94 C>A heterozygotes: 1.20 and
1.43 mmol IMP/mmol Hb/hr respectively. A second mutation, c.122 A>G, did not affect
ITPase activity. A third patient had a nearly undetectable ITPase activity, but we only
detected one polymorphic allele, harbouring the c.94C>A mutation. Investigations are
in progress in finding a possible second molecular aberration in the ITPA gene to
explain the low ITPase activity in this patient.
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Figure 6.2

ITPase activity (mmol IMP/mmol Hb/hr) in different ITPA genotypes.

In Table 6.1 the correlation between ITPase activity and the most common activity
lowering polymorphisms is displayed, compared with the relative activities published
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in the literature in the past years. As can be seen, our present results using ITP as the
substrate are in line with those of other authors.
To investigate the selectivity of the different ITPA polymorphisms for the substrates
ITP and TITP the kinetic properties Vmax and apparent Km (further referred to as Km) for
these substrates were determined. The results of these experiments are shown in
Table 6.2. The genotypes tested were the wild type, the compound heterozygous
c.94 C>A/g.IVS2+21 A>C variant , the homozygous g.IVS2+21 A>C and the heterozygous
c.94 C>A and g.IVS2+21 C>A genotypes. Because of the very low residual activity of the
c.94 C>A homozygote the experiment was not performed for this genotype.
Table 6.1

Erythrocyte ITPase activity (mmol IMP/mmol Hb/hr) for the different ITPA genotypes,
compared with relative activities derived from the literature.
Present study

Literature

ITPA genotypes

N

Mean ± SD

%WT

[17]

[18]

[19]

c.94 CC /g.IVS2+21 AA

88

5.27 ± 1.56

100

100

100

100

c.94 CC / g.IVS2+21 AC

19

2.61 ± 0.66

49.5

58.6

61.0

c.94 CA /g.IVS2+21 AA

39

1.43 ± 056

27.1

22.5

25.5

c.94 CC / g.IVS2+21 CC

3

1.81 ± 0.19

34.4

c.94 CA / g.IVS2+21 AC

6

0.32 ± 0.10

6.1

c.94 AA / g.IVS2+21 AA

5

0.00 ± 0.05

0.0

Table 6.2

27.3

29.8
9.0

8.2
0.1

0.0

Kinetic parameters for ITP and TITP for different ITPA polymorphisms.

ITPA genotypes

ITP

TITP

Km

Vmax

Vmax/Km

Km

Vmax

Vmax/Km

c.94 CC / g.IVS2+21 AA

201

5.44

27.1

346

5.95

17.2

c.94 CA / g.IVS2+21 AA

162

0.98

6.1

313

1.43

4.5

c.94 CC / g.IVS2+21 AC

144

4.0

27.4

576

2.82

4.9

c.94 CA / g.IVS2+21 AC

366

0.43

1.2

219

0.41

1.9

c.94 CC / g.IVS2+21 CC

170

1.54

9.1

164

1.73

10.5

Km : µM ITP or TITP; Vmax: mmol IMP or TIMP/mmol Hb/hr; Vmax/Km: 1000/mmol Hb/hr

The results showed that both ITP and TITP are substrates for ITPase.
Pyrophosphohydrolysis of ITP and TITP followed Michaelis-Menten kinetics: this is
shown in Figure 6.3 for the normal (wild-type) genotype. The other polymorphisms
showed similar kinetic behaviour.
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Figure 6.3

Michaelis-Menten kinetics of ITP and TITP in the normal ITPA genotype; insert Lineweaver Burk
plot for ITP.

With the exception of the compound heterozygous c.94C>A/g.IVS2+21A>C
polymorphism where the binding was less efficient, the substrate binding for ITP was
identical in the different genotypes investigated. The velocity of pyrophosphohydrolysis appeared to be genotype dependent: the wild type having the highest Vmax,
resulting in the most efficient generation of IMP. The heterozygous g.IVS2+21A>C
genotype showed a slightly lower efficiency in the hydrolysis of ITP, the efficiency
further decreasing when the second allele is also polymorphic for the g.IVC2+21A>C
mutation. The results of this experiment also showed the deleterious effect of the
c.94C>A mutation on the capacity of the protein to hydrolyse ITP. The protein resulting
from the heterozygous c.94C>A genotype hydrolyzes ITP about 5 times less efficient
than the wild type protein. Combined with the g.IVS2+21A>C allele the efficiency
decreased to 5% of the wild type.
Our results for TITP showed that pyrophosphohydrolysis is as efficient as it is for the
natural substrate ITP. To confirm this finding we measured human erythrocyte ITPase
activity in the different genotypes using ITP and TITP as substrates. As can be seen in
Table 6.3 the activities for ITP and TITP were comparable.
Table 6.3

Correlation between erythrocyte ITPase activity towards ITP and TITP in ITPA genotypes.

Substrate

ITP

TITP

Activity*

Activity**

ratio

c.94 CC /g.IVS2+21 AA

2.94

2.90

0.99

c.94 CA / g.IVS2+21 AA

0.62

0.69

1.11

c.94 CC /g.IVS2+21 AC

1.99

2.03

1.02

c.94 CA / g.IVS2+21 AC

0.20

0.33

0.63

c.94 CC /g.IVS2+21 CC

0.94

1.28

0.73

ITPA genotypes

* mmol IMP/mmol Hb/hr;** mmol TIMP/mmol Hb/hr
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Discussion
The ITPA gene is a polymorphic gene, several polymorphisms are described in the
literature, some influencing the ITPase activity and others having little or no effect.
Since ITPA polymorphisms are associated with thiopurine ADR, it is important to obtain
more insight on the effect of ITPA gene polymorphisms on the kinetic behaviour of
ITPase, towards both ITP and TITP. We therefore established genotype defined
reference values for ITPase in our population (Table 6.1). As is shown in this table, our
reference values are in line with earlier published values. A selection of these samples
were also used for the mechanistic experiments. To the best of our knowledge, this is
the first report on kinetic data for ITPase proteins originating from a variety of
genotypes directly obtained from human materials for both ITP and the alternative
substrate TITP.
As is shown in Table 6.1 the patients carrying the c.94C>A polymorphism, either in the
heterozygous or homozygous state, have significantly decreased erythrocyte ITPase
activities. The deleterious effect of the c.94C>A polymorphism is clearly demonstrated
by the difference of the activity of the homozygous g.IVS2+21 A>C and the compound
heterozygous c.94 C>A / g.IVS2+21 A>C variants where the ITPase activity decreases
from ~32% to 8% of the wild type activity (Table 6.1). In addition we reported two, so
far unknown, polymorphisms in the ITPA gene. One polymorphism, c.97T>C, shows the
same influence on the ITPase activity as the c.94C>A mutation. It can be speculated
that this alteration in the cDNA has the same effect on alternative splicing or affects
the catalytic site in a similar mode as the c.94C>A mutation18. The other mutation,
c.122A>G, did not alter erythrocyte ITPase activity.
From the kinetic data it can be concluded that the binding of the substrate is not
altered, as in all investigated polymorphisms the Km was comparable. The exception
was the compound heterozygous c.94C>A/g.IVS2+21A>C genotype, which showed a
significant lower affinity for the natural substrate. From our results we conclude that
the mutated protein still possesses the normal binding capacity, as was predicted from
the study on the ITP crystal structure by Stenmark et al.15. They also speculated that
most probably the catalytic site of the P32T protein, originating from the c.94C>A
polymorphism, is altered. Our data on the catalysis rate support this assumption. The
Vmax is significantly lower when the c.94C>A polymorphism is present alone or in
combination with another activity lowering polymorphism. Surprisingly, with respect
to the g.IVS2+21A>C variant the efficiency of the enzyme is decreased only in the
homozygous state, the heterozygous variant shows the same kinetic properties as the
wild type enzyme. This implies that this polymorphism only has a minor influence on
the protein activity, only when both monomers originate from a g.IVS2+21A>C
polymorphism the properties of the protein are altered.
In contrast to the results reported by Stepchenkova, we and Shipkova et al. found no
substrate inhibition of ITPase by ITP in the wild type genotype14,19. We suppose that
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the substrate inhibition in their experiments is possibly caused by the presence of DTT
in the reaction solution or another artefact, influencing the pyrophosphate assay,
rather than by true substrate inhibition14. DTT does not interfere in the HPLC-based
methods measuring the formation of IMP, as is the case in the methods quantifying
pyrophosphate generated in the assay.
It was proposed that the diminished activity of ITPase in the c.94C>A genetic variant is
due to lowered levels of the protein13,14. Arenas et al. investigated the occurrence of
alternative splice variants and reported less full length mRNA , resulting most probably
in diminished amounts of the wild type protein18. When comparing our results on the
c.94C>A variant with previous published data we propose that the protein, resulting
from this polymorphism, has less pyrophosphohydrolysis capacity due to changes in
the structure of the protein, affecting the catalytic site in particular.
Our results demonstrate that the pyrophosphohydrolysis of TITP by human erythrocyte
ITPase in the normal genotype is as efficient as that of ITP. As a consequence, the
accumulation of TITP may reach the same levels as ITP in patients with ITPase
deficiency, however this needs further studies. No elevated concentrations of ITP have
been demonstrated in individuals heterozygous for ITPA polymorphisms. Therefore we
assume that TITP will not accumulate in cells from these individuals during thiopurine
therapy, although a dose-dependent effect cannot yet be excluded. The ADR described
during thiopurine therapy in patients carrying ITPA polymorphisms in our opinion
cannot solely be attributed to intracellular TITP accumulation and it is therefore likely
determined by other variables as well. A secondary function/influence of ITPase
cannot be excluded. It can be speculated that ITPase is essential in maintaining the
intracellular balance of non-canonical nucleotides, as in proliferative disorders it is
over-expressed20. We propose that the house keeping function of the gene may be
compromised under metabolic stress. When thiopurines are given to these patients
the residual activity may not be sufficient to cope with this stress and results in ADR.
In conclusion, we have shown that polymorphisms in the ITPA gene influence the
activity of ITPase in human erythrocytes. The c.94C>A variant had the greatest
negative effect on the activity, resulting in a null activity for the homozygous state of
this polymorphism. Whether this null activity is due to the decreased availability of
mature protein or a true diminished ITPase activity, because of altered binding
capacity or changes in catalytic properties, has to be further elucidated. The handling
of TITP by ITPase is as efficient as that of ITP, indicating that accumulation of TITP will
likely only occur in patients with ITPase deficiency. We speculate that the ADR in
thiopurine therapy associated with ITPA polymorphisms is due to epigenetic factors
rather than to TITP accumulation related to the decreased ITPase activity.
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Role for ITPA polymorhisms in PLCH
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Interstitial lung diseases (ILD) comprise a number of clinical conditions including
sarcoidosis, pulmonary fibrosis and pulmonary Langerhans' cell histiocytosis (PLCH,
Histiocytosis X). The diagnostic work-up for the classification of ILD is often
complicated and tedious. PLCH is characterized by the proliferation and infiltration of
Langerhans’ cells into pulmonary tissues, in disseminated LCH additional tissues are
affected. PLCH is strongly associated with smoking and the clinical outcome depends
on cessation of smoking1.
Treatment of ILD often requires immunosuppressant drugs: corticosteroids,
immunosuppressant drugs, including thiopurines and biologicals. It is mandatory to
exclude genetic polymorphisms in genes involved in metabolism of thiopurine
metabolism, because of the pharmacogenetic consequences of the use of thiopurines.
The prospective measuring of erythrocyte enzyme activity of thiopurine-Smethyltransferase (TPMT) and inosine triphosphatase (ITPase) or molecular analyses of
the genes encoding for these enzymes is recommended in clinical practice2.
Aberrant enzyme activity of either TPMT or ITPase gives rise to a broad spectrum of
adverse drug reactions (ADR) associated with thiopurines, ranging from therapeutic
failure to life threatening leucopenia3,4.
In order to avoid these ADR, we have incorporated pre-treatment screening of TPMT
and ITPase of patients with ILD, who are candidates for treatment with thiopurines, in
our hospital.
An unexpected high number of decreased ITPase activities in patients with PLCH was
found, all of which had an unfavourable outcome. We hypothesized about the role of
the ITPA gene in relation to immunity, which might play a key role in this phenomenon.
We examined a total of 105 patients with ILD, referred to the ild care team of the
Maastricht University Medical Centre, a tertiary referral centre in The Netherlands for
ILD (Table 7.1).
Table 7.1

Distribution of ITPA polymorphisms in interstitial lung disease (ILD).
N

Lowered ITPase activity ITPA polymorphism

% ITPA
polymorphisms

Pulmonary sarcoidosis

41

8

8

19.5

50

3

3

6.0

(chest X-ray stage IV)
Idiopathic pulmonary
fibrosis (IPF)
PLCH

6

3

3

50

Other causes of ILD

8

4*

4

50

11

11

Reference population #

100

11

*The four cases with an ITPA polymorphism were suffering from drug-induced pneumonitis (n=2) due to
azathioprine, chronic extrinsic allergic alveolitis (EAA; n=1), and Lymphangioleiomyomatosis (LAM; n=1),
respectively. # Definition of reference population see text
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According to the local protocol for the workup of patients with ILD where thiopurine
medication is considered, TPMT and ITPase activities in erythrocytes were measured
prior to the start of the treatment. When a lowered activity of TPMT or ITPase was
detected molecular analysis of the TPMT and ITPA gene were performed. Reference
values for ITPase and ITPA polymorphism distribution were established in a group of
100 anonymous patients from a general hospital population.
TPMT and ITPase activities were measured in erythrocyte lysates as described earlier5.
Molecular analyses of TPMT and ITPA genes were performed using previously
published protocols6.
The results of the TMPT and ITPase phenotyping and genotyping in the ILD population
are displayed in Table 7.1. Erythrocyte TPMT activity was normal in the PLCH patients,
confirmed by molecular analysis, revealing the wild type *1/*1 genotypes in all
patients. ITPase activity was decreased in 50% (3/6) PLCH patients. The patients were
genotyped and in patients with a decreased ITPase activity this was confirmed by the
finding of polymorphic ITPA genotypes, either heterozygous or homozygous (Table
7.2). The distribution of ITPase activity and ITPA polymorphisms in the reference
population were according earlier published results6.
Table 7.2
Sex

ITPase activity, ITPA genotype and clinical outcome in PLCH patients.

Age at diagnosis Follow up Smoking
(years)

(months)

status

17

70

Stopped

ITPase activity

ITPA genotype

Clinical outcome

(mmol/mmol
Hb/hr)*

F

3.15

Wt

Favourable**;
clinically improved

M

38

19

Stopped

4.60

Wt

Favourable**;
clinically improved

M

52

21

Smoking

2.89

Wt

Unchanged

F

32

27

Stopped

0.03

c.94AA

Unfavourable#;
awaiting lung
transplantation

M

36

49

Stopped

0.79

c.94CA

Unfavourable#

M

54

37

Stopped

0.28

c.94CA/g.IVS2+21AC

Unfavourable#

*reference values : 4.0 – 10.0 mmol/mmol Hb/hr (n=100) ; ** Favourable: substantial improvement of the
HRCT and >10% improvement of the DLCO; # Unfavourable: worse evaluation of the HRCT and more than
10% decrease of the DLCO and desaturation during a 6 minute walking test.

Although the number of patients with PLCH in our cohort is limited, we detected an
unusual high and intriguing prevalence of low erythrocyte ITPase activities and a
concomitant higher number of ITPA polymorphisms, i.e. 50%, compared to the
reference population (11%).
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It is unclear whether there is a connection between the absolute ITPase activity and
the occurrence of the disease. Earlier reports referring to patients with a complete
ITPase deficiency reported no clinical abnormalities, classifying it as a benign
condition7. Interestingly, the PLCH cases carrying an ITPA polymorphism all
demonstrated an unfavourable outcome despite that they all stopped smoking. To
date, smoking is associated with the clinical course of PLCH. In general, the clinical
features improve after the patient stops smoking (Figure 7.1). However, our three
patients carrying an ITPA polymorphism all deteriorated and no clinical improvement
occurred compared to the PLCH patients with the normal genotype. This finding is also
clinically relevant regarding the therapeutic options, as patients who do not improve
after they quit smoking are sometimes candidates for azathioprine. Therefore, we
strongly recommend to assess erythrocyte ITPase activity, in addition to TPMT activity,
prior to initiating treatment with azathioprine in patients with PLCH.

Figure 7.1

HRCT scan of the thorax of a patient (case #1) with Langerhanscel histiocytosis at presentation
showing cyst and micro noduli (left panel) and normalized scan 4 months after stopping with
smoking (richt panel)

To the best of our knowledge ITP does not accumulate in patients with a partial ITPase
deficiency. Therefore, clinical pathology cannot merely be explained by accumulation
of ITP in carriers of ITPA polymorphisms, but is more likely to be associated with
housekeeping or moonlighting functions of the gene or its protein(s).
The role of ITPase in mammalian metabolism is still poorly understood8. Its primary
role is the pyrophosphohydrolysis of ITP (and dITP) to maintain the balance between
ITP and IMP, IMP being the key metabolite in the purine interconversion pathway.
Tissue distribution of ITPase varies widely, the highest activity is present in tissues with
an exocrine function9.
The other, less highlighted, function of ITPA is its role as a house keeping gene. ITPase
is involved in the maintenance of the degradation of non-canonical purine nucleotide
triphosphates, hereby preventing the incorporation of these metabolites into RNA and
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DNA. Under abnormal physiological circumstances, such as metabolic stress or an
inflammatory response, proper functioning of housekeeping genes is pivotal for
cellular maintenance. In patients carrying one or more polymorphic ITPA alleles, it can
be speculated that the house keeping function may be compromised and inflammatory
responses cannot be countered properly, resulting in enhanced disease activity. In
PLCH there is excessive eosinophilic granuloma formation, thereby corrupting the
immune response. Although little is known about ITPase activity in progenitor cells of
eosinophils and macrophages, it can be speculated that a wild type ITPA genotype is
crucial to maintain adequate housekeeping in these cells. Comparing ITPase deficiency
with two other inherited disorders in purine metabolism, adenosine deaminase (ADA)
and purine nucleoside phosphorylase (PNP) deficiency, makes this line of thought even
more compelling. Both conditions cause severe immune disease, resulting in SCID and
T-cell immunodeficiency respectively. The concept of a potential role of ITPA in
immunity is further strengthened by the fact that two proteins, encoded by ITPA, were
recognized by cytotoxic T-cells. Whether or not these immunogenic proteins are the
products of alternative splicing remains unclear. However, as was shown by Arenas et
al., alternative mRNA splice variants are present in significantly higher amounts in
patients carrying the ITPA 94C>A polymorphism than in wild type individuals10. A direct
link between ITPase and smoking seems highly unlikely. One may argue, however, that
toxic compounds originating from (tobacco) smoke cause oxidative stress in exposed
tissues, generating non-canonical nucleotides. ITPase is required to scavenge these
toxic compounds. Expression of ITPase in lung tissue is low, which may imply that
under metabolic stress the presence of ITPA polymorphisms results in insufficient
ITPase activity thus compromising the cellular capability to neutralize toxic, noncanonical, nucleotides.
In conclusion, we hypothesize that ITPA polymorphisms are associated with an
unfavourable clinical outcome in PLCH. Future investigations are required to confirm
the high prevalence of ITPA polymorphisms in PLCH patients. Moreover, the prognostic
value should be evaluated in a larger cohort, focussing especially on the association
with smoking. Furthermore, the potential role of ITPase in inflammatory modulating
cells needs to be elucidated. These investigations may gain more insight in the real
physiological role of ITPase and the clinical effect of polymorphisms in the ITPA gene.
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Introduction
Since the introduction of thiopurine as an anti-inflammatory drug about 50 years ago,
a substantial amount of knowledge has been generated with respect to its activation,
metabolization and the way it exerts its action1. Polymorphisms in genes involved in
thiopurine metabolism result in different responses to thiopurine therapy, ranging
from non-responsiveness, disease progression, to an overreaction with clinical
consequences2-8. The studies described in this thesis have been focused on two
enzymes which are involved in the metabolism of thiopurines, thiopurine-Smethyltransferase (TPMT) and inosine triphosphatase (ITPase).

Functional aspects of thiopurine-S-methyltransferase
One of the defense mechanisms the organism has to reduce the toxicity of xenobiotic
compounds is methylation. Therefore a whole class of enzymes, called
methyltransferases, exists with a broad spectrum of specificities9,10. TPMT is one of the
enzymes belonging to this class and its main purpose is the methylation of thiopurine
metabolites. Given the fact that thiopurines are man made and not existing in nature,
one might wonder how the evolution of the gene encoding for the enzyme TPMT has
taken place. It might be that a compound which is rather similar to the thiopurines still
exists11. Early reports on TPMT tested several aromatic thiol containing compounds as
substrates for TPMT and found that TPMT was capable to transfer the methylgroup
from S-adenosyl methionine (SAM) to these compounds12. Freshwater bacteria use a
TPMT-like pathway to methylate selenium-containing compounds, which appears to
be a specific selenium methyltransferase13,14. Taking into account these findings it can
be speculated that TPMT is involved in methylation of endogenous aromatic thiol
and/or selenium containing compounds11. The methylation of thionucleotides was
shown in earlier studies. However, at the start of our study it was still unclear whether
thiopurine nucleotides are methylated inside the cell or if thiopurines are first
methylated by TPMT and subsequently phosphoribosylated by HGPRT. Studies were
initiated by incubating recombinant human TPMT (rhTPMT) with different thiopurine
substrates, including thioinosine monophosphate (TIMP), and tritium labeled
S-adenosylmethionine (SAM) as methyl donor, showing transfer of the labeled methyl
group to the substrates. From the results obtained we were able to conclude that
methylation of TIMP is as efficient as the methylation of the thiopurine bases, the
incorporation of tritium was the same for all compounds, both after 6 and 24 hours of
incubation.
Incubation experiments of MOLT-3 cells with different thiopurine species showed that
6-MTIMP is present intracellularly after 24 hours of incubation with 6-MP but not with
6-MMP. In the case of 6-MMP this means that 6-MMP is not phosphoribosylated by
HGPRT in MOLT-3 cells. Studies with labeled precursors confirmed the results obtained
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from the studies with rhTPMT. From our results we conclude that the generally
accepted pathway for activation and deactivation of thiopurines is valid. Future
experiments with TPMT deficient cell lines and the use of specific inhibitors of
activating or deactivating enzymes can provide more insight in the way fluxes of
thiopurines are directed through the pathways. The results from earlier studies with
the xanthine oxidase (XO) inhibitor allopurinol and the inosine monophosphate
dehydrogenase (IMPDH) inhibitor mycophenolic acid are good examples of such
studies15,16.

Determination of thiopurine metabolites
Analytical methods for the measurement of thiopurine metabolites are important
tools in therapeutic drug monitoring (TDM)17-19. The aim of TDM in thiopurine therapy
is to monitor the intracellular concentrations of the toxic compounds thioguanine
triphosphate (TGTP) and methylthioinosine monophosphate (MTIMP)20. Both
compounds are responsible for the observed ADR in thiopurine treatment: an
intracellular excess of thioguanine nucleotides results in severe myelosuppresion,
whereas an increased concentration of MTIMP is associated with liver dysfunction and
inhibition of purine de novo synthesis21.
For a better understanding of thiopurine metabolism it is of crucial importance to
further investigate the distribution of thiopurine metabolites with respect to
activation, deactivation and degradation. In the last decade liquid chromatography
combined with tandem mass spectrometry was introduced in clinical chemistry and
pharmacology. This technique makes it possible to measure metabolites at low
concentrations while requiring a minimum of sample pre-treatment22. Our goal was to
develop and validate a method for the measurement of thiopurine degradation
products in biological fluids. This approach allowed us to quantify 6-mercaptopurine
(6-MP), 6-thiouric acid (6-TUA), 6-thioguanine (6-TG), 6-methylmercaptopurine
(6-MMP) and 6-methylthioguanine (6-MTG) in urine and plasma. The applications of
this method go beyond the measurement of these metabolites in body fluids, as it can
be used in translational studies like intestinal absorption and transport of thiopurines
in vitro. A lot of insight is still lacking on how thiopurines are handled by the intestine,
especially during inflammation (M. Crohn and Colitis ulcerosa). We expect that
thiopurine efficacy will decrease further during of inflammation, due to up-regulation
of XO expression in the intestinal tract . Future studies with cultured monolayers of
intestinal cells and biopsies mounted in Ussing chambers can provide more insight in
intestinal thiopurine kinetics23-26.
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Pharmacogenetic significance of TPMT
Although the pharmacogenetic significance of TPMT in thiopurine therapy is widely
accepted, it is still not common in clinical practice to test patients for a decreased
TPMT activity or polymorphisms in the TPMT gene before installing thiopurine
therapy27-29. The importance of pre-treatment testing is highlighted by the case
described in chapter 4 and other cases2,4,5,7. We strongly advocate a more prominent
role for pharmacogenetic testing in general, and TPMT and ITPase in particular, to
prevent adverse drug reactions, determined by genetic polymorphisms2,4,5,30-40. Pretreatment screening will not only prevent ADR and hence improve the quality of life of
the patient to be treated, it has also important socio-economic implications. In a
significant number of cases the patient is hospitalized for several days, requiring
specialist care. The volume of cost reduction as a consequence of pre-treatment TMPT
pheno- or genotyping is substantial41-44. Recently the European Commission published
a report on the potential socio-economic impact of pharmacogenetics and
pharmacogenomics in the European Union (EU)45. This report stressed several
recommendations which need to be implemented in the near future. Only thereafter
patients can successfully benefit from the advantages of pharmacogenetic testing.
Education of the medical professionals on the subject is regarded as essential. Not all
physicians are aware of the great advantages pharmacogenetics can provide in
treating patients. So far in the UK only dermatologists have guidelines for TPMT
screening in case of thiopurine treatment27,29. Currently TPMT screening is not
common clinical practice in the Netherlands, only local initiatives are active in this
respect30. Moreover, in order to successfully implement pharmacogenetic testing, the
services of laboratories offering these test should be easily accessible. To achieve this
it is necessary that the costs of pharmacogenetic testing are covered by health
insurances, making it more attractive for physicians to use pharmacogenetic tests in
patient care and management.

The role of ITPase in thiopurine metabolism
The role of inosine triphosphatase (ITPase) in human metabolism is still not fully
understood. It is apparent that its primary role is the pyrophosphohydrolysis of ITP and
dITP, in order to maintain the inosine nucleotide balance. In addition, ITPase is
involved in the removal of non-canonical nucleotides, hereby maintaining RNA and
DNA integrity32,46.
It is this last property of ITPase which makes it an intriguing part of human
metabolism. Complete deficiency of ITPase is not associated with a clinical condition in
humans. Excessive intracellular concentrations of ITP are the only abnormality
reported in ITPase deficient individuals32,46-48. However the house keeping function of
ITPase, the removal of the non-canonical nucleotides, is thought to be associated with
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the outcome in (auto)inflammatory disorders or, in the case of viral infections, with
the absence of adverse drug reactions under anti-viral therapy49,50. In a recent study
ITPA gene knockout mice were not viable, they died within two weeks after birth.
Besides growth retardation, the main clinical feature was cardiac myofiber disarray,
most probably due to ATP displacement by ITP in the ATP pool, indispensable for
proper sarcomere function51. Although the murine ITPA knock-out model, in which the
whole gene was deleted, is not comparable to the human ITPA polymorphism with a
mutated protein, the finding of this report suggests an yet unknown structural function
of ITPase.
In chapter 6 we focused on one aspect of the house keeping function of ITPase, e.g.
the handling of thioinosine triphosphate (TITP). This thiopurine metabolite is formed
from thioinosine monophosphate (TIMP) and accumulates inside the cell when ITPase
is deficient. Whether it will accumulate in individuals bearing activity lowering
polymorphisms is still unclear. In the literature conflicting results on the occurrence of
adverse drug reactions due to thiopurine therapy have been reported52,53. We studied
the handling of ITP and TITP by ITPase in individuals with the different ITPA
polymorphisms to gain more information on the influence of these polymorphisms on
ITPase activity. Surprisingly the binding of the substrate did not differ greatly for the
different genotypes. As was shown in our study, the apparent Km for ITP and TITP for
the genotypes tested was comparable. However, the pyrophosphohydrolysis of ITP
and TITP was clearly diminished when one of the alleles contained the c.94 C>A
polymorphism. The c.94C>A polymorphism results in an amino acid change in the
ITPase protein at position 32, a proline is substituted by a threonine. This results in a
structural change of the protein which affects most probably the catalytic site54.
A decrease in catalytic velocity may imply that the catalytic site remains occupied,
which can result in higher intracellular concentrations of ITP or other non-canonical
nucleotides. In line with this, it can be argued that this may compromise the
housekeeping function of ITPase, as defined by removing the intra-cellular noncanonical nucleotides. Non-canonical nucleotides will be incorporated in RNA and DNA
and lead to aberrations55. The integrity of RNA and DNA is essential for proper cell
functioning and proliferation56. The importance of a balanced nucleotide pool is
emphasized by Arczewska and Kusmierek in their review on the role of the bacterial
mutT gene and its human orthologue hMTH1 in the proper functioning of DNA repair57.
MutT negative bacteria were susceptible to higher mutation rates due to increased
concentrations of 8-oxo-deoxyguanosine triphosphate, emphasizing the universal
importance of a balanced nucleotide pool56. One line of research would be to study the
effect of ITPA polymorphisms on intracellular nucleotide pools and chromosomal
stability during development, both under physiological an non-physiological
conditions.
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Interestingly, the occurrence of an unexpected high number of interstitial deletions
and intragenic rearrangements in the DPYD gene in patients with a deficiency of the
enzyme Dihydropyrimidine dehydrogenase (DPD) has been described recently58. DPD is
the rate-limiting enzyme in the pyrimidine degradation pathway. A deficiency of this
enzyme causes accumulation of uracil and thymine. It can be speculated that an excess
of uracil and thymine will have upstream effects in pyrimidine metabolism and will
effect the intracellular pyrimidine nucleotide balance, disturbing proper cell
proliferation and regulation. The presence of a fragile site, FRA1E, on chromosome 1
in the vicinity of the DPYD gene can be additive in the effect of the disturbed
pyrimidine nucleotide balance in DPD deficient patients. Thymidine phosphorylase
(TP), which is also a defect in pyrimidine metabolism, results in depletion of and
multiple deletions in mitochondrial DNA (mtDNA). Excess thymidine will result in
higher intramitochondrial concentrations of thymidine triphosphate (TTP) and
subsequently a disbalance in the deoxynucleotide pool59. At present it is unknown if
mechanisms analogous to the ones in DPD and TP deficiency are causative in the case
of ITPA polymorphisms or ITPase deficiency.
The mechanisms described above affect DNA, either nuclear or mitochondrial. Arenas
et al. reported an abnormal distribution of mRNA splice variants in IPTA
polymorphisms, which was associated with specific splice enhancing or silencing
sequences60. Future investigations may focus on ITPase protein expression associated
with these abnormal splice variants.
Understanding of the above mentioned mechanisms is important with respect to the
possible pharmacogenetic consequences of ITPA polymorphisms in thiopurine based
therapy. In relation with thiopurine metabolism cellular experiments have to be
repeated with precursors of TIMP, this can provide more insight in the role of
thionucleotides in cell cycle regulation. The importance of ITPA polymorphisms in
thiopurine therapy is described in a study by Stocco et al. where patients were treated
with thiopurines for acute lymphoblastic leukemia (ALL) on basis of their TPMT
genotype. The results of this study show that patients with an ITPA polymorphism had
more ADR, e.g. severe febrile neutropenia, than patients with a ITPA wild type
genotype61. The pharmacogenetic relevance of ITPase activity or ITPA polymorphisms
was further strengthened by a recent report by Fellay et al. on the outcome of
treatment in hepatitis C49. Patients with ITPA polymorphisms were protected against
ribavirin induced anaemia. So far no in vitro studies on the role of ITPA polymorphisms
in pharmacogenetics, and in thiopurine metabolism in particular, have been reported.
It is remarkable that most reports referring to ITPase activity or ITPA polymorphism are
somehow related to (auto)inflammatory diseases62-64. This raises the question if ITPase
or ITPA is involved in the immune response. In one study an overrepresentation of
ITPA polymorphisms in a group of patients with inflammatory bowel disease (IBD) has
been found65. We have observed an association between ITPA polymorphisms and
pulmonary Langerhans’ cell histiocystosis66. Compromised immunity is the key clinical
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feature in two other disorders in purine metabolism: adenosine deaminase (ADA)
deficiency which causes severe combined immunodeficiency (SCID) and purine
nucleoside phosphorylase (PNP) deficiency which causes T cell immunodeficiency67. In
both disorders there is intracellular accumulation of purine (deoxy)ribonucleotide
triphosphates (dNTPs), analogous to ITPase deficiency. This excess dNTPs has
consequences on various cellular processes. These include inhibition of ribonucleotide
reductase, leading to inhibition of DNA replication and increased susceptibility for
apoptosis due to activation of several aspartate-specific cysteine proteases (caspases)
by dATP and dGTP68,69. The assumption that an accumulation of (d)ITP would not
interfere in cellular processes is compelling, since dITP is demonstrated to be
mutagenic70.
How the immune system responds to an excess of intracellular (d)ITP can be studied in
cell lines of patients with ITPA polymorphisms and control cell lines. Whether this
response is different from the response seen in ADA and PNP deficient cell lines will be
of special interest. In addition B- and T-cell populations of both wild type and
polymorphic individuals need to be investigated to find more evidence for the
hypothesis that ITPase and/or ITPA are involved in cellular immunity.

Conclusions
At the start of this thesis we formulated a number of questions. Results of the studies
described in this thesis elucidated some of the questions and, if not conclusive, raised
new questions which have to be addressed in the near future. It is apparent that
thiopurine metabolism is far more complicated than suggested by the ‘simple’
metabolic pathway which is generally accepted. This resulted in the initiation of
further research in this field, both mechanistic studies and patient related research. In
addition there is the challenge to develop validated methods for the determination of
thiopurine metabolites, both intra- and extracellular. Nothing is known on the role of
other genes as inhibitors or effectors of ITPA so far, in depth molecular analysis of the
human genome with new generation sequence techniques can reveal epigenetic
factors. Expansion of the knowledge of thiopurine metabolism is the cornerstone for
personalized drug regimens. The ultimate goal will be a more personalized medicine,
resulting in better treatment, less adverse drug reactions and cost reduction in
healthcare.
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Summary
Thiopurines are frequently used in the treatment of patients suffering from
(auto)immune diseases. Since their introduction in the mid fifties of the 20th century
the way these compounds exert their therapeutic action has been the subject of many
clinical and laboratory studies. In chapter 1 the reader is introduced into this topic.
After a brief introduction on purines and pyrimidines and the importance of synthetic
analogues of these compounds, the metabolism of purines is described. As is outlined
purine metabolism can be divided into 3 main parts: purine de novo synthesis (PDNS),
interconversion and the degradation-salvage pathway. The complexity of these
pathways reflects the importance of these compounds in life, by tight regulation
mechanisms the intracellular concentrations of purines are kept in balance. Modern
molecular genetic methods, generating vast amounts of genetic information, have
opened the field of pharmacogenetics and it was shown that several enzymes involved
in purine metabolism are essential in the handling of synthetic purine analogues, used
as therapeutics in a variety of diseases. Thiopurines are metabolized by the enzymes
from the purine pathways and it is apparent that alterations in the activity of these
enzymes by genetic polymorphisms may influence the efficacy of thiopurine therapy.
This thesis focuses on two enzymes involved: thiopurine-S-methyltransferase (TPMT)
and inosine triphosphatase (ITPase). The effects of alterations in the expression of
these enzymes are discussed in relation to thiopurine metabolism. The therapeutic
targets of thiopurines and drug/drug interactions influencing thiopurine efficacy are
briefly mentioned.
The selectivity of TPMT to thiopurine compounds is still puzzling. This topic is
addressed in chapter 2. Experiments using human recombinant TPMT (hrTPMT) and
(methyl-14C)-S-adenosylmethionine (SAM) confirmed the transfer of the methyl group
from SAM to the different substrates. In human erythrocyte lysates this was seen with
6-MP and 6-TG, but not with 6-TIMP. In contrast, using MOLT-3 cells, we were able to
confirm the formation of 6-Methyl-TIMP from 6-MP and 6-thioinosine (6-TI). The
thionucleotide profile in MOLT-3 lysates after incubation with 6-methyl-MP showed
no formation of 6-Methyl-TIMP. Further investigations are warranted to elucidate the
way thiopurine compounds are metabolized in human cells.
Chapter 3 describes the development and application of a method to determine
thiopurine metabolites in body fluids, using ultra performance liquid chromatography
– tandem mass spectrometry. Using stable isotope labeled internal standards
(methylated) thiopurines and metabolites could be detected in urine and plasma in
concentrations down to 50 nanomolar. Intra assay variations were within acceptable
limits for the compounds measured. Instability of 6-MP and 6-TG, most probably due
to oxidation, made it nearly impossible to establish inter assay variation for these
compounds. For methylated thiopurines inter assay variations ranged from 4-7% in
plasma. In urine the low concentration range intra assay variations were >15%. The
method was further validated by analyzing samples from patients on thiopurine
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therapy. In urine and plasma 6-MP and 6-thiouric acid (6-TU) were readily detectable.
The other compounds were only found in trace amounts, below the limit of
quantification (LOQ) of the method.
The relevance of measuring TPMT before starting thiopurine therapy is emphasized by
the clinical history of the case presented in chapter 4. The patient was treated for
refractory Ulcerative Colitis (UC). Within 5 weeks after starting Azathioprine (AZA), a
prodrug of 6-MP, the patient developed severe leucopenia and anemia. After
admission to the hospital an adverse drug reaction caused by AZA was suspected and
AZA was stopped immediately. TMPT activity was measured in erythrocytes and was
found decreased. Molecular analysis revealed a *1/*3C TPMT genotype, associated
with a decreased TMPT activity. After 4 weeks the patient recovered and treatment
was continued with mesalazine.
A second enzyme involved in (thio)purine metabolism is inosine triphosphatase
(ITPase). In chapter 5 the method for the measurement of ITPase activity in
erythrocytes is described, using liquid chromatography with UV-detection. The method
was optimized for measuring ITPase activity in dried blood spots (DBS). Although the
method was applicable for the measurement in DBS and decreased activities could
easily be detected, the stability of the enzyme was poor. It was therefore concluded
that ITPase activity measurement in DBS is not reliable. Therefore the use of fresh
erythrocyte lysates for the measurement of ITPase activity is required.
The debate on ITPA polymorphisms and ADR during thiopurine therapy is still ongoing.
In chapter 6, the focus is on the enzyme ITPase and its kinetic properties. Genotype
associated reference values for ITPase in erythrocytes were established. The specificity
of ITPase for the substrates ITP and thio-ITP was determined, both for the wild type
genotype as for the activity lowering polymorphisms. Surprisingly the binding of the
substrates was comparable for the genotypes tested, however, the velocity of
pyrophosphohydrolysis was greatly decreased when the c.94C>A polymorphism was
present. The efficiency of ITPase for both substrates was found to be comparable
under the assay conditions. From these results it appears that other (epigenetic)
factors may be responsible for the occurrence of ADR during thiopurine therapy in the
presence of ITPA polymorphisms.
Chapter 7 describes a pilot study in which the association between ITPA
polymorphisms and clinical outcome in patients with pulmonary Langerhans' cell
histiocytosis is evaluated. Interestingly, patients with a with an ITPase activity lowering
polymorphism were found to have a more unfavorable outcome compared to the
patients with a wild type genotype. The cause of this phenomenon is unclear: possibly
the house keeping function of ITPA is compromised in patients with a decreased ITPase
activity.
Finally, the major findings of this thesis are discussed in chapter 8 and the suggestions
for future research are given. Although the knowledge on TPMT and ITPase is
expanding continually, still many questions have to be answered. To answer some of
these questions future research needs to follow two lines: one will be focused on the
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biological function of ITPase in health and disease. The other line will focus on the
handling of thiopurines by the organism, especially the way thiopurines are absorbed
by the intestinal tract and how inflammation is influencing this process.
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Samenvatting
Thiopurine medicatie wordt frequent voorgeschreven voor de behandeling van
(auto)immuun ziekten. Na de introductie van deze verbindingen in het midden van de
jaren vijftig van de vorige eeuw zijn ze onderwerp geweest van een groot aantal
klinische en laboratorium studies. De algemene introductie in hoofdstuk 1 beschrijft in
het kort wat purines en pyrimidines zijn en welke niet natuurlijke analogen als medicijn
tegen een scala van (auto)immuun stoornissen worden gebruikt. Het metabolisme van
purines wordt daarna op een drietal hoofdlijnen verder uitgewerkt: de purine de novo
synthese (PDNS), de interconversie en de route die de afbraak en hergebruik van
purines beschrijft. De complexiteit van deze processen weerspiegelt het belang van
purines voor het voortbestaan van een organisme. Om deze reden worden de
intracellulaire concentraties van purines (en pyrimidines) sterk gereguleerd.
Door de opkomst van het moleculair genetisch onderzoek gedurende de laatste
decennia is er een keur aan genetische informatie beschikbaar gekomen, wat
ondermeer heeft geleid tot de snelle ontplooiing van de pharmacogenetica. Dit heeft
geresulteerd in de kennis dat enzymen betrokken bij het purine metabolisme
eveneens verantwoordelijk zijn voor de activering en afbraak van de niet natuurlijk
voorkomende purine analogen die gebruikt worden in de medicamenteuze
behandeling van verschillende (auto)immuun stoornissen. Daar thiopurines ook door
dit metabolisme worden verwerkt, mag het duidelijk zijn dat veranderingen in de
activiteit van de betrokken enzymen, veroorzaakt door genetische variaties,
consequenties zullen hebben voor de effectiviteit van de behandeling met thiopurines.
Een tweetal enzymen die betrokken zijn bij het thiopurine metabolisme worden in dit
proefschrift in het bijzonder behandeld: thiopurine-S-methyltransferase (TPMT) en
inosine triphosphatase (ITPase). De effecten van veranderingen in de mate van
expressie van deze enzymen worden besproken in relatie tot thiopurines. In het laatste
deel van de introductie wordt kort ingegaan op de werking van thiopurines en hoe
andere medicijnen de effectiviteit van thiopurines beïnvloeden.
In hoofdstuk 2 wordt stil gestaan bij de selectiviteit van TPMT voor verschillende
thiopurine componenten. In experimenten met humaan recombinant TPMT (hrTPMT)
en radioactief gelabeld SAM als methyldonor kon worden aangetoond dat de
methylgroep werd overgedragen op de verschillende substraten. Als daarentegen het
lysaat van humane erytrocyten als enzymbron werd gebruikt dan bleek er geen
overdracht te zijn de methylgroep op 6-TIMP, terwijl dit wel het geval was bij incubatie
met 6-mercaptopurine (6-MP) en 6-thioguanine (6-TG). Incubatie van MOLT-3 cellen
met 6-MP en 6-thioinosine (6-TI) toonde aan dat er 6-methyl-thioinosinemonofosfaat
(6-MTIMP) werd gevormd. Indien de incubatie werd herhaald met 6-methylmercaptopurine (6-MMP) als substraat dan kon er geen 6-MTIMP worden aangetoond.
Deze resultaten geven aanleiding om verder onderzoek te initiëren om het
metabolisme van thiopurines op te helderen.
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Hoofdstuk 3 beschrijft de ontwikkeling van een methode voor de bepaling van
thiopurine metabolieten in lichaamsvloeistoffen met behulp van zogeheten ultra
performance vloeistof chromatografie (UPLC) gecombineerd met tandem
massaspectrometrie. Met behulp van stabiele isotoop gelabelde interne standaarden
was het mogelijk om (gemethyleerde) thiopurine metabolieten te meten in
concentraties tot minimaal 50 nmol/l. De dupliceerbaarheid van de analyse voor de
verschillende componenten was zeer acceptabel. Instabiliteit van 6-MP en 6-TG in de
monstermatrix, mogelijk als gevolg van oxidatie, maakte het nagenoeg onmogelijk om
de reproduceerbaarheid voor deze componenten in urine vast te stellen. Voor de
gemethyleerde thiopurine metabolieten bedroeg de reproduceerbaarheid in plasma
4 – 7%. Voor het lage concentratiegebied werd in urine een reproduceerbaarheid
gevonden van >15%. De klinische validatie werd verricht door het analyseren van
monsters van patiënten die 6-MP of AZA gebruikten: in urine en plasma waren 6-MP
en 6-TU duidelijk aantoonbaar. De andere componenten waren wel aantoonbaar, de
concentraties lagen echter beneden de limiet voor kwantificering (LOQ) zoals deze
bepaald was voor de methode.
De klinische relevantie van de bepaling van TPMT in het kader van de medicamenteuze
behandeling met thiopurines wordt geaccentueerd door de casus beschreven in
hoofdstuk 4. Het betreft een patiënte die behandeld wordt voor Colitis Ulcerosa (UC).
Vijf weken na start van de behandeling met Azathioprine (AZA), een pro-drug van
6-MP, ontwikkelde de patiënte een ernstige leucopenie en bloedarmoede (anemie). Bij
opname in het ziekenhuis rees de verdenking van een overgevoeligheidsreactie (ADR)
welke toegeschreven kan worden aan het gebruik van AZA. Hierop werd de medicatie
gestopt. De activiteitsmeting van TPMT in rode bloedcellen (erytrocyten) werd
aangevraagd en deze bleek verlaagd te zijn. Verder moleculair biologisch onderzoek
toonde de aanwezigheid aan van een TPMT activiteit verlagend polymorfisme in
heterozygote vorm, het zogenoemde *1/*3C genotype. Na 4 weken was de patiënte
hersteld van de ADR en werd de behandeling voortgezet met mesalazine, een niet aan
purines verwant medicijn.
Een ander enzym dat betrokken is bij het metabolisme van thiopurines is inosine
triphosphatase (ITPase). In hoofdstuk 5 wordt de methode beschreven voor de
activiteitsmeting van ITPase in erytrocyten, met behulp van vloeistof chromatografie
gekoppeld aan UV-detectie. De methode werd verder geoptimaliseerd voor de meting
van de ITPase activiteit in bloed spots (DBS). Alhoewel de methode bruikbaar is voor
meting van ITPase activiteit in DBS, kwam naar voren dat de stabiliteit van het enzym
onvoldoende was voor een betrouwbare meting. Op basis van deze resultaten wordt
de meting van de ITPase activiteit uitgevoerd in een erytrocyten lysaat.
De associatie tussen ITPA polymorfismen en ADR bij thiopurine gebruik is onderwerp
van een voortdurende discussie. In hoofdstuk 6 ligt het zwaartepunt op het ITPase en
de kinetische eigenschappen van het enzym. Genotype gerelateerde referentie
waarden voor ITPase in erytrocyten lysaat werden bepaald. De specificiteit van ITPase
voor de substraten ITP en thio-ITP werden vastgesteld, zowel voor het normale
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genotype als voor de 2 meest voorkomende ITPA polymorfismen. De effectiviteit van
het enzym was voor beide substraten vergelijkbaar, onder de standaard condities
waaronder de meting van het enzym plaatsvindt. De binding van het substraat bleek in
de geteste genotypen vergelijkbaar. De snelheid waarmee het enzym de pyrofosfaat
groep van het substraat afsplitst bleek in het geval van de aanwezigheid van het
c.94C>A polymorfisme echter sterk vertraagd. Uit deze resultaten kan worden
geconcludeerd dat voor het ontstaan van ADR onder thiopurine gebruik bij patiënten
met een ITPA polymorfisme mogelijk andere (epigenetische) factoren een rol zullen
spelen.
Hoofdstuk 7 beschrijft de resultaten van een studie die betrekking heeft op de
associatie tussen ITPA polymorfismen en de klinische evolutie van patiënten met de
pulmonaire vorm van Langerhans’ cel histiocytose (PLCH). Uit deze studie komt naar
voren dat patiënten die drager zijn van een ITPase activiteit verlagend polymorfisme
een slechtere prognose hebben dan PLCH patiënten met het normale (wild type)
genotype. De oorzaak van deze bevinding is momenteel nog onduidelijk. Het is
mogelijk dat de ‘housekeeping’ functie van het ITPA gecompromitteerd is in patiënten
met een ITPase activiteit verlagend polymorfisme.
De belangrijkste bevindingen beschreven in dit proefschrift worden bediscussieerd in
hoofdstuk 8 en de hieruit voortkomende mogelijkheden voor toekomstig onderzoek
worden besproken. Ondanks het continue voortschrijdende inzicht aangaande het
metabolisme van TPMT en ITPase blijven er nog veel vragen open. Door continuering
van het onderzoek langs twee hoofdlijnen kunnen mogelijk in de toekomst verdere
antwoorden verkregen worden. Een eerste onderzoekslijn dient zich te richten op de
biologische functie van ITPase, zowel onder normale omstandigheden als in relatie tot
ziekte. Het verwerven van verder inzicht in het metabolisme van thiopurines is het
thema van de tweede onderzoekslijn. Met name dient te worden onderzocht hoe
thiopurines worden opgenomen in de darm en hoe ontstekingen van het darmweefsel
dit proces beïnvloeden.
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Dankwoord
Nadat de grootste klus geklaard is en het dan eindelijk zover is dat het manuscript bij
de beoordelingscommissie ligt, komt het moment om te beginnen met het schrijven
van het dankwoord. Je denkt wel te weten wie je moet bedanken en hoe je dat zou
willen doen, maar dan blijken je prozaïsche capaciteiten echter danig beperkt te zijn.
Het valt even stil. Dan maar over een andere boeg gegooid, je somt alle mensen op
waarvan je (nog) weet dat ze iets hebben bijgedragen en bedankt hun met een paar
welgemeende woorden. Nu blijkt echter dat je daardoor snel mensen vergeet, dus dit
lijkt ook geen goede manier om een dankwoord te schrijven. Dan maar een nieuwe
poging.
Beste Joep, al direct na het afronden van mijn studie Gezondheidswetenschappen
hebben we het onderwerp promoveren besproken. Door allerlei omstandigheden
heeft het lang geduurd voordat de plannen werkelijk ten uitvoer konden worden
gebracht. Ik wil je bedanken voor de mogelijkheden die je mij in de afgelopen jaren
geboden hebt om mij verder te ontplooien. Je visie, geduld en vasthoudendheid, maar
ook je humor, zijn met name in deze afrondende fase van het promotietraject van
grote betekenis voor mij geweest.
Beste Marjolein, een aantal jaren geleden hebben we een keer wat heen en weer
gepraat over het onderwerp pharmacogenetica, iets dat je na aan het hart ligt. Wie
had toen kunnen denken dat het resultaat zou zijn dat je als promotor in mijn boekje
staat. Iedere keer als er weer iets in wording was stimuleerde je mij om het maar zo
snel mogelijk door te sturen, 'dan kon er je alvast naar kijken'. Dat dit inhield dat het
meestal per kerende post, van uitvoerig commentaar voorzien, weer op mijn scherm
verscheen, daar had ik geen rekening mee gehouden. Het was wel een stimulans om te
proberen je bij te houden. Ik hoop dat onze samenwerking, na nu, nog gewoon
doorloopt.
De copromotor is, zoals het woord al zegt, een van de motoren van het geheel. Beste
Jörgen, toen we onder leiding van wijlen Albert van Gennip een begin maakten met
het traject van mijn promotie hadden we geen idee dat we dat al zo snel zonder Albert
onze weg moesten vervolgen. Met verve heb je de rol van copromotor toen op je
genomen, maar of je wel goed wist waar je met mij aan begon dat laat ik maar even in
het midden. De afgelopen jaren hebben we vaak uitgebreid om de tafel gezeten hoe
het nu verder moest, iedere keer vonden we wel een nieuwe (uit)weg. Dat het daarbij
ook regelmatig over andere zaken dan het onderwerp van de promotie ging heb ik
altijd enorm gewaardeerd en beschouw ik als een verrijking van het geheel. Ondanks
onze verschillen was er altijd een vorm van elkaar accepteren zoals je bent, wat
geresulteerd heeft in een samenwerking, waarvan dit boekje één van de resultaten is.
We hebben nu een basis gelegd waarop we verder kunnen gaan.
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De leden van de beoordelingscommissie, Prof. van Dieijen – Visser, Prof. Balzarini, Prof.
Bast, Dr. van Kuilenburg en Prof. Tjan – Heijnen, wil ik danken voor hun bereidheid in
de beoordelingscommissie zitting te nemen en de tijd die zij vrij hebben willen maken
voor de kritische beoordeling van het manuscript.
Mijn collega stafleden van het laboratorium Erfelijke Metabole Ziekten, Leo, Bert,
Irene, Daphna en uiteraard ook Estela, wil ik bedanken voor de steun in de afgelopen
jaren, bijv. door het overnemen van diensten. Daarnaast hebben alle medewerkers van
het laboratorium de afgelopen jaren op een of andere manier hun steentje
bijgedragen, zonder jullie ondersteuning had ik hier niet kunnen staan. Een drietal wil
ik graag speciaal op deze plaats noemen. Huub, je kennis van tandem
massaspectrometrie was onontbeerlijk voor de meting van de thiopurine
metabolieten. Je voorstellen voor verbetering van de analyse waren vaak zeer
effectief. Martijn en Dennis, vaak hebben jullie de planning om moeten gooien als ik
weer een of ander experiment had gepland dat interfereerde met jullie andere
werkzaamheden. Hartelijk dank voor jullie inzet en niet in het minst, geduld en
flexibiliteit.
De vele collega’s van de afdeling Klinische Genetica wil ik eveneens dank zeggen voor
hun steun in de afgelopen periode, niet in het minst door soms alleen al te vragen of er
schot in de zaak zat. Met name wil ik in dit verband Aimee en Arthur bedanken voor de
hulp bij het moleculaire deel van mijn onderzoek.
De leden van de thiopurine club Zuid-Limburg (en toch ook Eindhoven) wil ik bedanken
voor de vruchtbare samenwerking binnen het thiopurine onderzoek. In het bijzonder
Wout en Dennis voor hun steun in het verzamelen van onderzoeksmateriaal. Ik wens
jullie veel succes bij het afronden van jullie promotietraject.
De jaren dat ik in opleiding was als klinisch chemicus binnen het laboratorium Klinische
Chemie zijn voor mij van grote waarde geweest. Marja, Paul, Otto, Wil, Yvonne, Karly
en alle andere medewerkers van de laboratoria klinische chemie en hematologie wil ik
bedanken voor de geweldige jaren die ik heb gehad op de 5e. Beste Snjezana en Jart,
betere kamergenoten had ik me die jaren niet kunnen wensen. Onze wegen lopen nu
al enige tijd uit elkaar, maar als we elkaar zien is het alsof we gisteren nog de kamer
deelden.
Met velen heb ik binnen en buiten Maastricht in de afgelopen 25 jaar samengewerkt,
de beschikbare ruimte is te krap om iedereen persoonlijk te bedanken. Toch zijn er drie
mensen die niet ongenoemd mogen blijven: Roland, je enthousiasme voor het doen
van onderzoek heeft mij duidelijk gemaakt hoe leuk dat kan zijn. De resultaten van
onze samenwerking op het gebied van NT-proBNP zijn een stimulans geweest om zelf
ook verder te gaan. Nico, een betere verre vriend kon ik me niet wensen, bedankt voor
alle gesprekken in de afgelopen jaren. Mathie, vele keren zijn we samen naar
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opleidingsdagen en andere bijeenkomsten gereisd, ik ben je spreekwoordelijke rust
steeds meer gaan waarderen. Het doet me deugd dat we nu een weg hebben
gevonden om jouw kennis over flowcytometrie te combineren met onze kennis over
metabolisme.
Tiny wil ik bedanken voor de efficiënte wijze waarop ze mijn bestanden heeft weten
om te zetten in een document dat voor de drukker bruikbaar is. Als er nog drukfouten
in het proefschrift staan ligt het in ieder geval niet aan jou. Het vermogen om mijn
gedachten om te zetten in een omslag komt geheel voor rekening van Jules, ik ben
hem daar zeer erkentelijk voor.
Een mens leeft niet alleen om te werken, met andere woorden, ook buiten het
werkveld zijn er vrienden die mij op de been hebben gehouden. Beste Maria &
Winfried, bedankt voor de tijd die we al bomend hebben doorgebracht, naast jullie
soms letterlijk praktische hulp. Ik hoop dat onze wekelijkse wandeling, samen met Els,
de komende tijd weer meer door kan gaan. Ton & Herma, Hans & Atie, Hermien &
Henk, Jiska, Jeroen, Math & Chrisja, bedankt voor de niet aflatende belangstelling en
bemoedigende woorden. Ik besef dat dit slechts een kleine afspiegeling is, maar door
deze mensen wil ik ook alle anderen die hebben meegeleefd bedanken.
Mijn familie heeft de afgelopen jaren het aantal keren dat er tijd was om naar Zeeland
te komen drastisch zien verminderen. Het was voor jullie misschien niet altijd even
duidelijk waarom het nu zo lang moest duren, maar het is dan nu toch eindelijk
afgerond en komt die tijd er dan ook weer. Mijn schoonouders, Corrie, Jan en Harm en
verdere familieleden wil ik bedanken voor de steun die ze Heleen, Lianne, Marina en
mij in de afgelopen jaren hebben gegeven. Mijn moeder, Matty, Ad & Tannie hebben
in de afgelopen jaren misschien wel te vaak gehoord dat ‘het druk’ was om alles op tijd
af te krijgen. Ik dank jullie van harte voor de belangstelling en de steun die jullie ons
allen gegeven hebben. Mijn ouders hebben lang geleden mij de mogelijkheid geboden
een opleiding te volgen, nu ik dan op dit punt sta doet het pijn dat mijn vader dit niet
meer mee mag maken, hij zou trots geweest zijn.
Lianne en Marina, ik ben ongelooflijk trots dat jullie vandaag naast mij willen staan.
Vaak lieten jullie mij maar betijen als ik in het weekend weer eens andere zaken dan
jullie aandacht gaf, dat was misschien ook wel het beste. Nu is het dan eindelijk
afgerond en kan de focus verlegd worden. Lianne, vaak was je een soort geweten door
duidelijk aan te geven dat ik weer eens te veel in mezelf bezig was. Als ergotherapeut
ben je gelukkig gewend met onmogelijke mensen om te gaan. Marina, vaak benijd ik je
om de wijze waarop jij zaken naast je neer kunt leggen, aan de andere kant weet ik
hoe betrokken je bent met mensen. Ik vind het jammer dat het laboratorium je minder
kan bekoren dan ik hoopte, maar ik ben er van overtuigd dat je, samen met Jeroen, je
weg zult vinden in de biomedische wereld.
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Lieve Heleen, vaak heb ik je de afgelopen jaren tot wanhoop gedreven als ik weer eens
iets vergeten was omdat ik alweer met mijn opleiding of promotieonderzoek bezig
was. De laatste jaren ging er geen vakantie of weekend voorbij dat jij mij moest delen
met mijn studieboeken, laptop of artikelen. Wat ik wel weet is dat ik zonder jou aan
mijn zijde het nooit gered zou hebben. Ik ben je daar erg dankbaar voor en hoop dat
we vanaf nu meer tijd vrij kunnen maken om samen de dingen te doen die er de
laatste jaren bij ingeschoten zijn.
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Curriculum Vitae
Na het afronden van de opleiding tot analytisch chemisch analist aan de Hogeschool
West-Brabant te Breda zette Jaap in 1979 de eerste schreden op het metabole pad op
het Stofwisselings-laboratorium van het Sophia Kinderziekenhuis te Rotterdam bij ir.
W. Blom en dr. J.G.M. Huijmans. In 1985 maakte Jaap de overstap naar het toen onder
leiding van dr. L.J.M. Spaapen opgestarte Laboratorium Erfelijke Metabole Ziekten te
Maastricht. Vanaf 1987 werd een begin gemaakt met de studie Gezondheidswetenschappen aan de toenmalige Rijksuniversiteit Limburg. Na het afronden van de
studie eind 1994, volgde in 1995 een aanstelling als staflid bij het genoemde
laboratorium. In 2002 werd de erkenning als klinisch biochemisch geneticus
verworven. In november 2002 werd gestart met de opleiding tot klinisch chemicus
binnen het klinisch chemisch laboratorium van het Academisch Ziekenhuis Maastricht,
opleiders: prof. dr. M.P. van Dieijen – Visser en dr. P.P.C.A. Menheere. Na het
succesvol afronden van deze opleiding in 2007 en het verkrijgen van de aantekening
metabole ziekten in 2008, werd het reeds eerder gestarte promotieonderzoek in de
jaren daarna afgerond. Jaap is nog steeds als staflid verbonden aan het laboratorium
Erfelijke Metabole Ziekten van de afdeling Klinische Genetica van het Maastrichts
Universitair Medisch Centrum.
Jaap is getrouwd met Heleen en de trotse vader van Lianne en Marina.

