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Background and Objectives. The biological charac-
teristics and prognostic significance of the internal tan-
dem duplication of the FLT3 (FLT3/ITD) were investigat-
ed in a series of de novo acute myeloid leukemia (AML)
patients. One hundred and fifty-six adult patients with
AML were included in the study. FLT3/ITD was detected
in 41 (26%) patients (FLT3/ITD*).

Design and Methods. The main differences observed
between the groups with and without FLT3/ITD: a higher
leukocyte count, a raised percentage of a normal kary-
otype and a more frequent M5 FAB diagnosis in the
FLT3/ITD* patients. As regards the immunophenotypic
characteristics the FLT3/ITD* group very often expressed
monocytic markers (CD36 and CD11b) and less com-
monly immature markers (CD34 and CD117). A promye-
locytic-like immunophenotype pattern was also detected
in a minority of these patients (4/36).

Results. The FLT3/ITD* patients had a shorter overall
survival, a shorter event-free survival and a higher prob-
ability of relapse. Minimal residual disease (MRD) was
investigated in the FLT3/ITD* patients using flow cytom-
etry. This technique had a sensitivity of 62% and a speci-
ficity of 83% in relapse prediction. Minimal residual dis-
ease analysis was hampered by the low number of
patients with detectable aberrant immunophenotype.

Interpretation and Conclusions. A high frequency of
changes in the phenotype and/or genotype pattern
between diagnosis and relapse was detected (5/6).
FLT3/ITD is a frequent molecular lesion in de novo adult
AML and seems to be associated with monocytic differ-
entiation, a high leukocyte count and a poor prognosis.
Immunophenotype and genotype patterns observed at
relapse suggest that the FLT3/ITD* blasts may be genet-
ically unstable and prone to clonal evolution. FLT3/ITD
may not be a suitable target for minimal residual disease
studies.
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poietic cells are regulated by a number of cell

growth factors acting through specific receptors.
Molecular alterations of cytokine receptors in hemato-
logic diseases have aroused considerable interest in
recent years.'

FLT3 is a member of the receptor tyrosine kinase (RTK)
class Ill, which includes KIT, FMS and PDGFR.? Struc-
turally, FLT3 has an extracellular region, a single trans-
membrane region, a juxtamembrane (JM) domain, two
tyrosine kinase domains and a C-terminal domain.?
FLT3 is preferentially expressed on hematopoietic stem
cells, and its physiologic ligand (FL) on bone marrow
stromal cells.*> The FLT3-FL interaction plays an impor-
tant role in hematopoietic development.*-8 Earlier stud-
ies have shown that most acute myeloid leukemia
(AML), acute lymphoblastic leukemias (immunological
subtypes, B-ALL and T-ALL) and blast crises of chronic
myeloid leukemia overexpress FLT3.9-'3 In vitro studies
have demonstrated that FL administration produces a
proliferative response in a significant proportion of cas-
es of AML."-13 Activating mutations in FLT3 have fre-
quently been found in patients with AML and these
mutations have been associated with a poor progno-
sis."*2 Most FLT3 mutations are internal tandem dupli-
cations (ITDs) in the juxtamembrane domain involving
exon 11, intron 11 and exon 12."* Subsequent studies
have confirmed the presence of juxtamembrane ITDs in
20-30% of AML.'*-?" In addition, substitution mutations
in the FLT3 kinase domain at Asp835 have recently been
reported in approximately 7% of patients with AML.22
FLT3-ITD mutations may also be present in occasional
cases of myelodysplastic syndromes (<5%).1623

In vitro studies have demonstrated that the FLT3 lig-
and stimulates proliferation and inhibits apoptosis in
myeloid leukemic cells'®-'2 and that this effect can be
related to the high peripheral white blood cell counts
found in patients with FLT3 mutations.'®

Sequential studies performed in patients with FLT3
mutations showed that the FLT3 mutation may be lost
in leukemic relapses whereas in some cases the muta-
tion was acquired during progression of the disease.?-
25 Kelly et al.?® developed a mouse model in which
FLT3/ITD expression induced an oligoclonal myelopro-
liferative disorder. The mice developed an AML very sim-
ilar to the human disease when FLT3/ITD was associat-
ed with PML/RARa rearrangements.?

The aim of this report was two-fold; i) to study the
incidence and the immunophenotypic characteristics

Proliferation and differentiation of normal hemato-
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of internal tandem duplication in the JM domain of
the FLT3 gene in a consecutive series of adult AML
patients and ii) to analyze, with the help of flow
cytometry (FC) and polymerase chain reaction
(PCR), the evolution of FLT3/ITD patients in com-
plete remission.

Design and methods

Patients

Two hundred and twenty-five adult patients with
de novo AML were enrolled sequentially in the
LMA-99 protocol from the CETLAM co-operative
group between November 1998 and April 2001.
DNA was available from bone marrow at diagnosis
from 156 of these patients. The patients were aged
between 18 and 60 years old. No patient had a
past history of treatment with chemotherapy,
radiotherapy, or a previously diagnosed hemato-
logic disorder. The patients were uniformly treated
in accordance with the LMA-99 protocol.

The remission-induction therapy included one or
two courses of idarubicin (12 mg/m2 x 3), cytara-
bine (500mg/m2/12h x 4) and etoposide (100
mg/m?2 x 3). Patients who achieved morphologic
complete remission (CR) received one course of
intensification therapy with cytarabine (500
mg/m2/12h x 6) and mitoxantrone (12 mg/m?2 x 3).
Finally, all the patients received consolidation
treatment, which differed depending on the kary-
otype. The patients were classified into three risk
groups: a good prognosis group including patients
with t(8;21), inv 16/t(16;16); an intermediate prog-
nosis group of patients with a normal karyotype;
and a poor prognosis group of patients with kary-
otypes with some abnormality.#' Patients with a
good prognosis were treated with one course of
high-dose cytarabine, patients with a poor prog-
nosis received an allogeneic stem cell transplant
(allo-SCT) if they had an HLA identical related
donor and the remaining patients received an
autologous stem cell transplant.

Morphologic studies

The diagnosis of AML and the assignment of FAB
subtypes were based on standard morphologic and
cytochemical criteria.?® Morphologic CR was
defined by the criteria proposed by Cheson et a/.3°

Cytogenetic analysis

Cytogenetic analyses were performed in 147/156
(94%) of patients. Cytogenetic G-banding analysis
was performed using standard methods. The defi-
nition of a cytogenetic clone and descriptions of
karyotypes followed the International System for
Human Cytogenetic Nomenclature.'

Flow cytometry analysis

Sample preparation: in all cases immunopheno-
typing studies were performed at diagnosis on ery-
throcyte-lysed BM samples. The number of cells was
quantified by microscopy and adjusted to 1x108 in
each tube. Antigen expression was analyzed using
triple stainings with the following fluorochrome-
conjugated (fluorescein isothiocyanate (FITC), phy-
coerythrin (PE), peridinin-chlorophyll protein (PerCp)
or phycoerythrin-cyanine 5 (PE/Cy 5) combinations
of monoclonal antibodies: CD15/ CD34/HLA-
DR,CD10/CD20/CD19, (CD2/CD33/CD19, CD22/
CD13/CD3, CD7/CD117/CD45, CD66/CD56/ CD64,
CD36/GA/CD45,CD34/CD41/CD45, CD34/ CD11b/
CD45, CD4/CD123/HLA-DR, CD14/CD135/ CD45,
CD5/CD16/CD45, MPO/CD79a/CD3 and Tdt/MPO.

The monoclonal antibodies used in the study
were: CD22 (4KB128 FITC), glycophorin A (JC 159
PE), CD41 (5B 12 PE), IgM (rabbit anti-human, PE),
CD79a (HM57 PE) and TDT (HT-6 FITC), CD117 (104
02 PE), CD64 (10.1 PerCp), and CD66 (Kat 4c PE)
from DAKO, Glostrup, Denmark; CD15 (MMA-FITC),
CD34 (8G12-FITC, PE), HLA-Dr (L243 PetCp), CD10
(WS8E7 FITC), CD 20 (L27 PE), CD2 (S5.2 FITC), CD33
(67.6 PE), CD7 (4H9 FITC), CD45 (2D1 PerCp), CD13
(L138 PE), CD14 (MOP9 FITC), CD3 (SK7 PerCp), CD4
(Leu 3 FITC), CD5 (Leu 1 FITC), CD56 (NCAM 16.2
PE), and CD16 (3G8 PE) purchased from Becton
Dickinson, San José, California, USA (BDIS); CD19
(SJ25-C1 PE/Cy 5) and MPO (H-43-5 FITC) from
Caltag Laboratories, Burlingame, USA; CD 123 (9F5
PE) from Pharmingen, San Diego, CA; CD36 (FAG-
52 FITC) from Immunotech, Marseilles, France.

Direct immunofluorescence was performed by
first incubating 1x10¢ cells with the specific mon-
oclonal antibody for 15 minutes in the dark at room
temperature. An isotype-matched negative control
(BDIS) was used in all cases to assess background
fluorescence intensity. Cells were lysed (FACS Lysis
solution, BDIS) for 5 minutes and centrifuged at
250 g for 5 minutes. The cells were washed twice
with phosphate buffered saline (PBS) before being
resuspended in PBS and examined. The immuno-
logic criteria for lineage assignment followed the
EGIL recommendations.??

Data acquisition and analysis. Measurements
were performed on a FACScalibur flow cytometer
(BDIS). The Cellquest (BD) software program (BDIS)
was used for data acquisition. At least 10,000
events/tube were measured. The PAINT-A-GATE
PRO software program (BDIS) was employed for
subsequent data analysis. Thresholds for positivity
were based on isotype negative controls. Analyti-
cal gates were set on desired viable cells based on
forward light scatter and side light scatter com-
bined with the exclusion of the normal cells using
a CD45 tube. The positivity threshold was 20% for
all markers except for cytoplasmic or intranuclear
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antigens for which a 10% threshold was used.

MRD analysis. The MRD study was performed in
BM samples from patients in CR after induction and
intensification therapy and after SCT. The strategy
for MRD detection included two criteria based on
previously published data:33i) detection exceeding
1%10-3 cells coexpressing an aberrant phenotype
and 2) an abnormal myeloid/lymphoid CD34+ ratio:3*
a live gate was performed on a SSC/CD34-FITC dot
plot and only the information on the CD34+ cells
was stored for further analysis. Lymphoid precur-
sors showed CD34+CD33-CD19+ and low FSC/SSC
and myeloid precursors showed CD34+CD33+CD19-
and high FCS/SSC. The myeloid/lymphoid CD34+
ratio was considered normal when the ratio was
<10. In the light of our experience and that of ear-
lier reports 3335 three main types of aberrant phe-
notypes were considered: i) cross-lineage antigen
expression; ii) asynchronous antigen expression and
iii) antigen overexpression. Cells displaying
leukemia-associated phenotypes and the mye-
loid/lymphoid CD34+ ratio were evaluated using a
two-step acquisition procedure. Analysis was per-
formed on gated cells in accordance with previous-
ly defined methods.?> The existence of two or more
blast cell populations was established on the basis
of distinct antigen expression.

Analysis of the internal tandem
duplications of the FLT3 gene

High molecular weight DNA was extracted from
AML cells using the salting out method. Earlier
studies showed that the location of the internal
tandem duplication of the FLT3 gene is restricted
to exons 11 and 12."* Genomic PCR amplification
was performed in the 150 AML samples using the
primers 11F, 5'-CAATTTAGGTAT-GAAAGCC-3"; 1R,
5'-CAAACTCTAAATTTTCTCT-3"; 12F, 5'-TGTCTTTGC
AGGAAGGTTAC-3" and 12R, 5'-GTACCT TTCAGCATT
TTTGAC-3". Dilution experiments were employed to
establish the sensitivity of the PCR method.

MLL studies

Genomic DNA was analyzed for MLL rearrange-
ments using Southern blot, RT-PCR and long-range
genomic PCR as previously described.®

Statistical methods

Complete remission (CR) and relapse were
defined according to the criteria of the National
Cancer Institute-sponsored workshop on AML.3° CR
duration was measured from the date of attain-
ment of CR to the date of relapse; all patients were
censored using the date of the last documented
CR. Overall survival (0S) was measured from the
date of entry into the treatment protocol until the
date of death and event-free survival (EFS) for
patients who achieved CR was measured from the

date of CR to relapse or death. Overall survival, EFS
and the probability of relapse were plotted by the
Kaplan-Meier method; differences between curves
were analyzed by the long-rank test.

Differences in age and peripheral white cell
counts were analyzed with the Wilcoxon rank-sum
test and the analysis of the frequencies was per-
formed using Fisher's test or the X2 test.
Immunophenotypic groups, defined by expression
vs lack of expression of antigens, were compared
using the X2 test.

Results

Clinical characteristics and outcome

Internal tandem duplication of the JM domain of
the FLT3 was detected in 41 out of 156 patients
(389%). In two cases the normal allele was absent
and in 4 additional cases the band of the normal
allele was of very faint intensity. This indicates that
the mutated allele was predominant in 6 out 41
patients. Details of the clinical characteristics of the
FLT3/ITD* and FLT3/ITD- patients are given in Table 1.

Cytogenetic analysis was performed in 40 of the
41 FLT3/ITD+ patients (98%). It is noteworthy that
FLT3/ITD was present significantly more frequent-
ly in the normal karyotype subgroup (p = 0.03). Two
patients with FLT3/ITD also had MLL self-fusions.
These patients were diagnosed as having M5 FAB
leukemias with a normal karyotype.

All the patients were treated with the same
scheme, as previously described. There were no dif-
ferences in the response rate between the FLT3/ITD+
and the FLT/ITD- groups. Of the 31 FLT3/ITD+
responders, 21 patients received a stem cell trans-
plant (SCT) (5 patients an allogeneic SCT and 16
patients an autologous SCT), 5 patients had an ear-
ly relapse and 4 patients were on intensification
therapy. With a follow-up of three years FLT3/ITD+
patients had a shorter OS and EFS and a higher
probability of relapse (Table 1). We analyzed the
outcome of the patients with normal cytogenetics.
Twenty-three were FLT3/ITD+ and 36 FLT/ITD-. We
observed shorter survival and shorter event-free
survival in the FLT3/ITD* subgroup (0S: 22+9% vs
4749% and 27+11% vs 45+10%). Nevertheless
these results were not statistically significant.

We analyzed the survival of patients who
received SCT separately. Among the patients who
received an autologous SCT (27 FLT3/ITD-, 16
FLT3/ITD*) we observed a poor survival and high
probability of relapse in the FLT3/ITD+ patients [0S:
50+13% FLT3/ITD* vs 79+8% FLT3/ITD- (p= 0.05);
relapse: 66+12% FLT3/ITD* vs 26+9% FLT3/ITD-
(p=0.002)]. In contrast, there were no statistically
significant differences among the patients who
received an allogeneic SCT (14 FLT3/ITD-, 5
FLT3/ITD+).
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Table 1. Clinical characteristics of the 156 AML patients

included in this series.
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Table 2. Antigen expression in FLT3/ITD* cases.

Antigen Positive cases (%) Antigen Positive cases (%)
FLT3 wt FLT3-ITD p value
(n=115) (n=41) (D34 15 (42) CD64 22 (61)
Age, median (range) years 43 (16-60) 42 (19-60) ns HLADr 32(89) CD56 3(8)
Sex ns
Male 64 27 (D15 27 (75) CD66 0
Female 51 14
CD10 0 CD36 21(58)
WBC, median (range) 18 (0.8-360) 84 (2-323) 0.03
FAB (%) CD20 0 GA 0
MO 5(4) 1(2.5) ns
M1 18(16) 10(24.2) ns (D19 15 (42) CD41 0
M2 35(30.5) 2(5) 0.01
M4 20 (17.5) 10 (24.2) ns CD33 34.(94) CD11b 13 (36)
M5 29 (25) 18 (44) 0.03
M6 2(2) 0 ns CD2 1(3) CD123 36(100)
M7 0/0 0 ns
not classified 6(5) 0 ns (D13 36 (100) CD4 10(28)
Cytogenetics (%) CD3 0 CytMPO 34(94)
normal 36(31.5) 26(63) 0.03
1(8:21) 10(9) 0 ns D117 217 (75) O/tCD79 0
inv (16) 12(10) 1(2.5) ns
complex 9(8) 3(7) ns CD45 36 (100) CytCD3 0
other abnormalities 35(30.5) 6(15) ns
CD7 4(11) Tdt 1(3)
Absence of mitoses 5(4) 4(10) ns
(D14 5(14) Lactoferrin 0
Not performed 8(7) 1(2.5) ns
CD5 0 Lysozyme 8(22)
Outcome (%)
Complete remission 86 (75) 31(76) ns
Failure 16 (14) 5(12) ns
Death 13(11) 4.(10) ns
Under treatment 0 1(2) ns
Overall survival 41+5% 23:7% 0002 only one case. Thus the antigen pattern of
+
Event-free survival 41+5% 27+8% 0.009 FLT3/|TD. case_s Correspom.jEd _tO a m‘i‘t“.re mye|0|d
population with monocytic differentiation.
Probability of relapse 55:6% 67+9% 0.01 Thirteen FLT3/ITD* patients had non-M4 or M5 FAB

WBC: white blood count; wt: wild-type.

Immunophenotype characteristics of
FLT3/ITD cases

FC studies were performed in 134 out 156
patients (86%). The immunophenotype of FLT3/ITD*
cases is shown in Table 2. A consistent myelomono-
cytic phenotype was found in these patients. The
most frequently observed pattern of antigen
expression in these patients was CD34- HLA-DR+
CD13+ CD33* CD15* CD36* CD64+ CD123+. Addi-
tional antigens that were frequently expressed
were CD11b and CD4 in 13 and 10 cases, respec-
tively. In contrast to the consistent pattern of com-
mitted myeloid and monocytic antigen expression,
expression of early stem cell and lymphoid antigens
was variable: CD34 was expressed in 42% of
FLT3/ITD+ cases, CD7 was expressed in 4 cases and
CD2 in one case; CD3, CD5, CD10, CD20 and CD22
were always negative. Interestingly, the CD19
expression was found in 15 cases with monocytic
differentiation. Anti-myeloperoxidase reactivity
was demonstrated in 34 cases and nuclear TdT in

subtypes: ten patients had M1, two patients M2 and
one patient was classified as having MO. Interest-
ingly, four of these patients (11% of the FLT3/ITD+
cases) showed a characteristic phenotype pattern
resembling acute promyelocytic leukemia: CD13+
CD33+* MPO+ CD34- HLA-DR- (Figure 2). None of
these cases showed expression of monocytic anti-
gens and 2 out 4 expressed CD56. Six of the remain-
ing FLT3/ITD* patients with non-M4 or M5 FAB sub-
types showed co-expression of immature antigens
with monocytic mature antigens or antigens relat-
ed to monocytic differentiation. Five of these
patients expressed CD64, CD56, CD19 or CD36 and
two patients showed a monocytic differentiation
pathway with co-expression of CD15 and CD34 in
the blast cells.

The antigen expression of the 36 FLT3/ITD*
patients was compared with that of 98 of the
FLT3/ITD- ones. The FLT3/ITD+ cases more frequent-
ly expressed some antigens related to monocytic
differentiation: CD36 (p=0.004) and CD11b (p=0.03)
and less frequently expressed CD34 (p=0.007) and
CD117 (p=0.007). CD13, CD4 and MPO were more
frequently expressed in the FLT3/ITD+ cases, but we
did not find statistically significant differences. As
regards the lymphoid antigen expression we did not
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find any differences between the two groups. We
analyzed the presence of a promyelocytic pheno-
type in FLT3/ITD- cases. The promyelocytic pattern
(CD13+CD33+CD34 HLA-DR-MPO+*) was less com-
mon in the FLT3-ITD- group (3%) (p =0.058). We
analyzed the incidence and the phenotypic pattern
of the different blast cell subpopulations in the
FLT3/ITD* patients. More than one blast cell sub-
population was identified in 29 patients (81%). In
19 cases (65%) the blast cell subpopulations dif-
fered in reactivity for the CD34 antigen; in eight of
these, this was the only antigenic feature that dis-
tinguished the cell subsets, whereas in the remain-
ing patients other antigenic variations were detect-
ed. The most common immunophenotypic abnor-
mality in the FLT3-ITD* cases was asynchronous
expression of maturation-associated antigens,
detected in 21 (72%) patients.

Minimal residual disease analysis

We performed a follow-up of the FLT3/ITD+
patients in morphologic complete remission (CR)
using flow cytometry in order to detect residual
leukemic cells. A total of 48 bone marrow (BM)
samples from 19 FLT3/ITD+ patients in CR were
analyzed by immunophenotype using the two

Figure 1. Top: promyelocytic-
like immunophenotype in one

case with FLT3-ITD. Note the
CD34 and HLA-DR negativity
and the marked MPO and
CD33 positivity. Bottom:
clonal expansion at relapse
. 4 in one case of AML with

L FLT3-ITD. Leukemic blasts at
relapse  showed CD34
expression.

aforementioned criteria. In nine of these patients,
no aberrant immunophenotype was found and
immunologic MRD analysis relied exclusively on
abnormal CD34 ratios. Samples were obtained
after induction and intensification therapies in all
patients and in 6 of them we analyzed MRD after
the SCT.

MRD was detected in 9 patients (VIRD+) after the
induction therapy and leukemic residual cells per-
sisted in 5 of them after intensification therapy.
Eight patients showed aberrant phenotypes at
diagnosis and analysis of the MRD was performed
on the basis of these phenotypes. The remaining
patient without an aberrant phenotype showed a
persistently abnormal CD34 ratio after induction
and intensification therapies and after SCT. Eight
out of the 9 MRD+* patients relapsed and the
remaining patient died in morphologic CR 6
months after SCT with persistence of residual
leukemic cells. In 10 patients MRD was persistent-
ly not detected (MRD-). In contrast to the MRD+*
patients, only 4 out of the MRD~ patients showed
aberrant phenotypes at diagnosis. In these patients
the MRD analysis was performed only by studying
the abnormal CD34 ratio. Five of the MRD- patients
relapsed and the remaining patients were in CR.
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Table 3. Phenotype and genotype changes between diagnosis and relapse in FLT3/ITD* patients.

Patient Phenotype at diagnosis PCR genotype
at diagnosis
Major blast cell Minor blast cell
subpopulation subpopulation
1 34+ 15- DR+ 19+ 34+15-DR+ 19- 33+ FLT3™
33+ 117+ 13+ 64+ 117+13+ 64+ 36- MLL+
36+ 11b+ 11b-
2 34- 15- DR- 33+ none FLT3™
117+ 13+ 64- 11b-
36-
3 34-15- DR+ 33+ 34+ 15- DR+ 33+ FLT3™
117+ 13+ 64- 11b 117+ 13+ 64- 11B-
14- 14-
4 34- 15+ DR+ 33+ 34- 15+ DR+ 33+ FLT3™
117- 19+ 13+ 64+ 117+ 19+13+ 64+
11b+ 14+ 11b- 14-
5 34- 15+ DR+ 33+ 34+ 15+ DR+ 33+ FLT3™
117+ 13+ 64+ 11b- 117+ 13+ 64- 11b-
14- 14-
6 34+ 15+ DR+ 19+ none FLT3™
33+ 117+ 13+ 64+
36+ 11b- 14-

Phenotype at relapse PCR genotype
at relapse
Major blast cell Minor blast cell
subpopulation subpopulation

34+ 19- 33+ 117+ 13+ 11b- None FLT3W

MLL-

34- 15- DR- 33+ 117+ None FLT3W

13+64- 11b- 36-

34+ 15- DR+ 33+ 34- 15- DR+ 33+ FLT3™

117+ 13+ 64- 11B- 117+ 13+ 64- 11b-
14- 14-

34+ 15+ DR+ 33+ 34- 15+ DR+ 117- FLT3™

19+ 117+13+ 64+ 13+ 64+ 11b- 14-
11b- 14- 19+
34+ 15+ DR+ 33+ None FLT3™
117+ 13+ 64- 11b-
14-
34+ 15+ DR+ 19+ None FLT3™
33+ 117+ 13+ 64+
36+ 11b- 14-

DR: HLA-DR; FLT3'™: internal tandem duplication; FLT3"": wild type; MLL+: MLL gene rearranged: MLL-: MLL gene germinal.

According to these data, flow cytometry showed a
high specificity (83%) in predicting relapse but its
sensitivity was only 62%. Six FLT3/ITD+ patients
who relapsed were studied using flow cytometry
and PCR. The sensitivity of genomic PCR used was
1/100 as determined by dilution experiments. A
high frequency of changes in the phenotype and
genotype was detected. As regards the immuno-
phenotype, in all cases the changes were subclon-
al expansions of a more immature blast cell sub-
population present at diagnosis. Different change-
pattern relapses were detected in these patients
(Table 3): one patient relapsed with a different
immunophenotype and the FLT3/ITD became neg-
ative. In the same patient an associated MLL
rearrangement disappeared in Southern blot analy-
sis of a relapse sample. Another patient showed
the same phenotype but the PCR was negative for
the FLT3/ITD. Three patients showed different phe-
notypes but the FLT3 mutation was conserved at
relapse. Finally, the immunophenotype and the PCR
patterns were the same at relapse in only one case.

Discussion

Internal tandem duplication of the FLT3 gene is
a common molecular defect present in AML. It has
been related to high leukocyte cell counts and a
poor prognosis.'*?' Nevertheless, there is contro-
versy about its prognostic significance given that
there are other confounding factors that have

independent prognostic value (age, karyotype and
variation in the treatment regimens).243 The
adverse prognostic significance of FLT3 seemed to
be particularly relevant in AML patients with a nor-
mal karyotype. In this group of patients FLT3 was
associated with a poor evolution when the abnor-
mal allele was exclusively detected.?

In line with earlier reports, we found a high inci-
dence of FLT3/ITD which was significantly associ-
ated with a poor outcome. In this series there were
very few cases with a single abnormal allele (6/41).
Our study included patients under 60 years old who
were treated homogenously. Patients with M3
leukemia, which is very often associated with
FLT3/ITD, were excluded from this series.

FLT3 plays an important role in reqgulating normal
hematopoietic cell growth and differentiation.*8
FLT3 is activated by ligand-dependent dimeriza-
tion and transphosphorylation of tyrosine residues.
The mutation appears to activate the kinase
domain of the receptor through constitutive dimer-
ization.'®'? It has been suggested that activated
FLT3 might activate the JAK-STAT signaling cas-
cade.’”38 These effects could explain the high
peripheral white cell counts found in FLT3/ITD* cas-
es. In our study FLT3/ITD+ patients had a signifi-
cantly higher leukocyte count.

FLT3/ITD is preferentially associated with myelo-
monocytic and monocytic leukemias.’ Thus, in our
study 67% of the FLT3/ITD patients had M4 or M5
subtype leukemia. Nevertheless, 25% of the dupli-
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Figure 2. Overall survival (top), Event-free survival (middie)
and probability of relapse (bottom) curves.

cated cases had a more immature leukemia. The
immunophenotype of the blast cells of a consider-
able number of FLT3/ITD* patients with MO, M1 or
M2 FAB subtypes expressed monocytic markers
and/or showed myelomonocytic differentiation.
Recent studies have demonstrated that leukemic
cells of M4 or M5 subtypes commonly respond to
FL. Our phenotypic data are in accordance with
these findings because FLT3/ITD was preferential-
ly detected in cases with monocytic differentia-
tion. A high proportion of cases showed heteroge-
neous blast cell populations.

This would account for the findings at relapse
when some patients had lost the FLT3/ITD. The fre-
quency of subclonal events found at diagnosis in
our study and the high number of phenotype
changes at relapse in FLT3/ITD* patients could be a
consequence of an increased genetic instability.
The phenotypic and genotypic variability among
FLT3/ITD+ patients observed in our study may lim-
it the potential use of this mutation as a marker of
MRD.

Our data demonstrated a consistent myeloid and
monocytic immunophenotype in adult AML with
FLT3/ITD, with expression of the committed stem
cell and myeloid antigens HLA-DR, CD13, CD33,
CD45 and MPO in almost all cases and CD64, CD15,
CD117 and CD36 in more than 50% of cases. In
contrast, the immature antigen, CD34, was
expressed in 42% of FLT3/ITD* cases. FLT3/ITD+
patients did not display a unique immunopheno-
type. These data suggest that FLT3/ITD does not
represent a specific genetic lesion, such as
PML/RARa or BCR/ABL, with a characteristic phe-
notype. FLT3/ITD could be associated with leukemic
progression, especially in leukemias with mature
monocytic differentiation.

FLT3 duplication has been associated with other
molecular lesions such as PML/RARa and p53
mutations.'®'%3¢ In our study we found co-exis-
tence of FLT3/ITD in two patients with the MLL tan-
dem duplication and in another patient with the
CBFo/MYH-11 rearrangement. Inactivation of a
core binding factor associated with constitutive
activation of a receptor tyrosine-kinase may be a
common theme in human leukemogenesis.

Tse et al.*® demonstrated that transplantation of
cells with an activated FLT3 receptor into syngeneic
mice caused death 3 weeks after the injection.
Histopathologic analysis demonstrated a massive
infiltration of mononuclear cells in the liver, spleen
and bone marrow.’” However, Kelly et al.,6%7 using
a murine bone marrow transplantation assay,
demonstrated that FLT3/ITD induced only an oligo-
clonal myeloproliferative disorder characterized by
splenomegaly and leukocytosis. In this study the
FLT3 mutation was sufficient to induce a myelo-
proliferative disorder. Some authors suggest that
the FLT3 duplication could be associated with
leukemia progression and would thus be a mark-
er of clonal evolution. In line with this view,
sequential analyses in patients with leukemia aris-
ing from myelodysplastic syndromes revealed that
FLT3 duplication was a late genetic event.2325

The presence of the internal tandem duplication
of the FLT3 gene identifies a subgroup of adult AML
patients with a poor prognosis. The bad outcome
associated with FLT3 mutations may be linked to
increases in genetic instability and/or subclone
development.®® This is important for identifying
patients who need aggressive or new therapeutic
alternatives. Thus, the presence of a mutation that
activates a tyrosine kinase receptor paves the way
for the use of specific kinase inhibitors to treat this
disease. The genetic variability of this molecular
lesion during the progression of the disease may
yield new insights into the leukemogenic process.

Appendix
We thank the following centers and physicians for
their participation in the CETLAM LMA-99 protocol:

haematologica/journal of hematology vol. 88(06):june 2003 643



L. Mufoz et al.

Institut Calald d"Oncologia, Hospitalet (JJ. Berlan-
ga); Hospital de la Santa Creu i San Pau, Barcelona;
Hospital Josep Trueta, Girona (R. Guardia, C. Fer-
ndndez); Hospital Joan XXIIl, Tarragona (A. Llorente);
Hospital Verge de la Cinta, Tortosa (L. Font); Hospi-
tal Clinic, Barcelona (D. Colomer, J. Esteve); Hospital
Vall d’Hebron, Barcelona (J. Bueno); Hospital Son
Dureta, Mallorca (J. Bargay); Hospital del Mar,
Barcelona (C. Pedro); Hospital Clinico, Valencia (M.
Tormo); Hospital Juan Canalejo, A Corufia (JP. Torres);
Hospital German Trias i Pujol, Badalona (JM. Ribera);
Hospital Arnau de Vilanova, Lleida (JM. Sdnchez);
Hospital Clinico, Mdlaga (MP. Queipo de Llano);
Mutua de Terrassa, Terrassa (JM. Marti); Clinica
Teknon, Barcelona (P. Vivancos).

References

1. Lowenberg B, Touw |. Hematopoietic growth factors and
their receptors in acute leukemia. Blood 1993;81:281-92.

2. Ullrich A, Schlessinger J. Signal transduction by receptors
with tyrosine kinase activity. Cell 1990;61:203-12.

3. Agnes F, Shamoon B, Dina C, Rosnet O, Birnbaum D, Galib-
ert F. Genomic structure of the downstream part of the
human FLT3 gene: exon/intron structure conservation
among genes encoding receptor tyrosine kinases (RTK) of
subclass Ill. Gene 1994;145:283-8.

4. Lyman SD, James L, Vanden Bos T, De Vries P, Brasel K, Glini-
ak B, et al. Molecular cloning of a ligand for the flt3/fltk-2
tyrosine kinase receptor: a proliferative factor for primitive
hematopoietic cells. Cell 1993;75:1157-67.

5. Broxmeyer HE, Lu L, Cooper S, Ruggieri L, Li ZH, Lyman SD.
FIt3 ligand stimulates/costimulates the growth of myeloid
stem/progenitor cells. Exp Hematol 1995;23:1121-7.

6. Small D, Leverstein M, Kim E, Carow C, Amin S, Rockwell P,
et al. STK-I, the human homolog of flk-2/flt-3 is selectively
expressed in CD34+ human bone marrow cells and is
involved in the proliferation of early progenitor/stem cells.
Proc Natl Acad Sci USA 1994;91:459-62.

7. Turner AM, Lin NL, Issarachai S, Lyman SD, Broudy VC. FLT3
receptor expression on the surface of normal and malignant
human hematopoietic cells. Blood 1996;88:3383-90.

8. Hannum JF, Culpeper J, Campbell D, McClanahan T, Zuraws-
ki S, Bazan JF, et al. Ligand for FLT3/FLK2 receptor tyrosine
kinase regulates growth of haematopoietic stem cells and is
encoded by variant RNAs. Nature 1994;385:643-8.

9. Meierhoff G, Dehmel U, Gruss H-J, Rosnet O, Birnbaum D,
Quentmeier H, et al. Expression for FLT3 receptor and FLT3-
ligand in human leukemia-lymphoma cell lines. Leukemia
1995;9:1368-72.

10. Drexler HG. Expression of FLT3 receptor and response to FLT3
ligand by leukemic cells. Leukemia 1996;10:588-99.

11.  Dehmel U, Zaborski M, Meierhoff G, Rosnet O, Ludwing WD,
Quentmeier H, et al. Effects of FLT3 ligand on human
leukemia cells. I. Proliferative response of myeloid leukemia
cells. Leukemia 1996;10:261-70.

12. Dehmel U, Quentmeier H, Drexler HG. Effects of FLT3 ligand
on human leukemia cells. Il. Agonistic and antagonistic
effects of other cytokines. Leukemia 1996;10:271-8.

13.  Lisovsky M, Estrov X, Zhang X, Consoli U, Sanchez-Wlliams
G, Snell V, et al. FIt3 ligand stimulates proliferation and
inhibits apoptosis of acute myeloid leukemia cells: regula-
tion of Bcl-2 and Bax. Blood 1996:88:3987-97.

14. Nakao M, Yokota S, Iwai T, Kanebo H, Horiike S, Kashima K,
et al. Internal tandem duplication of the flt3 gene found in
acute myeloid leukemia. Leukemia 1996;19:1911-8.

15.  Kiyoi H, Naoe T, Nakano Y, Yokota S, Minimi S, Miyawaki S,
et al. Prognostic implications of FLT3 and N-RAS gene muta-
tions in acute myeloid leukemia. Blood 1999;93:3074-80.

16. Yokota S, Kiyoi H, Nakao M, Iwai T, Misawa S, Okuda T, et al.
Internal tandem duplication of the FLT3 gene is preferentially

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

seen in acute myeloid leukemia and myelodysplastic syn-
drome among various hematological malignancies. A study
on a large series of patients and cell lines. Leukemia 1997;
11:1605-9.

Rombouts WIC, Blokland I, Léwenberg B, Ploemacher RE.
Biological characteristics and prognosis of adult acute
myeloid leukemia with internal tandem duplications in the
FIt3 gene. Leukemia 2000;14:675-83.

Kottaridis P, Gale RE, Frew ME, Harrison G, Langabeeer SE,
Belton AA, et al. The presence of a FLT3 internal tandem
duplication in patients with acute myeloid leukemia (AML)
adds important prognostic information to cytogenetic risk
group and response to the first cycle of chemotherapy:
analysis of 854 patients from the United Kingdom Medical
Research Council AML 10 and 12 trials. Blood 2001;98:
1752-9.

Thiede C, Steudel C, Mohr B, Schaich M, Schakel U, Platz-
becker U, et al. Analysis of FLT3-activating in 979 patients
with acute myelogenous leukemia: association with FAB
subtypes and identification of subgruoups with poor prog-
nosis. Blood 2002;99:4326-35.

Whitman SP, Archer KJ, Feng L, Baldus C, Becknell B, Carl-
son BD, et al. Absence of the wild-type allele predicts poor
prognosis in adult de novo acute myeloid leukemia with nor-
mal cytogenetics and the internal tandem of FLT3: a cancer
and leukemia group B study. Cancer Res 2001;61:7233-9.
Schnittger S, Schoch C, Dugas M, Kern W, Staib P, Wuchter
C, et al. Analysis of FLT3 length mutations in 1003 patients
with acute myeloid leukemia: correlation to cytogenetics,
FAB subtype, and prognosis in the AMLCG study and use-
fulness as a marker for the detection of minimal residual
disease. Blood 2002;100:59-66.

Moreno |, Martin G, Bolufer P, Barragan E, Rueda E, Roman
Jetal. Incidence and prognostic value of FLT3 internal tan-
dem duplication and D835 mutations in acute myeloid
leukemia. Haematologica 2003;88:19-24.

Yamamoto Y, Kiyoi H, Nakano Y, Suzuki R, Kodera Y, Miya-
waki S, et al. Activating mutation of D835 within the acti-
vation loop of FLT3 in human hematologic malignancies.
Blood 2001;97:2434-39.

Horiike S, Yakota S, Nakao M, Iwai T, Sasai T, Kanebo H, et
al. Tandem duplications of the FLT3 receptor gene are asso-
ciated with leukemic transformation of myelodysplasia.
Leukemia 1997;11:1442-6.

Kiyoi H, Naoe T, Yokota S, Nakao M, Minami S, Kuriyama K,
et al, and the Leukemia Study Group of the Ministry of
Health and Welfare. Internal tandem duplication of FLT3
associated with leukocytosis in acute promyelocytic
leukemia. Leukemia 1997;11:1447-52.

Shih LY, Huang CF, Wu JH, Lin TL, Dunn P, Kuo MC, et al.
Increased frequency and mutant levels of internal tandem
duplication of FLT3 with changes of mutation patterns in
104 adult patients with relapsed acute myeloid leukemia. 7t
Annual Meeting of the European Hematology Association.
(Abstract) Florence, 2002.

Kelly LM, Liu QL, Kutok JL, Williams IF, Boulton CL, Gilliland
DG. FLT3 internal duplication mutations associated with
human acute myeloid leukemias induce myeloproliferative
disease in a bone marrow transplant model. Blood 2002;
99:310-8.

Kelly LM, Kutok JL, Williams IR, Boulton CL, Amaral SM, Cur-
ley DP, et al. PML/RARalpha and FLT3-ITD induce an APL-like
disease in a mouse model. Proc Natl Acad Sci USA 2002; 99:
8283-8.

Bennet JM, Catovsky D, Daniel MT, Flandrin G, Galton DAG,
Gralnick H, et al. Proposed revised criteria for the classifica-
tion of acute myeloid leukemia: a report of the French-
American-British cooperative group. Ann Intern Med 1985;
103:620-6.

Cheson BD, Cassilteth PA, Head DR, Schiffer CA, Bennet JM,
Bloomfield CD, et al. Report of the National Cancer Institute-
sponsored workshop on definitions of diagnosis and response
in acute myeloid leukemia. J Clin Oncol 1990;8:813-9.
ISCN (1995) An International System for Human Cytoge-
netic Nomenclature. Mitelman F, editor. Basel; Karger.
Bene MC, Castoldi G, Knapp W, Ludwing WD, Matutes E,

644 haematologica/journal of hematology vol. 88(06):june 2003



Immunophenotypic finding in AML

Orfao A, et al. European Group for the immunological clas-
sification of acute leukemias: proposals for the immunolog-
ical classification of acute leukemias. Leukemia 1995; 9:
1783-6.

33. Mufoz L, Lépez O, Martino R, Brunet S, Bellido M, Sierra J,
et al. Minimal residual disease detection with immunophe-
notype and RT-PCR in Philadelphia positive acute lym-
phoblastic leukemia. Hematologica 2000;85:40-6.

34. Martinez A, San Miguel JF, Vidriales MB, Ciudad J, Caballero
MD, Lopez-Berges MC, et al. An abnormal CD34+ mye-
loid/CD34+ lymphoid ratio at the end of chemotherapy pre-
dicts relapse in patients with acute myeloid leukemia.
Cytometry 1999;38:70-5.

35.  San Miguel JF, Martinez A, Macedo A, Vidriales MB, Lopez-
Berges C, Gonzalez M, et al. Inmunophenotyping investiga-
tion of minimal residual disease is a useful approach for pre-
dicting relapse in acute myeloid leukemia patients. Blood
1997;90:2465-70.

36. Munoz L, Nomdedéu JF, Villamor N, Guardia R, Colomer D,
Ribera JM, et al. Acute myeloid leukemia with MLL
rearrangements: clinicobiological features, prognostic

Pre-publication Report & Outcomes of Peer
Review

Contributions

LM: was primarily responsible for collecting and
interpreting the data of this work, she also prepared
the first draft of the manuscript. JFN was in charge
of conceiving the study and revised the paper. The
remaining authors: MR, AA, GA, AD, MT, JJ, JPT, NV
and SB are members of the CETLAM group and were
responsible for collecting samples and for the bio-
logical and clinical data. They also provided com-
ments on and suggestions for the final version.

Funding

L Mufoz is a recipient of a FIJC-99/ESP-GLAXO
grant from the José Carreras International Leukemia
Foundation. Supported by 2000XT/00026 and FIS
00/0352.

Disclosures

Conflict of interest: none.

Redundant publications: no substantial overlap-
ping with previous papers.

Manuscript processing

This manuscript was peer-reviewed by two exter-
nal referees and by Professor Marie-Christine Béné,
who acted as an Associate Editor. The final decision
to accept this paper for publication was taken joint-
ly by Professor Béné and the Editors. Manuscript
received January 24, 2003; accepted May 7, 2003.

impact and value of flow cytometry in the detection of resid-
ual leukemic cells. Leukemia 2003;17:76-82.

37. Stirewalt DL, Kopecky KJ, Meshinchi S, Appelbaum FR, Slo-

vak ML, Willman CL, et al. FLT3, RAS, and TP53 mutations in
elderly patients with acute myeloid leukemia. Blood 2001;
97:3589-95.

38. Kiyoi H, Ohno R, Ueda R, Saito H, Naoe T. Mechanism of

constitutive activation of FLT3 with internal tandem dupli-
cation in the juxtamembrane domain. Oncogene 2002;
21:2555-63.

39. Tse KF, Mukherjee G, Small D. Constitutive activation of FLT3

stimulates multiple intracellular signal transducers and
results in transformation. Leukemia 2000;14:1766-76.

40. Skorski T. Oncogenic tyrosine kinases and the DNA-damage

response. Nature Rev Cancer 2002;12:351-60.

41. Byrd JC, Mrozek K, Dodge R, Carroll A, Edwards C, Arthur D

et al. Pretreatment cytogenetic abnormalities are predictive
of induction success, cumulative incidence of relapse, and
overall survival in adult patients with de novo acute myeloid
leukemia: results from Cancer and Leukemia Group B (CAL-
GB 8461). Blood 2002;13:4325-36.

In the following paragraphs, Professor Béné sum-
marizes the peer-review process and its outcomes.

What is already known on this topic

Mutations and duplication of the FLT3 gene have
been identified in about one third of AML cases and
reported by several groups as poor prognosis factors.
Relationships between these genetic alterations and
other features of the disease have been less fre-
quently reported, and a possible link with typical
immunophenotypic features, that could orient
towards the search for this genetic anomaly, has not
been noted.

What this study adds

This study provides extensive data on the
immunophenotype of 36 AML cases with FLT/ITD. It
also shows a few significant differences with cases
lacking the genetic anomaly. There is no real, strong-
ly specific feature, but this work had to be done and
improves knowledge about this particular anomaly.
It also confirms previous work regarding the associ-
ation of FLT/ITDwith poor prognosis and interest in
the detection of minimal residual disease.
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