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Improved GRFS after posttransplant cyclophosphamide-based
vs ATG-based HLA-mismatched unrelated donor transplant

Antonio Jimenez Jimenez,1 Krishna Komanduri,1 Samantha Brown,2 Trent Wang,1 Denise Pereira,1 Mark Goodman,1

Amer Beitinjaneh,1 Lazaros Lekakis,1 Stephanie Chinapen,3 Sean Devlin,2 Doris Ponce,3,4 Craig Sauter,3,4 Miguel-Angel Perales,3,4

and Brian C. Shaffer3,4

1Division of Transplantation and Cellular Therapy, Sylvester Comprehensive Cancer Center, University of Miami, Miami, FL; 2Department of Epidemiology and Biostatistics, and
3Bone Marrow Transplant Service, Department of Medicine, Memorial Sloan Kettering Cancer Center, New York, NY; and 4Department of Internal Medicine, Weill Cornell
Medical College, New York, NY

A common method to prevent graft-versus-host disease after allogeneic hematopoietic

cell transplantation (HCT) from an HLA-mismatched unrelated donor (MMUD) is

tacrolimus, methotrexate, and antithymocyte globulin (ATG). The use of posttransplant

cyclophosphamide (PTCy) showed promise in a prospective trial for MMUD HCT. We

compared 1-year graft-versus-host disease–free, relapse-free survival (GRFS) in 128

recipients of prophylaxis based on tacrolimus/methotrexate/ATG (ATG group, n 5 46) vs

PTCy, mycophenolate mofetil, and tacrolimus or sirolimus (PTCy group, n 5 82) after

MMUD HCT. Patients receiving HCT from a MMUD mismatched at $1 locus among

HLA-A, HLA-B, HLA-C, and HLA-DRB1 were included. The 2 groups were well matched

for HCT indication, high-risk disease, and HCT comorbidity index, whereas more patients

on PTCy received bone marrow (50% vs 26%; P 5 .01) and .1 locus HLA-mismatched

(30.5% vs 2.2%; P 5 .001) grafts. The 1-year GRFS was 16% (95% confidence interval (CI):

8%-31%) vs 54% (95% CI: 44%-66%; P , .001) in the ATG and PTCy groups, respectively.

The multivariable adjusted hazard ratio for GRFS was 0.34 (95% CI: 0.21-0.55;

P , .001) with the use of PTCy. The 1-year overall survival in the ATG group was 45%

(95% CI: 32%-62%) vs 75% (95% CI: 66%-85%) in the PTCy group (P , .001). Relapse

incidence was similar. One-year nonrelapse mortality was greater after ATG-based

prophylaxis: 38% (95% CI: 23%-52%) vs 16% (95 CI: 9%-25%), P , .001. In summary,

PTCy-based prophylaxis resulted in superior GRFS and overall survival in recipients of

MMUD.

Introduction

Outcomes after allogeneic hematopoietic cell transplantation (HCT) for hematologic malignancies
improve with the use of HLA-matched sibling or unrelated donors (URDs) compared with the use of a
donor mismatched at any of HLA-A, HLA-B, HLA-C, or HLA-DRB1.1,2 Because an HLA-matched sibling
is available for only �30% of patients, URDs are often sought for transplantation.3 Variegations in HLA
haplotype frequency among populations of different racial or ethnic backgrounds result in dramatically dif-
ferent likelihoods that a patient will find a suitable, HLA-matched URD based on their background.4 For
example, among persons that self-describe as Euro-Caucasian, the probability of identifying an
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Key Points

� PTCy improved GRFS
compared with
recipients of ATG-
based prophylaxis
after MMUD
allogeneic HCT.

� Allograft recipients
of ATG-based
prophylaxis had higher
nonrelapse mortality
and impaired humoral
immune reconstitution.
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HLA-matched URD is 75%, compared with 15% to 45% in racial
or ethnic minorities.5,6 Therefore, HLA-mismatched HCT is required
for many adult patients, particularly those of non-European ancestry.

The most common transplant-specific complication of HLA-
mismatched unrelated donor (MMUD) HCT is graft-versus-host dis-
ease (GVHD); however, the optimal strategy to prevent GVHD in
this setting is unclear. The current standard of care is to administer
either tacrolimus or cyclosporine with short-course methotrexate
(MTX). In vivo T-cell depletion with peritransplant antithymocyte
globulin (ATG) is performed in some patients undergoing MMUD
HCT. For example, in Center for International Blood and Marrow
Transplant Research (CIBMTR) analyses, among 7/8 HLA-matched
URD recipients, ATG was used in 25% to 45% of recipients.7,8 In
subjects treated for acute myeloid leukemia, the 1- and 3-year over-
all survival (OS) estimates were 45% and 34%, respectively, after
HLA 7/8 matched URD HCT. In an analysis of patients with mixed
disease histology, the 1- and 3-year OS estimates were 48.8% and
37.4%.

More recently, the use of posttransplant cyclophosphamide (PTCy)
was first described in the context of HLA-haploidentical (haplo)-
related donor recipients,9,10 and later in HLA-MMUD recipients.11-13

Encouraging results were described in a prospective study spon-
sored by the National Marrow Donor Program using PTCy with siro-
limus and mycophenolate mofetil after bone marrow (BM)-derived
MMUD grafts.12 Notably, many of these study subjects identified as
racial or ethnic minorities. This study was not designed to determine
whether a PTCy-based strategy improved outcomes compared with
HCT with the use of a calcineurin inhibitor with MTX and ATG. Bat-
tipaglia et al14 examined this question in a retrospective analysis of
patients undergoing MMUD that included HLA-DQB1–mismatched
donor recipients; they found beneficial use of PTCy-based regimens
in this more heterogeneous population.

The current study sought to compare transplant outcomes in sub-
jects undergoing MMUD HCT using either “ATG-based” prophy-
laxis, including tacrolimus, short-course MTX, and peritransplant
ATG, or a “PTCy-based” program of PTCy with either tacrolimus or
sirolimus and mycophenolate mofetil. To minimize heterogeneity in
the study population, we restricted this analysis to 2 centers with
similar transplant volumes and peritransplant supportive care practi-
ces. Given that donor/recipient HLA-DQB1 mismatch variably asso-
ciates with adverse outcomes in URD HCT, we limited this analysis
to subjects undergoing transplant from a donor mismatched at $1
of HLA-A, HLA-B, HLA-C, or HLA-DRB1 alleles. The primary end
point of this retrospective study was to compare 1-year GVHD-free,
relapse-free survival (GRFS) in both cohorts, with similar analyses
for the secondary end points of relapse, relapse-free survival (RFS),
and OS.15 We also examined potential contributors to adverse out-
comes after transplantation in this population.

Methods

Subject inclusion criteria and transplant

methodology

Eligible subjects were adult recipients with high-risk hematologic
malignancies who underwent HCT from an HLA-MMUD from 2010
to 2020. Donors mismatched at $1 locus among HLA-A, HLA-B,
HLA-C, and HLA-DRB1 were included. Subjects who received
HLA-matched donor transplant, HLA-mismatched-related donor

transplant, or whose donor product underwent ex vivo graft manipu-
lation (eg, CD341 selection) were excluded (n 5 6). Subjects were
grouped according to GVHD prophylaxis as follows: the PTCy-
based group included subjects treated with 50 mg/kg IV cyclophos-
phamide on days 3 and 4, post-allograft infusion, as previously
described.9 All subjects received mycophenolate mofetil 10 to
15 mg/kg by mouth or IV, three times daily, from days 5 to 35, and
dose-adjusted tacrolimus (goal trough level, 5-10 ng/mL) or siroli-
mus (goal trough level, 3-12 ng/mL) starting 5 days post-graft infu-
sion, and were tapered between 3 and 6 months post-HCT. In this
cohort, 30 subjects were treated on a prospective, multicenter study
(#NCT02793544). The ATG group included patients receiving
MTX 5 to 15 mg/m2 IV, on days 1, 3, 6, and 11 post-HCT,
peritransplant dose-adjusted tacrolimus (noted here), and 5 to
7.5 mg/kg rabbit ATG, before allograft infusion.

GRFS was defined as a composite end point of death from any
cause, relapse of malignancy, grade 3 to 4 acute GVHD, or chronic
GVHD requiring systemic immune suppression therapy as previ-
ously described.15 GVHD grading was based on IBMTR and the
National Institutes of Health chronic GVHD consensus criteria.16,17

Relapse was determined by using standard, disease-specific stag-
ing indices. Neutrophil engraftment was defined as the first day of
neutrophil count .500/mL for 3 consecutive days, and platelet
engraftment was defined as a platelet count $20000/mL, without
transfusion within 7 days. Clinically significant cytomegalovirus infec-
tion (csCMV) and Epstein-Barr virus infection were defined as blood
viremia requiring therapy or visceral organ involvement. Subjects
were treated according to institutional standards.18 Letermovir pro-
phylaxis for CMV was instituted at both centers in 2018. Subjects
were included from 2 centers: Memorial Sloan Kettering Cancer
Center and University of Miami Sylvester Comprehensive Cancer
Center. This research project was approved by the institutional
review boards and privacy boards of both centers.

Statistical methodology

The study cohort was summarized by using descriptive characteris-
tics, including medians, ranges, and frequencies. Differences in
patient characteristics were compared across treatment groups by
using x2, Fisher’s exact, or Wilcoxon rank sum tests. The primary
end point of this retrospective study was to compare 1-year GRFS
between the 2 treatment groups. Secondary end points were
1- and 2-year OS, RFS, nonrelapse mortality (NRM), cumulative inci-
dence of relapse, and cumulative incidence of acute and chronic
GVHD. Outcomes were measured from the time of HCT, and sur-
viving patients were censored at their last follow-up. OS and RFS
were estimated by using Kaplan-Meier methodology and compared
by using the log-rank statistic. NRM and incidence of relapse were
calculated by using cumulative incidence functions to account for
the competing risk of death and were compared by using Gray’s
test. Univariable and multivariable cause-specific hazard ratios (HRs)
were estimated by using Cox proportional hazards model. Variables
deemed conceptually important were included in the univariable
model: ATG vs PTCy, recipient’s age, recipient and donor CMV
serostatus, CIBMTR risk category, HCT comorbidity index, and graft
source. Variables deemed significant on univariable analysis
(P , .05) were included in the multivariable model.

All tests were two-sided. The type I error rate was fixed at 0.05 for
the determination of factors associated with time-to-event outcomes.
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All regression models were stratified according to center. Statistical
analyses were performed by using R version 4.0 (R Foundation for
Statistical Computing).

Results

Subjects

Subject demographic characteristics are described in Table 1. The
total number of subjects included was 128 (ATG, n 5 46; PTCy,
n 5 82). Donors mismatched at .1 HLA locus were more common
in recipients of PTCy-based (25 of 82) compared with ATG-based

(1 of 46) prophylaxis. The use of fludarabine and melphalan-based
conditioning was the most common platform in both groups, and
myeloablative conditioning was similar in both groups. Most subjects
underwent HCT in remission in either group. Disease histology was
similar between groups (P 5 .1). The most common indication for
transplant was acute leukemia in both groups (54% in ATG, 51%
in PTCy) followed by myelodysplastic syndrome (24% in ATG, 26%
in PTCy) and non-Hodgkin lymphoma (17% in ATG, 13% in PTCy).
Patients who identified as a racial or ethnic minority comprised
46 (56%) of 82 patients in the PTCy group, and 28 (61%) of
46 patients in the ATG group. Female patients comprised 22
(48%) of 46 patients in the ATG group and 37 (45%) of 82 in the

Table 1. Demographic characteristics of the study cohort

Characteristic Total (n 5 128) ATG (n 5 46) PTCy (n 5 82) P

Transplant center

MSKCC 51 (40%) 13 (28%) 38 (46%)

UM SCCC 77 (60%) 33 (72%) 44 (54%)

Age, median (range), y 60 (21-75) 55 (21-72) 60 (21-75) .05

HLA matching ,.001

,7/8 26 (20%) 1 (2.2%) 25 (30.5%)

7/8 102 (80%) 45 (98%) 57 (70%)

Myeloablative intensity 60 (47%) 26 (57%) 34 (41%) .1

Disease status .02

Complete response 93 (73%) 30 (65%) 63 (77%)

Partial response 11 (9%) 7 (15%) 4 (5%)

Stable disease 10 (8%) 1 (2%) 9 (11%)

No remission 14 (11%) 8 (17%) 6 (7%)

Regimen .1

Busulfan based 43 (34%) 18 (39%) 25 (31%)

Fludarabine/Cy/TBI-200 27 (21%) 5 (11%) 22 (27%)

Melphalan based 44 (34%) 16 (35%) 28 (34%)

TBI based 14 (11%) 7 (15%) 7 (9%)

HCT comorbidity index .05

0-2 51 (40%) 13 (28%) 38 (46%)

$3 77 (60%) 33 (72%) 44 (54%)

Graft source .008

BM 53 (41%) 12 (26%) 41 (50%)

PB 75 (59%) 34 (74%) 41 (50%)

Recipient CMV-seropositive 92 (72%) 37 (80%) 55 (67%) .1

CD34 dose, median (range) 2.34 (0.08-10.8) 2.38 (0.18-9.0) 2.34 (0.08-10.8) ..9

CD3 dose, median (range) 2.30 (0.07-21.8) 3.81 (0.22-21.8) 2.12 (0.07-9.5) .006

CIBMTR risk .2

High 31 (24%) 15 (33%) 16 (20%)

Intermediate 50 (39%) 18 (39%) 32 (39%)

Low 47 (37%) 13 (28%) 34 (41%)

Year of HCT

2010-2013 13 (10%) 13 (28%) 0 (0%)

2014-2017 38 (30%) 18 (39%) 20 (24%)

2018-2020 77 (60%) 15 (33%) 62 (76%)

Follow-up, median (range), mo – 45.7 (3.7-106) 27 (6.6-58.7)

MSKCC, Memorial Sloan Kettering Cancer Center; TBI, total body irradiation; UM SCCC, University of Miami Sylvester Comprehensive Cancer Center.
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PTCy group. Tacrolimus was used in all patients in the ATG group;
in the PTCy group, tacrolimus was used in 41 (50%) subjects, and
sirolimus was used in 41 (50%) subjects.

GRFS and secondary outcomes

GRFS was superior in subjects receiving PTCy-based vs ATG-
based prophylaxis (Figure 1; Table 2). In univariable analysis,
CIBMTR disease risk score and graft source were also significantly
associated with GRFS (univariable HRs are given in supplemental
Table 1). Adjusting for these covariates, the HR for GRFS in PTCy
recipients compared with ATG was 0.34 (95% confidence interval
(CI): 0.21-0.55; P , .001) (Table 3). Point estimates for the likeli-
hood of OS, RFS, relapse, and NRM are given in Table 2.

Previous studies support an association between the use of periph-
eral blood (PB) grafts and increased incidence of GVHD.19,20 Simi-
lar to prior studies, we found that the median (interquartile range)
CD31 cell dose was greater in PB grafts than in BM grafts (4.07
[2.18-6.53] vs 1.39 [0.36-2.15]; P , .001). Because BM grafts
were more frequently used in the PTCy arm, we compared the pri-
mary end point of GRFS separately in both subcohorts of patients
based on graft source. When analyzed separately, PTCy resulted in
improved GRFS in both BM graft recipients and PB graft recipients
(Table 2; supplemental Figure 1). No interaction was found between
graft source and GVHD prophylaxis group with respect to GRFS
(P 5 .1), indicating that the magnitude of benefit in GRFS

associated with the use of PTCy was similar in recipients of BM
and PB graft sources. Graft source was not associated with
increased risk of relapse (HR, 1.1; 95% CI: 0.5-2.4; P 5 .2).

GVHD-specific outcomes are given in Figure 2 and Table 2. The
cumulative incidence of grade 3 to 4 acute GVHD at day 180 post-
HCT was 31% (95% CI: 18%-45%) vs 15% (95% CI: 8%-23%)
in the ATG and PTCy groups, respectively (P 5 .03). The 1-year
cumulative incidence of chronic GVHD requiring systemic immuno-
suppressive therapy was 22% (95% CI: 11%-35%) vs 9% (95%
CI: 4%-17%) in the ATG and PTCy groups (P 5 .03). The highest
risk for chronic GVHD was in the ATG group using a PB graft
source, whereas the preventive benefit of PTCy in acute and
chronic GVHD was more modest in BM graft recipients.

We additionally examined the role of tacrolimus vs sirolimus as an
adjunctive immunosuppressant in the PTCy group. One-year GRFS
was similar in patients treated with PTCy/tacrolimus (55%; 95% CI:
41%-73%) compared with PTCy/sirolimus (53%; 95% CI: 40%-
71%; P 5 .8). The 2-year OS, EFS, and relapse were also statisti-
cally similar between these 2 groups: 75% (95% CI: 60%-89%),
68% (95% CI: 52%-83%), and 23% (95% CI: 7%-37%), respec-
tively, in PTCy/tacrolimus–treated subjects and 58% (43%-73%),
58% (95% CI: 43%-73%), and 15% (95% CI: 4%-26%) in PTCy/
sirolimus–treated subjects (supplemental Figure 4). NRM was more
frequent in subjects treated with PTCY/sirolimus (1-year NRM, 24%
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Figure 1. GRFS, OS, relapse, and RFS in both cohorts. GRFS (A), OS (B), cumulative incidence of relapse (C), and cumulative incidence of death without relapse (D).
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[95% CI: 13%-38%] vs 7% [95% CI: 2%-18%]; P 5 .05). There
was no difference in grade 3 to 4 acute GVHD between these
groups (12% [4%-24%] vs 17% [7%-30%]).

Analysis of HCTs performed after 2016

In this cohort, PTCy-based transplants occurred primarily during
2016 and later, whereas ATG-based transplants occurred at all
time points. We did not appreciate an effect of HCT timing on
GRFS on univariable analysis. To further address any potential bias
that may arise from this time discrepancy, we compared the primary
end point of GRFS in the subcohort of patients who underwent
HCT from 2016 to 2020 (n 5 112 [ATG, n 5 33; PTCy, n 5 79]).
Here we found that the use of PTCy similarly resulted in an
improved GRFS (56% [95% CI: 46%-69%] vs 16% [95 CI: 7%-
36%]; P , .001). Furthermore, in the multivariable adjusted Cox
model, the year of transplant did not associate with GRFS (HR,
0.99; 0.86-1.14; P 5 .9). These results suggest that transplant tim-
ing did not have a significant impact on the benefit of PTCy.

Engraftment, immune reconstitution, and causes

of death

The rate of primary neutrophil engraftment at day 28 post-HCT was
similar between the 2 treatment groups: 91% (95% CI: 77%-97%)
in the ATG group and 91% (95% CI: 82%-96%) in the PTCy
group (supplemental Figure 2). The median day of neutrophil
engraftment was day 12 in the ATG group and day 18 in the PTCy
group. Platelet engraftment at day 100 was 85% (95% CI: 70%-
93%) and 87% (95% CI: 77%-92%) in the ATG and PTCy groups,
respectively. We analyzed PB lymphocyte immune reconstitution
(IR) in a subset of patients treated at Memorial Sloan Kettering Can-
cer Center (Figure 3) surviving at months 3, 6, and 12. Total lym-
phocyte IR and CD31CD41 T-cell IR were similar between both
groups. However, early CD3–CD81 T-cell IR was more rapid in
ATG-treated patients (median, 566/mL in the ATG group compared
with 97/mL in the PTCy group; Wilcoxon rank sum test, P 5 .02),
leading to lower CD41/CD81 ratios in patients treated with ATG.
Notably, CD3–CD191 B-cell IR was delayed in subjects treated
with ATG, whereas there was a linear B-cell IR in PTCy, resulting in
improved B-cell counts at 1-year post HCT (median 25/mL vs 472/
mL in the ATG- and PTCy-treated patients; P 5 .0003).

Among subjects who survived 3 months post-HCT and underwent
engraftment analyses, full donor chimerism ($95% donor) was
achieved in 23 (92%) of 25 patients in the ATG group and in 61
(89.7%) of 68 patients in the PTCy group (supplemental Figure 3).
To evaluate the etiology of increased NRM risk in the ATG arm,
cause of death was examined in both groups (Figure 4). Relapse
was the most frequent cause of death in both groups; however,
GVHD and infection-related deaths were greater in those receiving
ATG. The 1-year cumulative incidence of csCMV infection in sero-
positive recipients was 57% (95% CI: 41%-73%) in the ATG
group compared with 26% (95% CI: 14%-37%; P 5 .0009) in the
PTCy group (supplemental Figure 5).

To correct for potential confounding of greater letermovir use in the
PTCy group, we examined the subcohort of patients who underwent
allogeneic HCT during or before 2017 (N 5 51). The cumulative
incidence of csCMV infection at 1 year after allogeneic HCT was
similarly 57% (95% CI: 36%-77%) in the ATG group compared
with 30% (95% CI: 2%-58%) in the PTCy group (P 5 .1). The
cumulative incidence of clinically significant Epstein-Barr virus infec-
tion was similar between groups (ATG group 5% [95% CI: 2%-
20%] vs PTCy group 8% [95% CI: 1%-15%]; P 5 .4).

Analysis of outcomes in recipients of highly

HLA-MMUD donor grafts

Based on the strength of data in HLA-haplo–related donor recipients,
we routinely performed highly HLA-MMUD transplants at our centers,
here defined as any donor mismatched at .1 HLA locus among
HLA-A, HLA-B, HLA-C, or HLA-DRB1. Among the PTCy-treated

Table 2. Point estimates of primary and secondary clinical

outcomes

Variable ATG group (95% CI) PTCy group (95% CI) P

GRFS

1 y, total 0.16 (0.08-0.31) 0.54 (0.44-0.66) ,.001

1 y, BM only 0.08 (0.01-0.54) 0.61 (0.48-0.78)

1 y, PB only 0.19 (0.09-0.38) 0.47 (0.34-0.66)

OS ,.001

1 y 0.45 (0.32-0.62) 0.75 (0.66-0.85)

2 y 0.29 (0.18-0.46) 0.66 (0.56-0.78)

Event-free survival ,.001

1 y 0.38 (0.26-0.55) 0.69 (0.59-0.80)

2 y 0.27 (0.17-0.44) 0.63 (0.53-0.75)

Relapse .3

1 y 0.24 (0.13-0.38) 0.16 (0.09-0.25)

2 y 0.26 (0.15-0.4) 0.19 (0.11-0.29)

NRM ,.001

1 y 0.38 (0.23-0.52) 0.16 (0.09-0.25)

2 y 0.47 (0.31-0.60) 0.19 (0.11-0.28)

Acute GVHD (grades 3-4)

180 d, total 0.31 (0.18-0.45) 0.15 (0.08-0.23) .03

180 d, BM only 0.25 (0.05-0.52) 0.10 (0.03-0.21)

180 d, PB only 0.33 (0.17-0.49) 0.20 (0.09-0.33)

Chronic GVHD

1 y, total 0.22 (0.11-0.35) 0.09 (0.04-0.17) .03

1 y, BM only 0.08 (0.00-0.33) 0.10 (0.03-0.21)

1 y, PB only 0.26 (0.13-0.42) 0.08 (0.02-0.19)

Table 3. Multivariable adjusted HRs for clinical outcomes

Group GRFS (95% CI) P OS (95% CI) P RFS (95% CI) P Relapse (95% CI) P

ATG group Ref ,.001 Ref ,.001 Ref ,.001 Ref .2

PTCy group 0.34 (0.21-0.55) 0.36 (0.21-0.61) 0.37 (0.23-0.61) 0.62 (0.29-1.32)

Variables deemed significant on univariable analysis (CIBMTR disease risk and graft source) were included in the multivariable model.
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patients, highly mismatched donors were used in 25 subjects (Table
1). Both class I and HLA-DRB1 mismatched donors were 16 of 25
(64%) compared with multiple class I mismatched donors in 9 of 25
(36%) of these subjects. We found that GRFS was similar between
7/8 and highly HLA-MMUD recipients (52% [95% CI: 36%-76%] vs
55% [95% CI: 43%-70%]; P5 .5). Similarly, 1-year OS was compa-
rable between 7/8-matched and highly mismatched HCT recipients
(75% [95% CI: 65%-87%] vs 76% [95% CI: 61%-95%], respec-
tively; P. .9).

Discussion

The results of the current study indicate that PTCy resulted in
improved clinical outcomes after MMUD HCT despite use in an
older population and among patients receiving HCT from donors
mismatched at .1 HLA locus. PTCy should be favored as the pri-
mary mechanism to prevent GVHD in this setting, in the absence of
randomized, prospective clinical trial data.

Strengths of the study cohort are that patients received both BM and
PB grafts, as well as significant representation of recipients of highly
HLA-mismatched grafts (20.3%). There were uniform immunosup-
pressive strategies within treatment arms and similar peritransplant
supportive care practices between our centers. In addition, the study
population included here is diverse, with significant representation of
patients of racial and ethnic minority backgrounds (58%). These data
are congruous with those from a recent multicenter, prospective
study sponsored by the National Marrow Donor Program (15-
MMUD). This study was a phase 2 trial showing safety and feasibility
of the PTCy approach in BM graft MMUD HCT.12 Growing numbers
of retrospective series also suggest superiority of PTCy compared
with classic ATG-based in vivo T-cell depletion.14,21,22 Many of these
analyses are limited by short follow-up, low representation of PTCy or
marrow graft recipients, inclusion of HLA-DQB1 mismatch, incom-
plete patient race and ethnicity information, and variable adjunct
immunosuppressive strategies. Importantly, prior reports were mostly
restricted to single-antigen MMUD HCT recipient cohorts.

If related haplo donors are not available, an MMUD may be the sole
available graft source for patients without an HLA-matched sibling.
GVHD prevention programs in MMUD HCT based on calcineurin

inhibitors and ATG were marred by relatively higher rates of NRM
and worse OS.7 In addition, the use of donors mismatched at .1
HLA locus with this approach led to excessive GVHD and was not
considered feasible.23,24 Although PTCy-based GVHD prophylaxis
has overcome barriers to HLA-haplo–related donor HCT, limitations
to haplo donor availability such as small family size, medical comor-
bidities, presence of donor-specific anti-HLA antibodies, or advanced
donor age leave many patients without an available familial
donor.25,26 Problems of donor availability disproportionately affect
patients from racial or ethnic minority backgrounds, and these dispar-
ities have an impact on patient outcomes. A previous analysis con-
ducted by the CIBMTR suggested that Euro-Caucasian patients with
blood malignancies were more likely to proceed to HCT compared
with African-American patients.27 Donor availability was one of several
barriers identified in that study. Ciurea et al28 found that patients with
uncommon HLA haplotypes, particularly those from minority back-
grounds, had a low probability of finding an HLA-matched URD and a
reduced likelihood of proceeding to HCT. The authors concluded that
an extensive search for a matched URD may harm some patients. A
prospective study sponsored by the Blood and Marrow Transplant
Clinical Trials Network (#NCT03904134) is ongoing to address
these questions in a multicenter setting.

In the context of this study, PTCy resulted in superior GRFS in recipi-
ents of both BM-derived and PB-derived allograft sources. In contrast
to data reported by Bashey et al19 in haplo HCT with PTCy, we found
that the choice of graft was not an independent predictor of GRFS
(HR, 1.2; 95% CI: 0.8-1.9; P 5 .5) in a multivariable Cox regression
model. The benefit of PTCy in prevention of chronic GVHD was more
pronounced in subjects who received a PB graft source. Prospective
examination of PTCy after a PB allograft from an MMUD is the subject
of a forthcoming clinical trial sponsored by the National Marrow
Donor Program. The finding of higher incidence of NRM in PTCy-
treated patients with sirolimus compared with tacrolimus is unex-
plained in the context of this analysis. The 2-year OS and GRFS were
75% and 48%, respectively, in PTCy/tacrolimus–treated patients
and 29% and 11% in ATG-treated patients. Given the size of the
study cohort presented here, a larger registry-based analysis may
have sufficient power to define whether tacrolimus or sirolimus should
be preferred in combination with PTCy.
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One-year survival in the PTCy arm was comparable to the survival
reported in the 15-MMUD study, evaluating PTCy use in BM
MMUD HCT and comparable to haplo PTCy-based HCT outcomes.
These high survival rates are very encouraging, especially

considering the significant representation by highly mismatched
grafts, older age, high HCT comorbidity index, and active disease or
partial response status before HCT. Similar to what was described
in National Marrow Donor Program’s 15-MMUD, a significant
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proportion of PTCy recipients received a highly HLA-mismatched
graft. We did not appreciate a significant impact in GRFS compar-
ing highly MMUD recipients vs those who received a single-antigen
MMUD donor HCT. The flexibility to select highly HLA-mismatched
donors while maintaining acceptable rates of NRM and GVHD sug-
gests that PTCy can effectively expand HCT access to patients of
racial and ethnic minority backgrounds without other suitable donor
options.

The primary adverse outcome in both groups in this study remains
relapse of the primary malignancy. Increased NRM and overall infe-
rior clinical outcomes noted in our ATG cohort are in line with those
published by others.14,22 Compared with the analysis conducted by
Soiffer et al,29 including HLA matched and mismatched donors, we
noted a higher incidence of NRM and lower incidence of relapse,
consistent with the inclusion of only HLA mismatched donors here.
We noted a greater incidence of csCMV infection in recipients of
ATG-based prophylaxis, although this conclusion may be influenced
by the greater use of letermovir in the PTCy group in this study pop-
ulation. Infections were a more frequent, relative cause of death in
recipients of ATG-based GVHD prophylaxis, perhaps reflecting dys-
functional immune reconstitution. Increased early CD81 T-cell IR
was noted, suggesting that early infections may have skewed the
T-cell subset IR. We additionally found limited B-cell IR in subjects
treated with ATG. Quantitative differences in IR as well as
differences in NRM could be attributed to higher rates of acute
GVHD in the ATG arm. Further analysis of immune subsets in a
larger cohort is necessary to clarify the impact of GVHD prophylaxis
on quantitative IR.

There are some limitations to this study. First, the historical use of
HLA MMUD before the advent of PTCy was known to confer rel-
atively inferior outcomes and was reserved for patients perceived
to have a higher disease risk index or higher risk remission status
as noted in Table 1. We did not appreciate a significant differ-
ence in relapse between groups in this study; however, the PTCy
group had significantly more patients undergoing transplant in
complete response. The PTCy platform has been used more
recently at both of our centers, leading to some differences in the
timing of transplantation between cohorts; however, we found
that the benefit of PTCy-based GVHD prophylaxis on GRFS was
maintained, irrespective of era of treatment. Nevertheless, it is
impossible to eliminate all sources of confounding, and thus

these results should be interpreted with some caution. Ultimately,
a randomized trial would be required to address this issue; how-
ever, given the strength of results with PTCy and other emerging
therapies for GVHD prophylaxis such as abatacept, such a trial is
unlikely to be feasible.

The current study suggests that HLA MMUD HCT is effective
and feasible, particularly when combined with PTCy-based
GVHD prophylaxis. Other emerging methodologies such as the
use of abatacept (a selective inhibitor of T-cell costimulation), in
conjunction with tacrolimus and MTX,30 have shown activity in
GVHD prevention after minimally mismatched HCT and may be
a viable candidate to test against or combined with PTCy in a
prospective study. Furthermore, emerging data suggest that
pharmacokinetic dosing of ATG may improve immune reconsti-
tution and reduce NRM after this intervention.31 Although a ran-
domized study of ATG-based vs PTCy-based GVHD prophylaxis
is not likely to be feasible, combinatorial strategies using tar-
geted ATG dosing with other agents such as abatacept or
PTCy may represent novel pathways to prevent both acute and
chronic GVHD.
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