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Abstract: Allogeneic hematopoietic stem cell transplantation has become a treatment option for other-
wise non-curative conditions, both malignant and benign, affecting children and adults. Nevertheless,
the latest research has been focusing extensively on transplantation from related and unrelated hap-
loidentical donors, suitable for patients requiring emergent hematopoietic stem cell transplantation
(HSCT) in the absence of an HLA-matched donor. Haploidentical HSCT (haplo-HSCT) can be an
effective treatment for non-malignant pediatric disorders, such as primary immunodeficiencies or
hemoglobinopathies, by enabling a much quicker selection of the appropriate donor for virtually
all patients, low incidence of graft-versus-host disease (GVHD), and transplant-related mortality
(TRM). Moreover, the outcomes of haplo-HSCT among children with hematological malignancies
have improved radically. The most demanding tasks for clinicians are minimizing T-cell-mediated
alloreactivity as well as early GVHD prevention. As a result, several T-cell depletion approaches,
such as ex vivo T-cell depletion (TCD), and T-cell replete approaches, such as a combination of anti-
thymocyte globulin (ATG), post-transplantation cyclophosphamide (PTCy), cyclosporine/tacrolimus,
mycophenolate mofetil, or methotrexate, have been taken up. As more research is needed to establish
the most beneficial form of therapy, haplo-HSCT is currently considered an alternative donor strategy
for pediatric and adult patients with complications like viral and bacterial infections, invasive fungal
disease, and GVHD.
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1. Introduction

Hematopoietic stem cell transplantation (HSCT) became a treatment option over
60 years ago, and due to immense progress in the medical field, it has been used to treat
various diseases, including both malignant and non-malignant hematological conditions [1].
The procedure is based on the administration of hematopoietic stem cells from the donor to
replace the recipient’s malfunctioning hematopoietic system [2]. HSCT can be categorized
depending on the relationship between the donor and recipient, as well as the source of the
graft [3]. The great limitation in the general application of HSCT is the difficulty in finding
a compatible donor in the context of the human leukocyte antigen (HLA) [4]. The concept
of haploidentical HSCT (haplo-HSCT) was developed to serve as an alternative to allogenic
HSCT (allo-HSCT), requiring an HLA-identical donor, whereas haplo-HSCT is conducted
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with at least a half-matched identical donor [5]. Histocompatibility genes are inherited as a
group (haplotype) both from the mother and the father (Figure 1) [6,7].
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25% chance of being identical at the genotypic level of HLA molecules. 

Minimal residual disease (MRD), defined as the lasting presence of leukemia cells 
after a chemotherapy/radiotherapy regimen, can be used to evaluate the risk of relapse 
and reaction to a therapy plan [8]. The assessment of the MRD status before transplanta-
tion is a crucial and significant prognostic factor in children and adolescents with hema-
tological malignancies, as patients with negative MRD before haplo-HSCT tend to achieve 
substantially longer overall survival (OS) and event-free survival (EFS) [9]. 
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ble, which is particularly beneficial for patients who are in an urgent need of HSCT [10]. 
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GVHD (cGVHD) is said to be the leading cause of poor quality of life of children who 
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Figure 1. HLA gene inheritance. Image created with biorender.com (accessed on 2 April 2024). HLA
genes are inherited according to classic Mendelian genetics, with HLA molecules being codominantly
expressed. An HLA-haploidentical donor is a related donor who shares exactly 1 HLA haplotype and
differs by a variable number of HLA genes on the unshared haplotype. Siblings have a 25% chance of
being identical at the genotypic level of HLA molecules.

Minimal residual disease (MRD), defined as the lasting presence of leukemia cells after
a chemotherapy/radiotherapy regimen, can be used to evaluate the risk of relapse and
reaction to a therapy plan [8]. The assessment of the MRD status before transplantation is a
crucial and significant prognostic factor in children and adolescents with hematological ma-
lignancies, as patients with negative MRD before haplo-HSCT tend to achieve substantially
longer overall survival (OS) and event-free survival (EFS) [9].

The greatest advantage of haplo-HSCT is that it considerably widens the pool of
potential donors, as over 95% of patients can find a donor among their parents, siblings, or
children who share one HLA haplotype with the patient. Such donors are easily accessible,
which is particularly beneficial for patients who are in an urgent need of HSCT [10].
Nevertheless, due to imperfectly matched HLA, haplo-HSCT is more prone to graft-versus-
host disease (GVHD) and poorer graft function [5]. The negative response of the patient’s
immune system is prompted by alloreactive T-cells, either from the donor against the
recipient’s tissues or from the patient against the graft [11]. High tumor-related mortality
(TMR) has primarily been associated with acute GVHD (aGVHD), whereas chronic GVHD
(cGVHD) is said to be the leading cause of poor quality of life of children who have received
haplo-HSCT [12].

2. GVHD Management

Although haplo-HSCT significantly increases the number of possible donors and
offers a low toxicity rate and stable engraftment, it involves a greater risk of GVHD and
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treatment-related fatality. Children are affected by transplant-related toxicities at a very
young age, which has life-long consequences, with cGVHD being one of the most serious
complications [13]. Previously, it was believed that total T lymphocyte depletion from
the graft was the only method of GVHD prophylaxis. Despite being successful, such an
approach led to an increased rate of severe infections and patient mortality [14,15].

To provide higher rates of successful engraftment and better GVHD management,
different strategies regarding alloreactive T-cells were developed, resulting in haplo-HSCT
no longer being perceived as a last-resort treatment [16]. Presently, there are two main
pathways of T-cell depletion (TCD), ex vivo and in vivo.

The ex vivo pathway involves CD34+ cell selection with a subsequent infusion of a
megadose of purified CD34+ cells, CD3/CD19− negative selection, and T-cell receptor
(TCR) α/β with CD19 depletion, as well as depletion of CD45RA naive T-cells [17–20]. In
the past, CD34+ cell selection was the most frequently used method. Even though it was
associated with a lower risk of GVHD, it could delay the patient’s immune reconstitution
and slow down viral clearance [21]. The latest study results acknowledge haplo-HSCT with
TCRαβ and CD19 depletion as a choice for pediatric patients with non-malignant hema-
tological and immunological conditions, due to satisfactory immune reconstitution [22].
This kind of graft manipulation results in stem cell transplants that are highly enriched in
natural killer (NK) cells and TCRγ/δ+ T-cells that are essential for viral protection [23–25].
Additionally, the depletion of B lymphocytes with anti-CD19 is performed to decrease the
risk of Epstein–Barr virus (EBV) reactivation [26].

A recent study indicates that GVHD, particularly after TCRα/β and CD19 depletion
haplo-HSCT, can be managed by the administration of multiple doses of zoledronic acid
in the post-transplant course. The substance is said to enhance TCRγ/δ+ lymphocyte
action after depleted haplo-HSCT without life-threatening side effects, such as commonly
observed asymptomatic hypocalcemia and flu-like symptoms after infusion. The research
proved that three or more infusions of zoledronic acid were associated with a decreased
frequency of aGVHD and cGVHD, as well as reduced transplant-related mortality (TRM),
compared to one or two doses. As zoledronic acid is safe and provides a positive post-
transplant response, it can be administered to children a few weeks after haplo-HSCT [27].

The in vivo pathway covers methods based on low-dose post-transplantation cy-
clophosphamide (PTCy) and anti-thymocyte globulin (ATG) treatment, as well as a combi-
nation of PTCy and ATG with cyclosporine (CsA) and mycophenolate mofetil (MMF) [18–20].
Recent research suggests that the PTCy-based method provides better leukemia-free sur-
vival (LFS) as well as GVHD-free survival [19]. The positive effect of haplo-HSCT with
PTCy on GVHD risk has been proven in both adult and pediatric patients who qualified for
a transplant [28]. Cyclophosphamide is also used in various non-malignant hematological
disorders, not only in sickle cell disease (SCD), but also in thalassemia, primary immun-
odeficiencies (PIDs), severe aplastic anemia (SAA), and osteopetrosis [26,29]. The effect
caused by PTCy is selective depletion of alloreactive donor T-cells that are responsible for
GVHD and graft rejection, while preserving the non-alloreactive resting memory T-cells
responsible for adaptive immunity and the blood stem cells necessary for successful engraft-
ment. The crucial part of the process is the administration of cyclophosphamide during the
appropriate time frame [25]. It is most often administered on the 3rd and 4th days after
graft transplantation [30,31]. GVHD prophylaxis may also include tacrolimus and MMF
administered during the 5th post-transplant day [30]. Furthermore, even though TCRα/β
and CD19 depletion are also affiliated with successful GVHD prevention in children and
adults, the application of PTCy enables haplo-HSCT without ex vivo TCD [13,32]. It has
been observed that maternal- and collateral-related donor transplants lead to a greater
prevalence of GVHD and reduced survival, in comparison to the direct family. Nonetheless,
compared to other ATG-based or PTCy-based regimens, the low-dose PTCy/ATG regimen
considerably constricted the cumulative incidence of aGVHD and did not worsen the
relapse risk, thus making maternal/collateral donor transplants a safer option [33].
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Another approach using basiliximab, a chimeric monoclonal antibody aiming at alpha
chain of interleukin-2 receptors (CD25 antigen), has been proposed as a form of treatment of
steroid-refractory (SR) aGVHD [34]. Basiliximab is used in both adult and pediatric patients
after haplo-HSCT as a satisfactory second-line treatment. It has been demonstrated that the
patient response rate to corticosteroids reaches only 50%, whereas SR aGVHD is responsible
for a long-term mortality rate as high as 70%. As basiliximab mostly affects activated T
lymphocytes without suppressing the resting T lymphocytes, it does not alter engraftment
or the incidence of infectious complications. The effectiveness of SR aGVHD management
differs depending on the distressed organ, with the best response to basiliximab being in
skin involvement, followed by gut and liver involvement. Furthermore, no significant
adverse effects were observed, thus enabling the usage of basiliximab as a recommended
strategy [35].

3. Malignant Disorders

Despite the continuous development of new treatment options for pediatric acute
lymphoblastic (ALL) and myeloid leukemia (AML), there is still a group of patients who
are not eligible for aggressive induction chemotherapy, which results in a poor overall
prognosis and a limited choice of therapies [36,37], and for whom HSCT remains a relevant
and effective medical procedure [38,39]. Although allo-HSCT continues to be the first-line
treatment, haplo-HSCT is gaining increased attention, due to its many advantages, such as
a significant increase in the number of possible donors, low toxicity rate, wide availability
for therapeutic procedures after transplantation, and a greater spectrum of immunologic
reactions against tumor cells [40].

3.1. Haplo-HSCT with Ex Vivo T-Cell Depletion

The first approaches to performing bone marrow transplantation from related, not
fully matched donors in patients with hematologic malignancies consisted of a condi-
tioning regimen analogous to the one used with matched sibling donors; however, they
did not yield satisfactory results, because of poor OS rates [41]. The implementation of
transplantation TCD led to improved GVHD prevention in children with severe combined
immunodeficiency (SCID) [21], but could not be used in patients with leukemia due to
frequent graft failure, despite the benefits of improved GVHD prevention [42,43]. Eventu-
ally, a haplo-HSCT with the positive selection of CD34+ peripheral stem cells preceded by
myeloablative conditioning including myeloablative drugs, such as the alkylating agent
thiotepa, total-body irradiation (TBI), busulfan-based conditioning regimens, and advanced
engraftment in the treatment of adult and pediatric AML [44,45].

In recent years, the transplantation of T- and B-cell-depleted allografts from haploiden-
tical family donors was assessed by Lang et al. in a prospective Phase II trial in pediatric
patients with acute leukemias and myelodysplastic syndrome. A total of 46 patients re-
ceived CD3+/CD19+-depleted peripheral allografts after a melphalan-based conditioning
regimen. Twelve patients survived free of disease, with a median follow-up of 4.3 years;
however, over 60% of patients died, with relapse being the most common cause of death.
In terms of GVHD, a greater rate was observed in comparison with a historical cohort
of patients who received CD34-selected grafts with similar numbers of stem cells (26%
vs. 7% grades II–IV and 21% vs. 13% cGVHD) [46]. On the other hand, the incidence of
GVHD was more favorable than in two similar pediatric trials regarding CD3+/CD20+-
depleted allografts with serotherapy [47] and CD3+/CD19+-depleted allografts without
serotherapy [48] (41% and 33% aGVHD II–IV and 22% and 13% cGVHD, respectively) [49].

Currently, novel studies aim to test a new graft manipulation involving
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Seven years later, after a longer follow-up period and the use of the aforementioned
transplant, the authors reanalyzed 213 pediatric patients diagnosed with ALL (n = 152)
and AML (n = 61). The median age at the time of transplantation was 9.5 years. All
patients were in morphologic complete remission (CR) at the time of transplantation. A
total of 18 patients were positive for MRD before transplantation. All patients received
fully conditioned myeloablation including a regimen based on TBI and/or cytostatic
treatment. None of the patients received prophylactic pharmacotherapy for the prevention
of GVHD, and aGVHD grades II–III occurred with a combined incidence of 14.7%. A total of
129 children developed viral infections due to cytomegalovirus (CMV), adenovirus (ADV),
and human herpesvirus 6 (HHV-6). It is worth mentioning that the survival rates or relapse
rates did not differ between patients who developed or did not develop the mentioned
infections. The main reason for treatment failure was relapse. Children diagnosed with ALL
who had low/negative MRD prior to HSCT, early-stage disease prior to transplantation,
and received a TBI-based myeloablative conditioning regimen had a prolonged disease-
free survival (DFS). In addition, it was noted that, compared to other regimens, the use
of TBI, thiotepa, and fludarabine improved the DFS rate [51]. Another study regarding
TCD graft modification compared outcomes of HLA-matched unrelated donor (MUD)
transplantation and ex vivo
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β T-cells and CD19+ B-cells (n = 34),
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the form of repeated transplantation were given ATG as a preparative regimen. The other
patients received total lymphoid irradiation (TLI), TBI, or high doses of methylprednisolone.
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pathology are promising prognostic factors [52].
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It is crucial to optimize treatment approaches for high-risk treatment failure patients
to reduce the risk of relapse. Patients undergoing transplantation during an active stage of
ALL have previously obtained highly unsatisfying results [46,59]. The reported survival
rates after haplo-HSCT in relapsed or chemotherapy-resistant AML patients fluctuated
between 9% and 44% [60,61]. Because ATG given at the time of the graft infusion may
inactivate grafted NK and γδ+ cells, replacing it with non-lymphodepleting targeted
immunomodulation could protect the transplant. Promising results were achieved by
Shelikhova et al., who analyzed 22 pediatric patients diagnosed with primary refractory
(n = 10) or relapsed refractory (n = 12) AML in active disease status, who were administered
haplo-HSCT with peripheral blood stem cells engineered by the depletion of
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β+ T-cells
and CD19+ B-cells. Patients received fludarabine and cytarabine as a preparative regimen
followed by treosulfan and thiotepa as a myeloablative conditioning regimen. Instead of
ATG, patients were given tocilizumab, and an additional 10 children received abatacept.
The infusion of donor lymphocytes containing a CD45RA-depleted fraction with or without
a hypomethylating agent was used as prophylactic therapy post-transplantation. A total of
21 patients (95%) achieved CR. At the two-year follow-up, rates such as TRM, EFS, and
OS were 9%, 49%, and 53%, respectively. The cumulative incidence rates of grades II–IV
aGVHD and cGVHD were 18% and 23% [62].

Hematopoietic grafts infused with regulatory T-cells (Tregs) have been discovered
to be protected from GVHD without decreasing conventional T-cell (Tcon) antileukemic
activity in both murine and preclinical studies [63–65]. Pierini et al. researched outcomes of
haplo-HSCT infused with donor Tcons under the protection of previously transferred donor
Tregs as the exclusive GVHD prophylaxis. As expected, a significantly low relapse rate and
a 75% cGVHD/relapse-free survival (CRFS) rate in adult AML patients were noted [66]. In
this regard, Massei MS et al. aimed to test the efficacy of a newly developed haplo-HSCT
variant with adoptive immunotherapy with thymic-derived CD4+ CD25+ FoxP3+ Treg
and Tcons in 20 children and adolescents diagnosed with high-risk ALL and AML. The
conditioning regimen was based on TBI and chemotherapy. A total of 25% of the patients
developed ≥grade II aGVHD, including one patient who developed grades III/IV and
died 35 days after transplantation. A total of 75% of the patients included in the described
analysis are alive and leukemia-free with a median follow-up time of 2.1 years. The
feasibility of CRFS was 79% [67] (Table 1).
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Table 1. Novel studies on haplo-HSCT with ex vivo T-cell depletion.

Number of
Patients Median Age Transplant Type Conditioning Regimen and

GVHD Prophylaxis
Incidence

of aGVHD
Incidence of

cGVHD Relapse NRM OS Rate Reference

80 9.7 haplo-HSCT with TCD

TBI + TT + Flu,
TBI + TT + L-PAM,

TT + Bu + Flu,
Bu + Cy + L-PAM

I–II aGVHD 30% 5% relapse 24%
NRM 5%

Predicted 5-year
OS 72% [50]

213 9.5
haplo-HSCT

with
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study conducted by Dadi et al. to investigate the impact of increased  𝛾𝛿ା  T-cell content 

in the engraftment. Researchers analyzed the treatment outcomes in 38 children and ado-

lescents diagnosed with acute leukemias who underwent haplo-HSCT with depletion of 

β+/CD19+ cell
depletion

TBI + TT + Flu,
TBI + TT + L-PAM,

Bu + TT + Flu,
Bu + Cy + L-PAM

II–III aGVHD 14.7% 8.1% 5-year NRM 5.2%
5-year CIR 22.7%

predicted
10-year OS

75.4%
[51]

53 No information
MUD (n = 32) haplo-HSCT

with
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Currently, novel studies aim to test a new graft manipulation involving  ꭤ  βା  T-cell 

removal, while retaining both NK and  𝛾𝛿ା  T-cells in the graft [35]. During a Phase I–II 

clinical  trial  (NCT01810120),  Locatelli  et  al.  noted  that  patients who  underwent  TCR 

ꭤβ/CD19-depleted haplo-HSCT achieved survival outcomes comparable to patients who 

received an unmanipulated transplant from an HLA-compatible donor. In addition, this 

type of transplant was associated with a low incidence of aGVHD as well as cGVHD [50]. 

Seven years later, after a longer follow-up period and the use of the aforementioned trans-

plant,  the authors reanalyzed 213 pediatric patients diagnosed with ALL (n = 152) and 

AML (n = 61). The median age at the time of transplantation was 9.5 years. All patients 

were in morphologic complete remission (CR) at the time of transplantation. A total of 18 

patients were positive for MRD before transplantation. All patients received fully condi-

tioned myeloablation including a regimen based on TBI and/or cytostatic treatment. None 

of the patients received prophylactic pharmacotherapy for the prevention of GVHD, and 

aGVHD grades II–III occurred with a combined incidence of 14.7%. A total of 129 children 

developed viral infections due to cytomegalovirus (CMV), adenovirus (ADV), and human 

herpesvirus 6 (HHV-6). It is worth mentioning that the survival rates or relapse rates did 

not differ between patients who developed or did not develop the mentioned infections. 

The main reason for treatment failure was relapse. Children diagnosed with ALL who had 

low/negative MRD prior  to HSCT, early-stage disease prior  to  transplantation, and  re-

ceived a TBI-based myeloablative conditioning regimen had a prolonged disease-free sur-

vival (DFS). In addition, it was noted that, compared to other regimens, the use of TBI, 

thiotepa, and fludarabine improved the DFS rate [51]. Another study regarding TCD graft 

modification compared outcomes of HLA-matched unrelated donor (MUD) transplanta-

tion and ex vivo  ꭤ  𝛽ା  T-cell-depleted haplo-HSCT among pediatric patients diagnosed 

with high-risk acute leukemias. The 5-year OS and relapse-free survival (RFS) rates in the 

group of haplo-HSCT patients were similar to those in the MUD group. After transplan-

tation, 15 of the 53 patients died, including 5 who received haplo-HSCT. The most com-

mon cause of death was relapse. Furthermore, the incidence rates of grades II–IV aGVHD 

and cGVHD occurrence in MUD patients were higher than in haplo-HSCT patients, while 

GVHD prophylaxis differed between the groups [27]. As of right now, there is no evidence 

as to which platform, ex vivo T-cell depletion or PTCy, is better. A retrospective and mul-

ticenter study by Pérez-Martínez et al.  intended to compare the viability of two cohort 

groups of haplo-HSCT platforms in children and young adults with high-risk hematolog-

ical malignancies and PTCy and ex vivo TCD grafts. The second cohort of patients was 

divided into four groups, each of which received differently modified T-cells: highly pu-

rified  𝐶𝐷34ାcells (n = 13), combined depletion of  𝐶𝐷3ା  donor T-cells and  𝐶𝐷19ା  B-cells 

(n = 82), combined depletion of ꭤβ T-cells and  𝐶𝐷19ା  B-cells (n = 34), and highly purified 

𝐶𝐷34ା  cell  transplantation with  the addition of a product depleted of naive  𝐶𝐷45𝑅𝐴ା 

lymphocytes  to  the  transplant. Only patients  receiving haplo-HSCT  in  the  form of  re-

peated transplantation were given ATG as a preparative regimen. The other patients re-

ceived  total  lymphoid  irradiation  (TLI), TBI, or high doses of methylprednisolone. The 

cumulative incidence rates of aGVHD grades I–II or grades III–IV were significantly lower 

in the case of children treated with TCD; however, the 2-year OS and DFS rates did not 

particularly differ between patient groups, as both major platforms for haplo-HSCT were 

proven to be effective. Based on the study, a young donor, negative MRD, and myeloid 

pathology are promising prognostic factors [52]. 

ꭤ𝛽ା  T-cell-depleted transplantation is expected to sustain anti-tumor and anti-infec-

tious features, due to the ability of  𝐶𝐷3ା  cells with TCR  𝛾𝛿ା  receptors to impose graft-

versus-tumor activity [53–55]. Greater recovery of  𝛾𝛿ା  T-cells after  transplantation has 

been connected with better EFS, fewer infectious complications, and longer DFS rates in 

both pediatric and adult populations [56,57]. Such findings correlate with the results of a 

study conducted by Dadi et al. to investigate the impact of increased  𝛾𝛿ା  T-cell content 

in the engraftment. Researchers analyzed the treatment outcomes in 38 children and ado-

lescents diagnosed with acute leukemias who underwent haplo-HSCT with depletion of 

β+ cell depletion
(n = 21)

Bu + Cy ± r-ATG,
Flu + TT + L-PAM + ATG +

RTX

MUD:
II–IV aGVHD 53.1%

haplo-HSCT:
II–IV GVHD 33.3%

MUD: 25%
haplo-HSCT: 19%

Relapse MUD: 15.6%
haplo-HSCT: 9.5%
NRM MUD: 21.9%
haplo-HSCT: 14.3%

MUD: 68.8%
haplo-HSCT:

76.2%
[27]

192 8.6
haplo-HSCT with PTCy

(n = 41) haplo-HSCT with
TCD (n = 151)

Flu + TT + L-PAM + Bu +
high-dose PT-Cy + MMF +

TAC + mesna,
Flu + TT + L-PAM + Bu + TLI

or TBI or high-dose MP or ATG

PTCy:
I–II aGVHD 52.6%

III–IV aGVHD 28.2%
TCD:

I–II aGVHD 30.6%
III–IV aGVHD 14.7%

2-year cGVHD
PTCy: 47.7%
TCD: 28.6%

predicted 2-year
relapse PTCy: 26.8%

TCD: 31.1%

2-year OS PTCy:
65.4%

TCD: 52%
[52]

38 8.5
haplo-HSCT

with
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clinical  trial  (NCT01810120),  Locatelli  et  al.  noted  that  patients who  underwent  TCR 

ꭤβ/CD19-depleted haplo-HSCT achieved survival outcomes comparable to patients who 

received an unmanipulated transplant from an HLA-compatible donor. In addition, this 

type of transplant was associated with a low incidence of aGVHD as well as cGVHD [50]. 

Seven years later, after a longer follow-up period and the use of the aforementioned trans-

plant,  the authors reanalyzed 213 pediatric patients diagnosed with ALL (n = 152) and 

AML (n = 61). The median age at the time of transplantation was 9.5 years. All patients 

were in morphologic complete remission (CR) at the time of transplantation. A total of 18 

patients were positive for MRD before transplantation. All patients received fully condi-

tioned myeloablation including a regimen based on TBI and/or cytostatic treatment. None 

of the patients received prophylactic pharmacotherapy for the prevention of GVHD, and 

aGVHD grades II–III occurred with a combined incidence of 14.7%. A total of 129 children 

developed viral infections due to cytomegalovirus (CMV), adenovirus (ADV), and human 

herpesvirus 6 (HHV-6). It is worth mentioning that the survival rates or relapse rates did 

not differ between patients who developed or did not develop the mentioned infections. 

The main reason for treatment failure was relapse. Children diagnosed with ALL who had 

low/negative MRD prior  to HSCT, early-stage disease prior  to  transplantation, and  re-

ceived a TBI-based myeloablative conditioning regimen had a prolonged disease-free sur-

vival (DFS). In addition, it was noted that, compared to other regimens, the use of TBI, 

thiotepa, and fludarabine improved the DFS rate [51]. Another study regarding TCD graft 

modification compared outcomes of HLA-matched unrelated donor (MUD) transplanta-

tion and ex vivo  ꭤ  𝛽ା  T-cell-depleted haplo-HSCT among pediatric patients diagnosed 

with high-risk acute leukemias. The 5-year OS and relapse-free survival (RFS) rates in the 

group of haplo-HSCT patients were similar to those in the MUD group. After transplan-

tation, 15 of the 53 patients died, including 5 who received haplo-HSCT. The most com-

mon cause of death was relapse. Furthermore, the incidence rates of grades II–IV aGVHD 

and cGVHD occurrence in MUD patients were higher than in haplo-HSCT patients, while 

GVHD prophylaxis differed between the groups [27]. As of right now, there is no evidence 

as to which platform, ex vivo T-cell depletion or PTCy, is better. A retrospective and mul-

ticenter study by Pérez-Martínez et al.  intended to compare the viability of two cohort 

groups of haplo-HSCT platforms in children and young adults with high-risk hematolog-

ical malignancies and PTCy and ex vivo TCD grafts. The second cohort of patients was 

divided into four groups, each of which received differently modified T-cells: highly pu-

rified  𝐶𝐷34ାcells (n = 13), combined depletion of  𝐶𝐷3ା  donor T-cells and  𝐶𝐷19ା  B-cells 

(n = 82), combined depletion of ꭤβ T-cells and  𝐶𝐷19ା  B-cells (n = 34), and highly purified 

𝐶𝐷34ା  cell  transplantation with  the addition of a product depleted of naive  𝐶𝐷45𝑅𝐴ା 

lymphocytes  to  the  transplant. Only patients  receiving haplo-HSCT  in  the  form of  re-

peated transplantation were given ATG as a preparative regimen. The other patients re-

ceived  total  lymphoid  irradiation  (TLI), TBI, or high doses of methylprednisolone. The 
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in the case of children treated with TCD; however, the 2-year OS and DFS rates did not 

particularly differ between patient groups, as both major platforms for haplo-HSCT were 

proven to be effective. Based on the study, a young donor, negative MRD, and myeloid 

pathology are promising prognostic factors [52]. 
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tious features, due to the ability of  𝐶𝐷3ା  cells with TCR  𝛾𝛿ା  receptors to impose graft-

versus-tumor activity [53–55]. Greater recovery of  𝛾𝛿ା  T-cells after  transplantation has 

been connected with better EFS, fewer infectious complications, and longer DFS rates in 

both pediatric and adult populations [56,57]. Such findings correlate with the results of a 

study conducted by Dadi et al. to investigate the impact of increased  𝛾𝛿ା  T-cell content 

in the engraftment. Researchers analyzed the treatment outcomes in 38 children and ado-
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β+/CD19+ cell
depletion

Flu + TT + L-PAM + ATG +
RTX,

Flu + TT + Treo + ATG + RTX
± TBI

45% 7% 5-year NRM 36% 5-year OS 51% [58]

22 9.6
PBSC haplo-HSCT

with
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removal, while retaining both NK and  𝛾𝛿ା  T-cells in the graft [35]. During a Phase I–II 
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type of transplant was associated with a low incidence of aGVHD as well as cGVHD [50]. 

Seven years later, after a longer follow-up period and the use of the aforementioned trans-

plant,  the authors reanalyzed 213 pediatric patients diagnosed with ALL (n = 152) and 
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of the patients received prophylactic pharmacotherapy for the prevention of GVHD, and 

aGVHD grades II–III occurred with a combined incidence of 14.7%. A total of 129 children 

developed viral infections due to cytomegalovirus (CMV), adenovirus (ADV), and human 

herpesvirus 6 (HHV-6). It is worth mentioning that the survival rates or relapse rates did 

not differ between patients who developed or did not develop the mentioned infections. 

The main reason for treatment failure was relapse. Children diagnosed with ALL who had 

low/negative MRD prior  to HSCT, early-stage disease prior  to  transplantation, and  re-

ceived a TBI-based myeloablative conditioning regimen had a prolonged disease-free sur-

vival (DFS). In addition, it was noted that, compared to other regimens, the use of TBI, 

thiotepa, and fludarabine improved the DFS rate [51]. Another study regarding TCD graft 

modification compared outcomes of HLA-matched unrelated donor (MUD) transplanta-

tion and ex vivo  ꭤ  𝛽ା  T-cell-depleted haplo-HSCT among pediatric patients diagnosed 

with high-risk acute leukemias. The 5-year OS and relapse-free survival (RFS) rates in the 

group of haplo-HSCT patients were similar to those in the MUD group. After transplan-

tation, 15 of the 53 patients died, including 5 who received haplo-HSCT. The most com-

mon cause of death was relapse. Furthermore, the incidence rates of grades II–IV aGVHD 

and cGVHD occurrence in MUD patients were higher than in haplo-HSCT patients, while 

GVHD prophylaxis differed between the groups [27]. As of right now, there is no evidence 

as to which platform, ex vivo T-cell depletion or PTCy, is better. A retrospective and mul-

ticenter study by Pérez-Martínez et al.  intended to compare the viability of two cohort 

groups of haplo-HSCT platforms in children and young adults with high-risk hematolog-
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in the case of children treated with TCD; however, the 2-year OS and DFS rates did not 

particularly differ between patient groups, as both major platforms for haplo-HSCT were 

proven to be effective. Based on the study, a young donor, negative MRD, and myeloid 

pathology are promising prognostic factors [52]. 

ꭤ𝛽ା  T-cell-depleted transplantation is expected to sustain anti-tumor and anti-infec-

tious features, due to the ability of  𝐶𝐷3ା  cells with TCR  𝛾𝛿ା  receptors to impose graft-

versus-tumor activity [53–55]. Greater recovery of  𝛾𝛿ା  T-cells after  transplantation has 

been connected with better EFS, fewer infectious complications, and longer DFS rates in 

both pediatric and adult populations [56,57]. Such findings correlate with the results of a 

study conducted by Dadi et al. to investigate the impact of increased  𝛾𝛿ା  T-cell content 
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β+/CD19+ cell
depletion

Flu + Ara-C + Treo + L-PAM +
TT + RTX + bortezomib +
tocilizumab + abatacept

II–IV aGVHD 18% 23% 2-year CIR 42% 2-year OS 53% [62]

20 14.5

haplo-HSCT with adoptive
immunotherapy with thymic-
derived CD4+CD25+FoxP3+

Tregs and Tcons

TBI + TT + Flu + Cy + RTX ≥II aGVHD 25% 5% relapse 5%
NRM 15% No information [67]

aGVHD—acute graft-versus-host disease, Ara-C—cytarabine, ATG—anti-thymocyte globulin, Bu—busulfan, cGVHD—chronic graft-versus-host disease, CIR—cumulative incidence of
relapse/progression, Cy—cyclophosphamide, Flu—fludarabine, haplo-HSCT—haploidentical hematopoietic stem cell transplantation, L-PAM—melphalan, MMF—mycophenolate
mofetil, MP—methylprednisolone, NRM—non-relapse mortality, OS—overall survival, PBSC—peripheral blood stem cells, PTCy—post-transplant cyclophosphamide, RTX—rituximab,
TAC—tacrolimus, TBI—total body irradiation, Tcons—conventional T-cells, TLI—total lymphoid irradiation, Tregs—regulatory T-cells, Treo—treosulfan, TT—thiotepa.
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3.2. Haplo-HSCT without Ex Vivo T-Cell Depletion

Due to the often-delayed reconstitution of the immune system, resulting in infectious
complications and graft failure following TCD haplo-HSCT, current research is focusing
extensively on developing new conditioning regimens and intensified GVHD prophylaxis
combined with the T-cell replete approach (Table 2).

3.2.1. Granulocyte Colony-Stimulating Factor (G-CSF)/ATG-Based Protocol

Huang et al. proposed a novel strategy of GVHD prevention by incorporating G-CSF
and ATG with unmanipulated allografts in a pilot cohort study known as the “Beijing
Protocol” [68]. All patients achieved sustained, full donor-type engraftment. The au-
thors noted 37.9% and 5.2% aGVHD rates (grades II–IV and III–IV) and a 61.9% cGVHD
rate [69]. Studies have shown that a G-CSF (filgrastim) addition amplifies monocytic
phenotype myeloid-derived suppressor cell (M-MDSC), promyelocytic-MDSC (P-MDSC),
and granulocytic-MDSC (G-MDSC) expansion [70,71]. G-CSF is said to activate a subset
of CD34+ cells with monocyte functions [72]; moreover, it causes bone marrow regulatory
B-cells (Bregs) to produce higher levels of interleukin 10 (IL-10) and transforming growth
factor beta (TGF-β) [73]. Bregs influence T-cell tolerance by inhibiting T-cells of the Th1
phenotype in favor of the Th2 phenotype and heightening Treg levels [74]. All of the
above-mentioned mechanisms of the G-CSF effects on the grafts were proven to lower the
incidence of aGVHD and cGVHD [70–74]. Because the treatment approach has become
successful, considerable progress has since been made to elongate patient survival [75–77].
Regarding AML, a study by Liu et al. declared a 73.3% 5-year OS rate in pediatric patients
who underwent T-cell replete haplo-HSCT [75]. To focus more on a high-risk group of
patients, a multicenter retrospective study was taken up to compare the outcomes between
children who were exposed to unmanipulated haplo-HSCT with a G-CSF/ATG-based
regimen or an identical sibling donor (ISD)-HSCT. Both transplant methods displayed
comparable OS and DFS rates [78]. Bai et al. analyzed 200 pediatric patients diagnosed
with high-risk AML who underwent their first unmanipulated haplo-HSCT. A total of
103 patients had a nondetectable MRD status prior to HSCT. The 4-year OS, EFS, and
cumulative incidence of relapse (CIR) rates were 71,9%, 62,3%, and 32,4%, respectively. The
above rates differed significantly between the two groups of patients, depending on the
MRD status before transplantation. Patients who were MRD-negative achieved better OS,
EFS, and CIR rates of 80.5%, 73.3%, and 23.8%, respectively, compared to MRD-positive
children pre-transplant, for whom the aforementioned rates were 63.4%, 51.4%, and 41.0%,
respectively [9].

BCR/ABL-positive ALL occurred in 3–5% of all pediatric ALL patients [79] and was
associated with a poor overall outcome [80] before tyrosine kinase inhibitors (TKIs) came
into play. Chen et al. performed haplo-HSCT in 50 Philadelphia chromosome-positive
(Ph+) ALL children. Patients received two myeloablative conditioning regimens, TBI or a
combination of cytarabine, busulfan, and semustine (Me-CCNU), both combined with ATG.
The 3-year incidence of relapse and non-relapse mortality rates were 22.7% and 16.4% [81].

Another study was conducted in order to compare the treatment outcomes between
haplo-HSCT- and TKI-based chemotherapy for Ph+ pediatric ALL patients. Mild grades
I–II aGVHD and severe grades III–IV aGVHD occurred in 25 and 5 out of 68 patients
undergoing haplo-HSCT, respectively. A total of 42 patients survived more than 100 days
after transplantation. The CIR, EFS, and OS rates were 23.5%, 73.4%, and 80.3% in the
transplantation group. The authors found no significant difference in the rates of the above-
mentioned indicators between patients belonging to the standard risk group, regardless
of whether they had a transplant or not. However, in patients with at least one adverse
prognostic factor, the above rates were better in those who underwent transplantation,
which showed that only in the high-risk group of patients did haplo-HSCT have a significant
advantage in terms of prolonged survival [82].

Studies test the efficacy of the G-CSF/ATG regimen during haplo-HSCT in various
diseases, many of which with a negative prognosis. Once more, Xue et al. compared
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the results of unmanipulated haplo-HSCT with chemotherapy, this time among children
with very high-risk (VHR) Philadelphia chromosome-negative (Ph−) B-ALL. The 3-year
estimated OS and EFS rates were better in children in the haplo-HSCT group than in the
intensive chemotherapy group at 80.6% vs. 62.4% and 81.0% vs. 52.0%, respectively [83]. In
another study, Bai et al. analyzed the outcomes of 38 patients with B-ALL with t(v;11q23)
MLL-rearrangements. Similarly, the 4-year estimated OS and EFS rates were significantly
greater in the haplo-HSCT cohort than in the intensive chemotherapy cohort [84].

A study by Hu GH et al. advocated the safety of combining chimeric antigen receptor
T-cell (CAR-T) therapy with haplo-HSCT in patients suffering from relapsed B-ALL [85],
which is said to have an extremely poor prognosis and be resistant to chemotherapy [86].
Earlier studies linked the MRD status with post-transplantation outcomes; therefore, re-
lapsed B-ALL patients with lesser or undetectable MRD obtained significantly higher EFS
and lower CIR rates [87]. In treatment based on the MRD status, the authors analyzed
the effect of haplo-HSCT after CAR-T therapy or chemotherapy on the long-term survival
and safety of pediatric patients with the first relapse of B-ALL. A total of 40 children
were included in the analysis, 26 of whom received CAR-T-cells. At the time of the first
remission, negative minimal residual disease was obtained by 21 patients in the CAR-T
group and 10 patients in the chemotherapy group. The median MRD before haplo-HSCT
in the group receiving chemotherapy (n = 14) was significantly higher than in the CAR-T
group (n = 26). Post-haplo-HSCT complications in the form of infection, treatment-related
mortality, aGVHD, and cGVHD were not significantly different between the two patient
groups. A significant advantage was observed in the increase of 3-year leukemia-free
survival (LFS) and 3-year OS in patients who received CAR-T therapy before haplo-HSCT,
compared to patients receiving chemotherapy: (71.8% vs. 44.4%) and (84.6% vs. 40%),
respectively. The results of the aforementioned study may suggest that the administration
of CAR-T for positive pre-HSCT MRD has a beneficial effect on patient survival [88].

KMT2A is a frequently rearranged gene in leukemias, mostly in pediatric and infant
AML [89,90]. In 21 patients diagnosed with AML with t(v;11q23)/KMT2A, rearrangement
transplantation options were evaluated. A total of 17 of the 21 children underwent haplo-
HSCT transplantation, while the others had a matched sibling donor. The Beijing protocol
was used as myeloablative treatment, with no deaths related to myeloablation. Fully
matched HSCT appeared to have a lower death rate, but the authors found no significant
differences in the OS, EFS, or CIR rates between patient cohorts. The severity of aGVHD was
higher in the group undergoing haplo-HSCT; however, only one haploidentical transplant
patient died from aGVHD-related complications [91].

Rare acute leukemias occurring in children prior to 3 years of age are called infant
leukemias [92]. While myeloid leukemias have similar outcomes in most children, the
ones deriving from lymphoid progenitors have poorer disease progression and relapse-free
survival, in comparison with ALL in older patients [93,94]. Allo-HSCT remains the first-line
treatment for relapsed ALL [95]. To determine the safety of haplo-HSCT in such patient
groups, the authors retrospectively analyzed a group of 97 infants and patients under
3 years of age diagnosed with acute leukemia. The most frequently identified gene fusion
was KMT2A rearrangement found in 37 patients, of which 15 were infants. In children
without the aforementioned gene fusion, the 3-year DFS and OS rates were significantly
lower than in children with the identified KMT2A rearrangement at 63.8% vs. 78.4% and
66.9% vs. 86.1%, respectively. The median follow-up was 45 months. The 3-year OS and
DFS rates in children diagnosed at <1 year of age and children diagnosed at ≥1 year were
almost the same at 82.5% vs. 72.8% and 77.8% vs. 66.3%, respectively [96].

3.2.2. PTCy-Based Protocol

Cyclophosphamide (Cy) has been extensively studied for its immunosuppressive
characteristics [97] in the context of bone marrow transplantation, and it is said to lower
the chances of graft rejection, as well as GVHD, if given at an optimal time [98,99].
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The first study to introduce the PTCy-based protocol was a clinical trial carried out by
O’Donnell et al. regarding high-risk hematologic malignancy patients undergoing haplo-
HSCT. Conditioning included fludarabine followed by TBI, PTCy that was given as GVHD
prophylaxis at day 3 at a dose of 50 mg/kg with Mesna (80% of Cy dose in four divided
doses over 8 h), mycophenolate mofetil, and tacrolimus. A total of 8 out of 13 patients
obtained sustained engraftment [100]. Based on data from adult studies, haplo-HSCT with
PTCy significantly reduces the risk of cGVHD and appears to be a better option than a
MUD [101,102]. Sachdev et al. retrospectively examined the outcomes of 15 pediatric
patients diagnosed with high-risk/relapsed ALL (n = 10) and AML (n = 5). A total of
3 patients received MUD transplantation, and 12 underwent haplo-HSCT. All patients
accepted the transplant, except one who died before the procedure due to pneumonia.
A total of 11 children achieved remission and were alive at a median follow-up time of
775 days. The cumulative incidences of aGVHD and cGVHD were 57.1% and 21.4%,
respectively. The rates of relapse or mortality did not depend on the type of conditioning
regimen used. The OS and EFS rates were 80% and 73.3% [103]. In another study, comparing
haplo-HSCT and chemotherapy in children diagnosed with intermediate risk (IR) AML,
the patients in the chemotherapy group had a higher CIR and worse EFS, but roughly
equivalent OS. The results of the study indicated that haplo-HSCT is a beneficial therapeutic
option for children with IR-AML in first complete remission (CR1), particularly for those
patients who have MRD ≥ 10−3 after induction therapy [104]. Another study compared the
treatment outcomes in 80 pediatric patients diagnosed with high-risk acute leukemia who,
after myeloablative conditioning based on busulfan, received a transplant with PTCy from
either not fully matched-related or MUD. The grades II–IV and grades III–IV aGVHD rates
in the MUD group were higher than in the haploidentical related donor (HRD) group, i.e.,
48.9% vs. 34.3% and 8.9% vs. 2.9%, respectively. The CIR of overall cGVHD and moderate
to severe cGVHD was almost the same in both groups. Because of the similar outcomes and
survival rates in both groups, PTCy haplo-HSCT should be given to patients requiring bone
marrow transplantation who do not have an HLA-matched related or unrelated donor [28].
Tannumsaeung et al. aimed to determine the results of haplo-HSCT with PTCy preceded
by either TBI- or thiotepa-based conditioning regimens. The percentage of graft-related
complications and infections was comparable in both groups of patients [105].

3.3. Other Studies on Haplo-HSCT in Hematologic Malignancies

Apart from the above-mentioned trials or retrospective analyses, the available litera-
ture discussing haplo-HSCT in pediatric patients with hematologic malignancies contains
a couple of single-institution reports (Table 3).



Int. J. Mol. Sci. 2024, 25, 6380 11 of 27

Table 2. Novel studies on haplo-HSCT without ex vivo T-cell depletion.

Number of
Patients Median Age Transplant Type Conditioning Regimen and

GVHD Prophylaxis
Incidence of

aGVHD
Incidence of

cGVHD Relapse NRM OS Rate Reference

179 ISD-HSCT 11
haplo-HSCT 12

ISD-HSCT (n = 23)
haplo-HSCT (n = 156)

Ara-C + Bu + Cy + Me-CCNU +
G-CSF + ATG + CSA + MMF +

short-term MTX

ISD-HSCT
II–IV aGVHD 13%

haplo-HSCT
II–IV aGVHD 34.8%

ISD-HSCT 14.1%
haplo-HSCT 34.9%

Relapse ISD-HSCT 39.1%
haplo-HSCT 16.4%

NRM ISD-HSCT 0%
haplo-HSCT 10.6%

3-year OS
ISD-HSCT 73%

haplo-HSCT
74.6%

[78]

200 10 haplo-HSCT
Ara-C + Bu + Cy + Me-CCNU +

ATG + CSA + MMF +
short-term MTX + G-CSF

II–IV aGVHD 41.1%
III–IV aGVHD 9.5% 56.1% Relapse 31%

NRM 5% 4-year OS 80.5% [9]

68 10

HSCT: haplo-HSCT (n = 37)
MSD (n = 3)
UCB (n = 4)

chemotherapy and TKi
(n = 24)

Ara-C + Bu + Cy + Me-CCNU +
CSA + MMF + hydroxyurea

(MSD) + ATG (UCB,
haplo-HSCT) + G-CSF (MUD,

haplo-HSCT) + short-term
MTX (MSD, haplo-HSCT) +

MP (UCB)

I–II aGVHD 56.8%
III–IV aGVHD 11.4% 40.9%

Relapse no transplant:
45.8%

transplant: 13.5%
3-year OS 80.3% [82]

104 7 haplo-HSCT (n = 42)
chemotherapy (n = 62)

Ara-C + Bu + Cy + Me-CCNU +
ATG + G-CSF + CSA + MMF +

short-term MTX

II–IV aGVHD 54.8%
III–IV aGVHD 11.7% 55.8%

Relapse haplo-HSCT:
11.9%

chemotherapy: 51.6%
NRM haplo-HSCT: 9.5%

chemotherapy: 0%

predicted 3-year
OS haplo-HSCT:

80.6%
chemotherapy:

62.4%

[83]

38 4
haplo-HSCT (n = 18)

MUDT (n = 1)
Chemotherapy (n = 18)

Ara-C + Bu + Cy + Me-CCNU +
ATG + CSA + MMF +

short-term MTX
II–IV aGVHD 37% 53.8% predicted 4-year CIR

39.1%
predicted 4-year

OS 69.8% [84]

40

CAR-T-cell
therapy before

haplo-HSCT 9.5
chemotherapy

before
haplo-HSCT 9.0

CAR-T-cell therapy before
haplo-HSCT (n = 26)
chemotherapy before
haplo-HSCT (n = 14)

TBI or Ara-C + Bu + Cy + ATG
+ Me-CCNU + G-CSF + CSA +

MMF + short-term MTX

CAR-T-cells:
II–IV aGVHD 26%

chemotherapy:
II–IV aGVHD 23%

CAR-T-cells: 53%
chemotherapy: 50%

Relapse CAR-T-cells:
26.9%

chemotherapy: 50%
NRM CAR-T-cells: 3.8%

chemotherapy: 7.14%

3-year OS
CAR-T-cells:

84.6%
chemotherapy:

40%

[88]

21 4.4 haplo-HSCT (n = 17)
MSDT (n = 4)

Ara-C + Bu + Cy + Me-CCNU +
ATG, CSA + MMF + short-term

MTX (n = 17)
Ara-C + Bu + Cy + CSA +
short-term MTX (n = 4)

haplo-HSCT
II–IV aGVHD 76.4% No information Relapse 14.3%

NRM 9.5% 100% [91]
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Table 2. Cont.

Number of
Patients Median Age Transplant Type Conditioning Regimen and

GVHD Prophylaxis
Incidence of

aGVHD
Incidence of

cGVHD Relapse NRM OS Rate Reference

97

Patients
diagnosed

<1 year: 1.4
Patients

diagnosed
≥1 year: 2.2

haplo-HSCT
Ara-C + Bu + Cy + Me-CCNU +

ATG + CSA + MMF +
short-term MTX

II–IV aGVHD 45.3%
III–IV aGVHD 8.8% 36% NRM 3.1%

3-year CIR 26.9% 3-year OS 74.2% [96]

15 8.5 MUD (n = 3)
haplo-HSCT (n = 12)

TBI + Cy,
Flu + Bu,

Flu + Bu + L-PAM,
TT + Flu + Cy + TBI,

Flu + Cy + TBI,
PTCy + CSA/TAC + MMF,

MTX + CSA + ATG + G-SCF,

57.1% 21.4% NRM 26.7% 80% [103]

80 haplo-HSCT: 10
chemotherapy: 8

haplo-HSCT (n = 33)
chemotherapy (n = 47)

Ara-C + Bu + Cy + Me-CCNU +
ATG

II–IV aGVHD 44.6%
III–IV aGVHD 6% 60.6% 3-year CIR 25.4% 3-year OS 85.4% [104]

80
haplo-HSCT
with PTCy 7

MUD 8.9

haplo-HSCT with PTCy
(n = 35)

MUD (n = 45)

Bu + Flu ± etoposide + ATG +
TAC + MMF,

Bu + Flu + Cy + PTCy + TAC +
MTX

MUD:
II–IV aGVHD 48.9%
III–IV aGVHD 8.9%
haplo-HSCT with

PTCy:
II–IV aGVHD 34.3%
III–IV aGVHD 2.9%

MUD: 18.3%
haplo-HSCT with

PTCy: 11.4%

Relapse MUD: 28%
haplo-HSCT with PTCy:

25.6%
NRM MUD: 2,2%

haplo-HSCT with PTCy:
0%

3-year OS MUD:
83.7%

haplo-HSCT
with PTCy:

88.6%

[28]

43 TBI regimen 8.7
TT regimen 8.8 haplo-HSCT with PTCy

TBI + Cy + Flu + L-PAM,
TT + Flu + Bu, PTCy + MMF +

calcineurin inhibitor or
sirolimus + G-CSF

aGVHD TBI regimen:
56.5%

TT regimen: 45%

TBI regimen: 21.7%
TT regimen: 10%

NRM TBI regimen 17.4%
TT regimen 20% 3-year OS 62.4% [105]

aGVHD—acute graft-versus-host disease, Ara-C—cytarabine, ATG—anti-thymocyte globulin, Bu—busulfan, CAR-T—chimeric antigen receptor T-cells, cGVHD—chronic graft-
versus-host disease, CIR—cumulative incidence of relapse/progression, CSA—cyclosporin A, Cy—cyclophosphamide, Flu—fludarabine, G-CSF—granulocyte colony-stimulating
factor, haplo-HSCT—haploidentical hematopoietic stem cell transplantation, ISD-HSCT—identical sibling donor hematopoietic stem cell transplantation, L-PAM—melphalan, Me-
CCNU—methyl chloride hexamethylene urea nitrate (semustine), MMF—mycophenolate mofetil, MP—methylprednisolone, MUD—matched unrelated donor, MSDT—matched sibling
donor transplant, MTX—methotrexate, NRM—non-relapse mortality, OS—overall survival, PTCy—post-transplant cyclophosphamide, TAC—tacrolimus, TBI—total body irradiation,
TKi—tyrosine kinase inhibitor, TT—thiotepa, UCB—unrelated cord blood.
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Table 3. Small cohort studies reporting haplo-HSCT results in the treatment of hematologic malignancies in children.

Condition/Disease Study Group Graft Characteristics Transplant Type Conditioning Regimen and GVHD
Prophylaxis Survival Rate References

MDS: RCC, refractory
anemia with excess of

blasts

8 patients, 7 F, 1 M
median age: 6.4 years

MNCs,
× 108/kg—19.8

The median CD34+ cells,
106/kg—11.8

haplo-HSCT with PTCy
Cy at +3 and +4 days after

transplantation, low-dose TAC,
MMF

OS = 100%
DFS = 100% [106]

MDS: RCC, advanced
MDS, MDR-AML

27 patients, 15 F, 12 M
median age: 10 years

The median MNCs,
×108/kg—8.6

The median CD34+ cells,
106/kg—2.9

haplo-HSCT
Ara-C + Bu + Cy + Me-CCNU +

ATG + CSA + MMF + short-term
MTX

estimated 3-year rate
probabilities for

10 patients diagnosed
with RCC
OS = 90%

DFS = 90%,
for 17 patients with

advanced
MDS/MDR-AML

OS = 77.7%
DFS = 77.7%

[107]

HLH

Case report
First patient:

8 months/male
Second patient:
10 years/male

The dose of CD34+ cells,
106/kg

First patient: 24.33
Second patient: 11.96

haplo-HSCT with PTCy

Cy at +3 and +4 days after
transplantation + MMF,

First patient: CSA + Flu + Treo +
alemtuzumab

Second patient: TAC + RTX + ATG +
Flu + Cy + TBI

disease-free period of
912 and 239 days for the
First and Second patients

[108]

HLH 12 patients 7 F, 5 M
median age: 4.5 years No information

haplo-HSCT
with
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Ara-C—cytarabine, ATG—anti-thymocyte globulin, CSA—cyclosporine A, Cy—cyclophosphamide, F—female, Flu—fludarabine, HLH—hemophagocytic lymphohistiocytosis,
M—male, MDR-AML—myelodysplasia-related acute myeloid leukemia, MDS—myelodysplatic syndrome, Me-CCNU—methyl chloride hexamethylene urea nitrate (semustine), MMF—
mycophenolate mofetil, MNCs—median mononuclear cells, MTX—methotrexate, PTCy—post-transplant cyclophosphamide, RCC—refractory cytopenia of childhood, RTX—rituximab,
TAC—tacrolimus, TBI—total body irradiation, Treo—treosulfan, TT—thiotepa.
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4. Non-Malignant Disorders

Haplo-HSCT may be an effective treatment option not only for malignancies. Its wider
application in pediatric non-malignant disorders has been thoroughly described in the
literature. Haplo-HSCT usage ranges from primary immunodeficiencies (PIDs) to all kinds
of anemias.

4.1. Primary Immunodeficiencies

PIDs comprise a large, heterogeneous group of diseases affecting all components of the
immune system that may be caused by changes in over 300 genes [110,111]. One treatment
option for the patients is hematopoietic stem cell transplantation [112]. The best option is a
graft from a healthy HLA-genoidentical matched sibling donor. However, such transplants
are possible in no more than 25% of the cases. Furthermore, less than 70% of the remaining
patients will have a suitable matched unrelated donor, and chances are even slimmer for
patients belonging to certain ethnic groups [113]. To avoid the delay due to a prolonged
search for a matching donor, an HSCT from an HLA-haploidentical family donor (HIFD)
can be performed, despite the fact that such a procedure is associated with a higher risk
of GVHD and graft failure, which may lead to increased mortality rates [114–116]. The
available literature discussing haploidentical HSCT in pediatric patients with PID consists
of single-institution reports and multicenter retrospective analyses [117–122] (Table 4).

In the reviewed studies, researchers analyzed the impact of HSCT on patients with
PIDs, ranging from trials where children were diagnosed with 12 different types of
PIDs [117] to ones including only SCID patients [120]. The survival rates of patients
after PID treatment with HSCT from an HLA-haploidentical donor ranged from 84% to
62.7%. There were numerous factors that contributed to the causes of death among patients,
i.e., CMV infection, progressive respiratory failure, GVHD, or thrombotic microangiopathy.
Regarding infectious complications after transplantation, one study reported a 63.6% inci-
dence rate of post-HSCT CMV viremia [118], while another reported a 58.8% cumulative
incidence rate of CMV and ADV infections [117]. At the same time, the incidence rate of
significant GVHD in almost all the studies remained low. The rates of GVHD ranged from
54% to 27.2%; however, most of the studies revealed rates of GVHD lower than 40%. On
top of that, most patients who developed a GVHD experienced it at a mild I or II grade. The
time needed for immune reconstitution was also satisfactory [117–122]. One study reported
that 75% (six out of eight) of survivors had a whole-blood chimerism greater than 95% [118],
and in another trial, at the last follow-up, 76.1% of patients had a full donor chimerism [117].
However, in the case of an adenosine deaminase (ADA) deficiency, a type of PID, the results
of haploidentical HSCT treatment were inconclusive. One study presented the OS rate
of 68.4% (13/19 patients) [120], whereas the trial conducted by Hassan et al. suggested
that haplo-HSCT is not an effective form of treatment in this PID type. The results of 106
patients showed that the HSCT OS rates from matched sibling and family donors were
86% and 81%, respectively. This proved to be a better result in comparison with patients
receiving HSCT from haploidentical donors, many of who presented graft failure, with an
OS rate of 43%. Having said that, long-term immune recovery showed that, regardless of
the transplant type, the overall T-cell numbers were similar. Moreover, humoral immunity
and donor B-cell engraftment were achieved in nearly all the survivors [123]. Those data
stand in contrast to the satisfactory results of haploidentical HSCT in other types of immun-
odeficiencies. An explanation can include the fact that in the trial conducted on mice, the
microenvironment of ADA-deficient bone marrow showed a reduced capacity to support
in vitro or in vivo hematopoiesis. Therefore, patients with an ADA deficiency may fail to
support engraftment of the transplanted HSCT [124].

In conclusion, a CD3+TCRαβ+/CD19+-depleted HSCT from an HLA-haploidentical
donor is an effective form of treatment for children with PIDs, especially when finding a
matched sibling donor is not possible.
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Table 4. Data summary regarding overall survival, graft modification, number of patients with GVHD prophylaxis, type of conditioning, cell dose, incidence and
type of GVHD, and mean time of B- and T-cell recovery in different trials. Ranked by increasing survival rates.

Trial Name

Number of
Patients

Receiving
Haplo-HSCT

Type of Graft
Modification

Number of
Patients with

GVHD
Prophylaxis

Type of Conditioning
(Number of Patients

Receiving at Least One
of Listed Drug)

Cell Dose
(Mean; Rage Dose)

Overall Survival
Rate (%)

(Number of
Patients)

Incidence of
GVHD (%)
(Number of

Patients)

Most
Common
Grade of

GVHD (%)

Mean Time of
T-Cell Recovery

(days)

Mean Time of
B-Cell Recovery

(days)

Shah et al. [117] 25 TCRαβ+/CD19+ 22 Treo, Flu, TT, ATG,
Alemtuzumab 23

CD3:
3.3 (0.075–9.5) × 104/kg

CD34:
17.8(4.7–50.9) × 106/kg

84
21/25

47.8
11/23 II 129 85

Brettig et al. [118] 11 TCRαβ+/CD19+ No information Treo, Flu, TT 11

CD3:
1.5 (0.3–2) × 104/kg

CD34:
14.1 (3.7–20.8) × 106/kg

81.8
8/11

27.2
3/11 II 132 93

Buckley et al. [119] 77 No information 0 0 No information 78
60/77

36.3
28/77 I or II 90–120 No information

Buckley et al. [120] 149 No information 0 0 No information 73
109/149

30.2
45/149 I or II 90–120 No information

Neven et at. [121] 22 No information 22 Flu, Bu, Cy, RTX,
Alemtuzumab 22

CD3:
10.7 (2.6–30.2) × 107/kg

CD34:
13.8 (2.6–47.7) × 106/kg

72.7
16/22

54
12/22 II 157 204

Holzer et al. [122] 19

CD34 selection;
TCRαβ/CD19

depletion;
TCRαβ depletion

(+in vivo
CD20-depletion);

CD3/CD19
depletion

9 No information No information 62.7
12/19

21 (acute)
15 (chronic) I or II 30–365 No information

ATG—anti-thymocyte globulin, Bu—busulfan, Cy—cyclophosphamide, Flu—fludarabine, RTX—rituximab, Treo—treosulfan, TT—thiotepa.
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4.2. Sickle Cell Disease

The course of SCD is highly variable. However, the one feature that unites the diverse
nature of this disease is a shortened life expectancy and significant morbidity. Patients with
SCD may experience hemolytic anemia, severe pain, vaso-occlusive crises, stroke, avascular
necrosis, pulmonary hypertension, infections, renal failure, and thrombosis. Despite many
genetic attempts, HSCT remains the only curative method [125]. The best outcomes are
observed after HLA-matched sibling transplantation. However, approximately 70% of
patients with SCD do not have an HLA-matched sibling. Alternative donor options include
matched unrelated donor, unrelated umbilical cord blood transplantation, and mismatched
related transplantation [14,126].

According to studies, haplo-HSCT exhibits high efficiency among pediatric patients. In
the clinical trial carried out by J. Foell et al., 15 out of the 20 studied patients with high-risk
SCD received a CD3/CD19-depleted graft and the rest received a TCRαβ/CD19-depleted
graft. All patients experienced primary engraftments with stable grafts. The median time to
reach leukocyte recovery was 16 days, and neutrophile recovery occurred after 19 days, and
thrombocyte recovery occurred 10 days after the transplant. When it comes to lymphocytes,
the median time of CD3+ T-cell recovery was 173 days post-transplantation; it was 277 days
for CD4+ T-cells and 213 days for CD8+ T-cells. B lymphocytes were restored around
the 80th day after transplantation. According to these data, leucocytes, neutrophils, and
thrombocytes recover rapidly, while T-cell recovery appears delayed. In this study group,
the OS, EFS, and DFS were 90%. Total respiratory morbidity (TRM) was observed in 10%
of the patients [127]. In another study conducted with a 9-year follow-up, haplo-HSCT
did not bring satisfactory outcomes. The trial enrolled 22 patients with symptomatic SCD,
8 out of whom were recipients of a parental haploidentical donor graft. The median age
of the patients was 9.0 (±5.0) years. All patients achieved donor engraftment with a 100%
donor chimerism, with a median time to full engraftment amounting to 12.5 days. A total
of 50% of the patients, however, developed evidence of graft rejection on approximately the
30th day post-transplant and required an additional stem cell infusion. After the infusion,
25% of the patients recovered with a sustained 100% donor chimerism, whereas the other
patients progressed to graft failure with recurrence of disease. Donor engraftment was
eventually sustained in 62% of the patients, and graft failure occurred in 38% of the subjects.
A follow-up visit after 9 years post-transplantation indicated that 75% of the patients were
alive, with 37.5% eventually experiencing sustained engraftment and remaining disease-
free. However, SCD recurrence took place in another 37.5% of the studied population. The
OS rate amounted to 75% [128].

Pawlowska et al. reported a complete engraftment with a 99.9% to 100% donor
chimerism after T-cell replete haploidentical stem cell infusion. All patients maintained
stable engraftment at the last follow-up (11 months). Additionally, neutrophil engraftment
occurred between the 14th and 26th days post-transplant. Half of the patients presented
high levels of donor-specific anti-HLA antibodies, which required the implementation of
an antibody management protocol. This enabled neutrophil engraftment on days 16 and
26, respectively [30]. Similar results were reached by another research group [129]. Their
follow-up was carried out 11, 14, and 30 months after HSCT transplant. The survival rate
amounted to 100%, and all of the patients exhibited a complete donor chimerism. What is
important, they did not have any more symptoms of SCD. Neutrophil engraftment was
noted on days 12, 17, and 20. However, both of the studies above consisted of a low number
of patients; therefore, the reliability of the results cannot be fully confirmed.

Despite the introduction of prophylaxis, GVHD still remains a critical issue. Nonethe-
less, it does not occur as often as previously and with significantly lower intensity. In
a study of three patients, mild skin GVHD was observed in one patient. None of those
patients experienced cGVHD, nor central nervous system toxicity. Surprisingly, two pa-
tients experienced an asymptomatic CMV reactivation [129]. In a study of four patients,
one developed aGVHD grade I, while three of the patients experienced mild skin GVHD
and responded well to immunosuppression therapy. Moreover, in three of the patients,
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HHV-6 was detected, but resolved spontaneously without any treatment [30]. In the far-
reaching study of eight patients, among which five underwent a successful engraftment,
four experienced aGVHD. Two of those patients developed grade I, while the other two
developed grade II aGVHD. Subsequently, three of those four patients developed cGVHD
and two of them died from complications. In the study comparing T-haplo-HSCT and
matched sibling donor grafts, 35% of the patients in the T-haplo-HSCT group experienced
aGVHD. However, in all cases, GVHD resolved after a few days of low-dose prednisolone
applications. None of the patients developed aGVHD grades III–IV. Nonetheless, four
developed a steroid-sensitive cGVHD with cutaneous, oral, ocular, and fascial involvement
responding to primary treatment. Apart from GVHD, haplo-HSCT complications included
CMV, BK virus (BKV), EBV, HHV6 and ADV reactivation, BKV-associated nephritis, ro-
tavirus diarrhea, CMV pneumonitis, and macrophage activation syndrome with a late graft
failure [127].

These data indicate that cyclophosphamide, tacrolimus, and MMF usage is effective
and extremely beneficial for patients with SCD as prophylaxis. Although it does not
always guarantee 100% efficiency, such a treatment contributes to the development of less
severe GVHD.

4.3. Severe Aplastic Anemia

Severe aplastic anemia (SAA) is a state of bone marrow failure resulting from its
hypoplasia or aplasia. As a consequence, the bone marrow does not produce enough ery-
throcytes, leucocytes, and/or thrombocytes. Recently, SAA outcomes have significantly im-
proved because of HSCT introduction and immunosuppressive treatments. HLA-matched
sibling donor HSCT is a primary treatment option for pediatric SAA patients. However,
due to the frequent lack of such donors, haplo-HSCT is most commonly performed in-
stead [130]. Based on the little data available, this treatment seems to be very successful. In
the multicenter trial conducted among 35 patients, all of them reached full engraftment
with the median time for myeloid recovery amounting to 14 days and for platelet recovery
to 18 days [131]. Another study proved a 98% success rate; however, 6% of the patients had
a secondary graft rejection after more than 20 days post-transplant [130].

While haplo-HSCT usage decreases the severity of SAA symptoms, it also increases the
risk of GVHD or post-transplant hemophagocytic syndrome (PTHPS), despite cyclophos-
phamide prophylaxis [131–133]. In both studies, the GVHD rate amounted to more than
50% of the cases. It included not only aGVHD grades I to IV, but also chronic GVHD in-
volving the skin, liver, and gastrointestinal tract [130,131]. Nonetheless, previous research
proved that the introduction of an immunosuppressive drug, inhibitor of mammalian target
of rapamycin (mTOR), such as sirolimus on the 8th day before the transplant, significantly
reduces this complication among adult patients [132,133]. Regarding pediatric patients, a
co-stimulation blockade with cytotoxic T lymphocyte antigen-4 (CTLA4) IgA is a promising
method of reducing GVHD and PTHPS occurrence. This approach has been described,
inter alia, by Jaiswal et al. In their trial, two groups were compared. The first group
received an extended T-cell co-stimulation blockade (COSBL) with abatacept, sirolimus,
and post-transplantation cyclophosphamide, while the other—the control group—only
received post-transplant cyclophosphamide. Both groups included 10 patients with SAA.
The patients treated within the COSBL protocol had much better outcomes than those in
the control group in terms of GVHD occurrence. The incidences of aGVHD were 10.5%
and 50%, respectively. Moreover, approximately 12.5% of the patients in the COSBL group
experienced cGVHD, while in the control group, it was 56% of the patients [132]. Those
results confirm the previous thesis. Haplo-HSCT in combination with therapy involving
COSBL, abatacept, sirolimus, and cyclophosphamide significantly decreases the GVHD
incidence in pediatric patients with SAA.

Apart from GVHD, many patients experienced different complications of haplo-HSCT,
such as bacterial, fungal, and viral (CMV and EBV) infections [131,133]. Wang et al.
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additionally described a reversible posterior leukoencephalopathy syndrome that occurred
in two patients in that study and ended with their death [131].

When it comes to the OS rate of haplo-HSCT used in SAA, the values fluctuated from
70% to approximately 86% [130–132].

4.4. Fanconi Anemia

Fanconi anemia (FA) is a rare, inherited condition characterized by congenital mal-
formations, progressive marrow failure, and a predisposition to solid tumors, as well as
acute myelogenous leukemia. Patients with FA are excellent candidates for haplo-HSCT
because, without such a treatment, the prognosis is extremely poor [134,135]. The study of
Ayas et al. enrolled 19 pediatric patients with FA. All of the patients experienced neutrophil
engraftment at the median time of 14 days. On the other hand, platelet recovery occurred
in 18 patients at the median time of 20.5 days. The overall incidence of aGVHD amounted
to 42%, while extensive cGVHD occurred in only one patient. The follow-up examination
was performed at the median time of 38 months, and the OS rate was set at 89% [134].
Another study included 24 pediatric patients who underwent haplo-HSCT for FA. Full
engraftment was achieved in 22 patients (92%), with the median time for neutrophil and
platelet recovery of 12 and 10 days, respectively. Eventual primary graft failure occurred
in two patients. Four patients (16%) developed aGVHD grades I and II. Additionally, of
the 22 patients at risk, only 1 developed mild, skin-only cGVHD (4.5%). On the follow-up
after a median time of 5 years, all patients were alive; thus, the OS rate was 100%. Eleven
patients (45.8%) developed post-HSCT viral reactivations or infections [136].

On the basis of this trial, a connection was made among older age, high transfusion
burden, previous androgen exposure, development of clonal evolution, and lower survival
rates. Moreover, children with FA undergoing haplo-HSCT are associated with a higher risk
of developing severe aGVHD, due to the underlying DNA repair defect and deregulation
of the apoptotic process [136].

5. Future Directions

Although haplo-HSCT became a point of interest over 20 years ago, to this day, there
are several aspects that require further investigation, particularly in pediatric patients [137].
A lot of research focuses on the comparison of transplant results among MUD, HLA
mismatched unrelated donor (MMUD), and HRD to determine the best choice for a patient
lacking a family HLA-matched donor. For pediatric patients with acute leukemia, the 5-year
OS rates between T-replete haplo-HSCT and transplant from MUD and MMUD appeared
comparable. The relapse incidence (RI) and NRM also showed similar results [138]. Another
study revealed that the results of haplo-HSCT with PTCy and the MAC regimen and
the MUD HSCT with the ATG regimen were similar. Haplo-HSCT is recognized as an
advantageous option for pediatric patients with high-risk leukemia, lacking a related or
an unrelated HLA-identical donor. Moreover, a comparison between PTCy-based haplo-
HSCT with MAC and non-MAC regimens exhibited similar toxicity [28]. CGVHD was
observed more often in patients undergoing an MUD transplant rather than after haplo-
HSCT. Pediatric patients with hematological malignancies can be successfully treated with
haplo-HSCT, as the aGVHD and cGVHD incidence rates and OS rates are satisfactory [139].

Research on post-transplant immune recovery is still developing, as it is crucial to
decrease the prevalence of infectious complications and relapse risks. Innate immunity,
especially including NK cells, that exert both anti-leukemic and anti-viral effects, is re-
sponsible for such recovery. Despite that, TCD methods for haplo-HSCT cause around a
2-month delay for NK cells to be produced from donor hematopoietic stem cells. The study
was conducted to determine if lower doses of anti-T lymphocyte globulin (ALTG) would
affect the NK cell count after transplantation. It was revealed that the number of NK cells
was indeed substantially elevated, which led to the conclusion that a higher concentration
of ALTG might cause a lengthened immune readjustment. Nevertheless, because ALTG
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has a favorable effect on GVHD and graft rejection, it would be optimal to incorporate high
pre-transplant ALTG doses with low post-transplant ALTG doses [140].

Another aspect worth further investigating is haplo-HSCT followed by donor lym-
phocyte infusion (DLI), which presents a distinct graft-versus-leukemia (GVL) effect. Data
gathered from adult patients showed that ATG-based haplo-HSCT with subsequent pro-
phylactic DLI reduced the risk of relapse, in addition to raising long-term survival among
high-risk acute leukemia patients without enhancing the toxicity of the therapy [141]. Pe-
diatric data are rather limited; however, a few studies were conducted and the results
were analogous to those for the adult patients. Prophylactic DLI provided successful
and safe outcomes in children with both malignant and non-malignant hematological
diseases [142,143].

Moreover, haplo-HSCT is recognized as an independent risk factor for CMV infection.
Statistically, the frequency of infections is higher after haplo-HSCT than after HLA-matched
HSCT, which contributes to the extended mortality rate among pediatric patients [144].
Furthermore, the usage of PTCy is also associated with a greater rate of CMV infection,
which suggested the need for an active prophylaxis regimen. As CMV-active anti-viral
drugs, like valganciclovir or ganciclovir, present severe side effects, adding to the toxicity
of the treatment, a new drug was developed. CMV DNA terminase inhibitor, letermovir,
was introduced as prophylactic medication for HSCT recipients, including PTCy-based
haplo-HSCT. The research showed that letermovir decreased the occurrence of CMV-
related complications, as well as the necessity to use CMV-specific treatment, without
altering the TRM or OS [145,146]. Data regarding the use of letermovir in pediatric patients
are insufficient. However, recent studies confirm that it can be profitably and safely
administered to children as a preventative measure against CMV reactivations [147,148].

6. Conclusions

Due to many its advantages, haplo-HSCT is becoming an increasingly popular form of
transplantation in the absence of quick access to fully compatible donors. Although further
research in the form of multicenter studies is needed to assemble larger, homogenous
research groups with standardized peri-transplant treatment regimens to identify optimal
GVHD prophylaxis and conditioning strategies, haplo-HSCT has proven to be an effective
form of bone marrow transplantation in hematologic malignancies, both in active and
refractory diseases with the OS and RFS rates similar to the MUD grafts. Moreover, it has
been applied successfully in various non-malignant hematological disorders, such as SCD,
PIDs, and SAA. Current research is focusing on post-transplant immune recovery to reduce
the risk of infectious complications and relapses.

Author Contributions: M.L. (Monika Lejman) and J.Z. were responsible for the conception and
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manuscript; M.L. (Maria Leśniak) was responsible for preparing figures; A.M., A.S. (Aleksander
Siwek), and Z.S. were responsible for preparing tables. M.L. (Monika Lejman) and J.Z. reviewed and
edited the manuscript. M.L. (Monika Lejman) and J.Z. supervised the paper. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.



Int. J. Mol. Sci. 2024, 25, 6380 20 of 27

References
1. Balassa, K.; Danby, R.; Rocha, V. Haematopoietic Stem Cell Transplants: Principles and Indications. Br. J. Hosp. Med. 2019, 80,

33–39. [CrossRef] [PubMed]
2. Sureda, A.; Bader, P.; Cesaro, S.; Dreger, P.; Duarte, R.F.; Dufour, C.; Falkenburg, J.H.F.; Farge-Bancel, D.; Gennery, A.; Kröger, N.;

et al. Indications for Allo- and Auto-SCT for Haematological Diseases, Solid Tumours and Immune Disorders: Current Practice in
Europe, 2015. Bone Marrow Transplant. 2015, 50, 1037–1056. [CrossRef] [PubMed]

3. Bazinet, A.; Popradi, G. A General Practitioner’s Guide to Hematopoietic Stem-Cell Transplantation. Curr. Oncol. 2019, 26,
187–191. [CrossRef] [PubMed]

4. Hourigan, C.S. Haplo, We Have a Problem. Blood 2017, 130, 1180. [CrossRef] [PubMed]
5. Gao, Y.-Y.; Chen, X.-J.; Luo, R.-M. Research Advances on Haploidentical Hematopoietic Stem Cell Transplantation in the Treatment

of Severe Aplastic Anemia in Children. Zhongguo Dang Dai Er Ke Za Zhi 2021, 23, 854–859. [CrossRef] [PubMed]
6. Cruz-Tapias, P.; Castiblanco, J.; Anaya, J.-M. Major Histocompatibility Complex: Antigen Processing and Presentation. In

Autoimmunity: From Bench to Bedside [Internet]; El Rosario University Press: Bogota, Colombia, 2013.
7. Choo, S.Y. The HLA System: Genetics, Immunology, Clinical Testing, and Clinical Implications. Yonsei Med. J. 2007, 48, 11–23.

[CrossRef]
8. Kruse, A.; Abdel-Azim, N.; Kim, H.N.; Ruan, Y.; Phan, V.; Ogana, H.; Wang, W.; Lee, R.; Gang, E.J.; Khazal, S.; et al. Minimal

Residual Disease Detection in Acute Lymphoblastic Leukemia. Int. J. Mol. Sci. 2020, 21, 1054. [CrossRef]
9. Bai, L.; Zhang, Z.-X.; Hu, G.-H.; Cheng, Y.-F.; Suo, P.; Wang, Y.; Yan, C.-H.; Sun, Y.-Q.; Chen, Y.-H.; Chen, H.; et al. Long-Term

Follow-up of Haploidentical Haematopoietic Stem Cell Transplantation in Paediatric Patients with High-Risk Acute Myeloid
Leukaemia: Report from a Single Centre. Br. J. Haematol. 2024, 204, 585–594. [CrossRef] [PubMed]

10. Zachary, A.A.; Leffell, M.S. Desensitization for Solid Organ and Hematopoietic Stem Cell Transplantation. Immunol. Rev. 2014,
258, 183–207. [CrossRef]

11. Mancusi, A.; Kanakry, C.G.; Pierini, A. Editorial: The Immunobiology of HLA-Haploidentical Hematopoietic Cell Transplantation.
Front. Immunol. 2020, 11, 1031. [CrossRef]

12. Choi, E.S.; Im, H.J.; Kim, H.; Koh, K.N.; Jang, S.; Park, C.-J.; Seo, J.J.; Park, H.R. Depletion of Aβ+ T Cells for a Haploidentical
Hematopoietic Stem Cell Transplantation in Children. J. Clin. Apher. 2018, 33, 521–528. [CrossRef] [PubMed]

13. Shah, R.M. Contemporary Haploidentical Stem Cell Transplant Strategies in Children with Hematological Malignancies. Bone
Marrow Transplant. 2021, 56, 1518–1534. [CrossRef] [PubMed]

14. Joseph, J.J.; Abraham, A.A.; Fitzhugh, C.D. When There Is No Match, the Game Is Not over: Alternative Donor Options for
Hematopoietic Stem Cell Transplantation in Sickle Cell Disease. Semin. Hematol. 2018, 55, 94–101. [CrossRef] [PubMed]

15. Handgretinger, R. New Approaches to Graft Engineering for Haploidentical Bone Marrow Transplantation. Semin. Oncol. 2012,
39, 664–673. [CrossRef] [PubMed]

16. Bertaina, A.; Pitisci, A.; Sinibaldi, M.; Algeri, M. T Cell-Depleted and T Cell-Replete HLA-Haploidentical Stem Cell Transplantation
for Non-Malignant Disorders. Curr. Hematol. Malig. Rep. 2017, 12, 68–78. [CrossRef] [PubMed]

17. Locatelli, F.; Vinti, L.; Palumbo, G.; Rossi, F.; Bertaina, A.; Mastronuzzi, A.; Bernardo, M.E.; Rutella, S.; Dellabona, P.; Giorgiani,
G.; et al. Strategies to Optimize the Outcome of Children given T-Cell Depleted HLA-Haploidentical Hematopoietic Stem Cell
Transplantation. Best Pract. Res. Clin. Haematol. 2011, 24, 339–349. [CrossRef] [PubMed]

18. Foell, J.; Kleinschmidt, K.; Jakob, M.; Troeger, A.; Corbacioglu, S. Alternative Donor: Aß/CD19 T-Cell-Depleted Haploidentical
Hematopoietic Stem Cell Transplantation for Sickle Cell Disease. Hematol. Oncol. Stem. Cell Ther. 2020, 13, 98–105. [CrossRef]
[PubMed]

19. Al Malki, M.M.; Jones, R.; Ma, Q.; Lee, D.; Reisner, Y.; Miller, J.S.; Lang, P.; Hongeng, S.; Hari, P.; Strober, S.; et al. Proceedings
From the Fourth Haploidentical Stem Cell Transplantation Symposium (HAPLO2016), San Diego, California, December 1, 2016.
Biol. Blood Marrow Transplant. 2018, 24, 895–908. [CrossRef] [PubMed]

20. Ciceri, F.; Bacigalupo, A.; Lankester, A.; Bertaina, A. Haploidentical HSCT. In The EBMT Handbook: Hematopoietic Stem Cell
Transplantation and Cellular Therapies; Carreras, E., Dufour, C., Mohty, M., Kröger, N., Eds.; Springer: Cham, Switzerland, 2019;
ISBN 978-3-030-02277-8.

21. Reisner, Y.; Kapoor, N.; Kirkpatrick, D.; Pollack, M.S.; Cunningham-Rundles, S.; Dupont, B.; Hodes, M.Z.; Good, R.A.; O’Reilly, R.J.
Transplantation for Severe Combined Immunodeficiency with HLA-A,B,D,DR Incompatible Parental Marrow Cells Fractionated
by Soybean Agglutinin and Sheep Red Blood Cells. Blood 1983, 61, 341–348. [CrossRef]

22. Giardino, S.; Bagnasco, F.; Falco, M.; Miano, M.; Pierri, F.; Risso, M.; Terranova, P.; Di Martino, D.; Massaccesi, E.; Ricci, M.;
et al. Haploidentical Stem Cell Transplantation After TCR-Aβ+ and CD19+ Cells Depletion In Children With Congenital
Non-Malignant Disease. Transplant. Cell Ther. 2022, 28, 394.e1–394.e9. [CrossRef]

23. Schumm, M.; Lang, P.; Bethge, W.; Faul, C.; Feuchtinger, T.; Pfeiffer, M.; Vogel, W.; Huppert, V.; Handgretinger, R. Depletion of
T-Cell Receptor Alpha/Beta and CD19 Positive Cells from Apheresis Products with the CliniMACS Device. Cytotherapy 2013, 15,
1253–1258. [CrossRef] [PubMed]

24. Bertaina, A.; Merli, P.; Rutella, S.; Pagliara, D.; Bernardo, M.E.; Masetti, R.; Pende, D.; Falco, M.; Handgretinger, R.; Moretta,
F.; et al. HLA-Haploidentical Stem Cell Transplantation after Removal of Aβ+ T and B Cells in Children with Nonmalignant
Disorders. Blood 2014, 124, 822–826. [CrossRef]

https://doi.org/10.12968/hmed.2019.80.1.33
https://www.ncbi.nlm.nih.gov/pubmed/30592675
https://doi.org/10.1038/bmt.2015.6
https://www.ncbi.nlm.nih.gov/pubmed/25798672
https://doi.org/10.3747/co.26.5033
https://www.ncbi.nlm.nih.gov/pubmed/31285665
https://doi.org/10.1182/blood-2017-07-795062
https://www.ncbi.nlm.nih.gov/pubmed/28882835
https://doi.org/10.7499/j.issn.1008-8830.2105073
https://www.ncbi.nlm.nih.gov/pubmed/34511177
https://doi.org/10.3349/ymj.2007.48.1.11
https://doi.org/10.3390/ijms21031054
https://doi.org/10.1111/bjh.19086
https://www.ncbi.nlm.nih.gov/pubmed/37658699
https://doi.org/10.1111/imr.12150
https://doi.org/10.3389/fimmu.2020.01031
https://doi.org/10.1002/jca.21634
https://www.ncbi.nlm.nih.gov/pubmed/29971847
https://doi.org/10.1038/s41409-021-01246-5
https://www.ncbi.nlm.nih.gov/pubmed/33674791
https://doi.org/10.1053/j.seminhematol.2018.04.013
https://www.ncbi.nlm.nih.gov/pubmed/29958565
https://doi.org/10.1053/j.seminoncol.2012.09.007
https://www.ncbi.nlm.nih.gov/pubmed/23206843
https://doi.org/10.1007/s11899-017-0364-3
https://www.ncbi.nlm.nih.gov/pubmed/28116633
https://doi.org/10.1016/j.beha.2011.04.004
https://www.ncbi.nlm.nih.gov/pubmed/21925087
https://doi.org/10.1016/j.hemonc.2019.12.006
https://www.ncbi.nlm.nih.gov/pubmed/32202248
https://doi.org/10.1016/j.bbmt.2018.01.008
https://www.ncbi.nlm.nih.gov/pubmed/29339270
https://doi.org/10.1182/blood.V61.2.341.341
https://doi.org/10.1016/j.jtct.2022.04.002
https://doi.org/10.1016/j.jcyt.2013.05.014
https://www.ncbi.nlm.nih.gov/pubmed/23993299
https://doi.org/10.1182/blood-2014-03-563817


Int. J. Mol. Sci. 2024, 25, 6380 21 of 27

25. Klein, O.R.; Chen, A.R.; Gamper, C.; Loeb, D.; Zambidis, E.; Llosa, N.; Huo, J.; Dezern, A.E.; Steppan, D.; Robey, N.; et al.
Alternative-Donor Hematopoietic Stem Cell Transplantation with Post-Transplantation Cyclophosphamide for Nonmalignant
Disorders. Biol. Blood Marrow Transplant. 2016, 22, 895–901. [CrossRef] [PubMed]

26. Oevermann, L.; Schulte, J.H.; Hundsdörfer, P.; Hakimeh, D.; Kogel, F.; Lang, P.; Corbacioglu, S.; Eggert, A.; Sodani, P. HLA-
Haploidentical Hematopoietic Stem Cell Transplantation in Pediatric Patients with Hemoglobinopathies: Current Practice and
New Approaches. Bone Marrow Transplant. 2019, 54, 743–748. [CrossRef]

27. Merli, P.; Algeri, M.; Galaverna, F.; Milano, G.M.; Bertaina, V.; Biagini, S.; Girolami, E.; Palumbo, G.; Sinibaldi, M.; Becilli, M.; et al.
Immune Modulation Properties of Zoledronic Acid on TcRγδ T-Lymphocytes After TcRαβ/CD19-Depleted Haploidentical Stem
Cell Transplantation: An Analysis on 46 Pediatric Patients Affected by Acute Leukemia. Front. Immunol. 2020, 11, 699. [CrossRef]

28. Hong, K.T.; Park, H.J.; Kim, B.K.; An, H.Y.; Choi, J.Y.; Kang, H.J. Post-Transplantation Cyclophosphamide-Based Haploidentical
versus Matched Unrelated Donor Peripheral Blood Hematopoietic Stem Cell Transplantation Using Myeloablative Targeted
Busulfan-Based Conditioning for Pediatric Acute Leukemia. Transplant. Cell Ther. 2022, 28, 195.e1–195.e7. [CrossRef]

29. Triozzi, P.L.; Laszlo, J. Optimum Management of Nausea and Vomiting in Cancer Chemotherapy. Drugs 1987, 34, 136–149.
[CrossRef] [PubMed]

30. Pawlowska, A.B.; Cheng, J.C.; Karras, N.A.; Sun, W.; Wang, L.D.; Bell, A.D.; Gutierrez, L.; Rosenthal, J. HLA Haploidentical Stem
Cell Transplant with Pretransplant Immunosuppression for Patients with Sickle Cell Disease. Biol. Blood Marrow Transplant. 2018,
24, 185–189. [CrossRef]

31. Brissot, E.; Labopin, M.; Labussière, H.; Fossard, G.; Chevallier, P.; Guillaume, T.; Yakoub-Agha, I.; Srour, M.; Bulabois, C.-E.;
Huynh, A.; et al. Post-Transplant Cyclophosphamide versus Anti-Thymocyte Globulin after Reduced Intensity Peripheral Blood
Allogeneic Cell Transplantation in Recipients of Matched Sibling or 10/10 HLA Matched Unrelated Donors: Final Analysis of a
Randomized, Open-Label, Multicenter, Phase 2 Trial. Blood Cancer J. 2024, 14, 31. [CrossRef]

32. Trujillo, Á.M.; Karduss, A.J.; Suarez, G.; Pérez, R.; Ruiz, G.; Cardona, A.; Ramírez, M.; Betancur, J. Haploidentical Hematopoietic
Stem Cell Transplantation with Post-Transplantation Cyclophosphamide in Children with High-Risk Leukemia Using a Reduced-
Intensity Conditioning Regimen and Peripheral Blood as the Stem Cell Source. Transplant. Cell Ther. 2021, 27, 427.e1–427.e7.
[CrossRef]

33. Li, T.; He, Q.; Yang, J.; Cai, Y.; Huang, C.; Xu, X.; Qiu, H.; Niu, J.; Zhou, K.; Zhang, Y.; et al. Low-Dose Anti-Thymocyte Globulin
Plus Low-Dose Posttransplant Cyclophosphamide as an Effective Regimen for Prophylaxis of Graft Versus Host Disease After
Haploidentical Peripheral Blood Stem Cell Transplantation With Maternal/Collateral Related Donors. Cell Transplant. 2022, 31,
9636897221139103. [CrossRef] [PubMed]

34. Huang, Z.; Yan, H.; Teng, Y.; Shi, W.; Xia, L. Lower Dose of ATG Combined with Basiliximab for Haploidentical Hematopoietic
Stem Cell Transplantation Is Associated with Effective Control of GVHD and Less CMV Viremia. Front. Immunol. 2022, 13,
1017850. [CrossRef] [PubMed]

35. Tang, F.-F.; Cheng, Y.-F.; Xu, L.-P.; Zhang, X.-H.; Yan, C.-H.; Han, W.; Chen, Y.-H.; Huang, X.-J.; Wang, Y. Basiliximab as Treatment
for Steroid-Refractory Acute Graft-versus-Host Disease in Pediatric Patients after Haploidentical Hematopoietic Stem Cell
Transplantation. Biol. Blood Marrow Transplant. 2020, 26, 351–357. [CrossRef] [PubMed]

36. Hunger, S.P.; Raetz, E.A. How I Treat Relapsed Acute Lymphoblastic Leukemia in the Pediatric Population. Blood 2020, 136,
1803–1812. [CrossRef] [PubMed]

37. Zarnegar-Lumley, S.; Caldwell, K.J.; Rubnitz, J.E. Relapsed Acute Myeloid Leukemia in Children and Adolescents: Current
Treatment Options and Future Strategies. Leukemia 2022, 36, 1951–1960. [CrossRef] [PubMed]

38. Fagioli, F.; Quarello, P.; Zecca, M.; Lanino, E.; Rognoni, C.; Balduzzi, A.; Messina, C.; Favre, C.; Foà, R.; Ripaldi, M.; et al.
Hematopoietic Stem Cell Transplantation for Children with High-Risk Acute Lymphoblastic Leukemia in First Complete
Remission: A Report from the AIEOP Registry. Haematologica 2013, 98, 1273–1281. [CrossRef] [PubMed]

39. Peters, C.; Schrappe, M.; von Stackelberg, A.; Schrauder, A.; Bader, P.; Ebell, W.; Lang, P.; Sykora, K.-W.; Schrum, J.; Kremens, B.;
et al. Stem-Cell Transplantation in Children with Acute Lymphoblastic Leukemia: A Prospective International Multicenter Trial
Comparing Sibling Donors with Matched Unrelated Donors-The ALL-SCT-BFM-2003 Trial. J. Clin. Oncol. 2015, 33, 1265–1274.
[CrossRef] [PubMed]

40. Lang, P.; Handgretinger, R. Haploidentical SCT in Children: An Update and Future Perspectives. Bone Marrow Transplant. 2008,
42 (Suppl. 2), S54–S59. [CrossRef] [PubMed]

41. Powles, R.L.; Morgenstern, G.R.; Kay, H.E.; McElwain, T.J.; Clink, H.M.; Dady, P.J.; Barrett, A.; Jameson, B.; Depledge, M.H.;
Watson, J.G.; et al. Mismatched Family Donors for Bone-Marrow Transplantation as Treatment for Acute Leukaemia. Lancet 1983,
1, 612–615. [CrossRef]

42. Kernan, N.A.; Flomenberg, N.; Dupont, B.; O’Reilly, R.J. Graft Rejection in Recipients of T-Cell-Depleted HLA-Nonidentical
Marrow Transplants for Leukemia. Identification of Host-Derived Antidonor Allocytotoxic T Lymphocytes. Transplantation 1987,
43, 842–847. [CrossRef]

43. Soiffer, R.J.; Mauch, P.; Tarbell, N.J.; Anderson, K.C.; Freedman, A.S.; Rabinowe, S.N.; Takvorian, T.; Murrey, C.I.; Coral, F.;
Bosserman, L. Total Lymphoid Irradiation to Prevent Graft Rejection in Recipients of HLA Non-Identical T Cell-Depleted
Allogeneic Marrow. Bone Marrow Transplant. 1991, 7, 23–33. [PubMed]

https://doi.org/10.1016/j.bbmt.2016.02.001
https://www.ncbi.nlm.nih.gov/pubmed/26860634
https://doi.org/10.1038/s41409-019-0598-x
https://doi.org/10.3389/fimmu.2020.00699
https://doi.org/10.1016/j.jtct.2022.01.002
https://doi.org/10.2165/00003495-198734010-00005
https://www.ncbi.nlm.nih.gov/pubmed/3308410
https://doi.org/10.1016/j.bbmt.2017.08.039
https://doi.org/10.1038/s41408-024-00990-3
https://doi.org/10.1016/j.jtct.2021.02.010
https://doi.org/10.1177/09636897221139103
https://www.ncbi.nlm.nih.gov/pubmed/36433646
https://doi.org/10.3389/fimmu.2022.1017850
https://www.ncbi.nlm.nih.gov/pubmed/36458000
https://doi.org/10.1016/j.bbmt.2019.10.031
https://www.ncbi.nlm.nih.gov/pubmed/31704470
https://doi.org/10.1182/blood.2019004043
https://www.ncbi.nlm.nih.gov/pubmed/32589723
https://doi.org/10.1038/s41375-022-01619-9
https://www.ncbi.nlm.nih.gov/pubmed/35668109
https://doi.org/10.3324/haematol.2012.079707
https://www.ncbi.nlm.nih.gov/pubmed/23445874
https://doi.org/10.1200/JCO.2014.58.9747
https://www.ncbi.nlm.nih.gov/pubmed/25753432
https://doi.org/10.1038/bmt.2008.285
https://www.ncbi.nlm.nih.gov/pubmed/18978746
https://doi.org/10.1016/s0140-6736(83)91793-2
https://doi.org/10.1097/00007890-198743060-00014
https://www.ncbi.nlm.nih.gov/pubmed/2043874


Int. J. Mol. Sci. 2024, 25, 6380 22 of 27

44. Aversa, F.; Tabilio, A.; Velardi, A.; Cunningham, I.; Terenzi, A.; Falzetti, F.; Ruggeri, L.; Barbabietola, G.; Aristei, C.; Latini, P.; et al.
Treatment of High-Risk Acute Leukemia with T-Cell-Depleted Stem Cells from Related Donors with One Fully Mismatched HLA
Haplotype. N. Engl. J. Med. 1998, 339, 1186–1193. [CrossRef] [PubMed]

45. Pasquini, M.C.; Devine, S.; Mendizabal, A.; Baden, L.R.; Wingard, J.R.; Lazarus, H.M.; Appelbaum, F.R.; Keever-Taylor, C.A.;
Horowitz, M.M.; Carter, S.; et al. Comparative Outcomes of Donor Graft CD34+ Selection and Immune Suppressive Therapy
as Graft-versus-Host Disease Prophylaxis for Patients with Acute Myeloid Leukemia in Complete Remission Undergoing
HLA-Matched Sibling Allogeneic Hematopoietic Cell Transplantation. J. Clin. Oncol. 2012, 30, 3194–3201. [CrossRef] [PubMed]

46. Lang, P.; Greil, J.; Bader, P.; Handgretinger, R.; Klingebiel, T.; Schumm, M.; Schlegel, P.-G.; Feuchtinger, T.; Pfeiffer, M.; Scheel-
Walter, H.; et al. Long-Term Outcome after Haploidentical Stem Cell Transplantation in Children. Blood Cells Mol. Dis. 2004, 33,
281–287. [CrossRef] [PubMed]

47. Chen, X.; Hale, G.A.; Barfield, R.; Benaim, E.; Leung, W.H.; Knowles, J.; Horwitz, E.M.; Woodard, P.; Kasow, K.; Yusuf, U.; et al.
Rapid Immune Reconstitution after a Reduced-Intensity Conditioning Regimen and a CD3-Depleted Haploidentical Stem Cell
Graft for Paediatric Refractory Haematological Malignancies. Br. J. Haematol. 2006, 135, 524–532. [CrossRef] [PubMed]

48. Pérez-Martínez, A.; González-Vicent, M.; Valentín, J.; Aleo, E.; Lassaletta, A.; Sevilla, J.; Vicario, J.L.; Ramírez, M.; Díaz, M.A. Early
Evaluation of Immune Reconstitution Following Allogeneic CD3/CD19-Depleted Grafts from Alternative Donors in Childhood
Acute Leukemia. Bone Marrow Transplant. 2012, 47, 1419–1427. [CrossRef] [PubMed]

49. Lang, P.; Teltschik, H.-M.; Feuchtinger, T.; Müller, I.; Pfeiffer, M.; Schumm, M.; Ebinger, M.; Schwarze, C.P.; Gruhn, B.; Schrauder,
A.; et al. Transplantation of CD3/CD19 Depleted Allografts from Haploidentical Family Donors in Paediatric Leukaemia. Br. J.
Haematol. 2014, 165, 688–698. [CrossRef] [PubMed]

50. Locatelli, F.; Merli, P.; Pagliara, D.; Li Pira, G.; Falco, M.; Pende, D.; Rondelli, R.; Lucarelli, B.; Brescia, L.P.; Masetti, R.; et al.
Outcome of Children with Acute Leukemia given HLA-Haploidentical HSCT after Aβ T-Cell and B-Cell Depletion. Blood 2017,
130, 677–685. [CrossRef] [PubMed]

51. Merli, P.; Algeri, M.; Galaverna, F.; Bertaina, V.; Lucarelli, B.; Boccieri, E.; Becilli, M.; Quagliarella, F.; Rosignoli, C.; Biagini, S.; et al.
TCRαβ/CD19 Cell-Depleted HLA-Haploidentical Transplantation to Treat Pediatric Acute Leukemia: Updated Final Analysis.
Blood 2024, 143, 279–289. [CrossRef]

52. Pérez-Martínez, A.; Ferreras, C.; Pascual, A.; Gonzalez-Vicent, M.; Alonso, L.; Badell, I.; Fernández Navarro, J.M.; Regueiro,
A.; Plaza, M.; Pérez Hurtado, J.M.; et al. Haploidentical Transplantation in High-Risk Pediatric Leukemia: A Retrospective
Comparative Analysis on Behalf of the Spanish Working Group for Bone Marrow Transplantation in Children (GETMON) and
the Spanish Grupo for Hematopoietic Transplantation (GETH). Am. J. Hematol. 2020, 95, 28–37. [CrossRef]

53. Otto, M.; Barfield, R.C.; Iyengar, R.; Gatewood, J.; Müller, I.; Holladay, M.S.; Houston, J.; Leung, W.; Handgretinger, R. Human
Gammadelta T Cells from G-CSF-Mobilized Donors Retain Strong Tumoricidal Activity and Produce Immunomodulatory
Cytokines after Clinical-Scale Isolation. J. Immunother. 2005, 28, 73–78. [CrossRef] [PubMed]

54. Gertner-Dardenne, J.; Castellano, R.; Mamessier, E.; Garbit, S.; Kochbati, E.; Etienne, A.; Charbonnier, A.; Collette, Y.; Vey,
N.; Olive, D. Human Vγ9Vδ2 T Cells Specifically Recognize and Kill Acute Myeloid Leukemic Blasts. J. Immunol. 2012, 188,
4701–4708. [CrossRef]

55. Saitoh, A.; Narita, M.; Watanabe, N.; Tochiki, N.; Satoh, N.; Takizawa, J.; Furukawa, T.; Toba, K.; Aizawa, Y.; Shinada, S.; et al.
Anti-Tumor Cytotoxicity of Gammadelta T Cells Expanded from Peripheral Blood Cells of Patients with Myeloma and Lymphoma.
Med. Oncol. 2008, 25, 137–147. [CrossRef] [PubMed]

56. Godder, K.T.; Henslee-Downey, P.J.; Mehta, J.; Park, B.S.; Chiang, K.-Y.; Abhyankar, S.; Lamb, L.S. Long Term Disease-Free
Survival in Acute Leukemia Patients Recovering with Increased Gammadelta T Cells after Partially Mismatched Related Donor
Bone Marrow Transplantation. Bone Marrow Transplant. 2007, 39, 751–757. [CrossRef] [PubMed]

57. Perko, R.; Kang, G.; Sunkara, A.; Leung, W.; Thomas, P.G.; Dallas, M.H. Gamma Delta T Cell Reconstitution Is Associated with
Fewer Infections and Improved Event-Free Survival after Hematopoietic Stem Cell Transplantation for Pediatric Leukemia. Biol.
Blood Marrow Transplant. 2015, 21, 130–136. [CrossRef] [PubMed]

58. Dadi, G.; Jacoby, E.; Adam, E.; Hutt, D.; Varda-Bloom, N.; Bielorai, B.; Toren, A. Aβ+ /CD19+ -Depleted Haploidentical Stem Cell
Transplantation for Children with Acute Leukemia: Is There a Protective Effect of Increased Γδ+ T-Cell Content in the Graft?
Pediatr. Transplant. 2023, 27, e14531. [CrossRef] [PubMed]

59. Klingebiel, T.; Cornish, J.; Labopin, M.; Locatelli, F.; Darbyshire, P.; Handgretinger, R.; Balduzzi, A.; Owoc-Lempach, J.; Fagioli,
F.; Or, R.; et al. Results and Factors Influencing Outcome after Fully Haploidentical Hematopoietic Stem Cell Transplantation
in Children with Very High-Risk Acute Lymphoblastic Leukemia: Impact of Center Size: An Analysis on Behalf of the Acute
Leukemia and Pediatric Disease Working Parties of the European Blood and Marrow Transplant Group. Blood 2010, 115, 3437–3446.
[CrossRef] [PubMed]

60. Bunin, N.J.; Davies, S.M.; Aplenc, R.; Camitta, B.M.; DeSante, K.B.; Goyal, R.K.; Kapoor, N.; Kernan, N.A.; Rosenthal, J.; Smith,
F.O.; et al. Unrelated Donor Bone Marrow Transplantation for Children with Acute Myeloid Leukemia beyond First Remission or
Refractory to Chemotherapy. J. Clin. Oncol. 2008, 26, 4326–4332. [CrossRef] [PubMed]

61. O’Hare, P.; Lucchini, G.; Cummins, M.; Veys, P.; Potter, M.; Lawson, S.; Vora, A.; Wynn, R.; Peniket, A.; Kirkland, K.; et al.
Allogeneic Stem Cell Transplantation for Refractory Acute Myeloid Leukemia in Pediatric Patients: The UK Experience. Bone
Marrow Transplant. 2017, 52, 825–831. [CrossRef]

https://doi.org/10.1056/NEJM199810223391702
https://www.ncbi.nlm.nih.gov/pubmed/9780338
https://doi.org/10.1200/JCO.2012.41.7071
https://www.ncbi.nlm.nih.gov/pubmed/22869882
https://doi.org/10.1016/j.bcmd.2004.08.017
https://www.ncbi.nlm.nih.gov/pubmed/15528145
https://doi.org/10.1111/j.1365-2141.2006.06330.x
https://www.ncbi.nlm.nih.gov/pubmed/17010105
https://doi.org/10.1038/bmt.2012.43
https://www.ncbi.nlm.nih.gov/pubmed/22410752
https://doi.org/10.1111/bjh.12810
https://www.ncbi.nlm.nih.gov/pubmed/24588540
https://doi.org/10.1182/blood-2017-04-779769
https://www.ncbi.nlm.nih.gov/pubmed/28588018
https://doi.org/10.1182/blood.2023021336
https://doi.org/10.1002/ajh.25661
https://doi.org/10.1097/00002371-200501000-00009
https://www.ncbi.nlm.nih.gov/pubmed/15614047
https://doi.org/10.4049/jimmunol.1103710
https://doi.org/10.1007/s12032-007-9004-4
https://www.ncbi.nlm.nih.gov/pubmed/18488155
https://doi.org/10.1038/sj.bmt.1705650
https://www.ncbi.nlm.nih.gov/pubmed/17450185
https://doi.org/10.1016/j.bbmt.2014.09.027
https://www.ncbi.nlm.nih.gov/pubmed/25445640
https://doi.org/10.1111/petr.14531
https://www.ncbi.nlm.nih.gov/pubmed/37127942
https://doi.org/10.1182/blood-2009-03-207001
https://www.ncbi.nlm.nih.gov/pubmed/20040760
https://doi.org/10.1200/JCO.2008.16.4442
https://www.ncbi.nlm.nih.gov/pubmed/18779619
https://doi.org/10.1038/bmt.2017.3


Int. J. Mol. Sci. 2024, 25, 6380 23 of 27

62. Shelikhova, L.; Ilushina, M.; Shekhovtsova, Z.; Shasheleva, D.; Khismatullina, R.; Kurnikova, E.; Pershin, D.; Balashov, D.;
Radygina, S.; Trakhtman, P.; et al. Aβ T Cell-Depleted Haploidentical Hematopoietic Stem Cell Transplantation without
Antithymocyte Globulin in Children with Chemorefractory Acute Myelogenous Leukemia. Biol. Blood Marrow Transplant. 2019,
25, e179–e182. [CrossRef]

63. Edinger, M.; Hoffmann, P.; Ermann, J.; Drago, K.; Fathman, C.G.; Strober, S.; Negrin, R.S. CD4+CD25+ Regulatory T Cells Preserve
Graft-versus-Tumor Activity While Inhibiting Graft-versus-Host Disease after Bone Marrow Transplantation. Nat. Med. 2003, 9,
1144–1150. [CrossRef] [PubMed]

64. Di Ianni, M.; Falzetti, F.; Carotti, A.; Terenzi, A.; Castellino, F.; Bonifacio, E.; Del Papa, B.; Zei, T.; Ostini, R.I.; Cecchini, D.; et al.
Tregs Prevent GVHD and Promote Immune Reconstitution in HLA-Haploidentical Transplantation. Blood 2011, 117, 3921–3928.
[CrossRef] [PubMed]

65. Martelli, M.F.; Di Ianni, M.; Ruggeri, L.; Falzetti, F.; Carotti, A.; Terenzi, A.; Pierini, A.; Massei, M.S.; Amico, L.; Urbani, E.;
et al. HLA-Haploidentical Transplantation with Regulatory and Conventional T-Cell Adoptive Immunotherapy Prevents Acute
Leukemia Relapse. Blood 2014, 124, 638–644. [CrossRef] [PubMed]

66. Pierini, A.; Ruggeri, L.; Carotti, A.; Falzetti, F.; Saldi, S.; Terenzi, A.; Zucchetti, C.; Ingrosso, G.; Zei, T.; Iacucci Ostini, R.; et al.
Haploidentical Age-Adapted Myeloablative Transplant and Regulatory and Effector T Cells for Acute Myeloid Leukemia. Blood
Adv. 2021, 5, 1199–1208. [CrossRef] [PubMed]

67. Massei, M.S.; Capolsini, I.; Mastrodicasa, E.; Perruccio, K.; Arcioni, F.; Cerri, C.; Gurdo, G.; Sciabolacci, S.; Falzetti, F.; Zei,
T.; et al. HLA-Haploidentical Hematopoietic Stem Cells Transplantation with Regulatory and Conventional T-Cell Adoptive
Immunotherapy in Pediatric Patients with Very High-Risk Acute Leukemia. Bone Marrow Transplant. 2023, 58, 526–533. [CrossRef]

68. Xu, Z.-L.; Huang, X.-J. Haploidentical Transplants with a G-CSF/ATG-Based Protocol: Experience from China. Blood Rev. 2023,
62, 101035. [CrossRef]

69. Huang, X.J.; Han, W.; Xu, L.P.; Chen, H.; Liu, D.H.; Chen, Y.H.; Jiang, Q.; Lu, J.; Liu, K.Y.; Ren, H.Y.; et al. A novel approach to
HLA-mismatched transplantation. Beijing Da Xue Xue Bao Yi Xue Ban = J. Peking Univ. Health Sci. 2004, 36, 229–233.

70. Vendramin, A.; Gimondi, S.; Bermema, A.; Longoni, P.; Rizzitano, S.; Corradini, P.; Carniti, C. Graft Monocytic Myeloid-Derived
Suppressor Cell Content Predicts the Risk of Acute Graft-versus-Host Disease after Allogeneic Transplantation of Granulocyte
Colony-Stimulating Factor-Mobilized Peripheral Blood Stem Cells. Biol. Blood Marrow Transplant. 2014, 20, 2049–2055. [CrossRef]

71. Lv, M.; Zhao, X.-S.; Hu, Y.; Chang, Y.-J.; Zhao, X.-Y.; Kong, Y.; Zhang, X.-H.; Xu, L.-P.; Liu, K.-Y.; Huang, X.-J. Monocytic and
Promyelocytic Myeloid-Derived Suppressor Cells May Contribute to G-CSF-Induced Immune Tolerance in Haplo-Identical
Allogeneic Hematopoietic Stem Cell Transplantation. Am. J. Hematol. 2015, 90, E9–E16. [CrossRef]

72. D’Aveni, M.; Rossignol, J.; Coman, T.; Sivakumaran, S.; Henderson, S.; Manzo, T.; Santos e Sousa, P.; Bruneau, J.; Fouquet, G.;
Zavala, F.; et al. G-CSF Mobilizes CD34+ Regulatory Monocytes That Inhibit Graft-versus-Host Disease. Sci. Transl. Med. 2015, 7,
281ra42. [CrossRef]

73. Chang, Y.-J.; Zhao, X.-S.; Lv, M.; Zhao, X.-Y.; Han, T.-T.; Wang, H.-T.; Huang, X.-J. CD19+CD24highCD38high B Cells Exhibit
Higher Ability in TGF-β and IL-10 Secretion and Suppressing of CD4+ T Cell Proliferation but Are Quantitatively Decreased in
G-BM of Healthy Donors (P2146). J. Immunol. 2013, 190, 69.11. [CrossRef]

74. Hu, Y.; He, G.-L.; Zhao, X.-Y.; Zhao, X.-S.; Wang, Y.; Xu, L.-P.; Zhang, X.-H.; Yu, X.-Z.; Liu, K.-Y.; Chang, Y.-J.; et al. Regulatory B
Cells Promote Graft-versus-Host Disease Prevention and Maintain Graft-versus-Leukemia Activity Following Allogeneic Bone
Marrow Transplantation. OncoImmunology 2017, 6, e1284721. [CrossRef] [PubMed]

75. Liu, Q.-F.; Fan, Z.-P.; Wu, M.-Q.; Sun, J.; Wu, X.-L.; Xu, D.; Jiang, Q.-L.; Zhang, Y.; Huang, F.; Wei, Y.-Q.; et al. Allo-HSCT for Acute
Leukemia of Ambiguous Lineage in Adults: The Comparison between Standard Conditioning and Intensified Conditioning
Regimens. Ann. Hematol. 2013, 92, 679–687. [CrossRef] [PubMed]

76. Lv, M.; Chang, Y.; Huang, X. Update of the “Beijing Protocol” Haplo-Identical Hematopoietic Stem Cell Transplantation. Bone
Marrow Transplant. 2019, 54, 703–707. [CrossRef] [PubMed]

77. Sun, Y.Q.; Xu, L.P.; Zhang, X.H.; Liu, D.H.; Chen, H.; Wang, Y.; Yan, C.H.; Wang, J.Z.; Wang, F.R.; Zhang, Y.Y.; et al. A Retrospective
Comparison of BU-Fludarabine and BU–CY Regimens in Elderly Patients or in Patients with Comorbidities Who Received
Unmanipulated Haploidentical Hematopoietic SCT. Bone Marrow Transplant. 2015, 50, 601–603. [CrossRef] [PubMed]

78. Zheng, F.-M.; Zhang, X.; Li, C.-F.; Cheng, Y.-F.; Gao, L.; He, Y.-L.; Wang, Y.; Huang, X.-J. Haploidentical- versus Identical-sibling
Transplant for High-risk Pediatric AML: A Multi-center Study. Cancer Commun. 2020, 40, 93–104. [CrossRef] [PubMed]

79. Schlieben, S.; Borkhardt, A.; Reinisch, I.; Ritterbach, J.; Janssen, J.W.; Ratei, R.; Schrappe, M.; Repp, R.; Zimmermann, M.;
Kabisch, H.; et al. Incidence and Clinical Outcome of Children with BCR/ABL-Positive Acute Lymphoblastic Leukemia (ALL). A
Prospective RT-PCR Study Based on 673 Patients Enrolled in the German Pediatric Multicenter Therapy Trials ALL-BFM-90 and
CoALL-05-92. Leukemia 1996, 10, 957–963. [PubMed]

80. Aricò, M.; Valsecchi, M.G.; Camitta, B.; Schrappe, M.; Chessells, J.; Baruchel, A.; Gaynon, P.; Silverman, L.; Janka-Schaub, G.;
Kamps, W.; et al. Outcome of Treatment in Children with Philadelphia Chromosome–Positive Acute Lymphoblastic Leukemia. N.
Engl. J. Med. 2000, 342, 998–1006. [CrossRef] [PubMed]

81. Chen, H.; Liu, K.; Xu, L.; Chen, Y.; Zhang, X.; Wang, Y.; Qin, Y.; Liu, Y.; Lai, Y.; Huang, X. Haploidentical Hematopoietic Stem Cell
Transplantation for Pediatric Philadelphia Chromosome-Positive Acute Lymphoblastic Leukemia in the Imatinib Era. Leuk. Res.
2017, 59, 136–141. [CrossRef]

https://doi.org/10.1016/j.bbmt.2019.01.023
https://doi.org/10.1038/nm915
https://www.ncbi.nlm.nih.gov/pubmed/12925844
https://doi.org/10.1182/blood-2010-10-311894
https://www.ncbi.nlm.nih.gov/pubmed/21292771
https://doi.org/10.1182/blood-2014-03-564401
https://www.ncbi.nlm.nih.gov/pubmed/24923299
https://doi.org/10.1182/bloodadvances.2020003739
https://www.ncbi.nlm.nih.gov/pubmed/33646302
https://doi.org/10.1038/s41409-023-01911-x
https://doi.org/10.1016/j.blre.2022.101035
https://doi.org/10.1016/j.bbmt.2014.09.011
https://doi.org/10.1002/ajh.23865
https://doi.org/10.1126/scitranslmed.3010435
https://doi.org/10.4049/jimmunol.190.Supp.69.11
https://doi.org/10.1080/2162402X.2017.1284721
https://www.ncbi.nlm.nih.gov/pubmed/28405514
https://doi.org/10.1007/s00277-012-1662-4
https://www.ncbi.nlm.nih.gov/pubmed/23274355
https://doi.org/10.1038/s41409-019-0605-2
https://www.ncbi.nlm.nih.gov/pubmed/31431695
https://doi.org/10.1038/bmt.2014.303
https://www.ncbi.nlm.nih.gov/pubmed/25599162
https://doi.org/10.1002/cac2.12014
https://www.ncbi.nlm.nih.gov/pubmed/32175698
https://www.ncbi.nlm.nih.gov/pubmed/8667652
https://doi.org/10.1056/NEJM200004063421402
https://www.ncbi.nlm.nih.gov/pubmed/10749961
https://doi.org/10.1016/j.leukres.2017.05.021


Int. J. Mol. Sci. 2024, 25, 6380 24 of 27

82. Xue, Y.-J.; Cheng, Y.-F.; Lu, A.-D.; Wang, Y.; Zuo, Y.-X.; Yan, C.-H.; Wu, J.; Sun, Y.-Q.; Suo, P.; Chen, Y.-H.; et al. Allogeneic
Hematopoietic Stem Cell Transplantation, Especially Haploidentical, May Improve Long-Term Survival for High-Risk Pediatric
Patients with Philadelphia Chromosome-Positive Acute Lymphoblastic Leukemia in the Tyrosine Kinase Inhibitor Era. Biol. Blood
Marrow Transplant. 2019, 25, 1611–1620. [CrossRef]

83. Xue, Y.-J.; Suo, P.; Huang, X.-J.; Lu, A.-D.; Wang, Y.; Zuo, Y.-X.; Yan, C.-H.; Wu, J.; Kong, J.; Zhang, X.-H.; et al. Superior
Survival of Unmanipulated Haploidentical Haematopoietic Stem Cell Transplantation Compared with Intensive Chemotherapy
as Post-Remission Treatment for Children with Very High-Risk Philadelphia Chromosome Negative B-Cell Acute Lymphoblastic
Leukaemia in First Complete Remission. Br. J. Haematol. 2020, 188, 757–767. [CrossRef] [PubMed]

84. Bai, L.; Cheng, Y.-F.; Lu, A.-D.; Suo, P.; Wang, Y.; Zuo, Y.-X.; Yan, C.-H.; Wu, J.; Jia, Y.-P.; Sun, Y.-Q.; et al. Prognosis of
Haploidentical Hematopoietic Stem Cell Transplantation in Non-Infant Children with t(v;11q23)/MLL-Rearranged B-Cell Acute
Lymphoblastic Leukemia. Leuk. Res. 2020, 91, 106333. [CrossRef] [PubMed]

85. Hu, G.-H.; Zhao, X.-Y.; Zuo, Y.-X.; Chang, Y.-J.; Suo, P.; Wu, J.; Jia, Y.-P.; Lu, A.-D.; Li, Y.-C.; Wang, Y.; et al. Unmanipulated Hap-
loidentical Hematopoietic Stem Cell Transplantation Is an Excellent Option for Children and Young Adult Relapsed/Refractory
Philadelphia Chromosome-Negative B-Cell Acute Lymphoblastic Leukemia after CAR-T-Cell Therapy. Leukemia 2021, 35,
3092–3100. [CrossRef] [PubMed]

86. Gaynon, P.S.; Angiolillo, A.L.; Carroll, W.L.; Nachman, J.B.; Trigg, M.E.; Sather, H.N.; Hunger, S.P.; Devidas, M. Children’s
Oncology Group Long-Term Results of the Children’s Cancer Group Studies for Childhood Acute Lymphoblastic Leukemia
1983–2002: A Children’s Oncology Group Report. Leukemia 2010, 24, 285–297. [CrossRef] [PubMed]

87. Bader, P.; Kreyenberg, H.; Henze, G.H.R.; Eckert, C.; Reising, M.; Willasch, A.; Barth, A.; Borkhardt, A.; Peters, C.; Handgretinger,
R.; et al. Prognostic Value of Minimal Residual Disease Quantification before Allogeneic Stem-Cell Transplantation in Relapsed
Childhood Acute Lymphoblastic Leukemia: The ALL-REZ BFM Study Group. J. Clin. Oncol. 2009, 27, 377–384. [CrossRef]
[PubMed]

88. Hu, G.; Cheng, Y.; Zuo, Y.; Chang, Y.; Suo, P.; Jia, Y.; Lu, A.; Wang, Y.; Jiao, S.; Zhang, L.; et al. Comparisons of Long-Term Survival
and Safety of Haploidentical Hematopoietic Stem Cell Transplantation After CAR-T Cell Therapy or Chemotherapy in Pediatric
Patients With First Relapse of B-Cell Acute Lymphoblastic Leukemia Based on MRD-Guided Treatment. Front. Immunol. 2022, 13,
915590. [CrossRef] [PubMed]

89. Winters, A.C.; Bernt, K.M. MLL-Rearranged Leukemias—An Update on Science and Clinical Approaches. Front. Pediatr. 2017, 5,
4. [CrossRef] [PubMed]

90. Creutzig, U.; Zimmermann, M.; Reinhardt, D.; Rasche, M.; von Neuhoff, C.; Alpermann, T.; Dworzak, M.; Perglerová, K.;
Zemanova, Z.; Tchinda, J.; et al. Changes in Cytogenetics and Molecular Genetics in Acute Myeloid Leukemia from Childhood to
Adult Age Groups. Cancer 2016, 122, 3821–3830. [CrossRef] [PubMed]

91. Yang, W.; Qin, M.; Jia, C.; Yang, J.; Chen, W.; Luo, Y.; Jing, Y.; Wang, B. Pediatric Acute Myeloid Leukemia Patients with KMT2A
Rearrangements: A Single-Center Retrospective Study. Hematology 2022, 27, 583–589. [CrossRef]

92. Bolouri, H.; Farrar, J.E.; Triche, T.; Ries, R.E.; Lim, E.L.; Alonzo, T.A.; Ma, Y.; Moore, R.; Mungall, A.J.; Marra, M.A.; et al. The
Molecular Landscape of Pediatric Acute Myeloid Leukemia Reveals Recurrent Structural Alterations and Age-Specific Mutational
Interactions. Nat. Med. 2018, 24, 103–112. [CrossRef]

93. Pieters, R.; Schrappe, M.; De Lorenzo, P.; Hann, I.; De Rossi, G.; Felice, M.; Hovi, L.; LeBlanc, T.; Szczepanski, T.; Ferster, A.; et al.
A Treatment Protocol for Infants Younger than 1 Year with Acute Lymphoblastic Leukaemia (Interfant-99): An Observational
Study and a Multicentre Randomised Trial. Lancet 2007, 370, 240–250. [CrossRef]

94. Creutzig, U.; Zimmermann, M.; Bourquin, J.-P.; Dworzak, M.N.; Kremens, B.; Lehrnbecher, T.; Von Neuhoff, C.; Sander, A.; Von
Stackelberg, A.; Schmid, I.; et al. Favorable Outcome in Infants with AML after Intensive First- and Second-Line Treatment: An
AML-BFM Study Group Report. Leukemia 2012, 26, 654–661. [CrossRef] [PubMed]

95. Peters, C.; Dalle, J.-H.; Locatelli, F.; Poetschger, U.; Sedlacek, P.; Buechner, J.; Shaw, P.J.; Staciuk, R.; Ifversen, M.; Pichler, H.; et al.
Total Body Irradiation or Chemotherapy Conditioning in Childhood ALL: A Multinational, Randomized, Noninferiority Phase III
Study. JCO 2021, 39, 295–307. [CrossRef] [PubMed]

96. Hu, G.-H.; Zhang, X.-H.; Wang, Y.; Xu, L.-P.; Hou, X.-L.; Cheng, Y.-F.; Huang, X.-J. The Prognosis of Haploidentical Hematopoietic
Stem Cell Transplantation in Infants and Patients under 3 Years Old with Acute Leukemia. Clin. Transplant. 2024, 38, e15247.
[CrossRef] [PubMed]

97. Mayumi, H.; Umesue, M.; Nomoto, K. Cyclophosphamide-Induced Immunological Tolerance: An Overview. Immunobiology 1996,
195, 129–139. [CrossRef] [PubMed]

98. Luznik, L.; O’Donnell, P.V.; Symons, H.J.; Chen, A.R.; Leffell, M.S.; Zahurak, M.; Gooley, T.A.; Piantadosi, S.; Kaup, M.;
Ambinder, R.F.; et al. HLA-Haploidentical Bone Marrow Transplantation for Hematologic Malignancies Using Nonmyeloablative
Conditioning and High-Dose, Posttransplantation Cyclophosphamide. Biol. Blood Marrow Transplant. 2008, 14, 641–650. [CrossRef]
[PubMed]

99. Luznik, L.; Engstrom, L.W.; Iannone, R.; Fuchs, E.J. Posttransplantation Cyclophosphamide Facilitates Engraftment of Major
Histocompatibility Complex-Identical Allogeneic Marrow in Mice Conditioned with Low-Dose Total Body Irradiation. Biol. Blood
Marrow Transplant. 2002, 8, 131–138. [CrossRef]

https://doi.org/10.1016/j.bbmt.2018.12.007
https://doi.org/10.1111/bjh.16226
https://www.ncbi.nlm.nih.gov/pubmed/31725190
https://doi.org/10.1016/j.leukres.2020.106333
https://www.ncbi.nlm.nih.gov/pubmed/32109757
https://doi.org/10.1038/s41375-021-01236-y
https://www.ncbi.nlm.nih.gov/pubmed/33824464
https://doi.org/10.1038/leu.2009.262
https://www.ncbi.nlm.nih.gov/pubmed/20016531
https://doi.org/10.1200/JCO.2008.17.6065
https://www.ncbi.nlm.nih.gov/pubmed/19064980
https://doi.org/10.3389/fimmu.2022.915590
https://www.ncbi.nlm.nih.gov/pubmed/35734165
https://doi.org/10.3389/fped.2017.00004
https://www.ncbi.nlm.nih.gov/pubmed/28232907
https://doi.org/10.1002/cncr.30220
https://www.ncbi.nlm.nih.gov/pubmed/27529519
https://doi.org/10.1080/16078454.2022.2071797
https://doi.org/10.1038/nm.4439
https://doi.org/10.1016/S0140-6736(07)61126-X
https://doi.org/10.1038/leu.2011.267
https://www.ncbi.nlm.nih.gov/pubmed/21968880
https://doi.org/10.1200/JCO.20.02529
https://www.ncbi.nlm.nih.gov/pubmed/33332189
https://doi.org/10.1111/ctr.15247
https://www.ncbi.nlm.nih.gov/pubmed/38375911
https://doi.org/10.1016/S0171-2985(96)80033-7
https://www.ncbi.nlm.nih.gov/pubmed/8877390
https://doi.org/10.1016/j.bbmt.2008.03.005
https://www.ncbi.nlm.nih.gov/pubmed/18489989
https://doi.org/10.1053/bbmt.2002.v8.pm11939602


Int. J. Mol. Sci. 2024, 25, 6380 25 of 27

100. O’Donnell, P.V.; Luznik, L.; Jones, R.J.; Vogelsang, G.B.; Leffell, M.S.; Phelps, M.; Rhubart, P.; Cowan, K.; Piantadosi, S.; Fuchs, E.J.
Nonmyeloablative Bone Marrow Transplantation from Partially HLA-Mismatched Related Donors Using Posttransplantation
Cyclophosphamide. Biol. Blood Marrow Transplant. 2002, 8, 377–386. [CrossRef] [PubMed]

101. Fuchs, E.J.; O’Donnell, P.V.; Eapen, M.; Logan, B.; Antin, J.H.; Dawson, P.; Devine, S.; Horowitz, M.M.; Horwitz, M.E.; Karanes, C.;
et al. Double Unrelated Umbilical Cord Blood vs HLA-Haploidentical Bone Marrow Transplantation: The BMT CTN 1101 Trial.
Blood 2021, 137, 420–428. [CrossRef]

102. Gagelmann, N.; Bacigalupo, A.; Rambaldi, A.; Hoelzer, D.; Halter, J.; Sanz, J.; Bonifazi, F.; Meijer, E.; Itälä-Remes, M.; Marková, M.;
et al. Haploidentical Stem Cell Transplantation with Posttransplant Cyclophosphamide Therapy vs. Other Donor Transplantations
in Adults with Hematologic Cancers. JAMA. Oncol. 2019, 5, 1739–1748. [CrossRef]

103. Sachdev, M.; Chakraborty, S.; Bansal, M.; Bhargava, R.; Dua, V. Encouraging Outcomes of Alternate Donor Hematopoietic Stem
Cell Transplant in Pediatric High-Risk/Relapsed Leukemias: A Single Center Experience. J. Pediatr. Hematol. Oncol. 2021, 43,
e1148–e1152. [CrossRef] [PubMed]

104. Xue, Y.-J.; Cheng, Y.-F.; Lu, A.-D.; Wang, Y.; Zuo, Y.-X.; Yan, C.-H.; Suo, P.; Zhang, L.-P.; Huang, X.-J. Efficacy of Haploiden-
tical Hematopoietic Stem Cell Transplantation Compared With Chemotherapy as Postremission Treatment of Children With
Intermediate-Risk Acute Myeloid Leukemia in First Complete Remission. Clin. Lymphoma. Myeloma. Leuk 2021, 21, e126–e136.
[CrossRef] [PubMed]

105. Tannumsaeung, S.; Anurathapan, U.; Pakakasama, S.; Pongpitcha, P.; Songdej, D.; Sirachainan, N.; Andersson, B.S.; Hongeng, S.
Effective T-Cell Replete Haploidentical Stem Cell Transplantation for Pediatric Patients with High-Risk Hematologic Disorders.
Eur. J. Haematol. 2023, 110, 305–312. [CrossRef] [PubMed]

106. Song, Z.-L.; Liu, R.; Hu, T.; Li, J.-H.; Zhang, C.-X.; Zhang, L.; Zhong, D.-X.; Yue, M.; Shi, X.-D. Clinical Efficacy of Haplo-HSCT of
ATG Combined with PTCy for Children with Myelodysplastic Syndrome. Zhongguo Shi Yan Xue Ye Xue Za Zhi 2022, 30, 516–521.
[CrossRef] [PubMed]

107. Suo, P.; Wang, S.; Xue, Y.; Cheng, Y.; Kong, J.; Yan, C.; Zhao, X.; Chen, Y.; Han, W.; Xu, L.; et al. Unmanipulated Haploidentical
Hematopoietic Stem Cell Transplantation for Children with Myelodysplastic Syndrome. Pediatr. Transplant. 2020, 24, e13864.
[CrossRef] [PubMed]

108. Kohli, S.; Rastogi, N.; Nivargi, S.; Thakkar, D.; Katewa, S.; Yadav, S.P. Successful Haploidentical Stem Cell Transplant With
Posttransplant Cyclophosphamide for Hemophagocytic Lymphohistiocytosis. J. Pediatr. Hematol. Oncol. 2019, 41, e158–e160.
[CrossRef]

109. Swaminathan, V.V.; Uppuluri, R.; Meena, S.K.; Varla, H.; Chandar, R.; Ramakrishnan, B.; Jayakumar, I.; Raj, R. Treosulfan-
Based Conditioning in Matched Family, Unrelated and Haploidentical Hematopoietic Stem Cell Transplantation for Genetic
Hemophagocytic Lymphohistiocytosis: Experience and Outcomes over 10 Years from India. Indian J. Hematol. Blood Transfus.
2022, 38, 84–91. [CrossRef]

110. Fischer, A. Human Primary Immunodeficiency Diseases. Immunity 2007, 27, 835–845. [CrossRef] [PubMed]
111. Bousfiha, A.; Jeddane, L.; Picard, C.; Ailal, F.; Bobby Gaspar, H.; Al-Herz, W.; Chatila, T.; Crow, Y.J.; Cunningham-Rundles, C.;

Etzioni, A.; et al. The 2017 IUIS Phenotypic Classification for Primary Immunodeficiencies. J. Clin. Immunol. 2018, 38, 129–143.
[CrossRef]

112. Smith, A.R.; Gross, T.G.; Baker, K.S. Transplant Outcomes for Primary Immunodeficiency Disease. Semin. Hematol. 2010, 47, 79–85.
[CrossRef]

113. Gragert, L.; Eapen, M.; Williams, E.; Freeman, J.; Spellman, S.; Baitty, R.; Hartzman, R.; Rizzo, J.D.; Horowitz, M.; Confer, D.; et al.
HLA Match Likelihoods for Hematopoietic Stem-Cell Grafts in the U.S. Registry. N. Engl. J. Med. 2014, 371, 339–348. [CrossRef]
[PubMed]

114. Gennery, A.R.; Slatter, M.A.; Grandin, L.; Taupin, P.; Cant, A.J.; Veys, P.; Amrolia, P.J.; Gaspar, H.B.; Davies, E.G.; Friedrich, W.;
et al. Transplantation of Hematopoietic Stem Cells and Long-Term Survival for Primary Immunodeficiencies in Europe: Entering
a New Century, Do We Do Better? J. Allergy Clin. Immunol. 2010, 126, 602–610.e1-11. [CrossRef] [PubMed]

115. Bethge, W.A.; Haegele, M.; Faul, C.; Lang, P.; Schumm, M.; Bornhauser, M.; Handgretinger, R.; Kanz, L. Haploidentical Allogeneic
Hematopoietic Cell Transplantation in Adults with Reduced-Intensity Conditioning and CD3/CD19 Depletion: Fast Engraftment
and Low Toxicity. Exp. Hematol. 2006, 34, 1746–1752. [CrossRef] [PubMed]

116. Locatelli, F.; Bauquet, A.; Palumbo, G.; Moretta, F.; Bertaina, A. Negative Depletion of α/B+ T Cells and of CD19+ B Lymphocytes:
A Novel Frontier to Optimize the Effect of Innate Immunity in HLA-Mismatched Hematopoietic Stem Cell Transplantation.
Immunol. Lett. 2013, 155, 21–23. [CrossRef] [PubMed]

117. Shah, R.M.; Elfeky, R.; Nademi, Z.; Qasim, W.; Amrolia, P.; Chiesa, R.; Rao, K.; Lucchini, G.; Silva, J.M.F.; Worth, A.; et al. T-Cell
Receptor Aβ+ and CD19+ Cell-Depleted Haploidentical and Mismatched Hematopoietic Stem Cell Transplantation in Primary
Immune Deficiency. J. Allergy Clin. Immunol. 2018, 141, 1417–1426.e1. [CrossRef] [PubMed]

118. Brettig, T.; Smart, J.; Choo, S.; Mechinaud, F.; Mitchell, R.; Raj, T.S.; Cole, T. Use of TCR A+β+/CD19+-Depleted Haploidentical
Hematopoietic Stem Cell Transplant Is a Viable Option in Patients With Primary Immune Deficiency without Matched Sibling
Donor. J. Clin. Immunol. 2019, 39, 505–511. [CrossRef] [PubMed]

119. Buckley, R.H.; Schiff, S.E.; Schiff, R.I.; Markert, L.; Williams, L.W.; Roberts, J.L.; Myers, L.A.; Ward, F.E. Hematopoietic Stem-Cell
Transplantation for the Treatment of Severe Combined Immunodeficiency. N. Engl. J. Med. 1999, 340, 508–516. [CrossRef]
[PubMed]

https://doi.org/10.1053/bbmt.2002.v8.pm12171484
https://www.ncbi.nlm.nih.gov/pubmed/12171484
https://doi.org/10.1182/blood.2020007535
https://doi.org/10.1001/jamaoncol.2019.3541
https://doi.org/10.1097/MPH.0000000000002227
https://www.ncbi.nlm.nih.gov/pubmed/34133381
https://doi.org/10.1016/j.clml.2020.09.004
https://www.ncbi.nlm.nih.gov/pubmed/33060049
https://doi.org/10.1111/ejh.13906
https://www.ncbi.nlm.nih.gov/pubmed/36451282
https://doi.org/10.19746/j.cnki.issn.1009-2137.2022.02.032
https://www.ncbi.nlm.nih.gov/pubmed/35395989
https://doi.org/10.1111/petr.13864
https://www.ncbi.nlm.nih.gov/pubmed/32985788
https://doi.org/10.1097/MPH.0000000000001265
https://doi.org/10.1007/s12288-021-01422-z
https://doi.org/10.1016/j.immuni.2007.11.012
https://www.ncbi.nlm.nih.gov/pubmed/18093537
https://doi.org/10.1007/s10875-017-0465-8
https://doi.org/10.1053/j.seminhematol.2009.10.001
https://doi.org/10.1056/NEJMsa1311707
https://www.ncbi.nlm.nih.gov/pubmed/25054717
https://doi.org/10.1016/j.jaci.2010.06.015
https://www.ncbi.nlm.nih.gov/pubmed/20673987
https://doi.org/10.1016/j.exphem.2006.08.009
https://www.ncbi.nlm.nih.gov/pubmed/17157172
https://doi.org/10.1016/j.imlet.2013.09.027
https://www.ncbi.nlm.nih.gov/pubmed/24091162
https://doi.org/10.1016/j.jaci.2017.07.008
https://www.ncbi.nlm.nih.gov/pubmed/28780238
https://doi.org/10.1007/s10875-019-00648-x
https://www.ncbi.nlm.nih.gov/pubmed/31172381
https://doi.org/10.1056/NEJM199902183400703
https://www.ncbi.nlm.nih.gov/pubmed/10021471


Int. J. Mol. Sci. 2024, 25, 6380 26 of 27

120. Buckley, R.H. Transplantation of Hematopoietic Stem Cells in Human Severe Combined Immunodeficiency: Longterm Outcomes.
Immunol. Res. 2011, 49, 25–43. [CrossRef]

121. Neven, B.; Diana, J.-S.; Castelle, M.; Magnani, A.; Rosain, J.; Touzot, F.; Moreira, B.; Fremond, M.-L.; Briand, C.; Bendavid,
M.; et al. Haploidentical Hematopoietic Stem Cell Transplantation with Post-Transplant Cyclophosphamide for Primary
Immunodeficiencies and Inherited Disorders in Children. Biol. Blood Marrow Transplant. 2019, 25, 1363–1373. [CrossRef]

122. Holzer, U.; Döring, M.; Eichholz, T.; Ebinger, M.; Queudeville, M.; Turkiewicz, D.; Schwarz, K.; Handgretinger, R.; Lang,
P.; Toporski, J. Matched versus Haploidentical Hematopoietic Stem Cell Transplantation as Treatment Options for Primary
Immunodeficiencies in Children. Transplant. Cell Ther. 2021, 27, 71.e1–71.e12. [CrossRef]

123. Hassan, A.; Booth, C.; Brightwell, A.; Allwood, Z.; Veys, P.; Rao, K.; Hönig, M.; Friedrich, W.; Gennery, A.; Slatter, M.; et al.
Outcome of Hematopoietic Stem Cell Transplantation for Adenosine Deaminase-Deficient Severe Combined Immunodeficiency.
Blood 2012, 120, 3615–3624; quiz 3626. [CrossRef] [PubMed]

124. Sauer, A.V.; Mrak, E.; Jofra Hernandez, R.; Zacchi, E.; Cavani, F.; Casiraghi, M.; Grunebaum, E.; Roifman, C.M.; Cervi, M.C.;
Ambrosi, A.; et al. ADA-Deficient SCID Is Associated with a Specific Microenvironment and Bone Phenotype Characterized by
RANKL/OPG Imbalance and Osteoblast Insufficiency. Blood 2009, 114, 3216–3226. [CrossRef] [PubMed]

125. Bolaños-Meade, J.; Fuchs, E.J.; Luznik, L.; Lanzkron, S.M.; Gamper, C.J.; Jones, R.J.; Brodsky, R.A. HLA-Haploidentical Bone
Marrow Transplantation with Posttransplant Cyclophosphamide Expands the Donor Pool for Patients with Sickle Cell Disease.
Blood 2012, 120, 4285–4291. [CrossRef] [PubMed]

126. Morin-Zorman, S.; Loiseau, P.; Taupin, J.-L.; Caillat-Zucman, S. Donor-Specific Anti-HLA Antibodies in Allogeneic Hematopoietic
Stem Cell Transplantation. Front. Immunol. 2016, 7, 307. [CrossRef] [PubMed]

127. Foell, J.; Schulte, J.H.; Pfirstinger, B.; Troeger, A.; Wolff, D.; Edinger, M.; Hofmann, P.; Aslanidis, C.; Lang, P.; Holler, E.; et al.
Haploidentical CD3 or α/β T-Cell Depleted HSCT in Advanced Stage Sickle Cell Disease. Bone Marrow Transplant. 2019, 54,
1859–1867. [CrossRef] [PubMed]

128. Dallas, M.H.; Triplett, B.; Shook, D.R.; Hartford, C.; Srinivasan, A.; Laver, J.; Ware, R.; Leung, W. Long-Term Outcome and
Evaluation of Organ Function in Pediatric Patients Undergoing Haploidentical and Matched Related Hematopoietic Cell
Transplantation for Sickle Cell Disease. Biol. Blood Marrow Transplant. 2013, 19, 820–830. [CrossRef] [PubMed]

129. Wiebking, V.; Hütker, S.; Schmid, I.; Immler, S.; Feuchtinger, T.; Albert, M.H. Reduced Toxicity, Myeloablative HLA-Haploidentical
Hematopoietic Stem Cell Transplantation with Post-Transplantation Cyclophosphamide for Sickle Cell Disease. Ann. Hematol.
2017, 96, 1373–1377. [CrossRef] [PubMed]

130. Xu, L.P.; Zhang, X.H.; Wang, F.R.; Mo, X.D.; Han, T.T.; Han, W.; Chen, Y.H.; Zhang, Y.Y.; Wang, J.Z.; Yan, C.H.; et al. Haploidentical
Transplantation for Pediatric Patients with Acquired Severe Aplastic Anemia. Bone Marrow Transplant. 2017, 52, 381–387.
[CrossRef] [PubMed]

131. Wang, Z.-K.; Yu, H.-J.; Cao, F.-L.; Liu, Z.-H.; Liu, Z.-Y.; Feng, W.-J.; Liu, X.-L.; Yu, Y.-Y.; Xiao, Y.; Li, L.-M.; et al. Donor-Derived
Marrow Mesenchymal Stromal Cell Co-Transplantation Following a Haploidentical Hematopoietic Stem Cell Transplantation
Trail to Treat Severe Aplastic Anemia in Children. Ann. Hematol. 2019, 98, 473–479. [CrossRef]

132. Jaiswal, S.R.; Bhakuni, P.; Zaman, S.; Bansal, S.; Bharadwaj, P.; Bhargava, S.; Chakrabarti, S. T Cell Costimulation Blockade Pro-
motes Transplantation Tolerance in Combination with Sirolimus and Post-Transplantation Cyclophosphamide for Haploidentical
Transplantation in Children with Severe Aplastic Anemia. Transpl. Immunol. 2017, 43–44, 54–59. [CrossRef]

133. Jaiswal, S.R.; Chatterjee, S.; Mukherjee, S.; Ray, K.; Chakrabarti, S. Pre-Transplant Sirolimus Might Improve the Outcome of
Haploidentical Peripheral Blood Stem Cell Transplantation with Post-Transplant Cyclophosphamide for Patients with Severe
Aplastic Anemia. Bone Marrow Transplant. 2015, 50, 873–875. [CrossRef] [PubMed]

134. Ayas, M.; Siddiqui, K.; Al-Jefri, A.; Al-Ahmari, A.; Ghemlas, I.; Al-Saedi, H.; Alanazi, A.; Jafri, R.; Ayas, M.F.; Al-Seraihi, A.
Successful Outcome in Patients with Fanconi Anemia Undergoing T Cell-Replete Mismatched Related Donor Hematopoietic Cell
Transplantation Using Reduced-Dose Cyclophosphamide Post-Transplantation. Biol. Blood Marrow Transplant. 2019, 25, 2217–2221.
[CrossRef] [PubMed]

135. Gluckman, E.; Rocha, V.; Ionescu, I.; Bierings, M.; Harris, R.E.; Wagner, J.; Kurtzberg, J.; Champagne, M.A.; Bonfim, C.; Bittencourt,
M.; et al. Results of Unrelated Cord Blood Transplant in Fanconi Anemia Patients: Risk Factor Analysis for Engraftment and
Survival. Biol. Blood Marrow Transplant. 2007, 13, 1073–1082. [CrossRef] [PubMed]

136. Strocchio, L.; Pagliara, D.; Algeri, M.; Li Pira, G.; Rossi, F.; Bertaina, V.; Leone, G.; Pinto, R.M.; Andreani, M.; Agolini, E.; et al.
HLA-Haploidentical TCRαβ+/CD19+-Depleted Stem Cell Transplantation in Children and Young Adults with Fanconi Anemia.
Blood Adv. 2021, 5, 1333–1339. [CrossRef] [PubMed]

137. Sharma, A.; Rastogi, N.; Chatterjee, G.; Kapoor, R.; Nivargi, S.; Yadav, S.P. Haploidentical Stem Cell Transplantation With
Post-Transplant Cyclophosphamide for Pediatric Acute Leukemia Is Safe and Effective. J. Pediatr. Hematol. Oncol. 2021, 43,
e1033–e1036. [CrossRef] [PubMed]

138. Saglio, F.; Berger, M.; Spadea, M.; Pessolano, R.; Carraro, F.; Barone, M.; Quarello, P.; Vassallo, E.; Fagioli, F. Haploidentical HSCT
with Post Transplantation Cyclophosphamide versus Unrelated Donor HSCT in Pediatric Patients Affected by Acute Leukemia.
Bone Marrow Transplant. 2021, 56, 586–595. [CrossRef] [PubMed]

https://doi.org/10.1007/s12026-010-8191-9
https://doi.org/10.1016/j.bbmt.2019.03.009
https://doi.org/10.1016/j.bbmt.2020.09.010
https://doi.org/10.1182/blood-2011-12-396879
https://www.ncbi.nlm.nih.gov/pubmed/22791287
https://doi.org/10.1182/blood-2009-03-209221
https://www.ncbi.nlm.nih.gov/pubmed/19633200
https://doi.org/10.1182/blood-2012-07-438408
https://www.ncbi.nlm.nih.gov/pubmed/22955919
https://doi.org/10.3389/fimmu.2016.00307
https://www.ncbi.nlm.nih.gov/pubmed/27570526
https://doi.org/10.1038/s41409-019-0550-0
https://www.ncbi.nlm.nih.gov/pubmed/31089288
https://doi.org/10.1016/j.bbmt.2013.02.010
https://www.ncbi.nlm.nih.gov/pubmed/23416852
https://doi.org/10.1007/s00277-017-3030-x
https://www.ncbi.nlm.nih.gov/pubmed/28573314
https://doi.org/10.1038/bmt.2016.281
https://www.ncbi.nlm.nih.gov/pubmed/27941773
https://doi.org/10.1007/s00277-018-3523-2
https://doi.org/10.1016/j.trim.2017.07.004
https://doi.org/10.1038/bmt.2015.50
https://www.ncbi.nlm.nih.gov/pubmed/25798678
https://doi.org/10.1016/j.bbmt.2019.07.010
https://www.ncbi.nlm.nih.gov/pubmed/31306778
https://doi.org/10.1016/j.bbmt.2007.05.015
https://www.ncbi.nlm.nih.gov/pubmed/17697970
https://doi.org/10.1182/bloodadvances.2020003707
https://www.ncbi.nlm.nih.gov/pubmed/33656536
https://doi.org/10.1097/MPH.0000000000002030
https://www.ncbi.nlm.nih.gov/pubmed/33306606
https://doi.org/10.1038/s41409-020-01063-2
https://www.ncbi.nlm.nih.gov/pubmed/32968215


Int. J. Mol. Sci. 2024, 25, 6380 27 of 27

139. Srinivasan, A.; Raffa, E.; Wall, D.A.; Schechter, T.; Ali, M.; Chopra, Y.; Kung, R.; Chiang, K.-Y.; Krueger, J. Outcome of
Haploidentical Peripheral Blood Allografts Using Post-Transplantation Cyclophosphamide Compared to Matched Sibling and
Unrelated Donor Bone Marrow Allografts in Pediatric Patients with Hematologic Malignancies: A Single-Center Analysis.
Transplant. Cell Ther. 2022, 28, 158.e1–158.e9. [CrossRef] [PubMed]

140. Maier, C.-P.; Klose, C.; Seitz, C.M.; Heubach, F.; Döring, M.; Meisel, R.; Schuster, F.R.; Gruhn, B.; Keller, F.; Rabsteyn, A.;
et al. Influence of ATLG Serum Levels on CD3/CD19-Depleted Hematopoietic Grafts and on Immune Recovery in Pediatric
Haplo-HSCT. Blood Adv. 2024, 8, 2160–2171. [CrossRef] [PubMed]

141. Yang, L.; Tan, Y.; Shi, J.; Zhao, Y.; Yu, J.; Hu, Y.; Lai, X.; Yang, Y.; Huang, H.; Luo, Y. Prophylactic Modified Donor Lymphocyte
Infusion after Low-Dose ATG-F-Based Haploidentical HSCT with Myeloablative Conditioning in High-Risk Acute Leukemia: A
Matched-Pair Analysis. Bone Marrow Transplant. 2021, 56, 664–672. [CrossRef]

142. Qi, S.-S.; Chen, Z.; Du, Y.; Sun, M.; Wang, Z.; Long, F.; Luo, L.; Xiong, H. Prophylactic Donor Lymphocyte Infusion after
Haploidentical Hematopoietic Cell Transplantation and Post-Transplant Cyclophosphamide for Treatment of High-Risk Myeloid
Neoplasms in Children: A Retrospective Study. Pediatr. Blood Cancer 2023, 70, e30659. [CrossRef]

143. Swaminathan, V.V.; Uppuluri, R.; Patel, S.; Sivashankaran, M.; Ravichandran, N.; Ramanan, K.M.; Ramakrishnan, B.; Vaid-
hyanathan, L.; Raj, R. Safety and Efficacy of Fresh Whole Blood Donor Lymphocyte Infusion in Children. Bone Marrow Transplant.
2019, 54, 1892–1897. [CrossRef] [PubMed]

144. Ruan, Y.; Luo, T.; Liu, Q.; Liu, X.; Chen, L.; Wen, J.; Xiao, Y.; Xie, D.; He, Y.; Wu, X.; et al. Features of Cytomegalovirus Infection
and Evaluation of Cytomegalovirus-Specific T Cells Therapy in Children’s Patients Following Allogeneic Hematopoietic Stem
Cell Transplantation: A Retrospective Single-Center Study. Front. Cell Infect. Microbiol. 2022, 12, 1027341. [CrossRef] [PubMed]

145. Nishikawa, T. Human Leukocyte Antigen-Haploidentical Haematopoietic Stem Cell Transplantation Using Post-Transplant
Cyclophosphamide for Paediatric Haematological Malignancies. Cancers 2024, 16, 600. [CrossRef] [PubMed]

146. Lin, A.; Flynn, J.; DeRespiris, L.; Figgins, B.; Griffin, M.; Lau, C.; Proli, A.; Devlin, S.; Cho, C.; Tamari, R.; et al. Letermovir for
Prevention of Cytomegalovirus Reactivation in Haploidentical and Mismatched Adult Donor Allogeneic Hematopoietic Cell
Transplantation with Post-Transplant Cyclophosphamide for Graft-versus-Host Disease Prophylaxis. Transplant. Cell Ther. 2021,
27, 85.e1–85.e6. [CrossRef] [PubMed]

147. Richert-Przygonska, M.; Jaremek, K.; Debski, R.; Konieczek, J.; Lecka, M.; Dziedzic, M.; Bogiel, T.; Styczynski, J.; Czyzewski, K.
Letermovir Prophylaxis for Cytomegalovirus Infection in Children After Hematopoietic Cell Transplantation. Anticancer Res.
2022, 42, 3607–3612. [CrossRef]

148. Kuhn, A.; Puttkammer, J.; Madigan, T.; Dinnes, L.; Khan, S.; Ferdjallah, A.; Kohorst, M. Letermovir as Cytomegalovirus
Prophylaxis in a Pediatric Cohort: A Retrospective Analysis. Transplant. Cell Ther. 2023, 29, 62.e1–62.e4. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jtct.2021.11.009
https://www.ncbi.nlm.nih.gov/pubmed/34838785
https://doi.org/10.1182/bloodadvances.2023011016
https://www.ncbi.nlm.nih.gov/pubmed/38290133
https://doi.org/10.1038/s41409-020-01088-7
https://doi.org/10.1002/pbc.30659
https://doi.org/10.1038/s41409-019-0580-7
https://www.ncbi.nlm.nih.gov/pubmed/31148600
https://doi.org/10.3389/fcimb.2022.1027341
https://www.ncbi.nlm.nih.gov/pubmed/36339340
https://doi.org/10.3390/cancers16030600
https://www.ncbi.nlm.nih.gov/pubmed/38339351
https://doi.org/10.1016/j.bbmt.2020.10.009
https://www.ncbi.nlm.nih.gov/pubmed/33053449
https://doi.org/10.21873/anticanres.15848
https://doi.org/10.1016/j.jtct.2022.10.005

	Introduction 
	GVHD Management 
	Malignant Disorders 
	Haplo-HSCT with Ex Vivo T-Cell Depletion 
	Haplo-HSCT without Ex Vivo T-Cell Depletion 
	Granulocyte Colony-Stimulating Factor (G-CSF)/ATG-Based Protocol 
	PTCy-Based Protocol 

	Other Studies on Haplo-HSCT in Hematologic Malignancies 

	Non-Malignant Disorders 
	Primary Immunodeficiencies 
	Sickle Cell Disease 
	Severe Aplastic Anemia 
	Fanconi Anemia 

	Future Directions 
	Conclusions 
	References

