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                                                                                                                        Abstract

                                                            Graft-versus-host disease-free relapse-free survival, which is defined as the absence of grade III–IV acute graft-versus-host disease, systemically treated chronic graft-versus-host disease, relapse, and death, is a novel, meaningful composite end point for clinical trials. To characterize risk factors and differences in graft-versus-host disease-free relapse-free survival according to a variety of graft sources, we analyzed 23,302 patients with hematologic malignancy that had a first allogeneic transplantation from 2000 through 2013 using the Japanese national transplant registry database. The 1-year graft-versus-host disease-free relapse-free survival rate was 41% in all patients. The rate was higher after bone marrow transplantation than after peripheral blood stem cell transplantation due to the lower risks of III–IV acute and chronic graft-versus-host disease. The rate was highest after HLA-matched sibling bone marrow transplantation. The rate after single cord blood transplantation was comparable to that after HLA-matched unrelated bone marrow transplantation among patients aged 20 years or under, and was comparable or better than other alternative graft sources among patients aged 21 years or over, due to the low risk of chronic graft-versus-host disease. Other factors associated with better graft-versus-host disease-free relapse-free survival include female patients, antithymocyte globulin prophylaxis (for standard-risk disease), recent years of transplantation, sex combinations other than from a female donor to a male patient, the absence of prior autologous transplantation, myeloablative conditioning, negative cytomegalovirus serostatus, and tacrolimus-based prophylaxis. These results provide important information to guide the choice of graft sources and are benchmarks for future graft-versus-host disease prophylaxis studies.
                                                            
                                                            Introduction
Graft-versus-host disease-free relapse-free survival (GRFS), defined as the absence of grade III–IV acute graft-versus-host disease (GvHD), systemically treated chronic GvHD, relapse, and death, is a novel, clinically meaningful composite end point for clinical trials evaluating GvHD prophylaxis after allogeneic hematopoietic cell transplantation (HCT).1 The GRFS end point was devised by the Blood and Marrow Transplant Clinical Trials Network to address the fact that both survival and other critical events are important in clinical trials testing new GvHD prophylaxis.32 Moreover, GRFS is a patient-centered measure of success, since it represents not only disease-free survival but also ideal recovery without significant morbidity related to GvHD.
Recently, Holtan et al. characterized the GRFS end point in a large cohort of patients at a single center.1 The study cohort included 322 HLA-matched sibling HCT, 73 HLA-matched unrelated HCT, 135 single cord blood transplantation (CBT), and 377 double CBT between 2000 and 2012. The crude GRFS rate was 31% at 12 months after HCT. Age, disease risk, graft sources, conditioning intensity, and year of HCT were associated with GRFS events. Notably, HLA-matched bone marrow transplantation (BMT) provided the best GRFS, while peripheral blood stem cell transplantation (PBSCT) was associated with inferior GRFS compared with BMT. Since GRFS events will vary with graft sources, further studies using cohorts with increased representation of different donor types and graft sources were warranted. In addition, studies of different ethnicities and practices, such as Japanese patients who have a lower risk of significant GvHD4 and who undergo mostly single CBT,5 are also necessary to determine a more personalized GRFS end point.
To better understand differences in GRFS according to a variety of graft sources in the Japanese population, we retrospectively analyzed national registry data collected by the Transplant Registry Unified Management Program (TRUMP) sponsored by the Japanese Society of Hematopoietic Cell Transplantation (JSHCT) and the Japanese Data Center for Hematopoietic Cell Transplantation (JDCHCT).76 The specific aims of this study were: 1) to determine benchmark rates for future GvHD prophylaxis studies; 2) to determine the difference in GRFS between BMT and PBSCT; 3) to characterize GRFS after single CBT and after HLA-mismatched transplantation; and 4) to characterize risk factors associated with GRFS. The results of this study will provide important information to guide the choice of graft sources.
Methods
Patients
This retrospective study cohort included all patients who received a first allogeneic HCT between 2000 and 2013. Graft sources included 5–6/6 serologically HLA-matched siblings (with matching considered at HLA-A, -B, -DR), 6–8/8 allele HLA-matched unrelated bone marrow donors (with matching considered at HLA-A, -B, -C, -DRB1), and 4–6/6 serologically HLA-matched cord blood donors (with matching considered at HLA-A, -B, -DR). Patients who had double cord blood transplantation, haploidentical transplantation, or unrelated PBSCT were excluded because of their relative infrequency during the study period. Patients gave written consent to the use of medical records for research, in accordance with the Declaration of Helsinki. This study was approved by the institutional review board of the National Cancer Center Hospital.
Study end points and definitions
The primary end point was GRFS as defined by the absence of grade III–IV acute GvHD, systemically treated chronic GvHD, recurrent malignancy, and death.1 Disease risk was defined according to the 2006 American Society for Blood and Marrow Transplantation (ASBMT) schema.1 Histocompatibility data for serological and genetic typing were obtained from the transplant registry database. To reflect current practices in Japan, HLA matching for sibling and cord blood transplantation was assessed by serological data for the HLA-A, -B, and -DR loci. HLA matching for unrelated BMT was assessed by using allele data for the HLA-A, -B, -C, and -DRB1 loci.8 HLA mismatch was defined in the GvHD vector when recipient antigens were not shared by the donor. Diagnosis and clinical grading of acute and chronic GvHD were performed according to the established criteria.109 The intensity of conditioning regimens was defined as described elsewhere.11
Statistical analysis
Probabilities of GRFS were estimated by the Kaplan-Meier method until 24 months after transplantation. Cumulative incidence estimates of individual failure events (III–IV acute GvHD, chronic GvHD, relapse, and death) were derived, treating each event as a competing risk for the other three. Weighted GRFS rates were calculated by reducing adjusted failure rates due to III–IV acute GvHD and chronic GvHD to half. Cox models were used to examine risk factors associated with failure defined by GRFS. A backward stepwise procedure was used to develop a final model, based on a P-value threshold of 0.05. Covariates include patient age (≤20 years, ≥21 years), patient sex, patient-donor sex combination, disease risk, diagnosis, prior autologous transplantation, ABO matching, donor-patient cytomegalovirus (CMV) serostatus, conditioning intensity, GvHD prophylaxis, use of antithymocyte globulin (ATG) as GvHD prophylaxis, and year of transplantation. Proportional hazards assumption was tested for all variables considered in multivariate analysis, and no violations occurred. Competing risk regression models were used for analysis of individual failure events.12 The overall interaction of patient age, disease risk, and year of transplantation with the main effect categories of the eight graft sources was tested by allowing additional terms for each of the eight graft sources in the model, depending on the presence or absence of the factor being tested. Models with and without the interaction terms were compared using a likelihood ratio test; P=0.05 was considered significant.
Results
Patients’ characteristics
A total of 23,302 patients were included in this study. Of these, 12,338 (53%) had standard-risk disease, 10,964 (47%) had high-risk disease, 4053 (17%) were pediatric (≤20 years old), and 19,249 (83%) were adult (≥21 years old) patients. Median patient age was 44 years (range 0–85 years). Median follow up among survivors was 48 months (range 1–176 months). Patients’ characteristics according to eight graft sources are shown in Table 1.
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Table 1.Patients’ characteristics.
Interactions of covariates with the main effect in the analysis of GRFS
We first examined the overall interaction of patient age, disease risk, and year of transplantation with the main effect categories of the graft sources in the analysis of GRFS. There was a statistical interaction between patient age (≤20 years vs. ≥21 years) and the main effect (overall P<0.0001), and a statistical interaction between disease risk and the main effect (overall P=0.03). There was no statistical interaction between transplant year and the main effect (overall P=0.08). Based on these results, all analyses were stratified according to patient age and disease risk.
Cumulative incidence of individual failure events and GRFS rates
Cumulative incidences of individual failure events (defined as the first event) are shown in Figure 1. The GRFS rates at 12 months were 58% [95% confidence interval (CI): 56%–59%] in pediatric patients with standard-risk disease, 32% (95%CI: 30%–35%) in pediatric patients with high-risk disease, 49% (95%CI: 48%–50%) in adult patients with standard-risk disease, and 30% (95%CI: 29%–31%) in adult patients with high-risk disease. In comparing individual failure events at 12 months between graft sources (Figure 2), 6/6 HLA-matched sibling BMT was notable for the low proportion of III–IV acute GvHD, 6/6 HLA-matched sibling PBSCT was notable for the high proportion of chronic GvHD, HLA-mismatched HCT was notable for the high proportion of III–IV acute GvHD and the low proportion of relapse, and CBT was notable for the low proportion of chronic GvHD and the high proportion of death without relapse or significant GvHD.
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Figure 1.Cumulative incidence of individual failure events (defined as the first event). Each area represents recurrent malignancy, death without other failure events, onset of systemically treated chronic graft-versus-host disease (GvHD), and onset of grade III–IV acute GvHD. The white area represents GvHD-free relapse-free survival (GRFS). (A) Patients aged 20 years or under with standard-risk disease, (B) patients aged 20 years or under with high-risk disease, (C) patients aged 21 years or over with standard-risk disease, and (D) patients aged 21 years or over with high-risk disease.
[image: ]

Figure 2.Proportions of failure events at 12 months. (A) Patients aged 20 years or under with standard-risk disease, (B) patients aged 20 years or under with high-risk disease, (C) patients aged 21 years or over with standard-risk disease, and (D) patients aged 21 years or over with high-risk disease. SIB: sibling; BM: bone marrow; PB: peripheral blood stem cell; UR: unrelated; CB: cord blood; GvHD: graft-versus-host disease.
Multivariate analyses for GRFS events
Multivariate Cox models showed that 6/6 HLA-matched sibling BMT compared with most of other graft sources, and recent years of HCT were factors associated with better GRFS in all stratified cohorts (Table 2). The use of ATG as GvHD prophylaxis was associated with better GRFS among patients with standard-risk disease. Prior autologous transplantation was associated with worse GRFS among adult patients. Certain diagnoses in the high-risk group were associated with better or worse GRFS. Other factors associated with better GRFS include female patients, sex combinations other than from a female donor to a male patient, myeloablative conditioning, negative CMV serostatus, and tacrolimus-based GvHD prophylaxis.
[image: ]

Table 2.Multivariate analysis on risk of failure defined by graft-versus-host disease (GvHD)-free relapse-free survival.
Adjusted GRFS rates
Adjusted GRFS rates according to graft sources are shown in Figure 3. The 6/6 HLA-matched sibling BMT showed the highest GRFS rate in all stratified cohorts. Among adult patients with standard-risk disease, the GRFS rate after 8/8 HLA-matched unrelated BMT was comparable to that after 6/6 HLA-matched sibling BMT (HR 1.06, 95%CI: 0.97–1.17; P=0.20).
[image: ]

Figure 3.Adjusted graft-versus-host disease (GvHD)-free relapse-free survival (GRFS) according to graft sources. (A) Patients aged 20 years or under with standard-risk disease. Results are adjusted for patient sex, use of antithymocyte globulin prophylaxis, and year of transplantation. (B) Patients aged 20 years or under with high-risk disease. Results are adjusted for diagnosis, cytomegalovirus (CMV) serostatus and year of transplantation. (C) Patients aged 21 years or over with standard-risk disease. Results are adjusted for diagnosis, CMV serostatus and year of transplantation. (D) Patients aged 21 years or over with high-risk disease. Results are adjusted for diagnosis, CMV serostatus and year of transplantation, patient sex, prior autologous transplantation, and GvHD prophylaxis. SIB: sibling; PB: peripheral blood stem cell; BM: bone marrow; UR: unrelated; CB: cord blood.
We next compared GRFS rates after CBT with other graft sources. Among pediatric patients with standard-risk disease, the GRFS rate after CBT was similar compared with 8/8 HLA-matched unrelated BMT (HR 1.02, 95%CI: 0.86–1.21; P=0.84) and higher than other graft sources. Among pediatric patients with high-risk disease, the GRFS rate after CBT was comparable to that after 6–8/8 HLA-matched unrelated BMT, and was better than that after 5/6 HLA-matched sibling BMT (HR 0.71, 95%CI: 0.56–0.90; P=0.004) and possibly after PBSCT (HR 0.75, 95%CI: 0.54–1.04; P=0.09). Among adult patient, the GRFS rate after CBT was comparable to that after 5/6 HLA-matched sibling BMT and 7/8 HLA-matched unrelated BMT, and was better than that after 5/6 HLA-matched sibling PBSCT and 6/8 HLA-matched unrelated BMT (data not shown).
Comparison of PBSCT with BMT
Associations of PBSCT with the risks of individual GRFS events, compared with BMT, are shown in Table 3. Among children with standard-risk disease who had HCT from a 6/6 HLA-matched sibling donor, PBSCT was associated with a higher risk of GRFS events (HR 1.81, 95%CI: 1.42–2.31; P<0.001) and failure due to chronic GvHD (HR 2.98, 95%CI: 1.93–4.58; P<0.001). Among adult patients with both standard and high-risk disease who had HCT from a 6/6 HLA-matched sibling donor, PBSCT was associated with a higher risk of GRFS events and failure due to III–IV acute GvHD and chronic GvHD, although PBSCT was associated with a lower risk of failure due to relapse among the same group of patients. Among adult patients with standard-risk disease who had HCT from a 5/6 HLA-matched sibling donor, PBSCT was associated with a higher risk of GRFS events (HR 1.59, 95%CI: 1.21–2.09; P<0.001) possibly due to higher risks of III–IV acute GvHD (HR 1.51, 95%CI: 0.92–2.48; P=0.10) and chronic GvHD (HR 1.56, 95%CI: 0.97–2.52; P=0.07). Other subgroups did not show statistically significant differences in GRFS events.
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Table 3.Comparison of sibling peripheral blood stem cell transplantation with sibling bone marrow transplantation.
Association of antithymocyte globulin prophylaxis with risks of individual failure events
The use of ATG prophylaxis is a modifiable factor. Since ATG prophylaxis was associated with a lower risk of GRFS events among patients with standard-risk disease (Table 2), we examined its association with risks of individual failure events (Table 4). In children, ATG prophylaxis was not statistically associated with risks of any individual failure events. In adult patients, ATG prophylaxis was associated with lower risks of failure due to III–IV acute GvHD (HR 0.36, 95%CI: 0.23–0.56; P<0.001) and chronic GvHD (HR 0.59, 95%CI: 0.42–0.83; P=0.002), while it was associated with higher risks of failure due to death (HR 1.63, 95%CI: 1.27–2.09; P<0.001) and relapse (HR 1.35, 95%CI: 1.00–1.82; P=0.05). Causes of death were similar between patients with and without ATG prophylaxis (data not shown). Further subgroup analyses according to graft sources are shown in Table 4. Among adult patients, ATG prophylaxis was associated with a lower risk of GRFS events after sibling PBSCT and after 6/8 HLA-matched unrelated BMT. These associations appeared to be derived from lower risks of failure due to III–IV acute GvHD and chronic GvHD; however, ATG was associated with a higher risk of failure due to relapse after 5/6 HLA-matched sibling PBSCT. Interestingly, the benefit of ATG was not evident after 8/8 HLA-matched unrelated BMT due to a higher risk of failure due to death. ATG prophylaxis was associated with a higher risk of GRFS events after CBT, which was derived from the higher risk of failure due to death and possibly also due to relapse. Subgroup analysis in children was inconclusive due to the limited number of patients who had ATG prophylaxis.
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Table 4.Association of antithymocyte globulin prophylaxis with risks of individual failure events among patients with standard-risk disease.
Weighted GRFS and long-term survival according to graft sources
Since the onset of grade III–IV acute GvHD and systemically treated chronic GvHD may not necessarily hamper the long-term success of HCT, we went on to perform a weighted comparison of GRFS according to graft sources. The subsequent 4-year survival rates among patients who had failure due to III–IV acute GvHD and chronic GvHD before 12 months were 68% and 69%, respectively. Considering these results and impaired utility values in patients who developed significant GvHD,13 we reduced failure rates due to III–IV acute GvHD and chronic GvHD by half in the weighted analyses (Table 5). In addition, adjusted 10-year overall survival rates according to graft sources are shown in Table 5. The relative relationship among graft sources remained almost similar in these analyses. We further compared risk of secondary solid cancer according to graft sources. Among adult patients with high-risk disease, risk of secondary solid cancer was higher after 6/6 HLA-matched sibling PBSCT (HR 2.23, 95%CI: 1.20–4.13; P=0.01) and after 5/6 HLA-matched sibling PBSCT (HR 3.32, 95%CI: 1.45–7.57; P=0.004), and after 6/8 HLA-matched unrelated BMT (HR 2.46, 95%CI: 1.05–5.76; P=0.04), compared with 6/6 HLA-matched sibling BMT. There was no statistical difference in the risk of secondary cancer among graft sources in other subgroups.
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Table 5.Adjusted graft-versus-host disease-free relapse-free (GRFS) rates and weighted GRFS rates at 12 months, and adjusted overall survival rates at ten years according to graft sources.
Discussion
We analyzed a composite end point, GRFS, in the Japanese population using the national registry database, which includes different donor types and graft sources. The 1-year GRFS rates were 58% in pediatric patients with standard-risk disease, 49% in adult patients with standard-risk disease, and approximately 30% in both pediatric and adult patients with high-risk disease. These rates were higher than both the rate reported in the Holtan study, which included mostly Caucasians at a single center, and the 23% GRFS in 628 adult patients registered to the Center for International Blood and Marrow Transplant Research (CIBMTR).31 The GRFS rate was similar to that reported in the study of adult acute myeloid leukemia patients in remission registered to the European Society for Blood and Marrow Transplantation (EBMT).14 These differences may reflect the lower incidence of severe GvHD in the Japanese population derived from genetic homogeneity than in the Caucasian population,15 suggesting the importance of calculating benchmark rates for GRFS in patients of different ethnicities.
Consistent with the results of the Holtan,1 BMT provided remarkably higher GRFS rates than PBSCT in most subgroups. We extended analysis to differences in details of failure type and to HLA-mismatched subgroups. The higher GRFS rates associated with BMT were accounted for by the lower risks of failure due to III–IV acute GvHD and chronic GvHD. Although PBSCT was associated with a lower risk of failure due to relapse only in adult patients with standard-risk disease who underwent 6/6 HLA-matched sibling HCT, its benefits were offset by the higher risk of significant GvHD. These results are consistent with the results of randomized studies and registry studies comparing PBSCT with BMT.1816 We also found that PBSCT was associated with a higher risk of secondary solid cancer compared with BMT among adult patients with high-risk disease. Previous studies found that chronic GvHD was a major factor associated with risk of secondary solid cancer.2219 Although the absence of significant GvHD may not be a long-term goal, particularly for patients with high-risk disease, the relationship among graft sources remained similar even in the weighted analyses. These results favor the use of bone marrow graft for sibling HCT to promote ideal recovery of patients without significant morbidity in the Japanese population.
The results of this study highlighted relative merits of single CBT as an alternative donor source from the perspective of the GRFS end point, although long-term overall survival did not show large differences among alternative donor sources. The merits of CBT are likely related to the low incidence of significant GvHD despite an increase in early mortality due to delayed hematopoietic and immunological recovery and graft failure after single CBT.2523 In the Holtan study, relative risks of GRFS events after CBT using mostly double units were approximately 2.0 compared with 6/6 HLA-matched sibling BMT, while hazard ratios after CBT compared with 6/6 HLA-matched sibling BMT in our study were lower at ranges between 1.20 and 1.35 regardless of patient age and disease risk. The difference between the studies could be accounted for by the lower risk of severe GvHD after single CBT compared with double CBT,2423 and by the lower risk of severe GvHD in the Japanese population compared with the Caucasian population.4
Consistent with the Holtan study,1 our study found that 6/6 HLA-matched sibling BMT was associated with higher GRFS compared with other graft sources. We also confirmed that myeloablative conditioning and more recent HCT were both associated with higher GRFS. The higher GRFS in recent years is likely related to the decreased incidence of non-relapse mortality and severe GvHD.2726 With the larger analytical power permitted by the registry database, we found that better HLA matching, female patients, ATG prophylaxis, sex combinations other than a female donor to a male patient, no prior autologous HCT, certain diagnoses in the high-risk group, CMV-negative donor and recipient, and tacrolimus-based GvHD prophylaxis were associated with higher GRFS. These factors have been associated with the risks of GvHD and overall mortality in previous studies.3628
Antithymocyte globulin prophylaxis is a modifiable factor and our results suggest the potential merits of ATG prophylaxis for patients with standard-risk diseases, although the risk of failure due to relapse might be increased in some patients. Subgroup analysis according to graft sources was inconclusive for pediatric patients, but identified several groups of adult patients who may benefit or suffer from ATG prophylaxis. ATG prophylaxis is likely to improve GRFS among adult patients with standard-risk disease who undergo 5–6/6 HLA–matched sibling PBSCT and 6/8 HLA–matched unrelated BMT, although an increased risk of failure due to relapse was observed after 5/6 HLA–matched sibling PBSCT. These results were consistent with the results of a recent randomized study.37 ATG prophylaxis is likely to have detrimental effects after single CBT due to increased risks of death and relapse, a result that agrees with a recent study using the European transplant registry database.38
This study has several limitations. First, poor GRFS may not justify avoidance of a particular graft source, since the absence of significant GvHD may not be a long-term goal for some patients. Thus, we performed weighted analysis and found that the relative relationship among graft sources remained similar even if the failure rates due to significant GvHD were reduced by half. Second, the results of ATG analysis would require careful interpretation, since the proportion of patients who had had ATG prophylaxis was relatively small in this study, and the doses, schedule, and types of ATG were not collected in the registry database. Prospective studies of ATG prophylaxis with pre-specified doses and schedules using the GRFS end point are warranted to clarify the merits of ATG prophylaxis for specific conditions. Third, some subgroup analyses are inconclusive, particularly for pediatric patients. Lastly, we did not include unrelated PBSCT, haploidentical HCT, or double CBT because these graft sources were recently introduced in Japan and we have not yet had sufficient numbers of patients for analysis. Further data collection is required to address these graft sources. The results of this study were derived from the national registry database collected from multiple centers, and thus will benchmark future GvHD prophylaxis trials in the Japanese population. The use of a large database allowed us to examine a variety of donor types and graft sources, and to identify robust risk factors associated with GRFS events. Our results will also inform physicians of the merits and demerits of a particular graft source from the perspective of the GRFS end point that measures ideal recovery without ongoing morbidity.
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