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ABSTRACT

Allogeneic hematopoietic stem cell transplantation (alloHSCT) from mismatched
unrelated donors (MMUD) carries high risks of non-relapse mortality (NRM) and
graft-versus-host disease (GVHD). Post-transplant cyclophosphamide (PTCY) has
emerged as an alternative to antithymocyte globulin (ATG) for GVHD prophylaxis.
This single-center retrospective study compared PTCY (n=41) to high-dose ATG and
low-dose ATG in 155 MMUD alloHSCT recipients. PTCY was associated with better
OS with one-year OS of 78.7% vs. 56.5% in PTCY and HD groups (p=0.007) and vs
64.8% in LD group (p=0.059), driven by a significant reduction in NRM (p=0.008),
with a one-year NRM in the PTCY group at 7.7% vs 24.4% in the HD group
(p=0.031) and 29.8% in the LD group (p=0.026). The relapse incidence was similar
between the groups (17.5% vs. 25.7% and 16.2% for PTCY, HD and LD group,
p=0.830), despite a better PFS in the PTCY group (p=0.034) with one-year PFS at
78.4% vs. 50.0% in HD group (p=0.002) and 54.0% in LD group (p=0.041). Day-100
grade II-IV and grade llI-IV acute GVHD, as well as one-year chronic GVHD and
moderate/severe chronic GVHD were not significantly different. However, one-year
GVHD-related mortality was lower in the PTCY group (2.6% vs. 14.4% and 14.9%,
p=0.018). Infection-related mortality was similar across groups, but CMV and EBV
infections were less frequent with PTCY, potentially linked to differences in immune
reconstitution. PTCY prophylaxis was associated with improved OS, PFS, and lower
NRM compared to HD and LD ATG in MMUD alloHSCT.



Introduction

Allogeneic hematopoietic stem cell transplantation (alloHSCT) is a crucial therapy for
many hematologic malignancies. However, finding an HLA-matched sibling (MSD) or
unrelated donor (MUD) can be challenging. When HLA-matched donors are
unavailable, alternative donors, such as haploidentical or mismatched unrelated
donors (MMUDSs), are viable options. Historically, mismatched alloHSCT has been
associated with inferior outcomes, largely due to increased non-relapse mortality
(NRM) and a higher incidence of graft-versus-host disease (GVHD)* ™.

In vivo T-cell depletion using rabbit anti-thymocyte globulin (ATG) has become the
standard of care for MMUD alloHSCT in Europe after randomized clinical trials
demonstrating its efficacy in reducing GVHD incidence and improving transplant
outcomes™*°. More recently, the use of post-transplant cyclophosphamide (PTCY)

has emerged as a new prophylaxis for GVHD in haploidentical transplantation'**2

, as
well as in matched and mismatched unrelated donors compared with standard
prophylaxis without ATG™.

To date, only retrospective data comparing ATG vs PTCY in MMUD alloHSCT are
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available. Some previous studies suggested better outcomes with PTCY

compared with ATG, attributed to reduced NRM and GVHD incidences. However,

these findings showed significant inconsistency with other studies'’”*°

, precluding the
EBMT from recommending a preference for either prophylactic regimen in their
recent guidelines™. A recent large-scale EBMT?* retrospective study involving 2 123
patients (583 treated with PTCY, 1540 with ATG) also reported an improved survival
with PTCY, associated with reduced NRM, although without any difference in the
GVHD incidence. However, these studies mainly used heterogeneous doses of ATG,
with relatively low average doses, such as Thymoglobulin® (ATG-T) <6 mg/kg or
ATG-Fresenius® (ATG-F) <35 mg/kg. High ATG doses (ATG-T >7.5 mg/kg or ATG-F
>35 mg/kg) were proposed in previous studies as a standard prophylaxis for MMUD
transplants”?®. However, the comparison of PTCY with HD-ATG has not yet been
reported and it is currently unknown whether HD-ATG and PTCY lead to comparable
outcomes. In this retrospective monocentric study, we compared the impact of GVHD
prophylaxis using PTCY versus high or low doses of ATG in MMUD alloHSCT for

hematological malignancies.



Methods

Eligibility criteria:

This study involved patients aged 2 16 years with hematological malignancies who
underwent MMUD alloHSCT at our center between January 2010 and February
2024. Eligible patients had a single allele mismatch at HLA loci A, B, C, DRB1, or
DQB1 and received ATG or PTCY as GVHD prophylaxis. Patients treated with other
T-cell depletion methods were excluded. The study adhered to the Declaration of
Helsinki, with ethics approval (IRB0O0003888, project number 21-799). All patients
provided informed consent for the retrospective use of their clinical and biological

data.

Conditioning regimens and GVHD prophylaxis:

Conditioning regimens followed EBMT guidelines® and included myeloablative
(MAC) or reduced-intensity (RIC) regimens. GVHD prophylaxis varied between
groups. PTCY was administered at 50 mg/kg/day on days +3 and +4. ATG was
administered in high-dose (HD) or low-dose (LD) regimens. HD included
Thymoglobulin® at 10 mg/kg (2.5 mg/kg/day from day -4 to day -1) or ATG-
Fresenius® at 60 mg/kg (20 mg/kg/day from day -3 to day -1). LD included
Thymoglobulin® at 5 mg/kg (2.5 mg/kg on days -2 and -1) or ATG-Fresenius® at 30
mg/kg (10 mg/kg/day from day -3 to day -1). All patients also received cyclosporine A
(CSA) in combination with methotrexate (MTX) for HD ATG with MAC or with
mycophenolate mofetil (MMF) in all other cases.

Outcome criteria:

The primary endpoint was one-year overall survival (OS). Secondary endpoints
included progression-free survival (PFS), severe GVHD- and relapse-free survival
(GRFS), cumulative incidence of relapse (CIR), non-relapse mortality (NRM), and
engraftment. GVHD incidence was assessed at day 100 for acute GVHD (aGVHD)
and at one year for chronic GVHD (cGVHD). OS was defined as time from
transplantation to death from any cause. PFS referred to survival without
relapse/disease progression, while GRFS was defined as survival without grade IlI-1V
aGVHD, moderate/severe cGVHD, or relapse. Relapse was indicated by 25% bone
marrow blasts or reappearance of the underlying disease. NRM was defined as death

without relapse/progression. GVHD was graded using Mount Sinai Acute GVHD



International Consortium?®> and NIH?® criteria for aGVHD and cGVHD, respectively.
Engraftment was characterized by achieving an absolute neutrophil count 2 0.5 x
1079/L for three consecutive days and a platelet count =2 20 x 1079/L for seven

consecutive days.

Immunophenotypic analysis of immune reconstitution:

Immune reconstitution was assessed by flow cytometry on peripheral blood samples
collected at 3, 6, 12, and 18 months after HSCT. Blood cells were characterized
using 4-color flow cytometry. A minimum of 10,000 lymphocytes were analyzed using

a FACS Canto Il (BD Bioscience) and analyzed using FACS Diva software.

Statistical methods:

Categorical and continuous variables were analysed using Fisher's exact and
Kruskal-Wallis tests, respectively. The follow-up time was defined as the period
between the day of alloHSCT and either the last follow-up or death. Survival
probabilities (OS, PFS, GRFS) were calculated using the Kaplan-Meier method.
Cumulative incidence functions were used to estimate CIR and NRM within a
competing risk setting. Death and relapse were considered competing events in the
GVHD study. Univariate analyses were performed using the log-rank test for OS,
PFS, and GRFS, whereas Gray’s test was applied for the others®’, with a significance
at p<0.05. Multivariate analysis was performed with Cox proportional hazards
models. Variables associated with clinical outcomes were selected after univariate
analysis (Table S1). The model included prophylaxis group (PTCY, LD-ATG, or HD-
ATG), conditioning intensity, age (<45 or >45), HCT-CI, and DRI. One-year mortality
incidences were calculated using a Gray and Fine model, considering different
sources of mortality as competing events, with p-values derived from the Gray test.

Analyses were conducted with R software (version 4.1.2)%.



Results

Cohort description

One-hundred and fifty-five patients receiving a MMUD alloHSCT for a hematological
malignancy were included. Among them, 41 patients received PTCY-based
prophylaxis (PTCY group), 93 patients received HD-ATG (HD group) and 21 patients
received LD-ATG (LD group). Patient characteristics, described in Table 1, were
comparable across groups in terms of age, sex or disease type, with a majority of
acute leukemia. DRI was high/very high in more than one-third of cases. No
differences were identified in CMV, EBV or ABO matching. Most patients underwent
a peripheral blood stem cell transplant. HLA mismatches were mainly in class I. Due
to the recent adoption of PTCY as GVHD prophylaxis, transplant year differed
significantly (median: 2021 vs 2014 and 2016 for the PTCY-, HD- and LD-ATG
groups, respectively, p<0.01) and the median follow-up times were significantly
different across groups (19.4 [IQR 11.3-30.5], 91.4 [IQR 59.9-127.6], and 73.0 [IQR
24.1-85.0] months for the PTCY, HD, and LD groups, respectively, p<0.01). Lastly,
GVHD prophylaxis in the PTCY and LD groups was almost exclusively based on
CSA and MMF, compared with 55.9% of patients in the HD group.

Survival analysis

PTCY was associated with better OS (p=0.049 with log-rank test) with one-year OS
at 78.7% vs. 56.5% in PTCY and HD groups (p=0.007) and vs 64.8% in LD groups
(p=0.059), respectively. PFS was also better in PTCY group compared to HD and LD
(p=0.034 with log-rank test) with one-year PFS at 78.4% vs. 50.0% (p=0.002) and
54.0% (p=0.041), respectively. This improvement may be attributed to a significant
reduction in non-relapse mortality (NRM) (p=0.008, Gray’s test), with a lower one-
year NRM observed in the PTCY group compared to both the HD group (7.7% vs.
24.4%, p=0.031) and the LD group (7.7% vs. 29.8%, p=0.026). The CIR was not
significantly different between the three groups (17.5%, 25.7% and 16.2%, p=0.830,
in the PTCY, HD and LD groups, respectively) (Figure 1 and Table 2). Specific
comparison between HD and LD groups revealed no significant differences at one
year in OS, PFS, NRM or CIR.



A multivariate Cox analysis adjusted for age (€45 vs. >45 years), conditioning
regimen intensity, DRI (low/intermediate vs. high/very high), and HCT-CI score (0-2
vs. 23) confirmed these findings (Table 3). After adjustment, ATG prophylaxis was
still associated, independently of the dose, with increased mortality (HR HD-ATG:
2.47, p=0.008, and LD-ATG: 2.41, p=0.033) with a higher NRM (HR HD-ATG: 4.34,
p=0.006, and LD-ATG: 4.28, p=0.018) and a lower PFS (HR HD ATG: 2.44, p=0.006,
and LD ATG: 2.46, p=0.023) compared to PTCY.

Impact of PTCY on engraftment and GVHD

Among the 155 patients, primary graft failure occurred in 9 cases: 6, in the HD group
(6.5%) and 3 in the LD group (14.3%). Mean neutrophil recovery times were similar
across the PTCY, HD, and LD groups, averaging 24.3 days [SD 5.1], 22.9 days [SD
5.3], and 22.3 days [SD 14.8], respectively (p=0.51). By contrast, platelet recovery
was significantly slower in the PTCY group (31.8 days [SD 23.9]) compared to the
HD (24.0 days [SD 15.5]) and LD (20.8 days [SD 15.7]) groups (p=0.04).

GVHD incidences are report in Figure 2. No significant differences were observed in
day-100 cumulative incidences of grade II-IV aGVHD (65.9%, 52.8%, and 47.6%;
p=0.346) or grade IlI-1IV aGVHD (17.1% vs. 22.7% and 29.4%; p=0.257) between the
PTCY, HD, and LD groups. The high incidence of aGVHD was mainly due to grade I
cases, particularly in the PTCY group. Similarly, one-year incidences of cGVHD
(35.1%, 29.5%, and 37.8%; p=0.854) and moderate/severe cGVHD (24.2%, 15.9%,
and 27.0%; p=0.959) were comparable across groups. ATG dose was not
significantly associated with differences in grade 1I-IV or grade IlI-IV aGVHD or in
cGVHD incidence. One-year GRFS rates similarly showed no significant differences
(40.6%, 32.2%, and 16.7% for PTCY, HD, and LD groups; p=0.064).

Mortality Analysis and Contributing Factors

The causes of mortality are detailed in Table S2. Overall, 11 (26.8%), 52 (55.9%),
and 13 (61.9%) patients died in the PTCY, HD, and LD groups, respectively. At one-
year, hematological disease remained the leading cause of mortality in the PTCY and
HD groups, with no significant differences between the groups (13.7%, 19.2%, and
5.4%; p=0.712). Infection-related mortality, occurring outside the context of active
GVHD, was similarly comparable across the groups (5.1% vs. 7.5% and 9.5%;
p=0.432).



GVHD-related mortality (either directly or facilitated by GVHD) was significantly lower
in the PTCY group (2.6% vs. 14.4% and 14.9%; p=0.023), potentially explaining the
reduced NRM observed in this group. While rates of severe acute and chronic GVHD
were similar among the groups, the PTCY group exhibited fewer cases of grade IV
acute GVHD (2.6% vs 15.3% and 14.9%; p=0.019). Additionally, the incidence of
corticosteroid-refractory GVHD (CR) was lower in the PTCY group (22.2% vs 38.0%
and 50.0%). One-year OS of patients with corticosteroid-refractory GVHD was 85.7%
in the PTCY group (n=7), 31.6% in the HD group (n=19) and 40.0% in the LD group
(n=5) (p=0.15). This result could be limited by the low number of patients with CR-
GVHD, however it suggests that the reduced GVHD-related mortality may be due to
the recent access to ruxolitinib, which was predominantly used as standard second-
line therapy in the PTCY group (vs. <15% in the ATG groups). Notably, ruxolitinib use
was associated with a significantly lower one-year NRM in patients with aGVHD
requiring at least second-line therapy (21.4% vs. 51.9%, p=0.044, in a combined

analysis of all study groups).

Adverse events

The occurrence of complications, particularly infections, was analyzed at one year
(Table S3). No significant differences were found in the incidence of severe bacterial
infections, defined as fatal sepsis or those requiring intensive care management,
between groups (19.5%, 22.6%, and 14.3% for PTCY, HD, and LD groups
respectively, p=0.72). Although not statistically significant, fungal infections were
more frequent in the HD and LD groups compared to the PTCY group (4.9% vs.
16.1% and 14.3%; p=0.19).

A substantial difference was observed in the spectrum of viral infections. EBV
reactivation, defined as an increasing EBV viremia > 4 log Ul/mL confirmed one week
apart and requiring preemptive treatment, was significantly less common in the PTCY
group compared to the HD and LD groups (7.3% vs. 48.4% and 33.3%; p<0.01).
Despite its rarity, EBV+ lymphoproliferative disease occurred in three HD group
patients and one LD group patient, with high associated mortality (75%, 3/4 patients).
Similarly, CMV infections, defined as an increasing CMV viremia > 3 log Ul/mL
confirmed one week apart and requiring preemptive treatment, were more frequent in
ATG-treated groups (9.8% vs. 35.5% and 33.3%; p<0.01 for PTCY, HD, and LD,

respectively). However, this difference may have been influenced by the more



frequent use of letermovir prophylaxis in CMV-positive recipients within the PTCY
group (88.5% vs. 9.3% and 8.3% in the HD and LD groups, respectively).
Conversely, symptomatic urinary BK-virus reactivation was more common in the
PTCY group, affecting 15 patients (36.6%) compared to 17 patients (18.3%) in the
HD group and 3 patients (14.3%) in the LD group (p=0.04). Eight patients required
hospitalization (2 in the PTCY group, 4 in the HD group, and 2 in the LD group), and
four underwent urological interventions in the operating room (2 in the PTCY group, 1
in the HD group, and 1 in the LD group).

No significant differences were observed in the incidence of thrombotic
microangiopathy, sinusoidal obstruction syndrome, or severe acute renal failure
(grade 3 or 4 as per Common Terminology Criteria for Adverse Events (CTCAE)
v5.0) (data not shown). Cardiovascular complications were reported in 15 patients:
seven (17.1%) in the PTCY group, eight (8.6%) in the HD group, and none (0%) in
the LD group (p=0.11). The primary complication was left ventricular dysfunction,
resulting in heart failure episodes in eight patients (five in the PTCY group and three
in the HD group). Among these, six patients recovered left ventricular function to

levels exceeding 50% within six months (four in the PTCY group and two in the HD

group).

Impact of GVHD prophylaxis on immune reconstitution

Immune reconstitution was evaluated through peripheral blood lymphocytes
immunophenotyping at 3, 6, 12 and 18 months after alloHSCT in 106 patients (34
PTCY, 62 HD, and 13 LD) (Figure 3). Patient characteristics are described in Table
S4. At 3 months (Table 4), the median CD8+ T-cell count was significantly lower in
the PTCY group compared to the HD and LD groups (median: 52.5/uL vs. 176.0/uL
and 245.0/puL, p<0.01). CD4+ T-cell counts did not differ, resulting in a higher
CD4/CDS8 ratio in the PTCY group (1.26 vs. 0.23 and 0.25, p<0.01). Overtime, from 6
to 18 months, this difference in the CD4/CD8 ratio narrowed with similar results
across the three groups. No significant differences were observed in B- and NK-cell
counts across the groups.

A detailed analysis of effector T-cell phenotypes comparing PTCY and HD groups
(excluding the LD group due to limited sample size) showed a tendency toward

higher counts of memory CD4+ T-cells, particularly central memory T-cells, beginning



at 3 months post-transplant and persisting at one year (Figure S1). These
differences were not observed in CD8+ T-cell subpopulations, which demonstrated

similar reconstitution across the groups.

Discussion

In this study, we analyzed outcomes in patients who received PTCY or ATG as
GVHD prophylaxis following alloHSCT from a MMUD. PTCY was associated with
superior OS and PFS, along with significantly lower NRM compared to both HD and
LD groups at one year. The rates of acute and chronic GVHD, relapse, and GRFS
were comparable across the three groups. However, GVHD-related mortality was
significantly reduced in the PTCY group compared to the ATG groups, contributing to
the observed reduction in NRM.

14-17,19,20

In the literature , the use of PTCY has been associated with a decrease in the

incidence of total and severe acute GVHD in three studies!*® but with no

|.14

differences in extensive chronic GVHD. Batipaglia et al.” also reported a decrease in

GVHD-related mortality at two years (24% vs. 9%) but most of these studies did not

show an OS improvement. Heterogeneous—doses—of ATG—used-may—explain-the

heterogeneous-results-among-these studies. A recent large EBMT registry study?®
retrospectively compared 1 540 ATG patients and 583 PTCY patients. At two years,

the PTCY group exhibited better OS (65.7% vs. 55.7%, p<0.01) and PFS (64.9% vs.
57.2%, p<0.01) related to a reduction in NRM (18% vs. 26.2%, p=0.03) without a
difference in relapse or acute or chronic GVHD rates. These results are consistent
with our study, where the impact of PTCY seems mainly linked to a reduction in
NRM. However, limitations in this registry study should be considered, including the
lack of information on ATG dosing and potential confounding biases related to
registry-based data and the variability in practices across centers.

Our former practice of HD-ATG was based on older studies®*?%

, Where the
advantage of ATG demonstrated a benefit. In recent years, various studies have
evaluated lower doses of ATG but none of them were exclusively dedicated to
MMUD alloHSCT. Reducing the dose of ATG was associated with a decrease in
NRM, mainly due to a lower rate of infectious complications®3*. However, the

optimal ATG dose for MMUD alloHSCT remains unclear. Some studies have



proposed adjusting ATG doses based on parameters such as serum ATG levels or

lymphocyte counts®™%’,

These approaches are interesting because dose
customization could limit severe immunosuppression and potentially reduce
infectious mortality. However, studies specifically dedicated to MMUD transplants are
needed to determine the optimal dose. In our study, low and high doses of ATG had
similar outcomes and were both associated with lower OS and higher NRM than
PTCY, suggesting that even the use of HD-ATG is not associated with better

outcomes in the context of MMUD.

In this study, the PTCY group demonstrated lower rates of CMV and EBV infections
compared to the ATG groups. These differences may be attributed to the impact of
GVHD prophylaxis on immune reconstitution. Consistent with findings from previous
studies®*°, PTCY was associated with preferential recovery of naive and memory
CD4+ T-cells, with slower CD8+ T-cell reconstitution. The enhanced reconstitution of
these CD4+ T-cell subsets has been identified as a protective factor against
infections, particularly CMV and EBV reactivations, potentially explaining their
reduced incidence in the PTCY group***2. Although some studies®**® have reported
slower NK-cell reconstitution following alloHSCT with PTCY prophylaxis, no
significant differences in NK-cell recovery were observed between the three groups in

this study. Finally, Jimenez et al.”

reported a delay in B-cell recovery in their ATG
group, not found in our study. However, the higher rate of EBV reactivation,
associated with frequent use of preemptive rituximab treatment in ATG groups, could

induce a delay in B-cell recovery.

This study has certain limitations that may affect the robustness of its conclusions.

The size of the PTCY group (n=41) may impact the statistical power of our results.
Moreover, despite standardized medical practices in accordance with JACIE
guidelines43, and similar monitoring of viral infections such as EBV or CMV,
supportive care strategies have evolved over time within the department and could
have disproportionately benefited the more recently transplanted PTCY group. For
example, the introduction of novel therapies, such as letermovir for CMV infection
prophylaxis**, may have contributed to the observed reduction in CMV infection
rates, potentially playing a role in the reduced NRM observed in this group. Similarly,

advancements in the management of steroid-refractory GVHD, such as the use of



ruxolitinib*+4°

, may have improved GVHD-related mortality outcomes in this group,
consistent evidence of a direct survival benefit is lacking in the current
literature®>*>*®. Additionally, differences in immunosuppressive drugs prophylaxis
between groups could also have an impact on clinical outcome. Methotrexate (MTX)
was mainly used in the HD group with MAC regimen, whereas MMF was
predominantly used in the other groups. While a meta-analysis*’ suggests that the
combination of CSA and MTX may be associated with a lower incidence of grade 3-4
GVHD, no significant impact on NRM has been demonstrated, thereby limiting its

potential influence on the clinical outcomes in this study.

To conclude, the use of PTCY as GVHD prophylaxis was associated with higher OS
and PFS compared to high or low doses of ATG, primarily driven by reduced NRM.

These results, contributing to the increasing retrospective evidence, further support
the potential of PTCY as a new standard for GVHD prophylaxis in MMUD alloHSCT.
Additionally, ongoing randomized clinical trial (NCT05153226) will also provide

additional evidence to define the best prophylaxis strategy.
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Table 1: Baseline characteristics of patients based on the graft-versus-host

disease prophylaxis.

Characteristics Al PTcY AD LD B
n=155 n=41 n=93 n=21 value
Median follow-up, 52.4 194 91'459 9 73.0 <0.01
months (IQR) (18.6-97.2) (11.3-30.5) §27' 6') (24.1-85.0) '
. 2016 2022 2013 2016
Mefe”;? fﬁiﬂgffc (2010- (2018- (2010- (2011- <0.01
2024) 2024) 2022) 2019)
alloHSTC year, n
%) 63 (40.6 0 (0.0 9 (63 9.0
2010-2014 (40.6) (0.0) 59 (63.4) 4(19.0)
2015-2019 47 (30.3) 3(7.3) 27 (29.0) 17 (81.0)
20192024 45 (29.0) 38 (92.7) 7 (7.5) 0 (0.0)
Mean age, years 47.1 47.5 43.5 50.1 0.08
(range) (15.5-66.6) (22.5-64.9) (15.5-66.6) (16.3-66.5) '
Patient gender, n
(%):
Female 59 (38.1) 19 (46.3) 31 (33.49) 9 (42.9) 0.37
96 (61.9) 22 (53.7) 62 (66.7) 12 (57.1)
Male
Female donor to
male recipient, n (%) 30 (19.4) 6 (14.6) 19 (20.4) 5 (23.8) 0.65
D/R CMV
serological status, n
(%): 33 (21.3) 8 (19.5) 22 (23.7) 3 (14.3)
neg/neg 30 (19.4) 7 (17.1) 17 (18.3) 6 (28.6) 0.80
pos/neg 53 (34.2) 17 (41.5) 30 (32.3) 6 (28.6)
pos/pos 39 (25.2) 9 (22.0) 24 (25.8) 6 (28.6)
neg/pos
Letermovir
prophylaxis in CMV-
positive recipients, n 29 (31.5) 23 (88.5) 5 (9.3) 1(8.3) <0.01
(%)
ECOG, n (%):
0 112 (72.3) 25 (61.0) 73 (78.5) 14 (66.7) 011
1 36 (23.2) 12 (29.3) 17 (18.3) 7 (33.3) '
2 7 (4.5) 4(9.8) 3(3.2) 0 (0.0
HCT-CI, n (%):
0 56 (36.1) 14 (34.1) 31 (33.3) 11 (52.4) 0.16
1-2 68 (43.9) 20 (48.8) 44 (47.3) 4(19.1) '
@3 31 (20.0) 7 (17.1) 18 (19.4) 6 (28.6)
Seco”?%H)_SCT' n 4 (2.5) 1(2.4) 1(1.1) 2 (9.5) 0.06
Leukemias and 118 (76.1) 35 (85.4) 81 (87.1) 19 (90.5) 0.89

related disorders, n
(%)




ALL 28 (18.0) 3(7.3) 23 (24.8) 2(9.5)
AML 65 (41.9) 19 (46.3) 32 (34.9) 12 (57.1)
CML 3(1.9) 0 (0.0 3(3.3) 0 (0.0)
MF 14 (9.0) 0 (0.0 13 (14.0) 1(4.8)
MDS 19 (12.3) 11 (26.8) 7 (7.5) 3(14.3)
MPN/MDS 3(1.9) 2(4.9) 3(3.2) 1(4.8)
Lymphomas, n (%) 20 (12.9) 6 (14.6) 12 (12.9) 2 (9.5) 0.89
B-cell ymphoma 5(3.1) 1(2.4) 4(4.4) 0 (0.0)
T-cell lymphoma 10 (6.5) 5(12.2) 5(5.4) 0 (0.0)
Hodgkin lymphoma 3(1.9 0 (0.0) 1(1.1) 2 (9.5)
Others 2(1.3) 0(0.0) 2(2.2) 0 (0.0)
Disease Risk Index,
n (%):
low 22 (14.2) 7 (17.1) 15 (16.1) 0 (0.0)
int 80 (51.6) 19 (46.3) 49 (52.7) 12 (57.1) 0.32
high 46 (29.7) 12 (29.3) 27 (29.0) 7 (33.3)
very high 7 (4.5) 3(7.3) 2(2.2) 2(9.5)
Complete remission
at transplant, n (%) 100 (64.5) 28 (68.3) 60 (64.5) 12 (57.1) 0.69
HLA Mismatch, n
06 35(8 34 (82.9 83 (89.3 8 (8
Class | mismatch 135 (87.1) 4 (82.9) (89.3) 18 (85.7)
A/B/C 86/20/29 23/5/6 51/11/21 12/412 0.81
Class Il mismatch 30 (/12.9) 7 (1/7.1) 10 (}0.8) 3 (1/4.3)
DR/DQ 3/17 1/6 2/8 0/3
Stem Cell Source, n
06): 42 124 222 14 74
Bone Marrow (2.5) (2.4) (2.2) (4.8) 0.
PBSCs 151 (97.4) 40 (97.6) 91 (97.8) 20 (95.2)
Conditioning
Intensity, n (%):
MAC 68 (43.9) 19 (46.4) 40 (43.0) 9 (42.9) 0.93
RIC 87 (56.1) 22 (53.7) 53 (57.0) 12 (57.1)
TBI 31 (20.0) 1(2.4) 28 (30.1) 2(9.5) <0.01
In vivo T-depletion,
n (%):
ATG-T 5mglkg 19 (12.3) 0(0.0) 0(0.0) 19 (90.5)
ATG-T 10mg/kg 62 (12.6) 0 (0.0 66 (71.0) 2 (0.0) <0.01
ATG-F 30mg/kg 2 (1.73)4 0 (0.0) 2(; (2.0) (9.5)
ATG-F 60mg/kg (26. ) ’ (068)0 0 (0%0) g(g.g)
PTCY 100mglkg 41(26.5) 41 (100.0) (0.0) (0.0)
GVHD prophylaxis,
n (%):
CSA+MTX 42 (27.1) 0(0.0) 41 (44.1) 1(4.8) <0.01
CSA+MME 113 (72.9) 41 (100.0) 52 (55.9) 20 (95.2)

n : number; IQR : interquartile range; PTCY: post-transplant cyclophosphamide; HD: high dose of
ATG; LD: low dose of ATG; ATG-T: thymoglobulin; ATG-F: ATG-Fresenius; D/R : Donor/ Recipient ;




ALL: Acute Lymphoblastic Leukemia; AML: Acute Myeloid Leukemia; CML: Chronic Myeloid
Leukemia; MF: Myelofibrosis; MDS: Myelodysplastic Syndrome; MPN/MDS: hematological disorder
between Myeloproliferative Neoplasm and Myelodysplastic Syndrome; CR : complete remission ;
PBSCs: peripheral blood stem cells; MAC: myeloablative conditioning; RIC: reduce intensity
conditioning; TBI: total body irradiation; CSA: cyclosporine A; MTX: methotrexate; MMF:
mycophenolate mofetil; Analyses were conducted using a Fisher's exact test and a Kruskal-Wallis test;
significative p.value if p<0.05

Table 2: Univariate analyses of one-year outcomes by treatment group.

Outcomes All PTCY HD LD
at 1 year p.value
(95% CI) n=296 n=41 n=93 n=21
0S, % 63.5% 78.7% 56.5% 64.8% 0.040
(range) | (56.1-71.8) |  (66.4-93.1) (47.1-67.8) (46.7-89.8) :
PFS, % 57.0% 74.8% 50.0% 54.0% 0.034
(range) | (49.5-65.6) |  (62.4-89.7) (40.6-61.5) (35.7-81.6) :
CIR, % 22.3% 17.5% 25.7% 16.2% 0,630
(range) | (15.6-20.1) |  (5.5-29.5) (16.5-34.8) (0.0-33.6) :
NRM,% | 20.7% 7.7% 24.4% 29.8% 0.008
(range) | (14.227.2) |  (0.0-16.2) (15.4-33.3) (9.0-50.7) :

GRFS,% | 32.6% 40.6% 32.2% 16.7% 0.064
(range) | (25.7-412) |  (27.5-60.1) (23.8-43.6) (6.0-46.5) :
acvhD 55.6% 65.9% 52.8% 47.6% 0.346
tangey | @477-635) | (51.0-80.7) (42.5-63.0) (25.5-69.7)
acvHD 22.0% 17.1% 22.7% 29.4% 0257
tangey | (155286) | (5.428.8) (14.1-31.3) (8.9-49.9)

CGVHD, % | 32.0% 35.1 295 37.8 0,654
(range) | (24.3-39.7) |  (19.1-51.1) (19.9-39.1) (14.3-61.3) :
Y 19.5% 24.2% 15.9% 27.0% 0.950
e | (130261) | (10.0-385) (8.2-23.5) (5.6-48.4) :

OS: overall survival; PFS: progression free survival; NRM: non relapse mortality; GRFS: severe
GVHD/relapse-free survival; *: data at d100; M/S: moderate or severe. Statistical analyses were
performed at one year, except for acute GVHD, which was analyzed at day 100, using a log-rank test
for OS, PFS, and GRFS, and a Gray's test for the other outcomes. Significance was defined as
p<0.05.



Table 3: Survival outcomes in multivariate Cox analysis.

0S

Risk factor HR (95%) p.value
PTCY 1 N/A
HD ATG 2.47 (1.26-4.84) 0.008
LD ATG 2.41 (1.07-5.42) 0.033
Age <45y 0.52 (0.28-0.97) 0.971
MAC 0.94 (0.52-1.70) 0.852
DRI high/very high 1.81 (1.11-2.96) 0.017
HTCI score 0-2 0.60 (0.36-1.01) 0.052
PFS

Risk factor HR (95%) p.value
PTCY 1 N/A
HD ATG 2.44 (1.29-4.62) 0.006
LD ATG 2.46 (1.13-5.34) 0.023
Age <45y 0.61 (0.34-1.10) 0.102
MAC 0.92 (0.52-1.63) 0.784
DRI high/very high 1.86 (1.16-2.97) 0.010
HTCI score 0-2 0.62 (0.37-1.05) 0.074
GRFS

Risk factor HR (95%) p.value
PTCY 1 N/A
HD ATG 1.08 (0.92-1.63) 0.773
LD ATG 1.06 (0.52-2.14) 0.878
Age <45y 0.54 (0.32-0.93) 0.027
MAC 1.03 (0.61-1.74) 0.914
DRI high/very high 1.55 (1.00-2.38) 0.048
HTCI score 0-2 0.80 (0.45-1.32) 0.385
NRM

Risk factor HR (95%) p.value
PTCY 1 N/A
HD ATG 4.34 (1.52-12.4) 0.006
LD ATG 4.28 (1.28-14.30) 0.018
Age <45y 0.43 (0.18-1.02) 0.056
MAC 0.88 (0.39-2.00) 0.766
DRI high/very high 1.15 (0.59-2.27) 0.680
HTCI score 0-2 0.82 (0.41-1.66) 0.578
CIR

Risk factor HR (95%) p.value
PTCY 1 N/A
HD ATG 1.91 (0.86-4.28) 0.113
LD ATG 1.81 (0.65-5.03) 0.253
Age <45y 0.75 (0.34-1.65) 0.473
MAC 0.90 (0.42-1.93) 0.793
DRI high/very high 2.41 (1.28-4.54) 0.007
HTCI score 0-2 0.55 (0.27-1.12) 0.113

Hazard ratios (HR) comparing PTCY (control group) vs. LD ATG vs. HD ATG, age (<45 vs. >45
years), MAC vs. RIC, DRI (low/intermediate vs. high/very high), and HCT-CI score (0-2 vs. =3).
Multivariate Cox proportional hazards regression analysis, p-values are considered significant if p <
0.05. OS: overall survival; PFS: progression free survival; NRM: non relapse mortality; GRFS: severe

GVHD/relapse-free survival



Table 4: Immune reconstitution at 3 months after alloHSCT.

median (IQR) PTCY (n=34) HD (n=62) LD (n=13) p-value
T-cells /uL, n (range) 153.0 (75.5-311.3) [261.5(117.8-565.0) | 315.0 (192.0-1349.0) | 0.018
CDa+ J{;‘;}Z’S ML 205 43.0-158.5) | 40.0 (235-118.8) | 53.0(32.0-231.5) | 0.091
cDg+ J{;‘;}Z’S ML 55 5(24.3-164.5) | 176.0 (79.5-468.5) | 245.0 (143.5-1098.0) | <0.001
Ratio CD4/CD8 (range) | 1.26 (0.78-2.62) | 023 (0.16-0.46) | 0.25(0.18-0.37) | <0.001
B cells /uL, n (range) 2.0 (0.0-47.8) 1.5 (0.0-85.5) 1 (0.0-239.5) 0.897
NK cells /uL, n (range) |194.5 (109.5-273.5) | 184.0 (121.0-292.0) | 194.0 (135.3-251.8) | 0.905

T cells were defined as CD45+CD3+ cells; CD4 + T-cells as CD45+CD3+CD4+CDS8- cells; CD8 + T-
cells as CD45+CD3+CD4-CD8+ cells; B cells are defined as CD45+CD3-CD19+ cells; NK cells are
defined as CD45+CD3-CD56+.

Analyses were performed using a Kruskal-Wallis test

*significative p. value if p<0.05.



Figure Legends

Figure 1. Main survival and relapse outcomes between the three groups.

A: overall survival (OS); B: progression-free survival (PFS); C: non relapse mortality
(NRM); D: cumulative incidence of relapse (CIR). Statistical analyses were performed
at one year using a log-rank test, except for figures C and D, where a Gray's test was
used, with death and relapse as competing events. Significance is defined as p <
0.05.

Figure 2: GVHD outcomes between the three groups.

A: severe GVHD- and relapse-free survival (GRFS), B: cumulative incidence of grade
[I-1IV acute GVHD, C: cumulative incidence of all grade chronic GVHD, D: cumulative
incidence of moderate or severe (M/S) chronic GVHD. Statistical analyses were
performed at one year, except for the acute GVHD analyzed at day-100, using a
Gray's test with death and relapse as competing GVHD events. GRFS were analyzed
at one year using a log-rank test. Test significance defined as p < 0.05.

Figure 3: Evaluation of immune reconstitution post alloHSCT.

Immune reconstitution over time is shown for T-cells (A), the CD8/CD4 T-cell ratio
(B), CD4+ T-cells (C), CD8+ T-cells (D), B-cells (E), and NK-cells (F). M: months. T-
cells were defined as CD45+CD3+ cells; CD4 + T-cells as CD45+CD3+CD4+CD8-
cells; CD8 + T-cells as CD45+CD3+CD4-CD8+ cells; B-cells were defined as
CD45+CD3-CD19+ cells; NK-cells were defined as CD45+CD3-CD56+ cells.
Analyses were performed using a two-way ANOVA test. *significative p.value if
p<0.05.
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Supplemental appendix

Table S1: Univariate analysis.

0s GRFS PFS NRM CIR
HR value HR value HR value HR value HR value
ncos] | P ncos] | P ncos] | P [IC 95] P ncos] | P
05 0.6 0.6 0.4 0.7
Age<45 | 153,077 29998 | 104091 |%9% 104091/ °% |[02:08 |29 |j04:13]%?
0.7 0.8 0.7 05 0.9
MAC (0.4:1.1] | % (0.5:1.1] | %2 (0.5:1.1] | %2 0.3:1.0] |99 |j05:16]]°7
16 14 0.6 1.0 23
DRI 11.0:26] | %0 |j09:217] 9] 1.1:2711%°" |05:19 | [1.3:4.2] | %004
0.4 0.6 0.4 0.6 0.4
HCTCl | 53077 | 00003 | 154401008 | 103.071|2-0007 | 103.1.47 | 908 | 0208|0005
2;‘:3“&3 2.1 0.9 22 3.9 1.7
[1.1:4.0] [0.5:1.5] [1.2:4.1] [1.4:11.1] 0.8 :3.7]
QLGLD 0 005 |13 0.9 L1 002 |~ 001 | 1% 0.3
brey | 111571 [0.5:2.1] [1.2 :5.8] [1.4:15.7] 0.7 :5.4]

Hazard ratios (HR) comparing Age (<45 vs. >45 years), MAC vs. RIC, DRI (high/very high vs
low/intermediate), HCT-CI score (0-2 vs. 23) and treatment group (PTCY (ref) vs. LD ATG vs. HD
ATG).

Table S2: Distribution of causes of death in each group and their variation over

GVHD: Death related to GVHD; M = months; n = number of deaths; Analyses were conducted using a

time.
Mortality at 1 year, PTCY HD LD
n (%) (n=8) (n=39) (n=7)
Hemopathy 5 (62.5) 15 (38.5) 1(14.3)
Infection 2 (25.0) 7(17.9) 2 (28.6)
Bacterial 0 (0) 3(7.7) 2 (28.6)
Fungal 1(12.5) 1(2.6) 0(0)
Viral 1 (12.5) 3(7.7) 0 (0)
GVHD 1 (12.5) 15 (38.5) 3(42.9)
Other 0 (0) 2(5.1) 1(14.3)
All mortality causes, PTCY HD LD
n (%) (n=11) (n=52) (n=13)
Hemopathy 7(63.6) 24 (46.2) 6 (46.2)
Infection 2(18.2) 9 (17.3) 2 (15.4)
Bacterial 0(0) 3(5.8) 2 (15.4)
Fungal 1(9.1) 2(3.8) 0 (0)
Viral 1(9.1) 4(7.7) 0 (0)
GVHD 2(18.2) 16 (30.8) 4 (30.8)
Other 0(0) 3(5.8) 1(7.7)

Fisher's exact test with significative p.value if p<0.05.




Table S3: Infectious complications at one year.

Infectious complications at 1 year, PTCY HD LD p-
n (%) (n=41) (n=93) (n=21) value
Invasive fungal infections 2(4.9) 15 (16.1) 3(14.3) 0.19
Median time in days (range min-max) 4.5 (1-9) 48 (5-253) | 84 (53-228)
Bacterial infections
Fatal infection or requiring intensive care 8 (19.5) 21 (22.6) 3(14.3) 0.72
management
Median time (range min-max) 114.5 111 77
(0-300) (9-336) (10-125)
EBV reactivation 3(7.3) 45 (48.4) 7 (33.3) |<0.01
Median time in days (range, min-max) 93 (74-253) | 45 (18-130) | 46 (16-49)
Lymphoproliferative syndrom 0 3 1
Related mortality 0 2 1
CMV infection 4 (9.8) 33 (35.5) 7 (33.3)
Recipient positive serology # 4 (100) 27 (81.8) 7 (100) <0.01
Median time in day (range min-max) 47 (31-79) | 35(12-147) | 47 (27-144)
Median number of treatment lines 1(1-2) 1(1-3) 1(1-2)
CMV disease 0 2 0
Related mortality 0 1 0
BK-virus symptomatic reactivation 15 (36.6) 17 (18.3) 3(14.3) 0.04
Median time (range min-max) 41 (8-111) 36 (13-81) | 43 (10-44)
Related hospitalisation 2 4 2
Respiratory virus (G Il) 1(2.4) 5(5.4) 0(0) 0.59
SARS-COV2 1 0 0
other (SRV, PIV3, HI1N1) 0 5 0
Grade Il 0 2 0
Grade -1V 1 3 0
Other virus (G Il) 7(17.1) 15 (16.1) 1(4.8) 0.44
Adenovirus 2 5 0
HSV 1/2 2 6 0
vzv 0 1 0
HHV6 encephalite 2 0 1
ParvoB19 1 2 0
Norovirus 0 1 0
Grade Il 2 5 0
Grade -1V 5 10 1
Incidence Other virus + Respiratory virus
(G> ) at 1 year 8 (19.5) 20 (21.5) 1(4.8) 0.2
Grade Il 2 8 0
Grade llI-IV 6 13 1

G= grade, grading based on common terminology criteria for adverse events V5.0 (CTCAE) of the US
National Cancer institute; #: Among these patients, 3 patients in the PTCY group received prophylaxis
with letermovir. The median time refers to the interval between the transplant and the onset of the
infection. Analyses were conducted using a Fisher's exact test with significative p.value if p<0.05.
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Figure S1: Study of effector T Cell subpopulations over time.

A: Effector CD4+ T-Cell Subpopulations. B: Effector CD8+ T-Cell Subpopulations

The box plots represent the median and interquartile range, as well as values between the 10th and
90th percentiles. The curves represent the median and associated interquartile ranges over time. M:
months; N: naive T-cells (CD45RA+CCR7+); CM: central memory T-cells (CD45RA-CCR7+); EM:
effector memory T-cells (CD45RA-CCR7-); EMRA: effector memory RA+ T-cells (CD45RA+CCR7+);
Mem: total of memory T cells. *significative p.value if p<0.05.



Table S4: Characteristics of patients explored in terms of immune reconstitution
at 3 months post transplantation.

Characteristics, PTCY HD LD
n (%) n=34 n=62 n=13 p-value
Median year of 2022 2013 2016
transplant (2021-2023) | (20122017) | (2015-2017) | <00
(IQR)
Median age (IQR) (37?00-.519.6) (26.491-55.2) (35.57?613.3) 0.02
Patient gender
Female 16 (47.1) 21(33.9) 6 (53.9) 0.37
Male 18 (52.9) 41 (66.1) 7 (46.1)
Donor female to male 5(14.7) 1(17.7) 3(23.1) 0.77
CMV+ recipient status 20 (58.8) 35 (56.5) 8 (61.5) >0.99
ECOG >1 4(11.8) 1(1.6) 0(0) 0.07
HCT-CI >3 6 (17.6) 13 (21.0) 3(23.1) 0.88
Second HSCT: 1(2.9) 0(0) 1(7.7) 0.08
Leukemias 19 (55.9) 45 (72.6) 10 (76.9)
Other myeloid disorders 8 (23.5) 11 (17.7) 2(15.4) 0.20
Mature lymphoid disor- 7 (20.6) 6 (9.7) 1(7.7)
ders
Disease Risk Index:
High and very high 1(32.4) 19 (30.7) 6 (46.1) 0.54
CR status:
CR 24 (70.6) 48 (77.4) 10 (76.9) 0.77
Not in CR 10 (29.4) 14 (22.6) 3(23.1)
Stem Cell Source:
Bone Marrow 1(2.9) 1(1.61) 0(0) >0.99
PBSCs 33(97.1) 61 (98.4) 13 (100)
Conditioning Intensity:
MAC 14 (41.2) 2 (61.6) 4 (30.8) 0.33
RIC 20 (58.8) 0 (48.4) 9 (69.2)
TBI 1(2.9) 0 (32.3) 2 (15.4) <0.01
CMYV reactivation 2(5.9) 4 (38.7) 4 (30.8) <0.01
EBV reactivation 3(8.2) 1 (50.0) 5(38.5) <0.01
aGVH II-IV 23 (67.6) 3(53.2) 6 (46.2) 0.28
aGVH IlI-IV 4 (11.8) 6 (9.7) 3(23.1) 0.37

IQR: interquartile range; CR: complete remission; MAC: myeloablative conditioning; RIC: reduce
intensity conditioning; TBI: total body irradiation; aGVH: acute GVH. Analyses were conducted using a
Fisher's exact test or a Kruskal-Wallis test with significative p.value if p<0.05.



