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Chapter 11
Applications of Haploidentical SCT 
in Pediatric Patients

Marco Zecca and Patrizia Comoli

11.1  Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT) is a potentially curative 
treatment for children and adolescents with malignant and non-malignant diseases. 
Recent progress in HSCT contributed to the improvement of outcomes for patients 
with diseases curable by HSCT. Human leukocyte antigen (HLA)-identical sibling 
is the preferred donor choice, however the probability of having such a donor cor-
relates to the number of siblings within the family, and is approximately 25%. HLA- 
matched unrelated volunteer donor (MUD) is also a good option for successful 
HSCT, but the probability to find a HLA-matched donor correlates with race and 
ethnicity, and, in the current multiethnic context, identifying a MUD in a timely 
manner remains a challenge. Indeed, the search for a HLA-matched volunteer donor 
may result in unacceptable delay in certain diseases, such as very high risk acute 
leukemias, or severe combined immunodeficiency (SCID), for which the goal is to 
proceed to transplantation as early as possible after diagnosis. For those without a 
HLA matched donor, alternative hematopoietic progenitor cell sources include mis-
matched unrelated donors, umbilical cord blood, and haploidentical related donors.

Transplantation from a full HLA-haplotype mismatched family member (haplo- 
HSCT), in addition to ensuring a donor for the large majority of patients, offers 
several other advantages, including prompt availability of the stem cell source, the 
possibility to select the best donor from a pool of family candidates, and immediate 
access to donor-derived cellular therapies either for the prevention of relapse or the 
treatment of infections after HSCT. Despite these advantages, widespread use of 
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haplo-HSCT has been limited for many years by relevant complications mediated 
by bidirectional alloreactivity responsible for unacceptably high rates of graft rejec-
tion and severe graft-versus-host disease (GvHD).

The continuous development of graft engineering and pharmacologic GVHD 
prevention strategies, better supportive care, and optimal conditioning regimens 
have significantly improved the outcomes of haploidentical HSCT, and this progress 
has led to establishment of haplo-HSCT as a standard therapeutic option for patients 
with both malignant and non malignant disease needing a HSCT procedure and 
lacking a HLA-identical or compatible donor.

11.2  Donor Selection

Most patients requiring HSCT have more than one haploidentical donor. In the 
majority of pediatric patients, however, the best donor will have to be selected from 
one of the parents. Ideally, the goal is to employ a graft that will enable complete 
and permanent engraftment of donor hematopoiesis, ensure rapid immune reconsti-
tution, and exert effective graft-versus-leukemia (GVL) effect in the absence of 
GvHD. Several studies investigated donor/recipient characteristics that influenced 
haplo-HSCT outcome.

The role of HLA disparity degree was evaluated in large clinical trials, mainly in 
the T-cell replete context [85, 146], and it did not influence the incidence of acute 
GVHD and treatment related mortality (TRM). In the study by Wang et al., con-
ducted on 1210 pediatric and adult patients transplanted with G-CSF mobilized 
T-cell replete bone marrow and peripheral stem cells, donor age less than 30 years 
was associated with a lower incidence of acute GVHD compared to older donor age, 
this observation being also confirmed in the pediatric T-cell depleted setting [67]; 
younger donor age and male gender were also associated with less TRM and better 
overall survival (OS). Moreover, having a maternal donor was associated with a 
higher GVHD incidence and TRM than having a paternal donor. These findings are 
in contrast to observations from other studies demonstrating a lower risk of relapse 
and survival advantage for grafts from maternal donors [136], in which the anti- 
leukemic effect of maternal donor HSCT had been explained by maternal immune 
system exposure to fetal antigens during pregnancy. When analyzing the role of 
non-inherited maternal antigen (NIMA) disparities, also Wang et  al. found that 
NIMA mismatched sibling haplo donors conferred a lower incidence of acute 
GVHD compared to non-inherited paternal antigen (NIPA) mismatched donors 
[146].

The use of highly purified CD34+ stem cells in haploidentical HSCT has allowed 
deep insights into the biology of NK cells and into the understanding of NK allore-
activity [110, 129]. Among adult patients affected by AML, a subgroup of patients 
given T cell depleted HSCT from an HLA-disparate relative having alloreactive NK 
cells showed a low risk of leukemia relapse [9]. Cytotoxic activity of NK cells is 
under the negative feedback control from inhibitory killer immunoglobulin-like 
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receptors (KIRs), that recognize epitopes shared by HLA class I alleles. KIR-KIR 
ligand mismatches in the donor-recipient direction lead to loss of the inhibitory 
feedback and activation of donor NK cells targeting recipient hematopoietic cells 
and leukemic cells [130]. In contrast to alloreactive T-lymphocytes, NK cells are 
thought to be capable of inducing GVL effect without promoting GvHD, through 
elimination of residual recipient antigen-presenting cells in addition to leukemia 
blasts [130]. Accordingly, KIR analysis to identify donor/recipient KIR mismatch 
has been proposed as a tool for donor selection prior to T-cell depleted haplo-HSCT 
[131].

Notably, other factors may contribute to NK alloreactivity. In particular, killing 
of target cells may also depend on the surface density of activating receptors on NK 
cells and on the expression of their ligands on target cells [47]; indeed, activating 
KIRs (in particular KIR2DS1) were shown to play a substantial role in mediating 
alloreactivity [36, 123]. Thus, phenotypic identification of the alloreactive NK cell 
subset and assessment of the NK cytolytic activity against leukemic cells represent 
important criteria in donor selection [123]. Moreover, recent reports have proposed 
a novel approach for optimal donor selection based on the KIR genotype analysis. 
Among these, a study in a haplo-HSCT setting provided evidence that the selection 
of donors with KIR B haplotypes was associated with significant improvements in 
both overall and relapse free survival [114, 140].

KIR mismatch between recipient and donor has been associated with improved 
outcomes in both T-cell deplete and T-cell replete haplo-HSCTs [103, 123, 129, 
130, 140]; however, some studies failed to find an association between the presence 
of donor NK alloreactivity and a favorable clinical outcome of transplanted patients 
[75, 113, 143]. The apparent discrepancies are likely due to the different clinical 
settings, in particular the type of graft (manipulated vs unmanipulated), the condi-
tioning regimen, stem cell source and number (i.e. CD34+ HSC megadose), the type 
of GVHD prophylaxis, and the disease status of the patient at the time of HSCT, and 
these variables have to be taken into account in the donor selection algorithm.

Finally, another factor that may have a negative influence on haplo-HSCT out-
come is the presence of recipient antibodies directed to donor HLA antigens (DSAs), 
as DSAs have been associated to graft rejection [40]. Thus, pre-transplant DSA 
analysis may help donor selection, and, in case DSAs to antigens of all available 
donors are present, may guide antibody removal by anti-B cell monoclonal antibod-
ies or plasma exchange.

11.3  Haploidentical HSCT Strategies

11.3.1  T-Cell Depletet Graft

HLA-haploidentical HSCT had been experimented with varying success since mid- 
seventies [42], at first in the setting of acute leukemia and aplastic anemia. The 
greatest challenge to performing haplo-HSCT had been high rates of graft failure 
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and severe GVHD. Notable success came with the demonstration that in children 
with SCID it was possible to reconstitute a functional immune system with HSCT 
without inducing life-threatening acute GVHD by performing a T-cell depletion 
using soybean agglutinin and sheep red blood cell rosette formation technique [31, 
61, 62, 126]. Primary immune deficiencies were an ideal setting for haplo-HSCT, 
as, in contrast to other disorders, the profound immunodeficiency in SCID mini-
mized the risk of immunologic graft rejection, conceptually eliminating the need for 
immunosuppressive conditioning before HSCT and, consequently, reducing the 
toxicity of the procedure.

In contrast to SCID, haplo-HSCT was less successful in the setting of acute leu-
kemia owing to a high rate of graft failure, attributed to host derived T-lymphocytes 
that survived the conditioning regimen [87]. A major breakthrough intervened when 
preclinical studies in murine models demonstrated that infusion of large numbers of 
donor hematopoietic stem cells (HSC “mega dose”) could overcome the major his-
tocompatibility complex (MHC) barrier and promote engraftment [14]. Seminal 
clinical studies showed that transplantation of mega doses of stem cells (>10 × 106 
CD34+ cells/kg), obtained by supplementing T cell-depleted bone marrow trans-
plants with granulocyte colony-stimulating factor (G-CSF) mobilized peripheral 
blood stem cells (PBSC), after a conditioning regimen consisting of single fraction 
total body irradiation (TBI), thiotepa, cyclophosphamide (CY) and rabbit antithy-
mocyte globulin (rATG), allowed for successful primary engraftment and relatively 
low incidence of acute and chronic GVHD despite the use of T-cell depletion as the 
only GVHD prophylaxis [10, 11]. The initial protocol was implemented with time, 
as highly purified CD34+ cells selected from mobilized PBSC by magnetic sorting 
replaced soybean agglutination and E-rosetting T cell depleted inoculum, and fluda-
rabine replaced CY in the conditioning regimen [12]. In the pediatric setting, differ-
ent versions of the “Perugia protocol” were applied successfully to treat both 
malignant and non-malignant hematologic disorders [6, 44, 72, 104].

Despite acceptable rates of engraftment and GVHD, TRM due to infectious 
complications and malignancy relapse remained a major problem after CD34+ 
HSC-selected haplo-HSCT.  In the attempt to ameliorate immune reconstitution, 
attempts were made to switch from positive CD34 HSC selection to negative T and 
B cell depletion, in order retain, besides the CD34+ stem cells, large numbers of 
other cells including γδ and NK cells, monocytes, and dendritic cells. With intro-
duction of automated devices, simultaneous depletion of CD3+ T cells and CD19+ 
B cells allowed to prevent GVHD and posttransplant lymphoproliferative disease 
(PTLD) [18, 35]. In order to reduce toxicity, a non-myeloablative conditioning 
 regimen based on the use of fludarabine, thiotepa, melphalan and the anti-CD3 T 
monoclonal antibody OKT3 was employed. T-cell reduction did not reach the 4.5–5 
log depletion obtained with CD34+ selection, and despite post-HSCT GVHD pro-
phylaxis, the rate of acute and chronic GVHD were higher than those observed in 
the CD34+ T cell-depleted haplo-HSCT; moreover, notwithstanding a faster 
immune recovery, leukemia relapse remained a major problem.

A more effective approach to negative depletion of T cells is the more recently 
described negative depletion of T-cell receptor (TcR) αβ  +  T lymphocytes from 
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mobilized peripheral stem cell grafts, coupled with B cell depletion [34]. With this 
technique, Bertaina et al. reported high OS and disease-free survival (DFS) (91%) 
coupled with a low incidence of acute GvHD (13%) and chronic GvHD in 23 chil-
dren with a variety of non-malignant disorders, including SCID, Fanconi anemia 
(FA), severe aplastic anemia (SAA), osteopetrosis, and primary immunodeficien-
cies (PIDs) [22]. Recently, a multicenter Italian study comparing the outcome of 
Tαβ/B cell depleted haplo-HSCT vs UD-HSCT in children with acute leukemia 
transplanted with a myeloablative regimen reported primary engraftment in 95 of 97 
patients receving haplo-HSCT and, with the only pharmacologic GVHD prophy-
laxis of pretransplant ATG in the haplo-HSCT setting, 16% and 0% grade II–IV and 
III–IV acute GVHD, respectively, as compared to 39% and 12% in UD-HSCT 
recipients [23]. After a median follow-up of 3.3  years, the 3-year leukemia-free 
survival was 63% vs 62% in the UD-HSCT setting, with chronic GVHD rates of 6% 
vs 20%, respectively. Encouraging results in the setting of ALL and AML were also 
reported from other groups [94, 106].

Different means to deplete alloreactive T cells within the graft have been experi-
mented in the setting of haplo-HSCT. Triggering of alloreactivity in vitro through a 
mixed lymphocyte reaction (MLR) obtained by co-culturing donor T cells with 
recipient antigen-presenting cells has been generally followed by depletion of the 
activated donor T cells through surface activation markers or photoactive dyes. 
Cavazzana-Calvo et al. designed a protocol to allo-activate donor T cells responsi-
ble for GVHD and eliminate them with an immunotoxin that reacted with the cell 
surface activation antigen CD25, and demonstrated in a group of pediatric patients 
receiving haplo-HSCT the ability of an allodepleted T-cell “add-back” to exert an 
anti-viral infection effect without causing GVHD [5, 108]. Using a similar approach, 
Amrolia et al. infused donor allodepleted lymphocytes in 16 pediatric recipients of 
T-cell depleted haplo-HSCT, showing a low rate of GVHD, but inability to prevent 
posttransplant leukemia relapse and viral infections [4]. A method to deplete alloac-
tivated T cells, based on the use TH9402, a phototoxic dye that accumulates in 
activated T cells due to their inability to efflux rhodamidelike drugs, was also devel-
oped and employed in the setting of haplo-HSCT [19].

An alternative approach to prevent GVHD while preserving anti-leukemia and 
anti-infectious immunity is to functionally inactivate alloreactive T cells by induc-
ing alloantigen-specific anergy. Several groups demonstrated how blockade with 
antibodies directed to costimulatory molecules during allostimulation in MLR 
could induce anergy directed to the specific alloantigen, while preserving other 
immune responses [29, 45]. In a pilot trial conducted in 12 pediatric haplo-HSCT 
recipients, Guinan et al. incubated donor marrow cells with CTLA-4–Ig, an agent 
that inhibits B7-CD28 costimulatory signal, in the presence of irradiated mononu-
clear cells from the recipient. Primary engraftment after myeloablative condition-
ing was demonstrated in 10 of the 11 evaluable patients, and acute GVHD of the 
gastrointestinal tract developed in three patients, despite posttransplant prophylaxis 
with cyclosporine and short-course methotrexate. Five of the 12 patients were alive 
and in remission 4.5–29 months after transplantation [70]. In a follow-up study, a 
50% rate of TRM was observed, and 8 of 24 reported patients developed acute 
GVHD [49].
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Finally, studies conducted in animal models had suggested that coinfusion of 
CD4  +  CD25+ regulatory T cells (Tregs) and conventional donor T cells could 
inhibit lethal GVHD after allogeneic HSCT across MHC, while preserving GVL 
surveillance [56].

Di Ianni et al. were able to prevent GVHD, improve immune reconstitution, and 
induce a strong GVL effect after infusion of donor-derived Tregs, followed by con-
ventional T cells, in 28 recipients of CD34+ selected haplo-HSCT, in the absence of 
any post-transplant immunosuppression [52]. Despite prompt immune reconstitu-
tion, however, the rate of opportunistic infections, and thus TRM, remained high, 
perhaps due to Tregs hampering immunity to infectious agents.

11.3.2  T-Cell Replete Graft

Haplo-HSCT with ex-vivo T cell depletion ensures the best mean to prevent 
GVHD.  However, it requires specific cell processing expertise, a myeloablative 
conditioning regimen to eradicate residual recipient immune cells and support 
engraftment, and posttransplant immunologic interventions to boost immune recov-
ery. Being costly and technically demanding, its application has been generally con-
fined to highly experienced centers, consequently limiting widespread application 
of haplo-HSCT.  Recently, this scenario has dramatically changed thanks to the 
impressive results obtained with unmanipulated haplo-HSCT strategies in patients 
affected by malignant diseases.

Historical attempts at using unmanipulated haploidentical allografts were associ-
ated with an unacceptably high rate of GVHD. To overcome this hurdle, efforts have 
been made to increase the intensity of posttransplant GVHD prophylaxis regimen. 
The first unmanipulated approach, pioneered by the Johns Hopkins group, relied on 
the use of post-transplantation cyclophosphamide (PTCY) [102]. The concept 
behind this strategy relied on the observation that CY could induce skin graft toler-
ance [20]. It was hypothesized that in vivo donor and recipient alloreactive T cell 
depletion could be obtained by exposing to PTCY donor/recipient lymphocytes pro-
liferating to reciprocal alloantigens within the first posttransplant days. This proce-
dure could ensure both engraftment and GVHD prevention, while sparing quiescent 
T cells, that are less sensitive to CY due to high levels of aldehyde dehydrogenase, 
an enzyme responsible for CY metabolism [81]. Using a reduced-intensity 
 conditioning regimen including fludarabine, CY and 200  Gy TBI, and PTCY, 
Luznik et  al. obtained a 87% rate of engraftment, with 6% grade III–IV acute 
GVHD, and demonstrated a significantly higher rate of chronic GVHD with the use 
of PTCY on day +3 vs day +3 and +4 (25% vs 5%, respectively). The 2-year overall 
survival and event-free survival (EFS) rates were as low as 36% and 26%, due to 
high incidence of relapse (58% at 2 years) [102]. Similar results of acceptable inci-
dence of GVHD (32% acute grade II–IV and 13% chronic GVHD) and very low 
TRM were obtained in a large multicenter trial conducted in patients with malignan-
cies, in which relapse was a major cause of mortality and was primarily attributed 
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to the use of nonmyeloablative conditioning for patients with acute leukemias [30]. 
To address this obstacle, the use of myeloablative preparative regimens was explored 
and found successful. Raiola et al. showed a 4-year disease-free survival of 43% in 
92 adult patients transplanted for hematological malignancies [125].

Data on the feasibility of this approach in children are scarce, although the pro-
cedure is increasingly employed [21, 78].

A different unmaninuplated haplo-HSCT strategy was applied in 250 pediatric 
and adult patients with acute leukemia, based on the use of myeloablative haplo- 
HSCT with non-T-cell depleted, cytokine-primed marrow and peripheral blood 
grafts, associated with in vivo T-cell depletion by ATG and GVHD prophylaxis con-
sisting of cyclosporine, short-course methotrexate and mycophenolate mofetil 
(MMF) [74]. All but one patients engrafted. The cumulative incidence of grade 
II-IV acute GVHD was 46%, grade III-IV was 13%, and incidence of chronic 
GVHD was 54%. At 3 years after HSCT, the cumulative incidence of opportunistic 
infections was 49%, and 141 of 250 patients were alive and disease free. An Italian 
study reported a significantly lower incidence of acute and chronic GVHD with a 
similar strategy, but with bone marrow as the only source of HSC [51].

A multicenter Italian trial explored the feasibility of a haplo-HSCT protocol con-
sisting of unmanipulated PBSC infusion after a treosulfan and fludarabine condi-
tioning regimen, and GVHD prophylaxis based on antithymocyte globulin Fresenius 
(ATG-F), rituximab and oral administration of sirolimus and mycophenolate [121]. 
Incidence of acute GvHD grade II-IV was 35%, and correlated negatively with Treg 
frequency, while that of chronic GvHD was 47%. At 3 years after HSCT, TRM was 
31%, with 48% relapse incidence and 25% OS. The high rate of chronic GVHD 
might have been partly due to the use of PBSC rather than BM as stem cell source.

11.4  Indications for Haplo-HSCT in Children

11.4.1  Haplo-HSCT in Childhood Malignancies

At present, allogeneic HSCT in children with ALL is reserved to patients who expe-
rience an early or very early marrow relapse after first line chemotherapy, or to the 
subpopulation of high-risk ALL in first complete remission (CR1), i.e. those with 
known molecular biological markers or chromosomal abnormalities, and clinical 
factors such as poor prednisone response and resistance to initial chemotherapy 
including persistence of minimal residual disease (MRD) [138] (Table  11.1). 
Likewise, in the setting of pediatric AML, indications for allo-HSCT are high/very 
high risk disease (infant AML and children with unfavorable karyotype, or FAB 
M0, M6 or M7), or patients in CR2 [138]. Conversely, childhood myelodysplastic 
syndromes (MDS), including juvenile myelomonocytic leukemia (JMML) without 
germ line PTPN11 and CBL mutations, myelodysplasia-related AML, advanced 
MDS and refractory cytopenia of childhood (RCC) with high risk of disease 
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progression (monosomy 7 or >2 chromosomal abnormalities), have an indication to 
HSCT [84, 99, 137] (Table 11.1). In JMML and in children ≤12 years with advanced 
MDS, a myeloablative conditioning regimen of busulfan (16  g/kg over 4  days), 
cyclophosphamide (120 mg/kg over 2 days) and melphalan (140 mg/m2 in single 
dose) and rATG is indicated. In older patients with advanced MDS, who experience 
a higher TRM, and in high risk RCC children with normo/hypercellular bone mar-
row, a myeloablative conditioning based on thiotepa (4–5 mg/kg/day for 2 days), 
treosulfan (14 g/m2/day for 3 days), fludarabine (40 mg/m2/day for 4 days,) and 
rATG may be employed. Finally, RCC children with hypocellular bone marrow may 
receive a reduced-intensity conditioning with fludarabine (40 mg/m2/day for 4 days), 
thiotepa (5 mg/kg/day for 2 days) and rATG.

In the setting of Hodgkin disease (HD) or non-hodgkin lymphoma (NHL), allo-
geneic HSCT may be considered in patients with relapsed/refractory disease or dis-
ease relapsed after autologous HSCT [3, 32, 69, 132].

In all cases, haplo-HSCT can be considered when a matched sibling donor or a 
well-matched unrelated donor are not available. However, with haplo-HSCT results 
constantly improving [23], it is now debatable if UD-HSCT is more indicated than 
haplo-HSCT in refractory malignancy, a setting where haplo-HSCT (especially 
Tαβ/B cell depleted haplo-HSCT without posttransplant GVHD prophylaxis), may 
be an ideal platform for strategies to boost immune surveillance and control disease 
outgrowth.

In childhood acute leukemia, early studies of haplo-HSCT were heteroge-
neous and carried out on small cohorts. Moreover, as the procedure was consid-
ered experimental, the patients enrolled were mostly very high risk patients or 
refractory ALL with dismal outcome. With the development of the T-cell 
depleted, CD34+ megadose haplo-HSCT, the Perugia group obtained for the first 
time encouraging results [10, 11]. With a strategy based on fractionated TBI, 
thiotepa, fludatabine and rATG conditioning and no posttransplant GVHD pro-
phylaxis, in their larger cohort that included also pediatric patients, they obtained 
95% primary engraftment, with 8% and 7% acute and chronic GVHD; in chil-
dren, a 15% TRM was observed, with a DFS probability of 38% in ALL and 62% 
in AML in any CR. For patients transplanted in relapse, DFS was 5% in ALL and 
38% in AML [12]. In 47 pediatric patients transplanted with the same strategy, 
5% graft failure was observed, with grade III-IV acute and extensive chronic 
GVHD of 6% and 3%, and 25% TRM (10% in patients transplanted after 2005). 
The 5-year estimate of DFS for the whole cohort was 50%; interestingly, 70% 
DFS was observed in children with ALL, 75% in MDS, while only 20% in AML 
patients. The DFS of the 18 patients with ALL transplanted from an 
NK-alloreactive donor was 81% [100, 123]. In 2006, Chen et al. published data 
providing evidence that a CD3+/CD19+ depletion strategy using PBSCs, in com-
bination with a reduced intensity conditioning based on fludarabine, melphalan, 
thiotepa and OKT-3 monoclonal antibody, was a feasible option for children with 
hematological malignancy [35]. Although higher rates of acute GVHD were seen 
in comparison to CD34+ selected grafts, due to lower T cell depletion, TRM was 
low. However, the 2-year disease-free survival was 25%. A retraspective study by 
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Table 11.1 Indications to haplo-HSCT in children

Disease Disease status Alternative donor allo-HSCT Evidence grading

Hematological malignancies

AML CR1 (low risk) Generally not recommended III
CR1 (high risk) Clinical option III
CR1 (very high risk) Clinical option II
CR2 Standard of care II
>CR2 Standard of care II

ALL CR1 (low risk) Generally not recommended III
CR1 (high risk) Clinical option II
CR2 Clinical option II
>CR2 Clinical option II

CML Chronic phase Clinical option II
Advanced phase Clinical option II

NHL CR1 (low risk) Generally not recommended II
CR1 (high risk) Clinical option II
CR2 Clinical option II

HL CR1 Generally not recommended II
First relapse, CR2 Clinical option III

MDS Clinical option III
Non-malignant disorders and solid tumors

Primary immunodeficiencies Standard of care II
Thalassemia Clinical option III
Sickle cell disease (high risk) Clinical option III
Aplastic anemia Clinical option II
Fanconi anemia Clinical option II
Blackfan-diamond anemia Clinical option III
Chronic granulomatous disease Clinical option III
Kostman’s disease Clinical option III
MPS-1H Hurler Clinical option II
MPS-1H Hurler Scheie (severe) Generally not recommended III
MPS-VI Maroteaux-Lamy Clinical option II
Osteopetrosis Standard of care II
Other storage diseases Generally not recommended III
Autoimmune diseases Generally not recommended II
Germ cell tumor Clinical option II
Ewing’s sarcoma (high risk or >CR1) Developmental III
Soft tissue sarcoma (high risk or >CR1) Developmental III
Neuroblastoma (high risk) Developmental III
Neuroblastoma (>CR1) Developmental III
Wilm’s tumor (>CR1) Generally not recommended III
Osteogenic sarcoma Generally not recommended III
Brain tumors Generally not recommended III

Modified from Sureda A. et al. [138]
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the European Blood and Marrow Transplant group on the outcome of haplo-
HSCT in children transplanted for very high risk ALL, showed five-year TRM, 
relapse incidence, and DFS of 37%, 36%, and 27%, respectively. The study high-
lighted the importance of performing the transplant in remission, using CD34+ 
cell megadose, and indicated a significant impact of center experience (centers 
performing large numbers of allo-HSCT: DFS of 39% vs 15% in small centers) 
[90]. Recently, a multicenter Italian study comparing the outcome of Tαβ/B cell 
depleted haplo-HSCT vs UD-HSCT in children with acute leukemia transplanted 
with a myeloablative regimen reported primary engraftment in 95 of 97 patients 
receving haplo-HSCT and, with the only pharmacologic GVHD prophylaxis of 
pretransplant ATG in the haplo-HSCT setting, 16% and 0% grade II-IV and III–
IV acute GVHD, respectively, as compared to 39% and 12% in UD-HSCT recipi-
ents [23]. After a median follow-up of 3.3 years, the 3-year leukemia-free survival 
was 63% vs 62% in the UD-HSCT setting, with chronic GVHD rates of 6% vs 
20%, respectively. Encouraging results in the setting of ALL and AML were also 
reported from other groups. Lang et al. reported on 41 children with acute leuke-
mia, MDS and nonmalignant diseases receiving Tαβ/B cell depleted haplo- HSCT 
with conditioning regimens consisting of fludarabine or clofarabine, thiotepa, 
melphalan and serotherapy with OKT3 or ATG-Fresenius [94]. Primary engraft-
ment occurred in 88%, acute GvHD grades II and III-IV occurred in 10% and 
15%, respectively. The 1.6 year survival rate was 51%, with 41% relapse being 
the major cause of death. With the same manipulation approach, and a condition-
ing based on treosulfan, melphalan, fludarabine and ATG, Maschan et al. reported 
100% primary engraftment and 39% acute GVHD II-IV in 33 children trans-
planted with UD-HSCT or haplo-HSCT for AML.  At 2  years, the cumulative 
incidence of relapse was 40% in the haplo group, with a DSF of 59%, whereas 
TRM was 0% [106].

Regarding the T-cell replete approach, a recent pilot study of PTCY-based haplo- 
HSCT, showed a cumulative incidence of disease progression of 26% in children 
with acute leukemia, with 24% NRM and 40% aGVHD. Out of a total of ten grades 
II–IV acute GVHD cases, severe GVHD occurred exclusively in children below the 
age of 10 years, and the authors hypothesize defective clearance of alloreactive T 
cells due to altered CY metabolism in the young age group [78]. A multicenter 
Italian study of T-cell replete haplo-HSCT based on myeloablative or reduced- 
intensity conditioning, and GVHD prophylaxis with PTCY, MMF and calcineurin 
inhibitor, conducted in 33 children with high-risk hematologic malignancies and 
lacking a match-related or -unrelated donor, showed aGVHD and cGVHD rates of 
22% and 4%, respectively, with a DFS rate of 61%, 24% cumulative incidence of 
relapse and 9% TRM [21].

Regarding lymphoma, the experience in children is limited. Broader use has 
been hampered for a long time mainly by high TRM, offsetting the advantage of a 
GVL effect. However, since the use of nonmyeloablative conditioning and T-cell 
replete haplo-HSCT with PTCY, results in adult patients have dramatically 
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improved. In a cohort that included also adolescents, Burroughs and colleague first 
observed an advantage of haplo-HSCT on matched related and unrelated donor 
HSCT in HD, as, due to a lower TRM with comparable disease control, the haplo 
group showed a 51% DFS compared to <30% in the other two groups [33]. Recent 
data from two large multicenter, retrospective, registry studies showed similar 
results in adult patients with HD and NHL transplanted with PTCY haplo-
HSCT. The analysis by Kanate et al. registered the same relapse rate of 36% com-
pared with UD HSCT, despite haplo cohort having higher disease risk index scores, 
but less acute and chronic GVHD, with a OS of 60% vs 50%, respectively [82]. 
Gosh et  al. compared haplo-HSCT with matched sibling donor HSCT in adults, 
finding superimposable TRM and PFS rates, but significantly less chronic GVHD in 
the haplo-HSCT cohort [65]. As relapse remains the major cause of treatment fail-
ure, it will be important to use the haplo-HSCT platform as a basis for GVL effect, 
by integrating transplant with novel immunological therapies. An example in the 
pediatric setting is the use of DLIs modified by insertion of the inducible caspase 9 
suicide gene, that proved of efficacy in two patients with lymphoma enrolled in a 
phase I trial [155].

11.4.2  Haplo-HSCT in Severe Aplastic Anemia

Currently, haplo-HSCT in acquired severe aplastic anemia (SAA) is reserved to 
children who have failed previous immunosuppressive treatment with ATG and 
cyclosporine-A and who do not have a suitable matched family or unrelated donor 
or cord blood unit, or to patients who have rejected a previous unrelated donor trans-
plant [15, 16].

In the recent years, several series of children [59, 76, 147, 148, 150, 151, 153] 
and adults [41, 50, 57, 97] with SAA and given haplo-HSCT have been reported. 
However, the number of pediatric patients in each study is often relatively small, 
and the preparative regimens and GVHD prophylaxis are different. Nevertheless, 
the reported average 1-year EFS is good and in the order of 75% or more. Both 
T-cell depletion and unmanipulated bone marrow or peripheral blood stem cells 
have been successfully used. Because of the high risk of rejection, unmanipulated 
bone marrow or peripheral blood stem cells have been preferred in several cases, 
usually in combination with high-dose PTCY or with monoclonal antibodies or 
ATG as GVHD prophylaxis.

In conclusion, even if it is still in the experimental stage, haplo-HSCT should be 
considered in patients with SAA failing first-line immune suppressive therapy and 
lacking an HLA-matched related or unrelated donor. Unfortunately, the data 
 available so far do not allow to make strong recommendations regarding the best 
conditioning regimen, the optimal composition of the graft, and the best GVHD 
prophylaxis strategy. Both ex vivo T-cell-depleted and unmanipulated graft strate-
gies have been explored; results show comparable efficacy and acceptable toxicities 
of both these approaches [15, 39, 64].
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11.4.3  Haplo-HSCT in Constitutional Cytopenias

Constitutional bone marrow failure syndromes represent a group of rare genetically 
and phenotypically heterogeneous disorders characterized by the variable presence 
of multiple congenital somatic abnormalities, the gradual onset of bone marrow 
failure involving one or more hematopoietic cell lineages, and the predisposizion to 
develop clonal hematopoietic disorders as well as, in some cases, solid tumors [24]. 
The bone marrow insufficiency can be uni-linear, such as usually in Diamond- 
Blackfan anemia or in congenital amegakaryocytic thrombocytopenia, or it can 
involve all the three lineages, such as in Fanconi anemia, diskeratosis congenita or 
Shwackmann-Diamond syndrome. Also the degree of cytopenia is variable among 
the different disease and can worsen over time: in Fanconi anemia the cytopenia is 
typically absent at birth and usually appears during childhood, while in Diamond- 
Blackfan anemia the hyporegenerative anemia appears in infancy [24].

Optimized supportive care, including red blood cell and platelet transfusions, 
and prevention of infectious complications, are critical for the conservative manage-
ment of these patients [139]. Some children, namely those affected by Fanconi ane-
mia and dyskeratosis congenital, can benefit from treatment with androgens, while 
those with Diamond-Blackfan anemia can improve anemia with steroid treatment. 
Allogeneic HSCT is currently the only curative treatment able to restore normal 
hematopoiesis. Nevertheless, the underlying defect in DNA repair, typical for 
example of Fanconi anemia, is responsible of the hypersensitivity to the treatment 
with irradiation and alkylating agents as cyclophosphamide, leading to excessive 
regimen-related toxicity and severe acute GVHD [66]. Furthermore, a strong asso-
ciation between chronic GVHD and the development of secondary malignancies 
(squamous cell carcinoma) has been demonstrated [26, 122], thus increasing the 
risk of late mortality notwithstanding the cure of bone marrow insufficiency.

Current evidence in the medical literature on the use of haplo-HSCT in this par-
ticular setting is often limited to case reports and small retrospective case series [2, 
54, 101, 141]. Recently, Zecca et al. described 12 children with Fanconi anemia 
treated with haplo-HSCT, who received T cell-depleted, CD34+ positively selected 
stem cells after a conditioning regimen including fludarabine (30 mg/m2/day for 
4 days), cyclophosphamide (300 mg/m2/day for 4 days), rATG (10 mg/kg/day for 
4 days) and single dose TBI (200 cGy). Survival and DFS were 83%, while the 
cumulative incidence of TRM was 17%, with no fatal regimen-related toxicity. The 
incidence of acute and chronic GVHD was limited. Low infused CD34+ cell dose 
seemed to correlate with graft rejection [152]. Bertaina et al. described four further 
patients who received the same conditioning regimen, and were successfully trans-
planted using T-cell depleted PBSC after T α/β + and B CD19+ negative selection 
[22]. Furthermore, Bonfim et al. reported 30 children with Fanconi anemia given 
haplo-HSCT with unmanipulated bone marrow and post-transplant cyclophospha-
mide (25 mg/kg/day on day +3 and +4) [27]. The conditioning regimen included 
fludarabine (150  mg/m2), cyclophosphamide (10  mg/kg) and single dose TBI 
(200 cGy). Pre-transplant rATG (4–5 mg/kg) was added to the conditioning regimen 
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after the first 12 transplants, because of the high incidence of severe acute and 
chronic GVHD. Hemorrhagic cystitis occurred in 50% of the patients, but overall 
survival was 73% with all surviving patients achieving full donor chimerism.

Taken together, these results demonstrate the feasibility of haplo-HSCT also for 
Fanconi anemia patients and, more in general, for children with constitutional bone 
marrow failure syndromes. However, because of the peculiar frailty of this hetero-
geneous patient population, particular attention must be payed to the choice of the 
conditioning regimen, because of the high regimen-related toxicity. Furthermore, a 
very effective GVHD prophylaxis should be adopted, in view of the strong associa-
tion between chronic GVHD and secondary malignancies in otherwise cured long-
term survivors.

11.4.4  Haplo-HSCT in PID

Primary immunodeficiencies (PID) are a group of heterogeneous diseases, many of 
which are caused by monogenic defects, resulting in susceptibility to life threaten-
ing infections, uncontrolled inflammation, or autoimmunity. Historically, allogeneic 
HSCT has been a curative option for several primary PID, including severe com-
bined immunodeficiency (SCID), Wiskott-Aldrich syndrome (WAS), chronic gran-
ulomatous disease (CGD) hemophagocytic lymphohistiocytosis (HLH) and many 
others [13, 63]. This field has rapidly expanded over the last years. Currently, more 
than 300 PIDs have been genetically defined and 34 new genetic disorders have 
been added to the International Union of Immunological Societies (PIDTC) PID 
classification in the last 2 years [124]. Many of these diseases can be cured by allo-
geneic HSCT even if, given the heterogeneity and rarity of some diseases, in some 
cases the indication to HSCT can be controversial. Table 11.2 summarizes the most 
important, established or still debated indications [71].

HSCT in PID can be a challenge. Comorbidities such as chronic infections and 
severe pulmonary dysfunction, that could make patients ineligible to the procedure, 
are common. Myeloablation may be avoided in order to reduce excessive toxicity, 
but reduced-intensity regimens could lead to higher rejection rate or to increased 
mixed chimerism. Also the degree of donor engraftment necessary for disease cure 
is yet not completely understood. In children with SCID, HSCT is considered an 
urgent and life-saving procedure, while in other forms of PID, where the immune 
defect does not result in an imminent risk, the transplant could be delayed until a 
properly matched donor is found. Indeed, a causative molecular defect can be 
 identified in many patients with PID, leading to formulation of a definitive diagno-
sis. In this case, the decisional process is relatively simple and allows to rapidly 
proceed to the transplant on the basis of the existing knowledge about the underly-
ing disease. Unfortunately, in other cases, in which a genetic diagnosis cannot be 
achieved, the decision to transplant is often delayed until the susceptibility to severe 
recurrent infections or autoimmunity are clearly demonstrated.
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Table 11.2 Indications to HSCT in immunofeficiency disorders

Efficacious and recommended

Chronic granulomatous disease
DOCK8 deficiency
GATA2 deficiency
Griscelli syndrome, type II (RAB27A deficiency)
Immune dysregulation, polyendocrinopathy, enteropathy, X-linked (IPEX)
Leukocyte adhesion deficiency type I
Perforin deficiency
Severe combined immunodeficiency syndrome
Severe congenital neutropenia
Wiskott Aldrich syndrome
X-linked hyper-IgM syndrome
X-linked lymphoproliferative disease type I
X-linked lymphoproliferative disease type II

May be efficacious but still limited evidence

Adenosine deaminase type II deficiency
Autosomal dominant hyper IgE syndrome
C1Q deficiency
CD25 deficiency
CTLA-4 haploinsufficiency
IL-10 deficiency
IL-10 receptor deficiency
LRBA deficiency
Nijmegen breakage syndrome
PGM3 deficiency
STAT1-gain of function
STAT3-gain of function
Warts, hypogammaglobulinemia, infections, myelokathexis (WHIM)

Still controversial

Common variable immunodeficiency
Di George syndrome
I𝜅Bα deficiency (NFKBIA deficiency)
NEMO deficiency (IKBKG deficiency)
X-linked agammaglobulinemia
X-linked thrombocytopenia

Modified from Hagin D. et al. [71]

The major advantage of using a haplo-HSCT is that a healthy donor, usually a 
parent, is immediately available so that the transplant can be performed very quickly. 
In the study of the Primary Immunodeficiency Treatment Consortium (PIDTC), 
reporting 240 infants with SCID transplanted between 2009 and 2009, more than 
50% of the patients (138/240) received a transplant from a partially matched related 
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donor [118]. Children who received a T-cell depleted graft from partially matched 
related donors and did not received any conditioning regimen had a survival prob-
ability of 79% while those receiving any type of conditioning had a survival prob-
ability of 66%. However, the use of a reduced intensity or myeloablative conditioning 
was associated with improved T-cell count and better B-cell function. Older age 
(>3.5 years) and active infection at time of HSCT were associated with lower sur-
vival rate, while children transplanted in early infancy (<3.5 months) had an excel-
lent outcome, similar to that of patients transplanted from a matched sibling, even if 
grafted from an alternative donor.

Also some patients with WAS and given haplo-HSCT, either with or without 
T-cell depletion, have been reported in different series of patients usually includ-
ing also transplants from matched family or unrelated donors [17, 77, 88, 93, 109, 
112, 133]. These studies show that haplo-HSCT can be an effective form of treat-
ment. However, it must be noted that in the setting of WAS a mixed chimerism 
appeared to have a strong detrimental effect on EFS because of an increased inci-
dence of autoimmunity [117]. For this reason, a stable multilineage donor engraft-
ment is required to fully correct the disease [109] and this consideration supports 
the use of fully myeloablative conditioning regimens, in order to minimize the 
chance of autologous reconstitution and recurrence or persistence of the WAS 
phenotype.

Also rare cases of haplo-HSCT in children with CGD have been recently reported 
[73, 111, 120, 154]. However, the experience with CGD is still too limited to give 
specific recommendations and haplo-HSCT in CGD should sill be considered 
experimental.

Hemophagocytic lymphohistiocytosis (HLH) is a life-threatening hyperinflam-
matory clinical syndrome with uncontrolled immune response which results in 
hypercytokinemia due to an underlying primary or secondary immune defect. HCT 
is recommended in patients with documented familial HLH, recurrent or progres-
sive HLH despite chemoimmunotherapy, and CNS involvement [80]. The selection 
of the optimal stem cell donor and source, as well as of the conditioning regimen, is 
important for HLH patients undergoing HSCT, because of the high risk of rejection 
and unstable mixed chimerism reported in this disease [116]. HSCT using haploi-
dentical donors for HLH patients who do not have matched donor was demonstrated 
to be feasible, and the outcome has improved over time [55, 96, 98, 115, 116].

Conventional myeloablative conditioning regimens, mostly including busulfan, 
cyclophosphamide and etoposide with or without ATG have been usually adopted. 
However, it has been reported that the outcome of myeloablative conditioning for 
HLH can be impaired by high early TRM. The increased TRM has prompted the 
use of less toxic approaches adopting reduced intensity regimens. The combina-
tion of alemtuzumab, fludarabine, and melphalan has demonstrated good efficacy 
[46, 105]. Also melphalan or treosulfan are promising alternatives. Fludarabine, 
treosulfan, alemtuzumab, and thiotepa could represent a conditioning regimen 
with a high rate of disease-free survival and low toxicity [96]. Reduced intensity 
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conditioning before haplo-HSCT was reported to sufficiently restore immune reg-
ulation in infants with FHL, while decreasing TRM and long-term sequelae [115]. 
However, the high incidences of mixed chimerism and graft loss still remains a 
significant concern in HLH patients.

11.4.5  Haplo-HSCT in Hemoglobinopathies

Allogeneic HSCT offers a potentially curative treatment for patients with hemoglo-
binopathies, mainly thalassemia major (TM) and severe sickle cell disease (SCD). 
Nevertheless, so far the applicability of HSCT has been limited mainly by donor 
availability, with a less than 20% of eligible patients having a HLA-matched sibling 
donor [1]. Furthermore, the probability of finding a potential MUD is largely depen-
dent on the ethnic and racial background [68].

In TM, transfusion-dependency is an indication for HSCT, especially in younger 
patients before development of iron-related tissue damage. In SCD, allogeneic 
HSCT is currently limited to patients with a severe phenotype, with frequent vaso- 
occlusive crises and acute chest syndrome that are unresponsive to hydroxyurea, 
with end organ damage such as stroke or osteonecrosis of multiple joints, and with 
severe disease that has been associated with an increased risk of early mortality and/
or requiring regular transfusion therapy [7, 89].

Haplo-HSCT could significantly increase the donor pool for patients with SCD, 
who historically have limited donor options. In adult patients with SCD (age 
15–46 years), a single-center experience using a novel non myeloablative haploi-
dentical or HLA-mismatched donor regimen employing PTCY showed the feasibil-
ity of this approach: more than 80% of eligible patients had suitable related 
haploidentical donors, and in the cohort of 14 haploidentical recipients with SCD, 
60% of the patients engrafted with no deaths or significant GVHD; however, the 
graft failure rate was 43%. So, the experience using this approach is still relatively 
limited and remains under clinical investigation [25]. In 2013, Dallas et al. reported 
eight children with SCD given unmanipulated haploidentical HSCT after a mye-
loablative conditioning regimen and a GVHD prophylaxis based on the use of an 
anti-CD3 monoclonal antibody. However, only three of the eight patients achieved 
a sustained engraftment and are alive and disease-free, while graft failure and SCD 
recurrence were observed in 38% of the patients [48]. A further study was published 
in 2017 by Foell et al., describing nine children or adolescents with SCD and given 
haplo-HSCT [60]. The conditioning regimen included thiotepa, treosulfan, fludara-
bine and ATG, and GVHD prophylaxis consisted of CD3+/CD19+ depletion fol-
lowed by the administration of cyclosporine-A and mycophenolate until day +120 
post-HSCT.  All nine children achieved stable engraftment with only one patient 
dying of transplant-related complications.
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Moving to TM patients, two studies evaluated the role of haplo-HSCT in chil-
dren. In 2010, Sodani et al. presented 22 patients with TM given HSCT from their 
haploidentical mother after an intensive conditioning regimen and a GVHD prophy-
laxis based on T-cell depletion. The reported survival probability was 90%, the 
thalassemia-free survival was 61% and the cumulative incidence of the rejection 
was 29% [134]. More recently, in 2016, Anurathapan et al. described 31 patients 
(median age 10 years, range 2–20) transplanted after a myeloablative conditioning 
regimen (busulfan + fludarabine + ATG) and with a GVHD prophylaxis including 
PTCY, tacrolimus and mycophenolate mophetil [8]. The authors reported a survival 
probability of 95%, an EFS probability of 94%, with only 2 out of the 31 patients 
rejecting the transplant. In both studies, all patient received an intensive pre- 
conditioning treatment, including high-dose hydroxyurea, azathioprine, hematopoi-
etic growth factors, hypertransfusion regimen and intensive iron chelation [134] or 
2 cycles of fludarabine (40 mg/m2/day for 5 days) and dexamethasone (25 mg/m2/
day for 5 days) [8]. The pre-conditioning treatment was administered in order to 
decrease marrow cellularity and to suppress erythropoiesis, with the aim of reduc-
ing the risk of rejection and graft failure. The pre-conditioning immunosuppressive 
and myelo- and erithrosuppressive treatment could play a relevant role in the suc-
cess of the transplant in this otherwise difficult disease, and deserves further 
investigation.

Overall, despite the higher incidence of graft rejection as compared to other dis-
eases, these recent results are encouraging because of the low toxicity of the proce-
dure. Only few patients with TM and, still less with SCD, often belonging to ethnic 
minorities with rare HLA phenotype [68], are able to receive a HLA compatible 
donor transplant. The use of haploidentical donors could extend the use of HSCT in 
a setting where this procedure is still largely underutilized. Prospective trials are 
needed to determine the risk-benefit ratio of this approach, and many such studies 
are currently ongoing.

11.5  Strategies to Enhance Immune Reconstitution and GVL 
After Haplo-HSCT

As we have seen in previous sections, transplant-related mortality (in the pediatric 
setting mostly ascribable to opportunistic infections), and relapse in patients trans-
planted for malignancy, are the major causes of failure after T-cell depleted haplo- 
HSCT. These complications are likely related to the delayed immune reconstitution, 
and, in order to overcome their development, different means to boost immune sur-
veillance have been implemented.

Proof of principle studies had demonstrated the feasibility to administer unma-
nipulated donor lymphocytes (DLI) to treat viral complications or leukemia 
relapse after T-cell depleted HSCT [91, 119]. The rate of acute GVHD developing 
after the procedure, however, prompted manipulation of donor lymphocytes to 
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reduce alloreactivity while maintaining immune surveillance potency. Two strate-
gies have been explored to reduce the risks derived from alloreactivity associated 
with DLI. The first approach was based on transduction of nonspecific T cells with 
a retroviral construct containing suicide genes, to induce susceptibility to drug-
mediated lysis in case of development of alloreactive response [28]. Infusion of 
HSV-thymidine kinase gene-marked lymphocytes has proved safe and devoid of 
adverse effects [38]. However, its mechanism of action requires interference with 
DNA synthesis so that cell killing may take several days and be incomplete, result-
ing in a delay in clinical benefit. Recently, an alternative strategy that relies on 
inducible caspase proteins (iCasp9) to exploit the mitochondrial apoptotic path-
way has been explored. The use of DLI modified by iCasp9 cell-suicide system in 
a small cohort of children transplanted for acute leukemia demonstrated the poten-
tial advantages in terms of rapid and consistent cell removal in case of GVHD 
development [53]. Escalating doses of iCasp9-modified DLI have been employed 
in 20 pediatric patients receiving Tα/β depleted haplo-HSCT for PID, and proved 
safe (25% cumulative incidence of aGVHD, no TRM) and able to provide prompt 
immune reconstitution [83].

An alternate strategy consists in delivering infectious/leukemia antigen-specific 
T cells selected by cell culture or by sorting. A major breakthrough was achieved by 
the adoptive transfer of virus-specific cytotoxic T lymphocytes reactivated from the 
peripheral blood of HSCT donors as prophylaxis/treatment against CMV disease or 
EBV-positive post-transplant lymphoproliferative disease in patients given T-cell 
depleted, HLA-disparate, unrelated HSCT [127, 145]. This approach has been suc-
cessful in preventing and treating infectious complications after T-cell depleted 
haplo-HSCT, both in the pediatric and adult setting, while limiting the risk of induc-
ing GVHD [44].

In the setting of leukemia, attempts have been made to boost tumor-specific 
responses and control leukemia relapse by post-transplant add-backs of donor cyto-
toxic T cells (CTLs) directed towards patients blasts [58], minor histocompatibility 
antigens [149], or leukemia-related antigens [43]. One of the main limitations is that 
CTL antigen recognition is major histocompatibility complex (MHC)- restricted. 
Moreover, in many cases, tumor-specific antigens able to elicit protective immune 
responses have not been identified.

To extend the recognition specificity of T lymphocytes beyond their classical 
MHC-peptide complexes, a gene-therapeutic strategy has been developed that 
allows redirecting T cells to defined tumor cell surface antigens, by the transfer of 
an antigen-binding moiety, most commonly a single chain variable fragment derived 
from a monoclonal antibody, together with an activating T-cell receptor (chimeric 
antigen receptors, CARs). Recently, CARs directed to the CD19 molecule, 
expressed on B-cell malignancies, have been employed in pediatric and adult 
patients with refractory ALL and proven highly efficient, with CR rates of 70–90% 
[92, 95, 107, 142]. These studies included patients with a prior history of allogeneic 
HSCT, and no GVHD was recorded. A phase I study of CD19 CAR T cell infusion 
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after autologous and allogeneic HSCT included also 8 haplo-HSCT recipients, and 
the OS and DFS at 12 months for the haplo group were 100% and 75%, respec-
tively. In the allogeneic setting, CAR T cell doses up to 108/m2 were safe and did 
not exacerbate GVHD [86].

It has been shown that leukemia blasts may escape immune control mediated by 
T cells and cause relapse by losing HLA mismatched alleles after HSCT, due to an 
acquired uniparental disomy, with consecutive total loss of the HLA-mismatched 
haplotype [144]. In this case, infusion of selected and/or activated NK cells may 
help control leukemia relapse. In addition, NK cells mostly target hematopoietic 
cells sparing solid organs, suggesting that an NK-mediated antitumor effect can be 
achieved in the absence of GVHD.

Studies have shown that infusion of haploidentical NK cells to exploit KIR/HLA 
alloreactivity is safe and can mediate impressive clinical activity in some patients 
with AML [128], and donor NK cells have been infused after haplo-HSCT with 
some evidence of efficacy [37, 79, 135]. Despite reports of clinical efficacy, a num-
ber of factors limit the application of NK cell immunotherapy for the treatment of 
cancer, such as the failure of infused NK cells to expand and persist in  vivo. 
Therefore, means to maximize NK persistence and efficacy are currently being 
implemented.

11.6  Conclusions

Dramatic progress in the outcomes of haplo-HSCT in pediatric patients has been 
registered over the past decade, providing a chance to cure the children and adoles-
cents in need of a HSCT.

Although the optimal strategy to overcome the HLA–histoincompatibility bar-
rier is still debated, results in the pediatric populations appear equally encouraging 
with both T-cell depleted and T-replete HSCT approaches. In order to evaluate 
which strategy may be more appropriate in the different disease settings, multicen-
tre controlled/randomized trials will have to be eventually conducted. Haplo-HSCT 
with PTCY has the potential to be the preferred transplant option for patients with-
out HLA-matched donors in developing countries, where cell processing laborato-
ries with specialized expertise and unrelated donor registries may be difficult to 
establish and maintain.

The excellent results obtained with Tαβ/B cell depleted haplo-HSCT, as well as 
with T-replete HSCT with PTCY, could challenge, in the near future, the current 
hierarchical algorithm in which MUD and unrelated cord blood are preferred to 
haploidentical donors, also in view of the possibility to exploit postransplant 
immune interventions in malignancy. Recent studies comparing haplo-HSCT to 
other types of allo-HSCT in both adult and children suggest that such a step may not 
be far to come.
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