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abstract

PURPOSE Calcineurin inhibitors (CNI) are standard components of graft-versus-host disease (GVHD) prophylaxis
after hematopoietic cell transplantation (HCT). Prior data suggested that CNI-free approaches using donor T-cell
depletion, either by ex vivo CD34 selection or in vivo post-transplant cyclophosphamide (PTCy) as a single agent,
are associated with lower rates of chronic GVHD (cGVHD).

METHODS This multicenter phase III trial randomly assigned patients with acute leukemia or myelodysplasia and
an HLA-matched donor to receive CD34-selected peripheral blood stem cell, PTCy after a bone marrow (BM)
graft, or tacrolimus and methotrexate after BM graft (control). The primary end point was cGVHD (moderate or
severe) or relapse-free survival (CRFS).

RESULTS Among 346 patients enrolled, 327 received HCT, 300 per protocol. Intent-to-treat rates of 2-year
CRFS were 50.6% for CD34 selection (hazard ratio [HR] compared with control, 0.80; 95% CI, 0.56 to 1.15;
P 5 .24), 48.1% for PTCy (HR, 0.86; 0.61 to 1.23; P 5 .41), and 41.0% for control. Corresponding rates of
overall survival were 60.1% (HR, 1.74; 1.09 to 2.80; P5 .02), 76.2% (HR, 1.02; 0.60 to 1.72; P5 .95), and
76.1%. CD34 selection was associated with lower moderate to severe cGVHD (HR, 0.25; 0.12 to 0.52;
P 5 .02) but higher transplant-related mortality (HR, 2.76; 1.26 to 6.06; P 5 .01). PTCy was associated with
comparable cGVHD and survival outcomes to control, and a trend toward lower disease relapse (HR, 0.52;
0.28 to 0.96; P 5 .037).

CONCLUSION CNI-free interventions as performed herein did not result in superior CRFS compared with
tacrolimus and methotrexate with BM. Lower rates of moderate and severe cGVHD did not translate into
improved survival.

J Clin Oncol 40:356-368. © 2021 by American Society of Clinical Oncology

INTRODUCTION

Graft-versus-host disease (GVHD) is a common
complication after allogeneic hematopoietic cell
transplantation (HCT) and remains a challenge for
broader application of this curative therapy.1 The
combination of a calcineurin inhibitor (CNI) such as
cyclosporine or tacrolimus (Tac) with methotrexate
(MTX), described over three decades ago,2 provides
partial protection against severe forms of acute GVHD
and historically has been the basis of most HCT
regimens worldwide. However, this standard ap-
proach has several limitations. CNI requires phar-
macokinetic monitoring and can accentuate the risk

of renal toxicity and thrombotic microangiopathy.
Prolonged CNI prophylaxis predisposes patients to
infections and may dampen graft-versus-tumor ef-
fects,3 and may also preclude or diminish the ef-
fectiveness of post-HCT cellular or other therapies for
treatment or prevention of infections or disease re-
lapse. Perhaps, most importantly, CNI-based GVHD
prophylaxis does not effectively prevent chronic
GVHD,4 the most common cause of late post-HCT
morbidity and mortality, affecting 35%-55% of
transplant survivors.5-7 The choice of graft source
affects the incidence of chronic GVHD, with mobi-
lized peripheral blood stem cells (PBSC) having
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higher rates and more severe manifestations compared
with bone marrow (BM) grafts.5,8

Recognition that GVHD is mediated by donor-derived
T cells led to preclinical and clinical exploration of strate-
gies for T-cell depletion (TCD).9,10 Positive selection of
CD341 cells using immunomagnetic beads and column
separation leads to consistent and reproducible broad
T-cell depletion of PBSC grafts, achieving 4-5 log-reduction
of T cells in the graft.11 Despite early concerns of increased
disease relapse,12 more recent studies using this approach
with intensified myeloablative conditioning regimens
demonstrated no increased risk in disease relapse among
patients with acute leukemia.13

Another approach uses cyclophosphamide post-HCT
(PTCy) for in vivo purging of alloreactive T cells. This
demonstrated promising GVHD control as a single agent
without chronic immunosuppression in the setting of HLA-
matched HCT with BM andmyeloablative conditioning.14,15

The objective of this trial was to compare these two CNI-free
approaches for reduction of chronic GVHD to one another
and to standard CNI-based GVHD prevention in patients
with HLA-matched donors. An important goal was to
identify effective CNI-free GVHD prophylaxis strategies that
could serve as a platform for post-HCT therapies, partic-
ularly cellular therapies, to further optimize transplant
outcomes.

METHODS

Design and Patients

The Blood and Marrow Transplant Clinical Trial Network
(BMT CTN) 1301 trial was a phase III randomized,
multicenter unblinded study comparing three HCT ap-
proaches among recipients of an HLA-matched graft and
using myeloablative conditioning (NCT02345850). It

enrolled patients at 26 centers in the United States and
Germany.

Eligible patients were age 65 years and younger and about
to undergo HLA-matched myeloablative HCT for treatment
of acute leukemia in complete morphologic remission (CR),
CR without hematologic recovery, or myelodysplastic
syndrome (MDS) with , 5% blasts in BM. HLA-matched
related or unrelated donors were defined as 8 out of 8
matches at HLA-A, -B, -C and DRB1 (Data Supplement,
online only). Patients whose donors had a preference or
contraindication to donate mobilized PBSC or BM were not
eligible. The study was approved by each center’s insti-
tutional review board, and all patients provided written
informed consent before enrollment.

Procedures

Patients were randomly assigned to one of three specified
interventions: (1) ex vivo CD34 selected T-cell–depleted
PBSC graft without additional immunosuppression; donors
were mobilized with granulocyte colony-stimulating factor
according to institutional standards with a target
CD341 cell dose of$ 53 106 cells/kg; (2) unmanipulated
BM graft followed by Cy 50mg/kg on days13 and14 post-
HCT; or (3) unmanipulated BM graft with post-HCT Tac
and MTX. Tac was started on day –3 and dosed to maintain
therapeutic levels between 5 and 15 ng/mL for a minimum
of 90 days post-HCT. MTX was dosed at 15 mg/m2 intra-
venously (IV) at day 11 and 10 mg/m2 IV days 13, 16,
and 111. Conditioning regimens varied per treatment arm
and are shown in the Data Supplement. Supportive care
details are described in the Data Supplement.

Cell Processing

Ex vivo T-cell depletion in the CD34 selection arm was
performed using the CliniMACS CD34 Reagent System
(Miltenyi Biotec, Gladbach, Germany) according to stan-
dard operating procedures in place and validated at
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treatment sites. Cell processing occurred within 36 hours
from cell collection. The release criteria for the post-
processing graft included viability $ 70%, negative gram
stain, CD341 cell dose $ 2 3 106 per kg, and CD31 cell
dose # 1 3 105 per kg.

Outcomes

The primary end point of this trial was a composite of
moderate to severe chronic GVHD, disease relapse, and
survival (CRFS).16 Secondary end points included overall
survival (OS), acute and chronic GVHD, disease relapse,
relapse-free survival (RFS), transplant-related mortality
(TRM), immunosuppression-free survival, hematologic
recovery (neutrophil and platelets, and delayed engraft-
ment), toxicities, infections (overall, cytomegalovirus [CMV]
and Epstein-Barr virus [EBV]), and health-related quality of
life (QOL). Outcome definitions are in the Data Supplement.

Statistical Analysis

This study was designed as a three-arm randomized phase
III multicenter trial comparing the two CNI-free strategies
for GVHD prophylaxis to one another and to standard Tac
and MTX in patients with acute leukemia or MDS under-
going a myeloablative conditioning HCT. Patients were
randomly assigned using permuted blocks of random sizes
and stratified by donor type (sibling v unrelated) and age
(, 18, 18-40, and . 40 years). For each pairwise com-
parison, a P value of .05/3 (.017) was considered statis-
tically significant. A stopping rule for 100-day mortality after
random assignment was monitored separately in each of
the three treatment arms using sequential probability ratio
test for censored exponential data. An independent med-
ical monitor and a data and safety monitoring board
oversaw trial safety. The primary analysis was planned for
when 155 events were observed for each comparison to
control or after all patients completed 2-year follow-up per
protocol, whichever came first. The trial design assumed
that the CRFS probabilities in the control group were 46%,
28%, and 22% at 6 months, 1 year, and 2 years, re-
spectively, on the basis of data from the Center for Inter-
national Blood and Marrow Transplant Research
(CIBMTR), used a piecewise exponential survival function
to fit those CRFS probabilities, and ensured approximately
85% power to detect a hazard ratio (HR) of 0.576 (cor-
responding to a 20% difference in CRFS at 1 year) with a
target enrollment of 346 patients. The primary analysis was
performed using intent-to-treat population, with Kaplan-
Meier (KM) estimates of CRFS described for each group
and pairwise comparisons conducted using log-rank tests,
with a type I error of 0.05/3 to account for multiple testing.
HRs and CIs from a Coxmodel with treatment as a covariate
are also provided. OS was a key secondary end point, with
explicit control of type I error rate through a gatekeeper
approach17 for formal significance testing when the CRFS
comparison was significant. OS and RFS were estimated
using KM method for each group and compared using log-

rank tests. Acute and chronic GVHD, disease relapse,
TRM, hematologic recovery, and infections were described
using cumulative incidence and compared using Gray’s
test.18 Secondary analyses of CRFS, OS, RFS, relapse,
TRM, and GVHD were conducted using Cox regression,
adjusting for donor type, age, performance status, disease,
and disease risk index (DRI).19 Post hoc as-treated analysis
was performed based on the number of patients who did
not receive the intervention on the basis of the random
assignment results, mostly observed in the CD34 selection
group.

All components of CRFS were reviewed by an independent
end point review committee that was blinded to treatment
allocation. SAS and STAT software program, version 9.4,
was used for all analyses.

RESULTS

Patients

From September 2015 through June 2018, a total of 346
patients from 26 centers in the United States and Germany
were enrolled, 327 patients were transplanted, and 300
treated per protocol (Fig 1). Noncompliance with treatment
arm allocation rates was 14.4%, 8.2%, and 2.6% for the
CD341 selection, PTCy, and Tac and MTX control, re-
spectively. Median age was 51 years (range, 13-66 years),
61.3% of patients had acute myeloid leukemia, 33.2% had
high DRI, 62.1% received an unrelated donor graft, and the
median time from diagnosis to HCT was 5 months (range,
1.3-231 months); all variables were balanced across
treatment arms (Table 1).

CRFS

Two-year KM estimates for CRFS were 50.6% (95% CIs,
40.8 to 59.6), 48.1% (95% CI, 38.5 to 57.1), and 41.0%
(95% CI, 32 to 49.9) for CD341 selection, PTCy, and Tac
and MTX, respectively (Fig 2A). The HRs for CRFS were
0.80 (95% CI, 0.56 to 1.15; P 5 .24) for CD341 selection
and 0.86 (95% CI, 0.61 to 1.23; P 5 .41) for PTCy
compared with controls, and 0.93 (95% CI, 0.64 to 1.35;
P 5 .72) comparing CD341 selection with PTCy. Among
the covariates tested in a preplanned multivariate Cox
model of CRFS, patients age$ 50 years had an HR of 1.43
(P 5 .026) compared with younger patients (Data
Supplement).

Secondary Outcomes

Two-year KM estimates for OS were 60.1% (95%CI, 50.1 to
68.8), 76.2% (95% CI, 67.1 to 83.1), and 76.1 (95% CI,
67.1 to 83) for CD341 selection, PTCy, and Tac and MTX,
respectively (Table 2, Fig 2B). HRs for overall mortality were
1.74 (P5 .02) for CD341 selection and 1.016 (P5 .95) for
PTCy compared with Tac and MTX, and 1.77 (P 5 .02)
comparing CD341 selection with PTCy. Among covariates
tested in the overall mortality model in addition to treatment
arm, patients age $50 years compared with younger had
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an HR of 1.75 (P5 .01) and high DRI compared with low or
moderate was associated with an HR of 1.80 (P5 .01; Data
Supplement).

Cumulative incidences of moderate to severe chronic
GVHD at 2 years were 8.9% (95% CI, 4.3 to 15.5), 27%
(95% CI, 18.7 to 36), and 33.7% (95% CI, 25.1 to 42.5) for
CD341 selection, PTCy, and Tac and MTX, respectively
(Fig 2C). Corresponding HRs for moderate to severe
chronic GVHD were 0.25 (95% CI, 0.12 to 0.52, P, .001)
and 0.79 (95% CI, 0.48 to 1.29, P 5 .342) compared with
Tac and MTX, and 0.32 (95% CI, 0.15 to 0.69, P 5 .02)
comparing CD341 selection with PTCy.

Cumulative incidences of TRM at 2 years were 21.5% (95%
CI, 14.1 to 30), 15.7% (95%CI, 9.6 to 23.2), and 7.9% (95%
CI, 3.9 to 13.8) for CD341 selection, PTCy, and Tac and
MTX, respectively (Fig 2D). Corresponding HRs for TRM
compared with controls were 2.76 (95% CI, 1.32 to 6.20,
P 5 .008) and 1.88 (95% CI, 0.84 to 4.21, P 5 .127), and
1.53 (95% CI, 0.81 to 2.89, P 5 .188) for CD341 selection
compared with PTCy. Among the covariates tested in the
TRM model in addition to treatment arm, patients age $ 50
years compared with younger patients had an HR of 3.29
(P , .01).

Disease relapse (Fig 2E), acute GVHD, RFS (Fig 2F),
immunosuppression-free survival, delayed engraftment,
secondary graft failure, CMV, and EBV activation by treatment
are shown in Table 2. The proportion of patients who required
CNI for treatment of acute GVHD was 1.9% and 5.5% for
CD341 selection and PTCy, respectively.

Hematologic recovery is shown in Figures 3A and 3B.
Median times to neutrophil recovery were 11, 19, and
17 days for CD341 selection, PTCy, and Tac and MTX
respectively. Corresponding median times to platelet re-
covery were 17, 28 and 21 days. The proportion of grades 3-
5 nonhematologic toxicities was 76.9%, 80.7%, and 87.7%
for CD341 selection, PTCy, and Tac andMTX (P5 .11; Data
Supplement). Cumulative incidences of grade III infections at
2 years were 29.8% (95% CI, 21.8 to 39.2), 20.2% (13.7 to
28.7), and 14% (95% CI, 8.7 to 21.7) for CD341 selection,
PTCy, and Tac and MTX, respectively (P 5 .014; Data
Supplement).

Twenty-four patients received post-HCT donor lymphocyte
infusions (DLI): CD341 selection, n 5 12; PT-Cy, n 5 4; and
Tac andMTX, n5 8. In 22patients, DLIwas given for treatment
of disease relapse; two patients in the CD341 selection arm
received DLI because of poor T-cell chimerism.

Patients randomly assigned (N = 346)

CD34 selected graft
(n = 114)

Post-transplant cyclophosphamide
(n = 114)

Tac and MTX control
(n = 118)

Withdrawal (at day 184; n = 1)
Lost to follow-up or exception granted
     or no visit (at days 136 and 378; n = 2)
Completed                                    (n = 101)

Lost to follow-up or exception granted
    for no visit (at days 198, 205, and 369; n = 3)
Completed                                             (n = 106)

Lost to follow-up or exception granted
      for no visit (at days 283 and 391; n = 2)
Completed                                      (n = 112)

Transplanted
(n = 104)

Transplanted
(n = 109)

Transplanted
(n = 114)

Non transplant            (n = 10)
    Consent withdrawal (n = 5)
    Death                         (n = 3)
    Lost to follow-up      (n = 2)

Non transplant              (n = 5)
    Consent withdrawal (n = 2)
    Death                         (n = 2)
    Lost to follow-up      (n = 1)

Non transplant               (n = 4)
     Consent withdrawal (n = 3)
      Lost to follow-up     (n = 1)

Treatment non compliance  (n = 15)
      Treatment received:
      Tac and MTX control        (n = 10)
      Other                                   (n = 5)

Treatment non compliance (n = 9)
       Treatment received:
       Tac and MTX control      (n = 6)
       Other                               (n = 3)

Treatment noncompliance    (n = 3)
      Treatment received:
      Other                                (n = 3)

FIG 1. CONSORT diagram. Completed indicates participants has completed the 2-year follow-up per protocol or died during the study. Tac and MTX,
tacrolimus and methotrexate.
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TABLE 1. Demographic Characteristics of Randomly Assigned Patients and Patients Who Received a Hematopoietic Cell Transplantation by Treatment Arm

Variables

Randomized Treatment Arms

CD34 Selected Graft (N 5 114) PTCy (N 5 114) Tac and MTX (N 5 118)

Sex, No. (%)

Female 52 (45.6) 43 (37.7) 54 (45.8)

Male 62 (54.4) 71 (62.3) 64 (54.2)

Ethnicity, No. (%)

Hispanic or Latino 7 (6.1) 7 (6.1) 7 (5.9)

Not Hispanic or Latino 105 (92.1) 102 (89.5) 107 (90.7)

Unknown 0 (0.0) 3 (2.6) 0 (0.0)

Not Answered 2 (1.8) 2 (1.8) 4 (3.4)

Race, No. (%)

American Indian or Alaskan Native 0 (0.0) 0 (0.0) 0 (0.0)

Asian 4 (3.5) 2 (1.8) 3 (2.5)

Hawaiian or Pacific Islander 0 (0.0) 0 (0.0) 0 (0.0)

Black or African American 2 (1.8) 3 (2.6) 4 (3.4)

White 106 (93.0) 101 (88.6) 104 (88.1)

More than one race 0 (0.0) 0 (0.0) 0 (0.0)

Other, specify 0 (0.0) 1 (0.9) 0 (0.0)

Unknown 1 (0.9) 5 (4.4) 3 (2.5)

Not answered 1 (0.9) 2 (1.8) 4 (3.4)

Age, years

Mean (SD) 49.3 (11.8) 48.6 (11.4) 47.9 (11.8)

Median (range) 51.2 (21.9-66.0) 50.9 (19.9-65.6) 51.3 (13.1-64.6)

Age group, years, No. (%)

1-18 0 (0.0) 0 (0.0) 2 (1.7)

19-40 29 (25.4) 28 (24.6) 28 (23.7)

41-60 63 (55.3) 69 (60.5) 76 (64.4)

. 60 22 (19.3) 17 (14.9) 12 (10.2)

Lansky or Karnofsky performance score, No. (%)

90-100 63 (55.3) 72 (63.2) 61 (51.7)

70-80 51 (44.7) 42 (36.8) 57 (48.3)

Randomized Treatment Arms

CD34 Selected Graft (N 5 114), No. (%) PTCy (N 5 114), No. (%) Tac and MTX (N 5 118), No. (%)

Primary disease

ALL 30 (26.3) 27 (23.7) 23 (19.5)

AML 63 (55.3) 74 (64.9) 75 (63.6)

MDS 19 (16.7) 11 (9.6) 16 (13.6)

CMML 1 (0.9) 1 (0.9) 1 (0.8)

Acute undifferentiated leukemia 1 (0.9) 0 (0.0) 1 (0.8)

Biphenotypic leukemia 0 (0.0) 1 (0.9) 2 (1.7)

Disease stage for AML and ALL

First complete remission 67 (72.0) 69 (68.4) 77 (78.6)

$ Second complete remission 16 (17.3) 21 (20.8) 16 (16.3)

CRia 2 (2.1) 7 (6.9) 0

Unknownb 8 (8.6) 4 (3.9) 3 (3.1)

(continued on following page)
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TABLE 1. Demographic Characteristics of Randomly Assigned Patients and Patients Who Received a Hematopoietic Cell Transplantation by Treatment Arm
(continued)

Randomized Treatment Arms

CD34 Selected Graft (N 5 114), No. (%) PTCy (N 5 114), No. (%) Tac and MTX (N 5 118), No. (%)

MDS status

No prior treatment 10 (52.6) 9 (81.8) 9 (56.3)

Hematologic Improvement 1 (5.3) 2 (18.2) 1 (6.3)

No response or stable disease 8 (42.1) 0 (0.0) 4 (25.0)

Unknownb 0 (0.0) 0 (0.0) 2 (12.5)

Donor type

Related donor 43 (37.7) 43 (37.7) 45 (38.1)

Unrelated donor 71 (62.3) 71 (62.3) 73 (61.9)

Planned post-transplant maintenance therapy 14 (12.3) 13 (11.4) 6 (5.1)

Tyrosine kinase inhibitor 7 (50.0) 6 (46.2) 4 (66.7)

FLT3 inhibitor 7 (50.0) 7 (53.8) 2 (33.3)

Cytogenetics

Normal 5 (4.4) 2 (1.8) 4 (3.4)

Favorable 13 (11.4) 12 (10.5) 12 (10.2)

Intermediate 50 (43.9) 54 (47.4) 56 (47.5)

Poor 35 (30.7) 38 (33.3) 39 (33.1)

Missing 11 (9.6) 8 (7.0) 6 (5.1)

Not tested 0 (0.0) 0 (0.0) 1 (0.8)

Randomized Treatment Arms

CD34 Selected Graft (N 5 114), No. (%) PTCy (N 5 114), No. (%) Tac and MTX (N 5 118), No. (%)

DRI

Low or moderate 67 (58.8) 67 (58.8) 71 (60.2)

High 36 (31.6) 39 (34.2) 40 (33.9)

Missing or unknown 11 (9.6) 8 (7.0) 7 (5.9)

Transplant Recipients

CD34 Selected Graft (N 5 104) PTCy (N 5 109) Tac and MTX Control (N 5 114)

Total transplanted, No. (%) 104 (100.0) 109 (100.0) 114 (100.0)

Time from diagnosis date to transplant, months

Mean (SD) 10.2 (15.8) 12.1 (25.1) 10.8 (20.7)

Median (range) 5.6 (1.9-121.7) 4.7 (1.6-231.3) 5.0 (1.9-139.7)

HCT comorbidity index score, No. (%)

0 38 (36.5) 41 (37.6) 44 (38.6)

1-2 37 (35.6) 43 (39.4) 49 (43.0)

$ 3 29 (27.9) 25 (22.9) 21 (18.4)

Pretransplant CMV status, No. (%)

Positive 45 (43.3) 54 (49.5) 57 (50.0)

Negative 59 (56.7) 55 (50.5) 57 (50.0)

Donor CMV status, No. (%)

Negative 73 (70.2) 55 (50.5) 71 (62.3)

Positive 31 (29.8) 54 (49.5) 43 (37.7)

(continued on following page)
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Causes of death after the CD341 selection arm were
disease relapse (45.2%), infection (28.6%), organ failure
(16.6%), GVHD (4.8%), and other causes (4.8%); after
PTCy, disease relapse (48.1%), infection (3.7%), organ
failure (14.8%), GVHD (29.7%), and other causes (3.7%);
and, after Tac and MTX, disease relapse (73.4%), infection
(13.3%), organ failure (6.6%), and GVHD (6.7%; Fig 3C).

QOL

Compliance with QOL evaluation was 80% or greater at all
timepoints. Profiles of median scores during the transplant
course, measured by SF36 physical and mental compo-
nents, FACT-BMT, and MDASI, were similar across treat-
ment arms (Data Supplement).

As-Treated Analysis

Among 300 patients who received therapy per protocol,
the KM estimates of CRFS at 2 years were 53.8% (95% CI,
42.9 to 63.5), 51.1% (95% CI, 41.2 to 60.8), and 41.2%
(95% CI, 32 to 50.2) for CD341 selection, PTCy, and Tac
andMTX, respectively (Data Supplement). Corresponding
HRs for CRFS compared with controls were 0.73
(P 5 .12) and 0.80 (P 5 .23) for CD34 selection and
PTCy, respectively, and 0.92 (P 5 .71) comparing
CD341 selection with PTCy. Two-year OS were 60.3%
(95% CI, 49.3 to 69.7), 78.7% (95% CI, 69.2 to 85.6),

and 77.3 (95% CI, 68.3 to 84.1) for CD341 selection,
PTCy, and Tac and MTX, respectively (Data Supplement).
Corresponding HR for overall mortality compared with
controls were 1.82 (P5 .02) and 0.97 (P5 .92) for CD34
selection and PTCy, respectively, and 1.93 (P 5 .01)
comparing CD341 selection with PTCy.

DISCUSSION

This randomized phase III trial compared three approaches
for chronic GVHD prevention and specifically investigated
whether two CNI-free approaches, ex vivo TCD using CD34
selection of PBSC grafts or in vivo TCD of marrow grafts
using PTCy alone, could lead to superior control of chronic
GVHD without excess disease relapse and mortality. Our
study demonstrated that both experimental arms resulted
in similar but not better outcomes compared with HCT
using standard Tac and MTX with BM graft as measured by
CRFS; however, mortality was higher with CD34 selection
compared with other strategies.

An important finding of this trial is that the outcomes of the
control arm using standard Tac and MTX with a BM graft
were better than anticipated, with 2-year cumulative inci-
dence of TRM only 7.9% and 2-year OS, 76.1%. Although
Tac and MTX was associated with the highest rate of
chronic GVHD (cGVHD; 33.7% at 2 years), the low TRM

TABLE 1. Demographic Characteristics of Randomly Assigned Patients and Patients Who Received a Hematopoietic Cell Transplantation by Treatment Arm
(continued)

Transplant Recipients

CD34 Selected Graft (N 5 104) PTCy (N 5 109) Tac and MTX Control (N 5 114)

Stem-cell source, No. (%)

Peripheral blood 98 (94.2) 11 (10.1) 12 (10.5)

BM 6 (5.8) 98 (89.9) 102 (89.5)

Condition regimen, No. (%)

TBI, cyclophosphamide, thiotepa, and rATG 27 (26.0) 0 (0.0) 0 (0.0)

Busulfan, melphalan, fludarabine, and rATG 68 (65.4) 0 (0.0) 0 (0.0)

Busulfan and cyclophosphamide 4 (3.8) 41 (37.6) 31 (27.2)

Busulfan and fludarabine 3 (2.9) 39 (35.8) 60 (52.6)

Cyclophosphamide and TBI 1 (1.0) 27 (24.8) 22 (19.3)

TBI and etoposide 0 (0.0) 0 (0.0) 1 (0.9)

Other 1 (1.0) 2 (1.7) 0 (0.0)

Treatment received, No. (%)

CD34 selected graft 89 (85.6) 0 (0.0) 0 (0.0)

PTCy 0 (0.0) 100 (91.7) 0 (0.0)

Tac and MTX control 10 (9.6) 6 (5.5) 111 (97.4)

Other 5 (4.8) 3 (2.8) 3 (2.6)

Abbreviations: ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; BM, bone marrow; CMML, chronic myelomonocytic leukemia; CMV,
cytomegalovirus; DRI, disease risk index; GVHD, graft-versus-host disease; HCT, hematopoietic cell transplantation; MDS, myelodysplastic syndrome; PTCy, post-
transplant cyclophosphamide; rATG, rabbit antithymocyte-globulin; SD, standard deviation; Tac andMTX, tacrolimus andmethotrexate; TBI, total-body irradiation.

aCRi: complete remission without count recovery, ie,, 5%myeloblast in the bone marrow but with persistent cytopenia; PIF: primary induction failure, two
patients in the PTCy arm had 5% blasts in the BM at enrollment.

bUnknown—enrolled confirming BM blasts , 5% but subsequently were not transplanted or withdrew without confirming disease status.
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and relapse rates associated with this approach rendered it
comparable to the CNI-free arms, with similar QOL as
assessed by standard, validated QOL instruments.

Additionally, the rates of grades 3-5 kidney injury were not
higher with CNI in this trial. These results affirm that Tac
and MTX with a BM graft should still be considered one of
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the standards of care for patients with acute leukemia or
MDS receiving myeloablative HLA-matched transplanta-
tion. Although the results suggest that patients receiving
PTCy without CNI have similar outcomes, the trial was not
sufficiently powered to conclude that they were
comparable.

Our results also confirmed previous studies, including the
BMT CTN 0303 trial,13 which showed that ex vivo TCD
using CD341 selection significantly reduces moderate-to-
severe chronic GVHD without increasing disease relapse.
Unfortunately, patients undergoing CD341 selection in this
trial experienced inferior OS mainly driven by excess TRM
compared with the other arms, predominantly from in-
fection and organ failure, offsetting its potential GVHD
control benefits. Relapse rates were not higher with
CD341 selection. It is possible that the infection and organ
failure risks associated with the CD341 selection arm were
driven by the intensity of the conditioning regimens using
this approach, with the addition of thiotepa to high-dose Cy
and TBI 1375 cGy, and addition of melphalan to high-dose
busulfan and fludarabine. In fact, the previous BMT CTN
0303 trial, which used the same TBI conditioning for
CD341 selection, observed the same TRM rates.20 The
field continues to move away from very high intensity to-
ward less toxic (although still myeloablative) regimens in-
cluding fludarabine and busulfan for HCT using Tac and
MTX and PTCy. Exploring less-intensive regimens with
CD341 selection may be warranted.

BMT using PTCy without CNI demonstrated similar rates of
all components of CRFS compared with BMT using Tac and
MTX. PTCy was associated with increased grade II-IV acute

GVHD compared with CD341 selection, but there was also
a trend toward lower disease relapse compared with con-
trols. Moderate-to-severe cGVHD and OS in the PTCy arm
was also similar to standard Tac andMTX. Engraftment after
PTCy was also slower compared with the other interven-
tions, and nine patients experienced delayed engrafted
compared with four and three patients in the Tac and MTX
and CD34 selection, respectively. Among these nine pa-
tients, eight subsequently engrafted. Acute GVHD rates
were comparable with single-center experience in the
setting of HLA-matched donors.14,15 PTCy platform is as-
sociated with lower rates of cGVHD in studies of both hap-
loidentical and HLA-matched marrow transplantation.14,21,22

However, it should be noted that in the current trial, PTCy was
used alone, without tacrolimus and mycophenolate mofetil
(MMF) as is used in haploidentical and most HLA-matched
settings, since the purpose of this trial was to explore regimens
that were CNI-free. It is likely that Tac and MMF is important
as an adjunct for preventing cGVHD and that GVHD control
after PCTy could be further improved with their addition. The
study suggests that BMT with PTCy alone could be a viable
CNI-free option for matched donor HCT. Additionally, cardiac
effects related to PTCy need to be considered although
studies demonstrate that this association requires continued
investigation.23,24

The results in the Tac and MTX control arm observed in this
trial were much better than expected. The trial design
estimated a CRFS to be 22% for the control arm and the
observed CRFS was 44%. The trial modeling used registry
data to calculate CRFS using a population where the
majority received a PBSC graft and the CRFS used overall
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TABLE 2. End Points Summary Table by Treatment Arm

End Points

Estimates by Treatment Arm Pairwise Treatment Comparisona

CD34, % (95% CI) PTCy, % (95% CI) Tac and MTX, % (95% CI) Overall P CD34 v Tac and MTX HR (95% CI) [P] PTCy v Tac and MTX HR (95% CI) [P] CD34 v PTCy HR (95% CI) [P]

CRFS at 2 years 50.6 (40.8 to 60.0) 48.1 (38.5 to 57.1) 41.0 (32 to 49.9) .224b 0.80 (0.56 to 1.15) [.237b] 0.86 (0.61 to 1.23) [.413b] 0.93 (0.64 to 1.35) [.717b]

OS at 2 years 60.1 (50.1 to 68.8) 76.2 (67.1 to 83.1) 76.1 (67.2 to 83) .006b 1.74 (1.09 to 2.80) [.020b] 1.02 (0.60 to 1.72) [.953b] 1.77 (1.09 to 2.88) [.019b]

Moderate or severe chronic
GVHD at 2 years

8.9 (4.3 to 15.5) 27 (18.7 to 36) 33.7 (25.1 to 42.5) , .001c 0.25 (0.12 to 0.52) [, .0001b] 0.79 (0.48 to 1.29) [.342b] 0.32 (0.15 to 0.69) [.002b]

TRM at 2 years 21.5 (14.1 to 30.0) 15.7 (9.6 to 23.2) 7.9 (3.9 to 13.8) .020c 2.86 (1.32 to 6.20) [.008b] 1.88 (0.84 to 4.21) [.127b] 1.53 (0.81 to 2.89) [.188b]

Relapse at 2 years 21.4 (14.0 to 29.8) 13.9 (8.1 to 21.2) 25.6 (17.9 to 33.9) .076c 0.89 (0.51 to 1.54) [.672b] 0.52 (0.28 to 0.96) [.037b] 1.76 (0.91 to 3.39) [.091b]

RFS at 2 years 57.1 (46.9 to 66.0) 70.3 (60.7 to 78.0) 66.5 (56.9 to 74.3) .029b 1.35 (0.88 to 2.09) [.172b] 0.84 (0.52 to 1.34) [.463b] 1.64 (1.04 to 2.59) [.034b]

Grade II-IV acute
GVHD by 100 days

16.3 (9.9 to 24.1) 37.6 (28.5 to 46.6) 29.8 (21.7 to 38.4) .026c 0.54 (0.30 to 0.96) [.036b] 1.43 (0.91 to 2.26) [.120b] 0.40 (0.23 to 0.71) [.002b]

Grade III-IV acute
GVHD by 100 days

2.9 (0.8 to 7.5) 10.1 (5.3 to 16.6) 3.5 (1.1 to 8.1) .037c 0.82 (0.18 to 3.67) [.798b] 2.95 (0.94 to 9.28) [.064b] 0.28 (0.08 to 0.99) [.050b]

Immunosuppressive-free
survival at 1 year

57.8 (48.3 to 67.4) 67.6 (58.8 to 76.4) 57.9 (48.8 to 67.0) .24d

Delayed engraftment 2.9 (0.6 to 8.2) 8.3 (3.8 to 15.1) 3.5 (1.0 to 8.7) .13d

Secondary graft failure 2.9 (0.8 to 7.5) 0 0.9 (0.1 to 4.3) .15c

CMV reactivation by 180 days 11.6 (6.3 to 18.6) 9.2 (4.7 to 15.5) 9.6 (5.1 to 15.9) .97c

EBV reactivation by 180 days 12.5 (7.0 to 19.7) 0.9 (0.1 to 4.6) 0.9 (0.1 to 4.3) , .001c

NOTE. Above results are from the primary analysis. A secondary analysis of CRFS, OS, TRM, relapse, acute GVHD, and chronic GVHD was also conducted by using Cox regression, adjusting for donor
type, age, performance status, and primary disease/disease risk. The multivariate analyses provided similar results as univariate analyses.

Abbreviations: CMV, cytomegalovirus; CRFS, chronic relapse-free survival; EBV, Epstein-Barr virus; GVHD, graft-versus-host disease; HR, hazard ratio; OS, overall survival; PTCy, post-transplant
cyclophosphamide; RFS, relapse-free survival; Tac and MTX, tacrolimus and methotrexate; TRM, transplant-related mortality.

aFor the pairwise comparisons, Tac and MTX was the reference group when compared with both investigational arms, and PTCy was the reference group when compared with the CD34 selection group.
bLog-rank P value.
cGray’s test P value.
dChi-square P value.

Journal
of

Clinical
Oncology

365

C
alcineurin

Inhibitor–Free
C
hronic

G
VH

D
P
revention



chronic GVHD instead of moderate-to-severe chronic
GVHD. Both contributed to higher rate of chronic GVHD
events and a lower CRFS in the registry cohort. Also, all
chronic GVHD events on the trial were reviewed by an
independent committee blinded to treatment assignment to
determine moderate-to-severe cases, and only cases that
met predefined criteria were considered an event for CRFS.
Overperformance of the Tac and MTX arm also affected the
number of events detected in the first 2 years resulting in
decreased power of pairwise comparisons, which needs to
be taken into account when interpreting the results.

In summary, the BMT CTN 1301 trial demonstrated similar
but not better CRFS after two CNI-free GVHD prophylaxis
strategies to standard Tac and MTX after HLA-matched
transplantation with myeloablative conditioning. CD34 se-
lection was associated with significant reduction in cGVHD,
although this benefit was offset by an excess of TRM.
Future CD34 selection studies should thus focus on re-
duction of TRM and infections. Although BMT using PTCy
alone was associated with more acute GVHD compared
with Tac and MTX, TRM, cGVHD CRFS, and OS were
similar. Interestingly, there was a trend toward better
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FIG 3. (A) Cumulative incidences of neutrophil recovery by treatment arm. (B) Cumulative incidences of platelet recovery by treatment arm. (C) Summary
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relapse rates and RFS for PTCy in pairwise comparisons to
Tac and MTX and CD341 depletion, respectively. Con-
sequently, the PTCy regimen could potentially be offered as
a transplant option for patients with contraindication to CNI
or who need a CNI-free approach for planned post-
transplant interventions. An alternative approach to
cGVHD reduction has been the addition of in vivo T-cell
depletion with ATG or anti–T-lymphocyte globulin to CNI
and MTX. Several randomized trials demonstrated lower
cGVHD rates without compromising relapse rates or sur-
vival, although one randomized study suggested inferior
survival despite lower cGVHD rates.25-29

This trial focused on strategies to improve transplant out-
comes by decreasing moderate-to-severe chronic GVHD

without increasing disease relapse and the only strategy that
significantly reduced cGVHD was associated with higher
mortality. Further improvements of Tac and MTX with BM
need to focus on chronic GVHD and disease relapse. For-
tunately, there are emerging post-transplant interventions that
offer promise in this area,30 and designing trials to maximize
improvement of PTCy by adding Tac and MMF or to add ATG
to Tac andMTX similar to European trialsmay further optimize
transplant outcomes. Finally, it should be emphasized that
HLA-matched HCT with contemporary myeloablative condi-
tioning, with either Tac and MTX or PTCy and a BM graft,
administered as postremission therapy, results in two-year
survival rates . 75% and should be considered the new
benchmark for patients with hematologic malignancies.
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