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HLA-haploidentical hematopoietic stem cells transplantation
with regulatory and conventional T-cell adoptive
immunotherapy in pediatric patients with very high-risk acute
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Allogeneic hematopoietic stem cell transplantation (HSCT) is still needed for many children with very high-risk acute leukemia. An
HLA-haploidentical family donor is a suitable option for those without an HLA-matched donor. Here we present outcomes of a
novel HLA-haploidentical HSCT (haplo-HSCT) strategy with adoptive immunotherapy with thymic-derived CD4+CD25+ FoxP3+

regulatory T cells (Tregs) and conventional T cells (Tcons) performed between January 2017 and July 2021 in 20 children with high-
risk leukemia. Median age was 14.5 years (range, 4–21), 15 had acute lymphoblastic leukemia, 5 acute myeloid leukemia. The
conditioning regimen included total body irradiation (TBI), thiotepa, fludarabine, cyclophosphamide. Grafts contained a megadose
of CD34+ cells (mean 12.4 × 106/Kg), Tregs (2 × 106/Kg) and Tcons (0.5–1 × 106/Kg). All patients achieved primary, sustained full-
donor engraftment. Only one patient relapsed (5%). The incidence of non-relapse mortality was 15% (3/20 patients). Five/20
patients developed ≥ grade 2 acute Graft versus Host Disease (aGvHD). It resolved in 4 who are alive and disease-free; 1 patient
developed chronic GvHD (cGvHD). The probability of GRFS was 60 ± 0.5% (95% CI: 2.1–4.2) (Fig. 6), CRFS was 79 ± 0.9% (95% CI:
3.2–4.9) as 16/20 patients are alive and leukemia-free. The median follow-up was 2.1 years (range 0.5 months–5.1 years). This
innovative approach was associated with very promising outcomes of HSCT strategy in pediatric patients.

Bone Marrow Transplantation (2023) 58:526–533; https://doi.org/10.1038/s41409-023-01911-x

INTRODUCTION
Prognosis of pediatric patients with acute leukemia (AL),
particularly acute lymphoblastic leukemia (ALL), has greatly
improved. The 5-year event-free survival (EFS) rate is now over
80% [1], due to more in-depth genetic and molecular character-
ization predicting treatment response, design of risk-adapted
therapy and new chemotherapy protocols [2]. Blinatumomab,
inotuzumab ozogamicin (InO) and the CD19 chimeric antigen
receptor T-cell (tisagenlecleucel) improved response rates and
survival compared with historic controls in children with ALL [3–6].
Despite this new approach, many patients may still require HSCT
to maintain disease remission [7]. In fact, at specific time-points,
monitoring minimal residual disease predicts the risk of relapse
and therefore guides the indication to HSCT in first complete
remission [8–10].
The need for alternative donors has always driven HLA-

haploidentical HSCT (haplo-HSCT). Originally based on a mega-
dose of CD34+ stem cells, the haplo-HSCT protocol has been

modified over time to improve immunological reconstitution and
to reduce non-relapse mortality rates (NRM). It has included T-cell
depletion, α/β T and CD19+ B-cell depletion, and post-transplant
high-dose cyclophosphamide (PT/Cy) in T-cell replete haplo-HSCT
[11–13]. Despite all these approaches, relapse is still, at present,
the major cause of haplo-HSCT failure in pediatric patients with
high-risk (HR) leukemia. Indeed, the cumulative incidence of
relapse in the main pediatric protocols of haplo-HSCT is about
24%. In adult patients with AL in Perugia BMT Center, haplo-HSCT
with Treg/Tcon adoptive immunotherapy and no post-transplant
pharmacological immunosuppression, had a very low incidence of
relapse (4%) and 75% chronic GvHD/relapse-free survival (CRFS)
[14]. From 2017 to date the Perugia Pediatric Oncology-
Hematology Unit has adopted the adult protocol in 20 pediatric
patients. Such transplantation protocol is based on high-dose
myeloablative conditioning regimen which include total body
irradiation (TBI) and chemotherapy, T-cell depleted hematopoietic
CD34+ stem cells and the add-back of 2 million/kg body weight of
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regulatory T cells followed by 1 million/kg body weight
conventional T cells. Tregs were able to control otherwise lethal
aGvHD in the haplo setting and, at the same time, did not inhibit
Graft-versus-Leukemia effect. Here, we show the results of this
transplantation strategy in very HR patients.

SUBJECTS AND METHODS
The haplo-HSCT protocol was approved by the Umbria Regional Hospital
Ethics Committee and registered as protocol ID 02/14 and as NCT03977103
in ClinicalTrials.gov. Patients with HR ALL or AML without a matched
related or unrelated donor were eligible. Before enrollment, patients’
parents provided written informed consent in accordance with the Helsinki
Declaration. Between January 2017 and July 2021, 20 pediatric patients (15
ALL, 5 AML, median age 14.5 years; range 4–21) with HR AL were enrolled.
Six patients were transplanted in CR1, 9 patients in CR2, 5 in ≥CR3. Tables 1
and 2 report demographics, disease characteristics, cytogenetics and
molecular markers, status at transplant of each patient and donor
characteristics. Five patients showed extramedullary disease (Table 1).
Median time from diagnosis to transplantation was 9.5 months (range
3–40), median time from relapse to transplantation for CR2 and CR3
patients was 3 months (range 3–15).

Donors
Donors were healthy family members with one HLA-haplotype identical to
the patient’s (Table 1). Mothers were selected in 13/20 cases, mainly
because they were available and the survival rate was reported to be
better with mother as donor [15, 16]. Natural killer-alloreactive donors
were available for 10/20 patients [17].

Transplant procedure
The conditioning regimen included TBI and chemotherapy. In 16 patients TBI
was delivered with this schedule: 1.5 Gy × 2/day for 4.5 days, total 13.5 Gy; in 4
patients with median age of 4 years, TBI was delivered with this schedule:
3.3 Gy/day for 3 days, total: 9.9 Gy. Since patients with median age of 4 years
needed to be sedated before irradiation, schedule of TBI was different and
consequently also total radiation dose in order to reduce radiotherapy sessions.
Chemotherapy included thiotepa (5mg/kg for 2 days), fludarabine (40mg/m2

for 4 days), cyclophosphamide (15mg/kg/day for 2 days). All patients received
T-regs on day −4 (2 × 106/Kg), T-cons on day −1 (0.5 × 106/Kg for 10 patients;
1 × 106/Kg for the other 10) and megadose positively selected CD34+ cells
(mean 12.4 × 106/Kg, range 7.1–24.5) on day 0 (Fig. 1), sirolimus, a selective
mTOR inhibitor (2mg/m2 from days −8 to −4). Sirolimus blood levels were
monitored daily so as to reach the therapeutic range (between 5–10 ng/ml) on
day −4 (Treg infusion) and achieve clearance on day 0 (CD34+ cell infusion).
On day −2 Rituximab (200mg/mq) was administered as post-transplant
lymphoproliferative disorder (PTLD) prophylaxis. No post-transplant pharma-
cological GvHD prophylaxis was given.

Graft processing
Before administering granulocyte colony-stimulating factor (G-CSF) to
mobilize hematopoietic progenitor cells, donor Tregs and Tcons were
collected. CD3+ T cells were separated from the leukapheresis product on
a Ficoll-Hypaque gradient. In total, 0.5 × 106/kg of Tcons were infused into
ten patients, 1 × 106/kg in 10. Doses of CD3+ T cells was established
according to the purity of Tregs. After, the leukapheresis product was
depleted of CD8+/CD19+ cells and then CD25+ cells were positively
selected and then, CD4+CD25+ Tregs were selected by an immunomag-
netic procedure using the CliniMACS device (Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany). On average the Treg product contained
84 ± 4.9% of CD4+CD25+FOXP3+ cells and 25 ± 6.7% of CD127+ cells. In
total, 2 × 106/kg Tregs were infused into each patient. After G-CSF
administration, donor CD34+ cells were collected from 2–3 leukaphereses
and positively immuno-selected (CliniMACS) [18, 19].

End-points and definitions
Primary end-points were the cumulative incidences of NRM and relapse
(defined as disease recurrence according to marrow morphology, flow
cytometry, cytogenetics, fluorescence in situ hybridization and polymerase
chain reaction). Secondary end-points were: full donor-type engraftment,
the cumulative incidences of grades ≥2 aGvHD and cGvHD, the probability
of GvHD/relapse-free survival (GRFS) and CRFS. Immune reconstitution was

monitored by means of T-cell counts and specific responses to pathogens.
The method and evaluation of clones were described elsewhere [18].

Statistics
Cumulative incidence estimates (as evaluated by the Gray test) were used
for aGvHD and relapse and NRM which were competing risks. The
Kaplan–Meier method evaluated GRFS and CRFS.

RESULTS
Engraftment
All patients achieved primary, sustained full-donor-type engraft-
ment, reaching ANC > 0.5 × 109/l at a median of 14 days (range
10–17). The median time to platelet counts >20 × 109/l was
17 days (range 10–35).

Conditioning regimen related toxicity
In accordance with the Common Terminology Criteria for Adverse
Events, toxicity was mild (Grade 1) or moderate (Grade 2). No
patient developed more than grade II oral mucositis.

GvHD
Grade ≥ II aGvHD developed in 5/20 patients, with 1/5 developing
grade III/IV and dying on day 35 post-transplant. The cumulative
incidence was 33% (±2%). Median time to onset was 19 days (range
8–80 days) (Fig. 2). Patients were treated with high-dose steroids
and early extracorporeal photopheresis, with 3 procedures/week for
a median of 6 weeks, tapering to two procedures/week and finally
one/week. Photopheresis was concomitant with steroid therapy
tapering after 7 days during which patients received sirolimus (2/5),
cyclosporine (1/5) and mycophenolic acid (1/5). Infliximab was
administered to 2/5 patients, Ruxolitinib to 3/5 and Begelomab, a
CD26 monoclonal antibody, together with Anti-Thymocyte Globu-
lins to 1/5. Immunosuppressive therapy lasted for a median of
6.5 months (range 6–9). Four patients are alive and have suspended
immunosuppressive therapy. One patient, who developed cGvHD,
is currently off-immunosuppressive therapy and in disease remis-
sion (Fig. 2).

Immune reconstitution
Peripheral blood CD3+ cells reached medians of 319/µl (range
119–2217/µl) and 727/µl (range 136–1656) at 30 and 100-day
post-transplant respectively, CD4+ cells reached a median value
of 149/µl (range 71–481/µl) and 235/µl (range 67–659) at 30 and
100-day post-transplant, respectively, CD8+ cells reached a
median value of 151/µl (range 18–1465/µl) and 408/µl (range
69–1288) at 30 and 100-day post-transplant respectively (Fig. 3).
Both CD19+ and CD20+ cells reached respectively a median of
56/µl (range 0–101) and 188/µl (range 38–248).
Specific CD4+ and CD8+ lymphocytes against opportunistic

pathogens such as HHV-6, Aspergillus fumigatus, Candida albicans,
CMV, adenovirus, human herpesvirus-6 (HHV6), herpes simplex virus,
varicella zoster virus and toxoplasma soon emerged (Fig. 4).

Infectious complications
Six/20 patients (30%) presented EBV viremia (median viral load:
12,500 copies/ml; range 2817–400,000) at a median of 53 days post-
transplant (range: 42–84). PTLD in 2/6 patients was successfully
treated with 4 doses of Rituximab (375mg/m2). Subsequently from
June 2017 onwards, prophylaxis with Rituximab (200mg/m2) was
started on day −2 and no further cases of PTLD occurred. Post-
transplant HHV-6 reactivation was observed in all 20 patients
(median viral load 14,121 copies/ml; range 705–284,794 copies/ml),
at a median of 9 days (range: 6–15). Organ involvement in 10 (50%)
(1 encephalitis, 2 hepatitis, 1 pneumonia, 4 gastroenteritis and 2
multi-organ involvement with pneumonia and enteritis) was
successfully treated with 90mg/Kg foscarnet twice daily. Two
patients with HCV RNA positivity before transplant developed HCV
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hepatitis and liver failure at 68 days and 25 days post-transplant
with histological evidence of hepatitis associated with a significant
increase in HCV viremia (respectively 3,519,000 UI/ml and 6,545,000
UI/ml). Direct-acting antivirals completely resolved liver failure and
negativized viremia. Although the incidence of CMV infection was
35% (5/20 patients), no patient died of CMV. Two/20 patients
developed invasive fungal infections (10%). Gram negative sepsis
was demonstrated in 6/20 patients (30%) and 4/6 displayed multi
drug resistance, Gram positive sepsis occurred in 2/20 (10%). One
patient contracted SARS-CoV-2 on day +110 post-transplant and

recovered without severe acute respiratory syndrome and/or
apparent sequelae. Antiviral therapy with Remdesivir was started,
together with intravenous immunoglobulins and 3 hyperimmune
plasma infusions. SARS-CoV-2 positivity persisted in PCR on
nasopharyngeal swabs for over 2 months, while patient presented
no respiratory symptom nor fever. After 72 days, the patient was
negative and SARS-Cov-2 antibodies were strongly positive
(78.6 AU/ml).

NRM and causes of death
The NRM cumulative incidence was 15% (3/20) (Fig. 5). Causes
were: invasive aspergillosis (1 patient), grade IV aGVHD [1], acute
respiratory distress syndrome [1].

Relapse and GRFS
At a median follow up of 2.1 years (range 0.5 months–5.1 years), 1
patient who was transplanted in CR3 relapsed (Fig. 5). He
underwent a second transplant from a different haploidentical
familial donor but died of relapse 7 months after transplant. At a
median follow up of 2.1 years, the probability of GRFS was
60 ± 0.5% (95% CI: 2.1–4.2) (Fig. 6), CRFS was 79 ± 0.9% (95% CI:
3.2–4.9) as 16/20 patients are alive and leukemia-free (Fig. 7).

DISCUSSION
This study demonstrated that, in a small cohort of pediatric
patients, the haplo-HSCT with a megadose of CD34+ hemato-
poietic stem cells and Treg/Tcon adoptive immunotherapy

Table 2. Patient and donor characteristics.

Patients (n= 20)

Sex

Male 17

Female 3

Age, years

Median 14.5

Range 4–21

Disease

AML 5

B-ALL 12

T-ALL 3

Extramedullary disease 6

Disease status at HSCT

First CR 6

≥Second CR 14

Advanced 0

MRD

Positive 2

Negative 5

CMV status (recipient/donor)

Positive/Positive 13

Negative/Positive 7

Donor

Mother 13

Father 2

Sibling 5

NK-alloreactive/non-NK-alloreactive 10/20

AML acute myeloid leukemia, B-ALL B-cell acute lymphoblastic leukemia,
T-ALL T-cell acute lymphoblastic leukemia, HSCT haematopoietic stem cell
transplantation, CR complete remission, MRD minimal residual disease.

HF-TBI
1.5x9 Gy

Thiotepa
5 mg/Kg x2

T-reg 2x106/Kg

T-cons 1x106/Kg

Fludarabine
50 mg/m2 x 4

Cyclophosphamide
15 mg/Kg x 2

No Post-Transplant
GvHD Prophylaxis

CD34+ cells ≥ 10 x106/kg 
CD 3+ cells < 3 x104/kg 

-15 -14 -13 -12 -11-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0

Rituximab
200 mg/m2 HSCT

Fig. 1 Transplantation schema. Patients received myeloablative
hyperfractionated total body irradiation and chemotherapy starting
15 days before CD34+ hematopoietic stem cell infusion. They
received the donor Treg inoculum on day −4, the Tcon infusion on
day −1 and the CD34+ infusion on day 0.
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Fig. 2 Graft-versus-Host Disease. Cumulative incidence of aGvHD
(dashed line) and cGvHD (solid line) after transplantation.

ce
lls

/c
m

m

days after transplantation
0 50 100 150 200 250 300 350 400 450

0

500

1000

1500

2000

2500

3000
CD4+

CD8+

CD3+

Tγδ
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eradicated leukemia in most, achieving 80% leukemia-free survival
and 75% leukemia/cGvHD free survival rates. All patients were
affected by very HR leukemia according to cytogenetics, molecular
markers and disease stage at transplant. Encouragingly, 5/20
patients who had extramedullary disease, are alive and well, in
complete remission (Table 3).
These promising results, which need to be confirmed in a larger

study, compare favorably with outcomes of several alternative
haplo-HSCT protocols in similar HR patients. α/β T and CD19+
B-cell depletion in 80 children with AL was associated with 24% CI
of relapse. Bertaina et al. [20] compared outcomes after
transplants using this protocol (98 patients), matched unrelated
donors (127 patients) and mismatched donors (118 patients). The
α/β T and CD19+ B-cell depletion protocol emerged as
intermediate for leukemia-free survival, with a lower CI of NRM
and a better GFRS than the other approaches. After receiving CD3/
CD19 depleted allografts 46 pediatric patients achieved an overall
38% probability of relapse at 2 years [21].

Our results show also better protection from relapse if
compared with unmanipulated transplants in children. In fact,
John Hopkins Hospital reported 52% cumulative incidence (CI)
of relapse, 33% CI of Grade II–IV aGvHD, 24% CI of cGVHD and a
3-year EFS of 32% in children with HR AL who underwent
T-replete HSCT with PT/Cy [22]. The AIEOP-GITMO retrospective
multicenter study showed that T cell replete PT/Cy HSCT in 33
pediatric patients with HR hematological malignancies achived
24% CI of relapse and 72% OS at 1-year follow-up [11]. One
factor that might influence relapse rates in T-cell depleted
transplantation is the absence of effector T cells that are known
to prevent leukemia relapse. On the contrary, in the unmanipu-
lated transplants, the reason of high rate of leukemia relapse
may be post-transplant pharmacological immunosuppression,
like PT/Cy for example, as it inhibits alloreactive lymphocytes
against leukemia.
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Without any post-transplant pharmacological immunosuppres-
sion, the 4-year relapse rate of 1 in 20 in the present study indicates
our haplo-HSCT protocol exerted a strong anti-leukemia effect (GvL)

which also occurred in extramedullary sites. TBI not in single dose
not only reduced toxicity but also contributed to a better GvL effect,
as demonstrated by FORUM trial [23] and in matched T-depleted
HSCT [24]. Even adult patients with AL who underwent HSCT with
this protocol were protected from GvHD [18] and post-transplant
leukemia relapse as the CI was significantly lower than in historical
controls (0.05 versus 0.21; P 5.03) [18, 19].
The mechanism underlying maintenance of the GvL effect and

GvHD prevention was studied in-depth in pre-clinical models [25].
Evidence that Tregs and Tcons exerted a strong GvL effect was
obtained from an xenogenic murine transplant model of
engrafted human lymphoblastic or myeloid leukemia. Infusion of
Tregs and Tcons rescued mice which survived without GvHD.
Different Treg and Tcon migratory properties were hypothesized
to underlie the GvL effect without GvHD. Tcons colocalized with
Tregs in the skin, liver and bowel, where Tcon inhibition prevented
GvHD [19]. Since Tcons expressed the CXCR4 Bone Marrow
homing molecule more intensely than Tregs, they alone homed to
the bone marrow, exerting a powerful GVL effect through
alloantigen recognition [19].
In the present study, although the cumulative incidence of

aGvHD was 33%, 4/5 patients are alive, leukemia-free, off immune-
suppressive therapy and free of cGVHD. Early photopheresis
permitted steroid therapy to be soon tapered and suspended in all
patients [26]. The incidence of aGvHD in such protocol [14, 18, 19]
may be explained first with the fact that we infused otherwise
lethal doses of effector T cells in a mismatched setting without
infusion of Tregs. It should be emphasized that, as we previously
demonstrated, Treg infusions largely prevented the potential
lethality of infusing 0.5–1 million Tcons in the absence of any
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Table 3. Outcomes of the transplanted patients.

Patient’s ID aGvHD cGvHD Relapse NRM Cause of death Outcome

Days
post HSCT

Grade Response to
treatments

001 +23 III Off therapy after
4st line

Yes No No – Alive, cGVHD

002 – – – No No Yes – Alive and Well

003 – – – No No No – Alive and Well

004 – – – No No No – Alive and Well

005 – – – No No No – Alive and Well

006 – – – No No No – Alive and Well

007 – – – No Yes – Relapse Dead

008 +80 II Off therapy after
3st line

No No No – Alive and Well

009 – – – No No Yes Invasive aspergillosis Dead

010 – – – No No No – Alive and Well

011 – – – No No Yes – Alive and Well

012 – – – No No No – Alive and Well

013 – – – No No Yes Acute respiratory
distress syndrome

Dead

014 – – – No No No – Alive and Well

015 +15 III No response No No Yes aGvHD Dead

016 – – – No No No – Alive and Well

017 +22 II Off therapy after
2st line

No No No – Alive and Well

018 – – – No No No – Alive and Well

019 – – – No No No – Alive and Well

020 +9 II Off therapy after
2st line

No No No – Alive and Well

aGvHD acute graft versus host disease, cGvHD chronic graft versus host disease, NRM non-relapse mortality.
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pharmacological GVHD prophylaxis [18, 19]. In fact, only 1 patient
died as a result of aGVHD. Moreover, the present cohort had been
heavily pre-treated before transplantation. Most had been sub-
jected to many lines of therapy, often had an unclear disease history
and did not have cytogenetics or molecular markers at diagnosis.
Secondly, through CD3+ and CD8+ T-cell reactions, HHV-6
reactivation could have played role in aGvHD [27] as it occurred
in all our patients medianly at day +9 post-transplant, with 50%
developing non-fatal organ involvement [28]. Cytokine release in
the peri-engraftment period, particularly of IL-6, may have been
involved in triggering HHV6 infection [29]. Finally, post-transplant
immune recovery with rapid increases in peripheral blood T-cells
and pathogen-specific CD4+ and CD8+ T-cell responses against
HHV-6 may have been a double-edged sword. On the one hand, it
was probably responsible for clearing infection and the quite good
final outcome but on the other, it may have triggered HHV6
reactivation. To reduce the aGvHD incidence we modified our
transplant protocol to include sirolimus, an mTOR inhibitor (2 mg/
m2 on days −8 to −4) in the conditioning regimen for the last ten
patients. Evidence from several clinical trials in diverse transplant
recipients showed that, unlike cyclosporine, it promoted Treg cell
expansion in vivo [30] by converting CD4+CD25naive T cells into
CD4+Foxp3+ Tregs [31], thus controlling the activity of the effector
T lymphocytes that cause GvHD [32]. Although the incidence of
aGvHD was similar in the two subgroups, the disease seemed less
severe as patients in the later group required less immunosuppres-
sive therapy. Undoubtedly, a larger cohort is needed before any
definitive conclusions can be drawn on the validity of sirolimus as
part of the conditioning regimen.
Although we observed high aGvHD rates, despite immune-

suppressive therapy, CD4+ and CD8+ pathogen-specific frequen-
cies reached normal levels by 2nd/3rd month post-transplant.
Despite 35% incidence of CMV infection, only one patient
developed CMV disease (pneumoniae) and at present is alive
and well. In 2020 early in the pandemic, one patient contracted
SARS-CoV-2 post-transplant, without severe acute respiratory
syndrome and/or apparent sequelae. Since the original Covid
variant was associated with immune hyper-reactivity, our patient’s
immunodeficiency with few T cells may have protected against
severe Covid-19 disease [33]. Moreover, it is of note that only one
patient developed cGvHD (now he is off-therapy), and no patient
who underwent immunosuppressive therapy died for TRM or
relapsed. The extremely low incidence of cGVHD was probably
related to Treg infusion [34].
This study is limited by the relatively small cohort and present

outcomes need to confirmed in a large series. However, at a
median follow up of 4 years the results are encouraging with only
1 relapse to date. In our view, this protocol of haplo-HSCT with
adoptive Treg/Tcon immunotherapy is to be a good strategy for
pediatric patients with very HR AL.
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