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studies will in the near future test the potential of cord
blood cells for the treatment of several diseases includ-
ing, among other possibilities, diabetes, arteritis, burns,
neurological disorders and myocardial infarction.
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Therapy-related myeloid neoplasm (t-MN) is the
term recently proposed by the World Health
Organization to cover the spectrum of malignant

disorders previously described as therapy-related
myelodysplastic syndrome (t-MDS) or therapy-related
acute myeloid leukemia (t-AML). t-MN is a well recog-
nized clinical syndrome occurring as a late complication
following cytotoxic therapy.1-5 The term therapy-related
leukemia is descriptive and based on a patient’s history
of exposure to cytotoxic agents. Although a causal rela-
tionship is implied, the mechanism remains to be
proven. These neoplasms are thought to be the direct
consequence of mutational events induced by cytotoxic
therapy, or via the selection of a myeloid clone with a
mutator phenotype that has a markedly elevated risk for
mutational events. Several distinct clinical and cytoge-

netic subtypes of t-MN are recognized and closely asso-
ciated with the nature of the preceding treatment. The
latency between the primary diagnosis and therapy-
related disease ranges between a few months to several
years, depending in part on the cumulative dose or dose
intensity of the preceding cytotoxic therapy, as well as
the exposure to specific agents. The majority of patients
have clonal chromosome abnormalities in their bone
marrow cells at diagnosis. A spectrum of morphological
abnormalities is observed.4,5 There is a continuum in the
percentage of marrow blasts from t-MDS to overt acute
leukemia, and rapid progression from the former to the
latter. Thus, it is reasonable to consider this as a single
clinical syndrome. The clinical course is typically pro-
gressive and relatively resistant to conventional therapies
used for leukemias arising de novo.
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Alkylating agents are clearly mutagenic and leuke-
mogenic. Topoisomerase-II inhibitors, especially
mitoxantrone in studies from Europe and etoposide
and doxorubicin in the USA, can induce t-MN, perhaps
augmented by granulocyte colony-stimulating factor
(G-CSF). The routine addition of G-CSF to cancer ther-
apy has been controversial. It has been suggested that
the ability of G-CSF to promote proliferation prior to
repair of damaged stem cells, which might otherwise
undergo apoptosis, may contribute to leukemogenesis.
Although life-saving with regard to severe infections,
G-CSF has been associated with a significantly
increased cumulative hazard of AML over time in
patients with severe congenital neutropenia. More
recently, t-MN has been seen in patients, particularly
solid organ transplant recipients, following treatment
with immunosuppressive therapies not previously
thought to cause DNA damage directly. A mechanism
for the development of t-MN has been proposed for
azathioprine, an immunosuppressant widely used in
recipients of organ transplants, through selection of a
mutator phenotype to allow the emergence of AML
with abnormalities of chromosomes 5 and 7.2

The etiology and specific predisposing features of
therapy-related leukemia remain elusive since fortunate-
ly only a small fraction of patients exposed to cytotoxic
therapy develop the syndrome. It has not yet been pos-
sible to determine whether the development of t-MN is
a stochastic event, occurring by chance, or whether cer-
tain individuals are at higher risk – perhaps due to a
DNA-repair deficiency or a heritable predisposition,
such as altered drug metabolism. The identification of
such an underlying pre-existing condition would help
the screening and counseling of patients at the time of
treatment for their primary disease.

We have previously reported that the frequency of an
inactivating polymorphism in the NQO1 gene
(NAD(P)H:quinone oxidoreductase) is increased among
individuals with t-MN.6 Both homozygotes as well as
heterozygotes, who are at risk of treatment-induced
mutation or loss of the remaining wild-type allele in
their hematopoietic stem cells, may be particularly vul-
nerable to leukemogenic changes induced by carcino-
gens. Other polymorphisms involving detoxifying
enzymes have also been reported.7 A large Japanese
study of patients with de novo AML and t-AML found
that the NQO1 polymorphism was more strongly asso-
ciated with t-AML than were polymorphisms in GST-
M1, GST-T1 and CYP3A4.8

In general, two paths of investigation have been
explored. The first involves meticulous clinico-patholog-
ical and cytogenetic analyses, and more recently molec-
ular analyses, of individual cases as they present with
therapy-related leukemia.3,4,9

The second involves large scale epidemiological sur-
veys of patients at risk. There are now many such stud-
ies of each type in the literature. After long-term follow-
up, hundreds of cases of therapy-related leukemia
among cancer survivors have now been reported on and
analyzed. Although MDS and AML occasionally occur
in cancer survivors treated only with surgery, suggesting
a possible predisposition to malignant diseases, the risk

of therapy-related leukemia is shared by patients with
non-malignant primary disorders if they have received
cytotoxic treatment.1,2,4

Classical therapy-related myeloid leukemia
In the classic form of therapy-related leukemia that

follows treatment with alkylating agents and/or radia-
tion therapy, the blood and bone marrow findings
resemble those seen in primary MDS, although the
degree of dysgranulopoiesis and dysmegakaryocy-
topoiesis is typically greater.

Anemia and thrombocytopenia are extremely com-
mon. Leukopenia may also be present. Marked dysplas-
tic changes are observed in all three cell lines. Mild to
marked reticulin fibrosis may be present. Auer rods are
rarely seen, and myeloperoxidase and non-specific
esterase reactivity are often only weakly expressed.

Clonal chromosomal abnormalities, often of a com-
plex nature, are identified in most cases of classical t-
MN.1,3-5 Loss of part or all of chromosomes 5 and/or 7 are
the characteristic findings, and have been reported in
over 90% of cases in some series.4 The karyotypes are
often complex. The most common single abnormality is
monosomy 7, followed in frequency by deletion of the
long arm of chromosome 5 [del(5q)] and by monosomy
5. These same abnormalities are observed in primary
MDS and de novo AML, especially in older patients and
in those with occupational exposure to potential car-
cinogens such as benzene.

Therapy-related leukemia following topoisomerase-II
inhibitors

The leukemias secondary to agents that target topoi-
somerase-II typically result in translocations involving
the MLL gene on chromosome 11, band q23, and less
commonly, the AML1 gene on chromosome 21, band
q22.3,4 At first, the association was linked only to the
epipodophyllotoxins, etoposide and teniposide.
However, subsequent reports have also implicated DNA
intercalating agents such as doxorubicin and mitox-
antrone. In contrast to classic t-MN, these leukemias
have a much shorter latency between initiation of
chemotherapy for the primary cancer and the develop-
ment of leukemia. In addition, a preceding MDS is not
common.

Genetic pathways and co-operating mutations in the
etiology of therapy-related myeloid neoplasms

Particular mechanisms of DNA damage that lead
either to chromosomal deletions or to balanced translo-
cations may underlie the differences in latencies
between the two forms of t-MN.1 In the case of chromo-
somal deletions, one allele of a putative tumor suppres-
sor gene may be inactivated. Before the affected cell
would gain a proliferative advantage, however, the sec-
ond allele might also have to be deleted or mutated.
More recent evidence suggests that haploinsufficiency
of individual genes, such as EGR1 on chromosome 5q,
may allow for malignant transformation.10

However, even loss of both alleles of an individual
tumor suppressor may not be sufficient to confer a
malignant phenotype. As described in the model of col-
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orectal tumorigenesis, multiple tumor suppressor genes
or oncogenes may need to be mutated to ultimately
transform a cell. This series of genetic changes may
require an extended period of time, thus explaining the
long latency of alkylator-induced t-MN. In contrast, bal-
anced chromosome translocations result in the activa-
tion of cellular oncogenes in a dominant fashion. These
rearrangements, such as those involving the MLL gene
at 11q23, may yield a fusion gene that acts as a domi-
nant oncogene. Whereas this fusion gene alone may not
be sufficient to fully transform a hematopoietic progen-
itor cell, relatively fewer genetic events may be required
for progression to the leukemic phenotype.

Pedersen-Bjergaard and his colleagues have proposed
eight different genetic pathways for the multistep devel-
opment of t-MN.11 There is growing evidence that muta-
tions in a limited number of molecular pathways may
co-operate in the genesis of leukemia. Gilliland and col-
leagues have described an emerging paradigm in AML,
namely, the cooperation between constitutively activat-
ed tyrosine kinase molecules, such as FLT3, and tran-
scription factor fusion proteins.12 In this model, the acti-
vated tyrosine kinase confers dysregulated proliferative
and/or antiapoptotic activity, whereas the fusion protein
impairs normal differentiation pathways but has a limit-
ed effect on cellular proliferation. Gene expression array
experiments with CD34-positive t-AML cells have pro-
vided evidence to support this hypothesis.9

Loss of TAL1, GATA1, and EKLF expression has been
observed, and these might result in impaired differenti-
ation of hematopoietic cells, whereas overexpression of
FLT3, PIK3C2B, and BCL2 result in a proliferative and
survival advantage.

Factors that influence outcome in therapy-related
myeloid neoplasms

Therapy-related leukemia is generally a fatal disease.
The life-threatening complications of this disorder are
the result of persistent and profound cytopenias due to
the failure of normal hematopoiesis regardless of the
fraction of myeloblasts accumulating in the bone mar-
row or blood. There has been general agreement that
patients with t-MN have a shorter survival than patients
with de novo AML, and the possible reasons are not hard
to enumerate. 

A number of potential factors explain the poor out-
come of patients with therapy-related leukemia. The
persistence of the primary malignant disease, particular-
ly metastatic cancer or lymphoma, causes morbidity and
mortality independently of the bone marrow failure
caused by the leukemia. Injury to organs and their vas-
cular supply from prior treatment may compromise the
ability of these patients to receive intensive remission
induction chemotherapy or hematopoietic cell trans-
plantation (HCT). There may be depletion of normal
hematopoietic stem cells as a consequence of previous
therapy, so that these patients suffer prolonged cytope-
nias after induction chemotherapy. The bone marrow
stroma may have been damaged, especially by thera-
peutic radiation to fields that include the pelvis or lum-
bosacral spine, so that it will not support regeneration of
normal hematopoiesis. Patients with t-MN are often

chronically immunosuppressed from their prior disease
or on-going therapy or may have dysfunctional phago-
cytes, and thus are often colonized with pathogenic or
antibiotic-resistant bacteria and fungi. Following prior
supportive care, patients may be refractory to addition-
al transfusion support and, therefore, not ideal candi-
dates for intensive myelosuppressive chemotherapy.
Finally, the high frequency of unfavorable cytogenetic
aberrations arising during or after chemoradiotherapy
appears to result in the rapid emergence of chemothera-
py resistance in t-MN stem cells.

Treatment of therapy-related myeloid leukemia
The survival of patients with t-MN is often poor

despite prompt diagnosis and treatment. There is a
paucity of prospective treatment data since these
patients are most often excluded from frontline clinical
trials. There are no randomized studies comparing
standard AML therapy to other forms of treatment. In
a nationwide Japanese study of 256 patients with t-
MDS (41%) or t-AML (59%), a poor prognosis was
associated with abnormalities of chromosome 5,
hypoproteinemia, a high level of C-reactive protein,
thrombocytopenia, and persistence of the primary
malignancy.13 The median age was 61 years. The medi-
an survival was only 9.7 months. The majority of the
Japanese patients (72%) received antileukemia
chemotherapy, either a standard combination using an
anthracycline plus cytarabine, or low dose cytarabine,
or tretinoin (ATRA) in the case of seven patients with
therapy-related acute promyelocytic leukemia (t-APL).
A complete remission was seen in 85 patients (46%).
The median remission duration was 8.2 months.

Poor hematopoietic reserves make the administration
of standard AML therapy difficult. Many patients have
poor tolerance for the acute toxicity of treatment.
Because t-MN evolves in the milieu of chemotherapy,
the malignant cells are relatively drug-resistant.
Expression of the multidrug resistance phenotype is
common. In a review of 644 t-AML patients treated
with a variety of standard AML chemotherapy regi-
mens, only 182 (28%) achieved a complete remission.14

Individual small series report complete remission rates
of 40-50%. This is considerably lower than the 65-80%
complete remission rate observed in patients with de
novo AML. In addition, remissions are often short even
when confirmed cytogenetically and consolidated
intensively.15

Hematopoietic cell transplantation for 
therapy-related myeloid neoplasms

The treatment most likely to cure t-MN is allogeneic
HCT. Several small case series have described survival
rates of about 20-30% for these patients.1,16,17 However,
chronic and cumulative toxicities from prior chemora-
diotherapy influence the ability to perform HCT and
adversely affect survival. Early deaths from regimen-
related toxicity are more common after HCT for t-MN
than for primary AML.

In this issue of the journal, Kroger and colleagues in
the European Group for Blood and Marrow Transplan-
tation (EBMT) group report on the outcomes of 461
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patients with t-MN who underwent allogeneic HCT
between 1981 and 2006.18 Overall, only about one-third
were cured, but these results appear to be improving
over time. Multivariable analyses predict a more favor-
able outcome for younger patients (<40 years), those
with normal cytogenetics, and those transplanted in first
complete remission. Thus, for patients who have
chemotherapy-responsive t-MN, allogeneic HCT can be
curative, but it is unfortunately not often successful.
Non-myeloablative, reduced intensity allogeneic HCT is
under investigation for those who are not eligible for
myeloablative HCT.

The EBMT registry has also reported on 65 t-MN
patients who underwent autologous HCT.19 The median
age of these patients was 39 years (range, 3-69).
Estimates of overall and disease-free survival at 3 years
were 35% and 32%, respectively. The relapse rate was
lower for patients transplanted in first complete remis-
sion (48% vs. 89%, p=0.05). Age over 40 years resulted
in higher transplant-related mortality (47% vs. 7%,
p=0.01).

Cytogenetics affect the outcome of therapy-related
myeloid leukemia

The most informative data on the prognostic impact
of karyotype on outcome in t-AML were reported by
the German AML Cooperative Group (AMLCG).20 This
group compared karyotype analysis and survival
between 93 patients with t-AML and 1091 with de novo
AML; all received intensive treatment. Favorable, inter-
mediate, and unfavorable karyotypes were observed in
26%, 28%, and 46% of t-AML patients, and in 22%,
57%, and 20% of de novo AML patients. Overall, the
median survival was 10 months for patients with t-
AML compared to 15 months for patients with de novo
AML (p=0.0007).

In an updated analysis of the German AMLCG study,
the survival of 121 patients with t-AML was compared
to that of 1511 patients with de novo AML according to
karyotype.21 All received intensive AML therapy. The
median survival for the t-AML patients ranged from 27
months for those with a favorable karyotype to 6
months for those with an unfavorable karyotype.
Importantly, about half of the patients with t-AML
(58/121) had an unfavorable karyotype, whereas only
about 20% (302/1511) of the de novo AML patients had
an unfavorable karyotype. For those with a favorable
karyotype, the median survival had not been reached
after 5 years for the 306 de novo AML patients compared
to 27 months for the 29 t-AML patients (p=0.02). Within
the large intermediate risk cytogenetic group, no signif-
icant difference in survival was observed between the t-
AML and de novo AML patients. An unfavorable kary-
otype predicted a very short survival in both groups of
AML patients.

Treatment of therapy-related leukemia with balanced
chromosomal rearrangements

In marked contrast to the poor outcome overall for t-
AML, those patients who develop t-APL with t(15;17)
or patients with t(8;21) or inv(16) have treatment out-
comes that are similar to those of patients with de novo

AML with the same chromosomal rearrangements.
However, non-leukemia co-morbidities or persistent
primary malignancy may still have an impact on ulti-
mate survival. In a report on 106 cases of t-APL identi-
fied between 1982-2001 in France, Spain, and Belgium,
the characteristics of the t-APL patients were similar to
those of de novo APL patients.22 In addition, more than
80% of those treated with anthracycline-based
chemotherapy and/or ATRA achieved a complete
remission. Ten of the complete responders relapsed,
and seven others died from persistent primary tumor.
The actuarial survival was 58% at 8 years, and did not
differ between groups of patients analyzed by primary
treatment (chemotherapy, radiotherapy, or both) or
prior exposure to particular drugs (alklyating agents,
topoisomerase-II inhibitors, or both).

Among patients analyzed at the International
Workshop in Chicago in 2000, 33 of 39 intensively
treated patients (85%) with t-AML and inv(16), and 24
of 35 (69%) with t(15;17) achieved a complete remis-
sion.23 Both subgroups were associated with prior expo-
sure to topoisomerase-II inhibitors, but importantly,
21% of the inv(16) patients and 29% of the t(15;17)
patients had received only radiotherapy previously. The
median overall survival for t-AML patients with either
inv(16) or t(15;17) was 29 months after receiving inten-
sive AML therapy.

Only 12 of the 33 inv(16) patients who achieved com-
plete remission relapsed. Five underwent HCT in first
complete remission (4 allogeneic; 1 autologous), and all
five were alive and leukemia-free at last follow-up. The
responding patients were significantly younger than the
six who did not achieve complete remission (median,
44 years vs. 62 years, p=0.012). In the inv(16) subgroup,
patients less than 55 years of age had improved survival
when compared to older patients. The median survival
in the group of younger patients (n=26) was longer than
3 years, but was only 12 months for the 13 older
patients (p=0.006). 

Seventy-two t-AML patients with t(21q22) were also
studied at the International Workshop.24 Their median
survival was 14 months, and 18% were alive after 5
years. Patients with t(8;21) had a more favorable out-
come than those with other 21q22 rearrangements
(p=0.014). The median survival times were 17 months
for the 11 t-AML patients with only t(8;21) and 31
months for the 33 patients with t(8;21) plus other
abnormalities (p=0.6). 

Fifty-three patients with t(21q22) received intensive
AML therapy; the median survival for the seven who
underwent HCT was 31 months compared to 17
months for those who did not. Mutations in cKIT were
not studied.

Recommendations for the treatment of therapy-related
myeloid neoplasms

Figure 1 shows a treatment algorithm for the manage-
ment of patients who develop t-MN. Primary considera-
tions are the patient’s performance status, which likely
reflects age, co-morbidities, the status of the primary dis-
ease, and the presence of complications from primary
therapy, as well as the clonal abnormalities detected in



the t-MN cells. 
In general, these patients should be encouraged to par-

ticipate in prospective clinical trials that are appropriate-
ly designed for other AML patients with similar cytoge-
netic abnormalities. Patients who have an HLA-
matched donor should be considered for allogeneic
HCT, although patients with favorable karyotypes may
do well with conventional chemotherapy.

Dr. Richard A. Larson is Professor of Medicine in the Section
of Hematology/Oncology at the University of Chicago, Director
of the Hematologic Malignancies Clinical Research Program,
and member in the University of Chicago Cancer Research
Center, USA.
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Figure 1. Decision tree for the management of therapy-related
myeloid neoplasms.
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Among the autoimmune diseases that affect
human blood, hemolytic anemia and autoim-
mune thrombocytopenia are the most frequent

and the best known from a diagnostic and therapeutic
point of view. More seldom, autoantibodies may
develop against components of the hemostasis system.
Some of them neutralize proteins involved in the reg-
ulation of thrombus formation, causing acquired
thrombotic tendencies due to autoantibodies inactivat-
ing naturally occurring anticoagulants such as protein
C and protein S,1,2 or the von Willebrand factor cleav-
ing protease ADAMTS13.3,4 On the other hand,
autoantibodies directed against procoagulant factors
cause a bleeding tendency, such as acquired hemophil-
ia A due to the development of anti-factor VIII (FVIII)
autoantibodies (autoantibodies against procoagulant
factors other than FVIII are rare).5

Acquired hemophilia has a yearly incidence of no
more than one case per million in the general popula-
tion, and affects not only patients with pre-existing
autoimmune diseases (systemic lupus erythematosus,
rheumatoid arthritis, myasthenia, Sjogren syndrome,
hyperthyroidism and others) but also (and more fre-
quently) previously healthy people. Typically, there
are two peaks of age of onset of acquired hemophilia:
in the young adult, mainly in women who develop this
complication in the post-partum period; and in the eld-
erly, usually with no underlying disease.5 Acquired
hemophilia is much more clinically severe than con-
genital hemophilia, and is more difficult to diagnose,
also because cases are seen in an array of clinical set-
tings that are not usually equipped to tackle them.
Even the specialized center, however, sees a very lim-
ited number of cases, so that is difficult to acquire a
truly wide experience in acquired hemophilia. It is not
surprising, therefore, that nine experts from three con-
tinents chose to put together their experiences in an
article meant to provide consensus recommendations
on the diagnosis and treatment of acquired hemophil-
ia.6 Their recommendations are clear and concise, and
our only major disagreement regards the writing of a
similar manuscript for non-specialist physicians. We
disagree, because the only useful advice that can be
given to them is to refer the patient immediately to the
closest hematology center. With no major disagree-
ment with Huth-Hühne et al.,6 we chose to compare
their recommendations for the treatment of bleeding
episodes and eradication of the autoantibodies with

those made very recently by Franchini and Lippi in a
“How I Treat“ article in Blood.7

Treatment of bleeding in acquired hemophilia
Both the articles recommend bypassing agents as

first-line therapy, and both list recombinant activated
factor VII (rFVIIa) and factor VIII inhibitor bypassing
activity (FEIBA) as the products of choice. The recom-
mended dosages and schedules of administration are
very similar: bolus injections of rFVIIa, 90 µg/kg every
2-3 hours (Franchini and Lippi mention the possible
usage of dosages up to 120 µg/kg),7 and 50-100 U/kg
FEIBA every 8 to 12 hours, (Huth-Kühne et al.6 recom-
mend not exceeding a maximum daily dosage of 200
IU/Kg). On the whole, it would appear that both the
agents are able to control as many as 80-90% of bleed-
ing episodes (spontaneous and post-traumatic), even
though there is no face-to-face comparison. The rec-
ommended bolus dosages are similar, even though the
authors’ choice is mainly transferred from the experi-
ence gained with congenital hemophilia complicated
by FVIII inhibitors (alloantibodies). In the latter, the
current prevailing regimen, supported by randomized
trials,8,9 is to give a single large dose (270 µg/kg) rather
than repeated smaller doses. It would be of interest to
use this high-dosage bolus regimen also in acquired
hemophilia, even though in these severe patients, who
are almost always admitted to hospital, the use of a
single dose is not as critically convenient as it is for
home self-treatment in congenital hemophilia. The
international group mentions the possibility of using
sequentially both rFVIIa and FEIBA, but the experience
gained in congenital hemophilia with this combination
is still too small to postulate its use in acquired hemo-
philia. According to the reports in the literature, there
is little evidence in favor of either product over the
other, but Franchini and Lippi7 declare their preference
for rFVIIa for a higher perceived viral safety. Both
products are indeed convincingly safe, but rFVIIa does
not cause the anamnestic response of anti-FVIII, some-
times observed after FEIBA that contains some FVIII.
Lack of an anamnestic response is not so critical in
acquired hemophilia as it is in congenital disease,
because in the latter a rise in inhibitor titer may render
difficult or delay the start of eradication through
immune tolerance. Finally, both the articles state that
the risk of thrombotic complications, owing to the
hypercoagulable state induced by both rFVIIa and
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