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Novelty Statement
1. This study describes the modern context and competitiveness of an established reduced intensity conditioning protocol when combined with a methodical donor lymphocyte infusion programme in an era of evolving practice. 
2. These data support the continued use of fludarabine, busulfan and anti-T-lymphocyte with fully matched donors for older patients with myeloid malignancy.
3. These results describe encouraging real-world outcomes in a large cohort of patients against a background of increasing use of alternative conditioning agents and graft-versus-host disease prevention strategies.   
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Abstract
Fludarabine, busulfan and anti-T lymphocyte globulin (FLUBU3+ATLG) reduced-intensity conditioning is an established preparative regimen for allogeneic haematopoietic stem cell transplantation in older patients with myeloid malignancy. We examined its modern-day performance in 175 sequentially-treated patients on our national programme. Overall survival was 72.4% at 2 years (95% CI 64.6-78.6%) with a cumulative incidence of non-relapse mortality of 11%. The cumulative 2-year relapse incidence was 27% (95% CI 22.8-37.6%) and was partially ameliorated by chronic graft-versus-host disease (HR 0.35, 95% CI 0.12–0.98, p=0.02). Mixed donor chimerism was observed in 51.5% beyond day 90 but relapse was significantly reduced in these patients by adopting a pre-emptive donor lymphocyte infusion (DLI) strategy (HR 0.22, 95% CI 0.07 – 0.69, p=0.005). The use of DLI as part of post-relapse salvage was also effective, with an improved median survival duration of 6 months in recipients (HR 0.43, 95% CI 0.18–0.98, p=0.01). Outcomes in patients >65 years and a limited cohort >70 years are encouraging and compare favourably to published survival results using alternate reduced-intensity regimens. FLUBU3+ATLG, supported by modern supportive care and a pre-emptive DLI strategy, is well-tolerated by older patients across a spectrum of myeloid disease with modest toxicity and favourable long-term outcomes. 
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Introduction
Reduced-intensity conditioning (RIC) allogeneic haematopoietic stem cell transplant (HSCT) activity for older patients with myeloid malignancies has grown steadily over the last 2 decades worldwide [1]. Non-ablative doses of busulfan combined with fludarabine and in vivo T cell depletion using anti T-lymphocyte globulin (FLUBU3+ATLG) leads to high rates of donor engraftment, with limited acute and late toxicity for patients ineligible for myeloablative regimens [2, 3]. This combination is popular in Europe and has been the national standard RIC regimen for adults with myeloid malignancies in Ireland for almost 20 years. However, alternative alkylators such as melphalan and treosulfan, novel graft-versus-host disease (GVHD) prophylaxis strategies such as the use of post-transplant cyclophosphamide (PTCy), and developing post-transplant maintenance strategies have made choosing the optimal treatment approach ever more nuanced [4-7]. Furthermore, a paucity of direct comparator clinical trials limits appraisal of the various options. 
Use of anti-thymocyte/T-lymphocyte globulin (ATG/ATLG) involves balancing risks; poor immune reconstitution contributes to excess infectious morbidity and weaker tumour surveillance but is countered by reduced toxicity from severe GVHD [8-10]. PTCy use has firmly established its role in the haploidentical and HLA-mismatched settings [11]. Predictable pharmacokinetic characteristics make PTCy an attractive alternative to ATG/ATLG, however extrapolation to matched unrelated and sibling donors is limited by a lack of direct comparisons in prospective trials and the largest study so far in the RIC setting did not utilise ATG/ATLG in the control arm [7, 12-14]. Alternative alkylators must additionally be considered, although comparative studies offer mixed results  [15-19].
In the RIC setting, the balance of toxicity and graft-versus-leukaemia effect can be tenuous. Donor lymphocyte infusions (DLI) are a potent outcome modifier, particularly pre-emptively in those with mixed chimerism [20, 21] and with some promise incorporated into low-intensity multi-modal strategies [22-26]. However, DLI practice varies significantly between centres and there is a notable lack of prospective data or large-series retrospective data to guide usage. 
Long-term disease-free survival for older patients with myeloid disease remains dismal without transplantation [27]. Over 60% of HSCT recipients in Europe are aged over 55 years, and trends in those above 65 show increasing growth year-on-year, as traditional chronologic age cut-offs are challenged by new insights into biological fitness and physiologic reserve [27, 28]. HSCT in older patients has demonstrable benefit [28-31]. However, outcomes are influenced by population variance, selection bias and treatment modality. Although survival benefit is frequently reproducible, the impacts on morbidity and non-survival outcomes are controversial and there is a lack of prospective, randomised data [32, 33]. While there is little doubt of an unmet need for older patients, particularly in those with AML, for those patients who ultimately proceed to HSCT, the optimal RIC regimen must demonstrate low toxicity but also meaningful efficacy to justify expanding access to ever-older patients. 
In this study we retrospectively examine our national outcomes using the FLUBU3-ATLG RIC platform, interrogating its performance in the modern era and exploring its suitability for increasingly older patients and furthermore examine the benefit of DLI in this large patient cohort. 


Methods
Study cohort
Adult patients with AML, MDS and MPN at the National Adult Stem Cell Transplant Programme in Ireland between 2015-2022 were included (n=175). A RIC approach was considered the institutional default conditioning intensity for patients over the age of 50 years and in those of younger age with significant co-morbidities. All patients in this study received fludarabine (180mg/m2 over day -9 to -4), intravenous busulfan (8mg/kg over day -5 to -3), with rabbit ATLG (Grafalon® (Neovii, Switzerland): 30mg/kg (sibling donor) or 60mg/kg (unrelated donor) day -3 to -1), low-dose methotrexate (30mg/m2 day +1/3/6) and a calcineurin inhibitor. We defined reduced intensity dosing of busulfan as a total dose of <9mg/kg, as per Giralt et al and the CIBMTR [34]. Pharmacokinetic monitoring of busulfan was not employed. All received unmanipulated peripheral blood stem cell grafts. Eleven single-locus HLA mismatched grafts were included in the earlier phase of observation, all of whom received ATLG-based GVHD prophylaxis (PTCy use in this setting was later adopted but such cases are not included in this study). 
DLI Strategy
Chimerism analysis of total/CD3+ fraction in peripheral blood was performed using STR-PCR (sensitivity 3%) at day 45 and day 90 post-transplant and individualized thereafter, but typically 3 monthly. While the international consensus definition for mixed chimerism is <95%, we defined <97% donor chimerism as mixed based on in-house PCR sensitivity, in both total and CD3+ compartments. DLI use was considered pre-emptive in those with persistent mixed donor chimerism following withdrawal of immunosuppression, therapeutic when post-relapse or prophylactic if in remission with full donor chimerism. DLI was employed at a minimum of 100 days post-transplant, after withdrawal of immunosuppression and with a starting dose of 0.1x107/kg CD3+ cells in pre-emptive/prophylactic approaches, and typically 0.3x107/kg CD3+ cells in relapse. Dose escalation followed a pattern of 0.1, 0.3, 0.5, 1, 3 and 5x107 CD3+ cells/kg on an 8-12 week interval with clinical monitoring for GVHD at weeks 3, 6 and prior to subsequent doses. DLI administration was terminated at re-attainment of full donor chimerism, GVHD onset or dose exhaustion. CD4 and IgG levels were assessed at 3, 6 and 12 months and viral re-activation was defined by whole-blood PCR. 
Outcomes
Study endpoints were overall survival (OS) and relapse-free survival (RFS), non-relapse mortality (NRM) and relapse incidence, engraftment rate and time, acute and chronic GVHD, immune reconstitution and viral reactivation. Engraftment was defined as neutrophils ≥0.5 x109/L for 3 consecutive days and platelets ≥20 x109/L unsupported for 7 days. Acute and chronic GVHD were graded by modified Glucksberg and NIH criteria. 
Statistical analysis
Categorical characteristics were described using medians and ranges. Categorical baseline patient risk factors were age in 5 year intervals, age-adjusted haematopoietic cell transplant comorbidity index score (aaHCT-CI), disease subtype (AML/MDS/MPN) and CIBMTR Disease Risk Index (DRI). Further graft-related categorical variables were donor type, donor age, ABO matching and graft cryopreservation status. Comparison of categorical variables was conducted using Fisher’s exact test and comparison of medians with the Kruskal-Wallis H test for non-parametric data. Survival estimates were calculated using Kaplan-Meier method. Cumulative incidence of NRM and relapse (as competing risks) were calculated using the Fine and Gray method. Univariable analyses used a Cox model for OS and RFS, and Gray’s test for relapse, NRM and GVHD. A Cox proportional-hazards model using a backwards step-wide approach was used for multivariable regression. Hazard ratios and 95% confidence limits are provided as a summary measure. P values are two sided with a significance of 0.05. Analysis was conducted using STATA (Version 18.0, StataCorp, Texas, USA). 
The study was conducted in accordance with regulatory and data protection requirements and was approved by the institutional ethics committee. All patients provided written consent for analysis of outcomes. All co-authors had access to the data and vouch for its completeness and accuracy.  

Results
Patient and disease characteristics
Patient characteristics are summarised in Table 1. The median age was 60 years (range 27-74), increasing from 56.9 in 2015 to 60.8 in 2022. Baseline characteristics were similar across age groups, although those >60 years had a slightly lower aaHCT-CI (2 vs. 3). 93.1% of patients had intermediate or adverse risk disease, and the remainder (6.9%) were transplanted in ≥CR2. In the AML group, all patients were in haematological CR or CR with incomplete haematological recovery at the time of transplant except for one patient who was in a morphological leukaemia free/aplastic state. In those with MDS only 1 patient was transplanted with progressive disease at the time of transplant and 5 in the MPN subgroup. 42.8% of donors were siblings, with a median age of 54 (unrelated donors: 26 years).
Neutrophil engraftment without granulocyte colony-stimulating factor occurred in 99.4% at a median of 20 days (range 11 - 42) and platelet engraftment occurred in 96.5% at a median of 18 days (range 11 – 116). Due to the logistical constraints during the COVID pandemic, several transplants were conducted using cryopreserved stem cell grafts (11.4%). Although no significant difference in rate or time to engraftment was seen compared to fresh, a signal for an increased risk of relapse with this approach led to reverting preference for fresh grafts following logistical easing. Time from diagnosis to transplant was 52 days longer in those who received a cryopreserved graft. No complete primary graft failure events occurred, although 4 patients had failure of primary platelet engraftment. No sinusoidal obstructive syndrome events requiring defibrotide were seen in this cohort.
OS and RFS
The median OS was not reached by the median follow-up of 652 days. OS at 1 and 2 years respectively was 80.3% (95% CI 73.5% - 85.5%) and 72.4% (95% CI 64.6% - 78.6%) (Fig. 1a). RFS was 70% (95% CI 62.5% - 76.1%) at 1 year and 61.7% (95% CI 53.7% - 68.7%) at 2 years (Fig. 1b). OS did not differ by age, sex, disease type or donor source on univariable analysis. Older donor age was not associated with inferior survival (donor age ≤40: HR 0.64, 95%CI 0.37–1.14, p=0.13). Univariable predictors of mortality included CIBMTR-DRI high-risk category (HR 1.84, 95% CI 1.04 – 3.29, p=0.03) (Fig. 2a), high-risk myelofibrosis (HR 4.36, 95% CI 1.34 – 14.16, p=0.01) and ABO mismatch (HR 2.32, 95% CI 1.30 – 4.14, p=0.003). Superior survival was seen in those who developed chronic GVHD (HR 0.35, 95% CI 0.12 – 0.98, p=0.02) (Fig. 2b). A multivariable model for relapse and survival is presented in Table 2 (see Supplementary Data Table 1 for unadjusted hazard ratios for univariable predictors). 
Relapse and NRM
The cumulative incidence of relapse at 1 and 2 years was 19.5% (95% CI 15.5 – 28.1) and 27% (95% CI 22.8 – 37.6) respectively, occurring at a median of 204 days (range 30–2186) (Fig. 3a). Relapse was highest in the MPN subgroup; 30.5% at 2 years vs. 25% in AML and 27.5% in MDS. Risk was similar across ages, sexes, donor types and donor ages. Higher rates of relapse were seen in the high-risk CIBMTR-DRI group (HR 1.82, 95% CI 1.05 – 3.15, p=0.03) and after receipt of a cryopreserved graft (HR 2.38, 95% CI 1.11 – 5.1, p=0.02) (Fig.3c). Relapse was unaffected by acute GVHD incidence, however there was reduced risk for those who developed chronic GVHD (HR 0.40, 95% CI 0.17 – 0.94, p=0.03) (Fig.3d). 
The cumulative incidence of NRM at 1 and 2 years was 10.4% (95% CI 7.3 - 17.5%) and 11% (95% CI 7.9% - 18.5%) and occurred at a median of 134 days (Fig. 3b). NRM was lowest in the oldest age group, with no events occurring in those aged >65 years. Higher aaHCT-CI scores were not predictive of NRM risk in this cohort at any cut-off level. Patients with MPN had the highest risk, with a 2 year cumulative incidence of 16.8%, compared to 11.5% in MDS and 7.8% in AML. Within the MPN group, those with myelofibrosis had a 17.5% 2 year cumulative incidence. Univariable predictors of NRM included high-risk myelofibrosis (HR 8.61, 95% CI 1.91 – 38.69, p=0.005), grade III-IV acute GVHD (HR 5.29, 95% CI 2.15 – 13.03, p<0.001) and the development of invasive fungal disease (HR 8, 95% CI 3.11 – 25.6, p<0.001). 
GVHD
All-grade acute GVHD occurred in 60.3% and the cumulative incidence of grade II-IV and grade III/IV disease at 2 years was 47.7% and 11.2% respectively. Of those who developed GVHD, 72.8% required steroids and 21.6% of those patients required second-line or more treatment. Univariable predictors of grade II-IV acute GVHD included labile calcineurin drug levels within the first month of transplant as defined by supra-therapeutic plasma drug levels on more than one occasion requiring dose interruption (HR 4.38, 95% CI 1.34 – 14.23, p=0.01). For grade III-IV disease, associations included non-AML disease types (HR 2.18, 95% CI 1.31 – 3.51, p=0.001), the use of an unrelated donor of any age (HR 3.18, 95% CI 1.07 – 9.48, p=0.03), and donor age <40 years, 96% of whom were unrelated (HR 3.85, 95% CI 1.30 – 12.50, p=0.01). The cumulative incidence of chronic GVHD at 1 and 2 years was 12.9% and 17.3% respectively. Univariable predictors of chronic GVHD were prior acute grade II-IV GVHD (HR 4.69, 95% CI 1.93 – 11.36, p<0.001) and female donor to male recipient (HR 2.61. 95% CI 1.01 – 6.87, p=0.05). 
Chimerism and Donor lymphocyte infusions
64 of 175 patients received at least one DLI dose, with 113 doses administered in the observation period. The median time to first DLI was 186 days post-transplant. 48% (n=84) of patients had a mixed donor chimerism at day 90 or beyond and 50% (n=42) of these received a pre-emptive DLI. Reasons for non-receipt of a pre-emptive DLI included ongoing immunosuppression, active or prior severe GVHD, lack of available donor cells or the development of significant morbidity due to aggressive disease relapse. A further 3 received a prophylactic DLI. Of the 53 patients who relapsed, 19 received a DLI as part of salvage therapy, most commonly alongside azacitidine. 
OS was significantly better in those with mixed chimerism if DLI was administered (HR 0.22, 95% CI 0.07 – 0.69, p=0.01) (Fig. 4a). A similarly lower risk of subsequent relapse was seen in this group (HR 0.33, 95% CI 0.14 – 0.80, p=0.01) (Fig. 4b).  The median survival duration post-relapse in those who received salvage therapy incorporating DLI was 365 days, compared to 174 days in those who did not (p=0.007). Pre-emptive DLI appeared particularly effective at preventing relapse in the AML subgroup (HR 0.06, 95% CI 0.01 – 0.31, p=0.001). 
Acute GVHD of any grade or chronic GVHD occurred in 46.8% of DLI recipients. 92.3% of post-DLI acute GVHD was grade II and required steroid treatment, 16.6% of whom required second-line or more treatment. No grade III-IV acute GVHD or extensive chronic GVHD events occurred post-DLI for any indication. The median number of DLI doses received by those who did not develop GVHD was 2 (range 1-5) and 1 for those who developed GVHD (range 1-5).

Infections and immune reconstitution 
Low-level viral re-activation was frequent but associated with a low case-fatality rate. CMV was detected by whole blood PCR pre-emptive monitoring in 27.4% of patients and one patient died from CMV-related disease. The adoption of letermovir prophylaxis in the latter phase of the observation period led to a 45.2% relative risk-reduction of CMV detection. Low-level EBV re-activation was detected in 41.7% of patients and there were six cases of post-transplant lymphoproliferative disorder, all of whom were successfully treated with a course of rituximab. Adenoviral DNA was detected in blood in 10.2% (n=18) of patients, of whom 11.1% (n=2) developed fatal organ damage. There was one case of toxoplasmosis, which was fatal, and four of pneumocystis jirovecii, with one fatality. Confirmed or probable invasive fungal disease occurred in 5% of patients during neutropenia, steroid-use, or immunosuppression and was associated with subsequent death in one third of cases.
The median CD4 recovery at 3-, 6- and 12-months, was 68.5, 112.5 and 158 x 106/L respectively and recovery in those over 70 years of age (n=5) was comparatively weaker at those points, with medians of 46, 73.2 and 90 x 106/L respectively. A trend toward reduced CD4 recovery at 6 months was seen in those who experienced prior grade III-IV acute GVHD (p=0.06) but no difference in recovery was seen based on ATLG dose. The recipient lymphocyte count at the time of ATLG exposure was not predictive of future CD4 count recovery as the median total lymphocyte count at that time-point was ≤ 0.1 x 109/L following five days of fludarabine. Immunoglobulin recovery was comparatively robust, with median IgG levels at 3-, 6- and 12-months within the normal range. 
 
Discussion
In this retrospective study, we report on a large series of patients with myeloid disease, transplanted using the FLUBU3ATLG RIC platform at our national adult allogeneic stem cell transplant unit. This study demonstrates an excellent rate of primary neutrophil engraftment of 99.4% which was achieved without the use of post-transplant GCSF. The use of GCSF in this setting is variable internationally, and the encouraging engraftment rates may reduce costs and limit some side-effects. We observe favourable survival outcomes and limited toxicity, while importantly showing a survival benefit of a pre-emptive DLI strategy. 
Transplant practice varies across the world despite efforts for harmonisation and co-operation between international programmes. The historical lack of large-scale, multi-centre randomised control trials to address clinical challenges, such as identifying optimal conditioning strategies for the elderly, has to date underpinned a reliance on experiential practice. Developments in transplant medicine, including donor choice, conditioning design, GVHD prophylaxis, supportive care, monitoring and relapse management have expanded significantly in recent years and pose a challenge to adopt practices that improve patient outcomes while maintaining the benefits of institutional familiarity. For example, we did not corroborate recent evidence suggesting a survival benefit when using younger donors, including in the AML subgroup; a finding which emphasizes the need for continued contextualising and auditing of international developments in local practice [5]. As RIC HSCT activity matures and expands, this dataset provides an opportunity to benchmark and inform the future of RIC practice, and indeed poses the question of whether, with fine-tuning, the FLUBU3+ATLG platform should maintain a place in the modern landscape.   
Balancing the toxicity of conditioning and NRM risk is an important consideration for older patients. The safety profile of busulfan-based treatment is long-established and is adaptably dosed to produce a range of conditioning intensities, suitable for a wide age range [35-37]. Alternative alkylators, however, are popular and need to be considered. Direct comparator studies are limited, and a trade-off between relapse and NRM attenuates differences, particularly in melphalan-based approaches, which typically demonstrate a higher NRM incidence compared to busulfan [4, 16-19, 38-41]. Treosulfan shows promise in balancing the risks of toxicity and efficacy as reported by Beelen et al., however the busulfan dose in that study was lower than is used in our protocol (6.4 vs 8mg/kg) [15]. The competitively low 2 year NRM rate of 11% demonstrated in our study cohort is a strength of this busulfan-based approach, particularly as post-transplant relapse prevention and management strategies improve. While the NRM incidence in our myelofibrosis subgroup was higher than in other disease subgroups, recent focus on splenic debulking and the use of JAK inhibitors throughout transplant may in the future confirm a reduction in risk [42, 43]. 
The low NRM risk in the oldest age group in this study highlights the importance of careful candidate selection. At our institution, transplant candidates are typically reviewed by a transplant physician on at least two occasions prior to proceeding, providing an opportunity to optimize co-morbidities and co-ordinate care with primary treating teams. In the latter phase of the study older patients received a peri-transplant review by a specialist physiotherapist and a geriatrician with special interest in haemato-oncology to further enhance fitness and identify potential vulnerabilities. A recent large observational study by Sorror et al. including 315 patients who received a transplant for AML or high risk MDS confirmed the survival benefit of transplant in older patients, including a 35% relative-risk reduction of death in those >65 years [33]. However, in multivariate modelling this benefit was masked in all but those with high-risk disease and those who never achieved CR1, exposing the pitfalls of selection bias and the lack of prospective and randomized clinical trials in this area. 
The phase II results reported by Kroger et al. on behalf of the EBMT, combining FLUBU3 with ATG/ATLG in myelofibrosis, was an important milestone in encouraging RIC activity and the protocol proved effective across a range of myeloid malignancies [3]. While a survival disadvantage above a recipient age of 55 years was reported in that paper, in our study this effect was not replicated. This may reflect patterns in candidate selection in older patients, incremental refinements in supportive care over the intervening years and modern strategies for monitoring, preventing and treating relapse.
The strongest competitor to ATLG-based GVHD prophylaxis is the rapid adoption of PTCy. In the landmark BMT CTN 1703 study, Bolanos-Meade et al. reported 1 year OS and DFS estimates of 77% and 67% respectively, with 1 year incidence of NRM and relapse reported at 12.3% and 20.8% respectively, using a RIC-PTCy platform. The incidence of neutrophil recovery by day 28 and platelet recovery by day 100 was 90.3% [44]. Patients on the study arm had a median age of 64 years, 87% were recorded as white and at least 79% of patients had myeloid indications for transplant. 96.7% had fully HLA-matched donors, siblings in 28%. This population is quite similar to ours and facilitates, with limitations, comparison of our results – which show comparable survival outcomes with no neutrophil engraftment failures. Sibling donors have historically been abundant in Ireland and the impetus to expand haploidentical use has been modest, leading to substantial experience with ATLG-based prophylaxis. Direct comparison of ATG/ATLG in the sibling and matched unrelated setting alongside study of the appropriate cyclophosphamide dose and timing in older patients are areas of ongoing study worldwide (NCT06001385, NCT03983850) [45, 46]. The attractive properties of PTCy, with predictable pharmacokinetics and low rates of GVHD are counterbalanced by potential toxicity, especially for the elderly. 
Immune constitution, counterbalanced by severe GVHD and infectious complications is a concern in RIC HSCT. The perceived capacity for the patient to endure and overcome these complications is frequently a subjective measure of transplant candidacy. It is therefore encouraging to note the modest severe acute GVHD cumulative incidence of 11.2% and a risk of chronic GVHD of 17.3% at 2 years indicates the efficacy of ATLG. Importantly, despite modest CD4 recovery in this cohort, infectious complications were manageable, with limited CMV activity in the letermovir era.   
A liberal but methodical approach to DLI use is an important modifier of outcome in this patient group. The clear reduction in relapse risk and significantly improved survival of patients who received a pre-emptive DLI for mixed chimerism highlights the dynamism of RIC HSCT, where persistent mixed donor chimerism is common. The use of a dose-escalated treatment schema was demonstrably well tolerated in all age groups and no severe GVHD or NRM events occurred post-DLI, which are events of concern in frailer patients. Importantly, when appraising the risks of DLI, the availability of novel effective therapies for GVHD including ruxolitinib, belumosudil and axatilimab, helps to temper the severity of that risk [47-49].  
A small number of cases with prophylactic DLIs are included in this dataset with positive outcomes and support the growing evidence of benefit, although randomized studies are awaited (NCT03597321) [21, 50]. While outcomes for those who relapse post-allograft remain unsatisfactory, many are now offered salvage therapy, including hypomethylating agents, targeted therapy, and complementary DLI. The doubling of survival in those who received a DLI in this study is encouraging, although subject to the retrospective bias of candidate selection.
Conclusion 
FLUBU3+ATLG is an effective RIC regimen for selected older patients with myeloid malignancies with a tolerable safety profile. Institutional and international familiarity, coupled with incremental refinements in supportive care have helped benchmark its position in modern-day clinical practice and sets the thresholds that the many exciting developments on the horizon for RIC HSCT practice must exceed. The results here described support the need for randomised studies of the role of HSCT in older and frailer patients and encourages the incorporation of rational DLI use in study designs. 
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Description automatically generated with medium confidence]Figure 1. A: Overall survival, year one to five. B: Relapse-free survival, year one and two. 
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Figure 2: A: Overall survival stratified by CIMBTR-DRI, intermediate and low risk vs. high risk. B: Overall survival by chronic GVHD status. CIBMTR-DRI = Centre for International Blood and Marrow Transplant Research – Disease Risk Index. GVHD = graft-versus-host disease. 
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Figure 3. A: Relapse cumulative incidence, competing risk NRM. B: Non-relapse mortality cumulative incidence, competing risk relapse. C: Relapse cumulative incidence based on graft format, fresh vs. cryopreserved product. D: Relapse cumulative incidence following chronic GVHD vs. no chronic GVHD. GVHD = graft-versus-host disease. 
[image: A graph of two people

Description automatically generated]
Figure 4. A: Overall survival in persistent mixed chimerism, DLI receipt vs. no DLI. B: Relapse cumulative incidence in persistent mixed chimerism, DLI receipt vs. no DLI. DLI = donor lymphocyte infusion.

	Table 1: Demographics

	Number of patients
	175

	Sex, n (%)
	 

	Male
	106 (60.5)

	Female
	69 (39.5)

	Age, n (%)
	Median: 60, range 27-74

	<50 yr
	12 (6.8)

	50-54 yr
	30 (17.1)

	55-59 yr
	44 (25.1)

	60-64 yr
	62 (35.5)

	65-74 yr
	27 (15.5)

	Age-adjusted HCT-CI, median (range)
	 2 (1-8)

	Disease type, n (%)
	 

	AML
	89 (50.8)

	MDS
	46 (26.4)

	MPN
	40 (22.8)

	CIBMTR Disease risk index, n (%)
	 

	Low
	12 (6.9)

	Intermediate
	109 (62.3)

	High
	54 (30.8)

	Donor type, n (%)
	 

	HLA-matched sibling
	75 (42.8)

	HLA-matched unrelated
	89 (50.9)

	HLA mismatched related/unrelated: 1 locus
	11 (6.3)

	Donor age (yr)
	Median: 38, range 18 – 67

	
	Sibling: Median 54, range 24 – 67

	
	Unrelated: Median 26, range 18 – 64

	Graft cryopreservation, n (%)
	20 (11.4)

	ABO matching, n (%)
	 

	Minor mismatch
	31 (17.7)

	Major/bidirectional mismatch
	50 (28.6)

	CMV matching, n (%)
	 

	Recipient Neg / Donor Neg
	97 (55.5)

	Recipient Pos / Donor Pos
	49 (28)

	Recipient Pos / Donor Neg
	15 (8.5)

	Recipient Neg / Donor Pos
	14 (8)




	Table 2: Multivariable models for relapse and overall survival

	Outcome
	Number of events
	Hazard ratio (95% CI)
	P Value

	Relapse
	53
	 
	 

	CIBMTR-DRI: High
	54/175
	2.16 (1.22 – 3.81)
	0.008*

	Graft cryopreservation
	20/175
	2.79 (1.39 – 5.60)
	0.004*

	Age >60
	89/175
	0.83 (0.48 – 1.42)
	0.5

	Chronic GVHD
	28/105
	0.35 (0.14 – 0.86)
	0.02*

	Death
	50
	 
	 

	Age-adjusted HCT-CI 3+
	78/175
	1.28 (0.71 – 2.30)
	0.4

	CIBMTR-DRI: High
	54/175
	1.72 (0.95 – 3.12)
	0.07

	Age >60
	89/175
	1.16 (0.65 – 2.08)
	0.6

	Chronic GVHD
	28/105
	0.33 (0.12 – 0.95)
	0.04*




	Supplementary Table 1: Unadjusted hazard ratios for acute GVHD, chronic GVHD and NRM

	Outcome
	Number of events
	Hazard ratio (95% CI)
	P Value

	Acute GVHD II-IV
	81
	 
	 

	Recipient age > 65 years
	27/175
	1.03 (0.57 – 1.88)
	0.9

	Donor age < 40
	90/174
	1.13 (0.74 - 1.75)
	0.56

	Unrelated donor
	98/175
	1.14 (0.75 – 1.76)
	0.53

	Tacrolimus use (vs. CSA)
	64/175
	1.59 (1.02 – 2.50)
	0.04*

	CNI levels outside target in first 30 days > 1 occasion
	114/175
	4.38 (1.34 – 14.23)
	0.01*

	 
	 
	 
	 

	Acute GVHD III-IV
	19
	 
	 

	Recipient age > 65 years
	27/175
	1.50 (0.49 – 4.56)
	0.46

	Non-AML disease-type
	86/175
	2.18 (1.31 – 3.51)
	0.001*

	Donor age < 40
	90/174
	3.84 (1.30 – 12.50)
	0.01*

	Unrelated donor
	98/175
	3.18 (1.07 – 9.48)
	0.03*

	Tacrolimus use (vs. CSA)
	64/175
	2.54 (1.03 – 6.28)
	0.04*

	 
	 
	 
	 

	Chronic GVHD
	28
	 
	 

	Recipient age > 65 years
	27/175
	0.66 (0.20 – 2.17)
	0.49

	Donor age < 40
	90/174
	1.32 (0.61 – 2.88)
	0.48

	Unrelated donor
	98/175
	0.66 (0.31 – 1.41)
	0.28

	Female donor to male recipient
	23/175
	2.61 (1.01 – 6.87)
	0.05*

	Prior aGVHD grade II-IV
	81/174
	4.69 (1.93 – 11.36)
	<0.001*

	Prior aGVHD grade III-IV
	19/174
	4.62 (1.86 – 11.48)
	0.001*

	 
	 
	 
	 

	NRM
	19
	 
	 

	Recipient age > 60 years
	89/175
	1.35 (0.54 – 3.35)
	0.51

	High-risk myelofibrosis
	May-28
	8.61 (1.91 – 38.69)
	0.005*

	Acute GVHD grade III-IV
	19/174
	5.29 (2.15 – 13.04)
	0.001*

	Invasive fungal disease
	9/175
	8 (3.11 – 20.60)
	<0.001*

	 
	 
	 
	 

	Relapse
	53
	 
	 

	Recipient age > 65 years
	27/175
	1.43 (0.73 – 2.79)
	0.29

	CIBMTR DRI High
	54/175
	1.86 (1.18 – 2.94)
	0.007*

	Graft cryopreservation
	20/175
	2.38 (1.11 – 5.10)
	0.02*

	ABO Mismatch
	81/175
	1.79 (1.04 – 3.08)
	0.03*

	High graft T cell content
	85/175
	2.30 (1.29 – 4.11)
	0.004*

	Chronic GVHD
	28/173
	0.40 (0.17 – 0.94)
	0.03*

	Pre-emptive DLI
	43/82
	0.33 (0.14 – 0.80)
	0.01*

	 
	 
	 
	 

	Mortality
	50
	 
	 

	Recipient age > 65 years
	27/175
	0.66 (0.67 – 1.46)
	0.26

	aaHCT-CI > 2
	78/175
	1.29 (0.75 – 2.26)
	0.35

	CIBMTR DRI High
	54/175
	1.74 (1.04 – 2.90)
	0.03*

	High-risk MF
	May-28
	4.36 (1.34 – 14.17)
	0.01*

	ABO Mismatch
	81/175
	2.34 (1.30 – 4.15)
	0.003*

	High graft CD8+ content
	85/175
	1.92 (1.07 – 3.45)
	0.02*

	Chronic GVHD
	28/173
	0.36 (0.12 – 0.98)
	0.04*

	Pre-emptive DLI
	43/82
	0.22 (0.07 – 0.69)
	0.005*

	Therapeutic DLI
	19/51
	0.43 (0.18 – 0.98)
	0.03*
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