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11General introduction

ACUTE MYELOID LEUKEMIA

Introduction
Acute myeloid leukemia (AML) is a malignant disorder of hematopoietic stem cells, 
characterized by accumulation of myeloid progenitor cells arrested in their ability to 
differentiate into mature blood cells leading to clonal expansion of immature cells at the 
expense of healthy normal cells.1 Multilineage cytopenias of different blood cell types 
are commonly responsible for clinical manifestations at presentation and during the 
treatment of AML patients. Symptoms often include infections, fatigue and hemorrhages 
caused by neutropenia, anemia and thrombocytopenia, respectively. The disease is very 
heterogeneous with regard to (epi)genetic and molecular aberrancies as well as treatment 
and outcome.2

Epidemiology 
AML is the most common form of acute leukemia in adults and has a dismal outcome with 
5-year overall survival (OS) up to 24%.3,4 The estimated  age-standardized incidence rate of 
AML is approximately 3 to 5 per 100,000 in North America, Australia and several European 
countries,4-9 and estimated about 3 per 100,000 in the Netherlands.10 The disease primarily 
affects the elderly as the median age at diagnosis is around 65 to 70 years.3,10-12 The annual 
incidence of AML for patients aged 65 years or older is about 20 per 100,000 person-years in 
comparison to approximately 2.0 per 100,000 person-years for their younger counterparts.5 
Recent population-based analyses show marginal, if any, improvement in survival over the 
past decades among elderly AML patients.13-15

Etiology and pathophysiology
As well as other cancer types, AML cells are characterized by abnormalities in proliferation 
and differentiation. Most patients are diagnosed with de novo AML, however development 
of AML can be preceded by antecedent malignant disorders including myelodysplastic 
syndrome or myeloproliferative neoplasms (defined as secondary AML).16 AML can also 
occur after treatment with cytotoxic chemotherapy and/or radiotherapy which is defined as 
therapy-related AML.17 The cellular characteristics of AML are caused by various genetic 
and epigenetic changes in tumor cells.18 Recent insights have shown that leukemogenesis 
is associated with multiple somatically acquired mutations that affect genes of different 
functional categories. 19 These mutations may contribute to the clonal heterogeneity found 
in AML with both a dominant clone and at least one subclone at time of diagnosis. Other 
important findings revealed the existence of preleukemic cells in AML.2,19 Gradually 
acquisition of mutations in the existence of preleukemic stem cells ultimately lead to the 
development of AML.19 Mutations involving NPM1 or signaling molecules (e.g. FLT3, RAS-
gene family) are typically secondary events that occur later during leukemogenesis.19
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In contrast, mutations in genes encoding epigenetic modifiers, such as DNMT3A, ASXL1, 
TET2 and IDH2, commonly occur early in the evolution of AML  and are also often present 
in AML preceding clonal hematopoiesis.20-22 These preleukemic stem cells may evolve during 
the development of AML, but can also survive chemotherapy, and expand during remission, 
eventually leading to relapse.23-25

Diagnosis and risk stratification
Cytomorphology is essential in diagnosing AML, which is defined by  a bone marrow or 
peripheral blood myeloblast count of 20% or more according to the latest European 
LeukemiaNet (ELN) guideline.26 Currently, the WHO classification for myeloid neoplasms was 
recently updated in 2016 and is increasingly based on molecular and genetic diagnostics.27,28  
A new category, namely “myeloid neoplasms with germ line predisposition”, was added to 
the latest classification.28 Inclusion of this new category reflects the increasing recognition 
that inherited or de novo germline mutations can derive myeloid neoplasms and AML 
(e.g. germline CEBPA and RUNX1 mutations).29,30 Next to age and performance status, 
cytogenetic and molecular abnormalities are the most important prognostic factors in 
AML.31,32 In 2010, the first edition of ELN classification scheme was proposed with the aim 
to standardize risk stratification in adult AML patients by including cytogenetic and known 
molecular abnormalities.18 Studies in the past several years have provided new insights into 
the landscape of gene mutations and this is reflected in the latest ELN 2017 risk classification 
(Table 1).26,33,34 Most importantly, mutations in three genes, i.e. RUNX1,  ASXL1 and TP53 
were added.26 Currently, prognosis and treatment in AML is often based on the ELN risk-
classification. 

1.5 Treatment
The treatment strategy in patients with AML has not changed substantially in the past 30 
years.26 The only curative option in AML generally includes two consecutive phases: remission 
induction and consolidation therapy. Intensive induction chemotherapy consists of a “7+3” 
regimen with the combination of cytarabine and an anthracycline (either daunorubicine or 
idarubicine).35,36 The aim of the induction chemotherapy is to achieve complete remission 
(CR), i.e. blast count of less than 5% in the bone marrow with recovery of neutrophils and 
platelets. Standard post-remission consolidation therapy consists of conventional intensive 
chemotherapy, autologous chemotherapy (autoHSCT) or an allogeneic hematopoietic stem 
cell transplantation (alloHSCT). The choice of treatment mainly depends on the leukemic-
genetic risk profile, scores predicting non-relapse mortality, and other transplantation-
associated risk factors.26,37-39 AlloHSCT is generally not indicated in favorable risk patients, 
but highly recommended for patients with adverse risk AML in first CR.26,40,41 Currently, 
minimal residual disease (MRD) by flow cytometry or quantitative PCR is more and more 
incorporated in the risk-stratification of AML and may improve treatment decision-making.42 
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ALLOGENEIC HEMATOPOIETIC STEM CELL TRANSPLANTATION

2.1 Introduction
The first successful alloHSCT in humans was performed in AML patients by Thomas and 
colleagues back in 1957 using supralethal dose of radiation followed by bone marrow 
infusion from fetal and adult cadavers. Only two out of six patients achieved engraftment 
and unfortunately all patients died within 100 days.43 Two years later, he and his colleagues 
achieved three months remission in a patients with end-stage leukemia after treatment with 
total body irradiation followed by infusion of her identical twin’s marrow.44 Since then the 
field of alloHSCT has made enormous progress and more than one million transplantations 
have been performed over the past 50 years.45,46 AlloHSCT is often the only curative treatment 
option in poor-risk AML patients.26,40,41  The therapeutic effect of alloHSCT is primarily  based 
on the immunological graft versus leukemia effect (GvL), exerted by donor T-cells and NK-
cells. These donor cells may recognize recipient leukemic cells, but also non-malignant 
epithelial cells, thereby causing graft versus host disease (GvHD).47 Currently, AML is the 
most dominant indication for alloHSCT, but is also used for many other hematological and 
non-malignant disorders.46,48 

Graft versus leukemia and graft versus host after transplantation
In early studies, a remarkable antileukemic effect after allogeneic marrow infusion was 
described in mice with transplantable lymphoid tumor.49 Clinically, up to 20 months of 
leukemia free survival was observed in patients who received marrow transplantation in 
1963.50 However the decades  of the late 1950s to the late 1960s was fraught with frustrations 
and disappointments, since if even engraftment occurred patients often died of GvHD or 
infections. Symptoms often consisted of severe diarrhea, weight loss and skin lesions as 
part of this “secondary disease” after allogeneic transplantation.51,52 Barnes & Loutit were 
the first to report a difference in survival of animals that received syngeneic as compared 
to allogeneic cells in 1957.49  While carcinoma-bearing mice exposed to lethal-dose TBI and 
given syngeneic spleen cells had long-term protection, mice infused with allogeneic spleen 
cells died before 100 days. It became apparent that lymphocytes played a major role in 
initiating both GvL and GvHD.53-55 A turning-point came with the discovery of the human 
leucocyte antigen (HLA) histocompatibility system.56-59 Currently, allogeneic grafts are 
matched according to HLA and it is well established that the incompatibility between donor 
and recipient determines the severity of reactions.48 The major HLA system is located on 
chromosome 6 and contains over 200 genes encoding for highly polymorphic glycoproteins 
on the cell surface.60 These glycoproteins bind peptides from degraded proteins and play a 
key role in immunological reactions as part of host defense towards microbial organisms as 
well as after transplantation. Major HLA can be separated in two classes: Class I consists of 
HLA-A, HLA-B, and HLA-C  molecules and class II consists of HLA-DP, HLA-DQ, and HLA-DR 
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molecules. HLA class I is expressed in all nucleated cells, however HLA class II is restricted 
to antigen presenting cells only (APC’s). After encountering foreign antigens, APC’s process 
these antigens and subsequently present them to CD4+ T-cells (afferent phase). T-cell 
receptors of CD4+ T-cells interact with these peptides bound to class II molecules and 
become activated. Subsequently, CD8+ T-cells are activated and become cytotoxic after 
either stimulation by activated CD4+ T-cells and/or directly interacting with peptides on 
class I molecules.60 In turn cytotoxic CD8+ recognize and eliminate foreign cells, i.e. leukemic 
cells in transplantation setting, carrying peptides for which they are sensitized (efferent 
phase).  Minor HLA antigens (mHags), which are distinct from major HLA and carry single 
peptides derived from polymorphic proteins, can also provoke a GvL respons.61-63 mHags are 
expressed on the plasma membrane where they are recognized by HLA-restricted T-cells 
and provoke an immune response.64 The disparity in mHags in recipients of HLA-identical 
alloHSCT is suggested to be the main underlying cause of both GvL and GvHD.65,66 Therefore, 
in transplantation between identical twins, where no major or minor HLA disparity exists, 
relapse rates are higher since no alloreactivity can be induced.47        

Over the years, several studies have shown that both CD4+ and CD8+ T cells play an 
important role in establishing a GvL effect.67 Murine models receiving CD8- or CD4-depleted 
marrow were both associated with higher incidence of relapse and poor engraftment.68,69 
Moreover, the addition of purified CD8+ or CD4+ T-cells to the graft were both related with 
antitumor effects and engraftment.67,70,71 However, the precise distinctive role of CD4+ and 
CD8+ T cells for achievement of a GvL effect is not clearly understood today.67,72-74 Allogeneic 
immunotherapy may be enhanced by donor lymphocyte infusion (DLI) after alloHSCT and is 
currently being used both preemptively and in relapsed AML.75,76 Nevertheless, relapse after 
alloHSCT is still a major problem and disease control by DLI can be achieved in only 15-20% 
of relapsed AML patients.77 

AML cells may escape the GvL effect by immune escape by mechanisms such as loss 
of HLA resulting in inefficient antigen presentation, or immune suppression mediated by 
T-regulatory cells.78-80  Epigenetics play a crucial role in both development and relapse of AML. 
Several phase I/II studies hypothesized that post-transplantation epigenetic therapy with or 
without DLI may enhance the GvL effect. The rationale for this strategy is that epigenetics 
increase translation and expression of tumor specific antigens in AML, making them more 
suitable for recognition by alloreactive T-cells. Despite encouraging results, larger cohorts 
are needed in order to confirm a beneficial effect.81 A relatively new strategy, namely 
targeted immunotherapy by means of genetically engineered chimeric antigen receptor 
(CAR-)T-cells may pose a solution to the phenomenon of HLA loss.82 CAR-T-cells are HLA-
independent and recognize surface antigens in an antibody-specific manner, allowing  to 
target AML cells that lack HLA. CAR-T-cells have shown promising outcomes in a number of 
(hematological) malignancies.83,84 The application of CAR-T-cells in AML patients is currently 
being explored.82 However, finding the best suitable target antigen is a challenge given that 
antigens expressed by AML cells often overlap with normal hematopoietic cells. 
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Next to T-cells, progenitor donor derived natural killer (NK-)cells are also known to 
enable defense against viral or fungal infections, as well as exerting a GvL effect.85 NK-cells 
act trough both activating receptors and inhibitory killer Ig-like receptors (KIR) receptors, 
whereas signals delivered by KIRs are more determinative than activating receptors. KIRs 
recognize mismatched HLA-class I molecules presented by tumor cells resulting in immediate 
activation of NK cells and eventually lysis of tumor cells.85 Therefore, donor-derived NK 
cells might play a crucial role in eliminating residual leukemic cells when there is KIR ligand 
mismatch in the donor–recipient direction, especially in patients transplanted with a T-cell 
depleted allograft from an HLA-haploidentical relative.86 However, a phase II trial focusing 
on preemptive infusion of NK-cells post-transplant showed no clear advantage in preventing 
disease relapse.87 

In contrast to T-cells and NK-cells, B-cells have received less attention in the context of 
GvL responses. B-cells express antigen receptors that do not function in a HLA restrictive 
manner. After activation, B-cells differentiate to antibody producing plasma cells. These 
antibodies recognize specific target antigens and after binding, they eliminate this target 
or present them to effector cells (e.g. NK-cells).88 Several studies have demonstrated AML-
specific antibody responses after alloHSCT.89-91 Interestingly, such antibody may include 
paternal HLA; haploidentical-HSCT (haplo-HSCT) recipients receiving graft from their mother 
showed improved relapse-free survival in comparison to grafts from other family members, 
and antibodies against paternal antigens were present in these patients.92,93 Moreover, 
depletion of B-cells using CD20-binding monoclonal antibody Rituximab may be effective in 
patients with steroid refractory GvHD.94-97 In addition several case reports were published 
describing disease relapse after rituximab treatment for GvHD.98,99  While these data argue 
for a B-cell mediated GvL response, the methods used in these studies did not include 
functional testing of antibodies. Therefore,  the actual mechanism of B-cell GvL responses 
remains unclear.98,100 

Despite the beneficial effects of GvL, such alloreactivity is primarily  directed towards 
healthy host cells causing GvHD.73,74,101 GvHD can be separated in a chronic or acute variant 
based upon the time of onset and clinical manifestations. Acute GvHD includes distinctive 
symptoms of hepatitis, enteritis, and dermatitis developing within 100 days after alloHSCT, 
whereas chronic GvHD includes a more pleiotropic syndrome that develops after 100 days 
post transplantation.102 Similar to GvL, GvHD is caused by the disparities in major and minor 
HLA between donor and recipient.103 Apart from HLA incompatibility, insufficient GvHD 
prophylaxes is also considered to play an important role in developing GvHD. Currently, 
the most commonly used immunosuppression as prophylaxis consist of a combination of a 
calcineurin inhibitor and mycophenolate acid. In addition, transplants with T-cell depleted 
grafts and inclusion of anti-thymocyte globulin in the preparative regimen may also be 
effective in preventing GvHD.104 However, the incidence of acute and chronic GvHD remains 
high and is one of the leading causes of morbidity and mortality in alloHSCT.101 Currently, a 
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relative new strategy of GvHD prophylaxis by high-dose of post-transplant cyclophosphamide 
is emerging and can serve as an alternative to the current strategy of prevention.105,106 The 
rationale for this strategy is that alloreactive donor T lymphocytes are activated after the 
infusion into the recipient, enter a proliferative phase, and are thus sensitive to the cytotoxic 
effect of cyclophosphamide 72 hours later. On the other hand, non-alloreactive, non-
proliferating T-cells are spared and may provide protection against infections in the short 
term and allow for a more robust immune reconstitution. Engraftment is unaffected, since 
hematopoietic stem cells express high levels of aldehyde dehydrogenase, rendering them 
resistant against the cytotoxic effects of high-dose cyclophosphamide.107 The feasibility and 
efficacy of post-transplant cyclophosphamide prophylaxis of GvHD have been demonstrated 
in haplo-HSCT, and is recently also being implemented in transplantation with other donor 
sources.105-112

Figure 1: Graft versus host disease and graft versus leukemia effect61
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Donor sources
A sibling donor, fully matched for HLA I and II is the preferred donor for stem cells in 
alloHSCT. However,  this type of donor is only available for 30% of the patients in need of 
a transplantation.113 A matched unrelated donor (MUD) serves as an alternative for those 
patients lacking a matched sibling donor. The probability for finding a MUD is 75% for 
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Caucasians,  but  is much lower for non-Caucasian populations.113-117 The chance of finding a 
suitable donor increases with acceptance of an HLA-mismatched unrelated donor (MMUD), 
however this type of transplantation is often accompanied by a higher risk of non-relapse 
mortality (NRM).118 Double umbilical cord blood transplantation (dUCBT) has been developed 
to serve as an alternative for patients lacking a MUD.119 It requires less stringent HLA-matching 
and an additional advantage is a much shorter time for the search process. However, 
dUCBT is associated with a prolonged hematopoietic  recovery and immune reconstitution, 
which may predispose for infections and NRM. Ex vivo expansion of hematopoietic stem 
cells (HSC) of single UCB may improve outcome, however robust expansion of long-term 
HSCs remains a challenge.120 Next to UCBT, haplo-HSCT is also considered as an alternative 
for MUD transplantation. Haploidentical HSCT might offer a more potent GvL effect due 
to the less stringent HLA match between donor and recipient.121-123 However, haplo-HSCT 
was associated in the past with a higher rate of graft failure and GvHD, both necessitating 
intensive immunosuppressive measures.122,123 T-cell depletion of the graft was applied which 
effectively prevented GVHD, but mortality remained high due to opportunistic infections 
in the context of impaired immune recovery and a higher relapse rate.124 Recently, several 
studies have demonstrated that a non-myeloablative condition regimen with intensified 
immunosuppressive therapy, including high dose cyclophosphamide therapy after 
transplantation or ATG, improved results after haplo-HSCT by ensuring engraftment, less 
GvHD, and a more favorable restoration of immune recovery.110,125-128 While both haplo-HSCT 
and UCBT are associated with considerable HLA-differences between recipient and donor, 
retrospective studies suggest that the relapse rate after haplo-HSCT may be higher.129 

OUTLINE OF THIS THESIS
The overall aim of this thesis was to address questions relating to GvL after alloHSCT in AML.  

The first part of this thesis focuses on the GvL effect in terms of relapse and the application 
of new strategies in order to enhance this effect in high-risk AML patients. In Chapter 2 
we addressed whether and to what extend the GvL effect was present in MRD positive 
and negative patients in comparison to other post-remission consolidation therapies. A 
risk-adapted approach of AML may be by implementing MRD in the treatment decision 
making. Chapter 3 explores the feasibility and applicability of early epigenetic therapy by 
panobinostat alone and in combination with decitabine prior to DLI in recipients of reduced 
intensity alloHSCT. Enhancing GvL effect by means of epigenetic therapy after alloHSCT may 
be possible in combination with DLI.

The second part of this thesis addresses the presence of alloreactive CD4+ T-cells early 
after dUCBT and haplo-HSCT. Alloreactivity was measured in a prospective cohort after 
culturing dUCBT recipients’ peripheral blood mononuclear cells with mismatched HLA-class 
II positive HeLa cells in Chapter 4. Immune response derived by CD4+ T-cells might contribute 
to graft predominance and strong GvL effect seen after dUCBT (reviewed in Chapter 5).  
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Chapter 6 addresses the presence of such alloreactive CD4+ T-cells after haplo-HSCT and 
further quantitatively compares outcome with dUCBT. These results may provide further 
recommendations on the choice of alternative donor sources. Chapter 7 describes trial 
participation and treatment among elderly AML patients. Trials specifically tailored for 
elderly patients could provide new insights and thereby adapt treatment strategies in order 
to improve outcome in these high-risk patients. 

Finally, Chapter 8 summarizes the most important findings of this thesis and discusses 
the contribution of different immune cells on GvL. In addition, alternative donor sources 
and preperative regimens for GvHD profylaxes are debated in order to improve GvL after 
alloHSCT.
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ABSTRACT

Purpose 
The detection of minimal residual disease (MRD) in patients with acute myeloid leukemia 
(AML) may improve future risk-adapted treatment strategies. We assessed whether MRD 
positive and MRD negative AML patients benefit differently from the graft-versus-leukemia 
effect of allogeneic hematopoietic stem cell transplantation (alloHSCT).

Patients and Methods 
A total of 1.511 patients were treated in subsequent HOVON-SAKK AML trials of whom 
547 patients obtained a first complete remission, received post-remission treatment (PRT) 
and had available flowcytometric MRD prior to PRT. MRD-positivity was defined by more 
than 0.1% cells with a leukemia associated immunophenotype within the white blood cell 
compartment. PRT consisted of alloHSCT (n=282), or conventional PRT with a third cycle of 
chemotherapy (n=160) or autologous HSCT (autoHSCT, n=105).

Results 
MRD was positive in 129 (24%) patients after induction chemotherapy before proceeding to 
PRT. OS and RFS were significantly better in patients without MRD prior to PRT compared 
with MRD-positive patients (65 ± 2% versus 50 ± 5% at 4 years, p=0.002, and 58 ± 3% versus 
38 ± 4%, p<0.001, respectively), which was mainly because of a lower cumulative incidence 
of relapse (32 ± 2% compared to 54 ± 4 %, p<0.001, respectively). Multivariable analysis with 
adjustment for covariates showed that the incidence of relapse was significantly reduced 
following alloHSCT compared with chemotherapy or autoHSCT (HR 0.36, p<0.001), which 
was similarly exerted in both MRD-negative and MRD-positive patients (HR 0.38, p<0.001 
and HR 0.35, p<0.001).

Conclusion 
The graft-versus-leukemia effect of alloHSCT is equally present in MRD-positive and MRD-
negative patients, which advocates a personalized application of alloHSCT taking the risk of 
relapse determined by AML risk group and MRD status as well as the counterbalancing risk 
of non-relapse mortality into account.
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INTRODUCTION

Acute myeloid leukemia (AML) is a heterogeneous malignancy, characterized by a variety 
of underlying cytogenetic and molecular aberrations, which are associated with distinct 
prognostic features.1 Although current treatment approaches induce high percentages of 
hematological remission, relapse rates are high and vary according to the underlying risk 
profile.2 Recently, the European LeukemiaNet (ELN) has developed an updated classification 
based on cytogenetic and molecular aberrancies distinguishing patients with a favorable, 
intermediate or adverse treatment response.3 Post-remission treatment (PRT) decisions are 
currently tailored according to AML-risk groups, whereby allogeneic hematopoietic stem cell 
transplantation (alloHSCT) is generally not used in patients with favorable-risk AML, and on 
the other hand generally highly recommended in adverse-risk AML.3-6 AML-risk classification 
may be further improved by introducing the assessment of minimal residual disease (MRD) 
early after induction chemotherapy, but also after PRT.7-24 MRD after induction treatment 
being assessed by either multiparametric flow cytometry or quantitative PCR for specific 
markers, has firmly been shown to predict for relapse and overall outcome, irrespective 
of type of PRT.10-24 Consequently, MRD negativity was introduced as clinical endpoint in 
patients with a hematological complete remission (CR).3 Despite PRT with alloHSCT, a 2-5 
fold increased incidence of relapse in MRD-positive recipients was observed compared 
with MRD-negative patients,17-24 which observation questions whether and to what extent 
MRD-positive patients may benefit from the graft-versus-leukemia (GVL)-effect of alloHSCT. 
Conversely, the low relapse rate in MRD-negative alloHSCT recipients also evokes the 
question whether GVL is operational in that subgroup and to what extent it may be blunted 
by non-relapse mortality (NRM). Therefore, we set out to address whether and to what 
extent alloHSCT quantitatively reduces relapse compared with conventional PRT in upfront 
treated patients with MRD-positive or MRD-negative AML in first CR (CR1).
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METHODS

Patients
Patients participated in three prospective, consecutive HOVON-SAKK collaborative group 
trials (AML42, AML92 and AML102), for whom assessment of MRD after induction therapy 
and prior to PRT by either alloHSCT, chemotherapy or autologous HSCT (autoHSCT) was 
performed.25,26 The results of the AML92 trial have not been published, but trial information 
is available in the Netherlands Trial Register (NTR1446). A total number of 1511 newly 
diagnosed AML patients were included for whom treatment was started between 2006 and 
2014. Patients were excluded because of no CR1 after two induction cycles of chemotherapy 
(n=255, 17%), no application of PRT after obtaining CR1 (n=234, 15%). In addition, a total 
of 475 (31%) patients received a PRT in CR1 but had no available MRD status within a time 
window of four months before PRT. A total of 547 patients with available MRD status who 
received PRT in CR1 was available for analysis (Consort Diagram). Patients were classified by 
AML prognostic risk, based on the cytogenetic and molecular profile of the underlying AML, 
according to the ELN2017-risk classification.3 Molecular analysis was available for the majority 
of patients, specifically for NPM1 (93%), FLT3-ITD (91%), including the FLT3-ITD mutant to 
wild type ratio (86%), EVI1 (79%), ASXL1 (83%), RUNX1 (47%), and TP53 (47%). Patients for 
whom molecular analyses were not available were considered as not having the mutation in 
calculating the ELN2017-risk classification. All studies were approved by the ethics committees 
of participating institutions and were conducted in accordance with the Declaration of 
Helsinki. All participants had given written informed consent. A detailed description of 
the inclusion and exclusion criteria of the studies have been previously published.25,26 

Treatment protocols
Treatment in the HOVON-SAKK AML42A, AML92, and AML102 trials involved a maximum of 
two remission induction cycles consisting of a first course of idarubicin with cytarabine and 
a second cycle of high dose cytarabine with amsacrine, as previously described.25,26 Patients 
were randomized to G-CSF (AML42A), laromustine (AML92), and clofarabine (AML102). 
After obtaining CR1, patients subsequently received PRT to a predefined strategy as outlined 
in the study protocols, but without knowledge of the MRD status of the patients. PRT 
included either a third cycle of chemotherapy with mitoxantrone and etoposide, high-dose 
chemotherapy with busulfan and cyclophosphamide followed by autoHSCT, or alloHSCT 
following either myeloablative conditioning (MAC) or reduced intensity conditioning 
(RIC). The MAC regimen contained high-dose cyclophosphamide with at least 8 Gy total 
body irradiation (TBI) in 83 (76%) patients, whereas the remainder received busulfan with 
cyclophosphamide. Although RIC regimens varied, the majority contained low dose (2 or 
4 Gy) TBI preceded by fludarabine (n=126, 77%), whereas 23% of the patients received 
fludarabine with busulfan. These different PRT modalities were applied according a risk-
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Consort Diagram
 

Assessed for eligibility (n=1,511) 
• AML 42A  (n=511)  
• AML 92  (n=142)  
• AML 102  (n=858)  

Excluded (n=964) 
• Obtained no CR  (n=255)  
• Received no PRT  (n=234)  
• No available MRD  (n=475)  

Patients eligible for analysis 
(n=547) 

MRD negative (n=418) 
• CT  (n=118) 
• Auto  (n=89) 
• Allo   (n=211) 

MRD positive (n=129) 
• CT  (n=42) 
• Auto  (n=16) 
• Allo   (n=71) 

adapted strategy: (1) patients with AML classified as favorable-risk, according to cytogenetic 
and molecular analysis, were planned for a third cycle of chemotherapy; (2) intermediate-
risk patients were preferentially treated by alloHSCT using a human leukocyte antigen (HLA) 
matched sibling donor or a fully HLA-matched unrelated donor if available; (3) patients with 
adverse-risk AML proceeded to alloHSCT using either a sibling donor, unrelated donor, or 
cord blood grafts; (4) patients alternatively received an autoHSCT or a third cycle of 
chemotherapy if no suitable donor was available.25-28

MRD detection and sample selection
MRD flow cytometric analysis was performed in a two-step procedure, as previously 
described.18 In summary, the immunophenotype was determined on blasts defined by 
CD45 expression with a low sideward scatter. The leukemia associated immune phenotype 
(LAIP) at diagnosis was identified by detecting aberrantly expressed markers/marker 
combinations to distinguish leukemic blasts from normal hematopoietic progenitor cells. 
Bone marrow samples were collected at diagnosis to determine LAIP and follow-up after 
each chemotherapy cycle. The sensitivity of flow cytometry could lead to detection of one 
leukemic cell in 1,000 up to 100,000 white blood cells (WBC). MRD percentage was defined 
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as the percentage of LAIP cells within the WBC compartment multiplied by the correction 
factor (100% divided by the percentage of LAIP positive blasts at diagnosis). A percentage 
above 0.1% was considered as MRD-positive as validated in previous studies.18 MRD samples 
obtained after cycle 2 in patients with AML in CR1 were used with a maximum time from the 
MRD sample to subsequent PRT of four months. The sample with the shortest time interval 
between PRT and the date of collection was selected for analysis.

Endpoints
The primary endpoint of the study was the cumulative incidence of relapse. Outcome 
estimates were measured from the date of starting the first PRT. Overall survival (OS) was 
based on death from any cause, and patients were censored at the date of last contact if 
alive. The events for relapse free survival (RFS) were death in CR1, designated as NRM, or 
hematological relapse. The cumulative risks of relapse and NRM over time were calculated 
as competing risks with actuarial methods, where patients alive in continuing CR1 were 
censored at the date of last contact. 

Statistical methods
A time-dependent analysis of PRT was performed as described previously,28,29 by applying 
multivariable Cox regression with alloHSCT as time-dependent covariate. The multivariable 
analysis is conceptually similar to a Mantel-Byar analysis,30 but more general as it allows for 
adjustment of other factors. A number of patients received PRT with chemotherapy (n=44) 
first before they proceeded to alloHSCT in continuing CR1. In both the multivariable analysis 
and the estimation of the survival curves, these patients were counted as at risk in the 
chemotherapy group from start of PRT until alloHSCT and after that as at risk in the alloHSCT 
group. Forward selection with the variables significantly associated with relapse following 
univariable analysis was used for developing the multivariable model. Multivariable Cox 
regression analysis for relapse, OS, RFS, and NRM was applied stratified by the total number 
of induction courses. Stratification by the total number of induction courses (ie, I or II) was 
done in order to allow the baseline hazard to differ between these two patient groups. All 
p-values were based on log likelihood ratio tests, except when explicitly stated otherwise. 
The proportional hazard assumption was tested on the basis of Schoenfeld residuals.30,31 
P-values were not adjusted for multiple testing. All analyses were done with Stata Statistical 
Software: Release 13.1 (Stata Corporation 2013, College Station, TX, USA). 



33Graft versus leukemia effect of allogeneic stem cell transplantation and minimal residual disease in patients with 
AML in first CR 

RESULTS

Patient characteristics
A total of 547 patients with AML in CR1 and available MRD-status proceeded to PRT with 
either alloHSCT (n=282), chemotherapy (n=160), or autoHSCT (n=105). A total of 129 (24%) 
patients were MRD-positive after induction chemotherapy before proceeding to first PRT. 
Patient characteristics are presented in Table 1. Patients with mutated NPM1 were more 
frequently MRD-negative, whereas MRD-positive patients more frequently tended to 
obtain a late CR1 (ie, after induction cycle 2). The ELN2017-risk classification was similarly 
distributed among the MRD-negative and positive patients. Interestingly, the time-interval 
from CR1 to PRT for patients with a MRD-positive AML was shorter compared with their 
negative counterparts, which was mainly apparent in favorable-risk AML patients. The 
median follow-up of patients still alive was 50 months. Details of the characteristics of 
alloHSCT are shown in Table 2. No other differences as regards donor source, conditioning, 
CMV-serostatus, and EBMT-score were apparent between MRD-negative and MRD-positive 
patients. AlloHSCT recipients received a sibling donor in 50% of the transplants, whereas 
42% patients were transplanted with a matched unrelated donor. AlloHSCT with RIC was 
predominantly performed, and conditioning mostly included total body irradiation. Patients 
with a high-risk for NRM according to the EBMT-score32 (>3 points) represented 45% of the 
transplanted patients. 

Treatment outcome
OS and RFS were significantly better in patients without MRD before PRT compared with 
MRD-positive patients (65 ± 2% versus 50 ± 5% at 4 years, p=0.002, and 58 ± 3% versus 38 
± 4%, p<0.001, respectively, Figure 1A and 1B). Improved outcome was mainly caused by 
a lower cumulative incidence of relapse in MRD-negative patients compared with MRD-
positive patients (32 ± 2% compared to 54 ± 4% at 4 years, p<0.001, respectively, Figure 1C), 
whereas NRM was not significantly different and estimated at 10 ± 1% (Figure 1D). More 
detailed outcome estimates according to MRD-status, type of PRT, and risk for NRM based 
on the EBMT-score are presented in Supplementary Table 1.

The cumulative incidence of relapse was significantly lower in patients without MRD 
receiving alloHSCT compared with chemotherapy or autoHSCT (26 ± 3% versus 38 ± 3% 
at 4 years, p=0.027, respectively, Figure 2A). The cumulative incidence of relapse in MRD-
positive patients estimated 45 ± 6% compared to 66 ± 6% at 4 years (p=0.058), for recipients 
of alloHSCT compared with recipients of chemotherapy or autoHSCT, respectively (Figure 
2B). RFS following alloHSCT proved similar compared with PRT with chemotherapy or 
autoHSCT in patients without MRD before PRT (58 ± 4% versus 58 ± 4% at 4 years, p=0.99, 
respectively, Figure 2C). RFS after alloHSCT in patients with positive MRD before PRT was 44 
± 6% compared to 31 ± 6% at 4 years (p=0.20) after chemotherapy or autoHSCT, respectively 
(Figure 2D).

2
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Table 1  Patient characteristics

MRD negative
(N=418)

MRD positive
(N=129)

P-value

Sex .129
Male 207 50% 70 54%
Female 211 50% 59 46%

Age (years) .099
Median 51 49
Range 18-65 18-65

WBC at diagnosis .049
<100 389 93% 113 88%
>100 29 7% 16 12%

Cytogenetics of AML .008
t(8;21) 25 6% 7 5%
inv(16) 15 4% 15 12%
CN-X-Y 220 53% 56 43%
Cytogenetic abnormalities 110 26% 36 28%
Monosomal karyotype 30 7% 12 9%
Missing 18 4% 3 2%

NPM1 mutation .001
No 238 57% 91 71%
Yes 151 36% 27 21%
Missing 29 7% 11 9%

FLT3-ITD* .87
Absent 289 69% 86 67%
Low ratio 75 18% 24 19%
High ratio 16 4% 6 5%
Missing 38 9% 13 10%

ELN2017 risk classification .20
Favorable 163 39% 39 30%
Intermediate 144 34% 51 40%
Adverse 111 27% 39 30%

CR reached after .003
Cycle 1 (early CR) 373 89% 102 79%
Cycle 2 (late CR) 45 11% 27 21%

Post-remission treatment .079
Chemotherapy 118 28% 42 33%
Autologous HSCT 89 21% 16 12%
Allogeneic HSCT 211 50% 71 55%

Time from diagnosis to CR (days) .084
Median 34 35
IQ range 29-40 31-46

Time from CR to PRT (days) .009
Median 74 65
IQ range 56-96 48-90

Year of PRT .11
Median 2011 2010
Range 2006-2014 2006-2014

Abbreviations: MRD, minimal residual disease; WBC, white blood cell count; AML, acute myeloid leukemia; NPM1, 
nucleophosmin-1; FLT3-ITD, fms-like tyrosine kinase 3 internal tandem duplication; ELN, European LeukemiaNET; 
CR, complete remission; IQ, interquartile range; and PRT, post-remission treatment. *The cuf-off of the FLT3-ITD 
ratio is defined as 0.50 
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Table 2  Transplant characteristics

MRD negative MRD positive P-value
(N=211) (N=71)

Donor source .29

HLA-identical sibling 107 51% 35 49%

Matched unrelated donor 90 43% 29 41%

Umbilical cord blood 7 3% 6 8%

Other 7 3% 1 1%

Conditioning .85

Myeloablative          Cyclophosphamide + TBI 63 30% 20 28%

                   Cyclophospahmide + busulfan 20 9% 6 8%

Reduced intensity     Fludarabine + TBI 89 42% 31 44%

                 Fludarabine + busulfan 24 11% 11 15%

Unknown 15 7% 3 4%

Stem cell source .13

Bone Marrow 10 5% 4 6%

Peripheral Blood 186 88% 59 83%

Cordblood 6 3% 6 8%

Missing 9 4% 2 3%

CMV serostatus patient/donor .059

Neg/Neg 25 12% 3 4%

Other 108 51% 41 58%

Missing 78 37% 27 38%

Female donor to male recipient .89

No 168 80% 56 79%

Yes 43 20% 15 21%

EBMT-score .40

0 0 1 1%

1 26 12% 9 13%

2 93 44% 26 37%

3 81 38% 31 44%

4 11 5% 4 6%

Abbreviations: MRD, minimal residual disease; HLA, human leukocyte antigen; TBI, total body irradiation; CMV, 
cytomegalovirus; and EBMT, European Group of Blood and Marrow Transplantation
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Figure 1  Outcome by minimal residual disease status 
Kaplan-Meier estimates of overall survival (OS, panel A), relapse-free survival (RFS, panel B), cumulative incidence 
of relapse (panel C) and cumulative incidence of non-relapse mortality (NRM, panel D) by minimal residual 
disease (MRD) status in patients with AML in first complete remission from start of post-remission treatment. 
Abbreviations: F, number of failures (ie, death whatever the cause); and N, number of patients

The type of conditioning did not significantly impact on the incidence of relapse or RFS 
(Supplementary Figure 1). The cumulative incidence of NRM after alloHSCT was 15 ± 2% and 
was significantly affected by the EBMT-score (Supplementary Figure 2). NRM split by the 
EBMT-score showed less NRM in patients with a low EBMT-score compared with patients 
with a high EBMT-score (<2 compared to >2, 10 ± 2% compared to 22 ± 4%, p=0.005, 
respectively).

A total of 208 patients developed a relapse after having received PRT, of whom 120 
(57%) patients proceeded to salvage chemotherapy and 70 (59%) entered a second CR. Only 
46 (22%) of relapsing patients proceeded to alloHSCT after obtaining second CR.
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Figure 2  Outcome by post-remission therapy 
Kaplan-Meier estimates of the cumulative incidence of relapse in minimal residual disease (MRD) negative patients 
(A), cumulative incidence of relapse in MRD positive patients (B), relapse-free survival (RFS) in MRD negative 
patients (C), and RFS in MRD positive patients (D) by type of post-remission treatment in patients with AML 
in first complete remission from start of PRT. Of note, numbers of patients at risk (indicated below the x-axis) 
differ from the patient numbers (indicated in Table 1 and within the figure) because of the time-dependent 
nature of this analysis, which allows for time to transplantation by switching patients at the time of allograft in 
CR1 to the transplantation curve. Abbreviations: CT/auto, chemotherapy or autologous hematopoietic stem cell 
transplantation; allo, allogeneic hematopoietic stem cell transplantation; F, number of failures (ie, death whatever 
the cause); and N, number of patients
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Multivariable analysis
The following variables significantly predicted for relapse in the univariable analysis: 
MRD status, type of PRT, age, WBC category, FLT3-ITD category, year of PRT, time from 
diagnosis to CR, time from CR to PRT, cytogenetics, number of cycles to CR, ELN2017-risk 
classification, NPM1 mutation, EVI1 overexpression, and CEBPA double mutation. Following 
forward selection the multivariable analysis was performed, stratified by the total number 
of induction courses with adjustment for MRD status, type of PRT, age, WBC at diagnosis, 
FLT3-ITD, ELN2017-risk classification, number of cycles to CR, and year of PRT (Table 3). 
Relapse of AML was significantly reduced following alloHSCT compared with chemotherapy 
or autoHSCT (HR 0.36, p<0.001). That GVL-effect was similarly exerted in MRD-negative 
and MRD-positive patients (HR 0.38, p<0.001 and HR 0.35, p<0.001, Figure 3A), which was 
also similar comparing alloHSCT with either chemotherapy or alloHSCT with autoHSCT 
(Supplementary Figure 3). Despite significantly increased NRM (HR 2.94, p=0.003), RFS was 
better following alloHSCT compared with chemotherapy or autoHSCT (HR 0.53, p<0.001, 
Figure 3B, Supplementary Figure 4), whereas OS was not significantly different (Table 3). 
Different variables in the multivariable model were significantly associated, with relapse 
with the ELN2017-risk classification, FLT3-ITD mutant to wild-type ratio, number of cycles to 
reach CR, and type of PRT being the most important variables.
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Figure 3  Forest plots of relapse comparing alloHSCT versus chemotherapy or autoHSCT 
Forest plot of pooled estimates of the relative reduction (hazard ratio (HR) and 95% confidence interval (CI)) of 
relapse (A) and relapse-free survival (B) by MRD status comparing allogeneic hematopoietic stem cell transplantation 
(HSCT) and chemotherapy or autologous HSC
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DISCUSSION

The development of treatment approaches in AML patients is increasingly personalized 
by using genetic and molecular leukemia characteristics at diagnosis and individual 
treatment response.3-6 Response and especially MRD, detected by either multiparametric 
flow cytometry or quantitative PCR, has become an important parameter in a more precise 
treatment approach of AML patients.10-24 Currently it is unknown whether and how the 
presence or absence of MRD should guide the application of alloHSCT as PRT. Recently, 
the quantitative detection of mutated NPM1 has been shown of high predictive value and 
recommendations to tailor the application of alloHSCT by MRD were done.10-12 Balsat et 
al.10 suggested to refrain from alloHSCT in NPM1 MRD-negative patients and to selectively 
proceed to alloHSCT as PRT in CR1 in MRD-positive patients or adverse-risk patients based 
on karyotype or the presence of FLT3-ITD. In addition, Buccisano et al.33 concluded in a 
recent analysis that MRD-positive patients as determined by flow cytometry could also 
benefit from alloHSCT. Although overall outcome was suggested to be improved by alloHSCT 
in MRD-positive patients, the question to what quantitative extent alloHSCT reduces relapse 
in MRD-positive patients and how that compares to MRD-negative patients is still open. 

Here, we show that the allogeneic GVL-effect as estimated by the relative reduction of 
relapse is similar in MRD-positive and MRD-negative patients with a reduction of 63% by 
alloHSCT compared with chemotherapy or autoHSCT. These results compare well to earlier 
findings in cytogenetic subgroups, in which the GVL-effect appeared to be similar among 
patients with a monosomal karyotype, core binding factor AML, or patients with a normal 
karyotype.34 These observations are most readily explained by the abundant expression 
of class I and II HLA-antigens on malignant myeloid precursor cells and their susceptibility 
to alloreactive T-cells, including T-cells recognizing minor or major HLA-antigens.35-37 It 
suggests that T-cell alloreactivity might exert anti-leukemic effects irrespective of underlying 
subcategory of AML, although absolute estimates of relapse incidences do differ and may 
rather reflect differences in disease biology such as intrinsic resistance. 

Although alloHSCT provides a strong GVL-effect, counterbalancing NRM may be of 
concern. As NRM critically depends from a number of different risk factors, it has become 
imperative to assess the NRM-risk profile in addition to leukemia characteristics and response 
to induction chemotherapy.4 In the present study, the subset of patients with low EBMT-risk 
scores showed excellent outcome, whereas the GVL-effect of alloHSCT may be blunted by 
NRM in patients with a high-risk for NRM. Therefore, refined genetic leukemia-risk scores 
supplemented with MRD status may improve the latest risk score systems for NRM.32,38-44 
Transplant-risk scores have been developed and validated based on patient and transplant 
characteristics, including the EBMT-risk score32 and the Hematopoietic Cell Transplantation-
Comorbidity Index (HCT-CI)40, which is continuously being refined including age, disease 
status, or bio-markers.39,41,42 The EBMT-acute leukemia working party (ALWP) has developed 
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an integrated score based on the EBMT-risk score and the HCT-CI with increased predictive 
power in the setting of RIC alloHSCT.43 Alternatively, a more sophisticated, machine based 
learning model was developed by the EBMT-ALWP, which resulted in an alternating decision 
tree model with high predictive power for mortality at 100-days extending to 2-years.44 
As advocated before, by weighing both the risk for NRM and the risk for relapse, a more 
personalized treatment approach can be applied.5 Although that approach suits the 
precision needed for individual patients, it might also impair the prospective, randomized 
evaluation of AML treatment approaches, because patient selection may occur at various 
time points during treatment. Nevertheless, the advantages of personalized treatment for 
the individual patient are obvious and continuously being refined by updated and better risk 
scores. Also new technologies to better define MRD, like quantification of leukemic stem cell 
content, standardized protocols and antibody panels, and novel software possibilities, are 
emerging.45-47 

A personalized approach including MRD identifies patients with an high-risk of relapse, 
who qualify for alloHSCT, but who might benefit from attempts to induce MRD-negativity 
prior transplantation. Previously, a number of investigators reported that patients in CR1 
with persistence of MRD before alloHSCT have worse survival compared with recipients 
of alloHSCT with a MRD-negative CR1.17,19-24 Although alloHSCT is clearly indicated in MRD-
positive patients, it is important to study the value of approaches intended to induce MRD-
negativity before alloHSCT. A prospective inclusion of all MRD-positive patients subsequently 
analyzing such a strategy in a randomized fashion might answer this important question. 
It has been suggested that continued chemotherapy with one or two consolidation cycles 
may not be the preferred strategy to obtain a MRD-negative CR before alloHSCT,48 but 
several new drugs are currently being developed and evaluated in AML.49 Possible other 
strategies may include efforts to improve allogeneic immunotherapy by early tapering of 
immunosuppression and/or pre-emptive donor lymphocyte infusions, which also could be 
guided by MRD. In addition, the continued application of novel post-transplant strategies 
including epigenetic therapy to enhance the GVL-effect (ie, demethylating agents and 
histone deacetylase inhibitors50,51), new agents such as tyrosine kinase inhibitors for specific 
molecular mutations (ie, FLT3-ITD52, IDH1/253,54) or targeted immunotherapy with chimeric 
antigen receptor T-cells in MRD-positive patients may offer further therapeutic options 
minimizing relapse after alloHSCT.

Collectively, our study shows that the GVL-effect was strikingly similar in MRD-positive 
and MRD-negative patients. The personalized application of alloHSCT should take MRD-
response into account and also risk scores for NRM as GVL is not invariably blunted by 
NRM. Further prospective studies are needed to evaluate whether the conversion of MRD-
positivity into a MRD-negative remission prior alloHSCT further optimizes outcome and how 
the GVL-effect after alloHSCT can be optimized. Precision medicine for patients with AML 
is urgently needed, thus the decision to transplant or not in an individual patient might 
depend on weighing the risk of relapse versus the personalized risk of NRM. 
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SUPPLEMENTARY APPENDIX

Supplementary Table 1  Treatment outcome at 4 years

MRD negative MRD positive

(N=418) (N=129)

All patients

OS 65 ±2% 50 ±5%

RFS 58 ±3% 38 ±4%

Relapse 32 ±2% 54 ±4%

NRM 10 ±2% 8 ±2%

CT/auto

OS 71 ±3% 53 ±7%

RFS 58 ±4% 31 ±6%

Relapse 38 ±3% 66 ±6%

NRM 4 ±1% 3 ±2%

Allo

OS 60 ±4% 47 ±6%

RFS 58 ±4% 44 ±6%

Relapse 26 ±3% 45 ±6%

NRM 16 ±3% 12 ±4%

Abbreviations: MRD, minimal residual disease; OS, overall survival; RFS, relapse-free survival; NRM, non-
relapse mortality; CT, chemotherapy; Auto, autologous hematopoietic stem cell transplantation; Allo, allogeneic 
hematopoietic stem cell transplantation; EBMT,Eeuropean group for Blood and Marrow Transplantation

2



48 Chapter 2

66
100

63
79

57
65

49
49

37
32

MAC

RIC

0

25

50

75

100

C
um

ul
at

iv
e 

pe
rc

en
ta

ge

months0 12 24 36 48

Relapse by conditioning type - MRD neg

22
33

15
22

14
18

11
15

10
12

MAC

RIC

0

25

50

75

100

C
um

ul
at

iv
e 

pe
rc

en
ta

ge

months0 12 24 36 48

Relapse by conditioning type - MRD pos

66
100

63
79

57
65

49
49

37
32

MAC

RIC

0

25

50

75

100

C
um

ul
at

iv
e 

pe
rc

en
ta

ge

months0 12 24 36 48

RFS by conditioning type - MRD neg

22
33

15
22

14
18

11
15

10
12

MAC

RIC

0

25

50

75

100
C

um
ul

at
iv

e 
pe

rc
en

ta
ge

months0 12 24 36 48

RFS by conditioning type - MRD pos

MAC
RIC
Cox LR P<.051

83
113

15
33

RIC
MAC

N F

At risk:

RIC
MAC

At risk:

RIC
MAC

At risk:

RIC
MAC

At risk:

MAC
RIC
Cox LR P=.55

26
42

11
20

N F

MAC
RIC
Cox LR P=.099

83
113

30
52

N F
MAC
RIC
Cox LR P=.55

26
42

14
25

N F

A B

C D

Supplementary Figure 1  Outcome by conditioning type 
Kaplan-Meier estimates of the cumulative incidence of relapse in minimal residual disease (MRD) negative patients 
(A), cumulative incidence of relapse in MRD positive patients (B), relapse-free survival (RFS) in MRD negative 
patients (C), and RFS in MRD positive patients (D) by conditioning type in patients with AML in first complete 
remission from start of PRT. Abbreviations: MAC, myeloablative conditioning; RIC, reduced intensity conditioning; 
F, number of failures (ie, death whatever the cause); and N, number of patients
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Supplementary Figure 2  NRM by EBMT-score 
Kaplan-Meier estimates of non-relapse mortality (A) by EBMT-score, split into a low and a high risk group, from 
start of alloHSCT. Abbreviations: F, number of failures (ie, death whatever the cause); and N, number of patients
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 Study
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Supplementary Figure 3  Forest plots of relapse comparing alloHSCT to CT and autoHSCT 
Forest plot of pooled estimates of the relative reduction (hazard ratio (HR) and 95% confidence interval (CI)) of 
relapse by MRD status comparing alloHSCT and chemotherapy (A) or alloHSCT and autoHSCT (B)
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Supplementary Figure 4  Forest plots of RFS comparing alloHSCT to CT and autoHSCT 
Forest plot of pooled estimates of the relative reduction (hazard ratio (HR) and 95% confidence interval (CI)) of RFS 
by MRD status comparing alloHSCT and chemotherapy (A) or alloHSCT and autoHSCT (B)
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ABSTRACT

Purpose. Relapse after allogeneic hematopoietic stem cell transplantation (alloHSCT) is 
considerable. In order to exploit the graft versus leukemia effect (GvL) more effectively, 
we assessed the feasibility of early initiation of epigenetic therapy with panobinostat and 
decitabine after alloHSCT prior to donor lymphocyte infusion (DLI) in patients with poor-risk 
AML or RAEB with IPSS ≥1.5. 

Patient and methods. A total of 140 poor-risk AML patients aged 18-70 were registered and 
110 proceeded to AlloHSCT. Three dose levels were evaluated for dose limiting toxicities, 
including panobinostat monotherapy 20 mg at days 1, 4, 8, 11 of a 4 wk.-cycle (PNB mono) 
and panobinostat combined with either decitabine 20 mg/m2 (PNB/DAC20) or decitabine 10 
mg/m2 (PNB/DAC10) at days 1-3 of every 4 wk.-cycle. Following phase I, the study continued 
as phase II focusing on completion of protocol treatment and treatment outcome.

Results. PNB mono and PNB/DAC10 were feasible, while PNB/DAC20 was not due to 
prolonged cytopenia. Sixty of 110 transplanted patients were eligible to receive their first 
DLI within 115 days after alloHSCT. Grade 3 and 4 adverse events related to panobinostat 
and decitabine were observed in 23 (26%) of the 87 patients who received epigenetic 
therapy. Cumulative incidence of relapse was 35% (standard error (SE) 5), overall survival 
and progression-free survival at 24 months were 50% (SE 5) and 49% (SE 5), respectively.

Conclusion. Post-AlloHSCT epigenetic therapy by panobinostat alone or in combination with 
low dose decitabine is feasible and is associated with a relatively low relapse rate. 
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INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (alloHSCT) is the preferred treatment 
to consolidate remission in (very) poor risk acute myeloid leukemia (AML) patients.1-3 The 
graft versus leukemia effect (GvL) of alloHSCT reduces relapse in a similar, relative degree in 
all subcategories of AML.4,5 Despite the presence of a strong GvL, the absolute incidence of 
relapse in poor-risk AML remain considerable.1 In order to optimize the immunotherapeutic 
GvL, several phase I/II trials set out to explore the use of hypomethylating agents after 
alloHSCT with the aim to restore epigenetic deregulation of residual leukemic cells and 
enhance allogeneic immunotherapy.6-11 In addition, the feasibility of the histone deacetylation 
inhibitor (HDACi) panobinostat when given after alloHSCT was shown recently.12 Combining 
hypomethylating drugs with an HDACi has been investigated both in vitro13-16 and in vivo17-19 
and might exert additive or synergistic effects; however, the feasibility and efficacy of their 
combination in AML patients is currently unknown. In this multicenter phase I/II Dutch-
Belgian Haemato Oncology Foundation for Adults (HOVON) trial, we addressed the feasibility 
of early epigenetic therapy by panobinostat alone and in combination with decitabine prior 
to donor lymphocyte infusion (DLI) in recipients of alloHSCT.
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METHODS 

Patient selection and materials
All patients were registered upon their diagnosis and classification as poor-risk AML, before 
start of the second cycle of induction-chemotherapy. The study was open for patient accrual 
between November 2013 and August 2017. Patients aged 18-70 years diagnosed with poor- 
and very poor-risk AML or RAEB with IPSS ≥1.5 according to the latest (2015) HOVON- AML 
risk classification were eligible (supplementary appendix; details of HOVON 116 study; 
section 1), if the intention was to perform an alloHSCT as consolidation after two cycles 
of chemotherapy. Donor search started immediately following the patient registration 
with the aim to perform a transplant within 6-8 weeks after the second cycle of induction-
chemotherapy with either a matched sibling or a matched unrelated donor. At the time of 
alloHSCT, patients had to fulfill a second set of eligibility criteria including disease response 
(<10% blasts at 3 and/or 4 weeks after start of cycle II) and HLA-compatible donor availability 
(≥7/8 matched unrelated donor or fully matched sibling donor). A detailed description of the 
inclusion and exclusion criteria of the study are presented in the Supplementary Appendix 
(supplementary appendix; details of HOVON 116 study; section 2-3). Minimal residual 
disease (MRD) was assessed from bone marrow samples and flow cytometry analysis 
was performed in a two-step procedure, as previously described.20,21 MRD samples were 
obtained after cycle 2 and before alloHSCT. The trial was approved by the ethics committees 
of the participating institutions and was conducted in accordance with the Declaration of 
Helsinki. All participants had given written informed consent. The trial was registered at the 
European Clinical Trial Register (ECT2012-003344-74).

Study design 
The study was designed as a prospective multicenter phase I/II feasibility study. Patients 
were first registered during induction chemotherapy of their newly diagnosed AML or MDS. 
Subsequently, they needed to fulfill a second set of eligibility criteria just prior alloHSCT. 
The study started as a phase I study exploring 3 dose levels in 29 patients (part I). Upon 
demonstrated feasibility of 2 of the 3 dose levels, the study continued as a phase II feasibility 
study focusing on treatment outcome parameters and completion of protocol treatment  
(part II). 

Part I
In the first part of the study, feasibility of epigenetic combination-therapy was assessed. Only 
very poor-risk AML patients were included in this part of the study. Dose levels consisted 
of panobinostat monotherapy 20 mg at days 1, 4, 8, 11 of a 4 wk-cycle (PNB mono) and  in 
combination with decitabine at a dose of 20 mg/m2 (PNB/DAC20) or 10 mg/m2 at days 
1-3 of every 4 wk-cycle (PNB/DAC10). PNB mono and PNB/DAC10 appeared feasible and 
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therefore were allowed to include more patients in order to address the questions in part 
II of the study.

The primary endpoint of part I was feasibility, as defined by the number of dose limiting 
toxicities (DLT) during the first cycle of epigenetic therapy (<4 out of 10 patients). DLT 
included grade 4 non-hematological toxicity, treatment related mortality and hematological 
toxicity between start cycle one and two of epigenetic therapy which resulted in delay of 
the start of cycle two after day 35 from transplant (supplementary appendix  Figure 1 and 
details of HOVON 116 study; section 5).  

Part II
Part II of the study continued with inclusion of patients in the feasible dose levels PNB mono 
and PNB/DAC10. This part of the study focused on the completion of protocol treatment 
within a defined timeframe of 115 days up to first DLI, without experiencing adverse events 
and/or acute graft versus host disease (GvHD). The in- and exclusion criteria for patients in 
order to continue with epigenetic therapy are noted in the supplementary appendix; details 
of HOVON 116 study; section 4. Adverse events were graded using the common terminology 
criteria for adverse events (AE) version 4.0.22 Acute and chronic GvHD was defined according 
to the latest proposal of the recent National Institutes of Health Consensus Conference.23 
The phase II part of the study was performed as Simon-2 stage design for both DLT-feasible 
dose levels separately, including interim analyses. Secondary endpoints included survival 
analyses consisting of overall survival  from date alloHSCT (OS), cumulative incidence of 
relapse (CIR), non-relapse mortality (NRM) and progression-free survival from date alloHSCT 
(PFS). 

Treatment protocol
The treatment protocol is summarized in Figure 1. All patients received two cycles of induction 
chemotherapy regardless of response to cycle 1. Patients received idarubicine 12 mg/m2 
at days 1-3 and cytarabine 200 mg/m2  at days 1-7 in cycle 1, followed by daunorubicine 
60 mg/m2 at day1,3,5 and 1000 mg/m2  at days 1-6 in cycle 2. T-cell replete allogeneic 
transplantation was performed after conditioning with intravenous cyclophosphamide 14.5 
mg/kg/day at days -6 and -5, fludarabine 30 mg/m2/day at day-6 to -2 and 2 gray TBI at day 
-1. At day +3 and +4 intravenous 50 mg/kg/day cyclophosphamide was given for prevention 
of graft versus host disease (GvHD) and allow early initiation of epigenetic therapy, followed 
by 3 mg/kg/day cyclosporine at day +5 until day +70, based on through levels. Patients were 
assigned to 4 cycles of epigenetic therapy, interspersed with first DLI at day +90-100  and 
second at day +180-200 after alloHSCT. Cyclosporine was discontinued before first DLI. The 
first cycle started at day 28 after alloHSCT, or as soon as possible thereafter upon meeting 
in- and exclusion criteria (supplementary appendix; details of HOVON 116 study; section 
4). After the first DLI patients received cycle 3 and 4 of epigenetic therapy. Cycle 3 started 
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at day 21 after DLI and cycle 4 was given at day 49, or as soon as possible thereafter upon 
hematological recovery. 

Statistical methods
OS, CIR, NRM and PFS were analyzed using actuarial estimates and the Kaplan-Meier 
method. The event for OS consisted of death from any cause, and patients were censored 
at the date of last contact. The events for PFS were death in remission and relapse. The 
cumulative risks of relapse and NRM over time were calculated as competing risks with 
actuarial methods, whereas patients alive in continuing CR1 were censored at the date of 
last contact. Starting point of all survival curves were at date of transplantation if not stated 
otherwise. All P values were based on log rank tests. 
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(Very) poor risk AML/RAEB with IPSS  1.5
18-70 years

After induction chemotherapy cycle I:

1. Start donor search for alloHSCT
2. Induction/consolidation

chemotherapy, Cycle II

Responsive
disease

(< 10% blasts after
cycle 2)

RIC-alloHSCT
cyclophosphamide

fludarabine
low dose TBI

2 cycles P NB/DAC q 28 days
panabinostat (20 mg on days 1, 4, 8, 11)
decitabine (0-20 mg/m2 i.v. on days 1-3/5

as indicated by dose level),
starting at post-transplant day +28

2 cycles P NB/DAC q 28 days
panabinostat (20 mg on days 1, 4, 8, 11)
decitabine (0-20 mg/m 2 i.v. on days 1-3/5

as indicated by dose level),
starting at day 21 after DLI

First DLI: day +90-100

If no GVHD
Second DLI: day +180-200

If no GVHD
Third DLI

off protocol treatment

off protocol
treatment

no

yes

REGISTRATION

START
PROTOCOL
TREATMENT

Figure 1. Scheme of study 
Scheme of HOVON 116 study from registration to off protocol treatment. 
Abbreviations: AML, acute myeloid leukemia; RAEB, Refractory Anemia with Excess Blast; IPSS international 
prognostic scoring system; alloHSCT, allogeneic hematopoietic stem cell transplantation; RIC, reduced intensity 
conditioning; PNB, panobinostat; DAC, decitabine; GVHD, graft versus host disease; and DLI, donor lymphocyte 
infusion 
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RESULTS

Patient and transplant characteristics
A total of 140 patients with (very) poor-risk AML were registered during induction 
chemotherapy for their AML or MDS for this study; 110 patients  received alloHSCT according 
to protocol from either a matched sibling or a matched unrelated donor. Diagnosis of poor-
risk AML was revised in one patient after registration. As a result, this patient was removed 
from all additional analyses. The reason for exclusion of the remaining 29 patients included 
refractory AML (n=8), no sibling or unrelated donor available (n=7), refusal (n=4), death 
(n=3) and other (n=7).  Patient characteristics are presented in Table 1. Median age at 
diagnosis was 59 years (range: 18-71). WHO performance status was 0-1 in 92 patients. 
Thirty-five patients were refractory to the first cycle of chemotherapy. Of them, 31 and 4 
patients, respectively, achieved CR and partial response upon the second cycle of induction-
chemotherapy. According to the HOVON/SAKK risk classification (supplementary; details 
of HOVON 116 study; section 1), 77 patients were classified as very-poor risk. Transplant 
characteristics are depicted  in Table 2. All patients received two cycles of induction-
chemotherapy. The median time from evaluation of the second cycle to alloHSCT was 16 
days (range: 1-66), and the median time from diagnosis to alloHSCT was 110 days (range: 
56-205). Forty-one patients received a graft from a matched sibling donor, 61 patients a 
fully matched unrelated donor and 8 patients a mismatched unrelated donor. One patient 
received a bone marrow graft from a sibling donor. The median follow-up of patients still 
alive was 23 months. Sixty-seven patients exhibited an EBMT-score of >3 points.24
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Table 1. Patient characteristics (N=110)

Characteristics n %

Age (years)

Median 59

Range 18-71

Gender

Male 67 61%

Female 43 39%

WBC (10^9/L) prior SCT

Median 3.9

Range 0.10-19.5

WHO performance status

WHO 0 51 46%

WHO 1 41 37%

WHO 2 11 10%

Unknown 7 6%

Response on induction Cycle I

CR + CRi 66 61%

PR 8 7%

Refractory 35 32%

Response to Cycle II

CR + Cri 105 96%

PR 4 4%

Blasts prior SCT (percentage)

Median 2

Range 0-10

Minimal residual disease*

Pos 21 28%

Neg 53 72%

HOVON/SAKK Risk Group

Poor 33 30%

Very Poor 77 70%

MK 15 19%

EVI1 19 25%

Abbreviations: WBC, white blood cell count; WHO, world health organisation; 
CR, complete remission; CRi, complete remission with incomplete hematologic 
recovery; SCT, stem cell transplantation; MK, monosomal karyotype; EVI1, Ecotopic 
viral integration site 1
*By multiparameter flow cytometry in 74 patients
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Table 2. Transplant characteristics (N=110)

Total n %

Donor source

Sibling 41 37%

Matched unrelated donor 61 55%

Mismatched 8 7%

Female donor to male recipient

No 90 82%

Yes 20 18%

Stem cell source

Peripheral blood 109 99%

Bone marrow 1 1%

PB CD 34+ (10^6/kg)

Median 6.4

Range 2-14

CMV serostatus patient/donor

Neg/neg 36 33%

Pos/pos 33 30%

Other 41 37%

Time diagnosis to alloHSCT (days)

Median 110

Range 56-205

Time start CT-II to alloHSCT (days)

Median  62

Range 37-121

Time evaluation CT-II to alloHSCT

Median  16

Range  1-66

Median folllow up for patients alive  23

EBMT- risk score

0 2 2%

1 4 3%

2 35 32%

3 59 54%

4 8 7%

Abbreviations: PB, peripheral blood; CMV, cytomegalovirus; alloHSCT, allogeneic 
hematopoietic stem cell transplantation; CT, chemotherapy; EBMT, European Group 
of Blood and Marrow Transplantation.
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Part I. Feasibility of panobinostat alone and in combination with decitabine
Analyses were done for the first 10 patients in PNB mono and PNB/DAC10. At interim 
analysis, one of 9 patients experienced DLT in PNB mono. Four out of 10 patients receiving 
PNB/DAC20 experienced DLT, consisting of prolonged cytopenia. Consequently, PNB/DAC20 
was considered not feasible. The combination of panobinostat and decitabine was further 
evaluated in PNB/DAC10 (10 mg/m2 of decitabine). Only 1 DLT was observed in the first 10 
patients in PNB/DAC10, again due to prolonged cytopenia. Subsequently, the study was 
expanded, according to design, by inclusion of another 55 patients in PNB mono and PNB/
DAC10. Off note, in total 13 patient were included in PNB/DAC20 due to ongoing inclusion 
of patients during interim analysis (Consort Diagram).

Part II. Completion of protocol treatment and secondary endpoints
In the second part of the study, the completion of protocol treatment up to first DLI 
and outcome was evaluated. Eighty-seven of 110 transplanted patients were eligible for 
epigenetic therapy and received a first cycle (Consort Diagram). The reason for withdrawal 
of  epigenetic drugs were GvHD (n=11), thrombocytopenia (n=3), renal dysfunction (n=3), 
death (n=2), disease progression (n=2), liver dysfunction (n=1) and start first cycle beyond 
day 35 post alloHSCT (n=1). Out of 110 patients who received alloHSCT, 60 (55%) patients 
were eligible to receive DLI within 115 days. In total, 63 out of 75 (84%) patients who 
received a second cycle of epigenetic therapy, actually received their first planned DLI. A 
second and third DLI could be given to 40 and 25 patients, respectively. Adverse events 
considered to be related to panobinostat and decitabine treatment are shown in Table 3. 
Epigenetic therapy related grade 3 and 4 AEs were observed in 23 (26%) of the 87 patients 
who received epigenetic therapy. Related hematological AEs were only noted in 3 patients 
consisting of one grade 2 and two grade 3 events. Panobinostat and decitabine related AEs 
were in general rapidly reversible after interrupting treatment. Of note, AEs could not be 
ascribed to either panobinostat or decitabine, when those two were combined.  

Figure 2 shows the CIR, NRM, PFS and OS of all 110 transplanted patients. The CIR at 24 
months was 35% (SE 5) and NRM at 24 months was 16% (SE 4). The OS and PFS at 24 months 
were 50% (standard error (SE) 5) and 49% (SE 5), respectively. The cumulative incidence of 
relapse at 24 months in PNB mono was 24% (SE 8) and the addition of decitabine did not 
improve outcome, with a CIR at 24 months of 46% (SE 9, p=0.29) in PNB/DAC10 (Figure 3). 
Although not significant, relapse was seen less often in patients without MRD compared to 
MRD-positive patients (CIR at 24 months 35% (SE 7) versus 43% (SE 11), p=0.09, respectively, 
supplementary figure 3). Outcome according to HOVON risk categories showed an OS of  
63%  (SE 10) and 46% (SE 6) at 24 months for poor- and very poor-risk AML, respectively 
(Supplementary Figure 2). As expected, ineligibility for transplantation was associated with 
a dismal outcome; the overall survival at 12 months was only 19% (SE 8) (supplementary 
Figure 4). 
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Acute GvHD grade 3-4 and grade 2-4 at 6 months was seen in 5% (SE 2) and 23% (SE 4) 
in all patients, respectively, and 22% (SE 4)  of the patients experienced moderate/severe 
chronic GvHD at 12 months (Figure 4). Of the 110 patients transplanted, survival was 36% 
(SE 5) without experiencing relapse and acute- or chronic GvHD requiring systemic therapy 
(supplementary Figure 5).

Registered
N=140

Cycle 3 given N=61
Cycle 4 given N=52

AlloHSCT given
N=110

Epigenetic therapy started
N=87

Dose level II
N=13

Cycle 1 given N=87
Cycle 2 given N=75

Second DLI N=40
Third DLI N=25

First DLI
N=63

Dose level II-reduced
N=35

Dose level I
N=39

Consort diagram
Abbreviations: alloHSCT, allogeneic hematopoietic stem cell transplantation; PNB mono,  panobinostat monotherapy 
20 mg;  PNB/DAC20, panobinostat combined with decitabine 20 mg/m2; PNB/DAC10, decitabine 10 mg/m2; DLI, 
donor lymphocyte infusion. 
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Table 3.  Numbers of adverse events related to panobinostat and decitabine treatment

PNB mono, n (%), n=39 PNB/DAC20, n (%), n=13 PNB/DAC10, n (%), n=35

Epigenetic therapy related toxicity G2 G3 G4 G2 G3 G4 G2 G3 G4

Blood and bone marrow 1 (2) 0 0 0 2 (13) 0 0 0 0

Gastrointestinal 2 (4) 2 (4) 0 0 0 0 3 (6) 1 (2) 1 (2)

Constitutional symptoms 2 (4) 1 (2) 0 1 (6) 0 0 0 0 0

Infections 3 (7) 0 0 0 0 0 0 0 1 (2)

Metabolic/laboratory 0 1 (2) 1 (2) 0 0 0 0 2 (4) 0

Eye 1 (2) 0 0 0 0 0 0 0 0

Nervous system 0 1 (2) 0 0 0 0 0 1 (2) 0

Skin and subcutaneous tissue 1 (2) 0 0 0 0 0 0 0 0

Abbreviations: PNB mono, Panobinostat monotherapy; PNB/DAC20, Panobinostat combined with Decitabine 20 mg/m2; 
PNB/DAC10, Panobinostat combined with Decitabine 20 mg/m2 
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Figure 2. Overall and progression-free survival, relapse and non-relapse mortality
Kaplan-Meier estimates of overall survival (panel A),  progression-free survival (panel B), cumulative incidence of 
relapse (panel C) and cumulative incidence of non-relapse mortality (panel D).
Abbreviations: F, number of failures; and N, number of patients. 
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DISCUSSION

Relapse after alloHSCT  remains the major cause of failure in AML patients.1 We showed 
earlier that alloHSCT reduces relapse in a similar, relative degree in different subcategories 
of AML.4,5 These findings provided evidence that the allogeneic GvL is present even in very 
poor-risk AML patients, despite a higher absolute relapse rate after alloHSCT. It provided the 
rationale to exploit the GvL more strongly by epigenetic therapy after alloHSCT. Epigenetic 
therapy was followed by DLI in order to enhance GvL, given the poor anti-leukemic effect of 
panobinostat itself. Here we show that post-alloHSCT epigenetic therapy with panobinostat 
alone or in combination with decitabine is feasible in terms of DLT and adverse events. By 
intention-to-treat up to first DLI, protocol treatment could be administered to the majority of 
patients within a strict timeframe of 115 days. Outcome with respect to disease recurrence 
was promising, which might  be due to enhanced GvL.

Grade 3 and 4 adverse events related to panobinostat and decitabine were observed 
in 23 (21%) of the 87 patients who received epigenetic therapy. Adverse events  related 
to panobinostat and/or decitabine were limited in our protocol and hematological grade 3 
and 4 disorders were only noted in 4 patients. These AEs were in general rapidly reversible 
after interrupting epigenetic therapy. In comparison, a prospective phase-I trial by Pusic 
at al.9 investigating post-alloHSCT decitabine treatment in AML patients, reported grade 
3-4 hematological toxicities in 75% of the patients. The difference may, at least in part, be 
explained by different dosages and possible drug interactions caused by the combination 
of GvHD-prophylaxis and post-alloHSCT epigenetic therapy. Recently, Bug et al.12 explored 
panobinostat after alloHSCT as maintenance therapy in poor-risk AML. The application of 
panobinostat after transplantation appeared to be feasible with adverse events related to 
panobinostat in 52% of the patients. In the present study, the strategy of post-transplant 
cyclophosphamide prophylaxis of GvHD, of which the feasibility and efficacy have been 
demonstrated elaborately before,25-34 was applied in combination with cyclosporine to 
enable effective GvHD prophylaxis and allow for an early start of epigenetic therapy. Thereby, 
the majority of alloHSCT recipients were indeed eligible to start epigenetic therapy, which 
was effectively given to 87 out of 110 transplanted patients. In addition, cyclophosphamide 
appeared associated with limited acute and chronic GvHD and also limited NRM of 16% 
at 24 months. These data compare well to previous studies with post-alloHSCT epigenetic 
therapy.6,7,9,12 Of note, in contrast to Bug et al.12 only patients transplanted in CR(i) or PR were 
included in the present study. 

The early application of alloHSCT in poor-risk AML patients has been stressed before 
by Schmid et al. in refractory-35 and more recently in monosomal karyotype AML.36 Our 
study was designed to apply alloHSCT shortly after chemotherapy. In order to achieve 
this, patients were registered shortly after diagnosis followed by a rapid donor search. It 
resulted in a median time of 16 days (1-66) between evaluation after the second cycle of 
chemotherapy and alloHSCT. By study design, alloHSCT was followed by epigenetic therapy 
and DLI, preferably with the first DLI given prior day 115 after alloHSCT. This rather ambitious 
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schedule was successfully achieved in 55% of patients. In previous studies exploring the 
hypomethylating agents decitabine and azacitidine after alloHSCT, the percentage of patients 
actually receiving scheduled cycles ranged in between 20% and 43%, and treatment did not 
include DLI.6-10  Moreover, none of these trials included patients before alloHSCT during 
chemotherapy and reported results by intention-to-treat. 

By extending the feasible dose levels, we were able to study relapse and compare 
relapse in PNB mono and PNB/DAC10. No additive or synergistic effect of adding decitabine 
to panobinostat was suggested. The cumulative incidence of relapse at 24 months was 24% 
(SE 8) in recipients of panobinostat only, while the CIR was 46% (SE 9, p=0.29) following the 
combination of panobinostat and decitabine. Absence of a stronger GvL after combination 
therapy may be explained by an anti-proliferative effect of decitabine on alloreactive T-cells, 
as decitabine exerts an inhibitory effect on cell proliferation by blocking DNA-synthesis, 
similar to for example cytarabine.37-40 Apart from its anti-proliferative effects, decitabine may 
also exert an immunomodulatory effect by increasing the number of Tregs through Foxp3 
demethylation.41 Either of these mechanisms could potentially jeopardize the allogeneic 
GvL-effect.

The observed results by us and Bug et al12 strongly ask for a prospective comparison, 
which is currently ongoing. Bug et al.12 reported a PFS 75% at 24 months in alloHSCT 
recipients receiving panobinostat only, which is also very encouraging and compares well 
to our results. Of note, their study included patients at a relatively late time point after 
alloHSCT, leaving the possibility of patient selection by excluding early relapsed patients and 
patients suffering from complications, again strongly asking for a prospective comparison, 
which the 2 study groups will cooperatively perform. In addition, continuing preemptive 
therapy after alloHSCT, especially in very-poor risk patients, could be considered given that 
there does not seem to be plateau in survival analyses. However toxicity and efficacy would 
need to be weighed and evaluated.

In conclusion, epigenetic therapy after alloHSCT by panobinostat alone and in 
combination with low-dose decitabine is feasible in poor-risk AML and may be associated 
with enhanced GvL. Results did not suggest a synergistic or additive effect of combining 
panobinostat with decitabine. Our results and those by Bug et al.12 have set the stage for the 
current European randomized intergroup-study, evaluating the efficacy of panobinostat in 
alloHSCT recipients with poor-risk AML (ETAL-4/HOVON145; ECT 2017-000764-15). 
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SUPPLEMENTARY APPENDIX

Start at PNB mono

Treat 5 patients
at dose level L*

Treat 5 more patients
at this dose level

Include patients at
dose level L*+ I

Include patients at
PNB/DAC10

Highest feasible
dose level

Lowest
dose level

Nr with DLT

Nr with DLT

Level II

Recommended
dose level (RDL)
Recommended
dose level (RDL)

Not feasible
Recommended

dose level = L*- I

Not feasible
<3 of 5

<4 of 10

≥3 of 5

≥4 of 10

No

No

No

Yes

Yes

Yes

L* should be read as `I‘ or `II’, whichever applicable 

Supplementary Figure 1. Dose limiting toxicities decision diagram. 
Schematic overview interim analyses for selection highest feasible dose level
Abbreviations: Nr, number of patients; and DLT, dose limiting toxicities; PNB mono, Panobinostat monotherapy; 
PNB/DAC20, Panobinostat combined with Decitabine 20 mg/m2; PNB/DAC10, Panobinostat combined with 
Decitabine 20 mg/m2.
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Supplementary Figure 2. Overall survival, by risk classification
Kaplan-Meier estimates progression-free survival by risk classification
Abbreviations: F, number of failure; and N, number of patients. 
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Supplementary Figure 3. Cumulative incidence of relapse, by MRD status
Kaplan-Meier estimates of cumulative incidence of relapse by MRD-negative and –positive patients.
Abbreviations: F, number of failures; N, number of patients; MRD, minimal residual disease; MRD-pos, MRD-
positive; and MRD-neg, MRD-negative
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Supplementary Figure 4. Overall survival, by eligibility for alloHSCT
Kaplan-Meier estimates of overall survival (OS) by eligibility for alloHSCT, with starting point at registration.  
Abbreviations: F, number of failures; and N, number of patients.
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Supplementary Figure 5. Graft versus host free/relapse free survival
Kaplan-Meier estimates of graft versus host free/relapse free survival, is defined as the time from transplantation 
to the date of; aGVHD grade 3 or 4, cGVHD requiring systemic therapy, relapse or death whichever comes first. 
For the cGVHD requiring systemic treatment the following treatments were considered as systemic: prednisone, 
cyclosporine, myfortic.
Abbreviations: F, number of failures; and N, number of patients
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DETAILS OF HOVON 116 AML STUDY

1. HOVON-SAKK AML RISK CLASSIFICATION

Risk Definition % pts at baseline % pts with CR & 
consolidation

Good GR1 t(8;21) or AML1-ETO, WBC≤20 5 % 7 %

GR2 inv(16)/t(16;16) or CBFB-MYH11 gene 6 % 7 %

GR3 MK-, CEBPA+ 7 % 8 %

GR4 MK-, FLT3ITD-/NPM1+, CRe 11 % 13 %

Intermediate IR1 t(8;21) or AML1-ETO, WBC>20 2 % 2 %

IR2 CN –X –Y, WBC≤100, CRe 17 % 21 %

Poor PR1 CN –X –Y, WBC≤100, not CRe 10 % 8 %

PR2 CN –X –Y, WBC>100 5 % 4 %

PR3 CA, non CBF, MK-, no abn3q26, EVI1- 16 % 15 %

Very Poor VPR1 Non CBF, MK+ 9 % 5 %

VPR2 Non CBF, abn3q26 2 % 1 %

VPR3 Non CBF, EVI1+ 9 % 9 %

Abbreviations: CN –X-Y: cytogenetically normal or only loss of X or Y chromosome; CA: cytogenetically abnormal; 
CRe: attainment of early CR, ie after cycle I; MK-: monosomal karyotype negative; MK+: monosomal karyotype 
positive

The table gives the % distribution of each risk subgroup of all patients at diagnosis and of all 
patients that have reached CR and have received consolidation treatment.
•  The core-binding factor (CBF) leukemias involve AML’s with cytogenetic abnormality 

t(8;21)(q22;q22) or the AML1-ETO fusion gene and the cytogenetic abnormalities inv(16)
(p13q22) or t(16;16)(p13;q22) or the related fusion gene CBFB-MYH11.

•  If cytogenetics unknown, consider as CN
•  Monosomal karyotype (MK) refers to AML with two or more autosomal monosomies 

or a single autosomal monosomy in the presence of one or more structural cytogenetic 
abnormalities

•  EVI1+ refers to high EVI1 mRNA expression
•  FLT3-ITD-/NMP1+ : FLT3-ITD mutant negative (FLT3ITD-) but NPM1-mutant positive 

(NPM1+): Fms-like tyrosine kinase receptor-3 internal tandem duplications (FLT3-ITD) and 
nucleophosmin-1 (NPM!) mutations often go together as dual genetic anomalies in the 
same AML.

•  To exclude ambiguities in the classification patients should be classified in the following 
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hierarchical order: first patients with CBF abnormalities in GR1, GR2 or IR1, of the remaining 
patients the MK+ patients in VPR1, followed by the abn3q26 patients in VPR2 subsequently 
the CEBPA+ patients in GR3 and the FLT3ITD-/NPM1+ patients in GR4, subsequently the 
EVI1+ patients in VPR3. The remaining patients are classified in PR1, IR2, PR2 and PR3.

2. ELIGIBILITY FOR REGISTRATION

2.1 Inclusion criteria
•  Patients with poor-risk or very poor-risk AML or RAEB with IPSS ≥ 1.5
•  Eligibility for continuation with intensive chemotherapy
•  Eligible for allogeneic donor search (related/unrelated)
•  18-70 years, inclusive
•  Negative serum pregnancy test for female patients of childbearing potential, at registration
•  Female patients of childbearing potential must use an effective contraceptive method 

during the study and for a minimum of 6 months after study treatment
•  Written informed consent

2.2 Exclusion criteria
•  History of active malignancy during the past 2 years with the exception of basal carcinoma 

of the skin or carcinoma “in situ” of the cervix or breast
•  Known HIV-positivity
•  Pregnant or breast-feeding female patients

3. ELIGIBILITY CRITERIA FOR ALLOHSCT

3.1 Inclusion criteria
•  Responsive disease (< 10% blasts at 3 and/or 4 weeks after start of cycle II chemotherapy)
•  Recovery of mucositis after preceding chemotherapy
•  Absence of active opportunistic infections
•  Absence of active CNS localisation
•  HLA-compatible donor available (≥ 7/8 matched unrelated donor or fully matched sibling 

donor)
•  WHO-performance status 0-2
•  Written informed consent

3.2 Exclusion criteria
•  Severe cardiac dysfunction (NYHA classification III-IV)

3
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•  Severe pulmonary dysfunction (CTCAE grade III-IV)
•  Severe neurological or psychiatric disease
•  Significant hepatic dysfunction (serum bilirubin or transaminases ≥ 5 times upper limit of 

normal)
•  Significant renal dysfunction (creatinine clearance < 30 ml/min after rehydration)
•  Any psychological, familial, sociological and geographical condition potentially hampering 

compliance with the study protocol and follow-up schedule
•  Concurrent severe and/or uncontrolled medical condition (e.g. uncontrolled diabetes, 

infection, hypertension, cancer, etc.)

4. ELIGIBILITY CRITERIA FOR POST-TRANSPLANTATION PANOBINOS-
TAT AND DECITABINE CHEMOTHERAPY

4.1 Inclusion criteria
•  Absolute neutrophil count ≥ 1.0 x 109/L
•  Platelet count ≥ 25 x 109/L
•  Serum creatinine cleareance ≥ 30 ml/min
•  Total bilirubin ≤30 μmol/l
•  AST (SGOT) and ALT (SGPT) ≤ 3 x Upper Limit of Normal (ULN);

4.2 Exclusion criteria
•  Severe cardiac dysfunction (NYHA classification III-IV)
•  Severe pulmonary dysfunction (CTCAE grade III-IV)
•  Severe neurological or psychiatric disease
•  Significant renal dysfunction (creatinine clearance < 30 ml/min after rehydration)
•  GvHD requiring the use of combination immunosupressive therapy
•  Acute GvHD grades 3-4, chronic extensive GvHD
•  Serious active infections
•  CMV reactivation, which is not responsive to first line valganciclovir
N.B. CR after alloHSCT is NOT required to continue to panobinostat/decitabine treatment

5. Definition of dose limiting toxicities
•  Grade 4 non-hematological toxicity between start cycle 1 panobinostat/decitabine and 

start cycle panobinostat/decitabine or day 35 (whichever occurs first)
•  Hematological toxicity which results in delay of the start of cycle 2 after day 35 
•  TRM between start cycle 1 panobinostat/decitabine and start cycle 2 panobinostat/

decitabine or day 35 (whichever occurs first)
A patient who did not receive cycle 1 panobinostat/decitabine is considered not evaluable 
for DLT and will be replaced.
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Umbilical cord blood transplantation (UCBT) is an important alternative treatment modality 
for patients in need of an allogeneic stem cell transplantation but lacking a matched- sibling 
or unrelated stem cell donor.1 However, the availability of a sufficiently sized cord blood unit 
may pose a problem for adult patients.2 Double-UCBT (dUCBT) was developed in order to 
increase cell dose and allow adult patients lacking a sufficiently sized single cord blood unit 
(CBU) to proceed for transplantation.3 Strikingly, it appeared that hematopoietic recovery 
originated only from a single CBU in the majority of the cases.3 Gutman et al. showed that 
alloreactive interferon-γ secreting CD8+ T-cells were present early after dUCBT.4 Subsequently, 
we showed that CD4+ T-cells expand early after transplantation and CD4+ T-cell chimerism 
predicts for graft predominance.5,6 Given these observations we hypothesized that HLA-
class II specific CD4+ T-cells from the ‘winner’ cord may be responsible for rejection of the 
‘loser’ cord. That hypothesis was retrospectively supported by demonstrating the presence 
of alloreactive, HLA-class II specific effector CD4+ T-cells in a limited number of patients.7 
In addition, alloreactivity was also detected towards primary leukemic cells when the HLA-
class II allele mismatches were shared with de NE-CBU. In the present study we set out to 
prospectively test this hypothesis in a phase II study.7

A total of 70 patients aged 18-70 years, with high-risk hematological disease, eligible 
for a umbilical cord blood transplantation were included in the HOVON 115 study, a 
prospective, multicenter phase II trial (EudraCT 2012-001188-55). The primary endpoint was 
the proportion of evaluable patients with activated class-II specific T-cells. Patients received 
reduced intensity conditioning consisting of cyclophosphamide 60 mg/kg; fludarabine 4x40 
mg/m2; TBI 2 x 2 Gy. Peripheral blood (PB) from patients were collected at 1-3 months 
after dUCBT for chimerism analysis and isolating PB-mononuclear cells (PBMCs). HLA-class 
II negative HeLa cells were retrovirally transduced with single HLA-DRA1/B1, HLA-DQA1/
B1 or HLA-DPA1/B1 molecules, based on the mismatched allele from the NE-CBU. Post-
dUCBT PBMCs were cocultured with irradiated single HLA-class II molecule transduced 
HeLa cells and with addition of a cytokine mixture to propagate T-cells.7 Subsequently CD4+ 
T-cell activation was assessed by flow cytometry using antigens and effector markers, as 
described.7 Alloreactivity was measured as ‘fold increase (FI) [%CD137+/CD4+]’ of reactivity 
toward HeLa cells transduced with mismatched HLA-class II alleles relative to reactivity 
towards the not-transduced ‘empty’ HeLa cell.

Two patients were not transplanted because of withdrawal of consent and rapid 
progression of the underlying disease, and were therefore excluded from all analyses. 
Patients’ characteristics of the remaining 68 patients are described in Table 1a. The majority 
of the patients were diagnosed with acute myeloid leukemia or myelodysplastic syndrome 
with a low WHO performance- and HCT-CI score. There were no significant differences in 
the number of infused nucleated-, viable CD34+ and CD3+ cells between winner- and loser-
CBU (Table 1b; P0.81, P0.19 and P0.27, respectively; Mann-Whitney test). One-year overall 
survival (OS) and progression free survival (PFS) from 1st UCBT were 61% (95% confidence 
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interval (CI) 49-72%) and 60% (95% CI 47-70%) respectively (Supplementary Figure 1), with 
median follow-up of 48.2 months (range, 3.2–65.7 months) among the 36 patients still alive. 
Non-relapse mortality at 12 months was 28% (standard error (SE), 5%) and the cumulative 
incidence of relapse (or progression) at 12 months was 12% (SE, 4%). Engraftment 
was observed in 62 out of 68 (91%) patients with a median time to neutrophil recovery 
>0.5×109/L of 31 days. Primary graft failure occurred in three patients. Complete single 
donor chimerism was established in 62 out of 68 (91%) patients. HLA-class II mismatches 
between the two transplanted cords were present in 42 out of these patients. In vitro tests 
could be performed for 20 of the 42 patients for which an HLA-class II–transduced HeLa 
cell was available. T-cell numbers increased 6.7-fold (median; range, 0.2-192.4) after the 
HLA-class II allele-specific propagation of the post-dUCBT PBMC samples. In 18 out of the 20 
(90%) patients tested, alloreactive CD4+ T-cells toward 1 or more HLA-class II mismatched 
alleles of the NE-CBU were detected, which is much higher than the 50% which we used for 
the sample size calculation. Of note, our in-vitro expansion protocols may have favored CD4+ 
T-cells over CD8+ T-cells as a result of the use of HLA-class II antigens for expansion. In total, 
CD4+ T-cell alloreactivity toward 24 of 26 (92%) mismatched alleles was detected, including 
9 out of 9 (100%) for DR, 10 out of 12 (83%) for DQ and 5 out of 5 (100%) for DP alleles early 
(median: 1 months; range: 1-3 months) after double cord blood transplantation (Figure 1). 
CD4+ T-cell alloreactivity towards DR, DQ and DP alleles were 9.3-fold (range, 3.4-44.0), 8.9-
fold (range, 1.7-37.8) and 7.3-fold (5.7-31.4) increased as compared to reactivity towards 
the not transduced ‘empty’ HeLa cell, respectively. A positive CD4+ T-cell response towards 
‘control’ matched alleles of the PD-CBU were observed in 7 out of 26 (27%) tested alleles. 
The magnitude of the CD4+ T-cell response was significantly higher towards mismatched 
alleles as compared to matched alleles, median FI 8.9 (range, 1.7-44) versus median FI 1.7 
(range, 0.2-10.1; P<0.01; Mann-Whitney test), respectively.
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Table 1a. Patients characteristics.

Number of patients 68  

Diagnosis, n (%)

Acute myeloid leukemia 34 50

Myelodysplastic syndrome 12 18

Acute lymphoblastic leukemia 4 6

Multiple myeloma 1 1

Chronic myeloid leukemia 1 1

Chronic lymphocytic leukemia 6 9

Non-hodgkin lymphoma 7 10

Myeloprolipherative disease 2 3

Severe aplastic anemia 1 1

Gender, n (%)   

Male 35 51

Female  33 49

Age, years, median (range) 57 (20-69)

Weight, kg, median (range) 74 (41-108)

WHO performance status, n (%)   

WHO 0 33 49

WHO 1 31 46

WHO 2 2 3

Unknown 2 3

HCT-CI Score, n (%)   

0 42 62

1 19 28

2 3 4

3 3 4

4 1 1

CMV status patient, n (%)   

negative 26 38

positive 42 62
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Figure 1:
Twenty-six PBMC samples obtained from 20 patients at 1 to 3 months after dUCBT were propagated towards 
mismatched HLA-class II alleles of the non-engrafting CBU in a T cell-Hela cell coculture, using a panel of Hela cell 
line, each transduced with a single HLA-class II allele. T cell expansion of individual cultures at day 21 in presented 
as Fold increase cell number. Propagated T cells were subsequently tested for (allo)reactivity towards that same 
mismatched, and matched HLA-class II alleles. The response was quantified by CD137 upregulation on CD4+ T-cells 
[%CD137+/CD4+] and presented for the alloreactivity as ‘Fold increase (FI) [%CD137+/CD4+]’ of reactivity towards 
HeLa cells transduced with mismatched HLA-class II alleles relative to reactivity towards the not-transduced ‘empty’ 
HeLa cell. The level of T cell expansion, Control reactivity (towards matched alleles) and alloreactivity response is 
presented in a 4-color-grading scales.
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Table 1b. Graft characteristics.

Cord blood unit Winner Loser

Number of infused, median (range)   

   Nucelated cells (10⁶/kg) 26.0 (0.3-62.4) 26.3 (0.2-73.7)

   Viable CD34+ cells (10³/kg) 34.9 (0.0-140) 40.5 (0.1-430.0)

   Viable CD3+ cells (10³/kg) 1340.0 (51.7-6955.0) 1339.7 (45.6-11070.0)

HLA-class II mismatch, median (range)   

   Recipient  2 (0-6) 1 (0-6)

   Winner   - 2 (0-5)

Abbreviations: WHO, World Health organization; HCT-CI, Hematopoietic Cell Transplant Comorbidity Index; and 
CMV, cytomegalovirus

Double UCBT was initially developed to allow transplantation for adult patients lacking a 
sufficiently sized single CBU. It resulted in less graft failure in comparison to single UCBT, but 
with only one cord surviving in most cases. We recently reported the presence of alloreactive 
HLA-class II specific CD4+ T-cells early after transplantation.7 In the current study, we set 
out to prospectively test the hypothesis whether alloreactive HLA-class II specific CD4+ 
T-cells from the dominant UCB unit expand early after and transplantation and might be 
responsible for rapid rejection of the “loser” unit. Here we show the presence of such T-cells 
in 18 out of 20 patients and alloreactivity towards 24 of 26 tested alleles, further suggesting 
an important role for alloreactive CD4+ T-cells from the ‘winner’ cord in rapid rejection of 
the ‘loser’ cord. Rapid immunization of alloreactive CD4+ T-cells by mismatched HLA-class 
II antigens might occur by circulating class II expressing cells after infusion of both UCB’s. 
Strong expression and/or a high number of class II + cells might then evoke a rapid CD4+ 
T-cell response. This hypothesis may, in part, be supported by findings by Purtill et al.8, who 
showed that the NE-CBU total nucleated cell dose (as a surrogate of a high number of class II 
expressing cells) was significantly associated with neutrophil engraftment. Type and number 
of class II mismatches might also play a role. Avery et al.9 showed that a better HLA match 
between both units is associated with a mixed unit chimerism, but it is unclear how class II 
mismatches behave in that respect as compared to class I mismatches. Given the relatively 
low number of patients in our previous7 and present study, we could not clarify the relative 
value of class I versus class II mismatched in this respect. However, given the matching 
criteria for UCB-search, class II mismatches are more abundant than class I mismatches.

The graft-versus-graft T-cell alloreactivity towards mismatched precursor cells may result 
in unit predominance but also into enhanced graft versus leukemia (GvL),10 especially if the 
alloreactive CD4+ T-cell response is also directed towards a mismatched allele present on 
recipient tissue and recipient leukemia cells.7 The relevance of HLA-class II was indirectly 
supported recently by Christopher et al11, who showed that loss of HLA-class II expression 
is a mechanism by which relapsing tumors may escape immune surveillance. Immunization 
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of CD4+ T-cells might occur by mismatched class II presenting leukemic cells and antigen 
presenting cells (APC)s in tissues, in which these cells are abundantly present accompanied 
by contributing inflammatory signals. Such tissues may include the spleen, lung, and 
intestine, in which large numbers of antigen presenting cells are present. Thus, a CD4+ T-cell 
mediated graft-versus-graft alloreactivity may involve and enhance GvL in the dUCBT setting 
and thereby provide a possible explanation for the relatively low relapse rate associated 
with dUCBT.10 Encouragingly, the cumulative incidence of relapse in was only 12% (SE, 4%) in 
our cohort of high risk patients. Of note, although dUCBT may be associated with a stronger 
GvL in comparison to a single UCBT, dUCBT is often accompanied by a higher incidence of 
acute and chronic GvHD with similar survival outcome.12,13 However, patients with a high 
risk of relapse, such as those with detectable minimal residual disease, might benefit from 
a dUCBT.14,15 

In conclusion, this study prospectively showed a rapid and strong alloreactive CD4+ 
T-cell response towards the majority of class II mismatches present and available for 
analysis in 24 of 26 testes alleles. These observations might explain, at least in part, the 
mechanism behind single unit dominance and the lower incidence of relapse after dUCBT 
in comparison to single UCBT. However, predicting graft predominance remains a challenge 
and further research into that direction is needed. In addition, the question to what extent 
such alloreactive T-cells are present after haplo-identical alloHSCT is of importance. While 
class II mismatches are abundantly present in haplo-identical alloHSCT, the more stronger 
immunosuppression, especially anti-thymocyte globulin and/or cyclophosphamide, needed 
to prevent GvHD might blunt the CD4+ T-cell response with possible loss of GvL activity. 
Currently we are conducting a study evaluating the presence of  these class II specific T-cells 
after haplo-id alloHSCT. 
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SUPPLEMENTARY APPENDIX  

Supplementary Figure 1:
Overall survival and progression-free survival, relapse and non-relapse mortality
Kaplan-Meier curves of overall survival (panel A), progression-free survival (panel B), cumulative incidence of 
relapse (panel C), and cumulative incidence of non-relapse mortality (panel D).
Abbreviations: F, number of failures; and N, number of patients. 
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ABSTRACT

Several parameters are involved in graft predominance after double umbilical cord blood 
transplantation (dUCBT), of which T-cell alloreactivity between the grafts is now considered 
to be the major denominator. We recently showed that  alloreactive CD4+ T-cells originating 
from the predominant CBU recognize HLA-class II allele mismatches and can readily be 
detected in the majority of patients.  In addition, it was shown that  HLA-class II allele-
specific CD4+ T-cells were able to recognize primary leukemic cells when the mismatched 
HLA-class II allele was shared between the rejected CBU and the patient. These results 
further underscored the role of alloreactive T-cells, notably class II specific CD4+ T-cells, in 
graft-versus-graft reactions and in  graft-versus-leukemia after dUCBT. 
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INTRODUCTION

Double UCBT (dUCBT) was developed in order to increase the cell dose and to allow adult 
patients without a sufficiently sized single cord blood unit (CBU) to proceed to that type of 
transplantation. 1 It appeared to be associated with less graft failure in adult patients, but 
with similar recovery kinetics of leucocytes and platelets as compared to single UCBT.1-3 

Importantly, hematopoietic recovery after dUCBT generally originates from only a single 
cord blood unit, designated as the predominant (PD)-CBU.1-3 Single donor chimerism is 
readily documented within 3 months post-transplant in the majority of patients1-5, but 
actually may occur as early as 7-14 days after transplantation.6-9 Graft predominance was 
earlier suggested to be T-cell mediated, as higher doses of graft CD3+ T-cells and also 
early recovery of alloreactive, IFNgamma secreting CD8+ T-cells appeared associated 
with graft predominance.5,10,11 Following our earlier observations that  blood CD4+ T-cell 
numbers rapidly increase after dUCBT 8 and early CD4+ T-cell chimerism predicts for graft 
predominance 6, we hypothesized that alloreactive HLA-class II-specific CD4+ T-cells from 
the ‘winning’ CBU may contribute to rejection of the ‘loser’ CBU. That hypothesis was 
confirmed in a recent study from our group, showing that  HLA-class II allele-specific CD4+ 
T-cells were readily detectable after transplantation and were able to recognize both class II 
mismatched cord blood progenitor cells and primary leukemic cells, which was associated 
with T-cell effector function.12 This study heavily depended on the use of a unique set of 
laboratory tools, including HLA-class II allele transduced HELA-cells, by which very low 
numbers of alloreactive T-cells could be propagated13 and subsequently be evaluated for 
effector function towards class II mismatched hematopoietic cells and primary leukemic 
cells. A library of stimulator cells expressing a single HLA-class II allele was generated by 
retroviral transduction of HLA-class II negative HeLa cells with different combinations of 
HLA-DRA1/B1-5, HLA-DQA1/B1 or HLA-DPA1/B1 molecules, as described.14 Propagated 
T-cells were co-cultured with HeLa cells transduced with a specific mismatched HLA-class 
II molecule derived from the non-engrafting (NE)-CBU, followed by assessment of T-cell 
activation antigens and  effector markers. Here we present an individual patient example as 
well as a summary of results in the context of the most recent literature. 
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RESULTS AND DISCUSSION

Results of an individual patient
Post dUCBT peripheral blood mononuclear cells (PBMC) were first propagated by HLA-class 
II allele-specific stimulation in co-culture with irradiated HeLa cells transduced with a single 
HLA-class II (mismatched, or 3rd party neither expressed by the PD-NE nor recipient) molecule 
(14-21 days), followed by analysis of the T-cell culture for alloreactivity. To analyze T-cell 
alloreactivity , the propagated T-cells were co-cultured for 2-20h with HeLa cells transduced 
with the selected mismatched, matched or 3rd party HLA-class II alleles followed by FCM 
assessment of measures of specific immune reactivity in propagated T-cells, typically being 
upregulation of the activation marker CD137. Figure 1 shows detailed results of patient UPN 
02 showing 14% CD137+/CD4+ T-cells reactive with the DRB1*01.01 mismatch versus 1.6% 
CD137+/CD4+ T-cells with specificity for the matched DRB1+03.01 allele.

Summary of earlier reported results
As earlier reported 12, 19 post dUCBT PBMC samples were analyzed for HLA-class II allele-
specific T-cell alloreactivity. The HLA-class II allele-specific propagation of the post dUCBT 
PBMC samples increased T-cell numbers 29 fold (median; range 2 to 787) and further 
skewed post dUBCT blood T-cells towards CD4+. Results of the alloreactivity assays of the 19 
post dUCBT PBMC samples taken from the 11 patients are summarized in Figure 2.  In all 11 
patients, alloreactive CD4+ T-cells towards one or more HLA-class II mismatched alleles of 
the NE-CBU were detectable. In total, CD4+ T-cell alloreactivity towards 29 out of 33 (88%) 
mismatched alleles was detectable, including 15 out of 16 (94%) for DR, 7 out of 7 (100%) 
for DQ and 7 out of 10 (70%) for DP alleles. CD8+ T-cell alloreactivity towards transduced 
HeLa cells was present as well, albeit less prominent than CD4+ T-cell alloreactivity. Notably, 
the highest CD4+ T-cell alloreactive responses were observed in samples taken at 1 month 
post UCBT.  We also showed that  allo-reactive CD4+ T-cells were  able to exert additional 
effector T-cell functions, by demonstrating T-cell activation markers (CD134, CD137) as 
well as effector markers (IFN-g, CD107;). In addition, we could also demonstrate that these 
alloreactive CD4+ T-cells recognize primary leukemic cells via mismatched HLA-class II alleles 
shared between the NE-CBU and leukemic cells. Primary leukemic cells of 5 out of 6 patients 
were recognized by the HLA-class II alloreactive CD4+ T-cells at one or two alleles, whereas 
irrelevant combinations were negative.  

Double UCBT was developed to allow also adult patients, for whom no sufficiently sized 
single unit could be identified, to proceed to this type of alternative donor transplantation.1 
While a lower risk of graft failure was observed after double UCBT, hematopoietic recovery 
most times resulted from only one unit, whereby recovery kinetics for the various 
hematopoietic lineages was not significantly different as compared to recovery after single 
unit UCBT (having engrafted effectively).1-3 Unit predomimance observed by different studies 
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was long poorly understood and parameters predicting for predomimance were questioned 
and addressed in a number of studies. Parameters that appeared to be associated with 
predomimance included the number of CD3+ T-cells in the graft (pre-transplant) and the 
recovery of CD8+ T-cells after transplantation with specific activity towards the rejected 
unit.5,10,11 In addition, experimental studies supported a possible causative role of 
lymphocytes of the predominant unit.15-17 Meanwhile, no evidence could be obtained for a 
causative role of NK-cells and KIR-mismatching.18-20 

Figure 1. Mismatched HLA-class II-specific amplification - alloreactivity assay set up and gating strategy.
Patient 2, PBMC from 2 mo post dUCBT were subjected to HLA-class II allele-specific amplification using HeLa cells 
transduced with mismatched matched HLA-class II alleles DRB1*01:01, and subsequently assayed for HLA-class 
II allele specific upregulation of CD137 by FCM after stimulation with HeLa cell lines transduced with the (mis)
matched alleles. Analysis was performed by using a sequential gating strategy, i.e., Step 1: gating on T-cells on basis 
of their CD3+, SSClow characteristics [gate G1 = plot A], excluding stimulator HeLa cells; Step 2: gating on viable cells 
(FCS/SSC scatter [gate G2 (=region R2, events fulfilling the criteria of regions R1 and R2; plot B]; Step 3: the events 
in Gate 2 are plotted in a CD4/PE vs CD137/APC plot and applying quadrant statistics. As controls responder cells 
were incubated with ‘empty’ stimulator HeLa cells, HeLa cells transduced with a matched HLA-class II allele or with 
HeLa cells transduced with an unrelated (third party, not shown) HLA-class II allele. Inserted numbers represent the 
proportions of CD4+ T-cells expressing the activation/effector markers.

Graft predominance after double umbilical cord blood transplantation: a review

5



100

We focused on alloreactive CD4+ T-cells based on the earlier observation that CD4+ 
T-cells expand early after dUCBT and that CD4+ T-cell chimerism predicts for ultimate unit 
predominance.6,8 Our observations firmly supported the hypothesis that these alloreactive 
CD4+ T-cells play a pivotal role in graft predominance after dUCBT. We showed an early in 
vivo expansion of the mismatch-specific alloreactive CD4+ T-cell pool and a decline following 
elimination of the non-engrafting unit (NE-CBU). Our findings were dominated by CD4+ 
T-cell responses, yet CD8+ T-cells did show alloreactivity as well, albeit to a much lower 
extent.12  Of note, our in-vitro expansion protocols may have favored CD4+ T-cells over CD8+ 
T-cells as a result of the use of HLA-class II antigens for expansion, which may explain the 
difference with earlier observations by Gutman et al.10, who identified alloreactive IFN-γ 
secreting CD8+ T-cells  post dUCBT PBMC. The alloreactive CD4+ T-cells we identified, were 
armored with T-cell effector mechanisms (degranulation and IFN-γ production), compatible 
with an immediate and targeted (cytotoxic) immune response, which strongly suggest that 
CD4+ T-cells are the major player in graft-versus-graft alloreactivity.

Figure 2. Anti-HLA-class II allele-specific immune reactivity in early post dUCBT peripheral blood samples.
PBMC samples obtained from 11 patients at 1 to 5 months after dUCBT were propagated towards mismatched HLA-
class II alleles of the non-engrafting CBU (column: HLA-class II allele in amplification culture) in a T cell – Hela cell 
co-culture. T cell expansion of individual cultures at day 21 in presented as Fold increase cell number. Propagated T 
cells were subsequently tested for alloreactivity towards mismatched, matched and third party HLA-class II alleles 
(see blocks: HLA-class II alleles in alloreactivity assays). The response was quantified by CD137 upregulation on 
CD4+ T-cells and presented as ‘Fold increase (FI) [%CD137+/CD4+]’ of reactivity towards HeLa cells transduced with 
(mis)matched or third party HLA-class II alleles relative to reactivity towards the not-transduced ‘empty’ HeLa cell 
(Control reactivity); see also Figure 2. The level of T cell expansion, Control reactivity (towards ‘empty’Hela cells) 
and alloreactivity response is presented in a 4-color-grading scales. 
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Interestingly, the  non-dominant CBU total nucleated cell (TCN) dose may also play an 
important role. Purtill et al21 showed that the non-dominant-CBU TNC dose was significantly 
associated with neutrophil engraftment, which might be explained by effective presentation 
of mismatched HLA-antigens by myeloid precursor cells of the non-domiant CBU, which 
strongly express both class I and class II antigens. T-cell alloreactivity towards these precursor 
cells may result in unit predomimance but also into enhanced graft versus leukemia (GVL).22-

24 Interestingly, in adult patients suffering from hematological malignancies, dUCBT may be 
associated with a lower incidence of relapse.25-29 A possible stronger graft versus leukemia 
(GvL) effect  might be associated with a stronger T-cell mediated GVL reactivity, due to 
multiple major HLA-antigen mismatches.14,29 While alloreactivity towards non-inherited 
maternal antigens (NIMAs)30 or inherited paternal antigens (IPAs)31 also might contribute and 
also NK-cells and KIR-mismatching might also be involved, the impact of allele mismatching, 
especially class II mismatching may argue in favor of a T-cell mediated effect.14,20,32,33

The alloreactive T-cells in our study also recognized leukemic cells in a subset of patients, 
when the mismatched HLA-class II alleles were shared between NE-CBU and the leukemic 
cells.12 Thus, a CD4+ T-cell mediated graft-versus-graft alloreactivity may involve and 
enhance GvL in the dUCBT setting and thereby provide an explanation for the low relapse 
rate associated with dUCBT.  These results are in line with earlier results by Stevanovic et 
al.34, showing experimentally that alloreactive CD4+ T-cells directed against mismatched 
HLA-class II molecules are capable of directly eliminating leukemic cells. In order to exploit 
this phenomenon in dUCBT, the two CBUs might be selected for reciprocal HLA-class II 
mismatches that match with the recipient. In this setting the generated graft-versus-graft 
HLA-class II alloreactivity may reduce relapse incidence and improve clinical outcome by 
specific targeting of HLA-class II molecules expressed by leukemic cells. 

Taken together,  results by Stevanovic et al.34  and our results suggest that graft-versus-
graft alloreactivity might potentially facilitate GvL after dUCBT. Despite documented graft-
versus-graft reactions in dUCBT, also single unit UCBT has been associated with a low relapse 
rate and strong GVL-effect, which might be explained by a greater HLA-disparity between 
donor and recipient when compared with unrelated donor transplantation. Collectively, 
these observations suggesting a strong GVL-effect after single and  double UCBT indicate 
that UCBT should be developed further by approaches that may enhance engraftment and 
recover by for example stem cell expansion while preserving alloreactive potential towards 
the underlying malignancy.
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Allogeneic hematopoietic stem  cell transplantation (alloHSCT) is an important, potentially 
curative therapeutic modality in many hematopoietic disorders.1 A fully human leukocyte 
antigens (HLA) matched sibling- or unrelated donor is the preferred source for stem cells.1 
However, finding such a donor may pose a problem, especially for non-Caucasian patients.1 
Stem cells from a haploidentical donor or umbilical cord blood can serve as an alternative 
for those lacking an fully matched donor. In the past, haploidentical hematopoietic stem cell 
transplantation (haploHSCT) was associated with two problems; a higher rate of graft failure 
and, a higher incidence of graft-versus-host disease (GvHD), both necessitating intensive 
immunosuppressive measures.2 The development of condition regimens with intensified 
immunosuppressive therapy, including high dose post-transplant cyclophosphamide (PT-
Cy) therapy, improved results after haploHSCT by ensuring engraftment, less GvHD, and a 
more favorable restoration of immune recovery.2 We earlier showed the strong presence 
of alloreactive CD4+ T-cells in most patients early after dUCBT and their potential role in 
enhancing GvL.3,4 In this study, we addressed whether such HLA-class II specific CD4+ T-cells 
are present early after haploHSCT.            

The trial was approved by the ethics committees of the participating institutions and was 
conducted in accordance with the Declaration of Helsinki. All participants had given written 
informed consent. A total of 22 patients with high-risk hematological disease, eligible for 
a haploHSCT were retrospectively included in this study. The primary endpoint was the 
proportion of evaluable patients with activated class-II specific CD-4+ T-cells. Patients 
received a myeloablative conditioning, consisting of thiotepa (10 mg/kg), busulfan 6,4 or 
.6 mg/kg and fludarabine 150 mg/m^2, followed by transplantation of an unmanipulated  
bone marrow graft from a haploidentical family member, as previously described.2 GvHD 
prophylaxis consisted of PT-Cy, tacrolimus, and mycophenolate mofetil. Peripheral blood (PB) 
from patients was collected at 1 month after transplantation for isolating PB mononuclear 
cells (PBMCs). Engraftment was achieved in all patients at time of sampling. A library of 
stimulator cells expressing a single HLA-class II allele (HLA-DRA1/B1, HLA-DQA1/B1 or HLA-
DPA1/B1) was generated by retroviral transduction of HLA-class II negative HeLa cells.4 Post-
transplantation PBMC’s were assayed for presence of alloreactive T-cells. First, the very low 
numbers of alloreactive T-cells were propagated in a coculture with irradiated HeLa cells 
expressing a single mismatched HLA-class II allele derived from the recipient with addition 
of a cytokine mixture. Subsequently, alloreactivity was measured by flow cytometry and 
expressed as ‘fold increase (FI) [%CD137+/CD4+]’ of reactivity toward HeLa cells transduced 
with mismatched HLA-class II alleles relative to reactivity towards the not-transduced 
‘empty’ HeLa cell, as described.4 In addition, alloreactivity towards matched ‘control’ alleles 
were included (supplementary Figure 1).

Patients and graft characteristics of the 22 patients are described in Table 1 a and b, 
respectively. The majority of the patients were diagnosed with acute myeloid or lymphoblastic 
leukemia. Figure 1 shows immune recovery of natural killer (NK) cells, B-cell, CD4+ and CD8+ 
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T-cells after haploHSCT. Normal values were not reached during follow up of 3 months. High 
resolution typing was performed for all 22 patients. In vitro tests could be performed for 11 
out of 22 patients for which an HLA-class II transduced HeLa cell was available (Figure 2). 
T-cell numbers increased 1.6-fold (median; range, 0.3-36.2) in the HLA-class II allele-specific 
propagation cultures of the post haploHSCT PBMC samples. In 4 out of 11 (36%) patients 
tested, CD4+ T-cells alloreactivity towards HLA-class II mismatched alleles of the recipient 
was detected. In total, CD4+ T-cell alloreactivity towards 4 of 11 (36%) mismatched alleles 
was detected, 3 towards DR alleles and 1 towards DQ allele  (Figure 2). The median CD4+ 
T-cell alloreactivity towards DR, DQ and DP alleles were 19.7-fold (range, 1.3-200.0), 1.6-fold 
(range, 1.0-3.8) and 1.4-fold (range, 1.0-1.6) increased as compared to reactivity towards the 
not transduced ‘empty’ HeLa cell, respectively. In the present study, a positive CD4+ T-cell 
response towards ‘control’ matched alleles were observed in none of the tested alleles. The 
magnitude of the CD4+ T-cell response was significantly higher towards mismatched alleles 
as compared to matched alleles, median FI 1.7 (range, 1.0-200.0) versus median FI 1.0 
(range, 0.9-1.8; P=0.03; Mann-Whitney test), respectively. Off note, alloreactivity towards 
controls could not be performed in three patients due to insufficient number of expanded 
T-cells (Figure 2).

Table 1 Patient and graft characteristics

Number of patients 22

Diagnosis, n (%)

Acute myeloid leukemia 9 41

Acute lymphoblastic leukemia 8 36

Myelofibrosis 4 18

Non-hodgkin lymphoma 1 5

Plasma cell leukemia 1 5

Gender, n (%)

Male 16 73

Age, years, median (range) 63 27-73

EBMT-risk Score, n (%)

2-3 7 32

4-5 13 59

6-7 2 9

Table 1b. Graft characteristics.

Number of infused, median (range)

Nucelated cells (106/kg) 398.8 (261.5-534.1)

Viable CD34+ cells (10³/kg) 3240.0 (1800.0-5800.0)

Viable CD3+ cells (106/kg) 36.2 (25.2-60.1)

Abbreviations: EBMT, european bone marrow transplantation
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Figure 1: Immune recovery after alloHSCT. (A) CD4+ lymphocytes, (B) CD8+ lymphocytes, (C) natural killer cells, (D) 
B-lymphocytes. Dashed lines represent the upper and lower limits of reference values
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2 1 FI > 3

5 1 FI > 10

6 1 FI > 25

9 1

11 1

14 1

15 1 FI < 3

17 1 FI > 3

18 1 FI > 5

21 1 FI > 20

Figure 2:
Eleven PBMC samples obtained from 22 patients at 1 months after haploHSCT were propagated towards 
mismatched HLA-class II alleles of the recipient in a T-cell and Hela cell coculture, using a panel of Hela cell lines, 
each transduced with a single HLA-class II allele. T cell expansion of individual cultures at day 21 is presented 
as Fold increase cell number. Propagated T-cells were subsequently tested for (allo)reactivity towards that same 
mismatched, and matched HLA-class II alleles. The response was quantified by CD137 upregulation on CD4+ T-cells 
[%CD137+/CD4+] and presented for the alloreactivity as ‘Fold increase (FI) [%CD137+/CD4+]’ of reactivity towards 
HeLa cells transduced with mismatched HLA-class II alleles relative to reactivity towards the not-transduced ‘empty’ 
HeLa cell. The level of T-cell expansion, control reactivity (towards matched alleles) and alloreactivity response is 
presented in a 4-color-grading scales.
Abbreviations: PBMC, peripheral blood mononuclear cells; HLA, human leukocyte antigen; FI, fold increase

Both haploHSCT and dUCBT are important alternative treatment modalities for patients in 
need of an alloHSCT but lacking a matched sibling- or unrelated donor.1 The early challenges 
of transplant complications related to graft failure and GvHD have been overcome with new 
strategies such as using two cord blood units in dUCBT and intensified immunosuppressive 
therapy including high dose PT-Cy in haploHSCT.2,5 HaploHSCT has a number of advantages 
in comparison to dUCBT, including unlimited donor availability and accessibility of post-
transplant donor-derived immune cells. We earlier showed the presence of donor-derived 
CD4+ T-cells specific for mismatched HLA class II alleles in 92% of patients after dUCBT. These 
alloreactive CD4+ T cells showed activity towards patient-derived leukemic cells, especially 
when the mismatch was shared between recipient and ‘looser’ cord.3,4 In the present study, 
we set out to explore HLA-class II specific CD4+ T-cell alloreactivity after haploHSCT. Here we 
show the presence of such T-cells in 36% of the tested alleles, which is much lower than the 
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92% detected after dUCBT, supporting our hypothesis that CD4+ T-cell alloreactivity may be 
less predominant after haploHSCT.3

Current standard regimens of GvHD prophylaxis include the combination of a calcineurin 
inhibitor (CNI), cyclosporine, or tacrolimus, and either mycophenolate mofetil, or sirolimus, 
while prophylaxis in haploHSCT consist of additional high-dose PT-Cy.6 Mycophenolate 
mofetil inhibits T-cell proliferation and adhesion, which hamper T-lymphocytic responses to 
allogeneic cells.7 CNIs specifically inhibit intracellular signals responsible for T-cell activation 
after antigen binding, while PT-Cy induces apoptosis in alloreactive donor T-cells after 
their activation and entrance into the proliferative phase.8,9  Thus, it might further reduce 
the proliferation of early reconstituting alloreactive T-cells with antileukemic potential. In 
addition, also NK-cell recovery might be compromised. Russo et al.,10 recently studied NK-
cell recovery and alloreactivity after haploHSCT with PT-Cy. In that study, NK cell proliferation 
was completely abrogated by day 8 after PT-Cy, suggesting selective elimination of cycling 
NK cells. Importantly, donor NK cells harvested from patients at days 15 and 30 after 
haploHSCT had a less mature phenotype. In addition these immature NK cells displayed less 
alloreactivity and an impaired anti-leukemic potential. 

Overall, haploHSCT with PT-Cy is characterized by a delayed early immune reconstitution, 
especially CD4+ T-cells,  in comparison to other donor sources reaching normal levels roughly 
after one year.11 Antigen presenting cells (APCs) play a central role in activating T-cells and 
initiating immune responses. Several studies have shown that early recovery of also dendritic 
cell (DCs) are delayed after haploHSCT and normal values are gradually achieved after one 
year of transplantation.11,12 Delayed recovery of such APCs may lead to less presentation of 
recipient class II antigens and contribute to the relatively low numbers of alloreactive CD4+ 
T-cells found in this study. A recent study13 explored DCs recovery after dUCBT and matched 
sibling donor transplantation. Interestingly, UCB recipients had better DC reconstitution in 
comparison to matched related donor recipients, reaching normal levels at day 100 after 
transplantation. In addition, a better DC recovery in the cord blood setting was associated 
with less relapses. Moreover, circulating class II expressing cells after infusion of both cord 
blood units might contribute in presenting mismatched HLA-class II to CD4+ T-cells. Strong 
expression and/or high number of APCs might evoke a stronger CD4+ T-cell response. 

In conclusion, this study showed the presence of alloreactive CD4+ T-cells early after 
haploHSCT, which however appeared less frequent in comparison to what we observed 
previously in the dUCBT-setting.3 Intensified immunosuppression, especially PT-Cy, 
to prevent GvHD might blunt the CD4+ T-cell response with possible loss of part of GvL 
activity. Our observations might help understanding kinetics of immune responses in both 
haploidentical and cord blood transplantation. However, a prospective comparison would 
be needed to quantify the different immune responses in more details. Moreover bone 
marrow graft was the sole source of transplant in our study, whereas the use of PBSC as 
transplant source might be  associated with increased alloreactivity after transplantation.14
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SUPPLEMENTARY APPENDIX 

Supplemental Figure 1: Mismatched HLA-class II-specific amplification - alloreactivity assay set up and gating 
strategy. 
Patient ID1, PBMC from 1 month post dUCBT were processed using HeLa cells transduced with mismatched HLA-
class II alleles DRB1*07:01 and subsequently assayed for HLA-class II allele specific upregulation of CD137 by 
FCM after stimulation with HeLa cell lines transduced with the (mis)matched or control empty HeLa cell. Analysis 
was performed by using a sequential gating strategy, i.e., Step 1: gating on T-cells on basis of their CD3+, SSClow 
characteristics [plot A], excluding stimulator HeLa cells; Step 2: selection of CD4+ T-cells by plotting CD4+ within 
CD3+ against SSClow. Step 3: the events in Gate 2 are plotted in a CD4 vs CD137  plot and applying quadrant 
statistics. Inserted numbers represent the proportions of CD4+ T-cells expressing the activation markers [Q2]. CD4+ 
T-cell activation towards mismatched DRB1*07:01 [Plot C], matched DQB1*03:01 [Plot D] and control ‘empty’ [Plot 
E] HeLa cells are illustrated. 
Abbreviations: PBMC, peripheral blood mononuclear cells; HLA, human leukocyte antigen; FCM, flow cytometry
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117Intensive treatment and trial participation in elderly acute myeloid leukemia patients: a population-based analysis in The 
Netherlands

ABSTRACT

Background: The paucity of population-based research indicates that the application of 
intensive chemotherapy (ICT) among elderly acute myeloid leukemia (AML) patients, as 
well as their accrual to randomized controlled trials (RCTs) remains low for several decades. 
Therefore, a contemporary, comprehensive apprehension on patient-, disease-, and 
treatment-specific characteristics of elderly AML patients at the population level can inform 
treatment choices and facilitate increased patient accrual in upcoming RCTs.

Objectives: In this population-based study, we investigated patient- and disease-specific 
characteristics in elderly AML patients, and their association with treatment and survival.
Methods: We retrospectively obtained data on all over 65-year-old AML patients diagnosed 
between 2010-2013 in the referral area of two university hospitals in the Netherlands. 
Multivariable analyses were performed to assess factors associated with treatment choice 
and overall survival.

Results: Of all 356 patients, 77% received non-intensive therapy (NIT), and 15% and 8% 
received ICT within and outside a RCT, respectively. Cytogenetic (74%) and molecular 
(93%) analyses were not performed in most NIT recipients. Age and comorbidity were 
independently associated with NIT, whereas only comorbidity was associated with decreased 
trial participation. The adjusted risk of mortality among ICT recipients was not influenced by 
trial participation status.

Conclusion: The application of ICT and accrual to RCTs remains staggeringly low in an elderly 
AML population. Since survival of ICT-treated patients was not affected by trial participation 
status, exclusion criteria might be relaxed in upcoming RCTs. Furthermore, appropriate 
management strategies can be accomplished by comprehensive comorbidity assessment 
and augmented genetic prognostication. 

Key words: acute myeloid leukemia, clinical trials, comorbidity, prognostication, epidemio-
logy, therapy 7
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INTRODUCTION

Acute myeloid leukemia (AML) is a clonal hematopoietic stem cell disorder that primarily 
affects the elderly, as the median age at diagnosis is around 70 years.1-5 The vast majority of 
elderly AML patients have poor prognosis, with or without intensive induction chemotherapy 
(ICT), and they experience greater treatment-related toxicity in comparison to younger 
AML patients.4,6,7 Recent population-based analyses show marginal, if any, improvement 
in survival over the past decades among elderly AML patients.1,4,8-11 This may, in part, be 
attributable to the conservative application of ICT among elderly AML patients at the 
population level. 4,12,13

Clinical studies that are specifically designed for elderly AML patients are crucial to 
develop tailored treatment strategies.6 We recently reported that patient accrual in clinical 
AML trials employing ICT decreased progressively with age.4 Therefore, the minority of 
elderly AML patients that ultimately enter into randomized controlled trials (RCTs) might 
not represent the general population of elderly AML patients, thereby impeding the broad 
applicability of trial results into daily practice. Interestingly, a study showed that overall 
survival among cancer patients accrued in SWOG national clinical trials was similar to non-
trial patients, especially among good-prognosis cancers.14 This might suggest that patients 
are unreasonably excluded from RCTs due to the stringent selection criteria. 

In this population-based study, we assessed patient-, disease-, and treatment-specific 
features among newly diagnosed older patients with AML at the population level in the 
Netherlands, and their relation with the choice of treatment, trial participation, and survival. 

METHODS

Study population
Elderly patients (>65 years) diagnosed with AML between April 1, 2010 and December 31, 
2013 in the referral area of the Erasmus MC Cancer Institute and the Maastricht University 
Medical Center were selected from the nationwide population-based Netherlands Cancer 
Registry (NCR). Within that period, at least one RCT that employed ICT as backbone was 
available for accrual that was specifically designed for patients with AML age >65, namely 
the phase II HOVON 103 AML trial. In that trial, patients were randomized to receive standard 
induction chemotherapy with or without an experimental agent (Supplemental Fig A). 

AML was defined according to the 2008 edition of the World Health Organization (WHO) 
classification of hematological malignancies.15 Patients with acute promyelocytic leukemia 
were excluded from the study, whereas patients with secondary AML (sAML) and therapy-
related AML (tAML) were included.
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Data collection
The NCR has an overall coverage of >95% of all malignancies in the Netherlands and 
records a minimal dataset for every newly diagnosed cancer patient through retrospective 
medical records review.16 Vital statistics of patients are retrieved by linking the NCR to the 
Nationwide Population Registries Network. Additional data on patient-, leukemia-, and 
treatment-related characteristics to address our research questions were collected through 
retrospective medical records review.  

Patient characteristics at diagnosis included socioeconomic status (SES), prior cytotoxic 
therapy for an antecedent malignancy, and concomitant comorbidities. The SES indicator 
ranks neighborhoods by postal code based on the aggregated value of houses and household 
income. Comorbidities were (retrospectively) defined according to the Hematopoietic Cell 
Transplantation (HCT)-specific Comorbidity Index (HCT-CI).17 In addition, we specifically 
assessed whether an echocardiogram, a multigated acquisition (MUGA) scan, and a 
pulmonary function test (PFT) were performed.  

To evaluate leukemia-related characteristics at diagnosis, the following information was 
collected: type of AML, white blood cell (WBC) count, cytogenetics, and molecular genetics.18 

As for treatment characteristics, information on the type of treatment was recorded 
and categorized into three categories: (i) non-intensive therapy, (ii) and intensive therapy 
within and (iii) outside the setting of a clinical trial. Non-intensive therapy (NIT) included 
patients who received supportive care only, azacitidine, decitabine, low-dose cytarabine, or 
hydroxyurea. ICT is defined as patients who started induction with intensive chemotherapy. 
In addition, information on the type of consolidation therapy, the reasons why patients 
were not treated with ICT and the reasons why patients were not included in a clinical trial 
was collected.

End points
The primary end point was the association of comorbidity—classified according to the HCT-
CI—and other covariates on trial participation, the application of ICT, and overall survival 
(OS). Descriptive end points were (i) clinical and disease-related features of older patients 
with AML between the three treatment groups, (ii) enumeration of reasons why older 
patients with AML received NIT or were treated with ICT outside the setting of a clinical trial, 
and (iii) to delineate how older patients with AML were managed irrespective of clinical trial 
participation.

Statistical analysis
Descriptive statistics were employed to present baseline characteristics across the three 
treatment groups. Categorical variables were presented as numbers and proportions, 
whereas continuous variables with minimum and maximum range, and median. 
Characteristics of patients across the three treatment groups were compared with the 
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Pearson chi-square test or the Fisher’s exact test for categorical variables, and the Kruskal-
Wallis test for continuous variables. 

Analyses on the influence of HCT-CI scores and other covariates on the application of 
ICT and trial participation were performed with a multivariable backward logistic regression 
model with a cutoff P-value of 0.5. Results from the logistic regression models were 
expressed as odds ratios (ORs) with 95% confidence intervals (CIs).
OS was measured with the Kaplan-Meier method from time of diagnosis to death or last 
follow-up (February 1, 2017), and compared with the log-rank test. Exploratory survival 
analyses to assess the influence of HCT-CI scores and other covariates on OS were performed 
using a Cox proportional hazard multivariable backward model with a cutoff P-value of 0.05. 
Results from this model produces hazard ratios (HRs) with 95% CIs. The proportional hazard 
assumption was tested on the basis of Schoenfeld residuals.19,20 A two-sided P-value of less 
than 0.05 indicates statistical significance. 
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RESULTS

Patient population and treatment characteristics
Our analytic cohort included 356 patients with AML >65 years (median age, 76 years; age 
range, 66-94 years; 54% males). Overall, 274 patients (77%) received NIT, whereas 54 (15%) 
and 28 (8%) received ICT within or outside a clinical trial, respectively. The vast majority of 
patients not treated with ICT received supportive care only (82%), followed by hydroxyurea 
(14%), azacitidine (5%), decitabine (1%), and other types of unspecified therapy (3%; Fig 1). 
The type of treatment was not known in 3% of patients (Fig 1). 

Figure 1. Patient disposition according to treatment group. Abbreviations: AML, acute myeloid leukemia; CR, 
complete remission; and AlloHSCT, allogeneic hematopoietic stem cell transplantation.

Patient characteristics
Patients who received ICT within or outside a clinical trial were significantly younger than 
patients who received NIT. Characteristics of these patients are presented in Table 1. The 
vast majority of patients who received NIT were diagnosed in non-university hospitals (90%). 
In contrast, patients who were diagnosed in university hospitals (or who were referred to for 
diagnosis from a non-university hospital to a university hospital) more frequently received 
ICT, irrespective of trial participation. 
Patients who received NIT (44%) or ICT outside a clinical trial (54%) had a higher proportion 
of high-risk HCT-CI, as compared to patients who received ICT within a clinical trial (17%). 
PFTs and cardiac function tests were not performed at diagnosis in 92% and 97% of patients 
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who received NIT, respectively. Further, none of the patients who received ICT within a 
clinical trial had tAML. 
Cytogenetic and molecular analyses at diagnosis were not performed in 74% and 93% of 
patients who received NIT, respectively. Cytogenetic testing was, however, more often 
performed (~90%) in patients treated with ICT, irrespective of trial participation. Further, 
molecular diagnostics were performed in 41% and 36% of the patients treated intensively 
within and outside a clinical trial, respectively. 

Table 1. Patient characteristics at diagnosis

Abbreviations: HCT-CI, hematopoietic cell transplantation-comorbidity index; AML, acute myeloid leukemia; WBC, 
white blood cell count at diagnosis. 

Reasons brought forward to refrain from intensive therapy and trial participation  
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Advanced age was the most frequent and important reason noted by the threating physician 
to refrain from ICT in 107 (39%) of 274 patients, followed by comorbidity in 68 (25%) 
patients. Thirty-six (13%) patients were offered ICT; however, they refused treatment. In 27 
(10%) patients, ICT could not be initiated or offered due to early death. Further, patients did 
not receive ICT because of an active infection (n=15), poor-risk AML subtype (n=5), or an 
active second malignancy (n=4). In the remaining 12 patients, there was no reason noted by 
the treating physician in the medical records why ICT was not offered. Multivariable logistic 
regression analyses showed that advanced age and high-risk HCT-CI were associated with 
lower odds to receive ICT (Table 2). Furthermore, high SES tended to be associated with 
higher odds to receive ICT (P=0.076). 
Twenty-eight (8%) of 356 patients received ICT outside the setting of a clinical trial. Nine 
(32%) of 28 patients declined trial participation. Ten (36%) patients could not be enrolled 
into a clinical trial due to the following exclusion criteria: active second malignancy (n=5), 
severe liver dysfunction (n=3), and active infection (n=1). In the remaining 9 (32%) patients, 
there was no reason noted by the treating physician in the medical records why patients 
were offered ICT outside a clinical trial. Multivariable logistic regression analyses showed 
that high-risk HCT-CI was the sole covariate associated with lower odds to enter into a 
clinical trial (Supplemental Table A).   

Table 2. Results of the logistic regression analyses on factors associated with the decision to apply intensive 
treatment among elderly patients with AML

Abbreviations: OR, odds ratio; CI, confidence interval; SES, socioeconomic status; HCT-CI, hematopoietic cell 
transplantation-comorbidity index † Linear with estimates of one year difference
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Survival
The median follow-up was 2.3 months (range, <0.1-75.4 months) for the total cohort and 
51.7 months (range, 37.9-75.4 months) for patients who were still alive. During follow-up, 
17 (21%) of 82 patients who received ICT were alive, as compared to 1 (<1%) of 274 patients 
who received NIT. As expected, OS was significantly better in patients treated with ICT, as 
compared to patients who received NIT (median OS, 11.4 vs 1.4 months; P<0.001; Fig 2). 
Interestingly, there was no significant difference in OS between patients who received ICT 
within or outside a clinical trial (median OS, 13.3 vs 10.4 months; P=0.893; Fig 2). These 
findings were retained after multivariable adjustment (Table 3). Furthermore, multivariable 
analyses demonstrated that the adjusted risk of mortality was higher in patients with 
intermediate or high-risk HCT-CI, WBC count of ≥20 x 109/, and medium or high SES (Table 3). 

Figure 2. Overall survival according to treatment group.
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Table 3. Results of the Cox regression analyses for overall survival

Abbreviations: HR, hazard ratio; CI, confidence interval; SES, socioeconomic status; WBC, white blood cell count; 
HCT-CI, hematopoietic cell transplantation-comorbidity index.
† Linear with estimates of one year difference.
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DISCUSSION

Trial participation rates of elderly AML patients have only been reported in few studies,4,6,21,22 
of which only one study investigated the reasons for non-inclusion.6 Therefore, the reasons 
for treatment outside a clinical trial and the influence of factors such as comorbidity on the 
clinical decision remain largely unknown.6,21 Knowledge about the underlying reasons for 
non-inclusion may identify areas for improvement in trial design and encouraging older AML 
patients to participate in clinical trials. Here we present our comprehensive findings on the 
choice of treatment and trial participation, and survival among elderly AML patients in the 
Netherlands.

Overall, we showed that 15% of elderly AML patients were enrolled into a clinical trial 
during the study period of 2010-2013, which is similar to our previous investigation and 
also to two previously published studies.6,21 In the study of Mengis et al., the overall trial 
participation was 16% among AML patients >60 years who were diagnosed in (or referred 
to) a single-center academic hospital between 1985-1994 in Switzerland. Dechartres et al. 
also noted low trial participation among AML patients >60 years who were admitted to 17 
departments managing AML in France during the study period of 2005-2007 (17%). Taken 
together, trial participation of elderly AML patients has been structurally low for several 
decades.

Consistent with previous findings by Mengis et al.,6 in our study advanced age and 
comorbidity were the most frequent reasons noted by the physicians to withhold patients 
from ICT. Of note, patients with comorbidity could have been misclassified as having 
advanced age, as a comprehensive evaluation of comorbidity was not performed in all 
patients. Nevertheless, these findings were supported by our multivariable analysis. 

Patients with low-risk HCT-CI were associated with better OS than patients with 
intermediate- and high-risk HCT-CI, irrespective of treatment. The finding that comorbidity 
is associated with OS in elderly AML patients is supported by several studies.13,23,24 Our study 
results should, however, be interpreted with caution, because the HCT-CI score was composed 
retrospectively. As a result, the comorbidity burden could be underestimated, particularly 
in patients with low- or intermediate-risk HCT-CI in whom  PFT was not performed. Other 
studies involving elderly AML patients have failed to demonstrate an effect of comorbidity 
on OS.25,26 Several arguments can be brought forward to discuss the opposing views. First, 
the differences could be explained by differences in patient characteristics. The study by 
Klepin et al.25 showed survival outcomes that were restricted to older patients who received 
ICT at a single academic institution. Further, Ostgard et al.26 included over 15-year-old AML 
patients in their survival analyses who received ICT, 76% of whom had no comorbidity. 
Secondly, a different comorbidity index, namely the modified Charlson Comorbidity Index,27 
was used by Ostgard et al.26 to evaluate comorbidity. A comparative assessment of different 
comorbidity indices to predict outcome is generally hampered by differences in how the 
type and severity of comorbidities are graded. 
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The association of SES on treatment choice and survival in patients with malignant 
disorders, including AML, was previously shown in several studies.28-30 In our study, however, 
patients with high SES tended to opt more often for ICT than patients with low SES. Lifestyle 
factors of the patients, which are influenced by SES,28,31-33 and the physicians attitude 
towards patients with different socioeconomic backgrounds could influence the treatment 
choice. As for outcome, the presentation of AML is generally acute. Therefore, it is unlikely 
that a prolonged delay in seeking medical care attributes to the differences in outcome in 
patients with different socioeconomic backgrounds.

Clinical studies often employ restrictive inclusion and exclusion criteria that inevitably 
lead to patient selection. Indeed, in line with Mengis et al.,6 the most frequently noted 
reason for non-inclusion into a clinical trial was, in addition to patient choice, the exclusion 
criteria of the clinical trial. The presence of (serious) comorbidity is a major exclusion 
criterion in most clinical trials. In this study, patients treated with ICT within a clinical 
trial had less comorbidities, as compared to patients receiving ICT outside a clinical trial. 
Moreover, the multivariable analysis showed that high-risk HCT-CI—which is a measure of 
serious comorbidity—was the only factor associated with trial participation in our study. 
Interestingly enough, however, in our cohort, the adjusted risk of mortality was not affected 
by trial participation. In contrast to our results, a significant difference in OS between 
patients treated within and outside a clinical trial was shown by Mengis et al.6 However, 
their study population consisted of both younger and older AML patients, thereby leaving 
aside the impact of trial participation on survival in different age groups.6

Our study showed that cytogenetic and molecular testing were not performed in 
the great majority of elderly AML patients who received NIT. Similar results were found 
among this patient group in a Swedish population-based study.34 Both assessments play 
an essential role in in the risk stratification of AML, which, in turn, is needed to select the 
most appropriate therapy. Older patients with a favorable risk profile who are medically fit 
benefit most from induction and consolidation chemotherapy.35 On the other hand, most 
elderly patients with a poor risk profile will likely benefit from less intensive approaches 
such as hypomethylating agents.36 In addition, therapeutic advances with specific inhibitors, 
such as FLT3-, IDH1- and IDH2-inhibitors, are currently in progress.36-38 These agents could 
be applied in combination with other therapies or as a single treatment, especially in elderly 
patients not eligible for ICT.

A limitation of our study was that in many patients the WHO performance status was 
poorly documented in the medical records (81%), and cytogenetic and molecular diagnostics 
were not often performed, especially among recipients of NIT. Therefore, these factors, 
which are considered as important factors for outcome,12,26,34 could not be included in the 
multivariable survival analysis. As a result, the effect estimates of age might have some 
uncontrolled confounding. In addition, hospital type of diagnosis was not included in the 
multivariable logistic analyses, because non-university hospitals often refer patients who 
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are eligible for ICT to university hospitals. 
The strength of our study is the population-based design, thereby diminishing selection bias 
that is always at hand in clinical trials. Further, at least one clinical trial that was specifically 
designed for elderly AML patients was available and accessible for all hospitals in the 
Netherlands during the whole study period, which reduced analytical bias related to periods 
where no trial was open for accrual. In addition, our study provides additional, more up to 
date information on the reasons why patients are treated outside the setting of a clinical 
trial, is specifically focused on elderly patients, and provides information across subgroups 
of treatment. 

In conclusion, in this comprehensive, population-based study, we found that comorbidity 
influences treatment choice, trial participation, and survival in elderly AML patients. 
Exclusion of patients from clinical trials with ICT due to stringent exclusion criteria might 
be unnecessary, as survival among recipients of ICT was not affected by trial participation. 
However, in our study most patients up to 70 years were eligible for intensive therapy, 
whereas most patients over 80 years were not candidates for intensive treatment. 
Therefore, a larger cohort with the age group 70-79 years would be relevant for further 
analysis to confirm our findings. Forthcoming clinical trials should be specifically tailored to 
elderly AML patients who are currently excluded from clinical trials, which, in turn, allows 
to establish evidence-based clinical practice guidelines that are broadly applicable for this 
distinct patient population. In an era with contemporary AML diagnostics and therapeutics, 
proper cytogenetic and molecular characterization, along with comprehensive assessment 
of comorbidities at diagnosis, are essential for adequate prognostication and well-informed 
treatment recommendations for individual elderly AML patients. 
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SUPPLEMENTARY APPENDIX 

Supplementary Figure A. Study scheme of the HOVON 103 AML 
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Supplementary Table A. Results of the logistic regression analyses on factors associated with trial participation 
among 85 elderly patients with AML who received intensive treatment

Abbreviations: OR, odds ratio; CI, confidence interval; SES, socioeconomic status; HCT-CI, hematopoietic cell 
transplantation-comorbidity index
† Linear with estimates of one year difference.
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INTRODUCTION

The current treatment strategy for acute myeloid leukemia (AML) includes remission-
induction chemotherapy by a combination of intensified cytarabine combined with an 
anthracyclin.1 Post-remission therapy may consist of continued chemotherapy or stem 
cell transplantation, whereby an autologous hematopoietic stem cell transplantation 
(autoHSCT) may be preferred in favorable risk AML.2 Patients with an intermediate risk 
AML may follow a risk-adapted consolidation course, preferably based on minimal residual 
disease (MRD).3,4 Thereby alloHSCT may be applied in MRD-positive patients, while MRD-
negative patients may benefit from an autoHSCT. AlloHSCT exerts a strong graft versus 
leukemia (GvL) effect, that reduces the risk of relapse by more than 50% as compared to 
conventional consolidation.5,6 

GvL is primarily based on immunological alloreactivity exerted by allogeneic T-cells, 
recognizing disparate minor or major human leukocyte antigens (HLA) expressed by host 
hematopoietic cells.  The disparity in HLA between recipient and host primarily determines 
the potency of these reactions.7-10 Unfortunately, donor T-cells can also exert alloreactivity 
towards healthy recipient tissues, again due to differences in minor and/or major HLA. 
Clinically, such alloreactivity is called graft versus host disease (GvHD) with acute and 
chronic variants based upon the time of onset and clinical manifestations.11 There are 
several strategies to prevent GvHD,  including the use of immunosuppressive agents and 
T-cell depletion of the graft.12  However, these strategies also affect GvL and therefore may 
be associated with an increased risk of relapse.13 Currently, the major challenge in alloHSCT 
consists of achieving a strong GvL with minimal GvHD. 

A fully HLA matched sibling (MSD)  or unrelated donor (MUD) is the first choice of donor 
for patients in need of an transplant.14 Donor and or stem cell sources with less stringent 
HLA match serve as alternative for patients lacking a fully HLA matched (un)related donor. 
Although associated with enhanced GvL, these transplants were in the past associated 
with increased risk of graft failure and GvHD.10 These obstacles were overcome with the 
application of intensified immune suppression, however often at the expense of GvL.15 

The first part of this thesis focusses on the therapeutic effect of alloHSCT in different 
subgroups of AML patients and different treatment strategies to improve the GvL effect 
without enhancing GvHD. We described the relative reduction of relapse by alloHSCT in 
minimal residual disease (MRD) positive and MRD negative AML patients and the feasibility 
of post-alloHSCT epigenetic therapy. We evaluated epigenetic therapy after transplantation 
in combination with donor lymphocyte infusion (DLI) in order to exploit the GvL effect. 
Secondly, we explored early CD4+ T-cell alloreactivity after two alternative donor sources: 
after double umbilical cord blood transplantation (dUCBT) and subsequently, after haplo-
identical allogeneic hematopoietic stem cell transplantation (haplo-HSCT). In addition, an 
algorithm of alternative donor selection is discussed. Finally, we analyzed trial participation 
in elderly AML patients. 
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T-CELL MEDIATED GRAFT VERSUS LEUKEMIA 
The therapeutic effect of alloHSCT primarily depends on the alloimmune response exerted 
by transplanted immune effector cells. The role of T cells in initiating GvL became more 
evident when depletion of T-cells from the graft was introduced into clinical practice for 
prevention of GvHD.16 T-cell depletion effectively prevented acute and chronic GvHD, 
however it also resulted in increased graft failure and leukemia relapse. Both CD4+ and 
CD8+ T-cells are known to play an important role in immune responses post alloHSCT.17 
Generally, CD4+ T-cells are thought to play a more central role in the orchestration of 
leukemia cell killing. Depletion of CD4+ T-cells appeared to be associated with an increased 
rate of leukemia relapse rather than CD8+ depletion.18-21 CD4+ T-cells are important for 
recruitment of additional antitumor effector cells, most likely trough secretion of cytokines 
in response to specific stimulation by APCs.22 After encountering non-self-peptides directly 
by HLA-class II expressing leukemic cells or antigen presenting cells (APCs), CD4+ T-cells  can 
themselves become cytotoxic and also activate cytotoxic CD8+ donor cells.23 That activation 
is also required for the GvL reaction, whereby expression of HLA class II by APCs and 
stimulation of CD4+ cells are necessary for a CD8-mediated GvL response.24 In chapter 4 we 
addressed the presence of alloreactive HLA-class II specific CD4+ T-cells early after dUCBT. 
Alloreactive CD4+ T-cells from the dominant cord blood unit (CBU) were present early after 
transplantation and exerted an effector response after recognizing mismatched HLA-class 
II from the non-engrafting CBU. Moreover,  these CD4+ T-cells were also able to recognize 
mismatched leukemic cells when the mismatch was shared with the non-engrafting 
CBU.25 These observations further suggest an important role for CD4+ T-cells in mediating 
alloimmune responses. 

Although the allogeneic immune response is highly effective in eradicating residual 
leukemic cells, the risk of GvHD after alloHSCT is still considerable. New treatment policies 
to enhance GvL without causing GvHD has been addressed by a number of research groups. 
One of the earliest strategies was the use of post-transplant donor lymphocyte infusion 
(DLI) for controlling residual disease or treatment of relapse.26-28 However, DLI may still be 
associated with a significant risk of GVHD.29 Interestingly, administration of CD4+ memory 
T-cells only  has been shown to mediate GvL without causing GvHD in murine models.30-32 
However, this has not been confirmed in humans yet. In a non-inflammatory state, constitutive 
expression of HLA class II molecules are predominantly restricted to normal and malignant 
hematopoietic cells.33-38 Therefore, infusing CD4+ T-cell restricted donor lymphocytes may 
enhance GvL without causing GvHD.39-43 This hypothesis is supported by previous studies 
investigating patients transplanted with 10/10 HLA matched, but HLA-DPB1 mismatched 
T-cell depleted alloHSCT. It appeared that HLA class II-specific CD4+ T-cell targeting allo-HLA-
DP mismatches, may induce GvL without GvHD.44,45 More recently, van Balen and colleagues35 
administered purified CD4+ T-cell DLI in 4 patients with mixed donor chimerism 3 months 
after T-cell depleted alloHSCT. Conversion of mixed to full donor chimerism was achieved in 
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all patients without causing GvHD, mediating a mHag specific HLA class II restricted immune 
response against patient normal and malignant hematopoietic cells. Together, CD4+ T-cell 
restricted DLI after alloHSCT may pose a promising approach in the treatment of poor risk 
leukemia.46  

Apart from major HLA-differences, minor HLA antigen (mHag) play a central role 
in inducing alloreactivity in recipients of HLA identical, yet mHag-disparate, sibling or 
unrelated donor HSCT.47 mHags are clearly expressed on circulating leukemic (precursor) 
cells of both myeloid en lymphoid origin. Therefore, targeting mHag-peptides restricted to 
the hematopoietic cell system could be a logical application for the treatment of refractory, 
residual or relapsed leukemia.47 The feasibility of mHag peptide specific cytotoxic T-cells 
(CTLs) in relapsed acute myeloid and lymphoid leukemia patients was investigated by 
Mutis et al.48 In that study, mHag peptide-specific CTLs, with expression restricted to the 
hematopoietic cell lineage, were generated ex vivo from mHag-negative HSC donors for 
mHag-positive patients. This approach provided the rationale to induce alloreactivity towards 
leukemic cells without harming non-hematopoietic cells as well as the cells originating from 
the mHag negative HSC donor cells. This strategy of adoptive immunotherapy might also 
be used as pre-emptive therapy either pre-HSCT as part of the condition regimen or post-
HSCT as adjuvant therapy. The timing of the infusion of mHag, i.e. the chimeric status of 
the patient, is crucial.49 However, expression of these targeted mHags are not exclusively 
restricted to leukemic cells but may overlap with normal hematopoiesis, which may cause 
severe cytopenia and may predispose for NRM. 

In chapter 2 and earlier50 we observed that GvL is similarly operational in different 
subtypes of AML. Therefore, the efficacy of the GvL response seems to depend rather  on the 
immunogenicity of the leukemia than the genetic characteristics of the disease.17 However, 
studies have shown that leukemia cells may escape immune attack by loss and epigenetic 
downregulating of HLA-class II presentation.51-53 This immune escape ensures that donor 
T-cells are unable to recognize leukemic cells, which may predispose for relapse. In order 
to maintain GvL after alloHSCT, leukemia cells must continue presenting their antigen by 
the appropriate HLA molecule.54 Genetically engineered chimeric antigen receptor (CAR-)
T-cells are HLA-independent and only recognize surface antigens in an antibody-specific 
manner. CAR-T-cells targeting CD19 have already shown exciting results in treating relapsed 
or refractory acute lymphoblastic leukemia (ALL).55 Nevertheless, patients treated on these 
trials were subsequently eligible for consolidation by alloHSCT, leaving the question which of 
the two modalities is most effective still open (reviewed by Jacoby).56 In addition, targeting 
a suitable antigen in AML seems to be difficult.57-60 Next to adoptive immunotherapy, 
enhancing GvL can may also be achieved by increasing leukemic antigenicity of alloHSCT. 
Epigenetic drugs are able to reverse the epigenetic dysregulation in leukemic cells and 
subsequently increase expression of tumor associated antigens of residual leukemic cells.61 
The use of epigenetic therapy in combination with alloHSCT in order to enhance allogeneic 
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immunotherapy have shown encouraging results in previous phase I/II trials.62-67 These 
observations have set the rationale for enhancing GvL by post-alloHSCT epigenetic therapy 
in combination with DLI (chapter 3). We addressed the feasibility and applicability of early 
epigenetic therapy prior to DLI within 115 days in recipients of reduced intensity condition 
alloHSCT. This rather ambitious schedule was successfully achieved in 55% of patients. It 
appeared that post-alloHSCT epigenetic therapy by panobinostat alone or in combination 
with low dose decitabine is feasible and associated with a relatively low relapse rate.68 
The strategy of post-transplant cyclophosphamide prophylaxis of GvHD was applied in 
combination with cyclosporine to enable effective GvHD prophylaxis and allow for an early 
start of epigenetic therapy. Thereby, the majority of alloHSCT recipients were indeed eligible 
to start epigenetic therapy. 

POST-TRANSPLANT CYCLOPHOSPHAMIDE  AS GRAFT VERSUS HOST DISEASE 
PROPHYLAXIS
Currently, GvHD is still a major complication after alloHSCT which predisposes for NRM.69 
Improvement of GvHD-prophylaxis strategies without diminishing the beneficial GvL is 
needed in order to improve outcome after alloHSCT. The standard regimen for prevention of 
GvHD consists of a calcineurin inhibitor (CNI), i.e. tacrolimus or cyclosporine, in combination 
with mycophenolate acid or methotrexate.70 This strategy results in an incidence of 25-
40% of acute- and 40-60% of chronic GvHD in recipients of a fully matched sibling and 
unrelated donor.12 The incidence of GvHD also depends on the conditioning regimen as 
well as patients and disease-related factors.71 T-cell depletion is more commonly applied 
in HLA-incompatible donor transplantations due to the higher incidence of GvHD.13 
Currently, a relative new strategy of GvHD prophylaxis by high-dose of PT-Cy has emerged 
and serves as an alternative to earlier strategies.72,73 Cyclophosphamide in high doses may 
induces apoptosis of alloreactive donor T-cells after they are activated and have entered 
a proliferative phase.74  The application of intensified IS with PT-Cy has greatly facilitated 
the use of haploidentical donors. Haploid alloHSCT may currently be associated with a low 
incidence of acute and chronic GvHD and NRM.75 Following the successful administration of 
such strategy in the haploHSCT-setting, Luznik et al.76 pioneered the use of PT-Cy as sole GvHD 
prophylaxis in recipients of  MSD and MUD. It appeared that PT-Cy alone was associated 
with a low incidence of acute (43% and 10% of grades II–IV and III–IV, respectively) and 
chronic GvHD (10%). Similar results were observed in a multicenter study.77-80 Notably, bone 
marrow (BM) was the sole source of stem cells in both studies. Severe acute GvHD are 
reported in several phase II trials testing the feasibility of PT-Cy alone after transplantation 
with PBSC of MSD or MUD.81-83 A recent study compared outcome of BM versus PBSC as graft 
sources in recipients of haploHSCT with PT-CY.84 In comparison to BM transplants the use of 
PBSC as transplant source was associated with increased risk of GvHD, however on the other 
hand BM transplants were associated with an increased risk of relapse. The higher number 
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of CD3+ cells in the PBSC grafts could be in part responsible for these results. Therefore, 
patients with higher risk of developing GvHD, e.g. HLA incompatible- and PBSC transplants, 
might benefit from a more intensified immunosuppression strategy. Consequently, several 
studies explored the use of PT-CY in combination with other IS.85-89 A recent study evaluated 
different PT-Cy as GVHD prophylaxis strategies in recipients of MSD and MUD transplants.90 
The groups consisted of PT-Cy alone, PT-Cy combined with one additional IS drug and PT-
Cy combined with two additional IS drugs.  The use of two additional IS drugs appeared 
to be associated with increased overall survival (OS), however the heterogeneity between 
the groups (e.g. disease status/characteristics, the use of ATG in some patients) might 
confound outcome in this study. More recently, in a randomized prospective trial, Broers 
and colleagues73 showed that use of PT-Cy after RIC matched alloHSCT results in a significant 
reduction in severe acute and chronic GVHD without affecting relapse. Acute and chronic 
extensive GvHD occurred in 48% and 50% in recipients of cyclosporine in combination with 
mycophenolate acid, respectively, versus 32% and 19% following PT-Cy in combination with 
cyclosporine. Given these developments, the use of PT-Cy along with additional IS drugs in 
matched donor transplants is promising and this strategy of GVHD prophylaxis could also be 
important in the setting of HLA-incompatible transplants. 

ALTERNATIVE DONORS
An HLA 10/10 matched sibling- or unrelated donor is preferred patients in need of an 
alloHSCT.5 However, the availability of such donors may pose a problem for many patients.91,92 
UCB, haplo-identical family donor and mismatched unrelated donors (MMUD) can serve as 
an alternative for patients lacking a fully matched graft.5 Currently, no consensus has been 
reached regards the algorithm for alternative donors. 

Double UCBT was developed in order to increase the cell dose, especially for adult 
patients lacking a sufficiently sized single CBU.93 It improved engraftment and provided 
an alternative stem cell source for large number of patients. However, recovery kinetics 
of platelets and neutrophils were still retarded and the use of double cords appeared to 
be associated with GvHD and also NRM.93,94 Ex vivo expansion of hematopoietic stem cells 
(HSC) of single UCB may increase the number of progenitor cells and may be associated 
with accelerated platelet and neutrophil recovery, however recovery of immune cells is still 
of concern.95-98 Insufficient T-cell recovery is especially associated with NRM rather than 
retarded neutrophil recovery.99 Interestingly, hematopoietic recovery after dUCBT generally 
originates from a single CBU and may occur as early as 7-14 days after transplantation.93,94 
Given that fully single chimerism is achieved early after dUCBT, the improved engraftment 
in comparison to sUCBT may be due to graft-versus-graft interactions rather than the higher 
amount of HSC. In addition, the graft-versus-graft alloreactivity  may also enhance GvL, and 
thereby provide a possible explanation for the relatively low relapse rate associated with 
dUCBT.100 Although dUCBT is associated with a stronger immune response in comparison to 
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sUCBT, this effect is often accompanied by higher incidence of acute and chronic GvHD.101,102 
The use of intensified IS including PT-Cy as GvHD prophylaxis, has successfully increased 

the  application of haplo-identical transplants in the past decade.103,104 Recent studies have 
shown that haplo-HSCT with PT-Cy is associated with improved engraftment and OS, along 
with limited NRM and GvHD. 72,105,106 The benefits of haploHSCT in comparison to dUCBT include 
the rapid availability of the donor, possibility of donor lymphocyte infusion and lower costs. 
While several retrospective studies suggest that clinical outcome after both transplantation 
types are similar, haploHSCT with PT-Cy may be associated with a higher relapse rate, as 
may be expected by inhibition and elimination of alloreactive T-cells.14,15,107,108 In chapter 
5 we addressed whether alloreactive CD4+ T-cells are present early after haploHSCT and 
compared results with our findings in the dUCBT-setting in chapter 4. It appeared that CD4+ 
T-cell alloreactivity was far less present in haplo-identical transplant recipients compared 
to double cord transplant recipients (30% vs 90%, respectively). PT-Cy induces apoptosis in 
alloreactive donor T-cells after they get activated and enter a proliferative phase. Therefore, 
while the strategy of intensified immunosuppressive therapy in haplo-HSCT ensures proper 
engraftment and GvHD prophylaxis, this strategy may also result in less alloreactivity leading 
to less strong GvL.109

MMUDs for which 1 or 2 mismatches at HLA class I/II are accepted, can also serve as 
an alternative for patients lacking a fully matched donor.10,108 However, the disparity in 
HLA bears an increased risk of GvHD and subsequently NRM. On the other hand, the HLA-
incompatibility may also be associated with enhanced GvL, leading in less relapses. A meta-
analyses comparison between MUD and MMUD showed that MMUD was associated with 
27% increased risk of NRM.10 These data suggest that the reduced risk of relapse insufficiently 
compensates for the higher rate of NRM, resulting in significantly decreased overall survival 
(OS).  Therefore, intensified immune suppression with PT-Cy  used in the haploHSCT-setting 
might also be beneficial for recipients of MMUD.  

Collectively, alloHSCT using fully HLA matched sibling- and unrelated donors are the 
preferred sources. Both haploidentical and double umbilical cord donor can be considered 
as suitable first alternatives, however comparative prospective studies are needed in order 
to distinguish their places in the donor hierarchy. Mismatched unrelated donors can be 
considered as third alternatives due to the excess rate of NRM, while future studies using 
expanded single UCB will answer the question to what extend that will compare to other 
donor types. 

Allogeneic hematopoietic stem cell transplantation in elderly acute myeloid leukemia 
patients
AML generally affects the elderly with a median of diagnosis around 67 years.110 Elderly AML 
patients are associated with more severe comorbidities, treatment related toxicity and are 
associated with poor prognosis.111 Improvement of treatment seems to be impeding in this 
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group, as survival has hardly changed over the past decades.112 This may be, in part, due 
to the conservative application of intensive therapy in elderly AML patients.110 We earlier 
showed that trial participation progressively decreases with age.113 In chapter 6 we assessed 
patient-, disease- and treatment-related features of newly diagnosed older AML patients 
in a population based study. Subsequently, we analyzed their relation with the choice of 
treatment and trial participation. Consistent with previous studies113-115, trial participation 
among older AML patients was 15% and the exclusion criteria of the clinical trial seem to 
play a crucial role. Interestingly enough, however, in our cohort, mortality was not associated 
with trial participation. 

The GvL effect of alloHSCT may improve survival in older AML patients (reviewed by 
Magliano et al.).116 However, transplant-related mortality (TRM) is high in patients over 
60 years.117 GvHD, infections and the toxicity of the conditioning regimen contribute 
to TRM. Nevertheless, the application of alloHSCT in older AML patients has broadened 
with improvement of supportive care, intensified immunosuppressive therapy and the 
development of reduced intensity conditioning  (RIC).118-122 Currently, 22% of allogeneic 
HSCT recipients for malignant diseases are older than 60 years, and allogeneic HSCT has 
significantly increased also above the age of 70.119

Older AML patients are more likely to have older siblings and the selection of donor 
source might be an obstacle to proceed for transplantation. Therefore, donor type and stem 
cell source and GvHD prophylaxis must be taken into account. In the absence of a suitable 
HLA identical sibling, alternative stem cell sources may be considered. A retrospective 
study in AML patients, aged 55 and over, showed no significant difference in TRM and 
OS after sibling- and MUD-alloHSCT.123 Further, also no differences in main outcome were 
found in a comparative study in older AML patients transplanted with a sibling donor or 
an umbilical cord.124 Importantly, the number of included patients in these studies were 
particularly low and therefore larger prospective studies are needed in order to confirm 
these findings. Next to MUD and UCBT, HAPLO grafts may also be considered as alternative 
grafts in elderly AML patients. A retrospective study in AML, comparing HAPLO and MUD 
grafts, showed more cGvHD in MUD transplants and no differences in OS.125 In this study 
GvHD prophylaxis consisted of PTCY, a CNI, and MMF in HAPLO grafts, whereas MUD grafts 
received a conventional CNI, methotrexate prophylaxis with or without anti-thymocyte 
globulin (ATG). Therefore alloHSCT with reduced condition regimens and PT-Cy in elderly 
might be associated with less TRM, it may also preserve GvL. 

Molecular- and cytogenetic assessment seemed to be done less frequently in elderly AML 
patients (Chapter 6). With increasing age, AML is associated with adverse risk cytogenetics 
and thereby dismal outcome.126 Since intensifying condition regimen is unfavorable in elderly, 
targeted therapy before and/or after transplantation might pose an option. A Flt3-inhibitor 
is a relatively novel targeted therapy in AML patients and has already shown beneficial effect 
in older AML patients before127 and after alloHSCT.128  Such novel treatment strategies both 
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to induce MRD negativity and as maintenance after alloHSCT might be a promising approach 
to further explore the GvL effect after alloHSCT, especially in older patients. 

CONCLUSION

Currently, the major challenge in alloHSCT consists of carefully balancing GvHD and GvL 
effects after alloHSCT, whereby effective control of GvHD is pivotal, but with preserved GvL. 
Post-transplant cyclophosphamide has shown promising results by effective prophylaxis 
of GvHD without apparent reduction of GvL.73 Such immunosuppressive therapy could  be 
combined with long-term immune surveillance by DLI or other additive cellular immune 
therapies. In addition, epigenetic therapies increasing susceptibility of leukemic cells to 
immunotherapeutic approaches may also play an important role in enhancing GvL. Such 
approaches may be applied in the sibling and MUD alloHSCT setting, but also in recipients of 
MMUD or haploidentical transplants.
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ENGLISH SUMMARY

Acute myeloid leukemia (AML) is a malignant disorder characterized by unrestrained 
proliferation of myeloid progenitor cells arrested in their ability to maturate. The diagnosis 
of AML is based on cytomorphological identification of 20% or more myeloblasts in the 
bone marrow or peripheral blood. AML is the most common form of acute leukemia in 
adults and still is associated with dismal outcome especially in the elderly. Generally, the 
treatment consists of an intensive induction chemotherapy followed by post-remission 
consolidation therapy (PRT). PRT may consist of conventional chemotherapy, autologous 
hematopoietic stem cell transplantation (autoHSCT), or allogeneic HSCT (alloHSCT). The 
choice of consolidation therapy mainly depends on the risk of relapse assessed by leukemic-
genetic risk profile, treatment response, age and specific transplantation-associated 
factors. Although alloHSCT is associated with a strong antileukemic effect, relapse after 
transplantation is of concern. The therapeutic effect of alloHSCT is primarily  based on 
a T-cell mediated immunological alloreactive response. Allogeneic grafts are matched 
according to major human leukocyte antigens (HLA) and HLA incompatibility between 
donor and recipient determines the severity of immunological reactions. Donor T-cells 
are important players in mediating immunological response against leukemic cells, the so-
called graft-versus-leukemia effect (GvL).  Alloreactive T-cells may recognize foreign peptides 
presented on matched or mismatched HLA on the surface of leukemic cells initiating 
clonal expansion and an effector response. In addition, mismatched HLA itself is strongly 
recognized as a foreign antigen and therefore alloreactivity may predominantly be directed 
towards mismatched HLA.  Unfortunately, alloreactive T-cells may also interact with healthy 
cells presenting similar foreign antigens  of the recipient, causing graft-versus-host disease 
(GvHD). Immunosuppressive therapy is necessary in order to prevent GvHD, however such 
treatment may hamper GvL. A fully matched sibling or unrelated donor is the first choice of 
donor, but the development of adequate GvHD-prophylaxis in the past has broadened the 
applicability of alloHSCT, making it also possible to transplant patients with HLA-incompatible 
donors (Chapter 1). The studies described in this thesis focus on the therapeutic effect and 
immune responses after transplantation.

Previous studies have shown that post-induction minimal residual disease (MRD) 
status assessed by multiparameter flow cytometry predicts for relapse irrespective of PRT. 
Disease recurrence in MRD positive patients is considerable even after alloHSCT, whereas 
patients without MRD are associated with favorable outcome. These observations evoke 
the question whether and to what extend alloHSCT is operational both in MRD negative and 
positive patients. In  chapter 2 we assessed the GvL of alloHSCT by MRD status in patients 
with AML in complete remission. The GvL was defined as the relative relapse reduction 
of alloHSCT in comparison to chemotherapy or autoHSCT. The GvL appeared to be similar 
in both groups of patients, suggesting that the immunotherapeutic effect of alloHSCT is 
operational in different subcategories of AML. 
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Although alloHSCT is associated with the a strong GvL, relapse in poor-risk AML remains 
considerable. In order to exploit the GvL more effectively, in chapter 3 we assessed 
the feasibility of post-transplant epigenetic therapy by panobinostat and decitabine 
in combination with donor lymphocyte infusions. High-dose of post-transplantation 
cyclophosphamide (PT-Cy) was applied in order to prevent GvHD and possible drug 
interactions. We showed that post-transplant epigenetic therapy by panobinostat alone or 
in combination with low dose decitabine is feasible and appears associated with a relatively 
low relapse rate. These observations provide the rationale to adapt future transplant 
strategies in order to enhance the GvL without counterbalancing GvHD. 

Double umbilical cord blood transplantation (dUCBT) serves as an alternative for 
patients lacking a matched sibling or unrelated donor. Interestingly, hematopoietic recovery 
after dUCBT is derived from a single cord blood unit (CBU) in the majority of the cases. 
We earlier showed that alloreactive CD4+ T-cells from the dominant cord are present early 
after dUCBT and recognize HLA-class II mismatches of the ‘loser’ cord. In chapter 4 we were 
able to prospectively validate our previous findings, further suggesting an important role 
for a CD4+ T-cell mediated graft predominance in dUCBT. Moreover, these graft-versus-graft 
interactions might also be involved in the strong GvL observed after dUCBT. 

Haploidentical transplants are also considered as an alternative donor source providing 
an option for patients lacking a matched donor. In the past haploidentical (haplo)
HSCT was associated with increased risk of graft failure and GvHD. The use of intensive 
immunosuppression including PT-Cy has successfully increased the  application of 
haplo-identical transplants in the past decade. However, strong suppression 
of immunity might also decrease T-cell alloreactivity. In chapter 5 we assessed 
whether anti-HLA class II alloreactive CD4+ T-cells are present early after haploHSCT 
and compared our results with our previous findings in the dUCBT-setting (chapter 
4). Post-haploHSCT alloreactive CD4+ T-cells were present in 30% of the tested alleles, 
supporting our hypothesis that GvL may be less predominant after haplo-HSCT in comparison 
to dUCBT. However, comparative prospective studies between both transplant modalities 
are warranted in order to establish their places in the hierarchy of alternative donors. 

AML primarily affects the elderly as the median age at diagnosis is around 65 to 70 
years. Recent population-based analyses show marginal, if any, improvement in survival 
over the past decades among elderly AML patients. This may, in part, be attributable to 
the conservative application of intensive treatment among these patients at the population 
level. In chapter 6 we investigated patient- and disease-specific characteristics in elderly AML 
patients, and their association with treatment and survival in a population-based study. We 
observed that the application of intensive treatment and accrual to randomized controlled 
trials remain low in elderly AML population. Age and comorbidity were independently 
associated with non-intensive treatment, whereas only comorbidity was associated with 
decreased trial participation. The adjusted risk of survival among intensive treatment 
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recipients was not  influenced by trial participation status. Therefore, trial participation may 
be encouraged and trials focusing on AML-patients with comorbidities are warranted. 

Finally, although the allogeneic antileukemic effect is highly effective in AML, relapse 
and non-relapse mortality is still a concern after alloHSCT.  Currently, the major challenge 
in alloHSCT consists of reducing relapse without increasing the risk for GvHD and to reduce 
non-relapse mortality. In chapter 7 different mediators of GvL and strategies to prevent GvHD 
after alloHSCT, including alternative donors, are discussed. Understanding immunological 
responses after alloHSCT might provide important knowledge to adapt future strategies and 
improve survival in AML. 
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NEDERLANDSE SAMENVATTING

Acute myeloïde leukemie (AML) is een kwaadaardige aandoening die wordt gekenmerkt 
door ongeremde proliferatie van myeloïde voorlopercellen die zijn geblokkeerd in 
hun vermogen om te rijpen. De diagnose AML is gebaseerd op cytomorfologische 
identificatie van 20% of meer myeloblasten in het beenmerg of perifeer bloed. AML 
is de meest voorkomende vorm van acute leukemie bij volwassenen en heeft de 
kortste overleving. Over het algemeen bestaat de enige curatieve behandeling uit eerst 
intensieve inductiechemotherapie gevolgd door post-remissie consolidatietherapie (PRT). 
Het doel van PRT is het voorkomen van een recidief en kan bestaan   uit conventionele 
chemotherapie, autologe hematopoietische stamceltransplantatie (autoHSCT) en allogene 
HSCT (alloHSCT). De keuze voor consolidatietherapie is hoofdzakelijk afhankelijk van 
het risico op een recidief bepaald door het genetische risicoprofiel van de leukemie, de 
behandelingsrespons en specifieke transplantatie-geassocieerde factoren van de patiënt. 
Hoewel alloHSCT geassocieerd is met een sterke antileukemische effect, komt leukemie 
recidief na transplantatie nog betrekkelijk veel voor. Het therapeutische effect van alloHSCT 
is voornamelijk gebaseerd op immunologische reacties en speelt een belangrijke rol bij het 
voorkomen van een recidief. Allogene transplantaten worden gematcht aan de hand van 
de belangrijkste humane leukocyten antigenen (HLA) en de HLA-incompatibiliteit tussen 
donor en ontvanger bepaalt de intensiteit van de immunoligische reacties. Donor T-cellen 
zijn belangrijke spelers bij het mediëren van het immunologische anti-leukemie effect (graft-
versus-leukemie). Alloreactieve donor T-cellen worden geactiveerd door lichaamsvreemde 
peptiden die gebonden zijn aan HLA op het oppervlak van antigeen presenterende cellen en/
of leukemiecellen cellen en starten een immuun respons. Helaas worden ook vaak gezonde 
cellen van de ontvanger als lichaamsvreemd gezien, hetgeen een zogenaamde “graft-versus-
host” ziekte (GvHD) kan veroorzaken. Immunosuppressieve therapie is noodzakelijk om 
GvHD te voorkomen, maar een dergelijke behandeling kan ten koste gaan van het gunstige 
GvL effect. Een volledig HLA gematchte familie- of niet-verwante donor is de eerste keuze 
als donor, maar de ontwikkeling van adequate immunosuppressieve therapie heeft de 
toepasbaarheid van alloHSCT verbreed, waardoor het ook nu mogelijk is om patiënten 
met HLA-incompatibele donoren te transplanteren (Hoofdstuk 1). Momenteel bestaat de 
grootste uitdaging in alloHSCT uit het behalen van een sterke antileukemisch effect zonder 
de kans op GvHD te vergroten. De studies beschreven in dit proefschrift richten zich op het 
therapeutisch effect ende anti-HLA immuunrespons na transplantatie.

Eerdere studies hebben aangetoond dat de status van restziekte oftewel “minimale 
residuale ziekte” bepaald door flowcytometrisch onderzoek, voorspelt voor een recidief bij 
AML patiënten in complete remissie (CR), ongeacht PRT. Ziekterecidief bij MRD-positieve 
patiënten is aanzienlijk, zelfs na alloHSCT, terwijl patiënten zonder MRD geassocieerd zijn 
met een gunstig resultaat. Deze observaties roepen de vraag op óf en in hoeverre alloHSCT 
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operationeel is zowel bij MRD-negatieve als MRD-positieve patiënten. In hoofdstuk 2 
hebben we het antileukemische effect van alloHSCT op MRD-positieve en MRD-negatieve 
AML patiënten in CR beoordeeld. Het antileukemische effect werd gedefinieerd als de 
relatieve recidiefvermindering na alloHSCT ten opzichte van chemotherapie of autoHSCT. 
Het GvL effect bleek in MRD-positieve patienten even sterk als in MRD-negatieve patienten 
(in relatieve zin), wat suggereert dat het immunologische anti-leukemie effect van alloHSCT 
vergelijkbaar aanwezig is in verschillende subcategorieën van AML.

Hoewel alloHSCT een sterk  antileukemisch effect heeft, komt leukemie recidief in 
slecht-risico AML nog betrekkelijk vaak voor. Om het anti-leukemie effect beter te benutten, 
hebben we in hoofdstuk 3 de toepasbaarheid van epigenetische therapie na transplantatie 
m.b.v. panobinostat en decitabine in combinatie met donorlymfocyteninfusies onderzocht. 
In deze studie werd ook een hoge dosis post-transplantatiecyclofosfamide (PT-Cy) toegepast 
om zo adequaat mogelijk GvHD te voorkomen. We hebben aangetoond dat epigenetische 
therapie na transplantatie door panobinostat alleen of in combinatie met een lage dosis 
decitabine mogelijk is en bovendien geassocieerd bleek met een relatief laag recidief risico 
en ook een lage GvHD-incidentie. Deze observaties kunnen leidend zijn voor toekomstige 
transplantatiestrategieën met als doel het GvL effect te verbeteren zonder de kans op GvHD 
te verhogen.

Dubbele navelstrengbloedtransplantatie (dUCBT) dient als alternatief voor patiënten 
zonder een gematcht familielid of een niet-verwante donor. Het hematologisch herstel na 
een dUCBT wordt in de meeste gevallen bewerkstelligd door één navelstreng bloed-eenheid 
(CBU). We hebben eerder laten zien dat alloreactieve anti-HLA klasse II CD4+ T-cellen van 
het dominante navelsteng al vroeg na dUCBT aanwezig zijn, en HLA-klasse II verschillen van 
de ‘verliezer’ navelstreng herkennen. In hoofdstuk 4 konden we prospectief onze eerdere 
bevindingen valideren, wat een belangrijke rol voor CD4+ T-cellen na dUCBT suggereert bij 
transplantaatdominantie. Bovendien kunnen deze interacties tussen de twee navelstrengen 
ook verantwoordelijk zijn voor het GvL  effect dat waargenomen wordt na dUCBT.

Haplo-identieke donoren worden ook beschouwd als potentiele alternatieve donoren, 
die een optie kunnen bieden voor patiënten zonder een gematchte familie of onverwante 
donor. In het verleden was haplo-identieke (haplo)HSCT geassocieerd met een verhoogd 
risico op transplantaatfalen en GvHD. Het gebruik van intensieve immunosuppressie 
waaronder PT-Cy heeft met succes de toepassing van haplo-identieke transplantaten in het 
afgelopen decennium verhoogd. Een sterke onderdrukking van de immuniteit zou echter ook 
de alloreactiviteit van de T-cel kunnen verminderen. In hoofdstuk 5 hebben we onderzocht 
of alloreactieve anti-HLA klasse II CD4 + T-cellen vroeg na haploHSCT aanwezig zijn en 
vergeleken we onze resultaten met onze eerdere bevindingen in de dUCBT-setting. Post-
haploHSCT alloreactieve CD4 + T-cellen waren aanwezig in 30% van de patienten, hetgeen 
onze hypothese ondersteunt dat het antileukemische effect mogelijk minder aanwezig is 
na haploHSCT in vergelijking met de dUCBT. Gerandomiseerde prospectieve studies tussen 
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beide transplantatiemodaliteiten zijn echter benodigd om hun plaatsen in de hiërarchie van 
alternatieve donoren vast te stellen.

AML treft vooral ouderen, aangezien de mediane leeftijd bij diagnose ongeveer 65 
tot 70 jaar is. Recente populatie-gebaseerde analyses bij ouderen tonen een marginale 
of geen verbetering in overleving in de afgelopen decennia. Dit kan gedeeltelijk worden 
toegeschreven aan de conservatieve toepassing van intensieve behandeling bij deze 
patiënten op populatieniveau. In hoofdstuk 6 hebben we in een bevolkingsonderzoek de 
patiëntkenmerken en ziekte specifieke kenmerken onderzocht bij oudere AML-patiënten, 
en hun associatie met behandeling en overleving. We stelden vast dat de toepassing van 
intensieve behandeling en inclusie voor gerandomiseerde studies nog steeds enorm laag 
is in de oudere AML-populatie. Leeftijd en comorbiditeit waren onafhankelijk geassocieerd 
met niet-intensieve behandeling, terwijl alleen comorbiditeit geassocieerd was met een 
verminderde deelname aan een studie. Het gecorrigeerde overlevingsrisico onder intensief 
behandelde  patiënten werd niet beïnvloed door de status van studie participatie. Om die 
reden zou studieparticipatie aangemoedigd kunnen worden alsmede ook het ontwerpen 
van nieuwe studies voor patiënten met comorbiditeit.

Hoewel het allogene antileukemische effect zeer effectief is in AML, zijn recidief 
en sterkte als gevolg van bijwerkingen nog steeds aanzienlijk na alloHSCT. Momenteel 
bestaat de grootste uitdaging in het voorkomen van een recidief zonder het risico op 
GvHD te vergroten en de kans op bijwerkingen te verminderen. In hoofdstuk 7 worden 
de belangrijkste onderdelen van het immunologische anti-leukemie effect besproken. 
Daarnaast worden strategieën ter voorkoming van GvHD na alloHSCT bediscussieerd. Het 
begrijpen van immunologische reacties na alloHSCT kan belangrijke kennis verschaffen om 
toekomstige strategieën aan te passen en de overleving in AML te verbeteren. 
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