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Abstract

Haploidentical stem cell transplantation (haplo-SCT) represents the main alterna-

tive for children with inherited bone marrow failure syndrome (I-BMF) lacking a

matched donor. This retrospective study, conducted on behalf of the EBMT

SAAWP and PDWP, aims to report the current outcomes of haplo-SCT in I-BMFs,

comparing the different in vivo and ex vivo T-cell depletion approaches. One hun-

dred and sixty-two I-BMF patients who underwent haplo-SCT (median age

7.4 years) have been registered. Fanconi Anemia was the most represented diag-

nosis (70.1%). Based on different T-cell depletion (TCD) approaches, four catego-

ries were identified: (1) TCRαβ+/CD19+-depletion (43.8%); (2) T-repleted with

post-transplant Cyclophosphamide (PTCy, 34.0%); (3) In-vivo T-depletion with

ATG/alemtuzumab (14.8%); (4) CD34+ positive selection (7.4%). The cumulative

incidences (CI) of neutrophil and platelet engraftment were 84% and 76%

respectively, while that of primary and secondary graft failure was 10% and 8%

respectively. The 100-day CI of acute GvHD grade III-IV(95% CI) was 13%, while

the 24-month CI of extensive chronic GvHD was 4%. After a median follow-up of

43.4 months, the 2-year overall survival(OS) and GvHD/Rejection-free Survival
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(GRFS) probabilities are 67% and 53%, respectively. The TCR CD3+αβ+/CD19+

depletion group showed a significantly lower incidence of both acute and chronic

GvHD and higher OS (79%; p0.013) and GRFS (71%; p < .001), while no significant

differences in outcomes have been observed by different diagnosis and conditioning

regimens. This large retrospective study supports the safety and feasibility of haplo-

SCT in I-BMF patients. TCRαβ+/CD19+ depletion offers higher chances of patients'

survival, with a significantly lower risk of severe a- and c-GvHD in I-BMFs compared to

other platforms.

1 | INTRODUCTION

Inherited Bone Marrow Failure syndromes (I-BMFs) are a hetero-

geneous group of life-threatening genetic diseases that share a

progressive decline of bone marrow function with variable risk

of evolution to myelodysplastic syndrome and acute leukemia.1,2

Some carry somatic abnormalities and a high risk of developing

solid tumors.3 Bone marrow failure usually starts in childhood4

but occasionally may appear in adulthood and true I-BMFs are

misdiagnosed as having “idiopathic aplastic anemia”.2 Several

syndromes are well-described and genetically classified as

I-BMFs, while other genetic disorders have been recently

described as “overlapping” with primary immunoregulatory disor-

ders.5 In all of them, allogeneic hematopoietic stem cell trans-

plantation (allo-HSCT) represents the only curative option for

bone marrow failure.6,7

Over the years, the outcomes of allo-HSCT have been

widely reported in most of the classic I-BMFs.8–12 These studies

revealed the importance of not delaying the transplant in the

presence of worsening cytopenia; of performing it prior to malig-

nant transformation, which significantly worsens the outcome13;

and avoiding severe graft-versus-host disease (GvHD) that nega-

tively affect survival, quality of life and the incidence of develop-

ing secondary malignancy.14 However, one of the most relevant

clinical challenges remains to establish the best approach in case

of the absence of a matched family donor or a full-matched

unrelated donor.

Haploidentical SCT (haplo-SCT) is currently considered the

main alternative in these cases,15,16 with parents usually readily

available for stem cell donation, and building on the evolution of

both ex-vivo and in-vivo T-cell depletion approaches which signifi-

cantly improved the outcomes of haplo-HSCT in congenital

diseases.17,18 However, graft failure (GF) and GvHD remain the

main concerns using T-depleted and unmanipulated grafts17,18

respectively and the real-life data and outcome of haplo-HSCT in

I-BMFs are currently lacking, with no evidence in favor of one type

of T-cell depletion approach over the other.

In this retrospective study we describe the outcome of haplo-

SCT in a large cohort of I-BMFs patients, comparing results based

on the different diagnoses, conditioning regimens, and T-cell

depletion approaches.

2 | MATHERIALS AND METHODS

2.1 | Study design and selection criteria

This retrospective study was conducted on behalf of the Severe

Aplastic Anemia and Pediatric Diseases Working-Parties of the

EBMT (EBMT SAAWP and PDWP). Data on patients registered

with a diagnosis of classical I-BMFs (Fanconi anemia-FA, Telomere

Biology Disorders-TBDs, Diamond-Blackfan anemia-DBA, severe con-

genital neutropenia-SCN, Shwachman–Diamond syndrome-SDS, and

congenital amegakaryocytic thrombocytopenia-CAMT) who under-

went haplo-SCT from 1990 to 2020 were collected from EBMT

Registry. Additional data not included in the original EBMT Data-

base were obtained by a specific questionnaire distributed to par-

ticipating centers.

EBMT centres obtained informed consent according to the local

regulations applicable at the time of transplantation in order to report

pseudonymised data to the EBMT.

The primary objective was to report Overall Survival (OS) and

GvHD/Rejection-free survival (GRFS). The secondary objectives were

to compare outcomes by primary diagnoses, conditioning regimens

and applied T-cell depletion (TCD) approaches, which were consid-

ered as the main potential influential variables.

2.2 | Definitions

Conditioning regimen was categorized as myeloablative condition-

ing (MAC) and no-myeloablative/reduced intensity conditioning

(NMA/RIC) according to common definitions.19 The latter group

includes patients who received mini-TBI, defined as a low dose of

total body irradiation (200–300 cGy).

Haplo-SCT platforms were categorized on the basis of T-cell

depletion (TCD) approach, defining (1) “ex vivo TCD” those based on

graft manipulation procedures performed with immunomagnetic

microbeads-based method as the positive selection of CD34+ cells

(CD34+ selected graft)20–22 or negative selection of TCRαβ+-CD3+

and CD19+ cells (TCRαβ+/CD19+-depletion),18,23 as previously

described; (2) “T-repleted with in vivo TCD” haplo-SCTs without any

graft manipulation and based on the use of post-transplant Cyclo-

phosphamide (PTCy)24 or exclusively on ATG or Alemtuzumab
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(ATG/Alem) administered to recipient in the context of conditioning

regimen without PTCy.

Neutrophil and platelet engraftment were defined as the first of

three consecutive days of achieving a sustained peripheral blood neu-

trophil count of >0.5 � 109/L25 and as the first of at least 7 days with

a platelet count of more than >20 � 109/L26 without any transfusion

during the 5 days before, respectively.

Primary graft failure (PGF) was defined as a failure to achieve a

neutrophil count >0.5 � 109/L and secondary graft failure (SGF) was

defined as a decrease of neutrophil counts to a level lower than

0.5 � 109/L after initial engraftment. Acute-GvHD and limited and

extensive c-GvHD were scored according to previously reported

criteria.27,28 GRFS was defined as survival without acute-GvHD

(a-GvHD) grade III-IV, extensive chronic-GvHD (c-GvHD), graft failure

(GF)/rejection, relapse of a pre-transplant malignant transformation or

a second transplant.

All outcomes in the study are defined from the time of the first

allogeneic transplantation.

2.3 | Statistical analyses

OS and GRFS were estimated using the Kaplan–Meier product limit

estimation method, and differences in subgroups were assessed by

the Log-Rank test. The median follow-up time was determined using

the reverse Kaplan–Meier method. Cumulative incidences (CI) of neu-

trophil engraftment and platelet recovery, grade II-IV and III-IV

a-GvHD, c-GvHD, and graft failure were analyzed separately in a com-

peting risks framework. For each of the outcomes, the competing

events were no engraftment, graft loss, relapse, second transplant,

and death. Subgroup differences in cumulative incidences were

assessed by Gray's test. All estimates are reported with a correspond-

ing 95% confidence interval in parentheses, and p-values <.05 were

considered statistically significant. Statistical analyses were performed

using the SPSS software, version 22 (SPSS Inc., Chicago, IL) and R

statistical platform, version 3.0.3 (The R Foundation for Statistical

Computing, Vienna, Austria) using packages “prodlim”, “survival” and

“cmprsk”.

3 | RESULTS

3.1 | Patients' and transplants' characteristics

Data of 150 haplo-SCTs performed in patients with a diagnosis of

classical I-BMF were collected from 56 centers affiliated with the

EBMT network. The majority of haplo-SCTs were performed after

2012 (80%), with a median patient age at transplant of 8.8 years (IQR

6.2–11.4). Fanconi Anemia was the most frequent diagnosis (n = 110,

73.3%). Table 1 summarizes patient and transplant characteristics of

the whole cohort. Characteristics stratified by different sub-diagnoses

have been reported in Supplementary tables 1 and 2 and described in

a specific section below. The NMA/RIC conditioning regimen was

Fludarabine-based in 113 haplo-SCTs (77.4%), while MAC Busulfan-

or Treosulfan-based conditioning was given in 33 (22.6%). A single

dose of 2.0 Gray of total body irradiation (mini-TBI) was given in 51%

(n = 76) of patients with haplo-SCT.

TABLE 1 Patient and transplant characteristics at diagnosis and
haplo-SCT.

n %

Diagnosis

• Fanconi Anemia 110 73.3

• Congenital Amegakaryocytic Thrombocytopenia 14 9.3

• Diamond-Blackfan syndrome 9 6

• Dyskeratosis Congenita 9 6

• Shwachman-Diamond syndrome 6 4

• Dyserythropoietic anemia 1 0.7

• Congenital sideroblastic anemia 1 0.7

Haplo categories

• TCRαβ+/CD19 + -depletion 63 42.0

• PTCy 52 34.7

• In vivo TCD (ATG/Alem) 23 15.3

• CD34+ selected graft 12 8.0

Stem cell source

• BM 55 36.7

• PB 94 62.7

• BM + PB 1 0.6

Conditioning regimens

• Flu-based 113 77.4

• Flu-Cy 62

• Flu 38

• Flu-TT 2

• Flu-Mel 4

• Flu-Mel-TT 6

• Flu-Cy-TT 1

• Bus-based 24 16.4

• Treo-based 9 6.2

• Other 4 -

Total body irradiation

• 2 Gy 76 51

• No 73 49

• Missing 1

Serotherapy

• ATG 132 88

• Alemtuzumab 5 3.3

• None 13 8.6

Total haplo-HSCT 150 100.0

Abbreviations: ATG, Anti-thymocyte globulin; BM, bone marrow; Bus,

Busulfan; Cy, Cyclophosphamide; Flu, Fludarabine; Mel, Melphalan; PB,

peripheral blood; PT-Cy, Post-transplant cyclophosphamide; TT, Thiotepa;

Treo, Treosulfan.
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Among the 4 haplo-SCT platforms identified (Table 1), ex vivo

TCD with TCRαβ+/CD19+-depletion (n = 63, 42%) and the

T-repleted with in vivo TCD with PTCy (n = 52, 34.7%) approaches

were the most frequently used, while T-repleted with in vivo TCD

with ATG or alemtuzumab (n = 23, 15.3%) and ex vivo TCD with

CD34+-selection (n = 12, 8.0%) represented a minority.

All recipients in the PTCy group received post-transplant GvHD

prophylaxis in addition to cyclophosphamide: cyclosporine (CyA) with

mycophenolate (MMF) in 41 (78.8%), CyA alone in 6 (11.5%) and MMF

with or without Sirolimus in the remaining 5 (9.6%). Similarly, a

calcineurin-inhibitor (CyA or FK506) with MMF (15, 65.2%) or as

a single agent (6, 6.1%) was administered in patients in the group of

T-repleted with in vivo TCD ATG/alemtuzumab. On the contrary, all

recipients of haplo-SCT with ex vivo TCD with CD34+-selection did

not receive any post-transplant GvHD prophylaxis, and neither did the

majority of ex vivo TCD with TCRαβ+/CD19+-depletion (n = 42,

66.6%), while in the remaining patients CyA (n = 11, 17.5%) or MMF

(n = 8, 12.7%) or Sirolimus (n = 2, 3.2%) was given as single agent.

3.2 | Engraftment, graft failure and Graft-
versus-Host Disease

The median times to neutrophil and platelets engraftment were

14 (13, 14) days and 18 (15–21) days after transplant respectively,

with a cumulative incidence of neutrophil engraftment by day 28 of

84% (77%–90%) and of platelets engraftment by day 100 of 76%

(68%–83%). PGF was reported after 13 haplo-SCTs and SGF after

11 haplo-SCTs (1 year CI of PGF was 10% [5%–15%] and of SGF 8%

[4%–13%]) (Figure 1A).

Among patients evaluable for GvHD, the day-100 CI of

grade II-IV a-GvHD was 29% (22%–37%), and 14% (8%–19%)

considering only grade III-IV. The 1-year CI incidence of c-GvHD

was 9% (4%–14%) while 4% (1%–8%) were extensive type

(Figure 1B,C).

3.3 | Survival and causes of death

At a median follow-up of 46.9 months (IQR 34.2–51.9), the

2-year OS was 66% (58%–74%) and the 2-year GRFS probability

was 51% (43%–60%) (Figure 2A,B), resulting in a 5-year OS and

GRFS of 65% (57%–73%) and 50% (42%–59%) respectively.

Deaths occurred at a median time of 95 days after haplo-SCT

(IQR 56–206). In the 52 patients who died within 2 years after

SCT, the most frequent main causes of death were graft failure

(n = 17, 32.7%) and GvHD (n = 14, 26.9%). In the remaining

21 patients the causes of death were infections (n = 13, 25%),

toxicities and other SCT-related causes (Supplementary

material 3).

F IGURE 1 Cumulative incidences of
(A) Primary Graft Failure, (B) Secondary
Graft Failure (C) acute Graft versus Host
disease (aGvHD) grade III-IV and
(D) extensive chronic GvHD (cGvHD).
Cumulative incidences are represented as
percentages, with the 95% confidence
intervals indicated as shaded regions.
Below the time axis are the number of

patients at risk at indicated timepoints.
Specific cumulative incidences are given
with confidence intervals, at timepoints
indicated by the vertical dashed lines.
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3.4 | Impact of diagnosis and conditioning regimen

No significant differences in OS, GRFS and acute and chronic

GvHD were observed between primary diagnoses of I-BMFs

(Fanconi versus others: OS 66% [57%–75%] vs. 67% [52%–82%]

p = .8, GRFS 53% [44%–63%] vs. 45% [28%–62%] p = .5, grade

II-IV a-GvHD 31% [22%–40%] vs. 25% [11%–39%] p = .5,

c-GvHD 10% [4%–15%] vs. 11% [1%–22%] p = .9). Fanconi Ane-

mia was associated with significantly lower cumulative incidence

of SGF compared to other diagnoses (4% [0%–8%] vs. 21% [7%–

35%], p = .002), while no significant differences were observed

in PGF.

Similarly, no impact was observed of the different condition-

ing regimens (NMA/RIC Fludarabine-based versus MAC

Busulfan�/Treosulfan-based: OS 69% [60%–78%] vs. 60% [43%–

77%] p = .5, GRFS 54% [44%–63%] vs. 47% [29%–65%] p = .8,

grade II-IV a-GvHD 30% [21%–39%] vs. 27% [11%–42%] p = .7,

c-GvHD 9% [3%–14%] vs. 16% [3%–29%] p = .2, PGF 7% [2%–

12%] vs. 10 [0%–21%] p = .6, SGF 10% [4%–16%] vs. 3% [0%–

10%] p = .3) (Table 2). The presence of mini-TBI in the context

of the conditioning regimen was associated with a significantly

lower cumulative incidence of PGF (4% [0%–9%] vs. 15% [7%–

23%], p = .037), without any impact observed on the other

outcomes.

F IGURE 2 Kaplan–Meier curves of (A) Overall
Survival and (B) Graft versus Host Disease/
Rejection-free survival. Survival probabilities are
represented as percentages, with the 95%
confidence intervals indicated as shaded regions.
Below the time axis are the number of patients at
risk at indicated timepoints. Specific survival
percentages are given with confidence intervals,
at timepoints indicated by the vertical dashed

lines.

TABLE 2 Univariable outcomes of overall survival (OS), Graft versus Host Disease/Rejection-free survival (GRFS), acute Graft versus Host
Disease (aGvHD) II-IV, chronic GvHD (cGvHD) and primary and secondary graft failure, stratified by diagnosis and treatment characteristics.

OS GRFS
aGvHD II-IV
(day 100) cGvHD (2 y)

Graft failure

Primary Secondary

% p % p % p % p % p % p

Diagnosis • Fanconi 66 (57–75) .8 53 (44–63) .5 31 (22–40) .5 10 (4–15) .9 9 (3–14) .6 4 (0–8) .002

• Other 67 (52–82) 45 (28–62) 25 (11–39) 11 (1–22) 12 (1–23) 21 (7–35)

Haplo

categories

• PTCy 64 (51–77) .019 45 (31–59) <.001 43 (29–57) .005 18 (8–29) .06 6 (0–13) .05 4 (0–10) .004

• TCRαβ+/CD19+

• Depletion

78 (67–88) 70 (58–82) 17 (7–27) 9 (2–16) 5 (0–11) 7 (0–14)

• CD34+

• Selected graft

42 (14–70) 17 (0–38) 9 (0–26) 0 (0–0) 27 (1–54) 36 (8–65)

• In vivo TCD

(ATG/Alem)

51 (30–72) 34 (13–55) 43 (22–64) 0 (0–0) 19 (2–36) 5 (0–15)

Conditioning

regimen

• Flu-based 69 (60–78) .5 54 (44–63) .8 30 (21–39) .7 9 (3–14) .2 7 (2–12) .6 10 (4–16) .3

• Bus/Treo based 60 (43–77) 47 (29–65) 27 (11–42) 16 (3–29) 10 (0–21) 3 (0–10)

Total body

irradiation

• No 59 (47–71) .15 43 (31–55) .12 30 (19–41) .9 8 (1–14) .3 15 (7–24) .037 9 (2–16) .8

• Yes 72 (62–82) 58 (47–70) 29 (18–39) 13 (5–20) 4 (0–9) 7 (1–13)

Note: Kaplan–Meier estimates are given of OS and GRFS, with group differences tested by logrank tests, and cumulative incidences are given for all other

outcomes, with group differences tested by the Gray test. All estimates are reported with 95% confidence intervals in parentheses.

Abbreviations: aGvHD, acute graft-versus-host disease, Alem, alemtuzumab, ATG, Anti-thymocyte globulin, Bus, Busulfan, cGvHD, chronic graft-

versus-host disease, Flu, Fludarabine, PT-Cy, Post-transplant cyclophosphamide, Treo, Treosulfan.
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3.5 | Impact of different T-cell depletion approach

The comparison among the four T-cell depletion platforms showed

that the specific approach impacted most of patient's outcomes. TCR-

αβ-depletion and PTCy were associated with a significantly lower

cumulative incidence of graft failure compared to other platforms

(PTCy 10% [2%–19%], TCR-αβ-depletion 12% [4%–21%], CD34 64%

[35%–92%], in vivo TCD with ATG or alemtuzumab 24% [6%–43%],

p < .001), without significant differences observed between the first

two groups.

Compared to PTCy, TCR-αβ-depletion led to a significantly lower

incidence of grade II-IV acute GvHD (17% [7%–27%] vs. 43% [29%–

57%], p = .005) and a trend in reduced incidence of chronic GvHD

(9% [1%–16%] vs. 18% [8%–29%], p = .06) (Table 2).

This effect of TCR-αβ-depletion on short-term outcomes trans-

lates into higher 2-year-OS and 2-year-GRFS probability (78% [67%–

88%] and 70% [58%–82%], respectively) compared to other platforms

(64% [51%–78%] and 45% [31%–59%] with PTCy, 42% [14%–70%]

and 17% [0%–38%] with CD34+-selection and 51% [30%–72%] and

34% [13%–55%] with ATG/Alemtuzumab, p = .019 and p < .001)

(Figure 3A,B).

3.6 | Focus on the different sub diagnoses:
Fanconi Anemia and non-FA classical IBMFs

Fanconi Anemia was diagnosed in 110 patients. Among them,

11 (10%) had a malignant transformation before haplo-SCT (4 myelo-

displastic syndrome and 7 acute myeloid leukemia). In this group,

the most frequent haplo-platforms used were ex vivo TCD with

TCRαβ+/CD19+-depletion (n = 48, 43.6%) and T-repleted with

PTCy (n = 39, 35.5%) (Supplementary material 2). The majority of

conditioning regimens were NMA/RIC Fludarabine-based (n = 99,

90%) and mini-TBI was added in 66 patients (60%). Of note, in the

T-repleted with PTCy group, all patients with information available

(23/39) received a reduced dose of post-transplant Cyclophospha-

mide equal to 25 mg/kg instead of the conventional dose of

50 mg/kg for 2 days.

Overall and in the subset of FA patients TCR-αβ-depletion

proved to have a positive effect compared to other platforms, being

associated with a significantly lower incidence of GF (p = .004) and

aGvHD (p = .046) and consequently better OS (p = .026) and GRFS

(p = .007). Conversely, in the group of FA patients, the reduced inci-

dence of GF given by miniTBI translates into a significantly higher

OS (p = .031) and GRFS (p = .02) (Supplementary material 1). Addi-

tionally, FA patients with malignant transformation before trans-

plant, most of whom (72.7%) had active disease at the time of

transplant, had a worse outcome in terms of lower 2-year-OS (trans-

formed vs Not-transformed: 36% [8%–65%] vs. 69% [60%–

78%] [p .01]).

The low number of non-FA patients in this cohort prevents fur-

ther analyses in this group. However, in Supplementary material 3

their main features and outcomes are summarized.

4 | DISCUSSION

Upfront allo-SCT still represents the only curative option for patients

with I-BMFs.29 Haplo-SCT is the main alternative for patients without

a healthy matched related or unrelated donor, and TCD mitigates the

otherwise high risk of developing severe GvHD. However, historically

haplo-SCT with TCD was burdened with a higher incidence of

engraftment failure and a slow achievement of immune reconstitution,

but the evolution in both ex vivo and in vivo TCD has changed the

history of haplo-SCT in both malignant30–32 and non-malignant dis-

eases.18 In particular, the introduction of column-based cell separation

F IGURE 3 Kaplan–Meier curves
of (A) Overall Survival and (B) Graft
versus Host Disease /Rejection-free
survival. Survival probabilities are
represented as percentages. The
corresponding log-rank p-value is
indicated in the plot. Below the time
axis are the number of patients at
risk at indicated timepoints, in each

group.
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techniques using microbeads conjugated magnetically with monoclo-

nal antibodies,33 which allows a highly efficient negative selection of

alloreactive T-cells similar to TCRαβ+ T-cells depletion, represents a

valuable step forward in ex vivo graft manipulation.34,35 These

appoaches guarantee a low risk of GvHD while promoting engraft-

ment, effective infections management and, in leukemia patients,

relapse prevention36,37 by the persistence in the graft of several cell

types like Natural Killer Cells (NK-cells) and TCRγδ+ T cells.38

Similarly, the introduction of PTCy in T-repleted haplo-SCT con-

tributed to the reduced risk of GvHD due to the killing of emerging

alloreactive T-cells in the first days after transplant,39,40 preserving

engraftment and immune reconstitution. In recent years, the safety

and efficacy of both approaches has been demonstrated in children

with congenital diseases27,28,41–45 and also Fanconi Anemia,46–49 with

high survival reported. In lieu of evidence to favor one approach over

the other there has been active debate overwhich approach carries

more advantages.36,50

To the best of our knowledge, this is the largest cohort reporting

outcomes of haplo-SCT in classical I-BMFs comparing different

in vivo and ex vivo T-cell depletion approaches.

Our data show that haplo-SCT is a valid alternative for classical

I-BMFs patients with indication for allogeneic transplant and lacking a

fully matched donor. The overall long-term outcome reported in this

heterogeneous group of diseases suggests that improvement is still

required, since the 5-year estimates of OS (66%) and GRFS (52%) are

not satisfactory, and the significant impact of graft failure and infec-

tions require a careful assessment. However, dissecting the sub-group

analysis by TCD platform, it shows that TCRαβ+/CD19+ emerges as

the most promising approach with significantly higher chances of sur-

vival, and a significantly lower risk of severe a- and c-GvHD compared

with PTCy.

Furthermore, it appears that the impact of graft failure is signifi-

cantly reduced with TCRαβ/CD19-depletion as well as with PTCy,

reflecting progress in this respect.

These important findings will support challenging clinical deci-

sions about how to manage haplo-SCT in I-BMFs and the choice

of advanced graft manipulation. The selection bias in our cohort in

which the most represented diagnosis is FA (70.1%) suggests that

our conclusions are very likely applicable to FA patients, as con-

firmed by analysis focused on this group (Supplementary Mate-

rial 1) but may need to be confirmed for other I-BMFs. Similarly,

althought the lower survival rate observed in transformed Fanconi

Anemia confirms our previous observation13 regarding the wrost

outcome of trasformed-FA with active disease at time of trans-

plant (any donor), this result should be confirmed in a larger

population.

T-repleted haplo-SCT with PTCy is widely performed globally

because of its low-cost and simplicity, which allows patients to access

haplo-SCT also in resource-limited areas.51,52 In contrast, TCRαβ+/

CD19+ depletion requires high expertise in ex vivo graft manipulation

and cytofluorimetry evaluation with a higher cost of materials for cell

manipulation making it harder to reproduce. Regardless of this impor-

tant limitation, TCRαβ+/CD19+ depletion stands as the best option

for I-BMFs due to the significantly reduced incidence of severe a- and

c-GvHD and higher GRFS, at least in areas where advanced technolo-

gies are available, by securing higher chances of survival and higher

quality of life.

Further, when the likely reduction in subsequent healthcare costs

due to reduced severe GVHD are considered, the overall economic

impact of haplo-SCT with the TCRαβ+/CD19+ depletion may be

reduced,53 balancing out the initial cost of graft manipulation, so that

it may result become cost-effective compared with other strategies.

Pharmacoeconomic studies, currently lacking in HSCT, could support

this hypothesis.

As for mini-TBI in the context of RICs, it seemed to reduce the

incidence of PGF in our cohort. This positive effect did not show any

impact on survival in the whole cohort, but its contribution is statisti-

cally significant within the group of FA patients. While further investi-

gations are needed to better define the role of mini-TBI in this

context, our data show that its addition in a RIC for haplo-SCT in FA

contributes to a favorable outcome. In addition, a longer follow-up

might reveal its potential impact on late effects such as the incidence

of secondary tumors.

This study has limitations and strengths. The main limitations con-

sist of the retrospective nature of the transplant registry-based study

and the incompleteness of some items of the dataset, in particular

related to other factors potentially impacting graft failure, such as

graft composition and the recipient's donor-specific anti-HLA anti-

bodies (DSA).54 These limitations, inherent to all retrospective regis-

try studies, prevent more detailed analysis of the impact of different

diagnoses on the risk of graft failure, which appears lower in FA com-

pared to non-FA patients. In this regard, one might hypothesize that

this effect could be due to the likely higher prevalence of alloimmuni-

zation in non-FA recipients with high transfusion dependence before

transplantation, such as patients with DBA and CAMT. Furthermore,

the characteristics of the bone marrow microenvironment could play

a role in some of them, such as in Diskeratosis congenita, among

whose patients graft failure has been diagnosed in the 83%

(Supplementary Material 2). Further studies are required to investigate

these hypotheses.

A further limitation is that while follow-up of almost 4 years con-

fers robustness of the endpoints of this study, it is still insufficient to

provide reliable data on the incidence of second tumors that represent

the main late cause of death in Fanconi Anemia.55,56

The main strengths of this study is the large cohort size, particu-

larly important for rare disorders like I-BMFs and the streamlined

study design that offers an unique opportunity to address important

questions in specific subgroups of patients regarding the different

TCD platforms for haplo-SCT. These enable useful information to be

derived for the clinical management of this very challenging

situation.

Overall, our study suggests that for I-BMFs patients with a con-

firmed indication for allo-HSCT and lacking a fully matched donor,

proceeding rapidly to a haplo-SCT is an acceptable option. If the

expertise and technology are available, then TCRαβ+depletion should

be the preferred approach as this optimizes OS and GRFS. On the
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other hand, T-repleted haplo-SCT with PTCy represents a valid alter-

native where graft manipulation is not feasible.

In the future, we hope to work towards developing a consensus

for shared protocols for both T-replete and T-depleted haplo-SCT as

well as initiating prospective studies in order to further define the best

approach and improve outcomes in these diseases.

AUTHOR CONTRIBUTIONS

Stefano Giardino designed the research and wrote the paper; Régis

Peffault de Latour, Antonio Risitano and Carlo Dufour contributed

equally by designed the research and reviewed the paper; Brian Pie-

penbroek prepared database and managed contacts with participat-

ing centers; Dirk-Jan Eikema analyzed results and made the figures;

all others authors reviewed the paper. All authors contribute equally

in the data collection, each one for data related to patients from

their own center.

AFFILIATIONS
1Hematopoietic Stem Cell Transplantation Unit, Department of

Pediatric Hematology and Oncology, IRCCS Istituto Giannina Gaslini,

Genoa, Italy
2Statistical Unit and Data Office, European Society for Blood and

Marrow Transplantation (EBMT), Leiden, The Netherlands
3EBMT Leiden Study Unit, Leiden, The Netherlands
4Department of Pediatric Haematology and Oncology & Stem and

Gene Therapy, IRRCS Bambino Gesù Children's Hospital, Rome, Italy
5Department of Health Sciences, Magna Graecia University,

Catanzaro, Italy
6King Faisal Specialist Hospital and Research Center, Department of

Pediatric Hematology Oncology, Riyadh, Saudi Arabia
7King Hussein Cancer Center, Amman, Jordan
8Pediatric Hematology/Oncology, Fondazione IRCCS Policlinico San

Matteo, Pavia, Italy
9King Abdullah Specialist Children's Hospital, King Saud bin Abdulaziz

University for Health Sciences, King Abdullah International Medical

Research Center, Ministry of National Guard Health Affairs, Riyadh,

Saudi Arabia
10Pediatric Immune-Hematology Unit, Necker Children Hospital,

Assistance Publique Hôpitaux de Paris, Paris, France
11Institut d'hémato oncologie Pédiatrique, Hospice Civil de Lyon,

Paris, France
12Centre for Bone Marrow Transplant & Cellular Therapy,

Indraprastha Apollo Hospital, New Delhi, India
13RM Gorbacheva Research Institute, Pavlov University, St.

Petersburg, Russia
14Department of Haematology, Birmingham Children's Hospital,

Birmingham, UK
15Unit of Hematology, Santa Chiara University Hospital, University of

Pisa, Pisa, Italy
16Willem-Alexander Children's Hospital, Pediatric SCT program,

Leiden University Medical Center, Leiden, The Netherlands
17Hôpital de la mère et l'enfant, Service d'hématologie pédiatrique,

Nantes, France

18Leeds General Infirmary, Leeds Children's Hospital, Leeds, UK
19“Carol Davila” University of Medicine and Pharmacy, Fundeni

Clinical Institute, Bucharest, Romania
20Hematology and Immunology Pediatric Department, GHU APHP

Nord-Université Paris Cité, Paris, France
21Pediatric Hematology Oncology, Department of Mother and Child,

Azienda Ospedaliera Universitaria Integrata Verona, Verona, Italy
22Department of Pediatric Medicine, University Hospital Ulm,

Eythstraße 24, Ulm, Germany
23Department of Pediatric Hematology, Oncology and Stem Cell

Transplantation, University Children's Hospital Regensburg,

Regensburg, Germany
24Supraregional Center of Pediatric Oncology “Cape of Hope”,
Wroclaw Medical University, Wroclaw, Poland
25Hematology Unit, Department of Pediatric Hematology and

Oncology, IRCCS Istituto Giannina Gaslini, Genoa, Italy
26Hematology and Hematopoietic Transplant Unit, Azienda

Ospedaliera di Rilievo Nazionale “San Giuseppe Moscati” (A.O.R.N.

Giuseppe Moscati), Avellino, Italy
27Bone Marrow Transplant Unit, Hôpital Saint-Louis, Assistance

Publique-Hôpitaux de Paris, Paris, France

ACKNOWLEDGMENTS

The authors thank all the following investigators whose centres par-

ticipated in this study: Persis Amrolia, Great Ormond Street Hospital

Children's Charity, London, United Kingdom; Musa Karakukcu,

Erciyes University, Faculty of Medicine, Kayseri, Turkey; José Mª

Moraleda, Hospital Universitario Virgen de la Arrixaca, Murcia,

Spain; Jose Rif�on, Clínica Universitaria de Navarra, Pamplona, Spain;

Polina Stepensky, Hadassah University Hospital, Jerusalem, Israel;

Amos Toren, Edmond & Lily Safra Children's Hospital, Tel-Hasho-

mer, Israel; Akif Yesilipek, Medical Park Antalya Hospital, Antalya,

Turkey; Josu de la Fuente, Division of Pediatrics, London,

United Kingdom; Mahmoud Aljurf, King Faisal Specialist Hospital &

Research Centre, Riyadh, Saudi Arabia; Peter Bader, Universitaetsk-

linikum Frankfurt Goethe-Universitaet, Frankfurt Main, Germany;

Adriana Balduzzi, Centro Trapianto di Midollo Osseo - Clinica Pedia-

trica, Monza, Italy; Jacques-Olivier Bay, CHU ESTAING, Clermont,

France; Bénédicte Bruno, Unité d'Hématologie Pédiatrique, Lille,

France; Stefan Burdach, Klinikum Schwabing, Munich, Germany;

Jenny Byrne, Nottingham University, Nottingham, United Kingdom;

Alessandra Carotti, Sezione di Ematologia, Perugia, Italy; Cristina

Diaz de Heredia, Hospital Vall d'Hebron, Barcelona, Spain; Franca

Fagioli, Ospedale Infantile Regina Margherita, Torino, Italy; Jürgen

Finke, University of Freiburg, Freiburg, Germany; Melissa Gabriel,

The Children's Hospital at Westmead, Sydney, Australia; Marta Gon-

zalez Vicent, Niño Jesus Children's Hospital, Madrid, Spain; Amir Ali

Hamidieh, Children's Medical Centre/Tehran University of Medical

Sciences, Teheran, Iran, Islamic. Rose-Marie Hamladji, Centre Pierre

et Marie Curie, Alger, Algeria; Yener Koc, Medicana International

Hospital Istanbul, Istanbul, Turkey; Bruno Lioure, Techniciens

d'Etude Clinique suivi de patients greffes, Strasbourg, France; Chris-

tine Mauz-Körholz, Justus-Liebig-University Giessen, Giessen,

GIARDINO ET AL. 1073

 10968652, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajh.27293 by L

eiden U
niversity L

ibraries, W
iley O

nline L
ibrary on [22/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Germany; Richard Mitchell, Sydney Children's Hospital, Sydney,

Australia; Katharine Patrick, Sheffield Childrens NHS Foundation

Trust, Sheffield, United Kingdom; Antonio Perez Martinez, Hospital

Universitario La Paz, Madrid, Spain; Jaime Sanz, University Hospital

La Fe, Valencia, Spain; Thomas Schroeder, University Hospital j
Essen, Duesseldorf, Germany; Johanna Tischer, Klinikum Grossha-

dern, Munich, Germany; Estelle Verburgh, University of Cape Town

Faculty of Health Sciences, Cape Town, South Africa; Robert

F. Wynn, Royal Manchester Children's Hospital, Manchester,

United Kingdom; Gülyüz Öztürk, Acibadem Saglik Hizm. ve Tic. A.S.,

Istanbul, Turkey. Open access funding provided by BIBLIOSAN.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest related to this study.

DATA AVAILABILITY STATEMENT

Data available on request from the authors.

PATIENT CONSENT STATEMENT

Participating centers obtained informed consent according to the local

regulations applicable at the time of transplantation in order to report

pseudonymized data.

ORCID

Stefano Giardino https://orcid.org/0000-0002-7788-6407

Antonio Risitano https://orcid.org/0000-0002-4744-5109

Régis Peffault de Latour https://orcid.org/0000-0001-6222-4753

REFERENCES

1. Wilson DB, Link DC, Mason PJ, Bessler M. Inherited bone marrow

failure syndromes in adolescents and young adults. Ann Med. 2014;

46(6):353-363. doi:10.3109/07853890.2014.915579

2. Dokal I, Tummala H, Vulliamy T. Inherited bone marrow failure in the

pediatric patient. Blood. 2022;140(6):556-570. doi:10.1182/blood.

2020006481

3. Alter BP, Giri N, Savage SA, Rosenberg PS. Cancer in the National

Cancer Institute inherited bone marrow failure syndrome cohort after

fifteen years of follow-up. Haematologica. 2018;103(1):30-39. doi:10.

3324/haematol.2017.178111

4. Shimamura A, Alter BP. Pathophysiology and management of inher-

ited bone marrow failure syndromes. Blood Rev. 2010;24(3):101-122.

5. Bluteau O, Sebert M, Leblanc T, et al. A landscape of germ line muta-

tions in a cohort of inherited bone marrow failure patients. Blood.

2018;131(7):717-732. doi:10.1182/blood-2017-09-806489

6. Dalle JH, Peffault de Latour R. Allogeneic hematopoietic stem

cell transplantation for inherited bone marrow failure syn-

dromes. Int J Hematol. 2016;103(4):373-379. doi:10.1007/

s12185-016-1951-0

7. Pierri F, Faraci M, Giardino S, Dufour C. Hematopoietic stem cell

transplantation for classical inherited bone marrow failure syndromes:

an update. Expert Rev Hematol. 2021 Oct;14(10):911-925. doi:10.

1080/17474086.2021.1977119

8. Benajiba L, Salvado C, Dalle JH, et al. HLA-matched related-donor

HSCT in Fanconi anemia patients conditioned with cyclophosphamide

and fludarabine. Blood. 2015;125(2):417-418. doi:10.1182/blood-

2014-10-605113

9. Peffault de Latour R, Porcher R, Dalle JH, et al. Allogeneic hemato-

poietic stem cell transplantation in Fanconi anemia: the European

Group for Blood and Marrow Transplantation experience. Blood.

2013 Dec 19;122(26):4279-4286. doi:10.1182/blood-2013-01-

479733

10. Fioredda F, Iacobelli S, Korthof ET, et al. Outcome of haematopoietic

stem cell transplantation in dyskeratosis congenita. Br J Haematol.

2018;183(1):110-118. doi:10.1111/bjh.15495

11. Miano M, Eikema DJ, de la Fuente J, et al. Stem cell transplantation

for diamond-Blackfan Anemia. A retrospective study on behalf of the

severe aplastic Anemia working Party of the European Blood and

Marrow Transplantation Group (EBMT). Transplant Cell Ther. 2021;

27(3):274.e1-274.e5. doi:10.1016/j.jtct.2020.12.024

12. Cancio M, Hebert K, Kim S, et al. Outcomes in hematopoietic stem

cell transplantation for congenital Amegakaryocytic thrombocytope-

nia. Transplant Cell Ther. 2022;28(2):101.e1-101.e6. doi:10.1016/j.

jtct.2021.10.009

13. Giardino S, de Latour RP, Aljurf M, et al. Outcome of patients with

Fanconi anemia developing myelodysplasia and acute leukemia who

received allogeneic hematopoietic stem cell transplantation: a retro-

spective analysis on behalf of EBMT group. Am J Hematol. 2020;

95(7):809-816. doi:10.1002/ajh.25810

14. Inamoto Y, Shah NN, Savani BN, et al. Secondary solid cancer screen-

ing following hematopoietic cell transplantation. Bone Marrow Trans-

plant. 2015;50(8):1013-1023. doi:10.1038/bmt.2015.63

15. Peffault de Latour R, Peters C, Gibson B, et al. Recommendations on

hematopoietic stem cell transplantation for inherited bone marrow

failure syndromes. Bone Marrow Transplant. 2015;50(9):1168-1172.

doi:10.1038/bmt.2015.117

16. Zubicaray J, Pagliara D, Sevilla J, et al. Haplo-identical or mismatched

unrelated donor hematopoietic cell transplantation for Fanconi ane-

mia: results from the severe aplastic Anemia working party of the

EBMT. Am J Hematol. 2021;96(5):571-579. doi:10.1002/ajh.26135

17. Mallhi KK, Srikanthan MA, Baker KK, et al. HLA-haploidentical hema-

topoietic cell transplantation for treatment of nonmalignant diseases

using nonmyeloablative conditioning and post-transplant cyclophos-

phamide. Biol Blood Marrow Transplant. 2020;26(7):1332-1341. doi:

10.1016/j.bbmt.2020.03.018

18. Bertaina A, Merli P, Rutella S, et al. HLA-haploidentical stem cell

transplantation after removal of αβ+ T and B cells in children with

nonmalignant disorders. Blood. 2014;124(5):822-826. doi:10.1182/

blood-2014-03-563817

19. Bacigalupo A, Ballen K, Rizzo D, et al. Defining the intensity of condi-

tioning regimens: working definitions. Biol Blood Marrow Transplant.

2009;15:1628-1633.

20. Aversa F, Tabilio A, Velardi A, et al. Hematopoietic stem cell trans-

plantation from alternative donors for high-risk acute leukemia: the

haploidentical option. Curr Stem Cell Res Ther. 2007 Jan;2(1):105-112.

doi:10.2174/157488807779316973

21. Ciceri F, Labopin M, Aversa F, et al. A survey of fully haploidentical

hematopoietic stem cell transplantation in adults with high-risk acute

leukemia: a risk factor analysis of outcomes for patients in remission

at transplantation. Blood. 2008;112(9):3574-3581. doi:10.1182/

blood-2008-02-140095

22. Reisner Y, Hagin D, Martelli MF. Haploidentical hematopoietic trans-

plantation: current status and future perspectives. Blood. 2011;

118(23):6006-6017. doi:10.1182/blood-2011-07-338822

23. Li Pira G, Malaspina D, Girolami E, et al. Selective depletion of αβ T

cells and B cells for human leukocyte antigen-haploidentical hemato-

poietic stem cell transplantation. A three-year follow-up of procedure

efficiency. Biol Blood Marrow Transplant. 2016;22(11):2056-2064. doi:

10.1016/j.bbmt.2016.08.006

24. Luznik L, Jalla S, Engstrom LW, Iannone R, Fuchs EJ. Durable engraft-

ment of major histocompatibility complex-incompatible cells after

nonmyeloablative conditioning with fludarabine, low-dose total body

irradiation, and posttransplantation cyclophosphamide. Blood. 2001;

98(12):3456-3464. doi:10.1182/blood.v98.12.3456

1074 GIARDINO ET AL.

 10968652, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajh.27293 by L

eiden U
niversity L

ibraries, W
iley O

nline L
ibrary on [22/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-7788-6407
https://orcid.org/0000-0002-7788-6407
https://orcid.org/0000-0002-4744-5109
https://orcid.org/0000-0002-4744-5109
https://orcid.org/0000-0001-6222-4753
https://orcid.org/0000-0001-6222-4753
info:doi/10.3109/07853890.2014.915579
info:doi/10.1182/blood.2020006481
info:doi/10.1182/blood.2020006481
info:doi/10.3324/haematol.2017.178111
info:doi/10.3324/haematol.2017.178111
info:doi/10.1182/blood-2017-09-806489
info:doi/10.1007/s12185-016-1951-0
info:doi/10.1007/s12185-016-1951-0
info:doi/10.1080/17474086.2021.1977119
info:doi/10.1080/17474086.2021.1977119
info:doi/10.1182/blood-2014-10-605113
info:doi/10.1182/blood-2014-10-605113
info:doi/10.1182/blood-2013-01-479733
info:doi/10.1182/blood-2013-01-479733
info:doi/10.1111/bjh.15495
info:doi/10.1016/j.jtct.2020.12.024
info:doi/10.1016/j.jtct.2021.10.009
info:doi/10.1016/j.jtct.2021.10.009
info:doi/10.1002/ajh.25810
info:doi/10.1038/bmt.2015.63
info:doi/10.1038/bmt.2015.117
info:doi/10.1002/ajh.26135
info:doi/10.1016/j.bbmt.2020.03.018
info:doi/10.1182/blood-2014-03-563817
info:doi/10.1182/blood-2014-03-563817
info:doi/10.2174/157488807779316973
info:doi/10.1182/blood-2008-02-140095
info:doi/10.1182/blood-2008-02-140095
info:doi/10.1182/blood-2011-07-338822
info:doi/10.1016/j.bbmt.2016.08.006
info:doi/10.1182/blood.v98.12.3456


25. Wolff SN. Second hematopoietic stem cell transplantation for the

treatment of graft failure, graft rejection or relapse after allogeneic

transplantation. Bone Marrow Transplant. 2002;29:545-552.

26. Teltschik H-M, Heinzelmann F, Gruhn B, et al. Treatment of graft fail-

ure with TNI-based reconditioning and haploidentical stem cells in

paediatric patients. Br J Haematol. 2016;175:115-122. doi:10.1111/

bjh.14190

27. Glucksberg H, Storb R, Fefer A, et al. Clinical manifestations of graft-

versus-host disease in human recipients of marrow from HL-

A-matched sibling donors. Transplantation. 1974;18(4):295-304.

28. Jagasia MH, Greinix HT, Arora M, et al. National Institutes of Health

consensus development project on criteria for clinical trials in

chronic graft-versus-host disease: I. The 2014 diagnosis and staging

working group report. Biol Blood Marrow Transplant. 2015;21(3):

389-401.

29. Giardino S, Pierri F, Faraci M. How to optimize outcome of patients

undergoing HLA-matched related haematopoietic stem cell transplan-

tation in acquired and inherited bone marrow failure syndromes. Br J

Haematol. 2023;203:158-160. doi:10.1111/bjh.19047

30. Luznik L, O'Donnell PV, Symons HJ, et al. HLA-haploidentical bone

marrow transplantation for hematologic malignancies using nonmye-

loablative conditioning and high-dose posttransplantation cyclophos-

phamide. Biol Blood Marrow Transplant. 2008;14:641-650. doi:10.

1016/j.bbmt.2008.03.005

31. Eichholz T, Döring M, Giardino S, et al. Haploidentical hematopoietic

stem cell transplantation as individual treatment option in pediatric

patients with very high-risk sarcomas. Front Oncol. 2023;13:1064190.

doi:10.3389/fonc.2023.1064190

32. Flaadt T, Ladenstein RL, Ebinger M, et al. Anti-GD2 antibody

Dinutuximab Beta and low-dose interleukin 2 after haploidentical

stem-cell transplantation in patients with relapsed neuroblastoma: a

multicenter, phase I/II trial. J Clin Oncol. 2023;41(17):3135-3148. doi:

10.1200/JCO.22.01630

33. Schumm M, Lang P, Bethge W, et al. Depletion of T-cell receptor

alpha/beta and CD19 positive cells from apheresis products with the

CliniMACS device. Cytotherapy. 2013 Oct;15(10):1253-1258. doi:10.

1016/j.jcyt.2013.05.014

34. Peters C, Matthes-Martin S, Fritsch G, et al. Transplantation of

highly purified peripheral blood CD34+ cells from HLA-mismatched

parental donors in 14 children: evaluation of early monitoring of

engraftment. Leukemia. 1999;13(12):2070-2078. doi:10.1038/sj.

leu.2401577

35. Platzbecker U, Ehninger G, Bornhäuser M. Allogeneic transplantation

of CD34+ selected hematopoietic cells—clinical problems and current

challenges. Leuk Lymphoma. 2004;45(3):447-453. doi:10.1080/

10428190310001615684

36. Kleinschmidt K, Lv M, Yanir A, Palma J, Lang P, Eyrich M. T-cell-

replete versus ex vivo T-cell-depleted haploidentical Haematopoietic

stem cell transplantation in children with acute lymphoblastic Leukae-

mia and other Haematological malignancies. Front Pediatr. 2021;9:

794541. doi:10.3389/fped.2021.794541

37. Merli P, Algeri M, Galaverna F, et al. Immune modulation properties of

zoledronic acid on TcRγδ T-lymphocytes after TcRαβ/CD19-depleted
haploidentical stem cell transplantation: an analysis on 46 pediatric

patients affected by acute leukemia. Front Immunol. 2020;11:699. doi:

10.3389/fimmu.2020.00699

38. Arnold DE, MacMath D, Seif AE, et al. Immune reconstitution follow-

ing TCRαβ/CD19-depleted hematopoietic cell transplantation for

hematologic malignancy in pediatric patients. Transplant Cell Ther.

2021;27(2):169.e1-169.e9. doi:10.1016/j.jtct.2020.10.006

39. Radjocic V, Luznik L. Mechanism of action of posttransplantation

cyclophosphamide: more than meets the eye. J Clin Invest. 2019;129:

2189-2191. doi:10.1172/JCI128710

40. Williams L, Cirrone F, Cole K, Abdul-Hay M, Luznik L, Al-Homsi AS.

Post-transplantation cyclophosphamide: from HLA-haploidentical to

matched-related and matched-unrelated donor blood and marrow

transplantation. Front Immunol. 2020;11:636. doi:10.3389/fimmu.

2020.00636

41. Hashem H, Najjar R, Abu-Shanap M, et al. Haploidentical hematopoi-

etic cell transplantation using post-transplant cyclophosphamide for

children with non-malignant diseases. J Clin Immunol. 2021;41(8):

1754-1761. doi:10.1007/s10875-021-01113-4

42. Balashov D, Shcherbina A, Maschan M, et al. Single-center experience

of unrelated and haploidentical stem cell transplantation with TCRαβ
and CD19 depletion in children with primary immunodeficiency syn-

dromes. Biol Blood Marrow Transplant. 2015;21(11):1955-1962. doi:

10.1016/j.bbmt.2015.07.008

43. Merli P, Pagliara D, Galaverna F, et al. TCRαβ/CD19 depleted HSCT

from an HLA-haploidentical relative to treat children with different

nonmalignant disorders. Blood Adv. 2022;6(1):281-292. doi:10.1182/

bloodadvances.2021005628

44. Giardino S, Bagnasco F, Falco M, et al. Haploidentical stem cell trans-

plantation after TCR-αβ+ and CD19+ cells depletion in children with

congenital non-malignant disease. Transplant Cell Ther. 2022;28(7):

394.e1-394.e9. doi:10.1016/j.jtct.2022.04.002

45. Shah RM, Elfeky R, Nademi Z, et al. T-cell receptor αβ+ and CD19+

cell-depleted haploidentical and mismatched hematopoietic stem cell

transplantation in primary immune deficiency. J Allergy Clin Immunol.

2018;141(4):1417-1426.e1. doi:10.1016/j.jaci.2017.07.008 Epub

2017 Aug 3. Erratum in: J Allergy Clin Immunol. 2019 May;143(5):

1977. PMID: 28780238.

46. Ayas M, Siddiqui K, Al-Jefri A, et al. Successful outcome in

patients with Fanconi Anemia undergoing T cell-replete mis-

matched related donor hematopoietic cell transplantation using

reduced-dose cyclophosphamide post-transplantation. Biol

Blood Marrow Transplant. 2019 Nov;25(11):2217-2221. doi:10.

1016/j.bbmt.2019.07.010

47. Thakar MS, Bonfim C, Walters MC, et al. Dose-adapted post-

transplant cyclophosphamide for HLA-haploidentical transplantation

in Fanconi anemia. Bone Marrow Transplant. 2017;52(4):570-573. doi:

10.1038/bmt.2016.301

48. Bonfim C, Ribeiro L, Nichele S, et al. Haploidentical bone marrow

transplantation with post-transplant cyclophosphamide for children

and adolescents with Fanconi Anemia. Biol Blood Marrow Transplant.

2017 Feb;23(2):310-317. doi:10.1016/j.bbmt.2016.11.006

49. Strocchio L, Pagliara D, Algeri M, et al. HLA-haploidentical TCRαβ
+/CD19+-depleted stem cell transplantation in children and young

adults with Fanconi anemia. Blood Adv. 2021;5(5):1333-1339. doi:10.

1182/bloodadvances.2020003707

50. Handgretinger R, Arendt AM, Maier CP, Lang P. Ex vivo and

in vivo T-cell depletion in allogeneic transplantation: towards less

or non-cytotoxic conditioning regimens. Expert Rev Clin Immunol.

2022;18(12):1285-1296. doi:10.1080/1744666X.2022.2134857

51. Uppuluri R, Swaminathan VV, Ramanan KM, et al. Haploidentical

stem cell transplantation with post-transplant cyclophosphamide in

Fanconi Anemia: improving outcomes with improved supportive care

in India. Biol Blood Marrow Transplant. 2020;26(12):2292-2298. doi:

10.1016/j.bbmt.2020.08.019

52. Uppuluri R, Sivasankaran M, Patel S, et al. Haploidentical stem cell

transplantation with post-transplant cyclophosphamide for primary

immune deficiency disorders in children: challenges and outcome

from a tertiary Care Center in South India. J Clin Immunol. 2019;39(2):

182-187. doi:10.1007/s10875-019-00600-z

53. Ricci A, Jin Z, Bourgeois W, et al. Financial impact of post-transplant

complications among children undergoing allogeneic hematopoietic

cell transplantation. Bone Marrow Transplant. 2020;55(7):1421-1429.

doi:10.1038/s41409-020-0899-0

54. Lima ACM, Bonfim C, Getz J, et al. The impact of donor-specific anti-

human leukocyte antigen antibodies in salvage haploidentical hema-

topoietic cell transplantation with posttransplant cyclophosphamide

GIARDINO ET AL. 1075

 10968652, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajh.27293 by L

eiden U
niversity L

ibraries, W
iley O

nline L
ibrary on [22/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

info:doi/10.1111/bjh.14190
info:doi/10.1111/bjh.14190
info:doi/10.1111/bjh.19047
info:doi/10.1016/j.bbmt.2008.03.005
info:doi/10.1016/j.bbmt.2008.03.005
info:doi/10.3389/fonc.2023.1064190
info:doi/10.1200/JCO.22.01630
info:doi/10.1016/j.jcyt.2013.05.014
info:doi/10.1016/j.jcyt.2013.05.014
info:doi/10.1038/sj.leu.2401577
info:doi/10.1038/sj.leu.2401577
info:doi/10.1080/10428190310001615684
info:doi/10.1080/10428190310001615684
info:doi/10.3389/fped.2021.794541
info:doi/10.3389/fimmu.2020.00699
info:doi/10.1016/j.jtct.2020.10.006
info:doi/10.1172/JCI128710
info:doi/10.3389/fimmu.2020.00636
info:doi/10.3389/fimmu.2020.00636
info:doi/10.1007/s10875-021-01113-4
info:doi/10.1016/j.bbmt.2015.07.008
info:doi/10.1182/bloodadvances.2021005628
info:doi/10.1182/bloodadvances.2021005628
info:doi/10.1016/j.jtct.2022.04.002
info:doi/10.1016/j.jaci.2017.07.008
info:doi/10.1016/j.bbmt.2019.07.010
info:doi/10.1016/j.bbmt.2019.07.010
info:doi/10.1038/bmt.2016.301
info:doi/10.1016/j.bbmt.2016.11.006
info:doi/10.1182/bloodadvances.2020003707
info:doi/10.1182/bloodadvances.2020003707
info:doi/10.1080/1744666X.2022.2134857
info:doi/10.1016/j.bbmt.2020.08.019
info:doi/10.1007/s10875-019-00600-z
info:doi/10.1038/s41409-020-0899-0


in patients with nonmalignant disorders. HLA. 2021;97(6):493-504.

doi:10.1111/tan.14277

55. Dietz AC, Savage SA, Vlachos A, et al. Late effects screening

guidelines after hematopoietic cell transplantation for inherited

bone marrow failure syndromes: consensus statement from the

second pediatric blood and marrow transplant consortium interna-

tional conference on late effects after pediatric HCT. Biol Blood

Marrow Transplant. 2017;23(9):1422-1428. doi:10.1016/j.bbmt.

2017.05.022

56. Svahn J, Bagnasco F, Cappelli E, et al. Somatic, hematologic pheno-

type, long-term outcome, and effect of hematopoietic stem cell trans-

plantation. An analysis of 97 Fanconi anemia patients from the Italian

national database on behalf of the marrow failure study group of the

AIEOP (Italian Association of Pediatric Hematology-Oncology).

Am J Hematol. 2016;91(7):666-671. doi:10.1002/ajh.24373

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Giardino S, Eikema D-J,

Piepenbroek B, et al. HLA-haploidentical stem cell

transplantation in children with inherited bone marrow failure

syndromes: A retrospective analysis on behalf of EBMT severe

aplastic Anemia and pediatric diseases working parties. Am

J Hematol. 2024;99(6):1066‐1076. doi:10.1002/ajh.27293

1076 GIARDINO ET AL.

 10968652, 2024, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajh.27293 by L

eiden U
niversity L

ibraries, W
iley O

nline L
ibrary on [22/05/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

info:doi/10.1111/tan.14277
info:doi/10.1016/j.bbmt.2017.05.022
info:doi/10.1016/j.bbmt.2017.05.022
info:doi/10.1002/ajh.24373
info:doi/10.1002/ajh.27293

	HLA-haploidentical stem cell transplantation in children with inherited bone marrow failure syndromes: A retrospective anal...
	1  INTRODUCTION
	2  MATHERIALS AND METHODS
	2.1  Study design and selection criteria
	2.2  Definitions
	2.3  Statistical analyses

	3  RESULTS
	3.1  Patients' and transplants' characteristics
	3.2  Engraftment, graft failure and Graft-versus-Host Disease
	3.3  Survival and causes of death
	3.4  Impact of diagnosis and conditioning regimen
	3.5  Impact of different T-cell depletion approach
	3.6  Focus on the different sub diagnoses: Fanconi Anemia and non-FA classical IBMFs

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	PATIENT CONSENT STATEMENT
	REFERENCES


