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Abstract
Despite therapeutic progress in acute myeloid leukemia (AML), relapse post-allogeneic hematopoietic stem cell transplan-
tation (allo-HSCT) remains a major challenge. Here, we aim to provide an overview of prevention and treatment of relapse 
in this population, including cell-based and pharmacologic options. Post-transplant maintenance therapy is used in patients 
who have undetectable measurable residual disease (MRD), while pre-emptive treatment is administered upon detection of 
MRD. Prompt transfusion of prophylactic donor lymphocyte infusion (DLI) was found to be effective in preventing relapse 
and overcoming the negative impact of detectable MRD. In addition, patients with persistent targetable mutations can benefit 
from targeted post-transplant pharmacological interventions. IDH inhibitors have shown promising results in relapsed/refrac-
tory AML. Hypomethylating agents, such as decitabine and azacitidine, have been studied in the post-allo-HSCT setting, 
both as pre-emptive and prophylactic. Venetoclax has been shown effective in combination with hypomethylating agents or 
low-dose cytarabine in patients with newly diagnosed AML, especially those unfit for intensive chemotherapy. FLT3 inhibi-
tors, the topic of another section in this review series, have significantly improved survival in FLT-3-ITD mutant AML. The 
role of other cell-based therapies, including CAR-T cells, in AML is currently being investigated.
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Introduction

Allogeneic hematopoietic stem cell transplantation (allo-
HSCT) constitutes an important therapeutic option for 
patients with acute myeloid leukemia (AML), the most com-
mon indication for transplant. Allo-HSCT provides the high-
est potential for long-term survival in both settings, post-first 
remission and salvage post-relapse [1, 2]. However, despite 
improvement in treatment regimens, relapse post-allo-HSCT 
remains a major cause of treatment failure with up to half 

of AML patients sustaining relapse, depending on the dis-
ease characteristics, and the type of conditioning regimen 
used. Moreover, the 2-year overall survival (OS) for AML 
patients who relapse after allo-HSCT remains low, reported 
to be less than 20% despite modest improvement in younger 
adults in recent years [2–5]. This adds to the challenge of 
treatment of AML, especially that a significant proportion 
of patients who have early relapse may either not tolerate 
or be refractory to intensive therapy after the toxicity of the 
prior transplant [4].

Several factors have been associated with a higher risk 
of post-transplant relapse. These include absence of com-
plete hematologic remission at the time of transplantation, 
high-risk cytogenetic characteristics, T-cell depletion, and 
the use of reduced intensity conditioning (RIC) regimens 
[5–7]. Advancement in molecular techniques over the past 
decade, particularly next-generation-sequencing (NGS), has 
been the mainstay of AML management. Not only has this 
enhanced our understanding of the pathogenesis of AML, 
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but also it has enabled us to categorize patients according to 
their molecular subgroups, to stratify their risk of relapse, 
and to develop targeted therapy against leukemia cells. So 
much so, that the molecular characteristics of each patient 
has helped us track the disease at its lowest technically pos-
sible level, namely the minimal or measurable residual dis-
ease (MRD) and to better describe complete remission and 
relapse status [5, 6, 8].

With the need for improved outcomes in AML patients 
who relapse post-transplant on the one hand, and the molec-
ular advancement on the other, the search for a more durable 
remission and better survival rates ensues. Interventions can 
be made either in the maintenance setting where there is not 
yet evidence of relapse, in the pre-emptive setting in case 
of detectable MRD to avoid hematologic relapse, or in the 
therapeutic setting where there is overt disease relapse. In 
addition to targeted therapies that can be used based on the 
specific genetic aberrations tested, new approaches, such as 
biomodulatory drugs, a second allo-HSCT, and donor lym-
phocyte infusion (DLI) are all available therapeutic options 
post-transplant [9, 10]. In this review, we aim at providing 
an overview of prevention and treatment of relapse in AML 
patients who underwent allo-HSCT, including cell-based 
and pharmacologic options.

Cell‑based Therapy: Donor Lymphocyte Infusion 
(DLI)

Therapeutic DLI

Relapse of AML after allo-HSCT can be related to the 
escape of tumor cells from the effect of pre-transplant con-
ditioning chemotherapy and/or escape from post-transplant 
immune control [2]. In turn, these two mechanisms limit the 
expected immune response against malignant cells, thus con-
tributing to relapse post-allo-HSCT. While the main aim was 
historically to reduce donor T cells in an attempt at lowering 
the probability of graft-versus-host disease (GVHD), stud-
ies have proven that T-cell depletion can, in fact, predispose 
to graft failure [11]. Despite full human leukocyte antigen 
(HLA)-matched HSCT, donor T cells can recognize anti-
genic structures on the surface of leukemic cells that are not 
included in the patient’s HLA complex. The polymorphism 
in antigen peptides that triggers immune response even in 
patients who receive stem cells from HLA-matched donors 
is referred to as minor histocompatibility antigens [12, 13]. 
The escape of malignant cells from immune control, on one 
hand, and the potential role of donor T cells in producing 
allo-reactivity against minor histocompatibility antigens, 
on the other, introduces the use of donor T lymphocytes to 
develop adoptive immunotherapy as an effective cell-based 
therapy in the relapse setting.

A retrospective study conducted by the European Society 
for Blood and Marrow Transplant (EBMT)-Acute Leukemia 
Working Party (ALWP) included 399 patients with AML 
who had a first hematologic relapse after allo-HSCT and of 
whom 171 patients received DLI. Two-year OS was 21 ± 3% 
for patients who received DLI compared to 9 ± 2% for those 
who did not receive DLI. After controlling for confound-
ing variables, the use of DLI remained an independent pre-
dictive factor of better OS (p = 0.04), in addition to young 
age (p = 0.008), and late relapse beyond 5 months after 
allo-HSCT (p < 0.0001). Moreover, the use of DLI seemed 
more beneficial and was associated with better OS in lower 
disease burden (less than 35% blasts in the bone marrow) 
(p = 0.006), disease remission (p < 0.0001), and in favora-
ble cytogenetics disease (p = 0.004) [14]. Another study also 
conducted by the EBMT-ALWP included 263 AML patients 
who relapsed after RIC allo-HSCT. Among the 38 patients 
who achieved complete remission, consolidative DLI and/
or allo-HSCT was associated with improved OS when com-
pared to patients who did not receive cell-based therapy 
(55 ± 11% compared to 20 ± 10%). The survival benefit was 
not observed, however, among the 89 patients who did not 
respond to first-line chemotherapy and received DLI [15]. 
Despite the modest improvement in OS, the clinical benefit 
of DLI appears to be in low burden disease, or those who 
achieve remission before the infusion. Strategies to re-induce 
remission using chemotherapy, and recently, hypomethylat-
ing agents (HMAs) ± targeted agents are important to imple-
ment before the use of therapeutic DLI.

In a study conducted across 46 sites in Japan, 100 patients 
who had relapse after allo-HSCT were included of whom 21 
had AML. Eight of these 21 (38%) patients achieved com-
plete remission following treatment with DLI with a prob-
ability of remaining in complete remission at three years of 
7% [16]. Another Japanese study evaluating the main fac-
tors that can affect OS of AML patients after therapeutic 
DLI included 143 patients in first relapse following allo-
HSCT. The strongest predictive factor for OS after DLI was 
complete remission status at the time of DLI, which was 
achieved in 8% of patients. Another factor that predicted 
better OS was a time interval between transplant and relapse 
of ≥ 5 months. When comparing these 2 predictive factors 
among patients in a subgroup analysis, the 2-year OS was 
100% in patients who had complete remission and only 12% 
in those who had relapsed at ≥ 5 months post-transplant. 
This indicated again that DLI efficacy is mostly seen in 
patients who achieve complete remission, a factor limited 
to a minority of patients [17].

A study conducted by the Center for International Blood 
and Marrow Transplant Research (CIBMTR) included 1788 
patients with AML with relapse after allo-HSCT between 
1990 and 2010. Overall, 267 (15%) patients received DLI of 
whom 81% received it combined with chemotherapy. Of all 
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patients who received DLI, 24% underwent a second allo-
HSCT. According to this study, two factors had a positive 
effect on survival, namely the use of a RIC/non-myeloabla-
tive regimen and a longer time from transplant to relapse. 
On the other hand, age greater than 41 years, unfavorable 
karyotype, mismatched unrelated donor, and GVHD at time 
of relapse were negative prognostic survivors. This study 
showed that a second transplant following the use of chem-
otherapy and DLI were associated with the best OS [18]. 
Second transplantation will be discussed further at a later 
stage in this review. Since cell-based therapy with DLI has 
greater efficacy in patients with lower tumor burden, those 
who achieve complete remission, and those who relapse 
beyond 5 months post-transplant, the study of prophylactic 
use of DLI to prevent relapse is ongoing.

Prophylactic or pre‑emptive DLI

The administration of DLI can induce a significant graft-
versus-leukemia (GVL) effect. The use of DLI in the pro-
phylactic setting stems back to 1995. Naparstek et al. used 
anti-CD52 for T-cell depletion in 146 allo-HSCT patients 
of whom 81 had AML. To induce the GVL effect, patients 
were transfused with increments of the donor’s peripheral 
blood lymphocytes. Interestingly, administration of DLI was 
associated with GVHD and a significantly decreased relapse 
rate [19]. De Lima et al. investigated the use of DLI at 30, 
60, and 90 days post-transplant after an RIC regimen with 
fludarabine 30 mg/m2 for 4 days, melphalan 70 mg/m2 for 
2 days, and GVHD prophylaxis with cyclosporine 2 mg/Kg 
daily, tapered as of day 60. The study included 12 patients 
who were heavily pre-treated and with less than 6 months 
life expectancy of whom 4 had AML. High response rates 
and full chimerism were observed yet with an increased rate 
of GVHD. The DLI of 1 × 107 CD3 + cells/Kg at day 30 
post-allo-HSCT resulted in GVHD in half of the patients 
[20].

In an attempt to achieve the GVL effect and, at the 
same time, minimize GVHD, Dey et al. conducted a trial 
for patients with advanced hematologic malignancies of 
whom the majority had chemotherapy-refractory disease 
and underwent non-myeloablative allo-HSCT. Forty-two 
patients, of whom 4 had AML, had cyclophosphamide and 
anti-thymocyte globulin-based conditioning, in addition 
to thymic irradiation in case they had not received previ-
ous mediastinal radiation therapy. DLI was given prophy-
lactically to 16 patients who had mixed chimerism and no 
evidence of GVHD at a dose of 1 × 107 CD3 + cells/Kg as 
of week 5 post-transplant, while no DLI was given to the 
remaining 26 patients who had GVHD or early relapse. 
Eleven (69%) of those who received DLI achieved com-
plete remission with a 1-year progression-free survival rate 
of 50%. Twelve (75%) of the patients who received DLI 

had T-cell chimerism ≥ 40% at the time of DLI. These either 
converted to full donor chimerism (10 patients) or showed 
an increase in, or stable donor chimerism (2 patients) at day 
100 post-allo-HSCT. Prophylactic DLI promoted sustained 
remission in patients with chemo-refractory hematologic 
malignancies. Also, the authors concluded that the degree 
of T-cell chimerism at the time of DLI administration can 
predict the outcome of mixed chimerism [21].

In the pre-emptive setting, DLI administration is based 
on the detection of MRD or mixed chimerism, determined 
by either molecular or immunophenotypic analysis, as these 
are signs of impending relapse. In fact, DLI has been shown 
to prevent relapse in patients with MRD-positive disease. 
Dominietto et al. studied the predictive role of MRD for 
relapse and the protective role of DLI against relapse, in 80 
allo-HSCT patients of whom 36 patients had AML. The rate 
of relapse was highest (63%) among MRD-positive patients 
who did not receive DLI and lowest (6%) among MRD-
positive patients who did receive it. Those who were MRD 
negative had a relapse rate of 16% (22).

Schmid et al. took a step forward and used DLI as prophy-
laxis in 75 high-risk allo-HSCT patients after an RIC regi-
men of whom 50 patients had AML. DLI was administered 
at day 120 post-allo-HSCT or 30 days following discontinu-
ation of immunosuppressive drugs for patients who were 
in complete remission and did not develop GVHD. Dose 
of DLI was gradually increased 5- to tenfold, and a total 
of 3 doses were given within intervals of 4 to 6 weeks pro-
vided that no GVHD occurred. Twelve patients were eligible 
for prophylactic DLI; 11 of them had continuous complete 
remission with a 3-year leukemia-free survival of 92% from 
the time of transplantation. These impressive results could 
be explained by a time bias as the relatively delayed admin-
istration of DLI in this study, namely at 120 days post-trans-
plant, can be related to the sustained remission [23].

A single-center prospective study by Liga et al. investi-
gated the efficacy of prophylactic DLI in patients receiv-
ing allo-HSCT after an alemtuzumab-containing condi-
tioning regimen. The rationale behind the use of low-dose 
alemtuzumab was to minimize the risk of GVHD. Indeed, 
15 patients of whom 8 had AML received prophylactic 
DLI with a median number of 3 doses, with the first dose 
given at a median of 162 days post-transplant. Six (75%) 
of these patients converted from mixed to complete donor 
chimerism, and none of the patients who received prophy-
lactic DLI relapsed [24]. Although alemtuzumab given 
prior to transplant can reduce GVHD, it can also increase 
the risk of mixed donor T-cell chimerism. As such, Solo-
mon et al. investigated whether the early use of DLI in 
patients with mixed T-cell chimerism would decrease the 
risk of relapse without increasing the risk of GVHD. Pro-
phylactic DLI was given at day 60 post-allo-HSCT before 
stopping immunosuppressive drugs to all 25 patients 
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with < 50% donor T-cell chimerism. Prophylactic DLI, 
given before stopping immunosuppression, was associ-
ated with a lower incidence of GVHD and a decreased 
rate of relapse [25]. In another study, prophylactic DLI 
was given to 27 patients who underwent allo-HSCT. All 
patients in the prophylactic DLI group lost their MRD 
positivity and had a significant reduction in blast counts, 
and no relapse occurred in this patient group. Regardless 
of the detection method, be it MRD or increasing mixed 
chimerism, prompt transfusion of pre-emptive DLI was 
found to be effective in prevention of relapse and over-
coming MRD [26].

Complications of DLI

Despite the benefit of DLI in controlling the disease 
by augmenting the GVL effect, and inducing long-term 
remissions, the most common complication of DLI is 
GVHD that could be life-threatening [11, 27]. The inci-
dence of acute and chronic GVHD has been reported as 
32% and 38%, respectively. In addition, prophylactic 
DLI is associated with less incidence of GVHD than 
therapeutic DLI with rates of 56% and 80%, respectively. 
Moreover, the dose of DLI was associated with the risk 
of GVHD. Administration of T cells greater than 1 × 108 
cells/Kg is associated with a risk of up to 50%, while 
administration of less than 1 × 107 cells/Kg is associated 
with a risk as low as 10% [11, 28]. Despite the relatively 
elevated risk of GVHD, the risk of mortality remains low. 
According to Frey et al., while the incidence of acute and 
chronic GVHD can range between 40 to 60% and 33 to 
61%, respectively, the mortality rate remains as low as 6 
to 11% [29].

GVHD most commonly involves the skin, liver, and gut 
with reported incidences of 82, 41, and 41%, respectively 
[28]. Grade IV GVHD occurred in approximately 15% of 
the cases. Features of DLI-associated GVHD are generally 
similar to GVHD associated with allo-HSCT. The standard 
of care remains corticosteroids with a 55% response rate 
and 36% of patients requiring additional agents. Impor-
tantly, one-third of patients who developed acute GVHD 
had disease relapse [28]. Chronic GVHD and non-white 
ethnicity were independent risk factors for the develop-
ment of GVHD following DLI [30].

Evidence from several studies on the use of CD8-
depleted bone marrow grafts to reduce the risk of post-
transplant GVHD has suggested the use of CD8-depleted 
DLI in an attempt to reduce this risk post-DLI [29]. A 
prospective study by Soiffer et al. compared the use of 
prophylactic CD8-depleted DLI to conventional DLI. 
Interestingly, none of the patients in the CD8-depleted 
DLI group developed GVHD, while 67% of patients in 

the conventional DLI group developed GVHD [31]. The 
mechanism of bone marrow aplasia in this setting is not 
clear, and it was reported to be more common in the 
chronic phase of hematologic relapse in chronic myeloid 
leukemia than in AML [11].

Cell‑based therapy: second hematopoietic stem cell 
transplant

A different form of cell-based therapy is a second allo-HSCT 
with a new conditioning regimen followed by immunosup-
pression [9]. To our knowledge, there are no randomized 
trials that compare a second allo-HSCT to other therapy 
options. Available data are mainly from observational stud-
ies. Prospective trials are needed to better describe the role 
of second allo-HSCT. This is important, because patients 
in available retrospective and descriptive studies were posi-
tively selected by including patients who had survived until 
the intervention and who were younger than the majority of 
patients who relapsed after the first transplant [9, 32]. In one 
retrospective study from the EBMT-ALWP comparing the 
use of second allo-HSCT versus therapeutic DLI in patients 
with relapsed AML post-allo-HSCT, the OS was similar 
between the two groups. A total of 418 AML patients were 
included, of whom 137 underwent a second allo-HSCT and 
281 received DLI for relapsed AML post-allo-HSCT. The 
reported 5-year OS was 19% and 15%, for the second allo-
HSCT and DLI groups, respectively (p = 0.86) [33]. Another 
retrospective study included Japanese nationwide registry 
data for 1265 patients with AML suffering relapse after allo-
HSCT. Relapse was observed after a median duration of 
6.1 months, and the probability of OS after post-transplant 
relapse was 19% at 2 years with the interval from trans-
plantation to relapse being the strongest indicator for OS. 
DLI and second allo-HSCT were given to 12% and 38% of 
patients, respectively. Interestingly, signs of survival benefit 
were seen when these procedures were done during com-
plete remission (CR), while no benefit was seen when per-
formed during non-CR. This study demonstrated the efficacy 
of a second transplant and emphasized the importance of 
developing effective bridging to cell-based therapies [34].

Multiple studies have reported various OS results of 
between 18 and 32% depending on study population, 
donor type, and conditioning regimen. A large retrospec-
tive study by Christopeit et al. included 179 patients of 
whom 132 had AML and 46 had acute lymphoblastic leu-
kemia (ALL). The reported 2-year OS rate after the second 
allo-HSCT was 25%. On multivariate analysis, several fac-
tors were associated with better outcomes, namely more 
than 6 months between the first allo-HSCT and relapse 
and having had a matched related donor at the first allo-
HSCT [32]. While the authors concluded that there was no 
advantage of donor change, it is generally recommended 
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to change the donor at second transplant. The rationale 
behind this is that with the first donor, the GVL effect was 
insufficient in controlling the leukemia [32]. As such, it 
would be reasonable to consider the use of a haplo-identi-
cal or unrelated donor for a second transplant, especially 
with the advancement in both techniques over the past 
decade [35]. In such cases, appropriate donor selection 
with a comprehensive HLA analysis for both the recipi-
ent and donor is recommended, since HLA loss may have 
contributed to relapse after the first allo-HSCT [9, 35].

Christopoulos et al. studied 58 patients with AML who 
relapsed after allo-HSCT and who were not suitable for 
DLI due to active GVHD or failed DLI. The 3-year OS rate 
was low at 18% with a high relapse rate of 56% [36]. Paw-
son et al. analyzed 14 patients of whom 7 had AML, 5 had 
ALL, and 2 had refractory anemia with excess blasts, all 
of whom underwent a second allo-HSCT from the original 
donor. Overall survival was 60% at 58 months, and 13 of 
the 14 patients achieved complete remission [37]. A ret-
rospective study by Orti et al. analyzed 116 patients with 
myeloid malignancies who underwent a second allo-HSCT 
after disease relapse (88 patients had AML). The 5-year 
OS was 32%. Factors that were associated with poor out-
comes were time to second transplant of less than 430 days 
and having active disease on second transplant. An HLA-
identical sibling donor for the second transplant was a 
good prognostic factor [38]. A retrospective analysis by 
Schneidawind et al. included 40 patients of whom 29 had 
AML and 11 had ALL. The 2-year OS rate was 32% [39].

The CIBMTR published a 3-year OS rate of 27% for 
125 AML patients who received a second allo-HSCT [40]. 
The EBMT, on the other hand, reported a 5-year OS of 
17% for patients with AML who underwent a second allo-
HSCT [41]. Shaw et al. hypothesized that using a RIC 
regimen can decrease treatment-related mortality. A ret-
rospective analysis of 71 patients who received a second 
allo-HSCT with an RIC regimen showed a predicted OS 
and treatment-related mortality of 28% and 27%, respec-
tively. Their data support the hypothesis that RIC for sec-
ond allo-HSCT is associated with less treatment-related 
mortality than myeloablative conditioning [42].

Other cell‑based therapy options

Discordance in minor histocompatibility antigens in 
matched donor transplants and in HLA in mismatched 
donor transplants can result in allo-reactivity in DLI or 
second transplants. As such, improving cell-based ther-
apy options is an ongoing research goal. Selecting spe-
cific immune cells such as natural killer cells, or altering 
the cellular products, such as external cytokine stimula-
tion or genetic alterations, are under investigation [9, 43]. 

Research into chimeric antigen receptor (CAR)-modified 
T cells for AML patients is underway. The challenge in 
this field is to identify AML target antigens. Examples of 
targets of current interest include CD123, CD33, FLT3, 
and CLL-1 [9, 44–46].

Pharmacologic‑based Therapy

Isocitrate dehydrogenase (IDH) inhibitors

With the advent of molecular testing and widespread use 
of NGS, a large proportion of AML patients is evaluated 
for presence of targetable mutations that can be of clini-
cal significance at diagnosis and relapse. Around 10–30% 
of AML patients have mutations in the gene encoding 
isocitrate dehydrogenase 1 (IDH1) or mitochondrial IDH2 
[47–52]. The two mutations are usually mutually exclu-
sive. These enzymes catalyze the transformation from 
isocitrate to ketoglutarate. Mutations in these enzymes 
lead to altered activity with production of 2-hydroxyglu-
tarate. As a result, 2-hydroxyglutarate contributes to the 
impairment of cellular differentiation in the hematopoi-
etic stem cells, thus inducing leukemogenesis [47–50]. 
Selectively targeting these mutations with IDH inhibitors 
has shown promising results in the setting of relapsed/
refractory (R/R) AML with reported complete remis-
sion rates of around 30% for ivosidenib and enasidenib 
[48, 53]. Accordingly, the Food and Drug Administra-
tion (FDA) has approved both drugs in the setting of R/R 
AML [9]. A study by DiNardo et al. investigated the role 
of ivosidenib, a selective IDH1 inhibitor, in patients with 
R/R IDH1-mutant AML. The median OS was 8.8 months 
with half of the patients achieving complete response after 
18 months of follow-up [48]. Another study investigated 
combining ivosidenib with azacitidine and was stopped 
when the combination showed excellent results (AGILE, 
NCT03173248). Enasidenib, a selective IDH2 inhibi-
tor, was also studied in patients with R/R IDH2-mutant 
AML. In a phase I/II study, 20% of patients achieved com-
plete remission and an objective response rate of 40.3% 
[53]. Response was significantly associated with less co-
mutation burden [48, 53]. Trials for IDH-mutant AML 
patients included a limited number of patients with relapse 
after transplant. There are only a few ongoing trials on 
the use of IDH inhibitors for IDH-mutant AML patients 
who have relapsed following allo-HSCT. The effective-
ness of this drug, being an orally administered and with 
a good safety profile, makes it an ideal agent for mainte-
nance post-transplant. As such, it is currently being tested 
in this setting. An ongoing phase I trial is evaluating the 
efficacy of enasidenib for IDH2-mutant AML following 
allo-HSCT (NCT03515512), and another trial is evalu-
ating the role of enasidenib as maintenance therapy in 
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this patient population (NCT03728335). The efficacy of 
ivosidenib for IDH1-mutant AML following allo-HSCT 
is also being evaluated (NCT03564821).

Hypomethylating agents

Hypomethylating agents (HMAs), such as decitabine and 
azacitidine, show efficacy when used in induction for AML 
patients, especially in older patients who may not tolerate 
more intensive chemotherapy [54, 55]. Azacitidine can 
enhance the GVL effect after transplant, thus promoting bet-
ter disease control, by increasing the expression of human 
leukemic antigen DR-1 among other tumor associated anti-
gens. In addition to anti-leukemic activity through DNA 
hypomethylation, HMAs have immunomodulatory activity 
that enhance the activity of regulatory T cells and cytotoxic 
T cells, both of which play an important role in regulating 
GVHD while maintaining the beneficial GVL effect [56–59].

One retrospective study investigated the use of low-dose 
azacitidine in nine patients who had disease recurrence after 
allo-HSCT, and a 37.5% relapse rate was observed. Five 
remained alive with complete remission on follow-up [60]. 
A phase I dose-finding study by De Lima et al. used differ-
ent escalating doses of azacitidine maintenance in 37 heav-
ily pre-treated AML patients post-allo-HSCT, in addition 
to eight patients with myelodysplastic syndrome (MDS). 
The use of low-dose azacitidine at 32 mg/m2 for 5 days was 
found to be the optimal dosing. One-year OS was 77% and 
the relapse rate was 53% [61]. In addition to its efficacy, 
azacitidine can increase the number of immunomodulatory 
T regulatory cells within the first 3 months of transplant, 
which supports the use of azacitidine after transplant as a 
mechanism of augmenting the GVL effect without increas-
ing GVHD risk [58]. Interestingly, the use of azacitidine 
in the post-allo-HSCT setting reduced the risk of relapse 
particularly in patients who had a CD8 + T-cell response to 
tumor antigens as shown in the RICAZA trial [62]. Platz-
becker et al. studied azacitidine as pre-emptive treatment 
after MRD detection determined by donor chimerism analy-
sis of CD34 + blood cells in patients with MDS or AML 
after allo-HSCT [63]. After this trial, Platzbecker et al. pro-
ceeded with the RELAZA2 prospective study, showing that 
prophylactic use of azacitidine can delay relapse in patients 
with high-risk AML who achieve complete remission after 
allo-HSCT. The study included 172 patients with AML and 
26 patients with MDS who had achieved complete remis-
sion after conventional chemotherapy or allo-HSCT. At 1 
year, relapse-free survival was 46% in the 53 patients who 
were MRD-positive and who received azacitidine. This re-
enforced the role of pre-emptive azacitidine in preventing 
and/or delaying relapse in MRD-positive patients with AML 
or MDS [64].

In addition, an observational study by El-Cheikh et al. 
demonstrated that the use of low-dose azacitidine in a post-
transplant preventive or maintenance setting until disease 
progression can reduce the risk of relapse and induce a dura-
ble remission in patients with high-risk AML or MDS [65].

A confirmatory phase II randomized trial by Oran et al. 
evaluated the efficacy of maintenance azacitidine in the 
post-transplant setting. This trial had difficulty in recruit-
ing patients and included 187 AML patients post-allo-
HSCT. The median number of azacitidine cycles received 
was only 4 cycles. While there was no significant differ-
ence in relapse-free survival and OS, the results showed 
that a prospective trial in this setting is feasible yet chal-
lenging [66]. Another multicenter randomized trial was 
conducted in China and included 204 high-risk patients 
with AML who underwent allo-HSCT and achieved MRD 
negativity. Minimal-dose decitabine combined with recom-
binant human granulocyte colony-stimulating factor after 
allo-HSCT resulted in a reduction in the relapse rate with 
a 2-year relapse rate of 15% compared to 38% (p < 0.01) in 
patients who did not receive maintenance treatment [67]. On 
the other hand, a few studies have suggested that AML may 
not benefit from HMAs after allo-HSCT. A retrospective 
study by Maples et al., for example, included 25 patients 
of whom 18 had AML. There was no difference in time to 
hematologic relapse and OS, and maintenance therapy was 
stopped early in 72% of patients due to GVHD, relapse, or 
intolerance [68].

In a prospective study by De Lima et al., an oral form 
of azacitidine, CC-486, was well tolerated with a one-year 
relapse rate of 21% in transplant patients with AML or MDS 
[69]. A randomized phase 3 trial to confirm its efficacy and 
safety is in development.

Venetoclax

A selective inhibitor of B-cell lymphoma-2 (BCL-2), veneto-
clax, has shown effective results in combination with HMAs 
or low-dose cytarabine in patients with newly diagnosed 
AML, especially those who are unfit for intensive chemo-
therapy [70, 71]. DiNardo et al. showed that the combination 
of venetoclax with decitabine or azacitidine was well toler-
ated and effective in treatment-naïve elderly patients with 
AML, with 67% of patients achieving composite complete 
remission [72]. In another study by Wei et al., a combina-
tion of venetoclax with low-dose cytarabine in treatment-
naïve AML patients who were ineligible for intensive treat-
ment showed an improved complete remission rate from 8 
to 26% [71]. As a result of these trials, the combination of 
venetoclax with azacitidine or low-dose cytarabine is FDA 
approved for patients who are treatment-naïve and unfit for 
induction chemotherapy due to older age (> 75 years) and/
or comorbidities [7].
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Given the role of venetoclax in targeting leukemia cells 
and its favorable toxicity profile, its role as post-transplant 
maintenance for AML patients who have a high risk of 
relapse was studied by Kent et al. [7]. Venetoclax as a sin-
gle agent was well tolerated as maintenance post-transplant 
for high-risk AML patients who underwent transplant with a 
relapse-free survival rate of 87%. However, 4.8% of patients 
had holding of venetoclax or dose reduction due to myelo-
suppression. The optimal dose and duration of venetoclax 
needs further elucidation [7]. Two ongoing clinical trials, 
NCT04161885 and NCT04128501, are evaluating the role 
of venetoclax combined with azacitidine as maintenance 
therapy post-transplant. Data on venetoclax post-transplant 
as salvage therapy remain limited.

A retrospective study by Zucenka et al. compared the 
outcome of 20 patients who received venetoclax, low-dose 
cytarabine, and actinomycin D to 29 patients who received 
FLAG-idarubicin as salvage therapy for AML relapse post-
transplant. The overall response rate was 75% in the veneto-
clax group, compared to 66% in the FLAG-idarubicin group, 
yet the difference was not statistically significant (p = 0.542). 
Treatment-related mortality, however, was 0% in the veneto-
clax group, compared to 34% in the FLAG-idarubicin group. 
The authors concluded that venetoclax combination therapy 

had a similar anti-leukemia effect but a better toxicity profile 
than FLAG-idarubicin [74, 75].

Being myelosuppressive, especially when combined with 
other agents, venetoclax can result in prolonged pancyto-
penia. While data on guidance for use of venetoclax after 
transplant are limited, experience from a few institutions has 
helped provide general consensus in that regard. Since it is 
a low-intensity regimen, patients will generally need more 
than a cycle to reach an adequate response. If the bone mar-
row evaluation shows hypoplasia and no evidence of AML, 
monotherapy with venetoclax while withholding the other 
agent, such as an HMA or low-dose cytarabine, can allow 
count recovery. Even with this approach, it is worth not-
ing that venetoclax dose reduction may still be warranted in 
some cases of neutropenia. Studies are needed to evaluate 
whether interruption of dosing can be an effective regimen 
with a better toxicity profile than continuous dosing [74, 76].

Conclusions

Table 1 summarizes the take-home messages from this 
review paper. FLT3 inhibitors, which are the topic of 
another section tackled in this review series, have demon-
strated a significant improved relapse-free survival and OS 

Table 1   Take-home messages

Cell-based therapy
 Donor lymphocyte infusion √Most effective in certain conditions, including low tumor burden and loss of chimerism or MRD

√Favorable prognostic factors:
•Use of an RIC/non-myeloablative conditioning regimen
•Longer time from transplant to relapse
√Poor prognostic factors:
•Age greater than 41 years
•Unfavorable karyotype
•Mismatched unrelated donor
•GVHD at time of relapse

 Second hematopoietic stem cell trans-
plant

√Prospective trials needed to better describe their role
√Available data including patients who have survived until the intervention and who were younger 

than the majority of patients who relapse after the first
√Favorable prognostic factors:
•More than 6 months between the first transplant and relapse
•Matched related donor at the first transplant

 Others √CAR-T cells underway for AML patients
√Challenge to identify AML target antigens: CD123, CD33, FLT3, and CLL-1

Pharmacologic-based therapy
 Isocitrate dehydrogenase (IDH) inhibi-

tors
√Promising results in the setting of relapsed/refractory AML
√Ongoing trials for IDH-mutant AML patients who relapsed following allo-HSCT

 Hypomethylating agents √Anti-leukemic activity through DNA hypomethylation
√Immune modulatory activity that enhances the activity of regulatory T cells and cytotoxic T cells
√Regulating GVHD while maintaining the beneficial GVL effect
√The optimal dose used is 32 mg/m2 for 5 days every 28 days

 Venetoclax √Role in targeting leukemia cells with an acceptable toxicity profile
√Venetoclax combination therapy: similar anti-leukemia effect yet a better toxicity profile than 

FLAG-idarubicin
√Reduction and/or interruption of dosing may be warranted in some cases of neutropenia
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in FLT3-ITD mutant AML (52, 77, 78). The risk of AML 
relapse post-allo-HSCT remains a challenge. Significant pro-
gress has been made to reduce non-relapse mortality and to 
enhance durability of remission. When applying data from 
available studies on R/R AML, clinicians should use it with 
caution, especially with regard to the treatment received in 
the frontline setting and the residual toxicity. Outcomes for 
AML relapse remain limited due to the toxicities of the sal-
vage treatment. Post-transplant maintenance therapy is usu-
ally deployed in patients who are MRD negative in complete 
remission, while pre-emptive treatment refers to therapy 
administered upon detection of MRD. Both scenarios aim 
at providing prophylaxis against disease relapse. Prophy-
lactic therapeutic options require the use of safe therapies 
that will minimize additional toxicity to the patient. In case 
of relapse, defining the molecular profile is essential; NGS 
should be considered for relapsed bone marrow specimens 
prior to initiation of salvage therapy. Patients who have 
persistent targetable mutations can benefit from targeted 
therapy. Although there are several limitations in clinical 
practice for DLI, it remains a powerful example of adoptive 
immunotherapy and an established salvage and prophylactic 
option post-transplant. DLI is most effective in certain con-
ditions, including low tumor burden and loss of chimerism 
or MRD. As such, DLI use in the prophylactic setting, before 
a relapse becomes evident, should be considered The risk 
of relapse post-transplant should be taken into considera-
tion. Another important consideration is the time between 
allo-HSCT and DLI administration, where shorter intervals 
can represent a greater risk for developing GVHD. Other 
cell-based therapies, including CAR-T cells, have led to 
enhanced durability of remission in lymphoid neoplasms 
and research into their role in AML is underway.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s12185-​022-​03416-7.

Declarations 

Conflict of interest  All authors declare that they have no conflict of 
interest

References

	 1.	 Döhner H, Estey E, Grimwade D, Amadori S, Appelbaum F, 
Büchner T, et al. Diagnosis and management of AML in adults: 
2017 ELN recommendations from an international expert panel. 
Blood. 2017;129(4):424–47.

	 2.	 de Lima M, Porter D, Battiwalla M, Bishop M, Giralt S, Hardy 
N, et al. Proceedings from the National Cancer Institute’s Second 
International Workshop on the Biology, Prevention, and Treat-
ment of Relapse after Hematopoietic Stem Cell Transplantation: 
Part III Prevention and Treatment of Relapse after Allogeneic 
Transplantation. Biol Blood Marrow Transpl. 2014;20(1):4–13.

	 3.	 Bazarbachi A, Schmid C, Labopin M, Beelen D, Wolfgang Blau 
I, Potter V, et al. Evaluation of trends and prognosis over time in 
patients with aml relapsing after allogeneic hematopoietic cell 
transplant reveals improved survival for young patients in recent 
years. Clin Cancer Res. 2020;26(24):6475–82.

	 4.	 Schmid C, de Wreede L, van Biezen A, Finke J, Ehninger G, 
Ganser A, et al. Outcome after relapse of myelodysplastic syn-
drome and secondary acute myeloid leukemia following alloge-
neic stem cell transplantation: a retrospective registry analysis 
on 698 patients by the chronic malignancies working party of 
the european society of blood and marrow transplantation. Hae-
matologica. 2017;103(2):237–45.

	 5.	 Moukalled N, Kharfan-Dabaja M. What is the role of a second 
allogeneic hematopoietic cell transplant in relapsed acute mye-
loid leukemia? Bone Marrow Transplant. 2019;55(2):325–31.

	 6.	 Bullinger L, Döhner K, Döhner H. Genomics of acute 
myeloid leukemia diagnosis and pathways. J Clin Oncol. 
2017;35(9):934–46.

	 7.	 Schmid C, Labopin M, Nagler A, Niederwieser D, Castagna L, 
Tabrizi R, et al. Treatment, risk factors, and outcome of adults 
with relapsed AML after reduced intensity conditioning for allo-
geneic stem cell transplantation. Blood. 2012;119(6):1599–606.

	 8.	 Grimwade D, Freeman S. Defining minimal residual disease in 
acute myeloid leukemia: which platforms are ready for “prime 
time”? Blood. 2014;124(23):3345–55.

	 9.	 Rautenberg C, Germing U, Haas R, Kobbe G, Schroeder T. 
Relapse of acute myeloid leukemia after allogeneic stem cell 
transplantation: prevention, detection, and treatment. Int J Mol 
Sci. 2019;20(1):228.

	10.	 El-Cheikh J, Labopin M, Al-Chami F, Bazarbachi A, Angelucci E, 
Santarone S, et al. Effect of the thiotepa dose in the tbf condition-
ing regimen in patients undergoing allogeneic stem cell transplan-
tation for acute myeloid leukemia in complete remission: a report 
from the ebmt acute leukemia working party. Clin Lymphoma 
Myeloma Leuk. 2020;20(5):296–304.

	11.	 Deol A, Lum L. Role of donor lymphocyte infusions in relapsed 
hematological malignancies after stem cell transplantation revis-
ited. Cancer Treat Rev. 2010;36(7):528–38.

	12.	 Hassan C, Kester M, de Ru A, Hombrink P, Drijfhout J, Nijveen 
H, et al. The human leukocyte antigen–presented ligandome of b 
lymphocytes. Mol Cell Proteomics. 2013;12(7):1829–43.

	13.	 van Balen P, van Bergen C, van Luxemburg-Heijs S, de Klerk W, 
van Egmond E, Veld S, et al. CD4 Donor lymphocyte infusion can 
cause conversion of chimerism without gvhd by inducing immune 
responses targeting minor histocompatibility antigens in hla class 
II. Front Immunol. 2018;9:3016.

	14.	 Schmid C, Labopin M, Nagler A, Bornhäuser M, Finke J, Fas-
sas A, et al. Donor lymphocyte infusion in the treatment of first 
hematological relapse after allogeneic stem-cell transplantation in 
adults with acute myeloid leukemia: a retrospective risk factors 
analysis and comparison with other strategies by the ebmt acute 
leukemia working party. J Clin Oncol. 2007;25(31):4938–45.

	15.	 Schmid C, Labopin M, Nagler A, Niederwieser D, Castagna L, 
Tabrizi R, Stadler M, Kuball J, Cornelissen J, Vorlicek J, Socié 
G, Falda M, Vindeløv L, Ljungman P, Jackson G, Kröger N, 
Rank A, Polge E, Rocha V, Mohty M. Treatment, risk factors, 
and outcome of adults with relapsed AML after reduced inten-
sity conditioning for allogeneic stem cell transplantation. Blood. 
2012;119(6):1599–606.

	16.	 Shiobara S, Nakao S, Ueda M, Yamazaki H, Takahashi S, Asano 
S, et al. Donor leukocyte infusion for Japanese patients with 
relapsed leukemia after allogeneic bone marrow transplantation: 
lower incidence of acute graft-versus-host disease and improved 
outcome. Bone Marrow Transpl. 2000;26(7):769–74.

	17.	 Takami A, Yano S, Yokoyama H, Kuwatsuka Y, Yamaguchi T, 
Kanda Y, et al. Donor lymphocyte infusion for the treatment of 

https://doi.org/10.1007/s12185-022-03416-7


338	 F. Kreidieh et al.

1 3

relapsed acute myeloid leukemia after allogeneic hematopoietic 
stem cell transplantation: a retrospective analysis by the adult 
acute myeloid leukemia working group of the japan society for 
hematopoietic cell transplantation. Biol Blood Marrow Transpl. 
2014;20(11):1785–90.

	18.	 Bejanyan N, Weisdorf D, Logan B, Wang H, Devine S, de Lima 
M, et al. Survival of patients with acute myeloid leukemia relaps-
ing after allogeneic hematopoietic cell transplantation: a center 
for international blood and marrow transplant research study. Biol 
Blood Marrow Transpl. 2015;21(3):454–9.

	19.	 Naparstek E, Or R, Nagler A, Cividalli G, Engelhard D, Aker M, 
et al. T-cell-depleted allogeneic bone marrow transplantation for 
acute leukaemia using Campath-1 antibodies and post-transplant 
administration of donor’s peripheral blood lymphocytes for pre-
vention of relapse. Br J Haematol. 1995;89(3):506–15.

	20.	 de Lima M, Bonamino M, Vasconcelos Z, Colares M, Diamond 
H, Zalcberg I, et al. Prophylactic donor lymphocyte infusions after 
moderately ablative chemotherapy and stem cell transplantation 
for hematological malignancies: high remission rate among poor 
prognosis patients at the expense of graft-versus-host disease. 
Bone Marrow Transpl. 2001;27(1):73–8.

	21.	 Dey B, McAfee S, Colby C, Sackstein R, Saidman S, Tarbell N, 
et al. Impact of prophylactic donor leukocyte infusions on mixed 
chimerism, graft-versus-host disease, and antitumor response in 
patients with advanced hematologic malignancies treated with 
nonmyeloablative conditioning and allogeneic bone marrow trans-
plantation. Biol Blood Marrow Transpl. 2003;9(5):320–9.

	22.	 Dominietto A, Pozzi S, Miglino M, Albarracin F, Piaggio G, 
Bertolotti F, et al. Donor lymphocyte infusions for the treat-
ment of minimal residual disease in acute leukemia. Blood. 
2007;109(11):5063–4.

	23.	 Schmid C, Schleuning M, Ledderose G, Tischer J, Kolb H. sequen-
tial regimen of chemotherapy, reduced-intensity conditioning 
for allogeneic stem-cell transplantation, and prophylactic donor 
lymphocyte transfusion in high-risk acute myeloid leukemia and 
myelodysplastic syndrome. J Clin Oncol. 2005;23(24):5675–87.

	24.	 Liga M, Triantafyllou E, Tiniakou M, Lambropoulou P, Kara-
kantza M, Zoumbos N, et al. High alloreactivity of low-dose 
prophylactic donor lymphocyte infusion in patients with acute 
leukemia undergoing allogeneic hematopoietic cell transplanta-
tion with an alemtuzumab-containing conditioning regimen. Biol 
Blood Marrow Transpl. 2013;19(1):75–81.

	25.	 Solomon S, Sizemore C, Zhang X, Brown S, Holland H, Morris L, 
et al. Preemptive DLI without withdrawal of immunosuppression 
to promote complete donor T-cell chimerism results in favorable 
outcomes for high-risk older recipients of alemtuzumab-contain-
ing reduced-intensity unrelated donor allogeneic transplant: a pro-
spective phase II trial. Bone Marrow Transpl. 2014;49(5):616–21.

	26.	 Tan Y, Du K, Luo Y, Shi J, Cao L, Zheng Y, et al. Superiority of 
preemptive donor lymphocyte infusion based on minimal residual 
disease in acute leukemia patients after allogeneic hematopoietic 
stem cell transplantation. Transfusion. 2013;54(6):1493–500.

	27.	 Castagna L, Sarina B, Bramanti S, Perseghin P, Mariotti J, Mora-
bito L. Donor lymphocyte infusion after allogeneic stem cell 
transplantation. Transfus Apheres Sci. 2016;54(3):345–55.

	28.	 Scarisbrick J, Dignan F, Tulpule S, Gupta E, Kolade S, Shaw B, 
et al. A multicentre UK study of GVHD following DLI: Rates of 
GVHD are high but mortality from GVHD is infrequent. Bone 
Marrow Transpl. 2014;50(1):62–7.

	29.	 Frey N, Porter D. Graft-versus-host disease after donor leukocyte 
infusions: presentation and management. Best Pract Res Clin Hae-
matol. 2008;21(2):205–22.

	30.	 Collins R, Shpilberg O, Drobyski W, Porter D, Giralt S, Champlin 
R, et al. Donor leukocyte infusions in 140 patients with relapsed 

malignancy after allogeneic bone marrow transplantation. J Clin 
Oncol. 1997;15(2):433–44.

	31.	 Soiffer R, Alyea E, Hochberg E, Wu C, Canning C, Parikh B, et al. 
Randomized trial of CD8+ T-cell depletion in the prevention of 
graft-versus-host disease associated with donor lymphocyte infu-
sion. Biol Blood Marrow Transpl. 2002;8(11):625–32.

	32.	 Christopeit M, Kuss O, Finke J, Bacher U, Beelen D, Bornhäuser 
M, et al. Second allograft for hematologic relapse of acute leu-
kemia after first allogeneic stem-cell transplantation from related 
and unrelated donors: the role of donor change. J Clin Oncol. 
2013;31(26):3259–71.

	33.	 Kharfan-Dabaja M, Labopin M, Polge E, Nishihori T, Bazarbachi 
A, Finke J, et al. Association of second allogeneic hematopoietic 
cell transplant vs donor lymphocyte infusion with overall survival 
in patients with acute myeloid leukemia relapse. JAMA Oncol. 
2018;4(9):1245–53.

	34.	 Yanada M, Konuma T, Yamasaki S, Kondo T, Fukuda T, Shin-
gai N, Sawa M, Ozawa Y, Tanaka M, Uchida N, Nakamae H. 
Relapse of acute myeloid leukemia after allogeneic hematopoietic 
cell transplantation: clinical features and outcomes. Bone Marrow 
Transpl. 2021;56(5):1126–33.

	35.	 Tischer J, Engel N, Fritsch S, Prevalsek D, Hubmann M, 
Schulz C, et al. Second haematopoietic SCT using HLA-hap-
loidentical donors in patients with relapse of acute leukaemia 
after a first allogeneic transplantation. Bone Marrow Transpl. 
2014;49(7):895–901.

	36.	 Christopoulos P, Schmoor C, Waterhouse M, Marks R, Wäsch R, 
Bertz H, et al. Reduced-intensity conditioning with fludarabine 
and thiotepa for second allogeneic transplantation of relapsed 
patients with AML. Bone Marrow Transpl. 2013;48(7):901–7.

	37.	 Pawson R, Potter M, Theocharous P, Lawler M, Garg M, Yin 
J, et  al. Treatment of relapse after allogeneic bone marrow 
transplantation with reduced intensity conditioning (FLAG ± 
Ida) and second allogeneic stem cell transplant. Br J Haematol. 
2001;115(3):622–9.

	38.	 Orti G, Sanz J, Bermudez A, Caballero D, Martinez C, Sierra 
J, et al. Outcome of second allogeneic hematopoietic cell trans-
plantation after relapse of myeloid malignancies following allo-
geneic hematopoietic cell transplantation: a retrospective cohort 
on behalf of the grupo español de trasplante hematopoyetico. Biol 
Blood Marrow Transplant. 2016;22(3):584–8.

	39.	 Schneidawind C, Hagmaier V, Faul C, Kanz L, Bethge W, Schnei-
dawind D. Second allogeneic hematopoietic cell transplantation 
enables long-term disease-free survival in relapsed acute leuke-
mia. Ann Hematol. 2018;97(12):2491–500.

	40.	 Eapen M, Giralt S, Horowitz M, Klein J, Wagner J, Zhang M, 
et al. Second transplant for acute and chronic leukemia relapsing 
after first HLA-identical sibling transplant. Bone Marrow Transpl. 
2004;34(8):721–7.

	41.	 Ruutu T, de Wreede L, van Biezen A, Brand R, Mohty M, Dreger 
P, et al. Second allogeneic transplantation for relapse of malignant 
disease: retrospective analysis of outcome and predictive factors 
by the EBMT. Bone Marrow Transpl. 2015;50(12):1542–50.

	42.	 Shaw B, Mufti G, Mackinnon S, Cavenagh J, Pearce R, Towlson 
K, et al. Outcome of second allogeneic transplants using reduced-
intensity conditioning following relapse of haematological malig-
nancy after an initial allogeneic transplant. Bone Marrow Transpl. 
2008;42(12):783–9.

	43.	 Kansagra A, Frey N, Bar M, Laetsch T, Carpenter P, Savani B, 
et al. Clinical utilization of chimeric antigen receptor T cells in 
B cell acute lymphoblastic leukemia: an expert opinion from the 
european society for blood and marrow transplantation and the 
american society for transplantation and cellular therapy. Biol 
Blood Marrow Transpl. 2019;25(3):e76–85.



339Relapse after allogeneic hematopoietic stem cell transplantation in acute myeloid leukemia:…

1 3

	44.	 Jetani H, Garcia-Cadenas I, Nerreter T, Thomas S, Rydzek J, 
Meijide J, et al. CAR T-cells targeting FLT3 have potent activity 
against FLT3−ITD+ AML and act synergistically with the FLT3-
inhibitor crenolanib. Leukemia. 2018;32(5):1168–79.

	45.	 Fan M, Li M, Gao L, Geng S, Wang J, Wang Y, et al. Chimeric 
antigen receptors for adoptive T cell therapy in acute myeloid 
leukemia. J of Hematol Oncol. 2017;10(1):151.

	46.	 Boileau M, Shirinian M, Gayden T, Harutyunyan A, Chen C, 
Mikael L, et al. Mutant H3 histones drive human pre-leuke-
mic hematopoietic stem cell expansion and promote leukemic 
aggressiveness. Nat Commun. 2019. https://​doi.​org/​10.​1038/​
s41467-​019-​10705-z.

	47.	 Amatangelo M, Quek L, Shih A, Stein E, Roshal M, David M, 
et al. Enasidenib induces acute myeloid leukemia cell differentia-
tion to promote clinical response. Blood. 2017;130(6):732–41.

	48.	 DiNardo CD, Stein EM, de Botton S, Roboz GJ, Altman 
JK, Mims AS, et  al. Durable remissions with Ivosidenib 
inidh1-mutated relapsed or refractory AML. N Engl J Med. 
2018;378(25):2386–98.

	49.	 DiNardo C, Stein E. SOHO state of the art update and next ques-
tions: idh therapeutic targeting in AML. Clin Lymphoma Mye-
loma Leuk. 2018;18(12):769–72.

	50.	 Fiehn O, Showalter M, Schaner-Tooley C. Registered report The 
common feature of leukemia-associated IDH1 and IDH2 muta-
tions is a neomorphic enzyme activity converting alpha-ketoglu-
tarate to 2-hydroxyglutarate. Elife. 2016. https://​doi.​org/​10.​7554/​
eLife.​12626.

	51.	 Bazarbachi AH, Al Hamed R, Malard F, Mohty M, Bazarbachi A. 
Allogeneic transplant for flt3-itd mutated AML: A focus on flt3 
inhibitors before, during, and after transplant. Ther Adv Hematol. 
2019;10:204062071988266.

	52.	 Bazarbachi A, Labopin M, Battipaglia G, Djabali A, Forcade 
E, Arcese W, et al. Allogeneic stem cell transplantation for flt3-
mutated acute myeloid leukemia: in vivo T-cell depletion and 
posttransplant sorafenib maintenance improve survival a retro-
spective acute leukemia working party-european society for blood 
and marrow transplant study. Clin Hematol Int. 2019;1(1):58–74.

	53.	 Stein E. Enasidenib, a targeted inhibitor of mutant IDH2 proteins 
for treatment of relapsed or refractory acute myeloid leukemia. 
Future Oncol. 2018;14(1):23–40.

	54.	 Kantarjian H, Thomas X, Dmoszynska A, Wierzbowska A, Mazur 
G, Mayer J, et al. Multicenter, randomized, open-label, phase iii 
trial of decitabine versus patient choice, with physician advice, 
of either supportive care or low-dose cytarabine for the treatment 
of older patients with newly diagnosed acute myeloid leukemia. J 
Clin Oncol. 2012;30(21):2670–7.

	55.	 Dombret H, Seymour J, Butrym A, Wierzbowska A, Selleslag D, 
Jang J, et al. International phase 3 study of azacitidine vs conven-
tional care regimens in older patients with newly diagnosed AML 
with>30% blasts. Blood. 2015;126(3):291–9.

	56.	 Atanackovic D, Luetkens T, Kloth B, Fuchs G, Cao Y, Hilde-
brandt Y, et al. Cancer-testis antigen expression and its epige-
netic modulation in acute myeloid leukemia. Am J Hematol. 
2011;86(11):918–22.

	57.	 Chiappinelli K, Strissel P, Desrichard A, Li H, Henke C, Akman 
B, et al. Inhibiting DNA methylation causes an interferon response 
in cancer via dsrna including endogenous retroviruses. Cell. 
2015;162(5):974–86.

	58.	 Goodyear O, Dennis M, Jilani N, Loke J, Siddique S, Ryan G, 
et al. Azacitidine augments expansion of regulatory T cells after 
allogeneic stem cell transplantation in patients with acute myeloid 
leukemia (AML). Blood. 2012;119(14):3361–9.

	59.	 Schroeder T, Fröbel J, Cadeddu R, Czibere A, Dienst A, Platz-
becker U, et al. Salvage therapy with azacitidine increases regu-
latory T cells in peripheral blood of patients with AML or MDS 

and early relapse after allogeneic blood stem cell transplantation. 
Leukemia. 2013;27(9):1910–3.

	60.	 Jabbour E, Giralt S, Kantarjian H, Garcia-Manero G, Jagasia 
M, Kebriaei P, et  al. Low-dose azacitidine after alloge-
neic stem cell transplantation for acute leukemia. Cancer. 
2009;115(9):1899–905.

	61.	 de Lima M, Giralt S, Thall P, de Padua SL, Jones R, Komanduri 
K, et al. Maintenance therapy with low-dose azacitidine after 
allogeneic hematopoietic stem cell transplantation for recurrent 
acute myelogenous leukemia or myelodysplastic syndrome. Can-
cer. 2010;116(23):5420–31.

	62.	 Craddock C, Jilani N, Siddique S, Yap C, Khan J, Nagra S, et al. 
Tolerability and clinical activity of post-transplantation azaciti-
dine in patients allografted for acute myeloid leukemia treated on 
the ricaza trial. Biol Blood Marrow Transpl. 2016;22(2):385–90.

	63.	 Platzbecker U, Wermke M, Radke J, Oelschlaegel U, Seltmann 
F, Kiani A, et al. Azacitidine for treatment of imminent relapse 
in MDS or AML patients after allogeneic HSCT: results of the 
RELAZA trial. Leukemia. 2011;26(3):381–9.

	64.	 Platzbecker U, Middeke J, Sockel K, Herbst R, Wolf D, Bal-
dus C, et  al. Measurable residual disease-guided treatment 
with azacitidine to prevent haematological relapse in patients 
with myelodysplastic syndrome and acute myeloid leukaemia 
(RELAZA2): an open-label, multicentre, phase 2 trial. Lancet 
Oncol. 2018;19(12):1668–79.

	65.	 El-Cheikh J, Massoud R, Fares E, Kreidieh N, Mahfouz R, 
Charafeddine M, et al. Low-dose 5-azacytidine as preventive 
therapy for relapse of AML and MDS following allogeneic HCT. 
Bone Marrow Transpl. 2017;52(6):918–21.

	66.	 Oran B, De Lima M, Garcia-Manero G, et al. A phase 3 rand-
omized study of 5-azacitidine maintenance vs observation after 
transplant in high-risk AML and MDS patients. Blood Adv. 
2020;4(21):5580–8.

	67.	 Gao L, Zhang Y, Wang S, Kong P, Su Y, Hu J, et al. Effect of 
rhG-csf combined with decitabine prophylaxis on relapse of 
patients with high-risk mrd-negative aml after hsct: an open-
label, multicenter, randomized controlled trial. J Clin Oncol. 
2020;38(36):4249–59.

	68.	 Maples K, Sabo R, McCarty J, Toor A, Hawks K. Maintenance 
azacitidine after myeloablative allogeneic hematopoietic cell 
transplantation for myeloid malignancies. Leuk Lymphoma. 
2018;59(12):2836–41.

	69.	 de Lima M, Oran B, Champlin R, Papadopoulos E, Giralt S, Scott 
B, et al. CC-486 maintenance after stem cell transplantation in 
patients with acute myeloid leukemia or myelodysplastic syn-
dromes. Biol Blood Marrow Transpl. 2018;24(10):2017–24.

	70.	 DiNardo C, Jonas B, Pullarkat V, Thirman M, Garcia J, Wei A, 
et al. Azacitidine and venetoclax in previously untreated acute 
myeloid leukemia. N Engl J Med. 2020;383(7):617–29.

	71.	 Wei A, Strickland S, Hou J, Fiedler W, Lin T, Walter R, et al. 
Venetoclax with low-dose cytarabine induces rapid, deep, and 
durable responses in previously untreated older adults with aml 
ineligible for intensive chemotherapy. Blood. 2018;132(Supple-
ment 1):284–284.

	72.	 DiNardo C, Pratz K, Pullarkat V, Jonas B, Arellano M, Becker 
P, et al. Venetoclax combined with decitabine or azacitidine in 
treatment-naive, elderly patients with acute myeloid leukemia. 
Blood. 2019;133(1):7–17.

	73.	 Kent A, Pollyea D, Winters A, Jordan C, Smith C, Gutman J. 
Venetoclax Is safe and tolerable as post-transplant mainte-
nance therapy for aml patients at high risk for relapse. Blood. 
2020;136(Supplement 1):11–2.

	74.	 Zucenka A, Vaitekenaite V, Maneikis K, Davainis L, Pileckyte 
R, Trociukas I, et al. Venetoclax-based salvage therapy followed 
by Venetoclax and DLI maintenance vs FLAG-Ida for relapsed 

https://doi.org/10.1038/s41467-019-10705-z
https://doi.org/10.1038/s41467-019-10705-z
https://doi.org/10.7554/eLife.12626
https://doi.org/10.7554/eLife.12626


340	 F. Kreidieh et al.

1 3

or refractory acute myeloid leukemia after allogeneic stem cell 
transplantation. Bone Marrow Transpl. 2021;56(11):2804–12.

	75.	 Abou Dalle I, Bazarbachi A. Successful venetoclax and Actino-
mycin D-based treatment for relapsed acute myeloid leukemia 
post allogeneic hematopoietic cell transplantation. Bone Marrow 
Transpl. 2021;56(11):2626–7.

	76.	 Culos K, Byrne M. Salvage therapy after allogeneic hematopoietic 
cell transplantation: targeted and low-intensity treatment options 
in myelodysplastic syndrome and acute myeloid Leukemia. Clin 
Hematol Int. 2019;1(2):94–100.

	77.	 Bazarbachi A, Bug G, Baron F, Brissot E, Ciceri F, Dalle IA, 
et  al. Clinical practice recommendation on hematopoietic 
stem cell transplantation for acute myeloid leukemia patients 

with flt3-internal tandem duplication: a position statement 
from the acute leukemia working party of the european soci-
ety for blood and marrow transplantation. Haematologica. 
2020;105(6):1507–16.

	78.	 Antar A, Otrock Z, Jabbour E, Mohty M, Bazarbachi A. FLT3 
inhibitors in acute myeloid leukemia: ten frequently asked ques-
tions. Leukemia. 2020;34(3):682–96.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Relapse after allogeneic hematopoietic stem cell transplantation in acute myeloid leukemia: an overview of prevention and treatment
	Abstract
	Introduction
	Cell-based Therapy: Donor Lymphocyte Infusion (DLI)
	Therapeutic DLI

	Prophylactic or pre-emptive DLI
	Complications of DLI
	Cell-based therapy: second hematopoietic stem cell transplant
	Other cell-based therapy options
	Pharmacologic-based Therapy
	Isocitrate dehydrogenase (IDH) inhibitors

	Hypomethylating agents
	Venetoclax

	Conclusions
	References




