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Summary

The indications for allogeneic stem cell transplantation (SCT) in Acute Myeloid Leukemia (AML) represent a real
challenge due to the clinical and genetic heterogeneity of the disorder. Therefore, an optimized indication for SCT
in AML first requires the determination of the individual relapse risk based on diverse chromosomal and molecular
prognosis-defining aberrations. A broad panel of diagnostic methods is needed to allow such subclassification and pro-
gnostic stratification: cytomorphology, cytogenetics, molecular genetics, and immunophenotyping by multiparameter
flow cytometry. These methods should not be seen as isolated techniques but as parts of an integral network with hie-
rarchies and interactions. Examples for a poor risk constellation as a clear indication for allogeneic SCT are provided
by anomalies of chromosome 7, complex aberrations, or FLT3-length mutations. In contrast, the favorable reciprocal
translocations such as the t(15;17)/PML-RARA or t(8;21)/AML1-ETO are not indications for SCT in first remission
due to the rather good prognosis after standard therapy. Further, the indication for SCT should include the results of
minimal residual disease (MRD) diagnostics by polymerase chain reaction (PCR) or flow cytometry. New aspects
for a safe and fast risk stratification as basis for an optimized indication for SCT in AML might be provided by novel
technologies such as microarray-based gene expression profiling.
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Introduction

Acute Myeloid Leukemia (AML) represents as highly
heterogeneous disorder with very variable clinical courses and
response to chemotherapy. Long term survival ranges from >80%
in Acute Promyelocytic Leukemia (APL) with the (15;17)/PML-
RARA translocation to <10% in cases with complex aberrations
(>3 chromosomal abnormalities). Additionally, the internal tandem
duplications/length mutations within the FLT3-gene (FLT3-1TD/
LM) confer an extremely adverse prognostic impact (Thiede et
al, 2002; Schnittger et al, 2002), whereas isolated mutations in
the Nucleophosmin (NPM1) gene in normal karyotype cases are
predictive for a more favorable prognosis (Falini ef a/, 2005).

Due to these variances in outcome, the prospective determination
of the intensity of treatment in AML is a major task. This applies
especially to the indications for allogeneic stem cell transplantation
(SCT), as the benefit of the graft versus leukemia (GvL) effect has
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to be balanced against the risks of transplant-associated morbidity
and mortality (TRM) in each individual case.

A broad panel of diagnostic methods is necessary to meet the
demands of an optimized risk stratification which forms basis for
the decision for SCT: Cytogenetic abnormalities are identified by
chromosomal banding analyses in ~55% of patients with AML
and represent the strongest known prognostic parameters in AML
(Bloomfield et al, 1997; Swansbury et al, 1994). In the remaining
45% of patients where no chromosomal abnormalities can be
identified, molecular strategies based on diverse polymerase chain
reaction (PCR) techniques allow a more detailed risk stratification
in >80% of all cases (Marcucci et al, 2005).

Early cytomorphological assessment of bone marrow blast
reduction after induction therapy contributes additional prognostic



information (Kern et al, 2003a). This can be combined with
multiparameter flow cytometry (MFC), as the quantification
of cells with a leukemia associated immunophenotype (LAIP)
before and after induction therapy allows an early and very
sensitive evaluation of the response to treatment (Kern et al,
2003b). Quantitative PCR can also be helpful in evaluating
the response to therapy at an early timepoint (Schnittger et al,
2003). During follow-up of the disease, the quantification of the
minimal residual disease (MRD) load by PCR and MFC permits
the detection of impending relapse on a molecular level before
clinical or morphological manifestation (Grimwade et al, 1996;
Lo et al, 1999).

Thus, the indication for allogeneic SCT in AML requires not only
a broad panel of laboratory methods but also has high demands
for the knowledge and interpretation of a variety of cytogenetic
and molecular markers. To further increase insights into this
complex panel of criteria that are relevant for the decision for
allogeneic SCT in AML, this work intends to give an overview of
the relevant diagnostic methods and markers which can support
this complex decision process.

Cytomorphological criteria

The performance of bone marrow cytomorphology shortly after
the end of induction allows an assessment of early blast clearance
in AML patients. A reduction of blasts <10% on day 16 after the
start of induction (“day 16 blasts”) was demonstrated to represent
a favorable prognostic parameter. In contrast, the persistence of
higher blast percentages at this time-point is a negative prognostic
sign and should always provoke the question whether there might
be an indication for allo-SCT (Preisler ef al, 1986; Kern et al,
2003a).

Cytogenetic criteria

Chromosome banding analyses still play a central role for sub-
classification and determination of prognosis in AML (Byrd
et al, 2002; Slovak et al, 2000). To verify the results obtained
by chromosome banding and to further clarify more complex
aberrations, several fluorescence in situ hybridization (FISH)
techniques (e.g. interphase FISH, metaphase FISH, 24-color
FISH/SKY) can additionally be performed. Further, interphase
FISH provides a higher sensitivity, as 100-200 cells can be
evaluated without problems in comparison to 20-25 metaphases
by chromosomal banding (Haferlach et a/, 2007).

The karyotypes allow separation of AML patients into three
prognostic relevant groups: The favorable subgroup is
represented by the recurrent reciprocal translocations t(15;17)/
PML-RARA, t(8;21)/AMLI-ETO, and inv(16)/CBFB-MYHII
from the first hierarchy of the WHO classification (Jaffe et
al, 2001). Due to the favorable outcome which is achieved by
standard therapy in these cytogenetic subgroups, allogeneic SCT
is not performed in first complete remission anymore. However,
in the case of relapse, allogenic SCT also remains an option in
these subgroups (de Labarthe et al, 2005; Grimwade et al, 1998;
Yanada ef a/, 2005a).

The second prognostically intermediate subgroup contains
patients with a normal karyotype or certain distinct aberrations—

e.g. trisomy 8—which do not confer a specific prognostic impact.
However, the subgroup of patients with a normal karyotype can be
separated into several subentities on the basis of diverse molecular
markers, so the indication for SCT can be further determined and
differentiated even in this heterogeneous group.

The third prognostically unfavorable subgroup includes
unbalanced karyotypes, characterized by gain or loss of whole
chromosomes or chromosomal regions. Patients with anomalies
of chromosomes 3—e.g. an inversion inv(3)/t(3;3)(q21q26)—or
structural or numerical abnormalities of chromosome 7 are
also part of this group. Complex aberrant karyotypes which
are defined as >3 chromosomal anomalies are found in 10-15%
of all AML cases. Conventional chemotherapy achieves stable
remissions only rarely (Biichner et al, 2004). Complex aberrations
are interpreted as result of multistep leukemogenesis and show
similarities to solid tumors with respect to the pathomechanisms
and the inferior response to cytotoxic therapy (Schoch et aZ, 2001).
Another example are the 11q23/MLL-rearrangements, which
occur often in therapy induced AML (t-AML) after treatment with
topoisomerase-II inhibitors such as Etoposide.

All these prognostically unfavorable subgroups are characterized
by relapse rates of up to 80%. Whereas allogeneic SCT was
shown to result in survival of >40%, intensive chemotherapy or
high dose chemotherapy followed by autologous stem cell support
results in long time survival of only 15-20% in these subgroups.
Therefore, diagnosis of the respective karyotypes should in all
cases be followed by early planning of allogeneic SCT if possible
(Suciu et al, 2003).

Previously, it had been thought that secondary AML (s-AML)
after MDS and therapy associated AML are per se associated
with inferior outcome. However, recent studies showed that
prognostically unfavorable karyotypes are more frequent in
these subgroups, but that prognosis of the individual karyotypes
does not differ from the corresponding cytogenetic alterations in
de novo AML (Messner, 2006; Larson, 2007). However, stable
disease free survival of >30% has been achieved in s-AML after
MDS by allogeneic SCT in some studies (de Witte et al, 2000),
and dose reduced conditioning protocols might further improve
these results (Kroger et al, 2003).

Molecular criteria

From molecular the aspect, the subgroup of patients with a
normal karyotype is composed of a large spectrum of diverse
mutations that are associated with distinct prognostic profiles:
Length mutations/internal tandem duplications of the FLT3 gene
(FLT3-LM/ITD), which are represented by insertions of a few
hundred base pairs, are found in ~40% of all patients with normal
karyotype (Schnittger et al, 2004;Yanada et al, 2005b). Prognosis
is dismal, and stable remissions after standard chemotherapy
protocols are only seen occasionally (de Labarthe et al, 2005).
With allogenic SCT, survival could be improved from 20-25% up
to 45-50% in some studies (Bornhduser et a/, 2007; Schlenk, ASH
annual meeting abstracts 2006, 108).

In contrast, isolated mutations of the NPMI gene are

prognostically favorable. They are detected in ~50% of all patients
and represent the most frequent molecular marker in AML with a
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Figure 1. Algorithm for the decision process towards allogeneic SCT
in AML according to the genetic results and to the response to therapy

Diagnosis of AML
- Cytomorphology/cytochemistry
- Cytogenetics/FISH
- Molecular genetics (PCR)
- Immunophenotyping (MFC)

,unfavorable“ : »favorable*
- complex aberrations sintermediate* - t(15;17)/PML-RARA
- chrom. 3 /7 anomalies - normal karyotype - (8;21)/AML1-ETO
- 11923/MLL -+8 - inv(16)/CBFB-MYH11
- FLT3-ITD/LM - NPM1mut.
- MLL-PTD - CEBPA mut.
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FISH: Fluorescence in situ hybridization; mut.: mutations;

MFC: multiparameter flow cytometry; PCR: polymerase chain reaction;
MRD: minimal residual disease;
SCT: allogeneic stem cell transplantation.
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specific association to normal karyotype. The respective mutation
is represented by diverse subtypes of a 4 base pair insertion and
results in a disturbed function of a tumor suppressor pathway
(Falini et al, 2005).

Recently, Schlenk ef al. demonstrated that patients with isolated
NPM-mutations without evidence of FLT3-length mutations and
with a normal karyotype do not benefit from allogeneic SCT in
first remission. However, when the FLT3-LM and the NPMI-
mutation occur in coincidence, outcome was improved when
allogeneic SCT was performed (Schlenk, ASH annual meeting
abstracts 2006, 108).

Other mutations are relevant as well, e.g. mutations of the
CEPBA-gene. Due to the favorable prognosis their isolated
presence should exclude SCT from first-line treatment concepts
in first remission (Schlenk, ASH annual meeting abstracts 2006,
108).

The spectrum of molecular markers being able to allow a more
differentiated indication for SCT in normal karyotype AML is
continuously increasing: Mutations within the MLL-gene (partial
tandem duplications, MLL-PTD) are prognostically unfavorable
(Dohner et al, 2002) and represent a further indication for SCT
(Schlenk, ASH annual meeting abstracts 2006, 108). Thus,
molecular screening in patients with a normal karyotype is of high
priority for the decision for SCT. (7able I provides an overview
on the prognostic relevant subgroups in AML on the basis of
cytogenetic and molecular markers.)

Table 1. Prognostic subgroups in AML according to the
genetic results

Prognostic subgroup | Cytogenetic/molecular results

- t(15;17)/PML-RARA

- 4(8;21)/AML-ETO

- inv(16)/CBFB-MYHI11

Favorable - isolated NPMI-mutations
(normal karyotype)

- isolated CEPBA-mutations
(normal karyotype)

- Normal karyotype

Intermediate .
- trisomy 8

- complex aberrations
(>3 chrom. anomalies)
- monosomy 7
Unfavorable - anomalies of chromosome 3
- FLT3 length mutations
(FLT3-LM/FLT3-ITD)
- MLL-PTD

Minimal residual disease criteria

Minimal residual disease (MRD) diagnostics are of increasing
importance for the definition of therapeutic strategies in AML.
The highest level of sensitivity (up to 10°-10°) is provided by
quantitative PCR or nested PCR (Shimoni & Nagler, 2004).

In the reciprocal transcript fusions t(15;17)/PML-RARA, t(8;21)/
AMLI-ETO, and inv(16)/CBFB-MYHI1 quantitative real-time-
PCR can be used to assess the reduction of the leukemic cell load
after therapy. A persistence of the transcript (Grimwade et al,
1998) or a minor decrease (Schnittger et al, 2003) are predictive
for a significantly enhanced relapse risk. Although these balanced
translocations play a minor role in SCT nowadays, as patients can
be cured by standard chemotherapy in many cases, increases of
the particular molecular markers might be detected 3-6 months
before the cytomorphological manifestation of relapse and can
still represent an indication for allogeneic SCT.

So far quantitative PCR is available for part of the known molecular
mutations only, but efforts are being made to develop such
quantification strategies for other markers also. In some studies
of limited size it was shown that the NPM1 mutations represent
a stable MRD parameter which can be followed quantitatively by
real-time PCR (Chou et al, 2007; Gorello et al, 2006). For patients
with the FLT3-LM, follow-up monitoring can be performed by
semi-quantitative PCR (Schnittger et a/, 2004) or by quantitative
methods after design of patient-specific primers due to the
heterogeneity of the mutations (Scholl et al, 2005b). For some
markers, e.g. for mutations within the loop of the FLT3 tyrosine
kinase domain (TKD), assays for quantitative monitoring (Scholl
et al, 2005a) are being developed, so the spectrum of molecular
markers being suitable for MRD is continuously expanding.

Another useful method for MRD studies in AML is provided by
multiparameter flow cytometry (MFC), as a leukemia associated
immunphenotype (LAIP) can be determined in 95% of all patients
(Campana, 2003; Kern et al, 2004; Griesinger et al, 1999; Kern et
al, 2007). Sensitivities of up to 102-10* are achieved, (Feller et al,
2004) which also allows MRD monitoring in patients where there
are no molecular markers for MRD studies available. Numerous
studies demonstrated that the LAIP positive cells show an increase
before morphological relapse occurs. Therefore, an increase of
LAIP positive cells after therapy should always raise concern
and can represent an indication for allogeneic SCT (Laane et al,
2006). (Figure 1 shows an algorithm for the decision process to
allogeneic SCT in AML.)

Hierarchy of diagnostic methods

To allow a most efficient flow of methods and an optimized risk
stratification in the decision process towards allogeneic SCT, the
diverse methods should be seen in the context of the whole panel,
and hierarchies between the diverse methods should be used to
guide the more specific techniques. Cytomorphological results
raising suspicion for the balanced transcripts t(15;17)/PML-
RARA, t(8;21)/AMLI-ETO, or inv(16)/CBFB-MYH1l should
immediately be followed by the corresponding interphase FISH
or PCR analyses for confirmation of subtypes.

When chromosomal banding shows numerical or structural
aberrations, the appropriate interphase FISH probes for
confirmation and clarification of the results should be selected
accordingly. Additionally, interphase FISH can be integrated
in the MRD panel due to the higher sensitivity of 1:100-1:200
cells (Bacher et al, 2006). In normal karyotype cases, molecular
screening, e.g., for the NPM1 and FLT3-LM, should be initiated.
This might be completed by analyses for the CEBP4 mutations,
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MLL-PTD, or FLT3-TKD, as these markers all are associated
with normal karyotype and are essential for risk stratification in
the indication to SCT (Schlenk et al, 2004). The determination of
the individual LAIP provides a solid basis for later follow-up to
detect relapse at the earliest possible timepoint for eventual early
planning of SCT.

Conclusions

Therapeutic concepts in AML try to adapt the intensity of
therapy to the individual relapse risk. In poor-risk patients,
allogeneic SCT is the therapy of choice, whereas in patients with
a good prognosis such as the favorable reciprocal translocations,
allogeneic SCT is restricted to impending or manifest relapse (de
Labarthe et al, 2005). This risk stratification is possible only on
the basis of patient-specific biological parameters and an exact
subclassification of AML cases according to distinct cytogenetic
and molecular markers. Further, indications for allogeneic SCT
should include the results of MRD diagnostics, as persistence or
increase of molecular markers might be an indication for a change
of therapy towards SCT.

Thus, therapeutic decisions and the indications for allogeneic
SCT require a multimodal diagnostic approach composed by a
combination of cytogenetics, FISH, molecular genetics, and MRD
diagnostics based on real time PCR and MFC.

However, many questions still require clarification. The
combination of diverse markers might be relevant, as prognosis
might differ from patients with isolated mutations. Examples are
provided by the coincidence of the PML-RARA mutation with the
FLT3-LM where prognosis is more unfavorable than in patients
with an isolated t(15;17) (Gilliland, 2003), or by the coincidence
of FLT3-LM and NPMImutations (Falini et al, 2005). These
overlaps between the diverse genetic subgroups can be responsible
for variations in the clinical outcome which are seen in distinct
AML subentities and need further investigation.

Further, results should be provided as soon as possible after
diagnosis of AML to pave the way to allogeneic SCT in poor-
risk cases. Novel methods such as gene expression profiling with
microarrays, which allow the simultaneous analysis of thousands
of genes, might allow an even more detailed risk stratification
and prognostication within the shortest time in the near future,
(Haferlach et al, 2003) which would also facilitate the indication
for allogeneic SCT. Drug specific sensitivity assays based on
gene expression analyses might soon offer more exact predictions
concerning the expected success of the planned chemotherapy
(Messner, 2006).

In conclusion, an optimized indication for allogeneic SCT in AML
requires the interaction of a broad panel of diagnostic methods,
which should be open for new developments to pave the way
to an easier, safer, and faster risk stratification in this complex
disorder.
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OnTumMmn3anus NOKa3aHuii K aJ1JI0reHHON TPAHCIUIAHTAIIMY CTBOJIOBBIX KJIETOK NMPH
0CTPOM MHeJI001acTHOM Jeiko3e (OMJI),
OCHOBAaHHAsl HA HHTEPAKTHBHBIX JHATHOCTHYECKUX CTPATErHAX

Xapreur M., Haunaep P.A., Xadepaax E., ®e3e b., Kperep H., baxep V.

Pe3rome

Ilokazanuss K aldJIOreHHOH TpaHCIIJIaHTAalIu N

cTBONOBBIX kJeTok (amno-TI'CK) mpu  octpom

MmuenobOnactHoM Jedkoze (OMJI) mpencraBiasiOT cephe3HbIE TPYAHOCTH M3-3a KIWHUYECKOH W
TeHETHYECKON reTePOreHHOCTH NaHHOTro 3aboneBanus. [losromy ontumuzanus mokazanuii k TACK mpu
OMUJI tpebyert, mpekae BCEro, ONpeneNeHUs MHAMBUAYaAIbHOIO pucka penuauBa. Ilpum 3Tom mporuos
OCHOBBIBACTCSI Ha Pa3IUYHBIX XPOMOCOMHBIX M MOJEKYJISpHBIX abeppaunsax. HeoOxommma mmpokas
MaHeJIb AUArHOCTHYECKUX NMPHEMOB, YTOOBI 00ECIEUNTh TaKylo CyOKIaccHu(UKaUIO0 U CTPaTH(OUKALNIO
[0 TPOTHO3Y, @ HMMEHHO: LHUTOMOP(OJOrHMYECKHe, IUTOICHETUYECKHE, MOJEKYJISIPHO-TeHETHUECKUE
METOABl U UMMYHO(QECHOTHIIMPOBAHNE MOCPEICTBOM MYJIBTUIIAPAMEPUYECKON MPOTOYHOM LUTOMETPHUH.
OTH METOABI HOJIKHBI PACCMATPUBATHCS HE KAK M30JINPOBAHHBIE TEXHOJOTHH, & KaK YaCTh MHTEIPaJIbHOM
CEeTH uepapxuil u B3aumoneiicTsuid. HeOnaronpusTHBIM NPOrHOCTHYECKUM MAPKEPOM CUMUTACTCS HAJIUNYHUE
HecOaJaHCUPOBAaHHBIX KAapHOTHUIIOB C yTPAaTOW MM HAJMYMEM JIMIIHUX XPOMOCOM MJIM HMX KPYIHBIX
¢parmenToB. lIpuBonsTCs MpUMepsl COUYETAaHUII MapKepOB BBICOKOTO PHCKa AJisi 00OCHOBAaHUS YETKHUX
nokazanuil k aymno-TT'CK, Hampumep aHOManii XpOMOCOMEI 7, CIOXKHBIX abeppanuii (>3 XpOMOCOMHBIX
aHoManuid) wnm MyTanmuid mo mupotskeHHocTH FLT3. HampoTtwB, OTHOCHTENBHO ONaromnpusiTHEIC
PEeIUNpPOKHBIE TpaHCIOKanuu, Takne, Kak t(15;17)/PML-RARA wumu t(8;21)/AMLI-ETO u inv(16)/CBFB-
MYHI1, myrauuu resa NPMI1. He sBustorcs nokazanueM k TI'CK B mepBoil pemuccuu, B CBS3U C
JOCTAaTOYHO XOPOIIMM IPOrHO30M NPH MPOBEJCHWH CTAaHAAPTHOH Tepanuu. B nanpHelineM mokasaHUs
k TI'CK nmomxHBI BKIIFOYaTh B ce0s pe3yibTaThl ONEHKHM MWUHHUMAaIbHOW ocTaTodHOW Oone3nu (MOB)
mocpeAcTBOM monuMepasHoi nermHoi peakmuu (I1LIP) mnn mporounoit mutomerpun. HoBbie acriekTh
Oe3oracHoi 1 OBICTPOI cTpaTu(UKAINH 10 pUCKY It ontumu3annu mokazaHui kK TI'CK mpu OMJI moryT
OBbITH BBIPA0OOTAaHBI HA OCHOBE HOBBIX TEXHOJOTHUH, TAKUX, KaK OLEHKA NMPoQuiIei SKCIPEecCu MHOXKECTBA

T€HOB C IIOMOIIIHI0 MUKPO3ppeeB (OMOUHTIOB).

Kurouessble ciioBa: Octphlii MuenobmacTHeIi jieiiko3 (OMJI), AnmoreHHast TpaHCILIAHTAINST CTBOJIOBBIX
kietok (amro-TT'CK), Ilokazanus, [lutorenetnka, [lonumepasnas nenHas peakius (I1L[P)
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