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show a significant correlation between disease-free survival,
overall survival and early relapse [3]. WI'1T mRNA expression
occurs not only in AML but also in the PB and bone marrow
(BM) of patients with MDS [4-9].

Tamaki et al. [4] examined the level of WT1 mRNA
expression in PB and BM from 57 patients with MDS
grouped by the French-American-British (FAB) classifica-
tion, and 12 patients experienced AML-MDS progression.
The results revealed that WT1 mRNA expression in both
PB and BM progressively increased with disease stage
progression, from refractory anemia (RA), refractory anemia
with excess of blasts (RAEB), refractory anemia with excess
of blasts in transformation (RAEB-t), and to AML, suggesting
the possibility that the WT1 mRNA expression level reflects
the disease stage progression of MDS. Particularly, the
patient group who developed leukemia from RAEB or RAEB-t
within 6 months showed significantly higher WT1 mRNA
expression in PB compared with the group who did not [4].

In accordance with that study, Cilloni et al. [6] measured
WT1mRNA expression levels in PB and BM from 131 patients
with MDS, and found that: (1) WT1 mRNA expression in
PB and BM was confirmed in 78% and 65% of patients with
RA, respectively; (2) WT1 mRNA expression in PB and
BM was confirmed in all patients with RAEB and secondary
AML; (3) the level of WT1 mRNA expression increased with
disease stage progression; and (4) the WT1 mRNA expression
level was well correlated with the International Prognostic
Scoring System (IPSS) scores established by Greenberg
et al. [10].

In addition to the IPSS, the World Health Organization
(WHO) Classification-Based Prognostic Scoring System
(WPSS) has been proposed as a prognostic scoring system
for MDS [11]. The WPSS consists of three characteristics:
WHO subtype classification, considered to be important as a
prognostic factor; IPSS-based karyotype abnormalities; and
transfusion dependency.

Both the IPSS and WPSS require a chromosomal test as
a primary parameter. However, because there are cases in
which chromosomal abnormalities cannot be determined
[12-14], it is necessary to establish molecular- and genetic-
based methods to diagnose and determine the prognosis
of MDS. The relatively rapid quantitation of WT1 mRNA is
considered to be a useful test to determine the prognosis of
MDS and has potential for clinical application, to become
a novel marker to complement the current IPSS and WPSS
criteria. We performed a clinical study in patients with MDS
to demonstrate the usefulness of measuring the WT1 mRNA
expression level in PB and BM in the diagnosis and treatment
of MDS.

Patients and methods

This study was conducted in accordance with the Declara-
tion of Helsinki, and preliminary approval was obtained
from the Institutional Review Board or equivalent organi-
zation of each participating institution. Explanations of the
study protocol were provided to all patients, and written
informed consent was obtained from them before study
enrollment.

Patients

From December 2008 to September 2009, 175 patients
with MDS, suspected MDS and AML-MDS examined at
17 Japanese medical institutions were enrolled in the study.
The subjects were 20 years of age or older and entered in
the study regardless of gender, inpatient/outpatient status,
or presence or absence of treatment. The 175 patients com-
prised 106 men (age range 27-88 years, average 65.5 years)
and 69 women (age range 22-85 years, average 64.5 years).
PB and BM samples from each patient were collected on the
same day and used for WT'1 mRNA measurement. Three of
the 175 enrolled patients were excluded because BM could
not be collected due to a dry tap or because the subtype
could notbe diagnosed. A total of 172 patients were therefore
included in the final analysis set.

Diagnosis

Diagnosis of MDS was carried out using a central review
format based on the FAB classification [15], the 2001 WHO
classification [16] and the 2008 WHO classification [17].
Central review of the bone marrow smear-stained specimens,
blood smear-stained specimens, iron-stained specimens,
and clot hematoxylin and eosin-stained specimens was
carried out by two individuals, one each in the Depart-
ment of Hemato-Oncology, Saitama International Medical
Center, Saitama Medical University, and the Department of
Laboratory Medicine, Kawasaki Medical School.

WT1 mRNA measurement method

mRNA was extracted from PB leukocytes and BM nucleated
cells at SRL, Inc., Tokyo, Japan using the RNeasy Mini-Kit
(Qiagen, Valencia, CA), and the amount containing
WT1 mRNA was measured at the Research Laboratory,
Diagnostic Division, Otsuka Pharmaceutical Co., Ltd,,
Tokushima, Japan using a WT1 mRNA Assay Kit (Otsuka
Pharmaceutical Co., Ltd., Tokyo, Japan). cDNA was synthe-
sized from 1 ug of extracted RNA in a reverse-transcription
reaction using random hexamer primers. The amounts of
WT1 and GAPDH (glyceraldehyde 3-phosphate dehydroge-
nase) mRNA were quantitated using real-time polymerase
chain reaction (PCR) with a COBAS TagMan48 analyzer
(Roche Diagnostics, Pleasanton, CA), and the respective
amounts of WT1 and GAPDH RNA in the sample were
calculated by simultaneous reaction with standards of
known concentrations.

Method for calculating WT1 mRNA expression

mRNA of the universally expressed housekeeping gene
GAPDH was used for correction of variations in the efficien-
cies of RNA extraction and reverse transcription. As shown in
the following formula, the level of WT1 mRNA expression was
calculated by dividing the measured amount of WT1 mRNA
by the measured amount of GAPDH mRNA and multiplying
that value by the average number of copies of GAPDH mRNA
found in 1 ug of RNA from PB leukocytes of healthy adults
(GAPDH mRNA expression). The average GAPDH mRNA
expression in PB leukocytes of healthy adults was reported
to be 2.7 X 107 copies/j.g RNA based on independent tests in
healthy adults [3].
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WT1 mRNA expression (copies/ug RNA) = (measured
WT1 mRNA [copies/mL]/measured GAPDH mRNA [copies/
mL]) X 2.7 X 107 (copies/jig RNA)

PB cut-off value

The lower limit of the WT1 mRNA measurement range in the
WT1 assay kit is 2500 copies/mL, or 50 copies/jig RNA when
converted to copies per microgram of RNA. In this study, a
value of 50 copies/ug RNA was set as the cut-off value for
WT1 mRNA expression, and a value of 50 or more copies/|\g
RNA was judged as positive according to the instruction
manual of the WT1 mRNA assay kit.

Statistical analysis

The mean = SD for the log-transformed values of WT1 mRNA
expression (copies/ug RNA) was calculated, and then con-
verted back to base 10 and used as the geometric mean. All
data below the detection limit were shown as 49 copies/ug
RNA. For intergroup comparison of WT1 mRNA expression,
a Tukey-Kramer honestly significant difference (HSD) test
was performed at the level of significance of p<<0.05 using
log-transformed values of WT1 mRNA expression (copies/ug
RNA). For comparison of WT1 mRNA expression between
the aplastic anemia (AA) and RA groups, a Wilcoxon rank-
sum test and Steel test were performed at the level of sig-
nificance of p<0.05 using log-transformed values of WT1
mRNA expression (copies/uig RNA). The Pearson correlation
coefficient was used for analysis of each correlation.

Results

As a result of the central review conducted on all
172 patients, 115 were classified as patients with MDS in

WT1 mRNA in myelodysplastic syndromes 3

the FAB classification, excluding chronic myelomonocytic
leukemia (CMML). Similarly, 98 patients in the 2001 WHO
classification and 97 in the 2008 WHO classification were
classified as patients with MDS (Figure 1).

Analytical results based on FAB classification

WT1 mRNA expression in PB and BM

The 172 patients eligible for analysis were categorized by dis-
ease type, and their WT'1 mRNA expression levels in PB and
BM are shown in Table I. The mean WT1 mRNA expression
level in the 115 patients with MDS (excluding CMML) was
360 copies/|lg RNA in PB and 2240 copies/ug RNA in BM,
and these values were the second highest after the values
obtained in patients with AML-MDS (PB: 12 600 copies/jLg
RNA; BM: 33 100 copies/jlg RNA). On the other hand, the
WT1 mRNA expression level was less than 50 copies/ug
RNA in PB and 90-630 copies/ug RNA in BM in patients with
AA, idiopathic cytopenia of unknown significance (ICUS),
idiopathic thrombocytopenic purpura (ITP), paroxysmal
nocturnal hemoglobinuria (PNH), pure red-cell aplasia
(PRCA) and erythroid hypoplasia, which were all lower
compared with the level in MDS.

The relationship between WT1 mRNA expression in PB
and BM was evaluated in all patients. The regression line
formula y=0.7329x+ 1.4407 was obtained, indicating a
strong correlation (r = 0.85) (Figure 2).

WT1 mRNA expression in PB and BM for each MDS

disease stage

When the WT1 mRNA expression levels in PB and BM
were compared for each MDS subtype based on the FAB
classification [Figure 3(a)], the level in both increased
proportionally with each MDS classification as the disease

I WHO WHO 2008
FAB classification 2001 classification classification
1.RA (69) (32) 1.RA (32) — (22) — 1.RCUD (25)
K @7) -4 2RARS (2)  --\-- {1 2.RARS (2)
2.RARS (9) =:Z] = 3.RCMD (30)
S ]
@ \e~@ | 4.RCMD-RS (7)\
3.RAEB (24) \sr:I ''''' ¢ (9) P 5.RAEB-1(9) <~ (8)° ==p» 4 RAEB-1(9)
N (13) ] SO/
\ (3)9)
N % 6.RAEB-2 (16) - < —%-(16)> 5.RAEB-2 (16)
AY N ‘\
2) (ORN
< \\\'
7.MDS-U (3) X 6.MDS-U (13)
3) N 8.MDS 50-2) @) 7.MDS 5¢- (2)
N
\'\ 9.Unclassified (5) 8.Unclassified (6)
4.RAEB-T(13) (10) AML (23) - — e - AML (23)
AML(11)

Figure 1. FAB and WHO classification of myelodysplastic syndromes in this study. FAB classification-based MDS subtypes (four subtypes: RA, RARS,
RAEB and RAEB-t), 2001 WHO-based MDS subtypes (eight subtypes: RA, RARS, RCMD, RCMD-RS, RAEB-1, RAEB-2, MDS-U and MDS 5q—), 2008
WHO-based MDS subtypes (seven subtypes: RCUD, RARS, RCMD, RAEB-1, RAEB-2, MDS-U and MDS 5q—). Numbers in parentheses represent

numbers of patients.
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Table I. WT1 mRNA expression levels in PB and BM from patients with different MDS subtypes and AML-MDS

according to FAB classification.

WT1 mRNA expression level

Peripheral blood Bone marrow

Log Geometric mean Log Geometric mean
Disease No. of patients ~ (mean = SD)  (copies/ug RNA)  (mean = SD)  (copies/ug RNA)
MDS 115 2.56 *+1.05 360 3.35+0.87 2240
AML-MDS 11 4.10£0.96 12 600 4.52%0.77 33100
AML-MDS (CR) 2 1.89£0.20 80 2.98£0.39 1000
CMML 3 2.17+0.54 150 3.04 £ 0.54 1100
CLL 1 1.92 80 3.33 2140
Atypical CML 1 — <50 1.95 90
AA 8 — <50 2.64+0.37 440
ICUs 3 — <50 2.16 £0.36 140
ITP 1 — <50 2.13 130
PNH 1 e <50 2.8 630
PRCA 2 — <50 2.17£0.12 150
Erythroid hypoplasia 1 — <50 1.94 90
Unclassified 23 2.14*+0.56 140 2.96 £0.61 910
Total 172 2.50+1.05 320 3.27+0.90 1860

PB, peripheral blood; BM, bone marrow; MDS, myelodysplastic syndromes; AML-MDS, acute myeloid leukemia-evolved MDS;
FAB, French-American-British; CR, complete remission; CMML, chronic myelomonocytic leukemia; CLL, chronic lymphocytic
leukemia; CML, chronic myeloid leukemia; AA, aplastic anemia; ICUS, idiopathic cytopenia of unknown significance; ITP, idiopathic
thrombocytopenic purpura; PNH, paroxysmal nocturnal hemoglobinuria; PRCA, pure red-cell aplasia.

stage progressed. Significant differences in both PB and
BM expression were seen between RA and RAEB, RA and
RAEB-t, refractory anemia with ringed sideroblasts (RARS)
and RAEB, and RARS and RAEB-t (p < 0.05).

WT1 mRNA expression in PB and BM for each

IPSS risk group

WT1 mRNA expression levels in PB and BM for each IPSS risk
group were compared in the 115 patients with MDS. A ten-
dency for WT1 mRNA expression to increase in both PB and
BM was observed in each IPSS risk group as the risk of trans-
formation to AML increased from low to high. Significant dif-
ferences (p < 0.05) in WT'1 mRNA expression were observed
inrisk groups between low and intermediate-2, low and high,
intermediate-1 and intermediate-2, and intermediate-1 and
high in PB samples; and between low and intermediate-1,
low and intermediate-2, low and high, intermediate-1

Log BM WT1 mRNA (copies/ug RNA)

B -
0 o
54 o
%02
4_
o
o&og n=172
3 0 y=0.7329x +
1.4407
. r=0.85
2 :
00 0
1_
0 : T T T T 3
0 1 2 3 4 5 6

Log PB WT1 mRNA (copies/ug RNA)

Figure 2. Correlation of WT1 mRNA expression in PB and WT1 mRNA
expression in BM.
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and intermediate-2, and intermediate-1 and higher in BM
samples [Figure 3(b)]. The correlation between IPSS score
and WT1 mRNA expression was evaluated, and a correlation
of r = 0.57 was found for both PB and BM samples.

Next, the WT1 mRNA expression levels in PB and BM
between IPSS risk groups were compared in the 69 patients
with RA [Figure 3(c)]. As the risk increased from low to inter-
mediate-2, the level of WT1 mRNA expression in both PB
and BM increased. Moreover, when the distribution of WT1
mRNA expression between each risk group was evaluated,
a significant difference (p <0.05) was found in PB between
low and intermediate-2; in BM, significant differences
were found between low and intermediate-1, and low and
intermediate-2.

Correlation between IPSS karyotype and WT1

mRNA expression

A total of 114 patients with MDS were categorized into the
three prognostic groups of good, intermediate and poor in
accordance with their IPSS karyotype, and the levels of WT1
mRNA expression in their PB and BM samples were com-
pared. One patient with MDS was excluded from this analysis
because chromosome testing was not performed. The WT1
mRNA expression level increased in both PB and BM sam-
ples as the karyotype indicated a poorer prognosis. Among
karyotypes, significant differences (p < 0.05) in WT'1 mRNA
expression were found between the good and intermediate
and between the good and poor groups [Figure 3(d)].

Correlation between WT1 mRNA expression

and percentage of blasts in BM

The correlation between blast ratio and WT1 mRNA expres-
sion in PB and BM was investigated in 114 patients with MDS
(excluding one patient in whom the blast ratio could not be
measured). The correlation between blast ratio and PB WT1
mRNA expression was r= 0.51, and the correlation between
blast ratio and BM WT1 mRNA expression was r = 0.48.
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Figure 3. WT1 mRNA expression levels in PB and BM from patients with MDS (&) according to FAB classification, (b) according to IPSS category, (c) patients with RA according
to IPSS category, (d) according to chromosomal karyotype, (e) according to WHO 2001 classification, (f) according to WHO 2008 classification, (g) according to WPSS category.
In intergroup comparison of WT1 mRNA expression, the Tukey-Kramer HSD test was performed using log-transformed values of WT'1 mRNA expression with a level of
significance of p < 0.05. Bold lines represent mean WT1 mRNA expression after log transformation. Fine lines represent lower limit of detection of WT1 mRNA (50 copies/ug
RNA).
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Analytical results based on 2001 WHO classification

WT1 mRNA expression in PB and BM for each MDS disease
stage based on 2001 WHO classification

Figure 3(e) shows the assay results for WT1 mRNA expres-
sion in PB and BM in 98 patients in various MDS disease
stages categorized on the basis of the 2001 WHO classifi-
cation. The WT1 mRNA expression levels in both PB and
BM tended to increase with the progression to each MDS
subtype. When the levels of WT1 mRNA expression in each
disease stage were investigated, significant differences
(p<0.05) were found in PB between RA and refractory
cytopenia with multilineage dysplasia (RCMD), RA and
RAEB-1, RA and RAEB-2, RARS and RAEB-2, RCMD and
RAEB-2, RCMD with ringed sideroblasts (RCMD-RS)
and RAEB-2, RAEB-2 and unclassified MDS (MDS-U), and
RAEB-2 and 59— syndrome; in BM, significant differences
were found between RA and RAEB-2, RCMD and RAEB-2,
and RCMD-RS and RAEB-2.

Correlation between WT1 mRNA expression and percentage
of blasts in BM based on 2001 WHO Classification

The correlation between the blast ratio and WT1 mRNA
expression in PB and BM was investigated in 97 patients with
MDS (excluding one patient in whom the blast ratio could
not be measured). The correlations between the blast ratio
and WT1 mRNA expression were r = 0.50 in PB and r=0.46
in BM.

Analytical results based on 2008 WHO classification

WT1 mRNA expression in PB and BM for each MDS disease
stage based on 2008 WHO classification

Figure 3(f) shows the assay results for WT1 mRNA expression
in PB and BM in a total of 97 patients in various MDS disease
stages categorized on the basis of the 2008 WHO classifica-
tion. WT1 mRNA expression in both PB and BM tended to
increase with the progression to each MDS subtype.

When the distribution of WT1 mRNA expression for each
disease stage was examined, significant differences (p < 0.05)
were found in PB between refractory cytopenia with uni-
lineage dysplasia (RCUD) and RCMD, RCUD and RAEB-1,
RCUD and RAEB-2, RARS and RAEB-2, RCMD and RAEB-1,
RCMD and RAEB-2, RAEB-1 and MDS-U, and RAEB-2 and
MDS-U; in BM, significant differences were found between
RCUD and RAEB-1, RCUD and RAEB-2, and RCMD and
RAEB-2.

Correlation between WT1 mRNA expression and
percentage of blasts in BM based on 2008 WHO
classification

The correlations between blast ratio and WT1 mRNA
expression in 96 patients (excluding one patient with MDS
whose blast ratio could not be measured) were r = 0.50 in PB
and r=0.46 in BM.

WT1 mRNA expression in PB and BM for each

WPSS risk group

WT1 mRNA expression in PB and BM was compared in
98 patients with MDS classified according to WPSS risk

group [Figure 3(g)]. As the risk increased from very low to
very high, WT'1 mRNA expression in both PB and BM also
tended to rise. When the distribution of WT1 mRNA for each
risk group was evaluated, significant differences (p <0.05)
were found in both PB and BM between very low and
high, very low and very high, low and high, low and very
high, intermediate and high, and intermediate and very high.
Moreover, when the correlation between the WPSS score
and WT1 mRNA expression was investigated, the values
were r=0.61 in PB and r = 0.55 in BM.

Differential diagnosis between RA and AA

Differential diagnosis based on WT1 mRNA expression

in PB samples

The WT1 mRNA expression level in PB was less than
50 copies/ug RNA in all eight patients with AA, whereas it
was less than 50 copies/pg RNA in 34 patients with RA and
50-52 100 copies/|ig RNA in 35 of 69 patients with RA. The
statistical analysis by Wilcoxon rank-sum test revealed a
statistical difference between eight patients with AA and
65 patients with RA (p = 0.01). Sixty-nine patients with RA
were further categorized into three groups by bone marrow
findings: hypoplastic RA (n = 20), hyperplastic RA (n=15)
and normoplastic RA (n = 30), excluding the non-categorized
RA (n=4). Significant differences were observed between
AA and each of hypoplastic (p=0.04) or normoplastic
RA (p=0.02), whereas no difference was shown between
the AA and hyperplastic RA group (p =0.10) by Steel test
(Figure 4). From these findings, a differential diagnostic
cut-off value between RA and AA of 50 copies/jig RNA for
WT1 mRNA expression in PB is considered appropriate, for
which the sensitivity was 50.7% (35/69) and the specificity
was 100% (8/8).

Differential diagnosis based on WT1 mRNA expression
in BM samples
The WT1 mRNA expression level in BM was 251-2600
copies/ug RNA in eight patients with AA, whereas it was less
than 50 copies/pg RNA in one of 69 patients with RA and
69-196 000 copies/j1g RNA in the others. The statistical anal-
ysis by Wilcoxon rank-sum test revealed no statistical differ-
ence between eight patients with AA and 65 patients with RA.
Sixty-nine patients with RA were similarly categorized into
three groups: hypoplastic, hyperplastic and normoplastic
RA, excluding the non-categorized RA. Statistical analysis
by Steel test revealed a significant difference between AA
and normoplastic RA groups (p=0.04), whereas there
were no significant differences between the AA and each of
hypoplastic RA and hyperplastic RA groups (Figure 4).
When receiver operating characteristic (ROC) analysis
was performed to evaluate the performance of BM WT1
mRNA expression as an indicator to differentiate between RA
and AA, the area under the curve was 0.713, and the Youden
index [18] showed 432 copies/jig RNA. Moreover, the sensi-
tivity was 69.6% (48/69), and the specificity was 75.0% (6/8)
(Supplementary Figure to be found online at http://informa
healthcare.com/doi/abs/10.3109/10428194.2012.745074).
When the PB cut-off value of 50 copies/pug RNA
was inserted into the regression line formula obtained
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Figure 4. Comparison of WT1 mRNA expression between AA and RA groups (hypoplastic, hyperplastic and normoplastic RA). In intergroup
comparison of WT1 mRNA expression, Steel test was performed using log-transformed values of WT1 mRNA expression with a level of significance
of p<<0.05. Bold lines represent mean WT1 mRNA expression after log transformation. Fine lines represent lower limit of detection of WT1 mRNA

(50 copies/pig RNA).

from the correlation between WT1 mRNA expression in
PB and BM (Figure 2), BM WT1 mRNA expression became
480 copies/ug RNA. When 500 copies/|ug was evaluated
as the cut-off value for BM WT1 mRNA expression, the
sensitivity was 68.1% (47/69) and the specificity was 75.0%
(6/8). Based on these results, 500 copies/ug RNA was
considered to be an appropriate cut-off value for the dif-
ferential diagnosis between RA and AA using WT1 mRNA
expression in BM.

Comprehensive analysis using cut-off values

The PB and BM samples in each disease and MDS subtype
were further evaluated for their WT1-positive rates, using the
WT1 mRNA expression cut-off values determined above (PB:
50 copies/ug RNA; BM: 500 copies/pg RNA) (Table II). For
AML-MDS (11 patients), the WT1 mRNA-positive rates were
a high 100% (11/11) for PB and 90.9% (10/11) for BM, and
in MDS (115 patients), the WT1 mRNA-positive rates were
61.7% (71/115) for PB and 73.0% (84/115) for BM, which were
the second highest after AML-MDS. In contrast, all patients
with AA, ICUS, ITP, PNH, PRCA and erythroid hypoplasia

Table II. WT1 mRNA-positive rate in PB and BM from patients
with different MDS subtypes and AML-MDS according to FAB
classification.

WT1 mRNA-positive rate (%)

Subtype No. of patients Peripheral blood Bone marrow
RA 69 50.7 (35/69) 68.1 (47/69)
RARS 9 44.4(4/9) 44.4 (4/9)
RAEB 24 83.3(20/24) 87.5(21/24)
RAEB-t 13 92.3(12/13) 92.3(12/13)
AML-MDS 11 100.0 (11/11) 90.9 (10/11)
Total 126 65.1(82/126) 74.6(94/126)

PB, peripheral blood; BM, bone marrow; MDS, myelodysplastic syndromes;
AML-MDS, acute myeloid leukemia-evolved MDS; FAB, French-American-
British; RA, refractory anemia; RARS, refractory anemia with ringed sideroblasts;
RAEB, refractory anemia with excess of blasts; RAEB-t, refractory anemia with
excess of blasts in transformation.
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had low positive rates of 0% for PB and 18.8% (3/16) for BM.
The WT1 mRNA-positive rates for PB and BM increased with
MDS disease stage progression (Table II).

Discussion

In this study, the clinical usefulness of the measurement
of WT1 mRNA expression in risk assessment of MDS was
evaluated using a WT1 assay kit. Recently, a steady stream of
reports has indicated the usefulness of WT1 mRNA measure-
ment. The group of Cilloni [6] confirmed that WT1 mRNA
expression potentially fulfills all the requirements for an
additional marker for risk assessment in MDS, compared
with the conventional methods. The measurement of WT1
can be effective, particularly in cases in which BM aspiration
and/or cytogenetic analysis fail or are not informative [6].

Furthermore, in their findings in a long-term prospective
study, Tamura et al. [19] reported that a significant correla-
tion (p = 0.0186) was seen between WT1 mRNA expression
and survival time when WT1 mRNA expression in PB was
categorized into three groups of less than 10%, 102-10%, and
greater than 10* copies/iug RNA, that the median survival
time for each group was 62.7 months, 29.9 months and 11.6
months, respectively; and that the time until transformation
to leukemia was the shortest in the group with the highest
WT1 mRNA expression. In addition, they reported that in
univariate analysis, WT1 mRNA expression was a predictive
parameter for transformation to leukemia, and in multivari-
ate analysis, it was a significant predictive parameter along
with the IPSS score [19]. As described above, Tamaki et al.
reported similar findings [4].

This study was conducted using not only the FAB classi-
fication system but also the 2001 and 2008 WHO classifica-
tion systems. It was confirmed that in all three classification
systems, WT1 mRNA expression in both PB and BM
increases significantly in MDS subtypes with disease stage
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progression. In addition, both PB and BMWT1 mRNA expres-
sion increased significantly as the risk of transformation to
AML rose in the IPSS and WPSS risk groups. Furthermore,
a correlation of r=0.57 between the IPSS score and WT1
mRNA expression was seen in both PB and BM. The correla-
tions between the WPSS score and WT1 mRNA expression
were = 0.61 in PB and r=0.55 in BM. In comparison with
the IPSS, the WPSS allows the assessment of survival time and
progression of leukemic transformation at all time periods
during the clinical course, leading to continued prognostic
evaluation while reviewing the risk. WT1 mRNA expression
correlates with the WPSS prognosis, and despite the single-
point quantitation, the results in this study indicate that WT1
mRNA is useful as a time-course prognostic marker in the
same manner as the WPSS.

At present, allogeneic hematopoietic stem cell transplant
is the only curative treatment for MDS. However, determina-
tion of the timing of allogeneic transplant is very difficult
because many patients are older, treatment-related deaths
frequently occur, and there are large individual differences
in the rate of disease progression. Allogeneic transplant
is selected as the therapeutic regimen for MDS when no
increase in blast cells is confirmed, taking into consider-
ation the development of transfusion dependency and fre-
quency of infections [20]. In addition, allogeneic transplant
is selected when a future increase in blast cells is predicted
by karyotypic analysis even though no increase is currently
observed. It is recommended that transplant be performed
before the progression to cytopenia caused by an increase
in blast cell clones and before the progression to acute leu-
kemia, although induction chemotherapy may be required
when an increase in blast cells is observed [21]. On the other
hand, another study suggested that delaying transplant until
the advanced stage of disease results in a longer survival
time for low and intermediate-1 IPSS risk groups, while
early transplant was recommended for the intermediate-2
and high groups [22]. The period after CR is achieved is
considered to be the standard timing to perform transplant
for acute leukemia, but determining CR is extremely chal-
lenging. Our results revealed that periodic monitoring of
WT1 mRNA expression in patients with MDS provided useful
information for predicting the timing of transplant.

RA, a subtype in the early MDS disease stage, is often
difficult to differentiate from AA [23]. In a previous study
by Iwasaki et al., no difference in WT1 mRNA expression
was observed between RA and AA [9]. However, our data
revealed the possibility of WT1 expression level to differ-
entiate AA and RA groups using both peripheral blood and
bone marrow samples (Figure 4). In the present statistical
analysis, significant differences were observed between AA
and hypoplastic RA (p = 0.04) in PB. The number of subjects
was limited, and further trial is required for more detailed
analysis. Moreover, tentative cut-off values for WT1 mRNA
expression were set at 50 copies/ug RNA in PB and 500
copies/ug RNA in BM. Although the number of patients
was small, the results showed that the level of WT1 mRNA
expression could differentiate between RA and AA, with
specificity in PB and BM of 100% (8/8) and 75.0% (6/8),
respectively. This provides evidence that the measurement
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of WT1 mRNA expression can play a role in the differential
diagnosis of RA and AA.

The WT1 assay kit is used clinically in Japan as a marker
to monitor MRD in patients wth AML. In MDS, a clonal dis-
order of pluripotent hematopoietic stem cells, WT1 mRNA
expression increases depending on the MDS subtype and
disease stage. In contrast, the mechanism by which WT1
mRNA expression increases in MDS is not considered to cor-
relate simply with the fluctuation in leukemic clones, as seen
in AML. In normal hematopoiesis, WT1 mRNA is expressed
mainly in CD34-positive cells. In contrast, in patients with
MDS, WT1 mRNA is also expressed in CD34-negative cells,
particularly in lineages exhibiting abnormalities [24]. In our
study, thelevel of WT1 mRNA expression within the RA group
was shown to increase with the increase in IPSS risk [Figure
3(c)]. Moreover, a similar trend of increasing WT1 expres-
sion was found in the RCUD and RCMD groups according
to the 2008 WHO classification, although no significant
increase in blast cells in BM was observed in these groups.
Taken together, these findings indicate that the increase in
WT1 mRNA expression in patients with MDS may reflect
the divergence of MDS clones from normal clones and
preleukemic changes.

In patients with MDS, evaluating the changes in WT1
mRNA levels simultaneously in PB and BM samples pro-
vides useful information on disease stage progression or
risk assessment in individual patients. In addition, the
WT1 mRNA-positive rate in each subtype of MDS was high
(50-90%) in both PB and BM in this study, suggesting that
a single measurement of WT1 mRNA is sufficient for MDS
diagnosis, particularly for differentiating RA from AA.

Overall, this study provides evidence that the measure-
ment of the level of WT1 mRNA expression in PB and BM
serves as a supplemental marker for MDS diagnosis and
prognostic assessment. This assay has great potential to
contribute to more appropriate diagnoses and therapeutic
decisions in patients with MDS and to evaluate the timing of
allogeneic transplant.

Potential conflict of interest: Disclosure forms provided
by the authors are available with the full text of this article at
www.informahealthcare.com/lal.
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We aimed to evaluate the efficacy and safety of allogeneic hema-
topoietic stem cell transplantation with targeted oral busulfan
(BU) and cyclophosphamide (CY) in a phase ll study. Busulfan
(1.0 mg/kg) was given initially in six doses. Based on the esti-
mated concentration at sieady state after the first dose of BU,
subsequent (7th-16th) doses were adjusted to obtain a targeted
overall concentration at steady state of 700-900 ng/mL. The pri-
mary endpoint was 1-year overall survival (OS). Fifty patients
were registered and 46 (median age, 53 years; range, 18-
62 years) received planned transplant, including 24 with AML, 16
with myelodyspiastic syndrome, and six with CML. Fourteen
patients were categorized as standard risk. Nineteen patients
received transplant from human leukocyte antigen-identical sib-
lings, 27 from unrelated donors. The BU dose required reduction
in 32 patients and escalation in six patients. One-year OS was
65% (95% confidence interval, 50-77%). Cumulative incidence of
hepatic sinusoidal obstruction syndrome was 11%. One-year
transplant-related mortality was 18%. Both OS and transplant-
related mortality were favorable in this study, including patients
of older age and with high risk diseases. Individual dose adjust-
ment based on BU pharmacokinetics was feasible and effective in
the current phase Hl study. This trial is registered in the University
Hospital Medical Information Network Clinical Trial Registry
System (UMIN-CTR, ID:C000000156). (Cancer Sci 2012; 103: 1688-
1694)

B usulfan is an dlkylatmg agent w1del% used in high-dose
chemotherapy regimens for HSCT."*? The BU level in
serum has been shown to be an important factor for graft rejec-
tion and regimen-related toxicity such as SOS.®> Unfavorable
profiles of oral BU include delayed and variable absorptive
characteristics and high variability in drug metabolism.® Indi-
vidualized dose adjustment of BU using the LSM, and its trans-
plantation results, have been investigated widely in Caucasian
patients and pediatric populations, but few prospective studies
have investigated results in Asian patients."”’ Prior to the current
study, we carried out a prospective PK study to analyze BU con-
centration using gas chromatography-mass spectrometry.®
Nine patients were enrolled in the study, and received prepara-
tive regimen containing oral BU 1 mg/kg every 6 h for eight or
16 doses. Out of nine patients, only three met the average
steady-state plasma concentratlon levels in the safety range of
650-1000 ng/mL“® after the first and 13th dose. From the
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results, we developed LSM to estimate the AUC using two
different formulas in order to fit even delayed clearance.
Subsequently, we carried out a pilot study that used the same
targeting method as the current study, and six patients with
myeloid malignancy received tBU+CY conditioning with a
targeting AUC of Css 700-900 ng/mL. Four patients received
dose reduction after the seventh dose of BU, and overall Css of
three patients met the safety range of 786-905 ng/mL (Akio
Kohno, Mariko Fukumoto, Hiroto Narimatsu, Kazutaka Ozeki,
Masashi Sawa, Shuichi Mizuta, Hitoshi Suzuki, Isamu Sugiura,
Seitaro Terakura, Kazuko Kudo, and Yoshihisa Morishita,
unpublished data, 2003).

From these results, we carried out a prospective phase II
trial in Japanese patients with myeloid malignancies to
evaluate the clinical results of allogeneic HSCT undergoing
individualized high-dose oral BU+CY conditioning.

Materials and Methods

Eligibility criteria. Patients from 16 to 65 years old were
eligible if they had a diagnosis of AML, CML, or MDS, with
an Eastern Cooperative Oncology Group performance status of
0-2, and no previous history of HSCT. Standard risk was
defined as AML in first complete remission, MDS in refractory
anemia or refractory anemia with ringed sideroblasts, and
CML in chronic phase. High risk was defined as the remaining
disease type. Patients receiving T cell depletion, or those with
clinically significant infection or severe abnormalities of
cardiac, pulmonary, and hepatic functions were excluded.
Included patient/donor pairs were either related HLA matched
by serological typing of A, B, and DR locus, unrelated HLA
matched, or HLA DRB1 one locus mismatched by genotypical
typing of A, B, and DRBI1 locus. Unrelated donors were
chosen by coordination with the Japan Marrow Donor
Program. Written informed consent was obtained ‘from each
patient according to the Declaration of Helsinki. The study
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protocol was approved by the Institutional Review Board of
each center.

Conditioning regimen, GVHD prophylaxis, and supportive care.
Patients received a conditioning regimen consisting of BU
1.0 mg/kg given orally four times a day for six doses on two
consecutive days (dose 1-6). Six hours after dose 6, patients
received an adjusted dose of BU four times a day for 10 doses
(dose 7-16) on three consecutive days (Fig. S1).
Cyclophosphamide 60 mg/kg was given i.v. on two successive
days. Both BU and CY were dosed based on actual body
weight if it was <120% of ideal body weight, and adjusted
body weight for those exceeding 120%. Sodium valproate was
given as seizure prophylaxis before and during BU treatment.
Fluconazole was used as fungal prophylaxis.

Either cyclosporine or tacrolimus in combination with
methotrexate was used for GVHD prophylaxis. Cyclosporine
was given i.v. at a dose of 3 mg/kg per day in two divided
doses starting on day —1. Tacrolimus was given i.v. at a dose
of 0.025 mg/kg continuously starting on day —1. Methotrexate
was given at a dose of 10 mg/m? on day 1 and 7 mg/m? on
days 3 and 6. Oral cyclosporine or tacrolimus was substituted
for iv. administration when tolerated. In the absence of
GVHD, the cyclosporine and tacrolimus doses were tapered
after day 50. Acute GVHD of grade 2 or more was treated
with methylprednisolone 1-2 mg/kg. Chronic GVHD was
treated by the protocols of each institute.

Supportive care measures were used according to
institutional guidelines. Daily granulocyte colony stimulating
factor was started on day 6 and continued until absolute
neutrophil count exceeded 500/uL for two consecutive days.

Pharmacokinetic studies of BU. For PK studies of BU, blood
samples were obtained 0, 30, 60, 120, 300, and 360 min after
the first oral dose. Frozen plasma samples were sent to the
laboratory at Kitasato University, and plasma BU
corncentrations were assayed by gas chromatography—mass
spectrometry.® The AUC was calculated by LSM using the
formulas shown in Table 1.

Average Css levels of BU were determined by the ratio of the BU
AUC, g over the dosing interval to the time between doses. The
BU dose after the sixth dose was adjusted when Css after the first
dose was not within 700-900 ng/mL. Dose adjustment was not
carried out for patients whose Css after the first dose was 700
—900 ng/mL. A targeted dose was calculated to achieve an average
Css after all doses of 800 ng/mL. The optimal dose of BU was
calculated as follows: optimal single dose of BU (mg/kg) = 800
(ng/mL) x first dose (mg/kg)/Css of first dose (ng/mL.).

The dose of the 7th to 16th BU was calculated as follows:
revised dose (mg/kg) = [optimal single dose (mgkg) x 16
(times) — first dose (mg/kg) x 6 (times)]/10 (times).

Definitions of outcomes. The study was designed as a phase
II prospective trial. The primary endpoint of the study was
1-year OS after transplantation. The secondary endpoint was
DFS, PK of BU, aGVHD, and cGVHD, and the frequency and

Table 1. Formulas for limited sample model (LSM) in patients
receiving allogeneic hematopoietic stem cell transplantation treated
with targeted oral busulfan and cyclophosphamide

i In cases C¢/C, = or <0.5

AUC sm = 0.5Co5 + 0.75C; + 2.5C; + 2.0Cs + 4C/(LnC; — LnGg)
il In cases Cg/C; > 0.5

AUC sm = 0.5Cs + 0.75C; + 2.5C; + 2.0Cg + 2C/(LnC, — LnGC)

In the previous pilot study, formula (i) bore a strong approximation to
actual area under the blood concentration time curve (AUQ), but not
in patients with an elongated absorption or a delayed elimination of
busuifan. The formula of the LSM was modified in the case of C¢/

C, > 0.5 and formula (ii) was used for those patients. G, serum busul-
fan level obtained at x hours after the first dose.
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severity of SOS, regimen-related toxicity up to day 28,
mortality at day 100, hematological recovery, and DFS and OS
of each disease category.

All patients were prospectively monitored for engraftment,”'?
post-transplant toxicities, GVHD, hepatic SOS, and infection.
Failure to reach an absolute neutrophil count of 0.5 x 10° cells/
L by day 28 after transplantation was defined as graft failure,
and the patient was withdrawn from the study. The aGVHD was
evaluated daily until day 28 and weekly from day 29 to 100 and
graded by established criteria."" The cGVHD was evaluated up
to day 365. Treatment and the outcome of aGVHD and cGVHD
were also evaluated. Sinusoidal obstruction syndrome was clini-
cally evaluated before day 28, and diagnosed,">'* then graded
clinically'® according to the published criteria. Liver toxicity
that occurred after day 21 and fulfilled the above criteria of SOS
was defined as late-onset SOS. Clinical data after day 29 until
day 100 was additionally surveyed to evaluate late-onset SOS
retrospectively.

Disease monitoring was carried out by bone marrow
aspiration within 1 week before or after days 30, 60, and 90
after transplantation. Relapse was defined by hematological
recurrence for AML,">!'®” and by hematological or cytogenetic
relapse for CML. Deaths in the absence of persistent relapse
were categorized as non-relapse mortality. Additional
surveillance was carried out and the onset of SOS and
regimen-related toxicities from days 29 to 100 were collected
retrospectively. Long-term survival data and data of relapse
after day 365 were also collected retrospectively.

Statistical analysis. The primary endpoint of the study was
1-year OS after transplantation. The expected 1-year OS was
estimated to be 60%, and its threshold was estimated to be
40%. With a statistical power of 90% and a one-sided, type I
error of 5%, the number of eligible patients required for this
study was calculated to be 46 using a binominal analysis
method. The projected sample size was 50 patients, with the
expectation that 10% of patients would be deemed ineligible.

Disease-free survival was calculated from the date of
transplantation until the date of relapse or the date of death in
complete remission. This trial has been registered in the
University Hospital Medical Information Network Clinical
Trial Registry System (UMIN-CTR, ID:C000000156). Data
were analyzed with Stata 9.2 statistical software (Stata,
College Station, TX, USA).

Results

Patient characteristics. Patients were registered from October
2003 through March 2007. Fifty patients were registered. One
patient who developed severe hemorrhagic ulcer of the ileum
after registration was considered to be ineligible. One patient
developed metastatic breast cancer before receiving the
conditioning regimen and was withdrawn. Forty-eight patients
received tBU+CY conditioning. One patient developed
systemic convulsion on day —6 before transplantation, and the
study was discontinued. Another patient received cord blood
transplantation due to unexpected emergent unavailability of
the unrelated bone marrow and was included only in the PK
analysis. The remaining 46 patients who completed tBU+CY
conditioning and received the planned transplantation were
analyzed in the subsequent outcome study. Characteristics and
a transplantation summary of these 46 patients at the time of
registration are shown in Tables 2 and 3, respectively.

Treatment-related toxicity and hepatic veno-occlusive
disease. Forty-five of 46 patients undergoing tBU+CY conditi-
oning (98%) experienced grade I or higher regimen-related toxic-
ity, and 38 of 48 patients (79%) experienced grade III or more
toxicity within 28 days post-transplantation (Table S1). Infection
(70%), oral mucositis (52%), nausea and vomiting (30%), and
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Table 2. Characteristics of patients receiving allogeneic hemato-
poietic stem cell transplantation (n = 46)

Table 3. Summary of transplantation in patients with AML (n = 24),
myelodysplastic syndrome (n = 16), or CML (n = 6)

Characteristics

Median age of patients (range), years 53 (18-62)
Sex of recipient (%)
Male 29 (63)
Female 17 (37)
Sex, donor versus recipient (%)
Match 25 (54)
Male to female 11 (24)
Female to male 10 (22)
Disease type (%)
AML 24 (52)
1st CR 5
2nd CR 10
1st relapse 5
No treatmentt 4
MDS 16 (35)
RA 4
RAEB 9
CMML 1
RAEB-t 2
CML 6 (13)
P 5
AP 1
Disease riskt (%)
Standard 14 (30)
High 32 (70)
Performance status§ (%)
0 40 (86)
1 6 (13)
2 0 (0)
Donor (%)
Related 19 (41)
Unrelated 27 (59)
HLA (%)
HLA identical sibling 19 (41)
HLA 6/6 matched, unrelated 23 (50)
HLA mismatched, unrelated 4(9)

tTwo patients with overt leukemia from myelodysplastic syndrome
(MDS) and another two patients with hypoplastic AML did not receive
induction chemotherapy before transplantation. tStandard risk was
defined as AML in 1st complete remission (CR), MDS in refractory ane-
mia (RA) or RA with ringed sideroblasts, and CML in chronic phase
(CP). 8According to Eastern Cooperative Oncology Group criteria. AP,
accelerated phase; CMML, chronic myelomonocytic leukemia; HLA,
human leukocyte antigen; RAEB, refractory anemia with excess of
blasts; RAEB-t, RAEB in transformation.

diarrhea (30%) were frequent grade III or more adverse reactions.
Severe neurological toxicity of grade III or more was observed
in five patients (11%). One patient developed subarachnoid
hemorrhage and died on day 1 after transplantation. Another
patient developed tacrolimus encephalopathy on day 23 after
transplantation. This patient died of acute bleeding from gastric
ulcer on day 57. Another patient developed neurological toxicity
during the course of septic shock and died on day 15. One patient
who received dose reduction had delayed engraftment, but subse-
quently engrafted on day 31.

Among 46 patients undergoing planned transplantation, four
patients experienced grade III or IV liver toxicity before day 28
(Table S1). Grade III or more long-term liver toxicity between
days 29 and 100 was observed in nine patients (Table S2). Three
patients were reported to have SOS before day 20, and two were
reported to have late-onset SOS from days 21 to 100. Cumula-
tive incidence of overall SOS was 11% (95% CI, 4-22%) at day
100 after transplantation (Fig. 1). Two patients had mild SOS on
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Stem cell source

G-PBMC 7

Bone marrow 39
GVHD prophylaxist

SMTX+CyA 22

SMTX+FK 21
aGVHD, grade (%)

None 26 (56)

| 4(9)

il 11 (24)

i 4(9)

v 1Q)
cGVHD, type (%)

None 16 (43)

Lmt 9 (24)

Ext 12 (32)

tOne patient received short-term methotrexate + tacrolimus prophy-
laxis and subsequently received short-term methotrexate + cyclospor-
ine. aGVHD, acute graft versus host disease; chronic GVHD, chronic
graft versus host disease; GVHD, graft versus host disease.
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Fig. 1. Cumulative incidence of sinusoidal obstruction syndrome in
patients receiving allogeneic hematopoietic stem cell transplantation
treated with targeted oral busulfan and cyclophosphamide. The
cumulative incidence of overall sinusoidal obstruction syndrome was
11% (95% confidence interval, 4-22%) at day 100 after transplanta-
tion.

day 8 and 11 after transplantation, and both improved. One of
these patients died of an unrelated cause (acute renal failure and
infection). The third patient was reported to have moderate SOS
on day 13. This patient died of an unrelated cause (septic shock)
on day 15 after transplantation. Two patients developed severe
SOS on days 42 and 44. These patients died of hepatic failure on
day 64 and 81, respectively.

Graft versus host disease. The cumulative incidence of grade
II-IV and II/IV aGVHD at day 100 were 35% and 11%,
respectively. The cumulative incidence of grades II-IV
aGVHD in the recipients who underwent transplant from an
HILA-identical related donor or unrelated donor was 26% and
41%, respectively, and those of grades III/IV aGVHD was
11% and 11%, respectively. The cumulative incidence of
cGVHD at 1 year after transplantation was 52%. Of the 21
patients who developed cGVHD, 12 had extensive disease and
nine had limited disease.

Survival outcome. Twenty-six patients were alive with a med-
ian follow-up of 43 months (range, 11.9-65 months) after
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transplant. Overall survival was 65% (95% CI, 50-77%) at
1 year after transplantation, 66% (95% CI, 47-79%) for high
risk and 64% (95% CI, 34-83%) for standard risk patients
(Fig. 2a). Overall survival of AML was 71% (95% CI, 48
—85%; n = 24) 1 year after transplantation, 50% (95% CI, 25
~71%; n = 16) for MDS, and 83% (95% CI, 27-97%; n = 6)
for CML patients. Two patients died before day 28 as described
above. From days 28 to 100, seven patients died due to treat-
ment-related mortality (four patients), infection (two patients),
and relapse (one patient). Of the four patients who died of
TRM, two died from hepatic toxicity, one from gastrointestinal
bleeding, and one from thrombotic microangiopathy.

Disease-free survival was 57% (95% CI, 41-69%) 1 year
after transplantation, 56% (95% CI, 38-71%) for high risk and
57% (95% CI, 28-78%) for standard risk patients (Fig. 2b).
Disease-free survival of AML was 58% (95% CI, 36-75%) at
1 year, 44% (95% CI, 20-66%) for MDS, and 83% (95% CI,
27-97%) for CML patients.

Relapse and TRM. Thirteen patients (28%) experienced
disease recurrence. Cumulative incidence of relapse was 24% at
1 year after transplantation. Cumulative incidence of relapse
was 22% among patients with high risk disease, and 14% among
patients with standard risk disease (Fig. 3a). Cumulative inci-
dence of TRM was 18% at 1 year after transplantation (Fig. 3b).

Pharmacokinetic studies and dose modification. Among the 47
patients who completed the 16 BU doses, Css of the first dose
was 1090 + 318 ng/mL (range, 593-1673). The mean AUC;,

(@
1.00 A
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0.00 A
T T T T T T T
0 1 2 3 4 5 6
Time after transplant (years)
(b)
1.00 A
0.75 -
0.50 4 i) B bk e K el e 3, J
0.25 -
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Time after transplant (years)
Fig. 2. Overall survival and disease-free survival curves according to

disease risk in patients receiving allogeneic hematopoietic stem cell
transplantation treated with targeted oral busulfan and cyclophos-
phamide. Overall survival (a) and disease-free survival (b), each
stratified according to disease risk. Data were analyzed with the
Kaplan-Meier method.
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estimated after the first dose of BU was 6760 nug-h/L (range,
3656-13058 pg-h/L). The mean values of oral clearance, distri-
bution volume, and elimination half-life were 0.159 L/h/kg
(0.079-0.263 L//kg), 0.55 L/kg (0.178-0.989 L/kg), and
2.54 h (0.98-5.49 h), respectively. Six patients received dose
escalation of BU, and 32 received dose reduction (Fig. 4a).
Median decreasing dose of BU was 4.5 mg/kg (28% of 16 mg/
kg). Mean actual dose of BU was 12.7 + 3.7 mg/kg (range,
7.6-21.3 mg/kg).

One patient was excluded from the analysis due to systemic
convulsions on day —6, as described above. The Css of the
first dose was 683.1 ng/mL in this patient. Although dose esca-
lation was carried out to receive 18.7 mg/kg, the conditioning
regimen was not completed.

Busulfan targeting and transplant outcome. Overall survival
was not different between patients who received dose reduction,
no modification, or escalation of BU (68%, 67%, and 50% at
1 year, respectively). Significantly more grade III-IV toxicities
from days 29 to 100 were observed in patients who received dose
escalation (Fisher’s exact test, P = 0.023) (Table S2). No differ-
ence in TRM was observed among these three groups.

All three patients who developed early-onset SOS within
20 days after transplant had received dose reduction of BU. Two
developed grade II liver toxicity, and another developed grade IV
liver toxicity before day 28 (Fig. 4b). Two patients who had late-
onset SOS and died had received dose escalation (Fig. 4c).
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Fig. 3. Cumulative incidence of relapse and transplant-related mor-
tality in patients receiving allogeneic hematopoietic stem cell trans-
plantation treated with targeted oral busulfan and cyclophosphamide.
Cumulative incidence of relapse with (a) high risk disease (22% at
1 year), standard risk disease (14%), and (b) cumulative incidence of
treatment-related mortality (18%).
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Discussion

We carried out a phase II study of individualizing the oral BU
and CY conditioning regimen for adult allogeneic HSCT for
myeloid malignancies. In the current study, 1-year OS (65%;
95% CI, 50-77%) clearly exceeded the threshold level of 40%.

Oral administration of BU had been associated with erratic
gastrointestinal absox(‘zption and resulted in unpredictable sys-
temic drug exposure.®>'” Pharmacokinetic studies of BU and
subsequent dose adjustment strategies for the BU and CY con-
ditionin% re§2imen have been reported, mainly among pediatric
patients."'*#% Although no essential difference in PK analysis
has been reported between data from Japan and North
America,® survival data and information on the benefit of
the tBU+CY regimen for Asian adult populations are lLim-
ited.”” In this phase II study to target the BU Css range of 700

1692

same patients as (b). Two patients who had late-onset SOS
and died had received dose escalation.

—900 ng/ml., 32 patients received BU dose reduction and the
median dose of total- BU was reduced. Nevertheless, no
increase in relapse was observed and the incidence of TRM
was comparable to the BU+CY regimen using the i.v. form.®®
Notably, the incidence of SOS (11% at day 100) was relatively
lower than in the previous report of an adult gopulation receiv-
ing the CY-+total body irradiation regimen®® or oral non-tar-
geted BUHCY.® Severe SOS was not observed within 20 days
after transplantation, and this targeting strategy may contribute
to reduce the severity of early-onset SOS. Our positive results
could be a consequence of adjusting the BU dose, considering
that 38 of 47 patients (81%) actually had not achieved optimal
Css after the first dose. That is, the fixed dose of BU was not
optimal in 81% of these Japanese patients. ,

In our previous study, SOS was not observed among patients
whose Css range was within the target dose or when the BU dose
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was reduced (Akio Kohno, Mariko Fukumoto, Hiroto Narimatsu,
Kazutaka Ozeki, Masashi Sawa, Shuichi Mizuta, Hitoshi Suzuki,
Isamu Sugiura, Seitaro Terakura, Kazuko Kudo, and Yoshihisa
Morishita, unpublished data, 2003). In the current study, three
patients in the BU reduction group developed early-onset SOS,
although the estimated cumulative Css remained within the tar-
geted range. Liver toxicity in these patients might also be related
to increased exposure to toxic metabolites of CY.?* A dose-esca-
lation study using test dose PK also showed that patients who
showed a high level of AUC in the first dose developed severe
toxicity, including hepatic SOS.*

Two of the six patients who received dose escalation experi-
enced late-onset severe SOS. We may need to be cautious of pos-
sible late-onset severe SOS after dose escalation of BU.
However, the causal relationship between dose escalation of BU
based on low initial Css and SOS needs to be further evaluated,
because individual oral BU PK are influenced by many factors.
Glutathione S-transferase-mediated conjugation with GSH is the
main mechanism to detoxify BU. Accumulation of the active
metabolite of CY through de(gletion of the cellular GSH pool may
contribute hepatic toxicity.®® Hepatic GST activity and GST
gene polymorphisms have been shown to be associated with BU
clearance as well as transplant outcome. Polymorphism of
GSTML1 is reported as a risk factor of SOS.“” The heterozygous
variant of GSTA1 (GSTA1*A/*B), which is observed in 26% of
the Japanese population, resulted in slower elimination of BU
than the wild-type.®® Analysis using the Japan Marrow Donor
Program showed a higher risk of TRM among recipients with the
GSTM1-positive genotype, which was different from the Cauca-
sian population.® We are currently investigating gene polymor-
phisms reported to be related with the risk factors of
transplantation, such as GST genes and the UDP glucosyltransfer-
ase gene family( in a prospective trial.

Dose targeting possibly improves the OS by alleviating the
variable absorptive characteristics among individuals. How-
ever, our results also suggest that dose modification might
increase the chance of toxicity after day 28, especially in the
case of dose escalation, although we should be careful of this
interpretation. Dose reduction could generally lead to rejection
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of the graft. However, in this study, only one patient had
3 days’ delay of engraftment in spite of the large number of
patients in the study who received a dose reduction of BU.
Busulfan in i.v. form has enabled us to accomplish narrow-ran-
ged dose adjustment.®? Careful validation of the clinical effi-
cacy of PK-based targeting using i.v. BU is warranted.

In conclusion, individual dose adjustment based on BU PK
was feasible and effective in the current phase II study.
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