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Preface to ”AML in the Molecular Age: From Biology

to Clinical Management”

In this issue, we have covered the new era in acute myeloid leukemia (AML). Molecular 
abnormalities have become increasingly important, not only in prognostication but also 
management of AML. The rationale of targeted therapies, hypomethylating agents were reviewed. 
While we are emphasizing management of AML regarding molecular abnormalities, we also tackled 
treatment differences regarding age, and disease status. Allogeneic hematopoietic cell 
transplantation has been the most important means to cure AML; however, in this issue we focused 
on alternative donor sources that has becoming highly important. In the same regard, T-cell 
depletion and its pros and cons were reviewed. Lastly, what is the place of radiology for diagnosis 
of central nervous system leukemia was discussed.

Celalettin Ustun, Lucy A. Godley

Special Issue Editors
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Abstract: Genetics play an increasingly important role in the risk stratification and management of

acute myeloid leukemia (AML) patients. Traditionally, AML classification and risk stratification relied

on cytogenetic studies; however, molecular detection of gene mutations is playing an increasingly

important role in classification, risk stratification, and management of AML. Molecular testing does

not take the place of cytogenetic testing results, but plays a complementary role to help refine

prognosis, especially within specific AML subgroups. With the exception of acute promyelocytic

leukemia, AML therapy is not targeted but the intensity of therapy is driven by the prognostic

subgroup. Many prognostic scoring systems classify patients into favorable, poor, or intermediate

prognostic subgroups based on clinical and genetic features. Current standard of care combines

cytogenetic results with targeted testing for mutations in FLT3, NPM1, CEBPA, and KIT to determine

the prognostic subgroup. Other gene mutations have also been demonstrated to predict prognosis

and may play a role in future risk stratification, although some of these have not been confirmed

in multiple studies or established as standard of care. This paper will review the contribution of

cytogenetic results to prognosis in AML and then will focus on molecular mutations that have a

prognostic or possible therapeutic impact.

Keywords: acute myeloid leukemia (AML); gene mutation; FLT3-ITD; NPM1; CEBPA

1. Introduction

There is a well-established role for genetic classification of acute myeloid leukemia (AML)

into different prognostic groups. Traditionally, this classification has relied on detection of large

chromosomal abnormalities by cytogenetics; however, detection of smaller scale mutations is playing

an increasingly important role in classification and prognostication of AML. These mutations do not

take the place of cytogenetic testing results but play a complementary role to help refine prognosis,

especially within specific AML subgroups.

With the exception of acute promyelocytic leukemia, therapy for AML is not targeted and the

intensity of therapy is driven by the prognostic subgroup. Many prognostic scoring systems classify

patients into favorable, poor, or intermediate prognosis based on clinical and cytogenetic features.

Research on molecular testing has generally tried to refine the prognosis of intermediate cases or

to find mutations that explain why some patients in a favorable prognosis category have resistant

disease. If identified, these patient could potential receive more aggressive therapy upfront. This paper

will briefly review the contribution of cytogenetic results to prognosis in AML and then will focus

on molecular mutations that change prognostic subgrouping. Gene mutations that appear to have

prognostic effect but have not been confirmed in multiple studies or established as standard of care

will also be explored.

J. Clin. Med. 2015, 4, 460–478; doi:10.3390/jcm4030460 www.mdpi.com/journal/jcm1
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2. Genetics and AML Classification

The current World Health Organization (WHO) 2008 classifies AML based on patient history,

morphologic findings, and the presence or absence of specific genetic abnormalities. Genetic

abnormalities play the biggest role in two categories: AML with recurrent genetic abnormalities

and AML with myelodysplasia related changes (AML-MRC) [1]. (Table 1) AML-MRC can also be

diagnosed in patients with a history of a myelodysplastic syndrome (MDS) or based on the presence

of significant morphologic dysplasia in two cell lineages at the time of AML diagnosis. However,

current treatment guidelines for AML use only a subset of the AML-MRC genetic abnormalities to

guide therapy in the absence of a history of MDS (Table 2) [2]. The presence of morphologic dysplasia

alone does not affect therapy.

3. Cytogenetic Abnormalities and Prognosis

Most of the prognostic cytogenetic abnormalities in AML are either chromosomal rearrangements

or large genomic deletions. (Table 2) Acute promyelocytic leukemia with t(15;17) and the core binding

factor leukemias with inv(16)/t(16;16) or t(8;21) have a better prognosis. In contrast, complex or

monosomal karyotypes, deletions of chromosomes 5 or 7, and some other specific chromosomal

rearrangements have a poorer prognosis. Other changes including normal cytogenetics, t(9;11) and

isolated +8 have an intermediate prognosis. However, the presence of certain molecular mutations may

modify these prognostic groups. Isolated NPM1 or biallelic CEBPA mutations improve the prognosis

of AML with normal cytogenetics from intermediate to favorable; whereas a FLT3 ITD changes it to

poor. The presence of a KIT mutation in core binding factor leukemia worsens the prognostic category

to intermediate.

Table 1. Genetic abnormalities that affect acute myeloid leukemia (AML) classification.

AML with Recurrent Genetic Abnormalities AML with Myelodysplasia Related Changes

RUNX1-RUNX1T1 t(8;21)(q22;q22) Complex karyotype (≥3 unrelated abnormalities)

CBFB-MYH11 inv(16)(p12.1q22) or t(16;16)(p13.1;q22) −7/del(7q), −5/del(5q)

PML-RARA t(15;17)(q22;q12) −13/del(13q), del(11q), del(12p)/t(12p), del(9q)

MLLT3-MLL/KMT2A t(9;11)(q22;q23) i(17q)/t(17p), idic(X)(q13)

DEK-NUP214 t(6;9)(p23;q34)
t(5;12)(q33;p12), t(5;7)(q33;q11.2) t(5;17)(q33;p13),
t(5;10)(q33;q21)

RPN-EVI1 inv(3)(q21q26.2) or t(3;3)(q21;q26.2) t(1;3)(p36.3;q21.2), t(3;5)(q25;q34)

RBM15-MKL1 t(1;22)(p13;q13) t(11;16)(q23;p13.3) *, t(3;21)(q26.2;q22.1) *

NPM1 gene mutation (provisional entity) t(2;11)(p21;q23) *

Mutated CEBPA (provisional entity)

* Rule out therapy related AML before using any of these three translocations to make a diagnosis of AML with
myelodysplasia related changes.
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Table 2. Cytogenetic and molecular findings used in risk stratification for AML.

Risk Cytogenetics Molecular

Favorable

inv(16) or t(16;16) Normal cytogenetics with:
t(8;21) Isolated biallelic CEBPA mutation
t(15;17) NPM1 mutation without FLT3 ITD

Intermediate

Normal cytogenetics KIT mutation in core binding
factor leukemia:
inv(16) or t(16;16)
t(8;21)

Isolated +8
t(9;11)
Other non-good and non-poor
changes

Poor

Complex (≥3 clonal
abnormalities)

Normal cytogenetics with: FLT3
ITD

Monosomal karyotype *
−5/−5q or −7/−7q
11q23 rearrangements other than
t(9;11)
inv(3) or t(3;3)
t(6;9)
t(9;22)

* Monosomal: ≥2 monosomies or 1 monosomy and additional 1 or more structural abnormalities (Breems JCO
2008; 26:4791); ITD: internal tandem duplication. (Adapted with permission from the NCCN Clinical Practice
Guidelines in Oncology (NCCN Guidelines®) for Acute Myeloid Leukemia V.1.2015 © National Comprehensive
Cancer Network, Inc 2014. All rights reserved. Accessed January 13, 2015. To view the most recent and complete
version of the guideline, go online to NCCN.org. NATIONAL COMPREHENSIVE CANCER NETWORK®, NCCN®,
NCCN GUIDELINES®, and all other NCCN Content are trademarks owned by the National Comprehensive Cancer
Network, Inc.)

4. Established Gene Mutations Associated with Prognosis

Refining the prognosis for AML in the cytogenetic intermediate risk category has received the

most attention. As this group is heterogeneous, the best treatment for an individual patient in the

intermediate risk category is uncertain. Favorable risk patients are treated with standard chemotherapy

while patients in the poor risk category should undergo allogeneic hematopoietic stem cell transplant.

However, 40%–50% of adult AML falls into the intermediate category and most of these have a normal

karyotype. FLT3, NPM1 and CEBPA mutations were the first to be found useful in helping stratify

cytogenetically intermediate risk patients with a normal karyotype. Mutations in KIT help to refine

prognosis in core binding factor leukemia.

4.1. FLT3 (Fms-like Tyrosine Kinase 3)

FLT3 is a receptor tyrosine kinase involved in hematopoiesis and commonly mutated in AML.

There are two common mutations that occur in FLT3: an internal tandem duplication (ITD) in the

juxtamembrane domain and a point mutation of the tyrosine kinase domain (TKD). Both mutations

lead to constitutive activation; however only the FLT3 ITD is definitively associated with a poorer

prognosis. About 20% of all AMLs harbor a FLT3 ITD mutation, but the mutation is more common

in AML with t(15;17) and AML with a normal karyotype (cytogenetically normal AML or CN-AML),

accounting for approximately 30% of these cases [3,4]. AML with a normal karyotype and FLT3 ITD

mutation has a poorer prognosis [3–5].

Testing of patients by PCR followed by size analysis, reveals variability in the size of the FLT3

ITD, the number of FLT3 ITD mutations, and the amount of FLT3 ITD mutation compared to wild

type. Some of these have prognostic implications. Studies have shown that patients with a higher

FLT3 ITD mutant:wild type allelic ratio have a worse prognosis than patients with a lower ratio [6,7].

Although the ratio may reflect disease burden to a certain extent, a high allelic ratio of >0.5 (or ratio

≥1 using area under the curve) is presumed to be due to biallelic FLT3 ITD mutations in at least a

subset of the blasts [7,8]. Despite the prognostic impact, current risk stratification does not include
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the allelic ratio. Approximately 14%–25% of FLT3 ITD positive patients will have more than one FLT3

ITD mutation, in these cases the mutant:wild type ratio of the most prevalent mutation should be

used for the allelic ratio [6,7,9]. Most studies have not shown a prognostic effect of having multiple

FLT3 ITD mutations [6–8,10]. The FLT3 ITD size can vary from a few base pairs to over 1000 base

pairs [7]. A correlation between size and prognosis has been demonstrated in some studies but not

others [6,7,11–13].

Sequencing of FLT3 ITD reveals that there is also variability in the site and sequence of the

mutations, in fact some mutations are not true tandem duplications and not all FLT3 ITD are in the

juxtamembrane domain. The term FLT3 length mutation (FLT3 LM) has been proposed as a more

accurate term [7]. Only about two-thirds of FLT3 mutations are actual duplications while the remaining

third are insertions or complex duplications and insertions [7]. Despite the sequence differences,

mutations appear to remain in-frame [7,10]. The insertion site of the FLT3 mutation is highly variable,

one study found 91 unique insertion sites in 689 patients [7]. Approximately 30% of FLT3 ITD occur

outside the juxtamembrane domain and instead occur in the first tyrosine kinase domain (TKD1),

usually in the β1 sheet [7,10,14]. At least some of these FLT3 ITD in the TKD1 domain have been

shown to lead to constitutive activation [14]. Kayser et al. in 2009 and Schlenk have shown worse

prognosis with insertion in the TKD1 domain, but the 2012 study by Schnittger did not [7–9]. The

Schnittger study did show a trend to worse prognosis with a more 3’ location of the insertion and the

TKD1 domain is more 3’ than the juxtamembrane domain [7]. Further studies are needed to evaluate

the different FLT3 mutations and insertion sites to determine whether specific mutations have different

prognostic impacts.

Allogeneic transplant is usually recommended for FLT3 ITD positive AML with a normal

karyotype; however, even with transplant there is a high risk of relapse. There is also interest in

targeting FLT3 ITD mutations with FLT3 inhibitors; unfortunately, to date success in this area has been

limited [15]. Possible reasons include coexistence or development of FLT3 TKD mutations, activation

of downstream signaling molecules, up-regulation of FLT3, or activation of other pathways [15].

The less common FLT3 TKD mutation is found in about 10% of AML and also leads to constitutive

activation of FLT3 [3,4]. However, despite a seemingly similar mechanism of action the FLT3 TKD has

not clearly been shown to have an effect on prognosis. Some studies suggested an adverse prognostic

risk; however, other studies have not confirmed this [3,4]. It is unclear at this time whether this

mutation is targetable with FLT3 inhibitors, although some studies suggest that it is not [15].

4.2. NPM1 (Nucleophosmin 1)

NPM1 encodes a phosphoprotein that normally shuttles between the nucleus and cytoplasm and

plays a role in ribosome biogenesis, centrosome duplication during mitosis, and cell proliferation

and apoptosis through p53 and p19Arf [16]. Mutations in NPM1 occur in the C-terminus of the gene

leading to loss of the nucleolar localization signal and gain of a nuclear export signal ultimately leading

to cytoplasmic localization of this protein. The most common mutation is a 4 base pair insertion. NPM1

mutations are found in about 30% of all AML and 50%–60% of AML with a normal karyotype making

it the most common genetic mutation in AML [3]. NPM1 rarely occurs with the any of the recurrent

genetic abnormalities, BCOR, or CEBPA but frequently co-exist with FLT3, DNMT3A, and IDH [17–19].

The presence of an NPM1 mutation in AML with normal karyotype in the absence of a FLT3

ITD mutation portends a favorable prognosis similar to the core-binding factor leukemias [5,17].

Some studies have suggested that an NPM1 mutation with a FLT3 ITD mutation has a prognosis

intermediate compared to either mutation in isolation; while some studies suggest this may only be the

case when the FLT3 ITD mutation load is low [6,20]. There is limited data suggesting that the presence

of multi-lineage dysplasia or an adverse karyotype do not affect the favorable prognosis of NPM1

mutations as long as FLT3 ITD is absent [21,22].
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4.3. CEBPA (CCAAT Enhancer Binding Protein)

CEBPA is a transcription factor involved in neutrophil differentiation. CEBPA mutations are found

in approximately 10% of AML and are more common in AML with a normal karyotype or with 9q

deletions [4]. CEBPA mutations in AML may be biallelic, which accounts for approximately two-thirds

of cases, or monoallelic, accounting for the remaining cases. In AML with a normal karyotype,

isolated biallelic CEBPA mutations clearly confer a better prognosis, whereas a monoallelic mutation

likely does not confer the same favorable prognosis [23–25]. A recent meta-analysis does not show

a better prognosis with monoallelic CEBPA and in long term follow-up, biallelic CEBPA mutations

show a longer overall survival (9.6 years) versus monoallelic CEBPA mutations (1.7 years) [23,24].

Biallelic mutations usually include one C-terminus and one N-terminus mutation and lead to absent

expression of normal CEBPA [26,27]. The truncating N-terminal mutations result in a shortened CEBPA

protein with a dominant negative effect [28]. The C-terminal mutations decrease dimerization or DNA

binding [25].

4.4. KIT (v-KIT Hardy-Zuckerman 4 Feline Sa12rcoma Viral Oncogene Homolog)

KIT is a receptor tyrosine kinase involved in proliferation, differentiation, and survival. KIT

mutations affect predominantly exons 8 or 17, lead to a gain of function, and occur in 2%–14% of all

cases of AML [18,29–31]. The incidence of KIT mutations is higher in core-binding factor leukemia,

being found in about 7%–46% of cases [32–34]. The presence of KIT mutations in core binding factor

leukemia is generally accepted to be associated with a worse prognosis [35,36]. However, some studies

have shown this to be the case only in t(8;21) AML [37,38] and other studies have failed to show a

prognostic effect at all [18,39,40].

5. Other Gene Mutations in AML

With the advent of next generation sequencing, the number of genes found to be mutated in AML

has drastically increased. However, the significance of many of these gene mutations is unclear as the

genes that are independent predictors of poor outcome differ between studies. (Table 3) Some of these

differences may be due to the methods used for mutation detection, but often the statistically significant

findings are based on a relatively small subset of patients and therefore may not be reproducible.

Additionally, a gene found to be significant in one study may not have been tested in earlier or

concurrent studies. Many of these significant genes are also mutated in other myeloid neoplasms;

therefore, the presence of one of these mutations is not specific or diagnostic of leukemia.

All of these genes affect transcription either directly or through epigenetic regulation. (See

Figure 1) DNMT3A, TET2, and IDH1/2 are involved in DNA methylation. The DNA methyl

transferases (DNMT) add a methyl group to CpG islands leading to DNA methylation, the TET

proteins convert the methyl group to a hydroxymethyl group. 5-Hydroxymethylation appears to

have different effects than methylation and is also an intermediate step to de-methylation. Isocitrate

dehydrogenase inhibits TET proteins through 2-hydroxyglutarate. NRAS, KRAS, BCOR, RUNX1, and

WT1 all affect transcription. NRAS and KRAS affect transcription through the MEK/ERK pathway;

while BCOR affects transcription by repression of BCL6. RUNX1 and WT1 are transcription factors; in

addition, some WT1 isoforms appear to regulate mRNA. ASXL1, KMT2A (MLL), and PHF6 all affect

chromatin remodeling. TP53 is a gatekeeper that monitors DNA repair and regulates apoptosis and

the cell cycle.

The role of testing for these other genes is not well established. Although routine testing of

all AML cases is not recommended at this time, testing may be useful to better stratify individual

patients. Several studies have proposed alternative stratification of AML patients using some of

these genes [19,29,41]. These alternative algorithms risk stratify at least as well as the standard risk

stratification given in Table 2 and the scheme proposed by Patel et al. appears to perform better than
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the standard risk stratification [29]. However, these are single studies that need to be confirmed before

any of these algorithms are implemented as standard care.

Table 3. Other gene mutations in AML.

Gene Frequency Effect

ASXL1 3%–5% Associated with MDS, AML-MRC. Worse prognosis [19,29,42–44].

BCOR 4% CN-AML Possible worse prognosis [45].

DNMT3A 20% Possible worse prognosis. May respond to high dose anthracyclines [18,29].

IDH1
6%–9% adult

Possible worse prognosis [29,46,48,48,49].
1% pediatric

IDH2
8%–12% adult Controversial. IDH2 R140 mutation with NPM1 associated with a favorable

prognosis in one study [29,46,48,48,49].1%–2% pediatric

MLL/KMT2A 4%–14% MLL PTD shows worse prognosis in CN-AML [18,19,29–31].

NRAS 8%–13% adult and pediatric No clear impact on prognosis [50,51].

KRAS
2% adult

No clear impact on prognosis [52].
9% pediatric

PHF6 2%–3% Associated with adverse outcome [29].

RUNX1 5%–18% Possibly poorer prognosis. May do better with allogeneic transplant [19,29,53].

TET2
7%–10% adult Unclear, some studies show adverse outcome especially in intermediate risk

AML with isolated CEBPA or NPM1 [18,29,54,55].1.5%–4% pediatric

TP53
2%–9% adult

Unfavorable prognosis [18,19]. Mutations may be germline (Li-Fraumeni
syndrome) and this possibility should be considered when testing especially in

younger individuals.1% pediatric

WT1 4%–11% Poorer outcome, especially in CN-AML [56,57].

MDS: myelodysplastic syndrome, AML-MRC: acute myeloid leukemia with myelodysplasia related changes, PTD:
partial tandem duplication, CN-AML: cytogenetically normal acute myeloid leukemia.

5.1. ASXL1 (Additional Sex Combs like Transcriptional Regulator 1)

ASXL1 encodes a chromatin binding protein, which may enhance or repress gene transcription

in localized areas by modification of chromatin structure. ASXL1 mutations are frequently found

in myelodysplastic syndromes (MDS) and in AML but appear to be enriched in secondary AML,

AML-MRC, and intermediate risk AML [42,43]. The overall frequency in AML is 3%–5% [18,29,30]

but is 11%–17% in intermediate risk AML (including AML with a normal karyotype) [31,58]. ASXL1

mutations also increase with age, being more prevalent in patients over 60 and quite rare in children

(approximately 1%) [58–60]. Most studies have shown that ASXL1 mutations are associated with a

worse prognosis; however, studies have not always controlled for a history of MDS or presence of

AML-MRC [19,29,44]. ASXL1 mutation status may change with relapse with both gains and losses of

mutations being reported [61].
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Figure 1. Direct and indirect effects of ASXL1, BCOR, DNMT3A, IDH1, IDH2, KMT2A (MLL), KRAS,

NRAS, PHF6, RUNX1, TET2, TP53, and WT1 on DNA transcription.

5.2. BCOR (BCL6 Corepressor)

The BCOR gene is located on the X chromosome and, as its name suggests, plays a role in

repression of BCL6 [62]. The BCOR protein interacts with histone deacetylases (HDAC) which may

explain its role in AML. BCOR mutations in AML have been described in a limited number of

studies [45,63,64]. BCOR mutations occur in about 4% of CN-AML and frequently coexist with

DNMT3A mutations [45]. BCOR mutations have also been described in 25% of AML cases with trisomy

13 [63]. The effect of BCOR mutations in prognosis is unclear at this time. One study showed decreased

event free survival but no difference in overall survival in multivariate analysis [45].

5.3. DNMT3A (DNA Methyltransferase 3A)

DNMT3A is a DNA methyltransferase involved in the epigenetic regulation of the genome

through methylation. Mutations in DNMT3A are quite common in AML, occurring in approximately

20% of patients. The most common mutation is a substitution of the amino acid arginine at position

882 (R882) [65]. DNMT3A mutations often co-occur with FLT3 ITD, NPM1, IDH1, and IDH2 mutations

but are rare with t(15;17) and core binding factor rearrangements [65]. DNMT3A mutations in some

studies have been associated with worse prognosis; however, this may be overcome by high dose

anthracycline chemotherapy [18,29].

5.4. IDH1 and IDH2 (Isocitrate Dehydrogenase 1 and 2)

IDH1 and IDH2 are genes involved in metabolism that appear to play an epigenetic role in histone

and possibly DNA methylation [66]. Mutations in IDH1 and IDH2 occur at the active isocitrate binding

site and lead to increased level of 2-hydroxyglutarate [67]. IDH mutations often occur with NPM1

mutations and some studies have shown an impact only with NPM1 but others have not [29,46,68].

When evaluated together, IDH1 and IDH2 mutations have been reported to have a favorable, neutral,
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and adverse effect on prognosis in AML with a normal karyotype [29,46–48]. However, despite an

apparently similar biological effect, different mutations may have disparate prognostic impact. This

fact makes it difficult to evaluate studies that grouped IDH1 and IDH2 mutations and the different

IDH2 mutations together.

IDH1 mutations affect either the arginine residue at position 132 or 170 (R132 or R170) and occur

in 6%–9% of adult AML cases but only 1% of pediatric AML [29–31,46,49,59]. These mutations are

exclusive of each other and exclusive of the IDH2 mutation. When evaluated as a separate group,

mutations in IDH1 appear to have an unfavorable prognosis [49].

IDH2 mutations may affect either the arginine residue at position 140 or 172 (R140 or R172) and

occur in 8%–12% of adult AML cases but only 1%–2% of pediatric cases [29–31,46,49,59,69]. However,

only the R140 mutation appears to have prognostic significance [29,70]. The R140 mutation in IDH2

has been shown to be associated with a favorable outcome in intermediate risk AML with NPM1

mutation [29].

5.5. MLL/KMT2A (Mixed Lineage Leukemia/Lysine (K)-Specific Methyltransferase 2A)

The MLL gene (recently renamed to KMT2A) is a histone methyltransferase that regulates gene

transcription through histone modification. Rearrangements involving MLL are well-known to cause

acute lymphoblastic leukemia (ALL), AML, or mixed phenotype acute leukemia. However, partial

tandem duplications of MLL (MLL PTD) occur predominantly in AML and are rare in ALL [71].

Approximately 4%–14% of AML cases will have an MLL PTD, which has been associated with a poor

prognosis especially in AML with a normal karyotype [18,19,29–31].

5.6. NRAS and KRAS (Neuroblastoma RAS Viral (v-ras) Oncogene Homolog and Kirsten Rat Sarcoma Viral
Oncogene Homolog)

KRAS and NRAS belong to the RAS GTPase family of genes. NRAS mutations in AML are fairly

common being found in 8%–13% of cases in adults and children [17,29–31,59]. KRAS mutations are

less common in adults being found in only 2% of cases but are more common in children where

they account for about 9% of cases [29,59]. RAS mutations are more common in core binding factor

leukemia, especially inv(16) [38,72]. Although some smaller studies have suggested a worse outcome;

in large adult and pediatric studies, NRAS mutations have had no clear impact on outcome [50,51].

KRAS mutations also do not appear to have an impact on outcome [52].

5.7. PHF6 (Plant Homeodomain Finger 6)

PHF6 is an X-linked gene that appears to play a role in chromatin remodeling although its precise

functions have not yet been elucidated [73]. Germline loss of function mutations are associated with

X-linked intellectual disability disorders [74]. PHF6 mutations occur in 2%–3% of adult AML and

occur more frequently in males than females [29,75,76]. PHF6 mutations are associated with adverse

outcome in intermediate risk AML patients who are negative for FLT3 ITD and it has been suggested

that mutations in PHF6 as well as other genes may be useful in stratifying this subgroup of AML

patients [29]. Although this study result appears promising, further studies are needed as these

conclusions were drawn on a limited number of patients. Only 14 patients had PHF6 mutations in

the test cohort of 398 patients and only 10 patients had PHF6 mutations and were FLT3 ITD negative

(Patel, et al., 2012 supplemental material) [29].

5.8. RUNX1 (Runt Related Transcription Factor 1)

RUNX1 (previously known as AML1) encodes the alpha subunit of core binding factor. Core

binding factor is a heterodimer composed of an alpha and beta subunit that is in involved in

transcription. Translocations involving RUNX1 are found in AML with recurrent cytogenetic

abnormalities (AML with t(8;21), RUNX1-RUNX1T1) and also in ALL. Mutations of RUNX1 also

occur in 5%–18% of AML, but are more common in intermediate risk AML and poor risk AML without
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a complex karyotype [19,29,31,53]. Germline RUNX1 mutations are found in familial platelet disorder

which predisposes to AML and less frequently T-lymphoblastic leukemia (TALL) [77]. Although

several studies have shown a poorer prognosis with RUNX1, some studies have failed to show an

effect [19,29,53]. A study by Gaidzik, et al. suggested that patients with RUNX1 mutations did better

with allogeneic transplant compared to autologous transplant or chemotherapy alone [53].

5.9. TET2 (Tet Methylcytosine Dioxygenase 2)

TET2 is an epigenetic modifier that converts methylcytosine to 5-hydroxymethylcytosine and

plays a role in myelopoiesis. Mutations in TET2 are found in 7%–10% of adult AML patients and

1.5%–4% of pediatric AML [59,78,79]. Mutations in TET2 are highly variable and include nonsense

mutations, deletions (frameshift and non-frameshift), missense mutations, and splice site mutations.

All mutations, however, appear to cause loss of function and decreased hydroxymethylation of

DNA [78]. NPM1 and TET2 defects are significantly correlated and FLT3-ITD and FLT3-TKD

aberrations are often present together with TET2 mutations [54,78]. TET2 and IDH mutations seldom

co-existed in the same patient as may be expected since IDH mutations abrogate the activity of

TET2 [31,54]. The frequency of TET2 mutations in AML increases with age [31]. Of note, TET2

mutations have been found in elderly females with no clear evidence of hematologic disease [80]. The

prognostic effect of TET2 is unclear with some studies showing an inferior survival in AML with a

normal karyotype, especially those with favorable genetic mutations (isolated CEBPA and NPM1), and

other studies showing no effect [18,29,54,55].

5.10. TP53 (Tumor Protein p53)

TP53 is a well-known tumor suppressor gene that regulates the cell cycle in response to cellular stress.

Mutations in TP53 occur in 2%–9% of adult AML and approximately 1% of pediatric AML [18,19,29,59].

TP53 mutations are highly associated with a complex karyotype and rarely occur with CEBPA, NPM1,

FLT3 ITD, ASXL1, or RUNX1 mutations [19]. As in other cancers, mutations of TP53 in AML are associated

with an unfavorable prognosis [18,19]. The presence of TP53 mutation in a young person with AML

brings up the possibility of a germline mutation and underlying Li-Fraumeni syndrome. If testing for

TP53 will be performed, the patient should be counselled regarding this possibility.

5.11. WT1 (Wilms Tumor 1)

WT1 encodes a transcription factor that plays an important role in urogenital development and

appears to have a tumor suppressor role in renal tissues but an oncogenic role in leukemia [81].

Overexpression of WT1 in AML is linked with poor outcome and relapse in several studies especially

in AML with a normal karyotype [82,83]. Monitoring levels of WT1 also has shown usefulness in

monitoring for minimal residual disease [84,85]. Mutations in WT1 also occur, being found 4%–11%

of AML cases [29–31,43,59]. WT1 mutations also appear to have an association with poor outcome in

AML with a normal karyotype [56,57].

6. Conclusions

Genetics play an increasingly important role in the risk stratification and management of AML

patients. Current standard of care combines cytogenetic results with testing for mutations in FLT3,

NPM1, CEBPA, and KIT. The presence of FLT3 ITD, NPM1, or CEBPA mutations refines the prognosis

of patient with AML with normal karyotype which is normally intermediate risk. FLT3 ITD modifies

the risk to poor, while NPM1 and biallelic CEBPA mutations improve the prognosis to favorable. KIT

mutations in one of the core binding factor leukemias worsen the prognosis from good to intermediate.

As molecular testing methods advance, routinely testing multiple genes for mutations becomes

more feasible and, indeed, gene panels that look for mutations in multiple genes are already available.

Mutations in several genes appear to have prognostic impact. However, studies in the literature do not

always agree on which mutations have independent prognostic effect and our understanding of the
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impact of co-existing mutations and the interplay with cytogenetic abnormalities is limited. Mutations

in ASXL1, MLL, TP53, and WT1 have been shown in multiple studies to be independently associated

with a poorer prognosis. Mutations in BCOR, DNMT3A, IDH1, PHF6, RUNX1 and TET2 are possibly

associated with a poorer prognosis but have either not been confirmed in multiple studies or have

some conflicting results. KRAS and NRAS mutations do not appear to have an effect on prognosis.

As prognosis guides therapy, these gene mutations could play a role in guiding therapy in the future.

Two genes appear promising for more specifically guiding therapy in the future. AML with DNMT3A

mutations may respond better to high dose anthracyclines and AML with RUNX1 mutations may have

better outcomes with allogeneic transplant. These findings are promising that testing for mutations in

these additional genes can improve the current risk stratification and patient care; however, they need

to be confirmed in additional studies before routine clinical implementation.
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Abstract: Myeloid sarcoma (MS) of the central nervous system (CNS) is a rare presentation of

leukemic mass infiltration outside of the bone marrow. It may involve the subperiosteum and

dura mater and, on rare occasions, can also invade the brain parenchyma. The disease is most

commonly seen in children or young adults; however, it has been described in multiple age groups.

MS can be seen in patients with acute myeloid leukemia (AML), chronic myeloid leukemia and

other myeloproliferative disorders. This entity has the potential to be underdiagnosed if the MS

appearance precedes the first diagnosis of leukemia. The main reason is that their appearance on

CT and MRI has a broad differential diagnosis, and proper diagnosis of MS can only be made if the

imaging findings are correlated with the clinical history and laboratory findings. Herein, we describe

the intracranial CNS manifestations of MS in patients with AML on CT and MRI involving the brain

and/or meninges. This study is based on a systematic review of the literature. In addition, three case

reports from the author’s institution with AML and intracranial involvement of MS are included.

Our aim is to enhance the awareness of this entity among both clinicians and radiologists.

Keywords: AML; acute myeloid leukemia; leukemia; myeloid sarcoma; extramedullary disease;

chloroma; intracranial; central nervous system; brain; spine

1. Introduction

Central nervous system (CNS) myeloid sarcoma (MS), a rare manifestation of acute myeloid

leukemia (AML), chronic myeloid leukemia and other myeloproliferative disorders were first described

by Burns in 1811 [1] by the term chloroma. MS can develop when the immature myeloblast groups

form solid tumors outside the bone marrow. Intracranially, myeloid sarcomas are often continuous

with the meninges or the ependyma. Nevertheless, on rare occasions, myeloid sarcoma may invade

the brain parenchyma and, thus, may appear as intra-axial masses.

According to Audouin et al., [2], there are four different patterns of myeloid sarcoma development

in AML patients:

(1) They may develop during the active phase of leukemia;

(2) They may develop concurrently with known chronic myeloproliferative disorders;

(3) They may manifest as a relapse after months or years after clinical remission of AML, particularly

after bone marrow transplantation;

(4) They may precede the AML diagnosis and may be detected in previously healthy patients who

have a normal peripheral blood cell count and who have no blast infiltration in the bone marrow

(0.6% of cases as described by Krause [3]). In this group of patients, most of the patients develop
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myeloid leukemia blast infiltration an average of 10.5 months following the diagnosis of a myeloid

sarcoma [4]. In a large population-based cohort study from Denmark, the prevalence of myeloid

sarcoma among 2261 patients with AML was 9.7%; however, CNS involvement by myeloid

sarcoma was only present in 0.4% of these patients [5].

In this review of the literature, we have identified 21 reported cases of myeloid sarcoma in patients

with AML and describe the diagnostic and imaging findings pertinent to the brain parenchyma

and/or meninges. In addition, three patients from our institution with AML and positive intracranial

involvement were included.

2. Literature Review

A PubMed database search using the descriptors chloroma, myeloid sarcoma, myeloid sarcoma

and brain, intracranial, central nervous system and cranial nerves retrieved 56 relevant citations

from 1971 to 2014. Reviewing the literature, 21 reported cases of myeloid sarcoma with a sufficient

description of the diagnosis and imaging findings related to the brain and/or meninges were identified.

Leukemic conditions other than AML, such as chronic myeloid leukemia and myeloproliferative

disorders, were not included. Only articles in English that were available on the PubMed central

publishing platform were considered.

3. Results

CT and MRI were the most commonly utilized imaging modalities for assessment of CNS myeloid

sarcoma. Solely MR imaging was used in 11 reported cases, and solely CT was used in four case reports.

Combined MR and CT were utilized in six reported cases. Intracranial CNS imaging manifestations

of myeloid sarcomas were reviewed in regards to their anatomic site, intra-axial versus extra-axial

location, single versus multiple lesions and CT and/or MR imaging characteristics (Table 1).

A total of 21 reported patients (ten male and ten female) with AML and CNS myeloid sarcoma

were included in this review. Gender was not available for one case report [6]. Nineteen patients

included were adults, one a three-year-old child and another a 16-year-old adolescent. Patients’ ages

ranged between three and 58 years old. Mean age at the time of diagnosis of intracranial myeloid

sarcoma was 35 years. Out of the 21 reported cases, 13 patients (61%) had preexisting AML, either in

remission or in acute bone marrow relapse at the time of the first neurologic symptoms. Eight patients

(38%) presented with CNS symptoms preceding their AML diagnosis.

Out of the 21 patients, a total of 24 intracranial myeloid sarcoma lesions were described. Of those,

13 lesions (54%) were described in the intra-axial compartment of the brain and 11 lesions (45%) in the

extra-axial brain compartment. One patient had sequential lesions develop in more than one anatomic

site in the brain [7]. Another patient had concurrent intra-axial lesions described in the left occipital

lobe, right temporal lobe and left cerebellum [8].

Overall, the sites of intracranial myeloid sarcomas included the temporal lobe (n = 6), frontal lobe

(n = 4), cerebellum (n = 4), parietal lobe (n = 3), occipital lobe (n = 3), cerebellopontine angle cistern

(n = 1), corpus callosum (n = 1), basal ganglia (n = 1) and subdural space (n = 1). Six patients described

also showed either concurrent or sequential lesions in locations outside the brain. These extra-cranial

locations included the temporal bone (n = 1), both kidneys (n = 1), multiple bones (n = 1), nasopharynx

(n = 1), cervical and lumbar spine (n = 1), thoracic and sacral spine (n = 1), scalp tissues (n = 2) and

infratemporal fossa (n = 2). One intracranial vascular lesion involving the superior sagittal sinus was

described in one patient (n = 1).

Twelve out of a total of 24 lesions were assessed with CT. Among these, 11 lesions (91%)

appeared hyperdense on noncontrast CT. Out of all 11 hyperdense lesions, six lesions were intra-axial

and five extra-axial. Twenty-two lesions (91%) exhibited avid homogeneous enhancement. One

lesion demonstrated inhomogeneous thick peripheral enhancement, indistinguishable from a brain

abscess [9]. In another patient, a lesion described in the right temporal lobe demonstrated avid

enhancement with a central core of hypoenhancement, suggestive of necrosis [8].
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Seven intra-axial MS lesions were assessed with brain MRI. MS demonstrated either a hyper, iso-

or hypo-intense signal on T2-weighted images. T2 hyperintensity was described in four lesions, while

T2 iso- or hypo-intensity was described in three lesions. Nine extra-axial MS lesions were assessed

with MRI. T2 hyperintensity was described in two extra-axial lesions; however, T2 signal findings

were not described for the remaining seven extra-axial reported lesions assessed with MRI. Primary

bone destruction was evident in one patient, resulting in erosion of the petrous portion of the temporal

bone and subsequent intraparenchymal involvement of the right temporal lobe [10].

Vasogenic edema surrounding the enhancing leukemic masses was identifiable on both CT and

MRI. This was seen in 11 lesions (45%). Among these, six lesions were in the extra-axial and five in the

intra-axial compartment of the brain.
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4. Authors’ Institution Case Reports

CT and MR imaging characteristics of three patients from our institution presenting with acute

myeloid leukemia and intracranial CNS manifestations of myeloid sarcoma are described. Case 3 was

previously reported in the literature by one of the authors [26].

Case 1: A 69-year-old female patient with a recent history of worsening headaches and flu-like

symptoms diagnosed with AML and more than 90% myeloid cells in the blood count during her first

admission (Figure 1).

Figure 1. Meningeal infiltration related to AML in a previously healthy 69-year-old woman.

Axial post-contrast T1-weighted images with fat saturation (left image) demonstrate marked

pachymeningeal enhancement (arrowheads), most consistent with leukemic infiltration of the brain

meninges. Note the marked ill-defined enhancement of the left infratemporal fossa (right image)

surrounding the left masticator and deep parotid spaces (arrow), corresponding to extra-cranial

leukemic myeloid sarcoma of the soft tissues of the left neck. Complete resolution of the leukemic

infiltration within the deep left neck was observed after successful AML induction chemotherapy on

follow-up imaging (not shown). Ax, axial; C+, post-contrast.

Case 2: A 56-year-old female patient with acute myelomonocytic leukemia,

French-American-British (FAB) classification M4, developed a first relapse of AML with 26%

blasts in the blood count during admission. She underwent double umbilical cord blood stem

cell transplantation during the remission phase after being successfully treated with induction

chemotherapy for her first relapse. On Day 39 of the post-transplant period, she presented with

persistent headaches, muscle weakness, falls at home and the onset of leukemia cutis with new skin

lesions (Figure 2).
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Figure 2. AML relapse in the form of a myeloid sarcoma mass lesion involving the right temporal lobe

of a 56-year-old woman 39 days after umbilical cord blood stem cell transplantation. Noncontrast CT

images demonstrate a large hyperdense dural-based mass lesion involving the right temporal lobe

(NCCT, arrow) with surrounding edema (NCCT, arrowheads), mass effect and midline shift. On MRI,

a large ill-defined avidly enhancing dural-based mass lesion involving the posterior aspect of the

right temporal lobe (Ax T1 C+, arrow) with surrounding vasogenic edema (Ax FLAIR, arrowheads)

was noted. This infiltrating mass revealed hypointense signal intensity on T1 (Ax T1, arrow) and

T2-weighted images relative to the adjacent gray-matter. Diffusion weighted images (not shown)

demonstrated restricted diffusion in the posterolateral aspect of the right temporal lobe mass consistent

with increased cellularity. Additional pachymeningeal foci of nodular enhancement were noted within

the gyrus rectus of the right inferior frontal lobe and within the medial aspect of the right inferior

temporal lobe (Ax T1 C+, arrowheads). Diffuse right hemispheric pachymeningeal enhancement was

also noted (Ax T1 C+, partially shown). Ax, axial; Sag, sagittal; FS, fat saturation; C+, post-contrast;

DWI, diffusion-weighted images; ADC, apparent diffusion coefficient.

Case 3: A 53-year-old man with a three-month history of polydipsia and polyuria and indication

of myelodysplastic syndrome (MDS) presented with refractory anemia and 16% blast cells in the bone

marrow biopsy suggesting a diagnosis of refractory anemia with excess of blasts (RAEB). Diabetes

insipidus was confirmed by inappropriately low urine osmolality and low antidiuretic hormone (ADH)

levels. AML induction chemotherapy (seven days of cytarabine and three days of idarubicin) along

with intrathecal methotrexate after cerebrospinal fluid (CSF) analysis was initiated (Figure 3).

Figure 3. Leukemic infiltration of the neurohypophysis and pituitary stalk in a patient with

myelodysplastic syndrome presenting with diabetes insipidus. The sagittal T1-weighted image

without contrast administration (left image) demonstrates the absence of the neurohypophysis (arrow),

confirming the diagnosis of diabetes insipidus. Normally, the neurohypophysis is identified as a bright

signal spot on T1-weighted images in the posterior pituitary gland. The sagittal T1-weighted image

after contrast administration (right image) reveals a 2-mm enhancing nodular lesion in the superior

aspect of the pituitary stalk (arrowhead) and curvilinear enhancement along the posterior aspect of the

pituitary gland in the expected region of the neurohypophysis (arrow). Sag, sagittal; C+, post-contrast.
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5. Discussion

CNS leukemic infiltration may present in one or more of the following intracranial forms: (1)

meningeal disease, as “carcinomatous meningitis”; (2) intravascular tumor aggregates throughout the

brain, as “carcinomatous encephalitis”; or (3) focal tumor masses, as “myeloid sarcomas”. When AML

manifests as a solid tumor outside the bone marrow, i.e., myeloid sarcoma, the imaging features can

be mistaken for some conditions other than the myeloid sarcoma. Myeloid sarcoma seen in leukemic

patients may involve any part of the body. The most common sites for myeloid sarcoma deposits are

the bones, soft tissues, lymph nodes and the skin. Rarely, they may manifest as single or multiple

intracranial lesions [4], most commonly seen within the calvaria and orbits [27]. In our review, out of

24 intracranial MS lesions reviewed from the literature, 13 lesions (48%) have presented as focal tumor

masses within the intraparenchymal compartment of the brain.

Myeloid sarcoma can occur at variable ages (1–81 years old), often after the diagnosis of AML.

However, in approximately 25% of the patients, MS appears before the initial diagnosis of AML by

months or years [28]. According to Neiman et al., of a total of 61 biopsied proven myeloid sarcomas,

twenty-two lesions were seen in 15 patients with no known history of acute myeloid leukemia [4].

Most of these patients developed acute leukemia on an average of 10.5 months after the biopsy. In this

review, eight out of 21 reported cases (38%) had intracranial CNS imaging manifestations of myeloid

sarcoma preceding the diagnosis of AML.

Radiologically, intracranial MS in patients with acute myeloid leukemia most commonly presents

as an extra-axial hyperdense mass on noncontrast CT scan. In this review of the literature, all 24

intracranial lesions, except for one, appear as hyperdense masses on the noncontrast CT studies. The

differential diagnosis of hyperdense intracranial masses is broad and includes meningioma, B-cell

lymphoma and intracranial metastasis. Interestingly, myeloid sarcomas can express B-cell antigens

(e.g., CD19, CD79a) and, thus, potentially lead to a histologic misdiagnosis of CNS lymphoma, if no

immunohistochemistry or flow cytometry analysis is available [14]. Other less common diagnostic

considerations considered are metastatic neuroblastoma (in the pediatric age group), Ewing’s sarcoma,

hemangiopericytoma and subdural hematoma. A second pattern of presentation is patchy and/or

leptomeningeal enhancement seen in patients with acute myeloid leukemia. In this situation, the

differential diagnosis to consider is: primary meningeal tumor infiltration by leukemia, secondary

leptomeningeal carcinomatosis, viral or bacterial meningitis, neurosarcoidosis, dural sinus thrombosis,

intracranial hypotension or postoperative changes.

Vasogenic edema was present on either CT or MR in 11 lesions (45%) out of the 24 intracranial

myeloid sarcomas that were included in this review. Further characterization of other CT and/or MR

imaging features should be used to distinguish the intracranial MS lesions from other commonly-found

intracranial lesions, such as meningioma, lymphoma or brain metastasis, which also commonly show

vasogenic edema and can potentially occur concurrently with myeloid sarcoma in patients with acute

myeloid leukemia.

Leukemic cell infiltrates are capable of migration from the bone marrow of the periosteum and

dura mater into the underlying brain parenchyma once there is disruption of the pial-glial barrier.

Despite the close involvement of the extra-cranial and intra-cranial tissues, destructive bony changes

are not commonly seen with myeloid sarcomas. Only one patient showed apparent bone destruction of

the temporal bone and concomitant involvement of the adjacent right temporal lobe parenchyma [10].

One of the limitations of this study is the small sample of the reported cases available in the

literature, since we exclusively included AML patients with intracranial MS lesions. Other forms of

acute or chronic leukemias and myeloproliferative disorders could also present with intracranial MS

lesions and were not included in this study. Potential selection bias of the study population is another

limitation, since the majority of patients included were young adults. Since only one pediatric patient

with AML and intracranial CNS myeloid sarcoma was present in our systematic review, our findings

cannot be generalized to all age groups.
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6. Conclusions

Myeloid sarcoma of the intracranial CNS is a rare presentation of AML. This can be detected

before the diagnosis of leukemia or any time throughout the course of the disease during routine

neuroimaging studies. Proper CT and MR imaging interpretation in conjunction with relevant clinical

information, including the age at the time of diagnosis, symptomatology, such as the presence

of headaches, seizures, focal neurological deficits and/or cranial nerve palsy (-ies), a history of

hematologic malignancies, prior bone marrow or solid organ transplantation status and immune

system status, can help to narrow the clinical diagnosis of intracranial MS. Finally, prompt clinical and

laboratory evaluation for acute myeloid leukemia relapse is necessary in patients with a known history

of leukemia presenting with meningeal and/or parenchymal lesions.
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Abstract: The current standard regimens for the treatment of acute myeloid leukemia (AML) are

curative in less than half of patients; therefore, there is a great need for innovative new approaches

to this problem. One approach is to target new treatments to the pathways that are instrumental

to cell growth and survival with drugs that are less harmful to normal cells than to neoplastic cells.

In this review, we focus on the MAPK family of signaling pathways and those that are known to,

or potentially can, interact with MAPKs, such as PI3K/AKT/FOXO and JAK/STAT. We exemplify

the recent studies in this field with specific relevance to vitamin D and its derivatives, since they

have featured prominently in recent scientific literature as having anti-cancer properties. Since

microRNAs also are known to be regulated by activated vitamin D, this is also briefly discussed here,

as are the implications of the emerging acquisition of transcriptosome data and potentiation of the

biological effects of vitamin D by other compounds. While there are ongoing clinical trials of various

compounds that affect signaling pathways, more studies are needed to establish the clinical utility of

vitamin D in the treatment of cancer.

Keywords: acute myeloid leukemia; targeted therapy; differentiation; 1,25-dihydroxyvitamin D3;

mitogen-activated kinases

1. Introduction

Cytotoxic therapy can be quite successful in the control of the growth and dissemination of

many human malignant diseases, but the established treatment regimens appear to have reached a

plateau in their potential for improvement. Therefore, encouraged by the success of Imatinib mesylate,

also known as Gleevec, in producing long-lasting remissions of CML by targeting the fusion gene

Bcr-Abl with tyrosine kinase activity [1–4] and of ATRA, which targets a fusion TF PML-RARα in

acute promyelocytic subtype M3 of AML (APL) [5–10], the search is on for similar targeting of other

neoplastic diseases. Derivatives of vitamin D (VDD) have been suggested to have anti-neoplastic

properties, but the translation of the results of epidemiological and laboratory studies to the clinic has

so far not been successful [11–14]. In this review, we discuss the background for seeking molecular

targets related to signaling pathways that current knowledge suggests have the potential for the

exploration of their clinical usefulness in subtypes of AML other than CML and APL. While several

excellent reviews have been published recently that overlap with this one [15–18], our aim is to update

this knowledge, as well as to focus on several selected aspects of the vitamin D and human leukemia

field that we feel deserve additional emphasis.
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2. Signaling Pathways Studied in Hematopoietic and Myeloid Cells

AML is a predominant acute leukemia among adults and constitutes a very heterogeneous

group of blood and bone marrow neoplasms [19–21]. AML is an aggressive disease characterized

by over 20% of myeloblasts circulating in the blood or/and bone marrow [20,22–24]. Blast cells are

characterized by inhibited differentiation, as well as increased proliferation. Moreover, AML have

specific cytogenetic and molecular abnormalities [25]. There are more than two hundred described

chromosomal aberrations in leukemic cells of patients with AML [26,27], but also a large group of

AMLs without detectable cytogenetic abnormalities [20,28].

Despite significant improvements in chemotherapeutic regimens, poor responsiveness and

relapse are still problems in a significant number of patients diagnosed with AML. The clinical

outcome with chemotherapy alone is still abysmal for many myeloid leukemia patients, so the

development of precision therapy, also called “targeted” therapy, for AML patients based on the

molecular features remains an essential aim. Therefore, there is a great need for new therapies

with better tolerability and effectiveness than the current treatments. As mentioned above, APL

was the first hematological malignancy in which targeted therapy with ATRA has been successfully

introduced into clinical practice and induces cell differentiation and death of blast cells [29–31]. Another

compound capable of inducing differentiation of AML cells is 1,25-dihydroxyvitamin D3 (1,25D), which

induces monocyte/macrophage-like differentiation and cell cycle arrest [32–36]. The importance of

understanding the signaling pathways disturbed in AML cells may improve current treatments and

may supplement the conventional therapeutic regimens.

2.1. MAP Kinase Signaling

The MAPKs constitute a family of serine-threonine kinases regulating the proliferation and

differentiation of normal and malignant hematopoietic cells [37,38]. MAPKs signal by four main

cascades: the ERK1/2, the JNKs, the p38 kinases and ERK5 kinase [37,39] (Figure 1). There are

multiple interactions between these pathways, including cooperation and cross-talk between various

components, in order to transmit specific signals to the cell [40–43].

MAPKs transduce signals into the cell through a three-tiered cascade, from MAP3Ks (such as Raf1,

Cot1, MTK/DLK or ASK1/TAK1/PTK1) through MAP2Ks (such as MEK1/2, MEK5, MKK7/MEK4

or MEK3/6) to MAPKs (ERK1/2, ERK5, JNKs, p38 kinases). Terminally, MAPKs activate several TFs

(like c-Fos, c-Jun, PU.1, MEF2, ATF2, c-Myc and Sp1), activating genes responsible for proliferation,

differentiation and cell death.
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Figure 1. MAPK signaling pathways.

2.1.1. MEK1/2-ERK1/2 Pathway

The ERK1/2 cascade is activated by several reactions initiated by extracellular signals and

transmitted by growth factor receptors and cytokine receptors to the small G-coupled protein Ras1 [44],

which can sequentially activate Raf1, MEK1/2 and, then, ERK1/2 kinases (Figure 1). When activated by

MEK 1/2 phosphorylation, ERK1 and ERK2 are translocated to the nucleus and, in turn, phosphorylate

transcription factors crucial for myeloid differentiation, such as C/EBPα, C/EBPβ or PU.1 [45–47].

Kinase suppressor of Ras 1 and 2 (KSR1 and KSR2), considered to be scaffold proteins that bring

Ras1, Raf1 and MEK1/2 together, facilitate signaling through pathways mediated by ERK1/2 [48–51].

ERK1/2 have been shown to phosphorylate several different substrates, including ribosomal S6 kinase

p90RSK [52]. The Ras1-Raf1-MEK1/2-ERK1/2 pathway is an important positive regulator of monocytic

and granulocytic differentiation [38,53,54].

2.1.2. JNKs Pathway

The JNKs family is made up of three members: JNK1, JNK2 and JNK3 [55–57]. These kinases

are activated by external stress, apoptotic stimuli and cytokines and are also known as SAPK

(stress-activated protein kinases). These signals lead to their phosphorylation by upstream kinases

(MEK4, MKK7) [58]. Although JNK1 and JNK2 have somewhat different actions on AML, in general,

JNKs phosphorylate TFs, such as c-Jun, ATF-2, p53 and Elk-1, which, in turn, regulate the expression

of specific genes to mediate cell proliferation, differentiation or apoptosis [59,60] (Figure 1). C-Jun is

essential for monocytic differentiation of human AML cells, as a part of the AP1 TF [53,61].

2.1.3. p38 Kinases Pathway

The p38 MAPKs are activated in cells by environmental stresses and pro-inflammatory cytokines,

less often by growth factors. There are four members of the p38 MAPKs family, α, β, γ and δ,
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which display tissue-specific patterns of expression [62]. p38α and β, the “classical” isoforms, are

ubiquitously expressed among tissues, whereas the expression of p38γ and δ appears to be more tissue

restricted and, in 1,25D-treated AML cells, have positive effects of differentiation, unlike the classical

isoforms [41,63–66]. The p38 kinases share about 40% sequence identity with other MAPKs, but they

share only about 60% identity among themselves, which suggests highly diverse functions [67–69].

The p38 MAPKs are activated by phosphorylation by upstream kinases MKK3 and MKK6, although

MKK4, the main activator of JNKs, has also been shown to activate p38 MAPKs [70]. Upon activation,

p38 proteins translocate from the cytosol to the nucleus, where they orchestrate cellular responses

by mediating phosphorylation of downstream targets that regulate apoptosis, cell cycle arrest, cell

growth inhibition and differentiation [41,71,72] (Figure 1). Besides transcription factors, p38 kinases

downstream targets are other kinases, such as MAPKAPK3 or MAPKAPK5 [65,73].

2.1.4. MEK5-ERK5-MEF2C Pathway

Like the other branches of the MAPK family, the MEK5/ERK5 pathway has been implicated in cell

survival, anti-apoptotic signaling, angiogenesis, cell motility, proliferation and cell differentiation [74].

However, ERK5 signaling can have both overlapping and distinct effects from the other MAPKs [75].

The principal activator of ERK5 is MEK5, which can be activated by MAP2Ks, such as MEKK2

and MEKK3 [76,77]. It has been shown that MEKK3 induces activation of the MEK5/ERK5 pathways

through growth factor-induced cellular stimulation and oxidative stress [76,78] (Figure 1). ERK5 is

activated by two phosphorylations: first, on the N-terminal TEY sequence, usually by MEK5 [79],

and then by autophosphorylation on the ERK5 C-terminal transcriptional activation domain [80,81],

which allows it to be translocated into the nucleus and to activate several TFs, including MEF2, Sap1,

c-Fos and c-Myc [79,82–84]. The auto-phosphorylation of the ERK5 C-terminus may also be required

for transcriptional activation [85]. The Cot1 oncogene can activate ERK5 [86,87] and can repress

KSR1/2 [42,87].

2.2. PI3 Kinase-Akt1-mTOR Signaling

PI3Ks control the growth, motility, survival and differentiation of many normal and cancer

cells [88–90]. The PI3Ks family is composed of heterodimeric proteins grouped into three main classes:

I (IA and IB), II and III. Class IA enzymes are composed of three distinct catalytic subunits (p110α,

p110β or p110δ), which associate with one of the regulatory subunits (p85α, p85β, p55α, p55γ or

p50α) [91,92]. Class IB enzymes encompass one catalytic subunits (p110 γ) and two regulatory subunits

(p101 or p87) [93]. Notably, p110α and p110β are ubiquitously expressed in most types of cells, whilst

p110δ and p110γ are exclusively expressed in hematopoietic cells [92,94,95]. RTKs, non-RTKs, GPCRs

and Ras1 are direct activators of class IA PI3Ks, whereas class IB enzymes are activated only by GPCRs

and Ras1 [96,97]. Upon activation, the regulatory subunit mediates binding to the receptor, whereas

the catalytic subunit phosphorylates PIP2 to yield PIP3. PIP3 initiates downstream signaling, such as

the PDK1, Akt1, mTOR or FOXO family of TFs [98–101] (Figure 2). Direct constitutive activation of

PI3K/Akt1/mTOR signaling occurs in the majority of leukemias, such as AML and ALL, Hodgkin’s

lymphoma, lymphoproliferative disorders or myeloproliferative neoplasms [102–104].
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Figure 2. FLT3/PI3 kinase/Akt1/mTOR signaling pathways.

After ligand (L) binding, FLT3 is phosphorylated (yellow circles), at TKD, and activates

downstream pathways, such as PI3K/Akt1, MAPKs (MEK1/2, ERK 1/2) and STAT5. Two major

classes of activating FLT3 mutations have been identified in AML patients: ITD and TKD point

mutations. Mutations cause constitutive activation of FLT3 and aberrant activation of downstream

signaling pathways and factor-independent growth. PI3K is activated downstream of RTKs, non-RTKs

or GPCRs. Ras1 is a direct activator of class IA of PI3Ks, upon activation regulatory subunit (RSU)

mediating the binding to the receptor, whereas the catalytic subunit (CSU) phosphorylates PIP2 to

PIP3. PIP3 initiates downstream signaling, PDK1, Akt1, mTOR or FOXO.

2.3. FLT3 Signaling

FLT3 is encoded by a gene located on chromosome 13 and plays an important role in early

hematopoiesis and development of myeloid precursors [105,106]. This transmembrane kinase belongs

to the class III receptor tyrosine kinase family and is the most commonly mutated in AML [107–

109]. The oncogenic mutations in FLT3 (ITD, internal tandem duplication in the juxtamembrane

region or point mutation in the catalytic domain) cause ligand-independent dimerization of the

FLT3 and its constitutive activation. Thus, the mutated FLT3 receptor activates downstream signaling

pathways, such as PI3K, ERK1/2 and p38, LYN and STAT5 kinases, leading to the cytokine-independent

proliferation (Figure 2) [109–112].

2.4. C/EBPα Signaling

The C/EBPα belongs to the family of basic leucine zipper TFs, which participate in

the differentiation of several cell types, including myeloid progenitor cells from multipotent

precursors [113–115]. There are two distinct isoforms of C/EBPα protein, full-length p42 and truncated
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p30, which lacks two N-terminal trans-activation domains [116]. Only the p42 isoform of C/EBPα can

inhibit cell proliferation, while the p30 isoform can support the formation of granulocyte-macrophage

progenitors in mice and can lead to the development of AML in the absence of p42 [117]. The relative

levels of p42 and p30 in the cell can be regulated through mTOR signaling to control the transition

of cell fate [118]. A genetic knockout of C/EBPα results in a complete block in the transition from

common myeloid progenitors to the granulocyte/monocyte progenitor stage of differentiation [119].

Mutations in CEBPα occur in approximately 5% to 10% of de novo AML and is most common in

cytogenetically normal AMLs [114,120].

2.5. Targeting by MicroRNAs

MicroRNAs are small, noncoding and highly conserved RNA molecules that regulate the

expression of genes post-transcriptionally by binding to the 3′-UTR regions of the mRNA [121–123].

Several microRNAs are widely expressed in hematopoietic cells (i.e., 106a, 128a, 146, 150, 155, 181a, 221,

222, 223), and their altered expression (e.g., by chromosomal translocations) has been correlated with

leukemia [124]. Several studies have shown that specific patterns of microRNA expression are closely

associated with cytogenetic and risk/survival predictions in AML patients [125–128]. Importantly,

integration of microRNA and mRNA patterns of regulation can reveal the extent of co-regulation,

which permits exquisite control of gene expression at the mRNA level [129,130].

2.6. Global Effects of VDDs on AML Cells

Most studies of signaling by VDDs were based on the examination of the expression of a single

or a small number of genes. However, powerful new technology is evolving, which, combined with

bioinformatics, is poised to transform this field. Therefore, the question can soon be answered of how

the perturbations of cellular homeostasis by 1,25D or other VDDs influence the global gene expression.

Interesting examples of this approach have recently been published by the Carsten group, which

include a genome-wide analysis of VDR binding sites in THP-1 human monocytic leukemia cells.

They identified by ChIP-seq 2340 VDR binding locations, of which 1171 occurred uniquely following

short exposure to 1,25D and 520 without exposure to 1,25D [131]. Interestingly, it was found that

1,25D binding shifts the locations of VDR occupation to DR3-type response elements that surround its

target genes, and there was a large variety of regulatory constellations of VDR binding sites. It is also

becoming increasingly clear that VDR binding choices are highly specific for the cell type [130–132].

The biological significance may be derived from microarray analyses following 1,25D treatment, such

as that which found that the monocytic marker CD14 and cathelicidin anti-microbial peptide were by

far the most markedly upregulated genes in this scenario [131]. Among the genes upregulated early, as

shown by the microarray analysis, the monocyte-specific genes and metabolism-related genes are two

noticeable groups [132]. The effects of longer exposure to 1,25D include the finding that VDR binding

sites are significantly enriched near autoimmune and cancer-associated genes identified from GWA

studies [133]. Thus, GWA surveys can lead to deeper understanding of signaling by VDDs.

3. 1,25D as an Important Modifier of Signaling Pathways Disturbed in AML

1,25D is the physiological form of vitamin D that belongs to the family of secosteroid

hormones [134,135]. Although the primary function of 1,25D is to maintain calcium and phosphorus

metabolism [136], 1,25D is capable of inducing differentiation and inhibiting the proliferation of

several types of normal and cancer cells, AML cells among them [137–139]. Exposure of AML cells

to 1,25D results in a monocyte-like phenotype, which, upon prolonged exposure to 1,25D, becomes

a macrophage-like phenotype, manifested by functional changes (phagocytosis accompanied by

monocyte-specific esterase activity and the generation of reactive oxygen species). The phenotypic

changes include altered morphology [140,141] and the expression of a receptor for complexes

of lipopolysaccharides, CD14, and the adherence protein encoding the subunit of αMβ2-integrin,

CD11b [142–145].
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There are several phases of 1,25D-induced differentiation of AML cells. In the initial phase,

the cells continue normal proliferation and cell cycle progression. During this phase, high levels of

MEK1/2, ERK1/2, JNKs and p38 kinases are essential [53,146,147]. Latter phases lead to the cell cycle

block at the G1/S phase due to the elevated expression of CDK inhibitors, such as p21Cip1/Waf1

and p27Kip1 [148–150], and anti-apoptotic proteins, including Bcl-XL and Mcl1, which facilitate

differentiation by increasing cell survival [151,152].

3.1. Activation of MAPKs by 1,25D

3.1.1. Ras1-Raf1-MEK1/2-ERK1/2

The ERK1/2 signaling pathway maintains cell proliferation during the early stages of

1,25D-induced differentiation of AML cells (24–48 h). ERK1/2 are expressed at a high level

and are activated by phosphorylation [53,146]. PD98059, the specific inhibitor of MEK1/2 [153],

partially inhibits 1,25D-induced monocytic differentiation of HL60 cells. At the later phase, a

high level of phosphorylated ERK1/2 decreases to the basal level, and then, ribosomal S6 kinase

p90RSK is activated [53,146,147]. This kinase, in turn, can activate C/EBPβ, the master TF for

monocyte/macrophage differentiation [154,155]. C/EBPβ, which can be activated by phosphorylation

by ERK1/2 [156], by p90RSK [157] or by ERK5 [141] and can directly interact with the promoter region

of CD14, activates its expression [45,156,158].

Raf1 signaling is a requisite for the latter stages of 1,25D-induced differentiation of HL60 cells.

Raf1 mediates activation of p90RSK, but independently of the MEK1/2-ERK1/2 module [45]. Moreover,

a platform for Raf1 phosphorylation, KSR1 and KSR2 [159] are also upregulated by 1,25D, augmenting

the strength of the signal transmitted through Raf1 to downstream targets [49,160,161] (Figure 3). KSR2

knockdown decreases cell survival, which is accompanied by reduced Bcl-2/Bax and Bcl-2/Bad ratios

and increased caspase-3 activating cleavage [162].

Figure 3. 1,25D’s influence on MAPK signaling.
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1,25D activates several MAPKs, such as MLK3, Cot1 and MEK1/2. The ERK1/2, ERK5 and JNK

(JNK1/2) pathways have positive effects on monocytic differentiation, while the p38 MAPKs pathway

may have a dual effect on differentiation. p38α and p38β have an inhibitory effect on monocytic, but

not granulocytic differentiation of HL60 cells, while p38γ and δ may positively modulate monocytic

differentiation of these cells. 1,25D can amplify the Raf1-MEK1/2-ERK1/2 pathway by direct

transcriptional upregulation of KSR1 and KSR2, which act as scaffolds that coordinate signaling

along the Ras1/ERK1/2 signaling. Also shown is the potential role of the C/EBPβ, c-Jun/ATF2 and

PU.1/Sp1 TFs, which act as positive effectors of 1,25D signals by upregulating the expression of VDR,

CD14 and CD11b.

3.1.2. JNKs

During 1,25D-induced differentiation of AML cells, the expression level of JNK1 is highly

elevated [147]. JNK1 activates c-Jun and ATF2, two major components of the AP-1 TF complex,

as well as C/EBPβ and Jun B [61]. Moreover, the expression level of c-Jun is also elevated in those

cells [163], which enhances the differentiation process [164]. Inhibition of JNK1/2 by the specific

inhibitor, SP600125 [165], leads to the reduction of c-Jun and ATF2 phosphorylation, as well as to

the decreased expression of Egr-1 and c-Fos, which results in the differentiation block [147,166,167].

Importantly, in AML cells resistant to 1,25D, JNK2 antagonizes JNK1 and is considered, at least in part,

a negative regulator of the cell proliferation and resistance of those cells [168,169] (Figure 3).

3.1.3. MAPK/p38 Kinases

The p38 kinases are also essential for 1,25D-induced differentiation of AML cells. It was

shown that some functions generally attributed to p38 kinases, such as inhibition of 1,25D-induced

differentiation [66], are only performed by the classical forms (p38α and p38β), as these, unlike p38γ

and δ, are inhibited by SB203580, SB202190 and related compounds [66,170–173]. Because they exert a

negative feedback upstream of p38α and p38, the isoforms p38γ and p38δ actually have a positive

effect on 1,25D-induced differentiation of human AML cells [66] (Figure 3). Moreover, the inhibition of

p38α and p38β leads to an upregulated expression of isoforms p38γ and p38δ in 1,25D-treated AML

cell lines and in primary cultures [66].

3.1.4. MEK5-ERK5-MEF2C

1,25D and its analogs upregulate the expression of ERK5, which positively regulates the

early-stage monocytic differentiation of AML cells [75,87,141]. The pharmacological inhibitor of

MEK5 (an upstream activator of ERK5), BIX02189 [174] and the inhibitor of ERK5 autophosphorylation,

XMD8-92 [175], lead to the reduction of cell surface CD14 and an increase in CD11b expression [141].

ERK5 is a positive regulator of C/EBPβ TF, the direct activator of CD14, but negatively regulates

the expression of C/EBPα [141]. MEF2C, a known downstream target of ERK5 [82,141], has recently

been shown to be involved in 1,25D-induced AML differentiation and is reported to lie upstream of

C/EBPβ and to control the expression of CD14, but not CD11b [176]. Importantly, the enzyme activity

of Cot1, an upstream regulator of MEK5-ERK5-MEF2C, increases in AML cells during 1,25D-induced

differentiation, as does phosphorylation of MEF2C, a downstream target of ERK5 [42,176] (Figure 3).

It is also relevant that FLT3 kinase may activate MEK5 by its phosphorylation, which results in the

activation of ERK5 of AML cells that have an internal tandem duplication in FLT3 [177]. As CD11b

expression generally suggests terminal differentiation, the dissociation of CD14 and CD11b expression

by the MEK5-ERK5-MEF2C signaling cascade implies that the monocytic characteristics of AML cells

in the early phase of 1,25D-induced differentiation may just be an associated phenomenon, but is not a

necessary component of any potential anti-cancer effect of 1,25D.
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3.2. The Effect of 1,25D on the PI3 Kinase-Akt1-mTOR Pathway

Activation of the PI3K/Akt1/mTOR pathway is important for 1,25D-mediated protection against

apoptosis, as well as for the induction of the differentiation of AML cells [150,178–181]. Inhibition

of PI3K by LY294002 or by Wortmannin accentuates the 1,25D-induced G1 to S phase cell cycle

block in HL60 cells and is associated with an increased expression of p27Kip1 protein [150]. Moreover,

LY294002 inhibits nuclear translocation of VDR and prevents activation of 1,25D target genes triggering

monocytic differentiation [173].

3.3. The Influence of 1,25D on AML Cells with Mutated FLT3 Kinase

Only a few reports focus on the susceptibility of AML cells to the combined effects of

1,25D-induced differentiation and FLT3 kinase activating mutations. Studies performed on blast

cells isolated from the peripheral blood of patients with diagnosed FLT3 mutations revealed that those

cells exhibit resistance to 1,25D and to its “semi-selective” analogs [145,182]. This notwithstanding,

AML cell lines with mutated FLT3 kinase, such as MV4-11 or MOLM-13, do respond to 1,25D-induced

differentiation [145,183]. Treatment of elderly relapsed AML patients with cytotoxic agents, 1,25D and

the FLT3 kinase inhibitor, CEP-701, gave highly variable results [13].

3.4. Effects of 1,25D on C/EBPα

It is well documented that C/EBPα is indispensable for granulocytes to develop, while C/EBPβ

regulates the differentiation of monocytic cells [115,184,185]. In HL60 cells exposed to 1,25D, C/EBPα

isoforms are transiently upregulated in the early stages (up to 24 h) of the differentiation process, while

C/EBPβ isoforms are upregulated in a sustained fashion and parallel to the expression of CD14 and

CD11b surface markers [45]. A generally accepted scheme assumes that 1,25D-induced expression of

C/EBPβ allows the cells to bypass the granulocytic differentiation block caused by dysregulation of

C/EBPα and switches the cells into monocytes [45,156,186].

3.5. The Effect of 1,25D on MicroRNAs

Relatively little is known regarding the influence of 1,25D on microRNA expression in AML

cells, but it is postulated that similarly to the other types of cancer, the microRNA expression profile

(“signature”) may be helpful for AML diagnosis and for the selection of suitable therapy. It was shown

that during 1,25D-induced differentiation of AML cells, microRNA-181a and microRNA-181b are

downregulated [187]. MicroRNA-181a inhibition by 1,25D results in an increase of p27Kip1 mRNA

and protein level, which, in turn, leads to G1/S blockade [187–189]. Furthermore, microRNA-302c

and microRNA-520c are downregulated by 1,25D in Kasumi-1 and K562 AML cell lines, where

they enhance the susceptibility of those cells to natural killer cell-mediated cytotoxicity [190]. Other

microRNAs downregulated by 1,25D in AML cells are microRNA-17-5p/20a/106a, microRNA-125b

and microRNA-155, which target AML1, VDR and C/EBPβ [191].

1,25D can upregulate microRNA-32, which targets pro-apoptotic protein Bim [192]. Decreased

expression of microRNA-32 can sensitize AML cells to the cytotoxic agents, for instance

arabinocytosine [192]. Another microRNA upregulated by 1,25D in AML cells is microRNA-26a [193],

which targets transcriptional repressor E2F7 [194]. The repression of E2F7 by miR-26a contributes to

the increased expression of p21Cip1/Waf1 observed during 1,25D-induced monocytic differentiation of

AML cells. Moreover, silencing of E2F7 results in inhibition of c-Myc activity and downregulation of

its transcriptional target, the oncogenic miR-17-92 cluster [194] (Figure 4).

1,25D down-regulates (⊣) the expression of microRNA-181a, which is a negative regulator of

p27Kip1. This causes the block of the negative action of microRNA-181a (
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) and elevated expression of p27Kip1 (↑). 1,25D also downregulates other microRNAs, such as

microRNA-106a, -20a and -155, that target and inhibit the expression of VDR and C/EBPβ. 1,25D can

up-regulate (→) microRNA-32, which targets pro-apoptotic protein Bim and inhibits its expression (↓).

Furthermore, microRNA-26a is upregulated by 1,25D. MicroRNA-26a inhibits transcriptional repressor

E2F7, which, in turn, no longer inhibits p21Cip1/Waf1, and its expression is elevated. Regulation of

microRNA expression by 1,25D leads to the augmented differentiation, inhibition of apoptosis and cell

cycle arrest in the G1/S phase.

Figure 4. Regulation of microRNA expression by 1,25D in AML cells.

4. Potentiators of 1,25D-Induced Differentiation of AML Cells

1,25D-induced differentiation of AML cells may be augmented by several natural and chemical

compounds (Table 1). One such compound is carnosic acid (CA), the plant-derived polyphenolic

antioxidant. CA alone is weakly cytostatic to AML cells, but in combination with 1,25D, increases

differentiation and upregulates the expression of ERK5, c-Jun and AP1 [87,166,169,195–197].

Moreover, CA together with a 1,25D analog, doxercalciferol, decreases the expression level of

microRNA-181a [189]. Similarly to CA, other plant antioxidants, curcumin and silibinin, can inhibit

AML cell growth when used alone, but show synergistic or additive effects on differentiation when

combined with VDDs [195,198–200].

It was also shown that an inhibitor of the Akt1/mTOR pathway, RAD001 (Everolimus),

potentiates 1,25D-induced growth arrest and differentiation of AML cells, due to the enhancement

of 1,25D-mediated transcriptional activation of p21Cip1/Waf1 in association with increased level of the

acetylated forms of histone H3 and VDR bound to the p21Cip1/Waf1 promoter [201].

A large number of compounds can potentiate 1,25D-induced differentiation of AML cells [198,202].

Natural compounds include plant polyphenols, carnosic acid, curcumin or silibinin [195,198,203]. Other
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compounds, such as iron chelators [204] or chemical inhibitors [205], are also capable of enhancing

1,25D action.

Table 1. Examples of potentiators of 1,25D-induced differentiation of AML cells.

Compound Characteristic Mode of Action with 1,25D Citations

Nutlin 3a
cis-imidazoline analog, inhibits

interaction between Mdm2 and p53

downregulation of Bcl-2, MDMX,
KSR2, phospho-ERK2
upregulation of PIG-6

[152]

Carnosic acid
natural benzenediol abietane

diterpene from rosemary

upregulation of ERK5, c-Jun and
AP1 downregulation of

microRNA-181a expression
[189,196,197]

Curcumin
diarylheptanoid, natural phenol

from turmeric
activation of caspase-3, -8 and -9 [195]

Silibinin
flavonolignan from the milk thistle

seeds
upregulation of c-Jun and C/EBP [199,200]

Everolimus
40-O-(2-hydroxyethyl) derivative of

sirolimus
inhibition of Akt/mTOR [201]

Deferasirox iron chelator
induction of VDR expression and

phosphorylation
[204,207]

Q-VD-OPh pan-caspase inhibitor upregulation of HPK1 and c-Jun [205]

Indomethacin
non-steroid inhibitor of

cyclooxygenase
inhibition of phospho-Raf1 [206]

Other compounds that can enhance 1,25D-induced differentiation of AML cells are COX1 and

COX2 inhibitors [206]. It was found that a combination treatment with 1,25D and non-specific COX

inhibitors acetyl salicylic acid (ASA) or indomethacin can robustly potentiate the differentiation of

several AML cell lines and that ASA ± 1,25D is effective in enhanced differentiation of primary AML

cultures. Increased cell differentiation is paralleled by arrest of the cells in the G1 phase of the cell

cycle and by increased phosphorylation of Raf1 and p90RSK1 proteins [206].

Iron chelating agents, such as deferasirox, also turned out to be an effective enhancer

of 1,25D-induced differentiation of AML cells [204]. This compound induces expression and

phosphorylation of the VDR. The combination of iron-chelating agents and 1,25D resulted in the

reversal of pancytopenia and in blast differentiation, suggesting that iron availability modulates

myeloid cell commitment and that targeting this cellular differentiation pathway together with the

conventional differentiating agents can provide a therapeutic benefit for an AML patient [204]. This

conclusion is reinforced by the subsequent retrospective study, which showed that the combination of

deferasirox and vitamin D improves overall survival in elderly patients with AML after demethylating

agent failure [207]. In accordance with these feasibility studies, a phase 1 and 2 clinical trial

(NCT01718366) of combined deferasirox, vitamin D, and azacitidine in high risk MDS is in progress.

5. Clinical Trials with VDDs Targeting Signaling Pathways in AML

Poor responsiveness to standard chemotherapy is still a problem for a significant number of

patients with neoplastic diseases. While the current focus in the field is on individualized therapy

based on molecular features of the disease, the great heterogeneity of mutations in AML makes this a

remote aim. Thus, the possibility that a differentiation-based approach can be used for a large subset

of AML patients has been attractive. However, the attempts to utilize the differentiation properties of

VDDs have had so far minimal success, possibly due, at least in part, to the variable levels of vitamin

D receptors in the malignant cells [18].

A recent review by Kim et al. [15] includes a list of clinical trials mainly conducted in the early

1990s, which seem to have mostly “fizzled out”, that have not led to any major advances in the

treatment of AML. Harrison and Bershadskiy [16] describe these clinical trials in depth and list two

more trials in patients with MDS, often a pre-leukemic disease, but neither trial led to dramatic or

promising results. More recently, several other trials of VDDs have been conducted in MDS patients;

however, the results of those have not yet appeared in the literature, and the only phase 3 trial that could
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be found at this time (NCT00804050) has been terminated, reportedly due to “difficulties in enrollment”.

Thus, there remains substantial uncertainty as to whether VDDs, with or without potentiators that

were used in the majority of experiments reported to date, will have a significant therapeutic effect

in AML. It would appear that at least part of the problem is that the potentiators/enhancers so

far used with VDDs had no clearly defined mechanism of potentiation of their combined actions.

These have included new cytotoxic agents and their combinations with cell cycle, histone deacetylase

inhibitors, monoclonal antibodies, FLT3 kinase inhibitors and hypomethylating agents currently used

as enhancers of cytotoxic therapy (Table 2). Such agents do have a clearly defined basis of action as

single agents, but the rationales of the potentiation of the differentiation agents are not clear. Most

relevant to this topic are phase I/II trials of MEK inhibitors AS703026 3 (pimasertib) and GSK1120212

(trametinib). These trials investigate the safety, pharmacokinetics, pharmacodynamics and clinical

activity of these compounds in AML patients with all subtypes, except FAB M3 [208–210]. Further

problems in drawing conclusions regarding the efficacy of VDDs in AML based on the clinical trials

reported to date are the great heterogeneity of the patient populations studied and the variability in

the dose and schedule of the VDDs used to date.

It is proposed that a better understanding of the signaling pathways underlying VDD actions

may stimulate the generation of new concepts for clinical trials of VDDs with potentiators. Perhaps

a simultaneous, or sequential, targeting of pathways described here by VDDs and enhancers or

inhibitors of these pathways will provide conceptually new regimens for clinical trials of VDDs. The

importance of optimal sequencing in differentiation therapy is suggested by a recent report that

survival of patients with AML/MDS was improved by agents, which included VDDs, administered

during the maintenance of remission induced by chemotherapy [211]. Furthermore, in addition

to pathway inhibitors, pathway activators should also be considered for the enhancement of VDD

therapeutic activity.

Table 2. New agents in AML clinical trials. The recent clinical trials of AML have focused on new

cytotoxic drugs, cell cycle and histone deacetylase inhibitors, monoclonal antibodies, FLT3 and MEK

kinase inhibitors or hypomethylating agents. These were conducted without VDDs.

Target Compounds Phase Status of the study
Examples of

studies

Cell cycle inhibition
rigosertib I/II ongoing, recruitment closed NCT01167166
volasertib I ongoing, recruitment opened NCT02003573

Cytotoxicty
clofarabine I ongoing, recruitment opened NCT01289457

sapacitabine III ongoing, recruitment opened NCT01303796
vosaroxin I/II ongoing, recruitment opened NCT01893320

DNA hypomethylation
azacitidine II ongoing, no recruitment NCT01358734
decitabine II ongoing, recruitment opened NCT02188706

SGI-110 II ongoing, recruitment opened NCT02096055

FLT3 small-molecule inhibitors

crenolanib II ongoing, recur NCT01657682
midostaurin I/II itment opened NCT01093573

sorafenib II ongoing, recruitment opened NCT02196857
not yet open for recruitment

Histone deacetylase inhibitors
panobinostat I/II ongoing, recruitment opened NCT01451268
pracinostat II ongoing, recruitment opened NCT01912274
vorinostat I ongoing, no recruiment NCT00875745

Monoclonal antibodies

gemtuzumab
ozogamicin

III ongoing, recruitment opened NCT00893399

SGN33a I ongoing, recruitment opened NCT01902329

MEK inhibitors
MEK162 I/II ongoing, recruitment opened NCT02089230

trametinib
(GSK1120212)

II ongoing, recruitment opened NCT01907815

6. Conclusions and Perspectives

It is clear that despite the strong epidemiological evidence that optimal levels of vitamin D reduce

overall mortality by at least 7% [212,213], while low vitamin D levels are associated with adverse

outcomes in AML [214], translation of this knowledge to cancer prevention or treatment has been

disappointingly slow. The early focus on the generation and testing of countless vitamin D analogs

for cancer treatment has not led to encouraging results, and combinations of 1,25D or analogs with
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cytotoxic agents have not led to conclusive results in neoplastic diseases, including AML [215–217]. It

appears more likely that the therapeutic regimens for AML will require the addition of small molecule

inhibitors, or enhancers of signaling pathways, or entirely new strategies. The latter can capitalize

on the known changes in gene expression elicited by 1,25D, summarized here. Although current

excitement in the field of cancer therapy is largely directed to targeting specific mutations, found

successful for CML and APL, the vast majority of leukemia cases have a highly heterogeneous set

of mutations, making targeting not likely in the foreseeable future. Thus, randomized trials with

patients with AML other than APL need to be organized, with time to relapse as the main end point,

for confirming the findings that MAPKs, and other signaling cascades, present important auxiliary

targets that can enhance the effectiveness of the cytotoxic therapy or immunotherapy of cancer.
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GPCRs G-protein-coupled receptors
GWA genome-wide association
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Abstract: Internal tandem duplications (ITDs) of the gene encoding the Fms-Like Tyrosine kinase-3

(FLT3) receptor are present in approximately 25% of patients with acute myeloid leukemia (AML). The

mutation is associated with poor prognosis, and the aberrant protein product has been hypothesized

as an attractive therapeutic target. Various tyrosine kinase inhibitors (TKIs) have been developed

targeting FLT3, but in spite of initial optimism the first generation TKIs tested in clinical studies

generally induce only partial and transient hematological responses. The limited treatment efficacy

generally observed may be explained by numerous factors; extensively pretreated and high risk

cohorts, suboptimal pharmacodynamic and pharmacokinetic properties of the compounds, acquired

TKI resistance, or the possible fact that inhibition of mutated FLT3 alone is not sufficient to avoid

disease progression. The second-generation agent quizartinb is showing promising outcomes and

seems better tolerated and with less toxic effects than traditional chemotherapeutic agents. Therefore,

new generations of TKIs might be feasible for use in combination therapy or in a salvage setting in

selected patients. Here, we sum up experiences so far, and we discuss the future outlook of targeting

dysregulated FLT3 signaling in the treatment of AML.

Keywords: acute myeloid leukemia; FLT3; tyrosine kinase inhibitors; clinical trials

1. Introduction

1.1. Acute Myeloid Leukemia

Acute myeloid leukemia (AML) is the most frequent acute leukemia in adults [1,2]. It is a

heterogeneous clonal disorder of the myeloid precursor cells [3], and although patients today are

treated with similar nonspecific treatment regimens that have remained more or less unchanged for

decades [4–6], it has for an equally long period been recognized that there is considerable genetic,

biological, and clinical heterogeneity in the patient group [7,8]. This variation is clearly reflected in the

diverging relapse rate and overall survival in response to standard of care, ranging from 10%–70%,

dependent on both patient and disease related factors [9,10]. Current risk stratification at the time

of diagnosis usually include age, performance status, white blood cell count, determining if the

disease is de novo, secondary or therapy related, cytogenetics, and mutation analysis [11]. Several

cytogenetic [12,13], molecular genetic (e.g., Fms-Like Tyrosine kinase-3 (FLT3), nucleophosmin 1
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(NPM1), CCAAT enhancer-binding protein-α (CEBPA)) [14], and epigenetic changes [15], as well as

aberrantly expressed RNA, and microRNA [16] have been identified as prognostic markers for disease

outcome, and as shown in other hematological malignancies it is thought that some of these changes

represent feasible therapy targets. The challenge we are facing today is to translate this knowledge into

tailored treatment for AML, identifying and directing the treatment towards cancer-specific pathways

aiming for improved patient outcome.

1.2. Mutations and Signaling Pathways in AML

Normal hematopoiesis is controlled by the microenvironment and external signaling molecules,

transmitting signals through intracellular signal transduction pathways via cell surface receptors.

These intracellular pathways form a highly complex network of signaling cascades, including

receptors, kinases, phosphatases and transcription factors that cross-talk extensively on multiple

levels. Changes in this network by cytogenetic abnormalities, mutations or epigenetic alterations

may lead to non-functional or hyper-activated pathways, that in turn can lead to anti-apoptosis and

increased proliferation of the cells [17,18].

The group of genes most frequently mutated in AML is signaling genes, including genes

coding for receptor tyrosine kinases such as FLT3 and KIT, Serine-Threonine kinases, KRAS/NRAS

and protein tyrosine phosphatases [19]. Aberrant regulation of intracellular signaling pathways

accordingly appears to be an important leukemia promoting mechanism, and like inhibition of Bcr-Abl

revolutionized patient outcome in chronic myeloid leukemia [20], targeting signaling onco-proteins

seems like a feasible strategy in AML [21].

The one most frequent mutated gene in AML, with mutations detected in up to 35% of the

patients, is the Fms-Like Tyrosine kinase-3 (FLT3) gene on chromosome 13q12. Two major classes of

FLT3 mutations have been identified: length mutations, predominantly internal tandem duplications

(ITD) in the juxtamembrane domain of FLT3, first described by Nakao et al. in 1996 [22], and tyrosine

kinase domain (TKD) point mutations [23,24]. ITDs are detected in 20%–25% of AML patients, while

about 5%–10% of patients have point mutations within the TKD, with a mutation at codon 835 being

the most frequent one [22–24].

1.3. Aberrant FLT3 Activation in AML

FLT3 is a member of the tyrosine kinase III family and functions as a membrane bound growth

factor receptor, usually expressed by human hematopoietic progenitor cells [25]. Binding of its

ligand, FLT3-ligand (FL) induces a conformational change in the protein that causes activation of the

intrinsic tyrosine kinase domain. The enzyme phosphorylates intracellular molecules and consequently

activates multiple downstream signaling pathways involved in cellular survival, proliferation and

differentiation [26]. The expression of FLT3 is normally lost upon differentiation [27,28], but as AML

is caused by a block in differentiation and uncontrolled proliferation of the myeloid progenitor cells

the expression is frequently “captured” in many AML blasts, and remains highly expressed in most

AML cases [29,30]. While overexpression of the receptor has been associated with poor prognosis [31],

the presence of FLT3-ITD mutations confers even stronger independent prognostic information as it

significantly correlates with an increased risk of relapse and dismal overall survival, in comparison to

the TKD mutation where such an associations is absent [32–34]. Although FLT3-ITD positive AML is

not considered a distinct entity of AML, FLT3-ITD status has been included in the WHO 2008 guidelines

and the European LeukemiaNet recommendations for classification of AML, providing important

prognostic information [11,35]. The survival advantage of leukemic blasts driven by mutant FLT3 is to a

large extent thought to be explained by a constitutive activation of the receptor causing FL independent

autophosphorylation [36], and initiation of two major intracellular pathways essential for growth,

survival and proliferation; PI3K/AKT/mTOR and RAS/RAF/MEK/ERK [37]. The signal transducers

and activators of transcription (STATs) are usually not regulated via RTKs, but for mutations like

FLT3-ITD a constitutive phosphorylation and transcriptional activation of STAT5 also occur [38,39].
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With aberrant signaling appearing as a key component in FLT3-ITD mutated AML the constitutive

active surface protein stands out as an attractive target for small molecule receptor inhibitor-based

therapy [40,41]. Over the 15 years since the discovery of the mutated receptor and its clinical

significance, more than a dozen different tyrosine kinase inhibitors (TKI) have been developed and

tested preclinically, and many have shown to selectively induce cell death in FLT3 mutated AML blasts

by suppressing FLT3 autophosphorylation and downstream signaling pathways [40–42]. Several of the

agents, including the first generation agents lestaurtinib, linifanib, midostaurin, semaxanib, sorafenib,

sunitinib, and tandutinib as well as the second generation agent quizartinib, have reached clinical

trials where their safety, tolerability, and efficiency have been assessed. In the following section we

will discuss and compare the most relevant FLT3 TKIs in clinical trials. Both trials where the TKIs are

used as monotherapy and trials where conventional treatment is combined with a TKI will be assessed

and summarized, with focus on antileukemic efficacy and side effects (Table 1).
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2. Evaluation of Selected Small Molecule Inhibitors against FLT3 Used in Clinical Trials

2.1. First Generation TKIs

2.1.1. Lestaurtinib (CEP-701)

Lestaurtinib is an orally bioavailable polyaromatic inolocarbazole alkoid compound that is

synthetically derived from the bacterial fermentation product K-252a. It was originally identified

as an inhibitor of the neurotropin receptor TrkA, and was initially studied in patients with solid

tumors [42]. It has successively been found to be a potent FLT3 inhibitor, and has been investigated

in AML patients [43–45]. In a phase 1/2 trial FLT3-mutated patients with advanced AML the drug

was found to be generally well tolerated; with observed treatment related toxicities including mild

nausea and emesis, and generalized weakness and fatigue. Clinical activity was observed in 29%

of the patients during a limited time period, ranging from two weeks to three months. The drug

significantly lowered peripheral blood blasts, and some patients had evidence of transient normal

hematopoiesis [43]. In a phase 2 trial, lestaurtinib was administered in monotherapy as first-line

treatment in 29 older AML patients not considered eligible for intensive chemotherapy. The drug

was given for eight weeks, regardless of FLT3-mutation status. Observed toxicities included mild

gastrointestinal side effects. No complete or partial remissions were seen, but transient reduction in

bone marrow and peripheral-blood blasts was achieved in 60% (3/5) of the FLT3-mutated patients,

compared to a 22.7% (5/22) response rate in the FLT3-wild-type group. The clinical response was

however of short duration, with a median time to progression of 25 days [44]. In a bigger randomized

phase 2 trial, 220 FLT3 mutated AML patients at first relapse received either chemotherapy alone or

chemotherapy followed by lestaurtinib. There was no significant difference in the rate of adverse effects

in the two groups, however, the seriousness of adverse effects was higher in the lestaurtinib-treated

group. Of the patients receiving lestaurtinib 25.9% (29/112) patients achieved complete remission or

complete remission with incomplete platelet recovery, compared to 20.5% (23/112) patients attaining

equal treatment responses in the control group. There was however no significant difference in

overall survival between the two groups, providing no clear benefit to adult AML patients with FLT3

mutations [45].

2.1.2. Linifanib (ABT-869)

Linifanib is an orally available potent inhibitor of FLT3 and VEGFR. Preclinically it has shown

antileukemic effects both as monotherapy and in combination with cytarabine in FLT3-mutated human

AML xenograft models [67]. In a phase 1 dose-escalation study, relapsed or refractory AML patients

were treated either with linifanib alone or linifanib in combination with intermediate-dose cytarabine.

Generally linifanib was well tolerated, and the most common side effects related to the treatment were

fatigue, gastrointestinal distress and infections. The primary objective in the study did not include

efficacy, but antileukemic effects were observed both in patients with FLT3 mutated as well as FLT3

wild-type patients [46].

2.1.3. Midostaurin (PKC412, N-Benzoylstaurosporin)

Midostaurin is a derivate of staurosporine, initially developed as a protein kinase C inhibitor,

and extensively used as model agent for the study of apoptosis. It is a multi-targeting TKI, inhibiting

tyrosine kinases such as c-Kit and PDGFR as well as FLT3 [68]. In a phase 2 trial FLT3 mutated patients

with relapsed or refractory AML or high-risk MDS not considered candidates for chemotherapy, were

treated with midostaurin in monotherapy. The drug was generally well tolerated with the most

frequent treatment related adverse effect being nausea and vomiting. The drug showed some transient

clinical activity, reducing the amount of peripheral blasts by 50% in 70% (14/20) of the patients, and

reducing bone marrow blast counts by 50% in 30% (6/20) of the patients [47,69]. In a larger phase

2B trial 95 AML/high risk MDS patients were randomized to receive either 50 mg or 100 mg of oral
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midostaurin twice daily, independently of FLT3 mutation status. Midostaturin was generally well

tolerated in both concentrations and there were no clear difference in results according to dose regime.

Side effects included nausea and vomiting. In the 92 patients, treatment efficiency could be assessed

the reduction in peripheral blood or bone marrow blasts by 50% or more was 71% in the FLT3-mutated

group compared to 42% in the FLT3-wild-type group. The majority of patients with FLT3-mutations

responded with a reduction in blast count. One partial response was seen in a FLT3-ITD positive

patient at the 100 mg per day regime. Hematological improvement was seen in 46% of the patients

with FLT3-ITD versus 35% of the FLT3-wild-type patients. All therapy naive FLT3-ITD patients had

a clear reduction of peripheral blood and bone marrow blasts [48]. In a phase 1B study, 69 younger

newly diagnosed AML patients were treated with midostaurin in addition to a standard of care regime

consisting of daunorubicin and cytarabine. The treatment cycle run for 28 days with one group getting

the inhibitor concomitant starting on day 1–7 and day 15–21 and a second group getting the inhibitor

administered sequentially starting on day 8–21 with 14 treatment days per cycle. The first 29 patients

received midostaurin 100 mg orally twice daily. This dosage regime was discontinued because of

adverse effects and followed by 40 AML patients who received midostaurin 50 mg twice daily. The

treatment at the 50 mg twice-daily regime was generally well tolerated. The complete remission

rate of the patients in the FLT mutant group (n = 18) and wild-type group (n = 51) was 92% and

74%, respectively [49]. Initial results from a phase 1/2 study of midostaurin and 5-Azacytinine in

combination in refractory or relapsed AML demonstrates that it is a feasible alternative with a complete

remission rate of 25%, and additionally 20% of patients achieving complete remission with incomplete

platelet recovery [70]. An additional phase 1 study of midostaurin, bortezomib and chemotherapy

shows promising antileukemic activity in refractory/relapsed AML patients and further investigation

is ongoing [71]. A larger placebo controlled phase 3 trial (ClinicalTrials.gov identifier: NCT00651261),

comparing midostaurin in addition to standard induction therapy is currently in completion and may

indicate the pathway forward for midostaurin in AML treatment.

2.1.4. Semaxanib (SU5416)

Semaxanib is an indolinone derivate that inhibits VEGFR, c-Kit and FLT3. It produces a dose

dependent inhibition of tumor progress in a diversity of xenograft models, comprising malignant

melanoma, glioma, fibrosarcoma and carcinomas of the lung, breast, prostate, and the skin [72]. In a

phase 2 study of 33 patients, either with refractory AML or advanced MDS, the effect of semaxanib

in monotherapy was assessed. Semaxanib was infused intravenously twice weekly in a dose of 145

mg/m2. Objective responses were seen in 18.2% (4/22) of the AML patients; three patients attained

a partial response while one patient achieved a hematologic improvement [50]. In a second phase

2 trial, c-Kit positive patients with advanced AML were treated with semaxanib in monotherapy.

Observed toxicities included nausea, musculoskeletal pain, headache, insomnia, vomiting, vertigo,

fatigue/malaise, abdominal pain, sweating, and arthralgia. Half of the patients included in the study

experienced severe adverse effects, with pneumonia and sepsis being the most frequent. Of the 25

patients evaluable for clinical response, no remissions were observed among the FLT3-ITD positive

patients (n = 7). One patient achieved a morphologic remission while 28% (7/25) patients experienced

a transient partial response with at least 50% reduction in bone marrow and peripheral blood blasts.

The mean response duration of all eight responding patients was 1.6 months until disease progression.

Patients with AML blasts expressing high levels of VEGF mRNA had a significantly higher response

rate compared to the rest of the patient group, indicating that the main antileukemic effect was

mediated by semaxanib’s antiangiogenic properties rather than direct growth inhibition [51]. In a

third phase 2 trial, 55 patients with refractory AML or advanced MDS were treated with semaxanib

in monotherapy. Observed toxicities included headache, dyspnea, fatigue, thromboembolic events,

bone pain and gastrointestinal events. Objective responses were obtained in 7.3% of the patients; three

patients achieved partial responses and one patient experienced a hematologic improvement [52].
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2.1.5. Sorafenib (BAY 43-9006)

Sorafenib is an orally available bi-aryl urea that inhibits several kinases, including RAF-kinase,

VEGFR-2, c-Kit, and FLT3. It is currently approved for the treatment of metastatic renal cancer and

advanced hepatocellular carcinoma [73]. In a phase 1 trial, refractory or relapsed AML patients were

treated with sorafenib 200 mg twice daily. A clinical response was seen in 56.3% (9/16) of the patients,

including all of the FLT3-ITD positive patients (n = 6). Both circulating and bone marrow blasts were

strongly reduced in patients with FLT3-ITD mutation, while there was no essential change in the

patients without FLT3-ITD [53]. In a randomized phase 1 clinical and biologic study of sorafenib,

42 patients with either AML or MDS were randomized either to continuously administration of the

drug, or intermittent. The drug was administered twice daily, and the dose increased during the

trial to evaluate dose-limiting toxicity. Of the patients assessed 33% (9/27) were FLT3-ITD positive.

Dose-limiting toxicity was prevalent at the 400 mg twice-daily regime. The most seen drug related

side effects were of gastrointestinal character, including abdominal pain, nausea, and vomiting.

Palmar-plantar dysesthesia among other toxic skin reactions were also seen. Three patients experienced

arterial thrombosis; myocardial infarction, brain stem infarction and splenic infarcts. One complete

remission, lasting 2.7 months, was observed in a FLT3-ITD positive patient. In 33.3% of the FLT3-ITD

positive patients, an improvement in peripheral blood and bone marrow blast counts was observed [54].

Recently, the results from a randomized, placebo-controlled trial concluded that the combination

of standard induction treatment with sorafenib as consolidating treatment was of no benefit for

AML patients older than 60 years of age compared to standard induction therapy alone. On the

contrary, this combination seemed to cause worse outcomes with more adverse effects. Event-free

survival and overall survival was not significantly improved, and these results were consistent also

in the FLT3-ITD positive subgroup of patients [55]. Initial results from a similar study however

indicated that the addition of sorafenib to standard chemotherapy is associated with a high rate of

complete remission and an acceptable toxicity profile in FLT3-mutated older AML patients [74]. In a

phase 1 pharmacokinetic and pharmacodynamic trial sorafenib was studied in concurrence with the

cytotoxic agents clofarabine and cytarabine in pediatric acute myeloid leukemia patients, who all had

either relapsed or refractory disease. All patients experienced hand-foot skin reactions and/or rash,

which was also the dose-limiting toxicities, with maximum tolerated dose determined to 150 mg/m2

twice daily. On day 8, sorafenib decreased blast percentages in 83.3% (10/12) of the patients. After

combination chemotherapy three of five patients with FLT3-ITD mutations and three FLT3-wild-type

patients achieved complete remissions. One additional FLT3-wild-type patient with AML attained a

partial remission [56]. A retrospective assessment of FLT3-ITD positive pediatric patients suggested

that post-transplant therapy with sorafenib might also improve outcome in patients that have been

treated with hematopoietic stem cell transplantation [75]. In a phase 2 trial, 43 AML patients, mainly

FLT3-ITD positive (93%), were treated with sorafenib in combination with 5-Azacytidine. Antileukemic

efficacy was observed in 46% of the assessable patients, including a 27% complete remission rate [57].

2.1.6. Sunitinib (SU11248)

Sunitinib is an oral multi-targeting TKI, predominantly targeting PDGFR, VEGFR, c-Kit and FLT3.

It has been used in treatment for multiple solid malignancies, and is approved for the treatment of

metastatic renal cell carcinoma and gastrointestinal stromal tumors [76]. In a phase 1 clinical trial,

29 AML patients were treated with a single dose of sunitinib. The dose was escalated in 50 mg

increments from 50 mg to a highest dose of 350 mg. Adverse effects occurred in 31% of patients

reported at the 250–350 mg dose levels. The toxicities were mainly of mild gastrointestinal character,

like diarrhea and nausea. Determination of clinical response was not a study target and was not

assessed thoroughly. Peripheral blood blast counts were however analyzed at 24 and 48 hours after

treatment and five patients exhibited a large decrease in blast count. Of these five patients, two had an

FLT3-ITD mutation [58]. In a phase 1 study, 15 patients with refractory or resistant AML or patients

not amenable for conventional therapy were treated with sunitinib in 4-week cycles at the starting
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dose of 50 mg, followed by 75 mg. In total, 33.3% of the patients were FLT3-mutated. Treatment

related side effects were generally of mild character. At the 50 mg treatment regime three patients

experienced grade 2 adverse effects. One patient experienced lower limbs edema and fatigue, a second

patient experienced taste disturbances and dry skin, and a third patient experienced fatigue, nausea

and vomiting, tenesmus, mouth ulcerations, gingivitis, circulation disorders, hematuria, proteinuria

and increased creatinine. Both patients treated with 75 mg experienced dose limiting side effects. Forty

percent of the patients experienced transitory morphologic or partial responses with reduction of the

percentage of leukemic blasts in peripheral blood and bone marrow, including 100% of the patients

within the FLT3-mutated group in comparison with 20% of the FLT3 wild-type patients [59].

2.1.7. Tandutinib (MLN-518)

Tandutinib is a piperazinyl quiazoline type III TKI with very limited inhibition of kinases outside

this receptor family of FLT3, PDGFR and KIT [77]. In a phase 1 study, 40 patients were given tandutinib

orally in doses ranging from 50 mg to 700 mg twice daily. The patients had either AML, or high-risk

MDS. The most frequent toxicities associated with tandutinib treatment were nausea and vomiting,

less frequent diarrhea and peripheral and periorbital edema. Muscular weakness and fatigue were

the dose limiting toxicities, and were observed at dose levels of 525 mg and 700 mg twice daily. One

patient experienced hyperreflexia with clonus. Preclinical evaluation of tandutinib suggested that it

might prolong the QT interval, and one patient had a 270 ms increase of QTc on day 28. The QT interval

however returned within normal range during continuous dosing. No complete or partial remissions

were seen in this study. However, of the five patients with FLT3-ITD mutations that were assessed

for treatment efficacy, antileukemic activity was shown in two patients. They both had a greater than

99% decrease in absolute peripheral blast count and a decrease in bone marrow blast percentage from

91% to 62% and 80% to 15% over the first 28 days of treatment. Within two months however they

both experienced disease progression. Four patients without FLT3-ITD mutation sustained steady

peripheral blood counts and bone marrow blast counts in periods ranging from 154–190 days [60].

2.2. Second Generation TKIs

Quizartinib (AC220)

Quizartinib is unique among FLT3 inhibitors currently in development, in that it combines high

potency and high kinase selectivity with favorable pharmacokinetic properties, and it is currently

suggested as the most promising FLT3 targeting TKI [78]. It showed promising results already in a

phase 1 study [61], and the optimism has remained high until now. In a phase 2 study, quizartinib

was administered as monotherapy in 333 relapsed or refractory AML patients. The most frequent

experienced treatment-related adverse events were nausea, anemia, QT interval prolongation, vomiting,

febrile neutropenia, diarrhea, and fatigue. Quizartinib seemed to reduce blasts in both FLT3-wild-type

as well as FLT3-ITD positive patients, though more efficiently in FLT3-ITD positive patients, and

the overall clinical response rates were high, however few complete remissions were seen [63,64].

Results from a phase 2 study assessing quizartinib as monotherapy comparing two different dosing

scheduled confirm a high degree of antileukemic activity of quizartinib in FLT3-ITD positive AML

patients with half of included patients achieving a hematological response, and as many as 33% of

patients were successfully bridged to hematological stem cell transplantation [62]. A pilot establishing

that quizartinib safely can be combined with chemotherapy demonstrated a 79% complete remission

rate in evaluable patients [65]. Quizartinib in combination with cytarabine and etoposide was also

assessed in 18 pediatric AML patients, either with relapsed or refractory disease. Eight of the patients

were FLT3-ITD positive and of the six assessed four patients achieved complete remission or complete

remission with incomplete platelet recovery [66].
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3. Discussion

Current clinically established therapy regimes for AML mainly fail to achieve durable responses

due to high relapse rates associated with development of drug resistance. Those patients who harbor

a constitutively activating FLT3-ITD mutation have particular poor initial therapy response, high

relapse rate, and inferior overall survival. Optimism was substantial when the therapeutic principle

based on inhibition of FLT3 emerged, and multiple compounds have been developed and tested.

Eight of the TKIs investigated in clinical trials have here been presented and the results of their

clinical efficacy compared, including the first-generation agents; lestaurtinib, linifanib, midostaurin,

semaxanib, sorafenib, sunitinib and tandutinib, as well as the second-generation TKI quizartinib.

Though the various compounds diverge in degree of treatment responses as well as character and

seriousness of adverse effects, they are generally well tolerated with less toxic effects than conventional

chemotherapy provided in high or intermediate dose levels. However, TKIs seems only to induce

modest clinical effects, including partial and transient responses, usually only in peripheral blasts.

There may be several reasons for why AML patients with FLT3-ITD mutations do not respond to

treatment as anticipated. In the majority of the clinical trials, the treatment with TKIs were limited to

patients with relapsed or refractory disease, or to patients not eligible for conventional treatment. The

experience from this selected patient group might not be applicable to the group of newly diagnosed

or younger AML patients.

In vivo inhibition of FLT3 autophosphorylation seems to be greatly associated with remission rate,

and insufficient prolonged inhibitory drug levels might be another reasons for treatment failure [79].

Clinical response occurred in patients who sustained plasma FLT3 inhibitory activity and had an

inherent sensitivity of blasts to the cytotoxic effects of lestaurtinib [44]. Several second generation

TKIs, in addition to quizartinib, are under development, offering improved pharmacodynamic

and pharmacokinetic properties including increased potency and selectivity towards FLT3-mutated

cells [80]. VX-322 [81], BPR1J-097 [82], TT-3002 [83,84], AKN-028 and AKN-032 [85,86] are examples of

novel FLT3 inhibitors that are showing promising in vitro and in vivo antileukemia activities.

Many of the compounds tested in clinical trials gave an initial response but of short duration

before relapse, indicating development of resistance. Acquired point mutations in the molecular target

of FLT3 in response to TKI treatment, precluding the drug from adequate binding appears to be an

important mechanism in this process [87,88]. Aberrant activation of alternate growth and viability

pathways is yet another possible mechanism for acquired resistance [89–91].

Unexpectedly, it was not so easy to predict who would benefit from the treatment as assumed.

Not all FLT3-ITD positive patients responds to TKI therapy, while on the contrary some FLT3 wild-type

patients seem to benefit from TKI treatment. Biomarkers predictive of therapy response are warranted.

It is suggested that quizartinib does not induce complete remission, but decrease blast numbers with

presence of dysplastic changes in the bone marrow [92]. In a small study of quizartinib-treated AML

patients examined by mass spectrometric super-SILAC of phospho-protein, the team of Hubert Serve

have indicated that a profile of four proteins may determine responders of quizartinib independent

of FLT3-ITD [93]. This proposes phophoprotein profiling in prediction of therapy response, and

may be transferred to a clinical diagnostics assay format like flow cytometric analysis of intracellular

phosphoproteins [94].

Although FLT3 is a well-characterized oncoprotein in AML, and its role as an important player

in AML leukemogenesis established, our knowledge of the normal and pathologic FLT3 signaling

network may still be inadequate for identification of the most effective therapeutic approach, as there

are many aspects of the mutation we do not fully comprehend.

An initial concern in the study of FLT3 in AML was the heterogeneity of the mutations, both the

difference between point mutations and ITDs and within the group of ITDs. The mutation can appear

in various lengths in the same patient, either simultaneously or over time, and in response to intensive

chemotherapy the mutation can appear in previously FLT3-ITD negative patients, it can disappear

or dramatically change at relapse [95–99]. The size of the ITD has been reported as a prognostic
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marker, with patients with a insertion of 48–60 base pairs seems to have worse outcome compared to

patients with shorter or longer insertions in one study [100], and with increasing size as a marker for

poor outcome in another [101]. High mutational load measured by a high FLT3-ITD/FLT3wt ratio,

indicative of loss of heterozygosity, has been associated with inferior outcome [102,103], as well as the

site of the ITD insertion, with insertions within the tyrosine kinase domain-1 conferring unfavorable

prognosis [104]. Also, the number of FLT3-ITD mutations affects disease outcome [105].

Methodological advances have recently shed further light to the complex interplay of events

that contribute to AML leukemogenesis [106]. In addition to formerly well-characterized frequent

cytogenetic lesions, next generation sequencing of AML patient material has revealed 23 recurrently

mutated genes probable to be involved in AML pathogenesis. Based on patterns of co-occurring and

mutually exclusive genetic lesions probable biological co-operations driving disease progression

are emerging [19,107]. Additionally, mapping of variant allele frequencies makes it possible to

assess the intra-tumor clonal hierarchy, while temporal assessment of leukemic cell populations

makes it achievable to determine the clonal evolution and the sequential order of acquisition of

somatic mutation during disease development and progression, from pre-leukemic hematopoietic

stem cells to AML blasts [108–110]. Accumulating evidence indicate that mutations in the FLT3

gene are disease promoting rather than disease initiating events [111,112], and that mutant FLT3

cooperates with other oncogenes and aberrantly regulated proteins associated with AML, e.g., NPM1,

DNMT3A [19], NUP98/NSD1 [113] DEP-1, PML-RAR and AXL [114–116]. The potency of the TKI

alone may consequently not be the best measure for the antileukemic effect, and a multi-targeted

therapeutic approach may rather be of potential clinical benefit, combining agents targeting cooperative

lesions, inhibitors of alternate pathways, or targeting downstream signaling molecules. The superior

efficiency of sorafenib compared to other inhibitors supports this theory, as the effect might be a

result of sorafenib’s ability to suppress the activity of multiple pathways [53]. The pathways that

most frequently are activated, PI3K/AKT/mTOR and RAS/RAF/MEK/ERK, may be feasible to

target with a combined inhibitor approach. Effective AKT/mTOR inhibitors and MEK/ERK inhibitors

are in clinical trials [117,118]. FLT3-ITD is additionally shown to accumulate in the endoplasmic

compartment of the cell [119], and may form intracellular signaling protein complexes that represent

a different signaling context compared to transmembrane FLT3 signaling [120], that might also be

important to take into consideration.

The nature of internal tandem duplication mimic damages in DNA repair caused by

anthracyclines [121,122]. Clinical studies with increasing doses of daunorubicin suggested that this

dose escalation was not beneficial in FLT3-ITD patients [123]. Additionally, a retrovirally induced

mouse leukemia model comprising FLT3-ITD indicated that the FLT3-ITD responded to cytarabine

but not anthracycline in a p53 dependent manner [124]. Additionally, excessive receptor tyrosine

kinase activity has been associated with increased endogenous DNA damage [125], and FLT3-ITD is

associated with high redox activity in the leukemic cells, also related to increased DNA damage [126].

In the discussion of driver and passenger role for FLT3-ITD, it is difficult to neglect the possibility that

leukemia with FLT3-ITD may be created through a fundamental genomic instability. This genomic

instability may be targeting the FLT3 gene due to structural DNA features through the myelopoiesis

when FLT3 expression is modulated as function of differentiation. This predisposition of FLT3-ITD

may make these leukemia cells particularly vulnerable for anthracyline therapy, generating more

FLT3-ITD mutations when exposed for this topoisomerase II inhibitor. Together, these observations

indicate that FLT3-ITD positive patients does not benefit from anthracycline therapy. If this is correct,

a dramatic change in current AML therapy needs to be undertaken, since all current induction therapy

include anthracycline.

Together, the proven high relapse rate in FLT3-ITD and the emerging speculations in an underlying

mutational vulnerability in the FLT3 gene should spur investigators to develop non-genotoxic therapy

in particular for FLT3-ITD positive AML patients.
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4. Concluding Remarks

A fundamental question that remains unanswered is whether the fairly modest clinical activity

of first generation FLT3 inhibitors can be improved through the second generation of TKIs, offering

better pharmacodynamic and pharmacokinetic properties, or if the potential benefits of FLT3 inhibitors

are essentially inadequate. We are still awaiting results from ongoing clinical trials investigating

various combinations of TKIs in different subgroups of AML patients. The preliminary conclusion

concerning the agents investigated is that their therapeutic efficiency is limited when administered

in monotherapy. It seems like the FLT3 inhibitors currently in clinical trials will have to be used in

conjunction with established treatment or in combination with additional targeted therapeutics to

ultimately improve outcomes in AML patients with FLT3-ITD mutations. It is also to be decided in

which phase of the treatment is should be used; as part of first line induction therapy, as consolidation

or post-remission treatment or in a relapse or refractory setting.

If presence of FLT3-ITD is a marker for less effective anthracycline therapy, we will need to

perform a difficult switch to alternative induction regimes in these patients. Future trials should

explore targeting of downstream FLT3 signaling, particular signaling unique for FLT3-ITD, and with

a clear strategy for blocking bypass mechanisms that may cause TKI resistance. These alternative

strategies of signal transduction therapy may be tested in future trials incorporating in vitro leukemic

resistance screens [127,128] determining the value of functional genomics in individualized therapy

strategies [126,127].
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Abstract: Epigenetic changes play an important role in the development of acute myeloid leukemia

(AML). Unlike gene mutations, epigenetic changes are potentially reversible, which makes them

attractive for therapeutic intervention. Agents that affect epigenetics are the DNA methyltransferase

inhibitors, azacitidine and decitabine. Because of their relatively mild side effects, azacitidine and

decitabine are particularly feasible for the treatment of older patients and patients with co-morbidities.

Both drugs have remarkable activity against AML blasts with unfavorable cytogenetic characteristics.

Recent phase 3 trials have shown the superiority of azacitidine and decitabine compared with

conventional care for older AML patients (not eligible for intensive treatment). Results of treatment

with modifications of the standard azacitidine (seven days 75 mg/m2 SC; every four weeks) and

decitabine (five days 20 mg/m2 IV; every four weeks) schedules have been reported. Particularly,

the results of the 10-day decitabine schedule are promising, revealing complete remission (CR)

rates around 45% (CR + CRi (i.e., CR with incomplete blood count recovery) around 64%) almost

comparable with intensive chemotherapy. Application of hypomethylating agents to control AML at

the cost of minimal toxicity is a very promising strategy to “bridge” older patients with co-morbidities

to the potential curative treatment of allogeneic hematopoietic cell transplantation. In this article, we

discuss the role of DNA methyltransferase inhibitors in AML.

Keywords: AML; azacitidine; decitabine; hypomethylating agents; elderly; epigenetics

1. Introduction

Epigenetic changes include, by definition, through mitosis and meiosis, heritable changes in gene

expression that are not caused by changes in the primary DNA sequence [1]. Epigenetic changes affect

the spatial structure of the DNA that is coiled around histones. The spatial structure determines

whether the transcription machinery, which transcribes DNA into RNA, can or cannot bind to

the promoter of a gene, in order to initiate transcription. The best-known epigenetic changes are

methylation and acetylation of amino acid residues in histones and methylation of cytosine (C)

bases in areas of the genome rich in CpG dinucleotides (CpG islands). Methylation of cytosines,

mediated by one of the DNA methyltransferases (DNMTs), results in silencing of gene expression.

DNMT1 maintains existing methylation patterns following DNA replication, whereas DNMT3A and

3B methylate unmethylated CpGs (de novo methylation). It is increasingly clear that epigenetic changes

play a role in oncogenesis. Cancer cells generally exhibit genome-wide hypomethylation, resulting in
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genetic instability, and CpG islands hypermethylation, modifying gene expression (e.g., preventing

the expression of tumor suppressor genes) [2]. In contrast to genetic changes, epigenetic changes are

considered to be reversible. This makes epigenetic changes an attractive candidate for therapeutic

intervention. There is considerable evidence that abnormal methylation plays an important role in the

pathogenesis of hematological malignancies, including acute myeloid leukemia (AML). AML blasts

have distinct methylation patterns compared with normal CD34+ cells, and various subtypes of AML,

e.g., with mutated NPM1, have distinct methylation profiles [3,4]. Recent studies using massively

parallel sequencing technologies have identified mutations of DNMT3A, TET2 and IDH (1 and 2) in

12%–22%, 7%–23% and 15%–33%, respectively, of the AML patients [5,6]. These genes are involved

in DNA methylation, and therefore, their mutated variants may help elucidate the mechanisms of

aberrant DNA methylation in AML blasts. Furthermore, translocations (e.g., MLL (mixed lineage

leukemia gene)) and mutations (e.g., ASXL1, UTX) in genes affecting histone modifications are

frequently observed.

2. DNA Hypomethylating Agents

In the 1960s, 5-azacytidine (further called azacitidine) and 5-aza-2′-deoxycytidine (further called

decitabine) were synthesized to develop analogs of cytosine (like cytarabine) for the treatment of AML.

Although these drugs clearly had anti-neoplastic activity, they turned out to be extremely toxic at high

doses. Renewed interest in azacitidine and decitabine arose after discovering the hypomethylating

properties of these drugs. The DNA hypomethylating property of azacitidine and decitabine was

traced to their ability to incorporate into DNA, trap DNA methyltransferases (DNMTs) and target

these enzymes for degradation [7]. DNA synthesis in the absence of these enzymes then results in

hypomethylation in the daughter cells and eventually to reactivation of silenced gene expression

(Figure 1). It is important to recognize that while inhibiting DNA methylation is a molecularly precise,

targeted therapy approach, the downstream effects on neoplastic behavior are quite nonspecific. The

trapping of DNMTs onto DNA creates bulky adducts that can inhibit DNA synthesis and eventually

result in cell death by cytotoxicity [2,7]. Furthermore, if one considers reactivated genes, these drugs

affect multiple pathways, including cell cycle arrest (for example, via p15 activation), apoptosis,

differentiation, stem cell renewal, invasion, angiogenesis, immune recognition etc. In particular, the

pre-clinical data, which suggest that azanucleotides increase the immunogenicity of AML blasts by

promoting the expression of silenced antigens (e.g., of melanoma-associated antigens (MAGE)), could

become a fruitful lead for future (transplantation) studies [8].
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Figure 1. Mechanism of action of hypomethylating agents. (Black circles, methylated CpG; white

circles, unmethylated CpG.)

The observation that hypomethylating agents (HMAs) have to be incorporated into DNA to

inhibit DNA methylation (and consequently, transcription activation) implies that these agents should

be used differently than conventional chemotherapy. HMAs have to be given for at least 3–6 cycles

before it can be concluded whether they have activity against the disease (or not). These drugs should

be given at a standard dose at fixed times, despite the presence of cytopenias. Further, these drugs

can have meaningful clinical activity (e.g., transfusion independency) and improve survival, despite

the fact that no CR is achieved. Indeed, the recovery of peripheral blood counts and quality of life are

important reasons to continue treatment with HMAs.

3. Azacitidine and AML

Azacitidine was tested in two separate phase 3 studies in myelodysplastic syndromes (MDS) [9,10].

Response rates ranging from 30% to 60% were observed, with documented improved survival compared

with either supportive care or cytotoxic chemotherapy. Since some of the included patients would

currently be considered as AML patients (according to WHO criteria), this allowed studying the

anti-leukemic effect of azacitidine in AML patients. In the Cancer and Leukemia Group B (CALGB) 9221

study, 27 patients with AML were randomly assigned to azacitidine and 12 AML patients were assigned

to observation [11]. The median survival time for the treated patients was 19.3 months compared to

12.9 months in the group assigned to observation (n = 25; including the control arms of CALGB 8421

and 8921). A post hoc analysis of the pivotal MDS001 trial for older patients who met the WHO criteria

for AML (i.e., 20%–30% bone marrow (BM) blasts) showed 18% CR, with a survival benefit in favor

of azacitidine (24.5 vs. 16 months, p = 0.005), including higher two-year OS (38% vs. 0%, p = 0.01) in

patients with adverse cytogenetics [12].
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Recently, the data of the AML001 study, a global, multi-center, randomized study, including 488

AML patients 65 years or older, were presented at the EHA (i.e., European Hematology Association)

meeting in 2014 in Milano [13]. In this study, older AML patients with newly-diagnosed or secondary

AML with >30% bone marrow blasts and white blood cell counts ≤15 × 109/L (prior hydroxyurea

allowed) were pre-selected to receive one of three regimens per investigator’s choice (i.e., intensive

chemotherapy (standard “7 + 3” regimen), low-dose cytarabine (Ara-C) (20 mg twice per day SC

for 10 days of each 28-day cycle) or best supportive care only. Patients were then randomized to

receive either azacitidine (n = 241) (75 mg/m2/day for seven days SC of each 28-day cycle) or their

preselected treatment (i.e., conventional care regimen (CCR)) (n = 247). Median OS, the primary

endpoint of the study, was 10.4 months for patients receiving azacitidine compared to 6.5 months

for patients receiving CCR, which did not reach statistical significance (HR = 0.84 (95% CI 0.69–1.02),

p = 0.0829). Primarily patients with poor risk cytogenetics (HR = 0.68 (95% CI 0.5–0.94)) and those

with AML with dysplasia (HR = 0.69 (95% CI 0.48–0.98)) benefitted from azacitidine compared with

CCR. Additionally, a pre-specified sensitivity analysis for OS that censored patients at the start of

subsequent AML therapy was conducted. Results of this analysis showed a longer median OS for

patients receiving azacitidine (median: 12.1 months) compared to patients receiving CCR (median: 6.9

months) (stratified HR = 0.76 (95% CI 0.60–0.96), p = 0.019). Remarkable was the superior outcome

of patients who received azacitidine as the first subsequent therapy after CCR (n = 21) compared

with those patients who received a cytarabine-based treatment as the first subsequent therapy after

azacitidine upfront treatment (n = 21) (median OS 8.0 vs. 3.6 months (p = 0.01)). With the intention to

treat analysis, the one-year survival was 47% for patients in the azacitidine arm compared to 34% for

patients in the CCR arm.

4. Decitabine and AML

Decitabine has been studied in AML patients in various dosing schedules. In a phase 2 study

of decitabine, patients over 60 years old with untreated AML (n = 227; median age 72 years) and

ineligible for induction chemotherapy were treated with decitabine [14]. In this study, patients received

decitabine 15 mg/m2 IV for three hours every eight hours for three days (total: 135 mg/m2), which

was repeated every six weeks. A median of two cycles was administered (range, 1–4). Patients who

completed four cycles of treatment (n = 52) subsequently received a median of five maintenance courses

(range, 1–19) with a lower dose of decitabine (20 mg/m2) infused over one hour on three consecutive

days every 4–6 weeks. The complete and partial remission rate was 26%. Response rates did not differ

between patients with or without adverse cytogenetics; patients with monosomal karyotypes also

responded. The median overall survival from the start of decitabine treatment was 5.5 months; the

one-year survival rate was 28%, and the two-year survival rate was 13%.

In an attempt to find the optimal therapy with decitabine in MDS, Kantarjian and co-workers

compared three decitabine schedules administered in an outpatient setting at the Monroe Dunaway

Anderson Cancer Center (MDACC): (1) 20 mg/m2 intravenously over one hour daily for five days; (2)

20 mg/m2 subcutaneously daily, divided into two doses, for five days; or (3) 10 mg/m2 intravenously

over 1 h daily for 10 days [15]. Courses of decitabine were repeated every four weeks. In the subgroup

analysis the, five-day intravenous schedule, which had the highest dose intensity, yielded the highest

CR rate (39%) in comparison to the five-day subcutaneous schedule (21%) and the 10-day intravenous

(10 mg/m2) schedule (24% CR). It should be noted that the 10-day intravenous schedule investigated

a dose of 10 mg/m2, which is half the dose that was used in the 10-day schedule by Blum et al. and

Ritchie et al. (extensively discussed later) [16,17]. The results of the five-day 20-mg/m2 schedule

in MDS were confirmed in a larger multi-center study (ADOPT trial, i.e., Alternative Dosing for

OutPatient Treatment) [18].
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Recently, the results have been reported of a multicenter, randomized, open label, phase 3 trial,

which compared the efficacy and safety of decitabine in the five day schedule (20 mg/m2, Days 1–5)

(n = 242) with treatment choice (supportive care (n = 28) and low-dose cytarabine (at a dose of 20

mg/m2 once daily for 10 days, every four weeks) (n = 215)) of older patients with newly-diagnosed

AML and poor- or intermediate-risk cytogenetics [19]. Although the planned primary analysis of this

trial after 396 deaths did not show a significant improvement of OS with decitabine vs. treatment

choice (median OS 7.7 months vs. 5.0 months), an unplanned analysis after 446 deaths showed a

significant benefit for decitabine. The CR rate in this study was 24%. The data from this study led

to approval of decitabine for the treatment of AML in Europe, but not in the U.S. (i.e., >30% blasts).

The FDA has approved both azacitidine and decitabine for the treatment of all MDS subtypes (up to

30% blasts). The EMA (i.e., European Medicines Agency) has approved azacitidine for high risk MDS,

chronic myelomonocytic leukemia (with less than 10% myeloblasts, monoblasts, and promonocytes in

bone marrow, i.e., CMML-1) and AML (up to 30% blasts). In Table 1 a summary is provided of clinical

outcome of phase 3 trials of azacitidine and decitabine in AML.

5. Azacitidine and Decitabine in 10-Day Schedules

Azanucleotides need cell cycling to become incorporated into the DNA during the S phase. Since

cell cycling is essential to effect methylation reversal, it could be argued that prolonged administration

(e.g., 10 days) of azanucleotides could be pharmacodynamically superior to standard schedule (five

days for decitabine and seven days for azacitidine), Table 2 Clinical Outcome dependent on dosing

in AML.

Table 1. Clinical outcome of phase 3 trials of azacitidine and decitabine in acute myeloid

leukemia (AML).

Azacitidine (7 Days 75 mg/m2 SC; Every 4 Weeks)

Study Competitors CR (%) Median OS 1/2-Year OS

Post hoc analysis
CALGB 9221 (AML

20%–30% blasts) [11]

AZA (n = 27) vs. Observation (n =
12)

7% vs. 0%
19.3 months vs. NA; Combining

CALGB 8421, 8921, 9221: 12.9
months (n = 25; p = NA)

NA

Post hoc analysis
AZA001 study (AML
20%–30% blasts) [12]

Aza (n = 55) vs. CCR (n = 58) (BSC
= 27/LDAC = 20/IC = 11)

18% vs. 16%
24.5 months vs. 16 months (p =

0.005)
50% vs. 16% (p = 0.001)

(2-year OS)

AML001 study (AML
>30% blasts) [13]

Aza (n = 241) vs. CCR (n = 247)
(BSC = 45/LDAC = 158/IC = 44)

20% vs. 22%

10.4 months vs. 6.5 months (p =
0.08). Analysis censored for

subsequent Tx: 12.1 months vs.
6.9 months (p = 0.01)

46.5% vs. 34.2% (p = NA)
(1-year OS)

Decitabine (5 Days 20 mg/m2 IV; Every 4 Weeks)

DACO-016 (AML >20%
blasts; only intermediate

and poor risk) [19]

Decit (n = 242) vs. TC (n = 243)
(BSC = 28/LDAC = 215)

15.7% vs. 7.4%

7.7 months vs. 5.0 months (p =
0.11). Analysis censored for

subsequent Tx: 8.5 months vs.
5.3 months (p = 0.04).

Unplanned analysis after 446
deaths: 7.7 months vs. 5.0

months (p = 0.04)

NA

CR: complete remission; OS: overall survival; CALGB: Cancer and Leukemia Group B; AZA: azacitidine; CCR:
conventional care regimen; BSC: Best Supportive Care; LDAC: low dose Ara-C; Tx: treatment; DACO: Dacogen,
decitabine; Decit: decitabine; TC: treatment choice.
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Table 2. Clinical outcome dependent on dosing in AML.

Azacitidine

Study Dosing CR (%) Median OS

Post hoc analysis AML001 study (phase 3) (AML
20%–30% blasts) [12]

Aza (n = 55) 7 days 75 mg/m2 SC;
every 4 weeks

18% 24.5 months

AML001 study (phase 3) (AML >30% blasts) [13]
Aza (n = 241) 7 days 75 mg/m2 SC;

every 4 weeks
20% 10.4 months

United States Leukemia Intergroup Trial E1905
(phase 2) [20]

Aza (n = 74) 10 days 50 mg/m2 SC;
every 4 weeks

12% 18 months

Decitabine

German phase 2 study [14]
Decit (n = 227) 3 days (135 mg/m2

total)
13% 5.5 months

DACO-016 (phase 3) (AML >20% blasts; only
intermediate and poor risk) [19]

Decit (n = 242) 5 days 20 mg/m2 15.7% 7.7 months

Ohio State University experience (phase 2) [16] Decit (n = 53) 10 days 20 mg/m2 47% 12.7 months

Cornell University experience (report of
retrospective analysis) [17]

Decit (n = 52) 10 days 20 mg/m2
40% (after excluding 6

patients who received prior
azanucleotide CR = 46%)

10.5 months

In a recent open label phase 2 randomized trial, azacitidine in a dose of 50 mg/m2/day was given

for 10 days ± entinostat 4 mg/m2/day on Day 3 and Day 10 [20]. One hundred forty nine patients were

analyzed, including 97 patients with MDS and 52 patients with AML. In the 10-day azacitidine group,

32% (95% CI, 22% to 44%) experienced hematological normalization (HN) (i.e., complete remission +

partial remission + tri-lineage hematological improvement). Although CR rates of the 10-day schedule

were comparable with the reported CR rates with the seven-day schedule, this study suggest that

prolonged administration of azacitidine seems to increase the HN rate compared with standard dosing

(almost doubling of HN compared with the historical control Cancer and Leukemia Group B 9221

trial). Median overall survivals were 18 months for the 10-day azacitidine schedule and 13 months for

the group with combined treatment of azacitidine and entinostat.

The experience with decitabine in a 10-day schedule of decitabine (of 20 mg/m2) in AML

patients has also been reported [16,17]. The data on the 10-day schedule are intriguing. The 10-day

schedule was explored in a phase 2 clinical trial (n = 53) with single-agent decitabine in older patients

(≥60 years) with previously untreated AML, who were not candidates or who refused intensive

chemotherapy [16]. Subjects were treated with decitabine 20 mg/m2 intravenously over 1 h on Days 1

to 10. Nineteen patients (36%) had antecedent hematologic disorder or therapy-related AML; 16 had

complex karyotypes (≥3 abnormalities). The CR rate was 47% (n = 25), achieved after a median of three

cycles of therapy. Nine additional subjects had no morphologic evidence of disease with incomplete

count recovery, for an overall response rate of 64% (n = 34). CR was achieved in 52% of subjects

presenting with normal karyotype (11 of 21) and in 50% (8 of 16) of those with complex karyotypes

(defined as ≥3 abnormalities). Death occurred within eight weeks in 15% of subjects. The CR rate in

subjects presenting WBC counts ≥15 × 109/L (range, 15 × 109/L–150 × 109/L) was 57% (eight of 14

subjects), including 50% (four of eight) for those subjects presenting WBC count ≥50 × 109/L. The

disease-free survival duration was 46 weeks. The median OS was 55 weeks. Furthermore, this study

showed that decitabine was well tolerated. Although patients were neutropenic for prolonged times,

they did not experience mucositis and, therefore, could be managed largely in the outpatient setting.

Patients who had less than 5% bone marrow blasts around Day + 28 of the 10-day decitabine cycle

continued with a five-day schedule. Those patients with more than 5% bone marrow blasts received

another 10-day decitabine cycle.

Recently, the efficacy and safety data of another study exploring the 10-day decitabine schedule

have been reported [17]. In this study, 52 newly-diagnosed, older AML patients were treated with the

10-day decitabine schedule. All patients received at least one 10-day induction cycle with decitabine

20 mg/m2 intravenously. After CR, most of the patients were treated with ongoing five-day cycles

of decitabine 20 mg/m2 until toxicity or progression of disease. The median number of treatment

cycles was two (range 1–18). Patients required a median number of two cycles (range, 1–4) to achieve
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a response, with a median time to CR of 55.5 days (range 18–122 days). Among the 52 patients, 21

(40%) achieved a CR. None of the six patients who had previously been treated with azacitidine or

decitabine for MDS achieved a CR. If these patients are excluded from the study population, the

CR rate becomes 46%. Responses were durable over one year. The median OS was 318 days. The

extra medullary toxicity was mild, but myelosuppression was noted in all patients. The median time

to neutrophil recovery was 42.5 days (range, 20–120 days), and the median time to platelet count

recovery was 48 days (range, 1–130 days). Twenty-nine patients (55%) had neutropenic fever with

bacteremia requiring intravenous antibiotics. Patients were hospitalized for a median of 39 days (range,

0–169 days). However, it should be noted that the authors state in the manuscript that the reasons for

prolonged hospitalization were frequently social or logistical, rather than medical.

These single-center experiences of the 10-day schedule of decitabine show promising remission

and survival results. The 20 mg/m2 daily decitabine for five-day or 10-day schedules are currently

compared in a prospective randomized study in older unfit AML patients at the MD Anderson

Cancer Center (NCT01786343, see ClinicalTrials.gov). The reported CR rates achieved with the 10-day

decitabine schedule are comparable with those achieved after intensive chemotherapy (e.g., HOVON43

(a study of the Dutch HOVON foundation, i.e., Hemato-oncologie voor Volwassenen Nederland)

reported a CR rate of 54% after conventional intensive chemotherapy in AML patients ≥60 years) [21].

These CR rates should be considered with the perspective that hypomethylating agents impact

survival without inducing CR, suggesting that almost similar CR rates between 10-day decitabine and

conventional chemotherapy might translate to a survival benefit for the 10-day decitabine schedule.

Therefore, the 10-day decitabine schedule might provide a framework upon which to build future

combination studies to improve outcomes for older AML patients. The European Organisation

for Research and Treatment of Cancer (EORTC) Leukemia Group, together with the Gruppo Italiano

Malattie EMatologiche dell’Adulta (GIMEMA), the Central European Leukemia Group (CELG) and the

German MDS Study Group, recently opened a prospective randomized trial to compare conventional

intensive chemotherapy based on cytarabine combined with an anthracycline (“3 + 7”) with the

hypomethylating agent, decitabine, to determine the optimal backbone for the treatment of older AML

patients (NCT02172872).

6. Hypomethylating Agents as Maintenance Therapy

Because of its low toxicity profile, maintenance treatment with hypomethylating agents is an

attractive treatment option for older AML patients who are at high risk for relapse and who are not

candidates for allogeneic hematopoietic cell transplantation. A prospective phase 2 study demonstrated

that maintenance azacitidine treatment for five days at a dose of 60 mg/m2 (after previous treatment

with intensive chemotherapy) is safe and feasible [22]. Although no positive effect on the duration of

CR was observed, this limited efficacy should be considered with the perspective of the low number

of patients (n = 23, including 10 patients with MDS/AML) included. Currently, the HOVON is

performing a prospective randomized trial comparing maintenance treatment with azacitidine (five

days at a dose of 50 mg/m2) with observation in older AML patients who are in CR after at least two

cycles of intensive chemotherapy. The efficacy of oral azacitidine in the maintenance setting, which

is logistically very attractive, is currently being tested in a prospective randomized study (Quazar

AML-001; NCT01757535).

Limited data are available on the efficacy of decitabine in the maintenance setting. Lübbert et

al. have reported three-day decitabine maintenance (20 mg/m2/day) in 43 older AML patients who

had received four cycles of decitabine treatment [14]. Further improvement of treatment response on

maintenance or relapse after complete remission was not systematically recorded. Recently, the results

of a small prospective phase 3 trial were reported. In this study, maintenance treatment with decitabine

(n = 20) was compared with conventional care (n = 25; six observation, nine low-dose cytarabine and

10 intensive chemotherapy) [23]. Baseline characteristics were relatively balanced, with patients in the

decitabine arm being older (55% >60 years vs. 28% in the conventional care arm and all with intensive
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chemotherapy being <60 years) and somewhat more frequently having poor karyotypes (25% vs. 20%).

Decitabine was administered as 20 mg/m2 IV daily on day 1–5 every 4–8 weeks for a total of up to

12 cycles. The primary endpoint was the relapse rate at one year. After a median follow-up of 44.9

months, fewer patients in the decitabine arm relapsed (50% vs. 60%), and the OS rate was 45% in the

decitabine vs. 36% in the conventional care group (HR = 0.63; p = 0.32); these differences were not

statistically significant. Treatment with standard-dose decitabine was well tolerated, with the most

common adverse events being uncomplicated grade 3 neutropenia and/or thrombocytopenia.

7. DNA Hypomethylating Agent Therapy as a Bridging Strategy to AlloHCT

Various studies, as discussed above, have strongly suggested that the DNA hypomethylating

agents, azacitidine and decitabine, have a favorable outcome in older AML patients. However,

improvement is relatively small when compared to life expectancy in the absence of disease (in

the Netherlands, a 76-year-old person has a life expectancy of 11 years), and treatment with

hypomethylating agents cannot be considered curative. Treatment with hypomethylating agents

could be curative when used in a sequential approach: debulking the disease with hypomethylating

agents followed by reduced toxicity conditioning and allografting. In this strategy, hypomethylating

agents are used as a bridging strategy before allografting; an effective, but non-toxic drug, like

azacitidine or decitabine, is used to allow also more fragile patients to reach the potential curative

treatment of allografting [24]. Azanucleotide treatment aims at debulking the disease while a donor

(most often, an unrelated donor) is identified. Notably, because non-hematologic toxicities are usually

mild and manageable (decitabine does not result in mucositis), the patient has the chance to stay fit and

ambulatory, and the performance status may be improved with a good quality of life. This approach is

by now well established in the literature (more than 120 patients have been reported up to now) as

both feasible and capable of inducing longer-term remissions without negative effects with respect to

graft-versus-host disease [25–30].

The impact of prior-to-transplantation azacitidine treatment on patient outcome after allogeneic

hematopoietic cell transplantation (alloHCT) in MDS has been reported by a large French study [31].

In this study, 265 consecutive patients underwent alloHCT for MDS between October, 2005, and

December, 2009; 163 had received cytoreductive treatment prior to transplantation, including induction

chemotherapy (ICT) alone (ICT group; n = 98), azacitidine alone (AZA group; n = 48), or azacitidine

preceded or followed by ICT (AZA-ICT group; n = 17). At diagnosis, 126 patients (77%) had an

excess of marrow blasts and 95 patients (58%) had intermediate-2 or high-risk MDS according to

the International Prognostic Scoring System (IPSS). Progression to more advanced disease before

alloHCT was recorded in 67 patients. Donors were siblings (n = 75) or HLA (Human Leucocyte

Antigen)-matched unrelated (10/10; n = 88). They received blood (n = 142) or marrow (n = 21) grafts

following either myeloablative (n = 33) or reduced intensity (n = 130) conditioning. With a median

follow-up of 38.7 months, three-year outcomes in the AZA, ICT and AZA-ICT groups were: 55%, 48%

and 32% (p = 0.07) for OS; 42%, 44% and 29% (p = 0.14) for event-free survival (EFS); 40%, 37% and 36%

(p = 0.86) for relapse; and 19%, 20% and 35% (p = 0.24) for non-relapse mortality (NRM), respectively.

Multivariate analysis confirmed the absence of statistical differences between the AZA and the ICT

groups in terms of OS, EFS, relapse and NRM.

The value of alloHCT after hypomethylating therapy was studied in a German study [32]. The

multivariate analysis of this study, to minimize selection bias, was limited to patients aged 60–70 years

with high-risk de novo MDS or secondary AML, who either received alloHCT (n = 105; with at least

intermediate intensity conditioning in about half of the cases after induction chemotherapy) or who

received azacitidine, but not alloHCT (n = 75), because of a lack of a donor or institutional guidelines.

After accounting for performance status, cytogenetics, time from diagnosis and blast%, alloHCT was

associated with superior OS compared to azacitidine without alloHCT, with the difference in OS

becoming apparent one year after initiation of treatment (two-year OS 39 vs. 23%).
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8. Use of Hypomethylating Agents after AlloHCT

Demethylating agents have been used after alloHCT in different settings: (1) to maintain CR

(i.e., to prevent relapse); (2) preemptive; and (3) to treat relapse. Limited data are available for

whether maintenance therapy with HMAs after alloHCT improves RFS. In a dose finding study in

high risk MDS/AML patients who were in CR at Day + 30 after transplantation, azacitidine was given

subcutaneously for five subsequent days, starting on the sixth week after alloHCT at one of five dose

levels (8, 16, 24, 32, 40 mg/m2) [33]. The dose of 32 mg/m2 was chosen. Azacitidine did not affect

engraftment. At a median follow-up of 20.5 months, the one-year EFS and OS were 58% and 77%,

respectively. Because most acute graft-versus-host disease (GVHD) started before starting azacitidine

and patients with severe GVHD were excluded, no firm conclusions regarding acute GVHD could

be made. The probability of developing chronic GVHD was, however, decreased significantly with

longer azacitidine treatments. Currently, the maintenance question with HMAs after alloHCT is being

evaluated in several clinical trials (NCT01168219, NCT01995578 and NCT01541280).

The value of azacitidine as a minimal residual disease-based preemptive therapy after alloHCT

has been reported in a cohort of 59 patients who were prospectively monitored for impending relapse

by decreasing CD34+ cell chimerism [34]. In this trial (RELAZA, Azacitidine for treatment of imminent

relapse in MDS or AML patients after alloHCT), at a median of 169 days after alloHCT, 20/59

prospectively screened patients experienced a decrease of CD34+ donor chimerism to <80% and

received four azacitidine cycles (75 mg/m2/day for seven days) while in complete hematologic

remission. A total of 16 patients (80%) responded with either increasing CD34+ donor chimerism

to ≥80% (n = 10; 50%) or stabilization (n = 6; 30%) in the absence of relapse. Hematologic relapse

occurred ultimately in 13 patients.

HMAs have been used to treat recurrent disease after alloHCT, and the achievement of remission

and complete donor chimerism has been reported [35,36]. Although response rates of around 50% and

CR rates around 15% have been reported, the survival rate was still low and comparable with second

alloHCT in this setting. The combination of azacitidine and donor lymphocyte infusions (DLI) as the

first salvage therapy for relapse after alloHCT has also been studied in a cohort of 30 patients with

AML/MDS within a prospective single-arm phase 2 trial [37]. The overall response rate was 30%, and

5/30 patients achieved long-term CR. Acute and chronic GVHD were seen in 37% and 17% of patients,

respectively. This study suggests that azacitidine in combination with donor lymphocytes is an active

treatment in high-risk patients who have relapsed after alloHCT.

9. Treatment of Older AML Patients

The optimal treatment of older AML patients in daily clinical practice remains challenging and

is dependent on patient characteristics (age, co-morbidity), disease characteristics (cytogenetic and

molecular abnormalities, WBC, etc.) and the wishes of the patient.

The OS of older AML patients has not been improved during the last few decades with intensive

chemotherapy based on cytarabine combined with an anthracycline [38]. Although older AML

patients generally have a limited benefit with currently available treatment, only a few prospective

randomized studies in older AML patients, comparing different treatment strategies, have been done.

A prospective clinical trial, though with a limited number of patients (n = 60), reported that standard

intensive treatment improves early death rates and long-term survival compared to the best supportive

care [39], a finding that was confirmed by an analysis of the Swedish Acute Leukemia Registry [40]. A

prospective study in older patients with de novo AML (n = 87) has compared intensive chemotherapy

with low-dose cytarabine (20 mg/m2 for 21 days) and reported a similar overall survival (OS) in both

arms, despite a higher number of complete remissions (CRs) in the intensive chemotherapy arm [41].

Moreover, a prospective randomized trial (n = 202) demonstrated that low-dose cytarabine (20 mg

twice daily for 10 days) treatment was superior to the best supportive care and hydroxyurea [42]. In

this study, patients with adverse cytogenetic profiles did not benefit from low-dose cytarabine. These

studies suggest that older AML patients benefit from treatment, either by intensive chemotherapy
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or by low-dose cytarabine. From the perspective that the superiority of intensive chemotherapy

(i.e., “3 + 7”) over less intensive therapy (e.g., low-dose Ara-C) has not been conclusive, the recently

reported study, comparing decitabine, administered as a five-day regimen, with low-dose Ara-C, in

older AML patients (n = 485), is particularly interesting [19]. Indeed, this study showed, though at

an unplanned analysis with a one-year extended follow-up for survival, that the five-day decitabine

treatment resulted in a superior overall survival compared with the low-dose Ara-C treatment.

No published data of prospective randomized trials that have compared the efficacy of intensive

chemotherapy (“3 + 7”) with hypomethylating agents are currently available. The MD Andersen

Cancer Center reported the results of a cohort study of 671 patients, including 114 patients treated

with hypomethylation-based (either azacitidine or decitabine) therapy and 557 patients treated with

intensive chemotherapy [43]. Both groups were balanced according to cytogenetics and performance

status and were older than 65 years. The CR rates with chemotherapy and hypomethylating

agents were 42% and 28%, respectively (p = 0.001), and the eight-week mortality 18% and 11%,

respectively (p = 0.075). Two-year relapse-free survival rates were 28% (chemo) vs. 39% (DNA

methyltransferase inhibitor), p = 0.84. The median OS (6.7 vs. 6.5 months, p = 0.41) were similar in the

two groups. Multivariate analysis confirmed that the type of AML therapy (intensive chemotherapy

or hypomethylating agents) was not an independent prognostic factor for survival. Interestingly,

in this study, multivariate analysis revealed that decitabine was associated with improved median

OS compared with azacitidine (8.8 vs. 5.5 months, respectively, p = 0.03). This is in line with our

own published experience in 200 consecutive older AML patients [44,45]. It should be noted that the

observations of this retrospective analysis also suggest that the currently used response criteria (i.e.,

CR) are not sufficient for evaluating some (less intensive) treatment strategies.

10. Conclusions

In conclusion, treatment recommendations for older adults with AML need to be individualized

based on disease and patient characteristics [46]. However, at this moment, available clinical trial

data do not satisfactorily determine which older patients are likely to benefit from specific treatments,

given the complexity of tumor and patient characteristics underlying treatment responsiveness and

treatment tolerance. The question to be answered is: what is considered a favorable treatment outcome

that justifies a certain treatment-related mortality? From this perspective, it should be noted that a

hematopoietic cell transplantation comorbidity index (HCT-CI) ≥3 has been reported to be associated

with 29% mortality within 28 days from time of intensive chemotherapy in a cohort of patients,

177 AML patients over 60 years of age [47]. Should we treat these patients (with HCT-CI ≥3) with

hypomethylating agents? Should the genotype of the AML blasts influence this decision? Without a

doubt, azacitidine and decitabine are valuable treatment options for older AML patients, especially

patients with co-morbidities and intermediate and poor risk disease. Whether azanucleotide treatment

is superior (or comparable) with intensive chemotherapy, especially when used as a bridge to allogeneic

transplantation, is an open question. To determine the optimal relation between certain treatments and

disease (e.g., genotype) and patient-related factors (e.g., co-morbidity), future studies in older AML

patients should include extensive biomarker analyses and geriatric assessments.

Cytarabine, azacitidine and decitabine are cytidine analogs. Cytarabine combines a cytosine

base with an arabinose sugar. The carbon-5 of the cytidine backbone is substituted by nitrogen

in the azanucleotides (azacitidine and decitabine). Azacitidine is intracellularly converted to

5-aza-2′-deoxycytidine (decitabine) by ribonucleotide reductase. Decitabine is incorporated in place

of cytidine into DNA, where it acts as a direct and irreversible inhibitor of DNMTs. Because

of the nitrogen atom at position 5, the enzyme DNMT remains covalently bound to DNA, and

its DNA methyltransferase function is blocked and results in the degradation of trapped DNA

methyltransferases. Consequently, cells then replicate in the absence of DNMTs, which results in

progressive loss of methylation marks and reactivation of previously silenced genes. Little is known

about the impact of azacitidine incorporated into RNA.
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Abstract: Despite modest improvements in survival over the last several decades, the treatment of

AML continues to present a formidable challenge. Most patients are elderly, and these individuals, as

well as those with secondary, therapy-related, or relapsed/refractory AML, are particularly difficult

to treat, owing to both aggressive disease biology and the high toxicity of current chemotherapeutic

regimens. It has become increasingly apparent in recent years that coordinated interruption of

cooperative survival signaling pathways in malignant cells is necessary for optimal therapeutic

results. The modest efficacy of monotherapy with both cytotoxic and targeted agents in AML testifies

to this. As the complex biology of AML continues to be elucidated, many “synthetic lethal” strategies

involving rational combinations of targeted agents have been developed. Unfortunately, relatively

few of these have been tested clinically, although there is growing interest in this area. In this

article, the preclinical and, where available, clinical data on some of the most promising rational

combinations of targeted agents in AML are summarized. While new molecules should continue

to be combined with conventional genotoxic drugs of proven efficacy, there is perhaps a need to

rethink traditional philosophies of clinical trial development and regulatory approval with a focus on

mechanism-based, synergistic strategies.

Keywords: AML; targeted therapies; rational combinations; HDAC inhibitors; CDK inhibitors;

proteasome inhibitors; checkpoint abrogators; apoptosis; BH3-mimetics; Mcl-1

1. Introduction

Despite significant progress in recent years in unraveling the genetic basis of AML [1], resulting in

improvements in our ability to prognosticate and predict outcomes with certain therapies [2], it remains

a devastating disease. Cure rates for young adults remain 40%–45% at best, and those for patients

older than 60 only around 10%–20% [3]. The anthracycline-cytarabine backbone, first introduced over

40 years ago [4], remains the cornerstone of initial therapy for most patients, and the only truly targeted

agent to receive regulatory approval, gemtuzumab ozogamycin, has been voluntarily withdrawn from

the market by the manufacturer [5,6]. Allogeneic hematopoietic stem cell transplantation (HSCT),

with all its attendant risks, remains the best post-remission therapy for AML till date [7]. In a recent

randomized, phase III trial [8], elacytarabine, a novel elaidic acid ester of cytarabine, failed to improve

outcomes over physicians’ choice of one of seven different commonly used salvage regimens for

patients with relapsed or refractory disease, who have a dismal prognosis (5-year overall survival

J. Clin. Med. 2015, 4, 634–664; doi:10.3390/jcm4040634 www.mdpi.com/journal/jcm83



J. Clin. Med. 2015, 4, 634–664

from first relapse approximately 10%) [9]. Although initially greeted with considerable enthusiasm, no

fms-like tyrosine kinase 3 (FLT3) inhibitor has been licensed for use [10], and resistance-conferring

mutations in the FLT3 kinase have been described [11]. Recent approaches have involved exploring

new therapeutic targets, e.g., isocitrate dehydrogenase (IDH) [12] or immune checkpoints, delivering

conventional cytotoxic agents in fixed molar ratios [13,14], harnessing the power of T-cells against

AML stem cell antigens (e.g., CD123) using dual affinity retargeting molecules (DARTs, Blood 2013;

122:360), etc.

Malignant cells are particularly vulnerable to the simultaneous disruption of multiple, cooperative

survival signaling pathways [15,16]. In recent years, the concept of rationally combining targeted

agents to defeat the redundancy of survival pathways in neoplastic cells has rapidly been gaining

ground in a variety of tumor types [17]. Indeed, signaling pathways within cancer cells have been

compared to other complex networks such as the internet or airplane flight patterns, characterized

by both remarkable robustness and surprising vulnerability, such that very limited yet coordinated,

specific targeting of the most critical “nodes” in the network can have dramatically outsized effects [18].

In this article, we review various “synthetic lethal” strategies using rational combinations of targeted

drugs in AML.

2. Combinations Involving Epigenetic Therapies

2.1. DNMTIs + HDACIs

A particularly popular combination has been that of DNA methyltransferase inhibitors (DNMTIs)

with histone deacetylase inhibitors (HDACIs). That epigenetic processes play a fundamental role

in cancer causation and progression has been recognized for over a decade now [19]. Chromatin

organization modulates gene transcription inasmuch as a more open, relaxed configuration of

chromatin (e.g., induced by HDACIs through histone acetylation) or demethylation of CpG islands

in the promoter regions of genes (e.g., induced by DNMTIs, also known as hypomethylating

agents, HMAs) activates transcription of epigenetically silenced tumor suppressor genes, e.g., DNA

repair genes [20]. The combination of DNMTIs and HDACIs synergistically triggers apoptosis and

up-regulates microRNAs that, in turn, down-regulate oncogenes [21]. While the DNMTIs azacytidine

and decitabine have clear single-agent activity in AML [22–25] and are widely used, response rates

to HDACI monotherapy in AML and MDS have been more modest, of the order of 10%–20% [26]

and none is approved for this indication, although the pan-HDACI pracinostat was recently granted

“orphan drug” status by the FDA for AML [27]. As noted above, many trials of “dual epigenetic

therapy” combining DNMTIs with HDACIs in AML have been conducted. In the recently published

U.S. Leukemia Intergroup trial E1905 involving 97 patients with MDS and 52 with AML, addition of

the class I-selective HDACI entinostat to azacytidine did not increase clinical response rates and was

associated with pharmacodynamic antagonism [28]. Azacytidine was administered on days 1–10 of a

28-day cycle and entinostat on days 3 and 10 [28]. A randomized phase II study (NCT01305499) is

currently underway to see if sequential, as opposed to concurrent, administration of entinostat will

improve efficacy of this combination. In contrast, the combination of pracinostat with azacytidine

yielded an 89% overall response rate (ORR) in a 9-patient pilot study in patients with higher risk

categories of MDS and was very well tolerated [29].

2.2. Other DNMTI-Based Combinations

DNMTIs have also been combined with many other classes of targeted agents in AML. Based

on the ability of the proteasome inhibitor bortezomib to up-regulate miR-29b, resulting in loss of

transcriptional activation of several genes relevant to myeloid leukemogenesis, including DNA

methyltransferases and receptor tyrosine kinases, a phase I trial of bortezomib and decitabine was

conducted [30]. Seven of 19 patients overall achieved complete remission (CR) or complete remission

with incomplete count recovery (CRi), although 5 of these were treatment-naïve [30]. The regimen
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was shown to down-regulate FLT3 [30]. These findings led to a phase II trial (NCT01420926) in the

cooperative group setting in older patients with AML, but this trial was closed prematurely as it was

deemed unlikely to meet its primary endpoint. In a phase II trial of sorafenib and azacytidine in 43

patients (37 evaluable) with FLT3-mutated AML and 0–7 (median 2) prior therapies, the ORR was 46%,

including 27% CR/CRi [31]. FLT3 ligand levels did not rise to levels seen in prior studies of patients

receiving cytotoxic chemotherapy [32]. Decitabine and midostaurin have been combined in a phase

I study in patients with relapsed/refractory AML with or without FLT3 mutations based on in vitro

evidence of synergy against FLT3-internal tandem duplication (FLT3-ITD+) cells [33]. Sequential

administration was safe but concurrent administration was too toxic [33]. 57% of patients achieved

stable disease (SD) or better; 25% had a complete hematologic response (CHR) [33]. Phase I trials

combining decitabine with rapamycin [34] and with bexarotene [35] in patients with AML have

been completed, with demonstration of safety but only modest outcomes. Both sequential [36]

and concomitant [37] administration of azacytidine and lenalidomide have been studied in newly

diagnosed elderly patients with AML in the phase I setting. Both combinations were well-tolerated,

with ORRs of around 55% and CR/CRi rates ranging from 31% to 44% [36,37].

Given their efficacy and safety, and consequent widespread use as single agents for the treatment

of patients with AML who are elderly and/or unfit for conventional chemotherapy, azacytidine

and decitabine are increasingly being combined in clinical trials with a plethora of emerging,

investigational targeted agents. Examples include volasertib (NCT02003573), a polo-like kinase 1

(PLK-1) inhibitor recently designated an “orphan drug” for AML [27], the first-in-class neddylation

inhibitor MLN4924 (NCT01814826), the hedgehog inhibitor sonidegib (NCT02129101) and the

Bcl-2-selective antagonist, ABT-199 (NCT02203773). In vitro, however, short interfering RNA (siRNA)

silencing of the anti-apoptotic proteins Mcl-1 and Bcl-xL, but not Bcl-2, exhibited variable synergy

with azacytidine [38].

2.3. BET Inhibitor-Based Combinations

A relatively recent development in the field of epigenetic targeting of chromatin networks

in cancer has been the discovery of potent and specific small-molecule BET (bromodomain and

extraterminal) inhibitors [39]. The bromodomain is a highly conserved motif of 110 amino acids

found in proteins that interact with chromatin, such as transcription factors, histone acetylases and

nucleosome remodelling complexes [40]. Bromodomain proteins function as chromatin “readers”,

some of which have key roles in the acetylation-dependent assembly of transcriptional regulator

complexes [41]. Bromodomain proteins recruit chromatin-regulating enzymes, including “writers”

and “erasers” of histone modification, to target promoters and to regulate gene expression [40].

Lysine acetylation, a key mechanism that regulates chromatin structure, creates docking sites for

bromodomains, and BET proteins regulate the expression of key oncogenes and anti-apoptotic

proteins [41]. It was recently demonstrated that the BET protein (BRD4) antagonist JQ1 synergistically

induced apoptosis of AML cells in combination with the HDACI panobinostat and improved

the survival of mouse xenografts [42]. Additionally, JQ1 also synergized with the FLT3 tyrosine

kinase inhibitors (TKIs) ponatinib or quizartinib to induce apoptosis of FLT3-ITD+ AML cells and

overcame FLT3 TKI resistance-conferring mutations such as F691L and D835V [43]. Furthermore, the

JQ1/panobinostat combination synergistically induced apoptosis of FLT3 TKI-resistant cells [43].

3. HDACI-Based Combinations Involving Non-Epigenetic Therapies (Table 1)

Distinct from their role as epigenetic modifiers, HDACIs exert a plethora of other actions (Figure 1)

in neoplastic cells with a high degree of selectivity for the latter. These include down-regulation of

anti-apoptotic and up-regulation of pro-apoptotic proteins (e.g., Bim), activation of the death receptor

(extrinsic) pathway of apoptosis, induction of oxidative injury, interference with checkpoint and

chaperone protein function (the latter through acetylation of Hsp90, leading to down-regulation of its

“client” proteins), inhibition of DNA repair, interference with the function of co-repressors/co-factors,
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promotion of endoplasmic reticulum (ER) stress and disruption of aggresome function, JNK

(C-Jun-N-terminal kinase) activation, STAT5 (signal transducer and activator of transcription 5)

inhibition, proteasome inhibition, induction of autophagy and anti-angiogenic effects [26,44,45].

Figure 1. Mechanisms of HDACI lethality. Reproduced, with permission, from [45].

3.1. HDACIs + Proteasome Inhibitors

As noted above, the single-agent activity of HDACIs in AML is modest [26], and it has been

appreciated for some time that the ultimate role of these agents may lie in combinatorial approaches [44,46].

An extensively studied rational combination has been that of HDACIs with proteasome inhibitors (PIs).

While most advanced in multiple myeloma (MM) in terms of clinical development [47], this combination

has been investigated in nearly every hematologic malignancy and may hold promise in AML [48,49].

Synergism between PIs and HDACIs stems from multiple mechanisms [50], including the inhibition by PIs

of the pro-survival NF-κB pathway [51], which is activated by HDACIs and limits their lethality [52,53],

disruption by HDACIs of aggresome formation [54], a physiologic response to proteasome inhibition [54],

Hsp90 inhibition by HDACIs [55], both leading to marked accumulation of mis-folded proteins and

accentuation of the proteotoxic stress induced by PIs, and multiple overlapping actions between these two

classes of agents [26,44,45,56,57]. Additionally, there is evidence that the proteasome plays an important

role in HDACI-induced apoptosis [58], and that HDACs are critical targets of bortezomib, at least in

MM [59].

In pre-clinical studies, co-administration of sub-micromolar concentrations of the pan-HDACI

belinostat with low nanomolar concentrations of bortezomib sharply increased apoptosis in AML

and cell lines and primary blasts [48]. Synergistic interactions were associated with interruption of

both canonical and non-canonical NF-κB signaling pathways, down-regulation of NF-κB-dependent

pro-survival proteins (e.g., XIAP, Bcl-xL) and up-regulation of Bim [48]. These findings led to a phase

I clinical trial of the combination in patients with relapsed/refractory or poor-prognosis previously

untreated acute leukemias or higher risk MDS (NCT01075425) [49]. The maximum tolerated doses

(MTDs) were determined to be 1.3 mg/m2 IV of bortezomib on days 1, 4, 8 and 11 and 1000 mg/m2 IV

of belinostat on days 1–5 and 8–12 of a 3-week cycle. Of 35 response-evaluable subjects, one patient

with mixed lineage leukemia (MLL)-rearranged biphenotypic acute leukemia refractory to “7 + 3” and

FLAG-Ida (fludarabine, cytarabine, granulocyte colony stimulating factor, idarubicin) achieved a CR
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and went on to an allogeneic HSCT; 4 had a partial remission (PR), 14 achieved stable disease (SD),

and 16 had disease progression. Four subjects discontinued study treatment due to adverse events

(AEs). Overall, the regimen was very well-tolerated. One patient with Janus kinase 2 (JAK2)-mutated

myelofibrosis transformed to AML remains on treatment beyond 31 cycles (manuscript in preparation).

Efforts are currently underway to better characterize (at a genomic level) the leukemias of the two

patients who did exceptionally well on this study.

3.2. HDACIs + CDK Inhibitors

Cyclin-dependent kinase inhibitors (CDKIs) represent an interesting class of agents capable of

inducing cell cycle arrest and apoptosis in malignant cells, particularly hematologic tumor types,

which may be more susceptible to inhibition of cell cycling and apoptosis induction [60]. Some of these

agents, i.e., those that inhibit cyclin T/CDK9, additionally inhibit global cellular transcription [61],

thus down-regulating short-lived proteins critically dependent on transcription for their maintenance,

e.g., the anti-apoptotic proteins XIAP and Mcl-1. Although no CDKI is currently approved, the FDA

recently granted “orphan drug” designation to the pan-CDKI flavopiridol (alvocidib) for AML [27].

Multiple pre-clinical studies have demonstrated robust synergism in AML cells between

pan-CDKIs such as flavopiridol or roscovitine and HDACIs, e.g., vorinostat, dacinostat, sodium

butyrate [62–66]. Besides down-regulation of XIAP and Mcl-1, a major mechanism underlying these

interactions was the blockade by CDKIs of HDACI-induced up-regulation of the endogenous CDKI,

p21WAF1/CIP1. These observations led to a phase I trial of the combination of alvocidib and vorinostat

in patients with relapsed/refractory or poor prognosis newly diagnosed acute leukemia or higher risk

MDS [67]. The alvocidib MTD was 20 mg/m2 IV load over 30 min followed by 20 mg/m2 infused over

4 h (“hybrid” schedule of administration [68]) on days 1 and 8, in combination with vorinostat, 200 mg

orally, three times a day, for 14 days on a 21-day cycle [67]. No objective responses were achieved in 26

evaluable patients (of 28 treated), although 13 exhibited SD [67].

3.3. HDACIs + TKIs

As discussed above, HDACIs, especially those that inhibit HDAC6, acetylate and thereby interfere

with the function of chaperone proteins, in particular Hsp90, consequently down-regulating several

pro-growth and pro-survival Hsp90 “client” proteins of critical importance in myeloid leukemias, e.g.,

breakpoint cluster region-Abelson (Bcr-Abl), mutant FLT3, c-Raf and Akt [55]. In the context of FLT3,

this phenomenon has also been reported with the class I-selective HDACI, entinostat [69]. Additionally,

HDACIs disrupt mitotic spindle checkpoints in neoplastic cells [70] and induce “mitotic slippage” [71].

These findings have provided the rationale for multiple preclinical studies that have demonstrated the

synergism between HDACIs and TKIs targeting Bcr-Abl [72–76], FLT3 [77], JAK [78,79] and aurora

kinases [80–82], which play critical roles in mitosis [83,84]. Unfortunately, the dual Bcr-Abl/aurora

kinase inhibitors MK-0457 (VX-680) [80,81] and KW-2449 [82] are no longer in development. To our

knowledge, this concept has not been evaluated in clinical trials in AML. However, at least two

ongoing clinical trials are testing the combination of the HDACI panobinostat and the JAK1/2 inhibitor

ruxolitinib in patients with myelofibrosis (NCT01693601, NCT01433445). In chronic myeloid leukemia

(CML), the HDACI+TKI strategy has been reported to target stem cells [85]. Synergistic anti-leukemic

interactions between AT9283, a multi-targeted TKI that inhibits Bcr-Abl, FLT3, JAK and aurora

kinases [86–88], and entinostat have been observed in Bcr-Abl+ cells, including those bearing the

gatekeeper mutation T315I, as well as in AML cells, both FLT3-mutated and -wild type (Nguyen and

Grant, unpublished observations). Considering that mutations that confer resistance to one of the

most promising FLT3 TKIs, quizartinib, have been described [11], this strategy may yet prove valuable

in AML.
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3.4. HDACIs + G2/M Checkpoint Abrogators

Cell cycle checkpoints, part of the DNA damage response (DDR) network, are in-built safety

mechanisms the activation of which helps preserve genomic integrity by halting cell division

upon the occurrence of DNA damage and allowing time for DNA repair [89]. If repair fails,

checkpoints trigger apoptosis [90]. The major cell cycle checkpoints are the G1/S, intra-S-phase

and G2/M checkpoints. Checkpoint dysfunction is common in human cancers and is considered a

pathologic hallmark of neoplastic transformation [91]. In particular, the G1/S-checkpoint is frequently

dysfunctional because of p53 and/or Rb mutations, making malignant cells overtly reliant on the

intra-S-phase and G2/M checkpoints [92]. Although p53 mutations are uncommon in de novo

AML [93], overexpression of Mdm2, the negative regulator of p53, is common [94,95], as is disruption

of regulated p53 expression [96], and p53 mutations are common in secondary AML [97–100]. p53

mutations are strongly associated with a complex aberrant karyotype in AML [101]. In these patients,

p53 alterations are associated with older age, genomic complexity, specific DNA copy number

alterations, monosomal karyotypes, and a dismal outcome [102]. When present, p53 mutations

confer an extremely poor prognosis [93,103,104] that is not overcome even by allogeneic HSCT [105].

Finally, recent studies indicate that leukemic cells expressing FLT3-ITD display defective DNA

repair mechanisms [106,107]. In the presence of a dysfunctional G1/S checkpoint, G2/M checkpoint

abrogation (e.g., with small-molecule inhibitors of the Chk1 or Wee1 kinases) prevents cancer cells from

repairing DNA damage, forcing them into a premature and lethal mitosis (“mitotic catastrophe”) [92].

Given that HDACIs induce DNA damage [108] and inhibit DNA repair, both homologous [109]

and non-homologous end-joining (NHEJ) [110], and the ability of these agents and Hsp90 inhibitors

to down-regulate proteins that play major roles in the DDR network such as ATR (ATM and Rad3

related), Chk1 and Wee1 [111–114], the combination of HDACIs with G2/M checkpoint abrogators

has considerable theoretical appeal [45]. Indeed, synergistic potentiation of vorinostat-mediated

apoptosis by the Chk1 inhibitor MK-8776 has been demonstrated in various AML cell lines, both

p53-wild type and -deficient, as well as in those bearing FLT3-ITD [115]. Furthermore, the regimen

was active against primary AML blasts, particularly against the putative leukemia initiating cell (LIC,

CD34+CD38−CD123+) population [115]. However, clinical trials of Chk1 inhibitors have concentrated

on combining them with conventional genotoxic agents, and no trials have explored simultaneous

HDAC and Chk1 inhibition.

The Wee1 kinase has recently emerged as a novel therapeutic target in AML [116–118]. Although

efforts at the preclinical level to develop AZD-1775, a potent, small-molecule inhibitor of Wee1 [119,120],

in AML have focused largely on using it to circumvent resistance to cytarabine [121,122], a sound

rationale exists for combining this agent with HDACIs in AML. Of note, AZD-1775 may be effective

regardless of p53 functionality [120,122]. During interphase, Wee1 phosphorylates the cyclin B/CDK1

(also known as cdc2) complex at Tyr15 to inactivate it, and Wee1 inhibition causes forced activation

of CDK1, premature mitotic entry and impairment of homologous recombination [123]. Activation

of cyclin B/CDK1 (cdc2) requires dephosphorylation by the CDC25 phosphatases (A, B and C) [89].

Notably, inactivation of cdc2 (CDK1) involves phosphorylation at two inhibitory sites, i.e., Tyr15 and

Thr14, and dephosphorylation of both sites is necessary for full cyclin B/CDK1 (cdc2) activation. Upon

G2/M checkpoint activation, ATR/Chk1 phosphorylates (and thereby inhibits) CDC25A, -B and -C,

thus preventing premature mitotic entry [89].

While Chk1 is a positive regulator of Wee1 (through stimulatory phosphorylation), Wee1 inhibition

results in compensatory activation of Chk1, leading to phosphorylation of cyclin B/CDK1 (cdc2) at

Thr14 [124], a therapeutically undesirable, putatively cytoprotective effect. Concomitant administration

of an HDACI may circumvent this problem by down-regulating Chk1 [111]. While this could also be

achieved by combined Chk1 and Wee1 inhibition [124–127], HDACIs carry the additional advantages

of inducing DNA damage and inhibiting DNA repair. Preclinical studies in AML with the combination

of vorinostat and AZD-1775 have shown striking synergism, irrespective of p53 and FLT3 mutational

status, including in “LIC”s, primary AML blasts and in a xenograft mouse (flank) model [128].
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Importantly, whereas AZD-1775 treatment of leukemia cells triggered cyclin B/CDK1 (cdc2) Tyr15

dephosphorylation, it also induced Chk1 activation and Thr14 phosphorylation [128]. However,

HDACI co-administration abrogated these undesirable phenomena, resulting in pronounced Tyr15

and Thr14 dephosphorylation, and full cyclin B/CDK1 (cdc2) activation, accompanied by premature

mitotic entry and DNA damage [128]. These data and similarly promising results obtained upon

substituting the recently approved HDACI belinostat for vorinostat have sparked interest in a National

Cancer Institute-sponsored phase I clinical trial of the AZD-1775/belinostat combination in patients

with relapsed/refractory AML/MDS as well as treatment-naïve poor prognosis patients with AML.

3.5. Other HDACI-Based Rational Combinations in AML

Aside from the strategies discussed above, HDACIs may potentially be successfully combined with

a number of other investigational agents in AML. The first-in-class polo-like kinase 1 (PLK1) inhibitor

volasertib was recently granted first “breakthrough” [129], and then “orphan drug” designation [27] for

AML. This agent is currently in clinical trials in combination with low dose cytarabine (NCT01721876),

decitabine (NCT02003573) or intensive chemotherapy (NCT02198482). PLK1 is critical to mitotic

progression [130,131], and plays an important role in the DDR network [132,133], interacting with multiple

checkpoint proteins [134]. As Bcr-Abl signals downstream to PLK1 [135], the PLK1 inhibitor BI2536 was

studied in combination with vorinostat in CML cell lines and primary cells [136]. Pronounced synergism

was observed in both imatinib-sensitive and -resistant Bcr-Abl+ cells, both in vitro and in vivo [136].

Enhanced Bcr-Abl pathway inhibition did not appear to be the predominant mechanism for lethality

of the PLK1 inhibitor/HDACI combination; rather, it seemed to be potentiation of DNA damage and

disabling of the DDR [136]. Given that pracinostat has also received “orphan drug” designation for

AML [27], the combination of volasertib and pracinostat warrants attention in this disease.

The first-in-class inhibitor of protein “neddylation”, MLN4924 [137], is another promising agent

in AML [138,139] currently in clinical trials with azacytidine (NCT01814826). Targeting protein

neddylation, a critical pathway of protein degradation located upstream of the proteasome [140],

allows for more selective interference with protein turnover, potentially yielding a better therapeutic

index for these drugs as compared to PIs [141,142]. At least in theory, combination of this agent with

HDACIs is particularly appealing for several reasons [45]. MLN4924 inhibits NF-κB (activated by

HDACIs [52,53]) and leads to ROS generation and DNA damage in AML cells [138]. Additionally,

MLN4924 induces DNA re-replication, an irreversible cellular insult that leads to apoptosis, by

interfering with the turnover of the cullin-RING ligase substrate CDT1, a critical DNA replication

licensing factor, in S-phase [143,144]. Finally, MLN4924 appears to trigger a cytoprotective autophagic

response [145,146], that could be counteracted by HDACIs [147,148].

The phosphatidylinositol-3-kinase/Akt/mammalian target of rapamycin (PI3K/Akt/mTOR)

pathway is a cellular growth, proliferation, motility and survival signaling axis [149] that represents

one of the most frequently dysregulated pathways in cancer [150], including AML [151,152], where

activation of the pathway has been shown to be required for cell survival [153,154]. In AML, Akt

activation (phosphorylatyion at Thr3◦8/Ser473) variably occurs in 50–80% of patients [155,156]; hence,

there is considerable interest in targeting the PI3K/Akt/mTOR axis in AML [157]. Although mTOR

inhibitors have been commercially available for some time for the treatment of various solid tumors,

the first PI3K (delta isoform) inhibitor to receive regulatory approval, idelalisib [158,159], has only very

recently arrived on the market, fueling intense interest in this class of agents. Synergistic interactions

between PI3K or Akt inhibitors and HDACIs have been documented in AML cells [160,161]. Combined

HDAC and PI3K inhibition led to a marked increase in apoptosis associated with Bcl-2 and Bid cleavage,

XIAP and Mcl-1 down-regulation, mitogen activated protein kinase (MAPK) inactivation and blockade

of HDACI-mediated induction of p21CIP1/WAF1 [160]. Inactivation of extracellular signal-regulated

kinase (ERK) was also seen with HDACI/perifosine (Akt inhibitor) co-treatment of AML cells, along

with Akt inhibition, JNK activation, ROS and ceramide generation, leading to striking increases in

mitochondrial injury and apoptosis [161].
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4. Priming Apoptosis

The Bcl-2 family of proteins stands at the crossroads of cellular survival and death, and the

pro- and anti-apoptotic members of this family regulate the intrinsic, or mitochondrial, pathway of

apoptosis [162]. The seminal event in this pathway of programmed cell death, “mitochondrial outer

membrane permeabilization (MOMP)”, commits the cell to apoptosis and constitutes a “point of

no return” triggered by the apoptosis “effectors” Bax and Bak [163]. Under normal conditions, the

pro-survival anti-apoptotic proteins (mainly Bcl-2, Bcl-xL and Mcl-1) sequester the apoptosis effectors;

thus, the latter need to be released from such binding in order to induce MOMP [163]. While some of

the so-called “BH3-only” proteins (e.g., Bim, tBid and Puma) can directly activate Bax and Bak [163],

most function as “sensitizers”, i.e., they displace the apoptosis effectors from their association with

the anti-apoptotic proteins [164], a function mimicked by the “BH3-mimetic” class of drugs. The Bcl-2

family is of profound importance in the pathogenesis, prognosis, chemoresistance and treatment of

AML [165].

The discovery of ABT-737, a specific “BH3-mimetic” antagonist of Bcl-2 and Bcl-xL, demonstrated

for the first time that specific protein-protein interactions could be targeted by small molecules,

and ushered in a new era in cell death research [166]. Subsequently, an oral analog with improved

pharmacological properties, ABT-263 (navitoclax), was developed [167]. This agent demonstrated

promising efficacy in patients with relapsed/refractory CLL in a phase I trial [168], but the occurrence

of dose-dependent thrombocytopenia owing to on-target Bcl-xL inhibition [169] in early clinical

trials [168,170–172] precluded continued development of this agent. There is also some evidence that

Bcl-xL-inhibitory BH3-mimetics can undermine platelet function [173]. These observations led to

the development, by reverse engineering of navitoclax, of ABT-199 (GDC-0199), a highly selective

Bcl-2 antagonist that retains significant anti-tumor activity while sparing platelets [174]. This agent

appears highly effective in CLL [175], and at least at the preclinical level, holds substantial promise

in AML [176]. Of note, oblimersen, an anti-sense oligonucleotide against Bcl-2, failed in phase III

clinical trials when added to chemotherapy in older patients in AML [177], despite improving 5-year

survival when combined with fludarabine and cyclophosphamide in patients with relapsed/refractory

CLL [178]. This agent was not, however, ever approved for use.

Neither ABT-199 (GDC-0199) nor navitoclax inhibits Mcl-1, which is fundamental to the pathogenesis

and maintenance of AML [179] and the main determinant of resistance to ABT-737 [180,181].

The pan-BH3-mimetic obatoclax, which inhibited Mcl-1 in addition to Bcl-2/-xL [182], has been

discontinued due to the occurrence of severe, infusional neurologic toxicity, e.g., ataxia, euphoria and

somnolence. For these reasons, a number of combination strategies (Figure 2) have been explored

preclinically to simultaneously target multiple arms of the apoptotic regulatory machinery, i.e., Mcl-1 and

Bcl-2/-xL [183,184]. Since Mcl-1 is a short-lived protein critically dependent on active transcription and

translation for its maintenance, some of these strategies have used cyclin T/DCK9 inhibitors or sorafenib

to repress cellular transcription [61] or translation [185], respectively. Thus, roscovitine dramatically

increases ABT-737 lethality in AML cells by simultaneously and cooperatively inducing Bak activation

and Bax translocation [186]. In the case of sorafenib, synergistic interactions with both ABT-737 [187] and

obatoclax [188] have been reported, in the latter case with the induction of cytoprotective autophagy that

could be inhibited pharmacologically, potentiating the lethality of the regimen [188]. In these studies, both

Bim up-regulation and Mcl-1 down-regulation were noted, and synergism was demonstrated not only in

AML cell lines, but also in patient-derived cells and in a xenograft mouse model [187,188]. HDACIs, which

up-regulate Bim, have also been combined with both ABT-737 [189] and obatoclax [190]. HDACI-induced

Bim is largely sequestered by Bcl-2 and Bcl-xL, which it is released by ABT-737, activating Bax and

Bak and triggering MOMP [189]. Both mocetinostat and vorinostat display synergistic anti-leukemia

activity with obatoclax, but in this setting, cell death is attributable to activation of both apoptosis and

autophagy [190]. Finally, mitogen activated protein kinase kinase (MEK) inhibitors have been shown to

synergize with ABT-737, both in vitro (including in “LICs”) and in vivo, through the same mechanism, i.e.,

down-regulation of Mcl-1, which is induced by ABT-737 via ERK activation [191].
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Table 1. HDACI-based rational combinations with non-cytotoxic, non-epigenetic agents in AML.

Partner Agent Class Mechanism(s) of Synergy Clinical Trials, if any Reference(s)

Proteasome inhibitors
(PIs), e.g., bortezomib,
carfilzomib, ixazomib,
oprozomib, marizomib

NF-κB inhibition by PIs (activated by
HDACIs); inhibition by HDACIs of
aggresome formation and of
Hsp90→increased proteotoxic stress,
multiple other actions

NCT01075425; closed to
accrual; phase I; enrolled
primarily
relapsed/refractory
patients with AML; one
CR, one prolonged SD
(see text)

[48,49]

Cyclin-dependent kinase
inhibitors (CDKIs), e.g.,
flavopiridol (alvocidib),
roscovitine (seliciclib),
dinaciclib, palbociclib

Down-regulation of XIAP and Mcl-1 by
cyclin T/CDK9 inhibitors via
transcriptional repression; blockade by
CDKIs of HDACI-induced up-regulation of
p21

NCT00278330;
completed; phase I;
enrolled primarily
relapsed/refractory
patients with AML; no
objective responses; 50%
achieved SD

[62–67]

Multi-kinase inhibitors
(that inhibit aurora
kinases and critical
signaling molecules in
AML, e.g., FLT3, JAK2),
e.g., MK-0457, KW-2449,
AT9283

Down-regulation of Hsp90 “client” proteins
by HDACIs, e.g., FLT3, c-Raf, Akt, JAK2,
disruption of mitotic spindle checkpoints
and induction of mitotic “slippage”

[77,79,81]

Checkpoint abrogators,
e.g., MK-8776 (Chk1
inhibitor), AZD-1775
(Wee1 inhibitor)

Induction of DNA damage and inhibition
of DNA repair by HDACIs;
down-regulation of ATR, Chk1 and Wee1
by HDACIs via Hsp90 inhibition

Phase I clinical trial of
Wee1 inhibitor AZD-1775
and belinostat in patients
with relapsed/refractory
or poor-prognosis AML
in development

[115,128]

Polo-like kinase
inhibitors, e.g., BI2536,
volasertib

Potentiation of DNA damage and
disruption of the DNA damage response by
HDACIs

[136]

Protein neddylation
inhibitors (MLN4924)

Inhibition of NF-κB (activated by HDACIs)
by MLN4924, ROS generation and
induction of DNA damage by MLN4924 as
well as by HDACIs, opposing effects on
autophagy

Manuscript in
preparation

BH3-mimetics, e.g.,
obatoclax, navitoclax,
venetoclax

Up-regulation of Bim by HDACIs, which is
released from Bcl-2 and Bcl-xL by ABT-737,
activation of cytotoxic autophagy
(obatoclax)

[189,190]

PI3K/Akt/mTOR
pathway inhibitors, e.g.,
LY294002, buparlisib,
idelalisib, duvelisib
(PI3K inhibitors),
perifosine (Akt inhibitor),
BEZ235 (PI3K/mTOR
inhibitor)

Bcl-2 and Bid cleavage, down-regulation of
Mcl-1 and XIAP, MAPK/ERK inactivation,
JNK activation, ROS generation, blockade
of HDACI-mediated induction of p21

[160,161]

Abbreviations: HDACI, histone deacetylase inhibitor; NF-κB, nuclear factor kappa B; Hsp90, heat shock protein
90; AML, acute myeloid leukemia; CR, complete remission; SD, stable disease; DNA, deoxyribonucleic acid; ROS,
reactive oxygen species; Bcl-2, B-cell lymphoma 2; XIAP, X-linked inhibitor of apoptosis; Mcl-1, myeloid cell leukemia
1; Bcl-xL, B-cell lymphoma extra long; MAPK, mitogen activated protein kinase; ERK, extracellular signal-regulated
kinase; FLT3, fms-like tyrosine kinase 3; JAK2, Janus associated kinase 2; JNK, C-Jun N-terminal kinase; PI3K,
phosphatidylinositol-3-kinase; mTOR, mammalian target of rapamycin; ATR, ATM (ataxia telangiectasia mutated)
and Rad3-related; Chk1, checkpoint kinase 1.

91



J. Clin. Med. 2015, 4, 634–664

Figure 2. Should be: Mechanisms of potentiation of BH3-mimetic lethality by strategies targeting Mcl-1.

Reproduced, with permission, from [184].

A particularly strong rationale exists [192] for combining BH3-mimetics, e.g., ABT-737, with

dual inhibitors of PI3K and mTOR, e.g., NVP-BEZ235, PI-103 or GDC-0980 in AML (Figure 3). Akt

regulates a wide range of target proteins that control cellular proliferation, survival, growth and

other processes, including Bim, Bad and Bax, the forkhead box O (FOXO) transcription factors (which

mediate apoptosis by activating the transcription of pro-apoptotic genes such as FasL and Bim), Mdm2,

glycogen synthase kinase 3 (GSK3) isoforms (which down-regulate cyclin D1 and Myc), procaspase

9, IκB kinase (the negative regulator of NF-κB), the endogenous CDKI p27KIP1 and Chk1 [193,194].

Importantly, mTORC1, a major downstream effector of Akt, is often not only under the control of

PI3K/Akt signaling [195], and conversely, mTOR inhibition can lead to feedback activation of PI3K/Akt

and MEK/ERK, arguing for simultaneous inhibition of both PI3K/Akt and mTOR [196]. Some of

these agents have shown clear preclinical evidence of activity in AML [197,198]. Finally, as noted

above [160,161] and in sharp contrast to other tumor types [199], in AML cells, PI3K/Akt inhibitors

may disrupt, rather than activate, the complementary Ras/Raf/MEK/ERK survival signaling pathway,

activated in >80% of AML samples [200], through an unknown mechanism. For these reasons, while

PI3K inhibitors (e.g., GDC-0941) [201] and mTOR inhibitors plus MEK inhibitors (e.g., AZD-8055 plus

selumetinib) [202] demonstrate synergistic pro-apoptotic effects with ABT-737 in AML cell lines and

patient-derived blasts, accompanied by Bim up-regulation, Mcl-1 down-regulation and Bax activation,

dual PI3K/mTOR inhibitors may, in fact, be the superior partner for ABT-737 [192]. Indeed, these

agents (e.g., NVP-BEZ235, PI-103) synergistically increased ABT-737-mediated cell death in multiple

leukemia cell lines and primary AML specimens, as well as significantly diminished tumor growth and

prolonged animal survival in a subcutaneous xenograft model [203]. PI3K/mTOR inhibitors markedly

down-regulated Mcl-1, apparently through a GSK3-mediated mechanism, but increased Bim binding

to Bcl-2/Bcl-xL; the latter effect was abrogated by ABT-737 [203]. Responding, but not non-responding,

primary samples exhibited basal AKT phosphorylation, suggesting that basal Akt activation/addiction

may predict for success of this therapeutic strategy [203]. Studies are underway to see if these findings

can be extended to the combination of GDC-0980 and ABT-199 (GDC-0199).
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Figure 3. Hypothetical model of interactions between PI3K/AKT/mTOR pathway inhibitors and Bcl-2

antagonists. Reproduced, with permission, from [192].

5. Other Rational Combinations

The PI-CDKI combination of bortezomib and alvocidib is synergistic in myeloid leukemia

cells [204,205] but, to our knowledge, this combination has been tested clinically only in patients with

relapsed or refractory indolent B-cell neoplasms, including MM [206,207]. In AML cells, synergistic

induction of cell death was accompanied by down-regulation of Mcl-1 and XIAP, JNK activation, NF-κB

inhibition, cdc2 activation and diminished expression of p21WAF1/CIP1 [204]. In CML cells, similar

findings were noted, in addition to Bcr-Abl down-regulation, STAT3/5 inhibition and diminished

phosphorylation of Lyn, Hck, CrkL, and Akt [205]. The regimen effectively induced apoptosis in

imatinib-resistant cells characterized by reduced expression of Bcr-Abl but a marked increase in

expression/activation of Lyn and Hck [205].

Dramatic potentiation of CDKI-induced apoptosis by inhibitors of PI3K has been demonstrated in

AML cell lines and primary patient-derived blasts, accompanied by diminished Bad phosphorylation,

induction of Bcl-2 cleavage, and down-regulation of XIAP and Mcl-1 [208]. In contrast, synergistic

enhancement of alvocidib-induced apoptosis was not observed with inhibitors of MEK/ERK or of

mTOR [208]. Much more recently, PIK-75, a compound that transiently blocks CDK7/9, leading to

transcriptional suppression of Mcl-1, and also targets the p110α isoform of PI3K has been shown to

rapidly induce apoptosis of AML cells, significantly reduce leukemic burden and increase the survival

of mouse xenografts without overt toxicity [209].

The observation that inhibition of Chk1 triggers marked ERK1/2 activation, which can be

blocked by MEK inhibitors [210] or Ras-targeting agents such as statins [211] or farnesyltransferase

inhibitors [212], leading to striking increases in apoptosis and dramatically enhanced lethality, both

in vitro and in vivo, along with a requirement for ERK1/2 activation in progression across the G2/M
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boundary and through mitosis [213], as well as functional roles for MEK/ERK signaling in the

DDR [214,215] provide the rationale for combined inhibition of Chk1 and the Ras/Raf/MEK/ERK

pathway in AML [90]. Furthermore, these strategies act independently of p53 mutational status [90].

However, these early studies [210–212] used UCN-01 (7-hydroxystaurosporine), which functions as

a CDKI and as an inhibitor of protein kinase C (PKC), in addition to inhibiting Chk1. The recent

withdrawals of several investigational Chk1 inhibitors has hampered translation of this concept.

However, given the modest efficacy of selumetinib monotherapy in AML [216], combined Chk1 and

MEK inhibition, most recently explored in MM [217], could also warrant attention in AML.

6. Conclusions

The number of rational combinations of targeted agents that are possible in AML and may be

effective, at least in theory, is virtually limitless. The biggest challenge, therefore, is how to most

judiciously choose the most promising combinations and bring them forward into clinical trials, which

are costly and time-consuming. For these reasons, consideration should also be given to identifying

the biologic subtypes of AML most likely to benefit from a given combination, as illustrated by the

suggestion that basal Akt activation might predict for efficacy of a strategy simultaneously targeting

Bcl-2/-xL nd PI3K/mTOR. Additionally, attention needs to be paid to better trial designs, e.g., adaptive

designs, to get us answers to the biggest challenges confronting our patients in the most expeditious

manner possible. Finally, the current paradigm for regulatory approval of new drugs in the United

States discourages manufacturers from venturing into combinations of unapproved agents, and slows

the pace of therapeutic progress. As a result, very few of the combinations discussed in this article

have been tested in patients. While a complex problem, this is one that will require a concerted effort

by lawmakers, researchers, industry and the concerned public to effect real change in the fight against

cancer in general, and AML in particular.
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Abstract: The objectives of this review were to discuss standard and investigational treatment

strategies for adolescent and young adult with acute myeloid leukemia, excluding acute

promyelocytic leukemia. Acute myeloid leukemia (AML) in adolescent and young adult patients

(AYAs) may need a different type of therapy than those currently used in children and older patients.

As soon as AML is diagnosed, AYA patient should be offered to participate in well-designed clinical

trials. The standard treatment approach for AYAs with AML is remission induction chemotherapy

with an anthracycline/cytarabine combination, followed by either consolidation chemotherapy or

stem cell transplantation, depending on the ability of the patient to tolerate intensive treatment and

cytogenetic features. Presently, continuing progress of novel drugs targeting specific pathways in

acute leukemia may bring AML treatment into a new era.

Keywords: acute myeloid leukemia; adolescent and young adults; treatment

1. Introduction

The adolescent and young adult (AYA) population is defined by an age group range approximately

between 15 and 35 years of age [1]. About 70,000 adolescents and young adults (ages 15–39) are

diagnosed with cancer each year in the United States.

Acute myeloid leukemia (AML) represents about 33% of adolescent and 50% adult leukemia [2].

In United States, using 1975–2011 US Surveillance Epidemiology and End Results (SEER) data, annual

rates for new diagnosis of AML in AYAs are 4.4/100,000, but survival data for the specific age groups

of AYA are scarce. Although population-based data from England and Wales 1993–1998 years showed

a five-year survival of 46%, while US SEER 1975–2000 years registry data showed a 20-year survival of

20%–27% for 15–29-year-old AYA with AML [2].

The improvement of prognosis in childhood and adolescent AML has been seen over the past two

decades; CR with intensive induction therapy 80%–90% and 60%–65% are cured after post remission

therapy. Recently, Children Oncology Group (COG) reported the outcomes of 238 AYA patients

(16 through 20 years) from four serial childhood COG trials (CCG-2891, CCG-2941, CCG-2961 and

AAML03P1) between 1989 and 2006 [3]. In the evaluation of this report, AYA patients were more

likely to have poor-risk disease and are less likely to have standard-risk disease. Nevertheless, the

outcome of AYA was similar to children patients with newly diagnosed AML. Notably, there are exact

differences in treatment-related mortality as higher rates of infection-related deaths were seen in AYAs

with AML.

Large prospective studies that include both pediatric and adult patients with AML could not

clarify a distinct biology of AYAs [4]. Garrido et al. [3] reported that CD34 positive AML stem cells from

younger patients express high levels of bcl-2. In contrast to our knowledge, this overexpression reduced
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the rates of apoptosis, drug resistance and poor clinical outcomes. Cytogenetic is the most important

prognosis factor of AML, but only a few studies analyzed the frequencies of genetic abnormalities

specifically in AYAs [5,6]. One of the large prospective studies for children and up to age of 55 years old

adults, MRC AML 10 trial, established equal cytogenetic group distributions among AYAs aged 14–35

and younger children. The most interesting result of the study was rapid decline of the three-year

survival rate from 42% in children to 19% in AYAs [5]. In 2008, Rowley’s review of the cytogenetic of

AML mentioned the age-dependent pattern of AML translocations [6]. It was disclosed that t(15,17),

the characteristic of APL, peaks in incidence between 20 and 39 years of age, and that t(11q23), a

particularly difficult-to-treat type of AML, has its lowest frequency in this age group [6]. The European

Leukemia Net brought out a standardized prognostic scoring system including the conventional

cytogenetic and the commonly used molecular testing markers (FLT3-ITD, CEBPA and NPM1) [7]. It is

important to note that, no specific genetic or phenotypic aberrations were found in AYAs with AML.

It is clear that in these age groups, patients deserve special attention differences in underlying

cancer biology with special medical, physical, psychological and social needs. Unavoidable

psychosocial care is the most difficult in the management of adolescents. The need of autonomy

and independence, social development, sexual maturation, education and employment generated the

conventional problems. In view of these specific adolescents’ needs, it is recommended to treat these

patients in special units whenever possible [8].

2. Management

Principles of Treatment

AML treatment in AYA should be based on cytogenetic and molecular factors to avoid

overtreatment in patients with favorable prognosis and to improve outcome in those with unfavorable

prognosis. Notably, the therapy should be to cure the patient by exterminating the leukemic clone

while avoiding side effects and late effects as much as possible. In acute lymphoblastic leukemia, it has

been shown that poorer prognosis of AYAs can be overcome with intensive pediatric protocols; whether

a similar approach should be applied to AYAs with AML is not evidently provided [2]. Despite several

strategies to increase the intensity of therapy, the long-term overall survival rate has not exceeded

a plateau of 50%, suggesting that treatment-related toxicity does not balance against antileukemic

efficacy [9]. Also, it appears that further intensification of therapy or “one-size-fits-all” treatment

strategy will not improve the current AML survival rates.

As soon as AML is diagnosed, AYA patient should be offered to participate into well-designed

clinical trials to ensure highest quality and safety of diagnostics and management. Although the

majority of children with AML are treated in clinical trials, the number of AYAs enrolled in clinical

trials is much lower. Reasons for the poor clinical trial participation in adolescents are undefined

differences in biology, poor compliance or intolerance of therapy, receiving care at centers without

AYA experience and psychosocial needs [4,8].

In contrast to children and adults, there is no data clarifying the kind of therapy appropriate for

AYA. There are also limited prospective and retrospective studies looking into the outcomes for AYAs

treated on pediatric versus adult protocols. Besides, treatment protocol of AYA depends especially

on the individual fitness of the patient and the choice of treating physician or center. As usual, AML

treatment consists of induction and consolidation to maintain remission arms. Differing from adults,

additional CNS therapy is routine in most of the pediatric protocols [9]. Furthermore, the efficacy of

maintenance therapy in AYA has not been proved as with adults and children.

When chemotherapy was introduced into the care of AYA with leukemia, the goal was focused

on achieving remission. Long-term complications include effects on reproductive capacity should be

separately evaluated. In patients determined to be at risk for future infertility, assisted reproductive

technologies such as cryopreservation of gonadal tissue or gametes can be used [10].
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3. Remission Induction Therapy

The combination of three days of an anthracycline (daunorubicin 60–90 mg/m2/day idarubicin

10–12 mg/m2/day or mitoxantrone 10–12 mg/m2/day) and seven days of cytarabine (100–200

mg/m2/day), named as “3 + 7” continues to be the backbone of AML induction therapy over the past

four decades [11]. AYA AML patients usually received one or two cycles of induction therapy. On the

basis of available evidence in children and adolescents with AML, complete remission (CR) achieved

>80% with these regimens.

From 1986 to 2008, Cancer and Leukemia Group B (CALGB) had conducted sequential trials for

newly diagnosed AML, named as CALGB 8525, CALGB 9022, CALGB 9222, CALGB 9621 and CALGB

19808. Daunorubicin and cytarabine-based induction treatment were used in all CALGB trials and the

CR rate after receiving up to two courses was 76% for the AYA cohort, including 149 patients aged

16–21 years [12]. The summaries of protocols are shown in Table 1.

Table 1. Summary of the protocols.

Protocol/Courses
(References)

Induction Drugs Postremission Drugs BMT

CALGB 9022 [12] AraC and DNM
HiDAC, VP-16/Cyclophosphamide, and

AZQ/mitoxantrone
None

CALGB 9621 [12] AraC, DNM, VP-16, (±Valspodar) HiDAC Autologous (except CBF + AML)

AML BFM-93 [13] AraC, VP-16, and DNM/Ida

HAM-Consolidation therapy
(6-thioguanine; prednisolone; vincristine;

adriamycin; Ara-C; intrathecal Ara-C;
cyclophosphamide) Intensification (HiDAC

and VP-16 and cranial
irradiation)-Maintenance therapy

(thioguanine and Ara-C)

Allogeneic

MRC AML12 [14]
AraC, VP-16 and DNM/Mitoxantrone

(±GCSF)
Amsacrine, AraC, VP-16-AraC,

Mitoxantrone/AraC, Ida, VP-16/BMT
Allogeneic Autolog

AML-BFM 2004 [14] AraC, VP-16 and L-DNM/Ida HAM

AraC/, Ida (±2-chloro-2-deoxyadenosine)
HAM-Intensification (HiDAC, VP-16 and
cranial irradiation) Maintenance therapy

(intrathecal AraC)

Allogeneic

AML 10 [15] AraC, DNM/Ida/Mitoxantrone Intermediate-dose AraC Allogeneic Autolog

MRC AML15 [16]
AraC, DNM, VP-16, Fludarabine, Ida,

GCSF (±Mylotarg)
Amsacrine, AraC, VP-16 (±Mylotarg)

HiDAC (±Mylotarg)
Allogeneic

PALG [17]
AraC, DNM

(±2-chloro-2-deoxyadenosine) CLAG

HAM-HiDAC
(±2-chloro-2-deoxyadenosine)

Maintenance therapy (AraC, DNM,
6-thioguanine)

Allogeneic Autolog

SWOG S0106 [18] AraC, DNM, and GO HiDAC (±GO) Allogeneic

CALGB 8525 [19] AraC and DNM AraC None

CCG-2891 [20]
Dexamethasone, AraC, 6-Thioguanine,

VP-16, DNM, intrathecal AraC

AraC and L-asparaginase-AraC,
6-thioguanine, vincristine, L-asparaginase

cyclophosphamide and 5-azacytidine AraC,
DNM, VP-16, 6-thioguanine and

dexamethasone

Allogeneic Autolog

Abbreviations: AraC, Cytarabine; BMT, bone marrow transplantation; DNM, daunomycin; AZQ, 5 Azacytidine;
HiDAC, high dose cytarabine; VP-16, etoposide; Ida, Idarubicin; GO, gemtuzumab + ozogamycin; CBF, Core
Binding Factor; HAM, high dose cytarabine and mitoxantrone; G-CSF, granulocyte colony-stimulating factor; CLAG,
2-chloro-2-deoxyadenosin, cytarabine and granulocyte colony-stimulating factor.

Various trials have sought that intensifying induction therapy may improve the initial response

rate and the long-term outcome among AML patients. Sequential studies by the Eastern Cooperative

Oncology Group (ECOG) first postulated that increasing the dose of daunorubicin 45 to 60 mg/m2/day

for three days resulted in a median complete remission rate of 62% [21]. Furthermore, same group

demonstrated the improvements in rates of complete remission and the overall survival with the

administration of 90 mg/m2/day for three days of daunorubicin among young adults [22]. Also,

another anthracyclin, idarubicin, has been used in AML treatment since 1980s. The AML-BFM 93

trial evaluated the efficacy of idarubicin (12 mg/m2/day × 3 days) compared with daunorubicin

(60 mg/m2/day × 3 days) in AML induction therapy in children and adolescent. Individuals in

idarubicin arm improved blast cell clearance (<5% blasts on day 15); higher CR rates were found in

younger patients without an overall survival benefit [13]. The similar results were also obtained in

subsequent studies. The anthraquinone derivative mitoxantrone has also been commonly used as part

of effective induction regimens for a long time. In the United Kingdom, Medical Research Council
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Acute Myeloid Leukemia 12 (MRC AML12) trial comprising 1243 AML patients (between 15 to 59 years

old) received cytarabine (100 mg/m2/day × 10 days), etoposide (100 mg/m2/day × 5 days) and either

daunorubicin (50 mg/m2/day × 3 days) or mitoxantrone (12 mg/m2/day × 3 days) for induction;

the results showed no survival benefit with comparable acute toxicity [14]. After these results, the

children subgroup analysis of the overall study published revealed significant reduction in relapse

with mitoxantrone, but due to higher rates of treatment related mortality, this did not turn out to be a

significant improvement in overall survival [23]. It is noteworthy that in the EORTC and GIMEMA

Groups Study AML-10 trial, one of the largest study in AML aged 15–60 years, where patients were

randomly assigned to daunorubicin 50 mg/m2/day, mitoxantrone 12 mg/m2/day or idarubicin 10

mg/m2/day (each given with cytrabine and etoposide) on days one, three, five and after one or two

courses of induction therapy, similar outcomes were observed between the treatment arms [15]. There

is enough evidence to indicate that intensification of daunorubicin may have a beneficial effect without

increasing toxicity and that the choice of anthracycline varies depending on the current conditions [24].

It is important to note that the most feared adverse effect of anthracyclines is acute and

late cardiotoxicity. Several reports have already reported that children and adolescents are more

comfortable with anthracycline cardiotoxicity depending on continuous heart muscle growth. After

liposomal encapsulation of daunorubicin was discovered as they consume higher doses without

increasing cardiotoxicity. Interestingly, AML-BFM 2004 trial reported that liposomal daunorubicin (80

mg/m2/day × 3 days) and standard induction with idarubicin (2 mg/m2/day × 3 days) had similar

response rates after induction with comparable early and late cardiotoxicity among <18 years old

pediatric and adolescent population [24]. Nevertheless, in patients with cardiac disease, liposomal

daunorubicin should be used.

Also, different leukemia groups studied cytarabine dose escalation. The randomized comparison

between high dose (200 mg/m2/day; days 1–10 every 12 h) and standard dose (100 mg/m2/day; days

1–10 every 12 h) cytarabine displayed similar outcomes (overall response was 84% vs. 85%; eight-year

survival was 31% vs. 32%) in the MRC AML12 trial [14]. In subgroup analysis of 708 children (2–15

years old) and 541 AYA (16–24 years old) patients, 10 year OS and relapse rates were found to be 47%

vs. 59% and 47% vs. 42% (p > 0.05), respectively [4]. Evaluation of high-dose cytarabine (HiDAC)

combined with daunorubicin in induction has been reported by different studies; the Southwest

Oncology Group (SWOG; 2 g/m2 bid × 6 days), the Australian Leukemia Study Group (ALSG; 3 g/m2

bid on days one, three, five, and seven) and the Eastern Cooperative Oncology Group (ECOG; 3 g/m2

on days one, three, and five) [6]. Neither of these trials revealed a higher CR rate with HiDAC nor

observed increased toxicity in all. It is important to note that the administration of HiDAC in induction

regimens has failed to improve the outcome and thus cannot be recommended outside clinical trials.

A third drug (e.g., etoposide or 6-thioguanine (6-TG)) is usually added in induction of pediatric

protocols even if conducted studies failed to demonstrate any therapeutic benefit from addition of

6-TG or etoposide to “3 + 7”. Between 2002 and 2009, 385 patients aged 15–29 years were enrolled on

the MRC AML15 trial; the addition of etoposide to “3 + 7” showed no benefit in rate or durability of

response (ORR of all cohort: 86% vs. 84%) [16]. Moreover, CALGB 7921 trial suggested that instead of

adding 6-TG, cytarabine and daunorubicin dose or cycle intervals could be edited [25].

Other drugs added to standard induction treatment of AYAs include: A purine analog such

as fludarabine or cladribine and a calicheamicin conjugated to a CD33 antibody as gemtuzumab

ozogamicin (GO). Polish Adult Leukemia Group (PALG) have evaluated cladribine or fludaribine

added to daunorubicin and cytarabine. They found 12% increase in three-year-OS and 10 months

extension of the median survival in cladribine arm compared with the standard induction arm.

Furthermore, treatment related toxicity was comparable in both arms [17]. In addition, same study

group reported similar survival outcomes between fludarabine and the standard induction arms [26].

As a result of these studies, cladribine added regimen as remission induction should be considered as a

new treatment option, but fludarabine addition seemed not to have any advantage. In 2010, the results

of the SWOG S0106 trial has been shown that GO decreased CR rates with higher mortality among
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children and adolescent and hence, withdrawn [18]. Consequently, the recently published AAML0531

trial sought the efficacy of GO added induction therapy and showed improvement in EFS but not OS

among children and adolescent through reduced relapse rate. Although treatment related mortality

was increased in GO added arm, in spite of similar overall toxicity incidence between both arms [27].

Future investigation is required to optimize the administration of GO.

Interestingly, several reports have already suggested that after the first administration of cytotoxic

agents in AML, leukemia cells can be recruited into the cell cycle and then become more sensitive to cell

cycle-specific agent 6 to 10 days after the initial chemotherapy exposure. The Children Cancer Group

(CCG) conducted four trials; each used an “intensive-timing” induction regimen. In the CCG-2891

trial, pediatric and adolescent AML patients received a four-day cycle of five-drug induction therapy

(dexamethasone, cytrabine, 6-thioguanine, etoposide and daunorubicin (DCTER)); cycles are repeated

either every 10 days (intensive-timing) regardless of low blood counts and side effects of the treatment

or every 14 days (standard-timing) depending on bone marrow recovery [20]. Although AYAs treated

on this CCG protocol had higher incidence of remission (74% in all population), 10 year OS was 45%

± 6% because of the higher rate of treatment related mortality (26% ± 6%) [20]. Altogether, these

results and the aforementioned study indicate that pediatric protocols would be better for AYAs if the

treatment related mortality with these regimens could be reduced.

Recently, Woods et al. reported the comparison results between pediatric and adult protocols in

517 AYAs with AML using data from three large cooperative groups (COG, CALGB, and SWOG) and

demonstrated that aggressive pediatric protocols provide more anti-leukemia efficacy with halve of

relapse rates but higher treatment related-mortality. Ten year OS was higher for the COG AYA cohort

than for the other two adult cohorts (45% vs. 34%, p = 0.026) [12]. To our knowledge, there has been no

approach beyond 1–2 course in 7–10 days cytarabine and three days of an anthracycline combination

for induction treatment in AYAs with AML.

4. Postremission Therapy

Pretreatment karyotype and bone marrow assessment on the 7th or 10th day after completion of

induction treatment determine the type of post-remission therapy. Many studies, herein mentioned

used HiDAC or allogeneic hematopoietic stem cell transplantation (HSCT) as post-induction treatment.

Intensification of consolidation is as important as intensive induction therapy; since 1980s, the

CALGB study group has conducted various trials to find the best intensive post-remission therapy

for younger AML patients. In 1994, the results of CALGB 8525 trial was published and four courses

of HiDAC (3 g/m2 per every 12 hours on days one, three, and five) was found to be superior to

lower/intermediate-dose cytarabine (either 100 or 400 mg/m2/day on days 1–5) in young adults [19].

In addition, subsequent studies has shown that HiDAC improved survival rates in patients with Core

Binding Factor (CBF)-AML more than Cytogenetically Normal (CN)-AML (five years OS; 64% vs.

35%) [28]. Also in 2008, the German-Austrian AML Study Group (AMLSG) reported the efficacy of

HiDAC in AML with mutated NPM1 without FLT3-ITD and with mutated CEBPA [29].

NOPHO AML 93, MRC AML 10, AML-BFM 2004 and AML99 trials has been shown to decrease

the relapse rates with intensive induction protocols that include HiDAC in pediatric population [30].

Unlike adult studies, non-cross-resistant drugs used in induction are mostly administered a total

of 2–5 courses as consolidation and maintenance treatment in children and adolescent with AML.

However MRC AML-12 trial has revealed that more than four courses of post-remission treatment did

not improve the outcomes [14].

In MRC AML15 trial, young adults alive after two courses of induction therapy were randomly

allocated either MRC consolidation (amsacrine, cytarabine, etoposide, and then mitoxantrone and

cytarabine (MACE-MidAC)) or the international standard consolidation (HiDAC). The results of

the study showed similar outcomes with increased treatment related to hematologic toxicity in

MACE-MidAC arm. According to the evaluation of cytogenetic risk group, OS for poor-risk patients

determined was significantly higher in MRC consolidation arm; the group concluded that one course
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of MACE-MidAC is a superior consolidation option for high-risk AML patients who are not eligible

for HSCT [16].

The German Acute Myeloid Leukemia Cooperative Group (AMLCG) investigated the

effectiveness of maintenance treatment in younger AML since 1985. In 2003, they postulated the

comparison of maintenance treatment (monthly courses of cytarabine 100 mg/m2 every 12 h for

five days, different second drug every course, daunorubicin, 45 mg/m2/day on days three and four

(course 1), 6-thioguanine 100 mg/m2 every 12 h on days one to five (course 2), cyclophosphamide 1

g/m2/day on day three (course 3), 6-thioguanine again (course 4)) between intensive consolidation

treatment (cytarabine 1 g/m2 every 12 h on days one, two, eight, and nine) [31]. The aforementioned

trial has revealed equal CR rates between both arms even though relapse free survival was higher

in poor-risk AML patients who received maintenance treatment. A group from MD Anderson

Cancer Center used azacitidine (32 mg/m2/day for five days in each of four 30-day) after HSCT

as a new remission consolidation/maintenance protocol in high risk AML [32]. They established that

azacitidine might improve EFS and OS with acceptable toxicities. Recently, azacitidine combined with

lenalidomid (azacitidine 50–75 mg/m2/day for five days, lenalidomide 5–10 mg/day on days 5 to 25)

was administered to 10 patients with AML in remission after induction as maintenance treatment and

provided the immunological benefits of this regimen [33]. It is important to note that maintenance

treatment is not a standard part of AML treatment and still need further investigations.

Developments in transplantation since 1980s have led to increasing improvements in survival

and reduction of treatment-related mortality (TRM) among HSCT recipients. Therefore, HSCT as

frontline post induction therapy is recommended for all aged patients with intermediate-unfavorable

risk AML even if HSCT in low-risk group during first remission is unknown in children and young

adults. Surprisingly, the results from MRC AML10 and AML12 trials showed no survival benefit with

allo-HSCT in first CR for any risk group in AYAs [14,34]. They concluded that favorable-risk patients

should not undergo transplantation in first CR, but children and adolescent with intermediate-high

risk should be weighed on case-by-case basis. It has already been known that SCT from HLA-matched

(8/8 or 10/10 allele matched) related donor is more beneficial than continued chemotherapy; the

important advantage in preventing relapse may be offset by high rates of transplant-related deaths

because of the wrong optimal timing.

In 2012, the CIBMTR published the outcomes of AYAs with AML treated with HLA-identical

sibling (MSD) or unrelated (URD) HSCT between 1980 and 2005. They reported improvement of five

years OS and reduction of transplant-related mortality (TRM) from 1998 to 2005, compared with 1980

to 1988 (Due to MSD data OS at five years: 43% vs. 37%, p > 0.05; TRM: 39% vs. 20%, p = 0.01) [35].

This can be explained with continued improvements in AML prognostic factors, HSCT conditioning

regimens, HLA typing and HSCT supportive care.

Pediatric cooperative groups conducted various trials that compared allo-SCT with intensive

consolidation chemotherapy in children and adolescents with newly diagnosed AML. In 2008, COG

published a meta-analysis of four cooperative group studies (Pediatric Oncology Group (POG) 8821,

Children’s Cancer Group (CCG) 2891, CCG 2961, and Medical Research Council (MRC) 10), which

used HLA matched related allo-HSCT in first remission for children and adolescent patients. The

results of these analyses showed the improvement of outcomes in favorable-risk AML patients, but

the point to be considered is that only 2/3 of the patients have their risk stratification and cytogenetic

results [36]. The MRC 10 and 12 trials revealed better outcomes in children than in AYAs; therefore,

the survival benefit could not be shown in both groups who underwent allo-HSCT [14,34]. Despite

these results, the beneficial effect of allo-HSCT has been proven in severally randomized young adults

trials compared to other approaches.

Although there is no consensus on optimal conditioning regimens for AYAs, most centers use

non-TBI-containing myeloablative protocols (MAC) first or subsequent remission. Busulfan and

cyclophosphamide are the most administered drugs [37]. Also, treosulphan and fludarabine containing

reduced intensity conditioning regimens (RIC) have recently begun to be used with minimal TRM, but
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still need more prospective trials for recommendation [38]. There is a recently terminated prospective

randomized Bone Marrow Transplantation-Clinical Trials Network’s BMT-CTN 0901 clinical trial

(NCT01339910) comparing RIC regimens with MAC in AML/MDS; the results explain the optimized

conditioning intensity. TBI is no longer preferred because of its late effects and increased risk of

seconder malignancies [30]. Notably, TBI did not improve EFS during first remission in some of the

pediatric and young adult AML trials [39,40]; however, better EFS with higher doses of TBI was found

among AYAs in a review of the literature [41]. Recently, different cooperative groups are seeking the

effectiveness of adding fractionated TBI to conditioning regimens in selected advanced patients with

AML [42].

Since AYAs with high-risk AML who lack a matched sibling donor (approximately 70%–75% of

patients with AML) may benefit from alternative approaches including matched unrelated (including

cord blood products) or mismatched family donor, decision should be made based on the urgency of

the HSCT [43].

Recently, Kelly et al. compared the clinical outcomes after MRD or MUD HSCT during first

remission in a total of 159 children (74 of them were AYAs) with high-risk AML using data from

COG trials (CCG 2891, POG 9421, CCG 2961, and AAML03P1) and CIBMTR reports. Their results

demonstrated similar OS and TRM between both arms with lower relapse risk after only MUD

HSCT in a competing risks regression model (HR 0.43, p < 0.01) when compared to post-remission

chemotherapy [44]. Various studies have also revealed no superiority between MRD and MUD HSCT

outcomes (relapse, GVHD and survival) of young adults with CN-AML. However, the most limiting

factor is the time taken (median four months in most countries) for the identification of a suitably

matched unrelated donor and unfortunately, patients may relapse during this waiting period.

Ebihara et al. reported the clinical results of 16 AYA patients who underwent unrelated cord

blood transplantation (CBT) during 1999 to 2009. All patients received myeloablative-conditioning

regimen and the OS and the DFS at three years were determined to be 67.5% and 48.6%, respectively, a

comparable published result of adults and children with AML [45]. During 1996 to 2010, 67 adolescent

(38 treated with UCB and 29 treated with Haploidentical sibling SCT) diagnosed with acute leukemia

were enrolled in a retrospective study from Spain. The overall outcome including leukemia free

survival was better in haplo-SCT arm; TRM was higher in UCB-SCT arm and unexpectedly, the

cumulative incidence of relapse was similar in both arms [46]. To our knowledge, the most important

factor that restricts the widespread use of CBT is the amount of CD34+ stem cells from the individual

graft; though double cord transplant was done to overcome this limitation. The ongoing BMT-CTN

1101 trial (NCT01745913) clarifies the optimal alternative donor source by comparing double UCB

with haploidentical transplant.

Haploidentical SCT recently became an effective treatment option in the AYAs with AML

candidate for HSCT with lacking an HLA-identical donor or with urgent need to perform SCT. Since

every individual has, at least, one mutual HLA haplotype with each biological parent or child, then a

suitable donor can be identified within days. In 1998, the Perugia group found leukemia free survival

rates of 45%–50% and DFS rates of 30%–45% for young adults with AML receiving transplantation of

bone marrow from related one HLA haplotype identical donor. TBI with myeloablative conditioning

regimen was admitted and the product consist of large numbers of T-cell-depleted hematopoietic

stem cells [47]. Consequently, slowed immune reconstruction, higher rates of TRM and stimulation

of graft-versus-leukemia effector mechanism could be seen in this kind of transplant. Data from the

EBMT registry showed that leukemia free survival at two years was 48% for patients in first remission;

however, for patients in non-remission, this rate dropped to 1% [48]. Based on these results, it may be

considered that haplo-SCT has more anti-leukemia effect in the early phase of high-risk AML treatment

with increase risk of GVHD and graft rejection. Luznik et al. developed a new approach to reduce

haplo-HSCT related toxicity; post-transplant cyclophosphamide was added to a marrow graft after

reduced intensity conditioning regimen [49]. The approach decreased the cumulative incidence of
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severe GVHD and TRM. Further investigations are required to recommend haplo-HSCT for AYAs with

AML in first remission.

Autologous HSCT during the first remission has been commonly used for the past two decades

as post remission treatment in all aged patients with high risk AML who are not eligible for MRD

HSCT. However, the results of studies comparing auto-HSCT with the other post remission approaches

are conflicting. MRC AML10 trial showed the improvement in DFS with similar OS; although CCG

2891 trial has reported that auto-HSCT in CR1 did not have better impact on outcomes compared to

post induction chemotherapy [34,50]. It has to be mentioned that these different trials have not used

the same intensive induction treatments before auto-HSCT. When we looked into analyses of MRC

AML10 trial comparing autologous versus allogeneic HSCT, we found that allo-HSCT has improved

the survival rates and reduced the relapse rates [34]. Also, the EORTC-LG/GIMEMA AML-10 trial

has been determined that younger or high/very high-risk AML patients had better outcome with

allo-HSCT compared with auto-HSCT [51]. Altogether, these results showed that auto-HSCT has failed

to improve the outcome among young adults population and cannot be recommended for AYAs with

AML in first CR outside clinical trials [52].

5. Primary Refractory and Relapsed Acute Myeloid Leukemia

For acute myeloid leukemia (AML) patients in complete remission, maintaining remission is a

necessity. To our knowledge, the prognosis of relapse depends on the molecular profile of leukemia, the

duration of first CR, the age of patient and the type of post-remission therapy administered. Moreover,

with the current intensive protocols, up to 20%–30% of young and 40%–50% of older AML patients

experienced primary induction failure [53]. More than 50% of the patients in complete remission

relapsed within one year (except for AYAs with favorable risk of cytogenetics); relapsed/refractory

AML patients have a very poor outcome with 10% of survival incidence. Despite the knowledge of

leukemia pathophysiology, the prognosis following relapse is still uniformly poor. MRC AML10 trial

reported the median relapse time to be 10 months and the OS after relapse to be <40% in children and

AYAs [34].

For younger patients with relapsed/refractory AML, the enrollment in a clinical trial should be

the first approach. If there is a late relapse patient, retreatment with the previously used induction

regimen should be employed. Notably, if the relapse is detected at the early phase of tumor burden,

HSCT should be considered after salvage chemotherapy. Since there are few prospective controlled

studies assessing different treatments, thus no standard salvage chemotherapy can be recommended.

In relapsed/refractory AML, the aim was to achieve second remission using various protocols;

such as induction therapy antimetabolite (cytarabine, fludarabine) and anthracycline-based. HiDAC

is widely used for induction treatment of relapsed/refractory AML. In 2012, Larson et al. published

the outcomes of HiDAC/mitoxantrone in younger adults with relapsed or refractory high-risk AML

and reported an overall response rate of 55% with the induction death rate of 9% [54]. The Japanese

Childhood AML Cooperative Study Group AML99 trial determined the results of children and

adolescent with relapsed AML patients who received treatment protocols including; cytarabine,

etoposide and idarubicin/mitoxantrone [55]. The study showed that the second remission with

cytarabine based reinduction regimens was 50% and that the five-year OS was 37%.

To evaluate the CR rates of refractory/relapsed AML in younger adults, the Japanese Adult

Leukemia Study Group (JALSG) conducted a phase II study of FLAGM (fludarabine 15 mg/m2 every

12 h on days 1–4, Ara-C 2 g/m2 on days 1–4), G-CSF 300 μg/m2 on days 1–4, and mitoxantrone 10

mg/m2 on days 3–5 protocol [56]. Seventy percent response rate was provided by FLAGM in relapsed

or refractory AML patients; furthermore, randomized studies are still warranted to confirm this option.

In the study of Relapsed AML01/2001, 394 children (younger than 21 years) were randomized

equally for FLAG (Fludarabine 30 mg/m2/day, on days 1–5, Ara-C 2 g/m2/day, on days 1–5, and

G-CSF 200 μg/m2 on days 0–5) versus liposomal daunorubicine (60 mg/m2/day, on days 1, 3 and 5) +
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FLAG. Liposomal daunorubicine (DNX) added FLAG significantly improved the early response from

70% to 80% and CR rate from 70% to 80%. However, the OS was similar between two groups [57].

Malfuson et al. published a small retrospective analysis of the outcomes for 14 young adults with

first relapsed AML; those who received 3 + 7 + GO induction regimen [58]. The overall response rate

was reported to be 79% with a tolerable toxicity profile. GO + FLAG (Fludarabine 30 mg/m2/day, on

days 1–5, Ara-C 2 g/m2/day, on days 1–5, GO 3 mg/m2/day on day 1, and G-CSF 3 mg/kg/day) also

studied in relapsed/refractory AML reported excellent clinical and molecular response in 29 of the 34

young adults with CBF-AML [59]. The major restriction of GO studies is the number of patients (small

population); large, randomized and prospective trials would be required to recommend first relapsed.

In first relapse, all type of HSCT is widely preferred approach after achieving a second remission.

For patients who are not eligible for allo-HSCT in second remission, auto-HSCT can be considered.

Auto-HSCT data from the British Society of Blood and Marrow Transplantation (BSBMT) registry has

shown five-year OS of 32% and disease-free probabilities of 30%–35% [60]. Notably, most relapses

were detected within the first 24 months of auto-HSCT.

Allogeneic HSCT from HLA-matched or mismatched donor is the most effective consolidation

therapy once a new remission has been obtained. However, most of the studies in relapsed pediatric

AML have demonstrated poor outcome except those patients with late relapse and favorable AML.

Recently, the International BFM-Study Group has shown 38% overall survival for allo-HSCT in children

and adolescent with second remission [57]. RIC was commonly offered before allo-HSCT in relapsed

patients depending on the age of the patient, the poor performance status, the co-morbidities and the

prior treatments with lesser TRM and more GVL effect.

6. New Therapy Approaches

To the best of our knowledge, the treatment of AML was based on 1–2 course remission induction

chemotherapy, followed by either consolidation therapy or HSCT depending on the prognostic

features of the patients. However, enormous progress in the understanding of AML pathogenesis

and improvements in molecular genomic technologies are leading to novel target agents and the

development of personalized and risk-adapted treatment.

Clofarabine (2-chloro-2′-fluoro-deoxy-9-b-D-arabinofura-nosyladenine) is a second-generation

nucleoside analog, which inhibits both ribonucleotide reductase and DNA polymerase. Investigators

from the MD Anderson Cancer Center (MDACC) conducted various trials with single agent clofarabine

or combined with cytarabine and/or idarubicin; a favorable outcome was derived even in adults with

primary refractory or relapsed AML [61]. In 2009, Hijiya et al. published the result of clofarabine,

cyclophosphamide and etoposide combined regimen in five pediatric (between age 5–21 years) patients

with AML and 100% OR (1 CR and 4 CR in the absence of total platelet recovery (CRp)) [62]; this highly

promising response reported in this small population warrants further study. To our knowledge there

is no published trials and only one ongoing COG trial (clinicaltrials-gov #NCT00372619) to clarify the

benefit of clofarabine and cytarabine combination in 1–30 years old patients with refractory or relapsed

acute myeloid leukemia.

The hypomethylating agents; azacitidine and decitabine have shown single agent benefit in AML.

There are various ongoing trials for azacitidine either as single or combined agent (clinicaltrials-gov

#NCT01839240, #NCT01249430, #NCT01861002, #NCT00422890). In the French ATU retrospective

trial, 11% response rate was found among patients with refractory or relapsed AML treated with

azacytidine [56]. It seems that single agent azacytidine has only limited efficacy in relapsed or refractory

AML. In a phase I study, 23 patients with relapsed or refractory AML were treated with the combination

of 5-azacytidine and bortezomib; the results of the trial showed 26% response rate. Recently, Phillips

et al. showed the efficacy of low dose decitabine (20 mg/m2/day 10 days) in eight children and

young adults with heavily pretreated relapsed/refractory AML and reported only 38% of the patients

achieved CR with very favorable toxicity profile [63].
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Internal tandem duplication mutation of FMS-like tyrosine kinase 3 (FLT3-ITD mutations) was

found in 20% adult and 15% pediatric AML patients associated with poor prognosis [64]. The

patients are candidates for targeted therapy; although several FLT3-inhibitors (sorafenib, crelonatinib,

quizartinib, midoustaurin) have been studied on various trials, herein mentioned some milestone trials

in young adults.

Several groups have shown that Sorafenib, a multikinase (FLT3, c-KIT, NRAS, and Raf kinas)

inhibitor, has impressive response and a tolerable safety profile in adults with AML as a single agent or

in sorafenib-containing induction protocol. In SORAML trial, 264 younger patients were randomized

to achieve sorafenib (800 mg/day during induction, consolidation and 12 months maintenance period)

or plasebo adding 3 + 7 (cytarabine 100 mg/m2/day 7 days, daunorubicin 60 mg/m2/day 3 days)

and following HiDAC as consolidation. The results of the study CR rates and 2 year OS were higher

in sorafenib arm (sorafenib vs. placebo; CR: 60% vs. 56%, p = 0.62; OS: 66% vs. 72%, p = 0.37) with

increased incidence of treatment related toxicity [65]. In a phase I study, 11 children (aged between

6–17 years) with acute myeloid leukemia were treated with sorafenib (200 mg/m2 and 150 mg/m2

twice daily, with maximum doses of 400 mg and 300 mg; alone on days one to seven and 13 to 28),

clofarabine (40 mg/m2 on days 8 to 12), and cytarabine (1 g/m2 on days 8 to 12). Leukemia response

was evaluated on day eight and seven patients (63%) revealed more than 50% reduction of baseline

bone marrow blasts regardless of FLT3 status [66]. In summary, the benefit of sorafenib was proven

in different, prospective, randomized trials for treatment of newly diagnosed or relapsed/refractory

AML. Futher prospective studies on sorafenib would be required to confirm all the stated results.

Lestaurtinib is a potent inhibitor of FLT3 and triggers apoptosis in FLT3-ITD leukemic blasts. The

Cephalon 204 trial patients (aged between 18 years and older) with AML were randomized either with

chemotherapy (MEC/HiDAC) or lestaurtinib (80 mg/day every 12 h, beginning two days after the

completion of chemotherapy (day seven)). Lestaurtinib failed to improve the outcomes; however, only

58% of the patients in lestaurtinib arm reached LT3 inhibition; as estimated from the PIA assay, on day

15 and those improved response rate and OS [67].

Midostaurin (PKC412) is an inhibitor of FLT3 tyrosine kinase, VEGFR, PDGFR, and c-KIT. In a

phase I trial of midostaurin, 35% and 25% of the patients show reduction in the amount of peripheral

and bone marrow blasts [68]. The ongoing CALGB study clarifies the addition of midostaurin to

induction, consolidation therapy and followed single agent midostaurin as maintenance treatment as

frontline therapy of younger adult patients with AML (ClinicalTrials.gov: NCT00651261).

In conclusion, with the continued progress of novel drugs targeting specific pathways in acute

leukemia, AML treatment may be brought into a new era. It is important to note that more clinical

trials should be conducted in order to understand the benefit of targeted agents in AYA population.

7. Conclusions

Age is an independent prognostic factor in AML; the prognosis of AYAs diagnosed with AML is

better than those in young adult patients. However, there were no genetic or phenotypic abnormalities

reported on AML in AYAs. Treating AYA patients with AML is still challenging since there is no

data clarifying the kind of relevant therapy for AYA. Based on limited prospective and retrospective

AYA studies, a prospect for cure of about 50% was achieved whether treated on an adult or pediatric

protocol. We therefore suggest that encouraging AYAs to participate in clinical trials is the only way to

improve response rate.
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Abstract: Pediatric acute myeloid leukemia (AML) represents 15%–20% of all pediatric acute

leukemias. Survival rates have increased over the past few decades to ~70%, due to improved

supportive care, optimized risk stratification and intensified chemotherapy. In most children, AML

presents as a de novo entity, but in a minority, it is a secondary malignancy. The diagnostic classification

of pediatric AML includes a combination of morphology, cytochemistry, immunophenotyping and

molecular genetics. Outcome is mainly dependent on the initial response to treatment and molecular

and cytogenetic aberrations. Treatment consists of a combination of intensive anthracycline- and

cytarabine-containing chemotherapy and stem cell transplantation in selected genetic high-risk cases

or slow responders. In general, ~30% of all pediatric AML patients will suffer from relapse, whereas

5%–10% of the patients will die due to disease complications or the side-effects of the treatment.

Targeted therapy may enhance anti-leukemic efficacy and minimize treatment-related morbidity

and mortality, but requires detailed knowledge of the genetic abnormalities and aberrant pathways

involved in leukemogenesis. These efforts towards future personalized therapy in a rare disease,

such as pediatric AML, require intensive international collaboration in order to enhance the survival

rates of pediatric AML, while aiming to reduce long-term toxicity.

Keywords: pediatric AML; clinical management; cytogenetics; molecular aberrations

1. Clinical Introduction

1.1. Epidemiology of AML

In children, the most frequently occurring hematological malignancies include acute leukemias,

of which 80% are classified as acute lymphoblastic leukemia (ALL) and 15%–20% as acute myeloid

leukemia (AML). The incidence of AML in infants is 1.5 per 100,000 individuals per year, the incidence

decreases to 0.9 per 100,000 individuals aged 1–4 and 0.4 per 100,000 individuals aged 5–9 years, after

which it gradually increases into adulthood, up to an incidence of 16.2 per 100,000 individuals aged

over 65 years [1]. The underlying cause of AML is unknown, and childhood AML generally occurs de

novo. In adult and elderly patients, AML is often preceded by myelodysplastic syndrome (MDS), but

in children, the occurrence of AML preceded by clonal evolution of preleukemic myeloproliferative

diseases, such as MDS or juvenile myelomonocytic leukemia (JMML), is rare. Germline affected

individuals, such as those with Fanconi anemia or Bloom syndrome, have an increased risk for

developing AML as a secondary malignancy [2,3]. Recently, germ-line mutations in several genes,

such as TP53, RUNX1, GATA2 and CEBPA, have been found in families with an unexplained high risk

of AML, suggesting a familial predisposition to develop AML [4–8].

Children with Down syndrome classically present with a unique megakaryoblastic subtype of

AML, classically following a transient myeloproliferative disorder in the neonatal period, which

is characterized by somatic mutations in the GATA1 gene. The leukemic cells of patients with
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Down syndrome are usually highly sensitive to chemotherapy with an exceptional high survival

rate, and therefore it is possible to treat these patients with adjusted treatment protocols [9]. In

addition, AML may occur following previous radiotherapy or chemotherapy containing alkylating

agents or epipodophyllotoxins, as secondary neoplasm. These are typically characterized by either

MLL-rearrangements or by monosomy 7 [10,11].

1.2. Diagnostic Approach and Classification

AML is a heterogeneous disease with respect to morphology, immunophenotyping, cooperating

underlying germline and somatic genetic abnormalities, as well as clinical behavior. The

standard diagnostic process of AML is based on a combination of morphology, cytochemistry,

immunophenotyping, cytogenetic and molecular characterization of the leukemic blasts derived

from the bone marrow or peripheral blood [12]. Each AML patient can be risk-classified into a

clinically relevant subgroup. The previously used morphology-based French-American-British (FAB)

classification is nowadays replaced by the World Health Organization (WHO) classification, which

also takes karyotype and molecular aberrations into account (Table 1) [13,14]. Cytochemistry and

immunophenotyping is generally used to distinguish AML from ALL, which further classifies pediatric

AML according to the cell lineage of origin and differentiation stage at which the differentiation

arrest occurs. Especially for the diagnosis of FAB-types, M0 and M7 immunophenotyping is

indispensable [12,15]. The majority of chromosomal abnormalities is detected by conventional

karyotyping and complemented with FISH or reverse transcriptase PCR to detect relevant (cryptic)

translocations, fusion genes or loss of chromosome material [16]. In young children under two years of

age, it is important to search for specific pediatric AML translocations that are not yet acknowledged

in the WHO classification as separate entities, such as t(7;12)(q36;p13), also known as HLXB9-MNX1,

t(11;12)(p15;p13)/NUP98-KDM5A and t(1;22)(p13;q13)/RBM15-MKL1 [12,17–19].

Table 1. The WHO classification of acute myeloid leukemia (AML) and related neoplasms [14].

WHO Classification of AML and Related Neoplasms

Acute myeloid leukemia with recurrent genetic
abnormalities

AML with t(8;21)(q22;q22); RUNX1-RUNX1T1
AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22);

CBFB-MYH11
Acute promyelocytic leukemia with t(15;17)(q22;q12);

PML-RARA
AML with 11q23 (MLL) abnormalities

AML with t(6;9)(p23;q34); DEK-NUP214
AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2);

RPN1-EVI1
t(1;22)(p13;q13); RBM15-MKL1

Provisional entity: AML with mutated NPM1
Provisional entity: AML with mutated CEBPA

Acute myeloid leukemia with myelodysplasia-related changes

Therapy-related myeloid neoplasms

Acute myeloid leukemia, not otherwise specified

AML with minimal differentiation
AML without maturation

AML with maturation
Acute myelomonocytic leukemia

Acute monoblastic/monocytic leukemia
Acute erythroid leukemia
Pure erythroid leukemia

Erythroleukemia, erythroid/myeloid
Acute megakaryoblastic leukemia

Acute basophilic leukemia
Acute panmyelosis with myelofibrosis

Myeloid sarcoma

Myeloid proliferations related to Down syndrome
Transient abnormal myelopoiesis

Myeloid leukemia associated with Down syndrome

Blastic plasmacytoid dendritic cell neoplasm
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1.3. Treatment and Outcome

The clinical outcome of pediatric AML has improved significantly over the past few decades, with

current long-term survival rates of ~70% (Table 2) [20–30]. This improvement is due to intensification

of chemotherapeutic regimens, better risk-group stratification, better salvage at relapse and improved

supportive care. Risk-group stratification is usually based on (cyto)genetic abnormalities present in the

leukemic blasts in combination with early response to treatment, either specified as complete remission

(CR) rate after one or two courses or applying minimal-residual disease measurements, which in AML is

mainly based on flow-cytometry [31]. The chemotherapeutic regimens consist of 4–5 cycles of intensive

chemotherapy, typically including cytarabine combined with an anthracycline. In younger adult patients,

studies suggest that there is a benefit for outcome using high-dose cytarabine in induction, but from

previous trials, a similar effect in pediatric AML patients could not be confirmed [26,32]. In randomized

controlled trials, the anthracyclines, daunorubicin and mitoxantrone, resulted in similar overall survival,

but mitoxantrone-based treatment eventually resulted in a lower relapse rate [33]. When comparing

idarubicin and liposomal daunorubicin, survival was similar, whereas liposomal daunorubicin was more

effective in RUNX1/RUNX1T1 translocated cases and caused less treatment-related mortality [34].

The added value of hematopoietic stem cell transplantation (SCT) in newly-diagnosed pediatric

AML is under discussion, as in general, the occurrence of procedure-related deaths needs to be

counterbalanced by the reduction in relapse risk. The procedure-related deaths are dependent on the

intensity of the prior induction chemotherapy. SCT in first CR is therefore currently only recommended

for a selected subset of high risk cases in most European protocols. SCT plays a more prominent role

in most North-American treatment protocols [35,36]. Recent studies show an increase in survival after

SCT now that stricter risk stratification is improving. Currently, several trials include minimal residual

disease (MRD) levels after Courses 1 or 2 in risk stratification for SCT [37–40]. Of note is that the excess

in mortality and the burden of disease long after myeloablative therapy are not taken into account in

the reported survival.

Despite intensive treatment, ~30% of the pediatric patients relapse, and outcome is poor, reflected

by the ~30%–40% of patients surviving in the largest and most recent series reported to date [41,42].

Nevertheless, the high frequency of treatment-related deaths (5%–10%), both in treatment protocols for

newly-diagnosed, as well as for relapsed disease, and the occurrence of long-term side effects, such as

anthracycline-induced cardiomyopathy, illustrate that further intensification of chemotherapy seems

no longer feasible [43]. Therefore, knowledge on the molecular and genetic background is of utmost

relevance in order to detect novel, leukemia and patient-specific treatment targets.

1.4. Relevant Molecular and Genetic Aberrations in Pediatric AML

AML is thought to arise from at least two classes of cooperating genetic events [44]. Type I

abnormalities result in increased, uncontrolled proliferation and/or survival of the leukemic cell and

are often activating mutations of genes involved in signal transduction pathways, such as FLT3, KIT,

N-RAS, K-RAS and PTPN11. Type II abnormalities impair differentiation and mainly result from

genetic aberrations in hematopoietic transcription factors, due to, for instance, the AML-characteristic

translocations t(8;21)(q22;q22)/AML1-ETO and 11q23/MLL rearrangements or from mutations in

genes, such as NPM1 and CEBPA [7,45–48]. The most common cytogenetic abnormalities (Type

II) in children are t(8;21)(q22;q22), inv(16)(p13.1q22) (together referred to as core binding factor

(CBF)-AML), t(15;17)(q22;q21) and 11q23/MLL-rearranged abnormalities (Figure 1A) [49–52]. Together,

these account for approximately half of all pediatric AML cases, a much higher frequency than in

adults. Some translocations, for example t(1;22)(p13;q13), t(7;12)(q36;p13) and t(11;12)(p15;p13), are

specific for children and are rarely or never found in adults [17–19,53–57]. Translocations involving

hematopoietic transcription factors often lead to dysregulated gene expression, either as a result of the

fusion partner itself or the recruitment of different co-factors to the transcription complex. For example,

the MLL gene has histone methyltransferase activity and is part of a chromatin modifying complex.

More than 60 fusion partners have been identified in AML, but the breakpoint of the MLL gene is
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highly conserved [58,59]. Fusion proteins lead to a gain of function of the MLL-complex, resulting in

inappropriate histone modification and increased expression of MEIS1 and, specifically, HOXA genes,

maintaining a stem-cell phenotype. In addition, the presence of DOT1L, which is recruited into the

MLL-complex, is required for the leukemogenic activity of several MLL rearrangements and may be a

target for treatment [60,61].

Only 20%–25% of pediatric AML cases are cytogenetically normal [48,62]. Of interest in these

cases, specific Type II mutations and translocations are identified in ~70% of the cases, such as

NPM1 mutations, biallelic CEBPA mutations, as well as the cryptic translocations, NUP98/NSD1,

all invisible with conventional karyotyping and, hence, requiring additional molecular diagnostics

(Figure 1B) [17,46,57,63].

The combination of the Type I and Type II mutations does not seem to be completely random;

specific combinations seem more prevalent, such as the Ras pathway mutations, which are often found

in combination with MLL-rearrangements, KIT mutations, which are mainly found in CBF-AML, and

FLT3-itd, which is often seen in combination with PML/RARA and NUP98/NSD1 (Figure 1) [48,57].

Mutations in epigenetic regulators, such as EZH2, ASXL1 and DNMT3A, add another level of

complexity and contribute to both the maturation arrest and proliferative capacity, which are needed

to develop AML (Figure 2) [63–71]. These mutations are rare in pediatric AML, but specific Type II

subgroups present with an altered methylation (hypo- or hyper-methylation), which may indicate

that these children could benefit from treatment with demethylating agents or histone modification

inhibitors, as recently described for infants suffering from ALL [72].

Figure 1. Cont.
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Figure 1. Distribution of Type I/II abnormalities in pediatric AML. (A) Cooperating Type I and Type

II mutations in pediatric AML. The circos plot [73] depicts the frequency of the Type II mutations

and co-occurrence of Type I mutations in patients with de novo pediatric AML. The length of the arch

corresponds to the frequency of the Type II mutation and the width of the ribbon with the percentage

of patients with a specific Type I mutation or a combination of Type I mutations. FLT3/ITD denotes

FLT3 internal tandem duplication; (B) Cooperating Type I and Type II mutations in cytogenetically

normal AML. The circos plot [73] depicts the frequency of the Type II mutations and co-occurrence of

Type I mutations in patients with de novo pediatric cytogenetically normal AML. The length of the arch

corresponds to the frequency of the Type II mutation, and the width of the ribbon with the percentage

of patients with a specific Type I mutation or a combination of Type I mutations. FLT3/ITD denotes

FLT3 internal tandem duplication.
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Table 2. Survival of pediatric AML.

Study
Group

Study and
Inclusion Time

(Calendar Years of
Inclusion)

Patients
(n)

Patients Treated
with SCT (n)

EFS (%) OS (%) Relapse (%) Source

BFM-SG
AML-BFM 2004

(2004–2010)
521 NA 5 years 55 ± 2 5 years 74 ± 2 29 Creutzig et al., 2013 [34]

JACLS
AML99 (2003–2006) 146 22 (15%) 5 years 66.7 ± 4.0 5 years 77.7 ± 8.0 30.2 Imamura et al., 2012 [74]

AML99 (2000–2002) 240
Allo-SCT 41

(17%) Auto-SCT
5 (2%)

5 years 61.6 ± 6.5 5 years 75.6 ± 5.3 32.2 Tsukimoto et al., 2009 [27]

AIEOP
AML2002/01
(2002–2011)

482
Allo-SCT 141

(29%) Auto-SCT
102 (21%)

8 years 55.0 ± 2.6 8 years 67.7 ± 2.4 24 Pession et al., 2013 [30]

COG
AAML03P1
(2003–2005)

340 73 (21%) 3 years 53 ± 6 3 years 66 ± 5 33 ± 6 Cooper et al., 2012 [75]

NOPHO
NOPHO AML 2004

(2004–2009)
151 22 (15%) 3 years 57 ± 5 3 years 69 ± 5 30

Abrahamsson et al., 2011
[20]

MRC
MRC AML12
(1995–2002)

564 64 (11%) 10 years 54 10 years 63 32 Gibson et al., 2011 [33]

SJCRH AML02 (2002–2008) 216 59 (25%) 3 years 63 3 years 71 21 Rubnitz et al., 2010 [26]

PPLLSG
PPLLSG AML-98

(1998–2002)
104

Allo-SCT 14
(13%) Auto-SCT

8 (8%)
5 years 47 ± 5 5 years 50 ± 5 24

Dluzniewska et al., 2005
[76]

Abbreviations: n, indicates number; SCT, stem cell transplantation; EFS, event-free survival; OS, overall survival;
BFM-SG, Berlin-Frankfurt-Munster-Study-Group (Germany); AML, acute myeloid leukemia; JACLS, Japan
Association of Childhood Leukemia Study; Allo, allogeneic; Auto, autologous; AIEOP, Italian association of
Pediatric Hematology and Oncology (Associazione Italiana Ematologia Oncologia Pediatrica); COG, Childhood
Oncology Group (United States of America); NOPHO, Nordic Society of Pediatric Haematology and Oncology;
MRC, Medical Research Council (United Kingdom); SJCRH, St. Jude Children’s Research Hospital (United States of
America); PPLLSG, Polish Pediatric Leukemia/Lymphoma Study Group.

Figure 2. Model of cooperating genetic events in AML. Different types of genetic and epigenetic events

collaborate in leukemogenesis.

1.5. Prognostic Factors and Risk Group Stratification

Most important prognostic factors for the survival of pediatric AML are the initial response to

treatment and the underlying genetic and molecular aberrations [12,77,78]. CBF-AML is a favorable

prognostic subgroup [48,52,79]. Outcome in MLL-rearranged AML is variable and depends on the

translocation partner. For example, the MLL-translocation t(1;11)(q21;q23) is associated with a very

favorable outcome in pediatric AML. In contrast, poor survival rates were reported in pediatric

AML with translocations t(6;11)(q27;q23) and t(10;11)(p12;q23) [80,81]. The acute megakaryoblastic

leukemias (AMKL, FABM7) in non-Down syndrome patients represent a subgroup with poor outcome,

with the exception of AMKL harboring t(1;22)(p13;q13), which seems to confer a favorable prognostic

group, in contrast to Down syndrome, where AMKL confers a favorable outcome [9,17]. Monosomy 7

is a well-known poor-prognostic factor and confers a worse outcome [52,82]. Deletion of 7q is described

as an intermediate risk in the prognosis in adults, in contrast to the outcome of pediatric AML with

a 7q deletion in children. In those pediatric patients, the outcome seems to be dependent on other
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cytogenetic abnormalities in the leukemic cell [52,82]. The described poor prognostic abnormalities in

adult AML of chromosomes 3q and 5q and the monosomal karyotypes are rare in children [30,83–85].

Overexpression of EVI1 caused by 3q26 abnormalities predicts an adverse outcome in adult AML, but

EVI1 overexpression is not an independent prognostic factor in pediatric AML [86,87]. The Type I

mutations of WT1 and FLT3-itd predict a poor outcome, the latter dependent on the allele ratio, and

these mutations are described as events in clonal evolution towards relapse [88].

A special subtype of pediatric AML is the cytogenetically normal (CN) AML group, where clinical

outcome is highly dependent on the presence of single-gene mutations or cryptic translocations. Of

special interest are NPM1 and bi-allelic CEBPA mutations, conferring a favorable prognosis, while the

cryptic translocation NUP98/NSD1 confers a poor prognosis, due to a poor response to treatment and

a high risk for relapse, independent of the poor prognostic Type I FLT3-itd abnormality [46,57,89].

2. Future Strategies

2.1. Genomic Approaches to Unravel the Biology of Pediatric AML

In order to provide more insight into the heterogeneity and biology of AML, genome-wide

approaches have been recently employed, although the success rate is variable. Array-based

comparative genomic hybridization (array-CGH) and single-nucleotide polymorphism (SNP) arrays

identified several regions with loss of heterozygosity and recurrent copy number variations (CNVs),

albeit with low frequency in AML [90]. These CNVs included aberrations in WT1, NF1 and TET2, the

latter being more common in adults than in children [47,65,67,91].

Gene expression profiling could predict the cytogenetic subtypes of AML with high accuracy,

although its value for diagnostic purposes remains limited, since most aberrations can be identified

with conventional karyotyping [92–95]. Nevertheless, novel genes involved in the pathogenesis of

pediatric AML subtypes were identified using this method, such as BRE and IGSF4 [96,97].

In addition to discovering novel gene mutations, next generation sequencing has also proven

to be a powerful tool in the study of the clonal evolution of both adult and pediatric AML [98,99].

By comparing the mutational spectrum of diagnosis-relapse pairs, it was shown that the founding

clone gained novel mutations and evolved into the relapse clone. Moreover, minor subclones present

at diagnosis can survive chemotherapy, gain mutations and present as dominant clones at relapse,

illustrating their leukemia-driving capacity. Therapeutic targeting of novel identified mutations to

prevent relapse may provide an improved outcome for selected patients [100,101].

Epigenetic profiling was able to distinguish cytogenetic subtypes of adult AML [102]. Differences

in promoter hypermethylation of selected genes between pediatric and adult AML warrant the profiling

of DNA methylation in pediatric AML [103]. These studies may point out subsets of patients eligible

for treatment with demethylating agents or histone modification inhibitors, as was shown for pediatric

ALL [72].

Differences in microRNA expression levels can classify several types of cancer [104]. Profiling

studies in adult AML have shown that variations in microRNA expression patterns are associated with

subtypes of AML and that specific microRNAs target genes of interest for the biology of AML [105–107].

In pediatric AML, microRNA expression patterns vary among subtypes of AML, as well, although

some differences in the expression patterns of specific microRNAs were observed between children

and adults [108].

2.2. Towards Optimized Therapy

The translation from molecular aberrations towards targeted therapy might be the solution to

improve outcome in the next few decades. Since further intensification of current chemotherapy

treatment seems not feasible in pediatric AML, due to high morbidity and mortality rates, new

therapeutic approaches that are more tumor-specific and cause less severe side effects are urgently
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needed. Some new compounds directed at specific molecular targets have already been investigated

in early clinical trials in pediatric AML.

Tyrosine kinase inhibitors directed at inhibiting the constitutive activation of the FLT3 gene are

among the best studied drugs in this respect in pediatric AML and include trials using PKC412,

CEP701, AC220 and sorafenib [109–111]. Recent data suggest a potentially generic mechanism of

drug resistance when combining these inhibitors with chemotherapy due to FLT3 ligand upregulation,

which questions their use in this fashion, although novel, more potent inhibitors may overcome

this [112,113]. In the AAML1031 study of the Childhood Oncology Group (COG), patients with a

FLT3 gene mutation are treated with sorafenib in addition to standard intensive chemotherapy [114].

However, there are no convincing randomized studies to date showing an increase in overall survival

in FLT3 mutated patients with such therapeutic regimens.

Other potential targets in AML include KIT and RAS gene mutations. Patients with KIT mutations

include the imatinib-resistant patients with the D816V/Y mutation, who are sensitive to dasatinib [48,115].

A phase I study of dasatinib has been completed in children [116]. There is an ongoing trial in adults

using dasatinib together with chemotherapy in CBF-AML [117]. No trials have been reported using small

molecule RAS-pathway inhibitors, e.g., MEK-inhibitors, after studies using farnesyl transferase inhibitors

failed to show a benefit in older patients with AML [118]. To inhibit signal transduction pathways, such

as the Ras-pathway, which is notorious for escaping behavior, which makes the leukemic cell survives

despite intensive chemotherapy, combinations of inhibitors may be more promising, and this approach

is currently being further explored in synthetic lethality screens, which combines different inhibitors in

order to find a lethal combination for the leukemic cells, for different types of cancer [119,120].

In MLL-rearranged AML, efforts are directed at developing targeted therapy, for instance by

inhibiting DOT1L, which is part of the MLL-complex, with current clinical trials ongoing [60].

Interestingly, these DOT1L inhibitors also seem valuable in the treatment of t(6;11)(q27;q23)-positive

cells, which lack DOT1L in the formed complex, indicating that this drug is able to target aberrant

H3K79 methylation [121].

Gemtuzumab ozogamicin is a conjugated monoclonal antibody against CD33 and linked to

a cytostatic agent, calicheamicin, an anti-tumor antibiotic. AML cells often express CD33 and are

therefore targeted by this drug. The first phase III studies did not show an improvement in disease-free

and overall survival in pediatric AML patients, but it was favorable in patients with refractory or

relapsed disease and was effective at reducing MRD levels before SCT [75,122–125].

Clofarabine is a purine nucleoside antimetabolite, registered for relapsed or refractory pediatric

ALL. Early trials in pediatric AML did not show convincing efficacy, probably due to the intensive

pre-treatment in these cases [126]. However, in refractory or relapsed pediatric AML patients, the

combination of clofarabine and cytarabine resulted in 48% responders, with a three-year overall

survival of 46% [127]. In ongoing studies, fludarabine, used in the “FLAG”-therapy, consisting of

fludarabine, cytarabine and G-CSF, is replaced by clofarabine, as well as clofarabine combined with

cyclophosphamide and etoposide [128]. Another phase II study showed a beneficial outcome for

patients treated with the combination of clofarabine, topotecan, vinorelbine and thiotepa in pediatric

patients with refractory or relapsed AML [129].

In xenograft models, treatment of AML with a combination of decitabine, a hypomethylating

agent, and cytarabine was more effective at reducing tumor burden in comparison to cytarabine

alone [130]. Low-dose decitabine was administered to high-risk relapsed or refractory AML patients,

and 3/8 patients responded to this therapy [131]. Azacitidine, another hypomethylating agent, and

decitabine show comparable treatment efficacy, but azacitidine may result in less adverse events [132].

International collaboration, which has been pursued over the last few decades on the levels

of the International Berlin-Frankfurt-Munster Study Group (IBFM-SG), Innovative Therapies for

Children with Cancer (ITCC), European Network for Cancer Research in Children and Adolescents

(ENCCA), Therapeutic Advances in Childhood Leukemia (TACL) and Childhood Oncology Group

(COG), has been proven successful in clinical and biological studies and will speed up efforts
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to enhance therapeutic options and the availability of novel agents for individual pediatric AML

patients [12,17,28,80–82].

3. Conclusions

Current survival of pediatric AML is ~70%, and a therapeutic plateau has been reached with

current chemotherapy. Further intensification of treatment is not feasible because of toxicity. The

heterogeneity of AML is illustrated by the various prognostically relevant non-randomly associated

molecular and cytogenetic aberrations that were discovered in recent years. However, many

cooperating events in leukemogenesis still remain unknown. The application of new techniques,

especially next generation sequencing, will contribute to our understanding of the genetic landscape

of AML and enable the development of more targeted and personalized therapy in the near future. To

achieve such goals for such a rare disease as pediatric AML, international collaboration is crucial.
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Abstract: Graft versus host disease (GVHD) remains one of the leading causes of morbidity and

mortality associated with conventional allogeneic hematopoietic stem cell transplantation (HCT). The

use of T-cell depletion significantly reduces this complication. Recent prospective and retrospective

data suggest that, in patients with AML in first complete remission, CD34+ selected grafts afford

overall and relapse-free survival comparable to those observed in recipients of conventional grafts,

while significantly decreasing GVHD. In addition, CD34+ selected grafts allow older patients, and

those with medical comorbidities or with only HLA-mismatched donors to successfully undergo

transplantation. Prospective data are needed to further define which groups of patients with AML are

most likely to benefit from CD34+ selected grafts. Here we review the history of T-cell depletion in

AML, and techniques used. We then summarize the contemporary literature using CD34+ selection

in recipients of matched or partially mismatched donors (7/8 or 8/8 HLA-matched), and provide a

summary of the risks and benefits of using T-cell depletion.

Keywords: AML; CD34+ selection; T-cell depletion; graft-versus-host disease; hematopoietic stem

cell transplantation

1. Introduction

Cytogenetic risk stratification in acute myelogenous leukemia (AML) allows clinicians to

determine which patients are most likely to benefit from allogeneic hematopoietic stem cell

transplantation (HCT), with evidence to support a survival advantage in patients with intermediate

or high-risk cytogenetics [1]. In addition to more accurate patient selection based on cytogenetic

risk factors, over the past decades, transplantation outcomes have also improved as a result of more

accurate patient selection tools, such as the HCT Sorror comorbidity index [2], improvements in HLA

matching techniques and supportive care.

Despite these improvements, graft-versus-host disease (GVHD) remains a leading cause of

post-transplant morbidity and mortality. A variety of T-cell depletion (TCD) techniques have been

developed and used over the years in an effort to reduce transplant-related mortality (TRM) due to

GVHD (Table 1). In this chapter we will focus on outcomes of HCT using T cell depletion for the

treatment of AML in recipients of matched or partially mismatched donors (7/8 or 8/8 HLA-matched),

with a primary focus on ex vivo CD34+ selection of the graft. Other methods of T-cell depletion will be

mentioned for historic context only.
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2. T-Cell Depletion Techniques

The goal of T-cell depleting a graft is to reduce GVHD while maintaining the graft-versus-leukemia

or lymphoma (GVL) effect. A variety of TCD techniques have been used with mixed results. When

reviewing reports utilizing TCD for transplantation it is critical to determine the following: (1)

Which technique is being used? (2) Which cell population is being removed (i.e., T, B, NK or

all non-hematopoietic cells) and to what extent? Different techniques lead to both quantitative

and qualitative differences in the cells being depleted with important clinical implications; (3) Is

post-transplant GVHD prophylaxis utilized? and (4) What is the graft source and what is the degree of

HLA matching? All of these factors significantly affect outcomes and therefore must be considered

when interpreting published reports.

Early TCD techniques differed in the use of negative vs. positive selection. Negative selection

can be achieved either through physical methods such as counterflow elutriation [3–5] or soybean

lectin agglutination (SBA) and sheep red blood cell (sRBC)-rosette depletion (E-rosetting) [6–10], or

immunological methods using monoclonal antibodies [5,11–29]. Monoclonal antibodies can be used

with or without complement, or conjugated to toxins. Antibodies vary in their specificities, which can

be narrow, such as T10B9 targeting the α/β T cell receptor (TCR), or broad, such as combination of

antibodies targeting CD2, CD4 and CD8 [30].

Table 1. Results of T-cell depletion (TCD)-PBSCT in patients with acute myelogenous leukemia (AML) 1.

Method
Number of

Patients
Patients

With AML
Donor

Degree of
Depletion

GVHD
Prophylaxis

Acute
GVHD

Graft
Failure

EFS/DFS 2 OS 2 Reference

CD34+ 50 29 HLA-MRD NR

Cyclosporine
or

Cyclosporine
+ Steroids

16% 0 DFS 65% Not reported [31]

CD34+E− 52 21 HLA-MRD 5 logs None 8% 0 NR 17% 1 year [32]

CD34+E− 29 16
HLA-MUD

or
HLA-MMUD

5 logs None 9% 3%
57% at 4

years
59% at 4 years [33]

CD34+ 47 47 HLA-MRD 4.9 logs None 22.7% 0
EFS 63% at 4

years
71% 4 years [34]

CD3/CD19
depletion

29 16 Haplo 4.4 logs None 48% 0
35% at 1

year
31% at 241 days [35]

CD34+E−
or CD34+

115 115
HLA-MUD

or MRD
NR None 5%

RFS 58% at 3
years

57% at 3 years [36]

1 Abbreviations: CD34+: CD34-selection; CD34+E−: CD34-selection and E-rosetting; NR: not reported; 2 DFS and
OS are reported for the entire patient population included in the studies.

Currently, the most common method for T cell depletion relies on positive selection of CD34+

hematopoietic stem cells from the graft [32–34,36,37]. CD34+ selection of peripheral blood stem

cells (PBSCs) was performed in initial studies with the ISOLEX 300i magnetic cell selection system

(Baxter, Deerfield, IL, USA), followed by E-rosetting [32,33,37]. The ISOLEX device is no longer

being manufactured, and the most commonly used method in current studies uses immunomagnetic

beads with the CliniMACS CD34 Reagent System (Miltenyi Biotech, Gladbach, Germany) for CD34+

selection [31,34,37]. The CliniMACS system can also be used to negatively select grafts through

depletion of CD3+ and CD19+ cells or depletion of TCRαβ+ T cells [35,38–41]. The two CD34+

selection methods differ in the degree of TCD; for example, the CliniMACS CD34 Reagent System

can achieve a 5-log reduction in T cells, whereas the ISOLEX 300i system achieves a 3.5-log reduction,

requiring additional T-cell depletion through E-rosetting.

The cell dose and graft source also impact outcomes. In recipients of T-cell depleted marrow

grafts from HLA-identical donors, the risk of GVHD was shown to increase if the graft contained >1

× 105 T cells/kg [42]. Differences between TCD methods can have a significant impact on clinical

outcomes, including the risk of graft failure, GVHD and relapse.
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3. Outcomes in AML with T-Cell Depletion

One of the primary benefits of allogeneic HCT is derived from the GVL effect, driven by the

recognition of tumor cells by donor T cells. Therefore, a concern in the utilization of TCD is the

potentially negative impact on relapse resulting from reduced T-cell doses included in the graft.

However, it is clear that certain diseases rely more on the GVL effect than others. For example,

early studies with TCD in chronic myelogenous leukemia (CML) were associated with a significantly

increased risk of relapse. In a retrospective study of 46 patients who received TCD grafts form

HLA-identical siblings, relapse at 3-years was significantly higher in the TCD group (62% vs. 24%,

p = 0.0003). However, a significant proportion of these patients were then salvaged with donor

lymphocyte infusion (DLI), supporting the role of GVL for this disease [43].

On the other hand, studies utilizing TCD in AML and ALL have shown favorable outcomes

in recipients of 7/8 or 8/8 HLA matched related or unrelated donors that are comparable to those

seen in unmodified, conventional grafts, calling into question the contribution of GVL in those

diseases [34,36,44,45].

4. TCD in AML—Early Studies

Studies using TCD done in the 1980’s and 1990’s mostly used bone marrow from sibling donors as

the graft source and used a variety of techniques (lectin separation, elutriation, E-rosettes, antibodies

against T and NK cells, antibodies with or without complement). These techniques were associated

with a 1–2 log reduction in T cells in the graft, and patients were often given post-transplant

cyclosporine for additional GVHD prophylaxis. These studies were also associated with increased graft

failure [8,46]. The addition of antithymocyte globulin (ATG) and thiotepa to the conditioning regimens,

which had traditionally included cyclophosphamide and total body irradiation (TBI) or busulfan,

decreased the rate of graft failure and eliminated the need for post transplant GVHD prophylaxis.

Favorable results were reported in recipients of HLA-identical donors using this approach along

with sequential soybean lectin agglutination and sheep red blood cell-rosette depletion. A study by

Papadopoulos et al. included 31 patients with AML in CR1 or CR2 and showed a disease-free survival

(DFS) at 4 years of 70% with no GVHD or graft rejection [9]. Similar results were reported by Aversa et

al. using the same regimen in 54 patients with acute leukemia, including 2 with HLA-DR mismatched

donors [10]. No GVHD or graft rejection was observed and the event-free survival at 4.9 years was

74% in 30 patients with AML.

These early studies demonstrated the feasibility of TCD, and overcame graft rejection with

the utilization of ATG, at the expense of added immunosuppression and ensuing delayed

immune recovery.

5. TCD in AML—Contemporary Studies

Contemporary studies have utilized two main approaches of TCD by CD34+ selection described

above, either the ISOLEX 300i Magnetic Cell Separator followed by sRBC-rosette depletion or, more

recently, the Miltenyi CliniMACS CD34 Reagent System. In 2011, Devine et al. [34] reported the results

of a Blood and Marrow Clinical Trials Network study (BMT CTN 0303) utilizing CD34+ selection

with the Miltenyi CliniMACS CD34 Reagent System. The study included 44 patients with AML in

CR1 or CR2 (excluding patients with t(15;17), and core binding factor leukemia) who received T cell

depleted PBSCT from HLA-identical siblings after conditioning with hyperfractionated TBI (HFTBI),

thiotepa, cyclophosphamide and ATG. No additional GVHD prophylaxis was given. All patients

engrafted; the incidence of aGVHD (grades II–IV) was 22.7% and extensive cGVHD was 6.8% at

2 years. The relapse rate at three years for patients in CR1 was 17.4%, with a DFS for all patients

at 6 months of 82% and a 2-year OS of 60%. Rates of infection were comparable to other studies;

however EBV reactivation occurred in 18% of patients leading to 1 death from Epstein-Barr Virus

(EBV) post-transplant lymphoproliferative disease (PTLD) [36,47,48]. In a second report, the outcomes
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of patients from the BMT CTN 0303 study were compared to a similar cohort of patients (AML in

either CR1 or CR2, PBSCT from HLA-identical siblings) who received a conventional HCT on BMT

CTN 0101 study (a study comparing fluconazole with voriconazole as antifungal prophylaxis after

HCT) [44]. There were no differences in leukemia relapse (23% vs. 27% in the TCD and conventional

graft groups, respectively) and 2-year OS (65% vs. 59% in the TCD and conventional graft groups,

respectively). However rates of GVHD were higher in the conventional graft group (aGVHD 23% vs.

39%, p = 0.07 and cGVHD 19% vs. 50%, p < 0.001).

More recently, a retrospective study compared the use of TCD HCT to conventional grafts in

patients with AML in CR1 by examining outcomes of 115 patients who received TCD grafts at Memorial

Sloan Kettering Cancer Center (MSKCC) with a cohort of 181 patients at MD Anderson Cancer Center

(MDACC) [36]. A hundred and seven patients in the MSKCC cohort received PBSC grafts, including

85 that were CD34-selected with the ISOLEX 300i Magnetic Cell Separator followed by sRBC-rosette

depletion, and 22 with the Miltenyi CliniMACS CD34 Reagent System. Patients at both centers

received myeloablative conditioning (MAC) and both cohorts included recipients of matched related,

matched unrelated and mismatched donors. Patients at MSKCC were more likely to be recipients of

a mismatched graft (27% vs. 14%, p < 0.001). Patients at MSKCC did not receive additional GVHD

prophylaxis. Patients at MDACC received tacrolimus and mini-methotrexate for GVHD prophylaxis,

and ATG for HLA-mismatched donors. There were no significant differences in the rate of relapse at 3

years between groups (18% vs. 25%, in the TCD vs. conventional grafts, respectively, p = 0.3). However,

rates of GVHD were significantly lower in the TCD group (5% vs. 18% for aGVHD, p = 0.005, and 13%

vs. 53% for cGVHD, p < 0.001).

Although contemporary studies that compare outcomes of conventional to TCD grafts are

retrospective, the results suggest that TCD transplants offer similar DFS and OS with significantly

lower rates of GVHD.

As noted above additional TCD approaches are being investigated beyond CD34 selection [35,38–41].

The potential advantages of negative selection by depletion of CD3+/CD19+ or TCRαβ+ T cells include

the presence of additional cells in the graft such as natural killer (NK) cells or TCRγδ+ T cells, which may

play a role in relapse or infection prevention. To date, the published studies of these approaches have

been in recipients of haplo-identical grafts and there has been limited data on patients with AML. In a

study by Bethge et al. [35], EFS was 35% at one year in 16 patients with AML who received a CD3/CD19

depleted transplant from a haplo-identical donor.

Finally, an alternative GVHD prophylaxis approach that will be compared to CD34-selection

in an upcoming phase 3 trial (BMT CTN 1301) relies on the use of post-transplant high dose

cyclophosphamide after a T-replete bone marrow graft from a matched donor [49–51]. In a recently

published study using this approach in 138 patients with AML, the 3-year DFS and OS were 43% (95%

CI, 35% to 52%) and 53% (95% CI, 45% to 62%), respectively [50]. DFS (48% vs. 29% at 3 years) and OS

(55% vs. 50% at 3 years) were higher in patients with AML in morphologic CR compared to those with

active disease. The approach was associated with low rates of grade III to IV acute GVHD (11% at 100

days) and chronic GVHD (13% at 2 years).

6. Impact of T-Cell Depletion on Engraftment and Immune Reconstitution

Hematopoietic stem cell transplantation, regardless of donor source and manipulation, is

associated with significant and prolonged immunosuppression and risk of severe and fatal

infections [48,52], disease relapse and secondary malignancies [20,53]. The use of TCD, whether

in vivo with agents such as alemtuzumab or ATG, or ex vivo with T-cell depletion considerably affects

immune recovery. In early studies comparing immune reconstitution in TCD and unmodified grafts

the rate of CD3+, CD4+ and CD8+ T cell reconstitution was significantly delayed in TCD recipients,

correlating with increased risk of infections, including EBV-PTLD [48,54]. T-cell receptor (TCR) studies

using 5′-RACE PCR with deep sequencing have confirmed these findings by showing more rapid

recovery of TCR diversity in conventional graft recipients compared to TCD grafts [55]. Lower T-cell
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levels result from decreased thymic output, which can be quantified via measurements of T-cell

receptor excision circles (TRECs). Studies have shown that older patients and recipients of TCD

grafts have lower TRECs than unmodified graft recipients; however this difference abates beyond 9

months [56].

ATG plays an important role in TCD by reducing the risk of graft rejection. However it is

associated with delayed immune recovery and an increased risk of opportunistic infections (OI), with

approximately 15% of the patients in early TCD studies dying from OIs [9,10]. Furthermore, a study of

immune reconstitution in patients receiving TCD grafts with or without ATG found delayed immune

reconstitution with ATG, which was associated with increased OIs [54]. Although studies of TCD

performed without ATG by substituting cyclophosphamide with fludarabine have demonstrated

durable engraftment in recipients of matched related donors, there did not appear to be a significant

effect on immune recovery or the risk of OIs [32].

It is important to note however that, in addition to age and TCD, the presence of GVHD also

significantly hampers immune reconstitution via direct effects on the thymus [57–59], as well as the

immunosuppressive drugs required for treatment of GVHD [60–64]. Although TCD impacts immune

reconstitution leading to higher infection related deaths, GVHD in conventional grafts similarly leads

to increased mortality. This is a potential explanation for the similar RFS and OS outcomes observed in

patients with AML in the MSKCC/MDACC retrospective study and the BMT CTN study [36,44].

7. Strategies to Enhance Immune Recovery Post HCT

HCT affords a curative treatment option to many patients with otherwise incurable malignancies.

However, the benefit of this therapy comes at the risk of significant complications, including infection,

GVHD, relapse and secondary malignancies [20,48,52,53,65,66]. The rationale for TCD is to mitigate

GVHD while preserving the benefit of GVL. TCD and HCT in general, are associated with prolonged

immunosuppression. Therefore, strategies to optimize post transplant immunity, enhance GVL, while

minimizing infectious complications are needed.

The addition of T cells post transplantation represents one such strategy. In one recent study,

19 pediatric patients (13 transplanted for malignant disease) received CD34+ selected matched

unrelated donor (MUD) HCT with CD3+ T cells added back, at a dose of 1.0–2.5 × 105 CD3+/kg,

and tacrolimus for GVHD prevention [67]. Rates of aGVHD, cGVHD and extensive cGVHD were

15.8%, 23.3% and 0%, respectively, which are low compared to conventional HCT. All patients on this

study had neutrophil engraftment, and infection-related mortality at one year was 5%–6%, showing

the feasibility of this approach. This approach has also been used in recipients of CD34-selected

haplo-identical grafts [68]. The same group previously reported low rates of acute and chronic GVHD

in a retrospective series of 16 patients who received DLI (up to 6 × 104 CD3+/kg) from haplo-identical

donors to enhance immune recovery and/or treat infections [69]. One ongoing trial is evaluating the

effect of serial DLI post TCD in patients with advanced multiple myeloma (NCT01131169).

Another strategy to boost immune reconstitution post-transplant is the use of Keratinocyte

Growth Factor (KGF). KGF has been shown in pre-clinical models to play an important role in T cell

homeostasis and immune recovery, as well as in thymic regeneration after radiation injury [70–72].

Based on these data, KGF along with sex steroid ablation is being studied in an ongoing phase II

clinical trial (NCT01746849).

We recently published the results of a phase I study using recombinant human IL-7 (rhIL-7,

CYT107, Cytheris) in recipients of TCD HCT and demonstrated enhanced immune recovery, with

significant increases in CD4+ and CD8+ T cells along with increased T cell function, without causing

significant GVHD or other serious toxicity [73].

8. Benefits of TCD HCT in AML

Although reduced intensity conditioning (RIC) regimens allow older patients to undergo HCT,

they are associated with higher relapse rates in AML [74,75]. However, the combined toxicity of GVHD
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prophylaxis that usually includes a calineurin inhibitor (CNI) and methotrexate with myeloablative

conditioning (MAC), makes this approach prohibitive in older patients. Unlike conventional grafts,

CD34+ selected grafts do not require post-transplant GVHD prophylaxis, and as a result, older patients

can be treated with MAC. In addition, patients with renal insufficiency can also successfully undergo

transplantation by avoiding the use of CNIs.

The use of CD34+ selected grafts is associated with significant reductions in both acute and chronic

GVHD. In addition to the obvious advantage of lowering GVHD, patients without fully matched

donors are also able to undergo transplantation, therefore expanding the pool of potential donors.

Finally, CD34+ selected grafts are an ideal platform for post-transplant immunotherapy with

adoptive cell therapy targeting both minimal residual disease and viral reactivation by CMV and EBV,

among others [76–79]. The administration T cells specific for tumor or viral antigens post-transplant

has the potential advantage of overcoming any loss of GVL or increased infectious risk associated with

TCD without affecting the benefit of reduced GVHD.

9. Conclusions

After three decades of investigation, it is reasonable to consider CD34+ selected allografts for patients

with AML in CR1 based on prospective data [34], and well conducted retrospective studies [36,44].

These contemporary studies are significantly more homogeneous in their methodology and patient

inclusion than prior studies, mostly using the CliniMACS CD34 Reagent System for CD34+ selection, and

reporting consistent favorable outcomes for patients with AML in CR. The use of CD34+ selected

grafts overcomes the morbidity and mortality associated with GVHD, a significant contributor of

transplant-related complications, without compromising the benefit of transplantation and affording the

same overall survival as conventional transplantation.

TCD represents an important step in graft manipulation, allowing older patients, and those with

comorbidities to successfully undergo transplantation. Ongoing research aims to continue to decrease

morbidity and mortality associated with transplantation by improving immune reconstitution and the

GVL effect.

As mentioned above, an ongoing national phase 3 trial will compare TCD with the CliniMACS

CD34 Reagent System to post-transplant cyclophosphamide [49], and a control arm (tacrolimus and

methotrexate) in patients with acute leukemia and MDS who are eligible for a MAC transplant from a

matched related or unrelated donor (BMT CTN 1301).

Acknowledgments: This work was supported in part by PO1 CA23766 from the National Cancer Institute.
The content is solely the responsibility of the authors and does not necessarily represent the official views of the
National Institutes of Health. Gabriela Soriano Hobbs was supported in part by an American Society of Clinical
Oncology Young Investigator Award.

Author Contributions: Gabriela Soriano Hobbs and Miguel-Angel Perales wrote reviewed the literature, wrote
the manuscript and edited its contents.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Koreth, J.; Schlenk, R.; Kopecky, K.J.; Honda, S.; Sierra, J.; Djulbegovic, B.J.; Wadleigh, M.; DeAngelo, D.J.;

Stone, R.M.; Sakamaki, H.; et al. Allogeneic stem cell transplantation for acute myeloid leukemia in first

complete remission: Systematic review and meta-analysis of prospective clinical trials. JAMA 2009, 301,

2349–2361. [CrossRef] [PubMed]

2. Sorror, M.L.; Maris, M.B.; Storb, R.; Baron, F.; Sandmaier, B.M.; Maloney, D.G.; Storer, B. Hematopoietic cell

transplantation (HCT)-specific comorbidity index: A new tool for risk assessment before allogeneic HCT.

Blood 2005, 106, 2912–2919. [CrossRef] [PubMed]

3. De Witte, T.; Hoogenhout, J.; de Pauw, B.; Holdrinet, R.; Janssen, J.; Wessels, J.; van Daal, W.; Hustinx, T.;

Haanen, C. Depletion of donor lymphocytes by counterflow centrifugation successfully prevents acute

graft-versus-host disease in matched allogeneic marrow transplantation. Blood 1986, 67, 1302–1308. [PubMed]

145



J. Clin. Med. 2015, 4, 488–503

4. Wagner, J.E.; Donnenberg, A.D.; Noga, S.J.; Cremo, C.A.; Gao, I.K.; Yin, H.J.; Vogelsang, G.B.; Rowley, S.;

Saral, R.; Santos, G.W. Lymphocyte depletion of donor bone marrow by counterflow centrifugal elutriation:

Results of a phase I clinical trial. Blood 1988, 72, 1168–1176. [PubMed]

5. Wagner, J.E.; Thompson, J.S.; Carter, S.L.; Kernan, N.A. Effect of graft-versus-host disease prophylaxis

on 3-year disease-free survival in recipients of unrelated donor bone marrow (T-cell Depletion Trial):

A multi-centre, randomised phase II-III trial. Lancet 2005, 366, 733–741. [CrossRef] [PubMed]

6. Reisner, Y.; Kapoor, N.; Kirkpatrick, D.; Pollack, M.S.; Cunningham-Rundles, S.; Dupont, B.; Hodes, M.Z.;

Good, R.A.; O’Reilly, R.J. Transplantation for severe combined immunodeficiency with HLA-A,B,D,DR

incompatible parental marrow cells fractionated by soybean agglutinin and sheep red blood cells. Blood

1983, 61, 341–348. [PubMed]

7. Reisner, Y.; Kapoor, N.; Kirkpatrick, D.; Pollack, M.S.; Dupont, B.; Good, R.A.; O’Reilly, R.J. Transplantation

for acute leukaemia with HLA-A and B nonidentical parental marrow cells fractionated with soybean

agglutinin and sheep red blood cells. Lancet 1981, 2, 327–331. [CrossRef] [PubMed]

8. Young, J.W.; Papadopoulos, E.B.; Cunningham, I.; Castro-Malaspina, H.; Flomenberg, N.; Carabasi, M.H.;

Gulati, S.C.; Brochstein, J.A.; Heller, G.; Black, P.; et al. T-cell-depleted allogeneic bone marrow transplantation

in adults with acute nonlymphocytic leukemia in first remission. Blood 1992, 79, 3380–3387. [PubMed]

9. Papadopoulos, E.B.; Carabasi, M.H.; Castro-Malaspina, H.; Childs, B.H.; Mackinnon, S.; Boulad, F.;

Gillio, A.P.; Kernan, N.A.; Small, T.N.; Szabolcs, P.; et al. T-cell-depleted allogeneic bone marrow

transplantation as postremission therapy for acute myelogenous leukemia: Freedom from relapse in the

absence of graft-versus-host disease. Blood 1998, 91, 1083–1090. [PubMed]

10. Aversa, F.; Terenzi, A.; Carotti, A.; Felicini, R.; Jacucci, R.; Zei, T.; Latini, P.; Aristei, C.; Santucci, A.;

Martelli, M.P.; et al. Improved outcome with T-cell-depleted bone marrow transplantation for acute leukemia.

J. Clin. Oncol. 1999, 17, 1545–1550. [PubMed]

11. Prentice, H.G.; Blacklock, H.A.; Janossy, G.; Bradstock, K.F.; Skeggs, D.; Goldstein, G.; Hoffbrand, A.V. Use of

anti-T-cell monoclonal antibody OKT3 to prevent acute graft-versus-host disease in allogeneic bone-marrow

transplantation for acute leukaemia. Lancet 1982, 1, 700–703. [CrossRef] [PubMed]

12. Filipovich, A.H.; McGlave, P.B.; Ramsay, N.K.; Goldstein, G.; Warkentin, P.I.; Kesey, J.H. Pretreatment of

donor bone marrow with monoclonal antibody OKT3 for prevention of acute graft-versus-host disease in

allogeneic histocompatible bone-marrow transplantation. Lancet 1982, 1, 1266–1269. [CrossRef] [PubMed]

13. Prentice, H.G.; Blacklock, H.A.; Janossy, G.; Gilmore, M.J.; Price-Jones, L.; Tidman, N.; Trejdosiewicz, L.K.;

Skeggs, D.B.; Panjwani, D.; Ball, S.; et al. Depletion of T lymphocytes in donor marrow prevents significant

graft-versus-host disease in matched allogeneic leukaemic marrow transplant recipients. Lancet 1984, 1,

472–476. [CrossRef] [PubMed]

14. Martin, P.J.; Hansen, J.A.; Thomas, E.D. Preincubation of donor bone marrow cells with a combination of

murine monoclonal anti-T-cell antibodies without complement does not prevent graft-versus-host disease

after allogeneic marrow transplantation. J. Clin. Immunol. 1984, 4, 18–22. [CrossRef] [PubMed]

15. Martin, P.J.; Hansen, J.A.; Buckner, C.D.; Sanders, J.E.; Deeg, H.J.; Stewart, P.; Appelbaum, F.R.; Clift, R.;

Fefer, A.; Witherspoon, R.P.; et al. Effects of in vitro depletion of T cells in HLA-identical allogeneic marrow

grafts. Blood 1985, 66, 664–672. [PubMed]

16. Herve, P.; Flesch, M.; Cahn, J.Y.; Racadot, E.; Plouvier, E.; Lamy, B.; Rozenbaum, A.; Noir, A.; Des Floris, R.L.;

Peters, A. Removal of marrow T cells with OKT3-OKT11 monoclonal antibodies and complement to prevent

acute graft-versus-host disease. A pilot study in ten patients. Transplantation 1985, 39, 138–143. [CrossRef]

[PubMed]

17. Trigg, M.E.; Billing, R.; Sondel, P.M.; Exten, R.; Hong, R.; Bozdech, M.J.; Horowitz, S.D.; Finlay, J.L.; Moen, R.;

Longo, W.; et al. Clinical trial depleting T lymphocytes from donor marrow for matched and mismatched

allogeneic bone marrow transplants. Cancer Treat. Rep. 1985, 69, 377–386. [PubMed]

18. Mitsuyasu, R.T.; Champlin, R.E.; Gale, R.P.; Ho, W.G.; Lenarsky, C.; Winston, D.; Selch, M.; Elashoff, R.;

Giorgi, J.V.; Wells, J.; et al. Treatment of donor bone marrow with monoclonal anti-T-cell antibody and

complement for the prevention of graft-versus-host disease. A prospective, randomized, double-blind trial.

Ann. Intern. Med. 1986, 105, 20–26. [CrossRef] [PubMed]

19. Patterson, J.; Prentice, H.G.; Brenner, M.K.; Gilmore, M.; Janossy, G.; Ivory, K.; Skeggs, D.; Morgan, H.;

Lord, J.; Blacklock, H.A.; et al. Graft rejection following HLA matched T-lymphocyte depleted bone marrow

transplantation. Br. J. Haematol. 1986, 63, 221–230. [CrossRef] [PubMed]

146



J. Clin. Med. 2015, 4, 488–503

20. Maraninchi, D.; Gluckman, E.; Blaise, D.; Guyotat, D.; Rio, B.; Pico, J.L.; Leblond, V.; Michallet, M.; Dreyfus, F.;

Ifrah, N.; et al. Impact of T-cell depletion on outcome of allogeneic bone-marrow transplantation for

standard-risk leukaemias. Lancet 1987, 2, 175–178. [CrossRef] [PubMed]

21. Cahn, J.Y.; Herve, P.; Flesch, M.; Plouvier, E.; Racadot, E.; Vuillier, J.; Montcuquet, P.; Noir, A.; Rozenbaum, A.;

Leconte des Floris, R. Marrow transplantation from HLA non-identical family donors for the treatment

of leukaemia: A pilot study of 15 patients using additional immunosuppression and T-cell depletion.

Br. J. Haematol. 1988, 69, 345–349. [CrossRef] [PubMed]

22. Martin, P.J.; Hansen, J.A.; Torok-Storb, B.; Moretti, L.; Press, O.; Storb, R.; Thomas, E.D.; Weiden, P.L.;

Vitetta, E.S. Effects of treating marrow with a CD3-specific immunotoxin for prevention of acute

graft-versus-host disease. Bone Marrow Transplant. 1988, 3, 437–444. [PubMed]

23. Laurent, G.; Maraninchi, D.; Gluckman, E.; Vernant, J.P.; Derocq, J.M.; Gaspard, M.H.; Rio, B.; Michalet, M.;

Reiffers, J.; Dreyfus, F.; et al. Donor bone marrow treatment with T101 Fab fragment-ricin A-chain

immunotoxin prevents graft-versus-host disease. Bone Marrow Transplant. 1989, 4, 367–371. [PubMed]

24. Filipovich, A.H.; Vallera, D.; McGlave, P.; Polich, D.; Gajl-Peczalska, K.; Haake, R.; Lasky, L.; Blazar, B.;

Ramsay, N.K.; Kersey, J.; et al. T cell depletion with anti-CD5 immunotoxin in histocompatible bone marrow

transplantation. The correlation between residual CD5 negative T cells and subsequent graft-versus-host

disease. Transplantation 1990, 50, 410–415. [CrossRef] [PubMed]

25. Antin, J.H.; Bierer, B.E.; Smith, B.R.; Ferrara, J.; Guinan, E.C.; Sieff, C.; Golan, D.E.; Macklis, R.M.; Tarbell, N.J.;

Lynch, E.; et al. Selective depletion of bone marrow T lymphocytes with anti-CD5 monoclonal antibodies:

Effective prophylaxis for graft-versus-host disease in patients with hematologic malignancies. Blood 1991, 78,

2139–2149. [PubMed]

26. Soiffer, R.J.; Fairclough, D.; Robertson, M.; Alyea, E.; Anderson, K.; Freedman, A.; Bartlett-Pandite, L.;

Fisher, D.; Schlossman, R.L.; Stone, R.; et al. CD6-depleted allogeneic bone marrow transplantation for acute

leukemia in first complete remission. Blood 1997, 89, 3039–3047. [PubMed]

27. Soiffer, R.J.; Freedman, A.S.; Neuberg, D.; Fisher, D.C.; Alyea, E.P.; Gribben, J.; Schlossman, R.L.;

Bartlett-Pandite, L.; Kuhlman, C.; Murray, C.; Freeman, A.; et al. CD6+ T cell-depleted allogeneic bone

marrow transplantation for non-Hodgkin’s lymphoma. Bone Marrow Transplant. 1998, 21, 1177–1181.

[CrossRef]

28. Alyea, E.P.; Weller, E.; Fisher, D.C.; Freedman, A.S.; Gribben, J.G.; Lee, S.; Schlossman, R.L.; Stone, R.M.;

Friedberg, J.; DeAngelo, D.; et al. Comparable outcome with T-cell-depleted unrelated-donor versus

related-donor allogeneic bone marrow transplantation. Biol. Blood Marrow Transplant. 2002, 8, 601–607.

[CrossRef] [PubMed]

29. Lee, S.J.; Zahrieh, D.; Alyea, E.P.; Weller, E.; Ho, V.T.; Antin, J.H.; Soiffer, R.J. Comparison of T-cell-depleted

and non-T-cell-depleted unrelated donor transplantation for hematologic diseases: Clinical outcomes, quality

of life, and costs. Blood 2002, 100, 2697–2702. [CrossRef] [PubMed]

30. Champlin, R.E.; Passweg, J.R.; Zhang, M.J.; Rowlings, P.A.; Pelz, C.J.; Atkinson, K.A.; Barrett, A.J.; Cahn, J.Y.;

Drobyski, W.R.; Gale, R.P.; et al. T-cell depletion of bone marrow transplants for leukemia from donors

other than HLA-identical siblings: Advantage of T-cell antibodies with narrow specificities. Blood 2000, 95,

3996–4003. [PubMed]

31. Urbano-Ispizua, A.; Brunet, S.; Solano, C.; Moraleda, J.M.; Rovira, M.; Zuazu, J.; de La Rubia, J.; Bargay, J.;

Caballero, D.; Diez-Martin, J.L.; et al. Allogeneic transplantation of CD34+-selected cells from peripheral

blood in patients with myeloid malignancies in early phase: A case control comparison with unmodified

peripheral blood transplantation. Bone Marrow Transplant. 2001, 28, 349–354. [CrossRef] [PubMed]

32. Jakubowski, A.A.; Small, T.N.; Young, J.W.; Kernan, N.A.; Castro-Malaspina, H.; Hsu, K.C.; Perales, M.A.;

Collins, N.; Cisek, C.; Chiu, M.; et al. T cell depleted stem-cell transplantation for adults with hematologic

malignancies: Sustained engraftment of HLA-matched related donor grafts without the use of antithymocyte

globulin. Blood 2007, 110, 4552–4559. [CrossRef] [PubMed]

33. Jakubowski, A.A.; Small, T.N.; Kernan, N.A.; Castro-Malaspina, H.; Collins, N.; Koehne, G.; Hsu, K.C.;

Perales, M.A.; Papanicolaou, G.; van den Brink, M.R.; et al. T Cell-Depleted Unrelated Donor Stem Cell

Transplantation Provides Favorable Disease-Free Survival for Adults with Hematologic Malignancies.

Biol. Blood Marrow Transplant. 2011, 17, 1335–1342. [CrossRef] [PubMed]

147



J. Clin. Med. 2015, 4, 488–503

34. Devine, S.M.; Carter, S.; Soiffer, R.J.; Pasquini, M.C.; Hari, P.N.; Stein, A.; Lazarus, H.M.; Linker, C.;

Stadtmauer, E.A.; Alyea, E.P., III; et al. Low risk of chronic graft-versus-host disease and relapse associated

with T cell-depleted peripheral blood stem cell transplantation for acute myelogenous leukemia in first

remission: Results of the blood and marrow transplant clinical trials network protocol 0303. Biol. Blood

Marrow Transplant. 2011, 17, 1343–1351. [CrossRef] [PubMed]

35. Bethge, W.A.; Faul, C.; Bornhauser, M.; Stuhler, G.; Beelen, D.W.; Lang, P.; Stelljes, M.; Vogel, W.; Hagele, M.;

Handgretinger, R.; et al. Haploidentical allogeneic hematopoietic cell transplantation in adults using

CD3/CD19 depletion and reduced intensity conditioning: An update. Blood Cells Mol. Dis. 2008, 40, 13–19.

[CrossRef] [PubMed]

36. Bayraktar, U.D.; de Lima, M.; Saliba, R.M.; Maloy, M.; Castro-Malaspina, H.R.; Chen, J.; Rondon, G.;

Chiattone, A.; Jakubowski, A.A.; Boulad, F.; et al. Ex Vivo T Cell Depleted versus Unmodified Allografts in

Patients with Acute Myeloid Leukemia in First Complete Remission. Biol. Blood Marrow Transplant. 2013, 19,

898–903. [CrossRef] [PubMed]

37. Aversa, F.; Terenzi, A.; Tabilio, A.; Falzetti, F.; Carotti, A.; Ballanti, S.; Felicini, R.; Falcinelli, F.; Velardi, A.;

Ruggeri, L.; et al. Full haplotype-mismatched hematopoietic stem-cell transplantation: A phase II study in

patients with acute leukemia at high risk of relapse. J. Clin. Oncol. 2005, 23, 3447–3454. [CrossRef] [PubMed]

38. Bertaina, A.; Merli, P.; Rutella, S.; Pagliara, D.; Bernardo, M.E.; Masetti, R.; Pende, D.; Falco, M.;

Handgretinger, R.; Moretta, F.; et al. HLA-haploidentical stem cell transplantation after removal of alphabeta+

T and B cells in children with nonmalignant disorders. Blood 2014, 124, 822–826. [CrossRef] [PubMed]

39. Zecca, M.; Strocchio, L.; Pagliara, D.; Comoli, P.; Bertaina, A.; Giorgiani, G.; Perotti, C.; Corbella, F.; Brescia, L.;

Locatelli, F. HLA-haploidentical T cell-depleted allogeneic hematopoietic stem cell transplantation in children

with Fanconi anemia. Biol. Blood Marrow Transplant. 2014, 20, 571–576. [CrossRef] [PubMed]

40. Lang, P.; Teltschik, H.M.; Feuchtinger, T.; Muller, I.; Pfeiffer, M.; Schumm, M.; Ebinger, M.; Schwarze, C.P.;

Gruhn, B.; Schrauder, A.; et al. Transplantation of CD3/CD19 depleted allografts from haploidentical family

donors in paediatric leukaemia. Br. J. Haematol. 2014, 165, 688–698. [CrossRef] [PubMed]

41. Gonzalez-Llano, O.; Rodriguez-Romo, L.N.; Mancias-Guerra Mdel, C.; Tarin-Arzaga, L.; Jaime-Perez, J.C.;

Herrera-Garza, J.L.; Cantu-Rodriguez, O.G.; Gutierrez-Aguirre, C.H.; Garcia-Sepulveda, R.D.;

Garcia-Marin, A.Y.; et al. Feasibility of an outpatient HLA haploidentical stem cell transplantation program

in children using a reduced-intensity conditioning regimen and CD3-CD19 depletion. Hematology 2014, 19,

10–17. [CrossRef] [PubMed]

42. Kernan, N.A.; Collins, N.H.; Juliano, L.; Cartagena, T.; Dupont, B.; O’Reilly, R.J. Clonable T lymphocytes in T

cell-depleted bone marrow transplants correlate with development of graft-v-host disease. Blood 1986, 68,

770–773.

43. Sehn, L.H.; Alyea, E.P.; Weller, E.; Canning, C.; Lee, S.; Ritz, J.; Antin, J.H.; Soiffer, R.J. Comparative outcomes

of T-cell-depleted and non-T-cell-depleted allogeneic bone marrow transplantation for chronic myelogenous

leukemia: Impact of donor lymphocyte infusion. J. Clin. Oncol. 1999, 17, 561–568. [PubMed]

44. Pasquini, M.C.; Devine, S.; Mendizabal, A.; Baden, L.R.; Wingard, J.R.; Lazarus, H.M.; Appelbaum, F.R.;

Keever-Taylor, C.A.; Horowitz, M.M.; Carter, S.; et al. Comparative outcomes of donor graft CD34+

selection and immune suppressive therapy as graft-versus-host disease prophylaxis for patients with acute

myeloid leukemia in complete remission undergoing HLA-matched sibling allogeneic hematopoietic cell

transplantation. J. Clin. Oncol. 2012, 30, 3194–3201. [CrossRef] [PubMed]

45. Hobbs, G.S.; Hilden, P.; Hamdi, A.; Goldberg, J.D.; Poon, M.; Ledesma, C.; Devlin, S.; Rondon, G.;

Papadopoulos, E.B.; Jakubowski, A.A.; et al. Outcomes in Patients with Acute Lymphoblastic Leukemia

in First or Second Complete Remission Receiving Ex-Vivo T-Cell Depleted or Unmodified Allografts:

Comparison of Results At Two Institutions. Blood 2013, 122, 3370. [CrossRef]

46. Marmont, A.M.; Horowitz, M.M.; Gale, R.P.; Sobocinski, K.; Ash, R.C.; van Bekkum, D.W.; Champlin, R.E.;

Dicke, K.A.; Goldman, J.M.; Good, R.A.; et al. T-cell depletion of HLA-identical transplants in leukemia.

Blood 1991, 78, 2120–2130. [PubMed]

47. Small, T.N. Immunologic reconstitution following stem cell transplantation. Curr. Opin. Hematol. 1996, 3,

461–465. [CrossRef] [PubMed]

148



J. Clin. Med. 2015, 4, 488–503

48. Small, T.N.; Papadopoulos, E.B.; Boulad, F.; Black, P.; Castro-Malaspina, H.; Childs, B.H.; Collins, N.;

Gillio, A.; George, D.; Jakubowski, A.; et al. Comparison of immune reconstitution after unrelated and

related T-cell-depleted bone marrow transplantation: Effect of patient age and donor leukocyte infusions.

Blood 1999, 93, 467–480. [PubMed]

49. Luznik, L.; Bolanos-Meade, J.; Zahurak, M.; Chen, A.R.; Smith, B.D.; Brodsky, R.; Huff, C.A.; Borrello, I.;

Matsui, W.; Powell, J.D.; et al. High-dose cyclophosphamide as single-agent, short-course prophylaxis of

graft-versus-host disease. Blood 2010, 115, 3224–3230. [CrossRef] [PubMed]

50. Kanakry, C.G.; Tsai, H.L.; Bolanos-Meade, J.; Smith, B.D.; Gojo, I.; Kanakry, J.A.; Kasamon, Y.L.;

Gladstone, D.E.; Matsui, W.; Borrello, I.; et al. Single-agent GVHD prophylaxis with posttransplantation

cyclophosphamide after myeloablative, HLA-matched BMT for AML, ALL, and MDS. Blood 2014, 124,

3817–3827. [CrossRef] [PubMed]

51. Kanakry, C.G.; O’Donnell, P.V.; Furlong, T.; de Lima, M.J.; Wei, W.; Medeot, M.; Mielcarek, M.; Champlin, R.E.;

Jones, R.J.; Thall, P.F.; et al. Multi-institutional study of post-transplantation cyclophosphamide as

single-agent graft-versus-host disease prophylaxis after allogeneic bone marrow transplantation using

myeloablative busulfan and fludarabine conditioning. J. Clin. Oncol. 2014, 32, 3497–3505. [CrossRef]

[PubMed]

52. Storek, J.; Gooley, T.; Witherspoon, R.P.; Sullivan, K.M.; Storb, R. Infectious morbidity in long-term survivors

of allogeneic marrow transplantation is associated with low CD4 T cell counts. Am. J. Hematol. 1997, 54,

131–138. [CrossRef] [PubMed]

53. Curtis, R.E.; Rowlings, P.A.; Deeg, H.J.; Shriner, D.A.; Socie, G.; Travis, L.B.; Horowitz, M.M.;

Witherspoon, R.P.; Hoover, R.N.; Sobocinski, K.A.; et al. Solid cancers after bone marrow transplantation. N.

Engl. J. Med. 1997, 336, 897–904. [CrossRef] [PubMed]

54. Small, T.N.; Avigan, D.; Dupont, B.; Smith, K.; Black, P.; Heller, G.; Polyak, T.; O’Reilly, R.J. Immune

reconstitution following T-cell depleted bone marrow transplantation: Effect of age and posttransplant graft

rejection prophylaxis. Biol. Blood Marrow Transplant. 1997, 3, 65–75. [PubMed]

55. Van Heijst, J.W.; Ceberio, I.; Lipuma, L.B.; Samilo, D.W.; Wasilewski, G.D.; Gonzales, A.M.; Nieves, J.L.;

van den Brink, M.R.; Perales, M.A.; Pamer, E.G. Quantitative assessment of T cell repertoire recovery after

hematopoietic stem cell transplantation. Nat. Med. 2013, 19, 372–377.

56. Lewin, S.R.; Heller, G.; Zhang, L.; Rodrigues, E.; Skulsky, E.; van den Brink, M.R.; Small, T.N.; Kernan, N.A.;

O’Reilly, R.J.; Ho, D.D.; et al. Direct evidence for new T-cell generation by patients after either T-cell-depleted

or unmodified allogeneic hematopoietic stem cell transplantations. Blood 2002, 100, 2235–2242. [PubMed]

57. Weinberg, K.; Blazar, B.R.; Wagner, J.E.; Agura, E.; Hill, B.J.; Smogorzewska, M.; Koup, R.A.; Betts, M.R.;

Collins, R.H.; Douek, D.C. Factors affecting thymic function after allogeneic hematopoietic stem cell

transplantation. Blood 2001, 97, 1458–1466. [CrossRef] [PubMed]

58. Clave, E.; Busson, M.; Douay, C.; Peffault de Latour, R.; Berrou, J.; Rabian, C.; Carmagnat, M.; Rocha, V.;

Charron, D.; Socie, G.; et al. Acute graft-versus-host disease transiently impairs thymic output in young

patients after allogeneic hematopoietic stem cell transplantation. Blood 2009, 113, 6477–6484. [CrossRef]

[PubMed]

59. Olkinuora, H.; von Willebrand, E.; Kantele, J.M.; Vainio, O.; Talvensaari, K.; Saarinen-Pihkala, U.; Siitonen, S.;

Vettenranta, K. The impact of early viral infections and graft-versus-host disease on immune reconstitution

following paediatric stem cell transplantation. Scand. J. Immunol. 2011, 73, 586–593. [CrossRef] [PubMed]

60. Perales, M.A.; Ishill, N.; Lomazow, W.A.; Weinstock, D.M.; Papadopoulos, E.B.; Dastigir, H.; Chiu, M.;

Boulad, F.; Castro-Malaspina, H.R.; Heller, G.; et al. Long-term follow-up of patients treated with daclizumab

for steroid-refractory acute graft-vs.-host disease. Bone Marrow Transplant. 2007, 40, 481–486. [CrossRef]

[PubMed]

61. Willenbacher, W.; Basara, N.; Blau, I.W.; Fauser, A.A.; Kiehl, M.G. Treatment of steroid refractory acute and

chronic graft-versus-host disease with daclizumab. Br. J. Haematol. 2001, 112, 820–823. [CrossRef] [PubMed]

62. Arai, S.; Margolis, J.; Zahurak, M.; Anders, V.; Vogelsang, G.B. Poor outcome in steroid-refractory

graft-versus-host disease with antithymocyte globulin treatment. Biol. Blood Marrow Transplant. 2002,

8, 155–160. [CrossRef] [PubMed]

63. McCaul, K.G.; Nevill, T.J.; Barnett, M.J.; Toze, C.L.; Currie, C.J.; Sutherland, H.J.; Conneally, E.A.;

Shepherd, J.D.; Nantel, S.H.; Hogge, D.E.; et al. Treatment of steroid-resistant acute graft-versus-host disease

with rabbit antithymocyte globulin. J. Hematother. Stem Cell Res. 2000, 9, 367–374. [CrossRef] [PubMed]

149



J. Clin. Med. 2015, 4, 488–503

64. Khoury, H.; Kashyap, A.; Adkins, D.R.; Brown, R.A.; Miller, G.; Vij, R.; Westervelt, P.; Trinkaus, K.;

Goodnough, L.T.; Hayashi, R.J.; et al. Treatment of steroid-resistant acute graft-versus-host disease with

anti-thymocyte globulin. Bone Marrow Transplant. 2001, 27, 1059–1064. [CrossRef] [PubMed]

65. Storek, J.; Joseph, A.; Espino, G.; Dawson, M.A.; Douek, D.C.; Sullivan, K.M.; Flowers, M.E.; Martin, P.;

Mathioudakis, G.; Nash, R.A.; et al. Immunity of patients surviving 20 to 30 years after allogeneic or

syngeneic bone marrow transplantation. Blood 2001, 98, 3505–3512. [CrossRef] [PubMed]

66. Storek, J.; Witherspoon, R.P.; Storb, R. T cell reconstitution after bone marrow transplantation into adult

patients does not resemble T cell development in early life. Bone Marrow Transplant. 1995, 16, 413–425.

67. Geyer, M.B.; Ricci, A.M.; Jacobson, J.S.; Majzner, R.; Duffy, D.; Van de Ven, C.; Ayello, J.; Bhatia, M.;

Garvin, J.H., Jr.; George, D.; et al. T cell depletion utilizing CD34(+) stem cell selection and CD3(+) addback

from unrelated adult donors in paediatric allogeneic stem cell transplantation recipients. Br. J. Haematol.

2012, 157, 205–219. [CrossRef] [PubMed]

68. Dvorak, C.C.; Gilman, A.L.; Horn, B.; Oon, C.Y.; Dunn, E.A.; Baxter-Lowe, L.A.; Cowan, M.J. Haploidentical

related-donor hematopoietic cell transplantation in children using megadoses of CliniMACs-selected

CD34(+) cells and a fixed CD3(+) dose. Bone Marrow Transplant. 2013, 48, 508–513. [CrossRef] [PubMed]

69. Dvorak, C.C.; Gilman, A.L.; Horn, B.; Jaroscak, J.; Dunn, E.A.; Baxter-Lowe, L.A.; Cowan, M.J. Clinical and

immunologic outcomes following haplocompatible donor lymphocyte infusions. Bone Marrow Transplant.

2009, 44, 805–812. [CrossRef] [PubMed]

70. Alpdogan, O.; Hubbard, V.M.; Smith, O.M.; Patel, N.; Lu, S.; Goldberg, G.L.; Gray, D.H.; Feinman, J.;

Kochman, A.A.; Eng, J.M.; et al. Keratinocyte growth factor (KGF) is required for postnatal thymic

regeneration. Blood 2006, 107, 2453–2460. [CrossRef] [PubMed]

71. Jenq, R.R.; King, C.G.; Volk, C.; Suh, D.; Smith, O.M.; Rao, U.K.; Yim, N.L.; Holland, A.M.; Lu, S.X.;

Zakrzewski, J.L.; et al. Keratinocyte growth factor enhances DNA plasmid tumor vaccine responses after

murine allogeneic bone marrow transplantation. Blood 2009, 113, 1574–1580. [CrossRef] [PubMed]

72. Vadhan-Raj, S.; Goldberg, J.D.; Perales, M.A.; Berger, D.P.; van den Brink, M.R. Clinical applications of

palifermin: Amelioration of oral mucositis and other potential indications. J. Cell Mol. Med. 2013, 17,

1371–1384. [CrossRef] [PubMed]

73. Perales, M.A.; Goldberg, J.D.; Yuan, J.; Koehne, G.; Lechner, L.; Papadopoulos, E.B.; Young, J.W.;

Jakubowski, A.A.; Zaidi, B.; Gallardo, H.; et al. Recombinant human interleukin-7 (CYT107) promotes

T-cell recovery after allogeneic stem cell transplantation. Blood 2012, 120, 4882–4891. [CrossRef] [PubMed]

74. Hegenbart, U.; Niederwieser, D.; Sandmaier, B.M.; Maris, M.B.; Shizuru, J.A.; Greinix, H.; Cordonnier, C.;

Rio, B.; Gratwohl, A.; Lange, T.; et al. Treatment for acute myelogenous leukemia by low-dose, total-body,

irradiation-based conditioning and hematopoietic cell transplantation from related and unrelated donors. J.

Clin. Oncol. 2006, 24, 444–453. [CrossRef] [PubMed]

75. Aoudjhane, M.; Labopin, M.; Gorin, N.C.; Shimoni, A.; Ruutu, T.; Kolb, H.J.; Frassoni, F.; Boiron, J.M.;

Yin, J.L.; Finke, J.; et al. Comparative outcome of reduced intensity and myeloablative conditioning regimen

in HLA identical sibling allogeneic haematopoietic stem cell transplantation for patients older than 50 years

of age with acute myeloblastic leukaemia: A retrospective survey from the Acute Leukemia Working Party

(ALWP) of the European group for Blood and Marrow Transplantation (EBMT). Leukemia 2005, 19, 2304–2312.

[CrossRef] [PubMed]

76. O’Reilly, R.J.; Doubrovina, E.; Trivedi, D.; Hasan, A.; Kollen, W.; Koehne, G. Adoptive transfer

of antigen-specific T-cells of donor type for immunotherapy of viral infections following allogeneic

hematopoietic cell transplants. Immunol. Res. 2007, 38, 237–250. [CrossRef] [PubMed]

77. Koehne, G.; Doubrovina, E.; Hasan, A.; Barker, J.N.; Castro-Malaspina, H.; Perales, M.A.; Jakubowski, A.;

Papadopoulos, E.; Young, J.W.; Boulad, F.; et al. A Phase I Dose Escalation Trial of Donor T Cells Sensitized

with Pentadecapeptides of the CMV-pp65 Protein for the Treatment of CMV Infections Following Allogeneic

Hematopoietic Stem Cell Transplants. Blood 2009, 114, 2262.

150



J. Clin. Med. 2015, 4, 488–503

78. Doubrovina, E.; Oflaz-Sozmen, B.; Prockop, S.E.; Kernan, N.A.; Abramson, S.; Teruya-Feldstein, J.; Hedvat, C.;

Chou, J.F.; Heller, G.; Barker, J.N.; et al. Adoptive immunotherapy with unselected or EBV-specific T cells

for biopsy-proven EBV+ lymphomas after allogeneic hematopoietic cell transplantation. Blood 2012, 119,

2644–2656. [CrossRef] [PubMed]

79. Blyth, E.; Clancy, L.; Simms, R.; Ma, C.K.; Burgess, J.; Deo, S.; Byth, K.; Dubosq, M.C.; Shaw, P.J.;

Micklethwaite, K.P.; et al. Donor-derived CMV-specific T cells reduce the requirement for CMV-directed

pharmacotherapy after allogeneic stem cell transplantation. Blood 2013, 121, 3745–3758. [CrossRef] [PubMed]

© 2015 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access

article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

151



Journal of

Clinical Medicine

Review

Alternative Donor Transplantation for Acute
Myeloid Leukemia

Nelli Bejanyan 1,*, Housam Haddad 2 and Claudio Brunstein 1

1 Division of Hematology, Oncology and Transplantation, University of Minnesota, 420 Delaware Street SE,

Mayo Mail Code 480, Minneapolis, MN 55455, USA; bruns072@umn.edu
2 Hematology and Oncology Department, Staten Island University Hospital, 475 Seaview Ave,

Staten Island, NY 10305, USA; husamhaddad@yahoo.com

* Author to whom correspondence should be addressed; nbejanya@umn.edu;

Tel.: +1-612-624-6982; Fax: +1-612-625-6919.

Academic Editors: Celalettin Ustun and Lucy A. Godley

Received: 14 April 2015; Accepted: 21 May 2015; Published: 9 June 2015

Abstract: Allogeneic hematopoietic cell transplantation (allo-HCT) is a potentially curative therapy

for adult patients with acute myeloid leukemia (AML), but its use for consolidation therapy after

first remission with induction chemotherapy used to be limited to younger patients and those

with suitable donors. The median age of AML diagnosis is in the late 60s. With the introduction

of reduced-intensity conditioning (RIC), many older adults are now eligible to receive allo-HCT,

including those who are medically less fit to receive myeloablative conditioning. Furthermore, AML

patients commonly have no human leukocyte antigen (HLA)-identical or medically suitable sibling

donor available to proceed with allo-HCT. Technical advances in donor matching, suppression of

alloreactivity, and supportive care have made it possible to use alternative donors, such as unrelated

umbilical cord blood (UCB) and partially HLA-matched related (haploidentical) donors. Outcomes

after alternative donor allo-HCT are now approaching the outcomes observed for conventional

allo-HCT with matched related and unrelated donors. Thus, with both UCB and haploidentical

donors available, lack of donor should rarely be a limiting factor in offering an allo-HCT to adults

with AML.

Keywords: AML; alternative donor; UCB; Haploidentical; Transplantation

1. Introduction

Allogeneic hematopoietic cell transplantation (HCT) is widely used as a curative therapy for

acute myeloid leukemia (AML). The use of reduced intensity conditioning (RIC) extended eligibility of

HCT to older adults and those with comorbid conditions [1–4]. However, donor availability for many

adults with AML still remains a significant challenge because HLA-identical matched sibling donors

(MSD) or adult unrelated donors (MUD) are available for only about 60% of patients [5]. As the age

cutoff for RIC HCT eligibility has increased, there has been a critical need for alternative donors for

those who may not have a suitable HLA-matched MSD or MUD donor. Moreover, because high-risk

AML is more common among the elderly, the time it takes to secure a MUD [1,2] increases the risk of

leukemia relapse in this group who need to proceed to HCT promptly. Thus, in recent years unrelated

umbilical cord blood (UCB) or haploidentical grafts have been studied as alternative donor types for

adults with acute leukemia [1–4,6–10]. In this manuscript, we review the outcomes of HCT with these

two alternative donor types in the management of adults with AML.
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2. Umbilical Cord Blood Transplantation

UCB has been increasingly used for the past two decades as an alternative donor type given

its rapid availability, less restrictive HLA-selection criteria, no donor risk, and relative low risk of

graft-versus-host disease (GVHD). The introduction of double UCB (dUCB) transplantation extended

access of UCB to most adults with hematological malignancies, including acute leukemia. However,

barriers to UCB transplantation include limited stem cell content, delayed engraftment accompanied

by increased risks of infectious complications, and cost. Several strategies have been used recently to

improve the clinical outcome of UCB transplantation, such as achieving faster engraftment and further

minimizing the incidence of GVHD without compromising immune reconstitution. Such promising

strategies include the expansion of cord blood progenitor cells by various techniques [11–13], intra-bone

marrow injection of cord blood cells [14–16] to improve hematopoietic engraftment, and use of Tregs

to reduce risk of GVHD after UCB transplantation [17].

3. Myeloablative Single UCB Transplantation

Initial reports on the use of UCB as a donor type for hematopoietic cell transplantation (HCT)

were based on the use of single UCB grafts and largely limited to pediatric patients [18–24]. At that

time, the largest barrier to the use of UCB in adults was the weight of these patients relative to the

limited cell dose available in individual UCB units. The first study to focus on UCB transplantation

of adults reported on 68 patients [25] who were heavily pretreated and had high-risk hematological

malignancies, 19 of whom had AML. The nucleated cell dose used in that study was inadequate

considering today’s standard; however, the cell dose used was based on available data largely from

pediatric studies. Not unexpectedly, hematopoietic recovery was slow and treatment-related mortality

(TRM) was high (47% at three months), resulting in poor leukemia-free survival (LFS) (26% at 40

months). That study found better outcomes among patients who received higher total nucleated (TNC)

(≥2.4 × 107/kg) and higher infused CD34+ (≥1.2 × 105/kg) cell doses. In addition, the adult cohort

of the Cord Blood Transplantation (COBLT) prospective study observed poor outcomes, mainly owing

to inadequate TNC dose and the use of UCB as a “last resort” effort for very high-risk patients [26].

Despite limitations, these studies demonstrated the feasibility of UCB allografting in adults and set the

stage for future studies seeking to improve outcomes among UCB recipients.

While many centers started using double UCB transplantation (reviewed below) to achieve an

adequate cell dose for adult patients who are heavier than pediatric patients, many centers remained

interested in single UCB transplantation either per institutional or country policy. Moreover, in

recent years the availability of a larger inventory of UCB units has further improved the chances of

finding adequate single-UCB unit grafts for adult transplantation. Takahashi et al. identified that,

despite a delay in hematopoietic recovery, UCBT was associated with a markedly lower rate of chronic

GVHD as compared to MRD transplantation [27]. More recently, the Valencia group reported their

experience with single UCB transplantation after myeloablative conditioning in adults with higher-risk

AML [28,29]. They used busulfan (BU)-based chemotherapy as a conditioning regimen and a UCB

graft selection strategy based on improved cord blood banking standards that take into account the

CD34+ cell count at the time of cryopreservation. They observed that median neutrophil engraftment

occurred at 19 to 20 days and that disease-free survival (DFS) at five years was approximately 40%.

Notably, patients with AML in first complete remission (CR1) who received a TNC dose ≥2 × 107/kg

had a DFS at four years of 75%. In the most recent report, they also showed that patients receiving

less well-HLA-matched UCB grafts had a lower risk of relapse and superior LFS [30]. Another

important advance in single UCB transplantation is the strategy of delivering the graft, often with

a TNC dose below current standards, directly into the bone marrow (known as intra-bone marrow

infusion, IBMI) [14].
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4. Myeloablative Double UCB Transplantation

The University of Minnesota pioneered the use of double UBC transplantation, which was

developed to overcome the limitation of infused cell dose in adults and serve as a platform for

graft manipulations [19]. The first series of double UCB recipients included 23 adult patients with

high-risk leukemia using a myeloablative conditioning regimen consisting of cyclophosphamide (Cy;

120 mg/kg), fludarabine (Flu; 75 mg/m2), and total body irradiation (TBI; 1320cGy) [31]. In this

case series, double UCB transplantation led to improvements in median infused TNC dose (3.5 ×

107/kg), sustained neutrophil engraftment (median of 23 days), and DFS at one year (57%). This

success was in part due to no graft failure events and a low rate of TRM (22%). While the risk of

acute GVHD (65%) with double UCB was higher than that seen in single UCB transplantation, it was

largely due to an increase in grade II acute GVHD. The risk of chronic GVHD, however, was still low.

Thus, the strategy of double UCB unit infusion became widely used, with other transplant centers

investigating different preparative regimens and post-transplant immunosuppression [32–35]. While

some preparative regimens were found not to support this treatment platform [32], variations of the

myeloablative Cy/Flu/TBI regimen resulted in similar clinical outcomes, allowing many transplant

centers worldwide to utilize double UCB transplantation for many adults with AML who required

myeloablative conditioning [4,31,34,35]. The dissemination of this strategy, at least in part, was due

to its simplicity, as any center technically able to thaw and infuse single UCB grafts was able to take

advantage of the double UCB platform to extend transplantation to larger patients.

5. UCB Transplantation with Reduced Intensity Conditioning Regimen

The introduction of RIC extended the use of allogeneic HCT to older, less clinically fit, and

extensively pre-treated patients, such as those who had previous autologous transplant. This transplant

approach is particularly important for patients with AML as it typically presents in their late 60s, an

age in which the morbidity and mortality of a conventional myeloablative regimen would be excessive.

Furthermore, older patients may lack an HLA-matched sibling donor who is healthy enough to donate,

making alternative donor transplantation necessary for this group of patients. Moreover, high-risk

AML subtypes, such as secondary AML, for which allogeneic transplantation is the only potentially

curative treatment option, is more frequent among older patients as well [36,37]; for such patients,

long-term survival with chemotherapy alone is generally poor [37]. Thus, the advantage of RIC HCT

using UCB for older patients is its rapid availability, which helps to avoid further delay in proceeding

with a potentially curative HCT.

One of the most commonly used platforms for RIC HCT using UCB is the one developed at

University of Minnesota that consists of Cy 50 mg/m2, Flu 200 mg/m2 divided in five days, and TBI 200

cGy with cyclosporine A (CSA) and mycophenolate mofetil (MMF) for immune suppression [38–43].

Variations on this platform, which have led to promising results, include the use of treosulfan by the

Seattle group [44] and thiotepa (Thio) by the MSKCC group [45]. The backbone of the conditioning

platform (Cy 50 mg/m2, Flu 200 mg/m2, TBI-200) has been used to support single and double UCB

transplantation according to various institutional practice criteria and has been shown to result in

sustained donor engraftment in >90% of recipients, TRM between 20%–30%, and long-term DFS in

25%–50% of patients depending on disease stage and the presence of co-morbid conditions prior to

transplantation [4]. The Boston group has also reported on an equally promising regimen that includes

the combination of Flu, melphalan (Mel), and rabbit ATG [3,46], and when sirolimus/tacrolimus was

used for immune suppression, a very low risk of GVHD was observed [46]. In addition, these overall

encouraging results of RIC UCB HCT have been recently reproduced by two multicenter phase II

studies by the Blood and Marrow Transplant Clinical Trials Network (BMT-CTN) [7] and the Societé

Française de Greffe de Moelle Osseuse et Therapie Cellulaire and Eurocord [47–49].
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6. Double versus Single UCB Graft

Several reports demonstrate that clinical outcomes among recipients of double and single UCB

grafts are similar [42,43,47,50]. A recent registry study in patients with acute leukemia (n = 409; 285

AML) compared adults who received an adequate single UCB graft defined as a TNC dose of ≥

2.5 × 107/kg vs. double UCB grafts [42]. This study showed no difference in outcomes between

one or two unit grafts. However, this conclusion has not been uniformly supported for relapse and

acute GVHD. In some studies, a higher rate of AML relapse with single UCB transplantation was

reported [43,51,52], but in other studies, no such association between number of infused UCB units

and relapse or long-term treatment failure was observed [42,47,50,53,54]. In addition, although a

higher risk of acute GVHD with double UCB was reported in one study [55], no difference in the risk

of acute GVHD between single and double UCB transplantation was seen in other studies [53,54].

This discrepancy may in part be explained by differences in the patient population and use of ATG

as part of the conditioning regimen. Additional evidence supporting the comparability of single

and double UCB transplantation includes a recently reported prospective, multicenter, randomized,

phase III study comparing single vs. double UCB grafts in children [56]. Outcomes were similar

between the two groups. This study demonstrated that if a suitable single unit is available, there is no

advantage in using a double UCB graft. However, an adequately dosed single-unit UCB graft cannot

be frequently found for adults. Most double-unit UCB recipients would not have been eligible for

UCB transplantation if an adequately dosed graft could not be generated with two UCB units. Thus,

in adults who rarely have an adequate single UCB unit that meets the minimum cell dose criteria, a

double UCB graft remains the standard of care.

7. UCB Grafts versus Other Donor Sources

Many retrospective studies have compared the outcomes of UCB to those of matched and

mismatched URD in various settings including single [57] and double UCB [58] allografting and

myeloablative [27,57–61] and RIC regimens [39,62–67] (Table 1). Notably, most studies have shown

similar long-term outcomes between UCB and URD [27,58,61,67,68]. These studies demonstrated

that UCB recipients had slower hematopoietic recovery [27,57–60,66], higher TRM [59,64–66,69], and

often lower rates of acute grade II-IV and chronic GVHD than URD recipients [39,58,60]. Atsuta et al.

reported higher TRM (30% vs. 19%, p = 0.004) and inferior survival (HR = 1.5; 95% CI 1.0–2.0; p = 0.028)

among UCB recipients than URD recipients. As compared to other reports, this discrepancy can be

explained in part by the majority of UCB recipients receiving a median TNC dose of 2.5 × 107/kg,

an inadequately dosed UCB graft by today’s standards [69]. In summary, the delay in hematological

recovery and early TRM among UCB recipients observed in most studies was at least in part offset

by lower risk of chronic GVHD and its complications and, in some series, remarkably lower risk of

relapse, resulting in survival rates similar to other donor types. Novel strategies to improve the safety

and efficacy of UCB transplantation are under way and have been reviewed elsewhere [70].

155



J. Clin. Med. 2015, 4, 1240–1268

T
a

b
le

1
.

C
o

m
p

ar
at

iv
e

al
lo

-H
C

T
st

u
d

ie
s

o
f

U
C

B
w

it
h

o
th

er
d

o
n

o
r

ty
p

es
fo

r
ac

u
te

le
u

k
em

ia
in

ad
u

lt
s.

R
e

fe
re

n
ce

M
a

li
g

n
a

n
cy

D
o

n
o

r
T

y
p

e
N

o
o

f
P

a
ti

e
n

ts
M

e
d

ia
n

A
g

e
(r

a
n

g
e

)
M

e
d

ia
n

T
im

e
to

A
N

C
≥

5
0

0
/µ

L
M

e
d

ia
n

T
im

e
to

P
la

te
le

t
>

2
0
×

1
0

9
/L

a
G

V
H

D
(I

I-
IV

)
C

I
(%

)
cG

V
H

D
C

I
(%

)
T

R
M

R
e

la
p

se
D

F
S

M
y

e
lo

a
b

la
ti

v
e

co
n

d
it

io
n

in
g

L
au

g
h

li
n

20
04

H
em

at
o

lo
g

ic
M

al
ig

n
an

cy
20

0
A

M
L

U
C

B
15

0
(1

6–
60

)
27

d
ay

s
60

d
ay

s
0.

81
1.

62
1.

89
0.

73
1.

48
U

R
D

(B
M

)
36

7
(1

6–
60

)
20

d
ay

s
29

d
ay

s
0.

66
1.

12
0.

99
0.

85
0.

94
p

=
0.

17
p

=
0.

02
p

<
0.

00
1

p
=

0.
16

p
=

0.
00

1
M

M
U

R
D

(B
M

)
83

(1
6–

60
)

18
d

ay
s

29
d

ay
s

1.
0

1.
0

1.
0

1.
0

1.
0

p
<

0.
00

1
p

<
0.

00
1

p
=

0.
04

p
=

0.
69

p
=

0.
96

p
=

0.
65

p
=

0.
69

R
o

ch
a

20
04

H
em

at
o

lo
g

ic
M

al
ig

n
an

cy
36

2
A

M
L

U
C

B
94

25
26

d
ay

s
–

0.
57

0.
64

1.
13

1.
02

0.
95

(1
5–

55
)

U
R

D
B

M
58

4
32

19
d

ay
s

–
1.

0
1.

0
1.

0
1.

0
1.

0
(1

5–
59

)
p

=
0.

00
1

p
=

0.
01

p
=

0.
11

p
=

0.
50

p
=

0.
93

p
=

0.
70

T
ak

ah
as

h
i

20
04

H
em

at
o

lo
g

ic
M

al
ig

n
an

cy
54

A
M

L

U
C

B
68

36
22

d
ay

s
40

d
ay

s
0.

61
0.

60
0.

32
0.

75
0.

27
(1

6–
53

)
U

R
D

B
M

45
26

18
d

ay
s

22
.5

d
ay

s
1.

0
1.

0
1.

0
1.

0
1.

0
(1

6–
50

)
p

=
0.

01
p

<
0.

01
p

=
0.

05
p

=
0.

18
p

=
0.

02
p

=
0.

73
p

<
0.

01

T
ak

ah
as

h
i

20
07

H
em

at
o

lo
g

ic
M

al
ig

n
an

cy
88

A
M

L

U
C

B
92

38
22

d
ay

s
40

d
ay

s
1.

09
0.

49
0.

49
0.

72
0.

74

M
R

D
71

40
17

d
ay

s
22

.5
d

ay
s

1.
0

1.
0

1.
0

1.
0

1.
0

p
=

0.
83

p
<

0.
01

p
<

0.
01

p
=

0.
69

p
=

0.
01

p
=

0.
13

p
=

0.
26

p
=

0.
26

G
u

tm
an

20
09

A
M

L
/

A
L

L
53

A
M

L

D
10

0
2y

r
2

y
r

2
y

r
U

C
B

31
22

–
–

80
.6

%
–

20
.6

%
3.

2%
76

.2
%

M
U

D
31

25
–

–
67

.7
%

–
17

%
25

.8
%

57
.1

%
p

=
N

S
p

=
0.

78
p

=
0.

01
8

p
=

0.
17

M
M

U
R

D
31

25
–

–
87

.1
%

–
29

.2
%

23
%

47
.8

%
p

=
N

S
p

=
0.

41
p

=
0.

01
9

p
=

0.
04

1

A
ts

u
ta

20
09

A
M

L

U
C

B
17

3
38

–
–

32
%

28
%

30
%

31
%

36
%

U
R

D
31

1
38

–
–

35
%

32
%

19
%

24
%

54
%

p
=

0.
39

p
=

0.
46

p
=

0.
00

4
p

=
0.

06
7

p
<

0.
00

1

M
y

e
lo

a
b

la
ti

v
e

co
n

d
it

io
n

in
g

E
ap

en
20

10
A

M
L

/
A

L
L

88
0

A
M

L

U
C

B
16

5
28

24
d

ay
s

52
d

ay
s

1.
0

1.
0

1.
0

1.
0

1.
0

U
R

D
B

M
33

2
39

19
d

ay
s

28
d

ay
s

0.
78

0.
63

1.
69

0.
85

1.
15

M
M

U
R

D
B

M
14

0
0.

59
0.

59
1.

06
0.

84
0.

93
U

R
D

P
B

63
2

33
14

d
ay

s
19

d
ay

s
0.

57
0.

38
1.

62
0.

85
1.

12
M

M
U

R
D

P
B

25
6

0.
49

0.
46

0.
95

0.
91

0.
91

p
<

0.
00

01
p

<
0.

00
01

–
p

=
0.

00
1

p
<

0.
00

01
p

<
0.

00
01

p
=

0.
86

p
=

0.
09

B
ru

n
st

ei
n

20
10

H
em

at
o

lo
g

ic
M

al
ig

n
an

cy
47

6
ac

u
te

le
u

k
em

ia

D
U

C
B

12
8

25
26

d
ay

s
53

d
ay

s
1.

0
1.

0
1.

0
1.

0
1.

0
M

R
D

20
4

40
16

d
ay

s
20

d
ay

s
1.

08
1.

58
0.

31
3.

67
1.

09
p

=
0.

03
p

<
0.

01
p

<
0.

01
U

R
D

15
2

31
19

d
ay

s
21

d
ay

s
1.

83
1.

71
0.

61
3.

05
0.

85
p

<
0.

01
p

=
0.

01
p

<
0.

01
M

M
U

R
D

52
31

18
.5

d
ay

s
21

d
ay

s
2.

35
2.

07
0.

38
2.

50
1.

12
p

<
0.

01
p

<
0.

01
p

<
0.

01
p

<
0.

01
p

=
0.

01
p

<
0.

01
p

<
0.

01
P

=
N

S

156



J. Clin. Med. 2015, 4, 1240–1268

T
a

b
le

1
.

C
on

t.

R
e

fe
re

n
ce

M
a

li
g

n
a

n
cy

D
o

n
o

r
T

y
p

e
N

o
o

f
P

a
ti

e
n

ts
M

e
d

ia
n

A
g

e
(r

a
n

g
e

)
M

e
d

ia
n

T
im

e
to

A
N

C
≥

5
0

0
/µ

L
M

e
d

ia
n

T
im

e
to

P
la

te
le

t
>

2
0
×

1
0

9
/L

a
G

V
H

D
(I

I-
IV

)
C

I
(%

)
cG

V
H

D
C

I
(%

)
T

R
M

R
e

la
p

se
D

F
S

M
y

e
lo

a
b

la
ti

v
e

co
n

d
it

io
n

in
g

M
y

e
lo

a
b

la
ti

v
e

/R
e

d
u

ce
d

in
te

n
si

ty
co

n
d

it
io

n
in

g

P
o

n
ce

20
11

H
em

at
o

lo
g

ic
M

al
ig

n
an

cy
13

3
A

M
L

M
A

C
(R

IC
)

M
A

C
(R

IC
)

D
10

0
1

y
r

D
18

0
2

y
r

2
y

r
D

U
C

B
75

37
24

(1
0)

51
(3

8)
43

%
28

%
21

%
20

%
55

%
M

R
D

10
8

47
11

(1
1)

17
(1

2)
27

%
31

%
8%

19
%

66
%

p
=

0.
01

7
9%

55
%

U
R

D
18

4
48

11
(1

0)
18

(1
7)

39
%

44
%

13
%

p
=

0.
07

1
p

<
0.

00
1

p
<

0.
00

1
p

=
0.

33
p

=
0.

04
4

p
=

0.
12

3
p

=
0.

81
3

p
=

0.
57

3
(p

=
0.

08
4)

(p
<

0.
00

1)

R
ai

o
la

20
14

H
em

at
o

lo
g

ic
,2

32
ac

u
te

le
u

k
em

ia
69

%
M

A
C

D
50

(m
ed

ia
n

)
D

10
0

4
y

r
D

10
00

4
y

r
4

y
r

U
C

B
10

5
40

(1
8–

64
)

23
d

ay
s

40
d

ay
s

19
%

23
%

35
%

30
%

33
%

M
R

D
17

6
47

(1
5–

69
)

18
d

ay
s

16
0

d
ay

s
31

%
29

%
24

%
40

%
32

%
8/

8
U

R
D

43
42

(1
9–

66
)

17
d

ay
s

10
0

d
ay

s
21

%
22

%
33

%
23

%
36

%
7/

8
U

R
D

43
47

(1
7–

62
)

16
d

ay
s

11
0

d
ay

s
42

%
19

%
35

%
30

%
34

%
H

ap
lo

92
45

(1
7–

69
)

18
d

ay
s

11
8

d
ay

s
14

%
15

%
18

%
35

%
43

%
p

<
0.

05
p

<
0.

01
p

<
0.

00
1

p
=

0.
05

3
p

=
0.

10
p

=
0.

89
p

=
0.

20

R
e

d
u

ce
d

in
te

n
si

ty
co

n
d

it
io

n
in

g

B
ru

n
st

ei
n

20
06

A
M

L

1y
r

2y
r

2y
r

O
S

U
C

B
43

53
88

%
–

51
%

–
28

%
35

%
31

%
(2

2–
68

)
S

ib
P

B
S

C
21

54
10

0%
–

62
%

–
38

%
35

%
32

%
(1

9–
69

)
p

=
0.

1
p

=
0.

85
p

=
0.

43
p

=
0.

72
p

=
0.

62

M
aj

h
ai

l
20

08
H

em
at

o
lo

g
ic

m
al

ig
n

an
ci

es
29

A
M

L

–
–

D
10

0
3y

r
D

18
0

3y
r

U
C

B
(8

8%
43

59
49

%
17

%
28

%
–

34
%

D
U

C
B

)
(5

5–
69

)
–

–
42

%
40

%
23

%
–

30
%

M
R

D
47

58
p

=
0.

20
p

=
0.

02
p

=
0.

23
p

=
0.

98
(5

5–
70

)

M
aj

h
ai

l
20

12
A

M
L

/
M

D
S

70
A

M
L

D
10

0
2y

r
2y

r
2y

r
2y

r
U

C
B

(9
5%

60
61

–
–

45
%

33
%

25
%

47
%

22
%

D
U

C
B

)
(5

5–
69

)
M

R
D

38
63

–
–

38
%

61
%

25
%

34
%

34
%

(5
6–

70
)

p
=

0.
19

p
=

0.
04

p
=

0.
82

p
=

0.
19

p
=

0.
23

B
ru

n
st

ei
n

20
12

A
M

L
/

A
L

L
D

10
0

2
y

r
2

y
r

2
y

r
2

y
r

T
F

94
%

A
M

L
D

U
C

B
T

-T
C

F
12

1
55

(2
3–

68
)

1
–

1
1

1
1

1
90

%
A

M
L

8/
8

P
B

C
T

31
3

59
(2

3–
69

)
0.

21
–

1.
91

0.
43

0.
92

1.
26

1.
13

p
<

0.
00

01
p

<
0.

00
1

p
<

0.
00

1
p

=
0.

72
p

=
0.

15
5

p
=

0.
37

82
%

A
M

L
7/

8
P

B
C

T
11

1
58

(2
1–

69
)

0.
21

–
1.

44
0.

45
0.

57
1.

15
0.

88
p

=
0.

01
3

p
=

0.
06

p
<

0.
00

1
p

=
0.

03
5

p
=

0.
49

5
p

=
0.

43
75

%
A

M
L

D
U

C
B

T
-o

th
er

40
48

(2
1–

67
)

–
–

–
–

–
–

–

C
h

en
20

12
H

em
at

o
lo

g
ic

m
al

ig
n

an
ci

es
,9

5
A

M
L

D
20

0
2y

r
3

y
r

3
y

r
3

y
r

D
U

C
B

T
64

53
(1

9–
67

)
21

.5
41

14
.1

%
21

.9
%

26
.9

%
42

.7
%

30
%

U
R

D
22

1
58

(1
9–

73
)

13
19

20
.3

%
53

.9
%

10
.4

%
49

.8
%

40
%

p
<

0.
00

01
p

<
0.

00
01

p
=

0.
32

p
<

0.
00

01
p

=
0.

00
09

p
=

0.
09

p
=

0.
47

157



J. Clin. Med. 2015, 4, 1240–1268

T
a

b
le

1
.

C
on

t.

R
e

fe
re

n
ce

M
a

li
g

n
a

n
cy

D
o

n
o

r
T

y
p

e
N

o
o

f
P

a
ti

e
n

ts
M

e
d

ia
n

A
g

e
(r

a
n

g
e

)
M

e
d

ia
n

T
im

e
to

A
N

C
≥

5
0

0
/µ

L
M

e
d

ia
n

T
im

e
to

P
la

te
le

t
>

2
0
×

1
0

9
/L

a
G

V
H

D
(I

I-
IV

)
C

I
(%

)
cG

V
H

D
C

I
(%

)
T

R
M

R
e

la
p

se
D

F
S

M
y

e
lo

a
b

la
ti

v
e

co
n

d
it

io
n

in
g

R
e

d
u

ce
d

in
te

n
si

ty
co

n
d

it
io

n
in

g

L
e

B
o

u
rg

eo
is

20
13

H
em

at
o

lo
g

ic
m

al
ig

n
an

ci
es

38
A

M
L

2y
r

2y
r

2y
r

2y
r

D
U

C
B

39
56

16
38

26
%

26
%

26
.5

%
23

%
50

.5
%

(2
2–

69
)

P
B

S
C

52
59

17
0

31
%

35
%

6%
35

.5
%

59
%

(2
2–

70
)

P
=

N
S

p
=

0.
02

p
=

0.
02

p
=

0.
32

p
=

0.
43

W
ei

sd
o

rf
20

14
A

M
L

D
28

D
90

D
10

0
3

y
r

3
y

r
3

y
r

3
y

r
U

C
B

20
5

59
(5

0–
71

)
69

%
69

%
35

%
28

%
35

%
35

%
28

%
8/

8
U

R
D

44
1

58
(5

0–
75

)
97

%
91

%
36

%
53

%
27

%
35

%
39

%
p

<
0.

00
01

p
<

0.
00

01
p

=
0.

69
p

<
0.

00
01

p
=

0.
05

p
=

0.
95

p
=

0.
01

7/
8

U
R

D
94

58
(5

0–
72

)
91

%
89

%
44

%
59

%
41

%
26

%
at

34
%

at
p

<
0.

00
01

p
<

0.
00

01
p

=
0.

14
p

<
0.

00
01

p
=

0.
01

p
=

0.
13

p
=

0.
39

M
al

ar
d

20
15

A
M

L

D
42

>
50

K
at

D
18

0
U

C
B

20
5

49
(1

9–
69

)
75

%
56

%
1

1
1

1
1

10
/

10
U

R
D

34
7

57
(1

9–
70

)
96

%
84

%
1.

72
2.

15
1.

05
0.

60
1.

1
p

<
0.

00
1

p
<

0.
00

1
p

=
0.

08
p

=
0.

08
p

=
0.

85
p

=
0.

02
p

=
0.

49
9/

10
U

R
D

99
55

(1
9–

68
)

95
%

75
%

2.
61

1.
84

1.
58

0.
62

1.
17

p
<

0.
00

1
p

<
0.

00
1

p
=

0.
00

7
p

=
0.

23
p

=
0.

13
p

=
0.

07
p

=
0.

29

158



J. Clin. Med. 2015, 4, 1240–1268

8. Haploidentical Transplantation

Allogenic HCT using a haploidentical (haplo) donor historically has been an attractive alternative

approach given that donors are readily available for almost all patients. However, the initial experience

with T-cell replete haplo-HCT was disappointing because of unacceptably high non-relapse mortality

(NRM) and incidence of severe GVHD occurring in about half of patients [71–73]. In contrast, when

ex vivo T-cell depletion platforms were utilized with the intention of minimizing GVHD, it led to an

excessive increase in graft failure and infectious complication rates [74,75]. Novel strategies such as

post-transplantation cyclophosphamide (PT-Cy), CD34+ “mega dose”, and α/β+ T–cell depletion have

improved clinical outcomes and broadened the use haplo-HCT in recent years. The advantages of this

alternative donor type include immediate donor availability, motivation of family donors, simplicity of

use (at least in the context of PT-Cy), and low cost [76–79]. This is particularly important in developing

countries where ease of access to international unrelated donors and UCB may be limited by cost and

local policies. The main limitation of haplo-HCT is still a high risk of disease relapse, which in part can

be addressed by the use of more intensive conditioning regimens. Ongoing studies are investigating

post-transplantation maintenance therapy methods. Delayed immune reconstitution has also been a

major limitation in some haplo-HCT platforms. Thus, several strategies were undertaken to minimize

GVHD after haplo-HCT without significantly affecting immune reconstitution. Most of these strategies

are still in the developmental stage, including those directed towards augmentation of immune

reconstitution after T-cell-depleted haplo-HCT, such as infusion of pathogen-specific T-cells [80–84],

suicide-gene expressing T-cells [85–87], regulatory T-cells (Tregs) [88–90], or ex vivo photodepletion

of alloreactive donor T-cells [91,92]. Selective allodepletion in T-cell replete haplo-HCT was another

strategy explored that includes ex vivo T-cell tolerance induction via co-stimulation blockade [93,94],

ex vivo selective depletion of T-cells [95–98], and use of PT-Cy [9,76,99–101].

9. T-Cell Depleted Haploidentical Graft

Infusion of a mega-dose (>10 × 106 cells/kg) of CD34+ selected cells is a strategy developed

to overcome the poor hematopoietic engraftment of T-cell-depleted haploidentical grafts after

myeloablative conditioning [8,102,103]. The Perugia group conducted a phase II trial of mega-dose

infusion of CD34+ cells after intensive conditioning with Thio/Flu/TBI (8Gy) and rabbit ATG in 104

patients with acute leukemia [104]. Despite achievement of successful engraftment in over 90% of

patients, the rate of NRM was still excessive (36.5%), mainly owing to infectious complications from

delayed immune reconstitution. Similarly, EBMT reported unacceptable TRM (36%–61% ± 10% at two

years) due to serious infections and poor immune reconstitution after T-cell-depleted myeloablative

conditioning in 266 patients with acute leukemia [103]. However, this strategy led to a low incidence

of GVHD and appeared promising. By using α/β/CD19+ T-cell depletion, Locatelli and colleagues

recently reported that myeloablative haplo-HCT using Thio/Flu/TBI and ATG-based conditioning

yielded acceptable engraftment, a low rate of GVHD, and faster immune reconstitution [98]. Although

clinical outcomes of haplo-HCT appear to be improving with the use of these novel techniques,

future studies will need to carefully weigh the cost and benefits of these approaches relative to other

alternative donor choices.

10. Unmodified Haploidentical Graft with Post-Transplant Cyclophosphamide

The PT-Cy approach was pioneered by the John Hopkins group, and in recent years has become

widely used at many transplant centers given its lower cost and ease of use. With this strategy, the

bone marrow or peripheral blood stem cell graft is unmodified when it is infused into the patient,

allowing alloreactive T-cells to proliferate until days +3 and +4 post-transplant. The patient then

receives 50 mg/kg/day cyclophosphamide for in vivo T-cell depletion. As shown in animal models,

and recently in humans, this dose of cyclophosphamide kills actively proliferating T-cells, but does

not harm the hematopoietic progenitor and stem cells that are critical for blood count recovery and
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engraftment [78]. This strategy results in low risk of acute and chronic GVHD, which has been

explained by the use of in vivo alloreactive T-cell depletion with high-dose Cy [78]. In addition, several

recent studies suggest improvement of immune reconstitution with preserved memory T-cells when

PT-Cy is used in T-cell-replete haplo-HCT [76,100]. Luznik and colleagues reported incidence rates

of sustained engraftment, grades II-IV acute GVHD, and chronic GVHD of 87%, 34%, and <25%,

respectively, among 67 RIC haplo-HCT recipients with hematological malignancies [105]. NRM at one

year was acceptably low at 15%; however, the relapse rate was higher at 51%, resulting in two-year

event-free survival (EFS) of only 26%. Similar results were observed in their most updated report of a

phase II study involving 210 patients with hematological malignancies receiving RIC conditioning

followed by bone marrow haplo-HCT and PT-Cy: the cumulative incidence rates of grade II-IV acute

GVHD, chronic GVHD, five-year relapse, and EFS were 27%, 13%, 55%, and 27%, respectively [76].

Another recent study by Ciurea and colleagues compared the clinical outcomes of 65 haplo-HCT

recipients with T-cell-replete haplo-HCT/PT-Cy versus T-cell-depleted peripheral blood HCT. They

demonstrated the superiority of T-cell-replete haplo-HCT/PT-Cy in terms of one-year NRM (16%

vs.42%, p = 0.03), chronic GVHD (8% vs. 18%, p = 0.03), PFS (45% vs. 21%, p = 0.03), and OS (66%

vs. 30%, p = 0.02) [99]. Bashey and colleagues identified comparable rates of relapse, DFS, and OS

between haplo-HCT/PT-Cy and MSD or adult URD HCT [9]. These results were reproduced by

the Italian group in 459 allograft recipients of haplo-HCT/PT-Cy, MSD, matched URD, mismatched

URD, and UCB [79]. Although in this study the UCB group had higher TRM and inferior survival

compared to haplo-HCT, myeloablative conditioning with Thio/Bu/Flu or Bu/Cy was the most

common regimen (83%) used for UCB allograft, which likely contributed to higher TRM and inferior

survival in this group. A recent CIBMTR study examined the clinical outcomes of 2174 adults with

AML receiving haplo-HCT/PT-Cy (n = 192) or matched URD (n = 1982) allograft and identified

similar two-year survival rates for these two donor groups after both myeloablative conditioning and

RIC [77]. The BMT-CTN conducted two parallel multicenter phase II trials of RIC haplo-HCT/PT-CY

versus UCB HCT. Both of these alternative donor approaches produced comparable survival rates;

however, a lower risk of TRM among recipients of RIC haplo-BMT/PT-CY was offset by a higher

risk of relapse as compared to UCB HCT recipients [7]. A recent collaborative study by French and

Italian groups retrospectively compared the clinical outcomes of haplo-HCT and UCB transplantation

in 150 patients with various hematological malignancies [106]. While haplo-HCT in this study was

mostly performed for a lymphoma diagnosis (84%), the UCB group in contrast was enriched with

acute leukemia patients (63%) and those undergoing alloHCT with a significantly higher disease risk

index (44% vs. 20%). These findings most likely contributed to a higher cumulative incidence of

disease relapse and lower DFS after UCB transplantation as compared to haplo-HCT. However, these

results had no impact on overall survival, and TRM was similar between the groups. A more recent

and larger retrospective study by EBMT examined differences between haplo-HCT (32% PT-Cy-based)

and UCB (49% Cy/Flu/TBI-based) allografts in 1446 patients with acute leukemia and identified

delayed engraftment and a lower rate of chronic GVHD with UCB transplant, but otherwise similar

long-term clinical outcomes with both donor types [107]. Newer strategies are being tested to further

improve the outcomes of haplo-HCT/PT-Cy. Grosso and colleagues recently reported an encouraging

two-year DFS of 74% among 30 patients with hematological malignancies who received myeloablative

haplo-HCT with 1200 cGy TBI followed by infusion of fixed-dose donor T-cells, 48 hours later by

high-dose Cy, and 24 hours later by selected donor CD34+ cell infusion [108]. In conclusion, clinical

research to improve the outcomes of haplo-HCT has witnessed dramatic successes within the past

decade (Table 2), allowing many adults with leukemia who do not have an available HLA-identical

relative to receive allogenic HCT using readily available UCB or haploidentical donors.
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11. Unmodified Haploidentical Graft with Intensive Immune Suppression

Another approach to minimizing the rate of GVHD after haploidentical transplantation is

the use intensive immunosuppression [109–111]. This strategy was first studied by Huang and

colleagues, in which 250 patients with acute leukemia received a G-CSF-primed, unmanipulated,

haploidentical, peripheral blood or bone marrow graft [111]. Myeloablative conditioning consisted of

Bu/Cy/cytarabine/semustine and rabbit ATG, and the immunosuppression consisted of CSA, MMF,

and methotrexate (MTX). Neutrophil engraftment was achieved in all except one patient, and the

rates of grade II-IV acute GVHD, grade III-IV acute GVHD, and extensive chronic GVHD were 46%,

13%, and 23%, respectively. At three years, TRM and the relapse rate were higher for high-risk AML

patients at 29% and 49%, respectively. In their most updated report Luo and colleagues compared their

haplo-HCT experience with MRD and matched URD and identified higher TRM and lower relapse

rate associated with haplo-HCT as compared to MRD graft; however, five-year LFS was similar in all

three groups [112]. Most recently, the same group from China compared the TBI/Cy/simustine/ATG

conditioning regimen with the Bu/Cy/simustine/cytarabine/ATG regimen in 115 patients with

acute leukemia and reported similar clinical outcomes except for a higher rate of organ toxicities

with the Bu-based regimen [113]. Another group from China reported their experience using

T-cell-replete haplo-HCT with myeloablative conditioning consisting of Bu/Cy/cytarabine/lamustine

and low-dose (10 mg/kg) ATG and immunosuppression consisting of CSA, MMF, and MTX [112].

They compared this haplo-HCT platform (n = 99) to MSD (n = 90) and URD (n = 116) allografts

and identified comparable long-term DFS in all three groups. While there was no difference in

other clinical outcomes between haplo-HCT and URD grafts, haplo-HCT recipients had a higher

incidence of TRM and acute GVHD, but a lower relapse rate, than MRD recipients. In addition, a

G-CSF-priming conditioning regimen in T-cell-replete haplo-HCT with intensive immunosuppression

resulted in a lower relapse rate and superior LFS and OS as compared to non-G-CSF priming in

a Southwest China multicenter randomized controlled study [114]. A similar strategy of intensive

immunosuppression after T-cell-replete haplo-HCT has been evaluated in 80 patients with high-risk

hematologic malignancies [115]. GVHD prophylaxis consisted of five drugs (ATG, CSA, MMF, MTX

and basiliximab), and most patients (80%) received myeloablative conditioning consisting mainly of

Thio/Bu/Flu. This therapeutic approach produced acceptable hematopoietic engraftment and low

rates of acute and chronic GVHD, leading to a three-year LFS rate of 30% for high-risk patients.

A calcineurin inhibitor-free, sirolimus-based immunosuppressive platform in combination with

ATG, MMF, and rituximab was another modality that was used after trosulfan/Flu conditioning

and T-cell-replete haplo-HCT; this approach demonstrated rapid T-cell immune reconstitution and

promoted in vivo expansion of Tregs [116,117]. On the basis of these clinical investigations, it is

reasonable to view T-cell-replete haplo-HCT in combination with intensive immunosuppression to be

another promising haplo-HCT platform.

12. The Way Forward

Alternative donor transplantation is now a reality that allows almost every patient who requires

alloHCT to proceed with this potentially curative treatment modality. Mismatched URD represents

yet another alternative donor type, especially with our improved understanding of the HLA-system

and HLA-matching, such as the identification of “permissive” mismatches [118]. Future advances in

clinical care will require physicians to encourage their patients to participate in prospective clinical

trials so that strategies to improve the clinical outcomes of HCT recipients using alternative donor types

and platform options can be rigorously compared. One such clinical trial is the phase III, randomized,

multicenter trial (BMT CTN protocol 1101) of RIC and double UCB HCT versus haplo-HCT with

PT-Cy in adults with leukemia and lymphoma. This study will compare clinical outcomes as well as

cost efficacy, quality of life, and immune reconstitution: important outcomes for defining the relative

efficacy of the two donor types and helping to establish evidence-based standards of care.
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Abstract: The limited sensitivity of the historical treatment response criteria for acute myeloid

leukemia (AML) has resulted in a different paradigm for treatment compared with most other cancers

presenting with widely disseminated disease. Initial cytotoxic induction chemotherapy is often able

to reduce tumor burden to a level sufficient to meet the current criteria for “complete” remission.

Nevertheless, most AML patients ultimately die from their disease, most commonly as clinically

evident relapsed AML. Despite a variety of available salvage therapy options, prognosis in patients

with relapsed or refractory AML is generally poor. In this review, we outline the commonly utilized

salvage cytotoxic therapy interventions and then highlight novel investigational efforts currently

in clinical trials using both pathway-targeted agents and immunotherapy based approaches. We

conclude that there is no current standard of care for adult relapsed or refractory AML other than

offering referral to an appropriate clinical trial.

Keywords: salvage therapy; leukemia; neoplasm metastasis; AML; relapse

1. Introduction

Approximately 20,000 patients will be diagnosed with acute myeloid leukemia (AML) with greater

than 10,000 AML patient deaths in the United States during 2015 [1]. While complete response rates can

be as high as 80% in patients undergoing initial induction cytotoxic chemotherapy, the majority of AML

patients will ultimately be diagnosed with relapsed or refractory disease [2,3]. Patients with relapsed

or refractory AML (RR-AML) have, in general, a poor prognosis [4,5]. While several factors have been

associated with worse outcomes at relapse, including unfavorable cytogenetics at diagnosis, duration

of first complete response (CR) less than 12 months, older age, and prior history of hematopoietic stem

cell transplant (HSCT) [5–7] even a patient without such adverse factors faces a formidable challenge

in achieving and maintaining a second remission.

It is now clear that AML is a diagnosis encompassing a wide range of myeloid malignancies with

heterogeneous genetic etiology [8]. It is also clear that AML is an oligoclonal disease even within

a single patient, such that the predominant clone at initial presentation is not necessarily identical

to the clone ultimately responsible for clinical relapse and death [9,10]. AML presenting as clinical

relapse may be from three underlying sources: (1) chemo-sensitive disease that was only partially

treated and returns, perhaps with additional mutations; (2) a subclone, derived from the same founder

clone as the predominant clone, initially present at low frequency but given a clonal advantage during

treatment due to decreased chemotherapy sensitivity; and (3) de novo generation of AML due to
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toxicity from treatment. Experimental evidence to date suggests the first two mechanisms are the most

common [9,10], although the last may be operable in late relapses that occur three or more years after

achieving initial CR.

While a variety of different treatment regimens have been studied in an effort to improve outcomes

of patients with RR-AML, there appears to be no single superior approach. We therefore believe

that the only current standard of care for a patient with relapsed AML is to offer enrollment in a

clinical trial [11]. This article will review combinatorial chemotherapy regimens (both traditional and

investigational) used in the AML (non-APL) salvage setting (Table 1), and will then discuss novel

single agent approaches, including targeted small molecule drugs for known AML mutations and/or

pathways (Table 2), as well as immunomodulatory drugs and antibody-based, vaccine-based, and

adoptive cellular immunotherapies (Table 3).

2. Cytotoxic Chemotherapy

While most patients able to undergo initial cytotoxic induction therapy will initially achieve a CR,

the most common cause of death is subsequent relapse of disease. Treatment options in this setting

include aggressive therapy geared towards providing a bridge to an allogeneic hematopoietic stem

cell transplantation (alloHSCT), which is often considered the only potentially curative option for

patients with RR-AML, or best supportive care with palliative intent in patients who are not candidates

for an aggressive approach. Patients must have a suitable donor, good performance status, minimal

comorbidities, and generally should be in at least a CR prior to undergoing alloHSCT.

Table 1. Conventional and novel cytotoxic salvage chemotherapy regimens utilized in patients with

relapsed/refractory acute myeloid leukemia (AML).

Regimen Agents CR TRM or 30 Day Mortality Reference

HIDAC Cytarabine 3 g/m2 every 12 h days 1–6 32%–47% 12%–15% [12,13]

FLAG FLAG-IDA

Fludarabine 30 mg/m2 days 1–5

48%–55% 10%–11% [14,15]Cytarabine 2 g/m2 days 1–5
G-CSF 5 mcg/kg day 0 until ANC recovery

Fludarabine 30 mg/m2 days 1–5

63% 17% [16]
Cytarabine 2 g/m2 days 1–5
G-CSF 300 mcg day 0 until ANC recovery

Idarubicin 8 mg/m2 days 1–3

FLA
Fludarabine 30 mg/m2 days 1–5

61% 7% [17]
Cytarabine 2 g/m2 days 1–5

CLAG CLAG-M

Cladribine 5 mg/m2 days 2–6

38%–50% 0%–17% [18–20]Cytarabine 2 g/m2 days 2–6
G-CSF 300 mcg days 1–6

Cladribine 5 mg/m2 days 1–5

50%–58% (53% after first course) 0%–7% [18,21]
Cytarabine 2 g/m2 days 1–5
G-CSF 300 mcg days 0–5

Mitoxantrone 10 mg/m2 days 1–3

MEC

Mitoxantrone 6 mg/m2 days 1–6

59%–66% 3%–6% [22,23]Etoposide 80 mg/m2 days 1–6

Cytarabine 1 g/m2 days 1–6

Mitoxantrone 8 mg/m2 days 1–5

18%–24% 7%–11% [20,24,25]Etoposide 100 mg/m2 days 1–5

Cytarabine 1 mg/m2 days 1–5

MEC/Decitabine

Decitabine 20 mg/m2 days 1–10

30% (CR + CRp + CRi = 50%) 20% [26]
Mitoxantrone 8 mg/m2 days 16–20

Etoposide 100 mg/m2 days 16–20

Cytarabine 1 mg/m2 days 16–20
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Table 1. Cont.

Regimen Agents CR TRM or 30 Day Mortality Reference

EMA-86

Mitoxantrone 12 mg/m2 days 1–3

60% 11% [27]Cytarabine 500 mg/m2 CI days 1–3 & 8–10

Etoposide 200 mg/m2 CI days 8–10

MAV

Mitoxantrone 10 mg/m2 days 4–8

58% 11% [28]Cytarabine 100 mg/m2 CI days 1–8

Etoposide 100–120 mg/m2 days 4–8

FLAD

Fludarabine 30 mg/m2 days 1–3

53% 7.5% [29]Cytarabine 2 g/m2 days 1–3

Liposomal daunorubicin 100 mg/m2 days 1–3

FLAM

Flavopiridol 50 mg/m2 days 1–3

28%–43% 5%–28% [30,31]Cytarabine 2 g/m2/72 h starting day 6

Mitoxantrone 40 mg/m2 day 9

Hybrid FLAM

Flavopiridol 30mg/m2 bolus, 60 mg/m2 over 4
h days 1–3

40% 9% [32]
Cytarabine 2 g/m2/72 h starting day 6

Mitoxantrone 40 mg/m2 day 9

Clofarabine
Cytarabine

Clofarabine 40 mg/m2 days 2–6

28%–51% 6.2%–13%

[33]
Cytarabine 1 g/m2 days 1–5

Clofarabine 40 mg/m2 days 1–5; Cytarabine 1
g/m2 days 1–5 [34,35]

Clofarabine 22.5 mg/m2 days 1–5; Cytarabine 1
g/m2 days 1–5

GCLAC
Clofarabine 25 mg/m2 days 1–5; Cytarabine 2
g/m2 days 1–5; G-CSF 5 mcg/kg day 0 until
ANC recovery

46%, (CR + CRp 61%) 13% [36,37]

HAA

Homoharringtonine 4 mg/m2 days 1–3

76%–80% 0% [38]Cytarabine 150 mg/m2 days 1–7

Aclarubicin 12 mg/m2 days 1–7

CPX 351
CPX 351 101 units/m2 days 1, 3, and 5

23%–37% (CR + CRi = 49%) 7%–13%
[39]

CPX 351 100 units/m2 days 1, 3, 5 (first
induction) and days 1 and 3 (second induction
and consolidation)

[40]

Abbreviations: complete response (CR), complete response with incomplete platelet recovery (CRp), complete
response with incomplete blood count recovery (CRi), treatment-related mortality (TRM), High-dose arabinoside
cytarabine (HIDAC), granulocyte colony stimulating factor (G-CSF), continuous infusion (CI), cyclin-dependent
kinase (CDK).

Table 2. Targeted agents under evaluation for treatment of patients with relapsed/refractory AML

(RR-AML). Ongoing clinical trials (either enrolling new patients with RR-AML or active but no longer

enrolling patients).

Agent Mechanism of Action Ongoing Clinical Trial Reference

Ruxolitinib JAK1 and JAK2 inhibitor
NCT02257138,
NCT00674479,
NCT01251965

[41,42]

Rapamycin mTOR inhibitor

NCT01184898,
NCT01869114,
NCT00634244,
NCT02109744

[43,44]

Everolimus mTOR inhibitor NCT00819546 [45]
Tosedostat Aminopeptidase activity inhibitor NCT01636609 [46,47]

Vorinostat Histone deacetylase inhibitor

NCT01130506,
NCT01534260,
NCT01550224,
NCT01617226,
NCT02083250

[48–50]
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Table 2. Cont.

Agent Mechanism of Action Ongoing Clinical Trial Reference
AG-120 IDH1 inhibitor NCT02074839 NCT02074839
AG-221 IDH2 inhibitor NCT01915498 [51]

Elacytarabine Elaidic acid ester of cytarabine No active studies found [52]
Vosaroxin Anticancer quinolone derivative NCT01191801 [53,54]

Pravastatin HMG-CoA reductase inhibitor NCT00840177 [55,56]

Bortezomib Proteasome inhibitor

NCT01174888,
NCT01127009,
NCT01736943,
NCT01861314,
NCT01534260,
NCT01075425,
NCT00410423

[57]

Lenalidomide Immunomodulatory agent

NCT01681537,
NCT01904643,
NCT01629082,
NCT01132586,
NCT01246622,
NCT01743859,
NCT01016600,
NCT00466895,
NCT01615042

[58]

CPI-613 Lipoate derivative NCT01768897 [59]
ABT-199 BCL-2 inhibitor NCT01994837 [60]

Erismodegib Hedgehog inhibitor NCT02129101 NCT02129101
PF-04449913 Hedgehog inhibitor NCT02038777 NCT02038777

Source: www.clinicaltrials.gov.

Table 3. Immunotherapeutic agents under evaluation for treatment of patients with

relapsed/refractory AML.

Agent Mechanism of Action Ongoing Clinical Trial Reference

Gemtuzumab
ozogamicin

Conjugated Antibody targeting CD33
NCT01869803,
NCT00766116,
NCT02221310

[61–63]

SGN-CD33A Conjugated Antibody targeting CD33 NCT01902329 [64,65]
Lintuzumab Unconjugated Antibody targeting CD33 No active studies found [66]

CSL362 Unconjugated Antibody targeting CD123 No active studies found [67,68]

AMG330
Bispecific T-cell Engaging Antibody targeting

CD33 and CD3
No active studies found [69,70]

MGD006
Dual Affinity Re-Targeting Antibody targeting

CD123 and CD3
NCT02152956 [71]

CD16x33 BiKE
Bispecific Killer Cell Engager Antibody against

CD16 and CD33
No active studies found [72]

CART33
Chimeric Antigen Receptor-Transduced T Cells

targeting CD33
NCT01864902 [73]

CART123
Chimeric Antigen Receptor-Transduced T Cells

targeting CD123
NCT02159495 [74,75]

WT1 peptide vaccine Vaccine targeting WT1 NCT00965224 [76,77]
WT1-specific CD8(+)

T-cell infusion
Adoptive Cell Transfer NCT01640301 [78–80]
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Table 3. Cont.

Agent Mechanism of Action Ongoing Clinical Trial Reference

Haploidentical NK cell
infusion

Adoptive Cell Transfer

NCT01947322,
NCT01385423,
NCT01370213,
NCT00303667,
NCT01621477,
NCT00526292,
NCT00789776,
NCT02259348,
NCT01795378,
NCT01898793,
NCT01386619

[81]

AlloHSCT Adoptive Cell Transfer
More than 40 active

clinical trials identified
[82–85]

Donor lymphocyte
infusion (post alloHCT)

Adoptive Cell Transfer

NCT01758367,
NCT01390311,
NCT00068718,
NCT01523223,
NCT01760655,
NCT00534118,
NCT00005799,
NCT00448357

[86–89]

Source: www.clinicaltrials.gov.

Most commonly used induction regimens involve a combination of infusional cytarabine,

an anthracycline, and perhaps an additional agent. Cytarabine, a deoxycytidine analog that is actively

metabolized to arabinofuranosylcytidine triphosphate (ara-CTP), serves as the backbone for many

commonly utilized salvage regimens, demonstrating efficacy in relapsed AML both as monotherapy

when given in high doses (HIDAC), and in combination with other therapeutic agents [12,13]. In

general, patients with a good performance status who have not yet received HIDAC can receive this

treatment regimen in the salvage setting with or without an anthracycline, as per NCCN guidelines [90].

Patients who suffer a late relapse, especially one greater than 18 months from initial CR (CR1), can

sometimes achieve a second CR (CR2) by retreatment with the same initial induction regimen [90].

With reported CR2 rates of only 32% to 47%, however, HIDAC monotherapy is far from an acceptable

standard of care for relapsed disease [12,13].

FLA/FLAG—Fludarabine is a purine analog that acts by inhibiting ribonucleotide reductase

(RNR), which augments the rate of synthesis of ara-CTP in circulating AML blasts when infused prior

to cytarabine [91]. It has been studied in relapsed AML in combination with high-dose cytarabine

(FLA), with or without granulocyte-colony stimulating factor (G-CSF), with reported CR rates ranging

from 46% to 63% [14–16] (Table 1). Idarubicin, an anthracycline, is frequently added to FLAG and

despite a lack of evidence of improved outcome is a reasonable option in select patients [16]. Notably,

FLA did not produce superior CR rates in the salvage setting when compared to standard induction

chemotherapy (cytarabine, daunorubicin, and etoposide) in the randomized MRC AML-HR trial (CR

rates: 61% FLA versus 63% ADE, p = 0.8), and in fact survival at 4 years was significantly inferior using

this approach (16% versus 27%, p = 0.05) [17]. Likewise, the addition of G-CSF to FLA in this trial failed

to demonstrate improvement in outcomes over FLA alone (CR rates: 58% G-CSF versus 61% no G-CSF,

p = 0.7). Nevertheless, FLAG ± idarubicin remains an accepted alternative to HIDAC monotherapy in

relapsed AML.

CLAG/CLAG-M—Cladribine is another RNR-inhibiting purine analogue that was found to

yield synergistic effects on inhibition of cell proliferation, induction of apoptosis, and disruption of

mitochondrial membrane potential when combined with cytarabine [92]. It has been associated with

CR rates ranging from 38% to 58% when combined with high-dose cytarabine and G-CSF (CLAG) in the
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relapsed setting [18–21] (Table 1), with the highest rates observed in those treated with mitoxantrone

in addition to CLAG (CLAG-M) [21].

MEC/EMA-86/MAV—Combinations of mitoxantrone, etoposide and cytarabine have been

extensively evaluated in relapsed AML with multiple variations in the dose and schedule (MEC,

EMA-86, MAV), resulting in CR rates between 18% and 66% [20,22–25,27,28,93] (Table 1) with the

highest rates seen when given as timed-sequential therapy [27,93]. A single-institution retrospective

review by Price et al. evaluated 162 patients with RR-AML treated with CLAG versus MEC and found

overall CR rates of 37.9% versus 23.8% (p = 0.05), with a median follow up of 20.3 months [20]. Although

limited by the retrospective nature of the study, a possible superiority of CLAG is suggested. Notably,

the addition of sirolimus to MEC was evaluated in an arm of the E1906 trial, a phase II study among

patients with RR-AML, but closed to accrual early with 15% responses [30]. An ongoing phase II

study (NCT01729845) is currently evaluating the effect of pre-treatment “priming” with decitabine, a

hypomethylating agent, prior to MEC after a phase I study found a CR rate of 30% (9 of 30 patients;

CR + CRp + CRi = 50%) with a treatment related mortality (TRM) of 20% [26].

GCLAC—Clofarabine is a second-generation deoxyadenosine analog that is characterized by

high resistance to phosphorolytic cleavage by bacterial purine nucleoside phosphorylase, potent

inhibition of DNA synthesis, prolonged retention of clofarabine triphosphate in leukemic blasts [34]

and, similar to fludarabine and cladribine, can inhibit RNR reductase and increase the intracellular

concentration of ara-CTP when administered prior to cytarabine [94]. Studies evaluating clofarabine

with intermediate-dose cytarabine (1 gm/m2) have found CR rates 35%–51% [33–35] (Table 1). GCLAC

is a regimen containing clofarabine, high dose cytarabine (2 g/m2), and G-CSF that has resulted in

comparable CR rates (46% in a phase I/II study) [36] (Table 1). A retrospective study comparing 50

patients who received GCLAC to 101 patients who received FLAG or FLA demonstrated a superior

CR rate for patients who received GCLAC, with an odds ratio of 9.57 (p < 0.0001) [37]. GCLAC also

demonstrated impressive efficacy as initial induction therapy with an overall CR rate of 76% (CR +

CRp = 82%) in a recently reported multicenter trial [95]. Further studies will be necessary to determine

conclusively if GCLAC is superior to other approaches in RR-AML.

FLAD—Liposomal daunorubicin has been found to be at least as effective as free (non-liposomal)

daunorubicin in leukemic cells and could have decreased toxicity [96,97]. This agent was evaluated

in combination with cytarabine and fludarabine (FLAD), with an overall CR rate of 53% (CR in 73%

of relapsed AML subjects versus 0% of refractory AML subjects) among 41 patients with RR-AML

(including two patients with CML in myeloid blast crisis) [29]. Fifty-eight percent of patients who

achieved CR were able to proceed to alloHSCT, which raises the possibility of this regimen being

utilized as a bridge to transplant.

FLAM—Flavopiridol, a synthetic flavone derivative initially isolated from the stem bark of the

Indian tree (Dysoxylum binectariferum), has properties as a cyclin-dependent kinase inhibitor and has

been evaluated as timed sequential therapy in combination with cytarabine and mitoxantrone (FLAM)

with a CR rate of 42.5% in a phase II study of 47 patients with RR-AML, including a CR rate of

75% in those with relapsed AML compared to only 9% in those with primary or multiply refractory

disease [31] (Table 1). A phase I trial evaluating a “Hybrid FLAM” regimen, which administers

Flavopiridol as a 30-min bolus followed by 4-h infusion, found a CR rate for relapsed AML patients of

92% (11 of 12 patients) at the maximum tolerated dose and 31% for primary refractory patients (5 of 16

patients) [32]. However, a randomized phase II study found an overall CR rate of 28% (six patients

achieved CR, four patients CRi) among 36 patients, including patients with primary refractory AML

and post-HSCT relapse [30]. This study randomized patients to either FLAM, carboplatin-topotecan

(14% patients achieved CR or CRi), or sirolimus-MEC. Early FLAM-related mortality was 28% (with 4

of 10 deaths related to overwhelming tumor lysis and cytokine release syndrome from Flavopiridol),

predominantly in patients older than 65 years. Thus this regimen holds promise for younger patients

(<60–65 y/o) but may be excessively toxic for the older population.
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HAA—Homoharringtonine is an alkaloid derived from Cephalotaxus fortunei that, when combined

with cytarabine and the anthracycline aclarubicin, was shown to induce a CR rate of 76.1% after one

cycle of treatment among 46 patients with RR-AML [38] (Table 1). Patients who did not respond or only

had a partial response (PR) underwent an additional cycle of HAA, which increased the overall CR

rate to 80.4%. In this study, no TRM was documented, but 89.1% of patients developed infections [38].

CPX351—CPX 351 is a bilamellar liposome that encapsulates cytarabine and daunorubicin in an

optimally synergistic fixed molar ratio of 5:1 [39]. It was found to induce a CR in 10 of 43 patients (23%)

in a phase I study [39] and yielded a CR rate of 49.3% (37% CR + 12.3% CRi) when compared with

provider’s-choice of intensive salvage therapy in adults with first relapse of AML (CR + CRi = 40.9%)

in a phase II, multicenter, randomized trial [40] (Table 1). A possible clinical benefit for patients treated

with CPX 351 was observed in subjects with poor-risk disease, as defined by European Prognostic

Index [40].

Vosaroxin—Vosaroxin is a novel anticancer quinolone derivative that intercalates DNA and

inhibits topoisomerase II [53]. It was evaluated in combination with cytarabine in a phase III

randomized multinational study comprising 711 patients at 124 sites, where the combination was

found to improve CR (30.1% versus 16.3%, p = 0.00001) and median OS (7.5 months versus 6.1 months,

2-sided stratified log-rank p = 0.02) when compared to the placebo/cytarabine group. Overall survival

(OS) benefit was greatest in patients aged 60 years or older (7.1 months versus 5 months, p = 0.003) and

those with early relapse (6.7 months versus 5.2 months, p = 0.04) [54]. A separate phase Ib/II study

evaluating the same combination among patients with RR-AML found a combined CR + CRi rate of

28% [98]. Notably, the CR + CRi rate was 69% for patients whose initial CR lasted greater or equal

to 12 months, while patients with initial CR >3 months and <12 months and patients with refractory

disease had CR + CRi of 13% and 21%, respectively.

Elacytarabine is an elaidic acid ester of cytarabine that was compared against seven commonly

used salvage regimens (investigator’s choice) in a large phase III study but was not found to improve

CR or OS rate [52]. Interestingly no significant difference with regards to OS was found among the

different salvage treatment regimens.

3. Targeted Agents

Increased understanding of AML biology has led to the identification of deregulated pathways

that drive blast proliferation. These discoveries have, in turn, given way to the development of agents

targeting these molecular pathways.

Cancer Metabolism—Oncogenic mutations affecting two isoforms of the isocitrate dehydrogenase

(IDH) enzyme, IDH1 and IDH2, have been reported in approximately 30% of de novo AML and appear

to be an unfavorable prognostic factor [99]. AG-221 is an oral, potent, reversible, and selective inhibitor

of the mutated IDH2 protein that is currently under evaluation, with early results of an ongoing phase

I study revealing objective responses in 6 of 10 patients thus far including three CRs and two CRp

(NCT01915498) [51]. An IDH1 inhibitor, AG-120, is also undergoing phase I testing in patients with

RR-AML harboring an IDH1 mutation (NCT02074839).

CPI-613 is a lipoate derivative that disrupts mitochondrial metabolism by inhibiting pyruvate

dehydrogenase and α-ketogluterate dehydrogenase [100]. When combined with HIDAC and

mitoxantrone in a phase I study, 18 patients (50%) achieved a CR or CRi, while 14% of patients

died in the first 30 days [59]. Notably, the CR + CRi rate was also 50% among patients 60 years of age

or older [59].

Plerixafor—In an effort to disrupt the interaction between leukemic blasts and the bone marrow

microenvironment, which is postulated to be an important mediator of chemotherapy resistance [101],

plerixafor, a bicyclam that inhibits the CXCR4 chemokine receptor, was evaluated in combination

with MEC for the treatment of RR-AML and was found to induce a CR + CRi rate of 46% in a phase

I/II study [102]. A follow up study is currently underway evaluating the effect of G-CSF priming in

addition to the abovementioned regimen (NCT00906945).
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Kinase inhibition—Internal tandem duplication mutations resulting in constitutive activation of

the FMS-like tyrosine kinase receptor 3 (FLT3-ITD) are present in approximately 20%–30% of cases

of AML, represent a high-risk feature in normal karyotype AML, and are associated with a high risk

of relapse following alloHSCT [103]. Pratz et al. examined the efficacy of six FLT3-ITD inhibitors for

potency against mutant and wild-type FLT3 as well as for cytotoxic effect against a series of primary

blast samples and found that the inhibitors could be ranked, from most to least selective against

FLT3-ITD, as quizartinib, sorafenib, sunitinib, KW2449, and lestaurtinib [104].

Quizartinib (AC220) has been shown in a phase I trial to be safe and efficacious in patients

with both FLT3-ITD negative and positive RR-AML, with most of the responses being PR or CRi

and occurring in FLT3-ITD positive patients [105]. Multiple phase II trials for RR-AML have been

conducted [106] but to date have only been reported in abstract form [107,108].

In the recently reported SAL-Soraml trial, sorafenib demonstrated safety and improved event free

survival compared to placebo when used as an adjunct to standard induction chemotherapy in 267

younger (age <60) patients with newly diagnosed AML, only 17% of whom were FLT3-ITD mutated

(3-year event-free survival 40% versus 22%, p = 0.013) [109]. It also demonstrated safety with early

data suggesting a possible reduction in relapse rates when used as maintenance therapy in FLT3-ITD

mutated AML patients after alloHSCT [110,111]. Additionally, sorafenib monotherapy exhibited

antileukemic efficacy in patients with RR-AML, including patients who relapsed after alloHSCT, in a

small retrospective study including 13 patients [112].

Unfortunately, mutations of the FLT3 kinase domain can arise and limit the efficacy of FLT3

inhibitors [113]. The most commonly observed FLT3 mutation occurs at the D835 residue, followed by

the F691L [114]. Crenolanib (CP-868,596) is a novel tyrosine kinase inhibitor (TKI) that was originally

developed as a selective and potent inhibitor of PDGFR α and β, but also has high affinity for other

type III receptor tyrosine kinases such as FLT3. A preclinical study by Zimmerman et al. demonstrated

that crenolanib has potent activity against FLT3-ITD as well as FLT3 D835 mutations in binding assays

and in Ba/F3 cells from a mouse model. Several phase II trials evaluating crenolanib in patients with

RR-AML and FLT3 mutations are ongoing (NCT01522469 and NCT01657682).

Another FLT3 inhibitor that has demonstrated inhibitory activity against FLT3-ITD/N676D,

FLT3-ITD/F691L, and FLT3-D835Y mutants is G-749, which displayed potent antileukemic activity

in bone marrow blasts from AML patients regardless of FLT3 mutation status [115]. AMG 925 is a

FLT3/CDK4 dual kinase inhibitor that also demonstrated potent and selective activity in vivo in AML

tumor models in preclinical studies [116].

JAK inhibition—The Janus kinase—signal transducer and activator of transcription (JAK-STAT)

pathway has been found to be dysregulated in AML [117]. Ruxolitinib is a potent, selective JAK1 and

JAK2 inhibitor that was found to be overall reasonably well tolerated in a phase I/II study, where 1 of

26 patients with RR-AML achieved a CRp [41]. A previous phase II study, on the other hand, found

that 3 of 18 patients with post myeloproliferative disease-AML were able to achieve a CR or CRi [42].

mTOR inhibition—Mammalian target of rapamycin (mTOR) is a serine/threonine kinase involved

in the regulation of cell growth and proliferation by translational control of key proteins [43].

Rapamycin is an mTOR inhibitor that has been evaluated as monotherapy, inducing a PR in four of

nine patients [43], and in combination with decitabine, achieving a decline in blast percentage in 4 of

13 patients in a phase I trial [44]. Another mTOR inhibitor, RAD001 (everolimus), was evaluated in

combination with 7 + 3 chemotherapy (daunorubicin 60 mg/m2 d1 to d3, cytarabine 200 mg/m2 d1 to

d7) in a phase Ib study of 28 patients (age <65) with relapsed AML and produced a CR rate of 68% [45].

Vorinostat—Vorinostat is a histone deacetylase inhibitor that, despite promising data in phase

I trials, was found in a phase II study to have a CR rate of only 4.5% in a group of 22 patients with

RR-AML (16 patients) and untreated AML (6 patients) [48]. However, when given in combination

with azacitidine and gemtuzumab ozogamicin, 42.3% of patients achieved a CR + CRi [49]. Another

study evaluating vorinostat in combination with cytarabine and etoposide found a CR rate of 46% at

the maximum tolerated dose of vorinostat 200 mg twice a day [50].
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Statins—Interestingly, AML blasts frequently overexpress the genes for the low-density

lipoprotein (LDL) receptor. Blockade of 3-hydroxy-3-methylglutaryl coenzyme reductase (HMG-CoAR)

inhibits cholesterol uptake and synthesis and is believed to sensitize AML cells to cytotoxic therapy [55].

A phase II study evaluating pravastatin, intermediate-dose cytarabine, and idarubicin in patients with

relapsed AML found a CR + CRi of 75%, which suggests that this approach may improve efficacy [56].

Notably, a study evaluating pravastatin in addition to idarubicin and cytarabine in patients with

de novo, untreated AML did not find a significant improvement in CR rates when compared to

historical results [118].

Proteasome Inhibition—Bortezomib, a proteasome inhibitor commonly utilized in multiple

myeloma, was administered in combination with MEC chemotherapy in a phase I study, where

17 of 33 evaluable patients (52%) achieved either a CR or CRi and TRM was 9% [57]. Several clinical

trials are currently evaluating bortezomib, either as monotherapy or in combination to other agents, in

patients with RR-AML (Table 2).

Other Pathways—Tosedostat is a novel oral agent that inhibits aminopeptidase activity, resulting

in the depletion of cellular amino acid pools selectively in tumor cells [46]. Several studies have

evaluated the efficacy of tosedostat monotherapy in RR-AML with CR rates ranging from 10% to

17% [46,47]. It has been observed that, given the pharmacokinetic characteristics and mechanism

of action of tosedostat, patients require treatment for at least 4 weeks (and possibly longer) for full

therapeutic effect to be reached [47].

ABT-199 is a selective, orally bioavailable small molecule BCL-2 inhibitor that is currently

under evaluation in a phase II study with preliminary data revealing a CR + CRi rate of 15.5%

among 32 patients [60].

Hedgehog pathway—Aberrant activation of the hedgehog (Hh) pathway was found to be a

feature of some CD34-positive myeloid leukemic cells in a preclinical study, where inhibition of Hh

signaling was found to induce apoptosis in Hh-responsive CD34 cells [119]. Several studies utilizing

Hh inhibitors in RR-AML are currently ongoing.

4. Immunotherapy

Unlike conventional chemotherapy, which primarily targets dividing cells, or small molecules that

target specific pathways within blasts, immunotherapeutic interventions aim at directing an immune

response against tumor cells. Several immunotherapeutic modalities are currently under evaluation

and are detailed below and in Table 3.

Antibodies—Two targets in AML have served as the main focus for monoclonal antibody

studies: CD123 and CD33. The latter is expressed on blasts in 80%–90% of patients with

AML [61]. Gemtuzumab ozogamicin (GO), a CD33-directed antibody linked to the antibiotic cytotoxin

calicheamicin, received accelerated approval by the FDA in 2000 but was withdrawn from the U.S.

market in 2010 after an interim analysis of SWOG S0106 failed to demonstrate a benefit of adding GO

to standard induction chemotherapy, while finding an increased rate of fatal adverse events (5.8%

versus 0.8%, p = 0.002) [62]. Although subsequent studies evaluating GO alone or in combination have

produced mixed results in RR-AML, one recent study using fractionated doses of GO combined with

standard dose cytarabine found a CR + CRp rate of 75% and 2-year survival of 51% with a low TRM

(8.3%) [63]. Further studies will be necessary to determine the safety of GO when administered in

fractionated doses.

Other anti-CD33 antibodies include lintuzumab, an unconjugated humanized murine monoclonal

antibody that failed to improve CR rates when combined with MEC in a phase III randomized

multicenter study [66], and SGN-CD33A, a monoclonal antibody conjugated to a novel synthetic

pyrrolobenzodiazepine dimer, which is a potent DNA cross-linking cytotoxin. Following favorable

results in a preclinical study [64], an ongoing phase I trial of SGN-CD33A in relapsed AML or patients

who decline conventional induction/consolidation therapy has found evidence of antileukemic activity,
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with 47% of patients achieving blast clearance (CR + CRi + morphologic leukemia-free state), with no

maximum tolerated dose identified at this interim analysis (NCT01902329) [65].

CSL362 is a humanized second-generation anti-CD123 antibody with favorable preclinical

data [67] that was found to be safe and well tolerated as maintenance therapy in a phase I study

of AML patients with CR + CRp and high risk of relapse (NCT01632852) [68]. A phase 2 study of

CSL362 is planned.

Bispecific T-cell-engaging (BiTE) antibodies are single-chain antibodies designed to direct cytotoxic

T lymphocytes at a predefined surface antigen on tumor cells. AMG 330 is a human BiTE antibody

against CD33 and CD3 that has demonstrated potent cytolysis in vitro against human AML cells

proportional to the level of cell-surface CD33 expression [69], which varied by cytogenetic and

molecular subtype [120]. It has also been shown to improve the survival of NOD/SCID mice with

leukemia caused by human MOLM-13 AML cells [70]. Meanwhile, a phase I trial is currently

underway to further evaluate MGD 006, a humanized Dual Affinity Re-Targetting (DART) bispecific

antibody-based molecule directed against CD123 and CD3 (NCT02152956) [71].

Natural Killer (NK) cells are effector lymphocytes of the innate immune system capable of

exerting anti-AML activity, as exemplified by its role in the graft-versus-leukemia (GVL) effect after

alloHSCT [72]. A humanized bispecific killer cell engager (BiKE) antibody containing binding sites for

CD16 and CD33 (CD16x33 BiKE) has been shown to trigger NK cell activation in preclinical studies

and could potentially enhance and direct the GVL effect in patients with CD33+ AML after transplant,

especially after CMV reactivation [72]. Another study seeking to exploit the anti-AML activity of NK

cells has focused on the adoptive transfer of haploidentical NK cells into patients with poor-prognosis

AML, where these cells have successfully expanded in vivo and induced CR in 5 of 19 patients [81].

Adoptive Cell Therapy—Following favorable ongoing studies in lymphoid malignancies, chimeric

antigen receptor-transduced T cells (CART), which are synthetic transmembrane constructs that

combine the specificity of antibody target recognition with the potent effector mechanisms of T-cell

immunity, have been designed to target CD33 (CART33) and CD123 (CART123) in AML. A study

by Wang et al., in which CART33 cells were administered to a patient with relapsed AML, found a

temporal decrease in blast ratio from >50% to <6% two weeks after infusion. Unfortunately, the patient

then developed cytokine release syndrome requiring a TNF-α inhibitor and subsequently died from

disease progression 13 weeks after CART33 infusion [73]. On the other hand, CART123 cells have

demonstrated antileukemic activity in animal studies [74,121] and could potentially be superior to

CART33 based on their lower toxicity profile against normal hematopoietic cells and identical killing

profile against malignant myeloid cells [75]. A phase I study evaluating CART123 in patients with

RR-AML is reportedly scheduled to begin soon (NCT02159495).

The Wilms tumor 1 (WT1) gene, a zinc finger transcription factor implicated in leukemogenesis,

is overexpressed in 70% of AML patients [78,79] and has been targeted through the adoptive transfer

of WT1-specific CD8(+) cytotoxic T-cell clones. In post-transplant patients, these T-cells were found to

be safe and able to persist, with evidence of antileukemic activity in some patients [80].

Donor lymphocyte infusion (DLI) can be considered for patients who relapse after undergoing

an alloHSCT in an attempt to induce a GVL effect. Generally patients who achieve a CR prior to DLI

have a better chance of achieving a durable remission [86,87]. Interestingly, animal studies suggest

a possible immunomodulatory effect of azacitidine that might attenuate graft-versus-host disease

(GVHD) after DLI [88]. A recent phase I study evaluated azacitidine after DLI in eight patients with

relapsed AML after alloHSCT and found six CRs and only grade 1 or 2 acute GVHD, which suggests

that azacitidine after salvage chemotherapy and DLI is well tolerated and does not appear to hinder

neutrophil recovery [89].

Vaccines—A number of studies have looked at vaccination with different leukemia-associated

antigens including WT1, PR1, proteinase 3, and RHAMM, with the goal of establishing an

immunological response capable of eradicating malignant cells [122]. These studies have generally

demonstrated safety and immune correlates but no clinical efficacy. However, a recent phase I/II study
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of 30 AML patients (3 in PR, 27 in CR with high-risk of relapse) administered a dendritic cell WT1

vaccine in the adjuvant setting and found that 8 of 23 patients with elevated WT1 transcript had a

molecular response following vaccination, with five of these eight patients subsequently maintaining

remission at a median follow-up of 63 months [76]. This included one patient who was in PR at time of

vaccination and is reportedly still in CR more than 5 years after initial diagnosis. A separate phase II

study evaluating a multivalent WT1 peptide vaccine in patients with AML in CR is currently underway

(NCT01266083).

Allogeneic Hematopoietic Stem Cell Transplant—AlloHSCT is an aggressive intervention that

provides patients with RR-AML who have a good performance status and an adequate donor with the

best chance of achieving a durable remission [82,123]. Relapsed AML patients entering an alloHSCT

in CR have significantly superior OS compared to those with residual detectable disease [82,124].

However, patients with RR-AML who are not in CR prior to undergoing an alloHSCT can still

experience improved long-term survival as evidenced by Duval et al., who found an OS of 19% at 3

years among 1673 patients [125]. Patients lacking a suitable matched-related donor have other options

for stem cell sources available, including matched unrelated donor, double cord blood units, and

haploidentical (haplo) family donor. Notably, haplo-identical donors are often readily available from

family members, providing a rapid alternative route to transplantation with acceptable toxicity in

relapsed AML patients without a matched related donor option [29,126,127]. Unfortunately a large

number of patients with RR-AML are elderly or have less than ideal performance status, which restricts

their ability to undergo an alloHSCT with myeloablative conditioning (MAC). Reduced-intensity

conditioning (RIC) regimens have been designed to address this problem and, in general, are thought

to be associated with decreased TRM at the expense of increased risk of relapse when compared to

MAC [83]. A recent retrospective study comparing RIC versus MAC alloHSCT among 132 patients aged

35 years or older with AML (including patients in CR1, CR2 or greater, or with refractory disease) found

a lower 4-year non-relapse mortality with RIC (13% versus 28%, p = 0.009), a similar 4-year relapse rate

(44% versus 33%, p = 0.22) and similar overall survival (50% versus 43%, p = 0.38) [84]. Survival of AML

patients relapsing after transplantation is dismal. Response rates for patients who receive intensive

salvage therapy after relapse, which offers the best chance for response, is approximately 30% [85].

When post-alloHSCT patients do achieve CR, outcomes have been found to be better with the use of

donor cells for consolidation: 2 year OS 55% ± 11% in patients who received either DLI or second

HSCT, as compared to 20% ± 10% in patients who only received initial salvage chemotherapy [85].

Azacitidine monotherapy can also be utilized and was found to induce a CR in 15% of patients (CR + PR

= 22%) from a total of 204 patients with AML/MDS who relapsed after undergoing an alloHSCT [128].

5. Low-Intensity Therapy

Not all patients with RR-AML will be good candidates for the aggressive salvage therapy as

described above due to reasons such as poor performance status, comorbidities, or cumulative toxicity

from prior therapies. Treatment options in this setting are often palliative in nature and include best

supportive care or less aggressive therapies such as hypomethylating agents or low-dose cytarabine

(LDAC), which can induce CR rates of around 17% [129].

Hypomethylating agents—The hypomethylating agents 5-azacitidine and decitabine are cytidine

analogs that act in part by inhibiting DNA methyltransferases [130] and are increasingly used during

induction or salvage therapy in patients who are not good candidates for “aggressive” treatment [90].

A retrospective review encompassing three institutions in France found a CR rate of 21% with 11%

PR and an overall survival of 9 months (median OS not reached for responders, 4.5 months OS for

non-responders) among 47 patients with RR-AML receiving azacitidine 75 mg/m2 days 1–7, while

patients were able to proceed with an alloHSCT with reduced intensity conditioning [131]. Decitabine,

on the other hand, was found to have a CR rate of 15.7% and a median OS of 177 days among

102 patients with RR-AML in a retrospective study by Ritchie et al. [132]. Interestingly, TET2 mutations

have recently been proposed as a predictive biomarker of responsiveness to hypomethylating agents
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in myelodysplastic syndrome (MDS) and low blast count AML [133,134]. It remains to be seen if the

identification of TET2 mutations will be useful in patients with AML regardless of blast count.

6. Discussion

Most patients who are diagnosed with AML will die of AML. Even within the favorable-risk

subgroup of patients, as currently defined by cytogenetic and molecular criteria, many do not enjoy

long-term survival. Although standard induction and consolidation chemotherapy regimens are

undoubtedly intensive, a fundamental problem in the treatment of AML is not that available therapies

are toxic but rather they are not effective enough [135]. Moreover, this therapeutic failure has been

masked by the lack of progress in high sensitivity treatment response criteria [136]; a recent review of

almost 5000 patients treated on clinical trials and/or in leukemia centers of excellence showed that most

patients (mean 79%) treated with curative intent induction chemotherapy had achieved a “complete

remission” endpoint as we currently define it, despite a median overall survival of only 20 months for

the group [2]. Compounding the difficulty in curing AML is the fact that it is predominantly a disease

of older adults who are less likely to be treated intensively [137,138]. While the outcomes for untreated

and refractory AML are dire, those for relapsed AML are only slightly better with less than 30% of

patients surviving 12 months after relapse [5,7,85].

In RR-AML patients with poor performance status, prohibitive comorbidities, or those who

do not wish to undergo aggressive therapy, options are currently limited to best supportive care

or low-intensity therapy with palliative intent. Although patients who are good candidates for

aggressive treatment have a significant number of salvage therapy options available to them, none has

categorically proven to offer superior outcomes and participation in clinical trials should be encouraged

(Figure 1). In general, aggressive salvage therapies are given with the intent of maximally “debulking”

the disease burden prior to proceeding with an alloHSCT. Indeed, the depth of remission when entering

alloHSCT (as measured by minimal residual disease, or MRD), rather than its chronological setting

(CR1 versus CR2), may be most predictive of overall survival [124]. Unfortunately, with a median age at

diagnosis of 67, many AML patients are poor candidates for traditional alloHSCT due to comorbidity

or poor performance status. However, despite a significant non-relapse mortality risk, alloHSCT

provides the best chance of achieving a durable response at this time [85,125]. Patients who relapse

after alloHSCT have a grim prognosis [85].

AML has historically been approached as a homogeneous diagnostic entity with a resulting

“one size fits all” treatment strategy, often resulting in disappointing outcomes. In reality, the acute

myeloid leukemias are a heterogeneous group of diseases with distinct molecular and phenotypic

characteristics. While factors such as patient age, secondary AML, WBC count at presentation, and

cytogenetic and molecular markers all are associated with treatment resistance, they offer suboptimal

predictive power for the individual patient [2]. Heterogeneity in disease biology explains, in part, the

unpredictable sensitivity to a particular treatment among AML patients. It is plausible that advances in

genome sequencing technology will allow for timely and economically feasible personalized therapy

based on molecular profiling and ex vivo drug sensitivity and resistance testing [139–141]. It is tempting

to speculate that such an ability to accurately tailor therapy might eventually abrogate the need for

future “salvage therapy”.

In addition to AML clone biology characteristics that are postulated to contribute to therapy

resistance and disease relapse, the bone marrow microenvironment has also been shown to affect

therapeutic efficacy in patients with AML. A recent study found that AML cells can educate bone

marrow-derived stromal cells to secrete Gas6, which fosters AML cell growth and chemoresistance

via the receptor tyrosine kinase Axl [101]. Overexpression of CXCR4, a chemokine receptor,

has been correlated with poor survival and its inhibition is the focus of several studies [142].

Combination therapy strategies that also target the microenvironment may be necessary in order

to improve outcomes.
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Figure 1. Treatment algorithm for patients with RR-AML in 2015. There is no standard of care for the

treatment of relapsed or refractory AML. A clinical trial is always the preferred option. The above

algorithm is based on current clinical practice and will hopefully change in coming years due to

improvements. In particular the targeted and immunotherapeutic agents detailed in this review may

ultimately have utility in (1) initial therapy; (2) as a bridge to, or as a temporizing measure before,

allo-HSCT; and/or (3) as part of consolidative therapy. * Achievement of a complete remission (CR)

prior to undergoing alloHSCT is associated with best survival and is generally preferred. The survival

of patients with residual disease undergoing alloHSCT varies considerably however and this therapy

may be a reasonable option in selected patients not in CR [125]. HMA: Hypomethylating agent. LDAC:

Low-dose cytosine arabinoside. Allo-HSCT: Allogeneic Hematopoietic Stem Cell Transplant.

7. Conclusions

“Relapse” of AML is predicated on the concept of remission. The development of increasingly

sensitive minimal or measurable residual disease (MRD) assays has demonstrated that current

remission criteria, originally proposed in 1956, do not provide sensitive assessment of AML disease

burden [136], as evidenced by the disconnect between the apparent success of current induction therapy

in achieving complete remission in most patients and the stark reality of median overall survival times

of less than two years [2]. Furthermore, studies evaluating remission status and subsequent relapse

risk have shown traditional morphologic assessment is inferior when compared with newer methods

such as flow cytometry [143–145] or PCR based detection of AML associated mutations [146] or gene

over-expression [79,147,148]. Nevertheless, while it is clear that clinically evident relapsed AML

represents an end-stage, advanced process that could potentially be detected at an earlier time utilizing

a sensitive MRD assay, it is unclear how much more effective treatment at this earlier timepoint will be

compared to treatment in the conventional salvage setting described herein [110,149,150]. It is likely

that many patients experiencing AML “relapse” are in fact manifesting the clinical outgrowth of a

refractory clone that has persisted despite apparently successful initial therapy [9]. We would argue, at

least conceptually, that the main problem of AML relapse is not that we cannot adequately prevent

or treat relapse, but rather that our apparently successful initial treatment was not as effective as we

had hoped. Relapse is therefore not a sign that an initial successful treatment has now failed, but

rather simply that it was not a successful treatment. It is in this context that the modest success of the

aforementioned second-line therapies for relapsed AML should be judged and, in the absence of any

obvious standard of care, we suggest that all patients with refractory or relapsed AML be offered a

referral to an appropriate clinical trial whenever possible.
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