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Abstract

Background: We retrospectively analyzed the data of children with non-malignant diseases who have received a haploidentical
hematopoietic stem cell transplant (haplo-HSCT). A total of 31 haplo-HSCT were performed in 26 pediatric patients using ex
vivo T cell-depleted (TCD) graft platforms or post-transplantation cyclophosphamide (PT-Cy) from January 2001 to December
2016 in 7 Spanish centres. Procedure: A total of five cases were unmanipulated PT-Cy haplo-HSCT, sixteen received highly
purified CD34+ cells, ten were ex vivo TCD graft manipulated either with CD3+CD19+ depletion (n= 1), TCΡαβ+CD19+

selection (n= 7) or naive CD45RA+ T cells depletion (n=2). Peripheral blood stem cells were the only source in patients

following TCD haplo-HSCT, and bone marrow was the source for one PT-Cy haplo-HSCT. The most common indications for

transplant were primary immune deficiency disorders (PIDs) 18, severe aplastic anemia (SAA) 4, osteopetrosis 2 and thalassemia

2. Results: The 1-year cumulative incidence of graft failure was 27.4 %. The 1-year III-IV acute graft versus host disease

(aGvHD) and 1-year chronic graft versus host disease (cGvHD) were 34.6% and 16.7% respectively. Besides, the 2-year overall

survival (OS) and the 2-year GvHD-free and relapse-free survival (GRFS) were 44.9% for PIDS and 37.6% for the other NMDs.

The TRM at day 100 was 30.8%. Conclusions : These results are discouraged and need to be improved to offer a guaranteed
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treatment for these patients. Improvements will come if procedures are centralized in centres of expertise. The decision between

T-cell depletion platforms will depend on the patients’ underlying diseases, comorbidities, and conditioning regimens.

INTRODUCTION

Haploidentical stem cell transplantation (haplo-HSCT) is a feasible option for a cure in children with both
malignant and non-malignant diseases (NMDs) such as bone marrow failure syndromes, inborn errors of
metabolism (IEM) and hemoglobinopathies1–4 where no matched related or unrelated donor is available.
This procedure has achieved engraftment rates of 70%, durable graft of 67% and overall survival (OS) of
60%4.

The advantages of haploidentical donors include immediate and almost universal availability, avoidance of
unrelated donor search costs, and the availability for potential post-transplantation cellular therapy5,6. Re-
cent data from the European Society of Blood and Marrow Transplantation (EBMT), reported an increased
by 22% and 24.5% in allogeneic HSCT for PIDs and IEM and stabilization for thalassemia6–8.

Despite the tremendous advances toward the clinical feasibility of haplo-HCT there are still unsolved ob-
stacles to the success of the procedure, such as graft rejection, delayed recovery of adaptive immunity,
and increased risk of severe infections and transplantation-related mortality (TRM) compared with human
leukocyte antigen (HLA)-matched unmanipulated allografts9,10. This challenge is reflective of the need for
extensive T-cell depletion and immunosuppression to control graft versus host disease (GvHD) on one hand,
and facilitation of engraftment, immune reconstitution, protection from infections, and prevention of relapse
on the other hand11.

Several strategies have been developed to overcome the high rates of GvHD and graft failure obtained
from early attempts at using T cell replete grafts from haploidentical donors using conventional preparative
regimens5. Recent technological advances of T cell depletion have made this form of HSCT accessible and
feasible12,13. Two main platforms of haplo-HSCT have been developed in the clinical setting aimed at
reducing the morbidity and mortality associated with GvHD. First, ex vivo total or partial T cell-depleted
(TCD) grafts, and in recent years, T cell-replete grafts followed by post-transplantation cyclophosphamide
(PT-Cy)14.

Data from different groups using partial TCD grafts with TCRαβ+CD19+ depletion and replete graft fol-
lowed PT-Cy reported excellent survival in PID and thalassemia15. Another way to purge total T cells is
depletion of CD3+ and CD19+lymphocytes, which allows other cell types to be retained in the donor graft,
such as natural killer (NK) cells, dendritic cells, and monocytes. Despite optimal engraftment, alloreactive
lymphocytes retained in the graft increased GvHD even with GvHD pharmacological prophylaxis16–18. The
current platforms of partial T cell depletion, such as αβ+ T cells and näıve 45RA+ T cells, have optimized
the initial CD34+ selection procedure limitations, keeping some T cell subsets such as γδ+ T cells, NK cells
and memory T cells without increasing GvHD19,20.

Compared to match sibling donors (MSD), haplo-HSCT donors have a trend to reduce OS21,22, but still, data
on NMD are scarce. Different groups have reported a 1 or 2 year OS rate of 60-80% in a group of NMD using
TCD or PT-Cy with low rates of GvHD and improved immune reconstitution using an ex vivo αβ+ TCD
platform and B cell depletion23–25, and haplo-HSCT PT-Cy26,27. Consistent results have been reported from
our group, the Spanish Working Group for Hematopoietic Transplantation (GETH), in the largest analysis of
clinical outcomes in children comparing both platforms in pediatric hematological malignancies. The study
showed a 2-year relapse-free and graft versus host disease free of 49.2% and 40.4% respectively, being relapse
the main cause of haplo-HSCT failure28.

This retrospective and multicenter study aimed to analyze the feasibility and outcome of a Spanish cohort
of haplo-HSCT in children with NMD and propose a common future strategy.

METHODS

2
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Patients

We report a retrospective analysis of 31 haplo-HSCT performed in 26 children with NMD in 7 hospital
institutions from Spain from January 2001 to December 2016 (Table S1). The Spanish Working Group for
Bone Marrow Transplantation in Children (GETMON) requested that all centers obtained a completed data
from all pediatric patients undergoing a haplo-HSCT treatment for NMD. Written informed consent was ob-
tained from the patients’ parents following the Declaration of Helsinki. Transplant indication was performed
according to International Guidelines for NMDs and performed according to each approved institutional
protocol. As a rule, the exclusion criterion was poor performance status (Lansky score <60%).

Stem cell source, donor selection and graft manipulation

The haploidentical donor was selected based on availability and their preference among the first-degree
relatives. Stem cells were obtained from granulocyte colony-stimulating factor-mobilized peripheral blood
(n=30) and bone marrow (BM) (n=1). Transplantation was avoided if anti-HLA antibodies were present
in significant titers (IgG >10.000 MFI; C3d >1000 MFI). In 5 of the 31 cases who received haplo-HSCT
the graft was unmanipulated and PT-Cy was used as GvHD prophylaxis. In the remaining 26 cases, the
ex vivoTCD graft was performed as follows: in 16 cases, peripheral blood stem cells (PBSCs) were highly
purified for CD34+ cells; in 1 case, patients received a combined depletion of donor CD3+ T cells and CD19+

B cells; in 7 cases, patients received a combined depletion of αβ+ T cells and CD19+ B cells; and in 2 cases,
patients received a highly purified CD34+ graft, adding to the graft a product depleted in näıve CD45RA+

T cells, using the CliniMACS System as previously described29.

Conditioning regimen and graft-versus-host disease prophylaxis

Conditioning regimens used were individualized and modified as per the underlying disorder and type of T
cell depletion used as illustrated in Table 2. The conditioning regimens were performed according to inter-
national guidelines for NMDs that differed according to the original disorder and based on the combination
of fludarabine (90-150 mg/m2), melphalan (100–140 mg/m2), thiotepa (10 mg/kg) and serotherapy or TBI
(2-4 Gy). Reduced-intensity conditioning (RIC) was used in 18 patients, by the combination of fludarabine
(150-160 mg/m2) plus either busulfan (6.4 mg/kg), melphalan, thiotepa or treosulfan (42 g/m2). Seventeen
patients received serotherapy, fifteen with anti-thymocyte globulin (ATG) and two received alemtuzumab.
ATG (15 mg/kg total) was given over days -5 to -3, and alemtuzumab (1 mg/kg total) was given over days
-8 to -4. GvHD prophylaxis strategies are described in Table 2. Cyclosporine (CsA), mycophenolate mofetil
(MMF), methotrexate, tacrolimus or sirolimus were used at least 6 months after HSCT, respectively, unless
required longer for GvHD. For the prevention of cyclophosphamide-related hemorrhagic cystitis, intravenous
mesna was administered at days +3 and + 4 (total daily dose of 40 mg/kg). The aGvHD was clinically gra-
ded according to modified Glucksberg criteria30. The cGvHD was diagnosed based on at least 1 diagnostic
clinical sign of cGvHD according to National Institutes of Health criteria31 or 1 distinctive manifestation
confirmed by biopsy.

Engraftment and chimerism

Primary graft failure was defined as the absence of donor-derived myeloid cells at day +30 or reconstitution
with autologous cells, and secondary graft failure as a sustained drop in the absolute neutrophil count (ANC)
to 0.5 × 109/L for [?]5 days. Chimerism analysis was performed based on short tandem repeat microsatellite
regions (sensitivity 1% to 3%). For each donor-recipient pair, DNA was isolated using the QIAamp Blood
Kit (Qiagen, Chatsworth, CA, USA), and informative alleles were identified for a panel of 11 short tandem
repeats, using the ABI Prism 3130x1 System (Applied Biosystems, Foster City, CA, USA) and GeneScan
4,0 Software (Applied Biosystems). The percentage of donor alleles was calculated at least monthly for the
first three months and quarterly thereafter until the year, continuing if mixed chimerism was present.

Infections and supportive care

Viral surveillance was performed weekly for cytomegalovirus (CMV), EBV, and adenovirus as guidelines
recommended. Given that this was a retrospective multicenter study with a large cohort, we only collected
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infectious complications considered clinically relevant by the local HSCT team. All patients received anti-
microbial prophylaxis for bacteria, fungal, Pneumocystis jiroveci , and herpes infection. The patients received
supportive care treatment according to the standard-of-care and institutional practices.

Immune reconstitution

When it was available the phenotyping of immune cells T lymphocytes (CD3+), T cell subsets (CD4+

and CD8+), NK (CD3-CD56+) cells and B lymphocytes (CD19+) was performed after density-gradient
centrifugation of fresh peripheral blood (Ficoll-Paque, GE Healthcare, South Burlington, VT, USA). A
multiparametric flow cytometry analysis was performed in each center at 30, 60, 90, 180 and 360 days after
transplantation.

Statistical analyses

Quantitative variables were expressed as median and either range or interquartile range (IQR) and qualitative
variables as frequency and percentage. The cumulative incidence of, graft failure, aGvHD and cGvHD
were estimated, considering deaths without any of these events as competing risk as described by Gray
previously33. The major study endpoints were overall survival (OS), and TRM at day +100. The TRM was
defined as death after haplo-HSCT without disease progression. Patients were censored at the time of death
or last follow-up. The OS was defined as the time from transplantation to death from any cause. Moreover,
we considered the variable GvHD-free, relapse-free survival (GRFS), in which events include grades III-IV
aGvHD, severe cGvHD, or death post haplo-HSCT associated with progression of the underlying disease32.
The OS and GRFS rates were calculated using the Kaplan–Meier product-limit method including standard
error (SE) and log-rank test for the univariate analysis. All statistical tests were 2-sided, and P-value <0.05
was considered statistically significant. The statistical analyses were performed with SPSS software (version
17.0; SPSS Inc., Chicago, IL, USA).

RESULTS

Patient characteristics, source, graft and engraftment

Table 1 shows the main characteristics of the patients undergoing haplo-HSCT. Three patients received
haplo-HSCT as a rescue procedure from a previous allogeneic HSCT. The overall median age at transplant
was 2.11 years old, IQR 9.14, (PID= 1.77, IQR 6.87 vs other NMD=5.22, IQR 8.56, p=ns). The median
donor age was 41 years old (IQR 14). PBSCs were exclusively used for ex vivo TCD haplo-HSCT and 1
of 5 PT-Cy administrations used BM as a stem cell source. The median number of CD34+ cells infused
was 10x106/kg (IQR 9.71). A total of 6 patients (5 PID and 1 SAA) developed graft failure to the first
haplo-HSCT transplant procedure, and 5 of them were re-transplanted (Table S2). The 1-year cumulative
incidence of graft failure was 27.4% (SE= 0.126) (Table 1 and Figure 1). We did not find any factors
associated with graft failure in the univariate analyses.

Acute and chronic graft-versus-host disease and major infection complications and transplant-
related mortality

Table 2 shows in detail the data on GvHD and HSCT outcomes. The 1-year cumulate incidence rate of
aGvHD grades I-II was 19.9% (SE=0.119), 34.6% (SE=0.147) for grade III–IV aGvHD and 16.7% (SE=0.108)
for cGvHD (Table 1). After transplant, infections were detected in 23 (74%) of patients, mainly caused by
bacterial in 38% (n=10), viral in 42% (n=11) and fungal infections in 14% (n=4) of cases. Table 2 shows
the causes of death in all series. The TRM at day 100 was 30.8% (SE=0.091) (Table 1).

Overall survival, disease-free survival, cumulative relapse incidence, and graft versus host
disease-free/relapse-free survival

The follow-up time was 828 days varying from 212 to 5079 days. The 2-year OS was 44.9% (SE=0.100), (50%
in other NMDs vs 43% in PIDs, P = n.s.) (Table 1). The overall 2-year GRFS after transplant was 37.6%
(SE=0.097), (37.0% in PIDs vs 37.5% in other NMDs, P= n.s.). There were no significant differences in
the OS and GRFS in patients who received the first haplo-HSCT versus patients with a previous transplant
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(Figure 1). We did not find any factors associated with OS or GRFS in the univariate analysis. Chimerism
data were available in 22 of 26 patients (Table 2). Data showed complete donor chimerism at day +30
in 19 of patients. One PID patient had mixed chimerism beyond 2 years after haplo-HSCT (autologous
polymorphonuclear neutrophils below 5% and CD3+ 40%) but without clinical significance.

Immune reconstitution

We were only able to collect data from 8 surviving patients. First, we observed an increase of NK cells at
day +30 to 74 cells/μl IQR 21, rising at day +90 to 224 cells/μl, IQR 235 and remaining stable until day
+360 to 187 cells/μl, IQR 176. The CD8+ T cell subset increased from 120 cells/μl, IQR 32 at day +60,
continuing to 358 cells/μl, IQR 260 at day +90, and 795 cells/μl, IQR 255 at day +180, and 709 cells/μl,
IQR 1506 at day +360. In addition, the gradual increase in CD4+ T cell subset was observed from day +90
to 120 cells/μl, IQR 197, followed on days +180 to 207 cells/μl, IQR 483 and at day +360 to 562 cells/μl,
IQR 278. Finally, the increase of B-lymphocytes CD19+ was detected from day +180 to 168 cells/μl, IQR
249 and at day +360 to 198 cells/μl, IQR 475, but remained below to the normal range for that age. The
median lymphocytes per diagnosis group are represented in Figure S1.

DISCUSSION

This study reports the accumulated experience of all Spanish centers performing haplo-HSCT in the pediatric
population with NMDs, which corresponds to 13.9% of the cumulative activity of haplo-HSCT28. In our
study, the 2-year OS of 44.9% was lower compared to our reported series on malignant disorders (2-year
OS= 55.1%)28, and recently reported from different groups in NMDs, which also differs according to the
diagnosis2,12,34–39. These differences can be explained because the use of haplo-HSCT in NMDs was not a
routine practice in the first decade of this study (2001-2010), being MSD the first alternative in both PIDs
and other NMDs. Additionally, the following ex vivo TCD graft alternative and its availability are only
possible in centers where it is a routine procedure. One reason for the low OS could be that about 50% of
the grafts were CD34+ ex vivo TCD. It is well known that CD34+ selection in the haploidentical setting is
a risk for graft failure and delayed immune reconstitution6. Until 2012 the CD34+ selection was the only
haplo-HSCT in our centers. Graft failure in our cohort was an important undesirable event and re-transplant
only was successful in one patient. aGvHD grade III-IV was also higher as expected. Therefore both, graft
failure and GvHD impacted in the short and long term of HSCT, increasing TRM, and they should be taken
into account in the alternative transplant procedure selection process for each particular case40.

Also, as haplo-HSCT is not the first treatment option, it should be noted that the patients in our series
had a major risk factor for a poor post-HSCT outcome, in most cases may take time between diagnosis
and transplantation, leading to increase cumulative morbidity, mostly in the case of PID patients due to
infections, which contribute to high post-HSCT mortality21,41,42. In our cohort, most of SCID patients
received RIC without receiving GvHD prophylaxis, and three SCID patients did not receive conditioning.
Despite this strategy, up to 4 of 11 SCID patients developed GvHD. The timing of the transplant is especially
important in SCID patients, and the best outcome is achieved when the patients are transplanted before
they developed infectious complications and end-organ damage2. In non-SCID diseases, conditioning is
always required for all donor sources. HLA-disparity necessitates deep T-cell depletion to avoid GvHD1.
Although our non-SCID patient group is heterogeneous, the use of TCD platforms did not improve the
survival outcomes; therefore, either the combination of ATG, the conditioning or GvHD prophylaxis in these
patients may lead to a delay in immune reconstitution that increases the risk of mortality.

Although PT-Cy data are scarce39,43,46, published data suggest that this treatment option could be an
alternative to improve GvHD rates and increase survival in NMD patients who receive haplo-HSCT50. Out-
comes with the TCR αβ+ CD19+ depleted haplo-HSCT approach in which no additional GvHD prophylaxis
was employed appear promising in malignant and NMD3,23,47. Clinical results with CD45RA+ TCD in the
context of haplo-HSCT are so far limited48. Our PID results using CD45RA+ TCD grafts are poor and
insufficient to provide useful information. Further studies will be needed to further define the role of this
approach in NMD.
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Immune reconstitution in the early post-transplant phase, in patients who received haplo-HSCT, relies on the
peripheral expansion of graft-infused T cells49. The pretransplant use of serotherapy has also a strong impact
on immune reconstitution by inducing in vivo TCD50. It has been shown that the absolute lymphocyte counts
before ATG and alemtuzumab infusions and the day on which serotherapy is initiated influence early immune
reconstitution51. We observed an important delay in the immune recovery in our cohort of patients. It took
6 months to have more than 200 CD4+ cells/μl and significance B lymphocytes. However, our reconstitution
data is limited, because it was not routinely performed at the determined analysis times. The slowly immune
reconstitution might impact the high TRM at day 100 as well as the outcomes of bacterial infections or viral
reactivations.

This study presents several limitations. First, it is retrospective in nature and was performed in hospitals
with a variable level of experience in these types of protocols. NMDs are a heterogeneous group of diseases
with a diverse physiopathology that makes difficult the selection of the type of graft as well as the type
of coding and GvHD prophylaxis. However, these results allow us to provide knowledge to design future
strategies to improve the results of the haplo-HSCT, allowing this to be a more feasible option in patients
with NMDs. Besides, many centers performed haplo-HSCT for a low number of patients which makes
it difficult to overcome the learning curve needed for this type of transplant in these particular diseases;
nevertheless it is possible to recommend moving on to successful platforms reported as PT-Cy and TCRαβ+

depletion in NMD pediatric patients. Either platform should be chosen depending on the comfort level of
the center. Nevertheless, ex vivo depletion should not be recommended in all centers, and be limited to only
those centers where the experience, technical and logistical capabilities are available.

In conclusion, the haplo-HSCT approaches in NMDs are necessary but more studies are needed to propose
a future strategy because of the great variability in the patients’ underlying diseases, comorbidities, and
appropriate conditioning regimens. The choice between PT-Cy and TCD platforms in NMDs is challenging
and studies on larger patient samples will help refine our decisions in the future. Besides, it would be
recommended to centralize this rare procedure on experts’ centers.
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Figure 1. A) OS, GRFS and GF of PID and others NMD; B) OS, GRFS and GF of previous HSCT vs
first haplo-HSCT.

Supplemental Figure 1. Recovery of CD3+, CD4+, CD8+, CD16+CD56+ and CD19+ cells in PIDs and
other NMDs at 30, 60, 80, 180 and 360 days after transplantation.
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