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cludes the administration of other chemotherapy and can be fataf
Background: Patients with acute lymphoblastic leukemia are (8). Acute lymphoblastic leukemia patients are often treated withS
often treated with 6-mercaptopurine, and those with homo- 6-mercaptopurine.

zygous deficiency in thiopurineS-methyltransferase (TPMT) TPMT exhibits genetic polymorphism in all large ethnic
enzyme activity have an extreme sensitivity to this drug as a groups studied to date, including Caucasians, Africans, Africang
result of the accumulation of higher cellular concentrations Americans, and Asians. Approximately one in 300 inherit two =
of thioguanine nucleotides. We studied the metabolism, dosemutant TPMT alleles and are TPMT deficient, and about 5%—-(-3;'
requirements, and tolerance of 6-mercaptopurine among pa- 10% are heterozygotes at the TPMT gene locus and have intefs
tients with different TPMT phenotypes. Methods: We com- mediate enzyme activitf9—11). The rare TPMT-deficient indi- g;_
pared, by use of statistical modeling, 6-mercaptopurine vidual probably accounts for most of the thiopurine-intolerant<3D
pharmacology and tolerance in 180 patients who achieved patients who were previously considered to have “idiosyncratic”g'
remission on St. Jude Children’s Research Hospital Protocol toxic effects. Little is known, however, about thiopurine toler- 5
Total XIl composed of weekly methotrexate (40 mg/r) and ance in TPMT heterozygotes, who constitute approximatelys
daily oral 6-mercaptopurine (75 mg/nt) given for 2.5 years, 10% of the patients who receive these medications. If thes%
interrupted every 6 weeks during the first year for treatment ~heterozygotes have intermediate intolerance to thiopurines, dug
with either high-dose methotrexate or teniposide plus cy- o their intermediate level of TPMT enzyme activity, this would 2
tarabine. Statistical tests were two-sidedResults: Erythro- ~ Provide a compeliing rationale for routinely assessing TPMTg
cyte concentrations of thioguanine nucleotides (pmol/8 x £o Phenotype or genotype in all patients before initiating thiopurine=
erythrocytes) were inversely related to TPMT enzyme activ- therapy. This s_tudy was, therefore, undertaken to charactenz%
ity (P<.01), with averages (+ standard deviations) of 417 6-me_rcaptopur|_ne metabolls_m and tolerance in acute lymphos
(+179), 963 (+752), and 3565 (+1282) in TPMT homozygousbIaSt'C _Ieukemla patients with each TPMT _phenotype and tog;\j
wild-type (n = 161), heterozygous (n = 17), and homozygous-determ'ne whether TPMT heterozygotes differ frqm patrentsg
deficient (n = 2) patients, respectively. There was complete WNO are homozygous wild-type or homozygous deficient at thes;
concordance between TPMT genotype and phenotype in aTPMTgene locus. (Throughout this article, abbreviations refer-Z

subset of 28 patients for whom TPMT genotype was deter- fing to the gene encoding TPMT enzyme are italicized.)
mined. There were no sex differences in thioguanine nucleo- PATIENTS AND M ETHODS
tide concentrations P = .24), TPMT enzyme activity P =
.22), or average weekly prescribed dose of 6-mercaptopurine Treatment Protocol
(P = '49)' The cumulative incidence of 6-mercaptopurine Children with acute lymphoblastic leukemia were treated on St. Jude Chil->
dose reductions due to toxicity was highest among patients dren’s Research Hospital Protocol Total XII after written informed consent wase,
homozygous for mutant TPMT (100%), intermediate among obtained from the parent or guardian (as appropriate). All research procedures
heterozygous patients (35%), and lowest among wild-type were approved _by our inetitutional reyiew b_oard_for _ethical sta_ndards._ Tnerap)%
patients (7%) (P<.001), with average (i standard deviation) nas been described prevrouﬂw) and.rs outlrned rn.Frg. 1. 1In pnef, remission
final weekly 6-mercaptopurine doses of 72 (+60), 449 (+160), |nd_uct|on_ther_apy consisted o_f prerinlsone, vrncrlstmasparaglnase, daunoru-

) . bicin, teniposide, and cytarabine given over a 4-week period. Patients were the
and 528 (+90) mg/n3, respectively. Lowering doses of 6-mer-
captopurine in TPMT heterozygotes and in deficient patients
allowed administration of full protocol doses of other che-  Affiliations of authors:M. V. Relling, E. Y. Krynetski, Department of Phar-
motherapy while maintaining high thioguanine nucleotide maceutical Sciences, St. Jude Children’s Research Hospital, Memphis, TN, angd
concentrations. Conclusion: We conclude that genetic poly- College of Pharmacy, University of Tennessee, Memphis; M. L. Hancock, De-n
morphism in TPMT is an important determinant of mercap- partment of Biostatistics and Epidemiology, St. Jude Children’'s Research Hosk3

t ine toxicit tient h het pital, and Department of Preventive Medicine, University of Tennessee; G. K.
opurine toxicity, éven among patients who are heteérozygous Rivera, J. T. Sandlund, R. C. Ribeiro, C.-H. Pui, Department of Hematology/
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methotrexate; 6MP= daily oral mer-
captopurine; MTX = methotrexate

B
4

} (* = high-risk CNS only)

given intravenously or intramuscularly g EHN E

every week; CNS= central nervous if ; i § E

system; IT MHA = intrathecal metho- — §§ H i s

trexate, hydrocortisone, and cytarabine 1 E 18 SN b B

CR = complete remission; and Dx g conventional \ .

diagnosis. Patients at high risk for CNS u

relapse received extra IT MHA injec- C| randomize iﬁt (A A A 2 A g

tions, where indicated by the asterisks T N " A e =1

and CNS irradiation at week 5&rror ) / $xs 8

bars on thelower part of the figure 1 N H [ 5 Q

represent the fact that doses of s 3 %3 E il

HDMTX, VM, and ARA-C varied on DX* *CR E 5 a 3

the basis of individual pharmacokinet- NI N =

ics.Black background in the 0-1-year 8

time period indicates that daily 6MP individualized N

and weekly parenteral MTX were given | | ga_

between the pulse therapies. 0 1y 2y 2.5y (_32
o
g
3
3

randomly assigned to receive “pulse” therapy with high-dose methotrexate daheluded in statistical analyses to assess pharmacologic measures versus toxicity
dose of 1.5 g/over a 24-hour period in the conventional group and individuer sex; all samples were eligible for inclusion for the assessment of thloguanan
alized to achieve a target area-under-the-concentratione (AUC) curve in  nucleotide concentrations versus compliance.

the targeted group alternating with teniposide plus cytaralsee (12)and Fig. )

1 for details] every 6 weeks, with doses based on either body surface aredtasma AUC-Versus-Time Curves

doses individualized on the basis of pharmacokinetic parameters. During other

weeks, patients received weekly methotrexate at a dose of 40%(ipirave- Plasma AUCs for methotrexate, cytarabine, and teniposide were measured
nously or intramuscularly) and daily oral 6-mercaptopurine at a dose of Pgtients for every course of pulse chemotherapy, as previously des¢tied
mg/n?, for a total of 2.5 years. Complete blood cell counts were obtamef

weekly. Chemotherapy was given every week, provided that the absolute RMT PhenOtype and Genotype

trophil count was greater than 300 cglls/and that the patient did not exhibit Erythrocyte TPMT activity was measured by use of blood collected in hep-
other complications, such as mucositis, fever, or hepatotoxicity. If toxic effects.

or neutropenia in any given week precluded administration of chemotherapy, %Imzed tubes, as previously describgd). Erythrocyte TPMT activity was
L o : measured greater than or equal to 90 days following the last erythrocyte trans—
scheduled therapy with high-dose methotrexate or teniposide plus cytarabine was 109 N
patients during their continuation therapy (1-843 days following v
delayed until the patient recovered, whereas the scheduled low-dose methotre fuevement of complete remission) and in 45 patients aft leti 1‘3
ate plus 6-mercaptopurine was omitted altogether. p palients after compietion o
continuation therapy (499-1602 days following achievement of complete remlsz3
Erythrocyte Thiopurine Metabolites sion). If a patient had TPMT measured while on therapy, the lowest value wa: 5
used to assign phenotype as follows: less than or equal to 5 U/mL of packe
Erythrocyte concentrations (pmol/8 x®l@rythrocytes) of thioguanine nucleo- erythrocytes, homozygous mutant; greater than 5 but less than 13.5 U/mL of
tides and of thioinosine monophosphate were measured by hydrolyzing eryiheked erythrocytes, heterozygotes; and greater than or equal to 13.5 U/mL QI'
rocyte lysates with acid and heat to the respective thioguanine and 6-mercapteked erythrocytes, wild-type. If the TPMT was measured only after comple-o -&
purine bases, as previously describéB3). Methylated metabolites of tion of continuation therapy, the lowest value was used to assign phenotype &8
methylthioinosine monophosphate were measured by hydrolyzing to methylf6Hows: less than or equal to 5 U/mL of packed erythrocytes, homozygousg;
mercaptopurine in a subset of patients in a separate high-pressure liquid chmatant; greater than 5 but less than 10.2 U/mL of packed erythrocytes, heterd®
matography (HPLC) assagl4). Patients were scheduled to have thiopuringygous; and greater than or equal to 10.2 U/mL of packed erythrocytes, homoS
metabolite concentrations measured in erythrocytes at weeks 7, 31, 55, 82, 29gpus wild-type. If patients did not have TPMT activity measured either during =
and 120 of continuation therapy. At each of these times, the treatment protoocohfter completion of therapy but had erythrocyte thioguanine nucleotide con->
specified that patients should have received daily 6-mercaptopurine for at lezsttrations below the 90th percentile for maximum thioguanine nucleotides fof2
the prior 5 weeks. Patients were instructed to take their 6-mercaptopurine ortlam entire group (1120 pmol/8 x 4@rythrocytes), they were considered to be £
empty stomach in the evening, and all samples were obtained at least 8 hovild-type; above that level, they were considered to have been heterozygotes. AB
after the preceding 6-mercaptopurine dose. Because of acute toxicity, nonc@&echildren who had no measures of TPMT activity were classified as wild—type,B
pliance, or other unusual reasons (e.g., misunderstanding directions, vacatis®reas all of the children classified as heterozygotes or mutant had their TPMT
etc.), some patients might not have received 6-mercaptopurine daily during tvédues measured to substantiate that classification. The average thioguanine
time period. Lack of dosing was not a reason for not obtaining a sample at thecleotides among the children assigned to the wild-type group on the basis of
scheduled time. For each sample, a research nurse reviewed with the patieni@mdhioguanine nucleotides were not different from the average thioguanine
his/her guardian the dosing history of 6-mercaptopurine for the precedingnhécleotides in patients who were classified as wild-type on the basis of measured
weeks and documented her subjective assessment of compliance, the time of[dMT activity (P = .857). Of the 182 patients who entered remission, either
that the child had taken 6-mercaptopurine in the prior dosing interval, and ttidoguanine nucleotides or TPMT activity was evaluable in 180 patients (for
reason for obtaining the erythrocyte sample (specified by the protocol or feurposes of assigning phenotype). TPMT genotype was determined in a subset
suspected toxicity or noncompliance). Ninety-seven percent of the samples wafrpatients with each phenotype by use of leukocyte DNA and polymerase chain
obtained as specified by the protocol, with 3% for toxicity or suspected noreaction-based methods specific for fReMT *2, *3A, *3B, and *3C mutant
compliance. Only samples obtained at times specified by the protocol weiléeles, as previously describétls).
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Doses of Continuation Chemotherapy contributed by an individual patient and then averaged across all patients and
expressed as a percentage.

A patient-specific treatment calendar, specifying doses of chemotherapy foGeneralized estimating equations for longitudinal correlated binary(d&)a
all 120 weeks of continuation therapy, was kept in the patient's medical recaxgre used to test for differences between heterozygotes and homozygous wild-
and updated regularly by clinical and research staff. All pulses of high-dosges with respect to the incidence of primary toxic effects, including missed
methotrexate, teniposide, and cytarabine were administered at St. Jude Qhikes of mercaptopurine, hospitalizations for fever and neutropenia, neutropenia,
dren’s Research Hospital. The exact doses and reasons for any deviations foo@pisodes of hepatotoxicity or thrombocytopenia. For each of the end points,
the planned protocol therapy for every dose of every antileukemic medicatieach week of continuation therapy was coded with a binary variable representing
were compiled into an institutional database. One of the patients with extrethe occurrence of the toxicity of interest.
intolerance to continuation chemotherapy was identified to be homozygous debifferences in doses and areas under the time—concentration curves for high-
ficient for TPMT (3). A drastic dose reduction (from 75 mg#mer day to 10 dose methotrexate, teniposide, and cytarabine among the three TPMT pheno-
mg/n? given 3 days per week) resulted in excellent tolerance and allowgégbes were modeled and compared with the method of Diggle €f16).to
administration of full doses of the remainder of continuation therapy. From thetcount for repeated measures with missing data. Each of the models included
point forward, if clinicians asked for a pharmacokinetic consultation on theeatment arm as a covariate. The same model was used to test for differencesg
TPMT status and thioguanine nucleotide concentrations of a patient experiendinigguanine nucleotide levels between the sexes, between compliant and nori
unusual toxicity to therapy, consultations on thiopurine status were providemmpliant patients, and between patients whose TPMT phenotype was assignétl
Doses of 6-mercaptopurine were decreased gradually in patients with likely the basis of thioguanine nucleotide levels and those assigned on the basis 8f
heterozygous status until reaching a dose that resulted in the desired degremezfsured TPMT activity and to test for differences in 6-mercaptopurine dosesi:.
leukopenia (<4000 cellgL but absolute neutrophil count >300 celit) and and TPMT activity between the sexes. Fisher’'s exact test was used to test for ag
allowed full doses of other antileukemic agents. Doses were decreased onlpssociation of TPMT phenotype with sex. =
those patients experiencing myelosuppression. In addition, the 6-mercaptopurinehe cumulative incidences of patients who required 6-mercaptopurine dostg
dose was increased after week 60 of continuation therapy in case of persistemdjystments to prevent toxicity were estimated for each of the three TPMT=

high leukocyte counts$40004.L and absolute neutrophil courtsl5004.L for ~ phenotypes by the method of Kalbfleisch and Prenfic® and were compared §
4 consecutive weeks). No dose changes in weekly methotrexate were dictatedity Gray’s test(18). All statistical tests were two-sided. &
the protocol. 3
RESULTS 2

Evaluation of Toxic Effects . S
Of the 188 patients enrolled on protocol Total XlI, 182 3

For each week that therapy was withheld because of toxicity, the primagchieved a complete remission; their demographic characteris
reason was documented (e.g., neutropenia, hepatotoxicity, thrombocytopetites have been described previough?). Erythrocyte concen-
etc.). Hospitalizations for fever or infection were also considered to be tO’fFations of thioguanine nucleotides, thioinosine monophosphate%
effec_t§ of therapy. If the 6-mercaptopurine dose was redut_:e_d from the proto éthylthioinosine monophosphate, and TPMT activity are2
specified dose of 525 mgfper week (75 mg/fper day), toxicity was assessed - . TR
only for the time period up until a dose reduction was required. shown in Tableil. There was supstantlal variability in erythro-£

cyte concentrations of these active 6-mercaptopurine metabds
Statistical Analysis lites, with greater variability across the entire population (inter-
patient coefficient of variation= 78.0% for thioguanine

The interpatient coefficient of variation for average values of the (S-mercaﬁ-u Ieotides) than within individual patients (average intrapatien
topurine metabolites (thioguanine nucleotides, thioinosine monophosphates,g fficient of variation= 37.9%)

n
methylthioinosine monophosphate) as well as TPMT activity was computed ag . .
the ratio of the standard deviation (SD) to the mean from all contributed mea- TPMT phenotype was ?S§|gned for 180 of 182 pa'ltl'ent_s Who;
surements and expressed as a percentage. The average intrapatient coeffici@&lieved a complete remission based on TPMT activity in 154é
variation was computed as the ratio of the SD to the mean for all measuremgd@tients and on erythrocyte thioguanine nucleotides in 26 addi
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Table 1. Thiopurine pharmacologic variables among 180 patients with acute lymphoblastic leukemia 5’

@

=}

Average No., for °

Interpatient intrapatient intrapatient o

No. of No. of Standard coefficient of coefficient of coefficient i

measures  patients Mean deviation variation, % variation, % of variation g'

Average thioguanine nucleotides*,t 673 176 477 372 78.0 37.9 151 g

Maximum thioguanine nucleotidest, 180 180 705 509 N/A N/A N/A §

Average thioinosine monophosphate*,t 673 176 91 84 92.2 79.2 137 3

Maximum thioinosine monophosphatet,t 180 180 143 98 N/A N/A N/A z

«Q

Average methylthioinosine monophosphate*,t 118 76 16 249 12 820 78.9 46.7 34 G

Maximum methylthioinosine monophosphatet,t 86 88 17 253 12598 N/A N/A NA N

N

Thiopurine Smethyltransferase activity§ N
On therapy 160 109 21.0 5.9 28.3 11.9 51
Off therapy 107 88 16.9 6.1 36.2 17.8 19

*For those variables for which more than one measurement was taken per patient, the median and range of all possible values are indicated. @hesaverage v
is the average of all measures made following a dose of 65-85 #rigfmt least 12 of the prior 14 days, except for the two deficient patients, for whom the first
measures are included for each (one at 75 mgler day for 7 days and one at 50 mg/per day for 3 days per week). For interpatient coefficient of variation,
the number of patients is identical to that in column 3.

tpmol/8 x 1§ erythrocytes.

$The maximum of all measures, regardless of dose.

8Units per milliliters of packed erythrocytes; on-therapy values were measured during the 120 weeks of continuation therapy, and off-therapsrevalue
measured at least 2 months after stopping continuation therapy =Nffot applicable.
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tional patients who did not have TPMT activity measured. Gfiso a positive relationship between thioinosine monophosphate
these 180 patients, two patients were TPMT homozygousad TPMT P<.01).
deficient phenotypes, 17 were heterozygous phenotype, and 16Fig. 5 shows the frequency of administration of 6-mercapto-
were homozygous wild-type phenotype. Two patients did nptirine or the reasons for withholding 6-mercaptopurine during
have TPMT phenotype assigned because they had neither TP&4€ry eligible week of continuation therapy for each patient in
activity nor erythrocyte thioguanine nucleotides measurethe three TPMT phenotype groups. TPMT-deficient patients tol-
TPMT genotype was determined in 28 patients representativeeoéited full-dose 6-mercaptopurine only 7% of weeks, heterozy-
each phenotype and was in complete concordance with assiggetés 65% of weeks, and homozygous wild-type 84% of weeks
phenotype: 18 homozygous wild-type (aIPMT*1/*1), eight over the 2.5 years of therapy. Likewise, the percentage of weeks
heterozygous (allPMT*1/*3A), and both homozygous-mutantduring which 6-mercaptopurine dose was decreased to prevent
individuals (one*2/*2 and one*3A/*2). toxicity was 2%, 16%, and 76% among wild-type, heterozygous,
Fig. 2 is a frequency histogram showing the average (withand homozygous-mutant phenotypes, respectively. Heterozyg
a patient) of all thioguanine nucleotide concentrations measuigates were significantly more likely to miss weeks of 6-mercap-3
immediately after a period during which patients received @ipurine than homozygous wild-type patients for any reasorg
least 65 mg/rper day for 12 of the preceding 14 days. ErythéP = .003) or specifically because of neutroperfa£ .007), §
rocyte concentrations of thioguanine nucleotides were highathough they were not more likely to be hospitalized for fever s
and those of methylthioinosine monophosphate were lower infection P = .128) (Table 2). Furthermore, the percentageg
among TPMT homozygous-deficient patients, while metabolit# patients for whom the maximum sustainable 6-mercaptopu=
concentrations were intermediate among heterozygotes (Fig.rB)e dose was less than, equal to, or greater than the protocél
There was a statistically significar®€.01) inverse relationship starting dose of 525 mg/per week was 4%, 83%, and 13% for §
between concentration of thioguanine nucleotides (Fig. 4) am@MT wild-type; 19%, 75%, and 6% for heterozygous; and &
TPMT, with an average (SD) concentration (pmol/8 £ &fyth- 100%, 0%, and 0% for homozygous-mutant TPMT patients,_g-
rocytes) of 417 (179), 963 (752), and 3565 (1282) in TPMilespectively. Fig. 6 shows the cumulative incidence of a 6-mer<
homozygous wild-type (n= 161), heterozygous (& 17), and captopurine dose decrease due to toxicity for patients with eac
homozygous-deficient (&= 2) patients, respectively. There waof the three TPMT phenotypes; all (100%) homozygous-

Fig. 2. Frequency histogram of erythrocyte thioguaning
nucleotides (TGNSs), indicating the average (within a pat
tient) of all measures in 180 patients, obtained immediately
after a period during which patients received 65-85 nfg/m
per day of 6-mercaptopurine for at least 12 of the precedirjg
14 days. The only exceptions are the two homozygous-
deficient patients, who did not tolerate 75 md/per day of
6-mercaptopurine for a full 2 weeks and thus had TGNp
measured after only 7 days of 6-mercaptopurine at 75 or 30
mg/n¥ per day for 3 days per week, respectively. RBC
red blood cell.

Number

RBC TGNs (pmol/8 x 108 RBCs)

1
J

5000 700

Fig. 3. Mean (standard deviation) erythrocyte (RBC [red
blood cell]) concentrations of thioguanine nucleotide
(TGNSs), thioinosine monophosphate (TIMP), and methyl 4000

Il homozygous wt

| - 600
heterozygote

Zz0og ysnbny /| uo Jesn aopsnr o Juswpedad ‘S N A 1.299092/1002/€2/L6/2101uE/0uUlwozd

thioinosine monophosphate (MeTIMP) (divided by 10to i~ @ (7] homozygous mutant 500
on the y-axis scale) among homozygous wild-type (wt), g 3
heterozygous, and homozygous-deficient patients who had 2 3000 400 ‘%
received 6-mercaptopurine (6MP) at 65-85 mg/per i gm
week for at least 12 of the preceding 14 days; the measures 2 5000 300 e
in the two deficient patients were taken after only 7 days df g ~
6MP at 75 or 50 mg/hper day for 3 days per week, o - 200
respectively. The weekly dose of 6MP is that given at the 1000

end of therapy, after dose adjustments to prevent toxicify - 100
had been made (refer to rigitaxis to read the doses). Note

14
o

that TIMP and MeTIMP concentrations were not detectabl

0
in the two homozygous-deficient patients. TGN TIMP MeTIMP Final Weekly 6MP

(+10) Dose (mg/m?)
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Fig. 4. Maximum red blood cell (RBC) thioguanine nucleotides
(TGNs) versus minimum RBC thiopurir@methyltransferase
(TPMT) activity in units per milliliter of packed RBCs
(PRBCs). Accounting for all data and multiple observationg,
the relationship is statistically significarfe€.01; seethe “Re-
sults” section). Best fit line was estimated by use of the dig
tance-weighted, least-squares procedure as implemented in $ta-

tistica (StatSoft Inc., Tulsa, OK).

deficient, 35% of heterozygous, and 7% of homozygous wildwucleotide measurements at times when children were deem
type patients eventually required a 6-mercaptopurine dose dempliant (mean + SD of 278 + 185 pmol/8 x®lérythrocytes
crease P<.001), with an average (SD) of final weeklyversus 482 + 329 pmol/8 x ¥@rythrocytesP = .025). Thio-

1
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3500 -
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-5 0
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35

:sdiy wouy papeojumoq

iwepes)

6-mercaptopurine doses of 72 (60), 449 (160), and 528 (9)anine nucleotides were undetectable in only three children &
mg/n¥, respectively. More important, although patients with imes when they had been prescribed full-dose 6-mercaptopurine
genetic defect in TPMT required reduced doses of 6-mercapfor the preceding 2 weeks, one of whom was deemed noncoms
purine, their doses of low-dose methotrexate, high-dose metiptiant by subjective assessment. Compliance was strongly reins:
trexate, teniposide, and cytarabine were not lower than thdeeced with these children and parents following documentatior}%
of undetectable thioguanine nucleotides; for both children whoz
Each time blood was obtained for measurement of thiopurisabsequently had repeat measurements, thioguanine nucleotiogs
metabolites, a research nurse subjectively assessed whethemtre readily detectable on follow-up. All three of these children=

without a defect (data not shown).

patient was compliant or noncompliant with 6-mercaptopurimemain in continuous complete remission.

therapy. Eight patients were deemed noncompliant on 13 occaNeither thioguanine nucleotide® (= .24) nor prescribed
sions; thioguanine nucleotides were lower during these episo@esiercaptopurine dos® (= .49; not shown) differed between
of presumed noncompliance compared with the 638 thioguanineys and girls. The average (SD) TPMT value did not differ

wild type

14449 wks in 161 pts

B neutropenia
B fever
B infection

heterozygote

84%
1791 wks in 17 pts

No 6MP due to:

[0 noncompliance/miscommunication
[E thrombocytopenia

[ liver dysfunction

other toxicity

deficient
7%

9%

218 wks in 2 pts

6MP given:

[J reduced doses
B full dose

76%

220z 1snbny /| uo uesn sonsnr Jo Juswedaq 'S N Ad 1.299092/1L002/€2

Fig. 5. Descriptors for all weeks of continuation therapy, during which 6-mercaptopurine (6MP) should have been given (through week 120 or time of censoring
if applicable) among the 161 patients (pts) who were homozygous wild-type, the 17 who were heterozygous, or the two who were homozygous deficient for

thiopurine S methyltransferase.
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Table 2.Rates* of primary toxic effects according to thiopuriSenethyltransferase phenotype

Homozygous wild-type Heterozygous Homozygous mutant
(n = 161) (n = 17) (n=2) Pt

No. of weekst 14 849 1521 35
Hepatotoxicity 0.50 0.07 0.00 .035
Thrombocytopenia 1.28 2.63 20.00 137
Weeks of missed MP due to neutropenia 8.24 14.88 25.7 .007
Weeks of missed MP 17.68 23.60 51.43 .003
Hospitalization (fever and neutropenia or infection) 4.67 3.56 11.40 .128

*Units = number of toxic events or missed therapy per 100 weeks at risk, up until the time that the 6-mercaptopurine (MP) dose was altered to prevent toxicity.

tCompares heterozygotes to homozygous wild-type by use of generalized estimation equations for longitudinal binary data.

FNumber of weeks in which MP was expected to be delivered up until the MP dose was altered to prevent toxicity. This excludes weeks when no ng was
scheduled to be given.
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statistically = .22) in boys (17.1 + 5.5 U/mL of packedcould tolerate 6-mercaptopurine doses comparable to homozy=
erythrocytes) versus girls (18.2 + 5.2 U/mL of packed erythrgous wild-type patients or whether they were at a higher risk ofs
cytes), nor was there a statistically significant difference in tlaose-limiting 6-mercaptopurine toxicity. This study has estab-c
proportion of boys versus girls who were TPMT heterozygous bshed that this genetically defined subset of the population ac<”
homozygous deficient (14 [14%)] of 98 boys versus five [6.1%Jumulates statistically significantly higher cellular levels of theg

of 82 girls) P = .091). active thioguanine nucleotide metabolites and experience§
greater toxicity when treated with conventional doses of 6- mer-?u
DiscussioN captopurine. This finding indicates that the genetic polymor-

phism of TPMT has a substantially greater influence on toler-< <

6-Mercaptopurine is one of the most widely used medicatioasice to acute lymphoblastic leukemia chemotherapy than Would
for the treatment of childhood acute lymphoblastic leukemia. Ite the case if only the relatively rare TPMT-deficient patlents"’
has been previously shown that patients who inherit TPMT deere intolerant to full-dose 6-mercaptopurine.
ficiency develop sever€3,5-7)and potentially fata(8) hema- This study has shown that, at conventional 6- mercaptopurlng
topoietic toxicity when treated with conventional doses afoses of 75 mg/fmper day, TPMT heterozygotes accumulate 3
6-mercaptopurine (i.e., 50-75 mginper day). However, approximately twofold more thioguanine nucleotides in thelrn>
TPMT-deficient patients can be safely treated with 6-mercapterythrocytes when compared with homozygous wild-type pa‘e <
purine if they are given substantially lower doses (i.e., 6%—108ents. This difference in thioguanine nucleotide accumulatlon,\,
of conventional doseq}3,5,6). The mechanism of 6-mercapto-translated into a fivefold greater cumulative incidence of 6-mer- B
purine intolerance in TPMT-deficient patients is the absence adptopurine dose-limiting toxicity in TPMT heterozygotes com-
the principal metabolic inactivation pathway for thiopurines ipared with TPMT wild-type patients (Fig. 6; 35% versus 7%
hematopoietic tissue, TPMT-catalyz&imnethylation of 6-mer- cumulative incidence). Consistent with this finding, TPMT wild-
captopurine and its thioguanine nucleotide metabol{te®). type patients tolerated 75 mgfrper day of 6-mercaptopurine
TPMT activity is inherited as an autosomal co-dominant traitturing 84% of scheduled therapy compared with 65% in het-
About one in 300 Caucasian, African, African-American, androzygous patients and only 7% in TPMT-deficient patients
Asian populations are TPMT deficierfp—11,20,21),and ap- (Fig. 5). These data indicate that no TPMT-deficient patient will
proximately 10% of these populations inherit intermediat®lerate full-dose 6-mercaptopurine and that TPMT heterozy-
TPMT activity due to heterozygosity at the TPMT locus. It wagotes will require 6-mercaptopurine dose reductions signifi-
not previously known whether TPMT heterozygous individualsantly more often than TPMT-homozygous wild-type patients.
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While it is true that clinicians were encouraged to decrease thieenotype in a Caucasian populatig®), and one can antici-
6-mercaptopurine dose alone (rather than the methotrexptge that the molecular diagnosis of TPMT deficiency and het-
doses) in patients who had experienced toxicity, blood ce&ltozygosity will continue to improve as additional mutations are
counts ultimately determined how much 6-mercaptopurine padiscovered and incorporated into automated high throughput
tients were able to tolerate. Thus, the polymorphic nature of theethods (e.g., DNA arrays).
humanTPMT gene identifies about 10% of patients who are at Noncompliance, as assessed by undetectable erythrocyte
higher risk of acute 6-mercaptopurine toxicity because of d@hioguanine nucleotide concentrations, was rare (three of 180
inherited deficiency in 6-mercaptopurine metabolism. patients) and comparable to rates reported in the (BE). Only
It is interesting that the average dose eventually tolerated bye of these three cases was suspected clinically, illustrating the
TPMT heterozygotes was only 15% lower than the protocol dogglity of pharmacologic measures in documenting noncompli-
tolerated by the patients with the wild-type TPMT phenotyp@nce.
despite accumulating twice as high a concentration of thiogua- Defining cut points to divide patients into phenotypes accord-5
nine nucleotides in their red blood cells. The ability of patieniag to their TPMT activity is challenging because of the i increases
with TPMT defects (homozygous deficient or heterozygous) to activity of TPMT that occurs while patients are receiving g
tolerate higher thioguanine nucleotide levels than those withemotherapy4,36,37).We acknowledge that our sample size %
wild-type TPMT (3,7,22) may be related to the substantiallywas too small to apply statistical methods to accurately identifyc
lower methylthioinosine monophosphate levels in these patierds, antimode dividing heterozygotes from wild-type for TPMT, =
since methylthioinosine monophosphate can be cytotoxic \aa we have done previously in healthy volunte@rk). By the
inhibition of de novopurine synthesi$23). Consistent with this use of cut points previously validated in large family studi@s
notion, very few patients with the wild-type TPMT phenotyp@nd against genotyp@5) for those who had already completed
could tolerate 6-mercaptopurine doses above 75 rhganday therapy and by the use of cut points that identified the intermeS
(in our setting of relatively intense methotrexate dosing at 4llate 10% of the group as presumed heterozygotes for thosg
mg/nt per week parenterally), possibly because of high methyhReasures taken while patients were receiving therapy, phene
thioinosine monophosphate concentrations. Moreover, dose #9e was consistent with genotype and our cut points are S|m|la8
calation can cause neutropenia, necessitating withholding tefthose reported by othe(84).
therapy until blood cell counts recover, which may compromise Whether boys differ from girls in amount of 6-mercaptopu-
acute lymphoblastic leukemia outcoi#t). In addition to being rine prescribed, TPMT activity, or thioguanine nucleotide con-
at higher risk of acute hematopoietic toxic effects, as describegntrations has differed in different studi@8—40),with lower
herein, patients with TPMT defects may also be at higher risk fdpsing in boys postulated to contribute to their worse acut
irradiation-associated brain tumof®5) and etoposide-induced lymphoblastic leukemia outcome. However, we did not observ
myeloid leukemig26). Together, these data suggest that there@ly differences in thioguanine nucleotides, TPN#IL), or in
a subset of patients with TPMT defects who requires reductiofgnercaptopurine dosing between boys and girls.
in 6-mercaptopurine dose to avoid acute and long-term toxic It is important to recognize that, when full doses of 6-mer- g
effects, whereas increased doses in those wild-type for TPMa@ptopurine are prescribed to patients with undiagnosed TPME
should be undertaken cautiously so as to avoid inducing excésficiency or heterozygosity, this can compromise the ability tOU
sive neutropenia. deliver all forms of acute lymphoblastic leukemia chemotherapyc
Although there are data suggesting that intravenous 6-mand thereby jeopardize the chance for cure. However, with thé”
captopurine is associated with acute hepatotoxi¢®y), we appropriate dose adjustment of 6-mercaptopurine (or thloguam
found no evidence that hepatotoxicity was more frequent itine or azathioprine), TPMT-deficient and heterozygous patient$
those with TPMT defects. In fact, hepatotoxicity tended to bean be successfully treated with all components of acute lymz
more frequent among those with higher TPMT activity (Tablghoblastic leukemia therapy including thiopuring®. This
2). Because hepatotoxicity followed administration of 6-meti$tudy establishes that this inherited trait is a significant deter—
ylmercaptopurine ribosidé28-30),it is possible that methylated minant of tolerance to acute lymphoblastic leukemia chemoZ£
metabolites contribute to hepatotoxicity. therapy that contains 6-mercaptopurine (or other thlopurlnes)m
There are two strategies for prospectively identifying TPMTBecause this common genetic polymorphism places approxw
deficient and heterozygous patients: either measure TPMT &gately 10% of the patients at risk for excessive toxicity, we g
tivity in erythrocytes(31,32)or determine TPMT genotype us-suggest that TPMT phenotype should be established in patients
ing genomic DNA(15,33).Measurement of erythrocyte TPMTto optimize their thiopurine therapy.
activity is accomplished by either radiochemi¢al) or HPLC
(32) assays by use of a small volume of peripheral blood, bBReFERENCES
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