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Abstract
Many sickle cell disease (SCD) patients lack matched family donors (MFD) or matched unrelated donors (MUD), imply-
ing haploidentical donors (MMFD) as a logical donor choice. We used a reduced toxicity protocol for all donor types. We 
included 31 patients (2–22 years) with MFD (n = 15), MMFD (10), or MUD (6) HSCT and conditioning with alemtuzumab/
ATG, thiotepa, fludarabine and treosulfan, and post-transplant cyclophosphamide for MMFD. After the initial six patients, 
treosulfan was replaced by targeted busulfan (AUC 65–75 ng*h/ml). After a median follow-up of 26 months (6–123), all 
patients are alive and off immunosuppression. Two MMFD patients experienced secondary graft failure with recurrence of 
SCD, both after treosulfan conditioning. Neither acute GVHD ≥ °III nor moderate/severe chronic GVHD was observed. The 
disease-free, severe GVHD-free survival was 100%, 100%, and 80% in the MFD, MUD, and MMFD groups, respectively 
(p = 0.106). There was a higher rate of virus reactivation in MMFD (100%) and MUD (83%) compared to MFD (40%; 
p = 0.005), but not of viral disease (20% vs 33% vs 13%; p = 0.576). Six patients had treosulfan-based conditioning, two of 
whom experienced graft failure (33%), compared to 0/25 (0%) after busulfan-based conditioning (p = 0.032). Donor chimer-
ism was ≥ 80% in 28/31 patients (90%) at last follow-up. Reduced toxicity myeloablative conditioning resulted in excellent 
overall survival, negligible GVHD, and low toxicity among all donor groups in pediatric and young adult patients with SCD.
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Introduction

Sickle cell disease (SCD) has an incidence of approximately 
300,000 annual births worldwide and results in reduced life 
expectancy and impaired quality of life, even with best 
available supportive care in high-resource countries [1, 2]. 
Novel disease-modifying drugs have recently become avail-
able, but their long-term protective effect on SCD-related 
organ damage is unclear [3]. Potentially curative gene-mod-
ifying treatments are in clinical testing and early efficacy 
results look promising, but long-term safety still needs to 
be demonstrated [4, 5]. Even if approved, these treatments 
will not be available to the majority of SCD patients for 

socio-economic reasons [6]. Allogeneic hematopoietic stem 
cell transplantation (HSCT) is currently the only curative 
option for symptomatic SCD and can improve quality of life 
of affected patients and families [7, 8], but can be associated 
with significant therapy-related morbidity and mortality.

HSCT from matched family donors (MFD) is the standard 
of care for patients with SCD in some high-resource coun-
tries like Germany [9], but is more controversially discussed 
elsewhere [10, 11]. Excellent survival with low rates of graft 
versus host disease (GVHD) and improved post HSCT quality 
of life has been demonstrated [8, 12–14]. For patients lacking 
a MFD, it is often impossible to identify a matched or partially 
matched unrelated donor (MUD) [15]. Therefore, HSCT from 
HLA-haploidentical mismatched family donors (MMFD) is 
a relevant alternative [16]. HSCT from MMFD was increas-
ingly successful over the last years due to improved methods 
of GVHD prevention by in vitro or in vivo lymphodepletion 
[17–20]. In vivo manipulation of alloreactive T-cells with 
post transplantation cyclophosphamide (PTCY) is attractive 
because of low GVHD rates reported in malignant disor-
ders and its minimal economic impact, making it a feasible 
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option also at HSCT centers in low to middle-income coun-
tries [6, 16, 21]. The published evidence of haploidentical 
HSCT with PTCY in SCD is growing but still limited [22]. 
Reported series often comprised pediatric as well as adult 
patients, included diseases other than SCD, or reported high 
graft-failure rates [19, 21, 23].

We hypothesized that by using a reduced toxicity, mye-
loablative chemotherapy-based HSCT protocol with inten-
sive immunosuppression determined by donor/recipient 
HLA mismatch, we could achieve high survival rates and 
low GVHD incidence in our SCD patients. This manuscript 
reports the results of this protocol with MFD, MUD, and 
MMFD in pediatric, adolescent, and young adult SCD 
patients.

Methods

Study design

This was a retrospective, chart-based study. All patients or 
their respective caregivers gave written informed consent to 
the treatment according to this institutional protocol and to 
data storage and analysis via the German Pediatric Registry 
for Stem cell Transplantation.

Patients and donors

All pediatric and young adult patients with SCD undergo-
ing allogeneic HSCT at our center from 2012 to 2022 were 
included with no pre-defined exclusion criteria other than ter-
minal organ damage. The donor choice hierarchy was HLA-
match (MFD > 10/10 MUD > 9/10 MUD > MMFD), followed 
by CMV serostatus, blood type, and donor age. Three patients 
with MMFD and two with MUD were previously reported [15, 
20]. All patients had received ongoing treatment with hydroxy-
carbamide before HSCT according to national guidelines [9], 
which was stopped immediately before conditioning, and all 
patients had three partial exchange transfusions to lower HbS 
levels to approx. 30–35% in the week before conditioning,

Procedures

Patients receiving HSCT from MMFD were conditioned 
with alemtuzumab 2 × 0.2 mg/kg/day (d-9 to d-8), thiotepa 
2 × 5 mg/kg (d-8), fludarabine 5 × 30 mg/m2 (d-7 to d-3), 
treosulfan 3 × 14 g/m2 (d-7 to d-5), and cyclophospha-
mide 2 × 14.5 mg/kg/d (d-3 to d-2). After the initial five 
patients, treosulfan was replaced by targeted intravenous 
busulfan (weight-based dosing, four times per day; d-7 to 
d-5) aiming at an AUC of 65–75 ng*h/ml due to institu-
tional concerns about insufficient myeloablation. MUD and 
MFD recipients were conditioned with thiotepa 2 × 5 mg/

kg (d-7), fludarabine 5 × 30 mg/m2 (d-6 to d-2), and busul-
fan with a target AUC of 65–75 ng*h/ml (d-6 to d-4, four 
times daily, pharmacokinetics after the first dose), except 
for one MUD recipient who received treosulfan. All MFD 
and three MUD recipients received serotherapy with ATG 
Grafalon® (Neovii, Germany) 3 × 15 mg/kg (d-4 to d-2). 
The three remaining MUD patients received alemtuzumab 
4 × 0.2 mg/kg (d-6 to d-3). This was due to a change in 
institutional policies towards alemtuzumab because of its 
efficacy and GVHD prevention properties in children with 
non-malignant diseases [24]. A schematic table of the con-
ditioning regimens is provided as supplemental Table 1. In 
MMFD transplants, GVHD prophylaxis consisted of post-
transplant cyclophosphamide (PTCY) 50 mg/kg/day on 
d + 3 and d + 4, followed by mycophenolate mofetil (MMF; 
d + 5 to d + 35) and tacrolimus (d + 5 to d + 100, then 
tapered). MUD and MFD transplant recipients received 
immunosuppression with cyclosporine A (d-1 to d + 100, 
then tapered) and MMF (d0 to d + 28). Bone marrow was 
the preferred stem cell source and was used in all patients 
but one MUD recipient. Supportive therapy was performed 
according to institutional standards including levetiracetam 
seizure prophylaxis, acyclovir (but not letermovir) antivi-
ral prophylaxis, weekly blood PCR screening for CMV, 
EBV, and adenovirus, and a platelet transfusion level at 
10 × 10^9/l.

Definitions

Acute GVHD was staged according to modified Glucks-
berg criteria and chronic GVHD according to NIH consen-
sus standards [25, 26]. Viral screening was performed by 
weekly blood PCR for CMV, EBV, and adenovirus. Viral 
reactivation was defined as positive blood PCR without clin-
ical symptoms. Veno-occlusive disease (VOD) was graded 
according to EBMT criteria [27]. Neutrophil and platelet 
engraftment were defined as the first of 3 consecutive days 
with ≥ 0.5 × 10/l neutrophils and the first of 7 consecutive 
days with ≥ 50 × 10/l platelets in peripheral blood, respec-
tively. Hepatic or renal toxicity was defined as Common 
Terminology Criteria for Adverse Events (CTCAE) ≥ 3 for 
alanine aminotransferase or total serum bilirubin, and cre-
atinine, respectively. Event-free survival (EFS) was defined 
as disease-free (no SCD symptoms) and severe GVHD-free 
(no. III–IV acute GVHD or moderate/severe chronic GVHD) 
survival.

Statistics

Non-parametric data are presented as median and inter-
quartile range (IQR) unless otherwise noted. Survival prob-
abilities were compared using the log-rank (Mantel-Cox) 
test, categorical variables using Chi-square, and numerical 
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variables using one way ANOVA. p-values < 0.05 were con-
sidered statistically significant. Statistical analyses were per-
formed using GraphPad Prism 7.0 (San Diego, CA).

Results

Patient and transplant characteristics

Overall, 31 patients received a first allogeneic HSCT at a 
median age of 8 years (range 2–22), 15 from a MFD, six 
from a MUD, and ten from a MMFD. All had previously 
experienced severe SCD-related complications except one 
MFD patient who was only mildly symptomatic. All ten 
MMFD were parental HLA-haploidentical donors. Four 
MUD donors were 9/10 HLA-matched (all with an HLA-A 
antigen mismatch). All grafts (except one MUD) were bone 
marrow, containing a median of 2.8, 6.2, and 5.1 *  108 total 
nucleated cells/kg in the MFD, MUD, and MMFD trans-
plants, respectively (p < 0.001). Two MMFD recipients had 
donor-specific anti-HLA antibodies with a mean fluores-
cence intensity > 5000 and received three to five sessions 
of plasmapheresis and one dose of rituximab (375 mg/m2) 
pre HSCT in line with EBMT recommendations [28], which 
resulted in marked decrease of antibody levels to less than 
1000. Both received treosulfan conditioning, and one of 
these patients had very late secondary graft failure at 6 years 
post HSCT as described below. Detailed patient and trans-
plant characteristics are presented in Table 1.

Outcome

After a median follow-up of 26 months (range 6–123), all 
31 patients are alive (Fig. 1A) and off immunosuppression. 
Two patients in the MMFD group experienced secondary 
graft failure with a relapse of sickle cell disease symptoms; 
both had treosulfan conditioning. There were two patients 
each with acute GVHD °II in the MMFD and MUD groups, 
respectively. One MUD and one MFD recipient developed 
mild chronic GVHD (skin, oral mucosa). Both are off treat-
ment and without signs of active GVHD at last follow up. 
Neither acute GVHD ≥ °III nor moderate/severe chronic 
GVHD was observed in our cohort. There was no significant 
difference in acute or chronic GVHD incidence between the 
three donor groups (p = 0.086 and 0.421; Table 2; Fig. 2). 
Immunosuppression was terminated at a median of 135 days 
(IQR 121–146) after HSCT (Table 2). The disease-free, 
severe GVHD-free EFS was therefore 80%, 100%, and 
100% in the MMFD, MUD, and MFD groups, respectively 
(p = 0.106; Table 2; Fig. 1B).

Complications and toxicity

The incidence of veno-occlusive disease (VOD) was over-
all very low with one MUD and one MMFD patient devel-
oping mild VOD (p = 0.732; Table 2). There was a sig-
nificantly higher incidence of acute hepatic toxicity in the 
MMFD group with 50% of patients experiencing alanine 
transaminase (but not bilirubine) elevation of CTCAE °3 
in the first 100 days (p = 0.002). No renal toxicity assessed 
by serum creatinine elevation was observed (Table 2). 
Posterior reversible encephalopathy syndrome (PRES) or 
other CNS toxicities were not observed. Oral mucositis was 
more severe in the MMFD cohort (median WHO grade 3), 
compared to the MUD (2) and MFD (1) groups (p = 0.026; 
Table 2). There was a higher incidence of virus reactiva-
tion in the MMFD (100%) and MUD (83%) donor groups 
compared to the MFD group (40%; p = 0.005), but not of 
viral disease (20% vs 33% vs 13%; p = 0.576; Table 2). One 
patient in the MFD group experienced symptomatic CMV 
disease (fever only, treated successfully with ganciclovir), 
and one MUD recipient had BK virus–associated hemor-
rhagic cystitis. No patient developed EBV-associated post 
transplantation lymphoproliferative disease.

Engraftment and immune reconstitution

Neutrophil engraftment occurred significantly later in the 
MFD group [median (IQR): 18 (16–20) days (MMFD) 
vs 17 (16–19) days (MUD) vs 22 (21–24) days (MFD), 
p < 0.001], and platelet engraftment occurred slightly later in 
the MMFD group [median (IQR): 25 (20–32) days (MMFD) 
vs 17 (15–17) days (MUD) vs 22 (18–25) days (MFD), 
p = 0.047, Table 2; Fig. 3]. The kinetics of cellular immune 
reconstitution as measured on d + 100, d + 180, and d + 365 
was similar across donor groups, with the exception of a 
slower recovery of CD3 + and CD8 + T-cells at d + 100 in 
MUD compared to MFD recipients (p = 0.013 and p = 0.014, 
respectively; Fig. 4).

Chimerism and disease status

Whole blood donor chimerism was ≥ 80% in 28/31 patients 
(90%) at last follow-up (Table 2). Chimerism results at last 
follow-up and detailed progression of chimerism for the 
three patients (2 MMFD, 1 MFD) with lower chimerism 
are shown in Fig. 5. One of the two patients in the MMFD 
group who experienced secondary graft failure had rapid 
autologous reconstitution with reappearance of SCD symp-
toms at 3 months after HSCT, while the other patient had 
a slow decline until she presented with symptomatic vaso-
occlusive crises (VOC) at the 6-year follow-up with 15% 
donor chimerism and 75% HbS. Both MMFD recipients with 
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Table 1  Patient and transplant characteristics

ATG  anti-thymocyte globulin, BU busulfan, CSA cyclosporine A, CY cyclophosphamide, FLU fludarabine, IQR inter quartile range, MMF 
mycophenolate mofetil, PTCY  post-transplant cyclophosphamide, RBC red blood cell, SCD sickle cell disease, TAC  tacrolimus, tAUC  total area 
under the curve, TNC total nucleated cells, TREO treosulfan, TT thiotepa
a Other complications included: osteomyelitis, arterial hypertension, osteonecrosis, hemolysis, severe infections and psychiatric alterations
b All four had an antigen mismatch at HLA-A

All patients MFD MUD MMFD

n = 31 15 6 10

Patient characteristics
Sex, n (female/male) 13/18 2/13 3/3 8/2
 Age, years (median, range) 8 (2–22) 8 (2–15) 8 (3–17) 7 (3–22)
    < 12 years, n 24 12 4 8
    12–18 years 5 3 2 -
   > 18 years 2 - - 2

SCD complications, n (%) 30/31 (97%) 14/15 (93%) 6/6 (100%) 10/10 (100%)
   Vaso-occlusive crises 29/31 (94%) 13/15 (87%) 6/6 (100%) 10/10 (100%)
   Stroke 4/31 (13%) 1/15 (7%) 1/6 (17%) 2/10 (20%)
   Acute chest syndrome 13/31 (42%) 6/15 (40%) 3/6 (50%) 4/10 (40%)
   RBC alloimmunization 3/31 (10%) - - 3/10 (30%)
    Othera 21/31 (68%) 10/15 (67%) 5/6 (83%) 6/10 (60%)

Anti-donor HLA antibodies, n (%) 2/31 (6%) 0/15 (0%) 0/6 (0%) 2/10 (20%)
Transplant characteristics
Donor age, years (range) 26 (1–57) 10 (1–52) 36 (21–48) 35 (26–57)
HLA match, n (%)
   10/10 15/15 (100%) 2/6 (33%) -
   9/10 - 4/6b (67%) -
   7/10 - - 2/10 (20%)
   5/10 - - 8/10 (80%)

Female donor/male recipient 8/31 (26%) 5/15 (33%) 3/6 (50%) 0/10 (0%)
Blood type mismatch (none/minor/major) 20/4/7 8/3/4 4/0/2 8/1/1
CMV status, recipient/donor, n (%)
   − / − 2/31 (6%) 2/15 (13%) - -
   + / − , − / + , + / + 29/31 (94%) 13/15 (87%) 6/6 (100%) 10/10 (100%)

Bone marrow as stem cell source, n (%) 30/31 (97%) 15/15 (100%) 5/6 (83%) 10/10 (100%)
Graft composition, median (IQR)
   TNC * 10^8/kg 4.4 (2.8–5.2) 2.8 (2.4–4.1) 6.2 (5.1–7.3) 5.1 (4.4–5.6)
   CD34 + *10^6/kg 4.2 (3.1–7.0) 3.5 (3.2–5.1) 8.1 (3.7–9.7) 3.9 (3.2–6.2)
   CD3 + *10^6/kg 28.4 (19.5–38.7) 20.0 (16.6–28.7) 49.9 (31.3–75.3) 30.3 (26.0–50.3)

Conditioning, n (%)
   BU-FLU-TT 20/31 (65%) 15/15 (100%) 5/6 (83%) -
   BU-FLU-TT-CY 5/31 (16%) - - 5/10 (50%)
   TREO-FLU-TT 1/31 (3%) - 1/6 (17%) -
   TREO-FLU-TT-CY 5/31 (16%) - - 5/10 (50%)

Busulfan tAUC, ng*h/ml, median (IQR) 66 (61–67) 66 (63–68) 65 (61–66) 63 (61–67)
Serotherapy, n (%)
   Alemtuzumab 13/31 (42%) - 3/6 (50%) 10/10 (100%)
   ATG 18/31 (58%) 15/15 (100%) 3/6 (50%) -

GVHD prophylaxis, n (%)
   CSA, MMF 15/15 (100%) 6/6 (100%) -
   PTCY, TAC, MMF - - 10/10 (100%)
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graft failure had received treosulfan-based conditioning; nei-
ther had an AB0 mismatch. All other patients remain free 
from SCD-related symptoms, and no VOCs were observed 
after HSCT. Overall, six patients had a treosulfan-based 
conditioning, two of whom experienced graft failure (33%), 
compared to 0/25 (0%) after busulfan-based conditioning 
(p = 0.032).

One MFD recipient, whose sibling donor has sickle cell 
trait, has 13% whole blood donor chimerism but 36% HbS 
— which corresponds to the HbS level of his donor — and a 
normal hemoglobin level of 11.8 g/dl 25 months after HSCT. 
There was no AB0 blood type mismatch. and there were 
no minor red blood cell markers available allowing us to 
demonstrate the presumably complete erythropoetic donor 
chimerism. All other patients, in whom HbS levels were 
assessed, either had levels equivalent to their sickle cell trait 
donors (8/8) or an HbS level of 0% (6/6).

Discussion

In this retrospective study, we observed 100% overall sur-
vival after allogeneic hematopoietic stem cell transplantation 
(HSCT) for symptomatic sickle cell disease in children, ado-
lescents, and young adults without severe acute or chronic 
graft-versus-host disease (GVHD), regardless of donor type. 
Engraftment and immune reconstitution were comparable, 
and disease-free, severe GVHD-free survival was 100% in 
MFD and MUD recipients and 80% in MMFD recipients.

While the sample size was too low in this study to make 
robust comparisons between donor groups, there were some 
subtle differences in outcome. Two patients with MMFD 
experienced secondary graft failure with autologous 

reconstitution. One of them had pre HSCT anti donor HLA 
antibodies, but the secondary graft failure occurred 6 years 
after HSCT, making it highly unlikely that these antibodies 
caused the graft failure. There was no graft failure in any of 
the other donor groups.

Since SCD is a non-malignant hematologic disorder, 
avoiding GVHD is of utmost importance. Successful GVHD 
prevention by in vitro or in vivo lymphodepletion has been 
reported for haploidentical HSCT in SCD [17–20]. GVHD 
rates were remarkably low in our patients with the complete 
absence of severe acute and chronic GVHD in all donor 
groups including 9/10 MUD and MMFD. We believe this is 
at least in part due to the use of serotherapy in all patients 
regardless of donor source, and the young average age of 
our cohort, which also allowed for early termination of 
immunosuppression. Other studies have also found that the 
combination of serotherapy and PTCY is very effective in 
preventing GVHD in the MMFD setting [16, 29, 30], includ-
ing a recent study by Oostenbrink et al. who used PTCY 
with serotherapy for MMFD as well as 9/10 HLA-matched 
unrelated donors in children with hemoglobinopathies [19]. 
It has to be noted that the MUD recipients in our cohort did 
not receive PTCY even though four of the six were only 9/10 
matched. Our results are also in line with pooled outcome 
data recently analyzed in a systematic literature review of 
predominantly matched donor transplants for SCD [22], as 
well as with outcomes achieved in pilot trials with in vitro 
T-cell depletion [18, 31]. Our data suggest that PTCY com-
bined with serotherapy is effective and safe in this donor 
group [16, 29, 32]. It is important to note that prospective 
trials in haploidentical HSCT are urgently needed, and 
one such trial with in vitro T-cell depletion (EudraCT No 
2018-002652-33) is currently recruiting. The addition of 

Fig. 1  Overall and event-free survival. A Overall survival of the entire cohort. B Event-free survival (events: III–IV acute GVHD, moderate/
severe chronic GVHD, SCD relapse, death) by donor groups
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cyclophosphamide may potentially result in increased long-
term toxicity, underlining the necessity for careful long-term 
follow-up [33, 34].

In the past years, some studies have noted higher rates of 
mixed chimerism or second HSCT after treosulfan-based 
conditioning compared to fully myeloablative busulfan in 

Table 2  Outcome

ALT alanine transaminase, BSI blood stream infection, CTCAE common terminology criteria for adverse events, IQR interquartile range, TMA 
thrombotic microangiopathy, VOD veno-occlusive disease
a Comparison of the three donor groups. Chi square was used for categorical variables, one-way ANOVA for continuous variables
b Some patients had more than one virus reactivation and therefore, individual numbers may not add up to overall number
c 2 × SARS-CoV-2, 1 × BK, 1 × Parvo B19, 1 × Influenza A

All patients MFD MUD MMFD pa

n = 31 15 6 10

Median follow-up, months (range) 26 (6–123) 26 (12–86) 29 (12–123) 14 (6–98)
Status at last follow-up
   Alive, n (%) 31/31 (100%) 15/15 (100%) 6/6 (100%) 10/10 (100%) n/a
   Free of SCD, n (%) 29/31 (94%) 15/15 (100%) 6/6 (100%) 8/10 (80%) 0.106

Chimerism at last follow-up
   ≥ 90% donor 26/31 (84%) 13/15 (87%) 5/6 (83%) 8/10 (80%) 0.482
   80–89% donor 2/31 (6%) 1/15 (7%) 1/6 (17%) 0/10 (0%)
   < 80% donor 3/31 (10%) 1/15 (7%) 0/6 (0%) 2/10 (20%)

Engraftment
 Days post HSCT, median (IQR)
     Neutrophils > 500 × 10/l 20 (17–22) 22 (21–24) 17 (16–19) 18 (16–20)  < 0.001
     Platelets > 50 × 10/l 22 (17–25) 22 (18–25) 17 (15–17) 25 (20–32) 0.190

GVHD
  Acute GVHD, n (%)

     II 4/31 (13%) 0/15 (0%) 2/6 (33%) 2/10 (20%) 0,086
     III–IV° 0/31 (0%) 0/15 (0%) 0/6 (0%) 0/10 (0%) -
  Chronic GVHD, n (%)

     Mild 2/31 (6%) 1/15 (7%) 1/6 (17%) 0/10 (0%) 0.421
     Moderate/severe 0/31 (0%) 0/15 (0%) 0/6 (0%) 0/10 (0%) -
     End of immunosuppression days post 

HSCT, median (IQR)
135 (121–146) 141 (133–143) 146 (122–192) 124 (111–134) 0.044

  Acute toxicity
     VOD or TMA, n (%) 2/31 (6%) 1/15 (7%) 0/6 (0%) 1/10 (10%) 0.732
     Mucositis WHO grade, median (range) 2 (0–4) 1 (0–3) 2 (1–4) 3 (2–4) 0.026
  Organ toxicity ≥ CTCAE °3

     Hepatic (ALT or bilirubine) 5/31 (16%) 0/15 (0%) 0/6 (0%) 5/10 (50%) 0.002
     Renal (creatinine) 0/31 (0%) 0/15 (0%) 0/6 (0%) 0/10 (0%) -

Infections
  Viral reactivations, n (%)b

     Overall 21/31 (68%) 6/15 (40%) 5/6 (83%) 10/10 (100%) 0.005
     CMV 18/31 (58%) 5/13 (38%) 4/6 (67%) 9/10 (90%) -
     EBV 3/31 (10%) 1/15 (7%) 1/6 (17%) 1/10 (10%) -
     ADV 2/31 (6%) 1/15 (7%) 1/6 (17%) 1/10 (10%) -
     VZV 1/31 (3%) 0/15 (0%) 0/6 (0%) 1/10 (10%) -
  Viral disease, n (%)

     Overall 6/31 (19%) 2/15 (13%) 2/6 (33%) 2/10 (20%) 0.576
     CMV 1/31 (3%) 1/15 (7%) 0/6 (0%) 0/10 (0%) -
      Otherc 5/31 (16%) 1/15 (7%) 2/6 (33%) 2/10 (20%) -
     Bacterial BSI 10/31 (32%) 4/15 (27%) 4/6 (67%) 2/10 (20%) 0.125



3223Annals of Hematology (2023) 102:3217–3227 

1 3

various diseases [35, 36], including a recent retrospective 
EBMT analysis in thalassemia major [37]. Our condition-
ing protocol for MMFD and MUD was initially treosulfan-
based. However, we observed declining donor chimerism 
in two of six patients, one of them with anti-donor HLA 
antibodies pre HSCT. Subsequently, treosulfan was replaced 
by targeted busulfan with the same target AUC as in MFD 
recipients after these initial six patients, and no further graft 
failures were observed. This observation in a limited num-
ber of patients does not imply that treosulfan is generally 
less myeloablative than busulfan, and further exploration 
— preferably in prospective studies — is required also to 
define an optimal busulfan target AUC for this population. 
In general, intensification of myeloablation may be possible 
in order to avoid graft failure in young SCD patients, but 
should be explored very carefully in adults [11]. Busulfan 

has been reported for conditioning in SCD for MSD trans-
plants in younger patients [12], or for adolescents and young 
adults [38], and is currently being evaluated in the prospec-
tive BMT-CTN 1503 trial (ClinicalTrials.gov identifier: 
NCT02766465). We believe its myeloablation/toxicity ratio 
can be favorable if used with pharmacokinetic monitoring 
[39]. The busulfan AUC used in our protocol lies below the 
reported fully myeloablative AUC, possibly reducing toxic-
ity [39]. However, the addition of thiotepa to the regimen 
may have helped to ensure durable engraftment. Avoiding 
graft failure with autologous reconstitution may be espe-
cially important in SCD because of the possible risk for sec-
ondary hematopoietic neoplasms after graft failure [40, 41].

There was a higher rate of temporary hepatic toxicity 
(elevated transaminases) and oral mucositis in the MMFD 
recipients, most likely due to the co-administration of 

Fig. 2  GVHD. Cumulative incidence of (A) I–II acute GVHD and (B) mild chronic GVHD by donor groups. There was neither acute GVHD 
°III–IV nor mild/moderate chronic GVHD

Fig. 3  Engraftment. Cumulative incidence of (A) neutrophil engraftment (> 0.5 × 10/l) and (B) platelet engraftment (> 50 × 10/l) by donor 
groups
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cyclophosphamide in the PTCY protocol [42]. This did 
not result in an increase in VOD incidence. Overall acute 
toxicity of the regimen used in this cohort was manage-
able, underlined by the absence of transplant-related 
mortality. We observed higher rates of viral reactivations 
but not viral disease after MMFD and MUD transplanta-
tion possibly due to the more potent immunosuppression 
of alemtuzumab as compared to ATG, and possibly the 
administration quite proximal to the graft [43]. The rate of 
viral reactivation was higher in our cohort than in a recent 
multicenter cohort, possibly explained by different regi-
mens of post HSCT immunosuppression or institutional 
screening and prophylaxis regimens [44]. The deeper 
level of immunosuppression with PTCY is known to result 
in a higher risk of CMV reactivation, which should be 

Fig. 4  Immune reconstitution. Lymphocyte subsets measured on days 
100, 180, and 365 post HSCT by donor groups: A CD3 + T-cells, B 
CD4 + T-cells, C CD8 + T-cells, and D CD19 + B-cells. Statistically 
significant differences (p < 0.05) between two donor groups at a spe-

cific time point are indicated by an asterisk (unpaired, two-tailed 
t-test with Welch correction). Horizontal line represents the mean, 
boxes the 5th and 95th percentile, and whiskers represent outliers

Fig. 5  Chimerism. Whole-blood chimerism for all patients by donor 
groups. Only the last available measurement is shown for patients 
with ≥ 80% donor chimerism
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carefully monitored and treated pre-emptively after HSCT 
[44, 45]. There were no stark differences in quantitative 
T- and B-cell reconstitution between the donor groups, but 
since this was not a prospective trial, sampling was limited 
to routine time points starting as late as d + 100, therefore 
missing potential differences in early T-cell reconstitution. 
We observed a later recovery of neutrophils in the MFD 
group, which was also the group with significantly lower 
total nucleated cell content of the grafts.

HSCT can be transformative for the life of SCD 
patients, but finding well-matched donors can be challeng-
ing. In the absence of a matched donor, MMFD HSCT is a 
relevant alternative. In vivo manipulation of alloreactive 
T-cells with PTCY after HSCT from HLA-haploidentical 
donors may be a good approach for non-malignant dis-
eases like SCD as its use is associated with low GVHD 
and low graft failure rates in malignant diseases [46]. The 
published evidence for haploidentical HSCT with PTCY in 
SCD is still limited, but its application is quickly increas-
ing since the publication of the seminal paper by Bola-
nos-Meade et al. in 2012 [16, 47]. Reported PTCY case 
series often comprised pediatric as well as adult patients, 
included diseases other than SCD, or reported high graft-
failure rates [21, 23, 29], but recent data in children are 
very encouraging [19]. Our data add to the mounting evi-
dence that MMFD HSCT is a viable alternative to matched 
donor HSCT.

This study has various limitations. Since it was a retrospec-
tive, chart-based analysis of clinical data, it is impossible to 
disentangle the effect of any single confounding factor. The 
number of patients for each donor type and the follow-up for 
some patients were limited. Larger prospective studies may 
shed light on potential pitfalls of our approach, or highlight 
improved transplant strategies [48]. The excellent success of 
our reduced toxicity protocols may not be transferrable to 
other settings, especially not necessarily to older patients with 
more pre-HSCT organ damage, where less intensive condi-
tioning regimens may be preferred [16, 21, 29]. Nevertheless, 
our results add to the evidence supporting a more pre-emptive 
HSCT approach for SCD patients lacking a matched donor 
[11, 47].

In summary, our institutional protocol with reduced 
toxicity conditioning resulted in excellent survival and 
absent severe GVHD. Intensifying myeloablation of condi-
tioning with targeted busulfan may help to ensure durable 
engraftment.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00277- 023- 05447-4.

Acknowledgements We thank all patients and their caregivers for par-
ticipation in this research.

Author contribution TV, VG, and MA designed the research, analyzed 
data, and wrote the manuscript. IS, JA, LG, MB, CK, and TF provided 
patient data. All authors read and approved the final manuscript.

Funding Open Access funding enabled and organized by Projekt 
DEAL.

Data availability For original, de-identified data, please contact MA 
at malbert@med.lmu.de.

Declarations 

Competing interests MA reports travel support from medac and Neovii 
and consulting fees from bluebird bio. The remaining authors have no 
competing interests to declare.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Piel FB, Hay SI, Gupta S et al (2013) Global burden of sickle 
cell anaemia in children under five, 2010–2050: modelling based 
on demographics, excess mortality, and interventions. PLoS Med 
10:e1001484

 2. Osunkwo I, Andemariam B, Minniti CP et al (2021) Impact of 
sickle cell disease on patients’ daily lives, symptoms reported, 
and disease management strategies: results from the international 
Sickle Cell World Assessment Survey (SWAY). Am J Hematol 
96:404–417

 3. Lee MT, Ogu UO (2022) Sickle cell disease in the new era: 
advances in drug treatment. Transfus Apher Sci 61:103555

 4. Kanter J, Falcon C (2021) Gene therapy for sickle cell disease: 
where we are now? Hematology Am Soc Hematol Educ Program 
2021:174–180

 5. Frangoul H, Altshuler D, Cappellini MD et al (2021) CRISPR-
Cas9 gene editing for sickle cell disease and β-thalassemia. N 
Engl J Med 384:252–260

 6. John TD, Namazzi R, Chirande L, Tubman VN (2022) Global per-
spectives on cellular therapy for children with sickle cell disease. 
Curr Opin Hematol 29:275–280

 7. Parsons SK, Rodday AM, Weidner RA et al (2022) Significant 
improvement of child physical and emotional functioning after 
familial haploidentical stem cell transplant. Bone Marrow Trans-
plant 57:586–592

 8. Bhatia M, Kolva E, Cimini L et al (2015) Health-related quality 
of life after allogeneic hematopoietic stem cell transplantation for 
sickle cell disease. Biol Blood Marrow Transplant 21:666–672

 9. Hämatologie GfPOu (2020) AWMF-Leitlinie 025/016 „Sichel-
zellkrankheit“. In 6.0 Edition

https://doi.org/10.1007/s00277-023-05447-4
http://creativecommons.org/licenses/by/4.0/


3226 Annals of Hematology (2023) 102:3217–3227

1 3

 10. de Montalembert M, Ferster A, Colombatti R et  al (2011) 
ENERCA clinical recommendations for disease management and 
prevention of complications of sickle cell disease in children. Am 
J Hematol 86:72–75

 11. Kanter J, Liem RI, Bernaudin F et al (2021) American Society 
of Hematology 2021 guidelines for sickle cell disease: stem cell 
transplantation. Blood Adv 5:3668–3689

 12. Bernaudin F, Dalle JH, Bories D et al (2020) Long-term event-
free survival, chimerism and fertility outcomes in 234 patients 
with sickle-cell anemia younger than 30 years after myeloabla-
tive conditioning and matched-sibling transplantation in France. 
Haematologica 105:91–101

 13. Gluckman E, Cappelli B, Bernaudin F et al (2017) Sickle cell 
disease: an international survey of results of HLA-identical sibling 
hematopoietic stem cell transplantation. Blood 129:1548–1556

 14. Bernaudin F, Socie G, Kuentz M et al (2007) Long-term results 
of related myeloablative stem-cell transplantation to cure sickle 
cell disease. Blood 110:2749–2756

 15. Gluckman E, Cappelli B, Scigliuolo GM et al (2020) Alterna-
tive donor hematopoietic stem cell transplantation for sickle cell 
disease in Europe. Hematol Oncol Stem Cell Ther 13:181–188

 16. Bolaños-Meade J, Fuchs EJ, Luznik L et al (2012) HLA-haploi-
dentical bone marrow transplantation with posttransplant cyclo-
phosphamide expands the donor pool for patients with sickle 
cell disease. Blood 120:4285–4291

 17. Patel DA, Akinsete AM, de la Fuente J, Kassim AA (2020) 
Haploidentical bone marrow transplant with posttransplant 
cyclophosphamide for sickle cell disease: an update. Hematol 
Oncol Stem Cell Ther 13:91–97

 18. Foell J, Kleinschmidt K, Jakob M et al (2020) Alternative donor: 
αß/CD19 T-cell-depleted haploidentical hematopoietic stem cell 
transplantation for sickle cell disease. Hematol Oncol Stem Cell 
Ther 13:98–105

 19. Oostenbrink LVE, Pool ES, Jol-van der Zijde CM et al (2021) 
Successful mismatched hematopoietic stem cell transplanta-
tion for pediatric hemoglobinopathy by using ATG and post-
transplant cyclophosphamide. Bone Marrow Transplant 56: 
2203–2211

 20. Wiebking V, Hütker S, Schmid I et al (2017) Reduced toxicity, 
myeloablative HLA-haploidentical hematopoietic stem cell trans-
plantation with post-transplantation cyclophosphamide for sickle 
cell disease. Ann Hematol 96:1373–1377

 21. Bolaños-Meade J, Cooke KR, Gamper CJ et al (2019) Effect of 
increased dose of total body irradiation on graft failure associated 
with HLA-haploidentical transplantation in patients with severe 
haemoglobinopathies: a prospective clinical trial. Lancet Haema-
tol 6:e183–e193

 22. Iqbal M, Reljic T, Corbacioglu S et al (2021) Systematic review/
meta-analysis on efficacy of allogeneic hematopoietic cell trans-
plantation in sickle cell disease: an international effort on behalf 
of the Pediatric Diseases Working Party of European Soci-
ety for Blood and Marrow Transplantation and the Sickle Cell 
Transplantation International Consortium. Transplant Cell Ther 
27(167):e161-167.e112

 23. de la Fuente J, Dhedin N, Koyama T et al (2019) Haploidentical 
bone marrow transplantation with post-transplantation cyclophos-
phamide plus thiotepa improves donor engraftment in patients 
with sickle cell anemia: results of an international learning col-
laborative. Biol Blood Marrow Transplant 25:1197–1209

 24. Achini-Gutzwiller FR, Schilham MW, von Asmuth EGJ et al 
(2023) Exposure-response analysis of alemtuzumab in pediatric 
allogeneic HSCT for nonmalignant diseases: the ARTIC study. 
Blood Adv 7:4462–4474

 25. Filipovich AH, Weisdorf D, Pavletic S et al (2005) National 
Institutes of Health consensus development project on criteria 
for clinical trials in chronic graft-versus-host disease: I. Diagnosis 
and staging working group report. Biol Blood Marrow Transplant 
11:945–956

 26. Przepiorka D, Weisdorf D, Martin P et al (1995) 1994 Consensus 
conference on acute GVHD grading. Bone Marrow Transplant 
15:825–828

 27. Corbacioglu S, Carreras E, Ansari M et al (2018) Diagnosis 
and severity criteria for sinusoidal obstruction syndrome/veno-
occlusive disease in pediatric patients: a new classification from 
the European society for blood and marrow transplantation. Bone 
Marrow Transplant 53:138–145

 28. Ciurea SO, Cao K, Fernandez-Vina M et al (2018) The European 
Society for Blood and Marrow Transplantation (EBMT) Consen-
sus guidelines for the detection and treatment of donor-specific 
anti-HLA antibodies (DSA) in haploidentical hematopoietic cell 
transplantation. Bone Marrow Transplant 53:521–534

 29. Fitzhugh CD, Hsieh MM, Taylor T et al (2017) Cyclophospha-
mide improves engraftment in patients with SCD and severe 
organ damage who undergo haploidentical PBSCT. Blood Adv 
1:652–661

 30. DeZern AE, Brodsky RA (2022) Combining PTCy and ATG for 
GvHD prophylaxis in non-malignant diseases. Blood Rev 101016. 
https:// doi. org/ 10. 1016/j. blre. 2022. 101016

 31. Oevermann L, Schulte JH, Hundsdörfer P et al (2019) HLA-
haploidentical hematopoietic stem cell transplantation in pediat-
ric patients with hemoglobinopathies: current practice and new 
approaches. Bone Marrow Transplant 54:743–748

 32. de la Fuente J, Gluckman E, Makani J et al (2020) The role of 
haematopoietic stem cell transplantation for sickle cell disease in 
the era of targeted disease-modifying therapies and gene editing. 
Lancet Haematol 7:e902–e911

 33. Krishnamurti L, Arnold SD, Haight A et al (2022) Sickle Cell 
Transplantation Evaluation of Long-term and Late Effects Reg-
istry (STELLAR) to compare long-term outcomes after hemat-
opoietic cell transplantation to those in siblings without sickle cell 
disease and in nontransplanted individuals with sickle cell disease: 
design and feasibility study. JMIR Res Protoc 11:e36780

 34. Shenoy S, Angelucci E, Arnold SD et al (2017) Current results 
and future research priorities in late effects after hematopoietic 
stem cell transplantation for children with sickle cell disease and 
thalassemia: a consensus statement from the Second Pediatric 
Blood and Marrow Transplant Consortium International Con-
ference on Late Effects after Pediatric Hematopoietic Stem Cell 
Transplantation. Biol Blood Marrow Transplant 23: 552–561

 35. Albert MH, Slatter MA, Gennery AR et al (2022) Hematopoietic 
stem cell transplantation for Wiskott-Aldrich syndrome: an EBMT 
Inborn Errors Working Party analysis. Blood 139:2066–2079

 36. Ali S, Wall DA, Ali M et al (2020) Effect of different condi-
tioning regimens on survival and engraftment for children with 
hemophagocytic lymphohistiocytosis undergoing allogeneic 
hematopoeitic stem cell transplantation: a single institution expe-
rience. Pediatr Blood Cancer 67:e28477

 37. Lüftinger R, Zubarovskaya N, Galimard JE et al (2022) Busul-
fan-fludarabine- or treosulfan-fludarabine-based myeloablative 
conditioning for children with thalassemia major. Ann Hematol 
101:655–665

 38. Krishnamurti L, Neuberg DS, Sullivan KM et al (2019) Bone mar-
row transplantation for adolescents and young adults with sickle 
cell disease: results of a prospective multicenter pilot study. Am 
J Hematol 94:446–454

 39. Bartelink IH, Lalmohamed A, van Reij EM et al (2016) Asso-
ciation of busulfan exposure with survival and toxicity after 

https://doi.org/10.1016/j.blre.2022.101016


3227Annals of Hematology (2023) 102:3217–3227 

1 3

haemopoietic cell transplantation in children and young adults: 
a multicentre, retrospective cohort analysis. Lancet Haematol 
3:e526–e536

 40. Fitzhugh CD (2022) Knowledge to date on secondary malignancy 
following hematopoietic cell transplantation for sickle cell dis-
ease. Hematology Am Soc Hematol Educ Program 2022:266–271

 41. Lawal RA, Mukherjee D, Limerick EM et al (2022) Increased inci-
dence of hematologic malignancies in SCD after HCT in adults 
with graft failure and mixed chimerism. Blood 140:2514–2518

 42. Antineoplastic Agents (2012) In LiverTox: Clinical and research 
information on drug-induced liver injury. Bethesda (MD): 
National Institute of Diabetes and Digestive and Kidney Diseases

 43. Shenoy S, Eapen M, Panepinto JA et al (2016) A trial of unrelated 
donor marrow transplantation for children with severe sickle cell 
disease. Blood 128:2561–2567

 44. Patel DA, Dhedin N, Chen H et al (2020) Early viral reactivation 
despite excellent immune reconstitution following haploidentical 
Bone marrow transplant with post-transplant cytoxan for sickle 
cell disease. Transpl Infect Dis 22:e13222

 45. Goldsmith SR, Abid MB, Auletta JJ et al (2021) Posttransplant 
cyclophosphamide is associated with increased cytomegalovirus 
infection: a CIBMTR analysis. Blood 137:3291–3305

 46. Ruggeri A, Galimard JE, Paina O et al (2021) Outcomes of unma-
nipulated haploidentical transplantation using post-transplant 
cyclophosphamide (PT-Cy) in pediatric patients with acute lymph-
oblastic leukemia. Transplant Cell Ther 27(424):e421-424.e429

 47. Aydin M, Dovern E, Leeflang MMG et al (2021) Haploidenti-
cal allogeneic stem cell transplantation in sickle cell disease: 
a systematic review and meta-analysis. Transplant Cell Ther 
27(1004):e1001-1004.e1008

 48. Cairo MS, Talano JA, Moore TB et al (2020) Familial haploiden-
tical stem cell transplant in children and adolescents with high-
risk sickle cell disease: a phase 2 clinical trial. JAMA Pediatr 
174:195–197

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Excellent outcome of stem cell transplantation for sickle cell disease
	Abstract
	Introduction
	Methods
	Study design
	Patients and donors
	Procedures
	Definitions
	Statistics

	Results
	Patient and transplant characteristics
	Outcome
	Complications and toxicity
	Engraftment and immune reconstitution
	Chimerism and disease status

	Discussion
	Anchor 17
	Acknowledgements 
	References


