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Background

Many studies aimed to evaluate the efficacy and safety of treosulfan-based conditioning regimens for allogeneic hematopoietic cell transplantation (allo-HCT) compared with other regimens, but different outcomes were reported across studies.



Aim

To determine the long-term survival outcomes of treosulfan-based vs. busulfan-based conditioning regimens in myelodysplastic syndrome (MDS)/acute myeloid leukemia (AML) patients.



Methods

PubMed, Embase, and Cochrane library were searched for studies published prior to December 6, 2019. The fixed-effects model was applied for overall survival (OS), leukemia-free survival (LFS), non-relapse mortality (NRM), acute and chronic graft versus host disease (GvHD). Relapse incidence (RI) was pooled by the use of the random-effects model.



Results

Six studies were included (3,982 patients; range, 57–1,956). The pooled HR for OS favored treosulfan (HR=0.80, 95%CI: 0.71–0.90). There was no significant difference in NRM between the two regimens (HR=0.84, 95%CI=0.71–1.01). There was no significant difference in LFS between the two regimens (HR=0.98, 95%CI=0.87–1.12). Treosulfan-based regimens showed a lower risk of aGvHD (HR=0.70, 95%CI=0.59–0.82), but there was no difference for cGvHD (HR=0.94, 95%CI=0.81–1.09). There was no significant difference in RI between the two regimens (HR=0.96, 95%CI=0.71–1.31). There was no publication bias among these studies.



Conclusion

The current meta-analysis determined that treosulfan-based conditioning regimens could improve the OS in patients with MDS and AML, with lower acute graft-versus-host disease incidence, compared with busulfan-based regimens.
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ntroduction

Myelodysplastic syndrome (MDS) is a heterogeneous group of clonal disorders characterized by ineffective hematopoiesis leading to peripheral blood cytopenias and increased risk of transformation to acute myeloid leukemia (1–3). The incidence of MDS in the USA is 4.5 per 100,000 people/year in men and 2.7 per 100,000 people/year in women (4). Acute myeloid leukemia (AML) is a collection of heterogeneous hematopoietic stem cell disorders characterized by incomplete maturation of blood cells and reduced production of normal hematopoietic elements (5, 6). There are an estimated 18,860 new cases of AML and 10,460 deaths from AML in the United States each year (7).

Allogeneic hematopoietic cell transplantation (HCT) offers curative therapy for many patients with MDS or AML. Allo-HSCT is recommend for MDS of intermediate-2- and high-risk as soon as possible, according to The National Comprehensive Cancer Network (NCCN) guidelines (1, 6). Nevertheless, relapse and graft versus host disease (GvHD) are the two main causes of treatment failure (1, 6). Thus the choice of the conditioning regimen is crucial.

Conditioning regimens play important roles in the success of allo-HSCT, and the choice of a regiment depends upon age, disease risk, ECOG status, and remission status at the time of transplantation (8, 9). Conventional myeloablative conditioning regimens (MAC) containing busulfan are among the most widely used for MDS and AML, but they have shortcomings such as toxicity, veno-occlusive diseases, and mortality (8–10). Treosulfan is a recent myelotoxic and immunosuppressive prodrug that does not require enzymatic activation (11, 12). Treosfulfan has strong activity against AML cells (13–15) and has strong immunosuppressive effects and low release of inflammatory cytokines (16). Those characteristics favor the engraftment of the transplanted cells and limit the risk of GvHD (16). Treosulfan-based regimens are considered as effective as conventional MAC, but with lower toxicity and transplant-related mortality (8, 9).

Many studies aimed to evaluate the efficacy and safety of treosulfan-based conditioning regimens compared with other regimens, but different outcomes were reported across studies. No meta-analysis has been published yet as far as we know. Therefore, the purpose of this meta-analysis was to determine the long-term survival outcomes of treosulfan-based conditioning regimens in MDS/AML patients.



Methods


Literature Search

This meta-analysis was performed in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) reporting guidelines. Since no original clinical raw data was collected or utilized, ethical approval was not requested for this meta-analysis.

The study eligibility criteria were: 1) patients: AML/MDS patients older than 18 years (either mentioned in patient eligibility or the minimum age in baseline characteristics was greater than 18); 2) interventions: treosulfan as conditioning regimen before hematopoietic cell transplantation; 3) comparison: busulfan or other conditioning regimens; 4) study types: randomized controlled trials (RCTs), and prospective or retrospective observational cohort studies; and 5) full text published in English. Three recognized electronic databases, PubMed, Embase, and Cochrane library, were searched for studies published prior to December 6, 2019, using the MeSH terms of “Myelodysplastic Syndrome”, “Acute Myeloid Leukemia”, and “treosulfan” combined with relevant key words were used.



Data Extraction and Quality Assessment

Potentially relevant publications were screened and evaluated by two reviewers double-blindly, with a third reviewer resolving any disagreement. A structured data collection sheet was developed. Two researchers independently extracted the data, including authors, year of publication, country, study design, sample size, age, percentage of males, disease and transplantation characteristics, conditioning regimens characteristics, overall survival (OS), leukemia-free survival (LFS), non-relapse mortality (NRM), acute GvHD (aGvHD), chronic GvHD (cGvHD), and relapse incidence (RI). RCTs were evaluated according to the Cochrane risk bias tool (4). Observational studies were evaluated according to the Newcastle-Ottawa scale (NOS) (17). The NOS assigns a maximum of 9 points for the selection of the control group (4 points), group comparability (two points), and exposures and outcomes (three points).



Statistical Analysis

All analyses were performed using the STATA MP 14.0 software (StataCorp, College Station, Texas, USA). Hazard ratios (HRs) with 95% confidence intervals (CIs) were collected and combined for statistical analysis. Statistical heterogeneity among studies was calculated using the Cochran’s Q test and I2 index, P<0.10 in the Cochran’s Q test and an I2 index >50% indicated high heterogeneity. The random-effects model was used when high heterogeneity was present among studies; otherwise, the fixed-effects model was applied. P-values <0.05 were considered statistically different. Potential publication bias was assessed by funnel plots, Egger’s test, and Begg test.




Results


Study Selection

A total of 321 articles were first identified, 38 duplicates were removed, and 293 papers were screened. Twenty-six full-text were assessed for eligibility. Twenty studies were excluded because of study aim/design (n=1), population (n=4), exposures (n=11), outcomes (n=2), and non-English (n=2) (Figure 1 and Supplementary Table 1). Finally, six papers were included (Figure 1). Those six studies (18–23) included 3,982 patients (range, 57-1956) (Table 1). There were five observational studies (19–23) and one randomized trial (18). Tables 2 and 3 presents quality assessment.




Figure 1 | Study flowchart.




Table 1 | General characteristics of included studies.




Table 2 | Quality assessment of included studies based on Newcastle-Ottawa scale (NOS).




Table 3 | Quality assessment of included studies based on the Cochrane tool.





Overall Survival

All six studies (18–23) were included for the assessment of OS. The pooled HR favored treosulfan (HR=0.80, 95%CI: 0.71–0.90). No heterogeneity was observed (I2 = 33.1%, P=0.188) (Figure 2).




Figure 2 | Forest plot of overall survival.





Non-Relapse Mortality

Five studies (18–22) were included in the assessment of NRM. There was no significant difference in NRM between the two regimens (HR=0.84, 95%CI=0.71–1.01). No heterogeneity was observed (I2 = 16.5%, P=0.309) (Figure 3).




Figure 3 | Forest plot of non-relapse mortality.





Leukemia-Free Survival

Three studies (19–21) were included in the assessment of LFS. There was no significant difference in LFS between the two regimens (HR=0.98, 95%CI=0.87–1.12). No heterogeneity was observed (I2 = 0%, P=0.801) (Figure 4).




Figure 4 | Forest plot of leukemia-free survival.





Graft Versus Host Disease

Three studies (19–21) were included for the assessment of aGvHD and favored treosulfan-based regimens (HR=0.70, 95%CI=0.59–0.82). No heterogeneity was observed (I2 = 41.6%, P=0.181) (Figure 5A). Four studies (18–21) were included in the assessment of cGvHD. There was no significant difference in cGvHD between the two regimens (HR=0.94, 95%CI=0.81–1.09). No heterogeneity was observed (I2 = 32.0%, P=0.220) (Figure 5B).




Figure 5 | Forest plot of acute (A) and chronic (B) graft versus host disease.





Relapse Incidence

Four studies (19–22) were included in the assessment of RI. There was no significant difference in RI between the two regimens (HR=0.96, 95%CI=0.71–1.31). Heterogeneity was observed (I2 = 59.1%, P=0.062) (Figure 6).




Figure 6 | Forest plot of relapse incidence.





Assessment of Publication Bias

The results of the Begg’s test showed P=0.260 and P=0.806, and the Egger’s test showed P=0.125 and P=0.868 for OS and NRM, respectively, indicating that there was no publication bias among these studies (Supplementary Figures 1, 2).




Discussion

Many studies aimed to evaluate the efficacy and safety of treosulfan-based conditioning regimens for allo-HCT compared with other regimens, but different outcomes were reported across studies. Therefore, this meta-analysis aimed to determine the long-term survival outcomes of treosulfan-based conditioning regimens in MDS/AML patients. The results suggest that treosulfan-based conditioning regimens improve the overall survival in patients with MDS and AML, with lower acute graft-versus-host disease incidence. It adds to the conclusion of the only randomized controlled trial included here (Beelen’s (18)), which showed that treosulfan-based regimens were non-inferior to busulfan when combined with fludarabine. The other five studies that could be included in the meta-analysis were retrospective studies, highlighting the need for additional well-designed randomized controlled trials to compared treosulfan- vs. busulfan-based conditioning regimens in patients MDS/AML, in addition to the results of the meta-analysis itself. This is also the main limitation of the present meta-analysis, and the interpretation of the results should be made with caution.

Conventional MAC containing busulfan are among the most widely used for MDS and AML, but they have shortcomings such as toxicity and transplantation-related mortality (8–10). Treosulfan-based regimens are considered as effective as conventional MAC, but with lower toxicity and transplant-related mortality (8, 9). Accordingly, the present study showed that OS was better with treosulfan-based regimens, and the incidence of aGvHD was lower. Indeed, aGvHD is a severe complication of allo-HSCT and can result in significant morbidity and mortality (24, 25). On the other hand, the occurrence of cGvHD was similar between the two regimens. The traditional busulfan-based regimens are still those being recommended by guidelines (1, 6, 26), but recent data support the use of treosulfan-based regimens because of the suggested better toxicity profile and similar efficacy (8, 9). This similar efficacy has been confirmed in the present meta-analysis, but safety was not directly assessed. Nevertheless, no heterogeneity or publication bias was observed for the main outcomes, suggesting a goods reliability of the results. A number of clinical trials are currently underway and should provide additional insights soon. In the meantime, Nagler et al. (27) reported a low occurrence of veno-occlusive diseases (2%) and deaths (0.4%) with treosulfan, but the lack of a comparator group precluded an actual analysis of safety. Nemecek et al. (28), in a phase II trial without a comparator, showed that the frequencies of aGvHD and cGvHD were 22% and 40%, respectively. Again, such favorable results were also observed in previous studies (29–37).

In addition, NRM, LFS, and RI, which are leukemia-related indicators, were not associated with the use of treosulfan-based regimens. This is supported by a recent report by Nagler et al. (27), who showed that treosulfan-based regimes had a favorable long-term OS and NRM profile, but they did not have a comparator group. A phase II clinical trial, without comparator, showed high OS and LFS and low NRM, also suggesting the clinical benefits of treosulfan in preconditioning regimens (28). Nemecek et al. (38) showed that NRM was 4% at 100 days and 8% at 2 years in patients who received treosulfan/fludarabine preconditioning. A number of non-comparative studies also support those conclusions in various hematologic malignancies, including AML and MDS (29–37). The main reason why those studies could not be included in the present meta-analysis is that they had no comparator group. They do show interesting and even promising results, and the reported NRM, OS, and LFS are similar to those of the studies included in the present meta-analysis, but without a comparator, the exact impact and benefits of treosulfan cannot be determined since its effects might vary among study populations, countries, and supporting treatments, among others.

This meta-analysis has limitations. Only six studies could be included, introducing bias and limiting the generalizability of the results. There was wide variability in the exact regimens and patient characteristics among the studies, leading to significant heterogeneity. Of note, there was only one randomized controlled trial, and the other included studies were retrospective. Such trials are needed to determine the exact benefits of treosulfan-bases regimens for allo-GSCT for patients with MDS or AML.

The present meta-analysis determined that treosulfan-based conditioning regimens improve the OS in patients with MDS and AML, with lower aGvHD incidence.
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