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                                                                                                                        Abstract

                                                            Composite endpoints that not only encompass mortality and relapse, but other critical post-transplant events such as graft-versus-host disease, are being increasingly utilized to quantify survival without significant morbidity after allogeneic blood or marrow transplantation. High-dose, post-transplantation cyclophosphamide reduces severe graft-versus-host disease with allogeneic marrow transplantation, making composite endpoints after this management particularly interesting. We retrospectively analyzed 684 adults with hematologic malignancies who received T-cell-replete bone marrow grafts and cyclophosphamide after myeloablative HLA-matched related (n=192) or unrelated (n=120), or non-myeloablative HLA-haploidentical (n=372) donor transplantation. The median follow up was 4 (range, 0.02–11.4) years. Graft-versus-host disease-free, relapse-free survival was defined as the time after transplantation without grade III–IV acute graft-versus-host disease, chronic graft-versus-host disease requiring systemic treatment, relapse, or death. Chronic graft-versus-host disease-free, relapse-free survival was defined as the time after transplantation without moderate or severe chronic graft-versus-host disease, relapse, or death. One-year graft-versus-host disease-free, relapse-free survival and chronic graft-versus-host disease-free, relapse-free survival estimates were, respectively, 47% (95% CI: 41–55%) and 53% (95% CI: 46–61%) after myeloablative HLA-matched related, 42% (95% CI: 34–52%) and 52% (95% CI: 44–62%) after myeloablative HLA-matched unrelated, and 45% (95% CI: 40–50%) and 50% (95% CI: 45–55%) after non-myeloablative HLA-haploidentical donor transplantation. In multivariable models, there were no differences in graft-versus-host disease-free, or chronic graft-versus-host disease-free, relapse-free survival after either myeloablative HLA-matched unrelated or non-myeloablative HLA-haploidentical, compared with myeloablative HLA-matched related donor transplantation. Although limited by inclusion of dissimilar cohorts, we found that post-transplantation cyclophosphamide-based platforms yield comparable composite endpoints across conditioning intensity, donor type, and HLA match.
                                                            
                                                            Introduction
Graft-versus-host disease (GvHD) and infection (often related to immunosuppression used to prevent or treat GvHD) are leading causes of morbidity and non-relapse mortality after allogeneic blood or marrow transplantation (BMT).31 Chronic GvHD is the major cause of late non-relapse mortality and morbidity following allogeneic BMT.4 Successful control of GvHD without prolonged immunosuppression is fundamental for minimizing post-transplant complications and improving survival and quality of life.75 One strategy involves the use of high-dose, post-transplantation cyclophosphamide (PTCy), which is thought to target proliferating alloreactive cells stimulated early after transplant.98 When given on days +3 and +4, followed by mycophenolate mofetil and tacrolimus initiated on day +5, PTCy treatment results in low rates of severe acute GvHD, chronic GvHD, and non-relapse mortality after human leukocyte antigen (HLA)-haploidentical BMT, facilitating safe T-cell-replete allografting.1410 The utility of PTCy in reducing GvHD in the haploidentical setting led to its expansion into HLA-matched BMT. After myeloablative (MA) conditioning and HLA-matched BMT utilizing T-cell-replete bone marrow grafts, PTCy can function as sole GvHD prophylaxis,1715 and is associated with similar acute GvHD, survival, and reduced chronic GvHD rates when compared with outcomes achieved with calcineurin inhibitor-based immunosuppression.18
Selection of a single primary efficacy endpoint that is clinically relevant, consistently determined, readily interpretable, and sensitive to treatment changes is critical when evaluating the success of novel allogeneic BMT therapies, such as PTCy.19 Given the complexity of allogeneic BMT, in which decreases in non-relapse mortality or GvHD often come at the cost of increased relapse, no one factor is sufficient when examining outcomes. Composite endpoints may measure not only mortality, but critical post-transplant events, such as severe acute GvHD and chronic GvHD requiring treatment, which may allow determination of survival without significant morbidity. Two such endpoints, GvHD-free, relapse-free survival (GRFS) and chronic GvHD-free, relapse-free survival (CRFS) have been increasingly recognized as clinically meaningful in the evaluation of both standard and novel BMT platforms and are being used as primary outcomes in Blood and Marrow Transplant Clinical Trials Network (BMT CTN) studies. The BMT CTN defined GRFS as time from BMT without development of grade III–IV acute GvHD, chronic GvHD requiring systemic treatment, relapse, or death. CRFS was defined as time from BMT without development of moderate or severe chronic GvHD (according to National Institutes of Health consensus criteria),20 relapse, or death. Given their incorporation of multiple important outcomes, these composite endpoints may be more indicative of clinical success when comparing allogeneic BMT platforms, which carry differing risks of non-relapse mortality, GvHD, and relapse.
Herein, we retrospectively assessed GRFS and CRFS in 684 patients transplanted at Johns Hopkins over an 11-year period. Given the particular transplantation platforms employed at Johns Hopkins during that time, our analyses included three regimens that differed in terms of donor type, conditioning, and GvHD prophylaxis, although all uniformly used bone marrow as the graft source and PTCy. Thus, these analyses are restricted to comparing these transplantation platforms and are limited by the heterogeneity in the diseases and characteristics of the patients enrolled.
Methods
Outcome definitions
Non-relapse mortality was defined as death without disease recurrence or persistence. When estimating cumulative incidence, non-relapse mortality was a competing risk for relapse and vice versa. Disease-free survival events consisted of any detectable disease after transplantation or death from any cause. Disease-free survival was defined from the date of transplant to the date of the event. Overall survival was defined from the date of transplant to the date of death from any cause. Post-relapse survival within relapsed patients was defined from the date of relapse to death. Patients still alive at the time of last follow up were censored for disease-free survival, overall survival, and post-relapse survival. Acute GvHD and chronic GvHD were diagnosed and scored using the modified Keystone Criteria21 and the National Institutes of Health Consensus Criteria,20 respectively. Graft failure, donor lymphocyte infusion, relapse, and death were considered competing events when estimating the cumulative incidence of GvHD. GvHD scoring was performed by SM or CK with second independent assessment by the Johns Hopkins’ GvHD specialist (JBM). The definitions of composite endpoints were similar to those in ongoing BMT CTN randomized studies (#1203 and #1301). GRFS was defined from the date of transplant to the date of last follow up without grade III–IV acute GvHD, chronic GvHD requiring systemic treatment, relapse, progression, or death.22 CRFS was defined from the date of transplant to the date of last follow up without either moderate or severe chronic GvHD, relapse, progression, or death.
Statistical analysis
The primary objective of this study was to evaluate GvHD composite endpoints after PTCy-based transplantation platforms. The data were locked on August 3, 2015. The patients’ characteristics and clinical variables are described and summarized. Disease-free survival, overall survival, GRFS, and CRFS curves were estimated using the Kaplan-Meier method and survival distributions between groups were compared with stratified log-rank tests.23 All group comparisons were tested stratifying by year of transplant (2009–2012 versus 2002–2008) based on the median year of transplantation. There was a higher proportion of patients undergoing haploidentical BMT than MA HLA-matched BMT from 2009–2012 and thus we stratified by BMT year to account for the impact of experience with PTCy-based transplantation platforms. The cumulative incidences of GvHD and relapse were estimated by competing risks and the distributions between groups were compared using the Gray k-sample test.24 Cox proportional hazard models were fitted to evaluate associations between risk factors and survival outcomes. Regression models for outcomes accounting for competing risks were evaluated using the stratified approach of Fine and Gray.25 Additional descriptions of multivariable and post-relapse survival analyses are provided in the Online Supplementary Material.
Patients and treatment
After Institutional Review Board approval, we retrospectively evaluated 684 consecutive patients with hematologic malignancies aged ≥18 years who received MA matched related donor (MRD), MA matched unrelated donor (MUD), or non-myeloablative (NMA) haploidentical BMT with PTCy at Johns Hopkins between 2002 and 2012. Recipients of NMA MRD and NMA MUD transplants were not included given the small numbers of patients treated after establishment of a uniform treatment regimen (n=21). Patients were treated either on Institutional Review Board-approved clinical trials or off-study using identical transplantation platforms. The majority of patients in this analysis were included in previous reports.272617161110 Additional details on donor selection and treatment plan are provided in the Online Supplementary Material.
Results
Patients’ characteristics
The characteristics of the patients and their transplants, overall and divided by BMT platform, are shown in Table 1. The median follow up was 4 (range, 0.02–11.4) years. Median recipient age was 52 (range, 18–75) years for the group overall, 50 (range, 20–66) years for the MA MRD cohort, 49 (range, 18–65) years for the MA MUD cohort, and 55 (range, 18–75) for the NMA haploidentical cohort. Median donor age was 42 (range, 10–79) years, 48 (range, 17–76) years, 34 (range, 20–58) years, and 41 (range, 10–79) years for the MA MRD, MA MUD, and NMA haploidentical cohorts, respectively. The most common diagnosis was acute myeloid leukemia (35%), followed by aggressive non-Hodgkin lymphoma including mantle cell lymphoma (21%), then myelodysplastic syndromes or myeloproliferative neoplasms (14%). There was a lower proportion of patients with aggressive non-Hodgkin lymphoma and a higher proportion of patients with acute myeloid leukemia in the MA MRD and MA MUD cohorts compared with the NMA haploidentical cohort. Forty-three percent of patients overall had active disease (46% for MA MRD, 28% for MA MUD, and 46% for NMA haploidentical). Thirty-eight percent of patients had Hematopoietic Cell Transplant-Comorbidity Index (HCT-CI)28 scores of ≥3 (high-risk), and the distribution of HCT-CI scores was similar between the groups. Twelve percent of patients overall were low-risk, 63% intermediate-risk, and 25% high or very high-risk according to the Disease Risk Index (DRI).29 The percentage of patients with low-risk, intermediate-risk, and high or very high-risk disease differed between the groups (P<0.001) with a higher proportion of low-risk patients (14% versus 8%) and a lower proportion of high or very high-risk patients (19% versus 35%) in the NMA haploidentical versus MA MRD BMT cohort.
[image: ]

Table 1.Patients’ characteristics: overall and according to post-transplantation cyclophosphamide bone marrow transplant platform.
Kaplan-Meier estimates of composite endpoints
Estimates for 1-year overall survival, disease-free survival, GRFS, and CRFS rates were 68%, 56%, 47%, and 53% after MA MRD; 72%, 60%, 42%, and 52% after MA MUD; and 68%, 51%, 45%, and 50% after NMA haploidentical BMT (Figure 1 and Table 2 for 95% CI). Three-year overall survival, disease-free survival, GRFS, and CRFS estimates were 58%, 41%, 34%, and 38% after MA MRD; 58%, 46%, 32%, and 40% after MA MUD; and 52%, 41%, 35%, and 38% after NMA haploidentical BMT. There were no significant differences in GRFS (P=0.65) and CRFS (P=0.75) among the three transplantation platforms based on stratified log-rank tests (Figure 2).
[image: ]

Figure 1.Kaplan-Meier curves* for overall survival, disease-free survival, GRFS, and CRFS after post-transplantation cyclophosphamide platforms for myeloablative HLA-matched related, myeloablative HLA-matched unrelated, and non-myeloablative HLA-haploidentical bone marrow transplantation. GRFS: graft-versus-host disease-free, relapse-free survival; CRFS: chronic graft-versus-host disease-free, relapse-free survival; MA: myeloablative; MRD: HLA-matched related donor; MUD: HLA-matched unrelated donor; NMA: non-myeloablative; Haplo: HLA-haploidentical; OS: overall survival; DFS: disease-free survival. *P-values shown in the plots were based on stratified log-rank tests and the curves were truncated at 8 years.
[image: ]

Table 2.Survival and composite endpoints according to post-transplantation cyclophosphamide bone marrow transplant platform.
[image: ]

Figure 2.(A) Kaplan-Meier curves* of GRFS and CRFS and (B) distribution of first event components of GRFS and CRFS following different transplant platforms with post-transplantation cyclophosphamide. GRFS: graft-versus-host disease-free, relapse-free survival; CRFS: chronic graft-versus-host disease-free, relapse-free survival; MA: myeloablative; MRD: HLA-matched related donor; MUD: HLA-matched unrelated donor; NMA: non-myeloablative; Haplo: HLA-haploidentical; aGVHD 3–4: grade 3–4 acute graft-versus-host disease; cGVHD trt: chronic graft-versus-host disease requiring systemic treatment; NRM: non-relapse mortality; cGVHD-modsev: moderate or severe chronic graft-versus-host disease. *P-values shown in the plots were based on stratified log-rank tests and the curves were truncated at 8 years.
Multivariable analysis of composite endpoints
HCT-CI score, donor cytomegalovirus serostatus, donor age, and female into male allografting were not significantly independently associated with GRFS or CRFS. Of the assessed variables, DRI, patient’s age, patient’s cytomegalovirus serostatus, and nucleated cell graft dose were found to significantly influence GRFS and CRFS in multivariable analysis. Older age of the patients (analyzed as a continuous variable in increments of 10 years) was associated with inferior GRFS (HR=1.09; 95% CI: 1.01–1.18, P=0.03) and CRFS (HR=1.08; 95% CI: 1.00–1.17, P=0.05). High or very high-risk disease by DRI was also associated with inferior GRFS (HR=1.62; 95% CI: 1.17–2.24, P=0.003) and CRFS (HR=2.13; 95% CI: 1.51–3.0, P<0.0001) when compared with low-risk disease. GRFS (HR=1.31; 95% CI: 1.09–1.58, P=0.004) and CRFS (HR=1.26; 95% CI: 1.04–1.52, P=0.02) were also inferior in patients who were cytomegalovirus-seropositive compared to those who were cytomegalovirus-seronegative. In contrast, higher nucleated cell graft dose was associated with superior GRFS (HR 0.87; 95% CI: 0.81–0.94, P=0.0003) and CRFS (HR 0.88; 95% CI: 0.82–0.95, P=0.002). Finally, MA MUD was not significantly different from MA MRD for GRFS (HR=1.05; 95% CI: 0.79–1.40, P=0.71) or CRFS (HR= 0.97; 95% CI: 0.72–1.30, P=0.83) when including the above variables in the model and stratifying by BMT year. Similarly, GRFS (HR=0.97; 95% CI: 0.77–1.21, P=0.77) and CRFS (HR=1.09; 95% CI: 0.86–1.38, P=0.48) were not significantly different after NMA haploidentical when compared with MA MRD BMT in the multivariable model (Table 3).
[image: ]

Table 3.Multivariable model for graft-versus-host disease-free, relapse-free survival and chronic graft-versus-host disease-free, relapse-free survival adjusting for potential cofounders.*
Distribution of first events in the composite outcomes
Despite the similarity of GRFS and CRFS outcomes, the distribution of overall first events differed between the transplant platforms (Figure 2). While non-relapse mortality and chronic GvHD requiring systemic treatment made up a similar proportion of first GRFS events, relapse was different between the groups, occurring as a first event (among those having an event) in 56% of patients after MA MRD, 45% after MA MUD, and 65% of patients after NMA haploidentical BMT (P=0.005). Grade III–IV acute GVHD as a first GRFS event was also significantly different, occurring in 18% of patients having an event after MA MRD, 23% of patients after MA MUD, and 8% of patients after NMA haploidentical BMT (P=0.0003). For CRFS, non-relapse mortality as a first event was similar after each transplant platform at 28% after MA MRD, 27% after MA MUD, and 22% after NMA haploidentical BMT (P=0.35). However, relapse comprised a different proportion of first CRFS events after MA MRD, MA MUD, and NMA haploidentical BMT with 65%, 59%, and 74%, respectively (P=0.02). Moderate or severe chronic GvHD as first CRFS events also differed between the groups, occurring in 7%, 15%, and 4% after MA MRD, MA MUD, and NMA haploidentical BMT, respectively (P=0.007).
Relapse and post-relapse survival
Relapse was the most common event within the GRFS and CRFS endpoints and was statistically different between the cohorts. We, therefore, examined the cumulative incidence of relapse by transplant platform stratified by BMT year and found that it was statistically significantly different (P=0.03) (Figure 3). The cumulative incidence of relapse at 3 years was 41% (95% CI: 33–48%) after MA MRD, 36% (95% CI: 38–45%) after MA MUD, and 46% (95% CI: 41–51%) after NMA haploidentical BMT. The median time to relapse was also different between the groups, being 164 days, 302 days, and 171 days after MA MRD, MA MUD, and NMA haploidentical BMT, respectively.
[image: ]

Figure 3.Relapse according to post-transplantation cyclophosphamide bone marrow transplant platform. (A) Cumulative incidence of relapse (P-value in the model is a result of testing the differences of cumulative incidence of relapse among transplant platforms stratified by bone marrow transplant year). (B–D) Kaplan-Meier curves of post-relapse survival by (B) post-transplantation cyclophosphamide bone marrow transplant platform and (C–D) time from transplantation to relapse. MA: myeloablative; MRD, HLA-matched related donor bone marrow transplant; MUD: HLA-matched unrelated donor bone marrow transplant; NMA: non-myeloablative; Haplo: HLA-haploidentical bone marrow transplant; BMT: bone marrow transplant.
Subsequent analysis revealed 1-year survival after relapse estimates of 46% (95% CI: 35–59), 44% (95% CI: 31–62%), and 37% (95% CI: 31–45) for patients after MA MRD, MA MUD, and NMA haploidentical BMT, respectively (Figure 3B). Given the correlation of transplant platform and time to relapse, we stratified post-relapse survival by time to relapse less than or greater than/equal to 6 months (Figure 3C,D). There was no difference in survival (P=0.21) by BMT with PTCy platform in the patients who relapsed early. Point estimates for 1-year post-relapse survival in patients who relapsed before 6 months were 26% (95% CI: 15–44%), 41% (95% CI: 23–73%), and 25% (95% CI: 18–35%) for MA MRD, MA MUD, and NMA haploidentical BMT, respectively. Among patients who relapsed at or after 6 months, those with prior MA MRD had relatively better survival than either MA MUD or NMA haploidentical patients (P=0.05). The 1-year post-relapse survival rate was 71% (95% CI: 57–89%) for MA MRD, 46% (95% CI: 30–70%) for MA MUD, and 54% (95% CI: 44–67%) for NMA haploidentical BMT.
Multivariable analysis for post-relapse survival indicated that recipient’s age, donor’s age, female into male allografting, total nucleated cell dose, and recipient and donor cytomegalovirus serostatus were not independently associated with post-relapse survival (Table 4). Compared with patients who underwent MA MRD BMT, those who underwent MA MUD BMT (HR 1.40; 95% CI: 0.88–2.24, P=0.16) or NMA haploidentical BMT (HR 1.64; 95% CI: 1.15–2.34, P=0.006) had an inferior post-relapse survival, although the difference did not reach significance for MA MUD compared to MA MRD BMT. Patients who relapsed at or beyond 6 months had a longer post-relapse survival (HR 0.46; 95% CI: 0.35–0.61, P<0.0001) compared to patients who relapsed within 6 months of their transplant. Patients with high or very high-risk DRI scores had inferior post-relapse survival (HR 2.22; 95% CI: 1.28–3.83, P=0.004). Finally, patients with very high HCT-CI scores ≥ 5 also had an inferior post-relapse survival (HR 2.31; 95% CI: 1.37–3.90, P=0.002) relative to patients with HCT-CI scores of 0.
[image: ]

Table 4.Multivariable analysis for post-relapse survival.*
Discussion
GRFS and CRFS incorporate GvHD, relapse, and survival endpoints to allow measurement of the success of BMT defined as relapse-free survival without ongoing morbidity. These composite outcomes were initially developed from data reported to the Center for International Blood and Marrow Transplant Research regarding HLA-matched allogeneic BMT using a variety of different GvHD prophylaxis regimens, with a calcineurin inhibitor combined with methotrexate being the most commonly utilized. Estimates of 1-year GRFS and CRFS were 23% and 28%, respectively (BMT CTN #1203). In a mixture of MRD, MUD, and umbilical cord blood transplant recipients who predominately received peripheral blood stem cell transplants and calcineurin inhibitor-based GvHD prophylaxis, Holtan et al. and Arora et al. demonstrated 1-year GRFS rates of 31%30 and 38%,31 respectively. In addition, work by Mehta et al. that included predominantly calcineurin inhibitor-based GvHD prophylaxis found improved GRFS in patients who received MRD BMT compared with patients grafted with MRD peripheral blood stem cells, MUD peripheral blood stem cells, umbilical cord blood, or mismatched unrelated allogeneic bone marrow.32 The 1-year GRFS rate of 45% in our PTCy cohort as a whole and 47%, 42%, and 45% after MA MRD, MA MUD, and NMA haploidentical BMT, respectively, compare favorably with GRFS rates previously reported for calcineurin inhibitor-based regimens.
GvHD composite endpoints have also been described following in vivo or ex vivo T-cell-depleted allogeneic BMT regimens. A recent analysis of HLA-matched peripheral blood stem cell transplants by Kroger et al.33 demonstrated a 2-year cumulative incidence of chronic GvHD of 32% (95% CI: 22–47%) in patients receiving antithymocyte globulin and 69% (95% CI: 58–81%) in patients not given antithymocyte globulin. Our 2-year incidences of chronic GvHD using the same competing risk factors as those utilized in the analysis by Kroger et al. were 9% (95% CI: 5–13%), 16% (95% CI: 9–23%), and 11% (95% CI: 8–14%) after MA MRD, MA MUD, and NMA haploidentical BMT, respectively. Furthermore, in their HLA-matched peripheral blood stem cell recipients, 2-year CRFS was 37% (95% CI: 24–48%) with antithymocyte globulin and 17% (95% CI: 9–26%) without antithymocyte globulin. Two-year CRFS rates for our PTCy platforms are similar to those in the antithymocyte globulin arm in the analysis by Kroger et al., with 48% (95% CI: 41–56%) after MA MRD, 43% (95% CI: 35–53%) after MA MUD, and 41% (95% CI: 37–47%) after NMA haploidentical BMT. Finally, considering CD34 selection, Pasquini et al. reported a 2-year GRFS of 41% for CD34 selected allogeneic BMT compared with 19% after standard calcineurin inhibitor-based GvHD prophylaxis, with corresponding 2-year chronic GVHD cumulative incidences of 19% and 50%.34 In all, GvHD composite endpoint outcomes after PTCy-based platforms were comparable to those reported using T-cell depletion with either antithymocyte globulin or CD34 selection.
Furthermore, within our study, we found that GRFS and CRFS after MA MRD, MA MUD, or NMA haploidentical were not significantly different. While GRFS estimates were not dissimilar between treatment groups, the distributions of first events were significantly different, with a higher proportion of relapse and a lower proportion of GvHD in the NMA haploidentical group, compared to the other treatment groups. The lower incidence of grade III–IV acute GvHD and chronic GvHD requiring systemic treatment as a first event in the NMA haploidentical BMT cohort is likely explained by the additional immunosuppression (i.e. tacrolimus and mycophenolate mofetil) utilized and the decreased conditioning intensity.
Although relapse remains a significant problem after all allogeneic BMT platforms, higher relapse as a first GRFS or CRFS event and in cumulative incidence curves was seen after NMA haploidentical BMT. These findings might be due, in part, to the reduction in conditioning intensity. Furthermore, GvHD has been shown to correlate with graft-versus-leukemia effects, and thus a reduction in GvHD likely contributed to the increase in relapse. Time to relapse was comparable after MA MRD and NMA haploidentical BMT, but longer after MA MUD BMT. Given this difference in time to relapse, we examined survival after relapse in patients who relapsed before 6 months and those who relapsed at 6 months or later. Early relapse after BMT was associated with similarly poor outcomes regardless of the PTCy platforms. In keeping with studies by Bashey et al.13 and Solh et al.,35 survival after relapse for patients who underwent haploidentical BMT was worse than that for patients treated with MA MRD BMT. However, in our NMA haploidentical cohort we observed a higher 1-year post-relapse survival than that recorded in these prior analyses (37% compared with 17% reported in previous studies). Furthermore, Solh et al. demonstrated similar 1-year post-relapse survival for MA MRD and MA MUD BMT recipients of 46% and 40%, compared with 46% and 44% in our analysis, respectively. In their study post-relapse survival was inversely related to the use of donor lymphocyte infusion and increasing DRI score.35 We postulate that worse survival after relapse in our study may have been due to decreased use of donor lymphocyte infusion for MA MUD and NMA haploidentical36 BMT patients and/or resistance to donor lymphocyte infusion through “HLA loss” in the haploidentical BMT cohort.37 However, Bashey et al. found that survival after relapse was inferior even when patients with prior donor lymphocyte infusion were excluded and they attributed this result to a higher proportion of patients with a history of prior autologous transplantation in the haploidentical group, indicating worse disease. Our haploidentical cohort contained a higher proportion of patients with a history of lymphoma and autologous transplantation, which may indicate more resistant disease in this group, but may also indicate that fewer patients underwent a second BMT after relapse. The haploidentical cohort also included older patients who tend to have worse disease and poorer tolerance to salvage therapy (i.e. higher DRI and HCT-CI scores). Regardless, poor survival after relapses, particularly after early relapses, highlights the importance of relapse prevention. The very low rates of grade III–IV acute GvHD and moderate/severe chronic GvHD in the NMA haploidentical group provides an ideal platform to study post-transplant relapse prevention strategies, such as decreasing the duration of immunosuppression and/or early initiation of post-transplant maintenance therapies.
In our multivariable analysis of all transplant platforms, high or very high-risk disease according to the DRI, older patient’s age as a continuous variable, patient’s cytomegalovirus seropositivity, and lower total nucleated cell graft dose were associated with a higher risk of a GRFS or CRFS event. The relationship of DRI with inferior survival is consistent with past studies.2911 The effect of age on GRFS and CRFS is due in part to higher-risk disease as defined by the DRI and an increased risk of non-relapse mortality in older patients. The 3-year non-relapse mortality rate was 17% (95% CI: 11–22%) after MA MRD, 18% (95% CI: 11–25%) after MA MRD, and 12% (95% CI: 9–16%) after NMA haploidentical BMT. The risk of non-relapse mortality was greater for older patients (examined as a continuous variable by 10-year intervals) after MA MRD [subdistribution hazard ratio (SDHR) 1.76; 95% CI: 1.12–2.76, P=0.01] and MA MUD (SDHR 1.69; 95% CI: 1.16–2.46, P=0.006), but not statistically higher after NMA haploidentical BMT (SDHR 1.22; 95% CI: 0.96–1.54, P=0.10). Furthermore, in yet unpublished data (McCurdy et al. Johns Hopkins, Improved Outcomes with Grade II Acute Graft-Versus-Host Disease after HLA-Haploidentical Transplantation using Posttransplantation Cyclophosphamide, 2017), older age was found to be associated with an increased risk of acute GvHD. After adjustment for DRI score, year of BMT, patient’s cytomegalovirus seropositivity, total nucleated cell graft dose, and transplant platform, older patients continued to have an inferior GRFS, but not CRFS, which suggests that acute GvHD (which was not included in the CRFS end-point) contributed to their worse outcomes. The relationship of patient’s cytomegalovirus seropositivity is also consistent with prior analyses.38 Finally, our finding of improved GRFS and CRFS with higher total nucleated cell dose is consistent with the association of graft dose and improved overall survival in past studies.4139
By incorporating GvHD endpoints, GRFS and CRFS may prove useful in comparing allogeneic BMT platforms especially when reduction in GvHD is the desired clinical outcome. Moreover, GvHD composite endpoints may be better measures of successful allogeneic BMT, affording a more comprehensive picture of patients’ outcomes than overall survival or disease-free survival alone. The utility of GRFS was highlighted by Holtan et al. who found that after HLA-matched and umbilical cord transplantation only 31% of patients survive to 1 year without experiencing a GRFS event, which indicates a highly different transplant outcome than that suggested by the 1-year overall survival of 63% seen in the same cohort.30 While overall survival may be an appropriate endpoint for therapies that are not associated with high morbidity, outcomes after allogeneic BMT may be more accurately represented when GvHD events, which carry ongoing morbidity, are included. Although further studies are necessary to evaluate these endpoints, we believe that GRFS and CRFS are useful in determining relapse-free survival without ongoing morbidity, generating a more complete assessment of successful allogeneic BMT than standard endpoints. Furthermore, we posit that CRFS may be more clinically meaningful given that chronic GvHD is associated with protracted morbidity and a long-term requirement for immunosuppression,42 whereas non-fatal grade III–IV acute GvHD that is included in the GRFS outcome usually has a limited course.
This study is inherently limited by its retrospective nature and its incorporation of patients with heterogeneous risks of relapse and complications. To adjust for differences between the cohorts we formulated a multivariable model that included factors that were different between the cohorts as well as those which are known to affect outcomes after BMT such as age, DRI score, HCT-CI score, cytomegalovirus serostatus, and total nucleated cell graft dose. Moreover, because these platforms differ in the conditioning, HLA-matching, and post-grafting immunosuppression employed, we cannot make definitive conclusions about HLA-matching or conditioning intensity independently and only about these platforms as a whole. Furthermore, the sample size limits our statistical power to detect small differences in GRFS and CRFS between the PTCy platforms.
While the specific transplant sequelae may differ slightly, composite endpoints that incorporate several important post-transplant outcomes are similar across conditioning intensities and HLA-matching with PTCy. Our study supports earlier data indicating that HLA-matched and haploidentical allografting yeild similar survival,4543141311 but demonstrates this comparability for the first time in MRD and MUD platforms that also utilize PTCy. This analysis emphasizes the safety and tolerability of PTCy-based transplant platforms, which may facilitate the early initiation of novel targeted post-transplant therapies to prevent relapse in the future. Given the growing data on the similarity of outcomes after HLA-matched and haploidentical BMT, further studies are required to determine whether others factors, such as donor’s age, may be more important for donor selection than HLA-matching.
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