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Abstract

Hematopoietic stem cell transplantation (HCT) is a well-established treatment option for acquired aplastic anemia. Histor-
ically, upfront HCT with HLA-matched sibling donors is used in young patients and immunosuppressive therapy (IST) is used 
for all others. Over time, innovations in the transplant platform have decreased unwanted complications such as graft-ver-
sus-host disease (GvHD), failure to engraft, and infections, thereby expanding the use of alternative donors. This has led to 
an evolution towards HCT and away from IST despite increased intensity of treatment due to improved event-free survival. 
The ideal conditioning regimen for HCT in aplastic anemia results in sustained engraftment, minimal toxicity, lack of GvHD, 
and is not limited by donor availability. Two transplant platforms have been refined to meet these needs. TCR αβ+ T-cell 
depletion has excellent outcomes with minimal graft rejection and GvHD in the matched and mismatched unrelated donor 
setting. Haploidentical grafts, however, still require further optimization. Bone marrow grafts given with anti-thymocyte 
globulin and post-transplant cyclophosphamide have similarly excellent results with extremely low rates of GvHD. Periph-
eral mobilized grafts need further optimization in this setting. This review provides an overview of the current perspective 
on regimens that minimize GvHD in aplastic anemia and how they can be further refined so that all patients with aplastic 
anemia have curative therapy available to them.

Introduction

Acquired severe aplastic anemia (SAA) is an immune-me-
diated hematopoietic stem cell disorder that presents with 
a hypocellular marrow and pancytopenia.1,2 In the historical 
therapeutic algorithm, most newly diagnosed patients are 
treated with immunosuppressive therapy (IST) unless they are 
young and have a suitable leukocyte antigen (HLA)-matched 
sibling donor.3 Increasingly, paradigms for safe and effective 
allogeneic hematopoietic stem cell transplantation (alloHCT) 
are being explored to increase use of this therapeutic option. 
For HCT to become a more viable option for therapy, we need 
to ensure the toxicity of the conditioning regimen and the 
transplant are essentially isolated to on-target hematologic 
toxicity; graft immunologic effects must be minimized or 
eliminated since neither graf-versus-tumor nor graft-versus-
host disease (GvHD) are desired. 

Advances have been made in IST over the past 30 years 
through better understanding of clonal evolution and im-
munobiology of the disease.4 Additionally, for adult patients 
with SAA, we now have the combination of eltrombopag 
with the historical IST backbone of equine anti-thymocyte 
globulin (ATG) and cyclosporine. The three-drug regimen de-
creases the time to hematologic response, but longer-term 
durability remains relatively unchanged.5,6 Interestingly, 
a similar signal was not observed in pediatric patients 
treated with eltrombopag and IST.7,8 The hematopoietic 
response after IST is approximately 70-80% and 5-year 
survival, 60-85%.2,5,9,10 In the most recent clinical trial of 
eltrombopag combined with IST, 4-year survival was an 
excellent 92.5%.11 Traditionally, failure-free survival for pa-
tients alive and in remission without clonal disease more 
than ten years after IST is <40% in longer term follow-up 
studies.1,9,12-14 These long-term data are not yet available for 
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contemporary clinical trials of eltrombopag with IST, but 
they will be critical as we continue to attempt to adjudicate 
appropriate front-line therapy for each newly diagnosed 
patient. Newer precision-based targeted approaches to 
immune suppression therapy are also being developed and 
assessed based on preclinical models implicating the JAK/
STAT pathways in disease pathogenesis.15 Current clinical 
trials are investigating the upfront use of emapalumab (an 
anti-Interferon-g monoclonal antibody) in pediatric pa-
tients with newly diagnosed aplastic anemia (clinicaltrials.
gov identifier 06430788) and the use of ruxolitinib (JAK1/2 
inhibitor) in the relapsed/refractory setting (clinicaltrials.
gov identifier 05998408). However, the need to have mul-
tiple therapies available has spawned novel approaches to 
alloHCT to improve the event-free and overall survival for 
HCT in patients with SAA.16,17 
Given the relatively unchanged treatment options for SAA, 
consensus recommendations for upfront therapy in North 
America have largely remained the same. This stems from 
overall survival (OS) rates of 70-75% for patients with SAA 
and an HLA-matched sibling donor (MSD), 60-65% for 
patients with SAA receiving IST, and 35-40% for alterna-
tive donor transplants for SAA in the 1980s.18,19 Outcomes 
have steadily improved, and OS is currently >90% in young 
patients receiving MSD grafts or IST, largely secondary to 
improvements in supportive care.20 Outcomes for alter-
native donor transplants, however, have also significantly 
improved due to refinements in supportive care as well as 
the novel transplant platforms described in this review. For 
newly diagnosed patients with SAA under 40 years of age 
who have an MSD, upfront HCT is the standard of care, 
with long-term survival rates approaching 90% in patients 
under 20 years of age and 76% for patients over 20 years 
of age.2,21 Modern outcomes with MSD HCT for patients <40 
years old with SAA have approached >95% and have led 
investigators to try minimizing toxicity by using fludarabine 
to reduce cyclophosphamide dosing from 200 mg/kg to 
100-120 mg/kg.22,23 In Europe, trials have shown modern 
matched-unrelated donor (MUD) HCT outcomes to be es-
sentially equivalent to those of MSD HCT outcomes and 
have led to a paradigm change in how upfront SAA therapy 
is approached in Europe.24-26 Similar randomized studies 
are currently being conducted in North America to evalu-
ate upfront MUD HCT compared to upfront traditional IST 
in pediatric patients with SAA.27 Transplant outcomes in 
older patients (>40 years of age) are less favorable due to 
reduced engraftment, infections and high rates of GvHD, 
as shown in recent studies.28,29 A successful alloHCT from 
the best available donor minimizes the risk of relapse and 
secondary clonal disease. GvHD rates now can be quite 
low, even with alternative donors.17,30,31 Although alloHCT 
for SAA still presents a high-risk of graft rejection, modern 
immune-ablative regimens continue to improve engraft-
ment rates across donor types. This review will illustrate 
the strides we have made in the field leading to the ques-

tion of whether alternative donor transplants should be 
considered earlier for patients with SAA (Figure 1).

Ex vivo T-cell depletion
Different modalities of ex vivo T-cell depletion have been 
used to broaden the available donor pool for alloHCT while 
maintaining acceptable rates of GvHD. Traditional methods 
of ex vivo T-cell depletion led to full removal of T cells from 
the donor graft either through a CD3+ T-cell depletion or a 
CD34+ HSC selection. These methods resulted in decreased 
GvHD when using alternative donors; however, there was 
an increased rate of non-engraftment and/or primary graft 
rejection. Thus, partial T-cell depletion (pTCD) approaches 
were developed to continue minimizing development of 
GvHD while increasing rates of engraftment.17,32 
Initially, ex vivo T-cell depletion relied on sheep erythrocytes 
and soybean lectin, and progressed to the use of antibodies 
and complement.33 Modern methods of ex vivo T-cell deple-
tion utilize technologies such as the Miltenyi CliniMACS® 
device and provide the ability to engineer hematopoietic 
stem cell grafts more precisely. The high start-up costs 
associated with these technologies and appropriate lab-
oratory set-up necessarily limit the number of centers at 
which they can be offered; however, these methodologies 
are critical to offer a platform for precise graft engineering. 
Continued refinement in cost structures and/or the ability 
to engineer grafts at central locations and ship to centers 
will increase access and equity of these platforms. Here, 
we will concentrate on modern techniques of ex vivo partial 
T-cell depletion in aplastic anemia. 
A prior method of pTCD utilized an antibody-based T-cell 
depletion. In a single center study using T10B9 (a mono-
clonal anti-T cell antibody that spared gdT cells) for pTCD 
of MUD (N=9) and MMUD (N=19) with a myeloablative total 
body radiation (TBI) based-conditioning regimen, 28 pedi-
atric patients with SAA were transplanted from 1986-1994. 
In this cohort, 3/28 patients had graft failure and there 
was a 54% OS at a median follow up of 33 months.34 In 
a similar single-center study of pTCD of MUD (N=4) and 
MMUD (N=8), 12 pediatric patients (11/12 with SAA) were 
transplanted between 1992-2003 with a myeloablative TBI-
based conditioning regimen. pTCD was accomplished with 
either T10B9 or OKT3 (a monoclonal anti-CD3 antibody) and 
the addition of complement. All patients engrafted, and 
9/12 were alive 13-153 months post transplant.32 These data 
showed promising results from the pTCD approach of MUD 
and MMUD, although additional optimization was needed. 
A modern method of pTCD incorporated the use of a Clini-
MACS® device (which allowed for more precise control and 
deeper depletion of targeted cell populations) to deplete 
CD3+ T cells with a subsequent targeted addback of 1x105 
CD3+ T cells/kg to the graft product prior to infusion. A 
single-center study investigated a cohort of 12 pediatric 
patients with non-malignant hematologic disorders treat-
ed from 2014-2017 on an expanded access protocol with 
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matched and mismatched unrelated donor. Peripheral 
blood stem cells (PBSC) were mobilized using CD3+ T-cell/
CD19+ depletion with targeted CD3+ T-cell addback; 100% 
OS and disease-free survival (DFS) were reported with no 
graft rejections at a median follow up of two years. Seven 
of these patients had relapsed/refractory SAA and/or SAA 
with paroxysmal nocturnal hemoglobinuria (PNH). One pa-
tient developed acute grade II skin GvHD and 2 patients 
developed chronic limited eczema. Importantly, the majority 
of patients treated were of ethnicities under-represented 
on the donor registry, thus showing the utility of pTCD in 
helping achieve equity of care in HCT.17 The added novelty 
of these approaches was the use of mismatched unrelat-
ed donors as opposed to haploidentical donors for ex vivo 
T-cell depletion. These data led to the development of a 
prospective clinical trial using TCRαβ+ T-cell depletion of 
matched and mismatched unrelated donors and partially 
matched related donors as a more refined pTCD approach 
for pediatric patients with bone marrow failure syndromes 
(clinicaltrials.gov identifier 03047746).
TCRαβ+ T-cell depletion was developed as a new meth-
od for pTCD based on data implicating TCRαβ+ T cells as 

mediators of GvHD. This method of pTCD relies on the full 
depletion of TCRαβ+ T cells using the CliniMacs® device 
while leaving the TCRγδ+ T cells in the graft product for 
increased anti-viral activity and improved engraftment. 
This method also simplifies the ex vivo graft manipulation 
as no additional addback step is required. The αβ+ T-cell 
depletion platform has been used successfully in MSD, 
MUD, mismatched-unrelated donor and haploidentical do-
nor transplants for pediatric malignant and non-malignant 
diseases.35-39 In a single-center study, 26 pediatric patients 
were treated on a prospective trial investigating the effi-
cacy and outcomes of TCRαβ+ T-cell/CD19+ depletion using 
matched (N=15) and mismatched (N=11) unrelated donor 
peripheral stem cell transplants for bone marrow failure 
syndromes. Twenty-two of the 26 patients had acquired 
SAA (11 upfront and 11 relapsed/refractory). Conditioning 
is highly immune-ablative and consisted of rATG, fludara-
bine, cyclophosphamide and TBI200 (300 cGy for patients 
with PNH clones >15% in the granulocyte compartment).40 
Graft rejection/GvHD prophylaxis consists of single-agent 
calcineurin inhibitor for six months. All 22 patients with 
SAA engrafted without graft rejections. Engraftment was 

Figure 1. Historical treatment algorithm for severe aplastic anemia. The historical treatment algorithm for severe aplastic anemia 
(SAA) prioritized hematopoietic stem cell transplantation (HCT) for patients that had an available matched sibling donor and 
immunosuppressive therapy (IST) for others. Alternative donor HCT was previously reserved for patients that failed IST or for 
unique situations. We propose that improved outcomes in alternative donor HCT for SAA should allow for alternative donor HCT 
to be moved to upfront therapy alongside IST. Several clinical trials are currently exploring this question. Given these increased 
therapeutic options, biomarker-based and/or response-adapted therapy will be critical to personalize appropriate treatment 
decisions for upfront therapy (IST or alternative donor HCT) for each patient with newly diagnosed SAA.
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robust and rapid (neutrophil = 15 days and platelets = 15 
days per CIBMTR criteria and in the absence of GCSF). 
There were no instances of acute GvHD and one patient 
developed chronic limited NIH skin score 1 GvHD. OS and 
EFS were 100% in the treatment-naïve cohort and 90% 
in the relapsed/refractory cohort at a median follow up 
of two years. Complications of transplant were minimal. 
Thus, TCRαβ+ T-cell/CD19+ depletion of unrelated donors 
with an immune ablative conditioning regimen represents 
an important method for expanding the available donor 
pool for sAA at centers that have this capability. 
Interestingly, while the TCRαβ+ T-cell depletion platform 
yielded excellent outcomes and minimal graft rejections 
for pediatric patients with SAA in the unrelated donor 
setting, the haploidentical donor setting still presents 
challenges. An advantage to using a haploidentical donor 
compared to an unrelated donor is typically a shorter time 
from diagnosis to transplant, which is important given 
the profound neutropenia that can be seen with SAA. In 
a series of cohorts of pediatric patients with non-malig-
nant diseases, including SAA, Bertaina et al. and Merli et 
al. show excellent OS of 91.4% at a median follow up of 
3.7 years. However, the graft rejection rate was 30.4% for 
the entire 70 patient cohort. When patients (N=28) at high 
risk of graft rejection including the 13 patients with SAA 
are excluded, these high-risk patients have a 55.5% graft 
rejection rate.39,41 Thus, while many of these patients have 
a graft rejection, they are ultimately cured with a second 
(and sometimes third) graft. Hence, while the TCRαβ+ T-cell 
depletion has promising results and excellent OS, partic-
ularly for matched and closely matched unrelated donors, 
further modifications are necessary in the haploidentical 
setting to minimize graft rejection events. The mechanisms 
for which haploidentical grafts need further optimization 
compared to mismatched unrelated donors in this platform 
also requires further elucidation. 

High-dose anti-thymocyte globulin and the Beijing 
protocol
The transplant platform for haploidentical grafts in Beijing 
is based on 4 drugs for GvHD prophylaxis: mainly, high-
dose rabbit ATG (10 mg/kg), conventional post-transplant 
MTX, CSA and MMF.42 In a prospective, multicenter study 
of haplo-HSCT for SAA refractory to IST, Xu et al. analyzed 
the outcomes of 101 patients following a myeloablative 
conditioning with intravenous busulfan 6.4 mg/kg, CY 200 
mg/kg; the graft source was combined G-CSF-stimulated 
bone marrow and PBSC. Compared with 48 patients grafted 
from MSD, recipients from haplo-HSCT had higher than 
grade II-IV acute GvHD (33.7 vs. 4.2%, P<0.001), more chronic 
GvHD (22.4 vs. 6.6%, P=0.014) at one year, but similar 3-year 
OS (89.0 vs. 91.0%, P=0.555) and failure-free survival (FFS) 
(86.8 vs. 80.3%, P=0.659). More recently, 183 SAA patients 
receiving haploidentical grafts were compared with 159 
receiving MSD grafts;43 again the conditioning regimen was 

myeloablative for the haploidentical grafts (BU CY) and 
conventional FLU CY for the MSD grafts. GvHD prophylaxis 
in the haploidentical group, was based on high-dose ATG, 
MTX, CS and MMF. The 9-year FFS was 88% (MSD) and 87% 
(haploidentical donor).43 A small prospective study has now 
been reported with the addition of low-dose PTCy to the 
ATG-based GvHD prophylaxis, with encouraging results.44 

Innovation of post-transplantation cyclophosphamide
Cyclophosphamide has had a role in the therapy for SAA (both 
transplant and non-transplant) for nearly five decades.45,46 
High-dose cyclophosphamide (HiCY) is highly immuno-
suppressive, but not myeloablative, allowing endogenous 
hematopoietic stem cells to reconstitute hematopoiesis — 
the major goal in any treatment paradigm for a bone mar-
row failure disorder such as acquired SAA. As such, HiCY 
is combined with ATG for one of the most commonly used 
HCT conditioning regimens for acquired SAA.47 Historically, 
complete reconstitution of autologous hematopoiesis occurs 
in 10-15% of patients undergoing alloHCT for aplastic ane-
mia.48-50 Many of these patients have maintained long-term 
remissions despite autologous reconstitution. The EBMT 
reported that 10% of patients with SAA experience autol-
ogous reconstitution following HCT with this conditioning 
and a 10-year survival (84%) in those patients equivalent or 
better than in patients who engrafted (74%).51 
Autologous recovery after HiCY and an allogeneic transplant 
suggests that the immunosuppressive effect of HiCY has 
allowed for hematologic recovery in those patients; as a 
consequence, HiCY has been tested for primary treatment 
of aplastic anemia, with some patients showing hematologic 
recovery.52 However, the long-lasting cytopenias following 
HiCY and the risk of infections has discouraged most in-
vestigators from using HiCy for the treatment of aplastic 
anemia. Thus, the Johns Hopkins group incorporated past 
work in the malignant arena with cyclophosphamide in the 
post transplantation setting (PTCy) and began piloting this 
platform in non-malignant disorders.
Post-transplantation cyclophosphamide has allowed for 
transplantation of alloHCT from matched, mismatched, 
unrelated or haplo-identical donors in both malignant and 
non-malignant diseases.53-57 Indeed, the administration of a 
properly timed, high dose of CY given after HCT inhibits both 
GvHD as well as graft rejection. Use of PTCy expands the 
donor pool, achieves engraftment in over 90% of patients, 
and maintains low rates of GvHD in both malignant and 
non-malignant diseases.58-60 Relapse after HLA-haploiden-
tical HCT and PTCy remains the leading cause of death for 
hematologic malignancies. The first successful use of PTCy 
for GvHD when using HCT to treat SAA was by DeZern et 
al. in an HLA matched setting, following a myeloablative 
busulfan and cyclophosphamide conditioning regimen.61 
Other centers have explored less intense conditioning with 
some success. Using a reduced intensity conditioning with 
PTCy and mobilized PBSC in 8 patients, Clay et al. report-
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ed successful engraftment in 6 patients and low rates of 
acute GvHD and no chronic GvHD.62 Esteves et al. also 
described haploidentical HCT using the Baltimore regimen 
in another small cohort with 16 patients, after failure of 
IST or graft failure following unrelated-donor or cord blood 
transplant. Graft source was bone marrow in 13 and PBSC 
in 3. The 1-year OS was 67.1% (95% CI: 36.5-86.4%).63 These 
studies have brought PTCy into the mainstream for SAA 
GvHD prophylaxis. 

Current data for lower rates of graft-versus-host disease
Arcuri et al. analyzed 87 pediatric and adult patients who 
underwent haplo-PTCy HCT for SAA between 2010 and 
2019. Primary graft failure occurred in 15% of the patients, 
and secondary or poor graft function occurred in 5%. The 
incidences of grade II-IV acute GvHD was 14%, and that of 
chronic GvHD was 9%. Two-year overall survival and event-
free survival (EFS) were 79% and 70%, respectively, again 
comparing favorably in refractory disease.64 More recently, 
DeZern et al. reported on a single institutional prospective 
phase II trial of PTCy for relapsed/refractory disease.30,65 Some 
treatment-naïve patients with SAA were also reported. The 
cumulative incidence of grade II-IV acute GvHD at day 100 
was 11% and of chronic GvHD at two years was 8%. Similar 
results were seen in 10 patients with SAA who received the 
identical non-myeloablative regimen with PTCy but matched 
sibling or unrelated donor transplants. These single institution 
studies were further validated in the USA with a multi-center 
prospective trial. The recently completed Blood and Mar-
row Transplant Clinical Trials Network (BMT CTN) 1502, was 
a prospective phase II clinical trial of haploidentical donor 
HCT with ATG and PTCy for relapsed or refractory SAA (clin-
icaltrials.gov identifier: 02918292).31 Thirty-one patients with 
relapsed/refractory SAA were transplanted on this multi-
center trial. The median age was 24.9 (range 2.1-70.3) years 
and median follow-up was 24.3 (range 11.2-40.3) months. 
Twenty-four patients were alive with engraftment at one 
year and one patient was alive with autologous recovery. 
The day-100 cumulative incidence of grade II-IV acute GvHD 
was 16% (95% CI: 6-31%.) The 1-year incidence of chronic 
GvHD was 26% (95% CI: 12-42.%). The 1-year OS was 81% 
(95% CI: 62-91%). Four patients had primary and one had 
secondary graft failure (GF).31 

Increasing use of alternative donors
In the current era, the goals of SAA therapy continue to be 
focused on regimens which recover hematopoiesis with 
minimal toxicity. As modern outcomes for HCT continue to 
improve in SAA, efforts to expand the donor pool and provide 
equitable access to curative therapy have been increasing, 
especially given continued longer term concerns about 
traditional IST.11,66,67 In pediatrics, there are ongoing trials in 
the treatment-naïve setting investigating upfront MUD BMT 
(clinicaltrials.gov identifier: 05600426), pTCD approaches 
(clinicaltrials.gov identifier: 03047746), and haplo-PTCy ap-

proaches (clinicaltrials.gov identifier: 06517641). 
The use of haploidentical HCT in SAA is very practical, as a 
donor is usually available and this can shorten time from 
diagnosis to transplant. The use of upfront haploidentical 
HCT has already been reported in some series with and 
without PTCy. Xu et al. reported on outcomes of upfront 
HCT in 158 patients with SAA,68 based on the Beijing GCSF/
ATG platform.42,68

Graft failure
As in many non-malignant disorders, graft failure is a major 
issue for SAA patients and has been one of the main reasons 
for which alternative-donor HCT has not previously been 
used more frequently in the upfront setting.69 The under-
lying mechanism of disease in SAA, involving auto-reactive 
T-cell destruction of HSC, makes it particularly high risk for 
graft failure.70 The Beijing group has reported a very high rate 
of engraftment using a myeloablative BU_Cy conditioning 
regimen.68 In the TCRαβ+ T-cell depletion platform with hap-
loidentical donors, graft failure has been reported in >50% 
of high-risk non-malignant disorders, including SAA.39,41 This 
was not seen in the mismatched unrelated donor setting. 
Similarly in the original PTCy haploidentical cohort, 3 of the 
first 7 patients suffered a graft rejection necessitating an 
increase in TBI.30 Thus, graft failure is still a risk in HCT for 
SAA, but current regimens with intensified immune ablation 
have been able to minimize these events.
Upfront use of a PTCy-based regimen with alternative (mostly 
haploidentical) donors was suggested by the BMT CTN State 
of the Science Symposium 2021 as the next needed innova-
tion for the SAA field.71 The Johns Hopkins group has already 
utilized ATG and PTCy in the upfront setting with very promis-
ing outcomes.30 Notably, in the relapsed setting, engraftment 
had not been an issue. However, in the treatment-naïve 
setting, 3 of the first 7 patients treated with only 200 cGY TBI 
had primary or secondary graft failure. With augmentation 
to 400 cGy, no further graft loss was noted, suggesting this 
additional radiation is required for durability of the platform. 
Very low rates of acute and chronic GvHD were still seen.30 
One key feature of any chosen donor is the graft dose. The 
importance of cell dose to facilitate engraftment and survival 
has been demonstrated in several trials.31,64 Unsurprisingly, 
severe infections and toxicities occurred at much higher 
rates in patients who had early or late graft rejection; thus, 
a high cell dose to maximize engraftment is a key to optimal 
outcomes. Going forward, it will be important to determine 
whether the ATG, fludarabine, cyclophosphamide and TBI 
with PTCy, mycophenolate mofetil and tacrolimus platform 
should become standard for all allografts in SAA (over ATG 
and CY conditioning with methotrexate and cyclosporin72) 
or just reserved for alternative donor HCT. 

Donor specific antibody management 
The issue of donor specific antibodies (DSA) can be quite 
complex in many patients, but especially in those with an 
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autoimmune disease such as SAA and when engraftment is 
so critical. In clinical trials, as reported above, most have 
not been eligible if the patient has documented DSA above 
a mean fluorescence intensity (MFI) of 1,000.30,31 A recent 
report on haploidentical HCT following a myeloablative 
conditioning regimen did not find the presence of DSA to 
be predictive of graft failure.73 However, desensitization has 
been pursued for some patients with SAA in order to use a 
haploidentical donor.74 A recent retrospective analysis in 59 
pediatric patients (≤21 years) who underwent haplo-PTCy 
HCT for non-malignant conditions (including 11 with SAA) 
showed engraftment was possible with bone marrow as 
the graft source using a fludarabine-based conditioning 
regimen.75 Four patients received desensitization therapy 
with rituximab and plasmapheresis, whereas 7 patients were 
untreated. All patients with treated DSA achieved donor 
engraftment. In the multivariable analyses, untreated DSA 
were associated with lower neutrophil recovery, increased 
GF, and poor OS. This suggests that presence of DSA is an 
independent predictor of poor outcomes and DSA-positive 
donors should be avoided whenever possible. An important 
caveat is that these studies enrolled a limited number of 
subjects and were not specific to SAA. Thus, while the role 
of DSA is currently unknown in SAA, expanding the donor 
search for additional haploidentical related donor or un-
related donors to which the patient does not have DSA is 
prudent until additional data are generated.

Conclusions and future directions
Current results with TCRαβ+ T-cell depletion, as well as 
PTCy and ATG platforms, have increased the utilization of 
alternative donor HCT for upfront therapy in SAA and have 
minimized the incidence of GvHD. This is particularly critical 
since while the probability of finding a matched unrelated 
donor is >70% for patients with European ancestry, those 
with African American, Hispanic, Middle Eastern or Asian 
ancestry have a <20% to <50% probability of finding a 
fully matched unrelated donor. By allowing a one antigen 
mismatch, the probability of finding an appropriate donor 
increases to at least 70% for all these populations.25,76 The 
limitations of current published studies are the small num-
bers of patients treated in each study, as well as the limited 
follow-up time currently available. Prospective multi-cen-
ter trials investigating efficacy and monitoring long-term 
effects of these platforms will be vital, and some of these 
data will be generated by the TransIT study (clinicaltrials.
gov identifier: 05600426) and the BMT-CTN 2207 study 
(clinicaltrials.gov identifier: 06517641). In particular, the long-
term effects of TBI will need to be assessed (particularly 
fertility and secondary malignancies) and the development 
of TBI-free regimens will be critical. Similarly, clinical inves-
tigations are currently ongoing to evaluate if PTCy dosing 
can be reduced in HCT for malignancy (clinicaltrials.gov 
identifier: 04959175) or a PBSC-based graft can be used 
in elderly patients (clinicaltrials.gov identifier: 05436418), 

and these results might inform future trial iterations in 
SAA. A retrospective study in India analyzed the addition 
of abatacept to a PTCy-based GvHD prophylaxis regimen 
in patients with SAA and showed decreased acute GvHD 
and a trend towards decreased chronic GvHD in patients 
that received abatacept, thus providing preliminary data 
for a future prospective study.77 An additional study looking 
at decreasing MMF in the PTCy platform (clinicaltrials.gov 
identifier: 03983850) may also allow for optimizing the use 
of MMF in SAA.
Efforts aimed at shortening time to immune reconstitu-
tion, and decreasing transplant-related morbidity by using 
population-pharmacokinetic modeling of rATG have been 
used in several diseases and transplant platforms.78-81 The 
use of pop-PK modeled rATG and other conditioning agents 
represents an additional variable that may be optimized 
across different HCT platforms for SAA. Further modifica-
tions to the TCRαβ+ T-cell depleted platforms to modulate 
immune reconstitution and decrease viral reactivation 
are also underway (clinicaltrials.gov identifier: 03810196). 
Several groups are continuing to optimize haploidentical 
grafts in the TCRαβ+ T-cell depletion platform to minimize 
complications of graft rejection. Lastly, studies comparing 
efficacy and complications of using bone marrow versus 
PBSC in the PTCy platform, as well as whether a maximum 
CD34+ dose is to be recommended in both PTCy and TCRαβ+ 
T-cell depletion platforms, should be defined. 
Current studies are focused on improving alternative donor 
alloHCT and evaluating if standard IST or alternative donor 
alloHCT are better for all newly diagnosed patients with 
SAA. Ultimately, however, there will be a patient population 
for which IST is most appropriate, and a second popula-
tion for which intensification of therapy with upfront HCT 
is best. As both IST and HCT continue to be refined and 
outcomes continue to improve, the major question that 
will need to be addressed will be how to appropriately 
identify which patient is right for either IST or HCT. So far, 
historical approaches at identifying predictive biomarkers 
for response have failed, and thus, further effort in this 
area will be critical so that patients receive the minimal 
required therapy for cure. Thus, while the field has made 
significant improvement in the treatment for SAA, there 
continues to be room for refinements. 
There have been tremendous advances in the use of 
HCT for aplastic anemia, and outcomes are approaching 
those of matched sibling and matched unrelated donor 
transplants. These advances have allowed the potential 
donor pool to be widened, allowing for curative therapy 
to be delivered to patients that have traditionally been 
under-represented on the donor registry. Due to these 
improved outcomes, current studies are investigating the 
use of alternative donor transplant as upfront therapy in 
patients with SAA. Long-term monitoring of potential side 
effects, and identification of which patient population 
might be ideally suited for upfront BMT, will continue to 
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help refine and improve this powerful curative approach 
for patients with SAA.

Disclosures
JHO receives honoraria and research funding from Sobi. All 
of the other authors have no conflicts of interest to disclose.

Contributions 
AED, AB and JHO wrote and edited this manuscript.

Acknowledgments 
We thank Joseph Olechnowicz for editorial assistance. 

Funding 
JHO acknowledges support of the NCI Cancer Center Support 
Grant P30 CA008748 as well as FDA1 R01FD008175-01A1. The 
contents are those of the authors and do not necessarily 
represent the official views of, nor an endorsement by, the 
FDA/HHS or the US government.

References

	 1.	Brodsky RA, Jones RJ. Aplastic anaemia. Lancet. 
2005;365(9471):1647-1656.

	 2.	Scheinberg P, Young NS. How I treat acquired aplastic anemia. 
Blood. 2012;120(6):1185-1196.

	 3.	Babushok DV, DeZern AE, de Castro CM, et al. Modified Delphi 
panel consensus recommendations for management of severe 
aplastic anemia. Blood Adv. 2024;8(15):3946-3960.

	 4.	Scheinberg P. Progress in medical therapy in aplastic anemia: 
why it took so long? Int J Hematol. 2024;119(3):248-254.

	 5.	Townsley DM, Scheinberg P, Winkler T, et al. Eltrombopag added 
to standard immunosuppression for aplastic anemia. N Engl J 
Med. 2017;376(16):1540-1550.

	 6.	Peffault de Latour R, Kulasekararaj A, Iacobelli S, et al. 
Eltrombopag added to immunosuppression in severe aplastic 
anemia. N Engl J Med. 2022;386(1):11-23.

	 7.	Groarke EM, Patel BA, Gutierrez‐Rodrigues F, et al. Eltrombopag 
added to immunosuppression for children with treatment‐naïve 
severe aplastic anaemia. Br J Haematol. 2021;192(3):605-614.

	 8.	Lesmana H, Jacobs T, Boals M, et al. Eltrombopag in children 
with severe aplastic anemia. Pediatr Blood Cancer. 
2021;68(8):e29066.

	 9.	Scheinberg P, Nunez O, Weinstein B, et al. Horse versus rabbit 
antithymocyte globulin in acquired aplastic anemia. N Engl J 
Med. 2011;365(5):430-438.

	 10.	Rogers ZR, Nakano TA, Olson TS, et al. Immunosuppressive 
therapy for pediatric aplastic anemia: a North American 
Pediatric Aplastic Anemia Consortium study. Haematologica. 
2019;104(10):1974-1983.

	 11.	Patel BA, Groarke EM, Lotter J, et al. Long-term outcomes in 
patients with severe aplastic anemia treated with 
immunosuppression and eltrombopag: a phase 2 study. Blood. 
2022;139(1):34-43.

	 12.	Chuncharunee S, Wong R, Rojnuckarin P, et al. Efficacy of rabbit 
antithymocyte globulin as first-line treatment of severe aplastic 
anemia: an Asian multicenter retrospective study. Int J 
Hematol. 2016;104(4):454-461.

	 13.	Marsh JC, Bacigalupo A, Schrezenmeier H, et al. Prospective 
study of rabbit antithymocyte globulin and cyclosporine for 
aplastic anemia from the EBMT Severe Aplastic Anaemia 
Working Party. Blood. 2012;119(23):5391-5396.

	 14.	Tichelli A, Schrezenmeier H, Socie G, et al. A randomized 
controlled study in patients with newly diagnosed severe 
aplastic anemia receiving antithymocyte globulin (ATG), 
cyclosporine, with or without G-CSF: a study of the SAA 
Working Party of the European Group for Blood and Marrow 
Transplantation. Blood. 2011;117(17):4434-4441.

	 15.	Groarke EM, Feng X, Aggarwal N, et al. Efficacy of JAK1/2 
inhibition in murine immune bone marrow failure. Blood. 

2023;141(1):72-89.
	 16.	DeZern AE, Zahurak M, Symons HJ, et al. Alternative donor BMT 

with posttransplant cyclophosphamide as initial therapy for 
acquired severe aplastic anemia. Blood. 2023;141(25):3031-3038.

	 17.	Oved JH, Wang Y, Barrett DM, et al. CD3(+)/CD19(+) depleted 
matched and mismatched unrelated donor hematopoietic stem 
cell transplant with targeted T cell addback is associated with 
excellent outcomes in pediatric patients with nonmalignant 
hematologic disorders. Biol Blood Marrow Transplant. 
2019;25(3):549-555.

	 18.	Rosenfeld SJ, Kimball J, Vining D, Young NS. Intensive 
immunosuppression with antithymocyte globulin and 
cyclosporine as treatment for severe acquired aplastic anemia. 
Blood. 1995;85(11):3058-3065.

	 19.	Crump M, Larratt LM, Maki E, et al. Treatment of adults with 
severe aplastic anemia: primary therapy with antithymocyte 
globulin (ATG) and rescue of ATG failures with bone marrow 
transplantation. Am J Med. 1992;92(6):596-602.

	 20.	Gillio A, Boulad F, Small T, et al. Comparison of long-term 
outcome of children with severe aplastic anemia treated with 
immunosuppression versus bone marrow transplantation. Biol 
Blood Marrow Transplant. 1997;3(1):18-24.

	 21.	Storb R, Blume KG, O’Donnell MR, et al. Cyclophosphamide and 
antithymocyte globulin to condition patients with aplastic 
anemia for allogeneic marrow transplantations: the experience 
in four centers. Biol Blood Marrow Transplant. 2001;7(1):39-44.

	 22.	Takpradit C, Prockop SE, Kernan NA, et al. Allogeneic matched 
related donor bone marrow transplantation for pediatric 
patients with severe aplastic anemia using “low-dose” 
cyclophosphamide, ATG plus fludarabine. J Pediatr Hematol 
Oncol. 2018;40(4):e220-e224.

	 23.	Oved JH, Elgarten C, Levy EM, et al. Matched sibling donor 
transplant with reduced intensity conditioning has excellent 
results in pediatric bone marrow failure syndromes. (abstract). 
Bone Marrow Transplant. 2022;57(Suppl 1):367-368.

	 24.	Petit AF, Kulasekararaj AG, Eikema DJ, et al. Upfront unrelated 
donor hematopoietic stem cell transplantation in patients with 
idiopathic aplastic anemia: a retrospective study of the Severe 
Aplastic Anemia Working Party of European Bone Marrow 
Transplantation. Am J Hematol. 2022;97(1):E1-E3.

	 25.	Dufour C, Pillon M, Socie G, et al. Outcome of aplastic anaemia 
in children. A study by the severe aplastic anaemia and 
paediatric disease working parties of the European group blood 
and bone marrow transplant. Br J Haematol.  
2015;169(4):565-573.

	 26.	Dufour C, Veys P, Carraro E, et al. Similar outcome of upfront-
unrelated and matched sibling stem cell transplantation in 
idiopathic paediatric aplastic anaemia. A study on behalf of the 



Haematologica | 110 August 2025
1700

REVIEW ARTICLES - GvHD-free transplants for AA  J.H. Oved et al.

UK Paediatric BMT Working Party, Paediatric Diseases Working 
Party and Severe Aplastic Anaemia Working Party of EBMT. Br J 
Haematol. 2015;171(4):585-594.

	 27.	Pulsipher MA, Lehmann LE, Bertuch AA, et al. A study assessing 
the feasibility of randomization of pediatric and young adult 
patients between matched unrelated donor bone marrow 
transplantation and immune-suppressive therapy for newly 
diagnosed severe aplastic anemia: a joint pilot trial of the North 
American Pediatric Aplastic Anemia Consortium and the 
Pediatric Transplantation and Cellular Therapy Consortium. 
Pediatr Blood Cancer. 2020;67(10):e28444.

	 28.	Bacigalupo A. Matched and mismatched unrelated donor 
transplantation: is the outcome the same as for matched 
sibling donor transplantation?. Hematology Am Soc Hematol 
Educ Program. 2012;2012:223-229.

	 29.	Rice C, Eikema DJ, Marsh JCW, et al. Allogeneic hematopoietic 
cell transplantation in patients aged 50 years or older with 
severe aplastic anemia. Biol Blood Marrow Transplant. 
2019;25(3):488-495.

	 30.	DeZern AE, Zahurak ML, Symons HJ, et al. Haploidentical BMT 
for severe aplastic anemia with intensive GVHD prophylaxis 
including posttransplant cyclophosphamide. Blood Adv. 
2020;4(8):1770-1779.

	 31.	DeZern AE, Eapen M, Wu J, et al. Haploidentical bone marrow 
transplantation in patients with relapsed or refractory severe 
aplastic anaemia in the USA (BMT CTN 1502): a multicentre, 
single-arm, phase 2 trial. Lancet Haematol. 
2022;9(9):e660-e669.

	 32.	Bunin N, Aplenc R, Iannone R, Leahey A, Grupp S, Monos D, 
Pierson G. Unrelated donor bone marrow transplantation for 
children with severe aplastic anemia: minimal GVHD and 
durable engraftment with partial T cell depletion. Bone Marrow 
Transplant. 2005;35(4):369-373.

	 33.	Reisner Y, Kapoor N, O’Reilly RJ, Good RA. Allogeneic bone 
marrow transplantation using stem cells fractionated by lectins: 
VI, in vitro analysis of human and monkey bone marrow cells 
fractionated by sheep red blood cells and soybean agglutinin. 
Lancet. 1980;2(8208-8209):1320-1324.

	 34.	Margolis D, Camitta B, Pietryga D, et al. Unrelated donor bone 
marrow transplantation to treat severe aplastic anaemia in 
children and young adults. Br J Haematol. 1996;94(1):65-72.

	 35.	Pulsipher MA, Ahn KW, Bunin NJ, et al. KIR-favorable TCR-
alphabeta/CD19-depleted haploidentical HCT in children with 
ALL/AML/MDS: primary analysis of the PTCTC ONC1401 trial. 
Blood. 2022;140(24):2556-2572.

	 36.	Leahy AB, Li Y, Talano JA, et al. Unrelated donor alpha/beta T 
cell- and B cell-depleted HSCT for the treatment of pediatric 
acute leukemia. Blood Adv. 2022;6(4):1175-1185.

	 37.	Merli P, Algeri M, Galaverna F, et al. TCRalphabeta/CD19 cell-
depleted HLA-haploidentical transplantation to treat pediatric 
acute leukemia: updated final analysis. Blood.  
2024;143(3):279-289.

	 38.	Merli P, Pagliara D, Mina T, et al. alphabetaT- and B-cell-
depleted HLA-haploidentical hematopoietic stem cell 
transplantation in children with myelodysplastic syndromes. 
Haematologica. 2022;107(12):2966-2971.

	 39.	Merli P, Pagliara D, Galaverna F, et al. TCRalphabeta/CD19 
depleted HSCT from an HLA-haploidentical relative to treat 
children with different nonmalignant disorders. Blood Adv. 
2022;6(1):281-292.

	 40.	Oved JH, Elgarten CW, Wang Y, et al. Ex vivo T-cell receptor αβ+/
CD19+ depletion of peripheral stem cell grafts for pediatric 

patients with bone marrow failure (BMF) undergoing unrelated 
donor transplantation. Blood. 2021;138(Suppl 1):171.

	 41.	Bertaina A, Merli P, Rutella S, et al. HLA-haploidentical stem cell 
transplantation after removal of alphabeta+ T and B cells in 
children with nonmalignant disorders. Blood.  
2014;124(5):822-826.

	 42.	Xu LP, Wang SQ, Wu DP, et al. Haplo-identical transplantation 
for acquired severe aplastic anaemia in a multicentre 
prospective study. Br J Haematol. 2016;175(2):265-274.

	 43.	Xu ZL, Xu LP, Wu DP, et al. Comparable long-term outcomes 
between upfront haploidentical and identical sibling donor 
transplant in aplastic anemia: a national registry-based study. 
Haematologica. 2022;107(12):2918-2927.

	 44.	Ma X, Xu Z, Han T, et al. Low-dose post-transplant 
cyclophosphamide with G-CSF/ATG based haploidentical 
protocol provides favorable outcomes for SAA patients. Front 
Immunol. 2023;14:1173320.

	 45.	Gamper CJ, Takemoto CM, Chen AR, et al. High-dose 
cyclophosphamide is effective therapy for pediatric severe 
aplastic anemia. J Pediatr Hematol Oncol. 2016;38(8):627-635.

	 46.	Brodsky RA, Chen AR, Dorr D, et al. High-dose 
cyclophosphamide for severe aplastic anemia: long-term 
follow-up. Blood. 2010;115(11):2136-2141.

	 47.	Storb R, Etzioni R, Anasetti C, et al. Cyclophosphamide 
combined with antithymocyte globulin in preparation for 
allogeneic marrow transplants in patients with aplastic anemia. 
Blood. 1994;84(3):941-949.

	 48.	Thomas ED, Storb R, Giblett ER, et al. Recovery from aplastic 
anemia following attempted marrow transplantation. Exp 
Hematol. 1976;4(2):97-102.

	 49.	Sensenbrenner LL, Steele AA, Santos GW. Recovery of 
hematologic competence without engraftment following 
attempted bone marrow transplantation for aplastic anemia: 
report of a case with diffusion chamber studies. Exp Hematol. 
1977;77(1):51-58.

	 50.	Gmur J, von Felten A, Phyner K, Frick PG. Autologous 
hematologic recovery from aplastic anemia following high dose 
cyclophosphamide and HLA-matched allogeneic bone marrow 
transplantation. Acta Haematologica. 1979;62(1):20-24.

	 51.	Piccin A, McCann S, Socie G, et al. Survival of patients with 
documented autologous recovery after SCT for severe aplastic 
anemia: a study by the WPSAA of the EBMT. Bone Marrow 
Transplant. 2010;45(6):1008-1013.

	 52.	Brodsky RA, Chen AR, Dorr D, et al. High-dose 
cyclophosphamide for severe aplastic anemia: long-term 
follow-up. Blood. 2010;115(11):2136-2141.

	 53.	DeZern AE, Brodsky RA. Combining PTCy and ATG for GvHD 
prophylaxis in non-malignant diseases. Blood Rev. 
2023;62:101016.

	 54.	Alanazi W, Chen S, Lipton JH, et al. Post-transplant 
cyclophosphamide combined with anti-thymocyte globulin as 
graft-versus-host disease prophylaxis for allogeneic 
hematopoietic cell transplantation in high-risk acute myeloid 
leukemia and myelodysplastic syndrome. Acta Haematol. 
2021;144(1):66-73.

	 55.	Nagler A, Kanate AS, Labopin M, et al. Post-transplant 
cyclophosphamide versus anti-thymocyte globulin for graft-
versus-host disease prevention in haploidentical transplantation 
for adult acute lymphoblastic leukemia. Haematologica. 
2021;106(6):1591-1598.

	 56.	ElGohary G, El Fakih R, de Latour R, et al. Haploidentical 
hematopoietic stem cell transplantation in aplastic anemia: a 



Haematologica | 110 August 2025
1701

REVIEW ARTICLES - GvHD-free transplants for AA  J.H. Oved et al.

systematic review and meta-analysis of clinical outcome on 
behalf of the severe aplastic anemia working party of the 
European group for blood and marrow transplantation (SAAWP 
of EBMT). Bone Marrow Transplant. 2020;55(10):1906-1917.

	 57.	Bacigalupo A, Giammarco S. Haploidentical donor transplants 
for severe aplastic anemia. Semin Hematol. 2019;56(3):190-193.

	 58.	Webster JA, Reed M, Tsai HL, et al. Allogeneic blood or marrow 
transplantation with high-dose post-transplantation 
cyclophosphamide for acute lymphoblastic leukemia in patients 
age >/=55 years. Transplant Cell Ther. 2023;29(3):182.e1-182.e8.

	 59.	Hughes MS, Sterling CH, Varadhan R, et al. Mismatched donor 
transplantation with post-transplantation cyclophosphamide 
for advanced cutaneous T-cell lymphoma: a single-center 
retrospective study. Leuk Lymphoma. 2022;63(12):2987-2991.

	 60.	Klein OR, Bapty S, Lederman HM, et al. Reduced intensity bone 
marrow transplantation with post-transplant cyclophosphamide 
for pediatric inherited immune deficiencies and bone marrow 
failure syndromes. J Clin Immunol. 2021;41(2):414-426.

	 61.	Dezern AE, Luznik L, Fuchs EJ, Jones RJ, Brodsky RA. Post-
transplantation cyclophosphamide for GVHD prophylaxis in 
severe aplastic anemia. Bone Marrow Transplant. 
2011;46(7):1012-1013.

	 62.	Clay J, Kulasekararaj AG, Potter V, et al. Nonmyeloablative 
peripheral blood haploidentical stem cell transplantation for 
refractory severe aplastic anemia. Biol Blood Marrow Transplant. 
2014;20(11):1711-1716.

	 63.	Esteves I, Bonfim C, Pasquini R, et al. Haploidentical BMT and 
post-transplant Cy for severe aplastic anemia: a multicenter 
retrospective study. Bone Marrow Transplant.  
2015;50(5):685-689.

	 64.	Arcuri LJ, Nabhan SK, Cunha R, et al. Impact of CD34 cell dose 
and conditioning regimen on outcomes after haploidentical 
donor hematopoietic stem cell transplantation with post-
transplantation cyclophosphamide for relapsed/refractory 
severe aplastic anemia. Biol Blood Marrow Transplant. 
2020;26(12):2311-2317.

	 65.	DeZern AE, Zahurak M, Symons H, Cooke K, Jones RJ, Brodsky 
RA. Alternative donor transplantation with high-dose post-
transplantation cyclophosphamide for refractory severe aplastic 
anemia. Biol Blood Marrow Transplant. 2017;23(3):498-504.

	 66.	Tichelli A, de Latour RP, Passweg J, et al. Long-term outcome of 
a randomized controlled study in patients with newly diagnosed 
severe aplastic anemia treated with antithymocyte globulin and 
cyclosporine, with or without granulocyte colony-stimulating 
factor: a Severe Aplastic Anemia Working Party trial from the 
European Group of Blood and Marrow Transplantation. 
Haematologica. 2020;105(5):1223-1231.

	 67.	Gurnari C, Pagliuca S, Prata PH, et al. Clinical and molecular 
determinants of clonal evolution in aplastic anemia and 
paroxysmal nocturnal hemoglobinuria. J Clin Oncol. 
2022;41(1):132-142.

	 68.	Xu LP, Jin S, Wang SQ, et al. Upfront haploidentical transplant 
for acquired severe aplastic anemia: registry-based comparison 
with matched related transplant. J Hematol Oncol. 2017;10(1):25.

	 69.	Montoro J, Eikema DJ, Tuffnell J, et al. Alternative donor 

transplantation for severe aplastic anemia: a comparative study 
of the SAAWP EBMT. Blood. 2024;144(3):323-333.

	 70.	Hartung HD, Olson TS, Bessler M. Acquired aplastic anemia in 
children. Pediatr Clin North Am. 2013;60(6):1311-1336.

	 71.	Heslop HE, Stadtmauer EA, Levine JE, et al. Blood and Marrow 
Transplant Clinical Trials Network State of the Science 
Symposium 2021: looking forward as the Network celebrates its 
20th year. Transplant Cell Ther. 2021;27(11):885-907.

	 72.	Storb R, Leisenring W, Anasetti C, et al. Long-term follow-up of 
allogeneic marrow transplants in patients with aplastic anemia 
conditioned by cyclophosphamide combined with 
antithymocyte globulin. Blood. 1997;89(10):3890-3891.

	 73.	Giammarco S, Raiola AM, Di Grazia C, et al. Second 
haploidentical stem cell transplantation for primary graft failure. 
Bone Marrow Transplant. 2021;56(6):1291-1296.

	 74.	Lipsitt A, Arnold P, Chi L, et al. Outcomes of patients who 
underwent treatment for anti-HLA donor-specific antibodies 
before receiving a haploidentical hematopoietic cell transplant. 
Pediatr Blood Cancer. 2022;69(12):e29993.

	 75.	Lima ACM, Bonfim C, Getz J, et al. Untreated donor-specific 
HLA antibodies are associated with graft failure and poor 
survival after haploidentical transplantation with post-
transplantation cyclophosphamide in pediatric patients with 
nonmalignant disorders. Transplant Cell Ther.  
2022;28(10):698.e1-698.e11.

	 76.	Gragert L, Eapen M, Williams E, et al. HLA match likelihoods for 
hematopoietic stem-cell grafts in the U.S. registry. N Engl J 
Med. 2014;371(4):339-348.

	 77.	Kharya G, Jaiswal SR, Bhat S, et al. Impact of conditioning 
regimen and graft-versus-host disease prophylaxis on the 
outcome of haploidentical peripheral blood stem cell 
transplantation for high-risk severe aplastic anemia in children 
and young adults: a report from the Pediatric Severe Aplastic 
Anemia Consortium of India. Transplant Cell Ther. 
2023;29(3):199.e1-199.e10.

	 78.	Admiraal R, van Kesteren C, Jol-van der Zijde CM, et al. 
Association between anti-thymocyte globulin exposure and 
CD4+ immune reconstitution in paediatric haematopoietic cell 
transplantation: a multicentre, retrospective pharmacodynamic 
cohort analysis. Lancet Haematol. 2015;2(5):e194-203.

	 79.	Lakkaraja M, Mauguen A, Boulad F, et al. Impact of rabbit anti-
thymocyte globulin (ATG) exposure on outcomes after ex vivo 
T-cell-depleted hematopoietic cell transplantation in pediatric 
and young adult patients. Cytotherapy. 2024;26(4):351-359.

	 80.	Barbarito G, Hiroshima L, Oppizzi L, et al. Model-based 
antithymocyte globulin in alphabetahaplo-hematopoietic stem 
cell transplantation facilitates engraftment, expedites T cell 
recovery, and mitigates the risk of acute graft-versus-host 
disease. Transplant Cell Ther. 2024;30(8):810.e81-810.e16.

	 81.	Admiraal R, Nierkens S, Bierings MB, et al. Individualised dosing 
of anti-thymocyte globulin in paediatric unrelated allogeneic 
haematopoietic stem-cell transplantation (PARACHUTE): a 
single-arm, phase 2 clinical trial. Lancet Haematol. 
2022;9(2):e111-e120.




