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ABSTRACT

Hematopoietic stem cell transplantation (HSCT) is the only curative treatment for most
children with osteopetrosis (OP). Timing of HSCT is critical; therefore, umbilical cord blood
transplantation (UCBT) is an attractive option. We analysed outcomes after UCBT in 51 OP
children. Median age at UCBT was 6 months. Seventy-seven per cent of the cord blood
grafts had 0 or 1 HLA disparity with the recipient. Conditioning regimen was myeloablative
(mostly Busulfan-based in 84% and Treosulfan-based in 10%). Anti-thymocyte globulin was
given to 90% of patients. Median number of total nucleated and CD34+ cells infused was
14x10/kg and 3.4x10°kg, respectively. Median follow-up for survivors was 74 months.
Cumulative incidence (CI) of neutrophil recovery was 67% with a median time to recovery of
23 days; 33% patients had graft failure; 81% of engrafted patients had full donor
engraftment, while 19% had mixed donor chimerism. Day-100 CI of acute GVHD (lI-IV) was
31% and 6-year Cl of chronic GVHD was 21%. Mechanical ventilation was required in 28%
and VOD was diagnosed in 16% of the cases. Six-year overall survival was 46%.
Comparative studies with other alternative donors should be performed to evaluate whether

UCBT remains a valid alternative for children with OP without an HLA matched donor.

Keywords: osteopetrosis; umbilical cord blood transplantation; stem cell transplantation

INTRODUCTION

Osteopetrosis (OP) is a generic diagnosis for a group of inherited sclerosing bone

diseases caused by absence or defective function of osteoclasts'. Defective osteoclastic
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bone resorption leads to partial or complete encroachment of bone marrow spaces, with
increased skeletal mass and bone density. This triggers severe clinical complications such
as extra-medullary hematopoiesis, cytopenia, hepato-splenomegaly, macrocephaly and
recurrent bone fractures. Compression of cranial nerves is responsible for several
neurological deficits, such as facial and trigeminal neuropathies, hearing loss, hydrocephalus
and developmental delay. Importantly, blindness can occur very early in life, due to
compression of the optic nerve®>.

Without medical treatment, infantile OP has a poor prognosis, and the majority of

patients die before the age of 10 years due to hemorrhage or infections®.
Hematopoietic stem cell transplantation (HSCT) is the only curative approach for most
children with infantile OP, since the engraftment of donor-derived functional osteoclasts can
result in bone remodeling and re-establishment of normal hematopoiesis®. If HSCT is
performed early, this can effectively prevent serious complications, such as blindness, bone
fractures, hydrocephalus and nerve compression.

Nevertheless, HSCT in children with OP is complicated by a high incidence of graft
failure and increased transplant-related toxicity, mainly involving lungs and liver, particularly
when using alternative stem cell donors.

Since timing of transplantation is critical in OP, umbilical cord blood represents an
attractive stem cell source for HSCT, due to its prompt availability and also the decreased
incidence of acute and chronic GVHD. However, the higher incidence of graft failure and
delay of engraftment after umbilical cord blood transplantation (UCBT) may affect the
success rate of this procedure.

With the aim to analyze outcomes after UCBT in children with OP we conducted a

retrospective analysis of 51 children affected by infantile OP reported to Eurocord.

METHODS

Inclusion Criteria

This retrospective study is based on data of children with infantile OP who were given UCBT
and were reported to Eurocord from 21 EBMT centers and Duke University Medical Center,
through a questionnaire concerning the patients and disease characteristics. Eurocord has
collected data on UCBT performed within and outside Europe since 1989 and more than
15,000 transplants have been registered. Using the Eurocord data-base we identified
centers that had performed UCBT for infantile OP and sent them a questionnaire asking for
permission to enter retrospective data in the study; 22 centers gave their consent (the list of
participating centers is reported in the acknowledgement section). All data was checked by a

Eurocord medical coordinator and entered the data-base after the transplant centers had
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been contacted to retrieve missing information.

Definitions and end-points

The main end-point was overall survival (OS), defined as the time between the date of
transplantation and the date of death from any cause or the date of the last follow-up for
survivors. The other end-points were neutrophil and platelet recovery, occurrence of graft
failure and incidence of acute and chronic graft-versus-host disease (GvHD). The date of
neutrophil recovery was defined as the first of 3 consecutive days with a neutrophil count of
at least 0.5 x 10%L and the date of platelet recovery was defined as the first of 7 consecutive
days with an unsupported platelet count of at least 20 x 10%L. HLA compatibility was
determined at the antigen level for HLA-A and HLA-B loci and at the allele level for the HLA-
DRB1 locus. Graft failure was defined as the absence of hematopoietic recovery at day +60,
second transplantation or autologous reconstitution. Full donor chimerism was defined as
the presence of more than 95% of donor cells; mixed chimerism was defined as the
presence of more than 5% of donor cells. The method used for chimerism analysis varied
according to the centers and included polymorphic short tandem repeat loci, HLA typing,
cytogenetics and fluorescent in situ hybridization analysis.

Acute GvHD was defined and graded according to international criteria®. Chronic GvHD was
evaluated considering only patients surviving more than 100 days after transplantation with

sustained donor engraftment, using previously published criteria’.

Statistical analysis

To analyze risk factors for outcomes, we considered age at transplantation (<0.5 years
versus 20.5 years), HLA compatibility (6/6 and 5/6 versus 4/6 and 3/6), ABO match
(matched versus major or minor incompatibility), median number of infused total nucleated
cells and median number of infused CD34+ cells. Cumulative incidence function was
calculated for neutrophil recovery, platelet engraftment, acute and chronic GvHD in a
competing-risk setting, where death was considered the competing event®. Gray test was
used for univariate comparisons. Probability of OS was calculated using the Kaplan-Meier
estimate; the two-sided log-rank test was used for univariate comparisons. Multivariate
models were not performed due to small number of patients. Statistical analyses were
performed using SPSS (Inc., Chicago) and S-Plus (MathSoft, Inc, Seattle) software
packages.

RESULTS

Patient, disease and transplant characteristics

The characteristics of the patients and their transplants are summarized in Table 1 and 2.
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The median age at UCBT was 0.56 (range 0.08-7.43) years. The majority of patients with a
known genetic diagnosis were found to have the common TCIRG1 mutation (87%). Visual
impairment was experienced by 25/35 evaluable patients (71%), while hearing impairment
by 5/30 evaluable children (16%). Mild neurodevelopmental delay was reported in 9/26
evaluable patients (35%). Neurological status was reported to be mildly abnormal in 10/33
evaluable patients (30%) and severely abnormal in one (3%). Pre-transplant MRI/CT of the
brain showed abnormalities in 84% of evaluable patients (27/32). Most children (90%) had
abnormal hematology results (anemia, thrombocytopenia and leukocytosis or neutropenia)
at time of UCBT. Hepato-splenomegaly was present in 50% evaluable children.
Hypocalcemia was experienced by 22/32 evaluable patients (68%). The majority of the
treated children presented short stature (28/34, 82%) or failure to thrive (16/51, 31%). Bone
fractures were experienced in 6/34 evaluable patients (17%).

The median infused total nucleated cell count (TNCC) was 13.6 x 107/kg (range, 1.8-48),
while the median infused CD34+ cell dose was 3.4 x 10°/kg (range, 0.7-43). All patients
received a myeloablative conditioning regimen, which was Busulfan-based in 43/51 (84%)
children and Treosulfan-based in 5/51 (10%). GvHD prophylaxis consisted of cyclosporine
either alone or in combination with methotrexate, steroids or mofetil mycophenolate. Ninety
percent of patients received in vivo T-cell depletion (mostly with ATG) prior to

transplantation.

Engraftment

The cumulative incidence (CI) of neutrophil recovery at day 60 was 67%. The median time to
neutrophil recovery was 23 (range, 10-68) days. In univariate analysis the probability of
neutrophil recovery was not statistically associated with age at transplantation, conditioning
regimen, infused TNCC or CD34+ cell dose or HLA disparity.

The CI of platelet recovery at 180 days was 45%. The median time to platelet recovery was
54 days (range, 15-142).

Seventeen patients (33%) experienced graft failure. Information on treatment following graft
failure was available for 5/17 children: all 5 patients underwent a second HSCT and 2
children are alive at last follow-up.

Chimerism results were available in 32 engrafted patients. Twenty-six patients (81%)
achieved full donor engraftment, while six children (19%) experienced mixed donor
engraftment. All children treated with Treosulfan-based conditioning (5/5) experienced donor
engraftment and at last follow-up 2/3 alive patients had full donor engraftment, while one

patient presented mixed donor engraftment.

GVHD and transplant-related morbidity
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The CI of grade II-IV acute GvHD was 31% (n=17); in detail, 8, 4 and 5 patients experienced
grade I, grade Ill and grade IV acute GvHD, respectively. The Cl of chronic GvHD at 6 years
was 21%. In univariate analysis there was no statistically significant association between the
incidence of acute and chronic GvHD with infused TNCC, HLA disparity or age at
transplantation.

In terms of transplant-related morbidity, 13/34 (38%) evaluable patients had respiratory
complications with oxygen requirement and 10/34 (28%) patients required mechanical
ventilation. Pulmonary hypertension was reported in 2/34 evaluable patients (6%).
Hypercalcaemia post-UCBT was reported in 10/36 (28%) evaluable patients.

Veno-occlusive disease (VOD) occurred in 6/38 evaluable patients (16%) and 2 children
(5%) experienced liver failure. Seventeen patients had received VOD prophylaxis prior to
UCBT (Heparin=11/17, Ursodeoxycholic acid= 3/17, Defibrotide=3/17) and 2/17 patients
eventually developed VOD. Central nervous system (CNS) toxicity was experienced by 8/35
(23%) evaluable patients (n=1 encephalopathy, n=7 seizures). Renal insufficiency was

experienced by 6/35 (17%) evaluable patients.

Overall Survival

The estimated 6-year OS was 43% (Figure 3), with a median follow-up time of 74 months
(range, 6 to 196 months).

Twenty-eight children (55%) died after UCBT, 15 of which after graft failure. The majority of
deaths (23/28) occurred within the first year post-transplant.

Causes of death were: infection (46%), GvHD (18%), idiopathic pneumonia syndrome
(IPS)/acute respiratory distress syndrome (ARDS) (10%), VOD (7%), hemorrhage (7%) and
other (12%) (Table 3).

In univariate analysis there was no statistically significant association between variables
such as age at transplantation, year of transplantation, infused CD34+ cell dose, HLA

disparity or conditioning regimen and OS

DISCUSSION

This retrospective study describes the outcome of a large cohort of children affected by
infantile OP, a rare genetic disorder, undergoing unrelated UCBT. Our analysis confirms that
UCBT in children with OP, together with HSCT from other alternative donors, constitutes a
significant clinical challenge, due to the high incidence of graft failure and transplant-related
mortality’ in this specific disease.

In our group of patients, the overall survival at 6 years was 43%, a result consistent with

those of previously published studies on HSCT from donors other than an HLA-identical
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sibling. Driessen et al reported a DFS of 40-43% in patients undergoing a MUD/MMUD
HSCT® and more recently, a survey on the outcome of 193 children with OP undergoing
HSCT from different types of donor reported a 10-year OS of 39% using donors other than
an HLA-identical sibling®.

Our data shows a high incidence of graft failure after UCBT (33%), which, however, is
comparable to that reported by Orchard et al, who found a 1-year probability of graft failure
of 34%; in that cohort graft rejection accounted for 43% of deaths in patients transplanted
from a donor other than an HLA-identical sibling ™.

In our cohort only 2/17 (12%) patients who presented graft failure were alive at last follow-
up, confirming that only a minority of children with OP can be rescued after graft rejection.
Compared to other non-malignant diseases with an indication to HSCT, OP is characterized
by a particularly high incidence of graft failure. The difficulty in stem cell homing and
engraftment is most likely due to the underlying bone pathology, with encroachment of the
bone marrow spaces and lack of hematopoietic niches capable of efficiently sustaining the
engraftment of donor-derived stem cells.

Although in our study we could not find a statistically significant association between the
number of CD34+ cells infused and risk of graft failure, it is possible that the reduced
number of stem cells within an umbilical cord blood unit, compared to bone marrow or
peripheral blood, constitutes a limitation for a successful engraftment. Tolar et al treated 11
children affected by OP with a reduced-intensity conditioning regimen (Busulfan, Fludarabine
and total lymphoid irradiation) and observed graft failure in 5 children receiving unrelated
UCBT, whereas 6 children receiving bone marrow or peripheral blood achieved a sustained
engraftment with more than 75% donor cell chimerism®".

In a recent large survey of children with OP undergoing HSCT, 48 received unrelated
UCBT?; although it was not possible to make a detailed analysis on the effect of graft source
on engraftment and survival, the incidence of graft failure in the MUD/MMUD setting was
high and the authors concluded that bone marrow or peripheral blood should be considered
the preferred stem cell sources in this disease.

It is in fact possible that in order to overcome the limitations of the difficult bone
microenvironment in patients with OP a high stem cells dose is needed. Interestingly, Schulz
et al published results on the use of T-cell depleted haploidentical stem cell transplantation
with infusion of mega-doses of CD34+ cells (range: 12-43 x 10°kg) showing a sustained
donor engraftment in 5/7 children affected by OP2.

More recently Schulz and Moshous have presented an update on their data with the use of
Busulfan, Fludarabine and Thiotepa followed by T-cell depleted haploidentical peripheral
bloods stem cell transplantation in a small group of children with OP, resulting in an

encouraging DFS 80% and reduced toxicity'®. This data is promising and, if confirmed on a
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larger number of patients, haploidentical HSCT might represent an effective option in the
absence of a fully matched donor.

The role of conditioning regimen in facilitating engraftment in children with OP is not fully
elucidated, since in general these patients are treated with a myeloablative preparative
regimen due to the poor quality of engraftment with the use of RIC protocols™. In our series
all patients have been treated with a myeloablative regimen and 84% of them received a full
dose of Busulfan. Unfortunately, data on Busulfan therapeutic drug monitoring was not
available for this study; hence it was not possible to define any correlation between Busulfan
systemic exposure and risk of rejection or toxicity.

Interestingly, 5 patients received a modified ablative Treosulfan-based conditioning regimen:
all patients had donor engraftment and 2/3 surviving children experienced full donor
engraftment, while one patient presented persistent mixed donor engraftment at last follow-
up.

Natsheh et al also reported their experience with Fludarabine-based conditioning in children
with OP, with good results in terms of engraftment, toxicity and DFS in 8 children treated
with the combination of Treosulfan, Fludarabine and Thiotepa”.

Transplant-related mortality was high in our study: 28/51 children died after UCBT (55%)
and, of those patients, 82% died within the first year after transplantation, mostly due to
infections (46%), GvHD (18%), ARDS/IPS (10%) or VOD (7%).

The incidence of liver toxicity was high in our cohort, with 6/38 (16%) available patients
experiencing VOD and 2/38 (5%) available patients experiencing liver failure after UCBT.
VOD is a severe complication that can occur after HSCT, especially when myeloablative
doses of Busulfan and Cyclosphosphamide are used in the conditioning regimen'. Children
with OP have been reported to have an increased risk of VOD: Orchand et al reported an
incidence of VOD of 19%°, while in the survey published by Driessen et al, VOD accounted
for 13% of the reported deaths®.

In order to limit the risk of VOD different strategies can be considered, including: a)
Defibrotide prophylaxis; b) the use of Busulfan in combination with Fludarabine, to limit the
cumulative toxicity with Cyclophosphamide and c¢) Busulfan therapeutic drug monitoring with
dose adjustment. Moreover, novel combinations of drugs should be explored: Treosulfan-
based conditioning regimens, for example, could offer a potentially safer profile in terms of
hepatotoxicity'®"".

The incidence of pulmonary toxicity was also high in our group of patients: 13/35 (37%)
evaluable patients required O2 therapy or mechanical ventilation. This is in keeping with
what has been published previously'®, especially with the use of mismatched donors.
Pulmonary hypertension was reported only in 2 patients; Steward et al reported a high

incidence of pulmonary hypertension (29%) in 28 children with OP receiving HSCT™. It is
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possible that some children in this study reported with IPS/ARDS might have suffered from
pulmonary hypertension, since this condition might be easily misdiagnosed. It is therefore
important that any child with OP who experiences acute respiratory deterioration after HSCT
without clear evidence of infection be carefully investigated in order to rule out pulmonary
hypertension.

Hypercalcemia after UCBT was reported in 28% evaluable patients: this is a recognized
complication that can occur during the first few months after transplantation in children with
OP, due to the engraftment of functional, donor-derived osteoclasts. Hypercalcaemic crises
are generally treated with hyper-hydration and diuretics and occasionally calcitonin and
bisphosphonates are necessary.

In summary, our study shows that UCBT in infantile OP is associated with a high incidence
of graft failure and transplant-related mortality. This data confirms that transplantation in
children with infantile OP remains problematic when a matched sibling donor is not available
and new strategies are needed to improve survival in this group of patients.

HSCT should be performed rapidly in children with preserved vision and it is recommended
that, in the absence of a fully matched donor, HSCT from an alternative donor should be
offered.

Since many countries do not have the possibility of performing in vitro T-cell depletion and
data on the feasibility of using a haploidentical donor with post-HSCT cyclophosphamide is
limited'®, comparative studies should be performed to further evaluate whether UCBT

remains a valid alternative for children with OP.

Page 9 of 15



Acknowledgments

VR was supported by NHS Blood and Transplants and funded by NIHR Biomedical
Research Centres funding scheme, Oxford, UK. We thank the following participating centers
for contributing to the cases:

Kurtzberg J. USA, NC- Durham- Duke University, Division of Pediatric Blood and Marrow
Transplant; Zecca M. ltaly - Pavia - Fondazione IRCCS Policlinico San Matteo; Lanino E.
Italy - Genova - Institute G. Gaslini; Diaz M. A. Spain - Madrid - Nifio Jesus Children’s
Hospital; Noens L. A. Belgium - Gent - University Hospital Gent; Stein J. Israel - Petach-
Tikva - Schneider Children s Medical Center of Israel; Lawson S. United Kingdom -
Birmingham - Birmingham Childrens Hospital; Poiré X. Belgium - Brussels - Cliniques
Universitaires St. Luc; Collin M. United Kingdom - Newcastle-Upon-Tyne - Newcastle
General Hospital Dept. of Paediatric Immunology; Abecasis M. Portugal - Lisboa - Inst.
Portugues Oncologia; Aljurf M. Saudi Arabia - Riyadh - King Faisal Specialist Hospital &
Research Centre; Kupesiz A. Turkey - Antalya - Akdeniz University Medical School; Michel
G. France - Marseille - La Timone (pédiatrie); Veelken J. H. The Netherlands - Leiden -
University Hospital; Maertens J. Belgium - Leuven - University Hospital Gasthuisberg Dept.
of Hematology; Petersen E. The Netherlands - Utrecht - University Medical Centre; Campos
A. Portugal - Porto - Inst. Portugues de Oncologia do Porto; Ebell W. Germany - Berlin -
Charité-CVK University Medicine; Lange A. Poland - Wroclaw DCTK; Toren A. Israel - Tel-
Hashomer - Edmond & Lily Safra Children’s Hospital, Chaim Sheba Med Center; Clement L.
France - Nancy — Brabois; Snowden J. United Kingdom - Sheffield - Royal Hallamshire

Hospital; Bertrand Y. France - Lyon - Debrousse (pédiatrie).

Page 10 of 15



REFERENCES

1. Tolar J, Teitelbaum SL, Orchard PJ. .Osteopetrosis. N Engl J Med. 2004 Dec
30;351(27):2839-49;

2. Gerritsen EJ, Vossen JM, van Loo IH, Hermans J, Helfrich MH, Griscelli C, Fischer
A. Autosomal recessive osteopetrosis: variability of findings at diagnosis and during the
natural course. Pediatrics. 1994 Feb;93(2):247-53.

3. Steward CG.Neurological aspects of osteopetrosis. Neuropathol Appl

Neurobiol. 2003 Apr;29(2):87-97.

4. Loria-Cortés R, Quesada-Calvo E, Cordero-Chaverri C.Osteopetrosis in children: a
report of 26 cases. J Pediatr. 1977 Jul;91(1):43-7.

5. Driessen GJ, Gerritsen EJ, Fischer A, Fasth A, Hop WC, Veys P, Porta F, Cant

A, Steward CG, Vossen JM, Uckan D, Friedrich W. Long-term outcome of
haematopoietic stem cell transplantation in autosomal recessive osteopetrosis: an EBMT
report. Bone Marrow Transplant. 2003 Oct;32(7):657-63.

6. Martino R, Romero P, Subira M, et al. Comparison of the classic

Glucksberg criteria and the IBMTR Severity Index for grading acute graft-versus-host
disease following HLA-identical sibling stem cell transplantation. International Bone
Marrow Transplant Registry. Bone Marrow Transplant. 1999 Aug;24(3):283-7.

7. Filipovich AH, Weisdorf D, Pavletic S, Socie G, Wingard JR, Lee SJ, Martin P, et al.
National Institutes of Health consensus development project on criteria for clinical trials
in chronic graft-versus-host disease: |. Diagnosis and staging working group report. Biol
Blood Marrow Transplant. 2005 Dec;11(12):945-56.

8. Gooley, T.A,, et al., Estimation of failure probabilities in the presence of competing
risks: new representations of old estimators. Stat Med, 1999. 18(6): p. 695-706

9. Gerritsen EJ, Vossen JM, Fasth A, Friedrich W, Morgan G, Padmos A, Vellodi

A, Porras O, O'Meara A, Porta F, et al. Bone marrow transplantation for autosomal
recessive osteopetrosis. A report from the Working Party on InbornErrors of the
European Bone Marrow Transplantation Group. J Pediatr. 1994 Dec;125(6 Pt 1):896-
902.

10. Orchard PJ, Fasth AL, Le Rademacher J, He W, Boelens JJ, Horwitz EM, et al.
Hematopoietic stem cell transplantation for infantile osteopetrosis. Blood. 2015 Jul
9;126(2):270-6. doi: 10.1182/blood-2015-01-625541. Epub 2015 May 26.

11. Tolar J, Bonfim C, Grewal S, Orchard PEngraftment and survival following
hematopoietic stem cell transplantation for osteopetrosis using a reduced intensity
conditioning regimen. Bone Marrow Transplant. 2006 Dec;38(12):783-7. Epub 2006 Nov
6.

Page 11 of 15


http://www.ncbi.nlm.nih.gov/pubmed/?term=Tolar%20J%5BAuthor%5D&cauthor=true&cauthor_uid=15625335
http://www.ncbi.nlm.nih.gov/pubmed/?term=Teitelbaum%20SL%5BAuthor%5D&cauthor=true&cauthor_uid=15625335
http://www.ncbi.nlm.nih.gov/pubmed/?term=Orchard%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=15625335
http://www.ncbi.nlm.nih.gov/pubmed/?term=tolar+new+england+osteopetrosis
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gerritsen%20EJ%5BAuthor%5D&cauthor=true&cauthor_uid=8121736
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vossen%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=8121736
http://www.ncbi.nlm.nih.gov/pubmed/?term=van%20Loo%20IH%5BAuthor%5D&cauthor=true&cauthor_uid=8121736
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hermans%20J%5BAuthor%5D&cauthor=true&cauthor_uid=8121736
http://www.ncbi.nlm.nih.gov/pubmed/?term=Helfrich%20MH%5BAuthor%5D&cauthor=true&cauthor_uid=8121736
http://www.ncbi.nlm.nih.gov/pubmed/?term=Griscelli%20C%5BAuthor%5D&cauthor=true&cauthor_uid=8121736
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fischer%20A%5BAuthor%5D&cauthor=true&cauthor_uid=8121736
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fischer%20A%5BAuthor%5D&cauthor=true&cauthor_uid=8121736
http://www.ncbi.nlm.nih.gov/pubmed/8121736
http://www.ncbi.nlm.nih.gov/pubmed/?term=Steward%20CG%5BAuthor%5D&cauthor=true&cauthor_uid=12662317
http://www.ncbi.nlm.nih.gov/pubmed/?term=steward+neurological+aspects
http://www.ncbi.nlm.nih.gov/pubmed/?term=steward+neurological+aspects
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lor%C3%ADa-Cort%C3%A9s%20R%5BAuthor%5D&cauthor=true&cauthor_uid=874663
http://www.ncbi.nlm.nih.gov/pubmed/?term=Quesada-Calvo%20E%5BAuthor%5D&cauthor=true&cauthor_uid=874663
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cordero-Chaverri%20C%5BAuthor%5D&cauthor=true&cauthor_uid=874663
http://www.ncbi.nlm.nih.gov/pubmed/?term=loria-cortes+osteopetrosis
http://www.ncbi.nlm.nih.gov/pubmed/?term=Driessen%20GJ%5BAuthor%5D&cauthor=true&cauthor_uid=13130312
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gerritsen%20EJ%5BAuthor%5D&cauthor=true&cauthor_uid=13130312
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fischer%20A%5BAuthor%5D&cauthor=true&cauthor_uid=13130312
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fasth%20A%5BAuthor%5D&cauthor=true&cauthor_uid=13130312
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hop%20WC%5BAuthor%5D&cauthor=true&cauthor_uid=13130312
http://www.ncbi.nlm.nih.gov/pubmed/?term=Veys%20P%5BAuthor%5D&cauthor=true&cauthor_uid=13130312
http://www.ncbi.nlm.nih.gov/pubmed/?term=Porta%20F%5BAuthor%5D&cauthor=true&cauthor_uid=13130312
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cant%20A%5BAuthor%5D&cauthor=true&cauthor_uid=13130312
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cant%20A%5BAuthor%5D&cauthor=true&cauthor_uid=13130312
http://www.ncbi.nlm.nih.gov/pubmed/?term=Steward%20CG%5BAuthor%5D&cauthor=true&cauthor_uid=13130312
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vossen%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=13130312
http://www.ncbi.nlm.nih.gov/pubmed/?term=Uckan%20D%5BAuthor%5D&cauthor=true&cauthor_uid=13130312
http://www.ncbi.nlm.nih.gov/pubmed/?term=Friedrich%20W%5BAuthor%5D&cauthor=true&cauthor_uid=13130312
http://www.ncbi.nlm.nih.gov/pubmed/13130312
http://www.ncbi.nlm.nih.gov/pubmed/?term=Martino%20R%5BAuthor%5D&cauthor=true&cauthor_uid=10455367
http://www.ncbi.nlm.nih.gov/pubmed/?term=Romero%20P%5BAuthor%5D&cauthor=true&cauthor_uid=10455367
http://www.ncbi.nlm.nih.gov/pubmed/?term=Subir%C3%A1%20M%5BAuthor%5D&cauthor=true&cauthor_uid=10455367
http://www.ncbi.nlm.nih.gov/pubmed/10455367
http://www.ncbi.nlm.nih.gov/pubmed/?term=Filipovich%20AH%5BAuthor%5D&cauthor=true&cauthor_uid=16338616
http://www.ncbi.nlm.nih.gov/pubmed/?term=Weisdorf%20D%5BAuthor%5D&cauthor=true&cauthor_uid=16338616
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pavletic%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16338616
http://www.ncbi.nlm.nih.gov/pubmed/?term=Socie%20G%5BAuthor%5D&cauthor=true&cauthor_uid=16338616
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wingard%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=16338616
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lee%20SJ%5BAuthor%5D&cauthor=true&cauthor_uid=16338616
http://www.ncbi.nlm.nih.gov/pubmed/?term=Martin%20P%5BAuthor%5D&cauthor=true&cauthor_uid=16338616
http://www.ncbi.nlm.nih.gov/pubmed/16338616
http://www.ncbi.nlm.nih.gov/pubmed/16338616
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gerritsen%20EJ%5BAuthor%5D&cauthor=true&cauthor_uid=7996361
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vossen%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=7996361
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fasth%20A%5BAuthor%5D&cauthor=true&cauthor_uid=7996361
http://www.ncbi.nlm.nih.gov/pubmed/?term=Friedrich%20W%5BAuthor%5D&cauthor=true&cauthor_uid=7996361
http://www.ncbi.nlm.nih.gov/pubmed/?term=Morgan%20G%5BAuthor%5D&cauthor=true&cauthor_uid=7996361
http://www.ncbi.nlm.nih.gov/pubmed/?term=Padmos%20A%5BAuthor%5D&cauthor=true&cauthor_uid=7996361
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vellodi%20A%5BAuthor%5D&cauthor=true&cauthor_uid=7996361
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vellodi%20A%5BAuthor%5D&cauthor=true&cauthor_uid=7996361
http://www.ncbi.nlm.nih.gov/pubmed/?term=Porras%20O%5BAuthor%5D&cauthor=true&cauthor_uid=7996361
http://www.ncbi.nlm.nih.gov/pubmed/?term=O'Meara%20A%5BAuthor%5D&cauthor=true&cauthor_uid=7996361
http://www.ncbi.nlm.nih.gov/pubmed/?term=Porta%20F%5BAuthor%5D&cauthor=true&cauthor_uid=7996361
http://www.ncbi.nlm.nih.gov/pubmed/7996361
http://www.ncbi.nlm.nih.gov/pubmed/?term=Orchard%20PJ%5BAuthor%5D&cauthor=true&cauthor_uid=26012570
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fasth%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=26012570
http://www.ncbi.nlm.nih.gov/pubmed/?term=Le%20Rademacher%20J%5BAuthor%5D&cauthor=true&cauthor_uid=26012570
http://www.ncbi.nlm.nih.gov/pubmed/?term=He%20W%5BAuthor%5D&cauthor=true&cauthor_uid=26012570
http://www.ncbi.nlm.nih.gov/pubmed/?term=Boelens%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=26012570
http://www.ncbi.nlm.nih.gov/pubmed/?term=Horwitz%20EM%5BAuthor%5D&cauthor=true&cauthor_uid=26012570
http://www.ncbi.nlm.nih.gov/pubmed/26012570
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tolar%20J%5BAuthor%5D&cauthor=true&cauthor_uid=17086207
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bonfim%20C%5BAuthor%5D&cauthor=true&cauthor_uid=17086207
http://www.ncbi.nlm.nih.gov/pubmed/?term=Grewal%20S%5BAuthor%5D&cauthor=true&cauthor_uid=17086207
http://www.ncbi.nlm.nih.gov/pubmed/?term=Orchard%20P%5BAuthor%5D&cauthor=true&cauthor_uid=17086207
http://www.ncbi.nlm.nih.gov/pubmed/17086207

12. Schulz AS, Classen CF, Mihatsch WA, Sigl-Kraetzig M, Wiesneth M, Debatin

KM, Friedrich W, Miller SM. HLA-haploidentical blood progenitor cell transplantation

in osteopetrosis. Blood. 2002 May 1;99(9):3458-60.

13. Schulz AS, Fremond M-L, Furlan |, Schuetz , Hoenig M, Neven B, Blanche S,
Friedrich W, Fischer A, Moshous D. Improved outcome of HSCT in infantile
osteopetrosis — the Paris and Ulm experience. EBMT 2015, Abstract.

14. Natsheh J, Drozdinsky G, Simanovsky N, Lamdan R, Erlich O, Gorelik N, Or

R, Weintraub M, Stepensky P. Improved Outcomes of Hematopoietic Stem Cell
Transplantation in Patients With Infantile Malignant OsteopetrosisUsing Fludarabine-
Based Conditioning. Pediatr Blood Cancer. 2016 Mar;63(3):535-40. doi:
10.1002/pbc.25801.

15. Dalle JH, Giralt SA.Hepatic Veno-Occlusive Disease after Hematopoietic Stem

Cell Transplantation: Risk Factors and Stratification, Prophylaxis, and Treatment. Biol
Blood Marrow Transplant. 2016 Mar;22(3):400-9. doi: 10.1016/j.bbmt.2015.09.024. Epub
2015 Oct 23.

16. Danylesko I, Shimoni A, Nagler A. Treosulfan-based conditioning before
hematopoietic SCT: more than a BU look-alike. Bone Marrow Transplant. 2012
Jan;47(1):5-14. doi: 10.1038/bmt.2011.88. Epub 2011 Apr 11.

17. Gtowka FK', Romanski M, Wachowiak J. High-dose treosulfan in conditioning prior to
hematopoietic stem cell transplantation. Expert Opin Investig Drugs. 2010
Oct;19(10):1275-95. doi: 10.1517/13543784.2010.517744.

18. Steward CG, Pellier I, Mahajan A, Ashworth MT, Stuart AG, Fasth A, Lang D, Fischer
A, Friedrich W, Schulz AS; Working Party on Inborn Errors of the European Blood and
Marrow Transplantation Group. Severe pulmonary hypertension: a frequent complication
of stem cell transplantation for malignant infantileosteopetrosis. Br J Haematol. 2004
Jan;124(1):63-71.

19. D. Moshous, F. Touzot, M. Castelle, E. Elkaim, M.-L. Fremond, A. Magnani, M.
Cavazzana, A. Schulz, B. Neven, A. Fischer, S. Blanche. Excellent donor engraftment
after T-cell replete haploidentical bone marrow transplantation in Malignant Infantile

Osteopetrosis — a preliminary single center experience. EBMT 2016, abstract.

Page 12 of 15


http://www.ncbi.nlm.nih.gov/pubmed/?term=Schulz%20AS%5BAuthor%5D&cauthor=true&cauthor_uid=11964318
http://www.ncbi.nlm.nih.gov/pubmed/?term=Classen%20CF%5BAuthor%5D&cauthor=true&cauthor_uid=11964318
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mihatsch%20WA%5BAuthor%5D&cauthor=true&cauthor_uid=11964318
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sigl-Kraetzig%20M%5BAuthor%5D&cauthor=true&cauthor_uid=11964318
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wiesneth%20M%5BAuthor%5D&cauthor=true&cauthor_uid=11964318
http://www.ncbi.nlm.nih.gov/pubmed/?term=Debatin%20KM%5BAuthor%5D&cauthor=true&cauthor_uid=11964318
http://www.ncbi.nlm.nih.gov/pubmed/?term=Debatin%20KM%5BAuthor%5D&cauthor=true&cauthor_uid=11964318
http://www.ncbi.nlm.nih.gov/pubmed/?term=Friedrich%20W%5BAuthor%5D&cauthor=true&cauthor_uid=11964318
http://www.ncbi.nlm.nih.gov/pubmed/?term=M%C3%BCller%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=11964318
http://www.ncbi.nlm.nih.gov/pubmed/11964318
http://www.ncbi.nlm.nih.gov/pubmed/?term=Natsheh%20J%5BAuthor%5D&cauthor=true&cauthor_uid=26485304
http://www.ncbi.nlm.nih.gov/pubmed/?term=Drozdinsky%20G%5BAuthor%5D&cauthor=true&cauthor_uid=26485304
http://www.ncbi.nlm.nih.gov/pubmed/?term=Simanovsky%20N%5BAuthor%5D&cauthor=true&cauthor_uid=26485304
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lamdan%20R%5BAuthor%5D&cauthor=true&cauthor_uid=26485304
http://www.ncbi.nlm.nih.gov/pubmed/?term=Erlich%20O%5BAuthor%5D&cauthor=true&cauthor_uid=26485304
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gorelik%20N%5BAuthor%5D&cauthor=true&cauthor_uid=26485304
http://www.ncbi.nlm.nih.gov/pubmed/?term=Or%20R%5BAuthor%5D&cauthor=true&cauthor_uid=26485304
http://www.ncbi.nlm.nih.gov/pubmed/?term=Or%20R%5BAuthor%5D&cauthor=true&cauthor_uid=26485304
http://www.ncbi.nlm.nih.gov/pubmed/?term=Weintraub%20M%5BAuthor%5D&cauthor=true&cauthor_uid=26485304
http://www.ncbi.nlm.nih.gov/pubmed/?term=Stepensky%20P%5BAuthor%5D&cauthor=true&cauthor_uid=26485304
http://www.ncbi.nlm.nih.gov/pubmed/?term=NATSHEH+OSTEOPETROSIS
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dalle%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=26431626
http://www.ncbi.nlm.nih.gov/pubmed/?term=Giralt%20SA%5BAuthor%5D&cauthor=true&cauthor_uid=26431626
http://www.ncbi.nlm.nih.gov/pubmed/26431626
http://www.ncbi.nlm.nih.gov/pubmed/26431626
http://www.ncbi.nlm.nih.gov/pubmed/?term=Danylesko%20I%5BAuthor%5D&cauthor=true&cauthor_uid=21478921
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shimoni%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21478921
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nagler%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21478921
http://www.ncbi.nlm.nih.gov/pubmed/21478921
http://www.ncbi.nlm.nih.gov/pubmed/?term=G%C5%82%C3%B3wka%20FK%5BAuthor%5D&cauthor=true&cauthor_uid=20836619
http://www.ncbi.nlm.nih.gov/pubmed/?term=Roma%C5%84ski%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20836619
http://www.ncbi.nlm.nih.gov/pubmed/?term=Wachowiak%20J%5BAuthor%5D&cauthor=true&cauthor_uid=20836619
http://www.ncbi.nlm.nih.gov/pubmed/20836619
http://www.ncbi.nlm.nih.gov/pubmed/?term=Steward%20CG%5BAuthor%5D&cauthor=true&cauthor_uid=14675409
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pellier%20I%5BAuthor%5D&cauthor=true&cauthor_uid=14675409
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mahajan%20A%5BAuthor%5D&cauthor=true&cauthor_uid=14675409
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ashworth%20MT%5BAuthor%5D&cauthor=true&cauthor_uid=14675409
http://www.ncbi.nlm.nih.gov/pubmed/?term=Stuart%20AG%5BAuthor%5D&cauthor=true&cauthor_uid=14675409
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fasth%20A%5BAuthor%5D&cauthor=true&cauthor_uid=14675409
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lang%20D%5BAuthor%5D&cauthor=true&cauthor_uid=14675409
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fischer%20A%5BAuthor%5D&cauthor=true&cauthor_uid=14675409
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fischer%20A%5BAuthor%5D&cauthor=true&cauthor_uid=14675409
http://www.ncbi.nlm.nih.gov/pubmed/?term=Friedrich%20W%5BAuthor%5D&cauthor=true&cauthor_uid=14675409
http://www.ncbi.nlm.nih.gov/pubmed/?term=Schulz%20AS%5BAuthor%5D&cauthor=true&cauthor_uid=14675409
http://www.ncbi.nlm.nih.gov/pubmed/?term=Working%20Party%20on%20Inborn%20Errors%20of%20the%20European%20Blood%20and%20Marrow%20Transplantation%20Group%5BCorporate%20Author%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Working%20Party%20on%20Inborn%20Errors%20of%20the%20European%20Blood%20and%20Marrow%20Transplantation%20Group%5BCorporate%20Author%5D
http://www.ncbi.nlm.nih.gov/pubmed/14675409

ACCEPTED MANUSCRIPT

Figure 1. Probability of overall survival in 51 children with OP after unrelated UCBT.
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Table 1. Clinical features of study subjects

Characteristics Number %
Number of patients (males/females) 51 (30/21) 100
Median age (years) at transplant (range) 0.56 (0.08-7.43)
Pre-transplant recipient CMV positivity

Positive 13/44 30
Negative 31/44 70
Genetic diagnosis

TCIRG1 21/24 87
CLCN7 2/24 8
RANK 1/24 5
Lansky score

>80 29/32 90
<80 3/32 10
Vision pre-transplant

Normal 10/35 29
partial optical atrophy, and/or reduced VEP response, and/or 15/35 42
presence of eye fixation, and/or nystagmus

total optical atrophy, and / or absence of VEP, and/or amaurotic | 10/35 29
nystagmus and/or non eye fixation

Hearing

Normal 25/30 83
Defective 5/30 17
Bayley Mental Developmental Index

Normal 16/26 61
Mild retardation 9/26 35
Severe retardation 1/26 4
Height

>10 centile 6/34 18
>3 and <10 centile 12/34 35
<3 centile 16/34 47
Weight

>10 centile 16/51 31
>3 and <10 centile 19/51 38
<3 centile 16/51 31
Neurological Status

Normal 22/33 67
Mildly abnormal 10/33 30
Severely abnormal 1/33 3
Haematology

Normal 3/31 10
Abnormal 28/31 90
Calcium

Normal 10/32 32
Hypocalcaemia 22/32 68
MRI brain

Normal 5/32 16
Hydrocephalus 5/32 16
Narrowed foramina 13/32 40
Hydrocephalus and narrow foramina 4/32 12
Other 5/32 16

Other Clinical features
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Hepatomegaly 16/34 47
Splenomegaly 17/34 50
Fractures 6/34 18
Frontal bossing/prominent forehead 12/34 35
Table 2. Transplant characteristics

Transplant Characteristics Number %
Conditioning regimen

Busulfan and Cyclophosphamide 27/51 53
Busulfan, Cyclophosphamide, Thiotepa 9/51 18
Busulfan, Fludarabine, Thiotepa 4/51 8
Busulfan, Cyclophosphamide, Fludarabine 3/51 6
Treosulfan with other cytotoxic agents 5/51 10
Other regimens 3/51 5
HLA mismatch

0-1 36/47 77
22 11/47 23
GvHD prophylaxis

CSA + Prednisolone 32/50 64
CSA 9/50 18
CSA + MTX 4/50 8
CSA + MMF 3/50 6
FK + MMF 1/50 2
FK + CSA + MMF 1/50 2
Cell dose

TNCC infused (median, range) x 10°7/kg 13.6 (1.8-48) N/A
CD34+ cells (median, range) x 10°5/kg 3.4 (0.7-43) N/A
Table 3. Causes of death

Cause of death Number %
Infection 13/28 46
GvHD 5/28 18
ARDS 2/28 7
VoD 2/28 7
Haemorrhage 2/28 7
IPS 1/28 4
Other 3/28 11
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