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Key Points

• Maintenance treatment
was safe, with low
rates of infections and
chronic GVHD, and
minimal impact on
T-cell immune
reconstitution.

• With 2-year follow-up,
Ven/Aza maintenance
showed a manageable
safety profile and
encouraging
responses in high-risk
MDS/AML.
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We conducted a phase 1 trial assessing safety and efficacy of prophylactic maintenance

therapy with venetoclax and azacitidine (Ven/Aza) for patients with high-risk

myelodysplastic syndromes (MDS)/acute myeloid leukemia (AML) undergoing reduced

intensity allogeneic stem cell transplantation (allo-SCT) after Ven and fludarabine/busulfan

conditioning (Ven/FluBu2 allo-SCT) with tacrolimus and methotrexate as graft-versus-host

disease (GVHD) prophylaxis. Among 27 patients who underwent Ven/FluBu2 allo-SCT

(55.6% with prior Ven exposure, and 96% with positive molecular measurable residual

disease), 22 received maintenance therapy with Aza 36 mg/m2 intravenously on days 1 to 5,

and Ven 400 mg by mouth on days 1 to 14 per assigned dose schedule/level (42-day cycles ×

8, or 28-day cycles × 12). During maintenance, the most common grade 3-4 adverse events

were leukopenia, neutropenia, and thrombocytopenia, which were transient and

manageable. Infections were uncommon (n = 4, all grade 1-2). The 1-year and 2-year

moderate/severe chronic GVHD rates were 4% (95% confidence interval [CI], 0.3%-18%) and

22% (95% CI, 9%-40%), respectively. After a median follow-up of 25 months among

survivors, the median overall survival (OS) was not reached. Among the 22 patients who

received Ven/Aza maintenance, the 2-year OS, progression-free survival, nonrelapse

mortality, and cumulative incidence of relapse rates were 67% (95% CI, 43%-83%), 59%

(95% CI, 36%-76%), 0%, and 41% (95% CI, 20%-61%), respectively. Immune monitoring

demonstrated no significant impact on T-cell expansion but identified reduced B-cell

expansion compared with controls. This study demonstrates prophylactic Ven/Aza

maintenance can be safely administered for patients with high-risk MDS/AML, but a

randomized study is required to properly assess any potential benefit. This trial was

registered at www.clinicaltrials.gov as #NCT03613532.
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Introduction

Relapse is the leading cause of death in patients with myelodys-
plastic syndromes (MDS) and acute myeloid leukemia (AML) who
undergo allogeneic stem cell transplantation (allo-SCT). Modifying
the conditioning strategy and therapy in the early posttransplant
period represent opportunities to improve outcomes in the majority
of patients with MDS/AML, comprising mainly of older patients with
higher risk disease features.1-3 Adverse risk disease features and
persistent measurable residual disease (MRD) before allo-SCT
increase the risk of relapse and are consistently associated with
shortened survival.1,2,4-8 Broadly intensifying conditioning regimens
with additional chemotherapy and administration of prophylactic
maintenance hypomethylating agent therapy after transplant have
been met with mixed results.9-11 The ideal MRD- eradicating
regimen must improve the chance of curative consolidation with
allo-SCT without substantially increasing toxicity or nonrelapse
mortality.7

We recently published the results of adding venetoclax to fludar-
abine/busulfan (Ven/FluBu2) reduced intensity conditioning (RIC)
allo-SCT for patients with MDS/AML at high-risk for relapse,
defined as those with adverse European LeukemiaNet risk;
persistent flow MRD; and mutations in TP53, RAS-pathway, and
mutations associated with secondary AML ontogeny.1,12 The
regimen was safe without increased infectious complications or
impact on donor engraftment. The overall survival (OS) and
progression-free survival (PFS) at 1 year were 67% and 53%,
respectively.12 Deep sequencing detected molecular MRD before
transplant in 18 of 22 patients (82%), which persisted in 9 of 18
patients (50%) by day +100 after transplant, suggesting that,
although safe, the addition of Ven to the conditioning regimen still
did not achieve the goal of early eradication of MRD in half the
patients. Prior studies of preemptive azacitidine (Aza) maintenance
therapy after transplant for patients with MDS/AML upon detection
of MRD or mixed chimerism demonstrated delay in hematologic
relapse, but Aza maintenance itself has not shown a survival benefit
in a randomized setting.9,13 Compared with Aza alone, combination
Ven and Aza (Ven/Aza) increases rates of remission, survival time,
and MRD conversion in patients with AML with overt morphologic
disease.14,15 We hypothesized that reduced doses of Ven/Aza
maintenance could be safely administered after Ven/FluBu2 allo-
SCT without impairing immune reconstitution or increasing risk of
infection and graft-versus-host disease (GVHD). Here, we report
the safety, tolerability, and efficacy from the phase 1 dose-schedule
finding trial of prophylactic Ven/Aza maintenance for patients with
high-risk MDS/AML after Ven/FluBu2 allo-SCT.

Methods

Study design

We previously reported the safety and efficacy of Ven/FluBu2
without planned maintenance (Cohort 1; N = 22).12 This is a non-
randomized, open-label phase 1 study of prophylactic posttrans-
plant maintenance therapy with combination Ven/Aza for patients
with high-risk MDS/AML (Cohort 2) conducted at the Dana-Farber
Cancer Institute (www.clinicaltrials.gov identifier: #NCT03613532).
Here, we present the analysis of a separate group of patients
enrolled sequentially into Cohort 2 who received Ven/FluBu2 at the
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recommended phase 2 dose (RP2D) followed by planned study
maintenance therapy. The primary objectives were to determine
safety, tolerability, and an RP2D of prophylactic maintenance Ven/
Aza. Secondary objectives were to measure the clinical outcomes.
Exploratory objectives were to evaluate for molecular and flow MRD,
assess for immune reconstitution, and measure quality of life (QOL).
The study was approved by our institutional review board, and
participants provided informed written consent. All authors had
access to the primary clinical trial data.

Study patients and conditioning regimen

All patients received RIC chemotherapy according to previously
published RP2D of Ven/FluBu2, and GVHD prophylaxis with
methotrexate and tacrolimus.12

Eligible population

Eligible patients were aged ≥18 years with high-risk AML/MDS/
MDS-myeloproliferative neoplasm (MPN) overlap syndromes who
were not eligible for a myeloablative conditioning strategy. For
detailed eligibility, please refer to the supplemental Methods. Prior
Ven therapy was allowed. Between days +42 and +90, patients
were allowed to initiate maintenance therapy if the following criteria
were met: absence of morphologic disease (defined as ≥5% bone
marrow blasts on maintenance screening bone marrow biopsy), no
overall grade 2-4 acute GVHD necessitating prednisone of
≥0.5 mg/kg daily, total bilirubin <2 × upper limit of normal,
aspartate aminotransferase and alanine aminotransferase of <3 ×
upper limit of normal, and CrCl of >30 mL/min. Patients were
required to have an absolute neutrophil count (ANC) of ≥1.0 x 103/
μL without growth factor support and a platelet count of ≥50 x 103/
μL without transfusion within 7 days of starting maintenance ther-
apy unless there was evidence of molecular or cytogenetic disease.

Protocol maintenance treatment

Maintenance treatment included Aza 36 mg/m2 given intravenously
on days 1 to 5 plus Ven 400 mg daily given orally on days 1 to 14
regardless of dose cycle length. Patients either received mainte-
nance every 42 days for 8 planned cycles in dose level (DL) 1, or
every 28 days for 12 planned cycles in DL2. Antibacterial pro-
phylaxis was required in the first cycle and recommended later at
ANC of <0.5 x 103/μL. Antifungal prophylaxis was not required but
allowed.16 Dose reductions were allowed for new onset or recur-
rent grade 4 thrombocytopenia or neutropenia lasting >7 days,
including Aza reduction to 24 mg/m2 per day on days 1 to 5, fol-
lowed by 50% Ven dose reduction, and lastly reduction in Ven
duration from 14 to 7 days. Patients were taken off study treatment
if donor lymphocyte infusion was administered for any reason.
Tacrolimus taper was initiated based on clinician discretion with the
goal to be off immune suppression by 6 to 9 months in the absence
of GVHD.

Safety and response assessments

All patients were included in safety and efficacy analyses. Adverse
events (AEs) were assessed per US National Cancer Institute
Common Terminology Criteria for Adverse Events version 5.0.
Dose-limiting toxicities were captured during first cycle and defined
as any treatment-related death, failure of ANC to recover to ≥0.5 ×
103/μL, sustained ANC level of <0.5 x 103/μL or platelet level of
<25 x103/μL for >2 weeks with hypocellular marrow, grade 4
VEN/AZA MAINTENANCE AFTER TRANSPLANT IN MDS/AML 979
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Table 1. Patient baseline demographics and clinical/disease

characteristics

Characteristic

Total, intent-to-treat

cohort (N = 27)

Median age (range), y 67 (47-78)

≥65, n (%) 18 (66.7)

Median donor age (range), y 28 (20-64)

Patient sex, n (%)

Female 10 (37)

Male 17 (63)

Donor sex, n (%)

Female 11 (40.7)

Male 16 (59.3)

Male patient, female donor, n (%) 4 (14.8)

ECOG performance status, n (%)

0 6 (22.2)

1 12 (44.4)

2 9 (33.3)

HCT-CI, n (%)

1 8 (29.6)

2-3 4 (14.8)

≥4 15 (55.6)

Median (range) 4 (1-10)

Histology, n (%)

MDS 16 (59.3)

AML 10 (37)

MDS/MPN 1 (3.7)

Disease risk index

Intermediate 9 (33.3)

High 17 (63)

Very high 1 (3.7)

Number of prior therapies, median (range) 1 (0-3)

Prior Ven exposure, n (%) 15 (55.6)

Flow MRD positivity, n (%) 15 (55.6)

TP53 mutation, n (%)

No 11 (40.7)

Yes 16 (59.3)

HLAmolecular typing (A, B, C, and DRB1), n (%)

Matched related 3 (11.1)

Matched unrelated 24 (88.9)

Patient and donor CMV serostatus

Negative/negative 12 (44.4)

Negative/positive 6 (22.2)

Positive/negative 5 (18.5)

Positive/positive 4 (14.8)

CMV, cytomegalovirus; ECOG, Eastern Cooperative Oncology Group; HCT-CI, hematopoietic
cell transplantation–specific comorbidity index.
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neutropenia complicated by infection, and any nonhematologic
grade 4 toxicities or tumor lysis syndrome event. Responses after
transplant were assessed at approximately day +28, day +100,
6 months, and 12 months, and then per standard of care or at
disease progression using modified International Working Group
criteria for MDS, or European LeukemiaNet criteria for AML.3,17

MRD by multiparametric flow cytometry (estimated lower level of
detection of <0.02%) was performed by Hematologics, Inc.

Statistical analysis

Clinical characteristics and safety and laboratory data were sum-
marized descriptively.

OS and PFS were estimated by Kaplan-Meier method. Cumulative
incidence of relapse (CIR) and nonrelapse mortality were esti-
mated in the competing risks framework treating each other as a
competing event. Cumulative incidence of acute and chronic
GVHD were also estimated in the competing risks framework,
treating relapse or death without developing GVHD as a competing
event. To identify prognostic factors, univariable Cox regression
analysis was performed. All analyses were based on data cutoff of
31 July 2023. QOL surveys, including FACT-BMT, were conducted
before transplant and on cycle 1, day 1; cycle 2, day 1; and cycle 4,
day 1 of maintenance treatment for exploratory descriptive analysis.
Pairwise comparisons were made using Wilcoxon signed rank test.
All P values were 2-sided at the significance level of .05. Multiplicity
was not considered. All analyses were performed using SAS 9.4
(SAS Institute Inc, Cary, NC), and R version 3.6.1 (the CRAN
project, www.cran.r-project.org).

Additional details for methods for trial eligibility, trial design,
exploratory, and correlative studies including clinical next-
generation sequencing, BH3 profiling, immune monitoring, and
research-level duplex genetic sequencing on paired samples are
provided in supplemental Methods.

Results

Patients and disease characteristics

Between May 2020 and February 2022, 27 patients (17 males and
10 females) were enrolled with the intent to administer Ven/FluBu2
allo-SCT followed by Ven/Aza maintenance therapy and included in
the primary analysis (Table 1; Figure 1). Patients had a median age
of 67 years (range, 47-78 years). Pretransplant disease status
included 10 patients (37%) with AML (9 in complete remission
[CR] and 1 in morphologic leukemia free state), 16 patients
(59.3%) with MDS (1 in CR, 7 in marrow CR with hematologic
improvement, 4 in marrow CR without hematologic improvement,
and 4 with 5%-10% excess blasts), and 1 patient (3.7%) with
MDS/MPN in CR. Six cases (22.2%) were considered therapy-
related myeloid neoplasms. Flow MRD positivity was detected in
15 of 27 (55.6%) immediately before transplant. Previous Ven
exposure was also common (15 of 27; 55.6%), including 2 of 15
patients who were refractory to prior hypomethylating agent/Ven
treatment. TP53 mutations were detected at diagnosis in 16 of 27
patients (59.3%), including 8 with monoallelic and 8 with biallelic
status. Complex karyotype was present at baseline in 10 of 27
patients (37%).

The median time to maintenance treatment start was 57 days
(range, 42-103 days). Among the 27 patients that received Ven/
980 GARCIA et al
FluBu2 allo-SCT, 5 of 27 (18.5%) did not initiate maintenance
because of early relapse (n = 3, all occurring within 68 days after
transplant), patient preference (n = 1), and provider preference
27 FEBRUARY 2024 • VOLUME 8, NUMBER 4
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Donor Cell
Infusion

Days –35 to –9 Days –8 to –2

Conditioning
Regimen 

Venetoclax 400 mg
by mouth daily on

days –8 to –2 

Fludarabine 30
mg/m2/day IV on
days –5 to –2 

Busulfan 0.8 mg/kg
IV twice daily on
days –5 to –2

Pre-transplant
screening
and study
enrollment

Day 0

Confirm donor
engraftment,

assess disease
status, and review

maintenance
initiation criteria 

Day +28

Maintenance
Regimen 

Venetoclax 400 mg by
mouth daily on

days 1-14 

Azacitidine 36 mg/m2 IV
or SC daily on days 1-5 

Cycles are every 42
days  8 (DL1) or 28

days  12 (DL2) 

Days +42 to +90

A

AML

MDS

MDS/MPN
Overlap

Patient ID 40 28

Diagnosis

TP53

sAML-associated

RUNX1

MAPK Signaling

DNMT3A

TET2

NPM1

CEBPA

Other

43 31 45 26 32 48 49 39 25 24 36 37 41 47 29 23 33 46 38 42 34 30 35 44 27

B

Figure 1. Study design and baseline disease and mutational profiles. (A) Pretransplant screening and enrollment of patients were conducted in the 28-day period before

day −8. Schematic and timeline of events for the phase 1 trial of Ven plus Ven/FluBu2 conditioning chemotherapy, including reviewing criteria to initiate maintenance (after

day +28), and starting maintenance therapy with Ven and Aza between days +42 to +90. SC, subcutaneously; DL1, 42-day cycles; DL2, 28-day cycles. (B) Comutation plot of

diagnostic mutations amenable to MRD tracking. Columns represent individual patients by study identifier (ID) and rows represent clinical variables or the presence of mutation(s)

identified at diagnosis or mutations at screening with VAF of ≥1%. This VAF cutoff is suggestive of a diagnostic mutation, which was not confirmed at diagnosis because of lack of

diagnostic sample or technical assay differences. Secondary AML (sAML)-associated genes include the following SRSF2, SF3B1, U2AF1, ZRSR2, ASXL1, EZH2, BCOR/L1,

and STAG2. MAPK signaling genes included were NRAS, KRAS, FLT3, and PTPN11. "Other" includes mutations in the following genes: JAK2, SETBP1, WT1, MYC, EP300,

PRPF8, PPM1D, BRAF, CSF3R, PHF6, and GATA2.
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(n = 1). Ultimately, 22 of 27 patients (81.5%) received Ven/Aza

maintenance therapy. Study disposition is provided in supplemental
Table 1.

Safety and toxicity

Ven/Aza maintenance was well tolerated and the toxicity profile is
shown in Table 2 (toxicity profile for the intent-to-treat population
shown in supplemental Table 2). No unexpected AEs were
observed. The most common grade 3-4 treatment-emergent AEs
were leukopenia (95.5%, n = 21), neutropenia (81.8%, n = 18),
thrombocytopenia (77.3%, n = 17), and anemia (45.5%, n = 10).
Cytopenias were generally transient and reversible in each dose
schedule (Figure 2; supplemental Tables 3-4). After 1 cycle of Ven/
27 FEBRUARY 2024 • VOLUME 8, NUMBER 4
Aza and before dosing on day 1 of cycle 2, 20 (100%) and 16
(80%) patients had ANC recovery to >1.0 x 103/μL and platelet
count of 100 x 103/μL. The median neutrophil counts were >1.0 ×
103/μL and platelet counts were >100 × 103/μL at day 1 and day
15 of each subsequent cycle regardless of cycle length (Figure 2).
No growth factor support was used during maintenance. There
was 1 febrile neutropenia event (grade 3). Infections were
uncommon (n = 4 total), including grade 2 COVID-19 infections
requiring treatment delay and nirmatrelvir/ritonavir (n = 2), grade 1
parainfluenza infection (n = 1), and grade 2 BK polyomavirus
associated–hemorrhagic cystitis (n = 1). No bleeding events were
noted except for the patient with symptomatic BK viruria who had
no further hematuria upon resuming maintenance. No grade 3-4
VEN/AZA MAINTENANCE AFTER TRANSPLANT IN MDS/AML 981



Table 2. Treatment-emergent AEs regardless of attribution in patients on maintenance

Toxicity grade CTCAE version 5.0

Dose level

All

N = 22

DL1

42-day cycles

n = 11

DL2

28-day cycles

n = 11

1 2 3 4 1 2 3 4 1 2 3 4

N N N N N N N N N N N N

Hematologic

Anemia 4 - 4 - 1 4 6 - 5 4 10 -

Neutrophil count decreased - 2 1 7 1 - 1 9 1 2 2 16

Platelet count decreased 1 2 4 3 - 1 2 8 1 3 6 11

WBC count decreased - - 4 6 - - - 11 - - 4 17

Nonhematologic

Abdominal pain 1 - - - - - - - 1 - - -

ALT increased 5 1 - - 4 1 - - 9 2 - -

Alk Phos increased 2 - - - 2 - - - 4 - - -

Anorexia 1 1 - - 3 - - - 4 1 - -

Arthralgia - - - - 1 - - - 1 - - -

AST increased 2 - - - 4 - - - 6 - - -

Bloating - - - - 1 - - - 1 - - -

Blood bilirubin increased 1 1 - - - - - - 1 1 - -

Bone pain - - - - 1 - - - 1 - - -

Constipation 1 - - - 4 - - - 5 - - -

Cough - - - - 1 - - - 1 - - -

Creatinine increased 3 - - - 5 1 - - 8 1 - -

Diarrhea 7 2 - - 7 1 - - 14 3 - -

Dizziness 1 - - - 2 - - - 3 - - -

Dysgeusia 3 - - - 2 - - - 5 - - -

Dyspepsia - - - - 2 - - - 2 - - -

Dyspnea 1 1 - - - - - - 1 1 - -

Dysuria - - - - 1 - - - 1 - - -

Fatigue 2 3 - - 9 - - - 11 3 - -

Febrile neutropenia - - - - - - 1 - - - 1 -

Headache 1 - - - - - - - 1 - - -

Hyperkalemia 1 - - - 1 1 - - 2 1 - -

Hyperuricemia 1 - - - 1 - - - 2 - - -

Hypocalcemia - - - - 2 1 - - 2 1 - -

Hypomagnesemia 1 1 - - 3 - - - 4 1 - -

Lip pain 1 - - - - - - - 1 - - -

Mucositis oral - - - - 3 - - - 3 - - -

Nail discoloration - - - - 1 - - - 1 - - -

Nausea 3 3 - - 7 3 - - 10 6 - -

Parainfluenza infection - - - - 1 - - - 1 - - -

Peripheral sensory neuropathy - - - - 1 - - - 1 - - -

Pruritus 1 - - - 1 - - - 2 - - -

Rash maculopapular 1 1 - - - - - - 1 1 - -

Urinary frequency - - - - 1 - - - 1 - - -

Vomiting - 1 - - 1 - - - 1 1 - -

Weight loss - - - - 1 - - - 1 - - -

ALT, alanine aminotransferase; Alk Phos, alkaline phosphatase; AST, aspartate aminotransferase; CTCAE, Common Terminology Criteria for Adverse Events; WBC, white blood cell.
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Figure 2. Neutrophil and platelet counts on venetoclax

and azacitidine maintenance. Peripheral blood counts

for patients on DL1 (42-day cycles with 8 planned cycles)

and DL2 (28-day cycles with 12 planned cycles) and

maintenance Ven/Aza on days 1, 8, 15, and 22 of cycle 1,

and then days 1 and 15 each of each subsequent cycle. (A)

Median ANC (K/μL) (± standard deviation [SD]) with

dashed line at grade 4 neutrophil level (<0.5 x 103/μL). (B)
Median platelet counts (K/μL) (± SD) with dashed line

representing grade 3 platelet level (<50 x103/μL). The bars

in all plots represent median values with error bars

representing the interquartile range between the 25% and

75% quartiles. Details for each time point are shown in

supplemental Tables 3-4.
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gastrointestinal events were observed. Grade 1-2 diarrhea and
nausea were observed in 77.3% and 72.7% of patients, respec-
tively; most were grade 1 and manageable.

Acute and chronic GVHD

The cumulative incidence of grade 2-4 acute GVHD at 6 months
was 22% (95% confidence interval [CI], 9%-29%) for the entire
cohort. There were 2 cases of grade 3 acute GVHD, and no cases
of grade 4 GVHD.

At 1 year and 2 years, the cumulative incidences of chronic GVHD
were 23% (95% CI, 8%-42%) and 30% (95% CI, 14%-48%),
respectively. The 1-year and 2-year moderate/severe chronic
GVHD rates were 4% (95% CI, 0.3%-18%) and 22% (95% CI,
9%-40%), respectively. Only 2 cases of severe GVHD occurred.
The overall frequency of acute and chronic GVHD events were
similar to that in our previously published study with Ven/FluBu2
without any planned Ven/Aza maintenance.12

Maintenance tolerability

The median duration of Ven/Aza maintenance therapy was
33.9 weeks (range, 4-56.2 weeks). The median number of cycles
27 FEBRUARY 2024 • VOLUME 8, NUMBER 4
received in the 42-day and 28-day cycles were 3 of 8 (range, 1-8)
and 5.5 of 12 (range, 1-12), respectively. Nine of 22 patients
(40.9%) completed all planned cycles, including 4 of 11 (36.4%) in
the 42-day (DL1) and 5 of 11 (45.5%) in the 28-day (DL2) cohorts.
The median length of the first cycle was 42 days (range, 40-91
days) for DL1 and 28 days (range, 27-29 days) for DL2. Reasons
for treatment discontinuation included relapse (n = 8; 36.3%),
GVHD (n = 3; 13.6%), and intolerability (n = 1 [4.5%]; dis-
continued after receiving 9 of 12 planned 28-day maintenance
treatment cycles). Dose reductions for toxicity or tolerability were
performed in only 2 of 22 (9.1%) patients (both in the 28-day
cohort). One patient underwent second matched unrelated donor
allo-SCT upon detection and confirmation of donor-derived TP53
clonal hematopoiesis, which confers exceedingly high risk for
evolution of donor cell leukemia.18 No significant differences were
detected between the 2 dose schedules. Serious AEs included 1
case of grade 2 maculopapular rash and 1 case of overlap chronic
(moderate) GVHD in setting of rapid tacrolimus taper. There were
no study treatment-related deaths. No dose-limiting toxicities were
observed. In the absence of an MTD, we determined the RP2D to
be Aza 36 mg/m2 days 1 to 5, plus Ven 400 mg daily on days 1 to
14, on a 28-day cycle.
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Chimerism

The day +28 and day +100 median donor-derived chimerism
values for leukocytes were 99% (range, 13%-100%) and 99%
(range, 5%-100%), CD33+ granulocytes were 100% (range, 2%-
100%) and 100% (range, 1%-100%), and CD3+ T cells were 69%
(range, 15%-100%) and 83% (range, 31%-100%), respectively.
The median marrow chimerism at day +28 was 98% (range, 4%-
100%), day +100 was 98% (range, 2%-100%), 6 months was
100% (range, 22%-100%), and 12 months was 100% (range,
99%-100%; supplemental Table 5). No patients experienced pri-
mary or secondary graft failure.
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Treatment efficacy

With a median follow-up of 24 months (range, 17-35 months)
among survivors and regardless of maintenance receipt, the 2-
year OS was 58% (95% CI, 35%-75%) and PFS was 52%
(95% CI, 32%-69%; Figure 3). The 2-year CIR was 48%
(95% CI, 28%-66%) and nonrelapse mortality was 0%. For those
that received Ven/Aza maintenance, with a median follow-up time
of 25 months (range, 17-35 months), the median OS has not
been reached. After Ven/Aza maintenance, the 2-year OS was
67% (95% CI, 43%-83%), and PFS was 59% (95% CI, 36%-
76%). The 2-year CIR was 41% (95% CI, 20%-61%).
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At time of data cutoff, 13 of 27 patients (48%) experienced
morphologic relapse overall, including 9 of 22 (40.9%) after Ven/
Aza maintenance. All but 1 relapse occurred within the first year of
transplant (12/13 [92.3%]), and 4 of 13 relapses occurred by
day +100. Among the 13 relapsed cases, 4 were AML and 9 were
MDS. Nine of 13 (69.2%) had previously received Ven, which was
expected, given the older patient population in the current treat-
ment era.

The median time to relapse for those that received maintenance
therapy was 112 days (range, 101-502 days) with 6 of 9 relapses
occurring within the first 6 months of transplant. Among the
relapses that occurred on maintenance, 8 of 9 cases (88.9%) had
a baseline TP53 mutation, including 5 of 8 (62.5%) with biallelic
TP53 status. Notably, 2 of 9 relapses (22.2%) with TP53-mutated
disease later regained remission after immune suppression
tapering with subsequent GVHD induction without needing addi-
tional chemotherapy or donor lymphocyte infusion. Thirteen of 22
patients who received maintenance are alive and remain in remis-
sion, including 7 with a TP53 mutation.

Univariable analysis was performed to identify risk factors for OS,
PFS, and likelihood of relapse among patients that received
maintenance, including Molecular International Prognostic Scoring
System status among those with MDS, older age, donor recipient
sex mismatch, cytomegalovirus serostatus, MDS vs AML, marrow
blast percentage, hematopoietic cell transplantation–specific
comorbidity index, Eastern Cooperative Oncology Group perfor-
mance status score (2 vs 0-1), disease risk index, baseline TP53
mutation status, baseline flow MRD status, and prior Ven use.
These risk factors did not impact OS or PFS. Flow MRD positivity
at day +28 was the only factor that was associated with relapse or
PFS (hazard ratio, 9.43; 95% CI, 1.56-56.92; P = .015). Four
patients were flow MRD positive at day +28 and relapsed early
after transplant (between day +34 and day +169), which pre-
cluded maintenance initiation in 2 of them (supplemental Figure 1).

Flow MRD

Flow MRD was detected in 15 of 27 (55.6%) patients before
transplant, which converted to negative in 11 of 14 patients
(78.6%) at day +28 (supplemental Figure 1). However, in 5 of
these 11 pretransplant flow MRD-positive and day +28 MRD-
negative cases that demonstrated early conversion, flow MRD–
positive disease was later redetected at day +100. Among the
12 of 22 patients with flow MRD–positive disease at study entry
that received maintenance, 6 of 12 (50%) patients achieved long-
term flow MRD–negative remission after transplant. On study
maintenance therapy, the 2-year PFS for patients who were flow
MRD positive at day +100 was 36% compared with 78% for those
who were flow MRD negative at day +100 (P = .0078;
supplemental Figure 2).

Molecular MRD

Targeted duplex sequencing was used to quantify tumor muta-
tional burden (molecular MRD) at serial time points before and
after transplant (Figure 4A). Before transplantation, 25 of 26
(96%) patients with available bone marrow sample were MRD
positive, including 13 of 25 (52%) with TP53 mutations. We found
no correlation between pretransplant molecular MRD variant allele
frequency (VAF) and probability of relapse. Pretransplant
27 FEBRUARY 2024 • VOLUME 8, NUMBER 4
molecular MRD was assessed in 21 of 22 patients that received
maintenance, and all but 1 had detectable disease. While on
study, 11 of 20 (55%) patients with pretransplant molecular MRD
underwent MRD clearance. Among patients who were molecular
MRD negative at day +28, 10 of 14 (71%) became molecular
MRD positive at later time points, and 6 of 14 (42.9%) ultimately
relapsed, including 5 with a TP53 mutation and 1 without a TP53
mutation who developed new subclonal KRAS mutations
(supplemental Figures 3-4). Among patients who were molecular
MRD negative at day +100, 1 of 9 (11.1%) became molecular
MRD positive at a later time point but remains in remission, and 1
of 9 (11.1%) ultimately relapsed. In contrast, in the early post-
transplant period, patients who relapsed more commonly had
day +100 persistent molecular MRD positivity with maximum VAF
of >1% (5 of 9; 55.6%) than those patients who did not relapse (1
of 14; 7.1%; Figure 4B). Among the remaining 4 of 9 patients that
relapsed, all had TP53-mutated disease and day +100 MRD at
low VAF (<1%).

Next, we evaluated whether maintenance had any impact on
molecular MRD detected in the early posttransplant period. After
transplantation, 13 of 27 (48.1%) were MRD positive at day +28,
and 14 of 23 patients (60.9%) were MRD positive at day +100.
Several patients had molecular MRD conversion on study and
remain in remission. Molecular MRD at day +100 was positive in 14
of 22 patients (63.6%) who received maintenance. Six of 14
patients (42.9%) underwent MRD conversion, including 4 patients
by +6 months, and 2 more patients by +12 months. These 6
patients remain in remission at a median follow-up of 24 months
(range, 20.2-30.2). Notably, in these “MRD-conversion” cases, all
or most of planned maintenance therapy was administered, 3 of 6
have a TP53 mutation at baseline, and 4 of 6 developed GVHD.
Similar to what has been observed in patients with AML receiving
combination Ven and Aza for frontline treatment on the VIALE-A
trial, time to MRD conversion on maintenance Ven/Aza varied.15

Patient-level responses, including molecular and flow MRD sta-
tus, are detailed in supplemental Table 6. On study maintenance
therapy, the 2-year PFS for patients who were molecular MRD
positive at day +100 was 50% compared with 89% for those who
were molecular MRD negative at day +100 (P = .028).

Historical control cohort

Although this study was not randomized, we compared the
outcome of patients who received a similar conditioning backbone
(Ven/FluBu2) before transplant who were not intended to receive
any maintenance therapy (Cohort 1, which was previously pub-
lished,12 served as a “control cohort”) with the outcome of patients
in the intent-to-treat Cohort 2 (N = 27) to reduce selection bias.12

Although limited in sample size, a comparison of Cohort 1 (N = 22)
and Cohort 2 (including 22 who received maintenance and 5
patients who did not receive maintenance) did not detect a dif-
ference in 2-year OS (P = .96) or PFS (P = .88). In Cohort 1, 6 of
18 patients (33%) with pretransplant molecular MRD underwent
clearance on study (without planned maintenance). Notably, the
cohorts had markedly different follow-up time because they were
sequentially enrolled, and prior Ven exposure determined new
standard-of-care treatment options. In Cohort 1, very few patients
had seen prior Ven (only 3 of 22; 13.6%), whereas 55.6% of
patients in Cohort 2 have previously been treated with Ven.
VEN/AZA MAINTENANCE AFTER TRANSPLANT IN MDS/AML 985
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Patient-reported outcomes

To explore whether maintenance therapy incurred additional tox-
icities or burden, we assessed for QOL using the Functional
Assessment of Cancer Therapy–Bone Marrow Transplant (FACT-
BMT) QOL assessment among patients before and after transplant
(n = 10). BMT subscale scores did not worsen during the first 4
cycles of maintenance than the pretransplant status. FACT-
General, social well-being, and functional well-being scores
986 GARCIA et al
initially declined as expected immediately after transplant (P = .02),
and soon after returned to pretransplant levels (supplemental
Table 7).

Immune reconstitution

We examined the dynamics of immune reconstitution on Ven/Aza
maintenance therapy at 1, 2, 3, 6, and 12 months after transplant.
Myelosuppression is a well-recognized side effect of Ven/Aza, but
27 FEBRUARY 2024 • VOLUME 8, NUMBER 4



0.0

0.1

0.2

0.3

0.4

Treg:Tcon Ratio

Months after HCT

Ra
tio

121 2 3 6

A
Treg

0

20

40

60

80

Months after HCT

Ce
lls

/
L

1 2 3 6 12

Trial

Control

Trial

Control

Tcon

Trial

Control

0

100

200

300

400

500

Months after HCT
Ce

lls
/

L
121 2 3 6

0

100

200

300

400

500

CD8+

Months after HCT

Ce
lls

/
L

1 2 3 6 12

Trial

Control

B
CD19+

0

50

100

150

200

250

300

Months after HCT

Ce
lls

/
L

12

*

***

**

61 2 3

Trial

Control

NK

0

100

200

300

400

500

Months after HCT

Ce
lls

/
L *

1 2 3 6 12

Trial

Control

Figure 5. Assessment of peripheral blood for immune reconstitution. Flow cytometry immune monitoring was performed on peripheral blood samples collected from

patients on Ven/Aza maintenance and matched controls at 1 (n = 51, including 26 study patients and 25 controls), 2 (n = 41, including 24 study patients and 17 controls), 3

(n = 47, including 24 study patients and 23 controls), 6 (n = 38, including 18 study patients and 20 controls), and 12 (n = 34, including 13 study patients and 21 controls) months

after transplant. (A) T-cell populations were measured at serial time points after transplant to evaluate for impaired immune cell expansion. Three major T-cell populations,

regulatory CD4+ T (CD4Treg), conventional CD4+ T (CD4Tcon), and CD8+ T cells, were defined as CD3+CD4+CD8−CD25+CD127− cells, CD3+CD4+CD8−CD25−/

lowCD127+/− cells, and CD3+CD4−CD8+, respectively. (B) Natural killer (NK) cells were defined as CD3−CD56+ lymphocytes. NK T cells were defined as CD3+CD56+

lymphocytes. B cells were defined as CD45+CD19+ lymphocytes. Details of gating strategy are shown in supplemental Figure 5. Data are median (thick black line), and box plots

indicate the interquartile range.

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/8/4/978/2215197/blooda_adv-2023-012120-m

ain.pdf by guest on 03 M
ay 2024
at reduced doses in the posttransplant setting its impact on
immunosuppression has not been described. We compared this to
a matched contemporaneous cohort of 25 adult patients with
paired blood samples who underwent standard FluBu2 RIC
transplant followed by tacrolimus/methotrexate GVHD prophylaxis
without maintenance therapy at our center. Serial analysis of
peripheral blood samples by flow cytometry after transplant
revealed that Ven/Aza had limited impact on T-cell immune
reconstitution of regulatory CD4+ T, conventional CD4+ T, and
CD8+ T cells (Figure 5; supplemental Figure 5). Levels of periph-
eral conventional CD4+ T and CD8+ T cells were lower at 6 and
12 months after transplant than in controls, but these differences
were not statistically significant. At 6 months, peripheral natural
killer cells were significantly lower in patients on maintenance
compared with in controls (median and interquartile range [IQR]:
108.6 cells per μL [IQR, 45.6-136] vs 148.5 cells per μL [IQR,
111.9-211.8]; P = .03). Patients on Ven/Aza also had significantly
27 FEBRUARY 2024 • VOLUME 8, NUMBER 4
delayed CD19+ B-cell reconstitution compared with controls at
6 months (median and IQR: 12.6 cells per μL [IQR, 4.5-22.5] vs 55
cells per μL [IQR, 37.8-117.8]; P = .002) and at 12 months
(median and IQR: 31 cells per μL [IQR, 16.6-60.4] vs 184.2 cells
per μL [IQR, 72.4-291.9]; P = .01). However, no significant dif-
ferences were observed in immunoglobulin G levels among 19
patients with available laboratory tests at 6 months, and among 11
patients at 12 months.

BH3 profiling of immune cells

We assessed the impact of Ven on apoptotic priming in immune
cells using available paired peripheral blood samples. BH3 profiling
of immune cells revealed no significant change in apoptotic priming
in T cells (CD3+, CD3+CD4+, CD3+CD8+), regulatory T cells
(CD3+CD4+ CD25+ CD127−), or B cells (CD19+) during the first
3 cycles of Ven/Aza maintenance (supplemental Figure 6).
VEN/AZA MAINTENANCE AFTER TRANSPLANT IN MDS/AML 987



D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/8/4/978/2215197/blooda_adv-2023-012120-m

ain.pdf by guest on 03 M
ay 2024
Discussion

This trial is, to our knowledge, the first study to assess Ven/FluBu2
allo-SCT followed by prophylactic maintenance therapy with
combination Aza/Ven for patients with high-risk MDS/AML. Overall,
Ven/Aza maintenance was safe and well tolerated. Cytopenias
were transient, front loaded, and manageable. Infections were
uncommon. A dose of 400 mg of Ven for a duration of 14 days was
chosen given the excellent safety and tolerability data, suggesting
that this is the appropriate RP2D for higher risk MDS. However, as
myelosuppression is a known toxicity of Ven/Aza treatment, we
tested this regimen at 2 different cycle lengths (42 and 28 days)
and found no difference in toxicity or tolerability. Notably, the
cumulative incidence of acute and chronic GVHD were lower than
standard RIC regimens and similar to our prior experience with
Ven/FluBu2 allo-SCT without planned maintenance.12,19 Alto-
gether, these data are encouraging in a high-risk MDS/AML cohort
not eligible or recommended for a myeloablative conditioning
strategy but raises the question of whether maintenance added
benefit to transplant and in which patients it should even be
considered.

Limiting prophylactic maintenance to those most vulnerable to
relapse is a priority to avoid unnecessary toxicity. All except 1
patient who relapsed had detectable molecular MRD at study entry
before transplant (12 of 13; 92.3%). Although early posttransplant
MRD persistence is a clear relapse risk factor, serial time points are
required to confirm clearance. For instance, relapses occurred
despite MRD negativity at day +28 in 6 of 20 patients (30%) by
flow, and in 7 of 14 patients (50%) by molecular testing, sug-
gesting that MRD negativity at a single time point especially in the
very early phase of engraftment may provide premature reassur-
ance. We propose dynamic MRD monitoring to facilitate the
optimal selection of candidates at high risk who would benefit from
preemptive maintenance therapy or tapering of immunosuppressive
therapy in the early posttransplant period. Although this needs to
be confirmed in a randomized setting, we recommend consider-
ation of prophylactic maintenance for patients at exceedingly high
risk for relapse including those with pretransplant molecular MRD
and particularly for those with MRD persistence at day +28 or
day +100. Because there is evidence for rapid disease reduction
with Ven/Aza, monitoring for posttransplant disease kinetics using
molecular MRD can identify patients who may benefit most from
the addition of maintenance therapy to control resistant or
emerging clones. Among the 16 patients with TP53-mutated dis-
ease, 9 have relapsed (1 patient did not initiate maintenance) and 7
remain in remission. In these 7 remission cases, molecular MRD
negativity was achieved by day +100 (n = 4) or underwent con-
version after day +100 (n = 3), raising the possibility that Ven-
augmented conditioning chemotherapy may have been sufficient
to suppress disease clone expansion after transplant in some
patients and that maintenance therapy provided continued disease
eradication after transplant in others.

The optimal treatment choice for posttransplant maintenance
therapy is not clear. Even among prospective and retrospective
studies with tyrosine kinase inhibitors targeting BCR-ABL or FLT3
and small molecule inhibitors targeting IDH1/2 the data are not
entirely definitive, except when pretransplant MRD was persistent,
in which case maintenance therapy improves relapse-free
survival.16,20,21 However, there is good rationale for identifying
988 GARCIA et al
broad-acting agents, including combination Ven and Aza given
underlying disease heterogeneity, significant clinical activity in
AML/MDS, and evidence for MRD conversion in AML.14,15,22 As a
next step for this trial to further improve feasibility, we are sepa-
rately assessing the safety and efficacy of Ven/FluBu2 allo-SCT
followed by an all oral maintenance regimen with decitabine-
cedazuridine and Ven.

This study was limited by the small sample size and because it was
not randomized we are unable to confirm the benefit of either
modified RIC strategy with the addition of Ven or prophylactic
maintenance treatment. However, strengths of this study are the
long-term follow-up; detailed MRD assessments, which revealed
depth of responsiveness (conversion) and uncommonly resistance
(emergence of new mutations); and serial immune profiling. Serial
molecular MRD surveillance identified the emergence of a previ-
ously undetected KRAS mutations in 1 patient during Ven/Aza
maintenance who ultimately relapsed. Activation of the RAS/
MAPK-signaling pathway is a previously described mechanism of
Ven resistance that involves upregulation of the antiapoptotic
protein MCL-1.23,24 In an exploratory analysis, although post-
transplant Ven/Aza maintenance therapy did not appear to have a
negative impact on T-cell immune reconstitution, immune profiling
revealed that B cells did not expand as robustly as controls
6 months after transplant and this may have contributed to the
relatively lower rate of chronic GVHD during the first year of
transplant.

In conclusion, administering Ven/Aza at reduced doses might be a
nontoxic strategy after nonmyeloablative allo-SCT to provide
further disease reduction, which may prevent relapse until the
benefits of transplant fully manifest. A randomized trial is necessary
to confirm the true impact of Ven when added to RIC chemo-
therapy and prophylactic Ven/Aza maintenance after transplant.
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