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Aims Inherited differences in thiopurine methyltransferase (TPMT) activity are an

important factor in the wide interindividual variations observed in the clinical response

to thiopurine chemotherapy. The aim of this study was to establish a population range

for red blood cell (RBC) TPMT activity in children with acute lymphoblastic

leukaemia (ALL) at disease diagnosis. An additional aim was to investigate factors that

can in¯uence TPMT activity within the RBC.

Methods Blood samples were collected from children with ALL at disease diagnosis,

prior to any blood transfusions, as part of the nationwide UK MRC ALL97

therapeutic trial. RBC TPMT activity was measured by h.p.l.c. RBCs were

age-fractionated on Percoll density gradients.

Results Pretreatment blood samples were received from 570 children within 3 days of

venepuncture. TPMT activities at disease diagnosis ranged from 1.6 to 23.6 units/ml

RBCs (median 7.9) compared with 0.654±18.8 units (median 12.9), in 111 healthy

control children (median difference 4.5 units, 95% CI 3.9, 5.1 units, P<0.001).

A TPMT quality control sample, aliquots of which were assayed in 60 analytical runs

over a 12 month period, contained a median of 11.98 units with a CV of 11.6%.

Seven children had their RBCs age-fractionated on density gradients. TPMT activities

in the top gradient (young cells) ranged from 4.2 to 14.1 units (median 7.5) and in

the bottom gradient (old cells) 1.5±12.6 units (median 4.7 units), median difference

2.3 units, 95% CI 0.7, 4.1, P=0.035.

Conclusions Circulating RBCs do not constitute a homogeneous population. They

have a life span of around 120 days and during that time undergo a progressive

ageing process. The anaemia of ALL is due to de®cient RBC production. The results

of this study indicate that RBC TPMT activities are signi®cantly lower in children

with ALL at disease diagnosis. This may be due, at least in part, to a relative excess of

older RBCs.

Keywords: acute lymphoblastic leukaemia, mercaptopurine, red blood cells,

thioguanine nucleotides, thioguanine, thiopurine methyltransferase

Introduction

Thiopurine methyltransferase (TPMT) is an important

enzyme in the biotransformation of the thiopurine drugs

6-mercaptopurine (6MP) and 6-thioguanine (6TG).

Inherited differences in TPMT activity are an important

factor in the wide interindividual variations observed in

the clinical response to thiopurine chemotherapy. TPMT

activity in the red blood cell and other human tissues,

including the liver, is under the control of a common

genetic polymorphism [1, 2]. The frequency distribution

of TPMT activity in Caucasian populations is trimodal:

approximately 89% of the population have high enzyme

activity and are homozygous for the wild-type allele

(TPMTH), 11% inherit intermediate levels of enzyme

activity with one wild-type and one variant allele (hetero-

zygous TPMTH/TPMTL) whilst 1 in 300 subjects have
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no functional activity (two variant alleles, homozygous

TPMTL). A number of variant TPMT alleles have now

been described [3±5].

Competing with methylation in the biotransformation

of thiopurine drugs is oxidation and nucleotide metabolite

formation. Oxidation is a catabolic route leading to the

formation of hydroxy-thiopurines which include thiouric

acid. Nucleotide formation, catalysed via hypoxanthine

phosphoribosyltransferase, is a prerequisite for active thio-

purine metabolites. Both 6MP and 6TG eventually form

the same abnormal nucleotides, the thioguanine nucleo-

tides (TGNs), but the way in which they are metabolized

differs. 6TG forms TGNs directly whereas 6MP forms a

variety of active nucleotide metabolites. The initial 6MP

nucleotide (thioinosine monophosphate) is oxidized to

thioxanthine nucleotide (thioxanthosine monophosphate)

which is subsequently converted to TGNs. 6MP nucleo-

tide is a good substrate for TPMT, some 18-fold better

than the TGNs which function as poor substrates [6].

6MP was ®rst used in the treatment of childhood

acute lymphoblastic leukaemia (ALL) in the 1950s [7].

Since then the drug has become enshrined in all con-

ventional protocols as part of long-term continuing

chemotherapy. The response to 6MP therapy, in terms

of marrow suppression, is highly variable and the ability

of the child to form TGN metabolites from the parent

pro-drug is also important in terms of the risk of disease

relapse [8]. Children with very high TPMT activities

form low concentrations of TGNs from standard dosages

of mercaptopurine and have a higher subsequent relapse

rate [9]. Although 6MP is the traditional drug used in

continuing chemotherapy protocols there may be some

advantages in the use of 6TG, particularly in those children

with high TPMT activity. A back-to-back comparison of

the two thiopurines is the subject of a number of current

clinical trials [10].

Factors that can in¯uence the ef®cacy of oral 6MP

therapy are many and include compliance, drug absorption

and transport and variable metabolism. The latter has

been shown to in¯uence the antileukaemic effect of

6MP [9]. In a pilot study, red blood cell (RBC) TPMT

activity, measured at disease diagnosis in children with

ALL, has been shown to re¯ect thiopurine metabolism

and toxicity during continuing chemotherapy [11], and

pretreatment RBC TPMT activity has been reported to

correlate with leukaemic blast TPMT activity [12]. There-

fore a knowledge of enzyme activity before beginning

therapy with 6MP may help in clinical management,

particularly of those children with very low or very high

TPMT activities. Approximately 400 children per year

enter UK ALL protocols which contain 2 or 3 years

antimetabolite based continuing chemotherapy. Thus, at

any one time two or three children taking thiopurines

will be TPMT de®cient. Such children can be managed

by the use of heavily attenuated dosage regimens [13±15].

The primary aim of this study was to establish a popula-

tion range of TPMT activities in children with ALL at

disease diagnosis as part of the UK MRC ALL97 trial.

RBCs are used as an easily accessible tissue in which

to monitor TPMT activity. An additional aim was to

investigate factors which could in¯uence the stability of

TPMT activity within the RBC. This study formed part

of a larger programme to assess the importance of TPMT

activity in the clinical management of ALL.

Methods

Patients and study design

Blood samples were forwarded from children with ALL

at disease diagnosis, prior to any blood transfusions, as

part of the MRC ALL97 therapeutic trial [10]. The UK

MRC ALL trials, and the thiopurine studies within them,

were approved by the local ethics committees of all the

participating clinical centres and full informed written

consent was obtained from the parents. Blood samples

(3 ml) were taken into lithium heparin tubes and

forwarded by ®rst class post to the Shef®eld centre for

the preparation of red cell lysates for the assay of TPMT

activity. In addition, red cell lysates prepared from

44 children who were long-term survivors of ALL,

were assayed. This subgroup who were in full remission

and no longer receiving chemotherapy, formed part of a

separate study. TPMT activities measured in both these

groups of children were compared with those measured in

a previously published control group of 111 healthy

children [16] and 104 long-term survivors of ALL [9].

TPMT stability studies

To study the stability of RBC TPMT activity in hepa-

rinized blood samples, control blood was taken from a

healthy adult volunteer. The whole blood sample was

kept at room temperature (20uC) for 7 days, with gentle

mixing for 5 min every 12 h, and aliquots removed daily

for the assay of RBC TPMT activity. This study was

repeated in patients when excess blood samples were

provided. In an attempt to study the effect of delays due to

the mailing of samples on TPMT activity 5 ml aliquots of

control blood in lithium heparin tubes were forwarded

by ®rst-class post to a second centre. On receipt the

blood samples were kept on the laboratory bench and

mailed back to the Shef®eld centre, on a daily basis, over

a period of time when the maximum daily ambient

temperature during postage was 27uC. On receipt of

the whole blood sample in Shef®eld, RBC lysates were

L. Lennard et al.

540 f 2001 Blackwell Science Ltd Br J Clin Pharmacol, 52, 539±546



prepared and stored at x80uC prior to assay for TPMT

activity.

Blood fractionation

To investigate the in¯uence of RBC age on TPMT

activity leucocyte depleted blood was age fractionated

on percoll gradients. Two groups of subjects were

studied. Firstly, a group of healthy adult volunteers and

secondly, children with ALL when excess (5 ml) blood

samples were provided for the measurement of TPMT at

disease diagnosis. This technique has been described in

detail elsewhere [17]. Brie¯y, leucocytes are removed

from whole blood (4 ml) by ®ltering through cellulose

and the eluted RBCs were washed and resuspended in

saline to a haematocrit of 40%. The leucocyte depleted

blood (500 ml per gradient) was then layered onto

discontinuous (50, 57%, 60%, 63%, 66% and 69%) Percoll

gradients and the 12 ml conical disposable test-tubes

centrifuged at 1100 g for 10 min at 20uC. After centri-

fugation the 50% layer, which contained no RBCs, was

discarded Each gradient fraction removed contained

the cells in that fraction and those lying on the interface

layer beneath. All fractions of the same Percoll concentra-

tion, from the same individual, were pooled and washed

twice in saline prior to resuspension of the packed

RBCs in 1 volume of saline. The haematocrit of the

resuspended cells was recorded prior to preparation of

RBC lysates.

TPMT assay

RBC lysates, for the assay of TPMT activity, were

prepared as previously described [16] using 200 ml of

resuspended RBCs, at an haematocrit of approximately

40%, lysed in 800 ml of ice-cold water. RBC lysates

were stored at x80uC prior to the assay of TPMT

activity, which was measured by a modi®cation of the

radiochemical assay described by Weinshilboum and

coworkers [1, 16]. The assay is based on the TPMT-

catalysed conversion of 6MP to 6-methylmercaptopurine

using nonradioactive S-adenosyl-L-methionine as the

methyl donor. Methylmercaptopurine is extracted from

the incubate and the concentration measured by reverse

phase h.p.l.c. with u.v. detection. One unit of TPMT

activity represents the formation of 1 nmol methylmer-

captopurine hx1 mlx1 of packed RBCs at 37uC. TPMT

activity as assayed in quadruplicate using 100 ml lysate

per assay [16].

Statistical analysis

Population differences were assessed by the Kruskal±

Wallis one-way analysis of variance by ranks. Statistical

comparisons were made by the Mann±Whitney test, and

for paired data by the Wilcoxon signed-ranks test.

Results

TPMT assay

Standard curves ranging from 3 ng to 30 ng

(18±180 pmol) methylmercaptopurine/100 ml spiked

lysate were taken through every analytical run. Evaluated

over 10 assays the interassay coef®cient of variation (CV)

ranged from 9 to 5%. The intra-assay CV for the healthy

adult volunteer TPMT quality control sample was 6.3%

(activity 11.9 units, n=6).

TPMT stability studies

Prior to the study of TPMT activity in patient samples

the stability of TPMT, at ambient temperature and during

shipment, was investigated. Quality control blood left at

room temperature, from which aliquots were removed

and lysates prepared daily, over 7 days gave 12.0 units

TPMT/ml RBCs (CV 7.1%, n=7). Quality control blood

posted back to the Shef®eld centre was received on a daily

basis from day 2 (48 h post blood sampling) to day 7. On

receipt no blood sample had lysed or clotted. TPMT

activity was 12.65 units (CV 5.6% n=6).

The stability of TPMT activity was then studied in

20 patients to con®rm that the enzyme stability observed

in healthy adults was re¯ected children with ALL. Blood

sample aliquots were processed within 24 h of blood

sampling and after 3 days and 6 days at room temperature.

There was no statistical difference between TPMT acti-

vities measured at 24 h and 3 days but by day 6 TPMT

activities had decreased. At 24 h TPMT activities ranged

from 5.4 to 18.4 units (median 9.3) compared with

4.6±17.6 units (median 8.2) at 6 days (median difference

1.19 units, 95% CI 0.4, 1.8, P=0.001). The stability of

TPMT was studied in an additional ®ve patients whose

whole blood sample was processed in two aliquots, one

removed 24 h after sampling and the second after 5 days

at room temperature. At 24 h TPMT activities ranged

from 7.6 to 14.8 units (median 10.2) compared with

7.3±14.2 units (median 9.0) at 5 days. In this small sample

group the difference in TPMT activities approached,

but did not reach signi®cance (P=0.06, median differ-

ence 1.0 unit, 95% CI 0.3, 1.8). After 5 days at room

temperature all the blood samples showed some red

cell lysis.

TPMT activity in ALL at disease diagnosis

TPMT activity was measured at disease diagnosis in

pretransfusion blood samples taken from 570 children
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entered onto the MRC ALL97 trial whose red cell lysates

were prepared within 3 days of blood sampling. At

diagnosis TPMT activities ranged from 1.6 to 23.6 units,

median 7.9, compared with 0.65±18.8 units, median 12.9,

in 111 healthy control children (median difference

4.5 units, 95% CI 3.9, 5.1 units, P<0.001). The TPMT

activities measured in 44 long-term survivors of ALL

ranged from 3.1 to 16.8 units (median 11.5) (Figure 1).

TPMT activities were lower in the long term survivors

when compared with the healthy control children

(median difference 1.1 units, 95% CI 0.3±1.9 units,

P<0.005). The TPMT activities in these 44 long-term

survivors was no different to the range of 5.7±16.4

recorded in a previously published group of 104 long-term

survivors of ALL [9]. A TPMT quality control sample,

aliquots of which were assayed in 60 analytical runs

over a 12 month period, gave a value of 11.98 units,

CV 11.6%.

TPMT activity in age-fractionated RBCs

Adult controls

RBC TPMT activities were studied in 10 healthy adults

(aged 22±46 years, median 23). TPMT activities in RBC

lysates prepared from whole blood ranged from 13.3

to 18.3 units/ml RBCs (median 15.9) for the 10 adults.

The 57% gradient contained insuf®cient RBCs for

assay. TPMT activities in the 60%, 63%, 66% and 69%

gradients for each of the 10 adults were analysed by

the Kruskal±Wallis test. The RBC TPMT activities in

each of the four gradients differed (P<0.001). When age

fractionated, TPMT activities in the top gradient

(60% Percoll, younger cells) ranged from 15.2 to

25.1 units/ml RBCs (median 18.3) compared with

5.2±14.5 units (median 10.7) in the bottom gradient

(69% Percoll, oldest cells). In the 10 adults young RBCs

had higher TPMT activities than old cells, Wilcoxon

median difference 8.8 units (95% CI 7.2±10.8, P=0.006)

(Figure 2).

Children with ALL

RBC TPMT activities were studied in seven children

with ALL (aged 2±11 years, median 5). Whole blood

TPMT activity measured ranged from 4.2 to 13.5 units/ml

RBCs (median 6.5). Four children had TPMT activities

less than 9.0 units, activities which would be classi®ed

as a heterozygous TPMT phenotype in healthy children.

The 57% gradient contained insuf®cient RBCs for

assay. Analysis of the TPMT activities in the 60%, 63%,

66% and 69% gradients for each of the seven children by

the Kruskal±Wallis test did not show that the activities

in each of the four gradients differed. Comparison of

the enzyme activities in the top (60%) and bottom (69%)

gradients indicated that TPMT activities were higher

in the young cells than the old cells. TPMT activities in the

60% gradient ranged from 4.2 to 14.1 units (median 7.5)

and in the 69% gradient 1.5±12.6 units (median 4.7 units),

median difference 2.3 units, 95% CI 0.7, 4.1, P=0.035

(Figure 3).

Discussion

The range of TPMT activities measured in children with

ALL at disease diagnosis were signi®cantly lower than

those measured in healthy children. Stability studies on

human RBC TPMT activity in healthy adults showed

that the enzyme was stable within the RBC for several

days. TPMT activity within the patient samples was not

as robust as the adult controls and activities started to

decrease as red cell lysis occurred. Nonetheless, patient

TPMT activity was stable for at least 3 days after blood

sampling. The enzyme activities recorded in children

at disease diagnosis were measured in blood samples

processed within 3 days of sampling and therefore, the

lower range of TPMT activities recorded in these

children was not an artefact produced by a deterioration

of enzyme activity post sampling. TPMT activities

measured in the long term survivors of lymphoblastic

leukaemia, assayed alongside the disease diagnosis samples,

showed a similar range of enzyme activities to those

previously recorded for this subgroup [9]. Therefore

the decrease in measured activities at diagnosis was not

due to a systematic decline in the TPMT phenotype assay.

Age-fractionation of adult RBCs indicated that TPMT

activities were signi®cantly higher in young RBCs when

compared to older RBCs. This pattern was also observed

in the small group of children studied. The downward

shift of the TPMT frequency distribution histogram

observed at disease diagnosis may be due in part to an

excess of older RBCs.

Circulating RBCs do not constitute an homogeneous

population. They have a life span of around 120 days and

during that time undergo a progressive ageing process.

Glutathione S-transferase shows an age-dependent decay

in human RBCs and this reduction in detoxifying ability

is thought to play a part in the RBC ageing process [18].

TPMT at disease diagnosis could be present in an

abnormally old population of RBCs, because the anaemia

of ALL is due to de®cient RBC production. At the end

of its life-span a RBC is smaller, has a higher con-

centration of solutes and is heavier than the younger RBC.

Density gradient separation of RBCs is a well validated

technique which yields cell fractions with a signi®cant

progressive shift in the average cell age with increasing

gradient density. The fractions isolated are heterogeneous

but those fractions at the top are enriched with younger
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cells whilst the older cells graduate to the bottom of the

gradient [19].

The TPMT frequency distribution and range of

enzyme activities are similar in adults and children

[9, 16], and long-term and circadian variability in healthy

human adult TPMT activities are low [20]. In addition to

the in¯uence of RBC age, a number of factors have been

reported to in¯uence TPMT phenotypic activity. The

range of enzyme activities measured in some ethnic

groups is higher than others [21±23]. Uraemia is associated

with an increased range of RBC TPMT activities [24] and

6MP chemotherapy signi®cantly increases the measured

range of TPMT activities when compared to healthy

control children. In the latter example, TPMT activities

decrease to the healthy control range at the end of 6MP

therapy [9]. The shifts of TPMT activities observed in

leukaemic children may, in part, be due to the RBC age

distribution of the study population.
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Methylmercaptopurine nucleotide concentrations (pro-

ducts of the TPMT reaction) do not differ between young

and old RBCs and this observation has been taken to

suggest that TPMT activities do not vary with RBC age

[17]. This is in direct contrast with the studies reported

in this paper and indicates the complexity of the

biochemical background behind the formation of RBC

thiopurine metabolites. RBC and liver TPMT activities

are correlated [2] and thus RBC TPMT and drug meta-

bolite concentrations may re¯ect hepatic thiopurine

metabolism. Thiopurines are highly metabolized drugs

and the liver plays a major role in the ultimate appearance

of thiopurine metabolites within the RBC [13, 15, 25].

This could explain why the accumulation pro®le of

6MP metabolites is the same in all ages of RBCs [17], the

function of the RBC may be to form nucleotides from

thiopurine metabolites originating elsewhere. In vivo a

major function of the RBC is the formation of nucleotides

from endogenous purines [17, 25].

In this study a population range for TPMT activity

was established in children with ALL at disease diagnosis.

A downward shift in TPMT activities was documented

which could, in part, be due to an excess of older erythro-

cytes in the blood samples obtained from the leukaemic

child. In childhood ALL thiopurines constitute a major

part of long-term continuing chemotherapy and it is

important to identify treatment variables that could

in¯uence the systemic exposure to active drug metabolites.

TPMT activity has been related to the outcome and/or

toxicity of therapy retrospectively [9, 11, 26]. For the

TPMT de®cient child a knowledge of complete absence

of TPMT activity can predict dose limiting severe myelo-

toxicity [13±15]. However, the results of this study

indicate that not all children who develop high TPMT

activity during chemotherapy, and consequent `resistance'

to standard thiopurine dosages, will be predicted at disease

diagnosis. With the exception of the identi®cation of

children with homozygous low TPMT activity prior to

thiopurine therapy, the optimum point in treatment for

the measurement of RBC TPMT activity in a prospective

study remains to be determined.
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