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Abstract
Allogeneic hematopoietic stem cell transplantation (HSCT) is curative for a variety of nonmalignant disorders including
osteopetrosis, bone marrow failures, and immune deficiencies. Haploidentical HSCT is a readily available option in the
absence of a matched donor, but engraftment failure and other post-transplant complications are a concern. Post-transplant
cyclophosphamide (PT-Cy) regimens are gaining popularity and recent reports show promising results. We report our
experience with nine pediatric patients with nonmalignant diseases who were transplanted from a haploidentical donor with
PT-Cy. From 2015 to 2019, nine children with nonmalignant diseases underwent haploidentical HSCT with PT-Cy, two as a
second transplant and seven as primary grafts after upfront serotherapy and busulfan-based myeloablative conditioning.
Patient’s diseases included osteopetrosis (n= 5), congenital amegakaryocytic thrombocytopenia (n= 2), hemophagocytic
lymphohistiocytosis (n= 1), and Wiskott Aldrich syndrome (n= 1). Two patients failed to engraft following upfront PT-Cy
transplants, one was salvaged with a second PT-Cy transplant, and the other with a CD34+ selected graft. None of the
patients suffered from graft-versus-host disease. Three patients died from early posttransplant infectious complications and
six patients are alive and well. In conclusion, haploidentical HSCT with PT-Cy is a feasible option for pediatric patients with
nonmalignant diseases lacking a matched donor.

Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT)
is a curative treatment option for children with a variety of
genetic nonmalignant disorders including osteopetrosis,
bone marrow failure, and immune deficiencies [1–3].
However, only 30–35% of the patients have an available
matched sibling donor, and the odds of finding a matched
unrelated donor in international registries varies from 75%
for white patients of European descent to as low as 16% in
some ethnic groups [4].

Haploidentical HSCT is a readily available alternative
option for patients who do not have a matched donor, but
engraftment failure, high rates of graft-versus-host disease
(GvHD), delayed immune reconstitution and other post-
transplant complications are of significant concern. The use
of post-transplant cyclophosphamide (PT-Cy) for in vivo T-
cell depletion has emerged as a promising strategy in the
setting of haploidentical HSCT. The availability, safety
profile, effectiveness in reducing GvHD, and low cost of the
procedure have contributed to the increasing popularity of
this modality all over the world [5]. For pediatric non-
malignant diseases, regimens with PT-Cy for haploidentical
HSCT are increasingly adapted as well, and recent reports
of haploidentical HSCT with PT-Cy for nonmalignant dis-
eases show feasibility of this approach and promising
results [6–10].

Our center introduced PT-Cy regimens for pediatric
haploidentical HSCT in 2015. In this case series, we report
our experience with unmanipulated haploidentical HSCT
with PT-Cy for nine pediatric patients with nonmalignant
diseases, including five patients with osteopetrosis, two
patients with congenital amegakaryocytic thrombocytopenia
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(CAMT), one patient with hemophagocytic lymphohistio-
cytosis (HLH), and one patient with Wiskott Aldrich
syndrome (WAS).

Subjects and methods

This retrospective study was performed on pediatric patients
who underwent a haploidentical HSCT with PT-Cy for
nonmalignant diseases from February 2015 to August 2019
at Hadassah Medical Center. The study was approved by
the institutional review board and informed consent was
obtained from the families according to the declaration of
Helsinki.

The collected data included patient age at HSCT, gen-
der, conditioning regimen, GvHD prophylaxis, time to
neutrophil and platelet engraftment, signs and symptoms of
GvHD, infectious complications, last chimerism status, and
survival. Neutrophil engraftment was defined as the first
day of an absolute neutrophil count > 500/μL of 3 con-
secutive days. Platelet engraftment was defined as a platelet
count > 50,000/μL for at least 7 days without transfusion
support.

The diagnosis of the patients was confirmed by gene
mutation analysis with whole exome sequencing and con-
firmed in all cases by Sanger sequencing. The diagnosis of
osteopetrosis was supported by radiological studies.

Conditioning regimen and GvHD prophylaxis

All patients in the cohort received myeloablative regimens
(Table 1). Busulfan was given every 6 h over 4 days and the
dose was adjusted according to blood levels to target an area
under the curve (AUC) of 1150 µMmin/L. Fludarabine was
given at a dose of 30 mg/m2/day for 5 days. For three of the
patients thiotepa was added to the conditioning regimen in
two doses of 5 mg/kg on day −4 pre-HSCT, and for one
patient a low dose of cyclophosphamide (14.5 mg/kg) was
added on days −3 and −2. Serotherapy was given to all
patients. For the first two patients, thymoglobulin was given
at a dose of 2.5 mg/kg/day for 4 days (day −4 to −1) and
for the rest of the patients alemtuzumab was given for
3 days (day −10 to −8) at a dose of 0.2 mg/kg/day. For five
of the patients Rituximab was given at day −10 pre-HSCT
at a dose of 375 mg/m2.

In two cases, we used the PT-Cy modality for a salvage
transplant and in two cases engraftment failure followed an
upfront PT-Cy transplant. For the salvage transplants, a
treosulfan-based regimen was used in three of the cases, and
in one case, due to the clinical status of the patient, a
reduced intensity conditioning (RIC) with fludarabine and
cyclophosphamide was used (Table 1).

For the PT-Cy transplants, all patients received an
unmanipulated bone marrow graft and PT-Cy was
employed at a dose of 50 mg/kg/day on days +3 and +4.

Cyclosporine A and mycophenolate mofetil were started
on day +5 for additional GvHD prophylaxis.

Supportive care

All patients were treated with prophylactic trimethoprim/
sulfamethoxazole, acyclovir, and fluconazole according to
our institutional guidelines. Ursodeoxycholic acid was
given for prevention of veno-occlusive disease (VOD).
Viral loads of cytomegalovirus (CMV), Epstein–Barr virus,
and adenovirus were followed weekly by blood PCR tests.
CMV viremia was treated preemptively with ganciclovir or
foscarnet. Antiemetic treatment and pain control were given
as necessary.

Chimerism

Donor chimerism was assessed weekly after engraftment by
molecular testing of peripheral blood short tandem repeats
(STR) at the tissue laboratory.

Results

Patients

A total of nine pediatric patients underwent HSCT from
haploidentical donors with PT-Cy for nonmalignant dis-
eases during the years 2015–2019 at Hadassah Medical
Center. The clinical characteristics of the patients are
depicted in Table 1. The underlying diseases of the patients
included osteopetrosis (n= 5), CAMT (n= 2), HLH (n=
1), and WAS (n= 1). The median age of the patients at the
time of HSCT was 10.7 months (range 4.5 months to 4
years).

Graft characteristics

All grafts used for the PT-Cy haplo-transplants were from
bone marrow source and were collected from the donor at
the operating room under general anesthesia. The median
total nucleated cell count of the collected grafts was 1 × 109

cells/kg (range 4.35–13.98 × 108 cells/kg) and the median
CD34+ cell count was 8.23 × 106 cells/kg (range
4.27–19.8 × 106 cells/kg).

Two of the HSCT in the cohort were transplanted with
upfront CD34+ selected haploidentical grafts that after
engraftment failure were salvaged with a PT-Cy transplant.
One additional CD34+ selected graft was used as a salvage
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transplant after engraftment failure of a PT-Cy transplant.
The grafts used for all three CD34+ selected haploidentical
transplants were PBSC after mobilization with GCSF. The
cell counts of the CD34+ depleted grafts are depicted in
Table 1.

Engraftment and chimerism

The first two PT-Cy transplants done at our center, both for
osteopetrosis patients, were second transplants following
primary engraftment failure after CD34+ selected haploi-
dentical transplants. The PT-Cy modality was chosen for
these two salvage transplants with the hope to achieve
engraftment using a different approach. One of the patients
survived and has complete donor chimerism and the other
died 12 days post second transplant from sepsis. Another
two patients failed to engraft following upfront haploiden-
tical HSCT with PT-Cy. One, a patient with CAMT, suc-
cessfully engrafted after a second transplant from the other
parent, which was performed on day +50 after the first
procedure. In this case, considering the primary and com-
plete failure to engraft following the first transplant we
opted to use the other parent for the second transplant while
repeating the PT-Cy modality. At the time of publication,
almost 2 years post his second HSCT, he is well, with
complete donor chimerism and cured from his disease. The
other, a patient with osteopetrosis, initially engrafted after
his first transplant but soon after developed a secondary
graft failure with chimerism rapidly dropping down to 4%
3 months post HSCT despite rapid weaning from immu-
nosuppressive treatment. He underwent a second transplant
108 days after the first HSCT with a peripheral stem cell
collected graft after CD34+ selection from the same donor
and successfully engrafted. In this case, we opted to use the
same donor for the second transplant since there were no
signs of rejection of the graft, rather a process of secondary
graft failure, and in order to enhance the engraftment pro-
cess we decided to change the transplant modality and give
a robust amount of stem cells using a CD34+ selected
PBSC graft. At the time of publication, 13 months post his
second transplant he is alive and well and has mixed chi-
merism with 90% donor cells on his latest STR test.

Five patients in the cohort underwent a single haploi-
dentical transplant with PT-Cy, three of them survived and
have complete donor chimerism, and two died from early
post-transplant infectious complications.

Post-transplant complications and outcomes

A total of five patients had CMV reactivations, but only one
progressed to a clinically significant disease. Three patients
had bacterial infections during the post-transplant neu-
tropenia, two of which progressed to severe sepsis and

death. None of the patients suffered from any form of
GvHD. The six survivors are all cured of their disease, alive
and well, with a median follow-up time of 34 months (range
13–63 months).

Of the three surviving patients with osteopetrosis, one
was already blind prior to HSCT (patient #1), and on latest
follow-up he is 6 years old, developing well and attending a
school for children with special needs. The second patient
(patient #3) has severe optic damage with blindness in one
eye and decreased vision in the other eye on his latest
ophthalmologic assessment. Otherwise, his neurological
examination is normal. The third patient (patient #9) has
preserved vision and no nystagmus despite significant
bilateral optic nerve atrophy. He was 2 years old on his
latest follow-up and achieved all developmental milestones.
All three patients have no known hearing deficits.

Three patients died, all from early post-transplant infec-
tious complications (Table 2). Two of the deceased patients
had osteopetrosis, both died from overwhelming Klebsiella
pneumonia sepsis shortly after transplant; one on day +11
post his second transplant following engraftment failure and
the other on day +12 post HSCT. The third deceased
patient, a patient with HLH, suffered from VOD and severe
CMV pneumonitis after transplant and eventually died on
day +20 post HSCT from pulmonary bleeding and
respiratory failure.

Discussion

In this paper, we report our experience with haploidentical
HSCT with upfront serotherapy, busulfan-based myeloa-
blative conditioning and PT-Cy in nine pediatric patients
with nonmalignant diseases. The modality of PT-Cy for
in vivo T-cell depletion without need for an additional graft
manipulation increased the availability and popularity of the
haploidentical option over the world [5]. Furthermore, the
advantages of this cost-effective modality have set alight the
debate of preference of an haploidentical family donor over
an acceptably matched unrelated donor for various HSCT
indications [11].

Recent reports focusing on haploidentical HSCT with
PT-Cy in pediatric patients with nonmalignant diseases
offer different promising approaches using a variety of
conditioning regimens [6–10]. Klein et al. reported HSCT
of 11 children with nonmalignant disorders showing very
good outcomes with limited GvHD, excellent engraftment
outcomes and no treatment related mortality using a RIC
regimen with fludarabine, melphalan and upfront ser-
otherapy with alemtuzumab [9]. Another recent report by
Mallhi et al. of 23 pediatric nonmalignant patients also used
a RIC regimen including low dose cyclophosphamide (50
mg/kg), fludarabine and a low dose of total body irradiation

Haploidentical stem cell transplantation with post-transplant cyclophosphamide for osteopetrosis and. . . 437
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(2–4 Gy) and showed favorable outcomes but relatively
high rates of GvHD [10]. Kurzay et al. used a treosulfan-
based myeloablative conditioning regimen with upfront
serotherapy and an addition of thiotepa and low dose
cyclophosphamide in a recent report of 13 pediatric patients
with nonmalignant diseases showing good overall survival,
low rate of GvHD and few infectious complications [7].
Finally, Neven et al. recently reported 27 haploidentical
HSCT with PT-Cy for pediatric nonmalignant diseases
using a busulfan-based myeloablative conditioning regimen
with upfront alemtuzumab showing a high engraftment rate
(24 of 27 patients engrafted) and a 2 years overall survival
rate of 77.7% [6].

Since successful engraftment is a major concern in
haploidentical transplants, especially in osteopetrosis
patients with a damaged bone marrow, we elected to adopt a
similar approach to Neven et al. using a busulfan-based
myeloablative regimen rather than a RIC or a treosulfan-
based regimen. In view of the relatively high treatment
related mortality in our cohort (33%), a less aggressive
conditioning regimen may be considered for this patient
population. As our patient population is very young, we
opted not to expose them to irradiation. Rather, we gave
serotherapy (thymoglobulin or alemtuzumab) for additional
immune suppression (Table 1). During 2016, we switched
from thymoglobulin to alemtuzumab following personal
communications with other European centers with an aim to
establish a standard practice for haploidentical transplants
for pediatric inborn errors. The highly immunosuppressive
properties of alemtuzumab are particularly appealing in the
setting of nonmalignant HSCT, where GvHD provides no
clinical benefit and relapse of malignancy is not applicable.
Indeed, none of our patients developed any signs of acute or
chronic GvHD as compared to the relatively high rates of
acute and chronic GvHD reported by Mallhi et al. using a
RIC conditioning without serotherapy [10]. Commonly
used pediatric transplantation regimens include alemtuzu-
mab doses of 0.5–1 mg/kg given over 3–5 days [12]. We
gave a relatively low dose of alemtuzumab (0.6 mg/kg), and
distal to the transplant day (days −10 to −8) in order not to
compromise T-cell immunity and allow a swift immune
reconstitution. However, considering the high rate of
engraftment failure in our cohort, a higher dose may be
considered for augmenting immune ablation.

Our cohort included a variety of nonmalignant diseases;
five patients with infantile osteopetrosis, two patients with
CAMT, one patient with HLH, and one patient with WAS.

Patients with Infantile osteopetrosis usually presents in
early infancy with a rapidly progressing disease, which in
most cases may be curable by HSCT [13, 14]. We have
recently published our experience with HSCT for osteope-
trosis patients with HLA matched or one-locus mismatched

donors, showing favorable outcomes [15]. However, not all
patients have an available matched donor or an acceptable
mismatched donor. For these patients, haploidentical HSCT
may be a readily available option.

Historically, outcomes of haploidentical HSCT for
osteopetrosis patients were significantly worse than HSCT
from matched donors [16]. Improved outcomes were
reported using mega-doses of CD34+ selected haploiden-
tical grafts with an intensive, busulfan-based myeloablative
conditioning, but post-transplant complications such as
VOD and respiratory failure were common [17]. Recent
reports of successful haploidentical transplantations with
alpha–beta T-cell depletion for osteopetrosis are promising
[18], but this modality is not readily available in many
centers due to its high cost, especially in developing
countries with limited resources [19].

Reports of haploidentical HSCT with PT-Cy for osteo-
petrosis are scarce. In one report of three osteopetrosis
patients by Bahr et al. only one of the three had a successful
transplant course and the other two failed to engraft [20]. A
recent publication by Neven et al. of haploidentical HSCT
with PT-Cy included five patients with osteopetrosis, all of
which engrafted successfully and are alive and well [6].

In our cohort, three out of the five osteopetrosis patients
failed to engraft after the first haploidentical transplant. Two
failed to engraft after a CD34+ selected graft and the third
failed after a PT-Cy transplant. The high engraftment failure
rate may be attributed to the damaged and sclerotic bone
marrow niches of these patients. It is still too early to draw
conclusions from these scarce number of patients, but
engraftment failure seems to be a grave concern in these
transplants. Despite the positive experience we have with
reduced toxicity treosulfan-based conditioning in matched
donor transplants for osteopetrosis, a myeloablative
busulfan-based regimen was chosen for the haplo-
transplants because of the concern of engraftment. How-
ever, weighed against the relatively high treatment related
mortality in our cohort (33%), a less aggressive condition-
ing regimen may be considered for this patient population.
Furthermore, until optimal timing and dosing of alemtuzu-
mab are determined in prospective trials, a higher dose
should be considered to augment engraftment, especially for
patients with osteopetrosis. Finally, in view of these results,
our current institutional policy is to prefer an unrelated
donor if available, even with a one-locus mismatch, over a
haploidentical donor for these patients.

Two of the patients in our cohort were transplanted for
CAMT, an inherited bone marrow failure syndrome char-
acterized by the absence of megakaryocytes in the bone
marrow [21, 22]. Literature reporting HSCT with alternative
donors for CAMT is very scarce. A report of five patients
with CAMT who underwent umbilical cord blood
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transplantations showed promising results [23]. To our
knowledge there are no reports of haploidentical transplants
with PT-Cy for this indication yet. Our two CAMT patients
are both cured of their disease, alive and well. The first
engrafted well with no complications but the second
required a second transplant due to engraftment failure. Of
note, a second successful transplant was performed using
PT-Cy from another donor. It is difficult to draw conclu-
sions from only two cases but haploidentical HSCT with
PT-Cy seems a feasible option for CAMT patients. Fur-
thermore, this case demonstrated the feasibility of re-using
the same modality of in vivo T-cell depletion using another
haploidentical donor for a salvage, second transplant.

One patient in our cohort was transplanted for familial
HLH, a life-threatening systemic hyperinflammatory syn-
drome [24]. HSCT for HLH patients is challenging and
associated with high rates of toxicities and mortality, likely
related to the underlying inflammatory state of these
patients [25]. Our patient did not survive and died 20 days
post HSCT from VOD and CMV pneumonitis. However,
there are some recent reports with promising results of
successful haploidentical transplants with PT-Cy for
patients with HLH [8, 26].

One successful transplant in our cohort was of a patient
with WAS, a rare X-linked disorder characterized by a triad
of immunodeficiency, eczema, and thrombocytopenia.
HSCT is a curative treatment for WAS, with excellent
results for patients with HLA-matched family or unrelated
donors [27]. A recent report by Yue et al. showed promising
results in a case series of five patients who underwent
haploidentical HSCT with PT-Cy for WAS [28].

In conclusion, in our experience, haploidentical HSCT
with PT-Cy is a feasible option for pediatric patients with
nonmalignant diseases, but with significant risks of post-
transplant infectious complications and engraftment failure.
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