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PTCy-based graft-versus-host disease prophylaxis for matched
sibling donor allogeneic hematopoietic cell transplantation
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Key Points

• PTCy-based GVHD
prophylaxis was
associated with
improvement in GRFS,
NRM, and OS after
MSD PBSC HSCT
without increasing
relapse risk.

• The addition of ATG to
PTCy was associated
with an increase in
CMV and EBV
reactivation without
further improving
GRFS.
4-014781-m
ai
Posttransplant cyclophosphamide (PTCy) is a promising graft-versus-host disease (GVHD)

prophylaxis in haploidentical and matched unrelated donor hematopoietic stem cell

transplantation (HSCT), but its role in matched sibling donor (MSD) transplants remains

unclear. We conducted a retrospective study of 413 MSD-HSCT patients receiving peripheral

blood stem cell (PBSC) grafts from January 2010 to January 2023. Patients were categorized

into 4 groups: group I (calcineurin inhibitor [CNI] + methotrexate [MTX] or mycophenolate

mofetil [MMF]), group II (CNI + MTX or MMF + antithymocyte globulin [ATG]), group III

(PTCy + ATG + CNI), and group IV (PTCy + CNI + MMF). PTCy was associated with a

significant reduction in grade 2- 4 and grade 3-4 acute GVHD and moderate-to-severe

chronic GVHD compared with CNI + MTX (or MMF)–containing regimens. PTCy did not

increase relapse risk; PTCy reduced nonrelapse mortality, leading to improved GVHD-free/

relapse-free survival (GRFS; Hazard Ratio, 0.4; P < .001). PTCy was also associated with

improved overall survival. Bloodstream infections were increased with PTCy. The addition

of ATG to PTCy did not further improve GRFS and was associated with a higher incidence of

clinically significant cytomegalovirus (csCMV) and Epstein-Barr virus (csEBV) reactivation

and a numerical increase in NRM. PTCy significantly appeared to improve GRFS in the MSD

setting using PBSC grafts. The addition of ATG to PTCy increases csCMV and csEBV

reactivation without further improving GRFS. Prospective trials and PTCy dose optimization

are warranted.
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Introduction

Hematopoietic stem cell transplantation (HSCT) has changed greatly with improvements in graft-
versus-host disease (GVHD) prophylaxis. However, GVHD still affects 30% to 60% of transplant
recipients.1 GVHD is the leading cause of nonrelapse mortality (NRM).2,3 GVHD prophylaxis in matched
sibling donor (MSD) transplants has seen limited evolution since the introduction of calcineurin inhib-
itors (CNIs) combined with methotrexate (MTX) or mycophenolate mofetil (MMF).4 Although these reg-
imens continue to be regarded as default options given their strong safety record, chronic GVHD
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(cGVHD) remains a significant problem, particularly with the near-
universal use of peripheral blood stem cell (PBSC) grafts.5,6

Posttransplant cyclophosphamide (PTCy) was first reported as a
safe and effective GVHD prophylaxis strategy in haploidentical
transplants and has since been adopted in matched unrelated donor
and MSD transplants.7 The role of PTCy in MSD transplants remains
undecided, given that these transplants are inherently perceived to
have lower risks of both acute GVHD (aGVHD) and cGVHD.

PTCy has been associated with high rates of aGVHD when used
as a single agent, prompting the exploration of combination stra-
tegies.8 Regimens combining PTCy with CNIs9 or with CNIs and
MMF10 have addressed these issues. The addition of antithymo-
cyte globulin (ATG) to a PTCy-CNI combination has demonstrated
significant reduction in both aGVHD and cGVHD.11

In this study, we evaluated the impact of a PTCy-based GVHD
prophylaxis strategy compared with 3 other regimens that were
used at our center for MSD transplants using PBSC grafts. By
comparing these regimens, we aim to provide clearer insights into
the efficacy and safety of PTCy within the MSD setting, potentially
guiding the development of more effective GVHD prophylaxis
strategies for this patient population.

Patients and methods

Patients

All patients undergoing their first HSCT for hematologic malig-
nancies with PBSC grafts from MSDs between January 2010 and
January 2023 were included.

Patients were categorized into 4 groups according to the type of
GVHD prophylaxis: group I included CNI and either MTX (or MMF);
group II included CNI, MTX (or MMF), and ATG; group III included
PTCy, ATG, and CNI; and group IV included PTCy, CNI, and MMF.
All patients had a minimum post-HSCT follow-up of 12 months.

PTCy was administered IV at a dose of 50 mg/kg on days +3
and +4. The dose of ATG was 0.5 mg/kg on day –3 and 1.5 mg/kg
on day –2. Between August 2016 and July 2018, a total of 56
patients (47 with PTCy) received ATG at 0.5 mg/kg on day –3 and
2 mg/kg on days –2 and –1. In groups III and IV, CNI started on
day +5. In group IV, MMF was dosed at 15 mg/kg every 8 hours
from day +5 to day +35.

Patient-, disease-, and transplant-specific variables were retrieved
from electronic medical records. Pre-HSCT fitness was assessed
using the Karnofsky performance status (KPS), and comorbidities
were assessed using the hematopoietic cell transplantation–
specific comorbidity index.12 The disease risk index (DRI) was
documented when applicable.13 Transplant-specific variables were
recorded, including conditioning regimen, GVHD prophylaxis, stem
cell dose, time to neutrophil and platelet engraftment, graft failure,
aGVHD and cGVHD, relapse, and death.

Definitions

Complete remission (CR) was defined as per standard criteria, and
relapse was defined as the loss of CR.14 The preparatory regimen
was considered myeloablative conditioning (MAC) if the dose of IV
busulfan was >6.4 mg/kg or included total body irradiation (TBI) >6
Gy.15 Neutrophil and platelet engraftment were defined as the first
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of 3 consecutive days with an absolute neutrophil count of ≥0.5 ×
109/L and a platelet count of ≥20 × 109/L without requiring
platelet transfusions for 7 consecutive days, respectively. Chime-
rism was determined by polymerase chain reaction amplification,
and full donor chimerism was defined as ≥95%. Primary graft
failure was defined as the failure to reach absolute neutrophil count
≥0.5 × 109/L by day 28 after HSCT or documentation of autolo-
gous reconstitution by chimerism analysis without evidence of
disease relapse. Secondary graft failure was defined as a decline in
hematopoietic function and donor chimerism after initial engraft-
ment.16 aGVHD was defined and graded according to the Mount
Sinai Acute GVHD International Consortium criteria.17 Diagnosis
and grading of cGVHD was according to the National Institutes of
Health 2014 Consensus criteria.18 Clinically significant Epstein-
Barr virus (EBV; csEBV) reactivation was defined as EBV DNA
>3 × 104 IU/mL in peripheral blood using polymerase chain
reaction or the development of EBV+ posttransplant lymphoproli-
ferative disorder. Clinically significant cytomegalovirus (CMV;
csCMV) reactivation, infection, and disease were defined accord-
ing to published guidelines.19

Overall survival (OS) was defined as the time from transplantation
to death due to any cause. NRM was defined as death after HSCT
not preceded by disease relapse. GVHD-free/relapse-free survival
(GRFS) was defined as a composite end point of the occurrence of
any of the following: grade 3 to 4 GVHD, cGVHD requiring sys-
temic treatment, relapse, or death, whichever occurred earlier.20

Statistical analysis

Continuous variables were summarized as median and either range
or interquartile range (IQR; 25th and 75th percentiles). Compari-
sons between groups were conducted using the Mann-Whitney U
test. Categorical variables were reported as absolute numbers and
percentages, with comparisons made using the χ2 test.

The primary clinical outcomes of interest included aGVHD,
cGVHD, NRM, GRFS, relapse, and OS. The secondary outcomes
included time to neutrophil and platelet engraftment, rates of CMV
and EBV reactivation, and bloodstream infections (BSIs).

OS and GRFS were estimated using the Kaplan-Meier method,
and the differences between groups were assessed with the log-
rank test. Median follow-up was determined using the reversed
Kaplan-Meier method. The cumulative incidence of relapse and
NRM were analyzed within a competing risks framework consid-
ering NRM as a competing risk for relapse and death as a
competing risk for relapse. This competing risk approach was also
applied for the estimation of aGVHD and cGVHD, with relapse and
death before GVHD onset treated as competing events. The
cumulative incidence rates for neutrophil and platelet engraftment,
CMV, EBV reactivation, and bloodstream BSI were also computed
using the competing risks framework.

Univariate analyses are presented in the supplement (Tables 1-3).
Multivariable analyses (MVAs) were performed using Cox propor-
tional hazards regression models for OS and GRFS. For NRM and
relapse, Fine-Gray hazard models were used. We constructed 2
models for MVAs: the first compared outcomes across the
4 groups, whereas the second specifically compared groups III
and IV to determine whether the addition of ATG to the PTCy
backbone influenced the outcomes of interest. The variables
GVHD PROPHYLAXIS IN SIBLING DONOR TRANSPLANTS 661



Table 1. Baseline characteristics

All (N = 413)

Group I Group II Group III Group IV

P valueCNI-MTX (or MMF) (n = 210) ATG-CNI-MTX (n = 34) PTCy-ATG-CNI (n = 78) PTCy-CNI- MMF (n = 91)

Age, median (IQR), y

Recipient 56 (44-63) 55 (45-62) 58 (38-65) 57 (47-63) 56 (43-63) .92

Donor 54 (44-61) 53 (45-61) 52 (33-60) 55 (44-61) 55 (42-62) .20

Patient sex, male, n (%) 217 109 (51.9) 21 (61.8) 44 (56.4) 43 (47.3) .44

Donor-recipient sex, n (%)

Male-male 110 (26.6) 62 (29.5) 8 (23.5) 17 (21.8) 23 (25.3)

Male-female 94 (22.8) 52 (24.8) 4 (11.8) 16 (20.5) 22 (24.2) .30

Female-male 107 (25.9) 47 (22.4) 13 (38.2) 27 (34.6) 20 (22)

Female-female 102 (24.7) 49 (23.3) 9 (26.5) 18 (23.1) 26 (28.6)

Diagnosis, n (%)

Acute myeloid leukemia 224 (54.2) 116 (55.2) 16 (47.1) 44 (56.4) 48 (52.7)

Myelodysplastic syndrome 63 (15.3) 30 (14.3) 5 (14.7) 13 (16.7) 15 (16.5)

Myelofibrosis 39 (9.4) 22 (10.5) 4 (11.8) 10 (12.8) 3 (3.3)

Chronic myeloid leukemia 19 (4.6) 12 (5.7) 1 (2.9) 1 (1.3) 5 (5.5)

Chronic myelomonocytic leukemia 11 (2.7) 5 (2.4) 1 (2.9) 1 (1.3) 4 (4.4) .18

Acute lymphoblastic leukemia 48 (11.6) 25 (11.9) 6 (17.6) 5 (6.4) 12 (13.2)

Others 9 (2.2) 0 (0.0) 1 (2.9) 4 (5.1) 4 (4.4)

Remission status at HSCT, n (%)

CR1 349 (84.5) 182 (86.7) 24 (70.6) 68 (87.2) 75 (82.4)

CR >2 57 (13.8) 28 (13.3) 9 (26.5) 7 (9.0) 13 (14.3) .06

Active disease 7 (1.7) 0 (0.0) 1 (2.9) 3 (3.8) 3 (3.3)

DRI, n (%)

Low 6 (1.5) 3 (1.4) 1 (2.9) 0 2 (2.2)

Intermediate 203 (49.2) 89 (42.4) 19 (55.9) 41 (52.6) 54 (59.3) .12

High 133 (32.2) 81 (38.6) 9 (26.5) 25 (32.1) 18 (19.8)

Very high 71 (17.2) 37 (17.6) 5 (14.7) 12 (15.4) 17 (18.7)

Performance status, KPS <80, n (%) 89 (21.5) 50 (24.0) 7 (20.6) 17 (21.8) 15 (16.5) .54

HCT-CI score ≥3, n (%) 131 (31.7) 71 (33.8) 11 (32.4) 21 (26.9) 28 (30.8) .58

Conditioning intensity, n (%)

Reduced intensity 215 (52%) 82 (39.0) 18 (52.9) 72 (92.3) 43 (47.3) <.01

Myeloablative 198 (48%) 128 (61.0) 16 (47.1) 6 (7.7) 48 (52.7)

TBI received, n (%) 350 (84.5) 206 (98.1) 22 (64.7) 75 (96.2) 47 (51.6) <.01

ABO status, n (%)

Compatible 259 (62.8) 131 (62.4) 18 (52.9) 45 (57.7) 65 (71.4)

Bidirectional incompatibility 23 11 (5.2) 2 (5.9) 3 (3.8) 7 (7.7) .12

Major incompatibility 71 33 (15.7) 11 (32.4) 17 (21.8) 10 (11.0)

Minor incompatibility 60 35 (16.7) 3 (8.8) 13 (16.7) 9 (9.9)

CMV serostatus, n (%)

D+/R+ 230 (55.7) 125 (59.5) 14 (41.2) 39 (50.0) 52 (57.1)

D+/R− 39 (9.4) 22 (10.5) 2 (5.9) 8 (10.3) 7 (7.7) .97

D−/R+ 86 (20.8) 34 (16.2) 13 (38.2) 19 (24.4) 20 (22.0)

D−/R− 58 (14.1) 29 (13.8) 5 (14.7) 12 (15.4) 12 (13.2)

Letermovir primary prophylaxis, n (%) 15 (3.6) 0 15 (3.6) 0 0 <.01

Cryopreserved graft, n (%) 201 (48.7) 141 (67.1) 7 (20.6) 50 (64.1) 3 (3.3) <.01

CD34+ cell dose median (IQR), ×106/kg 6.8 (4.9-8.3) 6.1 (4.4-8.5) 6.8 (4.1-7.3) 7.6 (5.4-10.7) 7 (5.8-8) .83

ABO, blood group; CR1, first complete remission; D+, seropositive donor; D−, seronegative donor; HCT-CI, hematopoietic cell transplantation–specific comorbidity index; R+, seropositive
recipient; R−, seronegative recipient.
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Table 2. Multivariable analysis across all 4 groups

Variable

Group I Group II Group III Group IV

CNI-MTX (n = 210) ATG-CNI-MTX (n = 34) PTCy-ATG-CNI (n = 78) PTCy-CNI- MMF (n = 91)

OS Ref 0.9 (0.5-1.5); P = .75 0.6 (0.3-0.8); P = .01 0.5 (0.3-0.9); P = .01

GRFS Ref 0.6 (0.4 -1.1); P = .14 0.4 (0.3-0.6); P < .01 0.4 (0.2-0.6); P < .01

NRM Ref 0.6 (0.3-1.4); P = .3 0.4 (0.2-0.8); P = .01 0.3 (0.1-0.6); P < .01

aGVHD grade 2-4 Ref 0.6 (0.4-1.2); P = .1 0.4 (0.2-0.7); P < .01 0.6 (0.4-0.9); P = .01

aGVHD grade 3-4 Ref 0.3 (0.1 -1.2); P = .1 0.3 (0.1- 0.8); P = .01 0.2 (0.1 - 0.6); P < .01

cGVHD Ref 0.2 (0.1-0.5); P < .01 0.3 (0.2-0.4); P < .01 0.5 (0.4-0.7); P < .01

cGVHD moderate to severe Ref 0.1 (0.1-0.5); P < .01 0.2 (0.1-0.3); P < .01 0.4 (0.2-0.6); P < .01

BSIs Ref 0.9 (0.5-1.7); P = .9 1.6 (1.2-2.5); P < .01 1.5 (1.3-2.3); P < .01
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included in the MVA models were KPS <90 (vs ≥90), condi-
tioning regimen intensity (reduced-intensity conditioning [RIC] vs
MAC), GVHD prophylaxis groups (groups I vs II, III, and IV for the
first MVA model; group III vs IV for the second MVA model),
cryopreservation (vs fresh), DRI (high or very high vs others),
CMV seropositive recipient (vs negative). Clinically significant
variables with P values <.1 in the univariate analysis were
included in the MVA. All P values were 2 sided, and P value <.05
was considered statistically significant. Statistical analyses were
performed using Easy R (version 1.62, Saitama Medical Center,
Jichi Medical University, Saitama, Japan).21 The study was
approved by the institutional ethics committee, University Health
Network, Toronto.

Results

Patient and transplantation characteristics

Between January 2010 and 2023, a total of 413 patients under-
went MSD-HSCT. The institutional GVHD prophylaxis regimen
evolved during the study period, and in October 2015, PTCy was
included as the standard GVHD prophylaxis backbone for all donor
types.

The GVHD prophylaxis included CNI and MTX (or MMF) in 210
patients (51%; group I). CNI and MTX (or MMF) in combination
with ATG was used in 34 (8%; group II). ATG in combination with
PTCy and CNI was used for 78 patients (19%; group III), and 91
Table 3. Multivariable analysis comparing PTCy with and without

ATG

Variable

Group III Group IV

PTCy-ATG-CNI (n = 78) PTCy-CNI-MMF (n = 91)

OS 1.4 (0.8-2.4); P = .19 Ref

GRFS 0.9 (0.6-1.5); P = .96 Ref

NRM 1.7 (0.7-4.4); P = .2 Ref

aGvHD grade 2-4 0.7 (0.4-1.2); P = .23 Ref

aGvHD grade 3-4 1.1 (0.2-3.8); P = .94 Ref

cGvHD 0.5 (0.3-0.9); P = .02 Ref

cGvHD moderate to severe 0.4 (0.2-0.8); P < .01 Ref

BSIs 1.1 (0.7-1.5); P = .81 Ref

csCMV 2.1 (1.3-3.5); P < .01 Ref

csEBV 9.5 (2.8-31.2); P < .01 Ref
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(22%) received PTCy in combination with CNI and MMF (group
IV). The median follow-up was 39 months (range, 9-98) for group I,
25 months (range, 13-36) for group II, 46 months (range, 8-61) for
group III, and 15 months (range, 9-28) for group IV.

The median age at HSCT was 56 years (IQR, 44-63), and 196
(47.5%) were female. The median age of the sibling donors was
54 years (IQR, 44-61). One hundred and seven males (25.9%)
received grafts from female donors. Acute myeloid leukemia
was the most common indication (54.2%). Most patients were
in first complete remission (84.5%). The DRI was high/very high
in 204 patients (49.4%). The median KPS of the cohort was 90
(range, 60-100), and 141 (34.2%) had an hematopoietic cell
transplantation–specific comorbidity index score of ≥3. RIC
was used in 215 patients (52%), and 350 (84.5%) received
TBI. The median CD34+ cell dose was 6.8 × 106/kg (range,
4.9 × 106/kg to 8.3 × 106/kg). Cryopreserved grafts were used
in 201 patients (48.7%). Fifteen patients (3.6%) received
letermovir for CMV prophylaxis.

Baseline characteristics were comparable between the 4 groups,
except in terms of conditioning regimen intensity, TBI, and cry-
opreserved graft use (Table 1).

Engraftment and chimerism

At day +28, the cumulative incidence of neutrophil engraftment
was 98.1% (95% confidence interval [CI], 96-99) for the cohort.
The median time to neutrophil engraftment was delayed in patients
receiving PTCy, and it was 15 days in group I, 14 days in group II,
16 days in group III, and 18 days in group IV (P = .03; supplemental
Figure 1A).

At day +28 and day +60, the cumulative incidence of platelet
engraftment was 83.7% (95% CI, 80-87) and 88.3% (95% CI,
84.8-91.1), respectively. The median time to platelet engraftment
was also delayed in patients receiving PTCy, and it was 12 days for
groups I and II vs 15 days for groups III and IV (P = .04;
supplemental Figure 1B).

Full donor chimerism at day +30 was achieved by 268 of 300
evaluable patients (89.3%). There was no difference in the attain-
ment of full donor chimerism between the groups (P = .18).

Primary graft failure occurred in 3 patients. There were no primary
graft failures in patients receiving PTCy. Four patients experienced
secondary graft failure at a median of 362 days (range, 132-690)
after HSCT. Three of these patients received a combination of
GVHD PROPHYLAXIS IN SIBLING DONOR TRANSPLANTS 663



ATG, PTCy, and CNI (group III) for GVHD prophylaxis and had
csEBV reactivation requiring treatment with rituximab.

GVHD

A total of 234 patients (56.6%) developed aGVHD at a median of
56 days (range, 17-180). Grade 2 to 4 aGVHD was documented in
182 patients (77.7%) and grade 3 to 4 in 57 patients (24.3%). The
skin was the most commonly affected organ (74.3%), followed by
the gastrointestinal tract (45.7%).
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Figure 1. Incidence of varying degrees of acute and chronic GVHD across different

Cumulative incidence of grade 3 to 4 aGVHD. (C) Cumulative incidence of all-grade cGV
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At day +100, the cumulative incidence of grade 2 to 4 aGVHD was
33.3% (95% CI, 28.7-38) and was significantly reduced in patients
receiving PTCy ± ATG; 40.6 % in group I, 30.6% in group II, 16%
in group III, and 32% in group IV (P < .001; Figure 1A). The
day +100 cumulative incidence of grade 3 to 4 aGVHD was 10.5%
(95% CI, 7.5-14). Patients receiving PTCy ± ATG (groups III and
IV) had a significantly lower risk of developing grade 3 to 4 aGVHD;
17.4% in group I, 3.7% in group II, 3.1% in group III, and 5.1% in
group IV (P < .001; Figure 1B).
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HD. (D) Cumulative incidence of moderate-to-severe (mod-sev) cGVHD.
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At 12 months, the cumulative incidence of all grades of
cGVHD was 44.7% (95% CI, 39.8-49.5) and was significantly
higher for patients in group I (55.7%) than those in groups II,
III, and IV (29.4%, 21.8%, and 43.1%, respectively; P < .001;
Figure 1C).

The cumulative incidence of moderate-severe cGVHD at
12 months was 38.2% (95% CI, 33.3-43.1); 52% in group I,
18.9% in group II, 13.3% in group III, and 33.1% in group IV
(P < .001; Figure 1D).
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In patients without aGVHD or cGVHD, the median time to discon-
tinue immunosuppression was 96 days (range, 91-99) in patients
receiving PTCy and 128 days (range, 114-140) in others (P = .15).

GRFS

The composite end point of GRFS at 1 year and 2 years was
58.1% (95% CI, 48.4-66.7) and 51.1% (95% CI, 40.3-60.9),
respectively. The 1-year GRFS was 15.1% in group I, 50% in group
II, 50% in group III, and 49.1% in group IV (P < .001; (Figure 2B).
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On univariate analysis, the use of ATG (hazard ratio [HR], 0.61;
P < .01), PTCy (HR, 0.37; P < .01), and high/very high DRI
(HR, 1.3; P = .03) influenced GRFS.

Relapse, NRM, and OS

Eighty-eight patients (21.3%) relapsed at a median of 6 months
(IQR, 2.9-16.5) after HSCT. The cumulative incidence of relapse
did not differ between the 4 groups (P = .39; Figure 2D). The use
of PTCy did not increase the risk of relapse on univariable analysis
(P = .4). On MVA, high/very high DRI was the only factor predictive
of relapse (HR, 1.78; 95% CI, 1.15-2.75; P = .009; Table 2).

Infection (38.3%) and GVHD (35.8%) were the most common
causes of NRM. At day +100 and day +365, the cumulative inci-
dence of NRM was 4.4% (95% CI, 2.7-6.6) and 16.8 % (95% CI,
13.3-20.6), respectively. The use of PTCy resulted in increased
day +30 NRM (2.2% vs 0.5%; P < .001). However, at day +100,
the NRM was 4.3% in group I, 5.9% in group II, 6.4% in group III,
and 2.2% in group IV (P < .001; Figure 2C). The NRM at 1 and 2
years after HSCT was also significantly improved in patients
receiving PTCy (5.9% [95% CI, 2.2-12.4] and 9.8% [95% CI, 4.1-
18.5], respectively).

At a median follow-up of 54 months (IQR, 25-96) for survivors, 213
patients (51.6%) were alive. The median OS of the cohort was
59.3 months (95% CI, 44-87), and the 2-year OS was 61.4%
(95% CI, 56.3-66). The 2-year OS was higher in patients receiving
PTCy; 56.6% in group I, 64.6% in group II, 61.4% in group III, and
72.4% in group IV (P = .03; Figure 2A).

Infections

There were 144 episodes of csCMV reactivation. The median time
from HSCT to csCMV reactivation was 37 days (range, 15-55).
Eleven patients (7.6%) developed CMV disease, and 8 (5.5%) died
of CMV-related organ damage (colitis, n = 5; pneumonia, n = 3). All
deaths due to CMV pneumonitis occurred in the group receiving
CNI-MTX (or MMF). Among the 5 patients with CMV colitis, 3
belonged to the CNI-MTX (or MMF) group, whereas 2 were in the
ATG-PTCy-CNI group.

The day +100 cumulative incidence of csCMV reactivation was
29% in group I, 11.8% in group II, 42.3% in group III, and 22% in
group IV (P = .004; supplemental Figure 2A).

Thirty-seven patients developed csEBV reactivation at a median of
71 days (range, 24-285) after HSCT. The day +100 cumulative
incidence of csEBV reactivation was 1.4% in group I, 17.6% in group
II, 23.1% in group III, and 2.2% in group IV (P = .001; supplemental
Figure 2B). Three patients (0.7%) developed posttransplant lym-
phoproliferative disorder and were treated with rituximab.
Table 4. Cause of death

n (%) All (N = 413)

Group I

CNI-MTX (n = 210) ATG-C

Relapse 86 (43) 39 (45.4)

Infections 54 (27) 31 (57.4)

GVHD 45 (22.5) 33 (73.3)

Cardiac events 9 (4.5) 9 (100)

Veno-occlusive disease 6 (3) 3 (50)

666 DESAI et al
There were 195 documented BSIs (47.2%). Most patients devel-
oped BSI during the first 60 days (n = 119 [61%]). The majority
had gram-positive BSI (n = 111 [57%]). At day +100, the cumu-
lative incidence of BSI was 22.4% in group I, 29.4% in group II,
48.7% in group III, and 46.2% in group IV (P < .001; supplemental
Figure 2C).

MVA

We developed a multivariable model to account for the influence
of confounding variables on clinically significant outcomes. Clini-
cally significant variables with P value <.1 in the univariate analysis
were included in the MVA (Table 2). The use of PTCy was
associated with a reduced risk of grade 2 to 4 aGVHD (HR, 0.6;
95% CI, 0.3-0.9; P = .01) and grade 3 to 4 aGVHD (HR, 0.2;
95% CI, 0.1-0.6; P < .01). PTCy was also associated with a
reduced risk of all-grade cGVHD (HR, 0.5; 95% CI, 0.4-0.7;
P < .01) and moderate-severe cGVHD (HR, 0.4; 95% CI, 0.2-0.6;
P < .01). High/very high DRI was the only factor predictive of
relapse (HR, 1.78; 95% CI, 1.15-2.75; P = .009). PTCy was
associated with a significantly reduced risk of NRM (HR, 0.3;
95% CI, 0.2-0.7; P = .002).

Consequently, the use of PTCy was associated with significantly
improved GRFS (HR, 0.4; 95% CI, 0.2-0.6; P < .001) and OS (HR,
0.56; 95% CI, 0.4-0.9; P = .01). PTCy-based regimens were
associated with a statistically significant increase in BSI (HR, 1.5;
95% CI, 1.2-2.1; P = .001).

We conducted another MVA to evaluate whether the addition of
ATG to the PTCy backbone influenced key outcomes (Table 3).
The addition of ATG to PTCy did not result in a significant
reduction in the incidence of grade 2 to 4 or grade 3 to 4 aGVHD.
However, it was associated with a lower incidence of both all-grade
and moderate-to-severe cGVHD. There was no significant
improvement in GRFS, NRM, or OS with the addition of ATG. The
addition of ATG to PTCy led to an increase in csCMV and csEBV
but not BSI.

Causes of death

At the last follow-up, 200 patients (48.4%) in the cohort died. The
causes of death among the 4 groups are shown in Table 4. Deaths
attributed to GVHD and its treatment were more common in
patients receiving CNI and MTX (or MMF). There were no deaths
attributed to cardiac toxicity in patients receiving PTCy.

Discussion

Fully matched siblings remain the preferred donor choice for allo-
geneic HSCT, when available.22 The traditional GVHD prophylaxis
regimen in MSD-HSCT, comprising CNI and MTX, was established
Group II Group III Group IV

NI-MTX (n = 34) PTCy-ATG-CNI (n = 78) PTCy-CNI- MMF (n = 91)

12 (13.9) 20 (23.3) 15 (17.4)

6 (11.1) 13 (24.1) 4 (7.4)

6 (13.3) 5 (11.1) 1 (2.2)

0 0 0

0 2 (33.3) 1 (16.7)
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in the 1980s when bone marrow was the predominant graft
source.4 With the near-universal shift toward granulocyte colony
stimulating factor–mobilized PBSC grafts, the ongoing utility of this
combination, particularly in the face of rapid innovations in unre-
lated donor transplants, is being questioned. PTCy is increasingly
used for GVHD prophylaxis beyond the haploidentical transplant
setting. The BMT CTN 1203 trial, which evaluated different GVHD
prophylaxis regimens, did not separately report outcomes for MSD
and matched unrelated donor transplants, leaving questions about
the specific advantages of PTCy in MSD transplants unresolved.23

Similarly, the BMT CTN 1703 study examined the outcomes of
patients undergoing HLA-matched transplants with RIC, limiting
the cohort to older patients.24

Despite its benefits, PTCy as a single agent is associated with high
rates of severe GVHD.8 To mitigate this, PTCy is frequently com-
bined with additional immunosuppressive agents, although these
combinations have yet to be evaluated in randomized trials within
the MSD context.11,25,26

In our large retrospective study, we examined the outcomes of
patients receiving PBSC grafts from MSD with GVHD prophylaxis
regimens developed around a PTCy backbone. We compared these
outcomes with those of patients treated with the legacy CNI and
MTX (or MMF) regimen. Consistent with previously reported results,
our findings demonstrate that PTCy combined with CNI and MMF
(or ATG and CNI) significantly reduces the incidence of grade 2 to 4
and grade 3 to 4 aGVHD without affecting relapse rates.25

The use of PTCy has been associated with reduced rates of cGVHD
across donor types.27,28 This is largely driven by the selective
depletion of activated alloreactive T lymphocytes by PTCy.29 In our
study, we observed a similar reduction in all grades of cGVHD,
consistent with previous findings in the MSD setting.30,31

Despite concerns that adding immunosuppressive agents might
diminish the graft-versus-leukemia effect and increase relapse risk,
this was not seen in our study. MVA identified a high/very high DRI
as the only factor associated with relapse. Similarly, previous
studies with PTCy combinations in the MSD setting have not
demonstrated an increased relapse risk.25,30,31

PTCy-based GVHD prophylaxis has been associated with an
increased incidence of BSI.32,33 In our study, patients receiving
PTCy had a 1.5× higher risk of developing BSI. Most BSIs were
diagnosed before day +60. This could explain the observed
increase in the day +30 NRM in patients receiving PTCy in our
study. However, NRM at day +100 and 1 and 2 years were
reduced with PTCy, suggesting improved longer-term outcomes. In
a study that predominantly included patients with acute leukemia
receiving MAC, Kwon et al reported a significantly improved 2-year
NRM in patients receiving PTCy compared with cyclosporine-
methotrexate (8.8% vs 24%; P = .05). Similar to our findings,
most NRM events in the cyclosporine-methotrexate group were
secondary to GVHD.25

The use of ATG in the MSD setting remains controversial. The
European Society of Blood and Marrow Transplantation guidelines
recommend considering rabbit ATG in MSD-HSCT patients at high
risk of GVHD.34 However, ATG is associated with delayed immune
reconstitution and consequently leads to an increased risk of
infections, particularly viral reactivation after HSCT.35,36 In our
11 FEBRUARY 2025 • VOLUME 9, NUMBER 3
study, patients who received ATG in combination with PTCy
experienced a significant increase in CMV and EBV reactivation.
The combination of ATG and PTCy also led to an increase in NRM,
driven primarily by a rise in infection-related deaths; however, this
increase was not statistically significant. Notably, the addition of
ATG to PTCy did not increase the incidence of BSI.

In our study, CMV-related end organ damage and mortality were
higher in patients receiving CNI-MTX (or MMF). Despite the
increased rate of CMV reactivation, CMV-related mortality has
decreased in the contemporary era due to the widespread adoption
of letermovir for primary prophylaxis, the availability of newer antivirals
such as maribavir, and improved supportive care practices.37,38

In our study, patients receiving PTCy showed a significant
improvement in the composite end point of GRFS, driven by a
reduction in both aGVHD and cGVHD without an associated
increase in relapse risk. These findings are consistent with previous
reports demonstrating that PTCy significantly appeared to improve
GRFS by reducing the incidence of severe GVHD.25,31 We did not
see any additional benefit from the inclusion of ATG to a PTCy-
based regimen, in contrast to the improved outcomes demon-
strated with other donor types.39-41

Consistent with previous studies, PTCy was associated with
slower neutrophil and platelet engraftment.11,25,31 This delay did
not lead to increased graft failure. Additionally, donor chimerism
was not affected by the use of PTCy.

High doses of PTCy have been associated with increased BSIs,
cardiac toxicity, and an increase in early NRM.42 Our study did not
show an increased incidence of cardiac events in the PTCy group
compared with the CNI/MTX (MMF) group. Recent developments
suggest that further optimizing the PTCy dose in selected individ-
uals could mitigate toxicity without compromising its efficacy in
preventing GVHD.43

The primary limitations of our study include its retrospective design
and the heterogeneity of the underlying diagnoses. The temporal
discrepancy between cohorts may have also introduced bias into our
findings. The small number of patients receiving ATG in combination
with CNI and MTX further limited our ability to draw definitive con-
clusions. Additionally, we lacked granular data on immune recon-
stitution to compare the kinetics between groups. Due to the limited
number of patients, we were also unable to explore the impact of
letermovir on CMV reactivation. Prospective studies are necessary
to validate these findings and determine the optimal GVHD pro-
phylaxis regimen for MSD transplants, particularly when considering
additional variables such as conditioning intensity.

In conclusion, our study demonstrates the utility and efficacy of
PTCy-based GVHD prophylaxis strategy in MSD-HSCT in a
contemporary setting and shows a significant improvement in clini-
cally meaningful outcomes such as GRFS compared with legacy
CNI-MTX (or MMF)–based protocols. Further studies including
prospective trials and advances in dose optimization are necessary.
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