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                                                                                                                        Abstract

                                                            The study is a randomized phase II trial investigating graft-versus-host disease prophylaxis after non-myeloablative (90 mg/m2 fludarabine and 2 Gy total body irradiation) human leukocyte antigen matched unrelated donor transplantation. Patients were randomized as follows: arm 1 – tacrolimus 180 days and mycophenolate mofetil 95 days (n=69); arm 2 – tacrolimus 150 days and mycophenolate mofetil 180 days (n=71); arm 3 – tacrolimus 150 days, mycophenolate mofetil 180 days and sirolimus 80 days (n=68). All patients had sustained engraftment. Grade II-IV acute graft-versus-host disease rates in the 3 arms were 64%, 48% and 47% at Day 150, respectively (arm 3 vs. arm 1 (hazard ratio 0.62; P=0.04). Owing to the decreased incidence of acute graft-versus-host disease, systemic steroid use was lower at Day 150 in arm 3 (32% vs. 55% in arm 1 and 49% in arm 2; overall P=0.009 by hazard ratio analysis). The Day 150 incidence of cytomegalovirus reactivation was lower in arm 3 (arm 1, 54%; arm 2, 47%; arm 3, 22%; overall P=0.002 by hazard ratio analysis). Non-relapse mortality was comparable in the three arms at two years (arm 1, 26%; arm 2, 23%; arm 3, 18%). Toxicity rates and other outcome measures were similar between the three arms. The addition of sirolimus to tacrolimus and mycophenolate mofetil is safe and associated with lower incidence of acute graft-versus-host disease and cytomegalovirus reactivation. (clinicaltrials.gov identifier: 00105001).
                                                            
                                                            Introduction
In recent years, it has become increasingly evident that after non-myeloablative hematopoietic cell transplantation (HCT), development of chronic graft-versus-host-disease (GvHD) is associated with the graft-versus-tumor effects (GvT) and lower relapse incidence, while acute GvHD only increases the risk of treatment-related mortality.41 The most frequently used post-grafting immunosuppressive regimen after non-myeloablative conditioning with fludarabine (FLU) and 2 Gy total body irradiation (TBI) is based on a calcineurin inhibitor, cyclosporine (CSP) or tacrolimus, and mycophenolate mofetil (MMF). The approach was translated from the canine model,65 and its efficacy and safety in human unrelated HLA-matched donor transplantation has subsequently been established in a series of phase I/II trials.97 However, with a grade II-IV acute GvHD rate of 53% at Day 100 after HLA-matched unrelated donor transplantation, improvement is still warranted.9
This phase II randomized clinical trial is part of an ongoing effort to optimize control of acute GvHD without reducing the GvT effect after unrelated donor transplantation. Patients were randomized between three different post-transplantation immunosuppressive regimens (referred to as arms). In arm 1, tacrolimus was administered for 180 days and MMF for 95 days. In arms 2 and 3, tacrolimus and MMF were administered for 150 and 180 days, respectively, with the addition of 80 days of sirolimus in arm 3. The immunosuppressive regimen used in arm 1 was similar to the GvHD prophylaxis used in our previous non-myeloablative unrelated donor transplantation trials, and thus designated as the reference arm. The primary objective was to determine which of the regimens in the experimental arms 2 and 3 could reduce grade II–IV acute GvHD to 40% or under, compared to the reference arm. The calcineurin inhibitor, tacrolimus, was chosen over CSP due to observations from previous randomized phase III studies in patients given high-dose conditioning where the incidence of acute GvHD was lower when tacrolimus was combined with methotrexate instead of CSP, although survival rates in both arms of those trials were comparable.1210 The mTOR inhibitor, sirolimus, which may have a synergistic effect with tacrolimus,1413 was chosen as a third immunosuppressive drug based on positive experiences from phase I and II HCT trials.1615
Methods
Study design
The study was a randomized phase II trial including 11 transplant centers (Online Supplementary Table S1). The Fred Hutchinson Cancer Research Center (FHCRC) acted as coordinating center. The study was approved by institutional review boards at the FHCRC and at collaborating centers. All patients signed consent forms approved by the local institutional review boards. The study was registered at clinicaltrials.gov (identifier: 00105001). The manuscript was prepared in accordance with the CONSORT 2010 statement (Online Supplementary Figure S1).17 The primary objective was to determine whether either of the two experimental immunosuppressive regimens could reduce grades II–IV acute GvHD to 40% or under. Secondary objectives were to reduce the Day 200 non-relapse mortality (NRM) to 15% or under, and to lower corticosteroid use compared to the reference arm.
Patients were randomized between three immunosuppressive treatment regimens and stratified according to transplant center (FHCRC vs. other), number of prior chemotherapy regimens (<3 vs. ≥3) and age (<55 vs. ≥55 years).
Patients with advanced hematologic malignancies (Table 1) treatable by non-myeloablative conditioned allogeneic HCT were eligible for the study. Donors were unrelated, high-resolution typed for HLA-A, -B, -C, -DRB1 and -DQB1, allele level matched (10/10) and no more than a single allele disparity for either HLA-A, -B, or -C was allowed.18


Table 1.Pre-transplant demographics.
The protocol was opened in January 2005 and closed in August 2009 after accruing 208 patients. The database was analyzed as of August 2013 and median follow up was 4.9 (range 0.5–8.4) years.
Treatment
Patients were conditioned with FLU (30 mg/m/day) on Days -4, -3, and -2 before receiving 2 Gy TBI at a rate of 0.06–0.07 Gy/min from a linear accelerator on the day of HCT (Day 0). Donor peripheral blood stem cells (PBSC) were collected as previously described.8 For post-grafting immunosuppression, patients were randomized between three regimens; henceforward in this report these will be referred to as arms 1–3. In arm 1, 15 mg/kg of MMF was given p.o. t.i.d. from Day 0 until Day 30, then b.i.d until Day 40 and in the absence of GvHD tapered off by Day 96. Tacrolimus 0.06 mg/kg was administered orally b.i.d. from Day -3 to 100 and in the absence of GvHD tapered off by Day 180. In arm 2, the same doses of MMF and tacrolimus were used, but MMF was b.i.d. from Day 30 to Day 150 and tapered over one month, while tacrolimus was continued to Day 100 and tapered over 50 days. In arm 3, the MMF and tacrolimus dosing schedules were the same as for arm 2, but with the addition of sirolimus started at Day -3 at 2 mg p.o. q.d. and adjusted to attain trough levels of 3–12 ng/mL. Sirolimus was stopped at Day 80 without a taper. In arms 1 and 2, tacrolimus trough levels were targeted between 10–15 ng/mL for the first 28 days and thereafter between 7.5 and 15 ng/mL. In arm 3, tacrolimus trough levels were targeted between 5 and 10 ng/mL during sirolimus administration.
Eligibility criteria, patient evaluations and statistical analyses are described in the Online Supplementary Appendix.
Results
Patients
Sixty-nine patients were randomized into arm 1, 71 into arm 2, and 68 into arm 3. Patients’ demographics are summarized in Table 1. Patients received G-CSF mobilized PBSC from 10/10 HLA matched (90%) or 1 allele mismatched (at HLA-A, -B, or -C) unrelated donors (10%). Underlying diseases were: acute myeloid leukemia (AML) (n=93); myelodysplastic syndrome (MDS) (n=12); chronic myeloid leukemia (CML) (n=1); acute lymphoblastic leukemia (ALL) (n=11); non-Hodgkin lymphoma (NHL) (n=48); chronic lymphocytic leukemia (CLL) (n=15); Hodgkin lymphoma (HL) (n=5) and multiple myeloma (MM) (n=23), with slightly more patients with AML compared to NHL in arm 3. Relapse risk scores19 and HCT-comorbidity index (HCT-CI)20 were evenly distributed among arms. Thirty-seven percent of the patients had at least one prior high-dose HCT (32% autologous and 5% allogeneic). Seventy-eight percent had the high-dose HCT as part of a planned tandem transplant. All 23 patients with MM had high-dose autologous HCT prior to entering the trial.
Two patients each in arms 1 and 2, and 3 patients in arm 3, all with CD20 B-cell lymphomas, were concurrently enrolled on a study protocol (clinicaltrials.gov identifier:00867529) studying the effects of peri-transplant rituximab (Days -3, 10, 24 and 38). Due to the even distribution of patients treated with peri-transplant rituximab, they were included in subsequent analyses, as any impact of rituximab on GvHD would affect the study arms equally.
Rejections, chimerism and peripheral blood cell changes
All patients had sustained engraftment. Near-complete granulocyte donor chimerism was achieved promptly, with no significant differences between arms (Figure 1A). Median donor T-cell chimerism was lower in arm 3 on Days +28 (arm 1, 94%; arm 2, 84%; arm 3, 74%; P<0.001) and +84 (arm 1, 95%; arm 2, 95%; arm 3, 82%; P=0.003) (Figure 1B). Median Day +28 donor NK cell chimerism (n=83), which was only analyzed in FHCRC patients, was also lower in arm 3 and correlated with donor T-cell chimerism (Pearson’s correlation coefficient r=0.47; P<0.0001).


Figure 1.Donor granulocyte and T-cell chimerism. Percent donor granulocyte (A) and T-cell chimerism (B) in arm 1 (n=69), arm 2 (n=71) and arm 3 (n=68). Horizontal lines represent medians, and dots represent the individual data points. P values are two-tailed.
Compared to arm 1, the median ANC nadirs in arms 2 and 3 were significantly lower [arm 1, 0.32 (range 0–1.42) cells/μL; arm 2, 0.25 (range 0–2.38) cells/μL; arm 3, 0.15 (range 0–1.68) cells/μL; P<0.0001], while the median period with ANC below 500 cells/μL was longer in arm 3 [arm 1, 3 (range 0–22) days; arm 2, 3 (range 0–37) days; arm 3, 9 (range 0–34); P<0.0001]. The number of patients who required G-CSF treatment for prolonged neutropenia (persistence or development of granulocyte counts below 500 cells/μL past Day +21 after HCT) was similar in all arms (arm 1, 17%; arm 2, 18%; arm 3, 18%; P=0.98).
Donor lymphocyte infusion
Donor lymphocyte infusion (DLI) was not offered on this protocol, and patients with low chimerism or disease progression were eligible for ongoing DLI protocols or treatment plans.
A total of 14 (7%) patients received DLI. In arm 1, 5 patients received DLI, 2 for low chimerism and 3 for relapse. Three patients received DLI in arm 2, 2 of whom for low chimerism and one for progressive disease. In arm 3, 6 patients were treated with DLI, of whom 2 for low chimerism and 4 for relapse.
Graft-versus-host disease
The cumulative incidences of Day 150 grade II-IV acute GvHD in arms 2 and 3 were lower compared to arm 1 (arm 1: 64%; arm 2: 48%; arm 3: 47%), although the overall difference was not statistically significant (P=0.09 by hazard ratio (HR) analysis) (Figure 2A). The incidence of grade III-IV acute GvHD was similar in all arms (arm 1, 13%; arm 2, 14%; arm 3, 13%; overall P=0.96). However, a comparison of arms 2 and 3 to the reference arm (arm 1) (Table 2) suggests that the incidence of grade II acute GvHD was lower in these arms (P=0.10 for arm 2 vs. arm 1 and P=0.04 arm 3 vs. arm 1). Among patients with grades II–IV acute GvHD, the proportion with skin involvement was 61%, 74% and 19% (P<0.0001), and the proportion with gut involvement was 80%, 74% and 100% (P=0.009) in arms 1, 2 and 3, respectively (Online Supplementary Table S2). No patients experienced acute GvHD of the liver. Acute GvHD was confirmed by biopsy in 72%, 71% and 88% of patients in arms 1, 2, and 3, respectively.


Figure 2.Graft-versus-host disease and use of systemic steroids. Cumulative incidence of grade II to IV acute (A) and chronic (B) GvHD among patients in arm 1 (n=69), arm 2 (n=71) and arm 3 (n=68). (C) Cumulative incidence of use of systemic steroids in arm 1 (n=69), arm 2 (n=71) and arm 3 (n=68).


Table 2.Cumulative incidence of graft-versus-host disease.
The 2-year cumulative incidence of chronic GvHD was similar in all study arms (arm 1, 60%; arm 2, 49%; arm 3, 59%; overall P=0.80 by HR analysis) (Table 2) (Figure 2B). The cumulative 150-day incidence of systemic steroid use was 55% in arm 1, 49% in arm 2, and 32% in arm 3 (overall P=0.009 by HR analysis). The incidences of Day 150 steroid use were comparable between arms 1 and 2 [HR: 0.86 (95%CI: 0.5–1.4); P=0.51], and significantly lower in arm 3 when compared to arm 1 [HR: 0.47 (95%CI: 0.3–0.8); P=0.004] (Figure 2C).
Regimen-related toxicities, infections and non-relapse mortality
When toxicities unrelated to the blood and bone marrow were analyzed, 32% of all patients experienced 1 or more grade 3–4 toxicities with no difference between arms (arm 1, 35%; arm 2, 27%; and arm 3, 34%; P=0.54) (Online Supplementary Table S3). Importantly, no patients experienced veno-occlusive disease of the liver, thrombocytic microangiopathy, hypercholesterolemia or hypertriglyceridemia. One patient in arm 1 developed post-transplant lymphoproliferative disease three months after transplantation and was treated successfully with 4 doses of rituximab. No difference in the incidence of bacterial infections (arm 1, 62%; arm 2, 45%; arm 3, 59%; overall P=0.30 by HR analysis) or fungal infections (arm 1, 20%; arm 2, 16%; arm 3, 19%; overall P=0.95 by HR analysis) between arms was observed. However, Day 150 incidence of viral infections was significantly lower in arm 3 (arm 1, 62%; arm 2, 62%; arm 3, 37%; overall P=0.03 by HR analysis), which was mainly due to a reduction in risk of cytomegalovirus (CMV) reactivation in arm 3 (arm 1, 54%; arm 2, 47%; arm 3, 22%; overall P=0.002 by HR analysis) (Table 3 and Figure 3). Of the 95 patients who experienced one or more CMV reactivations, only 17 (arm 1, n=9; arm 2, n=5; arm 3, n=3) had overt CMV infections, primarily of the gut. Only 2 patients, one in each of arms 2 and 3, experienced Epstein Barr virus reactivation. There was no difference in the incidence of other viral infections between arms (arm 1, 17%; arm 2, 31%; arm 3, 22%; overall P=0.08 by HR analysis) (Table 3).


Figure 3.Viral infections. Cumulative incidence of cytomegalovirus reactivation in arm 1 (n=69), arm 2 (n=71) and arm 3 (n=68).


Table 3.Cox regression analyses of incidence of cytomegalovirus (CMV) reactivation and non-CMV infection.
A total of 56 patients died of NRM. The cumulative incidences of NRM were similar in all arms at 200 days (arm 1, 4%; arm 2, 9%; arm 3, 3%) and at two years (arm 1, 26%; arm 2, 23%; arm 3, 18%; overall P=0.55 by HR analysis) (Figure 4A). GvHD alone accounted for 5 deaths in arm 1, 2 deaths in arm 2, and 3 deaths in arm 3. The most common cause of NRM mortality was GvHD with infection (arm 1, n=10; arm 2, n=10; arm 3, n=8). Infection alone accounted for 3 deaths in arm 1, 5 in arm 2, and 3 in arm 3. One patient each in arms 2 and 3 died of other causes, both unrelated to the transplant (pancreatic cancer and a motor vehicle accident). In arm 1, 3 patients died of cerebral events, while 2 died of causes unrelated to the transplant (metastatic gastric cancer and accidental drowning).


Figure 4.Non-relapse mortality and relapse or progression. (A) Cumulative incidence of non-relapse mortality among patients in arm 1 (n=69), arm 2 (n=71) and arm 3 (n=68). (B) Cumulative incidence of relapse or progression among patients in arm 1 (n=69), arm 2 (n=71) and arm 3 (n=68).
Relapse and survival
There was no difference between the three arms in the overall cumulative incidence of relapse/progression (arm 1, 33%; arm 2, 40%; arm 3, 44%; overall P=0.65 by HR analysis) (Figure 4B) or relapse-related mortality (arm 1, 22%; arm 2, 32%; arm 3, 38%; overall P=0.32 by HR analysis) at two years post transplant. Analyzing lymphoid and myeloid diseases separately, no difference in relapse/progression was observed between the three arms at two years post transplant for lymphoid diseases (arm 1, 38%; arm 2, 33%; arm 3, 43%; overall P=0.89 by HR analysis). However, for myeloid diseases, a non-significant trend towards increased relapse/progression rates was observed in arms 2 and 3 (arm 1, 28%; arm 2, 46%; arm 3, 45%; overall P=0.14 by HR analysis). Overall, no difference was observed in progression-free survival (PFS) (P=0.96) or overall survival (OS) (P=0.93) among the three arms (Figure 5A and B, respectively).


Figure 5.Progression-free and overall survival. Cumulative incidences of progression-free survival (A) and overall survival (B) among patients in arm 1 (n=69), arm 2 (n=71) and arm 3 (n=68).
Discussion
In the current study, we randomized 208 patients undergoing HLA-matched unrelated HCT conditioned with FLU and 2 Gy TBI to either our standard GvHD prophylactic regimen consisting of MMF and tacrolimus, or experimental regimens with different durations of tacrolimus and MMF administration with (arm 3) or without (arm 2) sirolimus. All patients in the three arms engrafted and no rejections were observed. No relevant clinical differences in outcome measures were observed between our standard regimen (arm 1) and arm 2, where tacrolimus was tapered for a shorter period and MMF administration prolonged.
Overall, the immunosuppressive regimens used in the three arms were well tolerated, as outlined in Online Supplementary Table S2. Across all arms, neither unacceptable cytopenias nor mucositis were observed and Day 200 NRM was low (3–9%). Unlike a recent retrospective study in unrelated myeloablative HCT, where a grade III–IV acute GvHD rate of 36.5% was observed after GvHD prophylaxis with tacrolimus and MMF,21 the grade III–IV acute GvHD rates in the current study ranged from 13–14% at Day 150.
In arm 3, where sirolimus was added to the prophylactic regimen, slower development of T-cell donor chimerism was observed. Although no difference was observed in grade II–IV acute GvHD when all arms were compared together, a significantly lower incidence of grade II–IV acute GvHD was observed when the sirolimus regimen (arm 3) was compared to our standard prophylaxis (arm 1), which is in agreement with the slower development of donor T-cell chimerism. The lower incidence was due to a reduction in grade II acute GvHD, which explains why NRM remained no different from our standard prophylaxis (arm 1). However, given the low NRM overall, the study was not powered to detect differences at this level. A significant reduction in the use of systemic steroids and a lower incidence of CMV reactivation was also observed in patients treated with sirolimus. Whether the lower incidence of viral reactivation was due to the reduced steroid use, specific antiviral activity of sirolimus,22 or a combination of these factors is unknown. There was no increase in DLI use, relapse incidence or relapse-related mortality, even though donor T-cell chimerism developed significantly slower in the sirolimus-treated patients. Reports indicating that sirolimus has specific anti-neoplastic activity against lymphomas23 could not be confirmed. However, it cannot be ruled out that a potential anti-neoplastic effect of sirolimus was offset by an attenuated GvT response due to slower development of donor chimerism.
The addition of sirolimus to the prophylactic regimen was safe with no appreciable increase in adverse events; notably, no differences between arms were observed in the incidence of veno-occlusive disease of the liver, thrombocytic microangiopathy, hypercholesterolemia or hypertriglyceridemia, which previously have been associated with sirolimus in the setting of high-dose conditioning.2524
The efficacy of sirolimus has been demonstrated in solid organ transplantation, but a definite role in allogeneic HCT has yet to be defined. In the setting of high-dose conditioning, the addition of sirolimus to calcineurin-based acute GvHD prophylaxis has been associated with lower levels of acute GvHD compared to historical data.272615 In contrast, Furlong et al. reported excess toxicity without appreciable effect on GvHD in 2 smaller studies of sirolimus combined with a calcineurin inhibitor and methotrexate.28 More recently, in randomized trials, the addition of sirolimus to tacrolimus or as a substitute for methotrexate has been shown to reduce acute GvHD without affecting overall survival.3129 To our knowledge, the current study is the first phase II randomized trial to investigate the efficacy of sirolimus as acute GvHD prophylaxis in truly non-myeloablative HCT. However, there has been some experience in the reduced-intensity conditioning setting, and there has been a recent preliminary abstract report from a randomized phase III trial comparing tacrolimus, methotrexate and sirolimus to conventional sirolimus-free regimens.32 Data from the trial yielded results similar to ours where the addition of sirolimus reduced grade II–IV acute GvHD with no effect on grade III–IV acute GvHD, chronic GvHD or survival.
Previous reports on the efficacy of sirolimus in the reduced intensity setting included between 23–91 patients transplanted with a variety of HLA-matched and -mismatched related or unrelated donors after reduced intensity conditioning with FLU combined with busulphan,3533 melphalan,3735 or cyclophosphamide.38 Sirolimus was administered as a single loading dose between 6–12 mg followed by daily doses between 2–4 mg and targeted at a plasma level between 3–14 ng/mL.38363433 Sirolimus was given in combination with tacrolimus with or without methotrexate and antithymocyte globulin. Grade II–IV acute GvHD rates were between 10–37% and chronic GvHD rates were between 40–74% at two years,37363433 with a trend towards better outcome in patients who did not receive methotrexate.3433 Most of the studies did not clearly state for how long GvHD prophylaxis was planned, except for Claxton et al.;38 they discontinued sirolimus on Day 30 post transplantation and 43% of patients experienced grade II–IV acute GvHD and 77% chronic GvHD.
Perez-Simon et al. have compared a prospective cohort of 50 patients treated with sirolimus and tacrolimus with an equivalent retrospective cohort of 45 patients treated with CSP and MMF GvHD prophylaxis. Sirolimus was given until Day 180 post transplantion. Day 100 grade II–IV acute GvHD rates were similar in both groups at 45% and 49%, while a significant reduction in chronic GvHD from 90% to 50% was observed in sirolimus-treated patients which translated into 2-year NRM rates of 18% with no adverse impact on relapse rates.35
Direct comparisons between the studies using sirolimus after reduced-intensity conditioning transplantation are difficult due to heterogeneity in study populations. However, the overall experience has been positive with a favorable safety profile and efficacy in preventing both acute and chronic GvHD. Although it should be kept in mind that the previous publications were not based on randomized trials, acute GvHD rates were lower compared to the current trial, which could be attributed to their use of sirolimus loading doses and longer periods of administration.
While the current trial did not meet the primary objective of reducing acute GvHD below 40%, one can conclude that the addition of sirolimus to tacrolimus and MMF is safe and efficacious, and may reduce incidence of acute GvHD, CMV reactivation, and use of systemic steroids. Although the addition of a third immunosuppressive agent resulted only in minor reductions in acute GvHD, sirolimus remains a promising drug in acute GvHD prophylaxis after HCT. However, a note of concern is the slow development of donor T-cell chimerism observed in the sirolimus arm, which could have a negative effect on relapse incidence, particularly in the context of a non-myeloablative conditioning regimen.39 To further investigate the role of sirolimus in the non-myeloablative setting, randomized phase III are trials needed to explore different treatment schemas. Currently a 2-arm phase III trial is ongoing using cyclosporine and MMF with and without sirolimus.
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