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If something obvious hasn’t been done by anyone
for a long time – there’s usually a catch.

Abstract

Abstract
The three thiopurine drugs azathioprine (AZA), 6-mercaptopurine (6-MP) and 6thioguanine (6-TG) are used to treat several diseases, including inflammatory bowel
disease (IBD). They are pro-drugs and are believed to act through the formation of
thioguanine nucleotides (TGNs). Other important metabolites are the
methylthioinosine nucleotides (meTINs). These metabolites are active in the white
blood cells (WBCs).
Most patients respond well to the thiopurine drugs but up to a third have to modify
or discontinue their treatment due to adverse events or a lack of therapeutic effects.
This could be caused by inter-patient variability in the metabolism of the drugs.
Therapeutic drug monitoring (TDM) of thiopurine nucleotides in red blood cells
(RBCs) is used to guide treatment. Current routine assays measure the nucleotides
after hydrolysation to nucleic bases and are therefore unable to distinguish between
mono-, di- and triphosphates. Recently it was shown that these assays failed to
predict the clinical outcome in about 40% of the patients. It has been suggested that
measuring thioguanosine triphosphate (TGTP) (believed to be the most active of
the TGNs) separately might increase the clinical value.
An assay suitable for measuring thioguanosine mono- (TGMP) and diphosphate
(TGDP) and TGTP, as well as methylthioinosine mono- (meTIMP), di- (meTIDP)
and triphosphate (meTITP) separately in RBCs in clinical samples has been
developed. In clinical studies of 82 IBD patients, we found no correlation between
the thiopurine dose and metabolite levels in RBCs, thus illustrating the importance
of metabolite measurements in the TDM of thiopurines.
The TGN peak measured by the routine assay during TDM of patients treated with
thiopurines consisted of TGTP and TGDP with a small contribution from TGMP.
The meTIN also consisted of mono-, di- and triphosphates, but in different
proportions, indicating differences in the formation. The inter-individual differences

Abstract

in nucleotide distribution were very small and strong correlations between the
different nucleotides and their respective sums were observed. As a consequence,
measuring the mono-, di- and triphosphates separately was not beneficial in
predicting remission, which was confirmed by the results from the clinical study.
Further research into the metabolism and mode of action of thiopurine drugs is
needed to understand the inter-patient variability in response and metabolite
formation. An assay suitable for such studies, measuring TGNs and meTINs in
cultured cells, has also been developed.

Populärvetenskaplig sammanfattning (Popular Science Summary)

Populärvetenskaplig sammanfattning
(Popular Science Summary)
Tiopurinerna är en grupp läkemedel som både används för att döda cancerceller (vid
exempelvis barnleukemi) och för att hämma immunförsvaret (vid exempelvis
inflammatorisk tarmsjukdom). I båda fallen är det celler som delar sig snabbt som
påverkas. Effekten fås genom att vissa byggstenar som cellen behöver ersätts med
snarlika molekyler som inte riktigt passar in, så kallade falska byggstenar. Detta leder
till att cellen hämmas eller dör. Det är inte läkemedlen i sig som utgör dessa falska
byggstenar utan de nedbrytningsprodukter, metaboliterna, som bildas när kroppen
bryter ner läkemedlet. Processerna där dessa bildas kallas tiopurinernas metabolism.
De flesta patienter med inflammatorisk tarmsjukdom svarar bra på
tiopurinbehandling men upp till en tredjedel måste avbryta eller modifiera sin
behandling på grund av biverkningar eller utebliven effekt. Detta beror sannolikt på
individvariationer i metabolismen och därmed bildningen av de aktiva metaboliterna.
Eftersom det kan ta flera månader innan man vet vilka patienter som inte kommer
svara bra är utmaningen att kunna förutsäga detta.
Tioguaninnukleotiderna (TGN) är den grupp metaboliter som anses viktigast för
effekten av läkemedlen. För att förutse behandlingsutfallet har man utvecklat
metoder för att mäta dessa i röda blodkroppar, så kallad terapeutisk
drogmonitorering (TDM). Baserat på kliniska studier väljs en koncentration ut som
gräns. Har patienten en högre koncentration av metaboliten är det troligt med ett
bra svar på behandling och om patienten har en lägre koncentration är det troligt att
patienten inte svarar på behandlingen. Nyttan av de metoder som man idag
använder vid bland annat vårt laboratorium här i Linköping, nedan kallat
rutinmetoden, kan dock ifrågasättas eftersom det har visat sig att förutsägelser
baserade på TGN koncentrationerna är fel i upp till 40 % av fallen.
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En möjlig anledning till den höga felprocenten är att rutinmetoden inte kan skilja
metaboliten tioguanosintrifosfat (TGTP), den TGN som antas vara av störst
betydelse för effekten, från ett flertal andra liknande metaboliter som antas ha
mindre eller ingen betydelse för effekten. Detta innebär att två patienter med samma
TGN koncentration kan ha olika TGTP koncentrationer, vilket kan förklara varför
den ena patienten svarar på behandlingen och den andra inte gör det. Syftet med det
här arbetet var att undersöka om detta är huvudanledningen till att
behandlingsutfallet inte kunnat förutsägas fullt ut med hjälp av rutinmetoden. Detta
studeras genom att utveckla den nödvändiga mätmetoden och genomföra en klinisk
studie.
En ny metod som mätte TGTP och ytterligare två metaboliter separat i röda
blodkroppar utvecklades. Det är dessa tre metaboliter som sambestäms som TGN i
rutinmetoden. Vi kunde följaktligen mäta metabolitkoncentrationen på tre olika sätt.
Dels kunde vi mäta TGN med rutinmetoden men också som summan av de tre
olika metaboliterna med den nya metoden. Slutligen kunde vi mäta den viktigaste
metaboliten, TGTP, separat med den nya metoden.
Vi mätte metabolitnivåerna på de tre olika sätten i röda blodkroppar från 82
patienter med inflammatorisk tarmsjukdom. Patienterna rekryterades från de
gastroenterologiska mottagningarna vid Linköpings och Lunds universitetssjukhus
och vi samlade också in information om huruvida de svarat bra på behandlingen
eller inte. Vi kunde med hjälp av insamlade data beräkna vilken koncentration som
fungerade bäst som gräns för behandlingssvar och dessutom testa hur bra de olika
gränserna var på att förutsäga behandlingssvaret.
Det visade sig att de tre olika metodikerna var ungefär lika bra på att förutsäga
behandlingsutfallet. Oavsett metod hade ungefär 20 % av patienterna över gränsen
inte svarat på behandlingen jämfört med ungefär 50 % av patienterna under gränsen.
Anledningen till att resultaten är så lika är att TGTP koncentrationen samvarierar
mycket väl med totalkoncentrationen av TGN i de röda blodkropparna.
Slutsatsen är att den bristande förmågan att förutse behandlingsutfallet inte beror på
sambestämningen av olika metaboliter utan måste bero på något annat. Sannolikt
finns förklaringen i tiopurinernas ganska komplicerade metabolism till aktiva
metaboliter, som TGTP. För att öka vår kunskap inom detta område har en metod
för att mäta tiopurinmetaboliter i odlade cellkulturer utvecklats inom detta
avhandlingsprojekt. Med hjälp av denna metod kan vi studera betydelsen av olika
metaboliter och system i cellen vilket kan öka vår förståelse för hur tiopurinerna
metaboliseras och verkar i en patient med inflammatorisk tarmsjukdom.
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Abbreviations
6-MP

6-mercaptopurine

6-TG

6-thioguanine

ABCC4

multidrug resistance-associated protein 4

ALL

acute lymphoblastic leukaemia

AMTCI

4-amino-5-(methylthio)carbonyl imidazole

ATP

adenosine triphosphate

AZA

azathioprine

BW

body weight

C18

octadecylsilane

CD

Crohn’s disease

CRF

case record form

CRP

C-reactive protein

CV

coefficient of variation

DNPS

de novo purine synthesis

DTT

dithiothreitol
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EDTA

ethylenediaminetetraacetic acid

etMP

6-ethylmercaptopurine

F-Cal

faecal calprotectin

FDA

United States Food and Drug Administration

GTP

guanosine triphosphate

Hb

haemoglobin

HBI

Harvey-Bradshaw index

HGPRT

hypoxanthine-guanine phosphoribosyltransferase

HILIC

hydrophilic interaction chromatography

HPLC

high-performance liquid chromatography

IBD

inflammatory bowel disease

IMPDH

inosine-5′-monophosphate dehydrogenase

IS

internal standard

ITPA

inosine triphosphate pyrophosphatase

LC-MS/MS

liquid chromatography tandem mass spectrometry

meTIDP

methylthioinosine diphosphate

meTIMP

methylthioinosine monophosphate

meTIN

methylthioinosine nucleotide

meTITP

methylthioinosine triphosphate

MMP

6-methylmercaptopurine

MMPR

methylmercaptopurine riboside

MPA

mycophenolic acid

MRP4

multidrug resistance-associated protein 4

MTAP

methylthioadenosine phosphorylase

NAD+

nicotinamide adenine dinucleotide

NT5e

ecto-5-nucleotidase

PGC

porous graphitic carbon

PMA

phenylmercuric acetate
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R-TGN

thioguanine nucleotides measured by the routine assay

RAC-1

ras-related C3 botulinum toxin substrate 1

RBC

red blood cell

ROC

receiver operated characteristic

siRNA

small interfering RNA

SNP

single-nucleotide polymorphism

TBAHS

tetrabutylammonium hydrogen sulphate

TDM

therapeutic drug monitoring

TGDP

thioguanosine diphosphate

TGMP

thioguanosine monophosphate

TGN

thioguanine nucleotide

TGR

thioguanosine riboside

TGTP

thioguanosine triphosphate

TIMP

thioinosine monophosphate

TIN

thioinosine nucleotide

TNF-α

tumour necrosis factor-alpha

TPMT

thiopurine methyltransferase

TXMP

thioxanthosine monophosphate

TXN

thioxanthine nucleotide

UC

ulcerative colitis

WBC

white blood cell

XMP

xanthosine monophosphate

XO

xanthine oxidase
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Introduction
The thiopurines are clinically relevant drugs and have been used for many years in
treatment of different diseases. The treatment is often monitored and modified
based on metabolite levels measured by chromatographic methods but, due to the
chemical properties of the metabolites, such measurements are technically
complicated.

The Thiopurine Drugs
Thiopurines are immunosuppressive and cytotoxic drugs used in the treatment of,
among other things, inflammatory bowel disease (IBD) and childhood acute
lymphoblastic leukaemia (ALL). There are three different thiopurines in clinical use
today, azathioprine (AZA), 6-mercaptopurine (6-MP) and 6-thioguanine (6-TG),
(Figure 1). These drugs were developed more than 60 years ago and the patents have
expired decades ago. When they were developed, the knowledge and methods
needed to understand the modes of action, metabolism and pharmacogenetics
involved were not available. Moreover, thiopurines are used today for a number of
indications that they were not intended for at the time of their development, one of
them being the treatment of IBD. Today the knowledge and methods are available,
but because the patents have expired, research is limited to hospitals and universities
with limited resources in the context of drug development. As a consequence, these
widely used drugs are relatively poorly understood compared to other more recent
drugs.
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Figure 1 – Structures of the three thiopurine drugs. a) 6-TG b) 6-MP b), c) AZA.

Modes of Action
The thiopurines target rapidly growing cells, exerting an immunosuppressive effect
on the cells of the immune system and a cytotoxic effect on cancer cells. They are
pro-drugs, believed to act through the formation of thioguanine nucleotides (TGNs)
and methylthioinosine nucleotides (meTINs). The latter are also known as 6methylmercaptopurine (MMP) (Gilissen et al., 2004) or methylthioinosine
monophosphate (meTIMP) (Hindorf et al., 2004).
A number of different mechanisms of action are known, as reviewed by Coulthard
(Coulthard, 2012). It is assumed that the formation of TGNs is most important for
drug effects as the triphosphates are incorporated into DNA as fraudulent bases
(Karran and Attard, 2008). Since the mismatch repair system cannot repair this
damage an autophagic pathway is triggered which leads to cell death. Other types of
DNA damage caused by thiopurines include single-, and double-strand breaks. In
addition to causing DNA damage, thioguanosine triphosphate (TGTP) induces
apoptosis in activated lymphocytes through a mechanism dependent on ras-related
C3 botulinum toxin substrate 1 (RAC-1) (Tiede et al., 2003).
It was long believed that methylation is an inactivating pathway as MMP lacks
cytotoxicity (Lennard, 1992). However, it is evident that at least one methylated
metabolite, meTIMP, can contribute to thiopurine toxicity through inhibition of de
novo purine synthesis (DNPS) (Stet et al., 1994) and exerts important cytotoxic
effects (Lindqvist et al., 2006). The clinical importance of this is still under debate
(Karran and Attard, 2008), but Hindorf (Hindorf et al., 2006b) recently reported that
high levels of meTIMP were prognostic for later development of myelosuppression
in patients with IBD.
Cells that have deficient methylthioadenosine phosphorylase (MTAP), such as some
cancer cells, are especially sensitive to DNPS inhibition as their ability to salvage
purines is reduced. The relative importance of these mechanisms is not well
understood and might differ between patients, diseases and thiopurine drugs.
Metabolism
The metabolism of the different thiopurines is illustrated in Figure 2. There have
been reviews by Lennard (Lennard, 1992) and Coulthard and Hogarth (Coulthard
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and Hogarth, 2005). Large inter-individual variation causes substantial differences in
the levels of active metabolites during thiopurine therapy. This leads in turn to
variations in drug response, resulting in a lack of therapeutic effect, as well as
adverse events, in up to 30% of the treated patients (Ansari et al., 2002). Although
not completely understood, there are differences between the drugs and it is usual
that patients intolerant to one thiopurine can tolerate another one (Hindorf et al.,
2009).
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White blood cell
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Figure 2 - Metabolism of the thiopurines.

Among the thiopurines, 6-TG has the most direct metabolism in which 6-TG enters
the cells and is converted by hypoxanthine-guanine phosphoribosyltransferase
(HGPRT) to thioguanosine monophosphate (TGMP). TGMP is then further
phosphorylated to thioguanosine diphosphate (TGDP) and TGTP. AZA is the prodrug of 6-MP and about 88% is converted, mainly in the liver, to 6-MP (Lennard,
1992; Cuffari et al., 2000). Inside the blood cells, 6-MP is metabolised by three
different enzymes. Thiopurine methyltransferase (TPMT) and xanthine oxidase
(XO) convert 6-MP into the inactive metabolites methylmercaptopurine and
thiouric acid, respectively, and HGPRT converts 6-MP into thioinosine
monophosphate (TIMP). TIMP is converted by TPMT into meTIMP, from which
methylthioinosine diphosphate (meTIDP) and methylthioinosine triphosphate
(meTITP) are formed, or by inosine-5′-monophosphate dehydrogenase (IMPDH)
into thioxanthosine monophosphate (TXMP), which is further metabolised into
TGMP. The relative levels of TGNs and meTINs are considered to be controlled by
TPMT and IMPDH activity at this point, making it important for the clinical effects
of the drugs.
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The nucleotides cannot freely pass through cell membranes, but TGMP is actively
transported out of cells by multidrug resistance-associated protein 4
(ABCC4/MRP4). TGMP is converted by ecto-5-nucleotidase (NT5e) on the outside
of the cells to thioguanosine which can re-enter the cells (Li et al.). This mechanism
is very important for the transfer of TGNs from the white blood cells (WBCs) to
the red blood cells (RBCs) as they cannot be formed directly in the RBCs due to
very low IMPDH activity.
Pharmacogenetics
Part of the variability between patients in metabolism can be explained by
pharmacogenetics. Especially the importance of variable TPMT activity, caused by
single-nucleotide polymorphisms (SNPs), is well understood. The activity of TPMT
is important for the formation of TGNs and meTINs and follows a trimodal
distribution dependent on the number of functional alleles. About 90% of the
population have two functional alleles, corresponding to high activity, 10% have one
functional allele, corresponding to intermediate activity, and 0.5% have no
functional alleles and subsequently very low activity (Pettersson et al., 2002). A
number of SNPs that cause inactive alleles have been identified. Low TPMT activity
leads to abnormally high TGN levels in RBCs, especially in patients without
functional alleles. This leads to severe toxicity and therefore the United States Food
and Drug Administration (FDA) has recommended performing pheno- and/or
genotyping of TPMT before the starting therapy for guidance on drug dosing.
IMPDH has been suggested to be the rate-limiting enzyme in the formation of
TGNs (Elion, 1967). Two isoforms of IMPDH have been identified, IMPDH1 and
IMPDH2, IMPDH2 is more expressed than IMPDH1 and both isoforms are
induced in proliferating cells. Haglund (Haglund et al., 2008) found an inverse
relationship between IMPDH activity and meTIN levels in a cohort of non-selected
patients with IBD, but no correlation between IMPDH activity and TGN levels was
found.
Genetic variability in other enzymes might be important to thiopurine metabolism
as well. Li et al. correlated the expression of ABCC4 and NT5e with thiopurine
toxicity (Li et al.). They also identified a number of SNPs linked to the expression of
NT5e. Furthermore, the SNP 94C>A in inosine triphosphate pyrophosphatase
(ITPA) has been linked to AZA intolerance (von Ahsen et al., 2005).
Alternative Treatment Strategies
Patients with high meTIN/TGN ratios are known as ‘shunters’ or ‘skewed
metabolisers’. In these patients it is quite usual that therapeutic TGN levels cannot
be reached due to very high meTIN levels. These patients are often co-treated with
the XO inhibitor allopurinol. As XO competes with HGPRT for 6-MP, an increase
of both TGNs and meTINs would be expected. Instead, these patients show
increased TGN levels while the meTIN levels drop down to almost nothing
(Sparrow et al., 2005). This returns the patient to a more normal metabolite profile,
but the mechanism is incompletely understood.
10
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Another strategy for improving thiopurine treatment is dose-splitting. Shih et al.
reported that when the daily thiopurine dose was split into two administrations a
day, meTIN levels dropped to less than half, while TGN levels remained the same
(Shih et al.). Also, when studying veno-occlusive disease, an important adverse
reaction to 6-TG therapy, in a mouse model, Oancea et al observed less toxicity but
retained immunosuppressive effects after splitting the 6-TG dose (Oancea et al.).
Areas of Use
Thiopurines are used to treat a number of diseases. In Sweden, thiopurines are
approved for the treatment of a number of different leukaemias including childhood
acute lymphoblastic leukaemia (ALL), systemic lupus erythematosus (SLE), and
against rejection of transplanted organs (kidney, liver, heart, lung and pancreas).
There are also a number of off-label uses, mainly in autoimmune diseases, including
the treatment of IBD, rheumatoid arthritis and various skin disorders.

Inflammatory Bowel Disease
Inflammatory bowel disease (IBD) is characterised by a chronic inflammation of the
digestive tract with symptoms including abdominal pain, diarrhoea, anorexia and
fever. Most patients have a relapsing disease course. Crohn’s disease (CD) and
ulcerative colitis (UC) are most common, and the main differences between them
are the location and type of inflammation.
Thiopurines are mainly used in severe and/or steroid-dependent IBD. The
treatment goal is to induce remission without the need for long-term treatment (>3
months) with steroids, as long-term steroid use is undesirable due to the side-effects.
Thiopurines are used in the treatment of CD and UC together with
glucocorticosteroids, aminosalicylates, tumour necrosis factor-alpha (TNF-α)
inhibitors and other immunosuppressants such as methotrexate and cyclosporine.

Therapeutic Drug Monitoring of Thiopurines
The majority of patients respond well to thiopurine drugs, but up to one third have
to modify or discontinue their treatment due to adverse events or lack of treatment
effect (Hindorf et al., 2006b). As this lack of effect does not seem to correlate with
the thiopurine dose, many laboratories around the world monitor thiopurine
metabolites, in combination with TPMT geno- and/or phenotyping, to individualise
the treatment. However, the clinical benefit of metabolite measurements has been
questioned (Herrlinger et al., 2004). This lack of success might be due to
methodological aspects, and it is possible that the monitoring could be improved by
the use of novel assays.
Assays Currently Used in Thiopurine Monitoring
A number of approaches for therapeutic drug monitoring (TDM) of thiopurine
therapy have been suggested, including measurements of the parent drugs or
thiouric acid in plasma and/or urine. In 1987 Lennard described quantification of
11
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TGNs in RBCs (Lennard, 1987) and, in a later version, also meTINs (Lennard and
Singleton, 1992). A decade later Dervieux and Boulieu published a modified assay
(Dervieux and Boulieu, 1998) and, together, these assays have provided the
backbone of thiopurine metabolite measurements.
The choice of matrix, RBCs, rests on practical concerns rather than biological ones.
Most effects of the thiopurines, such as incorporation into DNA and
immunosuppression, occur in WBCs rather than in RBCs, but the latter are present
in abundance and easy to separate, making them the logical choice as a surrogate
matrix. However, interpretation of results rests on the assumptions that the relative
distributions of mono-, di- and triphosphates are similar in all patients, and a high
correlation between metabolite levels at the active sites and in the RBCs.
The basic principle of assays used for TDM of thiopurine treatment is the same:
TGNs from RBCs are hydrolysed by heating in acid to produce 6-TG. In the
process the proteins are precipitated, thus providing an extract suitable for highperformance liquid chromatography (HPLC). Apart from TGNs, meTINs are often
measured. However, the acid treatment degrades the base so meTINs are detected
as 4-amino-5-(methylthio)carbonyl imidazole (AMTCI) (Dervieux and Boulieu,
1998). The bases are separated by HPLC and detected using UV absorption. Two
peaks, the 6-TG peak and the AMTCI peak, represent the TGNs and meTINs,
respectively.
There are a few differences between the assays of Lennard (Lennard and Singleton,
1992) and Dervieux (Dervieux and Boulieu, 1998). Lennard used sulphuric acid to
hydrolyse the nucleotides and included a step using adduct formation with phenyl
mercury acetate to purify and concentrate the analytes, while Dervieux used
perchloric acid and did not include an extraction step. Since the Dervieux assay
showed a slightly lower variation than the Lennard assay and was considerably
simpler, it has been widely adopted. The assays were compared by Shipkova
(Shipkova et al., 2003) and, although both assays were suitable for measuring TGNs
in RBCs, they produced different results. Results from the Dervieux assay were 2.6fold higher than those obtained by the Lennard assay. This means that results from
the two assays cannot be compared directly, nor can the same therapeutic ranges be
used. To reduce the workload, many laboratories now measure thiopurine
metabolites in whole blood instead of RBCs, but the principles of the assays remain
the same (Pike et al., 2001).
To use metabolite measurements to guide treatment, a target range must be defined.
For TGNs in RBCs, the most widely cited ‘normal range’ is 235−400 pmol/8x10^8
RBC. This ‘normal range’ was determined by Seidman (Seidman, 2003) and was
patented. This was done with methodology similar to that of Dervieux (Dervieux
and Boulieu, 1998) and by using the conversion factor 2.6 (Shipkova et al., 2003) the
corresponding range for the Lennard assay (Lennard and Singleton, 1992) would be
90−150 pmol/8x10^8 RBC.

12

Introduction

The Clinical Value of Currently Used Assays
While the clinical value of TPMT pheno- and genotyping is well established, the
value of monitoring TGN levels in RBCs as a predictor of clinical efficacy in IBD
has been questioned for treatment with both 6-TG (Herrlinger et al., 2004) and 6MP (Lowry et al., 2001). The clinical value of metabolite measurements was
illustrated in a meta-analysis by Osterman (Osterman et al., 2006), in which TGN
levels in RBCs from IBD patients were measured. Significantly higher TGN levels
were observed in patients in remission compared to those with active disease.
However, 62% (43−80%) of the patients with levels above the threshold levels
suggested in the included studies were in remission compared to 36% (25−48%) of
those below the threshold. If threshold levels were used to predict remission in
these patients, they would fail to do so in almost 40% of the cases. The correlation
with remission indicates that thiopurine metabolites do predict drug efficacy, but
large variability severely limits their clinical value.
The Limitations of Currently Used Assays
If the reason for the lack of predictive power observed in the meta analysis by
Osterman (Osterman et al., 2006) is methodological, the outcome could be
improved by developing novel assays. Four areas that could be improved have been
identified. First, at least nine different substances might contribute to the 6-TG
peak reported as TGNs, as the hydrolysis step converts the nucleotides to free bases.
These include the free base, the riboside, the three nucleotides (mono-, di- and
triphosphate), as well as the deoxy analogues. Since the clinical effects are likely to
differ between these substances, the relative abundance might significantly affect the
clinical outcome of thiopurine therapy. By measuring TGMP, TGDP and TGTP
separately, Neurath (Neurath et al., 2005) found that the ratio between TGDP and
TGTP predicted the outcome in combination with TGN levels in IBD patients.
Second, the thiopurines form many different metabolites besides TGNs and many
of them are likely to have clinical effects. meTINs have been associated with clinical
effects and earlier research showed that high meTIN levels did predict adverse
events (Hindorf et al., 2006a) and that meTIN levels were increased instead of TGN
levels in patients not responding to treatment (Dubinsky et al., 2002). These findings
indicate the value of including meTINs in the TDM of thiopurine treatment.
Third, RBCs are not the target of thiopurines and it is questionable if the metabolite
level in RBCs is a good surrogate marker for drug effects. The TGNs present in the
RBCs are produced by phosphorylation of 6-TG absorbed from tissues capable of
converting 6-MP into 6-TG. Individual differences between patients in the transport
of these substances might therefore give rise to differences in the ratio between the
TGN levels at the drug targets and TGN levels in RBCs.
Fourth, the acid hydrolysis assays have shown poor reproducibility. In the modified
Lennard and Singleton assay (Lennard and Singleton, 1992) used in our laboratory,
the observed inter-day coefficient of variation (CV) was more than 20%. Due to the
imprecision, measurements close to the cut-off value might, by chance, be measured
13
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as being on the opposite side of the cut-off. Solving these four problems might very
well significantly improve the predictive power of thiopurine monitoring.
Strategies for Developing Alternative Assays for Thiopurine Monitoring
To improve the monitoring of thiopurine treatment, a number of different
approaches have been suggested, including measurements of TGNs as nucleosides,
separately, or in a different matrix, such as WBCs or DNA.
By measuring the thiopurine metabolites as nucleosides instead of free bases, the
ribonucleotides can be distinguished from the deoxynucleotides, as well as from the
free bases. This can be achieved using a phosphatase enzyme instead of acid
hydrolysis. However, earlier studies have suggested that the contributions from free
bases (Lennard and Singleton, 1992) and deoxnucleotides to the 6-TG and AMTCI
peaks are negligible (Boulieu et al., 1985). This means that the information gathered
by measuring the TGNs as nucleosides is virtually identical to the information
obtained from the assays using acid hydrolysis. Given the considerably greater
complexity (and thus cost) of the nucleoside assays, this is difficult to justify in the
context of TDM.
Measuring the different nucleotides separately in RBCs should increase the clinical
value of thiopurine monitoring compared to both acid hydrolysis and phosphatase
assays, as the relative distribution of mono-, di- and triphosphates would be known.
There are few published assays for measuring the TGNs separately in RBCs and
most of them use similar methodologies (Karner et al., ; Keuzenkamp-Jansen et al.,
1995; Rabel et al., 1995; Neurath et al., 2005). A recent assay by Hofmann
(Hofmann et al., 2012) used liquid chromatography tandem mass spectrometry (LCMS/MS) detection instead of fluorescence and/or UV absorption used by others.
The methodology consists of an extraction step and often derivatisation to make the
TGNs fluorescent. In the extraction protocol, first published by Rabel (Rabel et al.,
1995), a combination of methanol and dichloromethane was used for protein
precipitation. Lavi and Holcenberg (Lavi and Holcenberg, 1985) used an alternative
extraction procedure based on absorption to a mercurial cellulose resin. However,
the use of mercury is highly controversial and hardly motivated when developing a
novel assay. The derivatisation procedure was first described by Finkel (Finkel,
1975). By using potassium permanganate the sulphur moiety on thioguanine (or its
nucleotides) was oxidised to a sulphonate. Excess potassium permanganate was
reduced by hydrogen peroxide. meTINs were not affected, possibly due to
inactivation of the sulphur moiety by methylation.
To retain and separate the highly polar thiopurine nucleotides on an HPLC column,
most recent assays have used chromatography based on ion-pairing with
tetrabutylammonium ions (Karner et al., ; Neurath et al., 2005), while others used
ion-exchange chromatography (Lavi and Holcenberg, 1985; Keuzenkamp-Jansen et
al., 1995; Hofmann et al., 2012). Some assays for separating endogenous nucleotides,
using HPLC columns specially designed for polar compounds, such as porous
graphitic carbon (PGC) (Pabst et al., 2010) and hydrophilic interaction
chromatography (HILIC) columns (Matyska et al.), have been published. It has
14
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proved to be difficult to transfer these techniques to thiopurine nucleotides, possibly
due to the increased polarity and/or reactivity caused by the free sulphur moiety
(Figure 1).
As the thiopurine drug targets are believed to be located in the WBCs,
measurements of TGNs in WBCs are probably superior to measurements of TGNs
in RBCs. There are two published assays for measuring thiopurine metabolites in
WBCs, one by Dervieux (Dervieux et al., 2002) using lymphoblasts isolated from
bone marrow, and one by Lancaster (Lancaster et al., 2002) using leucocytes isolated
from blood. In both assays centrifugation on a polysaccharide was used to isolate
the WBCs. In the assay by Dervieux phosphatase was used to degrade the
nucleotides to nucleosides and in the assay by Lancaster acid hydrolysis according to
the assay by Lennard (Lennard and Singleton, 1992) was used.
Measuring thioguanine incorporation into DNA is a more direct way to measure the
thiopurine effects connected to DNA. However, as other effects are completely
ignored by this approach it is dependent on the assumption that the effects related
to DNA are the most important ones, which is far from certain. Four assays for
quantifying thioguanine incorporation into DNA have been published (Hedeland et
al., ; Tidd and Dedhar, 1978; Warren et al., 1995; Olesen et al., 2008), but, to our
knowledge, studies on the correlation with patient outcomes are lacking. In all
assays, DNA is isolated from peripheral blood and digested using nucleases and
phosphatases, which results in free deoxynucleosides which can be detected using
UV absorption or fluorescence.
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Aims of the Thesis
The general aim of this thesis was to improve the therapeutic drug monitoring of
thiopurines by enhancing current knowledge of thiopurine distribution and
metabolism, as well as developing a novel assay for measuring thiopurine
metabolites in clinical samples.

Specific Aims
1. To investigate what was really measured by the assays routinely used to
monitor thiopurine treatment. (Paper I)
2. To develop an assay for measuring thiopurine metabolites in RBCs suitable
for clinical use. (Paper II)
3. To evaluate the developed methodology in a clinical study in the area of IBD.
(Paper III)
4. To develop assays suitable for the study of the metabolism and mode of
action of thiopurine drugs in vitro. (Paper IV)

17

Materials and Methods

Materials and Methods
In this project two novel assays were developed to measure the thiopurine
nucleotides separately in RBCs. The first assay was developed to investigate what the
routine assay really measured. The second one was developed for use in the clinical
study designed to evaluate the clinical value of measuring the nucleotides separately.
The different purposes made the assays slightly different.

Sampling and Pre-analytical Handling
Two blood collection tubes (3 or 5 ml) containing ethylenediaminetetraacetic acid
(EDTA) were drawn from each patient for metabolite measurements and genetic
analysis. One was used for the routine assay, TPMT phenotyping and to extract
DNA for genotyping if required by the study protocol, and the other one was used
for the novel assays. In the clinical study, a panel of routine blood tests were
performed at the time of sampling, including the inflammation markers C-reactive
protein (CRP) and faecal calprotectin (F-cal). These were ordered, sampled and
analysed according to established routines at the respective hospitals involved.
Before analysis, RBCs were isolated by centrifugation (1200 g, 5 min, 4 C) and the
plasma and buffy coat were removed. The RBCs were washed twice and
resuspended in sodium chloride (0.9%, w/v) at a concentration of approximately
4x10^9 RBC/ml. The suspension was frozen in 500 μl aliquots at -20 C or -80 C
for the routine and novel assays, respectively.
For the routine assay, samples were shipped by parcel post to the laboratory at the
ambient temperature and stored at 4°C after arrival. RBCs were isolated within one
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week of sampling. For the novel assays, samples were stored at 4°C immediately and
RBCs were isolated within eight hours of sampling to ensure minimal changes in the
relative levels of mono-, di- and triphosphates.

Assay Routinely Used to Measure TGNs in RBCs
The routine assay used was a modification of the one presented by Lennard
(Lennard, 1987; Lennard and Singleton, 1992) to measure TGNs and meTINs as
their hydrolysis products 6-TG and AMTCI, in RBCs. It has been used in our
laboratory for more than a decade to measure thiopurine metabolites in over 10 000
samples from Swedish hospitals, as well as in earlier clinical studies conducted in our
laboratory (Pettersson et al., 2002; Hindorf et al., 2004; Haglund et al., 2008).
The exact cell count of the RBC lysate was determined by use of a Coulter Particle
Count and Size Analyzer (Beckman Coulter, Fullerton, CA, USA) and used to
normalise the results to pmol/8x10^8 RBC. The cell count was determined
immediately after the RBCs were isolated, as RBCs lyse when frozen, precluding cell
counting.
To a sample of 200 μl RBC lysate (prepared and frozen as described above) in a 15ml centrifuge tube, 500 μl dithiothreitol (DTT) (3.75 mM) and 800 μl sulphuric acid
(1.5 M) were added, and the mixture was hydrolysed at 100˚C for one hour. 500 μl
of a sodium hydroxide solution (3.33 M) were added followed by 6 ml of a phenyl
mercuric acetate (PMA) mixture containing 1.3 mM PMA and 170 mM amyl alcohol
in toluene. The tubes were shaken for 10 min and centrifuged (1200 g, 5 min). 5 ml
of the toluene layer were transferred to a clean 15-ml centrifuge tube and 200 μl of
100 mM hydrochloric acid were added. After mixing, the sample was centrifuged
(1200 g, 5 min) and the toluene removed. 50 μl of the remaining water phase were
injected onto the HPLC column.
The HPLC system consisted of an ASI-100 Automated Sample Injector (Dionex
Corporation, Sunnyvale, CA, USA), a Spectra Series P-100 pump (Thermo Fisher
Scientific Inc., Waltham, MA, USA) and a Spectro Monitor 3100 variable
wavelength detector (Milton Roy, Ivyland, PA, USA). The separation was carried out
at the ambient temperature on an Ultrasphere octadecylsilane (C18) column (250 x
4.6 mm, 5 μm, Beckman Coulter) with a C18 guard column. The isocratic mobile
phase delivered at 1 ml/min consisted of an 8:92 (v/v) mixture of methanol and a
100 mM triethylamine buffer adjusted to pH 3.2 with phosphoric acid containing
500 µM of DTT. 6-TG, representing TGNs, and AMTCI, representing meTINs,
were detected by UV absorption at 330 nm. A representative chromatogram from a
patient sample is shown in Figure 3.
Quantification was carried out using a series of calibrators of 6-TG (range 31–1000
pmol/8x10^8 RBC) and MMP (range 630–20 000 pmol/8x10^8 RBC) prepared
with RBCs from healthy donors and subjected to the same treatment as the samples.
Results were expressed as the mean of two replicates. Control samples were
prepared in the same way as the calibrators and samples. The inter-day CVs were
20

Materials and Methods

20.2% and 22.2% for TGNs at 58 and 660 pmol/8x10^8 RBC, respectively (n =
28). For meTINs the inter-day CVs were 14.5% and 27.8% at 1500 and 14 000
pmol/8x10^8 RBC, respectively (n = 28).

Figure 3 – Chromatogram from a patient sample analysed using the routine assay. 254 pmol/8x10^8 RBC TGNs
(detected as 6-TG at 4.9 min), 3200 pmol/8x10^8 RBC meTINs (detected as AMTCI at 8.7 min).

The First Novel Assay Developed to Identify and Quantify Major
Contributors to the 6-TG Peak.
The purpose of the assay was to identify and quantify the analytes contributing to
the 6-TG and AMTCI peaks, as detected by the routine assay, as well as to estimate
the hydrolytic efficiency of the routine assay. The assay was based on the one by
Neurath (Neurath et al., 2005) and was used to measure TGMP, TGDP, TGTP and
meTIMP separately in RBCs. A novel chromatographic separation method was
developed based on the principle of ion-pairing with tetrabutylammonium ions, first
described for thiopurine metabolites by Neurath (Neurath et al., 2005). Sample
preparation was based on the assay by Rabel (Rabel et al., 1995) with slight
modifications. The pH was lowered to 9.7 during the precipitation step and the
sodium carbonate buffer was excluded from the oxidation. It was later discovered
that the assay suffered from pressure build-up during analyses of multiple samples.
To a sample of 100 μl RBC lysate, in a 1.5 ml microcentrifuge tube, 150 μl of an
internal standard (IS) solution, 30 μM 6-ethylmercaptopurine (etMP) in 60 mM
EDTA (pH 9.7), were added. 100 μl of methanol and 500 μl of dichloromethane
were added. The sample was thoroughly mixed and centrifuged (15 800 g, 1 min)
and 150 μl of the water phase were transferred to another tube. 100 μl of potassium
permanganate (0.48% w/v) were added. After 5 min, 10 μl of hydrogen peroxide
(30% w/v) were added to reduce excess potassium permanganate. The sample was
centrifuged (20 800 g, 3 min) and 10 μl of the supernatant were injected onto the
HPLC column. To normalise the results to 8x10^8 RBC, cell counting was carried
out as described for the routine assay above.
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Table 1 – Gradient profile of the first novel assay

Time (min)
0,0
3,0
8,0
16,0
28,0
30,0
33,0
33,1
40,0

%A
100
100
68
63
40
0
0
100
100

%B Curve*
0
0
6
32
7
37
6
60
6
100
6
100
6
0
6
0
6

* 6 represents a linear gradient and 7 a
slightly convex gradient.

Figure 4 - Chromatograms from a patient sample analysed by the first novel assay. a) 942 pmol/8x10^8 RBC
meTIMP (at 25.6 min), and the IS etMP (at 22.8 min) were detected by UV absorption at 289 nm. b) 5.4
pmol/8x10^8 RBC TGMP (at 16.7 min), 68 pmol/8x10^8 RBC TGDP (at 27.7 min) and 447 pmol/8x10^8 RBC TGTP (at
29.8 min) were detected by fluorescence (excitation 330 nm, emission 410 nm).

The HPLC system consisted of an Alliance 2695 Separation Module, a 2487 Dual λ
Absorbance Detector and a 474 Scanning Fluorescence Detector, all from Waters
Sverige AB (Sollentuna, Sweden). The separation was carried out at 40°C on a
Phenomenex Gemini C18 column (150 x 3 mm, 3 μm) with a guard column
containing the same packing material, both from Phenomenex (Torrance, CA,
USA). Mobile phase A consisted of a 1:99 (v/v) mixture of acetonitrile and 20 mM
phosphate buffer with 5 mM tetrabutylammonium hydrogen sulphate (TBAHS), pH
6.8, and mobile phase B was a 50:50 (v/v) mixture. The mobile phase was delivered
at 500 µl/min and the gradient profile is shown in Table 1. TGMP, TGDP and
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TGTP were detected by fluorescence (excitation 330 nm, emission 410 nm), while
meTIMP and etMP were detected by UV absorption at 289 nm. Representative
chromatograms from a patient sample are shown in Figure 4.
Quantification was carried out against a series of calibrators of TGMP (1.5–13.5
pmol/8x10^8 RBC), TGDP (17–150 pmol/8x10^8 RBC), TGTP (53–470
pmol/8x10^8 RBC) and meTIMP (140–1300 pmol/8x10^8 RBC) prepared with
RBCs from a healthy donor taken less than 8 hours before analysis and subjected to
the same treatment as the samples.
Control samples were prepared in the same way as calibrators and samples at low
and high concentrations for TGMP (3.0 and 12 pmol/8x10^8 RBC), TGDP (33 and
130 pmol/8x10^8 RBC), TGTP (110 and 420 pmol/8x10^8 RBC) and meTIMP
(290 and 1100 pmol/8x10^8 RBC). The inter-day CVs of the low controls were
7.8%, 2.5%, 2.3% and 6.0% for TGMP, TGDP, TGTP and meTIMP, respectively
(n = 4). The inter-day CVs of the high controls were 1.3%, 1.7%, 2.6% and 2.3% for
TGMP, TGDP, TGTP and meTIMP, respectively (n = 4).

The Second Novel Assay Developed to Monitor TGNs in RBCs
Separately
The purpose of the assay was to provide a metabolite profile to be used in the
prediction of remission in IBD patients by measuring TGMP, TGDP, TGTP,
meTIMP, meTIDP and meTITP separately in RBCs. The concentration and
volumes of the different reagents were optimised to achieve a cost-efficient and
robust sample preparation, and an X-bridge C18 column (Waters) was used to
enable the 32-min separation at 60°C. Also, results were normalised to pmol/30 mg
haemoglobin (Hb) instead of 8x10^8 RBC.
A sample was prepared by thawing the RBC lysate on ice for 45 min and
transferring 80 l to a microcentrifuge tube on ice. 20 l of cold IS solution, 150 µM
etMP in 50 mM phosphoric acid, adjusted to pH 7.4 with sodium hydroxide, was
added. After brief vortex mixing, 175 l of cold precipitation solution, 10:35 (v/v)
dichloromethane:methanol, were added. The sample was vortexed for 3 s and
centrifuged (17 530 g, 5 min, 4 C). 100 l of the supernatant were transferred to a
fresh tube. 14 l of derivatisation solution, 0.5 M sodium bicarbonate, adjusted to
pH 10.5 with sodium hydroxide, containing 1% (w/w) potassium permanganate,
were added and the sample was mixed. After 3 min, 20 l 10% (w/w) hydrogen
peroxide were added and the sample mixed. The resulting precipitate was removed
by centrifugation (17 530 g, 5 min, 4 C) and 8 l of the supernatant were injected
onto the HPLC column. An overview of sample handling is shown in Figure 5a.
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Figure 5 - Flowchart of the preparation of a) samples, b) calibrators and c) controls.

Table 2 – Gradient profile of the second novel assay

Time (min)
0
0.1
12.5
24.0
28.0
28.2
32.0
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%A
100
85
78
20
20
100
100

%B
0
15
22
80
80
0
0
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The HPLC system consisted of an Alliance 2695 Separation Module, a 2487 Dual
Absorbance Detector and a 2475 Multi-Wavelength Fluorescence Detector, all from
Waters. The separation was carried out at 60°C on an Xbridge C18 column (150x3
mm, 3.5 m) with a Gemini C18 guard column (4x2 mm, Phenomenex). Mobile
phase A consisted of a 1:99 (v/v) mixture of acetonitrile and water containing 40
mM phosphate buffer and 5 mM TBAHS, pH 5, and mobile phase B was a 26:74
(v/v) mixture of acetonitrile and water containing 20 mM phosphate buffer and 5
mM TBAHS, pH 5. The mobile phase was delivered at 1 ml/min and the gradient
profile is shown in Table 2. TGMP, TGDP and TGTP were detected by
fluorescence (excitation 329 nm, emission 403 nm) and meTIMP, meTIDP,
meTITP and etMP using UV absorption at 289 nm. Representative chromatograms
from a patient sample are shown in figure 6.

Figure 6 – Chromatograms from a patient sample analysed using the second novel assay. a) 5.7 pmol/30 mg Hb
TGMP (at 5.2 min), 20 pmol/30 mg Hb TGDP (at 17.1 min) and 79 pmol/30 mg Hb TGTP (at 25.2 min) were detected
by fluorescence (excitation 329 nm, emission 403 nm). b) 1800 pmol/30 mg Hb meTIMP (at 13.3 min), 910
pmol/30 mg Hb meTIDP (at 22.4 min), 4700 pmol/30 mg Hb meTITP (at 27.0 min) and the IS etMP (at 9.9 min)
were detected by UV absorption at 289 nm.

Haemoglobin (Hb) levels were measured in the thawed lysates within 4 hours of
thawing using the HemoCue B-Hemoglobin system (HemoCue AB, Ängelholm,
Sweden) to normalise the results to pmol/30 mg Hb. 30 mg Hb was selected as this
was an approximate equivalent to 8x10^8 RBC based on normal RBC counts and
HB levels.
The preparation of calibrators is shown in Figure 5b. Calibrators were prepared in
water. 20 l of the calibrator were mixed with 80 l of blank matrix, blank lysate
25

Materials and Methods

precipitated without IS, and derivatised as described above. Six calibrators were used
for TGMP (0.30−340 pmol/100 l lysate), TGDP (1.8−2000 pmol/100 l lysate),
TGTP (1.8−2000 pmol/100 l lysate), meTIMP (30−4500 pmol/100 l lysate),
meTIDP (30−4500 pmol/100 l lysate) and meTITP (38−5600 pmol/100 l lysate).
Quality control samples were prepared in water. 20 l of the control were mixed
with 80 l of blank lysate and subjected to the same treatment as the samples
(Figure 5c). Due to inter-conversion (see below) the controls were prepared using
only mono- and triphosphates. Controls were prepared at low, intermediate and
high levels for TGMP (2.0, 30 and 250 pmol/200 µl lysate), TGTP (40, 600 and
5000 pmol/200 µl lysate), meTIMP (100, 400 and 2000 pmol/200 µl lysate) and
meTITP (500, 2000 and 10 000 pmol/200 µl lysate). The inter-day CVs, as well as
metabolite levels after conversion, are shown in Table 3.
Table 3 - Between-day precision of low, medium and high controls. CV (mean, range in pmol/200 µl lysate) n = 6.

Low
Medium
High

TGMP
6.6% (1.47, 1.29-1.56)
5.0% (21.5, 19.6-22.7)
3.6% (183, 174-191)

TGDP
13.1% (4.06, 3.35-4.55)
7.1% (55.4, 49.6-59.9)
7.4% (432, 390-482)

TGTP
9.9% (16.4, 14.8-19.0)
3.4% (229, 219-239)
5.0% (1900, 1780-2020)

meTIMP
meTIDP
meTITP
Low
7.9% (94.7, 87.1-106.6) 10.8% (78.8, 67.3-88.0)*
7.3% (385, 344-423)
Medium
4.7% (374, 351-390)
9.4% (306, 263-338)
6.1% (1500, 1350-1590)
High
3.3% (1860, 1760-1930) 8.1% (1530, 1330-1650) 4.9% (7450, 6790-7790)
* n=5, one replicate removed due to chromatographic problem.

Assay for Thiopurine Metabolite Measurements in Cultured Cells
This assay was designed as a tool for studies on thiopurine metabolism, modes of
action and pharmacogenetics. meTIMP, the sum of meTIDP and meTITP, TGMP,
the sum of TGDP and TGTP, TIMP, TXMP and the endogenous nucleotides
guanosine triphosphate (GTP), adenosine triphosphate (ATP) and xanthosine
monophosphate (XMP), were measured in cultured embryonic kidney cells (cell line
HEK293).
To a cell pellet of approximately two million cells, 90 µl IS solution, 40 µM etMP in
water, were added, followed by 310 µl of 97:3 (v/v) acetonitrile/water containing 1.6
mM EDTA (pH 9.7). The cells were sonicated (2x5s) and precipitated proteins
pelleted by centrifugation (12 000 g, 10 min, 3 C). 375 µl of the supernatant were
concentrated to 50 µl by evaporation, and 5 µl of 2% potassium permanganate were
added. After 5 minutes the reaction was stopped by 5 µl 30% hydrogen peroxide.
The sample was centrifuged (17 530 g, 1 min) and 15 µl of the supernatant were
injected onto the HPLC column.
The HPLC system consisted of an Alliance 2695 Separations Module, a 2487 Dual λ
Absorbance Detector and a 474 Scanning Fluorescence Detector, all from Waters.
The separation was carried out at 30°C on an Ascentis Express C18 column (100 x
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3.0 mm, 2.7 µm, Supelco, Bellefonte, PA, USA) with a C18 guard column. Mobile
phase A consisted of a 3:97 (v/v) mixture of acetonitrile and 60 mM phosphate
buffer with 2.5 mM TBAHS, pH 6, and mobile phase B was a 16:84 (v/v) mixture.
The mobile phase was delivered at 800 µl/min and separation was achieved by
gradient elution. After 8 min at 100% mobile phase A, a linear gradient to 100%
mobile phase B over 20 min, followed by 4 min equilibration at 100% A, was used.
The total run time was 32 min. TGMP, TGDP, TGTP and TXMP were detected by
fluorescence, (excitation 330 nm, emission 410 nm), while meTIMP, meTIDP,
meTITP, TIMP and etMP were detected by UV absorption at 289 nm. The
endogenous analytes, ATP, GTP and XMP, were detected by UV absorption at 256
nm. Representative chromatograms from a sample are shown in Figure 7.
All results were normalised to pmol/1x106 cells based on cell counts performed
before the cells were pelleted and frozen. Calibrators were added to blank pellets
and subjected to the same treatment as the samples. The calibrated ranges were:
meTIMP (2.5–220 pmol/1x106 cells), the sum of meTIDP and meTITP (5.0–450
pmol/1x106 cells), TGMP (0.43–38 pmol/1x106 cells), the sum of TGDP and
TGTP (0.43–38 pmol/1x106 cells), TIMP (11–960 pmol/1x106 cells), TXMP (2.0–
190 pmol/1x106 cells), XMP (20–1800 pmol/1x106 cells), GTP (28–2500
pmol/1x106 cells) and ATP (45–4000 pmol/1x106 cells).
Controls were prepared at the lowest and highest concentrations of the calibrated
ranges. Inter-day coefficients of variation were below 20% (n = 5) except for GTP
(28% at 28 pmol/1x106 cells and 27% at 2500 pmol/1x106 cells) and TGMP (33%
at 0.43 pmol/1x106 cells).

Patients and Clinical Data
Patient samples were used to investigate which thiopurine metabolites the routine
assay actually measured and to evaluate the ability of the second novel assay to
predict remission. All patients were gastroenterological outpatients recruited from
Linköping and Lund University Hospitals. They had well established IBD and were
treated with thiopurine monotherapy, without allopurinol or TNF-α inhibitors, on a
stable dose for at least two weeks. The informed consent of all subjects was
obtained and the study was approved by the local Ethics Committee (Dnr 01-016).
To investigate the routine assay, 18 patients, 12 males and 6 females, with a median
age of 43 (range 23 to 81) and suffering from CD (n = 9), UC (n = 5), microscopic
colitis (n = 3) or autoimmune hepatitis (n = 1), were recruited. They were treated
with either AZA (n = 14, mean dose 150 mg/day), 6-MP (n = 3, mean dose 58
mg/day) or 6-TG (n = 1, 20 mg/day). No clinical data were collected for these
patients.
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Figure 7 – Chromatograms from embryonic kidney cells treated with small interfering RNA (SiRNA) for IMPDH2
and 6-MP analysed by the assay for thiopurine metabolite measurements in cultured cells. a) 48 pmol/10^6 cells
TGMP (at 4.2 min), 20 pmol/10^6 cells TXMP (at 9.8 min) and 3.0 pmol/10^6 cells TGDP and TGTP (at 14.4 and 21.3
min, respectively) were detected by fluorescence (excitation 330 nm, emission 410 nm). b) The IS etMP (at 13.8
min) and 24 pmol/10^6 cells meTIMP (at 17.3 min) were detected by UV absorption at 256 nm. TIMP (at 6.7 min),
meTIDP (at 22.7 min) and meTITP (at 26.4 min) were below the limit of quantification. c) 310 pmol/10^6 cells XMP
(at 2.9 min), 640 pmol/10^6 cells GTP (at 11.0 min), and 2800 pmol/10^6 cells ATP (at 16.2 min) were detected by
UV absorption at 256 nm. To increase the visibility of smaller peaks the TGMP and etMP peaks are not shown at
full height.
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When evaluating the clinical value of measuring thiopurine nucleotides separately
the patient population was limited to those with either CD or UC and to patients
treated with AZA or 6-MP. 82 patients, 43 males and 39 females, with a median age
of 40 (range 18 to 79) and suffering from CD (n = 42) or UC (n = 40) were
recruited. Patients were treated with either AZA (n = 65, mean dose 1.9 mg/kg
bodyweight, BW/day) or 6-MP (n = 17, mean dose 0.85 mg/kg BW/day).
A case record form (CRF) was completed by one experienced IBD clinician at each
site and contained information about sex, age, disease history, treatment history, as
well as disease activity. The latter was assessed by disease-specific activity
instruments. Harvey-Bradshaw (HBI) (Harvey and Bradshaw, 1980) and Walmsley
(Walmsley et al., 1998) indices were used for CD and UC, respectively, to provide an
activity score. Remission was defined as a score less than 5.

Pheno- and Genotyping of TPMT and ITPA
TPMT activity in RBCs was measured according to a previously published assay
(Weinshilboum et al., 1978; Pettersson et al., 2002). Genotyping of TPMT *2, *3A,
*3B and *3C, as well as ITPA 94C>A, was carried out according to previously
published assays (Lindqvist et al., 2004; Hindorf et al., 2006b). In the case of a
mismatch between the genotype and the phenotype of TPMT, the genotype was
investigated further and one patient with a *1/*9 genotype was discovered.

Statistics
Differences in mean metabolite levels were tested by Student’s t-test (two-sided,
equal variance). Correlations between treatment response and metabolite levels were
investigated by dividing the material into quartiles based on the metabolite levels
(quartile analysis). The percentage of active disease was then calculated for each
quartile. Furthermore, receiver operated characteristics (ROC) curves were
constructed by plotting the rate of true positives (sensitivity) against the rate of false
positives (1-specificity) at different cut-off values in order to define threshold levels
for the metabolites. Treatment response was then investigated by Fisher’s exact test
(two-sided) based on these threshold levels. Correlation between metabolite levels
and the thiopurine dose were investigated using scatter plots and linear regression.
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Results and Discussion
Four different assays have been studied. All were used to measure TGNs and
meTINs, and three of them measured them in RBCs. However, the results were
dependent on the methodology used, the analytical standards and the calibration
process. Even though TGNs was measured in the same type of samples and
reported in the same units, the results of the different assays should not be
considered equal. Also, with the routine assay, the TGNs and meTINs were
measured as sums of several metabolites while in the novel assays, they were
measured individually and the sum was calculated by summing up the
concentrations of the mono-, di- and triphosphates.

Investigation of the Current Routine Assay (Paper I)
Many different metabolites contribute to the 6-TG and AMTCI peaks, as measured
by the routine assay. These include ribo- and deoxynucleotides and nucleosides, as
well as the free nucleic base. This could limit the clinical value of the routine assay.
To understand the routine assay, it was important to investigate which metabolites
actually contribute to the 6-TG and AMTCI peaks.
Selection of Metabolites for the First Novel Assay
In the routine assay, mono-, di- and triphosphates are hydrolysed to free bases
during sample preparation. TGNs and meTINs are hydrolysed to 6-TG and
AMTCI, respectively. These compounds generate two chromatographic peaks, the
6-TG peak and the AMTCI peak. A total of 18 thiopurine metabolites (including the
free base, the riboside, the mono-, di- and triphosphates and deoxy analogues for
both 6-TG and methylthioinosine) could potentially be converted to 6-TG or
AMTCI by the hydrolysis reaction, thus contributing to the 6-TG and AMTCI
peaks. However, all are not present at significant concentrations in patients treated
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with thiopurines and therefore the list can be reduced by revisiting earlier research.
The deoxynucleotides are present at such low concentrations compared to
ribonucleotides (Boulieu et al., 1985) that the deoxynucleotides formed from
thiopurines are impossible to quantify with the methodology used in this project. At
such low concentrations they do not contribute significantly to the 6-TG or AMTCI
peaks.
Lennard (Lennard, 1987) concluded that no free 6-TG could be found in the RBCs
from children treated with oral 6-MP. As for TGR, none was found in RBCs from
IBD patients during oral azathioprine therapy (data not shown). Giverhaug
(Giverhaug et al., 1997) investigated the presence of free methylmercaptopurine
riboside (MMPR) and MMP in RBCs and found none. Also, Lennard and Singleton
(Lennard and Singleton, 1992) reported some characteristics, such as the stability of
the metabolite producing the AMTCI peak and the fact that it did not leak out into
plasma, which are consistent with a nucleotide rather than the free base. Taken
together this indicates that nucleosides and free bases do not contribute to the 6-TG
or AMTCI peaks in a significant way and need not be included in the first novel
assay.
There are many reports of thiopurine nucleotides in RBCs. Lavi and Holcenberg
(Lavi and Holcenberg, 1985) observed TGMP, TGDP and TGTP in patients
receiving 6-mercaptopurine orally, as well as in those receiving it as an infusion.
Neurath et al. reported TGTP and TGDP measurements from IBD patients
receiving azathioprine, but there were only trace levels of TGMP in all but one
patient. They also reported a good correlation between TGN values measured using
an assay by Herrlinger (Herrlinger et al., 2004) and measurements of TGDP and
TGTP separately. Keuzenkamp-Jansen (Keuzenkamp-Jansen et al., 1995) were able
to demonstrate the presence of meTIMP, meTIDP and meTITP in RBCs from
patients receiving 6-MP infusions, but not in patients receiving oral 6-MP. For these
reasons, the first novel assay included TGMP, TGDP, TGTP and meTIMP but no
deoxy analogues, nor any nucleosides or free bases.
Development of the First Novel Assay
The development of the first novel assay was focused on sample preparation,
chromatography and detection. The main purpose was to identify and quantify the
major contributors to the 6-TG and AMTCI peaks, as detected by the routine assay.
Another purpose was to estimate the hydrolytic efficiency of the routine assay. A
quantitative assay designed for these purposes was developed. To ensure maximal
accuracy, the standards were prepared in RBC lysate and subjected to the same
treatment as the samples, despite the risks of degradation or inter-conversion during
sample preparation. Normalisation by RBC count was adopted, as this was the unit
used in the routine assay.
Two different approaches to sample preparation were found in the literature. Since
mercury is nowadays highly restricted, the mercurial cellulose resins used by Lavi
and Holcenberg (Lavi and Holcenberg, 1985) were not investigated. That left the
protein precipitation method developed by Rabel et al. using dichloromethane
(Rabel et al., 1995). The method was found to be reliable and easy to work with, but
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it suffered from two drawbacks. The use of dichloromethane is also a candidate to
be restricted or banned in the future and the samples were diluted during the sample
preparation. The attempt to use solid phase extraction for sample concentration and
clean-up was not successful due to the polarity of the analytes. For these reasons,
the method of Rabel (Rabel et al., 1995) was selected and optimised for the first
novel assay.
When it comes to the chromatography, two different strategies have been used
previously in thiopurine research: ion-pairing with tetrabutylammonium ions and
ion-exchange. A chromatography based on ion-pairing with tetrabutylammonium
ions was selected for the first novel assay, mainly because the columns used for this
type of chromatography (C18 columns in our case) are much more developed than
ion-exchange columns.
Common detectors in thiopurine research are UV (Lavi and Holcenberg, 1985;
Keuzenkamp-Jansen et al., 1995) and fluorescence detectors (Keuzenkamp-Jansen et
al., 1995; Rabel et al., 1995; Neurath et al., 2005; Karner et al., 2010). Using
fluorescence, the sensitivity for TGNs is much better than when using UV
absorption, but, on the other hand, the sensitivity for meTINs is very poor. In the
end, both a UV detector and a fluorescence detector were used in series, combining
the abilities of them both.
It has proved very difficult to achieve sufficient retention and peak shape without a
phosphate buffer, ion-pairing agents or high buffer concentrations, neither of which
is suitable for mass spectrometric detection. However, Hofmann (Hofmann et al.,
2012) published a mass spectrometric assay that measured, among other things, the
same nucleotides as the first novel assay. They used a chromatographic method
based on ion-exchange chromatography since most ion-pairing agents are
incompatible with mass spectrometric detection. Interestingly, the sensitivity was in
the same range as for the assays of this study, probably because the high salt
concentrations needed for elution reduced the sensitivity of the mass spectrometer.
Accuracy and Validity of the Routine Assay
Seventeen out of 18 patients had quantifiable TGN levels by both the routine and
first novel assays. For the evaluable patients, the TGN levels measured by the
routine assay were, on average, 184 pmol/8x10^8 RBC (range 97–301). With the
first novel assay, TGTP and TGDP levels were, on average, 236 (range 130–447)
and 39 (range 18–97) pmol/8x10^8 RBC, respectively. TGMP values up to 8
pmol/8x10^8 RBC were also detected. TGN levels, calculated as the sum of TGMP,
TGDP and TGTP, were, on average, 278 pmol/8x10^8 RBC (range 154–520). The
TGN measurements using the routine assay were consistently lower and, on average,
69% (range 49–90) of calculated TGN levels measured by the first novel assay. As
meTIDP and meTITP were not included in the first novel assay no comparison
could be made for meTIN levels.
The differences in results observed between the different assays were caused by
differences in sample preparation and calibration. In most, if not all, bioanalytical
assays, some of the analytes are lost during sample preparation. Most frequently, this
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loss is compensated for by using calibrators subjected to the same treatment as the
samples. This way the relative losses in the calibrators are equal to those in the
samples and the concentration in the calibrator before sample treatment (which is
known) can be related to the concentration in the sample before treatment (which is
the object of the analysis) by comparing the size of the chromatographic peaks. This
was true for the first novel assay, but in the routine assay the calibrators were
prepared from 6-TG as opposed to TGMP, TGDP, and TGTP, which are the
analytes present in the samples. Since some of the TGMP, TGDP and TGTP was
not converted to 6-TG during the hydrolysis, TGN levels measured by the routine
assay will be underestimated.
The hydrolytic efficiency has been studied previously. In her original paper Lennard
reported 98% efficiency for the hydrolysis of TGMP (Lennard, 1987). However,
Shipkova (Shipkova et al., 2003) reported very low hydrolytic efficiency for TGNs
on comparing the assays used by Lennard (Lennard, 1987) and Dervieux and
Boulieu (Dervieux and Boulieu, 1998). No exact numbers were presented, but up to
2.6-fold higher levels in patient samples analysed by the Dervieux-Boulieu assay than
by the Lennard assay were reported. A possible reason for the difference between
these findings might be that TGMP was more easily converted to 6-TG than TGDP
and TGTP.
It is of little practical importance that the routine assay does not provide a correct
quantification of TGN levels in the RBCs, as treatment guidelines are based on the
results rather than the true value. However, the fact that the results are dependent
on the assay used means that results from different assays cannot be easily
compared.
Metabolite Distribution in RBCs from Patient Samples
Mean fractions of mono-, di- and triphosphates were calculated using all samples
where all three nucleotides for either TGNs (n = 82) or meTINs (n = 65), as
measured by the second novel assay, were above the limits of quantification (Figure
8). Twenty-three per cent of meTINs was found as meTIMP while only 7% of
TGNs was found as TGMP, indicating differences in the formation. Apart from the
monophosphates, the fraction of nucleotides found as diphosphates was smaller for
meTINs (17.4 ± 0.5%) than for TGNs (22.5 ± 0.4%). Similar results were found
using the first novel assay, but meTIDP and meTITP were not included and the
assay was not sensitive enough to measure TGMP in all samples.
Only small variations in the distribution of mono-, di- and triphosphates were
observed, indicating that the results from a hydrolytic assay might provide a good
estimate of individual nucleotides. Genetic variability in ITPA, an enzyme that
converts ITP into IMP, was a likely candidate for variability in nucleotide
distribution, but no clinically significant differences between ITPA wild type and
deficient patients were observed.
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Figure 8 – Relative fractions of mono-, di- and triphosphates for TGNs and meTINs. Error bars indicate standard
error of the mean.

Clinical Value of Measuring TGMP, TGDP and TGTP Separately in
RBCs (Papers II & III)
In order to investigate the clinical value of measuring TGMP, TGDP and TGTP
separately in RBCs, a clinical study was made. The cross-sectional study included 82
IBD patients. Metabolites were measured with the second novel assay as well as with
the routine assay and the correlations between metabolite levels and the clinical
status of the patients were studied. The second novel assay was developed since the
first one was not suitable for the study because it did not include meTIDP and
meTITP, was not robust enough to run multiple samples and required cell counting
equipment at all centres.
Development of the Second Novel Assay
The purpose of the second novel assay was to provide a metabolite profile to be
used in the prediction of remission in IBD patients. The most important
considerations were to provide reliable profiles with low imprecision, as well as to
ensure that inter-patient variability in the relative contribution of mono-, di- and
triphosphates was not affected by sample handling or the analytical procedures.
However, a true quantitative measurement is not needed as long as the same assay is
used in both the clinical studies and the future clinical service.
The inter-conversion between di- and triphosphates was a major challenge in the
development of the second novel assay. It was very rapid and the equilibrium was
reached within a few seconds regardless of the combination of di- and triphosphates
added, indicating a dynamic equilibrium rather than degradation (Table 4). Due to
the inter-conversion, a true physiological measurement was not possible. The
molecules present as triphosphates at the time of sampling were converted to
diphosphates and back again multiple times before analysis. Potentially, the
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conditions during sample preparation could affect the rate of these conversions and
thereby the equilibrium. Thus, a semi-quantitative approach was adopted, aimed at
correlation rather than equivalence between ex vivo measurements and in vivo
metabolite levels.
Table 4 – Inter-conversion of analytes during preparation of standards (matrix) and controls (lysate). Mono-, diand triphosphates were added individually to study conversion during sample preparation.
TGN - Controls

Added

Found (in%)
TGMP TGDP TGTP
TGMP 100%
0%
0%
TGDP
2%
17%
81%
TGTP
0%
16%
84%

TGN - Standards

Added

Found (in%)
TGMP TGDP TGTP
TGMP 100%
0%
0%
TGDP
1%
98%
1%
TGTP
0%
3%
97%

meTIN - Controls
meTIMP
meTIMP
96%
Added meTIDP
0%
meTITP
0%

Found (in%)
meTIDP meTITP
0%
4%
13%
87%
13%
87%

meTIN - Standards
meTIMP
meTIMP
96%
Added meTIDP
0%
meTITP
1%

Found (in%)
meTIDP meTITP
0%
4%
100%
0%
3%
96%

It was important to ensure that no net conversion between mono-, di- and
triphosphates occurred during sampling and sample preparation. Rabel (Rabel et al.,
1995) stated that 50 mM EDTA at a high pH inhibited the conversion. Even though
the role of EDTA addition was poorly investigated, they were included in all later
assays (Keuzenkamp-Jansen et al., 1995; Rabel et al., 1995; Neurath et al., 2005;
Karner et al., 2010). However, the use of EDTA is of minor interest for patient
samples, as the equilibrium between di- and triphosphates was reached within
seconds of sampling, and no net-conversion occurred after that. However, if EDTA
is added prior to the analytes, it could facilitate the use of calibrators prepared in
blank lysate.
To minimise the risk of shifting the di- and triphosphate equilibrium, conditions
during sample preparation were as similar as possible to those in vivo in the second
novel assay. The high pH EDTA buffer used by the other assays (KeuzenkampJansen et al., 1995; Rabel et al., 1995; Neurath et al., 2005; Karner et al., 2010) was
replaced by a low concentration phosphate buffer at pH 7.4. Raising the temperature
to 37°C was investigated but abandoned as it did not affect the equilibrium and
caused severe degradation of the nucleotides (data not shown).
Normalising the results to Hb content, first used by Lavi and Holcenberg (Lavi and
Holcenberg, 1985), rather than to cell counts, enabled measurement in thawed
samples, thereby drastically reducing the amount and complexity of preanalytical
procedures and eliminating the need for cell counting equipment at each centre. It
was assumed that 8x10^8 RBCs contained 30 mg of Hb and, diluted 1+1 with
saline, corresponded to 200 µl.
Compared to earlier assays, sample preparation was easier, quicker and more robust.
The number of additions was minimised by preparing mixtures of reagents (i.e.
dichloromethane with methanol, and potassium permanganate with sodium
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carbonate buffer), and a more efficient precipitation was achieved by increasing the
proportion of methanol in the precipitation reagent. Methanol was crucial to
precipitation efficacy, possibly by mediating phase transfer (data not shown).
Optimisation of a shallow gradient elution on an Xbridge C18 HPLC column
allowed the separation of the analytes in 32 min. Optimisation included modification
of pH, ion strength and the tetrabutylammonium concentration. Different ion
strengths in mobile phases A and B were needed to achieve a complete separation of
the analytes from the artefacts.
To ensure that no conversion occurred in the calibrators, they were prepared in
previously precipitated RBCs (matrix) instead of RBC lysates (Figure 5). As the
recovery in the precipitation step was limited and the calibrators were unable to
compensate, the results were biased. However, the ability to compare different
samples with each other and to predict the clinical outcome was not limited.
In the end, the second novel assay was well suited, in terms of range, sensitivity and
precision, for the clinical study. The presented assay is probably the most costeffective one for measuring TGNs and meTINs separately, mainly owing to the use
of fluorescence and UV detection instead of LC-MS/MS, as well as the simple,
quick, robust and inexpensive sample preparation.
Design of the Clinical Study
In order to correlate metabolite levels with clinical outcome, the clinical outcome
must be defined and recorded. Successful treatment in IBD means remission, but
defining IBD remission is somewhat difficult. A number of different measures are
used to assess the clinical status of the patient. In this study the HBI, and Walmsley
disease activity indices were used as the primary measure of treatment outcome. The
available inflammation markers F-Cal and CRP did not correlate with the indices.
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Figure 9 – Correlation between thiopurine dose and TGNs (a) or meTINs (b) as measured by the novel assay.
Filled diamonds represent AZA treated patients and empty circles represent 6-MP treated patients. AZA doses
were divided by 2.08 to give equivalent doses.
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As this study was an observational one, differences in treatment intensity were
expected between patients with an active disease and patients in remission due to
intensification and/or modification of treatment in the patients lacking a response.
However, no such effects were observed in the mean metabolite levels or doses.
Correlations between Metabolite Levels and the Thiopurine Dose
We have previously shown that metabolite levels increase with the thiopurine dose
for a given patient (Hindorf et al., 2004). Therefore, it was surprising that no
correlations between thiopurine dose and metabolite levels were found in TPMT
wild type patients (Figure 9). To give 6-MP equivalent doses, AZA doses were
divided by a factor of 2.08 to account for differences in molecular weight (277.3, and
152.2 for AZA and 6-MP, respectively), as well as 88% efficiency in the conversion
of AZA into 6-MP (Lennard, 1992). This lack of correlation underlines the need for
TDM as doses cannot be used to predict metabolite levels.
Using TGN and meTIN Levels to Predict Remission in IBD Patients
The clinical value of TGTP measurements in RBCs was investigated. High TGTP
levels correlated with remission, as seen in the frequency of active disease in
quartiles based on TGTP levels (Figure 10a). Based on the ROC curve in Figure
10b, a cut-off at 64 pmol/30 mg Hb was selected. Above the cut-off 25% (14/56)
had an active disease compared to 50% (13/26) below the cut-off (p = 0.02). Even
at very low TGTP levels, about half of the patients were in remission. This might be
explained by the nature of the disease. Fluctuating symptoms with flares and periods
with less disease activity are common. Some patients in remission might be
undertreated and would be expected to experience flares of active disease.
In Figures 10c and d, a quartile analysis and ROC curve were implemented using
only TPMT wild type patients. The cut-off was 64 pmol/30 mg Hb, and 20%
(10/50) above the cut-off had an active disease compared to 50% (13/26) below (p
< 0.01). All TPMT-deficient patients had TGTP levels above 64 pmol/30 mg Hb,
and 67% (4/6) had an active disease. Also, TPMT-deficient patients had lower
meTIN levels (480 pmol/30 mg Hb, n = 6) than wild type patients above the TGTP
cut-off (3100 pmol/30 mg Hb, n = 76, p = 0.03), as expected given the function of
TPMT. This indicated that TPMT-deficient patients required higher TGN levels
than TPMT wild type patients to achieve clinical effects. A suitable cut-off level
could probably be identified, but the present study did not include enough TPMTdeficient patients to allow such estimates.
Some indications that TPMT status influences the TGN levels required to induce
remission were found in the literature. Gardiner et al. found no differences in
clinical outcome between TPMT wild type patients and patients with the *1/*3
genotype, despite the fact that the latter had TGN levels twice as high as the wild
type patients (Gardiner et al., 2008). Similar results were also reported by Relling
(Relling et al., 1999), which also indicated that homozygous deficient patients might
tolerate even higher metabolite levels than heterozygous deficient patients. The
most likely reason for these findings was the lower meTIN levels caused by the low
TPMT activity. As meTINs contribute significantly to thiopurine effects, higher
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TGN levels are needed in the absence of meTINs. Trying to establish cut-off values
for TGNs without regard to TPMT status might be one factor limiting the clinical
value observed in the meta-analysis by Osterman et al (Osterman et al., 2006).
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Figure 11 – a) Quartile analysis and b) ROC curve based on TGN levels measured by the second novel assay.

Figure 12 - Correlation between individual nucleotides and their respective sums as measured by the second
novel assay. a) meTIMP, b) meTIDP and c) meTITP correlated with meTINs, and d) TGMP, e) TGDP and f) TGTP
correlated with TGNs.
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To investigate the clinical value of measuring TGNs separately the results of the
TGTP measurements were compared with results of TGN measurements. TGNs,
measured by the second novel assay as the sum of TGMP, TGDP and TGTP, was
also successful in predicting remission in TPMT wild type patients (Figure 11). A
threshold level of 80 pmol/30 mg Hb was selected based on the ROC curve: 21%
(12/56) above the threshold had an active disease compared to 55% (11/20) below
the threshold (p < 0.05). The results were similar to those based on TGTP
measurements and no advantage in measuring TGTP separately was observed. The
reason was the high correlation between mono-, di- and triphosphates and their
respective sums (Figure 12). The correlation between TGTP and TGNs was above
0.98 and it is likely that most of the variability still observed was due to imprecision
of the assay rather than biological differences.
Remission Active %Active

p

TGN >102

TGTP ratio>78.6%
TGTP ratio<78.6%

16
14

5
3

24%
18%

0.28

TGN <102

TGTP ratio>78.6%
TGTP ratio<78.6%

11
12

7
8

39%
40%

0.26

Table 5 - Probability of active disease based on TGTP ratio and TGN levels in TPMT wild type patients, as
measured by the second novel assay.

The previously reported correlation between clinical outcome and the TGTP ratio
(defined as TGTP/(TGDP+TGTP)) (Neurath et al., 2005) was not observed in this
study. Patients were grouped based on high or low TGN levels and high or low
TGTP ratio (Table 5). Only TPMT wild type patients were included and the
medians were used as cut-offs for both TGN level and TGTP ratio to give subgroups of similar sizes. Higher TGDP/TGTP ratios (0.32 compared to 0.28, p =
0.04) were observed in patients with the ITPA 94C>A genotype (n = 16) compared
to patients with the C/C genotype (n = 45). The observed difference fits in well
with the role of ITPA in converting triphosphates to monophosphates, but it was so
small that clinical significance is unlikely. These findings strongly indicate that there
is no advantage in measuring TGTP individually, compared with measuring TGNs
as a sum.
Similar calculations to those for the results of the second novel assay were also
performed for the results of the routine assay in order to compare the two assays.
Given the uncertainties of the assays, the correlation between the routine assay for
TGNs (R2 = 0.82) and meTINs (R2 = 0.65) were as expected, except for five patients
where the meTIN levels measured by the routine assay were surprisingly high
compared to those of the second novel assay (Figure 13).
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Figure 14 – a) Quartile analysis and b) ROC curve based on R-TGN levels.

A quartile analysis and ROC-diagram for TGN levels measured by the routine assay
(R-TGNs) in TPMT wild type patients are shown in Figure 14. A threshold level of
175.5 pmol/8x10^8 RBC was selected. 20% (8/40) above the threshold had an
active disease compared to 42% (15/36) below the threshold (p = 0.03). R-TGNs
predicted remission as well as TGTP or TGNs measured by the second novel assay.
However, the results were biased as the cut-off values were calculated with the
dataset used to evaluate them, thereby overestimating the predictive value of the cutoff. This effect was probably larger for the routine assay since measurement
uncertainty was twice as high compared to the second novel assay. Assuming a
normal distribution, about one third of the measured values deviated more than one
standard deviation from the true value. In our study, 47% of all measurements by
the routine assay (CV 20%) were within one standard deviation from the cut-off,
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compared to 14% for the second novel assay (CV 10%). In other words, if the cutoffs defined in this study would be used in another dataset, it is more likely that
findings based on results from the second novel assay would be repeated than those
based on results from the routine assay. However, since inter-conversion between
di- and triphosphates limits sample stability to less than 24 hours using the second
novel assay, using the routine assay might be a better alternative for TDM of
thiopurines, while awaiting more precise assays for measuring TGNs in RBCs.
100%
% Active disease

% Skewed

% Active disease

80%
60%
40%
20%
0%
0 - 911

911 1970

1970 5068

5068 12800

meTIN pmol/30 mg Hb
Figure 15 – Quartile analysis based on meTIN levels. Percentage active disease and the percentage of skewed
metabolisers in the quartiles were shown as black and white bars, respectively.

The clinical value of meTIN measurements in RBCs was assessed by quartile
analysis in TPMT wild type patients (Figure 15). A correlation between high meTIN
levels and active disease, most likely caused by patients with skewed metabolism,
was observed. Skewed metabolism is caused by preferential metabolism to meTINs
and was defined as a meTIN/TGN ratio of at least 44, calculated from the ratio
used with the routine assay (R-meTIN/R-TGN >20). Skewed metabolism was
observed in 26% (20/76) of TPMT wild type patients. It was somewhat surprising
that an inverse relationship between meTIN levels and remission was observed as
meTINs have been suggested to be important for thiopurine effects. This indicates
that meTINs are of little value when predicting remission, but measurements of
meTINs are still important for TDM of thiopurines as they identify patients with
skewed metabolism and are also useful in the assessment of compliance.
There are some limitations to the generalisation of the TGTP, TGN and R-TGN
cut-off levels. First, the TPMT status of the patient must be considered. Second,
since allopurinol alters the metabolism of the thiopurines and the mechanism for
this is unknown, it is possible that this also alters the therapeutic range of the TGN
levels, but, as the present study did not include patients treated with allopurinol, this
was not investigated. Third, the cut-off values cannot be used for patients treated
with 6-TG either, as their therapeutic range is significantly higher than that of
patients treated with AZA. Reasons for this include the fact that meTINs are not
formed from 6-TG and that 6-MP cannot be converted to TGNs in RBCs. This
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means that the TGNs found in RBCs after 6-MP or AZA treatment were
transported from the WBCs as opposed to TGNs found in RBCs after 6-TG
treatment, which was metabolised in the RBCs (Figure 2). This difference means
that the ratio between TGN levels at the drug targets and TGN levels in RBCs,
where TGNs are measured, differ after 6-MP (or AZA) and 6-TG treatments (Duley
and Florin, 2005).
Table 6 - Fraction of active disease above and below TGN cut-off at 80 pmol/30 mg Hb in different subsets.

TGN
>80
<80

UC only
%Active disease
16% (5/31)
50% (3/6)

TGN
>80
<80

6-MP only
%Active disease
23% (3/13)
100% (0/3)

TGN
>80
<80

CD only
%Active disease
28% (7/25)
57% (8/14)

TGN
>80
<80

AZA only
%Active disease
21% (9/43)
47% (8/17)

Since the effects of thiopurine treatment are dependent on the mechanism of action
in the different diseases as well as the thiopurine metabolism, neither of which is
completely understood, the cut-off value for TGNs was tested for UC and CD
separately as well as for AZA and 6-MP separately (Table 6). Although some of the
groups were small, overall trends were similar to the ones observed in the whole
material. This indicates that the same cut-off levels can be used regardless of the
disease (UC or CD) and drug used (6-MP or AZA) in our study.
Table 7 – The effects of IMPDH2 and TPMT regulation on meTIMP and TGMP levels in HEK293 embryonic kidney
cells. Results are given in pmol/10^6 cells as the mean (standard deviation). Statistical comparisons are in
relation to controls (* = p < 0.01, ** = p < 0.001). In all settings cells were treated with 3 µM 6-MP, and 0.5 µM
MPA was used when indicated. Each result is the mean of four replicates.

TPMT status

Condition

meTIMP

TGMP

meTIMP/TGMP

Uninduced

siNeg ctrl
siIMPDH2
siIMPDH2 + MPA

2.5 (0.7)
41 (19)**
150 (14)**

3.8 (0.6)
19 (8.5)**
20 (2.6)**

0.7 (0.3)
2.1 (0.4)*
7.5 (1.2)**

Induced

siNeg ctrl
siIMPDH2
siIMPDH2 + MPA

2.2 (0.9)
46 (13)**
200 (17)**

1.6 (0.5)
4.0 (0.9)**
6.5 (1.5)**

1.4 (0.3)
12 (1.5)*
33 (9.0)**

Measurements of Thiopurine Metabolites in Vitro (Paper IV)
Measuring thiopurine and purine nucleotides in vitro is a useful tool for
understanding the metabolism and modes of action of the thiopurine drugs. It can
be used both to study effects of co-treatment with other drugs and mutations in
genes important to thiopurine metabolism on the metabolite pattern.
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The limited amount of material was the main difficulty in developing an assay for
cell pellets. To compensate for the lack of material, the extracts were concentrated
by evaporation. Due to the time required to prepare samples, only a limited number
were available for testing and validation, making it difficult to estimate the
concentration ranges.
The developed assay was used to measure nucleotides in cell pellets of HEK293
cells with IMPDH activity inhibited by siRNA, as well as the known inhibitor
mycophenolic acid (MPA). As expected, the amounts of meTINs increased but
surprisingly so did the amounts of TGNs (Table 7). These findings were not in
agreement with the accepted view of IMPDH as the rate limiting step of TGN
formation and suggest that further studies into the metabolism of thiopurine drugs
are needed. The results might be explained by an increased salvage of nucleotides
from dead cells due to increased concentrations of phosphoribosyl pyrophosphate.
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Conclusions
We have developed and validated an assay suitable for measuring TGMP, TGDP,
TGTP, meTIMP, meTIDP and meTITP separately in RBCs in clinical samples. We
have also developed an assay for measuring TGNs and meTINs in cultured cells.
The assay was suitable for in vitro studies of the metabolism and mode of action of
thiopurine drugs.
In our clinical studies we found no correlation between thiopurine dose and
metabolite levels in RBCs, thereby illustrating the importance of metabolite
measurements in the TDM of thiopurines.
We have demonstrated that the TGNs measured by the routine assay during TDM
of patients treated with thiopurines consisted of TGTP and TGDP with a small
contribution from TGMP. The meTINs also consisted of mono-, di- and
triphosphates but in different proportions, indicating mechanistic differences in the
formation. The inter-individual differences in nucleotide distribution were very small
and a high correlation between the different nucleotides and their respective sums
was observed. As a consequence, measuring the mono-, di- and triphosphates
separately was not beneficial in predicting remission.
To achieve remission in patients with low TPMT activity, higher TGN levels seem
to be needed, probably due to a smaller contribution from meTINs to the
thiopurine effects.
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Future Aspects
To further improve the monitoring of thiopurine treatment, assays for measuring
thiopurine metabolites in WBCs are needed, as metabolite levels in WBCs might
correlate better with clinical outcomes than the levels in RBCs. TGNs and meTINs
should be measured as sums. Not only is this technically less complex, but the
results in this thesis indicate that measuring the nucleotides separately will not
increase the ability to predict outcomes.
Increasing the number of metabolites measured, i.e. by including thioxanthine
nucleotides (TXNs) and thioinosine nucleotides (TINs) is another important area in
the development of assays for clinical as well as in vitro use. This would enable more
elaborate studies on thiopurine metabolism and the causes of the high variability
between patients.
Combination therapy with allopurinol is becoming more and more usual, especially
in IBD. Further investigations of this combination are needed, both from a
mechanistic point of view and in clinical studies.
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