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Abstract

:

While the majority of patients with acute myeloid leukemia (AML) are above the age of 65 years at diagnosis, the outcome of older AML patients remains disappointing. Even if standard intensive chemotherapy induces morphologic complete remission (CR1), relapses in older AML patients are common leading to poor long-term survival outcomes. Since autologous hematopoietic stem cell transplantation (HCT) offers distinct anti-leukemic effectiveness while avoiding graft-versus-host disease associated with allogeneic transplantation, it represents an option for consolidation treatment in selected older AML patients. However, prospective studies in older AML patients assessing the benefit of autologous HCT compared to chemotherapy consolidation or allogeneic transplantation are lacking. Consequently, clinicians face the dilemma that there is considerable ambiguity on the most appropriate consolidation treatment for older AML patients in CR1. This review highlights the possible role of autologous HCT for consolidation in older AML patients reaching CR1 after induction treatment.
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1. Introduction


Acute myeloid leukemia (AML) is predominantly diagnosed in older patients with a median age of 67 years [1]. The outcome of older AML patients remains disappointing mainly due to the overrepresentation of adverse prognostic factors and to comorbidities limiting the tolerance of intensive chemotherapy [2]. Even if two cycles of standard intensive chemotherapy treatment can induce complete remission (CR1) rates in up to 60% in older AML patients, relapses are common leading to 2-year survival rates of only around 20% [3]. Since relapses emerge from residual leukemic cells escaping standard chemotherapy, intensification of AML treatment appears as a rational strategy. Consequently, therapeutic options to prevent relapse in younger AML patients comprise additional conventional chemotherapy, allogeneic or autologous hematopoietic stem and progenitor cell transplantation (HCT), whereas in older patients, chemotherapy consolidation, allogeneic transplantation or maintenance strategies are applied [2]. However, it seems safe to add that poor general condition after completion of intensive induction treatment can exclude older AML patients in first complete remission (CR1) from receiving any consolidation treatment at all.



Autologous HCT has become a therapeutic option for first-line consolidation in younger adults with AML with good and intermediate risk features [4]. It offers distinct anti-leukemic effectiveness, and it prolongs survival similar to allogeneic transplantation while avoiding morbidity and mortality of graft-versus-host disease associated with allogeneic HCT [5,6]. However, similar prospective studies in older AML patients assessing the benefit of autologous HCT compared to chemotherapy consolidation or allogeneic transplantation are lacking. Consequently, clinicians face the dilemma that there is considerable ambiguity on the most appropriate consolidation treatment for older AML patients. This review intends to highlight the possible role of autologous HCT for consolidation of first remission in older AML patients and the need for randomized data to provide a rational for proposing autologous HCT to such patients.




2. Is Autologous Hematopoietic Cell Transplantation Safe in Older AML Patients?


A number of retrospective, mostly single-center studies, have reported their experiences with autologous HCT in older AML patients with predominantly promising results, albeit inevitably in a selected patient population [7,8,9,10]. Acknowledging the selection bias of these studies, moderate toxicity and a low rate of transplant-related mortality were the consistent findings, while relapse remained the major cause of treatment failure after autologous HCT irrespective of age.



Noteworthy, the concept of an older AML patient was widely differing among the available reports. Whereas earlier studies identified such patients as being older than 50 years [7], recent studies defined them as older than 60 years [10]. A single analysis investigated the benefit and tolerance of autologous HCT specifically in AML patients older than 65 years in CR1 [11]. AML patients above 65 years receiving consolidation treatment with autologous HCT had longer progression-free (PFS; median 16.3 versus 5.1 months) and overall survival (OS; median not reached versus 8.2 months) compared to patients of the same age group without autologous HCT consolidation [11]. Importantly, older patients with autologous HCT had comparable PFS and OS as AML patients younger than 65 years consolidated with autologous HCT in CR1 [11]. These data suggest that autologous HCT is an option in some older AML patients, which appear to benefit from this approach similarly to younger patients.



For this review, we retrospectively analyzed all consecutive adult AML patients undergoing autologous HCT in CR1 after two cycles of induction chemotherapy between January 2004 and June 2018 at a single academic institution (University Hospital of Bern, Switzerland). Clinical characteristics of these 148 patients are summarized in Table 1. We analyzed the patients according to age cohorts, with 103 AML patients below 60 years at autologous HCT, 27 patients between 60 and 64 years, and 18 patients older than 64 years. We found no treatment-related mortality (TRM) until 100 days after autologous HCT in the group of AML patients above 64 years and in the group of patients between 60 and 64 years, and it was 1% (1/103 pts.) in patients below 60 years. Also, duration of hospitalization was similar in the three groups (24 days; 25 days, and 23 days, respectively), and we observed no differences in organ toxicities, number of febrile episodes, or number of positive blood cultures during neutropenia. The intervals from diagnosis to autologous HCT were similar in the three age groups (median 123, 118, and 106 days, respectively). These data suggest that autologous HCT is feasible and safe in selected older AML patients for consolidation treatment in CR1.




3. Are Results after Autologous Hematopoietic Cell Transplantation in Older AML Patients Comparable to Younger Patients?


Only limited data are available assessing differences in tolerance and outcome between younger and older AML patients undergoing autologous HCT consolidation in CR1 after induction treatment. In our single-center cohort introduced above comprising 148 consecutive AML patients consolidated in CR1 with autologous HCT, we observed a median PFS of 30 months and a median OS of 54 months for the entire cohort (Figure 1). Subsequently, we compared the three age cohorts of patients below 60 years at autologous HCT, patients between 60 and 64 years, and patients older than 64 years. We observed no differences in the PFS and OS between the three age cohorts. We identified a single treatment-related death (in a patient in the below 60 years group), and all other early deaths (1 patient, 1%; 4, 16%; and 1; 6%) within 100 days after autologous HCT were due to early progression of AML.



Given the comparable survival rates in younger and older AML patients in our cohort, these data challenge earlier observations of longer PFS and OS in patients younger than 50 years compared to older patients [7,8]. Moreover, our data suggest that some AML patients older than 64 years can tolerate autologous HCT in CR1 and may equally benefit from such treatment as younger AML patients. An obvious limitation of such an analysis is the retrospective, single-center and non-randomized design inevitably leading to a selection bias. Accordingly, physicians may have tended to offer autologous HCT more likely to patients with favorable risk features, good tolerance of induction treatment, and achievement of early remission (already after one induction cycle). However, a thoughtful selection process of AML patients consolidated with autologous HCT is crucial to avoid exposing those patients at the risk of myeloablative chemotherapy who may not benefit from such treatment [10].




4. How Does Consolidation with Autologous Hematopoietic Cell Transplantation Compare to No Consolidation in Older AML Patients?


A prospective comparison between older AML patients in CR1 after induction treatment receiving autologous HCT for consolidation and patients without any consolidation at all is lacking so far. Consequently, recommendations rely on retrospective comparative series with relevant selection bias precluding definite conclusions. In a previous report of AML patients treated at our center, we found that patients ≥65 years with autologous HCT consolidation achieved significantly longer PFS (median 16.3 versus 5.1 months; p = 0.0166) and OS (median not reached versus 8.2 months; p = 0.0255) compared to patients of this age cohort without any consolidation at all [11]. Twenty-four months after achievement of CR1, PFS rates were higher with 48.2% in the autologous HCT group as compared to 15.6% in the non-consolidation group, and OS was 60.6% in the autologous HCT group, but only 29.8% in patients without consolidation. Early mortality for any cause in the first 100 days after achievement of CR1 was 6.0% in the autologous HCT group and 20.8% in patients without consolidation, and the overall relapse rates were 43.8% compared to 66.6%. A randomized comparison between autologous HCT and no consolidation is missing so far, but it seems unlikely that any larger collaborative group will answer this question in older AML patients in the near future. However, single center reports suggest that autologous HCT may be beneficial to selected older AML patients compared to no consolidation at all.




5. Is Consolidation of First Remission with Autologous Hematopoietic Cell Transplantation Superior to Intensive Chemotherapy in Older AML Patients?


Compared to chemotherapy consolidation such as with mitoxantrone and etoposide in the HOVON/SAKK tradition, autologous HCT provides timely hematologic recovery, thereby reducing the probability of infectious or hemorrhagic complications [4,5,6,7,8,9,10,11]. In AML patients up to 60 years, the HOVON/SAKK leukemia groups have randomized patients for either autologous HCT (n = 258) or chemotherapy consolidation (n = 259) [4]. The relapse rate was significantly lower in the autologous HCT group (58% versus 70%; p = 0.02), with a non-relapse mortality rate of only 4% in the autologous HCT group in this multi-center international trial. The leukemia-free survival (LFS) rates at five years were 38% versus 29%, and the OS rates were 44% versus 41% for the autologous HCT versus chemotherapy consolidation cohorts. Remarkably, 91% of the patients assigned to autologous HCT actually received the transplantation. More recently, the HOVON/SAKK groups [12] compared AML patients consolidated in CR1 with allogeneic HCT (n = 337), chemotherapy (n = 271), or autologous HCT (n = 152). The autologous HCT group had better OS than the chemotherapy group (5-year OS: 54.3% vs. 40.3%, respectively; p = 0.02), and the relapse rate was lower (p = 0.003). In summary, these data obtained in patients less than 60 years suggest an advantage for autologous HCT, compared with chemotherapy for consolidation, in terms of relapse rate.



However, similar prospective data are lacking in AML patients older than 60 years. In the absence of randomized studies, available retrospective data suggest that autologous HCT in selected older AML patients is not increasing TRM. Moreover, older patients appear to benefit from the anti-leukemic effect of autologous HCT similarly to younger AML patients. Finally, one must acknowledge the higher proportion of patients with unfavorable-risk features in the older age cohort, and such patients primarily remain candidates for allogeneic transplantation.




6. Is Consolidation of First Remission with Autologous Hematopoietic Cell Transplantation Inferior to Allogeneic Transplantation in Older AML Patients?


Due to the graft-versus-leukemia (GvL) effect, allogeneic HCT provides the most potent anti-leukemic treatment. If severe toxicity and TRM of this procedure would be below 5%, every patient with AML would be a candidate for this strategy. However, high TRM and significant decrease in quality of life due to graft-versus-host disease (GvHD) continue to limit this modality to instances in which the relapse-free benefit by far overcomes the treatment non-relapse toxicity.



Autologous HCT does not have the advantage of significant GVL. Consequently, relapse is the leading risk of this treatment. Importantly, however, TRM after autologous HCT is low and there is no GvHD. An increasing number of reports propose that AML patients up to the age of 75 years can safely receive myeloablative chemotherapy supported by autologous or allogeneic transplantation [11,13,14,15]. Allocation of one versus the other of these two options in younger AML patients considers donor availability, disease-related risk assessment, comorbidities and patient’s preference. Whereas centers may offer autologous HCT to good-risk or to MRD (minimal residual disease)-negative intermediate-risk AML patients in CR1, allogeneic transplantation remains the preferred option for patients with adverse-risk or MRD-positive intermediate-risk AML. Similarly, older patients with high-risk AML in CR1 may benefit from this consolidation algorithm because of both the increasing use of reduced-intensity conditioning regimens and increasing donor availability including HLA-matched unrelated donors and, more recently, HLA-haplotype-matched relatives [13]. In fact, recent studies applying these concepts have shown little impact of age, even if this probably reflects selection bias [14,15]. However, randomized trials comparing allogeneic and autologous transplant for consolidation in older AML patients in CR1 remain an unmet need.



In AML patients up to 60 years, the HOVON/SAKK leukemia groups demonstrated [12] that allogeneic HCT compared with autologous HCT results in a lower risk of relapse (p < 0.001), higher TRM (p < 0.001), and similar OS (p = 0.19). The EBMT compared, retrospectively, the results of three different HCT approaches in CR1: autologous HCT (n = 1202), allogeneic HCT from matched unrelated donor (MUD) 10/10 (n = 1302), and allogeneic HCT from mismatched unrelated donor (misUD) 9/10 (n = 375) [16]. The OS was similar across the groups of MUD versus autologous HCT (p = 0.84), and misUD versus autologous HCT (p = 0.49). Similarly, a retrospective study based on the Japanese HCT registry compared autologous HCT (n = 375) with allogeneic HCT from sibling donor [17], with the allogeneic HCT group divided according to the stem cell origin: bone marrow (n = 521) versus peripheral blood (n = 380). In the multivariate analysis, the OS of autologous HCT versus allogeneic HCT was not statistically different in both allogeneic HCT groups.



Consistently in these studies, the relapse rate was higher for autologous HCT versus allogeneic HCT, but the TRM was lower. Thus, when an older AML patient considered fit for induction treatment has achieved CR1, the debate will be whether to propose autologous or allogeneic HCT. No prospective trial in older AML patients has dealt with this question, and the available retrospective data are limited. This is even truer in older AML patients with no available donor necessitating the evaluation of alternative donors. The EBMT retrospectively compared the results of autologous HCT and haplo-identical allogeneic HCT in AML patients [18]. When patients with intermediate-risk cytogenetics in CR1 who underwent autologous HCT (n = 116) were compared with those who underwent haplo-identical allogeneic HCT (n = 50), the autologous cohort showed a higher relapse incidence (47% versus 25%; p = 0.002), much lower NRM (2% versus 28%; p < 0.00001), and better OS (71% versus 58%; p = 0.03). In summary, retrospective registry studies indicate that autologous HCT is at least as good as allogeneic HCT from alternative donors in terms of OS, but this issue awaits further clarification in prospective studies.




7. Does Molecular and Cytogenetic Risk Stratification Change the above Conclusions?


There is a consensus that young AML patients with adverse risk features should undergo allogeneic HCT in CR1 whereas favorable risk AML patients in CR1 preferably should have chemotherapy consolidation or, alternatively, autologous HCT. In addition, the SAKK/HOVON leukemia groups [12] assessed the outcome of these treatment options in the ELN intermediate risk group. They reported that autologous HCT was resulting in superior leukemia free survival (p = 0.048) and OS (p = 0.058) compared to chemotherapy consolidation, whereas allogeneic HCT was associated with improved leukemia free survival (p = 0.011), but not OS (p = 0.10). A retrospective EBMT cohort study [18] found similar OS for the three groups autologous HCT, allogeneic HCT with a matched unrelated donor (MUD) and mismatched unrelated donor (misUD). However, OS was worse in the intermediate risk group for misUD (misUD versus autologous HCT; p = 0.049), whereas it did not differ significantly between autologous HCT and MUD (p = 0.9). The comparison between a subgroup of intermediate risk AML with normal karyotype and wild-type FLT3 and NPM1 indicated again no difference in OS between autologous HCT and MUD (p = 0.88) [19]. Finally, the Italian GITMO group [20] summarized, retrospectively, their experience of autologous HCT in 809 AML patients, according to cytogenetic risk groups. The (extraordinary) 2-year OS rates were 79.7%, 63.4% and 59.8% in good, intermediate, and bad risk AML patients, respectively. In conclusion, there is a similar OS after autologous HCT and allogeneic HCT in intermediate risk AML patients in CR1, with the notable exception of misUD being worse than autologous HCT.



For older AML patients, there is a complete lack of randomized prospective data based on cytogenetic and/or molecular risk groups. All current recommendations rely on reports in young fit AML patients suggesting that there is an unmet need to test these recommendations in older patients. However, the use of biomarkers like minimal residual disease (MRD) may have a different application in older AML patients as compared to young AML; accordingly, the simple translation of one to another is problematic and needs prospective clarification [1,2,19].




8. Are Autologous Stem Cells more Difficult to Collect in Older AML Patients?


A prerequisite of autologous HCT after confirmed achievement of CR1 is the collection of a sufficient number of autologous stem cells usually obtained following hematologic recovery after the second induction cycle. Differences between younger and older AML patients in the success rates to mobilize CD34+ hematopoietic stem and progenitor cells are widely missing. In a retrospective analysis including 40 patients, Ferrara et al. demonstrated similar CD34+ yield and successful mobilization rates in a limited series of patients above and below 60 years, and they concluded that age does not significantly affect mobilization and collection of peripheral stem cells [21]. However, others have reported reduced proliferative potential of stem cells in older stem cell donors [22].



The predominant use of peripheral blood as the source of autologous stem cells (PBSC) has fueled the interest in predictive parameters associated with the mobilization procedure and the successful engraftment after re-transfusion of PBSC. Compared with stem cells obtained from bone marrow sampling, the use of PBSC is associated with faster recovery of neutrophils and platelets, shorter hospitalization, reduced need of blood transfusions and fewer days of intravenous antibiotics, whereas survival outcomes do not differ [23,24,25]. Interestingly, a high total CD34+ cell count harvested in a single-day apheresis or a high percentage of CD34+ cells in an apheretic harvest represent negative prognostic factors for autologous HCT in AML patients in CR1 [23]. Others and we have shown that high numbers of peripheral circulating CD34+ cells at PBSC collection are associated with a higher relapse risk, whereas delayed hematologic recovery after autologous HCT is associated with better PFS and OS [6,24,25,26,27]. Thus, a decreased mobilization potential after induction chemotherapy in AML patients may hamper a successful stem cell collection, but it indicates a favorable course of the disease most likely reflecting the effectiveness of the preceding chemotherapy against leukemic, and normal, hematopoietic stem cells [6,26,27,28]. This concept is in remarkable contrast to myeloma patients undergoing HDCT with autologous HCT [6,26,27,28,29,30].



Based on the considerations above, one might conclude that favorable or intermediate risk AML patients, who failed to mobilize a sufficient number of peripheral blood stem cells, might draw similar (or even particular) benefit from autologous HCT consolidation. However, the number of AML patients failing collection of autologous stem cells is poorly studied. We previously reported in a retrospective study of uniformly treated consecutive AML patients in CR1 a 19% rate of mobilization failure in those patients in whom we effectively initiated G-CSF stimulation after two cycles of induction treatment in order to initiate subsequent PBSC collection [31].



Risk factors for poor mobilization in AML patients involve increasing patient age mediating stem cell senescence, loss or dysfunction of the stem cell niche, and altered bone metabolism [32]. Specific AML subtypes may be associated with paraneoplastic niche dysfunction or simply loss of niche due to leukemia infiltration. Prior chemotherapy (or extensive radiotherapy) may exert direct hematopoietic stem cell toxicity or niche damage, and prior use of lenalidomide may lead to reduced stem cell motility and niche dysfunction related to antiangiogenic effects [32]. Finally, there is a subset of constitutive poor mobilizer patients defined by genetic polymorphisms in untranslated regulatory regions of genes encoding GCSFR, adhesion molecules (VCAM-1, CD44), and chemokines (SDF-1), which are all involved in regulating trafficking of hematopoietic stem cells [33,34].




9. How to Proceed with Older AML Patients Failing Peripheral Stem Cell Mobilization?


Collaborative groups or single centers usually aim at collecting hematopoietic CD34+ stem and progenitor cells (PBSC) following hematologic recovery from neutropenia after induction chemotherapy. However, few studies have investigated mobilization failure rates in AML patients in CR1, and the rate of AML patients failing the collection of a sufficient number of CD34+ cells is unknown. We have studied 85 AML patients with morphologic CR achieved after the first cycle of induction treatment (early CR1) [31]. Sixty-nine of these eighty-five patients (81%) achieved PBSC mobilization allowing the collection of at least 2.0 × 106 CD34+ cells/kg, whereas PBSC mobilization was insufficient in 16 patients (19%). Thus, the mobilization failure (MF) rate appears to be higher in AML as compared to myeloma or lymphoma patients.



Characteristics of AML patients with MF remain to be elucidated. In our small series of 16 MF patients reported above, these patients had higher numbers of platelets at diagnosis (median 109 versus 63 G/L; p = 0.0074), and normal karyotype patients with mutated NPM1 and wild-type FLT3 were more common in the MF group (37.5% versus 14.5%; p = 0.0148) [31].



A rescue strategy for AML patients with MF is harvesting stem cells from the bone marrow, with all the inconveniences associated with this procedure. The alternative use of the CXCR4 antagonist plerixafor in this condition is problematic given the potent mobilization of residual leukemic stem cells associated with its use in AML patients [35]. Thus, mobilization failure in AML patients remains a unique and poorly studied issue [32].



We previously explored the potential of the cytotoxic compound vinorelbine together with G-CSF as a remobilization procedure in AML patients in first remission who experienced MF after standard induction chemotherapy [31]. In myeloma and lymphoma patients, we have established the intravenous use of a single application of 35 mg/m2 of vinorelbine together with G-CSF as a fully ambulatory mobilization procedure allowing highly predictable collection of a sufficient number of PBSC at day 8 [36,37,38]. In a series of 16 consecutive AML patients in CR1 with previous MF, we reported that more than half of the patients with mobilization failure achieved sufficient PBSC collection after a second attempt with vinorelbine/G-CSF allowing such patients to proceed to autologous HCT [31]. We observed no differences in the hematologic recovery in patients with successful remobilization compared to patients with conventional (successful) collection after induction treatment. In addition, PFS and OS did not differ between both mobilization groups suggesting that such patients equally benefit from autologous HCT as consolidation. The main side effect of vinorelbine is neurotoxicity, which is an issue in myeloma patients with bortezomib-mediated peripheral neuropathy [39,40]. Vinorelbine has activity in vitro against leukemic cells, and single-agent activity was reported in the treatment of acute leukemias, although it appears to be less active in AML when compared to acute lymphoblastic leukemia [41,42].




10. Is There a Preferred Conditioning Regimen for Autologous Hematopoietic Cell Transplantation in Older AML Patients?


The combination of busulfan 16 mg/kg administrated over four days given every six hours together with cyclophosphamide 120 mg/kg applied on two consecutive days (BuCy) is the preferred conditioning regimen for autologous HCT in AML patients. However, no prospective randomized trial has ever challenged this regimen, and it is safe to say that optimizing the conditioning regimen before autologous HCT is a largely neglected topic in AML treatment.



Noteworthy, the EBMT retrospectively compared the results of 596 AML patients in CR1 who received the BuCy regimen with 257 patients who had a combination of busulfan with high-dose melphalan (140 mg/m2) as conditioning regimen (BuMel) [43]. Remarkably, the incidence of relapse (p = 0.003), the LFS (p = 0.004), and the OS (p = 0.0007) of the patients who received BuMel were better than of those who got BuCy, whereas the NRM was similar in both groups (p = 0.66). A recently published subgroup analysis of the EBMT group indicated that the survival advantages associated with BuMel conditioning were limited to poor-risk or FLT3 mutated AML patients whereas the outcome in favorable or intermediate risk AML was comparable [44]. In summary, BuMel is the preferable conditioning regimen for poor risk AML patients, while in patients without poor risk cytogenetics or mutated FLT3 both conditioning regimens are valid.



In summary, prospective studies are lacking, which compare different conditioning regimens before autologous HCT in older AML patients. All recommendations for older patients rely on studies conducted in younger patients, and optimizing autologous HCT for older AML patients remains an unfinished topic.




11. Concluding Remarks: Is Autologous Hematopoietic Cell Transplantation an Option for Older Patients with AML?


Whereas there is increasing interest in autologous HCT consolidation in good and intermediate risk older AML patients in CR1, the basis for this option largely relies on retrospective reports, many of them based on single center experiences or selective registry data. These studies typically suggest that selected older AML patients in CR1 similarly tolerate (and benefit from) conditioning treatment and autologous HCT as younger AML patients. However, treatment recommendations for older AML patients concerning autologous HCT consolidation suffer from a lack of data obtained from prospective studies, and such data are needed to provide a rational for proposing autologous HCT consolidation to older AML patients as stated in previous reviews by others [45,46,47]. In addition, autologous HCT consolidation will need to be challenged by other options including maintenance strategies with hypomethylating agents or with compounds specifically targeting molecular abnormalities such as FLT3, or, more recently, IDH1 and IDH2. However, maintenance treatment with targeted compounds and/or with hypomethylating agents following autologous HCT may also represent promising strategies to be studied to further improve the outcome of older AML patients after HCT.







Author Contributions


B.U.M. performed research; U.B. contributed vital data; K.S. analyzed data, T.P. designed research. All authors participated in drafting or reviewing the report and all authors approved the submitted version.




Funding


This work was supported by a grant from the EMPIRIS Foundation/Ursula-Hecht Fonds (to TP).




Acknowledgments


The authors wish to thank the data management, the apheresis, the flow cytometry and the stem cell laboratory teams of the autologous HCT program at the University Hospital of Bern, Switzerland and its associated partner hospitals and collaborators for documentation of data relevant for this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Dohner, H.; Weisdorf, D.J.; Bloomfield, C.D. Acute myeloid leukemia. N. Engl. J. Med. 2015, 373, 1136–1152. [Google Scholar] [CrossRef] [PubMed]

	



Ossenkoppele, G.; Lowenberg, B. How I treat the older patient with acute myeloid leukemia. Blood 2015, 125, 767–774. [Google Scholar] [CrossRef] [PubMed]

	



Lowenberg, B.; Ossenkoppele, G.J.; van Putten, W.; Schouten, H.C.; Graux, C.; Ferrant, A.; Sonneveld, P.; Maertens, J.; Jongen-Lavrencic, M.; von Lilienfeld-Toal, M.; et al. High-dose daunorubicin in older patients with acute myeloid leukemia. N. Engl. J. Med. 2009, 361, 1235–1248. [Google Scholar] [CrossRef] [PubMed]

	



Vellenga, E.; van Putten, W.; Ossenkoppele, G.J.; Verdonck, L.F.; Theobald, M.; Cornelissen, J.J.; Huijgens, P.C.; Maertens, J.; Gratwohl, A.; Schaafsma, R.; et al. Autologous peripheral blood stem cell transplantation for acute myeloid leukemia. Blood 2011, 118, 6037–6042. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Cornelissen, J.J.; Blaise, D. Hematopoietic stem cell transplantation for patients with AML in first complete remission. Blood 2016, 127, 62–70. [Google Scholar] [CrossRef] [PubMed]

	



Wetzel, D.; Mueller, B.U.; Mansouri Taleghani, B.; Baerlocher, G.M.; Seipel, K.; Leibundgut, K.; Pabst, T. Delayed Haematological recovery after autologous stem cell transplantation is associated with favourable outcome in acute myeloid leukaemia. Br. J. Haematol. 2015, 168, 268–273. [Google Scholar] [CrossRef] [PubMed]

	



Cahn, J.Y.; Labopin, M.; Mandelli, F.; Goldstone, A.H.; Eberhardt, K.; Reiffers, J.; Ferrant, A.; Franklin, I.; Hervé, P.; Gratwohl, A. Autologous bone marrow transplantation for first remission acute myeloblastic leukemia in patients older than 50 years: A retrospective analysis of the European Bone Marrow Transplant Group. Blood 1995, 85, 575–579. [Google Scholar] [PubMed]

	



Gorin, N.C.; Aegerter, P.; Auvert, B.; Meloni, G.; Goldstone, A.H.; Burnett, A.; Carella, A.; Korbling, M.; Herve, P.; Maraninchi, D. Autologous bone marrow transplantation for acute myelocytic leukemia in first remission: A European survey of the role of marrow purging. Blood 1990, 75, 1606–1614. [Google Scholar] [PubMed]

	



Herr, A.L.; Labopin, M.; Blaise, D.; Milpied, N.; Potter, M.; Michallet, M.; Heit, W.; Ferrara, F.; Esteve, J.; Arcese, W.; et al. HLA-identical sibling allogeneic peripheral blood stem cell transplantation with reduced intensity conditioning compared to autologous peripheral blood stem cell transplantation for elderly patients with de novo acute myeloid leukemia. Leukemia 2007, 21, 129–135. [Google Scholar] [CrossRef] [PubMed]

	



Oriol, A.; Ribera, J.M.; Esteve, J.; Guàrdia, R.; Brunet, S.; Bueno, J.; Pedro, C.; Llorente, A.; Tormo, M.; Besalduch, J.; et al. Feasibility and results of autologous stem cell transplantation in de novo acute myeloid leukemia in patients over 60 years old. Results of the CETLAM AML-99 protocol. Haematologica 2004, 89, 791–800. [Google Scholar] [PubMed]

	



Heini, A.D.; Berger, M.D.; Seipel, K.; Taleghani, B.M.; Baerlocher, G.M.; Leibundgut, K.; Banz, Y.; Novak, U.; Pabst, T. Consolidation with autologous stem cell transplantation in first remission is safe and effective in AML patients above 65 years. Leuk. Res. 2017, 53, 28–34. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Cornelissen, J.J.; Versluis, J.; Passweg, J.R.; van Putten, W.L.; Manz, M.G.; Maertens, J.; Beverloo, H.B.; Valk, P.J.; van Marwijk Kooy, M.; Wijermans, P.W.; et al. Comparative therapeutic value of postremission approaches in patients with acute myeloid leukemia aged 40–60 years. Leukemia 2015, 29, 1041–1050. [Google Scholar] [CrossRef] [PubMed]

	



Stelljes, M.; Krug, U.; Beelen, D.W.; Braess, J.; Sauerland, M.C.; Heinecke, A. Allogeneic transplantation versus chemotherapy as postremission therapy for acute myeloid leukemia: A prospective matched pairs analysis. J. Clin. Oncol. 2014, 32, 288–296. [Google Scholar] [CrossRef] [PubMed]

	



McClune, B.L.; Weisdorf, D.J.; Pedersen, T.L.; Tunes da Silva, G.; Tallman, M.S.; Sierra, J. Effect of age on outcome of reduced-intensity hematopoietic cell transplantation for older patients with acute myeloid leukemia in first complete remission or with myelodysplastic syndrome. J. Clin. Oncol. 2010, 28, 1878–1887. [Google Scholar] [CrossRef] [PubMed]

	



Sorror, M.L.; Sandmaier, B.M.; Storer, B.E.; Franke, G.N.; Laport, G.G.; Chauncey, T.R. Long-term outcomes among older patients following nonmyeloablative conditioning and allogeneic hematopoietic cell transplantation for advanced hematologic malignancies. JAMA 2011, 306, 1874–1883. [Google Scholar] [CrossRef] [PubMed]

	



Saraceni, F.; Labopin, M.; Gorin, N.C. Matched and mismatched unrelated donor compared to autologous stem cell transplantation for acute myeloid leukemia in first complete remission: A retrospective, propensity score weighted analysis from the ALWP of the EBMT. J. Hematol. Oncol. 2016, 9, 79–84. [Google Scholar] [CrossRef] [PubMed]

	



Mizutani, M.; Hara, M.; Fujita, H. Comparable outcomes between autologous and allogeneic transplant for adult acute myeloid leukemia in first CR. Bone Marrow Transplant. 2016, 51, 645–653. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Gorin, N.C.; Labopin, M.; Piemontese, S.; Arcese, W.; Santarone, S.; Huang, H.; Meloni, G.; Ferrara, F.; Beelen, D.; Sanz, M.; et al. Acute Leukemia Working Party of the European Society for Blood and Marrow Transplantation. T-cell-replete haploidentical transplantation versus autologous stem cell transplantation in adult acute leukemia: A matched pair analysis. Haematologica 2015, 100, 558–564. [Google Scholar] [CrossRef] [PubMed]

	



Versluis, J.; In ’t Hout, F.E.; Devillier, R.; van Putten, W.L.; Manz, M.G.; Vekemans, M.C.; Legdeur, M.C.; Passweg, J.R.; Maertens, J.; Kuball, J.; et al. Comparative value of postremission treatment in cytogenetically normal AML subclassified by NPM1 and FLT3-ITD allelic ratio. Leukemia 2017, 31, 26–33. [Google Scholar] [CrossRef] [PubMed]

	



Saraceni, F.; Bruno, B.; Lemoli, R.M.; Meloni, G.; Arcese, W.; Falda, M.; Ciceri, F.; Alessandrino, E.P.; Specchia, G.; Scimè, R.; et al. Autologous stem cell transplantation is still a valid option in good- and intermediate-risk AML: AGITMO survey on 809 patients autografted in first complete remission. Bone Marrow Transplant. 2017, 52, 163–166. [Google Scholar] [CrossRef] [PubMed]

	



Ferrara, F.; Viola, A.; Copia, C.; Falco, C.; D’Elia, R.; Tambaro, F.P.; Correale, P.; D’Amico, M.R.; Vicari, L.; Palmieri, S. Age has no influence on mobilization of peripheral blood stem cells in acute myeloid leukemia. Hematol. Oncol. 2007, 25, 84–89. [Google Scholar] [CrossRef] [PubMed]

	



Kim, M.J.; Kim, M.H.; Kim, S.A.; Chang, J.S. Age-related deterioration of hematopoietic stem cells. Int. J. Stem Cells 2008, 1, 55–63. [Google Scholar] [CrossRef] [PubMed]

	



Hengeveld, M.; Suciu, S.; Chelgoum, Y.; Marie, J.P.; Muus, P.; Lefrère, F. High numbers of mobilized CD34+ cells collected in AML in first remission are associated with high relapse risk irrespective of treatment with autologous peripheral blood SCT or autologous BMT. Bone Marrow Transplant. 2015, 50, 341–347. [Google Scholar] [CrossRef] [PubMed]

	



Visani, G.; Lemoli, R.; Tosi, P.; Martinelli, G.; Testoni, N.; Ricci, P. Use of peripheral blood stem cells for autologous transplantation in acute myeloid leukemia patients allows faster engraftment and equivalent disease-free survival compared with bone marrow cells. Bone Marrow Transplant. 1999, 24, 467–472. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Gunn, N.; Damon, L.; Varosy, P.; Navarro, W.; Martin, T.; Ries, C.; Linker, C. High CD34+ cell dose promotes faster platelet recovery after autologous stem cell transplantation for acute myeloid leukemia. Biol. Blood Marrow Transplant. 2003, 9, 643–648. [Google Scholar] [CrossRef]

	



Von Grunigen, I.; Raschle, J.; Rusges-Wolter, I.; Mansouri Taleghani, B.M.; Mueller, B.U.; Pabst, T. The relapse risk of AML patients undergoing autlogous transplantation correlates with the stem cell mobilizing potential. Leuk. Res. 2012, 36, 1325–1329. [Google Scholar] [CrossRef] [PubMed]

	



Keating, S.; Suciu, S.; de Witte, T.; Zittoun, R.; Mandelli, F.; Belhabri, A.; Amadori, S.; Fibbe, W.; Gallo, E.; Fillet, G.; et al. The stem cell mobilizing capacity of patients with acute myeloid leukemia in complete remission correlates with relapse risk: Results of the EORTC-GIMEMA AML-10 trial. Leukemia 2003, 17, 60–67. [Google Scholar] [CrossRef] [PubMed]

	



Raschle, J.; Ratschiller, D.; Mans, S.; Mueller, B.U.; Pabst, T. High levels of circulating CD34+ cells at autologous stem cell collection are associated with favourable prognosis in multiple myeloma. Br. J. Cancer 2011, 105, 970–974. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Gorin, N.C.; Labopin, M.; Blaise, D.; Reiffers, J.; Meloni, G.; Michallet, M.; de Witte, T.; Attal, M.; Rio, B.; Witz, F.; et al. Acute Leukemia Working Party of the European Cooperative Group for Blood and Marrow Transplantation. Higher incidence of relapse with peripheral blood rather than marrow as a source of stem cells in adults with acute myelocytic leukemia autografted during the first remission. J. Clin. Oncol. 2009, 27, 3987–3993. [Google Scholar] [PubMed]

	



Feller, N.; Schuurhuis, G.J.; van der Pol, M.A.; Westra, G.; Weijers, G.W.; van Stijn, A.; Huijgens, P.C.; Ossenkoppele, G.J. High percentage of CD34-positive cells in autologous AML peripheral blood stem products reflects inadequate in vivo purging and low chemotherapeutic toxicity in a subgroup of patients with poor clinical outcome. Leukemia 2003, 17, 68–75. [Google Scholar] [CrossRef] [PubMed]

	



Blum, V.; Heini, A.D.; Novak, U.; Taleghani, B.M.; Baerlocher, G.M.; Leibundgut, K.; Seipel, K.; Banz, Y.; Bargetzi, M.; Pabst, T. Hematopoietic stem cell remobilization with vinorelbine and filgrastim in AML. Bone Marrow Transplant. 2017, 52, 786–788. [Google Scholar] [CrossRef] [PubMed]

	



Bik To, L.; Levesque, J.P.; Herbert, K.E. How I treat patients who mobilize hematopoietic stem cells poorly. Blood 2011, 118, 4530–4540. [Google Scholar] [PubMed][Green Version]

	



Bogunia-Kubik, K.; Gieryng, A.; Dlubek, D.; Lange, A. The CXCL12-3-A allele is associated with a higher mobilization yield of CD34 progenitors to the peripheral blood of healthy donors for allogeneic transplantation. Bone Marrow Transplant. 2009, 44, 273–278. [Google Scholar] [CrossRef] [PubMed]

	



Martín-Antonio, B.; Carmona, M.; Falantes, J.; Gil, E.; Baez, A.; Suarez, M.; Marín, P.; Espigado, I.; Urbano-Ispizua, A. Impact of constitutional polymorphisms in VCAM1 and CD44 on CD34 cell collection yield after administration of granulocyte colony-stimulating factor to healthy donors. Haematologica 2011, 96, 102–109. [Google Scholar] [CrossRef] [PubMed]

	



Uy, G.L.; Rettig, M.P.; Motabi, I.H.; McFarland, K.; Trinkaus, K.M.; Hladnik, L.M.; Kulkarni, S.; Abboud, C.N.; Cashen, A.F.; Stockerl-Goldstein, K.E.; et al. A phase 1/2 study of chemosensitization with the CXCR4 antagonist plerixafor in relapsed or refractory acute myeloid leukemia. Blood 2012, 119, 3917–3924. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Bargetzi, M.J.; Passweg, J.; Baertschi, E.; Schoenenberger, A.; Gwerder, C.; Tichelli, A.; Burger, J.; Mingrone, W.; Herrmann, R.; Gratwohl, A.; et al. Mobilization of peripheral blood progenitor cells with vinorelbine and granulocyte colony-stimulating factor in multiple myeloma patients is reliable and cost effective. Bone Marrow Transplant. 2003, 31, 99–103. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Heizmann, M.; O’Meara, A.C.; Moosmann, P.R.; Heijnen, I.A.; Zuberbühler, M.; Fernandez, P. Efficient mobilization of PBSC with vinorelbine/G-CSF in patients with malignant lymphoma. Bone Marrow Transplant. 2009, 44, 75–79. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Schmid, A.; Friess, D.; Mansouri Taleghani, B.; Keller, P.; Mueller, B.U.; Baerlocher, G.M.; Baerlocher, G.M.; Leibundgut, K.; Pabst, T. Role of plerixafor in autologous stem cell mobilization with vinorelbine chemotherapy and granulocyte-colony stimulating factor in patients with myeloma: A phase II study (PAV-trial). Leuk. Lymphoma 2015, 56, 608–614. [Google Scholar] [CrossRef] [PubMed]

	



Keller, S.; Seipel, K.; Novak, U.; Mueller, B.U.; Taleghani, B.M.; Leibundgut, K.; Pabst, T. Neurotoxicity of stem cell mobilization chemotherapy with vinorelbine in myeloma patients after bortezomib treatment. Leuk. Res. 2015, 39, 786–792. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Mueller, B.U.; Keller, S.; Seipel, K.; Mansouri Taleghani, B.; Rauch, D.; Betticher, D.; Egger, T.; Pabst, T. Stem cell mobilization chemotherapy with gemcitabine is effective and safe in myeloma patients with bortezomib-induced neurotoxicity. Leuk. Lymphoma 2017, 57, 1122–1129. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Toh, H.C.; Sun, L.; Koh, C.H.; Aw, S.E. Vinorelbine induces apoptosis and caspase-3 (CPP3) expression in leukemia and lymphoma cells: A comparison with vincristine. Leuk. Lymphoma 1998, 31, 195–208. [Google Scholar] [CrossRef] [PubMed]

	



Landini, I.; Bartolozzi, B.; Banchelli, I.; Degli Innocenti, A.; Nocentini, O.; Bernabei, P.A. In vitro activity of vinorelbine on human leukemia cells. J. Chemother. 2001, 13, 309–315. [Google Scholar] [CrossRef] [PubMed]

	



Gorin, N.C.; Labopin, M.; Czerw, T.; Pabst, T.; Blaise, D.; Dumas, P.Y.; Nemet, D.; Arcese, W.; Trisolini, S.M.; Wu, D.; et al. Autologous stem cell transplantation for adult acute myelocytic leukemia in first remission-better outcomes after busulfan and melphalan compared with busulfan and cyclophosphamide: A retrospective study from the Acute Leukemia Working Party of the European Society for Blood and Marrow Transplantation (EBMT). Cancer 2017, 123, 824–831. [Google Scholar] [PubMed]

	



Gorin, N.C.; Labopin, M.; Blaise, D.; Dumas, P.Y.; Pabst, T.; Trisolini, S.M.; Arcese, W.; Houhou, M.; Mohty, M.; Nagler, A. Optimizing the pretransplant regimen for autologous stem cell transplantation in acute myelogenous leukemia: Better outcomes with busulfan and melphalan compared with busulfan and cyclophosphamide in high risk patients autografted in first complete remission: A study from the acute leukemia working party of the EBMT. Am. J. Hematol. 2018, 12, 1–8. [Google Scholar]

	



Ferrara, F.; Pinto, A. Acute myeloid leukemia in the elderly: Current therapeutic results and perspectives for clinical research. Rev. Recent Clin. Trials. 2007, 2, 33–41. [Google Scholar] [CrossRef] [PubMed]

	



Lancet, J.E.; Giralt, S. Therapy for older AML patients: The role of novel agents and allogeneic stem cell transplant. J. Natl. Compr. Canc. Netw. 2008, 6, 1017–1025. [Google Scholar] [CrossRef] [PubMed]

	



Ustun, C.; Lazarus, H.M.; Weisdorf, D. To transplant or not: A dilemma for treatment of elderly AML patients in the twenty-first century. Bone Marrow Transplant. 2013, 48, 1497–1505. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 10 00340 g001 550] 





Figure 1. Kaplan Meier curves depicting the overall (OS) and progression-free survival (PFS) of 148 consecutive patients receiving autologous hematopoietic stem cell transplantation in first complete remission of AML. Above, survival outcomes (A,B) of all patients are shown. Below (C,D), patients are grouped according to age below 60 years (n = 103 patients; blue curves), between 60–64 years (n = 27; red curves), and 65 or more years (n = 18; green curves). PFS: progression-free survival; OS: overall survival. 
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Table 1. Comparison of clinical characteristics between age cohorts of <60 years, 60–64 years, and >64 years in a cohort of 148 consecutive patients with AML receiving autologous HCT in CR1.
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	Clinical Characteristics
	AML <60 years

(n = 103)
	AML 60–64 years

(n = 27)
	AML >64 years

(n = 18)
	p





	Age, median, years
	55
	63
	68
	<0.001



	Gender, male, %
	56
	55
	55
	n.s.



	Hemoglobin (g/L)
	89
	90
	88
	n.s.



	WBC (G/L)
	16
	14
	11
	n.s.



	Peripheral blasts (%)
	39
	38
	38
	n.s.



	Bone marrow blasts (%)
	68
	66
	65
	n.s.



	Platelets (G/L)
	62
	68
	66
	n.s.



	LDH (IU/L)
	755
	595
	652
	n.s.



	FAB-M0, n (%)
	10 (10)
	2 (8)
	1 (6)
	n.s.



	M1
	33 (31)
	9 (33)
	5 (27)
	n.s.



	M2
	16 (16)
	3 (11)
	3 (17)
	n.s.



	M3
	1 (1)
	0 (0)
	0 (0)
	n.s.



	M4
	15 (15)
	3 (11)
	3 (17)
	n.s.



	M5
	25 (24)
	9 (33)
	6 (33)
	n.s.



	MDS-/th-related
	3 (3)
	1 (4)
	0 (0)
	n.s.



	Adverse-risk, n (%)
	8 (8)
	3 (9)
	1 (6)
	n.s.



	-5 or del (5q)
	2 (2)
	1 (3)
	0 (0)
	n.s.



	Others
	3 (3)
	1 (3)
	1 (6)
	n.s.



	Complex karyotype
	3 (3)
	1 (3)
	0 (0)
	n.s.



	Intermediate-risk, n (%)
	44 (43)
	12 (42)
	9 (50)
	n.s.



	NPM1mut+FLT3-ITD
	26 (25)
	6 (24)
	4 (23)
	n.s.



	NPM1wt+FLT3-ITD
	5 (5)
	2 (6)
	1 (5)
	n.s.



	Normal karyotype
	9 (9)
	2 (6)
	2 (11)
	n.s.



	Others
	4 (4)
	2 (6)
	2 (11)
	n.s.



	Favorable risk, n (%)
	51 (49)
	14 (49)
	8 (44)
	n.s.



	t (8;21)/RUNX1-RUNX1T1
	7 (7)
	2 (6)
	2 (11)
	n.s.



	inv (16)/CBFB-MYH11
	11 (10)
	4 (14)
	2 (11)
	n.s.



	NPM1mut+FLT3wt
	24 (23)
	5 (19)
	3 (17)
	n.s.



	CEBPAmut
	9 (9)
	3 (10)
	1 (5)
	n.s.







WBC: white blood cells; FAB: French-American-British classification; ELN: European Leukemia Net; NPM1: Nucleophosmin gene 1; FLT: fms-like tyrosine kinase; CEBPA: CCAAT enhancer binding protein alpha.
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