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Abstract

Acquired aplastic anemia (AA) in children is a rare bone marrow failure that requires several special considerations for its
diagnosis and treatment compared with that in adults. The most common issue is the differential diagnosis with refractory
cytopenia of childhood and inherited bone marrow failure syndromes, which is crucial for making decisions on the appropri-
ate treatment for pediatric AA. In addition to detailed morphological evaluation, a comprehensive diagnostic work-up that
includes genetic analysis using next-generation sequencing will play an increasingly important role in identifying the under-
lying etiology of pediatric AA. When discussing treatment strategies for children with acquired AA, the long-term sequelae
and level of hematopoietic recovery that affect daily or school life should also be considered, although the overall survival
rate has reached 90% after immunosuppressive therapy or hematopoietic cell transplantation (HCT). Recent advances in HCT
for pediatric patients with acquired AA have been remarkable, with the successful use of upfront bone marrow transplanta-
tion from a matched unrelated donor, unrelated cord blood transplantation or haploidentical HCT as salvage treatment, and
fludarabine/melphalan-based conditioning regimens. This review discusses current clinical practices in the diagnosis and
treatment of acquired AA in children based on the latest data.
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Introduction

Acquired aplastic anemia (AA) in children is a life-threaten-
ing disorder characterized by pancytopenia and hypocellular
bone marrow (BM) [1]. Although patients are at risk for
mortality because of bleeding or infection, the survival rate
has reached 90% after immunosuppressive therapy (IST) or
hematopoietic cell transplantation (HCT), which have been
accepted as standard treatments in the past 3 decades [2, 3].
For optimal care and management, the underlying etiology
of AA must be identified whenever possible, and the main
differential diagnosis for children who meet the criteria of
AA includes acquired AA, refractory cytopenia of childhood
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(RCCQ), inherited bone marrow failure syndromes (IBMFS),
and other disorders. Thus, the usefulness of a central review
system that includes detailed morphological evaluation and
a comprehensive diagnostic work-up that includes genetic
analysis have been highlighted [4—7]. In children, the choice
of an appropriate treatment is influenced by the long-term
sequelae of the disease and its therapy. The main challenges
with IST are the lack of response, relapse, and clonal evolu-
tion, leading to a sustained remission rate of 40-60% [8—11].
Graft failure, graft versus host disease (GVHD), and second-
ary malignancies limit the success of HCT; however, recent
advances in HCT have been remarkable, creating a paradigm
shift in the treatment of pediatric acquired AA [12-14]. The
latest topics include improved conditioning regimens aimed
at overcoming late graft failure (LGF) such as donor-type
aplasia or poor graft function, upfront usage of bone mar-
row transplantation (BMT) from a matched unrelated donor
(MUD), which has been reserved for non-responders to IST,
and the successful development of unrelated cord blood
transplantation (UCBT) and haploidentical HCT.
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This review aimed to describe recent advances in the
diagnosis and therapeutic approaches and summarize cur-
rent algorithm for the treatment of acquired AA in children
based on latest data from recent studies.

Differential diagnosis of pediatric acquired
AA

RCC

A definitive diagnosis of bone marrow failures (BMFs) in
children is clinically challenging, with the most common
issue being the differential diagnosis between AA and hypo-
plastic myelodysplastic syndromes (MDS), especially RCC,
which is a provisional entity in the World Health Organiza-
tion (WHO) classification of childhood MDS [15]. For the
morphological diagnosis and evaluation of cellularity, BM
biopsy, in addition to BM aspiration, is crucial, because BM
cellularity can be patchy (Fig. 1). The new classification of
RCC as a type of MDS raised some controversies in clini-
cal practice because the BM of RCC is mostly hypoplastic
and many of them have been diagnosed and successfully
treated as AA [16—18]. Conversely, according to the WHO
classification, the spectrum of RCC is broadly defined and
supposed to include up to normo- or hypercellular BM that
meets the criteria for MDS with multilineage dysplasia
(MLD) as defined for adult MDS [15]. To determine the
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Fig. 1 Histopathological findings in pediatric bone marrow failures.
A Severe hypocellular bone marrow in aplastic anemia (AA). B Mild
hypocellular and patchy pattern bone marrow in refractory cytope-
nia of childhood (RCC). C Hypercellular bone marrow in RCC with
multilineage dysplasia (MLD). D Decreased number of mature mega-

clinical significance of RCC, a recent prospective study con-
ducted by the Japanese Society of Pediatric Hematology/
Oncology evaluated BM morphology and its correlation
with treatment outcomes in 252 children with acquired BMF
[19]. The morphological distribution was AA in 25%, RCC
without MLD in 52%, and RCC with MLD in 23%, and con-
sistent with previous reports, no differences were found in
their response rate to IST, incidence of clonal evolution, or
overall survival (OS) among the three groups, although RCC
with MLD was more likely to have chromosomal abnor-
malities at diagnosis. Thus, in clinical practice, the optimal
care and treatment appear to be largely the same for AA and
hypoplastic RCC [20].

Diagnostic approach incorporating comprehensive
genetic testing

The differential diagnosis with IBMFS is also critical for the
optimal treatment of acquired AA; if patients with IBMFS
are treated as having acquired AA, they may not respond to
the IST and can experience increased toxicity after a con-
ditioning regimen used for HCT in acquired AA. IBMFS
is more common in children, comprising approximately
10-20% of all pediatric BMF, but can also present in ado-
lescent and young adults [21]. Possible IBMFS is supported
by the presence of a family history and characteristic physi-
cal abnormalities; however, cryptic or atypical presentations
may obscure the correct diagnosis. In other words, IBMFS
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karyocytes and the presence of mononuclear small-sized megakaryo-
cytes and micromegakaryocytes in RCC. E Megaloblastic changes of
erythroblasts in RCC. F Abnormal localization of erythroblasts under
the cortical bone in RCC
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may be hidden even among patients diagnosed with acquired
AA. Several consensus guidelines for the diagnosis of BMF
in children describe the usefulness of a comprehensive diag-
nostic work-up, combining a detailed interview including
family and present history, physical examination, blood and
BM evaluations, screening tests to exclude IBMFS such as
chromosome fragility test for Fanconi anemia and telomere
length measurement by flow fluorescence in situ hybridi-
zation for dyskeratosis congenita, and genetic analyses
[4-6, 22]. Especially, next-generation sequencing (NGS) is
increasingly used for the definitive diagnosis of IBMFS and
has been confirmed as an effective tool for differential diag-
nosis with acquired AA [7, 23]. A recent study in the US,
including 732 children and adult HCT recipients clinically
diagnosed with acquired AA, revealed that a comprehen-
sive genetic analysis using NGS identified 48 (6.6%) patients
with unrecognized IBMFS having 62 germline pathogenic
variants in 22 IBMFS-associated genes [24]. Furthermore,
patients with unrecognized IBMFS had inferior survival
because of treatment-related mortality from organ failure.
Thus, to tailor optimal intensity of conditioning regimens,
genetic testing should be part of the diagnostic evaluation
before HCT for all pediatric, adolescent, and may adult
patients with AA. In addition, the diagnosis of IBMFS with-
out overlooking it allows for appropriate long-term follow-
up, with attention to the development of organ dysfunction
and secondary malignancies that are specific and frequent
in each IBMFS [25].

Conditioning regimens for acquired BMF
in children

BMT has been an established treatment for acquired BMF,
represented by AA, and the survival rate has reached 90% in
pediatric patients [1-3, 26]. The standard conditioning regi-
men for BMT, as originally described by the Seattle group,
is cyclophosphamide (CY) 200 mg/kg and antithymocyte
globulin (ATG) [27]; however, the high-dose CY correlated
with excess toxicities, such as cardiac dysfunction. Since the
2000s, as a strategy to reduce the dose of CY, fludarabine
(FLU) has been incorporated into conditioning regimens
for acquired AA [28, 29]. The European Group for Blood
and Marrow Transplantation (EBMT) has recommended
a regimen comprising FLU, lower dose CY (1200 mg/m?,
equivalent to approximately 40 mg/kg in children), and ATG
for pediatric patients, and the same regimen combined with
2 Gy of total body irradiation (TBI) for adult patients [30].
However, the occurrence of graft failure including LGF
with full donor chimerism, which is referred to as donor-
type aplasia or poor graft function, remains a great concern,
and the incidence has ranged from 12 to 17% [29-31]. To
investigate the optimal dose of CY combined with FLU,

@ Springer

a prospective study from the US compared the four doses
of CY (0-150 mg/kg) [32, 33]. The arms receiving 0 and
150 mg/kg were quickly closed due to the high rates of pri-
mary graft failure and excess toxicity, respectively; thus, CY
at a dose of 50-100 mg/kg was recommended. However, the
incidence of graft failure, mainly LGF, was still high with
12-15%. Thus, another way to overcome graft failure other
than adjusting the CY dose is required, and one possible way
is to incorporate other alkylating agents to FLU.

A recent Japanese study of 367 children with acquired
BMF used national registry data and showed that melpha-
lan (MEL) has been successfully adopted for both patients
with acquired AA and RCC receiving BMT, instead of CY
[14]. In that study, the FLU/MEL-based regimen provided
excellent outcomes; the OS and failure-free survival (FFS)
reached 98% and 97%, respectively, the incidence of LGF
decreased to 3%, and donor-type aplasia was not observed.
In contrast, in patients receiving FLU/CY-based regimen,
LGF was the most common cause of treatment failure at
11%, of which>60% were donor-type aplasia. Donor-type
aplasia is a severe complication that may require stem cell
boost and/or re-transplantation in a significant proportion of
patients [34, 35]. Considering the risk of re-transplantation,
strategies to prevent this complication should be imple-
mented at the time of initial transplantation. On the basis
of the results, currently, a regimen comprising FLU, MEL
(140 mg/m?), and ATG with/without low-dose TBI as prom-
ising option for children with acquired BMF receiving BMT
has been included in the treatment guidelines in Japan [20].

Upfront unrelated donor BMT

In children with acquired AA, BMT from a matched related
donor (MRD) has been the treatment of choice [1, 2, 36],
and recently, donors reported expanding to include one-locus
mismatched related donors (IMMRD) [37]. IST using ATG
and cyclosporine (CyA) has been considered the first-line
therapy for patients who lack a MRD, with BMT from a
MUD reserved as a salvage therapy for non-responders to
IST. Based on the recent dramatic improvement in outcomes
of BMT from a MUD, comparable to BMT from a MRD
[38, 39], upfront BMT from a MUD has been considered
an attractive option for children with acquired AA [40, 41].

In a UK study of HCT from MUD as first-line therapy
in 29 patients aged <20 years, excellent outcomes were
reported with 2-year OS and FFS of 96% and 92%, respec-
tively [40]. The most notable result was that outcomes of
upfront HCT from a MUD were significantly better than
those after HCT from a MUD performed as rescue after a
failed response to IST. More recently, the EBMT analyzed
the outcomes of 74 patients aged 1-76 years who received
upfront unrelated HCT for acquired AA between 2010 and
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2018 [41]. Considering that the population included 23% of
patients who were > 40 years, the outcomes appeared prom-
ising. The 2-year OS and GVHD-free/relapse-free survival
(GRFS) rates, defined as survival having engrafted without
grade III-1V acute GVHD and extensive chronic GVHD,
were 89% and 86%, respectively. When discussing the treat-
ment strategies for children with AA, the long-term seque-
lae and level of hematopoietic recovery that affect daily or
school life should be also considered. Importantly, when the
analysis was limited to patients aged < 15 years, the 2-year
GRFS exceeded 90%, indicating that BMT from a MUD
is a promising first-line treatment for children with AA in
terms of maintaining quality of life (QOL) after transplanta-
tion. These results led several guidelines to recommend that
upfront MUD BMT can be a potential option in children
with acquired AA who lack a MRD if a MUD is available
within 2-3 months of diagnosis [30, 42, 43]. The upfront
MUD BMT approach is highly dependent on the prompt-
ness of donor coordination and availability, with the risk of
infectious and bleeding complications caused by unexpected
donor delays. Previous retrospective studies have missed
patients who were scheduled for upfront MUD BMT but
were not performed because of unexpected complications or
donor cancellation. Ongoing prospective intention-to-treat
trials can address this limitation and may confirm this strat-
egy as the standard of care for children with acquired AA.

Options for second-line treatment: UCBT
and haploidentical HCT

Although treatment options for patients with acquired AA
without a matched BM donor have been limited, advances
in supportive care, improved conditioning regimens, and
emergence of novel GVHD prophylaxis strategies over the
past decade have led to vigorous development of UCBT and
haploidentical HCT as feasible treatment options.

Early studies on UCBT for patients with acquired
AA showed limited success, with approximately 50% of
graft failure, which resulted in the OS rate of approxi-
mately 40% [44, 45]. A recent prospective French study
(APCORD) that included 26 pediatric and young adult
patients who underwent UCBT between 2011 and 2015
with a regimen comprising FLU, CY, ATG, and 2 Gy of
TBI reported improved results, with the 2-year OS rate of
81% and engraftment of 88%, respectively [46]. A nation-
wide survey in Japan also reported remarkably improved
UCBT outcomes in pediatric patients aged < 16 years, with
a 5-year OS rate of 100% among 21 patients transplanted
between 2011 and 2020 [26]. This was comparable to
5-year OS rates of 96% and 93% after related (n=136) and
unrelated BMT (n=137), respectively. Another Japanese
retrospective study revealed that ATG was significantly

associated with poor survival when used with UCBT,
and better outcomes were observed with a conditioning
regimen comprising FLU, CY or MEL, and low-dose
TBI without ATG (n=11); the 2-year OS and FFS rates
were both 100% [47]. These advances have the potential
to change the treatment algorithm for pediatric AA, sug-
gesting that UCBT is a useful treatment option for children
who lack a MRD or MUD or for emergency cases.
Haploidentical HCT has emerged as another second-line
treatment option for patients with AA, following its rapid
spread use for hematological malignancies. In the setting
of haploidentical HCT, bidirectional alloreactivity can lead
to both GVHD and graft failure, which represents the main
concerns with this strategy. However, significant progress
to overcome the HLA barrier has been achieved in recent
years, including ex vivo TCR-o/B-T cell depletion [48],
in vivo T-cell depletion with ATG or alemtuzumab [49],
and post-transplant CY (PTCY) approach [50-52]. Of these,
the current mainstream of haploidentical HCT consists of
two platforms for the prophylaxis of GVHD and graft fail-
ure, busulfan, CY, and high-dose ATG conditioning with a
combination of BM and peripheral blood as stem cell source
developed at Peking University [49], and PTCY approach
originally proposed by Johns Hopkins University [52]. A
multicenter phase II trial (BMT CTN 1502) on the PTCY
approach that included 31 pediatric and adult patients who
underwent haploidentical BMT as salvage therapy to IST
between 2017 and 2020, with a regimen comprising FLU,
reduced dose of CY, ATG, and 2 Gy of TBI was conducted
in the US [50]. The 1-year OS rate was 81%, with no patients
developing grade 3—4 acute GVHD or severe chronic GVHD,
a promising outcome. However, 5 (16%) patients developed
graft failure (4 primary and 1 secondary); all underwent sal-
vage HCT, of which four resulted in transplantation-related
mortality. Another retrospective analysis of haploidentical
HCT using the Johns Hopkins University platform for 16
children with AA reported by the EBMT showed 2-year OS
and 28-day neutrophil engraftment rates of 93% and 69%,
respectively, suggesting that graft failure remains as the most
concern with this approach [51]. Regarding the Peking Uni-
versity platform, a national registry-based study in China
reported comparable long-term outcomes between haploi-
dentical HCT and matched sibling donor (MSD) HCT as
first-line therapy in 342 children and adult patients with AA.
Neutrophil engraftment was observed in 97% of both groups,
with 9-year FFS rates of 87% and 88% without significant
difference, respectively, although higher incidence of GVHD
was observed in the haploidentical setting [49]. Interestingly,
the study also evaluated physical, mental, and social QOL
before and after HCT, a measure of long-term outcomes not
reflected in FFS, and found great improvements in the QOL
after HCT, to the same extent between haploidentical and
MSD HCT in both children and adults. These results will
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encourage further widespread use of haploidentical trans-
plantation for acquired AA.

Eltrombopag (EPAG) added to IST

Despite little progress in IST for AA for a long time, the
thrombopoietin receptor agonists, EPAG, have recently been
shown to have efficacy not only for refractory patients but
also for untreated patients with AA. In a multicenter phase
I trial (RACE) conducted by the EBMT, 197 patients
aged > 15 years with untreated severe AA were randomized
to receive horse ATG plus CyA or with EPAG, and the over-
all response rates (ORR) at 6 months were 41% and 68%,
respectively, indicating that the addition of EPAG to stand-
ard IST can improve short-term outcomes [53]. Regarding
the long-term outcomes of IST with EPAG, the National
Institutes of Health (NIH) reported high relapse rate in a pro-
spective study with a median 4-year follow-up that included
178 pediatric and adult patients with AA: the 6-momth ORR
to IST with EPAG was 81%; however, the relapse rate at
4 years among responders was as high as 43%, suggesting
that its long-term therapeutic efficacy has not been satisfac-
tory [54]. The incidence of clonal evolution, which is of
greatest concern in the addition of EPAG, is reported to be
approximately 15%, which was comparable to that of con-
ventional IST. Even when limited to high-risk chromosomal
abnormalities such as monosomy 7 and complex karyotypes,
the incidence is not small, ranging from 5 to 10% [54-56].
Patients with high-risk chromosomal abnormalities have a
poor prognosis, and careful observation with periodic BM
evaluation remains essential, with or without the addition
of EPAG.

Experience with the use of EPAG in children with
newly diagnosed acquired AA is limited, with results from
two prospective studies reported [56, 57]. A subgroup
analysis of the NIH study described above, focusing on
patients aged < 18 years, showed that the addition of EPAG
to IST did not improve outcomes unlike in adult patients;
no difference in the 6-month ORR was found between
87 control patients given conventional IST and 40 who
received additional EPAG [56]. Notably, the relapse rate
for responders was significantly higher in the EPAG group
(43%) than in the control group (27%); consequently, the
4-year FFS was inferior in the EPAG group (44%) than in
the control group (55%). Another concern is that during
the 4-year follow-up, 5 (13%) patients in the EPAG group
developed clonal evolution including three of monosomy
7, and one of them progressed to acute myeloid leukemia.
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Another prospective study of 98 children with AA in Rus-
sia also found no improvement in short- or long-term out-
comes with the use of EPAG, that is, no difference was
fond in the ORR, relapse rate, or FFS between IST with
or without EPAG [57]. Currently, no evidence available
recommends the addition of EPAG to IST with ATG and
CyA for untreated pediatric AA. Although it is unclear
whether EPAG use contributes to clonal evolution and
further studies are warranted, EPAG should be used cau-
tiously in children.

Conclusion

As AA is arare disease in children, many physicians, includ-
ing pediatric hematologists, have limited experience in its
diagnosis and treatment. Thus, all children presenting with
BMF should be referred to an institute or hospital with
expertise in AA and other BMFs and offered an appropriate
diagnostic work-up and follow-up. With the recognition of
the possible underlying causes of IBMFS in the diagnosis of
pediatric AA, several studies have demonstrated the impor-
tance of comprehensive genetic analysis using NGS. Cur-
rently, guidelines from various countries recommend com-
prehensive diagnostic work-up incorporating these genetic
testing and will play an increasingly important role in mak-
ing decisions for diagnosis and treatment of pediatric AA
in the future [7, 25, 42]. The treatment algorithm currently
used for the optimal therapeutic management of acquired
AA in children, based on our recent experiences and those
of others, is illustrated schematically in Fig. 2. BMT from
a MRD/IMMRD is the treatment of choice. Given the
recent advances in unrelated donor HCT, MUD, if readily
available, could also be considered first-line therapy in the
absence of a MRD/IMMRD. UCBT and haploidentical HCT
are promising options for emergency cases and for patients
without available matched donors, although these should
be performed in experienced centers. The FLU/MEL-based
regimen may be a standard conditioning for children with
acquired AA that could overcome LGF, the most concerning
complication of HCT [14]. In addition, long-term follow-
up is essential to detect IST- or HCT-related complications
and to evaluate QOL after treatment. Therefore, in the field
of acquired AA in children, not only further development
of diagnosis and treatment but also age-appropriate patient
education and transition from pediatrics to adult medicine
are important issues that should be addressed in future clini-
cal and studies.
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Fig.2 Current treatment algo- FIRST LINE THERAPY

rithm for children with acquired

aplastic anemia. AA, aplastic | BMT from MRD / IMMRD | | Upfront BMT from MUD

anemia; BMT, bone marrow
transplantation; MRD, matched

related donor; /IMMRD, one MRD )
locus mismatched related 1IMMRD
donor; MUD, matched unrelated

donor; IST, immunosuppressive MRD -)
therapy; CR, complete response; IMMRD

PR, partial response; NR, no .
response; HAPLO, haploidenti- .

cal hematopoietic cell transplan- E
tation; UCBT, unrelated cord ;

blood transplantation
Emergent case

.
. ®

-~

LW MUD ()
If available in a few months

.

~ CR/PR BMT from MUD

HAPLO /
UCBT

Experienced institutions

Acknowledgements This study was supported by Grants for Project
Promoting Clinical Trials for Development of New Drugs from the
Japan Agency for Medical Research and Development (221k0201152)
and funded by Japanese Red Cross Aichi Medical Center Nagoya Dai-
ichi Hospital Research Grant (NFRCH 22-0014). The author would
like to thank Dr. Asahito Hama for providing bone marrow images.

Data availability Data sharing is not applicable as no datasets were
generated or analysed.

Declarations

Conflict of interest The author has no conflict of interest to declare.

References

1. Kojima S, Horibe K, Inaba J, Yoshimi A, Takahashi Y, Kudo K,
et al. Long-term outcome of acquired aplastic anaemia in children:
comparison between immunosuppressive therapy and bone mar-
row transplantation. Br J Haematol. 2000;111:321-8.

2. Yoshida N, Kobayashi R, Yabe H, Kosaka Y, Yagasaki H, Wata-
nabe K, et al. First-line treatment for severe aplastic anemia in
children: bone marrow transplantation from a matched fam-
ily donor versus immunosuppressive therapy. Haematologica.
2014;99:1784-91.

3. Dufour C, Pillon M, Socie G, Rovo A, Carraro E, Bacigalupo A,
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;169:565-73.

4. Atmar K, Ruivenkamp CAL, Hooimeijer L, Nibbeling EAR, Eck-
hardt CL, Huisman EJ, et al. Diagnostic value of a protocolized in-
depth evaluation of pediatric bone marrow failure: a multi-center
prospective cohort study. Front Immunol. 2022;13: 883826.

5. Keel S, Geddis A. The clinical and laboratory evaluation of
patients with suspected hypocellular marrow failure. Hematol
Am Soc Hematol Educ Program. 2021;1:134—42.

6. Shimano KA, Narla A, Rose MJ, Gloude NJ, Allen SW, Bergstrom
K, et al. Diagnostic work-up for severe aplastic anemia in children:

10.

11.

12.

13.

14.

15.

16.

IsT MUD (+)

Mup ()

HAPLO /
UCBT

Experienced institutions

SECOND LINE THERAPY

consensus of the North American pediatric aplastic anemia con-
sortium. Am J Hematol. 2021;96:1491-504.

Muramatsu H, Okuno Y, Yoshida K, Shiraishi Y, Doisaki S, Narita
A, et al. Clinical utility of next-generation sequencing for inherited
bone marrow failure syndromes. Genet Med. 2017;19:796-802.
Ohara A, Kojima S, Hamajima N, Tsuchida M, Imashuku S, Ohta
S, et al. Myelodysplastic syndrome and acute myelogenous leuke-
mia as a late clonal complication in children with acquired aplastic
anemia. Blood. 1997;90:1009-13.

Socie G, Henry-Amar M, Bacigalupo A, Hows J, Tichelli A,
Ljungman P, et al. Malignant tumors occurring after treat-
ment of aplastic anemia. European bone marrow transplan-
tation-severe aplastic anaemia working party. N Engl J] Med.
1993;329:1152-7.

Yoshida N, Yagasaki H, Hama A, Takahashi Y, Kosaka Y, Kob-
ayashi R, et al. Predicting response to immunosuppressive therapy
in childhood aplastic anemia. Haematologica. 2011;96:771-4.
Narita A, Zhu X, Muramatsu H, Chen X, Guo Y, Yang W, et al.
Prospective randomized trial comparing two doses of rabbit anti-
thymocyte globulin in patients with severe aplastic anaemia. BrJ
Haematol. 2019;187:227-37.

Kikuchi A, Yabe H, Kato K, Koh K, Inagaki J, Sasahara Y, et al.
Long-term outcome of childhood aplastic anemia patients who
underwent allogeneic hematopoietic SCT from an HLA-matched
sibling donor in Japan. Bone Marrow Transplant. 2013;48:657-60.
Vo P, Onstad L, Flowers ME, Storb R. Cancers after HLA-
matched related bone marrow transplantation for aplastic anemia.
Bone Marrow Transplant. 2022;57:83-8.

Yoshida N, Takahashi Y, Yabe H, Kobayashi R, Watanabe K,
Kudo K, et al. Conditioning regimen for allogeneic bone marrow
transplantation in children with acquired bone marrow failure:
fludarabine/melphalan vs. fludarabine/cyclophosphamide. Bone
Marrow Transplant. 2020;55:1272-81.

Baumann I, Niemeyer CM, Bennett JM, Shannon K. Childhood
myelodysplastic syndrome. In: Swerdlow SH, Campo E, Harris
NL, Jaffe ES, Pileri SA, Stein H, editors. WHO classification
of tumors of haematopoietic and lymphoid tissue 4th ed. Lyon,
France: IARC Press; 2008.

Forester CM, Sartain SE, Guo D, Harris MH, Weinberg OK,
Fleming MD, et al. Pediatric aplastic anemia and refractory cyto-
penia: a retrospective analysis assessing outcomes and histomor-
phologic predictors. Am J Hematol. 2015;90:320-6.

@ Springer



246

N. Yoshida

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Yang W, Zhang P, Hama A, Ito M, Kojima S, Zhu X. Diagnosis of
acquired bone marrow failure syndrome during childhood using
the 2008 World Health Organization classification system. Int J
Hematol. 2012;96:34-8.

Hama A, Takahashi Y, Muramatsu H, Ito M, Narita A, Kosaka
Y, et al. Comparison of long-term outcomes between children
with aplastic anemia and refractory cytopenia of childhood who
received immunosuppressive therapy with antithymocyte globulin
and cyclosporine. Haematologica. 2015;100:1426-33.

Hama A, Hasegawa D, Manabe A, Nozawa K, Narita A, Mura-
matsu H, et al. Prospective validation of the provisional entity
of refractory cytopenia of childhood, proposed by the World
Health Organization. Br J] Haematol. 2022;196:1031-9.
Yoshida N, Kojima S. Updated guidelines for the treatment
of acquired aplastic anemia in children. Curr Oncol Rep.
2018;20:67.

Bessler M, Mason P, Link D. Inherited bone marrow failure
syndrome. In: Orkin SH, Nathan DG, Ginsburg D, Look AT,
Fisher DE, Lux S, (eds). Nathan and Oski's Hematology and
Oncology of Infancy and Childhood. 8th ed.: Elsevier; 2015.
Barone A, Lucarelli A, Onofrillo D, Verzegnassi F, Bonanomi
S, Cesaro S, et al. Diagnosis and management of acquired aplas-
tic anemia in childhood. Guidelines from the marrow failure
study group of the pediatric haemato-oncology Italian associa-
tion (AIEOP). Blood Cells Mol Dis. 2015;55:40-7.

Ghemlas I, Li H, Zlateska B, Klaassen R, Fernandez CV,
Yanofsky RA, et al. Improving diagnostic precision, care and
syndrome definitions using comprehensive next-generation
sequencing for the inherited bone marrow failure syndromes. J
Med Genet. 2015;52:575-84.

McReynolds LJ, Rafati M, Wang Y, Ballew BJ, Kim J, Wil-
liams V'V, et al. Genetic testing in severe aplastic anemia is
required for optimal hematopoietic cell transplant outcomes.
Blood. 2022;140:909-21.

Sakaguchi H, Yoshida N. Recent advances in hematopoietic cell
transplantation for inherited bone marrow failure syndrom es.
Int J Hematol. 2022;116:16-27.

Japanese Data Center for Hematopoietic Cell Transplantation.
Hematopoietic Cell Transplantation in Japan Annual Report of
Nationwide Survey 2021. http://www.jdchct.or.jp/en/data/slide/
2021/

Storb R, Etzioni R, Anasetti C, Appelbaum FR, Buckner CD,
Bensinger W, et al. Cyclophosphamide combined with antithy-
mocyte globulin in preparation for allogeneic marrow trans-
plants in patients with aplastic anemia. Blood. 1994;84:941-9.
Maury S, Bacigalupo A, Anderlini P, Aljurf M, Marsh JC, Socié
G, et al. Improved outcome of patients older than 30 years
receiving HLA-identical sibling hematopoietic stem cell trans-
plantation for severe acquired aplastic anemia using fludarabine-
based conditioning: a comparison with conventional condition-
ing regimen. Haematologica. 2009;94:1312-5.

Bacigalupo A, Socie G, Lanino E, Prete A, Locatelli F, Locas-
ciulli A, et al. Fludarabine, cyclophosphamide, antithymocyte
globulin, with or without low dose total body irradiation, for
alternative donor transplants, in acquired severe aplastic ane-
mia: a retrospective study from the EBMT-SAA Working Party.
Haematologica. 2010;95:976-82.

de Latour RP, Risitano A, Dufour C. Severe Aplastic Anemia
and PNH. In: Carreras E, Dufour C, Mohty M, Kroger N, (eds).
The EBMT Handbook: hematopoietic stem cell transplantation
and cellular therapies. 7th edition. Cham (CH): Springer; 2019.
Chapter 77.

Marsh JC, Gupta V, Lim Z, Ho AY, Ireland RM, Hayden J,
et al. Alemtuzumab with fludarabine and cyclophosphamide
reduces chronic graft-versus-host disease after allogeneic

@ Springer

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

stem cell transplantation for acquired aplastic anemia. Blood.
2011;118:2351-7.

Anderlini P, Wu J, Gersten I, Ewell M, Tolar J, Antin JH, et al.
Cyclophosphamide conditioning in patients with severe aplastic
anaemia given unrelated marrow transplantation: a phase 1-2 dose
de-escalation study. Lancet Haematol. 2015;2:e367-375.

Tolar J, Deeg HJ, Arai S, Horwitz M, Antin JH, McCarty JM,
et al. Fludarabine-based conditioning for marrow transplantation
from unrelated donors in severe aplastic anemia: early results of a
cyclophosphamide dose deescalation study show life-threatening
adverse events at predefined cyclophosphamide dose levels. Biol
Blood Marrow Transplant. 2012;18:1007-11.

Man Y, LuZ, Yao X, Gong Y, Yang T, Wang Y. Recent advance-
ments in poor graft function following hematopoietic stem cell
transplantation. Front Immunol. 2022;13: 911174.

Shaw A, Passweg JR, De La Fuente J, Bajwa R, Stein J, Al-Zaben
A, et al. Relapse of aplastic anemia with majority donor chimer-
ism (donor-type aplasia) occurring late after bone marrow trans-
plantation. Biol Blood Marrow Transplant. 2020;26:480-5.
Locasciulli A, van't Veer L, Bacigalupo A, Hows J, Van Lint MT,
Gluckman E, et al. Treatment with marrow transplantation or
immunosuppression of childhood acquired severe aplastic ane-
mia: a report from the EBMT SAA Working Party. Bone Marrow
Transplant. 1990;6:211-17.

Muramatsu H, Yabe H, Kobayashi R, Kikuchi A, Kudo K, Kawa
K, et al. Allogeneic bone marrow transplantation from HLA mis-
matched family donors in children with aplastic anemia. Blood.
2011;118:831.

Yagasaki H, Kojima S, Yabe H, Kato K, Kigasawa H, Sakamaki
H, et al. Acceptable HLA-mismatching in unrelated donor bone
marrow transplantation for patients with acquired severe aplastic
anemia. Blood. 2011;118:3186-90.

Yagasaki H, Takahashi Y, Hama A, Kudo K, Nishio N, Muramatsu
H, et al. Comparison of matched-sibling donor BMT and unre-
lated donor BMT in children and adolescent with acquired severe
aplastic anemia. Bone marrow Transplant. 2010;45:1508-13.
Dufour C, Veys P, Carraro E, Bhatnagar N, Pillon M, Wynn R,
et al. Similar outcome of upfront-unrelated and matched sibling
stem cell transplantation in idiopathic paediatric aplastic anaemia.
A study on behalf of the UK Paediatric BMT Working Party,
Paediatric Diseases Working Party and Severe Aplastic Anaemia
Working Party of EBMT. Br J Haematol. 2015;171:585-94.
Petit AF, Kulasekararaj AG, Eikema DJ, Maschan A, Adjaoud
D, Kulagin A, 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:E1-3.

Samarasinghe S, Veys P, Vora A, Wynn R. Paediatric amendment
to adult BSH Guidelines for aplastic anaemia. Br J Haematol.
2018;180:201-5.

Killick SB, Bown N, Cavenagh J, Dokal I, Foukaneli T, Hill A,
et al. Guidelines for the diagnosis and management of adult aplas-
tic anaemia. Br J Haematol. 2016;172:187-207.

de Latour RP, Purtill D, Ruggeri A, Sanz G, Michel G, Gande-
mer V, et al. Influence of nucleated cell dose on overall survival
of unrelated cord blood transplantation for patients with severe
acquired aplastic anemia: a study by eurocord and the aplastic ane-
mia working party of the European group for blood and marrow
transplantation. Biol Blood Marrow Transplant. 2011;17:78-85.
Yoshimi A, Kojima S, Taniguchi S, Hara J, Matsui T, Takahashi
Y, et al. Unrelated cord blood transplantation for severe aplastic
anemia. Biol Blood Marrow Transplant. 2008;14:1057-63.

de Latour RP, Chevret S, Jubert C, Sirvent A, Galambrun C, Rug-
geri A, et al. Efficacy and safety of unrelated cord blood trans-
plantation in patients with acquired refractory aplastic anemia: a


http://www.jdchct.or.jp/en/data/slide/2021/
http://www.jdchct.or.jp/en/data/slide/2021/

Recent advances in the diagnosis and treatment of pediatric acquired aplastic anemia

247

47.

48.

49.

50.

51.

52.

phase II study on behalf of eurocord and the francophone soci-
ety of bone marrow transplantation and cellular therapy. Blood.
2016;128:2671.

Kudo K, Muramatsu H, Narita A, Yoshida N, Kobayashi R, Yabe
H, et al. Unrelated cord blood transplantation in aplastic anemia:
is anti-thymocyte globulin indispensable for conditioning? Bone
Marrow Transplant. 2017;52:1659-61.

Kim H, Im HJ, Koh KN, Kang SH, Yoo JW, Choi ES, et al. Com-
parable outcome with a faster engraftment of optimized haploi-
dentical hematopoietic stem cell transplantation compared with
transplantations from other donor types in pediatric acquired
aplastic anemia. Biol Blood Marrow Transplant. 2019;25:965-74.
Xu ZL, Xu LP, Wu DP, Wang SQ, Zhang X, Xi R, et al. Com-
parable long-term outcomes between upfront haploidentical and
identical sibling donor transplant in aplastic anemia: a national
registry-based study. Haematologica. 2022;107:2918-27.
DeZern AE, Eapen M, Wu J, Talano JA, Solh M, Davila Saldafia
BJ, 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:e660-9.

Prata PH, Eikema DJ, Afansyev B, Bosman P, Smiers F, Diez-
Martin JL, et al. Haploidentical transplantation and posttransplant
cyclophosphamide for treating aplastic anemia patients: a report
from the EBMT Severe Aplastic Anemia Working Party. Bone
Marrow Transplant. 2020;55(6):1050-8.

De Zern AE, Zahurak ML, Symons HJ, Cooke KR, Rosner GL,
Gladstone DE, al. Haploidentical BMT for severe aplastic anemia
with intensive GVHD prophylaxis including posttransplant cyclo-
phosphamide. Blood Adv. 2020;4:1770-1779

53.

54.

55.

56.

57.

de Latour RP, Kulasekararaj A, Iacobelli S, Terwel SR, Cook R,
Griffin M, et al. Eltrombopag added to immunosuppression in
severe aplastic anemia. N Engl J Med. 2022;386:11-23.

Patel BA, Groarke EM, Lotter J, Shalhoub R, Gutierrez-Rodrigues
F, Rios O, et al. Long-term outcomes in patients with severe aplas-
tic anemia treated with immunosuppression and eltrombopag: a
phase 2 study. Blood. 2022;139:34—43.

Groarke EM, Patel BA, Shalhoub R, Gutierrez-Rodrigues F, Desai
P, Leuva H, et al. Predictors of clonal evolution and myeloid neo-
plasia following immunosuppressive therapy in severe aplastic
anemia. Leukemia. 2022;36:2328-37.

Groarke EM, Patel BA, Gutierrez-Rodrigues F, Rios O, Lotter
J, Baldoni D, et al. Eltrombopag added to immunosuppression
for children with treatment-naive severe aplastic anaemia. Br J
Haematol. 2021;192:605-14.

Goronkova O, Novichkova G, Salimova T, Kalinina I, Baidildina
D, Petrova UN, et al. Efficacy of combined immunosuppression
with or without eltrombopag in children with newly diagnosed
aplastic anemia. Blood Adv. 2022. [Online ahead of print]

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer



	Recent advances in the diagnosis and treatment of pediatric acquired aplastic anemia
	Abstract
	Introduction
	Differential diagnosis of pediatric acquired AA
	RCC​
	Diagnostic approach incorporating comprehensive genetic testing

	Conditioning regimens for acquired BMF in children
	Upfront unrelated donor BMT
	Options for second-line treatment: UCBT and haploidentical HCT
	Eltrombopag (EPAG) added to IST
	Conclusion
	Acknowledgements 
	References




